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NASA experience has indicated a need for uniform criteria for the design of space
vehicles. Accordingly. criteria are being developed in the following areas of technology:

Environment
Structures

Guidance and Control
Chemical Propulsion

Individual compenents of this work will be issued as separate monographs as soon as
they are completed. A list of all previously issued monographs in this series can be
found at the end of this document. )

These monographs are to be regarded us puides to design and not as NASA
requirements, exeept as may be specified in formial profect specifications. it is
expected. hewever, that the criterin sections of these documents, revised as experience
may indicate 1o be desirable, eventuadly will become uniforra design reguirements for
NASA space vehicles.

This monograph was prepared under the cognizance of the Langiey Rescarch Ceater.
The Task Manager was W. C. Thoraton. The author was C. F. Tiffary of The Bocing
Company. A number of other individuals assisted in developing the material and
revicwing the drafts. In particulur, the significant confribotions made by C. P, Berry
and R. A. Rawe of MsDonnell Douglais  Corporation;  D. W. Hoeppner  of
Locklieed-Californin Company; R. L. Johnston of NASA Manned Spacecraft Center,
G. F. Kappeit of Bell Acrosystems Company; §. M. Krafft of the U. S. Naval Research
Laboratory; G. T. Smith of Lewis Research Center; H. G. McComb, Jr., of Langley
of Grunuman Aireraft Engineering Corporation; 1. C. Lewis of Jet Propulsion
Laboratory; G. T. Smith of Lewis Rescarch Center; H. G. McComb, Ir. of Langicy
Rescarch Center: and C. D. Crockett of NASA George C. Marshall Space Flight Center
are hereby acknowledged. '
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FRACTURE CONTROL OF
METALLIC PRESSURE VESSELS

1. INTRODUCTION

Pressure vessels often contain small flaws or defects that are inherent in the materials
or introduced during a fabrication process.
severe reduction in the load-carrying cap
vessels,

These defects can;, in many cases, cause
ability and the operational life of pressure
If the flaws are large in comparison to those causinf,y failure at the
proof-pressure stress levels, failure of the vessels will occur during initial pressurization.
If the initial flaws are small. the vessels may withst
cycles and a number of hours of sustaine

d-pressure loading before the flows grow to a
size that will

result in failure. From an economic standpoint
minimize the possibility of failure of space vehicle pres
From the standpoint of economics
mission or operational failures,

, it is important to
sure vessels during proof testing.

L= o

During the past several years there have been costly proof-test failures directly
“attributable to small, preexisting flaws. In one example, a laryge steel rocket motos case
failed at a stress less than 50 percent of the material yield strength. This failure
originated at a small internal flaw having a depth less than one fifth of the wnaterial

thickness. Other proof-test failures occurred in large propellant tanks and smalier
auxiliary tanks used in the Apollo program. '

Other failures have occurred after proof testing during the preflight checkout andfor -
storage of pressure vessels. One such failure occurred when a high-pressure helium tank,
used in a defensive missile system, rupturcd

after 21 hours of sustained pressurization.
This failure originated at

an inclusion in the parent metal. The initial flaw increased
approximately 50 percent in size during the time the tank was pressurized, and failure
resulted. Although this is an example of failure re:éulting from flaw growth under
sustained stress in a relatively inert environment, many more failures have occurred in
which the environment played the dominant role. A number of titanium pressure

vessels failed in N, 0O, and methano! environments, and high-strength steel vessels failed

in water environments, In these cases, the initial flaw sizes were often small (i.e., less

than 10 percent of the size required to cause failure) and could not have been detected

by nondestructive inspection. However, with the vessels at pressure for a time, the

and several operational pressure -

and personne! safety, it is imperative to prevent _
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environment induced significant amounts of stable flaw growth and the vessels
cventually failed. : ) %

The purpose of this monograph is to present criteria and recommend practices that aid
\ i in the design of metatlic prcssuré vessels by minimizing the oceurrence of proof-test
failurcs ‘resulting from cracks and assuring against preflight and flight failures. The
criteria and recommended practices permit wide latitude in the selection of materials
and operational stress levels, detail design, analysis, and test to allow minimization of
weight and/or cost as may be dictated by specific vehicle and mission requirements. T P
This monograph is applicable to metallic pressure vesscls whose design is primarily
.  controlled by internal pressure requirements. These vessels include high-pressure gas
" bottles, solid-probellant motor cascs, and storablé a’ﬁd"iiryogcnic liquid-propell=nt
: tanks — both integral and removable. Criteria and recommended practices for the
- ‘ design of pressurized cabins, inflatable structures, and vessels fabricated from
composite materials will be presented in other monographs planned for this series.

s

e A me e

To minimize proof test and prevcn't service failures of metallic pressure vessels, the
threc basic considerations are (1) the initial flaw sizes, (2) the critical flaw sizes (i.c.,
the sizes required to cause fracture at a given stress level), and (3) the subcritical
flaw-growth characteristics. To prevent proof-test failures, the actual initial flaw sizes
, ust be lese than the critical flaw sizes at the proof-stress level. To guarantee that the
vessel will not fail in service, it must be shown that the largest possible initial flaw in
' the vessel cannot grow to critical size during the required life span of the vessel. The
: bésip p:xrame{ers affecting critical flaw sizes are the applied stress levels, the material
_; ‘ - fractute toughner wvalues, the ’prcssurc-vessel wall thickness, and the location and
\ orientation of flaws. The determination of actual initial flaw sizes is limited by the
: capabilitiecs of the available nondestructive i‘nspcction procedures; however, this
limitation can often be partiaily circumvented by using information obtained from a
: successful proof test. A proof test in which the vessel docs not fail provides
. information on the maximum possible initial-to-critical stress-intensity ratio within the ;
' vessel which, in turn, allows the size of the maximum possible initial flaw to be

estimated. Subecritical flaw growth depends on several facters including the stress level,

initial flaw size, environment, muteml and pressure/t:m» hlstory of the parm‘ular‘
~ pressure vessel.

B R B GANE pElench  mh. nrt o ey
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Because many factors are involved, it is unlikely that the problem of premature
fracture of pressure vessels will be completely resolved in the immediate future. During
the past 1010 15 years, however, sighificant progress has been made in several different
o C . areas (i.e.; mechanics, metallurgy, inspection, etc.); accomplishments in the field of
' fracture mechanics have been particularly significant. Linear-elastic fracture mechanics T l
has provided a basic framework and enginecring language for describing the fracture of i
materials under static, cyclic, and sustained-stress loading, and is the basis for the
criteria and rccommcndcd practnces presented in this monogrdph BRI T
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The related problems of stress corrosion, fatigue, and discontinuitics in pressure-vessél

design will not be treated herein, but will be covered in otlier monographs now in
preparation. :

2. STATE OF THE ART

The problem of premature fracture of metalhc structures is not new (e. g the large
molasses tank failure in 1919, the methane storage tank failure in 1944, the 25-percent
failure rate of Liberty ships during World War II, and the Polaris motor case failures
during the 1950%). Even today there is a general lacl' of specific guides in industry and
government manuals, specifications, and codes for the control of fracture of metallic
pressure vessels. This results from the complexity and interdisciplinary nature of the
problem, the lengthy time required to develop and verify experimentally the technical

approaches, and the differing opinions on technical approach. The design of metallic
pressure vessels generally has been (and to some extent, is still) based on the fonowmg :

principles:

The gross stress levels at the 'prcof and operating conditions should be kept
below the yield strength of the material to prevent large-scale deformations.

2. The fracture strength will be greater than the yield strength ahd‘eqiml toor
greater than the minimum guaranteed ultimate tensile strength of the-
material,

3.  Local yielding may occur around discontinuities, but the overall structural
intcgrity will be maintained by load relicf and rcdistribution.

4. The factor of safety provides for uncertamhes in strcss analyszs fabrtcahon,

"~ and applmd loads, and allows for possible dugaddtxon in strength wnth
service life.
. 5

qualitative assessment of the uncertaintics associated with a specific design,
and the reliability requirements.

6. Sharp-edged flaws or defects will not be allowed and, if any occur, they will
be detected by nondestructive inspection and subsequently repaired.

Selection of factors of safety should be based pumarxly on expencnce a »

i e i T
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Although many apparently successful pressure vessels have been designed according to
the above principles, there have been many costly failures at gross stress levels well
below the yicld strength. In many of these cascs, local yiclding did not occur,
sharp-cdged flaws were missed by inspection, and the past expericnces used i in selection
of the factors of safety were not applicable.

Various approaches have been suggested for use in the contro! of premature fracture.
In refercnce I, E. T. Wessel and his coworkers compare and appraise a number of these
approaches, primarily on the basis of their applicability to enginecring design and
material evaluation. They classify the approaches into the two general categories of
transition temperature and stress analysis. The lack of an abrupt ductile-to-brittle
tro.asition in high-strength steel, aluminum, and titanium alloys combined with a lack
of quantitativeness eliminated the transition temperature approaches from

consideration. The various stress analysis approaches, based on either stress or strain

criteria of fracture, had .not been developed sufficiently, lacked quantitativeness, or

could not handle the fracture control problem with the desired degree of completeness..

It was concluded from this study that lincar-elastic fracturce mechanics was the

approach best suited to design application. The same concluwm was rmmt,d by other

investizators, both before and after the study

The primary limitation of linear-elastic fracture mechanics to date is that at stress levels
above the yield strengih of the m:iierial, fracture cannot be descrited by the critical
stress-intensity -parameter, Kj,, and subcritical flaw growth cannot be described as a
function of the crack-tip stress-intensity factor, Kj. From the standpoint’ of
application, this means that at stress levels above the yicld strength, critical flaw size
and subcritical flaw-growth data must be obtained empirically over a range of flaw sizcs‘
for the specific material and thickness of intercst. Also, from the standpoint of fracture
testing, it means that extremely thick test specimens are required to cause fracture
prior to general yiclding and thus obtain Ky vallies for materials with a high fracture

resistance (refs. 2 and 3). Another limitation is the relatively small quantity of fracture

toughness and subcritical flaw-growth data that is generally available,' ;

A less 1mportant limitation of fracturc mcchamcs is that stross~mtemxty solutlom to
describe accurately the functional relations ship between flaw size and stress level for
various flaw shapes and boundary stress conditions, are still under development. Upon
completion, these solutions should improve the accuracy of critical flaw-size estimates
and pressure-vessel life predictions. However, at the present state of development,
fracture specimen test data and fracturc mechanics analysis can be used to predict
critical flaw sizes and failure modcs, to estimate mini:aum structural life, to establish
proof-test factors and proof-testing procedures, to provide a basis for establishing
nondestructive inspection flaw acceptance limits, to compare candidate materials, to
assist in basic alloy developmeht, to perform failure analyses, and finally (and perhaps
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most importantly), to provide a framework for understanding the interrclationships
between the various factors that affect the flightworthiness and weight of metallic
pressure vessels. :

| 2.1 Critical Flaw Sizes

(%3

Flaw types that often go undetected in metallic pressure vessels are the surface and : i
embedded flaws. The flaw size required to causc fractiire at a given applied stress level '
- is called the critical size. If the vessel contains an initial flaw which exceeds the critical A
size at the proof-stress level, catastrophic failure can be expected during proof testing. : ;
' Failure during service operation will occur when the initial flaw is less than the critical
size at the proof-stress level, but grows with service usage until it reaches the critical .
size at thc operating stress level. Pressure vessel leakage occurs when an initial flaw o b '
grows through the thickness of the vessel wall prior to reaching critical size. :

In clastic stress fields, the critical sizes for surface and internal flaws depend on the
planc-strain critical stress-intensity or fracture toughness values (K1¢) of the vessel
materials, and the applied stress levels. If the critical flaw sizes are small with respect to
the wall thickness of the pressure vessel, the vessel is termed “thick walled.” If the
critical s1zes approach or excéed the wall thickness, the vessel is termed “thin walled.”

