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1, Tb.ps smdardnzauon bandbook was  developed for the Department of Defease in accordance
with esmbluhed procedure.

2. This publication was approved on 1 August 1969 for printing aed inclusion in the military
smdndanuon bandbook series.

3. Tbls bandbook provides basic fundamental information on glass products for the guidance
of enginecrs and designers of military materiel. The handbook is not intended to be referenced in
purchpse specificarions except for informational purposes, nor shall it supersede any specification
requisements.

4. Every effort has been made to reflect the latest information on glass products. It is the intent
to review this document periodically to insure its completeness and currency. Users of this document
are epcnurlged tp report any errors discovered and recommendations for changes or inclusions to

the Duecmr, Army Materials and Mechanics Research Center, Watertrown, Massachusens 02172,
ATTN AHXMR-—QS
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Preface

This is one of a group of handbooks covering materials used in the design and coastruction of
military equipment.

The purpose of the bandbook is to provide technical information and data about glass products
for use in achieving the objectives of the Defense Standardization Program. The handbook is iatended
for use, as applicable, in engineering design, development, inspection, procurement, maietenance,
supply, and disposal of equipment and materials. Whenever practicable, the various types, classes,
and grades of materials are identified with applicable governmeat specificatdons. Corresponding
techaical society specifications and commercial designations are listed for reference.

The numerical values for properties listed in this handbook are in agreement with values listed
in the issues of specification io effect oo the issue date of the handbook. The haandbook values may,
in somec iostances, differ from those listed in current specifications because of revisions or amend-
ments made to specifications after publication of the handbook. In connection with procurement, it

should be understood that the issue of specifications listed in the contract govern requirements.

Whenever specifications are referred ro io this handbook, only the basic designation is given; all
revision and amendment symbols are omitted. This is done for simplificarion and also to avoid the
necessity of correcting the handbook whenever specifications are revised or ameaded. Current issues
of specifications should be determined by consulting the latest issue of the "“Department of Defense
Index of Specifications and Standards.”

The handbook was prepared by Mr. Errol B. Shand, Technical Consultant on the use of Glass and
Ceramic Materials, Corning, N.Y., the John 1. Thompson Co., Washington, D.C., and the Army Materials
and Mechanics Research Center, Watertown, Mass. Comments on the handbook are invirted and should
be addressed to:

The Director

Army Materials and Mechanics Rescarch Center
Watertown, Massachusetts 02172

ATTN: AMXMR-QS
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Chapter 1
Introduction

PURPOSE

MIL-HDBK-722(MR) was developed for the
Department of Defense (DOD) in accordance with
standard procedure and in compliance with poli-
cies and requirements of the Defense Standardi-
zation Program (DSP).

DOD Directive 4120.3 establishes and, ro-
gether with Defense Standardization Manual
4120.3-M, ‘''Standardization Policies, Proce-
dures and lastructions,’” implements cthe DSP.
Because of the comprehensive description of the
DSP provided in these documents a demiled dis-
cussion is not presented here. However, the fol-
lowing definition of standardization, taken from
DOD Directive 4120.3, in effect summarizes the
DSP.

**Standardization is the adoption and use (by

consensus or decisioa) of engineering criteria to -

achieve the objectives of the DSP. These criteria
are applied, as appropriate, in design, develop-
meat, procurement, production, inspection, sup-
ply, maintensnce and disposal of equipment and
supplies.”

As implied in the preceding definition, the -

mission of the DOD with respect to standardi-

zation is to develop, establish, anpd maintain a

comprehensive and integrated system of techni-
cal documentation in support of design, develop-
ment, engincering, Pprocurement, iaspection,
maintenance, and supply management.

MiL-HDBK-?Zl(MR) is one of a group of stan-
dardization handbooks covering materials used

in the consuuction of military equipmear. These,

bandbooks arc part of the previously referenced
integrated system of technical documenmtion
developed, established, and maintained by the
DOD in supporrt of the DSP.

The basis for the development of MIL-HDBK-
722(MR), then, is the DSP. The specific purpose

of MIL-HDBK-722(MR) is to provide techaical
information apd data on glass products for use
in achieving the objectives of the DSP. The pro-
visions of DOD Directive 4120.3 apply to all
departments and agencies of the DOD, copse-
queantly, the dara provided by the handbook arc
intended for application, as appropriate, in de-
sign, development, procurement, production,
inspection, waintenance, supply, and disposal
of military equipment and supplies.

SCOPE

1. General. MIL-HDBK-722(MR) coamios
technical information and data pertaining to pro-
ducts formed from glass.

2. Definitions. As considered here glass is
an inorganic poncrystalline marterial {defined in
more detail in the beginning of Chapter 2). Glass
which is melted and formed nod then ransformed
to a crystalline body, sometimes called glass-
cetamic, is also considered briefly. Neither in-
dustry nor any organization has identified compo-
sitions and properties of commercial glasses ex-
cept in a general way, and no glass specifica-
tions have been esmablished for this purpose.
Compositions of a number of commercial glasses
listed in Table I arc merely representative of
the indicated types. Glass desigoations of indi-
vidual glass makers may represent specific
compositions, but these have been avoided here,
Many giass compositions have been and are being
developed for special applications. Excepr for
several types of particular nuterest for military
purposes they are pot considered here.

3. Contents. It is anticipated that this hand-
book will be used by persoancl cngaged in any
of a variety of occupations including engineering
design, development, procurement, inspection,
manufacturing, supply, maintenance, and disposal
of military equipment and materials. To sartisfy
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the wide range of this audience the discussion
of glass products ranges from the preparation of
raw materials to the forming ared finishing of the
final products.

Tables are included to indicate representative
 values of the physical properties of some com-
mon commercial glasses, but minimum values of
these properties, as are sometimes used as ap-
Plication dat for other materials, are not given.
. Because of the brictle nature of glass the oumber
of sigoificant mechanical properties which can
be listed is limited. Furthermore, breaking
stresses are pot explicitly correlated with com-
position or cype, but rather on methods of form-
ing nnd treatment. Copsequently strength data
cannot be wabulated for. glasses.

a. Chapter 1. Chapter 1 is a short introduc-
tary chapter in which the purpose and scope of
the bandbook are ideatificd, and a brief review
of -giass product development and use is pre-
sented.

b. Chopter 2. This chapter describes how
cereain chemical compositions can be cooled
from the molten state to form the characteristic
structure of the glassy state. It is noted thar
some unusual properties are associated with
this structure. Common glass-forming constituents
are noted and examples are given of composi-
tions of m few common glasses. Melting opera-
tions are described briefly, as are the common
methods used for forming various kinds of pro-
duces while the glass is still in its viscous
condition. Some of tbe many types of finishing
operations which are carried out on the glass
after its original forming are meationed.

c. Chapter 3. This chapter on selection cri-
teria for glass is concerned primarily with its
properties. Certain ptoperties, such as viscosity
and brittleness, are peculiar to this material so

that their reamneat has been relatively expanded.

The wide use of glass for the transmission of
light requires the coamsideration of its optical
properties. All property values given bhere must
be accepted as approximate because composi-
tions of the various types are not definitely fixed.

d. Chopter 4. Chapter 4 jocludes discussions
of several technical matters not considered else-
where. There is a brief analysis of the thermal

treatments of annealing acd tempering. Proce-
dures for sturength testing are included because
types of tests commonly applied to other ma-
terials are oot readily adaptable to brittle ma-
terials. In addition to the coaventional methods
of determining breaking stresses, the subject of
fracrure analysis of glass is discussed. Onpe
uousual feature is that breaking stresses can
usuaily be estimated from markings on the frac-
ture surface with a fair degree of accuracy. The
use of this method is particularly useful in the
diagnosis of fractures which occur in service.

The scructural design of brittle materials
imposes limitations which may be of little im-
portance for materials of a more conveational
kind. Notouoly are the characteristics of mechani-
cal failure different for glass, but the results of
failowe can be catastrophic. Although design
principles are similar to those for other materi-
als, the pgeneral philosophy of design and the
direction of approach will be modified. Actual
design procedures used conmstitute much more
than the substitution of properties, including an
assumed breaking stress, thao in the procedures
used for metals. These distinctions are dis
cussed briefly.

e. Chapter 5. This chapter discusses some
representative applications of glass which are
of military significance. The discussionattempts
to show the engineering principles involved in
the variousdesigns ratherthan structural details.
Many of the military uses of glass involve the
transmission of light for purposes of glazing and
vision through the medium. Such glazing com-
ponents in widely different ficlds bave been
considered. It is shown that when requirements
become more varied and more severe, both the
type of glass and the structural design of com-
ponents may be modified greatly.

It is noted that glasses may be required to
transmit or absorb radiations in parts of the
electzomagnetic spectrum beyond the visible
tange. Glasses of special properties are often
used for such purposes. Plastics reinforced wich
glass fibers may be used to overcome some of
the mechanical limitations of massive glass
components. This composite material is shown
to have many applications.
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f. Chopter 6. This chaprer deals with the
subject of quality assurance. No single means,
taken alone, will provide this assurance. The
fiest requisite lies in the ability of the supplier
1o provide glass macerial and products which
Then

will funcrion tariclfarrorily in ssrwics
= . j 3]

Wiii LV UVE cSnsssiSUiVessy o waErawe

there should be some criterion embodied in a
product apecification for verifying the suitability
of the product at the time of acceptance. Re-
quitements to be met by the product and test
procedures for verification of complinace are
both included in such specifications. It is pos-

sible for products to meet the requirements of & -
specification and still ot operate satisfaccorily

in service. This can occur if the requircements

and tescs of the specification are pnog relared

properly to conditions which will be eacountered
in service. As a coosequence, a product speci-
fication is subject to review and change. This
can result from changes in service conditions or
from some development of the product which may
affect its performance. These factors should be
kept in mind when any specification is being
considered.

This chapter lists a number of federal und

military specifications related to glass products.

These specifications are for products of massive
glass, although some are for composite materials.

MIL-HDBK-722(MR)
1 AUGUST 1969

Many other specifications bave been issued in
special fields, including electronic twbes and
componeats, fibrous glass, and glass reinforced
plascics.

4. Objectives. This handbook is intended to
be used in achieving the objectives of the De-
fease Standardization Program, established in
DOD Directive 4120.3. Essentially, it serves as
a means of disseminating technical daeca and
information about glass products to cogrizant
and interested personnel of the Department of
Defense and associated governmenr and indus-
triai organizations. The use of the handbook in
fields of interest such as design and deveiop-
ment engineering, pProcurement, inspection,
manufacturing, maincenance, acd supply of mili-
tary equipment and materials certainly does not
require explapation or elaboratiop. The limita-
tions of the handbook, however are indicarted in
the following paragraph.

5. Limitations. This handbook, although it
contains lists of military as weil as nongevern-
mental specifications and standards, and data
relative to them, is of course not a specification
or a standard. Thus the handbook should mot be

“referred to in purchase orders or in contraces,



Downloaded from http://www.everyspec.com

MIL-KDBK-722(MR)
1 AUGUST 1988

Chapter 2
Glass Technoiogy

STRUCTURE

The American Society for Testing and Ma-
terials defines glass as “‘an inorganic product
of fusion which has cooled to a rigid condition
without crystallizing.”’ This definition, which is
accepted io the discussion, places glasses
within the broad classification of ceramic bodies,
but distinguishes them from other ceramics be-
cause of their noncryswmlline structure. lo prac-
tice, glasses may conmin appreciable amounts
of crystalline material while otber ceramics may
have extensive noncrystlline or vitreous phases,
so that the distinction berween the two is not
always clear cut.

Inorganic glasses are hard and brietle at room
temperature, but become increasingly more fluid
with rising temperature. Atelevated temperatures
they are liquids. The atoms of a liquid are not
fixed in the structurc, but can migrate and ex-
change partners with a considerable degree of
freedom. As the temperature of a liguid is
lowered, there is a constant adjustment of the
mean atom positions. The atoms approach each
other and their atractive forces increase corres-
poodingly. At the melting point these forces
tend to bring the atoms into some fixed relation
to cach other in ap array which repeats itself
throughout what has become a crystal. This long-
range swuctural order is called a cryseal lacice.
Io mostr substances this change occurs abrupdy
at the melting poiot. If, however, the movement
of the atoms has become sluggish at the melting
peoint, the temperature can be loweted further

without thaea which

w il LaDST wWaissa

adiusrments othet

than

occur io the liquid phase. The substance is then
a supercooled liquid. If the temperature can be
Jowered still further to &8 value at which a lack
of mobility of the atoms precludes further adjust-
ments, the prevailing structure is frozen in with-
out crysiallization and the substance is now a
glass.

lnvestigation by means of x-ray diffraction
has shown that the spectrum of a crystalline
body consists of a series of well-defined lines
which result from the regularity of the various
atom spacings io the structure. For liquids the
spectrum is diffused withour the presence of
lines. This denotes a lack of upiformity of atom
spacings. In the case of glasses, the spectrum
is diffused in the same manner as that of liquids.

Analysis of these spectographic records has
showe that for silica glass the atomic spacing
of the nearest neighbors, between the Si and O
atoms, is almost identical as in the correspoad-
ing silica crystal; but for more distant neighbors
the spacings are oo longer constant and become
more variable as the distance between neighbors
increases. From suchwork it has beer concluded

- that the struceure of glasses consists of a three-

dimensionaal network, of which the basic unit is
the silica teaxrahedron, a silicon atom surrounded
by four axygen stoms. Adjacent tewrahedra are
linked together by common oxygen atoms. Th«

" linkages berween tetrahedra are slightly izregu-

lar, so thac the Yong-range periodicity becomes
lost., This suucture of glass is called a randve

s Py aele
Oeiwors .
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CHANGES DURING COOLING

Although all physical properties change during
the cooling process, those of dimension and vis-
cosity are representative. Figure 1 compares the
dimensional changes in a substance when it
ctystaliizes and when it cools to a glassy state.
Above thie melting point it is a liquid with a
relstively high coefficient of expansion with tem-
perature. Wheo it crystallizes at the melting

~ poisit there is an abrupt decrcase io dimension.
At lower icmperdiuses ibe rate of contraction is
inuck lower than in the liquid state. If crystalli-
‘zativh does not occur the conwaction will con-
. tibiie- 45 an extension of the liquid curve, and
in this range the substance will be a supercooled
liguid. For each rate of cooling a tewperature
will be teached at which the structural adjust-
ments will lag behind the equilibrium of the
liquid state. The curve AB shows this condition
for rapid cooling. Below the point B no further
structural rearrangements will occur and che sub-
stance is pow a glass. The intercept E corres-
ponds to tbe structural arrangement in the glass
if it temained in equilibrium with the liquid. The
temperature of the intercept T is known as the
**fictive temperature.”’ When cooled at a much
lower rate, the substance remains a supercooled
liquid to the lower temperature C and becomes a
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glass at the point D. It has a fictive temperamur
Tf'. The temperature intervals AB and CD ate
called the transformation ranges for the two con-
ditions of cooling.

The curves show that the dimensions of the
glass, or specific volumes, are influeaced by
the rate of cooling through the transformation
range, The higher the rate of cooling, the larger

cooliing., e

the specific volume.

Figure 2 illustrates the viscosity changes
which occur on cooling. Whea crystallization
occurs at the melting point, the viscosity rises
abruptly, and further permanent deformation will
tesult from plastic flow. As a supercooled liquid
the viscosity rises rapidly as the temperature is
lowered. The equilibrium condition is represented
by the curve ACG. When cooled rapidly, the vis-
cosity will follow the line AB and for slow cool-
ing the line CD. Consequently, the viscosities
of glasses are greatly affected by their rates of
cooling through che transformation range. If the
glasses are reheated to a temperature within the
transformation range, the viscosity will shifr
toward the equilibrium condition by an amount
depending upon the remperatwe and the time it
is held there.
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In order to correlate the viscosity chamacteris-
'iics of different glasses, reference temperatures
corresponding to specific viscosity values are
used. These references are included in Figure 2.
They are: strain point (101‘i 5 poises), annealing
point {1013 poises), and softening point (107-5 to
108-3 poises). The suaio and annealing points
are measured at a cooling rate of roughly 4°C
per minutc. The points C and D indicate a slight

denartura of these viscositvy values from those

ROSSC VISLLRSIY)

of the equilibrium curve.

COMPOSITION

6. Glassformers. Simple rules have been for-
mulated to show the arrangement and linkage of
ingrganic compounds which permit them to pro-
duce uncrystallized or random nerworks on cool-
ing. Although a number of oxides comply with
these rules, the more important of these from the
standpoint of commercial glasses are silica
(8i0,), boric oxide (B,03), and phosphorous
pentoxide (P,0Qc). Of these, silica is by far the
most important. In addition, a very few oxide-
free compounds will form glasses, but these arc
found only in special technical applications.

7. Modifiers. Although the above compounds
can be used in one-compoaent glasses, most
compositioas include other constituents. Io oxide
glasses these arc other oxides. The oxygen ions

MIL-HDBK-722(MR)
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enter the network, but the cations occupy spaces
or holes in it. The lower bond strength of these
cations tend to loosen the perwork. Some of the
modifiers, soda (Na,0) and potash (K30}, act
as fluxes to lower the temperature required to
meic the glass. They also reduce the swmbility
of the glass, but this can be improved with the
addition of lime (CaQ), mgnesm (Mg0), and
lead oxzide (PbO).

8. Intermediates. There is a third group of
oxides which cannot act as glass formers alone,
but which can enter the network of certain other
glasses, and can produce desirable properties
in them. locluded in these oxides are alumina
(51203), zinc oxide (Zn0), and zirconia (ZrO5).
Alumina tends to prevent devitification, while
zirconia increases chemical durability.

9. Silicote Systems. The one-component
glass of this system, silica glass, is difficule
to manufacture so that its use is limited to spe-
cial purposes. B70j3, another glass former, is
sometimes added. It acts as a flux by reducing
temperatures of melting, and also modifies other
properties. In certain proportions, it maiotains
the thermal expansion coefficient at low values.
Nay0 and KO are commonly used as fluxes,
while CaO, MgO, and Aly03 act as stabilizers.
PbO increascs density and ‘refractive index and
improves electrical pfoperties. ‘

TABLE |. CHEMICAL COMPOSITION OF COMMERCIAL GLASSES
Constituents (Weight Percent)
Ne. Designation 810, ano K20 Ca0 MgoO BaO mo l l?v,‘,oa .uzos ot.hor
1 | Stlica Glass (Fuzed Silica} 99, 5+
2 | 86% Stifca Glass $8.3 < 0.2 |«0.2 2.9 0.4
3 | Sods-Lime {(Window) 71-13112-15 g-1011.5-3.5 0.5-1.5
4 | Soda-Lime {Plate) 71 -73|12 - 14 Q- 1-4 0.5-1.6
5 | Soda-Lime (Container) 70 - 74 15 1.0 5.0 4 0-0.5 . 1.6 -2.6
8 | Lead-Allali {Electrical 83.0 7T-7.5]6-7 0.3 c.2 21-22| 0.2 |0.5-1.0
7 | Borosilicate {Low Expansion)] 81.0 4 13.0 2.0
8 | Aluminosiitcate 57 - 62 1 a-10 7 0-6.0 5.0 15 -17
9 | Solder Glass (High Lead) 3.0 75 11.0 11.0
10 | Glass Fibers (E Glass) 54.0 17.5 £.5 10.0 14.0
11 | Glass Fibers (Lime-Free) 59.5 14.5 7.8 5.0 Z80,, 4
2
'noz, B
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Table I lists represeantative compositions of 8
number of commercial glasses of the silica sys-
tem.

- @. Silica Gless. This is sometimes known
under the commercial pames of fuzed silica or
fuzed quarsz. It is essentially pure silica. This
glass is low in thermal expansion coefficient,
bas bigh values of light transmittance, and has
good elecwical properties and chemical dura-

-‘bility. {c can be operaced at higher temperatures
'than other silicate giasses.

A modification of this glass is known as 96
percent silica glass. It is made with a process
which leaves a residue of about 3 percent of
B203 in its composition. As & coasequence, the
viscosity characteristics are reduced materially.
In general, its properties are slightly less de-
sirable than those of the purer silica glass.

b. Soda-Lime Giasses. This rype of glass is
melted in larger quantities than any other glass.
It is an economical glass to melt and to form
into many products. It is widely used for glazing,
for glass coatiners, and electric Jamps of vari-
ous types. Proportions of the various consti-

tuents. of & soda-lime glass will vary over a

relatively narrow range to make it most suitable
for the particelar forming opetating used, aad to

- mest the reqn_i;empnre of different nraduces. For

[+ == & = T ALE 2 LRIt pReREitis

instance, chemical durability is of unusual im-
portance for glass containers, while ease of lamp
working and the ability to seal 1o certain other
glasses for electric lamp enclosures is important
for these types.

c. Leod-alkali Glasses. In these glasses,
lead oxide may replace the lime of the soda-lime
glasses, but in some of them the content of lead
oxide may reach a value of 80 percent of the
total. For most electrical applications, such as
parts of incandescent lamp bulbs, the lead-oxide
content is limited to about 20 percent. High lead
compositions are used to absorb x- and gamma
radiations, and as solder glasses for sealing
other glasses at relatively low temperatures.
Lend-alkali glasses are used for optical pur-
poses and for decorative crystal because of

| N JUR S i Y
O IChinCiive 1pucic>.

d. Borosilicate Glasses. Although there are
many glasses of this general type, ooe of parti-
cular interest is the low thermal expansion glass
used for many industrial purposes. This glass

has unusual resisrance to thermal shock and has
excellens properties of chemical durabilicy.

The glass is well adapted for use in labora-
tory appararus. It is free of heavy metal oxides,
so that contamination is reduced in making

chemicral analvese
SRR RERIFSRS.

e. Aluminosilicate Glasses. These glasses
contain large amounts of Al303 and relarively
large amounts of Ca0 and MgQ. They are more
highly viscous below 1,006°C than the more com-
mon glasses, so that they are suitable for higher
operating temperatures. Thermal coefficients of

expansion lie between those of the low-expan-
sion borosilicate glasses and soda-lime glasses.

f. Glasses for Fibers. Although most com-
wercial glasses can be drawn into fibers, chemi-
cal durability is of particular importance for
most of these products, because many of the
fibers range in diameter from values of less tBan
onc micron to ten mictons. The two glasses
listed in Table 1 bave high resistance against
weathering. High softening points are also de-
sirable, because the cooling rates of fibers are
extremely high, so that the viscosites will be
depressed to much lower temperatures than when
the same glasses are cooled slowly. This cha-
racteristic is showp in Figure 2. Textile produces
and thermal insulation are frequently operated
at relatively high temperatures.

g. Other Glasses. Probably one thousand
different commercial glass compositions are
melted in any one year. Of these, a multitude
of unusual compositions are used for optical
purposes alone. Many others are used for tech-
nical aod scientific purposes which demand
special properties. New requircments in glasses
arise from time to time, so that sew composi-
tions must be developed to meet them. Such
glasses cannot be discussed within the scope

nf shie manal
Vi Wl fauuni.
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10. Generol. The basic operations of glass
mapufacture include the fusion of the raw con-
stituents into a molten mass and then the form-
ing of the viscous mass into desired shapes.

1. Raw Materials. The constituents which
are combined to form the batch may include many
raw materials. Table II lists only some of the
more common ones. The list indicates oot only

the glassmakiog oxide available in each ma- .

terial, but also the proportion present.
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"and feldspar are natural minerals, although they

may be processed to 8 minor extent to increase
their pwrity or convenience. In better quality
sands, the desired iron content may be not more
than 0.025 percent, so that some sands are
treated to lower the iron content. Other materials
may be processed to some degree. Soda ash,
potassium carbooate, litharge, and zinc oxide
are all processed materials. Several sources can
usually be used for any comstituenr, and sub-
stitutes rre sometimes made withour appreciable
modificarions of either chemical composition or

TABLE Il. GLASSMAKING MATERIALS

‘Chemical

Glassmaking Percent

Raw Material Compoaition Oxide of Oxide
Aluminum hydrate Alzoa- 3H, O 1\1203 65
Barium carbonate BaCO3 BRO 78
Borax Na23 407' 10320 3203 . 36
Na O 16

2
Dolomite CaCOa' MgC()3 .Ca0 30
MgO 22
Feldspar Kz(Naz)O-Alzos- 6 8102 AL‘,O3 18
K2(Na2)0 12
5102 68

Limestone CaC(?}3 CaO 56
Litharge Pbh G Pb O 100
Potassium carbonate (calcined) K2 (.‘.03 K 20 68
Sand 8i 02 Si 02 . 100
Soda ash ancos Na20 58
Zinc Oxide Zno Zn0 100
Zirconjum oxide Zr02 Zro2 100
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propertieé of the glass melted. The use of dolo-
ad ten thaca ik LE_M
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is accepeable as a migor constituent.

