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This is one of a group of handbooks covering materials used in che design and consmuction of

military equipment.

The purposeof thehandbookis co provide technical information and data ataut glass pmd”cts

for use in achieving chc ohjcccives of the Defense Standardization Program. The handbook is intended

for use, as applicable, in engineering dc sign, development, inspection, procurement, maimenance,

supply, and disposal of equipment and materials. whenever Facucafde, the various types, classes,

and grades of materials arc identified with applicable govecnmeot specifications. Corresponding

rechaical sociery spccificasions and commercial designations are listed for rcfcreocc.

The numcricaJ values for propmties listed in this handbook are in agreement with values listed

in tbe issues of specification in effect on the issue dam of the haadfnok. The handbook vahes may,

in some iostmces, differ from those listed in current specifications because of revisions or amend-

ments made to spcciflcarions after pub ficatica of the handbook. In connection with procurement, it

should be understood that nbe issue of specifications Iisccd in the con!ract govern rcquircmencs.

Wlmne.er specifications are referred m in this handbook, only the basic dcsi8nation is given; all

revision and amendment symbols are omitted. This is done for simplification and also to avoid tbe

necessity of correcting the handbook whenever specifications are revised or amended. Curre IM issues

of specifications should bc determined by consulting the latest issue of the “Department of Defense

fndcx of Specifications and Standards. ”

The handbook was prepared by MI. Errol B. Shand, Technical Consultant on the use of Glass and

Ceramic Materials, Corning, N. Y., Ihe John 1. Thompson Co., Washington, D. C., and ehe Army Materials
and Mechanics Research Center, Watertown, Mass. Comments on the handbook are invired and should

bc addressed to:

The Director

Army Materials and Mechanics Rcsearcb Center

Watertown, Massachusetts 02172

ATTN: AMXMR-QS
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Chapter 1

Introduction

PURPOSE

MIL-HDBK-722(MR) was devdOrd f~ AC
Dcparcmenr of Defense (DOD) in accordance with

standard procedure and in ccuIpliance with poli-

cies and requirements of the Defense Scandardi-

zacion Progrsm (DsP).

ODD Directive 4120.3 establishes and, to-
ge.rher with Defense Smndardization Manual

4120.3-M, ‘%tandardizatica PoIicies, Proce-

dures and Instructions, ” imple=nts cbe DSP.

Because of the comprehensive description of the

DSP ~ovided in these documents a demiled dis-

cussion is not ~esented here. However, the fol-

lowing definition of standardization, taken from

DOD Directive 4120.3, in effect summarizes the

DSP.

“Standardizationistheadoptionand use (by
consensusordecision)ofengineeringcrireriato
achievetheobjectives of the OSP. These criteria

are applied, as appropriate, in design, develop-

ment, procmement, production, insptcciao, sup-

ply, maintenance and disposal of equipment and

supplies. ”

As implied in the preceding definition, the

mission of cbc 000 with respect to standardi-
zation is to develop, establish, and maintain a

comprehensive and integrated system of technk

cal docwnenmcion in support of dcs ign, develop-

ment, e+oeering, procwement, inspection,
lMiu=OSllCe, nod SU@y U181Y8ffCrM0t.

M2L-HDBK-722(MR)isone ofa PUP OfS~O-
dardization handbooks covering materials used
in the coastruccioo of military equipmeac. These

handbooks are part of tbc previously referenced
integrated system of tccbmical documentation

developed, escablisb.d, and maintained by the

00D in support of the DSP.

Tbe basis for tbc development of hf2L-HDBK-

722(MR), cben, i, rhc DSP. Tb= smcific Purf=se

of MIL-HDBK-722(MR) is to provide technical

information and &m on glass @dtuxs for usc

in achie~ing the objecci?es of I&e DSP. The pro-
visions of DOD Directiw 4120.3 apply to all

departments and agencies of tbe DOD, cc.nse-

quently, tbe dam provided by the handbook are

intended for application, as appro~iate, in de-

sign, development, procurement, pduction,

inspection, mainrennace, supply, and dispsal

of military equipment and supplies.

SCOPE

1. Con-ml. MIL-HDBK-722(MR) COllMiOS

technical information and data .pmaining to fxo-

duccs formed from glass.

2. hfinitions. As considered here glass is

an inmganic noncrystnflinc -rerial (def&d in

m-e detail in the beginning of Chnpter 2). Glass

which is melted and formed and then cransfmmcd
to a crystalline body, sometimes called glass-

ceramic, is also considered lwiefly. Neither in-

dusuy nor any organization has identified compo-

sitions and properties of commercial glasses ex-
cept in a general way, and no gkass specifica-

tions have been cswblishcd for this pqwse.

Compositions of a number of c-rcial glasses

listed in Table 1 arc merely represencetive of

tbe indicated types. Glass designations of indi-

vidual glass ~kcrs rmy represent specific

compositions, but these have been avoided here.

Many gkass compositions beve been and arc being
developed for special applications. Except for

several types ofparticularixterestformilimry
purposes they are not considered here.

3. Gntents. It is sntici~red that this band-

bwk will be used by persomel cngn.qed in any
of * vafiecyofocc”psticmsincluding en8inecriog

design, development, ~ocurement, inspecriou,

manufacturing, supply, maintenance, and disposal

of military equipment and materials. To satisfy

Downloaded from https://www.everyspec.com
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the wide range of this audience the discussion

of @s gmducrs ranges from the preparationof
raw mit.xiafsCC.theformingandfinishingofthe
final pducta.

Tables sre included co indicate representative

values of the physical properties of some com-

moa commercial @ses, but minimum values of

these properties, -s am sometimes used as ap

plicati.m dam for other materials, are not ~iven.
Because of the brittle nature of Elass cbe number

of significant mechanical properties which can

be listed is ~mited. Furcbcrmorc, breaking

stresses ● e mix explicitly correlated with com-

position ~ type, but rather on methods of form-

ing and treatment. Consequently strength dma

C@”~Ot be mbufated for glasses.

o. Chap*r I. Chapter I is a short incroduc -

tarj cbqxer in which the purpose and scope of

the hscidbaok arc identified, and a brief review

of glass ~oduct development and use is pre-
sented.

b. Chapt.r2. This chapterdescribeshow
certainchemical compositions can he cooled

from the molten state to form tbe characteristic

structure of the glassy state. h is notedchar
some umusd propertiesare associatedwith
thissuaunne.Common ghss-formingconstituems
arc noted and examples are given of composi-

tions of 8 few common glasses. Melting opcm-
tions ● m described briefly, as are the common

methods used for forming various kinds of pro-

ducts while the gfass is still in its viscous

conditim. Some of the many types of finishing

operations which are carried out on the glass

after its original fomoin~ are mentioned.

c. Chapter 3. This chaper on selection cri.
tecia for glass is concerned primarily with its

properties. Certain pcopcrcies, such as viscosity
and brittleness, arc pccufiac to this material so

that tbeh txeaim,eot has betn relatively expsnded.
The wide use of glass for the transmission of
light requires the consideration of its optical

properties. AU property values given here must

bc accepted as approximate because competi-
tions of the various types are not definitely fixed.

d. Chaptw 4. Cbaptcr 4 ioc Iudes discussions
of several technical ❑atters not considered else-

where. There is a brief analysis of the thermal

treatments of annealing and tempering. Proce- -.
dtues for strength testing are i&luded because . ..)
ty~s Of lest. commonly applied to ember ma-
terials are not readily adaptable to hritde ma-

rerials. In addition co the conventional methods

of determining breaking stresses, the subject of

fraccure analysis of glass is discussed. Onc

uousual feature is that breaking stresses can

uswdly be estimated from markings on the fcac -

rure surface with a fair degree of accuracy. The

use of this method is particularly useful in the

diagnosis of fractures which OCCIU in scmice.

The structural design of hrirtle materials
imposes limitations which may be of Iittle im-

portance for materials of a mom conventional

kind. Not only are che characceriscics of mechani- ;

cal failure different for .uLass, but chc results of ‘
failme can be catascro~hic. Although design

principles are similar co chose for ocher .natcri-

als, the general pbilosopby of design and tbe

direction of approach will be modified. Acnral

design procedures used’ consticwe rrmch mm r

than the substitution of properties, including an

assumed breaking stress, than in tbe procedures

used for metals. These distinctions arc di=

cussed briefly.

●. chapter 5. This chapter discusses some

re~esenmrive applications of gfass which are

of military significance. The discussion attcmpm

to show the engine&ing principles involved io

the various designs rather than srr”cmral details.

Many of the military uses of glass involve the
transmission of light for purposes of gfazing and

vision thnmgh the medium. Such glazing colD-

ponents in widely different fields have been

considered. Ic is sbowo that when rcquifcmencs

become more varied and more severe, both the

IYF Of SfaSS and cbe structural design of cmm.
ponents may be modified greatly.

!t is noted that glasses may be required to
transmit or absorb radiations in parts of the
electromagnetic spectrum beyond the visible

range. Glasses of special properties are often
used for swh purposes. Plastics reinforced with

glass fibers may be used to overcome some of

tbe mechanical limitations of massive glass

components. This composite material is shown

co have many a~licacions.

2
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L Chapter 6. This chapterdealswiththe
subrectof quality assurance. No single nmns,

taken alone, will provide this asstmttce. The

first requisite lies in the ability of the supplier

to provide glass mscerid and products wbicb

will function satisfactorily in service. Then

there should be some criterion embodied in a

product specific.tio. for verifying tbe suirnbifiry

of the product at the time of acceptance. Re-
quircmenta to be met by tbe product SD6 test

procedures for verification of complkaoce ●re

both included in such spccificntions. It is fxis-

sible for products to meet the requirements of t

specification and still not operate satisfaccmily

in service. This can occur if the requirements

and tests of cbc specification ●rc no! related

P*rlY to conditions which will be cncmt==d
in service. As a consequence, a fmduct speci-

fication is subject to review amd change. This

can result from cbangcs in service coaditioos or

from some deve Iopment of tbe product which -y

affect its performance. These factors sbmtld be

kept in mind when any specification is being

considered.

This chapterlistsa numberoffedeml●nd
militaryspecificationsrelatedco#ass products.
These specificationsarefotpmducm ofmassiwe
glass,altbougbsomeazeforcomposite~terials.

Many other specifications bare been issued in
special fields, includin8 electronic cubes and

components, fibrous glass, aud glass ,einfcxced
plastics.

USE OF HANDBOOK

4. Ob@tivos. This handbook is intended 10

be used in achieving tbe objectives of the Dt-

fcnse S*ndardization Program, ‘escablisbed in

DDD Directive 4120.3. Essentially, ir serves as
a me8cM of dissemimwin~ technical dam and

information about gless products to cognizant

and interested personnel of cbe Department of

Defense and associated government and ind”s-

uial organizations. The use of tbe handbook in

fields of interest such as design and develop-

menc engineering, procurement, inspection,
mmmfncturing, maintenance, aad supply of mili-

WY equiPment and mater~ls certainly does not
require explanation a elaboration. Tbc limim-

tions of tbe handhook, however are indicated in

the following paragraph.

5. Limitations: This bandlxmk, although it

conra ins lists of military as well as nongcvcrm.

menml specifications and standards, nod data

relative to them, is of course noc a specificaticm

or a standard.Thus tbc handbook should not be

refetred to in purchase orders m in contracts.

Downloaded from https://www.everyspec.com



MI1-HOBK-722[MR)
1 AUGUST 1969

STRUCTURE

Chapter 2
Glass Technology

llie American Society for Testing and hfa-

teriels de fiocs glass as “an inorganic product

of fusion which has c.xded to a rigid condition

without crysmllizia g.” This definition, which is

accepted in the discussion, places gfasses

wiibin the tread classification of ceramic bodies,

but distiaguisbcs them from ocher ceramics b?-.

cause of their noncrystalline structure. 10 pnc-

tice, glasses may contain ap~eciable amounts

of crysmlline material while other ceramics may

have extensive noncrysmlfine or vitreous pbmses,

so chat the distinction between the WO is not
alenys clear cut.

Inorganic gfssses are hard and brittle at room
temperature, but become increasin~ly more fluid

w itb rising tcm~inune. ACelevated temperatures

they are liquids. The atomsofa liquidarenot
fixed in the structuw, hut can migrate and ex-

change partners with a considerable degree of

freedom . As the temperature of a Iiquid is

lowered, cb.xe is a constant adjustment of the

mean atom positions.The atoms apfmcmch each
other ad their atmactive forces increase corres-

pondingly. At the melting point these forces

tend co bring tbe atoms into some fixed relation

co each other in an array which repeats itseff

tbroughouc what has become a crystal. This long-

CUngc SUIIctIUaI order is crdfed a crysral Iaccicc.
ID most suhscances this change occurs abruptfy

at the melting point. If, however, the movement

of the atcms has become slu~ish at the melting

Wint. [h= temp,atwe can be lo-ted further
without adjustments ocher than those which

occur in the liquid phase. The $ubstnnce is then

a supercooled liquid. If the temperature can be

lowered .stikl further 10 s value at which s lack

of mobifity of cbe atoms precludes further adjust-

ments, the prevailing smucnue is frozen in with-

out crystaflizntion and the substance is now a

gf.as=.

Investigation by means of x-ray diffraction
has shown that the spectrum of a crystalline

body consists of a series of welldefined lines

which resuh from the regularity of tbe vari,ous

atom .P-acinss in the stmcmre. For Iiq”ids tbe

spectrum is diffused without rhe presence of

lines. This denotes a lack of uniformity of atom

spacings. In the case of glasses, the spctmm
is diffused in the same manner as thnt of liquids.

Analysis of these spectrographic records bns

shc.ww that for silica gfass the acmnic spacin~

of tbc nearest neighbors, between the Si and O

atoms, i= almost idtmical as in the comespoad-

ing silica crystal; buc foz more discam neighbors

the spacings are no longer constant and become

more variable as the distance between neighbors

increases. From such work i~ has been concluded

that tbe structure of glasses consists of a three-

dimensional network, of which tbe basic unit is

the silica teaahedmm, a silicon atom surrounded

by four wgen a~ms. Adjacent tecrahe&a art
linked togcchec by common oxygen atoms. Tb,:

Iinka8es between temahedra are slighdy tizeg.-

far, x that tb. long-range peciodiciry becomes

lost. This W.mcture of glass is called %rs,.dwc
network .

5
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cH&tGks WRING COOLING

AIthoigh all physical pro~rties change during

die ctiling Pocess, chose of dimension and vis-

cosity are represenmtive. Figue 1 comFoMes the

diiaeasionkl changes in a substance when it
crystduizes add when it cools m a glassy state.

Aliiwe ttie melting point it is a liquid with a

relatively high coefficiemc of expansion with tem-

p6iiiwe. When it ctystallizcs ai the MC1tin6

@it there is an abrupt decrease in dimension.

At .Idwcr tempetitures the rate of contraction is

rndili 16wer &an in tbe liquid state. If crystaUi-

tikh does hoi occur tbe contraction wiU con-
tiiiiie nS an extension of’ tbt liquid curve, and

io this tinge tbe substance will be a s~rcooled

Iiqiid. For ●ach rate of cooling a temperature

will he ttncbed at which tbe structural adjust-

ments will fag bebind tbe equilibrium of [be

Iiquid state. The curve AB shows this condition

for rapid cooling. BCIOW tbe point B no furchcr

sctltctutal rearrangements will occur and che sub-

stance is now a Blass. Tbc intercept E corres-

ponds to the structural arrangement in [be glass

if it icmaioed in equilibrium with the liquid. Tbe

ternpmiure of tbe intercept Tf is known as the

‘“fictive tempera ture. ” When cooled at a much

Icni+i rice, the subsrancc remeins a supercooled

liquid to tbc lower temperature C and &comes a

: “[.&
TEMPERATURE

FIGfJRE 1. bmpatfw. of the Linaar Contraction

of a Substanco Wiwn Ceding fmm a

Liquid h o Solid, and When ~oling

to o Glost

41 I 1 I 1 1
TEMPERATURE

FIGURE 2. Viscosity Relations versus Tempe,c-

ture of o Substance When Cooling

Imm a Liquid t. a Solid, and When

Cooling to a Glass

glassatthe point D. IIbasa fictivecempcramw
Tf‘.The temperature intervals AB and Ct) arc
called lhe transformation ranges for che mvo con-

ditions of cooling.

Tbe curves show that the dimensions of lhc
glass, or specific volumes, are influenced by

tbe ralc of cooling through che transformation

range. Tbe higher the rare of cooling, tbe larger

tbe specific volume.

Figure 2 illustrates cbc viscosity changes
which OCCIU on cooling. When crystallization

occurs at tbe melting pint, the viscos icy rises

nbmpdy, and further permanent deformation will

result from plastic flow. As a s“peccooled liquid

tbc viscosity rises rapidly as cbe temperature is

lowered. Tbe equilibrium condition is represented

by the curve ACG. Wbcn cooled rapidly, cbe vis-

cosity will follow tbe line AB and for slow cool-

ing tbc line CD. Consequently, the viscosities

of gksses are greatly affected by their rates of

cooling tbm”gh the transformation range. If tbe

glasses are reheaccd to a temperature within the

transformation range, the viscosity will shift
toward the equilibriwn condition by an amount

depending upon the tcmpcra[ure and the time it

is held tberc.

“-)
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In cxder w correlate the viscosity chamcteris-

cicsofdifferentglasses,referencetcmpcmtures
corresponding co specific viscosityvaluesSIC
used. These references are included in Figure 2.

They are: strain point (1014.5 poises), annealing
point ( 1o13 pises), acd softening paint (107.5 to
108.3 poises). The strainand amealingpoints

are mess wed at a coo2ing rate of roughly 4 “C

per minute. The points C and D indicate a slight

departure of these viscosity values from those

of che equilibrium curve.

COMPOSITION

6. Glas*fannors. Simple rules have been f.n-

mubited co show rbe arrangement and linkage of

inwgaaic compounds which pcrmic them to IXO-

duce uncrystallized ot random networks on coal-

ing. Although a number of oxides comply with

these rules, the more iMPCWMnrOf these frOm the

standpoint of commercial glasses are silica

(Si02 ), boric oxide (B203), and p~sph~Ous
pcnmxide (PZ05). Of rbese, silica is by far the

most impormnt. In addition, a very few oxide-

free compmmds will f.nm gfasses, but these are

found onIy in special tecbcical applications.

7. Modifims. Although the above compounds

can be used in one-compoaeoc gfssses, moss

compositions include ocher constiments. in oxide

glasses these are other oxides. The oxygen ions

10

T
2

:
5
6
7

;
,0
,1

enter the network, but the catioa$ occtqy spaces

or holes in it. Tbe lover bond strength of these

cations tend to loosen the network. Some of the

modifiers, soda (Na20) and potash (K20), act

as fluxes to bwer the rempcmture required to

melt the glass. They also reduce the stability

of the glass, but this can be impoved with the

addition of lime (GO), magnesia (MLW, and

lead oxide (Pbo).

8. Intenn.diatos. There is a third group of

oxides which cannot act as glass formers alone,

hut which can enter tbe network of certain other

glasses, and can produce desirable properties

in them. Included in these oxides are alumina
(A12q), .jn. oxide (ZnO), and ZkCOOk (ZIOZ).

Alumina tends to prevent de~itrification, wbilc
zircania increases chemical durability.

9. SilicOt* Systems. The one - component

gIass of this system, silica glass, is difficuft

co manufacture so chat its use is limited m spe-

cial purposes. B203, another glass former, is

sometimes added. It acts as a flux hy reducing

temperatures of melting, and also modifies other

propemics. In certain ~oporcions, it maintains

the thermal expansion coefficient at low values.

Na20 and K20 ace COMIIIOGIYused as fluxes,
whib CaO, MgO, and A1203 act ‘as smtdi=s.

PbO increases density and refractive index and
improves electrical pfo~mies.

TABLE 1. CNEMICAL COMPOSITION OF COMMERa AL GLASSES

Cansumsau

m.lgutlm E102 N.20 K20 C*O M@

sm.. Glua (mlzed all-) ::?
96%S]U- Cl,., d 0.2 4.1
So&-ume fwludcw)
SOa-ume (P1l-)
ti-ume (Cmulner)
L.ead-AlhU (E1ectrkal)

{;+;;;
,0 J,-: I.:i:s

‘- 7.5 6-7 0. s 0.2
BOllmulc.t. (Lo. EapOr,@I 4
Aluminosiltcate 1 e-lo 7
Solder Gla,s (Eigh Lead)
ma,, mar, (E (l.,.) 17.5 4.5

a. o 7
kc.) 81.0

57-82
3.0

54.0

‘k” ‘ibr”iL&e-fi-)I 5’”’ I ““5I I I
I I I I I

.*, Parccmt)

IT
Bao RO B2% ‘%’33 I

2.9 0.4
0.5-1. S
0.5 -1.5

0 -0.5 1.5 -2.5
21 -“22 0.’2 0.s2:01.0

13.0
0 -6.0 5.0 15-17

75 11.0 11.0
10.0 14.0
7.0 5.0

—

:1.32,
X02,
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Table I lists represenmcive compositions of a

numlm of commercial glasses of the silica sys-

tem.

o. Sillca Gloss. This is sometimes known

under the commercial names of fuzed siIica or

fyzed qynmz. II is essentially pure silica. This

ghss is fow in thtrmal expansion coefficient,

bas bigb VSIUCS of light transmittance, and has

god electrical properties and chemical dura-

bility. lt can Lx operated ac higher tempers cures

tffqi ,+r silicate .t@scs.

