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FOREWORD

1. This military handbook is approved for use by all Activities and Agencies of the Department of the Army and is
available for use by ail Depamnents and Agencies of the Department of Defense.

2. Beneficial comments (recommendations, additions, deletions) and any pertinent data that may be of use in
improving this document should be addressed to: Director, US Army Research Laboratory, Materials Directorate,
Materials Standardization Office, AlTN: AMSRL-MA-S, Watertown, MA, 02172-0001, by using the self-addressed
Standardization Document Improvement Proposal (DD Form 1426) appearing at the end of this document or by
letter.

3. This handbook was developed under the auspices of the US Army Materiel Command’s Engineering Design
Handbook Program, which is under the direction of the US Army Industrial Engineering Activity. Research TriangJe
Institute was the prime contractor for the preparation of this handbook, which was prepared under Contract No.
DAAG34-73-c41051 .
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CHAPTER 1

INTRODUCTION
Deterioration of Army materiel resultsfrom the reaction of metals and nonmetals with the environments to

which the materiel is exposed. However, Ihe corrosion process of metals can be prevented or limited. This
requires knowledge and diligence on the part of those engaged in the design, acquisition and use of Army
maten”el. This handbook provides the necessary kno w!edge. The basis for defmirrg the content of the

handbook is discussed, artdan explanation isgivenfordirecting the handbook to those in aposition to take the
action necessary to~revent or control corrosion. The environments to which Army materiel maybe exposed,
and that may therwf’ore resuh in corrosion reactions, are outlined. Finally, the organization of the information
in the hand~ook ; summarized.

1-1 PURPOSE

Corrosion of metals reduces the effectiveness of Army
materiel and limits its usefid life, therefore, corrosion
results in increased cost and decreased readiness. Cor-
rosion of metals does not have to be inevitable; it can be
prevented or controlhxl at an acceptable level if main-
tenance procedures are carried out in accordance with
systems requirements. The key to effective corrosion
control is performance of the required maintenance in

o

supply depots and in field activities in addition to the
,1; application of state-of-the-art comosion control methods

during the design and fabrication of materiel. Corrosion
prevention and control measures require appropriate

“actions by responsible individuals. The purpose of this .
handbook is to provide information needed to avoid or
control corrosion of metals used in Army materiel. To the
extent that this information is applied, the objectives of
reducing costs and improving readiness are achieved.

1-2 SCOPE

The scope of this handbook is broM. Information is
presented that can be used to anticipate, prevent, recog-
nize, and control the deterioration of metals used in Army
materiel. The metals considered in this handbook been
used and are likely to be used in Army materiel.

Corrosion of a metal depends upon the environment to
which it is exposed and the condition of the metal. The
condition of a metal is influenced by the environments to
which it has been exposed previously. This handbook
includes the effects of environments encountered in
productio~ transpofiation, storage, and use.

Corrosion occurs through a variety of processes and
mechanisms, and the eff@s of corrosion appear in
several modes of deterioration and failure. A discussion
of the likely appearance, the possible intensity, and

o

.,:, probable mechanisms of the various types of corrosion is
presented.

Several different metals and nonmetals are often
‘combined in an item of Army materiel. Some combina-

1-1

tions have high corrosion risk, whereas others have little
risk. Information on the possible corrosion risk of metal-
to-metal and metal-to-nonmetal interfaces $ presented.

Several means are available for in~ervening’in aco~od- -
ing system to prevent or control the corrosion procss- In
some cases, however, itmay be desirable to allow
corrosion to occur. In these cases allowances for the
corrosion effects or provision for peri6dic replacement of
the damaged component should be made in the desigm
This handbook discusses means for preventing and
controlling corrosion and allowing for the effects of
corrosion.

The sources of most practical corrosion information
are testing and operational experience. Thus this
handbook discusses

1. Laboratory and field testing
2. The use of a.melerated testing
3. The documentation of test results
4. Assessment of test signifmattee.

The importance of feedback of operational experienm to
the design process is also covered.

Means of corrosion prevention and control should be
built into all Army materiel. Therefore, this handbook
also describes inspection and quality assurance pro-
cedures that relate.to corrosion.

Emphasis is placed on lessons learned by Army ~d
other organizations through research and development,.
testing and evaluation, and operational experience. This
cumtdative experience includes both successes and.faiiures
associated with corrosion of materiel. Examples of cor-
rosion of Army materiel are given.

This information is presented so that it can be used
easily by the many individuals who have an opportunity
to reduce the effects of corrosion on Army materiel. This
part, Part One, of the Material Deterioration Prevention
and Control Guide for Army h4aterie[discusses corrosion
of metals; Part Two of the guide considers deterioration
of nonmetaIs.
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TABLE 1-1. NATURAL1-3 FOCUS

This handbook focuses on actions that can be taken to
avoid or reduce the effects of metal corrosion, and it is
written for those individuals who are in a position to take
such actions.

An item of Army materiel comes under the control or
influence of numerous individuals. These individuals
have different interests in and opportunities for action to
control corrosion or its effects. The soldier maintains his
weapon because his effectiveness and survival depend on
it. A design engineer, however, can influence the service-
ability of all weapons issued to Army personnel.

Because of the wide range of skill, expertise, and
interest of those involved in preventing and controlling
corrosion in Army materiel, this handbook is addressed
to those whose technical expertise in the area of corrosion
may be limited but whose appropriate and timely action
to avoid or control corrosion is crucial. There are many
sources of corrosion information that may be consulted.
These include technical reports, journal articles,
symposium collections, and textbooks.

1-4 ARMY ENVIRONMENTS

The environment is defined as “the totality of natural
and induced conditions occurring or encountered at any
one time and place” (Ref. 1).An environment is important
only as it relates to objects that are exposed to it and
activities that are conducted within it. A definition of
environment that relates more specitlcally to Army
materiel and the conditions that it experiences is “the
integrated total of all stresses that influence the per-
formance capability of men and equipment during transit,
in storage, or under field operating conditions” (Ref. 2).
For the purposes of this handbook, the production
environment for Army materiel must also be included.

In this handbook the important environmental factors
are those that influence the corrosion of metal com-
ponents in items of Army materiel throughout its tiseful
life. The most meaningful way of characterizing environ-
ments is by climatic factors. Therefore, environments
may be described as temperate, arctic, desert, and tropical.
They may be further specified as industrial, rural, coastal,
inland, or shipboard.

Induced environmental factors include radiation of all
types, mechanical stresses, and airborne and waterborne
pollutants.

At least 23 environmental factors have been identtiled
as important in influencing the performance of Army
materiel. The natural environmental factors are listed in
‘l%ble 1-1. The induced environmental factors aregiven in
Table 1-2.

Although climatic factors relate to the long-term
manifestation of weather, wide variability in weather
conditions occurs. Weather variability can be regular,
such as the temperature difference between day and night

ENVIRONMENTAL FACTORS (Ref. 3)

Terrain
m

Temperature
Humidity
Pressure
Solar radiation
Rain
Solid precipitation
Fog and whiteout
Wind
Salt, salt fog, and salt water
Ozone
Microbiological organisms
Microbiological organisms

TABLE 1-2. INDUCED ENVIRONMENTAL
FACTORS (Ref. 4)

Atmospheric pollutants
Sand and dust
Vibration
Shock
Acceleration
Acoustics
Electromagnetic radiation
Nuclear radiation
Chemical agents m

Decontaminants

or the precipitation patterns between winter and summer..
Weather variability can also occur randomly, as in the
case of severe storms.

Terrain refers to topographic features as weIl as soil
conditions. Soil is any unconsolidated land that is not
rock and includes such materials as clay, sand, and gravel.
The environment for an article resting on or buried in a
soil is influenced by the conditions of the soil.

Microbiological organisms are those living organisms
that are sufficiently large to be observed individually by
the unaided eye. Conversely, microbiological organisms
are too small to be observed individually by the unaided
eye.

Corrosion can occur as the result of exposure of metal
surfaces to a specific environment that causes corrosion.
Metal components of Army materiel can also experience
corrosion at anytime as a result of previous or continuing
long-term environmental encounters. For example, re-
sidual stresses and heat-affected zones in metals can result
from production processes; these regions or zones maybe
more susceptible to corrosion. Additionally, shock and
vibration during transportation and exposure to very
high temperatures and humidities may later lead to severe a
corrosion problems.

1-2
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~ 1-5 OVERVIEW OF PART ONE

f-.J

o,,

Corrosion of metals leads to degraded performance
and failure of Army materiel. It is possible to avoid or
reduce corrosion though proper material selection, design
considerations, corrosion prevention strategies, main-
tenance procedures, and other measures that are described
in this handbook. All of the classical types of corrosion
are possible in Army materiel because of the wide
varieties of metals and alloys used and the wide range of
environments that may be experienced. Chapter 2
discusses

1. Evidence of materiel damage
2. Environmental conditions that lead to corrosion
3. Mechanisms of corrosion
4. Selection of metals for Army materiel
5. Methods of protecting metals from corrosion.

Corrosion environments are described in terms of
natural and induced conditions and of the status of the
materiel (production and field) when the corrosion pro-
cesses occur.

Because atypical item of Army materiel is fabricated of
many components of both metallic and nonmetallic
origin, potential modes of interaction are discussed. The
interaction at the interface-where part meets part-is of
most concern. However, interaction at a distance that
results from chemical emissions released by materiel is
also an important interface consideration.

Generic means of mitigating corrosion are discussed in
Chapter 3 and include

1. Design configuration and layout considerations
2. Specifying materials that are less susceptible to

corrosion
3. Avoiding process and fabrication conditions that

sensitize the matenaJ
4. Using surface treatments and coatings to separate

material from corrosive environments
5. Applying packaging concepts to protect materiel

in transit and storage
6. Modifying the environment through the use of

corrosion inhibitors.
Each metal and alloy of potential use in Army materiel

is discussed in Chapter 4 in terms of the types of corrosion
that may occur the environments to which each may be
exposed. Corrosion problems that may occur at an
interface with other metals and nonmetals are also
considered. Applicable methods of preventing or mitigat-

ing corrosion are described. S@lc examples of success-
ful and unsuccessful applications of these methods to
&my materiel are presented.

Because the factors controlling the rate of corrosion are
often comple~ testing is the only reliable way to determine
the suitability of a metal for a particular application. The
useful approaches to corrosion testing are described in
Chapter 5 and include

1. Closely controlled laboratory tests performed with
small specimens

2. Field tests performed with actual materiel items
and with test specimens

3. Accelerated corrosion testing during which the
action of critical controlling factors is intensifkd.

The documentation of corrosion testing is discussed.
Any type of corrosion testing documentation should fully
describe comosion effects, the test environmen~ the test
article, the test calibration, and the significance of the test
for applications in Army materiel.

Quality assurance strategies are discussed in Chapter6.
A quality article of Army materiel reliably performs its
design mission. Standards and specifkations area means
of communication among the designer, fabricator, and
inspectors in order to achieve a quality end item. In-
spection strategies are based upon inspection of all items
produced or examination of a statistically valid pro-
duction sample. Destructive testing requires a sampling
approach. Nondestmctive means are available to inspect
materials for surface and subsurface defects. Quality
assurance extends beyond production of quality items to
include packaging and inspection and maintenance during
both storage and operation.

1.

2.

3.

4.
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CHAPTER 2

CORROSION PROCESSES
Zhe corrosion of a metal is a chemicalprocess by which the metai is oxidized. 77te tendency so corrode in a

given environment vanes with the particular metal. This chapter discusses the chemical reactions that lead to
corrosion and the various types of corrosion. Although there are dt~ferent perspectives from which corrosion
may be classt~ed, this chapter discusses the types of corrosion as uniform, galvanic, pining, crevice,
intergranular, selective leaching, erosion-corrosion, frett ing, Iiquid melal corrosion, high-temperature
om-dation, high-temperature sulfidation, and biological The dircursion of each type of corrosion includes

.
manz~estation or characteristic appearance, conditions conducive to the process, mechanism of the process,
!imitations or constraints on the use of the metals invoivedandprotective measures, andan Army example of
the type of corrosion.

.,>
:. 2-1 CHEMISTRY OF CORROSION

Corrosion is the result of a chemical reaction between a
metal and its surroundings during which the metal is
oxidized. Inmost corrosion reactions the oxidation is the
result of a transfer of electrons between the metal and its
surroundings.

o 2-1.1 OXIDATION-REDUCTION
,,, REACTIONS‘,,

An electrochemical reaction is the term used for a
chemical reaction during which a transfer of electrons
takes place. The species that loses electrons is oxidized
and thus is the reducing agent. The oxidation reaction is

M-@+ne (2-1)

where
M= any metal capable of being oxidized
n = number of electrons transferred
e = an electron.

Some oxidation examples are

Lithium: Li - Li+ + e (2-2)

Magnesium: Mg - Mg+2 + 2e (2-3)

iron: Fe - Fe+2+ 2e (24)

Fe+2 - Fe+3 + e. (2-5)

o

Oxidation is only half of the electrochemical reaction.
.,. The species that gains an electron is said to be reduced and

thus is the oxidizing agent. The reduction reaction is

A + ne - A-n. (2-6)

Some reduction examples are

Fluorine: Fz + k - 2F (2-7)

Hydrogen: 2@+ 2e - Hz. (2-8)

Whenever there is an oxidation half reaction, there is a
corresponding reduction half reaction:

.
Oxidation half reaction: M - M’* + ne (2-I)

Reduction half reaction: A + ne - A-n. (2-6)

The overall reaction is the sum of these two halfreactionx

M+ A- M+n+Afl. (2-9)

The corrosion of iron in water conttiing dissolved
oxygen is a familiar corrosion process. Iron can be
oxidized to either ●F2or -I-3.The half reaction for the fmt
step is

Fe - Fe+2+ 2e. (24)

In this half reaction iron is oxidized to the Fe+*oxidation
state, which releases two electrons. The corresponding
reduction half reaction is

‘%02 + HzO + 2e - 20H-. (2-lo)

The overall reaction is

Fe + %07, + HzO - Fe+2+20H-.(2-11)

2-1
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In the formation of common red-brown rust, Fe+z is
further oxidized to Fe+3.If an iron nail is dropped into a
solution’ of copper sulfate, CUS04, the reactions that
follow occur:

Oxidation half reaction

‘Fe -+ Fe+z -t- 2e (24)

Reduction half reaction:

CU+2 + S0;2 + 2e - Cu + S0;2 (2-12)

Overall reaction:

Fe -1- CUS04 - Cu -t FeSOq. (2-13)

Because no change actually happens to the sulfate ion
SOi2 the overall reaction can be written as

Fe -t CU+2 - Fe+* -t Cu. (2-14)

Part of the iron has gone into solution as Fe+2,and the
copper metal has deposited onto the surface of the nail. Fe
has been oxidized to Fe+z, and CU+2has been reduced to
metallic Cu.

2-1.2 ELECTROMOTIVE FORCE SERIES

As can be seen from the example of the reaction in Eq.
2-14, CU+2has a greater affinity for electrons than does
metallic iron Fe. If zinc metal Zn had been used instead of
Fe, the tendency for the reaction to occur would have
been stronger. If aluminum metal Al had been used, the
tendency for the reaction to occur would have been even
stronger. Conversely, if silver metal Ag had been sub-
stituted for Fe, no reaction involving the oxidation of
siIver would have occurred.

Accordingly, different metals have different affinities
for electrons, and these affinities influence their reactivity
in electrochemical reactions such as corrosion. These
affinities are expressed as standard oxidation potentials.
The hydrogen oxidation half reaction is assigned a value
of zero, and the oxidation potentials of other elements are
measured against the standard hydrogen oxidation
potential. In this manner, the electromotive force (EMF)
series of Table 2-1 is constructed.

The Eh4F series can be used to determine the tendency
for an electrochemical reaction to occur. An example is
Fe and CUSO.Ifrom the previous paragraph. From Table
2-1, the oxidation half reaction and voltage are

Fe - Fe+2+ 2e + 0.440V. (2-4)

The reduction reaction is

CU+2 + 2e -- Cu + 0.337 v. (2-15)

The reduction reaction is the reverse of the oxidation
reaction, and the sign of the voltage changes from

TABLE 2-1. ELECTROMOTIVE FORCE
SERIES (Ref. 1)

a
ELECTRODE STANDARD OXIDATION

REACTION POTENTIAL at 25° (77” F), V*

K=K++e- 2.925
Na = Na+ + e- 2.714
Mg = Mg+ + 2e- 2.363
Al = A1+3+ 3e- 1.662
Zn = Zn+ + 2e-, 0.763
Cr = Cr+3+ 3e- 0.744
Fe = Fe+ + 2e- 0.440
Cd = Cd++ 2e- 0.403
Co = Co++ 2e- 0.277
Ni = Ni+ + 2e- 0.250
Sn = Sn* + 2e- 0.136
Pb = Pb+ + 2e- 0.126
H2 = 2H+ + 2e- 0.000
Cu = Cu+ + 2e- –0.337

2Hg = Hg2* + 2e- –0.788
Ag = Ag+ + e- –0.799
Pd = Pd* + 2e- –0.987
Pt = Pt+ + 2e- –1.2

Au = AU+3+ 3e- –1.498

...
,,

● Standardreductionpotentialshavethe oppositesign.

From Corrosion Engineering by Mars G. Fontana and Norbert
D. Greene, published by McGraw-Hill Publishing Company.
Copyright @ 1978 by McGraw-Hill Publishing Company. @
Reprinted with permission.

“negative to positive. The overall reaction is obtained by
summing the oxidation and reduction reactions

Fe+ CU+2 - Fe+* -t CU •1- 0.777 V.(2-14)

The relatively high positive voltage indicates that there
is a strong tendency for the reaction to occur. If the flow
of electrons between the CU+2and the Fe can be made to
occur in an external circuit, the reaction is a chemical
source of electricity, or a battery. An overall reaction
voltage that is negative would not occur spontaneously
but would require that an electrical current of the proper
voltage be applied to the system: This is what happens
during electroplating, such as plating chromium onto
copper.

2-1.3 GALVANIC SERIES

The standard oxidation potentials in Table 2-1 apply to
situations in which all reactants and products are at unit
activity. The term “unit activity” has specific meaning to
the chemical thermodynamicist but ii rarely achieved in
practical situations such as corrosion.

Galvanic series have been prepared that more accurately
describe whether an electrochemical reaction will take o
place in an environment of practical Concern. Such a

2-2
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galvanic series for commercial alloys and metals in
seawater is given in Table 2-2. TMs table can be used to
determine the likelihood of a galvanic reaction between
two different metals in a seawater environment. The
seawater galvanic series is also used to approximate the
probable galvanic effects in other environments for which
there are no data.

2-1.4 POLARIZATION ANI) MIXED
POTENTIAL THEORY

When electrical current flows between two electrodes in
an electrolyte, the potential of each electrode is changed
from its equilibrium potential. The direction of potential
change always opposes the flow of current. Thus the
anode becomes more cathodic and the cathode becomes
more anodic. The extent of potential change is called
poIanzation.

Concentration polarization occurs when reactants are
in short supply at an electrode. Fig. 2-1 illustrates a
situation in which the reduction rate is controlled by the
diffusion of hydrogen ions to the metal surface, and the
diffusion of hydrogen ions is limited by the mass transport
properties that control diffusion.

Activation polarization results from a slow electrode
reaction. The reduction of hydrogen ions at a platinum
electrode is controlled by the rate at which adsorbed
hydrogen atoms coalesce into bubbles of gaseous hydro-
gen molecules. This rate-limiting step is illustrated in Fig.
2-2.

Concentration and activation polarization overpo-
tentials are additive. Therefore, the overall reaction rate is
determined by an appropriate combination of activation

Reprinted with permission. Copyright @by National Asso-
ciation of Corrosion Engineers.

Figure 2-L Concentration Polarization
During the Cathodic Reduction of
Hydrogen Ions (Ref. 3)

I
Anodic
Action

I
-----

I
Cathodic
Action

.-

HCI Solution

oH“

ocl-

Reprinted with permission. Copyright @by National Asso-
ciation of Corrosion Engineers.

Figure 2-2. Activation Polarization During “’
the Corrosion of Zinc in Air-Free
Hydrochloric Acid (Ref. 3)

and concentration polarization. Mixed potential theory
indicates how cathodic and anodic polarization plots are
combined to determine the rate of an electrochemical
reaction. The theory states

1. Any electrochemical reaction can be expressed by
two or more partial oxidation and redu~ion reactions. a

2. There can be no net accumulation of charge during
an electrochemical reaction.

Accordingly, during the corrosion of a metal sample,
the total rate of oxidation must equal the total rate of
reduction.

An example of the mixed potential theory is shown in
Fig. 2-3. Zinc immersed in hydrochloric acid will rapidly

+0.2
I
t

$ -0.2 -

ZN
~ -0.4
u Em4- —-- --— -

-0.6
i

-0.8 *-
10-12 ,0-10 ~o-8 10-6 ,0-4 ,0-2

Current Density, A/cm2

From Corrosion Engineering by Mars G. Fontana and Norbert
D. Greene, published by McGraw-Hill Publishhg Company.
Copyright @ 1978 by McGraw-Hill Publishkg Company.
Reprinted with permission.

Figure 2-3. Example of Mixed Potential a

Theory–Pure Zinc in Acid Solution (Ref.
1)

2-4
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corrode with the evolution of hydrogen gas. The system
consists of a zinc electrode in equilibrium with its ions and
a hydrogen-electrode reaction occurring on a zinc surface
under equilibrium conditions. Each of these ele~rodes
has a reversible potential at the corresponding exchange
current density. Also e-achof these electrodes has polariza-
tion current density-electrode potential relationships.

The total rate of oxidation must equal the total rate of
reduction; the~efore, the only point at which this equality
oaws is the intersection of t~e zific dissolution plot with
the hydrogen gas evolution plot. This point characterizes
the corrosion current density & and the corresponding

,. corrosion potential E&w. A simple application of
Faraday’s law converts &to the rate of metal corrosion.

Cathode and anode areas are equal for uniform
corrosion. However, unequal areas are characteristic of
Iocal corrosion attack. Because the total rate of oxidation.\
must equal the total rate of reduction, corrosion of an
anodic area one-tenth the size of a cathodic area will
penetrate 10 times faster than it would if the anodic area
were equai to the cathodic area. Therefore, pitting
corrosion can rapidly penetrate a pipe wall, even though
the amount of metal corroded is relatively small.

There are at least four types of electrochemical cells
responsible for corrosion attack. Dissimilar electrode
cells have been discussed in terms of the standard
electromotive force series and the galvanic series. Fig. 24
illustrates a dissimilar metal cell. If the concentration of
electrolyte surrounding each electrode is differen~ a
concentration cell is established, even though the elec-
trodes are similar, as in Fig. 2-5. If the concentration of
dissolved oxygen in the electrolyte surrounding each
electrode is different a form of concentration cell called a
differential aer@on cell is established. Fig. 2-6 illustrates
a differential aeration cell. If one electrode has a passive
oxide surface fti and the other does not, a passive-active
cell is formed. This type of cell can exist on the surface of a

‘~-” I M-- 61

metal’ where discontinuities in the passive fflm exist. The
discontinuities are the anode and the protected surface
becomes the cathode, as shown in Fig- “2-7.

copperAn

CUS04
(c,)

Pol’ous Plug

Figure 2-5. Dissimilar Concentration Cell

02

n

PorousPlug

Figure 2-6. Differential Aeration Cell

Cd&t!
Figure 2-4. Dissimilar ~etal Cell
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Discontinuity (Anode)

/

Solution Containing
*&Chromate Ion (Electrolyte)

Passive Film (Cathode)

/////f/y/// /,

Iron (Conductor)

Figure 2-7. Example of Passive-Active Cell

2-2 TYPES OF CORROSION

2-2.1 UNIFORM CORROS1ON

Uniform corrosion describes corrosion attack uni-
formly distributed on a metal surface, as illustrated in Fig.
2-8.

2-2.1.1 Manifestation and Quantification

The effect of uniform corrosion may be characterized
as the weight loss per unit area of the surface per unit time.

Original Surface
.—. . ——— —— —— ——— -

Figure 2-8. Uniform Corrosion

The commonly used units in the corrosion literature are
milligrams per square decimeter per day, abbreviated as
mold. Uniform corrosion may also be expressed as the rate 9
of thickness loss of the metal per unit time. This is
commonly expressed as roils per year (mpy)-and inches
per year (ipy).

2-2.1.2 Conducive Conditions
Conducive conditions for uniform corrosion are a

surface on which anodic and cathodic sites are uniformly
distributed and that is exposed to an electrolyte. An
example, as shown in Fig. 2-9, is the microstructure of
relatively pure iron with sulfide inclusions distributed on
the surface. Given these basic conditions, the several
factors listed in Table 2-3 determine whether and to what
extent corrosion will occur.

Metals are composed of a mass of crystalline grains. A
smooth surface presents grains of different. composition
that have different orientations with respect to the
crystalline structure. The grains are separated by grain
boundaries along which materials of a composition
different from that of the crystalline grains may be
deposited. If such a surface is exposed to water containing
dissolved salts or some other electrolyte, uniform corro-
sion can occur.

2-2.1.3 Mechanisms
The uniformly distributed grains of varying composi-

tion. and crystalline orientation together with the grain
, boundaries at the surface of a metal act as microscopic

2-6
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Reprinted with permission Copyright @by National Asso-
ciation of Corrosion Engineers.

Figure 2-9. Relatively Pure Iron WitlI Sulfide

Inclusions (Ref. 4)

anodes and cathodes when covered with an electrolyte.
The electrolyte can consist of as little material as an
absorbed layer. Thus the mechanism of uniform corrosion
is galvanic action, but the uniform corrosion occurs at a
microscopic level uniformly distributed on a metallic
surface. ~ proce+ is illustrated in Fqg. 2-10.

If the metal does not forma protective oxide fti, i.e., it
is not passivating, the corrosion rate is a linear function of
the corrosion potential, as indicated in Fig. 2-1 l(A). If,
however, the metal can form a passivating fti, the
corrosion rate can be very low as long as the corrosion
potential is maintained in the passivating range, as
indicated in Fig. 2-1 l(B). The corrosion rate maybe high
in either the active or the transpassive potential ranges. .

2-2.1.4 Application Constraints and Protection
Approaches

Uniform corrosion can be ckissifkd into the following
categories

1. Corrosion proceeds because of the volubility or
nature of the corrosion products.

2. A passivating film that st.ifks further attack is
formed on the metal surface.

3. The metal or alloy is immune to attack in the
particular environment.

4. The metal d~solution process is artifkially con-
trolled by manipulating the corrosion potential.

Uniform corrosion of sheet metal is a widespread
phenomenon. Sheet metal is wideIy used in a great many
materiel items, so prevention of uniform corrosion is of

TABLE 2-3. FACTORS INFLUENCING CORROSION IN SOLUTION (Ref. 5)

CHARACTERISTICS OF THE METAL
Composition and chemicaI homogeneity of the metal
Surface propefies; inherent protective f-
Effective electrode potential of the metal in solution
Overvoltage of hydrogen and oxygen on the metal that must be overcome
Surface conditiow physical homogeneity of the metal
Protective deposits formed as a result of contact with the solution (environment)

CHARACTERISTICS OF THE SOLUTION (ENVIRONMENT)
Hydrogen ion activity in the solution
Oxygen content of the solution
Presence of oxidizing or reducing agents
Characteristics and distribution of other ions in the solution
Motion of solution in relation to metal
Temperature

EFFECT ON PROGRESS OF CORROSION BY PRODUCf OF CORROSION
The oxide may inhibit corrosion by combining with other elements in the solution to form a protective layer on the surface
of the metal.
The formation of oxides may consume the available oxygen where the supply of oxygen is limked. This action would
lessen or retard ftier corrosion.

2-7
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Step 1

Potential Anode Material Electrolyte

Potential Cathode Material

Step 2

Anode Reaction Fe = Fe+z + 2e–
Cathode Reaction 02+2 H20+&–=40H–

‘“&
e

Step 3

2 Fe+z + 4 OH- = 2 Fe(OH)2 J

Step 4

2 Fe(OH)2 + H20 + %02 = 2 Fe(OH)3

/02 / 02
Fe(OH)3 Fe{OH )3

Figure 2-10. Steps in Uniform Corrision

high priority and great importance. Fig. 2-12 illustrates
the stages of corrosion of painted sheet metal. Preventing
uniform corrosion of sheet metal and surfaces of other
metal items is usually accomplished by coating the metal
surfaces with a suitable protective finish.

If an-item of materiel is to be stored for a long period,
protection during storage can be accomplished by storing
the item in a naturally dry climate, if practical, or in a

t

3~

I
i

2

I

o ~.
0.01 0.1 1 10 1Oc

Corrosion Rate, mmlyr

(A) Corrosion Rate of a Nonpassivating Metal

as a Function of Solution Oxidizing Power

(Corrosion Potential)

tl-3 A
Transpassve ““’ .,------ ------ ------ ---

t

Passwfe

-1---
Actwe

+s 0.01 0.1 1 10 100 1000
Corrosion Rate, mmiyr

(B) Corrosion Rate of a Passivating Metal

as a Function of Solution Oxidizing Power

(Corrosion Potential)

Reprinted with permission. Copyright @by National Asso-
ciation of Corrosion Engineers.

Figure 2-11. Comparison of Corrosion Rate
Functions of Nonpassivating Metals
(Ref. 3)

humidity-controlled storage space. Also the rate of
uniform corrosion can be greatly reduced by lowering the
storage temperature. Table 2-4 indicates the general
susceptibility of metals and alloys to uniform corrosion.
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TABLE 2-4. GENERAL CORROSION OF, METALS AND ALLOYS (Ref. 6). a
LIGHT METALS

Magnesium. Subject to attack in acid and neutral solutiotis, but resistant to attack by hydrofluoric acid. Shows passive
behavior in alkaline solutions

Aluminum. Subject to attack in strongly acid or alkaline environments, but not attacked by concentrated nitric acid.
Forms naturally protective oxide film

FERROUS METALS
General corrosion of iron and low-carbon steel in many natural environments

Low-alloy steels (per ASTM A243) exhibit uniform attack in mild atmospheric environment~ resulting corrosion
products prevent further attack

STAINLESS STEELS
Form protective oxide film

LEAD, TIN, ZINC
Amphoteric metals often exhibit uniform attack

COPPER AND COPPER-BASE ALLOYS
Show slow uniform attack in natural environments

NICKEL ALLOYS
Behave in manner similar to copper-base alloys. Are inherently resistant to caustic solutions and nonoxidizing acids

CHROMIUM-NICKEL ALLOYS
Tend to be resistant like stainless steels ●

COBALT ALLOYS
Usually contain chromium and are therefore resistant

REACTIVE METALS
Titanium alloys rely on passive film for corrosion resistance. Zirconium has broader range of resistance than titanium.
Tantalum exhibits severe hydrogen pickup at low corrosion rates.

NOBLE METALS
Inherently resistant to natural environments

Reprinted with pm-mission.Copyright @by National Association of Corrosion Engineers.

2-2.1.5 Example 2-2.2.1 Manifestation and Quantification
A common example of uniform corrosion is the rusting In galvanic corrosion one metal is the anode upon

of vehicle bodies, which is most common where chemicals which the attack occurs and the other metal is the
are used to melt ice and snow on roadways. Rapid cathode. This relationship is illustrated in Fig. 2- I3. The
corrosion of inadequately protected vehlcle body sheet
metal occurs in regions near the seacoast that experience
high humidities, high temperatures, salt entr~ned in
atmospheric moisture, and the regular formation of
nocturnal dew.

2-2.2 GALVANIC CORROSION
Although all forms of corrosion are galvanic in nature,

the term galvanic corrosion refers to localized attack
resulting from the electrolytic coupling of dissimilar
metals.

Base&Metal Original Surface
.,

Noble Metal

Figure 2-13. Galvanic Corrosion Effect
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galvanic series, Table 2-2, applies particularly to this form
of corrosion and assumes, of course, that the conditions
of exposure approximate those of the series.

Because galvanic attack is localized, the extent of
attack has meaning in terms of how the functional
capability of the assembly of dissimilar metals is affected.
Galvanic corrosion often occurs at structural joints where
dissimilar metals are joined or where dissimilar fasteners
are used. Therefore, relatively little corrosion can result in
a great deal of damage.

2-2.2.2 Conducive Conditions
Metals that have a relatively large difference in electrm

chemical potential are subject to galvanic corrosion if
they are in good electrical contact and if the ionic charge
transfer mechanism is effective, i.e., if an electrolyte is
present. The extent and nature of polarization of the
electrodes establish the electrochemical potential, which,
in t- sets the corrosion current. A couple whose anode
area is small relative to the cathode area experiences a
high current density that can lead rapidly to functional
failure. The exchange current for an electrode equals the
current density times the electrode area.

The effect of anode-t~thode area ratio in a galvanic
couple on the corrosion rate of the anode can be
expressed as follows:

1. As the size of the cathode increases, the corrosion
rate of the anode increases.

2. If the relative area of the anode increases, its
overall corrosion rate decreases.
Fig 2-14 shows the effect of cathode-to-anode area ratio
for galvanic corrosion of zinc-platinum couples. The
exchange current for a l-cm2 (O.16-in.2) platinum cathode
is i%whereas the exchange current for a 10-cm2 (1.&in.*)
platinum cathode is&

L I

Lq.Current

From Cbrrohn ihgineering by Mars G. Fontana and Norbext
D. Greene, published by McGraw-Hill Publishing Company.
Copyright @ 1978 by McGraw-Hill Publishing Company.
Reprinted with permission.

Figure 2-14. Area Effect of Galvanic
Corrosion (Ref. 1)

2-2.2.3 Mechanisms
The mechanism of galvanic corrosion is the classical

electrochemical reaction between dissimilar metals in an
electrolyte, as illustrated in Fig. 2-15. The anode is
oxidized and reduction occurs at the cathode. The rate of
reaction depends upon the extent and nature of anode
and cathode polarization, the relative areas of anode and
cathode materials, and the distance between the anode
and cathode over which ionic charge transfer must occur.

As the distance between the anode and cathode in-
creases, the ionic charge transfer mechanism in the
electrolyte becomes less effkient. Therefore, the rate or
extent of dissolution of the anode is a function of the
distance from the cathode, as illustrated in fig. 2-16.

The general susceptibility of metals to galvanic cor-
rosion is described in Table 2-5.

Graphite possesses valuable lubricating properties and
is therefore used as an additive in some greases and
Lubricating oils. Graphite, however, behaves as a noble
metal. Accordingly, graphite can cause corrosion of most
metals to which it is coupled. Fig. 2-17 shows the severe
galvanic corrosion of 5052 aluminum alloy caused by
coating the aluminum alloy with graphite grease.

2-2.2.4 Application Constraints and Protection
Approaches

The effects of galvanic corrosion can be avoided or
reduced by choosing materials that are not widely
separated in the galvanic series for the environmental
conditions of interest. The galvanic reaction rate can be
reduced by introducing a metal into the system that is
more active and therefore serves as a sacrificial anode.
Anodic current density and hence corrosion rates can be
reduced by increasing the anode-to-cathode surface area
ratio.

.

.- ----- . -

Base Metal Noble Metal

*2

Figure 2-15. Galvanic Corrosion Mechanism
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TABLE 2-5. SUSCEPTIBILITY OF METALS TO GALVANIC CORROSION (Ref. 6)

LIGHT METALS o
Magnesium is extremely susceptible to galvanic corrosion.
Aluminum is susceptible to galvanic corrosion in solutions containing chloride ion. In the absence of chlorides, aluminum
is less active due to the stability of the oxide film that forms on the surface and inhibits further attack.

FERROUS METALS
Iron and steel undergo galvanic corrison when coupled to more noble alloys. They are more noble than aluminum and its
alloys in chloride solutions.

STAINLESS STEELS
In the passive state stainless steels assume a more noble position. In solutions containing chloride ion, localized corrosion
of many stainless steels occurs in couples with copper or nickel and their alloys. .-

LEAD, TIN, AND ZINC
An oxide fflm on these metals can shift their potential to more noble values. Zinc is widely used as a sacritlcial anodic
coating.

COPPER ALLOYS
Copper and its alloys are not readily polarized in aqueous solutions containing chloride ion. They can cause severely
accelerated corrosion of more active metals, such as aluminum and the ferrous metals.

NICKEL ALLOYS
Nickel and its alloys are not readily polarized and therefore cause accelerated corrosion of more active materials, such as
aluminum and ferrous alloys.

CHROMIUM-NICKEL ALLOYS
Combination of a passive surface with inherent resistance of nickel-base alloys places them in more noble positions.

COBALT-BASE ALLOYS
These alloys, most of which are chromium bearing, are resistant to galvanic corrosion due to their noble position.

REACTIV# METALS ~
Titanium, zirconium, and tantalum are extremely noble due to their passive film.

NOBLE METALS
This designation, applied to gold, silver, and platinum, describes their position in the galvanic series and their resistance
to galvanic corrosion.

Reprinted with permission. Copyright @by National Association of Corrosion Engineers.
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Figure 2-16. Corrosion Rate of Anode as
Function of Distance From Cathode
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2-2.3 PITTING CORROSION
Pitting is a form of localized corrosion in which small

areas on a metal surface corrode preferentially and
cavities or pits form. If the metal is thin or if the pitting
attack is severe, perforation can occur.

2-23.1 Manifestation and Quantification
Fig. 2-18 illustrates pitting corrosion, and an example

of pitting corrosion is shown in Fig. 2-19. The extent of
pitting can be characterized differently, as described in
Table 24.

The selection of the manner in which pitting behavior is
characterized depends upon the effect of pitting on the
intended use of the metal. Pitting that results in di-
minished visual appeal of a piece of decorative metal is
characterized differently from pitting that can lead to
perforation or other forms of stmctural damage.

S052At; Satt Spiny GQoSumti Wh

Figure 2-17. Galvanic Corrosion Caused by Graphite Grease

2-2.2.S Examples ~nack in w!i~chthe Attack in which the

Fasteners such as bolts or rivets generally have small
surface is less surfeee is at least

surface areas relative to the metal sections they are
susceptib~ethan the equally susceptible

joinin~ therefore, it is imperative that fastener metals be
cathodic.

Steel fasteners are usually cadmium plated. However, it
is important that the plating be sufficiently thick. An
effofi to reduce weight in a helicopter application by B/mF/z

reducing the thickness of the cadmium plating resulted in Figure 2-18. Pitting Corrosion
corrosion.

Aluminum coating applied by ion vapor deposition can
protect the part, and the process does not generate
hydrogen. Flame-sprayed aluminum is used on steel deck
hardware and the superstructure of marine vessels.

Galvanizing sheet steel or iron pipe with zinc is an
example of a sacri.kia.l anode. If the surface is scratched
and the underlying metal exposed, the large zinc anode
protects the small exposed cathode from attack. Gal-
vanized sheet steel is used for some parts of tactical
vehicles that are especially susceptible to corrosion.
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(A) Small Corrosion Pits (B) Pitting in Tubing With LOW
Randomly Distributed (Ref. 7) I Velocity Seawater (Ref. 6)

Reprinted with permission. Copyright @by National Association of Corrosion Engineers.

Figure 2-19. Examples of Pitting Corrosion

TABLE 2-6. PITTING CHARACTERIZATION
..

1.

2.
3.

4.

5.

6.

7.

8.

Metal surfaces are examined visually and under low magnflcation to determine the number of pits. The pit density or
number of pits per unit area is determined.
Nondestructive methods can be used to locate and count pits.
Metal weight loss alone is not a satisfactory procedure for determining the extent of pitting, but it may be used with
other data such as the pit density to determine the average amount of metal removed per pit.
Pit depths can be determined by the following techniques:

a. Microscopic measurement of a cross-sectioned pit that has been mounted metallographically.
b. Determination of the difference in metal thickness before and after machining a specimen to the bottom of a pit.

A refinement of this technique is to count the number of remaining pits after successive increments are machined a
off.

c. Measurement of a pit depth by the use of a micrometer, pit depth gage, or microscope that has a graduated
focusing knob.

Standard charts can be used to describe the degree of pitting in terms of density, size, and depth of pits. Fig. 2-20 is an
example of such a chart.
Measurement of the maximum pit depth or the average depth of a number of the deepest pits is often a meaningful
way to express the extent of pitting damage.
Statistical methods can be used to show the probability that pitting will occur, to show the relationship between pit
depth and time of exposure, and to estimate the maximum pit depth on the basis of an examination of a portion of the
exposed metal surface.
The change in a particular mechanical property of a metal can be used to show the effect of pitting under some
conditions.

Fig. 2-20 is a pitting chart for visual comparison of pits
in metal.

2-2.3.2 Conducive Conditions
Pitting occurs on certain metals that form passive oxide

layers, such as aluminum and stainless steels. The pitting
sites are usually stagnant flow conditions, and most
pitting failures are caused by electrolytes that contain
chloride or chloride-containing ions. Given the same
alloy, pitting is less likely to occur on polished than on
etched or ground metal surfaces. Table 2-7 lists the
susceptibdit y to pitting of different metals.

2-2.3.3 Mechanism
The pitting process is illustrated in Fig. 2-21. Fig. 2-

21(A) shows the conditions for pit initiation. These are
1. An imperfection in a normally protective oxide

surface layer
2. Presence of corrosive ions, such as those in an

aerated salt solution.
Fig. 2-21(B) shows the pit initiation stage. An active-

passive cell is established having a poiential difference of
about 0.5 volt. The resultant high current density of the
large cathode-small anode causes rapid dissolution of the
metal. @
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Fig. 2-21(C) shows the self-stimulating and self-pro-
pagating stage of pit growth. The rapid dissolution of
metal produces an excess of positive metal ions. Chloride
ions migrate to the pit to maintain electrical neutrality. A
high concentration of M+Cl- is formed within the pit. A
hydrolysis reaction occurs and forms a high concentra-
tion of hydrogen ions.

0.8 mm

1.6 mm

3.2 mm

6.4 mm

Copyright ASTM. Reprinted with permission.

o Figure 2-20. Chmt for Rating Pits
According to Their Density, Size, and
Depth (Ref. 8)

.%

/
Imperfection

Protective Film

~C1- + H20 - MOH1 + @C1-. (2-16)

High concentrations of hydrogen ions lower the pH in
the pit and stimulate further metal dissolution.

High flow velocity past a potential pit site hinders pit
formation and growth by sweeping away the reacting
species, especially the hydrogen and chloride ions. Stag-
nant flow conditions are conducive to pit growth. Fits
tend to form more readily on horizontal than on vertical
surfaces.

2-2.3.4 Application Constraints and Protection
Approaches

In addition to their effects on the esthetic properties of
a surface or functional characteristics of a pitted member,
pits form starting points for stress concentration that carI
cause or accelerate stress corrosion or corrosion fatigue
attack.

@
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(A) Conditions for Pit Initiation
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(B) Pit Initiation

(C) PR Growth (W. 1)

; Figure 2-21. Ik&ation of Pitting Process
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TABLE 2-7. SUSCEPTIBILITY OF METALS TO PITTING (Ref. 6)I

I LIGHT METALS
Metal ions (Cu, Fe, Pb, or Hg) can plate out of solution onto magnesium and aluminum surfaces. Microgalvanic cells are
formed, which promote pitting.

I Aluminum is susceptible to chloride pitting and crevice corrosion.

I
FERROUS METALS

Steels are susceptible to pitting under deposits, in crevices? and at breaks in otherwise protective films, e.g., mill scale,
sulflde films, and at holidays in paint.

I
STAINLESS STEELS

Stainless steels are notoriously susceptible to chloride pitting, crevice corrosion due to chloride or oxygen concentration
cells, and to simple oxygen cells in corrosive acids.

I LEAD, TIN, ZINC
Lead will pit in sulfuric acid if the normal lead sulfate film is dissolved.

I Tin may pit in aqueous environments rich in chlorides, sulfates, or nitrates.

I Sheet zinc will pit in many aqueous environments.

COPPER ALLOYS
There is no inherent tendency for copper alloys to pit, but they are subject to pitting under deposits.

NICKEL ALLOYS
Except for localized attack under marine deposits in seawater, pitting of nickel is rare.

CHROMIUM-NICKEL ALLOYS
The basic Ni-Cr-Fe (Alloy 600) is subject to pitting and crevice corrosion in a manner analogous to the austenitic stainless
steels.

COBALT ALLOYS
In practice, the chromium-bearing cobalt alloys seem to be highly resistant. ,

REACTIVE METALS
Titanium resists chloride pitting on boldly exposed surfaces but can suffer severe crevice corrosion in some environments.

Zirconium tends to be resistant to pitting but can corrode in crevices where corrosive species accumulate or concentrate.

Tantalum is usually resistant to pitting.

Reprinted with permission. Copyright @by National Association of Corrosion Engineers.
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oL ‘, The preventive measures include (Ref. 9)
1. Select a metal that does not pit in the application.
2 Adjust the design geometry to prevent aggressive

conditions such as stagnant flow areas on horizontal
surfaces.

3. Allow for pitting by adjusting the material thick-
ness. Because of the self-propagating nature of pitting,
this method is not reliable if prevention of perforation is
required.

4. Control the corrosive media by means such as
removing chioride ions or using suitable inhibitors.

5. Use a protective coating on the metal surface.
6. Insure conditions such that the passive film is

. . continuous and sound.

2-2.4 CREVICE CORROSION
Crevice corrosion is the intense localized corrosion that,..

. . frequently occurs within crevices and other shielded areas
exposed to a corrosive medium.

2-2.4.1 Manifestation and QuantiGcation
A crevice is formed between two mating surfaces, such

as those caused by gaskets, lap joints, surface deposits,.

0,,,,

0,,,,

CornWon Damage
,

Zlzzz /

Y//h// ‘-

~ Figure 2-22. Crevice Corrosion

bolts, and rivet heads. Crevice corrosion is illustrated in
Fig. 2-22.

Because crevice corrosion is localized to the shielded
area, it can be characterized in descriptive terms that
relate to the area of attack and geometric distortion and
degradation resulting from the attack. Further char-
acterization of crevice corrosion is in terms of its effect on
functional properties. For example, Fig. 2-23 shows
crevice corrosion damage on the sealing face of a pipe
flange.

From Corrosion Engineering by Mars G. Fontana and Norbert D. Greene, published by McGraw-Hill Publishing Company.
Copyright @1978by McGraw-Hill Publishing Company. Reprinted with Petilon.

Figure 2-23. Crevice Corrosion at Gasket Surface of Large StainIess Steel Pipe Flange (Ref. 1)
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2-2.4.2 Conducive Conditions
Gaps or opening geometries favorable for crevice

corrosion are those that are large enough for entry of
liquid yet small” enough to maintain a stagnant zone
within the crevice. For aqueous media this size is approxi-
mately 10 to 100 pm (0.4 to 4 roils) (Ref. 1). Fibrous
material that provides a wicking action and thereby
maintains corrosive. materials at the metaI interface is
conducive to creviee corrosion. This type of corrosion is
often called poultice corrosion.

Crevice corrosion, l~kepitting, occurs most commonly
on passive layer or oxide-film-protected metals such as
aluminum, magnesium, and stainless steel. Table 2-7 lists
the susceptibilities of various metals to pitting corrosion,
and similar susceptibilities apply to crevice corrosion.
Crevice corrosion susceptibilities of corrosion-resistant
steels are ranked in Table 2-8.

2-2.4.3 Mechanism

Except for the initiating sequence, the mechanism of
crevice corrosion is ~ery similar to pitting. The crevice
corrosion sequence is illustrated in Fig. 2-24.

Fig. 2-24(A) shows the initial stage. Initially, the
corrosion reaction of metal oxidation-oxygen reduction
occurs uniformly over the entire surface of the metal
including the wetted crevice surfaces. However, movement
of the liquid within the crevice is restricted and oxygen is
depleted. Oxygen reduction ceases but metal oxidation
continues and creates an excess of positive charges within
the creviee.

Fig. 2-24(B) shows the self-propagating stage of crevice
corrosion, which is identical to that of the pit growth
process described in par. 2-2.3.3.

,-.

TABLE 2-8. CREVICE CORROSION

S~SCEP’TIBILITY RATING OF

CORROSIO~-RESISTANT STEELS

(Ref. 10)

CREVICE CORROSION
ALLOY TYPE ‘ SUSCEPTIBILITY

410 Poorest Resistance
17-10 (P) Annealed t
17-4 (Cu) Annealed

316
321

17-7 Annealed
21-6-9

310
14-8 {Mo) Annealed
AM350 Annealed 1

35-35-20-10 (MP35N) Best Resistance

Crevice

(A) Initial Stage

(B) Later Stage

From Corrosion lh~”neering by Mars G. Fontana and Norbert
D. Greene, published by McGraw-Hill Publishing Company.
Copyright @ 1978 by McGraw-Hill Publishing Company.
Reprinted with permission.

Figure 2-24. Illustration of Crevice
Corrosion Process (Ref. 1)
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Poulthx corrosion occurs when an absorptive material. 2-2.4.6.1 Manifestation and Quantifkation
is in contact with a metal surface that is wetted periodi-
cally. No corrosion occurs when the entire assembly is dry
and little occurs when it is wet. During the drying period,
however, adjacent wet and dry areas develop. Differential
aeration develops near the edges of the wet zones and
leads to pitting corrosion, as it does for crevice corrosion.

2.2.4.4 Application Constraints and Protection
Approaches

Several oppommities exist for combating crevice
corrosion in the design, fabrication, and operation of
materiel items. These are (Ref. 1)

1. Reduce crevices to the minimum necessary by
using Iarger and fewer parts.

2. Use butt-welded joints instead of riveted or bolted
joints.

3. Close crevices in lap joints by continuous welding,
caulking, soldering, or brazing.

4. Specify sound welding techniques to insure com-
plete penetration and to avoid porosity.

5. Prevent ingress of corrodent by close fit of faying
surfaces, by use of impemious joining materials, by
encapsulation, by enveloping, and by sealing.

6. Avoid fibrous or absorbent packings and gaskets.
7. Avoid sharp comers and stagnant areas.
8. Specify (and design in the capability) compIete

removal of scale or foreign matter from metal surfaces.
9. Select materials that are not susceptible to crevice

corrosion.
10. Design the system to provide a uniform environ-

ment.
11. Inhibit the environment in crevices or stagnant

areas.
12. Design the system to facilitate surface cleaning

and application of protective coatings.
13. In storage or operation keep surfaces clean by

washing, draining, and keeping flowing fluids clean,
which is done by faltering out suspended solids.

2-2.4.5 Example
Poultice corrosion is a form of crevice corrosion that

occurs on the sheet metal of tactical vehicles. Soil, debxis,
and salt deposits accumulate in the semienclosed sections
of the body and underbody. Severe corrosion occurs on
the metal surfaces within or just adjatxnt to these
deposits. The result is the characteristic penetration of
body panels from the inside.

2-2.4.6 Filiform Corrosion
Ftiorm corrosion is a special type of crevice corrosion

that occurs on metal surfaces under protective films. A
common example of fdiform corrosion is attack of the
metal surfaces of’ food and beverage cans under the
protective enamel and lacquer surfaces-

Filiforrn corrosion appears as a network of threadlike
corrosion product trails. The fdaments are 2.54 mm (O.1
in.) or less in width. Examples of f~orm corrosion are
shown in..Flg. 2-25.

Filiform corrosion does not usually result in loss of
functional capabilhy, such as weakening or destroying
metallic components. It does, however, affect surface
appearance. The extent of surface damage can be char-
acterized as the area covered and the density of the

(A) Exampte of Filiform Corrosion on
Alclad Aluminum Skin

.
-.

_.
“.-~L~

(B) Filiform Corrosion Found Under Paint
Coating on Landing Gear Strut

Figure 2-25. Examples of Filiforrn Corrosion
(Ref. 11)
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corrosion tracks. Perhaps a more important measure is
the subjective response of the consumer to a product that
exhibits f~iorm corrosion.

2-2.4.6.2 Conducive Conditions

Filiform corrosion has been observed on a variety of
metal surfaces under an assortment of coatings. The
metals include steel, magnesium, aluminum, zinc, and
chromium-plated nickel surfaces. The coatings include
tin, silver, gold, phosphate, enamel, lacquer, and adhesive
bonded paper. Metals are unaffected by filiforrn corrosion
when the humidity is under 65%, but above 90970humidity
the corrosion appears as blisters rather than threads.

Red Brown Tail
i

2-2.4.6.3 Mechanisms
The basic mechanism of filiform corrosion is formation e

of a differential oxygen cell between the head and the
body of the corrosion filament, as illustrated in Fig. 2-26.
The head is a relatively concentrated solution of ferrous
salts, whereas the tail is precipitated ferric hydroxide.
Water is absorbed in the region of the head from the
atmosphere by osmosis, and water is lost in the region of
the tail by osmosis. Oxygen diffuses through the fdm and
reaches higher concentrations at the interface of the head
and body and at the periphery of the head. The anode of
the differential oxygen cell is in the central and forward
portions of the head where ferrous ions Fe’z”are formed.

Blue Green Head

/

1 H20 02
A f ifl

02+ H20

+$

Fe203 + H20 ~ Direetion of Growth

T
H20

1’ (A) Top View

Body
1

l-lead

H20
A

I 02
4

FIW03+ H20

+

(B) Side View

+ H20

oH-

Corrosion

(C) Croaa Section of Head

From Corrosion and Corrosion Comrol by Herbert H. Uhlig. Copyright @ 1963 from John Wiley & Sons, Inc. Reprinted by
permission of John Wiley& Sons, Inc.

Figure 2-26. Corrosion Filaments Showing Details of Differential Oxygen Cell (Ref. 12)
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All regions in which the film makes contact with the head ~
and in which hydroxyl ions OH- are liberated comprise ~
the cathode. The OH- ions diffuse toward the center of the
head. There they react with Fe+z to form ferrous hy-
droxide, which is oxidized by oxygen to form insoluble
ferric hydroxide. The filament will continue to grow,
usually in a straight line, as long as the conditions”
necessary to maintain the chemistzy exist.

The only satisfactory way to prevent filiform corrosion
is to store coated metal surfaces in low-humidity environ-
ments. Protective films of very low water permeability
can also prevent filiform corrosion.

2-25 INTER GRANULAR *.

“‘lntergranular corrosion consists of preferential attack
at or adjacent to the grain boundfies of a met~ or ~loY.

2-2.5.1 Manifestation and Quantification
“ Metals and alloys consist of individually oriented ,
crystals. At the boundaries between crystals, precipitates
can for-m and alloying and residual elements can con-
centrate. Also adjacent crystal faces can be depleted in
those elements that comprise the precipitates. -

Preferential attack of grain boundaries can leave all the
grains in place but result in complete loss of mechanical
properties. If there is also significant attack of the grains
along their faces, grains are readily dislodged, the geom-
etry is affected, and the mechanical properties are
diminished. Intergramdarcorrosion can cause an appreci-
able decrease in elongation before arty significant loss of
ultimate tensile strength or yield strength can be detected.
In severe cases there can be a signifkant loss of tensile
propmies, even though only a small volume of metal has
corroded. Intergranular attack during which there is
increased volume of the corrosion product over that of
the uncorroded material can cause swellhg. In this
situation both geometry and mechanical properties are
affected. Fig. 2-27 is an example of intergranular attack.

A unique form of intergranular attack occurs in
aluminum alloys in which the grains are flattened by
rolling or extrusion. Intergranular attack proceeds
laterally through the plate or sheet in planes parallel to the
surface. The corrosion products force the metal away
from the body of the materials in layers or sheets This
type of corrosion is referred to as exfoliation and is
illustrated in Fig. 2-28.

c-)
!
,, Reprinted with permission. Copyright @by National Association of Corrosion Engineers.

Figure 2-27. Intergrantdar Corrosion of Sensitized Type 316 Stainless Steel (Ref. 6)
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Reproduced with permission from Basic Corrosion and Oxiah-
tion by J. M. West, published in 1980 by Ellis Horwood
Limited, Chichester, England.

fiigure 2-28. Exfoliation of Aluminum Alloy
After Exposure to Marine Atmosphere
(Ref. 13)

2-2.5.2 Conducive Conditions
Conditions conducive to intergranular attack

brought about by grain boundary precipitates that
are
are

anodic to the surrounding zones or grain boundary
precipitates that are cathodic to the adjacent denuded
zones. In both cases the grain boundary becomes enriched
in some component at the expense of the adjacent zones,
as illustrated in Fig. 2-29. The tendency for these condi-
tions to occur depends upon the chemical composition of
the alloy, the thermal and mechanical history of the
structural element, and the spectlc environment.

Chrome-nickel austenitic stainless steels such as
American Iron and Steel Institute (AISI) 304 are sensitized
to intergranular attack by precipitating chromium carbide
(CrZ3C6) in the grain boundaries. The result is that the
matrix near the fine platelets of grain boundary chromium
carbide is less resistant to attack by both oxidtilng and
reducing acids. Sensitization results from exposure to
temperatures in the range of 427° to 871° C (800° to
1600° F). So-called weld decay corrosion occurs in the

Chromium Carbide Grain
aries

Depleted Zone

From Corrosion Engineering by Mars G. Fontana and Norbert
D. Greene, published by McGraw-Hill Publishing Company.
Copyright @ 1978 by McGraw-Hill Publishing Company.
Reprinted with permission.

.,.

Figure 2-29. Grain Boundary in Sensitized ~~
Type 304 Stainless Steel (Ref. 1)

heat-affected zone of weldments of austenitic stainless
steels, as shown in Fig. 2-30. The time-temperature
histories of several points at various distances from the
deposited weld metal are related to the sensitized zone.
The intergranular corrosion resulting from corrosion of
the sensitized zone is illustrated in Fig. 2-31.

Strong carbide formers called stabilizers are added to m
austenitic stainless steel to control sensitization. However,
under certain conditions stabilized austenitic stainless
steels such as AISI 347 form grain boundary precipitates
of chromium carbides in a narrow band that is a few
grains wide on both sides of a weld. Intergranular attack
by oxidizing solutions of this very narrow heat-affected
zone is called knife-line attack.

Composite
Ragbq

Reprinted with permission. Copyright @by National Asso-
ciation of Corrosion Engineers.

Figure 2-30. Weldment in Austenitic Stainless e
Steel (Ref. 6)
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O!,“,j
Intelgrrmular cor702iotl

I Weid I

.
. . ‘l%om Cbrrosion ad Corroszon Conzrol by Herbert H. Uhlig.

Copyright @ 1%3 from John Wiley& Sons, Inc. Reprinted by
permidon of John Wdey & Sons, Inc.

~ Figure 2-31. Weld Decay in Stainless Steel
(Ref. 12)

o

0,,

The sensitizing temperature range for ferritic stainless
steels (Fe-Cr) such as AISI 430 is above 925° C (1700° F).
In ferntic stainless steels, chromium-iron nitride
(CrFe~N precipitates may also form. Their sensitizing
effect is similar to that of chromium carbides.

High strength is developed in several aluminum alloys
by precipitating copper alutninide (CUAIZ) from solid
solution along slip planes and grain boundaries. This
precipitation increases the susceptibility to exfoliation
attack. Extensive cold work can also produce grain
boundary precipitates. Exfoliation attack is very likely in
situations where the flattened dimensions of the grain are
exposed.

Table 2-9 summarizes the susceptibility of various
alloys to intergranular corrosion.

2-2.53 Mechanisms
The mechanism of intergranukw corrosion is galvanic

corrosion at the microscopic scale. The driving force of
intergranuktr corrosion is the difference in corrosion
potential that develops between a thin grain boundary
zone and the bulk of the immediately adjacent grains.
TMs difference in potential may result from differences in
chemical composition of the two zones. This can develop
as a result of impurities or alloying elements migrating to
the grain boundaries. A precipitate may form if the
concentration of alloying elements in the grain boundaty
region is sufficiently large. If the precipitate is anodic to
the adjacent denuded zone, it corrodes preferentially, but
if the grain boundary precipitate is cathodic to the
denuded zone, it remains intact and local cell action
develops a crack in the denuded zone. Ftg. 2-32 illustrates
the mechanism of intergrattttlar attack.

Examples of anodlc constituents are MgsAls, M&m in
aluminum alloys, and FtiN in iron alloys. Corrosion of
anodicconstituents is illustrated in Fig. 2-32(A). Examples
of cathodic constituents are FeAIJ and CUAL in aluminum
alloys and Fe~C in iron alloys. Corrosion of cathodic
constituents is illustrated in Fig. 2-32(B).

Intergrantdar corrosion can develop into a pit, and
corrosion may continue with a pitting mechanism. How-
ever, funk intergranular corrosion may proceed from
the walls of the pit.

Most intergranular corrosion is the result of small
differences in composition at grain boundaries. Heat
treatment and cold-working affect not only the size and
shape of the grains but also the composition, location,
amoun~ and size of the constituents. The metallurgical
histoxy of the alloy can be as important as its chemical
composition in influencing intergranular corrosion.

TABLE 2-9. SUSCEPTIBILITY OF METALS TO INTERGRANULAR CORROSION (Ref. 6)*

LIGHT METALS
Magnesium Aloys. Only rare instances of intergranular corrosion reported s.

Aluminum Alloys. Conventional irttergramdar corrosion occurs perpendicular to the surface of recrystallized alloys. In
~ed alloys exfoliation occurs. The table roughly outlines the behavior of more common wrought alloys.

Immune Partly Susc.erttiblel St3SCeDtible

A91100 A95056 A92NNN2
A93003 A95083 A96351
A95052 A95086 A9m

A95454 A95154
A95456
A96061
A96063

A97075 T7Y

lDependhtg on % Mg, agin& cdd-wortig
2May~ M with A91100for cathodic pro-on
jMay be clad with A97072for cathodic protection

(cent’don nextpage)
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I TA~LE 2-9. (cent’d) o

FERROUS METALS
Intergramdar corrosion has not been reported in cast irons and steels.

I
.

STAINLESS STEELS
Martensitic Grades. Intergranular corrosion is not a practical problem.

Ferritic Grades. AISI 430 and 446 can be sensitized to corrosion in oxidizing acids.

I Newer grades (S44403, 44625, 44026) can be sensitized by the heat of welding ifspecifled limits of carbon and nitrogen are
exceeded.

I
Austenitic grades. Grades of 18-8 variety are subject to intergranular corrosion unless stabilized or extra-low-carbon
variety.

Stabilized varieties are subject to highly localized attack known as knife-line attack in the fusion zone.

I Special and superaustenitic grades of high nickel content (N08020, 08825, etc.) are more susceptible than 18-8 grades. .,,

I LEAD, TIN, ZINC
Lead and zinc are reported to experience intergramdar corrosion in highly specialized conditions.

I NICKEL ALLOYS
Commercially pure nickel (Alloy 200, N02200) is subject to intergranular corrosion at high temperatures.

I Nickel-copper alloys (Alloy 400, N04400) have suffered interganular corrosion in certain hydrofluoric acid and chromic
acid solutions.

I Intergranular corrosion can occur in the nickel-molybdenum alloys (Alloy BB 10001) in hot hydrochloric acid and
asulfuric acid.

I CHROMIUM-NICKEL ALLOYS
Alloys of the Inconel variety are subject to intergranular corrosion.

I Intermediate super alloys (Alloy 825, N08825; Alloy 20Cb3, N08020; Alloy G, N06007) are stabilized against attack.

I
Molybdenum-bearing grades are subject unless stabilized (Alloy 625, N06625) or of reduced carbon content (Alloy C276,
N10276).

COBALT ALLOYS
Intergranular corrosion has not been reported in these alloys.

I
*

REACTIVE METALS
Not reported in either titanium or tantalum.

I Commercial zirconium is subject to corrosion of the weld-heat-affected zone in mineral acids contaminated with oxidation
cations such as Fe3+.

I
NOBLE METALS

Not encountered in silver, gold, or platinum.

*This table uses the Unified Alloy Numbering System unless otherwise specified.

Reprinted with permission. Copyright @by National Association of Corrosion Engineers.
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O,,

(A) Attack at Grain Boundaries

:. (B) Attack at Denuded Zone Adjacent
to Grain Boundary

From An Introduction to Medic Corrosion by Ulick R.
Evans, published by Edward Arnold Publishers. Copyright@
1981. Reprinted with permission.

Figure 2-32. Galvanic Mechanism of
Intergranular Attack (Ref. 14)

o 2-2.5.4 Application Constraints and Protection,,
Approaebes

Approaches to preventing intergranular corrosion are
simple in concept but complex in practice. The approaches
include

1. Select materials that are not susceptible to grain
boundary depletion, e.g., low-carbon austenitic stainless
steel.

2. Select suitable heat treatment for precipitation
hardening alloys such as type 7075 aluminum.

3. Avoid specifying heat treatment or welding in the
susceptible range.

4. Avoid cold work that can r~ult in increased
susceptibility.

Approaches to controlling intergranular corrosion of
austenitic stainless steel follow:

1.Employ high-temperature solution heat treatmen~
commonly called quench annealing or solution quench-
ing. This process consists of heating at 1050° to 1100°C
(1920” to 201O”F) followed by water quenching. Most
austenitic stainless steels are supplied in this condition.
Rapid cooling from the solution temperature is essential.
Problems exist in cooling shapes having large cross
sections and in quench annealing following welding.

2. Add elements that are strong carbide formers.

o

Columbium (or columbium plus tantalum) and titanium
.: produce the stabilized types AISI 347 and 321 stainless

steels. respectively. These elements are added in suffkient

quantity ~o combine with all the carbon in the steel.
However, they may be susceptible to knife-line attack.

3. Lowering the carbon content below 0.03% (AISI
type 304L) does not permit sufficient chromium carbide
to form to result in susceptible low<hromium alloy
adjacent to the grain boundary.

4. The solution to knife-line attack of the stabilized
austenitic stainless steels is to heat the structure after
welding to 1050°C ( 1920° F). The rate of cooling from
1050°C (1920” F) is not important.

The problem of exfoliation of aluminum alloy 7075 T6
can be adequately solved in most applications by using
alloy 7075 T73. This involves a change in heat treatment
and a loss of strength. The T6 temper optimizes strength
by causing precipitation along the grain boundaries.
“Overaging” to the T73 temper results in a more uniform
dispersion of relatively small precipitate particks. This
dispersion almost eliminates susceptibility to inter-
granular corrosion with relatively little loss in strength.

2-2.5.5 Examp]es

Important examples of intergranular corrosion susceptib-
ility are sensitized austenitic stainless steel and aluminum
alloys that derive their strength from the precipitation of
copper aluminide (CUAIZ) along slip planes and grain
boundaries. Use of high-strength aluminum alloys in
Army tactical vehicles is increasing.

2-2.6 SELECTIVE LEACHING
One constituent of an alloy is preferentially removed in

selective leaching corrosion. This phenomenon is also
called “dealloying” or “parting”. Terms are also used that
indicate the loss of specific alloying constituents such as
“dezinci!kation” to connote the loss of zinc from the
original copper-zinc alloy; “destanifkation”, “denickeli-
fication”, and “dealurninification” are also used.
‘Graphiticcorrosion” is used to describe the dealloying of
gray cast iron.

2-2.6.1 Manifestation and Quantifwation
Dealloying usually results in a color change. However,

there is usually no visible evidence of loss of metal such as
pits, dimension changes, cracks, or grooves. The surface
geometry is unaffected. The fine detail including ir-
regularities or roughness on the original surface remains,
but the affected metal becomes lighter and porous. It also
becomes brittle and has a very low tensile strength.
Detection may be difllcult if inspection cannot be readily
accomplished.

A dealloying attack that occurs in a local area and
proceeds inward rather than aIong the surface is called
plug-type dealloying. Dealloying that proceeds over the
whole surface is termed uniform or layer-type dealloying.
The types of selective leaching attack are illustrated in
Fig. 2-33.
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(May Extend Through the Entira Thickness)

(A) Plug Type

fKN\\\n\\\\Nx”

(B) LayerType

Figure 2-33. Selective Leaching Attack
.,.
Selective leaching is frequently misdiagnosed as erosion-

corrosion. Selective leaching often occurs on pump
housings and impellers made of bronze, brass, or gray
cast iron from which the dealloyed corrosion product is
swept away by high fluid velocities. Selective leaching has
been observed in aluminum-, iron-, copper-, nickel-, and
cobalt-base alloys as well as in other alloys. It is a
significant engineering problem in applications of copper-

,.base alloys and in cast iron. Generally the less corrosion-
resistant element (anode) is removed and the cathodic
matrix is left behind.

2-2.6.2 Conducive Conditions

Brasses that contain 15% zinc or less (red brasses) are
usually immune to dezincification attack in aqueous or
atmospheric environments. Dezinc~Ication is more com-
mon in brasses that contain more than 20% zinc (yellow
brasses). However, yellow brasses having up to 37% zinc
can be made resistant to moderately corrosive environ-
ments, such as drinking and cooIing water, if the alloys
contain tin plus arsenic (Admiralty B alloy), antimony
(Admiralty C alloy), or phosphorus (Admiralty D alloy).

Brasses are susceptible to selective leaching in soft
water. High carbon dioxide concentration increases
susceptibility. Susceptibility in water is also increased by
high temperature, high chloride content, high flow
velocity, crevices, and deposits such as sand on the metal
surface (Ref. 6).

Phosphor-tin bronzes have undergone destanification
in aggressive chemical environments. Aluminum bronzes
(copper-aluminum alloys) are sometimes subjeet to
dealuminitication. Silicon bronzes have undergone desili-
conificatiofi in isolated cases involving high-temperature
steam and acidic species (Ref. 6).

Graphitic corrosion, or “graphitization”, is a form of
selective leaching. Gray cast iron is corroded, and the
residual graphite grain boundary precipitates are left. It is

usually plug-type corrosion proceeding uniformly inward
from the surface, and it leaves a porous matrix of
graphite. The graphite second phase in gray cast iron o
frequently forms long, almost continuous, intergranular
strings between the iron-rich ferrite matrix grains. White
cast iron does not have this structure and is more resistant
to graphitization. Graphltization occurs in salt waters,
acidic mine waters, dilute acids, and soils, especially in
those containing sulfates and sulfate-reducing bacteria
(Ref. 15).

2-2.6.3 Mechanism
Thedealloying mechanism may consist of the following

1. Selective removal of one or more alloy com
stituents, which leaves a residual substrate

2. The whole alloy can dissolve with one or more
constituents redeposited.

3. Both of the above can occur simultaneously.
For example, the a/(3 brasses, which contain the -

relatively zinc-rich /3 phase (40T0 zinc), are prone to
dezincification in near boiling, soft domestic water
supplies containing chloride ions. Zinc atoms in this ~
phase are leached out preferentially if the oxygen potential
of the water is low. However, in aerated waters, the
process proceeds through two stage~ first the p phase
dissolves uniformly, then porous copper redeposits.

2-2.6.4 Application Constraints and Protection
Approaches a

Control of dealloying corrosion is normally achieved
by using an alloy that is more resistant to this kind of
corrosion, For example, brasses containing more than
85?10copper are less susceptible than those containing
more than 15% zinc. Gray cast irons can be replaced with
white cast iron, malleable or nodular “ductile” cast irons,
and nickel, chromium, or silicon cast irons to avoid
graphltization.

Reducing the aggressiveness of the corroding environ-
ment may be a feasible alternative in some situations. For
example, dezincification can be reduced by deoxygena-
tion.

2-2.6.5 Examples

Dealloying attack can be expected on brass valves and
fittings exposed to seawater and gray cast iron exposed to
acidic chemical plant wastewater.

2-2.7 EROSION-CORROSION

Erosion-corrosion is a general term that refers to a
corrosion process enhanced by the action of flowing
fluids. The process can also be characterized by whether
the fluid contains solid particles, is in the form of
impinging droplets, or is undergoing cavitation. Cavitation
is the formation and sudden collapse of vapor bubbles in a ●
liquid.
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2-2.7.1 Manifestation and Quantification

Erosion-corrosion can result in general corrosion that
occurs at a higher rate than would be expected under
stagnant conditions. In this case the measure of erosion-
corrosion would be the rate of surface waste or the rate of
penetration. The more usual effect of erosion-corrosion,
however, is localized attack, which can appear as grooves,
gullies, waves, rounded holes, etc., and usually exhibits a
directional pattern that correlates with the direction of
flow. Erosion-corrosion is illustrated in Fig. 2-34.

The appearance of cavitation damage is similar to
pitting. However, the pitted areas are closely spaced and
:: ~ Direction of

Fluid Flow

Impingement
XorrOsion Pii

+

Corrosion

/

Film
Original Metat,.

/

SUti

,., ,... 7. , ,- ,,,).’7+----- -----

I metal 1.
Figure 2-34. Erosion-Corrosion

the surface is usually considerably roughened. Severe
cavitation damage can completely remove sections of
metal. Cavitation damage that results from fluid move-
ment relative to the metal surface can usually be correlated
with the direction of flow. Cavitation%nhanced corrosion
is illustrated in Fig. 2-35.

2-2.7.2 Conducive Conditions
A condition conducive to erosion<omosion is the flow

of corrosive fluids (gas or liquid) relative to a metal
surface. The rate of corrosion depends upon the flow rate
of the fluid. Turbulent flow results in much higher
corrosion rates than Iaminar flow. Hard particles entrained
in the flowing fluid can enhance erosion<orrosion. .
Cavitation damage is caused by flow discontinuities that
result in the formation and subsequent coUapse of vapor
bubbles on a metal surface. High-velocity drop impinge-
ment, such as raindrops on a helicopter rotor, can also
result in rapid surface damage. Fig. 2-36 indicates the
effect of velocity on the corrosion rate of several metals in
seawater. Table 2-10 gives the relative resistance to
cavitation of several materials. Fig. 2-37 shows the
erosiort<orrosion of several metals in seawater at speeds
that can be achieved by watercraft hydrofoils. Fig. 2-38
shows the cavitation rates for several of the same
materials in seawater.

~ Reprinted with permission. Copyright@ by National Association of Corrosion Engineers.

Figure 2-35. Cavitation-Enhanced Corrosion of Pump Impeller’ (Ref. 6)
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Velocity, ftls
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:...........................W::::::::::::::::::::::J:fi*:>;:fi;:;:;:;:>;::+:: <25 pm/yr (<1 mpy)
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Fouling @ipeDesign Velocity
Decreases - Power Plant Condenser

Design Velocity
Velocity, m/s

(A) Seawater Velocity (Pipe and Tube Ranges)

From Guidelines for Selection of Materials by A.H. Tuthill and C. M. Schillmoller, 2nd Ed., 1983,LaQue Center for Corrosion
Technology, Inc. Copyright @1966.Reprinted with permission of LaQue Center for Corrosion Technology, Inc., WrightsvilleBeach,
NC 28480.

Figure 2-36. The Effect of Velocity on the Corrosion Rate of Several Metals in Seawater (Ref.
16)

(cent’d on next page)
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TABLE 2-10. CAVITATION RESISTANCE (Ref. 16)
a

RELATIVE CAVITATION RESISTANCE
BASED ON FIELD EXPERIENCE BASED ON LABORATORY TEST

STELLIT’E* 1 STELLITE*
17-7 Cr-Ni stainless steel weld 2 Two layers 17-7 Cr-Ni stainless steel weld
18-8 Cr-Ni stainless steel weld 3 18-8 Cr-Ni stainless steel weld

AMPCO** No. 10 weld 4 AMPCO** No. 10 weld
25-20 Cr-Ni weld 5 Cast AMPCO** No. 18 bronze

Eutectic-Xyron 2-24 weld 6 Nickel-aluminum bronze
AMPCO** bronze castings 7 18-8 Cr-Ni cast stainless

18-8 Cr-Ni cast stainless 8 13% Cr, cast stainless
Nickel-aluminum bronze, cast 9 Manganese bronze, cast

13% Cr, cast stainless 10 Cast steel
Manganese bronze, cast 11 Bronze

18-8 stainless spray metallizing 12 Cast iron
Cast steel 13 Sprayed stainless 18-8 Cr Ni

Bronze 14 Rubber
Rubber 15 Aluminum

Cast iron 16
Aluminum 17

*Trademark of Cabot Corporation
**Tr~emark of Ampco Metals, Inc.

From “Resistance of Various Materials to Cavitation Damage” by W. M. Rheingans, published in Report of the 1956 Cavitation
Symposium. Copyright @1957.Reprinted with permission from The American Society of Mechanical Engineers.
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Figure 2-37. Rates for Jet Erosion-Corrosion in Seawater. Exposure 30 Days at 90 Knots (Ref.
17)
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Figure 2-38. Cavitation Rates in Seawater, Double Amplitude 25.4pm (0.001 in.), Frequency
22,000 cycles per second (Ref. 17)’

2-2.7.3 Mechanism
Erosion-corrosion implies that the fluid medium is

potentially corrosive to the metal. Erosion facilitates the
corrosion process. This fact distinguishes erosion-cor-
rosion from pure erosion or mechanical wear. Erosion-
corrosion influences the rate of corrosion by changing the
conditions of local cell action. The corrosion process is
accelerated if the fluid speed is sufficient to remove
weakly adhered corrosion products from the surface.
Removal of these products reduces their polarizing or
inhibitive effect. Thk phenomenon is illustrated in Fig.
2-39. At the breakaway speed the fluid begins to remove
the corrosion film and the corrosion rate increases. A
steady corrosion rate is achieved at the speed at which the
fdm is completely removed. Fluid flow also maintains a
uniform concentration of corrodent at the metal surfaces.

Impingement of suspended hard particles can accelerate
the damage to the protective film. and can cause

Film Free

r

Breakaway
speed Film Breakdown

Speed (Shear Force)

Reprinted with permission. Copyright @by National Asso-
ciation of Corrosion Engineers.

Figure 2-39. Corrosion Rate of Copper
Alloys as Function of F1OWSpeed (Ref. 6)
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mechanical damage to the underlying metal. Impingement

o

of droplets on a metal surface can be viewed in terms of a, ,:
similar model that combines corrosion and wear.

Fig. 240 illustrates the process of cavitationahanced
corrosion. Rapidly collapsing vapor bubbles, such as
those produced by cavitation, can produce shock waves
with relatively high pressures. The shock wave destroys
the corrosion fdm beneath it. The newly exposed metal
surface corrodes and the fdm reforms. A new cavitation
bubble forms and collapses at the same spot. The process
repeats itself and deep holes or pits can result. An
imploding cavitation bubble has sufficient force to tear

metal particles from the surface; therefore, cavitation
,, combines chemical and mechanical action (Ref. 1).

2-2.7.4 Application Constraints and Protection
Approaches

O,,

Several methods for preventing or minimizing damage
“’ resulting from erosion-corrosion are available (Ref. 9).

They include
1. Material selecnbn. Select materials with better

resistance to erosion-corrosion.
2. Design considerations. Streamline the flow, avoid

designs that create turbulence. Mmirnize abrupt changes
in flow direction. Introduce smooth aerodynamic or
hydrodynamic flow channels; avoid roughly textured
surfaces. Carefully align pipe sections. Avoid flow ob-
structions in design or obstructions that can arise under
operations, increase the thickness of material in vtdner-
able areas, install renewable impingement plates or
baffles, and design for easy repair by using interchangeable
parts.

3. Aherarion of environment. Decrease fluid stream
speed to achieve Iaminar flow, regulate the concentration
of dissolved oxygen in the environment to achieve
optimal fdm-forming characteristics, provide falters for

W: Numbers idicate $equenwdeven?s. .

From Corrosi& &@neering by M&s G. Fontana and Norbcrt
D. Greene, published by McGraw-Hill Publishing Company.
Copyright @ 1978 by McGraw-Hill Publishing Company.
Reprinted with permission.

o

~,
Ftgure 2-40. Process of Cavitation-Enhanced

Corrosion (Ref. 1)

removal of suspended solids, and provide condensed
moisture traps in vapor lines.

4. Specljicarion of suitable coatings or linings. Use of
hard-facing may be helpful in some situations and
resilient barriers may be helpful in others, e.g., cavitation.

5. Cathodic protection. Provide cathodic protection
whenever possible.

2.2.7.5 Examples
Helicopter rotor blades are subject to impingement

attack by water droplets, dust, and sand. Gas turbine
blades and vanes are damaged by erosion%orrosion.
Erosion-corrosion is a component of the process of gun
tube wear.

The coolant side of diesel engine cylinder walls is
subject to cavitation darnage. The hydrofoils and driving
propellers of watercraft can undergo cavitation.

2-2.8 FRETTING CORROSION
Fretting corrosion is defined as metal deterioration

caused by repetitive slippage at the interface between two
surfaces in contact.

2-2.8.1 Manifestation and Quantifkation

Fretting corrosion results in wear between two mating
metal surfaces and in the generation of oxidued wear
products. Conditions required for fretting are illustrated
in Fig. 241. The surface wear appears as depressions,
pits, or grooves. Fretting is usually accompanied by the
generation of visible amounts of corrosion products.
Fretting on cast iron and steel surfaces produces reddish-
brown iron oxides. Local attack may initiate fatigue
cracks, especially where stresses concentrate and mating
areas are pitted. Wearing away of protective surfaces can
initiate galvanic or concentration cell corrosion. In the
absence of oxygen and moisture, fretting results in less
damage and the products are different.

Because the effects are localized, fretting may be
characterized by descriptions of the surface effects and

Figure 2-41. Fretting Corrosion

2-33

Downloaded from http://www.everyspec.com



MIL-HDBK-735(MR)

the corrosion products produced. This characterization
could include a geometric description of the ~fected area
and the specific wear patterns produced. The more
sign~lcant indications of fretting, however, are degrada-
tion of functional capability such as loosening of hubs on
shafts, loosening of bolted or riveted parts, seizing and
galling of mating parts, 10SSof dimensional tolerances,
fouling of precision mechanisms by debris, destruction of
bearing surfaces, and accelerated fatigue when both
fretting and fatigue load patterns are present. The fretting
resistance of various materials is shown in Table 2-11.

2-2.8.2 Conducive Conditions
Fretting between two metal surfaces occurs under the

following conditions (Ref. 1):
1. A load is transmitted across the interface.
2. There is repeated relative motion between the two

surfaces. The necessary relative motion is extremely
small. Fretting does not occur on surfaces in continuous
motion.

3. Slippage or deformation must be produced on the
surfaces.
Fig. 2-42 is an example of a typical fretting corrosion
condition.

2-2.8.3 Mechanism

The wear process in fretting is not well understood. The
debris produced can be either an oxide, if oxidation “’
conditions exist, or very fine metal particles. Fretting has
been observed on almost every kind of surface including
noble metals, mica, glass, and ruby. Two different
mechanisms have been used to describe the fretting

at Tight Fits
to Vibration-,- --- ,. 9

From Corrosion lihgineering by Mars G. Fontana and Norbert
D. Greene, published by McGraw-Hill Publishing Company.
Copyright @ 1978 by McGraw-Hiil Publishing Company.
Reprinted with permission. ,.

Figure 2-42. Typical Fretting Corrosion
Condition (Ref. 1)

process. In one proposed explanation, fretting is due to
cold-welding of microscopic high spots on the two
surfaces. Relative motion causes these welded high spots
to rupture. It also causes the high spots, or asperities, to
plow into the opposing surface. Both actions dislodge
metal particles, which eventually are partly or completely
converted into oxides. This fretting corrosion mechanism
is illustrated in Fig. 2-43. In the other mechanism,
abrasion due to the relative motion of the surfaces

a

removes the protective surface film. The fresh metal
surface then oxidizes. The corrosion products formed are
also removed from the surface by the abrasive action.

TABLE 2-11. FRETTING RESISTANCE OF VARIOUS MATERIAL
SURFACE COMBINATIONS (Ref. 18)

POOR AVERAGE GOOD

Aluminum on cast iron
Aluminum on stainless steel
Magnesium on cast iron
Cast iron on chrome plate
Laminated plastic on cast iron
Bakelite on cast iron
Hard tooi steel on stainless
Chrome plate on chrome plate
Cast iron on tin plate
Cast iron on cast iron with coating of

shellac

Cast iron on cast iron
Copper on cast iron
Brass on cast iron
Zinc on cast iron
Cast iron on silver plate
Cast iron on copper plate
Cast iron on amalgamated

copper plate
Cast iron on cast iron with rough

surface
Magnesium on copper plate
Zirconium on zirconium

Laminated plastic on gold plate
Hard tool steel on tool steel
Cold-rolled steel on cold-rolled steel
Cast iron on cast iron with phosphate

coating
Cast iron on cast iron with coating of

rubber cement
Cast iron on cast iron with coating of

tungsten sulfide
Cast iron on cast iron with rubber

gasket
Cast iron on cast iron with Molykote

lubricant
Cast iron on stainless with Molykote

lubricant
o

Copyright ASTM. Reprinted with permission.
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o“-=’’=..
(A) Before (B) Aftw

From Gwroswn l%gineen”ngby Mars G. Fontana and Norbem
D. Greene, published by McGraw-Hill Publishing Company.
Copyright @ 1978 by McGraw-Hill Publishing Company.
Reprinted with permission.

Figure 2-43. Fretting Corrosion Action ‘
(Ref. 1)

,

2-2.8.4 Application Constraints and Protection
Approaches

There are three basic approaches to preventing or
“-”mitigatingthe effect of fretting. They are (Refs. 1 and 9)

I 1. Prevent relative motion between the two surfaces:
a. Avoid a structural design that transmits vibration

“ to the surfaces.
b. Increase the friction of the surfaces by roughen-

ing them.
c. Increase the load to stop motion.
d. Isolate moving components from stationary

o

ones.
!, “ 2. Allow the relative motion, but prevent or reduce

the fretting damage:
a. Select materials that are not susceptible to ‘

fretting. Hard matenaIs are more resistant than soft ones. ~
Increasing surface hardness by shot peening or cold- i
working increases fretting resistance.

b. Introduce barriers betwe& the metal surfaces
that tiow slippage.

c. Select a suitable lubricant, specify protective
coating of a porous (lubricant-absorbing) material, im-
prove lubrication design, and arrange better accessibility
for lubrication.

d. Decrease the load at the bearing surface. This
method is not always successful, because very small loads
are capable of producing damage.

3. Prevent contamination by oxidized wear particles:
a. Arrange the flushing of debris by the motion of

the lubricant.
b. Design for exclusion of oxygen on the bearing

surface.

2-2.83 Examples
Fretting can result from the relative motion of load-

bearing surfaces during transportation. Some examples
are

o

1. Fretting between packing crates and enclosed
,’ metal parts

2. Fretting in close tolerance parts such as bearings

3. Fretting between layers of sheet steel in coils or in
stacks.

2-2.9 STRESS-CORROS1ON CRACKING

Strew20rrosion cracking is the apparently spontaneous
failure of metals that results from the combined actions of
a corrosive environment and tensile stress. The tensile
stress may be applied or may be the result of thermal
treatment and mechanical working of the metal.

2-2.9.1 Manifestation and Quantifkation
An example of a stress-rrosion crack is shown in Fig.

244. This crack on a fitting of high-strength, precipita-
tion-hardening stainless steel, designed Unified Number-
ing Standard (UNS) S35500, occurred as a result of
stresses imposed by assembly. The fitting was then
exposed to a marine environment. A ductile metal will
deform under tensile (stretching) forces without fracture.
The metal is extended in length and rduced in cross
section as it is drawn out. A brittle metal, however, breaks
rather than deforms under tensile load. These are, of
course, relative terms, and any metal reaches a limit at
which it will break rather than be drawn out farther- The
tensile load at which a metal begins to deform is the yield
strength, and the tensiie load at fracture is the ultimate
strength. Generally, because they are brittle, stress-corro-
sion cracks occur before the onset of general yielding.
Fracture occurs on a plane that is nominally perpendicular
to the tensile axis. Stress-comosion cracking is catas-
trophic because it occurs without a readily apparent
warning.

Figure 2-44. Stress-Corrosion Crack
(Ref. 19)
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The measure of practical interest in stress-corrosion
cracking is “How long will this component or that
structure last?”. The answer depends upon the sequence
of events involved in stress-corrosion cracking. Fig. 245
illustrates this sequence. For a specimen that initially is
smooth, the total time to failure usually represents the
sum of the times for surface film breakdown, pit initiation
and growth, and stress-corrosion crack initiation and

Localized Breakdown of Oxide Film

?/111 /[[ f/l/l ~mllllllflllflll(\

\’i\\\\\\ ‘A \\
(A)

Corrosion Pit Formation

)111111 lIilllllh Alll!ll 1111111\

\\\\\\\\\\

(B)
Initiation and Growth of

Stress-Corrosion Crack

(c)
~llllfjlmlttl\\\\ym

/“ (D]

Terminal Stage,
Purely Mechanical Rupturing

(

1

yowth to an arbitrary crack size, or to failure of the
;pecimen. When the time to failure is plotted as a function
Dfinitial stress, it typically shows a horizontal asymptote. o
The implication of the asymptote is that there is an
induction period before failure at a given stress level and a
given stress level below which failure will not occur. The
~xistence of a horizontal asymptote line, and therefore a
threshold stress, is not always easily provable. The stress-
time relationship is illustrated in Fig. 2-46.

The existence of a crack-like surface in a metal
specimen defect completely alters its response to stress-
corrosion cracking. A major portion of the service life of a
component is determined by how rapidly stress-corrosion
cracks propagate from some critically sized surface flaw.

The approach of linear elastic fracture mechanics has
been applied to give an indication of the depth of such
critical flaws (Ref. 19). When apiece of metal containing a
crack is stressed so that the crack opens and extends, the,,
nominal stress is intensified near the crack tip. This stress ,..
intensity is characterized as KI, which has units of
MP&fi or ksi”fin.. Linear elastic fracture mechanics
relates stress intensity to the crack geometry, the nominal
stress, and the yield strength of the metal. If the as-
sumptions of a long, thin flaw and the existence of yield
point stresses are made, the critical flaw depth for
propagating stress-corrosion cracking C&is given by

a?
.()
= 0.2 “s” 2, m (in.)

CJy

where
aY = critical flaw depth, m(in.)

I&. = critical stress intensity,
(ksi”fin.)

UY= yield strength, MPa (ksi).

(2-17) m

MPa.fi

Studies of the growth rate of stress-corrosion cracking
as a function of stress intensity KI indicate that there is a
threshold intensity for propagation of stress-corrosion
cracking Kr~c..Fig. 2-47 illustrates the generai relationship

~ Stre”

Figure 2-45. Sequence of Events in Stress-
Corrosion Cracking (Ref. 19)

2-36

Time to Failure

Figure 2-46. Representation of Relationship
Between Stress and Time to Failure for o

Smooth Specimens (Ref. 19)
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between the stress intensity at the crack tip and the rate of
stress-corrosion cracking propagation.

Eq. 2-17 can be plotted for various values of G=, as
shown in Fig. 248. Point X on the diagram represents a
safe K- for flaws no deeper than 0.25 mm (0.01 in.).
However, stress-corrosion cracking may occur if flaws are
as deep as 2.5 mm (0.1 in.). The plot can be used in various
ways to assess the stress<orrosion characteristics of a
cracked specimen

1-The K- of a given material can be evaluated to
determine whether the corresponding surface defect size
is greater or less than a critical crack size.

2. The fact that a certain minimum crack size cannot
be ruled out would specify the K& that a suitable
material must have.

3. I& can be viewed as linearly proportional to the
Ioad-mrrying capability of a component containing some
standard-sized flaw.

2-2.9.2 Conducive Conditions
Sustained tensile stress is a principal requirement for

stress-corrosion cracking. The effective tensile stress may

Yield Strength, f%

Point X represents safe K,=c

Figure 2-48. Threshold Stress Intensity as a
Function of Yield Strength for Two Values
of Critical Flaw Depth (Ref. 19)

be a vector sum of the tensile components of the
following

1. Working or applied stress
2. Asse~bly or fit-up stress, for example, tensile

stress resulting from interference fits
3. Residual stress from cold work, such as spinning,

drawing, sinking, roll forming, or stamping.
The dangerous stress levels may be only a small fraction

of the yield strength. Specifying thicker sections is seldom
effective in reducing susceptibilityy because this measure
alone does not reduce residual or assembly stresses.
Castings, however, usually have reduced residual stresses
compared to those of unannealed wrought products.

Stress-corrosion cracking is selective to speciilc aUoy-
environment pairs, as given in TabIe 2-12. The essential
chemical species in the environment may not be needed in
either high concentrations or large amounts. Also the
most severe alloy-environment conditions tend to be
those in which the alloy is zdmost, but not quite, inert to
the environment. Critical chemical species can be identi-
fied for stress<orrosion cracking. For’exarnp}e, chloride
ion is a critical species for austenitic stainless steel,
ammonia is for copper alloys, caustic is for carbon steels,
and hydrogen is for high-strength steels. Elimination of
critical species from the environment can control stress-
corrosion cracking.

AUoy susceptibility varies with respect to the tensile
stress orientation, which is relative to the grain orientation
of rolled, extruded, forged, or other wrought conditions.
This is illustrated in Fig. 249. The American Society for
Testing and Materials (ASTM) has developed a code for

. . .
4!-3 I
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TABLE 2-12. ENVIRONMENTS CONDUCIVE TO STRESS-
CORROSION CRACKING (Ref. 9)

ALLOY ENVIRONMENT

Aluminum (most susceptible are copper-
bearing (2XXX), magnesium-bearing
(5XXX), and zinc-bearing (7XXX) alloys)

Copper (the higher the percentage zinc,
the higher the susceptibility of the
brasses)

Aluminum bronzes

Austentitic stainless steels

Ferritic stainless steels

Carbon and low alloy steels

High-strength aIloy steels (yield strength
1240 MPa (180 ksi) plus)

Magnesium

Lead

Nickel

Monel

Inconel

Tkanium

Water and steam; NaCl, including sea atmospheres and seawaters;
aiq water vapor

Tropical atmospheres; mercury; HgNOq; bromides; ammonia,
ammoniated organics

Water and steam; HZS04; caustics

Chlorides, including FeClz, FeClq, NaCl; sea environments; H2S04;
fluondew condensing steam from chloride waters

.

Chlorides, including NaCl; fluorides; bromides, iodides; caustics;
nitrates; water; steam

HCt caustics; nitrates; HNOS; HCN; molten zinc and Na-Pb alloys;
H2S; H2S04-HN03; HZSOA;SeaWater

Sea and industrial environments

NaCl, including sea environments; water and steam; caustics; NzOi;
rural and coastal atmosphere; distilled water

Lead acetate solutions

Bromides; caustics; H2S04

Fused caustic sod% hydrochloric and hydrofluoric acids

Caustic soda solutions; high-purity water with few ppm oxygen

Sea environments; NaCl in environments 288° C (550° F); mercury
molten cadmium, silver and AgCfi methanols with halides; fuming
red HN03; NZ04; chlorinated or fluorinated hydrocarbons

Reprinted with permission. Copyright @by MacMillan Press Ltd.
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Transverse
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Rigid
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from Mismatch

Figure 2-52. Example of Generating High
Sustained Stress Across the Short
Transverse Direction (Ref. 19)

appearance, but it also exposes the vulnerable grain
texture, as illustrated in Fig. 2-53. This figure represents
the grain flow in the cross section of a forged bar. The
forging process leaves surface ridges that run the length of
the bar. Machining off the ridges to produce a uniform
surface exposes the short transverse grain orientation.

High-strength aluminum alloys are strengthened by
age-hardening or precipitation-hardening heat treat-
ments. First, the alloy is heated to dissolve one or more
elements. It is then rapidly cooled so that these solute

Forging Lines

Short Transverse
~Grain Orientation

elements are retained in solid solution. Aging the alloy at
room temperature or above, a process called precipitation
heat treatment, produces controlled precipitation. Age @
hardening may be supplemented by cold work. Overaging,
which is aging past the point of maximum strength,
insures stabilization of the grain structure. Certain alloys
strengthened by cold work (strain hardening) may also be
given stabilizing anneals. The term used for these straining
and thermal treatments is temper. The temper of an alloy
can greatly influence its susceptibility to stress-corrosion
cracking. For example, wrought alloys 7075 and 7475 in
the T6 temper have low resistance to stress-corrosion
cracking, whereas the same alloys in the T73 temper have
high resistance.

Quenching a specimen usually places the surface in

compression while the interior of the piece is in tension.
Machining off the surface layers can expose the interior,
which may be susceptible to stress-corrosion cracking.
However, quenching stresses may be reduced by mechanic-
al stretching.

Exfoliation is closely related to stress-corrosion crack-
ing. The source of stress is the wedging action of bulky
corrosion products in a crack. A stress-corrosion crack in
one end of a long piece may propagate the entire length
because of corrosion product wedging.

There appears to be an electrochemical potential range
within which stress-corrosion cracking occurs. At
potentials more oxidizing or more reducing than this
range, cracking will not occur. The potential range for a

cracking is specific to the alloy and the corrosive environ-
ment. For a given alloy changing the oxidizing potential
of the solution can move the system into or out of the
stress-corrosion range. This movement can be accom-
plished by altering the chemical composition of the
environment or by polarizing the metal by either galvanic
action or impressed currents. Both cathodic and anodic
polarization can be used to control stress-corrosion
cracking.

Cathodic protection may act to reduce pitting on
initially smooth specimens. Pits can act as a stress
intensfler, and a chemical environment conducive to
crack initiation may be produced within the pit. Cathodic
protection may delay the initiation of stress-corrosion
cracks and decrease the crack velocity when it is above
I&. In applying cathodic protection, care should be
exercised so that hydrogen is not generated on the metal
surface because hydrogen generation on the surface leads
to hydrogen cracking (par. 2-2.10).

In general, stress-corrosion cracking becomes more
severe as temperature increases, and it occurs over a
broader range of solution composition and occurs more
rapidly in a given solution.

Figure 2-53. Orientation of Grain Structure
in Forging
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n‘,, ‘ 2-2.93 Mechanisms

Several mechanisms have been proposed to explain the
various instances and conditions of Stress<orrosion
cracking. The search for understanding has focused on
the microscale fractures and processes involved in crack
initiation and growth. There is no unifying theory or
mechanism; a variety of pictures has emerged, which can
be classified as (Ref. 20):

1. DissoIuzion mechantim. This mechanism involves
rupture of the surface fdm foIlowed by crack propagation
and dissohuion at the tip.

2. Mechanical-fracture mechani.wnx.,
a. Busedon ductile fracture. Formation of rows of. .

corrosion pits that lengthen into art array of parallel
corrosion tunnels. The uncorroded walls between the
tunnels ultimately rupture mechanically to produce crack

‘“ advance.
b. kredon briMefracture. Several processes have

been suggested:
(1) Adsorption and interaction of environmental

species with strained crystal bonds. The bond strength is
reduced and permits continuous brittle fracture at low
stresses.

(2) Hydrogen embrittlement
(3) Stress-accelerated dissolution

o

(4) Brittle fti formation and rupture that is,?
repeated cyclically.

In recent years application of the scanning electron
microscope to the study of stress-corrosion fracture
surfaces has led to signi.flcant advances in characterizing
these stiaces. As a result, the fractographic details can be
correlated with the mechanism proposed for the propa-
gation of stress<orrosion cracking as listed above (Ref.
20). The fti rupture mechanism is consistent with the
fractography of the majority of intergramdar failures but
not with that of transgranular stress~orrosion cracking.
The fractographic evidence for transgranular cracking
indicates a bulk embrittlement mechanism, such as
hydrogen embnttlement, or a mechanism based on
selective dissolution. On the basis of fractographic evi-
dence, the tumel mechanis~ the adsorption mechanism,
and the brittle fti mechanism do not appear to be
supported.

2-2.9.4 Application Constraints and Protection
Approaches

Stress*orrosion cracking should be avoided because of
its catastrophic nature. The only way to accommodate
Stress-comosion cracking in design is to use redundant
structural members so that failure of one component does

o

not result in complete functional failure. All five funda-
,.”: mental corrosion control methods are applicable to

controlling environmental cracking (Refs. 6 and 9). Each
is discussed:

1. Change the materiak

& Select material more suitable for the critical
environmental species.

b. Trade off lower strength material for one with
greater stress-corrosion cracking resistance.

c. Make minor compositional changes such as
low-carbon or stabilized grades of austenitic stainless
steels.

d. Select heat treatment and cold-working tempers
to achieve a microstructure resistant to stress~rrosion
crackhtg.

2. A40dt~y the environmerm
a. Exclude critical environmental species or lower

concentration to a level that does not promote cracking.
b. Eliminate oxidizing agents if they are a factor in

stress<orrosion cracking.
c. Maintain service temperature as low as possible.
d. Eliminate condensation of moisture in a gaseous

system by dehumidtiying and maintaining the temperature
above the dew point.

e. Eliminate minor constituents that aggravat~
stress-corrosion cracking.

f. Prevent all types of corrosion in critical space by
any suitable means.

g. Eliminate possible corrodants or use suitable
inhibitors.

3. Coatingx
a. Specify vacuum or ion plating, metalli,zing, or

cladding in stressed area. Electroplating may introduce
hydrogen and lead to hydrogen embnttlement. (See par.
2-2.10.)

b. Select suitable surface coatings. Specify passive
surface f-, organic coatings (possibly incorporating
inhibition), or other types of barrier coatings.

C. Specify input of compressive surface stresses by
shot peening or other suitable means.

4. Rectrochemical techniw
a. Use anodic or cathodic means to polarize an

alloy to an oxidizing potential out of the range that will
promote stress-corrosion cracking.

b. Polarization can be controlled by galvanic
action of dissimilar electrodes or by impressed currents.

c. Use caution in cathodic protection so that
hydrogen cracking is not induced.

5. Change the desi@ -
a Minimize applied stress. Reduce stress con-

centrations, or redistribute stress. Increase the size of
critical load-bearing members. Achieve suflkient load
path flexibility so that applied stresses are transmitted in
the most direct path. Compensate for loss of structural
stiffness resulting from r~moval of metal by holes,
penetrations, etc. Design simple joints under stress; avoid
lap welding, riveting, or bolting. Butt or ffiet welding is
preferred. Specify techniques that produce sound welds.
Require careful preparation and ftihing of welds.
Specify and design for elimination of stress raisers.
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Exercise caution in imposing short transverse tensile
loads.

b. Minimize residual stress. Avoid misalignment
of sections joined by riveting, bolting, or welding. Avoid
specifying any machining, assembling, or welding opera-
tion that imparts residual stress. Exercise care in cutting,
machining, and forming alloys to avoid exposing grain
structure in tension.

c. Avoid geometries in which solutions can become
concentrated or in which critical environmental species
can accumulate. By design, prevent surfaces that in
operation will be subject to alternate wetting and drying.

d. Avoid material incompatibility. Contact of
dissimilar materials can polarize one into the potential
range for environmental cracking. Chemical species
specifically introduced into the environment for one
purpose may result in stress-corrosion cracking. Use
materials in assembly with similar coefficients of expan-
sion to avoid stresses resulting from unequal expansion.

e. Always conduct detailed stress analyses by using
techniques amenable to computer manipulation. Hand
calculations can be appIied to simple models that may
give only approximate results.

2-2.9.5 Examples
The classic example of stress-corrosion cracking is the

so-called “season cracking” of cartridge brass due to the
presence of ammonia. High-strength aluminum 7075 T6
alioy aircraft landing gear components have failed in the
forging parting plane or flash line where the short
transverse grain structure is exposed. Aerospace pressure
vessels constructed of Ti-6APW ~oy containing N204

have failed by stress-corrosion cracking. Aircraft bolts of
high-strength rnartensitic steel inevitably crack when in
contact with atmospheric moisture if they are not
electroplated with cadmium. (The electroplated cadmium
is then baked to remove the hydrogen generated in
electroplating.)

2-2.10 HYDROGEN STRESS
Hydrogen stress cracking, or hydrogen embrittlement,

is a special case of stress-corrosion cracking in which the
absorption of atomic hydrogen into the metal plays a
crucial role in the cracking mechanism of metals under
tensile stress.

2-2.10.1 Manifestation and Quantification

Hydrogen stress cracking failure paths can be either
intergranular or transgranular. Susceptibilky to hydrogen
embrittlement increases with increasing tensile strength.
Higher residual and applied tensile stresses cause cracking
to occur more rapidly. Higher concentrations of hydrogen
in the metal increase the tendency for hydrogen embrittle-
ment. Chemicals in the environment can have a marked

effect on hydrogen embrittlement to the extent that they
inhibit or promote the formation and absorption of o
atomic hydrogen.

2-2.10.2 Conducive Conditions
High-tensile-strength steels are subject to hydrogen

stress cracking. The rule of thumb for steels is that
embrittlement becomes more severe as strength levels
increase above 690 MPa (100 ksi), and the corollary is
that steels with strengths below that level tend not to
exhibit hydrogen embrittlement.

Hydrogen can originate from the molten state, e.g., in
steel refining and especially in welding. Usually, however,
it originates from atomic hydrogen adsorbed on the
surface of solid metal. This development can be produced
by gas dissociation such as

2H2S(g) = 2Hz(ads) -t Sz(g). (2-18) ‘“ .

In practice, corrosion can usually generate the surface
hydrogen necessary for embrittlement. Hydrolysis of salts
in pits and cracks leads to acidity and consequently to
hydrogen evolution. In addition, hydrogen may be pro-
duced on a metal surface by cathodic protection, by
electroplating, and by acid pickling.

Some of the hydrogen atoms combine on the metal
surface to form gaseous molecular hydrogen I% and some o
atomic hydrogen is absorbed into the metal. Hydrogen
diffuses rapidly inmost metals; however, hydrogen can be
transported more rapidly as it accompanies moving
dislocations in the crystal lattice structure. This latter
process accounts for the instances in which observed
cracking rates exceed the rate predicted by hydrogen
diffusion (Ref. 21).

Hydrogen tends to accumulate at a wide variety of
locations in an alloy. These locations include grain
boundaries, inclusions, voids, dislocations and dislocation
arrays or other lattice defects, and in solid solution. The
occurrence of hydrogen embrittlement depends upon
attaining a critical hydrogen concentration at points of
stress concentration. Therefore, the points of hydrogen
accumulation most sensitive to fracture will control the
magnitude of hydrogen effects.

If the metal is under high tensile stress, brittle fracture
can occur and intergranular fractures are common.
Cleavage or transgranular fractures can also occur either
in the matrix or through a precipitated hydroxide phase.
Many materials exhibit ductile fracture in the presence of
hydrogen. Fig. 2-54 is a diagram of the hydrogen
processes that lead to hydrogen cracking.

Chemicals in the environment can have a significant
effect on hydrogen embnttlement. Sodium chromate
inhibits the absorption of hydrogen, but sodium disilicate o
promotes absorption. By inhibiting the tendency of
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Figure 2-54. Schematic of Hydrogen Processes (Ref. 22)

hjdrogen atoms to combine to form harmless molecular
hydrogen, hydrogen stilde and some arsenic compounds
increase the tendency toward hydrogen ernbrittlement.

Hydrogen will egress from the metal as well as enter it
to achieve equilibrium with the external environment.
Therefore, an alloy that displays a combination of high
hydrogen so}ubility and low egress diffusivity is said to
have a high hydrogen affiity. Such an alloy would be
expected to exhibit susceptibility to hydrogen stress
cracking. Recent research suggests, however, that within
a group of similar alloys, increased resistance to hydrogen
embrittlement may be accompanied by an increase in
hydrogm atlinity (Ref. 23). Improved resistance to
hydrogen embrittlement in given alJoys resulted from
thermomechanical treatment that increased hydrogen
-ty (Ref. 24). Apparently hydrogen is immobilized,
and thus its availability to the stress cracking process is
limited Hydrogen fracture behavior in many alloys can
be greatly modiimd by relatively minor variations in the
alloy chemistry and in the metallurgical condition.

2-2.10.3 Mechanisms
Severalclasses of mechanisms have been proposed to

account for the role of hydrogen in reducing the ductility
and/ or fracture strength of materials. Factors such as
hydrogen volubility, hydrogen diffusivity, and hydride
stability differ widely among systems embnttled by
hydrogen. Therefore, it is expected that certain
mechanisms may be applicable in some situations, whereas
others may appear to be more generally applicable. There
may be situations in which several mechanisms interact to
produce the observed effect.

Hydrogen has unique characteristics, with respect to a
metal lattice, that could control its effect on fracture
processes. The apparent mechanism depends on which of
these characteristics dominates in a particular system
Suggested mechanisms include the following general
class~lcatiou

1. Hydrogen can affect the binding forces between
metal atoms, particularly the interatomic cohesive force
at or near the crack tip.

2. Adsorbed hydrogen lowers the surface energy of
the metal within the crack and facilitates crack propaga-
tion.
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3. Hydrogen gas (molecular hydrogen) accumulates
in internal cracks, and the resultant gas pressure exerts an
internal stress that assists fracture.

,

4. Hydrogen can induce changes in crystal lattice
dislocation mobility, particularly a reduction of the local
stresses required for dislocation motion.

5. Many metals that exhibit severe hydrogen embrittle-
ment form hydrides. In some systems precipitated
hydrides have been shown to nucleate cracks.

In environmental cracking the chemical/ electrochemi-
cal processes of stress-corrosion cracking often occur with
the hydrogen-induced process of hydrogen cracking.
Sometimes one or the other maybe sufficient to account
forenvironmental cracking. Anodic dissolution of titanium
alloys in N204 is a case Ofelectrochemical cracking, but
hydrogen processes account for the cracking of most
high-strength steels in aqueous environments. However,
in most cases, both processes occur. This dual nature of
environmental cracking is represented in Fig. 2-55. Fig.
2-56 illustrates chemical/electrochemical processes and
hydrogen-induced processes acting together in the crack-
ing of austenitic stainless steel in a chloride environment.

oExposure

En$on-
ment

0Chaf#es

Fracture
Behavior

Reprinted with permission.Taken from Effect of Metallurgical
Variables on Environmental Fracture of Engineering Ma-
terials, Ed. A. W. Thompson, The Metallurgical Society, 420
Commonwealth Drive, Warrendale, PA 15086,1979.

Figure 2-55. Parallel Processes in
Environmental Fracture (Ref. 22)
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Commonwealth Drive, Warrendale, PA 15086,1979.

Figure 2-56. Environmental Fracture
Processes for Austenitic Stainless Steel in
Chloride Environment (Ref. 22)

2-2.10.4 Application Constraints and Protection
Approaches o

Hydrogen embrittlement maybe prevented by applica-
tion of one or more of the following measures (Ref. 1):

1. Avoid incorrect pickling procedures. Use inhibitors
to eliminate base-metal corrosion and consequent hydro-
gen pickup.

2. Avoid incorrect plating procedures. Make the
proper choice of plating baths, and carefully control
plating current.

3. Select low-hydrogen welding rods, and specify
that welding be carried out in dry conditions.

4. Select the correct surface preparation and treat-
ment. Carefully control the processes.

5. Provide control of media chemistry, e.g., use
inhibitors and remove sulphides, arsenic compounds,
cyanides, and phosphorus-containing ions from the en-
vironment.

6. Carefully control cathodic protection potential to
avoid generation of hydrogen.

7. Avoid anodic metallic coatings.
8. Remove hydrogen from metai by baking at 93° to

149° C (200° to 300° F). Hydrogen embrittlement is a
reversible process. Fig. 2-57 illustrates the effect of baking
on environmental stress cracking of high-strength steel.

9. Select a resistant material, i.e., homogeneous or
cM. The materials most susceptible to hydrogen embrittle-
ment are very high-strength steels. Alloying with nickel or o

molybdenum reduces susceptibility.
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Figure 2-57. Environmental Stress Cracking

Curves of 4340 Steel for Various
Concentrations of Hydrogen (Hydrogen
Content Changed by Baking at 149° C
(3000 F)) (Ref. 25)

10. Induce compressive surface stresses, e.g., by shot

n

pealing.
,, 2-2.10.5 Example
~

Cadmium plating is used on high-strength steels in
aerospace applications because it provides improved
resistance to corrosion fatigue; however, hydrogen em-
bnttlement is a problem. Proper plating techniques and
baking out the hydrogen after plating are required to
avoid this problem.

2-2.11 CORROSION FATIGUE
Corrosion fatigue is the reduction of the ability of a

metal to withstand cyclic or repeated stress. This condition
results from the action of a corrosive environment
combined with the application of cyclic or repeated stress.

2-2.11.1 Manifestation and Quantifkation
Fatigue failures occur at stress levels below the tensile

yield point and after many applications of the stress.
There is, however, usually a stress level below which
failure will not occur regardless of the number of cycles.
This level is designated the “fatigue limit”. “

If the stress level S is plotted against the number of
cycles Nto cause failure at that stress leve~ an S-Ncurve is
obtained. This curve tends to approach a stress limit as
the number of cycles is increased. This limit is the fatigue
limit- In a noncorrosive environment the fatigue limit is
fairly well defined. The frequency of stressing should be
specifkl because that factor influences the endurance
limit.

In a corrosive environment failure at a given stress level
usually oeeurs within a fewer number of cycles and a
sharply defined fatigue limit is not observed. Fig. 2-58
compares fatigue in a corrosive and a noncorrosive
environment. Cracking at the affected sites is usually
transgranular (except for lead and tin) in both ordinary
fatigue and corrosion fatigue. Prior to failure damage due
to corrosion fatigue is greater than the sum of corrosion
damage plus fatigue damage. The final stages of corrosion
fatigue are identical to those of ordinaty fatigue. The
supporting metal is reduced by cracking until final
fracture is purely mechanical. Fig. 2-59 illustrates cor-
rosion fatigue failure and compares the appearance of a
corrosion fatigue failure with an ordhmry fatigue failure.

There are two distinct modes of corrosion fatigue
cracking. Fracture occurs in a plane 45 deg to the applied
stress in shear mode cracking. l%h is the direction that
receives the greatest resolved shear stress, and fracture is
roughly normal to the stress direction in tensile mode
Craeki.ng.

Published values of corrosion fatigue properties are
usually unreliable for use in engineering design because it
is very dfllcult to match all of the chemical and physical
characteristics of an operating environment to those in
which experimental values are obtained. However, experi-
mental corrosion fatigue data can indicate the ranking of
different metals under identical experimental conditions.
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Reprinted with permission. Copyright @by National ~o-
ciation of Corrosion Engineers.

Figure 2-58. Typical S-JV Curve for Fatigue
Failure (Ref. 26)
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(A) Illustration of Fatigue and Corrosion
Fatigue Failures (Ref. 1)

From Corrosion Et@neerirw bv Mars G. Fontana and Norbert
D. Greene, publish~d by M“c~raw-HillPublishing Company.
Copyright @ 1978 by McGraw-Hill Publishing Company. ~
Reprinted with permission.

(B) Corrosion Fatigue Photograph (Ref. 7)

Reprinted with permission. Copyright @by National Asso-
ciation of Corrosion Engineers.

Figure 2-59. I?atigue and Corrosion Fatigue

2-2.11.2 Conducive Conditions
Factors that influence corrosion fatigue inciude the

fol~owing
1. Corrosion fatigue may occur in even a mildly

corrosive environment, especially with alloys that form
protective surface fdms.

2. Many aqueous environments cause corrosion
fatigue, and they are not specific as in stress-corrosion
cracking. For example, steel is subject to corrosion
fatigue’ in fresh water, seawater, combustion product
condensates, and chemical environments.

3. Anodic polarization accelerates and cathodic
polarization retards corrosion fatigue in an aqueous
environment. If the alloy is susceptible to hydrogen
cracking, however, hydrogen generated by cathodic polar-

1
ization will reduce the number of cycles to failure through
a combination of corrosion fatigue and hydrogen embrittle-
ment.

4. The nature of the corrosion environment, sucli as
oxygen concentration, temperature, pH, and solution
composition, influences corrosion fatigue.

5. Local corrosion, such as pitting or intergranular
corrosion, has a greater accelerating effect on fatigue than
does uniform surface corrosion.

6. Corrosion fatigue is most pronounced at low stress
cycle frequencies.

7. Nonalignment of moving parts can lead to stress o

cycling, which must have a tensile component. If the
member also carries a sustained tensile load, e.g., taut
wires or stranded cables, failure may occur below the
fatigue limit.

2-2.11.3 Mechanism
If a piece of metal is subjected to alternating tensile and

compressive stress over a range insufficient to cause
immediate fracture, slipping may occur within some of
the grains. When the dislocations reach a grain boundary,
they are halted, and when the stress is reversed, the
dislocations retrace their movement along the slipping
plane until the opposite grain boundary is reached.
Ideally, dislocations would move to and fro along the slip
plane and no damage would result. In practice, however,
a great many stress cycles can occur without apparent “’
damage. However, slight irregularities prevent smooth “‘
slipping indefinitely. The original slip plane becomes
rough, and movement becomes difficult; therefore, at a
certain point, slipping will start on a parallel plane.
Ultimately, bands of material become disorganized. If the
stress range is low, slipping will cease and the alternating
stress will produce only elastic changes. If the stress range
exceeds a certain level, the slipping will become irregular
and will cause separation between the moving surfaces.
Local gaps will coalesce into cracks, and the piece of o

metal will separate along the disorganized band. The
number of stress cycles at which this separation occurs is
the fatigue limit.

The disorganized or deformed band is exposed at the
surface. Therefore, in a corrosive environment the direct
or indirect interaction of the environment with the slip
band interferes with the slip process and accelerates the
deterioration process. Failure or cracking results at a
lower number of stress cycles than would occur in vacuum
or an inert gas.

Corrosion fatigue in gaseous or aqueous environments
is a highly complex interaction between the environment
and metal mechanical properties. The specific mechanisms
for how the gaseous species act to reduce fatigue resistance
are generally characterized as

,1. Interference with otherwise reversible slip
2. Prevention of slip band crack rewelding
3. Surface en&gy reduction at the crack tip due to gas

phase adsorption
4. Bulk oxide interference with slip processes.

Theories of aqueous corrosion fatigue have generally
relied on one or more of the following mechanisms:

1. Stress concentration at the base of hemispherical
pits created by corrosive media

2. Electrochemical attack at plastically deformed
o

areas of metal with nondeformed metal acting as the
cathode
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o 3. Electrochemical attack at ruptures in an otherwise
protective fti

4. Lowering the surface energy of the metal due to
environmental adsorption and increased propagation of
microcracks.

For aqueous environments, as in the gaseous situation,
the specik of environmentally affected crack initiation
and growth are functions of the aggressiveness of the
environment and the mechanical propefies of the metal
or alloy.

The application of linear elastic fracture mechanics and
related small-scale crack tip plasticity provides a basis for
describing fatigue crack propagation. The crack growth

. . rate per cycle da/&V is primarily controlled by the
alternating stress intensity AK through an expression of
the form:

= C(AK)n (2-19)

AK= difference between the maximum and
minimum stress intensities for each cycle

The fatigue crack growth expression of Eq. 2-19 is shown
schematically in Fig. 2-60.

When a corrosive environment is simultaneously
present with fatigue stressing, the tendency to crack
spontaneously is increased. The threshold AKois lowered,
and the crack growth rate per cycle is increased. The
increase is independent of cycling frequency or stress
intensity ratio &/K&. This situation is called the
“true” corrosion fatigue and is indicated by the solid line
in Fig. 2+1. There is a much larger increase in crack
growth per cycle at low cycle frequencies and high str=s
intensity ratios. This is due to stress-corrosion cracking
superimposed on the true corrosion fatigue. The upper
dotted line in Fig. 2-61 is the curve of Fig. 2-47 super-
imposed on the line of Eq. 2-19. The practical implication

where
of chis is that the enhancement of the crack propagation “

c = scaling constant
rate in corrosion fatigue is not really sigdlcant unless the

n= scaling constant
stress cycling rate is sufficiently slow (at or below 1 Hz)
for stress-corrosion cracking to take effect.
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Figure 2-60. Schematic Variation of Fatigue Crack Growth Rates (da/aIV) With Alternating
Stress Intensity (NY) (Ref. 27)

“2-47

Downloaded from http://www.everyspec.com



MIL”HDBK-735(MR)

Low Frequency /

High

/

t
stress

-- “ t’*--

Ratio _ ,“ ,~’
●

t 0
1 0

0
/

/
0

#
*

[ 1’‘max= ‘K,c

Legend AK (log scale)

-----Fatigue in argon

—Tkue corrosion f@gue

. . . . . stress corrosion fatigue

Reproduced with permissionfrom Basic Corrosion and Oxida-
tion by J. M. West, published in 1980 by Ellis Horwood
Limited, Chichester, England.

Figure 2-61. Influence of Stress Intensity
Range on Incremental Crack Propagation
in Fatigue and Corrosion Fatigue (Ref. 13)

2-2.11.4 Application Constraints and Protection
Approaches a

Basic approaches to eliminate the danger of corrosion
fatigue are to design to stay below the S-iVcurve with the
given loading, material, and environment. If this cannot
be achieved, the objective should be to modify loading,
material, and environment to improve the applicable S-N
curve to achieve, if possible, a true fatigue limit that is
above the design requirements. The measures that follow
are applicable:

1. Select suitable materials.
a. Materials exist that combine resistance to

corrosion fatigue with good mechanical strength, e.g.,
austenitic stainless steels. Table 2-13 lists the corrosion
fatigue measurements of some materials.

b. Certain materials are made especially sensitive
to corrosion fatigue by the presence of notches on their .,,
surface. Other materials, such as gray cast iron, are
saturated with surface notches because of their micro-
structure, and adding more notches has little effect on
their corrosion fatigue susceptibility.

c. Machine or structural components exposed to
vibration at frequencies close to their natural frequency
experience resonance oscillations that may lead to cor-

TABLE 2-13. EFFECT OF CORROSION ON FATIGUE-STRENGTH
(S. F. DOREY, BASED ON D. J. McADAM) (Ref. 14) m

ENDURANCE LIMIT APPROXIMATELY
5 X 107CYCLES

ULTIMATE
TENSILE FRESH- SALT-

STRENGTH AIR WATER WATER

MATERIAL MPa (ksi) MPa (ksi) MPa (ksi) MPa (ksi)

0.14% Carbon steel (hardened and tempered) 404.0 (58.6) 220.6 (32.0) 122.7 (17.8) 55.2 ( 8.0)
0.24% Carbon steel 342.0 ( 49.6) 142.0 (20.6) 104.8 (15.2) —
Copper steel (0.98 Cu, 0.14 C) 379.2 ( 55.0) 197.2 (28.6) 122.7 (17.8) 48.3 ( ~0)
1.099%Carbon steel 637.1 ( 92.4) 246.1 (35.7) 129.6 (18.8) — —
Ni steel (3.7 Ni, 0.26 Cr, 0.28 C) 558.5 ( 81.0) 303.4 (44.0) 139.3 (20.2) 97.9 (14.2)
Cr-V steel (0.88 Cr, 0.14 V] 926.7 (134.4) 413.7 (60.0) 110.3 (16.0) — —
Ni-Cr steel (1.5 Ni, 0.73 Cr, 0.28 C) 854.9 (124.0) 417.8 (60.6) 99.3 (14.4) 85.5 (12.4)
Stainless iron (12.9 Cr, 0.11 C) 551.6 ( 80.0) 337.8 (49.0) 234.4 (34.0) 179.3 (26.0)
Stainless steel (14.5 Cr, 0.23 Ni, 0.38 C) 579.2 ( 84.0) 319.9 (46.4) 220.6 (32.0) 220.6 (32.0)

/

Ni-Si steel (3.1 Ni, 1.6 Si, 0.5 C) 1544.4 (224.0) 671.5 (97.4) 103.4 (15.0) — —
Monel metal (fully annealed) 503.3 ( 73.0) 220.6 (32.0) 160.0 (23.2) 172.4 (25.0)
Pure nickel 468.8 ( 68.0) 204.1 (29.6) 143.4 (20.8) —
Nickel (cold-rolled) 809.4 (1 17.4) 307.6 (44.6) 179.3 (26.0) 147.5 (214)
Duralumin 427.5 ( 62.0) 107.6 (15.6) 62.1 ( 9.0) 49.6 ( 7.2)
Aluminum bronze (7.5 Al) 554.3 ( 80.4) 199.9 (29.0) 154.4 (22.4) 135.1 (19.6)
Pure copper (annealed) 187.5 ( 27.2) 57.9 ( 8.4) 62.1 ( 9.0) – –

NOTE The “freshwater”wasweilwater containing calcium carbonate. The “saltwater” was riverwater with a salinity about one sixth
of that of seawater. Speed of tests = 1450 cyclesper minute. a

~rom An Introduction to Metallic Corrosion by Ulick R. ~vans, published by Edward Arnold Publishers. Copyright @ 1981.
Reprinted with permission.
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0
rosion fatigue failure. However, materials with high 2-2.11.5 Examples

damping capacity will resist this type of failure. An early example of corrosion fatigue was the failure of
2. Desiw to avoid ~ress concentrations” paravane towing ropes. Paravanes are towed from mine-

s. A~oid raising stress locally through the shape of “
a stressed member or component.

b. Avoid surface defects that can act as stress
raisers, such as oil holes, tool marks, flaws and grooves,
rough surface finish, and corrosion and wear pits and
grooves.

c. Conduct an adequate stress analysis of a critical
part or component.

3. Specify stress-relieving measures including
tensional surface stresses.

.. a. Specify Stress-relietig heat treatment.
b. Induce compression surfam stresses by shot

peening, swaging, rolling, vapor blasting, tumbl.iqk etc.
Compression stresses can be created on certain ferrous

. metals by creating nitride surface layers that are hard and
voluminous.

4. Specify surface coatings.
a. Specify electrodeposition of zinc, chromium,

nickel, copper, or nitride coatings by techniques that do
not produce tensile stresses or charge the metal with
hydrogen.

b. %ecify suitable surface coatings. Paint systems
that provid~ good protection against corrosion generally

o
are also effective against corrosion fatigue.:,

5. Modify the loading.
a. Minimize or eliminate the stress-corrosion

cracking component of corrosion fatigue. In terms of
linear elastic fracture mechanics, this means to avoid
low-frequency cyclic loads, high-stress ratios, and high
values of alternating stress intensity.

b. Avoid fluttering and vibration-producing and
-transmitting designs.

c. Provide against rapid changes of loading,
temperature, or pressure.

d. Provide sufficient flexibi.My in the assembly to
reduce overstressing by thermal expansion, vibration,
shock, and working loads.

e. Conduct an adequate stress analysis of the
assembly.

6. Modify the environment.
a Use appropriate corrosion inhibitors. Water-

soluble inhibitors have been effective in aqueous
solutions. F~lm-forrning inhibitors have also been success-
ful. Their efficacy depends upon the strength of the film
and their insolubility in the filming and contacting fluids.

b. Apply cathodic protection. Cathodic protection
is effective if the initial mode of cracking is at 45 deg (the
shear mode), but it is not effective if the initial mode of

o

cracking is at 90 deg (the tensile mode) to the stress.
7, . c. Modify the corrosive environment to reduce or

eliminate both uniform and local attack-

sweepers to cut the mooring cables of rmnes. Numerous
instances of corrosion fatigue failure have been reported
for ships (propeller shafts and rudders), aircraft, railways
(axles exposed to dripping salt water from refrigerator
cars), boilers, and motor vehicles (steering arms and
axles).

2-2.12 LIQUID METAL CORROSION

Liquid metals interact with solid metals in two different
types of corrosion phenomena Liquid metal cracking is a
form of embrittlement that results from the combined
action of a tensile stress and a liquid metal in contact with
a solid metal surface. Liquid metal corrosion results from
the mutual solubifity of the liquid and solid phases.

2-2.12.1 Manifestation and Quantification
Liquid metals exhibit several forms of interactions with

solid metals. They are
1. Embrittlement that results from the combined

action of a tensile stress and a liquid metal in contact with
the alloy surface

2. Dissolution of the solid alloy or selected com-
ponents of the microstructure by the liquid metal

3. Diffusion of liquid into solid metal
4. Chemical reaction of the liquid with the solid

metal to form intermetallic compounds
5. Mass transfer through the liquid metal media as a

result of a composition difference or a temperature
difference.

Liquid metal embrittlement can result in structural
darnage and functional failure. Dissolution, diffusion,
and chemical reaction between liquid and solid phases
can result in uniform and local deterioration of the solid
phase. Liquid metals can facilitate the transfer of material
between d~imilarmetills. This reaction results in material
degradation of the donor metal and a reduction of its
mechanical propetics. Material is deposited on the
surface of the acceptor metal. The deposition can degrade
fluid flow and heat transfer properties and can change the
characteristics of the alloy surface by diffusion into the
elements of the microstmcture of the acceptor metal.

Temperature gradient mass transfer moves material
from the hot zone and deposits it on the cold zone
surfaces. As with concentration gradient mass transfer,
the buildup at the cold zone can diminish heat transfer
efficiency and plug fluid flow channels. The loss of
material at the hot zone can also result in degradation of
mechanical propenks and eventual perforation or failure.
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2-2.12.2 Conducive Conditions
Liquid metals are usually used as a heat transfer

medium in the flowing systems in which they are confined
by a solid metal. This establishes the basic solid
metal/ liquid metal combination, the temperature gradient
between the hot and cold zones, the concentration
gradient that may exist between dissimilar metals in the
system,. and the fluid flow conditions. Fluid flow may
result from forced circulation or thermal convection.

Some liquid metal effects result not from purposeful
design of liquid metal systems but from contamination.
For example, liquid metal cracking of high-strength
aluminum alloys is most commonly associated with
mercury contamination, e.g., from antifouling paint on
aluminum ship huIls.

Because of its potentially catastrophic consequences,
much of the information concerning liquid metid corrosion
focuses on iiquid metal embrittlement. The phenomenon
of liquid metal embrittlement has long been recognized;
recent] y, however, it has received more attention because
of the potential use of liquid metals as a heat transfer
medium in nuclear reactors. In addition, solid-metal-
induced embrittlement has recently been identified as an
extension of liquid metal embrittlement. The degree of
embnttlement caused by environmental species often
changes continuously as the environment is transformed
from a solid to a liquid phase. However, not all environ-
ments capable of producing liquid metal embrittlement
have an effect in the solid state. For example, 2024-T4 Al

,.is embnttled by mercury only at temperatures above
–39° C (–38° F), the melting point of mercury. Neverthe-
less, any assessment of liquid metal embrittlement should
include related solid-metal-induced embrittlement.
Generally, a solid metal environment must be heated to
within 75yo of its melting point for effects on the
mechanical properties of the substrate metal to occur.
Embnttlement is a maximum at the melting point of the
environment and is then reduced as temperature is
increased further, as illustrated in Fig. 2-62. For example,
the reduction in area mechanical property of internally
leaded (free machine 4145 steel) steels decreases from
about 200° C (392° F) and reaches a minimum at 327° C
(621° F), which is just above the melting point of lead.
Ductility returns at a higher temperature, i.e., in the range
of371° to 454° C (700° to 849° F). Recovery of ductility at

I —Air or Unembrittled
--o Embrittled

Fracture
Stress,
MPa (ksi)

9
t
*

in Araa, \
(%)

Temperature

Reprinted with permission from Scripts METALLURGICA,
Francis A. Shunk and William A. Warke, “Specificity as an
Aspect of Liquid Metal Embrittlement”, Copyright @1974.

Figure 2-62. Effect of Temperature on
Embrittlement Due to Solid and Liquid
Metals (Ref. 28)

higher temperatures is general for liquid metal embrittle-
ment regardless of whether solid metal embrittlement
occurs. Relatively little attention has been given to the
effect of liquid metal embrittlement on cyclic loading
phenomena. Also there is evidence of significant deteriora-
tion of fatigue properties of a variet y of metals exposed to o
liquid metals.

A signitlcant problem associated with identillcation of
embrittling couples and the tables listing them is un-
certainty regarding the precise experimental conditions
that lead to embrittlement. Solid substrate and liquid
environment composition are sign~lcant embrittling para-
meters as are grain size of the substrate, test temperature,
strain rate, and notch (or crack) geometry. Many combina-
tions of environment and substrate have not yet been
tested, and for others there was insufficient control of
experimental variables to provide confidence in the test
results. Also there is no consensus by which to establish
the degree of loss of ductility or fracture stress before a
couple can be considered embrittling. Table 2-14 lists
some alloy-liquid metal combinations that can result in
cracking. Table 2- I5 shows some, but not all, embrittling
couples.
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TABLE 2-14. SUSCEPTIBILITY OF ALLOYS TO LIQUID METAL CRACKING (Ref. 6)

ALLOYS LIQUID METAL CRACKING

Magnesium NO information

Aluminum Hg (30”C (86° Fl), Ga (50°C (122° F)), In (180°C (356°F’)),
Na ( 125°C (257°F)), Sn (260°C (500° F)), Zn (450°C (842° ~)

Carbon steels Cu, Zn (450”C (842e F’)), In (180°C (356” F)), Li (210°C (41O”F)),
Cd (350°c (662°F’))

High-strength steels
18% maraging steel
Martensitic SS
Ferntic SS
Austenitic SS
Precipitation-hardening SS
Superaustenitics
Lead, tin, zinc

(h, Cd
50:50 Pb-Bi
NO information
No information
Zn, Cd, Al, CU
Zn, Cd, Al, (CU?)
Zn, Cd, Al, (CU?)
No information
--

Copper alloys Hg

Nickel N02200 S, Hg, Bi, Li, Pb, Sn

Monel N04400 S, Hg, Bi, Li, Pb, h

A.UoyB, N1OOO1 Al, Cd, Li

Inconel N06600 S, Zn, Cd, Al

AllOy C N1OOO2 S, Zn, Cd, Al

AUOyC 276 N10276 S, Zn, Cd, Al

Vitallium (Cobalt) No information

Thanium Hg (30°C (86° F)), cd (350”C (662°~), Ag

Zirconium No information

Silver, gold, platinum No information

Reprinted with permission. Copyright @by National Association of Corrosion Engineers.

O.,,
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TABLE 2-15. SUMMARY OF EMBRITTLEMENT COUPLES (Ref. 27)
.

QUID ~g CS Ga Na In Li Sn Bi TI Cd Pb Zn Te Sb Cu aSOLID PA PPAP PAPPA PA PPPAPPPP

Srt P x x
Bi P x
Cd P Xxxx
Zn P

x
xxx

LA
x

x
Mg CA x’
Al P xxx

CA
x

Xx xx:
Ge P

x
x x

Ag P
x

Xxxx
LA

x

Cu CP
x

xx x
LA

x
x’

CA xx x x x x(?)
Ni P x x

LA
CA

x

Fe P
x

LA xx
CA -

x
x

Pd P
xx

LA 4
x
x

Ti CA x x
P = element (nominMy pure) A = tiOY C = commercial L = laboratory m
Reprinted with permission from Scripca METALLURGICA, Francis A. Shunk and William A. Warke, “Specificityas an Aspect of
Liquid Metal Embnttlement”, Copyright@ 1974.

x

x
x

x
x xxx

xx x

x x
x

x

Xx xxx

x

X(?)

2-2.12.3 Mechanism
Mass transfer liquid metal corrosion processes rely on

volubility and diffusion processes, as illustrated in Figs.
2-63 and 2-64. Thermal gradient mass transfer depends
upon the volubility of a solid metal in a liquid metal as a
function of temperature. Fig. 2-65 is a schematic diagram
of a typical volubility-temperature relationship. Solid
Metal A is more soluble in liquid Metal B at 816° C
(1500° F) than at 704°C (1300°F9. Therefore, if liquid
Metal B contacts solid MetalAat816°C (1500° F) and is
then cooled to 704°C (1300° F), some dissolved Metal A
will precipitate as a solid. If this process is carried out in a
closed recirculating system, solid Metal A will be trans-
ferred from the 816°C (1500°F) zone to the 704°C
(1300°F) zone. Thedifferencein solubdities does not have
to be large to ,cause considerable damage because the
recirculation rate of liquid metals is high in most applica-
tions.

Similarities exist between various types of environ-
mental embrittlement. There are common features of
hydrogen and Iiquid metal embrittlement, such as (Ref.
28)

1. Tensile stress must exist in the bsise metal.
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2. Preexisting cracks or stable obstacles to dislocation
must be present.

3. Embfittling species must be present at the obstacle
and subsequently at the tip of the propagating crack.

4. Low mutual solubilities, little tendency to form
compounds, and strong binding energies are characteristic
of embrittlement couples.

J

TO cold fsart
111111of Wstam

l-’Diffusion
1111111intowa!l

(AJ Hot Zone EffacG (B) Cold Zone Effects

Reprinted with permission. Copyright @by National Asso-
ciation of Corrosion Engineers.

Figure 2-63. Thermal Gradient Mass o
Transfer (Ref. 29)
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Reprinted with permission. Copyright @by National Asso-
ciation of Corrosion Engineers.

Figure 2-64. Dissimilar Metal Mass Transfer
(Ref. 29)
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Reprinted with permission. Copyright @by National Asso-
ciation of Corrosion Engineers.

Figure 2-65. Volubility of Solid Metal A in
Liquid Metal B (Ref. 30)

The degree of embnttlement between any combination
of environment and substrate depends on several variabiks.
The most significant of which is the strength of interaction
between the environment and structural material (Ref.
28). Chernisorption-induced lowering of bond strength at
the crack tip is widely accepted as the mechanism for
liquid metal embrittiement. However, the concept of

4’-)
chemisorption alone is not sufficient because many liquid

,. metals that adsorb on a solid do not cause any change in
mechanical behavior.
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The question of spec~lcity of a liquid metal/ solid metal
pair toward embrittlement_is a matter of degree. Strong
interactions will tend toward embnttlement under a wide
variety of conditions, “whereasweak interactions require a
very precise combination of conditions. Even a strong
solid-tiquid interaction, however, will not lead to embrittle-
ment if mutual volubility is high or if grain size, tempera-
ture, or other experimental conditions are unfavorable.
Similarly, competing chemical reactions, e.g., inter-
metallic compound formation, can overcome the tendency
toward embrittlemen~ Material dissolution or inter-
metallic compound formation may be viewed as competi-
tive reactions, which may rapidly remove the adsorbed
species from potential embrittlement sites.

2-2.12.4 Application Constraints and Protection
Approaches

The measures that follow can be used to reduce the
potential for liquid metal embrittlemenc

1. Select a liquid metal/solid metal combination that
exhibits low susceptibilhy to liquid metal embrittiement
at t he planned operating temperature. This selection may
be in the form of a nonsusceptible cladding on a
susceptible substrate.

2. Control operating conditions to minimize embrittle-
ment. For example, embrittlement is a maximum near the
melting point of the environment but is then reduced as
temperature is increased through the brittle-to-ductile
transition.

3. Control grain size and cold-work to reduce
tendencies to embrittlement. Small grain size is less
susceptible to liquid metal embrittlement, and cold-work
can provide beneficial effects.

4. Control the chemistry of the substrate. For
example, tin and arsenic increase the susceptibility of
AISI 3340 steel, whereas phosphorus causes a mod~t
decrease in embrittlement.

5. Control the chemistry of the environment.
Elements that form stable compounds with the substrate
when added to the environment inhibit liquid metal
embnttlement.

6. Remove preexisting cracks in the substrate metal.
These or other stable obstacles to dislocation are necessary
for liquid metal embnttlement.

7. Reduce the tensile stress level through design
considerations. The time to failure decreases with increas-
ing stress levels.

8. Use a metal or alloy having lower strength.
Embrittlement increases with increasing strength levels.

9. Keep mercury away from high-strength aluminum
alloys. Mercury embrittles 2024-T4 aluminum severely at
room temperatures.

10. Create compressive stress on the surfaces of a
solid metal through shot peening, etc. A tensile stress is
needed for embnttlement.
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11. Apply a suitable nonmetallic coating.
In liquid metal systems in which heat transfer takes

place, select materials or control the chemistry of the
environment so that substrate components are not
dissolved at the hot zone to be subsequently deposited at
the cold zone. For example, the addition of 1 to 10 parts
per million of titanium to mercury reduces the rate of
attack on carbon steels to a very low rate.

Minimize the occurrence of concentration-gradient
mass transfer by using the same material throughout the
system or by minimizing volubility from the donor surface
by means similar to those suggested for the hot zone.

Use an inert gas blanket to keep oxygen at low levels
when using liquid sodium, potfisium, and sodium-
potassium alloys; oxides of these liquid metals are very
corrosive.

2-2.12.5 Examples

Much information concerning liquid metal corrosion
and embrittlement involves the application of liquid
metals as working fluids in power systems. These applica-
tions include heat transfer through liquid to vapor phase
transitions, thermal convection, and forced convection. A
wide range of liquid to solid metal couples has been
examined in these applications. Sodium, sodium-potas-
sium alloys, bismuth, lead, lithium, and many other
metals have been considered as coolants, and all have
caused some degree of mass transfer failure.

Premature fractures of cadmium-plated steels and
titanium alloys as well as internally leaded steels have
been observed at temperatures well below the respective
melting points of cadmium or lead. This should raise a
caution signal for many applications involving plating,
soldering, brazing, and welding. Alpha brass is very
susceptible to liquid metal embrittlement by mercury.
Therefore, exposure to mercury is a sensitive test for
residual stresses in this material.

A serious liquid metal corrosion problem is the tanks
used to hold molten zinc for galvanizing.

2-2.13 HIGH-TEMPERATURE OXIDATION
AND/OR EROS1ON

Any metal exposed to oxygen at high temperatures
reacts with the oxygen. The oxygen will be adsorbed on
the surface and may then react to form an oxide. If the
film or scale is continuous, adherent, and nonporous, a
degree of protection from further reaction with the
oxygen is afforded. The degree of protection depends
upon the thickness of the film and the rates at which
reactants can “diffuse through the film, i.e., oxygen
moving in and/or metal moving out.

2-2.13.1 Manifestation and Quantification

Oxidation scale breakdown can result from the follow-
ing processes:

1. Thermal cycling in which differential rates of
expansion and contraction of the scale and base metal
cause the scale to crack and span. o

.2. In flowing gas systems the scale can be cracked
and /or abraded by forces generated by fluid dynamics or
by particles in the gas stream.

3. Chemical reactions can change the characteristics
of the scale.

4. Mechanical forces that are generated by moving
parts in machinery.

If the oxidation film is nonprotective, oxidation of the
substrate metal continues unabated. If the oxidation fdm
provides temporary protection for a time, fails, and
rebuilds in a repetitive manner, oxidation of the substrate’
metal continues’”inincremental steps. If the oxidation film
provides protection, the extent of oxidation of the
substrate metal approaches a limit. The growth laws of
oxidation represented by the previous conditions are,.
respectively, linear, quasi-linear, and parabolic. Other .,
empirical growth relations have been observed, e.g.,
logarithmic and cubic. Fig. 2-66 shows the growth laws of
oxidation. The nature of the growth relationship depends
upon the rate-controlling step of the oxidation process.

Catastrophic oxidation occurs when the metal reacts
with oxygen at continuously increasing rates. This reaction
can occur under the following conditions:

1. The surface temperature of the metal continuously
increases.

2. Volatile oxides are formed.
a

3. A-low-melting eutectic oxide forms beneath the
scale.

r

Time

A. *d2diC
3. Rectilinear
C. Quaei-Rectilinear
D. Logarithmic

Reproduced with permissionfrom Basic Corrosion und Oxi&-
tion by J. M. West, published in 1980 by Ellis Horwood
Limited, Chichester, England.

Figure 2-66. Growth Relations of Oxidation
(Ref. 13)
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O,,,,, Internal oxidation occurs when dilute components of
an alloy forma more stable oxide than the base metal, and
this oxidation occurs below the external surface of the
metal or below the metal-scale interface. This occurs
when the diffusion rate of oxygen in the base metal of the
alloy is greater than the diffusion rate of the alloying
addition. In some cases no external oxide scale is formed
and only internal oxidation takes place. However, if an
external fti is formed with the base metal, such as in
NkCr alloys, the internally oxidized particles become
incorporated into the scale. As the internally oxidued
NiO zone moves inward, the Cr20J P*CICS that were
:previously formed internally are incorporated into the
NiO fti. The phenomenon of internal oxidation of Ni-
Cr alloy is illustrated in Fig. 247. Cu- and Ni-base alloys
containing Cr, Al, and Si are among those subject to

.jntemal oxidation.

2-2.13.2 Conducive Conditions
Under high temperatures a surface oxide fdtn is almost

always formed. Because of this fdm, high-temperature
corrosion processes depend upon a spatial separation of
simultaneous oxidation and reduction reactions that
closely parallel the anodic and cathodic reactions of
electrochemical reactions in ionic solutions:

o

1. At the metal/film interface
,,

M(s) = ~(fdm) + e(M). (2-21)

2. At the fti/air intetiace

1%02(g) + 2e(fb) = o-2(fti). (2-22)

ah = depth of internally oxid~ zone

Reproduced with permission from BosicCorrosion ond Oxi&-

0
n-on by J. M. West, published in 1980 by Ellis Horwood

!, Limited, Chichmter, England.

Figure 2-67. Internal Oxidation of Ni-Cr

(Ref. 13)

After the initial film is formed, oxidation continues if
the fdm conducts not only cations but aiso electrons for
the external cathodic process of oxygen reduction. There-
fore, the transport mechanism through a coherent fdm is
a combination of diffusion from high to low concentration
and electron migration from high to low electrical
potential. This is illustrated schematically by Fig 248. As
the scale t.Mckerts, everything else remaining constan~ the
diffusion rate decreases. Therefore, the rate of scale
growth decreases and is inversely proportional to its
actual thickness at any point in time. These conditions
result in the paraboiic growth relationship, which is
illustrated by Curve A on F]g. 2-66.

If the oxide scale fails or is porous or otherwise “
nonprotective, corrosive gas has easy access to the metaI
surface and therefore reacts readily with the base metal.
In this case, the rate of oxidation is constant, and the
oxidation weight change is a linear function with time.
This situation is illustrated by Curve Bon Fig. 2-66.

The tendency for an oxide scaIe to fail mechanically
depends upon the volume of the scale formed relative to
the volume of the metal reacting. If the ratio is less than
one, as it is oniy for alkali and alkaline earth metals, the
surface scale is under tensile stress and can be expected to
rupture. If, however, the ratio is much greater than one,
which it is for most engineering metals, the oxide scale is
in compression. As the fdm grows, mechanical failure cart
occur, particularly at flaws in the fdm. Table 2-16 lists
protective and nonprotective oxide f-. Protective
scales tend to have oxide-to-metal volume ratios between

Wtat

Anode Cathode

P=l%aneoffilmgmwth
Diffusion of oxygen is inward.
Diffusion of metal ions and electrons is outward.

Reproduced with permission from BusicCorrosion and Oxidu-
~ion by J. M. West, publiihed in 1980 by Ellii Hotwood
Limited, Chichester, England.

Figure 2-68. Oxidation Process (Ref. 13)
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TABLE 2-16. OXIDE METAL VOLUME
RATIOS (Ref. 31)

TABLE 2-17. MELTING POINTS OF
METAL OXIDES (Ref. 13)

o

PROTECTIVE OXIDES NONPROTECTIVE OXIDES

Be 1.59
Cu 1.68
Al 1.28
Si 2.27
Cr 1.99
Mn 1.79
Fe 1.77
co 1.99
Ni 1.52
Pd 1.60
Pb 1.40
Ce 1.16

Li 0.57
Na 0.57
K 0.45
Ag 1.59
Cd 1.21
Ti 1.95
Mo 3.40
Cb 2.61
Sb 2.35
w 3.40
Ta 2.33
u 3.05
v 3.18

Reprinted with permission. Copyright@byMrs. Ema Chalmers.

one and two. Whether under tens~on or compression,
scales can separate from the base metal at comers. This
occurrence is illustrated in 13g. 2-69.

When the corrosion product is volatile or when it is
sufficiently fluid to run off the surface, no film is formed
to provide protection. The oxides of vanadium,
molybdenum, and tungsten melt relatively easily, as
indicated by Table 2-17. The oxide” of molybdenum
sublimes and therefore affords no protection above
approximately 1000° C (1832°F). Alloys containing even
smalI quantities of molybdenum and vanadium frequently
oxidize catastrophically. In this case, a low-melting
eutectic mixture produces a liquid beneath the scale.
Alloys will nearly always lead to the formation of mixed
oxides, which, if mutually soluble, will iower the melting
point of the film.

Oxidation can proceed without an external scale or

(A) At MetaVFilm interface (B) Within the Film (Tension)
(Compression)

Reproduced with permission from Basic Corrosion and Oxida-
zion by J. M. “West, published in 1980 by Ellis Horwood
Limited, Chlchester, England.

Figure 2-69. Scale Failure at Corners
(Ref. 13)

METAL OXIDE MELTING POINT, ‘C (°F)

- Al A1Z03 2020 (3668)
Cu CU20 1230 (2246)
Fe FeO 1371 (2500)
Cr Cr203 2280 (4136)
NI NiO 1960 (3560)
v V205 670 (1238)

Mo Mo03 795 (1463)
w W02 1270 (2318) ~

Reproduced with permission from Basic Corrosion and Oxida-
tion by J. M. West, published in 1980 by Ellis Horwood
Limited, Chichester, England.

beneath the external scale provided that certain condition: .
are met:

1. The alloy must contain as a minor ingredient an
element that is considerably more reactive than its major
constituent. Silicon in copper and chromium in nickel are
examples.

2. The rate at which the minor ingredient diffuses
toward the surface must be less than that at which oxygen
diffuses inwardly.

Internal oxidation of this kind often occurs in the iron, e
nickel, and cobalt alloys commoxdy used in high-tempera-
ture applications. (See Fig. 2-67.) Forming internal oxide
precipitates precludes preferential oxidation of these
elements, which would form the surface scale. Chromium
and aluminum are added to these alloys to form a
protective external scale.

Fig. 2-70 shows scaling temperatures for iron-chromium
alloys in air. Scaling temperature is defined as that

25120 p
J 2250

t
- 2000 ~

/1

/’”:

*

,// s!
1750 $

18/8,0 a)

1s00 Fg

12s0 g
$

WOO

~ 750
10 20

Chromium, WI%

1W8 = 18 Cr, 8 NI, Remainder Fe
25{20 = 25 Cr, 20 NI, Remainder Fe

Reproduced with permission from Basic Corrosion and Oxida-
tion by J. M. West, published in 1980 by Ellis Horwood
Limited, Chicliester, EngIand.

o

Figure 2-70. Scaliig Temperature of Iron-
Chromium Alloys in Air (Ref. 13)
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o temperature below which the oxidation rate in air is Iess
,, than 0.5 mm/ yr (0.02 in. /yr). Addition of chromium

progressively raises the scaling temperature from about
500”C (932” F) to over 1000”C ( 1832° F). Addition of
nickel further raises the scaling temperature until it
exceeds 12(W C (2192° F) at a composition of 2W0
chromium and 20910nickel.

. 2-2.133 Mechanism

The process of high-temperature oxidation has been
described in terms of oxide- or film-forming capabilities.
During the formation of a metal oxide film, metal ions
diffuse out of and oxide ions move into the plane of film
@owth. Electrons move out of the metal surface to the
fdm-gas interface. This mechanism is controlled by the
serniconducting properties of oxide fdms.

2-2.13.4 Application Constraints and Protection
Approaches

There are four basic approaches to minimizing high-
temperature oxidation:

1. Use a material that is stable at the operating
conditions of interest.

2. Modify the operating conditions.
3. Limit exposure to the adverse conditions.

o

4. Apply a specially designed coating.
,,.

,, A stable material is one that forms a protective oxide
fde. To be effective, a protective oxide should ( 1)have low
volatility, (2) be free of pores and f~sures, and (3) be
adherent. These criteria are met by chromium sesquioxide
(Crz03), alumina (A120J), and silicon dioxide (SiO$. The
concentration of fti-forming elements in an alloy should
& sufficient to form the initial oxide film as well as to
replace it whenever it is lost under service conditions.

The effect of chromium on decreasing the corrosion of
iron in the temperature range from 870° C ( 1600° F) to
1200”C (2200”F) is shown in Fig. 2-71. More than 2&%0
chromium has little additional effect.

Nickel improves the high-temperature corrosion
propenies of an 11% chromium-iron alloy, as shown in
Fig. 2-72. Nickel alone, however, does not sifllcantly
improve the high-temperature propenies of iron. Also
additions of nickel with chromium do not sigrtiflcantly
degrade the mechanical propemies of an alloy.

As shown in Fig. 2-73, additions of up to 1295
aluminum achieve sign~lcant reductions in high-tempera-
ture corrosion, but the use of aluminum is not favored
because of a significant decrease in the mechanical
properties of the alloy. Nevertheless, aluminum-rich
surfaces can be created by high-temperature diffusion of
aluminum into metal surfaces. This cementation process

l\ \

\
-A \

\
\ \

20 870°C ~
[1600”F)

- ~ .~~

o-
0 10 20 30

Chromium, %

Reprinted with permission. Copyright @by N~tional Asso-
aation of Corrosion Enginee2s

Figure 2-71. Effect of Adding Chromium to
Iron on Corrosion in Air at High
Temperatures (Ref. 30)

yttrium (Y), form numerous oxide penetrations into the
substrate alloy. These pegs consist predominantly of
~203 that has grown inwardly and encapsulated ihe Hf-
and Y-rich internal particles. The presence of these oxide
protrusions plays a decisive role in maintaining scale
adhesion over long exposure periods.

Silicon can improve the corrosion resistance of steels at
high and moderate temperatures. However, the use of
silicon is limited to about 2% because it has a negative
effect on ductility. The effect of silicon addition to the
high-temperature oxidation of a commercial steel contain-
ing 570chromium and 0.5% molybdenum is shown in Fig.
2-74.

The data for Figs. 2-71 and 2-72 are based on 100-h

o is known as “valorizing”. tests. Since the relationship of the extent of corrosion
,:,: The A1203scale that is formed reduces the diffusion of with time follows one of the oxidation growth relations of

oxygen to the substrate, but its adhesion to the substrate Fig. 2-66, the rate of corrosion based on a short time will
is poor. Rare earth additions, such as hafnium (Ho and be conservative, i.e., higher than the rate of corrosion for
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Reprinted with permission. Copyright @by National Asso-
ciation of Corrosion Engineers.

Figure 2-72. Effect of Adding Nickel to Fe-
11 Cr Alloy on Corrosion in Air at High
Temperatures (Ref. 30)
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Reprinted with permission. Copyright @by National Asso-
ciation of Corrosion Engineers.

Figure 2-73. Effect of Adding Aluminum to
Iron and to FeCr Alloys on Corrosion in
Air to 1095”C (2000”F) (Ref. 30)

a longer time. This fact is illustrated in Fig. 2-75 for a
parabolic growth relationship.

The melting point of some metals is shown in Fig. 2-76. 0
The high-temperature utility of metals and allovs is.
summarized in Table 2-18. -

0 0.5 1.0 1.5 2.0

Silicon, %
Reprinted with permission. Copyright @by National Asso-
ciation of Corrosion Engineers.

Figure 2-74. Effect of Increasing Silicon

I

Content in a 5-Cr-l/2Mo Stee~on

(1500”F) (Ref. 30)
Resistance to Corrosion in Air at 815° C

m

o 100 200 300 400 500

Time, h

Rate = Extent of Corrosion + Time Rate D > Rate A >
Rate B > Rate C

Reprinted with permission. Copyright @by National Asso-
ciation of Corrosion Engineers.

Figure 2-75. Extent of Corrosion vs Time
(Ref. 30)

o
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Figure 2-76. Melting Points of Metals
(Ref. 30)
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TABLE 2-18. HIGH-TEMPERATURE UTILITY OF STRUCTURAL
OR BASE METALS AND ALLOYS (Ref. 6)

a

I LIGHT METALS
Aluminum and magnesium are not considered to be suitable for high-temperature service. Their limiting temperature is
less than 230”C (450° F).

I FERROUS METALS
Carbon steel has little useful strength and oxidation resistance above 425° C (800° F).

I Graphitization of carbon steel (formation of graphite nodules) occurs at about 470° C (875°F).

I
Molybdenum alloy steel (0.5Yo) combats graphitization, and various amounts of chromium are added to improve
resistance to hydrogen attack.

STAINLESS STEEL
Austenitic stainless steels resist oxidation by air and steam to 815° C (1500° F). ‘They will ah resist hkh-temperatihe
sulfidation at concentrations at which the chromium-molybdenum alloy steels are unsuitable. Chromium content of 257., ‘
such as type 3 IO, is required for good oxidation resistance. The maximum service temperature in air is 1150° C (2102° F)
for type 310.

LEAD, TIN, ZINC
Low-melting alloys are not suitable for high-temperature service.

1“ COPPER AND ITS ALLOYS
These are not considered high-temperature alloys.

I NICKEL ALLOYS
Because of its protective oxide film, nickel is useful up to 595° C (1 100°F).

I
Nickel-chromium aIloys have extended resistance to high-temperature oxidation that depends on chromium content.
Nickel-base superalloy have a nominal chromium content of 2090. The limiting temperature for oxidation is about
705°C (1300° F). In sulfur-free reducing atmospheres containing hydrogen or carbon monoxide, the limiting temperature
is about 980° C (1800° ~. Hydrogen sulilde reduces the limiting temperature to 540°C (1000° F).

I
COBALT ALLOYS

Cobalt has poor oxidation resistance, but alloys containing 25% chromium are resistant to 980° C (1800° F); 30%
chromium alloy is resistant to 1I50° C (2 100°F). Cobalt-base superalloys have a nominal chromium content of 3070.

I
REACTIVE METALS

Zirconium and tantalum are not useful at elevated temperatures. The air corrosion at 1206° C (2200°) of zirconium and
tantalum is 59 and i 100 times, respectively, that of type 310 stainless steel. Titanium can be used up to 600° C (1 112°1?)in

I air.

I PRECIOUS METALS
Gold and platinum retain their luster in air up to their melting points.

I Silver is readily attacked by sulfurous gases. Platinum is resistant to 980°C(1800° F). Gold is resistant.

Reprinted with permission. Copyright @by National Association of Corrosion Engineers.
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2-2.14 HIGH-TEMPERATURE
SULFIDATION AND/OR EROSION

In environments containing high sulfur concentrations,
su~lde scales format high temperatures instead of oxide
scales. However, in most environments of practical
interest, such as combustion products of hydrocarbon
fuels, sulfur occurs in relatively low concentration in
complex multicomponent mixtures. These mixtures con-
tain sulfur-bearing gases (HzS and SCh) in addition to
oxidants (COZ/ CO and HzO/ Hi). SuWldation of metals,
therefore, is related to the interaction of tioys with these
complex mixtures under the conditions of exposure.

2-2.14.1 Manifestation and Quantification
Iron-, nickel-, and cobalt-base alloys with chromium as

a major constituent have been developed for use in high-
temperature applications involving combustion gases.
The corrosion behavior of these alloys in such complex
environments is strongly influenced by the gas composi-
tion alloy chemistry, and temperature. Depending upon
the mode of corrosion attack that occurs, i.e., oxidation

or stiidation, corrosion rates can vary significantly. In
general, sulildation is more destructive to metals than
oxidation. Sulflde scale cracks and spans more readily
than oxide scales. As shown in Table 2-19, metal stildes
generally melt at lower temperatures than oxides. Under
some environmental conditions, continuous suMde scales
cannot form, so corrosion attack continues unabated by
the growth of a protective scale. For example, most
eutectics formed by metal-metal suliide combinations are
molten at temperatures much lower than the melting
point of the metal itself, as shown in Table 2-20. In
comparison, metal-metal oxide eutectics melt at tempera-
tures closer to the melting point of the metal. Formation
of a molten phase prevents formation of a protective
surface scale.

Accelerated corrosion of high-temperature gas turbine
alloys in circumstances in which sodium chloride or other
salts are ingested with combustion air is attributed to the
presence of sodium sulfate, which is formed by the
reaction between sodhtm chloride and sulfur in the fuel.
Apparently, for most alloys there is an incubation period
(100-1000 h) that mayor may not be associated with the

TABLE 2-19. MELTING POINTS OF SOME METAL SULFIDES AND OXIDES (Ref. 13)

METAL OXIDE MELTING POINT, ‘C (“F’) SULFIDE MELTING POINT, “C (0F)

Al
Cu
Fe
Cr
N1
v
Mo
w

A120J
CU20

FeO
Cr203
NiO
V205
Mo03
W02

2020 (3668)
1230 (2246)
1371 (2500)
2280 (4136)
1960 (3560)
670 (1238)
795 (1463)

1270 (2318)

Unstable ——

CU2S 1130 (2066)
FeS 1190 (2174)
CrzS3 1150 (2102)
NUS3 790 (1454)
VZ% d600 (1112)
MoS2 s 450 ( 842)
WS2 d 1250 (2282)

s = sublimation
d = decomposition
Reproduced with pcrmk%on from Bosic Corrosion and Ox*ion by J. M. Wes&published in 1980by Eltis Horwood Lkzited,
Chichester, England.

TABLE 2-20. MELTING POINTS OF METALS AND METAL-SULFIDE EUTECTICS
(Ref. 29)

METAL-SULFIDE
METAL EUTECXXC

“c ‘F “c “F

co 1495 “ 2723 877 1611

Cr 1850 3362 1350 2462

Cu 1083 1981 1070 1958

Fe 1539 2802 985 1805

Mn 1136 2077 1240 2264

Ni 1455 2651 645 1193

Reprinted w“tbpermission. Copyright @by National Association of Corrosion Engineem
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breakdown of a protective oxide layer (Ref. 32). After the
incubation period, the hot corrosion reaction can be quite
rapid.

2-2.14.2 Conducive Conditions
As an alloying component with iron and nickel,

chromium reacts to suifur in much the same manner that
it reacts to oxygen. A chromium sulfide, scale is formed
regardless of the amounts of iron and nickel. However,
when the chromium is depleted, that is, when it is
completely converted to the sulfide oi oxide, the base
metal is rapidly attacked.

The rate of attack depends upon the form of the sulfur
and the presence of oxygen. The gaseous forms of sulfur
are sulfur vapor, S02, S03, H2Sj and organic sulfides.
Because of the dissociation reaction of S03 and S02 to
elemental sulfur and oxygen, oxygen is present with these
compounds. With oxygen present a mixed oxide-sulfide
scale is formed, and thk mixed scale is more protective
than a sulfide scale, such as that formed by pure HS. HS
rapidly attacks nickel and nickel alloys, and the attack
can be catastrophic-and can have rapid intergranular
penetration.

If an iron-chromium-nickel alloy with high chromium
content is exposed to gases containing both oxygen and
sulfur at high temperatures, there is, for a given sulfur
concentration, “athreshold oxygen concentration above
which a continuous protective scale is formed. The
threshold oxygen concentration is about 1000 times the
oxygen concentration for the chromium oxide-chromium
sulilde equilibrium. As the exposure time increases, a
greater oxygen concentration is required to prevent
catastrophic corrosion (Ref. 33).

In those environments containing appreciable concentra-
tions of oxygen along with sulfur, chromium sesquioxide
(Cr20q) protective scales form in preference to sulildes on
those nickel- and iron-base alloys containing sufficient
chromium. However, long-term exposure results indicate
that the corrosion behavior of the material is influenced
by the extent of sulfur diffusion through the oxide scale.
Sulfide formation under the scale affects the adherence of
the scale. This can explain the breakaway corrosion that
has been observed with long-term evaluation of a number
of alloys exposed to complex gas mixtures under flowing
conditions. Breakaway corrosion is illustrated in Fig.
2-77.

If a protective oxide scale breaks down as a result of
erosion, mechanical forces, thermal cycling, etc., there is
real potential for sulfur to react with chromium to form a
sulflde near the alloy surface. Once this reaction occurs, it
interferes with the process of formation and maintenance
of the protective oxide scale.

If all the available chromium becomes bound up as
sulflde, less stable sulfides of the base metal, iron and
nickel, can form. Because these sul.tides form molten

(
,
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Reprinted with permission. Copyright @ The Metallurg&l
Society of AlME,

Figure 2-77. Breakaway Corrosion at Speed .,
Sufficient to Erode Protective Scale
(Ref. 34)

phases with components of the alloy and scale, they are
responsible for accelerated sulfide attack. The molten
phase is readily eroded away and attack continues
unabated.

If sulfide forms in the alloy surface, sulfur tends to
migrate into the alloy and to form sulfides at the grain
boundaries or at chromium-enriched sites. This inter- 0
granular attack can result in localized stress concentra-
tions, and severe attack can result in reduced load-bearing
capability of the alloy.

Hot corrosion is the attack on Ni-Cr and Co-Cr
superalloy at high temperatures. Fossil-fueled devices,
such as gas turbines, are susceptible to rapid degradation
of high-temperature alloy components when they are
subjected to molten salt deposits (Ref. 32). Almost all
fossil fuels contain some amounts of sulfur and alkali
metals. In addition, the gases ingested to support combus-
tion usually contain some sodium chloride. The corrosive
deposits responsible for hot corrosion usually contain
alkali sulfates, especially NazSOQ. At temperatures above
the melting point of NazS04, 884° C (1623° F), rapid
sulfidation occurs with depletion of those elements added
to form protective oxides, Cr and Al, in a near-surface
zone.

At temperatures below the melting point of NaAIOq,
700° C to 884°C (1292° F to 1623”F), NazSOq-CoSOQ
liquid phases can form at very low partial pressures of
S03 (Ref. 35). At partial pres&res about 10 to 15 times
greater, a NaSOQ-NiSOQ eutectic can form. Formation of
these low-melting sulfate mixtures on alloy surfaces leads
to rapid attack.

Particulate materials present in the combustion gas
stream of gas turbines subject turbine rotor blades and
nozzle guide vanes to erosion and contribute to the
corrosion process. A variet y of particulate materials, such
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as carbon, sea-salt debris, silicates, and iron-rich phases,
impact and deposit on airfoil surfaces. In dusty environ-
ments, airborne sand particles cause erosion of compres-
sor blades and possibly hot section components as well.
Carbon particles produce erosion damage to turbine
rotor blades. Also there is evidence that carbon particles
intensify the hot corrosion process that results from
ingested NaC1 (Ref. 36).

2-2.143 Mechanism
Thebasic mechanism of sullldation is closely related to

that of high-temperature oxidation by air or gas streams
containing oxygen. (See par. 2-2. 13.3.) This mechanism

,:involves fti or scale formation in which the semiconduct-
ing characteristics of the fti support an electrochemical
reaction. Within the scale metal ions diffuse out of and
su~lde ions move into the plane of fti growth. Electrons
move out of the metai surface into the fti-gas interface.

‘. The stitdation reaction is complicated by the following
considerations:

1. Because it cracks and spans more readily, a stilde
scale is not as protective as an oxide scale.

2. CompIex gas environments are usualiy involved in
stide scale formation.

3. SuWldes form low-melting eutectics with the base
metal.

There is no signifkant difference between the hot
corrosion mechanisms for nickel and cobalt or alloys of
these metals containing the same amount of chromium
and/ or aluminum. The resistance of such alloys to the
initiation of hot corrosion is about the same, except for
alloys containing both chromium and aluminum, in
which case the cobalt alloys are more resistant.

In hot corrosion tests of alloys in a burner rig, nickel-
base and cobalt-base alloys corroded at a similar rate at
954°C (1750°F) (Ref. 37). At 1038”C (1900° F), the
cobalt-base alloys were more resistant. The following
effects of alloying elements were noted for nickel-base
alloys

1. Increasin g chromium is beneficial.
2- Increasing cobalt may increase corrosion re-

sistance.
3. Molybdenum additions are increasingly detri-

mental as the temperature increases.
4. Tungsten has no effect at 954° C (1750° F), but it is

detrimental at a higher temperature, i038°C (1900”F).
5. Tantalum seems to improve resistance.
6. Rhenium and yttrium have no effect.
7. Titanium is not harmful and maybe beneficial.
8. AlU233i22U323is increasin gly detrimental as a function

of temperature in simple alloys but may be beneficial in
complex alloys. This result, however, does not agree with
other investigators who found aluminum to be particularly
beneficial in nickel-base alloys.

The following effects of alloying elements were noted
for cobalt alloys:

1. Twenty-five percent chromium provides sufilcient
resistance to attack, and larger amounts may not make a
difference.

2. Yttrium is beneficial.
3. Carbon, copper, nickel, and tantalum additions do

not have an effect.
4. Tungsten is usually harmless.
5. Molybdenum results in severe attack.

2-2.14.4 Application Constraints and Protection
Approaches

Approaches for reducing the effects of &gh-temperature
sulfidation in complex gas mixtures, such as combustion .
gases, are dependent on obtaining and maintaining a
protective oxide fdm. These approaches include

1..,Use fuels that are low in sulfur, vanadium, and
alkali metals.

2. Use combustion conditions that favor the forma-
tion’of oxides over suMdes.

3. Minimize mechanical forces acting upon the scale,
and minimize or avoid thermal cycling.

4. Use an alloy composition with suffkient amounts
of chromium or aluminum to form a protective CrzOJ or
AkOj scale under service conditions.

5. Use an active element, such as yttrium or hafni~
or a stable oxide dispersion in the alloy to improve the
adherence of the CrzO~ or A130j scale (Ref. 38).

6. Apply a protective coating.
Coatings can be either ceramic or metallic. Refractory

metal oxides maybe applied either as a sluny and
subsequently sintered, or they maybe flame sprayed in a
high-temperature plasma. One such coating is a plasma or
flame-sprayed layer of YzOJ-stabilized Zroz deposited on
a thin NiCrAIY or a CoCrAIY bond layer applied directly
to the alloy surface (Ref. 39). These coatings appear to be
very stable toward oxidizing environments to tempera-
tures of at least 1000° C ( 1832° F). However, in the
presence of salt deposits, such as those that form on hot
gas path mmponents in gas turbines, rapid failure of the
ceramic coating may occur. The salt deposits result from
burning fuels contaminated with sodium, sulfur, lead,
and vanadium (Ref. 40).

Reactive metal coatings such as aluminum or chromium
are applied by cladding, electrodeposition, deposition
from the vapor phase or pack cementatio~ and hot
dipping. After application, these coatings are often
diffusion annealed to promote formation of intermetallic .
compounds with the substrate.

2-2.14.5 Example
The most important example of high-temperature

oxidation and sulfldation and hot corrosion are the hot
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components of gas turbines. The approaches used in
controlling these phenomena include

1. Less susceptible alloys
2. Composite materials
3. Resistant coatings
4. Control of surface temperatures by cooling
5. Reduction of contaminants in fuels.

2-2.15 BIOLOGICAL CORROSION

In their metabolic process, biological organisms ingest
nutrients and eliminate a waste product. Biological
corrosion is the interaction of the biological Me process
with corrosion mechanisms. Organisms are classified
according to size:

1. The microorganisms implicated in corrosion pro-
cesses are primarily bacteria. Table 2-21 lists some
troublesome microorganisms.

2. Microorganisms that cause material degradation
include fungi or molds and aqueous organisms, such as
barnacles, mussels, and algae.

The principal ways in which macroscopic and micro-
scopic organisms influence corrosion are by locating
differential aeration cells and by hydrogen depolarization.
Microorganisms also produce aggressive species such as
hydrogen ions and sultlde ions.

2-2.15.1 Manifestation and Quantification
Microbial corrosion may be suspected by one or a

combination of the following conditions (Ref. 42):
1. Pitting-type corrosion
2. The presence of microbial slime masses
3. Hydrogen sulfide (rotten egg odor) in anaerobic

systems

TABLE 2-21. SOME TROIJIJLESOME

NllCROORGANISNIS (Ref. 41)

BACTERIA (Slime-Forming)
Flavobacterium
Mucoids
Aerobacter
Pseudomonas
B. Subtilk
B. Cereus

BACTERIA (Corrosive)
Destdfovibrio
Clostridia

BACTERIA (Iron-Depositing)
GalIionella
Crenothrix

ALGAE
Chroococcus
Oscillatoria
Chlorococcus
Ulothrix
Scenedesmus
Navictda

FUNGI
Aspergillus
Altemaria
Penicillium
Trichoderma
Torula
Monilia

Reprinted with permission. Copyright @by National Asso-
ciation of Corrosion Engineers.

4. Ferric(ous) hydroxide in aerobic systems
5. Large bacterial or fungal populations.

Corrosion generated by bacteria may take distinctive a

forms (Ref. 43). Gallionella, a type of iron bacterium, on
stainless steel produces subsurface cavities with only
minute pinhole penetrations at the surface. Sulfate re-
ducers, however, generally produce open pitting or
gouging on stainless steel, and when they are active along
the edges of gasketed joints, shallow crevice corrosion is
often found under adjacent gasket areas. Attack by
sulfate reducers on cast iron typically produces graphiti-
zation. Sulfate reducers produce conical pits containing
concentric rings or stepson nickel, high-nickel alloys, and
cupronickels. Under the hollow, hemispherical tubercles’
of iron bacteria will be hemispherical or conical pits that
are almost as large in diameter as the tubercles. Tubercles
are small knobby prominences. The corrosion will be
irregular under irregular tubercles containing slime
formers,

Bacteria-induced corrosion is usually accompanied by
characteristic deposits (Ref. 43), which are usually discrete
mounds. Tuberculation of steel may develop into a
general, irregular buildup. Uniform, thin pseudomonas
films are formed in heat exchangers and other moderate
flow rate areas. Bacteria deposits most often have a slimy
feeling when fresh and wet, and wet deposits are generally
soft and easily deformed. Bacteria may also flourish in
sludge layers. Sulfate reducers produce characteristic
black deposits of ferrous sulfide (FeS) on steel and

o

stainless steels. Iron bacteria deposits tie usually some
shade of brown. Gallionella deposits on stainless steels
are often reddish, whereas beggiatoa produce the yellow
color of elemental sulfur. Slime deposits maybe colored
by the suspended solids they trap.

Cordirmation that corrosion is bacteria induced usually
requires analyses of accompanying deposits (Ref. 43).
These should include an elemental analysis, determination
of organic/inorganic ratio, and a microbiological
analysis. Determination of the elements in a deposit can
be useful even without bacteria analyses. High levels of
iron, manganese, and chlorides usually indicate
gallionella. A high sulfur level indicates sulfur oxidizers
or sulfate reducers, and a high iron level could indicate
iron bacteria.

2-2.15.2 Conducive Conditions
Microscopic and macroscopic organisms live and re-

produce in mediums with a pH value between Oand 11, at
temperatures between –1° C (30”F) and 82°C (180°F),
and at pressures up to 10.34 MPa (1.5 ksi) (Ref. 1).
Accordingly, biological activity can be expected to in-
fluence corrosion in a variety of environments including
soil, fresh waters, seawater, petroleum products, and in
oil-emulsion-cutting fluids.

The conducive conditions include the following (Ref.
o

42):
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1. The system can be either aqueous or nonaqueous,
but it must allow the accumulation of water in some areas.

2. The temperature of the system must be below
approximately 65° C ( 149°F) at some intervals and below
125°C (257°F) at all times.

3. Although the pH of a system is generally an
unreliable indicator, most microorganisms will not grow
in strongly acidic or strongly basic environments, i.e., *
below pH 4 or above PH 9.

4. Light is not necessary for the growth of most
bacteria and fungi; it is, however, necessary for the
growth of algae.

2-2.153 ~tXiWtiS121S
s’ Biological organisms affect corrosion by one or a

combination of the following mechanisms (Ref. 1):
1. Directly influencing anodic and cathodic reactions
2. Affecting protective surface fb

-. 3. Creating corrosive conditions
4. Producing” deposits that result in differential

aeration cells.
Most active microorganisms are bacteria about I to 5

pm (0.04 to 0.2 ntil) long that either oxidize or reduce
sulfur compounds as some part of their life process.
Aerobic bacteria use external oxygen to oxidize sulfur or

. stilde to sulfuric acid:

o s(s) + 3/20~(g) + HzO(l) = HzSOd(a0(2-23.,, ,

This reaction lowers the pH to between 1 and 4. Another
group of bacteria flourishes in anaerobic conditions and
reduces sulfate to stixde or HJ3:

S04-2 + 6H+(aq) + 8e@actenum) =

2HzS(g) + 4 OK. (2-24)

The electrons for the reaction are supplied by oxidation of
organic matter or hydrogen. Sulfate-reducing bacteria
foster corrosion in circumstan- where it would not
otherwise be expected, namely, at neutral pH and in the
absence of oxygen.

The reduction reaction of sulfates is normally slow, but
anaerobic bacteria catalyze the reduction. There are two
more effects of the bacteria in this process: Hydrogen ion
reduction is stimulated. (Bacterial enzymes such as hydro-
genate may be responsible for this reduction.)

A sulfide film is precipitated that is nonprotective and
Ieads to enhanced attack if oxygen becomes available
later.

Siime-forming bacteria are aerobic oxygen scavengers
that can harbor sulfate reducers. If anaerobic bacteria are
to exist in oxygen-rich environments, they must coexist

o

with oxygen scavengers that create the required anaerobic
conditions.

Filarnentous iron bacteri% which appear as intertwined
threads under a microscope, oxidize dissolved ferrous
iron to insoluble ferric hydrate. Fkunentous iron bacteria
are responsible for the common, hollow, hemispherical
tubercles seen in equipment below the waterline. These
bacteria are aerobic and create oxygen depletion under
the tubercles. Although this action is corrosive in itself, it
is made even more so when it harbors sulfate reducers.

The metabolic deposits of gallionella are rich in iron
and manganese chlorides. Thk richness ca~ uniform
corrosion of steel and rapid pitting of austenitic stainless
steel.

Microorganisms contribute to corrosion by interfering
with access of oxygen to the metal and by creating
differential oxygen cells. Fungi liberate organic acids,
such as oxalic and acetic, which accelerate the formation
of unsightly tarnish fdms. ‘Barnacles and mussels are
common organisms in seawater. Pitting attack can result
from the fouling of surfaces by these organisms, and .
fouling increases resistance to fluid flow and heat transfer.

2-2.15.4 Application Constraints and Protection
Approaches

The following measures can be applied to spec~lc
instances of biological corrosion as appropriate:

1. Accurately diagnose the presence and rdative
contribution of biological corrosion to the material
degradation problem. Microbiological corrosion rarely
occurs without some degree of conventional corrosion. It
is difficult to separate the two.

2- Accurately assess the source of biological or-
ganisms. In a closed system elirnkating the source of
contamination may solve the corrosion problem.

3. Control the environmental or media chemistry.
Strongly acidic or strongly basic environments can pre-
vent microorganism growth.

4. Use inhibitors and/or biocides. For example, icing .
inhibitor, MIL-I-27686, added at the rate of 5.5 X 104 m3
per 0.38 m3 (1 pt per 100 gal) of diesel fuel controls
corrosion by microorganisms.

5. Remove biological nutrients.
6. Select suitable resistant materials. For example,

only titanium and most noble metals resist the iron-
manganese chloride environment generated by gallionel.la
(Ref. 43).

7. Use cathodic protection. For example, cathodic
protection used in conjunction with linings seems to
protect steel against the effects of sulfate reducers.

8. Provide designed-in accessibility for frequent and
effective cleaning, sterilization, and decontamination.

9. Apply protective coatings. Thin, film coatings
should be avoided. Tests should be made to determine
whether the coating material is attacked by or is a nutrient
for the bacteria.
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2-2.15.5 Examples
Biological corrosion has caused the failure of the M60

tank aluminum fuel cells. Dirt and water contamination
of the diesel fuel results in the formation of colonies of
microorganisms. Attack is reported to result from the
formation of an acid by the microorganisms (Ref. 44).
However, the formation of simple concentration cells is
suggested as the mechanism for similar corrosion of jet
aircraft fuel tanks (Ref. 42).

2-3 ENVIRONMENTS

The metal in an equipment item experiences different
environments during fabrication and use. Corrosion
results from the interaction of the metal with these
environments. The basic environment for military
materiel is the natural atmospheric environment of the
field, which varies in different locations and in different
seasons. The natural environment is also greatly affected
by human activity.

The materiel design and procurement process must
balance the goals of reliability, readiness, safety, and cost.
To accomplish this task, corrosion processes must be
considered an integral component of a materiel system.
Within this context, corrosion processes are to be pre-
vented altogether, controlled at some rate, or the damage
is to be repaired after it occurs. Each of these approaches
requires consideration of the potential for corrosion
effects, and this potential can be assessed only by
reference to the environments to which the metal may be
exposed in the production phase and in the fielded phase.
Environmental exposure in the production phase creates
conditions in the metal that influence its susceptibility to
corrosion, whereas environmental exposures in the field
are directly responsible for the corrosion effects.

A distinction is drawn between natural and induced
environmental factors. The key to the distinction is
whether the environment is modified as a result of human
activity. The induced environment should be considered
in the setting of the natural environment. For example,
calcium chloride (induced environment) is used in certain
parts of the country to melt snow and ice on roadways
(natural environment). This substance splashes on the
underparts of vehicles and creates an induced environ-
ment. At normal winter temperatures (natural environm-
ent) when ice and snow can be expected, the corrosion
rate of steel by the calcium-chloride-induced environment
is relatively low. However, when the vehicle is driven into
a heated garage (induced environment), the corrosiorl
rate is much higher.

Packaging creates an induced environment. For
example, some plastics release corrosive chemicals when
heated. Therefore, a package containing these plastics
and susceptible metals creates oan induced corrosive
environment when the package is exposed to the natural
environment of solar radiation.

2-3.1 NATURAL ENVIRONMENT

The natural environmental factors are related to the
basic climate types listed in Table 2-22, which are
temperate, arctic, desert, and tropical. The various environ-
mental factors or elements are qualitatively ranked
according to their importance in a particular climate type.
Thus terrain, high humidity, and microbiological
organisms are key factors in the tropical environment.
Solar radiation, rain, and salt are also important factors.
Except for terrain, all of these factors are conducive to
corrosion processes.

The general conditions that describe climate types are
listed in Table 2-23. These are the specific quantitative
parameters that describe the environment. For example,
one of the sets of conditions in the tropical environment is
outside air temperatures ranging from 24° to 35° C (75° to
95° F) plus a 4-h exposure to salt spray. Obviously, these
conditions exist only in coastal areas, but they can be
severe corrosion conditions. Temperate climate types are
further classified as maritime, continental, and highlands
in Table 2-23.

2-3.1.1 Production .—.

Most production activities occur in enclosed factory
spaces, but buffer storage of raw materials, semifinished
components, and finished items is often in the open.
Transportation may also expose materials and com-
ponents to the elements, especially materials that are
shipped in large unit lots, such as rolls of sheet metal and
components that are large.

Table 2-24 lists the environmental factors or elements
that are most significant in the various forms of transporta-
tion. Accordingly, materiel carried in an open truck can
be exposed to all of the environmental elements that are
characteristic of the climate type of the region. In
addition, it will be exposed to the shock and vibration
resulting from road conditions of the route traversed.

Similar relationships between the type of storage
accorded to the materiel and the significant environmental
elements that can be experienced are shown in Table 2-25.
Materiel in open storage experiences the environmental
elements characteristic of the climate type of the region.

O

,

a
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o TABLE 2-22. RELATIONSHIP OF NATURAL ENVIRONMENTAL FACTORS
TO CLIMATE (Ref. 45)

FACTOR TEMPERATE ARCTIC DESERT TROPICAL

Terrain
Low temperature -i+ o 0
High temperature + o i--t
Low humidity o 0 tt o
High humidity ++ + o
Pressure o 0 0 +
Solar radiation + ++ ++
Rain ++ + + ++

. Fog ++ ++ o 0
Solid precipitation -l-t ii- 0 0
Whiteout and ice fog o * o 0
Sal& salt fog, saltwater i- + + tt-

Wind + ++ + +
“-Ozone ● * * *

Microbiological organisms + o 0 +
Microbiological organisms + o 0

-H-f- Key factor
++ Important factor

+ Active factor
OUnimportant or absent factor
● Little or no climdc relationship

O,’ TABLE 2-23. A CLIMATE CLASSIFICATION SYSTEM (Ref. 45)

o

CLIMATE TYPE DESCRIPTION

Icecap and tWCtiC –54°C (–65*F) outside air temperature plus blowing snow at 24 km/h (15 mph) and higher
(&h duration)

Desert +52°C (+125° F) outside air temperature plus 1292 W/m2 (120 W/ft2) solar radiation (4-h
duration)

Tropic i. +24” to 35°C (+75° to 95”F3 outside temperature plus 100 mm/h (4 in./h) of rain (2-h
duration)

2. +24° to 35°C (+75° to 95°F) outside air temperature plus salt spray (4-h duration)
3. +35°C [+95°F) outside temperature plus 1292 W/mz (120 W/ftl) solar radiation (4-h

duration)
4. +24° to 32°C (+75° F to 90°F) outside temperature plusfog (4-h duration)

Temperate
Maritime 1. +18°C (+65° F) outside air temperature plus fog (4-h duration)

2. -1-27°C (+80” F) outside air temperature plus 90% relative humidity (4-h duration)
3. +21°C (+70°F’) outside air temperature plus salt spray (4-h duration)
4. +24*C (+75* F’) outside air temperature plus 10 cm/h (4 in./h) of rain (2-h duration)
5. +38°C (+1 OO”F) outside air temperature plus 1292 W/mZ (120 W/ftz) solar radiation (4-h

duration)
Continental 1. +32° C (+90° F) outside air temperature plus 1292W/mz(120 W/ftz) solar radiation (4-h

duration)
2. +27° C (+80” F’)outside air temperature plus sand and dust (4-h duration)
3. +32°C (+90” F) outside air temperature plus 9595 relative humidity (4-h duration)
4. –7°C (+-20° ~ outside air temperature plus blowing snow at 64 km/ h (~ mph) and higher

(4-h duration)
Highland Highlands are those regions above 1829 m (6000 ft) altitude. Climates between highland areas

vary widely; therefore, no typicalconditions can be specifxed.
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TABLE 2-24. RELATIONSHIPS BETWEEN TRANSPORT MODES AND
THE ENVIRONMENT EXPERIENCED BY MATERIEL IN THE PRODUCTION PHASE e

(Ref. 45)

TRANSPORT
TYPE ENVIRONMENTAL EXPOSURE MOST SIGNIFICANT ELEMENTS

Truck
Open

Closed

Rail:
Open

Closed

Ship:
Above decks

Below decks

1

2.
3.
1.