Many taw materials are used as colorants in
melting colored glasses, aod still others for
reducing agents and fining agents. (Fining ageats
accelerate the fining operation.)

The raw materials are received, inspected,
and stored. Batch calculations determine the
proper weight proportion of each material re-
quired, and the batch constituents are weighed
to conform to these computations. Waste glass
obtained from melting and forming operations and
known as cullet is commonly added to the batch.
The batch is then mixed and prepared for charg-
ing into the melting uair.

12. Melting. Melting coasists of raising the

emnemture n‘ the harch usu £
&5 kA R AR uutuu, \lauﬂll,‘ Lrom I.,QUU io

1,600°C, where chemical changes occur in the
raw materials and the glassmaking oxides be-
come molten. Gases are liberated which may
pass off in the exhaust gas of the furpace, or
remain as bubbles or dissolved in the glass.
The fining operation, then carried out at & some-
what reduced cemperature, allows most of the
eontrained gas to escape or redissolve in the
glass. Fining also Br-ings the glass to a more
homogeneous coadition by reducing stiae or
cords.

All major melting operations are now carried
out io continuous tanks, in which both the opera-
tions of charging of the batch at one end and the
witbdrawal of the fined glass at the other end
arc continuous. These tanks are large rectan-
gular troughs, the larger of which may exceed

may hald 1 €00 tane of
MAaY 400:G i, 0V 00s ol

1NN fame in laneeh and
AU AWk am bllal-l-l L2 Ll

glass. This holding capacity may represent the
output of one to seven days, depending upon the
type of glass and the degree of fining required
by the product. The bottom and side walls are
counstricted of large refractory blocks and the
crown of refractory bricks.

Fuels commonly used are natural gas ot oil.
[u the larger tanks the burners eater through the

10

AtE mammcaioa
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regenerator units made up of refractory bricks,

which are heated by the waste gases.

Molten glass is a relatively good conductor
of elecwicity. Melting operations may be per-
formed with electric curreats passed through the
body of the glass. In small tanks intended for
special glasses, practically the eantire melting
eaergy may be supplied eclecuically. In large
vaits, elecmic powerwhen used is more commonly
ap auxiliary source for the closer control of
temperature and viscosity, as the glass is being
conditioned for forming operations.

The back end of the rank is used for charging
the batch and melting it, while the froot end is
used for fining. A refractory bridge wall across
the taok, with an opeaning for the circulation of

glass, sometimes separates these two operations.

From the fining end the glass
©Iom e Lining €0 {a¢ giass passes

channel or foreheath to the forming equipme ...
In this part of the taok, the glass is brought to
the viscosity required by the particular forming

operation In use.

13. Primary Forming Operations. These are
operations in which the glass is formed directly
as it is drawn from the melting unit. They in-
¢lude rolling, drawing, pressiog, blowing, and

casting.

a. Rolling. Glass is allowed to flow from a
broad chaannel to the space between two large
steel rolls placed before the lip of the channel.
The thickness of the plate, determined by the
spacing between the rolls, is commonly between
1/8 inch and 1-4 inches. The plate is coaveyed
on rollers to an annealing lehr or oven. Plate
glass, patterned glass, and wired glass are all
produced by this method.

B._ Drawing.

{1) Sheert.
uses
from a poolof molten glass. The original process
was known as the *‘Fourcault process,’’ alchough
several modifications are now in use. The form
of the sheet must be stabilized, as the shcct

1 Tn tha Eg te
+. i TNC IOUICAauil process, it is

Sheet glass for glazing and other

S’

is produced by drawing the sheet upward
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dmawn through an elongated slot in a partly sub-
merged refractory bar, called a ‘‘debiteuse.”
The glass is annealed either while it is drawn
upward, or after bending over a roll ioto a hori-
zontal position.

is ordinarily made in

thicknesses bctwcen inch and ! inch. With
special equipment, sheet glass in parrow widths
can be drawn in thicknesses between 0.001 inch
and 0.010 inch.

(2) Tubing. Tubing is also formed by means

of drawing processes. In some equipment the

- tubing is drawn upward from a refractory cone
submerged in the glass. It is fully, or partially

anocaled as it passes upwsrd to an upper level,

where ir is cut to lengths. This process is well

adapted to making large tubing upto eight inches

ot more in diameter. A modification is also used

for drawing thermometer tubing, which is of

small diameter,

It another process, the glass is drawn down-
ward through che annular space between a map-

dre] apd'a ring, both of refracrory marerial. A

third process draws the tubing from an inclined
refractory mandrel fed with a sueam of glass,

{3) Glass Fibers. Glass fibers are dawn
through small orifices distributed along the
bottom of a platioum trough or bushing, which is
heated clectrically. In the manufacture of cer-
tain products, these bushings arc attached o
the bottom of a larger melting unit. The drawing
forces may be produced by jets of air, steam, or
flame. These fibers are of limited length and are
called staple fibers. In making other fibers,
selected glass cullet is remelted in the platioum
bushings. Many continuous filameots are drawn
in a single surand by means of mechanical wind-
ing machines. These continuous filaments are
used mainly for textile productsand for reinforce-

ment of pxasul: materials.

The quality of glass, particularly for con-
tinuous filaments, should be good because in-
clusions and bubbles ca:
with drawing operarions.

intecfere seriously
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¢. Pressing. In this operation, a mass of
glass called a gob is severed from the sweam

 drawn from the tank and dropped into the press

mold, The device which performs this operation

" is known as a gob-feeder. A mechanism produces

1

an intermittent flow of the glass stream from a
forehearth of the tank, while the action of the
shears cutting the stream and the motion of the
turntable of the press carrying a series of molds
are coordipated with pulsations of the stream.
The weight of the gob sheared in this mannet
cap be controlled within close limits.

The motion of the turntable brings the molds
with their gobs successively under a metal
nlmggg, which moves downward to force the vis-
cous gob into the cavity berween the mold and
plunger. The closwre of this cavity is effected
by a third meld element called a ring. After the
glass bas set up, the plunger is withdrawn. This
is made possible by a smail taper on the sides

of the plunger.

Whea the turntable bas moved forward several
positions, the pressed glass is raised from the
mold and conveyed to the lebr. If the mold is
machined from a solid piece of steel, the sides
must be wmpered, but if the mold is hinged so
that it can be opened this mper is oot necessary.
Large quantitics of heat are taken up by the
mold and plunger in the pressiog operation, so
that provisions wmust be made to cool them.

Pressed articles are made in sizes ranging

from pieces weighing a fraction of an ounce to
tbose weighing 35 to 40 pounds.

d. Blowing. Air is first blowa into a glass
blank or parison to produce a cavity. This
parisco is then inserted into a blow mold, where
a second blowing operation is petformed to ex-
pand the cavity uatil the glass is forced agaiast
the walls of the mold. There are maoy variatiops
of thesc opemrions, deperding upon the form of
thbe article being blown and the type of equipment
used. Hand-blowing is still used for the limited

production of special articles.

The
tainers,
teasive use of the blowing operations.

mechanized production of glass con-
wainly bottles, represents the most e¢x-
Two
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methods in common use vary mainly in the man-
ner ihwhich che glass is fed to the parison mold.
In ihe Owens method the parison mold, held at
the mouth of the bottle or "‘finish’’ end, and

.open at the bottom, is dipped into a rotating pot

of molten glass. The glass is sucked into the
u_iold and the bowom is ciosed off. A puff of air
through the finish end forms a small cavity,
after which the parison mold is then removed,
while the glass is still held at the finish. The
glass is then wansferred to the hinged blow mold,
which closes, so that the glass is thea blown to
fill this mold. The mold is opened and the bottle
is removed and conveyed to the lehr.

The other method uses the gob-feeder already
described under Pressing. The gob is dropped
agairist the finish end of the parison mold, while
a puff of air from above compacts the gob to form
the finish of the bottle. The other end of the
mold is then closed and the cavity is formed by
a counter blow through the finish ead. The trans-
fer to the blow mold and the fical blowing in
this mold are similar to corresponding operations
of the Owens method. An imporeant feature of
both methods is the complete forming of the
finish in the parison mold, which climinates any
tooling, as was the case in the old hand-blowing
method. The parison of a wide-mouth jar is
commonly formed in a press mold before its
transfer to a blow mold.

Bulbs fof incandescent lamps are blowa with
cotirely different equipment cailed a “‘ribbon
machine.”” Glass from the melting unit is fed
continuously between a pair of forming rolls,
aad the ribbon thus formed travels forward on a
series of moving steel plates. Corresponding
blow beads, moving at the same speed, puff the
glass through holes in the plates, after which
the hollow glass parisons continuc to eloogate.
Blow molds in two parts, also moving forward,
close around the parison and rotate while the
glass is blown into them. As the molds open, the
bulbs are removed from the glass ribbon and pass
to the lehr. The inner surfaces of the molds are
coated with a moist material, referred 1o as
paste, which produces a clear, smooth surface
on the bulb. A single ribbon machine can pro-
duce as many as 2,000 pet minute of bulbs of
.certain sizes.

12

e. Casting. One method of casting is used
in the production of massive optical components.
Selected pieces of cullet are placed into a re-
fractory mold, and the mold and glass are then
heated in a furnace until the glass melts. The
temperature is reduced at an appropriate rate to
anneal the glass. In some instances where the
glass is melted in a small continuous tank, it
may be loaded into the mold in a stream. Both
mold and glass are held at an clevated tempera-
ture during this operation.

Hollow glass shapes, such as funnels and
cylinders, are sometimes formed by a cenrifugal
casting process. A gob-fecder loads the glass

into the mold. The mold is then rotated at a
speed whichwill force the glass against the wall
of the mold, causing it to rise to the open end.
When the glass has set up, the mold is stoppcd
and the glass is removed.

14. Secondary Operations. Sccondary oper -
tions are carried out after the glass has been
formed at che melting unit. A great oumber of
such operations have been developed to bring
the glass to its finished condition.

a. Secondory Forming. Extensive operations
arc performed with the lamp-working methods to
produce special and complicated shapes from
tubing and other articles. The glass is heated
locally and reformed by beoding, blowing, re-
pressing, and sealing. Many types of laboratory
and scientific ware are fabricated in this manner.
Large parts which cannot be formed conveniently
by primary operations are frequently sealed to-
gether in a lathe, using large gas burners to
heat the regions to be sealed. In some cases,
thick sections are heated by elecwic currents
passed through the glass in order to bring it two
sealing temperatures. The currents are conducted
to the glass by means of electric arcs.

Flat glass is bent over a form or sagged by
heating it to a high temperacure.

Glass parts of special shapes are sometimes
formed from powdered glass to which a small
amount of organic binder has becn added. This
material is dry-pressed and then sintered at
elevated temperarures. This method is conveni-
ent for small articles with holes.
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In a recently developed process, flac glass is
taken from the rolls and floated across the sur-

face of a bath of molten metal, The temperature -

of this meral is sufficient to heat-polish the
glass in contact with it. A flame abave the glass
fire polishes the opposite surface. ln this man-
ner the operations of mechanical grinding and
polishing are eliminated. The product is known
as ''{loat-glass.”’

MIL-HDBK-722(MR]
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"~ ¢. Grinding, Polishing, Cutting. Grinding is
sometimes used to remove excess glass or two
produce flat or accurately formed surfaces.
These operations may be performed with loose
abrasive on a grinding mill, bonded abrasive
wheels, or with diamond-impregnaced wheels.
Coppet wheels fed with abrasive powder are

" used for engraving glass.

b. Annecling ond Tempering. The technical

problems iovolved in these processes are re-
viewed elsewhere. If glass is allowed to cool
freely in air after forming, internal stresses will
be set up, which under some conditions may
cause breakage. These stresses can be reduced
to an acceptable value by controlled codling or
annealing. Furnaces used for this purpose are
called lehrs.

One method is to place the glass in an oven
or furoace, bring the glass to a remperature usu-
ally at or slightly above irs annealing point for
a short period of time, aod then allow the tem-
perature to drop to & second temperature (usually
slightly below the strain point of the glass), ar
a rate which will prevent excessive stresses
from being sct up. More frequently the lebr-con-
sists of a long tunnel with a ‘moving conveyor
belt. The temperature distribution along the axis
of the furpace is such chat when the conveyor
belr is operated at a suitable speed, the desired
annealing conditions are met. The temperature
and speed of the belt will depend upon glass
composition, thickness of the sections of the
glass, and the allowable values of its internal
stresses.

For temperiang, the cooling rates used are much
higher than for annealing, so that the internal
stwesses of the glass are greater. This coodi-
tion, known as prestressing, increases the re-
sistance of the glass against applied forces.
The tempemature of the glass is raised toa value

The roughening of the glass surface by the
abrasive grains is often undesirable, so that
polishing is used to restore it to a smooth con-
dition. Mechanical polishing with rouge (ferric
oxide) ot ceric oxide, applied to the surface
with a moving lap or buff, is widely used. Other
means of polishing include the use of a flame
(fire-polishing) and etching with dilute hydro-
fluoric acid. All of the above methods are used
to sucngthen glass surfaces which have been
weakened by grinding or other treatment.

[o the conventional grinding process for plare,
the giass is carricd from the lehr on a coaveyor
to a series of grinding mills. The mill wheels
are io a horizontal plane (vertical axis), in pairs,

 so that one is above and one below the glass.

usually near its softening point, and it is then

chilled by blasts of air or by other means of
cooling. It is important that all surfaces of the
glass be in compression, otherwise the article
will not be properly sturengthened.

13

Sand is used as loose abrasive, in finer grains
for successive mills. When the grinding opera-
tion is complete, the plate is passed berween
rotating laps for polishing.

~ Flat glass is cut to desired dimeasions with
small edged scoring wheels drawn across the
glass surface. The deep cracks caused by this
operation can also be produced with a cutting
diamond, but these are now little used commer-
cially.

d. Enemeling. The covering of glass surfaces
with vitreous enamels is one of the secondary
manufacruring operations of this material. Ocher
related uses of cmamels or glazes include the
glazing of ceramic bodizs and the coating of
steel or other metals with these enamels. The
eoameling of metals to improve their appearance
ot sanitary properties and to prevent chemical
artack is a separate industry, with its own tech-
vical and production problems. (Information oo
this subject can be found in Reference {10],
section 26-12.)
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Clear glass articles are coated with opaque
enamels for purposes of decoration, for printed
information, and to control light (lighting globes
and colored pancls for buildings). Glass can also
be. presuessed by suitable glazes. Enamels
should have a firing or matwing temperature
~ below thatwhich will cause the glass substratum
to deform. Except when used for prestressing,
the enoamel should have the same thermal ex-

pansion characteristics as the base glass, or-

slightly lower. In order to reach a low softening
point the enamels usually include appreciable
amounts of lead oxide or boric oxide. Opacifiers,
_ such as titanium dioxide or molybdic oxide are
added, and also coloring oxides. These cnamels
are milled to a finelydivided form. When obtained
in dry"-form tﬁgy are mixed with gum spirits of
turpentine or other oil to make a paste which
can be applied with brush, spray, or with printing
screens. After drying, the coated glass is passed
through a decorating lebr, which may reach a
peak temperature of abour §00°C. The rate of
cooling must permit the annealing of the glass.

For purposes of prestressing, the vitreous
coating must bave a thermal coefficient of ex-
paosion materially lower than that of the base
glass. The compression glaze must cover the
entire surface of the base glass, otherwise stress
concentrations will occur ar discontinuities.
' This method of prestressing is also applied to
glass-ceramics.

Glass 9 of Table ] is for a “‘solder glass,'
that is, a glaze used for sealing rogether two
glasses, or a glass and a metal. This glass has
a softening point of 440°.

e. Special Processes - 96 Percent Silica
Gloss. Amoang the mapy special processes deve-
loped for glasses the method of producing 96
percent silica glass is of considerable interest.
The desired ware is formed oversize from a some-
what unstable glass composed of silica and
boric oxide. This glass is subjected 1o a heat
treatment which produces phase separation; that
is, two different glasses are mingled in the body,
one essentialiy silica and the other essentially
boric oxide. The boric oxide phase is leached
out in acid, leaving a porous structure of silica.
This skeleton swucture of 96 percent silica is

heated to a temperature which causes the pores
to collapse. The bedy is thus consolidaced and
shrioks so that all dimensions are reduced by
some 14 percent.

(1) Prestressing by lon Exchange. The com-
mercial use of principles of ion exchange on
glass surfaces for the purpose of presiressing
is of recent origin. The glass is immersed in
molten alkali nitrates at a temperarure below the

traasformation range of the glass [11]. In such a

"bath the lithium atoms of a glass may be re-

placed with the larger sodium atoms, or the
sodium atoms with the larger potassium atoms.
lon exchange moves inward from the surface by
diffusion processes, so that the depth of the
exchange will vary with the square root of the
time duration of the process. Under practical
conditions this depth is usually limited to about
0.010 inch. Best results are obtained with
glasses with compositions developed particu-
larly for this purpose.

When the glass is cooled the larger ions be-
come wedged in the surface so that high com-
pressive suesses, often of the order of 50,000
psi, If the ion exchange does not
chapge the thermal coeflicient of the glass ap-
pteciably, these compressive stresses will be
retained until the strain point of either the base
glass or the compressive layer is reached.

will result.

(2) Devitrification. A perfect glass will be
completely noncrystalline. Practically, fine cry-
stals may be grown in certain glasses to produce
or control color, and in some opal glasses for
opaciry.
photosensitive glasses to produce small nuclei
or larger crystals. These general principles have
been developed and expanded in recent years
for the purpose of devirrifying glass bodies so
that they are largely, and sometimes almost com-
pletely, crystalline.-The resulting products are
called glass-ceramics [12].

Special procedures are cmployed ia

The compositions of the glasses used for de-
viirification contaio ceraio aoucleating agents

or catalysts for acceleratiog the operation. These

. nucleating agents may be merallic colloids (Au,

14

Ag, Cu, Pt) or TiQy, P20s, or Z:0) 12]. After
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the glass is meleed and the article formed in the

usual manner, it is bheld at a temperature- at

which the caralyst is homogeneously nucleated.*
Then, in a second heat treatment, these small
crystals become beterogencous nuclei for another

(.[yauillu.f p.‘i“sc -‘-'y‘u.-l- n-u-hu'lne tha mn;m Con-

stituents of the glass. Relations between these
growth rates and temperature are shownin Figure
3. The crystals formed in this way are small,
usually with dimensions of the order of 100X
(10 my), although under certain conditions they
may be grown to much larger sizes.

With some glass compositions the crysalli- -

zation process can be continued until practically
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FIGURE 3. Crystcllization Properties of Glass-
Ceromics (ofter Stockey,
Reference [12]}
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the entire body is devitrified. In other cases wo
ot more different crystal phases may be formed,
usuaily ar different temperatures, so chat com-
plete devitrification may be less simple. Another
practical limimtion in glnss composition resuls

Aammmes Arimses

1 SR —ma- A
vl L uu.uua

ll -chbiﬂbl‘ LLIELIEGQ ll‘ 'U}Illllc
the devitrification process. Io general, the linear
change of dimension should not exceed 0.5
perceat.

If the temperarure of a glass-ceramic is raised
above the liquidus of the material, it will revert

1o a glass.

i. Secondary Operations on Giass Fibers.
Glass fibers are processed into two basic classes
of products, one consisting of wool in the form
of insulating bats and bonded mats or packs,
the other being textile products. Blowo swmple
fibers are collected on conveyors in felted form.
Lubricants or bonds may be sprayed into the
fibers while they are being collected on the
conveyor. For some purposes the bonding ma-
terial is added in later operations, sometrimes by
dipping, and some of these bonds are cured with
heat. The density of the wool can be increased
greatly when the fibers are held with these
bonds, so that its properties are improved for
thetmal insulation at higher tempcratures, and

for structural purpofes in the form of boards.

High deansity is also desirable for other applica-

tions, such as sound absorption.

Textile fibers are of two types, swmpie fiber
and continuous filameont. Staple fibers are blown
and laid down in the form of a light webbing
which is collected as a sliver. The sliver is
further drafted and twisted into yarns. The con-

‘tinuous filamentstrands are combined and twisted

into yarns. Textile operations of conveatiopal
types are used for fabricaling the yarns into
many products such as cord, cloth, mpe, aod
braided tubing.

*For further discussion on nucleation see Reference [4], Chapter 10.

15
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When used for elecuical insulation, the glass
textiles are impregnated with varnishes. In order
to aise temperatute limits thus imposed, high
temperature  varnishes such as silicones are
used for this pupose.

[ .Y
1

o Bib oo moo ecmaz ool e o miimbeoe
CEALIIT 1IDCTIYS AIc proccssca i n uum‘l.‘u:r Uf

forms - for the reinforcement of plastic bodies;

16

continuous filament strands, either in long
lengths or chopped into short lengths, roving,
cloth, and filled mats are all used for this pur-
pose. In this procedure special textile sizing
materials called coupling agents are used on
the. glass, in order to increase the adhesion

between the glass and the plastic.
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Chapter 3
Selection Criteria (Properties)

- INTRODUCTION

The properties of a material define its charac-
teristics anddetermine its suitability for possible
uses. Certain characteristics of glass differ
materiaily from those of common engineering
materials, so that the subject of its properties
assumes more thao ordioary importance. Pro-
perties are discussed in more detail in the gene-
cral references (such as Reference [6].)

YISCOSITY

The gencral relationship between viscosity
and cemperature was indicated in Figure 2. A
convenient means of distinguishing these charac-
teristics is the use of reference temperatures
corresponding to specific values of viscosity

and measured under standard conditions. These
terms, their viscosity values and the standard
test specifications, are indicated in Table HI.

The temperature interval between the anneal-
ing point and the strain poiot represeats a nomi-
nal annealing range of the glass. The softening

 point is a measure of the temperature at which

the glass will deform readily under its own
weight. The working point corresponds roughly
with a viscosity which is suitable for various

- forming operations. These reference cemperatures

are listed in Table IV, Physical Properties of
Commercial Glasses. Viscosity curves of these
same glasses are givea in Figure 4. It is noted

_that the viscosity values of silica glass and 96

percent silica glass show some spread. This

TABLE lll. REFERENCE TEMPERATURES IN RELATION TO VISCOSITY
AND TEST SPECIFICATION
Reference Condition Approx. Viscosity coi s
(defined as a temperature) (Poises) Test Specification
Strain point 1014-5 ASTM Desig.
' C336
Annealing point 1013.0 ASTM Desig.
C336
Softening point* - 107-5 ¢ 108.3 ASTM Desig.
C338
Working point 10¢ | e

* In this test the glass cloagates under its own weight so that the viscosity value

depends to some degree upon glass densicy.

17
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FIGURE 4. V.iscosi!y Characteristics versus
Temperature of Commercial Glasses.
Mumbers on curves comespond to

those of Tobles | and IV

variation tesults from very minor constituents
in the glass and sometimes from thermal treat-
ment.

DENSITY

The density of glass is commoanly expressed
in grams per cubic centimeter, which corresponds
closely to its specific gravity. For purposes of
comparison these measurements are made at
room temperarure.

The density of silica glass is 2,203 gm/cm3,
which is not greatly different from chat of its
crystalline form of cristobalite (2.320 gm/cm3),
As other constituents such as modifiers are
added to silica, some of the atoms will accom-
modate themselves to interstices in the random
perwork, so that the specific volume of the glass
may not chapge correspondingly. Boric oxide
glass has a density of roughly 1.84 gm/emd | so
that some borosilicate glasses can be lower in
density than silica glass. Glasses of extremely
high conteats of lead oxide may reach density
values in excess of 6 gm/cm3,

18

Figure 1 has shown that when a glass is
quickly chilled from the supercooled liguid state
it will have a greater specific volume (lower
deasity) than whea it is well anpealed. Except
for fibees this difference is only a small fraction
of one percent.