A modification of this glass is known .s %

percent silica gf8ss. ft is made with a process

which l~ves a residue of shout 3 percent of

B@3 in us composition. As a consequence, the
viscosity characteristics are reduced mmcrially.

In 8eneraf, its fxoperties are slightly less dc-
simble than chose of the purer silica glass.

b. So&-Limt Gfosscs. This type of glass is

melted in larger quantities cban any ocher glass.

II is ●n economical glass to melt and to form

inm many products. h is widely used foc glazing,

fm glass c.mceiners, and eJectric Lamps of vari-

ous types. Proportions of the various consci-

tucmts. of * soddime glass will vary over a

relatively narrow ranae to make it most suicahle

for the f!articufar forming opetacing used, end co

meet the requirements of different products. For

instance, chemical durability is of UDUSIM1 im-

~ce fm gkss containers, while ease of lamp
wInkin8 and the ability to seal co certain other

gfnsses for electric lamp enclosures is important

fw these types.

c. Lwd-afkali Glasses. III these glasses,

lead oxide may replace the lime of the soda-lime

glasses, but in some of them the concent of lead

oxide IMY reach a value of 80 percent of the

total. For most electrical applications, such as

fmns of incandescent fsmp bulbs, tbe lead-oxide

comtenc is limited to about 20 percent. High lead

compositions are used to absorb x- and gamma

radiations, and as solder glasses fcn scaling

ocbcr glasses at relatively low temperatures.

Led-dtnli glasses are used for optical pur-

poses ~d fcu decorative crystal because of

their high refmctive indexes.

d. Boms;licate Glasses. Although cbem are

many gfasses of this genera! CW, one of parti -

ctdar interest is tbe low thermal expos ion glass

used for many industrial pwposes. This gfass

has unusual resistance to thermal shock and has

excellent popcrties of chemical durability.

The gkss is well sdaptcd for usc in labora-
tory apparaws. lt is free of bcavy metal oxides,

so that cotttaminaticm is red”ccd in making

chemical analyses.

●. Aluminoailicate Glasses. These glasses

contain huge amomms of Al~03 and relatively

large amounts of GO and MgO. They are more

highly viscom +Iow 1,000”C than the more com-

mon glasses, so that they are suitable for higher

operating ccmperacures. Thermal cocfficiencs of

expmsion lie hetwecn chose of the low-expan-

sion borosilicate glasses and soda-lime glasses.

{. Glasses for Fibers. Alchou8h IDOSCcom-

mercial glasses can bc drawn km fibccs, chemi-

cal dumbility is of particular importance for

most of these products, because many of the

fibers range in diameter from values of less tko

one micron m ten microns. The two glasses
Il=ted in Table I have high resistance against

weathering. High softening points are also de-

sirable, because the cooling rates of fibers are

extremely high, so that the viscosities will be

depress.d m much lower rempcracures dmn when

the same glasses arc cooled slowly. This cha-

racteristic is shown in Figure 2. Textile products

and thermal insulation are frequently operated

at mlati~ely high tempcrarures.

9. Otfwr Glasses. Probably one thousand
different commercial glass compositions are

melted in any one year. Of these, a multitude

of unuswsl com.posicio~s are used for optical

purposes alone. Many others are used for cech-

nicsl sad scientific purposes which demaod

special ptopcrties. New requirements in glasses

arise from time to time, so cbac new cOmpOsi-

ti.ans must be developed m meet them. Such
glasses cannot be discussed within tbe scope

of this Umnual.

-)
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GLASS MANUFACTURE

‘ 10. G-MI. The basic operations of Efass

manufacture inc ltrde che fusion of the raw ctm-

stituents into a molten mass and then tie form-

ing of the viscous mass into desired sbapcs.

1 I. Raw Materials. The ‘constituents =hich

●re comhinrd to form the hatch mmy include many

raw msterials. Tahle II lists only some of the

more common ones. The list iudicates not oafy

the glassmaking oxide available in ●ach mn-

ietial, but aIso ~e proportion present.

Of these amterials sand,limesmne,dolomite,

and feldspar are natural minerals, although they

my br processed to n minor ●xtent to incremse

their purity or convenience. In better quality

sands, the desired iron content msy be not more

than 0.025 percent, so that some san& are

treated to lower the urn contenc. Other mmtcrials

may be processed to some degree. Soda ash,

pomssium carbonate, Iirhargc, and zinc oxide

me alf pwessed materials. srveral sources can

ustmlly be used for ●ny constituent, and sub-

stitutes arc sometimes mmde without appreciable

modifications of either chemical composition or

TABLE N. GLASSMAKING MATERIALS

Naw .wt6rial
Chemical Gtasemaking percent

C0mp08iti0n Oxide of Oxide

AIuminum hy&ate ‘1203” 3H20
A1203 65

Sarium carbonate BaC03 B.aO 78

BOr= Na2B407. 101f20
B202

36

Na20 16

Dolomite CaC03- MsC03 . Cao 30
22

P81dspar K#a2)0.A12036 S102 A1203 1.9

K2(Na2)0 13

sio2 68.

Limestone caco2 Cao 56

Lftbarg6 Pbo Pbo 100

POtaS.9tUM carbonate (calcfned)
f% C03

K20 68

Saml Si 02 Si 02 100

SC& ash Na2C03 Na20 56

Zinc Oxide ZnO Zno 100

Zircmfum oxide zm2 ZT02 10D

9
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Wpties of tbe glass melted. Tbe .s, of dolo-
mite is restricted to those glasses in wbicb MgO

is acceptable as a minor constiment.

bfany raw materials are used as colorants in

melcin8 colored gfasses, and still others for

reducing agents and fining agents. (Fining agenrs

accelerate the fining operation. )

Tbe MW materials are received, inspected,
and scored. Batch calculations determine the

-r weight propwioa of each material ce-
quired, and the bntcb constituents are weighed

co conform to these computations. Waste glass

obtained from nuking and forming opcracions and

known as cuUct is commonly added to the hatch.

Tbe batch is then mixed and prepared for cixarg-
ing into tbe nuking unit.

12. Molting. MeIcing consists c.f raising cbe
tempcmcure of cbe lxmcb, usually from 1,400 co

1,600”C, where chemical changes occur in tbe
raw .matcrials and the gfassmnking oxides be-

come molten. Gases are liberated which may

pass off in tbe exhaust gas of tbc furnace, or

remain as bubbles or dissolved in tbe glass.

Tbe fining operation, then carried out at a s.mne-

what reduced temperature, allows most of tbe

entrained gas to escape cm redissolve in cbe

gfass. Fining also br”ings the glass to a mote

bomogcneous ccadition by reducing smine or

cords .

Alf major reeking operations are now carried

out in continuous tanks, in wbicb hotb cbe opera-

tions of cbuging of the baccb at one end and tbe

witbdrnwal of cbe fined glass at tbe ochcc end

are continuous. These tanks are large rectnn-

gufar czoughs, tbe larger of wbicb may exceed

100 feet in length and may bold 1,500 tons of
glass. This holding capacity may represent tbe

output of one co seven days, depending upon the

~ of glass and tbe degree of fining required

hy tbe product. Tbe bottom and side walls are

constricted of large refractory blocks and cbc

crown of refractory bricks.

Fuels commonly used are natural gas or oil.

In the larger tanks tbe burners enter through the

aide walls, wbicb arc also provided with ports

to permit tbe removal of was m gases. Tbc fuel

~

and air required for combustion ace prebeawd in

regenerator “nits made up of refractory bricks,

which are beatcd by tbe waste gases.

Molten glass is a relatively good conductor
of elccuicicy. Melting operations may he per-

fumed with elecmic currents passed chro”gh the

body of tbe glass. In small tacks intended fcu

special glasses, practically tbe entire melring

energy may be supplied electrically. 10 large

units, electric power wben used is nrnecwnmonly .

an auxiliary source for the closer control of

temperature and viscosity, as tbe gfass is being

conditioned for fonnin~ operations.

Tbe back end of tbc taok is used for charging

cbe hntcb and belting it, while tbc front end is

used for fining.. A rekacc.my bridge wall across

tbe tank, with “an opening for the cirdaticm of

glass, sometimes separates these two operations.

From che fining end the glass passes into ?.

channel or foreheath to cbe forming cquipme .

In this part of the tank, tbe ghss is brougbt to
tbe viscosity required by tbe particular forming

operation in use.

13. Primary Forming Opwations. Tbesc are
opcraticms i. wbicb tbe glass is formed directly

as ic is drawn from tbe melting unit. They in-

clude rolling, drawing, pressing, blowing, and

casting.

a. Rolling. Glass is allowed tg flow from a
brrnd channel to the space between t-wo large

steel rolls placed before thr lip of tbe channel.

Tbe thickness of tbe place, determined by tbe

spacing betweeo the rolls, is cc.mrnocdy between

1/8 inch and 1-X inches. Tbc plate is conveyed
00 rollers to an annealing Iebr or oven. Plate
glass, patterned glass, aod wired glass are all

produced by this merhod.

b. Drawing.

(1) Sbeec. Sbcec glass for glazing and ocher
uses is produced hy drawing the sbect upward,

from a poolof molten glass. Tbe original process

was known as the’ ‘Fourcault proces s,> S alcbougb

several modifications are now in use. Tbe form

of the sbcet must be stabilized, as tbe sheet

leaves the pool. 10 tbe F.Jurca”lt process, it is

10
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drawn through an elongsted S1OI in a fmrtly sub

merged refractory’ bnr, called a “debiceuse. ”

Tbe gfnss is annealed either while it is drawn

upwind, or after bemling over a roll into a bori-
zootal position.

Commercialsheetglassis ordinarilymade in
thicknessesbetween0.05iucb and ~ inch. With

%=cisl wi~ems, sheet d-s iU W- wid~s
cm be drawn in rbicknesses between 0.001 inch

and 0.010 inch.

(2) Tubing. Tubing is also fo~ed by means
of drawing processes. In some kquipent the

tubing is drawn upward from a refractory cone

submerged in the glass. It is fuflj$ or partially

annealed as it passes upward to an upper level,

where it is cut to Iengtbs. This process is well

adapted to making Iarge cubing up to eight iocbes

or mom in diameter. A modification is also used

for &awing chermomcter tubing, which is of

smalf diameter.

Ib anocber wocess, tbe glass is drawn dowa-
ward through [be amular SPCC berween a man-

drel and’ a ring, both of refractory meterial. A

third process draws che tubing from an inclined

refractory mandrel fed with a stream of glass.

(3) Glass Fibers. Glass fibers arc drawn

tbrougb small orifices distributed along the

bomom of a platinum trough or bushing, which is

heaccd cleccrically. In rhe nmn~cme Of ccr-

taio products, chesc bushings arc amacbed [O

the botsom of a larger melting unit. Tbe drawing

forces may be produced by jets of air, steam, or

ffame. l%ese fibers are of limited length and are

called staple fibers. In making other fibers,

selected glass ctdlet is remelted in rbe pfatimun

bushings. Many continuous filaments are &awn

in a single strand by means of mechanical wiaf -
ing macblnes. These continuous filaments are

used mainly far textile FKWJUCCSand for ceinforce-
menc of plastic materials.

The qualityof ghss, particularlyforCOD-
rinuou.filaments,shouldb. good becausein-
clusionsand buhb:escan incezfeteseriously
wih drawingoperarioos.

11

c. Pressing. [n this operation, a mass of

glass called a gob is severed from tbe stream

drawn from the tank and dropped into (be press

mold. The device which performs ,cbis We=tiOn

is known as a gob-feeder. A mechanism produces

an intermittent flow of the gfass stream from a

f.ncbeartb of the rsnk, while the action of the

sbcars cutting the stream and the motion of cbe

munmble of the ~ess carrying a aerics of molds

are coordinated with pulsations of the scream.

Tbe weight of the gob sheared in this manner

can be controlled within close limits.

Tbe motion of the turntable brings the molds

with tbcti gobs successively under a metal
plunger, which moves downward to force cbe vis-

cous gob into the cavity between the mold and

plunger. Tbc closure of this cavity is effected

by a third mold element called a ring. After the
glass bas set up, tbc pIunger is wicb~awn. This

is made possible by a small taper on the sides

of tbc plunger.

When the turntable. has moved forward several

positions, the pressed gless is raised from tbe

mold and conveyed to tbe Iebt. If tbe mold is

machined from a solid piece of steel, tbc sides

must be mpered, but if che mold is hinged so

that it can be opened this taper is noc necessary.

Large quantities of heat are taken up by rhc

mold and plunger in. tbc pressing operation, so

that provisions musr be made to co+ cbem.

Pressed articles are made in sizes ranging

from pieces weighing a fracrion of an ounce co

those weighing 35 co 40 pounds.

d. B/owing. Air is first hlowo into a glnSS

blank or parison to produce a ~vity. This

parison is then in.scrted intO a bl~ mOld. where
a second blowing operation is pe?forwd co ex-

pand tbe cavity until theglassisforcedagainst
chc walls of the mold. Tberc are many variaricms

of these opcrarions, depending upon tbe form of

the article being blown and the w of equif=nt

used. Hand-blowing is still used for the limited
pmhction of special articles.

The mechanized production of glass con-
tainers, mainIy bottles, represents the most ex -
tcrzsivc usc of che bJowing operations. Two
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idbod$ in cominon use vary mairdy in the man-

ner iliwhich the glass is fed to the parison mold.

[n ik Owens method the parison mo!d, held at
the in.mith 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

mold and the boctc.m is closed c.ff. A puff of air

tbroti~h tbe fioisb end forms a small cavity,

after wbicb the pariscm mold is then removed,

while the glass is sciil held at the fioisb, The

glass is theo wansfemed to the hinged blow mold,
which closes, so that the glass is then blown to

fill ibis mold. Tbe mold is opened and tbe bottle

is removed and conveyed co the Iehr.

The ocher method uses tbe gob-feeder already

described under Pressim& The gob is dropped

against cbe finish end of the paris on mold, while

a puff of air from above compacts the ~ob m form
the finish of ihc bottle. Tbc other end of the

❑old is then closed and the cavity is formed by

a counter blow through cbe finish end. The trans-

fer to the blow mold’ and the final blowing in

cbis mold are similar to ccrres~nding operations

of the Oweos method. An impormnr feature of

both rneehods is the complete forming of the

finish in the parison mold, which eliminates any

cooiing, is was the case in the old hand-blowing

method. The fiarison of a wide-mouth jar is

commonly formed in a press mold before its

transfer to a blow mold.

Bulbs foi incandescent lamps are blown with
entirely different equipment called a ‘‘ribbn

machine. ” Glass from tbe melting unit is fcd

continu0u51y lx mveen. a pak, of fOrming rOlls.

and the ribbon cbus formed travels forward on a

series of moving steel pfates. Corresponding

blow beads, moving at the same speed, puff the

glass cbrough holes in cbc plates, after which

tbe bellow glass parisons continue to elonKate.

Blow molds in two parts, also moving forward,

close around the paiison and rotate while the

glass is blown into them. As the molds open, the

bulbs are removed from the glass ribbon and pass

to rhe Mr. Tbe inner surfaces of the molds are
coated with a moist material, referred to as

paste, which poduces a clear, smooth surface
on the bulb. A sin@ ribbon macbinc can pro-

duce as many as 2,OOO per minute of bulbs of
.ccrcnin sizes.

e. Costing. One mctbcd of casting is used :)
in tbc ~oduction of mass ivc optical components.

Selected pieces of cullet are placed into a re-

fractory mold, and chc mold and glass are then

heated in a furnace until cbc glass melts. Tbe

temperature is reduced at an appwpciacc race to

anneal the gfass. lo some instances where the

glass is melted in a small continuous tank, it

may bC loaded into the mold in a stream. Bcxb
mold and gfnss arc bcld sc an elevated tempcra-

cure during this operation.

ffO;]OW glass shapes, such as funnels and
cylinders, are sometimes famed by a cenuifugsl

casting process. A gob-feeder Ice.ds tbc gfass

into cbc mold. Tbc mold is tbeo rotated ac a

sved which will force the glass against the wall
of the mold, causing ir to rise to the open end.

Wbcn the gfass b.s set up, tbe mold is stopped
and tbe glass is removed.

14. Secondary Opemtions. secon&wy oper.
cions arc carried cmc aher che gfass has been

formed at cbe melting unit. A gccat number of

such operations have been developed to bring

tbe glass to its finished condicioo.

a. Secondary Forming. Exmns ivc operations

are pcrfonncd with the Lamp-working methods to

produce special and complicated sbapcs from

tubing and other articles. The glass is heated

locally and reformed by bending, blowing, cc-

pressing, and seaIing. Many Iypes of faboratmy
and scientific ware are fabricated in this manner.

Large Pm which camot be formed conveniently

by primary operations are frequendy sealed ro-

gerber in a lathe, using large gas burners to

heat the regions to be sealed. In some cases,

thick sections are heated by electric currents
p.sefl tbro”gh the glass in order to bring it m

sealin8 eemperaturcs. The currencs arc conducted

ro tbe glass by means of electric arcs.

Ffst gIass is bent over a form or sagged by

heating it to a high ccmpcraturc.

Gfnss parts of special shapes arc sometimes
formed from powdered glass co which a smalI

amour of organic binder has been added. This
material is dry-pressed and tbcn sintercd .C

elevated tempera u.ues. This method is conveni-

em for snuill articles with boles.

12 -)

Downloaded from https://www.everyspec.com



hiiL-HDBK.722[MR]
1 AUGUST 1969

III a recently develo~d process, flat glass is

taken from the rolls and floated across the sur-

face of a bath of ❑olten metal. The temperature

of this metal is sufficient to heat-polish the

glass in conmct with it. A flame above the glaas

fire @ishes the opposite surface. In this man-

ner the operations of mechanical grinding and

pofisbing are eliminated. Tbe Foduct is known

as ‘Vf08c-glsss. “

b. A.n-ling ond T*mp*ring. The technical

problems involved in these processes are re-

viewed elsewhere. If glass is allowed to cool

freely in ah after forming, internal stresses will

be set UP, wbicb under some conditions may

cause kakage. These stresses can be reduced

to an acceptable value by controlled co61in8 or
annealing. Furnaces used for this purpose are

caffed lebrs.

One mecbod is to place tbe IJF.SS in an oven
or furnace, bring the glass to a temperature usu-

ally at or slightly above its annealing point for

a short period of time, and then allow the tem-

. pet-ature to drop to a secood temperature (usually

slightly below tbe smin pint of cbe glass), at

a rate wbicb wiU prevent excessive stresses

from being set up. More frequently the Iehr con-

siscs of a long tunnel with a ‘moving conveyor

belt. Tbe cemperatum distribution aIOIIS the axis

of the furnace is such chat when tbc conveyor

belr is opcmtcd at a suitable sped, cbe desired
annealing conditions are MCI. l%c temperau+te

and speed of the beh will depend upon glass

composition, cbickness of tbc sections of the

gfass, and tbc allowable values of its interoal
stresses.

For tempering, the cooling mtes used are much

bigber cban for annealing, so chat the internal
stresses of the glass arc greater. This condi-

tion, bmvn as Festressing, increases tbe re-
sistance of the glass against appIied forces.

The temperature of the glass is raised to a value

usually near its softening point, and it is then

chilled by bfasts of air or by other meaos of

cooling. h is importam that aU surfaces of cbc

glass be in compessioo, otherwise rbe article

will not be properly srrenfrtbened.

c. Grinding, Polishing, Cutting. Grinding is

sometimes used to remove excess glass or to

produce fht or accurately formed surfaces.

These opcmtions may be performed with loose

abrasive on a grinding miU, bonded abms ivc

wheels , or with diamond-impregnated wheels.

Copper wheels fed wirb abrasive powder arc
used for engraving gfass.

l% rougbcning of the glass surface by tbc

abrasive grains is ohen undesirable, so that

pofishing is used to restore it to a smwti con-

dition. Mechanical polishing with rouge (ferric

oxide) or eerie oxide, applied to tbe surkcc

with s moving Inp or buff, is widely used. Other

means of polishing include tbe use of a flame

(fire-potisbing) and etching with dilute bydro-

fluoric acid. AU of tbe above mecbods are used

to strengthen glass’ surfaces which have been
weakened by grinding or c.cber treatment.

10 the conventional grinding Focess for place,

the glass is carried from the Iebr on a conveyor

co * series of grinding mills. Tbc mill wheels
are in a borizonml pfane (vertical axis), in Pirs,

so that one is above and O= below tbe glass.

Saod is used as loose abrasive, in finer grains

for successive miUs. ~cn cbe grinding opcra-

Cion is complene, tbe place is passed be~e=n

rotating laps for polishing.