2.

1.

2.
3.

1.

2.

1.

2.

1.

2.

Air:
Exterior transport 1.

2.

3.

Interior transport 1.

2.

Ambient climatic and natural factors 1.

Low- to high-level shock and vibration 2.
Sand and dust 3.
A40ditled climatic and natural factors (can 1.
intensify or reduce effect of certain factors)
Low- to high-level shock and vibration 2.

Ambient climatic and natural factors 1.

High-level shock 2.
Sand and dust (less severe than for open 3.
truck because vehicle induces far less
airborne sand and dust)
Modified climatic and natural factors (can 1.
intensifv or reduce effect of certain factors)
High-le~el shock

Ambient climatic and natural factors

Shock, vibration, and acceleration
signitlcantly less than for rail or truck
Modified ambient climatic and natural
factors

Shock, vibration, and acceleration
signflcantly less than for rail or truck

Ambient climatic and natural factors

Shock, vibration, and acceleration

Sand and dust

Modiiled ambient climatic and natural
factors
Shock, vibration, and acceleration

2.

1.

2.

1.

2.

1.

2.

3.

1.

2.

Temperature, humidity, solar radiation,
rain, solid precipitant, natural and induced
wind
Terrain (road surfaces)
Terrain and wind
Temperature, solar radiation, humidity

Terrain (road surfaces)

Temperature, humidity, solar radiation,
rain, solid precipitant, natural and induced .
wind
Switching operation, run-in and run-out
Wind and terrain

Temperature, solar radiation, humidity

Switching operations and run-in and run-
Out

Saltwater, salt spray, salt fog, humidity,
temperature, solar radiation, rain, solid
precipitation
Wave impact and drive train vibration

Humidity, temperature, solar radiation,
microbiological and microbiological
organisms
Wave impact and drive train vibration

Low temperature, pressure, fluctuation
(altitude), rain, solid precipitation, induced
wind
Structurally transmitted shock and vibration
resulting from landing, maneuvers,
aerodynamic forces and aircraft components
Helicopter rotor wash, aircraft prop wash,
jet engine exhaust
Low temperature, pressure fluctuation
(altitude)
Structurally transmitted shock and
vibration resulting from landing,
maneuvers, aerodynamic forces, and aircraft
components
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TABLE 2-25. RELATIONSHIPS BETWEEN STORAGE TYPE AND THE

ENVIRONMENT EXPERIENCED BY MATERIEL IN THE PRODUCTION PHASE (Ref. 45)

STORAGE TYPE ENVIRONMENTAL EXPOSURE MOST SIGNIFICANT ELEMENTS

Open All ambient climatic and natural Varies with climatic type
factors

Arctic: solid precipitant, low temperature, wind, rain
Desert high temperature, solar radiation, sand and
dust, low humidity, wind
Tropical: fungi, high temperature, high humidity, solar
radiation, rain, microbiological organisms, salt spray,
and fog
Industrial ozone and atmospheric pollutants can be
important during open storage in industrialized areas

Protection provided from most Varies with climatic type
climatic factors

AU climates: temperature and microbiological
organisms
Additional tropical and some temperaux high humidity
and fungi
Additional desert: low humidity and sand and dust

Sheltered, High degree of protection from Temperature, microbiological organisms, and sand
dehumidify exposure and dust can occasionally cause some problems.

.‘.

Sheltered

--

0“,,

0,,

2-3.1.2 IGdd
Natural environments for the field deployment of

Army materiel represent the range of climatic conditions
in many parts of the world. Climatic conditions that
represent combinations of the natural environmental
factors of temperature, humidity, and solar radiation are
described in Table 2-26. The worldwide occurrence of
climate regions is indicated in F]g. 2-78. The ranges of
climatic conditions that relate to climatic type are shown
in Table 2-27. These ranges, which represent the dlumal
cycle, should be considered in the development of military
materiel.

The relative interdependence of pairs of environmental
factors can be determined from Table 2-28. For example,
temperature has Iittle interdependence on salt but some
interdependence on biological organisms. The direction
of interdependence is given in Table 2-29. The implications
of high and low temperatures for the various environ-
mental factors are indicated in a qualitative way. High
and low temperatures are, of course, related to the range
of naturally occurring temperatures. Microorgimisms
cannot exist, for example, if the temperature is either too
high or too low.

Atmospheric sea salt is an environmental factor of
great importance to corrosion. Atmospheric sea salt is a
function of geographic location relative to bodies of salt
water and the humidity of the regiom It is, of course,
highest in coastal regions and occurs usually in the form

of salt spray, mist, or fog. Regions subject to these
conditions are indicated in Fig. 2-79.

2-3.2 INDUCED ENVIRONMENT

Processing conditions must be considered as part of the
induced environment during the production of Army
materiel because it may create residual conditions that
can influence corrosion. For example, cold-forming
metal shapes can generate residual stress, welding can
affect the rnicrostmcture of the molten and adjacent heat-
affected zone, and pickling parts in an acid bath can
influence the corrosion characteristics of a metal surface
by removing mill scale and rust and exposing clean metal.

The internal atmosphere of a production plant, such as
a forge shop or a plating shop, maybe corrosive to some
metals. The so-called industrial environment created by
the uncontrolled or partially controlled effluents of a
concentmtion of industries in an area is generally more
corrosive than other atmospheres.

Induced environments for the field deployment of
Army materiel are caused by the modifk.ation of the
natural environment that results from normal human
activity as well as by that resulting from military opera-
tions. A materiel storage depot located in an industrial
region will experience an induced environment caused by
the pollutants in the atmosphere. Materiel in a training or
combat environment experiences the atmospheric con-
taminants and the sustained and cyclic stresses of
operations.
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TABLE 2-26. CLIMATE CATEGORIES (Ref. 46)

a
TYPE DESCRIPTION

Wet-warm

Wet-hot

Humid-hot coastal dese”i-t

Hotdry

Intermediate

Intermediate cold

Cold northern

Extreme coid

Typified by conditions under the canopy of heavily forested tropical areas with
temperatures very close to 24° C (75° F), a relative humidity above 9570, and negligible
solar radiation
Typfled by open tropical areas with wet-hot conditions occurring frequently or
seasonally. Temperatures range from 26° to 35° C (78° to 95° F), relative humidity
ranges from 74 to 100 ~0, and soiar radiation can be intense.
Typified by coastal regions around water bodies with high surface temperatures.
Temperatures range from 29° to 38°C (85° to 100°F), humidities range from 63 to 90
%, and solar radiation can be intense.
Desert regions with temperatures from 32° to 52° C (90° to 125° F), humidities under
20 Yo,and intense solar radiation
Seasonal dry periods of wet-hot regions as well as large regions of the mid-latitude of
both hemispheres where high temperatures range from 21° to 43°C (70° to 110° F),
humidities range from 20 to 85 ~o, and solar radiation can be intense. This climatic
category may be seasonal and alterate with an intermediate cold climate.
This climate is found in mid-latitude regions of the northern hemisphere where low
temperatures range from —32° to –21° C (–25° to –5° F), relative humidities are near
100 %, and solar radiation is negligible.
Cold conditions found in the northern hemisphere where minimum temperatures
range from –46° to –37° C (–50° to –35° F), humidity is close to 10070, and solar
radiation is negligible.
Those arctic regions where temperatures of –57° C (–70° F) occur for ueriods of 6 h or
longer.

a
.,.

2-3.2.1 Production
An item of Army materiel can contain a great many

parts and components. The production phase terminates
after these parts and components have been assembled
into a functioning item of materiel and are shipped from
the supplier’s facility to a receiving and storage depot. As
a corrosion-related concept, the production phase begins
when environmental exposure can influence the corrosion
of finished items of materiel. For metals this is the last
solidification from a molten phase because it establishes
the final chemistry of the alloy. Fig. 2-80 is a flowchart of
metal in production processing and field use. The micro-
structure can be influenced by further heating and
cooling, working, and forming. The metal chemistry can
be influenced locally by joining processes, such as welding,
and by thermally induced diffusion processes.

The primary metal producer manufactures the basic
metal ingot. The secondary metal producer manufactures
mill products that include such standard forms as sheet,
strip, plate, bar, wire, pipe, welding electrodes, and
forging stock. In many cases the primary and secondary

metal producers are integrated. The chemical composition
is specified in terms of maximum levels for some com-
ponents and a range for others. Mechanical properties are
given as typical or minimum values. If nonstandard
materials such as close tolerances on the alloy composi-
tion, speciaI heat treatments, and hot- and cold-working
schedules are required, consideration should be given
during production to the potential corrosion effects of the
environmental exposure experience.

A piece of raw material is fashioned into an equipment
item by a wide variety of processes. These processes
influence the internal stress, microstructure, surface
finish, and chemistry of a metal part. These influences are
induced by production processes that form, cut, clean,
treat, and join metal. Therefore, the induced environ-
mental parameters include those inherent in production
processes. Also included are the influences of shock and
vibration in transportation and exposure to industrial
pollutants in storage. Induced environmental parameters
to which materiel is unintentionally exposed are more
important in the operational, or field, phase..
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Figure 2-78. Areas of Occurrence of Climate Categories (Ref. 46)
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TABLE 2-27. TEMPERATURE, SOLAR RADIATION, AND RELATIVE HUMIDITY
DIURNAL CYCLES FOR CONSIDERATION IN THE DEVELOPMENT

OF MILITARY MATERIEL (Ref. 46)

CLIMATIC CONDITIONS

CLIMATIC OPERATIONAL STORAGE AND TRANSIT

TYPE solar Relative Relative
Temperature, Radiation, Humidity, Temperature, Humidity,

‘c (“F) WI ml m/0 ‘c(”F) %
(Btu/(ft2”b)

\ 1
Hot-Dry

2
@ Wet-Warm

..

3
Wet-Hot

4
Humid-Hot

coastal

o Desert,,

5
Intermediate

Hot-Dry

6
Intermediate

7
Cold

8
Extreme

Cold

32 to 52
(90 to 125)

Nearly
constant

24 (75)

26 to 35
(78 to 95)

29 to 38
(85 to 100)

21 to 43
(70 to 110)

–32 to –21
(–25 to –5)

-46 to –37
(–50 to –35)

–57 to –51
(–70 to -60)

Oto 1135
(o to 360)

Not
Applicable

o to 1135
(o to 360)

o to 1135
(o to 360)

Oto 1135
(o to 360)

Negligible

Negligible

Negligible

5 to 20

95 to 100

75 to 100

63 to 90

20 to 85

High

High

High

32t071
(90 to 160)

Nearly
constant

27 (80)

32t071
(90 to MO)

32t071
(90 to 160)

21 to 63
(70 to 145)

–34 to -23
(-30 to -lo)

-46 to -37
(-50 to –35)

-57 to -51
(–70 to –60)

2 to 50

95 to 100

10 to 85

IO to 85

5 to 90

High

High

High

o
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TABLE 2-28. INTERDEPENDENCE OF NATURAL ENVIRONMENTAL FACTORS (Ref. 47)

SOLAR SOLID MACROB1O-MICROBIO-

TEMPERA- RADI- PRECIP- LOGICAL LOGICAL

TERRAIN TIJRE HUMIDITYPRESSUREATION RAIN ITANTS FOG WIND SALT OZONEORGANISMSORGANISMS

Terrain 2 2 2 2 2 2 2 1 2 1 3 1

Temperature 2 2 1 3 2 3 2 1 I 1 3 3

Humidity 2 2 1 3 4 2 2 1 1 1 2 3

Pressure 2 1 1 1 2 1 1 2 1 1 1 I

Solar radiation 2 3 2 1 2 4 1 1 1 2 2 1

Rain 2’2 4 2 4 4 2 1 1 1 2 1

Solidprecipitant 2 3 3 1 4 4 2 1 1 1 2 I

Fog 2 2 4 1 4 3 3 3 2 1 1 1

Wind 2 1 3 2 1 2 1 3 1 2 1 1

salt 1 1 2 1 1 2 1 1 1 1 1 I

Ozone 1 1 1 1 1 1 1 1 1 1 1 1

Microbiological
organisms 2 2 2 1 1 1 1 1 1 1 1 4 . .

Microbiological
organisms 1 3 3 1 1 1 1 1 I 1 1 2

NOTE: Given knowledge of the factor in th? left-hand column, the attendant knowledge about the factor at column headingis giverrby numerical index where 1= no, 2 =
little, 3 = some (or sometimes), and 4 = much.
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TABLE 2-29. TEMPERATURE SYNERGISMS (Ref. 48)

FACTOR HIGH-TEMPERATURE EFFECT LOW-TEMPERATURE EFFECT

Humidity High temperature tends to increase the rate Humidity decreases with temperature
of moisture penetration. The general but low temperamre induces moisture
deterioration effects of humidity are condensation and, if the temperature is
increased by high temperatures. low enough, frost or ice.

Solar radiation This is a natural combination that causes Low temperature tends to reduce the
increasing effects on organic materials. effects of solar rtilatiorq and vice versa.

Shock and vibration Because both of these environments affect Low temperature tends to intensify the
common material properties, they will effects of shock and vibration. This
intensify each other’s effects. The amount

..
effect is, however, a consideration only

the effects are intensi.fkd depends on the at very low temperatures.
magnitude of each environment in the
combination. Plastics and polymers are
more susceptible to this combination than

.: metals, unless extremely high temperatures
are involved.

Low pressure Each of these environments is dependent on . This combination can accelerate leakage
the other. For example, as pressure through seals, etc.
decreases, outgassing of constituents of
materials increases, and as temperature
increases, the rate of outgassing increases.
Hence each tends to intensify the effects of
the other.

Fungus A certain degree of high temperature is Low temperature reduces fungus
necessary to permit fungus and growth. At subzero temperatures, fungi
microorganisms to grow. But above 710C wiJl remain in suspended animation.
(160”F) fungi and microorganisms cannot
develop.

Acceleration This combination produces the same effect This combination produces the same
as high temperature with shock and effect as low temperature with shock
vibration. and vibration.

salt spray High temperature tends to increase the rate bw temperature reduces the corrosion
of corrosion caused by salt spray. rate of salt spray.

Sand and dust The erosion rate of sand and dust maybe Low temperature increases dust
accelerated by high temperature. However, penetration.
high temperatures reduce sand and dust
wmetration.

Explosive environment Temperature has very little effect on the Temperature has very little effect on the
ignition of an explosive atmosphere, but it ignition of an explosive atmosphere. It
does affect the air-vapor ratio, which is an does, however, affect the air-vapor
important consideration. ~tiO, which is art impomt

consideration.

Ozone Starting at about 15(YC (300”F) Ozone effects are reduced at Iower
temperature starts to reduce ozone. Above temperatures, but ozone concentration
about 270° C (520° F) ozone cannot exist at increases with lower temperatures.
pressures normally encountered.

o
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Figure 2-79. “Preliminary Generalized Atmospheric Sea-Salt Design Criteria Areas (Ref. 49)

2-76

Downloaded from http://www.everyspec.com



M
IL

-H
O

B
K

-735(M
R

)

O ,,00 ,,,

....7

IIIIIIIIIIIIIiIIIIIIIIIt

i
II

%
.

II

IIIIIIIII

II1I

iii

Y
ir

;
r-=

...
I

../+
f“

II

?’=
(J7

II
:

.:“
18

i-
I

,
0

t
1

t
,

,
t

f
I

I
,

J

2-77

Downloaded from http://www.everyspec.com



MIL”HDBK-735(MR)
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‘1
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Figure 2-80. Production and Field Flowchart

2-3.2.2 Field
The field environment is the operating environment for

an item of Army materiel. The field phase begins when an
item of materiel is received at a storage location from
which it will be issued to operating personnel. Field
storage facilities can be characterized as follows:

1. Buffer storage in the supply chain for materiel that
is continually consumed. An example is an ammunition
dump that is supplying troops engaged in combat. This
materiel will not be given much protection from the
environment because it is constantly being used and
replenished.

2. Materiel deposited in locations in which national
interests dictate an ability to respond rapidly to crises.
Although this materiel is in potentially long-term storage,
it must be available for operations on short notice.
Therefore, the degree of protection from the environment
that can be applied is compromised by the need for rapid

availability. For example, an antitank missile stored in its
launch tube must function perfectly, regardless of the
length of storage. The combat exposure of such equipment
may be quite brief, if it occurs at all, but the storage
exposure may be long and severe.

3. Permanent supply depots that maintain stock of a
wide variety of materiel items for issue. Items that are not
consumed are returned and maintained or refurbished
and reissued. Considerable effort is expended to maintain
stocks highly protected from environmental damage.
Equipment such as tactical vehicles may also be exposed
to long periods of storage. However, it is more likely that
those available and in use in peacetime will be used by a
combat force. Therefore, depot and field maintenance
and repair must be a high-priority activity. Not only does
this storage situation have implications for the materials

o
of construction, but it also has serious implications for
incorporating maintainability in the design.
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m,: Most materiel storage sit-ks are on i~d in different solid-state components. An example of functional degrada-
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parts of the world; however, if land bases are unavailable
in locations where vital interests are threatened, shipboard
storage may be used. Materiel stored aboard ship will be
stored so that it can be rapidly loaded and unloaded.
Shipboard storage, however, presents environmental
conditions that can cause severe corrosion.

Induced environmental factors to which materiel is
exposed in field activities include

1. Atmospheric pollutants
2. Sand and dust
3. Vibration
4. Shock
5. Acceleration
6. Acoustics

7. Electromagnetic radiation

# 8. Nuclear radiation
9. Chemical, biological, and decontamination agents.

Many of these factors arise from natural causes as well
as from man’s activities.

Induced environmental effects can degrade materiel, its
functioning, and its operators. An example of permanent
damage to materiel is the effect of large electromagnetic
pulses from nuclear weapons. These pulses induce
electrical currents in electronic devices that can destroy

tion is electromagnetic intefierence from countermeasures
and from other electrical and electronic equipment. In
this case the materiel itself is not damaged, and it recovers
when the sources of interference are removed. An example
of temporary operator degradation is impairment of
vision from sand and dust or smokescreens. The materiel
and its functioning may not be affected in this case.

As indicated in Table 2-30, the deterioration of metals
results from chemical and mechanical damage. The most
signiilcaot induced environmental factor in chemical
damage is air pollutants. Table 2-31 lists pollutant
concentrations and compositions in urban and rural
areas. Also this table indicates the signifkant differences
in pollutants between urban and rural locations, and it
indicates the presence of pollutant species that are
potentially corrosive when dissolved in water. For
example, corrosive species that can form include nitric,
sulfuric, and hydrochloric acids.

Forty-five locations have been compared based upon
corrosion of steel and zinc specimens over a period of
time..This comparison is shown in Table 2-32. The trend
indicated by the table is that the least corrosive locations
are rural and inland, the most corrosive are coastal sites,
and industrial and tropical locations are intermediate.

TABLE 2-30. EFFECT OF ENVIRONMENTAL FACTORS (Ref. 45)

MAJOR EFFECT

Interference
Optical (reducton of visibility and loss of

communications)

Electromagnetic (nonoptic.al)

Audio

Mobility reduction
(embedmen~ trapping, 10ss of traction)

Mechanical damage
(decoration, fracture, fatigue, Ioss of strength,
change of state, change of viscosity for liquids)

Chemical damage
(deterioration and conrosion spoilage)

CAUSES

Fog, ice fog, salt fog, whiteouL rain, snow, mirages,
darkness, te~ clouds, duststorms, vegetation, water
(covering terrain), countermeasures
Lightning, terrain, auroral phenomen~ rotating
machinery, electromagnetic pulses from nuclear
weapons, electrostatic discharge, communication (radio
and television) sources, microwave sources, transmission
lines, industrial equipment
Gunfii, explosions, rotating machinery, vibration of
materiel, impact or shock of materiel, thunder, wave
impm animal noise, traf%c, construction exhaust noise
from engines.
Ice, snow, mud, wet salt flats, swamp, sand, relief (due to
shape of terrain), rocks and boulders, vegetation, grade,
water, step function interfaces in the terrain, barricades,
and traps.
Temperature, humidity, fog, water, ~ water pressure,
wind loading and air pressure, ice and snow loads,
blowing sand and dust, terrain (shock, vibration, and
impact), microbiological organisms, shock vibration,
acceleration, solar radiation
Temperature, humidity, fog, salt fog, saltwater and
spray, rain, ozone, air pollutants, microbiological
organisms.
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TABLE 2-31. POLLUTANT CONCENTRATIONS AND COMPOSITIONS (Ref. 50)

PARTICULATE POLLUTANTS IN URBAN AREAS*

Pollutant Typical Concentration

~gl m3

Solid particles: Ilot
Combustible carbon/ soot and
miscellaneous organic
particles 25

Metal oxides, salts, and
noncombustible soot particles 75

Silicates and mineral dusts 10
Liquid particles: 10
Total particulate 120

- Chemical content of
particulates:tt

Chloride 4
Nitrate 4**

Phosphate 1
Sulfate 13** “
Aluminum 5
Calcium 4
Iron 3**

Ammonium O-7**

Lead ]**

Silicon 4
Ziic O-5**

GASEOUS PO

Pollutant

Organic gases:
Hydrocarbons (90% CH4)
Others

Total aldehydes

Inorganic gases:
Oxides of nitrogen
Nitric oxide
Nitrogen dioxide

Oxides of sulfuc
Sulfur dioxide
Sulfur trioxide

Oxides of carbon
Carbon monoxide
Carbon dioxide

Others:
Ammonia
Hydrogen chloride
Hydrogen fluoride
Hydrogen sulfide
Ozone

LUTANTS

Typical Concentration,
ppm

Urban
3-O*

2.8
0.2
0.05

0.05**
0.05**

0.05*
<0.001

7.0**
350

0.1
0.05
0.01
0.003
0.05**

volume

Rural

1.0
1.0
0.05
0.01

0.01
0.02

0.005
,.

<0.001

0.1
315

0.01
0.005
0.003

<0.001
0.02

*Rural values are armroximatelv30%of the urban values.
**From NationaI Ai; ‘Surveillan&Ne~works(NASN)
tBased on the NASN averagefor suspended particulate of 100pg m-3and a dustfall value of 0.1 kg m-2me-l (300tons mi-’ me-’)

t’TFtiteenother elementsare known to be present at lower concentration levels.

Chemical environmental factors and mechanical forces a vehicle brake system. The derivative environment must
interact to enhance metal deterioration. Stress-corrosion be considered on a case-by-case basis even though it may
cracking, corrosion fatigue, fretting, and erosion-cor- actually be more important than the larger environmental
rosion are examples of thk type of effect. However, the effects. The potential for corrosion exists as a function of
local chemical environment that is acting in these cases is the design, which facilitates the creation of the local
either a derivative of the larger operating environment m environment when the conditions of the larger environ-
it is a specialized environment purposely incorporated to ment are favorable. The specialized environment must be
facilitate a function. An example of a derivative environ- considered in terms of the interface that exists with the
ment is a concentrated salt solution in a crevice. An materials of construction.
example of a specialized environment is hydraulic fluid in
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o TABLE 2-32. COMPARATIVE ORDER OF SEVERITY OF 45 LOCATIONS BASED ON
STEEL AND ZINC LOSSES (Ref. 51)

RANKING TO 2-YEAR EXPOSURE STEEL ZINC
STATE COLLEGE GRAMS LOST, g LOSS

STEEL ZINC LOCATION STEEL ZINC RATIO
1 1 Norman Wells, Northwest Territory, Canada 0.73 0.07 10.4
2 2 Phoenix, AZ 2.23 0.13 17.2
3 3 Saskatoow Saskatchewan, Canada 2.77 0.13 21.3
4 4 Esquimalk Vancouver Island, Canada 6.50 0.21 31.0
5 15 Detroit. MI 7.03 0.58 12.1--- -.

6 5 Fort Amidor Pier, Panama 7.10 0.28 25.4
7 11 Morenci, Ml 7.03 0.53 13-3
8 7 Ottaw% Ontario, Canada 9.60 0.49 19.6
9 13 Potter County, PA 10.00 0.55 18.2

10 31 Waterbury, CT 11.00 1.12 9.8
c

11 10 State College, PA 11.17 0.51 21.9
12 28 Montreal, Quebec, Canada 11.44 1.05 10.9
13 6 Melbourne, Australia [2.70 0.34 37.4
14 20 Halifax (York Redoubt), Nova SCotiaj Canada 12.97 0.70 18.5
15 19 Durham, NH 13.30 0.70 19.0

0

16 12 Middletown, OH 14.00 0.54 25.9
17 30 Pittsburgh, PA 14.90 1.14 13.1
18 27 Columbus, OH 16.00 0.95 16.8
19 21 South Bend, PA 16.20 0.78 20.8
20 18 Trail, British Colurobi% Canada 16.90 0.70 24.1

21 14 Bethlehem, PA 18.3 0.57 32.1
22 33 Cleveland, OH 19.0 1.21 15.7
23 8 Miraflores, Panama 20.9 0.50 41.8
24 29 London (Battersea), England 23.0 1.07 21.5
25 24 Monroevilie, PA 23.8 0.84 28.3

0

26 35 Newark, NJ 24.7 1.63 15.2
27 16 Martilq Philippine Islands 26.2 0.66 39.7
28 32 Limon Bay, Panama 30.3 1.17 25.9
29 39 Bayonne, NJ 37.7 2.11 17.9
30 22 East Chi%o, ~ 41.1 0.79 52.0

31 9 Cape Kemedy, l/2 mile from ocean 42.0 0.50 84.0
32 23 Brazes River, TX 45.4 0.81 56.0
33 40 Pilsey Island, England 50.0 2.50 20.0
34 42 London (Stratford), England 54.3 3.06 17.7
35 43 Halifax (Federal Build@, Nova Scot@ Canada 5s.3 3.27 16.9

36 38 Cape Kennedy, 60 yds from oceam 60-ft elev. 64.0 1.94 33.0
37 26 Kure Beach, NC, 800-ft lot 71.0 0.89 79.8

38 36 Cape Kennedy, 60 yds from ocean, 30-ft elev. 80.2 1.77 95.3
39 25 Daytona Beaeh, FL . 144.0 0.88 163.6
40 44 Widness, England 174.0 4.48 38.3

41 37 Cape Kennedy, 60 yds from ocean, ground level 21s.0 1.83 117.5
42 34 Dungeness, England 238.0 1.60 148.8
43 17 Point Reyes, CA 244.0 0.67 364.2
44 41 Kure Beach, NC, 80-ft lot 260.0 2.80 92.9
45 45 Galeta Point Beaeh, Panama 336.0 6.80 49.4

Copyright ASTM. Reprinted with permission.
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2-4 INTERFACES
,,

A complex item of materiel is composed of many parts
and components that are designed to work together to
provide some functional utility. Therefore, there will be
many interfaces between parts and components that may
be fixed or may allow for movement. They rgay place
metal to mehd, metal to nonmetal, or nonmetal to
nonmetal. Interface environments may be potentially
corrosive conditions that would diminish the functional
capability of the materiel item.

An interface can result in the folIowing conditions that
can contribute to or provide resistance to material
degradation:

1. A galvanic couple of dissimilar metals
2. An electrical path or insulating barrier
3. A boundary across which heat is transferred or

barrier that insulates against heat flow
4. A boundary across which static, fluctuating, or

cyclic stresses are transferred
5. Relative motion of one surface against the other
6. Stresses resulting from the buildup of deterioration

products on one or both of the materials at the interface
7. A geometric cotilguration for collecting, maintain-

ing, and concentrating liquids or gases
8. A geometric cotilguration that modifies flow

conditions
9. A chemictd environment corresponding to con-

tained material
10.A chemical environment resultingfrom the deterior-

ation of one or both of the materials at the interface.

2-4.1 METAL TO METAL
Metal-to-metal interfaces are primarily involved in

providing
1. Structural integrity
2. Electrical conductivity
3. Heat transfer
4. Transfer of motion and stress.

Fig. 2-81 illustrates typical metal-to-metal interfaces.
In accomplishing these functions, the following types

of corrosion phenomena can become involved:
1. Galvanic corrosion between dissimilar metals
2. Electrolytic corrosion from stray direct current
3. Crevice and concentration cells
4. Differential temperature cells
5. Stress-corrosion cracking
6. Hydrogen embnttlement
7. Corrosion fatigue
8. Fretting corrosion
9. Erosion-corrosion

10. Liquid-metal- and solid-metal-induced embrittle-
ment.

If the use of dissimilar metals cannot be avoided, the
following general principles apply

Socket

1 Pin

(A) Electrical Connector

Weld Bead

(B) Structural Joint

&=g
Shaft

(C) Rotating Joint

Figure 2-81. Typical Metal-to-Metal
Interfaces

1. Use metals that are compatible as indicated by a
gaivanic series in the environment of interest. (See Table
2-2 for a galvanic series.)

a

2. Condition the environment to minimize corrosion,
e.g., remove aIl moisture, use inhibitors, etc.

3. Provide dielectric separation (electrical insulation)
of noncompatible metals with insulating gaskets, tape, or
spreadable sealant.

4. Avoid crevices between dissimilar metals and
between metals and various types of plastics and
elastomers.

5. If complete dielectric separation cannot be
achieved,

a. An increase in the electrolytic path can be
beneficial. In a marine atmosphere dielectric separation
of approximately 50 mm (2 in.) should be effective.

b. A transition metal that reduces the potential
difference between the two metals can be interposed.

6. Avoid the unfavorable area effect of a small anode
and large cathode:

a. The more noble (cathodic) metal should be
specified for key structural components.

b. Because the less noble (anodic) metal in a
galvanic couple undergoes corrosion, it should expose
sufficient surface area to the corroding medium and be
sufficiently thick in the affected area so that structural
performance remains adequate.

c. Provide for easy replacement of anodic (

structural units or components
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d. Brazing or welding alloys should be cathodic to
at least one of the joined metals and should be galvanically
compatible to both.

7. Avoid embrittling couples, such as liquid-metal to
solid-metal contact.

8. Avoid friction and wqar between surfaces under-
going repeated impacting and/or vibration motion

a. Provide clamping forces to prevent the relative
motion.

b. Use an effective lubricant.
c. Interpose an ehstomeric material between the

two metals.
d. Use a metal pair that is resistant to fretting.

2-4.2 METAL TO NONMETAL
Metal-to-nonmetal interfaces are used primarily to

provide
1. Electrical insulation
2. Dampening of shock and vibration
3. sealing
4. Thermal insulation
5. Misalignment and thermal expansion allowance
6. Structural integrity
7. Transfer of motion and stress
8. Isolation from potentially corrosive enviromnents.

Nonmetals are used in combination with metaIs to
mitigate some of the consequences that could result from
a metal-to-metal interface. Nonmetals also provide some
unique characteristics that cannot be achieved with
metals. Flg 2-82 illustrates typical metal-to-nonmetal
interfaces.

The principal problem with metal-to-nonmetal inter-
faces is their propensity to release corrosive chemical
species to the local interface environment. Even though
the interface metal may be resistant, the released chemical
species may migrate away from the interface to more
sensitive areas. Some useful nonmetals possess a cellular
structure that is opez so they may absorb environmental
material and keep the interface metal exposed longer than

~.
Metal-t-nonmetal interfaces can be involved in the

containment of liquid or gaseous phases in static or
flowing conditions. A metal-to-nonmetal interface also
exists in contact between a metal and a solid nonmetal.
Metal-to-nonmetal interfaces can be invoived in a galvanic
couple between two metals by providing a medium for
ionic transport. Although metals can be liquid, but for a
few exceptions, metals fulf’ii their functional role as
solids. Nonmetals can be solids, but their functional role
is often performed in a liquid or gaseous state. The
importance of this fact in the consideration of interfaces
related to material degradation is that the damaging
metal or nonmetal phase can be mobil% it need not arise
from material directly adjacent to it.

(A)Grommet in*rie

..

/ w-
//i7z/7z2zv -= (Fixed)

(B) ShockMount

Wall

// // // /!

O-Rings

m tfydmune cythder ;

Figure 2-82. Typical Metal-to-Nonmetal
Interfaces

Graphite and carbon, e.g., solid graphitized gaskets or
packing, in pipe systems containing conducive media can
cause damage to downstream components. Salts of
copper, emanating from copper-base pipes and com-
ponents, are dangerous to downstream carbon steel
components. Condensate forming on copper surfaces and
containing oxides of copper can damage aluminum on
which it drips. Organic materials can give off vapors or
release chemical species into leaching liquids that cart be
corrosive to metals with which they come in contact.
Therefore, chemical compatibility is an important con-
sideration in the corrosion of metals. The practices that
follow exemplify measures that can reduce the chemical
corrosion effect:

1. Avoid the use of materials in interfaces that are
incompatible by reason of the chemical environment
under particular conditions, e.g., vulcanized rubber,
which contains sulfur.

2. Avoid materials that, under conditions which may
be experienced, liberate fumes that are potentially cor-
rosive to metals with which they may come in contacu

a. Partially cured or undercured organic materials.
For example, room temperature vulcanizingg silicone
rubbers generate acetic acid on curing.
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b. Insulating materials, varnishes, or encapsulating
compounds that emit phenolic vapors and are within
unventilated spaces of electronic equipment containing
cadmium- or zinc-plated or zinc-base alloy parts

c. Polyvinyl chloride coatings and parts that can
emit hydrochloric acid vapors at temperatures over 66° C
(150°F).

d. Certain woods and glues used to laminate
plywood. For example, plywood glued with synthetic
resin glues may release formaldehyde and ammonia from
the resin bases, volatile acidic substances from the
hardeners, and acetic acid from the wood. Douglas fir,
which is commonly used in plywood, is moderately
corrosive compared to other woods.

e. Vapors resulting from microbiological attack on
organic materials

f. Paints and varnishes based on drying oils, urea
formaldehyde and phenoiforrnaldehyde glues, and vinyl
and phenolic plastics and resins

3. Avoid metal-to-nonmetal interfaces in which
leaching of the nonmetal can resuh in chemical corrosion
of the metal and impair its functional utility:

1.

2.

3.

4.

5.

6.

7.

8.
. .

a. Acid in wood
b. Wood or canvas impregnated with copper salts
c. Timber treated with zinc chloride.
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CHAPTER 3
CORROSION PREVENTION

771ischapter discusses the various measures available to prevent or control corrosion. The dl~ferent
categories of corrosion prevention measures discussed include mechanical design considerations to avoid
potentially corrosive configurations andcondition.$, selection of corrosion-resistant matenak of construction,
speclj7cation of process and fabricat ion conditions to avoid sensitizing the metal to corrosion, the use of
corrosion inhibitors in the environment that the metal will encounter, the ure of various types of protective

coatings, and the use of protective packaging.

>1 INTRODUCTION.-
Armymateriel must meet several criteria:

1. It must achieve its intended function in the field
~th a high degree of reliability. Anticipating functional
requirements within a reasonable planning horizon is
diilicult and uncertain.

2. It must be available and ready for use when
needed. The time and-place of potential conflict cannot be
reliably predicted; therefore, materiel requires storage
under a wide variety of conditions andjor rapid supply
from central storage areas. Providing materiel to fnendly
nations throughout the world adds to the materiel

o

readiness problem.
,, ,,!

3. It must meet weight limits. Excess weight reduces
the mobility of materiel items, but reducing the weight
often sacrifkes other functional characteristics. There-
fore, the design process often requires a tradeoff.

4. It should be simple to produce, operate, and
maintain. Modern military materiel can be highly sophisti-
cated and therefore complex. This complexity can
seriously reduce reliability and readiness, increase the
technical skills needed by the soldier, and strain the
technological and manufacturing capabilities of the
mtion. These considerations require diligence in order to
design materiel that is easy to fabricate, assemble, operate,
and maintain.

5. It should rely on established technology. As
mateneI systems advance the state of the art, problems
arise that may be solved by the application of unusual
materials, unfamiliar manufacturing processes, andj or

specialized components. Such solutions can create
shortages that limit the rate of production and can create
unanticipated technical problems.

6. It must be cost-effective. Modem materiel systems
tend to be costly. They can also be extremely effective in
terms of both offensive capabilities and defensive counter-
measures. Obviously, the more cost-effective military
materiel systems are, the more capability can be acquired

o

within freed budgets. However, this capability may be,-
concentrated in fewer units.

7. It must be durable under the conditions in which it
will be employed.

Meeting these criteria places exacting demands on the
materiel design process. Metallic parts and components
are s-led that exhibit certain mechanical properdes
and corrosion characteristics, and these propeties and
characteristics must be considered in the materiel design
process. Therefore, if the mechanical properties of a metal
are adequate but the corrosion characteristics arc in-
adequate or questionable in a particular application%
corrosion prevention strategies can be applied. Often
corrosion prevention techniques permit the use of a less
costly or more readily available material, and use of such
a material significantly improves the cost4fectivenCSs of
the materiel system.

Corrosion prevention techniques consist of intervening
in the corrosion prmxss to thwart or impede its progress.
Corrosion prevention strategies for electrochemical pl’o-
cesses include

1. Modifying materials to reduce the galvanic
potential between anodic and cathodic areas

2. Electrically isolating the anode from the cathode
so that electrons cannot be conducted between them

3. IsoIating the anodic and/ or cathodic areas (ifordy
one, isolating the cathode is preferable) from the
electrolyte so that ionic transport cannot occur between
them

4. Modifying the electrolyte with inhibitors to impede
the ionic transport mechanism

5. Using an applied electromotive force to maintain a
protective oxide fb that forms on the surface of some
metals

6. Using an impressed current orsatilcial anodes to
modify the galvanic relationship.

As described in Chapter z specific corrosion processes .
occur only when tensile stress is applied or the metal
surface fti are dismpted. Removing or modifying these
conditions can be a necessary component of corrosion
prevention strategies.

3-2 DESIGN CONSIDERATIONS AND
PRACTICES

Corrosion is most effectively prevented by removing,
reducing, or countering the factors conducive to its

3-1
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formation in the design cotilguration and operating
characteristics of Army materiel. Design considerations
and practices include

1. The interrelation of various materials within a
materiel system that can influence the corrosion process

2. The configuration of the materiel system as it
affects the”presence and conditions of a corrodent

3. The functioning of the operating system as it
influences the generation and distribution of stress,
erosion, and wear

4. Active corrosion prevention systems that can only
be incorporated into the system design.

3-2.1 MATERIAL COMPATIBILITY
CONSIDERATIONS

First, a designer must examine the array of materials
that comprise a complex item of military materiel. Next
the designer assesses the potential for interaction consider-
ing the external environments of transportation, storage,
and use together with the internal environments of
working fluids, consumable materials, and residual prod-
ucts. The characteristics that influence material com-
patibility are (Ref. 1)

1. ‘The component metals and other materials of
construction and the galvanic relationships they may
establish

2. The relative size of anode to cathode in corroding
couples

3. The geometric relationship of and the dimensions
defining dissimilar materials

4. The degree and extent of exposure to corrosive
environments

5. The electrical and electrochemical properties of
the environment and corroding couples

6. The thermal properties and temperature variations
7. The fluid flow characteristics
8. The chemical compositions of aggressive agents in

solvent waters and other media
9. The sources and conductive paths of stray direct

currents
10. The development of corrosive reactant products
11. The impact “’of the effect on performance—

benefici~ or deleterious
12. The criticality of possible failures.

Design guidance covering the use of dissimilar metals
(Refs. 1and 2) includes

1. If possible, do not allow dissimilar metals to be in
electrical contact. Electrical contact can result from
intimate contact or through an electrical conductor.
Refer to par. 2-1.3 for a discussion of galvanic corrosion
and Table 2-2 for a galvanic series of metals. Fig. 3-1
illustrates corrosion resulting from faying surfaces of,
dissimilar metals.

2. Faying surfaces of dissimilar metals should be
separated by a dielectric, i.e., insulator, material. Similar

Aluminum Rivet Corro&S
.-.—

Steel <

\’ \\\
d’

\ ..
-T
‘-~ Bad

(A) Corrosion of Aluminum Rivet Heads

Aluminum Anoclic to Steej

Undercutting,

,,.

~ Undercutting

Sad

(B) Undercutting of Anodic Aluminum at Cathodic Steel Rivet

Undercutting

Aluminum

(C) Corrosion Of Akrminum Plate at Junction With Steel ~~ate

and Undercutting of Both Aluminum and Steel at Copper Rwet
Aluminum and Steel Both Anodlc to Copper

Reprinted withpermission.Copyight @by MacmillanPressLtd.

Figure 3-1. Corrosion at Dissimilar Metal
Joints (Ref. 1)

metals that are joined by a dissimilar metal connector
may undergo galvanic corrosion in the area adjacent to
the connector if the connector is cathodic, but the
connector itself may corrode if it is anodic. A dissimilar
metal joint is acceptable if it is completely isolated from
the environment. These considerations are illustrated in
Fig. 3-2,

3. Dielectric separation can be provided by using
insulating gaskets, tapes, sealants, etc. as illustrated in
Fig. 3-3. Sealant should extend over a sufficiently large
area to isolate the metal from condensates or other
electrolytes that might accumulate.

4. If electrical insulation between two metah is not
feasible, a transition metal piece will divide the potential
between them into two less damaging potentials. Metal
transition joints are illustrated in Fig. 3-4.

5. Large cathode and small anode areas should be
avoided. Insulating compound or sealant should extend
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beyond the joint areas in the form of fflets, which should Reprinted withpermksion. Copyright@by MacmilkmPress Ltd.

also cover nearby areas of high corrosion potentird. These Figure 3-3. Dielectric Separation (Ref. 1)
Dractices are iuustrated in Fk 3-5. ...

6. Avoid galvanic effects-at structural joints between
dissimilar metals by using clad metals. Because clad
metals may be subject to galvanic corrosion along
exposed edges, the edges should be insulated from the
environment.

7. The galvanic effects of metal coatings on b~e
metals should be assessed before the spetilcation for
corrosion prevention is prepared. Fig. 3-6 ihstrates the
galvanic characteristics of some metal coatings on steel.

8. Coverage of an organic coating applied to a
galvanic couple should be sptil~ to obtain optimum
protection, as illustrated in Fig. 3-7. An organic coating,
however, does not provide the protection of full metal
cladding.

9. The degree of dielectric insulation afforded by
chemical conve~ion coatings on dissimilar metal couples
can vary. As d.lustrated in Fig. 3-8, chromate- and
phosphate-treated zinc and eadtnium-coated metals are
not dielectrically separated when in contact. However,
chromate and phosphate treatment of both metals in a

?“ ) dissimil ar couule ~ sometimes effect a reduction in

NFe

rA)Leed Tramition Piece Between Stee4 snd Copper-Nickel Altoy

I I

/ ~/
.-- ......—.

.,- .,.. z

>1 J f ‘Aluminum

(B) Steinfess Steei Cleddingof Metal Sandwich Transition

Repxintedwith permission.Copyright@by MacmdlanPress Ltd.
~

corrosion. Figure 3-4. Metal Transition Joints (Ref. 1)
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Figure 3-7. Paint Coverage of Galvanic Couple
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10. Fig. 3-9 illustrates the p;oper practices for
coating a dissimilar metdjunction. The anode should not
be coated unless the cathode is also coated. If the anode is
coated and the cathode is not, a scratch, pinhole, or other
defect in the coating can be a small area of locally intense
corrosion. The corrosion of anode and cathode will
always be balanced electrically therefore, a small, exposed
anodic surface area relative to the cathodic surface will
result in deep penetration of the anode area.
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0,’ 3-2.2 GEOMETRY CONSIDERATIONS
Cofilguration or geometry considerations (Refs. 1and

3) require
1. Arranging. the components within a system to

prevent an adverse effect of one part of the assembly on
another during either normal operation or as the result of
failure. Fii. 3-10 illustrates a potentially dangerous
situation in which a critical controller is located beneath a
flange that may leak a highly corrosive liquid.

2. Allowing for collection and/or drainage of cor-
rosive fluids that may leak from screwed fittings, bolted
flanges, shaft seals, etc.. Design to prevent condensation
drips onto components susceptible to corrosion.

.“ 3. Avoiding liquid traps that cannot be drained. Fig.
3-11 illustrates good and bad practices in piping systems,
and Fig. 3-12 illustrates good and bad practices in tanks.
F&vent condensation in critical spaces by providing for

.- ~equate drainage and quick drying. Covers and boots
that are intended to prevent the accumulation of moisture
often retain moisture once it is present. Therefore,
attempt to provide a design that inherently cannot
accumulate moisture. -

4. Preventing the accumulation of moisture by
avoiding dead spaces. If weight is a consideration, spaces
can be ftied with a foam material. To be acceptable, the

o

foam must be a closed-cell material that is expanded with.!
an inert gas. Also it should not emit corrosive vapors if
properly cured nor should it deteriorate or revert to a
liquid under operating conditions. The foam should be
fro-resistant to minimim flame propagation in closed
spaces exposed to flammable vapors.

5. Preventing entrance of acorrodent into an tmavoid-
able crevice. This solution can sometimes be accomplished
by changing the geometry, fit, or surface texture of the
materials forming the crevice. Avoid lap joints or seal
them effectively. Laps should face downward on the
exposed surfaces. Fig. 3-13 illustrates the application of

O,,‘.,:
!E?!2E!i:=

(A)Bsd {E)-

Reprintedwithpermksion. Copyright@by MacmiUanPressLtd.

Figure 3-10. L-age Onto Critical Com-
ponent (Ref. 1)
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Figure 3-11. Piping System Drainage Practices
(Ref. 1)
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Figure 3-12. Tank Discharge Practices (Ref. 1)
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Figure 3-13. Lap Joint Applications

6. Designing seals to be effective. Seal flanges should
be sufficiently rigid and compressive forces sufficiently
uniform to compress the seal uniformly. It is easier to
achieve a proper O-ring seal than a flat gasket seal. An
O-ring, however, should be used only in a circular seal.
Fig. 3-14 illustrates proper seal design.

7. Allowing for complete flushing, drainhg, and
drying of spaces that may accumulate liquids, such as
spills, condensation, or cleaning fluids, from time to time.
Fig. 3-15 illustrates designs that prevent accumulation of
liquids beneath tanks.

8. Designing fluid systems to mhimize turbulent
flow, formation of gas bubbles, rapid surging, excessive
agitation, and impingement. Fig. 3-16 illustrates the
desirable flow channel dimensions when the direction of
flow is changed. A sharp bend results in impingement and
in accelerated corrosion in the affected area. Fig. 3-17
illustrates the potential generation of turbulence at pipe
connectors. Turbulence can increase corrosion in the
affected area.

I J I J I 1
m - m) aenat [c) seat

Reprintedwithpermission.Copyright@byMacmillan Press Ltd.

Figure 3-14. Seal Design (Ref. 1)
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Figure 3-15. Prevention of Accumulation

Beneath Tanks (Ref. 1)
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Figure 3-16. Flow Channel Ells and Tees (Ref.
1)

9. Considering dynamic as well as static operating
conditions. Fig. 3-18(A) through (E) illustrate the effect
on the flow of surface discontinuities. If the flowing
medium contains fluid droplets or dust, the surface
discontinuities cause their entrapment and accumulation,
as indicated by the flow eddies. Accordingly, if the shapes
Fig. 3-18(F) were oriented on a moving vehicle as
indicated, they would trap liquid or dust particles, but the
shapes in Fig. 3-18(G) would not trap suspended matter.
Under operating conditions a road vehicle or an aircraft
can accumulate moisture and dust through openings that
would not collect water when the vehicle is parked.

10. Arranging the system layout for “easy initial
application of protective films and for repainting. Provide
for easy replacement of components that are likely to
suffer unavoidable deterioration.

11. Enclosing electrical and electronic equipment to
impede buildup of darnaging levels of moisture or particu-
late matter. Enclosures should prevent liquid traps and
should drain moisture away from critical areas. ~ a
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12. Allowing for adequate ventilation for cooling
and drying in the design of electrical and electronic
circuitry. Arrange circuit boards vertically to provide
drainage, and group components so that they can be
readiIy protected by encapsidation, sealing, and envelop-
ing. Seal all crevices, e.g., those formed by washers,
threaded fasteners, and spot welds. Space conductors at
different voltages as widely apart as possible to avoid
electrolysis and silver migration. .

13. Locating electrical and electronic equipment
away from areas of air contamination and high humidity

14. Adequately grounding electrical and electronic
equipment. Orient electrical sockets and plugs to avoid
the effects of moisture. Moisture can corrode through a
contact and cause an open circuik partially corroded
contacts can create high resistance, and moisture can
form a conducting bridge, which creates a short circuit
between contacts. Ensure that sockets and plugs are
adequately sealed. Use a seal gasket on multiple pin
comectors with the proper hole sizes for the wire to be
used. Carefully plug all unused holes.

15. Laying out electrical cables and cable bundks to
avoid areas of potential corrosion. If the cables and
bundles cannot be laid OULenclose them in corrosion-
resistant conduits.

tM

J
(nlnemrwd~

Cmuvualam

(Ref. 3) —
f+mtof~

i)

Figure 3-18. Fluid Flow Discontinuities

3-2.3 MECHANICAL DESIGN
CONSIDERATIONS

Metals are used for their mechanical properties. The
loads on metals in a component, however, can interact
with some environments and result in damage and failure-
Residual loadings are generated by the treatment that the
metal undergoes in preparation and fabrication. Service
loads are imposed by operating conditions.

Mechanical design considerations (adapted from Ref.
1) require

1. Applying precautions suggested to prevent stress
corrosion cracking, par. 2-2.9; fatigue failure, par. 2-2. 11;
hydrogen cracking, par. 2-2.10; and fretting, par. 2-2.8

2. Using the lowest practical stress ievel in the design.
Do not specify metals and alloys susceptible to stress-
corrosion cracking or corrosion fatigue for highly loaded
(tensile stress) and critical structures.

3. Considering the potential for hydrogen embrittle-
ment that may result from cleaning, welding, surface
treatmenL cathodic protectio~ and operating conditions.
Avoid potential hydrogen embrittlement in materials
selected for critical structures.
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4. If possible, conducting all metal-forming opera-
tions in the annealed condition. Reduce or remove
residual stresses by suitable stress-relieving processes.
Minimize the effects of potential residual and applied
stresses by specifying processes that increase local
strength, improve fatigue strength, and introduce com-
pressive surface stresses.

5. Watching for proble’ms introduced by welding.
Weld defects can be sites of high residual stress, weld
material can be galvanically incompatible with the base
material, hydrogen can be introduced into the base
material, and heating can change the microstructure of
the affected metal. Therefore, select ‘processes and
materials that produce sound welds. Specify postweld
treatments to reduce problems associated with the welding
process.

6. Designing a component to avoid locally high stress
Ievels. These stresses can arise from abrupt changes in
cross section and from stress raisers, such as notches,
sharp corners, grooves, keyways, oil holes, screw threads,
and surface scouring and scratches.

7. Avoiding residual stresses from material that is
deformed around welds, rivets, bolts and from interference
tits and shrink fits

8. Avoiding operational stresses that arise from
differential thermal expansion and pressure differentials

9. Avoiding use of metals in a design so that critic~
loading is in a short transverse direction.

3-2.4 ANODIC AND CATHODIC
PROTECTION

Active corrosion prevention techniques include cathod-
ic and anodic protection,

Cathodic protection uses impressed currents or sacrifi-
cial anodes. Sacrificial anodes may be in the form of metal
coatings anodic to the base metal, such as zinc, alumi-
gum, or cadmium coatings on steel. They may also be in
the form of discrete pieces of metal. Fig. 3-19 illustrates
the two methods of cathodic protection.

Anodic protection is applied to active/passive metals,
such as alloys of nickel, iron, chromium, titanium, and
stainless steel, in weakly to strongly corrosive environ-
ments. The impressed electromotive force must be con-
trolled to maintain the passive condition. Fig. 3-20
illustrates the principle of anodic protection using a
potentiostat. A potentiostat is a device that maintains a
constant applied potential regardless of the current. As
indicated in Fig. 3-20, the corrosion current increases
rapidly as the potential is increased from zero. As the
potential is increased, a maximum corrosion current &ritica/

is reached, and then the current decreases to the passive
value ~~s~.,.The passive corrosion current, however, does
not change over a range of increasing potential, and
minimum corrosion occurs within this range. For the
example shown, 1.0 V is in the center of the passive

region. At some higher value of potential, the corrosion
current again increases with the evolution of oxygen.

If cathodic protection is used, the choice between using a

impressed currents or sacrificial anodes depends (Ref. 1)
upon -

1. The size and geometry of the article to be
protected. Impressed current cathodic protection is usually
used for large systems.

2. The ease of providing the required current from a
suitable power supply

3. The possibility of problems at the interface
between the anode and the material to be protected and
the anode and the electrolyte. Problems experienced with
impressed current systems include generation of gases
such as chlorine at the anode with subsequent damage to
the anode, hydrogen embrittlement of high-strength
metals, damage to protective coatings on the metal, scale
deposition on the metal, and increase in the pi-I value at ~~
the metal surface with subsequent metal damage.

4. The degree of safety from sparks and accumulation
of hydrogen

5. The ease of replacing anodes
6. The lifetime or duty cycle requirements
7. The relative cost.

The general design considerations of cathodic protection
by sacfilcial anodes (Ref. 1) include

1. The anode characteristics, such as the material, its
geometry, and its electrochemical properties a

2. The environment or electrolyte characteristics,
such as chemical composition (including aeration, pH,
and ionic properties), temperature, and fluid flow

3. The protected article, or cathode, such as the
material, itsgeometry, surface characteristics, and ekctro-
chemical properties

i

aCathode--Fluid Led
(Tankwalls.)
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Reprinted with permission. Copyright @by Macmillan Press Ltd.

Figure 3-19. Cathodic Protection of Oil Field o

Tank (Ref. 1)
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4. The operating system, such as electrochemical cell
properties, duty cycle, and required Iifetirne.

Many of the same considerations would apply to
cathodic protection by impressed current and anodic
protection by a controlled electromotive force. The power
supplies and the means of controlling the impressed
current or electromotive force, however, would be
different.

3-2.S OPERATIONAL PARAMETERS
The design of a materiel assembly is based upon

operating parameters derived from mission requirements.
To meet operating parameters, a design cotilguration
incorporating material specifications is developed, and
certain components will appear to be critical to the
successful operation of a materiel assembly. The designer
has alternative ways to deal with these critical component
requirements. One way is to overdesign or to design
conservatively so that the operational limits can be
readily met. Another approach is to limit the controllable
operational parameters so that critical levels are not
exeeeded. This control maybe mandatory and built into
the system, or it may be voluntary on the part of the
operator. For example, a materiel item may have a
maximum operating level that may be exceeded only in an
emergency by overriding a detent on the control input
mechanism.

A tendency exists to use the latest developments at their
limits. Often there are valid reasons to do so, for example,
to attain higher performance at less weight. Pushing the
state of the art, however, adds an element of uncertainty
into the design. If the design limits cannot be reliably
projected, it is advisable to limit the operational parame-
ters until experience reduces the design uncertainty.

Often the only practical way to assess the capability of a
complex system is through operational experience. Opera-
tional failures include both random catastrophic failure
of individual parts and progressive deterioration of
performance. Corrosion effects combined with mechani-
cal effects can influence both typesof faiiure. This usually
proceeds through three phases (Ref. 1):

1. The initial operational phase during which the
failure rate decreases rapidly from an initial rate. Diiigent
maintenance and prompt correction of production short-
comings are required. Basic design shortcomings should
be eorreeted based on this experience

2. A period of constant failure rate which represents
experience under normal operating conditions. This
period represents the condition(s) th~t can be improved
through control of operating parameters.

3. The final phase is the wear-out phase. Although
this phase represents a cumulation of previous measures,
it is strongly determined by design considerations.

The effective lifetime of the hot components of a gas
turbine engine is determined by operating parameters
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such as temperature and thermal cycling. Operating an
engine at less than rated thrust will improve its lifetime as
will running an engine for long periods at a constant
power setting. Therefore, the operating parameters defined
by the mission requirements will influence the selection of
materials. The gas turbine engines of a cruise missile, a
transport aircraft, a ground support aircraft, and a
helicopter gunship must meet different sets of operating
criteria.

3-3 SELECTION OF MATERIALS

Selection of metals and alloys for an article of Army
materiel requires balancing material characteristics and
costs to meet the required levels of functional capability,
ease of fabrication, reliabilityy, maintainability, and readi-
ness. Selected materials should provide. the necessary
functional capability for the required period of time
(storage and use) at acceptable life cycle costs.

Those parts and components of materiel items that are
critical or that are expensive to fabricate and to replace
should be made from materials that are more corrosion-
resistant. The useful service life of a subassembly com-
prised of several materials is determined by the material
having the shortest life. To assess materials, the corrosion
prevention treatment, e.g., chromate passivation or
cadmium plating, should be evaluated for suitability
along with the base alloy. The effect(s) of corrosion
products should also be considered during material
selection. Corrosion products can create stresses, cause
dimensional deformation, interact adversely with other
materiais, block flow channels, and decrease heat transfer,
even though the extent of corrosion itself seems otherwise
acceptable.

Great care should be exercised when trading mechanical
properties for corrosion resistance because both char-
acteristics can affect functional capability. If the environ-
ment can be reliably predicted or controlled, materials
may be selected with confidence. For example, stainless
steels, aluminum alloys, and Iead may be used in most
natural environments, even those containing pollutants.
In coastal climates relatively cheap structural materials
with added protection applied may be more economical
than expensive corrosion resistant materials. Surface
treatments and coatings that may be used to prevent
corrosion are discussed in pars. 3-6 and 3-7. Under severe
corrosion conditions, however, it is preferable in most
cases to use a resistant material rather than a cheaper
material with expensive treatment. If the corrosion
environment is either very mild or severe, the choice of
materials is simple. If the corrosion environment is
moderately severe, the analysis governing a choice is more
complex.

The choice of materials must also consider the cost of
failure. If safety of personnel and/or success of a vital
mission are involved, highly reliable materials must be

used. If the functional reliabilityy can be easily maintained
by realistic, regular maintenance, a balance can be
achieved between life cycle costs involving high initial a
costs and life cycle costs involving high maintenance
costs.

Factors other than the composition of an alloy affect its
corrosion resistance in specific applications. Corrosion
susceptibility can be increased by fabrication processes,
such as welding, forming, machining, or heat treating.
However, special processes can be incorporated to im-
prove corrosion resistance, e.g., special welding tech-
niques, stress relieving, shot peening, and cladding.
Sometimes it is better to use a weaker alloy that is less
sensitive to fabrication and assembly processes than to
use a stronger alloy whose response to these processes is
detrimental or unreliable. If heat treatment after fabrica-
tion is not feasible, materials and fabrication processes
should be chosen that give adequate corrosion resistance
in the as-fabricated condition. Stress relieving is not
always a reliable cure for stress-corrosion cracking.
Therefore, materkds prone to stress-corrosion cracking
should be avoided in environments conducive to failure.
Table 2-12 indicates common metal-environment combina-
tions subject to stress-corrosion cracking.

Allowances for corrosion can be made in the thickness
of metal sections, provided that pitting does not occur or
that perforation by pitting does not reduce the mechanical
stability of the structure. ‘If the objective is to reduce
weight by using thinner sections of higher strength metal, a

a proportionately more resistant alloy or more reliable
corrosion prevention measures should be used.

Long-term exposure of certain metals to an environ-
ment may result in deterioration of mechanical properties
with few apparent surface effects or little weight change.
Therefore, the basis of data supporting the assumed
corrosion resistance of a material should be assessed and
evaluated. A material whose corrosion resistance is based
solely on weight change shouid be used with caution if
working stresses are close to the strength limits of the
material.

3-4 PROCESS AND FABRICATION
CONSIDERATIONS

The fabricator receives a metal or alloy in the form of a
mill product. While being transformed into a part, the
mill product is sectioned into working blanks, these
blanks are then formed into a raw part, the raw part may
then be machined to a final dimension, and the finished
part is joined into an assembly. In this sequence, the
surface characteristics, the microstmcture, and the alloy
chemistry may be modified from those of the mill
product, and all of these characteristics may affect the
corrosion characteristics of a metal.

Some examples of process and fabrication influence on o
corrosion characteristics are
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1. Welding regul~ 300 series stainless steel sensitizes
it to intergramdar corrosion. Low-bon alloys should
be specified, e.g., 304L (0.03910carbon maximum), to

“avoid the problem.
2.7075 aluminum alloy in the T6 temper is susceptible

to exfoliation. The T73 or T76 tempers are less susceptible
but also somewhat weaker. 2XXX series aluminum alloys
are susceptible to exfoliation in the T3, T4, and T5
tempers. Resistance to exfoliation is improved in the T6
tepper and is virtually eliminated in the T8 temper.

3. Stress relief annealing of 300 series stainless steel
reduces its susceptibility to stress corrosion. Stress relief
should be conducted below 427° C (800° F) to avoid
sensitization:

4. Shearing an aluminum alioy subject to exfoliation
to fti dimension should be avoided. Shearing produces
an edge that is loaded compressively at the leading edge of
the cut but is in tension at the following edge.

5. Tools that make clean smooth cuts should be used.
Control the cutting speed and depth to avoid chattering,
jagged cuts, and nicks; these can act as stress raiscm.

6. Extreme care should be exercised when cleaning
the forging line. Removing too much material can expose
the transverse grain and lead to exfoliation in aluminum
alloys and intergranular comosion in other metals.

7. Parts from rolled aluminum alloy sheets and plates
should be cut with reference to the direction of rolling to
avoid short transverse loading in the ffihed article.
Stres-corrosion cracking can occur if the loading in the
short transverse direction is as little as 10% of the short
transverse yield strength (Ref. 4).

8. Sealant should be used on all fasteners in aluminum
alloys to avoid exposing the transverse grain. Seal all
edges exposed in lap joints.

Heating and cooling, plastic deformation, and local
shearing are the pticipal conditions imposed upon a
piece of metal in the fabrication process. Plastic deforma-
tion refers to processes that change the shape of the piece
of metal. Heating and cooling occur in cutting, joining,
annealing and tempering processes. Local shearing resulis
from metakutting processes.

3-4.1 COLD WORKING
Plastic deformation within a temperature range in

which no crystallization and no readjustment of structure
take place is referred to as cold working. In highly
deformtxi metals the grains are deformed and the ‘grain
structure is completely disrupted. For example, the grains
in a cast billet are likely to have roughly the same
dimension in all directions if the billet is cooled slowly. If
that billet is cold-rolled into a flat shee~ the grains are
deformed into thin platelets that are longer in the
direction of rolling than they are wide. Cold working
increases hardness and strength but reduces the ability of
the metal to withstand more deformatio~ as shown in

Fig. 3-21, For example, the specified miniium tensile
strength for seamless copper.condenser tubing in the light
drawn condition is 206.8 MPa (30 ksi), but in the,hard
drawn condition it is 310.3 MPa (45.ksi).

Cold working generally increases comosion suscepti-
bility. Tensile stresses induced by cold working render the
metal more prone to stress-corrosion cracking. CoId
working also increases dislocations in the crystal struc-
ture. Impurities or atoms of alloying metals migrate to
these sites and change their electrochemical char-
acteristics. These areas are usually subject to pitting
attack and can be sites for hydrogen entrapment.

3-4.2 THERMAL EFFECTS
Effectsof cold working can be removed by annealing

(Ref. 5). Fig. 3-22 shows the change in properties as a
function of annealing time or temperature. There are
three stages in annealing recovery, recrystallization and
grain growth. Annealing in the recovery stage is called
stress relief. The cold-worked metal recovers some of its
lost ductility but loses little in its strength properties. In
the second stage, recrystallization, stress-free grains grow
by diffusion and replace deformed material. As this
occurs, ductility, hardness, and other strength properties
return to their precold-worked level. Recrystallized grains
grow at the expense of others in the last stage of
annealing. Ductility improves, but the strength and
hardness of the metal decrease.

L

Peraxn CotdWo?k
*

Reprinted with pmnission from publisher, NationaI Assmmu. .on
of Corrosion Engineem Copyright @by NACE.

Figure 3-21. Typical Effect of Cold Working
on Mechanical Properties (Ref. 5)
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Figure 3-22. Differences in Annealing Stages on Cold-Worked Brass (Ref. 5)

.,

When a molten alloy is cooled through the temperature
range in which solid and liquid phases exist, the solid and
liquid phases can have different compositions. If the rate
of cooling is sufficiently slow, the composition of grains
are uniform when the alloy has completely solidified.
There is sufficient time for solid-state diffusion to homo-
genize the grains chemically as they solidify and grow. If,
however, the rate of cooling is rapid, the grains may vary
in composition between the interior and the surface.
Rapid cooling through a two-phase solid-state region can
also result in nonhomogeneous grains. Intergranular
corrosion can result from this chemical nonhomogeneity.
Grain homogenization through solid-state diffusion can
be improved by annealing at temperatures close to the
melting point.

Rapid cooling of many alloy systems produces super-
saturation of one element in another. Through controlled
reheating, it is often possibie to control precipitation from
a supersaturated phase. Because this controlled reheating
improves the strength of the alloy, it is called age
hardening or precipitation hardening. Aluminum,
magnesium, nickel, copper, and some forms of stainless

steel are among the metals that can be strengthened by
this method when they are alloyed with certain elements.

Aluminum containing about 4% copper can be
strengthened by the controlled precipitation of fine,
highly dispersed copper aluminide CUA12precipitates.
The alloy adjacent to the CUA12is depleted of copper. The
net result is that grain boundaries are anodic to the grains,
and these high-strength aluminum alloys are susceptible
to intergranular corrosion and stress-corrosion cracking, ‘
especially in the short transverse direction. Aluminum
alloys can be age-hardened in a temperature range that
reduces susceptibility to intergranular corrosion and
stress-corrosion cracking. However, less than maximum
mechanical strength is produced. Shastry, Levy, and
Joshi (Ref. 6) showed that the size, number, shape, and
distribution of coherent intermetallic particles are altered
by varying the solid solution heat treatment temperature
of 7075 alloy. The composition of the grain boundaries is
also greatly affected. The 7075 alloy contains magnesium,
copper, and zinc. By comparing the microstructure effects
that result from age hardening with changes in mechanical m

properties and fracture mechanics parameters, the authors
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o concluded that
,, , 1. Increasing the solid solution heat treatment tem-

perature reduces the amounts of minor alloying inter-
metallic particles and develops higher strength on aging
the alloy.

2. Changingthesolid solutionheat tmatrnent tempera-
ture affects the stresworrosion susceptibility of the alloy
in a complex manner through the effect on the grain
boundary composition and the metallurgical microstruc-
ture. Lec.aked enrichment of magnesium, silicon, zinc,
copper, and iron occurs at the grain boundaries.

The aluminum alloys do not form protective oxide
fti as does pure aluminum. Therefore, high-strength

““ alloys are given the protection of pure aluminum by
cladding them w$h thin layers of aluminum. High-
stzen~ clad aluminum alloy sheets are subject to
exfoliation where the interior alloy is exposed to the

-- environznenk e.g.,rivetholesorcutedges.* P=. 2-2.5-1
for a discussion of exfoliation.

Heating series 300 stainless steel (1890 chromium, 890-
nickel) in the 427° to 760° C (800° to 1400° F) range forms
chromium. carbide. These alloys contain 0.08 to O.15%
carbon- The formation of chromium carbide is called
sensitization. During short exposures at the sensitizing
temperature, e.g, welding, chromium carbide forms only
at the grain boundary. The chromium that is tied up as

o

carbide is no longer available to prevent corrosion at the
‘, ‘ denuded zones adjacent to grain boundaries. lnter-

granular attack results and failure can be rapid. See par.
2-2.5.2 for a discussion of weld decay.

Age-hardenable alloys are soft in the asquenched
condition. In contrast, steels quenched from the so-called
austenite region form a hard, nonequilibrium phase
before reaching room temperature. This phase is called
martensite. Mrutensitic steal is sxceptiondly hard but is
also extremely brittle. The martensite structure, however,
can be softened by reheating to some intermediate
temperature. This tempering process decreases brittleness
and improves ductility, although total strength is lowered.
Steels are usually tempered following quenching to
obtain the best combination of strength and toughness for
particular applications.

Generally, heat treating steel to increase strength and
hardness is accompanied by a lowered resistance to
corrosion. These operations during fabrication of a
metallic assembly can affect the following metal char-
acte3i.sties,which in turn influencx the corrosion processes
that are initiated at the exposed surfaces:

1. Nature and distribution of induced stress
2. Grain structure and orientation
3. Chemical composition and distribution within the

o

grain and across the dimensions of the metal piece.
It is important to consider how the various process and

fabrication operations influence these characteristics so
that if potential corrosion problems exist, they can be
avoided or mitigated.

3-5 INHIBITORS

The definition of an inhibitor favored by the National
Association of Corrosion Engineers (NACE) is “a sub-
stance which retards corrosion when added to an environ-
ment in small concentrations” (Ref. 7). Inhibitors function
by one or more of these mechanisms (Ref- 8):

1. By adsorption as a thin fti on the surface of a
corroding material

2. By inducing formation of a thick corrosion
product

3. By forming a passive fti on the metal surface
4. By changing characteristics of the environment

either by producing protective precipitates or by removing
or inactivating an aggressive constituent.

If corrosion is viewed as the consequence of an
electrochemical cell composed of anode, cathode, elec-
trolyte, and electronic conductor, inhibitors retard cor-
rosion by

1. Increased polarization of the anode
2. Increased polarization of the cathode
3. Increased electrical resistance of the electrolyte

circuit resulting from the formation of a deposit on the
surface of the metal.

See par. 2-I.4 for a discussion of polarization. Polariza-
tion renders a cathode more anodic and an anode more
cathodic. The manner in which polarization influences
corrosion is illustrated in Fig. 3-23. Fig. 3-23(A) shows a
polarization curve for a freely corroding metal. The
corrosion current b~ corresponds to Point D, at which
the cathode and anode potentials are equal. Fig. 3-23(B)
illustrates the relation of metallic corrosion D, protection
F and G, and inhibition P. Anodic inhibitors give anodic
control E3F, whereas cathodic control is EG. Mixed
anodic-cathodic control is ~-LP if an inhibitor controk
both anodic and cathodic reactions. Anodic control
reduces the corrosion current by AiI, cathodic control
reduces the corrosion current by Ai2, and mixed anodic-
cathodic control reduces the corrosion cument by Ai3.

Inhibitors fall into several classes. The most important
are passivating, cathodic, organic, precipitate-inducing,
and vapor-phase inhibitors.

3-5.1 PASSIVATING INHIBITORS
Passivating inhibitors are frequently used because,

with careful controI of the dosage, they are very effective
in reducing corrosion. They are also referred to as
“dangerous” inhibitors because they can cause pitting and
sometimes an increase in corrosion rate if used in
institcient concentrations. There are two types of pas-
sivating inhibitors (Ref. 8):

1. Oxidizing anions, such as chromate, nitrite, and
nitrate, can passivate steel in the absence of oxygen.

2. Nonoxidizing ions, such as phosphate, tungstate,
and molybdate, can passivate steel only in the presence of
oxygen.
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Figure 3-23. Anodic and Cathodic Polariza-
tion Curves (Ref. 9)

Steel can be passivated in any solution except one
containing readily oxidized substances in solution or high
concentrations of chloride ions. a

3-5.2 CATHODIC INHIBITORS

Cathodic inhibitors polarize the cathodic reaction and
thereby retard the corrosion process. Three categories of
cathodic inhibitors are cathode poisons, cathode precipi-
tates, and scavengers (Ref. 8). Cathode poisons interfere
with the formation of hydrogen atoms and the recombina-
tion of hydrogen atoms to molecular hydrogen at the
surface of the corroding metal. Some cathode poisons,
such as sultldes and selenides, are adsorbed on the metal.
Compounds of arsenic, bismuth, and antimony are’
reduced at the cathode and deposit a metallic layer in the ~
process. Because cathodic inhibitors interfere with the
recombination of hydrogen atoms, a greater fraction of
the hydrogen produced is absorbed by the metal. This -
absorption results in blistering and sometimes in hydrogen
embrittlement.

Some dissolved compounds of calcium, magnesium,
and zinc can be made to precipitate on cathodic areas by
adjusting the pi-i and are widely used cathode precipita-
tion-type inhibitors. At the correct pH a hard, smooth
eggshell-like protective deposit of calcium carbonate can
be formed. Zinc sulfate precipitates as zinc hydroxide on
cathodic areas, so it also is a cathode precipitation-type
inhibitor. Many metal ions form insoluble hydroxides, a
but only a few are useful corrosion inhibitors.

Corrosion can be retarded if oxygen is removed from
solution. Sodium su~lte and sulfur dioxide are the most
common oxygen scavengers used in “water at normal
ambient temperatures. Cobalt or manganese is generally
used as a catalyst to speed the rate of reaction of sulfhes
with oxygen. Hydrazine is the preferred oxygen scavenger
in high-pressure boilers, it does not increase the salt
concentration of the water, and it is convenient to use.
The by-products of the reaction of hydrazine with oxygen
are gases.

3-5.3 ORGANIC INHIBITORS
Organic molecules inhibit corrosion by adsorbing at

the metal-solution interface. The number of organic
chemical inhibitors is very large. The adsorption
phenomena involve (Ref. 9)

1. Proton acceptors that accept the hydrogen ion and
attach at a point on the metal that would otherwise favor
the cathodic reaction. Thus proton acceptors impede the
cathodic reaction. This class includes basic organic
molecules containing nitrogen, such as anilines, quino-
lines, ureas, and aliphatic arnines.

2. Electron acceptors that attach at a point that
would normally experience anodic attack. They accept
electrons and are most effective for corrosion reactions o

under anodic control. This class includes organic perox-
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o ides, sulfur as thiols, and selenois. In addition to ano~lc
,.

inhibitors, passivating inhibitors are in this category. The
inorganic chromates and nitrates are also electron ac-
ceptors.

3. Mixed molecules that contain more than one
orienting group. This class includes organic molecules
containing groups of both the previous two types, e.g.,
sulfur and nitrogen.

Although theory provides guidelines for selecting
organic inhibitors, the effectiveness of any organic
molecule for inhibiting corrosion can be determined only
by testing. Inhibition maybe obtained by some organic
compounds not directly but from a secondary product,.
involving the organic compound. Certain halogen ions
improve the efficiency of organic tines as corrosion
inhibitors. Some halogen ions alone, e.g., iodide, bromide,
and chloride, have inhibitive powers, but a combination.-
of an amine inhibitor and iodide may be more inhibitive
than either alone. There are a wide variety and a great
number of proprietary inhibitor formulations.

The effectiveness of a solubIe organic eo.mosion in-
hibitor increases with concentration up to a certain point.
This fact suggests that inhibition is the result of adsorption
of the inhibitor, i.e., a film only a few molecules thick
forms on the metal surface. Thus if an inhibitor forms a
strong adsorption bond, less inhibitor is required too saturate a surface. Surface saturation usually requires::
some equilibrium concentration of inhibitor in the solu-
tion; therefore, the concentration of inhibitor must be
maintained at an effective inhibiting level. If an insoluble
inhibitor is added by dispersion as fme droplets, a fti
several thousandths of a cm (i.) thick may form. Such
fbs continue to inhibit corrosion beyond the time the
concentration falls below the equilibrium level.

3-5.4 PRECIPITATION-INDUCING
INHIBITORS

Precipitation-inducing inhibitors form a fti over the
metal surface that interferes with both anodic and
cathodic areas. Silicates and phosphates form deposits on
steel that result in a combination of both anodic and
cathodic effects, as illustrated in Fig. 3-23(B), but they are
not as effective as chromates and nitrites. They, however,
can be used where nontoxic additives are required.

3-5.5 VAPOR-PHASE INHIBITORS
Vapor-phase corrosion inhibitors (also referred to as

volatile corrosion inhibitors (VCIS)) deposit from a vapor
phase on the metal surface to be protected. Therefore,
they are protectwe as long as there is suffkient inhibitor in
the vapor phase surrounding the metal to maintain a

o
condensed phase on the surface. The vapor phase acts
only as a transport medium from a sourw to the corrosion
site. The vapor-phase corrosion inhibitor should be
volatile enough so that all surfaces to be protected are

readily reached but not so volatile that it is rapidly
depleted through leaks in the containment vessel in which
it is used.

Formulations have been developed that protect ferrous
and nonferrous metals. Vapor-phase inhibitors for ferrous
metals are volatile arnines, such as the nitrite, carbonate,
and benzoate salts of dkyclohexylamine, cyclohexykunine,
and hexamethyleneimine and other polar substances. It
appears that the organic portion of the molecules only
provides volatility. Inhibitors for nonferrous metals with
vapor space enclosures provide some protection, but they
are not as effective as inhibitors used with ferrous metals.
Vapor-phase inhibitors are used to impregnate wrapping
paper or are placed loosely inside a closed container. They
are widely used for corrosion protection within packaging.
Spccifkations for volatile corrosion inhibitors are listed
in Table 3-I.

3-5.6 INHIBITED ANTIFREEZE
An important application of wrrosion inhibitors is in

antifreeze solutions for vehicle coolant systems. Because
of the many different metals in these systems and because
of the different seMce conditions that are encountered, a
single chemical inhibitor cannot provide complete protec-
tion. (Ref. 10). For example, a formulated antifreeze
product developed by General Motors* contains the
following components by weight % in the antifreeze
concentrate (Ref 11):

1.0.21 of NaNOJ for protection of aluminum and
solder

2.0.98 of NazB4G5Hz0 for its buffering actiom
rewme alkalinity, and protection of ferrous metals

3.0.17 of Na2Si03”5Hz0 for protection of all metals
4.0.43 ofNa2PO~012Hz0 for protection of ferrous

metals and aluminum and for its buffering action
5.0.55 of a 5w0 water solution of mercaptoben-

zothiazole for protection of copper and brass
6.0.19 NaOH for additional reserve alkalinity. The

ethylene glycol antifreeze solution is mixed with water to
give the desired degree of antifreeze protection.

An antifreeze for military use is Type I from Federal
Speciilcat.ion O-A-548 (Ref. 12). This antifreeze contains
2.5 weight % borax in the concentrate. It is recommended
that other inhibitors be added from a second package,
Federal Specification 0-1-00490 (Ref. 13). A 17(kg (6-oz)
package contains approximately 26 g (0.92 OZ)of mer-
captobenzothiazole, 65 g (2.3 OZ)of anhydrous NaJkCh,
and 16 g (0.56 OZ)anhydrous NazHPOa. This inhibitor is
added to either water or a Type I antifreeze-water system
at a concentration of 28 g (1 OZ)inhibitor to 1.8 kg (2 qts)
of water. An antifreeze compound that includes all of

*The discussion of this product is for example only. Tlis
discussion does not constitute an endorsement of this product
by the US Government
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TABLE 3-1. SPECIFICATIONS FOR VOLATILE CORROSION INHIBITORS

e
SPECIFICATION

NUMBER TITLE

MIL-P-3420 Packaging Materials, Volatile Corrosion Inhibitor Treated, Opaque

MIL-I-8574 Inhibitors, Corrosion, Volatile, Utilization of
‘..

MIL-B-22019 Barner Materials, Transparent, Flexible, Sealable, Volatile Corrosion Inhibitor Treated

MIL-B-22020 Bag, Transparent, Flexible, Sealable, Volatile Corrosion,, Inhibitor~ Treated

MIL-L22110 Inhibitor, Corrosion, Volatile, Crystalline Powder

MIL-I-2331O Inhibitor, Corrosion, Volatile, Oil-Type

MIL-P-46002 Presemative Oil, Contact and Volatile Corrosion Inhibited ,.
.:

these inhibitors in a single package is described in MIL-A-
46153 (Ref. 14).

Levy investigated the anodic and cathodic behaviors of
steel in inhibited 30% ethylene giycol-water solution by
applying an external electromotive force to a copper steel
couple (Ref. 15). He found that borax, sodium nitrite,
sodium chromate, sodium silicate, sodium benzoate, and
triethanolarnine function as anodic polarizers.

3-6 SURFACE TREATMENTS

Surface treatment is an application of a chemical
reaction or physical process that changes the nature of a
metal surface and affects the corrosion characteristics of
the metal in one or more of the following ways. Surface
treatment

1. Achieves some degree of corrosion resistance
2. Facilitates the application of protective paint
3. Retains corrosion protective or inhibitive oils and

waxes.
An inhibitor may adsorb on a metal surface, and a

metal coating may achieve a metallurgical bond with a
surface. For the purpose of this discussion, however,
inhibitors and coatings are not considered to be surface
treatments. Surface treatments are often an intermediate
process in providing an effective corrosion protection
system. They are often specified because treated surfaces
provide better adherence of coatings than the untreated
metal. Many conversion coatings, however, do not by
themselves provide adequate corrosion protection to the
substrate metal.

3-6.1 CHEMICAL CONVERSION COATINGS

Chemical conversion coatings are formed in situ by
chemical reaction with the metal surface. In this way a
metal surface is converted to nonmetallic compounds,
such as oxides, phosphates, chromates, or complex

products of reactions between the metal and constituents
of the treatment agent.

3-6.1.1 Aluminum and Aluminum Alloys

Materials and processes are available to produce
chemical conversion and anodic coatings on aluminum
and aluminum alloys. Table 3-2 lists the surface treatments
and finishes that are covered by specifications and that
are required by MIL-STD-171 (Ref. 16). o

Materials qualified under MIL-C-81706 (Ref. 17)
produce coatings that range in color from clear to
iridescent yellow or brown. These coatings, however, are
not required by MIL-STD-171 (Ref. 16). Class 1A
chemical conversion coatings, (MIL-C-5541, Ref. 18) are
intended to prevent corrosion when the surface is left
unpainted and to improve adhesion of paint finish
systems to aluminum and aluminum alloys. For example,
coatings of this type may be used for all surface treatments
of tanks, tubings, and component structures for which
paint finishes are not required on the interior surfaces but
are required on the exterior surfaces. Class 3 chemical
conversion coatings are intended to be a corrosion-
preventive film for electrical and electronic applications
for which low contact resistance is required. Chromate
conversion coatings on unpainted surfaces lose their
corrosion resistance properties if exposed to temperatures
of 60° C (140° F) or above during drying or subsequent
fabrication or service.

Coatings are produced on aluminum and aluminum
alloys by electrolytic processes in sulfuric or chromic acid
electrolytes (MIL-A-8625, Ref. 19). Type I coatings are
produced by treating aluminum and aluminum alloys
anodically in an electrolyte bath containing chromic acid
to produce an inert aluminum oxide coating on the metal o
surface. Type I coatings should not be applied to aluminum
alloys having a nominal copper content greater than
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TABLE 3-2. SURFACE TREATMENTS AND FINISHES FOR ALUMINUM (Ref. 16)

Anodicfilm, chromicacid, MIL-A-8625, Type I
Class 1, nondyed
Class 2, dyed, color to be specifwi

Anodic f~ chromic acid, MIL-A-8625, Type IB (10 W voltage process, 20~
Anodic fti, sulfuric acid, MIL-A-8625, Type 11

Class 1, nondyed
Ciass 2j dyed, color to be specifkd

Chemical film, chromate, NfIL-C-5541
Class 1A for maximum protection against corrosio& painted or unpainted
Class 3, for protection against corrosion where low electrical resistance is required

Hard anodic coating MIL-A-8625, Type III, thickness (50.8+5 jim)
0.002 + 0.0002 in. unless otherwise specifkd

Class 1, nondyed
Class z dyed, color to be speciikd

5.0%0,a nominrd silicon content greater than 7.0%0, or
having a total nominal alloying element content greater
than 7.5%. Type II coatings result from treating aluminum
and aluminum alloys in an electrolyte containing sulfuric
acid to produce an inert aluminum oxide coating on the
metal surface. Class 1 anodic coatings should not be dyed
or pigmented, but colors that are characteristic to the
coating or sealing process are produced. Class 2 anodic
coatings are uniformly dyed or pigmented. Type I and
Type II coatings provide better corrosion protection but
are more costly than the chromate conversion systems
(ML-C-5541, Ref. 18).

Minute pores are formed in anodic-oxide coatings
produced in electrolytes that have a solvent action on the
oxide. The growth process of anodic coatings on aluminum
is inward toward the metal. New growth takes place near
the metal surface and forces the old growth outward.
Because the outer surface of the anodlc coating is
subjected to the electrolyte for the longest period of time,
its structureis more porous than that of the inner coating.
Sulfuric acid electrolytes produm pores that are smaller
than those produced by chromic acid electrolytes. These
pores must be sealed to attain maximum corrosion
resistmce and colorfastness for dyed surfaces. Sealing for
Class 1coatings of both Types I and II is accomplished by
immersion in a 570aqueous solution of sodium bichromate
(pH 5.9t06.5)for 15minat 81° to I00°C(1780 to212°F).
Sealing of Class 2 coatings of both Types I and II is
accomplished by immersion in a hot aqueous solution of
cobalt or nickel acetate, boiling deionized water, or other
suitable solution.

The thickest anodiccoatings on aluminum are produced
by hard anodiccoating techniques,Type III. The aluminum
oxide of the hard anodic coating is no harder than that of
conventional anodic coatings. The difference is that the
electrolyte and other conditions are such that the thick
aluminum oxide coating produced, nominally 51 ~m (2
rnil), has a dense structure and therefore resists abrasion

and erosion better than the conventional artodic coating.
Unless spec~led to be otherwise, hard anodic coatings are
unsealed. Type 111 anodic coatings are not normally
applied to aluminum alloys with a nominal copper
content in excess of 3.OVOor a nominal silicon content in
ex~ of 7.09.. If the electrolyte is entirely sulfuric tid,
however, the copper and silicon content limits should not
apply. Type III anodic coatings are usually furnished
unsealed as Class 1 oxdfi however, Class 2 dyed black
coatings are sometimes s-led.

Wash primers are used to obtain good adhesion of
pain~ primer, and topcoat on aluminum. The wash
primer does not replace conventional organic primers nor
should it be used if other surface treatments, such as
chemical conversion or anodizing are used. A typical
two-package system (MIL-P-15328, Ref. 20) consists of
basic zinc chromate dispersed in a solution of polyvinyl
butyral resin, to which a thinner solution containing
isopropyl alcohol, water, and phosphoric acid is added
just before application. A coating consisting of zinc
phosphate, trivalent chromhq and an oxidation product
of the polyvinyl butyrai is formed on the aluminum
surface.

3-6.1.2 Copper Alloys
A black chemical finish can be formed on copper alloy

surfaces by using proprietary chemical or electrochemical
processes (MIL-F495, Ref. 21). This ftih may sene
decorative or corrosion-retardant purposes, or it may be
used as a base for subsequent coatings, such as lacquer,
varnish, oil, and wax. The ftih should not be used on
food service and water supply items.

Copper surfaces should be acid etched with phosphoric
acid conditioner (MIL-M-10578, Ref; 22) prior to paint-
ing”

Chromate conversion fdms maybe applied by dipping
in a proprietary bath formulation based on acid solutions
containing hexavalent chromium.

3-17

Downloaded from http://www.everyspec.com



MIL-HDBK-735(MR)

3-6.1.3 Ferrous Alloys
Table 3-3 contains a listing of surface treatments and

finishes currently recommended for iron and steel in
MK-STD-171 (Ref. 16).

Phosphate coatings are formed on carbon and low-
alloy steels by reaction with solutions of zinc phosphate
or manganese phosphate in phosphoric acid. Specifica-
tions for the phosphating compounds are contained in
MIL-P-50002 (Ref. 23). The reaction produces a network
of porous iron, zinc, or manganese phosphates integral
with and tightly adherent to the base metal. Also nitrate
ion is added to some phosphating compounds to accelerate
the reaction.

Manganese-base phosphate coating, Type M, described
in DOD-P-16232 (Ref. 24), ranges in color from gray to
black and is used on iron and steel. It is suitable for
application to parts expected to contact alkaline
materials. Although the manganese-base phosphate coat-
ing is more resistant to heat than the zinc-base phosphate
coating, the manganese-base phosphate coating decomp-
oses between 135° and 218° C (275° and 425° F). It has
moderately good corrosion resistance in ambient at-
mospheres and is used on weapons going into long-term
storage and on those to be reissued, e.g., rifle barrels and

breech mechanisms. This coating may be applied to all
clean ferrous metal parts with the exception of stainless
steels, springs having a wire diameter less than 3.18 mm o

(O.125 in.), some case-hardened parts, and barrel bores.
The coating is also for use with a suitable supplementary
petroleum-base finish and alone for special-purpose
applications.

Zinc-base phosphate coating, Type Z, described in
DOD-P-16232 (Ref. 24), ranges in color from gray to
black and is used on iron and steel. It is suitable for
application to parts not expected to contact alkaline
materials or to be exposed to temperature in excess of
107° C (225° ~. This coating is specifically required for
parts for which rustproofing is a factor, e.g., cartridge
clips and links, bolts and screws, gear housings, and small ‘”
arms parts. It is also for use with a suitable supplementary
petroleum-base finish, or it may be used alone for special-
purpose applications.

Phosphate coating for paint base, Type 1, describe~ in ~
TT-C+90 (Ref. 25), is a uniform, adherent, crystalline
phosphate coating on iron and steel. It is gray to black in
color, it inhibits corrosion, and it retards the progress of
filiform and underfllrn corrosion. This coating increases
the adhesion of paint and results in greater durability of

TABLE 3-3. SURFACE TREATMENTS AND FINISHES FOR IRON AND STEEL
(INCLUDING CORROSION-RESISTANT STEEL) (Ref. 16)

a

FINISHES FOR IRON AND LOW-ALLOY STEELS
Light phosphate paint base coatings

Zinc phosphate base, TT-C-490, Type I
Iron phosphate base, TT-C-490, Type H or IV

Pretreatment coating, TT-C+90, Type III (wash primer)
Heavy phosphate coatings
Manganese phosphate base, DOD-P-16232, Type M

Class 1, supplementary preservative treatment or coating, as specified
Class 2, supplementary treatment with lubricating oil conforming to MIL-L-3 150
Class 3, with no supplementary treatment
Class 4, chemically converted (maybe dyed to color as specified) with no supplementary coating or supplementary

coating as specf~ed
Zinc phosphate base, DOD-P-16232, Type Z

Ckss 1, supplementary preservative treatment or coating, as specified
Class 2,,supplementary treatment with preservative conforming to MIL-C-16173, grade 3 or MIL-L-3150 (as alternate

for very small parts)
Class 3, with no supplementary treatment
Class 4, chemically converted (maybe dyed to color as spetiled) with no supplementary coating or supplementary
coating as specXled

FINISHES FOR CORROSION-RESISTANT STEELS
Corrosion-resistant steel not to be painted
Clean and passivate, QQ-P-35 (clean ASTM A380)
Corrosion-resistant steel to be painted
Cleaning, passivation, and pretreatment coating

Clean and passivate, QQ-P-35 (clean ASTM A380) *
Surfaces to be painted shall be treated with a wash primer conforming to DOD-P-15328
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O,. applied paint finishes. Filiform comosion is described in
p=. 2-2.4.6.

Metal surfaces must be completely free of dusL grit,
grease, oil, acid, alkaline residues, rust, and other cotl-
ttiants when the phosphate coating is applied.

Table 34 lists black oxide finishes that maybe applied
to iron and steel and to copper alloys.

Black oxide coatings (MIL-C-13924, Ref. 26) applied
to ferrous metals-wrought iron, carbon, low-alloy, and
comosion-resistant steeds-are particularly suited for
moving parts that cannot tolerate the dimensional build-
up of a more corrosion-resistant ftih. Black oxide

v coatin~ with or without supplementary preservative
treatmenq maybe used where a black surface is required.

. Only very limited corrosion protection under mildly
corrosive conditions is obtained by using black oxide

.“ coating. Black oxide coatings are not recommended for
parts going into long-term storage. Therefore, if long-
term storage is required, a protective preservative fluid is
recommended or a moistum-free package is used. A
supplementary water-displacing preservative coating, such
as is described in MIL-C-16 173 (Ref. 27), Grade 3 or
W-L-800 (Ref. 28), may be Spetiled.

Class 1 black oxide coatings are produced on wrought
iron, cast and malleable irons, plain carbo~ and low-

0

,, alloy steels using an alkaline oxidizing process. The
,,:

alkaline coating compound is specifiedinMIL-C+46110
(Ref. 29). Class 2 coatings are produced on corrosion-
resistant steel alloys, which are tempered at 482*C
(900”F) or higher, by using a fused oxidizing salt
process-sodium bichromate and/or potassium dichr~
mate. Class 4 coatings are produced on 300 series
corrosion-resistant steel alloys only by using a proprietary
alkaline oxidizing process.

MIL-HDBK-205 (Ref. 30) discuses black oxide coating
and phosphatizing technology and provides detailed
instructions for performing phosphatiz.ing technology.

The noble metal-like behavior of corrosion-resistant or
stainless steel is the result of the formation of a passive
oxide fllrn. Reliable and effective passive fdms can be
formed on corrosion-resistant steels by passivation treat-
ments with solutions containing nitric acid and/ or sodium

bichromate. Specific passivating conditions apply to the
different grades of corrosiori-resistant steels (QQ-P-35B,
Ref. 31) and their sulfur or selenium contents.

A particular form of chemical conversion coating is
illustrated by weathering steels, which are 10W+.UOYsteels
that develop a high degree of corrosion resistance by
forming a dark-colored, firmly adherent, free-textured
rust upon exposure to the atmosphere. Self-weathering
steels contain small additions of copper, chromiu
nicke~ and/or phosphorus. Additional benefit may occur
from the presence of silicon and/or manganese, and
sometixries small amounts of molybdenum, vanadium,
tantahm, or zirconium are added. Of the latter group,
molybdenum appears to have the most beneficial effect. A
definite quantity of steel has to corrode to develop the
protective rusq in an industrial environment a 25- to
51-#m (1- to 2-mi.1) penetration is typical. This depth
usually requires 1 to 2 years to achieve. In a marine
environment an extra year is required, and the rust coat is
likely to be less protective than one developed in an
industrial environment (Ref. 32).

3-6.1.4 Magnesium A~OyS

Magnesium alloys are not recommended for use in
components of Army materiel, subassemblies or as-
semblies unless sufficient justification exists and approval
is obtained from the procurin g activity prior to design
incorporation (Ref. 33). When magnesium alloys are
used, a protective system must be incorporated that will
insure long-term deterioration prevention.

Magnesium has the highest galvanic anodic potential in
seawater of any of the commonly used metals. Chemically
pure magnesium prepared by distillation has a corrosion
rate in seawater of only 0.254 mm/yr (10 mpy). The
impurities that are found in commercially pure magnesium
are responsible for corrosion rates that are 100 to 500
times those of magnesium prepared by distillation.

Magnesium reacts with saltwater to evolve hydrogen
gas. In pure water, magnesium reacts to form magnesium
hydroxide, which is alkaline and partially soluble. Accord-
ingly, formation of magnesium hydroxide might loosen
organic paint coatings. Several chemical conversion and

TABLE 3-4. INORGANIC FINISHES, BLACK OXIDE (Ref. 16)

O,,,,,

Black oxide for copper alloys, MIL-F495
Black oxide for iron and steel, MIL-C-13924

Class 1, alkaline oxidizing process (for wrought iron, plain carbon, low-alloy steels)
Class 1, with MIL-C-16173, Grade 3 supplementary oil treatment
Class 2, alkaline-chromate oxidizing process
Class 2 with MIL-C-16173, Grade 3 supplementary oil treatment
Class 3, fused salt oxidizing process
Class 3 with MIL-C-16173, Grade 3 supplementary oil treatment
Class 4, alkaline oxidizing process .
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anodizing processes have been developed to treat mag-
nesium-base alloys in order to increase corrosion resis-
tance and produce surfaces suitable for effective bonding
of organic paint f@ishes.

Table 3-5 lists the magnesium surface treatment types
and their correlation to military specifications. Table 3-6
lists the surface treatments currently acceptable for
magnesium alloys according to MIL-STD-171 (Ref. 16).

Four chemic~ conversion coatings (Types 1, III, Vl,
and VIII) and two anodic coatings (Types IV and VII) are
detailed inMI?.,-M-3171 (Ref. 34).

Type I (chrome pickle treatment) is used for temporary
storage, domestic shipment, electrical bonding, touching o
up of previously treated work, and bmsh-on application
when permitted. R is applicable to all alloys when close
tolerances are not required. Parts processed by this
treatment are not to be subjected to temperatures above
232°C (450° F).

Type III (bichromate treatment) is for general, long-
time protection of all alloys except those listed in MIL-M-
3171 (Ref. 34), and it is applicable to parts for which close
dimensional tolerances are required. Parts processed by

TABLE 3-5. MAGNESIUM CHEMICAL CONVERSION AND ANODIZING PROCESSES ,.

COMMERCIAL
DESIGNATION TREATMENT TYPE MILITARY SPECIFICATION

Dow No. 1 Chrome pickle MIL-M-3 171 Type I
MACroMag 101

Dow No. 7 Bichromate MIL-M-3 171 Type III
MACroMag D-7

Dow No. 9 Galvanic anodtilng MIL-M-3171 Type IV
MACroMag D-9

Dow No. 19 Chromic acid MIL-M-3171 Type VI
MACroMag D-19 brush-on

Magnesium Electron Fluoride anodizing MIL-M-3171 Type VII

Iridite No. 15 Chromate MIL-M-3 171 Type VIII

Dow 17 Anodize: light MIL-M-45202 Type I Class C
Anodize heavy Type II Class D

HAE Anodize: light MIL-M-45202 Type I Class A
Anodize heavy Type II Class A

Manodyz Anodize

TABLE 3-6. SURFACE TREATMENTS FOR MAGNESIUM ALLOYS (Ref. 16)

Anodic treatments, MIL-M45202
Type 1, ,Class C, light coating
Type 11,heavy coating

Class A, Grade 3
Class D

Chrome pickle, MIL-M-317 1, Type I
Dichroma~e treatment, MIL-M-3171, Type 111
Galvanic anodizing, MIL-M-3171, Type IV
Chromic acid brush-on treatment, MIL-M-317 1, Type VI
Pretreatment coating, DOD-P-15328 with 50% of specified phosphoric acid
Fluoride anodizing process plus corrosion-preventive treatment (for castings), MIL-M-3171, Type VII
Chromate treatment, MIL-M-31 71, Type VIII
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o this treatment are not to be subjected to temperatures
,[ above 288°C (550°F).

Type VI (chromic acid brush+n treatment) is for
temporary storage, protective touch up of previously
treated metal, and brush-on application to the metal if
parts and assemblies are too large to be immersed. Parts
processed by this treatment are not to be subjected to
temperatures above 232°C (450° ~.

Type VIII (chromate treatment) is for general, long-
time protection of all alloys when close dimensional
tolerances are required. Parts processed by this treatment
are not to be subjected to temperatures above 288°C

. (550%9.
Type,/IV(galvanic anodizing treatment) maybe applied

to all alloys, but specifically it is used for those alloys that
do not react to produce a protective film with Type Ill
treatment. It causes no dimensional change and may be

.- applied after machining operations. Pam processed by
this treatment cannot be subjected to temperatures above
288°C (550° F). The anodizing solution contains am-
monium sulfate, sodium bichromate, and ammonium
hydroxide in aqueous solution.

Type VII (fluoride. anodizing treatment) is essentially
an amidic treatment followed by a stripping operation to
remove the fluoride coating. The alloy is then treated with
a corrosion preventive to provide optimum protection.

o

The anodizing and stripping portions of the treatment are,,
applicable to all alloys and forms, and they forma good
base for other types of treatments, such as Type III.

The Dow 17 and HAE anodic coatings are covered by
MIL-M45202 (Ref. 35). The Manodyz process is an
extensively used anodic treatment for magnesium (Ref.
36).

Dow 17 coatings range from thin, clear to light gray-
green to thick, dark green matings, depending on their
intended use. The cIear coatings are used as a base for
clear laquers or paints to produtx a final appearance
similar to clear anodizing on aluminum. The light gray-
green coatings are used inmost applications that are to be
painted. The thick dark green coating offers the best
combination of abrasion resistance, protection, and paint
base characteristics. The coating has good corrosion
rwistance, abrasion resistance, and paint base quality. It
is uniforq has high dielectric strength, and resists very
high temperatures. The dimensional buildup varies from
0.5 to 25 pm (0.02 to 1 rnil).The Dow 17 treatment is
“covered by MIL-M45202 (Ref. 35), Type 1, Class C for
light coatings and Type II, Class D or E for heavy
coatings.

me HAE process deposits a brown ceramic coating,
ranging from tan-lord light f-to dark brown, heavy

o

coatings. The low-voltage HAE process produces a
.’,,, smooth, olivedrab, hard coating varying from 3.8 to 10

pm (0.15 to 0.40 red), depending on the length of
treatment. The high-voltage HAE process produces a
heavy, dark brown, lusterless coating25 to 33 pm (1 to 1.3

roil) thick. The coating has good temperature resistance
up to 1371° C (2500° F) and has high dielectric strength.
The HAE treatment is covered by MILM45202 (Ref.
35) and has these classifications

1. Type I - Light Coaiing
Class A - Tan coating (HAE)

Grade 1- Wkhout posttreattnent (dyed)
Grade 2-With bifluoride-dichrornate posttreat-

ment
2. Type 11- Heavy Coating

Class A - Hard brown coating (HAE)
Grade I - Without posttreatment
Grade 3- Wkh bifluoridedichromate posttreat-

ment
Grade 4-With bifluoridedlchromate posttreat-

ment including moist heat aging
Grade 5-With double application of bifluoride-

dlchromate posttreatmen~ including moist heat aging.
The Manodyzprocess applies a coating during a strong

alkaline bath in which the magnesium part is one of the
electrodes when using alternating current or the anode
when using direct current (Ref. 36). The alternating
current process is preferred for thin gauge, wrought alloy
parts. The coating is gray in color and approximately IO
pm (0.4 nil) thick. With direct current the coating is light
green and up to 20 pm (0.8 roil) thick. D@xt current is
preferred for heavier gauge wrought alloy and coatings.
This coating is considerably more resistant to corrosion
than the bichromate conversion coating (MIL-M-317 1,
Type III, Ref. 34). It is also harder and more wear
resistant than most of the chemical conversion coatings
for magnesium.

MILSTD-186 (Ref. 37) specifies that all magnesium
a.lIoys shall receive an anodic coating in accordance with
MIL-M-45202, Type I or Type II, Class A (Ref. 35).
These coatings are to be used in parts subject to abrasiou
erosion, or wear.MIL-M-3171 (Ref. 34) treatments are to
be used only for temporary protection or as a paint base.
Surfaces that have the andlc coating removed ordarnaged
are to be touched up using either the Type I or Type IV
process ofMIL-M-317 1 (Ref. 34). Damaged or touched
up magnesium surfaces that were previously anodicaUy
coated in accordance with MIL-M45202 (Ref. 35) may
be reanodized.

Voids in magnesium castings should be ftied before or
after anodizin~ preferably before, and varnishes or heat-
reactive resins may be used. If the anodized magnesium
component is to serve as a bearing surface, however, high
molecular weight waxes or lubricating resins are recom-
mended for sealing the anodic coating.

3-6.1.5 Zinc and Zinc ~OJ’S, and cadmium

Coatings can be applied to zinc surfaces by electro-
chemical anodizing and by chemical conversion. The
anodized coatings are thicker, harder, and more corrosion
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resistant than chromate or phosphate corrosion coatings.
Table 3-7 lists surface treatments available for zinc and
cadmium.

Anodic coatings are produced on zinc surfaces to
provide high-quality finishes with corrosion resistance
and the decorative advantage of color (MIL-A-8 1801,
Ref. 38). The type of electrolyte used determines the color
of the finish. The anodizing can be applied to wrought or
die-cast zinc and zinc-base alloy parts as well as to
coatings formed from electrodeposited, mechanically
deposited, and hotdipped zinc on steel or thermal-
sprayed zinc.

Zinc anodizing produces a barrier-type film consisting
of a porous structure overlaying an initial barrier layer.
During the anodizing of zinc, a complex fritted compound
(of fused particles) is formed by anodic spark discharge
beginning at about 65 to 70 V. The coating is hard,
porous, and absorbent and has excellent masking pro-
perties. Because the anodized coatings are porous and
absorbent, they form an excellent base for paints, enamels,
lacquers, etc. After painting, further treatments are not
generally needed because the anodizing restricts moisture
penetration and prevents underfidm corrosion.

Zinc chromate conversion coatings retard or prevent
the formation of white corrosion products on zinc alloy
castings and hot-dipped galvanized surfaces exposed to
stagnant water, high-humidity atmospheres, saltwater,
marine atmospheres, and exposure to cyclic condensation
and drying (MIL-C-177 11, Ref. 39). Some types of zinc
chromate coatings are a satisfactory base for paint.
Requirements for chromate coatings for zinc-plated
surfaces are specified in ASTM B633 (Ref. 40). Zinc
phosphate conversion coatings may be used as a base for
painting (MIL-T-12879, Ref. 41, and DOD-P-16232, Ref.
2’4).

3-6.2 ION IMPLANTATION
Ion implantation uses an energetic beam of ions to

introduce atoms of specified elements into the surface
layer of materials. This influences the composition and
structure of the surface layer within about 1pm (0.04 roil)
of the surface. This modification of the surface layer
affects several material characteristics that are exhibited

TABLE 3-7. SURFACE TREATMENTS
FOR ZINC AND CADMIUM (Ref. 16)

Phosphate and chromate treatments, MIL-T-12879
Type 1, prepaint treatment

Class 1, phosphate
Class 2, chromate

Type 11, chromate fmaJ finish
Phosphoric acid conditioner, MIL-M-10578

Type I, wash-off
Type II, wipe-off

at the surface interface. These characteristics are friction,
wear, hardening, corrosion resistance, electrochemistry,
catalysis, bonding, lubrication, and adhesion (Ref. 42).

a

The process of ion implantation has been adapted from
the manufacture of semiconductor devices. Ion implanta-
tion equipment and processes that must meet the needs of
the semiconductor industry have become highly developed.
Requirements for precise doping control are stringent in
producing semiconductor devices. However, the geometry
of semiconductor devices is simple, the areas to be treated
are small, and solving the ion source problem is relatively
easy.

To treat engineering materials, however, intense ion
beams are required. The components to be treated differ
greatly in size, shape, and complexity, and ion implanta-
tion treatment for corrosion control requires a variety of
ion species. Therefore, the question of economic justifica-
tion of production scale equipment is very important. AS

long as the cost is high and equipment of relatively low ,<

capability is being used, ion implantation treatment for
corrosion control will, involve small critical parts and
components.

Table 3-8 lists the general advantages and disadvantages
of ion implantation processes.

TABLE 3-8. ADVANTAGES AND
DISADVANTAGES OF

ION IMPLANTATION (Ref. 42)

ADVANTAGES
Versatility (regarding ion species and the substrate)
Controllability (regarding ion energy, ion concentration,
and area)
Low-temperature process
No buildup, hence no dimensional change
Clean vacuum process
Applied to finished components
Monitored electrically throughout
Low power consumption
Conserves material
No environmental contamination
No changes in bulk substrate properties
Solid volubility limit can be exceeded in treated zone
No sharp interface, thus no coating adhesion problems
Composition may be changed without affecting grain size

DISADVANTAGES
High capital cost
Relatively shallow treatment region
Line of sight process
Commercially scaled ion sources need development
Unfamiliar process for most metalworking surface or
treatment operations a

Requires manipulation in a vacuum
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o Ions of a given element can be directly implanted into a
substrate surface. However, achieving appreciable quan-
tities of a metallic or metalloid species in a materiaJ
surface by using this approach would be too expensive
relative to alternative means of corrosion prevention.
. Energetic ion beams can result in interrnixin ga thin

coating and its substrate. Repeated collisions between the
ion beam species and the coating material eventually
distribute the coating material throughout a surface
depth corresponding to the ion penetration range. In any
process involving intermixingg of a wating and substrate
through the action of an ion beam, there maybe chemical
interaction between the ion beam species and the coating
or substrate..

Ion implantation can produce novel, metastable, single-
phase surface alloy layers with compositions and struc-
tures that cannot be created by conventional metallurgical

‘- processes. This capability provides considerable opportu-
nity for developing new, corrosion-resistant coatings.
Practical applications of ion implantation are improving
the general resistance of materiaIs that already exhibit
good corrosion resistance in applications. Improved
resistance to specii3c forms of localized corrosion can be
advised, and ion implantation can create surfaces that
impede the di.flusion of reacting species in high-tempera-

0

ture applications. In addition, elements can& implanted
,,,, in surfaces to improve the mechanical properties of the

scale that forms at high temperatures (Ref. 43).

3%.3 DRY FILM LUBRICANTS
Dry fti lubricants could be specifically formulated to

act as a corrosion-preventive fti. However, the standard
dry film lubricants containing lubricant pigments, such as
graphite, heavy metal powders, and/or uninhibited
molybdenum disulfide, can create corrosion problems.
For example, molybdenum disu.lilde reacts in water to
form acidic sulfur compounds, such as hydrogen sulfide
or sulfur dioxide. In the presence of this acidic sulfurous
electrol~ galvanic corrosion occurs between the graphite
or heavy metal powder and the base metal surface, o’n
which the dry lubricant was applied. For example, MXL-
L-81 329 (Ref. 44) does not prohibit the use of graphite or
heavy metal powders, whereas MIL-L-4601O (Ref. 45)
and M&L-45983 (Ref. 46) do prohibit the use of
graphite and heavy metal powders. In additio% these last
two spedfkations require that the fti meet stringent
salt-fog tests. Products that meet these spccifkations are
classifkd as “corrosion inhibiting”. If molybdenum di-
stilde is used in a corrosion-inhibiting dry fti lubricant,
acid-accepting inhibitors should be included to combine
with the acidic hydrolysis products of molybdenum

o

disti~de.
InitialJy, d~ -fti lubricants were used to re~iace

petroleum-base lubricants on exposed surfaces because
“greasy” lubricants can pick up and retain nuclear,

biological, and chemical (NBC) warfare agents. Dry fti
lubricants, however, proved. to be long-lasting and very
effective. They are used where access to a lubricated part
is limited, and they are even used to treat surfaces that will
also be lubricated by greases or oils. Examples of uses of
dry fti lubricants are the M-16 rifle, M-16 magazines,
and vane-type pumps used in automotive power steering.

3-6.4 SHOT PEENING
Surfaces that are under compressive stress are less

likely to experience corrosion fatigue and stress-corrosion
cracking. Shot peeni.ng directs a high-velocity flow of
metallic shot or glass beads against a metal surface to
induce compressive stresses in the surface layer (MIL-P-
81985 (Ref. 47) and MIL-S-13165 (Ref. 48)). Accordingly,
peening is applied on metal parts, such as axles, springs
(helical, torsional, and leaf), gears, shafting, aircraft
landing gear assemblies, wing structures, jet engine
support members, and helicopter rotor hub assemblies,
that arc subjected to repeated applications of a load
pattern.

Metallic shot peening is also used to close porosity in
castings and to straighten or form parts. Peening with
glass beads is used primarily where contamination from
metal shot presents a special proble~ where a fme
surface ftih is required, or where pcening in a very sharp
radius, such as a thread root, is required.

Peening metals with portable, bonded shot, rotary flap
wheels accomplishes the same purpose, i.e., to induce
compressive stresses in a metal surface. In some applica-
tions it is more convenient than conventional shot-
peening processes. Peening with metal carbide bonded
shot flaps should be used where iron contamination of
nonfemous parts or a fme surface finish is particularly
important.

3-7 COATINGS

Coatings prevent or retard corrosion by acting as a
barrier between the base metal and the environment, and .
they can be described in the following terms:

1. The substance or class of substance that comprises
the coatings

2. The method of applying or generating the coating
onto a metal surface

3. The mechanism or process by which a coating
mitigates corrosion.

On the basis of classes of materials used as coatings,
they can be classfied as metallic, inorganic, and organic.

3-7.1 METALLIC COATINGS
Metallic coatings are clasdled in terms of whether they

are anodic or cathodic to the base metal in the environ-
ment of interest. For example, copper or nickel coatings
are normally cathodic on steel. Zinc and aluminum are
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normally anodic on steel. Cathodic coatings are “referred
to as “noble”, and anodic coatings are “sacfilcial”.

The objective of a noble metal coating is to obtain the
corrosion resistance and appearance of the noble metal
while retaining the mechanical properties and low cost of
the base metal. This presents a problem if there are
pinholes or cracks in the coating. Because the base metal
is anodic to the coating, it will corrode preferentially, and
because the area of the anodic pinhole or crack is small
relative to the area of the cathodic coating, the intensity of
corrosion at the defect will be grgat.

In contrast, a sacrificial coating, such as aluminum or
zinc, will protect steel exposed at a defect or gap in the
coating. A sacrificial coating corrodes preferentially to
the base metal. The protection afforded by a sacrificial
coating depends on the aggressiveness of the environment,
the thickness of the coating, and the size of coating defect.

Metallic coatings are created on a base metal by several
processes. Some of the processes are

1. Hot dipping consists of immersing the base metal
in a molten bath of the coating metal.

2. The article to be coated can be made the cathode,
by an impressed cm-rent, in a bath containing a compound
of the metal to be deposited as a coating. This process is
called electroplating.

3. Tiny droplets of molten metal can be sprayed on
the metal to be coated. Metal spraying processes use a gun
in which metal powder or wire is melted and propelled as
tiny droplets toward the article being coated.

4. Metal wire or rods can be melted onto a small area
of the surface being coated with a torch, electric arc, or
laser in a manner similar to welding. Large areas can be
covered by this process, but only a small area can be
worked on at any one time.

5. Metal can be deposited from the vapor state onto
the article being coated. In this vacuum-metallizing
process the article is placed in a vacuum in which the
coating metal is vaporized. In the ion vapor deposition of
aluminum, the vaporized aluminum is ionized and

attracted to the negatively charged part to be coated. This
process results in a thick, dense, adherent coating of o
aluminum.

6. Cementation coatings are formed by diffusing the
coating metal into the surface of the base metal. This is
accomplished by heating the article to be coated in a
powdered mass of the coating metal.

7. Electroless deposition does not use the applied
electromotive force of electroplating. Instead a metal
coating is deposited from a solution containing a salt of
the coating metal and a suitable reducing agent.

8. Cladding usually refers to a relatively thick coating
of a corrosion-resistant metal on a base metal. As such,
cladding may be applied by any of the previously
discussed methods that can produce a relatively thick
layer of metal coating. Usually, however, cladding is
applied by rolling a composite billet to the required
thickness of sheet, by explosive bonding, or by mechani-
cally fixing the clad to the substrate metal. Fig. 3-24
illustrates the potential economic saving of using a clad
metal, and Fig. 3-25 illustrates the explosion cladding
process and the unique wavy bonding zone created.

9. In addition to the processes described, many
processes are available for applying metallic coatings.
These processes use various electrical, chemical, and
mechanical means to deposit metals or metal compounds
on a metallic surface. For example, metal-containing
particles may be attracted to a surface by electrophoresis a
or by simple immersion in a slurry containing the
suspended particles.

Zinc, nickel, tin, and cadmium, in that order, are
applied on the largest tonnage basis. Gold, silver, and
platinum plates are common.

Because of the possible problem of hydrogen cracking
that can result from hydrogen generated during electroplat-
ing, steel parts having a tensile strength of 1655 MPa
(240,000 psi) or greater shall be coated (MIL-5-5002, Ref.

1. With cadmium by vacuum deposition in accor-

Corrosion Allowance,

~ 1~ v “*”(B)Yo” p~ $5.94/kg ($2.7WM,

Cost of Material and Processing
Result: 55V0 Savings

~U %Y $13.20/kg ($6/lb)

Figure 3-24. Economic Savings of a Clad Material
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From EuycIopedio of Chemicol Technology, Vofwne 15, Third Edition, by Kirk Othnter. Copyright @1981by John Wdey & Sons,
Inc. Reptitcd by pwmission of John Wiley & Sons, Inc.

Figure 3-25. Explosion Cladding Process (Ref. 49)

dance with MIL-C-8837 (Ref.51) 5. With zinc, aluminum, or other metals by thermal
2. With aluminum by vacuum deposition in accor- spraying (preferably flame spraying) in accordance with

dance with MIL-C-23217 (Ref. 52) ML-M-6874 (Ref. 55)
3. With txhnium.or zincby mechanical deposition in 6. With ahtminum (metallic ceramic) in accordance

accordance with MIL-C-8 1562 (Ref. 53) with MIL-C-8 175I (Ref. 56) or MIL-C-81797 (Ref. 57).
4. Wkh aluminum and aluminum alloys by metaMc Various metallic coatings are listed Table 3-9 with the

compound decomposition in accordance with MIL-C- corresponding specifications.
81740 (Ref. 54)

o
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TABLE 3-9. METALLIC COATINGS (Ref. 16)
a

ALUMINUM COATINGS
Hotdip aluminum, Data to be specified on drawing or in contract
Vacuum-deposited aluminum, MIL-C-23217

CADMIUM COATINGS
Plating, QQ-P-4] 6, Type I, without supplementary treatment

Class 1, 13 pm (0.0005 in.) thick
Class 2, 7.6pm (0.0003 in.) thick
Class 3,5.1 pm (0.0002 in.) thick

Plating, QQ-P-416, Type H, with supplementary chromate treatment; normal CO1OKnot bleached or clear
C1ass 1, 13 ~m (0.0005 in.) thick
Class 2, 7.6pm (0.0003 in.) thick
Class 3,5.1 ~m (0.0002 in.) thick

Plating, QQ-PA16, Type HI, with supplementary phosphate treatment
CIass 1, 13 ~m (0.0005 in.) thick
Class 2,7.6 Vm (0.0003 in.) thick
Class 3,5.1 pm (0.0002 in.) thick

Cadmium coating (vacuum-deposited), MIL-C-8837, Type I without supplementary treatment
Class 1, 13pm (0.0005 in.) thick
Class 2,7.6 ~m (0.0003 in.) thick
CIass 3,5.1 ~m (0.0002 in.) thick

Cadmium coating (vacuumdeposited), MIL-C-8837, Type II, with supplementary chromate treatment, normal color,
not bleached or clear

CIass 1, 13pm (0.0005 in.) thick
Class 2, 7.6pm (0.0003 in.) thick
Class 3, 5.1 pm (0.0002 in.) thick

a

Cadmium coating (vacuu’mdeposited), MIL-C-8837, Type III, with supplementary phosphate treatment
Class 1, 13 pm (0.0005 in.) thick
Class 2, 7.6pm (0.0003 in.) thick
Class 3,5.1 pm (0.0002 in.) thick

Cadmium coating, mechanically deposited, MIL-C-8 1562, thickness and supplementary treatment as specified

CHROMIUM COATINGS
Decorative plating, QQ-C-320, Class I

Type 1, bright
Type H, satin

Engineering plating, QQ-C-320, Class 4 thickness and undercoating, if necessary, as specified
class 2a
Class 2b
class 2C
Class 2d
Class 2e
Black, MIL-P-14538
Porous chromium plating, MIL-C-20218

COPPER COATING
Electrodeposited, MIL-C-14550

Class 1,25 ~m (0.0010 in.] thick
Class 2, 13 pm (0.0005 in.) thick
Class 3,5.1 pm (0.0002 in.) thick
Class 4,2.5 pm (0.0001 in.) thick m

(cent’d on next page)
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o‘: TABLE 3-9. (Cent’d)

GOLD COATING
Electrodeposited, MIL-G45204

o

0

Type i: 99.7w-gold, minimum; hardness shall be speciiicd
Class 1, i.3 pm (0.00005 h) thick, minimum
a= 2, 2.S pm (0.00010 k) thic& minimum
Class 3,5. I pm (0.00020 in.) thiclq minimum
Class 4, 7.6pm (0.00030 in.) thick minimum
Class 5, 13 grn (0.00050 in.) thick, minimum
Class 6,38 pm (0.00150 in.) thick, minimum
Class O,0.76pm (0.00003 in.) thick, minimum
Class 00,0.51 pm (0.00002 in.) thick, minimum

TYPCIL 99.% go@ minimum; hardness shall be specifkd
Class 1, 1.3 gm (0.00005 in.) thick, minimum
Class Z 2.5pm (0.00010 in.) thickj minimum
Class 3,5.1 pm (0.W020 in.) thic~ minimum
Class 4, 7.6pm (0.00030 in.) thickj minimum
class 5, 13pm (0.00050 in.) thick minimum
Class 6, 38pm (0.00150 in.) thiclG minimum
Class O, 0.76pm (0.00003 in.) thich minimum
Class 00,0.51 ~m (0.00002 in.) thick, minimum

Type III, 99.% gold, minimuq hardness shall be smled
Class 1, 1.3 ~ (0.00005 in.) t.hic~ minimum
Class 2 2.5pm (0.00010 in.) thick, minimum
Class 3,5.1 pm (0.00020 in.) thick, minimum
Class 4, 7.6pm (0.00030 in.) thick, minimum
Class 5, 13pm (0.00050 in.) thiclG minimum
Class 6,38 pm (0.00150 in.) thickj minimum
Class 0,0.76 Km (0.00003 in.) thick, minimum
Class 00,0.51 ~m (0.00002 in.) thiclG minimum

LEAD COATINGS
ElectrodePosited lead, MIL-L-13808, Type I, without preliminary copper coatings

Class 1,25 pm (0001 in.) thick
Class 2, 13 ~m (0.0005 in.) thick
Class 3,6.4 km (0.00025 in.) thick
38pm (0.0015 in.) thick

Electrodeposited lead, MIL-L-13808, Type H, with p@itninary copper plating 0.38 gm (0.000015 in.) thick
Class 1,25 pm (0.001 in.) thick
Class Z 13pm (0.0005 in.) thick
Class 3, 6.4pm (0.00025 in.) thick
38pm (0.0015 in.) thick

Hotdip lead coating, MILL-13762
Type I (low tin content)
Type II (medkn tin content)
Type HI (high tin content)

NICKEL COATINGS
Decorative plating, QQ-N-290, class 1; bright or dull finish as spccifkd on drawing

Grade C, 25 ~m (0.0010 im) thick
Grade R 15 gm (0.0006 in.) thick
Grade F, 10pm (0.0004 in.) thick
Grade G, 5 ym (0.0002 in.) thick
Gmde A, 40 pm (0.0016 in.) thick -

(cent’d on next page)
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TABLE 3-9. (Cent’d)

Grade B, 30 Mm{0.0012 in.) thick
o

Grade D, 20”ym ~0.0008 in:) thick
Engineering plating, QQ-N-290, Class 2, thickness as specified
Electroless nickel coating, MIL-C-26074

Class 1, as coated, no subsequent heat treatment
Class 2, steel, copper, nickel, cobalt, titanium-based alloys, and any base metal not adversely affected by heating as

specified for improved hardness
Class 3, aluminum alloys non-heat-treatable, and beryllium alloys processed to improve adhesion of the nickel

deposit
Class 4, aluminum aIIoys, heat-treatable, process to improve adhesion of the nickel deposit

Black nickel coating, MIL-P-18317 (undercoat as speciiled)

PALLADIUM COATING
Electrodeposited palladium, MIL-P45209, thickness as specified

RHODIUM COATING
Electrodeposited rhodium, MIL-R-46085

Class 1,0.05 pm (0.000002 in.) thick
Class 2,0.25 pm (0.000010 in.) thick
Class 3,0.5 t pm (0.000020 in.) thick
Class 4,2.5 pm (0.000100 in.) thick
Class 5, 6.4pm (0.000250 in.) thick

SILVER COATING, QQ-S-365
Type I, Grade B, matte
Type 11, Grade B, semibright
Type HI, grade B, bright
Type I, Grade A (supplementary treatment), matte
Type 11, Grade A (supplementary treatment), semibright
Type 111,Grade A (supplementary treatment), bright

TIN COATINGS
Electrodeposited, MIL-T-10727, specifies ASTM B545 for Type I, thickness as specified
Hotdipped, MIL-T-10727, Type II, thickness as specified

ZINC COATINGS
Electrodeposited zinc, ASTM B633, Type 1, as plated without supplementary treatment

Class 1,25 pm (0.0010 in.) thick
Class 2, 13 pm (0.0005 in.) thick
Ciass 3,5.1 pm (0.0002 in.) thick

Electrodeposited zinc, ASTM B633, Type II, with supplementary chromate treatment normal color; not bleached or
clear

Class 1,25 pm (0.0010 in.) thick
Class 2, 13pm (0.0005 in.) thick
Class 3,5.1 ~m (0.0002 in.) thick

Electrodeposited zinc, ASTM B633, Type
Class 1,25 ~m (0.0010 in.) thick
Class 2, 13 ~m (0.0005 in.) thick
Class 3,5.1 ~m (0.0002 in.) thick

V with supplementary phosphate treatment

Zinc, hot-dip galvanizing, ASTM Al 53 (for hardware)
With chromate treatment, finish 6.1.1.2
With phosphate treatment, finish 6.1.1.1

Zhc coating, mechanically deposited, MIL-C-8 1562, thickness and supplementary treatment as specified
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3-7.1.1 Aluminum Coatings
Aluminum coatings are commonly applied by immers-

ing steel sheets and shapes of uniform cross section into
molten baths of alurninm by spraying molten aluminum
on steel assemblies, or by depositing aluminum from a
vapor in a vacuum (MIL-C-232 17, Ref. 52). Aluminum
coatings are also applied by the ion vapor deposition
process. In this process ionized aluminum vapor is
attracted to the negative charge applied to the part to be
coated. Inmost enviro~ents aluminum does not provide
sacrificial protection to the surfaces to which it is appiied,
except at the onset of exposure. Aluminum forms an
oxide layer, which stifles the anodic reaction. In addition,
aluminum reaction compounds fti any pores and thereby
provide mechanical exclusion to the environment. Thus
aluminum coatings provide high resktance to atmospheric
corrodents and hot gases. Aluminum coatings are often
sealed with topcoats compatible with the coating and the
environment. Porous aluminum coatings are especially
effective with the topcoat seal.

Aluminum coatingS can be formed by the decomposition
of complex aluminum-organic compounds or aluminum
in conjunction with other elements (MIL-C-8 1740, Ref.
54)- Aluminum and aluminum alloy coatings produced
by this method protect steel used at temperatures in
excess of 232° C (45W F). The degree of corrosion resis-
tance varies with the thickness of the coating, i.e., 3 pm
(O.I nil) for general usage to 13pm (0.5 roil) for severe
chemical corrosion. A chromate chemical conversion
finish of the aluminum coating (MIL-C-5541, Ref. 18)
provides a corrosion-preventive fb when left unpainted;
it also provides improved adhesion of paint finish systems
to *e coating. An anodizing treatment (MIL-A-8625,
Ref. 19) improves corrosion protection under severe
conditions, or it provides a base for paint finish systems.
See Table 3-2 for a list of surface treatments and finishes
for aluminum.

Inorganically bonded aluminum coatings can also be’
formed by electrophoresis (MIL-C-81797, Ref. 57). An
inorganically bonded aluminum coating from two or
more deposition applications and curing is used to
prevent heat scaling, oxidation, and saltwater corrosion
and to protect from other corrosive environments. A
coating cured at 343°*140C (650°+250 F) (Class 1)
provides oxidation corrosion protection up to 649”C
(1200°F’) and marine atmosphere corrosion protection
where the parts are operated at elevated temperatures that
convert the coating to Class 2. Class 2 coatings are created
by curing at temperatures from 510° to 593° C (950° to
1100°F) for speci.flxl times. This coating provides oxida-
tion corrosion protection, galvanic corrosion protection,
and marine atmosphere corrosion protection of ferrous
alloys, titanium, titanium alloys, and other metallic
substrates. The coating also has current+irrying capacity
for static charges.

Aluminum diffusion coatings can be applied by pack
cementation of aluminum powder.

Relatively thick aluminum cladding does not exhibit
the porosity of thin coatings. High-strength aluminum
alloys, which are subject to intergranular attack are
commonly clad with pure aluminum to obtain its in-
herently good corrosion resistance. However, corrosion
attack can occur where the high-strength alloy is expwd,
such as sheet edges and drilled holes.

Wlrc-sprayed aluminum coatings are widely used to
protect exposed steel surfaces of naval vessels.

3-7.1.2 Cadmium Coatings

Cadmium is not as strongly anodic to iron as is -c, but
cadmium coatings retain a bright metallic appearance
longer than zinc coatings. They arc also superior to zinc
coatings on articles exposed to conditions of high humidity
and high temperature, even though cadmium is less
protective than zinc in industrial atmospheres. Cadmium
is relatively easy to solder. It resists attack by strong
alkalies, whereas zinc is attacked. Cadmium is more
expensive than zinc. Because cadmium salts are toxic,
cadmium-plated items should not be used in contact with
food or in any applications in which cadmium may be
ingested. Most cadmium coatings are produced by electro-
deposition. Care should be exercised when welding
cadmium-coated parts because toxic gas can be generated.

Cadmium coatings, whether electrodeposited (QQ-P-
416, Ref. 58) or vapor deposited (MIL-C-$837, Ref. 51),
are intended for use as corrosion-protective coatings on
ferrous parts. Cadmium deposition by electrodeposition
is not recommended for steel heat treated to an ultimate
strength greater than 1655 MPa (240,000 psi) because of
the possibility of hydrogen embnttlement. Vapor-
deposited cadmium coatings rather than electrodeposited
coatings are recommended on high-strength steels. Chro-
mate finishes on cadmium coatings retard or prevent the
formation of white corrosion products on surfaces exposed
to stagnant water, high-humidity atmospheres, saltwater,
marine atmospheres, or cyclic condensation and drying.
Some types of chromate coatings are satisfactory as a
base for paints. Although temperatures greater than 75°C
(167°F) destroy theeffcctiveness of chromatef~, paint
coatings on the chromate films protect the fti from heat
damage. Phosphate ftihcs, however, forma better paint
base.

Cadmium plating and coating shall not be used (MIL-
S-5002 Ref. 50)

1. On parts of hydraulic equipment that may be in
contact with hydraulic fluids and fuels

2. On parts in frictional contact if gouging or binding
may be a detrimental factor

3. In confined spaces containing organic materials
that give off corrosive and damaging vapors

4. On titanium or in contact with titanium or on
high-tensiIe-strength steels (above 1655 MPA (240,000

3-29

Downloaded from http://www.everyspec.com



MIL-HDBK-735(MR)

psi)) if high levels of sustained stress are imposed
5. On parts that will be subsequently soldered
6. On parts whose service temperatures exceed

232°C (450°F).

3-7.1.3 Chromium Coatings
Class 1 (corrosion-protective) electrodeposited chro-

mium plating (QQ-C-320, Ref. 59) is applied as a
decorative finish, usually over nickel or over copper and
nickel. It is also used as a finish for base metals, such as
iron, steel, copper and copper-base alloys, and zinc and
zinc-base die castings, to protect the base metal from
corrosion and wear and to provide a pleasing appearance.
The function of the underplayers of nickel is to provide a
pore-free, continuous underplate for the chromium outer
Iayer. Generally, the thicker the underlying nickel layer,
the better the corrosion resistance.

Class 2 (engineering) chromium plating—also known
as industrial chromium or hard chromium—is used to
provide wear resistance, abrasion resistance, and such
incidental corrosion protection of parts as the plating
may afford.

Engineering chromium plating is usually applied
directly to the base metal and is finished by grinding to the
specitled dimension. Heavy deposits of Class 2 plating
may be used to build up worn or undersized parts, to
provide protection against corrosive chemical environ-
ments, or for salvage purposes.

Porous electrodeposited chromium plating (MIL-C-
20218, Ref. 60) is applied to the cylinder bores of internal
combustion engines to provide wear resistance and to aid
in retention of the lubricant film.

Black chromium plate (MIL-C-14538, Ref. 61) is hard,
adherent, heat resistant, and free of light reflection.
Therefore, it is suitable for military applications in which
a nonreflecting black coating is desirable. This coating
provides limited corrosion protection, but added protec-
tion can be obtained by specifying a corrosion-resistant
underplate, such as nickel.

The chromizing process deposits a chromium-rich
surface layer on iron or steel by diffusion. The deposit
provides a heat-, abrasion-, and wear-resistant surface.
Parts to be treated are packed in a powder containing 55
parts of chromium powder and 45 parts of alumina by
weight. The parts in powder are then heated in a vacuum,
an inert gas, or a hydrogen atmosphere to 1300°-14000 C
(2370°-25500F) for 3 to 4 h. The depth of penetration by
diffusion is a function of time and temperature.

A gaseous method of chromizing produces a layer that
may contain 50% chromium on the surface of a low-
carbon steel. At temperatures of 1000°-1050° C (1830°-
1920”F) chromium halide decomposes on the steel surface
and diffuses into the base metal. (Chromium halide is
formed by reaction of an ammonium halide with powdered
chromium or ferrochrome.)

3-7.1.4 Copper Coatings
Copper coatings are not wideIy used directly for o

corrosion protection. The various classes of electro-
deposited copper plating (MIL-C-14550, Ref. 62) are
intended to perform the following functions:

1. Class 0. 25.4 to 127.0 pm (1.0-5.0 roil) for heat
treatment stop-off shield

2. Class 1. 25.4pm (1.0 roil] for carburizing shield,
decarburizing shield, and printed circuit board plated
through holes or as specfiled. It is also used as a nitriding
shield.

3. Class 2. 13.0 pm (0.5 roil) as undercoating for
nickel and other metals

4. Class 3.5.1 pm (0.2 roil) and Class 4.2.5 pm (O.1
roil) to prevent base metal migration into tin layer to
poison solderabiIity.

Bright alloy is used as a plating over copper and copper ,.
alloys as base materials. Bright alloy is 50 to 60% copper,
25 to 30$ZJtin, and 14 to 20% zinc. Bright alloy electroplate
is to be used if corrosion protection or solderability is
required on metal parts. It is particularly applicable to
parts with irregular surfaces or cavities because of its high
throwing power. The base metal is given a copper flash,
and following the copper flash, an undercoat of nickel,
silver, or other suitable deposit may precede the final
bright alloy plate. -

3-7.1.5 Lead Coatings
o

Lead coatings are formed on steel either by hot dipping
or by electrodeposition. Molten lead will not form a
coating on steel unless a few percent of tin are incorporated
(Ref. 2). Steel coated with lead containing 15Wto 25% tin
is called terneplate. Lead or lead-tin coatings are resistant
to atmospheric corrosion because the pores tend to fill
with mst and thereby stifle further corrosion. Temeplate
is used for roofing and in drums and cans used to store
paint and hydrocarbon fuels.

?31ectrodeposited lead coatings (MIL-L-13808, Ref. 63)
are used to prevent corrosion, to prevent galling of metal
parts, to improve the performance of bearings, and to
facilitate soldering. Lead may be plated directly on
copper, brass, or copper-rich alloy surfaces. For steel
surfaces, however, a preliminary copper coating should
be used to obtain adequate adhesion and corrosion
resistance.

Electrodeposited lead-tin alloy coatings (MIL-L-46064,
Ref. 64) are used for bearing purposes. Hot-dipped lead-
tin alloy coatings are intended for corrosion protection
and soldering (hIIL-L-i 3762, Ref. 65). Addition of tin to
lead improves the bond of the lead coating to steel. It also
improves wear and abrasion resistance without materially
reducing corrosion resistance. Type I hotdipped lead-tin (
alloy coating contains a minimum of 5.0% tin, Type 11
contains 6.5 to 8.5V0 tin, and Type HI contains a
minimum of 3090 tin.
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o 3-7.1.6 Nickel Coatings
,:

“Chromium plating”, which is widely used on auto-
xnobdes and other consumer items, is a bright nickel
deposit covered with a thinner chromium coating. The
nickel protects the steel or brass against corrosion-while
tie chromium protects the nickel from fogging. (Fogging
is the formation of a corrosion fdm that dulls the luster of
the nickel.)

The nickel is sometimes plated over an intermediate,
thin coating of copper. This copper coating facilitates
buffiig of the surface on which the nickel is plated,
reduces the thickness of nickel required to obtain a
coating of minimum porosity, and improves the bond

‘lxtween the nickel and steel. Nickel is noble to iron;
therefore, the absence of porosity in the coating is

. important in providing corrosion protection. To achieve
adequate life and appearance, a certain minimum coating

tickness is necessary, which depends upon exposure
.. conditions. The range of coating thickness for most

environmental exposures is 19 to 38 pm (0.75 to 1.5 roil).
Federal spedcation Q@N-290 (Ref. 66) covers ekctro- ‘

deposited nickel plating on stee~ copper and copper
alloys, and zinc and zinc alloys. If a copper underplate is
used, the thickness of the underplate does not substitute
for any part of the speciikd nickel thickness. Class 1
(corrosion-protective) plating is used to protect iron,

o
,, :/ copper, or MC alloys against corrosion attack in rural,

industrial, or mruine atmospheres, or it is used as an
undercoat for chromium or one of the precious metals.
“Class1 plating is also used for decorative purposes. Class
2 (engineeMg) plating is used to obtain wear resistance,
abrasion resistance, and such incidental corrosion protec-
tion of parts as the specifkd thickness of the nickel plating
may afford. Heavy deposits of Class 2 plating maybe used “
to build up worn or undersized parts, to protect against
corrosive chemical environments, and for salvage pur-
poses-

Black nickel plating (MIL-P-183 17, Ref. 67) is intended
primarily for use on brass, bronze, or steel instrument
parts to produce black, nonreflective surfaces. Bl~k
nickel @t.in~ however, has little protective value.

With a double-layer nickel deposition as the undercoat
and with other metals as electrodeposited topcoats, the
nickel immediately beneath the topcoat is bright nickel
that contains sulfur. The bottom layer is semibright nickel
and is essentially free of sulfur. The bright nickeI is anodic
to the semibright nickel, If corrosion locally penetrates
the outer coa~ the galvanic action between the two kinds
of nickel plating causes the microscopic pit to spread
laterally in the.outer nickel layer. This action prevents the
corrosion pit from burrowing deeper into the inner layer

- of nickel.

U,: Nickel can aIso be deposited on a surface from a
chemical solution. These deposits are called electroless
nickel coatings. ticks immersed in a bath containing a

nickel salt and sodium hypophosphite become coated
with a nickel-phosphorous alloy. The phosphorous con-
tent in a coating of this tid is 7 to 9910.Various metal
surfaces including nickel act as catalysts for the reactiov
therefore, relatively thick layers can be deposited. The
coating wiil not deposit on lead, tin, or solder.

According to MIL-C-26074 (Ref. 68), electroless nickel
coatings are intended to be used when hard and smooth
surfaces are required on coated parts. These coatings
produce excellent uniform deposits on irregular parts.
Coated parts, such as those used in air compressors,
missile fuel injector plates, pumps, reciprocating surfaces,
etc., are protected from oxidation, corrosion, and wear.
Wkh aluminum electronic devices, not only does the
coating prevent product contamination, but it also
facilitates soldering. These coatings on stainIess steel
similarly facilitate brazing. Electroless nickel coatings are
used on ire% copper, aluminum, nickel, cobalt, beryllium,
and titanium-base alloys. However, if the electroless
nickel coating is porous or if it develops cracks or is
damaged, severe galvanic corrosion of an anodic under-
lying metal, such as alurnin~ can take place.

Electroless nickel coating processes have been developed
that codeposit micron-sized pmicles with the nickel
coating. Coatings enhanced with silicon carbide particles
have improved wear resistance, but the corrosion resist-
ance is a result of the nickel coating. Fig. 3-26 illustrates
the microstructure of the composite coating. Other
inorganic and organic particles can also be codeposited
with electroless nickel.

Nickel deposits may ‘b fofied on steel surfaces by
d~placement nickel plating. The steel adcle is immersed
in a bath of nickel sulfate or nickel chloride having a pH

NYE-CARB* Composite Cross Section
(600X Magnifi=tion)

Reprinted with permission. Copyright @by Ekctro-CoatingS/
Houston, 216 Baywood Street, Housto% TX.

Figure 3-26. Photomicrograph of Composite
Coating (Ref. 69)
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of 3 to 4 and a temperature of 70° C (160° F). Because iron
has a higher solution potential, it is displaced at the
surface by nickel and the iron passes into solution. The
reaction continues only as long as iron is exposed at the
surface. Even though the coating thickness that may be
formed is limited, the thin coatings of less than 1.25 Km
(0.05 roil) thick improve the adhesion of enamel to steel.

3-7.1.7 ‘h Coatings

The principal user of tin coatings is the food and
beverage canning industry. Tin coatings can be applied by
dipping, but most are electroplated. Tin coatings are
commonly produced ~by electroplating steel strip in a
continuous process. The dull matte appearance of electro-
plated tin is converted to the bright appearance of hot-
dipped tin by momentarily melting the coating im-
mediately after plating. This also improves the solder-
abiIity. Following this momentary melting, electroplated
tin is usually given a passivating treatment. A protective
film forms that prevents discoloration of the surface and
improves the adhesion of lacquer coats.

In fruit juice, wtilch is probably the most corrosive
substance preserved in cans, iron is generally cathodic to
tin. Therefore, intense attack at exposed steel does not
occur. Hydrogen generated at the cathode, however, may
distend the can. In addition to preventing corrosion, the
tin coating permits the can to be readily produced by
soldering. The interior surfaces of food cans are also
coated with lacquer, which aids in preventing corrosion
and the generation of hydrogen.

Electrodeposited and hotdipped tin coatings (h41L-T-
10727, Ref. 70) in various thicknesses are used in the
following applications:

1.2.5 to 6.4 pm (0.1 to 0.25 md) for “tin flashing” of
articles to be soldered

2. 5.1 to 10pm (0.2 to 0.4 roil) for articles plated to
prevent galling or seizing

3. 7.6 pm (0.3 roil) minimum for articles plated to
prevent corrosion of base metals

4.5. I to 15 pm (0.2 to 0.6 miI) for articles plated to
prevent formation of case during hardening. In case
hardening, a metal article is located so that the surface
layer is harder than the interior. Tin is applied to those
areas of the metal surface that are not to be hardened.

3-7.1.8 Zinc Coatings
The most commonly used sacrificial metallic coating is

zinc. In the hotdip galvanizing process, a layer of zinc is
applied by dipping a ferrous article, which has been
cleaned and pickled, into molten zinc. The molten zinc
reacts with the base metal, and a series of zinc-iron alloy
layers is formed. The top layer is normally of solidified
zinc. For most hot-rolled steels the zinc-iron alloy portion
of the coating represents 50 to 70910of the total coating
thickness. Fig. 3-27A is a photomicrograph of a section

through atypical hotdip galvanizing coating showing the
alloy layers. The zinc-iron alloy zone is also protective.
Fig. 3-27B indicates the uniform coating that may be
obtained by adding aluminum to the galvanizing bath.
Greater than O.15% aluminum in the galvanizing bath
suppresses the development of the zinc-iron alloy. A
much lighter coating is achieved, but the product has
superior formability characteristics.

Hotdip galvanizing has long been used to protect steel
sheet, wire, pipes, tanks, castings, and other items (ASTM

(A) Photomicrogmph of a Seetion Through a Typica!
Hot-Dip Galvanizing Coating Showing Alloy layers

(250X Magnification)
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(B) photomicmgmph of Continuous Galvanized Coating
Cmae Section. Aluminum Addiiion Minimizes Alby

Layers, Provides Uniform Coating.

(250X Magnification)

Figure 3-2’7. Photornicrographs of Galvanized
Coating (Ref. 72)
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o A153 for hardware, Ref. 71). Zinc is anodic to steel;
therefore, it provides protection at scratches and other
places where steel is exposed. Because zinc is destroyed
while providing protection, the protection conferred by
zinc coatings is a function of its thickness.

Mechanical plating deposits a uniform thickness of
zinc on a metallic surface, even in threaded areas. Parts
plated by this procxss do not encounter hydrogen embrittle-
menL which is a potential problem in electroplating.
Small parts are plated by tumbling with glass beads, MC
powder, and a catalyst. The MC deposit is ‘cold-welded”
to the sudace by the peening action of the glass beads.

Zinc may also be deposited by the ion vapor deposition
‘process. Thermosprayed zinc coatings are applied as

molten metal. Spray guns may be fed powdered zinc or
zinc wire, and the heat may be supplied by gas combustion
or electricity. The sprayed tic coating is slightly rough

‘and slightly porous.
Electrodeposited coatings of zinc (ASTM B 633, Ref.

40) are used as protective coatings on ferrous parts, as are
the hot-dip, mechar@al plating, and sprayed coa~gs.
Chromate treatment of zinc coatings (Type 11treatment)
retards or prevents formation of white corrosion products
on surfaces exposed to stagnant water, high-humidity
atmospheres, saltwater, or marine atmospheres or to

o

cyclic condensation and drying. The surface of zinc plate
,, is converted by supplementary chromate treatment, which,,,,.,

diminishes the amount of metallic zinc present. Therefore,

additional thickness of zinc plating must be applied to
insure that sufficient zinc plate thickness remains after the
chromate treatment. The primary purpose of phosphate
finishes (Type 111treatment) is to form a good paint base.
See par. 3-6.1.5 for discussion of zinc surface treatments.
Ftg. 3-28 indicates the expected service life of various
thicknesses of zinc coatings in different exposure environ-
men~

Zinc plating and coating shall not be used (MIL-S-
5002, Ref. 50)

1. On parts for aerospace and missile systems
2. On parts in contact with structured fabric surfaces
3. On parts in contact where corrosion products

might interfere with normal functioning
4. On grounding contacts for which the increased

electrical resistance of zinc-plated surfaces would be
objectionable

S. On parts whose service temperatures will exceed
260”C (500” F).

3-7.1.9 Noble Metal Coatings
The outstanding chemical resistance of the noble

metals (gold, silver, palkdium, and rhodium) would
appear to make them desirable as corrosion-resistant
coatings. However, the noble metals are strongly cathodic
to iron. Therefore, at any d~continuity in the coating,
intensified attack of the anodic iron would occur. Thick
coatings cf the noble metals, which are free from dis-

Thi&nusofzincsrnil
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Reprinted with permisdon. Copyright@ by American Gatvanizers Association.

Figure 3-2$. Expected Service Life of Zinc Coatings (Ref. 73)
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continuities, can be obtained by mechanical means if the
high cost can be justfled.

Electrodeposited gold plating (MIL-G-45204, Ref. 74)
is intended for electrical application, good corrosion
resistance, and good solderability. In the plating process a’
strike of copper, nickel, copper-plus-nickel, or copper-
plus-silver may be used; the choice depends on the
application and the environment. A nickel strike is
preferred, however, because copper, and silver may migrate
through the gold. A “strike” is an application of any
plated material 0.25 pm (10 Kin.) or less in thickness. An
“underplate” is a deposit of greater thickness than a
strike, and it will impart some characteristic to the
finished plated surface that the overplate would not
otherwise impart.

Electrodeposited silver plating of various thickness

(QQ-$36Z Ref. 75) is used in the following applications:
1.8 ym (0.3 roil) for articles, such as terminals, that

are to be soldered
2. 13 Wm (0.5 roil) for corrosion protection of

nonferrous base metal
3. 13-25 pm (0.5- 1.0 nil) for electrical contacts, but

the choice depends on pressure, friction, and electrical
load.

4. 13 pm (0.5 roil) for increasing the electrical
conductivity of base metals.

For applications in which corrosion protection is
important, use of an electrodepositecl nickel undercoat is
advantageous. For example, copper forms a eutectic with
silver. Therefore, silver plating on a copper underpayment
or copper base metal should not be used for continuous
service at a temperature greater than 149°C (300° F). At
that temperature and above, the eutectic is formed by
diffusion at the copper-silver interface. Silver plating with
a tarnish-resistant coating produced using chromate
treatments (Grade A) has a low contact resistance of
approximately 0.5 to 0.6 rnicrohms/ mm2 (300 to 400
microhms/ in.z). These chromate-produced silver-plated
items are readily soldered with rosin-cored solder.

Electrodeposited palladium plating (MIL-P-45209,
Ref. 76) is used for e~ectrical applications requiring
freedom from oxidation and to prevent tarnishing of
silver items. Electrodeposited rhodium plating (MIL-R-
46085, Ref. 77) protects articles from corrosion, prevents
galling of electrical contacts, furnishes a highly decorative
finish, and provides a mirror surface that is highly
reflective and nontarnishing.

3-7.2 INORGANIC COATINGS

3-7.2.1 Glassy Coatings
Vitreous enamels, glass linings, and porcelain are aIl

glassy, i.e., noncrystalline, coatings fused onto metals.
Such glassy coatings are used mostly on steel and cast
irons, but they may also be applied successfully to copper,
brass, and aluminum (Ref. 2). Powdered glass of the

.,,

desired composition, often suspended in water or some m
volatile liquid, is applied to the pickled metal surface.
After being dried in warm air the metal is heated to a
temperature high enough to fuse the glass; thk fusion
creates a coherent coating over the surface.

The glassy coatings must possess suitable coefficients
of expansion, must adhere tightly to the metal, and must
resist the corrosive and erosive conditions of the service
environment. In practice, several coats are applied. The
initial coat is chosen for adhesion, and the other coats are
chosen for corrosion and erosion resistance. The domestic
glass-lined water heater is an example of this type of
coating.

,:

The composition of the coating for general purposes is
a borosilicate glass containing fluoride and often lead. It
is generally made from borax, feldspar, quartz, and
cryolite. The amount of silica is increased and titania is”-
introduced for acid resistance. The initial coat usually

,,

contains compounds of cobalt or nickel to improve
adhesion to iron. Because the coefficient of expansion of
acid-proof enamels is considerably lower than that of
iron, enamels with a high coefficient of expansion are
chosen for the initial coat. Additional successive coats to
increase acid resistance and decrease the coefficient of
expansion are then applied.

3-7.2.2 MetalIic-Ceramic Coatings

Inorganic metallic-ceramic coatings, i.e., of metal pIus
inorganic compounds, ceramic oxides, or glass frits
(MIL-C-8 1751, Ref. 56), may be applied to provide
oxidation and corrosion resistance to base metals under
various conditions. SermeTel@ W and SermaLoy@ J are
proprietary examples of this class of coatings. Table 3-IO
shows the composition of three formulations of coating
material. The ingredients for a Type I coating form an
acidic, aqueous slurry containing aluminum powder and
a homogeneous solution of binder solids. The ingredients
for a Type II coating form an aqueous slurry of metal
powders and ceramic binder solids. The ingredients for a
Type 111coating make up a dry blend of sprayable metal
and ceramic powder. The material is applied and cured at
the temperatures indicated in Table 3-11.

The Type I metallic-ceramic coating, accomplished by
two or more spraying applications and curing, is intended
to prevent heat scaling, oxidation, and saltwater corrosion
and to protect against corrosion due to other corrosive
environments. The coating material may be applied to jet
engine parts, but there may bean unfavorable effect upon
the fatigue strength of base materials beginning at about
538° C (1000° F). This effect is due to diffusion of the Type
I coating into the base metals. Type II and Type 111
coatings are intended for general prevention of oxidation
and corrosion of base metals in marine, aboveground,
and underground applications. The Type 11coating may
be used with any base metal capable of withstanding the
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o TABLE 3-10. METALLIC-CERAMIC COATINGS
(COMPOSITION: PERCENT BY WEIGHT) (_Ref. 56)

MATERIAL TYPE I TYPE II TYPE III

“Solvent contents (water) 38 to 44 30 to 40 —

Nonvolatile contents (solids) 56 to 62 60 to 70 100

Nonvolatile contents
Metal or pigment contents 6oto64 30 to 60 4oto60
Binder contents 36 to 40 40 to 70 4oto60

;. TABLE 3-11. CLASSIFICATION OF METALLIC-CERAMIC COATINGS (Ref.%)

Type I, Class 1: Coating cured at 343° + 14°C(650” * 25°F)
class 2: Coating cured at 343° & 14°C (650” * 25°F) and posttreated at elevated temperature

,7 class 3: Initial coat(s) cured at 343° * 14°C (650° * 25°F) and burnished prior to applying topcoat,
. . which is Cllrt?dat 343° * 14°C (650” * MO~

class 4: Coating cured at 343° * 14°C (650° * 25°F) and posttreated by burnishing
Type II, Class 1: Coating fused at 807” + lfYC (1485° * 35° F)

class 2: Coating fused at 807° * lWC (1485° * 35°F) and posttreated by burnishing
TypelII, Classl: Coating deposited by thermal spraying

class2 Coating deposited by thermal spraying and posttreated by burnishing

elevated fusion temperatures of 788° to 827° C (1450° to

o 1520” F). As with Type I coating, there may be an
unfavorable effect upon the physical properties of the
bise metals due to diffusion of the coating materials. The
Type HI coating should be used primarily on base metaLs
not capable of withstanding processing temperatures
above 177°C (350° F), with metal parts that maybe prone
to distortion at temperatures above 177”C (350° F), or for
parts that are too large for the furnace capacity of a Type
U application. The Type III coating is compatible in
terms of corrosion with the Type II coating and may be
used to protect the weldments of parts welded after
having been coated with Type II material.

Important metallic-ceramic coatings are those applied
to gas turbine blades and vanes. Development of super-
alloy has at times emphasized high-temperature
mechanical properties and castability at the expense of
oxidation and hot corrosion caused by sulfate410ride
deposition. As a result, high-temperature coatings are
relied upon to provide corrosion resistance for nickel-
base and cobalt-base superalloy. The protective
mechanism for all coatings intended for use above 871°C
(l&M°F) is the formation by oxidation of aluminum
oxide (alumina) ‘scales. This is achieved by raising the
aluminum and/ or chromium conmmtrations on the sur-
face of the alloy.

o

Surface coatings used in gas turbine hot components
,; ,, are either diffusion type or overlay type. Diffusion

aluminide coatings are formed by slurry-fusion or pack-
cementation processes in which ahminumis diffused into

the base alloy. Good oxidation results from the protective
alumina scales that result from the very high aluminum
content of the inward diffusing aluminide coatings. Hot
corrosion resistance, however, is limited because these
coatings have insuffkient chromium concentrations.

Platinum-modif@ diffusion aluminide coatings have
enhanced oxidation and corrosion resistance compared
to simple aluminide coatings (Ref. 78). Platinum overlays
on MCrAIY (M is Co or Ni or both) coatings have been
found to be very effective in inhibiting the hot corrosion
attack caused by sulfate+hlonde deposition (Ref. 79).

Compared to diffusion aluminizes, overlay protective
coatings for gas turbine airfoil surfaces provide signifkant
improvements in hot corrosion resistance and in oxidation
resistance. Chromium levels may be high (18-25!%) at
moderate aluminum concentrations (10-15~0). Rare earth
elements such as yttrium are added to improve alumina
scale adhesion. A number of fabrication methods maybe
used to produce this type of MCrAIY overlay coating,
including electron beam physical vapor deposition and
plasma spraying

The electron beam physical vapor deposition process is
conducted in a vacuum. The material to be deposited is
contained in a crucible, and an electron beam is directed
onto the surface. The material is heated, melted, and
evaporated to produce a vapor of the coating metals. The
parts to be coated are positioned above the material in the
crucible and are rotated during coating to achieve com-
plete coverage because the vap;r travei in a line of sight.

3-35

Downloaded from http://www.everyspec.com



MIL-HDBK-735(MR)

Plasma spraying is conducted in an inert atmosphere.
A high-velocity plasma stream (Mach 2-3) is created into
which the coating particles are injected. The stream of
molten particles impinges upon the specimen to be
coated. Tests of NiCoCrAIY-base coating systems used to
protect a single crystal nickel-base superalloy and of
CoCrAIY-base coating systems used to protect a con-
ventionally cast B 1900+ Hf alloy indicated that plasma
spraying produces a more protective coating than electron
beam physical vapor deposition (Ref. 80). A plasma
spraying system using a low-pressure chamber produced
a more protective coating than an argon atmospheric
pressure plasma spraying system.

Some of the components of a gas turbine engine require
air cooling to keep the metal temperature sufficiently low
to provide an adequate service lifespan. Ceramic thermal
barrier coatings were devised to provide thermal insulation
for the metal component. Thermal insulation allows the
component to run cooler (and thereby last longer) or to
maintain the same temperature but at reduced cooling
airflows. Reducing the cooling airflow results in a more
efficient gas turbine engine.

Ceramic thermal barrier coatings rely on a certain
degree of porosity to achieve resistance to thermal
transients and to thermal expansion differences between
the coating and the substrate alloy. Therefore, porous
ceramic thermal barrier coatings alone cannot provide
protection to the base metal. ArI underlay coating of the
MCrAIY type is provided between the substrate alloy and
the ceramic thermal barrier. Oxidation resistance and
corrosion resistance are provided by this thin, relatively
ductile MCrAIY metal applied to the substrate alloy. A
thicker ceramic coating is applied by plasma spraying on
top of the underlay coating. The primary function of the
ceramic coating is to provide thermal insulation. Plasma-
sprayed zirconia on an MCrAIY bond coating remains
the best ceramic coating candidate (Ref. 81). Coarse-
grained zirconia with 8 weight R yttria has undergone the
most extensive development. Other ceramic thermal
barrier coatings that have received attention include
CaO.TiOz, 2 CaO”SiOz, and MgO”AlzOj. Complex
graded and multilayered structures have also been studied,
but when they are optimized to operating conditions, the
duplex coatings are superior (Ref. 82).

Although contemporary thermal barrier coatings can
operate adequately in clean oxidizing environments, their
adequacy in contaminated combustion products (Na, V,
S) is at best marginal. The porosity required to give
ceramic coatings thermal stress resistance makes them
subject to failure by corrosive combustion products.
Sodium sulfate is particularly detrimental. Failure is
attributed to internal mechanical stresses that occur
during thermal cycling.

Dense overcoats that retard penetration of contami-
nants to the interiors of coatings can significantly increase

the life spans of porous ceramic coatings. The best
overcoats for plasma-sprayed, coarse particle, zirconia-
base coats are (1) plasma-sprayed, fine-particle zirconia a

and (2) plasma-sprayed, fine-particle zirconia containing
20-25% of certain glasses (Ref. 81). The thermal cycling
life spans of ceramic thermal barrier coatings can be
improved by incorporating a metal wire screen between
the ceramic and the metal bond coatings. The screen
functions as a mechanical lock for the ceramic and retards
crack propagation.

The corrosiveness of contaminated combustion prod-
ucts may be related to the formation of condensates at the
bond coat-ceramic coat interface. The durability of a
O.13-mm (5-roil) thermal barrier coating is better thifi
that of a 0.38-mm (15-roil) coating (Ref. 83). If the
temperatures within the ceramic coating or at the bond
coat-ceramic coat interface are higher than the dew points
of the condensates (904° C ( 1659° F) for NazSOd, 1210°C
(2210° F) for VZO.5,and 1155°C (21 11°F) for NazV@, ““’
no condensate can form at the interface.

Tantalum and columbium (niobium) alloys are candi-
date materials for components of advanced gas turbine
engines. These engines would have turbine inlet tempera-
tures between 1260° and 1650° C (2300° and 3000° F).
Tantalum and columbium alloys, however, require coat-
ings to protect against high-temperature oxidation. Com-
plex disilicide coatings can provide complete protection
to a 90 tantalum-10 tungsten alloy against static oxidation o
at temperatures between 927° and 1482°C (1700° and
2700°F) for at least 200 h (Refs. 84 and 85). The protective
layer consists mainly of silica, although there is some
titanium, vanadium, and tungsten in solution and a
second dispersed phase of titania. Disilicides, however,
do not afford protection in the intermediate range of 760°
to 8710C ( 1400° to 1600° F) because of a deterioration
process, “pesting”. If the protective coating is preoxidized
at 1149° C (2100° F), a glassy protective layer is formed.
To accomplish preoxidation at this temperature and to
avoid pesting, the rate of temperature rise through the
pesting range must exceed 10 deg C (18 deg F) per min.

.

3-7.2.3 Portland Cement Coatings

Portland cement coatings are inexpensive, they have a
coefficient of expansion approximating that of steel, and
they are easy to apply (Ref. 2). Cement layers can be cast
in contact with metal. Coatings may be applied by
centrifugal casting (to the interior of piping), by troweling,
and by spraying. Portland cement coatings are sensitive
to damage by mechanical or thermal shock.

These coatings are used to protect iron and steel water
pipes on either or both sides, hot- or cold-water tanks,
and chemical storage tanks. They also protect against
seawater and wastewaters.

a
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o 3-73 ORGANIC COATINGS

The formulas of organic coatings include naturaily
omurringand synthetic organic materials, such as solvents
and fdm-forming materials. In a manner analogous to
inorganic and metal coatings, organic coatings act as a
barrier between a metal surface and the environment to
prevent or retard corrosion. Organic coatings are generally
applied as a Iiquid and forma film upon ‘drying”. Some
materials, however, are applied as a powder that fuses to a
hot surface. These dry powder fdms can be highly
moisture resistant.

Usually organic coatings are composed of both volatile
@d nonvolatile components. Volatile components act as
a thinning agent and consist of solvents and diluents,
whereas nonvolatile components are the fti-forming
materiais. These components maybe resins, oils, or waxes
~d may incorporate both pigments and plasticizers. The
degree of protection offered by an organic coating
depends upon

1. The extent and uniformity of coverage
2. The degree of impermeability to the environment
3. The degree of adhesion to the substrate
4. The coherence of the protective fdm
5. The resistance to mechanical wear and damage
6. The chemical inertness to the environment.

o

Pigments are solid particles in a paint, which consistof
fine powders of various compositions and colors. The
types and amounts of each pigment in a paint affect the
properties of the paint. A function of the pigments is
either to retard moisture penetration of the fdm or to
reduce the corrosiveness of penetrating moisture. Pig-
ments protect the paint binder (the fdm-forrning com-
ponents) from weathering and abrasiom they provide
color and create hiding power, they provide mechanical
strength, they add body for ease of application, and they
influence the gloss of the ftih. Plasticizers are added to
some paint formulations to prevent the fdm from becom-
ing brittle during application or senice.

An organic coating is selected on the basis of the service
conditions, the metal to be protected, the degree or
duration of protection desired, and the cost. In general,
the useful life of a coating depends on two major factors:

1. The durability of the organic coating itself
2. The adherence of the fti to the surface to be

protected.
These factors are influenced by the characteristics of the
base metal, the type and formation of the finish, the
surface preparation and the nature of the service environ-
ment. Proper surface preparation is particularly im-
portant to insure a stable, nonreactive coating. The metal
surface to be coated should be free of dirt, oil, grease, mill

o

scale, and any corrosion products. Furthermore, the
,,,,.’, method chosen to prepare the metal should reduce the

activity of the metal surface to prevent corrosion at the
coating-metal interface.

Organic coatings offer certain advantages over metallic
coatings in preventing corrosion. They are less expensive,
more easily applied, can be readily applied to complex
geometries, can be applied over metallic and chemical
conversion coatings, can be produced in a wide range of
colors and glosses, and can be formulated to have a wide
range of physical characteristics. In addition, certain
formulations can exhibit a degree of anodic prot@ion-
Most organic coatings, however, are less durable and are
restricted to lower service temperatures than metailic
coatings.

There are several ways to describe and classify organic
coatings, i.e., according to what they contain, how they
are applied, how they function, and what they accomplish.
The generaJ distinctions usually made among organic
coatings include paint, enamel, varnish, lacquer, and
corrosion- or rust-preventive compounds.

3-73.1 Paint, Enamel, Varnish, and Lacquer
Paint is a pigmented composition of liquid consistency,

which, after application as a thin layer, is converted to a
solid, adheren~ and tough fdrn. An oil-base paint contains
drying oil or oil varnish as the basic fti-forming vehicle,
whereas a water-base paint contains a water emulsion or
dispersion as the basic ingredient. An enamel is a paint
that is characterized by an especially hard surface fdm.
Varnish is a liquid composition, which, after application
as a thin layer, is converted to a transparent or translucent
solid fti. Varnish is generally a clear liquid combining a
drying oil and a fortifying resin that air dries by oxidation
of the oil and polymerization of the resin. Lacquer is a
fdm-forming liquid composition containing polymeric
resins and plasticize as the basic fb-forrning ingredients
in a volatile solvent. Lacquers, which sometimes contain
pigments, dry by evaporation of the solvent.

Paint and other organic coatings generally require
more than one coat to attain a certain minimum thickness
and to form a pore-free fdm. The thickness required
depends upon the physical characteristics of the fti and
the particular environment in which it is used. In a paint
system consisting of primer and topcoa~ the primer is
crucial to achieving a satisfactory corrosion-preventive
coating. The primer is usually applied as a surface
treatment achieved by chemical conversion or anodic
treatment of the metal surface. The fact that spdlcations
may call for two coats of corrosion-inhibiting primer
cove-wd by a single ftihing topcoat emphasizes the
importance of the primer.

A great many pigments are used in paints, but only a
small number have corrosion-inhibiting properties.
Typical pigments used in metal-prixqing paints include
red lead, Iead-silko chromate, zinc chromate, strontium
chromate, and zinc dust. These pigments are particularly
effective in inhibiting corrosion on steel, and they are
effective on some other metals as well. Red Iead and zinc
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chromate pigments in primers inhibit corrosion by passi-
vating steel base metal. An overwhelming portion of
metallic surfaces that are painted are steel (iron) or
aluminum and magnesium and their alloys. Lead pigments,
however, may accelerate corrosion on some aluminum,
magnesium, or zinc alloy% therefore, zinc chromate and
strontium chromate are commonly used as inhibiting
pigments in priming coats for these alloys. Zinc chromate
and basic lead chromate are commonly used as inhibiting
pigments in priming coats on various metals. Zinc oxide,
metallic zinc dust, and iron oxide are also used as
inhibiting primers. Primers that are heavily loaded with
zinc dust can provide a degree of anodic protection to the
base metal. Iron oxide pigments act primarily as barriers
in primers.

The topcoat complements the primer by forming a
complete paint system. Topcoats perform different
functions than a primer. They form the outer barrier film,
and they furnish the color of the metal finish. The nature
of this outer film is important in resisting contamination
by toxic (nuclear, biological, and chemical (NBC)) warfare
agents and in providing a surface that can be readily
decontaminated. The color, gloss, and texture of the
finish create the visual and infrared hiding power of
camouflage. In other situations the topcoat provides
markings for visual identification and warnings. Pigments
such as titanium dioxide, molybdates, aluminum, graphite
and other forms of carbon are used primarily in topcoats
rather than in primers. Carbon pigments in primers can
stimulate attack on steels and should be avoided.
Aluminum powder is used because of its metallic color,
and in the form of flat flakes aluminum powder forms a
fdrn upon drying in which the flat flakes overlap one
another and create a continuous metallic barrier.

The vehicle is the liquid portion of a paint and includes
anything that is in solution or in an emulsion, but it does
not include solid material in suspension (the pigment). It
may consist of one or more of the following materials:
drying oils, driers, thinners, solvents, plasticizers, resins,
catalysts, and other materials. The vehicle consists of a
nonvolatile portion and a volatile portion. The nonvolatile
portion forms the binder for the pigment and remains in
the dry film, whereas the volatile portion, i.e., thinners
and solvents, completely evaporates eventually.

When selecting a paint finish, it is important that all of
the components of the paint be inert to the base material.
Otherwise corrosion will result. For example, acid-
catalyzed primers and topcoats should not be used on
high-strength steel parts (Rockwell C48 and higher)
(MIL-STD-171, Ref. 16)without approval of the procur-
ing activity.

A wide variety of synthetic resins are currently used in
paints. These include alkyd, phenolic, vinyl, silicone,
epoxy, acrylic, styrenebutadiene, and polyurethane resins.
Synthetic resins have individual characteristics that deter-

mine their advantages in specific applications, and they
may cure, as a result of special catalysts in their formula-
tion, with oxygen in the air, with water vapor, or by the
application of heat.

Environmental and occupational safety concerns have
influenced the direction of development of corrosion-
resistant paints. The goal of environmental regulations is
to limit the use of toxic pigments and inhibitors such as
lead and chromates and to limit the hydrocarbon solvent
and hazardous vapor emissions of air-drying paints.
Responding to these concerns has stimulated development
of paint coatings that are equal to or better than the
products they have replaced (Ref. 86).

Paint coatings may be applied by any method tlfat
achieves satisfactory results, i.e., a smooth, uniform,
continuous film free from dried overspray, runs, sags,
blisters, orange peel, or other imperfections. Brushes are
useful for small areas and areas that cannot conveniently
be reached by other means or for building up additional
thickness on specific areas, such as bolts, rivet heads, or
sharp edges. Paint rollers are useful for large areas and
rough or perforated surfaces. Spraying systems can
produce high-quality coatings at rapid rates. Air sprayers
use compressed air to atomize and propel paint droplets
onto a surface, and airless sprayers eject the coating under
high pressure so that it is atomized into droplets and
propelled against the surface to be coated. Airless sprayers
produce less overspray than air sprayers and can produce
thicker coats in one pass.

In electrostatic spraying systems the surface to be
coated is given the opposite electrical polarity of the
atomizing gun. In this system objects tend to be coated
both front and back with little overspray,

Electrodeposited coatings are applied in large volume
to complex objects. In electrodeposited coating processes
finely divided particles of the coating are suspended in a
water bath into which the object to be coated is immersed.
The walls of the coating tank are made electrically
negative, and the object to be coated is made electrically
positive. Under the impetus of electrical current paint
particles become charged and are propelled against the
surface to be coated, where they coalesce. Relatively
thick, uniform coatings can be deposited in a short time
onto irregular surfaces. This process is described as
anaphoretic deposition. Most automobile manufacturers
have converted to a process in which the object to be
painted is negatively charged. This process is termed
cataphoretic deposition and is applied to the primer coat.
Cataphoresis offers several advantages over anaphoresis:

1. There is no bare metal attack.
2. Phosphate coatings are not dissolved.
3. There are no metallic salts in the deposited films.
4. There is improved corrosion protection with less

fdm thickness.
Articles can be coated with finely powdered thermo-
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plastic and thermosetting materiaI. This system maintains
a bed of freely powdered material in a fluid-like state by
flowing air. When heated articles are dipped into the
powder, the plastic melts and adheres to their surfaces.
Powdered thermoplastic and thermosetting material may
also be sprayed onto a heated article, where it melts and
coalesces into a continuous fti. Thermoplastic material
coating may be melted in a spray gun and impelled against
the surfac+ to be coated in a manner analogous to metal
spraying.

Coatings may be applied by dipping articles into a bath
that contains the coating in a liquid form and allowing it
to cure in heated air.

Certain coatings are available in aerosol spray cans for
painting small areas and touching up damaged spots.

Painting systems are described in par. 3-7.3.5.

3-732 Adhesiv~ Sealants, Eneapsulants, and
Bonding and Potting Compounds

This class of organic coatigs performs s~lc func-
tions with respect to metal surfaces as indicated by their
descriptive nomenclature. In addition to their specialized
functions, they are intended to prevent corrosion. While
performing these functions, the compounds may harden
or maintain some degree of plasticity, they may take a
certain set or flow under certain conditions, and they may
adhere to a surface or not form a lasting bond. One
property they have in common, however, is a degree of
impermeability to moisture and other corrosive environ-
mental components.

Sealing and bonding compounds are listed in Table
3-12 with their applications and specifications. Table3-13
lists encausulants and ~otting compounds ad indi~t~

their ap~iications and spe~mations. Table 3-14 lists
miscellaneous organic-base ftihes not othemvise classi-
fied.

TABLE 3-12. SEALING AND BONDING COMPOUNDS (Ref. 37)

MILITARY
SPECIFICATION DESCRIPTION APPLICATION

MIL-S-22473

MIL-S-8802

T-T-P-1757

ML-P-81 16

MIL-STD-276, Method B

MIL-S-23586

MIL-T-23142

MIL-S-1 1030

MIL-S-11031

MIL-S45180, Type II

MIL-A-3920

MIL-A-8576

Single<omponent retaining
compound

Polytiide-type sealing compound

Unthinned zinc chromate primer

Zinc chromate paste

Impregnation compound

Two-componen\ silicone s’ealant

Tape

Noncuring pol~lde sealant

Tw=omponent polystdfide sealant

Hydrocarbon and water-resisting sealing
compound

Optical, thermosetting adhesive

Acrylic-base adhesive

Specify grade and primer on drawing

Delineate class and dark number on drawing

Apply wet for sealing threaded areas and
hiterface capillaries

Sealing in the threaded, adjustable parts

Murninum alloy and magnesium alloy
castings

Spcify type, cks, and grade on drawing

Dissiiar metal protection

For helicoils and steel inserts, specify type on
drawing

Adhesive and sealant

Sealing gaskets

Bonding glass-to-glass

For acrylic plastics, delineate type on
drawing

(cent’d on next page)
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TABLE 3-12. (Cent’d)
o

MILITARY
SPECIFICATION DESCRIPTION APPLICATION

MM M-A-134 Epoxy resin adhesive For metal-to-metal structural bonding,
specify type on drawing

MM M-A-132 Heat-resistant adhesive For airframe, structural, and metal-to-metal,
specify type and class on drawing

MI L-A-8 1236 Epoxy resin adhesive with polyamide
curing agent Type I or II as applicable

MIL-A-25463 Adhesive For metallic structural sandwich
construction, specify type and class on
drawing

Y

MMM-A-121 Bonding adhesive Vulcanizing synthetic rubber to steel

MMM-A-1617 General-pm-pose rubber adhesive Specify type on drawing

MIL-A-5540 Polychloroprene rubber adhesive Specify class on drawing

MIL-S-81 733 Polysulfide sealing and coating compound Delineate type and dash number on the
drawing

a
TABLE 3-13. ENCAPSULANT AND

POTTING COMPOUNDS
(Adapted from Ref. 37)

COATING

Insulating compound electrical, embedding, MIL-I-
16923

Molding and potting compound, chemically cured, poly-
urethane, MIL-M-24041

Insulating compound, electrical (for coating printed
circuit assemblies), Type ER, Epoxy, MIL-I-46058

Insulating co~pound, electrical (for coating printed
circuit assemblies), Type UR, uPolyurethane, MIL-I-
46058

Insulating Compound, electrical (for coating printed
circuit assemblies), Type SR, Silicone, MIL-14058

Insulating compound, electrical (for coating printed
circuit assemblies), Type XY, Paraxylylene, MIL-I-
46058

TABLE 3-14. MISCELLANEOUS FINISHES
(Ref. 16)

Filler, graduation, TT-F-325
Type I, crayon type; color as specified; black, deep

red, white, translucent white
Type II, paste type: color as specified, black, deep

red, white, translucent white
*Nonskid coating, 0.794- to 1.59-mm (0.0313-to 0.0625 -

in.) dry film thickness, DOD-C-24667, color as specitled
*Walkway coating and matting, nonslip, MIL-W-5044,

type and color as specified
Coating, luminescent, fluorescent and phosphorescent

Luminescent material, fluorescent, Type I, MIL-L-
25142

Luminescent material, phosphorescent, Type P, form
1, MIL-L-3891

Luminescent material, fluorescent, Type F, form i,
MIL-L-3891, color as specified

MIL-V-173; applied in accordance with MIL-T-152.
For moisture and fungus proofing of electronic and
associated equipment.

*When nonskid (DOD-C-24667) or walkway coating and
matting, nonslip (MIL-W-5044) are required for chemical-
agent-resistant coating (CARC) environments, the sequence of o
application shall be:
CARC primer followed by
followed by CARC top coat

DOD-C-24667 or MIL-W-5044

3-40

Downloaded from http://www.everyspec.com



MIL-HDBK-735(MR)

o 3-73.3 Rust-Preventive Compounds,,.
Rust-preventive compounds are a class of relatively

inexpensive organic coatings that are appIied to metal
surfaces to improve corrosion resistance through barrier
action. They are also referred to as preservatives.

These compounds are composed mainly of petroleum
or coal-tar-base oils, greases, and waxes, and they may
contain corrosion inhibitors. The fti may be oily,
greasy, waxy, soft, or hard. They may have lubricating
properties. The fti may be applied dissolved in a
solvent dispersed in a water emulsio~ or undiluted.
Rust-preventive compounds may be heated to improve

. .their flow properties during application. Application to
‘ the materiel components may be achieved by dipping,
spraying, swabbing, or brushing.

The various methods of presewation are covered in
.. MIL-P-116 (Ref. 87). ‘fhefollowingdescriptions illustrate

the range of products available
1. Petroleum compounds that are applied in the

molten state by dipping, brushing, swabbing, etc. (MIL-
C-l 1796, Ref. 88). The iilrns may range from hard to soft
and they have a wide range of applications to military
materiel.

2. Petroleum-base compounds whose application
properties are achieved by solvent cutback (MIL-C-

0

16173, Ref. 27). As the solvent evaporates, these com-~,,,
“,.:, pounds form fihns that range from hard to soft and oily to

waxy. The fh maybe miscible with lubricating oil and
not require removal before use, or they maybe immiscible.

3. Rust-preventive lubricating oils (W-L-8(M), Ref.
28) that do not require removal before use

4. Waterdisplacing types that may be applied to a
wet surface and leave a thin, transparent fti (MIL-C-
81309, Ref. 89)

5. Fingerprint-removing corrosion preventives
(MIL-C-15074, Ref. 90). The residue of f~rprints can
result in corrosion of metal that has been handled during
fabrication; it must be removed before the fti protective
ftih is applied.

6. Water+mulsifiable types that are f~ resistant
(MIL-C-40084, Ref. 91).

7. Wax emulsions forgeneraf weatherproofing (MH.-
W-3688, Ref. 92)

8. A petrolatum-base, solventdiluted type that is of
suitable purity to spray on food-handling machinery and
equipment (MIL-C-1038Z Ref. 93)

9. Formulation for mstproofmg sheet metal areas
and structural members of new (MIL-C-83933, Ref. 94)
and fielded (MIL-G62218, Ref. 95) vehicles.

Rust-preventive compounds are used in a wide variety
of applications in military materiel to protect metals

o
during transportation and storage. They minhnke the,,,
time required to prepare stored materiel for us% they also
protect materiel in the field and prevent breakdowns and
failures in service.
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These compounds are used to protect dks, mokls,
gages, fabricating equipment, gears, armatures, bearings,
tools of all kinds, repair parts, and stored machinery.
Ftihed mill products such as sheets, strips, bar stock,
piping, rods, wires, contoured parts, and plates are
protected during handling, shipping, and storage by
preservative compounds. Small arms, ammunition cIips,
links, etc., are protected and lubricated in the field by
using rust-preventive compounds.

A specific form of rustproofing compound is widely
used to pnwent corrosion in vehicles. This form is used on
underbody parts, on the interior surfaces of doors, and on

.other boxed-in areas. Rustproofing compounds maybe
applied to new vehicles and to fielded vehicles.

These petroleum-base rustproofing compounds are
susceptible to sorption of toxic chemical agents. Further-
more, rustproofing compounds are applied to a minimum
thickness of 127pm (5 roil). Therefore, they can absorb
considerable quantities of toxic chemical agents. The
undercarriage of a vehicle is particularly susceptible to
attracting toxic chemical agents as the vehicle traverses
contaminated areas.

In addition to the potential conkation problem
vehicles protected with petroleum-base rustproofing com-
pounds do not meet the contamination survivability
requirements for decontaminability and hardness. l+-
contarninability is the ability to be rapidly and thoroughly
decontaminated. Hardness is the ability to withst+d
both the damaging effects of contamination and +e
damaging effects of decontamination agents and proce-
dures. Decontamination with detergents, high-pressure
water sprays, or steam removes petroleum-base %t-
proofmg compounds. Of course, if the rustproofing
compound has physically absorbed the toxic agen~ the
only way to decontaminate is to remove the rustproof+g
compound.

A chemical-agent-resistant coating (CARC) system
consists of a polyurethane coating (MIL-C=46168, Ref.
96) over epoxy primers (MIL-P-23377, Ref. 97 on
aluminum and MIL-P-53022, Ref. 98 on steel). This
coating system does not appear to be a satisfactory
alternative to the use of petroleum-base rustproofing
compounds in terms of corrosion protection. Because of
the abuse that the underbody of a vehicle takes, the
polyurethane or epoxy coating could crack and expose .
the substrate to corrosion much more readily than the
thick and relatively flexible petroleum-base rustproofing
compound. A possible solution is the use of galvanizing to
protect the surface from corrosion even if the polyure-
than=poxy coating were damaged.

The process of applying polyurethane and epoxy
ftishes generates both workplace and environmental
hazards. Formulation and application processes are
being developed that satisfy Occupational Safety and
Health Administration (OSHA) and Environmental Pro-
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tection Agency (EPA) regulations.
Table 3-15 lists some lubrication and presemation

treatments.

TABLE 3-15. LUBRICATION AND
PRESERVATION TREATMENTS

(Adapted from Ref. 37)

Corrosion-preventive compound, MIL-C-161 73, Grade 1
(hard film)

Corrosion-preventive compound, MIL-C-1 6173, Grade 2
(soft film)

Medium preservative lubricating oil, MIL-L-3150
Lubricating oil, general-purpose, VV-L-800, water dis-

placing, low temperature
Corrosion-preventive compound, MIL-C-8 1309, water

displacing, ultra-thin
Lubricating grease, MIL-G-10924
Lubricant, dry film, MIL-L-4601O, bake-type
Lubricant, dry film, MIL-L-46147, air-drying
Lubricating oil, VCI, MIL-L~6002. Specify grade on the

drawing
Solid, VCI corrosion inhibitor, MIL-I-221 10, per MIL-I-

8574, Type I or H as applicable
Preservative coating, rubber for rubber surfaces, MIL-P-

11520

3-7.3.4 Metal Cleaning Processes
The general cleaning requirement is that before any

plating, metal conversion, or painting, all surfaces should
be free from soils and corrosion including grease, oil,
solder flux, welding flux, weld spatter, sand, rust scale,
and all other contaminants that might interfere with the
intimate application of the finish. Cleaning should be
done immediately before the finishing operations, or
suitable precautions should be taken to insure that the
surfaces remain cleatt until they are finished. Precautions
should also be taken to insure that all residual products
from the cleaning process are removed. The various
cleaning methods for metals are listed in Table 3-16.

As the first step in any metal finishing process, the
metal surface should be bare and free from substances
that may interfere with a subsequent treatment or opera-
tion. These contaminants may be greasy substances,
foreign particles and compounds, or oxides of the base
metal itself.

Selecting a process for cleaning a surface involves
consideration of the factors that foliow:

1. Nature and type of surface dirt
2. Type of base metal
3. Geometrical and mechanical characteristics of the

part and its surfaces
4. The degree of cleanliness required
5. The operations that are to follow the cleaning

process

TABLE 3-16. METAL CLEANING
METHODS* (Ref. 16)

Abrasive blasting
Hot alkahne cleaning
Solvent cleaning (immersion or spray)
Phosphoric acid cleaning (alcoholic, detergent, or solvent

type with detergent) MIL-C-10578
Emulsion cleaning
Alkaline derusting (MIL-C-46156 or MIL-C-14460)
Acid pickling

Sulfuric acid pickling. Immerse the part in a solution
consisting of 5 volumes of sulfuric acid (66 Baum& or
1.84 Sp Gr), 95 volumes of water, and nonfoaming,
liquid inhibitor, O-1-501,Type B, class A, as directed by
manufacturer of inhibitor, at a temperature of 77° to
82°C (170° to 180”F). After removal of scale (indicated
by a uniform gray color), remove part from solution,.
allow to drain, and then rinse in fresh circulating water
at 77° to 82° C (170° to 180°F). Immerse for 2 to 5 min
in solution of 28 g (1 OZ)sodium bichromate and 21 g
(0.75 OZ)phosphoric acid (75% grade) per 3.8 L (1 gal)
water, at 88° to 96° C (190° to 205° F). Discard rinsing
bath when combined sulfuric acid and iron sulfate
reaches 0.5 g/L (0.08 oz/ gal). After surfaces are
thoroughly” dry, treat and /or paint as soon as possible.
(Note: Where the steel parts will be used under stress,
cleaning by acid pickling is not recommended because e
of hydrogen embrittlement. Acid pickling is also not
recommended prior to phosphating.)

Other methods as specified in detail on drawing or in
contract

Hot alkaline cleaning, nonetching, for nonferrous (and
ferrous) metals. Use P-C-436 material in accordance
with specification

Vapor decreasing, using solvent conforming to O-T-634,
Type 11, or MIL-T-81533

*Additional details on cleaningmethods and procedures maybe
found in MIL-HDBK-132, MIL-HDBK-205, MIL-P-116,and
TT-C-490.

6. Special precautions such as preseming dimensional
toler~ces or not introducing hydrogen into the metal

7. The efficiency with which a cleaning process
achieves the degree of cleanliness required

8. The cost
9. The type of cleaning compounds available.

Cleaning methods may be characterized as mechanical,
chemical, and electrochemical. Mechanical cleaning
methods include grinding, brushing, abrasive blasting,
steam or flame, laser, jet cleaning, tumbling, polishing,
and buffing. Chemical cleaning methods include solvent,
alkaline, and acid cleanin& pickling descaling with e

sodium hydride; and paint stripping. Electrochemical
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cleaning methods include electropolishing, electrolytic
alkaline cleaning, and electrolytic pickling.

Grinding cleans by wearing away the dirt and usually
takes part of the base metal with i~ grinding is accom-
plished with abrasive particles bonded together in various
;hapes, such as a wheel or disc. Wwe brushing is an
abrasive operation usually done with a wire or fiber
brush; sometimes an abrasive or polishing compound is
used. Wire brushing is used to remove tenacious scale,
embedded sand, and paint, but it contaminates the base
metal with the wire material. This contamination should
always be considered; for example, never use a copper
brush on aluminum.