. The critical flaw sizes for-surface flaws in uniformiy stressed thick-walled vessels can be
calculated using the following expression:

ll JK]C ) M : ‘
1217 o ' .

@/Q)y =

For small internal flaws the same. expression can be used except the 1.21 codﬁcunt is o
decreased to unity. . ‘ , Y

i Flg,urc 1 shows the relationship between the fluw-shape parameter, Q, and the ﬂaw
depth-to-length ratio; figure 2 is a graphical representation of Lqu(mon (1.

To predict critical flaw sizes (as well as failure modes and ope'mtionul life) of ’ ;

; thin-walled pressurc vessels, it is nccessary to know the stress intensity for flaws that - \ f
S become very decp with respect to the wall thickness. The stress-intensity solution =~ 7 7 7 e
3 shown in equation (1) for the semielliptical surface flaw was derived by Irwin (ref. 4) ' ' e
( and was found to be reasonably accurate for flaw depths up to about 50 percent of the ' L
material -thickness. At greater depths, the applied stress intensity is magnified by the
. ' effect of the free surface near the flaw tip. This means that in thin-walled vessels, the
‘ flaw-tip stress intensity can attain the critical value (ie., the Kjg value) at a flaw size
significantly sma'er than that which would be predicted using equation (1).

g~
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Kobayashi and Smith developed approximate sotutions for deep surface flaws that are
very tong with respect to their depth (i.e., small a/2¢ values) and for semicircular
surface flaws (i.c., a/2¢ = 0.5), respectively (refs. S and 6). Results of their solutions
are shown in terms of a stress-intensity magnification factor, My, versus a/t in figure 3,
Reference 7 shows an estimate made by NASA/MSC of how My varies as a function of
a/2¢ between values of'n/2c of 0 and 0.5. The M. factor is applied to the original Irwin
cquation to obtain the stress intensity for deep surface flaws. The maghnification
rcaches & maximum value of less than 10 percent for semicircular flaws, whereas there
is an increasc of about 60 percent for flaws having smaller values of a/2c.

Experimentil data obtained on sqvcr'zll materials with varying flaw sizes and flaw shapes
appear to provide a fair degree of substantiation of the available approximate solutions
(ref. 8). An exact numerical solution for deep, semiclliptical, surface flaws with varying
values of af2c is under development, and additional experimental investigations are
being performed. '

To illustrate the effcct of the deep-flaw stress-intensity magnification on predicted
critical flaw sizes, it is convenient to assume that the vessel contains flaws which are
long with respect to their depth. When the flaw-shape parameter, Q, is approximately
equal to unity (i.c., for long flaws), the flaw size can be described in terms of the flaw
depth, a. A predicted critical flaw-size curve (obtained using Kobayashi’s My curve) for -

20
p'4
= 1.8
§ 1,
& K = LIM [Tolaa) %
S . . _

. '; -
§ 1.6 - /’i ‘
% s
g e
E ) . -

Z 14 i Kobayashi‘s solution //
g for small 8/2¢ vatues V4
g (010, =0.40) \
i
g
s 1.2 - )
v Smith’s solution -
for a/2c = 0.50 \
// ‘_____..-J" -
1.0 =

o 0.2 0.4 06 0.8 ’ 1.0
’ ’ Flaw-depth-to-wall thickness ratio, a/t

- Figure 3. — Stress-intensity magnification factors for deep surface flaws.
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a typical tank material and wall thickness is shown in figure 4. Also shown for
comparison is the critical flaw-size curve for the same material in a thick-walled vessel.
The curve for the thin-walled vessel is characterized by a significant reduction in failing
stress at a given flaw size as compared to that for the thick-walled vessel. The life and -
potential failure modes of these thin-walled vessels are schematically illustrated in
figure 5. The failure mode for thin-walled vessels can be complete fracture if the
critical flaw depth is less than the wall thickness at the operating stress level (figure
5A). Figure 5B illustrates the case where the critical flaw depth is greater than the wall
thickness at thc operating stress level and the resulting failure mode is leakage.

From equation (1) it is apparent that to predict the critical sizes for surface and
internal flaws it is necessary to know the pla=2-strain fracture toughness (F lc) values
for the vessel materials (i.e., parent metal, welds, etc.). In heavy-gage, high-strength
materials or in thin-gage materials that are relatively brittle, it is generally a
straightforward task to obtain K| values from laboratory tests. Several types of test
specimens are uscd to measure Kjcvalues. These include fatigue-cracked bend
specimens, surface-flawed specimens, crack-line loaded specimens, center-cracked and
edge-cracked sheet specimens, and fatigue-cracked round notched-bar ‘specimens.
Testing requirements, limitations, advantages, and disadvantages of these various types
of test specimens are discussed in considerable detail in references 2 and 3.

T T 1T ]

70
; \ e/2c¢ is small
i : L MN
1 Ko = 37 ksi, fin, {1ksi,fin, = 1.099 —5 /m)
; 60 . I ‘ Y v
50 \
\, Thinwalled tenk

1

§ \/(K,c = 11 Mg \/?r'OaA)
' 40 .

y
. . / \ o S /Thick-waﬂed tank = .

- \\i\ A = fFeat
30 :

A e

Applied stress, 0, ksi {or 6,895 MN/m?}

{ ] : ‘“—:-Nveu..,,. e

20 /T;;nk wall thickness

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 ‘0.9

F ls.vv depth, a, in. {or 0.02'34m)

Figure 4. — Critical flaw-size curves at L02 temparatue for 2219 T87 aEummum
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For predicting critical flaw sizes in acrospace pressure vesscls, the surface-flawed

specimen has probably been the most widely used. However, the fatigue-cracked bend
specimen has the distinct advantage of being the only test specimen for which a
detailed proposcd recommended practice has been published by the American Society
for Testing Materials (ref. 9).

In thin-gaged matmals with modcratc-to—]ugh toughness, as"well as al! othet situations

-where the fracture stréss levels exceed the yield strength, it is necessary to obtain

critical flaw-size data empirically. This was gencrally accomplished by testing a series of
surface-flawed spccimcns' with thickness equal to the pressure-vessel wall thickness and
liaving various initial flaw sizes. Examples of such specimen tests are included in
references 10 and 11. Also, an example of such test data is shown in figure 6. These
data were obtained from reference 12.

2.2 Initia! Fiaw Size

To prevent failure, either the actual initial flaw sizes or the maximum possible initial .

flaw sizes (or initial stress-intensity factors) of pressure vessels must be known,
Nondestructive inspection is the only means of determining actual initial flaw sizes. A
successful proof test can provide a measure of the maximum possible initial-to-critical

stress-intensity ratio, and in turn allows the maximum possible initizl flaw sizc to be

Lstimated.

2.2.1 Nondestructive Inspection

The more common inspection techniques for inspection of acrospace pressure vessels
arc radiographic, ultrasonic, penctrant, and magnetic! particle. Other techniques

investigated for potential production usage include eddy current and infrared (ref. 13).-

Several .studies have been performed during the past several years to evaluate the
capabilitics of thesc various techniques to detect the different types of flaws found in
pressure vessels (refs. 13 and 14). Results of these studies, combined w1th actual
pressure-vessel mspectnon experience, lead to the followmg g,,eneral conclusions:

1.  With the use of niultiple inspection systems (e.g., X;ray, ultrasound, and

pcnetrant) most surface and internal flaws encountered in pressure vessels

can be, and generally arc, detected. However, it is unsafe to assume that all

-potentially dangerous flaws will be found at all times (e.g., tight cracks are
particularly difficult to detect).

2. The lower limits of inspection detection capability (i.e., the largest initial
flaw sizes which can escape detection) car.not be confidently established.
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3. The inspection procedures commonly used do not provide the precise
measure of initial flaw sizes (i.e., length and depth) necessary for usc in a
- fracture mechanics analysis.

4. Regardless of the limitations of the techniques, there is no practical

alternative but to rely on nondestructive mspcctlon to prevent prooftcst
faitures of most high-strength pressure vessels.

2.\2.2 Proof Test

For many years, it was normal practice to perform proof-pressure tests on pressure
vessels; these tests, in effect, have served at least as one of the final inspections prior to
service usage of the vessels. However, prior to about 1960, very little was understood
regarding the determination of proof-test factors and proof-test procedures to
minimize potential damaging effects of the test, yet ensurc adequate subsequent service
performance. During the past ten years, it has become apparent from the results of
fracture mechanics studies and acrospace pressurc-vessel experience that a properly
designed and successfully executed proof-pressure test is probably the most reliable
nondestructive inspection technique available for insuring that there are no initial flaws
of sufficient size to cause failure unider cperating conditions.

It was originally pointed out in 1rf‘.enc0 15 and illustrated in figure 2 of this
document, that a successful proof test to a pressure of a times the maximum operating
pressure indicates that the.maximum possible Kj/Kpe at the maximum operating
pressure is equal to 1/a and that this value could be used with subcritical flaw-growth
data to estimate the minimum life of the pressure vessel. Additionally, it is generallv
true that the validity of the minimum lifc predictions do not depend upon accurate
values of either the actual applied stress levels or the fracture toug_mess (Xfe), both of

which vary throughout a given vessel. However, it should be noted that to estimate the -

maximum possible initial flaw sizes in any specific area of the vessel, 1t is necessary to
know the accurate applied stress levels and the Ky values.

From the standpoint of initial design, the minimum required proof-test factor for a
pressure vessel is @ = 1 + allowable Kjj/K|. The allowable value of K;/Kj. depends on

the required service life of the vessel and the suberitical flaw-growth characteristics of

the vesse! materials and, ideally, should be a statistically meaningful valuc obtained
from laboratory test data.

Since the introduction of the proof-test concept, based on fracture mechanics, concern
has been expressed about possible damaging effects of the proof test; there has been
speculation that the test could causc the opcerational failure of a vessel that might have
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performed satisfactorily had a proof test not been performed. Subcritical flaw growth
can, and often doces, oceur in relatively incrt environments. Therefore, it is likely that
during the time required to perform a proof test, initial flaws or defects in the vessel
that arc evident can increase in size or possibly flaws which were not evident could be
opened up. In fact, if the proof test is not properly designeu (c.g., ifais < 1 =
allowable K'“/KI'c depressurization rates are too slow, or the test is conducted with an
aggressive test fluid), the flaw growth occurring during the test could be eufﬂcnent to
cause an operational failure.

During the past several yeafs there have been numerous questions about the value of
the proof test with regard to the effects of applied stress levels and pressure-vessel wall
thickness, sclection of the test temperature, test fluids, pressurization  and
depressurization rates, time at maximum pressure, multiple proof-test cycles, the need
for postproof inspection, and the nced to simulate setvice loads other than internal
pressurc. At present, there does not appear to be unanimity of opinion throughout
industry on the effects of these jtems. However, based on the premise that most
pressure-vessel failures result from the existence and growth of flaws, several
observations and analyses can and have been made. These are summarized in the
following paragraphs.