Ffat gfass is cut CC.desired dimensions with

smaff edged scoring wheels drawn .acro,qs tb~

glass surface. Tbe deep cracks cased by this

operati.m can also be produced with a cutting

diamond, bw these are now Iitcle used cc.mmer-

cially.

d. Eno.ding. The covering of glass surfaces

with vitreous enamels is one of tbe secondary

manufacturing operations of this material. Other

ceIated uses of enamels or glazes include tbe

glazing of ceramic bodizs and the coatin8 of

SCCC1 w c.tber metals with :hese ecmmels. Tbc

enameling of metals to improve their appearance

or sanitary fXOperties and to prevent chemical

attack is a separate industry, with its own tech-

nical ad fmduccion problems. (Information-on
this subject can be found in Reference [IO],

section 26-I2. )

13

Downloaded from https://www.everyspec.com



MI1-HDBK.722[MR)
1 AUGUST 1969

Clear I#Iss articles are coated with opaque
●uamcls fm purposes of decormioct, for primed

inforamtion, and to control Iight (lighting globes

and colored panels for huifdings). Glass can also

be ~esmessed hy suirablc glazes. Enamels

sboufd have a firing or mattuing tem~rature

below thatwhich will cause the glass substratum

co deform. Except when’ used for prestressing,

the enamel sboukd have the same thermal ex-

pansion characceriscics as the base glass, or

slightly lower. fn .x&r to reach a low softening

pokm the enamels usually include appreciable

amounw, of lead oxide or boric oxide. Opacificrs,

sncb as titanium .diqmide or molyMic oxide are

●dded, and also coloring oxides. These enamels

are milled to a finely divided form. When ohtaioed

in drj form they arc mixed with gum spirits of

turp. intine m other oil to make a pnstc wbicb

can be applied with brush, spray, or with printing

screens. After drying, the coated glass is passed

cbrough a decorating lcbr, wbicb may reach a

peak temperature of about 600”c. Tbe raw of

cooling must permit cbe annealing of tbe glass.

For purposes of prestressing, the vitreous

coaling muse have a thermal coefficient of ex-

pansicm materially lower than that of cbe base

gfass. The compression glaze musr cover the

entire surface of rhc base glass, otbcrwise stress

concentrations will occur at discontinuities.

This method of prcstress ing is also applied to

glass-ceramics.

Gfass 9 of Table 1 is for a “solder glass, ”

that is, a glaze used for sealing together two
glasses, or a gfass and a metal. This gfass has

a softening point of 440°.

e. Special Processes - 96 Percent Silica

Glass. Among the many special processes deve-
loped for gfasses the method of producing 96

p+rcent silica gfass is of considerable intcresr.

The desired ware is formed oversize from a some-
what un.nable gfass composed of silica and

boric oxide. This glass is subjected co a heat

creaanent which produces phase separation; that

is, two different glasses are mingled in the body,

one essentially silica mid the ocher essentially

boric oxide. Tbe boric oxide phase is leached

otu in acid, leaving a porous structure of silica.

This skeleton SUUCIIUC of 96 pcrcem silica is

heated co a cemperacure which causes [be pores
m colfapse. The bodyistb”scon.olidmcdand ‘)~. -
shrinks so that all dimensions are reduced by

some 14 percent.

(1) Prcstressing by Ion Exchange. The com-
mercial use of principles of ion exchan~e on

glass surfaces for the purpose of prcstres sing

is of reccot origin. Tbe glass is immersed in
molten alkali nitrates at a temperature “below the

mansfonrwicm range of the glass [1 1]. In s“cb a

barb tbe lithium atoms of a gfass may be re-

placed with the larger sodiwn atoms, or tbe

sodium atoms with the Iarget porassiurn atoms.

Ion exchange moves inward from cbe surface by

diffusion prc.cesses, so that the dcptb of tbe

exchange will vary with tbe sqwe root of the

time duration of tbe process. Uoder praczical
co~itions this depth is WSual]y limited to shout

0.010 inch. Best results are obrained with

glasses with compositions developed parric w

Iarly for this purpc.s e.

When the glass is cooled the farger ions be-

come wedged in the surface s o that high com-

pressive stmsscs, often of the order of 50,000

psi, wiU cesulc. If the ion exchange does not

chaoge rhe thertrd coefficient of cbe glass ap-

preciably, these compressive stresses will be

retained unil :he strain point of eitbcr cbe base

glass or the compressive fayer is rcacbed.

(2) Devicrification. A perfect glass will be

complere Iy noncrystalline. Practically, fine cry-

stnls may be grcwn in cercain glasses to jxcducc

or control CO1OC,and in some opal glasses for

opacity. Special procedures are employed in

phocosensicive glasses to produce small nuclei

or larger crysrals. These general principles have

been develo~d and expanded in recent years

for cbc purpose of devitrifying glass bodies so

that they are largely, and sometimes afmost com-

pletely, crystalline. -The resulting produces arc

caUed gfass-ceramics [12].

The compositions of tbe glasses used for de-

vi’irif ication conraio certain nucleating agents

or catalysts for accelerating the operation. Tbesc

oucleacin~ agents may be mernllic colloids (Au,

Ag, CU. PI) or Ti02, P~O~, or Zt02 L2]. After

14
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the glass is melted and the article formed in the
usual manner, it is held at a cempernture at

which the catalyst is bomo.qeneously nucleated.*

Then, in a second heat treatment, these small

crystals become Lteterogeneo= nuclei for another

crystalline phase wbicb includes tbe major con-

stituents of tbe glass. ReLations between these

growth rates aod tem~raturc are shown in Figure

3. Tbe ctystals formed in this way are snwill,

ustrdly with dimensions of cbe order of 100~

(10 rep), alcbwgb ~der cer=~ COn&UODS they
may be grown to much larger sties.

With some glasscompositionscbccryscalli-
zacionpcess canbe continueduntil~ccicnlly

-P
LILWIDUS TEMPERATURE

:-
.—____—__— —_—

6

8
z RATEOF CRYSTA1GROWTH
5 FROM NUCLEI

GROWTHRATEOF
NtKLEATlNG CRYSTAK

g
-.

z .

~ ~“”-\

[

RATEOF NUCLEIFORMATION
NKLEI PERSK PERCtA3

I
RATESOF GROWTH AND WRMATION

FIGURE 3. Crystallization Pmpwti*s ef Glass-

Cemmi es (after Stooftey,
Reference [ 12])

tbe eotire body is dcvitrified. In other cases two

or more differeot crysml phases msy he formed, .
ust.mlly at different temperatures, so chat com-

plete devitrification may be less simple. Another

practical limimtion in glass composition resuks

if appreciable changes in vc+ume occur during

tbe devitrificacion process. In general, tbe finear

change of dimension should not exceed 0.5

percent.

If he temperature of a glass-ceramic is raised

above tbe liquidus of the material, it will revert
co a gfass.

/. Secondary Operations on Glass Fibers.

Glass fibers are processed into two basic classes

of pducts,’ one consisting of wool in the form

of insulating bats and bonded mats or packs,

tbe ocher beiog textile fnoducts. Blown s caple

fibers are collected on conveyors in felted form.

Lubricants or bonds may be sprayed into rhe

fibers whiIe they are being collected on tbc

conveyor. For some purposes the bonding ma-

terial is added in later operations, sometimes by

dipping, and some of these bonds arc cured with

beat. The density of the wool can he increased

greatly wbc. cbe fibers are held with cbese

bonds, so that its properties arc improved for

thermal insulation at bigber cemperacures, and

for structural purp-a$es in tbe form of boards.

High density is aIso desirable for ocher applica-

tions, such as sound absorption.

Textile fibers are of two cypcs, staple fiber

and continuous filament. Staple fibers are blown

and laid down in tbe form of a light webbing

wbicb is collected as a s Iivcr. Tbc sliver is

further drahed and twisted into yarns. Tbe ccm-
tinuc.us filament strands are combined and twisted

into yarns. Textile operations of conventional

rypes arc used for fabricating tbc yarns intO

-Y PMduCt5 such as cord, clorh, tape, and
braided tubing.

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

15
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When used for ●lecmical insulation, the glass continuous filament .tcands, either in long .)
texiiles are impreamated with varnishes. 10 order lengths or chopped into short lengths, roving,

to raise tempcmtute limits thus imposed, high cloth, and filled mats are all used for this pur-

tempAranme varnishes such as silicones are pose. in this procedure special textile sizing
used for this purpose. materials called coupling agents arc used on

Textile fibers are processed in a number of
the. glass, in ocdcr to increase the adhes iOn

fama for & reinforcement of plastic bodies;
hecween the 81ass and the plastic.

-:)
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Chapter 3

Selection Criteria (Properties)

INTRODUCTION

The propertiesofa materialdefineitscharac-
teristicsanddetermineitssuicahilityforpossible
uses. Cermin characteristicsof gfassdiffer
materiallyfrom thoseof common ●ngineering
materials,so thatthesubjectofitsproperties
assumes mote thanordirnryimponance. Pro-

perties are discussed in m-e detail in the gene-

eraf references (such as Reference [6].)

VI SCOSfTY

The general refationsbip between viscosity

and remfmrncure was indicated in Figure 2. A

convenient means of distinguishing these cbarac-

teriszics is tbe use of cefeccnce tempemmres

correspodng to specific vaIues of viscosity

and measured under standard conditions. These

terms, thek viscosity values and cbe standard

test specifications, are iadirnted in Table ffI.

Tbe temperature imerval between cbe annee.l-

ing point and the strain point represents a nomi-

nal annealing range of tbe glass. Tbe softening

point is a measure of the temperature at which

tbe glass will deform readily under its own

weight. Tbe working point corresponds rougb!y

with a viscosity which is suitable for various

forming opera cicas. These reference tempmturcs

are listed in Table IV, Physical Properties of

Commercial Glasses. Viscosiry curves of these

same gfasses are given in Figure 4. h is ❑oted

thnr the viscosity values of silica gfass and %

perrent silica glass show some spread. This

TABLE Ill. REFERENCE TEMPERATURES IN RELATION TO VI S@SITY

ANO TEST SPECf FICATION

1
(’

Reference Condition
definedas a temperature)

Strainpoint

Annealing point

SofteningpOint*

Working point

Approx. Viscosity
(Poises) I Test Specification

t

~014. 5 ASTM Desig.

C336

~~13. o

I

ARTM Desig.

C336

~~7.5 ~ ~08.3 ASTM Desig.

C338

I -----

● In this test rbe glass elongates under its own weight so that the viscosity value

depends to some degree upon glass density.

17

Downloaded from https://www.everyspec.com



M1141DBK-7221MR)
1 AUGUST1969

o~
200 m 600 800 1000 12CII 14CfI 16CCI
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TWAPERATLRE- ‘C

Viscosity Chamcteristics versus

Tempera fvroof Commercial Glasses.

Numbars On curves correspond to

fhosc of lobles I and IV

variation results from very minor constitue-nrs

in the gfass and sometimes from thermal treat-

me m.

DENSITY

The densityofglassiscommonlyexpressed
ingramspercubic ccncimccer, wbich corresponds
closelycoitsspecificgra~ky.For purposes of

comprison 2bese measuremerxs are made at

room ccmfxracure.

The densityofsilicagfnssis2.203gm/cm3,
which is notgreatlydifferentfromthatof its
crystallinefotm,of cristotdite (2.320 gm/cm3).

As ocher constiments such as modifiers are

added to si2ica, some of tbe atoms wilI accom-

modate themselves to inccrscices in the random

nenvcrk, sothatthc specific volwmc of the glass

-Y nOt Cbngc correspondingly.Boric oxide
glass has a density of roughly 1.s4 gm/cui3, so

that some borosilicate #asses can & lower in

density than silica glass. Glasses of extremely

high contents of Iead oxide may reach density

values in excess of 6 gm/cm3.

18

Figure1 has shown that when a glass is
quickly chilled from the supercooled Iicpid scare

it will have a greater specific volume (lower

density) than when it is well annealed. Excepc

for fibers this difference is onlya smalf fraction

of one pcrcenc.

TahIeIV gi.esdensiry figures for a number

of glasses.

EXPANSION WfTH TEMPERATURE

Tbe coefficient of thermal expansion deter-

mines tbe magoitu& of the stresses developed

hy temperature differences within a body. When
sealsaremade becwcencwo piecesofglass,or
betweenglassand metal,thedifferec,ceinther
mal expansionsescablisbestbe magnitudeof
stressessetupwhcn he compositebodyreaches
room temperamre.

Thermal expansion is determined by measur-

iog tbe differential elcmgscion berwcen tbc glass

.)

FIGURE 5.

TEMPERATURE - ‘C

Relative Elongation versus Tempero.
ture of Commercial Glasses and One

Gloss-Ceramic. Vertical intercept

shows strain point of glasses.

Numbers are those of Tables I and IV
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TABLE IV. PHYSfCAL Properties OF COMMERCIAL CLASSES

I

r2eM2tl
d.sc

y Retire

Ar.nd

ce Tern

So22m

(“c)

W.rkk,g

(Adf

)-300”C

Per “C x 107]
cam TemFmhIre

2096tung Pt.

DE61GNATIiXi Vlsu

Blxmlrl
—

1070
820
505
S1O
505
395
515
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and some material of known expansion, such as

silica glass, over a range of temperature. FOI
experimental purposes the temperate is raised
fromroomtemperamue,usually25°C,covalues
abovethe.uainpointoftheglass.The overall
elongation,express.d as a fracrion of the rwm-

temperature dimcns ion, is then plotted as a func-

tion of ccmperature. Figure 5 includes elongation

curves for a number of commercial glasses and

one gfass-ceramic body. The curves for gfasses
are a~r. asimately linear to some cempenmure

LW1OWthe strain point, which is indicated by

the short vertical intercept on rbe curves.
Wi&in the cransfmmacion ran~e tie slope in-

creases, until at tic annealing pint it may he
two w three times greater dmo at low tempem-

turcs.

‘flemean coefficientof chenoalexpansion
fromroomi.mpemmre m any othertemperature
is obtainedhy dividingdIeelongationat this
rempenmmebythetemperaturediffecrnce.

For comparisonof gfasses and for control of

glass propcrcies during melting operations, a

simpler procedure is used. The cempcracure of

the glass specimen is raised from O°C co 300”C,

and the overaff rlongacion IS read from a dilaco-

meter. The coefficient of dmrmal expansion is

commrnly expressed in parts per 10 million pcr

“C. Procedures for this test are given in ASTM

Desig. C337. Values from this CYF of test, and

also mean values from room temperature to a

temperature 5°C above the strain point, are in-

cluded in Table fV.
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$PECfFtC HEAT AND TNERMAL CONOUC-

TwfTY

Glasses fail to crystallize at a melting point,
so that there is no measumblc faccnc beat of

melting. There are also no sudden polymorphic

cbrmges at specific ccmpcrarurcs, such as are
found in die various forms of silica which cause

dbrqx cbmnges in beat cnpacity. structural

cbsnges continue m occur gradually in glasses

until’ the lower end of tbe cramsformation range is

reac,bed, (aid time is a factbr determining these

cbaiI~ei). Ghs’ses are metasmble bodies, so
that tbe minimum dues of bent content repre-

sent.ed by corresponding crystalline forms are

never attained.

Because of these conditions, tbe changes of

beat +teotandtius cbe specific beats of glasses

are noc unique quantities at any temperature,

but will depend to some degree upon rest FXO-

cedurcs. Considering F igurc 1, tbe beat content

of the glass as represented by condition B will

differ from chat represented by D, so that corres-

ponding changes of beat content measured co

some temperamre above cbe transformation rmgc

will differ materially. Dam on specific heats of

glasses are subject to some variation.

True specific beat is expressed in gram-

calories per gram for a 1“C change of tempera-

ture. The mean specific heat is tbe average value

of true specific beat taken over the temperature

interval considered. Data for tbe true specific

beats of representative glasses are included in

Table V.

TABLE V. DATA FOR TRUE SPECl FIC HEATS OF REPRESENTATIVE GLASSES

Glass

Silicaglass

’36%Silicaglass

Soda-Lfme

Lead-Alkali

Boroeilicate(lowexpansion]

Alurninosilicate

Glass-Ceramic

True SpecificHeat

(calx Em-lx ‘C-l)
-

O“c

O.16

.-

0.18

0.15

0.17

0.17

0.18

-

Zoooc

0.23

--

0.25

0. 1s

0.24

0.23

0.24

-

4000C

0.26

--

0. 2s

0.22

0.28

0.27

0.27

Thermal Conductivity

(calx see-lx CIII-lX‘C-l*)
-

0‘c

0.0035

0.0030

0.0024

0.0016

0.0028

--

0.0087

2000C

0.0042

0.0040

0.0030

0.0029

0.0032

--

0.0085

400°c

0.0047

0.0042

0.0034

--

0.0037

--

0.0077

.-j

● To convert cbermaI cmduccivity values to Bm x hr-l x ft-l x ‘F-1 , multiply by 241.
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Thermal conductivity dam, expressed in terms

of gram-calories per second per square centi-

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 tcmperanuesabove 400”C,he rateofbeat
transferwillbe increased by radiatim ●ffects

occurring within the body of tbe gfnss.

EkllSSIVITY

Emissivity is the ability of a body to radiate

beat energy considered as a ratio of that radi-

ated by an ideal black body. It can be expressed

for any specific wavelenf@ or as total emissi-

viry, which includes all wavelengths. Tbe emis-
sivity of glasses ac the longer waveleogtb (low

cempcratures) is high. Dam for a soda-lime glass

are given in Table VI. The effect of thinner
sections is to increase the traosmitcance of tbe
glass and thus reduce its emissivity.

MECHANICAL PROPERTIES

15. Elasticity. Vben viscosity values ●xceed

1015 pises. the flow of glass is so slight chat

deformations are essentially ●faszic. For prac-

tical purposes #ass may be considered as an

MIL4DBK.722[MR]
1 AU6UST 1969

isotropic solid. The elastic constants of such a

s ofid ●re related as follows:

G=~
2(1 +V)

(1)

E
K=—

3(1-2v)

E
V. —-1

2G

(2)

(3)

where E is ti’e efastic mafuf us, G is the modulus

of rigidity, K is tbe bulk mc.duIus, and v is

Poisson’sratio.

Table Vff lists tbc elastic ccmstnnrs of cc.m.
moo glasses at room ccmperanxre.

The moduli of most Biasses tend co decrease

slightly with temperature. Excc~ions to rbis are

tbe two silica gfasses and the baosilirate glass,

all of which have bigb pfopcwcioas of netwmk

atoms.

Gfasses exhibit appreciable elastic after-
effects, even at room temperature. They are

smaller in silica glass than in other glasses.

TABLE V1. TOTAL EMfSSIVfTY OF SOOA-LIME GLASS (PERCENT)

I TH1CKNE8S

Temperature

10C) 1/8 in. 1/4 in. 1/2 in.
I I

I 250 (89)* 91 92
450 (;;)* 88 90
550 83 S8

● Values i“ parentheses are cxmapola~ed.
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TABLE V1l. ELASTIC CONSTANTS OF COMMON GLASSES

Glass

Silicaglass

96% Silicaglass

Soda-LJme (plate)

5A-Lime (bulb)

Lead-Alkali(20% PbO)

Borosilieate(low
eapanaion)

L

~ [

ElasticModulus
(E in 106 psi)

10.5

10.0

10.5

10.0

8.9

9.1

L

Modulus of Rigidity
(G in 106 psi)

4.5

4.2

4.3

4.0

3.7

3.8

5.0

7.0
I

TASLE WI. OIAMDND PYRAMID HARDNESS DF GLASSES

(Load 100 grams, mom temp.mtvre)

Poisson’s

Ratio

O.16

0.19

0.21

0.24

0.21

0.20

0.25

>

.

Glass Hardness (kg/mmz)

Silicaglass ‘700-750

96% Silicaglass 650-700

Soda-Lime @date) 540-580

Lead-Alkali (30% PbO) 420470

Borosilicate(low expansion)
I

550-600

Ahuninosilicate I 600-650

Glass-Ceramic (medium expansion) 620-640
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16. Hardrmss. Hardness 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 poinmd diamond indenter.These hard-

ness values are expressed in terms of ’the .Ioad

in kilograms divided by the area of the impres-

sion in square millimeters. Data obtained by
different investigations are not enticely consis-

tent, but representative values are listed in

Table VIII.

17. Strength.+ The subjecc of strength of

glass is onc of major importance. Although com-

plex, it is also of pronounced recbnical interest.