Abrasive blasting bombards a surface with an abrasive
material, which may be carried by compressed air or a
high-velocity water stream or it may be propeiled by
centrifugal force. Jets of steam or flame can remove loose
scale on ferrous metals. During tumble cleaning parts are
tumbled in a rotating drum either alone or with abrasives
and lubricating liquids. Polishing and buffing are accom-
plished with motordriven wheels and abrasives. Proceed-
ing from grinding to polishing to buffing, the abrasive
wheel becomes more resilien~ the abrasive becomes her,
and the amount of metal removed decreases.

Solvent cleaning exposes a metal surface to solvents
such as hydrocarbons and chlorinated hydrocarbons. The
solvents may be used directly, as emulsions, or in diphase
systems. In diphase systems a solvent phase floats on top
of an aqueous phase. The solvent may be applied to the
surface by immersing the article in a tank, by spraying the
solvent onto the surface, or by suspending the article in
solvent vapors so that condensation occurs on the
surface. The tank cleaning method may be augmented
with ultrasonic energy.

Alkaline compounds in aqueous solution are extremely
effective for removal of organic and water-soluble soils,
vegetable and animal greases, and solid dirt that may “be
embedded in a surface. Alkaline cleaners displace dirt
from the surface and suspend it in solution. Fatty aci,ds
are converted into soluble soaps.

Acid cleaners, which are usually water solutions of
phosphoric acid, organic solvents, or acid-stable deter-
gents and wetting agents, are used where light soil and
rust are encountered. Pickling is an acidic treatment to
remove surface oxide, scaie, and dirt from a metal by a
chemical process. Wide variations are possible in the type,
strength, and temperatures of the acid solutions used.

The sodium hydride process is a metaldescalingprocess
suitable for feqous metals, copper, nickel, and titanium.
The metal to be descaled is immersed in a bath consisting
of fused sodium hydroxide at approximately 371°C
(700°F) and containing approximately 2% sodium
hydride.

Paint stripping is accomplished by a combination of
chemical strippers and mechanical action. Strong,

aqueous alkali solutions are used for paints based on
drying oils and polymerized. resins; however, alkali solu-
tions are not used on aluminum. In other cases, a mixture
of organic solvents works well.

The principle of electropolishing action is rapid attack
on elevated spots or asperities in the rough ftih and
minimum attack on depressed spots. Electropolishing
processes represent a wide variety of electrolyte and
operating details. Electrolytic alkaline cleaning speeds up
alkaline cleaning by generating gas to assist agitation and
soil removal. The alkaline solution is the electrolyte, the
metal to be cleaned is one electrode, and the tank or a steel
plate is the other electrode. The advantage of applying an
electric current to pickling is similar to that for alkaline
cleaning, i.e., gas is liberated and mechanically loosens
the scale and speeds up the process. In electrolytic
pickling the bath may be either acid or alkaline.

Porous castings may require sealing to assure that they
are leakproof and to prevent bleeding out of treating
chemicals, which would cause stainiig or corrosion of the
metal surface and damage to the finishing system. Sealing
of castings should be accomplished after surface cleaning
and after machining. MIL-I-13857 (Ref. 99) covers the
requirements for the impregnation of castings that contain
micropores but not visible blowholes or other major
defects.

3-73.4.1 Ferrous Metal Cleaning

Typically, ferrous metal surfaces are cleaned using the
foUowing procedure:

1. Degrease to insure that the surface is free from all
Ofi and grease.

2. Remove mill scale, products of corrosion, dirt,
casting sand, slag, and other foreign substances by an
abrasive blast. Blasting should not be used on surfaces
that could be damaged, such as machined parts and thin
sheet metal. Blast-leaned surfaces should be given a
primer coat no longer than 4 h after cleaning.

3. Oil and grease contamination resulting from
fabrication. machining, or handling subsequent to clean-
ing should be removed with solvent, hot alkaline cleaningj
or phosphoric acid cleaning. High-strength steel (Rock-
well C48 or higher) should not be cleaned or pickled with
acid<ontaining materials.

3-73.4.2 Aluminum Cleaning
Typically, aluminum and aluminum alloys are cleaned

using the following procedure
1. Vapor decreasing
2. Nonetching hot alkaline cleaning
3. After removing all traces of oil, grease, dirt, and

other foreign substances, aluminum and aluminum alloys
are treated by immersion in or pressurized spraying of a
hot 10%0 solution of chromic acid.

. 4. The surfaces are rinsed with clean, warm water to

343
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remove excess chromic acid from cavities, joints, and
recesses.

3-7.3.4.3 Magnesium Cleaning
Magnesium alloys are first cleaned with solvents. This

initial cleaning may be folIowed by fluoride anodizing
arid a hot water rinse or by mechanical cleaning followed
by nonetching alkaline cleaning and a cold water rinse.
The nonetching alkaline cleaning and cold water rinse
may, in some cases, be followed by chromic acid pickhg
and a cold water rinse.

3-7.3.5 Painting Systems
A painting system for a cleaned metal surface consists

of the pretreatment, the primer coating, and the topcoat.
Tables 3-i7, 3-18, and 3-19 list specifications for most of
the paint finishes for metals necessary for a wide variety of
military equipment. These tables provide specifically for
steel (iron), aluminum, and magnesium, and their alloys.
The finishes are, however, also suitable for zinc, cadmium,
copper, tin, terneplate, and titanium provided these
metals have been appropriately pretreated. A common
pretreatment is the so-called “wash primer” (DOD-P-
15328, Ref. 20).

Aluminum and magnesium and their alloys require
special primers in many of the finishes listed. Primers a
meeting TT-P-1757 (Ref. 100), zinc chromate; MIL-P-
15930 (Ref. 101), vinyl-zinc chromate; or MIL-P-23377
(Ref. 97), epoxy polyamid are listed in Tables 3-17,3-18,
and 3-19 in lieu of TT-E-485 (Ref. 102], semigloss enamel;
TT-P-664 (Ref. 103), synthetic prime~ and MIL-P-1 1414
(Ref. 104), lacquer primer to prime aluminum. Two coats
of vinyl-zinc chromate primer meeting MIL-P-15930
(Ref. 101) or one coat of epoxy primer meeting MIL-P-
23377 (Ref. 97) are listed in Tables 3-17,3-18,3-19 in lieu
of TT-E-485 (Ref. 102), TT-P-664 (Ref. 103), and MIL-P-
11414 (Ref. 104) to prime magnesium.

The primer coat of paint is applied as promptly as
possible after the metal surface has been pretreated. Each
coat of paint should be dry before applying a succeeding
coat. For example, under ideal conditions 24 h is
sufficient for an air drying paint, i.e., one that conforms to
TT-E485 (Ref. 102), or TT-E-529 (Ref. 105), 15 min for
lusterless enamel that conforms to ‘IT-E-516 (Ref. 106),
and 10 min for lacquer that conforms to MIL-L-1 1195
(Ref. 107). When surfaces to be painted are not readily
accessible after assembly, primers and intermediate coats
may be applied to unassembled parts of an assembly; the
final coat is applied after assembly.

TABLE 3-1’7. LIJSTRELESS PAINT FINISHES FOR METAL SURFACES
(Adapted from Ref. 16)

PRIMER COAT TOPCOAT(S) REMARKS

TT-E-516 or MIL-E-52891
MIL-L-1 1195

MIL-P-1 1414” or TT-P-664 MIL-L-1 1195

TT-P-664* or MIL-P-I 1414 MIL-E-52891 (for
ammunition use)

3-T-P-664* TT-E-527

TT-P-664* T-I--E-515

MIL-P-1 1414” or TT-P-664 TT-P-662 plus MIL-L-I 1195

MIL-P-53022 MIL-C-46168 or

One-coat finish for projectiles, grenades, etc.

Two-coat lacquer finish for automotive and general use

Two-coat lustreless alkyd finish for general use except
poor gasoline resistance
Determine where finish is to be used and accordingly
substitute the previous finish or one of the following
two finishes
Two-coat alkyd finish for general use

Quick drying two-coat alkyd finish for general use

Three-coat lacquer finish for automotive and general
use

Chemical-agent-resistant camouflage

MIL-P-53030** MIL-C-53039

*When these finishes are specifiedfor aluminum or magnesium, the primers shall be as indicated in par. 3-7.3.5
**MI,L-p.23377 (~YPe~)or MIL-p-85582 may& used on aluminum and non-femous metals or when both ferrous and non-ferrous
metals are present.
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TABLE 3-18. SEMIGLOSS PAINT FINISHES FOR METAL SURFACES

o
(Adapted ftom Ref. 16)

PRIMER COAT TOPCOAT(S) REMARKS

lT-E485 One*oat finish for ammunition containers, gasoline
drums, etc.

Tr-P-664 ‘IT-E-529 Tw~oat alkyd ftih for general use

TT-E485* TT’-E485 Two-coat alkyd ftih for general use

l-r-P464 TT-E-529 (2 coats) Three-coat alkyd finish for general use

“ MlL-P-l 1414” MIL-L-52043 Two-coat lacquer ftih
or lT-P444 for automotive materials

MIL-P-1 1414” TT-P-662 plus
..“ or ‘IT-P@ MIL-L-52043...

1

Three-coat lacquer ftihes

MILP-I 1414* MIL-L-52043
for automotive materials

or ‘IT-P- (2 coats)

rr-P-1757 TT-E485 (2 coats) Three-coat ftih for general use

MIL-P-14553 TT-E485 Two-coat baking finish for automotive equipment
(dip and bake)

o

or TT-E-529
,, or lT-P-664 @king type)

(m ray and bake)

●When these ftihes are specifkd for aluminum or magnesiuctudifferent primers are required as indicated in par. 3-7.3.5.

TABLE 3-19. FULL GLOSS PAINT FINISHES FOR METAL SURFACES
(Adapted horn Ref. 16)

PRIMER COAT TOPCOAT(S) REMARKS

-IT-P-664 TT-E+89 Two-coat alkyd ftih for general use

MIL-P-14553 TT-E-489 Two+oat alkyd enamel finish
(dip and bake) (airdry,
or TT-P-664 VOC compliance)
(spray)

-f-r-P* TT-E-1593 Two-coat silicone-alkyd ftih for generai exterior use.
Outstanding gloss and color retention

O,,‘,;
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The film thicknesses of single dry coats of finishes, as
designated by the specifications, are listed in Table 3-20.
Multiple coats proportionately increase the dry film
thickness. One coat is applied by a minimum of one
double or cross pass of the spray gun. One coat, however,
is not to be construed as one pass of a spray gun. If
camouflage topcoats are used, a minimum dry fdm
thickness of 46 pm (1.8 roil) is applied. Normally two
sprayed coats will obtain this minimum film thickness.
Camouflage paint systems are listed in Table 3-21.

By specifying finishes, military handbooks are supple-
menting standards and specifications in-providing general o
guidance and a working knowledge.

When specifying a finishing system for metals, the
following items must be listed: cleaning of the surface,
surface pretreatment, primer, topcoat, and color. Each of
these is assigned codes in standards such as MIL-STD-
186 (Ref. 37). A full finish would be listed as cleaning
code/ pretreatment codel primer code[ topcoat code/color
code, and standard listing, e.g., “Finishing Codes

TABLE 3-20. FILM THICKNESS OF SINGLE DRY COATS (Adapted from Ref. 16)

THICKNESS

SPECIFICATlON ~m mil

Pretreatment coating
DOD-P-15328 8-13 0.3-0.5

Primers:
..

TT-E-485 20-30 0.8-1.2
TT-P-664 25-38 1.0-1.5
‘IT-P-1757 10-15 0.4-0.6
MIL-P-I 1414 15-20 0.6-0.8
MIL-P-14553 10-15 0.4-0.6
MIL-P-15930 10-15 0.4-0.6
MIL-P-23377* 20-30 0.8- 1.2
MIL-P-46105 51-76 2.0-3.0
MIL-P-53022 25-38 1.0-1.5
MIL-P-53030 25-38 1.0-1.5
MIL-P-85582 20-30 0.8-1.2

Primer surfacers
TT-P-662 20-30 0.8-1.2

Other primers (unless otherwise spec~led) 20-30 0.8-1.2
Top coats:

MIL-C-22750 33-43 1.3-1.7
MIL-C46168 46 min 1.8 min
MIL-C-53039 46 min 1.8 min
All other top coats, clear or opaque 20-30 0.8-1.2

*Except for aircraft, fiim thickness shall be 15-23Mm(0.6-0.9 roil).

NOTE: Where multiple coats are designated in the tables for finishesthe dry filmthicknessshall be multiplied proportionally. One coat
shall be applied by a minium of one double or cross pass of spray gun. One coat shall not be construed as one pass of the spray gun.

TABLE 3-21. CAMOUFLAGE PAINT SYSTEMS (Adapted from Ref. 108)

TOPCOAT PRIMER COAT

ALUMINUM STEEL

MIL-C46168 -I-T-P-1757 l-r-P-664
MIL-P-23377 MIL-E-52891
MIL-P-53030 MIL-P-53022

MIL-C-53039

MIL-P-53030

MIL-P-53022 MIL-P-53022
MIL-P-53030 MIL-P-53030
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O,:

-.

0

106/401/402/425, black 27038, in accordance with MIL-
STD-186= (Ref. 37). Other information, such as the
following, is either described in the standard or specifka-
tion or is left to the user’s judgment based upon his
experience:

“ 1. Proper preparation of surface
2. Proper mixing and thinning
3. Thickness of coat
4. Suitable drying time between coats
5. Proper handling of painted surface.

The spetilcation or standard may list a series of
methods or a series of types, and which of these is to apply
should be d~i,gpated.

A different arrangement of finish codes is used in MIL-
STD-17 } (Ref. 16) than in MIL-STD-186 (Ref. 37).
Appendix A of MIL-STD-171 provides guidance on
finish seiection for classes of parts, the conditions affecting
the selection of the ftih, and the type of exposure of the
particular surface.

3-8 PACKAGING
To prevent deterioration from environmental exposure

during the interval between when materiel leaves the
produoer’s facility and when it is placed in use in the field,
packaging is applied to Army materiel. During this period
materiel may experience a variety of environments and
several different transportation modes. Packaging there-
fore achieves several goals. In preventing material
deterioration% packaging protects from induced environ-
ments produced by mechanical and physical forces, and it
provides protection from those natural environmental
factors, such as rain, salt, dust, and heat. Physical damage
is usually prevented through the use of physical shielding,
cushioning, blocking, and bracing. Chemical and bio-
logical attacks are prevented through the use of preserva-
tive treatments, environmental control provided by liquid
and vapor barriers, vapor-phase corrosion inhibitors,
desiccants, and inert gas blankets. It is important that

materials used in packaging are compatible with the
enclosed materiel. Similarly, it is important that the
various materials comprising a materiel system do not,
when packaged, interact to result in deterioration.

Packaging is a concern of the materiel designer as well
as of the packaging engineer. The boundaries of these
people’s concerns overlap. The packaging engin=tig
procedure follows a sequence of steps shown in Table
3-22.

The term “packaging” includes preservation packagina
packing, preparation of unit loads, and marking of
packages, packs, and unit loads (Ref. 109). Presemation
packaging is the application or use of protective measures,
which include appropriate cleaning ad d~g methods,
preservatives, protective wrappings, CU&otig and con-
tainers, and complete package identifkation marking.
“Packing”, however, is the assembly of packaged or
unpackaged items in a bale, bundle, container, or similar
structure together with necessary blocking, bracin%
cushioning, and weatherproofing in addition to exterior
strapping or reinforcing and marking. The unit packaged
and packed as described, can be stored and transported
without additional protection. It is known as a “pack”.

The requirements for packaging military materiel am
signifkantiy different from those for items in commercial
trade. The most important of these differences is that
many items of military materiel are in long-terrm static
storage until used, and when removed from storage, these
items must perform instantly with complete reliability,
e.g., an antitank rocket stored in its launch tube. The
whole assembly is packaged for shipment and storage. At
the time of use, the warhead, propulsion, and guidance
systems must not have deteriorated as a result of their
confkement in the launch tube. Furthermore, the launch
tube- and those components external to the launch tube
must also not have deteriorated as a result of exposure to
the package environment or to any ambient environments
to which the package may have been exposed.

TABLE 3-22. PACKAGING ENGINEERING SEQUENCE PROCEDURE (Ref. 110)

1. Obtain item drawings, specifkations, procurement documents, and the actual hardware item whenever possible.
2. Determine item characteristics, i.e., size, weight, conjuration, chemical characteristics, etc.
3. Determine level of protection required. The level of protection cannot be determined until the procurement purpose

or destination is known. If these are unknown, the worst case is mandated.
4. Determine unit package quantities and intermediate package quantities. The user’s requirements for accessibility,

protection until use, and distribution weigh heavily in determining unit package quantities and intermediate
package quantities. Mass or bulk shipping modes also affect the use and consolidation configurations.

5. Establish method of preservation.
6. Establish method of cleaning, drying, and applying preservative.

..

. 7. SeIcct unit and intermediate packaging materials.
8. Determine barrier and cushioning requirements.
9. Select an exterior Containec design special container or pallets when required.

IO. Establish marking requirements.
i 1. Prepare packaging documents, which describe the above requirements and special bracing, cushioning, or

container design.
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3-$.1 PACKAGING LEVELS
There are three basic levels of protection. Level A is the

degree required to protect against the most severe condi-
tions known or anticipated to be encountered during
shipping, handling, and storage. Level A preservation
packaging and Level A packing are designed for direct
exposure to all extremes of climate, terrain, and opera-
tional and transportational environments without protec-
tion other than that provided by the package and pack. In
general, the following criteria determine the requirements
for Level A design:

1. Multiple rough handling during transportation
and in-transit storage from manufacturer to ultimate user

2. Shock, vibration, and static loading during ship-
ment, including dock-to-ship loading and offshore or
over-the-beach discharge to the ultimate user

3. Natural environmental exposure during transit if
port and warehouse facilities are limited or nonexistent

4. Extended unimproved open storage in all climatic
zones, particularly while under static loads imposed by
stacking

5. Special package and pack features for field and
combat operations (handling and utility)

6. Special features as required by combat develop-
ment agencies.

Level B is the degree of protection required under
conditions known to be less severe than those requiring
Level A but more severe than those for which Level C is
adequate. Level B preservation packaging and Level B
packing are designed to protect items from physical and
environmental damage during shipment, handling, and
storage under conditions other than those identified for
Levels A and C. In general, the following criteria
determine the requirements of Level B design:

1. Multiple handling during transportation and in-
transit storage

2. Shock, vibration, and static loading of shipment
worldwide by truck, rail, aircraft, or ocean transport

3. Favorable warehouse environment for extended
periods

4. Effects of environmental exposure during shipment
and in-transit transfers, excluding deck loading and
offshore cargo discharge

5. Stacking and supporting superimposed loads
during shipment and extended storage

6. Special features as required by military and
technical characteristics and logistic considerations.

Level C is the degree of protection required under the
most favorable conditions during shipment, handling,
and limited tenure of storage. Level C preservation
packaging and Level C packing are designed to protect
items against physical and environmental damage during
conditions of stilpment, handling, and storage known to
be favorable. hi general, the following criteria determine
the requirements of Level C design:

1. Limited and careful handling dunngtransportation
and in-transit storage

2. Minimal shock, vibration, and static loading o
during the limited transportation cycle

3. Controlled warehouse environment for temporary
periods

4. Effects of environmental exposure during shipment
and in-transit delays

5. Limited stacking and supporting superimposed
loads during limited shipment and temporary storage.

The key step in protecting against chemical or biological
deterioration is to select the method of presemation and
determine barrier requirements. Preservation methods
and packaging designs should be of minimum cost
consistent with required performance. Unit and inter-
mediate packages and packs should be designed to
conserve weight and cube (volume) without reducing the
protection required to insure the materiel arrives un-
damaged at the destination, which could be the point of
use. The preservation and packaging methods selected
should insure protection of end-items, repair parts, and
kits against anticipated natural and induced environ-
ments. Prerequisites to selecting preservation and package
designs and materials are analyses of the environments to
which the item may be subjected during its life. Such
analyses should include, but not be limited to, item
characteristics related to the need for protection, induced
forces produced in transportation and handling, and
climatic environments. m

Level A preservation and packaging are accomplished
in accordance withMIL-P-116 (Ref. 87). The preservation
methods described in this specification establish the basic
packaging strategy. There are three basic methods of
preservation and several submethod variations; they are
listed in Table 3-23.

The use of Level B preservation and packaging must be
based on firmly established knowledge of the shipment
and storage conditions to be encountered and a determinat-
ion that monetary savings will result.

Unless otherwise specified, items should be preserved
and packaged to prevent deterioration and damage
during shipment from the supply source to the first
receiving activity. This degree of protection is Level C,
and this type of packaging is not meant for overseas
shipment or uncontrolled long-term storage.

Preservation and packaging requirements are specified
in a coded sequence, which can be entered into a
computer system. Information reflecting the packaging
engineer’s decisions are entered into the Packaging Re-
quirements worksheet, Fig. 1 of Appendix D to MIL-
STD-2073/ 1 (Ref. 109). The actual packaging require-
ments code is detailed in MIL-STD-2073 / 2 (Ref. 111).
The minimum essential elements that must be specified to
define packaging requirements follow: a

1. Method of preservation
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2. Quantity per unit pack In addition to the basic packaging information, codes
3. Cleaning and drying procedures are provided for including the following items of logistic
4. Preservative material information:
5. Wraps, cushioning, and dunnage 1. Level A packing requirements
6. Unit container 2. Level B packing requirements
7. Intermediate container quantity 3. Level C packing requirements
8. Intermediate container 5. Special markings.
9. Level of preservation.

TABLE 3-23. PACKAGING AND SUBMETHODS (Ref. W .

I IA IC II 111

Preservative coating Water-vaporProof
(with greaseproof enclosure (with
-p as required) preservatives as

required)

IA-5
Rigid metal container
sealed

IA-6
Rigid container @ems
immersed in oil-type
preservative) sealed

IA-8
Bag sealed*,**

IA-13
Rigid container other
than all metal, sealed

IA-14
Container, bag, heat
sealed, contained,**

IA-15
Container, bag, heat
sealed*,**

IA-16
Floating bag heat
sealed*,**

Waterproof or water-
proof and greaseproof
enclosure (with
preservative as
required)

IC-1
Greaseproof,
waterproof bag, sealed

IC-2
Container, waterproof
bag, sealed

IC-3
Waterproof bag,
sealed

1C4
Rigid container other
thanallme~ sealed

IC-7
Blister packj
greaseproof and
waterproof, single or
multiple
compartment,
individually sealed

IC-9
Skin pack,
greaseproof,
waterproof, vacuum
formed, sealed

IC-10
Skin package,
waterproof, vacuum
formed

Water-vaporProof Physical and
enclosure with mechanical
desiccant and protection only
preservative as
required

Ha
Floating bag, heat
sealed*,**

Hb
Container bag, heat
sealed, containefl,**

IIc
Bagj heat sealed*,**

IId
Rigid metal container,
sealed

IIe
Container, bag, heat
sealed

IIf
Rigid container, other
than all metal sealed

‘ *When .spedkd, Class F of MIL-B-117 shall be used.
**When specified, Class G of MIA-l 17shall be used.
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3-8.2 VOLATILE CORROSION ,INHIBITORS
Volatile corrosion inhibitors are often used in conjunc-

tion with packaging to protect metal items. Volatile
corrosion inhibitors have a low but sign~lcant vapor
pressure. Therefore, they will penetrate most recesses of
an item to be protected, but in a nonhermetic enclosure a
volatile corrosion inhibitor will have a limited effective
lifetime. Volatile corrosion inhibitors are discussed in
par. 3-5.5. Caution should be exercised, in applications
involving energetic materials.

3-8.3 DESICCANTS

Many materials are available as desiccants for moisture
control. A very commonly used desiccant is silica gel,
which is an amorphous form of silicon dioxide (sand).
Packaging employing desiccants often contains an in-
dicator of desiccant saturation that is visible from outside
the package. Most desiccants can be reactivated by
heating to a temperature sufficiently high to evaporate the
accumulated moisture.

Humidity can be controlled in bulk storage facilities by
dehumidification machines employing desiccant beds,
and machines based on refrigeration dehumidification.

1.

2.

3.

4.

5.

6.

7.

8.

9.
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CHAPTER 4
METAL CORROSION AND PREVENTION

Z% chapter examines the corrosion characteristic of specific metak and alloys. l%? organization of the
chapter k alphabetical according to the primary chemical elkment constituting a metal or alloy. Carbon is
consi&red because it enters into electrochemical reactions with metak. Metal matrix composites are
consi&red in a separate category. The metak and alloys that are included are those having widespread use as
well as those having speclj?c application in Army materiel.

Alloys are discussed within the context of the primary chemical element contained in the alloy. Where

appropriate, however, major classes of alloys are discussed as separate entities. l%e rationale behind the alloy

classl~cation is given in terms of metallurgical, mechanical, andJor corrosion characteristics. In many cases
minor amounts of alloying elements we used to modt~y incrementally mechanical properties or corrosion
characteristics. In these cases separate dkussion as an aIloy cLr.ssh not warranted

ZJte amount and scope of information available on specl>c metah and alloys vary widely. Uiwally the
amount of information corresponds to the reiative importance of spectjlc metals to widespread applications.
In some cases, however, metals and aUoys have been systematically investigated because of potential
applications that have not been realized.

Chapters 2 and3 discuss the general types of corrosion andmethodsforpreventing corrosion, respectively.
Zhis chapter focuses on specz~c metaik and alloys and the types of applications for which they are used orfor
which they may have potential use. Therefore, the types of corrosion discussed include the genera! types
mentioned in Chapter2 as well as those that may be experienced k specljic environments or media. The effect
of the characteristics of the environment and the condition of the metal in that environment are considered.

Some of the metals and alloys are highly corrosion resistant in specific applications, whereas in other
applications a metal maybe used because of desirabie mechanicaiproperties or cost constraints. In these cases
corrosz”onprevention measures may be required. Some of ~hemetak and alloys are used as corrosion-resiwnt
coatings on other less resistant metals. Corrosion prevention methods spect~c to metak in specljic
app~ications are dixussed in this chapter.

In specijlc applications metalis and alloys are interlaced or jotied with ozher malerials, both metallic and
nonmetallic. In some applications the corrosion action itself creates an interface between the underlying metal
and the corrosionproducts. Some interfaces result in specljlc corrosion types, such as galvanic corrosion. The
dkussion of metal-to-metal andmetal-to-nonmetal interfaces in thti chapter emphasizes the uniqueproblems
arising from the nature of the metal and the environment in specz~c applications.

lhamples of corrosion problems that have artien in the application of speczj7c metals andal[oys to specljic
iterns of Army materiel we discussecL

7%roughout this chapter numerous alloys are discussed. Some of these alloys are proprietary, and their
di?signations are registered trademarks. Mention of the registered trademark of a proprietary alloy in no way
constitutes an endorsement by the US Government.

4-1 INTRODUCTION

A modern military force uses a tremendous array of
materiel items that perform a wide range of fuqctions.
The materiel design processes select appropriate materials
for specific applications. Each metal and alloy used in
Army materiel is chosen because of its particular
propefies.

Properties of metals and alloys maybe characterized as
physical properties, chemical and electrochemical char-
acteristics, mechanical properties, fabrication char- \
acteristics, and economic costs and availability. The ~

properties of metals can be described by a wide range of
attributes, and these attributes must fall within certain
limits if they are to impart utility in an item of materiel.
Table 4-1 lists some chemical and electrochemical char-
acteristics, and Table 4-2 some of the economic and
availability considerations in the application of a tile
alloy.

The generalized material design process proceeds from
statements of mission requirements through many steps,
as outlined in Fig. 4-1. A statement of mission require-
ments might address some of the characteristics listed in
Table 4-3. At each stage of the design process, the
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TABLE 4-1. SELECTED CHEMICAL AND ELECTROCHEMICAL
CHARACTERISTICS OF METALS AND ALLOYS

a

Chemical composition of bulk metal
Chemical composition of microstructural phases and zones
Thermodynamic reaction tendencies, i.e., relative position in electromotive force or galvanic series
Reaction kinetics-polarization tendencies, i.e., exchange currents of reacting systems
Sorption and diffusion characteristics of hydrogen
Physical and chemical characteristics of reaction products
Toxicity of material and reaction products
Tendency to form precipitates from solid solution

TABLE 4-2. SELECTED ECONOMIC AND
AVAILABILITY CONSIDERATIONS

Availability
Required quantities
Desired forms
Coatings and pretreatment desired
Uniformity ‘
Freedom from defects
Delivery period after receipt of order
Applicable specifications and standards
Terms and conditions of ordering

Size limitations in different forms:
Gage
Length and width
Weight

Costs of different forms and quantities

&aterial requirements become more specific and detailed.
Also the constraints and limitations of materials become
more apparent. The reconciliation of performance with
requirements becomes increasingly fixed. To achieve this
reconciliation, the designer assesses, balances, and trades
material attributes to realize an acceptable design. Fig.
4-2 illustrates limiting material problem areas for different
classes of materiel components and subsystems. These are
organized according to mission areas. (Ref. 1) -

4-2 ALUMINUM AND ALUMINUM
ALLOYS

The density of elemental aluminum at 20° C {68°F) is
2698.79 kg/ m3 (168.48 lbm/ ft3). Its melting point is
660° C (1220° F). The metal is soft and malleable and is
nonmagnetic.

Aluminum is alloyed to improve its mechanical
properties, especially its strength. There are two basic
types of alioys: One is strengthened by work hardening
and the other is strengthened by heat treating.

Aluminum and aluminum alloys are available in
wrought, cast, and powder forms.

Mission Requirements

1
Conceptual Design

Preliminary Design Configuration

I
Nonfunctional Mock-Up Assessment

1
Preliminary Mechanical Design

1
Functional Prototype Tests

1
Preproduction Mechanical Design

1
Component and Subassembly Tests

,.

1
Field and Environmental Chamber Tests

‘1
Production Mechanical Design

1
First Item Tests

1
Design Modification and Changes

1
Initial Operational Experience

1
Design Modification and Changes

1
Extended Operational Experience

!
Design Update and Performance Improvement

Figure 4-1. Materiel Design

4-2
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TABLE 4-3. SELECTED DESIGN
CONSIDERATIONS FOR
A TACTICAL VEHICLE

Empty weight and dimensions
Minimum cube dimensions for transpoxt and storage
Carrying ‘capacities:

Personnel
Cargo weights and dimensions
Towed weight
Mounted weapons, armor, and equipment
Overload limits

Fuel capacity and type
Performance at nominal capacity:

Acceleration
Speed
Stopping distance
Turning radius
Grade limits
Range

Terrain capabilities:
Highway
off-road
Obstacles
Clearances

Operating environments
Storage environments
Transpiration modes and environments
Camouflage and infrared signature
Decontamination
Service liie
Maintainability and maintenance
Life cycle costs

Aluminum alloys are used in Army materiel because of
their many desirable qualities

1. High strength-to-weight ratio
2. Ready availability at a reasonable cost
3. Good ccwrosion resistance in many environments
4. High thermal and electrical conductivities
5. Readily formed and joined by conventional fabrica-

tion processes
6. Amenable to surface treatments that enhance

corrosion resistance and impart colors
7. Nontoxic, wtilte or colorless, and nonstaining salts
8. A wide range of properties including high strength

achievable by ~loying, work hardening, and thermal
treatment

9. Application as a surface coating to other metals by
a variety of processes.

Some examples of milhary application of aluminum
alloys include aircraft structures; lightweight armov
tactical vehicle bodies and frames; track shoes for tracked

vehicles; road wheels; bulldozer mould boards with steel
cutting edges; spades to anchor self-propelled guns when
firing; and large bearing races having steel inserts for

e

turrets, cupolas, and machine gun mounts (Ref. 1).
The commonly used designation for wrought aluminum

alloys is a four-digit number. The first digit indicates the
principal alloying element, as shown in Table 4-4. The
other three digits have no specific relationship to alloying
elements but do relate to an alloy series. For example,
alloy 7175 is the first definable change in the 7075 alloy
series. But the final two digits, 75, do not relate to specific
alloying components in that series.

A three-digit designation is used for c=ting ~loYs. Tie
major alloying element is indicated by the first digit. The
major “alloying element designation is that used for the
wrought alloys and is shown in Table 4-4, Prefix letters
are used to distinguish between compositions that differ
in impurity or secondary alloying element contents. For-
example, A356 contains 0.2% iron maximum, whereas

...

356 does not contain iron.

TABLE 4-4. ALUMINUM ALLOY
NUMBERING SYSTEM FOR

WROUGHT PRODUCTS

PRINCIPAL
ALLOY ALLOYING

DESIGNATION ELEMENT

lxxx Commercially pure aluminum
2XXX Copper
3XXX Manganese
4XXX Silicon
5XXX Magnesium
6XXX Magnesium-silicon
7XXX Zinc

Aluminum powders and particles are identified
descriptively. However, aluminum-aluminum oxide alloys
made from aluminum are distinguished as XAP or SAP
alloys followed by a threedigit number. The XAP alloys
are made from flake powder, and the SAP alloys are
made from granules. The threedigit numbers are not
related to a composition code. Prealloyed powders are
used to make powder metallurgy products that cannot be
made by conventional means or that do not develop the
desired microstructure because of incompatibility of the
alloying agents with aluminum. These powders are
iden@ed descriptively or by a proprietary designation.

The wrought and cast aluminum alloy designations are
followed by an indication of the condition or temper of
the alloy. Temper designations for aluminum alloys are
described in Table 4-5. Selected wrought and cast a
aluminum alloys, their nominal chemical compositions,
and their mechanical properties are listed in Table 4-6.

44
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TABLE 4-5. TEMPER DESIGNATIONS FOR ALUMINUM ALLOYS (Ref. 2)

H

. .

HI

.=

HIII

H112

O,,?,
H2

As fabricated. Applies to prod-
ucts of shaping processes in
which no special control over
thermal conditions or strain
hardening is employed.

Strain hardened (wrought prod-
ucts only). Applies to products
that have their strength increased
by strain hardening, with or
without supplementary thermal
treatments to produce some re-
duction in strength.

Strain hardened O@ Ap@cs

to products that are strain
hardened to obtain the desired
strength without supplementary
thermal treatment.

Applies to products that are
strain hardened less than the
amount required for a controlled
H 11 temper.

Applies to products that acquire
some temper from shaping pro-
cesses not having special control
over the amount of strain harden-
ing or thermal treatment but for
which there are mechanical prop
erty limits.

Strain hardened and Dti]Y

annealed. Applies to produ~
that are strain hardened more
than the desired final amount
and then reduced in strength to
the desired level by partial
annealing. For aJloys that age
soften at room temperature, the
H2 tempers have the same minim-
um tensile strength as the cor-
responding H3 tempers. For
other alloys the H2 tempers
have the same minimum tensile
strength as the corresponding
H 1 tempers and slightly higher
elongation. The number follow-
ing this designation indicates
the degree of strain hardening
remaining after the product has
been partially annealed.

H3

H311

H321

H323
H343

o

T

T1

Strain hardened and stabilized.
Applies to producis that are
strain hardened and whose
mechanical properties are stabi-
lized by a Iow-temperature ther-
mal treatment, which results in
slightly lower tensile strength
and improved ductility. This
designation is applicable only to
those alloys, which, unless stabi-
lized, gradually age -soften at
room temperature. The number
following this designation indi-
cates thedegme of strain harden-
ing before the stabilization treat-
ment.

Applies to products that are
strain hardened less than the
amount required for a controlled
H31 temper.

Applies to products that are
strain hardened less than the
amount required for a controlled
H32 temper.

Applies to products that are
specially fabricated to have
acceptable resistance to stress-
corrosion cracking.

Annealed. Applies to wrought
products that are annealed to
obtain the lowest strength tem-
per and to cast products that are
annealed to improve ductility
and dimensional stability.

Thermally treatedto produce
stable tempersother than F, O,
or H. Applies to products that
are thermally treated, with or
without supplementary strain
hardening, to produce stable
tempers.

Cooled fkoman ekvated tempem-
tureshaping process and natural-
ly aged to a substantially stable
condition. Applies to products
that are not cold worked after
cooling from an elevated temper-
ature shaping process or in which

T2

T3

T4

T5

the effects of cold work in flatten-
ing or straightening may not be
recognized in mechanical prop
erty limits.

Cooled fkomanelevated tempem-
ture shaping process, cold
worked and naturally aged to a
substantially stable condition.
Applies to products that are
cold worked to improve strength
after cooling from an elevated
temperature shaping process or
in which the effect of cold work
in flattening or straightening is
recognized in mechanical prop-
erty limits.

Solution heat treated, cold
worked, and nWurally aged to a
substantially stable condition.
Applies to products that are
cold worked to improve strength
after solution heat treatment or
in which the effect of cold work
in flattening or straightening is
recognized in mechanical prop
erty limits.

Solution heattmated and nati
Iy aged to a substantially stable
condition. Applies to products
that are not cold worked after
solution heat treatment or in
which the effect of cold work in
flattening or straightening may
not be recognized in mechanical
property limits. (T42 indicates
material is solution heat treated
from the O or F temper to
demonstrate response to heat
treatment and naturally aged to
a substantially stable condition).

Cooledfroman etevatedtempem-
ture shaping process and then
artifkially aged. Applies to
products that are not cold
worked after cooling from art
elevated temperature shaping
process or in which the effect of
cold work in flattening or
straightening may not be

(eont’d on nexl page)

O,,,
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TABLE 4-5. (cent’d)

cent’d recognized in mechanical prop- T52 Stress relieved by compressing.

T51

erty iimits.

Stress refieved by stretching. Ap-
plies to the following products
when stretched the indicated
amounts after solution heat treat-
ment or cooled from art elevated
temperature shaping process:
Plate . . . . . ...”.... 1.5t03R

permanent set
Rod, bar, shaped,
extruded tube . . . . . . 1 to 3’%

permanent set
Drawn tube . . . . . . 0.5 to 390

permanent set.
Applies directly to plate and
rolled or cold-finished rod and
bar that receive no further
straightening after stretching.
Applies to extruded rod, bar,
shapes, tubing and to drawn
tubing when designated as
follows:
T510 Products that receive no
further straightening after
stretching.
T511 Products that may receive
minor straightening after stretch-
ing to comply with standard
tolerances.

Applies to products that are
stress relieved by compressing
after solution heat treatment or
cooled from an elevated tempera-
ture shaping process to produce
a permanent set of 1 to 5Y0.

T54 Stress relieved by combining
stretching and compressing.
Applies to die forgings that are
stress relieved by restriking cold
in the finish die.

T6 Solution heat treated and then
M]ciaUy aged. Applies to prod-
ucts that are not cold worked
after solution heat treatment or
in which the effect of cold work
in flattening or straightening
may not be recognized in
mechanical property limits. (T62
indicates material is solution
heat treated from the O or F
temper to demonstrate response
to heat treament and is arti-
ficially aged.)

T7 Solution heat treated and stabi-
lized. Applies to products that
are stabilied after solution heat
treatment to carry them beyond

T8

T’9

TIO

w

t
t
~

he point of maximum strength
o provide control of some
;pecial characteristic.

Solution heat treated, cold
worked, and artificially aged.
Applies to products that are
;old worked to improve strength
or in which the effect of cold
work in flattening or straighten-
ing is recognized in mechanical
property limits.

Solution heat treated, arMcially

aged, and cold worked. Applies
to products that are cold worked
to improve strength.

Cooled from an elevated temper-
ature shaping process, cold
worked, and artiflcally aged.
Applies to products that are
cold worked to improve strength
or in which the effect of cold
work in flattening or straighten-
ing is recognized in mechanical
property limits.

Solution heat treated. An un-
stable temper applicable only
to alloys that spontaneously age
at room temperature after solu-
tion heat treatment.

NOTE: The digits followingthe designations H 1,H2, and H3 indicate the degreeof strain hardening. For example, H 12isquarter hard
and H1’8is full hard. The full hard condition is achieved by approximately a 75$Z0reduction in area.

Additional digits are added to designations T2 through TIO to indicate a variation in treatment that significantly alters the
characteristics of the product. This includestempers of stress-relievedwrought products, tempers that differ in the amount and type of
cold work applied after quenching or betweenquenching and artificial aging,and tempers produced by specialpractices to control such
characteristics as resistance to corrosion or dimensional stability.

From Aluminum Standards and Data. Reprinted with permission of The Aluminum Association.

A-f.
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TABLE 4-6. ALUMINUM ALLOYS (Ref. 2)

MECHANICAL PROPERTIES**

COMPOSITION, %* YIELD TENSILE ELONGATION
D:stG. STRENGTH, STRENGTH, IN 51 mm HARDNESS,

NATION UNS Cr Cu - MB Mn Si OTHER CONDITIONI MPo (ksi) M Pa (ksi) (2 in.), % HB

Wrought
1060
I 100
2024
3003
SOS2
5083
5086
5154
6061
6063
7075

cast
242.0
295.0
A332.O
53443.0

A91060
A91 100
A92024
A931303
A9S052
A95083
A9S086
A95 154
A9606i
A96063
A97075

A02420
A02950
A 13320
A24430

—

o. I

0.154).35
0.05-0.25
0.05-0.25
0.05-0.35
0.045.35

0. i?~.28

0.25
—
—
—

—
0.054).2
3.8-$.9

0.054).2
o. I
0.1
0. f
o. I

0.1543.4
0.1

1.2-2.0

3.54,5
4.0-5.0
0.5.1.5

0.15

—

L2~.8
—

2.2-2.8
4.0-4.9
3.s-4.5
3.1-3.9
0.8- 1.2
0.45-0.9
2. I-2.9

1.2-1.8
0.03

0.7- 1.3
0.05

0.3-0.9
1.0.1.5

0.:::.0
0.2-0.7

0.1
0.}5
0.1
0.3

0.35
0.35
0.35
0.35

—

0.5
0.6
—
0.4

::5
0.4-0.8
0.2-0.6

0.40

0.;::.5
11.-13.
4.5.6.0

99.6A I min
99.OAI min

—

—
5.1-6,1Zn

1.7-2.3Ni

2.O-3.ONi

o
0

H!

:
0
0

T6
T6
T6

S-T57 1
S-T4

P-T55 I
S-F

28 ( 4.) 69 (10.)
34 ( 5.) 90 (13.)

324 (47.) 469 (68.)
145 (21.) 152 (22,)
90 (13.) 193 (28.)

145 (21.) –
117 (17.) 262 (38.)
117 (17.) 241 (35.)
276 (40.) 310 (45,)
214 (31.) 241 (35.)
503 (73.) 572 (83.)

— 200 (29.)
200 (29.)

— 214 (31.)
117 (17.)

43
45
19.

:

30.
27
17.
18.
II

6.

<.

19
23

120.
40,
47.
—

ii
95.
73.

150.

514.0 AOS140 — 0.15 3.54.5 0.35 0.35 S-F – 152 (22.) 6. 0
520.0 A05200 —

—

:
0.25 9.5-10.6 0,15 0.25 ~ S-T4 152 (22.) 290 (42.) 12. m

●Single values are maximum values. ?
**Typico) room temperature properties.
IS= sand case P = permanent mold cast; Other= temper designnlions,

a

Reprinted with permission from the National Association of Corrosion Engineers. Copyright NACE. z
~
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4-2.1 ‘WIMN.JGHTALUMINUMALLOYS

The IXXX, 3XXX, 4XXX, and 5XXX series are
nonheat treatable. The heat-treatable alloys are the
2XXX, 6XXX, and 7XXX series.

Commercially pure aluminum alloys (I XXX series)
~ave relatively low strength but good ductility. The
3XXX series (aluminum-manganese and aluminum-
manganese-magnesium) have higher strengths than the
IXXX series alloys, which are developed by strain
hardening, or stretching. The 5XXX series alloys
(aluminum-magnesium) are the strongest of the nonheat-
treatable alloys. The 5XXX alloys are readily fabricated
without degrading the mechanical properties. They
provide higher strength per unit cost than the 1XXX or
3XXX alloys and are widely used in watercraft. Their
higher strength is the result of the solid solution hardening
effect of magnesium. Additional strength may be
developed by strain hardening. The aluminum-silicon
alloys (4XXX series) are low-strength alloys and are used
for brazing and welding products and as a cladding in
architectural products.

The heat-treatable aluminum alloys are the alloys
having the highest strength. Strengthening is produced in
these alloys by (1) a solution heat treatment at 460° to
565° C (860° to 1050° F) to dissolve soluble alloying
elements, (2) quenching, or rapid cooling, to retain them
in solid solution, and (3) a precipitation, or aging,
treatment. The aging is accomplished either naturally at
room temperature or artificiallyat116° to 193° C (240° to
380° F). Aging precipitates the alloying elements from the
solid sblution in an optimum size and distribution. The
precipitated phases give the heat-treatable alloys their
high strength. The corrosion resistance of the heat-
treatable alloys is strongly influenced by the presence of
copper in the alloys. The corrosion resistance of the
6XXX series alloys (aluminum-magnesium-silicon), which
may contain only impurity amounts of copper, approaches
that of the nonheat-treatable alloys. The 2XXX series

I

I

alloys (aluminum-copper, aluminum-copper-magnesium,
a’nd aluminum-copper-silicon-ma~esium) contain cop-

0per as the principal alloying element. The 7XXX series
alloys (aluminum-zinc-magnesium and a.luminum-zinc-
magnesium-copper) include both copper-containing and
noncopper-containing alloys. The noncopper-containing
alloys have high resistance to corrosion, whereas the
2XXX series alloys and the copper-containing alloys of
the 7XXX series have significantly lower resistance to
corrosion. The high-strength, copper-containing alloys
are widely used in aerospace applications, and they are
being used increasingly in other applications that benefit

i from their high strength-to-weight ratios, such as light-
! weight armor.

The mechanical properties of some wrought aluminum
alloys are given’in Table 4-7. This list includes the fatigue
limit and fracture toughness parameters. A list of typical
applications for wrought aluminum alloys is given in -..
Table 4-8.

A relatively recent aluminum alloy development is
rduminum-iithium. Substitution of an alurninum-lithhm-
copper-x alloy with 2.4 to 2.77 weight ‘Yolithium in an
existing aircraft design could reduce weight by 8 to 107o.
Lithium has a density of 530 kg/m3 (33.1 lbm/ft3)
compared to 2700 kg/ m3 (168.6 Ibm/ ft3) for aluminum.
The solid volubility of lithium in aluminum approaches
3S by weight, or about 10 atom%. Lithium increases the
modulus of elasticity, or stiffness, by 6% (Ref. 4). e
Therefore, new aircraft designs that take advantage of the
increased stiffness of the alloy and its decreased density
could provide overall weight reductions of 15qo.

In commercial production aluminum-lithium alloys
will cost 2 to 3 times more than conventional alloys
because formation of these alloys is significantly more
difficult. However, the added costs for aircraft would be
more than offset by decreased fuel consumption and/or
increased payload.

4-8
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TABLE 4-7. TYPICAL MECHANICAL PROPERTIES OF WROUGHT ALUMINUM ALLOYS (Ref. 3)

ALLOYDESIGNATION TENSILE YIELD FATIGUE ELON- FRACWRE TOUOHNESS

TEMPER STRENGTH, STRENGTH, LIMIT, GATION, LONGITU- LONG SHORT
DINAL, TRANSVERSE TRANSVERSE

UNS AA MPa (ksi) MPn (ksi) MPa (ksi) % MN/m’n (klb/in?? MN/ m’” (klb/in.JA) MN/m’n (klb/in?h)

EC o 83 (12) 28 ( 4) 23
H19 186 (27) 165 (24) 48 ( 7)

A91060 1060 0 69 (10) 28 (4; 21 ( 3) :35
H18 - 131 (19) 124 45 (6.5)

A91 100 1100 0 90 (13) 34 (J 34 ( 5) 3!5
H18 165 (24) 152 62 ( 9) 5

A92011 2011 T3 379 (55) 296 (43) 124 (18) 15
T8 407 (59) 310 (45) 124 (18)

A92014 2014 T451 427 (62) 290 (42) 138 (20) :: 44 (40) 42 (38) 23 (21)
T651 483 (70) 414 (60) 124 (18) 13 26 (24) 22 (20) 20 (18)

A92017 2017 T451 427 (62) 276 (40) 124 (18) 22
A92020 2020 T6S 1 579 (84) 531 (77) 7 23 (21) 20 (18)
A92021 2021 T8 1 503 (73) 434 (63) 9 30 (27) 25 (23)

A92024 2024 T4, T351 469 (68) 324 (47) 138 (20) 20 49 (45) 44 (40) 23 (21)
T81, T851 448 (65) 414 (60) 6 26 (24) 21 (19) 18 (16)

A92025 2025 T6 400 (58) 255 (37) 124 :18) 19
A92048 2048 T851 483 (70) 455 (66) 37 “(34) 33 (30) 27 (25)
A92117 2117 T4 296 (43) 165 (24) 97 (14) 27
A92 124 2124 I-851 469 (68) 434 (63) 90 (13) 8 30 (27) 25 (23) 23 (21)

A92214 2214
A92218 2218 T72 331 (48) 255 (37) 11
A92219 2219 T351 359 (52) 248 (36) 17 44 (40) 44 (40)

T37 393 (57) 317 (46) II 44 (40) 37 (34) 36 (33)
T62 414 (60) 290 (42) 103 (15) 10 44 (40) 40 (36)
7-851 455 (66) 352 (51) 103 (15) 10 38 (35) 36 (33)
T87 476 (69) 393 (57) 103 (15) 10 33 (30) 31 (28) 26 (24)

/392419 2419
A92618 2618 T6 441 (64) 372 (54) 10 33 (30) 29 (26) 20 (18)

A93003 3003 0 I 10 (16) 41 ( 6) 48 ( 7) 30
H18 200 (29) 186 (27) 69 (10)

A93004 3004 0 179 (26) 69 (lo) 97 (14) 2:
H38 283 (41) 248 (36) 110 (16) 5

(cent’d on next page)
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TABLE 4-7. (cent’d)

ALLOYDESIGNATION

UNS AA

A93 105 3105

A94032 4032

A95005 5005

A95050 5050

A95052 5052

A95056 5056

A95083 5083

A9.5086 5086

A95154 5154

A95252 5252

A95254 5254

495454 5454

495456 5456

A96005 6005
A96061 6061

TENSILE
TEMPER STRENGTH,

MPa (ksi)

o 117 (17)
H25 179 (26)
T6 379 (55)

o 124 (18)
H38 200 (29)
o 145 (21)
H38 221 (32)
o 193 (28)
H3$ 290 (42)
o 290 (42)
H18 434 (63)

o 290 (42)
H321 317 (46)
o 262 (38)
H32
HI16 290 (42)
HI17
o 241 (35)
H38 331 (48)

H25 234 (34)
H38,H28 283 (41)
c) 241 (35)
H38 331 (48)
3 241 (35)
H34 303 (44)
3 310 (45)
H321 352 (51)
H343 386 (56)
H112

YIELD FATIGUE
STRENGTH, LIMIT,

MPa (ksi) MPa (ksi)

55 ( 8)
159 (23)
317 (46) 110 (16)

41 ( 6)
186 (27)
55 ( 8) 83 (12)

200 (29) 97 (14)
90 (13) 110 (16)

255 (37) 138 (20)
152 (22) 138 (20)
407 (59) 152 (22)

145 (21)
228 (33) 159 (23)
117 (17)

207 (30)

117 (17) 117 (17)
269 (39) 145 (21)

172 (25)
241 (35)
117 ‘(17) 117 (17)
269 (39) 145 (21)
117 (17)
241 (35)
159 (23)
255 (37)
296 (43)

m

.

ELON.
iATIOl

%

24
8
9

25
5

24
6

25
7

35
10

22
16
22

12

27
10

11
5

27
10
22
10
24
16
8

12
25
22
12

FRACTURETOUGHNESS

LONGITU-
DINAL,

fN/m’@(klb/in?@)

66 (60)
49 (45)

56 (51)

49 (45)

42 (38)

41 (37)

LONG
TRANSVERSE

MN/mJP(klb/in?J

66 (60)
43 f(39)

49 (45)

49 (45)

40 (36)

34 (31)

SHORT
TRANSVERSE,
bfN/m3@(klb/in.3)

25 (23)

29 (26)

34 (31)

23 (21)

(cent’d on next page)
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ALLOY DESIGNATION

UNS AA

496063 6063

496066 6066

TEMPER

T4
T6
T832
o
T4
T6

496070 6070 T6
496101 6101 T6
496262 6262 T9
A96463 6463 TI

T6

A97001 7001

A97005 7005

A97039 7039

0
T6
T75
T73
T53
T635 I
T6151
T63
T64

497049 7049
497050 7050
N97075 7075

497079 7079

A97175 7175

A97178 7178

A97475 7475

-I-73
T136
T6
T76
T73
T65 I

T66
T736
T6
T76
T65 I
T765 I
T735 I

TENSILE
STRENGTH,

MPa (ksi)

172 (25)
24 [ (35)
290 (42)
152 (22)
359 (52)
393 (57)

379 (55)
221 (32)
400 (58)
152 (22)
24 I (35)

255 (37)
676 (98)
579 (84)

393 (57)

455 (66)
434 (63)
434 (63)

531 (77)
558 (81)
572 (83)
538 (78)
503 (73)
538 (78)

53 I (77)
607 (88)
572 (83)
558 (81)
53I (77)

O
,,
t. ..

TABLE 4-7. (cent’d)

YIELD

STRENGTH,

MPa (ksi)

90 (13)
214 (31)
269 (39)

83 (12)
207 (30)
359 (52)

352 (51)
193 (28)
379 (55)

90 (13)
214 (31)

152 (22)
627 (91)
496 (72)
414 (60)
345 (50)
324 (47)
379 (55)
365 (53)
372 (54)

476 (69)
503 (73)
503 (73)
469 (68)
434 (63)
469 (68)

483 (70)
538 (78)
503 (73)
490 (71)
462 (67)

FATIGUE ELON-
LIMIT, GATIOh

MPa (ksi) %

22
69 (10) 12

12
18
18

110 (16) 12

97 (14) 10
15

90 ([3)
69 (lo) :
69 (lo) 12

14
152 (22) 9

12
12

I 15

I 13

I 13

11
II

I59 (23) II
12
13

159 (23) 14

II
10
11
12
12

I

O
-.

FR,

LONGITU-
DINAL,

fN/mJfl (klb/in!fi:

26 (24)
33 (30)

52 (47)
53 (48)
48 (44)
44 (40)

32 (29)
38 (35)
29 (26)
30 (27)
33 (30)
30 (27)

32 (29)
36 (33)
24 (22)
30 (27)
44 (40)
47 (43)
55 (50)

WRE TOUGHNESS

LONG
TRANSVERSE
4N/m’p (k[b/in.ti)

22 (20)

44 (40)
44 (40)
40 (36)
44 (40)

29 (26)
30 (27)
25 (23)
26 (24)
27 (25)
25 (23)

27 (25)
32 (29)
23 (21)
24 (22)
38 (35)
42 (38)
49 (45)

SHORT
transverse
lN/m’~ (klb/in.]h)

31 (28)
33 (30)
25 (23)
33 (30)

22 (20)
24 (22)
20 (18)
21 (19)
22 (20)
20 (18)

25 (23)
26 (24)
16 (15)
19 (17)
30 (27)
32 (29)
36 (33)
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AA
EC
1060
1100
2011
2014
2017
2020
2021
2024
2048
2025
2117
2124
2214
22i8
2219
2419
2618
3003
3004
3105
4032
5005
5050
5052
5056
5083
5086 }

5090
5154
5252
5254
5454
5456

6005

6053
6066
6070
6101
6201
6262
6463
7001
7005
7039
7049
7050
7075
7079
7175
7178
7475

TABLE 4-8. TYPICAL APPLICATIONS FOR WROUGHT ALUMINUM ALLOYS (Ref. 3)

ALLOY DESIGNATION

UNS

A9106O
A911OO
A92011
A92014
A92017
A92020
A92021
A92024
A92048
A92025
A92M7
A92 124
A92214
A92218
A92219
A92419
A92618
A93003
A93004
A93105
A94032
A95005
A95050
A95052
A95056
A95083
A95086

A95090
A95154
A95252
A95254
A95454
A95456

A96005

A96053
A96066
A96070
A96101
A96201
A96262
A96463
A97001
A97005
A97039
A97049
A97050
A97075
A97079
A97175
A97178
A97575

APPLICATIONS OF ALLOYS

Electrical conductors
Chemical equipment, railroad tank cars
Sheet metal work, spun hollowware, fin stock
Screw machine products
Truck frames, aircraft structures
Screw machine products, fittings
Structural use at high temperatures
High-strength weldments, cryogenics
Aircraft structures, truck wheels, hard hats, screw machine products
Aircraft structural parts
Forgings, aircraft propellers
Rivets
AS 2024
As 2014 c
Jet engine impellers and rings
Structural uses at high temperatures to 316° C (6010F) high-strength weldments
As 2219
Aircraft engines, structural uses at elevated temperatures
Pressure vessels, storage tanks, chemical equipment
Sheet metal work, storage tanks
Residential siding, mobile homes, sheet metal work
Pistons
Appliances, utensils, electrical conductor
Builder’s hardware, refrigerator trim, coiled tubes
Sheet metal work, hydraulic tube, appliances
Cable sheathing, rivets for magnesium, screen wire, zippers
Marine structures, unifired welded pressure vessels, automobiles, aircraft
cryogenics, armor, television towers, drilling rigs, transportation equipment,
missile components
High-strength, corrosion-resistant sheet
Welded structures, storage tanks, pressure vessels, saltwater service
Automotive and appliance trim
Hydrogen peroxide and other chemical storage vessels
Welded structures, pressure vessels, maiine service
High-strength welded structures, storage tanks, pressure vessels, marine
applications
Heavyduty structures requiring good corrosion resistance, truck and marine
railroad cars, fum$ure, pipelines
Pipe railing, furniture, architectural extrusions
Forgings and extrusions for welded structures
Heavyduty welded structures, pipelines
High-strength bus conductors
High-strength electric conductor wire
Screw machine products
Extruded architectural and trim sections
High-strength structures
Weldable structures, mobile bridges, dump trucks
‘Welded cryogenic and missile applications, armor
Forgings for aircraft and other structures
Aircraft structural parts
Aircraft and other high-strength stmctures
Structural parts for aircraft
Forgings for aircraft and other structures
Aircraft and other structures
Sheet and plate for aircraft and other structures

4-12
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Mechanical properties of some aluminum-lithium
alloys are shown in Table 4-9, whereas the nominal
compositions are listed in Table 4-10. The conventional
high-strength alloys 2024 and 7075 areshown for compari-
son. Alloy 2090 is considered a replacement for 7075-
T6X. A T-8-type temper (T8 E41) is being used for 2090
sheetj plate, and extrusion products that are cold worked
to improve strength and toughness. A stress-corrosion
resistant, T6 E203 is being used for forgings.

Aluminum-lithium alloys exhibit brittle behavior.
Studies suggest that the brittleness results from the
formation of a liquid phase as discrete particles along the
grairt boundary (Ref. 5). The liquid phase is produced at

-~oom temperature and below by impurity elements in the
alloy. Several elements-sodium, potassium, cesium,
mercuty, and thallium-form binary alloys with aluminum
at these temperatures+ In addition, low-melting ternary

6md Quarternary alloys are also possible. The solution to
this problem is to exclude impurity elements from the
production of aluntinum-lithiti alloys.

4-2-1.1 Types of Corrosion
Although aluminum is an active metal, as indicated in

the electromotive force series of Table 2-2, it is resistant to
corrosion in many et3vironments. The comosion resistance
of aluminum results from the formation of a passive oxide

TABLE 4-10. COMPOSITION OF SOME
ALUMINUM-LITHIUM ALLOYS (Ref. 4)

NOMINAL COMPOSITION, wt%

ALLOY Cu Mg Mn Zr Li Zn Cr

2090 2.8 — — 0.1 2.2 — —
8091 2.0 0.9 — 0.1 2.6 — —
2091 2.2 i.s — 0.1 2.0 — —
8090 1.3 1.0 — 0.1 2.5 — —
2024 4.4 1.5 0.6 — — — —
7075 1.6 2.5 — — — 5.6 0.2

From ~gh[ J4etal Age, “Advanced Aluminum Materials for
Aerospace Applications”, August 1986. These tables are the

only portions of the article used.

film, which is 0.005-to O.010-pm (1.97 X ~0+ to 3.94 X
10+-mil) thick in air. A thin protective fdm is also formed
in water at ambient temperatures. As temperature in-
creases, the fdm becomes thicker and more protective.
However, the protective fdm does not form in water or
steam above approximately 230’ C (446° F).

The general corrosion resistance of wrought aluminum
alloys is shown in Table 4-11, which also shows the
resistance to stress<orrosion cracking.

m,,
w

TABLE 4-9. MECHANICAL PROPERTIES OF ALUMINUM-LITHIUM ALLOYS (Ref. 4)

TENSILE YIELD YOUNG’S
ALLOY STRENGTH, STRENGTH, ELONGATION, MODULUS, DENSITY,

MPa (ksi) MPa (ksi) % MPa (ksi) kg/m3 (lbtn/ft3)

7075-T6 537.8 (78) 468.8 (68) 7 71.7X103 (10.4XI03) 2810 (175.4)
2090-T8E41 565.4 (82) 517.1 (75) 6 78.6X103. (1 1.4X103) 2600 (162.3)
8091-T651 530.9 (77) 461.9 (67) 6 80.0X103 (1 1.6X102 2550 (159.2)
2024-T3 434.4 (63) 289.6 (42) 8 73.1X103 (10.6X103) 2780 (173.5)
2091-T6X 468.8 (68) 372.3 (54) 12 78.6X10J (11.4X103) 2580 (161.1)
8090-T651 482.6 (70) 427.5 (62) 6 79.3X103 (1 1.5X109 2540 (158.6)

From Lighr Metal Age, “Advanced Aluminum Materials for Aerospaee Applications”, August 1986. These tables are the only portions
of the article used.

O.,,:
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TABLE 4-11. GENERAL AND STRESS CORROSION RESISTANCE OF

ALLOY DESIGNATIO

UNS AA

A96005 6005

A96061 606 1“

A96063 6063

A96066 6066

+ A96070- 6070
z A96101 6101

A96262 6262

A96463 6463

A97001 7001

A97005 7005

WROUGHT ALUMINUM ALLOYS (Ref. 3)

TEMPER

T51

o
T4
T6

T4
T6
T832

o
T4
T6

T6

T6

T9

T1
T6

T6
T75

T73

T53

T6351

CORROS1ON
RESISTANCE
FIRST LESTER:*
GENERA L
CORROSION,
SECONDLETTER:**
STRESS
CORROS1ON

B A

B A
B B
B A

A A
A A
A _A

c A
c B
c B

B B

A A

B A

A A
A

c c
c c

c B

A c

A c

Estimate of the highest sustained tension stress at which test specimens of different orientations to the grain
\tructure would not fail in the 3.5V0NaCi alternate immersion test in 84 days.

TEST
)lRECTIOh

Lt~
s

s

L
s
s

L
T
s
L
T
s

PL.ATE ROLLED
ROD + BAR

+

MPa (ksi) MPa’ (ksi)

I

+
69 (10)T

=200 (=29) I
=200 (=29)
<138 (<20)

EXTRUDED SHAPES FORGINGS
SECTION THICKNESS

6-25mm 30-75 mm
(0.24-0.98in.) (1.18-2.95 in.)
MPa (ksi) MPa (ksi) MPa (ksi)

>179 (>26)

f

1 #

345 (50)
172 (25)
310 (45j

>331 (>48)t >331 (>48)t
>310 (>45)t 241 (35)t

*Ratings Athrough D are relative ratings indecreasingorder ofmerit based on exposuresto sodium chloridesolution by intermittent sprayingor immersion. AlloyswithA
and R ratings can be used in industrial and seacoast atmospheres without protection; other alIovs shouId be urotected.

**Stress_corrosioncracking ratings are based on s&viceexp&ienceand on l~boratory tests of spe~imens expos~d to the 3.590 sodium chloride alternate immersion test:
A = No known instance of failure in service or in laboratory tests
B = No known instance of failure in service; limited failures in laboratory tests of short transverse specimens
C = Service failures with sustained tension stress acting in short transverse direction relative to grain structure; limited failures in laboratory tests of long transverse

specimens
D = I.imited service failures with sustained longitudinal or long transverse stress.

$Specimens exposed in inland industrial atmosphere, which for these alloys provides more realistic vahses than alt&nate immer~ion in 3.5X NaCl
ttL, S, and T are defined in par. 2-2.9.2. (cent’d on next page)

@
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o
ALLOY DESIGNATION

UNS AA

A97039 7039

A97049 7049

A97050 7050

A97075 7075

A97076 7076

A97079 7079

A97175 7175

A97 178 7178

Q...TABLE - . (cent’d) o

FORGINGS

MPB (ksi)

TEMi’Ell CORROSION Estimnte of thehighest susttrincd tension slressnt’&hich teslsp~cimens of different oricntrrtions tothegmin
RESISTANCE structure would not fail in the 3.5?0 NnCl nlternnte immersion IeSI in 84 dtrys.
FIRST LETTER:*
GENERAL TEST PLA”~E ROLLED EXTftUf3Ef3 SHAPES

CORROSION, DIRECTION ROD + BAR SECHON “rHICKNESS

SECOND LETTER:** 6-25 mm 30-75 mm

STRESS (0.24-0.98 in.) (1.18-2,95 in.)

CORROSION M Pa (ksi) M Pa (ksi) M PtI (ksi) M Pa (ksi)

T6151 c D s <34 (<5)
T63 c, D L >2Jt g’)t

T
s 48 (7)T

T64 c D s <34 (<5)

T73 c B s

T736 c B s >3 Io (>45)

T6 c D L 345 (50) 345 (50) 414 (60) 414 (60)
T 310 (45) 345 (50) 221 (32)
s 48 (7) 103 (15) 48 (7)

T76 c c L >338 (>49) >359 (>52)
T >338 (>49) >338 (>49)
s 172 (25) 172 (25)

T73 c t? L >345 (>50) >345 (>50) >372 (>54) >365 (>53)
T >33 I (>48) >33 I (>48) >33 I (>48) >33 I (>48)
s 276 (40) >296 (>43) >296 (>43)

T6 1 D s

T65 I c D L >379 (>55) >414 (>60) >414 (>60)
T 276 (40) 345 (50) 103 (15)
s 48 (7) 48 (7)

T66 c D s
T736 c B s

T6 c D L 379 (55) 448 (65) 448 (65)
T 262 (38) 310 (45) 172 (25)
s 48 (7) 48 (7)

T76 c B L >359 (>52) >379 (>55)
T >359 (>52) >359 (>52)
s 172 (25) 172 (25)

*Ratings A through Dare relative ratings in decreasing orxlcrof merit bnsed on exposures to sodium chloride solution by intermittent sprriyingor immersion. Alloys with A
and B ratings crrn be used in industrial ttnd seacoast atmospheres without protection; other alloys should be protected.

** S1ress-corrosion crackinE ratillRs are based 011serviceexperience and on laboratory tests of specimens exposed tO the 3.5~o sodium chloride ailernate immersion lest:

<69 (< 10)

>172 (>25) ‘

>172 (>25)

24 I (35)
172 (25) ~
48 (7)

F

$
>345 (>50) :
>331 (>48)
>296 {>43) ii

=48 =7 z

>345 (>50) ~
207 (30)

<48 (<7)

48 (7)
>172 (>25)

A = No known instanc~ of fafiure in service or in laboratory tests
B = No known instance of failure in service; limited failures in laboratory tests of short transverse specimens
C = Service failures with sustained tension stress acting in short transverse direction relative to grain structure; limited fttilures in Iaborrrtory tests of long transverse

specimens
D = Limited service failures with sustained longitudinal or long transverse stress.

tSpecimcns exposed in inkrnd industrial atmosphere, which for these alloys provides more realistic values than alternate immersion in 3.5% NaC1. -

tiL, S, and T are defined in par. 2-2,9.2. (cent’d on next pnge)
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uNS AA

A97475 7475 T61
T761
T735 1

EC o
H19

A9 1060 1060 0
H18

A91 100 1100 0
H18

A92011 2011 T3

T8

A92014 2014 T4,T3
T651

A92021 2021 T8

CORROSION
RESISTANCE
FIRST LETTER:*
GENERA L
CORROS1ON,
SECOND LETTER:**
STRESS
CORROS1ON

c D
c

c B

A A

A A

A A
A A

A A
A A

D’D

D B

D D
D c

D c

B

B

TABLE 4-11. (cent’d) —
Estimateof the highest sustained tension stress at which test specimensof diffkrentorientationsto the grain
structure would not fail in the 3.590NaC1alternate immersion test in 84 days.

TEST PLATE ROLLED
)IRECTION

I
ROD + BARI

+

L’ >345 (>50)
T >331 (>48)
s >296 (>43)

t

w
L 310 (45) 310 (45)
T 207 (30)
s_ 41 (6) 103 (15)

1 1

L >393 (>57)
T >386 (>56)
s >234 (>34)

L >331 (>48)
T >317 (>46)
s 241 (35)

EXTRUDED SHAPES
SECTION THICKNESS

6-25 mm 30-75 mm
(0.24-0.98 in.) (1.18-2.95 in.)

MPa (ksi) MPa (ksi)

I

i

1

u

FORGINGS

MPa (ksi)

48 (7)
207 (30)
172 (25)
48 (7)

>290 (>42)
>276 (>40)

241 (35)

ion.Alloyswith A*Ratings A through Dare relativeratings indecreasingorder of merit basedon exposures to sodium chloridesolution byintermittent spraying or immer
and B ratings can be used in industrial and seacoast atmospheres without protection; other alloys should be protected.

**fjtress.corrosion cracking ratings are based on service experience and on Iaborat ory tests of specimens exposed to the 3.YXO sodium chloride alternate immersion test:
A = No known instance of faihrre in serviceor in Iaboratorv tests
B = No known instance of failure in service; limited failure: in laboratory tests of short transverse specimens
C = Service failures with sustained tension stress acting in short transverse direction relative to grain structure; limited failures in laboratory tests of long transverse

specimens
D = Limited service failures with sustained longitudinal or long transverse stress.

lSpecimens exposed in inland industrial atmosphere, which for these alloys provides more realistic values than a ternate immersion in 3.5% NaC1.
IIL, S, and T are defined in par. 2-2.9.2. ) (cent’d on next page)

o
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o 0.
TABLE 4-11. (cent’d)

O..=..

UNS AA

A92024 2024 T4,T35 I

T6,T8 I,
T851

A92025 2025 T6

A92048 2048 T85 I

A92117 2117 T4

? A92 124 2124 T3

~ T6,T85

A92214 2214

A92218 2218 T72

A92219 2219 T35 I
T37
T62

T8

A92419 2419 I

CORROSION
RESISTANCE
FIRST LETTER;*

GENERAL
CORROS1ON,
SECOND LETTER:**
STRESS
CORROSION

D D

D B

Estimate of the highest sustained tension stress M which test specimens of different orientations to the groin
structure would not f~il in Ihe 3,5% NstCl tdlernnte immersion test in 84 days.

TEST PLATE ROLLED EXTRUDED SHAPES FORGINGS
91RECTI0

L
T
s
L
T
s

MPtr (ksi)

241 (35)
138 (20)
4 I (6)

>345 (>50)
>345 (>50)

186 (27)

ROD + BAR

MPSS (ksi)

207 (30)

69 (10)
>345 (>50)

>296 (>43)

SECTION1
6-25 mm

(0.244.98 in,)
MPn (ksi)

>345 p50)
255 (37)

>414 (>60)
345 (50)

BILI I I

c A

D
B >345 (>50)

k >345 (>50)
s 207 (30)

D c

D D
1) c
D B

D B

<69 (< 10)
>234 (>34)
>22 I (>32)
>276 (>40)
>262 (>38)
>262 (>38)

>24 I (>35)
>24 i (>35)

HICKNESS
30-75 mm

(1. 18-2.95 in.)
MPtt (ksi)

>345 (>50)
124 (18)
48 (7)

>414 (>60)

MPn (ksi)

48 (7)
>296 (>43)

1

=-l-=-
&Rnlill~~ A [hr~u~h f) ~re ~elalive ~atin~s in decrensingorderof merit bnsed OII exposures [Osodiurn Chloride solutiosr by intermittent sprstyingor immersion. AllOyS with A

and 1] ratings can be used in industrial anti settcoast atmospheres without protection; other alloys should be protected.
** Stre55.corro5ion ~rackinQ rntin~s are based on service experienceand on l~born~ory tests of specimens exposed to the 3.5% sodium chloride ahernate immersion test:

A = No known instanc~ of frr~ure in service or in Istborntory tests
II = No known instance of failure in service; limited failures in Inbomtory tests of short transverse specimens
C = Service failures with sustained tension stress acling in short transverse direction relative to grstin structure; limited failures in Iabortttory tests of long transverse

specimens
D = Limited service failures with sustained longitudinal or long transverse stress.

lSpccimens exposed in inland industrial atmosphere, which for these alloys provides more realistic values than tdternate immersion in 3.5% NaC1.
Ill., S, and T are defined in pnr. 2-2.9.2. (cent’d on next page)
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ALLOYDES! GNATIO1

UNS AA

A92618 2618

A93003 3003

A93004 3004

A93 105 3105

A94032 4032

A95005 5005

A95050 5050
+
L
w

A95052 5052

A95056 5056

A95083 5083

A95086 5086

*Ratings A through D
and B ratings can be

TEMPER

T6

o
H18

o
H38

o
H25

T6

o
H38

o
H38

o
H38

o
+18,H38
+192,H39:

o
H321

o
132,Hlli
134,H38
3111

“-+fi
TABLE 4-1.1. (cent’d)

CORROSION
RESISTANCE
FIRST LETTER:*
GENERA L
CORROS1ON,
SECOND LETTER:**
STRESS
CORROSION MPa (ksi) MPa (ksi) MPa (ksi) “MPa (ksi)’ MPa (ksi)

D c L >303 (>44) ‘
.s >276 (>40) >221 (>32)

A A A ~.
A A

A A

1-,-” ”,., I 1.

Estimate of the highest sustained tension stress at which test sper.imcns of different orientations to the grain -
structure would not fail in the 3,5% NaCl alternate immersion test in 84 clays.

TEST PLATE ROLLED EXTRUDED SHAPES FORGINGS
IRECTION ROD + BAR SECTION THICKNESS

6-25mm 30-75 mm
(0.24-0.98 in.) (1. 18-2.95in.)

A A

A A

“A A

c B

A A
A A

A A
A A

A A
A A

A c
A D
B D

A B
A c L >172 (>25)

s >172 (>25)

A A
A B
A B
A B

~are reIative ratings in decreasing order of merit based on exposures to sodium chloride solution by intermittent spraying or immersion. Alloys with A
used in industrial and seacoast atmospheres without protection; other alloys should be urotected.

**Stress.corr&ion cracking ratings are based on service experience and on laboratory tests of spe~imens expos;d to the 3.5% sodium chloride alternate immersion test:

A = No known instance of failure in service OF in laboratory tests
B = No known instance of failure in servic~ limited failures in laboratory tests of short transverse specimens
C = Service failures with sustained tension stress acting in short transverse direction relative to grain structure; limited failures in laboratory tests of long transverse

specimens
D = Limited service failures with sustained longitudinal or long transverse stress.

tSpecimens exposed in inland industrial atmosphere, which for these alloys provides snore realistic values than alternate immersion in 3.5’%NaCL
ttL, S, and T are defined in par. 2-2.9.2. ~ (cent’d on next page)
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ALLOY DESIGNATION TEMPER

UNS AA

X5090

A95154 5154 0
H38

A95252 5252 H25
H38,H28

A95254 5254 0
H38

A95454 5454 0
H34
Hl12

A95456 5456 0
H321
Hill
HI16

CORROSION
RESISTANCE
FIRST LETTER:”
GENERAL
CORROSION,
SECOND LETTER:**

STRESS
CORROSION

A B
A B

A A
A A

A A
A B

A A
A A
A B

IL-u

i:
TABLE 4-11. (cent’d)

Estimir{eof the highesi sus[oirredtension stress at which test specimens of different orientolions 10 the grain
structure would not fnil in the 3.5% NfICl alternnte immersion test in 84 dnys.

TEST PLAIT ROLLED EXTRUD13D SHAPES FORGINGS
llRECflON ROD + BAR SECTION THICKNESS

I I I 6-25 mm 30-75 mm
(0.24-0,98 in.) (1.18-2.95 in.) I

1, MPn (ksi) ~ MPSI (ksi) ! ‘MPn (ksi)” I - M Pn (ksi)” I MPn (ksi)
I

●Rntirrgs A through Dnre relntive ratings in decrensingorderof merit bnsed on exposures losodiumchloride solution by intermittent spraying or immersion, Alloys with A S
nnd B ratings can be used in industrial and sencoast atmospheres without protection; other alloys should be protected.

s

●*Stress.corrosion crackil~g ratings are based on service experience and on laboratory tests of specimens exposed to the 3.5?0 sodium chloride alternate immersion test:

A = No known instance of fnilure in service or in Inboratory tests
U = No known instance of failure in service; limited failures in laboratory tests of short transverse specimens
C = Service failures with susmined tension stress acting in short transverse direclion relative to grain structure; limited fnilures in Iaborntory tests of long transverse

specimens
D = Limited service failures with sustained longitudinal or long (ransverse stress.

lSpecimens exposed in inland industrial atmosphere, which for these alloys provides more realistic values thnn alternate immersion in 3.5% NaC1.
ttL, S, and T are defined in par. 2-2.9.2.
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MIL-HDBK-735(MR)

4-2.1.1.1 Uniform Corrosion

Aluminum is an amphoteric metal, i.e., it corrodes
under both acid and alkaline conditions, as shown in Fig.
4-3. Exceptions shown on this figure are acetic acid and
sodium disilicate. Other exceptions are ammonium hy-
droxide above about 30% concentration by weight, nitric
acid above 80% concentration by weight, and sulfuric
acid of 98 to 1007o concentration by weight.

The resistance of aluminum alloys to general corrosion
is impaired by the presence of about 0.25% copper as an
alloying element. In moisture the copper forms ions that
the aluminum reduces. During this process, aluminum is
oxidized and metallic copper plates out on the alloy
surface and establishes a galvanic cell.

. Acid waters containing chlorides are especially corro-
sive to aluminum. Although sulfate-containing waters of
low pH are also corrosive to aluminum, they are less
corrosive than chloride-containing acid waters.

Aluminum and its alloys are resistant to attack by most
organic chemicals, but some organic chemicals will react
with aluminum if they are water free and at elevated
temperatures, usually near their boiling points. Also some
halogenated organic compounds will react with aluminum
at elevated temperatures near their boiiing points. Some
halogenated organic refrigerants will react with aluminum
if sufficient water is present to cause the hydrolysis
necessary to form hydrochloric acid. The resistance of
aluminum to organic chemicals is summarized in Table
4-12.

Many cases of corrosion in the presence of organic
chemicals can be traced to the presence of heavy metal
contaminants such as copper, lead, nickel, and mercury.
Contaminants are more likely to be present in commercial-
grade products than in laboratory reagent-grade chemi-
cals. Also contaminants are more often found in used
chemicals than in fresh batches.

2.5

0

1 1 E 1 1 I

a Ado acid
b HydmcMoric acid
c Hydrofluoticacid

, d Nitricacid
e Phosphoricacid
f Sulfuricacid

e g Ammoniumhydroxide

b

d

2 -4 6 8 10 12

s pl+

Reprinted with permission. Copyright @byASM International.

Figure 4-3. Effect of pH on Corrosion of
I1OO-H14 Alloy by Various Chemical
‘Solutions (Ref. 6)

!

Aluminum used in military equipment is likely to
encounter organic chemicals in decreasing and cleaning
solutions, paint removers, coating preparations, fuels and o

lubricants, and working fluids such as coolants and
hydraulic fluids.

I
4-2.1.1.2 Pitting Corrosion

Corrosion of aluminum in the pH range where ahuninum
is passive may be of the pitting type. When aluminum is
exposed to weather environments—fresh- or .mItwater or
other neutral electrolytes-pits form at local defects in the
passive oxide fdm.

The lXXX, 3XXX, and 5XXX series of aluminum
alIoys have excellent resistance to corrosion in high-
purity waters and are resistant to corrosion in many
natural waters. Corrosion of these alloys in seawater is
usually by pitting because aluminum pits in water contain-
ing halide ions. (Chloride is the most commonly en-,.,,
countered halide ion.) The rates of pitting in seawater are
low (Refs. 7, 8, and 9). The older pits tend to become
inactive. During the initial year of exposure, the pitting
rates are from 3 to 6 ~m/ yr (O.12 to 0.24 roil/ yr (mpy)).
Over a 10-yr period the average pitting rate is 0.8 to 1.5
pm/ yr (0.03 to 0.06 mpy). The 5XXX series of alloys has
the highest resistance to seawater corrosion.

Waters containing traces of heavy metals, such as
copper, lead, tin, nickel, or cobalt, can cause local
corrosion of aluminum. a

4-2.1.1.3 Atmospheric Corrosion

Aluminum alloys of the lXXX, 3XXX, and 5XXX
series have a high resistance to weathering in most
atmospheres. The most common form of attack in
corrosive atmospheric environments is pitting. Industrial
contaminants such as sulfur dioxide, ammonia, cyanides,
organic sulfur compounds, carbon particles, and particles
containing absorbed acids tend to accelerate the attack.
Airborne sea salts in temperate or tropical marine
environments also contribute to the attack. After approxi-
mately two years of exposure, atmospheric attack on
aluminum tapers off andcontinues at a ~uch slower rate,
as illustrated in Fig. 4-4.

Weathering of aluminum alloys also results in loss of
strength. The loss of strength shows an initial rapid rise
that tapers off after approximately two years. However,
loss of strength does not decrease to as low a rate as does
corrosion attack. This situation occurs because the older
pits tend to become inactive while new ones develop;
therefore, the cross-sectional area on which strength
depends is decreased by the newer pitting sites and the
maximum depth of attack is not increased.

The atmospheric corrosion resistance of the 3XXX
series alloys is comparable to or better than the lXXX
series, and the 5XXX series alloys show resistance to a

atmospheric corrosion similar to that of the 1XXX and

4-20
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I MIL-HDBK-735(MR)

o

TABLE 4-12. ORGANIC CHEMICALS IN WHICH ALUMINUM ALLOYS ARE
,,

RESISTANT TO CORROSION (Ref. 6)

Organicacids, especially the low-molecular-weight fatty acids and anhydrides at temperatures near 4VC (12&’F)

Acetic, propionic, and butyric acids at boiling temperatures if some water is present

Alcohols such as methyl, propyl, butyl, furfuryl, kmoyl, cety~ glycerin, ethylene glycol, and phenyl-ethyl”

Aldehydes such as acetaldehyde, benzaldehyde, butyraldehyde, furfuraldehyde, and propionaldehyde

Concentrated aliphatic and aromatic arnines

Aqueous amine solution effectively inhibited by silicates

Esters such as amyl acetate, ethyl acetate, butyl acetate, cellulose acetate, vinyl acetate, methyl formate, and triacetin

Ethyl ether and some high boiling ethers such as ethylene glycol monoethyl ether and some other ethers*

Ketones including acetone, methyl ethyl ketone, methyl propyl ketone, methyl cyclohexanone, acetophenone, and
benzophenone

~Phenols*

Naval stores such as turpentine, rosin, coprd, pentane, dipentene, and pinene

Halogenated hydrocarbons such as tnchloroethylene and perchloroethylene. Others such as carbon tetrachloride will
react with aluminum at elevated temperatures.

Aromatic compounds such as benzene, naphthalene, toluene, xylene, and styrene monomer

Nfercaptans

o

Nitrated organic compounds such as nitrobenzene, nitroethylene, nitrocelltdose, nitroglycerin, and nitropara.ffhts
,,,,, Refrigerants such as common halogenated hydrocarbon refrigerants at moisture leveIs of 20 to 40 ppm or bdow

ammonia and sulfur dioxide refrigerants when dry

Essential oils

Some dye=xhowever, they must be considered individually.

*Except when extremely dry and at elevated temperatures

3=- series alloys on the basis of average penetration
based upon weight loss. However, if the maximum pitting
depth is used as the basis for comparison 5XXX alloys
are often more severely attacked than the 1XXX and
3XXX alloys.

According to the general corrosion ratings of Table
4-11, the 6XXX series alloys and the noncopper-contai.n-
ing 7XXX series alloys perform adequately in weathering
atmospheres. The weathering performance of these alloys, .
however, is below that of the IxXX, 3XXX, and 5XXX .
series alloys.

In environments in which the noncoppewxmtaining

aluminum alloys tend to pib the copper+m@ning alloys
are likely to experience intergranular attack or stress-
corrosion cracking.

4-2.1.1.4 Crevice Corrosion
Aluminumalloys aresubject to crevice corrosion at the

joints between faying surfaces, between the shank of a
rivet or bolt and the hole walls, and in crevices resulting
from incomplete weld penetration or braze coverage.
Crevice corrosion occurs on aluminum in seawater but
not in freshwater, and it can occur in marine weathering
environments containing salt spray or mist.

4-2 I
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MIL-HDBK-735(MR)

Exposure Time, yr

o.20-
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Reprinted from Ref. 10, p. 139,by courtesy of Marcel Dekker, Inc.

Figure 4-4. Weathering Data for 1100, 3003, and 3004 Alloys in Industrial Atmosphere at New
Kensington, PA, (Curves) and in Various Other Localities (Ref. 10)

4-2.1.1.5 Filiform Corrosion , 4-2.1.1.6 IntergranuIar Corrosion

Aluminum alloys are vulnerable to fdiform corrosion The copper-containing alloys of the 2XXX and 7XXX
under paint and other organic coatings. Although the series undergo intergranular attack in aggressive environ- 0
coating integrity may degrade, aluminum alloys rarely ments. Fig. 4-5 illustrates the intergranular corrosion that
undergo catastrophic failure as a result of filiform occurs in 7075-T6 aluminum adjacent to a steel fastener.
corrosion. Those 6XXX series alloys in the T6 temper with silicon

added in excess of the stoichiometric ratio equivalent to
M@3i are also susceptible to intergranular corrosion.
The susceptible alloys include 6061-T6, 6063-T6, and
6351-T6.

Ekctdyte Enters
Through Cracks in
Paint Film ~ ~’ ‘int”’m

Figure 4-5. Intergranular Corrosion at 7075-T6 Aluminum Adjacent to Steel Fastener (Ref. 11)

4-22
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4-2.1.1.7 Exfoliation

If the alloy has been highly deformed (as by rolling), it
consists of an assembly of platelet-shaped grains. These
grains are long in the direction of rolling, short in the
transverse direction, and thin in the direction in which
compressive stress was applied. Severe intergranular
comosion of an alloy in this condition results in the
separation of thin flakes or sheets of the alloy. Separation
occurs because the corrosion products occupy a greater
volume than uncorroded materia which forces the grains
apmt. This form of intergranular attack is called exfolia-
tion exfoliation stick can occur in the unstressed
condition. Alloys of the 2XXX, 5XXX, and 7XXX series
are those most prone to exfoliation.

Exfoliation corrosion has occurred in alloy 2024 in the
T3 and T4 conditions in missile systems. The exfoliat.ion-
re$stant tempers T851 or T81 are recommended if
exposure to marine atmospheres is expected. Exfoliation-
resistant 7075-T73 or -T76 is preferred over the exfolia-
tion-susceptible T6 temper.

Exfoliation corrosion has been experienced with alloys
5083,5086, and 5456 in the H32 and H321 tempers under
conditions related to the potential application of each as
the primary structural material for watercraft, such as
hydrofoils, surface effect ships, and fast patrol boats.
Exfoliation-resistant tempers H 116 and H 117 were de-
veloped to solve this problem. The high-strength alloys in
these exfoliation-resistant tempers have been tested for
corrosion resistance in marine environments (Ref. 12)
and for susceptibility to corrosion fatigue (Ref. 13).

Alloys 5083,5086, and 5456 in the exfoliation-resistant
tempers have good corrosion resistance. In general, the
calculated corrosion rate for any exposure and for any
condition (as-rolled and sensitized) is less than 25 pm/yr
(1 mpy). The corrosion rates decrease with time.

4-2.1.1.8 Stress-Corrosion Cracking

Aluminum alloys that contain appreciable amounts of
soluble alloying elements of copper, magnesium, silicon,
and zinc are subject to stress-corrosion cracking. Stress-
corrosion cracking in aluminum is intergramdar. Wrought
alloys of the 2XXX, 5XXX, 6XXX, and 7XXX series
contain soluble alloying elements insufficient amounts to
make them subject to stress~orrosion cracking.

Susceptibility to stress-corrosion cracking depends
upon the metallurgical condition of the alloy, which is
greatly influenced by the temper. Generally tempers that
generate maximum strength in an alloy also produce the
greatest susceptibility to stress-corrosion cracking.
Susceptibility of aluminum alloys to stresworrosion
cracking is related to precipitation in the grain boundaries,
which also influences the strength of an alloy. Usually
these maximum-strength alloys are applied where there is
significant sustained tensile stress.

Practically all in-service stress-corrosion cracking
failures of aluminum alloy components involve the short
transverse properties- The fractures would be designated
S-L or S-T. A few in-service fractures are T-L or T-S.
Longitudinal (L-T or L-S) stress~orrosion cracks actually
occur very rarely. The grain structure orientations are
described in par. 2-2.9.2.

According to the relative stress+orrosion ratings shown
in Table 4-11, most of the 2XXX series alloys exhibit
some degree of susceptibility in commercial tempers.
Tempers have been developed for some alloys that reduce
susceptibility to stress-corrosion cracking, e.g., the 2024
alloy. When the 2024 alloy is solution heat treated and
cold worked (T3) or solution treated and naturally aged
to a substantially stable condition (T4), it shows a high
degree of susceptibility to intergranular attack. However,
considerable improvement in corrosion resistance results
from solution heat treating followed by artificial aging
(T6). Improvement also results from cold-working and
then artifkial aging (T8). Another modiiflcation of T8,
known asT851, involves stress relief by stretching. This
modification gives the alloy high resistance to stress-
corrosion cracking.

Tempers have been developed that increase the
resistance to stress-corrosion cracking of the 7XXX series
alloys. An example is alloy 7075-T73. Another special
treatment involves rapid cooling of alloy 7075 through a
critical temperature range of 399° to 288° C (750° to
550°F) in excess of 149deg C (300 deg F) per second. This
process produces immunity to stress-corrosion crackhg,
but it is not feasible with heavy sections. The 773
treatment is recommended for heavy sections.

Unfortunately, tempers that reduce susceptibility to
stress-corrosion cracking also reduce the strength of the
alloy. Therefore, selecting an alloy involves a tradeoff.
For example, if highest strength is the primary considera-
tion and a low level of susceptibilky to stress-corrosion
cracking can be tolerated, alloy 7 178-T651 is the best
choice. If, however, stress-corrosion cracldng is the
prim~ consideration and a lower yield strength is
adequate, the stresworrosion-immune alloy 7178-lT’6
would give adequate service.

Metallurgical treatments that improve resistance to
stress-corrosion cracking also improve resistance to inter-
granular attack and exfoliation. Resistance to inter-
granular attack or exfoliation, however, is not a satis-
factory criterion for predicting resistance to stress-cor-
rosion cracking.

4-2-1.1.9 Corrosion Fatigue
Comosion fatigue strength is expressed as the maximum

stress endured by a metal without failure in a given
number of stress cycles in a corrosive environment. This
value is usually compared to a similar measure in air.
Thus the corrosion fatigue characteristics of an alloy can
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be expressed as a fraction of the fatigue strength in air. Corrosion fatigue fracture is predominantly inter-
Alloys can be compared with respect to their relative granular. Directional grain structure has little influence
corrosion fatigue characteristics by comparing these on corrosion fatigue. Corrosion fatigue cracks can o

fractions. Accordingly, the corrosion fatigue char- originate at sites of pitting or intergranular attack. It is
acteristics of the high-strength, less corrosion-resistant difficult to distinguish between corrosion fatigue cracks
aluminum alloys (2XXX and 7XXX series) are not as that emanate from areas of intergranular attack and
good as those of the more corrosion-resistant alloys stress-corrosion cracks. As with intergranular attack and
(5XXX and 6XXX series) in a corrosive medium. In other stress-corrosion cracking, the chloride ion is the major
words, the corrosion fatigue strength of the 2XXX and cause of corrosion fatigue failure.
7XXX series alloys is a smaller fraction of the fatigue Corrosion fatigue test results are shown in Fig. 4-6 for
strength in air than is the corrosion fatigue strength of the alloys 5083, 5086, and 5456 and in Fig. 4-7 for aluminum
5XXX and 6XXX series alloys. alloy weldments. The exfoliation-resistant H116 and

1 1 i 1 a I $ i I ,
I I i t t I 1 I 1

I I I I 1 I I I 4I [ b

Oi I ! I I I I I It I f t 1 I !!1! 4 t 1 1 1 t 1! 1 L
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Figure 4-6. Scatter Bands for Fatigue Test Results of Marine Aluminum-Alloy-Base Metal
Tempers (Ref. 11)
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Figure 4-7. Scatter Bands for Fatigue Test Results of Marine Aluminum Weldments (Ref. 11)
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H 117 tempers. exhibit essentially the same corrosion
fatigue characteristics as the H32 and H321 tempers.
Despite differences in strength and composition among
the cloys tested, different saltwater environments,
different ftier metals and joint designs, and specimen
orientation, the fatigue behavior for any given set of
testing conditions failed to indicate any distinction among
the allOyS.

As indicated in Fig. 4-6, the fatigue strength in air at 10g
cycles for all tioys was about 138 MPa (20 ksi). It was
severely reduced, however, in seawater to about 34 MPa
(5 ksi) at 108cycles.

As indicated in Fig. 4-7, the fatigue strength of
weldments in air at 108cycles was about 55 MPa (8 ksi),
and all of the weldments failed in the weld material. In
seawater the fatigue strength was reduced fiuther. The
specimens could not sustain a stress of 28 MPa (4 ksi), the
lowest available testing stress (Ref. 11).

4-2.1.1.10 Galvanic Corrosion
Aluminum and its alloys become the anode in galvanic

cells with most metals. The rate of corrosion of aluminum
coupled to a cathodic metal depends upon the degree of
polarization of aluminum in the galvanic cell. In a couple
with chromium or stainless steel in atmospheric or other

mild environments, the corrosion rate of aluminum is
low. In a couple with copper, however, the corrosion rate
of aluminum is high.

Table 4-13 indicates the compatibility of various
aluminum alloys with dissimilar materials. Class I is
considered to be compatible because the relative increase
in the dissolution rate as a result of the couple is below a
factor of 5. Class 111is considered to be not compatible
because the relative increase in the dissolution rate is
greater than a factor of 15. Class 11ranges from borderline
compatibility to unacceptable because the relative increase
in the dissolution rate is between a factor of 5 and 15. For
example, 1100 aluminum is compatible only with
cadmium, whereas 2024 aluminum is compatible with
most of the metals. Galvanic problems for aluminum can
result from fasteners. A compatible aluminum alloy is the
safest, but often a higher strength steel fastener is used.
Zinc, cadmium, chromium, and tin+oated fasteners may
be used. Tin-zinc coatings are best for steel fasteners.
Cadmium is preferred over zinc ifthe coating thicknesses
are equal; however, sufficiently thick plated cadmium
fasteners may not be available. Stainless steel fasteners
may be used undermost conditions. Brass or plated brass
items shouid be avoided.

Table 4-14shows a galvanic series of aluminum alloys

TABLE 4-13. COMPATIBILITY OF ALUMINUM ALLOYS AND
DISSIMILAR MATERIALS (Ref. 14)

CLASS Al 1100 Al 2024 Al 2219 Al 6061 AI 7075

(Compatible)

(Mi~al)

111
(lIOt

Compatible)

O!’

cd cd, 7075, I 100, Cd, 2024,6061, 7075,2219, 1100,6061,
Sn, Haynes 188, 1100, Haynes 188, 2024 2024, Zn,
2219, ti-6-4, 7075, Zn, PH 13-
6061, Zn, 8M0, SS301,
Into 718, SS304, A286,
PH13-8M0, Into 718, Ti-
SS347, A286, 6-4, SS347
SS304, Ni,
SS301

2024,6061 4130, (h, Ag Ni,,Zn, 4130,
Cu, Ag

Sn, 7075,
Haynes 188,
T1-6+

Zn, Into
718, A286,
SS304,
PH13-8M0,
SS301,
4130, Cu, Ag

2219

1100, Cd, Sn, Cd, Haynes 188,
Into 718, Sn, Ti-6-4,
Zn, Haynes 188, Into 718
Ti-&4

SS304, SS304,
SS301, SS347,
A286, PH 13- PH13-8M0,
8M0, SS347, SS301,
4130, Ni, A286, Ni,
Cu, Ag 4130, Cu, Ag
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TABLE 4-14. GALVANIC POTENTIALS OF METALS IN SEAWATER (Ref. 15)

a
POTENTIAL RELATIVE TO

SATURATED CALOMEL
ELECTRODE AT 25°C (77° F), V

Anodic End (less noble, reactive)

Magnesium
Magnesium alloys
Zinc
Zinc—hot dip, galvanized steel
Aluminum—cast, other than silicon type
Cadmium—plated and chromated
Aluminum—wrought, other than copper type
Aluminum—cast, silicon type
Iron—wrought carbon or low-alloy steels

gray or malleable cast iron
Aluminum—wrought, copper type
Steel, stainlesi-13% chromium, active
Lead—solid or plated, high-lead alloys
Steel, stainless-l 8% chromium, 8% nickel
Tin—plate, terneplate, tin-lead solders
Chromium—plated
Steel, stainless— 13% chromium, passive
Brass—yellow, naval, cartridge, muntz metal
Brass-red, gliding
Copper—solid or plated
Nickel—solid or plated, passive
Monel
Steel, stainless-18% chromium, 8% nickel,

passive
Silver, solder
Steel, stainless—l 8% chromium, 12% nickel,

3% molybdenum, passive
Thanium, commercial
Hastelloy C
Silver—solid or plated, high-silver alloys
Rhodium
Graphite
Gold—solid or plated, high-gold alloys
Platinum—wrought, high-platinum alloys

–1.80
–1.60
–1.10
– 1.05
–0.95
–0.80
–0.75
–0.75
–0.70

–0.60
-0.55
–0.55
–0.50
-0.50
–0.45
-0.45
–0.40
–0.35
–0.30
–0.30
-0.30
–0.20

–0.20
–0.20

–0.15
–0.10

0.0
+0.20
+0.25
+0.25
+0.25

Cathodic End (more noble, unreactive)

and other metals that represents the electrochemical base alloy, depending on the application. The usual clad
behavior of each in seawater and in most natural waters product consists of a core alloy and a more anodic
and atmospheres. There is a wide range in the galvanic cladding alloy metallurgically bonded to one or both sides
potential of the various aluminum alloys, as indicated in of the core alloy. Because the core alloy is cathodic to the
Table 4-15. Some of the alloys show a significant effect of cladding, any corrosion penetrates only to the cladding-
temper on the galvanic potential. Permissible couples are to-core interface. It then spreads laterally and thus
limited to a potential difference of 0.10 V on the galvanic prevents perforation of the core. Table 4-16 lists the
series (Ref. 16). compositions of various claddings used on aluminum

Aluminum is often used in a clad condition, and the alloys. o
cladding alloy may be slightly anodic or cathodic to the ~
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TABLE 4-15. ELECTRODE POTENTIALS OF REPRESENTATIVE
ALUMINUM ALLOYS* (Adapted From Ref. 10)

ALUMINUM ALLOY** POTENTIAL, V

2219-T3, T4 -o.64t
2024-T3, T4 -0.69t

295.O-T4 (SC or PM)t~ -0.70
295.O-T6 (SC or PM) -0.71
2014-T6, 355.O-T4 (SC or PM) -0.78
355.O-T6 (SC or PM) -0.79
2219-T6, 6061-T4 -0.80
2024-T6 -0.81
2219-T8, 2024-T8, 356.(LT6 (SC or PM), 443.O-F (PM) -0.82
1100,3003, 6061-T6, 6063-T6, 7075-T6t, 443.O-F (SC) --0.83
1060, 1350,3004, 7050-T73, 7075-T73t -0.84
5052,5086 -0.85-.
5454 -0.86
5456,5083 -0.87
7072 -0.96

*Measured in an aqueous solution of 53gof NaC I and 3gof H20z/liter at 25°C (~ FK0.1 norm~ c~on’telreferenceelectrode
●*ne ~otentid of ~ ~u~num WOYis Ae same in d tempers whergwerthe temper is not d~ignated-
Tllte potential varies H.01 to 0.02 V with quenching rate.

$ISC = sand cast tdiOyS.
PM = permanent mold cast alloys

Reprinted from Ref. 10,p. 126,by courtesy of Marcel Dekker, Inc.

TABLE 4-16. COMPOSITION OF CLADDING USED FOR
ALUMINUM-CLAD ALLOYS (Ref. 17)

CLADDING COMPOSITION, WT %

ALLOY Si Fe Cu Mn Mg Cr Zn ALLOYS CLADDED

1050 0.25 0.40 0.05 0.05 0.05 — – 2024
1175 0.15 (Si+Fe) 0.10 — — — — (cladding for reflector

sheet)
1230 0.7 (Si +. Fe) 0.10 0.05 – – 0.10 (Older cladding for 2017,

2074)
6003 0.7 — — – 1.2 — — 2014
6053 * 0.35 0.10 — 1.1-1.4 — 0.154.35 2014
6253 * 0.50 0.10 — 1.0-1.5 0.15-0.35 1.62.4 5056
7072 * 0.50 0.10 — 0.10 - 0.8-1.3 2219,3003,3004,3005,

5050,5155,6061,7075,
7079.7178

*Silicon content is 45% to 65T0of magnesium content.

Reprinted with permission. Copyright @by Battelle Memorial Institute.

o
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4-2.1.1.11 Cavitation and Erosion Corrosion

Aluminum depends upon a passive film to protect it
from corrosion; therefore, any mechanical action that
damages or removes the film enhances the corrosive
action of the environment. Aluminum is vulnerable to
corrosion under conditions in which the film is eroded
away by liquid moving at high velocity, local flow
turbulence, solids in suspension, and droplet impinge-
ment. It is also subject to the filmdamaging mechanism
of cavitation in a liquid medium.

4-2.1.1.12 Fretting Corrosion
If an aluminum article in contact with another metal

article is subject to relative oscillatory or vibratory
Qmovement, fretting can occur. Fretting damage is more
likely to occur between aluminum articles than between
articles of aluminum and a dissimilar metal. Fretting
corrosion occurs at bolted or riveted joints in vehicle
structures. Fretting also occurs in coils of aluminum sheet
or st acks of aluminum articles under shipping conditions.
A fine, black oxide powder is produced by aluminum
fretting.

4-2.1.2 Interface Problems

Removal of residual flux from all weld, braze, and
solder joints is vital.

Some treated woods contain copper salts. Aluminum
in contact with this type of treated wood can be severely
damaged if the wood is wet, i.e., contains greater than
18% moisture. Also water that condenses on copper

surfaces can pick up enough copper to damage aluminum
that it subsequently contacts.

Antifouling paints contain copper and sometimes o

mercury. These paints should not be used on aluminum
surfaces nor shouId they be used where the copper and/or
mercury released by these paints can subsequently contact
aluminum surfaces.

Other commonly encountered metals that can damage
aluminum are cobalt, lead, nickel, and tin. An example is
aluminum piping that carries cooling water containing
trace amounts of a heavy metal. The heavy metal
displaces the aluminum and a galvanic cell is established.

Some adhesives, coatings, elastomers, and organic-
based solids can undergo decomposition, reversion,
reaction, and leaching that can result in liquids and
vapors that damage aluminum alloys. For example,
materials based on polyvinyl chloride can damage
aluminum if they release hydrogen chloride upon aging. .
Table 4-17 presents the relative corrosivity of vapors that ..

can emanate from various materials.
The chloride ion in human perspiration can damage

unprotected aluminum alloys that are continually
handled.

Corrosion of aluminum alloys can result from contact
with wet materials that produce solutions ofpli129, e.g.,
wet concrete. Although aluminum alloys can corrode in
contact with wet concrete because of its high pH, they are
not seriously corroded by long-term exposure to dry
cement. Magnesia insulation is also corrosive to aluminum a

when wet but not when dry.
Aluminum and its alloys ,can be damaged by cutting

TABLE 4-17. SOURCES OF CORROSIVE VAPOR (Ref. 11)

SEVERELY SOMEWHAT NOT
MATERIAL CORROSIVE CORROSIVE CORROSIVE

Adhesive Ureaformaldehyde Phenolformaldehyde Epoxy

Gasket Neoprene/ asbestos resin/cork Nitrile/ asbestos
glue/ cellulose —

Insulation Vinyl Teflon Polyurethane
(Wire) Polyvinyl chloride Nylon Polycarbonate

Vinylidene fluoride Polyimide

Sealer Silicone (acetic acid evolving) Epoxy Silicone
Polysulflde

Sleeving Vinyl Silicone —

Polyvinyl chloride

Tubing Neoprene, shrinkable — —

Plastics Malamine Polyester Silicone
ABS Diallyl phthalate Epoxy
Phenolic Polyurethane

Vanish Vinyl Alkyd —
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o oils, which contain soaps that leave an alkalke residue,, !
during subsequent furnace treatment.

Dust particles that settle on aluminum surfaces can
initiate corrosion because some dusts are highly alkaline,
which is darnaging to aluminum, and other dusts contain
soluble chlorides. Also dusts can absorb sufficient atmos-
pheric chIorides to create an electrolyte.

Materials containing carbon and graphite, including
graphite-containing lubricants and common “lead”
pencils, should never be used on aluminum surfatx.s;
carbon is highly cathodic to aluminum.

“Purple plague” causes cracks and open circuits in
electronic equipment. It is a brittle, intermetal.lic com-
pound of gold and aluminum that forms in the presence of
silicon. A special problem is bonding aluminum to gold-
plated Kovar posts in silicon transistors and integrated
circuits. Sometimes it is necessary to remove the gold

:’ plate from the post to prevent formation of purple plague.

4-2.13 Methods for Prevention of Corrosion
4-2.1.3.1 Selection of Materials

Wherepossible, alloy selection should consider com-
positions and tempers that have good resistance to
corrosion and stress-corrosion cracking in the seMce
environment.

Heat-treatable aluminum alloys are selected over non-

0

,. heat-treatable alloys because of their higher strength.,1,
These alloys show a range of strengths, the highest of
which are developed in the copper-containing alloys. The
optimum levels of strength are developed by heat treat-

ments that may also generate high levels of susceptibility
to stres~orrosion cracking, intergranular comosion, and
exfoliation. Heat treatments have been developed that
reduce this susceptibility, but some strength is lost. If this
lower strength is not adequate, some means of protection
for the highly susceptible alloys may by necessary. Clad
alIoy is used widely to protect the high-strength, heat-
treatable aluminum alloys.

Table 4-18 rates qualhative stress-corrosion cracking
resistance for heat-treatable alloys having various shapes
and tempers. The susceptibilityy of these alloys to corrosion
and stress-corrosion cracking requires that all aluminum
sheets used in external environments in Army aircraft be
clad on both sides (Ref. 18). There are exceptions,
howevec

1. If the design requires surface metal removal by
machining or chemical dling

2. If the design requires adhesive bonding
3. If the design uses alloys of the 5000 or 6000 series.

There are constraints on aluminum alloy selection for
Army aircraft applications:

1. Mill product forms of aluminum alloys 2020,7079,
and 7178 in all temper conditions shall not be used for
structural applications.

2. The use of 7XXX-T6 alloys shall be limited to
thicknesses not to exceed 4.78 mm (O.188 in.).

3. The use of 2XXX series alloys in the T3 and T4
tempers shall require speciilc approval of the procuring
activity.
The 5XXX series alloys develop the highest strength of

TABLE 4-18. STRESS-CORROSION CRACKING RATINGS* FOR
HIGH-STRENGTH ALUMINUM ALLOY PRODUCTS (Ref. 18)

o~.>.,

ALLOY ROLLED ROD AND EXTRUDED
AND TEMPER PLATE BAR SHAPES FORGINGS

2014-T6
2024-T3, 7’4
2024-T6
2024-T8
2124-T851
2219-T3, T37
2219-T6, T8
6061-T6
7049-T73
7149-T73
7049-T6
7X75-T736
705(k1736
7050-T76
7X75-T6
7X75-T-73
7X75-’l76

Poor
Poor
—

Good
Good
Poor
Excellent
Excellent
Excellent
—
—
—

Good
Intermediate
Poor
Excellent
Intermediate

Poor
Poor
Good
Excellent

—

ExceUent
Excellent
—

—
—

Poor
Excellent
—

Poor
Poor
—

Good
—

Poor
Excellent
ExceUent
Good
Good
Intermediate
—

Good
Intermediate
Poor
Excellent
Intermediate

Poor
—

Poor
Intermediate
—
—

Excellent
Excellent
Good
Good
—

Good
Good
—

Poor
Excellent
—

*Ratings are for the short transverse direction.
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the nonheat-treatable aluminum alloys and have the
highest resistance to seawater corrosion. However, the
fatigue strength of some of these alloys is severely reduced
in seawater, as described in par. 4-2.1.1.9. Some 5XXX
series alloys are susceptible to exfoliation in some tempers.
However, exfoliation-resistant tempers have been
developed, as described in par. 4-2.1.1.7. Those 5XXX
alloys containing more than 390 magnesium may be
susceptible to stress-corrosion cracking in strtin-hariiened
tempers, particularly after exposure to temperatures
above 150° C (302° F). The resistance of the 5XXX series
alloys to pitting in weathering atmospheres is comparable
to the IXXX and 3XXX series alloys, but the 5XXX
series alloys develop deeper pits. The 5XXX series alloys
are used in watercraft applications requiring high
strength, as indicated in Table 4-8.

Where dissimilar metals are to be joined, galvanically
compatible alloys should be chosen. 5XXX and 6XXX
series alumiqum alloys are most compatible with
magnesium. For bimetallic couples use metals or alloys in
the same galvanic groups according to MIL-STD-889
(Ref. 16) or as close-as possible. If this choice is not
possible, use tapes or primers on faying surfaces to
prevent metallic or electrical contact.

Aluminum should never be coupled to copper metals or
alloys, nor should it be exposed to water containing traces
of copper or other heavy metals. Mercury should never be
allowed to contact aluminum. Aluminum can be anodic
or cathodic to steel, depending on the composition of the
electrolyte. Materials containing carbon and graphite
should never be used on aluminum surfaces. Nongraphitic
marking pencils covered by MIL-P-83953 (Ref. 19) shall
be used rather than common “lead” pencils.

Fasteners used to join an aluminum alloy with a
noncompatible alloy should be cathodic or galvanically
neutral to both metals. As an alternative, the fastener
should be electrically insulated from the cathodic alloy
with an insulating sleeve or washer. Installation with wet
primer and cap seal with a conformal coating may be
required to prevent exfoliation corrosion at the exposed
short transverse grain structure.

Fasteners that join aluminum to aluminum should be
cathodic to the alloy being joined. Thanium fasteners
should be aluminum coated. Cadmium-plated steel
fasteners and trim can be used safely with aluminum
provided that the plating is sufficiently thick. Zinc-plated
or galvanized metal is satisfactory in neutral or acid
media. Fasteners should be installed with wet primer.

4-2.1.3.2 Surface Treatments
An oxide film that naturally forms on aluminum

provides adequate protection against corrosion in many
environments. Regular cleaning with a mild abrasive and
detergent maintains aluminum exposed to weathering.
Neither steel wool nor copper alloy wire pads should be

used to scour aluminum because any residual steel
particles trapped in the softer aluminum will cause
unsightly rust spots and residual copper particles will a
cause pitting. Also a nonmetallic brush should be used.

Chemical conversion coatings can provide a limited
degree of corrosion protection, and anodic coatings can
provide a higher degree of protection. Military specifica-
tions for chemical conversion and anodic coatings and
cleaning processes are referenced in par. 3-6.1.1 and par.
3-7.3.4.2, respectively. The processes used to generate
these coatings on aluminum alloys are usually proprieta~,
the examples given in Tables 4-19, 4-20, and 4-21 are
illustrative only. The military specifications for these
coatings do not detail process parameters, but they do
base requirements on coating performance or thickness.

Chemical conversion coatings are thin and provide
much less protection than anodized coatings. The usual
purpose of a chemical conversion coating is to provide a
base for an organic coating. Most processes that generate
a chemical conversion coating are based on mixtures of
phosphate, phosphate-chromate, or chromate. The usual
film thickness is 0.51 ~m (0.02 roil) or less. Examples of
chemical conversion coating processes are given in Table
4-19.

Relatively thick and dense oxide films on aluminum
alloys are formed by anodizing processes; however,
anodizing alone cannot correct a material selection error.
Processes based on either sulfuric acid or chromic acid are
available. The sulfuric acid process is cheaper and more a
effective to use to coat alloys containing copper, therefore,
it is more widely used. Chromic acid anodizing is used on
aluminum alloys containing less than 570 copper or less
than 7.590total of all alloying constituents; therefore, it is
not suitable for highly alloyed aluminum. Sulfuric acid
anodizing is used for aluminum alloys with a nominal
copper content in excess of 5% or nominal silicon content
in excess of 7% and for alloys containing over 7.570 of
total alloying elements. The two processes. are compared
in Table 4-20. A sulfuric acid process deposits a film of a
given thickness in one-eighth the time required in a
chromic acid process. Oxide films formed by anodizing
processes are colorless and transparent and contain
submicroscopic pores; however, a virtually nonporous,
dense barrier layer is formed next to the metal. Type I
anodic coatings are formed in a bath containing chromic
acid, and the coating thickness ranges from 1.3 to 7.6 ~m
(0.05 to 0.3 roil). Type 11anodic coatings are formed in a
bath containing sulfuric acid, and the coating thickness
ranges from 2.5 to 25 pm (O.1 to 1,0 roil) (Ref. 23). The
anodic coatings produced by these processes are not
suitable for wear and sliding applications.

Thick, abrasive-resistant coatings can be provided by
hard-coat anodizing. Type HI hard coatings are prepared
by any anodizing process that proves effective. Hard
coatings range in thickness from 13 to 114pm (0.5 to 4.5 e
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O,,;! roil) (Ref. 23). The process characteristics of two well-
known hard-coating processes, Martin and Akni.lite, are
presented in Table 4-2 I. Alloys that respond to these
treatments are limited in their copper and silicon con-
centrations. For atmospheric corrosion protection in
architectural applications, coatings 25 to 76 pm (1 to 3

TABLE 4-19. EXAMPLES OF CHEMICAL

nil) thick are tied (Ref. 20). A 7.@m (0.3-m.il) thick
coating is used in aluminum automobile trim. Dense
coatings are more diffkult to form on aluminum alloys
containing copper, but the Martin process is more
effective on copper-containing alloys than the Alumilite
process.

CONVERSION COATING PROCESSES
FOR ALUMINUM (Ref. 20)

TYPES OF SOLUTION TREATING
COATING COMPOSITION, w % CONDITIONS COLOR

Alkaline 3% NazCOl Boiling Gray
oxide 1% Na2Cr04 5 min

0.5% NaA102 93°C (200” F) Colorless
0.25% Na salicylate 5min

..’ Cr-ystabe 0.7% Zn+ 54” to 57°C Colorless
phosphate (130” to 135”F)

1.0% Po.3- 2t05min
2.0% N03 .
1.0% BF,

Amorphous 7% H3P0. 38° to 54°C Green
phosphate* (100” to 130”F)

0.2% KHF2 0.5 to 5 min
0.4% cro3

Amorphous 0.75% NazCrzOT 21° to 32°C Yellow to tan
chromate** (70” to 90” F)

0.5% K>Fe(CN)6 0.5 to 5 min
0.1% NaF
0.3% HN03
pH=l.5

Boehmite Distilled or Boiling 15 min Colorless
deionized water to5h

*US Patent ~438,877 (1948)
**US Patent Z796,370 (1957)

Copyright 1%7 American Chemical Society.

TABLE 4-20. A COMPARISON OF TYPICAL THICKNESSES AND WEIGHTS OF
ANODIC COATINGS FORMED ON SOME WROUGHT ALUkIINUM ALLOYS IN
CONVENTIONAL SULFURIC- AND CHROMIC-ACID ELECTROLYTES (Ref. 21)

SULFURIC ACID, 15 wt % AT 22°C (72”F) CHROMIC ACID, 10 w % AT 35°C (95”F)
FOR 15 min AT 129 A/m* (12 A/ft2) FOR60min AT40V

ALLOY AND COATING THICKNESS COATING MASS COATING THICKNESS COATING MASS

TEMPER pm nil mg/ mm2 mg) “m! gm tnil mg/ mm2 mg/ in?

7075-T6 5.6 0.22 0.0135 8.7 2.8 0.11 0.0051 3.3
6061-T6 6. I 0.24 0.0158 10.2 3.3 0.13 0.0093 6.0
2024-T6 5.1 0.20 0.0102 6.6 2.5 0.10 0.0047 3.0
5052-0 6.1 0.24 0.0160 10.3 2.8 0.11 0.0088 5.7
30034 6-4 0.25 0.0157 10.1 2.8 0.11 0.0088 5.7
11O(LO 5.8 0.23 0.0160 10.3 3,0 0.12 0.0088 . 5.7

Reprinted with permission. Copyright @by the Aluminum Company of America.
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‘TABLE 4-21. COMPARISON OF PROCESSES FOR HARD COAT ANODIZING (Ref. 22)

m
VARIABLES ALUMILITE MARTIN

Solution composition 12% Sulfuric acid, 1% Oxalic acid 15% Sulfuric acid saturated with
carbon dioxide

Operating temperature 9° to lI”C (48° to 52°F) –4° to O“C (25° to 32° F)

Current density 387.5 A/ mz (36 A/ft2) (lower on thin sheets) 269.1 A/mz (25 A/ft2)

Voltage 10 to 60 dc (or higher for thicker coatings) 10 to 75 dc

Thickness versus time 25.4 pm (1 rnil)/20 tin up to 102pm (4 roil) 25.4 pm (1 mil)/40 min
coating thickness

Alloy limitations Over 3’-ZOCu or 7% Si or 7 to 9% combined Over 5% Cu

Courtesy of the American Electroplates and Surface Finishers Society, monthly Journal Pbirtg, September 1962.

A loss of only 5.1 to 7.6 #m(O.2 to 0.3 roil) of anodized,
protected aluminum after an exposure of 18 yr to an
industrial atmosphere has been measured (Ref. 24). A
coating of at least 18 ~m (0.7 roil) is recommended for
atmospheric exposure in which no maintenance is per-
formed.

Shot peening is frequently used to increase stress
corrosion resistance. The application of shot peening to
generate compressive stresses on the surface of metals is
described in par. 3-6.4. The application of shot peening to
aluminum alloys used in Army air vehicles is described in
ADS-13 (Ref. 18).

4-2.1.3.3 Coatings
Many durable paint coatings are available to protect

aluminum alloy surfaces. Almost any type of paint
suitable for metals is suitable for aluminum alloys. Paint
coatings are discussed in par. 3-7.3.1. Surface preparation
is important for good paint adherence. Chemical con-
version coatings of the chromate or phosphate type are
recommended for use in conjunction with paint for
aluminum surfaces. The most durable paint coating
systems consist of a chemical conversion coat, a chromated
primer coat, and a top coat. The organic finish for Army
aircraft (Ref. 18) is aliphatic polyurethane as specitled in
MIL-C-46168 (Ref. 25), over epoxy polyamide primer
which conforms to MIL-P-23377 (Ref. 26).

Various adhesives, sealants, encapsulant, and potting
compounds may be used on aluminum surfaces, and these
materials are discussed in par. 3-7.3.2. It is vital that all
exposed edges of aluminum alloy sheets and plates be
protected, e.g., all rivets should be installed wet with zinc
chromate primer. All permanently installed fasteners in
Army aircraft (Ref. 18) are installed wet with a corrosion-
inhlbiting sealant that conforms to MIL-S-8 1733 (Ref.
27), or an epoxy primer that conforms to MIL-P-23377
(Ref. 26).

Organic coatings and plastic films of various types may
be factory-applied using high-speed coil-coating machines.
Generally these coatings are more durable than those
applied during fabrication. However, the exposed edges
and the surface darnage resulting from fabrication should
be protected as part of the fabrication process.

The various ~ust-preventive compounds discussed in
par. 3-7.3.3 are applicable to aluminum alloys.

The various aluminum alloys can be metallurgically
bonded to one another. Therefore, alloys that are o

susceptible to attack in particular environments can be
clad on one or both sides with a layer of commercially
pure aluminum or one of the more corrosion-resistant
alloys that is more active in the galvanic series than is the
core alloy. This method of protection is normally used for
the higher strength alloys. The benefits of the high-
strength core combine with the corrosion resistance of the
cladding. Cladding is further described in par. 4-2.1.1.10.

Aluminum can be electroplated with most common
metals, but the usual plating process requires the applica-
tion of a zinc immersion coating followed by a copper
strike, over which a nickel and chromium plate or other
similar, protective metal is applied.

Aluminum is strongly anodic to most of the metals
used for electroplated coatings; therefore, it will ex-
perience local attack at any break in the cathodic coating,
A pore-free, resistant coating is essential, The electro-
plating technology for aluminum is similar to that
successfully employed for zinc-base die castings.

Aluminum alloys and other metallic coatings can be
applied to aluminum alloys by thermal spray processes.

Alloys such as 1100,3003, and 6061 aluminum can be
enameled with lead-bearing glass frits that have a high
thermal expansion coefficient and can be fired at low
temperature. a

Various metal oxides such as aluminum, zirconium,
and boron can be applied to aluminum surfaces by
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thermal spray processes.
Inorganic coatings do not forma chemical bond with

the substrate metal and therefore must match the thermal
expansion coefficient of the substrate and have some
inherent strength.

Corrosion-inhibiting dry fti Lubricants maybe used to
prevent corrosion of aluminum alloys in some applica-
tions. Dry fti lubricants must not contain powdered
carbon, graphite, or heavy metals. Dry fti lubricants are
discussed in par. 3-6.3.

Fretting corrosion is avoided during shipping of
aluminum articles by packaging so that the separate
pieces cannot move. Separating individual pieces with
paper or plastic sheets is also helpful. Sheet aluminum in
coils is sometimes oiled.

Packaging materials that can emit vapors, such as
hydrogen chloride gas (which is from polyvinyl chloride

-- plastics), or that can rdease copper or other heavy metal
ions when wet should not be used with aluminum.

4-2.1.3.4 Design Considerations
Potential moisture traps, e.g., such as sump areas in an

ahuninum assembly, should be minimized by design.
Unavoidable traps should have adequate drain vents that
minimize the entry of solid matter because solid matter
can accumulate in the liquid traps and plug drain vents.
Maintenance procedures should require periodic exatnina-
tion of sump areas and drain holes, accumulated solid
matter should be cleaned out, and drain vents should be
cleared.

Aluminum alloy joints sho,dd not form crevices. Butt-
welded joints are preferable to lap joints, and welded lap
joints should have a weld bead along the edge of each
piece to seal the crevice that is formed. Crevices may also
be ftied with a sealant such as tapes, fdms, sealing
compounds, and primers. Exposed edges of clad aluminum
should be sealed.

Gas-shielded arc welding processes are preferred for
aluminum alloys because they do not require a flux of any
kind- Metal inert gas (MIG) and tungsten inert gas (TIG)
are the processes employed. Properly made MIG or TIG
welds show no loss of mechanical properties after 10 or
more years in atmospheric environments. High-strength
welds of 2XXX and 7XXX series alloys are more likely to
cause problems than those of the other ckassesof aluminum
alloys. The heat resulting from the welding process may
result in microstructural changes in the heat-affected zone
that are more susceptible tocorrosion and stress-coriosion
cracking. However, post weld heat treatment may reduce
the corrosion susceptibility of the heat-affected zone.

Removing the weld bead increases susceptibility to attack.
Table 4-22 lists recommended f~er alloys for MIG and

TIG welding of aluminum alloys for corrosive environ-
ments. The left-most vettical column and the horizontal
row across the top indicate the alloys to be joined. The
intersection of a vertical cohmm and a ho~ontal row
indicates the appropriate ftier alloys.

Extraordinaq corrosion prevention measures are
required when graphite-reinforced parts are directly
coupled with aluminum components. Typical prevention
details for the joining of 7075-T73 aluminum with
graphite-reinforced epoxy composite are indicated in Fig.
4-8. The aluminum is anodized, primed, and enameled.
The graphiteepoxy (gr/ep) composite is coated tith one
ply of fiberglass or Kevlar fti cocured on the composite
surface that is faying on the aluminum. This fti should
extend 102 mm (4 in.) beyond the faying sutface. The
remainder of the graphite surface is covered with Tedlar
film, a fiberglass, or Kevlar ply, or it is treated with a
pinhole ftier plus two coats of primer. The cut edges of
the composite should be treated with either sealant or
primer plus enamel. Duting assembly of the composite to
the alloy, the fay surface is seaIed. Then it is fastened with
aluminum-coated titanium fasteners installed on the
ahuninutn side with wet sealant and aluminum- or
cadmium-plated, corrosion-resistant steel washers, nuts,
or collars that are cap sealed.

4-2.2 CAST ALUMINUM ALLOYS

Thetypesof aluminum casting alloys correspond to the
types of wrought alloys. There is a heat-treatabIe class
and a nonheat-treatable class. The tempers of heat-
treatable casting alloys are designated by a “T” following
the alloy designation. Those of nonheat-treatable casting
alloys are designated by an “IT. A heat-treatable alloy
that is given no thermal treatment following casting may
be used in the “F” temper.

Die, permanent mold, and sand casting account for
most of the production of cast aluminum products. The
selection of a casting alloy involves consideration of
casting characteristics as well as corrosion resistance and
other characteristics.

Although there is a wide range of cast aluminum alloy
compositions, most aluminum casting applications can
be satisfied by three alloys: 356,443, and 514 (Ref. 30).
These alloys contain only impurity amounts of copper.
The composition of these alloys is given in Table 4-23, and
additional casting alloy compositions are given in Table
4-6.

0,’
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Sealant 1 U Cap-Sealed
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CRES Nut XIV

7075-173 Al Fitting, Anodized, / W
Primed, and Enameled \> Foam Adhesive

~Graphfie-Epoxy Spar

Reprinted with permission. Copyright @byRobert P. Bauman.

Figure 4-8. Graphite to Aluminum Corrosion Prevention Details (Ref. 29)

TABLE 4-2’2. RECOMMENDED FILLER ALLOYS FOR MIG AND TIG WELDING OF
WROUGHT ALUMINUM ALLOYS FOR CORROSIVE ENVIRONMENTS (Ref. 28)

1100 6063 5052 5083 7039
ALLOYS 1150 6351 5454 5056
TO BE 1200 6061
JOINED 3003

7039 5356* 5356* 5356* 5356* 5356*
5083 5554 5183 5554 5554
5056 5254 5356* 5254 5254

5183 5254** 5183 5183
5356* 5356* 5356*

5052 5554 5554=’ 5554*=’
5454 5254 5254** 5254

5183 5183 5183
5356* 5356” 5356*

6063 5254** 5254**,t
6351 5356* 5183
606 I 404311 5356*

4043ii

MIG = metal inert gas
TIG = tungsten inert gas

* In Canada, 5056fiiler is used in place of 5356.
** Except for highly restrained joints

*** Must be used for elevated-temperature service
~ For pipe

‘fTFor electricaljoints

NOTE: The filler alloys recommended in this table have been selected on the basis of the performance of the welds in corrosive
environments. They are listed in order of preferencefrom a corrosion point of view.Theydo not necessarilyprovide the best
weldability or the greatest joint strengths obtainable.

Reprinted with permission of the American Welding Society.

a
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TABLE 4-23. CAST ALUMINUM ALLOY COMPOSITIONS AND PROPERTIES (Ref. 30)

CAST HEAT- TENSILE ELONGATION
ALLOY COMPOSITION* TREATED ‘TRENGTH IN

DESIGNATION Mn Si Zn ‘Ti CU Mg Fe CONDITION MPa** ksi** 5] mm(2in.),- n

A356 0.20 6.5/7.5 0.10 0.20 0.20 0.20-0.40 0.20 T6t 255 37 5.0
B443 0.35 4.516.0 0.35 0.25 0.15 0.05 117 17 3.0
514 0.35 0.35 0.15 0.25 0.15 3.54.5 $!0 : 152 22 6.0

*Maximum unless otherwise noted
**~~um ~~ otherwise noted
~T6, solution heat treated, artificially aged

~~F, sand cq no heattreatment

Reprinted from Ref. 30 by courtesy of Marcel Dekker, Inc.

“:4-2.2.1 Types of Corrosion

4-2.2.1.1 Uniform and Pitting Corrosion
The alloying element that is most conducive to general

corrosion is copper. The corrosion of casting alloys is
generally greater with a given copper content than that of
a wrought alloy; otherwise, the general corrosion of cast
alIoys is comparable to wrought ~oys.

4-221.2 Stress-Corrosion Cracking

Stress-corrosion cracking of casting d~oys in service
has occurred only with the aluminum-magnesium and
aluminum-zinc-magnesium types that have large amounts
of soluble alloying elements in order to produce the
highest strength. The susceptibilities of several cast alloys
to Stress<orrosion cracking are given in Table 4-24.

TABLE 4-24. SUSCEPTIBILITY OF
CAST ALUMINUM ALLOYS TO

STRESS-CORROSION CRACKING (Ref.31)

HIGH RESISTANCE TO
STRESS-CORROSION CRACKING

Alloy Condition

355.0 C355.O T6
356.0 A356.O All
357.0 All

B358.O All
359.0 All
380.0 A380.O As Cast
514.0 As cast
518.0 As cast
535.0 As cast

A71Z0 C712.O As cast

LOW RESISTANCE TO
STRESS-CORROSION CRACKING

Allov Condition

295.0 T6

o

B295.O T6
,, 520.0 T4

707.0 T6
D712.O As cast

4-2.2.2 Interface problems

Cast aluminum alloys are more likely to be drilled and
tapped for screw threads and bolt holes than wrought
alloys. Dissimilar metal bolts are likely to cause galvanic
corrosion and seizing. A nongraphite antiseizing com-
pound or 18-8 stainless steel wire thread inserts maybe
used. Wire thread inserts provide higher loading strengths
than standard tapped threads in the same material, and
they should be dipped in zinc chromate primer before
being placed in the tapped hole. See Tables 4-14 and 4-15
for the galvanic potentials of cast aluminum.

4-2.2.3 Methods for Prevention of Corrosion

The casting process usually results in cast aluminum
products having relatively thick cross sections, which can
tolerate a greater amount of corrosion than can the
typical product fabricated from wrought aluminum
sheets.

The methods for prevention of corrosion that are
applicable to wrought aluminum are aIso applicable to
cast aluminum alloys and are described in par. 4-2.1.3.

4-23 POWDER METALLURGY ALLOYS
4-23.1 Types of ~OyS

Powder metallurgy products are formed by compacting
metal powder under compressive forces and heating in a
reducing atmosphere, such as hydrogen gas. The heating
improves the bonding between particles and the reducing
gas removes oxides and other impurities. However, the
oxide film that forms on the surface of aluminum
particles is not reducible by hydrogen or other gases at
temperatures below the melting point of aluminum.
Therefore, articles formed from aluminum powders con-
tain aluminum oxide. Mechanical properties can be
improved by hot working to break up the oxide fdm and
disperse it in the aluminum matrix.

Aluminum-base compositions and powder metallurgy
products that cannot be made by conventional ingot
casting can be made from prealloyed powders. Aluminum-
base alloys can contain iron, magnesium, chromiuq
molybdenu~ tungsten, titanium, zirconium, beryllium,
boron, tin, and/or lead. These alloys exhibit high strength
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at roe-m and elevated temperatures, good resistance to of 1100 or 3003 alloy. The powder metallurgy alloys are
attack by water at high temperature, high modulus of resistant to stress-corrosion cracking even in the transverse

aelasticity, and good bearing characteristics. orientation.
Various composite products with useful properties can Powder metallurgy products can be made that have

be made by mixing powders of different alloys. The mechanical properties and resistance to stress-corrosion
properties and applications of some powder metal cracking that surpass those of conventional aluminum
aluminum alloys are given in Table 4-25. alloy products.

4-2.3.2 Types of Corrosion 4-2.3.3 Interface Problems

The general corrosion resistance of aluminum-aluminum The powder metallurgy alloys are subject to the same

oxide alloys is comparable to that of 6061-T6 alloy. The interface problems as are the wrought and cast aluminum

corrosion resistance of these alloys is better than 7075-T6 alloys. These are described in pars. 4-2.1.2 and 4-2.2.2.

and 2024-T6 alloys, but it is not as good as the resistance

TABLE 4-25. PROPERTIES AND APPLICATIONS OF
ALUMINUM POWDER METAL PRODUCTS

MATERIALAND
SPECIFICATION

TENSILE YIELD
,,

DEN- STRENGTH, STRENGTH, ELONGA-
SITY, HARD- TION,

DESIGNATION TREATMENT kg/m3 MPa ksi MPa ksi NESS % APPLICATION

Aluminum alloys Sintered (T]) 2550 124 18 58.6 8.5 65-70 HB 8.0 Similar to wrought
601AB (Alcoa): 0.25 Heat 2550 248 36 241 35 80-85 Re 2.0 6061: strength, duc-
Cu, 0.6 Si, 1.0 Mg, treated(f) tility, corrosion
1.5 lubricant, bal resistance
1202(e) -

201AB (Aicoa): 4.4 Sintered (Tl) 2640 208.9 30.3 180.6 26.2 70-75 Re 3.0 Similar to wrought
Cu. 0.8 Si. 0.5 MIZ. Heat 2640 331.6 481 327.5 47.5 70-75 Re 2.0 2014 but without o
1.5’lubric&t, bal-- treated(f) manganese. Good
1202(e) strength properties

202AB (Alcoa): 4.0 Sintered (Tl) 2490 160.0 23.2 75.2 10.9 55-60 HB 10.0 Good ductility.
Cu, 1.5 lubricant, bal Heat 2490 228 33 146.9 21.3 45-50 Re 7.3 Suitable for cold-
1202(e) treated(g) formed parts

602AB (Alcoa): 0.4 Sintered (Tl) 2550 131 19 62 9 55-60 HB 9.0 Good electrical
Si, 0.6 h4g, 1.5 Heat 2550 186 27 172 25 65-70 Re 3.0 conductivity (from
lubricant, bal 1202(e) treated(~ 42.0 to 48.5% IACS,

depending on treat-
ment): ductility, and
finishabilitv.

601AC (Alcoa): 0.25 Sintered (T]) 2550 133.8 19.4 53.1 7.7 — 10.7 Same as 601AB,
Cu, 0.6 Si, 1.0 Mg, Heat 2550 269 39 261.3 37.9 — 2.0 without lubricant; for
bal 1202(e) treated(f) isostatic compacting

201AC (Alcoa): 4.4 Sintered (Tl) 2640 204.8 29.7 146.9 21.3 — 4.0 Same as 201AB,
Cu, 0.8 Si, 0.5 Mg, Heat 2640 382.0 55.4 368.9 53.5 — 2.0 without lubricant; for
bal 1202(e) treated(f) isostatic compacting

22 (Alcan)(h): 2.0 Sintered 2530 165 24 110 16 83 HB 6.0 Has good mechanical
Cu, 1.0 Mg, 0.3 Si, Heat 2530 262 38 200 29 74 Re 3.0 properties in sintered
bal Al treated(i) or heat-treated forms

(e) 1202composition 99.4Al, 0.3AlzO~,0.15Fe, 0.07Si,balanceother metallics. (o Solutioned at 521°C(970°F), 504°C(940”F) for
Grade 201All and 201AC for 30 rein, quenched in cold water, and aged at 160°C (320°F) for 18h to the T6 condition. (g)Solutioned
at 540°C (1000°F) for 30 rein, quenched in cold water, and aged at 149°C (300°F) for 20 h to the T6 condition. (h) Grade number
includes suffix: FF = premix with 1.5~0lubncan~ NL = premix without lubricant. (i) Solutioned at 521°C (970°F) for 30 rein,
quenched in water, and aged at 149°C (300”F) for 18h. @ Solutioned at 499°C (930°F) for 60 ruin, quenched in water, and aged at
149°C (300°F) for 18h. (k) Solutioned at 477°C (890°F) for 60 rein, quenched in water, and aged at 127°C(260°F) for 18h. (m)
Breaking strength in newton (N) and pound (lb).

m

(cent’d on next page)
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‘f’)
TABLE 4-25. (cent’d)

w
MATERIALAND DEN- TENSILE YIELD

STRENGTH, ELONGA-
SPECIFICATfON SIT-Y STRENGTH, HARD- TION,
DESIGNATION TREATMENT kg/m~ MPa ksi MPa ksi NESS % APPLICATION

24 (AlcarI)(h)(2014): Sintered 2540 165 24 97 14 80 HB 5.0 Properties resemble
4.4 Cq 0.5 M& 0.9 Heat 2540 241 35 193 28 72 Re 3.0 those of its wrought
Si, 0.4 N@ bal Al treated(j) counterpart, 2014.

Good mechanical
properties

67 (Man)(h): 0.5 Sixttered (T1) 2520 103 15 55 8 64 HB 120 High electrical
Ctl, bal ~ conductivity (48Y0

IACS) and ductility.
Similar to wrought
1100

68 (Akin)(h): 0.6 Sintered (T1) 2520 117 17 62 9 64 HB 9.0 Good Slltf- ftih:
Mg, 0.4 Si, bal Al high ductility and

.“ conductivity (42%
IACS). Similar to
wrought 6101

69 (Akan)(h)(6061): Sintered 2500 127.6 “18.5 69 10 66 HB 10.0 Properties are similar
0.25 Cu, 1.0 Mg, 0.6 Heat 2500 207 30 193 28 71 Re 2.0 to those of 6061.
S~ 0.10 Cr treated(i) Good strength, corro-

sion resistance,
ductilitv. and con-

0
ductivi~y (40% IACS)

76 (Aican)(h)(7075): Sintered 2510 207 30 152 22 90 HB 3.0 Properties are similar
1.6 CU 2.5 M% 0.20 Heat 2510 310 45 276 40 80 Re 2.0 to those of 7075. High
Cr, 5.6 Zn treated(k) strength and hardness

91 (Alcan)(h): 26.3 Sintered (T]) 3050 93.8 13.6 — — — 2.0 ExcelIent wear
rnbaloy Heat treated 3050 106.2 15.4 — — — 1.0 resistance

4040 (Alcan): I.0 Cu, Loose 1400 445 100(m) — — —
1.0 S~ bai A1-150 + sintered (T])

— High-porosity parts
(m) for controlling con-

325 mesh lamination, pressure,
sound, catafytic
reactions, etc.

4@0 (Alcan) 1.0 Cu, Loose 1350 445 100(m) ——— —
1.0 Si, brd A&60+ sintered (TI) (m)
150 mesh

4160 (Alcan): 1.0 Cu, Loose 1300 445 IOO(m) - — — —
1-0 Si, bal A1-30 + sintered (T]) (m)
60 mesh

(e) 1202composition 99.4 Al,0.3AIzOJ,0.15Fe, 0.07Si, balance other rnetallics. (f)Solutioned at 521°C(97tY’F),504°C(94@F) for
Grade 201ABand 201AC for 30rnin,quenched incold water, and aged at 160”C (320°F) for 18h to the T6 condition. (g)Solutioned
at 540°C (100(P~ for 30 rein, quenched in cold water, and aged at 149°C (30tYF) for 20 h to the T6 condition. (h) Grade number
includes stifx FF = prelllix with 1.5~olubricant; NL = premix without lubricanL (i) Solutioned at 521°C (97&F) for 30 rein,
quenched in water, and aged at 149°C (300°~ for 18h. (j) Solutioned at 49V C (930°F) for 60 rain, quenched in water, and aged at
14Y’C(30WF) for 18h. (k) Solutioned at 477°C (89fY’.F)for 60 tin, quenched in water, and aged at 127°C(260°F) for 18h. (m)
Breaking strength in newton (N) and pound (lb).

O,,,,j
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4-2.3.4 Methods for Prevention of Corrosion
The methods for prevention of corrosion that are

applicable to wrought aluminum are also applicable to
powder metallurgy products and are described in par.
4-2.1.3.

4-2.4 EXAMPLES OF CORROSION
4-2.4.1 Stress-Corrosion Cracking

Over a period of years an individual antitank weapon—
an antitank rocket—has experienced a number of mal-
functions traceable to failures of either the rocket motor
closure or the rocket motor itself (Ref. 32). Both of these
components are made of alloy 7001-T6. Analysis of the
rocket motor during launch indicates a maximum effective
stress of 572 MPa (83 ksi) occurring in the throat arep of
the rocket nozzle. Of the commercially available aluminum
alioys, only 700 I-T6 has a yield strength high enough to
withstand this level of stress. However, examination of
test specimens from the initial failures revealed that 7001-
T’6has a low fracture toughness and extremely poor flaw
tolerance. A fix was adopted, and the 7001-T6 alloy
retained. The fix was to reduce the stress in the closure
and strengthen the warhead/ closure joint with a fiberglass
overwrap.

A new round of failures occurred a few years later.
These failures were confined to rocket motors produced
by a single manufacturer, and examination showed the
primary origins to be stress-corrosion cracks on the order
of 1.02 mm (0.040 in.) in depth. Later demonstration
indicated that the condition leading to the formation of
these stress-corrosion cracks was most likely introduced
by one of the proof tests used as a quality assurance
measure during motor production. The proof test resulted
in a flaw that became the initiating site for a stress-
corrosion crack. Fracture toughness measurements made
on specimens from the failures indicated a critical flaw
depth of 0.30 mm (0.012 in.), a much smaller depth than
the observed stress-corrosion cracks.

The remaining stockpile was salvaged by overwrapping
the rocket motor with fiberglass. More failures occurred,
however, that resembled, in most aspects, the previous
motor failures. Perhaps the anodized coating at the base
of the fin slots was damaged when the fins were removed
for the fiberglass wrapping operation. This occurrence
would have contributed to the later corrosion problem.

Of the three manufacturers involved in rocket produc-
tion over the years, one has had afar worse malfunction
rate than the others. The various metallurgical and
process parameters used by the three manufacturers were
examined carefully, but it is not possible to draw con-
clusions concerning the importance of these parameters
in stress-corrosion cracking of 7001-T6. What does
appear evident is that subtle differences in processing
result in subtle differences in the character of the metal in
the final product. More significantly, it is beyond the

ability of existing material and product specifications to
control these characteristics. Therefore, materials selected o
for critical application must be tolerant of the inevitable
processing variability and production defects that con-
temporary quality control measures are unable to dis-
criminate.

4-2.4.2 Exfoliation

After a rifle had been in service for 3 yr in a hot and
humid climate (Southeast Asia), exfoliation corrosion
was detected on parts of the lower receiver (Ref. 33). The
part affected had been protected with an anodic coating,
but the affected areas were those frequently in contact
with the hands of the soldiers and thus were exposed to
the chloride ion in perspiration. The original specification
required a minimum yield strength for the aluminum
forging of 448 MPa (65 ksi). The manufacturers supplied .
alIoy 7075 in the T6 temper, which did have adequate
strength.

An investigation was conducted on alternative tempers
of alloy 7075 that might have adequate strength and
greater exfoliation resistance than the T6 temper. Newer
a310ys with adequate strength and greater resistance to
exfoliation were also investigated.

Some conclusions of the investigation are
1. Alloy 7075 die forgings can be thermally treated to

produce an exfoliation-resistant material with a minimum
yield strength of 448 MPa (65 ksi). a

2. In the T6 temper, 7075 forgings exhibiting a
randomized grain structure, as found in those produced
from rolled bar stock, are more resistant to exfoliation
corrosion.

3. Other 7XXX series alloys, such as X7050 and
premium grade 7175, can be thermally treated to produce
a variety of exfoliation-resistant forgings with much
higher strength than 7075.

4. Temperature and length of aging are very
important factors to control to insure that the optimum
combination of strength and exfoliation corrosion
resistance is obtained.

4-2.4.3 Biological Corrosion

The aluminum diesel fuel tank of a combat tank
experienced internal corrosion (Ref. 34). The corrodent
was the metabolic product of microorganisms that are the
result of diesel fuel contamination. This contamination
has several sources:

1. Contamination of fuel in bulk storage
2. Water condensation inside the fuel cell
3. Solids introduced into the fuel cell by dirty fuel

transfer hoses.
Pitting corrosion eventually penetrates the fuel tank
sump; thus replacement is required. The problem was *
solved by adding an icing inhibitor to the fuel in the fuel
tank, which dissolves the aqueous phase and acts as a
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O,,;: biocide (Ref. 35). Biocides also are available to be added
to the fuel in bulk storage.

4-3 BERYLLIUM

Beryllium has a density of 1849.17 kg/m3 (1 15.44
lbm/ft3) and a melting point of 1285°C (2345°F). The
metal has excellent electrical and thermal conductivities,
and high heat capacity. It can absorb more heat energy for
an equivalent increase in temperature than the same
weight or the same volume of any other metal. Beryllium
has an extremely high modulus of elasticity; therefore, it
is a very stiff metal. The metal, however, is very brittle and
in this respect acts more like a ceramic than a metal.
Beryllium and its compounds are very toxic. Although
beryllium is a costly metaI, its characteristics make it a
special metal for special applications, such as heat-

.; absorbing nose cones, heat shields, skin panels, and
structural members of spacecraft and missiles. It has also
been used as a heat sink for aircraft air-cooled wheel
brakes, it is an ideal heat-radiating material for dissipating
heat from spacecraft electricity-generating systems, and it
has been used as an antenna material in data-gathering
satellites.

The stiffimss, light weight, and dimensional stability of
beryllium over prolonged periods have led to its use in

o

inertial guidance devices and other control systems using
gyrmpes, gimbals, torque tubes, and high-speed rotating
elements.

Commercial grade beryllium is made by two processes.
‘Apebble material is produced by reduction of beryllium
fluoride with magnesium. The concentration of impurities
in this product is reduced by melting it in a vacuum to
produce refined ingots. A flake material is produced by
fused salt electrolysis of beryllium chloride. Several
commercial grades and forms of beryllium are available.
They range from a vacuumdistilled or eiectrorefined
material of high purity to a product that contains about
92% beryllium and 4.5% beryllium oxide. The oxide-
containing material possesses high rigidity and resistance
to flow under heat and pressure.

Vacuum hot-pressing of powder is used extensively in
forming beryllium shapes. Because of the random grain
orientation left by vacuum hot-pressing, the mechanical
properties of hot-pressed beryllium are isotropic. Beryllium
-, however, are extremely anisotropic in mechanical
behavior. Therefore, processes that improve ductility in
the direction of working also reduce ductility in the
transverse direction.

4-3.1 TYPES OF CORROSION

m Beryllium is an active metal, as indicated by its position
below mammium but above aluminum in the electromo-

W tive force series of Table 2-2. At ambient conditions in air
a thin, adherent film forms on the surface of beryllium
that is protective provided it has no breaks.

Differences in the measured values of corrosion can be
significant because of the variabilhy in composition,
metallurgical condition, and surface states of beryllium
specimens.

4-3.1.1 Uniform Corrosion
Beryllium is an amphoteric metal. It is readily attacked

by hydrochloric, hydrofluoric, or sulfuric acids at room
temperature. Dilute nitric acid slowly attacks beryllium,
but concentrated nitric acid has little effect. At higher
temperatures, however, the reaction with nitric acid
becomes violent. Phosphoric and oxalic acids attack
beryllium. Acetic, citric, and tartaric acids attack
beryllium, but the reaction stops after a time because a
protective film forms. Beryllium reacts slowly with dilute
alkahe solutions; however, the rate of attack increases at
higher concentrations. A hot, concentrated alkali reacts
vigorously with beryllium, and nitrate and chromate ions
passivate beryllium.

4-3.1.2 High-Temperature Oxidation
In dry gases oxidation is no problem up to 649° C

(1200° F). In the temperature range from 749° to 899°C
(1380° to 1650°F), the oxide fdm is initially protective
and the oxidation rate is parabolic. After a time, however,
the oxidation rate becomes linear. The duration of the
protective period depends upon the microstructure and
chemical purity of the beryllium and upon the oxygen
pressure as well as temperature. Above 899°C (1651PF)
the oxide fdm offers little protection, and burning starts
at 1204° C (2200° F). In gases containing water the
transition from parabolic to linear oxidation occurs
earlier. In oxygen the transition occurs at a lower
temperature.

Beryllium reacts slowly with nitrogen at 499° C (930° F’)
and forms a nitride. Up to about 900° C (1652° F) the
reaction is parabolic with time. The rate of nitridation is
less than the rate of oxidation at a given temperature.

Beryllium does not react with hydrogen at temperatures
up to 1100°C (2012° F). It is attacked by steam at high
temperatures and by carbon monoxide, the halogens,
nitric oxide, hydrogen cyanide, and hydrogen sulflde.

4-3.13 Pitting

Beryllium may pit in storage conditions. Although the
pitting would not be detectable if translated into uniform
attack, even slight pitting can damage high-precision
instrument components made of berylhm.

The average corrosion rate of beryllium in demineralized
water expressed as penetration is about 25 ~m/yr (1
mpy). However, this corrosion is experienced as deep
pitting. Chlorides, fluorides, sulfates, and cupric and
ferrous ions increase pitting corrosion attack. For
example, the corrosion rate in natural seawater is 434
pm/ yr (17. I mpy) at 15°C (59° F) and 658 ym/ yr (25.9
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rnpy) at 35° C (95° F). The maximum pit depth after 18
days was 20 ~m (0.8 roil) in distilled water and 117pm (4.6
roil) in seawater. At 35° C (95° F) the maximum pit depth
in natural seawater was 381 pm (15 roil) with 75~oof the
surface covered (Ref. 36). Fluorinated oils that are used in
gyroscopes can also corrode beryllium.

4-3.1.4 Stress-Corrosion Cracking

Beryllium is subject to stress-corrosion cracking in the
presence of chloride ions. Both anodized and pickled
beryllium fail prematurely at applied stresses well below
the yield strength when exposed to natural seawater at
15°C (59° F) (Ref. 36).

4-3.1.5 Liquid I’vletal Corrosion

BerylIium has good resistance to most liquid metals, as
illustrated in .Table 4-26.

4-3.1.6 Galvanic Corrosion
Tests of beryllium coupled with stainless steel and with

aluminum have been conducted in demineralized water at
85° C ( 185°F) (Ref. 40). Under static conditions the
aluminum and stainless steel were attacked, but under
dynamic conditions beryllium was attacked. In experi- I
ments that exposed beryllium-stainless steeI couples to
water at 250° and 254° C (482° and 490° F) for 1440 h,
there was little attack of the beryllium member. However,
beryllium underwent catastrophic corrosion when oxygen
was added to the water (Ref. 4 1). Beryllium coupled with
platinum and with zirconium showed no evidence of
galvanic corrosion in demineralized water at 343° C
(650° F) (Ref. 42).

4-3.2, METHODS FOR PREVENTION OF
CORROSION - e

Anodized beryllium has good corrosion resistance in
natural seawater compared to pickled beryilium. Electro-
less nickel plate coatings have been applied to beryllium
with good results. Conversion coatings on beryllium,
especially those based on chromates, protect in humid
environments, in chloride-containing atmospheres, and
in dry, oxidizing gases at 927° C (1700° F). Coatings of
low-fired porcelain enamel also give excellent results
(Ref. 43).

Additions of either sodium bichromate or sodium
nitrate to aqueous test solutions inhibit the pitting attack
in natural seawater.

4-4 CARBON

Carbon exists in a vanet y of structural forms ranging
from nearly perfect single crystals of graphite and diamond
to almost noncrystalline materials. Carbon is produced
industrially by the pyrolysis of organic carbon at tempera-
tures up to about 700° C (1292° ~. When some of these
materials are heated at temperatures up to about 3000” C
(5432°~ in vacuum or in an inert atmosphere, a transition
to the graphite structure and a change in properties occur.
This transition is referred to as “graphitization”, and the
product is a “polycrystalline graphite”. Not all carbons
undergo this transition. Those that do are termed a
‘Lgraphitizing carbons”, and those that do not are termed
“nongraphitizing carbons”. Examples of graphitizing
carbon are pitch and petroleum cokes and the carbon
derived from the pyrolysis of polyvinyl chloride. Examples
of nongraphitizhg carbons are those derived from
polyvinylidene chloride, from cellulose, and from sucrose.

TABLE 4-26. RESISTANCE OF BERYLLHJM TO CORROSION IN LIQUID METALS
(Refs. 3?, 38, and 39)

TEMPERATURE, 0C ~ F)

LIQUID h4ETAL 360° (572°) 600° (1112°) 800° (1472°) 1000° (1832°)

Bismuth Good Good Good 1500-2500 mdd
~~.03:05 lbm/(ft2’day))

Bismuth lead Good Good Limited
Bismuth lead tin Good Good —

Gallium

—
-Good Good Poor Poor

Lead Good Good Limited Limited
Lhhiurn Good Good Poor Poor
Magnesium Good Good — —

Mercury Good Good - Good —

Potassium Good Limited Limited —
Sodium Good Good Lhnited —
Sodium potassium Good Good Limited —
Tin Good — —

ThI lead

—
Good ~ Good — —
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Carbon and graphite components are widely used in
bearings, seals, and other load-bearing applications in
which sliding motion occurs. Because of their ability to
conduct electricity, carbon components are used where
current is transferred between two bodies in relative
motion. Carbon brushes in electric motors are an
example.

The properties that follow are exhibited by most
carbons:

1. Mec~kcal
a. Self-lubricating
b. Nonwelding
c. Low rates of wear
d. Nonabrasive to metal counterface
e. Chemical inertness
f. High thermal conductivity
g. Temperature stability

2. Electrical
a. High electrical conductivity for a nonmetal
b. High potential drop in sliding contact
c. Good resistance to erosion by arcing.

Pyrolytic carbon and chemical-vapordeposited carbon
refer to carbon material that is deposited at approximately
1IOO”C(2012° F) on a substrate by the thermal decomposi-
tion of a carbon-bearing vapor. Pyrolytic graphite refers
to carbon material deposited from a hydrocarbon gas
over a temperature range of 1750° to 2250° C (3 182° to
4082° F). A low-molecular-weight gas, such as methane, is
normally used.

When organic polymers are pyrolized to carbon, a
“hard”, iowdensity (1400.01 kg/m3 (87.41bm/ft3)) carbon
is formed. The polymer is often a particular structural
shape. Heating to 1600°C (29 12°F) produces an imperme-
able carbon. For example, phenol-formaldehyde resins
are used to produce a material known as vitreous carbon.

Shapes consisting of compacted cellulose fibers are
carbonized at 799° C (147 1°F) and treated at about
1500°C (2732”F) to produce an impermeable product
having a density of 1499.33 kg/m3 (93.6 lbm/ft3).

Carbon/graphite fibers are produced by carbonizing
materials, such as yarns or filaments of viscose rayon and
polyacrylonitrile, and pitch. These fibers are heter-
ogeneous materials that reflect the precursors used in
preparation as well as the heat-treatment process employed
in their production.

Carbon/graphite fibers are being used increasingly in
composite structures. The matrix may be metal or
nonmetal or even carbon. Carbon/graphite fibers have
desirable stiffness properties (high elastic moduhts).

Composites of carbon/graphite fibers and carbon
matrices are used in high-temperature applications such
as aircraft brakes and rocket nozzles.

4-4.1 TYPES OF CORROSION

Commercial graphites are constrained in applications
for specific environments by the chemical reactions that
fouow:

1. Gaseous oxidation
2. Interstitial formation
3. Oxidation in solution
4. Carbide formation.

Therefore, the discussion of carbon corrosion considers
these classes of reactions rather than the usual corrosion
categories that characterize metals and alloys.

44.1.1 Gaseous Oxidation
The oxidation rate of pure graphite is very low.

Graphites that have a large surface area available for
oxygen sorption and a higher impurity rate have a
correspondingly higher oxidation rate. Walker et uf- (Ref.
44) showed that at 800° C (1472° F) and a pressure of 1.01
X 10’ Pa (O.1013 bar or 0.1 atm), the relative rates of
reactions with 02, COZ, H20, and Hz are 1X 10s, 1,3, and
3 X 10-3, respectively. Bonnetain and Hoynant (Ref. 45)
have shown that with 02, C02, and H20 the oxidation
rates at 1000°C ( 1832*F) and a pressure of 1.01 X 105Pa
(1.013 bar or 1 atm) are 54 X 104, 21, and 98 mg
carbon/ m2.h (1.1 X 10-1, 4.3 X 104, and 2.0 X 10-s lb
carbon/ ft2”b), respectively.

4-4.1.2 Interstitial Formation

The graphitic structure consists of molecular layers
that have weak binding forces between them. This
characteristic makes graphite very susceptible to the
formation of interlamellar compounds that increase the
dimension between the molecular layers. Tbii reaction,
termed “intercalation”, occurs spontaneously whenever
certain elements, such as metal halides, stildes, and some
oxides, either come directly into contact with graphite or
are beated to a vapor in the presence of graphite. Other
examples of materials that cause intercalation are
potassium from a sodium potassium liquid metal solution
and bromine in a solution of carbon tetrachlonde. The
tube shown in Fig. 4-9 was used to bubble chlorine gas
into molten aluminum; the corrodent was aluminum
chloride. Heat-treating graphite-bromine intercalation
compounds results in explosive exfoliation.

4-4.13 Oxidation in Solution

Graphite undergoes two types of oxidation in solution:
1. Almost spontaneous oxidation by strong oxidizing

agents
2. Anodic oxidation.

An example of spontaneous oxidation is the inter-
Iamellar compound of graphite and oxygen formed by the
oxidation of graphite with potassium perchiorate in a
mixture of concentrated nitric and sulfuric acids. Graphite
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Figure 4-9. Corrosion of Graphite by
Aluminum Chloride; Test Sample Screwed
to End of Normal Tube Inlet; Original
Shape is Indicated (Ref. 46)

is oxidized by certain strong acids to form salts. Examples
of acids in which this occurs are nitric, phosphoric,
arsenic, selenic, perchloric, and sulfuric. Sulfuric acid
also reacts to produce carbon bisulfite.

Anodic oxidation of graphite occurs by the formation
of interlamellar compounds of oxyacids according to the
reaction

Cn + HA - C.+A- -1-H+ + e.

Acids that have been intercalated during anodic oxida-
tion are ~2s04, CIS03H, FS03H, H2Se04, HN03,
BF3(CH3COOH3)Z, CF3C00H, H3P04, and H3AS04
(Ref. 47). The net resuIt is the swelling and disruption of
graphite.

4-4.1.4 Carbide Formation

Graphite reacts with a wide range of metals and metal
oxides and yields carbides. The temperatures at which
significant reaction takes place are normally in excess of
500° C (932° F) and frequently greater than 1000° C
(1832°F).

4-4.1.5 Galvanic Effects

Graphite behaves electrochemically like a noble metal,
such as gold or platinum, and exhibits a noble potential in

most electrolytes; therefore, it is cathodic to most metals
upon galvanic coupling. Graphite fibers in a nonmetallic
matrix, e.g., epoxy, are insulated electrically from the o

metal to which the matrix is attached if the attachment
does not expose the graphite fibers. Adhesively bonded
graphite-epoxy composites do not exhibit galvanic cor-
rosion, whereas mechanically fastened (bolted) assemblies
do.

Galvanic corrosion rates for some alloys coupled to
graphite-epoxy composites have been studied in neutral
(PH = 7) 3.5% by weight NaC1 solutions (Ref. 48).
Twenty-three alloys coupled to graphite-epoxy com-
posites were examined, and the results were grouped into
the following three classes:

1. Acceptable—less than 5 #A/cm2 (32.3 pA/ in.2)
(stainless steel and titanium alloys)

2. Borderline—5 to 15 ~A/cm2 (32.3 to 96.8 ~A/ in.2)
(aluminum alloys and some steels)

3. Unacceptable—over 15 pA/cm2 (96.8 pA/ in.z)
(steels: AF141O, 300 M, and 434@ and aluminum alloys:
2024-T65 1).

A similar series of measurements was conducted with a
graphite-epoxy composite coupled to several metals (Ref.
49). Table 4-27 shows the open-circuit potential of the
materials as measured against a reference electrode. A
potential difference of approximately 1 V exists between
the composite and aluminum alloys. The potential
difference between the composite and the titanium alloys
was about 0.3 V for an as-received unpolished surface but
was about 0.5 V for a freshly polished surface.

Actual zero impedance galvanic corrosion currents
between the graphite-epoxy composite and the alloys are
presented in TabIe 4-28. The chromate conversion coating
on the cadmium-plated specimen reduces the corrosion
current by 40$70of that for cadmium. Nevertheless, the
couple is only slightly less reactive than couples with
aluminum, and this fact is a clear indication of a galvanic
corrosion problem for graphite-epoxy composites coupled
to structural aluminum alloys and cadmium-plated, high-
strength fasteners.

TABLE 4-27. OPEN CIRCUIT POTENTIAL MEASUREMENTS VS
SATURATED CALOMEL ELECTRODE (Ref. 49)

POTENTIAL,
MATERIAL mV

Graphite-epoxy composite (NARMCO 5206-11) +170
Aluminum 5052-H38 –760
Aluminum 7075-T6 –770
Aluminum 7075-T65 i –780
Cadmium -805
Cadmium-pIated steel (chromate conversion coating) –735
Titanium 6AI-4V (as received) –140
Titanium 6A1-4V (freshly polished surface) –375
Titanium 6A14V (above specimen 24 h later) –260
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TABLE 4-28. ZERO IMPEDANCE GALVANIC CURRENT MEASUREMENTS BETWEEN

GRAPHITE-EPOXY COMPOSITE MATERIAL AND DESIGNATED ALLOYS (Ref. 49)

GALVANIC CURRENT CORROSION RATE*

pA/cn.tz wA}in?* mg~(dmz.day) lb/(ft2”day)

Composite aluminum 5052-H38 12.7 81.9 10.3 0.21X10-3
Composite aluminum 7075-T6 12.5 80.6 10.1 0.21X10-3
Composite aluminum 7075-T651 14.4 92.9 11.7 0.24X 10-3
Composite cadmium 15.5 100.0 78.1 I.60X10-3
Composite cadmium plate + chromate conversion
coating 9.6 61.9 7.8 0.16X10-3
Composite titanium 6A14V (as received) 0.002 0.013 0.003 6.1 X10-8
Composite titanium 6A14V (freshly polished
surface) 0.19 1.23 0.27 5.5 Xlo+

●Corrosion rate is calculated from the measured 2ero impedance currents.

Coupling graphite~poxy composite to 7075-T651
‘“aluminum has no effect on the stress-corrosion cracking..

rate of the alloy.

4-4.2 INTERFACE PROBLEMS
An important interface problem is the wear of carbon

brushes in motors and generators.
In the period hrqnediately after new surfaces have been

brought into contact, the surfaces wear so as to conform
with each other. Once this “bedding” process is complete,

D
wear normally continues at a constant rate (Ref. 50).,,
Wear per unit distance is roughly independent of speed
over a range of speeds of 200 to 40,000 mm/s (7.9 to 1575
in./ s). The wear rate is proportional to the applied pres-
sure over a pressure range of 2 X 104to 2 X 106Pa (0.2 to
20 atm). For a fixed graphite content, the harder the
carbon, the lower the wear rate. Mineral ash in the carbon
can cause rapid wear of both carbon and metal. Nor-
mally, however, high graphite content reduces wear. Typ-
ical values of wear coefficients are 10-12cm 3/N“cm (6.9 X
10-*2in.3/lbin.). For example, the thickness of the carbon
layer removed is 10-]0times the distance traveled under a
pressure of 96s27 Pa (14 psi). .

In electrical applications much of the wear is associated
with the passage of current (Ref. 50). At high current
densities, wear rates decrease with increasing pressure;
increasing pressure improves the electrical contact. At
low current densities, however, the wear is essentially
mechanical, and in this case the wear rate increases with
pressure. Also the sparking caused by the commutation
process results in a higher wear rate for a commutator
brush than [or a slip ring.

L6w metal wear ti tiociai~ with the formation of a
good patinz or surface fdm, on the commutator brush or
slip ring. Lncorrosive atmospheres, e.g-, HC1, the fdrn on

m th~ co~per can disintegrate and leave the bare metal.
Rat)id wear of the brushes and commutator may then

u“ occur (Ref. 50). Other gases, such as hydrogen stilde

(HzS), produce a very thick fdm on the copper. In atmo-
spheres of very low absolute humidity—below 4 X 102Pa
(3 torrs) water vapor pressure-catastrophic wear of the
graphite occurs that can be a million times higher than
normal (Refs. 51 and 52). These conditions can occur in
high-altitude aircraft, in polar regions, and in areas in
which the atmosphere is controlled at a Iow humidity.

4-43 METHODS FOR PREVENTION OF
CORROS1ON

Graphite is normally impregnated with a resin to make
it impetious to various agents. Table 4-29 liits typical
resins used in chemical applications. Table 4-29 also lists a
few reagents and conditions in which graphite-resin
systems suMved for at least 3 months with a final weight
loss of less than 1%. In some applications, such as
exposure to a strong acid, a pyrolytic carbon coating
provides better protection than the more traditional
impregnants (Ref. 46).

The rate of gaseous oxidation of graphites can be
reduced by the addition of certain berates and phosphates
(Refs. 53 and 54). An alternative is to coat the graphite
with a refractory coating. Silicon carbide coatings have
been produced by depositing silicon onto a hot graphite
substrate by thermal cracking of trichlorosilane (Ref. 55).
This deposition is foUowed by heat treatment at 2000°C
(3632°F) to form a chemically bonded layer of silicon
carbide. A }efractory metal, e.g., zirconium, can be
thermosprayed onto the surface and heat-treated to form
the carbide (Ref. 46).

Low-humidity wear of graphite can be prevented by
additions, such as molybdenum disu~lde, Teflon@, heavy-
metal halides, waxes, and varnishes, in the brush (Ref.
50). Environments of pure oxygen or carbon dioxide
inhibit this form of wear. Caution should be exercised
with additions containing metals.

Care must be used when joining composites containing
graphite to metals. Fig. 4-8 illustrates an approach for
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TABLE 4-29. GENERAL CLASSIFICATION OF RESINS COMMONLY USED FOR
IMPREGNATING CARBON AND GRAPHITE FOR CHEMICAL APPLICATIONS (Ref. 46)

a
OPERATING RANGE

DESCRIPTION “c(”F) STABLE UNSTABLE

Phenolic derivatives Oto 280 Acids
(32 to 536) Organic solvents

Alkalis up to 20%

Modified phenolic Oto 240 Acids
derivatives (32 to 464) Alkalis up to 40s

Organic
solvents

Furane derivatives .. 0 to 170 Alkalis up to 90%
(32 to 338) Organic solvents

Nonoxidizing acids

Oxidizing
acids

Linseed oil Oto 80 Caustic/chlorine
(32 to 176) processes. Halogen

and cyanide reactions

Paraffin waxes O(32) — softening Alternative to lin-
point of wax seed oil

Copyright @1970by Academic Press Ltd.

joining graphite-epoxy composites with aluminum that
avoids creating a galvanic couple.

4-4.4 EXAMPLES OF CORR(X31ON
PRO13LEIWS

Graphite has good lubricating qualities; therefore, it is
often incorporated into lubricating oils, greases, and dry
lubricants and is also used in powder form as a lubricant.
The potential for galvanic corrosion is so great, however,
that lubricating products containing graphite should be
used with great care.

Pencils containing graphite “leads” should never be
used on metals,, especially aluminum. Pencil markings
have been known to penetrate an aircraft skin completely
in a short period of time.

4-5 COBALT AND COBALT ALLOYS ~

Elemental cobalt has a density of 8890.2 kg/ m3 (555
lbm/ ft3). Its melting point is 1495°C (2723° F), and its
boiling point is 2870°C(5198° F). Pure cobalt has found
Iittie use; however, alloys of cobalt have found widespread
application.

Cobalt is usually alloyed with one or more of the
following elements: iron, nickel, chromium, aluminum,
silicon, manganese, tungsten, molybdenum, ,titanium,
carbon, and small amounts of other elements.

There is no common alloy designation system. The
cobalt alloys are known by the proprietary designations
given by their producers.

Applications of cobalt alloys take advantage of one or
more of the following properties:

1. Excellent wear resistance
2. Good mechanical properties at Klgh temperature

3. Good oxidation and corrosion resistance.
For example, cobalt alloys are used as hard facings on
machinery parts subject to wear, in the hot sections of gas
turbine engines, and in exhaust valves of internal com-
bustion engines.

4-5.1 TYPES OF CORROSION

4-5.1.1 General Corrosion (Uniform and Pitting
Corrosion)

Pure cobalt has an extremely low corrosion rate in a
marine atmosphere. After 3 yr at a site 244 m (800 ft) from
the water, the corrosion rate was 5 #m/ yr (0.2 mpy). At a
site 24 m (78 ft) from the water, the corrosion rate was 3
IJm/ yr (O.1 rnpy).

Wear-resistant cobalt alloys are not attacked in a
marine air atmosphere. For example, a wear-resistant
alloy (67 CO—30 Cr—2 W) lost none of its surface
reflectivity after 18 months in the marine atmosphere at
Kure Beach, NC (Ref. 56). However, after 2 yr immersed
in seawater, the average corrosion rate of cobalt specimens
was 18 pm/ yr (0.7 mpy).

The wear-resistant cobalt alloys undergo little attack in
acid mine water, seawater, or boiler water at ordinary
temperatures. After 2 yr in the sea, wear-resistant cobalt
alloys have an average corrosion rate of 3 pm/ yr (O.1
mp y) and a maximum pitting penetration of 0.180 mm
(7.09 roil) (Ref. 57).

The corrosion of three cobalt-base alloys in various
chemical corrosives is shown in Table 4-30. Two of the
alloys contain 30% chromium, whereas Haynes Alloy 25
contains 2070chromium. Alloying with chromium reduces
attack in aggressive chemical environments. Haynes
Alloy 25 also contains 10% nickel, whereas the other
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TABLE 4-30. CORROS1ON OF COBALT-BASE ALLOYS IN VARIOUS Corrosives (Ref. 58)

CONCENTRATION, TEMPERATURE,
CORROSION RATE, mm/yr (mil/yr)

CORROSIVE 44Co—3 lCr— 13 W *
Wt% “c (“F) 53Co—30Cr–4.5 W

AS-CAST HEAT- AS-CAST H EAT- HAYNES
TREATED TREATED ALLOY 25*

Acetic acid 10 Boiling 0.05 (2) 0.10 (4) <0.01 (0$3) <0.01 (0.3) <0.01 (0.1)
99 Boiling <0.01 (0.3) <0.01 (0.3) <0.01 (0.3) O.O1(0.4) Nil

Chlorine (wet) 100 Room 5(194) 6.4 (251) 8,9 (350) 1I .6 (455) <0.03 (1)
Chromic acid 2 66( I50) Nil Nil Nil Nil Nil

10 66 (150) 0.03 (1) 0.64 (25) 0.71 (28) 0.58 (23) 0.13 (5)
Cupric chloride 10 Room <0.01 (0.5) 0.05 (2) 0.01 (0.5) 0.05 (2) <0.01 (0.2)
Ferric chloride 2 Room 0.08 (3) 0.25 (10) <0.o1 (0.2) <0.01 (0.2) Nil
Formic acid 89 66 (150) <0.o1 (o. 1) Nil <0.01 (o. 1) Nil <0.01 (o. 1)
Hydrochloric acid 5 Room 0.66 (26) 0.41 (16) 1,3 (52) 0.23 {9) 0.61 (24) ~
Hydrofluoric acid 5 Room 1.5 (59) 1.4 (55) 1.3 (52) 0.81 (32) 0.13(5) ~
Nitric acid 10 Boiling 0.15 (6) 0.15 (6) 0.02 (0.8) 0.03 (1) <0.02 (0.5) +

40 66(1 50) 0.81 (32) 0.05 (2) <0.01 (0.02) <0.01 (0.3) <0.02 (0.5) g
Phosphoric acid 50 Boiling 1.7 (68) 0.56 (22) 0,30 (12) 0.64 (25) 0.10 (4)

85 66( 150) Nil 0.15 (6) Nil Nil <0.01 (o. 1) ~
Sodium hydroxide 50 66( I50) <0.01 (0.3) 0.15 (6) <0.01 (0.3) O.o1 (0.4) Nil 8
Sulfuric acid 77 Room Nil — Nil — Nil 2

96 Room Nil <0.01 (0.3) Nil Nil Nil
25 66(1 50) >25.4 plooo) >25.4 plooo) 0.03 (1) Nil 0.28(11) =

●9-I I Ni, 19-21Cr, 14.lrj W, 3.0() Fe mnx, ().05-().15 C, 1.00 Si mnx, 1.00-2.00”Mn, 0.030 P rmx, 0.030 S max. lihIINICeCO
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alloys contain no nickel. In general, Haynes Alloy 25 has
as good or better corrosion resistance than the other
alloys to which it is compared in Table 4-28.

The chemical composition and mechanical properties
of two cobalt-containing, high-strength bolting alloys are
listed in Table 4-31. Each of these alloys exhibits a noble
seawater gaIvanic potential near that of titanium. Based
on standard laboratory tests, they are resistant to, but not
necessarily immune to, crevice corrosion, stress corrosion,
and hydrogen embrittlement (Ref. 59). The corrosion
resistance of these alloys in chemical solutions is similar
to that of Hastelloy C.

4-5.1.2 High-Temperature Corrosion
4-5.1.2.1 Oxidation

Pure cobalt oxidizes rapidly at high temperatures (Ref.
57) and follows a parabolic relationship with time. Tests
in air showed a weight gain of 240 mdd (4.92 X 10-3
lb/ ft2”day) at 696° C (1285° 1?) and 86,400 mdd (1.’?7
lb/ ft2”day) at 1246°C (2275” F).

Chromium is the most effective alloying addition used
to increase the oxidation resistance of cobalt. The scaling
rate of cobalt-chromium alloys increases with increasing
chromium content below about 25% chromium, the
scaling rate decreases at chromium concentrations greater
than 257.. Although 25T0 chromium is sufficient for

temperatures up to 999° C (1830° F), 30$?10chromium is
needed for good resistance at temperatures as high as m

1199° C (2190° F). Chromium additions greater than 30%
decrease the scaling rate farther.

Cobalt-aluminum alloys have improved oxidation
resistance but reduced mechanical properties (Ref. 60).

Cobalt-molybdenum alloys are a little better than
cobalt alone up to 999° C (1830° F). Between 999° C
(1830° F) and 1099°C (2010° F) the oxidation rate is less
for the alloy, but above 1099° C (2010” F) the alloy
oxidizes rapidly (Ref. 60).

The oxidation rate of cobalt decreases in proportion to
added nickel content up to 40V0nickel. The effect of 40902
nickel on the oxidation of cobalt is indicated in Table
4-32, in which the corrosion of cobalt is compared with a
60Co+ONi alloy.

To resist oxidation at elevated temperature, a material-
must meet the following conditions:

1. Diffusion through the oxide scale must be held to
the lowest possible rate. This control can often be
achieved by adding aluminum to the alloy.

2. The oxide scale must resist spalling. Spalling may
occur because of the forces generated in the scale as it
forms, as a result of erosion caused by flowing gas, or as a
result of thermal cycling. Attempts to reduce spalling and
improve scale adhesion often re!y on the addition of a rare
earth element. m

TABLE 4-31. PROPERTIES OF MULTIPHASE BOLTING ALLOYS (Ref. 59)

NOMINAL CHEMICAL COMPOSITION

ALLOY co Ni Cr Mo Fe Ti Cb Al

MP35N 35 35 20 10 — — —
MP159

—
35 26 19 7 8 3 0.6 0.2

MECHANICAL PROPERTIES

STRESS, MPa (ksi) ELON- REDUC-
GATION, TION OF

ALLOY UTS YIELD SHEAR % AREA, %

h4P35N 1972 (286) 1758 (255) 1000 (145) 11 39
MP159 1931 (280) 1896 (275) 965 (140) 8 35

TABLE 4-32. OXIDATION RESISTANCE OF COBALT AND A 60 Co-40Ni ALLOY (Ref. 60)

WEIGHT GAIN*, mdd (lb/ ft2”day)

TEMPERATURE, “C ~F) COBALT 60Co-40Ni ALLOY

799 (1470) 2000 ( 4. IX IO-2) 80 ( 1.6X10-3)
899 (1650) 4200 ( 8.6X 10-2) 960 (19.7X10-3)
999 (1830] 4500 ( 9.2X 10-2) 2140 (43,8X 10-3)

1099 (2010) 14,800 (30.3X 10-2) 4580 (93.8X 10-3)

*In 24 h (specimens3 to 5 cm2(0.47 to 0.78 in.2))

Reproduced with permission from The Institute of Materials, London, England.
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o The oxidation resistance in air of Haynes Alloy No. 188
,r is compared with Haynes Alloy No. 25 in Fig. 4-10.

Haynes Alloy No. 188 contains nickel and the rare earth
metal lanthanum, which was developed speciilcally to
form a tenacious, protective film of chromia.

T~. ~

..
“.

o

1700 mm 19W 2W0 mm Wco
1

SW-
--=

2W -
~wx =

- 6<
lW- 148ynesAouylE3

so -
s

- t
20 - - 0.8

, t t t * t - 0.6
Wo Wo 1000 low llW 11s0 12W

nRadhzspllm svwBgBd@hO#bwnmIpOmtdm,
-~w~w~

Reprinted with permission. Copyright @ by Haynes Inter-
nation~ Inc.

Figure 4-10. Oxidation R&istance in Dry
Flowing Air, 1008-h Test, Cycled to ROOIU
Temperature Once a Week (Ref. 61)

Results of two oxidation tests on several wear-resistant,
high-temperature cobalt alloys are shown in Table 4-33.
Four commercial cobalt alloys and two experimental

alloys are included. The test specimens were exposed to
two sets of oxidation conditions. A dynamic oxidation
test exposed the specimens to air heated to 927°C
(1700”F) for 100 h. A thermal shock occurred every 30
rein, which consisted of quenching to 260°C (500° F) with
an air blast for 2 trtin and then reinsertion in the furnace.
Weight losses in this test have two causes: scale spallation
as a result of thermal stress and loss of volatile species.

In the second test the specimens were exposed to
simulated combustion gases at 927° C ( 1700° F) for 1004
h, but they were cooled to room temperature every 24 h.
The simulated combustion gas composition is shown in
Table 4-34. Weight losses in this test were a direct result of
scale spa.llation for the 24-h thermal cycle. The results
given in Table 4-33 as metal losses show very significant
differences between the dynamic oxidation test and the
simulated combustion gas test. These differences illustrate

TABLE 4-34. OXIDATION GAS

COMPOS1TION (Ref. 62)

COMPONENT VOLUME, %

C02 15.0
N2 82.0

02 3.0
S02 0.026

Reprinted with permission. Taken front a paper entitled “Some
Factors Affecting Solid Particle Erosion-Corrosion” by I. G.
Wright et a[., published in Corrosion Erosion Behavior of
Materiafs, Edited by K. h’awsart, The Metallurgical Society,
Warrendale, PA, 1980.

. .

TABLE 4-33. SWARY OF OXIDATION DATA (Ref. 62)

SIMULATED COMBUSTOR,
DYNAMIC OXIDATION, NWh,92T’C(170tPF3 1004 h, 927°C (1700° F)

CONTINUOUS MAXIMUM TOTAL METAL TOTAL METAL MAXIMUM
METALLOSS PENIXWITION PENETRATION AFFIXTED AFFECTED METAL LOSS PENETRATION

PERSURFAG PER SURFAW PER SURFAC~ PER SUFtFAC& PER SURFACE PER SURFAG PER SURFAW
ALLOY m (mill ~m(roil) Km@) JLOl(d) m (4 m (4 pm(*

Stellite Ailoy No. 12 28 (1.1)

Haynes Alloy No.
188 51 (2.0)

Stellite Alloy No. 1 10 (0.4)

Ste.llite AIIoy No.
6B 66 (2.6)

Haynes Alloy EB
1675 48 (1.9)

Haynes Alloy EB

104 (4.1)

28 (1.1)

109 (4.3)

43 (1.7)

127 (5.0)

1775 160 (6.3) . 48 (1.9)

131 (5.2)

142 (5.6)

145 (5.7)

150 (5.9)

206 (8. 1)

254 (10.0)

157 (6.2) 84 (3.3) 1 (0.04) 84 (3.3)

193 (7.6) 36 (1.4) 2 (0.08) 33 (1.3)

155 (6.1) 23 (0.9) 1 (0.04) 23 (0.9)

216 (8.5) 71 (2.8) O 71 (2.8)

254 (10.0) 81 (3.2) O 81* (3.2)

414 (16.3) 51 (2.0) 2 (0.08) 48 (1.9)

O,, ●Internal oxidation

Reprinted with perzn&on. Taken from a paper entitled “Some Factors Affecting Solid Particle Erosion-Comosion” by I. G. Wright er
al, published in Corrosion Ero$ionBehaviorof MateriaLs,Editedby K. NateSan, The Metallurgical Society, Warrendale, PA, 1980.
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the changes that can result from ,factors that disrupt the
protective gxide scales.

The compositions of the alloys tested are shown in
Table 4-35. Two experimental alloys contain rare earth
additions as does Haynes Alloy No. 188. One of the
“experimental alloys, EB 1775, is a lanthanum-containing
modification of Haynes Alloy No. 6B. A cobalt-base
alumina-scale-forming alloy (Haynes ExperirnentaI Alloy
No. 1675) was also included in the test. This alloy contains
what are considered to be optimal chromium and
aluminum levels that are consistent with good fabric-
abiIity, strength, and oxidation resistance. The rare earth
metal, yttrium, is added to reduce oxide scale spallation.

The four commercial cobalt alloys represent a broad

.

range of carbon (O.1to 2.5% by wt), chromium (2Oto 30$Z0
by wt), and tungsten (4 to 15$%by wt) content. Many o
cobalt-base alloys in commercial use are within these
composition ranges.

The results of the two tests are summarized as follows:
1. The aluminum-rich experimental alloy did not

form the desired continuous, protective alumina scale in
either atmosphere. The alumina content (4. 17!Yo)was
marginally low.

2. The lanthanum-modified experimental alloy did
not prove effective in the dynamic oxidation test.

3. Behavior of the specimens exposed to the com-
bustion-gas atmosphere was similar to that of specimens
exposed to the air atmosphere. However, the effects on;”

TABLE 4-35. ALLOY COMPOSITIONS (Refs. 62 and 165)
i

ALLOY Fe Co Ni Cr Al Si Mn W Mo Cu P S C OTHER

State of the Art and Science Alloys

Haynes Stellite
Alloy No. 1 (Heat
No. 5082) 0.65 Bal.”

Haynes Stellite
Alloy No. 6B
(Heat No. 1810-5-

0.98 32.0 – 1.10 0.16 12.0 0.18 0.02

i086) 2.52 Bal.t 2.78 30.70 – 0.49 1.44 4.13 1.40 –

Haynes Stellite
Alloy No. 12
(Heat No. 142) 1.90 Bal.? 1.03 30.07 — 1.31 0.28 8.70 0.19 0.05

Haynes Alloy No.
188(Heat No.
188041689) 1.48 Bal.~ 22.32 22.39 – 0.42 0.69 14.17 – —

Experimental Alloys

Haynes
Experimental
Alloy EB 1675-5- 0.15 Bali 19.59 15.27 4.17 0.27 0.50 7.50 – –
0571

Haynes
Experimental
Alloy EB 1775-5-
0197 2.96 Bal.t 2.61 31.03 0.13 0.46 1.08 3.75 0.18 –

Hastelloy 17.00-0.50- 20.50- 0.20-8.00-

— 0.017 2.33 0.08B

0.008<0.005 1.06 –

— — 1.43 —

0.010 0.006 0.10 0.035L*

<0.001 0.0030.22 0.03Y
0.55T*

<0.005 0.006 0.84 0.03L*

0.50- 0.008B**. ..
Alloy X - 20.00 2.50 13al.’t 23.00 0.50** 1.00** 1.00** 1.00 10.00 0.50** O.MO**0.030** 0.15 0.15Ti**

Haynes Alloy 25 3-O** 51.0 ]0.0 20.0 0.40** 1.5 15 0.1

* Nominal composition
** Maximum
T BaI. = Balance

Reprinted with permission. Taken from a paper entitled “Some Factors Affecting Solid Particle Erosion-Corrosion” by L G. Wright et
al., published in Corrosion Erosion Behavior of Materials, Edited by K Natesan, The Metallurgical Society, Warrendale, PA, 1980.
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the metals were not as extensive.
4. Sulfidation was not a problem in the combustion-

gas atmosphere.