2.2.2.1 Effect of Applied Stress Levels

To prevent genéral yielding during proof testing, pressure-vesscl membrane stresses are
normally limited to a value equal to or less than the yicld strength of the material.
However, in practice, local stress levels often exceed the yield strength as a result of
design or nnmuﬂu,turmﬂ discontinuitics and/or residual stresses. Also, in some casecs
(c.g., cryoformed stainless steel vessels), the entire vesscl may be purposely subjected
to stress lwcls well above the ylcld strength.

As shown in figure 2, when the appﬁcd stress approaches and excééds the yield
strength of the material, the critical flavw-size curve deviates from the theoretical curve
based on a constant K| so that critical flaw sizes are smaller than those predicted by

lincar-elastic fracture mechanics. If the applied stresses in a pressurc vessel at proof

pressure exceed the yield strength, and if the vessel passes the proof test, the maximum

possible Kyj/Kje proven by the test is smaller than 1/a. The minimum operational life

of the vessel then should exceed the required life, which was used to determine a
originally. A potentially beneficial effect of high proof-stress levels is that flaws may
tend to be blunted and, as a result, the subcritical flaw growth during operational use
of the _v‘cssel' could be retarded. An apparcnt disadvantage is that at high proof-stress
levels the critical flaw sizes may be very small compared to those that can nornially be
detected; thus the proo_f-fcst failurc rate may be quite high.
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2.2.2.2 Effect of Wall Thickness

It has been shown by analysis that regardless of the prcssurc—ircssel wall thickness, the
required minimum proof-test factor a is 1 + allowable Ky;/Kic. However, the value of
the proof test in providing assurance against service failure changes with decreasing wall
thickness andfor increasing fracture toughness, K|, the same as occurs with the

predicted pressure-vessel failure mode. This is dlscusch in more detail in reference 16

and illustrated in figure 7.

2223 Effect of Proof-Test Temperature

If the proof test is pcrformed at a different tgmpcrature than service or)cratmgj

temperature, the required minimum proof-test factor a is as follows:

1
" Allowable Kli/ch at operating temperature

K| at proof-test temperature

X == -
Kj. at operating temperat_ure

The advantages of testing at a temperature where the value of K. is lower than it is at
the operational temperature are as follows: (1) a lower proof-test factor can be used to
guarantee the same operational life as gueranteed by the corresponding higher
proof-test factor at the operational temperature, and (2) a larger operational life can be
assured by using the same proof-test factor as the one at operational temperature. The
disadvantage is the need to know accurately how K| varies with temperature for all of
the materials in the vessel as well as the statistical variation in Kje for each material.
Also possible increased risk of proof-test failures is associated with the second case.

.2 2 24 Effcct of Teot Hmds

During the late 1950°s it became apparent that the test ﬂuzd was often a major factor
contributing to the many proof-test failures that were being expencnucd. At that time
considerable emphasis was placed on the use of high-strength stecl alioys in

- solid-propellant motor cases, and it was common practice to perform tihe proof test

using watcr as the test fluid. Onc of the first systematic studics on the detrimental
cffects of water on high-strength steel motor cases was performed by Shank er al. (ref.

17). In this study it was shown that by the mechanism of hydrogen crackihg, the watér

was promoting slow flaw growth that eventually resulted in failure of the motor cascs.
With the usc of oil as the proof-test fluid, the problemn was overcome. Similar resultq
were obtained by researchers in other studles
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As the heat treat strength levels of steel alloys are reduced, they see:n to become less
and less susceptible to water-induced flaw growth [e.g., water is often used as a
proof-test fluid for stect alloys having a yield stréngth below about 180 to 200 ksi
(1 ksi = 6.895 MN/m?)]. Corrosion inhibitors, such as sodium dichromate, are often

used in the water; distilled water is sometimes used; and some pressure-vesscl

fabricators use demineralized water. While these measures may be quite effective in
inhibiting general pitting corrosion, there appears to be little or no evidence that they
will inhibit flaw growth under sustained stressif a flaw is present.

“The selection of the proper proof-test fluid is an important consideration for all alloys.
“With precracked tensile specimens tested under sustained stress in the intended test

fluid, it is possible to obtain a measure of the adequacy of thc fluid "or use in thc proof
test. (Sce sections 2.3 and 4,) R

2.2.25 Effect of Test Duration and Pressurizaticn/Depréssurization Rate -

If the vessel is pressurized slo\vly or if thk, proof pressure is sustalncd for a long period
of time, the probability of a proef-test failure is increased because of possible slow flaw
growth. However, after a successful test it can still be said that the maximum possible
K1i/Kjc at the operating. pressure is equal to 1/a. On the other hand, if the vessel is
depressurized slowly so that the flaw that was just smaller than the critical size at the
proof-stress level continues 1o grow, the maximum possible K1i/Kjc after the test will

be greater than 1/a. In fact, it appears that if the rate of increase in stress intensity -

causad by flaw growth is greater than the rate of decrease in stress intensity caused by
reduction in stress, the vessel could even fail during depressurization. :

The amount of flaw growth that will occur during depressurization depends upon the
actual Kjyj/Kj. ratio (or initial flaw size) at the start of depressurization, the
depressurization rate, and the flaw-growth characteristics of the vessel materials under

~sustaned stress in the proof-test fluid. If it is assumed that the Kjpj/Kp. ratio

approaches umfy (i.e., the vessel is ]uqt about to fail) at the start of depressurization,

and if sustained-stress flaw growtli-rate data for the material in the test fluid are
available, it is possible to determine the maximum possible Ky;/Kj, at the start of the

vessel’s operational life as a function of ¢eprescurization time. This has becn done for
some qmcxﬂc material and test fluid combinations in reference 7. ‘

2.2.2.6 Effect of Multiple Proof Tests

In general, it appears that very little can be gained by perforniing multiple-cycle p.roof

. tests. Even after the last cycle, all that can be said is that the maximum possible
‘K;,/K[C 1 ’a and 'h it the cycles pcrfo:mcrl after the flrst cyclc could have done some L
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ncedless damage to the vessel because of cyclic flaw growth. However, special
circumstances occasionally dictate the need, or make it desirable, to conduct more
than one proof test. Thc majorlty of the vussals used in the Apollo prog,mm use a
‘ single-cycle proof test.

2.2.2.7 Need for Postproof-Test Inspection

Current practice in industfy regarding inspection after proof testing is divided, and

- o there have been arguments made both for and against this inspection. There is general
’ " agreement that postproof-test nondestructive inspection can in some cases detect fliws . 5 o
which werc previously missed (perhaps because the flaws were too tight) and detect o : ;

; ~ flaw enlargement that may have occurred as a result of the proof test. Also, inspection ' ‘
‘ after proof test can potentially point to areas of the vessel requiring process or design .
improvement. Considering this to be the case, the postproof inspection of at least the , _ 3-[
initial vessels fabricated from a new design appears desirable. L :

However, the discovery of flaws foliowing a proof test can create a dilemma concerning
the action required. If the flaws are repaired, another proof-test and postproof-test
inspection are gencrally required. This cycle could conceivably be repcated several
; times before the vessel is (or appears to be) free of flaws. Furthermore, it is argued
(and many times correctly so) that the multiple repairs can be more detrimental than
the original flaws.

e e

From the standpoint of fracture mechanics, there seems to be no particular need for
postproof-test inspection if the proof test is properly designed and successfuliy
. executed. Any flaws that may be present after the test should not be of sufficient size -
‘ to cause operational failure of the pressure vessel.

rr et

¥ Based on pressure-vessel experience, there appears to be no strong arguments either for _ ) g'
or against postproof-test inspection. Because the inspection in itself is not harmful, .

there is no reason to say that it should not be performed. However, it does appear that e
caution should be exercised to avoid over repair and reproof. _ : o d

RS

) i 2.2.2.8 Need for Combined-Load Proof Tests

. , In most proof tests of pressure vessels, internal pressure is the only applied load. ' ,

However, in some cases, vessels are critical for internal pressure combined with flight - . [

_ loads, and it is not possible to represent the operational stress levels in the vessel by

- intefnal pressure alone. In such cases, it generally appears desirable to include

provisions in the test sctup to apply rcpresentative flight loads combined thh
internal pressure. 'Ihh has been done for some aerospace pres ure vessa:ls ‘
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2.3 Subcritical Fiaw Growth

Subcritical flaw grow'th can occur as a result of cyclic loading, sustained-stress loading,

and combined sustained-stress and cyclic loading. When the sustained-stress flaw

growth is environmentally induced, it is often termed stress corrosion; combined cycuc
and sustained-stress growth is called corrosion fatigue when environmentally induced.
Because of the potentially high rates of flaw growth, the problems of sustained-stress
and combined cyclic and sustained-stress flaw growth are particularly important in the
design of acrospace pressure vessels.

Data from fracture specimen tests can be used in a fracture mechanics analysis to
predict the number of cycles or the time the vessel mustbe under sustained pressure
for an initial flaw to grow to critical size. It has been shown (refs. 19 to 23) that for a

given environment and cyclic loading profile, the time or cycles to failure depends’
“primarily upon the magnitude of the initial stress intensity, Kjj, @s compared to the
critical stress intensity, Kjc lie., cycles or time to failure = fKy;/Kyc)). This is

particularly significant, because, as pointed out in the previous scction, the proof test
provides 2 measure of the maximum possible K;/Kj,. in the vessel.

During the past several years, cyclic and svstained-stress flaw-growth data have been
obtained for a large number of different pressure vessel materials in a wide variety of
environments. Although there are several methods of graphically presenting such data,
probably the simplcst and most useful arc plots of Ky;/Ky. versus cycles to failure and
K[i/K]c versus time to failure. Figure 8 shows typical Kp;/Kj. versus cycle data for

1.0 proemromrreey
N Sest-fit least-
T 5 ~ed®
\\E"N 3 square curve
038 P
: Legend
L o ‘ . )
€ 6 @ O =126ksi T v <
g | | @ 0, =110ksi -96% probabitity ,
- o o = 105 ksi ! 99% confidence
! 0.4 L] max )
(] Opnax = 96 ksi
= Thickness = 0.1 in. A
: 2 . Environment = room temperature air
02 . A1 ksi=6.895 MN/m®} : R=010 . . - e 1
(1t in, =0.0254 m) Yield strength = 160 ksi
ol L 111 | [ T ITT 17
1 10 100 1000 .. %0000

Cycles to fracture

. Figure 8. ~ Cyclic flaw-growth data for heat-t;éaged AGA1~4F\{ titaniuﬁ. a
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6Al-4V titanium at room temperature. Both the best-fit curve and the 96-percent

probability and 99-percent confidence-level curve are shown. Figure 9 shows K1i/Kic
versus  time data for 6Al4V  titanium in two different liquid . environments.