Table IV gives depsity figures for a number
of glasses.

EXPANSION WITH TEMPERATURE

The coefficient of thermal expansion deter-
mines the magnitude of the stresses developed
by temperature differences within a body. When
scals are made between two pieces of glass, or
between glass and meml, the difference in ther-
mwal expansions establishes the magnitude of
stre sses set up when the composite body reaches
room temperature.

Thermal expansion is determined by measur-
ing the differential elongation berween the glass

50 T T T T , L 1

pa

ELONGATION - alL/L X 104

Al;l "
200 300 400 500
TEMPERATURE - °C

400

700

100

FIGURE 5. Relative Elongation versus Tempero-
ture of Commercial Glesses and One
Glass-Ceromic. Veriical intercept
shows strain point of glasses.

Numbers are those of Tables | and IV
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TABLEIV. PHYSICAL PROPERTIES OF COMMERCIAL GLASSES
Thermal Expauio_nq
No. DESIGNATION Viscosity Reference Temps. (°C) Coeft. (Per °C x 10) Den/sity
(gm/cc)
o Hoom Temperature
Strain Anneal | Soften | Working | 0-300°C to Setting Pt.
1 | Silica Glass (Fused Bilica) 1070 1140 1667 - 55 7.0 2.20
2 | 56% Silioa Glanss 820 210 1500 - 8.0 7.0 2.18
3 | Soda-Lime -- Window 505 548 | 730 1010 85.0 - 2.46
4 | Sods-Lime -- Plate 510 553 735 to 87.0 - to
5 | Soda-Lime -- Container 505 548 730 1060 85.0 - 2.49
] Lead-Alkall -- Electrical 395 435 626 985 83.0 100.0 2.85
7 Borosilicate -- Low Expansion 515 565 820 1245 33.0 a5.0 2.22
8 | Aluminosilicate 670 712 912 1185 42 - 46 53.0 2.60
2 Bolder Glaas (High Lead) 340 365 440 560 84.0 92.0 5.42
10 | Cllass Fibera (E Glaas) - - 830 -~ 60.0 - 2,60
11 | Glasa Fibere (Lime Free) -— - 875 - 75.0 -— 2.57
Refract. | Vol. Reslativity | Dielect. Property Elastic Property
Index (l..ogw ohm-cm} {1 me, 20°C) Elast. Polsson
(0.56834) Dissip. | Dtel. Modulus Ratio
250° C [350°C | Factor Censt, {108 pay)
0. 06001 to
1 Silica Glass (Fuased Silica) 1.458 12.0 10.0 0.0002 3.8 16.5 .16
2 96% Silica Glass 1,458 8.7 8.1 0.0005 3.8 10.0 .19
3 Soda-lime -- Window 1..510 6.5 5.2 0,004 7.4 ‘
4 Boda-Lime -- Plate to to to to 10.0 .21
5 | Sods-Lime — Comainer 1.520 7.0 5.8 |0.011 7.8
6 | Lead-Aliall -~ Electrical 1.53% 8.8 7.0 ] 0.001€ 6.7 8.9 .21
7 { Borosilicate -- Low Expansion | 1.474 8.1 6.6 0.005 5.1 9.1 .20
8 | Aluminosilicate 1. 540 12.5 10.5 0.0025 6.7 12. 6 .25
9 | Solder Glasa {High Lead) - 10.6 8.7 | 0.0022 15.¢ 8.0 .28
10 | Glass Fibers (E Glass) 1.550 - - - - 12.0 -
11 | Glass Fibers (Lime Free) 1.540 - -- - - . -

and some material of known expansion, such as
silica giass, over a range of temperature. For
experimental purposes the temperature is raised
from room temperature, usually 25°C, to values
above the strain point of the glass. The overall
clongation, expressed as a fraction of the room-
temperature dimension, is then plotted as a func-
"tion of temperature. Figure § includes elongation
curves for a number of commercial glasses and
one glass-ceramic body. The curves for glasses
are approximately linear to some temperature
below the strain point, which is indicated by
the short vertical intercept on the curves.
Within the transformation range the slope in-
creases, until at the aonncaling point it may be
two or three times greater thao at low tempera-
tures.

19

The mean coefficient of thermmal expansion
from room temperature to any other temperature
is obtained by dividing the elongation at this
temperature by the temperature difference.

For comparisorn of glasses and for control of
glass properties during melring operations, a
simpler procedurc is used. The temperature of
the glass specimen is raised from 0°C co 300°C,
and the overall elongation 15 tead from a dilaro-
meter. The coefficient of thermal expansion is
commonly expressed in parts per 10 million per
°C. Procedures for this test are given in ASTM
Desig. C337. Values from this type of test, and
also mean values from room temperature to a
temperanare 5°C above the strain point, are in-

cluded in Table IV.
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SPECIFIC HEAT AND THERMAL CONDUC-
TTY

Glasses fail to crystallize at a melting point,
so that there is no measumbic latcoc heat of
melting. There are also no suddee polymorphic

changes at specific temperarures, such as are

found in the various forms of silica which cause

abeupt changes in heat capacity. Structural
changes continue to occur gradually in glasses
until the lower end of the tansformation range is
teached (and time is a factor determining these
changes). Glasses are metastable bodies, so
‘that the minimum values of heat content repre-
sented by correspoading crystalline forms are
‘never attained.

Because of these conditions, the changes of
heat contentand thus the specificheatsof glasses

are 0ot unique quantities at any temperature,
but will depend to some degree upon test pro-
cedures. Coosidering Figure 1, the heat content
of the glass as represented by condition B will
differ from that represented by D, so that corres-
ponding changes of heat content measured to
some temperaturc above the transformation range
will differ materially. Dara on specific heats of
glasses are subject to some variation.

True specific heat is expressed in gram-
calories per gram for a 1°C chaage of tempera-
ture. The mean specific heatis the average value
of ttue specific heac taken over the temperature
interval considered. Data for the true specific
heats of représentative glasses are included in
Table V.

TABLE V. DATA FOR TRUE SPECIFIC HEATS OF REPRESENTATIVE GLASSES

True Specific Heat Thermal Conductivity
-1_o,.-1 ~1 -1 o.-1*
Glass (cal xgm "x C ) (cal x sec "'xecm x C 7))
0°c | 200° | 400° | 0°C 200°C { 400°C
Silica glass 0.16 0.23 0.26 0.0035 0.0042 0, 0047
96% Silica glass - - - 0.0030 0.0040 0.0042
Soda-Lime 0,18 0.25 0.25 0.0024 0.0030 0.0034
Lead-Alkali 0.15 0.1% 0.22 0.0016 0.0029 -
Borosilicate (low expansion)] 0. 17 0.24 0.28 0.0028 | 0.0032 | 0.0037
Aluminosilicate 0.17 | 0.23 0.27 -~ -- -
Glass-Ceramic 0.18 0.24 0.27 0.0087 0.0085 0.0077

* To convert thermal conductivity values to Btu x hr'l x fi-l x®F-1, multiply by 241.

2
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Thermal conductiviry dam, expressed in terms
of gram-calories per second per square ceati-
"meter per °C for a section 1 centimeter thick, or
calories x seconds’]l x centimeters"l x °C1, are
also listed in the table.

At cenperatures above 400°C, the rate of beat
transfer will be increased by radiation effects
occurring within the body of the glass.

EMISSIVITY

Emissivity is the ability of a body to radiate
bheat energy considered as a ratio of that radi-
ated by an ideal black body. It can be expressed
for any specific wavelength or as total emissi-
vity, which includes all wavelengths. The emis-
sivity of glasses at the longer wavelength (low
temperatures) is high. Data for a soda-lime glass
are given in Table VI. The cffect of thinner
sections is to increase the transmittance of the
glass and thus reduce its emissivity.

MECHANICAL PROPERTIES

15, Elasticity. When viscosity values exceed
1015 poises. the flow of glass is so slight that
deformations are essentially elastic. For prac-
tical purposes glass may be considered as an

-
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solid are related as foliows:

E

Ge .
2(1 +v) ()

K= — oo ' ()
= — -1 3)

- - W2 PR ol e
where E is the elastic moduius,G is the modulus
of rigidity, K is the bulk modulus, and v is
Poisson’s ratio.

Table VII lists the clastic constants of com-
won glasses at room temperature.

The moduli of most glasses tend to decrease
slightly with temperature. Exceptions to this are
the twosilica glasses andthe borosilicate glass,

all of which have high proportions of network
atoms.

Glasses
effects, even at room temperature.
smaller in silica glass than in other glasses.

exhibit appreciable elastic afrer-
They are

TABLE VI. TOTAL EMISSIVITY OF SODA-LIME GLASS (PERCENT)

THICKNESS

[ 1/8 in. 1/4 in. 1/2 in.
250 (89)* 91 92
450 (82)* 88 90
550 70 83 88

* Values in parentheses are extrapolated.
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~ TABLE VIl. ELASTIC CONSTANTS OF COMMON GLASSES

Glass | Elastic Modulus Modulus of Rigidity Poisson's
7 ' (E in 106 psi) (G in 106 psi) Ratio
) Silica glass 10.5 4.5 0.16
' 96% Silica glass 10.0 4.2 0.19
Soda-Lime (plate) 10.5 : 4.3 0.21
Soda-Lime (bulb) 10.0 4.0 0.24
Lead-Alkali (20% PbO) 8.9 3.7 0.21
Borosilicate (low
expansion) 9.1 3.8 0.20
Aluminosilicate 12.5 5.0 0,25
Glass-Ceramic
(medium expansion) 17.4 7.0 0.24

TABLE VIil. DIAMOND PYRAMID HARDNESS OF GLASSES

{Locd 100 grams, room temperature)

Glass Hardness (kg/mm2)
Silica glass 700-750
96% Silica glass 650-~700
Soda-Lime (plaie) 540-~580
Lead-Alkali (30% PbO) 420-470
Borosilicate (low expansion) 550-600
Aluminosilicate 600~650
Glass-Ceramic (medium expansion) 620-640

22
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16. Hardness. Hardoess of materials can be
measured in various ways, depending upon how
this property is defined. Indentation hardness
tests have been made successfully on glasses,
using a pointed diamond indenter. These hard-
ness values are expressed in terms of the .load
in kilograms divided by the area of the impres-
sion in square millimeters. Data obtained by
different investigations are nor entirely comsis-
tent, but representative values are listed in
Tabie VIII.

17. Strength.* The subject of strength of
glass is onc of major importance. Aithough com-
plex, it is also of pronounced rechnical interest.
Glass is a brittle body, probably more brittle
than any material in common use. It breaks sud-
denly without prior yield or plastic deformation.
Failure is caused by a component of tensile
stress, even when the material is loaded in com-
pression. Fracture originates at a flaw and the
nominal strength of the glass is derermined by
the secverity of this flaw. In commercial glass-
ware the weakening flaws are of accideatal
origin and vary greatly in severity from piece to
piece in che same group, consequently there are
wide variances in measured values of their
breaking stress; see paragraph d, Variance of
Breaking Stresses, and Figure 9.

G. Brittle Fracture. When an elastic body is

subjected to stresses, elastic energy is stored

in the body. In any small volume of material
this epergy is proporiional to the square of its
stress and inversely propottional to its elastic
modulus. When fracture occurs, work is con-
sumed in producing and enlarging the fracture
crack. In a perfectly brittle body this work is

- MIL-HDBK-722(MR)
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equal to an energy value proportional to the in-
creased surface area of the crack. For ductile
bodies the work of plastic deformation of the
highly stressed region immediately around the

" crack mav he manv rimee that of ire curfare ex-

crack may be many times that of its surface ex
teasion. The criterion for fracture is that the
crack will propagate when the release of
elastic strain energy exceeds the toral work
done in forming the oew surfaces. When this
criterion is reached in the brittle bodies, frac-
ture will occur suddenly and completely. Glass
copforms gencrally to the behavior of a per-
fectly brittle body.

Equactions expressing the criterion of brittie
fracture can be modified to show chae fraccure
occurs when the concentrated stress in a crack
reaches a critical value identified with the in-
trinsic strengeh of the marerial. Attempts have
been made to measure this intrinsic strength by
testing specimens which are devoid of cracks
and imperfections to the highest degrece pos-
sible. Small fibers drawn under conditions to

produce smooth surfaces have been found to
break at stresses from one-half million to one
million psi. Consequently, the intrinsic strength
must teach these values, at lease.*®

Nominal breaking stresses of commercial
glassware are commonly of the order of 10,000
psi. This means that the flaws or imperfections
in such ware must produce high stress concentra-
tion factors (sometimes approaching factors of
100). This is explained by the fact that charac-
teristic flaws are extremely parrow in relation to
their depth. It is found that a flaw 0.0025 inch
deep can reduce the breaking stress of glass to
values of the order of 10,000 psi.

*Many discussions of this subject are available; such as the General Survey {13], Anderson [14],

Berry [15], and Weil [16].

**Values of almost 2 x 106 psi for stlica at 78°K are reported Wy Mitlig {13], and 1 ),106 psi for silica
at room temperature by Morley, Andrews, and Whitney [13],
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b. Striss Fatigue. When glass and other brit-
tle materials are subjected to stress in the
preseace of air, the breaking stress for a load of
short. duration will exceed that for one of long
duration. This is known as delayed fracture, or
static swess fatigue. For a delay of a fraction
of one second, the breaking soess may be more
than double thac for a delay of several bours or
several days.
stress which will pot produce fracture, even
when suscaioed for an indefinite period of time.
This stress is koown as the endumace limit of
fatigue limit. Static fatigue differs from cyclic
fatigue experienced in metals, because it is a
function of load duration and not of the oumber
of stress cycles.

Figure 6 shows a represcntative curve for
static facigue for a glass specimen (A), tesved
in air. The fadigue limit is about 45 percent of

PP R, P L SR S P
LUIve ., T0I >i1umiilarv
specimens tested in a vacuum, shows no appre-
ciable fatigue effects. This is also true for
specimens tested in air at low temperatures

(180°C).
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FIGURE 4. Stress-Time Choracteristics of Glass
Broken in Fiexure Tests ot Room
Temperature. A, onnealed glass in
air; B, tempered glass in air;
€, annealed glass in vacuum

There is some low value of
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Experiments carried out to compare the ef-
fects of fatigue under static loadiog with those
under cyclic loading indicate that for glass the
fatigue limits ate roughly the same in both
cases, when based on the same value of maxi-
mum stress, When glass is subjected to 2 stress
which will evenwally break it, the flaw begins
to enlarge at a slow rate. This enlargement pro-
ceeds at a more and more rapid rate, uatil the
fracture velocity reaches the critical limic_(ac
roughly one mile persecond). (See Schardian [14].)
At this velocity a transition occuts in the frac-
ture process, which is usually visible on the
fracture surface. The area representing the lower
velocities is flat and smooth, and is called the
fracture mirror. When the critical velocity is
reached, the boundary of the crack surfaces be-
comes somewhat rough. In an outer houndary the
crack backled or fragmented. Figure 7, drawn
from a photomicrograph, shows the fracrure mir-

ror and the rwa houndaries for a niece of olace
TOoD 280 80 IFO DOUNCRIICS 100 a piCC O B85S

broken uader impact. The study of these mirtore
is of practical importance, because the fracrure
stress can often be estimated from them.

c. Prestressing.
cles can be increased by prestressing. The pur-
pose of presiressing is not to increase the true
breaking stress of the glass, but to redistribute
the stresses so that a greater load may be ap-
plied before a breaking value can be reached in
critical regions of the surfaces.

The sturength of glass arti-

Tempering is the best known method of pre-
stressing. The glass is raised to a temperature
well above its aoncaling poiat aod the surfaces
are then chilled with a blast of air or other
means. When the glass reaches room temperature,
the surface layers will become highly stressed
in comptession, balanced by tensile stresses io

‘the interior. When an external load is applied,

its resulting tensile component must equal the
residual surface compression of the glass before
the resultant becomes tensileat all. Consequent-
ly, the strength of the article is increased by an
amount roughly equal to the residual surface

)
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compression. This smremen: is oversimplified,
but it gives an indication of the effects of pre-
stressing. Curve B of Figure 6 shows that the
relative effect of stress fatigue is greatly re-
duced by tempering.

Prestressing can be accomplished by chemi-
cal treatments, which replace swmall ions in the

25

MIL-HDBK-722(MR)
1 AUGUST 1969

glass surface by larger ions. (See Chapter 2,
Special Processes.) The thickness of the com-
pression layer is generally much less than with
tempering.

Figute 8 compares the distribution of residual
stresses resulting from tempering aod from
chemical treatment. )

d. Yariance of Breaking Sttesses. Figure 9
includes individual breaking suresses measured
for sample groups of three glasses and one
glass-ceramic body, plotted on a probability
basis. These curves are representative, but it
must- not be inferred that other sample groups of
the same materials will have identical charac-
teristics. Furthermore, these dam are for fairly
high rates of loading, so that the stess duration
corresponds to a time period of perhaps three to
ten seconds. For longer durations, the swess
values would have been comrespeondingly lower.

RESIDUAL STRESS - THOUS. P3!

TENSILE COMPRESSIVE
0 0 10 20 30 40 50
¥ T ¥ T T T
., | SurFaACE
S
N
TEMPERED
. AT DU Y
t
CHEMICALLY TREATED
S
SURFACE

FIGURE 8. Distribution of [Tesidual Stresses

across the Sections of Glosses,
Tempered and Chemically Strength-

ened
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FIGURE 9. Individual Breaking Stresses for
Groups of Glasses with Different
Treotments and One Glass-Ceramic,
Data plotted on o probability basis;
coliected by Shand, see reference [7]

-

Stress variations between the stronger and
weaker members are greatest io the case of un-
tempered glass. The median value is 14,500 psi,
but ewo percent of the group hroke at stresses of
5,000 psi, or 35 percent of the median value.
When tempered, the median breaking stress was
31,000 psi, with two percent of the group break-
ing at 24,000 psi, or 77 petcent of the median.
This shows that tempering no¢ only iacreases
the strength of the article, but can also reduce
variances.

For the chemically prestressed glass the
median value was 56,000 psi, with the two per-
cent stress 77 percent of the median.

The glass-ceramic, which was of the medium
coefficient of expansion type, had a median
stress of 27 000 psi, with vwo percent of the
group breaking at 69 percent of this value.

The type of probability curve used in Figure 9
is useful in showing variances of strength among
the members of a group tested. Other types of
probability curves may also be used for this
same purpose. [n the correlation of scientific
data, the average value and the srandard devi-
ation are commonly used to express these rela-
tionships. This procedure is not recommended
for strength dara on glass where the minimum
values are of greatest ioterest. For skewed dis-
tribution curves, such as those for tempered
plate aod for glass-ceramic (Figure 9}, the pro-
jection of stress values 1o two standard devia-
tions (roughly three percent of the population)
will resule in errors which cannot be tolerated
for the purposes of structural design.

e. Strength of Fibers (Reference [17]). it has
already been noted that fibers drawn experi-
mentally with unusual care will develop strengths
greater thao one million psi. Textile fibers
drawn commercially under special condicions
can attain strengths of more than one-hali mil-
lion psi, but for ordinary textile products mean
fiber strengths for the glass listed as No. [0 in
Tables [ and IV may be 300,000 psi, or slightly
more. With a special glass composition, fibers
can be drawn which are more than one-third
stronger than those of glass No. 10. Some deteri-
oration of the fiber surfaces occurs in texeile
fabricating operations, so that strength values
of resulting products must be reduced corres-
pondingly. Values of fiber strengths after hand-
ling_and fabricating have been reported as low
as 150,000 psi, and even less.

f. Effect of Temperature.
its main effect on the amount of stress fatigue
developed. In Figure 10, which includes the
data of Vonnegur and Glathart [18], for tempera-
tures from -187°C to +520°C, and load durations
from (.1 second to 100 seconds, the curves for
the various temperatures seem to converge at a
load duration where the stress farigue is very
small. At a remperarure of -187°C, stress fatigue
is barely appreciable. The maximum effect of
stress fatigue occurs at 200°C, a temperature
where water vapor is probably most active. At
§20°C the effect of stress farigue again de-
creases greatly. The breaking stresses of a

Temperature has
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Far conditions of sustained loading, the tem-
perature of annealed glass must be held appre-
ciably below the strain point, otherwise viscous
flow will take place. Glassware prestressed by
tempering or by chemical processing loses its
residual stresses at lower temperatures, so that
such a glass is restricted to temperatures abour

n meim. £ AC,
of even 507G

~AnnOr— 1. . P,
poliuw

200°C poini.
Within the operating racges, temperature has
.much less effect on glassware’s siress fatigue
than thar of annealed glass.

oL .
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g. Gloss Under Compressive Loads. The
intrinsic strength of glass in compression is
probably at least as great as it is in tension.
When loaded in pure compression, the flaws tend
to close so that nominal breaking stresses are
much higher thsn whea loaded in teasion. How-
ever, a cendition of pure compression is practi-
cally usattatnable, and local components of
tension cause prematute failure, usually at the
arcas of load application.

Uniaxial comptession tests have been made
on glass by loading small cubes between two

MIL-HDBK-722(MR)
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mewel plates. Those made by Winkelmann and
Schott, cited by Hovestadr [19], show thar for a
particular glass the breaking stress with the
glass pressed berween two plates of tin was
56,000 psi; with copper plates, 93,000 psi; and
with hardened steel plates, 180,000 psi. The tin
and copper plates were indented by the glass,
which was apparently tesponsible for the lower
breaking srresses. A similar effect was observed
when the steel plates became roughened in use.
Glasses of 17 different compositions wete tested
between steel plates. The mean values of break-
ing stress ranged between 86,000 and 180,000
psi, with an average of abour 120,000 psi. These
tests show clearly that condicions at the iates-
face between the glass and metal have a pro-
nounced effect on the value of compressive
strength measured in this manner. If a gasket is
inserted in the interface in order to equalize the
stresses over the surface of the glass, the break-
ing stress may be reduced seriously because the
lateral flow of the gasker will produce tensile
stresses across the surface of the glass. Softer
gaskets can even penctrate surface flaws in the

30
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FIGURE 11. Breoking Stresses of Glass and

Glass-Ceramic as ¢ Function of
Temperature for Short-Time Tests.
Dota for glass from Figure 10; for
glass-ceramic, Coming Glass Works
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FIGURE 12. Loci of Stress Components ot
Fracture for Glass Subjected 1o
Triaxial Stress Conditions.
Protection from fiuid ot interface:
A, copper sheath; B, lead sheath;
C, rubber sheath; D, neoprene
sheath; E, no sheoth; data of
Bridgman, reference [20].
tungstercarbide onvils with lead
foil at interface; daota of Cordell
and Cerll, reference [22]. GG,

theoretical curve, biaxial stresses

glass and produce cleaving forces which may
split the body. This effect has been investigated
by Bridgman [20] and others [21], in which glass
has been subjected rto triaxial compressive
stresses.  In two axes the siresses are equal,
while in the third the stress is different. Data
from such tests are few, but they are interpreted
approximately in Figure 12. The dashed lines
represent, as nearly as can be decermined, the
stress compoaents nceded for fracture. The stress
G in the upper right-hand quadrant is the break-
ing stress of the glass in tension. Extensions of
the G curves into the compressive quadrant rep-
resent the cortesponding breaking stress under
biaxial compression, derived analytically on the
basis of cermin assumed flaw orientations.
Curves A 1o E show how the material in contact
with the glass interface affects failure. Consi-
dering the case where the stress in the third

axis is zero, if a fluid is in contact with the
glass (curve E), the breaking stress is less than
20,000 psi. Fluids penetrate the flaws readily.
When the glass is protected from the fluid with a
lead sheath (curve B), the breaking stress is
increased to 120,000 psi. Using a copper sheath,
with little tendency to penetrate the flaws (curve
A), the breaking stress increases to about
250,000 psi.

- Curve F represents the data of Cordell and
Corll [7?] who compressed rhe glass between
tungsten carblde anvils with lead foil at the
glass ioterface. When the lateral pressure was
zeto, with only that on the anvils acting, the

breaking stress was 82,000 psi.