4-5.1.2.2 Hot Corrosion
Alloy components in the turbine section (blades and

vanes) of both marine and aircraft gas turbine engines
often undergo unusually severe corrosion. This type of
attack, known as hot corrosion, is caused by deposits of
molten salt or ash. The design requirements for the alloys
used in these components have emphasized high-tempera-
ture creep-rupture strength, fatigue life, and castability.
The nickel- and cobalt-base alloys selected, therefore,
have optimized mechanical and physical propertk to
match the mechanical and thermal loadings of particular
applications. The result has been increased use of super- ‘
alloys with lower oxidation and hot corrosion resistance.
-Alloycompositions have tended toward aluminum (4% to
57.) and chromium (8% to 1270) contents that are
marginal for satisfactory oxidation and hot corrosion
resistance. In addition, the alloys have relatively high
refractory metal content, such as tungsten and
molybdenum, which reduce their hot corrosion resistance.

The nickel-base superalloys are stronger than the
cobalt-base aIloys. Therefore, cobalt-base alloys are
rarely used in rotating components, such as turbine
blades. Because a relatively high density is not a great
problem for stationary components, tungsten can be used
in cobalt alloys as a solid solution strengthener in
amounts up to 107oby weight. Also the carbon content
may be as-high as 170by weightj and minor amounts of
carbide formers are added to modify the carbide structure
and enhance strengthening through carbide dispersion.

conventional cobalt-base superalloy do not contain
aluminum and therefore rely on chromia scale formation

for corrosion resistance. Nickel alloys, however, usually
form an alumina scale for corrosion resistance.

An alumina scale thickens at a slower rate than a
chromia scale. Alumina scale is more susceptible to
spallirtg during thermal cycling or other mechanical
disturbances but is less susceptible to vaporization loss in
high-velocity, high-temperature gases. Chromia scales
are more resistant to sulfate deposits unless considerable
sodium chloride deposits are also involved (Ref. 63).

4-5.1.23 Liquid Metal Corrosion

Cobalt has a weight loss of 2.4% after 50 h in molten
zinc at 446° C (835° F) (Ref. 64) but experiences little
attack in liquid sodium or sodium-potassium mixture up .
to 899°C (1650° F) (Ref. 65).

4-5.1.2.4 Molten Salt Corrosion
In molten sodium hydroxide, cobalt has a corrosion

rate of about 1.9 mm/ yr (73 mpy) after 24 h at 538°C
(lOOO°F) (Ref. 66)...
4-5.1.3 Erosion-Corrosion

The alloys described in Table 4-35 were exposed to
impingement by 15-pm (0.59-mil) alumina particles at
two different velocities in the 927° C (1700° F) oxidizing
flue gas environment described in Table 4-33. The results
of this exposure are shown in Tables 4-36 and 4-37. At a
particle velocity of 19 m/s (63 ft/s), the oxidation
behavior was not significantly affected except for alloy
12, but at 52 m/s (170 ft/s) velocity, all alloys showed
linear weight loss from the start of the exposure. The
erosion-corrosion rates of the different alloys were not
significantly different at this higher velocity. However,
the erosion-corrosion rates of the alloys containing cobalt
were higher than those of some nickel alloys that had been
exposed to the same conditions.

TABLE 4-36. COMPARISON OF METAL LOSS BY CORROSION AND
CORROSION-EROSION AT 19 m/s (63 ft/s), 927° C (1700°F)

AVERAGE METAL LOSS, pm (roil)

CORROSION-EROSION, 19 m/s CORROSION ALONE AT
(63 ft/s) EQUIVALENT TIME

(FROM WEIGHT CHANGE) (FROM WEIGHT CHANGE)

ANGLE OF EXPOSURE, deg SIMULATED DYNAMIC
ALLOY 30 90 COMBUSTOR OXIDATION

1 0.6 (0.024) 1.2 (0.047) 0.8 (0.031) 1.4 (0.055) “
12 2.6 (O.102) 30 (1.18 ) 0.7 (0.028) 0.5 (0.020)
6B 0.9 (0.035) 0.8 (0.03 1) . 1.3 (0.051) 0.3 (0.012)

1775 2.0 (0.079) 1.1 (0.043) 0.8 (0.031) 0.5 (0.020)
188 0.8 (0.031) 0.8 (0.031) 1.3 (0.051) 0.1 (0.004)

1675 1.1 (0.043) —. 0.4 (0.016) 1.4 (0.055)

NOTE: Specimens exposed at a nominal angle of 90 deg experience twice the number of impacts/unit time compared to specimens
exposed at nominally 30 deg.
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TABLE 4-37. COMPARISON OF METAL LOSS BY CORROSION-EROSION AND o
BY CORROSION ALONEAT52111/S (170 ft/s), 927° C (1700”F)

AVERAGE METAL LOSS, pm (roil)

CORROSION-EROSION, 52 m/s CORROSION ALONE AT
(170 ft/s) EQUIVALENT TIME

(FROM WEIGHT CHANGE) (FROM WEIGHT CHANGE)

ANGLE OF EXPOSURE, deg SIMULATED DYNAMIC
ALLOY 30 90 COMBUSTOR OXIDATION

1“ 21.1 (0.830) — — 0.3 (0.012) 0.3 (0.012)
12 22.4 (0.882) 57.5 (2.264) 0.7 (0.028) 0.5 (0.020) ~~
6B 22.2 (0.874) — — 1.1 (0.043) 0.4 (0.016)

1775 23.5 (0.925) 57.1 (2.248) 0.3 (0.012) 0.4 (0.016)
188 27.9 (1.098) 57.3 (2.256) 0.7 (0.028) 0.1 (0.004)

1675 33.6 (1.323) — — 0.1 (0.004) 0.9 (0.035) .

NOTE. Specimens exposed at a nominal angle of 90 deg experience twice the number of impacts/ unit time compared to specimens
exposed at nominally 30 deg.

4-5.2 METHODS FOR PREVENTION OF
CORROSION

High-temperature coatings have been developed as a
means of restoring oxidation and hot corrosion resistance
to gas turbine blades and vanes. The coatings are of two
types: (1) diffusion aluminide coatings that consist of a
cobalt-aluminum interrnetailic phase and are formed by
slurry-fusion or pack cementation processes and (2)
overlay coatings that provide significant improvements in
oxidation and hot corrosion compared to diffusion
aluminide.

The objective of both types is formation of a protective
aluminum coating under service conditions.

The overlay coatings are of the type CoCrAIY. These
coatings minimize the influence of the base alloy on the
composition of the coatings, coatings that result in
excellent oxidation and hot corrosion resistance can be
applied. Chromium levels may be high (18 to 25Yo)at
moderate aluminum concentrations (1O to 15~o). Re-
fractory elements are excluded, and rare earth elements
(yttrium) are added to improve alumina scale adhesion.
Electron beam, physical vapor deposition is commonly
used to”form the overlay coating on the substrate. Placing
a platinum layer on CoCrAIY overlay coatings,is effective
in improving the oxidation resistance and in inhibiting
the hot corrosion attack of coatings caused by sulfate-
chloride salt deposition (Ref. 67).

A low-temperature form of hot corrosion attack has
occurred on marine gas turbines operating at low or
intermediate power levels (Ref. 68). These gas turbines
have CoCrAIY-coated turbine blades. High-temperature
(927°C(17000 F)) hot corrosion attack is characterized by

depletion of aluminum from the coating to form aluminum
oxide. This causes a layer depleted of aluminum-rich
beta phase to form beneath the oxide/coating interface.

As the attack progresses, a network of aluminum oxide
and depleted coating forms. The cobalt and chromium in
the remaining portions of the depleted coating are
oxidized at the surface. This oxidation completes the
degradation of the coating. Sulfides do not appear in the
depletion zone until the aluminum-rich phase is completely
consumed. e

With low-temperature (704° C (1300° F)) hot corrosion,
little, if any, depletion of aluminum occurs. Instead there
is almost uniform conversion to oxide scales of all the
coating constituents at about the same rate. There is some
chromium depletion beneath the scale/ coating interface.
The scale in contact with the coating is high in aluminum
and chromium and low in cobalt. Frequently, a loosely
adherent outer scale rich in cobalt is formed over the inner
scale. Sulfur is found in the scale, particularly at the
scale/ coating interface.

4-5.3 EXAMPLES OF CORROSION
PROBLEMS

The cobalt-base alloy, Stellite 21, is an excellent liner
for gun barrels in most respects. For example, it has
excellent erosion resistance, optimal hot hardness and
ductility, and good fabrication characteristics. Its melting
point of 1280”C (2336° F), however, is not adequate for
high-temperature propellants. The alloy fails by surface
melting. In spite of this, liners of Stellite 21 are used in
M60 machine-gun barrels (Ref. 69).

Because of their high resistance to corrosion in human
tissue and body fluids and their high strength, cobalt
alloys are used’ in orthopedic implant. devices (Ref. 70).
Cast Vftallium, which contains 27% by weight chromium, e
65% by weight cobalt, 5% by weight iron, and small
amounts of other elements, is a commonly used implant
material.
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4-6 COLUMBIUM AND COLUMBIUM
ALLOYS

Columbium (also called niobium) has moderate
density, a high melting point, and considerable strength at
elevated temperatures. Some properties of columbium
are listed in Table 4-38. A typical columbium ingot is
99.8% pure.

Columbium is extremely ductile and easy to fabricate
at room temperature, and it is compatible with conven-
tionalmetalworking practices, but heating in air or any of
the common gases embrittles the metal.

Use of columbium and its alloys is based upon their
mechanical properties at high temperatures and corrosion
resistance that is generally superior in many environments.
Columbium is an expensive metal.

,.
TABLE 4-38. PROPERTIES OF

COLUMBIUM (Ref. 71)

Density at 20° (68° F) 8570 kg/m3 (535 lb/ft~
Melting point 2468°C(4474”F)
Boiling point 5127°C (9261°F)

‘ Tensile strength, MPa @i):
Room temperature 172 to 483 (25 to 70)
500”C (932”F) 172 (25)
100&C (1832”FI 55 to 117 (8 to 17)

4-6.1 ALLOYS OF COLUMBIUM

Columbium can be alloyed with a wide range of
elements. The nominal composition of two columbium
alloys is given in Table 4-39. These two alloys are
candidate materials for gas turbine applications because
of their good mechanical propefiies at high temperatures.

4-6.2 TYPES OF CORROS1ON
4-6.2.1 General Corrosion
4-6.2.1.1 Uniform and Pitting Corrosion

Although columbium is an active metal in the electro-
motive force series, it is second only to tantalum in its
general corrosion resistance, which results from the
formation of a protective oxide film. The general corrosion
resistance of columbium to various environments and
chemical reagents is summarized in Table 440.

Columbium acquires only a slight tarnish after a 15-yr
exposure to an industrial atmosphere.

TABLE 4-39. COMPOSITION OF TWO COLUMBIUM ALLOYS

COMPOSITION, wt %

ELEMENT NOMINAL ANALYSIS

SU-31
Tungsten 17.0- 18.0 18.50

Hafnium 3.5 3.60

Carbon 0.12 0.145
Oxygen — 85 ppm

Nitrogen — 25 ppm

Columbium Balance Balance

FS-85
Tantalum 27.0 27.60
Tungsten 11.0 10.60

Zirconium 1.0 0.94
Hafnium — 100 ppm

Molybdenum — 100 ppm

Titanium — 50 ppm

Iron — 50 ppm

Silicon — 50 ppm

Carbon — 40 ppm

Oxygen — 39 ppm

Nitrogen . 29 ppm

Hydrogen — 5 ppm
Columbium Balance Balance

I
4-51

Downloaded from http://www.everyspec.com



MIL-HDBK-735(MR)

TABLE 4-40. CORROSION RESISTANCE OF COLUMBIUM AT
VARIOUS TEMPERATURES (Ref. 71) a

TEMPERATURE TEMPERATURE

20°C 60° C 100°C 20° C 60° C 100°C
REAGENT (68° F) (140° F) (212° F) REAGENT (68”F) (140”F) (212°F)

Acetaldehyde
Acetic acid (10%)
Acetic acid (glac and anh)*
Acetone
Acetylene
Acid fumes (except HJFi)
Air
Alcohols (most)

o Aliphatic esters
Aliphatic halogens
compounds-chloroform
Alum
Aluminum chloride
Ammonia anhydrous
Ammonium chloride
Amyl acetate and chloride
Aniline and compounds
Aqua regia
Aromatic solvents

Benzoic acid
I$oric acid
Brines, saturated
Bromine, moist

Calcium chloride
Carbon disulphide
Carbonic acid
Chlorine, dry
Chlorine, wet
Chlorides of Na, K, Mg
Chromic acid (80%)
Citric acid
Copper salts (most)
Cresylic acids (50%)
Cyclohexane

Detergent, synthetic

Emulsifiers
Ether

Fatty acids (C<C6)

Ferric chloride
Ferric sulphate

s
s
s
s
s
s
s
s
s
s

s
s
s
s
s
s
s
s

s
s
s
s

s
s
s
s
s
s
s
s
s

DU
s

s

s
s

s
s
s

s
s
s
s
s

NR
s
s
s
s

s
s
s
s
s
s

NR
s

s
s
s
s

s
s
s
s
s
s
s
s
s

DU
s

s

s
s

s
s
s

s
s
s
s
s

NR
s
s
s
s

s
s
s
s
s
s

NR
s

s
s
s
s

Fluorine
Formaldehyde
Formic acid

Glycerine
Glycols

Hexamine
Hydrobromic acid (50%)
Hydrochloric acid (10%)
Hydrochloric acid (cone.)
Hydrocyanic acid
Hydrofluoric acid
Hydrogen peroxide (30%)
Hydrogen peroxide (30-90%)
Hydrogen sulphide

Ketones

Lactic acid (100%)

Maleic acid
Mercuric chloride
Mercury

S Naphtha
S Naphthalene
S Nickel salts
S Nitric acid (<25%)
S Nitric acid (50%)
S Nitric acid (95%)

QU Nitrogen
s
S Oils, essential

DU Oils, mineral
S Oils, vegetable and animal

Oxalic acid
S Oxygen

Ozone
s
S Perchloric acid

Phenol
S Phosphoric acid (25%)
S Phosphoric acid (50%)
s Phosphoric acid (95%)

NR
s
s

s
s

s
DU
s
s

DU
NR
DU
DU
s

s

s

s
s
s

s
s
s
s
s
s
s

s
s
s

NR
s

DU

s
s
s
s
s

NR
s
s

s
s

s
DU
NR
NR
DU
NR
DU
DU
s

s

s

s
s
s

s
s
s
s
s
s
s

s
s
s

NR
s

DU

s
s
s
s
s

NR
s
s

s
s

s
DU .
NR
NR
DU
NR
DU
DU
s

s

s

s
s
s

s
s
s
s
s
s
s

s
s
s

NR
s

DU

s
s

NR
NR
NR

*Glacial and anhydrous (cent’d on next page)
a
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TABLE 4-40. (cent’d)

TEMPERATURE TEMPERATURE

20”C 60°c 1(XPC 20”C 60”C 100”C
REAGENT (68”F) (140”F) (21201=) REAGENT (68”F) (140”F) (212”F)

Phosphorous chlorides
Pyridine and compounds

Seawater
Silicic acid
Silver nitrate
Sodium carbonate
Sodium hypochlonte
Sodium silicate
Sodium stdphide
Starch
Sugar and SyTUpS
Sulphates of Nay K, Mg, Ca
Sulphites
Sulphonic acids
Sulphur
Sulphur dioxide, dry

DU
s

s
s
s

NR
NR
NR

s
s
s
s
s
s
s
s

DU
s

s
s
s

NR
NR
NR

s
s
s
s
s
s
s
s

DU
s

s
s
s

NR
NR
NR

s
s
s
s
s
s
s
s

Sulphur dioxide, wet Ss
Sulphur trioxide NR NR
Sulphuric acid (20%) Ss
Sulphttric acid (50%) ~ S NR
Stdphuric acid (70%) s NR
Sulphuric acid (95%) s iVR

Tallow Ss
Tannic acid (l(Mo) s s
Tartaric acid s s
Tricldoroethylene Ss

Vinegar Ss

Yeast Ss

Zinc chloride Ss

s
NR

s
NR
NR
NR

s
s
s
s

s

s

s

s = satisfactory
NR = Not recommended
DU = Data unavailable

NOTE This information is intended only as a general guide. Because of diversity in processing methods and operating conditions, no
guarantee concerning the use of columbium is to be implied. To ascertain more positivelythe value of the metal, it is suggestedthat
samples be tested under actual operating conditions in the required media

4-6.2.1.2 Caustic Embrittlement
Columbium is not recommended for applications in

alkaline solutions because it is embrittled by boiling
solutions of low concentrations of sodium hydrofide and
potassium hydroxide.

4-6.2.2 High-Temperature Corrosion
4-6.2.2.1 Oxidation

Pure columbium is not suited for service in air at
elevated temperatures because it oxidizes readily. Also
studies of the high-temperature oxidation of columbium
have shown it to be complex. The initial oxidation rate is
parabolic and is followed by a transition to an approxi-
mately linear relationship with time. The breakaway is
associated with the formation of columbium oxide Gz05,

which is porous and offers little resistance to further
oxidation. The data in F]g. 4-11 indicate that the basic
reaction kinetics of columbium change at approximately
1093”C (2000° F’).Table 4-41 lists the corrosion rate in air
of columbium and other metals and alloys at 1204°C
(2200°F) relative to Type 310 stainless steel.

Improvements in the oxidation rate in air of columbium
at high temperatures can be made by alloying it with
various metals. Additions of up to 107oof tungstenj iron,
titanium, vanadium, chromium, or molybdenum can
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Reprinted with permission. Copyright @bySRI International.

Figure 4-11. Oxidation of Refractory Metals
(Ref. 72)
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TABLE 4-41. AIR-CORROSION AT 1204° C
(2200”F) (Ref. 72)

RELATIVE
IMETAL CORROSION RATES*

Silicon small
81Ni—12.5Cr—6.5AI 0.4
310 Stainless (25Cr—20Nl) 1.0
67Cr—33Ni 1.9
Chromium 5.0
Titanium 29.6
Zirconium 59
93cb—71vfo 89
Tungsten 114
Columbium 696
Tantalum 1140
Molybdenum 1600

*Refer to Type 310 stainless steel
Reprinted with permission. From Metallurgical Society Con-

ferences, volume Ii, Refractory Melais and A1ioys, ‘&Oxidation
Behavior of Refractory Metals and Alloys”’by J. W. Semmel,
Jr., p. 161,The Meta@gicaI Society, 1961.

decrease the corrosion rate in air of columbium. However,
larger amounts can reverse the trend and result in greater
corrosion than if the columbium were unalloyed (Ref.
72). The results of tests of the corrosion rate in air of
columbium alloyed with varying amounts of chromium
are given in Table 4-42. “The addition’ of any amount of
rhenium or zirconium up to 20$?iowill result in higher
corrosion rates in air than if the coiumbium were
unalloyed (Ref. 72).

Columbium alloys are promising candidates for use in
gas turbine engines because of their favorable strength-to-
weight ratio at high temperatures. The nominal composi-
tion and chemical analysis of two candidate alloys are
given in Table 4-39, but neither of these columbium alloys
can be used for gas turbine applications above 1093° C
(2000° F) without protective coatings. Oxidation test
results are shown in Fig. 4-12. The SU31, columbium-

TABLE 4-42. AIR CORROSION OF
COLUMBIUM AND COLUMBIUM

CHROMIUM ALLOYS AT 1000° C.(1832°F)
FOR 5 h (Ref. 72)

WEIGHT GAIN,
MATERIAL rng/cm2 (lb/in.*)

Pure columbium 138 (1.96 X 10-3)
Columbium + 3.5% chromium 80 (1.14X 10-3)
Columbium + 12% chromium 34 (0.48X 10-3)
Columbium + 22% chromium 138 (1.96 X 10-3)
Columbium + 24% chromium 650 (9.23 X 10-3)

Temperature.0F

1000 1500 2000 2500

I I I I I I I I
90

80

70 ‘:

60 W:
c.-

502

40;
.

30 ~
S

20

r~ Flow Rate: 50 cm/s (20 in./s)
Preeeure:1.01 x 105 Pa (760 torr) 10.

0 I I I
600 800 1000

0
1200 1400

Temperature,0C

Figure 4-12. Comparison of SU-31 and FS-
85 Oxidation After 1 h at Temperatures
Between 649° and 1482° C (1200° and
2700”F) (Ref. 73)

tungsten-hafnium, alloy is marginally more resistant than
the FS-85, columbium-tantalum-zirconium, alloy.

4-6.2.2.2 Liquid Metals

Experimental measurements of columbium corrosion
in several liquid metals is given in Table 4-43. a

4-6-2.2.3 Other High-Temperature Media
The molten alkalies are corrosive to columbium.

Sodium hydroxide causes severe attack at 538° C
(1000° F), potassium hydroxide dissolves columbium
readily at 360° C (680° F) (Refs. 66 and 76), and’refractory
oxides have little effect on columbium up to 1599° C
(2910° F) (Ref, 77).

4-6.3 METHODS FOR PREVENTION OF
CORROSION

Efforts have been directed toward developing coatings
for columbium that can provide protection against cor-
rosion in air at high temperatures. Coatings that give
protection to columbium at very high temperatures, i.e.,
1371°C (2500” F), include (Ref. 78)

1. Layers of molybdenum disilicide
2. Metallic chromium or nickel-chromium sub-

sequently sprayed with aluminum oxide
3. Metallic aluminum plus chromium plus silicon
4. Thanium and its compounds, such as oxides,

nitrides, carbides, and silicides. and various combinations
of these.

A 90% tantalum, 10% tungsten alloy was protected
against static oxidation for a minimum period of 200 hat a
temperatures between 927° and 148> C (1700° and

4-54

Downloaded from http://www.everyspec.com



O,.

.?.,

0r,

o,,;

MIL-HDBK-735(MR)

TABLE 4-43. CORROSION OF COLUMBIUM IN LIQUID METALS (Refs. 37,72,74, and 75)

TEMPERATURE AT WHICH CORROSION CORROSION
LIQUID METAL RESISTANCE EXHIBITED TEMPERATURE CHARACTERISTIC

“c “F

Bismuth
Bismuth-1ead
eutectic
Gallium
Lead
Lithium
Mercury

Sodium
Zinc

300 570

109O”C (2000”F) 635 cm/yr (250,000 mpy)
450 840 600° C (1 110°F) Rapid corrosion

1000 t 830
900 1650
150 300 ~OO°C (570°F) Slight corrosion

>350°C (660° F) Severe corrosion
900 1650

445°C (835° F) Rapid corrosion

2706” F) by a complex disilicide coating (Ref. 79). There-
fore, the columbium alloys whose compositions are given
in Table 4-37 were coated with the same modified
disilicide coating by the procedure described in Table
444. This coating protected both alloys for 1000 h at
1371°C (250WF) under static oxidizing conditions (Ref.
80).

TABLE 444. APPLICATION
PROCEDURE FOR SOLAR DUPLEX

COATING NS-4/Si (Ref. 73)

1.
2.
3.
4.
5.
6.
7.

8.

9.
10.

Barrel finish
Vapor degrease
Sandblast
Pickle (acid etch-rinse)
Spray with NS4 coating (50W, 20M0, 15V, 15Ti)

w
Sinter at 1527°C * 17 deg C (2780A 30 deg F) at
1.33 X 10-3Pa (10-5 torr) for 15 h
a. Weight gain 55 to 65 mg/cm2 (0.78 X 10-3to 0.92 X

10-3lb/in.2) (NSA4)
b. Thickness increase 114.3 to 127.0 pm (4.5 to 5.0

3nils)/surface (NW) -
Silicide at 1177°C (2150”F) at 1.07 X 10sPa(800torr)
argon for 16 h or equivalent
a. Weight gain 34 to 40 mg/cm2 (0.48 X 10-3to 0.57 X

10-3lb/in.2) (silicide)
b. Thickness increase 71.1 to 83.8 pm (2.8 to 3.3

mils)/surface
No postclean
Postoxidation at 1316° C (240W F) for Ih

NOTE Total thickness increase was 177.8to 215.9pm (7.0 to
8.5xniIs)/surface.

Reprinted with permission. Copyright @bythe Metals informa-
tion AnalysisCenter at Purdue University.
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4-6.4 EXAMPLES OF CORROS1ON
PROBLEMS

In addition to potential application in gas turbine

engines when it is protected by a coating, columbium and
its alloys have potential application as liners for gun
tubes.

Fig. 4-13 shows idealized stress-strain curves of some
refractory metals and gun steel. Refractory metals that
have an elastic modulus, i.e., stiffness, higher than gun
steel, such as tungsten, molybdenum, and chromiua
usually fail by cracking when applied as liners or coatings
in steel gun tubes. Those metals with an elastic modulus
lower than steel, such as tantalum and columbium,
effectively transfer the liner loads to the steel jacket when
they are used as gun tube liners. Columbium, however,
tends to undergo swagging, or metal flow, on the lands of
the gun bore (Ref. 69).

4-7 COPPER AND COPPER ALLOYS

Elemental copper has a density of 8954.32 kg/m3 (559
lbm/ ft’) and a melting point of 1083°C(1981° F). It has
excellent electrical and thermal conductivities and is
malleableand readily formed and machined; however, it
exhibits relatively poor mechanical properties. Therefore,
it must be cold worked or alloyed to improve its strength.
Copper also possesses good corrosion resistance. It is
below the noble metals and nickel in the galvanic series
but above stainless steel.

4-7.1 TYPES OF ALLOYS

Important classes of copper alloys contain zinc (brass),
tin (tin or phosphor bronze), aluminum (aluminum
bronzes), and nickel (cupronickels). In the Unfled Num-
bering System (UNS) for copper and its alloys, the
numbers C 10000 through C79999 designate wrought
alloys. Cast copper and copper alloys are numbered from
C80000 through C99999. However, usually a copper-base
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Figure 4-13. Idealized Stress-Strain Curves
of Refractory Metals and Gun Steel (Ref.
69)

alloy is designated only by the first three digits. Many
alloys are associated with popular names, e.g., red brass
or admiralty metal. Table 4-45 gives the composition and
mechanical properties of several copper alioys.

4-7.1.1 Copper and High-Copper Alloys

Commercially pure copper contains a tilmum of
99.3% copper. It is used primarily in electrical and
electronic applications, in metallic motor vehicle radia-
tors, in tubing for hydraulic and fuel lines, and in tubing
and pipe for potable water systems. Copper is also used in
downspouts, flashing, gutters, roofing, screening, and
exterior cladding in architectural applications. High-
copper alloys contain a minimum of 96% copper if in the
wrought form and 94V0copper if in the cast form. The
high%opper ailoys have better mechanical properties
than the commercially pure copper and about the same
corrosion resistance. For example, copper-beryllium
alloys are high-strength, age-hardenable alloys. They
contain about 290 beryllium and 0.2570 cobalt or nickel.
Their corrosion resistance is slightly better than that of
pure copper in most environments. The high-copper
alloys are used principally in electrical. and electronic

applications, whereas the copper-beryllium alloys are
used as springs, diaphragms bearing parts, and valves.

e

4-7.1.2 Copper-Zinc Alloys ‘

Zinc is the principal alloying element in brass. Much
brass goes into plumbing hardware, such as valves,
fittings, and piping. ,Many seagoing vessels use brass in
steam condensers. Alloy C4430 is commonly used in the
tubing, and alloy C46400 is commonly used in the tube
sheets.

4-7.1.3 Copper-Tin Alloys

Tin is the principal alloying element in tin bronzes. Tin
bronzes, also called phosphor bronzes because less than
0.5% phosphorus is present, are used as valve bodies,
valve trim, pump housings, and pump impellers.

4-7.1.4 Copper-Alumimum Alloys . .

The aluminum bronzes, which consist principally of .,-

copper and aluminum, are available in both wrought and
cast forms. The aluminum bronzes have good combina-
tions of strength, corrosion resistance, and wear
resistance. Their composition ranges from a simple alloy
of copper and aluminum to complex alloys with the
addition of iron, nickel, silicon, manganese, and other
elements.

4-7.1.5 Copper-Nickel Alloys

Copper-nickel alloys containing from 10% to 30%
nickel and a small amount of iron and manganese have
good mechanical properties at moderately high tempera-
tures. The corrosion resistance of cupronickels is in-
fluenced by their iron conten~ therefore, 0.5% iron is
added to copper-30% nickel, and 1.5% is added to copper-
10% nickel. The copper-nickel alloys are single-phase
alloys.

The greatest application of cupronickels is in salt water
service. They are also used in brackish water and fresh-
water. They are used as pipe, fittings, condenser tubes and
plates, and pump castings.
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TABLE 4-45. COPPER ALLOYS (Ref. 2)

MECHANICAL PROPERTIES**

COMPOSITION %* YIELD TENSILE ELONGATION
STRENGTH, STRENGTH, IN 51 mm

ALLOY CDAt UNS Cu Zn Sn Al Ni OTHER MPtt (ksi) MPa (ksi) (2 in,), %
.. . .
w rougnt
Copper 110
Commercial

bronze 220

Red brass 230

Cart ridge brass 260
Yellow brass 270
Muntz metal 280
Admiralty brass 443
Admiralty brass 444
Admirally brass 445
Naval brass 464
Phosphor bronze “ 510
Phosphor bronze 524
Aluminum

~ bronze 613
4 Aluminum

bronze D 614

Cllooo 99.90 — 69 (10)

69 (10)
69 (10)
76 (11)
97 (14)

145 (21)
124 (18)
124 (18)
124(18)
172 (25)
131 (19)
193 (28)

221 (32)

255 (37)
276 (40)
303 (44)
317 (46)
372 (54)
331 (48)
331 (48)
331 (48)
400 (58)
324 (47)
455 (66)

483 (70)

524 (76)

621 (90)

386 (56)

448 (65)

414 (60)

303 (44)

55

50
55 ‘
66
65 .
52
65
65
65 “
50 ?E
64 ~
70 x

o
42 m

~

45
3

10 a
~

63

33

55

42

— — — —

—.
—
—
—
—
—
—
—
—
—
—

0.5

—

4.0-5.5

0.6

—

—

9.0-11,0

C22000
C23000
C26000
C27000
C28000
C44300
C44400
C44500
C46400
C51OOO
C52400

89-91
84-88
68.5-71.5
63.0-68.5
59-63
70-73
70-73
70-73
59-62
rem
rem

remtt —
rem —
rem —
rem —
rem
rem 0.9-~2
rem 0.9-1.2
rem 0.9- 1,2
rem 0.5- 1.0
0.3 4,2-S,8
0.2 9.0-11.0

—
—
—
—
— —

0.024). 1 As
0.02-0.1 Sb
0.02-0.1 P

—
—
—
—
—
—

0.03;35 P
0.03-0.35 P

C6 1300 88.5-93.8 — 0.2-0.5 6.0-8.0 3.5 Fe 207 (30)

C6 1400 88,0-92.5 0.2 — 6.O-8.Q 1.5-3.5 Fe
1,0 Mn
2.0-4.0 Fe
1.5 Mn
0,25 Si
0.8 Fe
0.5-1.3 Mn
2.8-3.8 Si

228 (33)

248 (36)Nickel aluminum 630
bronze

C63000 78-85 0.3 0.2 9.0-1 I.0

High-silicon 655
bronze

C65500 94.8 1.5 — — 145 (21)

Manganese
bronze 675 C67500 57-60 rem 0.5-1.5 0.25 0.05415 Mn

0.8-2.0 Fe
207 (30)

Inh. aluminum
bronze 687
90/ 10Copper
nickel 706

C68700

C70600

76-79

86.5

rem — 1.8-2.5

1,0 — —

0.02-0. I As 186 (27)

110 [16)1.0-1.8 Fe .,
1.0 Mn

*Single values are maximum values except for Cu, which is minimum.
**Typical room temperature properties of annenled or as-cast material.

tCDA = Copper Development Association
ttrem = remainder (cent’d on next page)
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TABLE 4-45, (cent’d)

MECHANICAL PROPERTIES**

COMPOSITION %* YIELD TENSILE ELONGATION
STRENGTH, STRENGTH, IN51 mm

ALLOY CDAf UNS Cu Zn sn Al Ni OTHER MPa (ksi) .MPa (ksi) (2 in.), %

70/30 Copper
nickel 715 C71500 rem 1.0 – – 29.0-33.0’ 0.4- 1,0 Fe 138 (20) 372 (54) 45

1.0 Mn
65-18 Nickel
silver 752 C75200 63,0-68.5 rem — — 16.5-19.5 0.25 Fe 172 (25) 386 (56) 45

0.5 Mn
Cast
Ounce metal 836 C83600 84-86 4.0-6.0 4-6 0.005 1.0 4-6Pb 117 (17) 255 (37) 30
Manganese
bronze 865 C86500 55-65 36-42 1.0 0.5-1.5 1.0 0.4-2.0 Fe 193 (28) 490 (71) 30

0.1-1.5 Mn
G bronze 905 C90500 86-89 1.0-3.0 9.0-11.0 0.005 1.0 152 (22) 310 (45) 25 =
M bronze 922 C92200 86-90 3.0-5.0 5,5-6.5 0.005 1.0 1.0-2; Pb 138 (20) 276 (40) 30 y
Ni-Al-Mn bronze 957 C95700 71 — — 7,0-8.5 1.5-3.0 2.0-4.0 Fe 310 (45) 655 (95) 26 z

11-14 Mn o
Ni-.M bronze 958 C95800 79 8.5-9.5 4.0-5.0 3.5-4.5 Fe 262 (38) 655 (95) w— — 25

0.8-1.5 Mn
x

Copper nickel 964
4

C96400 65-69 — – — 28-32 0.5-1.5 Cb 255 (37) 469 (68) 28 Q
0.25-1.5 Fe
1.5 Mn 5

a
*Single values are maximum values except for Cu, which is minimum.

w

**Typical room temperature properties of annealed or M-CM4 !lKMef’kd.

TCDA = Copper Development Association
Ttrem = remainder

Reprinted with permission from the National Association of Corrosion Engineers. Copyright NACE.
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o 4-7.2 TYPES OF CORROSION OF COPPER.,),,!
AND HIGH-COPPER ALLOYS

4-7.2.1 UniformCorrosion

4-7.2.1.1 Weathering Corrosion

Copper exhibits good resistance to corrosion in urban,
marine, and industrial atmospheres. The major factors
that control the initial rate of attack on copper are
moisture, temperature, and the level of pollution.

Table 446 shows the relative intensity of these factors
at various locations along with the resultant relative
corrosivity of these sites based upon copper (Ref. 8I).
Soon after exposure of copper to the atmosphere, the
bright copper surface takes on a dull tan tarnish. After a
few years thk tarnish gradually changes to dark brown or
black. At a later stage the corrosion products of copper
turn green. The corrosion rate of several types of copper
in a 20-yr test averaged 1 pm/yr (0.05 mpy) in an

-. industrial atmosphere, 0.8 pm/yr (0.03 mpy) in a marine
atmosphere, and 0.5 pm/ yr (0.02 mpy) in a rural
atmosphere (Ref. 82).

4-7.2.1.2 Corrosion in Natural Waters

Copper has good resistance to corrosion by ail types of
freshwate~ corrosion rates are from 5 to 25 IJm/ yr(O.2 to

o

1 mpy). Corrosion rates for water saturated with air and
,1. carbon dioxide are an order of magnitude greater than

those for municipal or distilled water. Copper also has
good resistance to corrosion in seawater. Because of its
outstanding resistance to fouling by marine organisms, it
is wideiy used for sheathing on surfaces exposed to
seawater. Copper is sometimes used in seawater piping,
but it is subject to corrosion-erosion where the flow
velocity is greater than 0.9 to 1.2 m/s (3 to 4 ft/s). These
velocities are often attained at changes in pipe cross
section or flow direction.

4-7.2.13 Corrosion in Neutral Solutions
Copprr has good resistance to many salt solutions,

such as the sulfates and nitrates of sodium and potassium.
Typical corrosion rates are 5 pm/ yr(O.2 mpy). It also has
reasonably good resistance to the nonoxidizing chlorides
of sodium and calcium. Corrosion rates may range from
15 to 279 ~m/ yr (0.6 to 11 mpy). Copper does, however,
have poor resistance to oxidting substances, such as
ferric and cupric salts, and to ammonium salts. Cyanides
are also very corrosive to copper.

4-7.2.1.4 Corrosion in Acid Solutions

The action of acids on copper can be generalized as
follows (Ref. 57):

1. Acid solutions in concentrations up to 0.01% are
only slightly corrosive to copper. The rates are usually
below 254 ~m/ yr (10 mpy), and aeration is relatively
unimportant.

2. Nonoxidizing acids free from air corrode copper at
rates less than 5 ~m/yr (0.2 mpy).

3. Solutions of nonoxidi.zing acids (hydrochloric
acid excepted) containing small amounts of oxygen, such
as might be absorbed from air in contact with the solution
surface, are weakly corrosive, independent of the con-
centration. Rates may be up to 254 gm/yr (10 mpy).

4. Air-saturated solutions of nonoxidting acids may
be very corrosive, i.e., from 203 to 1270 ym/yr (8 to 50
mpy).

5. Oxidizing acids, except in dilute solutions, corrode
copper rapidly at rates greater than 2032 pm/yr (80 mpy),
independent of aeration. Nonoxidizing acids containing
oxidizing materials behave similarly.

6. Increasing the temperature of an acid solution
usually increases its corrosivity. However, at high tempera-
tures volubility of oxygen is so low that the corrosion rate
decreases.

TABLE 4-46. THE RELATIONSHIP BETWEEN THE CORROSIVITY OF COPPER
DURING ATMOSPHERIC EXPOSURE AND THREE ATMOSPHERIC FACTORS (Ref. 81)

ATMOSPHERIC FACTORS

O:,,,;

DURATION OF S02
SITE CORROSIVITY WETNESS CONCENTRATION TEMPERATURE

Kure Beach, NC (244-m
(800-ft) site) I 1 5 1

Trail, BC 2 3 3 5

South Bend, PA 3 2 4 3

Cleveland, OH 4 4 2 2

Ottawa Ontanio 5 5 1 4

NOTE: In the ratings, a value of 1denotes the highest corrosivity, the longest time of wetness,the highest SOZconcentration, and the
highest temperature.

Copyright ASTM. Reprinted with permission.
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4-7.2.1.5 Corrosion in Alkaline Solutions
The corrosion c?fcopper in caustic solutions is signifi-

cant, but not intolerable, if the application of copper is for
purposes other than corrosion resistance. For example,
30% to 50% concentrated caustic soda at 82° C (179° F)
corrodes copper at a rate of 51 I.Lrnlyr(2 mpy).

Moist ammonia and ammonium hydroxide solutions
corrode copper rapidly in the presence of oxygen. This
corrosion occurs because copper forms a complex
ammonium ion. Substituted ammonia compounds, such
as amines, are also corrosive to copper.

4-7.2.1.6 Corrosion in Organic Chemicals
Chlorinated hydrocarbons can be corrosive to copper

under conditions in which hydrolysis results in the
formation of hydrochloric acid. The presence of water ‘
facilitates hydrolysis.

4-7.2.2 Pitting and Crevice Corrosion

Although the failure of domestic copper plumbing
systems is rare, pitting failure occurs in cold-water lines
that conduct aggressive well waters. Aggressive well
waters are those contaminated with corrosive compounds.
Hot-water pitting is rare and is usually associated with a
soft water.

Copper is susceptible to crevice corrosion attack.

4-7.2.3 Stress-Corrosion Cracking
‘ Oxygen-free, high-conductivity copper and electrolyti-

cally refined copper are not susceptible to stress-corrosion
cracking. Phosphorousdeoxidized copper containing as
little as 0.Q04% phosphoms is susceptible to stress-
corrosion cracking, however, the susceptibility is low
compared to some copper alloys. Mercury can cause
stressed copper to crack.

4-7.2.4 High-T’ernperatureCorrosion
Copper is not considered a high-temperature materiqi.

Its strength in and resistance to hot atmospheres are low
compared with alternative materials, such as iron, steel,
and stainless steel.

Copper is not a satisfactory metal for handlig molten
metals, such as tin, zinc, bismuth, antimony, and lead.

Fused caustic soda at 316° to 593°C(6000 to 1IOO”F)is
corrosive to copper.

4-7.2.5 Galvanic Corrosion

The relative galvanic effect of copper on other metals in
the atmosphere is shown in Table 4447. The table is based
on 7 yr of exposure to ‘industrial, marine, and rural
atmospheres. In particular, couples of copper and
aluminum or copper and steel can lead to severe galvanic
corrosion.

TABLE 4-47. RELATIVE GALVANIC
EFFECT OF COPPER ON OTHER a

METALS IN ATMOSPHERIC EXPOSURE
(Ref. 83)

OTHER TYPE OF ATMOSPHERE

METAL INDUSTRIAL MARINE RURAL

Aluminum Severe Severe Slight
Iron Moderate Severe Slight
Lead None Slight slight
Nickel slight Slight* None
Tin Moderate Moderate Slight
Zinc Moderate Moderate Slight

*Nickel is cathodic to copper in this environment.

The degree of risk in coupling copper to other metals in
water, salt solutions, or acids depends upon the effective-
ness of the solution as an electrolyte.

4-7.3 TYPES OF CORROSION OF COPPER
ALLOYS

4-7.3.1 Dealloying
4-7.3.1.1 Copper-Zinc Alloys

Brmses that contain at least 85% copper are practically
immune to dezincit3cation, whereas brasses that contain
15% zinc or more are vulnerable. Increasing the amounts
of zinc increases susceptibility. Iron and manganese in
brass accelerate dezinciflcation, which can occur in
localized areas or uniformly over the surface of the metal.

The environmental factors that follow increase sus-
ceptibility

1. High temperatures
2. Low degree of aeration
3. Stagnant flow conditions, especially in acidic

media
4. Porous inorganic scale formation on the metal

surface
5. Acids, both organic and inorganic
6. Dilute and concentrated alkalies
7. Neutral solutions of chlorides and sulfates
8: Oxid~ing agents, such as hydrogen peroxide.

Corrosion of brasses hi the atmosphere is principally
dezincitlcation. Fig. 4-14 shows the penetration based
upon weight loss for urban, marine, and industrial
atmospheres. Increased zinc content increased corrosion
in the urban atmosphere. In rural and marine atmospheres
the penetration was independent of zinc content. The
depth of penetration based upon metaliographic examina-
tion is much higher than that based upon weight loss. o
Dezirwifkation occurs slowly in atmospheric exposure
and is a problem only if brass is exposed in thin sections.
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Figure 4-14. Average Penetration in Cu-Zn-

Ailoys in Relation to Zinc Content During
7-y2 Exposure (Ref. 269)

Brasses that con~ about 1% tin, such as admiralty
brass, naval brass, and manganese bronzes, have good
resistance to dezincifkation. Arsenicj antimony, or
phosphorus is added to admiralty brass to inhibit dezi.nci-
ficatiorq the amount added ranges from O.02to 0.1%. The
relative susceptibility to dezinciflca&on of some copper
alloys in a 3.4% salt solution is indicated in Table 4-48.

4-73.102 Copper-Tin ~OYS

Copper-tin alloys have good resistance to dealloying.

4-7.3.13 Copper-Ahunintnn Alloys
Dealloying is rare in a single-phase alloy. If the

aluminum content of the alloy is above 9% and the
cooling rate through the temperature range 899° to 399° C
(1650° to 75fPF) is slow, a second phase forms a
continuous network. This second phase is susceptible to
tiealum.inMcatior.L but proper heat treatment can make
these duplex alloys more resistant to dealloying.

Dealloying is reduced by the addition of at least 4%
nickel. This alloy is referred to as nickel-aluminum
bronze. In the cast condition, however, nickel-aluminum
bronze often contains nonequilibnum microconstituents
that are susceptible to dealloying attack. The use of a
temper-anneal heat treatment in the range of 649° to
704°C (1200° to 1300°19 reduces the susceptibility of
these alloys to dealloying attack (Ref. 85), but the
response of castings to heat treatment is not uniform.

TABLE 4-48. “-RELATIVE
DEZINCIFICATION SUSCEPTIBILITY OF
COPPER ALLOYS IN 3.4% NaCl AT 40° C

(104°F) (Ref. 84)

ALLOY ZINCy RELATIVE RESISTANCE
CDA NO. Wt % TO DEZINCIFICATION*

230
260
422
688
766
770

.194
638
110

15
30
12
22.7
31
27

0.12
0
0

4
10
4
3
8
9
0
0
0

●Basedon a scaleofOto 10on wh.iehOiscomplete immunity and
10is highly susceptible. Rankings are based on laboratory data
generated in a 3.49$Naa solution. These mnkings may be
altered if different environments are used.
Reprinted with permission @ 197~ Society of Automotive
Engineers, k..

Heat treatment is highly effective on smaller c&.ings with
fine and uniformly distributed microconstituents, whereas
large castings having coarser and more segregated micrti
constituents are less responsive.

Deailoying in nickel-aluminum bronze castings contain-
ing a minimum of4% nickel appears limited to a depth of
approximately 6 mm (0.25 in.).

4-73.1.4 Copper-Nickel ARoys
Cupronickels are highly resistant to dealloying attack.

However, dealloying of a 3w0 nickel alloy has been
reported in boiler f~dwater preheater and at hot spots in
condenser tubing. The presence of nickel does not inhibit
dezintilcation in a copper-zinc-nickel alloy, as shown in
Table 448. Alloy 766 (31% Zn, 12% Ni) and alloy 770
(27% Zn, 18% Ni) are highly susceptible todezincifkation.

4-732 Uniform Corrosion
4-73.2.1 Weathering Corrosion

The average penetration rate for various copper-base
alloys varies little on long-term exposures. It is 1 to 2
#m/yr (0.04 to 0.08 mpy) in urban atmospheres, up to 2.5
pm/yr (O.1 mpy) in industrial atmospheres, about 1
pm/yr (0.04 mpy) in marine atmospheres, and about 0.5
pm/yr (0.02 mpy) in rural atmospheres (Ref. 86). In
tropical atmospheres the corrosion rate may be slightly
higher in regions of high humidity and high salt content.
However, as mentioned in par. 4-7.3.1.1, brasses undergo
dezincifkation in weathering environments. The dezincifi-
cation rate decreases in the order of urban, marine, and
rural atmospheres.
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4-7.3.2.2 Corrosion in Natural Waters

Copper alloys are widely used for systems that handle
freshwater. Certain of the alloys have become associated
with particular components, such as heat exchangers, and
with particular types of freshwaters, such as river water
containing acid mine drainage.

Copper alloys are widely employed in systems exposed
to seawater. Table 449 shows the typical applications of
the various copper alloys in marine components. The
corrosion rates of copper alloys in seawater VW, they
depend on many factors including the composition, i.e.,
concentration, of the seawater, the temperature, the
velocity past the metal surface, and the degree and kind of
pollution. The good resistance of copper alloys to cor-

rosion by seawater depends partly upon the inherent
cathodic nobility of the metal, but it also depends on the
ability to form protective films. High-velocity and tur- 0
btdent flow conditions can remove these films and permit
local and rapid corrosion. The corrosion rates of some
copper alloys immersed in quiet seawater are indicated in
Fig. 4-15.

The effect of seawater velocity within the range ex-
perienced in piping is shown in Fig. 4-16, whereas the
effect of seawater velocit y within the range experienced in
pumps and hydrofoils is indicated in Fig. 4-17. The good
resistance of the copper alloys in general and the excellent
resistance of cupronickels are evident.

TABLE 4-49. USE OF COPPER-BASE ALLOYS IN SEAWATER (Adapted From Ref. 87)

ALLOY USE

Red brass (85 Cu, 15 Zn: copper alloy 230)

Cast manganese brohze (58 Cu, 39 Zn, I Fe, 1 Al,
0.25 Mn)

Cast nickel-aluminum bronze (78 Cu, 10 Al, 4 Ni, 4
Fe, 3.5 Mn, 0.5 other)
Cast nickel-aluminum-manganese bronze (74 Cu,
12.5 h4n, 8 Al, 3 Fe, 2 Ni, 0.5 other)

Cast G bronze (88 Cu, 10 Sn, 2 Zn)
Cast M bronze (88 Cu, 6 Sn, 4.5 Zn, 1.5 Pb) )

Cast red brass (85 Cu, 5 Zn, 5 Sn, 5 Pb) (ounce
metal)

Inhibited admiralty (70 Cu, 29 Zn, 1 Sn with 0.1 As
or 0.1 Sb or 0.1 P: copper alloys 443,444, 445)

Inhibited aluminum brass (77 Cu, 21 Zn, 1 Sn, 0.1
As: copper alloy 687)

Naval brass (60 Cu, 39 Zn, 1 Sn: copper alloy 464)
Inhibited naval brass (same except 0.1 As, 0.15 Sb,
or 0.1 P: copper alloys 465,466, 467)
Muntz metal (60 Cu, 40 Zn: copper alloy 280) /

Limited use as piping

Principal use propellers

Principal use: propellers
Advantages: higher strength, greater durability and erosion
resistance compared to manganese bronze

Principal uses: pump and valve bodies and impellers

Limited use as pipe fittings

Marine condenser tube alloy developed by the British
Admiralty about the turn of the century. Largely displaced
by aluminum brass and/or copper-nickel to secure better
resistance to velocity effects

Widely used marine and condenser tube alloy developed by
the Yorkshire Copper Company (now Yorkshire Imperial
Metals) about 1928 for better resistance to velocity effects.
Displaced by 70/30 copper-nickel and 90/IO copper-nickel
alloys in naval service starting about 1935 to secure greater
dependability. Still widely used in coastal power plants and
merchant vessels and has an advantage in first cost over
copper-nickel.

Principal use: tube sheets

{cent’d on next page)

a
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TABLE 4-49. (cent’d)

ALLOY USE

90/ 10 copper-nickel (1.5 Fe: copper alloy 706)

1

Condenser tube alloys that have proven their durablity and
70/30 copper-nickel (0.5 Fe: copper alloy 715) have become standard in both British and American naval

vessels. They are also widely used in merchant ships and
coastal power plants where the premium in first cost is
jttstiiled by long-term savings.

The 70/ 30 copper-nickel 0.5 Fe alloy is commonly used for
the most severe seMces: highest temperatures, greatest
velocities, and where reliability and dependability are
paramount. A recent development is the high (5% Fe)
version, which shows promise of improved resistance to
ti~nery su~lde corrosion and to hydrofoil velocities.

The unique combination of resistance to pitting, resistance
. . to general corrosion, resistance to fouling, excellent

fabricability, and the reasonable cost of the 90/10 copper-
nickel 1.5 Fe alloy has led to substantial recent increases in
the usage of thii alloy, particular where welded fabrication
is advantageous, such as for piping and water boxes.

Nickel-silver 18% (65 Cu, 17 Zn, 18 Ni) A copper-nickel alloy with zinc, which gives the alloy
excellent deep drawing characteristic. Limited use in
saltwater fishing reels and zippers

This copyrighted information is provided through the courtesy of LaQue Center for Corrosion Technology. inc.. Wrightsville Beach.
NC 28480.

70/30 Copper-Nkkel Alloy (0.S Fe)

90/10 Copper+klrd AMY (15 F+)

Copper

Mmiralty

Atttminum Brass

G Bronze

Nkld-Aluminum Bronze

N*t-Aluminurn#anganeae Bronze

Manganese Bmrtze

Nit

I f
1
~ .: .

,’.

n “:””.::: ::
m “.(.” ::’.’ “ ~
f—! ‘ ‘.”:;.’,, :“:.:””,:::’

-p_j:..,;.: ,:.:”’.‘p:, ~~~~,~t=fi=! ,“,’
;, ..... .. ..,,

t I s A s a

2.5 $27 2s.4 50.8 127 254

Typical Average Corm@on Rat= pnt&r

0.1 OS -1 2 5 10

l~icd Average Corrosion Rate% miflyr

This copyrighted information is provided through the courtesy of LaQue Center for Corrosion Technology, Inc., Wrightsviliei3each,
NC 28480.

Figure 4-15. General Wasting (Immersed in Quiet Seawater Less Than 0.61 m/s (2 ft/s) (Adapted

o from Ref. 87)
,.
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This eopyighted information is provided through the courtesy of LaQue Center for Corrosion Technology, Inc., WrightsvilleBeae~
NC 28480.

Figure 4-17. S~water Velocity (Pump to Hydrofoil Ranges) (Adapted from Ref. 87)

O,:“

4-73.23 Corrosion in Salt Solutions
Copper ailoys are widely used in handling salt solutions,

such as nitrates, sulfates, and chlorides of sodium,
potassiunL magnesiunq and calcium. The corrosion rates,
which are about 5 #m/yr (0.2 mpy) under quiet eondi- ,
tions, are somewhat higher in agitated aerated exposure.
Also chlorides arc usually more corrosive than other salts.

Ammonium salts are corrosive to copper alloys and are
especially so when the solutions are aerated. Cupronickel
is the most mistant of the copper alloys. ,

The ~aline salts, such ‘m ~bonates, silicates, and”
phosphates, have little corrosive effect on the high-copper
alloys. The chromates have no corrosive effeet on copper
alloys in neutral or alkaline solutions. Acid solutions of
the chromates, however, are very corrosive. “

Hypochlorites are corrosive to copper alloys. Pitting
corrosion with an effeetive corrosion rate of more than
508 pm/yr (20 mpy) can be expeeted. Cyanide solutions
are also corrosive.

Solutions of acid salts, such as aluminum chloride, act
like dilute solutions of the corresponding acid and are
mildly to moderately corrosive in quiet solutions. Ferric,

,

stannic, and cupric salt solutions are not only acid but
also are oxidativ~ therefore, they are corrosive. Metallic
mereury and silver deposit from solutions of their salts on
copper alloys.

4-73.2.4 Corrosion in Aad Solutions
Copper alloys containing more than about 15% zinc are

not suitable for handling acids beeause of dealloying
attack. Aluminum bronzes containing more than 8~o
aluminum arc also subject to dealloying attack in acids.
The attack by sir-free acids is relatively slow, whereas
aerated solutions are more corrosive. Attack is intensifkd
when the acid solution is moving at a signifkant veloeity
relative to the copper alloy.

Copper alloys are not suitable for nitric acid in
concentrations much greater than O.1%.

Hydrochloric acid is the most corrosive to copper
alloys of the nonoxidizing acids. At room temperature the
corrosion rate may vary from 102 to 813 pm/yr (4 to 32
mpy) for the more corrosion-resistant alloys. The cor-
rosion rate can be as great as 6502 pm/yr (256 mpy) for
concentrated acid at higher temperatures.
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Many copper alloys have useful resistance to certain
concentrations of hydrofluoric acid. Red brass, silicon
bronze, aluminum bronze, phosphor bronze, commercial
bronze, and adgkilty brass resist all concentrations
below 70q0 and at temperatures up to the boiling point.
High velocity, aeration, and the presence of oxidizing
agents considerably increase the corrosion rates of these
alloys. The copper-nickel alloys, particularly 70 CU:30 Ni
alloy, are the most resistant copper alloys. It will resist all
concentrations of the acid, including hot concentrated
acid, provided no air is present.

Copper alloys are f@y resistant to sulfuric acid
solutions. Corrosion rates vary from 20 to 406 ~m/ yr (0.8
to 16 mpy) at room temperatures. Corrosion rates at
100”C (212° F) may be as high as 4064 pm/ yr (160 mpy).
Generally copper alloys are suitable for service at all
concentrations at room temperatures, i.e., up to 80% acid
at 60° C (140° C), up to 7070 at 80° C (176° F), and up to
50% acid at 100°C (212° F). These values assume quiet
immersion conditions. Aeration and agitation greatly
increase the corrosion rates.

Unaerated phosphoric acid solutions at room tempera-
ture corrode copper alloys at rates of about 406 I.Lm/yr (16
mpy). Higher temperatures and aeration increase the
corrosion rate to about 1651 pm/ yr (65 mpy). Crude
phosphoric acid containing oxidizing agents such as ferric
salts is highly corrosive.

Copper alloys are suitable for handling acetic and other
organic acids. Aeration should be kept low. Corrosion

rates range from 51 to 508 pm/ yr (2 to 20 mpy) for quiet,
room-temperature immersion but increase up to 203 to
2540 pm/ yr (8 to 100 mpy) for aerated, agitated solutions m
at elevated temperatures.

4-7.3.2.5 Corrosion in Alkaline Solutions
Copper alloys are useful for contact with sodium

hydroxide and potassium hydroxide solutions. Corrosion
rates vary from 5 to 51 pm/ yr (0.2 to 2 mpy) at room
temperature and from 76 to 203 ~m/ yr (3 to 8 mpy) under
agitated, aerated, and high-temperature conditions. The
cupronickels are the most resistant of the copper alloys to
alkaline solutions.

Most copper alloys are rapidly corroded by moist
ammonia vapors and by ammonium hydroxide solutions
containing more than a few parts per mifilon (ppm) of
ammonia because copper forms a complex ammonium
ion. Substituted ammonia compounds, such as amines,
are also corrosive to copper alloys. The cupronickels are
the most resistant of the copper alloys.

4-’7.3.3 Pitting and Crevice Corrosion
The pitting of copper alloys in quiet seawater is shown

in Fig. 4-18. Of the alloys shown, G bronze is resistant,
aluminum brass is susceptible to some extent, as is
copper, the cupronickels are mostly resistant, and
manganese bronze dezincifles under these conditions.

Sulfide is a major pollutant in many estuaries and
harbors. Several materials including high-copper alloys, a

Quite

..

Copper

Aluminum Brsss

Admiralty

G Bronze

Manganese Bronze

Nickel-Aluminum Bronze

90/10 Copper-Nickel Alloy (1.5 Fe)

70/30 Copper-Nickel Alloy (0.5 Fe)

Resistant

}

/

Corrodes unifor@y in quiet seawater $#

Resistant

25.4 50.8 127 254 381 762 1270

Typical Rates of Penetration, prdyr

1 2 5 10 15 30 50

Typical Rates of Penetration, mil/yr

This copyrighted information is provided through the courtesy of LaQue Center for Corrosion Technology, Inc., WrightsvilleBeach,
NC 28480.

Figure 4-18. Pitting (Immersed in Quiet Seawater Less Than 0.61 m/s (2 ft/s)) (Adapted from Ref. o
87)
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Monels, and 316 stainless steel were exposed to seawater
containing varying amounts of sulflde (Ref. 88). Flow
velocity was typical pipe design flow of 2.4 m/s (7.9 ft/s).
After exposures of 30, 60, and 120 days, corrosion rate
and maximum thickness loss data were obtained by
weight loss and pit depth measurements. The general
conclusions are

1. AU alloys tested, except 316 stainless steel, are
susceptible to tilde-induced corrosion in seawater at a
0.05-mg/Mre (4.2 X 10-7-lb/gal) sulilde concentration.
Most arc susceptible at a O.01-mg/Mre (0.8 X 10-7-lb/gal)
concentration. The results for the 120-day exposure are
shown in Table 4-50.

2. Minor variations within an alloy class can result in
large differences in corrosion behavior in seawater that
contains su~lde. For example, the observed corrosion
rates of cast nickel copper(Monel411) are several orders
of magnitude greater than those of the wrought alloy
(Monel 400).

3. In seawater the copper alloy corrosion product
f- were brown or black depending upon the alloy.

Films in seawater that contains stilde were always black
and loosely adherent.

4. Selection of an alloy for service in seawater should
include consideration of the amount of sulfide pollution
likely to be encountered.

The corrosion characteristics in seawater of high-
strength, chromium-containing (2.5%) 30% nickel-copper
alloy have been compared with a 70:30 copper-nickel
alloy (Ref. 89). The high-strength alloy (CA-719) is
susceptible to shallow pitting in quiet and in slowly
flowing seawater. The instantaneous pitting rates for
beyond 4 yr are 15 pm/yr(O.6 mpy) in quiet water and 25
~m~yr (1 mpy) in slowly flowing seawater. The 7030
copper-nickel alloy (CA-7 15) corrodes in a uniform
manner (C25 pm/yr (<1 mpy)) under the same condi- “
tions. However, in turbulent, rapidly flowing seawater
CA 719 has excellent resistance to erosion and impinge-
men~ but CA 715 sustains serious damage.

The current corrosion allowance used in designing
piping systems for CA of 1.3 mm (0.05 in.) is adequate for
quiet or slowly flowing seawater but would not su.ffk

O

.-
:...

0

0

TABLE 4-50. RESULTS OF SULFIDE EXPOSURES (Ref. 88)

120 DAYS OF EXPOSURE

0.0 mplt 0.01 rng/ t?(O.8X 10-71b/gal) 0.05 mg/t(4.2 X 10-’ lb/gal)

CORROSION DEPTH OF CORROS1ON DEPTH OF CORROSION DEPTH OF
RATE, ATTACK, RATE, AlTACK, RATE, AlTACK,

ALLOY pm/yr mpy mm mil ~m/yr mpy mm mil pm/ yr mpy mm rnil

Ni-Al-bronze
(wrought) 106.3 4.19 0.24 9.45 202.3 7.96 1.27 50.0

1.12 44.1

0.10 3.94

0.67 26.4

0.66 26.0

PerP —

0.56 22.0

0.39 15.4

0.55 21.7

0.87 34.3

1.08 42.5

0.49 19.3

0.84 33.1

0.12 4.72

517.1 20.36 1.17 46.1

Ni-Al-bronze
(cast)

Mn-Ni-Al-
bronze (cast)

101-0 3.98 0.51 20.1 223.4 8.80 381.1 15.00 1.39 54.7

18.1

87.6

160.6

124.1

91.9

79.0

190.0

0.71

3.45

6.32

4.89

3.62

3.11

7.48

0.08

1.06

0.49

0.52

0.24

0.12

0.39

3.15

41.7

19.3

20.5

9.45

4.72

15.4

27.7

91.7

185.2

205.2

126.6

143.8

137.9

1.09

3.61

7.29

8.08

4.98

5.66

5.43

84.1

301.9

351.6

474.7

268.7

220.2

569.2

3.31

11.89

13.84

18.69

10.58

8.67

22.4 I

0.37

0.64

1.18

Perf

1.20

0.86

1.49

14.6

25.2

46.5
—

47.2

33.9

58.7

Mn bronze

Bronze comp M

Bronze comp G

90-10

90-10 + Sn

70-30

7@30 + Cr
(CA719)

Monel411 (cast)

Monel 400
(wrought)

K-Monel

302.2 “

344.5

53.1

10-0

2.09

0.39

0.28

0.52

11.0

20.5

11.90

13.56

610.7

839.8

24.04

33.06

1.74

Perf

68.5
—

25.9

22.5

1.02

0.89

44.7

40.5

1.76

1.59

0.44

0.88

17.3

34.6

2.8

3.3

0.11

0.13

0.40

0.48

15.7

18.9

316 Stainless
steel o 0 0 0 0.5 0.02 0.1 0.004 0 0

I
*Perf = Perforation ~
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where seawater velocities of 4.6 m(s (15 ft /s) and higher
are encountered. A corrosion allowance for CA 719 may
reasonably be based on its pitting behavior in quiet and
slowly flowing seawater. For CA719 pipe this allowance
would be (Ref. 89)

A = 4R i- ~(t – 4), pm (roil) (4-1)

where
A = corrosion allowance, pm (roil)
R = maximum linear pitting rate, pm/ yr (mpy)
R G maximum instantaneous pitting rate after 4

~, Pm/yr (~py)
t= time in years greater than four, yr

and the number 4 in Eq. 4-1 has units of yr.
All of the copper alloys are susceptible to some degree

to crevice corrosion. The relative susceptibility of several
alloys to crevice attack in 3.5% salt solution is shown in
Table 4-51.

4-’7.3.4 Stress-Corrosion Cracking
Ammonia-containing compounds are the principal

environmental species that causes stress-corrosion crack-
ing in copper alloys. Although not the only darnaging
environmental component, ammoniacal stress-corrosion
cracking is the major cause of service failures because
there are many potential sources of ammonia.’ The
presence of any nitrogenous compound capable of forming
complexes resembling the cupric-ammonium complex
should be carefully monitored. The presence of carbon

dioxide is not necessary for ammoniacal stress-corrosion
cracking, but it speeds up the process. Also corrosion pits o
or other stress intensf~ers do not seem to be necessary for
initiation of the cracking.

In addition to the presence of ammonia and a
susceptible copper alloy, the conditions that are necessary
for ammoniacal stress-corrosion cracking include an
applied or residual stress, water or moisture, and oxygen
or other depolarizers.

It is the residual stresses that are usually important to
the cracking of structures or components made of copper
alloys. These stresses may be removed by stress-relief
annealing.

Moist air containing as little as 5 ppm of sulfur dioxide
can cayse stress-corrosion cracking. An industrial atmo-
sphere (New Haven, CT) badly contaminated with sulfur
dioxide but believed to be essentially free of ammonia ,
caused the cracking of many copper alloys in a test ...
exposure. In contrast, only a few of these alloys cracked in
a marine environment (Daytona Beach, FL).

Chloride ions may have an inhibitive or protective
effect (Ref. 90). The risk of stress-corrosion cracking is
greatest in industrial atmospheres, intermediate in urban
atmospheres, and least in marine atmospheres.

Certain liquid metals cause stressed copper to crack.
Mercury is particularly damaging to copper alloys. Thus
neither metallic mercury nor its compounds should be’
permitted to contact copper alloys. Also molten solder, o

molten tin, and molten sodium have caused cracking of
stressed copper alloys.

TABLE 4-51. RELATIVE CREVICE ATTACK OF VARIOUS ALLOYS IN
3.5% NaCl SOLUTION OF 40° C (104”F) 60-DAY EXPOSURE (Ref. 84)

ALLOY CDA NO. AND RELATIVE RANKING* DEPTH OF ATTACK,
NOMINAL COMPOSITION, % (10 IS WORST) pm (roil)

110 Electrolytic copper; 100 Cu

194; 97.5 Cu, 2.35 Fe, 0.03 P, 0.122 Zn

230 Red brass; 85 Cu, 15 Zn

260 Cartridge brass; 70 Cu, 30 Zn

619; 86.8 Cu, 9.2 Al, 4 Fe

638; 95 Cu, 2.8 Al, 1.88 Si, 0.4 Co

688; 73.5 Cu, 22.7 Zn, 3.4 Al, 0.4 Co

706; 86.5 Cu, 1 Zn, 9-11 Ni, 1.0-1.8 Fe, 1 Mn

770; 55 Cu, 27 Zn, 18 Ni

10

5

9

10

3

3

3

3

9

Complete perforation

254 to 381 (10 to 15)

Complete perforation

Complete perforation

Slight dealloying attack

Slight dealloying attack

Slight dea.lloying attack

76.2 to 101.6(3 to 4)

Complete perforation

*Determined on a basis of depth and on the rapidity and severityof attack. These rankings maybe altered if different conditions are
used. o

NOTE: Specimen thickness is approximately 0.762 mm (0.030 in.) gage.

Reprinted with permission @1970;Society of.Automotive Engineers, Inc.
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The relative susceptibility of copper alloys to ammonia-
cal stress-corrosion cracking is shown in Table 4-52, and
the stress-corrosion cracking of wrought alloys in irtdus-
trial and marine atmospheres is shown in Table 4-53.

4-7.3.4.1 copper-zinc Alloys

Brasses containing over 20% zinc are highly susceptible
to ammoniacal stms-corrosion _ and this suscepti-
bility increases with in~ased zinc conten~ The highly
susceptible brasses include those with or without small
amounts of Pb, Sn, MrL or ~ such as leaded brass, naval
brass, admiralty brass, manganese bronze, or aluminum
brass. Brasses containing less than 20% zinc, such as red
brass and commercial bronze, are less susceptible than the
brasses containing more than 20%0zinc.

Stress-corrosion cracking in atmosphtic environments
occurs in copper alloys containing 20%0or more zinc. As
with ammoniacal stress-corrosion cracking, the suscepti-
bility of the alloys increases with increased zinc content.
Stressamosion cracking of brasses is more likely in
industrial and marine atmospheres than in rural atmos-
pheres because the industrial and marine atmospheres

I

i.

are characterized by high concentrations of sulfur dioxide

and ammonia The susceptibility of brasses to stress-
@rrosion cracking in marine environments is signiikantly
lower. Stress-corrosion cracking is more likely in moist or
humid atmospheres than in dry atmospheres. The likeli-
hood of brasses cracking in heated dry storage is relatively
small.

Manganese bronze and nickel-manganese bronze are
very susceptible tos~ rrosion cracking in seawater.
Examples of their application include high-tensile fasten-
ers and castings, such as ship propellers. H castings
contain residual stresses, they should be stress relieved
before being placefl in service.

Sulfuric acid in the concentrations used for cleaning
can cause stress~rrosion cracking in brass condenser
and heat exchanger tubes.

4-73.42 Copper-Tin Alloys
The copper-tin alloys such as phosphor bronze are

somewhat susceptible to ammoniacal stressuxrosion
cracking. They are less susceptible than the high-zinc
brasses but more susceptible than copper. They are not
susceptible to cracking in atmospheric environments.

TABLE 4-52. RELATIVE SUSCEPTIBILITY OF COPPER ALLOYS TO
AMMONIACAL STRESS-CORROSION CRACKING (Ref. 91)

Very low susceptibility Cupronickels,* tough pitch copper, silicon bronze**

LOW susceptibility Phosphorized copper

Intermediate susceptibility Brasses containing less than 20% Zn, such as red brass, commercial
bronze, aluminum bronze, nickel silver, phosphor bronze, and gilding
metal

High susceptibility Brass containing over 2w0 Zn, with or without small amounts of Pb,
S% Mn, or Al (such as leaded brass, naval brass, admiralty brass,
manganese bronze, or aluminum brass). The higher the amount of Zn,
the higher the susceptibility

● For lowest susceptibility the iron in 90-10Cttpronickelshould be solutionized.
●*fi ~oy ~ I@Mys~ptibfie tos wess+xmosion cracking in high-temperature steam

Copyright ASTM. Reprinted with permission.

TABLE 4-53. STRESS-CORROSION CRACKING BEHAVIOR OF WROUGHT ALLOYS
IN INDUSTRIAL AND MARINE ATMOSPHERES (Adapted from Ref. 92)

Industrial Alloys that cracked: C26000*, 353,443, 67% 687,688,762,766,770, 782

Alloys that did not crack after exposure of 2.2 yr or longer 110, 194, 195,230,405,41 I, 422,425,
510,521,619,638,706, 725,752

Marine Alloys that cracked: 67? 766,770,782

Alloys that did not crack after exposure of 2.2 yr or longer 110, 194, 195,230,260,353,422, 443,
510,521,619,638,687, 688,706,725,752,762

me prefii “C” and the dim “00” are omitted hereafter.
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4-7.3.4.3 Copper-Aluminum Alloys ‘“
The susceptibility of copper-aluminum alloys to

ammoniacal stress-corrosion cracking is sidar to that of
copper-tin alloys. Copper-aluminum alloys also are not
susceptible to cracking in atmospheric environments.

4-7.3.4.4 Copper-Nickel Alloys
The susceptibility of copper-nickel alloys to am-

moniacal cracking is very low. They are not susceptible to
cracking in atmospheric environments.

4-7.3.5 High-Temperature Corrosion

Copper alloys are not considered high-temperature
materials. They are used at temperatures up to 371° C
(700° F); above this temperature range, material properties
are degraded and oxidation occurs. Aluminum-bronze
alloys have been used at temperatures around 399° C
(750° F). Cupronickel (70 CU-30 Ni) has good resistance
to attack by fossil fuel combustion products at tempera-
tures upto316°C (600° F).

The resistance of copper alloys to corrosion in liquid
metals is shown in Table 4-54. In general, copper alloys
are not suitable materials for liquid metal service.

Fused caustic soda at 349° to 593° C (660° to 1100°F) is
corrosive to copper.

4-7.3.6 Galvanic Corrosion

Copper alloys are cathodic to most common structural
metals; therefore, they rarely undergo galvanic attack as a

result of contact with other metals. A galvanic series in
seawater is shown in Fig. 4- I9. Copper alloys are cathodic @
to iron, steel, aluminum, lead, tin, and zinc in many
environments. Brasses can be coupled to iron in cold
freshwater without serious galvanic attack. However,
coupling brasses with iron in hot water and seawater
results in significant attack on the iron. Coupling with
stainless steel, tin, nickel, and Monel, all of which can be
cathodic to brasses, is usually satisfactory. Joining
aluminum, zinc, and magnesium with copper alloys
results in galvanic attack on the more active aluminum,
zinc, and magnesium. Generally, the copper alloys can be
safely coupled to each other even though high-zinc
brasses are slightly anodic to the high-copper alloys.

Galvanic corrosion problems often arise because of the
use of a small amount of anodic material coupled to large
amounts of cathodic material, such as in fasteners. Table
4-55 shows the galvanic compatibility of fasteners with
base metal in seawater. For example, silicon-bronze
fasteners are not compatible with -Type 304 stainless steel
but are compatible with steel and cast iron. Similarly,
carbon steel fasteners are not compatible with 70:30
copper-nickel alloy, but Type 304 stainless steel fasteners
are compatible.

Table 4-56 shows the galvanic compatibility of pump
and valve trim body material in seawater. The trim would
be used in small amounts relative to the body, and the
fluid velocities within the pump body or across the throat a
of a partially closed valve can be relatively high.

TABLE 4-54. CORROSION RESISTANCE OF COPPER ALLOYS IN PRESENCE OF
LIQUID METALS (Ref. 74)

CORROSION RESISTANCE\
COPPER ALLOYS WITH Al, Si, OR Be COPPER ALLOYS WITH Zn OR Sn

TEMPERATURE 0 C ~F) TEMPERATURE 0C (0F)

300°(5720) 600°(11120) 799” (1471°) 300° (572°) 600° (1112°) 799° (1471°)

Na, K, and NaK G G P — P —

Lithium P P P P P —

Magnesium — P(651° (12040)) — — P(651° (12040)) —
Cadmium — P — — — —

Mercury P P — P P —

Aluminum — P(660° (12200)) — — P(660° (12200)) —
Gallium P P — P P —

Iridium P P — P P —

Thalium P(303” (5770)) P — P(303” (577”)) P —

13n P, P — P —

Lead L(327° (6210)) P P L(327°[6210)) P P
Bi-Pb alloy P P P P P —

Antimony” — P(630° (1 1660)) — — P(630° (1 1660)) —
Bismuth L P P L P P

G = Good resistance
e

L = Limited resistance
P = Poor resistance
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Figure 4-19. Galvanic Series in Seawater

(Ref. 87)

4-7.4 INTERFACE PROBLEMS
In eleetrortic and electrical circuits solder flux is a

source of corrosion of coppe~ therefore, the solder flux
that has the lowest acid content possible should be used.
Nonactivated rosin fluxes should be used if activated
solder fluxes containing amines cause corrosion. Also
solder flux should be completely removed after soldering.
Care should be exercised, however, in removing solder
flux because deterioration can result from contaminated
cleaner, from too vigorous cleaning, or from reaction
between the cleaner and the components.

Potting compounds, wire insulation and sleeving,
cortformal coatings, and paints and lacquers can result in
corrosion of copper wires, leads, and circuit board
conductors through two processes:

1. These organic-based materials can foster micro-
organism growths in tropical environments. The metabolic
products generated together with the damage done to the
insulating materials can lead to corrosion.

2. These materials can emit potentially corrosive
materials as a result of decomposition, reversion, outgas-
singj and leaching.

Table 4-57 lists military specifkations for wire that
does and does not use polyvinyl chloride (PVC) insulating
material. According to MIL-STD-1568 (Ref. 94), non-
PVC-insulated wire should be used.

Red plague corrosion is especially damaging to electri-
cal wiring. The problem is galvanic and is most serious
with smalldkneter copper wire that is plated with silver
and insulated with Teflon. Corrosion begins at pinhok?s
or breaks in the silver and is caused by moisture intro-
duced through or under the insulation. It seriously
impairs the fatigue life and electrical conductivity of the
copper wire. The problem may be reduced by using a
dual-plated wire consisting of 1.02pm (0.04 roil) of silver
plate over 1.02 Km (0.04 roil) of nickel plate. The problem
does not occur with tin-plated or nickel-plated wire-

When gold is plated over copper, the copper diffuses
into the gold and the goId accelerates corrosion of the
copper at pores and pinholes in the gold.

Copper can corrode in contact with woods that are
highly acidic. The more corrosive woo& include oak,
sweet chestnuq western red cedar, and Douglas fir.

Also copper can lose 0.1 to 0.2 mg/dm2”day (2 X 104 to
4 X 10* lb/ft2”day) in contact with wood treated with
creosote.
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cast iron
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nickel cast

~ iron
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1
nickel alloy

I Nickel
I

~ Type 304

Nickel-copper
; alloy 400

Neutral

NC

NC

NC

NC

NC

NC

NC

C**

Neutral

NC

NC

NC

NC

NC

NC

NC

Unsatis-
factory**

c

c

c

NC

NC

NC

NC

, TABLE 4-55. GALVANIC COMPATIBILITY (SEAWATER FASTENERS) (Ref. 87)
I

~ BASE METAL FASTENER a

NICKEL- NICKEL-1 CARBON SILICON CHROM~M COPPERALUMINUM* STEEL BRONZE NICKEL ALLOYS TYPE 304 ALLOY 400 TYPE 316
1 AIuminum$ C** c c C** c

c c c c c

c c c c c

,.

c c c c c

c c c c c

Neutral Ct CT c CT

. NC May varytt NeutralT c c~i

NC May VWYTTMay WWYIT Neutral May varytl

~ Type 316 NC NC NC May varYTt May varyft May vm-yl? Neutrallt
1 NOTE: C s Compatible, protected
1 NC a Not compatible, preferentially corroded

m
~ Anodizing would change ratings as fastener.

** F~tene~ me ~mpatib]e md protected but may lead to enlargement of bolt hole in idUminumplate-
T Cathodic protection afforded fastener by the base metal may not be enough to prevent crevicecorrosion of fastener, particdmly

under head of bolt fastenen.
TTCrevicecorrosion may occur under head of bolt fasteners.

Thiscopyrightedinformation isprovided through the courtesyof LaQue Centerfor ComosionTechnology,Inc., Wrightstie Beach,NC
28480.

TABLE 4-56. GALVANIC COMPATIBILITY (SEAWATER PUMP

AND VALVE TRIM (Ref. 87)

TRIM

NICKEL-COPPER
BODY MATERIAL BRASS OR BRONZE ALLOY 400 TYPE 316

Cast iron Protected Protected ProtectedAustenitic nickel cast iron Protected Protected Protected
M or G bronze 70/30 May vary* Protected ProtectedcoPper-nickel alloy’

Nickekopier alloy 400 Unsatisfactory Neutral May vary**
Alloy 20 Unsatisfactory May vary May vary

* Bronze trim is commonIy used. The trim may become anodic to the body if velocity and turbulence keep’a stable protective fdm
from forming on the seat.

** TWe 316 is so close to nicke~+opper d]oy 400 in potential that it does not receiveenough cathodic protection to prOt(Mit from
pitting under low velocity and crevice conditiom.

This copyrighted information is provided through the courtesy of LaQue Center for Corrosi& Tecbolo~, Inc., Wri@@We Beach,
NC 28480.
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o TABLE 4-57. WIRE SPECIFICATIONS (Ref. 93)

iVon-PVC-h.n.dirted Wke

1. The list of military specifkations that follows is for wiring whose jackets and insulation do not contain PVC therefore,
these specifications meet the requirements of MIUWD-1568. These wirtq should be specMed instead of wires that do
contain PVC.

ML-C-17 (all types other than 1, 11% and IV) ML-C-19547
MIL-W-76 (other than types LW, MW, and HW) MILW-22759
MIL-C442 (other than Class I jacket) ML-C-22931
ML-C-915 (other than thermoplastic jacket)
ML-C-3432 (other than jacket types O and D)
MIL-C-7078 (other than /2 thru /7 or /23 tluu /25
Callouts)
ML-W-8777
MIL-C-13777 (unsheathed)

- ML-W-16878 (other than / lB, /2C, or /3D @louts). .
MIL-W-19150

MIL-I-23053 (all types other than/2 and /3)
MIL-W-2S038
MI.L-C-27072 (other than cable sheath Styles 1 or 3
binder tape Type b or Class B jacket)
MIL-C-27500 (other thanOl or 51jacket or symbol A B,
c P, AA, AB, or AD)
MIL-C-55021 (other than P or SP jacket)
MIL-W-8M44
MU-W-81381
ML-W-81822 (other than / 1 or/7 callouts)

PVC and/or Other Corrotie Insuldted Wire

2 tie listof military specifications that follows is for wiring whose jacket or indat.ion material contains PVC or other
potentially cmrosive elements. This wire should not be called out in engineering data packages.

ME-C-17 (Types I, II% and IV) MlL-C-l 3777 (sheathed)
ML-W-76 (Types LW, MW, and HW) MILW-16878 (with/ lB, /2C or /3D callouts)
MIL-C442 (Class I jacket only) MIL-C-21609 (par. 3.3.3.4)
MIL-C-915 (thermoplastic jacket only, par. 3.3.3:1) MIbI-23053 (sleeving/2 and /3)
ML-C-3432 (jacket types O or D) MIL.-C-23437
MfL-w-5086 MIL-C-27072 (cable sheaths Styles 1 or 3 or binder tape
MIL-W-5088 (Appendix A, par 30.1.3; see restrictions for Type b or Class B jacket)
MIL-C-7078 and MIL-C-27500) (Appendix A, par. MIL-C-27500 (with01or51 jacket or symbol A, B, C, P,
30.1.4; see restrictions for MILA2-17) M AB, or AD from Table I)
MIL-W-7072 MIL-C-55021 (with jacket symbol P or SP)
MIL-C-7078 (with /2 through /7 or /23 through /25 MIL-W-81822 (with/1 or/7 callouts)
callouts) ‘

4-7.5 METHODS FOR PREVENTION OF
CORROSION

The appearance of corrosion on copper and many of its
alloys is described in Table 4-58. inmost cases, if copper is
exposed to the atmosphere, tarnishing will be the most
severe form of corrosion encountered. Tarnish can be
prevented by coating copper with a clear lacquer.

A black oxide chemical conversion coating, deskribed
in MXL-F495 (Ref. 96), provides a good base for adhesive
bonding or for organic cmatings. It is, however, primarily
a decorative coating. Chemical conversion ftihes for
copper alloys are discussed in par. 3-6.1.2. Cadmium
plate, described in QQP-416 (Ref. 97), and tin plate,
described in MIL-T-10727 (Ref. 98), are suitable ftihes
for electrical bonding. Tim provides solderability and

corrosion protection. It may be applied by hot-dipping
or it may be electroplated and reflowed. Copper should
not be used under a silver or gold plate. Instead nickel
should be used under silver or gold or between copper and
silver. Nickel plating for copper alloys is discussed in par.
3-7.1.6.

Normally, copper and copper alloys are not painted;
however, they may be painted for decorative or other
purposes, as indicated in par. 3-7.3.5.

General corrosion is not a problem in most of the
environments in which copper and copper alloys are used.
If’ general corrosion is a proble~ however, orte of the
following prevention methods should be applied:

1. Increase the thickness of the cross section to obtain
an adequate service life. ,
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TABLE 4-58. APPEARANCE OF CORROSION ON VARIOUS COPPER ALLOYS (Ref. 95)

Bare Unfinished copper and its alloys normally take on a darkened copper color. Corroded
o

copper is greenish-white. If the corrosion is caused by an acid environment, such as
unremoved solder flux, the corrosion product tends to be more grayish-white and quite
voluminous. Corrosion products of copper alioys form bluish-green coatings on the
surface.

Primed and topcoated When the coating system is damaged, the exposed copper will begin to darken. After a
time, the exposed copper may turn black and be partly covered by a green corrosion
product.

,.

Tin-plated As the tin corrodes, a white-yellow corrosion product appears on exposed copper. This
corrosion is accelerated because tin is sacri.tlcial to copper.

Cadmium-plated If the cadmium plating is damaged or removed, the normal white corrosion product
grows at a rapid rate on the exposed copper because cadmium is sacrificial to copper.
The green-colored corrosion product of copper appears only when the cadmium plating
is completely destroyed.

2. Choose a more resistant material or copper alloy.
3. Choose from the various types of coatings that

may be useful.
Corrosion problems in the application of copper alloys
are usually the result of crevice corrosion, stress-corrosion
cracking, and dezincification.

All oftlte copper alloys are susceptible to some degree
to crevice corrosion. Prevention of crevice corrosion is
primarily a design consideration therefore, during design,
crevices and water traps should be eliminated or mini-
mized. If crevices cannot be ruled out, a more resistant
alloy should be chosen. Table 4-51 indicates a ranking of
alloy susceptibility to crevice corrosion. ‘

Many of the high-strength copper alloys, especially in
the cold-worked condition, are susceptible to stress-
corrosion cracking. The most susceptible aHoys usually

contain zinc as an alloying element. Stress-reIief annealing
is effective for some alloys in some applications. However,
the usual approach to eliminating the problem is to use a
less susceptible or even immune alloy. Tables 4-52 and
4-53 show the relative stress-corrosion susceptibility of
some common copper alloys. Table 4-59 shows typical
stress-relief anneaiing temperatures for several copper
alloys.

For a given cold-worked product, the exact minimum
annealing temperature varies with such factors as composi-
tion, degree of cold work, and microstructure. As an
alternative, overanneaIing can be performed if the re-
sultant mechanical properties are adequate for the
intended service. Overarmealing softens the alloy enough
so that hardness or microstmcture can be used as an
indicator of stress relief.

T,YPE 4-59. TYPICAL STRESS-RELIEF ANNEALING TEMPERATURE (Ref. 99)

TEMPERATURE**
ALLOY NAME ALLOY NUMBER” “c “F

Commercial bronze C22000 204 400
Cartridge brass C26000 260 500
IWuntz metal C28000 191 375
Admiralty brass C44300 302 575
Cuprortickel (30%) C71500 427 800
Phosphor bronze (5%) C51OOO 191 375
Phosphor bronze (10%) C52400 191 375
Silicon bronze (3%) C65500 371 700
Aluminum bronze D C6 1400 600 1112

*ASTM-SAE UnifiedNumbering System(UNS) for metalsand alloys.The first three digitsare the Copper DevelopmentAssociation
designations for the same alloys. Unl@edNumbering System for Metals and Alloys (1975), published by the Society of Automotive
Engineers, shows the metals and aIloy numbers assigned through July 1975 together with common designations for the same
materials.

**Su~ested annealing time for Muntz metal is 0.5 h; for all other alloys listed the anneahng time k 1 h.

Reprinted with permission. Copyright @by ASM International.
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Dealloying attack can be prevented by using a resistant

o,,material. Brasses that contain at least 8570 copper and
:’, admiralty brasses that contain 1% tin and inhibiting

additions of arsenic, antimony, or phosphorus have high
resistance to dezincikation. Alloy 688 is a high-strength
brass particularly suitable to severe environments. This
alloy has unusual resistance todezincification in seawater.
Another ~ of copper alloy maybe speciiled, such as a
cupronickel, that has a high resistance to dealloying.
Copper-aluminum alloys that contain about 4% nickeI
and a relatively low amount of aluminum have improved
resistance to dealloying attack. The use of a temper-
anneal heat treatment in the range of 649° to 704° C
(12000 to 1300°F) reduces the susceptibility of these

- nickel-ahuninum-bronze alloys to dealloying attack.
The copper-nickel alloys are susceptible to attack by

stildes in seawater at low concentrations. Sulfldes as low
as 0.007 ppm can induce pitting of 90.10 and 70:30 alloys.

‘Accelerated attack occurs at higher concentrations of. .
sti~de. If the copper-nickel alloy is likely to be exposed to
polluted seawater for extensive periods, an alternative
material should be specified.

OJ,

4-7.6 EXAMPLES OF CORROSION
PROBLEMS

4-7.6.1 Missile Flare Motor
One of the small, hand-held antitank missiles of the

Army has experienced corrosion problems. To prevent
environmental corrosion, the missile is packed and sealed
in its own disposable launch tube.

Aft Sh”oek

Testing of some missiles that have been stored for some
time has revealed a problem with a small dc motor in the
flare assembly. The motors from some of these missiles
would not start, would not reach the required speed, or
were slow in reaching the required speed. Examination of
a failed motor revealed a green deposit on the com-
mutator, the governor slip ring, and the brushes. The
green material was analyzed and determined to be cupric
acetate caused by the interaction of copper and acetic
acid. Further study determined that the source of the
acetic acid was RTV-732 sealant.

For the reaction to have occurred, acetic acid vapors
and water vapor were transmitted through a silicone
rubber boot. The rubber boot was intended as a seal
against intrusion of water and dust to the interior of the
launch tube. Time is required for the acetic acid vapors
and water to be transmitted through the boot and the
storage time was determined to be adequate. The pathway
through the boot is illustrated in Fig. 4-20.

4-7.6.2 Automotive Radiators

Motor vehicle radiators made of copper are often used
with an ethytene glycol, i.e., antifreeze, and water solution
as the coolant. Although commercial antifreeze and
coolant solutions always contain an inhibitor, these
inhibitors do not last indeftitely. Therefore, the solutions
should be renewed or fresh inhibitor should be added
periodically because copper can be significantly corroded
by uninhibited ethylene glycol and water solutions at the
usual operating temperatures and low pH.

Il-r

RN-732

Assembly

Motor

v

I

I Acetic Acid

1 ~ :Vapors . ,
t

I I
I I
I t

I
r

Figure 4-20. Round, Showing Location of RTV-732 and Motor (Ref. 100)

4-75

Downloaded from http://www.everyspec.com



MIL-HDBK-735(MR)

4-8 ~RON AND HRON ALLOYS

4-8.1 TYPES OF ALLOYS

Iron and its alloys (steel) are the most commonIy used
engineering metals in Army materiel. Commercially pure
irons are designated as ingot iron and Amnco iron. These
materials are relatively weak and are not used in structural
applications for which strength is a major requirement.

The useful forms of iron and steel contain carbon. Cast
irons rarely contain less than 190 carbon, and the great
majority of steels will not contain much more carbon than
this.

No matter what its composition, steel is made by
furnace rei%iing pig iron, whereas cast irons are produced
by melting pig iron and pouring it into molds that have
been formed around prepared patterns. Some wrought
iron products are available as are cast steels.

The useful properties of steel depend upon the addition
of alioying elements and thermal and mechanical treat-
ment. The categories of steel that follow are based upon
the addition of alloying elements:

1. Cast irons, wrought’ irons, and carbon steels to
which no aUoying elements are deliberately added. Some
alloying elements may result from the addition of scrap.
Other elements that can be present in minute quantities
are nitrogen, sulfur, and phosphorus.

2. Low-alloy steels contain small amounts of added
alloying elements, such as chromium, nickel, manganese,
~olybdenum, copper, and vanadium. The high-strength
steels are included in this category.

3. Stainless steels contain large amounts of alloying
elements, such as chromium (greater than 12Yo) and
nickel. These steels include low-strength austenitic and
ferritic grades and the high-strength grades, such as
martensitic, precipitation. htideting, and maraging steels. ,.

...

4-8.2 CAST IRONS
Cast iron is a generic term applied to iron alloys

containing silicon and relatively high concentrations of
carbon (around 370). The principal forms of cast iron are
gray cast iron, white cast iron, malleable cast iron, ductile
or nodular cast iron, silicon cast iron, and alloy cast irons.
The chemical compositions and mechanical properties of
several cast irons are listed in Table 4-60,

Gray cast iron contains free graphite flakes in its
microstructure. Because of their relatively low melting
points and excellent fluidity in the molten state, gray cast
irons can be readily cast into intricate shapes.

Practically all of the carbon in white cast irons is in the
form of iron carbide. These irons are extremely hard and
brittle. Graphite formation is related to the rate of cooling
from the melt therefore, rapid cooiing by chibg can
produce a white iron from one that would normally be
gray. Silicon content is kept low because silicon promotes
graphite formation.

Malleable cast irons are produced by high-temperature
heat treatment of white cast irons. The graphite forms as

@
rosettes or clusters instead of flakes. Malleable cast irons
have improved ductility over the white cast irons.

Ductile cast irons exhibit ductility in the as-cast forms.
Graphite is present as nodules or spheroids that result
from special treatment in the molten state. The mechanical
properties of ductile irons can be altered by heat treat-
ments.

Increasing the silicon content of gray cast iron to over
14% renders it extremely resistant to many aggressive
corrodents. A notable exception is hydrofluoric acid.
High-silicon cast irons are inherently hard, which makes
them resistant to erosion-corrosion. Their exceIlent cor-
rosion resistance results from the formation of a passive ;
silicon dioxide Si02 surface layer upon exposure to the
corrosive environment.

In addition to silicon, molybdenum, nickel, chromiud,
and copper are added to cast irons for improved cor-
rosion-erosion resistance, heat resistance, and mechanical
properties. High-nickel-chromium cast irons, with or
without copper, are the most widely used of the alloy cast
irons. These austenitic alloys, known as Ni-Resist, are the
toughest of the gray cast irons. They are also produced as
ductile cast irons. A white cast iron containing about 4%

nickel and 290 chromium is very hard. It has a Brinell
hardness of 550 to 725. This alloy, known as Ni-Hard, is
used where erosion~omosion resistance is needed. @
4-8.2.1 Types of Corrosion

Because cast iron artifacts are usually made with thick
sections, the corrosion that does occur does not usually
present a structural problem in the environments com-
monly experienced.,

4-U.A1.L unuorm corrosion
4-8.2.1.1.1 Weathering Corrosion

Corrosion in the atmosphere is greater in a humid
climate than in a dry climate. Corrosion is also greater in
the presence of pollutants in an industrial atmosphere
than in a rural atmosphere. Marine climates also result in
increased rates of corrosion.’

Fig. 4-21 shows the influence of site and length of
exposure on the corrosion rate of malleable arid ductile
cast irons. State College, PA (rural), shows the mildest
attack at the end of 7 yr of exposure. State College is
followed by Newark, NJ (industrial-coastal), Point Reyes,
CA (West Coast-marine), Whiting, IN (industrial-inkmd),
and Kure Beach, NC (East Coast-marine) as the most
aggressive sites. The sites are in the same ranking after a
3-yr exposure. The relatively high rates of attack at the
two industrial sites after the fmt year declined on longer
exposures.
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TABLE 4-60, CASTIRONALLOYS(Ref. i) “

MECHANICALPROPERTIES**
YIELD TENSILE J3LON(3A-

STREW3TH, STRENGTH, TION, HA~NE&

ALLOY , ASTM UNS COMPOSITION, %“ CONDITION MPa ksi MPa ksi % HB

Gray cast iron

Malleable cast iron

Ductile cast iron

Cast iron

Cast iron

i’J Cast iron
d

Ductile auatenitic

cast iron

Ductile austenitic
cast iron

Silicon cast iron

h59 F1OOO6
((33000)
A602 F20000
(M321O)
A395 . F32800
(60-40-18)
A436(I) F41OOO

A436(2) F41OO2

A436(5) F41OO6

A439 F43000
(D-2)

A439 F43006
(D-5)
A518 F47003

3.1—3.4 C, 0.6-0.9 Mn,
1.9—2,3 Si
2.2—2.9 C, 0, 15—1,25 Mn,
0.9—1,90 Si
(none specified)

3.0 C, 1.5–2.5 Cr,
S.5—7.5 Cu, 0.5—1.5 Mn,
13.5—17.5 Ni, 1.0—2,8 Si

3.0 C, 1.5–2.$ Cr,
0S0 Cu, 0,5—1,5 Mn,
18—22 Ni, 1.0—2.8 Si
2.4 C, 0.1 Cr, 0.5 (h,
0,5–1.5 Mn, 34–36 Ni,
1.0–2.0 Si
3.0 C, 1.75–2.75 Cr,
0.7–I.25 Mn, 18–22 Ni,
1.5–3.O Si
2.4 C, 0,1 Cr, 1.0 Mn,
34-36 Ni, 1,0—2.8 Si
0,7—1. 1 C, 0,5 Cr,
0.5 Cu, 1.50 Mn, 0.5 Mo.

As cast

Annealed

Annealed

As cast

As cast

As cast

As cast

As cast

As cast

—

221

276

207

207

—

— 207

32 “ 345

40 414

— 172

–.. 172

— i38

30 “400

30 379

— 110

30 — 187tO 241

50 12 130

60 18 170

25 — 150

25 – 145 s
F

20

58 —

110

170

55 – 155

16 – 520

14.2—i4.75 Si

●Single values are maximum values.
I

●*TypiC~ room temperature prOpWtieE

Reprinted with permission from the National Association of Corrosion Engineers. Copyright IVACE.
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Figure 4-21. Influence of Site and Length of Exposure on Corrosion of Malleable and Ductile Irons
(Ref. 101)

After a 12-yr exposure to the atmosphere, the corrosion
rate of most cast irons is about one third to one quarter of
that of steel (Ref. 102). Ductile iron shows a slightly
higher corrosion rate than malleable iron. Gray iron has a
slightly lower corrosion rate than the malleable iron at the
Kure Beach 25-m (80-ft) site (Ref. 103).

Machining the malleable irons tends to result in one-
eighth to one-quamer higher corrosion, but machining the
ductile irons has the reverse effect. Thii reversal could be
attributed to a thin layer of flaky graphite at the skin of
the unmachined ductile iron castings. Graptilte, being
cathodic, accelerates the attack on the iron.

4-8.2 .1.1.2 Corrosion in Natural Waters

Cast iron pipes, usually buried in soil, are widely used
in handling freshwater. Cast iron is a common material
for underground structures.

In seawater white cast irons undergo uniform corrosion
and gray cast irons undergo selective leaching. An
increase in the flow velocity usually results in accelerated
attack.

4-8.2.1.1.3 Corrosion in Acid Solutions

Cast iron has better resistance to hot and very strong
sulfuric acid than most materials, including carbon and
stainless steels; however, the corrosion rates are relatively
high. Gray cast iron should not be used to handle oleum.
Oleum attacks the continuous network of graphite, and
the expanding volume of corrosion products splits the
iron. Malleable and nodular or ductile cast iron do not
undergo this form of attack because the carbon is not o
continuous in the iron. High-silicon cast irons have high
resistance to all concentrations of sulfuric acid at tempera-
tures up to the boiling point.
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Ordinary cast irons are never used with hydrochloric
acid. Ni-Res@ a nickel~ontaining cast iron, is suitable
only for low concentrations of hydrochloric acid at room
temperature. Durichlor is a high-silicon iron containing
molybdenum that is used with all concentrations of
hydrochloric acid at moderate temperatures. H@-silicon
cast irons, however, are not resistant to attack by
hydrofluonc acid. Cast iron can withstand dry hydrogen
chloride at temperatures below 204° C (400° F) and
chlorine gas at temperatures below 177°C (350°F).

Ordinary and nickel cast irons are attacked by nitric
acid, but high-silicon cast irons can handle nitric acid that
is greater than 30V0concentration to the boiling point and
less than 3090 concentration to 82°C (180° F). In con-
“@ntrated solutions of mixed sulfuric and nitric acids, cast
iron has a corrosion rate less than 508 pm/Y (20 mpy),
but silicon cast irons can be used with any concentration
of mixed acid.

~- High-silicon cast irons are affeeted by hydrofluonc
acid impurity in commercial phosphoric acid. They are,
however, resistant to attack by pure phosphoric acid.

Duriron is used to handle acetic acid and is suitable for
use with other organic acids. Cast irons are unaffected by
organic solvents. However, water or acids in the solvents
can cause corrosion.

4-8.2.i.l.4 Corrosion in Alkaline Solutions
Cast iron is resistant to attack by alkalies, such as

caustic soda NaOH and caustic potash KOH. Moreover,
as little as 2% nickel in cast iron improves corrosion
resistance to alkalies.

4-8.2.1.2 Galvanic Corrosion
Gray cast iron has a relatively active potential in

flowing seawater. When used as the body of a pump or
valve, it tends to protect trim parts constructed of brass or
bronze, nickel-copper alloy, and Type 316 stainless steel.
However, as the cast iron corrodes, exposed graphite on
the surface can shift the potential in a noble direction. in
time the iron may achieve a potential to both low-aUoy
steels and mild steel. If the cast iron bod y should become
cathodic to the trim parts, they are no longer protected
and may corrode rapidly. Valve bodies made of cast steel
do not undergo this shift in potential and maybe a better
choice for some applications.

4-8.2.13 Selective Leaehing
White cast irons undergo uniform corrosion, and gray

cast irons can undergo selective leaching in seawater and
other mildly corrosive environments. In this phenomenon
the iron or steel matrix is leached out and the graphite
network is left. Graphite is cathodic to iron, and in mild
environments an excellent galvanic cell is set up. Graphitiza-
tion is a slow process. If the cast iron is in an environment
that corrodes the metal rapidly, uniform corrosion occurs.
Graphitization does not occur in modular or maUeable

cast irons because no graphite network is present to hold
the residue together. Whhe cast iron has little free carbon
and is not subject to graphitization.

4-8.2.1.4 Erosion-Corrosion
An increase in the flow velocity of a corrodent usuaUy

results in accelerated attack. In seawater, velocities in the
0.91- to 1.8-m/s (3- to 6-ft/s) range reduw fouling by
marine organisms, and pitting of the more noble alloys
slows down or even ceases. At higher velocities the
protective fdm is stripped away from cast iron, carbon
steel, and copper-base alloys, and corrosion rates increase
dramaticaUy. This occurrence is illustrated in Table 4-61.
The stainless Type 316 and many nickel-base alloys
remain passive.

In piping systems designed to operate at 1.8 m/s (6
ft/s), velocities in the eddy just downstream of a gate-
valve seat, in the edd y downstream of a short-radius eU,or
through the partiaUy opened seat of a globe valve may be
much greater than 1.8 m/s (6 ft/s). ShouId the velocities
in these eddies exceed 30.5 m/s (100 ft/s), all of the
velocity-limited metals, i.e., steel- and copper-base
materials, could undergo high rates of metal loss.

4-8.2.1.5 Cavitation
Susceptibility of various metals to cavitation damage is

shown in Table 442. Cast iron does not exhibit good
resistance to cavitation damage relative to the other
metals.

4-8.2.1.6 Fretting
The fretting resistances of various metal combinations

is shown in Table 4-63.

4-8.2.2 Methods for Prevention of Corrosion
The cast irons are usuaUy chosen for their mechanical

properties and casting characteristics. Cast iron is
normally cast in thick sections; thus it usually does not
require corrosion prevention measures to maintain
structural integrity unless itis used in aggressively
corrosive environments. In aggressively corrosive environ-
ments, one of the corrosion-resistant grades, such as the
Ni-Resist and the high-silicon aUoys, should be con-
sidered.

Although the Ni-Resist alloys have relatively low
tensile strength, their toughness is better than that of
unalloyed gray cast iron. Furthermore, it is possibIe to
obtain ductile or nodular Ni-Resist aUoys.

The high-sdicon sIIoys are very susceptible to thermal
and mechanical shock, consequently, they cannot with-
stand any signi.fkant stress or impact and cannot be
subjected to sudden fluctuations in temperature.

Many of the corrosion prevention methods appropriate
to carbon and low-aUoy steel are also suitable for cast iron
and are mentioned in par. 4-8.3.3.
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TABLE 4-61. CORROSION OF METALS BY SEAWATER MOVING AT
DIFFERENT VELOCITIES (Ref. 104)

TYPICAL CORROSION RATES, mdd (lb/ft2*day)

0.305 mls 1.22 m/s 8.23 ti/S
MATERIAL (1 ft/s)* (4 ft/ s)** (27 ft/s)t

Carbon steed 34177 (0.70) 73 (L5X10-3) 254 (5.20X 10-3)
cast iron 44918 (0.92) — — 270 (5.53X10-3)
Sticon brotie 976 (0.02) 2 (0.04X10-3) 343 (7.03X10-3)
Admiralty brass 1953 (0.04) 20 (O.41X1O-3) 170 (3.48X10-3)
Hydraulic bronze 3906 (0.08) 1 (0.02X 10-3) 339 (6.94X10-3)
G bronze 6835 (0.14) 2 (O.O4X1O-’) 280 (5.73X10-3)
Al bronze (10% Al) 4882 (0.10) — — 236 (4.83X10-3)
Aluminum brass 1953 (0.04) — — ,105 (2.15X10-3)
90-10 Cu Ni (0.8% Fe) 4882 (0.10) — — 99 (2.03X10-3)
70-30 Cu Ni (0.05% Fe) 1953 (0.04) 199 (4.08X10-3)
70-30 Cu Ni (0.5% Fe) ~76 (<0.02) – –<1 (<0.02X 10-3) 39 (0.80X10-3)
Monel <976 (<0.02) <1 (<0.02X10-3) 4 (0.08X10-3)
Stainless steel Type 316 976 (0.02) 00 <i (<0.02X10-3)
Hastelloy C ~76 (<0.02) — — 3 (0.06X10-3)
Titanium 00 — — 00

*Inunersed iQtidal current
**I~e# in seawater flume
l’Attached to immersed,rotating disk

Reprinted with permission from the National Association of Corrosion Engineers. Copyright NACE.

TABLE 4-62. CAVITATION RESISTANCE (Ref. 87)

BASED ON FIELD EXPERIENCE RANKING? BASED ON LABORATORY TEST

STELLITE* 1 STELLITE*
17-7 Cr-Ni stainless steel weld 2’ Two Iayers 17-7 Cr-Ni stainless steel weld
18-8 Cr-Ni stainless steel weld 3 18-8 Cr-Ni stainless steel weld
AMPCO** No. 10 weld 4 AMPCO** No. 10 weld
25-20 Cr-Ni weld 5 Cast AMPCO** No. 18 bronze
Eutectic-xyron 2-24 weld 6 Nickel-aluminum bronze
AMPCO** bronze coatings 7 18-8 Cr-Ni cast stainless
18-8 Cr-Ni cast stainless 8“ 13970Cr, cast stainless
Nickel-aluminum bronze, cast 9 Mhnganese bronze, cast
13% Cr, cast stainless 10 Cast steel
Manganese bronze, cast 11 Bronze
18-8 Stainless spray metalltilng 12 Cast iron
Cast steel 13 Sprayed, stainless 18-8 Cr-Ni
Bronze 14 Rubber
Rubber 15 Aluminum
Cast iron 16
Aluminum 17

*Trademark Union Carbide Corporation
**Trademwk Ampco Metals, Inc.

7Ranking of 1 is best.
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TABLE 4-63. FRETTING RESIST+NCE OF VARIOUS MATERIALS (Ref. 105)

POOR AVERAGE GOOD

Aluminum on cast iron Cast iron on cast iron Laminated plastic on gold plating
Aluminum on stainless steel Copper on cast iron Hard tool steel on tool steel
Magnesium on cast iron Brass on cast iron Cold-rolled steel on cold-rolled steel
Cast iron on chrome plating Zinc on cast iron Cast iron on cast iron with phosphate
Laminated plastic on cast iron Cast iron on silver platihg coating
Bakelite on cast iron Cast iron on copper plating Cast iron on cast iron with coating of
Hard tool steel on stainless steel Cast iron on amalgamated copper rubber cement
Chrome plating on chrome plating plating Cast iron on cast iron with coating of
Cast iron on tin plating Cast iron on cast iron with rough tungsten su.lilde
Cast iron on cast iron with coating of surface Cast iron on cast iron with rubber
shellac Magnesium on copper@ating gasket
. Zirconium on zirconium Cast iron on cast iron with Molykote

lubricant
Cast iron on stainless with Molykote
lubricant

..
Copyright ASTM. Reprinted with permission.

“~~s Exam@s of Corrtion Problems

In an Army ammunition plant a cast Carpenter 20
pump impeller completely disappeared in service in 4 to
15% Hd304 (plus a small amount of HNOS). Many
erosion-corrosion failures occur because turbulent flow
conditions exist- Turbulence produces greater agitation
of the liquid at the metal surface and more intimate
contact between environment and metal. Impellers are
typical components operating under turbulent conditions.
Duriron, a high-silicon cast iron, appears to be a better
candidate for this application. It possesses the best all-
around corrosion resistance over a wide concentration
range Of H2S04, k 330taikted by aeration, and is very

resistant to erosionuwrosion.

4-83 CARBON AND LOW-ALLOY STEELS
Carbon steel is alloyed with one or more of the

following elements toproducelow-alloy steels: chromi~
nickel, copper, molybdenum, phosphorus, vanadiu
and silicon. Alloying additions in the range of a few
percent or less produce improved mechanical properties
and hardenability. Heat treating and cold-working the
low-alloy steels can produce extremely high strengths.
The alloy designation system in use throughout the U.S. is
given in Table 4-64. “High strength” refers to a steel
having a yield strength of at least 896 MPa (130 ksi). The

TABLE 4-64. ALLOY DESIGNATION FOR CARBON AND LOW-ALLOY STEELS (Ref. 106)

Industrial carbon and low-alloy steels are generally designated by four numerhxil digits. *The fti two refer to
the alloy type and the next two indicate the carbon content. Thus

10XX are plain carbon steels 50XX contain 0.3% Cr
1D(X are -bon steels with higher than normal sulfur
content for easier machining ~51XX contain 1.0% Cr
13XX contain 1.75% Mn (manganese) 52XX contain 1.5% Cr
23XX contain 3% Ni (nickel) . 61XX contain 1% Cr and 0.15% V (vanadium)
25XX contain 5% PU 86XX contain 0.5% Cr, 0.5% N~ 0.2% Mo
31XX have 1% N1 and some Cr (chromium) 92XX contain 2% Si (silicon)
33XX have 3% Ni and some Cr The ~ refers to percent carbo% thus a 4340 steel

contains
40XX contain 0.25% Mo (molybdenum) c Mo Cr Ni

o-a G x x
41XX contain 0.25% Mo and 1% Cr as well as the usual minor elements
43XX contain 0.25% molybdenum, 0.75% Cr and 1.75%
N1 Mn s P Si

E o-w o-m x
max max

●This systenApromoted by the American Iron and Steel Institute and the Society for Automotive Engineers, is used throughout the
united states.
Reprinted with permission Copyright @byASM International.
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various classes of high-strength steels are illustrated in
Table 4-65, and the chemical composition and mechanical
properties of some carbon and low-alloy steels are listed
in Table 4-66.

TABLE 4-65. SUMMARY OF TYPES OF
HIGH-STRENGTH STEELS (Ref. 106)

GENERAL GROUP EXAMPLES OF TYPES

Low-alloy martensitic

Stainless martensitic

Precipitation hardening

Maraging steels

Unalloyed

Austenitic

HEAT TREATED
AISI 4130, AESI 4330, AISI
4340,300 M
AISI 403, AISI 410, AISI
416, AISI 431
Am-350, Almar 362, 17-
4PH, PH13-8-Mo
18% nickel grades 200,250,
and 300

COLD-WORKED
Piano wire, wire rope (cable,
“improved plow steel”)
18% manganese

Stainless AISI 301

Reprinted with permission. Copyright @byASM International.

4-8.3.1 Types of Corrosion

4-8.3.1.1 Uniform Corrosion
Iron shows active-passive corro~ion behavior. In the

passive condition iron can show pitting corrosion. The
conditions that result in passivity are inciuded in the
discussion that follows.

4-8.3 .1.1.1 Weathering Corrosion
4-8.3 .1.1.1.1 Wrought Steels

Bare carbon steel is very susceptible to attack in
atmospheric environments. In clean air, rusting begins on
a clean surface when the relative humidity is greater than
70%, but if the air is contaminated with industrial
pollutants or marine salts, the critical relative humidity
for rust formation is lower.

In those atmospheres in which corrosion is accelerated
by surface deposits. of particulate matter, such as
industrial or marine environments, corrosion attack is
greater for the first several years and then decreases.
When steel rusts, the corrosion products can be beneficial
in stifling further attack. However, if the steel contains
sulfides, the corrosion products do not develop completely
over the surface; therefore, local corrosion can result.

Elements in minor amounts affect the corrosion resist-
ance of steel. For example, trace amounts of copper and
manganese can counteract the effects of sulfides in the
steel. Extensive use of scrap in making carbon steels

.,

results in the presence of significant amounts of minor m
eiements. In addition, alloying elements are added to
improve physical and mechanical properties.

Low-alloy steels are more resistant to atmospheric
corrosion than ordinary carbon steels. Among the low-
alloy steels is a group of alloys that develop a high degree
of corrosion resistance to the atmosphere by forming a
protective rust coating. In an industrial atmosphere rust
equivalent to 25-to 5l-~m ( 1-to 2-roil) penetration of the
metal is protective. This degree of rust requires 1to 2 yr to
form. Typical weathering steels contain about 2% or more
alloy content, and at least 0.2V0of this is copper. Fig. 4-22
compares the corrosion of a weathering steel with carbon
steel and a copper steel in an industrial atmosphere.

When copper is added to ordinary ”carbon steel, which
normally contains some sulfur, the greatest reduction in
corrosion results from the first 0.05% added. Soti;e
improvement does result from higher copper additions, ““
especially after long-term exposure. Impurity amounts of
copper in sulfur-free iron do not result in a signtilcant
improvement of corrosion resistance; however, adding
phosphorus to a copper-bearing steel results in marked
improvement in the corrosion resistance.

Adding nickel to a plain carbon steel can improve the
corrosion resistance to the same extent as copper addi-
tions, but up to twice as much nickel content as copper
content is needed to accomplish equivalent improvements. a

Although adding chromium to a plain carbon steel
significantly improves the corrosion resistance of the steel
to atmospheric exposure, the chromium is more effective
if at least O.1% copper is present.

‘02468 10 12 14 16 18 20

mm, yr

Reprinted with permission. Copyright @ by Butterworth and
Company Publishers Ltd.

Figure 4-22. Comparison of Corrosion of
Steels of Varying Thicknesses and Various

a

Composition in an Industrial Atmosphere
(Adapted from Ref. 107)
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TABLE 4-66. CARBON AND LOW-ALLOY STEELS (Ref. 2)

MECHANICAL PROPERIVES**

YIELD STRENGTH, TENSILE STRENGTH, ELONGA-
STEEL TYPE ASTM UNS COMPOSITION, %* MPa ksi MPa ksi TION, %

C-Mn
C-Mn

c
HSLA

HSLA

2.2S Cr-1 Mo

& 4-6 Cr-O.5 Mo

w

9 Cr-1 Mo

9Ni

AS3%
AI06B

A28SA
A517F

A242(1)

A387(22)

A335(P5)

A335 (P9)

A333(8),
A353(1)
AIS[4130

AISI 4340

K03005
K03006

KO1700
KI1576

KI1510

K21590

K41545

K81590

K81340

G4 [300

G43400

0.30 C, 1.20 Mn
0.30 C, 0.29—1,06 Mn,
0.10 min Si
0.17 C, 0.90 Mn
0,08—0.22 C, 0.55—1 .05 Mn,
0, 13—0.37 Si, 0.36–0.78 Cr,
0.67—1 .03 Ni, 0.36–0.64 Mo,
0.002–0.006 B, O.12–0.53 Cu,
0.02–0.09 V
0.15 C, 1.00 Mn,
0.20 min Cu, 0.15 P
0.15 C, 0.30–0.60 Mn,
0,5 Si, 2.00—2.50 Cr,
0.90—1. 10 Mo
0.15 C, 0.30–0.60 Mn,
0.5 Si, 4.00—6.00 Cr,
0.45—0.65 Mo
0.15 C, 0.30–0.6 Mn,
0.25—1 .00 Si, 8.00—10,00 Cr,
0.90—1.10 Mo
0.13 C, 0.90 Mn,
O.13—0.32 Si, 8.40—9.60 Ni
0.28–0.33 C, 0.80—1. IO Mn,
0.15–0.3 Si, 0.8—1.10 Cr,
O.15—0.25 Mo
0.38—0.43 C, 0.60–0.80 Mn,
O.I5–0.3 Si, 0.70—0.90 Cr,
1.65—2.00 Ni, 0.20—0.30 Mo

24 I
241

165
689

290 tO 345

207***

310t
207

207

517

827t~

862ttt

35
35

24
100

42 [0 50

30

45
30

30

75

!20

125

414 60
414 60

31010379 45 to 55

793 to 93 i 11510135

434 to 483 63 to 70

414 to 586*** 60 tO 85

517 to 689t 75 [0 100
414 60

414 60

689 to 827 100 to 120

965tt I40

lo20ttt 148

—

30

30
16

21

18**8

18t
—

—

20

22tt

2ottt

*Single values are maximum values unless otherwise indicated.
●* Room temperature properties. Single values are minimum values.

***class I

tClass 2
tl l-in. diameter bars water-quenched from857°C(1575°F) and tempered at 649°C ( 1200° F)

tll l-in. diameter bars oil-quenched from 843°C (1550” F) and tempered at 649°C (1200” F)

Reprinted with permission from the ~ational Association of Corrosion Engineers. Copyright NACE.
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Increasing the manganese content of some alloy combi-
nations can improve atmospheric corrosion resistance.
The amount of sulfur present affects the improvement
obtained from manganese additions. SuliMe present as
manganese sulfide results in improved corrosion resistance
over its presence as ferr~us su~~de.

The corrosivity of several tropical sites has been
compared based upon the exposure of carbon steei and
other metals (Ref. 109). Tropical rain forests showed
extremely low corrosion rates and are generally less
corrosive than northern US rural environments. The low
rates of attack are attributed to the absence of air
pollution, washing of the test panels by short, heavy
showers ofpure rainwater, the shading of the panels from
solar radiation by trees, and small variations in tempera-
ture. Open inland tropical sites showed corrosion equal to
or slightly higher than that for the northern US rural
environment. Although “tropical seashore sites can be
highly corrosive, there is great variability among these
sites.

4-8.3.1 .1.1.2 Cast Steels

Steel castings have many applications. Principal uses
include railroad wheels, couplers, and side frames; equip-
ment for construction, mining activities, and motor
vehicles; and valve bodies and machinery for the oil, gas,
and process industries. S$lcon, copper, chromium, nickel,
phosphorus, and manganese additions improve the cor-
rosion characteristics of cast steels in various environ-
ments.

Cast steels in general have better corrosion resistance
than corresponding wrought alIoys. The atmospheric
corrosion of cast steels is independent of whether the
surfaces are as-cast or machined (Ref. 110). The reason
for this independence is that cast steels are more
homogeneous than wrought steels and thus are less prone
to form electrolytic cells at the microstmctural scale (Ref.
111).

4-8.3.1.1.2 Corrosion in Natural Waters
The composition of iron or carbon and low-alloy steel

has littie effect upon the corrosion rate in natural waters.
The corrosion of iron and steel in water depends upon the
oxygen content of the water. Also the steady-state
corrosion rate is higher in water that is moving relative to
the iron than it is in still water. Because corrosion is
controlled by the diffusion of oxygen to the metal surface,
the corrosion rate is a function of the dissolved oxygen
concentration (Ref. 112). The formation of a corrosion
product film on the surface acts as a barrier to oxygen
diffusion. Therefore, the initial corrosion rate in air-
saturated water is about 10 mdd (2.0 X 104 lb/ ft2*day}
however, the steady-state rate may be 10 to 25 mdd (2.0 X
104 to 5.1X 104 lb/ft2.day).

At a critical concentration of dissolved oxygen, the

corrosion rate falls off to a low value because of
passivation of the iron, “but if passivity breaks down o
locally, a passive-active cell is established that causes
severe pitting and crevice corrosion.

In the range of oxygen concentration in which diffusion
controls the corrosion rate, the rate increases with
temperature. In an open system, however, oxygen con-
centration decreases as temperature increases.

The effect of 4 ~ pH ~ IO on the corrosion rate is
negligible. In the acid region of pH <4, the surface film is
dissolved, hydrogen is generated, and the corrosion rate
increases. At a pH > 10, the corrosion rate decreases
because the condition favors passivity. The pH of natural
waters is usually between 4 and 10.

In freshwater, factors such as hardness, chloride
content, and sulfur content of the water can influence
corrosion, whereas in hard water, carbonates often
deposit on the metal surface and protect it. However, if ‘‘
the coating is not complete, local corrosion, such as
pitting, may occti at unprotected locations. Corrosion
decreases with increasing puritytof the water. Abnormally
high corrosion rates of iron ahd steel in some natural
waters can be traced to the presence of sulfate-reducing
bacteria.

The typical seawater corrosion rate of 127 pm/ yr (5
mpy) can be much higher in the splash zone because of
aeration and alternate wetting and drying. The corrosion
rate in quiet seawater can increase sixfold at fiuid a
velocities of 4.6 m/s (15 ft / s). Carbon steel is very
susceptible to pitting in seawater and is highly susceptible
to fouling by marine organisms. Fouling can create sites
at which crevice corrosion can occur.

4-8.3.1.1.3 Corrosion in Acid Solutions

Ordin~ carbon steel is used for sulfuric acid in
concentrations greater than 70% and for oleum (sulfur
trioxide in sulfuric acid). Less concentrated acid rapidly
attacks steel. Carbon steel is unsuitable for all sulfuric
acid concentrations at temperatures greater than 79° C
(175W’).

Ordinary carbon steels are never used for hydrochloric
acid service. In fact, inhibitors are necessary when steel is
cleaned by pic~ng in hydrochloric acid. Carbon steel is
suitable for dry hydrogen chloride gas below 260” C
(500”.F) and dry chlorine gas below 204°C (400°F).

Steel is suitable for handling aqueous hydrofluonc acid
at concentrations greater than 60Y0. A few tenths of a
percmt of silicon increase the susceptibility of steel to
attack by hydrofluoric acid. Ordinary carbon steel is used
for anhydrous hydrofluoric acid and for dry fluorine gas.
Moist fluorine or aqueous solutions of fluorine, however,
can be extremely corrosive.

Ordinary low-alloy steels are rapidly attacked by most
concentrations of nitric acid. Ordinary steel is suitable for
mixed sulfuric and nitric acids when the water content is
low. Steel exhibits poor resist~ce to phosphoric acid.
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o 4-83.1.1.4 Corrosion in Alkaline Solutions

Steel is suitable for most applications involving the
common alkalies, such as caustic soda and caustic potash.
Precautions should be taken to avoid concentrations and
temperatures that can result in .stress*rrosion cracking.
The conditions necessary for stress<orrosion cracking
are discussed in par. 4-8.3.1.3.

4-83.1.1.5 Corrosion in Salt Sohrtions

The corrosion rate declines at sodium chloride con-
centrations above 3910in air-saturated Water. This dec~e
occurs because the solubiIity of oxygen in water decreases
as the sodium chloride concentration increases. Alkali
metal salts, e.g., KC1, LiCl, NadSOz, KI, and NaBr, affect
the corrosion rate of iron and steel in approximately the
same manner as sodium chloride. Alkaline earth salts,
e.g., CaC12 and SrC12, are slightly less corrosive than
chlorides or sulfates at low concentrations (O.1 to 0.25N)
but not nmessaily at higher cxmmentrations.

Acid salts react with water to form acid solutions.
‘llerefore, acid salts cause corrosion at rates similar to the
corresponding aci& at the same pH. Examples of such
salts are AICIJ, NiSOz, MnC12, and FeC12. Ammonium
salts, e.g., NH4~ are also acid, but they produce a higher
corrosion rate than that corresponding to the acid at a

o

,! ~. given pH. Ammonium nitrate in high concentrations is
?,‘: more corrosive than ammonium chloride or sulfate salts.

In the presence of excess ammoni% the corrosion rate of
iron in ammonium nitrate at room temperature maybe as
fast as 5~ mn2/yr (2 i23./yr (ipy)).

Alkaline salts, which react with water to form solutions
having a pH > 10, act as corrosion inhibitors in the
presence of dissolved oxygen. Examples of such salts are
dodiurn phosphate (Na3P0z), sodium tetraborate
(NazBG), sodium silicate (NazSi03), and sodium car-
bonate (Na2COJ).

Corrosive oxidizing salts include FeCA, CuC13,HgCb,
and sodium hypochloritq all of which represent the m“ost
diffkult class of chemicals to handle in metid equipment.
Oxidizing salts that are efficient inhibitors include
NaKr04 NaNOA and KMnOz.

4-83.1.2 Galvanic Corrosion

Mild steel which contains less than 0.18% carbon, is
anodic to many metals in seawater, including passive
stainless steels. Mild steel is not likely to be used in this
environment without protection. Care should be exercised
to insure that a paint coating does not expose small areas
of steel coupled to large areas of a more noble metal.

A low-nickel, low-chromium steel is cathodic to mild

o

steel in many natural environments. Therefore, welding
,/ rods and steel bolts and nuts used to couple mild steel

should always be a low-nickel, low-chromium steel or a
similar composition that is cathodic to a major area of the
struaure.

In corrosion tests of bimetallic couples in coastal and
“ inland tropical environments in Panamz the corrosion of

carbon steel was increased by about 130% by 316 stainless
stee~ 45% by Monel, and 3590 by phosphor bronze.

The oxide scale on a steel that results from hot-rolling
can be cathodic to the bare metal, but because the mill
scale does not form a good protective coating smail areas
of bare metal may be expos~. Therefore, mill scale
should be completely removed from steel to be exposed to
an aqueous electrolyte.

4-83.13 Stress-Corrosion Cracking

Ordinary carbon steels and low-alloy steals are subject
to stress-corrosion cracking. T%e environments in which
carbon steel may crack include sodium hydroxide, nitrate
solutions, bicarbonatearbonates, liquid ammoni% moist
CO-C02 mixtures, and phosphates. The low-bon
steels that may be susceptible to the specMc environments
have a Rockwell Hardness number of 22C and a tensile
yield strength of less than517 MPa(75 ksi). Cracking has
occurred in low-pressure boilers constructed by riveting,
welded tanks containkg hot, concentrated sodium
hydroxide solutions, welded tanks containing agricultural
ammon@ structures containing dhuninating gas produced
by thedestructivedisdlation of Coa and tanks containing
nitrates. Stress—a rrosion cracking in low-bon steels is
primarily intergranular. These steels show good resistance
to cracking when exposed to seawater and chloride
solutions.

Low-alloy or medium-strength steels, including-bon
steels, exhibit yield strengths below 1241 MPa (180 ksi).
Generally these steels do not crack in rur~ marine, or
industrial environments; however, hydrogen gas can
cause cracking. Cracking tendency increases with increas-
ing hydrogen pressure, yield stmn~ and tempcmturc.
Hydrogen can be generated by the metal plating processes
that are often employed to deposit a protective metal
coating on low-alloy steels. Gaseous hydrogen stilde is
mom aggressive than hydrogm and solutions of hydrogen
stilde also are aggressive. Pressurized water containing
carbon monoxide and carbon dioxide can cause stress-
corrosion cracking. Steels in this strength range can crack
in seawater and chloride solutions, particularly if a notch
is present.

Very high-strength low-alloy steels, those possessing
tensiie strengths greater than 1241 MPa (180 ksi), are
more susceptible than the low- or medium-strength steels,
and susceptibility to cracking increases with strength
level. The relative resistance of various high-strength
steels to stress-corrosion cracking is given in Table 4-67.
The susceptibility of several high-strength steels to stress-
corrosion cracking is given in Ref. 113 in terms of fracture
mechanics parameters.
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TABLE 4-67. RESISTANCE OF HIGH-STRENGTH STEELS TO
STRESS-CORROSION CRACKING (Ref. 31)

HIGH-STRENGTH STEELS WITH HIGH RESISTANCE TO STRESS-CORROSION CRACKING

STEEL CONDITION
AM350 stainless steel SCT 1000 and above
AM355 stainless steel SCT 1000 and above
Almar 362 stainless steeI H 1000 and above
Custom 455 stainless steel H 1000 and above
PH 13-8 Mo stainless steel H 1000 and above
15-5 PH stainless steel H 1000 and above
17-4 PH stainless steel H 1000 and above
PH 14-8 Mo stainless steel CH900 and SRH950 and above
PH 15-7 Mo stainless steel CH900
17-7 PH stainless steel CH900
Carbon steel (1000 Series) Below 1241 MPa (180 ksi) YS
Low-alloy steel (4130, 4340, D6AC, etc.) Below 1241 MPa (180 ksi) YS
Music wire (ASTM 228) Cold drawn

HIGH-STRENGTH STEELS WITH MODERATE RESISTANCE TO STRESS-CORROSION CRACKING

STEEL CONDITION
Carbon steel (1000 series) 1241 to 1379 MPa (180 to 200 ksi) YS
Low-alloy steel (4130, 4340, D6AC, etc.) 1241 to 1379 MPa (180 to 200 ksi) YS
PH 13-8 Mo stainless steel Below HIOOO
15-5 PH stainless steel Below H1OOO
17-4 PH stainless steel Below H1OOO

HIGH-STRENGTH STEELS WITH LOW RESISTANCE TO STRESS-CORROSION CRACKING

STEEL CONDITION
Carbon steel (1000 Series) Above 1379 MPa (200 ksi) YS
Low-alloy steel (4130, 4340 D6AC, etc.) Above 1379 MPa (200 ksi) YS
H-1 1 steel Above 1379 MPa (200 ksi) YS
440 stainless steel All
18 Ni maraging steel, 200 grade Aged at 482°C (900° F)
18 Ni maraging steel, 250 grade Aged at 482°C (900° F)
18 Ni maraging steel, 300 grade Aged at 482° C (900° F)
18 Ni maraging steel, 350 grade Aged at 482°C (900°F)
AM 350 stainless steel Below SCT 1000
AM 355 stainless steel Below SCT 1000
Custom 455 stainless steel Below H1OOO
PH 15-7 Mo stainless steel All except CH900
17-7 PH stainless steel All except CH900
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o 4-83.1.4 Corrosion Fatigue
,) High-strength steel components subjected to cyclic

loading are susceptible to corrosion-fatigue failure. Cor-
rosion fatigue can be defined as the number of stress or
strain cycles required to produce failure or as the rate of
fatigue crack growth under given loading conditions. The
number of stress or strain cycles to produce failure is not
very useful for quantitative design purposes.

The crack growth rate per cycle &/dN is primarily
controlled by the alternating stress intensity AK through
an expression of the form

da/dN = C(AK)n (4-2)
..

where
a = crack growth
c = scaling constant

AK= difference between the maximum and mini-
mum stress intensities for each cycle, Le.,
AK=&–&

N = number of cycles
n = scaling constant.

Eq. 4-2 adequately describes behavior for the midrange
of crack growth rates. TIIis rate is typically 10+ to 10+

mm (4 X 104 to 4 X 10-2 roil) per cycle. At higher crack

o

growth rates, when K& approaches fracture toughness
KIC, the rate expression often underestimates the true
propagation rate. At lower growth rates, when AK
approaches the threshold stress intensity AKo,thetrue
crack propagation rate is often overestimated.

The variation in crack growth rate with AK, as shown
in F@. 240, can be divided into three regimes:

1. At low growth rates, i.e., Regime A, there is a
strong influence of microstructure and mean stress and a
variable influence of environment.

2 In the midrange of growth rates, i.e., Regime B,
there is little influence of microstmcture and mean stress
on crack growth. Mean stress is characterized by the load
ratio R = I&J %. The slope in Regime B is the
scaling constant n.

3. At bigher growth rates, i.e., Regime C, growth
rates become extremely sensitive to both microstructure
and mean stress because static fracture modes become
involved (Ref. 114).

Fatigue crack growth rate curves for various high-
strength steels in different environments are given in Ref.
115.

4-83.1.5 High-Temperature Corrosion

4-83.1.5.1 Oxidation

Ordinary steels form a thick oxide fti in high-
temperature air or oxygen. However, because the fiim is

o
,:,, brittle, it is subject to failure by mechanical action and

thermal cycling. Iron is alloyed with chromium to obtain
oxidation resistance at elevated temperatures.

4-83.1.5.2 Liquid Metal Corrosion
Although carbon steel has been suc@ssfulJy used to

contain liquid mercury at temperatures of 540° C
(1OOO”F),the use of low-alloy steels in mercury boilers
has resulted in thermal-gradient mass transfer. Iron was
dissolved at high temperatures and deposited on surfaces
at cooler temperatures. The rate of attack can be reduced
by adding I to 10 ppm of titanium to the mercury.

A similar mass transfer phenomenon occurs in a liquid
sodium system. Carbon is transferred from carbon steel
to a stainless steel. The driving force for concentration-
gradient mass transfer is the difference in the carbon
content of the two metals.

4-8.3.1.6 Biological Corrosion
Iron is corroded in some deaerated natural waters and

in soils through the action of sulfate-reducing bacteria
The bacteria thrive only under conditions of little or no
oxygen and in the range of 5.5 = pH = 8.5. In the
corrosion process 3 moles of ferrous hydroxide are
formed for each mole of ferrous sultlde. Sulfate-reducing
bacteria can cause severe damage in a short time.

4-83.2 Interface Problems
Poultice corrosion can occur when an absorptive

material, such as paper, wood, asbestos, sacking, cloth, or
mud, is in contact with a steel surface. Differential
aeration cells form at adjacent wet and dry areas which
lead to pitting corrosion. An example is fiber floor mats in
vehicles that are subject to wetting through leaks in the
body.

Marine organisms, such as banmcles, mussels, and
algae, attach themselves to steel surfaces immersed in
seawater or freshwater. The result is crevice corrosion at
the point of attachment.

Problems can arise from interfaces with wood and
other natural, treated, or manufactured materials that
can release a corrodent. Some woods release organic
acids and some plastics decompose or revert and release
hydrogen chloride or other corrosive species.

Problems also arise from the chloride ion in the residue
left by human handling.

4-83.3 Methods for Prevention of Corrosion
Almost all the methods for prevention of corrosion

discussed in Chapter 3 are applicable to carbon and low-
auoy steels.

There are many types of inhibitors, as discussed in par.
3-5. Most inhibitors are intended for application in
aggressive solutions with which ferrous alloys might come
in contact. Some inhibitors may be incorporated in
different kinds of organic coatings. Vapor phase inhibitors
are effective in protecting ferrous alloys in art enclosure,
such as packaging.
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Chemical conversion coatings for ferrous alloys are
discussed in par. 3-6.1.3. They area very important class
of ferrous metal treatments. Some are intended to be a
base for organic coatings; others are intended to be the
primary means of preventing corrosion.
“ Shot peening as a method of introducing surface
compressive stresses is discussed in par. 3-6.4. Surface
compressive stresses reduce the likelihood of corrosion
fatigue and stress-corrosion cracking.

Ferrous alloys are commonly coated with other metais
to prevent corrosion. The important coating metals are
zinc, nickel, tin, and cadmium. However, many other
metals may be applied to ferrous aIloys. Metal coatings
discussed in par. 3-7.1 are

1. Aluminum, par. 3-7.1.1
2. Chromium, par. 3-7.1.3
3. Lead, par. 3-7.1.5
4. Nickel, par. 3-7.1.6
5. Tin, par. 3-7.1.7
6. Zinc, par. 3-7.1.8
7. Noble metals, par. 3-7.1.9.

The various types of inorganic coatings are discussed in
par. 3-7.2. The metal-ceramic coatings are important at
elevated temperatures, but those metal-ceramic coatings
that can be cured at relatively low temperatures can be
used on the low-alloy ferrous metals.

Organic coatings are widely used on ferrous alloys as
protection against corrosive environments. Paints and
enamels are discussed in par. 3-7.3.1. Painting systems are
comprised ofa chemical conversion coating followed by a
primer over which a topcoat is applied. The various
sealants described in par. 3-7.3.2 are applicable to as-
semblies of ferrous alloys. Many of the rust-preventive
compounds described in par. 3-7.3.3 are useful on ferrous
alloys.

Cleaning of ferrous alloys in preparation for further
treatment and coating is discussed in par. 3-7.3.4.1.

Susceptibility of low-alloy, high-strength steels to
hydrogen cracking is a form of corrosion that is a serious
problem. These materials are therefore often plated or
given some other protective coating before use. During
processing, such as pickling and coating by electroplating,
they absorb hydrogen and are then subject to hydrogen
ernbrittlement. Baking at moderate temperatures is widely
employed for relief from hydrogen embrittlement. How-
ever, conventional bakeout procedures cannot remove
more than a fraction of the hydrogen in a coated steel. In
addition, the microstructure and composition of a steel
have a strong iniluence on hydrogen uptake and release
on baking.

Hydrogen behavior in Type 4340 series steels of
different grades and tempers has been studied (Ref. 116).
The results indicate that hydrogen outgassing procedures
should be tailored to specific microstructure and steel
grades. In this way the hydrogen content and, therefore,

the hydrogen embrittlement tendency can be better
controlled.

A steel having no higher strength than needed should o

be selected to avoid stress-corrosion cracking. Cathodic
protection and inhibitors can prevent pitting that forms
the sites at which stress-corrosion cracking initiates.

4-8.3.4 Examples of Corrosion Problems

4-8.3.4.1 Corrosion of the I%-Ton Truck
A survey of 1~-ton trucks was conducted in 1979, only

3 yr after the vehicles had been released for field
operations. Specific areas were selected for inspection for
rust: cab floor pan, tailgate, cargo bed, front fenders, air
intake plenum, fire wall gutter, and the fender-f~e wall
plenum junction. Rust on the floor pan and tailgate was
recorded as either present or not. The severity of rust in
other areas was assessed and recorded as none, slight,
moderate, heavy, or perforated. The results are sum-
marized in the paragraphs that follow. Vehicles indicated

..

as LEAD were new unissued vehicles.
The conclusions of the investigation and resulting

recommendations are quoted in the paragraphs that
follow (Ref. 117) and summarized in Table 4-68:

Rust Damage
“There is a significant problem with rust in the... fleet. It
is especially serious in Hawaii, and it will get progressively
worse unless some corrective actions are taken im- 0
mediately. As shown earlier, 87 percent of the vehic~es
surveyed had wet floor mats and 56 percent had rusted
floor pans. If only those vehicles manufactured during
1977 are considered (less than 30 months old), 90 percent
have wet mats and 63 percent have rusted floor pans. In
the majority of these vehicles, the fiber floor mat has
already begun to deteriorate and rot. Since this soggy mat
is in constant contact with the floor pan, it is causing a
serious rust problem there, which will result in the floor
pan rusting through. When this occurs, the vehicle cannot
be driven until the floor pan is repaired,
“In the other areas of the vehicle, considering only those
conditions of Moderate, Heavy, or Perforated rust, there
are serious problems in the fire wall gutter (35 percent of
the sample) and the fenders (17 percent). Inmost vehicles,
there was standing water in the fire wall g~tter, which is
creating the rust observed even though the gutter’has been
rustproofed. If this situation continues, the gutter seam
will rust through and allow water to enter the cab area
underneath the upper part of the floor mat.”

Rustproofing
“Rustproofing of the fleet was not thoroughly done.
More than 75 percent of the vehicles examined had no
rustproofing under the hood reinforcement web, and
approximately 13 percent were not rustproofed under the
fenders, cargo bed, or cab floor. Furthermore, although o
this survey did not examine hidden areas, it is reasonable
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TABLE 4-68. RUST SUMMARY OF M880 TRUCKS (Ref. 117)

~0 mo OLD
ALL 0-2s00mi WIo LEAD

WIo LEAD w/o LEAD LEAD ONLY

Sample Size 63.6* 34.0 18.6 36.4

Floor Mat Wet 87** 82** go** 33**

Floor Pan Rusted 56 49 63 13
Tailgate Rusted 17 14 13 1
Cargo Bed Rust (M, H, P) 8 5 2 0
Fender Rust (M, H, P) 17 21 0 0
Fwe Wall Gutter Rust (M, H, P) 35 34 16 7

M = moderate
H = heavy
P = perforated

●Pereent of total sample
●*Perwnt of vehicles ill thh col~

to assume that some of these areas were not completely

rustproofed, based on the condition of the hood web.
“This lack of adequate rustproofing maybe the result of

poor workmanship or faiIure of the manufacturer to
properly inspect the vehicles after rustproofing. In either
case, some action is required to improve the rustproofing
treatment and prevent further damage. This is especially
neoxary if the vehicles arc in areas having a salt-air
environment or in areas where salt is used extensively
during the winter on the highways.”

Water Leakage
“Water is entering the cab around the door gaskets and
through the inner door panel via the glass, because the
deflector inside thedoorpanel is not positioned correctly.
There is also evidence that water maybe coming into the
cab through miscellaneous holes located where the door
hinges are mounted to the cab body.”

Recommemthtions
“TO improve the condition of the vehicles still in depot
storage and those already issued to field units, the
following actions are recommended:
(1) For all vehicles:

a. Remove and discard all fiber and rubber floor mats.
b. Repair and repaint rusted cab floor pans.
c. Repair or replace defective door gaskets and inner

door panel water deflectors, and plug miscdlaneous holes
in the door hinge mounting area.
(2) Those vehicles that are in use where there is a salt-air
environment or where salt is used extensively during the
winter on the roads should be re-rustproofed. This can be
accomplished either by unit maintenance personnel or by
a commercial rustproofing contractor in the local area. ”

4-8.3.4.2 Steel Membrane in Binary Chemical
Munitions

Binary chemical munitions are designed to produce
toxic chemical agents by the reaction of relatively nontoxic
ingredients at the time of use. In a binary projectile the
two ingredients are separated by a 1010 cold-rolled steel
membrane 0.25 mm (0.01 in.) thick. One of the reactants
in the G-agent binary process is corrosive and is believed
to be small quantities of hydrofluoric acid. One solution
to the problem is to replaee the steel membrane with a
more corrosion-resistant material. Another is to use a
chemical inhibitor in the corrosive reactant.

Tests were conducted in 0.59 N hydrofluoric acid with
various inhibitors and metals (Ref. 118). Corrosion of
steel was more rapid in the hydrofluonc acid than in the
binary agent. However, inhibitors that proved effective in
retarding corrosion in the hydrofluoric acid were not
effeetive in the corrosive reactant. Although nickel and
321 stainless steel are more resistant to attack in the
corrosive reagent than is steel, neither is considered
suffkiently resistant.

4-83.43 Helicopter Main Landing Gear Drag
strut

Of several corrosion-related problems observed on a
utility helicopter, this example is the only one considered
to be serious (Ref. 119).

The drag-strut assembly of the main landing gear failed
due to one of two brake line holes within the strut. The
strut consists of 300-M steel hardened to Rockwell C53 to
56. The design also includes shot peening over the entire
length of the drag strut, as well as vacuum cadmium
plating, for corrosion protection. Stress<orrosion erack-
~ngis ~he primary ca~ of this failure.
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This failure developed because water collected on the
strut, on top of the lower brake line hole, to a depth of
about 25 mm (1 in.). Stress-corrosion cracking originated
at the lower brake line hole from a corrosion pit of
approximately 0.25 mm (0.010 in.) in depth. Also the
plugs used to seal the brake line holes did not fill the entire
cavity in the strut and permitted water to attack the
poorly protected metal surface on the sides of the
opening.

A solid plug for the brake line holes, i.e., a plug that
completely fills the brake line hole, is one mod~lcation
implemented for prevention of similar strut failures.
Another solution includes designating the drag strut as a
critical part, which means that the strut would be’
inspected completely on a specf]c requirement, such as
shot peening, during the manufacturing process.

The corrosion problem also can be avoided through
application of a better cadmium plate and by addition of a
resin coating. over the cadmium plating. In the future,
installation of the brake line outside of the strut will not
require holes in this part.

4-8.3.4.4 IWssile Fuse Springs
An air defense missile fuse-boost and impact-switch

springs are made of ASTM A 228 steel music wire and are
plated with 1.27 ~m (0.05 roil) of 99% pure gold. Gold
plate of this thickness h~ pores. Although the fuse is
considered a hermetically sealed component, during
periods of long storage moisture enters the component,
the steel exposed at the pores becomes a small anode, and
the gold becomes a large cathode. Thus the springs
eventually fail (Ref. 120).

4-8.3.4.5 Gun Tube Erosion
Gun tube erosion is damage and enlargement of the

bore caused by firing-a serious erosion-corrosion problem
faced by the military. This damage results from the
conditions created in the bore upon firing (Refs. 121,122,
and 69).

These conditions generate the processes that follow:
1. The bore surface is chemically and structurally

altered.
2. The lands are swaged by the accelerating projectile.
3. Copper from the rotating band of the projectile is

deposited on the bore.
4. Rapid expansion of the propellant reaction gases

sweeps molten metal from the surface of the bore.
5. Unburned propellant particles and solid reaction

products in the rapidly expanding gases cause mechanical
abrasion of the bore.

6. Because there is incomplete closure of the bore by
the projectile, high-velocity and high-temperature gases
jet through the openings and melt, gouge, and scour the
surface of the bore.

The net result of these processes is loss of material,
enlargement of the bore, and damage to the bore surface.
After repeated firing, the gun suffers a loss of muzzle

o

velocity and accuracy.
Conventional gun barrels are; in general, made of low-

alloy steel; large-caliber barrels are usually made of
moditled 4330 steel. The typical composition and mechani-
cal properties of gun steel are given in Table 4-69.

4-8.3.4.6 Corrosion Fatigue Behavior of
Tungsten-Carbide-Coated Type 4340
Steel Helicopter Blade Retention Bolts

Fretting-induced corrosion resulted in significant sur-
face pitting on the 4340 steel main rotor blade retention
bolts for the 540 helicopter rotor system after less than
500 h of service. Thus these cadmium-plated bolts have a
service lifetime of 300 h. These bolts were replaced with
chromium-plated reworked bolts having a service lifetime-‘
of 500 h. Based upon a similar application in another
rotor system, a plasma-sprayed, tungsten-carbide-coated
bolt had a projected lifetime of over 3000 h. However, the
blade retention mechanism is subjected to fatigue condi-
tions under operating conditions, and there was inade-
quate information on the fatigue strength of the tungsten-
carbide-coated 4340 steel bolts.

Fatigue testing of bare and coated specimens in air and
3.5% sodium chloride solutions showed comparable
fatigue behavior for the tungsten-carbide-coated and the a

chromium-plated specimens. However, full-scale fatigue
tests in laboratory air produced no failures of the
tungsten-carbide-coated specimens through the equi-
valent of four airframe lifetimes (about 14,000 h of tight
loading) (Ref. 123).

TABLE 4-69. COMPOSITION AND
MECHANICAL PROPERTIES OF

GUN STEEL (Ref. 121)

COMPOSITION, wt %

0.37 C, 0.47 Mn, 0.006 P, 0.02 Si, 3.17 Ni,
0.85 Cr, 0.65 Mo, 0.10 V

MECHANICAL PROPERTIES

Tensile strength = 1241 MPa (=180 ksi)
Yield strength 965 to 1103 MPa (140 to 160 ksi)
V-notched Charpy
impact strength -- =41 J (=30 ftdb)
Hardness = Rc

o
Reprinted with permission. Copyright @by the Metals informa-
tion Analysis Center at Purdue University.
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In the 200 series of austenitic stainless steel, some of the
nickel in the basic 18/8 composition is replaced with
manganese and nitrogen.

Duplex stainless steels contain both austenite and
f~rrite phases and about 28% chromium and 6% nickel.
The compositions and mechanical properties of some 200
series, 300 series, and duplex stainless steels are given in
Tables 4-70 through 4-75.

Some of the 400 series stainless steels have a ferritic
structure, and some alloys have a martensitic structure.
The composition and mechanical properties of some 400
series ferrite stainless steels are given in Table 4-76.

Martensitic stainless steels in the 400 series have
chromium concentrations in the range of 11.5 to 1870,and
they have an austenitic structure at high temperature that

“ is transformed into martensite upon cooling to room
temperature. The compositions and mechanical properties
of the 400 series martensitic stainless steels are given in
Table 4-77. Stainless steels hardened by transformation
to martensite are tempered to give the desired engineering
properties. This tempering caninfluence corrosion suscepti-
bility. For example, corrosion susceptibility of type 420
stainless steel is at its maximum when the alloy is

tempered at temperatures in the range of 450° to 600° C
(842° to I112°F).

Precipitation-hardening stainless steels are usually desig-
0

nated by a trade name rather than by their AISI 600 series
designations. There are three types of precipitation- ~
hardening stainless steels:

1. Martensitic types, which are supplied in the
martensitic condition, are hardened by a simple aging
treatment of the fabricated part.

2. Semiaustenitic types, which are supplied in the
austenitic condition, are transformed to martensite by
special heat treatment before precipitation hardening.

3. The austenite in the austenitic types is precipitation
hardened directly.

The heat treatments of precipitation-hardening stainless
steels are chosen to optimize mechanical properties.
Precipitation hardening generally results in a slight
increase in corrosion susceptibility and an increased .
susceptibility to hydrogen embrittlement. The chemical
composition and typical mechanical properties of some
precipitation-hardening stainless steels are given in Tables
4-78 through 4-80.

TABLE 4-70. COMPOSITIONS OF THE 200 SERIES OF AUSTENITIC
STAINLESS STEELS (Refs. 125 and 126)

AISI COMPOSITION*, %

GRADE Cr Ni c Mn Si P s N OTHER

201 16-18 3.5-5.5 0.15 5.5-7.5 1.0 0.060 0.030 0.25 —
202 17-19 4-6 0.15 7.5-10 1.0 0.060 0.030 0.25 —
205 16.5-18 1-1.75 0.25 i4-15.5 1.0 0.060 0.030 0.40 1-1.75M0
216** 17.5-22 5-7 0.08 7.5-9 1.0 0.045 0.030 0.50 3M0
216L** 17.5-22 5-7 0.08 7.5-9 1.0 0.045 0.030 0.50 3M0

*Balance iron. Single values are maximum values unless otherwise noted.
**Not standard AIS1 grades

TABLE 4-71. TYPICAL MECHANICAL PROPERTIES OF THE 200 SERIES OF
AUSTENITIC STAINLESS STEELS* (Refs. 125 and 126)

YIELD STRENGTH

AISI TENSILE STRENGTH (0.2% offset) ELONGA- HARDNESS
“’”GRADE MPa ksi MPa ksi TION, % ROCKWELL B

201 793 115 379 55 55 90
202 724 105 379 55 55 90
205 827 120 476 69 58 98
216** 689 100 379 55 45 92

*Annealed sheet and strip
**Not standard AIS1 grade

a

4-92

Downloaded from http://www.everyspec.com



O,,.

..

0,,‘,>

MIL-HDBK-735(MR)

TABLE 4-72. COMPOSITIONS OF THE 300 SERIES OF
AUSTENITIC STAINLESS STEELS (Ref. 125)

COMPOSITION,* 95

A3SI
GRADE Cr Ni c Mn Si P s OTHER

301
302
302B
303
303Se
304
304L
3(34N
305
308
309
309s
310
310s
314
316
316F
316L
316N
317
317L
321
330
347
348

16-18
17-19
17-19
17-19
17-19
18-20
18-20
18-20
17-19
19-21
22-24
22-24
24-26
24-26
23-26
16-18
16-18
16-18
16-18
18-20
18-20
17-19
17-20
17-19
17-19

384 15-17

6-8
8-10
8-1o
8-10
8-10
8-10.5
8-12
8-10.5

10.5-13
10-12
12-15
12-15
19-22
19-22
19-22
10-14
10-14
10-14
10-14
11-15
11-15
9-12

34-37
9-13
9-13

17-19

0.15
0.15
0.15
0.15
0.15
0.08
0.03
0.08
0.12
0.08
0.20
0.08
0.25
0.08
0.25
0.08
0.08
0.03
0.08
0.08
0.03
0.08
0.08
0.08
0.08

0.08

2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0

1.0
1.0
2-3
1.0
1.0
1.0
1.0
I.0
1.0
1.0
1.0
1.0
1.5
1.5

1.5-3.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0

0.75-1.5
1.0
1.0

0.045
0.045
0.045
0.20
0.20
0.045
0.045
0.045
0.045
0.045
0.045
0.045
0.045
0.045
0.045
0.045
0.20
0.045
0.045
0.045
0.045
0.045
0.040
0.045
0.045

0.030
0.030
0.030
0.15**
0.060
0.030
0.030
0.030
0.030
0.030
0.030
0.030
0.030
0.030
0.030
0.030
O.1O**
0.030
0.030
0.030
0.030
0.030
0.030
0.030
0.030

—

Mo 0.601
Se O.IS**

—

N 0.10-0.16
—
—
—

—
—

Mo 2.0-3.0
Mo 1.75-2.50

Mo 2.0-3.0
Mo 2-3, N 0.1-0.16

Mo 3.0-4.0
Mo 3.0-4.0
T15XC**

—

Cb+Tay 10XC**
Cb+T%lOXC**but

0.10Ta max,
co o.2ott

2.0 1.0 0.045 0.030

●Baianceiron. Single values are maximum values unless otherwise noted.
**M~um
toptiona.i

ttMaximum
NOTE: ASTM Specifhtion A2 13-75 designates the carbon content of 304L and 346L u 0.035%m~um-

Reprinted with permission. Copyright @byASM International.
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TABLE 4-73. TYPICAL MECHANICAL PROPERTIES OF THE 300 SERIES OF
AI.JSTENITIC STAINLESS STEELS* (Ref. 125)

@

YIELD STRENGTH

AISI TENSILE STRENGTH (0.2% offset) ELONGA- HARDNESS,
GRADE MPa ksi MPa ksi TION, % ROCKWELL B

301 758 110 276 40 60 85
302 621 90 276 40 50 85
302B 655 95 276 40 55 85
303** 621 90 241 35 50 76
303Se** 621 90 241 35 50 76
304 586 85 241 35 55 80
304L 517 75 193 28 55 79
304N 621 90 331 48 50 85
305 586 85 262 38 50 80
308 586 85 241 35 50 80
309 621 90 310 45 45 85
309s 621 90 310 45 45 85 “
310 655 95 310 45 45 85
310s 655 95 310 45 45 85
314 621 90 345 50 40 85
316 621 90 276 40 50 79
316F 586 85 241 35 60 85
316L 517 75 221 32 50 79
3161N 621 90 331 48 48 85
317 621 90 276 40 45 85
317L 586 85 241 35 55 85
321 621 90 241 35 45 80
330 586 85 310 45 40 80
347 655 95 276 40 45 85
348 655 95 276 40 45 85
.384 517 75 241 35 55 70

*Annealedsheet and strip”
**Annealed bars

TABLE 4-74. COMPOSITIONS OF SOME DUPLEX STAINLESS STEELS

TYPICAL COMPOSITION,* %

DESIGNATION Cr Ni c Mn Si P s OTHER

AISI Type 329 28.0 6.0 0.10 2.00 1.0 0.04 0.03 Mo 1.5
326** 26.0 6.5 0.05 1.00 0.6 0.01 0.01 Ti 0.25
Sandvik 3RE60 18.5 4.5 0.02 1.50 1.6 0.01 0.01 Mo 2.5
Ferralium 255 26.0 5.5 0.04 0.80 0.45 Mo 3.3

Cu 1.7

*Balance iron
**Earlier version known as developmental alloy IN-744; commercially available since 1970 under proprietary designations of

UNILOY 326, AL 326, and H-326.

a
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o
TABLE 4-75. TYPICAL MECHANICAL PROPERTIES OF SOME DUPLEX

STAINLESS STEELS* (Ref. 124)

YIELD STRENGTH
TENSILE STRENGTH (0.2% offset) ELONGA- HARDNESS,

DESIGNATION MPa Icsi MPa ksi TION, % ROCKWELL B

AISI Type 329 724 105 5S2 80 25 98
326 689 “ 100 517 75 35 95
Sandvik 3RE60 717 104 483 70 48 92
Ferralium 255 855 124 648 94 25

*Mill-anneaIedcondition

This book was published by J. Wiley & Sons, Inc., and sponsored by The Electrochemical Society, Inc.
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TABLE 4-76. STANDARD WROUGHT FERRITIC STAINLESS STEELS (Ref. 2)

ANSI .

MECHANICAL PROPERTIES

YIELD TENSILE
COMPOSITION, yO*

ELON- HARD-
STRENGTH, STRENGTH, GATION, NESS

TYPE UNS Q C Mn Si P s OTHER MPa ksi MPa ksi =_%_ .: .H! ___
405 S40500 11.5-14.5 0.08 1.0 1.0 0.04 0.03 0.1-O.3AI 276 40 448 65 30 150
409 S40900 10;5-11.750.08 1.0 1.0 0.045 0.045 (6XC)TiT 241 35 448 65 25 137
429 S42900 14-16 0.12 1.0 1.0 0.04 0.03 — 276 40 483 70 30 163

430 S43000 16-18 0.12 1.0 1.0 0,04 0.03 – 276 40 517 75 30 160
430F S43020 16-18 0.12 1.25 1.0 0.06 o.15t 0.6 Mo 379 55 552 80 25 170

430FSe S43023 16-18 0.12 1.25 1.0 0.06 0.06 0.15 Sel’t 379 55 552 80 25 170
434 S43400 16-18 0.12 1,0 1.0 0.04 0.03 0.75-1.25 MO 365 53 531 77 23 160
436 S43600 16-18 0.12 1,0 1.0 0.04 0.03 0.75-1.25 Mo 365 53 531 77 23 160

(5XC)(Cbi-Ta)t
442 S44200 18-23 0.20 1.0 1,0 0,04 0.03 — 310 45 552 80 20 185

=

446 S44600 23-27 0.20 1.5 1,0 0.04 0.03 0.25N 379 55 586 85 25 160
y

*Single values are maximumvalues unlessotherwise noted. -5
+ m•*Typic~ room temperature properties Ofannealed plateS
wm tO.70 max

?

T_/Minimum 2

Reprinted with permission from the National Association of Corrosion Engineers. Copyright NACE. g
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TABLE 4-77. STANDARD WROUGHT MARTENSXTIC STAINLESS STEELS (Ref. 2)

ANSI

MECHANICAL PROPERTIES*

YIELD TENSILE
COMPOSITION, %* STRENGTH, STRENGTH,

ELON- HARD-
GATION, NESS

TYPE UNS Cr Ni Mo c OTHER MPa ksi MPa ksi % HB

403 S40300 11.5-13.0 – – 0,15 — 276 40 517 75 35 155
410 S41OOO 11,5-13.5 — — 0.15 — 241 35 483 70 30 150
414 8:44 11.5-13.5 1.25-2,5 — 0.15 — 621 90 793 115 20 235
416 12-14 — 0,6 0.15 o.15st 276 40 517 75 30 I 55
416Se S41623 12-14 — — 0.15 0.15Set 276 40 517 75 30 155
420 S42000 12-14 — – 0.15 345 50 655 95 20 195
420F S42020 12-14 — 0.6 o,15t o. l;5st 379 55 655 95 22 220
422 S42200 11-13 0.5-1,0 0.75-1.25 0.20-0.25 0. 154.30V, 862 125 1000 145 18 320

0.75-1 .25W
431 S43100 15-17 1.25-2.5 – 0.20 — 655 95 862 125 20 260
440A S44002 16-18 — 0.75 0.6-0.75 – 414 60 724 105 20 210 ~
440B S44003 16-18 — 0.75 0.75-0.95 – 427 62 738 107 18 215
440C S44004 )6-18 — 0.75 0.95-1.20 — 448 65 758 110 14 220 $

$
m

4 501 S50100 4-6 – 0.404).6S O.lot – 207 30 483 70 28 160 ?
502 S50200 4-6 — 0.40-0.65 0.10 — 172 25 448 65 30 150 g

●Singlevaluesare maximumvaluesunlessnotedotherwise. -2**Typical room temperaturepropertiesof annealedPIQ@ I

t Minimum
a

Reprintedwith permissionfrom the National Associationof CorrosionEngineers.CopyrightNACE.
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TABLE 4-78. TYPICAL COMPOSITIONS OF THE PRECIPITATION-HARDENING STAINLESS STEELS (Ref. 124)

COMPOSITION,* %

TRADE DESIGNATION Cr Ni __ C Mn Si m Mo Ti Al OTHER

Stainless W**
17-4 PH
15-5 PH (XM-12)11
CROLOY 16-6 PH
CUSTOM 450 (XM-25)
CUSTOM 455 (XM-16)
PH 13-8 Mo (XM-13)
ALMAR 362 (XM-9)
IN-736

17-7 PH
PH 15-7 Mo
AM-350

+
AM-355

z
PH 14-8 Mot (XM-24)

17-10 P
HNM

16,75
16.50
15.00
15.75
14.90
11.75
13.00
14.50
10.00

17.00
15.00
16.50
15.50
15.50

17.0
18.5

6.75
4.25
4.60
7.50
6.50
8.50
8.00
6.50

10.00

7.00
7.00
4.25
4.25
8.75

10.50
9.50

0.07
0.04
0.04
0.03
0.03
0.03
0.04
0.03
0.02

0.07
0.07
0.10
0,13
0.05

0.12
0.30

0.50
0.40
0.25
0.80
0.30
0,20
0.05
0.30
0.10

0.70
0.70
0.75
0.85
0,10

0.75
3.50

MARTENSITIC

0.50 – —
0.50 3.60 –
0.40 3.50 –
0.45 — —
0.25 1.50 0.80
0.20 2.25 —
0.05 — 2.25
0.20 — —
0.10 – 2.00

SEMIAUSTENITIC

0.40 – –
0.40 – 2.25
0.35 – 2.75
0.35 – 2.75
0.10 — 2.50

AUSTENITIC

0.50 — —
0.50 — —

A-286 15.0 25.0 0.06 1.20 0.50 — 1.20

0.80
—
—

0.60
—

1.20
—

0.80
0.20

—
—
—
—
—

—
—

0.20
—
—

0.40
—
—

1.00
.

0.30

1.15
1+15
—
—

1.35

—
—

2.00 0.25

—

Cb + Ta 0.25
Cb -1-Ta 0.35

—

Cb -1-Ta 0.75
Cb -1-Ta 0.30

—

—
—

N 0.10
N 0.12

—

P 0.28
P 0.25
v 0.30 -

●Balanceiron
**Predominantly ferritic
lVacuum inductionmelted,maximumvalues

tt Designationsin parenthesesare ASTM designations.

This book waspublishedby J. Wiley & Sons,Inc., and sponsoredby The ElectrochemicalSociety,Inc.
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TABLE 4-79. TYPICAL MECHANICAL PROPERTIES OF THE SEMIAUSTENITIC AND
AUSTENITIC PRECIPITATION-HARDENING STAINLESS STEELS (Ref. 124)

YIELD STRENGTH, HARDNESS
TENSILE STRENGTH, (0.2% offset) ELONGA- ROCKWELL

DESIGNATION CONDITION MPa ksi MPa ksi TION, % Bor C

o

SEMIAUSTENITIC

276
1517
1276

379
1551
1379

379
1069

1172

448
1069

1310

379
1482
1379

255
676

386
855

241
689

40
220
185

35
6
9

B 85
C 48
c 43

896
1620
1379

130
235
200

17-7 PH

‘ PH 15-7 Mo

:.-

AM-350

AM-355 .

SZC** + PH*** 510°C (950°~
TI 760°C (1400”F),
PH 566°C (1051”F)

A
SZC + PH 510”C (950°F)
T 760°C (1400°F),
PH 566°C (1051°F)

A
T 732°C (1350°F),
PH 455°C (851°m
SZC + PH 455°C (851° F)

A

896
1655
1448

130
240
210

55
225
200

35
6
7

B 88
C 48
C44

,.

0,,,

1103
1344

160
195

55
155

40
10.5

B 95
c 41

c 431379 200 170 15

1207 175 65
155

30
10

B 95
C411344 195

1517 220

T 732°C (1350°F),
PH 455°C (851°F’)
SZC+PH455°C(851°F)

PH 14-8 Mo~~ A
SZC + PH 51O”C (950° F)
SZC+ PH 566’C(105]”F)

190 c 45

B 88
C48
c 45

862 125
1586 230
1448 210

55
215
200

25
6
6

AUSTENIT’IC

614 89
986 143

37
98

70
20

B 82
C 32

17-10 P A
PH 705°C (1301°F)

HRIM A
PH732°C(1350°F)

A-286 A .

56
124

57
19

B 92
C 38

800 116
1151 167

B81621 90 35
100

45

PH718°C(13240F) 1007 146 25 CM

*A = Solution annealed
**SZC = Subzerocooledto-73°C (-W°F)
8;:PH = Precipitationhardenedat indicatedtemperature

IT= Temperedat indicatedtemperature “
t~ Vacuum inductionmelted

This book waspublishedby J. Wiley & Sons,Inc., and sponsoredby The Elect.roehernicalSociety,Inc.
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TABLE 4-80. TYPICAL MECHANICAIi PROPERTIES OF THE MARTENSITIC
PRECIPITATION-HARDENING STAINLESS STEELS (Ref. 124) a

YIELD STRENGTH ELONGA- HARDNESS,
TENSILE STRENGTH ~ TION, % ROCKWELL

DESIGNATION CONDITION MPa ksi MPa ksi c

Stainless W

174 PI-I

15-5 PH

Croloy 16-6 PH

custom 450

custom 455

PH 13-8 Mo

A* 827 120 517 75 7 30
PH** 1344 195 1241 180 7 46

A
PH

1034
1379

150 758
227

110
178

10
12

10
14

33
44200

A
PH

862
1379

125
200

586
276

85
185

27
44

A
PH

924
1303

134
189

758
276

110
185

16
16

28
40 “’

A
PH.

972
1344

141
195

814
282

13
14

28
43

1000A 145 793 115 31
PH 1724 250 1689 245 10 49

A 896 130 586 85 12 28
PH 1551 225 1379 200 13 48

A 827 120 724 105 13 25
PH 1296 188 1276 185 15 41

A 958 139 738 107 16 28

ALMA~ 362

IN-736
PH 1310 190 1282 186 14 38

*A = Solution annealed
**pH = precipitation-hardenednIaxinIUm Vilhk%

This book waspublishedby J. Wiley & Sons,inc., and sponsoredby The ElectrochemicalSociety,Inc.

Cast stainlesssteelscan also be described asaustenitic, acids. Precipitation-hardening, cast alloys combine high
ferritic, martensitic, and precipitation hardening. The strength, good toughness, qnd moderate corrosion resis-
austenitic cast stainlesssteelscan exhibit poor resistance tance. The cast stainlesssteelsusually have higher silicon
to intergramdar corrosion becauseof chromium depletion content than the corresponding wrought product, which
in the vicinity of precipitated carbides. This is the same improves castability. The corrosion resistance of cast and
phenomenon as sensitization in the wrought stainless the corresponding wrought stainIess steelsare equivalent
steel alloys. The cast martensitic alloys can be hardened in most environments. The chemical composition and
and tempered to give a wide range of mechanical proper- mechanical properties of some cast stainless steels are
ties, but the ferritic cast alloys cannot be hardened. Their shown in Tables 4-81 through 4-84.
high chromium content givesgood resistanceto oxidizing

4-1oo
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TABLE 4-81. COMPOSITIONS OF CORROSION-RESISTANT, CAST MARTENSITIC,
FERRITIC, AND PRECIPITATION-HARDENING STAINLESS STEELS (Refs. 2 and 125)

ACI NEAREST WROUGHT COMPOSITION*, %

DESIGNATION COMPARATIVE Cr Nl c Mn Si OTHER

IvIARTENSIT’IC

CA-15 410 11.5-14 1.0 0.15 1.0 1.5 Mo O.S**
CA40 420 11.5-14 1.0 0.40 1.0 I .5 Mo O.S**
CA-6NM — 11.5-14 4.0 0.06 I .0 1.5 Mo 0.7
CA-6N — 11.5-14 7.0 0.06 1.0 1.5 Al, TI

FERRITIC

CB-30 442 18-22 2.0 0.30 I .0 1.0 —

cc-so 446 2&30 4.0 0.50 1.0 1.0 —
CD4MCut,ll 329 26 5.0 0.04 1.0 1.0 Cu 3.0,

.. - Mo 2.0

PRECIPITATION-H ARDENING -.

CB-7CU-I t “ 17-4 PH 16 4.0 0.05 — – Cu 3.0
cw7cu-2t 15-5 PH 15 5.0 0.05 — — Cu 3.0, Cb

●Balanceiron. SingIevaluesare maximumvaluesunlessotherwisenoted.
**Not in~tiontiy tided
?Typicalcompositions

~~f)uple%predominantlyferritic

TABLE 4-82. TYPICAL MECHANICAL PROPERTIES OF CORROSION-RESISTANT,
CAST MARTENSITIC, FERRITIC, AND PRECIPITATION-HARDENING

STAINLESS STEELS* (Refs. 2 and 125)

ACI NEAREST
TENSILE YIELD STRENGTH

STRENGTH, (0.295 offset),
ELONGA- HARD-

DESIG- WROUGHT TION IN NESS,
NATION COMPARATIVE MPa ksi MPa ksi 2 in., % BRINELL

MARTENSITIC

CA-15 410 1379 200 1034 150 7 390

CA40 420 1517 220 1138 165 1 470

CA-6NM — 827 120 689 100 14 300

CA4N — 965 140 931 135 15 —

FERRITIC

CB-30 431 655 95 414 60 15 195

CC-50 446 669 97 448 65 18 210

CDAIMCU** 329 745 108 558 81 25 260

PRECIPITATION-HARDENING

CB-7CU-1 174 PH — — 1076 156 3 418

CB-7CU-2 15-5 PH 1241 180 1034 150 6 —

*After heattreatmentfor optimum properties
‘can be precipitationhardened-Propertiesnotedhereare for the solution-annealedcondition.
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TABLE 4-83. COMPOSITIONS OF CORROSION-RESISTANT, CAST AUSTENITIC
STAINLESS STEELS (Adapted from Ref. 2) a

ACI NEAREST
DESIGNA- WROUGHT

COMPOSITION, %*

TION COMPARATIVE Cr Ni c Mn Si OTHER

CF-3 304L 17-21 8-12 0.03 1.5 2.0 —

CF-8 304 18-21 8-I 1 0.08 1.5 2.0 —

CF-20 302 18-21 8-11 0.20 1.5 2.0 —

CF-3M 316L 17-21 9-13 0.03 1.5 1.5 MO 2.0-3.0

CF-8M 316 18-21 9-12 0.08 1.5 1.5 MO 2.0-3.0

CF-8C 347 18-21 9-12 0.08 1.5 2.0 Cb**

CF-16F 303 18-21 9-12 0.16 1.5 2.0 Mo 1.5, Se 0.2-0.35
CH-20 309 22-26 12-15 0.20 1.5 2.0 —

CK-20 310 23-27 19-22 0.20 1.5 2.0 —

CN-7M — 19-22 27.5-30.5 0.07 1.5 1.5 Cu 3+ Mo 2.0-3.0

*Balanceiron. Singlevaluesare maximumvaluesunlessotherwisenoted. . ,,
**~b 8XC rein, 1.090max.

Reprintedwith permissionfrom the National Associationof CorrosionEngineers.CopyrightNACE

TABLE 4-84. TYPICAL MECHANICAL PROPERTIES OF CORROSION-RESISTANT,
CAST AUSTENITIC STAINLESS STEELS (Adapted from Ref. 2)

ACI NEAREST
TENSILE YIELD STRENGTH

STRENGTH, (0.270 offset),
ELONGA- HARD-

DESIG- WROUGHT TION, NESS, a
NATION COMPARATIVE MPa ksi MPa ksi % BRINELL

CF-3 304L 531 77 248 36 60 140
CF-8 304 531 77 255 37 55 140
CF-20 302 531 77 248 36 50 163
CF-3M 316L 552 80 262 38 55 150
CF-8M 316 552 80 290 42 50 163
CF-8C 347 531 77 262 38 39 149
CF-16F 303 531 77 276 40 52 150
CH-20 309 607 88 345 50 38 190
CK-20 310 524 76 262 38 37 144
CN-7M — 476 69 221 32 48 130

Reprintedwith permissionfrom the National Associationof CorrosionEngineers.CopyrightNACE.

4-8.4.2 Types of Corrosion

4-8.4.2.1 Pitting Corrosion

Pitting may result from the interaction of chloride ions
with the passivesurface of stainlesssteel, or it may be the
result of anodic surface defects such as inclusions and
secondphases.Pitting is propagated by the dissolution of
metal and maintenance of a high degree of acidity in the
bottom of the pit. This is described in par. 2-2.3.3. All of
the stainless steels are subject to pitting. Chromium,
nickel, and molybdenum increase resistance to pitting.

Most pitting is caused by chloride and chloride-
containing ions. Bromine may also cause pitting, but
fluoride and iodide solutions show little pitting tendency.

Cupric, ferric, and mercuric ions are strong pitting agents
in chloride solution. Increasing temperature increasesthe
pitting tendency, and stagnant solution conditions favor
pitting. Surface conditions, such as inclusions and con-
taminants, can influence pitting tendency by acting as
initial sites for pitting.

4-8.4.2.2 Crevice Corrosion

Crevice corrosion occurs within shielded crevices or
shielded surfaces if a stagnant solution is present.
Examples of crevices are metal-to-metal or metal-to- 0

nonmetal interfaces, such asthose associated with rivets,
bolts, gaskets, valve seats, loose surface deposits, and
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o‘, marine growth. Crevice corrosion usually occurs in gaps
a few micrometers wide. It does not occur in grooves or
slots where circulation of the fluid is possible.

Of all the alloying elements in stainless steel,
molybdenum provides the greatestimprovement in crevice
corrosion resistance.

The importance of the cathode (bold) to anode (crevice)
area ratio on the probability of initiating crevice corrosion
for three alloys is illustrated in Fig. 4-24. Type 304
stainlesssteelismuch more susceptibleto crevicecorrosion
than Type 316 or the Incoloy Alloy 825.

4-8.4.23 Intergranular Corrosion

Sensitization of austenitic stainless steel is the usual
causeof intergranular corrosion of stainlesssteel. Sensiti-
zation results from chromium depletion in the vicinity of
carbides precipitated at grain boundaries. $pec~lc combi-

‘; nations of temperature, time, and composition are re-
quired for sensitization. These conditions readily result
from welding.

The stabilized grades of stainlesssteel, such as 321 and
347, are not susceptibleto sensitization, but when they are
welded, the temperature in a very narrow zone im-

. mediately adjacent to the weld exceeds 115(P C (21OPF).
This heating puts carbon into solid solution within the

o

narrow zone. If the subsequent cooling rate is slow
through the range 480° to 760”C (896° to 1400° F) or if
the weld is reheated to temperatures in the chromium
carbide precipitation range, a very thin zone of sensitized
material may develop immediately adjacent to the weld.

Sensitization of the 400 seriesof ferritic stainless steels
results from chromium depletion in the vicinity of
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Figure 4-24. Probability of Crevice

Corrosion Initiation as a Function of
BoJd/Crevice Area Ratio (Ref. 127)

precipitated chromium carbides and nitrides in the grain
boundaries. The temperature range at which this occurs
and the speedof the processdiffer from thoseof austenitic
stainlesssteels.

Susceptibility of austenitic stainlesssteelto sensitization
is reduced by lowering the carbon content. However, the
levels of carbon (plus nitrogen) required to reduce
susceptibility to intergranular attack in ferritic stainless
steel are much lower than they are for austenitic stainless
steels.

Duplex stainless steels, which contain both austenite
and delta ferrite, exhibit high resistanceto intergramdar
corrosion.

Nonsensitized austenitic stainlesssteelsare resistant to
intergramdar attack in almost all environments. An
exception is oxidting nitric acid containing certain
metallic ions in their higher vaIence states. These metal
ions include Cr% (Cr201-2), Mn’7 (MnOd_), Fe+3,Cex, and
w’.

4-8.4.2.4 Sfress-Corrosion Cracking

The requirements for stress<orrosion cracking are a
sustainedtensile stressand a spec~lccorrodent. chloride,
caustic, and oxygen designate spec~lc aqueous environ-
ments in which stainlesssteelsare susceptibleto cracking.
Hydrogen embnttlement is facilitated by the entry of
hydrogen in the metal. In stilde cracking, suMde ions
poison the recombination of hydrogen ions that are
generated in a corrosion process.Therefore, hydrogen is
available at the stuface for entry into the metal. Austenitic,
ferntic, and duplex stainlesssteelsare subject to chloride
stresscorrosion. Most seMce failures with high-strength
martensitic and precipitation-hardening stainless steels
occur as a result of hydrogen embrittlement.

4-8.4 .2.4.1 Chloride Cracking

The contributing factors, in addition to sustained-
tensde stress, in chloride strms-corrosion cracking are

1. Chloride ions in aqueous solutions
, 2. Oxygen or other oxidizer

3. Favorable electrochemical potential
4. Elevated temperature
5. Opportunity for local breakdown of passivity
6. Opportunity to develop local acidity
7. Existence of a stress-raisersuchasa notch or a pit_

The chloride ion may originate from many sources.
Some common sources are seawater, the marine atmo-
sphere, river water, sweaty hands, human waste, salted
food-stuffs, soluble contaminants in thermal insulatio%
hydrochloric acid or other chlorid=ontaining chemicals,
lubricants, sealants, and decomposition products of poly-
vinyl chloride. The minimum concentration of chloride
ions that can cause cracking may range from 1 ppm to a
few thousand ppm depending upon many other factors;
however, the likelihood of cracking increaseswithincreas-

4-103

Downloaded from http://www.everyspec.com



MiL-HDBK-735(MR)

ing chloride ion concentration. CMoride-concentrating
mechanisms such as alternate wetting and drying should
be avoided.

Stresses responsible for chloride cracking are usually
the result of fabrication, fit-up, welding, or differential
heating. Design stressesor stressesresulting from metal
heat treatments add to thesestressesbut taken alone they
are not the principle causes of most service failures.
Relatively low stressescan cause cracking, e.g., stresses
even lower than 69 MPa ( 10 ksi) can cause cracking in a
steel having an ultimate tensile strength of 621 MPa (90
ksi). Decreasing the applied stress increases the time to
failure as indicated in Fig. 4-25. The increase in fracture
time is of practical significance on the relatively flat
portion of the curve. A threshold stress below which
cracking does not occur is also indicated on this figure
and may be estimated from the scale on the left vertical
axis. The threshold stressintensity for precracked fracture

mechanics specimens is designated KISCC.
All of the austenitic stainless steels are subject to

chloride stress-corrosion cracking. The relative suscepti-
bilities are
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4. Lowest Susceptibility. 310,314, USS 18-18-2.

The presence of oxygen or an oxidizer is important in
chloride cracking in neutral solutions. Oxygen is not
necessaryfor cracking in slightly acid solutions, however,
introducing oxygen into suchsolutions acceleratescrack-
ing.

Chloride cracking of austenitic stainless steels seldom
occurs except at elevated temperatures—above about
60° C (140° F). Chloride cracking of austenitic stainless
steel does not occur below a critical electrochemical
potential. Therefore, cathodic protection can be achieved
by impressed currents or by coupling with a more anodic
mater@ such as carbon steel, aluminum, or Iead. . ,,

A corrosion pit may be the precursor of stress-
corrosion cracking. Increasing the bulk pH of a solution
increases pitting resistance, and a similar improvement
occurs in the resistance to chloride stress-corrosion
cracking.

i I I

I 1 I 111111 1 I 1
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Fracture Time, h
Reprintedwith permissionfrom the National Associationof CorrosionEngineers.CopyrightNACE.

Figure 4-25. Relative Stress-Corrosion Cracking Behavior of Major Types of Austenitic Steel in
Boiling Magnesium Chloride (Ref. 128)
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O,,, Silkites, nitrates, phosphates, carbonates, iodides, and
sulfides are all effective inhibitors of cracking if they are
present in suffkient concentrations.

Ferntic stainlesssteels(AISI 400 series)usually exhibit
uniform corrosion or pitting attack in chloride solutions.
However, cracking can also occur under some conditions.

In the annealed condition duplex stainless steels are
more resistant to chloride cracking than the common
austertitic grades, such as Types 304 and 316. Welding
may result in continuous regions of sensitized ferrite in
the heat-affected zone, which can be susceptible to
chloride cracking.

- 4-8.4.2.4.2 Caustic Cracking

Hot caustic solutions, e.g., sodium hydroxide or
potassium hydroxide, over a range of concentration from
lessthan 1to 100% can cause cracking of stainlesssteels.

“” The temperature and concentration limits necessaryfor
caustic cracking of several types of austertitic stainless
steelsto occur are shown in Fig. 4-26. Although oxygen is
not necessary for caustic cracking, its presence can
increase the caustic cracking susceptibility of an alloy.
High levels of nickel and chromium provide resistanceto
causticcracking in aerated solutions of sodium hydroxide.

The caustic cracking behaviors of ferntic, duplex, and
martensitic stainlesssteelsunder one setof environmental

o
conditions are compared in Table 4-85. As isevident, the,:
environmental conditions were not sufficiently severeto
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This book was published by J. Wiley & Sons, Inc., and
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o Figure 4-26. Temperature and,:,. Concentration Limits for Caustic Cracking
of Types 304,347,316, and 321 Stainiess
Steels (Ref. 124)

crack Type 304 austenitic stainless steel in the given
metallurgical condition within the exposure period.

4-8.4.2.43 Oxygen Cracking

Sensitized Type 304 stainless steel can crack in high-
ternperature, high-purity water in which the oxygen
content of the water is at least0.2 ppm. This action occurs
most readily in the presence of a crevice, although this is
not neeessaryfor cracking of sensitized Type 304 stainless
steel.

4-8.4.2.4.4 Other Cracking Environments

There are three additional groups of aqueous chemical
environments that can causestress-corrosion cracking at
room temperature:

1. Polythionic acids can crack sensitized steels at
room temperature.

2. Dilute fluoride solutions have caused cracking of
sensitized Type 304 in components having high residual
stress.

3. Any strong acid containing a trace of chloride may
cause cracking at room temperature.

4-8.4.2.4.5 Hydrogen Embrittlement
Yield strength is the dominant characteristic that

correlates with the susceptibility of stainless steel to
hydrogen embnttlement. Cracking can readily occur in
most high-strength steelsirrespective of their composition
or structure. Martensitic and precipitation-hardening
stainless steels having yield strengths above 1034 MPa
(150 ksi) can crack in marine atmospheres, and notched
specimens may crack at lower yield strengths. Although
tempering martensitic stainless steelsand overaging pre-
cipitation-hardening stainless steels improve cracking
resistance, these processeslower yield strength. Stainless
steelsand higher alloys having high resistanceto hydrogen
cracking are listed in Table 4-86.

The pH of the environment can influence hydrogen
cracking resistance. Time-to-failure is lowest at low pH,
and the acidification that occurs within crevices could
lead to unanticipated cracking under bulk solution condi-
tions.

The presence of hydrogen sulflde in various environ-
ments decreasesthe cracking resistance of high-strength
steels. A minimum hardnessexists below which cracking
does not occur at a given applied stress. This minimum
hardness increases with decreasing hydrogen sultlde
concentration. Cracking is facilitated by such factors as
low pH, elevated temperature, galvanic coupling to
anodic materials, and cold-working. Stainless steelscon-
sidered acceptable for hydrogen sulflde environments are
listed in Table 4-87.
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TABLIE 4-85. CRACKING BEHAVIOR OF VARIOUS STAINLESS STEELS IN
DEAERATED 10% NaOH SOLUTION AT 332° C (630”F) (C-RING SPECIMENS STRESSED @

AT 90% OF THE YIELD STRENGTH) (Ref. 130)

STAINLESS STEEL CONDITION OBSERVATION*
Type 304 (austenitic) Mill Annealed NC

10 h at 648°C (I199”F) NC

Type 405 (ferntic) Mill Annealed NC, GC
1 hat 101O”C (1850°F)/FC NC, GC

Fe-18%Cr-2%Mo-O.5%Ti (ferritic) MiW Annealed NC, IGA
1 hat 101O”C (1850°F)/FC c

3 hat 475°C (887”F) c
20 h at 475°C (887” F) c

E-Brite 26-1 (ferritic) Mill Annealed NC
1 hat 10IO°C (1850°F)/FC c

100 hat 475° C (887° F) NC
300 hat 475° C (887° F) c

3RE60 (duplex) Mill Annealed NC, GC, IGA
10 h at 643”C(1190”F) NC, GC, IGA
100 hat 475°C (887° F) c
300 hat 475°C (887”F) c

Type 410 (martensitic) Mill Annealed NC, GC
tempered 648° C ( 1199° F) (Rc = 28) NC, GC
tempered 566° C (1050° F) (Rc = 41) NC, GC
tempered 482° C (900° F) (Rc = 50) c

*NC = No crackingin 4800 h
C = Crackingduring4800 h

GC = Heavy generalcorrosion
KIA = Intergranularattack

FC = Furnace-cooled
Rc = Hardnesson Rockwell C Scale

Reprintedwith permissionfrom the National Associationof CorrosionEngineers.Copyright NACE.
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TABLE 4-86. STAINLESS STEELS AND HIGHER ALLOYS REGARDED AS HAVING
HIGH RESISTANCE TO HYDROGEN EMBRITTLEMENT BY

MARSHALL SPACE FLIGHT CENTER (Ref. 31)

ALLOY
cONDITION

AISI 300 Series Stainless Steel (Unsensitized)*
All

21-6-9 stainless steel
All

Carpenter 20Cb All

Carpenter 20Cb3
All

A286
All

AM350
SCT 1000 and above

AM355
SCT 1000 and above

ALMAR 362
H 1000 and above

Custom 455
H 1000 and above

15-5 PH
H 1000 and above

PH 14-8 Mo
CH900 and SRH950 and above

PH 15-7 Mo
CH900

17-7 PH
CH900

Nitronic 33**
All

Hastelloy alloy C
All

Hastelloy alloy X
All

incoloy alloy 800
All

Incoloy alloy 901
All

Incoloy alloy 903
All

Inconel alloy 600**
Annealed

Inconel alloy 625
Annealed

hwonel alloy 7 18**
All

Inconel alloy X-750
All

Monel alloy K-SOO**
All

NI-Span-C alloy 902
All

Ren~41
All

Unitemp 212
All

waspalloy
All

‘Including weldmentsof 304L, 316~ 321 and 347
●*Including weldments

o
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TABLE 4-87. STAINLESS STEELS LISTED IN NACE STANDARD MR0175*
AS ACCEPTABLE FOR HYDROGEN SULFIDE ENVIRONMENTS** (Ref. 268) o

PRECIPI- DUPLEX
TATION (AUSTENITIC/

AUSTENITIC FERRITIC MARTENSITIC HARDENING FERRITIC)~

AISI AISI AE31 ASTM UNS S31803
302 405 410 A 453 Gr 660ii UNS S32550
304 430 501 A 638 Gr 660~t UNS S32404
304L
305
308
309
310
316
3i6L
317
321
347

ASTM ASTM ASTM UNS S17400 Cast Duplex
A 182 A 268 A217 GrCA 15 UNS S45000 (Austenitic/ Ferritic)
A 193T~t GR TP 405, TP 430, TP A 268 Gr TP 410 UNS S66286 stainlesssteel
Gr B8R, B8RA, B8, XM 27, TP XM 33 A 743 Gr CA 15M Z6CNDU20.28M, NF A
B8M, 138MA A 487 CI CA 15M 320-55 French National

A 194TTT A 487 CI CA6NM Standard
Gr 8R, 8RA, 8A, 8MA UNS S42400

A320TT~
Gr B8, B8M

A 351
Gr CF3, CF8, CF3M,
CF8M

B 463
B 473

UNS S20910
UNS N08020
UNS S31254

*Caution: NACE Standard MRO175is updatedannually.It is the responsibilityof the userof thistabie to consultthe National
Associationof CorrosionEngineers(NACE) for the mostcurrenteditionof MR0175.
** MatefiaJslistedin this table shouldbe ttsedonly underthe conditionsnotedin the teXt Of MR017’5.