Experimental procedures used to obtain such cyclic and sustained-stress flaw-growth
data are described in several references including references 18 to 23. ,

Several different -types of test specimens . have been used -to obtain subcritical
flaw-growth data. These include round notched bars, surface-flawed specimens,
center-cracked panels, single-edge notched specimens, crack-line loaded specimens, and
notched-bend specimens. Of major interest to the pressure-vessel designer is the growth
of flaws under plane-strain conditions. Specimens containing through-cracks must be
relatively thick, for most materials, to develop planc-stsain conditions at the tip of the
crack. This requircment has restricted the use of such specimens for the thin-walled
pressure-vessel life prediction problem. On the othet hand, such spccimens have the
advantage of pumlttuu. the observation and measurement of crack growth during the
course of the test. Acquisition of these data has not bcen limited to any one type of

specimen; however, the majority of the data on acrospace prcssure vessel materials haq '

been obtained with the surface-flawed specimen.

2.3.1 Sustainad-Stress Flaw Growth ‘ ' !

The most important characteristic observed in all sustained-stress flaw-growth

-experiments performed to date is the existence of a threshold stress-intensity level tor a

given material in a given environment. The observation has been that below a given

1.00
\ " |
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5 070 Y
: T
2 0.60 i itanium 4
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Figure 9. — Sustained-load flaw-growth data.
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value of stress intensity, or K“/'ch ratio, flaw growth has not beren detected; above
this value, growth does occur and can result in fracture. This stress intensity has been
designated as KTy and is shown in figure 9.

The discovery of a unique K-y for a given material and environment is the key to the
design of safe pressurc vessels subjected to sustained loading. While Ky can be 80
percent of ch' or higher, in relatively incrt env1ronmcnt< hostile media can reduce its
value to less than one-half of Kjc (fig. 9). In general, it has been found that Ky values
decrease with increasing yield strength in steel alloys (refs. 24 and 25). Also, there is.
considerable evidence indicating that sustained-load flaw growth is most severe under-
conditions of plane strain (ref. 26). Reference 27 shows that Kpy values, determined
from tests of through-the-thickness cracked spccnnens increase with decrease in
specimen thickness.

(Y

Studies of flaw growth and stress intensity for materials in aggressive emnronments

. (refs. 25 to 31) indicate an ever increasing flaw-growth rate with mcrca%mg stress
intensity; however, as shown in reference 7, the growth rate muy be relatively constant
over an appreciable range of stress infensities. In tests for K, wide scatter is often
encountered in the data. Also encounterad are abnormally short times to failure and
very marked dependence on environmental characteristics (media and tempr*mwru)
Even minor changes in the chemical compasition of the environment can significantly
affect the KTH value (refs. 21 and 22). '

In chemically inert environments, the crack growth rate initially decreases with
increasing stress intensity. If the initial-stress intensity is sufficiently low, the crack
may halt. At higher stress intensities, the crack growth rate passes through a minimun
‘value and then increases steadily until the crack becomes unstable. This ﬂaw-growth
behavior is reported by Johnson (ref. 24) for AM 350 steel in a purified argon
environment,

This behavior is also noted in refercnce 20, where two threshold stress intensities were

defined for 5 Al-2.5 Sr (ELI) titanium and 2219-T87 aluminum in the environments

of room air, liquid nitrogen, and liquid hydrogen. One threshold stress intensity was’

defincd as that value above which flaw growth to failure could be expected, and the

other as the value below which there is no flaw growth. In between these two

threshold stress intensities, small amounts of flaw growth can occur; however, the
' growth apparently arrests after a short time at load.

From these remarks, it is apparent that the service conditions must be carefully
simulated when developing Ky data for pressure vessel design. Some examplo of
expcrlmcntally determined KTH/KXL ratios are shown in table L.

20
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TABLE I. - TYPICAL THRESHOLD STRESS-INTENSITY DATA FOR
VARIOUS MATERIAL/ENVIRONMENT COMBINATIONS

"

. " Temp., Oys, Fluid ‘fﬂ
Material OF a ksi © environment Kie Ref. i
6A1-4V (STA) RTC 160 Methanol 0.24 o 21 f
titanium torging RT 160 Freon M.F. 0.58 .21 !
RT 160 N4 (.30 % NO) 074 22 :
RT 160 N, 04 (.60 7% NO) 0.83 22
RT 160 . H30 + sodium 0.82 21
chromate
RT 160 " 1,0 0.86 21
RT 160 . Helium, air, 0.90 21
. orGOX
RT 160 Acrozine 50 0.82 21
90 160 N, 04 (.30 % NO) 0.71 22 i
90 160 - NaO4 (.60 5 NO) 0.75 22 D
105 160 Monomethyl- - 0.75 21 ;
hydrazine ]
110 160 Aerozine 50 0.75 21 .
]
6Al-4V titanium RT 126 Methanol 0.28 21 ;
weldments (heut- RT 126 Freon MLF. 0.40 21 i
affected zones) RT 126 H,0 0.83 21 i
RT 126 H,0 + sodium 0.82 21 g
chroiaate ' )
5A1-25 Sn (ELD) =320 180 LN; (0 <pro- >0.90 20
titanium plate poriional .
limit) T
-320 180 LN; (0> pro- 0.82 20 !
: portional
fir:it) : _
-423 210 LH, >0.90 20 ‘i‘
2219-T87 aluminum RT 58 Air 0.904 20 .
plate -320 66 LN 0824 20 .
4N 72 LH, >o08s 4 | 20 P
4330 steel RT 205 Water 0.24 © 24 :
4340 steel RT - >>.200 Sult water <0.20 32 ;
GTA welds: ) - i :
18Ni (200) RT 200 Salt water >0.70 “33 {
steel . spray . ' i
18Nj 1250) RT 235 Salt water >0.70 33 L
steel . . spray ’ iy
12Ni-5Cr- RT 170 Salt water . >0.70 33 P
3 Mo stecl spray L
9INi-4Co- RT 170 Salt water >0.70 33
2.5C steet spray
< Inconel 718 RT 165 Gascous <0.25 34 .
T - hydrogen at o : B
5000 psig

4 %K = (5/9)CF + 459.67).

b ks = 6.895 MN/m?.

€ Room {emperature,

4 No failure Ky, some growth observed at lower values (1ef. 10).
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Probably the most convincing evidence that the stress-intensity factor, K, is the
controlling mechanical parameter in sustaincd-stress flaw growth are the strong
corrclations obtained between various types of fracture test specimens and between
test specimens and actual pressure vessels.

Beachem and Brown (ref. 35) explored this consistency using three different test
specimen types:

1.  The center-cracked plate.
2. The surface-flawed plate.

3. The precracked cantilever beam.,

Using 4340 steel in a dilute NaCl solution, the same Kypg value was obtained for all
threc types of test specimens. The work of Smith, Piper, and Downey (ref. 28)
provides additional evidence. They used center-cracked specimens to determine the
threshold stiess intensify for crack initiation with end loading, and crack arrest with
wedge-force loading. For Ti-8A1-1Mo-1V alloy in 3} percent salt solution, the
threshoid stress intensity for crack initiation was 20 to 25 ksi/in.

(! ksiv/in. = 1. OQOM""\/ ) and for crack arrest 20 to 22 ksiy/in. For end-loaded

test spcmmem Lnder constant load, both the stress-intensity factor and net section
stress increase with increasing crack length; with wedge-force loading, the net section
stresses increase whereas the stress intensity decreases with increasing crack length. The
excellent agreement between initiation and arrest values of Kpyy clearly shows that it is
the stressintensity parameter and not net scction stress that is the controlling
parameter in sustaincd-stress crack growth. Correlations between sustained-stress flaw
growth in surface-flawed fracture test specimens and pres‘;ure vessels subjc,cted to
smmmed prﬂsmmatxon are shown in refcr-*noes 10 20 and 34

In addition to comparisons of laboratory test specimen data to pressure-vessel data,
thcre have been several instances where data from sustamed stress fracture test

specimens and. fracture-mechanics analyses have been used to describe conditions

leading up to service failures and to arrive at corrective actions. Examples of service
failure analyses include: a 4330-steel hydraulic actuator that failed-in a water
environment as shown in referenccs 2 and 32; titanium pressure-vessel failures in an
N, O, prope Ilant environment shown in reference 36; and titanium pressurc-vess«*l
failures in a methanol environment shown in reference 21. -
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2.3.2 Combined Cyclic and Sustained-Stress Flaw Growth

The use of K“/ch versus cycle data to prcdiét the life of thick-walled pressure vessels
was first reported in the literature in reference 15. It indicated that if the maximum
possible Kli/KIc in the vessel were kinown (i.e., from a successful proof test), the
ordinate of a Kli/ch versus cycles plot, such as that shown in figure 8, could be
entered at the appropriate value of Kli/ch and the predicted minimum number of
cycles to fracture read from the abscissa. Experimental substantiation of this approach,
based on tests of actual preflawed pressure vessels, was subsequently presented in
references 10, 18, and 19, However, this approach waus based on the assumption that
the pressure vessel was cycled at a speed comparable to that used in generating the test
specimen data or that cyclic speed war not important. In reference 2, it was
hypothesized that for values of initial-stress intensity (Ky;) below the sustained-stress,
threshold-stress intensity value (KT, cyclic speed (or hold time at maximum load)
probably would not affect the cyclic growth rate of flaws; but for values of K; above
KTy, it could have a significant effect. In other words, the minimum cyclic life was
limited by the number of cycles required to increase the value of Ky; to the Ky value,
and above the Ky level, failure could occur in one additional cycle if the hold time

was sufficiently long. On a curve of Kyj/Ky¢ versus log cycles to fracture, this eyclic life

is represented by the difference between the number of cycles at the ordxmtcs of
Kyi/Kye and Kp/Kje.

To date there are limited experimental data to substantiate this hypothesis. These data
were developed for 2219-T87 aluminum and 5A1-2.58n(ELI) titanium in the refatively
inert environment of liquid nitrogen and are shown in reference 20. When materials are

subjected to more aggressive environments (i.e., those resulting in low KTH/KIC values)

there is considerable doubt regarding the genera! validity of the hypothesis. There are
some data on 8AMMo-IV titanium in a salt-water environment that indicate cyclic
frequency has no significant effcct on flaw-growth rate at stress-intensity levels below
K1H. These data are shown in reference 37. On the other hand, recent investigations
by Barsom (ref. 38) and Wei (ref. 37) have shown that for some material-environment
combinations, both the environment and the cyclic frequency can affect the
flaw-growth rates at values of strcss—intensity'below K- For example, Barsom has
shown that, for 12Ni steel in a sali water environment, cyclic growth rates of flaws are
higher than in a dry environment and progressively increase with decreasing cyclic
frequency (i.e., from 10 Hz to 0.1 Hz) at stress-intensity (Kinax) levels less than K1y,
A complete explanatlon of this type of behavior has not been obtained; however, it is
apparent that additional research on environmentally enhanced fatigue growth (i.e.,
corrosion fatigue) is required.
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If it is necessary to use materials having low-threshold, stress-intensity values (less than _'
70- to 80-percent Kj.) 'in the expected operating environment, it appears that the
effect of environment and cyclic frequency on cyclic growth rates of flaws should be
determined and the appropriate rates used to estimate the life of tne pressure vessel. As
previously mentioned, the minimum atlowable cyclic life is limited to the number of
cycles required to incrcase the vatue of the initial stress intensity Kpj to the Ky value.