While these results are far from being precise,
they demonstrate how different loading arrange-
ments will influence failure under compressive
loads. Because this type of failure acrually re-
sults from temsile swess components acting
across the interface, preswessing this surface
will have beneficial effects, similar to thos-
obtained when the glass is subjected to temsile
stresses.,

OPTICAL PROPERTIES

The optical use of glasses is not confined to
the visible spectrum, so that its properties arc
important over a much wider range. In silicate
glasses the range of transmission extends from
approximately 0.2 microns to 5 microos, For
certain silica-free glasses the range can be ex-
tended o about 15 microns.

The refractive index of a glass is a measure
of its optical density, thar is, the extent to
which the velocity of the radiations is slowed
dowo in comparison to air or vacuum. If the

refractive index is 1,500, the velocity of the

radiation in the glass is 1.000/1.500 = 0.67 that
of its velocity ia air.

Table [V lists the refractive indexes of some
commercial glasses. The refractive index in-
creases with the content of lead oxide. In a
glass containing 82 percent of this oxide, the
refractive index is 1.97.

The changes of refractive index with wave-
length is called dispersion. This property is

—y
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utilized in designing lens systems which are
substantially free from chromatic aberration. The
common method for indicating dispersion was
developed by Abbe and his equation is called
the v (nu) value, or Abbe constant, where

oy -1
VS e (4)
F "%
The letter n denotes the index of refraction,
while the subscripts represent the wavelengths
at which they were measured. F is the hydrogen
emission line, 4,861 X. C is the hydrogen emis-
sion line, 6,563 A, and D is the sodium emission
line, 5,893 &.

18. Birefringence. Changes in the refractive
index are commonly used to measure mechanical
stress in glasses. If the stresses acting in two
geometrical axes differ, then the refractive ip-
dexes in these axes for a light passing through
the glass in the third axis will differ. The retar-
dation of light in one axis with respect to the
other axis is measured with an instrument called

MIL-HDBK-722(MR)
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a polarimeter. The difference betweea the stress
values in these two axes is expressed as follows:

Seress difference (kg/cmz) =™ ti{x_B' (%)

where R = the retardation (millimicrons),

t = thickness of section (cm), and

B = birefringence constant or stress
optical coefficient

The values of B, ¢xpressed in mp/cm per kg/cm2
are listed in Table IX. The specular reflection
of light is produced by flat, smooth glass sur-
faces. The reflectance is a function of the re-
fractive index, and for a single surface of trans-
parent glass is usually about four percent. For
rwo surfaces of a plate it will be double this
value, or about eight percent. If the surface is
roughened, cither by rolled patterns or by grind-
ing, the reflected light will be diffused or scat-
tered. In opal glasses, light is diffused wichin
the body of the glass, so thac the amount of
diffused light reflected may be much greater than
for transparent glasses.

TABLE IX. BIREFRINGENCE CONSTANTS OR
STRESS OPTICAL COEFFICIENTS

Type of Glass

B(mp x cm)
g

Silica glass

96% Silica glass

Soda-Lime

Lead-Alkali glass
20% PbO
T8% PhO

8G% PbC

Aluminosilicate

Borosilicaic (low expansion)

3.40
3.60

2.40 - 2.60

2.50 -2.70
0
-1.00
3.8

2.6
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FIGURE 13. Curves of Transmittance versus Wavelength for Selected Filter Glasses. Data from

Coming Glass Werks

Reflectance can be reduced greactly by non-
reflecting coatings, and can be increased by thie
metallic films. The metallic films which are
commonly used are those which reflect most
highly in the infrared part of the spectrum.

19. Transmittance. Figure 13 illustrates the
wansmission characteristics versus wavelength
of different types of glasses. The visible spec-
trum extends from 400 to 750 millimicrons wave-
the reflectance loss,

30
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the absorption of light by glass is an exponential
fuaction of thickness, cousequendy the trans-
mission specwrum of clear glasses can be cx-
tended by using thinner sections. For colored
glasses, the color density can be increased by
using thicker sections.

Glasses which transmit only in che ultraviolet
or infrared parts of the spectrum have military
uses, for example, in signaling and in the gui-
dance of rockets (additional information on the

military uses of glass may be found in Chapter §).

Clear glasses can be discolored by x- and
gamma rays. Yarious photosensitive glasses can
develop color after exposure to light, to ultra-
violet radiations, and to x-rays. In some cases
the latent image produced must be developed by

the application of heat.

ELECTRICAL PROPERTIES

20. Velume and Surface Conductivity. Elec-
rical conductivity is the result of ienic mobility,
particularly that of certaip of the alkali ions
(Li, Na, and K). This mobility increases rapidly

iy e 208 D

with temperature, and cooversely, the volume
resistivity decreases rapidly with temperature.
Figure 14 shows the relation of the logarithm of
resistivity to remperature of common commercial
glasses between 100 and 600°C. At room tem-
perature elecrrolysis presents measurement prob-

lems. In general, glasses are good elecrrical

insulators; molten glass, however, is a relarively
good conductor of electricity, so that glass can

be heated by electric currents. Electrical resis-
tivity, and in fact, all elecwrical properties, are

particularly responsive to the previous thermai .

treatment of the material.

Volume resistivities at 250°C aad 350°C are
included in Table IV.

The surface conductivity of glasses is in-
fluenced greatly by water vapor, and thus by the
relative bumidity of the atmosphere. With low
relarive humidities, the surface resistivities
usually range from 1014 t0 1016 ohms persquare.*

MIL-HDBK-722{MR)
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LOG 5 VOLUME RESISTIVITY - OHM-CM
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FIGURE 14. Volume Resistivity of Commercial
Glasses versus Temperature.

Numbers are those of Tables | ond
\v :

For humidities. of 90 percent, these values drop
toc 107 o 101 ohms per square, but can be in-
creased by treating the surfaces with silicones
or other materials.

21. Dielectric Quontities. An electric field
sct up ia a body represents énergy. If a consi-
decrable -portion of this energy is recovemble,
the body is called a dielecaic. The ratio of the
epergy lost as heat te iLat recovered is called
the dielectric dissipation factor, and is some-
times cxpressed as the tangent of the loss angle,
or tan §.

*The resistivity of a fiim measured between opposite edges of any square will be the same regard-
less of its dimensions. Consequently, surface resistivity is expressed in ohms per square.
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FIGURE 15. Dissipation Factor versus Tempera-
ture at 106 CPS for Commercial
Glasses. Numbers are those of
Tables | end |V

-The energy of the electric field is not the
same for all materials. The ratio of this energy
to that in a vacuum is called the dielectric cons-
tant, e, of the material. The relative energy
loss is then proportional to the product of the
dielectric dissipation factor and the dielecwic
constant, or, e ‘tan 5. These iwo quantities are
listed in Table IV for a number of glasses for a
frequency of one mc, and a temperature of 20°C.
For other temperatures, the variation of dissipa-

tion factors for these glasses is shown in Figure

15. . Note that for the silica glasses, Curves 1
and 2, there is a wide spread of values. This is
caused mainly by the presence of riny amounts
of constituents other than silica, NajO in parti-
cular.

22. Dielectric Strength. Dielecuic breakdown
may occwr when the volage gradient exceeds the
inrinsic diclectric stwength of the marerial, or
when the glass- becomes partially conducting
because its temperature is raised by dielectric

losses. The former type of breakdown is called
“electronic,’”” and the lauer type, ““thermal.”’

Electronic breakdown may occur whea very
thin sections ate subjected to momentary volt-
ages. Values of diclectric strength of glass as
high as 9 x 106 volts per cm have been mea-
sured in this way. Under less ideal conditions,
the voltage gradients chrough the specimen will
oot be uniform, so thar the average gradient ac
breakdown may be much lower.

As the duration of the electrical stress is
increased, local heating develops within the
specimen so that the mechanism involves ther-
mal conditions. When alternating voltages are
used, the heat generated in the specimen in-
creases greatly and the appareat dielectric
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FIGURE 16. Dielectric Breakdown of Commercial
Glasses versus Temperature. One-
minute breakdown for 2-mm thick-
ness at 60 cps; numbers are those

of Tables | and IV
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In a series

tests on glass specimens 0.030-inch thick,
the dats obtained were as follows:

60 cps, 500,000 tms volts/cm,
2 mc, 35,000 rms velts/cm,
100 mc, 8,300 rms volts/cm.

When a breakdown is of thermal origin the
breakdown voltage tends to increase at a rate
not greater than the one-haii power of the thick-
aess, so that the expression of dielecuaic strength
in terms of volts/cm or volis/mil is deceptive.

The effect of ambient temperature on break-
down voltage is shown for a number of types of
glasses in Figure 16.

23. Absorption of High-Energy Radiations.
An atom of any element will absorb x- and gamma
rays to the same extent, regardless of whether
it is in a solid, such as a metal, in a gas, or
combined with other atoms in a chemical com-
pound. The relative absorption of various atoms
and compounds is called a mass-absorption co-
efficient, u/p, with dimensjons of square centi-
meters per gram (and where ¢ is a linear coeffi-
cient with dimensions cm-l), This coefficient is
a funcrion of the characterisrics of the radiation

ne wall ac of

volte ar wavalanathl
as Wi as oi

falartran
vOils Of wavoithgia),

(electron
the marerial. If the chemical composition of a
glass is known, the absorption of each consti-
tuent can be computed separately and then
combined to give the absorption of the glass.
(Additional information, together with the tabu-
lated vaiues of the mass-absorption coefficieats
of some common glass constituents, will be
found in Reference [6].)

iLead is particularly effective in absorbing
these radiations, so that the absorption charac-
teristics of glass and other materials are fre-

quently given in terms of their "‘lead equiva- -

leats.'” For a glass containing sowme 76 percent
lead atoms, the coefficient yu may be from 43 ro
60 percent of that of mewllic lead, depending
upon the energy of the radiations.

After prolonged exposure to high-enctgy radi-

attons, some giasses will darken. o the case of
high-lead glasses, this darkening will fade

during periods of rest at room temperature.
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Glasses with lower lead content have been deve-
loped which are highly resistant ro darkening.

24, Chemical Durability. All of the general-
purpose commercial glasses which are noted
here are smble, but in some, such as borate and
phasphate glasses, chemical durability may have
to be disregarded for other special properties.

Water and acids have negligible cffect on
these glasses ar temperatures up to 100°C.
Hydrofluoric acid is an exception, as it will
armack rhe silica content at all temperatures.
Strong bases, such as NaOH aod KOH, will at-
tack glass appreciably at elevared temperatures,
even in % percent solutions. A § percent solucion
Na2C03 will also attack glass at elevated
temperatures, bur at a lower rate.

Table X includes data for chemical atack
under arbitrary test conditions which permit
different compositions to be compared. The loss
of weight of the specimen is determined and
divided by the surface arca exposed to the re-
agent. These results indicate that the 96% silica
and the borosilicatre glasses are exceptionally
durable in acids, but that the aluminosilicate
glass is much less so. The aluminosilicate glass
has unusual resistance to the arack of 5% NaOH.
Glasses which are exceptionally high in lead

ae wall ae rarpain nf the

id S m
e odf

OZiae <Content, as wd i as ooiain o

silicate glasses, are not resistant to ateck by
acids.

The rate of chemical attack is not necessarily
copstant with time; consequently, care must be
used io exuapolating the results of Table X for
longer periods of time.

The attack on glass surfaces by armospheric
moisture is referred to as *‘weathering.’’ Glasses
of lower chemical durability are adversely af-
fected by such weathering. In the case of more
stable glasses conmining appreciable amounts
of alkali, such =, the soda-lime glasses, the
action of weathering is more complex. The meis-
ture leaches soda from the surface, which may
increase the alkalinity of the moisture to a degree
which permits it to attack the surface and causc
fogging and even pitting. In general, glass should
not be stored in damp places, and there are
various treatments which can be cerried out to
reduce the effects of weatbering.
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TABLE X. CHEMICAL ATTACK ON GLASSES

Weight Loss (mg per cm2)
' No.* Type of Glass 5% HC1 59% NaOH N/50 NayCO3
(24 hrs., 100°C) | (6 hrs., 93°C) | (6 hrs., 100°C)
2 96% Silica 0. 0004 0.9 0.07
4 Soda-Lime (plate) - 0.8 0.18
5 Soda-Lime
(containers) 0.02 0.8 0.20
- Soda-Lime
(lamp bulb) 0.02 1.1 0.25
6 Lead-Alkali
{electrical) 0.03 1.6 0. 25
7 Borosilicate
(low expansion) 0.0045 1.4 0.12
8 Aluminosilicate 0.35 0.35 0.17

* These numbers correspond to the glasses of Table IV -

34

—



Downloaded from http://www.everyspec.com

" MIL-HDBK-722(MR)
1 AUSUST 1959

Chapter 4
Technological Principles

ANNEALING AND TEMPERING

The word ‘‘anneal’’ has been defined by ASTM
in the following manner. .
objectionable stressesin glassware by controiled
cooling from a suitable temperature.” The terms
annealing and fine annealing are also used for
the processes of slow cooling for the purpose of

stabilizing the stucture of glass, and thus to.

prevent changes of properties with time. This
applies particularly to optical glasses where the
constancy of the refractive index is important,
and 1o fever thermometers where changes of
glass dimensions affect calibration. The present
discussion is confined to the subjecet of residual
stresses.

If glassware is cooled haphazardly immediate-
ly after being focmed, the distribution of the
residual stresses will be uncontrolled so that
breakage may result when the ware reaches room
‘temperature. The procedure used for both anneal-
ing and tempering is to being the glass to a
uniform temperature above the transformation
range, and cthen to cool it under conditions which
control the distibution of its residual stresses
at room temperature. [If the cooling conditions
result in residual stresses which are relatively
low, the process is called anacaling, and if
relatively high, it is called tempering. There is
no clear line of distinction berween the two.

For some purposes a stress level of 500 psi
on the glass surface is considered 10 represent
satisfactory commercial annealing, but this limir
changes with the type of ware and service re-
quirements. [n cthe case of window glass, the
comptessive stréss on the surface is nommally
not less thao 700 psi, and for certain classes of
tubing the compressive stress on the outer sur-
face may exceed 1,000 psi. These stresses add

. "o prevent or remove

strength to the product, but when increased ap-
preciably result in difficulties in cutting by
scoring methods.

Plate glass is considered to be fully cempered
when the compressive stresses at the surface
exceed 13,000 psi, and lightly tempered when
the suesses are less than 9,000 psi, but for some
classes of ware these limits may be much lower,
even 5,000 to 2,500 psi. Under some circum-
stances, it may be desirable to reduce the resi-
dual tensile stresses ac the midsection to a value
where cracks are not sclf-propagating., This may
reduce the tensile. swess limit to about 3,000

psi-

Residual swoesses in a particular piece of
glass are established by the rate at which it is
cooled through the transformation range, which
is conventionally considered to extend from the
annealing point to the strain point. This cooling
rate sets up a temperature differential between
the interior of the glass and the surface, with
consequent differences of specific volume, At
the annealing point, these differences of volume
can adjust themselves by viscous deformation.
Below the swain point, these volumerric differ-
ences still exist, but are not permanently set.
Whea che temperature of the glass again becomes
uniform, the permanenr deformations can be com-
pensated only by elastic deformation (which re-
presents stresses).

When a glass plate is being cooled at a con-
stant rate*, the temperature difference AT be-
tween the cencral axis and the surface is

aZR
el | (6)

AT =

*The analysis is given a mote complete form in Reference [6].
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With a temperature distriburion across a sec-
tion of glass as shown in Figure 17, the resul-
tant residual tensile stress after temperature
equalization can be expressed as

.

EaaZ R,

T 0K -v) 7

The compressive stress at the surface will be
approximately double this value.

When common values are substituted for the
various factors, the equation may be simplified
to ’

oy =109aa?R ,

or

ot

R= — % |
(a1109)g2

(8)

where AT = temperature difference across a
section (°C)

a = section thickness in inches,
R = cooling rate (°C per second),
K = thermal diffusivity of the glass =

_ thermal conductivity

density x zue specific heat

(The value of K is roughly 0.0013
sq. in./sec.)
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a = coefficient of expansion of the
glass below the strain point, and
oy = cenual teosile stress (psi).

From Equation (8) it is noted that the cooling
rate is inversely proportional to the coefficient
of expaasion of the glass, and inversely propor-
tional to the square of its thickness.

In actually carrying out the annealing opera-
tion, the temperature of the glass in the furnace
is usually raised to a few degrees above its
anpealing point. The cooling rate computed for
the desired stress is maintained to some tempera-
ture below the strain poiat, after which the cool-
ing rate may be increased. For hollow ware the
cooling effecr at the internal surfaces is usually
very low, so that the effective thickness is
assumed to be nearlydouble its acrual thickness.

700 T T T

INTERIOR —

TEMPERATURE - °C

SURFACE

TIME - SECONDS

FIGURE 18. Temperoture-Time Curves for
Surfece and Interior of Plate Glass
0.236 Inch Thick, During Tempering
Operction. Data, Grove et ol., see
reference | 23]
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In the case of tempering, the method of com-
putation is reversed. Assuming a vaiue of g, for
the internal residual stress, the required rate of
cooling, R, may be determined from Equation (8).
Knowing R, the temperacure diffecence, AT, may
be computed from Equation (6). The temperature
of the glass in the furnace should be raised to a
value at least AT above the annealing point of
the glass.

There are several factors which limiv the
residual soesses actaioable. If a maximum cool-
ing rate, R, is established for the process, then
the maximum stress, og, is determined by the
coefficieat of expansion and by the thickness of
the glass. For thicker secticns there is also a
limit to the temperature difference, AT, because
viscous distortion Jf the glass becomes serious
near the softening point. Figure 18 shows experi-
. mental cooling curves takesn for the ipterior and
for the surface of a glass piate while undergoing
tempering [23]. The main cooling mate at the
surface is roughly 37°C per sec, or 2,200°C per
minute. Other data on tempering have indicated
materially higher rates of cooling. :

THERMAL STRESSES

When one part or componenc of a structure,
when attempting to expand or coutract in res-
ponse to a temperature change, is reswained by
a second part or compenent which does oot
change dimensions equally, thermal suresses are
set up within the struccture, These scresses can
originate in two ways; first, in a homogeneous
structure they may be caused by temperature
differences chroughout the structure; second, in
a structure which is not homogeneous (consisting
of compoments with different properties), they
hen the temperature,

may be caused when the t iform
over the structure, differs from one value where
no stresses occur. In maay practical cases it is
found that these rwo types of thermal stresses

will be combined.

Suesses of the first kind in homogeneous
structures  sometimes result from steady-state
conditions, as in the case where a temperarure
drop occurs through the section of a glass wall
or plate. If the gradient through this section is
uniform the thermal stresses.can be expressed:

7
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Ea AT
or = ——— 10N
- 2(L-v) hd
where o1 = sutface stresses (cémprcssive on
the hot side and tensile on the
cold side),
"AT = temperature difference,
¢ = thermal expansion coefficieat of
the glass,
E = modulus of elasticity of the glass,
and '
v = Poisson’s ratio.

Equation (9) is based oo the assumption that
the plate or wall is restrained so that it cannot
warp. [f warpage occurs the swesses can be
much lower than indicaced by the equation. The
wall of a cylioder is resmained, so that the

amasinmg will annl.s
CQUAaLIOn Wi appay-

If one surface of the place is suddenly heated
or cooled, the temperature diswibution and the
siesses will pass through a transient phase
before a steady-scate is reached. The tempera-
ture distribution at any moment is a function of
the thermal diffusivity of the glass, K = k/pcp,
or the thermal conductivity divided by the pro-
duct of the density and cthe true specific beat.
Values of K may vary from 0.0026 cm2 /sec for
high-lead glasses to 0.009 for silica glass. Once
the temperature distribution is derermined, the
stresses can be computed with rhe special use
of Equation (9). The computation of these tran-
sient stresses is somewhat involved so chac
other literature should be consulted for derails
[4) and [&].

A typical cxample of thermal stresses deve-
loped in swuctures which are pot homogencous
is found in glass-glass and glass-metal seals.
The two seal components ate joined of sealed ar
a specific temperature. If the thermal expansion
characteristics of the two components are not
identical, stresses will develop ar apy other
temperature, with opposing forces in the structure,

Much effort has beea devoted ro the develop-
ment of glasses which can be scaled together at
elevated temperatures and then cooled to room
temperature without producing excessive thermal
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FIGURE 19. Glass to Metal Sealing Properties

stresses. In Figute 5, curves 3-5, 6, and 9 are
for glasses of a compatible group which can be
sealed at temperatures over a range extending
from 350°C to nearly 500°C. Glass 9 was deve-
loped specifically for the purpose of sealing the
other glasses together at relatively low tem-
peratures.

Metals and alloys have been developed which
match the clongations with temperature of the
various groups of glasses used for sealing pur-
poses. Figure 19 includes the elongation curves
of a scalingmetal and a glass. The two materials
will seal together at the setting point of the
glass, usually 0°10 10°C above its strain point.
When the curve for glass 7 is superposed on that
of tungsten so that they coincide at the setting
point, the difference in clongation at room tem-
petature, OH, will determine the stresses ser up.
Other factors include the size and geometrical
arrangement of the seal structure. Additional
information has been given by Partridge [24].

STRENGTH TESTING AND MEASUREMENT

Methods of testing glass for strength are
essentially the same as for other materials, bur
procedures are modified in some respects, be-
cause of the brittle characteristics of glass. A
number of studies have been made of this subject
and the National Bureau of Standards is mow
engaged in another study [ 25].

Wide variations of breaking stress within the
same group of samples (already mentioned in
Chapter 3 in Paragraph 17, Strength) may requice
minor modifications in test procedure. In parti-
cular, it is often essential to know, with some
assurance, the breaking stresses of the weaker
members of the population. For those materials
with small variances, the average breaking
stress and the standard deviation may give a
fair approximacion of the lower breaking swesses.
For glass, with its greater variances, this statis-
tical procedure can resultin serious inaccuracies.
Figure 20 shows two disaibution curves, A and
B, breaking suesses for glass samples. Both
types of curves actually occur experimentally.
For both curves the average values are identical,
and also the standard deviations; however, when
these quantities are used to excrapolate breaking
strtesses for a level of minus two standard devi-
ations (-20), the result will be 26 percent high
for cutve B, and 14 percent low for curve A, If
this procedure is carried out to -30, the inac-
curacies will -be much greater. It is also found

140
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FIGURE 20. Effect of Use of Standard Devio-
tions to Determine Low Bredking
Stresses
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that the diswribution curves for glass are often

" bimodal so that even when compensation is made

for skewness, as with the Weibull statistical
method,® the inaccuracies persist. Consequently,
it is essential to use samples with a sufficient
" number of specimens so that exrapolation is not
required. [o order to find the breaking seress at
_ a level of two percent of a population, the sample
should consist of S0 specimens.

~The disuwibution of flaws of various sizes
over a surface means that the larger the surface

under stess, the greater will be the probability

of the presence of a serious flaw, and the lower
the breaking stress. Consequently, the suessed
area becomes of particular impotance when the
test ‘specimen has ooly a swall fraction of the
area of the product under coosideration. An
example of this is the use of a small bar or strip
to investigace the swoeagth propesties of a large
plate. Statistical methods can be applied to com-
pensate for this differcoce if adequate dara are
available.
are inciuded

|3 T

L L owri__ o oo
unaer raragsapan o, riciwc i1csis.

The treatment of the glass prior to testing and
the conditions under which the test is carried
out have a material effect on the value of the
breaking stress. Sutfaces are sometimes abraded
to simulate damage which may occur in service.
By reducing variances this treamment can also
permit smaller samples to be tested, but unless
the severity of this abrasion is well correlated
with service which the particular product wiil
encoupter, the test results can lead to concly-
sions regarding suitability which are unjustified.
Damaged surfaces can be repaired by polishing
operations of various kinds. Heat treatment
which does not develop residual stresses can
either strengthen or weaken plass (Cornelissen
and Zijlstra [13]). In other studies a sample of
damaged glass broke at a mean value of 5,500
psi. After heating the glass for one hour at 400°C
{5° below its strain point), and then cooling it to
room temperature, the corresponding breaking
stress was 7 G600 psi, an increase of acarly 40
percent,

Experimental data on the area effect.

MIL-HDBK-722(MR)
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The comment is made in Reference [25] that
when a fracture originates under a covering of
masking tape, the breaking stress is apparently
higher than when no tape is used. Some other
observations indicated no significant difference
in strength if the tape is applied to the glass
within a period of minutes before it is broken.