~ Wrought condition only. Aging over 260°C (500°F) may reduce low-temperature toughnessand reduce resistanceto
environmentalcracking.

i~Austenitic precipitationhardeningstainlesssteelwith chemicalcompositionin accordancewith UNS S66286isacceptableat 35
HRC maximum hardnessprovidedit iseitherinthesolutionannealedandagedorin thesolutionannealedanddoubleagedcondition.
HTCarbide solutiontreated.

This book waspub]ishedby J, Wiley & Sons,Inc., and sponsoredby The ElectrochemicalSociety,Inc.

Reprintedwith permissionfrom the National Associationof CorrosionEngineers.CopyrightNACE.
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4-8.4.2.5 Corrosion Fatigue
The effect of the environment is shown by comparing

the variation of fatigue-fracture stresswith the number of
stress cycles applied in air and in the environment of
interest. The corrosion-fatigue strength is the stress at
which no failure occttrs after 107 or 108 cycles or some
other experimentally feasible number of cycles;this value
is not the corrosion-fatigue limit. It is, however, a
convenient approbation of the stresslevel below which
no failure can occur. If the test specimen contains a notch
that acts as a stress raiser, the fatigue limits in air and in
the test environment are reduced. Pitting, intergratmlar
corrosion, and stresscorrosion can produce stressraisers.
. For stainless steels and higher alloys tensile strength is
the most important property relating to resistance to
corrosion fatigue. For example, increasing tensilestrength
by precipitation hardening improves corrosion-fatigue

.-strength.
The factors that follow have a detrimental effect on

corrosion-fatigue strength:

1, Sensitizing heat treatments of both austenitic and
martensitic stainlesssteels

2. A surface stressraiser
3. A pH 3 which results in a 50% reduction of the.

corrosion-fatigue strength of cold-worked Type 316L.

4-8.4.2.6 Gdvnnic Corrosion

Guidelines relating to the galvanic coupling of stainless
steelswith other metals in aqueous solutions are given in
Table 4-88, and the galvanic corrosion potentials of
various materials in flowing seawater are given in Fig.
4-27. The corrosion potentials of the stainless steels are
noble in this environment. In the presence of crevices,
however, stainlesssteelsmay exhibit lessnoble potentials
due to oxygen depletion within the crevice. Therefore,
coupling a relatively large area with the small-area
characteristic of a crevice may result in rapid attack of the
material withii the crevice. Another example of poor
practice is to use mild steel fasteners (small anodes) to
assemble stainless steel plates (large cathode). Under

TABLE 4-88. DEGREE OF CORROSION AT BIMETALLIC CONTACTS IN
AQUEOUS ENVIRONMENTS (Ref. 131)

METAL CONTACT METAL
CONSIDERED CUPRONICKELS.

MONEL(I). SILVER SOLDER.
GOLD. 1NCONEL(2). ALUMINUM- COPPER.

PLAnNuM. NICKEL- BRONZES. BRASSES.
RHODIUM.

LEAD. TtN.
MOLYBDENUM TtN-BRONZES. ‘NICKEL

SILVER
AND SOIT STEEL AND

ALLOYS GUNM~AIS SILVERS” NICKEL SOLDERS CAST IRON

stainless steels
Type 304 A* A A A A A A

Type 431 c A or C(s) A or C(s) A or C(s) A A A

Type 410 c c c c Bor C A A

METAL CONTACT METAL
CONSIDERED MAGNESIUM

AND
STAINLESS STEELS

ALUMINUM
MAGNESIUM AND

ALLOYS TYPE TYPE TYPE
CADMIUM

ALUMINUM
ZINC (CHROMATED) W 43 I 410 CHROMIUM TITANIUM ALLOYS

Stainless steels
Type 304 A A A — A A A A

Type 431 A A A — A A ($ A

Type 410 A A A ; c– c c A

●A = The corrosionof the “metalconsidered”is not increasedby the “contactmetal”.
B = The corosionof the “metal considered”may be slightlyincreasedby the “contactmetal”.
C = The corrosionof the“metalconsidered”maybemarkedlyincreasedbythe“contactmetal”.(Accelerationislikelyto occuronly

whenthemetalbecomeswetbymoisturecontaininganelectrolyte,e.&, satt,acid,or combustionproducts.In ships,acceleration
may beexpectedto occurunderin-boardconditionsbecausesatinityandcondensationarefrequently present.Underlesssevere
conditionsthe acceleration may be slight or neg@ible.)

s = Seriousaccelerationof corrosionof Type431 stainlesssteelin contactwith copperor nickelalloysmayoccurat creviceswhere
the oxygensupplyis low.

O= No data available
1 = Monel Alloy 4@
2 = InconelAlloy 600

Reprintedwith permission. Copyright @by the ControUerof Her BritannicMajesty’sStxionety Office.
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Figure 4-27. Corrosion Potentials of Various
Materials in Flowing Seawater (Ref. 132)

some circumstances, coupling stainiess steel to a more
active metal can shift the stainlesssteelcorrosion potential
from a passive range to an active range. This shift results
in an increase in the corrosion rate of the stainlesssteel.

Stainless steel fasteners in contact with more active
metals can become embrittled from ‘the hydrogen
generated by the galvanic couple.

In a study of galvanic corrosion in tropical atmo-
spheres, Type 316 stainless steel coupled with other
metals increased the corrosion rate of phosphor bronze
by 140% and of carbon steel by 130% (Ref. 109).

4-8.4.2.7 Erosion-Corrosion

Susceptibility of a stainlesssteel to erosion-corrosion is
reduced by properties that

1. Enhance resistance to corrosion, e.g., alloying
with nickel, chromium, and moiybdenenum

2. Enhance resistanceto erosion, e.g., hardnessof the
alloy.

‘a
Factors that accelerate erosion-corrosion are turbulent

flow conditions and design that cause impingement. In
seawater at high velocity, metals are either velocity
limited or not. Stainless steels and many nickel-base
alloys are not velocity limited; thus these metals suffer
virtually no metal lossfrom velocity effects or turbulence.
They are, however, susceptibleto cavitation effects and to
erosion by hard particles entrained in the flowing fluid.

4-8.4.2.8 Cavitation

Corrosion processescan accelerate cavitation damage
of metals in corrosive environments. Under mild cavitating
conditions that only rupture a protective surface fdm,
corrodents gain accessto the unprotected metal. Thus the
corrosion resistance of a metal in seawater significantly
affects its susceptibility to cavitation damage in that -~
environment. The greatest resistance to cavitation in .,.

seawater is shown by austenitic stainlesssteels,precipita-
tion-hardening stainless steels, higher alloys such as
Inconel alloy 625, Inconel alloy 718, Hastelloy Alloy C,
cobalt-base hard-facing alloys, and titanium alloys (Ref.
122). These alloys aIi have good corrosion resistance, and
they range from soft and ductile, e.g., austenitic stainless
steel, to hard and high strength, e.g., precipitation-
Itardening stainless steel.

e
4-8.4.2.9 Uniform Corrosion in Acids and

Alkalies
Stainless steelscan exhibit uniform corrosion in strong

acids and alkalies. In many environments stainlesssteel is
passive, which means that there is a range of corrosion
potential over which the corrosion rate is low. In other
environments, however, the active-passive behavior does
not develop, and the corrosion rate increaseswith increas-
ing corrosion potential.

The corrosion rates of a number of stainless steels in
different concentrations of sulfuric acid are shown in Fig.
4-28. Increasing the temperature of the sulfuric acid
increasesthe corrosion rate. Additions of oxidizers, such
asnitric acid or cupric ions, to the sulfuric acid can put the
corrosion potential of stainlesssteel in the passiverange.
Addition of oxygen can also passivate stainless steels.
However, maintaining the proper level of oxygen con-
centration is difficult to accomplish. Pure sulfuric acid of
very high concentration (oleum) is not particularly cor-
rosive to austenitic stainlesssteels.

The corrosion rates of a number of stainless steels in
different concentrations of hydrochloric acid are shown
in Fig. 4-29. Increasing the temperature of the hydro-
chloric acid increasesthe corrosion.

Stainless steels exhibit active-passive behavior in
phosphoric acid solutions. The presence of oxidizers,
such as ferric and cupric ions, can result in a passive
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Reprintedwith permission.Copyright@byButterworthHeine-
mann.

Figure 4-28. Corrosion Rates of Various
Stainless Streels in Different Concentrations
of Unaerated Sulfuric Acid at 20° C

o (68”F) (Ref. 133).

I , , ,

Concentration of HCI, %
Reprintedwith permission.Copyright@byButterworthHeine-
mann.

0
Figure 4-29. Corrosion Rates of Various

Stainless Steels in Hydrochloric Acid
Solutions at 20°C (68°F) (Ref. 133) ,

corrosion potential. The corrosion rates of stainlesssteels
in boiling solutions of phosphoric acid are shown in Fig.
30. Phosphoric acid used in industry is often irnpurq
therefore, testing in the service environment is desirable.

Stainless steels containing 18% chromium generally
exhibit passive behavior toward nitric acid over a wide
range of temperatures and pressures.The corrosion rates
of some stainlesssteelsin boiling nitric acid solutions are
shown in Fig. 4-31. Type 304L iswidely usedfor handling
nitric acid. The corrosion rates of Type 304L are given in
Fig. 4-32 as a function of nitric acid concentration and
temperature. High-silicon stainless steelshave been used
for highly oxidizing conditions or for conditions under
which aggressivecorrosion products, such as hexavaient
chromium ions, eastaccumulate and cause intergranular
attack (Ref. 122).

Stainless steelshave limited resistance to hydrofluoric
acid. Sulfurous acid—generated by the dissolution of
sulfur dioxide in water~an be handled by the grades of
stainless steel containing molybdenum. Boric acid and
carbonic acids do not corrode stainless steels.

Organic acids can corrode stainless steel. Passive
behavior is shown in the presence of oxidizers; however,
increasing temperature favors active behavior. Some
typical corrosion rates of stainless steelsin organic acids
are shown in Table 4-89. Higher aLloy materials are
preferred for handling concentrated hot solutions of
formic acid contaminated with chlorides, which may
cause pitting. Acetic acid at high temperatures may be
handled by Type 304L, whereas acetic acid at low
temperatures may be handled by Type 316L.

.
0(

Concentration of H#Wd, %

Reprintedwith permission.Copyright@byButterworthHeine-
mann.

Figure 4-30. Corrosion Rates of Various
Stainless Steels in Phosphoric Acid
Solutions at Their Boiling Points (Ref. 133)
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Figure 4-31. Corrosion Rates of Various
Stainless Steels in Boiling Nitric Acid
Solutions (Ref. 133)
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Figure 4-32. Corrosion Behavior of Type

304L Stainless Steel in Nitric Acid
Solutions of Various Concentrations and
Temperatures (Ref. 124) ~

Stainlesssteelsexhibit active-passivebehavior in sodium
and potassium hydroxide solutions. Increasing concentra- m
tions and temperatures result in the active condition.
Types 304 and 316 exhibit low corrosion rates over a wide
range of temperatures and concentrations, asindicated in
Fig. 4-33, caustic cracking may occur at elevated tempera-
tures, as indicated in par. 4-8.4.2.4.2.
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Copyright @by McGraw-Hill, Inc. Reprintedwith permission.

Figure 4-33. Isocorrosion Chart for Types
304 and 316 Stainless Steels in Sodium
Hydroxide (Ref. 135)
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TABLE 4-89. CORROS1ON OF STAINLESS STEELS BY OR;ANIC ACIDS (Ref. 134)

CORROSION RATE

CONCEN- ‘TEMPERATURE 410 430 304 316 20Cb-3

ACID TRATION “C “F pm~yr mpy pm/yr mpy pm/yr mpy pm/yr mpy gm/yr mpy

Acetic 5094 24 75 >1270 >50 508 to 1270 20 to 50 <508 <20 <51 <2 <51 <2
(air-free) 5094 100 212 >1270 >50 508 to 1270 20 to 50 508 tO 1270 20 to 50 <51 <2

Glacial 24 75
<5 i <2

<508 <20 <508 <20 <5 I <2 508 to 1270 20 to 50
Glacial

<51 <2

100 212 >1270 >50 >1270 >50 >1270 >50 >508 >20 <508 <20

Acct ic 50% 24 75 >1270 >50 <508 <20 <51 <2 <51 <2 <51 <2
(aerated) 50% 100 212 >1270 >50 <508 <20 <51 <2 <51 <2 <51 <2

Glacial 24 75 >1270 >50 508 to 1270 20 to 50 <51 <2 <5 I <2
Glacial 100 212

<51 <2
>1270 >50 >1270 >50 508 tO 1270 20 to 50 508 to 1270 20 to 50 <508 <20

Formic 50% 24 75 508 to 1270 20 to 50 508 to 1270 20 to 50 <5 I <2 >! 270 >50 <51 <2
50% 100 212 >1270 >50 >1270 >50 <51 <2 >1270 >50 <51 <2 :
80% 24 75 >1270 >50 508 to 1270 20 to 50 <51 <2 >1270 >50 <51 <2 &
80% 100 212 >1270 >50 >1270 >50 <51 <2 >1270 >50 <5 I <2

~
$
m

G 3
&
u

ii
s

Downloaded from http://www.everyspec.com



MIL-HDBK-735(MR)

4-8.4.2.10 Corrosion by Hot Gases
The formation of an oxide scale on stainless steels by

hot gasesis a common form of corrosion. Oxidation can
occur in oxygen, air, carbon dioxide, steam, and mixtures
of these gases. Iron is alloyed with chromium to obtain
oxidation resistance at elevated temperatures. The resis-
tance of stainlesssteelsto oxidation is associatedwith the
formation of chromic oxide (CrzOq) scale. A thin, tena-
cious protective scale is formed at a chromium concen-
tration of about 18wtyo$asshown in Fig. 4-34. Formation
of the protective chromic oxide scale involves selective
oxidation of chromium at the metal surface and depletes
the chromium at the metal-to-oxide interface. Bulk
chromium contents of about 25% in commercial stainless
steels, such as Type 310, are required for good oxidation
resistance.
‘ Generally accepted maximum service temperatures in
air are shown in Table 4-90 for wrought alloys and in
Table 4-91 for cast stainless steels. Intermittent or cyclic
service that involves thermal cycling can cause the scales
to crack and span and expose the alloy surface to the
service environment..

‘“r
30

10

1000° c ,
(1832° F)

9ofi” c
(1652° F)*

The presenceof water vapor decreasesthe resistanceof
stainlesssteelsto oxidation in air. The temperature limits a
in moist air should be adjusted downward by 56 to 83 deg
C (100 to 149 deg F) from those shown in Tables 4-90 and
4-91. In carbon dioxide service the temperature limits
listed in Table 4-90 should be revised downward by 56 to
111 deg C (100 to 200 deg F) for the lower chromium
alloys, such asTypes 410,430,302,321,316, and 317. The
higher chromium alloys, such asTypes 309,310, and 330,
may be usedat temperatures closeto those listed for air in
Table 4-90.

Attack by high-temperature oxidizing gasescontaining
sulfur dioxide and air can form a rnixed-oxide-plus-
sulfide scale on the metal surface. SuYlde scales are
formed in reducing gases such as hydrogen-hydrogen
sult3demixtures.

Rates of scale formation by high-chromium stainless
steels are higher in dry sulfur dioxide than in air. Watei
vapor in an air-sulfur dioxide atmosphere accelerates
attack. The generally accepted maximum servicetempera-
tures for stainless steeIs in sulfur dioxide are shown in
Table 4-92.

8.19 X 10-3

\

1200° c (2192° F)

\ I

lt55°c
(2112° F)

\

Chromium, wt %

6.14 X 10-3

4.10 x 1’0-3

2.05 X 10-3

0

Figure 4-34. Effect of Alloyed Chromium on Oxidation of Steels Containing 0.5% C, 220 h
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TABLE 4-90. GENERALLY ACCEPTED MAXIMUM SERVICE TEMPERATURES IN
AIR FOR WROUGHT STAINLESS STEELS (Ref. 136)

INTERMITTENT SERVICE CONTINUOUS SERVICE
MATERIAL

“c ‘F “c ‘F

AUSTENITIC

201
202
301
302
304
308

:. 309
310
316
317

-. 321
330
347

815
815
840
870
870
925
980

1035
870
870
870

1035
870

1499
1499
1544
1598
1598
1697
1796
1895
1598
1S98
1598
1895
1598

845
845
900
925
925
980

1095
1150
925
925
925

1150
925

1553
1553
1652
1697
1697
1796
2003
2102
1697
1697
1697
2102
1697

MARTENSITIC

406 815 1499 1035 1895
410 815 1499 705 1301
416 760 1400 675 1247
420 735 1355 620 1148
440 815 1499 760 1400

FERRITIC

405 815 1499 705 1301
430 870 1598 815 1499
442 1035 1895 980 1796
446 1175 2147 1095 2003

From Handbook oJ Stainfess S(eek by Donald Pecknerand L M. Bernstein.Copyright Q 1977.Reprintedwith permissionof the
publisher,McGraw-H~ Inc.
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TABLE 4-91. GENERALLY ACCEPTED MAXIMUM SERVICE TEMPERATURES IN
AIR FOR CAST STAINLESS STEELS (Ref. 136)

o
COl$4POSITIONS CONTINUOUS SE~VICE

WROUGHT PREFERRED FOR
MATERIAL COMPAllATIVE CYCLICSERVICE “c ‘F

HA — 650 1202
HC 446 Good 1120 2048
HD — 1065 1949
HE — 1065 1949
HF 302B 900 1652
I-Ml 309 1065 1949
HI — 1120 2048
HK 310 1095 2003
HL — I 150 2102
HN . Good 1095 2003
HT 330 Very good 1035 1895
H?.1 — Very good 1095 2003 ,
HW — Excellent 1095 2003
HX — Excellent 1150 2102

From Handbook of Stainless Steels by Donald Pecknerand I
publisher,McGraw-Hill, Inc.

The corrosion rates of austenitic stainless steelsin the
reducing hydrogen-hydrogen sulfkle environments are
illustrated in Fig. 4-35. High-chromium Type 310 is
favored for high-temperature hydrogen sulfide environ-
ments.

Stainiess steelsare attacked by sulfur vapor at elevated
~emperatures. Higher chromium types, such as Type 310,
show the greatest resistance to attack.

The combustion products of most fossil fuels contain
sulfur compounds. Oxidizing flue gasesgenerally contain
sulfur dioxide, carbon dioxide, nitrogen, water vapor,
and oxygen. Reducing flue gases contain hydrogen
sulfide, hydrogen, water vapor, carbon monoxide, carbon

TABLE 4-92. GENERALLY ACCEPTED
MAXIMUM SERVICE TEMPERATURES
IN SULFUR DIOXIDE FOR SELECTED

STAINLESS STEELS (Ref. 136)

TEMPERATURE

MATERIAL ‘c ‘F

304 800 1472
321 800 1472
347 800 1472
310 “ 1050 1922
410 700 1292
430 800 1472
446 1025 1877

From Handbook of StainIess Steels by Donald Pecknerand L
M. Bernstein.Copyright@ 1977.Reprintedwith permissionof
the publisher,McGraw-Hill, Inc.

M. Bernstein.Copyright @i977. Reprintedwith permissionof the
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CorrosionEngineers.CopyrightNACE.

Figure 4-35. Effect of Temperature and
Hydrogen Sulfide Content on Corrosion Rate o

of Austenitic Stainless Steels (Ref. 137)
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o dioxide, and nitrogen. A high+hrom.ium<ontent stainless.,
,? steel has improved corrosion resistance in flue gases.

Stainless steels can form carbides of chromium and
iron in high-temperature gasescontaining carbon com-
pounds, such as carbon monoxide or hydrocarbons.
These carbides may reduce ductility and toughness and
thus causefailure. Large volume changes associatedwith
carbide formation can generate high local stressesand
result in cracking of the material below the carburized
layer. Chromium imparts thegmatest resistanceto carburi-
zation. Other beneficial alloying elements are nickel,
silicon, columbium and titanium.

Atomic nitrogen produced by the dissociation of
ammonia at elevated temperatures can form brittle
nitride surface layers in stainless steel. High nickel
cmtent increases resistance to attack.

At high temperatures, e.g., 600°C (1 112°F), stainless

.. steelsreact with chlorine and hydrogen chloride gasesto
form a volatile chloride scale. Becausenickel forms one of
the least volatile chlorides, the maximum opemting
temperature isgoverned by the nickel content of the alloy.
The upper temperature limit for stainless steel in dry
chlorine and hydrogen chloride is about 320° C (608° F).

Low-melting sulfates and vanadates are generated by
burning solid and liquid fuels containing sulfur, sodium,
and vanadium. These compounds can react with the

o

surface oxide scales on stainless steel to form liquid‘,,,, eutectics. Thus the presence of vanadates can result in
very severe attack on the stainless steeL

4-8.4.3 Interface Problems

4-8.43.1 Metal-to-Metal
Common metal-to-metal interface problems that can

affect the corrosion of stainless steel include
1. Formation of crevices resulting in crevice cor-

rosion, as described in par. 4-8.4.2.2
2. F]t-up between structural members creating tensile

stressesnecessaryfor stress-corrosion cracking
3. Dissimilar meia.ls at joints between structural

members and between a fastener and the structural
member, asillustrated in Table 4-93, for exposure in quiet
seawater for 6 mo and discussedin par. 4-8.4.2.6

4. Sensitization in which a metal zone is modified
creating interfaces at the micro level as discussedin par.
4-8.4.2.3.

4-8.43.2 Metal-to-Nonmetal

Metal-to-nonmetal interfaces may also create crevices
and fit-up stresses in the metal member. However, the
most serious problems in stainless steel-to-nonmetal
interfaces are the creation and maintenance of a moist

o

environment that contains chloride ions. The pitting
7’

corrosion that can result is discussedin par. 4-8.4.2.1.

4-8.4.4 Methods for Prevention of Corrosion

A stainless steel usually is selected for its resistanceto
corrosion in a particular environment even though less
expensive alternative materials are available that possess
comparable mechanical properties. Therefore, selection
of the proper material is the primary defense against
corrosion. For example, various kinds of coatings would
not be considered to protect stainless steel against cor-
rosion. If coatings were to be necessary, they could be
applied to a lessexpensive material.

Pitting and crevice corrosion of austenitic steel in
chloride solutions, such asseawater, can be suppressedby
cathodic protection. However, cathodic protection causes
hydrogen blistering if attempted on martensitic, e.g.,
Type 410, and fernt.ic, e.g., Type 430, stainless steels in
seawater. Certain ions-sulfate, hydroxyl, chlorate,
carbonate, chromate, and nitrate-tend to inhibit pitting
in chloride solution. A pH greater than about 10 has an
inhibiting effect on pitting, and flowing conditions reduce
pitting. Surface inclusionsand contaminants that may act
as sites for initiation of pitting can be removed by
chemical treatment.

Passive fdms that may form .on corrosion-resistant
steelsare described in par. 3-6.1.3.

Sensitization to intergranular attack can be avoided by
using Iow<arbon grades of austenitic stainlesssteels,by
using stabilized grades of stainlesssteels,by avoiding the
specfic combinations of temperature and time required
for sensitization of a speciftccomposition, and by anneal-
ing to modify the sensitized microstructure.

Damage from hydrogen embrittlement can be avoided
or reduced by avoiding the conditions that favor hydrogen
generation or by baking the assembly to reduce the
embattling hydrogen species. Cracking is promoted by
the presence of crevices, pitting and other stressraisers,
hydrogen sulflde in the environment, low pH, elevated
temperature, galvanic coupling to anodic materials, and
cold-working.

Factors that have a detrimental effect on corrosion
fatigue strength and that therefore should be avoided or
minimiud are sensitization of both austenitic and mar-
tensitic stainless steels, surface stress raisers, and a low
pH.

In those environments in which stainlesssteelsexhibit
active-passive behavior, general corrosion can be mini-
mized by adding okidizers, which put the corrosion
potential in the passiverange. For example, nitric acid or
cupric ions added to sulfuric acid and ferric and cupric
ions added to phosphoric acid solutions maintain stainless
steel in the passiverange. Reduced temperatures and the
concentmtion of some environmental species tend to
promote passive behavior.
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TABLE 4-93. SUMMARY OF MARINE EXPOSURE RESULTS
OF COUPLED METALS (Ref. 138)

PANEL

Fiberglass
BOLT Type G-10 Aluminum 5456 HY-130 Steel Titanium 6AI-4V 17-4PH.Stainless

!luminum2024-T4 no attack no attack

pits in crev;*
Without sealant pits in bolt end no attack mild galv corr head very int galv corr very int gaiv corr

no attack no attack

With sealant

r
pitson entire corr exposed galvcorr
bolt - threads exposedsurfaces very int gaIv corr galv corr headand en

modizedSteel no attack no attack no attack

missing missing,
mild corr int galvcorfi prob veryint prob veryint

Without sealant exposed threads no attack exposed surfaces galv corr galv corr

very mild pits and edge no attack int galv corr under

With sealant

missing missing,
mild corr int galv corr; prob very int prob very int

exposed threads no attack exposed surfaces galv corr galv corr

. . ,––. ,, -–. ––...-\
*corr = corrosion,Crev= crevice,ga]v= galvanic,int = intense,prob = probably (conI-a on next page)
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PANEL

BOLT

104Ss

Without sealant

With sealant

116SS

Without sealant

With sealant

4286

Without sealant

O0 ..
TABLE 4-93. (cent’d)

Fiberglass
Tvne G-10

\ no attack

\mild crev corr*1, , .

\

no attack

mild crev corr

\

no atlack

very mild crev corr

\

no attack

no attack \

\

no attack

very mild crev corr

Aluminum 54S6

\

mild pits and edge
corr; galv corr

no tittack

\

very mild edge
cor~ galv corl

no attack

\

mild pits and edge
corq galv corl

no attack

\

mild pits and edge
corr; very inl

galv corl

no attack

\

galv corr; mild
edge corl

no attack

HY-130 Steel

\

very mild galv corr;
general corr

no attack \

\

general corr

no attack

\

very mild galv corr;
general corr

no atlack

\

very mild galv cor~
general corf

no attack

\

general corl

no attack

Titanium 6AI-4V

\

no attack

very

\

int galv
cor~ very
int pits and
tunneling on
threads

\

no attack

int
mev cor~
very int
pits on
Ihreads

\

no attack

crev corr

\

no attack

crev corr;
pits on threads

\

no attack

int crev
cor~

\

pits on exposed
surfaces

17-4PH Stainless

\

very int crev corr
and tunneling

tunneling

mild crev corr \

\

very int crev corr
and tunneling;
tunneling and

mild pits

very int crev corr \

\

very int crev corr
and tunneling;
tunneling and

mild pits

no attack \

\

very int tunneling
and mild pits

no attack

\

very int crev corr
and tunneling

\no attack

●corr = corrosion, crev = crevice, galv = galvanic, int = intense, prob = probably (cent’don next page)
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TABLE 4-93. (cent’d)

L

PANEL

Fiberglass
BOLT Type G-10 Aluminum 5456 HY:130 Steel Thanium 6AI-4V 17-4PH Stainless

\286 (cent’d) no attack no attack

With sealant

no attack no attack no attack no attack

tiP35N no attack pitsand edgecorr; verymild galvcor~ no attack

Without sealant no attack no attack no attack no attack no attack

no attack no attack
With sealant

missing;
no attack no attack no attack no attack prob no attack

ritanium no attack very mild pits and no attack

Without sealant no attack no attack no attack no attack no attack

no attack very mild galv corq no attack very int crev corr
With sealant

no attack no attack no attack no attack - no attack

*corr = corrosion,crev= crevice,galv= galvanic,int = intense,prob = probably

Reprintedwith permission.Copyright@by the Metals Information AnalysisCenterat PurdueUniversity.
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4-8.4.5 Examplm of Corrosion Problems

o
,! 4-8.45.1 Intergranular Corrosion in Stainless

Steel Components Handling Strong
Nitric Acid

Several instances of intergranular corrosion of stainless
steel occurred in welded components handling strong
nitric acid in the production of trinitrotoluene (TNT)
(Ref. 139). The problems and potential solutions are
shown in Table 4-94. In general, poor welding practice
was the causeof thesefailures, although someoperational
practices could have contributed to them.

4-8.4.52 Application of Type 304L Stainless
Steel for Sulfuric Acid Handling
in Ammunition Plants

This use is described in par. 4-13.5.2. The summary of
the results of electrochemical studies are that Type 304-L

stainless steel is suitable for use in the low-, middle-, and,’
high-stage distillate environments. However, Type 304
SttieSS Steelshould nOt be - in H2S04 media i31the@
to 80~o concentration range beCauSethe materird Shows
unstable passivity.

4-9 LEAD AND LEAD ALLOYS

The utility of iead is determined by its physical and

o

mechanical properties and by its corrosion resistance in,,
various natural and chemical environments. Lead has a
high density 11339 kg/m3 (707.9 lb/ft3). It has low
strength and poor creep resistance. Lead is soft easily
formed, and has a low melting point, i.e., 327.5°C

(621.5° F). It is amphoteric, i.e., soluble in both acids and
bases.Trace amounts of lead salts are toxic. Also lead is
relatively inexpensive.

The usesof lead include
1. Roofutg, fasci~ and other architectural applica-

tions
2. Piping and vesselsin the chemical processindustry
3. Electrical cable sheathing
4. Shielding for ionizing radiation
5. Storage battety grids
6. Solders

“ 7. Type metals for the printing industry
8. Bearings
9. Coatings for other metals

10. Ammunition.
The chemical composition and mechanical properties

of some lead alloys are shown in Table 4-95. Small
amounts of antimony or tin are added to lead to improve
its corrosion resistance in the atmosphere. For example,
overhead telephone cable sheathing containing 0.8%
antimony is frequently used. Hard leads contain 3% to
18% antimony. A IWO antimonial alloy, for example, has
greatly improved tensile strength and hardness. Anti-
monial lead and lead<alcium-tin alloys are usedfor grids
in lead-acid battery plates. Lead and Iead-tin composi-
tions, including teme alloys, are used as protective
coatings for other metals. Soft solders contain 5wo lead
and 5090 tin. Chemical lead, such as that spetiled for
sulfuric acid processing equipment, contains 0-069%
copper. Tellurium lead isa work-hardening alloy that has
high resistance to fatigue failure.

TABLE 4-94. PROBLEMS AND POTENTIAL SOLUTIONS (Ref. 139)

COMPONENT SOLUTION
ALLOY PROBLEM IMPROVE WELD TECHNIQUE

Storage tank Intergranular corrosion Use A 13003 or 5454
316L SS* Epitaxial solidification

Transfer line Intergranular corrosion Extra-low carbon SS
316L SS Epitaxial solidification Preweld shot peen

Postweld heat treat or use type
321/347 SS

Tubeturn flange Intergranular corrosion Extra-low carbon SS
316L SS Weld beading Weld integrity

American flange Intergranular corrosion Extra-low carbon SS
Japanese pipe Epitaxial nucleation Compatible weld filler

304L SS Welding alloy fdler

O,, German alloy Weld and tube corrosion Use Al 3003,5454
4541 (321 SS) condenser

*SS = stainlesssteel
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TABLE 4-95. LEAD ALLOYS (Ref. 2)

e
MECHANICAL PROPERTIES

YIELD TENSILE ELONGA- HARD-

STRENGTH, STRENGTH, TION, NESS,

ALLOY COMPOSITION, % CONDITION MPa (ksi) MPa (ksi) % HB

Chemical lead 99.9 min Pb Rolled 13 (1.9) 17 (2.5) 50 5

Antimonial lead 90 Pb, 10 Sb Rolled — 28 (4.1) 47 13

Tellurium lead 99.85 Pb, 0.04 Te,
0.06 Cu Rolled 15 (2.2) 21 (3.0) 45 6

50-50 Solder 50 Pb, 50 Sn,
0.12 max Sb cast — 47 (6.8) 50 14

Reprintedwith permissionfrom the National Associationof CorrosionEngineers.CopyrightNACE.

As a coating, lead provides an excellent corrosion
barrier as long as it is pore-free. Lead does not provide
appreciable sacrificial protection to steel. Lead corrosion
products, however, do tend to plug scratchesor pores and
thereby protect the underlying metal. Lead coatings can
be produced in several ways including hot dipping,
electroplating, thermal spraying, and cladding. Sprayed
coatings tend to be porous, whereas electrodeposited
coatings can be pore-free if they are sufficiently thick. It is
difficult to bond lead to steeh therefore, lead coatings
often contain 2% tin to increase their bonding strength.

4-9.1 TYPES OF CORROSION

The corrosion resistance of lead in many environments
results from the formation of insoluble corrosion product
films. The corrosion resistance of lead in many media can

TABLE 4-96. VOLUBILITY OF

be gaged by the volubility of the lead compounds that are
formed. The volubility of various lead compounds in cold
water is given in Table 4-96.

4-9.1.1 Galvanic Corrosion

Lead is midway in the seawater galvanic series;there-
fore, it is cathodic to iron and anodic to copper. The
galvanic behavior of lead dependsto a large extent on the
protective films that may be present on its surface.
Protective fdms make the lead more cathodic than it
would otherwise be. Iron coupled to lead is preferentially a

attacked in acid solutions, whereas in alkaline solutions
lead-iron couples produce accelerated corrosion of the
lead. Galvanic couples of lead and copper are common in
equipment used to handle sulfuric, phosphoric, and
sulfurous acids. The corrosion product film on the lead is

LEAD COMPOUNDS (Ref. 140)

VOLUBILITY,

COMPOUND gl 100 cm3 (lb/gal)

Lead acetate
Lead carbonate
Lead chloride
Lead chromate
Lead fluoride
Lead formate
Lead iodide
Lead nitrate
Lead oxalate
Lead oxide
Lead hydroxide
Lead phosphate
Lead sulfate
Lead sulfide
Lead sulfite

44.3
0.00011
0.99
0.0000058
0.064
1.6
0.044

56.6
0.00016
0.0017
0.016
0.000014
0.0044
0.01244

Insoluble

(3.70)
(9.2 X 10-’)
(8.3 X 10-2)
(4.8 X 10-7)
(5.3 x 10-3)
(1.3 x 10-’)
(3.7 x 10-3)
(4.72)
(1.3 x 10-’)
(1.4 x 10-4)
(1.3 x 10-3)
(1.2 x 10-’)
(3.7 x 10-4)
(1.038 X 10-3)

Reprinted with permission from Handbook of Chemistry and Physics. Copyright CRC Press,Inc., BocaRaton, FL.
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0 highly protective in these acids. Aluminum-lead couples
lead to severe galvanic attack orr aluminum.

Because lead does not possesssufficient strength, it
must be supported in many applications. In these cases,
care should be taken to avoid galvanic attack. The
protective fdms that normally form in atmospheric
corrosion are electrically insulating, so they afford resis-
tance against galvanic attack. However, if the corroding
environment issuchthat the fti iselectrically conductive,
local galvanic cellsare created and causelocalized attack.
Lead mlilde is a conducting fdm that forms in the
presence of hydrogen sulfide.

Lead and lead-tin coatings for steel are useful for
atmospheric applications but not for immersion in
aqueous solutions or in soil. Both lead and tin are
cathodic to iron and accelerate corrosive action on steelat

.- bare points, pores, and other discontinuities in a coating.
In the atmosphere these bare points tend to become
blocked with corrosion products, and this blockage stifles
further attack. However, this sequence may not occur in
an aqueous medium.

O..,,.,,::

4-9.12 Uniform Corrosion

4-9-1.2.1 Weathering Corrosion

In the atmosphere the most resistantfti are developed
in industrial areas. In these areassulfur compounds, such
assulfur dioxide and hydrogen stilde, form surface f~
of sulfates and sulfides. Oxides and carbonates may
predominate where there is less poUution. In marine
locations chlorides are found in the corrosion product
film these chlorides are slightly soluble. However, the
sulfates and carbonates present in seasalt would normally
assistin the formation of a protective fti.

The corrosion of lead in several atmospheres is shown
in Table 4-97. Depending on location, theserates indicate
that it would take 35 to 80 yr in most atmospheres for the
average depth of penetration to reach 25.4 #m (1 roil).

On steel panels with electroplated lead coatings, the
corrosion attack on the steel is a function of the thickness

of the lead coating. The behavior in industrid rural, and
marine atmospheres is illustrated in Fig. 4-36. The
protective corrosion fdm on the lead surface has provided
better protection in the presence of the polluted New
York City atmosphere (sulfur dioxide) than in the
pollution-free atmosphere of State College, PA. The
heaviestcoatings are required for protection at the marine
sites. Lead coatings are discussedin par. 3-7.1.5.

Terneplate is a lead<ontaining coating with superior
characteristics. It is applied to steel, which has ffi been
fluxed, by hot dipping. The molten bath contains 80%0to
85% lead and 12% to 25T0tin. The tin not only acts as a
bonding agent but insures a smooth, continuous coating.
Normally temeplate is not exposed to the atmosphere
without painting, and it is readily painted without any
surface preparation other than cleaning.

4-9.1.2.2 Corrosion in Natural Water

Lead carbonate and lead oxide are the usual corrosion
products in neutral aqueous solutions. The oxide itself,
however, is not particularly protective. Aerated distilled
water is moderately corrosive to [cad in the absence of
carbon dioxide. Lead is not attacked by pure distilled
water that is free from dissolved gases, and lead is
resistant to attack in nonpotable waters except for acid
mine drainage. Natural runoff is likely to contain organic
acids that dissolve sufficient lead to be dangerous for
drinking. The presence of small amounts of nitrates in
ground water also increasesthe corrosive attack on lead.
The toxic properties of trace amounts of lead saltsmake it
mandatory to exclude use of lead (and its alloys) in soft
potable watem, carbonated beverages, and all food
products. (Soft potable waters are those low in calcium
salt content.)

Lead and lead alloys are used in saltwater service as
protective coatings on copper and.other metals used for
pipe, sheeq etc. In tests at Port Hueneme, CA, 99.5%
sheet lead specimens were exposed for 30 mo at 0.6 m (2
ft) below the mean low tide level. The average corrosion
rate was 5 pm/yr (0.2 mpy) (Ref. 143)-

TABLE 4-97. CORROSION PENETRATION OF LEAD (Ref. 141)

CHEMICAL LEAD ANTIMONIAL LEAD

TEST LOCATION pm/yr ( PY) pm/yr ( PY)

Altoona, PA 0.734” (0;289) 0.587* (0~231) ~

New York NY 0.384 (0.0151) 0.333 (0.0131)

Sandy Hook, NJ 0.538 (0.0212) 0.511* (0.0201)

Key West, FL 0.589* (0.0232) 0.559” (0.0220)

Woliq CA 0.526 (0.0207) 0.582 (0.0229)

State College, PA 0.318 (0.0125) 0.358 (0.0141)
Phoenix, AZ 0.104 (0.0041) 0.305 (0.0120)

* 10-yrrate usedbecause20-yr panelsweremissing
Copyright ASTM. Reprintedwith permission.
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Figure 4-36. Weight Loss of Steel m Thickness of Lead Coating (Ref. 142)

Lead alloys exhibit resistanceto seawater. Babbit metal
(80% lead, 15% antimony, and 5% tin) corrodes at a rate
of 152pm/ yr (6 mpy) in seawater, and solder (50V0tin and
50% lead) corrodes at a rate of 53 #m/ yr (2.1 mpy).

4-9.1.2.3 Corrosion in Acid Solutions

Lead has exce~lent resistance to sulfuric acid over a
wide range of concentrations. The isocorrosion chart
shown in F~g.4-37 summarizes the corrosion resistanceof
lead to sulfuric acid within a concentration range of 50%
to 100% and from 24° C (75° F) to the boiling point.
Between 50% and 5%, the corrosion rate is lessthan 127
pm/ yr (5 mpy). Below 5% acid, however, a marked
increase in corrosion occurs. The use of 390 antimoniai
lead is recommended in this range because antimonial
lead (6$ZO)has better resistance to sulfuric acid corrosion
than chemical lead, even at high acid concentration.

Lead is not generally used in hydrochloric acid solu-
tions. In cold, diiute acid (lessthan 1910),the rate of attack
is about 254 to 330 #m/ yr (10 to 13 mpy). In quiet, 570to
20% solutions at room temperature, the rate of attack is
508 #m/ yr (20 mpy). Agitation and aeration can greatly
increase the corrosion rate. Antimony in lead greatly
improves the resistance to attack by hydrochloric acid.

Lead is not resistant to hydrobromic acid.
Lead is resistant to hydrofluoric acid. The upper

concentration limit for successful use is 60!%0to 65Y0,
depending on temperature. At 80° C (176° F) the corrosion
rate in 48% acid is 3 pm/ yr (O.12 mpy).

Lead cannot be used safely for handling ~tric acid
below concentrations of about 80%. The reducedvolubility
of lead nitrate in nitric acid at high concentrations does
not extend to lower concentrations.

Lead is commonly used with the impure phosphoric
acid solutions obtained by Ieachlng phosphate rock with
sulfuric acid. The pure acid is moderately corrosive,
whereas hot or cold, impure acid is not.

Chromic acid solutions, such as chromium-plating
baths, are handled very satisfactorily with lead—lead
chromate hasextremely low volubility. Antimonial lead is
particularly useful for handling electroplating solutions.

Mixtures of hydrochloric or nitric acid with sulfuric
acid are highly corrosive to lead.

4-9.1.2.4 Corrosion in Alkaline Solutioni

Lead is amphoteric. The plumbates resulting from the ‘m
reaction of lead with alkalies are very soluble; strong
caustic solutions attack lead rapidly. Lead has moderate
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Figure 4-37. Corrosion of Lead by Sulfm”c Acid as a Function of Temperature (Ref. 144)

resistance to dilute alkalies suchassodium and potassium
hydroxide, i.e., Up to 3~o concentrations at room

temperature. Ammonium hydroxide ismuch lesscorrosive
than sodium hydroxide.

4-9.1.2.5 Corrosion in Salt Soltions

Lead is resistant to most types of salt solutions. Lead
and lead alloys have good resistanceto neutral solutions
in which lead carbonate and the oxide are formedon the
surface. Lead will form protective fti in the pH range of

about 3 to 11. The protective fh that form become less
protective in strongly acidic or alkaline solutions. TabIe
4-98 shows the corrosion of lead in several salt solutions.

4-9.1.2.6 Corrosion in Organic Compounds

Lead is resistantto most organic compounds except the
organic acids. Dilute acetic, formic, and most of the other
organic acids—such as propionic, succinic, and lactic
acids-corrode lead rapidly.

TABLE 4-98. CORROSION OF LEAD IN VARIOUS SALT SOLUTIONS (Ref. 145)

CONCENTRATION, CORROSION RATE*

SALT Wt % ~mjyr mpy

Water (no salt) — C2.5 <0.1
Sodium chloride 0.25 to 5.7 5.1 to 30.5 0.2 to 1.2
Potassium chloride 0.25 to 1.5 10.2 to 22.9 0.4 to 0.9

3.8 to 7.4 C2.5 to 2.5 <0.1 too. 1
Potassium nitrate 0.5 to 9.2 22.9 to 76.2 0.9 to 3
Sodium sulfate 0.25 to 2.0 a.s <0.1

4.8 to 16.7 C2.5 <0.1
Potassium sulfate 0.25 to 7.4 C2.5 to 2.5 <0.1. too.l

*Basedon 200day testat 8°C (46°F)

Reproducedwith permissionfrom The Instituteof Materials, London, England.
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Some of the organic compounds that have little or no
effect on lead are acetaldehyde, acetone, carbon tetrachlo-
ride, crude chlorosulfonic acid, and glycerin. Lead is
resistant to most sulfonated organic compounds such as
benzene sulfonic acid, naphthaiene sulfonic acid, and
sulfonated oils. Benzaldehyde and nitrophenols corrode
lead.

4-9.1.2.7 Corrosion in Gases

Lead is resistant to wet or dry chlorine at temperatures
under 100° C (2 12°F) and to dry bromine at lower
temperatures.

Lead is not resistant to gaseous hydrogen fluoride,

4-9.1.3 High-Temperature Corrosion

Lead and high-lead alloys are not useful at very high
temperatures becausemelting points are low and strength
drops off rapidly above room temperature. However,
lead isusedat temperatures up to 232° C (450° F) when the
lead is metallurgically bonded to steel.

4-9.1.4 Pittimg Corrosion in Soils

The performance of lead and lead alloys underground
depends to a large extent on the characteristics of the soil.
In most soiis the average corrosion rate is low; it ranges
from 2.5 to 13 pm/yr (0.1 to 0.5 mpy). The depth of
pitting is the most important factor. In soils containing
film-forming substances, such as silicates, sulfates, or
carbonates, pitting isusually slight. However, in soilsthat
are high in organic acids or nitrates or low in oxygen,
pitting can be severe.

4-9.1.5 Crevice Corrosion

A metal such as lead that relies on the formation of an
insoluble film for its corrosion resistance is subject to
crevice corrosion attack. For example, a nonconducting
substance pressed against the metal forms a crevice in
which replenishment of the film-forming substancestakes
place slowly. Therefore, the protective fdm cannot be
maintained within the crevice becausethe composition of
the electrolyte within the crevice changes. Accordingly,
the metal within the crevice is anodic to the protected
surface adjacent to the crevice. In underground installa-
tions of lead pipe, crevice corrosion results from the
chemical inhornogeneity of the soil or local changesin the
environment. The local changes in the environment may
be caused by aeration, moisture content, stray electrical
currents, packing, backfill, and bacteria.

4-9.1.6 Corrosion Fatigue

Lead sheet and cable sheathing can fail by cracking asa
result of fatigue. Hardening lead with alloying elements
raisesthe fatigue limits.

4-9.2 INTERFACE PROBLEMS

Gold is usedextensively to promote the solderability of
electrical contacts. However, gold dissolves in tin-lead o

solder and forms a brittle intermetallic compound. This
intermetallic compound looks and acts like a cold solder
joint. The pickup of gold by solder is enhanced by thick
gold, high impurity content of the gold, long soldering
times, and high soldering temperatures.

If solder is applied to copper at a high temperature, a
noble copper-tin phase is formed, and this noble phase
can accelerate the galvanic attack of adjscent copper.

Lead is corroded by several dilute, aerated organic
acids, e.g., formic and acetic acids. In contact with certain
green woods, e.g., Douglas fir o~ oak, that slowly exude
volatile acids, corrosion damage to Iead can be serious.
Woods that do not cause damage in this respect are
seasoned cedar or hemlock. On setting certain plastics,

e.g., room temperature vulcanizing (RTV) silicone
rubbers, generate potentially corrosive organic acids.

Lead is attacked by waters that have become alkaline.
For example, waters that have been in contact with wet
portland cement can corrode lead.

Lead is widely used as a shield against penetrating
ionizing radiation. Severe atmospheric corrosion of lead
is a result of the interaction of the radiation with the
environment. Radiation resultsin the formation of oxides
of nitrogen in the atmosphere. The oxides of nitrogen in
the air react with moisture in the air to form nitric acid,

o
which readily attacks lead. However, high humidity in the
air is necessaryto produce the attack.

4-9.3 METHODS FOR PREVENTION OF
CORROSION

Many applications of lead and lead alloys use the
inherent corrosion resistance of the surface films that
form in the environment to which the lead or the alloys
are exposed. In some applications lead is a barrier that
can be selectedfor its corrosion resistanceon one side and
yet can present a corrosion problem on the other, e.g.,
lead piping that isplaced underground. Other applications
employ lead for its properties not related to corrosion
resistance, such as high density, malleabdity, lubricity,
and low melting point. In some of these applications the
inherent corrosion resistance to an environment is a
collateral benefit. In others, if lead isto be used, it must be
protected against corrosion attack.

Lead may be protected with organic coatings. For
example, terneplate has good paint retention and will last
almost indefinitely in any atmosphere if painted oc-
casionally. Lead pipes buried in aggressivesoil may be
coated with an asphaltic compound that is then wrapped
with paper while hot. Other forms of wrapping may also
be used. Solder joints in electrical circuits are protected
with conformal coatings.
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O,; Babbit metal used in bearings is protected from cor-‘,
rosion by the lubricating oils present.

Cathodic protection may be applied to buned lead
pipe. However, the cathodic protection processcreatesan
alkaline environment, and lead tends to be sensitive to
alkali attack. If excessiveprotective potentials are main-
tained, the environment can become so alkaline that the
lead will corrode faster than if not catholically protected.
In addition, even if protection is maintained at an
acceptable potential, interruption of the current for an
extended period can result in attack of the lead surface by
the dlmline environment.

4-9.4 EXAMPLES OF CORROSION
PROBLEMS

The presence of lead in solders, braze alioys, free-
machining steel, bearing surfaces, antifretting inserts,
etc., should always be ascertained before a component is
subjectedto a potentially aggressivecorrodent. Corrosion
problems have occurred becausethe presenceof lead was
not ascertained before cleaning or pickling operations.

4-10 MAGNESIUM AND MAGNESIUM
ALLOYS

Elemental magnesium has a density of 1738.0 kg~m3

o

(108.50 lb/ft3), a melting point of 649°C (1200°~, and a
., boiling point of 109l°C (1995”F’). Several characteristics

of magnesium are exploited in applications. These char-
acteristics include

1. High strength-to-weight ratio in castings
2. High stiffness-to-weight ratio in wrought forms
3. Ease of fabrication into assemblies that includes

good hot formability and excellent machinability
4. A low elastic modulus that contributes to the high

stiffness-to-weight ratio, givesgood resistance to denting,
and also results in a high damping factor. (The damping
capacity of a material in vibration is the ratio of the
energy absorbed per cycle to the total energy per cycle.)

Other propeties of magnesium, such as those that
follow, may be detrimental to some applications:

1. Relatively high notch sensitivity, which can be
compensated for by proper design that minimizes the
ef&ts of stressconcentrations

2. Low hardness values
3. Potential corrosion hazards
4. Potential fwe hazard, particularly in the freely

divided state.
The properties of magnesium have led to a wide range

oi’ application~ most of which use the high strength- and
high stiffness-to-weight ratios. Some examples of
magnesium applications are airframe and missile com-

D

ponents; gear casesand machinery housings; road wheels
and Ianding gears; instrument components, frames, and
cases; shipping containers; and portnble ramps rind
ladders.

In spite of its positive mechanical properties, the
corrosion characteristics of magnesium have resulted in
severe restrictions on its use in Army materiel. For
example, guidance on the useof magnesium in air vehicles
(Ref. 18) states,

“Magnesium alloys shall be used only with specific
approval of the procuring activity. Use of magnesium
shall be restricted to noncorrosion prone areas where
adequate protection systemscan be maintained with ease
and high reliability. Magnesium alloys shall not beusedin
primary flight control systems, for landing gear wheels,
for primary structures or other areas subject to abuse,
foreign object damage, or to abrasion. Magnesium alloys
also are forbidden in any location where fluid or moisture “
entrapment is possible.”

4-10.1 TYPES OF ALLOYS

Commercially pure magnesium is the starting point for
producing magnesium alloys. However, commercially
pure magnesium produced in the United States is con-
taminated with various elements, especially iron, and
these contaminants are highly detrimental to corrosion
resistance. For example, the corrosion rate of com-
merd~y pure magnesium in 3~osodium chloride solution
is 100 to 500 times greater than that of chemically pure
magnesium (99.95 + % Mg) containing lessthan 10 ppm
of iron, nickel, and copper combined. Because the
corrosion rate of chemically pure magnesium in 3%
sodium chloride solution is about 250 pm/yr (IO mpy), a
rate 100 to 500 times greater is unacceptable. Therefore,
commercially pure magnesium has little direct applica-
tion. Alloying with various elements, however, improves
the corrosion resistanceand the mechanical properties of
commercially pure magnesium.

The corrosion rate of chemically pure magnesium is
greatly increased when it is alloyed with the following
elements in excessof the concentrations listed: 2% zinc,
0.3% calcium, 0.5% silver, O.1% copper, 0.017% iron, and
0.0005% nickel. These concentrations are the magnesium
tolerance limits. The increase in corrosion rate when the
tolerance limit is exceeded is gradual with zinc, more
rapid with caIcium and silver, and precipitous with
copper, iron, and nickel.

Addition of up to 5T0lead, tin, or aluminum has little
effect on the corrosion rate of chemically pure magnesium
in saltwater. Sodium, silicon, manganese, thorium,
zirconium, cerium, praseodymium, and neodymium also
have little effect on corrosion resistancein salt water even
when these elements are alloyed in excess of their
maximum solubilities.

The addition of 1% manganese increasesthe tolerance
Limit for nickel to neariy 0.0 Iwo but has little effect on the
tolerance limit for copper.

Although the addition of 1% zinc does not appreciably
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affect the tolerance Iimits for iron, copper, and nickeI, it
does make the increase in corrosion rate more gradual
when the tolerance limit is exceeded.

Much, butnot all, of the alloying of magnesium isdone
.to overcome the adverse corrosion effects of iron, copper,
and nickel contaminants in the commercially pure
magnesium.

The cast and wrought magnesium may be considered in
two categories:

1. Alloys based upon aluminum as the principal
alloying component. These alloys can be heat-treated in
the castform to achievegood strength properties, although
ductility of’fully heat-treated alloys is low. The castforms
tend to show microporosity. However, adding aluminum
to magnesium reducesthe tolerance limit for iron. Adding
0.2910manganese tends to counteract the tolerance-reduc-
ing effect of aluminum. Adding 390 zinc to magnesium-
alumirmm-manganese alloys improves the tolerance limits
for iron, copper, and nickel. Furthermore, the harmful
effect of exceeding the zinc tolerance level of 2% does not
occur when 3% zinc is added to magnesium-aluminum-
manganese alloys. Both manganese and zinc are added to
nearly all domestic commercial magnesium-aluminum
alloys because of their ability to reduce the effect of
contaminants in the commercially pure aiuminum.

2. Alloys that depend upon the grain-refining effect
of zirconium. These alloys show good ductility, but little
increase in strength. The magnesium-zirconium matrix is
strengthened in various ways, such as by adding zinc.
Zirconium is a scavenging element that removes iron,
aluminum, siiicon, and some other elements to low levels.
The removal of these elements results in high-purity
alloys.

Thorium is added to improve creep resistance at
temperatures up to 300° C (572° F) and to reduce porosity.
Rare earth elements also improve creep resistance and
reduce microporosity in magnesium alloys.

Table 4-99 givesthe composition of severaJmagnesium
alloys. Tempers of the alloys are designated by the letters
and numbers that follow the letter and numbers designat-
ing the composition. The temper code is essentially that
applied to aluminum alloys which is given in Table 4-5.
The temper and composition designations are separated
by a hyphen. The mechanical properties of some
magnesium alloys are shown in Table 4-100.

4-10.2 TYPES OF CORROSION

There isno distinction between the corrosion responses o
of alloys containing aluminum or zirconium. From a
corrosion perspective both types attempt to overcome the
presence of corrosion-enhancing contaminants.

4-10.2.1 Uniform Corrosion

4-10.2.1.1 Weathering Corrosion

Magnesium ishighly reactive chemically therefore, it is
not highly resistant to corrosion. Nevertheless, it does
have good resistanceto atmospheric environments, which
is attributed to the formation of a protective surface fihn.
Susceptibility to weathering corrosion depends on how
the atmosphere affects the protective film. The film may
be converted to soluble bicarbonates, stdfltes, and sul-
fates, which are washed away by rain, or the film may
break down under the influence of chloride ion.

Magnesium alloys containing aluminum have some-
what better resistance to atmospheric corrosion than the
other alloys. Aluminum concentrates in the protective
fdm asthe magnesium is leached away. Exposure tests of
magnesium alloys demonstrate the beneficial effect of
aluminum in rural and industrial sites,but not at seacoast
locations (Ref. 147). In atmospheric exposure tests that
included an alloy that was specially treated to reduce the
iron content, the corrosion of the low-iron alloy was
about one third that of the high-iron alloy at a marine
location (Ref. 146). o

The corrosion behavior of magnesium alloys in weather-
ing environments isusually below51 ~m/ yr (2 mpy) with
few exceptions. The corrosion rate of two magnesium
alloys, AZ80A and ZK61A, in various atmospheric
environments has been compared to the rate of low-
carbon steel (Ref. 148). The corrosion of the zirconium-
containing ZK6 I A alloy was similar to that of low-carbon
steel, whereas the rate of corrosion of the aluminum-
containing AZ80A alloy was generally much less.

Magnesium alloys exposed to weathering environments
show fine pitting. The percent loss in strength by cor-
rosion, however, is only slightly greater than the percent
reduction in metal cross section calculated from weight
loss data. Also the ductility of these alloys can be
significantly reduced by exposure to weathering environ-
ments.
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TABLE 4-99. COMPOSITION OF MAGNESIUM ALLOYS
.,; (AS DESIGNATED BY ASTM) (Ref. 146)

RARE MAXIMUM

EARTHS,
ALLOY Al, % z%% Mn, % Zr, % Th, % % Si, 96 Cu, % Ni, % ot.he~ %

Wrought Alloys

AZ31B*,**
Az31c
AZ61 A*
AZ80A*
HK3iA
HM21A
HM31A
MIA
ZE1OA
ZK60A

2.5-3.5
2.4-3.6
5.8-7.2
7.8-9.2

0.6-1.4-
0.50-1.5
0.40-1.5
0.20-0.8

0.20 min
0.15 min
0.15 min
0.12 min

0.10
0.10
0.10
0.10
—
—
—

0.10
.
—

0.30
0.30
0.30
0.50
0.50
0.30
0.30
—
—
—
—
—
—
—
—
—

0.05
0.10
0.05
0.05
0.10
—
—

0.05
—
—

O.io
0.25
0.10
0.10
0.35
0.10
0.25
0.10
0.10
0.10
—

0.10
0.10
0.10
0.10
0.10

0.005
0.03
0.005
0.005
0.01

—
—

0.01
—
—

0.01
0.01
0.01
0.03
0.03
0.01
0.01
0.01
0.01
0.01

—

0.01
0.01
0.01
0.01
0.01

0.30
0.30
0.30
0.30
0.30
0.30
0.30
0.30
0.30
0.30

0.30
0.30
0.30
—
—

0.30
0.30
0.30
0.30
0.30
0.30
0.30
0.30
0.30
0.30
0.30

— . —
— — —
— — —
— — —

0.40- 1.0 2.5-4.0 —
— 1,5-2.5 —
— 2.5-3.5 —
— — —
— — 0.12-0.22

0.45 tin — —

— —

0.45-1.1
1.2min
1.2 min

—

—

1.0-1.5
4.8-6.2

— —
— —

O,:.

CQStAlloys

9.3-10.7
5-34.7
7.0-8.1
8.3-9.7
8.3-9.7
8.1-9.3
8.3-9.7

—

0.30 max
2.5-3.5

0.40-1.0
0.35-1.0
0.35-1.0
0.40-1.0

1.6-2.4
2.0-3.1

0.10 min
0.15 min
0.13 min
0.13 min
0.13 min
0.13 min
0.10 tin

—
—
—

—
—

AM1OOA
AZ63A
AZ81A
AX91A
AZ91 B
AZ91C
AZ92A
EZ33A
HK31A
HZ32A
KIA
QE22AT,Tt
ZE41A
ZH62A
ZK51A
ZK61 A

—

—
—
—

—
—
—

—

0.50-1.0
0.40-1.0
0.50-1.0
0.40- 1.0
0.40- 1.0
0,40-1.0
0.50-1.0
0.50- 1.0
0.60-1.0

2.540—

2.5-4.0
1.7-2.5

—
—

3.5-5.0

5.2-6.2
3.6-5.5

5.5-6.5

2.54.0 0.10 max
—
—

—
—
—

—

1.8-2.5
0.75-1.750.15 max

I .4-2.2

— —

W.005% Fe maximum
●W.0% Ca maximum
t2.O to 3.5% Ag

t~Rare earth elementsin theform of didymium

This book waspublishedby J. Wiley & Sons,Inc., and sponsoredby The ElectrochemicalSociety,Inc.
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TABLE 4-100. MECHANICAL PROPERTIES OF SOME MAGNESIUM ALLOYS (Ref. 2)

MECHANICALPROPERTIES e
ELON-

YIELD TENSILE GATION HARD-
DESIG- CONDI- STRENGTH, STRENGTH, IN 51mm, NESS,

ALLOY NATION UNS COMPOSITION,% TION MPa (ksi) MPa (ksi) (2 in.),% HB

Wrought alloy AZ31B M11311 2.5-3.5 Al, 0.20 tnin Mn,
0.6-1.4 Zn Annealed 103to 124 221 (32) 9 to’12 56

(15 to 18)

Cast alloy AZ91C M11914 8.1-9.3 Al, 0.13 min Mn,
0.4-1.0 Zn As cast 76(11) 159(23) – 60

Cast alloy EZ33A M12330 2,0-3.1 Zn, 0.5-1.0Zr Aged 97 (14) 138(20) 2 50

Wrought alloy HK31A M13310 0.3 Zn, 2.54.0 Th, 0.4-1.0 Zr Strain- 165to 179 228 to 234 4 57
hardened (24 to 26) (33 to 34)

and
annealed

Reprintedwith permissionfrom theNational Associationof CorrosionEngineers.CopyrightNACE.

4-10.2.1.2 Corrosion in Natural Waters

4-10.2.1.2.1 Freshwater

Magnesium alloys rapidly farm a protective film in
stagnant distilled water at room temperature. However,
the film is dissolved if the magnesium alloy is exposed to
continuously refreshed, rapidly flowing demineralized
water.

The susceptibility of magnesium alloys to corrosion in
deionized water increases greatly as the temperature
increases. For example, AZ31 B has a corrosion rate of
432 pm/ yr (17 mpy) in water at IOO”C (212° F) compared
to 30,480 I.Lm/yr (30.48 mm/ yr (1200 mpy)) at 150°C
(302” F).

Corrosion of magnesium alloys by water can be
inhibited by the addition of fluoride ion. For example, the
corrosion ofAZ31 B alloy in stagnant deionized water at
150°C (302° F) was reduced from 27,940 ~m/ yr (27.94
mm/yr (1100 mpy)) to 7112 IAm/yr (7.1 mm/ yr (280
mpy)) by the addition of 10 ppm sodium fluoride (Ref.
149).

Waters that contain acid gasesCOZ and S02 from the
atmosphere increase the corrosion rate of magnesium
alloys. In the presence of dissolved COZ, a soluble
magnesium bicarbonate fdm forms that is not protective.
About 0.25 g/t (2. 1 X 10-3 lb/gal) magnesium will
dissolve in water equilibrated with air that contains its
normal 300-ppm concentration of COz. If the solution is
not changed, it becomes saturated with magnesium
carbonate, and the apparent corrosion rate decreases.

Waters that have high temporary hardnessare corrosive
to magnesium alloys because the bicarbonate ion reacts
with the protective magnesium hydroxide film. Pits that

are formed will not grow to appreciable depth if the
temporary hardness of the water is low and if the sum of
the chloride and sulfate concentrations is lessthan about
100 ppm.

4-10.2 .1.2.2 Seawater

The corrosion rate of magnesium alloys in seawater is
e

about 250 ~m/ yr (10 mpy). If unprotected, magnesium
alloys are not suitable for service in seawater.

4-10.2.1.3 Corrosion in Acid Solutions

With the exceptions of hydrofluoric acid and chromic
acid, all of the mineral acids vigorously attack magnesium
and its alloys. The corrosion of magnesium alloys
decreaseswith an increasing concentration of hydrofluoric
acid.

Magnesium is highly resistant to fluorine-containing
chemicals because of the formation of an insoluble
surface film of crystalline magnesium fluoride. Thk
corrosion resistanceincludes liquid fluorine, hot fluorine
gas, chlorine trifluoride, and perchloryl fluoride.

Boiling 20% chromic acid is widely used for cleaning
corrosion productsfrom magnesium alloys without attack-
ing the metal itself. However, the passive film produced
by chromic acid can be destroyed by traces of chloride in
the corrosion products being removed. Therefore, a small
amount of a silver salt, such as silver chromate, is usually
added to the chromic acid to remove any chloride
contamination as insoluble silver chloride.

Aciueous solutions of organic acids attack magnesium,
sodilute acetic acid inhibited by sodium nitrite is-usedasa
pickling treatment for magnesium alloys.

e
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o 4-10.2.1.4 Corrosion in Alkaline Solutions
:,

Magnesium has good resistance to corrosion in strong
alkalies at temperatures lessthan 60”C (140° F).

4-10.2.1.5 Corrosion in Aqueous Solutions

In solutions of alkaline metal salts or alkaline earth
metal salts, anions with oxidizing power or those capable
of forming insoluble magnesium salts result in lessattack
than anions that form soluble magnesium salts. For
example, magnesium suffers little attack from alkalies,
chromates, fluorides, nitrates, or phosphates. However,
vigorous corrosion occurs in solutions of chlorides,
bromides, iodides, or sulfates becausesoluble magnesium

‘“’salts form on the surface.
Neutral solutions of heavy-metal salts, such as iron,

copper, and nicke~ generally cause severe attack of
magnesium alloys.

In those neutral solutions in which there is normally,.
little corrosion, lowering the pH increasesthe volubility of
the surface films and causes attack. For example,
chromate solutions that stifle attack at higher pH levels
become corrosive if made acidic. However, if either
chromic or hydrofluoric acid is used to lower the pH, the
acid attack will not occur.

Solutions combining fti-forming salts with salts that
cause fti breakdown produce deep, localized pitting.

o
Chromate solutions containing chlorides in minor,,
amounts are of this type.

4-10.2.1.6 Corrosion in Organic Chemicals

Magnesium and its alloys are not affected by aliphatic
and aromatic hydrocarbons, ketones, ether, glycols, or
alcohols with the exception of methyl alcohol. The
reaction with methyl alcohol is inhibited by the presence
of water in the alcohol.

Most alkyl halides, when dry, cause little comosion of
magnesium; however, wet, boiling alkyl halides usually
hydrolyze to yield acids that corrode magnesium,

4-10.2.2 Gaivanic Corrosion

Magnesium is highly active in the electromotive force
(EMF’) series,and it has little tendency to polarize in most
environments. Therefore, magnesium and magnesium
alloys are also highly active in the galvanic series.

The dissimilar metals most frequently involved in
structures with magnesium alloys are

1. Aluminum alloys
2. Iron, copper, and nickel alloys.

Very pure aluminum (alloy 1099) is almost completely
compatible with magnesium alloys in chloride solutions.
Aluminum containing magnesi~ manganese, or silicon

Q

alloying elements has equivalent compatibility. Zinc,,,,
however, has a small adverse effed, iron, copper, and
nickel can have large adverse effects as alloying elements

in aluminum, Nevertheless, the adverse effect of these
elements on galvanic compatibility with magnesium alloy
may be mitigated by magnesium in the aluminum alloy or
magnesium ion in the electrolyte solution. Rivets of Type
5056 aluminunq which contaim about 5% magnesium,
have been used extensively in magnesium alioy structures
without causing significant galvanic attack. Series 5XXX
and 6XXX aluminum alloys are the most compatible in
magnesium-aluminum galvanic couples.

Corroding couples of magnesium alloys and aluminum
alloys often generate an alkaline environment that may
result in corrosion of the aluminum alloy and in galvanic
corrosion of the more reactive magnesium.

Iron alloys, copper alloys, and nickel alloys are in-
compatible with magnesium alloys. There is little signifl-
cant difference among these metal alloys in the galvanic
attack they can cause on magnesium alloys. Titanium-
base alloys are only slightly lesscathodic to magnesium
alloys. When these metals are constituents of the
magnesium alloy, they may be considered to react
galvanically with magnesium resulting in high rates of
uniform corrosion in electrolyte soIutions. Magnesium
alloys are widely used assacfilcial anodes in the cathodic
protection of steel.

Steel is frequently electroplated with cadmium to
reduce its severegalvanic attack on magnesium. Electro-
plates of chromium, lead, silver, and manganese on steel
are roughly comparable to cadmium plate in compatibility
with magnesium. Tin is rapidly gaining favor as being
superior to cadmium. Zinc is approximately equal to tin
in compatibility, but in severe marine environments zinc
coatings rapidly bare the steel substrate. Copper, nicke~
gold, and platinum electroplates are incompatible with
magnesium.

Because high-purity aluminum is much more com-
patible with magnesium than tin, aluminum coatings on
steel are potentially useful in preventing galvanic attack
on magnesium alloys. The coating, however, must be
extremely sound. If underlying steelisexposed through a
pore, the alkaline environment generated at the surface of
the steel will rapidly strip the adjacent aluminum coating.

4-10.23 Stress-Corrosion Cracking

A limitation in the structural application of some
magnesium alloys is susceptibility to stress-comosion
cracking in moist air. SusceptibiMy of an alloy to stress-
corrosion cracking is determined by exposing stressed
specimens to the weathering atmosphere. Resistance to
stress-comosioncracking is not appreciably influenced by
the dwection of applied stressrelative to the direction of
rolling or working.

Most stress<orrosion failures in magnesium alioy
structures are caused by residual stresses introduced
during fabrication. Sources of suchfailures are restrained
weldments, interference fits, and casting inserts.
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Susceptible magnesium alloys, especially those ~ontaining
aluminum, are usually stressrelieved after welding.

Of the commercial alloys listed in Table 4-99, only
wrought ZK60A and the alloys containing more than
approximately 1.5% aluminum are sufficiently susceptible
“tostress-corrosion cracking to warrant concern.

Castings are generally much lesssusceptible to stress-
corrosion cracking than wrought products of similar
composition. Although AZ61 A alloy sheetand extrusions
and AZ80A alloy extrusions and forgings are highly
susceptibleto stress-corrosioncracking, the casting alloys
containing 6% to 10% aluminum are only slightly
susceptible. AZ3 i B sheet and extrusions and ZK60A
extrusions and forgings are moderately susceptible,where-
as, cast AZ31 B alloy and cast ZK51A alloy seem to be
immune.

4-10.2.4 Corrosion Fatigue

Fatigue tests conducted on specimens ofAZ31 B alloy
indicate the following characteristics (Ref. 146):

1. The fatigue strength in air decreases as the
humidity increases.

2. The fatigue strength in distilled water is greater
than it is in condensing humidity.

3. Water, C02, and S02, but not oxygen and
nitrogen, are the principal contributors to atmospheric
corrosion fatigue of magnesium.

4. The effect of corrosion on the fatigue strength of
magnesium can be virtually nulliiled by cathodic pro-
tection.

5. Working of the surface to create co~pressive

stresseshas a favorable effect on resistance to both dry
and wet fatigue.

6. The dry fatigue strength can be preserved in the
presence of condensing humidity by coatings.

Some coating,sthat provided substantial preservation
of the dry fatigue strength included petroleum jelly, vinyl
organosol over vinyl primer (O.1 mm (0.004 in.) total),
and polyurethane (MIL-C-83286) over epoxy-polyamide
primer (MIL-P-23377) (0.05 mm (0.002 in.) total).

Surface sealing with epoxy resin (Araldite 985E)
rendered cast and wrought magnesium-zinc-zirconium
alloys resistant to corrosion fatigue in another series of
experiments (Ref. 150).

A st~dy of the fatigue strength of AZ91, EZ33, and
ZE41 cast magnesium alloys determined that fatigue
strength is enhanced by, HAE heavy anodic coating,
which also mitigates corrosion effects on fatigue failure
(Ref. 151). HAE coating is described as Class A, Types I
and H, in MIL-M-45202 (Ref. 152).

4-10.2.5 HigbTemperatwre Corrosion

Poor creep strength at elevated temperatures, rather
than a corrosion reaction, usually limits the usefulnessof
a magnesium alloy.

.

Magnesium-zirconium alloys have adequate oxidation,. a
resistanceto dry amup to 399° C (750° F), to wet air up to
349°C (660° F), to dry C02 up to 499° C (930°F), and to
wet C02 up to 449° C (840° F). Magnesium alloys contain-
ing small amounts of beryliium adequately resistoxidation
in wet air at temperatures in excess of 499° C (930° F).
Excessiveoxidation during heat treatment of magnesium
alloys at temperatures above 349° C (660° F) can be
prevented by the addition of at least 0.5% S02 to the
furnace environment.

Magnesium will ignite in dry air at 645°C(1193”F).
The ignition temperature in moist air is somewhat Iower.

4-10.2.6 Local Corrosion

Cathodic impurities and surface contamination such as
mill scalesfrom rolling; carbonaceous lubricant residues
from forming, forging, or impact extrusion; and flux dust
or fly ash can result in severepitting in magnesium alloys
exposed to strong electrolytes. Pitting may occur in
magnesium alloys exposed to freshwater, and magnesium
alloys exposed to marine atmospheres often develop fine
pits.

Painted magnesium alloys can undergo filiform cor-
rosion when exposed to humid air and even when
immersed in chloride solution. Any soluble salt having an
anion that forms a soluble magnesium salt can initiate
filiform corrosion. Filiform corrosion of painted e
magnesium is most likely to occur where the paint film is
thin. Therefore, its likelihood of occurrence is greatly
reduced by good paint pretreatment and by the presence
of inhibitive chromate pigments in the paint. Instances of
filiform corrosion under paint are more common with die
castings than with wrought products. Although it is
unsightly, filiform corrosion normally does not impair
the mechanical function of a part because the corrosion
tracks are much lessthan 25 pm ( I roil) deep.

Crevicesand poultices should be avoided in magnesium
structures; they are potential reservoirs for electrolytes.
Crevice corrosion has been observed on unprotected
faying surfaces of magnesium and magnesium alloy
assemblies.

4-10.3 INTERFACE PROBLEMS

Fretting is a problem that occurs in the shipping of
wrought products if magnesium surfaces are in contact.
However, in normal shipping the fretting is usually
supeflcial and affects only the appearance of the metal.

Wood, paper, cardboard, open cell foams, sponge
rubbers, and other absorbers of moisture and wicking
materials should not contact magnesium directly. They
can result in pitting and crevice corrosion.

Magnesium alloys should not be used for parts on
which deterioration of the protective finish can occur as a

the result of erosion or wear. Such parts in aircraft include
leading edges, parts subject to engine exhaust impinge-
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o ment and rocket blast, doors, steps, wheels, and flooring
,, (Ref. 18). The fatty acid glycerides in animal fats and

some vegetable oils react with magnesium hydroxide
surface fb. This reaction results in superficial staining.

4-10.4 METHODS FOR PREVENTION OF
CORROSION

The severe restrictions on the use of magnesium alloys
in Army air vehicles, quoted in par. 4-10, counsel careful
assessment of potential magnesium alloy applications.
Furthermore, if a magnesium alloy is chosen, effective
methods for preventing corrosion should be s-led.

4-10.4.1 Design Considerations

Magnesium assemblies should be designed so that
1. Open sections and concave surfaces are arranged

so that moisture cannot collect in them.
2. Cavities are well sealed or can drain freely. The

minimum drain hole size is 3.175 mm (0.125 in.) to
prevent plugging.

3. There are no narrow gaps between components
into which moisture could be drawn by capillary action.
Use epoxy and vinyl tapes and coatings, wax, or latex for
protective barriers.

4. There are no sharp comers, edges, bends, or

o

notches.
f,

5. Magnesium alloy parts should be readily accessible
for inspection, application of protective ftih, and
replacement.

The following precautions should be followed in as-
sembling magnesium components to avoid galvanic
attack

1. Steel fasteners should be tin-or cadmium-plated
(Ref. 18).

2. Bolts should have pure aluminum or plastic
washerslarge enough to extend 6.35 mm (0.25 in.) beyond
the nut or bolt head. These washers seal the thread from
the corroding environment and spread any galvanic
corrosion over a wider area. This tends to prevent deep
notch development in the interface.

3. Bolt heads and nuts should also be covered with a
sealing compound to provide ftiets so that water is not
trapped.

4. All surfaces should be assembled wet, and a
compatible sealant used. Sealants containing zinc chro-
mate are effective with magnesium.

In Army aircraft the sealant for fastener installation
should conform to the requirements in ML-S-81733
(Ref. 27) in areas having an operating temperature below
107”C (225° F). An epoxy primer conforming to the
requirements in ML-P-23377 (Ref. 26) should be usedin

D

areas in which the operating temperature will exceed this
limit (Ref. 18).

4-10.4.2 Chemical and Artodic Treatments

When magnesium alloys are used in Army materiel, a
protective system is required. Possible systems are dis-
cussedin par. 3-6.1.4:

A study of the effectiveness of protective systemsfor
three cast magnesium alloys-AZ91C, EZ33~ and
ZE41 A—has been conducted (Ref. 151). The surface
preparation and ffihlng systems used in thk study are
shown in Table 4-101. The details of the cleaning and
surface-treating procedures are shown in Table 4-102.

The effectivenessof surface treatments, including chr~
mate and anodic coatings, with regard to reducing
corrosion are

1. The influence of as-castor machined surfaces on
the behavior of subsequentsurface treatments iseither nil
or short-lived.

2. Acid pickling does not change the inherent
susceptibility of cast magnesium alloys to corrosion.

3. Steel shot peening does not increase the corrosion
susceptibility of AZ91 or ZE41 alloys, and its adverse
effect on alloy EZ33 is of short duration.

4. Virtually no protective effect results from styrene
monomer resin impregnation of magnesium castings.The
opinions that peening leads to heightened corrosion
susceptibility and that resin impregnating results in
lowered corrosion propensity are strongly held. Basedon
oneday salt fog tests, these views might be supported.
They are, however, rendered invalid by results obtained
with the longer exposures of the studies described in Ref.
151.

5. Superior protection is afforded magnesium cast-
ings by the anodic base coatings. Optimum for AZ91
alloy isthe HAE heavy coating when applied to an as-cast
surface. For EZ33 and ZE41 alloys, HAE heavy and thin
and Dow 17 heavy and thin are highly effective; the
longest protection is provided by the HAE coating.

6. Dow 7 chromate treatment is as protective as
anodic coatings forAZ91 but is only half asprotective for
EZ33 and ZE41. These specimens were given a surface
treatment after peening,which included picldin~ chromat-
ing, and anodizing. Sufficient depth of peen-altered metal
(at least 1.3 mm (0.05 in.)) was retained after surface
treatment sothat the effectsof peening on the corrodibility
of the metal could be ascertained.

4-10.4S Paint Systems

Chemical and anodic treatments usually form the base
for a paint system. Magnesium alIoys in Army aircraft
should be treated prior to painting in accordance with
MIL-MA15202 (Ref. 152) or MIL-M-3171 (Ref. 153).
Holes drilled subsequent to the f~h application should
be treated in accordance with MILM-3 171, Type VI
(Ref. 153) (Ref. 18).
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TABLE 4-101. SURFACE PREPARATIONS AND FINISHING SYSTEMS USED
IN CORROSION EXAMINATIONS (Ref. 151) a

TEST ENVIRONMENT

LUBRICATING

TREAT- SURFACE SALT PCZ* FLUIDS

MENT SOLU- SALT WATER
LEITER TREATMENT–FINISH CAST MACHINE TION FOG FOG M OF MINT SYN

A

:
D
E
F

G

H
I

:
L

M
N

o

P

Q

R

s

T

u

v

w

x

Alkaline clean
A + acid pickle
B + resin impregnate
C + steel-shot peen (Almen 5A)
D + acid pickle
A + Dow 20 (AZ91), DOW 1
(EZ33, ZE41)
A+ Dow7.

A + HAE (heavy), HA3
A + HAE (light), IA2
A + Dow 17 (heavy) HD
A + Dow 17 (Iight) IC
H + epoxy primer, acrylic
lacquer
H + epoxy primer, alkyd enamel
H + epoxy seal, chromate
primer, urethane top coating
H + epoxy primer, flexible
primer, urethane top coating
H + chloro-rubber, chromate
primer, urethane top coating
G(AZ91) Mineral oil—inhibitor
CII**
G(AZ91) Mineral oil—inhibitor
C12**
G (AZ91) Mineral oil—inhibitor
C13**
G(AZ91) Mineral oil—inhibitor
C14**
G(AZ91) Synthetic fluid—
inhibitor Cl 1
G(AZ91) Synthetic fluid—
inhibitor C12
G (AZ91) Synthetic fluid—
inhibitor C13
G(AZ91) Synthetic fluid—

x
x
x
x
x

x x
x
x
x
x

x
x
x
x
x

x
x
x
x
x

x
x

x
x
x
x

x

x

x

x

x

x

x

x
x

x
x

x
x

x
x

x
x

(A;91) (A~91)
x
x
x
x

x
x

x

x

x

x
x
x
x

x
x
x
x

x
x
x
x

x
x
x
x

,.

x
x

x
x

x
x

x
x

x x x x

x x xx

x x x x

x

x

x

x

x

x

x

xinhibitor’CI_4 x

*PCZ = Panama Canal Zone; M = marine;OF = openfield
**c11 = dinonylnaphthalene~ulfonate,sodiumsalqC12= isopropyl monook!ate; C13 = ammoniumStearat~,C14= benzotriazole
~MIN = minera~SYN = synthetic

Reprintedwith permission.Copyright@by the Metals Information AnalysisCenterat PurdueUniversity.
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TABLE 4-102. CLEANING AND SURFACE TREATING PROCEDURES (Ref. 151)

TREATMENT PROCEDURE REMARKS

Alkaline cleaning

Pickling

Impregnating

shotpeening

Chrotnating (Conforms to
MIL-M-3171, Ref. 153)

Chromating (Conforms to
MIL-M-3 171, Ref. 153)

Chromating (Conforms to
MIL-M-3171, Ref. 153)

Anodizing (Confortn$ to
MIL-M45202, Ref. 152)

Solution—sodium orthosilicate (60
g/t$+ 3 g NACCONAL 40), 30’C
(86”F) 15 min

Solution—nitric acid (concentration 8%
vol.) + sulfuric acid (concentration 2%
VO1.),28°C (82* F), 10 S

Styrene monomer (RC-2 Impco Corp.),
vacuum, pressure0.6 MPa (90 psi),
30 min

A~oy steel balls (C-1 OI8), 3.2 mm (O. ]~
in.) diameter, Rc64, peen to Almen 5A
intensity, 200%0coverage

Type 1 (Dow 1) — 180 g/4
NaCrzOr2Hz0 + 188 mt3/t2
HN03 (70%), 1 tinat27°C(81°F), rinse,
drain dry

Type 1 Dow 20 (Dow I modification)
15 g/~NH,HFl +
180 g/i Na2Cr@r2Hz0 +
10 g/ LA12(S04)3.18H20 +
126 mflg HNC)3 (70%);
1 min at 27°C (81”F), rinse, drain dry

Type 111(Dow 7)
a. 230 m~ LHzF2 (49%),

5 min at 25°C (77° F), cold water rinse;
b. 150 g/ t?Na2Cr@2H20 + 2.5 g

CaFz, 30 rein, 98°C (208°F), hot rinse,
drain dry

Type IA2-HAE, ligh~ thickness 0.005 to
0.00 mm (0.2 to 0.00 roil)
Type IIA3-HAE, hea~, thickness 0.02
to 0.03 mm (0.8 to 1.2 roil)
Type Ic)—Dow 17, light; thickness 0.005
to 0.01 mm (0.2 to 0.4 roil)
Type IID—Dow 17, ttea~ thickness 0.02
to 0.03 mm (0.8 to 1.2 rnil)

Approxiamtely 0.025 mm (0.001 in.) surface
of specimen (cast skin) removaL desmutted
solution 180 g/ LCrOs, 28°C (82” F)

Clean with solution—Oakrite 61B (43
g/tl), 38°C (100° ~; cold water rinse,
aikaline clean in Oaknte 94 (43 g/L),
80°C ( 176°~, water rinse, dry, cure at
149°C (300” F), 3 h

Depth of peening effect determined by X ray
for each alloy

Applied to EZ33 andZE41 alloys

Applied to AZ91

Specifkation procedures followed

.

Reprintedwith permission.Copyright@by the MetatsInformation AnalysisCenterat PurdueUniversity.
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The paint systemsusually consist of one or two coats of
a zinc-chromate-pigmented primer plus two or more
coats of enamel or lacquer. Because the corrosion of
magnesium results in the formation of magnesium
hydroxide, the paint should be alkali resistant, and there
are many paints based on vinyl, epoxy, acrylic, alkyl, and
urethane resins that have exceIlent resistance to alkali.
These paints can effectively protect magnesium in severe
service. Paint systemsfor Army aircraft shall be MIL-C-
46168 (Ref. 25) aliphatic polyurethane topcoat over MIL-
P-23377 (Ref. 26) epoxy polyamide primer (Ref. 18).

In the study of protective systemsfor cast magnesium
alloys referred to in par. 4-10.4.2, the following con-
clusions were reached concerning organic coatings (Ref.
151):

1. The anodizing of magnesium castings prior to
finishing with an organic system insures a system of
maximum protection.

2, Coating Systems M, N, and O offered enhanced
protection over the coatings currently specified or in use
(similar to System L). Table 4-103 contains descriptions
of the coating systemstested.

.

3. The protection afforded AZ91 alloy by the coating
systems is about 50$Z0of that afforded EZ33 alloy and
about 3570 of that affordedZE41 alloy. These differences o

indicate the influence of the inherent corrodibility of each
alloy.

4. Void-free specimens representing each coating
system and alloy combination are equally corrosion-
resistant in salt fog over 48 days of exposure.

4-10.4.4 Oils, Greases, and Waxes

Petroleum-base oils, greases,and waxes; lanolin greas~
carnauba wax, and petroleum sulfonate rust preventives
protect magnesium for a time from corrosion in mild
environments.

4-10.4.5 Inhibitors

Chromates, e.g., such as zinc chromate, are generally
effective in inhibiting the corrosion of magnesium, and
they have been used extensively for this purpose.

The corrosion of magnesium alloys by water and in
some aqueous solutions can be inhibited by the addition
of fluoride ion.

TABLE 4-103. COATING SYSTEMS FOR MAGNESIUM ALLOYS (Ref. 151)

Epoxy primer (MIL-P-23377)
Acrylic lacquer (MIL-L-
81352) tith aluminum
pigment (lT-P-320)

SYSTEM COMPONENTS SOURCE THICKNESS PER SIDE

L DeSoto, Inc., Garland, TX 6.4 X 10-2 mm (2.5 nil)
Materials Research 6.4 X 10-2 mm (2.5 roil) m

Laboratory, Ft. Belvoir, VA 12.8 X 10-2 mm (5.0 roil) TOTAL
Aluminum Company of
America, Alcoa Center, PA

M

N

o

P

Epoxy primer (MIL-PL52192)
Alkyd topcoat (TT-E-529)

Epoxy seal (Hysol CG 4226)
Chromate primer
(TT-P-1757)
Alkyd topcoat (TT-E-529)

Epoxy primer, (MIL-P-23377)
Flexible primer
(PR-1432-GP)
Urethane topcoat (MIL-C-
83286)

Cworo-rubber (Alloprene
x-lo)
Chromate primer
(TT-P-1757)
Urethane topcoat (MIL-C-
83286)

Con-Lux Coatings, Inc.,
Edison, NJ
Atlas Paint Co., Irvington, NJ

Hysol Division, Olean, NY
Glidden Paint Co., Reading,
PA
Atlas Paint Co., Irvington, NJ

DeSoto, Inc., Garland, TX
Products Research
Corporation, Burbank, CA
Deft, Inc., Torrance, CA

ICI, US Corporation,
Wilmington, DE
Glidden Paint Co., Reading,
PA
Deft, Inc., Torrance, CA

7.1 X 10-2mm (2.8 roil)
6.9 X 10-2 mm (2.7 roil)

14.0 X 10-2 mm (5.5 roil) TOTAL

3.6 X 10-2 mm (1.4 roil)
4.3 X 10-2 mm (1.7 roil)
5.3 X 10-2 mm (2.1 roil)

13.2 X 10-2mm (5.2 roil) TOTAL

4.1 X 10-2 mm (1.6 roil)
5.8 X 10-2 mm (2.3 roil)
3.8 X 10-2mm (1.5 roil)

13.7 X 10-2 mm (5.4 roil) TOTAL

6.9 X 10-2 mm (2.7 roil)
3.6 X 10-2 mm (1.4 roil)
3.0 X 10-2 mm (1.2 roil)

13.5 X 10-2 mm (5.3 nil) TOTAL

Reprintedwith permission.Copyright@by”theMetaIs Information AnalysisCenterat Purdue University.
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o 4-10.4.6 Electroplating and ZE41 A-T5, are of interest in this application because

Magnesium can be electroplated by processesemp~oying of better weldability and potentially lower susceptibfity

the conventional sequence of copper, nickel, and then
to general corrosion (Ref. 151).

chromium. ~m, silver, and gold electroplates are.used on ~
magnesium in electronic applications for protection and ~

4-11 MOLYBDENUM

to prevent the rapid formation of insulating f- that ‘ Molybdenum has a density of 10219 kg~m’ (637.95

interfere with soldering and electrical grounding. lbm/ ft3), which is 1.30 times that of iron. It has a melting
Experience indicates that decorative copper-nickel- ~ point of 2610° C (4730° F), which is higlv it does,

chromium plating offers about the same protection to however, form a volatile oxide (molybdenum oxide,

magnesium as it does to zinc and aluminum. MoOJ) that melts at 795° C ( 1463° ~-This oxide fo~ in

fie electroplating processinvolves the following steps:
1. Surface cleaning and activation
2. Zinc immersion coating
3. Copper strike
4. Standard nickel<hrornium plating.

Corrosion tests on electroplated magnesium pressure
die castings indicate that a total plate thickness of 5 i pm

- (2 roil) isrequiredfor adequate weathering resistancefor I

Y.
Nickel can also be deposited on magnesium by a

chemical reduction, or electroless, process.

4-10.5 EXAMPLES OF CORROSION
PROBLEMS

Severe pitting corrosion has been experienced on the

o

differential housing of the steering control of some Army
;, vehicles (Ref. 154). This component is made from cast

magnesium approximately 2S.4 mm (1 in.) thick. It rests
near the bottom of the vehicle hull-a location that allows
the component to contact water, dim fuel, oiL and other
liquids that collect in the lower hull well.

Helicopter gear housings ofAZ91 C-T6 alloy have been
usedwithin the restrictions of ADS-13C (Ref. 18) because
an adequate protection system can be maintained. These
housings are chromated overall. The external finish is a
chromate primer under an acrylic lacquer. The internal
ftih is a proprietaq epoxy resin over the Dow 7
chromate pretreatment. Other alloys, such as EZ35A-T5

air at temperatures above approximately 704° C
(1300”F).

Molybdenum is more abundant domestically than
some of the other refractory metals. It iswidely usedasan
alloying component because it improves the strength of
both low- and h@-aUoy steels. Molybdenum also has a
high modulus of elasticity, 310,264 MPa (45 X 10spsi),
which means it isvery stiff. Thus it deflects much lessthan
steel of equivalent cross section under a given load.
Molybdenum retains useful strength up to 1200”C
(2192” F).

Examples of commercial alloys of molybdenum are
TZM (0.5 Ti, 0.08 Zr, 0.015 C, Balance Mo) and Mo-
30W, which isa completely solid solution. The alloy TZM
retains useful strength to 1650”C (30C? F).

4-11.1 TYPES OF CORROSION
4-11.1.1 Uniform Corrosion
4-11.1.1.1 Weathering Corrosion

The corrosion of molybdenum based on 7 yr of
exposure to three types of atmospheresis shown in Table
4-104. The corrosion rates, which are expressed as
uniform weight loss or Penetration as well as the pit
depth parameters are very small. Corrosion at the Kure
Beach, NC, 25-m (80-ft) site (marine) is greater than that
experienced at Newark, NJ (idustriai). The smallest
corrosion rate was experienced at State College, PA
(rural).

O,,.,
.
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TABLE 4-104. ATMOSPHERIC CORROSION OF MOLYBDENUM [Ref. 147)

CORROSIONRATE PITDEPTH,pm(roil)
ULTIMATE STRENGTH,

DESIGNA- DENSITY
ELONGATIONIN

mdd 4 DEEPEST MAXIMUM MPa(ksi) 51mm(2in.),%
TION kg/ml lb/ft3 SITE (lb/f/”day) ~m/yr (mpy) AVERAGE SKY GRf)UND CONTROL EXPOSED C@NTROL EXPOSEti

Molybdenum10200 637 KureBeach,NC 0.4782 1.71 (0.0674) 41(1.6) 56(2.2) 61(2.4) 704.6 685.3 15.2 17.0
(9.794x 10-’) (102.2) (99.4)

Newark,NJ 0.3101 1.!1 (0.0437) 38(1,5) 71(2.8) 76(3.0)
(6,351X 10-’)

692.2
(100.4)

)7.5

StateCollege,PA 0.1261 0.45 (0.0178) 43(1.7) 94(3.7) 84(3.3) 685.3 15.4
(2.583X 10-’) ( 99.4)

Reprintedwith permissionfrom the National Associationof CorrosionEngineers.CopyrightNACE.
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o,“,,

4-11.1.1.2 Comosion in Acid Solutions

Molybdenum shows good resistance to nonaerated,
reagent grade hydrochloric, hydrofluoric, phosphoric,
and sulftic acids. Exposuresin7l°C(160” F) nonaerated
hydrochloric acid of concentrations varying between 1%
and 2(YEoshow a maximum corrosion rate of 28 pm/yr
(1.1 mpy). The corrosion rate in 110”C (230°F) con-
centrated hydrocfdoric acid is about 8 ~m (0.3 mpy), and
oxidizing agents and longer test periods increase the
corrosion rates. Many of the alloys that are used for
service in hydrochloric acid contain signifkant amounts
of molybdenum Molybdenum shows good resistance to
hydrofluoric acid. Exposures in 25% and 4970hydrofluoric
acid at 100°C (212° F) for 48 h give a maximum corrosion
rate of 79 pm/yr (3.1 mpy). All concentrations of
phosphoric acid inflict only slight attack on molybdenum
either at room temperature or boiling.

Molybdenum shows less than 25.4-pm/ yr (1-mpy)
iorrosion in IWO to 95% sulfuric acid at 71°C ( [@”~.
The corrosion rates follow:

1. Less than 127 pm~yr (5 mpy) in up to 50% boiling

S13hTiCacid
2. Lessthan 25.4 pm/yr(l mpy) in 10%sulfuric acid
3. Lessthan 1021.m/yr(4 mpy)in 20%0acid at 204°C

(*F).
However, the combination of higher concentrations and
higher temperatures can result in severe attack. For
exampIe, resistanceto 759f0sulfuric acid at 204° C (400° F)
is ordv fair. whereas resistance to 62~0 acid at 316° C
(600°~ is poor. Aeration of the sulfuric acid has no
sigMmnt effect on the corrosion rate of molybdenum.

Oxidizing cond~tions severely reduce the corrosion
resistanceof molybdenum in acid solutions. These condi-
tions include aeration of the nonoxidizing acids, with the
exception of sulfuric acid; oxidizing acids, such as nitric
acid; and reducing acids containing oxidizers, such as
nitric acid and ferric ctdoride.

Molybdenum and its alIoys are readily corroded by
nitric acid. For example, both concentrated boiling nitric
acid and 2590 dilute acid at room temperature readdy
attack molybdenum. At room temperature, however,
concentrated nitric acid forms a protective fdtn on
molybdenum that stifles further attack. The alloys TZM
and M*30W both corrode faster than molybdenum in
6.1% nitric acid.

The corrosion rates of molybdenum in some organic
acids at 1O(PC (212° F) are 254 pm/yr (10 mpy) in 10%
acetic acid, 203 pm/yr (8 mpy) in 10%oformic acid, and
254 prn/yr (10 mpy) in 0.25% benzoic acid.

4-11.1.1.3 Corrosion in Alkaline Solutions

Molybdenum is moderately resistant to aerated solu-
tions o; ammonia but is ine~ to deaerated ammonia. It
shows fair resistance in I?o sodium hydroxide at 35° C
(95”F) and 60” C(140”F), but in a 10%osodiumhydroxide

solution, it shows better resistance to corrosion at both
temperatures. At 35° C (95° F) molybdenum is severely
corroded in sodium hypochlorite at pH 211.

4-11 .1.1.4 Corrosion in Salt Solutions

Molybdenum shows good resistance to 3?0 sodhrn
chloride, 10% aluminum chloride, and 10%omofium
chloride solutions at temperatures up to 100°C (212°F).
The alloys TZM and Mo-30W are resistant to synthetic
seawater at 60° C (140° F).

Molybdenum isseverelycorroded by20%ferricchloride
and 20%0cupric chloride solutiow at 35°C (95° F)-

Molybdenum undergoes pinhole-type pitting in
mercuric chloride solutions. lZM is susceptible to a type .
of crevice corrosion in mercuric chloride solutions.

4-11 -1.1.S Corrosion in Halogen Gases

Molybdenum undergoes vigorous attack by fluorine at
room temperature. It is, however, resistant to attack by
chlorine up to 230° C (446° F), bromine up to 449°C
(844PF), and iodine up to 788°C (1450° F). Wet bromine
and chlorine attack molybdenum at room temperature.

4-11.1.2 High-Temperature Corrosion

4-11.1.2.1 Oxidation

The relatively low melting point of the volatile oxide
MOOJ results in poor resistanceto oxidation in air at high
temperatures. Oxidation in air beginsat 300°C (572” ~, it
is rapid at 500° C (932” F), and it is very rapid by 1200”C
(219P F). The relative corrosion rates of several metals in
air at 1204°C (220fPF) are compared in Table 4-105.

TABLE 4-105. AIR CORROSION AT
1204° C (2200”F) (Ref. 72)

RELATIVE
METAL CORROSION RATES*

Silicon
81 iNi-12.5Cr-6.5 Al
310 Stainless (25 Cr-20Ni)
67Cr-33Ni
Chromium
Titanium
Zirconium
93Cb-7Mo
Tungsten
Columbium
Tantalum
Molybdenum

small
0.4
1.0
1.9
5.0

29.6
59
89

i 14
696

1140
1600

*Refersto Type 310steel

Reprinted with permission.From kfeta!lur~”cal Society Con-
ferences, Volume II. Refractory Metals artd Al[oys, “Oxidation
Behaviorof Refractory Metals and Atioys” by J. W. Semmel,
Jr., p. 161,The Metalkgical Society, 1961.
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The reactions. of several gases with molybdenum
elevated temperatures are shown in Table 4-106.

4-11 .1.2.2 Reaction With Metallic Elements

The corrosion of molybdenum in liquid metals
shown in Table 4-107. Ivfo-30W alloy is almost inert
attack by zinc at normal zinc casting temperatures.

at

is
to

4-11 .1.2.3 Reaction With Nonmetallic Elements

IWolybdenuxn forms a boride at high temperatures, a
carbide above 1100°C (2012° F), and a silicide above
1000°C (1832” F). It does not react with phosphorus.

4-11 .1.2.4 Hot Corrosion of Alloys Containing
I$folybdenum

A form of hot corrosion occurs with alloys containing
molybdenum. Type 316 stainlesssteel, i.e., 18 chromium,
12 nickel, and 3 molybdenum, and alioys containing
larger amounts of molybdenum have corroded at extreme-
ly high rates in high-temperature air. In other situations,
the rate of attack was not exceptional. The explanation
for these high corrosion rates may be that low-melting-
point, volatile MOOS accumulates on the alloy surface so
that the surface oxide loses its protective qualities.
However, if the ventilation is sufficient to dissipate the
volatile oxide, the normal high-melting oxide scale re-
mains and provides protection to the alloy. Alloys with

more than 40% chromium have been developed for usein
situations during which MOOJ hot corrosion might occur.

4-11.2 METHODS FOR PREVENTION OF
CORROSION 9

Several coatings have been developed that give reliable
protection at very high temperatures (exceeding 1371° C
(2500” F)) to both molybdenum and co]umbium(Ref, 78)
These coatings include

i. Layers of molybdenum disiIicide (MOSiz)
2. Metallic chromium or nickel chromium sub-

sequently sprayed with alumina A1203 or other refractory
material

3. Metallic aluminum, plus chromium, plus silicon
4. Titanium and titanium compounds, suchasoxides,

nitrides, carbides, and silicides and various combinations
of these materials.

Several techniques are used to apply these coatings:
plasma spraying, pack cementation, vapor plating, dipping
in molten metal or cold slurry, electroplating, and
cladding. Pack cementation develops excellent coatings”
of molybdenum disilicide.

Producing coatings that adhere to the basemetaI under
thermal cycling conditions and that resist abrasion or
mild surface impacts under handling and service condi-
tions is extremely important. Experience with a
molybdenum test specimen coated with a protective
silicide coating shows that molybdenum oxidizes to
MOOJ and va~orizes through a pinhole defect in the
coating.

*

TABLE 4-106. REACTION OF MOLYBDENUM WITH GASES AT ELEVATED

TEMPERATURES (Ref. 57)

GAS TEMPERATURE, 0C ~ F) CORROSION REACTION

Oxygen-deficient 1427 (2600) Tolerable in specific
combustion gases applications
Carbon dioxide <1093 (<2000) Slight
Hydrogen a593 (<4700) Slight
Nitrogen <2399 (<4350) Slight

>2399 (>4350) Nitriding
Nitric oxide <1127 (<2060) Little effect

>1127 (>2060) Reacts readily
Nitrous oxide 649 (1200) Oxidizing
Hydrogen sulfide 899 (1650) LMe effect
Sulfur dioxide 899 (1650) Attacks readily
Water vapor 649 (1200) Attacks
Dry fluorine. >21 (>70) Attacks
Bromine or chlorine <799 (<1470) Light weight loss

Copyright1963AmericanChemicalSociety.
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Q

TABLE 4-107. CORROSION OF MOLYBDENUM IN LIQUID METALS (Ref. 37 and 155),,,,

LIQUID METAL TEMPERATURE,0C (“F) CORROS1ON

o

Aluminum 660 (1220)
Bismuth <1429 (~605)
Bismuth lead 1093 (2000) for 24 h

Bismuth-lead-tin eutectic
Copper
Gallium

Gold
.Lead
Lithium
Magnesium
Mercury

,.
Potassium
Silver
Sodium
Sodium potassium
Tln

zinc

799 (1470)
<1300 (~72)
299 (570)
>538 G1OOO)
—

1093 (2000) for 500 h
~ (<1830)
1000 (1832)
699 (<1 110)
599 (1 110) to 699 (1290)
<899 (<1 650)

<899 (<1650)
593(1110)
699 (<11 10)
>599 @I I 10)
999 (1830) for 338 h
1499 (2730) for 2 h
446 (835)
699 (1290)

4-11.3 EXAMPLE OF CORROSION
PROBLEM

Molybdenum is a potentially suitable material for
future high-temperature, hypetvelocity gun-tube liners.
For this application, molybdenum shows good erosion
resistance and good chemical resistance to propellant
gases (Ref. 57). Molybdenum, however, has a higher
elastic modulus than steel; thus it is stiffer than steel. At
the strain developed during fting, molybdenum ex-
periences much higher stress than steel. Accordingly, a
molybdenum liner does not effectively transfer the load to
the steel gun-tube jacket, and this ineffective transfer can
damage the liners. Liners of molybdenum can perform
successfully only if they are placed initially under com-
pressivestress. The problem of transferring stressto the
load-bearing steeljacket can be complicated by differences
in thermal expansion between the liner and the jacket.

Hot hardness is another critical requirement of gun-
tube liners. Refractory alloys, such as TZM (0.5 Ti, 0.08
Zr, 0.015 C, balance Me), maintain hardness to high
temperatures.

Most of the refractory metals considered for use as
gun-tube liners are either expensive (Ta and Cb) or

Rapid attack
Unattached
Attacks sintered molybdenum 4.9 cm/yr

(1935 mpy)
Tolerable
Good resistance
Unattached
Severely attacked
Good resistance
No visible attack
Good resistance
Excellent resistance
Good resistance in static and dynamic tests
Moderate attack
Excellent resistance
Good resistance
Suitable for long-term service
Good resistance
Resists attack
Subject to attack
1.7% weight loss
0.7% weight loss
0.16 cm/yr (65 mpy)
1.84 cm/yr (725 mpy)

4-12 IWCKEL AND NICKEL ALLOYS

Nickelhas a density of 8900 kg/m3 (555.6 lb/ft3) and a
melting point of 1453° C (2647° F). Nickel is an alloying
element in the austenitic stainless steels, and a series of
alloys based upon nickel is used extensively. Nickel is
moderately expensive, i.e., the nickel-base alloys are more
costly than the austenitic stainless steels. Many of these
alloys are usedin high-temperature environments suchas
gas turbine engines, but many are used by the chemical
processindustry for service in aqueous solutions.

Nickel-base alloys include
1. Commercially pure nickel
2. Nickel<opper alloys
3. Nickel-molybdenum alloys
4. Nickel<hromium-iron alloys
5. Nickel-chromium-iron-copper alloys
6. Nickel<hromium-moly bdenum-iron alloys
7. Nickel*hromium-molybdenum alloys.

Additives usedin signi!lcant amounts includealurninun
titanium, columbium, cobalt, tungsten, and tantalum.
The compositions and physical properties of somenickel-
base alloys are given in Table 4-108.

Nickel alloys are better known by trade names than by
~ imported. Only molybdenum is available in good supply their UNS designations. The UNS designation, however,

from domestic sources; it is also lessexpensive. incorporates the commercial alloy number designation as
the last three digits Accordingly, Monel alloy 400 is
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TAB~E 4-108. NICKEL ALLOYS-@Lf. 2)

ALLOY UNS CONDITION MECHANICAL Properties
YIELD

COMPOSITION,%*
TENSILE

Ni(+Co)** Cr” Felt

ELON-
STRENGTH, S’TRENG’IM, GATIt)N, HARDNESS,

Mo c. OTHER MPa (ksi) MPa(ksi) % HB
200 N02200 103-207

(l&3$
99.

99.

63.-70.

63.-70.

. 0.4

0.4

1.0-2.5

2.0

— 0,15

— 0.02

— 0.3

— 0.25

— Ann, 379-552
(55-80)
345-414
(50-60)
483-621
(70-90)

896=1138
(130-165)

552-689
y;i:ll

(80-i15)
827-1034
(q(l;:o)

\l$$3)

(196)
1117-1331
(;;;-[{;)

$&--q)

(6;8;5)

(129)
586-724
(8;;j5)

(+;;)

(jH;)

(;llJ)

(;:;)

(110)

55-40

60-40

60-35

35-20

55-35

70-40

60-30

20.

17.

30-15

60-30

50-30

29.5

50-30

53.

61.

54.

61,
/

45.

90-120

75-102

11O-I49

250-315

120-170

110-150

145-220

371.

382.

300-390

120-184

(00-184

120-180

210.

194.

194.

161,

178.

201

400

K-500

600

601

625

706

718

+ X-750
zN 800

800H

801

825

B-2

C-276

c-4

G

x

N02201

N04400

N05500

Ann.— —
(10-25)
172-34528.-34CU Ann,—_
(25-50j
586-827
(85-120)

207-345
(30-50)
207-414
(30-60)
476-655
(rj~.;!l)

(##

(171)
793-979

(;&14;)

(30:60)
138-345
(2;;:0)

(79.5)
241448
(3;i~5)

$7$

f:)

E?

$?

(56)

2.3-3.15Al

0.35-0.85Ti, 30Cu
—

AgeHdn.—

Ann.
Ann,N06600 72.

58.-63.

Bal

39.-44.

50.-55.

70.

30.-35.

30.-35.

30.-34.

38.-46.

Bal

Bal

Bal

Bal

Bal

14.-17.

21.-25,

20.-23.

14.5-17.5

17.-21.

14.-17.

19.-23.

19.-23,

19.-22.

19.5-23.5

1.0

14.5-16.5

14.-18.

21.-23.

20.5-23,

6.-10.

Bal

5.

Bal

Bal

5.-9.

BaI

Bal

BaI

BaI

2.

4.-7.

3.

18,-2i.

17.-20,

— 0.15

— 0.10

8.-10. 0.10

— 0.06

2.8-3.3 0.08

0.08

— 0.10

— 0.05-0.10

— O.fo

2.5-3.5 0.05

26.-30. 0.02

15.-17. 0.02

14.-17. 0.015

5.5-7.5 0.05

8.-10. 0.05-0.15

N06601

N06625

N09706

N07718

N07750

1.0-1.7Al Ann.

Ann.3.15-4.15(Cb-1-Ta)

SolnTreat
andAged
SpecHT

—

4.75-5.5(Cb-t-Ta)
0.65-1.15Ti, 0.2-0.8Al

0.7-1.2(Cb+ Ta} SpecHT
2.25-2.75h, 0,4-1.0Al
0.15-0.6Al, 0.15-0.6TiN08800 Ann.

N08800

N08801

0.15-0.6Al, 0.15-0.6Ti SolnTreat

0.75-1.5Ti SpecHT

N08825 1.5-3.0Cu, 0.6-1.2Ti Ann,

N10665

N10276

N06455

Ann.—

3.0-4.5w Ann.

0.7Ti Ann.

N06007 1.0-2.0Mn, 1.5-2.5Cu
1.75-2.5(Cb-t Ta)

0.2-1.0w

Ann.

N06002 Ann.

*Single valuesare maximumsunlessotherwisestated.
**Single valuesare minimums.
tl’ypical roomtemperatureproperties

tlBal = Balance

Reprintedwith permissionfrom the National Associationof CorrosionEngineers.CopyrightNACE.
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N04400, but Hastelloy X is N06002. The common
generic names of nickel-base alloys include the Monels,
the Inconels, and the Hastelloys. (Monel and Inconel are
registered trademarks of the International Nickel Com-
pany, Inc. Hastelloy and Haynes are registeredtrademarks
of Haynes International, Inc.)

4-12.1 TYPES OF NICKEL ALLOYS

4-12-1.1 Commercially Pure Nickel

Nickel alloys 200 and 201 are commercially pure

nickels. Nickel 201 has a lower carbon content; therefore,
it is preferred for applications at temperatures greater
than 316°C (600° F). The low carbon content prevents the
loss of ductility that can result from graphitization.

4-12.1.2 Nickel-Copper Alloys

The Monel alloys contain at least 30% copper. Monel
-tilloy 400 shares many characteristics with commercially
pure nickel; however, it is an improvement in some
characteristics. Monel alloy K-500 is age-hardenable. It
possessesincreased strength and hardness over alloy 400
and the corrosion-resistant characteristics of alloy 400.

4-12.1.3 Nickel-Molybdenum Alloys

Hastelloy alloy B-2 is the major nickel-molybdenum
tioy. This alloy contains no chromium.

4-12.1.4 Nickel-Chromium-Iron Alloys

Inconel aiioy 600 isa nickel-base alloy usedin corrosive
environments at elevated temperatures. It combines good
mechanical properties with workability and is readily
welded.

Incoloy alloy 800 is used for its oxidation resistance
and strength at high temperatures. Incoloy alloy 825 also
has improved aqueous corrosion resistance compared to
dOy 800. .

4-12.1.5 Nickel-Chromium-Iron-Copper Alloys

Hastelloy alloy G is a columbium-stabilized, nickel-
base alloy. Alloy G-3 is an improved version of alloy G
with lower carbon (0.01 570 maximum versus 0.05V0
maximum), lower columbium plus tantalum (0.3T0 typical
versus2.07.), and increased molybdenum (7.WO nominal
versus 6.570 nominal). Alloy G-30 is a high-chromium
nickel-base alloy (29.5T0 chromium versus 21.0 to 23.5qo
in alloy G-3). Compared to alloy G-3, the chemical
composition of G-30 includes increased carbon (0.0390
maximum), increased columbium plus tantalum (0.7%)
and decreased molybdenum (5.0%0).

Because it is stabilized, alloy G can be used in the
as-welded condition. Alloys G-3 and G-30 both exhibit
greater generalcorrosion resistancethan alloy G, excellent
weldability, and arc suitable for use in most chemical
process applications in the as-welded condition.

4-12.1.6 Nickel-Chromium-Molybdenum-Iron
Ailoys

Hastelloyalloy X isa heat-resistant alloy that has good
high-temperature strength and exceptional resistance to
oxidizing atmospheres. Alloy X is used in the hot section
of gas turbine engines on parts such as burner cans and
transition ducts. In an oxidizing environment alloy X
forms a complex chromium-oxide spinel scale on its
sutiace, which provides good resistance up to tempera-
tures of 1177°C (2150”F).

4-12.1.7 Nickel-Chromium-Molybdenum Alloys

Inconel alloy 625 hashigh strength and toughnessfrom
cryogenic temperatures to 1093°C (2000° F). Its strength .
results from the stiffening effect of molybdenum and
columbium on the nickel-chromium matrix. The alloy
has good oxidation resistance and it resists attack by
many acidic environments. The high nickel content of the
alloy providesgood resistanceto chloride stress-corrosion
cracking. The stabilization provided by columbium and
tantalum renders the alloy suitable for servicein corrosive
media in the as-welded condition.

Alloy 625 has been used as sheet metal in high-
temperamre gas turbine applications. Such applications
include ducting systems, thrust reversers, and after-
burners. After long aging in the 593° to 760°C ( 1100° to
1400°F) temperature range, however, the room tempera-
ture ductility of the alloy is signiilcantly reduced.

Hastelloy alloy C-276 is an improved wrought version
of Hasteltoy C. The low-carbon (0.01 VOmaximum), low-
silicon (0.08qo) version was developed to overcome the
severe intergramtlar corrosion attack of as-welded
Hastelloy C in many oxidizing and chloride~ontaining
environments. The alloy is widely used in the process
industries.

Hastelloy alloy CA has excellent high-temperature
stability, and its comosion resistance and mechanical
propemies in the thermally aged condition are sinilar to
its properties in the annealed condition. With the ex-
ceptions of lower iron concentration and no tungsten in
alloy C-4, the composition is similar to alloy C-276. The
corrosion resistanceof the two alloys is also similar.

4-12.2 TYPES OF CORROSION OF NICKEL
ALLOYS

4-12.2.1 Commercially Pure Nickel

4-12.2.1.1 Uniform Corrosion

4-12.2 .1.1.1 Weathering Corrosion

The weathering corrosion rates of alloy 200 in several
locations are shown in Table 4-109. The highestcorrosion
rate occurred in an industrial atmosphere. Nevertheless,
the average corrosion rate for a 7-yr exposure was 1.78
~m/yr (0.070 mpy). Thk is not considered excessive.
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TABLE 4-109. CORROSION AND PIT DEPTH DATA ON TEST PANELS (Ref. 156)

MATERIAL LOCATION AVERAGE WEIGHT LOSS AVERAGE CORROSION RATE AVERAGE OF
4 DEEPEST

mg/dm2(lb/ ftz) mdd(lb/ ft2day) pm/yr (mpy) PITS, pm (roil)

Monel alloy400

Incoloy alloy 825*

23.4
(0.48 X 10-3)

22.9
(0.47 x 10-’)

77.0
(1.6 X 10-3)

25.1
(0.51 x 10-3)

Newark, NJ 355.0
(7.3 x 10-’)

16.3
(0.33 x 10-’)

19.4
(0.40 x 10-’)

161.0
(3.3 x lo-’)

18.9
(0.39 x 10-’)

Point Reyes,CA 30.4
(0.62X 10-3)

21.4
(0.44 x 10-3)

19.4
(0,40 x 40-’)

50.1
(1.OX 10-’)

29.3
(0.60 X 10-3)

StateCollege,PA 51.5
(1.1 x 10-’)

15.6
(0.32 X 10-3)

11.8
(0.24 X 10-3)

52.0
(1.1 x 10-’)

18.1
(0.37 x 10-’)

2 yr 7 yr 2 yr 7 yr 2 yr 7 yr 2yr 7yr

Nickel 200 Kure Beach(24-m 55.0 150.8 0.305 0.025
(80-ft) site),NC

<25.4 <25.4
(1.1 x 10-3) (3.1 x 10-3) (0.012)

Incoloy alloy 800 0.152
(0.006)

Inconelalloy 600 0.127

Monel alloy 400
(0.005)
0.432

(0.017)
Incoloy alloy 825* 0.152

(0.006)
Nickel 200 2.007

Incoloy alloy 800
(0.079)
0:102

(0.004)
Inconelalloy 600 0.102

Nickel 200

Incoloy alloy 800

Inconelalloy 600

Monel a[loy400

Incoloy alloy 825*

Nickel 200

Incoloy”alloy800

Inconelalloy 600

Monel alloy400

Incoloy alloy 825*

33.6
(0.69 X 10-3)

27.6
(0,57 x 10-’)

224.6
(4.6 X 10-3)

18.9
(0.39 x 10-’)

1095.0
(22.4 X 10-3)

11.7
(0.24 X 10-3)

16.6
(0.34 x 10-’)

505.5
(10.4 x 10-’)

11.0
(0.23 X 10-3)

**

**

**

**

**

141.5
(2.9 X 10-3)

11.7
(0.24 X 10-3)

13.4
(0.27 X 10-3)

125.4
(2.6 X 10-3)

11.8
(0.24 X 10-3)

0.075
(1.54 x 10-’)

0.032
(0.66 x 10-’)

0.031
(0.63 X 10-’)

0.106
(2.17 X 10-’)

0.034
(0.70 x 10-’)

0.484
(9.91 x 10-’)

0.022
(0.45 x 10-’)

0.027
(0.55 x 10-’)

0.214
(4.38 X 10-’)

0.026
(0.53 x 10-’)

0.042
(0.86 x 10-’)

0.029
(0.59 x 10-’)

0.027
(0.55 x 10-’)

0.069
(1.41 x lo”’)

0.040
(0.82 X 10-’)

0.070
(1.43 x 10-’)

0.021
(0.43 x 10-’)

0.016
(0.33 x 10-’)

0.071
(1.45 x lo”’)

0.024
(0.49 x 10-’)

0.059
(1.2X lo-’)

0.013
(0.27 X 10-’)

0.011
(0.23 X 10-’)

0.088
(1.80 X 10-’)

0.007
(o.!4 x 10-’)

0.428
(8.77 X 10-’)

0.005
(0.10 x 10-’)

0.006
(0.12 x 10-’)

0.196
(4.01 x 10-’)

0.004
(0.08 X 10-’)

**

**

**

**

**

0.058
(1.19 x 10-’)

0.005
(o.10x 10-’)

0.005
(0.10 x 10-’)

0.051
(1.04 x 10-’)

0.005
(o.10x 10-6)

(0.004)
0.889

(0.035)
0.127

(0.005)
0.178

(0.007)
0.152

(0.006)
0.102

(0.004)
0.279

(0.011)
0.178

(0.007)
0.305

(0.012)
0.102

(0.004)
0.076

(0.003)
0.279

(0.011)
0.102

(0.004)

(0,010)
0.051

(0.002)
0.051

(0.002)
0.356

(0.014)
0.025

(0.001)
1.778

(0.070)
0.025

(0.001)
0.025

(0.001)
0.813

(0.032)
0.025

(0.001)
**

**

**

**

**

0.229
(0.009)
0.025

(0.001)
0.025

(0.001)
0.203

(0.008)
0.025

(0.001)

*Formerly Ni-o-nel aHoy825
**Lost dueto vandalismat Point Reyes

CopyrightASTM. Reprintedwith permission.
,,

(<1) (<1)
<25.4 <25.4
(<1) (<1)

<25.4 <25.4
(<1) (<1)

<25.4 <25.4
<1) (<1)

<25.4 <25.4
(<1) (<1)

<25.4 <25.4
(<1) (<1) ~

<25.4 <25.4
(<1) (<1) ~

<25.4 <25.4 ~
(<1) (<l) :

<25.4 <25.4.
(<1) (<1) ?

<25.4 <25.4 ;
(<1) (<1) ~

<25.4 ** g
(<1)

<25.4 ** -
(<1)

<25.4 **
(<1)

<25.4 **
(<1)

<25.4 **
(<1)

<25.4 <25.4
(<I) (<1)

<25.4 <25.4
(<1) (<1)

<25.4 <25.4
(<1) (<1)

<25.4 <25.4
(<1) (<1)

<25.4 <25.4
(<1) (<1)
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4-12.2 .1.1.2 Corrosion in Acid Solutions

Nickel will corrode in dilute sulfuric, hydrochloric, and
phosphoric acids containing oxidizers, such as air and
metal salts.

4-12.2.1.13 Corrosion in Alkaline Solutions

Nickel is suitable for service in practically all alkaline
concentrations and temperatures. Anhydrous ammonia
or aqueous ammonium hydroxide solutions of lessthan
1% concentration do not attack nickel. However, nickel
forms a soluble nickel-ammonium complex corrosion
product and thus is attacked by stronger solutions of
ammonia or aqueous ammonium hydroxide.

4-12.2.1.2 Pitting Corrosion

Nickel exhibits a noble galvanic potential in seawaten
riiowever, nickel is quite susceptible to pitting in quiet
seawater-508 to 1270 pm/yr (0.508 to 1.27 mm/ yr (20 to
50 mpy)). Nickel is immune to pitting in seawater at very
high velocities (6. 1 m/s (20 ft/s)). Also nickel is attacked
by strong alkaline hypochlonte solutions, from which
pitting results, but a small amount of sodium silicate will
inhibit this attack.

4-12.2.13 Stress-Corrosion Cracking

Nickel may be susceptible to stress-corrosion cracking
in aqueous or fused caustic conditions if it is severely
stressed.However, itisnot susceptibleto stress-corrosion
cracking in chloride environments.

4-12.2.1.4 Higb-Temperature Corrosion

The high-temperature oxidation of pure nickel foUows
a paraboiic relationship with time. The oxidation resis-
tance of nickel, however, can be greatly improved by
adding large quantities of chromium. Nickel forms a
eutectic with nickel sulilde that melts at 646°C ( 1194°F),
which is much less than the melting point of nickel
(1453°C) (2647°F)). Therefore, nickel can be severely
damaged by su~ldation.

Nickel does not form a stable nitride at elevated
temperatures, but commercially pure nickel corroded in a
3-month test in a chemical plant ammonia line operating
at 499° C (930° F) (Ref. 157). The corrosion was the result
of manganese-nitride formation. Manganese is an im-
purity in commercially pure wrought nickel.

Pure nickel does not form a stable carbide at elevated
temperatures; therefore, graphite may form in a carburiz-
ing atmosphere and result in embrittlement.

Nickel is a superior material for service at elevated
temperatures in dry chlorine, fluorine, and hydrogen
chloride.

4-12.2.2 Nickel-Copper AJloys

4-12Q.2.1 Uniform Corrosion

4-12.2.2.1.1 Weathering Corrosion

Monel alloy 400 roofing sheetsoff the old Penn Station
in New York Chy were examined when the building was
tom down (Ref. 158). The sheets were roughly 0.43 mm
(0.017 in.) thick after 54 Y of exposure. This corresponds
to a corrosion rate of 0.322 mdd (6.60X 10+ lb/ ft2.day)-
For comparison, the Monel 4Q0spe~ens exposed in an
industrial atmosphere in Newark, NJ, showed a corrosion
rate of 0.196 mdd (4.01 X 104 lb/ ft2”day) over a 7-yr
period.

4-12.2 .2.1.2 Corrosion in Acid Solutions

Alloy 400 hasimproved corrosion resistancecompared
to that of commercially pure nickel in nonoxidizing acids,
such as sulfuric, hydrochloric, and phosphoric. The
presence of oxidizers, such as air and metal salts,
increases the corrosion susceptibility. Alloy 400 is also
not resistant to oxidizing medi% suchasnitric acid, ferric
chloride, chromic acid, wet chlorine, sulfur dioxide, or
ammonia.

Alloy 400 does, however, have excellent resistance to
hydrofluoric acid solutions at ail temperatures and pres-
sures. Fig. 4-38 is an isocorrosion diagram for Monel
alloy 400 in hydrofluoric acid. Aeration or the presenceof
oxidizing salts increasescorrosion rates.

4-12.2.2.2 Pitting and Crevice Corrosion

The pitting penetration rate of aUoy 400 in quiet
seawater is from76to381 ~m/yr (3 to 15 mpy). Alloy 400
shows some susceptibility to crevice corrosion attack. On
a scale of 100 (Hastelloy C = O, pure copper = 100),
alloy 400 has a resistance of 10 to fouling organisms in
quiet seawater. Above a velocity of about 0.91 m/s (3
ft/s), it is increasingly difficult for fouling organisms to
attach themselvesto the surface of the aIloy. At seawater
velocities above 1.8 m/s (6 ft/s), the pitting of alloy 400 is
lessthan 25.4 pm/yr (1 mpy), and at very high velocities,
i.e., greater than 6.1 m/s (20 ft/s), the comosion rate of
alloy 400isn.iL

4-12.2.23 Stress-Corrosion Craelcing

Alloy 400 is not subject to chloride stress+orrosion
cracking. When it contains residual stresses,it is cracked
by w2rm (49°C (12W F)) hydrofluorosilic acid, mercury,
and mercury salts(Ref. 160). Alloy 400 hascracked when
in contact with hydrofluoric acid vapor, air, and moisture
(Ref. 161), but it does not crack when it is fully immersed
in the acid.
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Figure 4-38. Isocorrosion Diagram for Monel Alloy 400 in Hydrofluoric Acid (Ref. 159)

..

4-12.2.2.4 High-Temperature Corrosion

Nickel-copper alloys are not used in high-temperature
oxidizing and sulfidtilng atmospheres. The corrosion of
Monel in dry chlorine and fluorine at Iigh temperatures is
somewhat greater than that of nickel, but its corrosion
rate in dry hydrogen chloride is much greater than that of
nickel.

4-12.2.3 Nickel-Molybdenum Alloys

4-12.2.3.1 Uniform Corrosion in Acid SolutiorIs

Hastelloy B-2 is suited for equipment handling hydro-
chloric acid at all concentrations and temperatures includ-
ing the boiling point, as indicated in Fig. 4-39. Its
corrosion behavior, however, is affected by oxidizing
chemicals. The presenceof ferric or cupric ions in solution
greatly accelerates corrosion attack. Dissolved oxygen
also increasesthe corrosion rate.

Alloy B-2 hasgood resistanceto pure sulfuric acid at all

concentrations below 60% acid at temperatures up to the
boiling point. It also has good resistance below 100° C
(212”F) at concentrations above 60% acid. Fig. 440 isan
isocorrosion diagram of Hastelloy alloy B-2 in sulfuric
acid. The presence of oxidizing salts, such as ferric
chloride, ferric sulphate, or cupric chloride, can accelerate
corrosion in sulfuric acid.

Alloy B-2 has acceptable corrosion resistance in most
concentrations and temperatures of reagent grade
phosphoric acid and is resistant to attack by hydrofluoric
acid and many organic acids, such asacetic, formic, and
cresylic.

Alloy B-2 isnot suitable for usein oxidizing acids, such
asnitric and chromic, nor in oxidizing salts, such asferric
chloride and cupric chloride.

4-12.2.3.2 PMing Corrosion

Alloy B-2 is h~ghly resistant to pitting in most acid-
chloride environments, and it is resistant to many dry,
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Figure 4-39. Isocorrosion Diagram for

Hastelloy Alloy B-2 in Hydrochloric Acid

(Ref. 162)

200

50

chloride-bearing salts, including aluminum chloride,
magnesium chloride, antimony chloride, ammonium

. .
chloride, and zinc chloride.

4-12.233 Stress-corrosion Cracking

Alloy B-2 is resistantto chloride stress-corrosion
cracking.

4-12.23.4 High-Temperature Corrosion

Alloy B-2 has limited use in elevated temperature
environments. Because it contains no chromium, EA2
does not form a protective scale in air. Alloy B-2 does,
however, have good resistance to dry chlorine and dry
hydrogenat elevatedtemperatures.

AlloyB-2isusedinredwing environmentsandvacuum
furnaces because it has good mechanical propertiesat
elevated temperatures. In the temperature range of 599°
to 849 C (11 10° to 1560° F), however, intermetallic
phasesform upon aging. Therefore, alloy B-2 should not
be used in any environment for long periods in this
temperature range.
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Figure 4-40. lsocorrosion Diagram for Hastelloy Alloy B-2 in Sulfuric Acid (Ref. 162)
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4-12.2.4 Nickel-Chromium-Iron Alloys

4-12.2.4.1 Uniform Corrosion

4-12.2 .4.L1 Weathering Corrosion

The nickel-chromium-iron alloys show much less
weathering corrosion than the nickel or the nickel-copper
alloys.

4-12.2 .4.1.2 Corrosion in Acid Solutions

Alloy 800 is not used much in aqueous environments;
its resistance to corrosion is between that of Types 304
and 316 stainlesssteels. AIloy 825 has good resistance in
pure sulfuric acid up to concentrations of 40% at tempera-
tures up to boiling, and it has good resistance at all

. concentrations up to 66° C ( 150°F). Oxidizing salts, such
as cupric and ferric compounds, lower the corrosion rate
in dilute sulfuric acid. Alloy 825 has good resistance to
attack in phosphoric acid but has limited resistance in
hydrochloric or hydrofluoric acid.

4-12.2 .4.1.3 Corrosion in Ammonia Solutions

Alloy 600 is very resistant to attack by ammonia
solutions over the full range of concentrations and
temperatures.

4-12;2.4.2 Pitting and Crevice Corrosion

Alloy 600 is subject to pitting and crevice corrosion
because of its lack of molybdenum. Although alloy 825
has better resistanceto pitting and crevice corrosion than
alloy 800 because of its higher nickel content, other
commercially available alloys have higher resistances.

4-12.2.4.3 Stress-Corrosion Cracking

Alloy 600 is susceptible to stress-corrosion cracking in
high-temperature, concentrated alkalies as well as in
molten anhydrous hydroxides. Alloy 600 cracked in
hydrofluoric acid vapor over 48% hydrofluoric acid at
60° C ( 140° F), but it did not crack after several thousand
hours in simulated boiler water (Ref. 161). However, tests
at high stresslevels and high temperatures have demon-
strated stress-corrosion cracking of alloy 600 in high-
purity water, as well as in the presence of caustic or lead
compounds (Ref. 163). Thus, avoiding high stresslevelsis
essential for avoiding stress-corrosion cracking in alloy
600.

Sensitized alloy 800 cracks in polythionic acid (Ref.
161), but the stress-corrosion cracking behavior of alloy
800 is better than that of the 300 seriesstainlesspteels.

Although alloy 825 cracks in boiling magnesium
chloride solution,,it hasgood resistanceto stress-corrosion
cracking in neutral chloride solutions.

In general, nickel alloys are resistant to stress-corrosion
cracking in environments, including nitrate and ammonia
solutions and sulfides, that cause cracking in other
metals.

4-12.2.4.4 High-Temperature Corrosion

Alloy 600 can be used in air up to about 1093”C
(2000° F), but the presence of sulfur reduces the maxi-

0

mum-use temperature to about 316° C (600° F). Alloy 600
has excellent resistance to dry halogens at elevated
temperatures.

Although alloy 800 can be used in oxidizing gasesup to
about 1093° C (2000° F), it cannot be used in strong
reducing mixtures of hydrogen sulfide and hydrogen.

The nickel-chromium-iron alloys can undergo sensiti-
zation at elevated temperatures. The source of carbon
could be the alloy itself or graphite that precipitates in a
carbon-containing gas. This sensitization can result in
intergranular corrosion as well as in oxidation and
sulfidation. Alloy 825 resists intergranular attack after
being heated in the sensitizing range.

4-12.2.5 Nickel-Chromium-Iron-Copper Alloys .

4-12.2.5.1 Uniform Corrosion in Acid Solutions

Ilastelloy alloy G-30 has only limited usefulness in
hydrochloric acid. Alloy G-30 has excelIent resistance to
nitric acid, as shown in Fig. 4-41, over a wide range of
acid concentrations and temperatures and has demon-
strated excellent resistanceto a wide range of phosphoric
acid compositions presumably because of the high
chromium content of the alloy. Alloy G-30 has acceptable
corrosion rates over a wide range of sulfuric acid
compositions and a limited temperature range, as shown o

in Fig. 4-42. Although many alloys resist pure sulfuric
acid, alloy G-30 resistscombinations of sulfuric acid and
chlorides. Alloy G-30 is used in phosphoric acid pro-
duction and in processing organic chemicals, especially
when chlorides are present.

f 1 I 1 I I 1
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Reprinted with permission.Copyright @ by Haynes Inter-
national, Inc.

Figure 4-41. lsocorrosion Diagram for
Hastelloy Alloy G-30 in Nitric Acid o

(Ref. 162)
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Reprintedwith permission.Copyright @by HaynesInternational, Inc.

Figure 4-42. Isocorrosion Diagram for Hastelloy Alloy G30 in Sulfuric Acid (Ref. 162)

4-12.2.5.2 Pitting and Crevice Corrosion corrosion crackhg.

Alloys G, G-3, and G-30 are resistant to pitting and 4-12.2.6 IUickel-Chromiusn-Molybdentun-kon
crevice corrosion. Alloy G is susceptible to this type of Alloys
corrosion in solutions with high chloride levelscontaining
oxidizing ions, however, alloy G-30 has demonstrated 4-12.2.6.1 High-Temperature Oxidation

resistanceto pitting in such solutions. The oxidation of Hastelloy alloy X is compared to

4-12-2.53 Stress-Corrosion Cracking
another nickel-base alloy and a cobalt-base alloy in Table
4-110.

Alloys G, G-3, and G-30 are resistant to stress-

TABLE 4-110. COMPARATIVE OXIDATION RESISTANCE IN FLOWING AIR* (Ref. 164A)

TEST AVERAGE METALAFFECTED** IN
TEMPERATURE, 1008 HOURS,t ym (tttil)

“c ‘F Hastetloy Haynes Hastelloy
Alloy s ~Ojt 188tt Alloy x

980 1800 (0.5) 15 (0.6) 23 (0.9)
1095 2000 :: (1.3) 33 (1.3) 69 (2.7)
1150 2100 43 (1.7) 203 (8.0) 147 (5.8)
1205 2200 >805 ~3 1.7) >551 ~21.7) >899 ~35.4)

●Ftowingair at a velocityof 2134 mm/tin (7.0 ft/ rein) in a tubefurnacq samplescycledto room temperatureoncea week
**Me~ ].ss Plw aV~ge depth of internalpenetratio~ largeinternalvoidsnot included
TAMfiguresshowntwgreaterthanstatedvaluerepresentextrapolationof testsfor whichsampleswereconsumedin lessthan 1008h.

tTHaynesalloy No. 188isa cobalt-basealloy.

Reprintedwith permkon. Copyright@ by HaynesIntemationaL Inc.
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4-12-2.6.2 HotCorrosion

‘Ike hot corrosion of Hastelloy alloy X is shown in
Table 4-111. This information iscompared to the informa-
tion for two other nickel-base alloys and a cobalt-base
alloy in Table 4-112.

Continued temperature cycling of alloy X eventually
reducesits room temperature ductility. As a result, repair
welding becomes difficult without solution annealing,
and solution annea.lhg may not be possible on large parts.

4-12.2.7 Nickel-Chromium-Molybdenum Alloys

4-12.2.7.1 Uniform Corrosion

4-12.2 .7.1.1 Corrosion in Acid Solutions

Hastelloy alloy C-276 is resistant to all concentrations
of hydrochloric acid at room temperature and is used
successfully up to about 49° C ( 120°F). Such usage is
illustrated in the isocorrosion diagram of Fig. 4-43. Alloy
C-276 is only marginally more resistant than alloy C-4,
and the presence of oxygen increases the corrosion rate
significantly. Alloy 625 is resistant to aqueous solutions
of hydrochloric acid it temperatures below 66° C (150° F).

Hastelloy alloy C-276 has only limited resistance to
nitric acid. The resistance of alloy C-4, which is shown in
the isocorrosion diagram of Fig. 4-44, issomewhat better,

50S0 wdyr CW20 fimiyr

(?00 mm) [<300 mpy}

Soiling Point

1270 to 50S0#m/yr Curve
[50 W 200 rnpyl

~

1270 #mlYr
(50 mrwl

50S to ?2?0gmlyr
(20 to 50 mkwl

5m lm!lyr
20 mpy

-1oo
0 10 20 30 40

Hydrochloric &id @tlCf311ttiiO~, wt %

~ All teat spacimans were solution heat-trwated and in
the unwelded condttion.

Reprinted with permission.Copyright @ by Haynes Inter-
national, inc.

l?igure4-43. Isocorrosion Diagram for
Hastelloy Alloy C-276 in Hydrochloric
Acid (Ref. 162)

TABLE 4-111. HOT CORROSION OF HASTELLOY ALLOY X* (Ref. 165)

@
MAXIMUM

TEST TEMPERATURE, TEST METAL PENETRATION/ TOTAL METAL
“c “F PERIOD, LOSS/ SIDE, SIDE, AFFECTED/SIDE,

h mm {roil) mm (roil) mm (roil)

899 1650 200 0.03 (1.2) 0.05 (1.8) 0.08 (3.0)
899 1650 1000 0.03 (1.2) 0.14(5.6) 0.17 (6.8)
954 1750 200 0.03 (1 .3) 0.08 (3.0) o.11 (4.3)

1010 1850 200 0.04 (1.6) 0.08 (3.3) 0.12 (4.8)

*AH testsperformed by exposureto thecombustionproductsof No. 2 dieseloil (0.4Y0sutfur)and 5 ppmof seasalt.Gasvelocityover
sampleswas4 m/s (13 ft/s). Thermal shockfrequencywas 1/h.
Reprintedwith permission.Copyright@by HaynesInternational, Inc.

TABLE 4-112. COMPARATIVE AVERAGE HOT CORROSION RESISTANCE FOR
1000 HOURS AT 900° C (1650° F)* (Ref. 164B)

ALLOY
IIaynesAlloy Haynes Alloy Haynes Alloy Hastelloy

230 188** 625 Alloy X

Metal Loss, pm (roil) 30 (1.2) 20 (0.8) 46 (1.8) 41 (1.6)
Average MetaJ Affected, ~m (roil) 130 (5.i) 69 (2.7) 132 (5.2) 140 (5.5)

*Testswereconductedin a low-velocityburnerrig burningNo. 2fuel oil with 0.4970sulfur.Aicfuel ratio was30:1.Artificial seawater
wasinjectedat a rate equivalentto 5 ppm salt. Sampleswerecycledout of the gasstreamoncean hour andcooledto nearambient
temperature.Gasvelocitywas4 m/s (13 ft/s).
** Haynesalloy 188isa cobalt-basealloy. @
Reprintedwith permission.Copyright@by HaynesInternational, Inc.
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Figure 4-44. Isocorrosion Diagram for

HasteIloy Alloy C-4 in Nitric Acid

(Ref. 162)

whereas alloy 625 is resistant to mixtures of nitric and
hydrofluoric acids.

Alloys C-276 and C4 have acceptable corrosion resis-
tance inmost concentrations and temperatures of reagent
grade phosphoric acid, but commercial grades of phos-
phoric acid contain fluorides and ferric saltsasimpurities

I I I I I I

200

t

;hat can accelerate the corrosion attack. Alloy 625 has
exeellent resistance to phosphoric acid solutions, includ-
ing the commercial grades of phosphoric acid.

Alloys C-276 and CA have acceptable corrosion rates
in sulfuric acid over a relatively wide range of concentra-
tions and temperatures. The isocorrosion diagram of
alloy C-276 in sulfuric acid is Fig. 445. Chloride contami-
nation of sulfuric acid tends to increase the corrosion
attack of alloys C-276 and CA at all acid concentrations.
Alloy 625 is resistant to aqueous sulfuric acid solutions at
temperatures below 66°C (150° F).

Alloy 625 and alloy C-276 have satisfactory resistance
to sulfuric acid, fluorspar, and hydrogen fluoride in
hydrofhtoric acid generators.

Alloys C-276 and C-4 have good resistance to acetic .
and formic acidsat temperatures to their boiling points in
all concentrations. Alloy 625 is also resistant to organic
acids below 66°C ( 150° F).

4-12.2.7.1.2 Corrosion in Acid Salts

Alloys C-276 and C4 are highly resistant to acid
chlorides, such as ammonium chloride or zinc chloride.
Alloy C-276 resists acid sulfates, such as aluminum or
ammonium sulfates, and acid phosphates, and it resists
ferric chloride at room temperature and can be usedsafely
in concentrations up to 4090 at 66°C (150° F).

, 1
I I i I
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NU7E All test speamenswere solution heimreated and in the unwelded oondition.

Reprintedwith permission.Copyright@by HaynesInternational,Inc.

Figure 445. - Isocorrosion Diagram for Hastelloy Alloy C-276 in Sulfuric Acid (Ref. 162)
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4-12.2 .7.1.3 Corrosion in Chlorine

Ilastelloy alloy C-276 has good resistance to room
temperature chlorine dioxide and other solutions contain-
ing free chlorine in appreciable concentrations? such as
those used for bleaching purposes. However, the alloy
may be attacked in solutions above room temperature,
especially at temperatures over 66° C (150° F). At room
temperature “therate of penetration in wet chlorine gas is
less than 25.4 #m/yr (1 mpy); at higher temperatures,
local attack may occur.

4-12.2.7.2 Pitting and Crevice Corrosion

Inconel alloy 625 and Hastelloy C are inert to crevice
corrosion in”quiet seawater. I-Iastelloy C does not pit in
quiet seawater and has a relatively low resistance to

“ fouling organisms in quiet seawater. At very high
velocities, i.e., from 0.9 to 1.8 m/s (3 to 6 ft/ s), the
corrosion rate of HasteUoy C is niI.

Alloy C-276 has excellent resistance to pitting and
crevice corrosion. The resistance of alloy 625 and alloy
C-4 is lessthan alloy C-276 but better than alloy G.

4-12.2.7.3 Stress-Corrosion Cracking

AIloys 625, C-276, and C-4 have excellent resistanceto
chloride stress-corrosion cracking.

4-12.2.7.4 High-Temperature Corrosion

4-12.2.7.4.1 Oxidation

Alloy 625 has good resistance to oxidation at elevated
temperatures. However, it loses room temperature

ductility after long aging in the 593° to 760°C(1100° to
1400° F) temperature range., o

Hastelloy alloy S was developed primarily for gas
turbine applications. It has good alloy stability and
oxidation resistance and a low coefficient of thermal
expansion. Its composition is similar to alloys C-276 and
C-4. The oxidation rate of alloy S is compared to
Hastelloy X and a cobalt-base alloy, Haynes ailoy 188, in
Table 4-110. The oxidation rate for alloy C-276, which is
shown in Table 4-113, is sign~lcantly higher than that for
alloy S. Therefore, alloy C-276 should not be used as a
high-temperature alloy, and alloy S should not be used
for low-temperature corrosion resistance.

4-12.2.7.4.2 Hot Corrosion

The hot corrosion resistancesof alloy S and alloy 625
are compared with Hastelloy X and Haynes alloy 188 in
Table 4-112. The resistancesof alloy S and alloy X are
similar but are not as good as the cobalt-base alioy 188,
and the resistance of alloy 625 is not as good as that of
alloy S and alloy X.

4-12.3 INTERFACE PROBLEMS

4-12.3.1 Metal-to-Metal

The seawatergalvanic seriesshown in Fig. 4-27 indicates
the relative nobility of nickel and nickel-base alloys. This
isput into practical terms in Table 4-114, which showsthe a

compatibility of various metals as fasteners and base
metals. It is important to note that some of the stainless
steels can be anodic or cathodic to nickel and its alloys

TABLE 4-113. OXIDATION OF HASTELLOY ALLOY C-276 (Ref. 166)

AVERAGE OXIDATION RATE PER 100-hTEST PER1OD
TEST TEMPERAT~RE, 100h, 100h,

CONTINUOUS INTERMITTENT*

‘c ‘F pm mil pm mil

982 1800 2.8 0.11 2.8 0.11
1038 1900 5.6 0.22 4.6 0.18
1093 2000 41.1 1.62 73.2 2.88

AVERAGE OXIDATION EFFECTS OF TIME AT CONSTANT TEMPERATURE

TEST TEMPERATURE, DURATION OXIDATION RATE
OF TEST PERIOD WEIGHT CHANGE PER TEST PERIOD

‘c “F (CONTINUOUS) mg/ cm2 (lb/ in.z) pm mil

1177 2150 15 min 5.2 ( 7.4X 10-5) 7.9 0.31
1177 ‘ 2150 30 min 9.0 (12.8 X 10-5) 12.4 0.49
1177 2150 Ih 13.3 (18.9 X 10-5) 17.5 0.69
1177 2150 2h 18.4 (26.2 X 10-5) 24.4 0.96
1177 2150 6h 23.6 (33.6 X 10-5) 31.2 1.23

*Eight periodsof 3 h and four periodsof 19h

Reprintedwith permission.Copyright @by HaynesInternational, Inc.
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TABLE 4-114. GALVANIC COMPATIBILITY (SEAWATER FASTENERS) (Ref. 87)

4 FASTENER +
BASE METAL Nickel- Nickel-

! Muninuml Carbon Silicon Nickel Chromium Type 304 Copper Type
steel Bronze Alloys Alioy 400 316

Aluminum Neutral (32) u~a~lz) (52) c c (y) c
factory

Steel and
Cam Iron

NC Neutral c c c c c c

Austenitic
. . Nickel Cast Iron NC NC c c c c c c

O,.:!

Copper NC NC c c c c c c

70130 Copper-
Nickel Alloy Nc NC NC c c c c c

Nickel NC NC NC Neutral C(3) C(3) c C(3)

Type 304 NC NC NC NC May{”)
Varv Neutral’3) c Ct”)

.

Nickel-Copper NC NC NC Nc Mafl] May(’) May’”)
Alloy 400 Vaty vary Neutral vary

Type 316 NC NC NC NC May(”) May(’) May[”)
vary vary Varv Neutral(Q)

(1) Anodizingwould changeratingsasfastener.
(2) Fastenersare compatibleand protectedbut may leadto enlargementof the bolt holein aluminumplate.
(3) Cathodic protectionafforded the fmener by the basemetal may not be enoughto preventcrevicecorrosionof the fastener

particularlyunderthe headof bolt fasteners.
(4) Crevicecorrosionmay occurunderheadof bolt fasteners.

NOTE: C = compatibl~ protected
NC= not compatible,preferentiallycorroded

Thiscopyrightedinformationisprovidedthroughthecouttesyof LaQue Center for CorrosionTechnology,Inc., WngfmiviUe Beach,

NC 28480.

and that those alloys that are susceptible to crevice
corrosion may show corrosion under the head of a bolt
when the galvanic potential between the bolt and the base
metal is smalL

Table 4-115 showsthe recommended welding materials
for joining the various nickel alloys.

4-12.3.2 Metal-to-Nonmetal

Hot corrosion is attributed to the formation of sodium
sulfate on alloys in high-temperature gas turbines. The
sodium sulfate reacts to form a metal sullide. This action
usually occurs on the nozzle guide vanes and the ftrst row
of rotor blades. Hot corrosion resistance is directly
related to the chromium content of the alloy. Aluminum
and titanium are added to increase the strength of the
nickel-chromium alloy. This change also usually means
reducing the chromium content, which increases the
susceptibility to hot corrosion. The compositions of some

nickel-base, high-temperature alloys are shown in Table
4-116. Some of these alloys contain less than IWO

chromium. Testing in a burner rig using JP4R fuel gave
tesults that indicate that at least 1270 chromium is
necessaryfor reasonable resistanceto hot corrosion (Ref.
168).

Lower cost distillates, residuaf oils, and certain crude
oils may contain organovanadium compounds, which,
during combustion, are converted to vanadium pentoxide

(V20S). This k a low-melting oxide that can cause
problems in the hot corrosion of nickel-base superaUoys-
If the turbine metal components are cooler than the hot
turbine gases and the metal temperature is below the
temperature of condensation of V20s, V20S cars con-
tinuously condenseonto the turbine components. Because
of the ability of condensed V@5 to dissolve oxide scales,
the effect of continuously condensing V205 on turbine
parts may be catastrophic,
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TABLE 4-115. RECOMMENDED WELDING MATERIALS (Ref. 159) m

BARE WIRE (GTMA) COATED ELECTRODES (SMA)
ALLOY (AWS A5.14) (AWS A5.11)

Nickel 200 Nickel filler metal 61 Nickel welding electrode 141
(ERNi-3) (lZNi-1)

Nickel 201 Nickel filler metal 61 Nickel welding electrode 141
(ERNi-3) (ENi-1)

Monel alloy 400 Monel fdler metal 60 Monel welding electrode 190
(ERNiCu-7) (ENiCu-2)

Monel alloy K-500 Monel filler metal 64 Monel welding electrode 134
(ERNiCu-8) (ENiCuAI-1)

Hastelloy alloy B-2 Alloy B-2 (ERNiMo-7) Alloy B-2 electrodes
Inconel alloy 600, Inconel filler metal 82 Inconel welding electrode 182

(ERNiCr-3) (ENiCrFe-3)
Incoloy alloy 800 Inconel ffller metal 82 Inconel welding electrode 132

(ERNiCr-3) (ENiCrFe-1)
Into-weld A electrode

(ENiCrFe-2)
lncoloy alloy 825 Incoloy ffller metal 65 Incoloy welding electrode 135
Hastelloy alloy G Alloy G (ERNiCrMo-1) Alloy G electrodes (ENiCrMo-1)
Hastelloy alloy X Alloy X (ERNiCrMo-2) Alloy X electrodes (ENiCrMo-2)
Inconel alloy 625 Inconel filler metal 625 Inconel welding electrode 112
Hastelloy alloy C-276 Alloy C-276 (ERNiCrMo-4) Alloy C-276 electrodes

(ENiCrMo4)
HasteUoy alloy C-4 Alloy C-4 (ERNiCrMo-7) Alloy CA electrodes
Hastelloy alloy S Alloy S —

Reprintedfrom Ref. 159by courtesyof Marcel Dekker, Inc.

$everal nickel-base materials have been subjected to
conditions that explore the effect of vanadium pentoxide
on the accelerated oxidation of these alloys (Ref;””l”69).’
The conclusions are

1. “Under the conditions imposed in the study, nickel
and nickel-chromium alloys form protective scaiesin the
presence of VzOj. The apparent rate of dissolution of the
vanadates formed in liquid VzOs deposited onto the
vanadium-oxide-coated substrate do not increase the
rates of oxidation of the substrates.”

2. “Initial, rapid rates of oxidation between V205 and
a metal substrate are due to reduction of V205 by the
substrate.”

3. “Alloys based upon the intermetallic systems
NiJAl, NiAl, and NiT~ are particularly susceptibleto VZOS
corrosion.”

4. “The product of the reaction between V205 and
alloys that tend to form aluminum or titania-rich scalesin
simple oxidation is glass-like or amorphous.”

4-12.4 METHODS FOR PREVENTION OF
CORROSION

The fundamental method for preventing corrosion of
nickel and nickel-base alloys is to select the proper
composition for the service environment. Corrosion
testing may be required for environments for which there

is little experience. It isnot likely that a nickel alloy would
be protected by paint. If a paint film could be relied upon
for corrosion protection, a much cheaper structural base
metal could be specfled.

Coatings are being developed for nickel alloys used in
the high-temperature oxidation and hot corrosion environ-
ment of jet engines. These coatings range from simple
diffusion-aluminide coatings to complex muhicom-
ponent, multilayered overcoats.

Overlay coatings of the NiCrAIY or NiCoCrAIY type
result in signitlcant improvements in oxidation and hot
corrosion resistance. Platinum overlays on thesecoatings
can improve oxidation and hot corrosion resistance.

Ceramic thermal barrier coatings for useon cooled hot
section components of gasturbine engines could improve
efficiency and/ or component durability (Refs. 170, 171,
and 172). The thermal barrier coat—a zirconia-yttria or a
calcium-oxide-silica mixture—is applied over a NiCrAIY-
type bond coat.

The thermal barrier coats tend to be porous and are
subject to failure by sodium sulfate and vanadium
deposition. Accordingly, denseovercoats have beentested
that might extend the life of the thermal barrier coat (Ref.
173). These range from metals, suchas AIPtj and ZrPtj,
to ceramics, such as zirconia-yttria mixtures, and to
glassesand glassmixtures.
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TABLE 4-116. NOMINAL COMPOSITIONS OF SOME NICKEL-BASE
HIGH-TEMPERATURE ALLOYS (Ref. 167)

ALLOYS COMPOSITIONwt%
Cr Al Ti co Mo w Nit OtheF

B-1900
G.64
GMR235
Hastelloy X
IN-100
INco 700
Alloy 713 c
INCO 718
IN-738
INCO X-750
INco 751
MAR-M 200
MAR-M 421
Nicrotung
Nimonic 75
Nimonic 80A
Nimonic 90
Niionic 100
Nimonic 105
Nimonic 115
RA-333
TRW 1800
TRW 1900

8.0 6.0 1.0 10.0 6.0 0-1● * B~

11.0
15.5
22.0
10.0
15.0
12.5
19.0
16.0
15.5
15.5
9.0

15.8
12.0
20.0
18121
18121
10/ 12

13.5116
15.0
25.0
13.0
10.3

6.0
3.0
—

5.5
3.0
6.1
0.5
3.4
0.7
1.2
5.0
4.25
4.0
—

0.511.8
0.812.0
4.0[6.0
4.2{4.8

5.0

6.0
6.3

2.0
—

4.7
2.2
0.8
0.9
3.4
2.5
2.3
2.0
1.75
4.0
0.4

1.812.7
1.813.0
1.0/2-0
0.9/ 1.5

4.0
—

0.6
1.0

—

1.5
15.0
28.5

—

8.S
—
—

10.0
9.5

10.0
—

748*

15f21
18/22
18/22
15.0
3.0
—

10.0

3.0
5.25
9.0
3.0
3.75
4.2
3.05
1.75
—
—
—

2.0
—
—
—
—

4.5/5.5
4.5/5.5

3.5
3.0
—
—

TRW-NASA VI
A 6.1 5.4 1.0 7.5 2.0

U-500 19.0 2.9 2.9 18.0 4.0
U-520 19.0 2.0 3.0 12.0 6.0
U-700 15.0 4.25 3.5 18.5 5.2
Unitemp 1753 16.2 1.9 3.2 7.2 1.6
Waspaloy 19.5 1.4 3.0 13.5 4.3

3.5
—

0.6
—
—
—
—

2.6
—
—

12.5
3.8
8.0
—
—
—
—
—
—

3.0
9.0
9.0

5.5

—

1.0
—

8.4
—

Bai
Bal
Ba.1
Bal
46.0
Bal
52.5
Bal
73.0
72.5
Bal
Bal
Bal
Bal
Bal
Bal
Bal
Bal
BaI
Bal
Bal
Ba.1

Bal

Bal
Bal
Bal
Bal
Bal

4.3 Ta
5.0 Fe**, 2.0 Cb
10 Fe
18.5 Fe
1.0 v
—

2.5 Fe**, 2.0 Cb
18.5 Fe, 5.13 Cb~~
1.75 T% 0.9 Cb
7.0 Fe, 0.95 Cbl~ .
7.0 Fe, 0.95 CbT~
1.0 Cb
2.0 Cb
—

5.0 Fe**, 1.0 Mn**, 1.0 Si**
5.0 Fe**, 1.0 Mn**, 1.0 Si**
5.0 Fe**, 1.0 Mn**, 1.0 Si**
2.0 Fe**
1.0 Fe**, 1.0 Mn**, 1.0 Si**
—

18.0 Fe, 1.5 Mn, 1.25 Si
1.5 Cb
1.5 Cb

9.0 T% 0.5 Cb, 0.3 Rh,
0.43 Hf, 0.13 C, 0.02 B, 0.13 Zr
4.0 Fe**
—

1-0 Fe**
9.5 Fe
2.0 Fe**

● Commonelementspresentin quantitieslessthan 1.0%0are not generallylistedin thiscolumn.
** M-m
tBal=Balance

$tlncludes Ta

Copyright ASTM. Reprintedwith permission.
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4-13 TANTALUM AND TANTALUM
ALLOYS

Tantalum has a high melting point of 2996° C (5424° F)
and a density of 16,598 kg/ m3 (1036.2 lbm/ ft3). It is very
ductile and can be cold-worked into a fine wire or thin
foil. A thin foil 330 pm ( 13 roil) thick can be applied as
cladding to structural metals; this fact permits the use of
tantalum in many applications despite its high cost.

Of all metals, tantalum is one of the most inert; it is
inert to a large variety of chemicals at temperatures below
approximately 149°C (300° F). As the exposure tempera-
ture rises, however, tantalum reacts with a variety of
reagents. The rate of attack increases as the temperature
increases, but the specific conditions under which the

. reaction occurs can vary markedly depending on the
reagents involved. At temperatures of several hundred
degrees centigrade and higher, tantalum becomes ex-
tremely reactive in many environments, including air.

4-13.1 TANTALUM ALLO~S

Various alloys have been formulated that use the
excellent corrosion resistance or high melting point of
tantalum and at the same time improve mechanical
properties and decrease costs. Alloying elements include
tungsten, columbium, titanium, and molybdenum al-
though tantalum-tungsten alloys appear to be the most
commercially advanced.

At room temperature an alloy containing 2.590tungsten
and 0. 15q0 columbium has strength properties that are
50% higher than those of pure tantalum and only a slight
decrease in ductility. At 1000° C ( 1832° F), however, the
strength of the alloy is almost identical with that of pure
tantalum..The tantalum-tungsten alloy is widely used in
the processindustry, and an alloy containing 1O$!4Otungsten
is a candidate material for applications in gas turbine
enginesthat operate at inlet temperatures between 1260°
and 1649° C (2300° and 3000° F).

4-13.2 TYPES OF CORROSION

The corrosion resistance of tantalum depends on the
presence of a thin surface layer of tantalum pentoxide
TazOj, The underlying substrate is attacked when the fdm
is penetrated. A thin, continuous oxide film can be
formed on tantalum by electrolytic anodizing in solutions
such as phosphoric acid. The film has a high dielectric
value, and it prevents the flow of current from tantalum to
an electrolyte when the metal is made anodic.

4-13.2.1 Galvanic Corrosion

A galvanic couple in which tantalum is the cathode
results in the evolution of atomic hydrogen that is
absorbed by tantalum and results in hydrogen embrittle-
ment. However, if tantalum is the anode in a galvanic

. .

couple, it anodizes so readily that the galvanic current o
drops to a very low level and no damage occurs.

In 0.1 normal sulfuric acid tantalum ismore noble than
zinc and aluminum but is anodic to platinum, silver,
copper, bismuth, molybdenum, nickel, lead, and tin.
However, the galvanic current rapidly decreases as
tantalum spontaneously anodizes.

In hydrofluoric acid tantalum dissolves instead of
spontaneously anodizing. Therefore, couples in which
tantalum is the more active metal result in a steady-state
current:

The polarity of galvanic couples with tantalum as the
anode has been observedto reverseafter sometime. If this
reversal occurs with any couple, given sufficient time, the
tantalum becomes cathodic and hydrogen embrittlement
can occur.

4-13.2.2 Uniform Corrosion

4-13.2.2.1 Corrosion in Natural Waters

Tantalum is not attacked by freshwater, acid mine
waters, or seawater, either cold or hot. In the case of
boiler waters and steam condensates, the alkalinity must
be controlled; the pH should be lessthan 9. Tantalum is
considered resistant to steam below 250° C (482° F).

4-13.2.2.2 Corrosion in Acid Solutions

Tantalum is not attacked by such agents as sulfuric @

acid, nitric acid, hydrochloric acid, aqua regia, perchlonc
acid, hydrobromic acid, phosphoric acid when it is free of
the fluoride ion, nitric oxides, chlorine oxides, hypo-
chlorous acid, organic acidsincluding monochloroacetic,
and hydrogen peroxide at ordinary temperatures. It is
attacked, however, even at room temperature, by hydro-
fluoric acid and free sulfur trioxide as in fuming sulfuric
acid.

The corrosion ratesof tantalum-tungsten alloys exposed
to concentrated sulfuric acid at 181° C (358° F) and 208°C
(40@F) are shown in Fig. 4-46. A 2.5% tungsten alloy
appears to be about the optimum tungsten content for
resistance to sulfuric acid. Fig. 447 compares the cor-
rosion in concentrated sulfuric acid of a 2.570 tungsten
alloy (“63” metal) with electron-beam-melted tantalum
(“69” metal). This figure indicates that in the 175° to
2100C (347° to 410°F) temperature range, the 2.5%
tungsten alloy can be used at a temperature about 15 deg
to 20 deg C (27 deg to 36 deg F) higher than can tantalum
and have equivalent corrosion rates.

Corrosion rates in concentrated hydrochloric acid at
100° C (212° F) are 41 pm/ yr ( 1.6 mpy) for tantalum and
23 pm/yr (0.9 mpy) for the 2.5% tungsten alloy.

In concentrated nitric acid at 198° C (388° F), neither
the 2.5% tungsten alloy nor tantalum show measurable
corrosion.

a

In 20910hydrofluoric acid, alloys containing more than
1890tungsten show a negligible corrosion rate.
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Figure 4-46. Corrosion Rates for Tanta.lurn-Tungsten Alloys Exposed to Concentrated Sulfuric
Acid at 181° and 208° C (3580 and 406”F) as a Function of Tungsten Content (Ref. 174)
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Figure 4-47. Corrosion Rates of Tantalum ’69” Metal (Electron-Beam-Meited Tantalum) and
’63” Metal (Tantalurn-2.5qo Tungsten —0.15% Columbium) Exposed to Concentrated Sulfuric
Acid (Ref. 174)
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In hot and cold concentrated hydrochloric and sulfuric
acids, the corrosion rate of tantalum-columblum alloys
increases in proportion to the columbium content. In
general, tantal~m-columbium alloys containing more
than about 5v0to 1070columbium are much lessresistant
to corrosion than tantahnn.

The entire tarkdum-titanium alloy systemhasexcellent
resistanm to corrosion in boiling and 190°C (374° F)
nitric acid of varying concentrations.

Titanium is not resistant to hydrochloric acid, whereas
tantalum is resistant. Therefore, alloys rich in titanium
corrode at high rates, but tantalum-rich alloys approach
the corrosion resistance of pure tantalum.

In boiling and 190°C (374° 1?)sulfuric acid, the corrosion
rate of tantalum-titanium alloys increaseswith increasing
sulfuric acid concentration and increasing titanium con-
tent.

The entire tantalum-molybdenum alloy system is
extremely corrosion resistant. When the alloy contains
more than about 50910tantalum, the corrosion-resistant
characteristics of tantalum are exhibited.

4-13.2.2.3 Corrosion in Alkaline Solutions

Sodium and potassium hydroxide solutions tend to
destroy the metal by forming successivelayers of scaleon
itssurface.The rate of destruction increaseswith concentra-
tion and temperature. Tantalum is attacked at room
temperature by concentrated alkaline solutions and is
dissolved by molten alkalies. However, tantalum is fairly
resistant to dilute alkaline solutions.

In alkaline solutions the corrosion rate of tantalum-
tungstenalloys isminimized at about 60 atom 90tantalum.

4-13.2.2.4 Corrosion by Salts and Salt Solutions

Tantalum is not attacked by dry salts or by salt
solutions at any concentration or temperature unIess
hydrofluoric acid is liberated when the salt dissolvesor a
strong alkali is present. Hypochlorites do not affect
tantalum unlessthey are strongly alkaline, and the sameis
true of all chlorides, bromides, and iodides. Fluorides,
however, will attack tantalum.

4-13.2.2.5 Corrosion by Organic Compounds

Tantalum is completely resistant to most organic
compounds including solutions of acetic, lactic, and
oxalic acids and of phenol. Most organic salts, gases,
alcohols, ketones, aldehydes, and estershave no effect on
tantalum. Specific exceptions are compounds that may
hydrolize to hydrofluoric acid or contain free sulfur
trioxide or strong alkalies. IMixtures of anhydrous
methanol with chlorine, bromine, or iodine causepitting
of tantalum at 65° C (149° F).

Tantalum is completely inert to human body fluids.

4-13.2.3 High-Temperature Corrosion

Tantalum is stable in air at 250° C (482° F) and below.
o

At 300° C (572° F) tantalum shows a tarnish after a 24-h
exposure. The rate of corrosion increases rapidly at
higher temperatures. At 500° C (932° F) the white oxide
TazOs begins to form, Fig. 4-48 is a plot of corrosion rate
as a function of temperature. After a certain period of
time, which ranges from over 6 hat 500° C (932° F) to less
than 2 min at 900° C (1652° F), the reaction becomes
linear. Varying the relative humidity from Oto 100VOdoes

not affect the oxidation behavior in air at 600° to 800° C
(1112” to 1472”F).

The reaction of oxygen with tantalum is initially
parabolic but transforms to a linear rate after a period of
time. Increasing the temperature not only increases the
rate of oxidation but also decreasesthe time required for
the reaction to change from parabolic to linear. Under a
pressure of 105Pa (1 bar or 1 atm) of oxygen, tantalum
oxidizes catastrophically at 1300° C (2372° F).

Tantalum is not adversely affected when heated with
steam at 198° C (388° F). At temperatures above 1127° C
(2240° F) water is decomposed by tantalum with ab-
sorption of oxygen by the metal and evolution of
hydrogen, but at temperatures lower than 927° C
(1700”F9, this reaction is very slow.

F1uorine attacks tantalum at room temperature.
Tantalum is totally inert to wet or dry chlorine, bromine,
and iodine up to 150°C (302° F). Chlorine beginsto attack
tantalum at about 250° C (482° F). The reaction is violent
after 35 min at 450°C (842° F), and at 500”C (932”F) the
reaction is instantaneous. The presence of water vapor
decreasesthe attack by chlorine. Bromine attacks tantalum
at 300° C (572° F), and iodine attack begins at about the
same temperature.

At elevated temperatures tantalum reacts directly with
carbon, b’oron, and silicon. Tantalum phosphides are
formed by heating tantalum filings in phosphorous vapor
at 750° to 950° C ( 1382° to 1742° F). Tantalum reacts with
sulfur or hydrogen sulfide at red heat and is severely
attacked by selenium and tellurium vapors at temperatures
of 800° C ( 1472° F) and higher.

Generally, tantalum shows good resistance to most of
the low-melting liquid metals, asindicated in Table 4-117.
Pure tantalum has excellent corrosion resistance to pure
alkali metals; however, this resistanceis adversely affected

“by the presence of oxygen. The presence of oxygen as an
impurity in either the tantalum metal or the molten alkali
metal can result in catastrophic corrosion of the tantalum.

Molten sodium and potassium hydroxides, and pyro-
sulfatesdissolvetantalum. Table 4-118 listssome tempera-
tures at which various chemical environments a~tack
tantalum. o
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Figure 4-48. Corrosion Rate of Tantalum in Air as a Function of Temperature (Ref. 174)
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TABLE 4-117. EFFECTS OF MOLTEN In spite of extensive research to improve the high- 0’

METALS ON TANTALUM (Ref. 174)
temperature oxidation resistanceof the refractory metals—
suchastantalum, columbium, tungsten,and molybdenum—

TEMPERATURE,
MEDIA “C ~F) CODE*

Aluminum Molten NR
Antimony To 1000 (1832) NR
Bismuth To 900 (1652) E
Cadmium . Molten E
Gallium To 450 (842) E
Lead To 1000 (1832) E
Lithium To 1000 (1832) E
Magnesium To 1150 (2102) E
Mercury To 600 (1112) E
Potassium To 900 (1652) E
Sodium To 900 (1652) E
Sodium-Potassium

Alloys To 900 (1652) E
Zinc To 500 (932) E/V
Tin — v
Uranium — v

*E = no attack, V = variable dependingon temperatureand
concentration,NR = not resistant

Reprintedwith permission.Copyright @by Fansteel,Inc.

by alloying, no satisfactory oxidation-resistant alloy has
beendeveloped. Due to the high-temperature performance
of the individual refractory alloys, e.g., their propensity to
develop relatively low-melting or volatile oxides or
nonprotective, porous oxide films, the probability of
developing such an alloy is not high.

A 10% tungsten-tantalum alloy is somewhat more
resistant to oxidation in air at high temperatures than
tantalum is, but without some type of protective coating,
the oxidation resistance of the material isnot adequate to
consider the alloy a candidate material for the hot section
of gas turbine engines.
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TABLE 4-118. TEMPERATURES AT WHICH VARIOUS
MEDIA ATTACK TANTALUM (Ref. 175)

O,,~,

MEDIUM STATE REMARKS

Air Gas “ At temperatures over 300° C (572° F’)
Alkaline solutions
Am.rnonia
Bromine
Chlorine, wet
Fluorides, acid media
Fluorine
HBr, 25%
Hydrocarbons
HC1 25%
HF

.- Hydrogen

HBr
HC1
HF
Iodine .
Nitrogen
Oxalic acid, saturated solution
Oxygen
H3P0., 85%

Potassium carbonate

Sodium carbonate

NaOH, IO%
NaOH

Sodium pyrosulfate

H2S0., 98%

Aqueous
Gas
Gas
Gas
Aqueous
Gas
Aqueous
Gas
Aqueous
Aqueous
Gas

Gas
Gas .
Gas
Gas
Gas
Aqueo”us
Gas
Aqueous

Aqueous

Aqueous

Aqueous
Molten

Molten

Aqueous

At pH ~, moderate temperature, some corrosion
Pits at high temperatures and pressures
At temperatures over 300”C (572°F)
At temperatures over 250”C (482° ~
All temperatures and concentrations
At all temperatures
Begins to corrode at temperatures over 190°C (374”F)
React at temperatures around 1500”C (2732°F)
Begins to corrode at temperatures over 190”C (374°F)
Corrodes at all temperatures and pressures
Causes embrittlemen~ especially at temperatures over
400” c (752” F)
At temperatures over 400”C (752” IT)
At temperatures over 350°C (662° F)
At all temperatures
At temperatures over 300°C (57PF)
At temperatures over 30fY C (572”F)
At temperatures of about 100°C (212”F)
At temperatures over 350”C (662”F)
Corrodes at temperatures over 180”C (356° F’) (at
higher temperatures for lower concentrations)
Corrodes at moderate temperatures depending on con-
centration
Corrodes at moderate temperatures depending on con-
centration
Corrodes at about 100°C (212° F)
Dissolves metal rapidly at temperatures over 320”C
(608”F)
Dissolves metal rapidly at temperatures over 400”C
(752”F)
Begins to corrode at temperatures over 175°C (347” F);
lower concentrations begin to corrode at higher
temtxmatures.

H2S04 (Oleum) (over 98% HzSO,) Fuming Co;odes at all temperatures
Sulfuric trioxide Gas At all temperatures
Water Aqueous Corrodes at pH >; reacts at high temperatures

O,,,,

Reprintedfrom Ref. i 75 by courtesyof Marcel Dekker, Inc.
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4-13.2.4 Hydrogen Embrittlement

Tanta@dissolves a considerable amount of hydrogen
at comparatively low-temperatures. The maximum limit
of volubility is 5.0atom ‘%0.The solu’bifity of hydrogen in
tantalum as a function of temperature is shown in Fig.
4-49. Atomic hydrogen can be absorbed by tantalum,
even at room temperature. The presence of hydrogen
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Reprintedwith permission.Copyright@by Fansteel,Inc.

Figure 4-49. Hydrogen-Tantalum Volubility
Isobar (1.01 X 105 Pa) (1 atm) (Ref. 174)

decreasesthe ductility, strength, and density of tantalum,
and it increases hardness and electrical resistivity. If a

permanent damage to the metal has not occurred, anneal-
ing or degassing at 800° C ( 1472° F) or a higher tempera-
ture restores the metal to its original condition.

Tantalum does not react appreciably with hydrogen
below 350° C (662° F), and above this temperature the rate
of reaction increases with increasing temperature to
approximately 450° C (842° F). Between 450° and 539° C
(842° and IO02”F), the reaction rate decreases with
increasing temperature because the low-temperature
hydride decomposes. Above 540° C (1004° F) the reaction
rate again increaseswith increasing temperature.

Atomic hydrogen can be generated on a tantalum
surface when

1. Tantalum metal is dissolved in hydrofluoric acid
2. Some other metal coupled to tantalum is being -

dissolved. In other words, tantalum is the cathode in a ,

galvanic couple.
3. Tantalum becomes a cathode because of stray

voltage.

4-13.2.5 Corrosion Fatigue

Fig. 4-50 compares the corrosion fatigue response of
tantalum with that of 2.5~0 tungsten alloy. The higher
strength alloy (“63” metal) shows a fatigue response
above that of the commercially pure metal. The material a
tested was softer than standard material. After final
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Figure 4-5o. Comparison of Fatigue Response of Tantalum (“69” Metal) and “63” Metal in 80%
HzSO.I at 150° C (302° F) (Adapted from Ref. 176)
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annealing, a soft, large-grained material was used to
simulate the material in or near weldments.

4-133 INTERFACE PROBLEMS

Temperature gradient mass transfer of zirconium,
nitrogen, oxygen, and carbon has been observed in iiquid
alkali metal-tantalum systems at temperatures above
1371”C (2500°F). Also the transfer of elements, such as
carbon and nitrogen, from dissimilar metals, such as
stainless steel, to tantalum has been observed in a
common alkali metal system.

When welding tantalum, it is necessary to reduce not
-.

only the temperature at which the metal may be exposed
to moisture, carbon, oxygen, and nitrogen but also the
amount of time. Exposure of the metal to any atmosphere

-- (except the inert gases) under the required conditions of
.,

time and temperature will probably causeembnttlement.
Of the embattling speciesonly hydrogen can be removed
by heating the metal in a vacuum.

4-13.4 METHODS FOR PREVENTION OF
CORROSION

Even though the corrosion resistance of tantalum to
hydrochloric acid is good, it can be improved by adding

o
nitric acid and ferric or cupric chloride to the hydrochloric
acid.

The effects of oxygen on the corrosion resistance of
tantalum can be modified by alloying tantalum with
additions suchas tioniurn andhafnium.Thesealloying
additions remove oxygen from solid solution by the
precipitation of ZrOZ and HfOz; heat treatment is neces-
sary to enhance precipitation of the oxide phase.

Hydrogen embrittlement of tantalum carJbe prevented
by several measures. If it is necessaryto expose tantalum
to hydrofluoric acid, nitric acid added to the hydrofluonc
acid helps to prevent hydrogen embnttlement. In ddute
hydrofluoric acid the rate of hydrogen absorption is
greatly reduced if the tantalum is made electrically
positive by impressing 2 to 20 V on the material in an
electrolytic cell.

In media in which hydrogen can embnttle tantalum,
prevention of embrittlement can be achieved by contact-
ing the tantalum with a material that has a low hydrogen
overvoltage and iselectrochemically cathodic to tantalum
in the same environment. Only the noble metals meet
these requirements. Of these, platinum appears to be
preferred because ithas a particularly low hydrogen
ovenohage and has generally excellent corrosion resis-
tance. Very small amounts of the noble metal are needed.

o

For example, exposure at 190°C (374° F) in concentrated
“, f hydrochloric acid for over 1000 h did not result in damage

to the tantalum when the surface ratio of platinum to
tantalum was only 1 to 9500.

A tantalum oxide film can be created by anodizing
tantalum to 20 V. If the film is maintained on the

tantalum at all times, this method prevents hydrogen
embntt!ement and provides improved corrosion resis-
tanceto severeenvironments. Another method for prevent-
ing hydrogen embnttlement of tantalum is to electrically
insulate tantalum completely from all other metals in an
assembly.

The application of refractory metal alloys such as
tantalum in environments requiring hot oxidation resis-
tance is of major interest. The tantalum-10910 tungsten
alloy isa candidate material for gasturbine engine blades,
discs,and vanes, aswell as forcombustor lines and ducts.
The turbines must operate at inlet temperatures between
1260° and 1649° C (2300° and 3000° F). Becausethe high-
temperature oxidation resistance is inadequate, efforts
have beendirected toward developing coating systemsfor “
the tantalum-1 0% tungsten allo~ silicide coatings are
considered promising. In the intermediate temperature
range of 760°to 871° C ( 1400° to 1600”F), however, the
coatings fail due to a phenomenon called pesting, which .
causes disintegration of the coating material. Levy and
Falco have shown that a complex dkilcide coating gives
good oxidation resistance to the tantahun-10% tungsten
alloy if a preoxidation treatment of the coating is
performed at 1149° C (2100° F) (Refs. 177 and 79). The
coating contains tungsten, molybdenum, vanadium, and
titanium. The preoxidation treatment alleviates the pcst-
ing problem that can occur with this coating when heating
rates rise less than 10 deg C/ min (18 deg F/rein) as the
temperature is raised from ambient to 1538° C (2800° F).

4-13.5 EXAMPLES OF CORROSION
PROBLEMS

4-13.5.1 Gun-Tube Erosion

The bore surfaces of gun tubes undergo erosion as a
result of ftig. This erosion ultimately causes loss of
muzzle velocity, range, and accuracy. Tantalum has been
tested as a gun-tube coating in a program to develop a
solution to the gun-tube problem (Ref. 69). Partial 20-
mm (0.79-in.) liners of Stellhe 21 and gun steel were
electroplated with 127-~m (5-roil) thick coatings of
tantalum.

The tantalum coatings swaged off the hard Stellite
surface after test fting. The Stellite surface then eroded in
the conventional manner. After ftig 1100 rounds,
however, the tantalum coating on the steel liner looked
polished. The steel substrate under the coating had
annealed and lost most of its strength as a result of the
799°C (1471° F) electrodisposition of tantalum from
fused salts. It mechanically deformed along with the
coating under fting. At some point this deformation
stabilized, and there was no further erosion. These results
indicate that tantalum shows promise as a gun-tube
coating. The properties of the coating and substrate need
to be optimized to result in acceptable performance.
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4-13.5.2 Sulfuric Acid Handling in Ammunition
Plants

There are a number of Army ammunition plants in the
United States. SeveraI of these plants are involved in
processingsulfuric acid and nitric acid for the production
of nitroguanidine (NG) and TNT.

The selectionof construction materials for equipment—
storage tanks, receiver tanks, heat exchangers, lines,
condensers, and pumps—that will handle acid solutions
such as those used in the manufacture of NG and TNT
should not be based solely on published corrosion data
unless it is known that the conditions involved are
adequately and specifically covered by the reference data.
Seemingly minor differences in impurities or environ-
mental conditions may make a major difference in the.
actual service corrosion rates. For example, impurities
such as halides generally cause increased corrosion.
Aeration or the presence of oxidizing agents generally
acceleratescorrosion of nonferrous materials and reduces
corrosion of stainlesssteels,but the extent of theseeffects
depends on speciilc conditions. Increasing temperature
and velocity generally increase corrosion rates. It is
mandatory, therefore, to consider all general corrosion
data asonly an indicator of relative resistanceand a guide
to which materials should be studied further with respect
to limiting conditions.

Corrosion studies were carried out to provide data for
selecting construction materials. Short-term electro-
chemical tests and long-term surveillance tests of candi-

date materials were conducted under conditions that
esimulated the actual service environment (Ref. 178).

Tantalum is a candidate metal for sulfuric acid con-
centrators (bayonet heater), and 304L stainless steel has
been proposed for useasthe low-, middle-, and high-stage
distillate tank material. The conclusions of the study are
listed in Table 4-119.

4-14 TITANIUM AND TITANIUM
ALLOYS

Titanium is a highly corrosion-resistant structural
metal that has a high strength-to-weight ratio. Its density
of 4501 kg/ m3(28 1lbm/ ft3) ismidway between aluminum,
2691 kg/ m3 (168 lbm/ft3), and iron, 7897 kg/m3 (493
lbm/ft3).

Chemically pure titanium is a soft metal that is
impractical to usein mechanical structures. Commercially
pure titanium, however, is strengthened by adding rela-
tively small amounts of oxygen (O.1% to 0.4Yo) and
nitrogen (O.OIYOto 0.025VO), as well as small amounts of
iron, carbon, and hydrogen. The composition and mechani-
cal properties of commercially pure grades of titanium are
given in Table 4-120.

Almost all metallic elements are soluble in titanium,
and alloys have been made that contain aluminum, iron,
chromium, manganese, vanadium, tin, zirconium, and
molybdenum. The chemical composition and mechanical
properties of some common titanium alloys are given in
Table 4-121.

TABLE 4-119. CANDIDATE METALS FOR THE SAC SYSTEM (Ref. 178)

1.
2.
3.
4.
5.
6.
7.
8.
9.

1.
2.

3.
4.
5.
6.
7.
8.

TANTALUM
Is easily passivated in 50% to 94% H* SO. at temperatures up to but not exceeding 195°C (383”F)
Exhibits an extensive passive region
Secondary dissolution occurs at very noble potentials that are unlikely to be seen in service.
No pitting in evidence
No deleterious effect of fluoride ion up to 50 ppm
Ammonium sulfate is beneficial and extends the pass;verange.
Long-term immersion tests show no significant weight change in 2000 h of exposure at 85°C(185° F’).
There was good correlation between electrochemical and long-te~ immersion results.
Is satisfactory for the various stagesof the vacuum evaporator heaters provided that temperatures do not reach or
exceed 195°C (383° F)

304L STAINLESS STEEL
Exhibits active-passive transition in concentrations of H2S04 to 30%
The critical current for passivity and the current in the passiverange increasewith the concentration and temperature
of H2S04.
The mater@ passivates more easily in H2S04 concentrations below 20%.
Passivity is unstable between 4070 and 80% H2S04.
Passivity is stable in 94% H2S04.
Addition of HNOJ to H2S04 facilitates passivation and enhances stability.
Electrochemical and long-term immersion data correlate well.
May be considered a construction material for the low-, middle-, and high-stage distillate storage tanks. This material
may also be considered a candidate for the product acid storage tank.
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TABLE 4-120. PROPERTIES OF COMMERCIALLY PURE GRADES
OF TITANIUM (Ref. 179)

GRADE Ti35A TtiOA Ti65A Ti75A

%Cmax 0.08 0.08 0.08 0.08
%Nmax 0.05 0.05 0.05 0.05
% H max, sheet 0.015 0.015 0.015 0.015

bar 0.0125 0.0125 0.0125 0.0125
billet 0.0100 0.0100 0.0100 0.0100

%Ferttax 0.12 0.20 0.25 0.30
UTS, MPa (k.@, sheet 245 (35.5) 345 (50) 448 (65) 552 (80)

bar 483 (70)
0.2% YS, MPa (l@, sheet 172 (25) 276 (40) 379 (55) 483 (70)

bar 414 (60)
Elongation in 51 mm (2 in.), % 25 22 20 15
Brineli hardness 120 200 225 265

Reprintedwith permission.Copyright@by Thanium Metals Corporation.

TABLE 4-121. SOME PROPERTIES OF COMMON TITANIUM ALLOYS (Ref. 179)

ALLOY Ti41.20Pd Ti-5Al-2.5Sn Ti-6Al-V

%Ctnax
%Nmax
% H max, sheet

bar
billet

% Fe max
% Pd nom
% Al nom
% Sn nom
~ V nom
UTS, MPa (ksi)
0.2% YS, MPa (ksi)
Elongation in 51 mm (2 in.), %
Brirtell hardness

0.08
0.05
0.015
0.0125
0.0100
0.25
0.15

—
—
—

345 (50)
276 (40)

22 (sheet)
200

0.08
0.05
0.0175
0.0125
0.0100
0.50

—

4.040
2.0-3.0

—

827 (120)
793 (1 15)

10
Rc36

0.08
0.05
0.015
0.0125
0.0100
0.25

—

5.75-6.75
—

3.54.5
896 (130)
827 (120)

10
Rc36

Reprintedwith permission.Copyright@by lltaniurn Metals Corporation.

Thanium solidifies from the molten state as the beta
phas~ this occurs at 1673°C (3043° F) for pure titanium.
As it continues to cool, the. material undergoes an
allotropic phasetransformation to the alpha phase, which
occurs at 833° C (1531° F) for pure titanium. An alpha-
beta alloy, such as TWU-6V-2Sn, contains alloying
additions that stabilize each of the two allotropic forms.
Alloys with high fracture toughness contain alpha
particles having a high aspect ratio.