Glass is a brittle body, probably more brittle

than any material i“ commm “se. It breaks ”sud.

dedy without prior yield or plastic deformation

Failure is cawed by a componem of temile

stress, rven when the material is loaded in c.Jul-

pression. Fraccure originates at a flaw and the

nomtid stre”grh of cbe glass is determined by

the severity of this flaw. I“ commercial glass-

ware [be weake”i.g flaws are of accide”tsl

origin and vary greatly in severity from piece m

piece in the same group, co”sequemly there art

wide variances i“ measured tal”es of their

breakin~ stress; see paragmpb d, Variance of

Breakin8 Stresses, a“d Figure 9.

c. Btitile Fracttm. ‘#hen a“ elastic body is

subjected co scrcsses, elastic energy is srored

in tbe body. In any small volume of material
this energy is proportional co the square of its

stress a“d inversely- proportional to its elastic

mcdulus. When fracture occms, work is con-
sumed in producing and enlarging tbe fracture

crack. In a perfectly brittle body this work is

equal to an energy value pmporziomal to the in-

creased surface area of tbe crack. For ductile

bodies the work of plastic deformation of the

bigbly stressed region immediately around the

crack may be many times that of its surface ex-

tension. The criterion for fracture is that fhe

ciack will propagate when the release of

efastic strain energy exceeds rhe c.acal work

done in fcmr,ing the new surfaces. When this

criterion is reached in cbe brittle bodies, frac-

cure will occur suddenly and completely. Glass

coufofms genmally to dm behavior of a per-

fectly brittle body.

Equations expressin8 the criterion of brittle

fracture can be modified so show chat fracture

occurs when ck c.mcenuated stress in a crack

reaches a critical value idenrilied with :bc in-

trinsic suengtb of the material. Attempts have

been made co measure this intrinsic stren8th by
testi”8 specirne”s which are devoid of cracks

a“d imperfections to the bigbest degree pos-

sible. Small fibers drawn under conditions co

produce smooth surfaces have been found to

break ar smcsses from one-half million to onc

million psi. Consequendy, the intrinsic strength

must reach these values, at least.””

Nominal breakin8 stresses of commercial
glassware are comnwmly of the mder of ]0,000

psi. This means that the flaws or imperfecciom

in such ware must produce high stress concemra -

cion factors (sometimes approaching.factors of

100). This is explained by the fact that ch.amc-
teristic flaws are extremely narrow io relation co

their depth. [t is fomd that a flaw 0.0025 inch
deep can reduce the breaking sm=ss of 81e.ss to

values of the order of 10, OOOpsi.

“Many discussions of this subject are available; such as the Gemml Survey [13], Anderson [14],

Berry [15], amf ’T’eil [161.

““Values cd *lmost 2 x 1~ psi for silica at 7ft°K me reported ~ f?ilh.g [13], and I ~06psi for silica
at mom temperature by Morley, Andreurs,’rnd Whimey [IJI,
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A Str*ss Fatigue. When gfass z.ndotbcrbric-

de +teriafs are subjected to stress in chc

piesence of sir, Acbreakingsr ressfora load of

shcwt. diuation will exceed that for one of long

duration. This is known as delayed fracture, or

ssatic ssress fatigue. For a defay of a fraction

of oim second, the breaking suess may be more

tbnn double zbat for a delay of scwral hours or

seveinl days. There is some low value of

stress vbicb will not produce fracture, even

when ittimined for an indefinite period of time.

This ssress is known as the cndutancc 1imit or
fatigue’ limit, Smtic faciguc differs from cyclic

fatigue ex~rienccd in metals, because it is a

funccion of load duration and not of the number

of Ssress cycles.

Figure 6 shows a representative curve for

static fatigue far a glass specimen (A), tesrcd

in air. The fatigue limit is about 45 pcrcenr of

the one-second s r.rengch. Curve C, for similar

specimens tested in a vacuum, shows no appre-

ciable fasigue e ffc cts. This is also true for

specimens tested in air at low temperatures

(LSo”c).

FIGURE 6.

OLWATIONOF STRESS- SECONOS

Stress-lime Characteristics of Gloss

Broken in Flexure Tests at Room
Temperature. A, annealed glass in

oiq B, tempered glass in air;

C, annealed gla~s in tmcuvm

Expcciu.encs carried out m compare tbe ef- --)
feces of fatigue under static loading with those ../

under cyclic loading indicarc that for glass tbc

fatigue limits arc roughly tbe same in both

cases, when based on the iame val”c of maxi-

mum stress. When gfass is subjected to a stress

which will eventually break it, the flaw begins
to en farge at a s low rate. This etdargemem prc.-

ceeds at a more and more rapid rate, wxil tbe

fracture velocity reaches tbe critical Iimir. (at

roughly one mile per second). (See Schardin [14]. )

At this velocity a transition occurs in tbe frac-

ture process, which is usually visible cm the

fracture surface. The area representing tbe lower

velocities is flat and smooth, and is called the

fracture mirror. Wheo lhecriticalvelocityi.
reached,theboundaryofthecrocksurfaceshe.
comes somcwticrough. In an outer boundary tbe

crack hackled or fragmented. Figure 7, drawn

from a photomicrograph, s hews the fracture mir-

rcu and tbe rum botmdarics for a piece of glass

broken under impact. The study of these mirror:

is of practical impormnce, because the fracmrc

stress can often be esdmaced from them.

c. Prestressing. The strength of glass arti-
.:)

cles can be increased hy prestrcssing. The pur-

pose of pcestressing is not to increase lhe true

breaking stress of tbc 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.

Tempering is tbc best known method of prc-
stressing. The glass is raised to a temperature

welI shove i (s annealing point and the surfaces

are then chilled with a blast of air or other

means. When the glass rcacbcs room temperature,

the surface layers will bccomc bigbly stressed

in compression, balanced by tensile stresses in

the interior. When an external load is applied,

its resulting tens ile componcoc must equal tbc

residual surface compression of the glass before

tbe resultant becomes censilcat all. Consequenc-

Iy, [be strength of cbe article is increased by an

amounl roughly equal m the residual surface

24

Downloaded from https://www.everyspec.com



MILJIDBK-722[MR]
1 AUGUST 1969

FIGURE 7.

~fi’%

Fmcture Surface Produced by

Impact. Showing froctvmf lawand

surrounding it, the semi-circular

frocturemirmr, the stippled boundary,

ond the heckled or fragmented region
beyond

compression.Thissrarcmen[iso.,crsimplified,
butitgivesan indicationofcheeffcccsofpre-
suessimg.cuvc f?O{ Figure6 shows thattbe
rclaciweffect of smes$ fariguc is greatly re-

duced by temperin:.

Prcstressing can be accomplished by cbcmi-

..1 meatmenrs, which replace SC=ll iOns in Ib.

glass surface by fnrgcr ions. (S.. Chapter 2,

Special Processes. ) The thickness of the com-

pression layer is generally much less than with

tempering..

Figute 8 compares tbt distribution 01 residual

stresses resulting from tempering aod from

chemical tccatment.

d. Variance of Breaking Sttesses. Figure 9

includes individual breaking smesses measured

for sample groups of tbm=e glasses and one

81ass-ceramic body, plotted on a probability

basis. These curves are represenmcive, but it

must not be inferred that ocher sample groups of

cbc same materials will have identical iharac-

tcristics. Furtbermorc, tbcse dam are for fairly

high rates of loading, so that cbc stxess duration

corresponds co a time period of perhaps three CO

ten seconds. For longer durations, tbe stress

values would have been correspondingly lower.

RESIDUAL STRESS - THOUS. PSI

TENSILE COMPRESSIVE

10 0 10 20 30 40 50

FIGURE 8.

SURFACE

Distribution ot Residual Stresses

across the Sections of Glosses,
Tempered and Chemically Strength-

ened
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~~ The typeofpdnbilicycurveused in Figure9

60 1

101

7:
.

CHEMICALLY TREATED
0.10 INCH THICK 0

Y-

.
.

.
TEWERED PLATE
1/4 IIKH THICK

/---
.=. _.&&s . CERAMIC

1/4 INCH ROD & EAR

‘x

UMEMPERED PLATE

. 1/4 It-icH THICK
z
<~

:1
01 I I
0.51251020 40 60 80 90 95 %9999.5

CUMULATIVE FAILURES - PERCENT

FIGURE 9. Individual Breaking Stresses for

Groups of Glosses with Different

Treatments and One Gfos*Ce. romic.

Data plotted on o probability basis;

collected by ’Shand, see reference [7]

Srress variations berwcen the stronger and
weaker ❑embers are greatest ifi the case of un-

tempered glass. The median value is 14,500 psi,

bul two percent of the group broke at scrcsses of

5,000 psi, or 35 percent of the median value.
When tempered, the median breaking stress was

31,OOO psi, wirh IWO percent Of [he srOup break-
ing at 24,000 psi, or 77 percent of the median.

This show. thatcempecingnoronlyincreases
thestrengthof[heanick,bw canalsoreduce
variances.

For tbc chemically presttesscd glass the
median value was 56,000 psi, with the two wr-

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 IWO percent of the

group brcski~ at 6> petcem of this value,

‘)..
is useful in showing variances of strength among

the members of a grcmp tested. Ocher types of

probability curves may also be used for rhis

same purpose. 10 the correlation of scientific
dam; the average val”c and tbe standard devi-

ation are commonly used to express these rel-

ationships. This procedure is not recommended

for smength dam o“ glass where the minimum

valws are of greatest imeccst. For skewed dis-

tribution curves, s ucb as those for tempered .

plate and for glass-ceramic (Figure 9), tbe pro-

jection of stress values ro two sca”dard devia-
tions (rcmghly three percent of the population)

wiI1 result in errors which cannot be toleraccd

for the purposes of stmcc.ral design.

e. Strength of Fibers (Reference [ 17]). it has

already been noted that fibers drawn experi-

mentally wiih unusual care will develop strengths

greater than one million psi. Textile fibers

drawn commercially under special conditions

can. attain screngchs of more than em-half mil-
Iio” psi, but fm ordinary textile products mean

fiber strengths for the glass listed as No. 10 in

Tables I and IV may be 300,000 psi, w slightly

more, With a special glass composition, fibers

can be drawn which are more than one-third

stronger than chose of glass No. 10. Some deteri-

oration of the fiber surfaces occurs in textile

fabricating operations, so that s tre”grh values

of resulting prcduccs must be reduced corres-

pondingly. Values of fiber strengths afccc hand-

ling. and fabricating have been reprted as 1’Jw

as 150,000 PSI, s.d even J.=,.

f. Effect of Temperature. Temperature bas

its main effect o. the amount of stress fatigue

developed. in Figure 10, which includes the
data of Vmmegw and Glachart [18], for tempera-

tures from -1870C to +5200C, and load durations

from 0.1 second m 100 seconds, the curves for

the various remperacures seem to converge at a

load duration where rbe stress fatigue is very

small. AC a cemperarure 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

520°C the effect of stress fatigue again de-
creases greatly. The breaking stresses of a

)
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I 1
0.001 0.01 0.1 1 10 100

STRESSDuRATION - SECONDS

FIGURE 10. Breaking Stresses of Glass os a

Functic.~ of Stress bration at

Different Tempemtures. Data of

Vonnegut and Glothati, see
reference [ 18]

glass and of a glass-ceramic are shown as a

function of tcmperarurc in Figure 11.

Fm conditions of sustained loading, the tem-

pcrarure of annealed glass must fK held appre-

ciably below the strain point, otbcrwisc viscous

flow will take place. Glassware prcsmessed by

tempering or by chemical processing loses its

residual stresses at lower cempenwures, so that

such a glars is restricted to temperatures about

2000C or even 75i)°C below tbc srrain point.
Witbin the npcmting ratigcs, temperature has

much less effect on glassware’s stress fetigue
than rhar of amcaled glass.

g. Glass Under Compressive Loads. The

iominsic strength of glass in compression is

probably at least as great as it is in tension.

When loaded in pme compression, the flaws cencf

to close so &.aI nminal breaki?u stresses are

much higher than when loaded in tc.nsioa. How-

ever, a ccnditioo of pure compression is practi-

cally tmatta inablc, and local companencs of
tension cause premature failure, “sualIy at tbe

areas of load application.

Uniaxialcompressiontestshave been made
on @ass by Ioadi”g small cubes between two

metal plates. Those made by Winkclmann and

Schom, cited by Hovesradr [19], show that for a

particular glass’ the breaking stress with the

glass pressed beiween cwo plates of tin was

56,000 psi; with copper plaw. 93,000 Psi; and
with hardened steel plates, 180,000 psi. The tin

and copper plates were indented by the glass,

which was apprently responsible for the Iowcr

breaking stiesses. A similar effecc was observed
when the s t<el plates became roughened in USC.

Glasses of 17 different compositions were tested

beswecn steel plates. The mean values of break-

ing stress ranged between 86,CH20 and 180,000

psi, with an average of about 120,000 psi. These

tests show clearly char conditions at the incer-

facc between the glass and metal have a pro-

nounced effect on the vaIue of compressive

strength measured in this manner. If a gasket is

inserted in the interface in order to equalize the

stresses over tbc surface of cbe glass, the break-

ing stress may be reduced seriously because the

lateral flow of the gasket will produce tensile

sucsses across the surface of the glass. Softer

gaskets can even penetrate surface flaws in the

1EMf ERATURE - “C

FIGURE Il. Breaking Stres*es of Glass and

Glass-Cemmic as o Function of

Temperature for Short-Time Tests.

Doto for glass fmm Figure 10; for

gfass-cemmic, Coming Glass WOrks
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I / I

-400 -2JXI -2QQ -100 0 +50

STRESSIN TWO AXES - KSI

FIGURE 12. Loci of Stress Components at
Fracture for Glass Subiected to
Triaxial Stress Conditions:

Pmtectinn fmm fluid at interface
A, copper sheath; B, lead sheath;

C, rubber sheath; D, neoprene

sheath; E, no sheath; data of

Btidgman, reference [201. F,
ttmgsten. carbi do onvils with lead

foil at interface; data of Cnrdell

and Carll, reference [221. GG,

theoretical curve, biaxial stresses

glass and produce cleaving forces which may

split the body. Thiseffect has been investigated

by Bridgman [20] and others [21], in which glass

bas been subjected co triaxial compressive

stresses. h two axes the stresses arc equal,

while in tbe third the stress is different. Data

from such cescs arc “few, but they are imerprcted

aPPfOximately in Figure 12. Tbe dashed lines
reFesent, as nearly as can be determined, the

stress componcncs needed for fracture. The stress
G in the up~r right-lmnd quadrant is the break-

ing stress of tbe glass in nemsion. Extensions of

she G curves into tbe compressive quadrant rep-

resent [be corres~ ding breaking stress under

biaxial compression, derived analytically on che

basis of certain assumed flaw orientations.

Curves A m E show how the material in contact

with the gfass interface affects failure. Consi-

dering the case where tbc stress in the third

axis is zero. if a fluid is in contact witi the
gfa.s (curve E), the b.eaki”g SCress is less than

20,000 psi. Fluids penetrate the ffaws readily. )

When tbe glass is protccced from the f Iuid with a

lead sbcacb (curve B), the breaking stress is

increased to 120,000 psi. Using a copper sheath,

with Iittlc ce”dency to penetrate tbe flaws ( curve

A), &e breaking stress increases to about

250,000 psi.

Curve F repcsents the data of Cordell and
Corn [22], who compressed cbe glass between

~gsten carbide anvils with lead foil *C tb=
glass interface. When the lateral pressure was

zero, with only that on tbe anvils acting, che

breaking smcss was 82,000 psi.

While these resdts are far from being precise,

they demonstrate how different loading arran.ge -

menrs will influence failure under compressive

I-ds. Because this type of f. ifurc actuaUy re-

sults from tens ilc stress components acting

across the interface, presmes sing this surface
will have bewfic ial effcc w., similar to rho.

obtained when the glass is subjected m tensile

stresses.

OPTICAL PROPERTIES

Tbe optical use of glasses is not confined to

the visible spectrum, so tba! its properties are

important over a much wider range. In silicate

glasses the range of transmission extends from

aPPrOximateiy O. 2 microns to 5 microns For
certain silica-free glasses tbe range can be cx -

reodcd co abour 1s microns.

The refractive index of a glass is a measure

of ics optical density, that is, tbe extent to

wbicb the velocity of the radiations is s lowed

down in comparison m air or vacuum. If the

refractive index is 1.500, the vcloc icy of the

radiation in the glass is 1.000/1.500 = 0.67 that

of its velocicy in sir.

Taldc IV lists the refractive indexes of some

commercial glasses. The refractive index in-

creases with the content of lead oxide. in a

glass containing 82 pcrccm of this Oxidt, the
refractive index is 1.97.

Tbe changes of refractive index with wave-

length is called dispersion. This property is

2a
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utilized in designing lenssystemswhich are

suhsmntially free from ckomaric aberration. The
common method for indicacinE dis~rsic.m was

developed by Abbe and his equation is called

the v (nu) value, or Abbe constant, where

“-~-’. (4)

‘F-%

The Ieccer n denotes the index of refraction,

while the s ubscripcs represent the wavelengths

at which cbey were measured. F is the hydrogen

emission line, 4,861 X, C is the hydrogen emis-

sion line, 6,563~,andD isthesodium emission

line, 5,893R.

18.Bidringence.C@nges in!berefractive
indexarccommonlyused to measure mechanical

stress in glasses. If the stresses acting in IWO

geometrical axes differ, then cbc refractive in-

dexes in these axes for a light pas sing tbco”gh

rhc glass in the third axis will differ. Tbe rerar-

dacicm of light in one axis with respect m tbe

other axis is measured with a“ immumcm callcd

—.
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a @~imeter. The difference between the stress
values in cbese two axes is expres*ed as follows:

Stress difference (kg/cm2) = ~, (5)

where R = tbe retardation (mifSimicrons ),

t = thickness of section (cm), and

B = hircfriogencc constant or sacs.s

optical coefficient

The valuesofB, ex~essedinrep/cmpm kg#cm2
are listed in Table[X.Tbe specufar reflection

of light is produced by flat, smooch glass sur-

faces. Tbc reflectance is a functioa of the re-
fractive index, and for a single surface of mans-

farent glass is usually aboM four pe,cem. For

two surfaces of a plate it will be double this

WIUC, or about eight percenc. If tbe surface is

roughened, either by rolled patterns or by grind-

ing, tbe reflected Iigbr wiS1 be diffused or scatt-
ered. In opal glasses, Iigbt is diffused within

the body of the glass, so tbac cbe am.Junt of

diffused light ,cflecced may be rxmcb greater than

for tcaclspace”t glasses.

TABLE IX. S!IREFRINGENCE CONSTANTS OR

STRESS OPTICAL COEFFKJENTS

Type of Glass
‘y

Silia glass 3.40

96% Silica glass 3.60

Soda-Lime 2.40-2.60

Lead-Alkali glass

20% PbO 2.50-2.70

75% Phil o

SO% PbG -1.00

Borow;licaic (low expansion) 3.8

Aluminosilicate 2.6
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CLEAR (lRANSPAREM) GLASSES

i= COLOREDGLASSES

ii~. ,.7m5
WAVE-LENGTH - MILLIMICRONS WAVE-LENGTH - MICRONS

GLASSES WfTH ABSORPTION IN VISIBLE RANGE

&pm.. A+.g:
Thick

C“lw GIEM Type mm. C“rv. GlaI Typo mm.

A Char silica @l- (v.ry pm) 5 F Green 2.5

B Clrar %%sili.o +=p 2 G Blue 5

c Clew barmilicate glau 2 H Ultm-Vlole* tmmmittine 5

D Red 3 K lnfm-ROd ?mmrnitliw 2.5

E -r 3

FIGURE 13. Curves of Transmittance versus Wavelength for Selected Filter Glosses. Data frem

Coming Glass Works

Reflectance can be reduced greatly by non- 19. Transmittance. Figwe 13 illuscr. ces cbc

reflecting coatings, and can be increased by thin transmission characmriscics versus wavelength

metallic films. The metallic films which are of different types of gfasscs. The visible spcc-

commody used are chose which reflect most mm extends from 400 10 750 millimicron$ WaV=-

highly in tbe infrared part of the spectrum. length. After subtracting the reflectance loss,
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the absorption of light by glass is an exponential

function of thickness, consequently the trans-

mission spectrum of clear glasses can be ex-

tended by using tbinncr sections. FOI colOred

glasses, the color dens ity can bc increased by

using thicker sections.

Glasses which transmit only in the ultraviolet

m infrared parts of the spectrum have military
uses, for example, in sipaling and in the gui-

dance of rockets (additional information on the

military uses of gIass me.y be found in Chapter 5).

Clear .@ses can be discolored by x- and
gamma rays. Various photosensitive @asses can

develop color after exposure co Iighc, to ultm-

violer radiations, and to x-rays. 10 some caves

the latent image produced must be developed by

the application of heat.

ELECTRICAL PROPERTIES

20. Volume and Surface Conductivity. Elec-

trical conductivity is [he result of ionic mobility,

particularly that of certain of the alkali ions

(Li, Na, and K). This mohilicy increases rapidly

with temperature, and conversely, the volume

resistivicy decreases rapidly with tempcrarure.

Figure 14 shows the relation of chc logarithm of

resistivicy 10 remp.erarure of cosmon commercial
glasses between 100 and 6G+I”C. At mom tem-

perature eIeccroIys,is prcscms measurement prob-

lems. In general, glasses arc good electrical

insulators; molten gfass, howcrer, is a rcfatively

good conductor of electricity, so that glass can

be heated by electric .mrreots. Electrical resis -

tiviry, and in I?ct, .11 electrical properties, are

particularly responsive to the previous tbermai

mealmenc of [he material.