The time factor involved in swoength tests is
important, because of static fatigue or delayed
fracture. To place this time factor on a common
basis for various test cooditions, it should be
expressed in terms of the time duration of the
breaking stress. For convenience in testing, the
load is usually raised continuously at a constant
rate. The effective duration of the breaking load
can usually be taken as the time interval re-
quired for cthe final 1¢ percent increase prior to
fracture. For research purposes, and also for the
measurement of fatigue limits, different values
of fixed load may be applied to each of a number
of groups and the time required for the fracture
of each specimen recorded. The median member
is taken to represent the group. In a third method,
a load is applied to a. specimen for a definite
period of time. [f fracture does not occur, the
load is increased {usually about 10 petcent), and
the cycle is repeated. The stress applied at fail-
ure and the time period established for the test
series are recorded for each specimen.

a. Tensile Tests. The teasile test which is
used most frequently for other materials is not
readily adaptable to glass. Not only are the ends
of tensile specimens difficult to grip, but clamp-
ing weakens the ends and tends to cause pre-
mature failure, The ends may be enlarged to sim-
plify the holding of che specimens, but this
solution is oot usually practicable. Even when
tensile specimens are carefully aligned there
will be the effects of eccentric loading, which
often leads to serious bending stresses. Simple

camnutations
comp

specimen should be at least 30 times its diame-
ter, in order ro reduce the bending components
to low values. Fibers are usually tested in
tension.

indicara rhar the lenoth of the

*The Weibull and other statistical methods are noted by Duckworth and Rudnick [16], {16a], and

[16b], and by Kingery {4].

k)
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FIGU RE 21. Effect of Eccentric Loading on
Bending Stress Components in
Brite Bodies

Figure 21 shows the relationship between the
eccentricity of loading of a tensile specimen and
the bending moment produced. The equations
show that as the length of the specimer is io-
creased, its flexure will decrease the eccentri-
city, so that the bending component will be
reduced correspondingly. When the ratic L/D is
equal to 30 or more, the effect of eccentricity is
no longer setious.

b. Flexure Tests. Flexure specimens re-
quire no end gripping, so that this test is widely
used for glass. Rods and bars or strips are
loaded in simple uniaxial flexure, but plate
‘'specimens can be subjected to more complex
conditions involving biaxial swesses.

One smndard specification (ASTM Desig.
C158), for the simple flexure testing of glass

rade and srrine was acrahlichad far tha cammari.
OGS K/OC 5Uips, Was CSWMoiIsavd 107 tad Compani

" son of cermin glass products following manu-
facrure. The procedures set up are somewhat
arbiwrary, so that the values of breaking stress
measured in this way may differ materially from
corresponding results obwmined from flexure me-
thods recognized as being more satisfactory. As
a consequence, this specification is generally
modified when applied to flexure testing for
other purposes. Referring to Figwe 22, fous-
point loading (sketch B) is substituted for three-
point loading (sketch A). In this manner a much

larger surface of the specimen ca

n be subjected
to the maximum moment, and thus to the maxi-
mum stress. Curve C shows the acrual breaking
stress as a function of the suessed area. A com-
patison of curves C and D shows that the ficti-
tious Dféﬁxlug Sii€ss, computeu on the basis of
the maximum moment, can result in a value ma-
terially higher than the actual breaking stress.
ASTM Design. C158 makes no correction for this
discrepancy. The results shown in Figure 22
apply only to a specific population; the results
of samples from another population might be
somewhat different.

The simple flexure tests is often used to

determine che sweogth of flar glass (plate or

sheet) which has been cut into stwips for this
purpose. The edges of the swips are weakened
by the cutting operation so that some of the
fractures, sometimes more than one-half, will
originate at these edges. Results obrained from
groups of these specimens do not represent 1k

QPEN POINTS - STRESS COMPUTED
FROM MAXIMUM MOMENT - M
7 SOLID POINTS - STRESS COMPUTED

MOMENT TAKEN AT POINT FRACTURE 7]

v SPECIMEN 10 x 3/4 NS
OSPECIMEN 10 x 1 1/2 INS.
oSPECIMEN 16 x 1 1/2 INS

FRACTURE STRESS - 1000 PS¢

AN

n I i 1 L L 1 1 1
"0 2 4 & 8 10 12 Y4 16
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FIGURE 22. Effect of Stressed Arec on Breaking
Stress, and of Using Maximum
Bending Moment in Computing
Stress. Kerper et al. [29]
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true streageh of the plate or sheet. This emor
can be reduced materiaily by polishing the edges
of the glass. For other types of tests ir is some-
times practicable to abrade cthe surface so that
it becomes weaker than the edges. '

c. Plate Flexvre Tests. The problem of edge
beeaks mentioped previously can be overcome by

using plate specimens rather than strips, so that:

regions of high suess cao be well removed from
the edges. The concentric ring tesc is most com-
monly used for this purpose, The specimen is
supported by one circular ring and loaded with a
second ring which is concentric wich the support
and perhaps only one-half its diameter. Elemen-
tary stress analysis shows that the stress is
uniform and biaxial (equal in all axes) over the

]

. overhang beyond cthe support ring.

MII. HDBK-722{MR)
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entire arca of the inner ring. A method of com-
puting these srresses is shown in Figure 23.

Other advantages of this test include the abilicy
of subjecting a relatively large area to the maxi-
mum stress, and the biaxial stress condition
which renders all flaws equally vulaerable, re-
gardless of their orientations.

The method aiso has its disadvanmges. The
specimen should be circular, with essentially no
If a square
specimen is used for greater convenience the
simple swess formula is no longer suitable, and
the stress diswribution over the arca of the inoer
circie is no longer uniform. A relatively satis-
factory compromise can be effected by using a
specimen cut in the form of an octagon. The
results of some initial studies of this concentric
ring test are included in References [25] and
[26]. These indicate thar swesses cannot be
computed from the load with suitable precision
when the specimen departs from the desired
shape; even with citcular specimens, the corre-
lation between stresses computed from the load
and values measured wirth strain gages was not
eotitely satisfactory. Further extension of these
studies may clarify this matrer. Other experience
with this test bas shown that the determination
of the breaking stress from che markings on the

= =ms Pypa P

fractuie surface can givc sulixmg:ury IeFuNns.

Ao unusual type of plate flexure is required
in specification MIL-G-2697, for tempered porr-
lights (see Figure 24). The circular plate is
Tsiippﬁﬁéu at two places onm the circumfercnce,
diametrically opposite, while the load is applied
at two similar places on the opposite surface,
but on ao axis oriented at right angles o the

supporting axis.

The artrangement used in this test is illus-
vated in the sketch of Figure 24. The plates
tested- were of annealed glass, six inches in
diameter, with thickoesses from 0.065 to 0.24
inch. When loaded in the testing fixture, the
breaks occurred ip the positions indicated in the
skerch. The breaking suwesses were determined
from measurements of the fracture mirrors. The
glope of the curve indicates that the load re-
quired to develop @ certain stress increases with
the square of the plate thickness.
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d. Torsion Tests. This type of test is seldom
required, When the spccimen is in the form of a
rod, in gripping the
ends. Torsion tests can be made on speccimens
in the form of a spiral spring, which is com-
pressed or stretched until it fails.

L7 S A
aunculcy IS cxpcru:lu.cu

Comprassion Tests.

.. No procedures have
been esmbhshcd for making compression tests
of glass, nor is there any agreement on how the
results of various types of compression tests
should be mtcfprcted It is recognized that the
nominal compressive swength of g glass is merely
a measure of the presence of tens;lc components

which may be highly local in their cxtent.

Several methods can be used for making com-
peession tests, depending upon the requirements.
A steel ball pressed against a glass surface will
show the effects of local pressure concentra-
tions. Circular fracrures develop around the
contact boundary where the stress becomes ten-
the values
of this breaking stress can be computed from the

sile. For simple geometrical forms,

42

Hertzian equations for contacy stresses (Refer-
ence [27], p. 321). The precision of these equa-
tions as applied to glass has been questioned.

A glass block or short celumn can be com-
pressed between two metal plates.
usually caused by tensile components acting
across the interface surface of the glass (as
mentioned in Chapter 3, under Stutengeh). Break-
ing stresses obtained in this maoner are nominal,
and tend to vary greatly with differences in test
conditions and procedures. Artempts have been
made to reduce the magnitude of the secondary
tensile smess components by a careful adjuse
ment of the elastic properties of the glass and

the meral plates.

Fatilures are

Nominal breaking stresses can
be increased materially in this way, buc they are
still - far from representing a true compressive
strength of the glass. '

Tests such as those described in References
{291, [21], and [22], have been used to measw:
breaking swesses of glass subjected to muiti-
axial compressive loads. Figure 12 shows how
greatly the results can be affecred by differences
in test conditions. These methods have not been
studied to a sufficient extent to understand the
factors Enginecring tests of glass
under multiaxial compression have been made on
hollow glass hemispheres subjected to external

llyulubull(. Pl CAIJIUIT Y.

involved.

The resulis of these tests
also show wide variances, and that the glass is
weakened seriously by the hemispherical joint.
Various means have been tried in order to reduce
these effects, either by special shaping of the
joint, or by prestressing the glass in this region.
Such measures have met with only partial success.

f. Impoct Tests. Standard impact tests of the
Charpy or lzod types are used on many engineer-
ing materials to measure a property or charac-
teristic associated with the material. Such tests
are also ‘used to detect increasing brittleness

-as the temperature is lowered. When applied to
‘brittle . bodies,

such as glass, these standard
tests furnish no information which is different
from that obtained from static suength tests. If
suitable procedures are neglected, the dawa may
not even represcat the impact resistance of the
specimen.  Elementary theory indicates that
impact resistance should correspond with the
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elastic energy stored in the specimen at the
moment of fracture, and not, as in ductile wateri-
als, with the work performed in extending a crack
across a section of the specimes. It has been
found that the mean impact resistance of a parti-
. cular glass specimen will vary greatly, depend-
mg upen test conditions. This is shown in the
tesults of Figure 25 (Reference [29]) where the
test variables included plate thickoess and
striker weights and velocities. The rapid in-
crease in the impact encrgy of the 0.189-inch
plates at the lower velocities is of particular
interest; it was found to result from ap increase
of damping effects in the stuctwre at the lower
velocities. This demonstrates that damping may

e v e = CROUVNCLC 1R800 02

have a P_rnnmmrpri influence on the impacr resis-

tance of glass, and of other materials,

MEASURING BREAKING STRESSES

Various methods of measurement may be used
to determine the magpitude of breaking stresses
in glass. None of these methods can be consi-
dered to be entirely accurate under all circum-
stances.

~textbooks,
[28]. There are test conditions where these meth-
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For simple types of tests smesses are usually
computed from the breaking load by means of an
appropriate stress formula. The elastic deflec-
tion can be uvtilized in 2 similar manner. Suitable

stress and swain formulas are found in many
tor instance, References [27) and

ods are oot enurely satisfactory, se that other
measurements are ysed instead.

The simplest stress equation is thar for ten-
sile stess, which consists in dividing the load
P by the section atea A, or :

or = P/A . (13)

It has already been shown by Figure 21 that
bending moments may increase the maximum
stress across the section; in some instances,
they may double the maximum stress.

Anothet simple cquation is for a bar or swip
io flexure,

. My M6
"1 bh2 (14)
where M = the marximum moment,

y = the distance from the neutral axis,
and

b and b = width and thickness, respec:
tively, of the section.

This equation is accurate only under certain
conditions. When the ratio of thickoess to length
becomes relatively large, corrections should be
applied, When this ratio is smail and deflections
become excessive, other corrections are applied.
Furthermore, friction between the specimen and
its supports will inwoduce componeats of mem-
brane swesses. If the testing equipment is oot
properly designed and adjusted the loads on the
two supports may not be equalized, nor the stress
disuibution across the width of the strip. These
conditions can lead to local swesses which
differ materially from computed values.

Resistance types of strain gages are often
used to determine stress valves. Limitations
are found where the fracture occurs in a region
of high stuess gradient, or where the position of
the origin cannot be predicred. Polarized light
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and the polarimeter can be employed in a manner
simila: to that of the swain gage, but its use is
still mote restricted.

As @ill be discussed later, the breaking stress
can be estimated from markings on the surfaces
exposed by the fracture. This method has a wide
applicatioc and has great utility if properly used.
_ i ina'y be noted that stress values obuained
from the applied load, from overall deflections,
and from strain gages will registet only the com-
poneiit of stress produced by the applied load.
The polarimetesr and the markings on the fraccure

strface register the combined stress, iacluding

any residual stress present in the glass. This
distinction is important and should be made when
the data are recorded.

FRACTURE ANALYSIS

Fracture analysis includes the examination of
the fracture pattern, the fracture surfaces in
geoeral, and a more intensive study of the region
in the vicinity of the origin. Taken as a whole,
this type of analysis can furnish much informa-
tion about the conditions involved (regardless of
whether the fracture occurred during an observed
test or in service where details regarding the
event may be almost endirely lacking).

Some o iable from frac-
ture analysis is listed briefly below. Other de-
tdils ‘may be found in References [6] and [30l.

{1) The orientation of the tensile siress com-
ponent responsible for fracture. This stress acts
in a direction normal to the plane of the fracture
surface.

{2) Lines usually visible on the fracture sut-
faces, such as.are indicated in Figure 26, indi-
cate the dicecrion of crack propagation.

(3) Some of these markings and lines define
ctack velocity, and consequently the severity of
the fracture process. The extent of fragmentation
of the glass, particularly around the origin, also
indicdtes fracture severity.

(4) The origin of the break is located within
the fracture mirror (see Figure 7).

. SMALL FORK -
OCCURRED HERE

MATTE SURFACE
OR STIPPLED ROUGHNESS

FIGURE 26. Frocture across o Section of
Annecled Gloss Resulting from
Impact. Qrigin not included. From
Shand, reference {8]

{5) The magnitude of the breaking stress may
be estimated from the dimensions of either the
fracture mirror or the fracture flaw.

Small undulations appear over the fracture
surface, which, under suitable illumination, may
be observed as lines and which indicate the
direction in which the fracture moved. Figure 26
illustrates those lines on the surface of a-glass
fragment. They appear as waves surrounding .
origin, so thac in this case the origin was 1o the
right of this fragment, on the bottom surface
(that is, the fracture moved to the left). The
inclination of these lines to the lower edge can
be used to determine the velocity of the fracture
along this edge. Several points where the marte
surfaces begin show that the critical velocity
was reached. The difference in inclination of the
lines at the lower and upper surfaces show that
a large bending componen: existed, with the
lower edge of the glass in tension.

With larger fragments, the direction of propa-
gation can be marked on each edge, so that
when the fragments are reassembled the fracture
can be traced back to where it started. With
luck, even small fragments bearing the origin

can be identifiad.

smooth surface surrounding the
flaw, is usually clearly recognizable.
mirror with its fracture flaw is shown in Figure 7.

25. Breaking Stresses from Flaw Size
(Reference [30]). The predominant weakening
flaw in glass is a small crack which penetrates
the surface. The planes of these cracks are
more or less semielliptical in shape. The

The fracture mirror, a flat,
originating
A small
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FIGURE 27. Stress-Raising Chorocteristics of
Flat, Semielliptical Flaws Com-
pared with Semicircvlor Flows,
Glass industry, reference {30] .

original form of these cracks js usually dis-
tinguighable on the mirror after fracture, so that
. the dimensions of its axes can be measured with
a microscope. The relative severity for any
semielliptical flaw can be expressed in terms of
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FIGURE 28. Relative Brooking Stress of Sodo-
Lime Gloss as a Function of Stress
Duration (Mean valye ond probable
limits shown). Glass industry,
_ reference [30]
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an equivalent semicircular flaw, using Figure 27.
The effective depth he = Kh,

The breaking stress resulting from aoy flaw
is not constant, but depends on the extent of
stress fatigue involved. The correlating factor,
o, is shown as a function of stress duration in

My, I3 JuYYM BS

Figure 28, where

m=gghe1/2
‘ot
i = Q
a = * .
h,lf? } . 5)
where

0, = nominal breaking stess (psi), and
7he = effective flaw depth (inches).

In order to choose a suimble value of the
factor m, some information on the time delay is

r .y r.d i
essential.

direct knowledge of how the fracture occurred or
from the general characteristics of the entire
fracture surface.

This can be determined either from

This method gives the true breaking suess,
including components of both the applied load
and of residual stress. If the fracture is well
defined, the estimated stress is usually ac-
curate within ]S to 20 percent.

26. Breaking Stress from Mirror Size (Refer-
ence [30)). The mirror represents the expanded
dimensions of the fracture crack at the moment
when the critical velocity is reached, com-
sequently the corresponding stress is independ-
ent of stress [atigue.

In the case of a mirror such as is showa in
Figute 7, it is possibls to correlate breaking
stress with mirror deptb, but many mitrors are
of the form indicated in Figure 29, particularly
when caused by bending stresses, so thar the
depth cananot be determined. Conscquently, it is
convenient to corrclate breaking swess
In large mirrors, this

more
with the mirror widch, w.
width is sometimes measured in a plane pethaps
0.004 inch from the original surface of the glass,
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FIGURE 29. Breaking Stress versus Mirror
Width for Strips of Soda-Lime Gloss
Broken in Flexure. Sections of
strips in inches: A, 0,09 x0.75;
B, 0.09-x1.25; C, 0.19 x 1.25;
D, 0.22 x 1.25. Gloss industry,
reference [30]

in otder to obtain greater uniformity. Figure 29
shows the reiationship between breaking stresses
and mimor width for soda-lime glass suips of
different sections. . It is apparent that this
method is pot applicable for lower breaking
stresses, less than 5,000 to 8,000 psi. For
these lower stesscs the flaw method must be
used.

‘The mirror method is both simple and effective.
[t gives the true breaking stress, including
residual stresses, with an expected accuracy ot
§ percent. '
~ The values given in Figures 28 and 29 are
represeatative of soda-lime glass. In some
other compositions, such as lead-alkali glasses,
the ‘stuesses will be somewhat lower, and for
aluminosolicate glasses, somewhat higher.

The Fracrure surface illuswated in Figure 7
was produced by impact. The effective depth of
the flaw b, was found to be 0.00043 inch, so
that the breaking stress was estimated to be
33,000 psi using the flaw method. The mirror
width was 0.0052 inch, so that the breaking

stress was estimated to be 36,000 psi using the
mirror method. From other data the dme delay
for fracrure was determined roughly to be 0.001]
second. :

STRUCTURAL DESIGN OF GLASS

Structural design is based on the conceprt that
there is some value of stress below which the
materiai will not fail under the conditions im-
posed, The function of design is thea to utilize
the material in such a way thac.this stress will
never be exceecded in service. Brittle materials
do not behave under suess in the same manner
as materials with some degree of ductility, so
that approaches 1o matters of design will differ
for the two types of materials.

27. Minimum Breaking Stress. Tabulated data
are available for engineering materials which
provide information on yield point, ultimate
strength, eloogation, reduction of area, and
elastic properties, based on chemical composi-
tion and heat treatment. These dawa are often
shown for various temperatures. With such
formacion, using eswablished procedures, it is
possible to design many types of structures to
meet specified reguirements. Corresponding data

rannnt ha nnmr\.l-d‘ ‘nr ﬁ'nrr-t- h-inn krnrrl.
CaLohior o Lo 35585, ovang onilal

there is po yield point, elongauon, or reducuon
of area. Breaking stress is not an explicit
function of composition but of workmanship, that
is, the severity of flaw in the particular compo-
oents under consideration. Any efiect of heat
treatment results mainly from the magnitude and
distribution of the residual stresses set up.
This leaves the elastic properties as the only
data which may be listed.

Variances of stength are not only wide, burt
differ from one product to another. There is no
fixed relationship between average and minimum
values, so that the minimum beeaking stress
must be determined individually for each case
considered. Tests -such as those represented
by Figure 9 can be used to show the disuibution
of breaking swesses for a population. In order
to obtain a reasonable evaluation of the weaker
members, it is desirable to use a sample of 50
specimens or more.. This i1s because no reliable
statistical method has been devised for ex-
trapolating these curves to lower percentile
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values. Neither the gaussian distibution (ex-
pessed in terms of averages and swndard

deviations) nor the more flexible Weibull method -

is consistently reliable.* Hundreds of series
"of tests on glass products of various types have
been used to check thesec metheds. The dif-
ficulry lies in the fact that weaker members may

follow a distribution function which is unreiated -

- to that of the members in the median range. This
results from a bimodal distribution [31]. .1t is

" essential to obeain data on the weaker members
~experimentally.

The probability of the occurrence of a severe
flaw in a large surface area is greater than in a

small area; consequently, che breaking stresses -

tend to be lower when larger areas are involved,
as bas been shown specifically in Figure 22.
Statistical methods, such as that of Weibuii,
can be used to integrate the fracrure probabiliry
as a function of area. However, discrimination
must be used in the application of statistical
. procedures [31).

Stress fatigue must also be considered in de-
termining the minimum breaking stress. Tests to
obtain data on the diswibution of saength, such

as in Figure 9, arc normally taken under short-

time loading with constantly increasing stress.
The effective duration of the breaking suess
under these conditions may be taken roughly as
the time interval required for the final ten per-
cent increase load. Thus, if the total time from
zero load to fracture is 40 seconds, the effective
duration of the breaking suess is four seconds.
From stess-time curves of the type of Figure 6
the corresponding fatigue limit can be evaluated.
It is often about 35 or 45 percent of the shore-
time  stress.
required, special long-time tests may be per-
formed. Such tests are sormally continued for

about three weeks in order to reach the fatigue

limit,

matnle shaca sntine oy dean to o walie
. WCLELD TOE3T (Aauud may WYy 1o a Vaauco v

If & more precise evaluation is -
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Other means can be used to find the probable
minimum breaking stress. [If routine control
tests have been made op the strength of similar
products, the data, which may cover a coo-
siderable period of time and a oumber of manu-
facturing runs, may give a satisfactory answer.

-Another means is to make proof tests on the
‘componeats after they are manufacrured. lo dhis

way the weaker members can be eliminated from
the completed product. The loads or stresses
used in proof tests should be coordinated with
the desired long-time minimum stress, aad this
stress should be maintained for a period of at
least one minute. When shorter periods are
used, the possibiliry of weakeaing the compo-
nent without acrually fracturing it is increased.

28. Structural Applications. When the prob-
able minitoum breaking stress has been estab-
lished, design work cas proceed. Working
stresses  will, of course, include a suitable
factor of safery. Briuleness inroduces several
specific limitations into the design of structures.

a. Notch Sensitivity. Notches, fillets, and
boles develop stress concentrations, the rela-
tive values of which, based on elastic deforma-
tions, have been computed for many geomerrical
forms. For metals with a considerable degree of
ductility, the local yield in regions of high
stress relaxes these conceantrations, so that
their weakening effects are reduced correspond-
ingly. Under coaditions of steady loading, the
ratio of the theoretical stress to the relaxed
stress is referred to as the *‘ductiliry ratio,”” or
the ‘“'notch sensitivity index'’ (see Weiss, et al.,
p- 87, apd Gerard, p. 111, Reference [16]). Ino
of oaly

caly
a few percent, so that the presence of notches is
not serious. © Under cyclic loading the corre-
sponding ratio, referred to as “‘aotch seasitvity
index in fatigue,’” becomes much greater, tanging
from 0.40 or 0.60 for notches of small radius to

*The gaussian distribution, being symmetrical about the mean value, requires only two paramerers.
The Weibul] distribution is not symmetrical. It employs one parameter which is related to a fracture
probability, but not usually 50 percent, that is, not the median value. A second parameter is called

a material constant and is related to variance or scatter of data.

For convenience, a second stress

value is sometimes used. It represents dhe minimum breaking stzess for the populatioc, the quantity
of greatest interest to designers. A fourth parametes is the volume (or surface area) of the specimen.
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values approaching unity for notches of larger
radius [32]. * For glasses and other brittle
bodies the ductility ratio is unity for conditions
of both steady and cyclic loading. There is no
relaxation of the concentrated stresses from
their theoretical ‘values. Designs for brittle
materials must be examined for all geometrical
discontinuities which might result in stress

" concenuations (and provision must be made for
these =siresses). - As far as practicable these
discontinuities should be cemoved from regioas
of higher stresses.