Tkanium is relatively easy to fabricate, but it tends to
seizeand galJin machining operations. Welding should be
done under an argon or helium inert gas blanket- Stress
reiieving resultsin no metallurgical change ifternperatures
are kept below tM9°C (1200°~, but heating above this

temperature may cause grain growth and some loss of
ductility and fracture toughness. Welding and stressrelief
heat treatments do not affect corrosion characteristics.

Although the melting point of titanium is I&5@C
(3020°F), the metal may begin to form a scale in air at
temperatures as low as 316°C (600° F). Therefore, all
casting must be done under a high vacuum.

Titanium is a relatively expensive material. It is more
costly than stainlesssteel but lesscostly than nickel-base
alloys.

Multiphase alloys such as the workhorse, TW4MV,
and the newer Corona 5, TL4.5Al-5Mo-l.5Cr, are heat
treatable, and their mechanical properties are strongly
influenced by microstructural changes.
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4-14.1 TYPES OF CORROSION

The corrosion resistance of titanium is the result of a
stable, protective, self-heakg$ strongly adherent oxide
film on the metal surface that is formed under oxidizing,
neutral, or naturally occurring conditions. The film,
however, doesnot form under strong reducing conditions,
so rapid attack results. In slightly reducing environments
or in environments that form complexions with titanium,
tendencies to corrode depend upon the presenceof metal
ion inhibitors, alloying elements, temperature, arid other
variables.

The alloys of titanium do not form distinctwe classes
,.

that can be related to a characteristic corrosion response
in specific environments. The corrosion characteristics of
the alloys are essentially those of commercially pure
titanium, incremental deviations result from the alloying
elements. Pure titanium is somewhat less corrosion
resistant than some titanium alloys. Commercially pure
titanium has an alpha structure, whereas some alloys have
a beta structure and some have a mixed alpha-beta
structure. The crystal structure can influence passivity
parameters and create surface galvanic effects (Refs. 180
and 18i ), e.g., a homogeneous single-phase alloy will
passivate more readily than a multiphase alloy.

Titanium alloys that are formed by powder metallurgy
techniques generally have corrosion characteristicssimilar
to equivalent wrought alloy compositions. However,
magnesium chloride inclusions in powder metallurgy
alloys serve as sites that initiate pitting. A powder
metallurgy alloy containing low levels of magnesium
chloride will give better service than one containing a few
parts per million of magnesium cldor@e (Ref. 182).

4-14.1.1 Galvanic Corrosion

In the passivestate titanium is the cathode in a galvanic
couple. In reducing environments in which the oxide film

. .

breaks down, titanium becomes the anode in a galvanic
couple. In seawater there is no appreciable galvanic

m

corrosion when titanium is coupled to austenitic 18/8
stainlesssteel, Hastelloy, or Monel. Titanium is cathodic
to aluminum, carbon steel, zinc, and magnesium in
seawater. The rate of corrosion of these lessnoble metals
depends upon the ratio of the surface areas of the two
metals in the galvanic couple, and this relationship is
illustrated in Fig. 4-51.

4-14.1.2 Uniform Corrosion

4-14.1.2A Weathering Corrosion

Titanium alloys, regardless of type, have excellent
resistance to atmospheric corrosion, as was indicated in
7-yr exposure tests of eight titanium alloys at four test
sites—Kure Beach, NC (East Coast marine), Newark, NJ .,.
(industrial), Point Reyes, CA (West Coast marine), and ,,
State College, PA (rural). Although slight staining and
isolated pinpoint discoloration occurred, theseconditions
are not associated with significant metal loss through
either general or pitting corrosion. In addition, the
mechanical properties remained essentially unchanged
(Ref. 184). The alloys exposed were 6A141, 8 Mn, 2.5AI-
16V, 8A1-2Cb-lTa, commercially pure titanium, 2Fe-
2Cr-2Mo, 5A1-2.5Sn, and 4A1-3M0-IV.

4-14.1.2.2 Corrosion in Natural Waters

Titanium is immune to corrosion in all natural waters
at temperatures up to the boiling point.

Exposure of titanium at various depths in the ocean
showed no attack on the metal, and titanium is immune to
attack in highly polluted seawater. Biological organisms,
such as barnacles, adhere to titanium surfaces but do not
promote attack. Above 316° C (600° F] the protective film
beginsto loseits passivating characteristics, and corrosion
occurs.
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4-14.L2.3 Corrosion in Acid Solutions

Titanium has an acceptably low corrosion rate in nitric
acid in many concentrations, at many temperatures, and
under many conditions. At elevated temperatures attack
can occur for short periods of time followed by subsequent
“passivation. Table 4-122 and Fig. 4-52 present corrosion
rate data at various nitric acid concentrations and
temperatures. Passivity is greatly increased at eIevated
temperatures by the addition of a small amount of a
silicon-containing substance, such as powdered silicon,
iron silicide, sodium silicate, kaolin, silicone oil, or
aabestospowder (Ref. 186).

The reaction between titanium alloys and fuming nitric
acid can become pyrophoric. Fuming nitric acid with less
than 1.34% water or more than 6% NOZ is capable of
sensitizing titanium-base alloys to the point that violent
pyrophoric reactions may develop.

Titanium is resistant to dilute solutions of sulfuric acid
at low temperatures. However, minor amounts of many
metal ions in a higher valence state, e.g., Fe+3 or CU+2,
greatly reduce the corrosive attack on titanium. Because
of this fact, titanium is frequently found to be resistant to
a sulfuric acid environment. Table 4-123 illustrates the
resistance of titanium to sulfuric acid.

~~tanium corrodes in hydrochloric acid as indicated in
Table 4-124. It is not resistant to concentrations above
IOW by weight at room temperature. The presence of
ferric or cupric ion:, chromic acid, and nitric acid in
hydrochloric acid has a beneficial effect in passivating
titanium. The data in Table 4-125 indicate this.

Titanium corrodes very rapidly in hydrofluoric acid.
Concentrations as low as 0.05% will attack the metal.
When hydrofluoric acid is used to pickie titanium, five

TABLE 4-122. RESISTANCE OF
TITANIUM TO AERATED

NITRIC ACID (Ref. 185)

CONCIZN- COIUtOSIONRATE,~m/ yr (mpy)

TRATION, 24°C 35° c 100”c
% (75”F) (95°F) (212”F)

5 — 2.5 (0.1) 15.2 (0.6)
10 — 5.1 (0.2) 33.0 (1.3)
20 — 5.1(0.2) —
50 — 5.1 {0.2) 5.1 (0.2)
65 — Nil 99.1 (3.9)
70 — 10.2 (0.40) — ~
98* - 2.5 (0.1) — —

Red fuming* 2.5 (0.1) – —

White fuming* 2.5 (0. 1) – —

*Not aerated

This book was published by J. Wiley & Sons, Inc., and
sponsoredby The ElectrochemicalSociety,Inc.
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Figure 4-52. Median Corrosion Rates of o
Ti75A in Different Concentrations of Nitric
Acid at Different Temperatures at Various
States of Exposure to Consecutive 24-h
Tests (Ref. 185)

parts of nitric acid should be used for every part of
hydrofluoric acid. Titanium also corrodes in solutions of
aluminum fluoride.

Titanium corrodes in hot phosphoric acid. Unalloyed
titanium shows a corrosion rate of 0.25 mm/ yr (10 mpy)
in 3070 by weight phosphoric acid at room temperature
and in 1% by weight boiling phosphoric acid. Ti-Pd tdloy
shows a corrosion rate of 0.13 mm/ yr (5 mpy) in 10% by
weight boiling phosphoric acid. Heavy metal ions and
oxidizing agents passivate titanium in phosphoric acid.

Titanium resistsa number of mixed acids, for example,
aqua regia, which is a mixture of hydrochloric and nitric
acids. Table 4-126 lists the corrosion rates for various
sulfuric-nitric acid mixtures.

4-14.1.2.4 Corrosion in Alkaline Solutions

Titanium exhibits excellent resistance to bases over a
wide range of concentrations. Attack can occur in certain
hot, strong caustics, as shown in Table 4-127. The
hydroxides of calcium, magnesium, and barium have
relatively little effect on titanium at boiling temperatures
and in concentrated solutions.
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TABLE 4-123. RESISTANCE OF TITANIUM TO SULFURIC ACID (Ref. 185)

CORROS1ON
TEMPERATURE, RATE,

REAGENT CONCENTRATION,% ‘c (“F) mmlyr (mpy)

Sulfuric acid 1 38 (100) 0.366 (14.4)
5 38 (100) 0.610 (24.0)

10 38 (100) 1.036 (40.8)
20 38 (100) 1.793 (70.6)
30 . 38 (100) 2.073 (81.6)

1 100 (212) 0.914 (36.0)
5 100 (212) 2.438 (96.0)

Sulfuric acid + 0.25 CUSO, 30 100 (212) 0.089 (3.5)
,. + 0.50 cro3 30 100 (212) Nil

+ 0.5 Mn6 40 38 (100) Nll

su~uric + 31itiC acid 52:48 38 (100) 0.025 (1.0)
14:83 + H20 38 (100) 0.089 (3.5).-

..
W book waspublishedby J. Wiley & Sons,Inc., and sponsoredby The ElectrochemicalSociety,Inc.

TABLE 4-124. RESISTANCE OF Ti75A
TO HYDROCHLORIC ACID

(Adapted From Ref. 185)

TABLE 4-125. INHIBITION OF
CORROSION OF TITANIUM IN

HYDROCHLORIC ACID (Ref. 185)

o ACID
CONCEN- TEMPERA- CORROSION
TRATION, TURE, RATES,

wt yo “c (“F) mm/yr (mpy)*

5 38 (loo) 0.053 (2.09)
10 38 (100) 0.396 (15.6)
5 66.0 (150) 1.524 (60)

10 66.0 (150) 3.10 (122)
37 38 (loo) 11.13 (438)

CONCEN- CORROSION
TRATION, RATE,

INHIBITOR % mm/ yr (mpy)

Xone o 7.01 (276)
Copper sulfate 1 0.051 (2)
Chromic acid 1 0.025 (1)
Nitric acid 1 0.102 (4)

This book was published by J. Wiley & Sons, Inc., and
sponsoredby The ElectrochemicalSociety,Inc.

*Average of two heats

This book was published by J. Wiley & Sons, inc., and
sponsoredby The ElectrochemicalSociety,Inc.

TABLE 4-126. RESISTANCE OF TITANIUM TO MIXTURES OF SULFURIC AND
NITRIC ACIDS AT 60”C (140°F) (Ref. 187)

ACID CONCENTRATION, % CORROSION RATE,

SULFURIC ACID NITRIC ACID mm/ yr (mpy)

o 100 0.0076 (0.3)
1 99 0.0025 (0.1)

5 95 0.0051 (0.2)
10 90 0.0102 (0.4)

50 50 0.381 (15)

80 20 I .57 (62)

90 10 0.229 (9)

o

95 5 1.88 [74)
99 1 1.91 (75)

100 (35°C (95°F)) o 5.49 (216)*

*Nitrogen saturated,100cm3/min

Reprintedwith permission.Copyright@by BattelleMemorial Institute.

4-169

Downloaded from http://www.everyspec.com



MIL-HDBK-735(MR)

TABLE 4-127. RESISTANCE OF TITANIUM TO ALKALINE SOLUTIONS (Ref. 185) *

CONCENTRATION, TEMPERATURE, CORROSION RATE,
MEDIUM % “C(”F) mm/ yr (mpy)

Sodium hydroxide 10
50
50
73

7

Potassium hydroxide 13
25
50
50

Ammonium hydroxide 28

Sodium carbonate 25

Boil
38 (100)

Boil
Boil

191 (375)

29 (85)
Boil

29 (85)
Boil

27 (80)

Boil

Nil
0.00025 (0.01)
0.051 (2)
0.127 (5)

18.5 (730)

Nil
0.305 (12)

Nil
2.74 (108)

Nil .!

Nil

This book waspublishedby J. Wiley & Sons,Inc., and sponsoredby The ElectrochemicalSociety,Inc.

4-14.1.2.5 Corrosion in Chlorine Environment

Titanium has excellent resistance to wet chlorine gas;
however, it is rapidly attacked by dry chlorine gas. About
1% water is sufficient for passivation under static condi-
tions at room temperature, but about 1.5% water is
required at 200° C (392° F].

Chlorine in solution teridsto passivatetitanium. There-
fore, titanium is highly resistant to attack by chlorinated
brine, chlorine dioxide, chlorates, hypochlorites, and
boiling solutions of sodium chlorate. Increasing the
temperature and chloride concentration do not affect
uniform corrosion. Seawater and brine fluid at a speedof
9.1 m/s (30 ft/s) have no effect on uniform corrosion
(Ref. 188).

I

I

4-14.1.2.6 Corrosion in Organic Compounds

Titanium generally shows good corrosion resistancein

4-170

organic compounds, as shown in Table 4-128. In organic
acids, as in mineral acids, the behavior of titanium
depends on whether the environment is oxidizing or
reducing. Titanium resists attack by acetic acid over a
wide range of concentrations and at temperatures well
above the boiling point. Thanium is used extensively in
terephthalic acid and adipic acid up to 204° C (400° F) at
6770 concentration. It shows resistance in citric, tartaric,
stearic, lactic, and tannic acids and in phenol. Borderline
corrosion rates are encountered in formic acid, and
relatively rapid attack can occur in oxalic acid. Table
4-129 lists the corrosion rates of titanium by organic
acids.
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TABLE 4-128. RESISTANCE OF TITANIUM TO ORGANIC COMPOUNDS (Ref. 185)
CONCEN- TEMPERATUR% CORROSIONRATE,

MEDIUM TRATION, % “c(°F-) mm/ yr (mpy)

99 to 99.5 20 (68) to boiling 0.127 (5)
Acetic anhydride

Adipic acid ~ I $2M glu~c + 2~~
acetic 25 3 to 200 (38 to 392) 0.0

Adiponitrde solution
Vapor 371 (700) 0.0076 (0.3)

Adipyl chloride+ chlorobemzene
— 0.0025 (0.1)—

Aniline hydrochloride 5 to 20 35 to 100 (95 to 212) 0.00076 (0.03)

316(600) 20.4 (803)
Aniline +2% ~uminum c~oride 98

Benzene + HCl, NaCl Vapor and 80 (176) 0.0051 (0.2)

liquid
99 Boiling 0.127 (5)

tibon tetrachloride
100 Boiling &ooo25 (0.01) -

Chloroform Boiliig 0.127 (5)
chloroform + water

—

.Cyclohexane + traces formic acid
150 (302) 0.0025 (0.1)—

95 Boiling 0.0127 (0.5)
Ethyl aicohol

100 Boiling 0.127 (5)
Ethylene dichloride

37 Boiling 0.127 (5)
Formaldehyde

100 Boiling 0.127 (5)
Tetrachloroethylene

100 Boiling 0.127 (5)
Tetrachloroethane

99 Boiling 0.0025 (0.1)
Trichloroethylene

= book waspublishedby J. Wiley & Sons,Inc.,
and sponsoredby The Electrochemid Society,Inc.

TABLE 4-129. CORROSION OF TITANIUM BY ORGA~C ACIDS (Ref. 189)

CONCENTRA~ON,
CORROSIONRATE, rnrnlyr(rnpy)”

% 60”C(140”F) 100”C(212°F)
ACID

All Nll Nil
Acetic
Chlororacetic 3G1OO — 0.127 (5)

All
- 0.013 (0.5)

Citric
—

100
0.127 (5)

Dichloroacetic
—

Formic All 0.0025 (0.1) 0.0051(0.2)

Forrni& 10 — Nil

25
2.44 (96)

50 — 7.62 (300)

90 — 34)0(118)

10 0.0025 (0.1) 0.048 (1.9)
Lactic

25 0.0025 (o. 1) 0.053 (2. 1)

50 0.0025 (o. 1) 0.056 (2.2)

85 0.0051 (0.2) 0.0076 (0.3)

10
0.015 (0.6)

~&*
—

50 — o.o2o (0.8)

oxalic 25 12.7 (500) 49.3 (1940)

Propionic Vapor — Dissolved~

Stearic 100 — 0.127 (5)H

Tartaric All — 0.013 (0.5)

Trichloroaceti~* 100 — 1778 (70,000)

llctdoroacetic 100 — 14.5 (571)

*Basedon a d-daytestat staticconditiom
-Boiling aerated
tl$w=’c(374”5
~182’C(36@~

Copyright1963Amerim ChemicalSociety.
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4-14.1.3 Crevice Corrosion

Titanium undergoes pitting and crevice corrosion
attack in chloride solutions under certain conditions.
Crevice corrosion of titanium can occur in gasketed
joints, between overlaps, in the roller-expanded tube-
sheet joints of heat exchangers, and under heavy scale
deposit. Severity of the attack increaseswith temperature,
halide ion concentration, and decreasing ph. For
example, crevice attack is seldom seenin saline solutions
below 121°C (250° F).

Fig. 4-53 shows the relationship between the tempera-
ture and pH of saturated NaCl solutions, i.e., the values at
which corrosion attack occurs on commercially pure, or
unalloyed, titanium. The crevice corrosion resistance of
titanium alloys, suchasTLPd and TMk8Ni-O.3Mo (ASTM
Grade 12), is greatly improved over the range 0.5 S pH ~
9 compared to unalIoyed titanium.

Teflon and fluorocarbon materials accelerate the cor-
rosion of titanium when coupled in a crevice; apparently
these materials furnish halide ions to the crevice. Attack is
common at temperatures in the 204° C (400° F) range.

Crevice corrosion has not been observed at pH >9.
Failures that have occurred in chloride solutions at
elevated temperatures and at pH values 2?10have resulted
from hydrogen embrittlement.

4-14.1.4 Erosion Corrosion

Titanium is used for propellers, shafting, valves, and

Inconel718

.... ..--’
Monet(66Ni- 29CU-3AI)

17-4PH Stainlesssteel

17-4PH Stainlesssteel

Ti 6AI-4V

Ti8A1-2Cb-l Ta

Berylco25,beryllium

111111111111[Unwelded

m Welded

piping for applications in which the velocity effects would
damage other commonly used structural materials. For @

example, TL6A1+V alloy has beenusedfor ship propellers
and ship hydrofoils because of its excellent resistance to
high-velocity seawater. Jet erosion-corrosion rates in
seawater for several metals, including two titanium
alloys, are shown in Fig. 4-54. The harder, higher strength
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Figure 4-53. Effect of Temperature and pH
on Crevice Corrosion of Unalloyed
Titanium (Grade 2) in Saturated Brine
(Ref. 190) -
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Figure 4-54. Jet Erosion-Corrosion Rates in,,Seawater (Ref. 185)
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alloys are more resistantto cavitation than iscommercially
pure titanium. ;

4-14.1.5 High-Temperature Corrosion

4-14.1.5.1 Oxidation

4-14.15.1.1 Oxidation in Air

Oxidation studies of titanium alloys in air and oxygen
at temperatures of 550° and 600”C ( 1022° and 1112*F)
show that the metallurgical rnicrostmcture does not have
signifkant influence (Ref. 191). Based upon comparison
of the oxidation kinetics of the different alloys, the effects
“of the different alloying elements on the oxidation
resistanceof titanium are

1. Aluminum is positive.
2. Molybdenum and silicon appear to have a positive

“effect.
3. Tin does not seem to have a si~lcant effect.
4. Vanadium has a negative effect, especially with

increasing temperatures.
Oxidation studies of binary titanium alIoys in the

temperature range of 550° to 700° C (1022° to 1292°F)
indicate that vanadium over 2% by weight has a very
negative eHect. However, for low concentrations of
silicon (0.5T0 by weight), the oxidation resistance of
titanium improves considerably.

4-14.13.1.2 Titanium Combustion

Titanium iswidely used in gasturbine engines;it isused
extensively in the fan/compressor units. As compressor
operating conditions have become more severe,tempera-
tures and pressures have increased and there has been a
corresponding increase in the number of incidents of
rapid oxidation of titanium components, which result in
extensive damage.

Titanium is a combustion hazard because itignites
before it melts. Therefore, it does not have the latent heat
of fusion asa potential heat sink. Its heat of combustion is
relatively high, and its specific heat and thermal diffusivity
are relatively low.

Instances of titanium blade and vane ignition and
combustion have occurred in gas turbine compressors
over a wide range of ambient pressuresand temperatures.
Initiating conditions may include blade-tip rubbing on
the adjacent casing or blade~structure rubbing that
resultsfrom compressor stallsduring which blades deflect
into the casing, from rotor imbalance, from entrapment
of broken airfoil elements, or from aircraft maneuvers.
Aerodynamic heating of compressor components during
a stall also contributes to ignition of titanium gas turbine
components. Although improved compressor sealsreduce
the blade-tip rubbing problem, the high-velocity aimream
in axial-flow compressors enhances the continued com-
bustion of any titanium blade or vane that does ignite.
This continued combustion causesburning particles and
molten metal to slough off. These particles can be
entrained in the airstream and impinge on downstream
components; thus the combustion spreads. The extent of
damage depends on the conditions prevalent at the time
of ignition, i.e., it can vary from burning the tips of a few
compressor blades to catastrophic destruction of an
entire engine.

The factors involved in titanium combustion are listed
in Table 4-130, and the relative combustion hazards of
several titanium alloys are shown in Table 4-131.

4-14.1.5.2 Oxidation in Steam

The following conclusions are drawn from a study on
the o~dation of titanium in steam at temperatures from
400° to 550”C (752° to 1022°F) (Ref. 192):

1. Oxidation in steam is more rapid than in air.
2. Prior thermal and mechanical treatments have

little effect.
3. Impurity concentrations of iron and oxygen have

littte effect.
4. A cubic rate law is applied during the protective

stage. However, rapid oxidation of titanium occurs after
a time at temperatures above 500”C (932° F).

5. Approximately half of the hydrogen generated is
absorbed into the metal.

TABLE 4-130. FACTORS INVOLVED IN TITANIUM COMBUSTION (Ref. 193)

IGNITION SOURCES COMBUSTION FACTORS RESULTS

Higknergy rub Temperature Mtnor damage

Pressure Component replacement
Component repair

High heating rates-stall Aerodynamics Major damage
Velocity Engine replacement

Turbulence Loss of aircraft

T]p recirculation Geometry
Thickness

Fracture Melt dispersal

Melt droplets
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TABLE 4-131. SUSCEPTIBILITY OF TITANIUM ALLOYS TO COMBUSTION (Ref. 193) m

ALLOYS REMARKS

Common Alloys
6A1-4V Burn relatively easily
8AI-I V-1 Mo Burn equally well
6A1-2Sn-4Zr-2Mo
6A1-2Sn-4Zr-6Mo Commonly used in turline engines

Beta Alloys
3A1-8V-6Cr-4Mo-4Zr Less combustible than common alloys
3A1-8V-7Cr-4Sn-iZr Possible vane or case application

L.3A1-15V-3Cr-3Sn
Aluminizes Combustible up to 24% by weight

High Al content, noncombustible, and poor ductility
Low melting

13CU-I .5A1 Developmental castable alloys
13CU-5M0 Less combustible than common alloys
9Fe

llCO

.,

4-14.1.5.3 Corrosion in High-Temperature Water resistance to some liquid metals is indicated in Table

Titanium iscompletely resistant to distilled water at all 4-132.

oxygen levels. No attack occurs in high-purity water at Titanium has been used successfully in molten

high temperatures, i.e., 499° to 572° C (930° to 1061° F). aluminum. A contaminated surface layer forms on the
titanium, and this layer provides protection (Ref. 185). e

4-14.1.5.4 Liq,uid Metal Corrosion Zinc is quite corrosive toward titanium. Specimens of

At temperatures above 316° C (600”F) titanium has
titanium disappear completely in lessthan 50 h at 446°C

relatively poor resistance in many liquid metals. Its (835” F).

TABLE 4-132. CORROSION OF TITANIUM BY LIQUID METALS (Refs. 185 and 189)

LIQUID METAL TEMPERATURE, 0C (0 F) CORROSION

Bkmuth-lead 482 (900) Poor resistance*
Bismuth-lead-tin 649 (1200) Poor resistance*
Bismuth-lead-iridium 649 (1200) Poor resistance**
Cadmium 499 (930) Severely attacked
Gallium <399 (<750) Resists attacks

449 (840) Rapid attack
>538 ~1000) Severely attacked

Lead 299 (570) Good resistance
816 (1500) Attacked

Lithium >799 pf470) Limited service life
Mercury <149 (<300] Can be used

149 to 316 (300 to 600) Limited resistance
Sodium <599 (<I 110)

599 (1110) to 899(
Sodium-potassium <499 (<930)

899 (1650)
Tin <499 (<930)
Zinc 446 (835)

Can be used
650) Limited resistance

Resistant
Limited resistance
Resistant
Specimens dissolve

*Addition of 4yochromiumto titanium resultsin goodresistance.
** Addition of 490chromiumto titanium reStdtSin limited resistance.
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o 4-14.1.6 Stress-Corrosion Cractig
,, T@nium and its alloys have a relatively good reeord of

freedom from stress-corrosion cracking in service. They
are, however, susceptible to stress-corrosion cracking in
several environments.

Unalloyed, i.e., commercitiy pure, titanium ha~g an
oxygen content less than 0.2% is susceptible to stress-
corrotion cracking in the following environments:

1. Methanol and some higher alcohols in both the
liquid and vapor states. Adding 1% to % water to
methanol inhibits crack initiation on a smooth surface if
the solution is not contaminated with about 10 ppm
chloride. Water does not inhibit growth of a preexisting
crack, even in the absenceof chloride. As a practical rule,. .
titanium structures should not be exposed to methanol in
any form. Methanol is a constituent of many industrial
substances,e.g., marking fluids, deieing fluids, and paint

-- removers.
2. cadmium and possibly mercury liquid metals

3. Red fuming nitric acid. The presence of water
inhibits attack. A specification for an inhibited acid calls
for up to 1470~OZ and 2.5% HzO with the balance ~03.

The titanium alloys, including the workhorse alloy Tl-
6A14V, are more susceptibleto stress-corrosioncracking
than unalloyed titanium. They are susceptible to stress-
corrosion cracking in the following environments:

o

1. Methanol with a small amount of hydrogen
chloride is a most aggressiveenvironment.The resistance
to stress-corrosioncracking of some alloys in this environ-
ment can be improved by the addition of sodium nitrate
(Refs. 194 and 195).

2 Mercury, gallium, and molten cadmium cause
rapid cracking of stressed titanium alloys. Solid silver
causes titanium alloys to crack at temperatures above
343°C (650°F). Solid cadmium in intimate contact with
various titanium alloys causescracking at temperatures
as 10W as 38°C (Ioo”n.

3. Red fuming nitric acid can cause stress-comosion
cracking.

4. Nitrogen tetroxide will cause stress-corrosion
cracking in titanium alloys unlessit is fibited wi~ 0-670
to 190No.

5. In addition to methanol, the following organic
compounds have been reported to cause stress-corrosion
cracking in titanium alloys: ethanol, ethylene glycol,
carbon tetrachloride, chlorinated diphenyl at 316°C
(600°F), monomethyl hydrazine, trichlorofluoromethane,
and trichloroethane. However, none of these materials is
as potentially dangerous as methanol.

6. Moist chlorine gas at temperatures greater than
288°C (550°F) and hydrogen chloride can cause stress-

0

corrosion cracking of titanium alloys.
7. Hot sait stress-corrosion cracking occurs with.!:

titanium alloys, but not unalloyed titanium, under the
following conditions: sodium chloride deposited on the

surface, ~emperature exceeding 274° C (525° F), and the
presence of water vapor and oxygen. MIL-STD-1568
(Ref. 94) states that ‘All applications of titanium above
316°C (600° F) should include consideration of the hot
salt cracking phenomenon.”. Only minute quantiti~ of
sodium chloride, such as that resulting from fingerprints,
are neeessaryto causestress-corrosion cracking.

8. Aqueous solutions containing chloride, bromide,
and iodide ions are effective stress<orrosion cracking
environments for many alloys. Fluoride, hydroxide,
sulilde, sulfate, nitrate, perchlorate, cyanide, and thio-
cyanate ions have no effect. Alkali and alkaline earth
cations have little effect on cracking (Ref. 196). ~e
resistance to cracking in aqueous sodium chloride
solutions is signifkantly influenced by alloy composition
and microstructure. Additions of molybdenum, colum-
bium, or vanadium reduce or eliminate susceptibility to
chloride% nhanced propagation of cracks in precracked
specimens(Ref. 186). High aluminum, high oxygen, and
high tin in aluminum-bearing titanium alloys increase
susceptibility to stress-corrosioncracking. The workhorse
alloy, Ti-6A14V, is reasonably resistant if its oxygen
content is lessthan 1300 ppm. The sensitivity of several
titanium alloys to crack propagation in sodium chloride
solutions is given in Table 4-133. Ti 50A and low oxygen
T1-6A.14V have sufficient resistanceto aqueous chloride
stress-corrosion cracking to be used safely in many
applications.

4-14.1.7 Hydrogen Cracking

Sustained-load cracking in inefi environments (includ-
ing air) is a type of slow crack growth that is important in
highly stressedcritical components. It is similar to stress-
corrosion cracking except that it is much slower and it
occurs in the total absence of a reactive environment.
Sustained-load cracking is associated with hydrogen
dissolved in the titanium during processing. Vacuum
annealing can reduce the hydrogen levels to lessthan 10
ppm, and at this concentration the potential for sustained-
load cracking is low. Low strain rate embnttlement is
most frequently associated with alpha-beta titanium
alloys, although it also occurs in alpha titanium.

Hydrogen embrittlement occurs under conditions that
allow hydrogen to enter titanium and that exceed the
coneentratio% about 100 to 150 ppm, needed to form a
hydride phase. Titanium hydride needlesform and cause
crack initiation and brittle fracture of titanium under
conditions of impact loading. The conditions for generat-
ing the hydride phase include

1. Alkaline solutions above the boiling point
2. Acidic conditions that cause the oxide fdm to

become unstable
3. Cathodic generation of hydrogen on the metal

su3face as a result of coupling titanium to a galvanically
active metal

4.Sufficiently high temperature, greater than 77° C
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TABLE 4-133. SENSI~IVITY OF TITANIUM ALLOYS TO
CRACK PROPAGATION BY CHLORIDE IONS (Ref. 197] a

Titanium Alloys That Undergo Titanium Alloys That Do Not
Accelerated Crack Propagation Undergo Accelerated Crack
;n Ambient 3T0by weight Sodium Propagation in Ambient 3$%
Chloride by weight Sodium Chloride,

Unalloyed Ti (with high oxygen content, i.e., 0.317%)
Ti-8h4n
Ti-2.25Al-IIt40-l lSn-5Zr-O.2Si (IMI-679)
Ti-3Al-lICr-13V
?l-4Al-4Mn
Ti-5A1-2.5Sn
Ti-6Al-2.5Srs
T.L6A14V
Ti-6Al-3Cb-2Sn
Ti-6Al-4V-l Sn
Ti-6A14V-2Co
Ti-6Al-6V-2.5Sn
Ti-7Al-2Cb-l Ta
Ti-6Al-3Cb (as received and beta annealed)
Ti-6Al-3Mo
Ti-7Al-3Cb-2Sn
Ti-8A1-l Mo-lV

Ti-2AL4Mo-4Zr
Ti-4Al-3Mo-lV
Ti-5AL2Sn-2Mo-2V
Ti-6Al-2Mo
Ti-6Al-2Sn-l Mo-1 V
Ti-6Al-2Sn-l Mo-3V
Ti-6Al-2Cb-lTa-O. 8M0
Ti-6.5Al-5Zr-lV
Ti-6Al-2.5Mo (as received and beta annealed + water
quench +593°C(1100”F) aged for 2 h)

Ti-8Al-3Cb-2Sn

a
(170° F), to allow hydrogen to diffuse into titanium, but
2% moisture isenough to prevent absorption of molecular
hydrogen at temperatures below 316°C (600°F).

4-14.1.8 Fretting

Titanium .aUoysare highly susceptibleto the reduction
of fatigue life by fretting at interfaces between titanium
alloys or titanium and other metals.

4-14.2 XNTERFACE PROBLElW3

Contaminated surface layers of titanium mill products
can result in subsequent corrosion and failure. For
example, iron smears on titanium surfaces destroy the
protective oxide film and allow hydrogen to accessthe
underlying metal. Trace amounts of iron embedded in the
surface of welds that have been steel-wire brushed can be
points of initiation for local attack. Joints heavily con-
taminated as a result of improper shieIding during
welding and surfaces scratched during fabrication can
also suffer localized attack.

The combustion of titanium at elevated temperatures
in air has been-discussed in par. 4-14.1.5.1. Titanium is
normally passiveto gaseousoxygen. At moderate to high
pressure, however, violent burning can occur when
freshly formed surfaces are exposed, Missile pressure
vesselsmade of titanium alloys have been known to react
violently when fresh metaI surfacesare exposed to liquid

oxygen. The reactivity of titanium ruptured in gaseous
oxygen is shown in Fig. 4-55.

4-14.3 METHODS FOR PREVENTION OF
CORROSION

The surfaces of titanium mill products—sheet, plate,
bar, forging, and extrusion —should be 100VOmachined,
chemically milled, or pickled to remove all contaminated
zones and layers formed while the material was at
elevatedtemperature. The purposeisto remove contamina-
tion resulting from mill processing, heat treating, and
elevated temperature forming operations (Ref. 18).

The excellent corrosion resistance of titanium is due to
a protective oxide film. Therefore, the object of corrosion
prevention measures is to create and maintain those
conditions in a serviceenvironment that favor formation
of a passive film. Moisture in chlorine gas; tetravalent
titanium ions in hot nitric acid; silicon-containing sub-
stancesh hot nitric acid; Fe+3or CU+2ions in sulfuric acid;
and ferric or cupric ions, chromic acid, and nitric acid in
hydrochloric acid are all measures that improve the
passivity of titanium. It is when the protective film is
destroyed that discoloration often occurs. The color
change appears at a few points and then radiates out in
rainbow-like patterns showing rings of yellow, bronze,

a
blue, and gray. Once the film becomes powdery and
porous, localized attack proceeds.
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Figure 4-55. Reactivity of Titanium Ruptured in Gaseous Oxygen (Ref. 198)

Care must be taken to insure that cleaning fluids and
other chemicals are not used on titanium assemblies
where entrapment can oczur. Known contaminants that
can produce stress<orrosion cracking at various tempera-
tures inciude hydrochloric acid, tricNorethylene, carbon
tetrachloride, all chlorides, chlorinated cutting oils,
freons, and methyl alcohol (Ref. 18).

Tkmhun parts shotdd not be cadmium plated, and
silver brazing of titanium parts should be avoided for
elevated temperature applications. Cadmium-plated
clamps, f~ andjigs should not be usedfor fabrication
or assembly of titanium components or structures (Ref.
18).

The practical stress~orrosion cracking hazards to
titanium involve a wide range of environments. For some
groups of environments, such as natural waters and
nearly neutral aqueous solutions, the cracking occurs
osdy in the presence of a preexisting crack-like flaw.
Unalloyed titanium and the widely usedTL6A1-4V alloy
are reasonably resistant to stress<orrosion cracking in
these environments. Other alloys should be avoided
unless specific stress-corrosion cracking tests using pre-
cracked specimens demonstrate compatibtity with the
service environment. Fracture mechanics tests readily
characterize the stress-corrosion cracking behavior of
alloys.

For two chemical oxidizers, N20. and red fuming nitric

acid, practical control of tbe problem isavailable through
controlling tbe composition of the oxidizers. Standardized
specifkations are available for “safe”compositions, which
are mentioned in par. 4-14.1.6.

For some environments, such as methanol, mercury,
cadmium, or silver, the necessary strategy is simply to
exclude them from titanium surfaces.Tests on Ti-3AL8V-
6Cr4M04Zr alloy in metbanolic solutions indicate that
the stress-corrosion cracking susceptibility can be signif-
icantly improved by the addition of sodium nitrate
NaN03 (Ref. 195).

Several measures have been tested for preventing
crevice corrosion of titanium. These include

1. Oxidation of the titanium surface in air at
temperatures greater than 400” C (752° F) prevents
corrosion (Ref. 199).

2. Cuprous ions produced by galvanic action between
titanium and copper in a crevice passivate titanium.
Molybdate ions also passivate titanium. Creation of a
surface film by anodizing titanium in a molybdate
solution prevents crevice corrosion (Ref. 200).

3. A PdO-Tl~ coating prepared at 500°C (932° F)
can prevent crevice corrosion in bot chloride solution
(Ref. 201).

4. Nickel and palladium are effective aUoying ele-
ments for improving the crevice corrosion resistance of
titanium (Ref. 199).
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Potential coating systems have been evaluated for ‘- TABLE 4-134. SCREENING TEST o
protection of titanium alloys from hot salt stress-corrosion
cracking up to temperatures of 482° C (900° F) and from
oxidation ernbrittlement up to 649° C (1200° F) (Ref.
202). Diffusion-type coatings containing Si, Al, Cr, Ni, or
Fe as single-coating elements or in various combinations
were evaluated. All of the coatings investigated demon-
strated excellent oxidation resistance, but none of the
coatings provided protection from hot salt stress cor-
rosion.

Anodically formed oxide coatings have been tested for
their ability to counteract the severegalling that occursin
bearings when titanium is subjected to medium- to high-
intensity rubbing or sliding forces(Ref. 203). The coatings
are said to have value in preventing hot salt stress-
corrosion cracking and galvanic attack of dissimilar
metals.

Ion implantation of palladium into titanium has
potential application in providing resistance to hot salt
stress-corrosion cracking and to crevice corrosion (Ref.
204).

Coatings have beentested for application in controlling
titanium combustion”in gas turbine engines (Ref. 205).
The result of screeningseveral coatings is shown in Table
4-134. There were six specimensthat did not bum and one
that burned only minimally at the milder test conditions.
These seven coating systems were combustion tested at
more severe burn conditions; the results are shown in
Table 4-135. High-cycle fatigue testswere also conducted
on these specimens, and based on these tests, ion-vapor-
deposited aluminum and, Pt / Cu/ Ni were selected as the
“best” coating systems.These two coatings are compared
in Table 4-136.

4-14.4 EXAMPLES OF CORROSION
PROBLEMS

The combustion of titanium in gas turbine engines is
discussedin par. 4-14.1.5.1.

The Army is very concerned with reducing the weight
of components of weapons and aircraft systems.Titanium

RESULTS (Ref. 205)

COATING TESTED BURN SEVERITY, %

371°C (700” F), 454°C (850° F),
0.758 MPa 0.758 MPa
(110 psia*), (110 psia*),

244 m/s 244 m/s
(800 ft/s) (800 ft/s)

Chromium 67
Cr - 1% Mo o 37
Sputtered Cr -5% Mo o’ 18
IVD aluminum o -1
Aluminum-manganese o 55
I u platinum 100
Cr-TiC cermet o -1 “
Cr-Mo + IVD Al 13
Cr-Mo + A1-Mn o 0
Cr-Mo + Cu + Ni o 0
Cr-Mo + Ni o 0
Pt “+ IVD Al o 38
Pt+Al+Mn 56
Pt+Cu+Ni o 0
Nickel-phosphorus No test 25

*psia = poundsper squareinch absolute,i.e., gageplusatmo-
sphericpressure

alloys can provide, on a strength-to-weight basis, a
material equivalent to a very high-strength steel. For
example, the beta-titanium alloy Ti-3Al-8V-6Cr-4Mo-
4Zr was considered a candidate alloy for the SCOUT
vehicle torsion bar. Testing determined that the alloy was
immune to stress-corrosion cracking in aqueous sodium
chloride solutions such as those experienced in a marine
environment. The alloy, however, was very susceptible to
stress-corrosion cracking in methanolic solutions (Ref.
214). Fortunately, this susceptibility could be mitigated
by the addition of sodium nitrate as an inhibitor.

TABLE 4-135. COMBUSTION RESULTS (Ref. 205)

PRESSURE, TEMPERATURE. AIR VELOCITY. BURN
COATING SYSTEM MPa (psia*)” “c(”F) - m/s (ft/s) ‘ SEVERITY, %

ND aluminum 0.758 (1 10) 482 (900) 244 (800)
Pt/Cu/Ni

47.5
0.965 (140) 454 (850) 244 (800) 47.0

Chrome-moly/ Cu/ Ni 0.965 (140) 454 (850) 244 (800) 44.6
Chrome-moly/Ni 0.965 (140) 454 (850) 244 (800) 58.8
Chrome-moly/ IVD aluminum 0.965 (140) 454 (850) 244 (800) 60.0
Chrome-moly/ A1-Mn 0.965 (140) 454 (850) 244 (800) 64.7 0

Chromium-moly/cermet 0.965 (140) 454 (850) 244 (800) 100.0

*psia = poundsper squareinch absolute,i.e., gageplusatmosphericpressure
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(-)
TABLE 4-136. SUMMARY OF

‘!; TEST RESULTS (Ref. 205)

Pt/Cu/Ni* IVD Al*

Combustion + ++

High cycle fatigue o 0
Tensile o“ o
Creep rupture o 0

Stress rupture + o
! Erosion + +.

Adhesion Good Good m
j

Static oxidation — —

j Diffusion o 0
Thermal shock o 0.-

, stress analysis o 0

●O= No significantinfluencedue to coating
:.—= Coatinghad degradingeffecton baseline.

+ = Coatingappearedto provideimprovementoverbaseline.. .

4-15 TUNGSTEN AND TUNGSTEN
ALLOYS

Tungsten has a very high density, 19297 kg/m3
(1204.7 lbrn/ft3), and the highest melting point, 341O”C

o

(6170°F’), among metals.
,>

Tungsten is used as an alloying element in stainless
steels,tool steels,refractory aIloys, and heat-resisting and
corrosion-resistingsuperalloys. Lngeneral, it addsstrength
and restricts grain growth, espeeitiy at elevated tempera-
tures.

Tungsten wire is used for incandescent lamp fdaments
and in developmental tungsten fiber-superalloy metal
matrix composites. These composites are intended for
application in high-temperature gasturbine components.
Tungsten rods are usedfor lamp filament supports, giass-
to-metal seals, electrical contacts, electrodes for arc
lamps, and in welding and electrical discharge machining.

—

Other forms of tungsten are used in various p- in
vacuum tubes and in X-ray and transmitte~ tubes.
Tungsten and molybdenum are used in thermal radiation
shieldsfor high-temperature furnaces. Tungsten, tungsten
alloys, and compositesare usedascountenvei~t materials
for ‘aircraft control surfaces, nozzle inse~- in rockets,
instrumentation components, gyroscope rotors, semi-
conductor supports, nuclear shielding materials, and
ammunition components.

4-15.1 TYPES OF TUNGSTEN ALLOYS

The addition of molybdenum, niobium, and tantalum
to tungstenproducesgrain refining in the as-castcondition
and higher strength at elevated temperatures. Addition of
rhenium improves the ductility of molybdenum and .
tungsten. Tungsten-thona (ThOz) alloys have high tensile
and creep strength above 2000° C (3632° F). Tungsten-2%
Th02 has superior high-temperature properties over
tungsten-l?o ThOl, which is the composition of l~P
wire. Adding 0.35 mol % of htinium c~bide to tungsten
greatly improves its strength in the temperature range
1650° to 2200” C (3002° to 3992° F). If 4 atom % of
rhenium is added to the tungsten-hafniu carbide alloy,
the low-temperature ductility is improved without affect-
ing the high-temperature strength.

Tungsten composites have been developed that are
essentially three<omponent pseudoalloys consisting of
large amounts of tungsten combined with either a nickel-
copper or a nickel-iron matrix. Other elements, such as
manganese, cobalt, and molybdenum, are added for
strengthening. These alloys are produced by powder
metallurgy techniques.

4-15.2 TYPES OF CORROSION

4-15.2.1 Uniform Corrosion

4-15.2.1.1 Corrosion in Aqueous Solution

The reaction of tungsten with various reagents is shown
in Table 4-137.

TABLE 4-137. REACTION OF TUNGSTEN WITH VARIOUS REAGENTS (Ref. 207)

KOH+ NaN03 +

TEMPERATURE HF + HC1 + H2S04 Hz02 NaN02

“c (“F) F2 HN03 HNOj HNOJ HC1 HJPO, KOH H2G (or 0) (or 0) C12

20 (68) -WF6 dis ox. slat. — — — — S1at. — —

100tol10 — — dis ox. d at. s] at. S1at. dis dis — —

(212 to 230)
250t0300 — — — — — dis d~ — — dis -wc16

(482 to 572)

o WFb WC&= reactsto form the indicatedcompound,,:,,
dis= dissolution
ox. = oxidation
SIat- = slightauack
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Tungsten hasgood resistanceto attack by most acids. It
is attacked only slightly by hot or cold hydrofluoric acid,
by hot dilute or concentrated hydrochloric or sulfuric
acids, and by cold nitric acid. Warm nitric acid and a cold
mixture of hydrofhoric and nitric acids react with
tungsten to form the oxide WOS. Hot aqua regia, a
mixture of hydrochloric and nitric acids, rapidly attacks
tungsten, but the reaction is much slower in cold aqua
regia. Aqueous solutions of ammonia and alkalies do not
corrode tungsten in the absence of oxygen or an oxidizer
such as H202.

4-15.2.1.2 Corrosion in Halogen Gases

Bromine’ and iodine attack tungsten at red heat,
chlorine attacks at temperatures above 250° C (482° F),
and fluorine attacks tungsten vigorously at any tempera-
ture.

4-15.2.2 Corrosion at Elevated Temperatures

Tungsten resistsattack by molten sodium hydroxide or
potassium hydroxide. Vigorous reaction occurs, however,
when the molten ~kali salts contain an oxidizing agent,
such as a nitrate, nitrite, or chlorate.

Tungsten forms nitrides with ammonia and carbides
with carbon monoxide. It is attacked by C02 at 1200° C
(2192°F) and by oxides of nitrogen at high temperatures.
Hydrogen does not dissolve in tungsten nor does it form
hydrides.

Chemicals that attack tungsten at elevated temperatures
are shown in Table 4-138, and the corrosion of tungsten in
some liquid metals is shown in Table 4-139.

4-15.2.3 Oxidation of Tungsten

Tungsten oxidizes according to a paraboIic rate law
below 399° C (750° F) in air or oxygen. At temperatures
above 1100° C (20 12° F) tungsten oxidizes at a linear rate
with time. In the 400° to 1100”C (752° to 2012° F) range,
the reaction rate tends toward a linear rate as exposure
time increases. The amount of cold-working of the

. .

TABLE 4-138. TEMPERATURE SCALE @
OF ATTACK OF TUNGSTEN BY

VARIOUS MATERIALS (Ref. 207)

TEMPERATURE,
-0C (0F) COh4POUND

500 (932) HC1, Oz
800 (1472) NH3
900 (1652) CO, Br, I, CSZ, H20

1000 (1832) CXH~FG + H;)
1100 (2012) c
1200 (2192) C02
1500 (2732) N2
1750 (3182) ZrOz
2000 (3632) MgO, BeO
2100 (3812) ThOq
2500 (4532) A1203 ..

tungsten also increasesthe tendency toward a linear rate.
Above 500° C (932° F) cracks appear in the adherent blue
oxide film. Evaporation of. the volatile oxide W03
becomes substantial above 800° C (1472° F)j and above
1100° C (2012° F) the oxide sublimes as rapidly as it is
formed (Ref. 208).

The behavior of tungsten as a heating element toward @

various furnace atmospheres is compared with that of
molybdenum and tantalum in Table 4-140.

4-15.3 INTERFACE PROBLEMS

4-15.3.1 Metal-to-Metal

TypicaI interface problems with tungsten occur between
a metallic coating and the tungsten substrate or between
tungsten filaments and the matrix metal in composites.

The following reactions can occur at service tempera-
tures or at the elevated temperatures necessaryto form a
protective coating or a tungsten fiber-metal matrix
composite:

,.

TABLE 4-139. CORROSION OF TUNGSTEN IN LIQUID METALS (Ref. 57)

TEMP~RATURE, CORROSION RATE, EXPOSURE TIME,
L.1QU113hlETAL OC(°F) mm/ yr (mpy) h

Bismuth-lead eutectic 1093 (2000) 14.0 (551) 24
Sodium 999 (1830) None 167
Zinc 446 (835) 7.6 (299) 50

699 (1290) 63.5 (2500) 50
Potassium 299 (570) Resistant —

Sodium-potassium 593 (1 100) Resistant —

Gallium 799 (1470) Resistant
a—

Magnesium 599 (1110) Resistant —

Copyright 1963AmericanChemicalSociety.
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TABLE 4-140. BEHAVIOR OF HIGH-TEMPERATURE HEATING ELEMENT
MATERIALS TOWARD FURNACE ATMOSPHERES (Ref. 209)

ATMOSPHERE MOLYBDENUM TUNGSTEN TANTALUM

Air or gasescontaining
oxygen

Incipient oxidation beyond
400° to SO(YC (752° tO

932° F); strong evaporation
above 800°C (1472° F)

Incipient oxidation beyond
500° C (932°F’); strong
evaporation above 1200°C
(2192°F)

Stable up to melting point

Oxidation and nitride -
formation above 500”C
(932°F)

Hydrogen
Dry (<0.5 g water/ m3
(3.1 X 10-s lb/fi3))

Stable up to melting point Hydride formation at 400°
to 800°C (752° to 1472°F);
beyond that, stable up to
melting point, surface
oxidation
Hydride formation and
strong oxidation beyond
450”C (8420 F)

Stable up to 1400°CWet (C20 g waterl m’

. . “- (1.2X 10-3 lb/ft~)
Stable up to 1400°C
(2S52°F); beyond tha~
growth of metal needles at
surface with material
wastage

Stable up to melting point

(2552° F); beyond tha~
growth of metal needks on
surface with material
wastage

Stable up to melting point Nitride and hydride
formation above 400°C
(752’ F); at higher
temperatures, thorough
nitrifkation

Nitride and hydride
formation above 400°C
(752°F); at higher
temperatures, thorough
vitrification

Nitride, carbide,and
hydride formation; becomes
brittle

Cracked ammonia (dry)

o Partially burnt ammonia
(dry)

Stable up to melting point Stable up to melting point

Stable up to 1400°C
(2552°~, sutiace
carbonization above
13(NPC (2372°F)

Stable up to melting point

Stable up to 200WC
(3632°F)
Strong evaporation above

Partially burnt illuminating
gas, generator gas, etc.

Stable up to 1300°C
(23720 F); surface
carbonization above
1200°C (219?F)

Stable up to melting point Stable up to melting pointInert gas (argon, helium)

Vacuum

f “ <1.33Pa (<10-2 torr) Stable up to 170CPC
(3092°F)
Strong evaporation above

Becomes brittle through
getter action on gas residues
Strong evaporation above<0.0133 Pa (<10+ tot-r)

18000C (3272°F) 24000C (4352°F) 220WC (3992°F)

From “Metallic Heating Element Materials for High-Temperature Furnaces”by R. Kieffer and F. Benesovsky,Melallurgio.
September1958.

1. Diffusion-penetration accompanied by recrystal-
lization of the grain at the tungsten surface

2. Formation of a two-phase zone
3. Solid solution reaction without subsequent re-

crystallization.
The most damaging of these reactions for a tungsten

fiber-metal matrix composite is diffusion-penetration ~
accompanied by recrystallization (Ref. 210).
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4-15.3.2 MIetal-to-Nonmetal

Reactions can also occur between a metal oxide
protective film and the tungsten substrate. The high
temperatures required for sintering during the formation
of a protective oxide film can recrystallize the tungsten
substrate. Also tungsten silicide coatings are limited by
the continuous diffusion that occurs during use and
resultsin a gradual increasein the outer silica layer aswell
asin the formation of a lower silicide below the silica layer
(Ref. 211).

4-15.4 METHODS FOR PREVENTION OF
CORROSION

Although tungsten possessesdesirable properties at
high temperatures, such as high melting point, high
modulus of elasticity, high strength, and low vapor
pressure, it has low resistance to oxidation in air above
1121° C (2050° F). Therefore, protective coatings are
required for tungsten and its alloys at Klgh temperatures.

MetaI coatings are ductile and adherent to tungsten.
Nickel-chromium coatings are generally used at 1000° to
1400° C (1832” to 2552° F). Noble metal coatings of the

platinumgroup resist oxidation for a relatively long time
at temperatures up to 1650°C (3002° F). The interdiffusion o

of tungsten with platinum and rhodium produces zones
that are brittle and have low heat resistance.Barrier layers
of rhenium, ruthenium, and iridium restrict this inter-
diffusion. Hafnium-tantalum coatings are usedfor higher
service temperatures. Metal coatings for tungsten are
listed in Table 4-141.

Refractory oxides are very stable in an oxidizing
medium. To provide protection asa coating for tungsten,
they should have a high melting point, high thermal
conductivity, and low vapor pressure at the service
temperature. Some refractory oxide coatings used for
tungsten are sh~,wn in TabIe 4-142. In this list only
zirconium dioxide’’ZrOz has a thermal expansion close to
that of tungsten. Spalling of the coating can result from a
large difference in thermal expansion. The maximum.
service temperature of these simpie oxides is about
2000° C (3632° F). Some complex oxides, such asSrZrOj
and NdzZrzOT, may form suitable protective coatings for
tungsten. Multiple layers of different metal oxide coatings
may provide adequate protection. Coatings combining
metals and metal oxides are used in specific applications.

TABLE 4-141. METAL COATINGS FOR TUNGSTEN (Adapted from Ref. 212)

LIFE AT MAXIMLJMSERVICE a
COATING APPLICAllON METHOD TEMPERATURE

ALLOY TEMPERATURE, LIFE,
“C~F) h

Ni-22Cr
Au i- (Ni-Cr)
Ni-Si-B-Cr
Ni-Si-B-Cr
Ni-Si-Cr-B-W
Ni-Cr-P
Ni-Si-B
A1-Si

Pt (127pm thick)

Pt-30 Rh

, Rh-Cr-Si-Cr Payers

Hf-27 Ta

Hf-20 Ta

Hf-20 Ta-2 Mo

Sri-25 Al, Sn-50 Al

Electroplating
Electroplating
Electroplating
Electroplating
Electroplating
Electroplating
Electroplating
Immersion of W into
melts at 1300° C (2372° F)
Electroplating from
cyanides
Electroplating from
cyanides
Electroplating (Rh),
vapor deposition (Cr, Si)
Electroplating, plasma
spraying, etc.
Electroplating, plasma
spraying, etc.
Electroplating, plasma
spraying, etc.
Electroplating, dipping

900 to 1200 (1652 to 2192)
1095 tO 1375 (2003 to 2507)
1095 to 1375 (2003 to 2507)
1095 to 1375 (2003 to 2507)
1095 to 1375 (2003 to 2507)
1095 to 1375 (2003 to 2507)
1095 to 1375 (2003 to 2507)
1450 (2642)

1650 (3002)

1650 (3002)

1640 (2984)

2095 (3803)

2095 (3803)

2095 (3803)

1895 (3443)

—

500
1 to 200
1 to 200
1 to 200
1 to 200
1 to 200

—

5

5 to 10

—

—

—

1

From Tungsten: Sources, Metallurgy, Properties, and Applications by Stephen W. H. Yih and Chun Wang. Copyright@ by Plenum
Press, 1979.
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TABLE 4-142. REFRACTORY OXIDE COATINGS FOR TUNGSTEN* (Ref. 213)

OXIDE MELTING
POINT,
‘c (on

Ako3

ceo3

Cr203
Hfo2
MgO
Si02
Tho2
YZ03

.- zro2
Tic?2

M@1204

w

2049 (3720)
2571 (4660)
2649 (4800)
2343 (4250)
2810 (5090)
2799 (5070)
1727 (3140)
3204 (5800)
2410 (4370)
2688 (4870)
1838 (3340)

—.
——

THERMAL
CONDUCTIVITY

AT 1205°C (2201° F’),
J/(Cm”YoC)

(Btuin./(s”in2”0F))

0.054 (7.2 X 10-t
0.172 (2.3 X 10~

——

=0.126(== 1.7X 104)
——

0.054 (7.2 X 10-j)
——

0.021 (2.8 X 10-s)

0.021 ~2.8~ 10-3
0.033 (4.4 x 1O-J

—
—

MAXIMUM THERMAL
VAPOR PRESSURE TEMPERATURE EXPANSION,

AT 1730°C, (o to 100 h), 25 to 1500°C

(3146° F). Pa (atm) “c(” F) (77 to 2732°F), %

0.58 (5.7 X 10~ 1982 (3600) 1.37
=0.012 (1.2 x 10-7) 2093 (3800) 1.52

— — —

1.22 (1.2 x 10-$) 1800 (3272) —
— 2093 (3800) 0.93

=0.51 (5x 10+) 1982 (3600) 2.23
1593 (2900) —

1.32 X 10-s:1.3 X 10-’~ 2288 (4150) 1.50 .
1982 (3600) .

=0.loix lo~ 1899 (3450) 0.79
— 1816 (3300) —
— 1982 (3600) —
— — 0.75

●The methodof slurry applicationwith subsequentsinteringor fusionusuallyisused.

Reprintedwith permission.Copyright @ by Van Nostrand Reinhold.

As a group, the carbides, bondes, nitrides, and silicides
oxidize more slowly than tungsten. They do not, however,
afford suiTlcient protection. Nevertheless, some silicides
form a protective coating of silicon dioxide upon oxida-
tion. Tungsten disi.licide‘M generally used as a protective
coating in the temperature range of 1300° to 1800°C
(2372” to 3272°F).

4-15.5 EXAMPLES OF CORROSION
PROBLEMS

A tungsten alloy component of Army ammunition
readily corrodes in air saturated with water vapor (Ref.
214). The composition of the alloy, which is prepared
using powder metallurgy techniques, is 90% W, 7.5% Ni,
and 2.5% Co. This processproduces an alloy consistingof
rounded tungsten particles surrounded by a layer of
matrix solid solution. In general, the tungsten particles
are in contact and the matrix phase is confined to
discontinuous interparticle interstices.

Corrosion tests were conducted for comparison on a
seriesof similar alloy specimens including pure tungsten.
The corrosion behavior was examined by electrochemical
potentiostatic polarization methods and by weight loss
measurements in full immemion tests(Ref. 215). The tesrs
were conducted in aqueous solutions buffered to pH 4,9,
and 12 with and without 0.1 M NaC1. The conclusions of

the electrochemical measurements are as follows
1. All the alloys studied undergo an active-passive

transition.
2. As the pH increases,the corrosion-related parame-

ters also increase.
3. The corrosion rates of tungsten and most of its

alloys are increased slightly in solutions containing
chloride ion. However, at pH 12 the chloride ion has
minimal effect.

4. In the absenceof chloride ion, the alloys appear to
be more resistant in solutions of pH 4.

5. Alloys containing copper are the least corrosion
resistant in the 0.1 M NaCl solution.

The data from the total immersion tests in 5W NaCl
solution showed that pure tungsten has the lowest
corrosion rate and that the alloys containing copper have
the highest.

All of the materials studied showed good corrosion
resistance in aqueous solutions. Corrosion penetration
was less than 305 pm/ yr (12 mpy). Examination of one
alloy, however, showed that the matrix phase is attacked
more readily than the tungsten phase. Therefore, cal-
culated penetration rates based on weight loss under-
estimate penetration in the matrix areas. Furthermore,
attack on the matrix can result in loss of strength and
ductility.

n
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4-16 URANIUM AND URANN.JM
ALLOYS

Uraniumis a clensemetal. h is 8096heavierthan the
same volume of lead, but it is slightly less dense than
tungsten. The density of elemental uranium is 18,948
leg/ m3 (1 182.9 lbm/ft3), the melting point is 1132° C
(2070° F), and the boiling point is 3818°C (6904” F).

Natural uranium contains only 0.7$10of the fissionable
isotope, U-235. Depleted uranium contains 0.2T0 U-235.
Therefore, production of metal enriched in U-235 yields
large amounts of depleted uranium as a by-product.
Because it is a by-product, depleted uranium is less
expensivethan other highdensity materials. For example,
tungsten has a higher raw material cost and is more
expensive to fabricate.

. High-density materials have many important usessuch
as counterweights for aircraft control surfaces,vibration
damping in high-inertia rotational devices, shielding for
penetrating ionizing radiation, and for armor-piercing
projectiles. Many of these applications involve high
tolerances that do not permit the formation of thick
corrosion surface scales.

4-16.1 TYPES OF ALLOYS

The low-temperature form of uranium, alpha uranium,
is stable below 662° C ( 1224° F), beta uranium is stable
from 662° to 769° C ( 1224° to 1416° F), and gamma
uranium is stable from 769° C (1416° F) to the melting
point, which is 1132°C (2070° F). Becauseof its anisotropic
structure and its tendency to exhibit a preferred orienta-
tion, the alpha phase is often unstable during thermal
cycling. Therefore, the objective of alloying uranium isto
retain the isotropic gamma phase at low temperature ‘and
improve dimensional stability.

Several elements are miscible in gamma uranium.
Molybdenum, columbium, zirconium, and titanium have
been used to stabilize the gamma phase. These elements
are essentially insoluble in alpha uranium and have been
alloyed with uranium alone to produce binary alloys or in
combination to produce higher order alloys. These alloys
are quenched to retain the gamma phase or to form a
metastable variant of the alpha phase. They are then aged
to improve mechanical properties.

In terms of environmental degradation, pure uranium
and alloys with up to a few percent alloying additions
behave in one manner and alloys with higher alloying
additions behave in a different manner. The primary
application of depleted uranium is as a high-density
material; therefore, the principal interest is in those alloys
containing only a few percent of alloying additions, wtilch
are referred to as “lean” uranium alloys.

The addition of gamma-stabilizing, alloying elements

to uranium results in a more corrosion-resistant material. m
The alloy additions, however, also increase susceptibility
to stress-corrosion cracking. Therefore, “lean” alloys
behave like uranium in that they are reactive in the
environment, but they are not Klghly susceptible to
embrittlement or cracking. “Rich” alloys are more
susceptible to stress-corrosion cracking but are more
corrosion resistant.

4-16.2 TYPES OF CORROSION

4-16.2.1 Uniform Corrosion ,,

4-16.2.1.1 Corrosion in Acid Solutions

Uranium is resistant to attack by 27% sulfuric acid,
dilute perchloric acid, and organic acids.

Uranium isslowly attacked by dilute hydrochloric acid,
hydrobromic acid, hydroiodic acid, nitric acid, cold 85% -
phosphoric acid, and concentrated hot sulfuric acid.

Uranium has a high corrosion rate in solutions of
concentrated hydrochloric acid, boiling phosphoric acid,
and boiling perchloric acid. ..-

The corrosion rates of U-O.75 Ti and U-2 Mo in
hydrochloric acid and sulfuric acid are shown in Table
4-143. These results are based upon potentiodynamic
t)olarization measurements.

4-16.2.1.2 Corrosion in Alkaline Solutions

Uranium is resistant to attack by alkali metal hydrox-
ides, such assodium hydroxide and potassium hydroxide,
and is slowly attacked by hot ammonium hydroxide,

The corrosion rates of U-O.75 Ti and U-2 Mo in sodium
hydroxide are shown in Table 4-143. These results are
basedupon potentiodynamic polarization measurements.

Uranium is dissolved by sodium hydroxide solutions
containing hydrogen peroxide- or sodium peroxide-water
mixtures.

TABLE 4-143. CORROSION OF URANIUM
ALLOYS IN VARIOUS SOLUTIONS

(Ref. 216)

CORROSION RATE,* pm/ yr (mpy)

SOLUTION U-O.75Ti U-2M0

1.0 N HCI
2.0 N HC1
2.5 N HC1
3.0 N HCI
5.0 N HCI
~.0 N H2s04
1.0M NaOH
50 ppm NaCl
3.5% NaCl

205.74 (8.10) 8.628 X 103(339.7)
876.3 (34.5)

1.04x 104(410)
1.356 X 104(534)

5.037 X 104(1983)
3.6 (0.14) 1.5 (0406)

29.5 (1.16) 155 (6.10)
1.0 (0.04) 1.8 (0.07) a
6.6 (0.26) 0.8 (0.03)

*Determinedfrom potentiodynamicpolarizationmeasurements
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o 4-16.2.13 Corrosion in Salt Solutions

Metallic uranium reacts vigorously with aqueous
sohnions of potassium persulfate, but its reaction is less
rapid with ammonium persulfate.

Although uranium is only slightly attacked by cupric
sulfate, it dissolves rapidly irJ solutions of copper-
amrnonium chloride.

Metallic uranium is a sufficiently powerful reducing
agent to displace many metals from solutions of their
salts. For example, solutions of Hg(NOJ)z, A@J03,
SnClz, PtCL, and AuC13 yield precipitates of the corre-
sponding metals when treated with uranium.

The corrosion rates of U-O.75 Ti and U-2 Mo in sodium
chloride solutions are shown in Table 4-143. These results
are based upon potentiodynamic polarization measure-
ments.

4-16.2.1.4 Corrosion in Organic Compounds

At temperatures from 66° to 93°C ( 150° to 200” F), the
vapors of carbon tetrachlonde, chloroform, and trichlor-
ethylene react slowly with metallic uranium. At tempera-
tures above 1000”C (1832” F), the reaction with carbon
tetrachloride is rapid. Uranium is subject to corrosion by
a mixture of chlorinated biphenyls. The rate of attack
increasesrapidly with increasing temperature.

o
‘$;

4-16.2.1.5 Corrosion in Water

The corrosion of uranium in distilled, aerated water is
ve~ low at room temperature. If the concentration of
dissolved oxygen is allowed to diminish, however,
hydrogen isproduced and eventually the protective oxide
film breaks down. The corrosion rate then increases
dramatically. The effect of temperature on corrosion rate
is illustrated in Fig. 4-56. At temperatures of 80° C
(176°F) and above, the corrosion rate is relatively high
and no low-corrosion-rate induction period is evident.

In stagnant areas in which the concentration of
hydrogen can build up asthe oxygen isdepleted, corrosion
accelerates. Uranium undergoes a form of crevice
corrosion related to this phenomenon. The actual rates
are influenced by uranium heat treatment, residual im-
purities in the uranium, and electrolytes present in the
water.

Addition of the gamma-phase stabilizers, i.e., titanium,
zirconium, columbiuq and molybdenum, to uranium
results in alloys that are more corrosion-resistant. Lean
uranium alloys containing gamma-phase stabilizers show
an initial weight gain when immersed in distilled water.
After an incubation period during which an oxide film
builds up and provides protection, continual spalling of

o

the oxide film leads to a constant rate of weight loss(Ref.
,,,,!

218).
The incubation period for immersion in distilled water .
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Figure 4-56. Corrosion of Standard
Uranium in Aerated, Dtillled Water (Ref.
217)

cubationperiodweightloss rateat70°C(158°F) isabout
6.6 X 10-’mglcmz”h(9.4 X 10-8lb/in.2.h) for the U4k75
Ti and2.4X 10-3mg/cm2.h(3.4X 10-*lb/in.2.h)forU-2.O
T]. At 50°C(122” F), however,the incubationtimes are
shorter. The U-O.75T~period is 100 h and the U-2.O T1
period is800 h. The corrosion rate for the U-1.0 TI alloy is
1.54 X 10-3mg/cm2”h (2.2X 10-8lb/in.2.h) and 3.2X 10-3
mg/ cmz.h (4.6 X 10-8 lb/ in.z.h) for the U-2,0 TI alloy at
50”C (122”F).

4-16.2.2 Corrosion in Gases

4-16.2.2.1 Corrosion in Air and Oxygen

Freshly polished uranium metal isbright silver in color-
Uranium metal oxidizes slowly in air at room tempera-
ture, and fmt it takes on a golden yellow tarnish. As
oxidation proceeds, the surface fti becomesdarker and
after a few days the metal appears black. As long as this
surface fdm is not disturbed, attack will cease.

In a relatively dry atmosphere an adherent, nonporous
oxide film forms and grows at the rate of only a few
microns per year. High humidity or a temperature above
75° C (167° F) causes the formed oxide film to be non-
adherent. The effect of temperature on the corrosion rate
of uranium in air is shown in Table 4-144. In the
temperature range of 120° to 150°C (248° to 302” F’), the
corrosion-versus-time curves are parabolic. At higher

at 70”C (158° F) increasesfrom about 200 h for U-O.75 Ti temperatures, from 166° to 221° C (330” to 430° F), the

specimensto 1300 h for U-2.O Ti specimens.The postin- oxidation rate becomes linear with time.
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TABLE 4-144. EFFECT OF TEMPERATURE ON CORROSION
OF URANIUM IN AIR (Ref. 219)

TEMPERATURE PENETRATION,*

WEIGHT OXIDIZED
“c 0 g (lb) % cm/ yr (ipy)
20** ( 68) Nil Nil Nil Nil

100 (212) 0.0416 (9.17 X 10-’) 0.05 0.25 (0.10)
134 (273) 0.0791 (17.44 x 10-5) 0.09 0.51 (0.20)
200 (392) 0.8010 (17.66 X iO-4) 0.89 5.03 (1.98)
300 (572) 1.6000 (35.27 X 10-4) 1.77 10.06 (3.96)
400 (752) 8.6300 (19.03 X 10-3) 9.53 54.31 (21.38)
500 (932) 11.5300 (25.41 X 10-3) 12.75 72.49 (28.54)

*Basedonoriginalmassof 90.4744g(19.95X 10-2lbm),densityof 18900kg/m3(1179.9lbm/ft3), andoriginalsurfaceareaof 18.4cmz
(2.9 in.z). Becausetherewassomelosson each4-h test,the resultswerecorrectedto referto the originalvalues.
**After 11daysthe increasein masswas0.0002g (4.4 X 10-7Ibm), which equals0.00027..

Massive uranium shapes, i.e., not powdered uranium,
oxidize without burning in the temperature range of 500°
to 700° C (932° to 1292° F). However, the metal will ignite
when it is heated in the range of 700° to 1000° C ( 1292° to
1832”F).

The ignition temperature in air is within 20 deg C (36
deg F] of that in oxygen. The ignitio,n temperature of
uranium powder in the size range of —20 + 25 mesh,
which is equivalent to a diameter of711 pm (28 roils), is
285° C (545° F) in air and 305” C (58 1°F) in oxygen.
Uranium powder in the size range of –270 + 325 mesh,
which is equivalent to a diameter of 43 pm (1.7 roils),
ignites at 240° C (464° F) in air and 234° C (453° F) in
oxygen. Uranium chips, such as those produced by
machining, may ignite in air if overheated, and uranium
powder may ignite spontaneously if it is poured through
air.

At room temperature, moisture in air can oxidize
uranium slowly to U02. In closedsystems the formation
of some uranium hydride accompanies oxidation; in an
open system hydrogen evolves.

The corrosion of U-O.75 Ti and U-2 Mo in moist air is
slow (Ref. 220). Zabielski et al. noted corrosion rates of
0.51 and 1.19pm per yr (0.020 and 0.047 mpy) for U-O.75
Ti and U-2 Mo exposed to a 95% relative humidity
environment at 45° C ( 113° F) (Ref. 216). However, a 5’%0
salt fog environment accelerated corrosion by a factor of
more than 3000. Pitting occurred over the crosssections,
and appreciable corrosion occurred at the edges of the
disc-shaped test specimens. The results of the humid air-
salt fog tests are shown in Table 4-145. These results are
based upon weight loss measurements. Based upon salt
fog and moist nitrogen exposures, coating systems to
protect U-O.75 Ti penetrators used in the US Air Force
rapid-fire gun, GAV-81 A, are not believed to be necessary
for long-term storage (Ref. 221). Nevertheless, U-O.75 Ti
lost 7% of its weight in 30 days of exposure to salt fog
(Ref. 220).

TABLE 4-145. CORROSION OF
URANIUM ALLOYS IN HUMID AIR AND

SALT FOG (Ref. 216)

CORROSION RATE,;
~m/ yr (mpy)

ENVIRONMENT U-O.75 Ti U-2 Mo
a

5% salt fog 4790 (188.6) 4775 (188)
(23-day exposure)
95% Humidity 0.51 (0.02) 1.19 (0.047)
(40day exposure)

The effect of moisture in the atmosphere can be isolated
by exposing specimens of the metal to humidified
nitrogen. Uranium does not react with nitrogen at
ordinary temperatures.

Lean uranium-titanium alloys exposed to 9570 relative
humidity nitrogen at 70° C (158° 1?)show a rapid initial
corrosion period of less than 60 h. This initial period is
followed by a period during which little weight change
occurs. Conditions were suchthat water did not condense
on the test specimens. Increasing the titanium content of
the alloys reduces the corrosion rate. For example,
increasing from U-O.8 Ti to U-2.O Ti results in a hundred-
fold decrease in the extent of corrosion (Ref. 218).
Exposure of the specimen to condensing conditions
approximates conditions of immersion in water.

4-16-2.2.2 Corrosion in Hydrogen

Powdered uranium reacts rapidly with hydrogen gasat
0° C (32° F) to form the hydride UH’. & room temperature
the reaction generates much heat. A clean uranium o
surface reacts immediately with pure hydrogen, but a
surface that hasbeen exposed to air will not begin to react
until about 30 min after exposure to hydrogen. The
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decomposition temperature of the hydride is 432°C
(810” F). Theiefore, the reaction of hydrogen with
uranium, which is most rapid at temperatures near 215° C
(419°F), declines to zero when the dissociation pressure
of uranium hydride equals the imposed hydrogen
pressure.

Hydrogen embrittles uranium; however, there is not a
consensus on the amount of hydrogen required, the
magnitude of the effeq or the mechanism. The embattling
effect of hydrogen in uranium can result from hydrogen in
solid soiution or as a hydride phase. Because of the low
volubility of hydrogen in uranium, the most likely
meclmnism is formation of a hydride phase.

Uranium reac~ with water vapor to form UOZ and
liberate hydrogen. This hydrogen is probably responsible

. . for the embnttlement observed in water environments.
The lean alloys require more hydrogen to produce
embrittlement than does pure uranium.

4-16.2.23 Corrosion in Nitrogen

Although uranium does not react with nitrogen at
room temperature, fme uranium powder reacts rapidly
with nitrogen above 300° C (572° F). Massive uranium

o

shapes start reacting with moist nitrogen at 330”C
(626° F) and with dry nitrogen at 370”C (698° F). The rate
of reaction is appreciable at 450° C (842° F) and increases
rapidly at higher temperatures.

4-16.2.2.4 Corrosion in Sulfur and Selenium
Vapors and Halide Gases

Uranium burns at 500° C (932° F) in sulfur vapoq
selenium reacts similarly with uranium. Fluorine reacts
vigorously with metallic uranium at room temperature to
form uranium hexafluoride. Chlorine reactswith massive
uranium metal shapesat a moderate rate at temperatures
of 500° to 600”C (932° to 1112° F), but at 150° to 180° C
(302° to 356*F) powdered metal bums in chlorine.
Uranium turnings react with bromine at 650°C (1202° F),
and uranium metal is attacked by iodine vapor at 350° C
(662”F).

O,.

4-16.2.2.5 Corrosion by L[quid Metals
Pure, finely divided uranium metal prepared in an

oxide-free state by decomposition of uranium hydride
readily amalgamates with mercury. Massive forms of
uranium metal are not appreciably attacked by liquid
sodium or by sodium-potassium alloys. Apparent attack
by these liquid metals results from oxygen present in the
liquid metal. For example, little corrosion occursin liquid
sodium under 457” C (855° F), but between 457° and
599°C (855” and 1110° F) an oxide fdm forms. Calcium
added to liquid sodium inhibits corrosion of uranium.

Uranium that had been heated for six days in lithium at
600”C (1 112”F) showed a slight reaction layer (Ref. 222).
Molten lead (Refs. 223 and 224), bismuih (Ref. 225),

lead-bismuth (Ref. 39), and gallium (Ref. 226) ail react
readily with uranium.

4-16.2.2.6 Corrosion by Steam

The corrosion of uranium metal by steam iscompared
to its corrosion in air as a function of temperature in Fig.
4-57. Attack by steam is much more vigoro~ ~~ att~k
by air, and hydrogen evolved in the steam+ranium
oxidation reacts with the uranium if the temperature is
not too high. At temperatures above 450° C (842° F) UQ
is the principal reaction product.

4-16.23 Hydrogen EmbrittIernent and Stress-
Corrosion Cracking

Uranium and all its alloys are susceptible to embrittle-
ment and{ or stresworrosion cracking. Therefore, almost
all uranium alloys are quenched to retain the gamma
phase or to form a metastable variant of the alpha phase-
The alloys are then aged to improve the mechanical
properties. H@-temperature aging of quenched uranium
alloys results in a balanced two-phase alloy, i.e., alpha
plus gamma. The susceptibilhy of the quenched material
to stress<orrosion cracking increaseswith aging until the
balanced two-phase structure beginsto form. The balanced
two-phase microstructure is the most resistant to stress-
corrosion cracking; thus susceptibility to cracking
decreaseswith continued aging. The lean alloys crack in
wate~ however, oxygen inhibits thii cracking. The rich
alloys, i.e., those with higher solute contents, do not crack
in water but will crack in oxygen, and they are very
sensitive to the presence of chionde ions in aqueous
solution. The lean alloys, however, are much iesssensitive
to chloride ions.

Stress-corrosion cracking occurs at stress intensity
levels above a threshold designated K-. (~ Pm- 2-2.9
for a discussion of stress-cofiosion cracking.)

Threshold stress intensity values for several uranium
alloys in salt-laden, moist air are listed in Table 4-146.

Uranium Metal
Reacted, weight ‘A

Figure 4-57. Comparison of Corrosion Rates
for Uranium in Air and in Steam in
Temperature Range of 150° to 400°C (302°
to 752°F) (Ref. 227)
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TABLE 4-146. COMPARISON OF FRACTURE TOUGHNESS AND THRESHOLD STRESS *
INTENSITY FOR DEPLETED URANIUM ALLOYS IN 98% RELATIVE HUMIDITY

SALT-LADEN AIR (Ref. 228)

KIC, KIscc, AKIC – KI.c.,
ALLOY MN/ m3/2(klb/in.3J2) MN/ m3’2(klb/in.3/2) MN/m312 (klb/in.312)

IJ-2M0 QOA 48.6 (44.2) 20.8 (18.9) 27.8 (25.3)
U-2M0 (a + T) 27.9 (25.4) 21.5 (19.6) 6.4 ( 5.8)
U-3/4 Quint 43.3 (39.4) 15.6 (14.2) 27.7 (25.2)
U-3/4 Ti 69.0 (62.8) 24.2 (22.0) 44.8 (40.8)

Also listed are the stressintensity factors Kic that cause laden, moist air are recorded in Table 4-148, and the
fast fracture solely because of overload. Initial stress thermochemical processing of these alloys is given in
intensity KJ as a function of time to failure isshown in Fig. Table 4-149.
4-58. For stress-corrosion cracking resistance in salt- Another study determined the critical threshold stress
laden, moist air, the alloys rank in this order: U-~Ti, intensity factor for stress-corrosion cracking KW of “
U-2M0 QOA, IJ-2Mo(a + Y), and U-% Quint. KI,,, values several uranium alloys that are candidates for penetrator
for the IJ-2M0 alloys are not signfilcantly lower than the and nuclear shell applications (Ref. 229). The alloys were
value for U-%Ti. The decrease in fracture toughness in the as-extruded condition, and the environments were
(AKJc – K~,J because of exposure to the environment, distilled water (contained <1 ppm Cl-) and a 3.570sodium
however, is much more signitlcant for the U-%Ti and chloride solution (>2 1,000 ppm Cl]. A limited number of
U-% Quixatalloys than for the .U-2M0. stress-corrosion cracking tests were performed in

The chemical compositions of these alloys are listed in solutions containing 50 ppm chloride ion (Cl] to
Table 4-147. The mechanical properties in dry and salt- determine the effect of this chloride ion concentration.

Figure
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100 1000

of Time to Failure (Ref. 228)
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KJ TABLE 4-147. CHEMICAL ANALYSES IN Thechemicalcompositionsof thesealloysareshownin

WEIGHT PERCENT FOR DEPLETED Table4-150, themechanicalpropertiesaregiveninTable

URANIUM ALLOYS (Ref. 228)
4-151,and thestress-corrosioncracking results are shown
in Table 4-152.

ALLOY
U-2M0 u-3/417 u-Quint

Mo 2.00 96X 104 0.84
Nb— <lox 104 0.70
Zr — — 0.86
Ti <1 x 10+ 0.71 0.44”
v <1 x 10+ <1X104 0.16
Al 25 X1 O-” 35x 104 75x 104
Si 5.5 x 104 127 X 104 97x 104
Fe 60X 104 45x 104 140 x 104
Cu 10x 104 lox 104 15x 10+. .
c 100 x 104 10x 104 40x 104
u Balance Balance Balance

O.’!’

The threshold stress intensity factor FL= for stress-
corrosion cracking in air and aqueous environments is
plotted as a function of yield strength for the various
alloys in Fig. 4-59. Also plotted are the critical flaw depths
for propagation of a stress-eorrosion crack. A long, thin
crack is assumed. For a given flaw depth an alloy with a
KIX value above the critical flawdepth line should be
selected if swess-orrosion cracking is to be avoided.

TABLE 4-148. MECHANICAL PROPERTIES OF DEPLETED URANIUM ALLOYS
IN DRY AIR AND SALT-LADEN, MOIST AIR (Ref. 228)

0.2% ULTIMATE -.

MA~~AL #H ~~;aS~N&TH ~NJ~~E STRE}~TH ELONG~~ON ~ ‘~;~~ yo~p~s MOD~USt
IN 4 DIAMETERS

U-2M0 QOA O 7% 11s 1243 180 6.7 37.0 159 23.0 x 103
98 735 107 1043* 151 —**

U-2M0 (a + T) O 642 93 952 138 3.0 37.0 164 23.8 x 103
98 735 107 1126* 163 _* ●

u-3/4Qui31t 721 105 1305 189 11.9 37.0 160 23.2 x 103
i 728 106 1016* 147 1.5
98 742 108 1058* 153 1.6

u-3/411 824 120 1339 194 7.1 37.0 172 24.9 X 103
; 823 119 1036” 150 1.4
98 762 Jll 92(P 133 1.5

*Maximum stressat fracture
**s~m f~ed at tilCiSl notch

~Averag$of five readings

TABLE 4-249. THERMOMECHANICAL PROCESSING OF DEPLETED
URANIUM ALLOYS (Ref. 228)

ALLOY PROCESSING

U-2M0 QOA T extruded into rectangular plate at 100°C (212° F); solution treated for 2 h and helium
quenched; aged at 500°C (932” F) for 5 h and air cooled.

o U-2M0 (a + T) As per U-2 Mo QOA above plus: solution treated at 800° C (1472”F) for 2 h and water
quenched; heated to615° C (1 139°F) for 5 h and water quenched; aged at 400”C (752° F)
for 5 h and slow cooled.

U-3/4Quint As extruded at 1000”C (1832”F)

u-3/4Tl As a extruded at630”C(1166”F)
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TABLE 4-150. CHEMICAL ANALYSIS OF URANIUM ALLOYS (Ref. 229)

ALLOY WEIGHT, ppm WEIGHT, %

CH o N Mo Nb Zr T1 v

3/4% ‘II <lo 2.4 20 7——— 0.70 –
3/4% Quad 50 1.6 40 54 0.73 0.74 0.70 0.49 —

1% Quad 22 4.4 74 — 1.03 1.04 0.98 0.62 —
1% Quint 59 — — 23 1.00 1.00 0.94 0.47 0.57

I TABLE 4-151. MECHANICAL PROPERTIES OF URANIUM ALLOYS (Ref. 229)

ALLOY ULTIMATE TENSILE 0.2% REDUCTION
STRENGTH YIELD STRENGTH ELONGATION, IN AREA, HARDNESS,

MPa ksi ‘MPa ksi % % Rc “

3/4% Ti 1114 161.6 607 88 4.5 4.6 32
3/4% Quad 1379 200 769 111.5 16.5 25.4 41
1% Quad 1613 234 1172 170 8.0 20.5 47
1% Quint 1940 281.4 1627 236 3.5 4.6 52

I TABLE 4-152. SUMMARY OF URANIUM STRESS-CORROSION
CRACKING RESULTS (Ref. 229) a

3/4% Ti 3/4% Quad

ENVIRONMENT STRESS INTENSITY,K MINIMUM THICKNESS STRESSINTENSITY,K MINIMUM THICKNESS

MN/m3fl klb/in.3’2 mm in. MN/ m3’2 klb/in.3’2 mm in.

Alr 26 24 0.38 0.015 52 47 11.0 0.44
Water 23 21 0.28 0.011 44 40 8.1 0.32
3.5% NaCl 16 15 0.15 0.006 13 12 0.74 0.029
50 ppm Cl- — — — — — — — —

50 pprn cl- — — — — — — . —

+ O.i M NaNOs

1% Quad 1%Quint

ENVIRONMENT STRESS INTENSITY,K MINIMUM THICKNESS STRESS INTENSITY,K MINIMUM THICKNESS

MN/ m30 klb/ in;3’2 mm in. MN/m3J2 klb/in.3n mm in.

Air 35 32 2.3 0.089 22 20 0.46 0.018
Water 31 28 1.7 0.068 10 9 0.10 0.004
3.5% NaCl 8 7 0.10 0.004 5 5 0.025, 0.001
50 ppnl cl- 10 9 0.18 0.007 5 5 0.025 0.001
50 pprn cl- — — — — 18 16 0.28 0.011
+ O.lM NaNOs

Note: ASTM minimum thickness= 2.5 (K/ UY)2whereK isthe stressintensitygivenin thetable andUYisthe yield strengthgivenin
Table 4-151, both are givenin consistentunits.

o
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Figure 4-59. K& for Uranium Alloys in Air, Distilled Water, and a 3.5% Sodium
Solution, Shown as a Function of Yield Strength and Four Values of Crack Size (Ref.

n,’
The critical flaw sizes for the various alloys follow:

1. U~4Ti Alloy
a. In both water and air 0.25 mm (0.01 in.)
b. In 3.5% salt solutiom 0.025 mm (0.001 in.)

2. U-%Quad Alloy
a. In both water and air 0.25 mm (0.01 in.)
b. In 3.5% salt solution: 0.025 mm (0.001 in.)

3. U-lQuad ~OJY

a. In both water and ai.c 0.025 mm (0.001 in.)
b. In 3.5% salt solution: 0.0023 mm (0.0001 in.)

4. U-lQuint Alloy. This alloy is the most susceptible
to stress-corrosion cracking of the alloys tested. In most
environments a flaw depth of only 0.0025 mm (0.0001 in.)
can be tolerated. Based.upon thesecrack depth tolerances,
the alloys can be listed in the following order of increasing
stress-comosion cracking susceptibility U-% Quad, U-
J%ll, U-1 Quad, and U-1 Quint. Note, however, that the
order of increasing yield strength is the same.

A series of uranium~ohunbium alloys were tested for
stress-corrosion cracking in air and aqueous chloride
environments (Ref- 230). The chloride-anion environment
is more aggressivethan the air environment. Water vapor
is the primary stress corrodent for the most susceptible
alloy, U-2.25Cb, and oxygen is primarily responsible for

o
thes tress-corrosion cracking of the more resistant alloys,!,,
U-6Cb and U-8Cb. The U-4.25Cb alIoy is susceptible in
both water vapor and air environments.

4-16.2.4 G&anic Corrosion

Uranium is anodic to nickel (Ref. 231),

Chloride
229)

and it is
generally anodic to stainlesssteel (Ref. 232). Uranium is
cathodic to aluminum (Ref. 233), cadmium, and zinc
(Ref. 231).

4-163 ~TERFACE PROBLEMS

A major problem in creating a metal coating on
uranium is achieving a good metallic bond. Uranium has
a high affinity for oxygen, and an oxide fdm on uranium
prevents the formation of an adequate bond.

Oxidation of uranium by moisture in a gas occurs
slowly at room temperature. In a closed system some
uranium hydride is formed. If the moisture is a contami-
nant in an inert gas,the amount of hydride formed maybe
appreciable and the product may ignite spontaneously
when subsequently exposed to air. If a large excess of
oxygen is present, the hydride will become oxidized with
the evolution of hydrogen. This may constitute an
explosion hazard.

4-16.4 METHODS FOR PREVENTION OF
CORROSION

4-16.4.1 Inhibitors
Some inhibitors have been found that protect uranium

alloys from corrosion or stresxomosion cracking. The
dissolution of U-3M0. U- I.7513. and U-MTI can be
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inhibited by NO;, CrOi, and S04-2 (Ref. 234). The CrOi
ion is, the most effective of these. The intergranular
cracking in U-7.5 Nb-2.5Zr can be stopped by C1O; (Ref.
235). NO; and CN- provide an inhibiting effect on stress-
corrosion cracking (Ref. 236). Passivation has been
“observedin IN KNOW.001 N KC1.

4-16.4.2 Coatings

Protective oxide films on uranium can provide long-
term protection in oxygen and water at room temperature;
they deteriorate, however, at elevated temperatures.
These oxide films are not used on uranium alloys to
inhibit stress-corrosion cracking.

Depending on their formulation, organic coatings may
becorrosive, maybe ineffective, or may provide protection

,
as long as the surface is free of defects or scratches.
Therefore, organiccoatingsdo not reliably protect uranium
and uranium-titanium alloys from atmospheric attack
(Ref. 237). One approach to protecting uranium in
oxygen and water environments is to oxidize the surface
and then expose it to organic vapors near 400” C (752° F).
Polymer coatings can also be prepared by using a radio
frequency discharge with various plasma gases(Ref. 238).

Electroplated nickel is the most extensively used pro-
tective film for uranium. However, care must be exercised
to insure the plating process used does not generate
hydrogen. Nickel coatings are cathodic to U-O.75Ti and
U-1OMO; therefore, the nickel coating can accelerate the
stress-corrosion cracking, of these alloys.

Cadmium and zinc are anodic to U-TL Even if they are
flawed, they provide protection. They do not, however,
adhere to the alloy. A successful process for forming a
metallic coating is to plate first with nickel. The nickel
plate is then covered with zinc, which is followed by a
chromate finish.

A coating of zinc-10 nickel provides good protection
for U-O.75T1 in salt-fog and open-moist-nitrogen atmo-
spheres (Ref. 23!)), but in closed-moist-nitrogen atmo-
spheresthe coatings deteriorate rapidly.

Penetrators and aircraft counterweights can be pro-
tected by zinc and zinc-tin coatings at a reasonable cost
(Ref. 237). Electroplated nickel is also effective but the
cost is high.

The finish required for depleted uranium usedin Army
aircraft is nickel plating to the requirements of MIL-P-
27418 plus one coat of MIL-P-23377 Type 1primer that is
0.015 to 0.023 mm (0.6 to 0.9 roil) thick.

Ion-plated aluminum films can protect uranium and
uranium alloys at temperatures ashigh as 100°C(212° F) a

for a limited time (Ref. 240). The coating is cathodic to a
U-O.75Ti alloy, so flaws in the coating accelerate stress-
corrosion cracking. Aluminum films have been applied to
U-4.5Cb alloy in several ways (Ref. 235). Coatings
produced by plasma spraying, chemical-vapor deposition,
and physical-vapor deposition inhibited stress-corrosion
cracking of the alloy. Electrodeposited aluminum was not
effective, but electroplated cadmium was effective.

Zabielski et al. found that corrosion rates of U-O.75Ti
and U-2M0 specimens coated with ion-vapor-deposited
aluminum were very slow compared to the rates of
uncoated specimens after 28 days of exposure to 5% salt
fog at 35° C (95”F) (Ref. 216). Corrosion of the underlying
alloys occurred due to pinhole defects in the coating.

4-16.5 EXAMPLE OF CORROSION
PROBLEMS

The depleted uranium alloys used as penetrators in
tank main armament rounds are susceptible to stress-
corrosion cracking during storage in moist air environ-
ments. Studies have linked stress-corrosion cracking to
the presenceof both residual stressesand oxycarbonitride
inclusions in the as-fabricated penetrators (Refs. 241 and
242). These inclusions are regions of stressconcentration
and localized corrosion, as well as sites for the initiation m
of cracks. Typical stress-corrosion cracks in uranium
penetrators are illustrated in Fig. 4-60. Tensile stresses
necessary for stress-corrosion cracking result from
corrosion product formation within the alloy and from
residual stresses developed during manufacturing.
Residual stressesresult from plastic deformation, thermal
stra@s, and phase transformation during fabrication of
uranium alloy parts.

Penetrators have been produced by grinding hot-rolled
alloy, by forging, and by casting techniques. Each of these
techniques produces different stress distributions in the
product. The ground, hot-rolled material has large,
tangential, tensile stresseson the surface that are on the
order of 379 MPa (55 ksi). The forged and castpenetrators
are either in a compressive surface-stress state or exhibit
considerably lower tensile surface stress—maximum 97
MPa (14 ksi).
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Figure 4-60. Typical Stress-Corrosion Cracks in Uranium Penetrators (Ref. 228)
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Surface tensilestressesare necessaryfor stress-corrosion
cracking. A corrosion product film can be a continuation
in the reaction layer of the crystal structure of gamma
uranium. Such a corrosion film is adherent and can be
protective in an oxidizing environment. However, the
corrosion film is under compression while the metal in
contact with the fdm is under tension. An oxide fflm
about 1pm (0.04 miI) thick can stressthe metal surface to
its elastic limit. A brittle metal can form discontinuous
cracks originating at the surface. This stressphenomenon
hasbeenobservedin alloys of uranium and 10% by weight
of columbium. Adding 1.5 to 2.0% by weight of zirconium
improves the resistance of the alloy to stress-corrosion
cracking, but greater additions decreaseits resistance.

Alloying elements and heat treatments that resist the
type of failure associated with cracking include

1. Those that form and stabilize the gamma phase
2. Those that form and stabilize at least one type of

martensitic alpha-phase uranium
3. Those that refine the grain structure.

The concepts of linear elastic fracture mechanics are used
to characterize the level of stress below which stress-
corrosion cracking will not occur with a given surface
flaw. This approach assumes that the propagation of
cracks is predictable in terms of the magnitude of tensile
stressesat the crack tip. It relates the opening of the crack
to a stress.

As a consequence of several in-bore failures of a
projectile during low-temperature firing, an intensive
fracture toughness study of the core material, U-O.75Ti,
wasdone (Ref. 243). Based upon this study, Zabielski and
Levy developed a minimum fracture toughness require-
ment of 33 MN/ m3’2 (30 klb/ in.3’2) at —46°C (—50° F)
that should be incorporated into the U-O.75Ti penetrator
specification to insure launch integrity.

4-17 ZINC AND ZINC ALLOYS

Elemental zinc has a density of 7130 kg/m3 (445.I
lb/ft3), a melting point of 419.6*C (787.3°F), and a
boiling point of 907°C (1665° F).

Table 4-153 liststhe’chemical compositions of different
grades of zinc. These compositions are used as the basis
for producing various grades of rolled zinc, die castings,
and zinc coatings. The mechanical property requirements
of the end product or the workability of the alloy
determines which composition should be used. The purer
grades, i.e., those low in cadmium content, are usedwhere
maximum deep-drawing properties are required and
where stiffness or rigidity is not of primary importance.
(Greater stiffness is obtained with the copper-hardened
alloys.) For maximum creep resistance the zinc-copper-
titanium alloy is used.

Although zinc is available in many forms, e.g., sheet,

I
I

I

I

plate, strip, and pressure die castings, the primary use of
zinc for corrosion control isasa coating for steel. Zinc can a
protect steel galvanically. Zinc-coated steel is commonly
usedin various kinds of structures and in many fabricated
parts such as automobile bodies and appliance cabinets;
pole, line, and marine hardware; pails, cans, and boxes;
and nails, hooks, bolts, and nuts.

Four methods of applying metallic zinc coatings are in
general use—hot-dip galvanizing, electrodeposition,
thermal spraying, and sheradizing. Metallic zinc dust is
also applied asa pigment in paint. Each of these methods
is discussed briefly

1. Hot-Dip Galvanizing. Thk method involves
dipping the prepared steei in a bath of molten zinc to form
the coating. Becausethe steel reacts with the molten zinc
and the zinc and steel interdiffuse, the coating consistsof
layers of zinc-iron alloys that are progressively richer in
zinc nearer the outer surface.

2. Eiectrodeposition. This method produces a deposit
of pure zinc. The deposits are very ductile, and coated
articles can be fabricated without damage. Also the
thickness of the deposit can be accurately controlled.

3. T%ermal Spraying. This processapplies a spray of
molten zinc particles to a surface. Upon impact they
flatten and to some degree interlock with the surface
irregularities. The sprayed coating is somewhat rough
and porous.

4. Sizeradizing. This method is a cementation process. m

Zinc dust is heated to a temperature near its melting point
(371°C (700” F)) and isbrought into intimate contact with
the steel. An iron-zinc coating forms on’the steel by
diffusion.

4-17.1 TYPES OF CORROSION

4-17.1.1 Galvanic Corrosion

In aqueous solutions zinc is anodic to metals such as
iron, nickel, lead, tin, and copper. Zinc is cathodic to
magnesium, and it can be either anodic or cathodic to
aluminum. In neutral and acid environments zinc is
usually the anode, but in high-pH solutions aluminum is
the anode.

The galvanic effect of zinc-steel couples in various salt
solutions is illustrated in Table 4-154.

Hot-dipped zinc coatings are not pure zinq they consist
of a series of zinc-iron alloys progressively richer in iron
closer to the steel surface. Each layer is anodic to that
below it. As the coating is attacked, the tendency is
toward uniformly spreading corrosion rather than toward
pitting or local attack.

Temperature affects the potential of zinc in various
solutions. Therefore, steel-zinc couples can undergo a
transition from zinc being anodic to zinc being cathodic
to steel under some conditions. a
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TABLE 4-153. COMPOSITIONS OF ZINC MATERIALS (Ref. 244)

SPECIFICATION FOR SLAB ZINC
ASTM designation B6-77 part 9

GRADE IMPURITIES, %

Lead Iron Cadmium Zinc (rein by
(max) (ma.x) (max) difference)

Special high grade 0.003 0.003 0.003 99.990
High grade 0.07 0.02 0.03 99.90
intermediate 0.20 0.03 0.40 99.5
Brass special 0.6 0.03 0.50 99.0
Prime Western 1.6 0.0s 0.50 98.0

TYPICAL COMPOSITIONS OF ROLLED ZINC

COMPOSITIONS (BALANCE ZINC), %

Iron
Lead (ma.x) cadmium Copper Magnesium Thallium

0.05 max 0.010 0.005 max 0.001 max —

0.05-0.12

.

0.012 0.005 max 0.001 max —

0.30465

—

0.020 0.204.35 0.005 max — —

0.05-0.12 0.012 0.005 max 0.65-1.25 —

0.05-0.12

—

0.015 0.005 max 0.75-1.25 0.007402 —

0.20 max 0.015 0.01 max 0.5-0.8 — 0.084.16

STANDARD SPECIFICATION FOR ZINC-BASE ALLOY DIE CASTINGS
ASTM designation B86-76 part 7

ELEMENT COMPOSITIONS, %

Alloy AG 40A (XXIII) AUOy AC 41A (XXV)

tipper 0.25 max: 0.75-1.25
Aluminum . 3.5-4.3 3.54.3
Magnesium 0.020-0.05 0.03-0.08
iron, max 0.100 0.100
Lead, max 0.005 0.005
Cadmium, max 0.004 o@04
T“m,max 0.003 0.003
zinc Remainder Remainder

*For the majority of commercial ap”pl.ications,a copper content in the range of 0.25~ to 0.75~ will not adverselyaffect the
serviceabilityof die castings.

Reprintedwith permission.Copyright @by the lnternationa]LeadZinc Researchorganiziuion, Inc.
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TABLE 4-154. EQUAL AREA ZINC-STEEL COUPLES VS VARIOUS SOLUTIONS (Ref. 245) 9

SOLUTION CORROSION RATE, mm/ yr (mpy)*

UNCOUPLED COUPLED

Zinc Steel Zhtc Steel

M/20 Magnesium sulfate + 0.066 (2.6) 0.086 (3.4) +
M/20 Sodium sulfate 0.284 (1 1.2) 0.254 (10) 0.838 (33) +

M/20 Sodium chloride 0.254 (IO) 0.254 (10) 0.762 (30) +

M/200 Sodium chloride 0.112 (4.4) 0.178 (7) 0.218 (8.6) +
Carbonic acid 0.010(0.4) 0.074 (2.9) 0.038 (1.5) +

Calcium bicarbonate + 0.150 (5.9) + +
Tap water (bard) + 0.071 (2.8) + +

*Specimensof equal area partially immersedfor 39 days
-i-Specimensgain weight’

Reprintedwith permission.Copyright@by SCI for the Applicationof Chemistryand RelatedSciences.

4-17.1.2 Uniform Corrosion

4-17.1.2.1 Weathering Corrosion

Corrosion in the atmosphere is usually not influenced
by the small amounts of other elements that may be
present in zinc or in a zinc coating.

Zinc is a very active metal in the galvanic series;
however, it owesits high degree of atmospheric corrosion
resistance to the formation of basic carbonate fdms.
Therefore, environmental conditions that interfere with
the formation of such films or that lead to the formation
of soluble films can result in the rapid attack of zinc.

The corrosion rate for zinc is much higher in industrial
atmospheres than in rural or marine atmospheres. The
relative corrosivit y of four types of atmospheres isshown
in Table 4-155. This corrosivity is calculated from the
average 20-yr corrosion rates for all of the zinc composi-
tions exposed.

The most important controlling factors in the weather-
ing corrosion of zinc are humidity and sulfur dioxide. The
poor performance of zinc in environments containing
sulfur pollution can be explained by the fact that zinc is
amphoteric and is most resistant in the range of about 6~
pH = 12. During periods of high pollution the strong
acidity developed by the moisture film as a result of the
sulfur dioxide S02 picked up from the air causes the

TABLE 4-155. CORROSION OF ZINC

protective patina to be redissolved, and some of the zinc
also may be corroded. In an industrial region that
experiences high rainfall, the corrosion rate may be
reduced on a fully exposed exterior surface because the
rain washesaway acidic contaminants. A sheltered surface
exposed to the same polluted atmosphere will corrode at
high rates during rainy, i.e., high humidity, periods
because the acidic film is not washed away. 9

In marine atmospheres high humidity and airborne
seasaltscreate environments corrosive to zinc. Industrial
atmospheres, however, are usually more corrosive to zinc
than typical marine environments because in a marine
environment the rate of attack tends to decreaseovertime
for a number of years before finally stabilking at a fairly
constant rate.

The corrosion caused by condensed moisture on some
tropical islands is aggravated by chlorides from coral
dust. Desert sand and dust containing appreciable
amounts of water-soluble salts—such as chlorides and
sulfates of sodium, calcium, and magnesium—increase
the corrosion of zinc caused by condensed moisture.

Mechanical properties of zinc die castings have an
important effect on their applications; therefore, changes
in these properties are often a more meaningful measure
of corrosion damage than loss in weight. The average

IN VARIOUS ATMOSPHERES (Ref. 246)

AVERAGE PENETRATION RATIO OF PENETRATION RATE
TYPE OF ATMOSPHERE pm/ yr mpy TO THAT AT PHOENIX

Industrial 6.4 0.252 36.0

Seacoast 1.5 0.058 8.3

Rural 1.1 0.042 6.0 0

Arid (Phoenix) 0.2 0.007 I.0

CopyrightASTM. Reprinted with permission.
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properties of two alloys after 20 yr of exposure at two
industrial, one rural, and two indoor locations are
summarized in Table 4-156. The percentage changesfrom
the original values are also included. The industrial
atmosphere appears to be the most harmful. A large
decrease in impact strength of both alloys occurred in the
interval between the 10- and 20-yr exposure periods in the
industrial atmospheres. A similar decrease occurred for
the alloy AC41A exposed to the indoor atmosphere.

Arbitrary vaiues, such as time to initial rusting or to
some percentage of the total surface showing rust, have
been used to measure the life of zinc-coated articles. The
life of a zinc coating-as measured by time to fmt rust-is
proportional to its weight or thickness. The progressive
development of rust on panels exposed to industrial
atmospheres is shown in Fig. 441. The method of

, - applying zinc coatings does not haw a signifkant effect
on their longevity. Typical corrosion rates for galvanized
steel, according to the type of atmosphere, are given in
Table 4-157.

4-17.1.2.2 Corrosion in Neutral Aqueous
solutions .

Zinc corrodes at a peak rate in distilled water at 65°C
(149°~, but this rate is much slower at lower and at
higher temperatum. A correlation exists among the
temperature, the nature of the corrosion fdm, and the
corrosion rate. This correlation is shown in Table 4-158
for distilled water.

Zinc is not signillcantly corroded in distilled water that
is free of oxygen and CGA and attack is slow in distilled
water containing oxygen. In stagnant water, however,
pitting corrosion increases in proportion to the oxygen
concentration.

Z “’ 234 S6789!011 1213141 S161718
~-,~

(A) Attmna, PA

3 “1234567691O lf 12131415161718
~-.v

(B) EI’unot tstand. PA

Copyright ASTM. Reprintedwith permission.

Figure 4-61. Life of Zinc Coatings in
hdustrial Atmospheres, Indicating the
Progressive Development of Rust (Ref. 24$)

TABLE 4-156. CHANGE IN MECHANICAL PROPERTIES OF ZINC DIE-CAST ALLOYS
UPON EXPOSURE TO SEVERAL NATURAL ATMOSPHERIC ENVIRONMENTS*

(Ref. 247)

AFl_ER 20 w OF EXPOSURE

ORIGINAL OUTDOOR** OUTDOOR
VALUE INDUSTRIAL RURAL INDOOR (–)

Alloy AC41A tensile strength, MPa (ksi) 305 (44.3)
Alloy AC41A elongation in 5.1 cm (2 in.), 70 7
Alloy AC41A hardness, Rockwell E 91
Alloy AC41A Charpy impact J (ftdb) 55.6 (41)
Alloy AG40A tensiie strength, MPa (ksi) 254 (36.9)
Alloy AG40A elongation in 5.1 cm (2 in.), ~ 15
Alloy AG40A hardness, Rockwell E 83
Alloy AG40A Charpy imps% J (ft.lb) 52.9 (39)

211 C (30.6) 259 (37.6) (–15%)
3.7 (–50%) 9 (+28%)
78(- 14%) 80 (–10%)
12.2 (9) (-78%)~ 44.7 (33) (–20?5)
206 (29.9) (–19%) 225 (32.6) (–12%)
7 (-47%) 18 (+2wo)
72(–13%) 67 (-19%)
16.3 (12) (-69%) 51.5 (38) (-3%)

254 (36.9) (–17%)
12 (+71%)
83 (-8x)
27.1 (20) (–52%)~
228 (33. 1) (–1O%)
21 (+40%)
74 (–l 1%)
54.2 (40) (+3%)

*2Oyr of exposureat New York, NY, at Altooru&PA (outdoor industrial),and at State College,PA (outdoor rural)
**H@= ~ p-~= ~ the p=nwe danges from the original values causedby expo~e.
~Largechange between10 and 20 yr of exposure

Copyright ASTM. Reprintedwith permission.
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TABLE 4-157. EXAMPLES OF CORROSION RATES ON GALVANIZED STEEL
EXTERNALLY EXPOSED

APPROXIMATE RATE THEORETICAL
LIFEOF305-g/m2

ATMOSPHERE pm/yr mpy (1-oz/ft2) SURFACE, yr

dustrial 5.33 to 7.62 0.21 to 0.30 6t08

:acoast 1.52 to 2.54 0.06to 0.10 17 to 28

uburban 1.27 to 1.78 0.05 to 0.07 24 to 34

Ural 1.02 to 1.27 0.04to 0.05 34 to 43

TABLE 4-158. EFFECT OF TEMPERATURE ON THE CORROSION OF ZINC
IN DISTILLED WATER* (Ref. 250)

TEMPERATURE, CORROSION RATE APPEARANCE

“c “F mg/dm2.day (lb/ft2”day) mm/ yr !l!WY OF CORROSION FILM

20 68 3.9 (8X 10-5) 0.020 !0.78 Gelatinous, very adherent
50 122 13.7 (28 X 10-s) 0.070 2.74 Less gelatinous, adherent

55 131 76.2 (156 X 10-5) 0.386 15.2 Mostly granular, nonadherent

65 149 576.6 (1181 X 10-5) 2.931 115.4 Granular to flaky, nonadherent

75 167 459.9 (942 X 10-5) 2.337 92.0 Granular, flaky, nonadherent

95 203 58.6 (120 x 10-5) 0.297 11.7 Compact, dense, noriadherent *
100 212 23.4 (48 X 10-5) 0.119 4.7 Very dense and adherent

Rolled,high-gradezinc immersedfor 15daysin water aeratedby air bubbles;specimenrotatedat 56 rpm

eprintedfrom “Effect of Temperatureon the Corrosionof Zinc” by G. L. Cox, Industrial & Engineering Chemistry. Published1931
ythe American Chemical Society.

The presenceof C02 increasesthe corrosion rate of zinc
:cause COZ reacts with oxide or hydroxide corrosion
-oducts to form basic carbonates, and these carbonate
,msare less protective than the hydroxide films.
Soft or distilled waters are more corrosive to zinc than
~rdwaters containing dissolved salts,suchascarbonates
Id bicarbonates, which form protective films. Nitrates,
dfates, and chlorides in natural waters tend to increase
}rrosion. Their effect, however, is overcome in hard
aters by the protective films formed by carbonates.
Temperature has an effect on the corrosion of zinc in

ktural, hot waters that is similar to its effect in distilled
ater. The temperature for maximum corrosion is deter-
minedby the nature of the water. In one study maximum
:tack occurred at 40° C ( 104° F) in industrial water, at
)“C (140° F) in drinking water, and at 90° C (194° F) in
:awater(Ref.251 ). Dissolved saltsaffect the corrosion of
nc in seawater. The high chloride content of seawater
:ndsto increasecorrosion, but the presenceof magnesium
~d calcium inhibits attack.

An example of the effect of duration of exposure on the
corrosion rate of zinc in natural waters is given in Fig.
4-62. Initially, the corrosion rate in seawater is greater
than it is in freshwater. After about 2 yr, however, the rate
in seawater decreasesto approximately that in freshwater.

4-17.1.2.3 Corrosion in Acid and Alkaline
Solutions

Zinc is amphoteric, i.e., it is subject to attack by both
acidic and alkaline solutions. This property is illustrated
in Fig. +63, which showsthe effect of pH on the corrosion
of zinc. As indicated, zinc is rapidly attacked at acidic pH
values below -3.5 and alkaline pH values greater than 12.

Table 4-159 shows typical corrosion rates in acid
solutions, and Table 4-160 shows typical corrosion rates
in alkaline solutions. Both of these tables are based upon
relatively dilute solutions. The corrosion rates are m-uch
higher at higher concentrations. 0
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Figure 4-62. Corrosion-Time Curves for Zinc Exposed to Tropical Waters in the
Zone (Adapted horn Ref. 252)
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4-17.1.2.4 Corrosion in Organic Compounds
Zinc may be used in contact with many organic liquids

provided they are substantially free from water and have a
neariy neutral pH value. At room temperature these
liquids include the following acetone, ethanol, methanol,
gasoline, glycerin, lubricating oils, phenol, and trichloro-
ethylene. There isno systemfor generalizing the resistance
of zinc to organic compounds. Therefore, if data cannot
be found concerning a particular compound, a test should
be conducted. Ref. 254 contains an extensive list of the
corrosion susceptibilities of zinc to various organic and
inorganic materials.

4-17.13 High-Temperature Corrosion

Generally, zinc is not used above the boiling point of
water, 100°C (212° F). It has low structural strength at
high temperatures. Ziic coatings are corroded by dry
steam (superheated), oxidizing gases, and sulfidizixtg
gases. Also, zinc forms a partially protective coating in
dry oxygen at 399C (750°F) (Ref. 2S5).
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TABLE 4-159. CORROSION OF ZINC ‘IN ACID SOLUTIONS (Ref. 254)
a

CORROSION RATE, mm/ yr (mpy)*

TEST CONDITION 3.6% HYDROCHLORIC ACID** 6% ACETIC ACID~

-Total immersion:
Quiet 38.1 (1500) 16.5 (650)
Air-agitated 33.0 (1300) 18.8 (740)

Alternate immersion:
Continuous 116.8 (4600) 22.9 (900)
Intermittent 114.3 (4500) 4.32 (170)

Spray (30 clays) 1.42 (56) 2.41 (95)

*&sed on 48-h exposureat room temperaturewith specimenspreviouslyexposedfor 48 h
**pH about 1
TpH about 3

Copyright ASTM. Reprintedwith permission.

TABLE 4-160. CORROSION OF ZINC IN ALKALINE SOLUTIONS (Ref. 254)

CORROSION RATE, mm/ yr (mpy)*

TEST CONDITIC)N 3.9% SODIUM HYDROXIDE 3.4% AMMONIUM HYDROXIDE

Total immersion:
Quiet 0.46 (18) 0.30 (12)
Air-agitated 0.89 (35) 0.71 (28)

Alternate immersion
Continuous 9.40 (370) 2.79 (110)
Intermittent 2.29 (90) 0.30 (12)

Spray (30 days) 0.015 (0.6) <0.005 (<0.2)

i Basedon 48-h exposureat room temperaturewith specimenspreviouslyexposedfor 48 h

CopyrightASTM. Reprintedwith permission.

4.17.2 INTERFACE PROBLEMS

4-17.2.1 Meta!Mo-Metal

A principal use of zinc is as a coating for steel. The
metal-to-metal interface is used to provide anodic protec-
tion to the base metal in most atmospheres and in natural
waters. Thus the zinc provides a sacrificial corrosion
effect that protects exposed areas of the steel. The width
of the exposed steel that can be protected increases with
the electrical conductivity of the contacting moisture. It
may be as much as 6.4 mm (0.25 in.) in atmospheric
exposures. Zinc, however, is not always anodic to steel.
The galvanic potential can reverse in oxygenated water at
temperatures greater than 70° C ( 158°F).

In the tropics, where nightly condensation can occur,
the corrosion of zinc is rapid, and a heavy fdm of’ white
corrosion product forms on the au-face. This film absorbs
moisture and therefore maintains a reactive environment.
Corrosion is rapid if this film is protected from the
washing action of heavy rains. If the fiim is washed off
frequently, however, the time that the reactive environ-
ment exists on the surface is reduced; thus the corrosion
correspondingly decreases.

4-200

Galvanized items that are stacked or stored in humid
environments undergo wet-storage stain. A voluminous
white corrosion product forms, which is caused by
retention of condensation or rainwater between contact-
ing surfaces.The appearance of the corrosion is objection-
able even if the actual damage is not. Quenching the
galvanized product in sodium chromate solutions of from
0.05 to O.15V0by weight at solution temperatures between
27° and 93° C (80° and 200° 1?)provides severalmonths of
protection from storage staining.

Failure sometimes occurs in a brittle manner after hot-
dip ga@anizing. This failure results from “galvanizing
embrittlement”. The amount of cold working is the most
significant factor in this type of failure. If the steel is
susceptible to strain aging and undergoes sufficiently
severe cold working, the 454° C (850° F) temperature of
the galvanizing bath acceleratesthe aging process.This of
course reduces the interval untii failure. Generally,
susceptible material fails almost immediately upon re-
moval from the galvanizing bath. A minimum bending
radius of three times the section thickness usually will
preclude the extent of cold working necessaryto result in

Downloaded from http://www.everyspec.com
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“galvanizing ernbrittlement”. The aluminum content of
the galvanizing bath affects chromate performance%there-
fore, the aluminum level should be maintained bdow
0.005%.

4-17.2.2 Metal-to-Nonmetal

Neither zinc nor galvanized zinc should be used in
lmndling food products. Acidic foods, such asiitrus fruit
and tomatoes, can accumulate a potentially serious toxic
concentration of zinc.

The likelihood of drinking waters developing harmful
levels of dissolved zinc when transported in galvanized
pipe is remote. Transported water is low in oxygen and
will not attack the pipe walls. Galvanized pipe has been
used in domestic water supplies for many years.

-.
Organic acids leached from shingles of redwood, red

cedar, and oak, built-up tar roofs, and the action of
rainwater drained from copper roofs and flashin~ may
result in relatively high rates of corrosion of zinc or
galvanized steel flashings and gutters.

Zinc in contact with certain organic chemicals may
causepolymerization or may-catalyze some other undesir-
able change that would alter the original composition or
properties of a product. For example, zinc catalyzes the

o
decomposition of uninhibited trichloroethylene in contact,,
with water.

A test program on the interaction of galvanized steel
with soih conducted by the National Institute of
Standards and Technology came to the following con-
clusions (Ref. 256)

1. The life of galvanized steel buried in soil is greatly
dependent on the nature of the soil.

2. A nominal 610-g/m2 (2-oz/ft2) coating would
provide protection for at least 10 yr in inorganic, oxidiz-
ing soils.

.3. A 915-g/m2 (3-oz/ft2) coating isadequate for 10to
13 yr in most inorganic, reducing soils. However, this
coating would not provide adequate protection in highly
reducing organic or inorganic soil or in cinders.

4. In some of the more corrosive soils, corrosion of
- the steel after the zinc has been completely destroyed is

considerably less than that of uncoated steel specimens.

4-17.3 METHODS FOR PREVENTION OF
CORROSION

As indicated previously, zinc surfaces are severely
attacked in industrial atmospheres. Ziic coatings in
particular have a short lifespan. The resistance of a zinc
coating, however, is greatly improved by applying a

o

topcoat of a suitable paint system. paint coatings,
however, cannot be applied directly to a zinc surface. The
metal surface must fiit be cleaned and pretreated to
provide a surface that will receive and hold paint. The
most common chemical pretreatment uses phosphate
coatings that may be applied by dipping, spraying, or

brushing. Proprietary chromate fflms are best suited to
coatings that employ baking rather than air-drying. Wash
primers, originally developed for use on steel, arc also
used on zinc.

Sometim~ a fme grit is used to roughen a zinc surface.
A common method of preparing externally exposed zinc
surfacesfor paint isto aI1ow them to weather for at least 6
mo. A more convenient alternative to natural weathering
is to select a paint system directly compatible with fresh
zinc surfaces, and several paint systems have been
developed for this application.

Corrosion of zinc by water and many aqueous saltscan
be reduced with inhibitors, e.g., sodium bichromate,
borax, sodium silicate, and sodium hexametaphosphate.
IXchromates are widely usedif the water pH isadjusted to
be slightly alkaline. A basic bichromate fti on zinc
surfaces inhibits corrosion of the part by supplying
hexavalent chromium to water (Ref. 257)- This method,
or a modi.tlcation, is used to protect di-t zinc car-
buretor from corrosion by water in the fuel.

4-18 METAL MATRIX COMPOSITES

A composite material is the physical combination of
two or more discrete substances. Each component sub-
stance interacts with its neighbors such that important
propenies of the composite are changed from those of the
individual components. Most composites of interest
consist of fibers or fdaments of one material embedded in
another, which is called the matrix. The functions of the
matrix are to provide a compatible and protective
embedment for the load-canying fdaments, to assist in
equalizing loads between adjacent fibers, and to allow the
exploitation of the very high strength of the fibers.

A wide variety of polymer matrix and carbon matrix
composites are available. Metal matrices, however, are
desirable in composites for many structural applications
becauseof their high-temperature properties and because
their ductility allows the effkient distribution of stresses
among the fibers in a composite.

Metal matrix composites have several advantages over
conventional metallic systems. These include the abtity
to

1.Take advantage of the anisotropiccharacter of the
composite for the efficient design and fabrication of
structures

2. Tailor-make a material to meet a specific set of
engineering strength or stiffness requirements

3. Increase the stiffness, strength, and stability of
such common engineering alloys as aluminum, titaniu%
and nickel.

The lightweight metals, e.g., aluminum, magnesium,
and titanium, are used as the matrix to achieve very
high-strength composites that can function in ambient
environments or at temperatures up to600”C(111P F).
The superalloy metal matrix composites are likely to
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experiencethe high-temperature (1200° C (2192° F)) oxida-
tion and hot corrosion environments of gas turbine
engines.

Advanced gas turbine engines are being designed for
gasinlet temperatures ashigh as 1371° C (2500° F), but the
best available superalloy are suitable up to onIy 1038° C
(1900” F). Accordingly, air cooling of critical components,
suchasblades and vanes, is necessaryto achieve improved
performance and high fuel efficiency. Superalloy have
apparently reached their performance limits in these
applications. An approach being used to improve these
materials is reinforcement with high-temperature, high-
strength filaments.

Fiber-reinforced superalloys can increase component
life, decrease maintenance, and improve performance.
Typical reinforcements include tungsten alloy wires and
silicon carbide filaments. Typical matrix materials are
FeCrAIY alloys, cobalt-base alloys, and stainless steels
(for moderate temperature applications).

The properties required of matrices related to corrosion
are

1. Oxidation and hot corrosion resistanceat tempera-
tures up to 1147°C (2097° F). The fibers lack oxidation
resistance and must be protected by the matrix.

2. Compatibility with the fibers at fabrication and
operating temperatures so that fiber strength is not
excessivelydegraded by interdiffusion

3. A thermal expansion match with the fibers sothat
component distortion and delamination do not occur.

4-1S.1 TYPES OF CORROSION

4-18.1.1 Matrix-Fiber Compatibility

A useful metal matrix composite doesnot exhibit gross
chemical reaction between the matrix and the reinforce-
ment during consolidation, secondary processing steps,
and in-service use. Some degree of reaction, however, is

required to ~chieve bonding of the matrix with the
filament. An example of grosschemical reaction between a
carbon filament and metal matrix is the formation of
metal c,mbides.

Aluminum, molybdenum, tantalum, and tungsten have
been shown to form carbides readily at temperatures near
their rnehing points (Ref. 258). The thermodynamic
tendency to react, as indicated by large, negative, free
energies of formation, would also include iron, nickel,
magnesium, and cobalt as carbide formers. The rates of
reaction, however,maybe low.

Burteand Lynchhave found that therearefew metal
candidatematerialsfor matricesthat do not reactwith
graphite at elevated temperatures (Ref. 259). When
graphitefiberswerecoated with various metals, such as
aluminum,nickel, cobalt, copper, platinum, and nickel-
chromium, the following chemical reactions and
structural recrystallizationphenomena occurred (Ref. ““
258):

1. The unstablecarbideAI.4CSwas found afterheat
treatmentof aluminum-coatedgraphitefibers at 600°C
(1112°F). A sharp strengthdrop-off occurredat 600°C
(1112°F) for aluminumgraphitecomposite.

2. Extensivestructuralrecrystallizationwasobserved
with nickel-graphiteat 1000°C (1832°F), and a loss in
strengthof the graphiteoccurredat 900°C (1652”F).

s. Chromiumreadily formed the carbide (h3C2 at
1000° C (1832° F) and weakened the structure. The fiber {

strength was reduced at 600° C (11 12° F).
4. Graphite fiber strength decreased in the 600° C

(1 112°F) range for cobalt, copper, and platinum.
The interdiffusion of the fiber and matrix can greatly

reduce the strength of the fibers. The interdiffusion of
W-lThOZ with FeCrAIY has been studied (Ref. 260), and
Table 4-161 lists the measured interdiffusion reaction
zone depth in the fiber at the corresponding exposure

TABLIE 4-161. THERMAL STABILITY OF FeCrAIY COMPOSITE* (Ref. 260)

EXPOSURE REDUCTION IN
TEMPERATURE, TIME, FIBER AREA, REACTION ZONE WIDTH,

‘c ‘F h % mm in.

1038 1900 10 <0.5 0.36 X 10-2 0.14 x 10-3
100 <0.5 0.38 X 10-2 0.15 x 10-3

1000 <0.5 0.89 X 10-2 0.35 x 10-3
1093 2000 10 <0.5 0.30 x 10-2 0.12 x 10-3

100 <0.5 0.66 x 10-2 0.26X 10-3
1000 9,.5 1.78 X 10-2 0.70 x 10-3

1149 2100 10 <0.5 0.41 x 10-2 0.16 X 10-3
100 0.88 1.17X 10-2 0.46 X 10-3

1000 16.10 3.20 X 10-2 1.26 X 10-3
a

$0.038cm (0.015 in.) diameterW-lTOThOZfiber
Reprintedwith permission.Copyright@by The Metallurgical Societyof AIME.
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times. At 1038°C ( 1900° F) the reaction depth is almost
insignifxant; at 1093° C (2000° F) only 10Toof the fiber
area reacted after 1000 h.

Ahmad et al. have investigated the reinforcement of
FeCrAIY with silicon carbide fdament (Ref. 261). SKlcon
carbide has good physical and mechanical properties, but
it reacts with most metals at elevated temperatures;
therefore, it must be protected with a suitable barrier. A
12.7-pm (0.5-md) thick tungsten layer was applied to the
fdament by a chemical vapor deposition process. The
tungsten gave adequate protection to the filament up to
982°C (18000~, but in some casesthe interaction between

.the tungsten and the matrix was excessive. At 1038° to
1093”C (190& to 2000°F), fdament<oating interaction
in addition to tungsten-matrix interaction, became
serious. Above 900° C (1652° F) significant tungsten inter-
action occurred and degraded the fdarnent.

Ahmad and Barranco have investigated reinforcing
cobalt-base alloy MAR M322 with tungsten wires (Ref.
262). Compatibility investigations showed that the inter-
action of the matrix and fiber is greatly reduced by
increasing the tungsten content of the matrix alloy. Also,
compatibility is improved by using thonated tungsten
wires asthe reinforcing fiber. The resultsare illustrated in
Fig. 4-64, and the compositions of matrix alloys are
shown in Table 4-162. The fabrication processused was
investment casting. Minimum pour temperature, 1400°
to 1450°C (255P to 2642° F), and high mold temperature,
1370°C (2498” F), gave the best infdtration. Following
pouring, the mold was cooled as quickly as possible to
reduce fflament-matnx interaction.

Helmink and Piwonka investigated the investment
casting techniques used to produce nickel- and cobaJt-
base superalloy reinforced with continuous tungsten
fibers (Ref. 263). The problem with liquid metal fabrica-
tion processes is the inability to control fiber-matrix
interactions. The results indicate that this is indeed the
casefor uncoated tungsten fibers and for conventionally
cast nickel-base superalloy matrices. However, tungsten
fibers in an MAR M322E matrix is a compatible com-

~~ o
0 (Thrt#%h

NOTE: kr W-1% Tt@tk?ar M 322 (2S%W), W-3% ~ M 322 {=%~,
and W-2% lt@#ar M 322 (ZS%W-E altoy) axnposltn

Reprinted with permission. From “W-2% ThOz ~ll~ent
Reinforced Cobalt-Base Alloy Composites for High-
Temperature Application” by 1. Ahmad and J. Barranco in
Advanced fibers and Composites for Elevated Temperatures,
Edited by 1. Ahmad and B. R. Noton. The Metallurgical
Society,Warrendale,PA, 1980.

Figure 4-64. Rate of Growth of Filament-

Matrix Interaction Zone at 1093° C
(2000”F) vs Time (Ref. 262)

posite. Fiber-matrix interactions are titmal, 0.009 to
0.018 mm (0.00035 to 0.0007 in.), even for solidi.tlcation
rates that are much slower than those usedfor investment
casting. Nevertheless, theseinteractions may be unaccept-
able for very small tungsten fdaments.

The continuous casting technique was investigated as
an approach to reducing the time that reinforcing fda-
ments are exposed to the liquid matrix metal at high
temperatures. The results, shown in Table 4-163, indicate

TABLE 4-162. COMPOSITION (WEIGHT PERCENT) AND DESIGNATION
OF MATRXX ALLOYS (Ref. 262)

ALLOY c Cr w Ni Ti Ta Zr

MAR M322 (Std) A 1.0 21.5 9.0 — 0.75 4.5 1.5

MAR M322 (B) 1.0 21.5 20.0 — 0.75 4.5 —

MAR M322 (C) 1.0 21.5 25.0 — 0.75 4.5 —

MAR M322 (D) 0.75 21.5 25.0 10.0 0.75 4.5 —

MAR M322 (E) 0.30 21.5 25.0 10.0 0.75 3.5 —

MAR M302 ‘ ‘ 0.85 21.5 10.0 — — 9.0 0.2

0‘1,,,.
.,

Reprinted W-th permission. From “W-290 Th03 Fkmtent Reinforced Cobalt-Base JUoy Compositesfor High-Temperature
Application”byL Ahmad and J. Barranco inAdvanced Fibers and Composites~or Elevated Temperatures. Edited by L Ahmad and B.
R. Noton. The Metallurgical Society,Warrendale,PA, 1980.
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TABLE 4-163. FIBER DIPPING RESULTS FOR MAR M200-Hf
MATRIX-TUNGSTEN FIBERS (Ref. 263)

LOSS IN FIBER AREA, %

METAL EXPOSURE 0.76 mm 0.38 mm 0.20 mm
TEMPERATURE, TIME, (0.030 in.) (0.015 in.) (0.008 in.)

Qc ‘F s DIAMETER DIAMETER DIAMETER

1343 2450 15 1.2 — —

1343 2450 30 2.1 3.1 —

1399 2550 5 1.8 5.5 6.6
1399 2550 15 4.8 4.4 ‘?.6
1399 2550 30 9.9 8.1 8.0
1399 2550 60 13.6 21.0 17.3
1399 2550 120 19.9 25.6 63.5

Reprintedwith permission.Copyright@by AIME.

increasingfiber dissolution with increasing metal tempera-
ture and exposure time and decreasing fiber diameter.
Nevertheless, the relatively smalI fiber dissolution indi-
cates that this process may have potential for industrial
application. The way in which it might be applied is to
manufacture continuously cast fiber-filled rods as indi-
cated in Fig. 4-65. Subsequently, metal would be cast
around these rods to form the blade shape. The matrix-
alloy compositions are shown in Table 4-164.

4-18.1.2 Corrosion With and Without Exposure
of the Fibers

Metal matrix material experiencesthe corrosion condi-
tions of the application and exhibits the types and extent
of damage characteristic of that metal. However, if the
fiber reinforcement is exposed to the corrosive medium,
the fiber material will become invoived in the corrosion
processin the following ways:

1. Preferential corrosion of the exposed fiber
2. Selective corrosion attack at the fiber-matrix

interface
3. Establishment of a galvanic cell between die fiber

and matrix materials. A graphite fiber will almost always
be cathodic to the matrix materials.

Contjmmu

F

-l-J

1
..._. Jsly
%t
Rc

Splayed Filaments
Reprintedwith permission.Copyright@by AIME.

Figure 4-65. Representation of a Bottom-
Fed, Vertical Continuous Casting
Operation for Fiber Reinforcement (Ref.
263)

TABLE 4-164. NOMINAL MATRIX COMPOSITIONS (WEIGHT PERCENT) (Ref. 263)

ALLOY
DESIGNATION c Cr W Co Ni Ta Ti Al Cb B FIf

MAR M322E 0.30 21.5 25 B~* lo 3.5 0.75 — — — —
MAR M200 f Hf 0.11 9 12.5 10 Bal — 2 5 1 0.015 2 a

*Bal = Balance

Reprinted with permission. Copyright @by AIh4E.
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o Dull et al. exposed 6061 aluminum alloy matnx-
Thomei 50 graphite fiber composites in distdled water
and 3.5%sah solutions (Ref. 264). Exposure temperatures
were 25°C (77° F), 50° C (122° F), and 75°C (167° F), and
the results were monitored for up to 1000 h. As indicated
in Fig. 4-66, maximum corrosion rates occurred im-
mediately after exposure and decreased with increasing
time of exposure. At temperatures above 50”C (122° F)
the corrosion rate of the composite in the sah solution
increased greatly, as illustrated in Fig. 4-67. The results
indicate that the galvanic effect was a signitlcant factor in
the corrosion of the composite.

Sedricks et al. studied the effects of galvanic coupling
on the corrosion behavior of an aluminum matrix-boron
fiber composite in a salt solution (Ref. 265). The results of
this study indicate that galvanic coupling was not a factor

. -becauseof the low electrical conductivity of boron, but
localized corrosion at the matrix-fiber interface was
observed.

Vasdaros et aL exposed a composite produced from
pitch-base VSB-32 carbon fibers and a matrix of 6061
aluminum to naturally flowing seawater, tidal immersion,
and a marine atmosphere (Ref. 266). Fig. 4-68 illustrates
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Figure 4-66. Effect of Exposure Time on

o

>, Corrosion Rate of 6061 Aluminum Alloy-,, ,’
Thomel 50 Graphite Composite in 3.5%
NaCl Solution Between 25° and 75° C (77°

and 167° F) (Ref. 264)

the types of corrosion attack observed. Two types of
compositeswereexposed.in one type additional aluminum
6061 foils were wrapped around the wires. These com-
posites are referred to as “encapsulated”. The other
composite did not have thisadded encapsulation material.
The graphite-aluminum composites were exposed with
and without edge protection. The edge protection was a
continuous bead of room temperature vulcanizing com-
pound applied to selected panels, which isolated the
exposed graphite fibers from the environment. Corrosion
measurements, and fatigue testing were carried out, and
residual mechanical properties were measured. The con-
clusions were

1. The overall corrosion performance of the com-
positereflectedthe performancesof thegraphite-aJtim
substrate and the surface foils. The dominant factor in the
corrosion ofVSB-32/Al6061 composite was the galvanic
potential between the carbon fibers and the aluminum. As
long as the surface foils of the composite prevented
invasion of the matrix by the corrodent, the corrosion
performance was that of the surface foil. After matrix
invasion occurred, the galvanic cell was activated and
accelerated corrosion occurred.

2. If no evidence of corrosion attack was observed,
there was no signi.kant degradation in mechanical
properties in any of the marine environments. If corrosion
attack had occurred-as evidenced by severe pitting,
blistering, and foil dekuninationae composite displayed
substantial reduction in tensile strength.

3. The fatigue strength of VSB-32/ Al 6061 composite
increased with fiber strengthening in direct response to .
the increase in tensile strength.

4.Reduction in fatigue strength of VSB-32/ AI 6061
due to the effect of seawater exposure was lessthan that
experienced with 6061-T6 plate.

Kerr er al. exposed sew$zdhigh-temperature composite
materiak to thermal aging, ambient aging, fatigue creep,
fracture, tensile stress, and real-time flight simulation
(supersonic) exposure (Ref. 267). One of the materials
was a boron-aluminum composite. The results indicate
that boron-aluminum issubject to pitting and subsequent
intergranular corrosion cracking when exposed for long
periods in an industrial seacoast environment. These
corrosion cracks can seriously degrade the matrix*on-
trolled properties by acting ascrack initiators. In addition,
severe degradation of the aluminum matrix on both
unidirectional ahd cross-pliedboron-aluminum composite
was observed during fatigue testsin which the cyclic stress
ratio was 0.1 and the temperature was 288° C (550° C).
Testing in an inext, i.e., oxygen-free, atmosphere or
lowering the temperature to 232°C (450° F) signiilcantly
decreasesthe matrix degradation. Based on these results,
a maximum usetemperature of 23P C (450° F) was setfor
boron-aluminum composites subjected to fatigue loading
in air.

I

I
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Figure 4-67. Corrosion Rates After 150 h of Exposure for 6061 Aluminum Alloy-Thornel 50
Graphite Composite and 6061 Aluminum Alloy in 3.5% NaCl Solution and Distilled Water at
Various Temperatures (Ref. 264)

Figure 4-68. Illustration of Types of Corrosion Attack (Ref. 266)
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O*, The high-temperature oxidation and corrosion resis-
tance of W- 1T120z fibers + FeCrAIY matrix composites
with completely encased fibers is dependent on the
FeCrAIY matrix. Alloys based on the ~mary Fe-Cr-Al
with yttrium additions are among the most oxidation-
resistam alloys known. Therefore, the composite based
on this matrix should have adequate oxidation and
corrosion resistance. However, if the fibers were exposed
to engine gases,accelerated fiber oxidation would occur.

Fig. 4-69 illustrates the principal paths for the oxidation
and corrosion of exposed fibers. Oxidation proceeding
perpendicularly to the fibers would destroy the exposed

-~fibers, but the intervening matrix would prevent oxidation
of subsequent layers. Oxidation parallel to the fibers is
potentially more severe. All of the exposed fibers in the
crosssection could be oxidized along their entire length.

.Studies conducted to evaluate oxidation along fibers,
however, showed only limited oxidation penetration of
the fibers (Ref. 260).

4-18.2 METHODS FOR PREVENTION OF
CORROSION

O,!
Approaches used to improve fdament-matrix com-

patibility include
1. Developing new reinforcements that are thermo-

dynamically stable with respect to the matrix
2. Developing diffusion barrier coatings that reduce

the fdament-matrix interaction
3. Developing alloy additions that reduce the activity

of the diffusing species
4. Developing composite fabrication techniques that

minimize the time the fdament and matrix are at high
temperatures.

Examples of diffusion barrier coatings that have been
used to reduce the reaction between graphite fibers and
aluminum are silicon carbide, silicon dioxide-silicon
carbide mixtures, titanium bonde, and titanium bonde-
titanium carbide mixtures. The most severe conditions

. .
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1
Continuous Pamfnrowatiutlofmer

ao=

00

I ~p
/

. .
CMdabonrnlranswsa “ .

0
:,,, Ex&i!dltgetgeid-=i=., Ru13ddFmm

oxidaMlbyLayerofMavix

Figure 4-69. Principal Paths for Exposed
Fiber Oxidation (Ref. 264)

for graphite-aluminum composites occur during the
fabrication processwhen the graphite fibers are infdtrated
with molten aluminum.

It is important to design and fabricate assembliesthat
incorporate composite materials so that the fiber rein-
forcement is not exposed to a corrosive environment.
Exposure of fibers in a transverse direction should result
in corrosion of only the surface Iayers, whereas exposure
in a longitudinal direction can provide a continuous path
for corrosion of the fibers.
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CHAPTER 5 -
CORROSION TESTING

Corrosion testing as a source of information from which reasonably accurate predictions of metal
performance in a particular environment or service may be made is diwussed. l%e detaiis of conducting
laboratory corrosion tests are discussed and jield corrosion testrng is desciibed ?he common types of
accelerated corrosion testing and the approaches used to accelerate corrosion processes are discussed.
Stress-corrosion cracking tests are dkussed. The content of the test report is described. Standard test nz&hods
related to corrosion are lined.

5-1 INTRODUCTION
-. Most corrosion occurs on complex materials in a

comp~ex and changing environment. A design engineer
must specify materials that are adequate for the intended
servkx. Information included in a specifkation can be
based upon previous experience with similar materials in
similar environments or upon theory that describes the
underlying processes. If either experience or theory is
inadequate, it will be.necessary to obtain the information
from corrosion testing. A corrosion testing program must

o

be based upon an understanding of the objectives, a,,,,
realization of the importance of the material specification
decisiom and a realistic view of the time and resourees
required.

5-2 TYPES OF CORROSION TESTING

Corrosiontests may be conductedunderclosely con-
trolled conditions in the laboratory on relatively small
metal specimens or on materiel components. Field tests
may be conducted under actual service conditions and
may involve relatively small specimens or full-scale
articles. Accelerated tests, which may be conducted in the
laboratory or the field, are described in par. 5-3.

5-2.1 LABORATORY TESTING

Attention should be given to the test specimen, the
corrodent, exposure conditions, and assessment of re-
sults.

5-2.1.1 Test Specimen

Corrosion tests of commercial alloys should use mill
products that are representative of the production
material to be used. Experimental or nonstandard alloys
may not be representative of commercial produets, and
tests should be repeated when the production scale

c
,,$,, increases. If possible, a fabrication history should be

obtained; such a history would list the major fabricating
steps together with a precise analysis of alloy composition.
Table 5-1 is an example of a form used to record the
fabrication history of an aluminum extrusion.

5-1

~“e test specimen should represent the metallurgical
condition of the application. Cast, wrought, and powder
metallurgy metals cannot be interchanged. The various
methods of casting, heat treating, and working affect
grain structure and homogeneity, and these characteristics
affect corrosion susceptibility. In tests of compatibility
with chemicals or evaluation of protective coatings, the
grain structure of the test specimen may not be cntieal.
Cast bar or rolled sheet is commonly used. Important test
specimen considerations are surface ftih, cleaning, and
residual stresses. If the application of a mill product is
intended, the test specimen should have a surface fhh I
equivalent to the mill product. If the application of a
machined component is intended, the test specimen
should be machined similarly. Edges should be ffled,
machined, or ground smooth. Sheared or blanked edges
must be machined, ground, or ffled deeply enough to
remove the layer of severely cold-worked metal

After machining, test specimens should be degreased
just prior to measurement of weight and dimensions. A
solvent vapor degreaser is usually used. Lf handling
contaminates the specimens, they should be degreased
again just prior to exposure in the comdent. Because of
the toxic nature of solvents, they should be avoided.
Wearing gloves will prevent contamination of the speci-
mens.

A specimen should be of a size and shape to facilitate
reliable examination of the corrosion effects of interest.
The size should be large enough so that nonunifomn
corrosion is evident. Specimens evaluated by depth of
attack should be thick enough so that they are not
perforated. Specimens having a large surface-to-volume
ratio improve the sensitivity of weight change
measurements. Corrosion of exposed edges may require
large edge-to-surface ratios if edge effeets are of concern
or the opposite if surface effects are of concern. Stan-
dardized size and shape for all specimens in a series result
in exposure of the same surface area and hence the same
degree of accuracy. If corrosion evaluation is to be based
upon weight change, the size of the specimen should be
such that it can be weighed on available balances having
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TABLE 5-1. FABRICATION HISTORY FOR STANDARD EVALUATIONS e
OF ALUMINUM ALLOY EXTRUSIONS*

A. MELTINGAND CASTING OPERATIONS
1 ChargeComponents:
2. Alloying Procedure:
3. Fluxing Procedure:
4. CastingData
Casting Ingot Pouring Metal Lowering Water
Method Diameter Temperature IIead Rate Volume Skimmer
5. Cast Analysis:(percentof alloyingelements,remainder= aluminum)
CastNo. Cu Fe Si lvln Mg Zn Zi & Ti Be Pb ,,
6. Gas Determinations:
7. Etch Ilesults:

B. PREHEATING AND EXTRUSION OPERATIONS
1. Preheati Soaking temperature Time at temperature .,.

Total cycle time
2. Reheat: Furnace setting Cycle time

Exit time
3. Extrusion: Type of die Ingot size

Maximum effort Maximum exit speed
Runout length . End scrap, Front Rear

C. FINISHING OPERATIONS
1. Solution Heat Treatment: Furnace type

Soak temperature, Maximum Minimum
Time at temperature Cycle time
Type of quench Rate of quench

~ 2. Stretcher Straightening Operatiorx
No. of mm/m (in./ft) mm/ m (in./ft)

3. Additional straightening operations (give sequence):
4. Precipitation Heat Treatment (aging) Furnace Type

Soak temperature, maximum Minimum
Time at temperature Cycle time

5. Etch Results:

D. MECHANICAL TENSILE PROPERTIES
Test direction:

Elongation
Test location Tensile strength Pa (psi) Yield strength Pa (psi) (% in 4D)
FRONT
MIDDLE
REAR

*’Thistable shows an example of one method used to report the fabrication history. A standard form is prepared and the pertinent data
are merely filled in. The data required will, of course, vary with the type of metal and product being made. The more important data,
suchas ingot size,composition, times and temperatures of heat treatments and tensileproperties, are required for all metal systemsand
products.

the requisite capacity, sensitivityy, and accuracy. A balance
having an accuracy of less than 10% of the smallest
expected weight loss (gain) is probably adequate. Many
commercial analytical balances have capacities of 200 g
and sensitivities of 0.01 mg. Standard ASTM tensile
specimens are convenient to use if 10ssin tensile properties
is to be evaluated. Flat tensile specimens machined before
exposure are subject to notch effects resulting from

5-2

corrosion on the edges. It may, therefore, be more
meaningful to cut flat tensile specimens from a corroded
test panel.

Relatively thick specimens are required if the corrodent
is aggressive. If the specimen is dissolved or perforated,
the information obtained is limited. Alternatively, the
exposure time may be shortened. The size of the specimen
relative to the volume of corrodent should be such that
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O,,, the corrosion reaction and dissolved corrosion products
do not sign&cantly affect the composition of the cor-
rodent. If galvanic characteristics are to be determined,
the cathode-to-anode size ratios and geometry must be
known and controlled.
- Exposing a single specimen may give valid results
provided that more than one independent measurement is
made on the specimen. However, exposing a single
specimen may be a poor procedure if it provides only a
single value of a variable. The number of specimens used
in a test depends upon

1. The statistical accuracy needed
2. The cost of a test
3. The known reproducibility of a test
4.The number of variables to be investigated.

In some testing programs periodic evaluation of a
specimen relates exposure period to corrosion. If the
evaluation can be conducted without changing the cor-
rosion characteristics of the specimen, the same speci-
mens can be used throughout the testing period. An
example of such an evaluation is an in situ electro-
chemical measurement of the corrosion rate. If, however,
the examination results in the destruction of the specimen
or modiilcation of its corrosion characteristics, multiple
sets of specimens must be exposed initially. An example

o of such an examination is chemical removal of the
:, corrosion scale to determine specimen weight loss. Buiid-

up of corrosion scale can be expected to influence
corrosion rate, and its removal changes the corrosion
characteristics. Therefore, if three specimens are required
to give reasonable accuracy to each corrosion determi-
nation, 36 specimens would be required to measure the
corrosion each week for 12 weeks.

The use of suitable controls is vital in corrosion tests.
Specimens used as controls should be from the same stock
and should be prepared in the same manner as those used
for corrosion tests. The same method of measurement
and degree of accuracy should be used for both sets of
specimens. Also any treatment to induce stresses or
remove residual stresses in the test specimens should be
applied to the control specimens.

When the corrosion tests are of short duration or when
the metal is such that the characteristic being evaluated
does not change during long-term storage, the original
control data need to be obtained just once. In some cases,
however, certain characteristics change with time, even in
the absence of corrosion. In these cases a set of control
specimens must be provided for each period of corrosion
testing. Control specimens should be protected from
corrosion and stored at the same temperature at which the
corrosion tests are conducted.

o

Each specimen, whether test or control, should be,!,.
identifkd uniquely and permanently, and the method of
marking should not affect the corrosion process. For
example, the so-called “lead” pencil markings are anodic

i

I

I

I

to most metals. The graphite in pencil lead can initiate
sites of corrosion on most metrds.

5-2.1.2 Corrosion Test Environment

Standard and readily reproducible test environments
are useful in screening tests of metals and corrosion
prevention materials. Tests with different environments,
which include a given environment at different tempera-
tures or concentrations, c!efme the range of utility of an
alloy or corrosion prevention materials such as coatings
or inhibitors. Laboratory tests in which the test medium
simulates some characteristics of a service environment
can determine at tilmum cost that a material is
probably suitable. It is often difficult to emulate complex
and variable service environments in the laboratory
therefore, obtaining a detailed characterization of the
service environment is a necessary prerequisite.

Small variations in the corrosion test environment can
often cause large variations in the outcome. Therefore,
controls based on corrosion characteristics are necessary
to determine whether the corrosive medium possesses and

maintains the intended degree of corrosivity. The usuaI
procedure is to expose a well-established, previously
tested alloy as a control to determine the degree of
consistency of the results throughout the test period. In
another control method specimens are exposed for at
least three periods of increasing duration. Changes in the
corrosion rates of metals can be caused either by a change
in the condition of the metal or by a change in the
corrosive environment. Through the use of proper control
specimens, as described in par. 5-2.1.1, and the proper
experimental design, the signifknce of each of these
factors can be determined and accounted for.

5-2.13 Conditions of Exposure “

Specimens are exposed to a liquid phase electrolyte
that is present either in bulk or as a condensed surface fti
in most corrosion tests. The liquid phase may be either
highly viscous, such as a grease or gel, or a suspension,
such as an emulsion or paste. The most common types of
corrosion test exposure include total immersion, partial
immersion, alternate immersion in a regular cycle in the
liquid and out of it into a vapor space, spraying the liquid
on the specimen, and exposing the specimen in a vapor
that is in equilibrium with a liquid so that the vapor
condenses on the surface of the specimen.

Test conditions include temperature, pressure if a
vapor phase is involved, the velocity of the test medium
relative to the specimen, the degree of aeratiom the
characteristics of any impressed electrical currents, the
duration of exposure, and the frequency if the test is
cyclical.

The simplest laboratory test is exposure of a single
specimen in a beaker of corrodent. Multiple specimens of
the same lot of metal may be exposed in the same

5-3
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container provided that the volume of the corrosive
medium is sufficient to maintain its original properties
throughout the test. Important considerations in tests
involving multiple specimens are

1. All specimens must be isolated from one another
and from direct contact with supporting racks. Inert,
nonabsorptive racks or spacers of plastic or porcelain
usually are used for this purpose.

2. Specimens should be arranged so that corrosion
products from one specimen do not contaminate other
specimens.

L

3. The corrosive environment should be equally
accessible to all specimens.

4. In liquid immersion tests, specimens of different
metals should not be exposed in the same container. For
example, aluminum alloys containing copper are
separated from copper-free aluminum alloys.

5. If metal containers are used, special precautions
are required to prevent metal-to-metal contact.

S-2.1.4 Assessment of Results

The outcome of a corrosion testis described in terms of
the effects on the test specimen. Every test should
consider effects that can be observed visually, both
naturally and with magnifying or imaging devices. These
effects include changes in reflectivity, tarnish, discolora-
tion, pits, blisters, exfoliation, and intergranular cor-
rosion.

Corrosion results in weight changes. High-temperature
oxidation results in weight gain because scale forms.
Aqueous corrosion can also create surface films, but these
are removed before weighing in order to measure the loss
of metal to corrosion. If the corrosion products dissolve,
aqueous corrosion results in weight loss. Typically, the
weight loss is converted into uniform loss per unit area per
unit time or penetration per unit time.

Mechanical properties can change as a result of cor-
rosion. If the corrosion is simple, uniform wasting, the
change in mechanical properties is directly related to the
amount of penetration. Localized corrosion, such as
pitting, and dealloying, however, can diminish mechanical
properties out of proportion to the measured weight loss.

The chemical composition of very small areas of a
corroded specimen can be examined with an electron
probe microanalyzer to determine the composition of
corrosion films or of microstructural components such as
grain boundaries or individual grains.

Electrochemical characteristics can change as a result
of polarization and formation of surface films. Corrosion
current measurements represent corrosion rates, whereas
corrosion potential measurements indicate the oxidizing
power of the environment to which a specimen is exposed
and the ability of the specimen to passivate. Impedance
measurements conducted by impressing an alternating
current on a specimen can yield information on the state

of the specimen surface, and the results of the measure-
ment can be correlated with the corrosion behavior of the o

specimen. Reaction of the specimen with the environment
often yields products that can be measured. Gas can
evolve, and the concentration of corroding ions or the pH
of the solution can change.

Because of the widespread availability of computer and
statistical programs, concepts of statistical experiment
design and statistical data analysis can be applied readily
to corrosion testing. As a practical matter, however,
statistical concepts do not dominate the design of cor-
rosion testing programs. The number of specimens ex-
posed or the number of measurements taken is a com-
promise between cost and accuracy, and this number is
usually fewer than the. number desired for statistical
evaluation. Statistically designed experiments might fall
into the following categories:

1. Comparison of different heats of an alloy
2. The effects of one variable at several levels (The

most common variable in corrosion testing is time.)
3. Experiments in which there are several variables

but no interactions among them, using orthogonal
squares

4. Experiments in which there are several interacting
variables, using factorials.

5-2.1.5 The Scanning Reference Electrode
Technique for Local Corrosion

a

The scanning reference electrode technique (SRET)
measures potential variation in the electrolyte just above
a flat surface (Ref. 1). Therefore, it is used to study
localized forms of corrosion in which there is a flow of
current between anode and cathode. SRET does not
directly measure the potential variations of the metal
surface; it responds to current variations in the electrolyte
solution. The flow of current and potential pattern for
localized corrosion are shown schematically in Fig. 5-1.

The SRET consists of a “passive” reference probe with
a fine capillary tip, a system to drive the probe across a
path close to the flat surface, and a system to measure and
analyze the potential pattern generated by the corrosion
reaction. SRET studies the electrochemical process with-
out changing the local environment over the corroding
site or influencing the rate of corrosion. A quasi-three
dimensional map of the surface is generated and shows
anodic sites as “hills” and cathodic sites as “valleys”.

Kackley and Levy have adapted the SRET to study the
corrosion of aluminum weldments in a sodium fluoride
NaF electrolyte (Ref. 2). Their system is computerized to
direct the path of the reference electrode and to analyze
the data. A schematic of the system is shown in Fig. 5-2.
The objective of the investigation was to evaluate welding
parameters in terms of the corrosion of the weldment and m

heat-affected areas.
repeatedly until the

The test specimen was scanned
entire area of interest had been
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This-figureis Figure 2 from a paper entitled “Computer-Aided
Electrochemical Corrosion Study of Aluminum Weldments in
NaF’’coauthored by N. Kackley and M. Levy, Computer-Aided
Acquisition and Anaiysu of Corrosion Data, PV 8S-3, (1984).
This paper was originally presented at the Fall 1984 Meeting
held in New Orleans, LA.

Figure 5-1. Flow of Current and Potential

Pattern for Localized Corrosion (Ref. 2)

covered. This generated a three-dimensional potential
surface, typically showing a ridge over the weldment area.
The scans were repeated at regular intervals of time.
Because of the variability inherent in the electrolyte
potential over time, the data can be examined only for
generat trends or rankings rather than absolute corrosion
rates or corrosion initiation times. In generaI, better
corrosion resistance is related to smaller potential dif-
ferences between the weld and base metal and to longer
time to develop a maximum potential difference.

The SRET can generate large volumes of data. There-
fore, it is important not to overgeneralize based on a few
data points or to place excessive importance on the
precision of inherently variable data. The scan of cor-
rosion potential, however, can be related to specimen

o
,: microstructure and constituent microanalysis to yield a

deeper understanding of the corrosion process.

1
J , 1 I I

! Motor Control

Measurement and
Control Processor

I

Computer

This figure is FW 1from a paper entitled “Computer-AidfM
Electrochemid Corrosion Study of Aluminum Weldmcnts in
NaF’’coauthomd by N. Kackley and M. Levy, Computer-Aided
Acquisition and Anaiysi.r of Corrosion Dtiai PV 8S-3 (1984).
This paper was originally presented at the Fall 1984 Meeting
heJd in New Orleans, LA.

Figure 5-2. Schematic of Electrochemical
scanning System (Ref. 2)

5-2.1.6 The Barnacle Electrode Procedure for
Hydrogen Embrittlement

The barnacle electrode is a small device that can be
fuedto a steel structttd part or test specimen to define an
exact area. The specimen is the anode and the electrode
incorporates a nickel-nickel oxide cathode. The cell is
filled with a 0.2-molar solution of sodium hydroxide. The
barnacle electrode is illustrated schematically in Fig- 5-3.

The barnacle electrode anodically oxidizes hydrogen to
water. When it is affmed to a piece of metal containing
hydrogen, hydrogen, which diffuses from the metal, is
oxidized to water. The hydrogen level in the chamber is
maintained at zero, and thus provides a diffusion sink.
The current required to oxidize the hydrogen is a direct
measure of the rate of permeation of the hydrogen.

The device has been employed in indexing embnttlc-
ment of high-strength AISI 4340 steel as a function of
hydrogen content, measuring the lo& of hydrogen from
an HY-130 steel weldment, and relating the hydrogen
content of cadmium+kctroplated steel to bakeout condi-
tions (Ref. 3).

I
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changes would modify the composition and condition of
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~igwre 5-3. Sc~ematic of Barnacle Electrode
Measuring Apparatus (Ref. 3)

5-2.2 FIELD CORROSION TESTING
Laboratory corrosion tests can be relateclto antici-

patedservicepe~formanceby theory,by simulation,and
by experience.Becauseof the variabilityand complexity
of typical service environments, inferences based on
theoryandsimulationarerisky.Theutilityandvalidityof
basingperformanceexpectationson laboratorycorrosion
testsmustbe confhmed by field corrosion testing, which
should be an integral part of the materiel development
process.

As part of the materiel design process, field testing has
inherent limitations, e.g.

1. Usually only a limited number of prototype or
preproduction items can be made availabie for testing,
and they may not represent production processes and
materials.

2. A large number of potential operating environ-
ments exist.

3. There is a short time period during which tests can
be conducted.
Because of these limitations, field corrosion tests, per se,
do not receive adequate attention during the materiel
development process. Most field testing is coincidental
with performance testing. Because of this fact, the testing
is relatively short, and test conditions are not selected to
yield corrosion information.

Much field test data are available from standard metal
paneis that have been exposed to specific atmospheric
environments, and these tests have many of the controls
of laboratory tests. The uncontrolled variable is the
environment, which is fixed by the geographic location
and the microclimate of the exposure facility. However,
in the time period required to accumulate lon~-term
experience,
new alloys
production

the environment of a location may change,

may replace some of those exposed, and
methods may change, and each of these
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an alloy.
Some of the specific problems that may arise in

atmospheric corrosion tests are (Ref. 4)
1. Sites change in corrosivity over substantial periods

of time.
2. Short-term tests (those of less than 2-yr duration)

may show relative differences in material performance,
but do not necessarily reflect the true corrosive nature of a
site.

3. There are substantial differences in the perform-
ance of materials boldly exposed versus materials exposed
in shelters. For example, galvanized panels have higher
metal loss rates on the underside than on the sky-facing
side. Corrosion in tropical rain forests is relatively low for
steel and zinc. There is no pollution, the test panels are .
washed regularly by pure rainwater, there is screening
from the sun by the forest canopy, and diurnal tempera-
ture variations are small.

4. The elevation, angle of exposure, degree of
shading, and direction of exposure all influence results.

5. Static exposures do not usually give results
comparable to dynamic exposures, such as vehicle tests.
Three approaches have been taken to measure the
corrosivity of atmospheric exposure sites:

1. One approach measures the weight 10SSof stan-
dard reference materials and compares this measurement a

with published data from other sites. Even if the response
of the standard material correlates with that of the test
material, the standard material does not provide direct
information about which environmental factors con-
tributed to the corrosion process.

2. The weather station data can characterize an
atmospheric corrosion exposure site because weather and
pollution factors are measured on a regular basis. How-
ever, there has been little success analyzing this mass of
data and relating it to the corrosion process.

3. A third approach is to measure the variables that
are considered to relate directly to the corrosion process.
The factors most commonly measured are temperature,
time of wetness, sulfur, and chloride. This method is most
successful if one factor, such as chloride concentration, is
predominant over the others affecting the corrosion
process. Problems arise, however, if there are interactions
among the factors.

Test coupons often are exposed to working environ-
ments. For example, test coupons attached to vehicle
underbodies are exposed to roadway environments and
test sections in piping systems are exposed to the flowing
fluids of processing ,units.

Corrosion testing that is intermediate between the
laboratory and the field is conducted in test facilities that

asimulate many characteristics of the service environment.
An example is environmental chambers that simulate
arctic or tropical conditions.
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O,,: Operational experience can provide a great deal of
information concerning corrosion in the field environ-
ment. Unfonunatel y, it is usually poorly documented and
available too late to influence the production design. If
operational experience does indicate serious short-
comings, the only alternative may be a costly remedial
program. Nevemheless, operational experience can add to
the store of knowledge. For this information to be useful,
it must be properly documented, correctly assessed, and
organized for ready retrieval.

Early operational experience can provide information
concerning expected future failures if the proper distri-
bution of failures with time is applied to the data. The
failure distribution with time of ekctromechanical and
mechanical components that show only random failures
(inconsistent failure rate) can be described by a Weibull

.- function (Ref. 5), which can be reduced to a straight line
by taking logarithms twice. If the failure data plot as a
straight line on Weibull paper, the Weibull expression is
that describing the line. If the failure data plot as a curve,
however, the proper values of the Weibull parameters are
determined by trials until a straight line is achieved.
Extreme value, or Gumbel’s distribution (Ref. 6), has
been applied to local corrosion. The maximum pit depth
of a large area of material can be estimated by exarnina-

0
,,: tion of the maximum pit depths from small portions of

the area (Ref. 7).

5-3 ACCELERATED CORROSION
TESTING

Testsareneeded that intensify the corrosion process by
simulating the effects of a long-term environmental
exposure in a short period of time.

Most forms of corrosion increase as a function of time
in a given environment. Corrosion damage is cumulative
and irreversible. The rate of corrosion in many corroding
systems may increase, level off, or decrease as a result of
the cumulative effects of the corrosion process. Corrosion-
assisted procases such as corrosion cracking appear to
have an incubation period, but this represents the time
required for sufficient damage to accumulate to lead to
catastrophic failure.

If an accelerated corrosion testis to have utiMy, one of
the following conditions must apply

1. A critical corrosion factor, such as corrodent
concentration, is intensified with time in the corrosion
process. Therefore, if it is filcially intensified, the effect
of time is simulated.

2. A relationship exists between the time of an
exposure and a controlling corrosion factor such that

o

short-term corrosion with a high exposure factor intensity
4!“ is equivalent to long-term corrosion with a low exposure

factor intensity. For example, exposure for 1000 h at
50”C (122°F) may result in corrosion equivalent to 1 hat
82*C (180” F).

5-7
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3. Critical exposure factors are independent of the
period over which they occur. For example, 10,000 stress
cycles accumulated in 10 h result in the same damage as
10,000 stress cycles accumulated in 1000 h.

Accelerated corrosion tests are inherently laboratory’
tests because of the need to intensify artificially an
exposure factor over that experienced in the field. An
argument can be made, however, that some natural
environments accumulate corrosion damage more rapidly
than others. Therefore, exposure in a tropical climate
may be considered an accelerated test that indicates what
might occur in a more temperate climate over a longer
period of time.

Some of the techniques employed to accelerate cor-
rosion include

1. Increasing temperature
2. Increasing humidity
3. Increasing chloride ion concentration
4. Adding oxidizers or aeration
5. Controlling pH, usually at a strong acid or alkaline

level
6. Increasing flow velocity or agitation
7. Galvanic coupling
8. Stimulation by applied electrical currents.

The useful techniques can be specflc to certain metals
and alloys. Four common types of accelerated corrosion
tests are exposure to

1. Dispexsed fog spray
2. High humidity
3. SimuIated atmosphere
4. Liquid by immersion.

Several types of dispersed fog spray tests are called for
in materiel procurement specifkations, and all operate on
the same general principle. Specimens are exposed to a
continuous or an intermittent spray. Other principal
variations are the composition of the liquid sprayed and
the test temperature.

Common test solutions are
1. Pure water
2. 3.5%, 5%, and 2w0 solutions of sodium chloride
3. Sodium chloride solutions acidified to a specifkd

pH or with metaI ions added to the solution which will
plate out on certa@ was of the metal and accelerate
localized corrosion.

Spray tests are used principally to obtain a rapid
evaluation of the protection afforded by coatings such as
paint, anodic films, and surface conversion coatings. A
common practice is to cut through the coating—but not
the metal-by intentionally placing a controlled score
mark on the specimen before exposure.

High relative humidity is another accelerated exposure
environment. Commercial test equipment is available
that can be set for any combination of relative humidity
and temperature; different resuhs will be obtained depend-
ing on whether or not the moisture condenses on the
specimen.
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The accelerating corrosion e~~ects of, atmospheric
pollutants are examined in controlled environment
chambers in which a variety of gases, vapors, and
particulate matter is introduced afid allowed to contact
and condense on the test specimen.

Probably the most common accelerated corrosion test
method is immersion in a liquid. Obvious differences in
test procedures are the solutions used, agitation rates, and
temperature.

Another variable is the method of immersion, e.g.,
1. Total immersion (specimen completely immersed

in the solution)
2. Alternate immersion (specimen immersed in the

solution for a period, removed from the solution, and

allowed to dry the cycle, is repeated)
3. PartiIaI immersion (the lower portion of the

specimen is immersed in the solution and the upper imlfin
air or in vapor in the case of a closed system).

The last method actually evaluates three conditions of
exposure: the immersion zone, the liquid-air interface
line, and the vapor or air zone.

Much of the information concerning corrosion testing
also applies to metal surfaces protected by coatings. In
addition to the variations in formulation that may occur,
small variations in applying these coatings can have a
significant influence on their effectiveness.

Paint evaluation can incorporate one or more of the
following, which are listed in order of incre~ing rele-
vance to performance under service conditions:

1. Manufacturers’ claims and literature
2. Reports of performance from associates or other

users
3. Laboratory tests of panels under controlled condi-

tions
4. Field exposure results from test fences or estab-

lished testing facilities

5. Field exposure panels in the service environment
6. Limited scale field tests a

7. Larger scale field tests that incorporate judging of
application ch~acteristics

8. Service tests or usage in which area covered and
amount of paint used constitute a major application.

Laboratory tests are relied upon despite their relatively
low ability to predict performance in service environ-
ments. Representative laboratory tests are listed in Table
5-2. The salt spray (fog) test is one of the most widely used
accelerated tests for coatings. In the salt spray test there
are three failure types generally evaluated: blistering,
rusting, and undercutting from ascribe mark. A scale for
evaluating blistering is shown in Fig. 5-4. This scale has
been modified from ASTM guidelines given in ASTM
D714 (Ref. 9) by adding trace, very few, few, etc. to assist
in interpretation of results. ASTM guidelines for rust -
resistance given in ASTMD610 (Ref. 10)are illustrated in
Fig. 5-5. Both of these guidelines involve subjective
interpretation.

A salt fog test of 500 his typical in the coatings industry
and can indicate relative differences in the performance of
coatings. However, correlations between exposure times
in the salt fog test can only predict exposure in field
conditions when’ a specitlc correlation has been verified
experimentally (Ref. 11).

A cyclic salt spray test has been standardized in West a
Germany by the Association of German Manufacturers
of Automobiles (VDA Standard Test Method 621-412).
Experiments indicate that 6 weeks of testing areas severe
as 18 weeks by natural weathering with salt spray in West
Germany and as severe as 36 weeks by natural weathering
in West Germany without salt spray. Whether this
correlation has wider validity has not been determined
(Ref. 12).

TABLE 5-2. REPRESENTATIVE LABORATORY PAINT TESTS (Ref. 8)

1.
2.
3.
4.
5.
6.
7.

8.

.

Freshwater immersion b.
Synthetic seawater immersion c.
5T0hydrochloric acid immersion d.
5% salt spray (fog) e.
Condensing humidity test t?.
Weatherometer tests—two types h.
Physical tests
a. Forward and reverse impact
b. Adhesion
c. Heat resistance

Ethanol
Ammonia
Tincture iodine
Tincture Merthiolate
Phenol
Concentrated acids
(1) acetic
(2) nitric
(3) phosphoric
(4) sulfuric

d. Gloss and color 9. Electrochemical measurements
Stain chemical resistance tests
a. Acetone

o

Table from “Testing Corrosion Resistan~e of Coatings”by F?P. Helms, Handbook on Corrosion Testing and Evaluation, Ed., W. H.
Ailor, p. 652 (1971). Published by J. Wiley and Sons, Inc., and sponsored by The Electrochemical Society, Inc.
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Figure $4. Scaie for Evaluating Degree of Paint Blistering (Ref. ~1)
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Figure 5-5. Rating of Painted Steel Surfaces as a Function of Area Percent Rusted (Ref. 11)

Many attempts have been made to correlate short-term 5-4 STRESS-CORROSION TESTING
electrochemical measurements with long-term per-
formance of coatings in service. In general, poor coatings

A metal is susceptible to stress-corrosion cracking

can be identified, but ranking of good coatings is less
when it exhibits greater deterioration in its mechanical

reliable. General trends are found, e.g., increased elec- properties through the combined action of a sustained

trical resistance corresponds to improved corrosion re-
tensile stress and corrosion than would occur from the

sistance. Electrochemical methods are most successful
separate actio’ns taken together. Stress-corrosion crack-

when they are applied to
ing resistance can be established only by exposing both

1. Characterize changes in organic coatings during
unstressed and stressed specimens to the test environ-
ment. In that way failures resulting from stress-corrosion

exposure
2. Investigate mechanisms of corrosion protection

cracking can be distinguished from those resulting from a

and breakdown of protection
reduction in load-supporting area by corrosion.

3. Provide an accelerated test for a generic system of
Tests are performed on materials of known sus-

coatings in a specific environment (Ref. 13).
ceptibility to stress-corrosion cracking to evaluate pro-
tective coatings or spec~lc structural assemblies and as

5-1o
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,’ quality control tests. There is no need to expose ac- The objectives of a stress+orrosion cracking test
companying unstressed specimens in these cases. determine the most pertinent of many elements that must

Testing to determine the stress+orrosion susceptibility be considered in specifying-a test procedure. The range of
of an alloy in a particular environment may sewe a considerations is liited in Table 54.
diversity of objectives. Some of these objectives are listed . Most stress+orrosion cracking tests are conducted on
in Table 5-3. relatively small specimens under laboratory or scMce

TABLE 5-3. TYPICAL OBJECTIVES OF STRESS-CORROSION
CRACKING TESTS (Ref. 14)

1. screeningtests
a Compare experimental alioy compositions and tempers

-. b. Compare variations in environment
c. IkeiOp a quality-cantrol test

2. Predicting stress-corrosion performan& in service
a Determine the resistance to stress<orrosion cracking of an actual or simulated structure in anticipated service

environment
b. Determine the best material to fill a need through accelerated tests
c. Determine the effectiveness of protective treatments
d. Duplicate the response of a material that failed in service

3. Determiningg whether the-product meets specif’’ctions
4. Investigating the mechamsms of stress corrosion

Table from “Stress-Corrosion Cracking” by H. L. ~raig, Jr., D. O. Sprowls, and D. E. Piper,.Humfbook on Corrosion Tesring ad

n

hz&o&Jn, Ed., W. H. Ailor (1971).Published by J. Wiley and Sons, Inc., and sponsored by The ElectrochemicalSociety, inc.
,,

,,,:
w

TABLE 5-4. NECESSARY CONSIDERATIONS IN PLANNING A
STRESS-CORROSION TEST PROGR+M (Ref. 14)

1. Ava.#able information concerning alioy, environmen~ and application
2 Test material

a. Influence of composition and temper
b. Type of manufactured produti, thickness
c. Commercially fabricated or laboratory sample
d. Influence of location and orientation of test specimens

3. Design of test specimen and method of stressing
a Smooth
b. Mechanically precracked
c. External loading (constant load, deformation)
d. ResiduaJ stresses

4. Influence of environment
a. Anticipated sen’ke
b. Natural environments
c. Accelerated test media

5- Influence of time and number of tests
a. Number of stress levels
b. Number of replicate specimens
c. Duration of test
d. Criterion of failure

6. Evaluation and reporting

o

a. Type of data to satisfy purpose of the test
“, b. Limitations of test procedure

c. statisticalanah’ses

. .

,.

J

Table from “Stress-Corrosion Cracking” by H. L Craig, Jr., D. O. Sprow& and D. E. Piper, Honcfbook on Corrosion Tating and
Evohorwn, Ed., W. H. Ailor (1971). Published by J. Wiley and Sons, Inc., and sponsored by The ElexxrochemicalSociety, Inc.
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exposure conditions. These conditions are listed in Item 2 2. Bent Beam Specimens of Alloy Sheets, Plates, and m
of Table 5-4. It is important that the test specimens
adequately represent the manufactured product.

It is also important that the method of loading and the
influence of stress raisers reflect the service environment.
These considerations are listed in Item 3 of Table 54.

5-4.1 SUSTAINED LOAD AND CONSTANT
DEFORMATION TESTING

Most stress-corrosion cracking service failures occur
under tensile stresses of unknown magnitude that usually
result from residual rather than applied stresses. Table 5-5
lists many of the sources of sustained tension that gives
rise to service failures. The wedging action of corrosion
products may exert very high forces in crevices and
cracks. These forces contribute another source of un-
known stresses in addition to the applied known stresses.
Therefore, testing at nominal or design stresses may be
misleading. Accordingly, a test should be conducted at
stresses approaching the yield strength.

The configuration of the test specimen and the means
of applying the load strongly influence the outcome of a
stress-corrosion cracking test. Included in the category of
externally loaded smooth specimens are

1. Direct-Tension Specimens Under Sustained Load
or Sustained Deformation (constant strain). Crack growth
rate is higher under constant load. The average tensile
stress on the uncmcked section increases rapidly as the
crack propagates. When the notch fracture strength is
reached, the specimen breaks. Because of plastic deforma-
tion, however, a specimen under constant deformation”
may not break.

Bars. The stress of principal interest is the longitudinal
tension stress on the convex surface. A stress gradient
exists through the thickness ranging from maximum
tension on the outer surface to maximum compression on
the inner surface. The stresses vary from mid-length to the
ends of the specimen and can also vary across the width.

3. U-bend specimens of approximately 180 deg
around a predetermined radius contain large amounts of
elastic strain in addition to plastic strain. For this reason,
the U-bend specimen provides one of the most severe tests
available for smooth stress-corrosion test specimens. The
circumferential stress is of principal interest and is not
uniform.

4. The C-ring is a constant-strain specimen with
tensile stress produced on the exterior of the ring by
tightening a bolt centered on the diameter of the ring.
C-ring specimen stress of principal interest is circum-
ferential. The stress varies around the circumference of
the C-ring from Oat each bolt hole to a maximum at the
middle of the arc opposing the stressing bolt. Tensile
stress on the inside surface can be imposed by spreading
the ring. An almost constant load can be developed by
using a cdlbrated spring placed on the loading bolt.

5. O-ring specimens are used in tests in which hoop
stresses are desired. A plug inserted in the specimen
generates the stresses.

6. For many purposes flexural loading imposed on
tuning-fork-type specimens are adequate and require less
bulky and expensive stressing apparatus than dead weight
tensile loading.

TABLE 5-5. METHODS OF STRESSING MOST APPLICABLE TO
VARIOUS SOURCES OF SUSTAINED TENSION IN SERVICE (Ref. 14)

SOURCE OF SUSTAINED CONSTANT CONSTANT
TENSION IN SERVICE DEFLECTION LOAD

Residual Stress
Quenching
Forming
Welding

h4isti~gnment
Interference Fasteners
Interference Bushings

Rigid
Flexible

Flareless Fhtings
Clamps
Hydraulic Pressure
Dead Weight
Faying Surface Corrosion

x

x

x

x

x

x
—

x

x

x
—

x

—
—
—
—
—

—

x
—
—

x

x

x

..

9

Table from “Stress-Co;osion Cracking” by H. L. Craig, Jr., D. O. Sprowls, and D. E. Piper, Handbook on Corrosion Testing and
Evaluation, Ed., W. I-I.Allor (1971). Published by J. Wiley and Sons, Inc., and sponsored by The Electrochemical Society, Inc.
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Such processes as forming, straightening, swaging, and
welding generate residual stresses. Test specimens can be
devised that incorporate residual stresses.

Precracked specimens forextemal loading have several
important feauxis for stress-corrosion cracking testing

1. They can be used with iinear elastic fracture
mechanics to develop stress<orrosion cracking thresholds
in terms of resistance to catastrophic crack growth. See
par. 2-2.9.1 for a discussion of linear elastic fracture
mechanics.

2. The rate of growth of stress-corrosion cracks and
other environmentally induced cracks can be charac-
terized.

3. Variable and prolonged periods of incubation of
Stress+orrosion cracks in testing some alloys can be
avoided.

A given alloy is sensitive to stress-corrosion cracking in
specific chemical species in the environment. Therefore,
exposure conditions must include all of the factors for
which susccptibiity is beii tested. Tests in the labora-
tory allow close control of environmental facto~, how-
ever, tests should expose an alloy to all of the environ-
mental factors to which it may be sensitive in service.

Typically field testing can include seawater immersion, ). .
atmospheric exposure to marine and industrial environ-
ments, and exposure to process streams in chemicaf I

plants. Because stress-eorrosion cracking results in Catas-
trophic failure, the most important result of fieldtesting is
determination of the susceptibility of an alloy to the
environment.

Most laboratory stress-corrosion testing is accelerated ,
testing. To predict the stress-corrosion cracking per-
formance of an alloy over a long period in the intended
seMce, the test procedure should produce the same type
and path of cracking that occurs in seMce. The corrodent
should contain the spedlc chemical species believed
responsible for stress-corrosion cracking of the type of
alloy under study. Furthermore, the corrodent should
resuh in a minimum of general corrosion. The validity of
accelerated stress-comosion testing requires correlation
with service experience or with appropriate field tests.

Standardized environments developed as test media for
speciiIc classes of alloys include

1. Boiling magnesium chloride solutions forstairdess
steels

2. Polythionic acids for stainless steels and related
alloys

3. Mercurous nitrate for copper and copper alloys
4. Mattsson’s solution for copper-zinc alloys (brasses)
5. Alternate immersion testing in 3.5% sodium

chloride for aluminum, ferrous, and other alloys
6. Hot salt environment for titanium and other

alloys.
The stress cracking process consists of an incubation

period, a crack propagation period, and mechanical

fracturing or yielding. During the incubation period there
is no cracking, but there may be a reaction at the oxide
fti and metaf surface. The incubation period is often
used as the criterion of failure of smooth specimens;
however, the time to failure may be only sfightfy longer
than the incubation period and much easier to determine.
The criterion of failure of precracked specimens is
fracture with sustained load stressing or crack arrest when
loaded by constant crack opening d~placement. .

542 SLOW STRAIN-RATE TESTING

Unlike constant load or constant strain methods of
stress-corrosion cracking testing, the slow strain-rate test
method usually results in failure of the specimen in not
more than a few days (Ref. 15). The failure will be either
ductile fracture or stress-corrosion cracking. It is vitxd
that the mode of failure be ascertained by metallography
or fractography. In addition to being an accelerated tes~
the slow strain-rate test is also a conservative test. If there
is no stress+orrosion cracking in the tes~ there will be no
stress-comosion cracking in service under the conditions
tested. However, if stress+orrosion cracking is observed
in the tesk the alloy may still be acceptable if the stresses
can be controlled to avoid stress+orrosion cracking. This
determination may require fuflher testing and sound
engineering judgment. The strain rates imposed in con-
stant strain-rate methods are similar to the creep rates of
the metal.

Although stress-corrosion cracking is experienced by
many different types of aiIoys in a wide variety of
environments, the common feature is that under condi-
tions causing stress-corrosion cracking, the alloys are
covered by corrosion f-. Stress+orrosion cracking is
related to rupture of this passivating fdm and electro-
chemical surface reactions of the exposed metal. Crack
formation and propagation depend upon a critical balance
between activity and passivity at the crack tip (Ref. 16).
This concept of an anodic film rupture and stress-
corrosion cracking mechanism is implicit in any con-
sideration of the slow strain-rate testing technique.

The purpose of constant strain is to promote repetitive
fdm rupture, which must produce stilcient metal dis-
solution to advance the crack, yet the sides of the crack
must remain relatively passive. Strain rate is an important
experimental parameter in the slow strain-rate test. If the
test is performed at too high a strain rate, the specimen
fails by ductile fracture. If the testis conducted at too low
a strain rate, the active condition at the crack tip cannot
be maintained. The slow strain-rate test wM produce
stress-corrosion cracking in a criticaf range of strain rates
that are characteristic of each material. For example,
experience has shown that steels undergo severe stress-
corrosion cracking at a strain rate of about iO+ s-’
regardless of the test environment (Ref. 17).

Data from slow strain-rate tests include load versus

S-13 .
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4. Materiais. Describes the test obiects, their sources, a.
metal anaIyses, sizes, number of samples, and identifying
numbers. The considerations used to define the test
specimen in laboratory corrosion tests are described in
par. 5-2.1.1.

time curves, time to failure, and the results of postfailure
specimen examination. A set of data is obtained for each
strain rate, and the specimen examination data include
mechanical and metallographic results. Measures of
stress+orrosion cracking severity are based upon metallog-
raphy, ductility, time to failure, load versus elongation
behavior, and various combinations of these measures.
Data are usually normalized to a specimen of the same
metal tested at the same temperature and strain rate in a
solution that does not promote stress-corrosion cracking.
Data may be used to rank simiiar alloys as to stress-
cmrosion resistance. However, for dissimilar alloys,
rough ranking only is advisabIe (Ref. 18).

Kackley, Czydclis, and Levy conducted slow strain-rate
testing of ALMg and A1-Mg-Zn alloys for stress-
corrosion cracking resistance (Ref. 19). Aluminum alloys
5083-H131, 7039-T64, A1-7Mg-Hl 17, and A1-8Mg-131
were tested in dry air and in a 3.590 NaCl solution. The
ductility ratios, i.e., ductility in a cracking environment
divided by that in a noncracking environment, were
determined at three strain rates. The alloys were ranked
based on their ductility ratios at the most susceptible
strain rate, viz., the lowest ductility ratio. The fracture
mode at each strain rate was confirmed by scanning
electron microscopic examination of the fracture surface.
Resistance to stress-corrosion cracking of these alloys
was also measured using precracked double cantilever
beam (DCB) specimens. Values of stress intensity for
stress-corrosion cracking &.cc determined in a 3.S70NaCl
solution were used to rank the four alloys. The rankings
determined by slow strain-rate testing and by DCB
specimen testing were compared.

The stress-corrosion cracking susceptibility of 7039-
T64 is the only difference between these two rankings.
The slow strain-rate results place this alloy just behind
alloy 5083 in stress-corrosion cracking, but the DCB
testing ranks alloy 7039 as the most susceptible in the
as-received condition. The reason suggested for this
discrepancy is that the most susceptible strain rate for
alloy 7039-T64 is below that used in this investigation.

5-5 REPORTING OF TEST DATA

5-5.1 THE TEST REPORT
Although any organization involved in corrosion test-

ing may have a standardized reporting format, all reports
should contain the following elements:

1. Synopsis or Abstrac~. A brief statement of the
most significant test results and conclusions. It is intended
to communicate the essence of the work without requiring
a time-consuming study of the entire report.

2. Introduction. Gives an explanation of the back-
ground that justifies the need for the work.

3. Objective. Describes the goals of the test. (The
purposes of laboratory corrosion testing are described in
par. 5-2. 1.)

5. Procedure. Answers questions such as how were
the samples prepared, how were tests conducted, how can
test environments be identified (specifically referring to
established techniques and standardized tests where appli-
cable). The corrosion test environment in laboratory
testing is discussed in par. 5-2.1.2, and the conditions of
exposure are discussed in par. 5-2.1.3.

6. Results. Describes the findings of the study. It is
usually helpful to itemize each resuit by listing the most
important findings first. Considerations used to assess the
result: of laboratory testing are outlined in par. 5-2.1.4. .

7. Conclwiorzs. Discusses the meaning of the results.
The test results should not be repeated. The meaning
relates the purpose of the test to the outcome. For
example, the resuhs may resolve a question of suitability
of a particular metal or alloy in a functioning article of
materiel.

8. S~atus or Recommendations. Indicates, whether
the work is complete and describes what additional work
should be done or action taken as a consequence of the
information gained

9. Appendix. Contains tabulations, charts, photo-
graphs, references, and other information that will be
useful for future review or continuation of the work.

5-5.2 CORROSION EFFECTS

Corrosion effects occur at the surface or within the
microstructure of the metal. Surface effects are general or
localized. The effect occurring within the microstructure
of the metal can be characterized as intergranular attack,
selective leaching, or cracking. How the effects of cor-
rosion resulting from a test are characterized depends
upon how the effects are determined. The types of
evaluation commonly applied include

1. Visual examination with the unaided eye
2. Augmented visual examination or instrumental

imaging
3. Weight changes
4. Measurement of physical properties
5. Measurement of mechanical or strength properties
6. Elect~ochemical measurements
7. Chemical composition.

The corrosion effect is usually expressed as a change in
some property as a resuIt of test exposure. This change
may be gaged on a before-and-after comparison or a
comparison with a standard. A graduated scale may
describe some effects, whereas others may be simply
described as occurring or not. Detailed relationships with
test conditions may characterize corrosion effects.

Results of the various types of corrosion effects are
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characterized in terms of spec~lc measurements, e.g.,
1. General Wasting or Uniform Corrosion

a. Decrease in thickness
b. Change in tensile strength
c. Weight loss or gain per unit area
d. Percentage of area affected
e. Potential of corroding electrode
f. Corrosion current
g. Chemi4 composition of surface corrosion

products
h. Chemical composition of corrosion productS in

solution
i. Growth of surface fti by ellipsometry

2. LQcid Attack
a. Visual examination from 0.3 to 0.6 m (1 to 2 ft)

for pi~, blisters, fltig, and cractig
b. Size and number of pits by comparison with

standard pitting chart. Fig. 5-6 shows standard pitting
charts that refer to the number and size of pits. A typid
example of pitting assessment might be 5 pits (Chart A) of
size 11A(Chart B) that affect 6(Mo of the area.

c. Spacing and width of surface cracks from

o
1-0.
very

c1.2
Few-

.

3
Small
Number

n,.

standard cracking charts. An assessment of cracking
would be similar in concept to that of pitting.

d. Rating of surface defects. Table 5-6 gives the
dimensions of the standard defects shown in standard
pitting charts in Fig. 5-6 and in standmd cracking charts
(Ref. 20). Table 5-7 gives the percentage area of metal
corroded for size and number of pitting defects. Table 5-8
gives the percentage area of metal corroded for width and
spacing of cractig defects.

e. Maximum pit depth
f. Average of 10 deepest pits
g. Pits per unit area of depths greater than some

Specifkd amount
k Pit depth distribution based upon extreme value

statistics
i. Loss in tensile stnW@
j. Presence or absence of crevice corrosion

3. Intergranti= Corrosion
a ~ce or absmce
b. Type of effect, e.g., exfolitio% weld d=y
c. Decrease in tensile strength
d. Arbitrary appraid of severity

1
Wwte

U
.. Moderate 2
. ..-. Number . VerySmall. .. . . .