Volume resistivities at 250”C and 350”C are

included in Table IV.

The surface conductivity of glasses is in-

fluenced grcady hy water vapor, aud rhus by the

relative humidity of tbe atmosphere. With low

relative humidicics, tbe surface res istivities

usually range from 10I4 :0 10160hms persquarc. ”

13

II -

10

9

8

7
3, 4, 5

6

5 -

4
Iw 2W 3C0 4c0 5m bm

TEM8ERATWE - ‘C

FIGURE 14. Volumo Rosistivity of Commercial

Glasses versus Twnp*mtur*.

Numbers are those of Tables I and

Iv

For humidities. of 90 percent, these values drop

to 107 co 1011 ohms pcr square, bw ca” be in-

creased by treating the surfaces with silicmes

or oher materials.

21. helectric Quantities. An electric, field
set up in a body represents energy. If a consi-

derable portion of this energy is recoverable,

the body is called a dielccwic. The ratio of tb.

energy lost as beat tc cL>t recovered is called
the dielectric dissipation facror, and is some-

times cxprcsscd as Ibc tangent of the loss angle,

or ran 8.

●The resist ivity of a fiim measwcd between opposirr edges of a“y square will be the same regard-
less of its dimensions. Comscque.xly, surface resiscivity is expressed in ohms per square.
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FIWRE 15.

2@2 4rm 602

TU.WERATURE - “C

Dissipation Factor versus Tempera-

ture at 106 CPS for Commercial

Glasses. Numbers ore those of

Tables I and IV

The energy of the electric field is noc the

same for all materials. Tbe ratio of this energy

m chat in a vacuum is called rhc dielecuic cons-

tanl, c ‘, of. cbe material. The relative energy

loss is then proportional to the product of the

dielectric dissipation factor and the dielecuic

cooscant, or, e ‘can 8. These two quantities are

listed in Table IV for a number of glasses for a

frequency of one m., and a temperawre of 200C.

For other temperatures, the variation of dissipa-

c@n 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 tbe presence of tiny amounts

of constituents other than silica, Na20 in parti-

cular.

22. tiolmctric Strength. Dielectric breakdown

-Y SC= wh=~ the VO%F wdi=nt =c=ds the
iouinsicdielectricstrengthofthematerial,or
when tbe glass. becomes partially conducting

because its tempcramre is raised by dielectric

losses. The former type of breakdown is ca Iled ‘3
“electronic,” and the latter type, “rhcrmal. ” /

Electronic breakdown may occur when very

thin sections arc subjected to momentary volc-

ages. Values of dielectric smengch of glass as

high as 9 x 1@ voks percm have b.e.nmea-
sured in this “way. Under less ideal conditions,

the voltage gradients through the s pecime” will

not be uniform, s o that the a vccage gradient at.

lxcakdown may be much lower.

As the duration of tbe elecmical sucss is
iocretased, 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 tbc appatcnc die Iectric

‘r------

TEMPERATURE - “C

FIGURE 16. Dielectric Breakdown of Commercial
Glasses versus T.mpomture. Dne-

minute break&wn for 2.mm thick.
ness at so cps; numbers am thoso

of Tables I and IV

32
..

.)

Downloaded from https://www.everyspec.com



MlL410BK-722(MR]
1 AUGUST1969

strength decreases correspondingly. In a series

of tests on glass specimens 0.030-inch thick.

the data obtained were as follows:

60 cps, 500,000 rms vOlts/cm,

2 mc, 35,000 rms vO1dcm,

100 mc, 8,300 rms VOkS/CM.

When a breakdown is of thermal origin the

breakdown voltage tends to increase at a race

not greater cban cbe one-half p.wer of the thick-

ness, so tfxat the expression of dielccmic strength

in terms of voles/cm or volts/mif is deceptive.

The effect of ambienr tempcranue on break-

down volmge 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 s.me extent, regardless of whether
it is in a solid, such as a metal, in a gas, or

combined with other atoms in a chemical cam

pound. Tbe relative absorption of various atoms

and compounds is called a mass-absorption co.

efficient, IJP, wi{h dimensions of square centi.
mescrs per gram (and wbcre v is a linear coeffi-

cient with dimensions cm-l ). This coefficient is
a function of the cbaracterisrics of the radiation

(electron volts or wavelength), as well as of

cbe material. If tbc chemical composition of a

glass is known, tbe absorption of each consti-

ruem can be compuwd separately and tbcn

combined co give tbc absorption of tbc glass.

(Additional information, ro.gcthcr with the tahu-

Iawd values of tbe mass-absorption cocfficiencs

of some common R1ass constituents, will be

found in Reference [6].)

Lead is particularly effective in absorbing
these radiations, so that tbe absmprion charac-

teristics of gfass and other materials are fre-

quently given in terms of their “lead equiva-

lents. ” For a glass containing some 76 percent

lead atoms, tbc coeffic icnt p may be from 43 co

60 percent of chat of merallic lead, depending
upon tbe energy of the radiations.

After prolovy, cc! expstue co high-e.crgy radi-

ations, some glasses wili darken. 1. the .ss. of
high-kd glasses, this darkening will fade
durin~ periods of rest ac room temperature.

Glasses with lower lead content have been deve-

loped which are highly resistant co darkening.

24. Cbmnical Dumbility. All of the gcneral-

purpose commercial glasses which SIC noted

here’ are smble, but in SOILU, such as borate and

pbospbate glasses, chemical durability may bsvc

co bc disregarded for other s pcc in] properties.

Water and acids bsvc negligible cffecl on

these glasses at tem~ramres up to 100”C.

Hydroflumic acid is an exception, as ic will
acmck [be silica content at all temperatures.

Strong bases, such as NaOH and KOH, wilI ar-

mck glass appreciably at elevated temperatures,

even in 5 percent solutions. A 5 pcrccnc solution
Na2C03 ~ill al~~ attack glass at elevated

temperatures, but at a lower rate.

Table X includes data for chemical attack
under arbitrary test conditions which permit

different compositions to bc compared. The loss

of weight of tbe specimen is determined and

divided by rhe surface area exposed co the rc-

agem. Tbesc results indicate ~hat the 96% silica

and cbe boros ilicate glas scs arc exceptionally

durable in acids, but that the ahnninosilicam

glass is much less so. Tbe aluminosilicarc glass

has unusual resistance to the attack of 5?z NaOH.

Gfnsses which are excepticmally bigb in Icad

oxide content, as well as certain of the horo-

silicale glasses, arc 00C resistant to attack by

acids.

The raw of chemical atmck is not necessarily

constant wirb time; consequently, care must be

used in extrapolaciog tbc results of Table X for
Icmger periods of t imc.

The attack on glass surfaces by atmospbcric
moisture is referred to as “weacbering. ” Gfasses

of Iower chemical durability are adversely af-

fected by such weathering. In cbc case of more

stable glasses containing appreciable amounts

of alkali, such ?.s the soda-lime glasses, rhc

action of weatbeci”g is more complex. The mois-

ture Ieacbes soda from the surface, which may

increase the al fialinityof tbc moistuw 10 = degree

which permits it to attack the surface and cawc

fogging and even pitting, III ,qcocral, glass should

not he stacd in damp places, and there are
various treat rnems which can be cerrieci ow co

reduce the effects of weatberivp.
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TABLE x. CHEMICAL ATTACX ON tiLA55E5

No. *

2

4

5

6

7

8

Type of Glass

96% Silica

Soda-Lime (plate)

Soda-Lime
(containers)

Soda-Lime
(lamp bulb)

Lead-Alkali
(electrical)

Borosilicate
(tow expansion)

Ahuninosilicate

Weif

5% HC1

:24 brs. , 100°C)

0.0004

0.02

0.02

0.03

0.0045

0.35

Loss (mg per

5% NaOH

6 hrs, , 99°C)

0.9

0.8

0.8

1.1

1.6

1.4

0.35

2,

N/50 Na2C03

(6 hrs. , 100°C)

0.07

0.18

0.20

0.25

0.25

0.12

0.17

‘).+

..

)
● These numbers correspond to the glasses of Table IV
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Chapter

Technological

ANNEALING AND TEMPERING

The word <‘ameal” has been defined by ASTM
in tbe foUowing umnner. . .‘ ‘to prevent or remove

objectionable stresses in glassware by controlled

cooling from a suitable temperature .“ Tbe terms
annealing and fine annealing are also used for

the processes of slow cooling for tbe purpose of

stabilizing the smuccurc of glass, and thus to

prevent changes of properties with time. This

applies particular y to optical glasses where the
constancy of the refractive index is important,

and to fever thermometers where changes of
glass dimensions affect calibration. The pr+scnt

discussion is confined to the subject of residual

stresses.

If gfasswarc is cooled haphazardly immediate-

ly after being formed, the distribution of the

residual stresses will be uncontrolled so chat

iweakage may result when rbe ware reaches room

icmperarure. The procedure used for both anneal-

ing and tempering is to king the gIass co a

uniform tem~rature above tbe cransfomation

range, snd then to cod it under conditions which

control the distribution of its residual stresses

at room temperature. If Ibe cooling conditions

result in residual stresses which arc relatively

low, tbc process is called annealing, and if

relatively high, it is caUed tempering. There is

no cIear Iine of distinction between the two.

For some put-pses a stress level of 500 psi

w cbe gfsss surface is considered 10 represent

satisfactory commercial annealing, but this Iimir

cbangcs with tbe type of ware and service re-
quirements. in chc case of window glass, tbe

compressive stress on Ihe surface is normally

not less than 700 psi, and for certain classes of

cubing tbe compressive stress on sbe outer sur-

face may exceed 1,000 psi. These stresses add

MIL41DBK-722[MR]
1 N16US1 1969

4

Principles

scremmb co tbe Product, bus when increased ap-

preci~bly resul~ in difficulties in cutting by

scoring methods.

Plate glass is considered to be fully tempered
when the. coqxessive stresses at the surface
exceed 13,000 psi, a“d lightly tempered when

the stresses are less than 9,OOO psi, but for some

classes of ware these limits may be much lower,

even >,000 to 2,500 psi. Under some circun!-
stances, it may be desirable to reduce the resi-

dual tensile suesses at the midsection to a value

whece cracks are not self-propagating. Thismay
reduce cbe tensile. suess limit to about 3,OOO

psi.

Residual smesscs 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 fcom the

annealing point to xbe strain point. Thiscooling
rate sees up a temperature differential betweeo

che interior of tbe glass and the surface, with

consequent differences of specific volume. At

the annea1in8 point, these differences of volume

can adjusr themselves by viscous deformation.
Below the suain point, these volumetric differ-

cnccs still exist, but are noc permanently set.

when che temperacurc of tbc glass agaio becomes
uniform, che pemcanem deformations can bc ,cocI-

pcnsated only by eba. tic deformation (which re-

Fesents suesses).

Wh.m a glass plate is being cooled at a ccm-

stant ratcg, the temperature difference AT be.
rween cbe central axis and tb= swfac= i.

AT=~.
8K (6)

‘Tbr analysis is given a mote coa?plece form i. Uc(crence [6].
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a = coefficient of expansion of the

glass below the suain point, and

% = central tensile stress (psi).

—.. .

FIGURE 1,?. lomps~um Di :tribution through a

S&+iori of Glass Being Cooled at
a C&&nt Rate; Stabi Ii zed Gradient

Witha cempcmturedistributionacrossa sec-
tionof Blass as shown in Figure 17, the resul-

tant residual tensile stress after temperature

equalization “can be expressed as

Eaa2R.
.q=—

10K (1-u)
(7)

The compressivesmessatthesurfacewiklbe
aPFOXimcelydouble this d“=.

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

co

Uc=109aaZR ,

or

R=m (8)
(a x 109) ?32 ‘

where AT = temperaturedifference across a

seccion (“C)

a=

R=

K=

section thickness in inches,

cooling race (“C per second),

thermal diffusivicy of the glass =

_ thermal conductivity

density x muc specific hear ‘

(The vafuc of K is roughly 0.0013

sq. iO./sec.)

From Equation (8) it is notedthatthecooling
rateisinverselyproportional10thecoefficient
ofcxfxansionoftheglass,atxfinverselypropor-
tionaltodx squareoficsthickness.

In actually carrying out the annealing opera-

tion, the temperature of the glass in the furnace

is USU1lY mised to a few degrees above its

annealing point. The cooling race computed for

the desired stress is m+incained to some cempera-

turc below the swain point, after which the cool-

~g ~te may be increased. FOr hOllOw watt the
cooling effecz at the internal surfaces is usually

VCIY IOW, so that the effective thicl=ss is

assumed m be ncarlydc.uhle its acmal thickness.

I

, , 1

0 20 40

TIME - SECONDS

FIGURE 18. Temperaturelime Curves for

Surface and Interior of Plate Glass

0.226 Inch Thick, During Tempering
Operation. Data, GIUVOet al., see

reference [23]
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In the case of temfxring, the method of com-

putation is reversed. Assuming a value of IJt fm

the inrernal residual stress, the required rate of

cooling, R, may be determined from Equation (8).

Knowing R, tbe temperature difference, AT, may

be computed from Equation (6). The temperature

c4 the glass in tbc furnace sboufd be raised to a

value at least AT above the amealing point of

[be EblSS.

T%ere are severalfactorswhich limittbe
residual smesscs attainable. If a maximum cool-

ing rate, R, is established for tbe process, then

the maximtm stress, UC, is determined by the

coefficient of expansion and by the thickness of

the 81ass. For thicker sections cbere is also a

limit to the temperature difference, AT, becsuse

viscousdistortionOTtbeglassbecomes serious

near she softening point. Figure 18 sbovs exprri-

menml cooliag curves ceken for tbe interior and

for tbe surface of a gfass plate while underdoing

tempering [23]. The main cooling rate at the

surface is roughly 37°C per sec. or 2,200”C pm

minute. Other data on tempering have indicated

materially higher rates of coolimg.

THERMAL STRESSES

When one part or component of a struccure,

when attempting to expand oc ccnuact in res-

ponse to a rem~rature c!nnge, i. restrained by

a second part or compooenr which does oat

change dimensions equally, thermal suesses are

set up within the structure. Tbcse stresses can

orisinatc in two ways; first, in a homogeneous

structure they may be caused hy tempcrattue

differences cbroughout the suucrurc; second, in

a structure which is not homogeneous (consisting

of compnents with different properties), they

may be causedwhen cbe cem~mmue, uifo~m
overtbestructure,differshom onevaluewhere
no swessesoccur.10many practicalcasesizis
found that these rwo types of thermal stxesses

will be combined.

Stresses of the first kind in bomogeneou.s
scmctures sometimes resuft from steady-state
conditions, as is the case where a cmmpcramrc

drop occurs throu8h the section of a glass wal I

or plate. If the gradient throu.qh this section is
uniform the :hemml stresses ca” be expressed:

Ea AT
~=- Z(I -V) ‘ (9)

where u= = surface stresses (compress ivc on

dw hot side and tensile on tbe
cold side),

AT - temperaturedifference,

a = thermalexpansion‘cc.cfficicncof
theglass,

E = modulusof●fnscicityofthegfass,
and

v = Poisson’sn+tio.

Equation(9)isbasedon tbeassumptionthat

theplateorwallisrcsmainedso thatitcamot
warp. Ifwarpngeoccurs[be smesses can be
much Ic.wercbaniodicatedby the equation. ‘The

wall of a cylinder is resmaiaed, so rhat the

equation will apply.

If eac surface of the plate is s uddcnly heated
or cooled, tbe ccmpetacure disuibmion and the

stresses will pass through a transiem phase

before a steady-scam is reached. Tbc tcmpcrn-

ture distribution at any moment is a funclion of
tbe thermal diffusivicy of tbe gfass, K = k/@P,

or tbe tberuml conduccivicy divided by tbc pro-

duct of tbe density and the true s~cific beat.

Values of K llWly vary fmm 0.0026 Cd/S,C for

high-k+d glasses co 0.009 for silica glass. Once

the temperature distribution is determined, the

stresses caa be cmnpured wirh the special use

of Equation (9). The computation of these tran-

sient stresses is s mnmvbat involved so CIVIC

other Iiteracure should be consulted for d:cails

[4] and [6].

A typical example of thermal srxesses deve-

loped in structures which are not bomc.gcneous

is found in Rlass-glmss and gIass-metal seals.

The cwo seal components ace joined or scaled ar
a specific temperature. If the thermal expansiw

characteristics of tbe two components are not

identical, stresses will develop at any other
temperature, with opposing forces in tbc sm.ct”rc.

,Much effort has been devoted 10 the dcvclw-
meot of ,@asses which can be sealed cogetber at
elevated tmr,peratures amd then coded co room

temperature w ithcmu producing excessiw cbermal
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FIGURE 19. Glass to Metal sealing Properties

stresses. In Figure 5, curves 3-5, 6, and 9 arc

for ~lasscs of a comp.uible group which can &

sealed .at tempmacure,s over a range extending

tiom 350”C co nearly 500”C. Glass 9 was devc-

Iopcd specifically for the purpose of sealing the

othm gfasses together at relatively low tem-

peratures.

Metals and alloys have been developed which

match the e Iongati-ems w itb temperature of the

various groups c.f @sses used for sealin~ put-

poses. Figure 19 includes the elongation curves

of a sealing metal and a glass. Tbe CWOmateria Is

will seal togechec at the setting Faint of tbe

glass, usually 0° m 100C above its strain poim.

U%e. the curve for glass 7 is superposed cm that
of tungsten so thmt they coincide at the setting

point, the difference in elongation at room tem-

perature, OH, will determine the stresses set up.

Other factors include the size and geometrical

arrangement of the seal strnc cure. Additiona 1
information bas been given by Partridge [24].

STRENGTH TESTING AND MEASUREMENT

Mechod$ of tescin~ glass for smc”~th are
essemialIy tbe same as for other materials, but

fxc.ceduresare modifiedi“ some respects,be-
causeoftbebrittlecharacteristicsofglass.A

numberof studies have been made of this subject

and the NationaI Bweau of Sta.&rd* is ~w

engaged in another study [z5].
.

Wide variaticms of breaking stress within the -).+

same group of samples (already memioned i“

Chapter 3 in Paragraph 17, Stm ngth) may tequire

minor modifications in test procedure. In pami -

cufar, it is ofce” essemia] 10 kmw, with some

assurance, rhe breaking stresses of the weaker
members of be pcqmlation. For rhose materials

with small variances, the average breaking

stress a“d the sca”dard deviation may give a

fair approximation of rhelower breaking smesses.

For glass, with its greater variances, this statis-

tical ~ocedure can resull in serious inaccuracies.

Figure 20 shows two discribucion curves, A and

B, breaking stresses for glass samples. Both

tYFs Of curves acm,ally occur experimentally.
For both curves the average values are identical,

and also the standard deviations; however, when

these quamities are med to exmapolatc breaking

stresses for a level of minus two stan&rd devi-

aciom (-20), chc resuh will be 26 percent high

for curve B, a“d 14 percent low for curve A. If

this procedure is carried out to -30, the inac-

curacies will be much greater. lt is also found

140 !
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that tbe diseibution curves for Efass are often

bimodal so that even when compensation is made

for skewness, as with tbe Veihull statistical

method, ” tbc inaccuracies persist. Consequently,

it is essential to use samples wirh a sufficient

number of specimens so that ●xmapolaticn is not

required. 10 oficr to find tbe beaking smess sc

a level of two percent of a population, tbe sample

shoufd consist of so specimens.

Tbe distribution of flaws of various sizes

over a surface means that tbe fargcr the surface

under stress, the greater will be tbe Probability

of tbc presence of a serious flaw, and the lower

the hresking stress. Consequently, the stressed

ares becomes of particular impucance when the

test ‘specimen bus onf~ a small fraction of the

area of tbe product under consideration. An

example of cbis is cbe use of a small bar or strip

co invescigace the strength properties of a large

plate. Statistical methods can be npplied to com-

pensate for this difference ifadequate data are

available. Experimental data on the area effect

are included under Paragraph b, Flex we Tests.

Tbe treauncm of tbe gkass prior to resting and

the conditions under which (be test is carried

out have a material effect on the value of the

Lxeaking stress. Surfaces are sometimes abraded

to simulate damage wbicb may occur in service.

By reducing variances this treatment can also

permit smaller samples to IX tested, but unless

che severity of this abrasion is wefl correlated
with service which the particular product will

encounrer, tbe test results can lead co conclu-

sions regarding suitebiliry which are unjustified.

Damaged surfaces can he tcpiredby polishing
operations of various kinds. Heat uearment

which does not develop residual stresses can

either smengtbcn or weaken Blass (Cornelissen

and Zijlsrm [13]). In ocher studies a sample of

&maged s1sss broke at a mean value of 5,5oo

psi. After heating tbe gfass for one hour at 400”C

(50 bdw its strain point), and rben cooling it to
roam rempcmture, the cortespcmding breaking
stress was 7,600 psi, an increase of nearly 40.
pxcent.