- Sometimes holes or grooves are formed by
drilling or griading. 1f the Baws resvlting from
these operations are not removed, weakening
effects may be coasiderably greater than those
indicated by the theoretical stress concentration
factor, o,

Thile the procedures uscd in detemining the
duciility matio will compate the degree of duc-
tility of ewo ductile materials, or a brittle one,
they fail to discriminate between the lack of
ductility (britdeness) of two brittle bodies.
Other procedures must be substituted for this

purpose,

b. Locel Yielding. It is well tecognized
that certain components of mewml strucrures may
be stressed locally beyond their yield points,
cither during fabrication or later in seivice,
without appreciable weakening of the strucoure
as ‘a whole., A simple illustration of this is
represented by the bolting of a plate over an
opeaing. If the fit between the plate and its
seat is imperfect, the plate may deflect perma.
nendy when bolted in place. This local yield-
ing of the metal of the plate will seldom affect
its performance in service. A glass plate sub-
jected ‘to this teatment will fracture unless
special measures are taken to prevcat failure.
In one instance of this type, it was found im-
practicable t provide a flat seat for a glass
window. Failures on assembly occurred fre-
quently, until the thickness of the glass was in-
creased sufficiently; so that it could: resist the
bending moments caused by assembly as well as
the pressure smresses.

Then a struc

so that

=9

pents, these may b‘g fitted and joine
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the distribution of forces. between components
differs materially from that intended. If this
condition becomes the overstressed
members when ductile may yield locally in order
to compensate for the poor fitting, but for glass
the result may be fracmre. Themmal stresses
can produce a similar situation.

serious,

29. Impact. When.a structure is subjected to
impact.or shock a quantity of energy, depending
upon the severity of the impact, will be rtrans-
This energy. should he

a2 LAl p-2LLLL R

forrad m the ctrucmirs
TR0 A sl SifUl i,

absorbed without failure. When deflections are
held within the elastic limit of the material of
the strucmre, the energy which is stored
clasticaily may be one to ten dmes for metals
what it is for glass. If permanent deformations
occur in the metal, this ratio may be increased
greatly because cthese deformations cannot
occur in glass. By accepting limited damage, a
metal structure can sustain impacts many umes
more severe than can glass. [f some provision
for damping can be introduced into the struct.-
the impact resistance of glass can sometimes
be increased significantly.

3. Compressive Forces. It is well known
that the strength of glass in compression is
much greater than consequently,
designs should be arranged so that glass will be

used in compression as extensively as possibie.

in tension,

Even when the forces are compressive, prob-
lems of suength remain. In pure compression,
dhe breaking strength of glass may be con-
sidered to be almost unlimited; but at discon-
tinuities, particularly at surfaces, swuress con-
centrations occur which
component of rension.

include a
Some of the results of
these coacentrations, which are difficult to re-

usuaily

«duce ro small magnitudes, let alone eliminate,

are discussed briefly under the subject of
Strength (Chapter 3, paragraph 17, g, Glass uader
Compressive Loads).

One instance of the weakening of glass by
compressive forces occurs in glass pressure
windows. When the glass is subjected w ex-
cessive bolting pressures, its ability o with-
stand fluid pressures may be decrcased ser-

|nue1v In some cases this de

in excess of 70 percent.

crease has been
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If the contact pressure between a hacd object
and a glass surface is excessive, the glass may
be damaged seriously.
sometimes used in order to distribute the com-

pressive force over a larger effecuve area.

The impacts of small objects may injure glass
sutfaces. Sometimes the glass is crushed over
" a small area and perhaps scratched. Abmsion

by hard objects will produce similar effects. As -

a consequeace, giass strucrures may be weak-

Cushioning material is

MIL-HDBK-722(MR)
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- ened by service conditions, and protective meas-

ures must be taken in certain cases to reduce
such weakening effects.

On the other hand, glass is seldom affecred
by chemical attack, which may weaken metal

structures wheo e¢xposed to corrosive condi-

tons.
When prestressed glass is used, the weaken-
ing effects of surface damage are gready re-

duced.
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Chapter 5
Applications

GENERAL -

The applications for which any material is
suitable are determined by its properties, and

bty manufaciuring difficulties and costs. The
properties of glass have been reviewed in

Chapter 3. [t was shown that glass is unusual
because it combines transparency with rigidity
and hardness, plus an ability o withstand
telatively high temperatures and the action of
chemicals., Furthermore, glass can be fabricated
readily into many commercial products. Glass
has its widest use in the preparation, transpor-
tation, and storage of foods, beverages, drugs,
and chemicals. A second basic use is that of
glazing for many purposes. It is the most
widely used of all optical materials and has
many applications in this field. Glass has

far structuml burposes hecanse of
Decause oI

limirasinne
FLUuL LR peipVWSLS

FRTrip Rt gate i

its britde characteristics.

In the military field the applications of glass
basically similar to corresponding cit

A 1.
as5iTa:ny Siliar io ;Ulluayuuuius civilian

uses. Specific requirements must sometimes be

modified to meer military needs. The applica-
tions considered here cover only a few repre-
seatative uses. In the following discussion of
Windows, an attempt is made to show how a
simple glazing unit can be modified and devel-
oped o mcet special and more exacring te-
quirements.

* Building Officiais Conference of America.
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WINDOWS

Windows are here considered from the broad
standpoint of any transparent part of a wall or
enciosure. The basic appiication is the use of
glass for windows of buildings. Developments
include the ability to withstand pressure, high
temperature, severe shocks, and even the impact
of bullets.

o. Building Glozing. Various types of flat
glass are uscd for the common glazing of build-
ings. Ioformation on sheet glass, platve glass,
figured glass, and wired glass is found in
Federal Specification DD-G-451. Deuils re-
garding the application of glass for this purpose
are in the BOCA* Basic Building Code [33].
Window sheet is ordinarily used for small panes,

and mlate slace or float olacc for laros nanec
&l p:alc EiRS3 120810 E:853 0I 8IgT pancs.

The mechanical forces which must be sup-
ported by these panes include those resulting
from wind pressures, differences of static pres-
sure caused by the operation of ventilating
equipmeot, and also relactively mild pressure
shocks resulting from various causes. The
dynamic pressure produce< by a wind of 100 mph
velocity is roughly 25 Ib per fiZ. This pressure
may act cither inward or ourward on the building
wall. If the ventilating equipmeat produces a
positive pressure within the building, the total
ourward pressure may exceed the inward pressure,
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consequently the outer bolding devices for the
glass are of particular importance, since the
total force acting on a large panc may amount
to several tons. The resultant stresses in the
glass are oot readily decermined.* Experi-
mental work has been carried out to determine
the static pressures required to fracture rec-
tangular glass panes of various sizes and
thicknesses [7] and [33].
are used in selecting glass for windows. |(n
addition, the framing strucrures for larger panes
should bave theic deflections kept within low
- limits, '

Hear transfer problems have resulted from the
use of large glazed areas in buildings. Heat
loss through windows in winter represents not
only additional beating requitements, but also
means discomfort for persons stwationed near
them. The use of double glazing can reduce
this problem, but will not eliminate it. Heat
gain from the sun's radiations also presents a
problem. This gaio may reach values of the
order of 250 Bm per hr per fiZ, aod additional
heat wmay be transferred by conduction-convection
effects. Peak requirements for the cooling of
buildings may be increased greatly because of
these heat gains. The most effective means for
reducing these effects is probably the complete
shadowing of the glazed areas, but this is oiten
not practicabje. Other means include emplioying
heat-absorbing glass and the use of hear
reflecting coatings on the glass.

The heating of the glass by the sun will
develop thermal stresses. Under most conditions
these stresses are not critical in value, but may
tequire  consideradon in the case of heat-
resisting glass and curved panes.

The resultant data

For most butldings used for military pur-
poses, the glazing requirements will not differ
materially from those of buildings for other

purposes.

b. Sofety Glazing. Thbis type of glazing is
used in buildings under certain conditions, and
in land vehicles, marine craft, and aircraft. [t
includes laminated, tempered, -and wired glass,
and also some types of sheet plastic. Safery
glaziog is used io building areas within the
reach of active children, for doors with large
areas of glass, and for windows which may be
exposed to unusual conditions of shock. USA
Standard Z97.1 includes requirements and ac-
ceptance tests for safery glazing to be used in
buildipgs. The impact test designated consists
in swiking the pane with a 100-1b shot bag,
moving at a velocity of 16 ft per sec (energy of
400 ft/1b), The glazing material is considered ©
be satisfactory if it remains intact w the extent
that 0o opening exceeds a certain specifici
size, or, if the glass disintegrates (as in ce
case of rempered glass), no fragment exceeds an
indicated dimension. Tempered doors in build-
ings should comply with these or similar re-
quirements.

In some military buildings the glazing has

ramiirad @
o]

withctand neiohharine ex-
tequired withsiand neighdoring erf

bees
plosions resulting from enemy action, and in
other instances cxplosions in test areas.
For these conditions, the requirements may be

more exacting than those given in USAS Z97.1.

[n the case of land vehicles, the glazing
specificaticos will depend somewhar on the
position of the glazing with respect w the
vehicle. In general, the requirements are most
severe for the windshield, because it is probable

* Most stress formulas for rectangular plates with large deflections are based on hinged edge support
rather thap simple edge support, as found in most windows. Test results show that the stresses for

these two conditions are quite different.

52
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that the heads of occupants may be thrown
against this glaziog in casc of an accident. If
the windshield is too rigid, a skull fracture may
resule; bur ' if it fails under impacts which are
too low, beads may penetrate the glass, so that
serious or perhaps fatal lacerations wmay be in-
flicted op the head and neck. USA Standard
226.1, for vehicle glazing, specifies laminated
safery glass for windshields.

In 1966 this standard was revised in accord-
ance with improvements made in Jamipated
glazing. The plastic interlayer berween two
layers of ]/8-inch glass was increased from
0.015 to 0.030 inch, and the bond berween inter-
layer and glass was modified to permic greater
elongation of the former. The effect of dhese
changes has permitted the windshield to deflect
more, and thus absorb more epergy, as is in-
dicated in Figure 30. The modificd construction
has raised the impact velociry for failure from
8 to 10 mph te 30 mph. An analysis of casualty
statistics for automotive accidents indicates
that this new product has materially reduced the
severity of bead injuries.

In a more recent development, windshields
have been assembled with an outer layer of place
glass 0.105-inch thick; an inner layer of chemi-
cally prestressed glass 0.070-inch thick; and a

FIGURE 30. Constructions of Former (A), end
Present (B}, Lominated Giass for
Avtomotive Windshields, Showing
Increased Ability of B to Deflect

MIL-HDBK-722(MR)
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plastic interlayer 0.030-inch thick, as mentioned
above [34]. This laminate will rot only permit a
stil] greater deflection of the windshield, but
also, the inner layer on fracturing will disin-
tegrate iato such fine particles that the severity
of head lacerations is reduced still more.

Y |4 PPy ==l

MUITATY :‘i;‘!ccuu‘;‘ﬁﬁu
with USAS Z26.1 in a number of respects.
" Bullet-resisting glazing is sometimes con-

sidered as one type of safcty glazing. It con-
sists of altemate layers of glass and plastic.

- The impact of a bullet may represent several

thousand foot-pounds of energy, the major
portion of which must be absorbed by_d:e plastic

" interlayers rather than the glass.

of the window per square foor.
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USA Standard Z226.1 lists four classes of
buller-resisting glazing for vehicles, ranging in
thickness from 1-3/16 to 2 inches. The two ex-
posed surfaces are specified to be glass. De-
tails of procedures for the ballistic tests are
not included, but must be obtained from other
Military specification MIL-G-54B5
refets to bullet-resisting windshields for air-
planes. Nominal thicknesses range from 1/2 to
3 inches. The procedures for the ballistic tests
are given in detail. The obliquity of the path
of the bullet with respect to the glazing is
‘specified as a function of the weight of the
bullet and the weight of the glass components
The glazing is

SQurces.

considered to have failed when:

(1) The buller core or core fragmeats pene-
trate the unit complerely.

(2) When through-openings are made by either
bullet or glass fragments in a plastic sheer
mounted six inches behind the window assembly.

MIL-A-46108

Milicary (MR}
refers to wansparént composite amor for air-
craft, marine, and automotive applications. [t
differs from the other specifications, because
the rear ply is a sheet of nonspalling plastic
rather chan glass. Another specification is

specification
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referred to-for dewmiled information on the bal-
listic tests. The definition of bullec penecration
is generally similar to that of MIL-G-5485. The

difficult problems had to be solved before
satisfactory windows could be provided for

_ these craft [36]. The windows acrually used in

light transmittance of the unit is required to be '

80 percent over the eatire visible spectrum. In
order to meet this requiremeat, not only must the
light absorption caefficients of the glass be low,
but e light loss at the various interfaces
between glass aad plastic must also be low.

¢. Airplane Windshields. The development
of airplane windshiclds bas followed the de-
wands of ever-increasing operating speeds.
Early modifications included increased thick-
pesses of the plate glass used in the laminate,
‘and later, tempering the glass for greater
strepgth. - The plastic interlayer was then cx-
tended beyond the glass, so that it could be at-
tached direcdy to the airframe. In order to pro-
.vide greater strength, the extension was rcin-
forced with sheet metwl {35]. The fastening of
the interlayer to the aicframe provides protection
against decompression of the cockpit in the
case of a glass failure.

Systems were also devised for deicing and
defrosting the windshield in respoase to certain
flying conditions. In one method, an electrically
conducting coating is applied to che glass sur-
face so that it can be heated with electric cur-
rents. This coating is commonly applied to the
inner surface of the outer layer of the laminate.

Further increases in speed mised the wind-
shield temperature to a point where the residual
tempering stresses in the soda-lime glass
relaxed with time, and where the flow of the
plastic interlayer became cxcessive. The soda-
lime glass was replaced with a tempered alu-
minosilicate glass, which permitted an increase
in operating temperature of 130 °C or more; also,
plastic intetlayer materials were developed
which would withstand much higher tempera-
cures than the polyvinyl butyral plastic then in
use.

d. Spoce Craft. Tempcratures reached by the .

surfaces of space craft during reentry into the
carth’s armosphere are very much higher than
those attained on aircraft windshields, so that
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the Apollo spacecraft for moon journeys con-
sisted of assemblies with several panes of
glass. The protective outer shield, which is
subjected to the highest temperarures, was of
silica glass. The two inner panes, subjected
to lower temperatures and lower thermal stres-
ses, were of tempered aluminosilicate glass.
These inner panes must also support the dif-
ferential pressure between the ioside of the
craft and outer space. The catire window as-
sembly was designed to reduce the transfer of
beat by conduction and coavection ta a2 minimum.
Furthermore, the glass surfaces themselves
were coated with thin films which permitted the
transmission of most of the light, but reduced
the waosfer of heat by radiation. These win-
dows have met the exacting requirements of this
service.

¢. Pressure-Resisting Windows., Glass win-
dows of many types and for many purposes are
required to withstand pressure differences.
Some of these windows are flat plates, which
are clamped against gasketed seacs by means of
bolted metal flanges. This general type of
window is used for sight windows of mnks and
vessels under pressure and for ligquid level
gages in steam boilers.
have been made on this type of window; the
results have shown that bursting pressures are
influenced greatly by the design of the mounting
strucrure and by details of assembly procedure.
As a consequence, it is impracticable to assign

Many pressure tests

any pressure tating to the glass (considered
alone), but only to the composite structure,
consisting of the glass and its mounting as-
sembled under prescribed conditions. Test data
[6] show specifically that when the mounting
structure lacks rigidity, when the fit berween
glass and its seating is not satisfactory, when
the gaskets are not suitable, and when the
forces used in bolting the holding flanges are
excessive, the bursting pressure of the glass
may suffer severely. In some cases the reduction
of bursting pressure has been as much as 90

percent. When used for high pressures, this
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type of mounting loses much of its effective-
ness. Some tests [6] indicate that when the
ratio of thickness to diameter is increased for
higher pressures the allowable bending stress
computed by e simple platce equation de-
creases. For example, with a ratio of thickness
to diameter equal to 1.0, this computed stress
drops to approximately 25% of its valve wheno
this ratio equals 1/10. The application of
tempered glass for higher pressures can help
this condition materially.

If the inner surface of the window is exposed
to elevated remperatures,as in the case of liquid
leve] gages on steam boilers, thermal stress
components are added to those of pressure.

Suitable pressure ratings for pressure win-
dows must take all factors into consideration, so
that they are based on tests and also on experi-
ence. They should not be assigned 1o any glass

component considered separately from its
mounting structure.
Glass components of evacuated devices

function as pressure windows. The viewing
panel of a cathode ray (television) tube is an
example of this. The load on a large panel of
this type may amount to several tons, so that in
order 1o develop reliable tubes for this purpose
extensive efforts were necessary, both experi-
mental testing and analysis. In some designs,
the glass panel is fusion-sealed to 8 mem) ring,
which adds anocher phase to the problem.

Glass industrial piping, while not serviag
primarily as a window, is subjected to pressure,
and must comply with specified test conditions
(ASTM Desig. C 601). The spillage of certain
fluid contents in the event of a pipe failure
could constitute a serious hazard, so that a
special structure (similar in some respects o
laminated safety glazing), has been developed o
prevent such occurrences. The glass pipe and
fittings are wound with layers of glass fibers,
and these layers are impregnated with a plastic
material, which may be transparent when visi-
bility is desired. With this reinforcement, even
il the pipe were 1o break, spillage would be
prevented so that suitable corrective measures
could be taken.
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Portlights for marine application must- with-
stand the impacts of heavy seas. Military speci-
fication MIL~G-2697 states the requirements of
tempered portlights of circulac shape in various
sizes. Acceptable strength is based on tests in
which bending moments are applied around the
rim of the glass (as noted in Chapter 4, Plate
Flexure Tests, paragraph ¢, under Strength
Testing and Measurement). This unusual test
procedure may have been chosen to produce the
effect of imperfect fits becween the glass and
the seating sutface. Actual stress values in the
glass are oot indicated in the specification.

Explosion hazards exist in some military
buildings, which necessitates precautions
agaiast the ‘occurrence of sparks or flame.
Explosion-resisting  lighting globes reduce
hazards from lighting inswllations. Explosive
gases may penctrate into a lighting globe, where
they can be ignited by a lamp failure or some
other malfunction. Protective globes are re-
quired to withstaad the pressures developed by
such an ignition, and the surfaces across the
jeint must provide for the cooling of any gascs
which might escape, so that gases outside the
globe will not be ignited. Tempered glass
domes with heavy walls are used for incandes-
cent lamps, and sections of induserial glass
piping for fluorescent lamps. Requirements and
tests which apply 1o these globes are included
in the National Electrical Code [37].

f. Submersible Vessels and Craft. The ex-
plotation and study of ocean depths is important
for both general and military purposes. Equip-
ment intended for these studies has already been
used for the location and identificaticn of the
remains of lost naval! submarine cmft, and for
the recovery of military materie! from the ocean

bed.

Because of its high strength during compres-
sion, glass has interesting possibilities in this
field. 1In the case of simple shapes, such as
spheres and cylinders,
indicaces that the wall stresses under conditions
of external hydrostatic pressure should be en-
tirely compressive. If this theoretical condition
could be attained, these vessels would resise

elemenaary apalysis
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failure it pressures up to the critical pressure
foc elastic in:‘nnbﬂity. These pressures may be

ll_.lJ Lo

- -defiped as follows:

0.25 E (h/R)3

_ le'linder”, P, ST v (16)
. 4
_ 0.80E (b/R)2 -

(1-v2)

| s?h_en??, P .an

h}'drostatic buckling pressure,
modulus of clasticicy,
“will thickness of shell,

tadius of shell at midpoint of
wall, and

v =

Poisson's ratio,

Edﬁitim (10) is not applicable to most cylin-
drical huil strucrures because it applies only to
cylinders " of indefinite length. For shorter
cylidders, the critical pressures are increased
by end support. Experiments have shown that
when the length is at least six times the dia-
IllCltl’, Wm'iiﬁg Ptcssurcs D[ slass iuDl-l-lg wlll
‘aot mteﬂally exceed the computed critical
-pressure. ~ For a glass-ceramic cylinder with
an - effective leagth of only BO percent of its
diameter, ptessures reached six times the
critical value without failure [40].

When & sphere is compared with a cylinder,
its effective length is very short with respect
to its diameter. With wall-thickness ratios of
practical designs, the critical pressure of a
" sphere may be 15 to 30 times that of a long
cyliodct.' o

ln.en a cnhprp

is gggngsgd of rwo hemi-
spheres connected at a joint, or & single hemi-
sphere attached to a metal ring at a joine, the
conditions found in the unjointed hemisphere no

longer exist. The discontinuity fepresented by
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the joint introduces additional stress compo-
nents at the interface region. Some of these
components will he tensile, as noted in Chapter
3, with che effects on failure as shown ta Figure
12. Considerable development work has been
carried out on the detailed design of joints to
reduce these undesirable stress components, but
the basic probiems
continuities of the
completely solved.

PR i _ 1 1 L |
netreaucea by e dJis-
joint have not yet been

Small glass spheres conwmining instruments

hava hosn tanend sindar huydrnctnris neacesisan
GRYES GOCO (E5100 ULGET GYQIosialll pitssuies up

to 10,000 psi, and have been used for makiag
measuremcnts at depths of 6,000 feet or more.
Hydrostatic pressurc tests have also been made
oo large hemispheres, with diameters up to four
to five feet. The results of such tests have not
been entirely conclusive, although there are
indications that some of the problems can be
solved.

window applxcauons are based on the abxllt) of
glasses to tramsmit certain bands of the electro-
magnetic spectrum and to absorb others. Dif-
ferences in absorption over the visible range are
responsible for the effects of color in lighting.
Colorted lenses for lamps bhave maay applica-
tions for the control of traffic on railways, high-
ways, airways, and on the seas and waterways.
They are also used for other forms of signaling.
In certain types of military signaling secrecy is
maintained by utilizing parts of the spectrum
beyond the visible range {the ultraviolet or the
infrared). Receiving equipment must, of course,
be respoasive to radiations of the wavelength
used. Figure 13, curves H and K, shows some
characteristics of glasses which absorb com-
pletely within the visible range, but transmit in
the infrared or ultravioler.

Some types of military rockets are directed
towards target airplaces by equipment which is
responsive to the heat of the exhaust. This
equipment is housed in a dome of glass which
will wansmit radiations of at least 5.5 microns
wavelength. Calcium aluminate and other
glasses [2] may serve this purpose. Other types
of missiles make use of radar for guidance pur-
poses.. The tadar antenna is mounted in the
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nose of the missile and the radiations are tmns- |

mitted through an ogival cone ot radome.. The
reflected wave is also traasmitted by this radome
 to the receiving equipment. The material of the
. radome must be such that it cao withstand bigh
temperatures, and retain low dissipaton and
loss factors under these conditions. Distortions

caused by the refraction of the radar waves in

passing through the material must be small. The
material must be of relatively high strength, and
it must be possible 1o form the radome accurately
to shape. Cenain glass-ceramic bodies fulfill
these requirements more satisfactorily than
glasses, so that they have been used for this

purpose.

Radiation protcction windows are used for
observation ip enclosures containing sources of
high-energy mdiations. Vision must be suf-
ficiently satisfactory for the operation of mani-
pulaters within the enclosure.
are usually X- or gamma rays, which are ab-
sarbed most efficiently by the lead in the win-
dow. Glasses for the absorption of these radia-
tions may contain up to 76 percent lead atoms,
as noted in paragraph 23 of Chapter 3. Milimary

gnecification MIL-G-41349 covers such glasses.

SPLL IRV ML TRFTRRSARS BT

Further information on radiation absorpnon and
*lead equ:valems" will be found in Reference

- l6i.
.FIBER OPTICS

Fiber optics defines a system of light trans-
mission along transparent fibers. When many
fibers are arranged suitably in bundles, images
can -be projected from one end of the bundle to
the other. A condition of total intetnal reflection
from the circumference of the fiber is essential
to the functioning of this system. Consequently,
when fibers are combined in a bundle the core of
cach fiber must be surrounded with a glass of
lower refractive index. For some purposes the
resolution of the fibers in these -buodles is
roughly £.001 inch, bur for special purposes this

P N Y

may be reduced to 0.0002 inch,

Although fiber optics have many uses, one of
particular military importance is that of night
observation of objects in very dim light. It bas

The radiations

“with the use of little force.
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beep noted by Kapany [41] that the ‘‘combina-
tion of a high-quality lens system and a conical
fiber bundle can function as a high-speed lens
so that photographs can be taken by moonlighe."’
This principle has been extended greatly so that

' epemy movement can be observed by the dim

light of the stars [42}. The image intensifier

ipcludes a lens and a2 bundle of optical fibers

to conduct the light to a *‘photocathode of a
light-sensicive film. Electrons emitted by che
film are acceletated by an electric field and hic
a phosphor screen, which gives off light.’” [42].
It has been reported that the light is intensified
40,000 times.