. . . . . . . 3
9 small

u 9 kdemta... ‘. :.... . . . .. . . . . . 5
. . . . . . . . .. . .. .. . . . . Casider-
. .. .. .. . . . . atie

m

5. . . . .. . . .. ... . . . . .. . . Number @msidefable. . . .. .. . .. .. . . . .

3..-..-...
Chart A: Num~er

mart B: S*

F-A. chaxnpio~ Corrosion Tesring fiocetia, 1%5, Chapmm & HaU Londoat England.

Figure 5-6. Standmd Pitig Ch- (Ref. 20)
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“4.Stress-Corrosion Cracking and Hydrogen Entbrit- d. Fracture mechanics pararnete~
tlement

e
e. Hydrogen content of metal by barnacle elec-

a. Incubation period, if determinable ~ trode test (par. 5-2.1.6)
b. Time to failure at given stress level 5. Corrosion Fatigue
c. Failure mode: intergranular or transgranular a. Time to failure at a given mean stress level

TABLE 5-6. DIMENSIONS OF STANDARD DEFECTS

PITTING CRACKING (Ref. 20)

NUMBER * SIZE* SPACING** WIDTH**
(Chart A, Fig. 5-6) (Chart B, Fig. 5-6)

Label Label Diameter Label Label
per cm2 (per in.2) mm (in.) (“ .) mm (in.)

1 0.3 (L94) ‘A 0.05 (0.002) I 1: (;) ‘A 0.03 (0.001)
2 I (6.45) ‘A o. I (0.004) 2 6.25 (0.25) H 0.06 (0.002)
3 3 (19.4) 1 0.25 (0.010) 3 3.2 (0.13) 1 0.13 (0.005)
4 10 (64.5) 1?4 0.4 (0.016) 4 0.17 (0.007)
5 30 (194) 2 0.6 (0.024) 5 ;:: $::; Y 0.25 (0.010)
6 100 (645) 2)4 1.0 (0.04) 2?4 0.38 (0.015)
7 300 (1935) 3 1.4 (0.06) 3 0.51 (0.020)

31A 2.5 (0.10) 3% 0.75 (0.030)
4 3.3 (0.13) 4 1.0 (0.039)

*The number and size labels and dimensions are from standard pitting charts (Ref. 20).The author of the referenceuses additional
sizesshown here but not shown in F~g.5-6.
**~e sPacingand,width labels ad dimensiom ~e from supplementstost~d~d cr~king charts (Ref. 20)and are used to compare
degrees of crack corrosion. o

TABLE 5-7. PERCENTAGE AREA OF METAL CORRODED FOR
PITTING DEFECTS OF SIZE AND NUMBER SHOWN IN TABLE 5-6

NUMBER* SIZE LABELS*
LABELS

Yl IL 1 Iti 2 2% 3 3!4 4
1 0.006 0.02 0.05 0.1 0.21 0.5 1.3 2.6
2 0.02 0.06 0.15 0.3 0.65 1.6 4 8
3 0.03 0.06 0.2 0.5 1 2.1 5.3 13 26
4 0.1 0.2 0.6 1.5 3 6.5 16 40 80
5 0.3 0.6 2 5 10 21 53
6 1 2 6 15 30 65
7 3 6 20 50 100

*The size and number labels identify the sizes and numbers of pitting defects respectivelyshown in Fig. 5-6 and listed in Table 5-6.

TABLE 5-8. PERCENTAGE AREA OF METAL CORRODED FOR
CRACKING DEFECTS OF WIDTH AND SPACING SHOWN IN TABLE 5-6

SPACING* WIDTH LABELS*
LABELS -

?4 ‘A 1 l% 2 2% 3 3% 4
0.2 0.4 0.8 1.2 1.6

: 0.8
4.8

3
:::

U
U 9.6

::: %!
IN

U 9.6
4 ::;

12.8 19 26
6.4 9.6

a
12.8

5
26

;:! 6.4
38 51

12.8 19 26 $; 51 77

*The width and spacing labels identify the widths of cracks and the spacings between cracks listed in Table 5-6.
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o
,. b. Cyclic stress and frequency a. Weight changes

c. Fracture mechanics parameters b. Type of rate equatiom e.g., linear, parabolic, or
6. Impingement logarithmic

a. Weight loss relative to that of standard speci- ‘ c. Chemical composition of corrosion sca!e
men d. Chemical composition of reaetion gasses.

b. Depth of erosion
c. Volume of metal lost in affected area

7. Cavitation
a Volume of metal lost
b. Relative intensity size of affected area and

depth of penetration
8. Dealloying

a Plug type or layer type, geometric dimensions
b. Change in physical and meehanictd properties

9. High-Temperature Comosion

i

5-6 STANDARD TESTS

Tables 5-9 through 5-13 contain test method standards
related to corrosion.

The National Association of Corrosion Engineers
Standard Test Method TM0169, Lrbora/ory CorrosiorI
Tmtbg of Met& for the Process Iitdurtries, (Ref. 21)
deseribes the procedures of a simple immersion corrosion
test.

. . TABLE 5-9. FEDERAL TEST METHOD STANDARDS

Federal Test. Method Standard No. iOIC, 13 March 1980, Test Procedures for Packap”ng Materials
Method Title Method No.

Contact Corrosivity-Test of Solid Materials in Flexible, Rigid, or Granular Forms 3005

Corrosion-Inhibiting Ability of V.C.I. Vapo~ 4031

Federal Test Method Standard No. 151 B, 24 November 1967, Mezah, Test Methods

o

Method TMe Method No.

Synthetic Seawater Spray Test 812.1
Intergranular Corrosion Test for Aluminum Allo~ 822.1
Stress-Comosion Test for Aluminum Alloy Plate, Extrusions, and Forgings by Alternate
Immersion .. 823

Federal Test Method Standard No. 791 C, 30 September 1986, A4etho& of Testing Lubricants, Liquid F&k, and Related
Products

Method Title Method No.

Demerit System for Rating Deposits, Wear, and Corrosion in Internal Combustion Engines 344.2

Corrosion by Dry, Solid-Fti LubriaS b w@ Humidity (ASTM D2625) 3814.1

Rust-Preventing Characteristics of Steam-Turbine Oil in the Presence of Water (ASTM
D665) 4011.4

Rust-Preventing Properties of Lubricating Greases (ASTM D1743) 40121

Corrosion of Copper by Petroleum Products, Deteetion of, by the Copper Strip Tarnish Test
(ASTM D130) 5325.4

Corrosion of Lead by Lubricating Oils 5321-2

Corrosion Protection by Coatihgs: Salt Spray (Fog) Test 4001.3

Corrosion Protection by Gear Lubricants in the Presenee of Moisture 5326.1

Corrosion Protection (Humidity Cabinet) 5329.2

Corrosion Protection of Steel Against Sulfurous Acid-Salt Spray by Solid Fii Lubricants 5331.1

Corrosive Sulfur in Electrical Insulating Oils (ASTM D1275) 5328.4

Corrosiveness of Emulsifiable Cutting Fluids 5306.5

Corrosiveness of Greases or Semisolid Products at 25°C 5304.5

Corrosiveness of Greases (Copper Strip IOO”C) 5309.5

Corrosiveness of Lubricants at 232°C (450°F) 5305.1

0 Corrosiveness of Oil on a Bimetallic Couple 5322.2,,,’
Corrosiveness and Oxidation Stability of Aircraft Turbine Engine Lubricants 5307.1
Corrosiveness and Oxidation Stability of L@t Oils (Metal Squares) 5308.7
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TABLE 5-10. MILITARY STANDARDS o

h41L-STD-8 10, Environmental Tes~ Methods and Engineering Guidelines
IvHL-STD-202, Test Methods for Electronic and Electrical Component Parts
h41L-STD-883, Test Methods and Procedures for Microelectronics
lWL-STD-7S3, Corrosion-Resistant Steel Parts: Sampling, Inspection and Testing for Surface Passivation

TABLE 5-11. ASTM TEST METHODS

METHOD TITLE METHOD NO.

Specifkation for Steel Tie Plates, Low-Carbon and High-Carbon Hot-Worked
Recommended Practice for Safeguarding Against Embrittlement of Hot-Dip Galvanized Structural
Steel Products and Procedure for Detecting Embrittlement
Practices for Detecting Susceptibilityy to Intergranular Attack in Austenitic Stainless Steels
Practices for Detecting Susceptibility to Intergranular Attack in Ferritic Stainless Steels
Method for Accelerated Life Test of Nickel-Chromium and Nickel-Chromium-Iron Alloys for
Electrical Heating
Method for Accelerated Ulfe Test of Iron-Chromium-Aluminum Alloys for Electrical Heating
Method of Salt Spray (Fog) Testing
Method for Mercurous Nitrate Test for Copper and Copper Alloys
Method for Copper-Accelerated Acetic Acid-Salt Spray (Fog) Testing (CASS Test)
Methods for Corrosion Testing of Decorative Chromium Electroplating by the Corrodkote
Procedure
Method for Measurement of Impedance of Anodic Coatings on Aluminum
Recommended Practice for Rating of Electroplated Panels Subjected to Atmospheric Exposure
Test Method for Hydrogen Embrittlement of Copper
Method of Electrolytic Corrosion Testing (EC Test)
Method for Measurement of Corrosion Sites in Nickel Plus Chromium or Copper Plus Nickel Plus
Chromium Electroplated Surfaces Whh the Double-Beam Interference Microscope
Test Method for Seal Quality of Anodic Coatings on Aiumirmm by Acid Dissolution
Test Method for Evaluating the Corrosivity of Solder Fluxes for Copper Tubing Systems
Method of Evaluating the Influence of Wicking-Type Thermal Insulations on the Stress-Corrosion
Cracking Tendency of Austenitic Stainless Steel
Specification for Celhdosic Fiber (Wood-Base) Loose-Fill Thermal Insulation
Test Method for Half-Cell Potentials of Uncoated Reinforcing Steel in Concrete
Method for Detection of Copper Corrosion From Petroleum Products by the Copper Strip Tarnish
Test
Method for Evaluating Degree of Rusting on Painted Steel Surfaces
Test Method for Rust-Preventing Characteristics of Inhibited Mineral Oil in the Presence of Water
Method for Evaluating Degree of Blistering of Paints
Test Method for Water Resistance of Paper, Paperboard, and Other Sheet Materials by the Dry
Indicator Method
Methods of Sampling and Testing Dipentene
Method of Assessing the Tendency of Industrial Boiler Waters to Cause Embrittlement (USBM
Embrittlement Detector Method)
Test Method for Copper Corrosion of Industrial Aromatic Hydrocarbons
Methods of Testing Nonrigid Vinyl Chloride Polymer Tubing Used for Electrical Insulation
Practice for SampIing Water-Formed Deposits
Method for Total Immersion Corrosion Test of Water-Soluble Aluminum Cleaners
Method of Testing Pressure-Sensitive Adhesive-Coated Tapes Used for Electrical Insulation
Method for Conducting Exterior Exposure Tests of Paints on Steel

A67
A143

A262 >-
A763
B76

B78
B117
B154
B368
B380

B457
B537
B577
B627
B651

B680
B732
C692

C739
C876
D130

D61O
D665
D714
D779

D801
D807

D849
D876
D887
D930
D 1000
D1014

(cent’d on next page)
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TABLE S-11. (cent’d)

METHOD TITLE METHOD NO.

Test Method for Corrosive Sulfur in Eleetncal Insulating Oils D1275
. Method for Total Immersion Corrosion Test for Soak Tank Metal Cleaners
Test Method for Effect of Household Chemicals on Clear and Pigmented Organic Finishes
Method for Aerated Total Immersion Corrosion Test for Metal Cleaners
Method for Corrosion Test for Engine Coolants in Glassware
Test Methods for Rubber O-Rings
Test Method for Corrosion Produced by Leather in Contact With Metal
Test Method for Water Vapor Permeability of Organic Coating Fti
Method for Evaluation of Painted or Coated Specimens Subjeeted to Corrosive Environments
Test Method for Corrosion-Preventive Properties of Lubricating Greases
Test Method for Copper Strip Corrosion by Liquefied Petroleum (LP) Gases
Test Method for Resistance of Zippers to Salt Spray (Fog)

. .Practice for Testing Water Resistance of Coatings in 1007o Relative Humidity
.“ Test Method for Metal Corrosion by Halogenated Organic Solvents and Their Admixtures

Method for Simulated Setvice Corrosion Testing of Engine Coolants
Practict for Corrosion Characteristics of Solid Fdm Lubricants
Method of Testing Heat-Shrinkable Tubing for Electrical Use
Test Method for Corrosivity of Water in the Absence of Heat Transfer (Weight Loss Methods)
Method of Testing Engine Coolants by Engine Dynamometer
Test Methods for Corrosivity of Water in the Absence of Heat Transfer (Electrical Methods)
Test Method for Filiform Corrosion Resistance of Organic Coatings on Metal

o

Test Method for Cavitation Erosion-Comosion Characteristics of Aluminum Pumps with Engine,.‘1
coolants
Practice for Testing Engine Coolants in Car and Light Truck Service
Test Method for Comosion Resistance of Coated Steel Specimens (Cyclic Method)

.Test Methods for Corrosivity of Solvent Systems for Removing Water-Formed Deposits
Test Method for Determining Corrosivity of Adhesives Metals
Test Method for Stability of Perchloroethylene With Copper
Test Method for Determining Electrolytic Corrosion of Copper by Adhesives
Test Method for Rust-Preventing Characteristics of Steam Turbine Oil in the Presence of Water
(Horizontal Disk Method)
Method for Detection of Copper Corrosion From Lubricating Grease by the Copper Strip Tarnish
Test
Practice for Laborato~ Screening of Metallic Containment Materials for Use With Liquids in Solar
Heating and Cooling Systems
Practice for Simulated Semite Testing for Corrosion of Metallic Containment Materials for Use
With Heat Transfer Fluids in Solar Heating and Cooling Systems
Test Method for Corrosion of Steel by Sprayed Fm-Re&stive Material Applied to Structural
Members
Method for Electronic Hydrogen Embnttlement Test for Cadmium-Electroplating Processes
Practice for Static Immersion Testing of Unstressed Materials in Nitrogen Tetraoxide (N204)

Method for Corrosion Testing of Enveloped Gaskets
Method for Total Immersion Corrosion Test for Tank-Type Aircraft Maintenance Chemicals
Method for Total Immersion Corrosion Test for Aircraft Maintenance Chemicals
Method for Mechanical Hydrogen Embrittlement Testing of Plating Processes and Aircraft
Maintenance Chemicals
Test Method for Adhesion of Gasket Materials to Metal Su~aces

o Test Method for Pitting or Crevice Corrosion of Metallic Surgical Implant Materials,! ‘“
Recommended Practice for Preparing, Cleaning, and Evaluating Corrosion Test Specimens
Practice for Aaueous Corrosion Testing of %ntples of Zirconium and Zirconium Alloys

D1280
D 1308
D1374
D1384
D1414
D1611
D1653
D1654
Dl 743
D1838
D2059
D2247
D2251
D2570
D2649
D2671
D2688
D2758
D2776
D2803
D2809

D2847
D2933
D3263
D331O
D3316
D3482
D3603

E712.

E745

E937

F326
F359
F363
F482
F483
F519

F607
F746 “
G1
G2

I

I

(cent’d on next page)
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TABLE 5-11. (cent’d)

METHOD TITLE METHOD NO.

Recommended Practice for Conventions Applicable to Electrochemical Measurements in Corrosion
Testing
Guide for Comiucting Corrosion Coupon Tests in Plant Equipment “,
Standard Reference Test Method for Making Potentiostatic and Pote&iodynamic Anodic
Polarization Measurements
Definitions of Terms Relating to Corrosion and Corrosion Testing
Recommended Practice for Applying Statistics to Analysis of Corrosion Data
Method for Detecting Susceptibility to Intergranular Attack in Wrought Nickel-Rich, Chromium-
Bearing Alloys
Practice for Making and Using U-Bend Stress Corrosion Test Specimens
Recommended Practice for Laboratory Immersion Corrosion Testing of Metals
Method for Vibratory Cavitation Erosion Test
Practice for Recording Data From Atmospheric Corrosion Tests of Metallic-Coated Steel Specimens
Test Method for Exfoliation Corrosion Susceptibility in 2XXX and 7XXX Series Aluminum Alloys
(EXCO Test)
Practice for Determining the Susceptibility of Stainless Steels and Related Nickel-Chromium-Iron
Alloys to Stress-Corrosion Cracking in Polythionic Acids
Recommended Practice for Performing Stress-Corrosion Cracking Tests in a Boiling Magnesium
Chloride Solution
Test Method for Use of Mattsson’s Solution of pH 7.2 to Evaluate the Stress-Corrosion Cracking
Susceptibility of Copper-Zinc Alloys
Practices for Making and Using C-Ring Stress-Corrosion Cracking Test Specimen
Practice for Preparation and Use of Bent-Beam Stress-Corrosion Specimens
Terminology Relating to Erosion and Wear
Test Method for Determining Cracking Susceptibility of Metals Exposed Under Stress to a Hot Salt
Environment
Practice for Alternate Immersion Stress Corrosion Testing in 3.5% Sodium Chloride Solution
Recommended Practice for Examination and Evaluation of Pitting Corrosion
Test Method for Determining Susceptibility to Stress-Corrosion Cracking of High-Strength Aluminum
Alloy Products
Test Method for Pitting and Crevice Corrosion Resistance of Stainless Steels and Related Alloys by
the Use of Ferric Chloride Solution
Recommended Practice for Preparation and Use of Direct Tension Stress-Corrosion Test Specimens
Recommended Practice for Conducting Atmospheric Corrosion Tests on Metals
Test Method for pH of Soil for Use in Corrosion Testing
Practice for Exposing and Evaluating Metals and Alloys in Surface Seawater
Recommended Practice for Simple Static Oxidation Testing
Method for Field Measurement of Soil Resistivity Using the Wenner Four-Electrode Method
Practice for Preparation of Stress-Corrosion Test Specimen for Weldments
Practice for Conducting Potentiodynamic Polarization Resistance Measurements
Method for Conducting Cyclic Humidity Tests
Test Method for Conducting Cyclic Potentiodynamic Polarization Measurements for Localized
Corrosion Susceptibility of Iron-, Nickel-, or Cobalt-Based Alloys
Classification of Resistance to Stress-Corrosion Cracking of High-Strength Aluminum Alloys
Method for Visual Assessment of Exfoliation Corrosion Susceptibility of 5XXX Series Aluminum
Alloys (Asset Test)
Test Method for Determining the Susceptibility to Intergranular Corrosion of 5XXX Series Aluminum
Alloys by Mass Loss After Exposure to Nitric Acid (NAMLT Test)
Practice for Liquid Sodium Corrosion Testing of Metals and Alloys
Practice for Measurement of Corrosion Potentials of Aluminum Alloys

G3

G4
G5

G15
G16
G28

G30
G31
G32
G33 ‘-
G34

G35

G36

G37

G38
G39
G40
G41

G44
G46
G47

G48

G49
G50
G51
G52
G54
G57
G58
G59
G60
G61

G64
G66

G67

G68
G69

(cent’d on next page)
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TABLE 5-11. (cent’d)

-..
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0

METHOD TITLE METHOD NO.

Practice for Conducting and Evaluating Galvanic Corrosion Tests in Electrolytes G7 I
Guide for Crevice Corrosion Testing of Iron-Base and Nickel-Base Stainless Alloys in Seawater and G78
Other chloride-containing Aqueous Environments
Practice for Evaluation of Metals Exposed to Carburization Environments G79
Guide for Development and Use of a Galvanic Series for Predicting Galvanic Corrosion Performance G82
Practice for Measurement of Time of Wetness on Surfaces Exposed to Wetting Conditions as in G84
Atmospheric Corrosion Testing
Practice for Modi.fkd Salt Spray (Fog) Testing G85
Practice for Conducting Moist S02 Tests G87
Test Method for Monitoring Atmospheric S02 Using Sulfation Plate Technique G91
Practice for Characteristics of Atmospheric Test Sites (292

TABLE 5-12. NATIONAL ASSOCIATION OF CORROSION ENGINEERS
(NACE) TEST METHOD STANDARDS

METHOD TITLE METHOD NO.

Laboratory Corrosion Testing of Metals for the Process Industries TM-0149
Vial Standard for Surfaces of New Steel Airblast Cleaned With Sand Abrasive TM41-70
Method of Conducting Controlled Velocity Laboratory Corrosion Tests TM42-70
Autoclave Corrosion Testing of Metals in High-Temperature Water TM41-7]
Antirust Properties of Cargoes in Petroleum Products Pipeline TM-01-72 “
Methods for Determining Water Quality for Subsurface Injection Using Membrane Falters TM41-73
Laboratory Methods for the Evaluation of Protective Coatings Used as Lining Materials in TM-01-74
Immersion Service
Dynamic Corrosion Testing of Metals in High-Temperature Water TMA12-74
Laboratory Screening Tests to Determine the Ability of Scale inhibitors to Prevent the Precipitation TM43-74
of Calcium Sulfate and Calcium Carbonate From Solution (For Oil and Gas Production Systems)
Visual Standard for Surfaces of New Steel Centrifugally Blast Cleaned With Steel Grit and Shot TM431-75
Performance Testing of Steel and Reinforced Plastic Sucker Rods by the Mixed String, Alternate TM-02-75
Rod Method
Abrasion Resistance Testing of Thin-Fti-Baked Coatings and Linings Using the Falling Sand TM-W-75
Method
Laboratory Testing of Metals for Resistance to SMlde Stress Cracking in HzS TM41-77
Evaluation of Internal Plastic Coatings for Corrosion Control of Tubular Goods in an Aqueous TM41-83
Flowing Environment
Accelerated Test Procedures for Screening Atmospheric Surface Coating Systems for Offshore TM-01-84
Platforms and Equipment -
Evaluation of Pipeline Steels for Resistance to Stepwise Cracking TM42-84
Holiday Detection of lntemal Tubular Coatings of Less Than 10 nils (0.2S mm) Dry Fdm TM4)3-84
Thickness
Evaluation of Internal Plastic Coatings for Corrosion Control cf Tubular Goods by Autoclave TM41-85
Testing
Holiday Detection of Internal Tubular Coatings of 10 to 30 roils (0.2S to 0.76 mm) Dry FUrn TM411-86
Thickness
Cooling Water Test Units Incorporating Heat Transfer Surfaces TM-02-86
Evaluating Elastomeric Materials in Sour Gas Environments TM41-87
Impressed Current Test Method for Laboratory Testing of Aluminum Anodes TM41-90
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TABLE 5-13. CORROSION TESTS NOT ISSUED BY ANY STANDARDS ORGANIZATION a

GMR Cycle Humidity Test (Opinslcy Test) (Ref. 22)
Dip in acid brine and subject to humidity cycling for testing automobile body steels.

Ford Anodized Aluminum Corrosion Test (FACT) (Ref. 23)
Electrochemical test in acid salt solution for evaluating anodizing

SWAAT Test
Standard method for exfoliation testing of aluminum alloys-Reynolds MRD-STP AC 7. Acid seawater spray, 30

tin, 100% RH, 90 min
Ferric Sulfate-Sulfuric Acid Test for N]-Cr-Mo Alloys (Ref. 24)

Quality control and acceptance test for satisfactory heat treatment
Kestemich Test (Ref. 25) (German Standard DIN 50018)

Hot moist S02, followed by ambient conditions for testing metallic protective coatings
Nitric Acid-llydrofluoric Acid Test (Ref. 26)

For stainless steei weldments
Kape Test (Ref. 27)

Immersion in sodium sulflte for testing the sealing of anodized aluminum ..

1.

2.

3.

4.

5.

6.

7.

REFERENCES
H. S. Issacs and 13rijesh Vyas, “Scanning Reference
Electrode Techniques in Localized Corrosion”, Elec-
trochemical Corrosion Testing, ASTM Special Tech-
nical Publication 727, Florian Mansfeid and Ugo
Bertocci, Eds., American Society for Testing and
Materials, Philadelphi~ PA, 1981, pp. 3-33.

N. Kackley and M. Levy, “Computer-Aided Electro-
chemical Corrosion Study of Aluminum Weldments
in NaF”, Proceedings of the Electrochemical Society
85-3, 23&350 (1985), The Electrochemical Society,
Inc., Bennington, NJ.

J. J. Deluccia and D. A. Berman, “An Electro-
chemical Technique to Measure Diffusible Hydrogen
in Metals (Barnacle Electrode)”, E~ctrochemical
Corrosion Testing, ASTM Special Technical Publica-
tion 727, Florian Mansfeid and Ugo Bertocci, Eds.,
American Society for Testing and Materials, Phila-
delphia, PA, 1981, pp. 256-73.

Sheldon W. Dean, Jr., “Planning, Instrumentation,
and Evaluation of Atmospheric Corrosion Tests and
a Review of ASTM Testing”, Atmospheric @r-
rosion, W. H. Ailor, Ed., John Wiley and Sons, Inc.,
New York, NY, 1982, pp. 195-216.

E. J. Henley and H. Kmnamoto, Reliability Engi-
neering and Rirk Assessment, Prentice-Hall Inc.,
Englewood Cliffs, NJ, 1981, pp. 212-22.

Emil J. GumbeU, Statirticai I%eory of Extreme
Values and Some Practical Applications, Applied
Mathematics Series 33, US Department of Com-
merce, Washington, DC, 1954.

L.C. Rowe,, “Measurement and Evaluation of P~tting
..-. ---- - ----

8.

9.

10.

11.

12.

13.

Corrosion”, Galvanic and Fitting Corrosion-kield
and Laboratory Studies, ASTM Special Technical
Publication 576, R. Baboian et al., Eds., American
Society for Testing and Materials, Philadelphia, PA,
1976, pp. 203-16. a

F. Parker Helms, “Testing Corrosion Resistance of
Coatings”, Handbook on Corrosion Testing and
Evaluation, W. H. Ailor, Ed., John Wiley and Sons,
Inc., New York, NY, 1971.

ASTM D714-87, Standard Test Method for Evacu-
ating Degree of Blistering of Paints, American So-
ciety for Testing and Materials, Philadelphia, PA,
1989, pp. 91-6.

ASTM D61O-85, Standard Method of Evaluating
Degree of&sting on Painted Steel Suq4aces, Ameri-
can Society for Testing and Materials, Philadelphia,
PA, 1989, pp. 64-6.
Tony Liu, “Is the Salt Fog Test an Effective Method
to Evaluate Corrosion-Resistant Coatings”, Cor-
rosion Control by Organic Coatings, H. Leidheiser,
Jr., Ed., National Association of Corrosion Engi-
neers, Houston, TX, 198!.

W. Goering et al., “Comparative Investigations of
Corrosion Performance of Coating Systems for
Automobiles by Different Methods of Accelerated
Weathering”, Corrosion Control by Organic Coat-
ings, H. Leidheiser. Jr., Ed., National Association of
C&rosion Engineers, Houston, TX, 1981, pp. 247-
54.

J. H. Payer, “Electrocheticd Methods for Coatings *

Study id Evaluation”, Electrochemical Techniques
for Corrosion. R. Baboian, Ed., National Associa-
tion of Corrosion Engineers, Houston, TX, 1977.

5-22

Downloaded from http://www.everyspec.com



O,- 14.

“15.

16.

...

. ..

17.

0
.,’. 18.

19.

MIL-HDBK-735(MR)

H. L. Craig, Jr., D. O. Sprowls, and D. E. Piper,
“Stress-Corrosion Cracking”, Handbook on Cor-
rosion T~ting and Evaluation, W. H. Ailor, Ed.,
John Wiley and Sons, Inc., New York, NY, 1971, pp.
231-90.

R.N. Parkins, “Development of Strain-Rate Testing
and Its Implications”, Stress-Corrosion Cracking—
Z7ze Slow Strain-Rate Technique, ASTM Special
Technical Publication 665, G. M. Ugiansky and J. H.
Payer, Eds., American Society for Testing and
Materials, Philadelphi& PA, 1979, pp. 5-25.

R. B. Diegle and W. K. Boyd, “The Role of Fii
Rupture During Slow Strain-Rate Stress-Corrosion
Cracking Testing”, Stress-Corrosion Cracking-Z?ze
Slow Strain-Rate Technique, ASTM Special Teclmi-
cal Publication 665, G. M. Ugiansky and J. H. Payer,
Eds., American Society for Testing and Materials,
Philadelphia PA, 1979, pp. 2W6.

C. D. Kim and B. E. Wilde, “A Review of the
Constant Strain-Rate Stress-Corrosion Cracking
Test”, Stress-Corrosion Cracking— The Slow Strain-
Rate Technigue, ASTM Special Technical Publica-
tion 665, G. M. Ugiansky and J. H. Payer, Eds.,
American Society for Testing and Materials, Phila-
delphia% PA, 1979, pp. 97-112.

J. H. Payer, W. E. Berry, and W. K. Boyd, “Evalua-
tion of Slow Strain-Rate Stress-Corrosion Test Re-
sults”, Stress-Corrosion Cracking— The Slow Strain-
Rate Technique, ASTM Special Technical Publica-
tion 665, G. M. Ugiansky and J. H. Payer, E&,
American Society for Testing and Materials, Phila-
delphia%P% 1979, pp. 61-77.
N. Kacklev. W. Cz@dis, and M. JAW, “S1OWs~-
Rate Tes~g of &Mg and A1-Mg-Zn Alloys for

20.

21.

22.

23.

24.

25.

26.

I

. 27.

Stress-Corrosion Cracking Resis&ce”, Paper No.
]95, Presented at Corrosion 85, Boston, MA, 2S-29,
March 1985.

F. A. Champion. Corrosion T&ting Procedures,
Second Editio% John Wiley and Sons, Inc., New
York, NY, 1965, pp. 203-12.

TMO169-76, Laboratory Corrosion Tuting of MetaLs
for the Process Industries, National Association of
Corrosion Engineers, Houston, TX, 1976.

A. J. Opinsky, R. F. Thompson, and A. L. Boegehold,
“The General Motors Research Corrosion Test: A
Cyclic Humidity Accelerated Corrosion Test for
Sheet Steel”. ASTM Bulletin No. 187, American
Society for Testing and Materials, Philadelphia PA,
January 1953, pp. 47-53.

J. Stone, H. H. Tuttle, and H- N. Bogard, “The Ford
Anodized Aluminum Corrosion Test”, Plating 53,
877-87 (1966).

M. A. Streicher, “Relationships of Heat Treatment
and Microstructure to Corrosion Resistance of
Wrought Ni-Cr-Mo Alloys”, Corrosion 19, 272t-8%
(1963).

W. Kestemich, “Priifung Metallischer und Nicht-
metallischer Schutziiberziige auf Korrosionsbestiin-
digkeit in Einer Kiinstlichen Industrieatmosphtie”,
Stahl und Eisen 71,587-8 (24 May 1951).
F. K. Bloom and M. E. Corruthers, “Accelerated
Corrosion Testing of Cr-Ni Stainless Steel Weld-
ments”, ASTM Special Technical Publication 93,
American Society for Testing and Materials, Phila-
delphia% PA, 1949, pp. 87-102.

J. M. Kape, “Sealing Anodized Aluminum”, Metal
Industry 95, 115-22 (1959).

O;,,,

5-23

Downloaded from http://www.everyspec.com



o
CHAPTER 6

QUALITY ASSURANCE
Quality assurance is a management fmction by which conformance of materiel to contract and

spectjlcation is assured Standhrds and specljications are the prirtcipa! media through which the or&rly
progression of materiel through she ll~e cycle is managed Therefore, standardization documents are
described in terms of the types that are used, their purpose and content, and their sources and
applications.

Quality engineering is discussed in terms of logistic support analysis (LSA), the US Army A4aleriel
Command (AMC) corrosion prevention and control program, product sampling inspection, and envuon-
mental testing. Lo@tic support analysis is descn”bed in terms of its goals and implementation with respect
to materiel systems. The AMC corrosion prevention and control program h described in terms of its

~ purposes, structure, andfimctioning. Sampling hspection of parts and components h discussed in terms of
the rirks assumed in various sampling schemes. These risks inciude accepting some defective produc~s and
rejecting some good products. Efficient and effective sampling schemes are required in situations involving
costly inspection methods or destructive testing. The purposes of environmental testing and considerations
in spectj@tg tests appropriate to corrosion processes are descn”bed.

Nondestmctive tests measure the properties of a material without significantly affecting it. The
commonly used nondestructive tests that may have application to corrosion are described 7%ey include
magnetic particle, penetrant, radiography, uhriwonic, eddy-currem, thermal, and leak testing methods.

o

l%e true test of a materiel item ti performance in the field Therefore, the importance of capturing
‘1 failure rnforrruxion, adequately documenting the failure and the operating conditions that are responsible,

and reporting the failure experience to the materiel design activity is discussed.

O,,,),

6-1 INTRODUCTION

6-1.1 RELIABILITY, QUALITY
ENGINEERING, AND QUALITY
ASSURANCE

Reliability is the probability that materiel will per.
form its mission adequately for the design life under the
expected operating conditions (Ref. 1). The materiel
designer seeks to provide an article having acceptable
reliability, and this goal is accomplished by designing
art article with the required quality. Quality is the
composite of all the attributes or characteristics, includ-
ing performance, of an item or product (Ref. l). If the
article, as produced, is to possess the quality designed
into iv it must conform to the technical requirements
established for it. Specifying and documenting these
technical requirements is quality engineering. Quaihy
assurance is defined as a planned and systematic pattern
of all actions necessary to provide cotildence that an
item or product conforms to established technical re-
quirements (Ref. 1). This cotildence is obtained by
evaluation of production quality controls and by in-
spections exercised by procedures that are supplemented
by direct verification inspection of the product (Ref. 2).
Quality assurance is a management function by which
conformance of materiel to contract and specifkation is
assured.

6-1.2 MILITARY STANDARDS AND
MTLITARY SPECIFICATIONS

Quality engineering and quality assurance rely heavily
on standards and spedcations as a means of communi-
cation among parties involved in the design, procure-
ment, production, maintenance, and use of Army
materiel. A s~lcation is intended primarily for use in
procurement. It clearly and accurately describes the
essential and technical requirements for items, materials,
or services. Specifications include the procedures to
determine that the requirements are met. Specifkations
for items and materials may also contain preservatio~
packaging, packing, and marking requirements (Ref. I).

Standards are documents that establish engineering
and technical requirements for procedures, practices,
and methods that have been adopted as standard. They
may also establish requirements for selection, applica-
tion, and design criteria for materiel (Ref. 3). Standards
represent a consensus among expert practitioners in an
engineering and technical specialty. In the procurement
of material standards are used to standardize one or
more features of an item, such as size, value, or detail
of cordlguration. Standards are referenced in equipment
specifications to standardize design requirements that
are essential to interchangeability, compatibility, re-
liability, and maintainability. They provide a designer

6-1

Downloaded from http://www.everyspec.com



MIL-l+DBK-735(hilR) ‘ —

with the descriptions and data normally required for
selection and application. Standards disclose or describe
the technical :features of an item in terms of what it is
and what it will do (Ref. 3).

6-1.3 TESTING

Testing is a means of determining whether or not a
materiel item conforms to established technical require-
ments. Nondestructive testing (NDT) of production
items is an important form of quality assessment, but it
is limited to certain characteristics. NDT often gives
only an indirect indication of a material property,
whereas actual field performance is a true test of
materiel performance. An important function of the
quality assurance process is to insure that field ex-
perience is reported, documented, organized, assessed,
and made available to those engaged in the materiel
design effort. Failure to perform this function can
perpetuate false technical assumptions and the pro-
duction of inadequate materiel.

6-2 STANDARDIZATION

The life cycle of military materiel encompasses the
various stages through which it passes from initial
concepts to disposal. Standards and specifications are
the principal media through which the official and
orderly progression through the life cycle ‘phases is
managed.

In the concept formulation stage materiel is usually
defined and evaluated in terms of performance specifica-
tions, wtilch have been established in mission require-
ments. Requirements are defined in terms of output,
function, or operation. In the development stage addi-
tional performance and design specifications that further
define and control the materiel characteristics are re-’
quirecl. These requirements are accomplished through
standards that enhance the design, limit costs, and
reduce support requirements through interchangeability.
Materiel to be produced must be completely defined

through specifications, and these spectlcations should m
fully exploit existing standards. Specifications and stan-
dards are intended to insure that the produced item has
the desired capabilities and that the buyer, user, and
seller agree on what they are. The logistic and opera-
tional stages of the materiel life cycle—distribution,
storage, handling, use, and maintenance—are also con-

trolled through standards and specifications.
Table 6-1 indicates the stages of the materiel life cycle

and the key standardization concerns for each stage.
This does not exclude other standardization concerns.
Different items of materiel address different standardi-
zation needs. Nevertheless, Table 6-1 indicates those
standardization concerns that must be resolved before a
particular Me cycle stage is attained.

6-2.1 STANDARDIZATION DOCUMENTS

Standardization documents include specifications,
standards, handbooks, qualified products lists, draw-
ings, codes and regulations, and other comparable engi-
neering records. Standardization documents deal with
several different aspects of a product. These include

1. MateriaIs. Type, compositions, properties,
dimensions, and predetermined acceptability

2. Processes. Procedures, operations, schedules, and
sequences

3. Methods. Application, protection, prevention, a

control, and test measurement
4. Designs. Conf@ations, arrangements, sizes,

gages, tolerances, and access for maintenance
5. .J%gineering Practices. Analysis, uncertainty, risk,

reliabilityy, assumptions, codes, and regulations
6. Performance. Output, consumption rates, limits,

wear, deterioration, and service lietime
7. Inter-ace. Coupling, joining, transmitting, trans-

fernng, containing, enhancing, and completing.
The important fact is that any one document, such as

a specification or standard, deals with a limited set of
these considerations. There are several implications of
this fact:

~ TABLE 6-1. KEY STANDARDIZATION
CONCERNS OF THE LIFE CYCLE

LIFE CYCLE KEY STANDARDIZATION
STAGES CONCERN

Mission requirements Performance
Concept formulation Materials (construction)
Contract definition All relevant to development and production
Development Design and engineering practices
Production Methods and processes
Logistics Materials (preservation and packaging)
Operations Methods (maintenance) and interfaces
Disposal
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O 1. A great deal of technology is uncoditled. It is
embodied in expertise, skill, craft, and art that is sptilc
to individuals and organimtions.

2. Although standards and specifications are
amended as appropriate and periodically updated, they
can be misleading, in error, or incomplete.

3. A contractor can often meet the letter of the
specifkation and its referenced standards yet deliver a
product having unacceptable performance.

Design and application considerations as well as eeo-
nomic factors govern the seiection of materials,
processes, and products used in the production of tnili-
tary materiel. These considerations are

1. General Conriderationr. Desigq application, and
quality considerations, as well as economic factors,
shall govern the selection of items and processes used in

-. the design, acquisition, construction% and support of
materiel for the Depafiment of Defense (DoD). When-
ever acquisition documents do not explicitly specify the
iterns or standards and specifkations to be used,
selection of a suitable standard or specifkation for a
spetic design application shall be the responsibility of
the contracting or design activity. In this selection
process, the considerations that follow shall govern.

2. Technics! Suitability. Items and processes shall

o

be selected or tailored from existing standards and
specifhtions that are technically suitable in every re-
spect to the intended application. Factors, such as
functiom environment, quality, transportability, re-,
liability, strength, safety, and interchangeabtity shall be
considered in the selection to satisfy the design
parameters in every respect. The use of a standard,
spccifkation, or other document does not in itseif insure
the suitability of an item or process for any S-IC
application.

3. Economic Considerations. When two or more
items or processes will satisfy design parameters,
selection shall be made according to which is most
economical to the Government. Economic factors in-
clude, but are not necessari ly limited to, consideration
of costs (iciuding life cycle costs) related to initial
fabrication% production, reliability, operation, main-
tenance or suppor& supply, and replacement.

When the design selection has been made, standards
and specifications are selected. Selection of a suitable
standard or specifkation for a spetilc design applica-
tion is the responsibility of the design activity. The use
of a standard, specification, or other document, how-
ever, does not in itself insure the suitability of an item
for any spe@c application.

those above it do not provide an item that is technically
or economically suited for the application.

Upon completion of the review of design considera-
tions, standards and specifkations shall be considered
and selected in the descending group and subgroup
order of preference indicated in the following para-
graphs unless tie acquisition documents specify the
specific standards and specifications to be used or a
special list.

1. Group 1. Group I includes those standards and
speci!lcations that are mandatory for use by law or
regulation pursuant to law. This group includes manda-
to~ standards and speciikations issued by the Occupa-
tional Safety and Health Adrninistmtion (OSHA), De-
partment of Transportation (DOT), Environmental Pr- -
teetion Agency (EPA), and Consumer Product Safety
Commission (CPSC), as well as mandatory Federal
Information Processing Standards (FIPS) and Federal
Telecommunication Standards. Group I also includes
standards and specifkations that implement multi-
national treaty organization standardimtion agreements,
such as No* Atlantic Treaty Organirmion (NATO)
agreements, Standardization Agreements (STANAGS),
Allied Quality Assurance Publications (AQAPs), and
Quadripartite Standardization Agreements (QSTAGS).
The standards and specifications that impiement these
agreements are mandatory for use in those instances
where they apply.

2. Grou.. 11.Group II includes standards, speci&a-
tions, handbooks, and related documents promulgated
by national and international non-Government stan-
dards bodies (NGSB). These documents, often termed
voluntary or industry standards and referred to in this
book as non-Government standards (NGS), shall be
used directly in acquisitions where appropriate, or they
may be referenced in other Government or non-Govern-
ment standards, spec~lcations, or purchase descri-
ptions.

a. Subgroup 11A. Subgroup HA includes those
NGSS formally adopted by the DoD.

b. Subgroup IIB- Subgroup IIB includes thOSC
NGSS that have not been formally adopted by the DoD
and are not listed in the Department OJ Defense Znakx
of Specifications and Surndar& (DODISS) (Ref. 5).

3. Group 111. Group 111 includes federal series
standards and specifications with registered DoD in-
terest. .

a. Subgroup 111A. Subgroup 111A includes only
commercial item descriptions (CIDS).

b. Subgroup MIB. Subgroup lHB includes Oldy

. coordinated federal standards and specifkations.

~ 6-202 ORDER OF PREFERENCE 4. Group W. Group IV includ& military standards

Standards and specif%ations are sehxted in a given and specifbtions, and standardized military drawings

order of preference (Ref. 4). Selection of a standard or (SMDS).

spccifkation of lower preference is made only when a. Subgroup IVA. Subgroup IVA includes co-
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ordinated military standards and specifications (includ-
ing Joint Army-Navy (JAN)s, Army-Navy (AN)s, and
Army-Navy design (AND)s) in accordance with MIL-
STD-962 and MIL-STD-961, respectively.

b. Subgroup IVB. Subgroup IVB includes limited
~oordination military standards and specifications is-
sued by the requiring DoD service, agency, or activity,
and SMDS.

5. Group V.
a. Subgroup VA. Subgroup VA includes only

those interim federal standards and spectilcations de-
veloped by the DoD service, agency, or activity con-
cerned.

b. Subgroup VB. Subgroup VB includes limited
coordimtion or “used-in-lieu-of” military standards and
specifications issued by a DoD service, agency, or activ-
ity other than the preparing activity of the basic docu-
ment.

6. Group V1. Group VI includes CIDS and federal
standards and specifications for which DoD has not
registered interest.

7. Group VIZ. Group VII includes standards, specifi-
cations, and related publications issued by the Gover-
nmentthat are outside the military or federal series, and
therefore are not listed in the DODISS.

a. Subgroup VHA. Subgroup VIIA includes
those Group VII documents issued by Government
agencies other than DoD, e.g., Federal Aviation Admin-
istration (FAA) and National Aeronautics and Space
Administration (NASA) specifications.

b. Subgroup VIIB. Subgroup VIIB includes those
purchase specii3cations, purchase descriptions, product
descriptions, and program-peculiar specifk.ations pre-
pared in accordance with MIL-STD-490 for the non-
repetitive acquisition of development items and other
items of supply.

8. Group VIIZ. Group VIII includes all standards
and specifications not covered by Groups I through
VII.

9. Special Lists. When determined necessary by the
DoD service, agency, or activity concerned, listing of
standards and specifkations for special applications
may be invoked by contractual provisions. These special
lists may also specify documentation that is not in
standard or specifkation form. Such listings are to be
developed and organized in consonance with the require-
ments of MI L-ST’D-970 (Ref. 4) and, when used, shall
take preference over the previously listed groups.

6-2.3 INDUSTRY STANDARDS
Department of Defense requires the use of industry

standards where those standards are equivalent. The
American National Standards Institute (ANSI) is the
coordinator of America’s voluntary standards system
(Ref. 6). The system meets national standards needs by

marshaling the competence and cooperation of com-
merce and industry, standards developing organizations, o

and public and consumer interest.
ANSI has several major functions, which are

1. Coordinating the voIuntary development of na-
tional consensus standards

2. Approving standards as American national stan-
dards

3. Managing and coordinating United States partici-
pation in the work of nongovernmental international
standards organizations

4. Serving as a clearinghouse and information cen-
ter for American national standards and international
standards.

As national coordinator, ANSI assists organizations
involved in standardization in the United States to
reach agreement on needs for standards, to establish .
priorities, to plan to meet identified needs, and to avoid ,
duplication of effort. ANSI also offers standards-
developing organizations a neutral forum in which to
resolve differences and provides procedures and services
to help them use their resources effectively.

ANSI approves standards as American national stan-
dards when it has verified evidence that consensus
exists. The evidence is provided by organizations and
committees that voluntarily submit standards to ANSI
for approval. These committees and organizations must m
show that all substantially affected interests have been
given an opportunity to participate in the development
of a standard or to comment on its provisions and that
their views have been carefully considered. Following a
period of public review and comment, ANSI conducts
independent’ verification of the adequacy of consensus
and then acts on approval. ANSI also coordinates and
manages representation of United States voluntary stan-
dards interests in nongovernmental international stan-
dards organizations. The major ones are the Inter-
national Organization for Standardization (1S0) and
the International Electrochemical Commission (IEC).
ANSI is the official member of both.

ANSI is the clearinghouse and information center for
all approved American mtional standards and the inter-
national standards issued by ISO and IEC. In addition,
it is the US source of standards issued by the national
standardting bodies that cooperate within 1S0.

An important source of corrosion-related standards
and specifications not issued by ANSI is the National
Association of Corrosion Engineers (NACE) (Ref. 7).
The interests of the NACE are heavily weighted toward
the oil and gas industry, but increasing emphasis is
being given to aerospace applications.

Standards and specifications reflect the interests of
the preparing organization. Standardization defines a o
level of acceptability, and different groups will set the
acceptability limit in accord with their concerns and
their perceptions of how their concerns may be affected.

6-4
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o 6-2.4 PREPARING STANDARDIZATION
DOCUMENTS

The process of preparing, reviewing, coordinating,
and issuing a standardization document, such as a.
specifmtion or standard, is described in Table 6-2. Key
to the preparation of a useful document is the technical
competence of the preparing activity and the thorough-
ness of the review and coordimtion process. It is im-
portant to codify as much of the skill and art in the
technology as possible. Nevetieless, a standardization
document shotdd not discourage positive innovation.

62.5 SPECIFICATIONS IN QUALITY
ASSUIWNCE

Specifications are an important component of the
procurement documentation package. A military specifL
cation follows an established format as indicated in
Table 6-3. Quality assurance provisions are stated in
Section 4 of a federal or military specifbtion.

Several quality assurance issues are often involved in
such a specifkation. These are

1. Is the relationship between process conditions
and coating requirements unique? Will the given process
conditions always produce an acceptable product? Can
an acceptable product result only from a given set of

o

process cmditions?
,;,,

2. 1s the acceptable quality level realistic? Is it
being consistently met? (Consistently meeting of the
level may imply that it should be higher.) Is itd~lcult
to meet? (Consistent diffkulty in meeting the acceptable
quality level may imply a mismatch between process
conditions and product quality.)

3. WiU the specifkd product always give adequate
sexvice in the intended use, as spelled out in Section 6.1
of most Government specifhtions?

4. Is there adequate Government oversight in terms
of frequency and competence of Government checks on
the process, producq and contractor quality assurance
measures?

6-3 QUALITY ENGINEERING

Quality engineering encompasses the design, fabrica-
tion and construction, and testing process that assures
that a quality item is builq that the as-built quality does

o

TABLE 6-3. MILITARY SPECIFICATION
FORMAT

SECITON HEADING

1 Scope
2 Applicable Documents
3 Requirements
4 Qualty Assurance Provisions
5 Packaging
6 Notes
6.1 Intended Use(s)

not deteriorate during transportation and storage, and
that the effects of operational wear and environmental
deterioration are restored through maintenance, repair,
and refurbishing. Quality engineering is a=omplished
through rules, procedures, and practices enforced by
organizational elements within an institutional struc-
ture.

Q@lty engineering with respect to corrosion pre-
vention and control (CPC) is described in terms of

1. Logistic support analysis (LSA)
2. The Corrosion Prevention and Control Program

of the Army
3. Sampling inspection
4. Environmental engineering and testing
5. Inspection in storage.

6-3.1 LOGISTIC SUPPORT ANALYSIS
CPC is an important component of LSA in the

original equipment design, in manufacturing, in aU
levels of maintenance, and in the storage process. The
objective is to achieve materiel system designs that are
as corrosion-free as possible by using design and manu-
facturing processes that address

1. Selection of materials, coatings, and surfam
treatments

2. Production processes and process specifmations
3. System geometry
4. Material limitations
5. Environmental extremes
6. Storage and ready conditions
7. Presemation and packaging requirements
8. Repair, overhaul, and repair parts requirements
9. Resource availability.

TABLE 6-2. SEQUENCE OF STEPS IN PREPARING STANDARDIZATION DOCUMENT

1. Assignee activity assigns project number to preparing activity upon request.
2. Preparing activity prepares draft of document.
3. Document coordinated by preparing activity with review activities (Army, Navy, Air Force, and Defense Supply

Agency) and industry. A limited coordination document is coordinated only within the preparing activity’s agency
and industry.

4. Essential comments are resolved by the preparing activity or, if necxssary, at a higher level.
5. Preparing activity arranges for publication of document.

6-5
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Implementation of the LSA process must occur as early
in the acquisition process as possible. When LSA is
implemented, actions are taken to identify, define, quan-
tify, and process logistic support requirements. This
analysis process evolves as the acquisition process
progresses. The number and type of iterative analyses
va~” according to the program schedule and com-
plexity.

LSA is the method used to develop a support system
for an acquisition program, and it is the system engineer-
ing effort that designs the support system as the end-
item is being developed. LSA consists of a series of
tasks that study the mission, the environment, the sup-
port system and the equipment to determine the best
way to support the, equipment. As a broad set of
studies, LSA is performed by the combat developer
(normally the US Army Training and Doctrine Com-
mand (TRADOC)), the materiel developer (normally
the US Army Materiel Command AMC), and the con-
tractor.

MlL-STD-l 388/1A divides LSA tasks into five task
sections (Ref. 8). The division is made along logical
lines. Good management of the LSA program dictates
that plans be established and organizational and control
techniques be determined. Therefore, the first task sec-
tion of the military standard,, the program surveillance
and control section, addresses the management issues.
If supportability issues are to influence the choice of an
alternative or influence the design, information about
such issues must be gathered. The second task section,
mission and support systems definition, is primarily
designed to gather information to establish parameters,
constraints, goals, and assess risk. The third logical step
in the process would be determination, examination,
and evaluation of different courses of action. Thus the
third task section, preparation and, evaluation of aherna-
tives, develops and evaluates those courses of action.
The fourth step would provide a description of the
support system deemed to be the best based upon the
results of the third step. The fourth task section, determi-
nation of support and manpower, personnel, and train-
ing requirements, describes, by way of task analysis, the
skills and other resources required to operate and main-
tain the hardware. Finally, there should be a feedback
loop to provide information on the adequacy of support
planning. The fifth task section, supportability assess-
ment, provides this feedback loop. The LSA tasks and
subtasks are listed in Table 6-4.

-735(MR)

6-3.2 CORROSION PREVENTION AND
CONTROL PROGRAM

US Army Materiel Development and Readiness Com-
mand (DARCOM) Regulation No. 702-24 instituted
the Army’s Corrosion Prevention and Control program
(Ref. 9). Commander’s Guidance Statement No. 94

,’ established a CPC Center of Excellence (CTX) to carry
out the mission. Quality assurance and quality engi-
neering to obviate metal, coating, and polymer degrada-
tion are the focus of the program. The goal of CPC is
to insure that vehicles, aircraft, and weapons maintain
satisfactory performance under the conditions of storage
and tactical environments. To achieve this, the CTX
incorporates prevention and control in each stage of the
life cycle of a system-design, development, production,
fielding, maintenance, and depot rebuild.

CPC programs have been established in five areax
design, management, maintenance, training, and aware-

>..

ness. The design program is set up to incorporate state-
of-the-art materials, coatings, and configurations into
the design of equipment and into contracts. This pro-
cedure will be effected by Corrosion Prevention and
Advisory Boards (CPABS). CPABS will consist of the
project manager, a depot representative, a CPC CTX
representative, and major subordinate command (MSC)
personnel from er@neering, maintenance, quality as-
surance, and procurement, who will a

1. Review contract requirements
2. Provide design guidance
3. Conduct peiiodic reviews of contractors, MSCS,

and technical data packages
4. Disseminate information relative to CPC to

major commands (MACOM) and subordinate organiza-
tions.

The maintenance program encourages prevention of
corrosion and component life extension rather than
replacement. Changes in technical manuals will add the
best CPC procedures. Maintenance data are collected
to monitor corrosion cost.

The management, training, and awareness efforts
work together to incorporate CPC into the day-to-day
operation of MSCS and maintenance shops. Army depot
surveys will identify areas where CPC can be improved
and will educate laboratory personnel about field con-
cerns. Training will familiarize personnel with CPC
terms and techniques. The awareness program brings
industry products and services into the Army, and it
keeps defense contractors aware of the desire of the
Army to reduce costs.
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TABLE 6-4. LOGISTIC SUPPORT ANALYSIS TASKS AND SUBTASKS (Ref. 8)

TASK PURPOSE OF
SECTION TASK SECIION TASK/ SUBTASK

100-Program Planning To provide formal program 101 —
and Control planning and review actions

102 —

103 —

200-Mission and To establish supportability 201 —
-“ Support Systems objectives and supportabiiity-

-. Deftition reiated design goals, thresholds,
and constraints through compari-
son with existing systems and
analyses of supportability, cost, 202 —
and readiness drivers

203 —

204 —

205 —

300-Preparation and To optimize the suppofi system 301 —
Evaluation of Altema- for the new item and to develop a
tives system that achieves the best bal-

ance among cost, schedule, per-
formance, and supponabi.lity

Development of an early logistic support
analysis strategy
101.2.1 LSA strategy
101.2.2 Updates
Logistic SUppOrt allidySiS plan
102.2. ] ISA plan
102.2.2 Updates
Program and design reviews
103.2.1 Establish review procedures
103.2.2 Design reviews
103.2.3 Program reviews
103.2.4 LSA review
Use study
201.2.1 Supportability factors
20] .2.2 Quantitative factors
201.2.3 Field visits
201.2.4 Use stud y report and updates
Mission hardware, software, and support
system standardization
202.2.1 Supportability constraints
202.2.2 Supportability characteristics
202.2.3 Recommended approaches
202.2.4 Risks
Comparative Analysis
203.21 Identify comparative systems
203.2.2 Baseline comparison system
203.2.3 Comparative system characteristics
203.2.4 Qualitative supportability problems
203.2.5 Supportability, cost, and readiness
drivers
203.2.6 Unique system drivers
203.2.7 Updates
203.2.8 Risks and =UMptiOllS

Technological opportunities
204-2.1 Recommended design objectives
204-2.2 Updates
204-2,3 Risks
Supponability and supponability-related
deign factors
205.2.1 Supportability charactefitics
205.2.2 Supponability objectives and
associated risks
205.2.3 Speci.tlcation requirements
205.2.4 NATO constraints
205.2.5 Supportability goals and thresholds
Functional requirements identi.fkation
301.2.1 Functional requirements
301.2.2 Unique functional requirements
301.2.3 Risks
301.2.4 Operations and maintenance tasks
301.2.5 Design alternatives
301.2.6 Updates

(cent’d on next page)
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TABLE 6-4. (cent’d)

TASK PURPOSE OF
SECTION TASK SECTION TASK/ SUBTASK

400-Determination of
Logistic Support
Resource Requirements

500—Supportability
Assessment

To identify the logistic support
resource requirements of the new
system in its operational environ-
ment(s) and to develop plans for
postproduction support

To assure that speciiled require-
ments are achieved and deficien-
cies corrected
.

302 —

303 —

401 —

402 —

403 —

501 –

Support system alternatives
302.2.1 Alternative support concepts
302.2.2 Support concept updates
302.2.3 Alternative support plans
302.2.4 Support plan updates
302.2.5 Risks
Evaluation of alternatives and tradeoff
analysis
303.2.1 Tradeoff criteria
303.2.2 Support system tradeoffs
303.2.3 System tradeoffs
303.2.4 Readiness sensitivities
303.2.5 Manpower and personnel tradeoffs
303.2.6 Training tradeoffs
303.2.7 Repair level analyses
303.2.8 Diagnostic tradeoffs
303.2.9 Comparative evaluations
303.2.10 Energy tradeoffs
303.2.11 Sumivability tradeoffs
303.2.12 Transportability tradeoffs
Task analysis
401.2.1 Task analysis
401.2.2 Analysis documentation
401.2.3 New/critical support resources
401.2.4 Training requirements and
recommendations
401.2.5 Design improvements
401.2.6 Management plans
401.2.7 Transportability analysis
401.2.8 Provisioning requirements
401.2.9 Validation
401.2.10 ILS output products
401.2.11 LSAR updates
Early fielding analysis
402.2.1 New system’ impact
402.2;2 Sources of manpower and personnel
skills
402.2.3 Impact of resource shortfalls
402.2.4 Combat resource requirements
402.2.5 Plans for problem resolution
Postproduction support analysis
403.2 Postproduction support plan
Supportability test, evaluation, and
verification
501.2.1 Test and evaluation strategy
501.2.2, Objectives and criteria
501.2.3 Updates and corrective actions
501.2.4 Supportability assessment plan
(postdeployment)
501.2.5 Supportability assessment
(postdeployrnent) -

m
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6-33 SAMPLING INSPECTION

I The best protection against the acceptance of a de-
fective product is having the product made correctly in
the fmt place. The greatest contribution that statistical
quality control makes to better quahty lies not in what
it contributes to sampling inspection, but in the way it
helps to produce a better product.

Inspection is the examination or testing of supplies
and services (including where applicable raw materials,
documents, data, components, and intermediate as-
semblies) to determine whether the supplies and services
conform to technical and contractual requirements. The
inspedon criteria used to determine whether the quality
requirements have been met are stated in appropriate
documents, such as purchase descriptions, project de-

. . scriptions, inspection instructions, technical orders, draw-
. . ings, technical bulletins, and military specifkations.

Sampling inspection of Army materiel is governed by
the following military standards:

1. MIL-STD-105, Sampling Procedures and T&ies
for Inspection by Attributes (Ref. 10)

2. MIL-STD414, Sampling Procedures and Tables
for Inspection by Variables for Percent Defective (Ref.
11)

o 3. MIL-STD-1235, Single and Multilevel Con-,,,,,
tinuous Sampling Procedures and Tables for L-tspeetion
by Attributes, Functional Curves OJ the Continuous
Sampling P&rts (Ref. 12).
Guidance for applying these standards is given in MIL-
HDBK-53, Guide for Sampling Inspection. This hand- .
book is in three parts that relate specifkally to the three
military standards that follow

1. MIL-HDBK-53/ 1, Gui& for Attribute Lot
Sampling Inspection and M1L-STB105 (Ref. 13) ~

2. MIL-HDBK-53/2, Guia2 for Attribute Con- “
tinuous Sampling Inspection and MILATD-1235 (Ref. .
14)

3. MIL-HDBK-53/ 3, Guide for Variable Lot
Sampling Inspection and MILSTlN$14 (Ref. 15).
Persons with responsibility for specifying ameptance
inspection requirements should consult this handbook
and the related military standard. The following dis-
cussion summarizes MIL-HDBK-53/ 1.

6-3.3.1 Summary of MIL-H3)BK-53/l

Adherence to MI L-STD-I 05 is frequently required in
specifkations related to corrosion prevention and con-
trol. Inspection by attributes is inspection in which
mlain characteristics of a prod uct are classfled simply

o

as defects or nondefects. If a unit of product contains
/ ,. one or more defec~ it is designated as a defective unit.

Inspection by variables, as required by MIL-STD414,
is inspection in which a quality characteristic of each
unit of product in a sample is measured and the measure
is expressed in some cardinal scale, e.g., millimeters of

thickness, hours of duration, and grams of mass. Vari-
ables can be converted to attributes by setting some
point or range on the scale that separates a defect from
a nondefect.

Continuous sampling for inspection by attributes is
covered in MIL-STD-1 235. In continuous sampling
inspection, units are produced and submitted consecu-
tively in the order produced. Lot-by-lot sampling in-
spection requires that each individual lot be accepted or
rejected as a whole, based on inspection results from a
sample or samples drawn at random from the lot. As
required in MIL-STD- 105, each lot or batch should
consist of homogeneous units of product The size of
the lot or batch is one of the factors that determines the
sample size to be used in sampling inspection.

An attribute lot sampling plan is a statement of the
sample size or sizes to be used and the associated
acceptance and rejection numbers. The acceptance num-
ber is the maximum number of defects or defective
units in the sample that will allow acceptance of the lot.
The rejection number is the minimum number of defects
or defective units in the sample that will cause rejection
of the lot.

Attribute lot sampling plans cart be grouped into four
basic types: single, double, multiple, and sequential. In
a single sampling plan the results of a single sample
from an inspection lot are conclusive in determining its
acceptability. A double sampling plan involves sampling
inspection in which the inspection of the first sample
leads to a decision to accept, to rejw or to take a
second sample. The inspection of the second sample,
when required, then leads to a decision to accept or
reject the lot. In multiple sampling the de&on to
accept or reject an inspection lot is reached after one or
more samples from the inspection lot have been in-
spected. The decision will always be reached after not
more than a designated number of sampies have been
inspected. Sequential sampfing selects one sample unit
at a time, and after each unit is inspected, the deeiion
is made to accept the 10L rejeet the lot, or inspect
another unit. Sampling terminates when the cumulative
inspection results determine that an acceptarm or re-
jection decision can be made.

The average amount of inspection for any sampling
plan can be computed. On the average, double sampling
plans usuafly require Iess inspection than single sampling
plans, and multiple sampling plans usually require less
inspection than double sampling plans.

One hundred percent inspection is the inspection of
every unit of product. Sampling inspection is that type
of inspection in which a sample consisting of one or
more, but not all units of product, is selected at random
from the production process output and examined for
one or more quality characteristics. When deciding
which inspection method to employ, the engineers must
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weigh the lower costs of sampling inspection ag-itinst the
risk of greater cost incurred by permitting defective
units of product to be accepted. For quality characteris-
tics deemed to be critical, one hundred percent in-
spection is required.

According to MIL-STD-105, a critical defect is one
that is likely to cause hazardous or unsafe conditions
for individuals using, maintaining, or depending on the
product. The critical classification is also used for a
defect that is likely to prevent performance of a major
end-item. Other defect categories are major and minor
defects.

Selection of a sampling plan involves consideration j
of the following

1. Properties of the sampling plan
2. Ease of administering the sampling plan
3. Protection afforded
4. Amount of inspection required
5. Cost of inspection
6. Size of the lot
7. Continuity of lots (Are the lots being inspected

in sequence one after the other from the same producer,
or are they a group of isolated lots?)

8. Cost to the consumer resulting from acceptance
of a nonconforming item

9. Cost of manufacturing the item
10. Cost of delayed shipments .
11. Availability of product from other sources
12. Consumers’ past experience with product from

the same producer
13. Product packaging
14. Possibility of correcting nonconforming condi-

tions during use.
Several methods have evolved for grouping or index-

ing sampling plans. MIL-STD- 105 makes use of sam-
pling plans based on acceptable quality level (AQL).
The worst level of acceptable quality is the AQL. The
AQL is defined for lot sampling plans as the maximum
percent defective that, for the purpose of sampling
inspection, can be considered acceptable as a process
average. A typica.1 AQL plan might be based upon a
statement by the consumer that he will accept lots of
product 97~o of the time when the product average is
4T0(AQL 49.) or better. The corresponding producer’s
risk, i.e., the probability of rejecting acceptable product,
is 1 – 0.97 = 0.03 or 394.

A large variety of sampling plans can be devised or
selected on the basis of the level of protection offered to
the producer andJ or the consumer at a given quality
level. The protection afforded by a sampling plan, i.e.,
its capability to discriminate between good and bad
quality can be accurately calculated. The fact that these
risks can be quantified makes itpossible to state them
statistically (numerically) and predict the quantities re-
jetted on the average over the entire range of possible

product quality. The curve of Fig. 6-1 indicates the
relationship between the quality of lots submitted for
inspection and the probability of acceptance. Such a
curve is called the operating characteristic, or OC curve,
of the plan. The risk pattern of each sampling plan is
represented by the OC curve of that plan. Thus by
studying the OC curve for each plan under considera-
tion, it is possible to compare the relative risks of
sampling plans for a given sampling situation. A sam-
pling plan and its associated risks are completely de-
fined by the lot size, sample size, and acceptance num-
ber. Except in the case of very small lots, the lot size
has relatively little importance in most cases in de-
termining the risks associated with any given sampling
plan.

If the risks of a tentative sampling plan are considered
unsatisfactory, the effects of sample size and acceptance
number on the OC curve can indicate the changes
necessary to achieve a satisfactory risk level. An increase
in sample size results in a steepening of the OC curve.
The steeper the OC curve, the greater the power of the
sampling plan to discriminate between “good” and
“bad” quality. In general, the effect of increasing the
acceptance number is to shift the location of the entire
OC curve to the right. Changing the sampling plan in
this way generally increases the probability of accepting
a lot at a given quaiity level. Both MIL-STD-105 and
MIL-STD-414 contain OC curves for each sampling
plan, i.e., sample size and acceptance-rejection cri-
terion, listed.

The severity of inspection is reflected by the total
amount of inspection and the accept-reject criterion
specified by the quality assurance provisions for the
unit of product. Lot sampling inspection provides for
two or three degrees of severity of inspection: normal
and tightened, or normal, tightened, and reduced. Sam-
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Figure 6-1. Typical Sampling Plan Operating
Characteristic (OC) Curve (Ref. 13)
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ot.pling plans with two or three degrees of seventy and
with the rules of switching from one degree of seventy
to another are called sampling schemes.

Normal inspection is used when there is no evidence
that the quality level of the product being submitted is
other than the specified quality level. Normal inspection
is usually used at the start of an inspection. Tightened
inspection is instituted in accordance with established
procedures when it becomes evident that product qualhy
is deteriorating. Reduced inspection may be instituted
in accordance with established rules when it is evident
that product quality is very good. T@tened inspection
is usually met by decreasing the number of defective or
defects per hundred units produced in the sample.
Reduced inspection normally requires a smaller sample
size than does normal inspection under the same sam-

. . pling scheme.
. . Basic to sampling inspection is the selection of a

sample that can reasonably be expected to represent the
quality of the parent lot. The process of selecting a
sample meeting this requirement is called random sam-
pling. Random sampling is any procedure used to draw
w“ts from an inspection lot so that each unit in the lot
has an equal chance without regard to its quality of
being included in the sample. MIL-HDBK-53/ 1A de-

0

‘, scribes several methods used to achieve random sam-
.,” pling.

When sampling inspection is conducted under a lot
sampling plan, the entire lot is rejected if the acceptance
criterion is not met. The rejection of many lots intro-
duces twyIy problems for both the producer and the
consumer. Sometimes the consumer may agree to buy
the rejected lot at a reduced price, especially when the
product is in great demand and short supply. The more
customary practice, however, requires the rejected lots
to be screened, defective units reworked or replaced,
and the lot resubmitted by the supplier.

Defective units found by sampling or screening of
rejected lots should not be mixed with production lots.
At the discretion of the responsible authority, defective
units may be

1. Reworked and accumulated over a period of
time for subsequent resubmission as a miscellaneous lot
that will be inspected for all characteristics

2. Reworked and submitted with the lot from
which they were screened

3. Submitted by the supplier with a request for
deviation approval

4. Disposed of as scrap by the supplier
5. Disposed of as afleed upon by the supplier and

responsible authority.

o

., A resubmitted lot should be given normal or tightened!!
inspection and never reduced inspection. Also sampling
plans with an acceptance number of zero maybe used.

Should resubmitted lots be inspected for all types or

classes of defects or ordy for the particular types or
classes of defects that caused initial rejection? If only
screening was required, inspection can be limited to the
class of defects that caused rejection. If the lot was
reprocessed, however, a possibility exists that addkional
defects have been introduced. In such cases, inspection
should be performed for all classes of defects.

6-33.2 Application of MIL-STD-105
M1L-STD-105 k designed for attributes lot-by-lot

inspection. The main purpose of every MIL-STB105
scheme is to acapt with a high probability lots whose
quality level is equal to or better than the AQL. The
AQL is defined as the minimum percent defective that
can be considered satisfactory as a process average. The
process average is the average percent defective or the
average number of defects per hundred units of product
submitted by the supplier for original inspection The
estimated process average for a series of lots from
sampling inspection data is the ratio of the total number
of defective in the samples from the lots to the total
number of units in the sample. (The ratio is multiplied
by 100 to give percent.)

The AQL should be considered an index to a sam-
pling plan. The plans are indexed by AQL and by
sample size. The sample size is determined from the
sample size code letter and from the inspection leveL
Equivalent single, double, and multiple sampling plans
are given. Tables are given for normal, tightened, and
reduced inspection together with rules for switching
from one type to another.

The sampling plans in MIL-STD-105 are applicable
to attribute inspection of the following

1. &%d-Zrems. These are completed products that
may be inspected before or after packaging and packing
for shipment or storage.

2. Components and Raw Materials. These are the
materials that are shaped, treated, or assembled to form
end-items. These materials may be inspected at their
source, upon receipt at the point of assembly, or at any
convenient place along the assembly process where the
end-items are formed.

3. Qaerations. In many cases repetitive work per-
formed by machines and operators can be judged to be
acceptable or unacceptable. These work operations may
be inspected on a sampling basis to determine whether
the process machine, operator, and clerk are pedorming
satisfactorily.

4. Materia& in Process. Materials maybe inspected
on a sampling basis to determine their quality after any
step along the production line. Inspection may be for
qualky characteristics that were built into the materials
by the production process or for damage or deteriora-
tion that occurred while the materials were in temporary
storage between production steps.
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5. Supplies in Storage.
6. Maintenance Operations. These operations are

usually performed on repairable materials to restore
them to serviceable condition. When maintenance or
overhaul operations are performed, attribute inspection
“is made to determine the quality of the product after
reconditioning operations have been completed.

7. Data or Records. Whenever large volumes of
data are processed, e.g., accounting records, cost data,
invoices, bills of lading, etc., the attribute sampling
inspection procedures of MIL-STD-105 can be used to
determine dollar volume, item count, accuracy, or other
measures of quality of the data or records.

8. Administrative Procedures.
A typical sequence of operations using the sampling

o procedures and tables for inspection by attributes of
MIL-STD-105 is illustrated in Table 6-5.

Inspection levels in general provide the quality engi-
neer a means by which to select one of several sample
size code letters for a given lot size. The effect of

offering this choice is to offer several sampling plans,
each with approximately the same probability of ac-
ceptance when lot quality is worse than the AQL. Table
I of MIL-STD-105 gives three general inspection levels
numbered 1, ,11, and HI and four special inspection
levels, numbered S-1, S-2, S-3, and S-4. The general
levels are used most often, and it is assumed that Level
H is used unless another level is specif3ed. The special
inspection levels are designed for situations in which the
sample size must be kept small.

When selecting an inspection level, the responsible
authority should analyze the following factors in order
to optimize the cost-risk relationship:

1. The operating characteristic curves to evaluate
the technical properties of the various plans

2. The suppliers’ risks and discriminations afforded
by the various inspection levels

3. Knowledge of the production process
4. Process capability and quality performance his-

tory

TABLE 6-5. SEQUENCE OF STEPS FOR ATTRIBUTE SAMPLING INSPECTION (Ref. 13)

STEPS EXPLANATION

o

..
.:.

1. Determine lot size

2. Determine inspection level

3. Determine sample size code letter

4. Determine sampling plans

5. Establish severity of inspection

6. Determine sample size and acceptance
number

7. Select sample

8. Inspect sample

9. Record inspection results

10. Resubmit lot

1.

2.

3.

4.

5.

6.

7.

8.

9.

10.

Lot size is controlled by the lot formation criteria contained
in procurement documents. Otherwise it is established by
agreement between the responsible authority and the *

supplier.
If the item specification does not give the inspection level, use
inspection Level H.
The code letter is found in Table 1, MIL-STD-105, and is
based on lot size and inspection level.
Single sampling is generally selected, although double or
multiple sampling may be used.
Normal inspection is generally used at the start of a contract
or production.
Assuming normal inspection and given the specified AQL
value and sample size code letter, the engineer will find the
sample size and acceptance number in Table II-A, MIL-
STD-105.
The sample, consisting of the number of units determined in
Step 6, is selected at random from the lot. Additionally, any
obvious defective that have not been selected for the in-
spection sample are removed from the lot.
The defective (or defects) are counted. If this count does not
exceed the acceptance number, the entire lot is accepted. If
the count equals or exceeds the rejection number, the lot is
rejected.
Compute the estimated process average if required by
operating procedures. Maintain a record of accept-reject
decisions so that switching rules maybe followed.
If the lot is not accepted, it may be resubmitted for ac-
ceptance only after all units of the lot are reinspected and all
defective units are removed or reworked.
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5. Item complexity
6. Cost and importance of examination or test,

particularly when testing is expensive, time-consuming,
and/ or destructive

7. Importance of the quality characteristics being
examined, i.e., whether critical, major, or minor

8. Analysis of consumers’ risks.
In MIL-STD-105 the sample size is made to depend

upon the lot size for the following reasons
1. A sample of small size that has a high probability

of representing the quality of a small lot or batch may
be too small to represent with high probability the
quality of a large lot or batch.

2. Lots from a good process are more likely to be
accepted as the lot size increases, whereas lots from a

~- bad process are more likely to be rejected.
3. A sample size can be afforded with a large lot

thatwould be uneconomical for a small lot.
Six different values of sample size correspond to any

given mde letter according to whether single, double, or
multiple sampling is used and to whether or not reduced
inspection is in force. These different values are why
code letters rather than purely sample sizes are needed
to index tables in MIL-STD-105.

o

To achieve a balance between consumer and producer,,
protectio~ the device adopted in MIL-STD-105 is that
of normal inspection and tightened inspection. Two
sampling plans with rules for switching between them
are specified for any given situation. Normal inspection
gives the producer the benefit of the doubt, but when
sampling results show that an excessive number of lots
are being rejected, tightened inspection is instituted to
protect the consumer.

in general, a tightened plan has the same sample size
as the corresponding normal plan, but it has a smaller
acceptance number. If the normal acceptance number is
one, however, tightening is achieved by retaining the
normal acceptance number and increasing the sample
size.

The rule for switching from normal to tightened
inspection is that tightened inspection must begin as
soon as two of five successive lots have been rejected
under original inspection. Once tightened inspection
has been instituted, normal inspection is not restored
until five successive lots have been accepted under
tightened inspection- Acceptance inspection may be con-
tinued pending action to improve the quality if 10 (or
some other number specified by the responsible au-
thority) consecutive lots remain under tightened in-

e

spection. If production quality is consistently good,
considerable savings can result by using reduced in-, ,.$
spection sampling plans, which have sample sizes only
two ftiths the size of the normal inspection plans. In
addition to the reduction in sample size, the reduced
sampling plans have an increased acceptance number.

Reduced inspection is not automatic based on the switch-
ing rule alone; it is at the discretion of the responsible

‘ authority. A return to normal inspection is required if a
lot is not accepted under reduced inspection.

When a defect clasdlcation system has been defined
for an item, an AQL is assigned to each defect class
thus there would be a separate sampling plan cor-
responding to each AQL. When defects are classifkd
with separate AQLs for the different classes or group of
classes, the switching between nod and tightened
inspection is done independently for each class or group
of classes for which an AQL is specified. Switching is
based upon acceptances or rejections for that particular
class or group.

Although the principles of extracting double or multip-
le plans from the tables of MIL-STD-105 are similar
to those for single sampling, the appropriate tables
must be used. Successive samples in all plans are equal
in size to the first samples. Acceptance and rejection
numbers are cumulative. Once an inspection has begun
on a sample from a lot under either a single-, double-,
or multiple-type sampling plan, inspection is to continue
with that type of plan until inspection of the lot is
completed. If an appropriate single sampling plan has
an acceptanm number of zero or a sample size of two,
no double or multiple plan is available.

Average sample size curves for double and multiple
sampling are given in Table IX MIL-STD-105 . These
curves are classifkd by the value of the single sampling
acceptance number and may be used to decide whether
the reduced amount of sampling from the double or
multiple sampling compared to single sampling will be
sufficient to be worthwhile. Other factors to be con-
sidered in selecting a single, double, or multiple sam-
pling plan are

1. The cost of administering the double or multiple
sampling plan compared to the cost of administering a
single sampling plan

2. The need for quick and reliable estimates of the
process average

3. The availability of inspection personnel and
facilities.

The sampling plans in Tables H through V of MIL-
STD-105 are designed with consideration only for the
risk to the supplier. The sample size, the acceptance
number, and the tijection number are chosen to pro-
vide a high probability of acceptance when the quality
of the lot is at the AQL or better. When the require-
ment for a low probabilhy of accepting lots with a high
percent defective exists, it is usually stated in terms of
limiting quality (LQ). LQ is the worst quality the
consumer is willing to accept. This low probability of
acceptance is called the consumer’s risk. Tables VI and
VII of MIL-STD-105 give values of LQ for consumers’
risks of 10 and 5%, respectively.
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With a few isolated lots there is little or no oppor-
tunity for detection of product deterioration and a
subsequent shift to a tightened sampling plan. Wkh
isolated lots, therefore, it is desirable to begin sampling
with a sampling plan that reduces the consumer’s risk
of accepting a lot with quality worse than LQ. MIL-
STD-105 provides sampling procedures for assuring the
consumer that lots of quality equal to LQ or worse will
be accepted with low probability. The provisions of the
standard allow for sittiations in which either the AQL
or the sample code letter are specified along with the
LQ.

6-3.3.3 Example Sampling Plan
An important corrosion-related specification is MIL-

G-45204C, Gold Plating, Electmdeposited (Ref. 16).
The Section 4, “Quality Assurance Provisions”, contents
are listed in Table 6-6. The contractor is responsible for
all inspections, but the Government reserves the right to
perform any of the inspections (4.1). A lot is defined as
articles of the same basic metal, type, grade, and class

MIL-HDBK-735(MR)

that are plated under the same conditions and of ap- 0
proximately the same size and shape and are submitted

.

for delivery at one time (4.2). In no instance, however,
should the lot exceed the product for one week. One lot
sampling criterion is given for visual examinations and
another for the other properties to be inspected (4.3).
Visual examinations include the determination of re-
moval of plating salts, quality of workmanship, and the
existence of identification markings. The other proper-
ties to be inspected are plating thickness, adhesion,
hardness, heat resistance, embrittlement, and solder-
ability.

The sample for visual examination is inspection Level
III with an AQL equal to 1.0% defective in accordance
with MIL-STD-I 05. The sample of the other tests is
inspection Level S-3 with an acceptance number of O
defects in accordance with MIL-STD-105. Inspection is --
based on attributes because MIL-STD-105 is referenced.
The quaiity requirements that can be specrled are listed
in Table 6-7. These are taken from par. 6.2, “Ordering
data”, of MIL-G-45204C. Those attributes that are the

TABLE 6-6. CONTENTS, PARAGRAPH 4, MIL-G-45204C (Ref. 16)

4.
4.1
4.2
4.3
4.3.1
4.3.2
4.3.2.1
4.3.2.1.1
4.3.2.1.2
4.4
4.5
4.5.1
4.5.1.1
4.5.1.2
4.5.1.3
4.5.2
4.5.2. I
4.5.2.2
4.5.2.3
4.5.3
4.5.4
4.5.5
4.5,6
4.5.6.1
4.5.6.2
4.5.6.3
4.5.7
4.6
4.6.1
4.6.2
4.7

QUALITY ASSURANCE PROVISIONS
Responsibility for inspection
Lot
Sampling
For visual examination
For thickness, adhesion, heat resistance, embrittlement, and solderability
Separate specimens
Separate specimens for hardness
Separate specimens for embnttlement reiief
Visual examination
Test procedures
Thickness measurements
Microscopic test
Beta-backscatter radiation
X-ray fluorescence
Adhesion tests
Bend test
Cutting test “
Baking test
Hardness
Heat resistance
Solderabifity test
Emlmittlement relief
Fasteners
Spring pins, lock rings, etc.
Other parts
Connposition
Rejection
Examination defects
Tests
Reduced testing
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subject of inspection are indicated in the table.
In some cases plated articles are not suitable for

testing. In other cases sampling of small lots for de-
structive tests is not desirable. In these situations tests
may be conducted on separate specimens plated con-
currently with the articles represented. Par. 4.3.2.1 of
MIL-G45204C, “Separate specimens”, describes the re-
quirements of these specimens, par. 4.3.2.1. I describes
the requirements for separate specimens for hardness
testing and par. 4.3.2.1.2 describes separate specimens
for embnttlement relief testing. Testing for hardness
and for embnttlement relief are both destructive in
nature.

Compliance with the requirements for removal of
plating salts, workmanship, and identification marking

is based upon a visual examination, which is typicaily
carried out at four diameters magnifkation. Require-
ment for removal of plating salts, workmanship, and
identiikation marking are described in pars. 3.7.1, 3.8,
and 3.9 of MIL-G-45204C, respectively.

Test procedures for compliance with plating thickness,
coating punt y, heat resistance, solderability, and embrit-
tlement relief are described in par. 4.5 as are the tests
required for associated parts, such as fasteners, spring
pins, and lock rings.

Rejection criteria are described in par. 4.6, and dis-
cretionary reduced testing is described in par. 4.7 of
MIL-G45204C.

An example sample plan based upon a lot or batch
size of 500 articles is given in Table 6-8.

TABLE 6-7. SPECIFICATION REQUIREMENTS FOR ARTICLES
CONFORMING TO MIL-G-45204C (Ref. 16)

“6.2 Or&ring &ta. Purchasers should exercise any desired options offered herein and procurement documents should
specify the following
(a)
(b)
(c)
(d)
(e)

(f)

E
(i)

$
0)

(m)

6.2.

T~tle, number, &d date of this specification.
Type, grade and class (or thickness) required (see 1.2).
Fiih required, bright or matte (see 3. 1).
Strikes and underplaying required (see 3.4 and 6.3).
Location of a signifkant surface (see 3.6. 1).
When heat resistance requirement applies (see 3.6. 1).
Degree of smoothness when required and method of determination (see 3.6.5).
When embrittlement relief is required and alternate temperature when applicable (see 3.7.2).
When solderability testis required (see 3.6.6).
When identifkation marking is required on the ticks (see 3.9).
Visual examination at 4 diameters magnification, if required (see 4.4).
Whether baking test for adhesion is required.
Preparation for delivery (see 5.1).

1 The manufacturer of the basic metal parts should provide the plating facililty with the foliowing datz
(a) Whether heat treatment has been perfomed or is required for s&ss r=lief (see 3.2.2).
(b) Hardness of steel parts.
(c) Ultimate use.
(d) Tensile loads required for embnttlement relief test (see 4.5.6).”

Referen~ am to specifkation paragraph.

TABLE 6-8. EXAMPLE SAMPLE PLAN

TYPE OF EXAMINATION OR TEST

VISUAL OTHER

Lot or batch size 500 500
Type of sampling Single Single
Degree of sampling Normal Normal
Level of inspection III s-3
Sample size code letter J D
Sample size 80 8
AQL 1% 0%0
Reject acceptable 1 0

Rejects unacceptable 2 1
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6-3.4 ENVIRONMENTAL ENGINEERING
AND TESTING

A key com~onemt of the quality assurance process
are tests that evaluate the effects of natural and induced
environments on military materiel. These tests are in-
tended for appreciation early in the engineering and
manufacturing dewe]opment phase of the materiel acqui-
sition procesy however, selected application at other
points in the acquisition process maybe appropriate.

The test methods of MIL-STD-810 (Ref. 17) are
intended to be applied in support of the following
objectives:

1. To disclose deficiencies and defects and verify
corrective actions

2. To assess equipment suitability for its intended
operational environment

3. To verify contractual compliance.
Tailoring is a process of modifying existing bench-

mark environmental tests to assure that military equip-
ment is designed and tested for resistance to the environ-
mental stresses it will encounter during its life. To
assure that proper consideration is given to environ-
ments, environmental management plans are formu-
lated. These plans require the following engineering
tasks

1. Determination of life cycle environmental condi-
tions

2. Establishment of environmental design and test
requirements, including a test plan

3. Collection and analysis of field data for verifica-
tion of environmental design and test criteria
Proper attention to each of these tasks insures that

1. The correct environments are identified for test-
ing

2. Engineering development as well as qualf~cation
tests are properly phased into the acquisition program
of the item

3. Environmental test conditions are traceable to
realistic life cycie conditions.

4. Testing is appropriate for the item application.
The overall management of an environmental test

program includes consideration of manpower require-
ments, scheduling, life cycle environmental conditions,
test tailoring, test performance, analysis of results, cor-
rective actions, and collection of data about, and
analysis of, actual field environments.

A history of events and associated environmental
conditions for an item from its release from manufac-
turing to its retirement from use is determined. This
history should include the various stages an item will
encounter in its life, such as handling, shipping or
storage prior to use, phases between missions such as
standby, storage, or transfer to or from repair sites,
geographical locations of expected deployment, and

platform requirements. Fig. 6-2 shows generalized environ-
mental profiles that may be used as a baseline to *
identify the environments most likely to be associated
with each stage. The following factors should also be
considered:

1.
2.
3.
4.
5.

phase
6.

Cordiguration of the hardware
Environment encountered
Platform with which the hardware interfaces
Interfaces with other equipment
Absolute and relative duration of exposure

Number of times phase will occur and inter-
mittence of phase

7. Probability of occurrence of environmental condi-
tions

8. Geographic location
9. Any other information that will help identify -+

any environmental conditions that may act upon the
item.
During formulation an environmental test plan, con-
sideration should be given to the following.

1. Probability of environmental occurrence, alone
or in combination

2. Expected effects and failure modes
3. Effect on hardware performance and mission

success
4. Likelihood of disclosure of problem by the test

omethods
5. Occurrence of similar environmental stress in

more than one stage
6. Experience gained from other equipment simi-

larly deployed.
An operational environmental verflcation plan should

include plans to obtain data on the actual operating or
field environments to which the test item will be exposed
for comparison with design and test criteria. The plan
provides the basis for an analysis of the adequacy of the
experimental program.

Field data used in environmental test methods should
meet the following requirements:

1. Measurements under controlled environmental
conditions should be made on the same test item and/or
platform type that, will carry the item being tested. H
should be noted that equipment may be functionally
dissimilar and still be considered similar for environ-
mental stress conditions.

2. Supporting information should include a de-
scription of the equipment or supporting platform, the
location of the hardware or carrying platform at which
the measurements were made, the environmental and
operating conditions under which the measurements
were made, and the type and calibration status of the
data recording and analysis equipment and instrumenta- 0
tion.
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Figure 6-2. Generalized History of Military Hardware (Ref. 17)

3. Data of quality and quantity to describe the
conditions being evaluated should be supplied.
Before testing, the test item should be operated at
standard ambient conditions to obtain and record data
used to determine compliance with the requirements
documents and to compare with data obtained before,
during, and after the environmental test. The identifL
cation and environmental test history of the specific test
items should be documented for failure analysis pur-
poses.

The pretest record should include
1. The functional parameters to be monitored dur-

ing and after the test if they have not been specitled in
the equipment speti:cation or requirements document.
When operation of the test item is required, acceptable
functiomd limits should be incIuded.

2. Additional evaluation criteria,
Unless otherwise specified the testitem should be

installed in the test facility in a manner that will simu-
late service usage with connections made and instrumen-
tation attached as necessary:

1. Plugs, covers, and inspection plates not used in
operation but used in servicing should remain in place.

2. Mechanical or electrical connections not used
but normally protected in service should be adequately
protected.

3. For tests during which temperature values are
controlled, the test chamber should be at standard
ambient conditions when the test item is installed or as
spec~led in the individual methods.

4. The test item should be operated to determine
that no malfunction or damage was caused due to
faulty installation or handling. The requirement for
operation following installation of the test item in the
test facility is applicable when operation is required
during exposure to the specifkd test.

5. Test items should be positioned at a sufficient
distance from each other or from walls, floors, ceilings,
etc., to allow for adequate circulation.

6. If the item to be tested consists of several
separate units, these utits may be tested separately if
the functional aspects are maintained as defined in the
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requirements document.
When operation of the test item is required during

the test exposure, suitable tests should be performed to
determine whether the test exposure is producing
changes in perfcmnance when compared with pretest
data.

Unless otherwise specified in the individual test
methods, the procedures given in MIL-STD-810 should
be followed when a test is “interrupted. Guidance is
given for intolerance, undertest, and overtest inter-
ruptions.

Because combined tests can produce a more realistic
representation of the effects of the environment than a
series of single-factor tests, combined tests should be
used if possible.

At the completion of each environmental test, the test
item should be inspected in accordance with the equip-
ment specification, and the results compared with the
pretest data. Posttest data should include

1. Complete identification of all test equipment
and accessories

2. The actual test sequence (program) used

6-18

3. Deviation from the normal test program
4. The room-ambient test conditions recorded peri-

odically during the test period
5. Test item operational data
6. A signature-and-date block for certification of

the test data by the test engineer
7. Other data as specified in the individual methods

or data requirements documents.
Failure of the test item to meet any one of the

conditions that follow constitutes a test item failure:
1. Deviation of monitored functional parameters

beyond acceptable limits
2. Nonfulfillment of safety requirements or the

development of safety hazards
3. Nonfulfdlrnent of specific test item requirements
4. Changes to the item that could prevent the

equipment from meeting its intended service life or
maintenance requirements. For example, a corroded oil e
plug cannot be removed with the specified took.

5.
ments

6.

Deviation from established environmental require-

Additional or different failure criteria, as speci-
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fied in the equipment specification.
The climatic regions specified by MIL-STD-810 are
designated hotdry, hot-humid, and cold. Further envi-
ronmental characterization is given in par. 2.3 of the
standard .
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6-3.5 INSPECTION IN STORAGE
a product. There may be uncertainty regarding the
anticipated environmental exposure or regarding the

Corrosion prevention and control is usually viewed effects of such environmental exposure on the product.
as producing a durable product that incorporates cor- Environmental testing can reduce uncertainty in the
rosion prevention measures such as protective coatings. effects of environmental exposure. If some degree of
Acceptance sam]pling inspection determines the quality uncertain y remains, however, it is necessary to inspect
status of a product as manufactured. If consideration is the product at various times throughout its life. If it has
given during the designof a product to its environ- deteriorated through the action of environmental ex-
rnental exposure in transportation, storage, and use, posure, remedial action can be taken to repair and
acceptance inspection alone may be adequate to insure refurbish the product and to modify, if possible, its
a corrosion-resistant product. However, adequate at- environmental exposure. In the field (where the products
tention is often not given to the exposure conditions of may be in use) deterioration will be evident to the user,
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but special attention should be given to the product in
stomge. The Army has unique requirements for long-
term storage and stockpiling of materiel in anticipation
“ofcontingent future needs.

Storage inspection of materiel items should be inte-
grated with issue policies that define the duration of
storage. It is also important that storage inspection be
integrated with packaging design. Access to the product
is necessary for inspection, but inspection should not
compromise packaging effectiveness. The need for in-
spection of stored items often arises from finding a
defective item upon issue or subsequent use. The ques-
tion then arises as to the relationship between the
defective item and the rest of the similar items in
storage, i.e., was the item initially defective or did it
become defective only as a result of storage? If the item
was initially defective, the remaining items in storage
are probably not defective except for the few defective
that may have passed acceptance inspection. If, how-
ever, the item was not initially defective, perhaps many
of the remaining items in storage are defective. It is
therefore important to determine whether the defective
item was initially defective. Detailed inspections and
tests may indicate whether the item was initially de-
fective, but if these further tests are inconclusive, it may
be necessary to assume that the item was not initially
defective. if the item can influence safety, health, or
security, acceptance inspection was performed on all
items produced and it “K necessary to assume that
deterioration of similar items in storage has occurred..
All such items must be inspected and reworked or
discarded if they are found to be defective. In addition,
the packaging and storage of similar items should be
improved and a program of periodic inspection should
be initiated.

If acceptance inspection was based on sampling, an
item found to be defective in storage may or may not
have been initially defective. Lfit was initialfy defective,
the defect could have made it more susceptible to
environmental attack, and thus only the initially de-
fective items in the remaining stock are susceptible to
similar attack. On the other hand, if the item was not
initially defective, all similar items in the remaining
stock could be undergoing environmental deterioration.
In this case, the condhion of the remaining stock could
be determined from examination of more samples. If
individual production lots in stofage can be iden~led, a
storage sampling plan could be devised based on MIL-
STD-105 and the assumption that all items in storage
are similarly exposed to environmental factors. This is
probably not the case, so the production lots may have
become fractionated. If the manner in which the frac-
tionation has taken place can be determined, perhaps
sample selection can account for the exposure variable.
For example, all items on the top row of a stack may be

assumed to have experienced similar environmental ex-
posures.

6-4 NONDESTRUC~ TESTING

Nondestructive tests m=ure the ProPefics of a ~-
terial without signifmantly affecting it. Although non-
destructive tests my c=te ~ient eff~, they sho~d
not create irreversible effects. For example, a liquid
used in a test should not be corrosive to the material
being tested. The properties measured by nondestmctive
tests are often indirectly related to the material charac-
teristics of interest. Nondestructive tests related to cor-
rosion can give itiomtion concerning the effects Of
corrosion, ongoing corrosion processes, the presence of
conditions conducive to corrosiom and the condition of
corrosion prevention and control measures.

Corrosion effects are manifested mainly on the surface
of metals. Some forms of corrosioq however, can
propagate into the body of a metal section. In many
situations, such as corrosion at the interface of faying
surfaces, corrosion can be detected only by those non-
destructive tests that can penetrate through the metal
thickness. Therefore, nondestructive tests of interest in
detecting corrosion are those that give indications re-
iated to both surface and subsurface deterioration. The
various corrosion effects of interest are listed in Table
6-9.

Ongoing aqueous corrosion processes are the result
of an electrochemkd ceil tti. exhibits a galvanic po-
tential and a corrosion current. A corrosion process
dso generates reaction produ~. Nond=~ctive means

TABLE 6-9. CORROSION EFFECTS
OF INTEREST TO

NONDESTRUCT~ TESTING

1. Generation of Corrosion Products
a. Solid films and scales on a metal surface
b. Solid material within the structure of a

metal
c. Dissolved corrosion products in the environ-

ment
d. Hydrogen gas

2. Changes in Metal Properties
a. Physical properties
b. Mechanical properties
c. Dimensions and fit
d. Surface texture and appearance “

3. Changes in Structural Continuity
a. Pitting
b. Perforation
c. Opening at a crevice
d. Wear
e. Crack formation
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are available to measure electrochemical characteristics
or to indicate the formation of reaction products. De-
termination that a corrosion environment exists is often
sufficient basis for action. In most, cases, a test is
performed on a relatively small sample of the environ-
ment; thus it does not signifkantly affect the environ-
ment itself. A test method that is often used to monitor
the corrosivenfiss of an environment is to expose cor-
rosion coupons in the environment. These coupons may
be instrumented to indicate an ongoing process,

The presence of corrosive conditions can be estab-
lished by imstru]ments that measure the electrical charac-
teristics of corroding specimens. These instruments
measure galvanic current, electrical resistance or con-
ductivity, and polarization resistance (Ref. 18), and
they provide real-time readout and are therefore an
improvement aver corrosion coupons that must be
periodically removed and evaluated. If the corrosion
specimens are constructed of the same materials as the
structural members of interest, some indication of cor-
rosion rate can be obtained. However, specimens that
are particularly sensitive to some environmental factors
may be used as sensitive monitors. Although corrosion
meters using test specimens or coupons are not strictly
nondestructive, they are nondestructive to the extent
that they characterize specific corrosion environments
and to the extent that they can be calibrated to the
corrosion rate of specilic structural members.

The condition of a protective coating indicates that
corrosion may have occurred or is possible. The pri-
mary concern with coatings is whether they contain
defects that can be the site for initiating corrosion and
whether they are sufficiently thick and adherent to give
adequate long-term protection. Many of the non-
destructive test methods that can indicate the surface
effects of corrosion are also applicable to coatings.

Inspection by human senses, vision in particular, is
the most important form of nondestructive testing for
corrosion. Many forms of corrosion have characteristic
surface manifestations that can be distinguished by
unaided vision; these have been noted in Chapter 2. In
many practical situations, however, the corroded surface
may be hidden. Flexible borescopes consisting of bun-
dles of fine glass fibers can be used for visual examina-
tion of inaccessible surfaces. Devices that provide image
magnification may also be applied, but their use is
limited by size, portability, and the practicality of using
them in a particular setting. Variations of lighting in-
tensity and color may also be useful in some situations.
Also photography or other forms of imaging having
sensitivity to different parts of the light spectrum may
provide visual contrast not available under ambient
conditions.

Tactile inspection by touch or instrumentation can
give indications (of surface roughness changes resulting

from corrosion. Some ongoing corrosion processes, espe- 0
cially those that form hydrogen gas bubbles, generate
acoustic emissions that can be detected with very sensi-
tive detectors and Klgh amplitlcation (Ref. 19). The
application of heat may be required to increase the
corrosion of a suspect area into a detectable range.
Corrosion that has resulted in the destruction of the
structure of a metal, such as severe exfoliation or
dealloying, may be detected by changes in thermal
conductivity as measured by surface temperatures. Simi-
lar phenomeqa may result from scale formation or
severe changes in metal cross sections. Thermal dif-
ferences may be detected instrumentally or by the appli-
cation of temperature-sensitive materials.

The commonly used methods of nondestructive testing
that have application to corrosion include

1. Magnetic particle .

2. Penetrant .:

3. Radiography
4. Ultrasonics
5. Eddy current
6. Thermal
7. Leak testing.

Each of these methods is described in the paragraphs
that follow.

6-4.1 MAGNETIC PARTICLE
EXAMINATION

Magnetic particle examination is useful for detecting
cracks and other discontinuities at or near the surface
of ferromagnetic materials. The magnetic particle
method is based on the principle that magnetic lines of
force present in a ferromagnetic material are distorted
by a change in material continuity, such as a sharp
dimensional change or a discontinuity. If such a dis-
continuity is open or close to the surface of a mag-
netized material, flux lines will be distorted at the
surface, and this distortion produces a flux leakage.
When fine magnetic particles are distributed over the
area of the flux leakage, they will be held in place and
the accumulation of particles will be visible under the
proper lighting conditions, as indicated in Fig. 6-3.

Visibility and contrast are important in making the
magnetic powder suitable for discontinuityy indication.
P@rtents can color the normally silver-gray iron par-
ticles. In some cases, coating the part being tested with
a color to improve contrast may be necessary. High
visibility and contrast are achieved by coating the mag-
netic particles with a fluorescent pigment and searching
for indications with black light to activate the fluo-
rescent dyes.

Magnetic particle examinations t~t could be useful
in corrosion-related applications are

1. Examine ferromagnetic materials for surface
defects that could act as stress raisers for stress-
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Figure 6-3. Leakage Field at Associated
Surface Discontinuity (Ref. 20)

corrosion cncking or as initiation sites for crevi=
corrosion.

2. Examine femomagnetic materials for surface
damage, such as pitting and intergranular corrosion.
Table 610 is a listing of military and industrial stan-
dards and s~lcations relating to magnetic p~cle
inspection.

I

,

I

1

(A) Fiow of Penetrant

O,,1-

.:

6-4.2 LIQUTD-PENETRANT INSPECTION
Liquid-penetrant inspection detects discontinuities

that are open to the surface. In the process, a liquid
penetrant is applied evenly over the surface of the part
being tested and allowed to enter discontinuities. After
a suitable dwell time, the excess surface penetrant is
removed and the pm dried. A developer is then appli~
which draws the entrapped penetrant out of the dis-
continuityy, staining the developer. The part is then
visually inspected to determine the presence or absence
of indications. This process is illustrated in Fig. 64.

Liquid-penetrant inspection methods can be used effec-
tively in the inspection of nonporous metallic materials,
both ferrous and no$errous, and of nonporous, non-
metallic materials, such as ceramics, plastics, and glass.
Therefore, the method has application for discontinui-
ties that are potential sites for corrosion and those that
result from corrosion. Coatings may be inspected as
well as uncoated metals. Caution should be exercised
that the materials used in the pr ocess-the penetrant,
the emuls~ler, the solvent remover or water, and the
developer-are not corrosive to the materials being
examined. Table 6-11 is a list of military and industrial
standards and specik+tions used for penetrant in:
spection.

/’
Developer -

“-+

(81 Action of Developer .. . . .

~ Figure 64. Mechanism of Dye Penetrant Testing
I
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TABLE 6-10. STANDARDS AND SPECIFICATIONS FOR
MAGNETIC PARTICLE INSPECTION

ISSUED BY DESIGNATION TITLE OR EXPLANATION

Air Force
Navy
Army

ANSI
ANSI/SAE
ANS1/SAE
ANS1/ SAE

ANSI/SAE
ANS1/SAE
ASM*
ASNT**

ASTM
ASTM

ASTM

ASTM

ASTM
ASTM
DOD
DOD

tioD

DOD

DOD
DOD
DOD

DOD

DOD

DOD
DOD
DOD
DOD
Federal
Government

TO 33B-1-1
NAVAIR 01-lA-16
TM 43-0103

B31.7
AMS 2300
AMS 2301
AMS 2303

AMS 2640
ANfS 2641

SNT-TC-1 A
Supplement B
A275
A340

A456

E125

E709
E1316
MIL-M-6867
MIL-I-6870

MIL-S-23284

MIL-M-47230

DOD-F-87935
MIL-STD-271
MIL-STD-41O

MIL-STD-798

MIL-STD-1907

MIL-STD-1949
MIL-STD-2175
MIL-HDBK-728/ 1
MIL-HDBK-728/4
FED-STD-151

General Dynamics CT-6-3
Convair
NASA SP-3079

Nondestructive Testing Methods, Chapter 2, “Magnetic Particle Method”

Code for Pressure Piping, Nuclear Power Piping
Magnetic Particle Inspection, Premium Aircraft-Quality Steel Cleanliness
Magnetic Particle Inspection, Aircraft-Quality Steel Cleanliness
Magnetic Particle Inspection, Aircraft-Quality Steel Cleanliness,
Martensitic Corrosion-Resistant Steels
Magnetic Particle Inspection
Vehicle, Magnetic Particle Inspection, Petroleum Base
Metals Handbook, Vol. II, Nondestructive Inspection and Quality Control
Recommended Practice for Nondestructive Testing Personnel Qualification
and Certification: Magnetic Particle Testing Method

.

Method for Magnetic Particle Examination of Steel Forgings
Definitions of Terms, Symbols, and Conversion Factors Relating to
Magnetic Testing
Specification for Magnetic Particle Inspection of Large Crankshaft
Forgings
Reference Photographs for Magnetic Particle Indications on Ferrous
Castings
Practice for Magnetic Particle Examination
Terininology for Nondestructive Examination
Magnetic Inspection Units
Inspection Program Requirements, Nondestructive, for Aircraft and
Missile Materials and Parts
Steel Forgings, Carbon and Alloy, for Shafts, Sleeves, Propeller Nuts,
Couplings and Stocks (Rudders and Diving Planes)
Magnetic Particle Inspection, Soundness Requirements for Materials,
Parts, and Weldments
Fluid, Magnetic Particle Inspection, Suspension Medium, Metric
Requirements for Nondestructive Testing Methods
Nondestructive Testing Personnel Qual~lcation and Certification (Eddy
Current, Liquid Penetrant, Magnetic Particle, Radiographic, and
Ultrasonic)
Nondestructive Testing, Welding Quality Control, Material Control and
Identification and High-Shock Requirements for Piping System
Components for Naval Shipboard Use (Radiography, Magnetic Particle,
and Penetrant)
Inspection, Liquid Penetrants and Magnetic Particle Soundness
Requirements for MateriaIs, Parts, and Weldments
Magnetic Particle Inspection
Classification and Inspection of Castings
Nondestructive Testing
Magnetic Particle Testing
Test Methods, Metals

Classroom Training Handbook, Nondestructive Testing, Magnetic Particle

Nondestructive Evaluation Technique Guide

*ASM = American Society for Metals
**ASN~ = American Society for Nondestmctive Testing
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TABLE 6-11. STANDARDS AND SPECIFICATIONS FOR PENETRANT INSPECTION

ISSUED BY DESIGNATION TITLE OR EXPLANATION

Air Force
Navy
Army
ANsl
AiisI/sAE
ANS1/SAE
ANSI/SAE
ANSI/SAE
ANS1/SAE
‘ANSI;SAE
ASNT

ASTM
“ASTM
ASTM
DOD

DOD
DOD
DOD
DOD

O,, DOD

TO 33 B-I-I
NAVAIR 01-lA-16
TM 4343103
B31.7
AMS 2645
AMS 2656
AMS 3155
AMS 3156
AMS 3157
AMS 3158
SNT-TC-1 A
Supplement D
E165
E270
E433
MIL-14870

MIL-I-25 135
MIL-F-38762
MIL-STD-271
MIL-STIXI1O

MIL-STD-798

DOD MIL-STD-1907

DOD MIL-STD-6866
Federal Government FED-STD-15 1
NASA SP-3079

Nondestructive Testing Methods, Chapter 6, “Fluorescent and Dye
Penetrant Method”

Code for Pressure Piping, Nuclear Power Piping
Fluorescent Penetrant Inspection
Contrast Dye Penetrant Inspection
Oii, Fluorescent Penetrant, Water-Soluble
OiI, Fluorescent Penetrant, Water-Soluble
Oil, Fluorescent PenetranL High Fluorescence, Solvent-Soluble
Solution, Fluorescent Penetrant, Water-Base
Recommended Practice for Nondestructive Testing Persomel
Qualifkation and Certification: Liquid Penetrant Testing Method
Practice for Liquid Penetrant Inspection Method
Terminology Relating to Liquid Penetrant Inspection
Reference Photographs for Liquid Penetrant Inspection
Inspection Program Requirements, Nondestructive for Aircraft and
Missile Materials and Parts
Inspection Materials, Penetrants
Fluorescent Penetrant Inspection Units
Requirements for Nondestructive Testing Methods
Nondestructive Testing Personnel Qualifkation and Certiilcation (Eddy
Current, Liquid Penetrant, Magnetic Particle, Radiographic, and
ultrasonic)
Nondestructive Testing, Welding Quality Control, Material Control and
Identifkation and High-Shock Test Requirements for Piping System
Components for Naval Shipboard Use (Radiography, Magnetic Particle,
Penetrant)”
Inspection, Liquid Penetrant and Magnetic Particle Soundness
Requirements for Materials, Pans, and Weldments
Inspection, Liquid Penetrant
Test Methods, Metal
Nondestructive Evaluation Technique Guide

643 RADIOGRAPHY m

6-43.1 X Rays and (%nuna R21yS

X rays and gamma rays are high-frequency electr-
omagnetic radiation used in radiography. Gamma or x- Soulce
radiation is characterized by energy and intensity.
Energy determines the thickness of material that can be Gammaueys
penetrated and the radiographic contrast, whereas in-
tensity determines the required exposure. Absorption of m
X rays by materials makes radiography possible. Dif-

—=
m

ferential absorption of one material or thickness to
another provides the contrast essential to the radio- W=

graphic process. Gamma and X rays are forms of ti=
electromagnetic radiation, therefore, they obey the laws m=

of optics. The geometric aspects of shadow formation ‘m =
--

Tangency- -IT
w—

‘m

(70) x (Wm)

m
Soumeto W:ntofTangencyD-% M
-ume to FitmOii- m
Imageof Will on Rim, m
wall Thkkms% mu apply in radiography.

Fie. 6-5 is an illustration of the Eeometrv considera- Figure 6-5: Method of Determining Wall—–---––- .
tions in an application of radiography. The source, the Thickness by Radiography
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test object, and the recording film should be geometri-
cally arrangeld to produce a sharp image.

Unwanted,, scattered radiation that reaches the film
produces an overall haze or fog that reduces image
contrast and contributes to a loss in definition. Because
the energy of scattered radiation is degraded, it may be
absorbed by lead foils that prevent it from reaching the
film. Thus areas external to the area of interest should
be masked with lead to minimize the size of the incident
radiation beam.

Penetramelters are used to evaluate the sensitivity and
resolution of a radiographic image. Contrast sensitivity
determines the relative change in material section that is
visible. Resolution is a measure of the detail quality in
the radiograph.

Radiography is widely used to determine the quality
of castings and welds. It detects discontinuities such as
voids, cracks, and inclusions of foreign materials.
Radiography requires access to both sides of the piece
being examined. The source is placed on one side and
the film on the other. In some cases, a small radioiso-
tope source may tie placed in relatively inaccessible
places, such as the interior of pipes. The application of
radiography to corrosion is limited to those discontinui-
ties sufficiently great to result in the requisite contrast
sensitivity and resolution. Most standard radiography
calls for a 2970contrast sensitivity with the capability of
resolving a right circular cylinder whose height and
diameter are both equal to 2% of the specimen thick-
ness. Table 6-12 is a list of selected standards and
specifications for radiographic testing.

6=4.3.2 Neutron Radiography
Neutron radiography is a technique identical in most

respects to X-ray radiography because for most ma-
terials the degree of penetration of the neutron radia-
tion employed is similar to that of X-ray radiation.
Neutron radiation, however, is attenuated differently by
materials, and the result is that neutron radiography
generally supplements X-ray radiography applications.

The most exploited characteristic of neutron radiation
is its great sensitivity to the presence of hydrogen
atoms. Thus the intrusion of water and organic liquids
into assemblies can be readily determined as can the
corrosion products such liquids may generate. For ex-
ample, neutron radiography has been very useful in
detecting and mapping the hidden intrusion of water
and subsequent corrosion of aircraft structures, par-
ticularly those supported internally by aluminum honey-
comb materials. The sensitivity of neutron radiation to
attenuation by hydrogen is characteristic of its inter-
action with the hydrogen nucleus.

Except in very special cases, neutrons interact only
with the nuclei of atoms in materials; the neutral charge
of the neutron allows it to ignore the sea of electrons in

atoms. It is this phenomenon which makes their attenua- W
tion by materials so different from that of X rays. It
results in neutron radiation attenuation being a charac-
teristic of the nuclear structure of materials and follow-
ing no easily predicted pattern with increasing atomic
mass or material density. To predict the attenuation of
neutron radiation in a particular case, each atomic
species present must be evaluated individually, and
sometimes the isotopic content must also be considered.
The uniqueness of this situation results in the ability of
neutron radiography to provide high contrast between
the light elements, such as boron, lithium, and hydro-
gen, and the elements of common structural materials,
such as iron, aluminum, and copper. Also the relatively
high transparency of lead, tin, and uranium for neutron
radiation provides similar favorable image contrasts to
the common structural materials.

..

Neutron radiography is performed primarily at sites “‘
where a nuclear reactor source of neutrons is available.
It is also performed at sites that have a nuclear ac-
celerator in operation. The obvious restriction with
such radiography is that the material to be examined
must be taken to the site of these relatively large
neutron sources. This is often inconvenient or impos-
sible for large assemblies or when large numbers of
parts require inspection. In recent years the development
of neutron radiography using small accelerator or radio- 0

isotopic sources has advanced to a stage where it is now
possible to consider neutron radiography being per-
formed at a site convenient to the user, in a manner
similar to that of high-energy X-ray radiography. This
development is beginning to enable the detection of
corrosion in large assemblies such as complete aircraft
at their normal maintenance sites, where the early de-
tection of corrosion can considerably reduce repair
costs.

6-4.3.3 Beta Backscatter

The mass per unit area of a coating can be determined
using beta backscatter gages. The th]ckness can be
determined if the coating density is known. Beta parti-
cles are high-speed electrons that are emitted from the
nuclei of materials undergoing a nuclear transformation.
When beta particles impinge upon a material, a certain
portion of them is backscattered. The backscatter is
essentially a function of the atomic number of the
matter.

If a body has a surface coating and if the atomic
number of the substrate and of the coating material are
sufficiently different, the intensity of the backscatter
will be between two limits: the backscatter intensity of
the substrate and that of the coating. Thus with proper o
calibration, the intensity of the backscatter can be used
for a measurement of coating mass per unit area.
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TABLE 6-12. STANDARDS AND SPECIFICATIONS FOR RADIOGRAPHIC TESTING

ISSUED BY DESIGNATION TITLE OR EXPLANATION

Air Force
Navy
Army
ANSI f SAE
ANSI/SAE
ASME
ASNT

ASTM
-.

ASTM
ASTM
.ASTM

,. ASTM

ASTM

ASTM

ASTM

O,, ASTM,,
ASTM
ASTM
ASTM

ASTM

ASTM

ASTM
ASTM

ASTM
ASTM
AWS
AWS
AWS
DOD

DOD

DOD

o DOD
,,,,,:~

DOD
DOD

TO 33 B-l-1
NAVAIR 01-lA-16
TM 43-0103
AMS 2635
AMS 2650

SNT-TC-I A
Supplement A
B567

E94
E142
E155
E186

E192

E242

E272

E280

E31O
E390
E446

E505

E545

E586
E592

E689
E748
A5.1O-57 Part 2
D3, 4-52
D3, 4-52 Part 2
MIL-M5870

MIL-A-I 1356

MIL-R45774

MIL-STD-139

MIL-STD-271
MIL-STD-410

Nondestructive Testing Methods, Chapter 5, “Radiographic Inspection
Method”

Radiographic Inspection
Fiuoroscopic X-Ray Inspection
ASME Boiler and Ressure Vessel Code-Power Boilers (Section l)
Recommended Practice for Nondestmctive Testing Personnel
Qualifkation and Certification: Radiographic Testing Method
Standard Method for Measurement of Coating Thickness by the Beta
Backscatter Method
Guide for Radiographic Testing
Method for Controlling Quality of Radiographic Testing
Reference Radiographs for Inspection of Aluminum and Magnesium
Reference Radiographs for Heavy-Walled (2- to 4$+in. (51- to 114-mm))
Steel Castings
Reference Radiographs of Investment Steel Castings for Aerospace
Applications
Reference Radiographs for Appearances of Radiographic Images As
Certain Parameters = Changed
Reference Radiographs for High-Strength Copper-Base and Nickel-
Copper Alloy Castings
Reference Radiographs for Heavy-Walled (4!4- to 12-in. (114-to 305-
mm)) Steel Castings
Reference Radiographs for Tin-Bronze Castings
Reference Radiographs for Steel Fusion Welds
Reference Radiographs for Steel Castings Up to 2 in. (51 mm) in
Thickness
Reference Radiographs for Inspection of Aluminum and Magnesium
Die Castings
Method for Determining Image Quality in Thermal Newton
Radiographic Testing
Deftition of Terms Relating to Gamma and X Radiography
Guide to Obtainable ASTM Equivalent Penetrameter Sensitivity for
Radiography of Steel Plates 0.25to2in.(6to51 mm) Thick With X
Rays and 1 to 6 in. (25 to 152 mm.) Thick With Cobalt@
Reference Radiographs for Ductile Iron C~tings
Practices for Thermal Newton Ra&ography of Materials
Aluminum X-Ray Standard
Rules for Welding Pipe in Marine Construction
X-Ray Standard for High-Pressure, High-Temperature Steam Piping
hspection Program Requirements, Nondestntctive for Aircraft and
Missile Materials and Pam
Steel Armor, Cast, Homogeneous Combat Vehicle Type [0.25 to 12 in.
Inclusive)
Radiographic Inspection, Soundness Requirements for Fusion Welds in
Aluminum and Magnesium Mmile Components
Radiographic Inspection, Soundness Requirements for Aluminum and
Magnesium Castings (For Small Arms Parts)
Requirements for Nondestructive Testing Methods
Nondestntctive Testing Personnel QuaMcation and Certification (Eddy
Current, Liquid Pene&.nt, Magnetic Particle, Radiographic and
Ultrasonic)
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TABLE 6-12. (cent’d)

ISSUED BY DESIGNATION TITLE OR EXPLANATION

DOD
DOD

DOD

DOD

DOD

Federal Government
National Institute
for Standards and
Technology (Former
National Bureau of
Standards)
National Institute
for Standards and
Technology (Former
National Bureau of
Standards)
NASA

MIL-STD-453
MIL-STD-798

MIL-STD- 1257

MIL-STD-1264

MIL-STD-1265

FED-STD-151
Handbook 55

Handbook 66

SP-3079

Inspection, Radiographic
Nondestructive Testing, Welding Quality Control, Material Control and
Identification and High-Shock Test Requirements for Piping System
Components for Naval Shipboard Use (Radiography, Magnetic Particle,
and Penetrant)
Radiographic and Visual Soundness Requirements for Cobalt-
Chromium Alloy Liners (For Small Arms Barrels)
Radiographic Inspection for Soundness of Welds in Steel by
Comparison to Graded ASTM E390 Reference Radiographs
Radiographic Inspection, Classification and Soundness Requirements
for Steel Castings
Test Methods, Metals ..
Protection Against Betatron-Synchrotron Radiation up to 100 Million
Electron Voits

Safe Design and Use of Beta-Ray Sources

Nondestructive Evaluation Technique Guide

6-4.4 ULTRASONIC EXAMINATION
The human ear cannot detect sounds with frequencies

above about 14,000 Hz, thus any sound above thii limit
is ultrasonic. For purposes of nondestructive inspection
it is better to consider ultrasonic waves as being con-
fined to liquids and solids and as having frequencies in
the milIions of hertz. Like sound, ultrasonic waves
require a transmission coupling medium of some sort.
There are several modes by which ultrasonic waves are
propagated through materials. These include

1. Longitudinal or compression waves (L waves)
are widely used in ultrasonic testing. Ultrasonic enerW
is propagated by small elastic displacements of particles
or elements in a medium. Longitudinal waves are de-
fined as simple compression-rarefaction waves in which
the particle displacement is in the direction in which the
waves are traveling, as illustrated in Fig, 6-6. Longitudi-
nal waves will propagate through solids, liquids, and
gases.

2. Shear or transverse waves (S waves) are next in
importance to. longitudinal waves in ultrasonic testing.
In shear waves, particle displacement occurs at right
angles to the direction of propagation, as illustrated in
Fig. 6-7. The velocity with which shear waves travel is
about one half that of loq$tudinal waves. Because
wavelength is proportional to velocity, the length of
shear waves is much shorter than tha~ of longitudinal

waves. In the practical sense, shear waves will not
propagate through liquids or gases because there is little
or no resistance to shear in these media. ,
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Figure 6-6. Longitudinal Wave
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o 3. Surface or Rayleigh waves travel over the surface
of a solid material and penetrate it to a depth of about
one wavelength. Particle displacement is elliptical in the
vertical plane along the direction of travel, as illustrated
in Fig. 6-8. To propagate, the surface wave must travel
along a surface that is bounded on one side by the
strong shear forces of the solid and on the other by the
nearly nonexistent shear forces between gas molecules.
The velocity of surface waves is about 9090 of that of
shear waves in the same material.

4. When ultrasonic vibrations are transmitted into
a thin sheet or plate whose thickness is comparable to
the wavelength of the ultrasonic energy, plate or Lamb

t . . waves we produced.There are two basic t~es of Lamb

wav&: symmetrical and asymmetrical. Each is capable
of having an unlimited number of modes. Examples of
particle displacement for the two types of waves are
‘shown in F@. 6-9. The pattern of displacement is very
complex and resembles the elliptical orbit of particles of
surface waves. The velocity of these waves depends not
only on the material through which the wave is traveling
but also on the frequency, incident angle, and plate
thickness. Lamb waves are not used extensively in
ultrasonic testing.

Particle

o
,,,: Motion

+A+ Air /,.

steel ‘

$
).—.— ——. - ---—. ——

NOTE: Elliptical oscillation path of panicle on right.

Figure 6-8. Surface Wave on Steel

L=
L

—. -... -------- -------

(A) Symmetrical

(B) Asymmetrical

NOTE: Small arrows indicate primary di!ection
of pafiicle oscillation at a particular instant.

Figure 6-9. Plate Waves in a Solid

When an ultrasonic wave encounters an abrupt
change in acoustical impedance, part of the energy is
reflected and part is transferred across the interface.

The principles of reflection and refraction are most
important in application of ultrasonics to nondestructive
testing. The energy of the incident wave may be par-
titioned among several modes of reflected and refracted
waves. Mode conversion at the interface is used in
nondestructive testing paflicularly by shear-wave and
angle-beam inspections.

There are three major displays used in ultrasonic
testing applications illustrated in Fig. 6-10. These are

1. The A-scan is a time-versus-amplitude display.
From the signal located on a cathode-ray-tube screen,
the depth of a defect within a material and an estimate
of its size an be determined as illustrated in Fig. 4-
1O(A). If thickness rather than discontinuity location is
being measumd, the time between the initial pulse and
the back-surface reflection is a measure of thickness in
a material.

2. The B-scan presentation reveals a cross-sectional
view of the material being examined. This type of

HorizmtisweeP

[A)A4canPresentation

? ,,, ,, ’! ,11 . FrontSurfac?..tinui.~;~ ?%f%

/ldLs
adl surface

(B)Wscm Pmsenutim

Oiitinuitics

y<~-

d .3
;
{ . .1
[
1 j

(c) c-sc%rlP1’esentiml

Figure 6-10. A-, B-, and C-Scan UNrasoNc
Presentations (Ref. 20)
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presentation displays the front and back surfaces and
relative location of defects, within the material as illus-
trated in Fig. 6-10(B).

3. The C-scan presentation is a plan view similar to
a radiograph as shown in Fig. 6-10(C). It outlines the
contour of the defect on a plan view of the specimen
but does not reveal any information as to the depth of
the defect.

Ultrasonic inspection may be divided into the follow-,
ing three classes according to how the probing energy is
used:

1. In puke-echo testing, pulses of ultrasonic sound
are generated by the test instrument and introduced
into a material. The sound travels through the material
and is reflected back to the transducer from the opposite
side or from any location in the material where there is
an abrupt change in acoustic impedance. Inspection
using pulse-cho techniques is particularly useful when
only one sqrface of the test item is accessible. The
pulse-echo system is illustrated in Fig. 6-11.

r Cathode-Ray Tube

2. Through-transmission testing operates on the
m

principle of transmitting sound waves through a test
specimen with one transducer and receiving them with a
second transducer. The through-transmission system is
illustrated in Fig. 6- I2. The transmitted sound can be
either continuous or pulsed. The presence of a dis-
continuity is indicated by a reduction in the magnitude
of sound energy reaching the receiving transducer. The
through-transmission system provides better near-
surface resolution than the pulse-echo approach.

3. Stationary waves are produced when continuous
longitudinal waves are introduced into a test specimen.
The frequency of these longitudinal waves must be
properly related to the thickness and acoustic velocity
of the material. When the test frequency is such that the
specimen thickness is exactly equal to one half or to
multiples of the ultrasonic wavelength, the test specime~-
will resonate and cause a loading effect on the trans- ..,

ducer. In resonance testing, access to only one surface
of the specimen is required. Accuracy can be very high

~ Couplant -‘

Transducer

+ -+-+++

#

Y /
Generator/Indicator L

~ Discontinu”~
Instrument Coaxial Cable

Figure 6-11. Pulse-Echo System

Receiving
Transducer

7

r Cathode-l?ay ,Tube Specimen

Transmitting
‘i,

Coupiant Couplant

~ Transducer _ ,7/

3.-+--+-- K-+-
-3 \

I
8

‘---+%. /
LW[/ 111’[UlG=4UI’

~ Coaxial Cable = - ~
— wv-w#9s#B8um(

ant

Figure 6-12. Through-Transmission
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o if the test operator uses very exact electrical and mechani-
cal devices. The resonance system is illustrated in Fig.
613.

In any method of ultrasonic inspection, the transducer
must be coupled to the test-material surface. In contact
inspection the surface being inspected is exposed to the
environment and the transducer is in contact through a
thin couplant fti, as illustrated in fig. &14. Small,
lightweight, ponable equipment is commercially avail-
able and a minimum of test instmments and accessories
are required. The method is adaptable to a wide variety
of field and shop applications because in contact inspec-
tion the main functions of the couplant are to exclude

. . air between the tmnsducer and the test specimen and to
provide an acoustical path for transmission of the ultra-
sonic wave from one surface to the other.
-s, The several methods and classes of ultrasonic inspec-
tion ean be combined in a number of ways to provide a
variety of testing techniques. The normal or straight-
beam pulse-echo contact test is applicable for thickness
measurements and the detection of planar defects and
voids. The shear-waveangle beam test is sensitive to
discontinuities with reflecting areas nonparallel to the
testsurface. Surface or Rayleigh-wave pulse+cho con-
tact testing is applicable to the detection of defects that

o

are at or near and nominally perpendicular to the
,,, surface. Examples of such defects are fatigue cracks and

heat treatment cracks. Pulse-echo, plate-wave, or hmb-
wavc angle beam contact testing is useful for inspecting
thin materials. This method is applicable to defects
nominally perpendicular to the surfaces and located
anywhere throughout the thickness. Dual transducer
p-ho contact testing can detect discontinuities be-
fore the transmiss”Ion of the pulse is complete.

Through-transmis&on may also be used in the contact

o

,

r Cathodt+Ray Tube

Figure 6-14. Contact Testing

method, but the difficulty of maintaining constant trans-
ducer alignment and uniform coupling during scanning
reduces its desirability. Through-transmission pulsed
longitudinal-wave testing is most applicable to the de-
tection of plamr defects and voids in materials, such as
flat plates and bars having opposite parallel surfaces.
Under ceti conditions and transducer arrangements,
surface wave modes may be employed. For example,
large surface areas may be rapidly inspected for surface
defects by positioning the tmnsmitter and receiver on
the same surface “looklng” at each other. A simii
technique may be used to inspect thin sheets for delami-
nation defects by using plate waves.

In resonance+ontact inspection a longitudinal-mode
continuous wave is introduced normal to the surface of
the specimen. Resonance testing is used mainly to
measure the tilckness of thin sheets. This test method is
also applicable to the detection of large discontinuities,
such as corrosion effects and larninar-type bond defects.

Table 6-13 is a list of military and industrial standards
and specifkations relating to ultrasonic inspection.

~&temmg;fndicator L ~ Standing W~eCoaxial Cable

Figure 6-13. Resonance System
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TABLE( 6-13. STANDARDS AND SPECIFICATIONS FOR ULTRASONIC INSPECTION
m

SSIJ~~ BY DESIGNATION TITLE OR EXPLANATION

,ir Force

,ir Force
[avy
L~my

,NSI
,NSI/SAE
SNT

,SNT

,STM

dYFM

STM

STM

STM
STM

,STM

,STM

STM
.STM

,STM

LSTM

,STM

MTM
4STM
4STh4

4STM

KSTM

4STM

\STh4
30D

30D
DOD

TO-00-25-224 Welding High-Pressure and Cryogenic Systems (Section 4,
Nondestructive Inspection by Ultrasonic and Eddy Current Methods)

TO 33 B-1-l Nondestructive Testing Methods, Chapter 4, “Ultrasonic Inspection
NAVAIR 01-1A-16 Method”
TM 43-0103
B31.7
AMS 2630

SNT-TC-I A
Supplement C
A376

A388

A418

A435

A503
A531

A556

A557

A577
A578

B594

E114

E127

E164
E213
?3214

E273

E317

E428

E500
MIL-I-6870

MIL-C-15726
MIL-S-16216

Code for Pressure Piping, Nuclear Power Piping
Ultrasonic Testing
Recommended Ultrasonic Acceptance Standards for Airframe
Aluminum Alloy Plate, Forgings, and Extrusions
Recommended Practice for Nondestructive Testing Personnel
Qualification and Certification: Ultrasonic Testing Method
Specifications for Seamless Austenitic Steel Pipe for High-Temperature
Central Station Service
Recommended Practice for Ultrasonic Examination of Heavy Steel
Forgings
Method of Ultrasonic Testing and Inspection of Turbine and Generator
Steel Rotor Forgings
Specification for Ultrasonic Examination of Steel Plates for Pressure
Vessels
Specification for Ultrasonic Examination of Large Forged Crankshafts
Recommended Practice for Ultrasonic Inspection of Turbine-Generator
Steel Retaining Rings
Specification for Seamless Cold-Drawn Carbon Steel Feedwater Heater

m

Tubes
Specification for Electric-Resistance-Welded Carbon Steel Feedwater
Heater Tubes
Specification for Ultrasonic Angle Beam Examination of Steel Plates
Specification for Straight-Beam Ultrasonic Examination of Plain and
Clad Steel Plates for Special Applications
Practice for Ultrasonic Examination of Aluminum Alloy Wrought
Products for Aerospace Applications
Practice for Ultrasonic Pulse-Echo Straight-Beam Testing by the
Contrast Method
Practice for Fabricating and Checking Ahuninum Alloy Ultrasonic
Standard Reference Blocks
Practice for Ultrasonic Contact Examination of Weldments
Practice for Ultrasonic Inspection of Metal Pipe and Tubing
Recommended Practice for Immersed Ultrasonic Testing by the
Reflection Method Using Pulsed Longitudinal Waves
Practice for Ultrasonic Examination of Longitudinal and Spiral Welds
of Welded Pipe and Tubing
Practice for Evaluating Performance Characteristics of Pulse-Echo
Ultrasonic Testing Systems Without the Use of Electronic Measurement
Instruments
Practice for Fabrication and Control of Steel Reference Blocks Used in
Ultrasonic Inspection
Terminology Relating to Ultrasonic Examination
Inspection Program Requirements, Nondestructive for Aircraft and
Missile Materials and Parts
Copper-Nickel Alloy, Sheet, Plate, Strip, Bar, Rod, and Wire
Steel Plate A11oY,Structural High Yield Strength (HY-8O-HY-1OO)-.

(cent’d on next page)
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TABLE 6-13. (coot’d)

ISSUED BY DESIGNATION TITLE OR EXPLANATION

DOD

DOD
DOD
DOD

DOD

DOD
DOD

DOD

MIL-S-22698

MIL-S-23008
MIL-T-23226
MIL-S-23284

MIL-U-85067(AS)

MIL-STD-271
MIL-STD41O

MIL-STD-770

Steel Plate, Shapes and Bars, Weldable, Ordinary Strength and Higher
Strength:Structural
Steel Castings,Alloy, High YleidStrength(HY-80 and HY-1OO)
Tube and Pipe, Corrosion-Resistant Steel Seamless
Steel Forging, Carbon and Alloy, for Shafts, Sleeves, Propeller Nuts,
Couplings and Stocks (Rudders and Diving Planes)
Ultrasonic Evaluation of Housing Welds for the Mark 71 Mod O
Warhead
Requirements for Nond=tructive Testing Methods
Nondestructive Testing Personnel Qualifkation and CerMcation (Eddy
CurrenL Liquid Penetrar% Magnetic Particle, Radiographic, and
ultrasonic)
Ultrasonic Inspection of Lead

DOD MIL-STD-1875(AT) Requirements for Ultrasonic Inspection
DOD MIL-STD-2154 Process for Ultrasonic Inspection of Wrought Metals
Federal Government FED-STD-I 51 Test Methods, Metals
NAS NAS 824 (Rev. 1) Inspection, Ultrasonic, Wrought Metal
NASA SP-3079 Nondestructive Evaluation Technique Guide

6-4.5 ELECTROM.AG~TIC (EDDY
CURRENT) METHODS

Nondestnxtive testing by electromagnetic (eddy cur-
rent) methods involves inducing electric currents in a
test piece and measuring the changes produced in those
currents by discontinuities or other physical dfierences
in the test piece.

The basic eddy-current test system is analogous to an
electric transformer. The test coil serves as the primary
winding of this transformer and produces a magnetic
field that in turn excites current in the test material.
The test material serves effectively as the one-turrq

ted secondary winding of this transformer,short-circui
as shown in Fig. 6-15. The currents excited in the test
material produce an opposing magnetic field. The net
magnetic field existing at the surface of the material
next to the test coil is the sum of the excitation field
and the reaction field.

Measurements of the amplitude and phase of this net
field, i.e., the vector sum of the magnetizing-coil field
and the eddy-current-reaction field, provide the output
signals for eddy current nondestructive tests. The con-
trolhai use and electronic analysis of these measurements
permit direct indication of test object geometrical, electri-
cal conductivity, and magnetic permeability factors. In
many ~, other metallurgical, chemical, and mechani-
cal properties of test materials can be correlated with
these direct measurements. For example, material dis-
continuities, i.e., defects, that distort the eddy. current
flow patterns in the test material can often be detected.

Fig. 6-16 shows some arrangements of test probes
and test objects in eddy-current tests. Optimum fre-

Eddy Currents

/

Magnetizing Force H %

\ -\&fl w

\-~

Figure 6-15. Production of Eddy Currents by
an Alternating Field (Ref. 21)

quency ranges are often determined experimentally.
Examples of typical frequency ranges are illustrated in
Fig. 6-17.

Eddyarrent testing is primarily a surface inspection
in which the currents are concentrated near the surface
of the material that is closest to the eddy-current test
coil. The penetration depth 6 is the theoretical bound-
ary beneath the surface of the material that encloses
6370 of the induced currents. The relationship between
depth of penetration in various metals and test fre-
quency are given in Fig. 6-18.
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The eddy-current method can detect or measure a
number of material variables that influence the electrical e
characteristics of materials. For example, eddy-current
instruments are employed to detect cracks, corrosion,
and pinholes in coatings. Other applications include
measuring heat treatment, hardness, stress, chemical
composition, cladding thickness, and the diameter of
cylinders.

The eddy-current technique is a fast and accurate
method of measuring thickness. The probe-type test coil
is usually used for eddy current thickness measurement.
However, the encircling coil also has been employed to
measure the wall thickness of metal tubing and con-
ductive coatings on solid cylinders.

There are three basic types of material configurations
for which eddy-current thickness measurements are em-
ployed, i.e.,

1. Nonconductors on conducting substrates
2. Conductors on nonconducting substrates
3. Conductors orI conducting substrates.

Eddy-current measurement of nonconducting coatings
on conducting material includes applications such as
the thickness of anodized coatings on aluminum plate
and the thickness of a variety of nonmetallic paints and
lacquers on metal substrates. Eddy-current measure-
ments of conductive coatings on conducting substrates
require that the two materials differ significantly in
electrical conductivity or magnetic permeability. e

Table 6-14 lists standards and specifications for eddy-
.current testing.

(C) Excitation and Pickup on Opposite
$ides of Test Object

HO = excitation field
H, = reaction field (produckd by eddy currents)
1= = eddy current paths in test object, normally

circular and concentric ;

Figure 6-16. Arrangements of Test Probes
and Test Objects (Ref. 20)

Ferrous
Sorting and Nonferrous Sorting

I

1 10 100 1000 10 k 100 k lM 10M

. Hz

Figure 6-17. Frequencies Used for Various Test Problems (Ref. 21)
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O,,

..
,.

Frequency, Hz

“6is the depth of penetration at which the eddy current density has decreased
to I/e times its value at the sudace.

Figure 6-18. Relationship Between Depth of Penetration in
Various Metals and Test Frequency (Plane Case) (Ref. 21)

Of.,),

TABLE 6-14. STANDARDS AND SPECIFICATIONS FOR EDDY-CURRENT TESTING

0004 c
0.003z
0022 al

o
O.colO.!woa
0.0W6

ISSUED BY DESIGNATION TITLE OR EXPLANATION

Air Force

Air Force
Navy
Army
ASNT

ASTM

ASTM
ASTM
ASTM

ASTM

ASTM
ASTM

ASTM

ASTM

ASTM

TO 00-25224

TO 33B-I-1
NAVAIR 01-lA-16
TM 434103
SNT-TC-1 A
Supplement E
B244

EI13
El&l
E215

E243

E268
E309

E376

E426

E566

Welding High-Pressure and Cryogenic Systems (Section 4,
Nondesttuetive Inspection by Ultrasonic and Eddy Current Methods)
Nondestructive Testing Methods, Chapter 3, “Eddy Current Method”

Recommended Practice for Nondestmctive Testing Persomel
QuaM=tion and Cedkatiom Eddy Current Test Method
Method for Measurement of Thickness of Anodic Coatings on
Aluminum and of Other Nonconductive Coatings on Nonmagnetic
Basic MetaJs With Eddy Current Instruments
Recommended Practice for Ultrasonic Testing by Resonance Method
Standard Method for Ultrasonic Contact Inspection of Weldments
Practice for Standardizing Equipment for Electromagnetic Testing of
%andess AIuminum Mloy Tube
Practice for Electromagnetic (Eddy Current) Examination of Seamless
Copper and Copper Alloy Tubes
Definition of Terms Relating to Electromagnetic Testing
Praetiee for Eddy Current Examination of Steel Tubular Products
Using Magnetic Saturation
Practice for Measuring Coating Thickness by Magnetic Field or Eddy
Current (Electromagnetic) Test Methods
Practice for Electromagnetic (Eddy Current) Testing of Seamless and
Welded Tubular Products, Austenitic Stainless Steel and Similar Alloys
Practice for Electromagnetic (Eddy Current) Sorting of Ferrous Metals

(eont’d on next page)
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TABLE 6-14. (cent’d)
o

ISSUED BY DESIGNATION TITLE OR EXPLANATION

ASTM E571 Practice for Electromagnetic (Eddy Current) Examination of Nickel and
Nickel Alloy Tubular Products

ASTM E690 Practice for In-Situ Electromagnetic (Eddy Current) Examination of
Nonmagnetic Heat Exchanger Tubes

ASTM E1OO4 Test Method for Electromagnetic (Eddy Current) Measurements of
Electrical Conductivity

ASTM F673 Method for Measuring Resistivity of Semiconductor Slices With a
Noncontact Eddy Current Gage

DOD MII.,-I-6870 Inspection Program Requirements, Nondestructive for Aircraft and
Missile Materials and Parts

DOD MIL-STD-271 Requirements for Nondestructive Testing Methods
, DOD

. .

MIL-STD-41O Nondestructive Testing Personnel Qualification and Certiilcation (Eddy
Current, Liquid Penetrant, Magnetic Particle, Radiographic, and

, Ultrasonic)
DOD MIL-STD-1537 Electrical Conductivity Test for Measurement of Heat Treatment of

Aluminum Alloys, Eddy Current Method
Federal Gove]mment FED-STD-15 I Test Methods, Metals
NASA SP-3079 Nondestructive Evaluation Technique Guide

6-4.6 LEAK TESTING
Leak testing is a type of nondestructive test. The

presence of a leak is an indication of discontinuity in a
material or lack of a seal at an interface. A leak may
result from fabrication processes, or it may be the result
of operational wear including corrosion. Local cor-
rosion, such as pitting and crevice corrosion, can result
in a leak without significant general corrosion and at
relatively mild environmental exposure conditions.

The correct choice of a leak testing method optimizes
sensitivity, cost, and reliability of the test. In general,
leakage measurement procedures involve covering the
whole of the suspected region with tracer gas while
establishing a pressure differential across the system by
either pressurizing with a tracer gas or by evacuating
the opposite side. The presence and concentration of
tracer gas on the lower pressure side of the ‘system are
determined and then measured. Fig. 6-19 is a guide for
selection of a leakage test method that illustrates the
various options.

A dynamic test method can be performed in the
shortest time. Static techniques increase test sensitivity,
but the time for testing is also increased. Leak tests are
performed on open units, which are accessible on both
sides, and sealed units. Either evacuation or pressuriza-
tion of one side-of a unit that is accessible on both sides
may be used to test for leakage.

Leak location can be accomplished with a tracer-
probe or a detector-probe method. The tracer-probe
method is used when the system is evacuated, and the
tracer gas comes from a probe located outside the
system. The cletector probe is used whe,n the system is

pressurized with tracer gas and testing is done at atmos-
pheric pressure.

When using liquid penetrants for leak location, both
surfaces must be accessible.

Table 6-15 is a list of ASTM standards and specifica- 0

tions related to leak testing.

6-4.7 THERIMAL NONDESTRUCTIVE
INSPECTION

Thermal nondestructive inspection (TNI) is a process
for determining the existence of discontinuities, anoma-
lies, and malfunctions in test objects by virtue of their
thermal properties.

If malfunctioning components of an operating test
object may be detected because they generate excessive
heat, the test is termed passive. An example of passive
TNI is the measurement of the temperatures of com-
ponents in electronic assemblies to determine whether
the components are operating properly.

If discontinuities and anomalies are detected by their
altering of the heat’ flow in the test object &d heat must
be added to detect them, the testing method is termed
active. Flaws influence temperature gradients as a func-
tion of location or time. An example of active TNI is
the inspection of honeycomb structures. Heat intro-
duced on the surface flows less rapidly from the surface
where cells are not bonded to the face sheet. This
slower flow of heat results in a higher temperature on
the surface above the anomaly.

Temperature is the variable that signals the existence o
of discontinuities, flaws, and malfunctions. An im-
portant method of classifying TNI temperature measure-
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Figure 6-19. Guide for Selection of Leakage Testing Method (Ref. 22)

rnent methods is based on whether or not the tempera-
ture-measuring device contacts the surface of the test
objeet.

Contacting methods may be classified as point mea-
surements using thermocouples or thermistors or area
measurements using coatings that change their proper-
ties in response to the temperature of the object. Coat-
ings include cholesteric liquid mystals, thermochromic
phosphors, and thermochromic paint.

It is not necessary to contact the surface of an object
to measure its temperature. It is possible to sense the
radiated energy emitted by the object and relate it to
the temperature of the object. There are several types of
noncontacting temperature detectors that are used in
TNI. One type is the thermovoltaic deviee that responds
to the total spectral range. The incident radiation heats
a black-surface mass. A series connection of thermo-
couples (a thermopile) or a single thermocouple in

contact with the mass produces a voltage in response to
I the temperature of the absorbing element. The voltage

is related directly to the incident radiant power. Another
type of the.ma.l radiation detector is the bolometer,
whlcb changes its resistance with changes in its tempera-
ture.

A type of infrared radiation detector that is signifi-
cantly different from thermal detectom is the photon
detector. Photon detectors do not respond equally to all
wavelengths. There are two basic ways in which they
respond to incident infrared Iight: (1) the resistance of a
semiconducting element changes with changing incident
light intensity (photon conduction) and (2) the semi-
conductor material generates a voltage in response to
incident light (photovoltaic operation).
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TABLE 6-15. ASTM STANDARDS AND SPECIFICATIONS
RELATED TO LEAK TESTING o

DESIGNATION

D998
D3078
E425
E427
E432
E493

E498

E499

E515
F37
F78
F97
F98
Fl12
F134

F586
F730

TITLE OR EXPLANATION

Test for Penetration of Liquids into Submerged Loaded Shipping Containers
Test Method for Leaks in Heat-Sealed Flexible Packages
Definitions of Terms Relating to Leak Testing
Practice for Testing for Leaks Using the Halogen Leak Detector
Guide for the Selection of a Leak Testing Method
‘Test Methods for Leaks Using the Mass Spectrometer Leak Detector in the Inside-Out Testing
Mode
Methods of Testing for Leaks Using the Mass Spectrometer Leak Detector or Residual Gas
Analyzer in the Tracer Probe Mbde
Methods of Testing for Leaks Using the Mass Spectrometer Leak Detector in the Detector
Probe Mode
Method of Testing for Leaks Using Bubble Emission Techniques
Test Method for Sealability of Gasket Materials .

Method of Calibration of Helium Leak Detectors by Use of Secondary Standards -.,

Recommended Practice for Determining Hemeticity of Electronic Devices by Dye Penetration
Recommended Practices for Determining-Hemeticity of Electronic Devices by a Bubble Test
Test Method for Sealability of Enveloped Gaskets
Recommended Practices for Determining Hemeticity of Electron Devices With a Helium Mass
Spectrometer Leak Detector
Test Method for Leak Rates Versus y and m Factors for Gaskets
Test Methods for Hemeticity of Electron Devices by a Weight Gain Test —

There are two variables to which temperature may be by which each potential failure mode in a system is m
related: position and time. Position leads to the location
of the anomalies. ‘The important time period is the time
difference between temperature measurement and initia-
tion or cessation of heating. The most common way to
interpret TNI data is by comparing temperature data
for a structure under given heat flow conditions to an
identical structure that is known to be free of defects or
malfunctions under the same heat flow conditions.

6-5 FAILURE ANALYSIS

The quality engineering process described in par. 6-3
has the goal of fielding a quality product that satisfies
the mission requirements. Therefore, it is important
that feedback on service performance be part of the
process. In particular, logistic support analysis is an
iterative process that continually refines a product based
upon testing and performance information. one aspect
of this information feedback is failure analysis.

A failure is the event, or inoperable state, in which
any item or part of an item does not, or would not,
perform as previously specified (Ref. 23). Failure
analysis occurs subsequent to a failure. It is the logical,
systematic examination of an item, its construction,
application, and documentation to identify the failure
mode and determine the failure mechanism and its
basic course (Ref. 23). This is in distinction to a failure
mode and effects analysis (FMEA), which is a procedure

analyzed to determine the results or effects thereof on
the system and to classify each potential failure mode
according to its severity (Ref. 23). The failure mecha-
nism is the physical, chemical, electrical, electro-
chemical, thermal, or other process that results in failure
(Ref. 23). The failure mode is the consequence of the
mechanism through which the failure occurs, i.e., electri-
cal short, open circuit, fracture, excessive wear, leakage,
or rupture (Ref. 23).

Therefore, corrosion is a failure mechanism even
though many types of corrosion are characterized by
the consequences and not by the mechanism. In some
situations the mechanisms for corrosion are not com-
pletely understood and the only convenient way to
describe it is by the consequences. Electrochemical
mechanisms are usually a salient feature of most cor-
rosion processes. For example, the mechanism of cor-
rosion may be responsible for the mode of ,failure—
penetration and leakage—of an automobile radiator.
However, the failure may manifest itself in overheating
of the engine or perhaps seizure of moving parts.

Failure may be characterized in various ways (Ref.
23):

1. A catastrophic failure results in the sudden loss
of an item.

2. A critical failure or combination of failures
prevents an item from performing a specified mission.
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o 3. A dependent failure is caused by the failure of,,
an associated item(s). An independent failure occurs
without being caused by the failure of any other item.

4. An intermittent failure occurs for a limited time,
after which the item recovers its ability to perform
within spec~led limits without any remedial action.

5. A nonrelevant failure is (a) a failure vetiled as
peculiar to an item design that will not enter the
operational environment or (b) a failure vefiled as
peculiar to an item design that will not enter the
operational inventory. Thus a relevant failure is equip-
ment failure that occurs in the operational environ-
ment.

. . 6. A nonchargeable failure is (a) a nonrelevant
failure or (b) a relevant failure caused by a condition
previously specified as not within the responsibility of a

.- given organizational entity. (AU relevant failures are
. . chargeable to one organizational entity or another.)

7. The occurrence of a random failure is pre-
dictable only in a probabilistic or statistical sense. This
fact applies to all distributions of the universe.

Most failures are fiexpected. Nevenheless, when a
suffkiently large sample of similar failures has been
accumulated, probabilities of failure can be assigned to
the universe represented by the sample. It is important

o

to draw the boundaries of the universe carefully. For,.,.
‘, example, the universe may consist of all similar items,

only the items produced by one manufacturer, or only
the items given a similar heat treatment.

An item may fail under test or operational conditions.
A testing program foUows a detailed test plan that is
designed to provide information to the design process.
Failures that occur during tests may result in design
and material changes, modification of operating limits,
and schedules for preventive maintenance. Tests are
usually well documented. Test articles may be fitted
with sensors that monitor operating conditions and
indicate failure mechanisms. Test articles are available
for detailed posttest examination. However, as realistic
as a testing program might be, unanticipated failures
should be expected under field operating conditions.
AU too often the information that is potentially avail-
able from field failures is not obtained, is poorly docu-
mented, or does not fmd its way to those who are in a
position to correct a problem or to insure that similar
mistakes are not made in the future. One mason for
poor response from the field may be that people who
report failures become discouraged if they perceive that
nothing results from their repons.

As a failure mechanisrq corrosion is often missed in
testing programs because of the long time that can pass
before evidence of si@lcant failure mode damage is

o.!detected. Although the mechanisms associated with cor-
~%;: rosion are operating continuously, the failure modes

require extensive damage before they become apparent.
Therefore, the first indication of failures occurring by
corrosion mechanisms is often in the field after a

materiel item has been tested and “fielded”. A failure
analysis must be conducted to obtain useful information
concerning these failures.

It is important that a failure analysis involving metal
failure be conducted by someone who is familiar with
corrosion manifestations and mechanisms. Some forms
of corrosion are similar to mechanical wear and failure,
and it is important to distinguish between the two. For
example, a shaft may break as a result of mechanical
overload or the breakage may be the result of a cor-
rosion mechanism in which the shaft undergoes cor-
rosion-assisted crack growth until the remaining un-
tracked portion is overloaded mechanically. When a
corrosion mechanism is ident$xed as contributing to the
failure mode, the extent of corrosion, the mechanisms,
and the exposure conditions responsible for corrosion
should be determined. It is also important to identify
the metal involved and the function of the part affected.

Although only a limited amount of failure analysis
can be conducted in the field, it is important that even
this be done. If corrosion is not suspected in the field
examination, fufiher examinations are not likely to be
carried out. In the field the most important type of
examination is visual.

Failed components should be examined for signs of
corrosion products and corrosion attack. Conditions
that could be conducive to corrosion, such as trapped
water, wet mud and sand, corrosive working fluids, and
environmental conditions, should be noted. The condi-
tions of protective coatings should be assessed, and
dimensions of corroded sections should be noted.

More detailed examinations can be carried out in the
laboratory. It may not, however, be feasible under some
conditions to provide specimens for Iaboratoxy examina-
tion. Examinations that carI be conducted in the labora-
tory are

1. Microscopic examination of the failure zone to
confirm the presence of corrosion and the type and
extent of corrosion attack

2. Metallographic examination of the failure sur-
face and adjacent zones

3. Measurement of the strength properties of the
metal to determine changes that may have resulted
from the seMce exposure

4. Instrumental and wet-chemical analysis of cor-
rosion fdm and scale and the corroded surface of the
metal

5. lnstrwpental and wet-chemical analysis of pro-
tective coatings

6. Electrochemical measurements of the effective-
ness of protective fdms and coatings and the corrosion
characteristics of galvanic couples

7. Chemical analysis of possible corrodents, if avail-
able.

By themselves, the results of this examination are
incomplete. They should be related to service history,
operating conditions, maintenance, and assembly con-
figuration. This information must come from the field
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examination. The operating elements responsible for
the field examination will have some relevant informa-
tion. Unfortunately, it may be difficult, if not im-
possible, to reconstruct a complete history of the item.

The failure examination and its interpretation should
be compared with information available on similar
failures. The objective is to determine whether there is
some common element that would indicate one or more
of the following

1. Design deficiency
2. Material inadequacy
3. Fabrication defects
4. Inadequate quality assurance
5. Damage in shipment
6. Deterioration in storage
7. Inadequate or improper maintenance
8. Unusual~y severe operating conditions.

Fig. 6-20 indicates the general progression of the
failure analysis process.

Failure Indication .

4.’

Determination of Failure Mode

1
Possible Failure Mechanism

‘J
Correlation with Operational and Environmental Factors

1“
Field Fleport

1
Laboratory Examination

1
Laboratory Report .

d
Failure Assessment

1
Action

.-
Figure _6-20. Failure Analysis Process
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6.6 SUBJECT TERM (KEY WORD) LISTING

Aluminum and Aluminum Alloys
Beryllium
Chemical Conversion Coatings
Coatings, Inorganic, Metallic, and Organic
Cobalt and Cobalt Alloys
Copper and Copper Alloys
Corrosion, Chemistry and Types
Corrosion Considerations, Design and Material Selection
Corrosion Prevention
Dry Film Lubricants
Environments
Ion Implantation
Inhibitors
Laboratory and Field Testing
Lead and Lead Alloys
Magnesium and Magnesium Alloys
Molybdenum
Nickel and Nickel Alloys
Packaging
Powder Metallurgy
Tantalum and Tantalum Alloys
Titanium and Titanium Alloys
Tungsten and Tungsten Alloys
Uranium and Uranium Alloys
Zinc and Zinc Alloys
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GLOSSARY

A
AcceptafdeQumWyLevel(AQL). The maximum percent

effective that, for purposes of sampling inspection, can
be considered satisfactory as a process average.

AcceptwrceNumber.’The maximum number of defects or
:. defective units in the sample that will result in

-. acceptance of the lot.

Acitfikfedhz Liquids having a pH less than 7.
. .

. .
Acid Mine Droinoge. Drainage from bituminous coal

mines that contains large concentrations of acidic
sulfates, especially ferrous sulfate.

AcrMPickEng. Treatment of a metal, usually steel, with an
acid, usually sulfuric acid with an added inhibitor, to
remove mill scale, rust, and other impurities from the
surface.

o
,, !,

AcidSdt. A compound that is derived from an acid and a
base and in which only part of the hydrogen is replaced
by a basic radical, e.g., the acid sulfate NaHSO~.

Acoustics. The transmission of energy to an object by
sound waves.

A cry% ResirI polymerized from acrylic acid, methacrylic
acid, esters of these acids, or acrylonitrile.

Active. A state in which a metal tends to corrode.

Active-Passive Behovior. The formation of a passive
protective fdm on an otherwise active metal surface.

Aeration Introducing air into. a solution.

Aerobic. Living, active, or occurring only in the presence
of oxygen.

Aging. A second heat treatment of an alioy at a lower
temperature that causes precipitation of the unstable
phase and increased hardness, strength, and electrical
conductivityy.

e
Alka%neSofutiomA solution having a pH greater than 7.

Alkyd Resin used in coatings; reaction products of
polyhydric alcohols and polybasic acids.

AfkylMufitfe. A compound consisting of an alkyl group
and a halogen, e.g., ethyl bromide.

A [Iotropic. The property of a substance to assume
different forms or structures under different condi-
tions, such as temperature.

AUoy. A substance composed of two or more metals
intimately united, usually by being fused together and
dissolving in each other when molten.

Amphotm”e Having both acidic and basic characteristics.

Amphoteric MetoL A metal that dissolves in both acid
and alkaline solutions.

A noerobic. Living, active, or occurring in the absence of
free oxygen.

Am”on. A negatively charged ion of an electrolyte. An
anion migrates toward the anode under the Mluen&
of a potential gradient.

An&otropic. Showing different properties in different
directions.

Anode. The ekctrode at which oxidation or corrosion
occurs.

Arrodic Coating. A fti of oxide produced on a metal by
electrolysis with the metal as the anode.

AnodicProtectwn An appreciable reduction in corrosion
achieved by making a metal an anode and maintaining
this highly polarized condition with very little current
flow.

Anodize. To subject a metaJ to electrolytic action as the
anode of a cell in order to coat with a protective or
decorative fti.

Anou%ing. Forming an oxide coating on a metal surface
(generally aluminum) by an electrolytic process.

Antijouhg. Prevention of the attachment of marine
organisms or growth on a submerged metal surface
that is generally achieved through chemical toxicity
caused by the composition of the metal or coating
layer. .
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Antifouling Paiints. Coatings designed to release slowly a
biocide such as copper over a period of time. This
release prevents fouling of painted underwater surfaces
by marine organisms.

Antiseizing Compound. A lubricant used to prevent
metals from cohering or binding in sliding or rolling
contact.

Applied Stress. A stress system within a solid that is the
result of external forces.

Armored Vehicle.Wheeled or track-laying vehicle, with
armor hull or body and with or without major
armament, that is used for combat, security, or cargo.

A-Scan Display. An ultrasonic testing time versus
amplitude di,splay. From the signal location on a
cathode-ray-tube (CRT) screen, the depth of a defect
within a material and an estimate of its size can be
determined.

As-CastSur@e. The surface of a metal object that results
from a casting process.

AspectRatio. The ratio of length to width of an item such
as a metallic grain.

Asymptote. A straight line associated with a curve such
that as a point moves along an infkite branch of the
curve, the dist,ance from the point to the line approaches
zero and the slope of the curve at the point approaches
the slope of the line.

Atomic Hydroagen. A free, unassociated atom of
hydrogen.

Attributes, Inspection by. Inspection whereby either the
unit of product is classified simply as defective or
nondefective or the number of defects in the unit of
product is counted with respect to a given set of
requirements.

Austenite. Gamma iron with carbon in solution.

Austenitic. The name given to the face-centered cubic
crystal (FCC) structure of ferrous metals. Ordinary
iron and steel have this structure at elevated tempera-
tures. Also certain stainless steels have this structure at
room temperature.

B
Babbitt Mets!. Any of the white

primarily of tin or lead and of
alloys, composed
lesser amounts of

antimony, copper, and perhaps other metals, used for
bearings. m

Bailistic Property. The characteristics of a metal that
affect the motion of a projectile made from it in the
bore, through the atmosphere, and during target
penetration.

l?ase (Basis)Metal. The underlying structural metal.

BearingRace. A track or channel in which bearings roll or
slide.

Beta Particle BackScatter.The rebounding of incident
beta particles from a material in the direction of the -
beta particle source.

Beta Particles. High-speed electrons emitted from the .-.
nuclei of materials undergoing radioactive decay . .

nuclear transformation.

BimetallicCorrosion. Corrosion resulting from dissimilar
metal contact, i.e., galvanic corrosion.

Binary Chernica/Muhition. An artillery shell or bomb in
which the two liquid components, which are in-
dividually nontoxic, are separated by a membrane that
ruptures on firing and allows the two components to a
mix, react, and form a toxic compound.

Black Light. Electromagnetic radiation in the ultraviolet
(UV) end of the light spectrum.

Boiler Water. Water in the steam-generating section of a
boiler unit.

Bofometer. A very sensitive resistance thermometer used
in the detection and measurement of feeble thermal
radiation and specially adapted to the study of infrared
spectra.

Borescope. An optical device for examining internal
surfaces not directly accessible; initially developed for
examining the bored surfaces of gun tubes and barrels.

BrackishWater.Water having saliity values from approxi-
mately 0.50 to 17.00 parts per thousand.

Braze. To solder metals by melting a nonferrous filler
metal such as brass or brazing alloy (hard solder) with
a melting point lower than that of the base metals at the
point of contact.

Breakaway Corrosion. The sudden change in corrosion
from a slow to a fast rate.
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Bronze. To solder with a nonferrous alloy that melts at a
lower temperature than the metals being joined.

B-Scan Display. An ultrasonic testing presentation of a
cross-sectional view of the material being examined.
The front and back surfaces and relative location of
defects within the material are shown.

Burning.Permanent darnage to a metal caused by heating
beyond the temperature limits of the treatment. Also
the tendency of materials to bum at given temperatures

.- in contrast to melting or disintegrating.. .

c

Canwr@age. The disguising of military equipment or.-.
installations with paint, nets, or foliage.. .

CarbonBrush A conductive carbon block used to make
sliding electrical contact with a moving part.

Carbur&e. To surface-harden steel by convefing the
outer layer of low-bon steel to high-carbon steel by
heating the steel above the transformation range in

m

contact with a carbonaceous material. The carbona-
ceous material may be solid or gaseous.

C’arnauba Wax. The hardest natural wax, having a
melting point of 85° C, exuded from the leaves of the
camauba palm.

CastAffoy. Alloy that is formed into a fixed shape from a
liquid by letting it cool in a mold.

CatastrophicCorrosion. Continuous and rapid corrosion
leading to complete destruction of the metal.

Cat@rophicFaifLWe. A failure that results in the sudden
loss of function of an item.

Cathode The electrode at which reduction (and practically
no corrosion) occurs.

‘f!!?,,,:,

Cathodic Protection Reduction or elimination of cor-
rosion achieved by making the metal a cathode by
means of an impressed direct current or attachment of
a sacrifkial anode.

Cah”on. A positively charged ion of an electrolyte. A
cation migrates toward the cathode under the influence
of a potentiil gradient.

Caustic JbrfwiMement. Cracking as a result of the
combined action of tensile stresses and corrosion in
alkaline solutions.

bubbles in a liquid; usually results from local low
pressure, e.g., as on the trailing edge of a propeller.
This action develops momentary high local pressure
that can mechanically destroy a portion of a surface on
which the bubbles collapse.

CavitationCOrrOSr-OILCorrosion damage resulting from
cavitation and corrosion: metal corrodes, pressure
develops from collapse of cavity and removes corrosion
product, and thus exposes bare metal to repeated
corrosion.

Cavitti”onDamage. Deterioration of a surface caused by
cavitation-sudden formation and collapse of cavities
in a liquid.

Chargeable Failure. All relevant failures chargeable to
one organizational entity or another.

Chm”cafAgents. Chemical substances used in warfare to
disable enemy forces.

Chem”caf Conv=”on Coating. A metal surface layer
intentionally developed by chemical reaction to protect
or to improve appearance.

Chenticuf Miffing. Controlled removal of metal by
chemical dissolution.

Chemid-Vapor-DepositedCarborL Carbon formed from
carbonaceous material that is condensed from a vapor
phase.

Chemicafi’yPureThe grade of metal that is highly refined
to be essentially free of impurities.

Chemiwrption The adsorption of a chemical specks on a
surface with strong binding forces that are comparable
with those leading to the formation of a chemical
compound.

Cholestm”cLiquid CrystaL A liquid crystal material in
which the elongated molecules are parallel to each
other within the plane of a layer, but the direction is
twisted slightly from layer to layer to form a helix
through the layers.

Clad A floy. A basemetal bonded to a layer of another
more corrosion-resistant metal.

ClhdMetaL A metal substrate to which a different metal
surface layer has been freed by physical means.

CfanWng Alloy. The overlapping metal in a clad metal.

Cavitation Formation and sudden collapse of vapor
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Cold Working. Plastic deformation of a metal below the Continuous Casting, A technique in which an ingot, o
annealing temperature in order to cause permanent
strain hardening.

Comhustiort Gas. The gas resulting from the oxidation of
a fuel.

Commercial Grade. The grade or purity of a chemical
material that is commonly used in industry and that is
readily available.

CommerciallyP’ure.The grade of metal normally sold as
“pure”.

Commutation. The process of reversing every other half-
cycle of an alternating current so as to form a
unidirectional current. In the case of a generator, this
process is achieved by a series of bars or segments so
connected to armature coils that rotation of the
armature in conjunction with fixed brushes results in
unidirectional current output.

Commutator. That part of a direct current motor or
generator that serves the dual function, in combination
with brushes, of providing an electrical connection
between the rotating armature winding and the
stationary terminals and of permitting reversal of the
current in the armature windings.

Complex Ion. A complex, electrically charged group of
atoms or radical.

Composite. A structural shape in which more than one
discrete component is intimately united so that the
properties exhibited reflect those of the components.

Compressor Sta$/.The aerodynamic condition in which
the compressc~r section of a gas turbine engine loses its
effectiveness.

Concentration Cell. A cell involving an electrolyte and
two identical electrodes, with the potential resulting
from differences in the chemistry of the environments
adjacent to the two electrodes.

ConcentrationGradientMass Transjer.The transfer of
material between a concentrated and a less concentrated
region at the same temperature.

Conductivity. The property of a metal to transmit
electrical current.

Conformal Coating. A viscous formulation that forms a
dry, thick, adherent, and water-repellent coating on
irregularly shaped surfaces.

billet, tube, or other shape is-continuously solidified
and withdrawn while it is being poured so that its
length is not determined by mold dimensions.

Copper Strike. A thin electroplated copper film applied
prior to depositing the principal electroplate.

Core Alloy. Metal that is overlaid on one or both sides
with a different metal.

Corrosion. The deterioration of a material, usually a
metal, caused by a reaction with its environment.

Corrosion Fatigue. The combined action of corrosion
and fatigue, i.e., cyclic stressing, that causes metal
fracture. ,.

Corrosion FatigueStrength.The maximum stress that a
corroded material can withstand from a given number
of stress reversals.

CorrosionResistant.Exhibition of resistance to corrosion
attack in specific environments.

Costd?jjectiveness.A measure that relates cost to physical
m

and performance characteristics.

Creep. Time-dependent strain occurring under stress.

Creep Resistance. The resistance of a metal to a time-
dependent strain caused by stress.

Creep Rupture Strength. The stress that at a given
temperature will cause a material to rupture at a given
time.

Crevice Corrosion. Localized corrosion resulting from
the formation of a concentration cell in a crevice
formed between a metal and a nonmetal, or between
two metal surfaces.

Critical Defect. A defect that is likely to result in
hazardous or unsafe conditions for individuals using,
maintaining, or depending on the product or that is
likely to prevent performance of the tactical function
of a major end-item.

CriticalFailure.A failure or combination of failures that
prevents an item from performing a specified mission.

C-Scan Display. An ultrasonic testing presentation of a
plan view of the material being examined. It outlines o

the contour of the specimen.
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V‘h+ CubeDirnensr“omThe volume of a unit package expressed
as the length of an equivalent cube.

Cutting Oil A ,type of cutting fluid used in machining
metals to lubricate the tool and workpiece; this
lubrication reduces tool wear, allows increased cutting
speeds, and decreases power needs.

Cycfic Loading. The repeated application of stress
separated by periods of reduced or zero stress.

D
.. Damping (@u@. Capability of a material to absorb

. . vibrations.

Dumping Fuctor. The ratio of the logarithmic decrement
of any underdamped harmonic motion to its period.

. .

&oL@ing. The selective corrosion (removal) of a metallic
constituent from an alloy, usually in the form of ions.

Deaboni@ii&”on. ~ealloying corrosion in which alumi-
num is preferentially removed from an alloy.

Decomposition The more or less permanent breakdown

o
!! of a molecule into simpler molecules or atoms.

Decontamimmts. The substances used to remove or
detoxify a chemical or biological hazard.

Deep-Drawing. Capability to form shapes with large
depth-to-diameter ratios by considerable plastic defor-
mation of sheet or strip metal in dies.

Defect. An imperfection that impairs worth or utility.

D#e&ve. A unit of product that contains one or more
defects.

Derninerdized Woier. Water from which mineral con-
stituents have been removed.

Density. The mass of a given substance per unit volume.

Dessicant. A material that will absorb moisture by
physical or chemical means.

Deziiu#icti”on. Corrosion of brass in which both com-
ponents of the alloy are dissolved and the copper is
redeposited as a porous surface residue.

f!!!?,], Die Casting. A metal-casting process in which molten
metal is forced under pressure into a permanent mold.

Di&ctric. A material that is an electrical insulator.

D&mmtial Aeration CefL An electrolytic cell in which
the difference in electromotive force (EMF) between
the anode and cathode is established by different
concentrations of air or oxygen in the electrolytes.

D~fwwm Movement of a chemical species within a
liquid, solid, or gaseous medium from a region of high
to low concentration or from a high temperature to a
low temperature.

Di@sion Coating. A coating developed on a metal
surface by a high-temperature diffusion process, such
as carburization, colonizing, or chromizing.

Dir/ocutiom Large lattice disturbance of the crystal
structure of a metal.

Diurnal Temperature Variotion Daily variation of the
atmospheric temperature at a given location.

Doub!eCuntiliverBeamS~ A fracture-mechanics-
type tensile specimen having a relatively high aspect
ratio that is cracked across a short dimension and
loaded by equal and opposed stresses in order to open
the crack.

Double SamplingPi%rmSampling inspection in which
inspection of the fmt sample leads to a decision to
accepL to reject, or to take a second sample. Inspection
of the second sample leads to a decision to accept or
reject the lot.

Dry-Fibn Lubricuni.A formtdation applied to a surface
that has lubricating propmies when dry.

Dtying OiL An oil capable of conversion from a liquid to
a solid by slow reaction with oxygen in the air.

Ductility. Property of a metal to deform under tensile
stress without fracture.

Duplex Alloy. An alloy comprised of two metallurgical
phases.

E

Eddy. A vortex-like motion of a fluid running contrary
to the main current.

Edify Curreni. An electric current induced by an
alternating magnetic field.

E&rstorner.A material, such as syktthetic rubber or
plastic, that at room temperature cart be stretched
under low stress to at least twice its original Iength and
upon immediate release of the stress wiil return with
force to approximately its original length.
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Electrical Bonding. An electricity-conducting joint
between two conductors.

Electrical Conductivity. A measure of the capability of
a metal to transmit electricity.

Electrical D&churge Machiidng. A process by which
materials that conduct electricity can be removed from
a metal by an electric spark.

Electrode. A metal in contact with an electrolyte that
serves as a site where an electrical current enters the
metal or leaves the metal to enter the solution.

Electroless Coatings. Metallic ‘coatings formed orI a

surface by chemical reaction in comparison to electro-
plated coatings.

Electroless Plating. Deposition of a metal coating by
immersion of a metal or nonmetal in a suitable bath
containing a chemical reducing agent.

Eiectroiyte. An ionic conductor (usually in aqueous
solution).

Electrolytic Cleaning. The process of decreasing or
descaling a metal by making it an electrode in a
suitable bath.

Electromagnetic Radiation. Radiation consisting of
oscillating electric and magnetic fields and propagated
with the speed of light. It includes gamma radiation; X
rays; ultraviolet, visible, and infrared radiation; and
radar and radio waves.

.
Electromagnetism. Magnetism developed by a current

of electricity.

Electromotive Fo;ce Series (EMF Series). An orderly
listing of elements according to their standard eieetrode
potentials relative to the hydrogen electrode, which is
given the value of zero.

Electron. An elementary particle consisting of a charge
of negative electricity equal to about 1.602 X 10-19
coulomb and having amiss when at rest of about 9.107
X 10-29gram or 1/ 1837 that of a proton.

Eiectron-Beam Physical Vapor Deposition. Deposition
of a material from the vapor phase by the action of a
narrow stream of electrons that move in the same
direction, have about the same velocity, and focus on
the target part,.

Electron Probe Microanafysir. A technique in analyti-
cal chemistry by which a finely focused beam of

electrons is used to excite an X-ray spectrum char-
acteristic of the elements in the sample; can be used 9

with samples as small as 10-1]cm3.

Electron Probe +icroanafyzer. An instrument used to
determine the elemental composition of a small sample.
A finely focused beam of electrons is used to excite an
X-ray spectrum characteristic of the elements in the
sample. It can analyze samples as small as 10-1*cm3.

Electrophoresis. The movement of suspended particles
through a fluid under the action of an electromotive
force applied to electrodes in contact with the
suspension.

Electroplated Coatings. Coatings formed by electro-
deposition of a metal or alloy from a suitable electrolyte
solution. The article to be plated is connected as the ~““
cathode in the electrolyte solution; direct current is
introduced through the anode, which consists of the
metal to be deposited.

E2ectrorefining.Purifying metals by electrolysis using
an impure metal as the anode, from which the pure
metal is dissolved and subsequently deposited at the
cathode.

.Encapsu/ant.A formulation that sets to enclose com-
0

pletely a component. See also Conformal Coating and
Potting Compound.

Environment. The surrounding circumstances, condi-
tions, or objects.

Epoxy. Resin formed by the reaction of bisphenol and
epichlorohydrin.

Erosion. Deterioration of a surface by the abrasive
action of moving fluids. This action is accelerated by ~
the presence of solid particles or gas bubbles in
suspension. When deterioration is further increased by
corrosion, the term “erosion-corrosion” is often used.

Eutectic. The composition of a mixture, such as an
alloy, having the lowest melting point possible.

Exfoliation. A thick, Iayer-like growth of loose cor-
rosion products.

Exfoliation Corrosion. A type of corrosion that pro-
gresses parallel to the metal surface so that underlying
layers are gradually separated.

Explosive E#oliation. Exfoliation at an extremely
rapid rate.

G-6

Downloaded from http://www.everyspec.com



I MIL-HDBK-735(MR)

F
w Faihre. The event, or inoperable state, in which any item

or part of an item does not or would not perform as
spdled.

Fai/ureAnalys&. The logical,systematic examination of
an item, its construction, application, and documenta-
tion to identify the failure mode and determine the
failure mechanism and its basic course.

Faifiue Mechan&n. The physical, chemical, electrical,
electrochemical, thermal, or other process that results

.. in failure.

Fai&mMode. Theconsequence of the mechanism through.
which the failure occurs.

FaihmeModeandEffectsAr@Yti(FM~). A procechm
by which each potential failure mode in a system is
analyzed to determine the results or effects thereof on
the system and to classify each potential failure mode
according to its seventy.

Fara&y’sLaw. The electricalenergy available per mole
of chemical reactants equals zEF, where z is the

o

number of equivalents per mole, E is the Eh4F of the
,. cell, and F is equal to 96,494 coulombs.

F-A process by which fracture results from repeated
stress cycles well below the normal tensile strength.
Such failures start as tiny cracks that grow to cause
total failure.

Fatigue Cracks. Fracture resulting from repeated stress
cycles well below the normal tensile strength.

F@”gueStrengthorLimit. The maximum stress a material
can endure without breaking for a given number of
stress cycles.

F@gS@ces. The surfacesof materials in contact with
each other and joined or about to be joined together.

Ferriia Relatively pure metallic iron phase present in
steel or cast iron.

F* &tainin gto the body=ntered cubic ctystal (BCC)
structureof many ferrous metals.

FerrornagneticMaieriaLA substance with high magnetic
permeability, a detite saturation point, and apprecia-

m ble residual magnetism and hysteresis.,,,.,,. ,.,,
~

Fiber, Filament.Along, flexible object with a small cross
section.

Fi&orrnComosion Corrosion that occurs under laquers
and other organic fdms. in the form of randomly
distributed hairliies.

Filler A Roy. The rod used to deposit metal in a joint
during brazing, soldering, or welding.

FiIZet.A concave transition surface between two otherwise
intersecting surfaces.

F’ifm. A thin surface layer that mayor may not be visible.

FissionablkIsotopes. Those isotopes of a material whose
nuclei are capable of undergoing fwion.

Flash. An electroplated coat with a thickness less than
25.4 X 10-5mm (lO-s in.) thick.

F/ding. Electrodeposition of a thin fti of metal.

Fiue Gas. Gaseouscombustion products from a furnace.

Flue Gas Environment. The environment created by
burning fossil fuels in air.

Fluoresced Dye. A dye that emits visible light when
excited by light in the ultraviolet spectrum (black
light).

Flux. A substance applied to surfaces to be joined by
soldering, brazing, or welding to clean and free them
from oxide and to promote their union.

Flux Dust. Fme particles of flux material.

Fti Material Low-fusion materizds used to extract
impurities from molten metals and to prevent the
formation of metal oxides.

Fiy Ash. Fine paniculate, essentially noncombustible
refuse, carried in a gas stream from a furnace.

Foufing. A term used to describe the covering of sub-
merged surfaces by marine growth, such as barnacles.

Fractography.The microscopic examination of fractured
metal surfaces.

FractureMechanics.The science of the cracking behavior
of a cracked body under stress.

Fracture Toughness. The ability of a metal to absorb
energy and deform plastically before fracturing

Fracture Toughness (strength). The minimum tensile
stress that will cause fracture.

P. 7
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Grain.A portion of a solid metal (usually a fraction of an mFree Energy. The internal energy of a system minus the
product of its temperature and its entropy.

Free-Machining Steel. Steel incorporating distributed
lead particles that provide lubrication for the cutting
tool in machining processes.

Frettihg. Metal deterioration caused by repetitive slip at
the interface between two surfaces. When metaI loss is
increased by corrosion, the term “fretting corrosion”
should be used.

F’umiitgSu@ric.4cid Concentrated sulfuric acid contain-
ing dissolved sulfur trioxide. Also known as oleum.

G
Gallrng.Surface damage on mating, moving metal parts

due to friction caused by local welding of high spots.

Ga&mi> Cell A cell consisting of two dissimilar metals in
contact with each other and with a common electrolyte.

Gahwnic Cornpatibiliky.The property of having suffi-
ciently small difference in potential (EMF) in a
solution so that electrochemical corrosion is negligible.

GalvanicCorrosion. Corrosion that is increased because
of the current caused by a galvanic cell.

GalvanicPotential. The electrolytic potential resulting
from dissimilar metal contact.

Gaivanic Series. A list of metals arranged according to
their relative corrosion potentials in some spec~lc
environment. (Seawater is often used.)

Gamma Ray. A :photon or radiation quantum emitted
spontaneously by a radioactive substance.

Gas-ShieldedArc Weldhg. A welding process in which
the arc is flooded by an inert gas to prevent oxidation.

Gate Valve. A valve with a disk-shaped closing element
that fits tightly over an opening through which water
passes.

Gauge. The thickness of a metal sheet, a rod, or a wire.

General (Um~ormtiCorrosion. A form of deterioration
that is distributed more or less uniformly over a
surface.

G20be Valve. A device for regulating flow in a pipeline
that consists of a movable disk-type element and a
stationary ring seat in a generally spherical body.

inch in size) in which the atoms are arranged in an
orderly pattern. The irregular junction of two adjacent
grains is known as a grain boundary.

GrainBoundary. Surface between individual grains in a
metal.

Grati Structure.The arrangement of grains in an alloy.

GrainStructureOrientation.The directional orientation
of anisotropic aluminum alloy grains with reference to
the direction of rolling or extrusion or to the axis of
forging. The orientation of the fracture pIane with
respect to grain texture and the direction of propagation
on that plane is important to stress-corrosion cracking.

Graphite.A mineral consisting of slow-pressure allotropic
form of carbon.

Graphitization.The formation of graphite-like material
from organic compounds.

GraphitizingCarbons.Carbonaceous material that forms
graphite under appropriate conditions.

Gumbel’s Distribution. A mathematical expression that
e

is based upon extreme value probability techniques
and that provides a correlation of maximum pit depths
in a series of corrosion test specimens.

H
Hali& Ion. An ion of fluorine, chlorine, iodine, bromine

or astatine.

Halogenated OrganicCompound. An organic chemical
containing one or more halogen atoms, usually chlorine
and fluorine.

Hard-Drawn Condition. Drawn to produce great hard-
ness and strength, especially copper tubing and wire.

Hard Facing. A layer of hard, abrasion-resistant metal
applied to a less resistant metal part by plating,
welding, spraying, or other techniques.

Heat-AffectedZone. Refers to the area adjacent to a weld
braze, or cut, where the thermal cycle has caused
microstructural changes that generally affect corrosion
behavior.

Heat Capacity. See Thermal Capacity.

Heat of Combustion. The amount of heat released in the
oxidation of one mole of a
pressure or constant volume.

substance at constant
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Heat ShieJM Any protective layer that gives protection
from heat.

Heat Sink A substance or device used to absorb or
dissipate unwanted heat.

Heat Treating. Elevating the temperature of a metal
followed by some cooldown schedule to achieve some
desired property. See afro Solution Heat Treatment.

Mwvy MetaL A metal whose SPCCKICgravity is approxi-
mately 5.0 or higher.

. . He.xavafent Chromium Ions. Chromium ions with a
positive six charge, such as the bichromate ion
(Cr207)-2.

O,+,

Hydride. A compound containing hydrogen and another
element.

Hydrojofl A motorboat that has metal plates or fm
attached by struts fore and aft for lifting the hull clear
of the water as the boat attains speed.

By&ogen Blistering. Cracks or blisters caused when
atomic hydrogen penetrates metal, becomes molecular
hydrogen, and develops internal pressure.

Hydiogen Embri&%mmt Embrittlement of a metal
caused by hydrogeu sometimes observed in catholi-
cally protected stee~ electroplated parts, and pickled
steel and other metals.

Hy&oJYs&. A chemical decomposition process that in-
volves the splitting of a bond and the addition of the
elements of water.

I
king inhibitor. A chemical added to fuels of various

kinds to prevent the formation of ice from water in
suspension, in solution, or in a layer.

@ition Temperature. The lowest temperature at
which combustion begins and continues in a substance
in air.

~g Gases. Flammable mixtures of gases
suitable for illuminating purposes. They contain
hydrogen, methane, ethane, carbon monoxide, and
some nitrogen and oxygen.

Impingement. Collision of liquid drops or solid
particles in a flowing fluid with a solid surface.

Impingement Attack. Localized erosion+ orrosion

. .

caused by turbulence or impinging flow at cefiain
points.

Impressed Current. Electrical current applied to an
electrolytic cell from an external source.

Inertial Guidance. Guidance by means of accelerations
measured and integrated within the craft.

Jtr@red Rad&ztion Electromagnetic radation with
wavelengths in the range of 0.7 to 12 #m. These
wavelengths are longer than those of visible light.

Inhibited Acid An acid containing an inhibitor to
reduce the reaction of the metal with the acid when
used to remove mill scale from the metal surface.

Inhibitor. A substance that sharply reduces corrosion
when added to an environment in small amounts.

Inorganic. Referring to the chemiczd elements and
their compounds but excluding compounds of carbon
to which hydrogen is attached.

Znqoectiow Examination or testing of supplies and
services to determine conformance to technical and
contractual requirements.

Jqoection by Attributer. See Attributes, Inspection
by.

Inspe&”onby Variables.See Variables, Inspection by.

Integrated Logistic Support (ILS). A disciplined
approach to the activities necessary to (a) cause
support considerations to be integrated into system
and equipment design, (b) develop support require-
ments that are consistently related to design and to
each other, (c) squire the required support, and (d)
provide the required support during the operational
phase at minimum cost.

htercakrtiorr. Corrosion reactions between Iayers of a
metal.

IntergranufarCorrosion. Corrosion that occurs pre-
ferentially at grain boundaries.

InterbznteffarCompound Material formed or placed
between laminae.

InternretafficCompound A.Uoyof two metals in which a
progressive change in composition is accompanied by
a progression of phases that differ in crystal structure.
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IntermittentFailure. A failure that occurs for a limited
time, after which the item recovers its ability to
perform within specified limits without any remedial
action.

InternalOxidations. The formation of isolated particles
of corrosion products beneath the metal surface.

InvestmentCasting.A casting method designed to achieve
high dimensional accuracy for small castings by making
a mold of refractory slurry, which sets at room
temperature and surrounds a wax pattern that is then
melted to leave a mold without joints.

Ion. An electrically charged atom or group of a~oms.

Ion Imphmtation. A process of introducing impurities
into the near-surface regions of metals by directing a
beam of ions at the metal.

Ion Vapor Deposition. A process in which vaporized
aluminum is ionized and attracted to the negatively
charged part to be coated. The trade name for the
process is Ivadizer@.

Ionizing Radiation. Particles or photons that have suf-
ficient energy to produce ionization directly in their
passage through a substance.

Isocorrosion. Refers to lines on a graph that show
constant corrosion behavior with changing concentra-
tion.

Isocorrosion Diagram. A plot of corrosion versus con-
centration, temperature, or some other property in
which lines of constant corrosion are shown.

J
JP-$R Fuel. Jet engine test fuel made up of 3596 light

petroleum distillates and 65% gasoline distillates.

K
Kaolin. Any of a group of clay minerals with a two-layer

crystal in which silicon-oxygen and aluminum-hy-
droxyl sheets alternate.

Kevlar. High-strength and high-modulus aramid fiber
used in ropes, cables, and fabrics and as reinforcement
for resins, tires, hoses, and belts.

Kovar. A trade name for an iron-nickel-cobalt alloy used
to make metal-to-glass seals.

Kure Beach, NC. The location of an extensive ocean
atmosphere cc}rrosion testing facility.

L
Land. One of the raised ridges in the bore of a rifled gun

barrel.

Lanolin Grease.The hydrous sheep’s wool wax, primarily
cholesterol esters of highly fatty acid, derived as a
by-product from the preparation of raw wool for the
spinner.

Lap Joint. A simple joint between two members made by
overlapping the ends and fastening them together with
bolts, rivets, or welding.

LatentHeat of Fusion. The quantity of heat necessary to
change one gram of solid to liquid with no change in
temperature.

Leaching. The dissolving, by a liquid solvent, of soluble
material from its mixture with an insoluble solid.

Life Cycle. The various phases an item undergoes from
concept to retirement from use.

Lye Cycle Costs. The sum of all costs associated with an
item of materiel through the phases of its life from
concept exploration through disposal.

Limiting Quality (LQJ. The worst quality that the con-
sumer is willing to accept.