“The technique for using data on Ki/Kjc versus cycles to fracture to estimate
prcssmire—vcsscl lifc also depends on pressure-vessel wall thickness. For thick-walled ’
vessels, the K[/K| curves can be used directly, as previously indicated. For thin-walled
vessels, the task is somewhat more complicated. When the depth of a surface flaw
becomes large with respect to the wall thickness of the vessel, the stress intensity is
higher than that predicted by the original Irwin surface-flaw eq'uation (ref. 4),and as a
result, the subcritical flaw-growth rates will be highcr and the total vessel life shorter
than that obtained from Kpj/K curves of the type shown in figure 8. (It should be
noted that shallow surface-flaw test specimens were used in generating the basic
K1i/K[c data) The increase in stress intensity for long surface flaws and for .
semicircular surface flaws, which become deep with respect to the vessel’'s wall
thickness, has been approximated by Kobayashi and Smith, respectively (Sec. 2.1). As
indicated in reference 8 and shown in the ex:zm'ple in Appendix B, for thin-walied
vessels, it is necessary Ato use flaw growth-ratc data and to account for the
stress-intensity magnification of decp flaws when making estimates of vessel life.
Curves of flaw-growth rate can be obtained by differentiating the curves of Kyi/Kye
versus cycle. For a given vessel design, the flaw growth-rate curves can then be
arithmetically integrated 'using the Kobayashi approximation to account for the
increase in stress intensity as the flaw approaches the free surface of the pressure-vessel
wall. A relatively simple procedure is shown in reference 8. Like (ltick—\vqlied vessels
subjected to .long hold tinmes at maximum pressure, the cyclic life of thin-walled vessels. -
is the number of cycles required to increase the stress intensity from some known or
maximum possible initial value to the threshold value for sustained stress flaw growth.

“In the analysis of thin-walled vessels, if it is found that the flaw gets very deep (ie., - -

approximately one plastic zone size from the back surface of the vessel wall) prior to
attaining the threshold-stress intensity, it appears wise to experimentally determine
cyclic flaw-growth rates with preflawed test specimens having the same thickness as the

- .. actual vessel wall. The plane-strain plastic zone size can be approximated by -

a (K
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Recent studies (ref. 39) have shown that in this situation the flaw-growth rates at a
given stress-intensity level may be higher than those predicted from the results of
shallow-flaw, thick-specimen test data.

The design objective is to assure that the minimum acceptable pres.sufe-vessel life will
be attained, rather than to estimate lic per se. This can be accomplished from an
accurate prediction of the service life by using ]éboratory cyclic and sustained-stress
flaw-growth data to establish allowable K|j/K{ ratios, and by determining from these
ratios the required proof-test factors and maximum permissible initial flaw sizes,

3. CRITERIA R

Metallic pressure vessels for space vehicles shall be designed to avoid service failure
caused by flaws and to ensure that the probability of catastrophic failure résulting
from flaws during proof tests is remote. The pressures, temperatures, environments,
and stresses from sources other than internal pressure to which the pressure vessels will B -
be exposed shall be accounted for. The materials selected for pressure vessels shall '
possess  appropriate  fracture- and fldw-growm characteristics; and, all material
properties or characteristics used in design and analysis shall be tzken from reliable
sources of data or adequately substantiated by tests. Critical flaw sizes for stress levels
of interest shall be determined by analysis or test as appropriate. Where possible, the
maximum size of initial flaws permitted in pressure vessels shall be sufficient to have a
high probability of detection by nondestructive inspection but not sufficient to attain
the critical flaw size during the pressure vessel’s service life. In addition, the permissible -
initial flaw size shall be less than the critical flaw size at the proof-pressure stress level,
The initial stress-intensity ratio permitted in pressure vessels shall be selected to ensure
that the critical stress-intensity ratio is not attained during the design life of the vessel.
Each pressure vessel shall be proof tested. The proof-pressure level shall be selected to
demounstrate that the pressure vessel is free of flaws ]arger than the permx%sxb!e initial
flaw size or that the actual initial stress-intensity ratio is less than the permissible initial
stress-intensity ratio. Account shall be taken of differences between the proof test and

service temperatures, and of the time rcqu'rcd to pressurize and depreswrwe the vesse!
duung the proof test, "

3.1 Desizn Conditions

The maximum operating pressure shall be determined for each pressure vessel, and the
probability of excecdmg this pressure during test (exccpt proof test) and serv1ce usag:,
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shall be sufficiently low to be consistent with the overall vehicle flightworthiness
requirements.

The internal pressure-time-temperature history for the vessel during test, storage, and

service use shall be determined.

The internal and external liquid and gascous environments to which the vessel will be
_ exposed during test, storage, and service use shall be determined. '

Temperature gradients associated with all critical ground and ﬂlght conditions shall be

determined and accounted for in the design and test of each metallic pressure vessel,

Stresses resulting from flight and ground loads shall be determined analytically and/or

experimentally; if they occur simultaneously with and are additive to internal pressure

stresses, they shall be accounted for in the design and s,mu!ated durmg the proof test
of the vessel.

Local yielding caused by stresses resulting from design  discontinuities and

manufacturing discontinuities shall be permitted at the proof-test pressure level if
. empirical flaw size wversus stress data have been cbiained for the particular

discoatinuitics in question (e.g., asymmetrical weld lands, mismatch, ete.) and if it has
been demonstrated that at the proof-test pressure the flaw size required to cause
fracture either exceeds the local material thickness or is of sufficient size to result in a

high probability of detection. This procedure is necessary to minimize the probability -

of proof-test failure. General yielding shall ot be permitted at the proof—pmssure level
unless the pressure vessel is designed to accommodate it.

The fracture and subcritical flaw-growth characteristics of the pressure vessel matenals
shall be determined for all critical environmental conditions.

Materials with low suqtamed—stre.\s threshold-stress intensity values in the anticipated .-

service environment shall not be used in metallic pressure vessels unless adequate
protection from the service environment can be demonstrated by test. '

Material propertics used in the design of metallic pressure vessels shall be the “A”

values of MIL-HDBK-5 for unﬂawcd parent metal or obtained in the samc manner as
those values,

cized 3
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Material properties of weldments and repaired weldments shall be obtained by tests
based on the same procedure used in obtaining the “A” values of MIL-HDBK-5 for
unflawed parent metal.

3.3 Critical Fi’aw Sizes

When the proof and maximum-operating stress levels are less than the tensile Yyield
strength of the pressure-vessel material, the critical flaw sizes shall be calculated and
based on the appropriate. stress-intensity equations, the applied stress, and the
measured plane stmm fracture toughness of the material.

When the applied stress (proof or operating) exceeds the tensile yield strength of the
material, the critical flaw sizes shall be empirically determined using test specimens
that contain flaws sunulatmz, those that could be encountered in the actual pressure
vessel ‘

3.4 Initial Flaw Size

The maximum permissible initial flaw size in metallic pressurc vessels shall be the
largest fiaw which cannot attain the critica! flaw size within the required life span of
the vessel, and shall be smaller than the critical flaw at the proof-stress level.

. Pressure-vessel joints having the permissible radial and/or angular mismatch and

containing the ~maximum permissible initial surface—ﬂaw size on the high
tension-stressed surface” shall be capable of withstanding the proof stress without
faiture.

3.5 Allowable Streas-!ntenséty Ratio

The aliowable initial-to-critical stres‘;-mtcmlty ratio for a metallic pressure vessel shall

be the largest value which cannot attain unity within the reqmred life span of the
vessel.

The allowable initial-to-critical stress-intensity ratio shall be no higher than the value

" obtained from an analysis of the subcritical flaw-growth tests of the pressure-vessel

materials in the anticipated service environments.

The allowable initial-to-critical stress-intensity ratio for metallic pressure vessels subject
to short-time pressurization shall be allowed to exceed the threshold-to-critical

stress-intensity ratio only if it can be shown by test that the allowable ratio cannot

attain umty durmg the opf’ratxonal life of the vessel.
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3.6 Proof Test

Each pressure vessel shall be subjected to a proof test. The proof-test factor shall be
equal to, or greater than one divided by the allowable mmal to-critical stress-mtomnty
ratio. '

When it has been shown by test that the pressure-vessel materials exhibit a decreasing

fracture resistance with decreasing temperature, the proof test shall be conducted at a
temperature equal to, or less than, the lowest expected operating temperature. '

The pressurization time and hold time at the proof-pressure level shall be the niinimum

practical, consistent with possible test-system limitations. Emphams shall be pldced on

minimizing depressurization time.

Analytxcai and experimental verification that the probable service failure mode is
leakag,e rather than catastrophic fracture shall be required when assurance of safe
operullonal life cannot be provided by proof test.

4. RECOVIRENDED PRACTICES

From the discussion in Section 2 it is apparent that to prevent pmoﬂtest failures, low
proof-stress levels and materials having high fracture-toughness values should be used so
that the critical flaw sizes are large and hopefully exceed the thickness of the

pressure-vessel wall. In this case the worst that could happen during proof testing is '

that the vessel we ld leak and require repair. Also, it is apparent that to obtain
maximum assurance of safe operational performance it would be preferable to use large
proof-test factors, low operational-stress levels, and materials with low flaw-growth

rates under cyclic loads and high values of Ky in the expected service environment.

However, the use of high proof-test factors, low proof-stress levels, low operating-stress
levels, and materials having very high fracture-toughness values (often associated with

“low tensile strengths) generally leads to cxcesm'ely high pres‘:urﬂ—vessel wexglﬂ‘t With L
the poss sible exception of some first-stage launch-vehicle tankage, these v*ssels are’ o

generally not cost effective in terms of the delivery cost in dollars-per-pound of
payload in orbit. : : : R ;

Tradeoffs can and should be made ‘to arrive at an optimum design for a given pressure ™

vessel application. The interrclations between materials, the required service life of the
vessel, the required proof-test factor, the allowable flaw sizes, the probability of
proof-test failure, and the weight of the pressure vessel should be understood and
carefully assessed. These  interrelations are illustrated in a simpiified example in

Appendix A. Tradeoffs, however, must be made within the constraints ps ovxded by the =

design cntexm of the prcvxous section.
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4.1 Design Conditions

To prevent premature service failure of metallic pressure vessels, it is extremely
important to consider the entirc anticipated pressure-time- -temperature hlstory of the
vessel and the envxronments to which it will be exposed.

The value of maximum operating pressure used in the design of liquid propellant tanks
and gas bottles should equal thie maximum nominal- -operating pressure plus the upper
tolerance of the pressure-limiting device. This device should have a rehabllxty con51stcnt
with the overall vchicle flightworthiness requirements.

The predicted pressure-vessel history should include pressures, times, tewiperatures, and
fluid and gaseous environments for all of the anticipated cycles, starting with the initial
proof-pressure test and ending with the last service-pressure cycle. Also, it is important
to include pressurization rates; depressurization rates, and hold times. In those cases
where the life history of the vessel cannot be accurately predicted, a design life
envelope should be established and the app*oprmte operational Jimitations placed upon
the completed vcsﬁel

Loads other than internal pressure, such as slosh. sonic, vibration, handling, and
transportation loads, should be determined in accordance with applicable NASA
monographs. Effort should be made to minimize high stresses resulting from flight and
ground loads by careful detailed design and by using antistosh, damping, and antishiock
devices. Stresses resulting from external flight and ground loads should be determined
analytically and/or experimentally, and accounted for in the design of the pressure
vessel. Temperature gradients (and resulting thermal stresses) should be determined for
all critical ground and flight conditions. If the stresses are of sufficient magnitude to
affect the basic vessel design, an effort should be made to minimize or chmmatu these
stresses using thermal insulation, controlled fill rates of cryogens etc.