Tbe comment is made in Reference [25] that
when a fractwe originates under a covering of

masking tape, cbe breaking stress is aPpIremlY

hieber than when no tape is used. Some other

observations indicated no significant difference

io strength if the tape is applied co the glass

within a period of minutes before it is broken.

The time face.n involved in strength rests is

impcumnt, because of static fatigue or delayed

fracture. To pface this time factor cm a comumm

basis for various test cocditioos, it should be

expressed in terms of the time duraticm of the

breaking smcss. Fot convenience in ces ting, tht

load is usually raised continuously at a constant

rate. Tbe effeccive duration of tbe breaking load

can ustmlly be taken as tbe time interval re-

quired far the final 10 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 tbe time required for tbe fracture

of each spccimcn recorded. The median mcmhcr
is cakeo to reFesent cbe group. 10 a cbird method,

a load is applied to a. specimen for a definite

period of time. If fracture does not occur, the

load is increased (usually about 10 percent), and
tbc cycle is repeated. Tbe stress appIicd ar fail-

ure and tbe time period establisbcd for the test

series are recorded for each specimen.

a. Tensile 10 SM. Tbe tensile test which is

used uosc fccquencly for ocher materials is nor

readily adaptable to gfass. Not only are the ends

of tens ife specimens difficuft to grip, buc clamp-

ing weakens the ends and tends to cause pre-

mature failure. The ends may hc enkargcd to s im-

plify tbc holding of chc s~cimcas, buc rbis

solution is not 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

computations indicate rbat tbe Iengcb of the

specimen should be at least 30 times its diame-

ter, in order 10 reduce [be bending components

to low Valuts . Fibers are usuaUy tested in
tension.

●TtIe Weibufl and other srstiscical methods ate noted by Duckworth and Rudnick [16], [16a], and

[16b], and by King=w [4].
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03- MAX. 8fNrnNG COMPONENTOF STRESS

OT,=TENSILECOiAPONEM OF STRESS

E = EWTIC KDULUS

●l = INITIALKCENTRICITYOF LOADlNG

FIGURE 21. Efkt of Eccentric Loading on

Baling StNss Gmponents in

Brittfc Bodies

Figure 21 shows the relationship becwee” the

ecceimicisy of loading of a tensile s~cimen and

she beoding moment produced. The quatio”s

show that ●s tbe length of the s pccimen is in-

creased, its flexure will decrease the ecccmri-

ciry, so tb.st the bending cc.mpment wiIl be
reduced correspondingly. Wbe” the ratio L/D is

qual to 30 or mwe, the effect of eccentricity is

mu lonfp serious.

6. Ffoxum Tests. Flexure specimens re-
quire ❑c. cod gripping, so that this test is widely

used for gfass. Rods and bars or strips are
loaded in simple tmiaxial flexwe, bw plate

specimens can be s“bjectcd to more complex

conditions involving biaxial stresses.

one standard specification (ASTM Desig.

C158), for tbe simple .flexure testing of gfass
rods and scrips, was esmblisbed for the compari-

son of cerritia gfass products following manu-

fecsure. Tbe procedures set up are somewhat

arbirmry, so tbac cbe values of breaking smess

measured in this way may differ omterinlly from

corresponding results obtained from flexure me-

thods recognized as being more satisfactory. As

a caosquence, this specification is generally

modified when applied to flexure testing for

other ptmpos es. Referring to Figure 22, four-

point Icading (sketch B) is substituted for three-

point lcoding (sketch A). I“ this manner a much

larger surface of the specimen can be subjected 1

co the maxiumm moment, and thus to tbe maxi-

mum stress. Curve C shows tbc actual bmakin~

stress as a fmccion of the stressed area. A com-

parison of curves C and D shows that the ficti-

tious breaking stress, computed 00 tbc basis of

the maximum nmmeoc, can result in a value ma-

terially higher than tbe actual breaking stress.

ASTM Design. Cl 58 makes no correction for this

discrepancy. Tbe results shown in Figure 22

aPPIY OUIY 10 a specific population; the results
of samples from another pc.pulaticm might be

somewhat different.

Tbe s implc flexure tests is ofmo used to
determine tbe strength of ffnt glass (plate a

sheet) wbicb bas been cut into scrips for this

PuWOsC. The edges of tbc s rxips are weakened
by tbe cutcin~ operation so that some of tbe

fractures, sometimes more than one-half, will

originate at these edges. Resdts obmined from

groups of these specimens do not represent II.

r 1 I , I 1

m-* ‘%9-
OPEN POINTS - STRESSCOhWJIED

FROM MAXIMUM MOMEM - M
SOLID POINTS - STRESSCOWUTED

z 18~ MC2MEM TAKEN AT POINT FRAKTURE

g

vSPKIMEN 10x 3/4 INS
~ oSPKIMEN 10”1 1/2 INS

oSPKIMEN 16 x I l/3 INS

3

$ ,, -

12 -

,oo~
AREA UNDER UNIFORM STRESS- SQ. I N .

FIGURE 22. Effect of Stressed Area on Breaking

Stress, and of Using Maximum

Bending Moment in bmputing

Stress. Kemer et al. [29]
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Method for Computing Sending

Stresses in tfm ConcarItri~Ring

Test. Applicable only witrn tfw

cmtml d.fktion &os mt ●xcead

t/2, ond wbrn the ratio Vo does

not ●motf 1.05. Pois sun rotio

-0.22

uue srrcngch of the plarc or sheet. This error

can be reduced materially by polishing the edges

of tbe glass. For osber types of tests ir is some-
times practicable to abrade tbe surfs’ce so tbnr

it becomes weaker than the edges.

c. Pke FJexwe 7csts. The problem of edge

breaks menciomd previously can be overcome by

using plate specimens rather than ssrips, so that.
regions of high stress can be well removed f,om
cbe edges. The c.mcenmi. ring cesc is most com-

monly used for this purpose. Tbe specimen is
supported by one c irculac ring and loaded with a

second rinE which is concentric with chc support

and perhaps only one-half its diameter. Elemen-

tary sues. analysis shows that tbe stress is

uniform and biaxial (equal in all axes) over the

41

entire arce of the inner rin.q. A method of com-

puting these smesscs is shown in Figure 23.

ocher advantages of this test include the abilisy
of sti~ecting a relatively Sarge area to tbe maxi-

mum stress, and tbe biaxial ssress condition
wbicb renders all flaws ●qually vulnerable, rc -

gardJess of rbcir orienmtions.

The method also has its dissdvanmges. Tbc
specimen sbotdd be circular, with essentially no

overhang beyond cbe support ring. If a square

specimen is used fa greater convenience tbe

simple stress formula is no Iongcc suimble, and

she stress distribution over rbe area of tbe inner

circle is no lotzgcr uniform. A reSatively satis-

factory ccmqxomise can be’ effected by using a

specimen cut in tbe form of an octagon. Tbe

resuks of some initial studies of cbis concentric

ring test are included in References[z5]acid
[26]. These indicatethatstressescannotlx
computed from the Icad with s uimble precision

when tbc specimen departs from the desired

shOFc; even w itb circufar specimens, the ,corre.

Sacion bccwecn smesses computed from the load

and values measured wilb strain gages was not

entirety satisfactory. Further extension of these
studies may cfarify cbis macrer. Other experience

with this test bas shown char the determination

of the breaking SSICSS from cbe markings on tbe

fracture surface Lao give s*cisfaccOry resulrs.

An unusual CYF of p2are flexurc is required

in specification MIL-G-2697, for tempered port-

Sigbts (see Figure 24). Tbc circufar plate is

supported at two places on tbe circumference,

diametrically op~site, while tbc load is applied

at IWO similar places cm tbe opposite surface,

but cm an axis oriented at right angles to cbc

supporting axis.

Tbc arrangement used in cbis tesr is illus-

trated in the sketch ofFigure24. Tbe plates
tested w me of annea fed glass, six inches in

diameter, with tbickncsscs from 0.065 co 0.24

i“cb. When Ioadcd in tbc testink fixture, the

breaks occurred in tbe positions indicated in the
sketch. Tbe breaking smcsses were determined
from measurements of the fracture mirrors. The

slope of tbe curve indicates thar tbc load re-

quired to develop a certain stress increases with

xbc square of lbe plate cbickness.
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FIGURE 24. Load to Develop Bending Str.st in

Rim of dOOO PSI os a Function of

Plato Thickness. Stresses deter-

mi nod fmm fmcture mi rmrt

d. Torsion Tests. ThistypeofCCS!isseldom

required. When the specimen is in the form of a
rod, difficulty is experienced in gripping chc

ends. Tom ion tests can be made on specimens

in tbe’ form of a spiral spring, which is com-

pssed or stretched until it fails.

e. Compression Tests. NO procedures bav,

been established for making compression tests

of 6fass, nor is there any agreement on how the

results’ of various types of compression tests

shoufd be interpreted. It is recognized that the

nominal coqpress”ivc strength of glass is merely

a measure of tbe pre,scncc of tensile cOmPnefJ=

which may be highly. local in (h-ir e~tcnt.

Several metbcds can be used for making com-

~ession tests, depending upon the ,equirt men?.
A steel bnlI pressed against a glass surface will

show tbe effeccs of local pressure concentra-
tions. Circular fractures develop around the

contact boundary where the stress becomes ten-

sile. For simple geometrical forms, the values

of this breaking stress can be compu?ed from the

Herczian equacioos for ccmrac( stresses (Refcr- ;)
ence [27], p. 321). The precision of these equa-

tions as applied to glass has bee” questioned.

A glass block or short column can be com-

pressed between two metal plates. Failwes are

usually caused by tensile compoocnts acting

across the interface surface of lbc glass (as

mentioned in Chapter 3, under -). Break-

ing stresses obtained in this manner are nominal,

and tend to vary greatly with differences i. test

conditions and procedures. Attempts have been

made m reduce tbe magnitude of che secondary

tensile suess componcncs by a careful ad@st -

mem of the elastic properties of the gfass and

the metal plates. Nominal breaking stresses can

be increased materially in this way, but they are

still far from representing a true compressive

screngtb of the glass.

Tests such as lhose described in References

[29], [21], and [22], have been used m mra.s,:
breaking smesses of glass subjected co muki-

axial compressive lads. Figure 12 shows how

greatly the results can be affected by differences

in test conditions. These methods have not been

studied m a sufficient extent co understand the

faccocs involved, Engineering tests of glass

under multiaxial compression have bee. made on

hollow glass hemispbcres subjected m external

hydrostatic pressures. Tbe results of chcse tests

also show wide variances, a“d that !he glass is

weakened seriously by the hemisphccical joint.

Various means have been tried in order c. reduce

these effects, either by special shaping of the

joint, or by presrres sing the glass in this region.

Such measutes have met with only partial success.

f. ImP,xt Tests. Standard impact tests of the

Charpy or Izod types are usc(f on many engineer-
ing materials m measure a property or charac-

teristic associated with the material. Such cescs

are also “used to detect increasing brittleness

as thetemperatureislowered.When appliedto
‘brittlebodies, such as glass, these standard
C.SZS furnish no information wbicb is different

from Ibat obtained from static smengtb tests. If
suitable procedures arc neglected, the data may

not even represent the impact resistance of tbe

specimen. Elementary theory indicates that
impact resistance should correspond with the

:)

42 )

Downloaded from https://www.everyspec.com



. .

I

STRIKINGVELOC17Y- Fi . PERSfC

FIGURE 2S. Mean Impact Energy wsus Striking
Vtlocity for Impocl Fmctum of

*OC? @aSS. Unsupperttd di amoter

of speeimcn 1.7/8 inches. No

owwswing of patdulum. W.ight

fipwws arc those ef pemlulum. Dots

fmm shad, R.f.rent. [29]

elastic energy stored in rbe specimen at the

moment of fracture, and not, as in ductile materi-

als, with tbe work performed in extendb8 a crock

across a section of rbe specjmcm h bas been

found that the mean impact resistance of a parti.

cular glass specimen will vary greatly, depend.

ing upon test condici.ms. This is sfmwn in the
results of Fig-c 25 (Reference [29]) where the

test variables included place thickness and

striker weights and velocities. The rspid in-

crease in the impact energy of Ibe 0.189-inch

plates at the lover vclc.cities is Of panicufar

interest; it was found 10 result from an increase

of damping effects in the suucture at the lower

velocities. This demonstmtes that damping may
ha vc a pronounced influence on the impcz resis-

tance of gfass, and of other materials.

MEASURING BREAKING STRESSES

Various methods of measurement may he used

to determine the magnitude of breaking srresses

i“ glass. Nom of these methods cm he consi-
dered to be entirely accurate under all circum-

stances.

MI1-HDBK-722[MR)
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For simple types of tests smesses ate usually

computed from tbe breaking load hy means of an

appwiatc suess formula. The elestic ddlec-
tion can he utilized in a similar manner. Suitable

stress and strain formufns arc found in many

texcbmks, for instance, References [27] and

[28]. There are test conditions where these meth-
ods are not entirely satisfactory, so chat other

measurements arc used insread.

Tbe simplest stress equation is rhat for ren-

silc stress, which consists in dividing the load

P hy the section area A, O?

OT = P/A . (13)

h has already been shown by Figure 21 duar

bending moments may increase the maximum
stress across [be section; in some insmnces,

they may do.hle the maximum stress.

Another simple equation is for a Lwr or s rip

in flexure,

(14)

where M = chc maximum moment,

Y ~ the disrance from the neutra I axis,
and

h andh = ~idthand thickness, respec.
tively, of the section.

This equation is accurace only under certain
conditions. When rhc ratio of thickness to lengrh

becomes relatively large, corrections should be

applied. When this ra~io is small and de ffcctions
become excessive, other corrections are applied.
Furthermore, friction between rhe specimen and
its .supparts will inmc. duce components of mem.

franc stresses. If the testing equipmem is not
properly desigmd and adjwwd the loads O“ the

two supprts may mm be equalized, mx the stress

distribution across rhe width of the strip. These

conditions can lead to local stresses which
differ materially from computed values.

Resistance types of srrain gages are ofren

used m dcrennim stress values. Lknkaciom
arc fomd where the fracture occws in a region

of high stress ~radient. or where the posirio” of

the origin cannoc b. prcdicred. PolarizedIighc
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and the @ari&ter can be employed in a manner

sirnifii co tfm~ of ibe strain gage, but its use is

Siiii rntie restiictcd.

AS will be disctised later, tbe breakkng stress

tin be e itimated from markings on the surfaces

Aif%sed by tbc fractuie. This method has a wide

abbllciiioo nnd bis great utility ifproperlY “std.

li &y be iioted that smess values obrained

fitirn the applied I*d, from overall deflections,

ind from. straio &cs will register only tbe com-

@ctiI of stiess. pk&fuced by tbe applied load.

fit +krimeter arid the markings on the fracture

stirfnce register, cbc combined stress, incIuding

any residual sucss present in the glass. This

distinction is impormm and should be made when

dic data are recorded.

FRACTURE ANALYSIS

Fracture analysis includes the examination of

the fraccure pattern, the fracture surfaces in

general, anda more intensive study of the region

in tbe vicinity of tbe origin. Taken as a whole,

this type of analysis can furnish much informa-

tion aboui tbe conditions involved (regardless of

wheifier ihe fticcurc occurred during an observed

CCSI or in service where details regarding the

ei.ent may be almost entirely Iacki”g).

Some of the irifori.ation obcainablc from frac-

wrc analysis is Iistcd briefly below. Otbcr de-

tiili ‘may k found in References [6] and [30].

(1) The orientation ofchcteosile scresscom-

ponent responsible for fracture. This scress acts

in a direction normal to the plane of the fracture

surface.

(2) Linesusuallyvisibleon the fracture SW.
faces, sucbas.are indicated in Figure 26, indi-

cate tbe direcrion of crack propagation.

(3) Some of these markings andline.s define
crack veIocicy,and consequently the severity of

the fraccure process. The extent of fra8memat ion

of the glass, particularly around Ihc origin, also

indicntes fracture severily.
,.

(4) Tbe origin of the break is located withi.
the fracture mirror (see Figure 7).

/
\ . ..-

SMLL FORK
VIEW

MATTE SURFACE
OCCWRED HERE OR STIPPLEDROUGHNESS

FIGURE 2d. Fmcfute across o Section of

Annealed Gloss Resulting fmm

Impact. Origin notincfuded. From

Shand, refa?ence [6]

(5) The magnitude of chebrcaki”gsmess may
be estimated from the dimensions of either the

fracture mimorotthe fracture flaw.

Small undufaticms appear over the fraccure
surface, which, under suitable ill.minac ion, may
be observed as lines and which indicate the
direction in whichrhe fracture moved. Figure26

illustrates chose lines on the stuface of aglass
fragment. They appear as waves surrounding cI.
origin, so chat in this case [be origin was to the
righl of lhis fragment, on cl>. bottom surface
(lhat is, the fracture moved to the left). The
inclination of these lines to the lower edge can

be used 10 determine tbe velocity of the fracture

along this edge. Several points where the matte
swfaces begin show chat the critical velocity
was reached. The difference in inclination of the

Ii”es at tbe lower and upper surfaces show that

a large bending compunenc existed, with the
lower edge of the glass i“ c.ens.ion.

Withlargerfragmenls,thedirectionofpropa-

gation can be marked on each edge, so that

when the fragments ace reassembled the fracture

can be traced back to where it starred. With

luck, eve” small fragments bcari”g the origin
can be identified. The fracture mirror, a flat,

smooth surface s urroundin~ the originating

flaw. is .suallv clearlv recomizable. A small,—. ,-
❑irror with its fracture flaw is shown in Figure 7.

25. Breaking Stresses f,om Flaw Size

[Reference [30]). The predominant weakening

flaw in glass is a small crack which penetrates
the swface. The planes of these cracks are

more or less semiclliptical i“ shape. The

.)
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Glass industry, reference [30]

of these cracks is usually dis-

tinguishable on the mirror after fracture, so that

the dimensions of its axes can be measured with
a microscope. The relative severity for any

semicllipsical flaw can be expressed in terms of

m

q
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x -...
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. . .
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OURATIONOF STRESS- SSC

FIGURE 2S. Relative Breaking Stress of Sc.dc.

Lime Cl oss as a Function of !j+tess

Duration (Moan value and pmbablc
limits shown). Glass industry,

rofetenc~ [s0]

an equivalent semicircdar flaw, using Figure 27.

Tbc ●ffective depth he = Kh.

The breaking stress resulting from any flaw

is nos conscant, but depends on the extent of

stress fatigue involved. The correlating factor,

m, is shown as a funccirm of stress durati?n in

Figure 28, where

m = oahel/2 ,

m

(15)

where

Oa = nominal breaking stress (psi), and

h= = effective flaw depth (inches).

In order to choose a suimble ValUC Of the

factor m, some information on tie tiMe delay is

essential. This can be determined eitbcr from

direcr knowledge of how rbe fracture occurred or

from he general characteristics Of the enrir,

fracsure surface.

This method .qives the true breaking smess,

including components of botb che appli cd load

and of residual ;uess. If the fract~e is well

defined, the estimatedstressis usuallyac-
curatewithin15to20Pctccot.

26. Breaking Stress from Mirror size (Refer.
ence [301). The mirror represents [be expanded

dimensions of the fracture crack at the moment

wbcn the critical velocity is reached. cow

sequentfy the corresponding stress is independ-

ent of srrcss fatigue.

In she case of a mirror such as is shown io
Figure 7, it is pm sild:, co corre fare breaking

stress with mirror depsb, but many mirrors arc

of the form indicated in Figure 29, particularly

when caused by bending stresses, so that the

dcptb canner be determined. Comcquencly, ir is
more ccmvenienc to cc. rrefacc fxeaking stress
with the mirror width, w. III large ‘mirrors, tiis

width is sometimes measured in a plane perhaps

0.004 inch from the original surface of the glass,
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FIWRE 29. Breaking Stress versus Mirror

Width fur Strips of 5oda-Lime Glass

Bmkan in Flexure. Sections of
strips in inchex A, 0.09 x 0.75;

B, 0.09X 1.25; C, 0.19 X 1.25;

D, 0.22 x 1.25. Glos$ industry,

rdorcnce [20]

in order to obmin Breater uniformity. Figure 29

shows be relacionsbip between breaking stresses

and mirror width for soda-lime glass strips of

different sections. It is apparent that this

method is not applicable for lower breaking

stresses, less than 5,OOO m 8,000 psi. For

these lower suesses tbe flaw method must he

used.

l%e mirmr method is bc.cb simple and effective.

lt gives rbe true breaking stress, including
residual smesses, with an expected accuracy of
5 percent.

The values given in Figures 28 and 29 are

~pr==O~Cive @ s~-liMe glass. In some

other compositions, such as Iead-afkali glasses,

dIe sUCSSes will be somewhat lower, and for
afuminosoficate glasses, somewhat higher.