Liquid Crystal. A liquid that is not isotropic. It is
birefringent and exhibits interference patterns in
polarized light. In a liquid crystal display a voltage
applied across a thickness of liquid disrupts the orderly
arrangement of the molecules and darkens the liquid
enough to form visible characters even though no light
is emitted. Increasing temperature will also disrupt the
orderly arrangement of crystals providing a tempera-
ture-sensitive display.

Liquid Metal. A metal that is liquid, usually at room
temperature.

LiquidMetalEmbrittlement. The decrease in ductilit y of
a metal caused by contact with a liquid metal.

LogisticSupportAnalysis(LSA). The selective application
of scientific and engineering efforts undertaken during
the acquisition process, as part of the system engineer-
ing and design process, to assist in complying with
supportability and other integrated logistic support
(ILS) objectives.

Longitudinalor Compression UltrasonicWaves. Simple
compression-rarefaction waves in which the particle
displacement is in the direction in which the waves are
traveling.
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~ LofOrB~&. A coue~ion of units of product from which

a sample is to be drawn and inspected to determine
conformance with the acceptability criteria.

M

MachinedSurface. The surface resulting from a machin-
ing operation on metal.

Magnetic Ffux. Lines of force used to indicate magnetic
induction.

-. A?q-or Defect. A defe-ti, o~er than critical, that is
likely to result in failure or to reduce materially the
usability of the unit of product for its intended

. purpose.

Marine Atmosphere The atmosphere near seacoasts.

Marine Organisms. Organisms whose natural habitat
is the ocean and other bodies of water.

Martemsit& A supersaturated solid solution of carbon
in iron characterized by a needlelike microstructure.

o Martensitic. The type of steel that results from the
formation of a nonequilibnum phase by quenching
from the austenite (FCC) region. It is extremely hard,
strong, and often brittle.

JWartensitic Structure. Having the structure of marten-
site, i.e., an interstitial, supersaturated solid solution of
carbon in iron having a body+ mtered tetragonal
lattice. The microstmcture is characterized by an
acicular, or needlelike, pattern.

iWaterieL Equipment, apparatus, and supplies used by
the Armed Services.

MatriY. The continuous material in a composite.

Mattswmk Sohdiofi An ammoniacal copper sulfate
solution used in Stress+orrosion cracking testing of
brasses.

Mean Stress. The algebraic mean of the maximum and
minimum values of a periodically varying stress.

lkfeftiirg Point. The temperature at which a solid
becomes liquid.

m Metabof.ic Product. The residue of metabolism.,:
,,,.

w
A9etabofi.srn The physical and chemical processes by

which nutnent+ontaining substances are synthesized
into complex elements, complex elements are trans-

formed into simple ones, and energy is made availabie
for use by an organism. “

MetaL Any of the various opaque, fusible, ductiie, and
typically lustrous substances that are good conductors
of electricity and heat, form cations by the 10SSof
electrons, and yield basic oxides and hydroxides.

Metallography. The study of the structure of metals and
alloys by various methods, especially by the optical
microscope, the electron microscope, and X-ray dif-
fraction.

Metartabk. Characterized by a slight margin of stability.

Microorganism. A microscopic organism including
bacteriz protozoans, yeast, viruses, and algae.

Mieroporosity. Extremely fine porosity visible only with
the aid of a microscope.

Microstructure. The grain structure of a metal as revealed
by a microscope with a magrMcation of over 10times.

MIG Wefdkg. A gas-shielded arc welding process in
which a metal ftier is used.

Miff Products. Products, such as ingots, billets, sheeh
plate, and bars, that are available from metal pro-
ducers.

MiU Scafe. The heavy oxide layer formed during hot
fabrication or heat treatment of metals and alloys.

Minor Dqfix% A defect that is not likely to reduce
materially the usability of the unit of product for its
intended purpose or is a departure from established
standards having little bearing on the effective use or
operation of the unit.

Modufus of E/hsti@y. The ratio of the increment of some
spec~led form of stress to the increment of some
specifwd form of strain.

Mole. An amount of substance of a system that contains
as many elementary units as there are atoms of carbon
in 0.012 kilogram of the pure nuclide carbon-12. The
elementary unit must be specifkd.

Mu&@haseAffoy. An alloy comprised of more than one
metallurgical phase.

MuftipieSampfirrgPlamSampling in which a decision to
accept or reject an inspected lot or batch is reached
after one or more samples from the inspection lot have
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been inspected. The decision will always be reached
after not more than a designated number of samples
have been i115peCted.

N

NeutralMedia., Liquids having a pll of 7.

Neutron. An uncharged elementary particle that has a
mass nearly equal to that of the proton and is present in
alI known atomic nuclei except the hydrogen nucleus.

Neutron Cross Section. An expression of the neutron
interaction property of an isotope as an area measure.

Nitridation. The absorption of nitrogen atoms by a
metal to form metal nitrides.

Nitroguiuddrne(7VG).An explosive.

Noble Metal A metal that is not very reactive, e.g.,
silver, gold, and copper, and that may be found
naturally in metallic form orI earth.

Nonchargeable Failure. A nonrelevant failure or a
relevant failure caused by a condition previously
specified as not within the responsibility of a given
organizational entity.

Nongraphitiz@ Carbons. Carbonaceous material that
cannot be treated to form graphite.

Nonrelevant Failure. A failure veriiled as peculiar to
an item design that will not enter the operational
environment,, or a failure verified as peculiar to an item
design that will not enter the operational inventory.

Normal Inspection. Inspection used when there is no
evidence that the quality of the product being submitted
is other than the specified quality.

Nuclear Radiation. Particulate and electromagnetic
radiation emitted from the nuclei in various nuclear
processes. The important nuclear radiations from the
weapon stan,dpoi_nt are alpha
gamma rays, and neutrons.

o
Oleum. See Fuming Sulfuric Acid.

and beta particles,

Operating Characteristics(OC) Curve. OC curves
indicate the percentage of lots or batches that may be
expected to be accepted under the various sampling
plans for a given process quality.

Organic Chemical. Carbon-chain or carbon-ring com-
pounds or mixed chain-ring compounds.

Organic Coatkgs. Protective coatings derived from o
naturally occurring and synthetic organic chemicals.

Orthogonal Squares. A type of experimental design in
which two n X n Latin squares are superimposed such
that any letter of the first occurs just once with every
letter of the second. This array forms the basis for the
design of efficient experiments involving several
variables.

Outgassing.The ~elease of absorbed or occluded gases
or water vapor, usually by heating.

Overlay Coating. A coating applied over another
coating, usually to protect the base coating.

Ox&twn. The combining of a material with oxygen. ‘

Oxia%zing Acids. Nitric acid and acid solutions of
ferric and cupric ions.

Oxidizing Gases. Gaseous atmosphere in which oxida-
tion of a metal occurs.

Oxidizing Salts. Any salt solution containing ions that
can add electrons.

o
Ozone. A triatomic form of oxygen that is formed

naturally in the upper atmosphere by a photochemical
reaction with solar ultraviolet radiation.

P
Pack Cementation. High-temperature impregnation

of a metal with another material in the form of a
powder that is packed around the part being treated.

Paint Coating. A coating consisting of primer and
topcoat on a prepared surface.

Paint Coating Systems. Metal coatings consisting of
surface treatment, primer, and topcoat.

Parabolic Oxidation. The pattern of the variation of
oxidation with time exKlbited by a metal whose
oxidation is controlled by diffusion through a con-
tinuous adherent film.

Passivation.A reduction of the anodic reaction rate of an
electrode involved in electrochemical action, such as
corrosion.

Passive. The state of a metal when its behavior is much
more noble (resists corrosion) than its position in the
EMF series would predict. This is a surface phenom-
enon.
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‘f?.) Pawive-Actt”veCeR A cell composed of a metal in the
passive state and the same metal in an active state.

Passive Oxide Fihn. An oxide surface fdm formed on a
metal surface by natural processes or by immersion in
a passivating solution that makes the metal resistant to
corrosion.

Pa A green coating that slowly develops on copper
and some copper alloys consisting mainly of copper

I sulfates, carbonates,. and chlorides, after longtime
exposure to the atmosphere.

Penetrators.Hi@density artillery components designed
to penetrate armor.

PermanentMoH A reusable metal mold used for the
production of many castings of the same kind.

Petrofeum Coke. A carbonaceous solid material made by
the destructive heating of high-molecular-weight
residues from petroleum reftig.

O,,
pH. A term used to describe the hydrogen-ion activity of a

system. A solution of pH O to 7 is acid, pH of 7 is
neutral, pH over 7 to 14 is alkaline.

Fiekfe Removing mdl scale or other corrosion products
from a metal by immersion in or treatment with a
solution, usually an acid.

Pitting. Corrosion of a metal surface cotilned to points or
small areas in the form of cavities or pits.

Pi%snra.The region in an ionized gas discharge that
contains nearly equal numbers of positive ions and
electrons. This is achieved at very high temperatures.

P/asnraSpr@ng. Applying a metallic coatirtg by spraying
droplets of metaI from a gun in which the metal is
atomized in an extremely high-temperature gas stream.

Ptic Deformation. Defont@on of a metal under
applied stresws without fracture.

Piirteor Lamb Uftraonic Waves. Ultrasonic vibrations
transmitted into a thin sheet or plate whose thickness is
comparable to the wavelength of the ultrasonic energy.
The pattern of padcle displacement is very complex,

Platform. The device or structure that carries and inter-
faces with an item in testing or in operation.

Polarization. The deviation from the open circuit
potential of art electrode resulting from the passage of
current.

Polarizti”on Curve. A plot of current density versus
electrode potential for a spetilc electrode+lectrolyte
combination.

PoIycrystalline Graphite. Graphite characterized by
variously oriented crystals.

Polymer. Substance made of giant molecules formed by
the union of simple molecules (monomes).

PorcefainEnamel See Wreous Enamel.

PortiimdCemenLA hydraulic cement made by pulverizing
theclinker produced by calcining to incipient fusion a
mixture of argillaceous and calcareous materials.

Pot@”ostat. An electronic device that maintains an
electrode at a constant potential. It is used in armdc
protection by an impressed electrical voltage.

Potttig Compound. A polymer compound used to fti
completed electronic assemblies to provide resistance
to shock and vibration and exclusion of moisture and
corrosive agents. The compound is initially liquid but
forms a solid upon application.

Pow&r ikfetafhmgy Pro&c@. Components made from
pressed and sintered metal powder.

PredoyedPowders Powdered alloys of uniform composi-
tion, not powder alloys made from mixtures of powders
of different metals.

PrecipitatedPhasesPhases in a metal structure represent-
ing material precipitated from solid solution.

Pre@@ation Hardening. Increasing the hardness of an
alloy by a relatively [ow-temperature heat treatment
that causes precipitation of components or phases of
the alloy from the supersaturated solid solution.

Primer Coat. Fmt coat of paint applied to a surface. It is
formulated to have good bonding and wetting char-
acteristics, and it may or may not contain inhibitive
pigments.

ProcessA verage. The average percent defective of product
submitted by the supplier for original inspection.

Po&v Substance. A substan~ whose molecules form
permanent electric dipoles.
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Proton. An elementary particle that is identical with the
nucleus of the hydrogen atom. It carries a positive
charge numerically equal to that of an electron and has
a mass of 1.672 X 10-24g.

Pulse-Echo Testing. A mode of ultrasonic testing in
which pulses of ultrasonic sound are generated by the
test instrument. The pulse travels through the material
and is reflected back to the transducer from the
opposite side or from any location in the material
where there is an abrupt change in acoustic impedance.

PrirplePlague.A4compound formed by intimate contact
of gold and aluminum, which appears on silicon planar
devices and integrated circuits using gold leads bonded
to aluminum,, thin-film contacts and interconnections.

Pyro@ik The breaking apart of complex molecules into
simpler units by the use of heat.

Pyrofytic Carbon. Carbon that is formed by breaking
apart complex organic molecules by the use of heat.

Pyrolytic Graphite.Graphite that is formed by breaking
apart complex organic molecules by the use of heat.

Pyrophoric Aldoy. An alloy that in powder form
spontaneously oxidizes in air and reaches high
temperatures<

Q
Qdity. The composite of all attributes or characteristics,

including performance, of an item or product.

QualityAssurance. The management function by which
conformance ‘ofmateriel to contract and specification
is assured.

QualityControl. That function of management relative to
all procedures, methods, examinations, and tests
required during procurement, receipt, storage, and
issue that are necessary to provide the user with an item
of the required qutilty.

QualityEngineering.Specifying and documenting tech-
nical requirements for materiel.

Quenching.Rapid cooling of metal from heat-treatment
temperatures.

R

Random Faihre. A failure that is predictable only in a
probabilistic m statistical sense.

Random Sampling. Any procedure used to draw units

. .

from an inspection lot so that each unit in the lot has an o
equal chance without regard to its, quality of being
included in the sample.

Rare Earth. The elements having atomic numbers 57
through 71. These elements are so similar that generally
it is extremely difficult to separate two succeeding
elements.

Reagent Grade Chemicafs. High-purity chemicals used
for chemical work where impurities must either be
absent or at a known concentration.

RedFumingiVitricAcid.Concentrated nitric acid contain-
ing dissolved nitrogen dioxide.

RedPiizgue.Corrosion of smalldiameter copper electrical .,
wire that is plated with silver and insulated with
Teflon@.

ReducedInspection. Inspection that may be instituted in
accordance with established rules when it is evident
that product qualhy is very good.

Reducing A cia%.Hydrochloric acid, sulfuric acid, and
phosphoric acid.

Re&cing A tmosphere. An atmosphere of hydrogen, or ‘e

other substances that readily provide electrons, sur-
rounding a chemical reaction or physical device.

Reducing Gases. Gaseous atmosphere containing hydro-
gen or other substance that readily provides electrons
and in which a reduction reaction takes place.

Reduction. Gain of electrons, e.g., when copper is
electroplated on steel from a copper sulfate solution.

RefractionMetal Oxides. Metal oxides that exhibit high-
temperature melting points.

R#ractory. A material of high melting point. The property
of resisting heat.

Refractory Coating.A coating composed of heat resisting
or high melting point material.

Refractory ~etal$. Metals capable of withstanding high
temperature.

Refractory Oxide Coattig. A coating composed of high
melting point metal oxide.

Rejection Number. The minimum number of defects or
defective units in the sample that will cause rejection of
the lot.
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o Rekvant Faifure. Failure of an item in the operational,,.,,,
inventory in an operational environment.

Rei%abifity. The probability that an item will perform its
intended function for a specified intend under stated
conditions.

.-

0

Resia%dStress. A stress system within a solid that is not
dependent on external forces.

Resin. Any of a class of solid or semisolid orgrmic
products of natud or synthetic origin, generally of
high molecular weight with no definite melting point.

..
Most resins are polymers.

s Resisti@. The longitudinal electrical resistance of a
uniform body of unit length and unit cross-sectional
area.

Resonance Testing.A mode of ultrasonic testing in which
a longitudinal mode continuous wave is introduced
normal to the surface of the specimen. It is used mainly
to measure the thickness of thin sheets because at
resonance the frequency of these waves is related to the
thickness and acoustic velocity of the material.

Reversion. Decomposition of a synthetic substanceinto
its component substances.

Rework. Reprocessing of defective units.

Rockwell Hardness Test One of the arbitrarily defined
measures of resistance of a material to indentation
under static or dynamic load.

RotatingBand A band of soft metal around an artillery
projectile that seals the annular space between the
inside diameter of the gun tube and the outside
diameter of the shell.

RTV Si.Econe Rubber. A heat-stable, water-repellent
rubber formed by semiorganic polymers of organic
radicals attached to the silicones. The material
vulcanizes in the presence of air at room temperature.

Rusting. Corrosion of iron or an iron-base alloy to form
a reddish-brown product that is primarily hydrated
ferric oxide.

Rurt-Prevti”ve Compound Several typesof coating
formulations that are applied to vehicle frames and

e

inner- and underbody panels to provide corrosion
.:

protection.

of a motor vehicle with a heavy, gel-lie material that
flows into crevices and sets up as a pliable coating
providing protection against corrodents.

s
SacnYikia/ Anode. A metal that protects from corrosion

the metal to which it is galvanically coupled in an
electrolyte. The sacfllcial anode is more anodic than
the protected metal, so it preferentially corrodes.

Sacrifm”at Protectwa Reduction or prevention of cor-
rosion of a metal in an electrolyte by galvanically
coupling it to a more anodic metal (sacrificial anode).

SaftFog Test. An accelerated corrosion test that exposes
test specimensto a salt-bearing spray.

Sampk SkL The number of items to be selected from a
given lot size for inspection.

Sand Casting. A casting process using molds made of
sand and binder. The mold is broken to remove the
solidified component.

Scafing. High-temperature corrosion resuking in forma-
tion of thick corrosion product layers.

Scaling Rate. The rate at which high-temperature
corrosion product forms on a metal surface.

Seize. To cohere to a moving part through excessive
pressure, temperature, or friction.

Selective Leaching. The selective corrosion of one or
more components of a solid solution alloy. (AIso
known as parting or dealloying.)

SemiconductorPhotonDetector.A semiconductor device
that responds to incident infrared radiation by changing
resistance with changing light intensity (photon con-
duction) or by generating a voltage in response to
incident light (photovoltaic operation).

Semtuatw
. .

“ n. A heat treatment whether accidental, in-
tentional, or incidental (as during welding) that causes
carbide precipitation at grain boundaries and often
causes the alloy to be susceptible to stress-corrosion
cracking.

SequentialSan@ing. The sampIe units are selected one at
a time. After each unit is inspected, the decision is
made to actxpt or reject the lot, or to inspect another
sample. An accept or reject decision terminates the
sampling.

J?urtproo~ig. Treating inner portions of the sheet metal
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Shear or TransverseUltrasonic Waves. Waves in which Spec~ication. A document prepared specifically to sup- ,

particle displacement occurs at right angles to the
direction of propagation.

ShotPeening. Shot blasting with small steel balls or glass
beads driven by a blast of air in order to impart surface
compressive stresses on the article being treated.

Singie Sampling Plan. A sampling plan in which the
results of a single sample from an inspection lot are
conclusive in determining its acceptabilityy.

SlipRing. A conductive rotating ring that, in combination
with a stationary brush, provides a continuous
electrical connection between rotating and stationary
conductors.

SiurryFusion. The bonding at elevated temperatures of a
coating on a~metal surface formed by application of a
slurry on the surface.

Solar RaaYation. The electromagnetic radiation and
particles (electrons, protons, and atomic nuclei) emitted
from the sun.

solder. An alloy, such as of tin and lead, used when
melted to join metallic surfaces.

Solder Flux. A chemical substance that aids the flow of
solder, removes oxides, and prevents the formation of
oxides on the pieces to be joined.

Solid Solution., Metals uniformly distributed in one
ariother in the solid state.

Sa2utionAnnealing. Heating and holding an alloy at a
temperature at which one or more constituents enter
into solid solution. This action is followed by cooling
the alloy ra]pidiy to prevent the constituent from
precipitating.

Solution Heat Treatment. Heating a metal to a suitable
temperature, holding it at that temperature long
enough for one or more constituents to enter into solid
solution, and then cooling rapidly enough to retain the
constituents in solution. See also Heat Treating.

Spallrkg. The separation of a surface layer caused by
thermal or mechanical stresses. An example is the
breaking off of the high-temperature corrosion product
from a metal.

Spec@cHeat. The quantity of heat required to raise a unit
mass of homogeneous material one degree in tempera-
ture.

port acquisition that clearly and accurately describes
the essential technical requirements for purchased
materiel. Procedures necessary to determine that the
requirements for the purchased materiel covered by
the specification have been met shall also be included.

Standard. A document that establishes engineering and
technical requirements for processes, procedures,
practices, and methods that have been adopted as
standard. Standards may also establish requirements
for selection, application, and design criteria for
materiel.

StandardASTM TensileSpecimen. A specimen specified
by ASTM for tensile testing. (See ASTM E8-8 i,
Tensile Testing of Metallic Materials.)

St~ness. The ratio of the force acting upon a metal to its
displacement.

Strain Hardening. Increasing the hardness and tensile
strength of a metal by cold plastic deformation.

Stray CurrentCorrosion. Corrosion resulting from direct
current flow through paths other than the intended

a
circuit, e.g., any extraneous current in the e&th.

Stray Direct Current. Current flow through paths other
than the intended circuit.

Stress-Corrosion Cractig. Failure by cracking under the
conjoint action of a tensiie stress and certain chemical
environments specific to the metal.

Stress Intens#ier. See Stress Raiser.

Stress Raiser. A notch, hole, or other discontinuity in
contour or structure that causes localized stress con-
centration.

Stress Religf. A schedule of heating to relieve residual
stresses in a metal component.

Stress-Reli@Anneal. Heating to reduce residual stress.

Srdfidation.The reaction of a metaI with a sulfur-bearing
compound to form a metal sulfide product. An
example is the high-temperature reaction of alloys
with sulfur-bearing gases..-

Sump Area. The lowest point in a system to which liquids e
drain.

Superalloy.A thermally resistant alloy for use at elevated
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temperatures where high stresses and oxidation are
encountered.

Supersaturatiam-Greater than eqtilbrium commration
of a metal solute in a solid solution.

Surface-13fleci Ship. A transportation vehicle with freed
side wails, which is supported by low-pressure, low-
velocity air and operates on water.

Swface or Rayleigh Uknrsonie Waves. Waves traveling
over the stiace of a“solid material and penetrating it to
a depth of about one wavelength. Particle displacement
is elliptical in the vefic.al plane along the direction of
travel.

“-sldained LoadCraeking.Crackingunder the application
of a constant stress.

Swaging.Tapering a rod or tube or reducing its diameter
by any of several methods, such as forging, squeezing,
or hammesi.ng.

Switching Rzde. The means by which decisions are made
to change from normal to tightened inspection and
back again or from normal to reduced inspection and
back again.

T
Tactical Velkk A motor vehicle used in direct support

of combat or tactical operations including vehicles in
combat, combat support, and combat service support
tables of organization and equipment.

Taikwing. A process of modifying existing benchmark
environmental tests to assure that mifitary equipment
is designed and tested for resistance to the environ-
mental stresses it will encounter during its life cycle.

Tapped Hole A drilled hole in which a tap has been
screwed to cut an internal thread.

Tarn&h. Discoloration of a metal surface due to the
formation of a thin fdrn of oxide, sulilde, or some other
corrosion product.

TedZar.A Du Pent Company trademark for polyvinyl
fluoride fti. It is tough and flexible with outstanding
weathering resistance.

T@on. A trademark of the Du Pent Company for
polytetrafluoroethy lene, fluorinated ethylene
propylene copolymer, and peffluoroalkoxy resins.
They are tough, heat resistanL and corrosion resistant.

Tentper.The heat treatment given to a metal to affect its
strength and hardness.

TemperatureGradient.The rate of change of temperature
with thickness.

Temporary Hardness. The portion of the total hardness
of water that can be removed by boiling whereby the
soluble calcium and magnesium bicarbonate are pre-
cipitated as insoluble carbonates.

TensifeStrength.The resistance of a metal to deformation
and fracture under the influence of a tensile stress.

ThermafBarrierCoatilzgs.Coatings that exhibit insulating
properties.

T&rnurlConductivity. The quanity of heat that passes in
unit time through a unit area of plate whose thickness
is unity when its opposite faces differ in temperature by
one degree.

Themraf CycEng. Varying the temperature of an object
between a high and a low value.

Tkrrrud D$frkvity. The quantity of heat passing
normally through a unit area per unit time divided by
the product of spectlc heaL density, and temperature
gradient.

ThertnafExpansionCo@ieient. The fractional change in
length or volume of a material for a unit change in
temperature.

ThermafGradientMass Transfer.The transfer of material
between a hot surface and a cooler surface separated
by a fluid.

?hennd Spray. A metal coating process that sprays
molten droplets of metal upon the base metal.

Thenmochrom”c Having the property of color variation
with changing temperature.

Therrnopde,An apparatus that consists of a number of
thermoelectric couples combined so as to multiply the
effect and used to determine the intensity of thermal
radiation.

Thermoplastic.A plastic material that melts and solidfies
reversibly.

Thermosetting.A plastic material that takes a permanent
set upon heating.

ti-17

Downloaded from http://www.everyspec.com



MIL-HDBK-735(MR)

Through Transmission Testing. A mode of ultrasonic
testing operating on the principle of transmitting
sound waves through a test specimen with one trans-
ducer and receiving them with a second transducer.

Throwing Power. The ability to deposit a plating on a
surface of irregular shape.

TightenedInspection.Inspection instituted in accordance
with established rules when it is evident that product
quality has deteriorated.

TIG Weldtig. A gas-shielded arc welding process in
which the electrode is tungsten and no metal filler is
used.

Topcoat. Paint coating applied over the primer coat. It is
formulated to provide color and gloss and to form a
hard and highly impervious film.

TopographicFeatures.The physical appearance of a land
area.

Tracer Gas. A gas or vapor sensitive to a convenient
means of detection and used to detect leaks.

Tracked Vehicle. Vehicle that travels on two or more
endless tracks mounted on each side of the vehicle. It
has high mobility and maneuverability, is usually
armed and frequently armored, and is intended for
tactical use.

TradeNames. Names by which certain alloys are widely
known.

Treated WOOG!.Wood that is impregnated with a
chemical to reduce deterioration of the wood.

Tube Sheet. ,4 mounting plate for tubes of heat
exchangers, coolers, or boilers.

Turbulence.Departure in a fluid from a smooth flow to a
condition in which local velocities and pressures
fluctuate irregularly in a random manner.

TurbulentFlow. Flow in which there is complete cross-
sectional mixing of the individual particles of liquid.

u
UltrasonicWaves. Sound waves with frequencies above

that which the human ear can detect. For purposes of
nondestructive inspection, ultrasonic waves have
frequencies in the millions of hertz in liquid and solid
media.

Unified Numbering System. A numeric system for
designating alloys.

v
VacuumDistillation. Liquid distillation under reduced

pressure, i.e., less than atmospheric pressure.

Vacuum Hot Pressing. Hot pressing of metal under
reduced pressure, i.e., less than atmospheric pressure.

ValveTrim.The internal components of a valve excluding
the body.

Vapor Decreasing. A type of cleaning procedure for
metals that removes grease, oils, and lightly attached
solids. A solvent such as trichloroethylene is boiled,
and its vapors are condensed on the metal surfaces.

Vapor-PhaseInhibitor. A substance that sharply reduces
corrosion when present in the gaseous environment of
a metal.

VaporPlating.A coating, usually of a metal, that deposits
on a surface from the vapor phase.

Variables,Inspection by. Inspection in which a quality e

characteristic of each unit-of product in a sample is
measured on some cardinal scale.

Vitreous Carbon. Carbon in which the atoms or molecules
are not arranged in any regular order, as in a crystal.

Vitreous Enamel. A glass coating applied to a metal by
covering the surface with a powdered glass frit and
heating until fusion occurs.

Volatile Oxide. A metal oxide that exerts considerable
vapor pressure at a given temperature, which can be
below the melting point for some metals.

w
Water Trap. A shape that collects water under the force

due to gravity.

Weathering Atmospheres. External ambient environ-
ments, such as industrial, urban, rural, and marine.

WeibullFrmction. A mathematical expression that gives
the distribution of a random time-to-failure variable of
a series of test specimens. It is useful in failure analyses,
such “asthe analysis of stress-corrosion cracking.

Weld. To unite metallic parts by heating and allowing the
metals to flow together or by hammering or com-
pressing with or without previous heating.
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o Wefdl?eatl A deposit of ftier metal from a singIe welding
pass.

We&fDecay. A term applied to areas adjacent to welds of
“ cerlain alloys that have been subjected to intergranular

corrosion because of metallurgical changes in the
alloy.

WefdPenetrati”on.The inward extent of the zone of metal
fusion.

WeMnent. An assembly or structure whose component
parts are joined by welding.

. . - Wetl%ner. A primer coating of a paint ffihing system
that has not dried.

Whiteout. A surface weather condition in an arctic area in
..

which no object casts a shadow, the horizon cannot be
seen, and only dark objects are discernible.

Wue Thre> Inrert. A spring-like component that fits
inside a threaded hole to prevent seizing of the bolt and
to provide a more reliable holding force.

Work Hardening. Increased hardening accompanying
plastic deformation of a metal below the recrystalliza-
tion temperature range.

Wrought Alloy. An alloy that has been mechanically
worked after casting.

x
XRqy. Electromagnetic radiation produced by bombard-

ing metallic targets with fast electrons in a vacuum or by
transition of atoms to lower energy states.

Y
YieldStrength.The stressat which a material exhibits a

specifkd deviation from proportionality of stress and
strain.

O.! ;
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INDEX

A

Abrasion resistance
of chromium-rich surface layer on iron or steel, 3-30
of Dow 17 coatings for magnesium alloys, 3-21
of Iead-coated steel, 3-30
provided by class 2 chromium plating, 3-30
provided by class 2 nickel plating, 3-31

Abrasive blasting (method of cleaning metal), 343
Accelerated corrosion testing, 5-7—5-IO, 5-13
Acceptable quality level (AQL), 6-10,$1 I, 6-13+14

defined, 6-10
Acceptance sampling inspection, 6-20-621
Acceptors
‘ electron, 3-14

proto~ 3-14
Acetic acid

effect on
aluminum and aluminum alloys, 4-20
beryllium, 4-39
copper, 4-66
iron and steel, 4-111
lead, 4-126
magnesium 4-130
molybdenum, 4- I39,4-146
nickel, 4-146,4-151
titanium 4-170

liberation by
fungi, 2-65
plywood, 2-84
silicones, 2-83

vapors, 245, 2-83,4-75
Acid

chromates, 4-65
cleaners, for metal surfaces, H3
mine drainage, effect on

copper and copper alloys, 4-62
lead, 4-123

mine waters, effect on tantalum, 4-156
pickling, 24& 2-69
resistance, 3-34
sulfates, effects on nickel alloys, 4-151

Acidification, in crevices, effect on iron, 4-105
Acids

acetic. See Acetic acid
adipic, effect on titanium, 4-170
aqua regia. See Aqua regia
benzoic, effect on molybdenum, 4-139
boric, effect on stainless steels, 4-11 I
carbonic, effect on stainless steels, 4-11 I
chlorosulfonic, effect on lead, 4-126
chromic. See Chromic acid

citric. See Citric acid
cresylic, effect on nickel-molybdenum alloys, 4-146
formic. See Fomic acid
hydrobroraic. See Hydrobromic acid
hydrochloric. See Hydrochloric acid
hydrofluonc. See Hydrofluoric acid
hydrofluorosilic, effect on nickel alloys, 4- !45
hydroiodic, effect on uranium, 4-184
hypochlorous, effect on tantalum, 4-156
lactic. See Lactic acid
mineral, effect on titanium, 4-170
mixed. See Aqua regia and Sulfuric-nitric acid

mixtures ad Hydrochloric-sulfuric acid mixture
monochloroacetic, effect on tantalum and tantalum

dOyS, 4-156
nitric. See Nitric acid
nonoxidizing. See Nonoxidizing acids
organic. See Organic acids
oxalic. See Oxalic acid
oxidizing. See Oxidizing acids
perchloric.See Perchionc acid
phosphoric. See Phosphoric acid
polythionic. See Polythionic acids
propionic, effect on lead and lead alloys, 4-125
reducing, effect on molybdenum and molybdenum

alloys, 4-139
stearic, effect on titanium and titanium alloys, 4-170
succinic, effect on lead and lead alloys, 4-125
sulfuric. See Sulfuric acid
sulfurous. See Sulfurous acid
tannic, effect on titanium, 4-170
tamwic. See Tartaric acid
terephthalic, effect on titanium, 4-170

Acrylic resin, 3-38
Activated solder flux, 4-71
Active-passive

behavior of iron and steel, 4-82,4-110,4-117
cell, 2-5
metals, 3-8
transition of tungsten alloys, 4-183

Adhesion
of alumina scale, 3-35
of enamel to steel, 3-32
of glassy coatings, 3-34
of lacquer coats, 3-32
of paints to metallic coatings, 3-29
to substrates, of organic coatings, 3-37

Adhesives, sealants, encapsulant, and bondings and
potting compounds, 3-39
corrosion prevention function of, 3-39
properties of, 3-39

Adipic acid, effect on titanium, 4-170
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,ty alloy, 4-56,4-63,4-64,4-66, 4-75
ion, 3-13
anic inhibition of corrosion, 3-14, 3-15
I, effect ,on various corrosion rates, 4-66, 4-124,
$-164
:st condition, 5-3
on cast iron, 4-81
bacteria, 2-65
jening, 2-40, 3-12,3-13, 3-39. See also
tation hardening
educing, 2-1
-147
t-treatable aluminum alloys, 4-8
:al matrix composites, 4-205
osion, of columbium and columbium
urn alloys, 4-54
methyl, 4-131
See also specific hydroxides

on
mium and zinc coatings, 3-29
alt, 4-49
lmbiurn and”columbium alloys, 4-53, 4-54
per and copper alloys, 4-60,4-65,4-66
and steel, 4-79

;nesium, 4-131
ybdenum, 4-175
alum, 4-158
]ium and titanium alloys, 4-168,4-170, 4-175
~sten,,4-180
lium, 4-184
eta] systems, 4-163

)-21
lg of aluminum alloys and magnesium alloys,
44
rends, used in cleaning metal surfaces,
‘-44
als, 3-18
salts, effect on magnesium, 4-131
ing process, for producing black oxide
s, 3-19

Y
Ier waters and steam condensates, 4-156
:,3-15
sin, 3-38
lality assurance publications (AQAPs), 6-3
ic phase transformation, 4-165
signation systems. See Designations

rdenable, 3-13
beta alloy of titanium, 4-165
lure. See Aluminum, alloys

carbon. See Carbon and graphite, alloys ‘and Steel,
types and Carbon and low-alloy steel

cast. See Cast
cobalt. See Cobalt, alloys
columbium. See Columbium alloys
copper. See Copper, alloys

manganese bronze, 4-65, 4-66
nickel-aluminum bronze, 4-62, 4-63,4-65,4-66
nickel-aluminum-manganese bronze, 4-65
nickel-silver (copper-nickel-zinc), 4-63
tin (tin or phosphor bronze), 4-55,4-56,4-61,4-69
zinc (brass), 4-55, 4-56, 4-60

dealloying. See Dealloying
ferrous. See Iron
Haynes 25,444,4-45,447
Haynes 188,447,4-150,4-152
Haynes experimental alloy No. 1675,4-47,4-48
high-silicon, 4-79
Inconel. See Alloys 600,625,718
intergranular corrosion. See Intergranular corrosion
iron. See Iron
lead. See Lead and lead alloys
low-carbon, 3-11
low-chromium, 2-25
magnesium. See Magnesium and magnesium al~oys
metal matrix composites. See Metal matrix m

composites, superalloy
molybdenum. See Molybdenum
multiphase, of titanium, 4-165
nickel. See Nickel and nickel alloys
selective leaching. See Selective leaching
stainless. See Stainless and high-alloy steel
steel. See Steel, alloys and Iron
Stellite, 4-47
tantalum. See Tantalum and tantalum alloys
titanium. See Titanium
tungsten. See Tungsten, alloys
uranium. See Uranium, alloys
zinc. See Zinc, alloys

Alloy B-2 (Hastelloy), 4-1464147
Alloy C (Hastelloy), 446,4-110,4-111,4-143, 4-145,
4-152

Alloy C4 (Hastelloy), 4-143,4-1504152
Alloy C-276 (Hastelloy), 4-143,4-1504-152
Alloy G (Hastelloy), 4-143,4-149
Alloy G-3 (Hastelloy), 4-143,4-149
Alloy G-30 (HasteIloy), 4-143,4-148,4-149
Alloy S (Hastelloy), 4-150,4-152
Alloy X (Hastelloy), 4-48,4-143,4-149,4-150, 4-152
Alloy 25 (Haynes), 4-44,4-45,447
Alloy 188 (Haynes), 4-47,4-150,4-152
Alloy 400 (Monel). See Monels a

: coatings on, 3-16
g and welding with aluminum alloys, 4-8

Alloy 600 (Inconel), 4-143,4-144,4-148
Alloy 625 (Inconel), 4-110,4-143,4-150,4-151, 4-152
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@ Alloy 718 Qnconel), 4-110
AUoy 800 (Incoloy), 4-143,4-144,4-148
Alloy 805 (Incoloy), 4-103

I
Alloy 825 @coloy), 4-143, 4-M4, 4-148

0
,,

,,.i’ ,:,

Alloy 1675 (Haynes), 448
Alpha/beta brasses, 2-26,2-54
Alpha phase, of uranium, 4-187
Afpha structure, of titanium, 4-165,4-166
Alternating current, 3-21,54
Alumiiite hard<oating process, 4-31
Alurninq 2-57,3-30,3-35

scale, 3-35,449,4-50
Aluminide, diffusion coatings, 3-35
Aluminum> 2-Z 2-13,2-18,2-83,4-3439, 444,4-70,
4-191,4-207,6-26

age hardened, 3-12
tiOJfsheets

high strength, clad, 3-13
exfoliation of, 3-13

rolled, 3-11
dOyS, 2-21,2-23,2-25,2-39, 240,2-50,2-57, 2+53,3-

10,3-11, 3-]2, 3-16,3-17,4-3439,442-443, 4-70,
4-128,4-131,5-14

age hardening, 3-12
alloy 7075,242,3-11
as anode in galvanic calls, 4-25
cast. See Cast, aluminum alloys
heat treating strengthened, 4-3
heat-treatable, 48,4-29
high-s.tren~ 3-29
military application, exampks, 44
nonheat-treatable, 48,4-30
numbering system, for wrought products, 44
powder metallurgy, 4-36
temper designations for, 44,4-5--44
work hardening strengthened, 4-3

-aluminum oxide alloys, 44
SAP, 44
XAP, 44

brass, 44i2y 463,466
bronze, copper-aluminum alloys, 4-56,445,466,

4-70
bronzesj 2-26
cast. See Cast aluminum alloys
chloride, 441,4-65,4-147
chdding, 3-29
cleaning procedure for, 3-43
coatings. See Coatings, for aluminum und Coatings,

ah.lminum
in cobalt dOyS, 444,448,449, 4-S0

m content of galvanizing bath, 4-201
,.

. ‘,,,;? . corrosion
in acid, 4-20
in alkti, 4-20

in aqueous solutions, 4-20,4-30
atmospheric, 420
biological, 4-38
cavitation, 428
crevice, 2-18,4-21
dealloying, 2-25-2-26,475
erosion-corrosion, 4-28
exfoliation, 2-25, 2-53,4-23, 4-29,430,4-38
fatigue, 4-23425
fworm, 4-22
galvanic, 4-25,4-131

with graphite fibers, 4-207
high-temperature, 2-57,243
interface, 4-28, 4-35, 4-36
intergranular, 2-21, 2-23, 2-25, 3-12, 4-22,429
liquid metal, 2-50
by organic chemicals, 4-20
pitting, 2-14,4-20,430,438
protection, 4-33,4-35 “
resistance, 240, 3-10, 3-29,4-13
stress<orrosion cracking, 2-39, 242, 3-12,4-23,

429 ,
UOifOrm, 420

coupling, 430
fdms, 4-192

ion-plated, for u&nium and uranium alloys, 4192
flame-sprayed, 2-13
fluoride, corrosion of titanium by, 4-168
glassy<oated, 3-34
high-strength, 242,3-12

embrittlement caused by mercury, 2-50,2-53
ion-vapordeposited, 4-162,4178
in nickel alloys, 2-63,4-141
in nickel-ehrornium alloys,4153
nickeLcoated, galvanic corrosion of, 3-31
oxide, 2-57,2-63, 432,450

coating, 3-17, 3-29
in oxide f~, 2-63
painted, 3-38
-plated, corrosion-resistant steel washers, 4-33
powder, 4-3,44,4-35-4-36

in acidic, aqueous slurry, 3-34
identifkation of, 44
used in paint topcoats, 3-38

pure, 48,4131
scale, 4-50
shearing, 3-11
surface treatments and finishes for, 316-3-17
and titanium, 4166
in titanium alloys, 4164,4166,4-173,4175
used in military equipment, 420
weldments, 4-24, 5-4, 5-5
wrough~ 4-3. See Wrought aluminum alloys

American National Standards Institute (ANSI), 64
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Amines
as corrosion inhibitors, 3-14—3-15
corrosive behavior on copper alloys, 4-60,4-66

Ammonia, 2-84
compounds

amines. See Amines
in anodizing solutions 3-21
effects on various metals, 2-37, 2-84, 4-20, 4-60, 4-

66,4-85,4-117,4-125, 4-145,4-147,4-148,4-180, 4-
184,4-185
concentration in marine atmospheres, 4-69
as a critical chemical species for copper alloys, 2-37
dissociation, effect on steel, 4-117

Ammoniacal stress-corrosion cracking of copper and

. copper alloys,, 4-68, 4-69
Ammonium. See Ammonia, compounds
Amphoteric, 4-20,4-39,4-124

definition, 4-121
Anaerobic conditions, 2-65
Anaphoretic deposition, 3-38
Angle-beam inspections, 6-29
Anhydrous hydroxides, effect on nickel alloys, 4-148
Anilines, 3-14
Anisotropic

mechanical properties of beryllium crystals, 4-39
structure, of alpha phase uranium, 4-184

Annealing, 3-1 I, 3-12
solution of nickel alloy, 4-150

. stages, 3-11, 3-12
grain growth, 3-11,3-12
recovery, 3-11, 3-12
recrystallization, 3-11, 3-12

stress relief, 3-11
of tantalum, 4-162,4-163
vacuum, of titanium, 4-175

Anode, 24—2-6, 2-10,2-11,3-2,34
aluminum, in galvanic cells, 4-25
characteristics, 3-8
corrosion ral.e of, as a function of distance from

cathode, 2-11
electrically isolating from cathode, 3-1
in electrochemical cell, 3-13
in filiform ccrrosion, 2-20
sacrificial, 2-11,2-13, 3-1, 3-8
volume, relative to cathode, 4-70

Anodic, 2-4,2-6,2-11,3-15,4-26, 4-32
behavior of aluminum, 4-32
behavior of cladding alloys, 4-26
behavior of high zinc brasses, 4-70
behavior of steel, 3-16
coatings. See Coatings, anodic
components, 2-84
connector, 3-2
constituents, 2-23

corrosion rate of, 2- I 1
current density, 2- I i
dissolution of titanium alloys, 2-44
grain boundary precipitates, 2-22
metal, 2-82
polarization, 2-4-2-5,2-11, 2-40,2-41,2-46
polarizers, 3-16
protection, 2-41, 2-44,3-8
reactions, 2-65, 3-29
surface area, exposed, 3-4
zinc, 2-13

Anodic and cathodic protection, 2-44, 3-8—3-9
Anodic and cathodic effects, 3-14, 3-i5
Anodizing

processes, 4-30,4-133,4-136
chromic acid on aluminum, 4-30
for magnesium alloys, 3-20,3-21
hard-coat, 4-30--4-31
sulfuric acid on aluminum, 4-30

surface treatments, 3-29
zinc, 3-21, 3-22

Antifouling paints, effect on aluminum, 4-28
Antimony, 2-26,3-14

in admiralty brasses, 4-61, 4-75
in lead, 4-121,4-124

Antimony chloride, effect on nickel alloy, 4-147
Antiseizing compound, effect on aluminum and

aluminum alloys, 4-35
Applied stress, 2-41
Aqua regia, effect on various metals, 4-110,4-156,4-

168,4-185
effect on

tantalum, 4-156
titanium, 4-168
tungsten, 4-180

Aqueous
corrosion, 4-1094110, 5-4, 6-21. See also

Environments, marine
solutions, used in coatings, 3-17

Argon, atmospheric pressure plasma spraying system,
3-36

Armco iron, 4-76
Army Materiel Command (AMC) Corrosion

Prevention and Control (CPC) program, 6-1
Army materiel, 3-1

criteria for selection and design process, 3-1
availability, 3-1
cost-effectiveness, 3-1
durability, 3-1
reliabilityy, 3-1
reliance on established technology, 3-1
simplicity, 3-1
weight limits, 3-1

use of aluminum alloys in, 4-4
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Arsenic
in admiralty brasses, 2-26,4-61,4-75
as a cathodic inhibitor, 3-I4
effect on graphite, 4-42

Asbestos, powder, effect on titanium, 4-168
Aspect ratio of alpha particles in titanium alloys, 4-165
Asperities, 2-34
Atmospheres

ambient, 3-18
chlondeeontaining, 4-40
high-humidity, 3-= 3-29,3-33,440
hydrogen, 3-30
industrial, 3-29, 3-31,4-51,4-59,4-60, 4-61,4-68,4-

69,4-76, 4-Q 4-123,4-137,4-196,4-197, 4-198,4-201
marine, 3-22, 3-29, 3-31, 3-33, 4-59,4-60,4-61,4-68,

469,4-76,4-105,4-123, 4-132,4-137,4-196,4-198,
4-205

oxidizing 4-146
rural, 3-31,4-59,4-60,441,4-76, 4-123, 4-137,4-196,

4-198
suburban, 4-198 “
stildizing, 4-146
tropical, 4-61,4-110,4-199,4-200
urban, 4-59,441,448

Atmospheric corrosion. See Weathering corrosion
Atmospheric pollutants, 4-20, 5-8
Attack

anodic, 3-14
intergramdiw, 242
rate of, 241 —2-62

Attribute lot sampling plans, &9
double, &9, 6-13
factors to consider in selecting, 6-13
multiple, 6-9, &l 3
sequential, 6-9
single, &9, 6-13

Austenite region, 3-13
Austenitic

~Oy cast irOnS, 4-76
SttieSS steels, 2--2-25,2-37,241,2-44, 2-48,4-91,

4-934-103,4-104,4-105, 4-109,4-110,4-117,4-141,
4-i66

corrosion in chloride solutions, 4-117
containing nicke~ 4-141
cracking of, in a chloride environrnen< 244
low carbon grades, 2-25,4-117
pitting of, 2-65
stress<orrosion cracking, 4-104
weldmen~ 2-22

B

Babbit metal (lead alloy), 4-124,4-127
BackScatter, intensity, 626

. .

Bacteri~ 244. See aLro Biological corrosion
Bake-out, procedure for removing hydrogen from
coated steel, 4-88

BamacIe electrode, definition, 5-5
Base metal, in galvanic corrosion, 2-10
Beggiato~ 24
Benzoate, 3-16

salts of dicyclohexylamine, 3-15
Benzoic acid, effect on molybdenum, 4-139
Beryllium, 4-35, 4-39-44)

in aluminum-base alloys, 4-35
anodized, 440
chloride, 4-39
corrosion, 4-39-

in acid, 4-39
in alkali, 4-39
galvanic, w
high-temperature oxidation, 4-39
liquid metal, 440
oxidation, 4-39
pitting, 4-39-
prevention, 440
stress<orrosion cracking, 440
uniform, 4-39

crystals, 4-39
dimensional stability, 4-39
grades and forms, 4-39
hot-pressed, 4-39
pickled, 4-40
production processes, 4-39

flake material, 4-39
pebble material, 4-39

-stainless-steel couples, 440
Beta

backscatter, 6-26
gages, &26

particles, 626
structure, of titanium, 4-165,4-166

Bicarbonate films on various metals, 4-128,4-130,4-198
BiIlet, 3-11

composite, 3-24
Bimetallic couples, of various metals with aluminum,
4-30

Binary alloys, with aluminum, 4-13. See QLSOTernary
and Quarternary alloys

Binder solids, in metallic-ceramic coatings, 3-34
Biological corrosion, 2-64-2-66

of aluminum, 4-38439
conditions conducive to, 2-64-2-65
deftition, 2-64
examples, 2456,4-38
of iron and steel, 2-64, 245,4-87
macrobiologicai organisms, 1-2
manifestation and quanti.tlcation, 244
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mechanisms, 2-65
microbiological organisms, 1-2
of nickel, :2-64
prevention of? 2-65,3-47
of titanium, 2-65

Bismuth, 3-14
effect on uranium, 4-187

Black nickel plating, 3-31
Black oxide, chemical conversion coating on copper

and copper alloys, 473
Blasting, in cleaning ferrous metals, 3-43
Blisters, 5-4
Bolometer, 6-37
Bonding zone, wavy, created by explosion cladding
process, 3-24

Berates, effect on graphite, 443
Borax

effect on
steel, 3-16
zinc, 4-201

used in glassy coatings, 3-34
Boric acid, effect on steel, 4-111
Borides

as coatings for tungsten, 4-183
formed by molybdenum, 4-140

Boron
in aluminum-base alloys, 4-35
coating fo]r aluminum alloys, 4-32
in neutron radiography, 6-26
reaction of tantalum with, 4-158

Boroscope, 6-22
Borosiljcate glass, 3-34
Brasses, 2-26,4-5674-60,4-70, 4-75

admiralty, 2-26,4-56,4-61,4-66, 4-75
aluminum,, 463,4-66

inhibited, 4-62
corrosion of, 4-60, 4-61
dezincification of, 4-61
glassy-coated, 3-34
lead-plated, 3-30
manganese bronze, 4-61
naval brass, 4-61, 4-62 .
plated with black nickei, 3-31
red, 2-26,456,4-62,4-66, 4-69
selective leaching, 2-26
stress-corrosion cracking of, 4-69
yellow, 2-26

Brazing, with aluminum-silicon alloys, 4-8
Breakaway speed, 2-32
Bright alloy, 3-30
Brine, effect on titanium, 4-170,4-172
Bromide

effect on
magnesium, 4-131

tantalum, 4-158
as an inhibitor, 3-15

Bromine, effect on
lead, 4-126
molybdenum, 4-139
steel, 4-102
tantalum, 4-158
uranium, 4-187

Bronzes (copper alloys)
aluminum, 2-26,4-56,4-66
black nickel-plated, 3-31
commercial, 4-66
G, 4-62,463,4-65,4-66
galvanic corrosion of, 4-85,4110
M, 4-62
manganese, 4-62,4-63,4-65,466, 4-69
nickel-aluminum, 462,4-63,4-65,4-66
nickel-aluminum-manganese, 4-62, 4-63,4-65
nickel-manganese, 4-69
phosphor, 4-66,4-85
phosphor-tin, 2-26
silicon, 2-26, 466
stress-corrosion cracking of, 4-69
tin, 4-56

c

Cadmium, 242,2-54,3-21,3-22,3-29, 4-191
coatings, 3-3, 3-24, 3-29—3-30

for iron and steels, 3-8,3-25,488
content of zinc alloys, 4194,4-195
effect on titanium and titanium alloys, 4-175
fasteners for aluminum, 425
plating, 3-10,3-29

on copper, 4-73
on iron and steel, 2-13,2-45, 2-54, 3-29, 4-33,4-90,

4-131
on and/or with titanium, 4-177

salts, 3-29
surface treatments for, 3-22

,3-29
Calcium, 2-66,3-14

effect on
‘copper, 459
uranium, 4-187
zinc, 4-198

Calonzing, definition, 2-57
Carbides, 4183,4202,4203

aluminum, 4202
chromium, 2-22, 4-1 I7, 4-202
cobalt, 4-202
dispersion, 449
formers, 2-22,2-25,4-49

,

@
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graphite, 4-42
iron and steel, 2-22, 4-100,4-117,4-202
magnesium, 4-202
molybdenum, 4-140,4-202
nick~l, 4-202- -
tantalm 4-202
tungsten, 4-180,4-202

Carbon. See alro Carbon and graphite and Graphite
bisulfite, 442

0

e.,,,

in cobait d]OyS,~

-ntaining gas, 4-148
content of cast irons, 4-76
dioxide, 4-43,4-68,4-85,4-114, 4-123
effect on aluminum, 4-29,4-33
in interfaces, 2-83, 443,4-87
in iron and steel, 4-76,4-78, 4-79, 4-88. See also Cast

iron and Carbon and low alloy steels and Stainless
and high-alloy steels and Steel

monoxide, 4-39,4-85
oxidation, 4-41,443
particka,2-63
reaction of tantalum with, 4-158
steels, 4-85,4-87. See also Iron and Steel and Carbon

and low-alIoy steels and Stainless and high-alloy steels
temperature gradient mass transfer of, 4-163
tetrachIonde, 4-41,4-177

eifect on
graphite, 441
titanium, 4-177

Carbon and graphite, ~. See afro Graphite
carbon-graphite composites, 441
carbon-graphite fibers, 4-41,4-202,4-207

corrosion prevention, 443
galvanic wrrosion, 4-42

components, 4-41
exfoliation, 441
in interfaces, 2-83,4-43,4-87
interstitial formatio~ 441
oxidatio% 441,4-42,443

Carbon and low-alloy steels, 4-76,4-81490
alloys, 4-81,4-82
coatings. See Coatings, for iron and steel
corrosion

by acids, 4-84
by alkali, 4-85
in aqueous solutions, 4-80,4-84
biological, 4-87
Cavitatio% 4-79
corrosion fatigue, 4-87,4-90
crevice, 4-84
erosion<orrosion, 4-79, 4-90
fretting, 4-79
galvanic, 4-79,4-85,4-88
hydrogen embrittlement, 4-88

interface, 4-87
liquid metal, 4-87
pitting, 4-82,4-84
prevention, 4-79,4-87-4-88
stress<orrosion cracking, 4-8546,4-90
uniform, 4-82
weathering, 4-82,4-84

use of scrap in, 4-82
Carbonates

-bicarbonate, effect on iron and steeI, 4-85
effect on

lead, 4-123
steel, 4-117
zinc, 4-198

Carbon dioxide, 4-43,4-68,4-85,4-114, 4-123
Carbon monoxide, 4-39,4-85
Carbon tetrachloride, effect on

graphite, 441
titanium, 4-177

Carbonic acid, 4-111
Carburizing, 4-117

shield, 3-30
cast

aluminum alloys, 4-3,4-4,4-33435,4-56
characteristics, 4-33
compositions and properties of, 4-33
corrosion, 4-35

prevention, 4-35
resistance of, 4-33

heat-treatable, 4-33
interface problems, 4-35
nonheat-treatable, 4-33
tempers of, 4-33
types of corrosion, 4-35

billet, 3-11
iron, 4-70,4-76-4-79

chemical compositions of, 4-76
coatings. See Coatings, for iron and steel
corrosion

by acids, 4-78479
by alkali, 4-79
in aqueous solution, 4-78, 4-79,4-80
cavitation, 4-79
erosion<orrosion, 4-76,4-79
fretting, 4-79
galv@c, 4-79
prevention, 4-79
selective Ieaching, 2-26,4-79
UIlifO~ 4-76,4-78479
weathering, 4-76, 4-78

deftitiom 4-76
ductile (nodular), 2-26,4-76,4-78,4-79
glassy coated, 3-34
graphitization of, 244
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gray, 2-26,4-76,4-79
high-nickel-chromium, 4-76
high-silicon,, 4-76,4-78,4-79,4-81
malleable, 2-26,4-76, 4-79
pipes, 4-76
siIicon, 4-76,4-78,4-79,4-81
white, 2-26, 4-76, 4-79

magnesium alloys, 4-128,4-133,4-137
nickel copper (Monel 41 1), 4-67
steels, 4-84, 4-100, 4-114
vitallium, 4-50

Castability, 3-35,4-100
Casting of metal matrix composites

continuous, 4-;203-4-204
investment, 4-203

Castings. See also Cast
sealing of, 3-43

Cataphoretic deposition, 3-38
advantages over anaphoretic, 3-38
corrosion protection provided by, 3-38

Catastrophic failure, 3-9
‘ Cathode, 2-4-2-6,2-10,2-11,2-21, 2-82,3-2, 3-4

poisons, 3-14
precipitates, 3-14

Cathodic, 2-4,2-6,2-65, 2-82—2-83, 3-2,34,4-25,4-26,
4-29,4-30,4-70

areas, 3-1
on a metal surface, 3-15

behavior
of cladding alloys, 4-26
of copper alloys, 4-70
at metal interfaces, 2-82—2-83
of steel, 3-16
of steel, tin, :nickel, and Monel, 4-70

coating, 3-22, 3-23-3-24,4-32
connector, 3-2
constituents, 2-23
grain boundary precipitates, 2-22
inhibitors, 3-14,
matrix, 2-26
nobility of cop:per, 4-62
polarization, 2.4—2-5, 2-11,2-40,2-41,2-46 8
protection

from biological corrosion, 2-65
from corrosion fatigue, 2-49
from erosion!-corrosion, 2-33
from hydrogen embrittlement, 2-42,2-44, 3-7
by impressed current, 3-8
methods of, ,3-8
by sacrificial anodes, 3-8
from stress-corrosion cracking, 240,2-41

reactions, 2-65, 3-14
Caustic

as a critical chemical species for steel, 2-37

I-8

cracking of steels, 4-105
embrittlement, 4-53
potash, effect on iron and steel, 4-85
soda, effect on

copper and copper alloys, 4-60,4-70
iron and steel, 4-85

solutions, 4-124
Cavitation, 2-26—2-33, 5-17

of aluminum, 4-28
of cast irons, 4-79,4-80
cause, 2-27
definition, 2-26
-enhanced corrosion, 2-27
of steels, 4-110
of titanium, 4-110,4-172-4-173

Cells, electrochemical, 2-5,3-13
Cellulose fibers, 4-41
Ceramic

coatings, 3-34—3-36
overcoats for, 3-36
thermal barrier, 3-36
types, 3-34—3-35

oxides, 3-34
Chemical

-agent-resistant coating (CARC) system, 3-41
agents, toxic, 3-41
analysis of corrodents, 6-39 e
and biological attack, prevention through packaging,

347
cleaning methods, 343, 3-44
comparability, of materials, 2-82—2-84
conversion coatings. See Coatings, chemical

conversion
reactions

of metal matrix composites, 4-202
oxidation-reduction, 2-1—24

vapor deposition, 4-192,4-203
Chemisorption-induced lowering of bond strength, 2-53
Chlorates, effect on

steel, 4-117
titanium, 4-170
tungsten, 4-180

Chloride
ions, 3-14, 3-15, 5-7
stress-corrosion cracking, 2-37,4-143,4-147,4-152

of lead, 4-123
of nickel alloys, 4-143,4-147,4-152
of stainless and high-alloy steels, 2-37, 244,

4-103-4-105
sulfate, 4-50

Chlorides, 2-14–2-15, 2-37,2-84,3-14,3-15, 4-50,5-7.
See also Environments, marine
in bacterial deposits, 2-64, 2-65 a
as a critical chemical species for steel, 2-37
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m,,.,,, effect on Chromia
aluminum, 4-20,4-28,4-29,4-38 fflm on cobalt alloy, 4-47
beryllium 4-39,4-40 scale, 4-49
brass, 2-26 Chromic acid
copper and copper alloys, 4-59,445,4-68 coatings for
iron and steel, 2-37,245,4-78,4-84,4-85, 4-87,4- aluminurn and aluminum alloys, 4-30,4-31

lo34f05, 4-110,4-117
magnesium, 4-128,4-130,4-131,4-132

magnesium, 3-20, 3-21, 344
effect on

molybdenum, 4-I 39 iead, 4-124
nickel and nickel alloys, 4-143,4-147,4-148,4-149, magnesium, 4-130,4-131

-.

0‘,
,,

4-151,4-152
tantalum, 4-158,4-163
titanium, 4-172,4-175,4-176,4-177
tungsten, 4-183
uranium, 4-185,4-187,4-188,4-191
ZiIIC,2-26, 2-84,4-196,4-198

Chlorinated cutting oils, effect on titanium, 4-177
Chlorine, 38

dioxide, effect on
nickel alloys, 4-152
titaniun& 4-170

effect on
iron and steel, 4-79,4-84
lead, 4-126
molybdenum, 4-139
nickel and nickel alloys, 4-145,4-146,4-147
tantalum 4-158
titanium, 4-170,4-175,4-176
uranium, 4-187

oxide, efiect on tantalum, 4-156
trifluoride, effect on magnesium, 4-130

Chohstenc liquid CTYstals,6-37
Chromate, 3-3,3-15,3-16

conversion coatings, 4-30
for aluminum, 3-16,4-30
for beryllium, 4-40
for cadmium, 3-21-3-22
on cadmium-plated graphite, 442
for copper, 3-17
for magnesium, 3-19,3-21,3-22
for silver plating, 3-34
for zinc and zinc alloys, 3-3, 3-21—3-22, 3-33

effect on
dUII&lUIn,3-16
beryllium, 4-39
copper and copper alloys, 4-65
iron and steel, 3-13, 3-16,4-117
magnesium, 4-131,4-132,4-136
zinc, 4-174,4-201

ffihes for cadmium coatings, 3-29
lead, 4-124

m passivation, 3-10
v Chromated primer coat for ahnninum aJloys, 4-32

Chrome pickle treatment for magnesium, 3-20

nickel alloy, 4-145, 4-i46
titanium, 4-168,4-176

chromium
in dOyS, 2-55—2-57, 2+1, 2-62-2-63, 3-8
in aluminum alloys, 4-35
carbide, 2-22,2-25, 3-13,4-103
in cast vitallium, 4-50
coatings, 249, 3-26, 3-30, 3-31, 3-35,4-50

for aluminum, 3-I 7
for chromium, 3-3 I
for cobalt, 4-50
for columbium, 4-54,4-140
for copper, 3-17
for iron and steel, 3-30
for molybdenum, 4-140
for zinc, 4-201

in cobalt alloys, 2-61,4-44,4-46,448,4-49
in columbium alloys, 4-53, 4-54
content of stairdess steels, 4-91,4-92,4-100,4-11 I
in couple, with aluminum, 4-25
in iron and steel, 2-U 2-25, 2-56-2-57, 241, 2+2, 3-

13, 3-i9, 4-8% 4-84,447,4-91,4-92,4-100, 4-102>4-
103,4-111,4-114
in molybdenum alloys, 4-140
in nickel alloys, 2-56,2-61,2-62,4-143, 4-147,4-153
-oxide, spine] scale, 4-143
oxide-chromium sulilde, 2+2
plating, 3-30,3-31,4-90
powder, 3-30
scale, 4-50
sesquioxide, 2-57, 242
in titanium alloys, 4-164

Chromizing, 3-30
Citric acid, effect on

beryUium, 4-39
titanium, 4-170, 4-171

Clad metals, 3-3. See also Cladding
Cladding, 243,3-3,3-10,3-24

alumin~ 3-13,329,4-26
description, 3-24
-twore interface, 4-26

Cleaning processes, 342-3-44
for magnesium alloys, 344,4-133

Cliiates, I-2, 245-2-69,2-7 1—2-73, 2-79—2-80. See
alro Environments

I-9
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categories, 2-70,2-71 —2-73
classifkation system, 2-66
conditions, :!-69
dry, effect on iron and steel, 4-76,4-78
humid, effect on iron and steel, 4-76,4-78
marine. See Environments, marine
temperate, testing in, 5-7
tropical

effect on
iron ancl steel, 4-84, 4-110, 5-6
zinc and zinc alloys, 4-199, 4-200, 5-6

testing in, 5-7
type, 2-69

Coastal climates. See Climates and Environments,
marine

Coating techniques, 2-13,2-63, 3-16—3-17, 3-22,3-23,
3-24—3-25, 3-31, 3-38,4-32,4-50, 4-140. See also
Deposition of coatings

Coatings, 2-33,2-49,2-65,3-3, 3-23—347
adhesive, 3-39
aluminum, 2-13,2-63,3-8,3-24,3-25, 3-29,4-50,4-

131,4-178,4-192. See also Film and Scale
for aluminum and aluminum alloys, 3-16—3-17, 4-

30433,6-34
anodic, 3-16, 3-17, 3-20, 3-22,3-23,4-30,4-133,4-

178,5-7,6-34
for beryllium, 4-40
black oxide, 3-19
cadmium, 3-3, 3-8, 3-24, 3-25, 3-26, 3-29—3-30, 4-88,

4-192
for cadmium, 3-21—3-22
for carbon and graphite, 3-19,4-43
cathodic, 3-2.3

on aluminum, 4-32
ceramic, 2-63, 3-34—3-36

cm iron and steel, 4-88
on nickel aUoys, 4-154

chemical-agent-resistant, 341
chemical conversion, 3-3, 3-16—3-22, 3-27, 4-30-4-

31,4-32,4-73
for aluminum, 3-16—3-17, 3-29,4-30431,4-32
for beryllium, 4-40 .
black oxide, 4-73
for cadmium, 3-22
chromate. See Chromate, conversion coatings
for copper alloys, 4-73
on dissimilar metal couples, 3-3
evaluation of, 5-7
for iron and steel, 3-18—3-19
for magnesium alloys, 3-20—3-21
on weathering steels, 3-19
for zinc, 3-21

chromium. See Chromium, coatings
classification,, 3-23

for cobalt, 3-35,4-50
for columbium, 3-36,4-54455,4-140
composite, 3-31,4-154
conversion. See Coatings, chemical conversion and

Chromate, conversion coatings
copper, 3-23, 3-26, 3-30
for copper, 3-30,4-123
definition and description, 3-23
diffusion aluminide, 4-50,4-154
diffusion barrier, 4-207
diffusion-type, 4-178
disilicide, 3-26,4-54,4-140, 4-i63
dry film lubricants, 3-23
electroless nickel, 3-31, 440
enamel, 3-37—3-39, 4-40. See also Paint
encapsulant, 3-39, 340
epoxy-polyamide primer, 4-132
epoxy resin, 4-132
filiform corrosion under, 2-19—2-21
glassy, 3-34
gold. See Gold, coatings
hafnium-tantalum, 4-I 82
hard, 4-30,4-32
high-temperature, 3-35,4-50
inorganic, 3-23, 3-34—3-36
ion implantation, 3-22—3-23
for iron and steel, 3-18—3-19, 3-29,3-30, 3-31—3-32, a

3-33,3-34,3-36, 3-37—3-38, 4-25,4-88,4-90,4-122, 4-
123,4-131,4-194,4-2004-201
lacquer, 3-37—3-39
lead. See Lead, coatings
magnesium, 3-14
for magnesium, 3-19-3-21,3-38,4-132, 4-1334137
manganese-base phosphate, 3-18
measurement of, 6-34
metallic, 2-63, 3-23—3-34, 4-88,4-112,4-192
metallic-ceramic, 3-34—3-36
for metal matrix composites, 4-207
for molybdenum, 4-140
multicomponent, multilayered overcoats, 4-154
nickel. See Nickel, coatings
nickel-chromium, 4-182
for nickel and nickel alloys, 3-30,3-31,3-35,4-154
noble metal, 3-33—3-34, 4-182
organic, 3-3, 3-23, 3-37—3-47, 4-20,4-30, 4-32, 4-87,

4-88,4-126,4-192
overlay coatings, 4-50,4-154
oxide, 3-17, 3-29
oxide, anodically formed, 4-178
oxide film, 4-192
paint. See Paint
palladium, 3-28,3-34,4-177
phosphate, 3-18,3-29, 3-38
plastic film, 4-32
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platinum 4-154,4-182
polymer, 4-192
polyurethane. See Polyurethane coating
polyvinyl butyral resin, 3-17
portland cement, 3-36
potting compounds, 3-39,340
refractory, 4-43
resin: 4-90
rhodium, 3-28, 3-34, 4-182
rust-preventive compounds, 3+1 —3-42
satilcial, 3-24
sealants, 3-39
selection, &5
silicide, 4-140,4-163
silicon carbide, 3-31,4-43,4-207
silicon dioxide-silicon carbide mixture, 4-207
silver, 328
for silver plating, 3-34
for tantalum, 3-36,4-163
tests of, 5-8
thermal barrier, 4-154
tin, 3-28,3-32
for titanium, 4-1774178
titanium boride, 4-207
titanium boride-titanium carbide mixtures, 4-207
tungsten si.licide, 4-182
for tungsten and tungsten alloys, 2-56,4-180,4-182,

4-183
for uranium, 4-192
varnish, 3-37-3-39
water+isplacing preservative, 3-19
zinc, 3-23, 3-28, 3-32—3-33, 4-32,4-192. See also

Zinc, coatings
for zinc. See Zinc, coatings
zinc-base phosphate, 3-18

Cobalb 4-28,444-4-50
acetate sealant, 3-17
dOyS, 2-61,2-62,2-63, 444-4-50,4-149,4-152, 4-

203. See also Alloys
cobalt-aluminum, 446
Cobalt-molybdenum 446
Haynes, 447,448
oxidation resistance, 446,4-50

in cast vitallium, 4-50
as a catalyst in corrosion inhibition, 3-14
coatings for, 3-35,4-50
in copper-beryllium alloys, 4-56
corrosion

crevice, 446
dealloying, 2-26
erosion+orrosion, 4-49,4-50
hot, 243,4-49
intetiace, 447
intergranular, 2-24

liquid metal, 4-49
oxidation, 44b$47
pitting, 444
prevention, 4-50
stress-corrosion cracking resistance, 4-46
uniform, 4-44

in glassy coatings, 3-34
in nickel alloys, 4-141
in tungsten alloys, 4-179
pure

corrosion rate of, 4-44
oxidation of, 4-46

scale, 446,4-49,4-50
Cold welding, 2-34
Cold-working, 2-23,3-11

low-alloy steels, 4-81
Cold-worked

ahlminum, 4-5
edges of test specimens, 5-1

Columbium, 2-25,4-51455,4-56,4-175
alloys, 4-51455

columbium-tantalum-zirconium, 4-54
columbium-tungsten-hafnium, 4-54
in gas turbine applications, 4-54

coatings for, 4-54-455
corrosion

in alkali, 4-53,4-54
caustic embrittlement, 4-53
galvanic, 4-53
liquid metal, 4-54
oxidatio% 4-53454,4-160
resistance, 4-51,4-52453
uniform and pitting, 4-51

in nickel alloys, 4-141
in tantalum alloys, 4-156
in tungsten alloys, 4-179
in uranium alloys, 4-184, 4-185,4-191

Combustion products, contaminated, corrosiveness of,
3-36

Compatibility of aluminum with d~imilar materials,
4-25

Compatibtity of dissimilar metals, 3-2—34
Composite material, deffition, 4-201
Composites. See Metal matrix composites
Compressive stress, induced by shot peening, 3-23
Concentration cell, 2-5

dissimilar, 2-5
Concentration gradient mass transfer, 249,4-87
Conductor, electronic, 3-13
Constant strain test methods, 5-13
Consumer Product Safety Commission (CPSC), 6-3
Contact resistance, 3-34
Contaminants in organic chemicals, 4-13
Copper, 3-12,3-30,3-31,4-55475, 4-122,6-26

in 7075 alloy, 3-12

r-l 1
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age hardening, 3-12
alloys, 3-30, 3-31,4-55-4-75,4-131

dk3y CA-715, 4-67
aluminum bronze, 4-55,4-56,4-61,4-65, 4-70

nickel-aluminum bronze, 4-61.
brass, 4-55, 4-56,460,4-61
copper-beryllium, 4-56
copper-nickel (cupronickels), 2-64,4-55,4-56, 4-61,

4-62,4-63,4-64,,4-65, 4-66,4-67,4-70,4-75
copper-tin, 4-69
in couples with magnesium alloys, 4-131
G bronze, 4-62,4-65,4-66,4-67
high copper,, 4-56,4-59
manganese bronze, 4-62, 4-65,4-66,4-67
nickel-aluminum bronze, 4-62,4-65, 4-66,4-67
nickel-aluminum-manganese bronze, 4-62, 4-65
nickel-silver (copper-nickel-zinc), 4-63
surface treatments for, 3-i 7
tinbronze (phosphor bronze), 4-55,4-56,4-61,

4-69
aluminide, 2-23, 3-12
in aluminum allloys, 3-16, 3-17, 4-8, 4-23, 4-29, 4-30,

4-31
in aluminum plating process, 4-32
ammonia, as a critical chemical species for, 2-37
cast, UNS designations of, 4-55-4-56
in cast steel, 4434
coatings, 2-49, 3-17, 3-26, 3-30, 3-31

. commercially pure, 4-56
composition, 4-57458
condenser tubing, 3-11
copper steel, 4-82
corrosion, 4-59-4-73, 4-79

dealloying, 2-26
erosion-corrosion, 4-79
galvanic, 4-60,4-126
pitting and crevice corrosion, 4-66-4-68,4-74
rates, 4-59, 4-60
resistance, 4-55, 4-56, 4-59
by solder flux, 4-71
stress-corrosion cracking, 2-37,4-60,4-684-69,

4-74
by sulfides, 4-75
uniform, 4-6 II4-66

in couples with
magnesium, 4-13 I
steel, 4-110
titanium, 4-1’77

dealloying, 2-26,4-60,4-61
flash, 3-30
glassy-coated, 3-34
in gold electroplating, 3-34
lead coating on, 3-30
lead-plated, 3-30

localized enrichment, 3-13
nickel coating on, 3-31
plus nickel plating, 3-34
in organic chemicals, 4-20
in paint, 4-28
phosphorus-deoxidized, 4-60
plus silver plating, 3-34
in steal, 3-19,4-82
in treated wood, 4-28
in tungsten alloys, 4-183
underplating, 3-31
wire, silver plated, 4-71
wrought, 4-56,4-69
in zinc alloys, 4-194, 4-195

Corrosion. See also specific metals
allowance for, 1-1
atmospheric, 3-30
avoidance/ control, 1-1, 1-2, 1-3. See also under

specflc types of corrosion
bacteria-induced. See Biological corrosion
behavior of metals and alloys, 2-8
biological. See Biological corrosion
breakaway, 2-62
catastrophic, 2-62
causes, 1-2
cavitation-enhanced, 2-26—2-27
characteristics, 3-10, 3-16
coupons, 6-22. See aiso Test, coupons
crevice. See Crevice corrosion
current, 2-5, 2-6, 3-8, 3-13, 5-4, 6-2 1—6-22

density, 2-5 ‘
passive, 3-8

deaIloying (selective leaching). See Dealloying
definition, 2-1,3-13
effects of, 1-1, 1-2, 3-9, 5-14—5-17, 6-21, 6-22
environmental. See Climates and Environments and

Environmental, corrosion
environments. See Environments
erosion-corrosion. See Erosion-corrosion
examples. See specific metals
factors relating to, 2-6,5-1,5-6
as a failure mechanism, 6-38—6-40
fatigue, 2-45-249,2-82, 3-7, 3-23, 4-234-25. See

also Fatigue
of aluminum and aluminum ailoys, 4-23425
behavior of tungsten-carbide-coated steel, 4-90
conditions conducive to, 2-46
cracking, 2-45
definition, 2-45,4-23424
failure, 245. See also Fatigue, failure

of aluminum, 4-24
of iron and steel, 4-87,4-90,4-109
of lead and lead alloys, 4-126
limit, 2-45,2-46

,
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of magnesium and magnesium alloys, 4-132
mechanism 246-2-47
prevention of, 248-249
of tantalum, 4-1624163
testing, 5-16-5-17
of a tungsten alloy, 4-162

ffiorm. See FWorrn corrosion
fdms. See Film
in freshwater. See Environments, marine
fretting, See Fretting corrosion
galvanic. See Galvanic corrosion
general, of metals and alloys, 2-8
high-temperature. See High-temperature, corrosion

and High-temperature, oxidation and High-
temperature stildation

hot. See Hot corrosion
by hot gases, 4-114
inhibitors. See hhibitors
intergranu.lar. See Intergranular corrosion,
local, 2-5,5-15
localized, 5+ 5-5
metallic, 3-13
meters, 6-22 .
microbiological. See Biological corrosion
pitting. See Pitting corrosion
potential, 2-7,54

of steel, 4-110,4-111
preferentird, of base metals, 3-24
prevention, 3-1-342. See also specific typesof

corrosion
by

black chromium plate, 3-30
cataphoretic deposition of painL 3-38
class 2 nickel plating, 3-31
dry fti lubricants, 4-33
electrodeposited lead coatings, 3-30
electroless nickel coatings, 3-31
galvanizing, 341
hotdipped lead-tin alloys, 3-30
nickel coatings, 3-31

on zinc alloys, 3-31
organic coatings, 3-37
oxide fti, 4-30
rustproofing compounds, 341
& coatings, 3-32
vapor-phase inhibitors, 3-15

for
aimninum and aluminum alloys, 4-29433,4-

35,4-38
beryllium, 440
carbon and graphite, 443-444
cobs.1~ 4-50
columbium 4-54-4-55
copper and copper alloys, 3-31, 4-73475

iron and steel, 3-31,4-79,4-87-488,4-117
lead, 4-12=127
magnesium, 4-1334137
metal matrix composites, 4-207
molybdenum, 4-140
nickel and nickel alloys, 4-154
powder metallurgy of aluminum, 4-36,4-38
tantalum,4-163
titanium, 4-176-4-178
tungsten, 4-1824183
uranium, 4-1914-192
ZkC and ZillCdlOyS, 4-201

in
industrial atmospheres, 3-31
marine atmospheres, 3-31
rural atmospheres, 3-31

techniques, 1-3, 3-1
products, 4-123

white, 3-22,3-29, 3-33
rates, 2-11, 2-61, 2-66, 5+ 6-22

of alloy C4, 4-151
of ~Oy C-276, 4-150,4-151
of aluminum, 4-25
of berylliuq 4-39
of carbon and low alloy steels, 4-84
of cast kOllS,4-76,4-78
of copper alloys, 4-61,4-62,4-65,446,4-67
of graphite, 442
of graphite fiber composites, 4-205
of iron, 4-85
of lead alloys, 4-123,4-124
of Monel alloy 400, 4-145
of steels, 4-110,4-111
of tantalum, 4-156,4-157, 4-158
of tantalum-titanium alloys, 4-156,4-157,4-158
of tantalum-tungsten alloys, 4-156,4-157
of titanium, 4-166,4-168,4-172
of uranium 4-184,4185

resistance, 3-10, 3-16, 3-22,3-23, 3-34, 5-5, 5-10. See
aLro spec~ic metals

of noble metals, 3-24
processes to improve, 3-10
provided by various coatings, 3-21,3-23,3-29,3-

30,3-31,3-32,3-33,3-34, 3-35,3-36,3-37,3-38, 3-39,
3-41

in seawater. See Environments, marine
selective leaching. See Selective leaching
stages, for painted metal surfaces, 2-8
surface scales, 4-27,4-184
susceptibility, 3-10, 3- I 1
testing, 1-3, 5-1-5-22,6-2, 6-21-6-38. See aLro

Testing
tests, 4-183, 5-1—5-22, 6-21-6-28. See airo Tests
types of, 2-1
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Downloaded from http://www.everyspec.com



MIL-HDBK-735(MR)

tmderfdrn, 2-19, 3-18
uniform. See Uniform corrosion

Corrosion Prevention and Advisory Boards (CPABS),
6-6

Corrosion Prevention and Control (CPC), 6-5,6-6,6-20
Corrosive vapo:r sources, 4-28
Couples, 3-2—34

aluminum with various metals, 4-25,4-30,4-131
aluminum-lead, 4-123’
copper with various metals, 4-70
embrittling, 2-52,2-83
graphite/ epoxy with various metals, 4-42,4-43
iron-lead, 4-123
iron and steel, 4-1094110
magnesium with various materials, 4-131,

4-132-4-133
metals in seawater, 4-70, 4-117
tantalum, 4-156
zinc-steel, 4-194

Coupling metals, 4-1094110,4-131,4-166
CPC Center of Excellence (CTX), 6-6
Crack

formation and propagation, 5-10—5-17
growth, 247

catastrophic, 5-13
process, 5-13
propagation, 2-41
under constant load, 5-12

Cracking, 5-14, 5-15.See aZ.ro specillc metals and Stress-
corrosion cracking and Hydrogen embrittlement

and spalling, 2-63,4-114
caustic, of iron and steel, 4-105
defects, percentage area of metal corroded for, 5-16
intergranular

of metal-matrix composites, 4-205
of uranium ailoys, 4-192

Creep
rates, 5-13
resistance

of lead and lead alloys, 4-121
of magnesium and magnesium alloys, 4- I28, 4-132
of zinc alloys, 4-194

Cresylic acid, effect on a nickel alloy, 4-146
Crevice and concentration cells, 2-82
Crevice corrosicm, 2-17—2-21

of aluminum alloys, 4-21
of cobalt alloys, 4-46
conditions conducive to, 2-18
of copper and copper alloys, 4-60,4-66-4-68, 4-74
definition, 2-117
filiform corrosion, 2-19—2-21. See also Filiform

corrosion
conditions (conducive to, 2-19
definition, :2-19

examples, 2-19
manifestation and quantification, 2-19—2-20
mechanisms, 2-20—2-2 1
metals found on, 2-19, 2-20

of iron and steel, 2-18,4-84, 4-102-4-103
of lead, 4-126
of magnesium, 4-132
manifestation and quantification, 2-18
mechanism of, 2-18—2-19
of nickel and nickel alloys, 4-145,4-148,4-152
prevention of, 2-19,2-21
of titanium, 4-172, 4-177
of uranium, 4-185
of various metals, 2-18

Crevices
in aluminum alloy joints, 4-33
in magnesium structures, 4-132
in metal-to-metal and metal-to-nonmetal interfaces,

4-102
in steel couples, 4-109

Critical defect, defined, 6-10
Critical relative humidity for rusting of steel, 4-82
Cryolite, 3-34
Crystallization, 3-11
Cupric chloride, effect on

nickel and nickel alloys, 4-146
tantalum, 4-163

Cupric ions, effect on
beryllium, 4-39
iron and steel, 4-102, 4-110,4-117
titanium, 4-168,4-176

Cupric salts, effect on copper, 4-59
Cupric sulfate, effect on uranium, 4-185
Cupronickels. See Copper, alloys, copper-nickel
Current

-carrying capacity, 3-29
corrosion, 3-8
density, anodic, 2-1 I
flow of, 54,5-5
impressed, 3-1
required to oxidize hydrogen to water, 5-5

Cyanide solutions, effect on
copper alloys, 4-59, 4-65
titanium, 4-175

Cyclic condensation, 3-22
and drying, 3-29, 3-33

Cyclic loading phenomena, 2-50
Cyclic stress ratio in fatigue testing, 4-205
Cyclohexylamine, 3-15

D

Damping capacity, 2+9
Dealloying, 2-25—2-26, 54,5-17,6-22
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of aluminum bronzes, 445
of copper-aluminum alloys, 4-604-61,4-65,4-75
corrosion (selective leaching), 2-25—2-26. See alw

Selective leaching
mechanism, 2-26

Dealumbifkation, 2-25,4-61
-burizing shield, 3-30
Decomposition, of organic materials, 4-28,4-71
Decontaminability

deftition, 341
contamination survivability requirement\ 341

Decontamination 3-41
Defects of product

criti~ defined, 610
major, 6-10
minor, 6-10
standard dimensions, 5-16

Deformation
ofgrains,3-11
of metals, 3-11
plastic, 3-11
testing, 5-12

Degassin& of tantalum, 4-162
Delta ferrite, in duplex stainless steels, 4-103

0 Denickelifkation, 2-25,,
Density, corrosion curren~ 2-5
Depmtment of transportation (DOI) 6-3
Depolarization, hydrogen, 2-64
Deposition of coatings, 3-24. See alro Coatings, for

sp~lc metals
anaphoretic, 3-38
cataphoretic, 3-38
cementatio~ 3-24
ckukiin~ 3-24
eiectroless, 3-24, 3-31
ekctron beam physical vapor, 3-35
electroplating, 3-3 I
hot dipping, 3-24
ion vapor, 3-24, 3-29
mechani~ 3-24
metal spraying, 3-24
plasma spraying, 3-35-3-36
sulfate-chloride, 3-35
vacuum, 3-24, 3-25

Descding, 342,343
Desiccants, 3-50
Design considerations, 3-1-3-10

antic and cathodic protection, 3—8-3-9
geometry (cordlgurations), 3-5—3-7
material compatibility, 3-2—3-5

o
mechanical, 3-7-3-8
operational parameters, 3-9—3-10
and practices, listed, 3-2
for prevention of erosion<orrosion, 2-33

Designations
for aluminum alloys, 44
ASTM-SAE, 4-74
for cobalt alloys, 4-44
for copper alloys, 4-55456,4-74
for magnesium alloys, 4-128
for metal matrix alloys, 4-203
for nickel alloys, 4-141,4-143
for steel, 4-81,4-91,4-92

Destaniilcation, 2-25,2-26
Dezincification, 2-25,2-26,4-60,4-61

of copper and copper alloys, 440,441,4-66,4-74,
4-75

of manganese bronze, 4-66
Bichromate treatment

for iron and steel, 3-19
for magnesium, 3-20,3-21
for zinc, 4201

Dicyclohexylamine, 3-15
Dielectric

insulation, 3-3
material, 3-2
separation, 3-2, 3-3, 3-4
strength, 3-21

Differential
aeration cells, 2-5, 244, 2-65, 4-87
oxygen cells, 2-20

formation of, in ftiorm corrosion, 2-20
temperature cells, 2-82

Diffusion
of aluminum into a base alloy (aluntinide surface

coatings), 3-35
annealing, 2-63, 3-11
between tungsten fiber and metal mam 4-181
of chromium surface on iron or steel, 3-30
coatings, 3-35
of hydrogen ions, to a metal surface, 24, 242—243
impeded by ion implantation, 3-23
of liquid into solid metal, 249,2-52
of matenafs through a cobalt oxide scale, 446
of oxygen, effect on corrosion rate, 4-84
rates, 2-54, 2-55
of sulfur through oxide scale, 2-62
of type I metalliceramic coatings, 3-34

Dimensional deformation, 3-10
Diphase metal cleaning syste% 3-43
Dipping, app~cation of tin coatings by, 3-32
Discoloration, 54
Discontinuities, 2-5,6-22,6-23,633,6-36
Disilicide coatings

for columbium and columbium alloys, 4-54,4-55
for tantalum-tungsten alloys, 3-36,4-54-4-55,4-163

Dissimilar concentration cell, 2-5
Dissimilar materials, 3-2

I-15
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acceptable methods of joining, 3-2, 3-3
faying surfaces of, 3-2
joints, 3-2

corrosion at, 3-2
metals, 2-10--2-11, 3-2, 3-3

‘ structural joints between, 3-3
Dissolution

of an alloy by a liquid metal, 2-49
material, 2-53
of metal, 2-14

sufficient tc~advance cracking, 5-13
Diurnal cycles, 2-69
DiurnaI temperature, 5-6
Dow 17 surface treatment for magnesium and

magnesium alloys, 3-20, 3-21
~ Dry film lubricants, 3-23

for aluminum and aluminum alloys, 4-33
Ductile fracture, 5-13
Ductility, 3-11,5-14
Durichlor, 4-79
Duriron, 4-79,4-81
Dynamic test method, 6-36
Double cantilever beam (DCB) testing, 5-14

E

Eddy current
production of, by an alternating field, 6-33
reaction field, 6-33
test system, 6-33
testing, 6-33-6-34

nondestructive, 6-33
standards and specifications for, 6-34—6-35

thickness measurement, 6-34
of coatings, 6-34
material configurations used in, 6-34

Edge effects, 5-I
in metal matrix composites, 4-205

Elastic fracture, 2-35,2-36,2-47,4-19, 5-13
Elastomers, 4-28
Electrical ‘measurements in testing, 5-10
Electrochemical

behavior of metals in seawater, 4-26
cells, 2-5, 3-13,6-21
characteristics, 3-10, 5-4
cleaning methods, 3-42
components, 5-7
effectiveness mttasure, 6-39
measurements, 5-3, 5-10, 5-14
mechanisms: 6-38
methods, of evaluating coatings, 4-183, 5-10
potential, 2-11,240,4-103,4-104
processes, 3-1,3-17,-54
properties, 3-2, 3-8

reaction, 2-2, 2-4, 2-10—2-1 1
scanning system, 5-4, 5-5
surface reactions, 5-13

Electrodeposited coatings, processes for application,
3-38

Electrodeposition, of metal coatings, 2-49,2-63,3-29,
3-30

on zinc and zinc alloys, 3-22
Electroless deposition, for applying metallic coatings,
3-24

Electrolysis, 3-7
of beryllium chloride, 4-39

Electrolytic
alkaline cleaning, 3-43
corrosion, from stray direct current, 2-82
pickhg, 3-43

Electromagnetic radiation, 6-25—6-27
Electromotive force (EMF) series, 2-2

anodic protection by, 3-9
Electron beam physical vapor deposition, 3-35,3-36,
4-50

Electron-beam-melted tantalum, 4-156,4-157
Electron probe microanalyzer, 5-4
Electrons, 3-1

affinity of copper and iron for, 2-2
flow of, between metals, 2-2
transfer of, in oxidation of metals, 2-1

Electroplates
on ~agnesium, 4-131,4-137
on steel, 4-88,4-131

Electroplating, 2-2,2-42,3-24,4-32,4-137
of aluminum, 4-32
hydrogen embrittlement with, 3-33

Electropolishing, 3-43
Embrittlement, 5-5

of beryllium, 4-40
of cobalt, 4-46
of columbium, 4-53
of copper, 4-70
hydrogen. See Hydrogen embrittlement
of iron and steel, 4-87
liquid metal, 2-49-2-54,2-82
of molybdenum, 4-141
oxidation of titanium, 4-178
solid metal induced, 2-50, 2-82
of tantalum, 4-162,4-163
of titanium, 4-172, 4-1754176
of uranium, 4-187

Embrittling couples. See Couples
Enamels, 3-34, 3-37—3-39
Encapsulant and potting compounds, 340
Encapsulation, 3-7
Environmental

corrosion, 1-2, 2-44, 245
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‘e ,,
engineering, 6-16-+19—
stress conditions, 6-16
stresses, 6-16
test p@ 616
testing, 5-6-5-7, 5-I 3, 616-6-19

Environmental Protection Agency (EPA), 6-3
Environments, 2+6-2-81. See aiso Climates

deftition, 1-2246--249,2-80
field, 2-78—2-80
field testing, 5-13
induced, 1-2, 2-69-2-70, 2-78—2-79, 2-80,

6-16-6-19
testing, 5-7, 5-13. See alro Environmental, testing
types of, 1-2, 1-3

Environments, industrial, effect on
copper and copper alloys, 448-.-449
iron and stee~ 3-19,4-76,4-78,4-82, 4-84,4-85
lead, 4-123
magnesium, 4-128
molybdenurq 4-137
nickel and nickel alloys, 4143,4-144, 4-145
ZillC,4-19~197, 4-198

Environments, marine, 24,2-26,2-27
corrosion fatigue in, 246-2-47
corrosion, prevention

o
by aluminum coatings, 3-29
by cadmium coatings, 3-29
by meta.llic-rarnic coatings, 3-34
by portland cement coatings, 3-36
by tiC coatings,3-22,3-33

effect on
aluminum and aluminum alloys, 3-IO, 4-20,

4-24-4-26
beryllhq 440
cobalt, 444,446
copper and copper alloys, 2-26,4-56,4-59, 4-61—

4-67,4-68473,4-75
iron and stee~ 2-26,2-79, 3-10,4-76,4-78,4-794

.80,4-82,4-84-485,4-87, 4-103,4-105,4-1094110,
4-1174120

lead, 3-IO, 4-1224124,4-126
magnesium, 3-19,4-127, 4-128, 4-130,4-131,4-132
metal matrix composites, 4-205
molybdenum, 4-137, 4-139
nickel and nickel alloys, 4-143,4-145,4-152,4-153
tantalum and tantahun alloys, 4-156
titanium, 4-166-4-167,4-170,4-172, 4-177,4-178
tungsten, 4-183
UIZUliIJm,4-186, 4-i89, 4-190,4-191
various metal couples and fasteners, 4-1174120,

e

4-152,4-153,4-166

.,’+ ZkC, 2-79,4-194,4-196-4-198, 4-200
erosion-corrosion in, 2-26-2-33
seawater velocity effects, 442, 4-64,4-65,4-80

Environments, natural, 1-2,245,2-69, 2-71—2-77, 2-
79—2-80, 3-10

Environments, rural, effect on
copper and copper alloys, 4-59
iron and steel, 4-76,4-78,4-84,4-85
magnesium, 4-128
molytxienum, 4-137
zillC, 4-196-4-197, 4-198

Epoxy. See alro Paints
coating, 341
polyamide primer, 344
primer, 341, 344

on magnesium alloy, 4-133,4-136
resin, 3-38

on magnesium alloy, 4-132
Erosion<orrosion, 2-26—2-33, 2-82

of aluminum and aluminum alloys, 4-28
of cobalt and cobalt dOyS, 4-49,4-50
conditions conducive to, 2-27
deftition, 2-26
of iron and steel, 4-76,4-79,4-81,4-90, 4-110
manifestation and quantiilcation, 2-27
mechanism, 2-32—2-33
of nickel alloys, -9
prevention, 2-33
of titanium, 4-1724173

Ether, effect on magnesium and magnesium alloys,
+131

Ethylene glycol, 3-15,3-16
in antifreeze, 3-15
effect on copper radiators, 4-75

Exfoliation, 2-21,2-23,240,54,6-22
in aluminum alloys, 2-21, 2-25, 3-I 1, 3-13,4-23,4-24,

4-29,4-30,4-38
in carbon and graphite, 441

Exposure tests, for magnesium alloys, 4-128

F

Fabrication history, of test specimens, 5-1
Failure, 3-9

analysis, 5-13,6-38--640
definition, &38

C@3StrOphiC,3-9, 5-13,6-38
caused by stress-corrosion cracking, 5-IO, 5-125-13
characterizations of, 5-13, G38-6-39
of coatings, 5-8

blistering, 5-8
rusting, 5-8
undercutting from a scribe mark, 5-8

ClitiCd,6-38-6-39
data plots, 5-7
definition, 5-11,6-38
dependent and/or independent, 6-39

1-17
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distribution with time, 5-7
intermittent, 6-39
mechanisms, 6-:38—6-39
mode and effects analysis (FMEA), 6-38

contracted with failure analysis, 6-38
definition, 6-:38

nonchargeable, 6-39
random, 5-7, 6-39
relevant and/ or nonrelevant, 6-39
in salt spray (fog) test, 5-8
in slow strain-rate testing, 5-13

Faraday’s !aw, 2-5
Fasteners, 2-13

for aluminum, 4-25,4-30,4-33
of copper and copper alloys, 4-69,4-70
galvanic corrosion of, 2-13
of iron and steel, 2-13, 4-70, 4-109,4-110, 4-133,

4-152
of nickel and nickel alloys, 4-152
of silicon-bronze, 4-70
of titanium, 4-3IO,4-33
of various rnetak, 4-152, 4-153

Fatigue
corrosion. See {Corrosion, fatigue
creep, of metal matrix composites, 4-205
failure, 2-45. See also Corrosion, fatigue

of lead and lead alloys, 4-121
-fracture stress, 4-109
limit, 2-45,2-46

of aluminum and aluminum alloys, 4-8
testing

of iron and steel, 490
of metal matrix composites, 4-205

Federal Information Processing Standards (FIPS), 6-3
Federal Telecommunication Standards, 6-3
Feldspar, used in glassy coatings, 3-34
Ferric

chloride, effect on
molybdenum, 4-139
nickel alloys,, 4-145, 4-146, 4-151
tantalum, 4-;163

hydroxide, 2-64
ions

effect on
iron and steel, 4-102, 4- I IO, 4-117
nickel alloys, 4-146
titanium, 4-168,4-176

in filiforrn corrosion, 2-20—2-21
salts, effect on nickel alloys, 4-146, 4-151
sulfate, effect on nickel alloys, 4-146

Ferritic stainless steels, 2-23,4-117
Ferrochrome, 3-30
Ferromagnetic materials, magnetic particle examination

of, 6-22—6-23

Ferrous
alloys. See Iron alloys
articles coated with zinc, 3-32
hydroxide

in biological corrosion, 2-64, 4-87
in f~orm corrosion, 2-20—2-21

and nonferrous metals, 3-15
sulfide, 2-64,4-84,4-87

Fiber
composites. See Metal matrix composites
filled rods, continuously cast, 4-204
-matrix interaction, 4-203, 4-207
-matrix interface, 4-203,4-204,4-205

Fibers
high strength, 4-202
silicon carbide, 4-203
tungsten, 4-203

Field testing, 5-13
Filament-matrix. See Fiber
Filamentous iron bacteria, 2-65
Filaments. See Fibers
Filiform corrosion, 2-19—2-21, 3-18. See also Crevice
corrosion

of aluminum alloys, 4-22
of magnesium alloys, 4-132

Film, 2-54, 2-55—2-56. See also Coatings and Scale

anodic, 5-7
chromate, 3-29
corrosion, 5-4, 5-13

on iron and steel, 4-84
on lead, 4-122, 4-123, 4-126
on magnesium, 4-133
on uranium, 4-194

nonprotective, 2-14, 4-I 60
protective, 2-57,3-1,3-13,3-29,4-126, 5-13

on aluminum, 4-13, 4-20, 4-28
on columbium, 4-51
on copper and copper alloys, 4-62, 4-79
on iron and steel, 4-31,4-79,4-84,4-117
on magnesium, 4-128, 4-130, 4-131
on molybdenum, 4-139
on tantalum, 4-163
on titanium, 4-176
on tungsten, 4-182
on uranium, 4-185, 4-191,4-192

rupture in strain-rate testing, 5-13
Finishes. See Coatings
Finishing systems, 346,4-1334136
Flanges, 3-6
Flaw depths, critical, 4-189
Flexible horoscopes, 6-22
Flow, of corrosive fluids, 2-27
Flue gases, 4-1164117

effect on

1-18
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‘,,. copper alloys, 4-70
steel, 4-116

Fluoride
effect on

beryJJium, 4-39
iron and steel. 4-105
magnesium ~d magnesium aJJoys, 4-130,4-131,

4-136
nickel and nickel aJJoys, 4-151
tantalum, 4-156,4-158
titanium, 4-168,4-175

in glassy coatings, 3-34
treatment for magnesium aJJoys, 3-20,3-21,344

Fluorinated oils, effect on beryJJium, 440
Fluorine, 2-1

effect on
magnesium and magnesium alJoys, 4-130
molybdenum, 4-139
nickel and nickel aJJoys, 4-145,4-146
stee~ 4-84
tantalum, 4-158
uranium, 4-187

Fluorocarbons, effect on titanium, 4-172
FJuorspar, effect on nickel aJJoys, 4-151
Flux

o
,:” in aluminum joints, 4-28

effect on copper, 4-71
Food storage, 3-17,3-29,3-32,4-123, 4-201
Fogging, deftitio% 3-31
Forced convection, 2-54
Formability characteristics of zinc-coated products,

3-32
Formaldehyde, 2-84
Formic acid, effect on

iron and steels, 4-111
lead, 4-125,4-126
molybdenum, 4-139,4-146
nickel and nickel rdloys, 4-146,4-151
titanium, 4-170,4-171

Forming of titanium products, 4-176
Fossil fuels. See FJue gases
Fouling, by marine organisms, effect on iron and steel,

Fractography, 241,5-13
Fracture mechanics, 4-177. See ako Elastic fracture
Freons, effect on titanium, 4-177
Freshwater. See Environments, marine
Fretting corrosio% 2-33—2-35, 2-82

of aluminum and aluminum aJJoys, 428,4-33
conditions conducive to, 2-34

e

deftition, 2-33
,,.,,,,,,,,~ examples, 2-35

of iron and steel, 2-33,4-79,4-8 I
manifestation and quantifkation, 2-33—2-34

—.. -_

MIL”HDBK-735[MR}. .

mechanism, 2-34
prevention, 2-35
of titanium alloys, 4-176

Friction, effWts of ion implantation on, 3-22
Fritted compound, complex, 3-22
Functional failure from liquid metal embrittlement,
249

Fused salt oxidizing process, 3-19

G

G bronze aJJoy, 4-62,4-63,4-66,4-67
GalJing prevention

by oxide coatings, 4-178
by rhodium plating, 3-34
by tin coatings, 3-32

GaJlionella bacteri% 2-64,245
GaMum

reaction with titanium alloys, 4-175
reaction with uranium, 4-187

Galvanic
action

between kinds of nickeJ plating, 3-31
of titanium with other metals, 4-J75, 4-177
for polarizing metal, 240
in uniform corrosion, 2-7

anodizing treatment for magnesium, 3-20, 3-21
ceJJs,4-20,4-25,4-28,4-79, 4123,4-205
characteristics, 5-3
compatibility, 3-3, 4-70, 4-72, 4-13J, 4-152, 4-J 53
corrosion, 2-7, 2-10-2-J 3

between dissimilar metals, 2-82,3-2, 4-J70
between dry fti lubricants and metal surfaces,

3-23
caused by graphite grease, 2-13
conditions conducive to, 2-J 1
deftition, 2-10
and intergranukt.r corrosion, 2-23
mechanisms, 2-11
in metal matrix composites, 4-205
prevention, 2-11
protection, 3-29. See also Corrosion, protection
rate of, 2-i 1
red plague, 4-71

corrosion of metals coupled with
aluminum and aluminum alloys, 4-=26, 4-35,

4-1224123, 4-13J
beryJJium, 440
carbon and graphite, 442,443
copper and copper alloys, 4-60,4-70
iron and steel, 4-70,4-79,4-85,4-10941 10,4-

1224123,4-198,4-200, 4-201
lead and lead aJJoys, 4-1224123
magnesium and magnesium alloys, 4-131,4-133

I-J9
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nickel and nickel alloys, 4-152-4-153
nickel coating, 3-31
tantalum and tantalum alloys, 4-156,4-162
titanium and titanium alloys, 4-166,4-175

. uranium and uranium alloys, 4-191
zinc, 4-194,4$-200

couples, 2-82–-2-84, 3-3, 6-39
coupling, 4-105, 4-109, 4-205, 5-7
current, 6-22
potential, 3-1,4-26,6-21

in a metal matrix composite, 4-205
of nickel, 4-145,4-153

reaction in seawater, 2-2—2-4
reaction rate, 2-11

. relationships, 3-1, 3-2
series, 2-2, 2-4, 2-5, 2-6, 2-82, 4-25, 4-26,4-32, 4-55,

4-71,4-122,4-131,4-153
Galvanically neutral fasteners, 4-30
Galvanized

pipe, 4-201
steel, 4-198,4-201

Galvanizing
liotdip, of steel, 3-32,4-200
under chemical-agent resistant coatings, 3-41

Gamma phase
stabilizers, added to uranium, 4-41
of uranium ahys, 4-187

Gamma rays, 6-25—6-26
Gas(es),

effect on
carbon and graphite, 4-43
lead, 4-126
molybdenum, 4-139, 4-140
titanium, 4476
tungsten, 4-179
uranium, 4-1,864187

metal, 4-33
tungsten, 4-33

Gas-shielded arc welding for aluminum, 4-33
Gas turbine engines, 4-202
Gaseous oxidatiam, of graphites, 443
Geometry, 3-5—3-7
Glass

frits, 3-34,4-32,
powdered, used in glass coatings, 3-34,

Glycols, effect on magnesium and magnesium alloys,
4-131

Glues, 2-84
Gold, 4-126 “

coatings, 3-24, 3-27, 3-33
on copper, 4-71,4-73

Grain
in beryllium, 4-39
composition, 3-12

crystalline, 2-6 ‘
flOW,2-39—240
homogenization, 3-12
nonhomogeneous, 3-12
orientation, 2-37, 2-39—2-40, 3-13
size, 2-50, 2-53
stress-free, 3-11
structure, 3-13, 5-1, 5-4

in aluminum, 4-24, 4-30
in forging, 2-40

texture, 2-39—2-40
transverse, 3-11
in tungsten, 4-179, 4-181
in uranium, 4-194

Grain boundaries, 2-6,2-21,2-22,2-23,2-25, 2-42,2-46,
2-62,3-12,3-13,5-4

in aluminum and aluminum alloys, 2-23, 4-13, 4-23 ‘
depletion, 2-25
intergranular attack at, 2-23
localized enrichment at, 3-13
precipitates, 2-21,2-22,2-23,2-26
in steel, 2-22,4-103

Graphite, 2-11,2-26,2-83,4-29, 4-33,4-40-444,4-145.
4-148. See also Carbon

aluminum composites, 4-207
-bromine intercalation compounds, 4-41
in cast irons, 4-76, 4-79. See aiso Iron and steel
as a cause of corrosion, 2-11
-containing lubricants, 4-29
in dry film lubricants, 3-23
-epoxy composites, 4-33, 4-42,4-43
fibers, 4-41,4-202,4-207
gaseous oxidation in, 4-41
interstitial formation in, 4-41
oxidation, 4-41, 4-43
in pencil lead, 5-3
pyrolytic, 4-41
-resin systems, 443,4-44
structure, in graphitization, 4-40

Graphitic corrosion, 2-25,2-26
Graphitization, 2-26,2-64

in cast irons, 2-25, 2-26,4-79
definition, 4-40

Graphitizing carbon, 4-40
Gray cast iron, 2-25,2-26,248,4-76,4-79
Grinding, 342,3-43
Gumbel’s distribution, 5-7
Gun-tube erosion, 2-33,4-90,4-163
Gun steel, 4-55,4-90

H

HAE surface treatment for magnesium and magnesium
alloys, 3-20, 3-21
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m,, Hafnium, 2-57,2-63 Heat-treated steel, 3-29
w alloy~ with tantalum, 4-163

Halides
ammonium, 3-30
chromium, 3-30
effect on

ammoniq 4-20
carbon and graphite, 4-41,443
magnesium, 4-131
tantalum, 4-158
titanim 4-172
uraniumy 4-187

“. Halogen
gases, effect on tungsten, 4-180
ions, 3-15

Halogenateti, organic compounds, effect on aluminum,
4-20

Halogens, effect on
beryllhlztl, 4-39
nickel and nickel alloys, 4-148

Hard<oating anodizing processes, 4-30,4-32
alumilite, 4-31
mart@ 4-31

Hardening. See also Precipitation hardening and Age
hardening

o

case, prevention of with tin coatings, 3-32
effects of ion implantation on, 3-22

Hardn% 3-11. See afso SpecfIc metals
of chemical conversion coating, 3-21
contamination survivability requirement, definition,

341
requirement of gun tube liners,4-141
water, 4-84,4-130

Hastelloy alloys. See ako Alloys
B-z 4-}4&4-147
C, 446,4-110,4-111,4-143, 4-145,4-152
C4, 4-143,4-150--4-152
C-276, 4-143,4-150-4-152
G, 4-143,4-149
G-3, 4-143,4-149
G-30, 4-143,4-148,4-149
s, 4-150,4-152
X, 4-143,4-149,4-150,4-152

Haynes Alloy 25,444,445,447,448
Haynes Alloy 188,447,448,4-150,4-152
Haynes Experimental Alloy no. 1675,448
Heat-affected zones in metals, 1-2
Heat resistance

of cast irOllS,4-76
of chromium-plated tion or steel, 3-30
of Dow 17 coatings, 3-21

B
Heat scaling, 3-29,3-34.
Heat transfer, 2-54
Heat treatable aluminum alloys, 4-8

Heat treating of iron and steel, 3-13,4-81
Heat treatment, 2-23,249

of aluminum and aluminum alloys, 4-33
of carbon and graphite fibers, 441
of graphite-bromine intercalation compounds, 441
of magnesium alloys, 4-132
for precipitation hardening alloys, 2-25
of tantahm tiOjW,4-163
of titanium and titanium alloys, 4-165,4-176
of Wtillm 4-185,4-194

Heavy metal
effect on

aluminum aud aluminum alloys, 4-20,4-28,4-33
titanium, 4-168

powders, in dry fdm lubricants, 3-23
Hexamethyleneirnine, 3-15
High-alloy and stainless steels. See Stainless and high-
tioy steels

High<opper alloys, 4-66
Hi@density materials, 4-184
High-silicon tioys of iron, 4-79,4-81
High-strength alloys of aluminum, 4-23,4-32
High-strength core, of aluminum alloys, 4-32
High-temperature

corrosion, 3-35, 5-17. See also Hot corrosion
of copper and copper alloys, 4-60,4-70
of iron and steel, 4-87,4-11-117
of lead and lead alloys, 4-126
of magnesium and magnesium alloys, 4-132
of metal matrix composites, 4-202,4-205,4-207
of molybdenum and molybdenum alloys,

4-1394140
of nickel and nickel alloys, 4-1454146,4-147,4-

148,4-149,4-150,4-152, 4-153,4-154
of tungsten and tungsten alloys, 4-180
Of tiC and ZixlC~OyS, 4-199

oxidation, 2-54-2-58
of commercial steel, 2-57
defmitiou 2-54
manifestation and quantifkation, 2-54-2-55
mechanism, 2-57
of metal matrix composites, 4-202
protection 2-57—2-58

sulfidation and/or erosion, 241—244
deftition, 2+1
manifestation and quantificatio~ 2%1—2+2
mechanism, 2-63
prevention, 2-63

utility of metals and alloys, 2-58
Hot corrosion, 3-35. See also High-temperature

corrosion
of aluminum and aluminum alloys, 449
deftition, 449

1-21
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of Hastelloy alloy X, 4-150
of nickel and ]nickel alloys, 4-150,4-152,4-153,4-154
of nickel-chromium alloys, 4-152
of nickel-chromium-iron-copper alloys, 4-150
of nickel~hrornium-molybdenum alloys, 4-152,4-153

Hotdip galvanizing
process of applying zinc coatings, 3-32—3-33
of zinc, 4-200

Hot dipping, 2-6I3
method of forming lead coatings on steel, 3-30
process of creating metallic coatings, 3-24

Hot-dipped
lead-tin alloy coatings, 3-30
zinc, 3-22

Hot gases, effect on iron and steel, 4-114
Hot-rolling of steel, 4-85
Hot salt cracking of titanium, 4-175
Hot salt environment, 5-13
Hydrazine, 3-14
Hydrides

titanium, 4-17!5
uranium, 4-18{5,4-191

Hydrobromic acid, effect on
lead, 4-124
tantalum, 4-156
uranium, 4-184

Hydrocarbons, as cleaners, 343
Hydrochloric acid

as an air pollutant, 2-79, 2-84
effect on

aluminum, 4-20
beryllium, 4-39
copper and copper alloys, 4-59,4-65
iron and steel, 4-79, 4-84,4-103,4-110, 4-111
lead, 4-124
molybdenum, 4-139,4-146
nickel and nickel alloys, 4-146,4-148, 4-150
tantalum, 4-156,4-158,4-163
titanium, 4-156,4-158, 4-168,4-169,4-177
tungsten, 4-180
uranium, 4-184

in an electrochemical reaction, 2-4
Hydrochloric-sulfuric acid mixture, effect on lead,
4-124

Hydrofluoric acid, effect on
beryllium, 4-39
copper alloys, 4-66
iron and steel, 4-76, 4-79, 4-84,4-89,4-111
lead, 4-124
magnesium, 4-130, 4-131
molybdenum, 41-139
nickel and nickel alloys, 4-145,4-146,4-148, 4-151
tantalum, 4-156,4-158,4-162,4-163
titanium, 4-168

1-22

tungsten alloys, 4-156,4-180
Hydrofluorosilic acid, effect on nickel and nickel alloys,
4-145

Hydrogen
in biological corrosion, 2-65
content of steels, 5-5
in corrosion inhibitors, 3-14
cracking, 240, 2-41, 3-24

of carbon and steel, 4-88
of titanium, 4-175

critical chemical species, 2-37
effect on

iron and steel, 4-85,4-103
nickel and nickel alloys, 4-147,4-148
tantalum, 4-162
tungsten, 4-180
uranium, 4-186-4-187

embrittlement, 2-41, 242—2-45, 2-82, 3-7, 3-14, 3-29,
5-16

of cobalt alloys, 446
of high-strength metals, 3-8
of iron and steel, 4-88,4-92,4-103,4-105, 4-107,4-

110,4-)17
mechanism, 2-43-244
as a result of electroplating, 3-33
of tantalum, 4-162,4-163
test for, 5-5
of titanium, 4-172,4-175
of uranium, 4-187

entrapment, 3- I 1
generation

during electroplating, 3-24
by a galvanic couple, 4-110
on a metal surface, 2-40
by oxidation of titanium, 4-173
by oxidation of a uranium hydride, 4-191
in water corrosion, 4-84

and neutron radiography, 6-26
outgassing procedures, 4-88
in oxidation-reduction reactions, 2-l—2-5
potentiostatic polarization methods. See

Polarization, methods
stress cracking (embrittlement). See Hydrogen,

embrittlement
Hydrogen chloride, effect on

aluminum and aluminum alloys, 4-33
iron and steel, 4-79,4-84, 4-87
nickel and nickel alloys, 4-146
titanium and titanium alloys, 4-175

Hydrogen cyanide, effect on beryllium, 4-39
Hydrogen fluoride, effect on

lead, 4-126
nickel and nickel alloys, 4-151

Hydrogen peroxide, effect on tantalum, 4-156

.
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~ Hydrogen sulfide, 3-23
and biological corrosion, 24
effect on

beryllium, 4-39
copper and copper alloys, #3
iron and steel, 4-85,4-105,4-117
leadand lead alloys, 4-123
nickel and nickel alloys, 4-148
tantalum and tantalum alloys, 4-158

Hydroiodic acid, effect on uranium, 4-184
Hydroxides. See speciiic hydroxides ond A&dies
Hydroxyl ions

effect on iron and steel, 4-117
in fdiforrn corrosion, 2-21

Hypocldontes, effect on
copper alloys, 4-65
nickel and nickel alloys, 4-145
tantalum, 4-158
titanium 4-170

HypocMorous acid, effect on tantalum, 4-156

I

Immersion, corrosion test, 5-17

0

Impedance measurement, 5-4i
Impingement, 2-32—2-33, 5-17
Implantation, ion. See Ion, implantation
Impressed currenL 3-1,3-8
Incoloy alloys

800,4-143,4-144,4-148
805,4-103
825,4-143,4-144,4-14$

Inconel alloys, 4-110,4-143
600,4-143,4-144,4-148
625,4-143,4-150,4151, 4-152

Incubation period, in stress cracking, 5-13
Induced environment. See Environments, induced
Industrial pOhl~tS, 4-20
Infrared radiation detector (photon detector), 6-37
Ingot iTO~ 4-76
Inhibitors, 3-13-3-16,3-18,3-23, 3-41

cathodi~ 3-14
deftition, 3-13
icing, 245
organic, 3-14-3-15
passivating, 3-13-3-14
precipitation-inducing 3-1S
for titanium 4-166
vapor phase, 3-15,347
for zinc, 4-201

Inorganic coatings, 3-34-3-36
glassy, 3-34
metallic ceramic, 3-34-3-36
portland cement, 3-36

MIL-HDBK-73S(MR)

Inspection, 1-1
by attributes, 6-9,6-12,614
continuous sampling, &9
deftition, 6-9
lot-by-lot sampling, 6-9
magnetic panicle, $22423
normal, 6-11, &13
one hundred percent, 69
reduced, 6-11, 6-13
sampling, 6-9-6-11
storage, &20-6-21
strategies, 1-3
tactiIe, 622
tightened, 611,6-13, 6-14
by variables, &9

Instrumental analysis, 6-39
Insulation -

for copper wire, 4-71
dielectric, 3-2,33
thermal, 3-36

Interactions
fiber-matrix, 4-2024204
fdament~ating, 4-203
of materiel components, 1-3

Intercalation, in carbon and graphite, 441-4-42
Interdiffusion, of fibers with metal matrix, 4-202
Interfaces, 1-1,2-82-2-84

anode-eketrolyte, 38
anode-material to be protected, 3-$
bond coat-rarnic coah 3-36
metal-scale, 2-55
metal-to-metal, 2-82-2-83
metal-to-nonmetal, 2-83-2-84
nonmetal-to-nonmetal, 2-82
of a substance with

ahrninum dO)’S,4-28429,4-35,4-36
carbon and graphite, 4-42--443
cobalt scale with coating, 4-50
copper and copper alloys, 4-71
iron and steel, 4-87,4-114,4-1174120
lead and lead alloys, 4-126
magnesium alloys, 4-1324133
nickel and nickel alloys, 4-1524153
tantahun and tantalum dOyS, 4-163
titanium and titanium alloys, 4-176
tungsten.and tungsten alloys, 4-180, 4-)81, 4-182
UTWlhUlland Uti- dOyS, 4-191
ZiXICand ZkC dOyS, 4-2004201

Intergramdar corrosioq 2-21—2-25, 3-11,54,5-15
of aluminum alloys, 2-21, 3-12, 3-29,4-21,4-22,4-23,

4-24,4-29
conditions conducive to, 2-22-2-23
of copper<ontainirtg ahminum alJoys, 4-22
cracking. See Intergranular cracking

I-23
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definition, 2.-21 in copper alloys, 4-56
examples, 2-25 in copper-nickel alloys, 4-56
of iron and steel, 2-21, 3-11,4-85,4-103,4-109, 4-111, corrosion

4-117,4-121
mechanisms:, 2-23, 3-12

“ of nickel alloys, 2-22,4-143,4-148
prevention, 2-25
reporting of, 5-4, 5-14, 5-15, 5-16

Intergramdar cracking
of metal matrix composites, 4-205
of uranium alloys, 4-192

Interlamellar C(DmpOUndS, 4-41,4-42

lntermetallic
particles, 3-12
phases, of a nickel alloy, 4-147

Internal oxidation, 2-55
International Electrochemical Commission (lEC), 64
International organization for Standardization (1S0),

6-4
effect on

magnesium and magnesium alloys, 4-131
tantalum and tantalum alloys, 4-158
titanium, 4-175

as an inhibitor, 3-15
Iodine, effect on

molybdenum and molybdenum alloys, 4-139
tantalum andl tantalum alloys, 4-158
uranium and uranium alloys, 4-187

Ion
“ implantation, 3-22—3-23, 4-178

definition, 3-22
practical applications of, 3-23
into titanium, 4-178

titanium, 4-176
vapor deposition, 2-13, 3-24,3-33

Iron, 2-1—2-2, ,2-64,2-65,4-76,4-82
alloying elements, 4-76
alloys, 3-8, 4-76-4-121. See also Steels

with chromium, 2-56, 2-61, 2-62, 2-63
in aluminum alloys, 4-35
antifreeze protection for, 3-16
bacterium, 2-164-2-65
carbide, 4-76
carbon containing, 4-76. See also Carbon and low

alloy steels
cast, 4-76-4.-81. See also Cast, iron
in cast vitallium, 4-50
cleaning of, 3.43
coatings for. !!SeeCoatings, for iron and steel
in cobalt alloys, 444
in columbium, 4-53
commercially pure, 4-76
contaminant of magnesium, 4-1,27

biological,’ 2-64-2-65,4-87
filiform, 2-20—2-21
galvanic, 4-1224123
interface, 4-I 76
pitting, 4-82
uniform, 2-7

high alloys. See Stainless and high alloy steels
localized enrichment, 3-13
magnetic particle examination of, 6-22
neutron radiography for, 6-26
in nickel alloys, 4-143
oxide, in primers, 3-38
silicide, 4-168
in titanium alloys, 4-164
wrought, 4-76
vapor-phase inhibitors for, 3-15
in zinc alloys, 4-194,4-195
with zinc coatings, 3-32

Iron-manganese chloride, 2-65
Irridium, used with tungsten, 4-182
Isocorrosion diagrams

Hastelloy alloy B-2, 4-147
Hastelloy alloy C-276, 4-150,4-151
Hastelloy alloy C-4, 4-151
Hastelloy alloy G-30, 4-148,4-149
lead, 4-125
Monel alloy 400,4-146
stainless steel Type 304, 4-112
stainless steel Type 316,4-112

K

Kaolin, effect on titanium, 4-168
Ketones, effect on magnesium and magnesium alloys,
4-131

Kevlar, on aluminum, 4-33
Knife-line attack, 2-22,2-25

L

Lacquer, 3-37—3-39
coating on food cans, 3-32
on copper and copper alloys, 4-71
definition, 3-37
primer, 3-44

Lactic acid, effect on
lead, 4-125
tantalum, 4-158
titanium, 4-170, 4-171

Lamb waves, 6-29,6-31
Lanthanum, in cobalt alloys, 4-47

I-24
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Lapjoints, 3-5 Life cycle, of military materiel
kiching. See Selective leaching corrosion defined, 6-2
Lead and lead alloys, 3-10,4-28,4-70,4-1214127, standardization concerns of, 6-2

0

t!!?

626
in acid solutions, 4-124,4-125
~OyS, 4-1214127
ahlminum, couples; 4-123
in aluminum alloys, 4-35
alltiInOlliid, 4-124
atmospheric corrosion. See Lead, corrosion,

weathetig
-bearing @aSSfrits, 4-32
-bismuth, reaction of uranium with, 4-i87
carbonate, 4-123
chromate, 4- I24
coatings, 3-27, 3-30, 3-34,4-122,4-123

cladding, 4-122
electrodeposited, 3-30
electroplating, 4-122
hot dipping, 4-122
for steel, 4-122,4-123
terneplate, 3-30. See also Terneplate
thermal spraying, 4-122

compounds, effect on a nickel alloy, 4-148
contamination of fuels, 2-63
corrosio~ 4-1224126

in acid, 4-124,4-126
in akdi, 4-124-4-125,4-126
crevice, 4-126
fatigue, 4-126
@@IliC, 4-1224123
in gases, 4-126
high-temperature, 4-126
interface problems, 4-126
intergranular, 2-24
in organic compounds, 4-123, 4-[254126
pitting, 4-126
prevention, 4-12=127
resistance, 3-1o

inSaItsolutions, 4-125
UnifO~ 4-1234126
in water, 4-122,4-123-4-124
weathering, 4-123,4-124,4-126

-iron couples, 4-122
molten, 3-30

effect on uraniuq 4-187
oxide, 4-123
pigments and inhibitors, 3-38
suMde, 4-123
in zinc alloys, 4-195

Leak testing, 6-36
choice of, 6-36,637
standards and specifkations for, 6-36, &38

x locating, 6-36

Ldting quality (LQ), &13-6-14
definition, 6-13

Liquid metal corrosion, 249—2-54
of beryllium, 440
of cobalt, 449
of columbium, 4-54,4-55
conditions conducive to, 2-50
of copper alloys, 4-68,4-70
definition, 249
of iron and steel, 4-87
mechanisms, 2-52—2-53
of molybdenum and molybdenum alloys, 4-140,

4-141
prevention, 2-52—2-54
of tantalum and tantalum alloys, 4-158,4-160
of titanium, 4-174
of tungsteu 4-180
of uranium and uranium alloys, 4-187

Liquid metal
fabrication process, 4-203
interactions with solid metals, 249. See ako Liquid

metal corrosion
matrix, 4-203
oxides, 2-54

Liquid penetrants, 6-36
Lithium, 2-1,6-26

in aluminum alloys, 4-8,4-13
heating of uranium in, 4-187

Local attaclq 5-15
Localized corrosion, 54,5-5
Logistic Support Analysis (LSA), 6-1,6-5-6-6, &7-6-

8,6-38
tasks and subtasks, 6-5-6-6

Longitudinal waves (L waves), 6-28,630,6-31
bw-alloy steels. See Carbon and low alloy steels

M

MacrobiologicaI. See Biological corrosion
Magnesium and magn~ium alloys, 2-1,3-14,
4-1274137

age hardening, 3-12
dOyS, 3-19—3-21, 4-8,430,4-1274137,4-195
in aluminum alJoys, 3-12, 3-13,4-23,4-35
applications, 4-127
bicarbonate fdm, 4-130
cast, 4-128,4-133,4-137
chloride, 4-65,4-147,4-148,4-166, 5-13
cleaning process for, 344
coatings. See Coatings, for magnesium and

magnesium alloys

I-25
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commercially pure, 3-19, 4-127
components, anodized, 3-21
copper-magnesium couples, 4-70, 4-131
corrosion, 4-!284-132

in acids, 4-130
by alkali, 4-131
in aqueous solutions, 3-19,4-127,4-128,4-130,

4-131
crevice, 2-18
examples, 4-137
fatigue, 4-132
filiform, 4-132
in freshwater, 4-130
galvanic, 4-30,4-70,4-131
by heavy metal salts, 4-131
high-temperature, 4-132
interface, 4-1324133
local corrosion, 4-132
by organic chemicals, 4-131
pitting, 4-1132
prevention, 3-19—3-21, 4-1334-137
resistance, 4-127
in seawater,, 4-130
stress-corrosion cracking, 4-1314-132
uniform, 4-1284131
weathering, 4-128

couples, 4-30,4-131
effect on zinc, 4-198
fluoride, crystalline, 4-130
galvanic anoctic potential, 3-19
hydroxide, 3-1!9,4-136

film, protective, 4-130,4-133
precipitation hardening, 3-12
with titanium, 4-166
tolerance limits, for alloying elements, 4-127-4-128
wrought, 4-128

Magnetizing-coil-field, 6-33
Manganese, 2-64,3-14

-base phosphate coating, 3-18
bronze, 4-62,4-69

dezinc~~cation of, 4-66
in cast steels, 4-84
in cobalt dlOy& 4-44
in copper alIoys, 4-56
in copper-nickel alloys, 4-56
phosphate, 3-18
in steel, 3-19,4-82,4-92
sulfide, 4-84
in titanium alloys, 4-164
in tungsten alloys, 4-179

Manodyz, surface treatment for magnesium and
magnesium alloys, 3-21

Martensitic steel, 3-13,4-92,4-103,4-105, 4-117
Mm-tin hard-coating process, 4-3 I

Mass transfer, 2-49-2-54
Material

compatibility, 3-2—3-4
design process, 4-1
selection, 3-10, 6-2, 6-3, 6-5

and corrosion fatigue, 248
and erosion-corrosion, 2-33

Materiel, Army, 1-1, 1-2,3-1
design process, 3-1
life cycle, 6-2
operating environment, 2-78
storage of, 2-78

Matrices, aluminum, 6061,4-205
Matrix. See also Metal matrix composites

~~OjW, 4-203, 4-204
composition and designation, 4-203
compositions, 4-204

corrosion resistance, 4-202
materials

cobalt rdloys,4-202
FeCrAIY alloys, 4-202
stainless steels, 4-202

phase, attack on, 4-183
properties, required, 4-202

Mattsson’s solution, 5-13
Maximum pitting depth, 4-20,4-21
Melting point, of metals, 2-58
Mercurous nitrate, effect on copper and copper alloys,
5-13

Mercury, effect on
aluminum alloys, 2-50,2-53
brass, 2-54
copper and copper alloys, 4-60, 4-65, 4-68
iron and steel, 4-87, 4-102
nickel alloys, 4-145
titanium, 4-175
uranium, 4-187

Metal-metal and metal-nonmetal interfaces, 1-3
Metal

carbides, 4-202, 4-203. See also Carbides
cleaning processes, 3-42-344

selection factors, 342
joints, 3-2, 3-3
loss, 5-4
matrix composites. See Metal matrix composites

Metal matrix composites, 4-181,4-2014207
aluminum matrix-boron, 4-205
boron-aluminum, 4-205
coatings for, 4-207
corrosion of, 4-2024207

prevention, 4-207
graphite (aluminum alloy matrix-’l%ornel 50

graphite), 4-205
graphite-aluminum, 4-205

r . .
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I

o,“ graphite<ontaining, 443-,4-204,4-205
matrix-fiber compatibility, 4-2024204
production processes, 4-203,4-204
superalioys, 4-201,4-202
silicon carbide fdaments, 4-202
with tungsten, 4-18 I
tungsten alloy wires, 4-202
VSB32 carbon-aluminum, 4-205

Metallic coatings. See Coatings
Metallography, 5-13,5-14
Methane, in graphite production,441
Methanol, effect on

,.. tantalua 4-158
titanium and titanium alloys, 4-175,4-177,4-178

Microbiological. See Biological corrosion
Microporosity, of magnesium alloys, 4-128
.’Millprocessing, of titanium, 4-176
Mission requirements, 3-9,4-1
Mode conversion, 6-29
Moisture, 3-5,3-7
Molten alkalies. See Alkalies
Molybdate, effect on stee~ 3-13
Molybdenum, 2-56,2-57,4-1374141

alloys, 4-137,4-139
in aluminum alloys, 4-35

0

.f ,, coatings for, 4-140
,,. ,,

in cobalt tiOyS,243, 4-44,449
in columbium alloys, 4-53
Corrosioq 4-1374140

in acid, 4-139
inalka& 4-139
high temperature, 4-1394140
liquid meti 4-140,4-141
oxidatio% 4-1394140,4-160
pitting, 4-139
preventio~ 4-140
in salt solutions, 4-139
uniform, 4-1374140
weathering, 4-1374138

disilicide coating, 4-54,4-140
distilde, 3-23,443,4-140
as a kating element, 4-181
in iron and steel, 3-19,4-76,4-79, 4-81,4-102, 4-103,

4-110,4-111,4-140
in nickel alloys, 2-63,4-148
oxide, 2-56,4-137,4-140
in tantalum tiOy, 4-156
in titanium alloys, 4-164,4-173,4-175,4-177
in tungsten alloys, 4-179
in uranium dOyS, 4-184,4-185

Monels (nickel alloys), 4-67,4-85,4-141,4-143, 4-145,

B
4-146,, :.,
400,4-141,4-143,4-144, 4-1454146

N

National Association of Corrosion Engineers (NACE),
3-13,6-4

Natural environment. See Environments, natural
Neutron

attenuation, 6-26
radiation, 6-26
radiography, 6-26

Nickel and nickel alloys, 2-62,4-1414154
age hardening, 3-12
alloys, 244,3-8,4-48,4-49,4-1414154

4-

4-

Cast, 4-67
nickel-chromium, 4-153
nickekhromium-iron, 4-143,4-1484149
nickel<hromium-iron~opper, 4-143,4-1484149
nickeldwomium-molybdenum, 4-143,
504152
nickel< hromium-molybdenum-iron, 4-143,
494150
nickel-copper, 447,4-143,4-1454146
nickel-manganese bronze, 4-69
nickel-molybdenum, 4-143,4-146-4-147
nickel-phosphorus, 3-31
trade names

lncoloy, 4-143. See airo Alloy 800 and Alloy 825
Inconels, 4-143,4-152. See ako Alloy 600 and

fi~oy 625
HasteUoys, 447,4-143,4-145,4-1464152. See

also Alloy B-2 and Alloy C and Alloy CA and Alloy
C-276 and AllOy G and ~Oy G-3 and ~Oy G-30 and
Afloy S and /itioyX

Haynes, 447,448,4-143
Monels. See Monei.s

UNS designations, 4-141,4-143
welding materials for, 4-154

chloride, 3-31
coating, 249, 3-23, 3-24, 3-27-3-28, 3-30, 3-3 1—3-32

for aluminum alloys, 3-31
for beryllium alloys, 3-31
bright, 331
for copper alloys, 3-31,4-73
electroless, 3-31
electroplated, 3-31,4-192
for ferrous alloys, 4-88
with glassy coatings, 3-34
with gold electroplating, 3-34
for iron alloys, 3-31
for nickel alloys, 3-31
semibright, 3-31
for titanium alloys, 3-31
undercoating, 3-30, 3-34
for uranium, 4-192

coating for, 3-30,3-31,3-35,4-154

I-27
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in cobalt aUoys, 4-44, 4-46
in copper alloys, 4-56
in copper-;aluminum alloys, 4-75
corrosion, 4-1434152

in acid, 4-89,,4-145, 4-1464-147,4-148, 4-149, 4-
150,4-151

in alkali,, 4-145, 4-146,4-148
biological, 2-64
crevice corrosion, 4-145, 4-148, 4-149, 4-152
dealloying, 4-75
galvanic (interface), 4-28,4-70,4-131,4-152-4-

154,4-191
high-temperature, 2-61-2-63,4-145,4-146, 4-147,

4-148,4-149,4-150,4-152, 4153,4-154
intergrarmlar, 2-22
in marine environments, 4-145,4-152, 4-153
oxidation, 2-56, 2-57,4-143, 4-149,4-152
pitting, 4-145,4-1464147,4-148, 4149,4152
prevention, 4154
stress-corrosion cracking, 4-145,4-147,4-148, 4-

149,4-152
uniform, 4-1434-145,4146,4-148, 41504-152
weathering, 4-143, 4-144, 4-145, 4-148

in iron and steels, 3-13, 3-19, 4-76, 479, 4-82, 4-84, 4-
90,4-91, 4-%!, 4-102,4117

-nickel oxide cathode, 5-5
sulfide, 4145
in titanium :alloys, 4177
wrought, 4457,4-145

Niobium in twngsten alloys, 4-179. See also Columbium
Ni-hard, 4-76
Ni-resist, 4-76,4-79
Nitrates, 3-15

effect on
beryllium, 439
copper and copper alloys, 4-59, 465
iron and steel, 3-13, 4-85, 4-117
lead and lead alloys, 4123,4-124
magnesium, 4131
nickel allo,ys, 4-148
titanium, 4-175
tungsten, 4-180
zinc, 4-198

Nitric acid,
effect on

beryllium, 439
carbon ancl graphite,441, 4-42
copper andl copper alioys, 4-65
iron and steel, 4-79,4-84, 4103, 4-111,4112,4117
lead, 4124,4-126
molybdenum, 4-139
nickel and nickel alloys, 4145,4-146,4-148,4-150
tantalum, 41-156,4-158, 4-163, 4-164
titanium, 4-168,4-175,4176,4177

uranium, 4184
as a pollutant, 2-79
red fuming, 4-175,4-177

Nitric oxide, effect on
beryllium, 4-39
tantalum, 4-156

Nitrides, 4-145
chromium-iron in steels, 2-23
coatings, 249,4-112
manganese-, 4-145

Nitnding shield, 3-30
Nitrite, 3-13,3-15

effect on tungsten, 4-180
Nitrogen, 3-15

effect on
beryllium, 439
copper and copper alloys, 468
titanium, 4-164,4175
uranium, 4186,4-187

oxides, effect on
lead, 4126
tungsten, 4-180

in steel, 4-92
temperature gradient mass transfer of, 4-163
tetroxide,4175

Noble metals, 2-IO, 2-65,4-163
in biological corrosion, 2-65
coatings, 3-33—3-34
in galvanic corrosion, 2-12
resistance to corrosion, 3-33

Nonconducting coatings, 6-34
Nondestructive inspection. See Thermal Nondestructive

Inspection
Nongraphitizing carbons, 4-40
Nonoxidtilng acids, effect on

copper and copper alloys, 4-59, 4-65
molybdenum, 4139
nickel and nickel alloys, 4145

North Atlantic Treaty Organization (NATO), 6-3

0

Occupational Safety and Health Administration
(OSHA), 6-3

Oleum, effect on
graphite, 4-78
steel, 4-78,4-84

Operating characteristic (OC) tune, 6-10
O-ring seal, 3-6
Organic

acids. See also specific acids
effects on

copper and copper alloys, 4-66
iron and steel, 4-11 I, 4-201

I-28
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lead,4-123,4-1254126
magnesium, 4-130,4-131
nickel and nickel alloys, 4-146
tantalum 4-156,4-158, 4-17i
titanium, 4-170,4-171
uranium, 4-184
zinc, 4-201

fungi, reactions with, 2-65
chemicals, contaminants in, 4-20
coatings. See Coatings, organic
compounds, effect on

aluminum, 4-20,4-21
copper and copper alloys, 440,4-71
lead, 4-1254126
magnesium and magnesium alloys, 4-131
titanium and titanium alloys, 4-171,4-175
tiC and ZiItCtiOyS, 4-199,4-201

inhibito~ 3-14-3-15
Organisms. See Biological corrosion
Organovanadium compounds, effect on nickel and
nickel alloys, 4-153

Outgassing, 4-71,4-88
Overaging, 2-40
Overannealing, 4-74
overlay coatings, 3-35

0

OXahc acid
effect on

beryllium, 4-39
tantalum, 4-158
titanium, 4-170,4-171

furtf$, RMCtiOllSwi@ 2-65
Oxidation, 2-l—2-5, 2-54-2-58

of aluminum, 3-35,4-20
of beryllil.uq 4-39
of carbon and graphite, 4-41-44~ 4-43
catastrophic, 2-54, 2-55
of chromium, 4-114
of cobalt ~9, 4-50
of columbium and columbium alloys, 3-36,4-534

54,4-160
of copper alloys, 4-70
in crevice corrosion, 2-18
half reactio~ 2-1
high-temperature, 2-54-2-58, 243—244, 3-36,5-4
internal, 2-55-2-57
of iron and steel, 4-87,4-105,4-114
of magnesium alloys, 4-132
of metal matrix composites, 4-207
of molybdenum, 4-1394140,4-160
of nickel and nickel alloys, 447,4-143, 4-145,4-148,

B

4-149,4-152,4-154
.,,’,,,-,+ potentials, 2-2—2-5

prevention, 3-29,3-31,3-34,3-35, 3-36
protxss, 2-55

rate, 2-4-2-5, 2-55
of refractory metals, 4-160,4-163
static, 3-36,4-54,4-55
of tantalum, 3-36,4-158,4-159,4-160, 4-163
of titanium and titanium WOYS,4-173,4-176,4-177
of tungsten and tungsten alloys, 4-160,4-180
of uranium, 4-185,4-186,4-191

Oxide
coating

for aluminum, 3-17,4-32433
for tungste~ 4-182

fdms, 2-55—2-57
on aluminum, 4-30, 4-35
on beryllium, 4-39
on columbium, 4-51
on iron and steel, 4-87
on tantalum, 4-163
on titanium, 4-166,4-175,4-176
on tungsten, 4-182
on uranium, 4-185,4-191,4-192,4-194

layer and pitting, 2-14-2-15
precipitates, internal, 2-55,2-56
Sc&~, 2-55,2-56, 2-61, 242

ahunin~ 3-35
chromic, 4-114
on cobalt and cobalt alloys, 446,448,4-50
on iron and steel, 4-85,4-114,4-117
on nickel and nickel alloys, 4-153
protective, 242—2-63
spallation, 4-47,448,4-159

Oxides
aluminum, 4-32
boron, 4-32
carbon and graphite, 4-41-442
ceramic, 3-35
chromic, 4-114
and fretting corrosion, 2-34
iron, 2-34
Iead, 4-123
nickel and nickel alloy, 4-153
tantalum, 4-163
tungsten, 4-182
ZirCOOitlm,4-32

Oxidizing
acids, effect on

copper and copper alloys, 4-59
iron and steel, 4-100
molybdenum, 4-139
nickel and nickel alloys, 4-145,4-146

agents, 4-164
ions, effect on nickel alloys, 4-149
potential, 240
power, 54
process, fused salt, 3-19
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Oxycarbcmitride, effect on uranium, 4-192
Oxygen

in carbon and graphite, 4-41
cracking, of steel, 4-105
effect on

iron and steel, 4-84,4-109
tantalum, 4-163
titanium and titanium alloys, 4-175, 4-176

potential, of water, 2-26
temperature gradient mass transfer of, 4-163
in titanium, 4-164

Pack cementation, 2-63,3-35
Packaging, 347—3-50

dessicants used in, 3-50
levels 3-48–349
preservatitin, definition, 347
procedure, 3-47
requirements, 3-47, 3-48-349

Packing, 347,348
hint. See aho Coatings

acrylic, 4-136
airdrying, 3-38
alkyl, 4-136
on aluminium and aluminum alloys, 4-32
application methods, 3-38
on copper and copper alloys, 4-71
definition, 3-37
enamel, 3-34, 3-37—3-39, 440
epoxy. See ,Epoxy
lacquer, 3-37—3-39. See also Lacquer
on magnesium and magnesium alloys, 4-133,4-136
metal-priming, 3-37
oil-base, 3-3,7
stripping, 3-42, 3-43
systems, 344—3-47, 4-133,4-136

for magm;sium, 4-133,4-136
for zinc, 4-201

tests of, 5-7-–5-10
topcoats, 3-37,3-38 -
urethane resins, 4-I 36
vinyl, 4-136
water-base, 3-37

Palladium
coatings, 3-28
in titanium and titanium alloys, 4-177, 4-178

Passivating
film, 2-7,4-166. See also Film, protective
inhibitors, 3-13-3-14
treatment, 3-32

Passivation, 541
of beryllium, 4-39

of iron, 4-84
of titanium and titanium alloys, 4-166, 4-168,4-170
of uranium alloys, 4-194

Passive-active cell, 2-5,4-84
Passive

film, 2-5. See Film, protective
oxide layers, 2-14

Peening. See also Shot peening
of aluminum and aluminum alloys, 4-32
of magnesium and magnesium alloys, 4-133
of zinc, 3-33

Pencils, use of on metals, 4-44
Penetrameters, 6-26
Penetration depth

definition, 6-33
and test frequency, 6-33

Penetrators, uranium, 4-192-4-194
Perchloric acid, effect on

carbon and graphite, 4-42
tantalum, 4-156
titanium, 4-175
uranium, 4-184

Peroxides, organic, 3-14—3-15
Pesting, 3-36,4-163
Petroleum, coke, 4-40
Phenol, effect on

tantalum, 4-158
titanium, 4-170

Phenol-formaldehyde, in vitreous carbon production, 2-
84,4-41

Phenolic resins, 2-84,3-38
Phosphate

in chemical conversion coatings, 3-16,4-30
coatings

for iron iron and steel, 3-18
for zinc, 4-201

conversion coating
for aluminum and aluminum alloys, 4-30
for zinc and zinc alloys, 3-3,3-22

finishes, 3-29,3-33
manganese, 3-18
zinc, 3-18

Phosphates, 4-85,4-131
effect on

carbon and graphite, 443
iron and steel, 3-13, 3-15, 4-85
magnesium, 4-131

Phosphatizhg technology, 3-19
Phosphor bronzes. See Bronzes
Phosphoric acid

in coatings for iron and steel, 3-18‘
effect on

beryllium, 4-39
carbon and graphite, 4-42
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copper and copper alloys, 4-66
iron and steel, 4-79,4-84, 4-110, 4-111, 4-I 17
lead, 4-122,4-124
molybdenum, 4-139
nickel and nickel alloys, 4-146,4-248,4-151
titanium, 4-168
uranium, 4-184

Phosphorus, 244
in brasses, 2-26,4-75
in copper, 4-60
in uon and steel, 3-19,4-82,4-84

Photon detector, 6-37
Pickling, 2-69,3-34,3-42,343

of iron and stee~ 4-84,4-88
of lead and lead alloys, 4-127
of magnesium alloys, 344,4-130,4-133
of ti@iU~ 4-168, 4-176

_Pig iron, 4-76
Pigments

in metal-priming paints, 3-37
in topcoats, 3-38
toxic, 3-38

Pitch, 4-41
Pit dep~ 5-7

in nickel and nickel alloys, 4-144
Pitting corrosion, 2-13—2-17, 3-10, 3-I 1,3-13,54,5-7,

5-15,5-16
of aluminunL 2-14,4-20,4-30,4-38
of beryilhq 4-39-440
of boron-aluminum composites, 4-205
of carbon and low alloy steels, 4-84,4-87
charts, 5-15
of cobalt, 4-44
conditions conducive to, 2-14
of copper and copper alloys, 4-60, ~8
deftitio~ 2-13
of lead and lead alloys, 4-126
of magnesium alloys, 4-128, 4-131, 4-132
of metal matrix composites, 4-205
mechanism,2-14-2-15
of molybdenum, 4-139
of nickel and nickel alioys, 4-67,4-143,4-145,4-

1~147, 4-148,4-152
of nickel coatings, 3-31
of nickel-copper alloys, 4-67
prevention, 2-15,2-17
of steels, 2-14,4-109
with steel-t~nomnetal interfaces, 4-117
susceptibility of metals to, 2-14
of tantalw 4-158
of titanium, 4-172
of zinc, 4-197

Plasm% sprayin~ 3-35,3-36,4-140
coatings produced by, 3-36,4-192

I-3 1

Plasticizer, 3-37
in lacquers, 3-37

Plate waves, 6-29
Plating

of copper and copper alloys, 4-71,4-73
copper-nickel-chromium, 4-137
of magnesium, 4-137
of wire, 4-71, 4-73

Platinum
overlays, 3-35,4-50
plates (coatings), 3-24

on beryllium, 4-40
on cobalt, 4-50
on tantalum, 4-163
on tungsten, 4-182

Plumbates, 4-124
Polarization, 24-2-5,54

in corrosion fatigue, 246
in galvanic corrosion, 2-11,4-25
by inhibitors, 3-13
measurements, 6-22

in UtiUItl, 4-184,4-185
methods with tungsten alloys, 4-183
in stress<orrosion cracking, 2+, 241

Polarizers, 3-16
Pouutants, 1-2
Polymer, coatings on uranium, 4-192
Polythiortic acids

effect on
iron and steel, 4-105
nickel and nickel ailoys, 4-148

as test media for iron and steel, 5-13
Polyurethane

coating
for aluminum, 4-32
chernicaI agent resistant, 341
for magnesium and magnesium alloys, 4-132,4-136

resin in paint, 3-38
Polyvinyl butyral resin, 3-17
Polyvinyl chioride, effect on

aluminum and aluminum alloys, 4-28,4-33
copper and copper alloys, 4-71
iron and steel 4-103

Porous castings, 343
Portland cement coatings, 3-36
Potash, effect on iron and steel, 4-79
Potassium

chloride, effect on copper alloys, 4-65
bichromate. See Bichromate treatment
nitrates, effect on copper, 4-59
perchlorate, effect on graphite, 4-41
persulfate, effect on uranium, 4-185
sulfates, effect on copper, 4-59

Potassium hydroxide, effect on
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columbium, 4-53,4-54
copper and copper aSloys, 4-66
iron and steel, 4-105, 4-I 12
lead and lead alloys, 4-125

“ nickel and nickel alloys, 4-180
tantalum and tantalum alloys, 4-158
uranium, 4-184

Potential
applied, 3-8
corrosion, 2-7
differences, 5-5
theory, mixed, 2-4-2-5

Potentiodynamic polarization measurements. See
Polarizaticm, measurements

. Potentiostatic polarization methods, 4-183
Potentiostat, 3-8
Powder metallurgy

aluminum alloys, 4-4,4-35-4-38
definition, 4-35
titanium alloys, 4-166
tungsten alloy, 4-179,4-183

Powders, prealloyed, 4-4
Poultice corrosion, 2-18, 2-19. See aZso Crevice
corrosion

Precipitation hardening, 240, 3-12. See also Age
hardening

of cast stainless steels, 4-92,4-1004102
of copper aluminide, 2-25

Preoxidation, treatment of tantalum-tungsten alloy, 3-
36,4-163

Preservation. See Packaging
Prevention. See Corrosion, prevention
Primers

acid catalyzed, 3-38
for aluminum and aluminum alloys, 3-44,4-32,4-35
chromate, 4-32
chromate-pigmented, 4-136
effect on steel, 3-37, 3-38
epoxy, 3-41, 344,4-32,4-133
epoxy polyamid, 3-44,4-32
corrosion inhibiting, 3-37, 3-38
lacquer, 3-44
for magnesium and magnesium alloys, 3-44,4-136
semigloss enamel, 344
synthetic, 344
vinyl-zinc chromate, 3-44
wash, 344
zinc chromate, 344,4-32,4-35,4-136
zinc-chromate-pigmented, 4-136

Process average, 6-11
Protection. See Corrosion, prevention
Pseudomonas (slime-forming bacteria), 2-64
Pulse-echo ccmtact test, 6-30-6-3 I
Purple plague, 4-29

Pyrolysis, 440
Pyrolytic carbon coating, 4-41,4-43
Pyrosulfates, effect on tantalum, 4-158
Pyrophoric reaction of titanium, 4-168

Q

Quality, 1-3,6-1
assurance, 1-3, 6-1
control tests, 5-10—5-1 1
engineering, 6-1, 6-2—6-2 1, 6-38

Quarternary alloys of aluminum, 4-13
Quench annealing, 2-25
Quenching, 2-40

of aluminum alloys, 4-8
of cobalt alloys, 4-47
of galvanized zinc, 4-200

Quinolines, 3-14

R

Radiation, 1-2,4-126, 6-25—6-27
beam, incident, 6-26
electromagnetic, 6-25—6-26
infrared detector, 6-37
neutron, 6-26
SOkU,2-69
thermal, 6-37
X-ray, 6-26

Radiography, 6-22, 6-25—6-27
neutron. See Neutron, radiography

Random sampling, 6-9
Rate of corrosion. See Corrosion, rates
Rayleigh waves, 6-29,6-31
Reactions

electrochemical, 2-1—2-5
galvanic, 2-2—24
oxidation-reduction, 2-1—2-5
rate, determination of, 2-4-2-5

Red brass, 4-62,4-66
Red plague, 4-71
Reducing agent, 2-1
Reduction, 2-1—2-5

cathodic, of hydrogen ions, 24
examples, 2-1, 2-2
half reaction, 2-1, 2-2
rate, 2-4-2-5
of sulfates, 2-65

Reflection, 6-29
Reflectivity, 5-4
Refraction, 6-29
Refractory, 4-50

coating for graphite, 4-43
oxide coatings, 2-63
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m for tungstem 4-182,4-183
V../” oxide eff&t on Colurnbhun, 4-54

Refrigerants, effect on alumin~ 4-20
Reliability, 3-10

defined, 6-1
Resin impregnated graphite, 443
Resins, 3-38,4-136

synthetic, 3-38
Resonance<ontact inspection, 631
Reversion, 4-71
Rhenium

in columbium, 4-54
in a nickel alloy, 2-63
on tungsten, 4-182
in tungsten alloys, 4-179

Rhodium, coating, 3-28
for tungsten, 4-182

Room temperature vulcanizing (RTV), 2-83
silicone, effect on lead, 4-126

Rust-preventive compounds, 3+1—3-42
for aluminum alloys, 4-32

RUSL on steel, 3-19,4-82
Ruthenium, coating on tungsten, 4-182

0 Samifkial
anodes, 2-11,2-13,
coating, 3-24

ZillC,3-32
protection, 3-29

saltfog tesk 5-8
for coatings, 5-8
of f-, 3-23

s

3—8-3-9

of magnesium and magnesium alloys, 4-133
of uranium, 4-186

Sah spray (fog) test. See Salt fog test
Saltwater. See Environments, marine
sampling plans, 6-9-6-15

defined, 6-9-6-11
Scale, 243,3-8,5-4. See also Fdm and Coatings

inspection for, 6-22
oxide

on cobalt alloys, 4-48
on molybdenum, 4-140
on nickel alloys, 4-147,4-153
on steel, 4-85,4-114,4-117

spaliation, 448
on titanium, 4-172

s canning electron microscope, 241
Scanning reference electrode technique (S~,

%5-5
Scavengers, 3-14
Scrap, used in carbon steels, 4-82

MIL-HDBK-73S(MR)

Sealing and bonding compounds, 3-39
Seals, 3+
Sea-salt

atmospheric, 249
effect on aluminum alloys, 4-20
in suyldation, 243

Seawater. See Environments, marine
Seizing, prevention, 3-32
Selective leaching corrosion, 2-2S-2-26, 4-78,4-79,
5-I4, 5-17. See ako DeaUoying

condhions conducive to, 2-26
deftition, 2-25-2-26
of uon, 4-78,4-79
of nonmetals and organic materials, 2-83-2-84,4-71

Selenides, 3-14
Selenium

in corrosion resistant steels, 3-19
effect on

tantalum, 4-158
uranium, 4-187

SeIenols, 3-15
Sensitization, 3-13

at interfaces, 4-117
to intergranular corrosion, 4-117
of steel, 4-103

SermaLoy@,3-34
SermaTel@, 3-34
Shear waves (transverse waves), 6-28,6-29,6-30
Shearing, an aluminum alloy, 3-11
Shields, of copper coatings, 3-30
Shock

and corrosion fatigue, 249
and Portland cement coatings, 3-36
and vibration. See Environments, natural

Shot peening, 2-35,245,249,3-10,3-23, 4-32,4-88
of aluminum dOyS, 4-32
of magnesium alloys, 4-133
of zinc, 3-33

Silica coatings, 3-34,3-36
Silicates, 243

effect on iron and steel, 3-15, 3-16
Silicides

coatings, 4-163
molybden~ 4-140
tungsten, 4-182,4-183

Silicon, 2-57,3-13,4-31
in aluminum alloys, 3-17, 4-23
bronzes, 2-26,4-66,4-70
carbide, 3-31,4-203,4-207
in cast iron, 4-76
in cast steels, 4-84, 4-100
coating for molybdenum and columbium, 4-140
in cobalt alloys, 444
in copper alloys, 2-54, 2-55,4-56
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dioxide, 2-57,4-183
coating, 4-207
layer cm cast iron, 4-76

reaction of tantalum with, 4-158
silicone resiri, 3-38
in steels, 2-57, 3-19
in titanium alloys, 4-173,4-176
effect on titanium, 4-i 68

Silver, 2-2
brazing, of titanium, 4-177
coatings, 3-28
migration, 3-7
pIates, 3-;24
plating, 3-34

on copper and copper alloys, 4-71,4-73
reaction

with copper alloys, 4-65
with titanium, 4-175

Slow strain rate test method, 5-13—5-14
Soda, caustic, effect on iron and steel, 4-79
Sodium

benzoate, 3-16 -
carbonate, effect on iron and steel, 4-85
chlorate, effect on titanium, 4-170
chloride

MIL-HDBK-735(MR)

silicate, effect on various metals, 3-16,4-85,4-145, 4- 0

effects on various metals, 2-61,4-49,4-59,4-65, 4-
85,4-90,4-175,4-178, 4-188

test solution, 5-7
chromate, 2-42, 3-16

effect on zinc, 4-200
contamination of fuels, 2-63
bichromate

in coatings, 3-17, 3-19, 3-21
effect on metals, 4-40,4-201

disilicate, 2-42,4-20
hexametaphosphate, effect on zinc, 4-201
hydride metal descaling, 343
hydroxide, effect on various metals, 4-49,4-53,4-54,

4-66,4-85,4-105,4-112, 4-125,4-139,4-158,4-170, 4-
180,4-185

descaling, 3443
hypochlorite, effect orI molybdenum, 4-139
hypophosphite, 3-3 I
liquid, effect on

cobalt, 4-49
iron and steel, 4-87
uranium, 4-187

nitrate, 4-40,4-175, 4-177,4-178
nitrates, effect on copper, 4-59
nitrite, 3-115,4-130
-potassium,, 2-54

effect onl
cobalt, 4-49
uranium, 4- I87

168,4-201
sulfate, 2-61, 3-36

effect on
copper, 4-59
nickel ~d nickel alloys, 4-153,4-154

sulfite, 3-14
tetraborate, effect on iron and steel, 4-85

Solder
flux, effect on copper, 4-71,4-126
with nickel coating, 3-3 I
tin-lead, 3-30,4-121,4-126

Solderability, 3-30, 3-31,3-32,3-34
Solvent cleaning, 3-43
SpaIling, 2-63

of alumina scale, 4-49
of refractory oxide coatings, 4-182
of uranium oxide film, 4-185

Spraying
for metallic coatings, 3-24
plasma, 3-35, 3-36
systems for paint, 3-38
thermal, for metalIic coatings, 3-25

Stabilizers, in austenitic stainless steel, 2-22
Stainless and high-alloy steels, 3-10,4-76,4-91--4-121,
4-152

200 series, 4-91,4-92
300 series, 3-11,3-13,4-91,4-92, 4-93,4-94
316,4-67,4-79,4-85,4-1 10
400 series, 4-92,4-103,4-105
age hardening, 3-12
allOyS, 3-8,3-13,4-91
austenitic, 2-22, 2-23,2-25, 2-37, 2-41, 2-44, 248, 3-

13,4-91,4-92,4-99,4-100, 4-103,4-104,4-105,4-109,
4-110,4-117,4-141,4-166

cracking of, in a chloride environment, 2-44
weldment, 2-22

cast, 4-84, 4-91, 4-100,4-101, 4-102
maximum service temperatures in air for, 4-114

coatings. See Coatings, for iron and steel
columbium in, 2-25
corrosion, 4-102-4-117, 4-164

by acids, 4-1104-112,4-121,4-164
in alkalij 4-104-4-i05, 4-1104112
in aqueous solutions, 4-80,4-1044105
biological, 2-64
cavitation, 4-79, 4-110
chloride stress-corrosion cracking, 2-37, 2-44,

4-1034-105
cracking, 2-37,4-1034-107
crevice, 2-18, 4-1024-103,4-117
erosion-corrosion, 4-110
fatigue, 2-48,4-109
fretting, 4-79
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galvanic, 4-85,4-1094110,4-166, 4-191
high temperature, AI 14--4-117
hydrogen embrittlement, 4-92,4-103,4-105,4-107,

4-108,4-110,4-117
interface, 4-1174120,4-163
intergranular, 2-21, 2-22-2-23, 2-25, 3-11,4-103,

4-117,4-121
liquid metal, 2-50,4-87
by organic compounds, 4-1114112
oxidation 4-105
pitting, 2-14,2-65,4-102,4-117
prevention 2-25,241,2-54,245,4- 1014102, 4-

117,4131,4-164
resistance, 3-1o

- --stress-corrosion cracking, 2-35,2-37, 2-4Z 244,
4-1034108

weathering, 4-85
weld deeay, 2-22

corrosion-resistan~ 4-91,4-164
cracking resistance, 4-105
deftition, 4-90
duplex, 4-92,4-94,4-95,4-103, 4-105
fasteners, 4-25
ferntic, 2-23,4-92,4-100, 4-iOl, 4-103, 4-i05, 4-117
heat resistant, 4-91
heat treated, 3-13
hi@-ChrOtiUm, 4-] 16,4-117
high-silicon, 4-111
Incoloy alloy. See Incoloy alloy
Inconel alloy. See Inconel alloy
mmensitic, 24Z 3-13,4-924-100,4-101, 4-103,4-

105,4-109,4-117
maximum seMce temperatures, 4-116
precipitation-hardening, 3-12,4-92,4-98,4-100, 4-

101,4-103,4-105,4-110
semiaustenitic, 4-92,4-99
titanium i% 2-25
type 304,4-70,4-103,4-104, 4-105,4-112
type 304L, 4-104,4-111,4-112
type 316,4-67,470,4-79, 4103,4-104, 4-11% 4-140
type 316L, 4-104,4-111
wrough\ 491, 4-MO, 4-114

Standard oxidation potentials, 2-2—2-4
Standardization

Agreements (STANAGS), 63
documents, 6-3,64,6-5

Standards, 1-3,61-6-5
defined, &l-6-2
federal test methods, 5-17
military, 5-18
nongovemment (NGS), 6-3
selection, 63-64
and specifkations, defined, 1-3
test method, NACE, 5-12

Stationary waves, 6-30
Stearic acid, effect on titanium, 4-170,4-171
steel, 4-76-480

alloying elements, 4-76
alloys

carbon steel. See Carbon and low-alloy steels
cast iron. See Cast, iron
high-alloy. See Stainless and high-alloy steels
low-alloy. See Carbon and low-alloy steels
stainless. See Stainless and high-alloy steels
wrought iron. See Wrought iron

anodic and cathodic behavior of, 3-16
carbon, 4-76, 4-81490. See o.&oCarbon and low-

alloy steels
cast, 4-76. See ako CasG iron
cathodic protection of, 4-131
cleaning of, 343
coatings. See Coatings, for iron and steel
corrosion

in’acid, 4-84
cavitation, 4-79
fretting, 4-79
galvanic, 4-25,4-200,4-201
hydrogen embrittlement, 242,5-5
interface, 4-85,4-87, 4-200
oxidation, 4-87
pitting, 4-87
protection, 2-65, 4-[3 I
stress-corrosion cracking, 5-13
weathering, 2-79,4-197,4-198

fasteners, 2-13,4-25
galvanized sheet, 2-13
heat treated, 3-13 i
high-alloy. See Stainless and h.igh-alioy steels I
high-strrmgth, 4-76,4-81,4-82. See also Carbon and

low-alloy steels
&d, 4-79,4-85
passivated, 3-13,3-14,3-19
self weathering, 3-19
stainless. See Stainless and high alloy steels
surfacetreatmentsand finishes.See Coatings,for

iron and steel
Wroughk4-844-84
zinc+oated, 4-194,4-200

Stellitealloys, 447
Stiffness-t&weightratio, of magnesium,4-127
Strain-hardening,of aluminum alloys, 4-8
Strain rates, 5-13,5-14
Strain-rate testing, 5-13-5-14
Stray voltage, 4-162
Strength-to-weight ratio

of aluminum alloys, 4-8
of magnesiunq 4427
of titanium, 4-164

I-35

Downloaded from http://www.everyspec.com



MIL-HDBK-735(MR)

Stress, 1-2,5-12
corrosion, susceptibility, 3-13
intensity, 2,-36

alternating, 2-47
levels in miaterial design, 3-7
relief, 3-10

annealing, of copper alloys, 4-68, 4-74
of magnesium alloys, 4-132
of titanium alloys, 4-165

residual, 3-8, 4-68, 5-12
-strain curves, 4-55,4-56
tensile. See Tensile stress

Stress-corrosion cracking, 2-35—2-42, 24,2-46-2-47,
2-82,3-10,3-11, 5-10—5-14

of aimninum and aluminum alloys, 2-42,4-21, 4-.
23,4-29,4-35,443

avoidance and prevention, 2-41—2-42
of beryllium, 4-40
catastrophic, 5-13
chloride. See Chloride stress corrosion cracking
of a cobalt alloy, 446
conditions conducive to, 2-37, 2-39—2-40
of copper and copper alloys, 4-60,4-68469,4-74
definition, 2-35
environments conducive to, 2-37
examples, 2-42. See also specific metals
hydrogen. See Hydrogen, stress cracking
of iron and steel, 2-35, 2-37,242,4-85,4-86, 4-88,

.4-1034105,4-117
of magnesium and magnesium alloys, 4-131-4-132
manifestation and quantification, 2-35—2-37
mechanisms, 241
of nickel and nickel alloys, 4-145, 4-147,4-148,

4-152
process, 2-36—2-37
resistance to, 5-10, 5-14
sequence of events in, 2-36
slow strain rate testing, 5-13—5-14
susceptibility to, 5- I 1, 5-13, 5-14
sustained load and constant deformation testing,

5-12—5-13
testing, 5- 10—5-14
tests, fracture mechanics, 4-177
of titanium and titanium alloys, 4-175,4-176, 4-

177,4-178
under compressive stress, 3-23
of uranium and uranium alloys, 4-i874191, 4-

192,4-193,4-194
use of metals and aIloys susceptible to, 3-7

Strontium chrc)mate pigment, 3-38
St.yrene butadiene, 3-38
Sulfate

chloride, corrosion, 3-35, 4-50
effect on

aluminum, 4-20
beryllium, 4-39
copper and copper alloys, 4-59, 4-65
iron and steel, 2-64,4-117
lead and lead alloys, 4-123
magnesium, 4-128,4-130,4-131
titanium, 4-175
zinc, 3-14,4-196,4-198

reducers, 2-64, 2-65
-reducing bacteria, effect on iron and steel, 2-26,

2-64,4-84,4-87
reduction reaction of, 2-65

Sulfidation, 2-61—2-64
of cobalt, 4-49
of nickel and nickel alloys, 4-145,4-148 .,

Sulfide, 2-61
and biological corrosion, 2-64 -.

./
as a cathode poison, 3-14
effect on

carbon and graphite, 4-4]
copper and copper alloys, 4-66-4-67,4-75
iron and steel, 4-66-4-67,4-84,4-103
nickel alloys, 4-148,4-153
titanium, 4-175

hydrogen. See Hydrogen Sulfide
scale, 2-61,2-62, 2-63,4-114
in steel, 4-82, 4-84

Sulf3tes
as cathodic inhibitors, 3-14
and corrosion of magnesium, 4-128

Sulfur, 2-61,2-62
in carbon steel, 4-82
in cobalt scale, 4-5o
in corrosion-resistant steels, 3- I9
dioxide, 3-23

as cathodic inhibitor, 3-14
effect on

copper alloys, 4-68, 4-69
lead, 4-123
nickel alloys, 4-148
steel, 4-111, 4-I 14,4-116,4-145
zinc, 4-196

effect on
stainless steels, 4-116
tantalum, 4-156,4-158
uranium, 4-187
zinc, 4-196

-free iron, 4-82
as inhibitor, 3-15
in nickel coatings, 3-31
and protective coatings, 2-63
and sullldation, 2-61,2-62
in sulfidation, 2-62-2-63

Sulfuric acid
,.
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in coatings for aluminum and aluminum alloys, 3-17,

430,4-31
effect on

aluminum and aluminum alloys, 4-20
beryllium, 4-39
carbon and graphite, 4-41
copper and copper alloys, 446
iron and steel, 4-78,4-79, 4-84, 4-110,4-111, 4-117,

4-121
lead, 4-122,4-124
molybdenum, 4-139
nickel and nickeI alloys, 4-146,4-148,4-151
tantalumy 4-156,4-157,4-158,4-162, 4-164
titanium, 4-168, 4-169,4-175,4-176..
#mgsten, 4-180
imnium, 4-184

as a pollutant, 2-79
.%dfunc-nitric acid mixture, effect on

fed 4-124
titaniunq 4-168,4-169

Sulfurous acid, effect on
lead-copper couples, 4-122
lead and Iead tiOyS, 4-122
stee&4-111

Superalloy matrices, nickel, 4-203

0
Superalloy, 449,4-201,4-202,:

applications in gas turbine engines, 4-202
cobalt-base, 3-35,449
fitnx-reinforced, 4-202
nickel-base, 3-35, 3-36,4-49,4-153

surface
and dealloying, 2-25
effects, 5-1
ftih, %1
waves (Rayleigh), 6-29, 6-31

Sw-& 249,4-55,4-90

T

f!!?’,,,,.,

Tailoring, 6-16
Tantalum and tantalum alloys, 4-15=164

~OyS, 3-36, 4-M, 4-156-1-164
columbi~ 4-158
tungsten, 4-156

as a cathode, 4-162
cladding, 4-156
coatings. See Coatings, for tantalum
in cobalt dOyS, 2-63
corrosion, 4-156-4164

in acid, 4-156-4-158, 4-163, 4-!64
in alkali, 4-158
in alkali metals, 4-158
in chlorine, 4-158
fatigue, 4-1624163

galvanic, 4-156
high-temperature, 4-1584161
hydrogen embnttlement, 4-156,4-162,4-163
interface problems, 4-163
liquid metal, 4-158,4-160
in natural waters, 4-156
by organic compounds, 4-158
oxidation, 4-54,4-160
pitting, 4-158
prevention methods, 4-163
resistance of, 4-156,4-158
by Salts and sah SOhltiOn$ 4-158
UIlifO~ 4-156-4-158

electron-beam-melted, 4-156
as a heating element, 4-181
in nickel-base alloys, 2-63, 4141
pentoxide, 4-156
phosphides, 4-158
in self-weathering steels, 3-19
in stainless steel, 2-25
in tungsten alloys, 4-179

Tannic acid, effect on titanium, 4-170
Tarnish, 5-4
Tartaric acid, effect on

beryllim 4-39
titanium, 4-170,4-171

Tedlar fti, on aluminum, 4-33
Teflon, effect on titanium, 4-172
Tellurium vapors, effect on tantalum, 4-158
Temperature

gradient mass transfer, 4-163
variables related to, 6-36-6-37

Temper, of an alloy, 240
Tempers, 4-23,4-29

strain-hardened, 4-30
Tensile

stress, 249,2-55,4205
level, in liquid metal corrosio~ 2-52,2-53
magnitude of at crack tip, 4-194
in stress-corrosion cracking, 2-35,2-37, 3-11,5-12
in structures, 3-7
sustained, 2-37,4-103
in uranium alloys, 4-192

surface stress, 4-194
yield point, 245

Tension, sustained, and service failures, 5-12
Terephthalic acid, effect on titanium, 4-170
Ternary alloys, of aluminum, 4-13
Terneplate, 3-30,4-123,4-126

deftition, 4-123
Test

coupons, 54. See also Corrosion, coupons
materials, 6-33
mediz for accelerated stress-corrosion testing, 5-13
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methods, 5-18—5-22, 6-21-6-38
report, 5-14
specimens, 5-1—5-3, 5- 12—5-13

Test probes and test objects, in eddy-current tests, 6-33
Testing, 5-l—5-22, 6-2,6-21 —6-38

accelerated, 5-7—5- 10
beta backscatter, 6-26
defined, 6-2
destructive, 1-3
eddy~ument, 6-1, 6-33—6-35
embrittlcment relief, 6-14, 6-15
field, 5-6—5-7
hardness, 6-14
laboratory, 5-1—5-5
leak, 6-1,6-36
Iiquid-penetrant, 6-1,6-23
magnetic particle, 6-1,6-22-6-23
neutron, 6-26
nondestructive, 1-3, 6-1, 6-21-6-38
radiography, 6-1, 6-25-6-27
thermal, 6-1,6-36-6-38
ultrasonic, 6-1, 6-28-6-32
X-ray and gamma ray, 6-25-6-26

Tests, 5-l–5-22, 6-21—6-28
dispersed fog spray, 5-7
high humidity, 5-7
immersion in a liquid, 5-7,.5-8
salt spray (fog) test, for coatings, 5-8
simulated atmosphere, 5-7
stress, 5-10—5-14
of tungsten alloys, 4-183
types of, 5-1—5-7

Thermal
barrier coatings, 3-36,4-154
conductivity, 6-22
convection, 2-54
expansion, 3-36, 4-141,4-182

coefficient, 4-32
gradient mass transfer, 2-49,2-52,4-87
Nondestructive Inspection (TNI), 6-36—6-38

contacting methods, 6-37
measurements, 6-37

data, interpretation of, 6-37—6-38
methods, 6-36-6-37
noncontacting methods, 6-37

radiation cletectors, 6-37
spray processes, 4-32,4-33
spraying, method of coating metals, 3-25

Thermochromic
paint, 6-37
phosphors,, 6-37

Thermocouples, 6-37
Thermoplastic material, 3-38—3-39
Thermoset~ing material, 3-38—3-39

Thermovohaic device, 6-37
Thickness, of coatings, 3-32
Thiocyanate, effect on titanium, 4-175
Threshold stress intensity, 4-104

for uranium alloys, 4-187,4-188,4-189
Tlorium, in magnesium alloys, 4-128
Time to failure, 5-13,5-14
Tin

in aluminum alloys, 4-35
in bright alloy, 3-30
bronzes, 2-26,4-56. See also Bronze
coatings, 3-24, 3-28, 3-32

on copper and copper alloys, 4-71, 4-73
on iron and steel, 4-88

interface problems, 4-28,4-70 .,
in lead, 4-f21 ...

-lead alloy (template), 3-30,4-123,4-126 ‘;
in neutron radiography, 6-26
with nickel coating, 3-31
in titanium alloys, 4-164, 4-173
-zinc coatings for steel fasteners, 4-25

Titania
in complex disilicide metallic ceramic coatings, 3-36
in glassy coatings, 3-34

Titanium and titanium alloys, 4-164-4-178
allOyS, 244,3-29,442,423,4-131, 4164,4-166

alpha, 4-166,4-175 a
alpha-beta, 4-165,4-166,4175
beta, 4-166,4-178
Ti-6A14V, 4165,4174,4-176,4-177

in aluminum-base alloys, 4-35
and anodic protection, 3-8
bonde coatings, 4-207
boride-titanium carbide coatings, 4207
chemically pure, 4164
coatings. See Coatings, for titanium
in coatings, 3-36, 4-163, 4207
in cobalt alloys, 4-44
in columbium alloys, 453
combustion, 4-173, 4-174,4-176, 4-178
corrosion, 4-1664178

in acid, 4-168,4169,4-171,4176, 4177
in alkali, 4-168, 4170
biological, 2-65
cavitation, 4110
in chlorine, 4-170, 4175,4-176
combustion, 4173,4-174
crevice, 4-131,4172
erosion-co~osion, 4-1724173
examples, 4-178
fretting, 4-176
galvanic, 4-109A-I 10,4-166
high-temperature, 4-1734-174
hydrogen cracking, 4-1754176
interface problems, 4-176, 4-177
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—
in natural waters, 4-166
in organic compounds, 4-170,4-171,4-175
oxidation, 4-173, 4-176, 4-177
pitting, 4-172
prevention, 4- I76-4-178
resistance, 4-166, 4-172, 4-176,4-177
stress-comosion cracking, 4-175,4-176,4-177,

4-178
uniform, 4-166
weathering, 4-166

coupled with
a galvanically active metal, 4-175
steels, 4-166

fasteners, 4-30
gas turbine components, 4-173
hydride needles, 4-175
iron smears on, 4-176
in mercury, 2-54
in nickelalioys, 2-63
pUR, 4-164,4-166,4-172,4-173,4-175
in stainless steel, 2-25
in tantalum alloys, 4-156
unalloyed, 4-168, 4-177
in uranium alloys, 4-184,4- 185-4-186,4-1884192
in zinc alloys, 4-194, 4-195

Tracer gas, in leak testing, 6-36
Transgranular crack.in~ 2-45
Transverse waves, 6-28
Trichlorethylene, effect on titanium, 4-177
Tnchlorosi.lane, on graphite, 443
Tnethanolamine, effect on steel, 3-16
Trinitrotoiuene (TNT), and tantalum, 4-164
Trisodium phosphate and tantalum, 4-85
Tubercles, 2-64
Tuberculation, 2-64
Tungstate, 3-13
Tungsten and tungsten alloys, 4-1794183

tiOyS, &179, 4-183
creep strength, 4-179
with nickeJ-copper matrix, 4-179
with nickel-iron matrix, 4-179
tungsten-hafnium carbide, 4-179

in afuminum alloys, 4-35
apptied to silicon carbide fdaments, 4-203
-carbide<oated steel bolts, 4-90
coatings. See Coatings, for tungsten
in coatings, 3-36,4-163, 4-183
in cobalt alloys, 243,444, 448,4-49,4-203
in columbium alloys, 4-53

m corrosion, 4-1794180, 4-181

,, ,’ in acid, 4-180
w in alkali, 4-180

in aqueous solution, 4-1794180,4-183

examples, 4-55,4-183
fatigue, 4-1624163
in halogen gases, 4-180
high temperature, 4-180
interface problems, 4-1804182
liquid metal, 4-180
oxidation, 4-160,4-180,4-181,4-182
prevention, 4-182,4-183
UllifOIUl, 4- I 794180

fibers, 4-203
filaments, 4-i80
in nickel alloys, 2-63,4-141,4-143,4-182
pure, 4-183
in refractory alloys, 4-179
in stainless steels, 4-179
in superalloy, 4-179
in tantalum alloys, 4-156,4-157
-thoria alloys, 4-179
in tool steels, 4-179
wires, thonated, 4-203

u

‘-T

Ultimate strength, 2-35
Ultrasonic examination, 6-28-6-33

inspection, classes, 6-3=3 1
pulse-echo testing, 6-30
resonance testing, 6-30, 6-31
testing

contact, 6-31
displays used, 6-29--6-30
dual transducer pulse~cho contact testing, 6-31
military and industrial standards and specifications

for, G314-33
pulse-ho, plate wave, or Lamb-wave angle-beam

contact testing, 6-31
straight-beam pulse~cho contact test, 6-31
shear-wave angle beam test, 6-31
surface (Rayleigh) wave pulse-echo contact testing,

6-31
techniques, 6-31
through-transmission pulsed longitudinal-wave

testing, 6-31
through-transmission testing, 6-30
waves, 628-6-29

Unified numbering system (UNS), 4-55,4-74,4-141,4-
143. See afro Designations

Uniform corrosion, 2-5, 2+2-10, 5-i5
of aluminum, 4-20
of beryllium, 4-39
of carbon and low-alloy steels, 4-82
of cast irons, 4-76479
of cobalt, 444
of columbium, 4-5 I

I

r-39

Downloaded from http://www.everyspec.com



MIL-HDBK-735(MR) ,

conditions conducive to, 2-6
of copper, 4-61-4-66
definition, 2-6
example, 2-10
of lead, 4-1234-126

. of magnesium, 4-1284-131
measurement of, 2-6, 5-15
mechanisms, 2-6, 2-8’
of molybdenum, 4-1374-140
of nickel, 4-1434-145
process, 2-7
protection from, 2-7—2-8. See also specific metals
rate, 2-7, ,2-8
of sheet metal, 2-7—2-8
susceptibility of metals and alloys to, 2-8
of tantalum, 4- 156—4-158
of titanium, 4-166
of tungsten, 4-179-4-180
of uranium, 4-184--4-185
of zinc and zinc alloys, 4-196-4-199

Unit activity, 2-2
Uranium and uranium alloys, 4-184—4-194

affinity for oxygen, 4-191
alloys, 4-184, 4-189, 4-190

aging of, 4-187
binary, 4-184
columbium, 4-191
depleted. See Uranium, depleted
high-temperature aging, 4-187
higher order, 4-184
lean, 4-184,4-185,4-187
mechanical properties, 4-184, 4-189, 4-190
quenching of, 4-187
rich, 4- I84, 4-187
stress-corrosion cracking tests, 4-191
thermochemical processing of, 4188
titanium, 4-192
two-phase, 4-187

balanced, 4-187
alpha, 4-184, 4-194
beta, 4-184
corrosion,, 4-1844-191

in acid, 4-184
.in air and oxygen, 4-185, 4-186
in alkali, 4-184
examples, 4-192-4-194
galvanic, 4-i91
hydride, 4-186
in hydrogen, 4-1864-187
hydrogen embrittlement, 4-1874-191
interface problems, 4-191
in liquid metals, 4-187
in nitrogen, 4-187
in organic compounds, 4-184, 4-185

oxidation, 4-185, 4-187, 4-191
prevention methods, 4-1914-192
rates, 4-187
in salt solutions, 4-184, 4-185
by steam, 4-187
stress-corrosion cracking, 4-187, 4-191, 4-192
in sulfur and selenium vapors and halide gases,

4-187
uniform, 4-1844-185
in water, 4-185
weathering, 4-184, 4-i 85-4-187

cost, 4-184
depleted, 4-184,4-189,4-192
gamma, 4-184,4-194
hexafluoride, 4-187
hydride, 4-187,4-191
isotropic, 4-184
and neutron radiography, 6-26
powdered, 4-186,4-187
protection of, 4-192
pure, 4-187

with mercury, 4-187
Ureas, 2-84, 3-14

v

Vacuum annealing of titanium, 4-175
Vacuum-metallizing process, 3-24
Vanadates, effect on stainless steel, 4-117
Vanadium

in coatings, 3-36, 4-163
in columbium alloys, 4-53
effect on nickel, 4-153, 4-154
in fuels, 2-63
and hot corrosion, 2-63
oxide, 2-56,4-154
pentoxide, 4-153,4-154
in self-weathering steels, 3-19
in titanium alloys, 4-164, 4-173, 4-175

Vapor sources, 4-28
Vapor deposition, 4-192,4-203
Vapor-phase (volatile) corrosion inhibitors, 3-15, 3-47,

3-50
Varnish, definition, 3-37
Vinyl resin, 3-38
Vinyl-zinc chromate primer, 3-44
Vitallium, cast, 4-50
Vitreous carbon, 4441
Volatile corrosion inhibitors (VCIS), 3-15, 3-47,3-50
Vulcanized rubber, 2-83

w

Wash primers, 3-17

..,.
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e‘>, on zinc to protect against corrosion, 4-201
Waves, in ultrasonic examination, &28-6-29

f?!),,

J?!!9,,,,,’
,,.

Wear
of carbon and graphite, 443
of chemical conversion coating, 3-21
of class 2 chromium plating, 3-30
effects of ion implantation on, 3-22
in fretting corrosion, 2-33,2-34
of layer on iron or steel, 3-30
of Iead-coated steed, 3-30
of nickel coatings, 3-31
of organic coatings, 3-37

Weather. See Environments and Climates
Weathering corrosion

of aluminum, 4-2W22, 4-31
of beryllium, 440
of columbium, 4-51
of copper, 4-59,440,4-61,4-6849
of galvanized steel, 4-198
of iron and steel, 3-10,4-76,4-78,4-82484, 4-85,4-

105,4-110,4-197,4-198, 4-2004201
of lead, 4-123,4-124,4-126
of magnesium, 4-128,4-131, 4-132
of molybdenum, 4-137
of nicke~ 4-143,4-144,4-145, 4-148
tests, 5-6, 5-8
of titanium, 4-166
of uranium 4-185
of ZhkC,4-196-4-201

Weibull function, 5-7
Weight change resulting from corrosion, 54
Weld decay corrosion, 2-22
Welding, 2-34,3-8,3-10,3-11

of aluminum alloys, MIG and TIG, 4-33 “S
parameters, 54
titanium, 4-165

Weldments, 3-35
in &lIniItUfIlZd]OjK,4-24, 54
in steels, 2-22

Wet-chemical analysis, 6-39
White cast uon, 2-26,4-76
Wire

brushing, 343
copper, 4-71

Wood, corrosivity of, 4-71
Wrought

aluminum alIoys, 4-3,44,4-8433,4-56
lXXX (commercially pure) series, 44,4-8,4-20,4-

21,4-30
2XXX series, 44,4-8,4-22,4-23,4-24, 4-29,4-30,

4-33
aiuminum<opper, 4-8
aluminum<opper-magnesium, 4-8
aluminum<opper-silicon-magnesium, 4-8

3XXX series,44,4-8,4-20,4-21,4-30
4XXX series,44,4-8
5XXX series,4-4,4-8,4-20,4-21,4-23, 4-24,4-29,

4-30
6XXX series,44,4-8,4-21,4-22,4-23, 4-24,4-30

aluminum-magnesium-silicon, 4-8
7XXX series, 44,4-8,4-21,4-22,4-23, 4-24,4-29,

4-33
aluminum-zinc-magnesium, 4-8
aluminum-zinc-magnesium-copper, 4-8

aluminum-lithium, 4-8,4-13
aIuminum-manganese, 44,4-8
aluminum-silicon, 44,4-8
anodic coatings formed on, 4-3 I
designation, 44
heat treatable, 4-8
nonheat treatable, 4-8

iron, 4-76
magnesium alloys, 3-21,4-129
nickel copper (Monel 400), 4-67
steel, 4-82, 4-91,4-100, 4-114
zinc, 3-22

x

X-ray radiography, 6-25,6-26

Y

Yttrium, 2-57,3-35
in coatings, 3-36
in cobalt alloys, 2+3
in metal matrix composites, 4-207
in nickel alloys, 2-63
and suKldation, 2-63

z

Zinc and zinc alloys, 4-194-4-201
d]OyS,3-31,3-32,4-23,4-60, 4-69,4-194,4-197
in aluminum 7075 alloy, 3-12
anode, 2-13
anodizing, 3-22
in bright alloy, 3-30
as cathodic inhibitor, 3-14
chloride, effect on nickel alloy, 4-147
chromate

conversion coatings, 3-22
as inhibiting pigments in priming coats, 3-38
primer, 344,4-32,4-35

chromate-treated, 3-3, 3-17
chromium-plated, 3-30
coatings, 249, 3-8, 3-17, 3-18, 3-22, 3-24, 3-25, 3-28,

3-29, 3-32—3-33, 4-131,4-194
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chemical conversion, 3-3, 3-21, 3-22
electrocleposited, 3-33,4-194
for fernous alloys, 4-87,4-88
hot-dipped, 3-22,3-33,4-194
immersion, 4-32
life of, 3-33, 44197
mechanical plateci, 3-33
methods for applying, 4-194
sheradizing, 4-194
forsteel!,4-194,4-200
thermal spraying, 3-22, 3-33, 4-194
thermosprayed, 3-33
for uranium, 4-192
for zinc and zinc alloys,, 3-21—3-22, 3-30,4-201

in copper alloys, 4-60, 4-69
corrosion, 4-194—4-200

in acid, 2-4, 4-194, 4-198, 4-200
in alkali, 4-194, 4-198, 4-199, 4-200
in aqueous solutions, 4-194, 4-197-4-200
dezinciflcation of copper alloys, 4-60
in different atmospheres, 4-196
effect of COZ on, 4-197
effect of pH, 4-199
galvanic, 2-11,2-13,4-70,4-194, 4-196
high temperature, 4-199
interface problems, 4-200—4-20 1
by organic compounds, 4-199,4-201
prevention, 4-194,4-201 .
uniform, 4-1964199
weathering, 4-196, 4-i97, 4-198, 4-199, 4-200

die-cast, 3“22, 4-32,4-197
die castings, 3-30,4-32
dust, metallic, as inhibiting primer, 3-38
electrodes, 2-2
fasteners, 4-25,4-30
and food storage, 4-201

forms, 4-194
galvanized, 4-200
hydroxide, 3-14
-iron alloy, 3-32
localized enrichment, 3-13
metallic, 3-33
molten, 3-32, 4-194
nickel plated, 3-31
oxide, as inhibiting primer, 3-38
phosphate-treated, 3-3,3-18,3-22
phosphate coating, 3-18
plate, converted by chromate treatment, 3-33
powder, 3-33
rolled, 4-194
sacrificial metallic coating, 3-32
solidified, 3-32
-steel couples, 4-194,4-196
sulfate, 3-14
with titanium, 4-166
wrought, 3-22

Zirconia, coatings, plasma-sprayed, 3-36
Zirconia-yttria, thermal barrier coat, 4-154
Zirconium, 4-43

in aluminum alloys, 4-35
with beryllium, 4-40
in ceramic thermal barrier coatings, 3-36
in columbium alloys, 4-54
dioxide coating for tungsten, 4-182,4-183
in magnesium alloy, 4-128
oxide, 4-32
plasma-sprayed, 3-36
in self-weathering steel, 3-19
temperature gradient mass transfer, 4-163
in titanium alloys, 4-164
in uranimum alloys, 4-184, 4-185, 4-194

Preparing activity:
ARIvIY-MR

(Project–MFFP-A-397)
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