Wherever possiblc, the objective should be to eliminate residual stresses by stress relief
treatments. If this is not practical, residual stresses should be minimized by careful
design and controlled welding procedures.

A stress analysis should be performed for every vessel and include stresses resulting
from internal pressure, ground and flight loads, and thermal gradients. The analysis of
stresses resulting from internal pressure should include primary membrane stresses and
sccondary bending and membrane stresses that result from design discontinuities and
allowablc design deviations,

General yielding should be avoided during pressure testing except for those vessels that

are specifically designed to accommodate it (e.g., cryoformed stainless-steel vesscls). To

>
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avoid general yielding-during proof-pressure testing, the minimum design ultimate
factor of safety, (F.S. )1y, should be as tollows:

Parent metal ultimate strength

Parent mctal yield strength (4)

(FS)OMDU = ax

- Where

a = Proof factor = 1+ (Allowable K1j/Kjc)

" The factors previously specified are minimum values for all metallic pressure vessels

used on both manned and unmanned vehicles. Uncertainties in loads, pressures, service
environments, and/or service requirements may make it necessary to use higher factors;
however, in no case should lower factors be used. : ' ‘

4.2 Materizls

The following fracture and subcritical flaw-growth characteristics should be obtained
for materials intended for use in metallic pressurc vessels:

1. The plane-strain fracture toughness values (i.e., K{c values) for the parent
metal, weldments, and heat-affected zones at the operating- and proof-test
‘temperatures, and in the principal directions of loadings. :

2. The threshold stress-intensity (Ktpp) values for the parent metal, weldments,
and heat-affected zones in simulated service environments.
. | | Q@
3. The cyclic ﬂa\y-g'rowth data (curves of Kj;/K[¢ versus cycles or N versus
" K) for the parent metal, weldments, and heat-affected zones.

In addition, the effects of material processiﬁg on these fracture characteristics should
be determined. A quality control program should be established to determine that large
variations in values of tuughness or threshold stress-intensity ratios do not occur from
one batch, or heat, of material to another. Also, each manufacturing process that might
adversely affect the Stwngth, toughness, and threshold stress-intensity values of the end
product (c.g., welding and heat treating) should be certified by performing specimen
tests. Test specimens should have the same shape, be made from the same materials,
and use the processes planned for production hardware.

The quantity of fracture test data obtained should be determined on the basis of the
impact a faifure would have on the mission, schedules, and costs.

30
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To comply with the criteria in this monograph, it is.unnecessary to limit the
determination of fracture toughness values to any particular type of test specimen.
However, it docs appear that the curves of predicted critical flaw size (based on the
measured  Kj, valueq) for the pressure-vessel parent metal, weldments, and

heat-affected zones should be verified by data from a series of surface-flawed specimen

tests. The test specimens should be the same thickness, processed in the same manner
as the vessel. and each should contain a different size flaw. Procedures for specimen
fabrication and test are discussed in reference 19. To eliminate the effects oF inplane
bending and specimen width, the test-specimen width should be about five times the
surface-flaw length (i.c., the 2¢ dimension).

Likewise, the acquisition of threshold stress-intensity (Ktpp) data and cycl'ic
flaw-growth data should not be limited to the use of any one type of test specimen.

However, the surface-flawed specimen has been used to obtain the majority of such
data to date (Scc. 2). : :

The recommended experimental approaches for using surface-flawed test specimens to

obtain data on Kpj/K. versus cycles, and K1i/Kje versus time are described in -

references 19 to 23; therefore, it is unnecess: ary to repeat the approaches in detdil in
this monograph, however, the following deserve particular attention.

Data on cyclic and sustained- <tress flaw glowtl should be obtained for parent metél,‘

weldments, and heat-affected ifsres. The test specimens should be of sufficient width
to prevent inplane bending effects for the cyclic tests, it is particularly important that
the test specimen be sufficiently thick to ensure that the flaw attains the critical size
before growing more than half way through the thickness of the specimen. It is also
recommended that cyclic tests be performed in the anticipated service environment
and that the effect of cyclic frcquency be evaluated. In most cases, a cyclic frequency
of about 0.0167 to 0.0833 Hz (1 to 5 cpm) is considercd suitable. For the
sustained-stress tests accurate simulation of the anticipated service environment should
be emphasized. A complete set of data on Ky;/K| versus cycle should be obtained for
each of the anticipated scrvice-loading profiles (i.e., R values). It is conceivabie that in
some cases prior load, temperature, and environment histories could have a detrimental
effect on cyclic- and sustained-stress, flaw-growth characteristics. If this is suspected,
the effects should be determined experimentally.

The required fracture-toughness and subcritical flaw-growth characteristics of materials
to be used in metallic pressure vessels cannot be specified in terms of specific minimum

or maximum aliowable values because of the many factors involved. However, in
general, it is recommended that the material have sufficient fracture trughness so that
the predicted critical flaw sizes at the applied proof stress are sufficiently large so that
there is a high probability of their being detected prior to the test. Also, materials that

3]
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exhibit a low-threshold stress intensity in the anticipated service environment should
be avoided. If the material has a Kyjp value below about 70 percent of Ky, the
possible use of alternate materials should be investigated.

Use of the i.. nrovements in allowable uniaxial ultimate and yield strengths caused by
biaxial stress fields results in incrcased operational and proof stresses as well as
lighter weight pressure vessels. The higher stresses reduce the critical flaw sizes,
however, and increase the chances of premature failure of the pressure vessel.
Therefore, incfcases_ in the allowable uniaxial fensile yield and ultimate strengths of
parent metal caused by biaxial stress should be taken into account only if

1. The critical flaw sizes associated with the increased proof-stress level are
large (high probability of being detected prior to the test).

2. Sufficient experimental data arc available to allow a reliable determination
~_of the biaxial improvement factor.

Because of the high probability of the occurrence of defects and the cdmplcxities in
stress fields introduced by design and manufacturing discontinuitics, biaxial strength
elevation should nct be used to establish aliowable ultimate strengths of welded joints.

In cases where the effect of the biaxial stress field reduces the uniaxial tensile strength,
] : the amount of the reduction should be determined experimentally and used to
i establish allowable strengths.

4.3 Critical Flaw Sizes - | B N

N Prevention of proof-test failure  requires knowledge of the critical flaw sizes at
proof-stress levels, knowledge of possible flaw growth during proof test, and detection :
and repair of all flaws that exceed or could attain the critical size during proof test. '
Prediction of accurate critical flaw sizes is not always an easy task; however, it is a

L  necessary goal. ' : ’ R S

The concept of critical flaw sizes and the ecquations for determining these sizes for
surface flaws in thick- and thin-walled vessels were introduced in section 2. These
equations apply, however, only when the gross stress levels of the pressure vessel are
below the yicld strength of the pressure-vessel material and when the stresses are
uniform through the thickness of the vessel wall. When this is the case (as in areas of a
vessel that are under membrane stress), it must be recognized that the accuracy of the .
“calculated critical flaw size depends dircctly on how accurately the material’s fracture : L
toughness (Kjc) and the applied stress levels are known. When calculating critical flaw ' :
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sizes for these areas of uniform elastic stress, the value of Ky, selected for design and.
the maximum possible applied stress level (i.e., that corresponding to the minimum

* material gage) should be used. In addition, it is a conservative viewpoint {o assume that

the flaws are surfdce (or just sub.surface) flaws and that they are long in relation to
their depth so that Q ~ 1.0, The resulting predicted critical flaw size is thus described
by the single dimension, a (i.c., the depth). When this depth is large with respect to the
wall thickness (i.e., greater than about half the thickness), the effect of deep-flaw
stress-intensity magnification should be accounted for. The cquation shown in figure 3
attempts fo do this by the addition of the My factor. A reasonable estimate for Mg is
the approximate Kobayashi solution shown in figure 3. While recent data (ref. 39)
indicate that its use can result in somewhat conservative answers for the more ductile -

materials and perhaps slightly unconservative answers for the brittie materials, it is

- recommended that the figure 3 curve be used until improved solutions are obtained.

Since the equation shown in figure 3 is not explicit in terms of the critical flaw size,
various critical depths (acr) should be assumed for the long surface flaw, the Mg values
determmed from the Kobayashi curve, and the failure stresses calculated. The curve of
o versus acr can then be plotted. If the acr at the proof- (or operating-) stress level is
larger than the wall thickness, the expected failure mode for the vessel at proof- (or
operating-) pressure would be leakage. However, this can be predicted with confidence
only if there are ne higher stressed areas in the vessel where the critical flaw depth’
would be smaller, or if the vahie calculated for agr exceeds the wal! t}m‘r ness by a
significant amount.

In most vessels there are areas where the stresses arc not uniform through the thmkncqs
of the wall (i.e,, at mismatched weld joints, asymmetrical weld lands, changes of
contour, e¢tc.) and many times it is known that at the proof pressure the total applied
stiesses in these Jocal arcas exceed the yield strength of the material. If it is kriown that
the stresses approach or exceed the material yield strength, an estimate of the critical
flaw sizes (for long surface flaws) may be made by test. For these cases, the critical
flaw-size data should be obtained by testing a series of surface-flawed specimens (with
various size flaws) that model the actual hardware. It is further recommended that the

flaws be made. long in relation to their depth (i.e., small af2c rafxo<‘.) and that the"“ o

specimen width be about five times the flaw leng,th

In arecas of nonuniform stress (e.g., combmed ‘bending plus lensxon) where thc strmse‘;‘
arc within the elastic range, it is posslble to make reasonably accurate estimates of the
critical flaw sizes by analysis. References 6 and 40 present both approximate and
numerically exact stress-intensity solutions for nonuniform stress fields. Also, there are
often special situations (particularly during the failure analysis studies or Material
Review Board type actions) where it is of interest to predict critical sizes (or falluru
stresses) for flaws of shapes, locations, or onentatxons other thdn those prevxously
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discussed. For example, corner flaws, near-surface internal flaws, coplanar-internal
flaws, and sharp-tailed porosity may all be encountered. Again, for most of these
situations, reasonably accurate analytical estimates can be made (providing the stress
field is elastic) using various available stress-intensity solutions. Some such solutions are -
included in references 2, 6, 41, and 42, Others are currently being developed.

4.4 Initizl Flaw Size
The two distinct areas of concern regarding initial flaw sizes are as follows:

1. The determination of either actual or maximum possible initial flaw sizés in
the vessel as initially fabricated, and before and after the proof test.

2. The determination of maximum permissible initial flaw sizes (ie., the
allowable initial flaw sizes) before the proof test.

Nondestructive inspection (i.e., X-ray, ultrasonic, etc.) is the only means for
determining actual initial flaw sizes before the proof test (Sec. 2), consequently, such
inspections should be used to minimize the possibility of proof-test failure. The extent
" of nondestructive inspection should be determined onan individual basis; taking into
consideration the zonsequences of a proof-test failure, the capabilities of the available
inspection techniques, and the sizes of initiai flaws that must be detected (ie., the
allowable initial flaw sizes). . ;

The successful proof test provides a direct measure of the maximum possible
initial-to-critical stress-intensity ratio to predict the specific maximum possible initial
flaw sizes that may exist in the vessel after the proof test and before the service usage.
(Duc to possible flaw growth during the proof test, the initial flaw sizes before and
after the proof test may not be the same). If the proof test is properly designed and
successfully executed, the maximum possible initial flaw sizes after the proof test are
equal to the predicted critical flaw sizes at the proof-stress level, However, since the
proof test itself provides assurance against operational failure, the prevention of such
failure does not require the prediction of allowable initial flaw size. ‘ ‘

Allowable initia! flaw sizes should be determined for the following specific purposes:

1. Assessing the adequacy of the nondestructive inspection procedures.

!‘J

Aésessing the adequacy of the flaw or defect acceptance limits.