The fracture surface illuswatcd in Figure 7
was produced by impact. The effectiv= depth of
the ffaw h= was fcund to he 0.00043 inch, so

that tbe hreakiug stress was estimamd to he

33.000 psi .s~g he flawmethod. The mirror
width was 0.0052 inch, so thar the breaking

stress was estimated to be 36, OOU ~si usin= rhe.-
mirror mctbcd. From other data the time delay.
for fracmre was detcccnined ro.gbly m be IJ.001 .)
second.

STRUCTURAL DESIGN OF GLASS

Structural design is based on tbe crmcept that

there is scme valw of stress below which the

material will not fail under tbe conditions im-

posed. The function of design is then m “tilizc

tbe material in such a way that .rhis stress wiIl

never be exceeded in service. Brittle macetiais
do not bcbave under stress in rhe same manner

as materials wirb some degree of ductility, so

dmt approaches to matters of design will differ

for the two types of materials.

27. Minimum Breaking Stress. Tabdamd dam -
are avaifable for engineering materials wbicb

provide information on yield point, ultimate

screngh, elongation, reduction of area, nod

elastic properties, hns.ed on chemical composi-

ci.an arid beat treatment. These dam are often

shown for various temperatures. Wirb such

formacicn, using escablisbcd fmoced.rt-s, it is

pmsible to design many rypcs of struccurcs to

meet s~cif ied requirements. Corresponding data

cannot bc compiled for glasses; being brittle,

there is no yield point, elongation, or reduction :)
of area. Breaking smess is not an explicit

function of composition but of workmanship, that

is, tbc severity of ffaw in the particular compo-
nents under consideration. Any effect of beat

treatment results mainly from the magnitude and

distribution of tbe residual stresses set up.

This leaves the elastic properties as &e only
data which may be listed.

Variances of s mengcb are noL only wide, bw

diffa from rme prc.d”cc to another. There is “o

fixed relationship hctwecn average and minimum

value .9, so that the minimum bceakiag stress
mw?c be determined individually for each case

considered. Tests such as those re~esented

by Figure 9 can be used co show tbe diswibmion

of” breaking srresses for a popdncion. 1. order
m obtain a reascmsble eval”. cicm of the weaker

members, it is desirable co .s. a sample of 50
specimem or more.. This is becmse no reliable

statistical merfwd has been devised for ex-

trapolating these curves to lower percentile

4.5
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vnlues. Neither tie gaussian diswibutioa (ex-

~essed in terms of averages and smndard

deviacims) nor the. mcwc flexible Weibufl method

is ccmsistently reliible.* Hundreds of series

of cesrs on gfass products of various wcs have

been. used to check cbcse medds. The dif-

ficulty lies in be fact that weaker members may

follqv a distribution function which is wmefated

to that of the membrrs in tbe median raage. Ibis

results from a bimodal distribution ~1]. It is

●ssential to obtain dam on tbe weaker members

experimentally.

Tbe probability of tbe occurrence of a severe

flaw in a large surface area is &reater than in a

small area; crnsequencly, che ,bteakiag stresses

tend to be lower when farger areas are involved,

as bas been shown specifically in Figure 22.

Statistical methods, such as that of Weibufl,

can be used to integrate &e fracture probability
as a function of area. However, discrimination

must be used in tbe application of statistical

pcedures [311.

Stress fatigue must also be ccmsidctcd in dc-

urmining C& minimum breaking stress. Tests to

obtain data on dM distribution of suengtb, such

as in Figure 9, are normally taken under sbort-
timc Joading with consmntly increasing stress.

Tbe effective durati.m of tbe breaking stress

under these conditions may bc taken roughly as

the time intcrvaI required for tbc final fen ptr-

cent increase load. Thus, if tbe tom] time frtxn

zero load m fracmre is 40 seconds, die effective

duration of tbe breaking smess is four seconds.

From suess-timw cuwes of the typ of Figure 6

the corresponding. faciguc limit cam be evaJuated.

It is often about 35 or 45 percenn of tbe sbort-
timc stress. If a more precise evaluacioo is

required, special long-time tests may be FCr-

formed. Such tests arc! normally continued for

about thee weeks in order to reach &c fatigue

limit.

Other means can hc used to find tbe proteble

minimum breaking stress. If Muunc control

tests have been made on tbe strength of simifur

froducts, tbe da-, wtticb may cover a cca-

siderable period of time and a number of mnnu-

kcruring runs, may give s sacisbctory answer.

Anotbcr means is to make prod tests on be

components after dwy ate manufactured. in this

-Y *C weaker members can bt eliminated from
tbe completed pduct. The loads or stresses

used in proof tests should be coordinated with

the desired long-time minimum stress, and &is

srress sboufd bc maintained for a period of ar

leasr one minute. When shorter periods are

used, tbe possibility of weakening tbe compe

nent wihout nccua fly fracturing it is increased.

28. $tructuml 4plic.~iOn.: Sk. the prOb-

able minimum breaking smess bas been estafr

fished, design work can proceed. working

SU-CSSCS will, of course, h?cludc a sui~ble

factor of safety. Brittleness iomoduces several

specific limitaticms into be design of structures.

o. Notch Sensitivity. Notches, fiflers, and

boles develop stress concentrations, the refa-

rive vafues of &ich, based on efastic deforma-

tions, have been computed for many geometrical

forms. For metals with a considerable degree of

ductikity, rhc local yield in regions of bigb

stress relaxes tbes.z concenuacions, so that

their weakening effects are rcduccd correspond-

~gly. Under cOnditiOn? Of steady 10ading. [be
ratio of the rbeoref ical stress to the rcla.xed
stress is referred to as the - ‘ductifity ratio,” or

the “nonch sensitivity index” (see Weiss, et al.,

p. 87, and Gerard, p. il 1, Refc,enc. [161). In
metals cbese ratios may drop to m value. of only

a few percent, so that cbc presence of notches is
not serious. Under cycfic loading tbe corrc-

s~ding ratiO. tcfe=ed tO as ‘‘nOtcb sen$i~vi~
index in fatigue, ” be:omcs m“cb grcacer, tanging

from 0.40 or 0.60 for noccbes of small radius to

●TIIc gaussian distribu tica, being symmetrical ahour tbe mean value, reqwires only two parameters.

The Weibull distribution is not symmetrical. It employs one p.aramemr which is relawdtoa fcacuue
probability, but not usually 50 percenl, dim is, not dw rnediaa value. A second parametcr is called

a materiaf constant and is related to variaoce or scattet. of data. For convenience, a second stress
value is sometimes used. It represc”cs & mioimum breaking smess forthepopulstiw, the quan city

of Rrezwest. imerest to designers. A fourth parameter is the volmme (or surface area) of the specimen.
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@yes appracbing unity for notches of larger

radius Uz]. F- gfasses and ocher brittle

~ies the ductility ratio is unity for conditions

of both steady and cyclic loading. here is no

refixatian of rbe concentrawd stresses from

tbek Iheorerical walues. Designs for brictfe

macerids mum be examined for all geomc micaI

discoatinuitie6 which might result in stress

concentrations (and provision must be made for

these stresses). As far as ~aitic.sble tbcsc
discominuicies should be removed from regions

d hi@er stresses.

Sogwtimes boles or grooves are fonued by

drilling or &ioding. [f the ffaws msulcing from
these operations are not removed, weakening
effects may be considerably greater than those

indicated by I& theoretical stress concentration

feccor. ,“.

Wliilc ,rhc procedures used in determining tbe

&ccilicy ratio will compare the degree of duc-

tility of cwo duccile materials, or a bricrle one,

they fail to discriminate between the lack of

ductility (brittleness)” of two brittle bodies.

Other procedures must be subs titutcd for this

purpose.

6. Local Yielding. [t is well recognized

that certain components of meml stmccures may

be stressed locally &yond their yield points,

eiber during fabrication or lacer in service,

.witbout appreciable weakening of the structure

as a whole. A simple illustration of this is

repceseoted by be bolting of a plate over an

opening. [f the fit between the plate and its

seat is imperfect, the plate may de flccl pcrma-

ncndy fien bolted in place. This local yield-

ing of the metal of the plate will scl&m affect
its performance in service. A glass place sub-

jec(ed to this ckaiment will fmcture unless

special mmsures arc taken co prevent failure.

In one instance of ehis type, it was found im-

pmccicable m provide a flat seat for a glass

win dow. Failures on assembly occurred fre-

.wently, until the thickness of the glass was in-

creased sufficimtly~, so that it could resist the

bending moments caused by assembly as well as

dIc pressure stresses.

When a stmclure ,consists of several compo-

nents, these may & fitted and ioined so rbar

the distribution of forces. bemvee” compomnts

differs materially fmm tbar intended. If this

>

comjition ~comes serious, the overstressed

m:mbers when ductile may yield locally in order

m compensate for he poor fitting, but for glass

the result may be fracture. Thermal stresses

can produce a similar situation.

29. lnQact. When. a structure is subjected to
impact. or shock a quantiry of energy, depending

upon he severity of the impact, will bc ua”s-
ferraf m the sn-ucmre. This energy should be

absodxd without failure. When deflections are

held within the elastic limit of the maccrial of

the structure, be energy which is stored

elastically may bc one to ten times far metals

what it is for glass. [f pcnnane”t deformations
occur in the metal, his ratio may be increased

greedy because these deformations cannot
c.ccm in glass. By acccpcing limited &mage, a

metal stmcturc can sustain impacts many rimes

more severe ha. can glass. If some prevision
for damping can be introduced into he srru. t,.

the impact resistance of glass can sometimes

be increased significantly.

30. C.mwessive Fore-s. It is weff know”
hat he strr”gth of glass in compressi.m is

much greater than in tension, consequently, -.)

designs should be amaoged so that glass will be

used in compression as extensively as possible.

Eve” when the forces are compressive, prob-

lems of strength remain. III pure compression,

&e bresking strength of glass may be cm.

sidcred co be afmc.st ““limited; b“t at discom

tinuities, particularly at surfaces, stress co”.
centmtic. ns occur which usually include a

component of rension. Smme of he results of

these conccn wacions, which are difficult m re-

:xfuc.e m small magnitudes, Iec alone eliminate,

are discussed briefly mdec the smbject of

- (Chapter 3, paragraph 17, g, Glass under

Compressive Loads).

One insmocc of che weakening of glass by
compressive forces occurs in @ass pressure

windows. When the glass is subiccted co ex-

cessive bolting pressures, its abiliry to with-
stmd fluid pressures may bc decre=cd $er-

jously. In some cases rhis dccrcase has been
i“ excess of70 pecc. mt.

4a
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‘If the conmcc pressure between a hsrd object

and a glsss surface is excessive, the @s5 may

be damaged seriously. Cushioning macerisl is

sometimes used in order m distribute *C com-

pres sive force over a larger effective area.

l%e impacts of smell objects may injure glass

surfaces. Sometimes tbe glass is cmshed over

a small ares snd perhaps scratched. Abmsion

by bard objects will produce similar effects. As

a consequence, glass stmcmres may k weak-

MI1-HDBIL722[MR]
I AU6UST1969

ened by service conditions, and prorecti Ye mess -

ures musr be taken in certain cases to reduce

such weakening effects.

On rhe other band, gl-s is seldom affected

by chemical smack, which may weaken metal

suuctures wbm exposed to corrosive condi.
non s.

men prestressed glass is used, the weaken-

ing effects of surface damage are greatly re-

duced.

4P
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Chapter 5

Applications

GENERAL

The applications for tilcb any maceriai is

suitable are determined by i~ properties, and

by manufacturing difficulties and costs. The

properties of glass have been reviewed in

Chapter 3. II was shown that glass is unusu~
Lcause it combines transparency with rigidity

and harbess, plus an abiliq m wifiscand

relatively high temperatures and rhe action of

chemicals. Furthermore, glass can be fabricated

readily inro many commercial products. Glass

bas its widest use in the preparation, transpor-

tation, and storage of foods, bevetnges, dregs,

and chemicals. A second basic use is that of

glazing for many purposes. It is the most

widely used of aIl optical materials and has

many applications in this field. Glass bas

limitations for structural purposes because of

its brittle characteristics.

[n the miliuxy field tbe applications of glass
are basically similar to corresponding civilim

uses. Specific requirements must sometimes bc

modified to meet military needs. The applica-
tions con sidered here cover cd y a few repre.

seotative uses. In the following discussion of
Windows SII attempt is made to show how a—,
simple glazi”E unit can be modified and devel-

oped to meet special and more exacting re-

quir=mcnts.

WfNDOWS

Windows are here con sidcredfrom rbe broad

standpoint of nny transparent part of a wall or

enclosute. The basic application is the me of

glass for windows of buildings. Developments
include the ability 10 wichsmnd pressure, high

temperature, severe shocks, and even the impact

of bullets.

a. Building Glazing. various types of flat
glass are used for the common glazing of build-

ings. Information on sheet glass, plate glass,

figured glass, and wired glass is found in

Federal Specification DD-G451. Derails re-

garding the application of glass for rhis purpose

arc in the BOCA* Basic Building Code [33].

Window sheet is ordinarily used for small panes,

and pIane glass or float glass for large panes.

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

cquip=tnt. and alSO relatively ❑ ild pressure
shocks resulting from various causes. The

dynamic pressure produce? by a wind of 100 mph

wlocity is roughly 25 lb per ft2. This pressure

may act either inward or outward on the building
wall. [f the vcotilatin8 equipment produces a

positive pressure witiin the building, the total

c.uward press”m may exceed the inward pressure,

● Building Of ficiais Conference of Amwica.
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conse~endy tbe outer holding devices for dIc

glass’ are of particular importaacc, since che

coral force acting 00 a large pane may amount

m seveml too.. The resultant SrIeSSe S in &

glass ●re not readily determined.. Expcri-

menml work has been carried out co determine

the static ptessures rq.tired m fracture cec-

-EIJi*t $ass p.snes of various sizes md
thicknesses [7] and [33]. l%e resultant data

arc imed in selecting glass for windows. [n

●ddlaion, the framio.g structures for Iargcr panes

should have their deflections kept within low

limits.

ffeac crarmier prohfems have resulted from he

use of large glazed areas in buildings. Heat

10ss *mu* windows in winter represents not

mly a~irioasl beating requirements, but .1s0

means discomfort for pccsons smcioned near
them. The use of double glazing can reduce

this problem, but will not eliminate it. Heat

gaio from the sua’s radiations also presmcs a

problem. This gain may reach values of tbe

order of Ml? Btu per hr per ft2, and additional

best may be transferred fy conduction-convection

effect#. Peak requirements for the cooling of

kuildings may be increased greatly because of

these beat gains. The most effective means for

reducing these effects is probably the cumplete

shadowing of tbe glazed areas, but this is often

not prscticabfe. Other means include employing

beat-absorbing glass and the usc of heat-
deflecting’ coatings on the glass.

lb heating of the glass Ly he S“CI will

&velop thermal stresses. Under mos I conditions
these stresses ate not critical in due, but may

require consideration in the case of hear-
resisting glass amd curved panes.

For

poses,

most buildings .s.ed for miliw. ry p“r-

tbc glazing cequiremc”ts will “W differ

~

materially kom those of buildings for othet

pulposes.

b. Safety Glazing. This type of glazing is

used in buildings wider certain cooditicms, and

in land vehicles, marine craft, and aircraft. lt

includes laminated, tempered, and wired glass,

and also some types of sheet plastic. Safety

glazing is used in buiIding areas wicbi. rbe

reach of active children, far dmcs witi large

areas of glass, and for windows which may be

exposed m unusual conditions -f shock. USA

%aodard Z97.1 includes requirements and ac-

ceptance tests for safety glazing to be used in

buildings. Tbe impact test desigmaced consists

in striking the pane with a 100-lb dmc bag,

moving at a velocity of 16 k per sec (energy of

400 ftilb). The glazing maccrialisconsideredm
be satisfactory if it remains intact co the extenl

that no opening exceeds a certain specifit,:

size, or, if tbc glass disi”tegcates (as i“ dIe

case of tempered glass), ma fragment exceeds an

indicated dimension. Tempered doom in b.ild-

ings should comply with these or similar re-
q“iremcr.ts.

In some military buildings che glazing has

been required m withstand neighboring ex-

plosions resulting from enemy action, and in
other instances explosions in test areas.
For cbesc condicicms, he req. icemmts may be

more exacting than chose given in USAS Z97.1.

1“ dte case of land vehicles, the glazing

specifications will depend somewhat on the

pmsition of cbe glazing wicb respect m the

vehicle. In general, che requirements ace most

severe for the windshield, bcca. se it is probable

3

● Most stress formulas for rectangular plates with large deflections are based on hinged edge support

rather than simple edge support, as found in most windows. Testresultsshowchatthestressesfor
thesetwoconditions ace quite differmc.
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dm! the beads of occupants may k cbmwn

against this ~lazing in case of an accident. If

the windshield is too rigid, a skull fracture camy

result; bur if it fails under impac!s which arc

too low, ben& may penetmte tbe glass, so that

serious or perhaps fatal lacerations may be in-

flicted op dm bead and neck. USA Standard

226.1, for vcbicle glazing, specifies famiaeted

safety s1sss for windshields.

In 1966 *is s-dard was revised in accord-
●nce with improvements made in laminated

glazing. The plastic inrerlayer between two

Iaye.rs of I/8-inch glass was increased from

0.015 to 0.030 inch, and the bond be~e=n inter-
fayer and glass was modified m permit greater

elongation of rhe former. The effect of tbe+e

changes bas permitted cbe windshield co deflect

more, and thus absorb more energy, as is in-

dicated in Figure 30. The modified constmction

has raised the impact velocity for failure from

8 to 10 mph to 30 mph. An analysis of casualty

statistics for automotive accidcnw 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 plate

glass O.105-inch thick; an inner layer of cbemi -

CUIIY prestressed glass 0.070-inch thick; and s

FIGURE 30. Constructions of Former (A), and

Present (B), Laminated Glass for

Automotive Windshields, Showing

Increased Ability of B to Deflect

153

pfastic interlaycr 0.030-inchthick,asmentioned

above [34]. This laminate will not only permit a

still greater deflection of tbe vindsbield, but
also, tbe inner fayer on fracmring will disin-

tegrate into such fine particles that the severity

of bead lacerations is reduced still more.

Militmy spccificacion MlL-G-37s7 corresponds

with USAS 226.1 in n number of respects.

Bullet-resisting 8fazing is sometimes con-

sidered ss one cypc of safety gfazing. It con-

sists of alternate layers of glass and pfastic.

Tbc imfact of a bullet may represent several
dmusnnd fwt-fmunds of energy, the major

portion of which must bc absorbed by tbc plnstic
interlayers rather than cbe glass.

USA Standard 226.1 lists four classes of
bullcc-resisting gfazjng for vehicles, ranging in

thickness from 1-3/16 to 2 inches. The two ex-

posed surfaces are spccificd to be gIass. De-

tails of procedures for the ballistic tests arc

not included, but must be obrsined from other
sources. Military specification MIL-G-54R5

refers m bullet-rcsistiog windshields for air-

planes. Nominal thicknesses range fmm 1/2 to

3 inches. The procedures for tbc ballistic nests

are given in detail. Tbe obliquity of tbe path

of tbe bullet wid; respect to the glazing is

specified as a funcrion of the weight of Ibc

buflct and the wcighr of the’ glass components
of the window per square foot. Tbe glazing is

considered to bavc failed when:

(1) Tbc bulle! core or core fragments pene-
tmte the unit completely.

(2) When tbrougb-openings are made by eichcr
bullet or glass fragmems in a pfastic sheer

momted six inches behind the window assembly.

Military specification MIL-A-46108 [MR)
refers to transparent composite armor for air-

craft, marine, and aummotive applications. [t

differs from the other specifications, tecause

the” rear ply is a sbect of .onspdling plastic

I-aher dram glass. AoortIcr specification IS
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referred tQ for demilcd information on the bal-

listic Icsts. Tbe definition of b.llec penecracion

is genctdly aimifar tci dIaC of MIL-G-5485. The

light craospiwwIce of dm unit is required to be

80 percent over the entire visiblespccwum. III
order t? rpeec this rcquiremenc, not only must cbe

Iisbt abwxption coefficients of che glass be low,
but dw light loss at the various interfaces

~vcsn glass and pfastic must also be low.

q +lav Windshields. l%e development

of. airplane wiodsbields has followed the de-

myids of ever-increasing operating speeds.

Early modifications included increased thick-

nesses of the pfate glass used in the laminate,

sod Later, tempering the glass for greater

screiagtb. The pfmstic imerlayer was then ex-

tended beyood tbe glass, so that it could be at-

mcbed direccfy m rbe airframe. 10 order m pro-

vidc greater suength, the extension was rein-

forced witi” sbeee mecd [35].’ The fastening Of

@e iaterfayer to tic airframe. provides protection

asai~t decompression of tbe cockpit i“ the

case of e glass failure.

Systems were also &vis cd for deicing and

defrosting the windshield in response to certain

flying conditions. In one merbod. an elecmically

conductio,g coating is applied to the glass sur-

face so that it can be beaced with electric cur-
rents. This crntin.q is commonly applied to the

inner surhce of the outer layer of tbe laminate.