FIBROUS GLASS

o alask drawn

wneh gi&sSS i5 dmawn nee fibers it does not

change its physical properties, except for
changes of a minor mature caused by extremely
high mates of cooling. The characteristics of
fibrous glass products, however, are more like
those of organic fibers than those of massive
glass. Fibrous glass products include forms of
wool, textile materials, and composite materials
in which fibrous glass is used as a reisforce-
went of a plastic. (For general information oo
fibrous glass see Reference {6].

31. Woo! Applications. In the form of wool
the glass fibers may constitute as littie as one
percent of the volume, the remainder being air.
The wools have po structural properties and can
be compressed into much smaller dimensions
The encrapped air,
which is prevented from circulating freely, gives
the wool excellent properties of thermal msu!a-
tion. When used for insulation ar higher tempera-
tures, a greater density of fibers is found to be
more effective. For som.: purposes mineral
fillers may be added to the wool. If the wool is

. compressed and the fibers then bonded together

with smail amounts of adhesive, it becomes ap
insulating board with a limited degree of rigidity.
These products are used for insulating panels,
for. roofing material, and in some instances for
sound insulation of light weight. With added
filler, various products are suitable for sound
absorption.



" and other heated parts.
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Wool products are used for the thermal insula-
tion of buildings; airplanes and ships, home
appliances (refrigerators, ranges), and refrigera-
ting compartments. ! moisture permeates this
insulation and freezes, the insulating properties

- of the material will be seriously impaired. For

some .ﬂ.ﬁn!acaaeas the woo! will be eaclosed and
‘sealed so chat this condition will not occur.
This precaution is particulacly impormant in the

case of refrigerated comparments [6].

- The compressed wool products, with or with-

’ _f‘our fillers, are used for industrial insulation at

- the' higher temperatures, and on pipes, tanks,
7 When the tempemture
reaches .1,000°F (535°C) fibers of one of the

Nile ncad for

WAAS MaSVE g

| =1
silica glasses should be used.

" fiber lubrication and adhesives which can ignice
are elimipated in high-temperature insulacion.

Foc applications in airplanes and ships and
on various types of military equipment, the
ptoperties of nonﬂammablhty and of lightweight
are llportant.

‘32. Textile Fibers and Filaments. 1o addi-
tion to ‘the properties found in glass wool
fibers, the textile fibers have high mechanical
“strength, a property which is an important factor
in many applications. The modulus of elasticity
of the glass fibers is also much highec than that
of organic fibers, so that in order to obtain the
same fexibility and smoothness in textiles the
- individual fibers must be much finer. A special
textile fiber has been developed with a diameter
of only 3.8 microns (0.00015 inch), which is
much finer than the macural and artificial fibers
of conventional textiles. Glass fibers of con-
siderably coarser size are entirely suitable for
industrial and other purposes.

The tensile strength of glass textile filaments
is frequently stated to be 500,000 psi, or even
more. Such strengths will be reduced by damage
teceived in handling, in various textile opera-
tions suvch as spinning, weaving, and bmiding,

and in the appucauon or removal of iexiile

sizes [43]. Reported values of strength range

upward from somewhat more than 100,000 psi two
650,000 psi, depending upon the parcticular opera-
tions performed and the care used in handling
the fibers,

While chis order of strength is much greater
than that measured for massive glass, the in-
crease represents only a part of the advantage of
the textile fiber over massive glass. ln massive
glass it is expected that the elongation under
conditions of fracture will amount 0 0.1 = 0.4

nercent which ic incuffisi ; iva-
peccent, which is insufficient o permit equaliza

tion of the stress across the section of the
glass. With glass fibers the corresponding
clongation will be neatly 10 times these values,
s0 that the stress equalization will be relatively
much greater. Furthermote, the individual fiber
in a yarn or cloth will not be straight, but some-
what wavy. Under stress it will tend to straight-
en, so that this abiliry 1o stretch permits further
elongation and stress equalizaction under load.
These characteristics cotrespond in some degree
to ductility or plastic flow in meals.

"When at some point of weakness on the sur-
face of massive glass an overstress produces a
crack, this crack will propagate into the ser
tion, carrying with it (in ever increasing degree),
its weakening effects.
becomes complete.

in this manner failure
When a single fiber in a
textile constructon breaks, either from weakness
or from overstress, the fracrure crack cannot
propagate into the neighboring fibers so thar
the fracwre is confined to the particular fiber
involved. The small portion of the load which
had been carried by the broken fiber will then be
distributed among the other fibers, wich litdle
resultant decrease of strength.

While the preceding analysis is oversimplified,
these two characreristics have a pronounced
effect on the structutal capabilities of fibers as
compared with massive glass. However, the
structural applications of glass textiles are
confined to those involving tensile stresses
only.

Representative applications of glass textiles
include drapes, wall coverings, and protective
coverings where the nonflammable and decay-
resisting characteristics of the glass are im-
portant (e.g., on aircrafc and on shipboard).
Textiles are made into protective outer clothing
for workers engaged in extinguishing intense
fires. Similar clothing, but of a very sophisti-
cated nacure, has been designed for and worn by

</



astronauts in spacecraft. While this use is
limited, it is of outstanding importance in mili-
tary development. Fibrous glass textiles are
used for filtering, particularly for dry duses at
high temperature.

The noncotrodible properties of glass tex-
tiles are utilized in the protection of tanks and
underground pipelines. The textile covering is
' impregnated with mastic te prevent the pepetra-
tion of moisture. Roving and woven tape are
used for insulating conductors of electrical
equipment so that operating temperatures can be
maised above those established for organic ma-
" terials. Varnishes with which these coverings
are impregnated must also be able to withstand
these higher temperatures.  Such insulation is
essential for eleciric motors and other apparatus
installed on many types of military equipmeat.

33. Fibrovus-Giass Reinforced Plastics. While
fibrous glass textiles have exceptionally high
strength, they lack the rigidity which is essential
to the vast majority of scrucwral applications.
This deficiency can be overcome to a very con-
siderable extent by combining the fibers or
textiles with plastics or resins to form com-
The fibrous glass imparts ten-
sile properties to these bodies, while the
“plastic matrix resists shear forces between
‘fibers and thus promotes rigidity.

posite bodies.

The mechanical properties of these composite
materials are dependent on a number of factors
[6), [44), and [45]. Basically they are a
function of the properties of the fibers, the
properties of the plastic matrix, and the inter-
action at the glass-plastic interface, which in
twrn is a function of the characteristics of the
bond. Fibers may be in the form of continucus
bundies or rovings, woven textiles, mats, or
chopped fibers in short lengths. Rovings, tex-
tiles, and mats may be laid up to form laminates.
The otientation of short fibers is much more
likely to be random. The plastic marerial used

for the matriy mav he thermosertine (nolvectar
e DATWX may pf (ermosciilng (posycesier,

phenolic, or epoxy), or thermoplastic (poly-
ethylene, polystyrenc). Such plastics vary in
their propertics. Other variations result from the
weatment and method of fabrication used.
Strength and rigidity of the material increase, in
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general, with an increase in the proportion of
glass used in the composite. The properties of
the bond between glass and plastic depend not
only on the treatment of the glass surfaces, but
also with the envitonmental conditions, parti-
cularly the presence of water.

Two problems are encountered when attempts
are made to carry out accurate stress analyses
for fibrous-glass reinforced plastics when sub-
jected w loads [46) and [47). ~ The first con-
cerns the interacrion berween glass and plastic
at the interface. There are still the upanswered
questions of just how the forces are transferred
across the interface and distributed in the sur-
tounding matrix, and how the conditions are af-
fected by environment. The second problem is
telated to the distribution of forces over the
various parts of the reinforcement. The arrange-
ments of fibers under practical conditions may
become very complex, with a degree of aniso-
tropy which cannot well be represented by
workable mathematical expressions. In many of
the more complex designs, the work of the stress
analyst cacpot be accepted Wlthout experimental
confirmation.

Reported data indicate thac the dry flexural
strength of Hbrous-glass reinforced plastics.
commonly ranges berween 20,000 and 75,000
psi. Corresponding values of elastic moduli in
flexure  may range between 1.5 x 106 and
5.5 x 100 psi. Io addition to the effects of the
environment, the strength of the material is io-
fluenced by both static and cyclic stress fatigue.
Some data indicate thar steady loads, long-
continued may decrease the breaking stress by

......... y IBEY CECICQsC 126 DNERRIAp =2Lka=

amounts of the order of 40 percent, and that the
addition of cyclically applied stresses may de-
crease the breaking stress by values of the order
of 75 o BO percent. In canyiog out structural
designs with these matetiels the possible results
of environment, long-continued loads, and cyclic
stresses require careful consideration.

Because of their desirable mechanical

characteristics these composite materials have
many applications of military interest. Many of
these applications represent substitutioas for
wood or metal, particularly where savings of
weight are desired. They are used for component

parts of automotive bodies, parts of airplanes,
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and .hulls of boats (specifically, river patrol
boats). They have been used to reinforce the

tubes of small rockec launchers, the reinforce-
ment of plastic pipe, and for light-weight armor.

a. Airplane Components. The design of air-
plane frames and components has become highly
sophisticated because, in order to save weight,
not only has the shape of the part become com-
plex, but the properties of the material itself
have been tailored to meet the structural re-
quirements. As previously meaticoed, the re-
sulting properties may be highly anisotropic so
that precise mathematical analysis may be
beyond our present capabilities (Rogers.[46].)

Onc limitation found in fibrous-glass rein-
forced plastics for stress-bearing members of
airplancs results from low values of the elastic
modulus. In general, this wmodulus cannot
readily exceed one-half the value of the glass.
For glass compositions ordinarily used, the
modulus will seldom exceed 5 x 106 psi. Special
glasses with higher elastic moduli bave been
developed for these fibers, but the modulus
artainable in the composite is still much lower
than those obtainable from other high-strength
tibers. In the application discussed by Rogers
[46], boron fibers with an elastic modulus of
SO x 106 were substicuted for glass in parts of
the component in order to increase rigidity.

b. Reinforced Plastic Pipe. Plastic pipe has
"definite advantages for military uses. [t is light
in weight so that it can be readily transported.
It is noncomrodible and is an electrical insulator.

nine is availahle in nressure ratings ade-

Sul.h PiPT 15 avVaiiRdgal il picSEais fasa &S5 20T

quate for many purposes.

Resins used for such pipe arc normally thermo-
setting and tend to be somewhat brittle and weak
[48].  The pipe consists of an inmer plastic
lining, the fibrous glass reinforcement (which
may constitute 60 to 80 percent of the material),
and a plastic matrix. The fibers are laid over
the lining in two courses; in the first, the fibers

are wound I-n-'lu-nﬂu in order to resist the burse-

ing ptessure. The' second course is laid parallel
with the pipe axis, to resist the axial forces
produced by the intemal pressure.

Tests have indicated that the short-time
bursting pressure of a two-inch pipe may be of
the order of 8,000 psi, and that if this pressure
is maintained for a macter of 5 to 10 years the
bursting pressure may drop to nearly 10 percent
of its short-time value. Temperature and en-
--------- il influsancs failiire cn rtha irahla

vironment will influence failure, so that suitable
ratings will be determined on the basis of a
oumber of factors.

c. Light-Weight Armor. During World War I
thete was a need for the protection of military
personnel from fragments of grenades and mortar
shells. A tpe of light-weight ammor, known as
**doron’’, was developed to meet this need
[49). The armor was a laminate consisting of

about 146 lavers of fibrous elags cloth of sarin
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weave, with a matrix of 23 10 25 percent of a
thermoserting resin. The thickness of the
laminate was 1/8- to 3/16-inch with a weight of
1.3 Ib/jfe2,

An interesting feature of this laminate war
the use of textile sizing on the glass, which
prevented a strong bond from forming berween

the glass and the marrix. This permitted the

.composite material to delaminate over a con-

siderable area under the impact of a fragment.
This motion of the fibers and matrix over an ex-
tended area distributed the impact and allowed
a greater amount of energy to be absorbed. This
same general principle has been meontioned in

connection with automotive WIndshlelds and it is
illustrated by Figure 30.

When formed, the laminate was cut into small
panels which could be inserted in pockets in
jackets to be worn by personnel. While tests
indicated that this amor would furnish the
desired protection from fragments, and would
stop a pistol bullet, it did not receive full bat-

tle tests before the war ended.

Conditions encountered in the fighting in
Viemam differ materially from those of previous
wars. A large proportion of casualties resule
from bullet wounds. The ‘“doron'’ armor is not
capable of providing such protection, so that a
new development was undertaken {s0]l. The
general principle paralleled that used in steel
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amor, where an imenmsely bardened swrfacer

bresks -wp the projectile and teduces its velecity,

while & ductile backing absorbs the cnergy of
the projectile. The armos developed comsisted
of, first, a spall shield of polyurethane mbber
 or tailistic aylon fabric, then & ceramic layer,
slightly more than 1/2-inch thick, and couposed
of a bard cemamic body of alumine, baton car
. bide [51), or silicon carbide. This ceemmic is
intended to break up the bullet and to deflect it
from its anmor-piecciag trajectory. Bebind the
ceramic layer is a plastic laminate similer
the “‘doroa” armor and roughly §/4-iech thick.
.. These elements are all cemented pecurely o
gtther to form a single wnit. A chesiplare for
body amsor wses s cemmic pan fovmed to 8
shape which will conform to the body of the
wearer.

MIL-HDBK-T722(MR)
~ 1 AUGUST 1968

The direct impact of a .30 caliber bullet
fieed at close range and at a velocity of 2,700
ft/sec may spall and remove completely the
cemmic layer over an area perhaps one inch in
diameter, but the glass-plastic laminate will
absorb the epergy of the bullet and prevent its
pesctration of the armor,

This aermor has already demoonstrated its pro-
tective capsbilities. It is used for personnel
body protection, for aircraft pilot seats and
ponels for walls and floor, for shields of wul-
semble sircmaft components, and for deckbouse
amsor and guo shields. For purposes other than
srmoe to be worn by petsonnel, thicknesses have
been imcreased to provide protection amgainsc a
.30 caliber armor-piercing bullet.
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GENERAL

High standards of quality and performance
are achieved through the proper use of specifi-
cations. These specifications are intended ro
represent an agreement between user and sup-
plier regarding the requirements to be met by the
materials or products under consideration. Not

only should these requitements be clearly defined,

but also the procedures to be followed in detes-
mining compliance with these requirements. When
test procedures and methods for evaluating re-
sults of such tests are not included,

Lt L Rciuded, ICIIONS

misunderstandings can occur.

A group of sclected standardization documents
relating to glass products is included in Table
X1. This list includes Military Specifications and
Standards, Federal Specifications and Standards,
U.S.A. Stwandards Institute specificarions, and

American Society for Testing and Matetrials Tes:
Marthnde and Standarde

Mapvy ather cnorifica.
MeldoCs ang 2iangards. v

any other specifica-
tions have been issuedon special glass products
which have not beeo includedin this list. Federal
Specification DD-G-45]1, which covers a wide
variety of flat glass products, is sometimes ap-
plied in other specifications to glass which is to
undergo further fabrication. Sections of USASI
Z26.1, approved for civilian vehicles, are to be
found in corresponding military specifications,
such as MIL-G-3787. Specifications of the ASTM
have been grouped with reference to their classi-
fication. Some of these specifications include
details for sampling for acceptance tests. If pot,
MIL-STD-105 may be used for this purpose.
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The complete designation of a standard speci-
fication will include a suffix indicating the date
of its formal approval or its last revision. These
suffixes may change from time to tme so that
they are oot included in Table IX, except for
two ASTM units which have a second and tenta-
tive form.

REQUIREMENTS

The functions which a glass component is to
perform can usually be stated fairly definitely,

hur the ramuicamante accantial far thecs functions
R I lcqunlcmcuta OO WA LA FWE MY O = WAL AR

which can be written in a specification and then
verified by some procedure may have to be ex-
pressed imperfectly in entirely different terms.
Sometimes this requirement can be expressed in
terms of a physical property. In other cases,
performance may depend more on design and
workmanship. Correlation between specified re-
quirements and operating performance can be
established by means of special tests, or for

established products, based on experience. )

The basis which may bg employed for defining
requirements may include the tollowing:

(1) Glass These may be stated

explicidy or indirectly.

properties.

This term is used here tw
and imperfections

{2) Workmanship.
cover all types of efecis

which may be found in glass nroducts

L2 be lound in AR EE PRI,

(3) Functional Tests. These are intended to
verify or confirm the operational performance ol
the entire compouent.
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' GLASS PROPERTIES

For some materials, patticularly metals, vari-
ous physical properties have been correlated with
standard grades identified by chemical composi-
tion, often including specific processes or treat-
ments used in manufacturing. These grades are
covered with specifications. No such method of
grading has been adopted for glasses. The

.chemical composition of some glasses is shown
in Table I; these arc only general types, how-
.ever, Although some specifications imply a type
of glass as described in Table I, exact compo-
. sitions are seldom referred to. For example, in
 MIL-G-43349 for X-ray protective glass, the
minimum content of Pb 0 is given as 6] percent,

Physical properties ate specified more fre-
queatly. For optical components, for example,
optical properties are of course important. The
index of refraction and its variation with wave-
length (called dispersion and sometimes defined
by nu-value or Abbe constant) are requirements
of this type. Optical glasses are commonly iden-
tified by type numbers, which tepresent boch
refractive index and nu-value. Thus, the type
number 517-G45 rcpresents a glass with a re-
fractive index of 1.517 and a nu-value of 64.5.
In some cases, this type number is closely cor-
related with glass composition, Light absorption
is also important, and it may be expressed as an
absorption coefficient or as the luminous trans-
mittance for a section of a specific thickness.

Although certain electrical requirements must
be met by various electrical components, the
influence of structure and design on results is
such that actual measurements are ordinarily
made on the complete component,

Thermal expansion coefficients may represent
the requirements.of products subjected to thermal
stresses. Standard tests for measuring thermal
expansion bave already been mentioned in Chap-

_ter 3. The capability of successful -operation at
some elevated temperature is sometimes indi-
cated as a requirement, but procedures for deter-
mining compliance are seldom given explicitly.

Strength is a characteristic which cannot be
expressed as a property of the glass, because it
will be influenced greatly by fabricating condi-
tions. Strength is commonly determined for a
compiete component.

WORKMANSHIP

Defects and imperfections in glass may arise
from many causes associated with melting, form-
ing, finishing, and other operations. The term
“*workmanship’’ is used here to cover all such
deficiencies.

lmperfect melting operations may result in
solid or gascous inclusions (stones, bubbles,
ctc.), and in homogeneities in the glass body
(striae, cords, and sometimes, cloudiness). Form-
ing operations can produce faulty shapes be-
cause of imperfect equipment, improper operation
(including the use of unsuitable forming temper.
wres), and excessive - 'ing of formed glass.
The required dimensions may not be met, and the
article may be distorted or warped (for example,
waviness in a rolled plate or a drawn sheer),
Surfaces may be rough and also irregular at the
mold seams; in addition they may contaian laps,
checks or cracks, trapped air, and surface in-
clusions such as scale.

The finishing operation of grinding leaves the
glass surface rough, pitted, and mechanically
weak, Subsequent polishing may not completely
remove these imperfections. There are a number
of surface defects which result from incomplete
polishing and which may be classed generally
under the term "‘short finish.'* Scratches and
sleeks can be produced after all the grinding
marks have been removed and laminating opera-
tions may produce defects at interfaces between
glass and plastic.

Dimeasional tolerances of various types, thick-
nesses, lengths, and diameters will be found in
] - - .
most specifications. The maintenance of these
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tolerances constitutes one phase of workmanship,
In certain optical components, such as windows,
deviation from the parallelism of the two sur-
faces (called a "'‘wedge™) is important, so that
" tolerances for this condition must be included
in specificacions,

" The magnitude of internal or residual stresses
in the glass can be used to evaluate the quality

MiL-HDBK-722(MR)
1 AUGUST 1969

the requirements of the most severe service
condition anticipated. If the product meets these
tests, it is considered to have complied with the
requirements of the specification, These tests

_are frequeatly made more severe than any ser-
" vice condition, in order to accelerate the test,

of annealing or the degree of tempering. These

stresses are commonly determined from the rela-
tive rctardation of polarized light which is
caused by the siresses. This retardation is mea-
_sured with a polarimeter. In well-annealed glass
which is to be used for optical components {sce
MIL-G-174), the maximum allowable retardation
is specified as 10 millimicrons per centimeter of
the path of light, or an internal stress of the
ordet of S0 psi,

In the case of tempered glass for aircraf:
glazing {sece MIL-G-256067), the tctardations re-
sulting from the tensile stress in the midplane
of a reference sample of 1/4-inch plate glass are
specified as follows: semitempered, 1,400 to
1,900 millimicrons per inch of path; fully tem-
pered, not less than 2,B00 millimicrons per inch
of path. Corresponding values for other glass
thicknesses are not indicated specifically.

FUNCTIONAL TESTS

Using the two bases just mentioned it is prac-
ticable to formulate specifications for some
products. They will state explicitly the property
requirements of all materials used in the product,
and details of procedures used in treatment and
fabrication, together with such controls which
may be required to assure proper standards of
workmanship. This method is used on products
where adequate testing of the complete compon-
ent or structure is difficult or impracticable.

The opposite approach in formulating a speci-
fication is to permit the supplier some latitude
in his choice of materials and procedures, but to
include a functional test or tests which represent

Both experience and special testing may be
necessary to correlate the test conditions with
the functional requirements of the product.  Ac-

_tually, many specifications combine elements

based oo properties and workmanship with others
based on functional tests.

The optical transmission of a laminated glass
structure can be specified from absorption coef-
ficients and refractive indexes determined for
the several elements of the composite window.
If, however, the specified transmittance must be
retained after the exposure of the laminate to
some deteriorating agent. such as ultraviolet
radiations, compliance is much more readily
determined from a functional test made after the
window is exposed to the deteriorating agent,

- Thermal endurance of glass components can
be assured by using a glass of suitabie thermal
expansion characteristics and a proper standard
of workmanship. While these two requirements
are ‘included in some specifications on gage
glasses, a functional test for thermal shock is
usually added. Sampies of the glasses are heated
to a definite temperature in an oven and are then

. quenched in a water bath or by a water spray.
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Fracture of the glass represents failure.

Laminated glass products for safety glazing
(Z26.1, MIL-G-3787, MIL-G-25811) are given
tests fo: "'nonscatterable’’ characteristics. The
glass is impacted with steel balls, steel darts,
or shot bags. Although the glass may break, the
fragments must be retained by the plastic inter-
layer, except in smal] specified areas surround-

For tempered glass frag-
but the size of the indi-
These are functional

ing the point of impact.
ments may separate,
vidual piece is limited.
tests.



Downloaded from http://www.everyspec.com

MIL-HDBK-T22(MR)
1 AUBUST 1969 :

For builet-tesisting windows the obvious func-
tioval test is its actual impact by a bullet. In
MIL-G-5485 the bullet is to have a striking velo-
city of 2,700 ft/sec, while the obliquity of the

path of the bullet with respect to the face of the .

window is specified in terms of the weight of
the billet and the weight of glass per square
foot of window. Results which indicate failure
qf a specimen are outlined clearly in the speci-
ficatioh.