3.  Ascessing the pi’obability'of a proof-test failure.
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These require that the allowable initial flaw sizes be established for all high-stressed
areas of the vessel, including the parent metal, weldments, and heat-affected zones.

The allowable initial flaw sizes should be established using the allowable
initial-to-critical stress-intensity ratios determined from subcritical flaw-growth test
data (Sec. 4.5); the measured K] values for the parent metal, welds, and heat-affected
zones: experimental measurements of possible flaw growth that could occur during
.proof test: and the appropriate stress-intensity equations for various flaw-geometry and
boundary-stress conditions. The same stress-intensity equations used in predicting
critical" flaw sizes (Sec. 4.3) should be uszed to establish allowable initial fi
except to substitute the allowable value of Ky; for K.

4.5 Allowable Stress-Intensity Ratio

The allowable initial-to-critical siress-intensity ratio (i.e., allowable Kli/KIc ratio) is an

important element in the control of fracture of metallic pressure vessels. Consequently,
extreme care should be exercised in selecting the values of this ratio to be used in
establishing the pioof-test factor and the allowable. initial flaw sizes. The allowable
Kji/Kjc ratio to be used in determining the proof-test factor (Secs. 3.2 and 4.1} should
be a statistically meaningful value obtained from an analysis ‘of the subcritical
flaw-growth test data in the various anticipated service environments for the parent
metal, welds, and heat-affected zones. When allowable K[j/K|. ratios arc used to
estublish' allowable initial flaw sizes, the value of K1i/K|¢ for the specific area of

interest of the vessel should be used. Also, the selected design value of Kjc should be
used. ’ '

The allowable Kli/KIc ratio should be determined, using statistically meaningful curves
of subcritical flaw growth (i.e., Kyi/K]e versus cycle and K1i/K}¢ versus time) and the
.most severe service history anticipated for the vessel (Sec. 4.1 o

The flaw-growth curves should take into account possible heat-to-heat variations in the
values of KTy and K¢ and the scatter in these values within a given heat. References -

22 and 43 present discussions on the effects of data scatter and heat-to-heat variations., .. .

Complexity of the analysis required to determine allowable Kji/K|¢ ratios depends
upon the pressurc-vessel design and the complexity of the anticipated service history.
A recommended procedure for performing this analysis can best be illustrated by

specific examples for thick- and thin-walled vessels. These examples are presented
in Appendix B. ' '

aw sizes
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4.6 Proof Test

Every pressure vessel should be proof tested to a stress level equal to or greater than
the maximum operating stress times a (a =. 1 + allowable X,;i’K[c). If the vessel is
proof tested at a temperature other than the operating c7 service ttmperature, the

minimum proqf-test factor, a. should be determined bv ¢ -atien (2) i Section 2.

In this case, it is important that the values of K aré known for all areas of the vesscl
and that it is known how they vary as a function of temperature. Also, it is important
to know the probable scatter in values of Kj. at both the operating and proof-test
‘temperature. To ensure that the proof-test factor obtained will be adequate, the upper
statistical value of the Kj. scatier band at the pioof-test temperature and the lower
statistical value at the operating temperature should be used.

The proof test should be conducted with a test fluid that will neither induce general

corrosion pitting nor severe stress-corrosion cracking. The values of K-y for the vessel '

materials should be obtained from sustained-stress fracture tests performed in the test
fluid at the proof-test temperature. If the values of Ky are low, either an alternate
fluid should be selected or, if this is not practical, methods of protecting the vesse! or
inhibiting the action of the test fluid should be investigated.

Slow flaw growth during pressurization and elaps=d time at proof preséure should be

minimized by rapid pressurization rates and short hold times. The pressurization time .

should be the minimum possible, consistent with the capabilities of the test equipment.
A maximum hold time of about 15 séconds is considered to be reasonable.

It is extremely important to minimize the time necessary to depressurize from the
proof pressure to a pressure equal to Kyy/K]c times the proof pressure. If this cannot
be accomplished in a few seconds becausc of test-system limitations or the
pressure-vessel design, the potential detrimental effects of the slower depressurization

should be determined by analysis. An 1Hustrat1vc exmlple of a recommended analym o

procedurc is shown in reference 7.

Proof testing of metallic pressure vessels should be limited to a single nressur'é cyclé

unless there are special circumstances indicating the need for dddxtxoml cvcl“i Specxal

circumstances include the fol!owmﬂ cases:

1. A single proof test cannot be designed to envelop the crmcal operatlonal 4

pressure, temperature, and external loading combinations.

2. The vessel was modified or repaired after the initial proof test and the
modified or repaired areas of the vessel need to be proof tested.
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3. It is desired to recertify the vessel for additional service usage after it has
been in service for a period of time.

. : 4.  From an economical standpoint, it is desired to test components (e.g.,
bulkhcads) of the vessel prior to final assembly.

s 5. It has been shown by laboratory experiments on preflawed simulated parts
or specimens that a prior test at a higher temperature is advantageous to
minimuze the risk of failure at the design temperature.

A failure-mode analysis should be performed for each completed pressure-vessel design.
The predicted failure mode (i.c. , leakage or complete fracturc) should be determined at
the proof and maximum operating conditions.

Analytical and experimental verification that the probable failure mode is leakage
rather than complete fracture should be obtained in cases where assurance of
operational life is not provided by the proof test.

R R

~ors i

For those pressure vessels which are critica! for internal pressure combined with flight L
loads, it may not be possible to represent the operational stress levels in the vesse by
internal pressure alone. In such cases, the proof test should inciude provisions to

apply representative "hp‘u oads combined with internal pressure.

s et e
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ESEGN TRADE-ELLU%TRATEVE EXALIPLE

Figufc A-1 illustrates how the various factors affecting reliability and weight are
interrclated for pressure vessels designed to contain liquid hydrogen. In the upper
portion of the figure, the cyclic lives of two materials are shown as a function of the
inverse of the stress-intensity ratio (K|i/Kye). The cyclic growth of initial defects or
flaws in a vessel is primarily a function of this ratio. Also, it can be shown that the
maximum possible Kli/ch ratio in a pressure vessel after a successful proof test is
equal to 1 divided by the proof-test factor, a, or Kic/K1i = a. The solid lines are based
on the assumption of rapid pressure cycling where the sustained-stress flaw growth
above K7p is negligible. The dashed lines are based on the assumption that there are
long-duration hold times at maximum pressurc; and, consequently, the life is the
number of cycles required for the applicd stress intensity to reach Ky1.

In the center porticn of the figure, constant flaw-size lines are shown as a function of
" the proof-test factor and the square of the ratio of the planc-strain fracturce toughness,
Kj¢, and the operational stress level 6gp. These curves were obtained as follows:

_ ‘ 3
Ky = 1.95 opmof_(a_./Q)Crpr

1
oof (A-)
however:
Oproof - =a Oop
max (a/Q)iop = (a/Q)c"proof
substituting: '
K = 1.95 ( :
Ic . 95 a 055 (a/Q); :
Kye \ ' - \
= 3.8a (a/Q) (A-2) o
%p/ ' |

With (a/Q);j held as a constant, the equation can be solved and plotted in terms of
(Kyc/ogp)? vsa.
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- : The lower portion of the figure shows the relationship between the design ultimate o _ ?
factor of safety (F.S.) and (Kh/oop)2 for the two materials, obtained from the
following relationship:

A3

Ky \2 Ki. \* Ky \2 :
e Y L R o giCH (A3) !
%op oylt, Oult. SRR !

F.S. : b

Points of equal pressure-vessel weight were computed for the aluminum and titanium,
and connected by dashed lines with the relative weight indicated.

Consider a typical design problem: suppose it were desired to design a lugh pressurc
; ; helium vessel to be contained within a larger LH, propellant tank and have a required
i © minimum life of 500 pressure cycles. From the upper portion of the figure it can be _ v
: seen that a successful proof test to 1.95 times the maximum operating pressure would
; be required to assurc this life using the titanium alloy, and 1.35 times the maximum '
. operating pressure Using the aluminum alloy. It should be noted that the 1.95 factor is
somewhat liigher than the conventional proof factor usually specified for high-pressure : .
gas bottles and the 1.35 factor is Jower than that usually specified. Suppose it were , S
decided to_use a conventional ultimate factor of safety of 2.5, commoniy used for
high-pressure bottles. From the lower portion of the figure it can be secen that-
‘ (KIL/U p ¥? equals 0.35 for the titanium and | .25 for the aluminum. Also, it is seen
that the weight of the aluminum vessel will be 1 .8/1.25 or 1.44 times the weight of the
" titanium vessel. In the center portion of the figure, the flaw sizes that will cause failure
during proof test can be determined. For the titanium vessel this is slightly greater than
0.02 in. (I in. = 0.0254 m) (i.e., the depth of a long surface flaw) and for the
aluminum vessel it is >> 0.10 in, ‘

It is doubtful if the titanium tank could successfully pass the proof test because of the g s
L difficulty in detecting an initial flaw size as small as the critical flaw size at the proof ,':' '
stress. On the other hand, this does not appear to be a problem with the aluminum {

tank. The uce of the conventional factor of safety of 2.5 seems to unduly penalize the
aluminum tank (i.c., causes it to be excessively hieavy), and yet 1t m margmally .
adequate for the titanium tank,

. }’ If an aluminum tank were designed with an ultimate factor of safety of about 1,75, its
weight would be equal to that of the titanium tank designed with an ultimate factor of
safety of 2.5, and the critical flaw size at the proof-stress level (1.35 times 0op) Would
be about 0.09 in. This flaw is still about four times larger than that for the titanium
vessel and is sufficiently large to create some degree of confidence that all initial flaws,

41
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equal to or gréater than this size, will be detected by nondestructive inspection. As a
result, proof-test failures (and the resulting high costs) should not bc as probable as
with the titanium vessel. ’ :

" From the foregoing example it is apparent that using standardized design factors does

not assure optimum (nor in some cases even adequate) designs. To preclude the
possibility of failure of hazardous vessels, high factors of safety have often been
specified. However, to save weight (caused by the high factors of safety) the designer
has been forced to use higher strength (and generally lower toughness) materials. As a

result, the risk of failure has often been increased rather than reduced.

While it can be argued that standardized factors of safety have been adequate for many
past applications, the designer must concern himself not with average behavior, but

.with the exception which can result in failure. During recent years there have been -

costly exceptions.

42
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APPENDIX B _
ALLOWABLE STRESS-INTENSITY
RATIO - ILLUSTRATIVE EXAMPLES

B Thick-Walied Pressure Vessel

Suppose it is anticipated that a thick-walled 6Al-4V titanium helium tank will go v
through the preflight service history shown in figure B-1. The maximum design . .-

operating stress is Oop and R is the ratio of minin.im-to-maximum stress during a

- cycle. The following is a tabulation of the preflight history:

1. 200 loading cycles with the maximum stress = 90 percent of o.. and
R = 0.1. R o LS

op

5]

4300 loading cyclés with the maximum stress = vaiép andR = ‘0.7.

3. 260 loading cycles with the maximum stress = 95 percent of Oop and
R = 04. - '

4. 60 loading cycles with the maximnm stress = 60p and R = 0.1.

5. Along-duration flight cycle with the maximum stress = oop.A

To design an adequate proof test for this vessel, it is necessary to determine the
maximum allowable K}i/K| ratio and then to calculate the minimum proof-test factor.

The cyclic life curves for 6A14V titanium (STA) are rf_:producéd in figure B-2 for
R=0.1 and R = 0.4, and R = 0.7 from reference 22. The change in KIi/KIc throughout

the following procedure.

the life of the titanjium tank is graphically illustrated in figure B-2 and determined by N

Because the value of threshold stress intensity for sustained-stress flaw growth is 90

percent _°f,KIc (table 1), the al'lowabl‘e vamc‘ of‘Kn/KIC at the beginning of the
long-duration flight cvcle at Top is 0.90. This requirement is illustrated by point A in
figure B-2. ' '

The 60 loading cycles at Oop and R =0.1 change the Kli/ch ratio from point ‘A to
point B in figure B-2. Point B is 60 cycles to the right of point A, with the cycles being
measured along the abscissa of the plot of R = 0.1, Hence, the allowable'KIi/ch ratio
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/ Proof cycle

Anticipated preflight |
service life -J
A

-~ 200 cycles at —44—4300 cycles at—->|<— 260 cycles at —>'<—60 c{/cles at )
0.90 05, D C 0.235 Top . Oop s Flight
R=0.1 ' l R=04 ﬂa=o.1”

Relative applied stress or pressure, oop

Cycles

Figure B-1. — History of cyclic stresses of a thick-walled vessel,

Y

\"S -

200 cycles at 0.80
R =0.1

H

2
4
g
4
P

* Maximum allowsble K(;/K;, = 0.667 st 0,

Allowable stress-intensity ratio, (K max/Kic

100
Cycles to fracture

Figure B-2. — Detcrmination of allowable stress-intensity ratio for a thick-walled vessel,
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Ki/Kjc is proportioned to the stress level (o) becausc

S
1.1yr o (a/Q)?
Ky

KyiKye = (B-1)

C

o

The stress level is 5 percent lower at the end of the 260 cycles than at the beginning of
the 60 cycles, and since the flaw size is the same for both stress levels at that point
(point B in figure B-1), then the allowable value of Kp;/Kj¢ at the end of the 260
loading cycles is (0.95/1.00) times 0.84 = 0.798. This Kh/x{lc ratio is given by pomt B ,
in figure B-2 on the R = 0.4 curve. I L o Ls

The 260 loading cycles with the maximum stress = 0.95 Oop and R = 0.4 chahge the S 1 o
Kji/K]¢ ratio from that given by point B to that given by point C in figure B-2. Point C ’
is 260 cycles to the right of point B on the plot of R = 0.4. Hence, the allowable
Kyj/Kj, ratio at the beginning of the 260 cycles (point C in figures B-1 and B-2) is - Coee
0.74. . : ‘ '

The stress level is 5 percent higher at the end of the 4300 cycles than at the beginning
of the 260 cycles and, by the same rcasnning given -above, the allowable value of : .
' KIx/KIc at the end of 4300 cycles is (1/0.95) times 0.74 = 0 78. This K]]/ch dth is » S 3. '
given by pomt C in figure B-2 on the R = 0.7 curve. C ' o ;
|
!

The 4300 loading cycles at og, and R = 0.7 change the K1i/K|¢ ratio from point C to
point D in figure B-2. Point D is 4300 cycles to the right of point C on the plot of
R =0.7. Hence, the allowable K|;/K| ratio at the beginning of the 4300 cycles (pomt o
D in figs. B-1 and B-2) is 0.70. . o : R

- The stre<;° level is 10 percent lower at the end of the 200 cycles than at the bcgmnmg
of the 4300 cycles and therefore the allowable value of K[j/Kj, at the end of the 200

cyclcs is (0.90/1.00) times 0.70 = 0.63. This K1i/Kjc ratio is given by pomt Din fngurc
B-2 on the R = 0.1 curve. ‘

The 200 Joading cycles with the maximum stress at 0.90 %op and R 01 change thc S I
KJi/K|c ratio from that given by point D to that given by point E in figure B-2. Hence b o8
the allowable Kyj/Kj ratio at the beginning of the 200 cycles (point E in figs. B-1-and I B
B-2) is 0.6. The operating stress is 10 percent higher than the stress at the beginning of I R
the 200 cycles so that the allowable value of Kp;/Kj at the operating stress is (] 0/0 9) ' . T
times 0.6 = 0.667. This is shown by the asterisk in figure B-2. ‘ A B
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i ' Thus, for the pressure vessel subjected to the anticipated service history given, the
maximum allowable Kpj/Kj. ratio at the end of the proof cycle is 0.667 and the
_ minimum 1equired proof-test factor is a=1/0.667 = 1.5. This indirectly imposes a
)} f restriction on the maximum allowable operating stress because the proof stress should
not exceed the yicld strength of the material. Hence, the maximum allowable operating

stress is 0.667 times oy,

B.2 Thin\Walled Prossure Vessel

~ Suppose a thin-walled 6A1-4V (STA) titanium propellant tank designed to contain.
N,O4 at room temperature is expected to withstand a preflight service history,
graphically shown in figure B-3, and tabulated as follows: '

A T b e e

1. 20 loading cycles with maximum stress = 95 percent of the maximum design - - S
operating stress, Oop-

. i
9 Joading cycles with maximum stress =Cop. - : ‘ ;
& 3

t

3. 20 loading cycles with maximum stress = 89 percent of Oop-

. o 4. A long-duration flight cycle with maximum stress = Oop-

In the thin-walled tank, the flaw depth becomes dccp with respect to the wall thickness
of the tank before reaching the criticar size. Hence, the stress-intensity factor must be
N ; corrected for the aft ratio according to fisure 3. Suppose the thickness of the tank wall
is 0.022 in. (I in.=0.0254 m) and the maximum design operating ‘stress, Top is -
84.4 ksi (1 ksi=6.895 MN/m?). Under the specified environmental conditions, the
, material of this gage has a minimum fracture toughness of 37 ksi Vin.
" ' ‘ (1 ksi Vin. = 1.099M—‘—;" ) and a threshold stress intensity of 80 percent of Ky.. The
; . plot of ﬂaw-growﬂ{nratc VCIsus K“/ch for the material is shown in figure B-4 for
: o =105 ksi (1 ksi = 6.895 MN/m?). The effect of the stress level on the growth rate is |
o ; indicated by the equation on the plot. Taking this effect into consideration, the curve
is arithmetically integrated, according to the method outlined in reference 8, for three
stress levels. These integrated plots (flaw depth versus cycles to fracture) are shown in
figurc B-S. In the calculations, it was assumed that the value of Qis unity (.e., the
flaws arc refatively long with respect to their depth).

T P
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Because the threshold stress intensity is 9.80 K!c’ the allowable value of Kli/KIc at the
beginning of the long-durstion flight cycle is 0.80. This requirement is illustrated by’
point A on the curve of %op in figurc B-5. ‘ ‘ ‘
The tank-wall st-ecs increases by 11 percent ar the end of 20 loading cycles with the
maximum stress = J.89 gqp: however, the flaw size remains the same during the stress
. increase. This iz shown by point A on the plot of 0.89 Oop in figure B-5.

The 20 loading cycles with the maximum stress = 0.89 Oop changes the flaw depth (a) .
from point A to point B on the plot of 0.89 gqp in figure B-5. Point B is 20 cycles to
the right of point A with the cycles being measured along the abscissa of the plot.

The stress decreases by 11 percent at the end of 9 cycles with the maximum
stress = gqp. This is shown by point B on the plot of Uop in figure B-5. '

0.019 0. = BA.4 ksi 1 ksi = 6.805 MiN/m?) []
cp
: Ko = 37.0 ksiVin. (1 ksiv/in. =
KTH=0'80 Kic T oMN? S
0.018 1093 —Vm )} . .
. 2 .
. m . . Lo !
Max allowable K;/K;; = 0.847 at G, . C
o ‘
0.017 T
’é T
< 20 r);cles 8t 0.89 Uop
8
S 0018
[
e .
'.:_ 20 cycles st 0.95 aop ' .
3 L
. 0.015 T
£ f
g
o© .
£
. 2 0014

8 ERENE B
R \ N, i .

: ; . :
T R \{f'}\ B NS I N N IO

J‘ | | 0.615 \\ ' | i
ANAN L
0.012 7

1 10 100 1000
Cycles to tracture . R

Figure B-5. — Determination of allowable stress-intensity ratio for a thin-walled vessel.
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The 9 loading cycles with the maximum stress = "op changes flaw depth (a) from point’
B to point C on the plot of Oop- Point C is 9 cycles to the right of point B.

The tank-wall stress increases by 5 percent at the end of 20 loading cycles with the

miaximum stress = 0,95 0p- This is shown by point C on the plot of 0.95 oop in figure
B-5.

The 20 loadiry cycles at 0.95 Oop chaﬁges flaw depth (a) from point C to point D on
the plot of 0.95 Uop Point D is 20 cycles to the right of point C. The value of the flaw -
depth at point D is 0.01356 in. (1 in. =0, 0754 m).

The maximum allowable value of Kh/ch at the end of the proof test cycle then is

given by

_Iﬂ_i . LIME V7a ogp : B2)
Kic 370 | | - B2

Oop = 84.4 ksi (1 ksi= 6.895 MN/in?), a/t = (0,01356/0.022 = 0. 6!5, and My from
figure 3 is 1.25. .

Hence, the maximum allowable Ky;/K[. ratio is 0.647, and the proof factor is
=1/0.647 = 1.55.
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SYMBOLS
a semiminor axis of theellipse x2/c? + y2/a? = | or crack depth of the )
semicelliptical surface flaw, in. (1 in. = 0.0254 m)
2c crack Iength of the semiclliptical surfa'ce flaw,
K; plane-strain stress—inteﬁsity factor, ksi\/ﬁ (1 ksi/in. = 1.099 --\/'m)
Kic plane-strain critical stress-intensity factor or fracture toughness of the '
material, ksiy/in.
Klli plané-strain stress-intensity factor at initial 'cfonditiohs, ksiy/in.
KtH p!anc—;train threshold stress-intensity level, ksi /1n.
Mg stress-intensity  magnification factor for deep surface flaws based on
Kobayashi’s solution
N number of cycles
Q flaw-shape parameter = ¢2 - 0.2172 (00,0 .
R ratio of minimum to maximum stress during a cycle .
T. time, hr ;
t thickncss of plate (specimen), in. 7
proof-test factor
0 angle ofmt >gration
o uniform gross stress applied at infinity and perpendicular to plane of crack,
ksi (1 ksi = 6.895 MN/m?)
U_op maximum design operating stress, ksi
oult ' ultirﬁate strength of the materiai, ksi
Oys uniaxiai tensile yield strc_ngth of the ‘matcrial, ksi v .
1) complete elliptical mtcgml of the sccond kind having modulus k dcfmcd as
k=(1 = a?/c? )3 :
SUBSCRIPTS &
cr at ciritical conditions f :
i at initia! condition -é
op operational