.-"Speéificstiui MIL-G-2697 for tempered port-

lights is of considerable interest. Strength re-
quuements of these lights are defined in terms
of an edge-loading test (arrangement shown in
Figure 24). This [oad is specified in pounds for

_each size, diameter, and thickness included in .

the schedule. Two test procedure are given, one

for lots not greater than 100 pieces and the other
for lots greater than 100 pieces. For the smaller
lots the picces tested are subjected to a proof
load, and compliance is based on the number of
failures.® Pieces not injured by the test are
accepted. This procedute employs the method of
atuributes. For the larger lots a sample of ten
pieces or more is selected and the specimens

-are loaded to destruction. If the average breaking

load is equal to or greater thana specified value,
about 30 percent higher than the proof load for
the first type of test, the lot is accepted The
inspection procedure used in this case is by the
method of variables.

The requirements of products are so complex
that considerable variety is found in the methods
and forms used for specifications,

TABLE XI. SPECIFICATIONS AND STANDARDS ON GLASS

NUMB ER TITLE
Military
MIL-G-174 Glass, Optical
ML-i-742 Insulation ‘Board, Thermal Fibrous Glass
MIL-G-479 Glass, Ground {For.O_rdnanc:c Use)
"MIL-G-1366 Glass, Window, Aetial Pbotographic
MIL-G-269% Glasses, Gage, Round and Fl.at, Reilex, Under 125 Pounds Pressure
MIL-G-2l697 Glasses, Portlight, Circular, Heat-treated
MIL-G-2857 Glass, Heat-trcatc'd, Glazing, Rectangular [for Bridge Windows)
MIL-G-2860 Glass, Sight, -Flat, Clear, Borosilicate
MIL.-I-3158 Insuladon Tape, Electrical, class Fibec, Resin Filled, and Cord
Fibrous Glass ‘
MIL-G-3787 Glass, Laminated, Flat (Except Aircraft}
MIL-G-5485 Glass, Laminated, Flatr, Bullet-Resistant
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- TABLE XI. SPECIFICATIONS AND STANDARDS ON GLASS (Cont.}

NUMBER TITLE

MIL-G-8602 Glass, Laminated, Flat, Aircraft

MIL-C-10797 Cloth, Coated, Glass, Silicone Rubber Coated

MIL-F-12298 Fabric, Glass, Woven '

MIL-G-14754 Glass, Ground, (For Use in Ammunition)

MIL-1-15475 Insulation Felt, Thermal, Fibrous Glass, Semirigid

MIL-M-15617 Mat, Fibrous Glass, For Reinforcin-g Plastics

MIL-I-16411 Iasulation Felt, Thermal, Glass Fiber

MIL-1-17205 Insulation, Cloth ﬂ.;;ld Tape, Electrical, Glass Fiber, Varnished

MIL-G-18498-R Glass Set, Water Gagc,lFlat, Plain, High Pressure Steam,
(Glass, Mica and Gaskets)

MIL-I-18746 Insulation Tape, Glass Fabric Polytetrafluorocthylene Coated

MIL-T-19292 Tape, Glass, Fiber, Asphalt and Qil Impregnated

MIL-C-19663 Cloth, Glass, Woven Roving, for Plastic Laminate '

MIL-R-19907 Repair Kit, Glass Reinforced Plastic Laminate

MIL-C-20079 Cloth, Glass, 'fape, Textile Glass and Thread, Glass

MIiL-G-21729 Glass-Fiber Base Laminate, Epoxy Resin

MIL-1-22023 Insulation, Felt, Thermal and Sound Absorbing Felt, Fibrous Glass

MIL-I-22344 Insulation Pipe, Thermal Fibrous Glass

‘MIL-1-22444 Insulation Tape, Electrical Self Bonding, Silicone Rubber Treated
Bias Weave or Sinusoidal Weave Glass. Cable Splicing.
Naval Shipboard. :

MIL-C-22787 Cloth, Coated, Glass, Vinyl Coated Fuel and Flame Resistant

MIL-I-24178 Insulation Tape, Electrical, Semi-Cured Thermosetting Resin
Treated Glass, Armature Bonding, Naval Shipboard.

MIL-G-25667 Glass, Monolithic, Aircraft Glazing

MIL-G-25871 Glass, Laminated, Aircraft, Glazing

MIL-C-273 47 Cloth, Coated, Glass, Aluminum Face, Silicone Rubber, Back

MIL-G-43349 Glass, X-ray Protective

MIL-G-46108(MR) Armor, Transparent, Laminated, Glass-faced Plastic Composite

MIL-G-55636 Glass Cloth, Resin Pre-impregnated (B Stage) (For Multilayet
Printed Wiring Boards)

MIL-R~60346 Roving, Glass, Fibrous, (For Filament Winding Applications)

MIL-C-82254 . Cloth, Coated, Glass, Chioroprene Coated

Standards
MS-3 6078 Glass Tubing, Round, Capillary
MS-3 6079 . Glass Tubing, Round, Standard Wall
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. TABLE XI. SPECIFICATIONS AND STANDARDS ON GLASS (Cont.)

American Sociaty for Testing Materials (ASTM)

Specifications for:

| NUMBER TITLE
MIL-STD-34 General chu.il'emenrs For The Preparation of Drawings for Optical
_ C Elements and Oprical Systems
MIL-STD-105 Sampling Procedures and Tables for Inspection by Attributes
MIL-STD-109 Quality Assurance Terms and Definitions
. _mL-HD‘BK-ld'l Optical Design
- MIL-STD-150 Photographic Leases
MIL-STD-1241" Optical Terms and Definitions
. Federal '
DD-G-451 Glass, Plate, Sheet, Figured, (Float, Flat, for Glazing, Corrugated,_
o Mirtors, and other uses)
l DD-C-_476 Glass, Flart, Glazing (For) Transmitting not less than 25% of Ultra-
o : violet, Radiation at Wave Lengeh 302 Millimicrons
DD-G-491 Glass, Liquid Sight lndicator, Flat
DD-G-511 Glass Tubing, Round ((?age, Boiler)
‘ IDD-G_-MI Glassware, Laboratory '
DD-M-00411 Mirror, Glass
DD-M-411 Mirrors, Plate Glass, Framed (GSA - FSS)
DD-T-741 Tubing, Glass, (Labﬁratory Use)
HH-]-551 Insulation Block Pipe Covering and Boards, Thermal
{Cellular Glass)}
MMM-A-131 Adhesive, Glass-to-Metal, (For Bonding of Optical Elements)
FED. STD.-515/8 Safety Glazing Materials for Automotive Vehicles
FED. STD. -515/13 Glare Reduction Surfaces - Instrument Panel and Windshicld Wipers
. for Automotive Vehicles
USA Stondards Institute (USASI}
Z26.1 Safety Glazing Materials for Glazing Motor Vehicles Operating
on Land Highways
Z97.1 . 1 Performance Specifications and Methods of Test for Transparent
: Safety Glazing Materials Used in Buildings

C 552 Cellular Glass Block and Pipe Thermal lnsulation
C 599 Glass Process Pipe and Fittings
D 879 - Pin-Type Lime-Glass Insulators, Communication and Sigoal
E 211 Cover Glasses and Glass Slides for Use in Microscopy
68
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TABLE XI.- SPECIFICATIONS AND STANDARDS ON GLASS (Cont.)

Y

NUMBER TITLE
Methods of Test for: ‘
C 146 Chemical Aaalysis of Glass Sand
C 147 lnternal Pressure Test on Glass Containers
C 148 Polariscopic Examination of Glass Containers
C 149 : : Thermal Shock Test on Glass Containers
C 158 Flexure Testing of Glass (Determination of Modulus of Rupture)
C 169 Chemical Analysis of Soda-Lime Glass
C 169--65T Chemical Apalysis of Soda-Lime Glass for Silicon Dioxide
C 224 { Sampling Glass Containers
C 225 Chemical Attack, Resistance to, of Glass Containers
C 240 Testing Cellular Glass Insulating Blocks -
C 336 Agnealing Point and Strain Point of Glass
C 337 ' Linear Expnnsit_m, Average, of Glass
c338 Softening Point of Glass
C 429 Sieve Analysis of Raw Materials for Glass Manufacture
C 598 Anpealing Point and Strain Poinot of Glass by Beam Bending
Ds78 Glass Yarns, Specification and Metbods of Testing -
D 579 Glass Fabrics, Woven, Specification and Methods of Test for
D 580 Glass Tapes, Woven, Specification and Methods of Test for
D 581 Glass Tubular Sleeving and Bfnids, Woven, Test and Tolerances for
D 886 Glass Yarn, lmpregnation and Penetration of, with Insulating

Varnish
E 165 Liquid Penetrant Inspection
E 211-65T - Cover Glasses, and Glass Slides for Use in Microscopy,
Specification and Metbods of Test for

Definitions of Terms RelatinE to:

C 162 | Glass and Glass Products

Tentative Method of:

C 600 Thermal Shock Test on Glass Process Pipe

C 601 Pressure Test on Glass Process Pipe

Recommended Practice for:

F 14 Making and Testing Reference Glass-Metal Bead Seal
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Appendix A
Glossary

anneal: To prevemt or remove objectionable stresses in glassware by contolled coolmg from a
suitable temperature. Also see text of Chapter 4.

omnealing point: The temperature of a glass at which internal stresses sse reduced to acceprabic
commercial limits in 15 mioutes. The temperature corresponding to a vnscosu:y of about 1013
poises.

batch: The raw marerials, properly proportioned and mixed, for delivery to the furnace.
blister: An imperfection; a relatively large bubble or gaseous inclusion.

bushing: A liner in the orifice of any feeder for molten glass; for example,. the orifice ring of a gob
feeder; or the unit through which molten glass is drawn in making fibers.

check: An imperfection; a surface crack in a glass article.
chip: An imperfection due to breakage of a small fragment out of an otherwise regular surface.
continuous filament: See Fiber.

cord: An attenuated glassy inclusion possessing optical and other properties differing from those
of the surrounding glass.

coupling agent: A spccml sizing material appl:ed to glass surfaces, particularly to fibers, to promote
adhesion between the glass and some resinous material.

crush: A lightly pitted area resulting in a dull grey appearance over the region.
evllet: Wastc or broken glass, usually suitable as an addition to raw batchb.
devitrification: Crystallization in glass.

dice: The more or less cubical fracture of highly prestressed glass.

digs: Deep, shore scratches.

foeder: A mechanical device for regululy producing and delivering gobs to a forming unit.

._ fiber: An iadividual filament made by attenuatiogp molten glass. A contisuous filament is a glass
fiber of great or indefinite length. A staple fiber is a glass fiber of relatively short length
(generally less than 17 inches). . .

fictive temperature: Glass in a given state can be brought suddenly to a temperature at which its
structure or configuration will reach equilibrium. This will be the fictive temperarture.

figured gloss: Flat glass having a pattern on one or both surfaces.
fill: The unit amount of batch charged into a tank or pot.
fining: The process by which the molten glass approaches freedom from undissolved gases.

fire cracks: Cracks in ware caused by local temperature shock.
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float glugl: Glass which has virtually plane and parallel surfaces formed by floating in a continuous
- ribbon of glass on the surface of a bath of molten metal in a controlled atmosphere.

forehearth: A section of a furnace, in one of several forms, from which glass is taken for forming.
fracture mi rror: On the fracture surface, a smooth flat area surrounding the fracture origin.

glass: Glass is an inorganic product of fusion which has cooled to a rigid condition without crystal-
lizing. Glass is typically hard and brittle, and has a conchoidal fracture. It may be colorless
or colored, and wansparent to opaque. '

glass ceromic A material melted and formed as a glass, then converted largely to a crystallipe
form by processes of controlled deviwification. )

gob: (1) A portion of bot glass delivered by a feeder.
(2) A portion of hot glass gathered on a punty or pipe.
knot: An imperféctiop;. an ichomogeneity in the form of a vitreous lump.

~ lompworking: Forming glass

articles from tubing and cane by heating in a gas flame.

“lq!: (1) An imperfection; a fold in the surface of a glass article caused by incormect flow during
forming. '
{2) A tool used for polishing glass.

lehr (loer): “A long, tunnel-shaped oven for annealing glass by continuous passage.
lines: Fine cords or strings, usually on the surface of sheet glass.

liquidus iﬂl‘lﬁotuiure: The maximum temperature at which equilibrium exists berween molten glass
_and its primary crystalline phase.

low reflectance coatings: Transparent coatings applied to glass surfaces to reduce the amount of
light reflected. This reduction is caused by interference between two reflected beams.

mat (fibers): A layer of intertwined fibers bonded with some resinous material or other adhesive.
parison: A preliminary shape or blank from which a glass article is to be formed.

plate glass: Glass from which surface irregularities have been removed by grinding and polishing,
so that the surfaces are plane (flat) and parallel.

plunger: The reciprocating metal part which forces glass into the contours of 2 mold, or which, in a
oMb N f o L oIl Y aian Fos ahsamiimne hlogrina
Dialk moid, 10TIRS Laf 1Oitial CAVIlY 10T SUUITHUTUL Diuwing.

poise: A basic unit of viscosity expressed in C.G.S. units; dynes x cm! x sec L.

polarimeter: Appatatus for measuring the rotation of the plane of vibration of polarized light in
optically active substances. For glass these measurements are used for determining differences
of stress.

preform {fibers): The process whereby cut strands of roving are drawn by suction onto a shaped
screen, sprayed with binder, and cured in an oven. Also, the article made by this process.

- preloaded (fibers): Containing or combined with the full complement of resin before molding.

prestressed Vgluss: Glass in which residual stresses have been developed by heat weatment (for
example, tempering), chemical treatment, or other means.

ream: An area of inhomogeneous glass incorporated in the sheet, producing a wavy appearance.

roving (fibers): Onc or more staple-fibec slivers, with a very small amount of twist, An intermediate
stage between sliver and yarn,
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rub: Abrasion of the glass surface which pmduces a frosted sppearnnce. lt differs from a scratch.
Sometimes called a scuff.

sand holes: Small fractures in the surface of glass, produced by the rough gnndmg opcrarwn and
which have not been removed by subsequent fine grinding. See Short Finish.

scrcm:h An imperfection; a surface mark caused by hard material with a sharp point or edge.
seal: A fusion joint or upion berween glass and 3lass ot glass and metal. -
seed: An extremely small gaseous mtmsnon in glass,

sheet glass: Transparent flat glass having glossy, f;re-funshed appatently plane acd smooth sur-
faces, but having a chamctensuc waviness of surface.

~ short finish: An’ imperfection in plate 313:; resulting from incomplete polishing.
size (fibers): Any coating applied to textile fibers during the forming -operation,
skim: An imperfection; streaks of dense- seed with accompanying smnll bubbles.

sleek: An 1mpcrfccuon, a fine scratch-like mark having smooth boundaries, usually produced by a
foreign particle in the pol:shmg operatiod,

smoke: Discoloration of glass caused by a réducing flame as whc_n Bcated in open-fired Ichrs.

softening point: The témpe:a:ure at which a glass will deform under its own weight. The comes-
ponding viscosity may vary from 107-5 to 108.5 poises, depending upon the deusuy of the glass.

staple fiber: See fiber.
stone: An imperfection; crystalline contamination in glass.

stroin point: The temperature of a glass at which internal stresses are reduced to an acceptable
commercial limit in 4 hours. The temperature corresponding to a viscosity of about 1014.5 poises.

strio: Ap imperfection; a cord of low intensity of particular iatercst in optical glasses.

sttingg Ao imperfection; a straight or curved line, usually resulting from slow solution of a large
grain of sand or foreign material. ' ‘ :

tempered glass: Glass which has been presttcssed by rapld Coolmg from a temperature near its
' softening point.

textile fibers: Fibers or filaments that can be processed .into yarn or made into.fabric by inter-
twining in a variety of methods, including weaving, knitting, and btraiding.

thermal endurance: The relative ability of glassware to withstand thermal shock.

wave: Glass defects resulting from surface irregularities makxng ob)ccts viewed at varymg angles
appear wavy and bent.

weathering: Attack of a glass surface byratmosphcric elements. .

wedge: Dcparture of the two surfaces of flat glass from parallelism. Usually expressed in terms of
minutes and seconds of arc or interference fringes per inch. ‘

working point: ‘Temperature of a glass corresponding to a viscosity of lO4 ponscs, at which it may
be suitable for some types of forming opcrauons
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Absorption, high energy radiations ,,...... 31-33 CASUNG. . coveienriireinnaristennnnrsrarasancesrranrans 12
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Armor, light-weighto oo, 60,61 Crystals ....... Veresaranrmreserrssvansoos crerarreas 5,15
ATOW crernienenrerenccrssnnnrestastanasnssansnny 5,14,31 Cryswmllization, see Devitrification
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PTrOPEItieS.ciecinrenccessccaares srassassacensnen 21,22
Electrical properties....vvuruenn.. Cerssasmvenes 31-33
Elongation, thermal, see Expansion.

thermal ‘

from stress....... terereanarann vevrserrsnnesrnanessns 58
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Enamel, vitreous ..ccccevecenriercisnareanas ceses 13,14
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Fiber optics..cicninsccenniiiicissi it 57
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textiles ciiiveiiiiiniiniiiiirenanransaaas 15,16,58,59
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Flaw, weakening...... 23-25,27, 9,44,45,58,64

Float glass ccccemvevnrannerncscsanincaniniaianines 13,72

Forehearth ..cocovivinncncnnnennns vevnesseress 10,11,72

Fourcault .ic.coiinnimnmiscnniosecccacsennnencne weerens 10

Fracture, brittle ...ccveviinimiormnecicmenicnanenenes 23
massive glass vs. fiber bundle ... £8,59
analysis cceevcrieininnann.. termessavasrianrasann 44-46

velocity, see Velocity, fracture
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Fracture probability, swmatistical

WMEthodS .vecereericicccacsnsscnsanes 26,38,39,46,47
Weibull distribution. .ovviriecriciieiiiniininnnnas 30,47
gaussian distribution..ccoriiiiniinn, 26,47
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limications.......... seeesarerrannnees 26,338,390 46,47
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Glass .oivrviiniiiserrsesrinsecrerosarenans 1,5,6,27,72
Glass-ceramic ...... 1,14,15,18,25,26,27,56,57,72
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Glass types, listed........... 7,8,9,19-23,26,29-34
Glassy SHLE ccoverieriisierinrencenrensaransnnas 2,5,6
Glazing ..ccovvieerinenscnneccececenenes 7,8,14,51-53
S 11 71 PP URS 52,53
" GOburrrrnrreernerees eeemerverssevensarnnsonsosssns 11,72
Gob feeder..voanmiriiniiirirnrsnsannnn. erverenae 11,12
Grindifig. .. viseeirerercronsrrnrasssntossismsccacccnes 13
H
Hardness, inden@ation soaciecevaecianaiicnianens 22,23
Heat gain and loss, (windows)...o.eeeana.n. 52,57
Heat-reflecting coatings...ccvemcininniaiannees 52-54
Hydrofluoric acid, effects.ccucennananannaes 13,33,34
' |
Impact, applications involving .viceonsinriniieas 48
dAMAGE vreveritrernrerrasrararenniiarraaa s . 49
[ESISIANCE .vuviinicrcnccccneoransnanassnnes 42 .43 48
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see also Strength, glass, testing
intermediates, CONSUIUEDLS coieensmeensannnennrans 7
lon, see Atom
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L
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Lighting globes, explosion-resisting............ 55
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Liquidus ......... esteeravertsnnaranssanisenan 14 15,72
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Resistivity, electrical..cc.ivmiisvencnnnienns 19,31,32
Requirements, in specifications ....... 2,3,63-66
Retardation, from birefringence.....onucnnnees 29.65
Ribbon machine....c.ccoreacerrcrsnces ceessntrereennane 12
ROLLIOE. ccorusrurarmrenmecssmsssnrsinianss crrensnrienarae 9
S
Safety glazing, see Glazing, safety
SEALS vvrererrirarieeerenreraenarerasans .18,19,37,38,73
Secondary OPerationS.......ivcisernsesassmaores 12-16
Selection cHTEliB e eiacracscrcnnrn s carirnen wn 17-33
Setting point, for seals...ciiiiiiiiieninnes 37,38
Sheet glass coivivereinirimnniicaniinres 10,11,51,73
Short FInisheeoovveericistroasnnniassrccaessraansens 64,73
Silica-free glasses..covviiiririismiincaminaens 7.28
Silica Rlass..ceserecrerssrrsrmiraiirrsesscannn 7,54
06 PEICENt. ciatrriaerianrcasensmeemssnssannes 7,8,14
Sizing textile .. verraeen  15,16,60
Soda-lime glass.........oueee ... 7,8,21,45,46
Softening point .cvevierevennens 7,13,14,17,18,37,73
Solder glass .oeevaiiiiiiiiniiiniii 6-8,14,19
Sound absorption, see Absorption,
sound
Space craft .ooicvivoriireriinesricreicrtiniiarraee.. 54
Specific heat ....ocovveiviiieviiiaiiianns 20 21,36,37
Specifications ......oiiieiiianens 3,17,51,53-57, 63'69
Standard deviation, see Fracture
probabiliry
Staple fiber, sce Fiber
Seraint point .oveeverennss 6,7,14,17,18,3%,37,38,73
Strength, glass .cooeinciiiiniiiiin 23-18,64
fRETINSIC +uevearcrcarsrsrnrorannrsntonncsasnrrensssss 23
time effects, see Stress fatigue
1T T 1 (e T T 26,27
masking tAPe .oociviiiiiiiri s 39
EXCESSIVE PIESSUTE woriveeriirericnnanrus 48,49,%4
LESHNg, 1ENSION | . ieivrreerenraiansesnsranarares 39
FleTUTE +iiivienrinrvarteinantsanirsanrenansananes 40,41
COMPIESSION +uevnrerinvrnrnssncnnernnnss 27,28, 38-43
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13 T 42
IMPACE (iiviniminrimiaeriieisnsiirannnenraarsnes 42,43
Stress concentrations ..ovvecereoceimeiiinies 23,24,48
Stress facigue ............ 24,26,27,39,40,47,59,60
LI veercicnccieciiiiacccacisiasr i anen 24
BB  seevsecrsransasiscssatanasisassesassansonrssnons 10
Structure, intemal c.vviiiiinviriiiiieiecainian 5,35
Structural applications ............ . 47-52,56,60,61
Scructural design ..ovevviriimaniaciiiiiiiiiiennan 46-49
Submersible vessels and crafr...coveeneiinanen 55,56
Supercooled liquid................. ceresussrerareas 6,18
T

Tanks, melting......... teramssesrrsisnenrausacernnsnes 10

Technological principles .coooiiiiiniianaeaas 35-49

Temperature, operating limits —..occeviiisnnss 54,64
BEltOg. i cirnriimrisrieiarsrcraecncee e ia e 10

TemPering c.evvreevasmsasasnascnissasssies 2,13,24,37

Tempered glass ...covevrenens 25,26,35,52,55,65,73

Textiles, see Fibrous glass ’

Thermal conductivity...cooiinmaccanannes 20,21,36,37
diffusivity.ioiiivicnciinnrencanineiirienaas 37
insulation _,,,.... eeeeeerretranesensnniene 15,57,58
SUESSES wemverarsuonnnraennarass 37,38,48,52,55,65

Torsion tests, see Strength, testing

Transformation ange .....cc.ocoeiemeeee 6,14,20,35

Transmittance, optical....cccouneen 28-31,56,57,65

T 2 S T T Y i1

U

United States of America Standards

Institute (USASI) cvveeniinnnnnnnn. 52-53,63,65,68

84

v
Vehicle glazing..occcaievnniciiniiainniai, 52,53,59
Velocity, fracture..ereiieeniicreionvniinaneeanes 24
ViSCOSILY iunvimrravanssisrcanriaconanas 2,6,7,8,18,19
w
Weathering co.ovirvemrianianenencrorensinsianes 33,73
Weibull, distribution, see Fracture
probabiliry
WiNdOowWS coveuienarervrvsransscsanrostonsnirssnancnse 51-56
Wind PresSSUrES..cviiirmiansemnrricrasnassrsnes 51,52
heat gain and losS.cireniiiiiiiiiiieneiaenns 52,57
heat-reflecting coatings.......... 52,54
PreSSUre-TESISTING. cerrunrnrmsnrunsnanarsrnsas 54-56
selective tANSMISSION i iiiverniiasonnnss 56,57
Windshields..veecercrisiiraennraniarmsarsrraoues 53,54
Wool, see Fibrous glass
Working point..cccecireeeimeresiieniinniraesas 17,1871
X
b, G -1 S RSP PIR 5-31,32,57,64
Y
Yielding, local, of structures...cocoinenninianaens 48
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