Further increases in speed raised 131c wind-

shield tempcmture to a point where cbc residual

tempering stresses in the soda-lime glass

relaxed w’ib time, and where the flow of the

pfastic incerlayer became excessive. The soda-

limc glass was repfaccd wirb a tempered alu-

minosilicate slass. which permitted an increase

in operming temperature of 130 “C or more; alsO.

plastic inter fayer materials were developed

tiicb woufd wi~stnnd much bigber tempem-

cures than th polyvinyl butyral plastic then in

use.

d. 5P-C Croft. Temperatures rencbed by thi

surfaces of space craft durin.q reentry into the

earcWs atmosphere ace very much higher th.n

those attained on aircraft windshields, so that

difficuft problems had to be solved before ‘:)

satisfactory windows could be provided for

these craft [36]. The windows acWlly used in

die Apollo spacecraft for mm. jowoeys con-

sisted of assemblies with several panes of

Slass. The protectiveoutershield,whichk
subjectedCO thebigbcsttemperatures,was of
silica glass. Tbe two inner panes, subjected

w lower temperatures and lower tbenmal stres-

ses, were of tempered aluminosilicam glass.

T&se inner panes must also support the dif-

ferential pressme between (be inside of the
craft aad owec space. Tbe entire window as-

sembly was designed to rcducc the transfer of

beat by conduction and convection co a minimum.

Fumhermorc, he glass surfaces themselves

were coated with thin films which permitted the

transmission of most of tbe Iigbt, but reduced

the unnsfer of heat by radiation. These w:n-

dows have mec the exacting requirements of his

service.

e. Pressure-Resisting Windows, class win-

dows of many types and for many purposes are

required m withstand presswe differences.

Some of these windows are flat plates, which --

are clamped against gaskeced scars hy means of ~)

bolted metal flanges. This gmmal typeof

window is used for sight windows of mnks and

vessels under pressure and for liquid level
~ages in steam boilers. Many pressure tcscs

have been made on this type of window; the

results have shown bat bursting pcessurcs are
in fknced gready hy chc design of the mountmg

stmccure and by &rails of assembly procedure.

As a consequence, it is impracricohle co assign

any pressure racing m he glass (considered
alcme), bm only to the composite scruccurc,

consisting of the glass and its mountmg as-

sembled under prescribed conditions. Test data

[61 show specifically that when the mounting
strucmrc lacks rigidiry, when the fit between

glass and its seacio8 is 00t saris factory,, when

tbe gaskets ace not suitable, and when the
forces used in bolting tbe holding flan~cs are

excessive, tie bursting pressure of the glass

may suffer severely. In some cases the reduction
of bucsti”g pressure has been as much as 90

percent. When wed {orhigh pressures,his
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type of mounting loses much of its effective-

ness. Some rests [6] indics~e that when the

t-scio of hickness to dk+meter is increased for

higher pressures the a Ilowahle heading stress

computed by dm simple plate equation de-

creases. For example ,.with a ratio of thickness

to diameter ●qual to 1.0, this computed SNeSS

drops to approximately z5% of ics value when

this ratio equals 1/10. The application of

tempered gbss fm bighcr pressures can help

this condition materially.

ff the inner surface of the window is ●xfwsed

m elevated temperatures, as in the case of liquid

level gages on steam boilers, thermal stress

components are added to dIose of pressure.

Suitable pressure ratings for pressure win-

dows musl take all factors into consideratiw, so

that they are based on lests and also on ●xperi-

encc. They should not bc assigned to any glass

component considered separately from its
mounting structure.

Glass components of evacuawd devices

function as pressure windows. TfIe viewing

panel of a cathode ray (television) tube is an

example of rbis. Tbe load on a large panel of

this type may amount to several tons, so that in

order to &velop rcliablt tubes for this purpose

●xtensive efforts were necessary, both experi-

mental testing and analysis. In some designs,

the glass panel is fusion-scaled to s meml ring,
which adds snocher phase ro the problem.

Glass industrial piping, while not serving
primarily as a window, is suhjectcd to pressure.

and must comply with specified test conditions

(ASTM Desig. C 601). The spilfagc 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 to

laminated safety glazing), has been developed to

prevent such occurrences. The glass pipe and

fittings arc wound with layers of glass fibers,

and these lsycrs are impregnated with a plastic

material, which may be transparent -hen visi-
bility is desired. With this reinforcement. ●ven-.
if the pipe were to break. spillage

prevcmed so that suitable corrective
could be tiken.

would bc

measures

POrcligbts for mnrine application must. witb-

staad the impacts of bcavy seas. Military speci-

fication MIL-G-2697 states tbe requiremeO!s of

tempered porclights of circular shape in various

sizes. Accepmble strength is based on tests in

which bending moments are applied emund the

rim of the glass (as nored in Chapt?r 4, Pf8tc

Flexure Tests, paragraph c, under Strength

Te .cing and Measurement). This I-UIUS~l ICSC
~ocedure may have been chosen to produce the

●ffect of imperfect fits becwcen the glass and
theseatingsurface.Actualsuessvaluesinthe

glass are not indicated in the specification.

Explosion hazar& existin some milimry
buildings,which oecessi rates precautions

againsz rbc ‘occurrence of sparks or flame.

Explosion-resisting lighting 810bes reduce

hazards fmm lighting installations. Explosive

gases may penetrate into a lighting .gIobc, where

they can be ignited by a famp failure or some
other malfunction. Protective globes are r---
quired to wicbsr.smd the pressures developed by

such an ignition, and ibc surfaces across the

ioinr musl provide for tbe cooling of any gases

tiicb migbl escape, so that gases outside lhe

globe will not be ignited. Tempered glass

domes with heavy walls are used for incandes-

cent lamps, and sections of induscriel glass

piping for fluorescent lamps. Requirements and

ICSCS which apply m these globes are included

in the National Electrical Code [37).

f. Submcrsibfe Ves se(s and CnJh. The cr-

plotation and study of ocean depths is important

for both general end military purposes. Equip-

mem intended for rbcst srudies bas already been

used for tbe location and identification of tbe

remains of lost naval submarine craft, and for

tbe recovery of military msreriel from the ocean

bed.

Because of its high strength during compres-

sion, glass has interesting possibilities in this

field. In the case of simple shapes, such as
spheres and cylinders, eIemen2ary amlysis

indicates char the wall stresses under conditions

of external hydmscatic pressure should be c..

rirely compressive. If this theoretical condition

couid be attained, cbese VCSSCIS would resist
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fniltik .ht Ceeksuces UP m the critical pressure

for ekastic itimbflity.

: defl-d *B fO1lOWS:

Cyiindet38, Pcr =

These pressures may be

tbc joint introduces additional stress comp

nents at tbc interface region. Some of these )

cOnlFOnen Cs will be teosilc, as noted in Cha~ter
3,wirhtheeffecmon fa:luceas shownk Fi~ure

0.25E (h/R)3 12. Considerable development work has been

/1 .“2)
. (16) carried ow on the detailed desigo of joints to

\-

s~~~~, ~ - 0.80 E (h/R)2
cr

(1-V2)

93A

(17)

p=;, - I@osmtic buckling pressure,

E = modulus of ekascicicy,

h “- till thickness of sbelI,

R n radius of shell at midpoint of
wall, and

v = POissm’s ratio

ht@tj* (I i)) is mm applicable to most cylin-

&lcal hull structures because it applies only to

cyiihders of indefinite length. For shorter

c@idd*rs, the critical pressures are increased
by end support. Experiments have shown that

wbca the length ‘is at least six times the dia-

meter, iiieaking pressures of gfr.ss tubing will

tit nmtcrially exceed tbe computed critical

pressure. For a gfass-cecamic cylinder wirb

an ●ffective length of only 80 percent of its

diameter, pressures reached six times tbe

critical value without failure [40].

When d sphere is compared wi~ a cylinder,

its ●ffective length is very short with respect

to its diameter. With wall-thickness ratios of

practical “&signs, rbe critical pressure of a

sphere may be .15 to 30 times tbac of a long
cylinder.

men a sphere is .cmr.pos.d of two hemi-

spheres connected at a joint, or a single hemi-

sphere attached to a mecul ring at a joint, the

conditions found in the unjointed hemisphere no

longer, exist. The discontinuity represented by

reduce these undesirable smcss components, but

the basic problems introduced by the dis-

continuicies of the joint have not” yet been

completely solved.

Still glass spheres containing instrwmencs

have been tested under hydrostatic pressures up -
co 10,000 psi, and haie been used for making

measurements at, depths of 6,OOO feet or more.

Hydrostatic pressure tests have also been nude .

on large hemispheres, with diameters up m four

to fivefeet.The resultsofsuch tests have not

been entirely conclusive, although there arc
indications tbac some of the problems can be

solved.

g. Windows for $efective T~onsmissio.. SO? -

window applications are based on rbe abilir) of

glasses to cransrnir certain bands of tbe electro-

magnetic specrmm and m absorb others. Dif.

ferences in absorption over tbe visible range are

responsible for the cffeccs of color in IiEhting.

Colored lem es for lamps have many applica-

tions for tbe control of traffic o. railways, high-
ways, airways, and on the seas a“d waterways.

l%ey are also used for other forms of signaling.

In cercain types of militky signaling secrecy is

maintained by utilizing pares of the spcccmm

beyond the visible range (the ultraviolet or the

iofrared). Receiving equipment must, of course,

bc responsive w radiations of the wavelength

used. Figure 13,curvesH .“d K, showssome
charactc.iscicsof glasseswhich absorbcom-
pletelywithinrhcvisiblerange,buc mansmit in

the infrared or ultraviolet.

Some typ?s of military rockets are directed

cowards target airpfancs by equipment which is

responsive to tbe beat of the exhaust. This

equipment is hOu$ed in a dOme of glass which
will uansmit radiations of at [east 5.5 microns

wavelength. Calcium aluminate and other
&WS& [2) may serve this purpose. Other types

of missiles make usc of radar for guidance pur-

poses. The radar anc.mta is mounted in the
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nose of the missile and’ tbe ra~atig~ are tmlIS-

mitted !lM-ough an ogival cone ot tadome. Tbe

reflected wave is also transmitted by this radmme

to the remiving quipmeot. Tbe matetrnl of the

mdomc must he such that it can withstand bigb

temperatures, ●nd retaio low dissipation and

loss factors under these conditions. Distortions

caused by the refraction of tbe radar waves in

passing tbrougb the msterial must be small. The
material must he of rcfarively bigb scrtngth, and

it must be possible m form the radome accurately

to Shape. Cemain glass-ceramic bodies fulfifl

these requirements more satisfactorily tfmn

glasses, so that they have been used for this

purpose.

Rndiacion protection wiodows are used for
observarioc. in ericlosures containing sources of

bigb-energy mdiations. Vision must he suf-

ficiently satisfactory for tbe operation of mani-

pulators within tbe COC1OSIWC. me radiations

arc usually X- or gamma rays, which uc ab-

sorbed most efficiently by I& lead in die vin-

dow. Glasses for tbe absorption of these radia-

tions may contain up to 76 percent lead atoms,

as noted in paragraph 23 of Chapter 3. Military

specification MIL-G-43349 covers such glasses.

Further information on radiation absorption and

‘lead quivalents” will be found in Reference

[6i.

FIBER OPTICS

Fiber ofxics defines a s yscem of Iigbt trans-

mission along transparent fibers. When many

fibers are artangcd suitably in bundles, images
can be projected fmm OiIe end of the fnmdlc co

the other. A condition of totnl internal reflecsicm

from tbc circumference of cbt fiber is essential

m !he functioning of this system. Consequently,

den fibers arc combined in a bundle [be core of

each fiber must bc surrounded with a glass of
lower refrscri Ve index. For some purposes tbe

resolution of the fibers” in tbtse bundles is
roughly 0.001 inch, bur for special puqmses cbis

-Y be reduced to 0.0002 inch.

Altbougb fiber optics have many uses, one of
particular military importance is that of night

obscn’ar ion of obiects in very dim light. It bas

been noted by ‘Kapany [41] &at. the ‘ ‘combina.

tion of a bigb-quality lens system and a conica[

fiber bundle can function as a bigb-s~cd lens

so that photographs can be taken by ❑oonlight.”

This principle bes ken extended greatly so that

enemy rc.oventeoc can he observed by tie dim

Iigbt of rhe stars [42]. Tim image intensifier

includes a‘ lens and a bwmile of cynical fibers

to conduct tbe light m a “’pbotocarbode of a

Ii ght-seosicive fifm. Electrons emitted by dte

film are accelerated by an electric field and bit

● Pbospbor screen, wbicb gives off Iigbt. ” [42]
IC has ken repmted that the Iigbt is intensified

40,000 times.

FIBROUS CLASS

When glass is drawn into fibers it does not

cban,qe its physical properties, except far

changes of a minor mature caused by extremely

bigb rates of cooling.Tbe cbaracceriscics of

fibrous glass products, however, are more like

tbc.se of organic fibers cban dIose of mnssivc

glas+. Fibrous glass products include forms of

wool, textile materials, and composite materials

in wbicb fibrous glass is usrd as a rein forcc-
mem of a plasfic. (F.Jc general information on

fibrous glass see Reference [61.

31. wool Applications. 10 &e form o; wool

tbe glass fibers may constitute as little as one

percent of the volume, [be remainder being air.

‘flm wools bavc no struccurd properties and can

he coqxesscd into much siualler dimensions
“wih the use of IittIe force. Tbc encreppcd air,

wbicb is prevented fmm circulating freely, gives

the wool exccllcnr properties of therrnd insuk3-

tion. When used for insufacion al bigber tempera-

tures, a greacet density of fibers is fouod to be

mom effeccivc. For sore. pwposes mineral

fillers .ma y be added to dm wool. If the wool is

compressed and tbe fibers tbc. bonded together

wicb small amounts of adhesive, it tcc Omes an

i“sufating board wicb a limited degree of ri~idity.

Tbesc- praiucIs are used for insulating panels,

for. roofing maleriaI, and in souu insm”ces for

sound insulation of light weight. With added

filler, various proi.cM arc sui-blc for sou.d

absorption.
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?oo1’ products are used for the thermal insula-

tion of buildings, nirple.nes and ships, home

Sppltices (rCfIigC1810tS, ranges), and cefrigwa-
citig comprrnmnts. If moisrure permeates this
insufmtion and freezes, the insdacin8 properties

of the material will be seriously impaired. For

some applications the wool will be enclosed end,.
sealed so tit *is condition will not occur.

This pecaution is particularly impotmat in the
case of iefrigerssed compartments [6].

Tbe &mpressed wool products, with or wirh-

!’atit: filleri, ire. used’ for icdusrrial insulation at

the: higher tempemmres, and on pipes, tanks,

sod other: heated parts. When tbc mmpetature

r&cbes .1,000”F (535°C) fibers of onc of the

silica glasses should be used. Oils used for

fiber lubrication and adhesives which can ignite

are elimimted in high-tempcnmure instdacion.

Fat applications in airplanes and ships and
& various types of military equipment, the

properties of ~nflammabilicy and of lightweight
.

are imporfant.

’32. 7oxtil* Fib-m and Filaments. In addi-

tion m ‘he propcrties found in glass wwol

fibers, ‘ihe textile fibers have high mechanical

scren8’dl, e property which is an important factor

in many applications. The modulus of e fastici W

of rhe glass fibers is also much higher than that

of o.r8anic fibers, so that in order to obtain the

same’ flexibility and smoothness in textiles the
icdividtial fibers’ must be much finer. A special

textile fiber bas been developed wi~ a diameter

of only 3:8 niicmns (O .00015 inch), which is

much finer than the os rural and artificial fibers

of conventional textiles. Glass fibers of con-

siderably ‘coarser size are encircly s“imble for

industria[ and other purposes.

Tfie tensile strength of glass textile filaments

is frequently stated to bc. 500,000 psi, or even

more. Such stier@bs will be reduced by damage

received in hsndling, in various texrile opera-
tions such as spinnio~, weaving, and braiding,

and in the application Or removal Of cex~ile

sizes [43]. Reported values of s tren. gth range

upward frOm sOmcwhat mOre *an 100,000 Psi co

650,000 psi, depending upon the particular opera.
lions per foimed aid the cam- used in handling

the fibers.

Whilethisorder of strength is much greater

than that measwed for massive glass, the in-

crease represents only a part of the advantage of

the textile fiber over massive glass. 10 massive

glass it is expected that the elongation under

conditions of fracture will amount m 0.1 - 0.4

percent, which is insufficient to permir equaliza-

tion of the stress across the section of the

glass With glassfibersthe corresponding
elongationwillbe neatly10timesthesevalues,
so chc thestressequalizationwillberelacivcly
much greater.Furthermore,theindividualfiber
i“a yam orclothwillnotbe swaight,buc some-

what wavy. Under stress it will tend to straight-

en. so that this ability to strctcb permits further

elongation and s cress equalization under load.

llese characteristics correspond in some degree

to ductility or plastic flow in metals.

When at some point of weakness on the sur-

face of massive glass an overstress produces a

crack, this crack will propagate into the se.

tion, carrying with it (in ever increasing degree),

its weakening effects. 1“ cbis ❑ am.er failure

hccomes complete. Whtm a single fiber in a

textile construction breaks, either from weakness

oc from overstress, dM fracture crack cannot

pcopagate into the neighboring fibers so that

the fracture is confined m the particular fiber

iwolved. The small portion of the load which

had been carried by the broken fiber will rhcn he

distributed among the other fibers, with little

resulcam decrease of stwogch.

Whiletheprecedinganalysisisoversimplified,
these two chamcteriscicshave . pronounced
effecron thescructutalcapabilitiesoffibersas
comparedwith massive glass. However, the

scructuc.al applications of glass rexriles are

confined to rhose involving tensile stresses

only.

Representative application of glass textiles

include drapes, wall coverings, and protective

coverin8s where the .cmflammable and decay-
resisting characteristics of the glass are im-
portant (e. g., o“ aircmfc and on shipboard).

Textiles are made into protective outer clothing

for workers engaged in extinguishing incense

fires. Similar clothing, but of a very sophisti-

cated nacuce, has been designed for and worn by

.)
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assmnauts in spacecraft. While this use is

limited, it is of outstanding imporrmce in mili-

tary development. Fibrous glass textiles are

used for filtering, particularly for dry AISIS at

high temperature.

The noncorrodible properties of glass tex-

tiles are utilized in the protection of ranks ●nd

underground pipelines. The texrile covering is

impregnated with mastic to prevent she penetm -

tioa of moisture. Roving and woven tape are

used for insulating conductors of electrical

quipmem so that operating temperatures CM be

raised above those established for organic ma-

tcrials. Varnishes with which these coverings

are impregnated must also .be able to withstand

these higbcr temperanues. Such insulscion is

essential for electric motors and other appmatus
installed on many types of military equipment.

33. Fibrous-Gloss Reinforced Plastics. While

fibrous glass textiles have exceptionally high

strength, they lack the rigidity which is ●ssential

to rhe vast majority of scr-ucturel applications.

This deficiency can be overcome to a vxy con-

siderable extent by combining the fibers or

textiles with plastics or resins to form cOm-

pos ire bodi es. Tbe fibrous glass imparts !en-

sile properties to these bodies, while the

plastic matrix resists shear forces between

fibers and thus promozes rigidiry.

The mechanical properties of shesc composite

materials arc dcpendenc on a number of factors

[6]. [44], and [451. Basically *CY are a
function of the properties of the fibers, dw

properties of the plastic matrix, and the inter-

action at the glass -plasric interface, which in

turn is a function of dIe characteristics of the

bond. Fibers. may be in the form of continuous

bundics or rovings, woven textiles, mats, or

chopped fibers in short lengths. Rovings, tex-

tiles, and mats may bc laid up to form laminates.

Tbe orientation of short fibers is much more

likely ro be random. The plastic material used

for the matrix may be tbcrmosertiny, (pdycstcr,

pbenolic, or epoxy), or thermoplastic (poly-

●thylene, Pc.lystyrc”e), Such plastics vary i“

their pmpcrtics. Other variations rewdt fmm the

treawent and method of fabricati.m used.

Snt-tngnh and rigidity of the material increase, in

general,with
glassused in
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an increase in the proportion of

tbe comwsice. Tbe oro~rties of. .
the bond between glass and plastic depend not

only on the treatment of tbe glass surfaces, hut

afso with &e environmental conditions, parci-

culnrly the fxesemc e of water.

Two problems nre ●ncountered when attempts

are made to carry out accurate stress analyses

for fibrous-glsss reinforced pfastics when sub-

jected to loads [46] and [47]. The first con-

cerns tbe interaction between glass and plastic

at the interface. There are still the unanswered

questions of just bow tbe forces are transferred

across the interface and distributed in cbe sur-

rounding matrix, and how the conditions are af-

fected by environment. Tbc second problem is
related to the distribution of forces over tbe

various pares of the tcinforcement. The arrsmge -

mems of fibers under practical conditions may

become very complex, with a degree of aniso-

IMPY which cannot well be reprtstmcd by
workable mathematical expressions. In many of

tbe more complex designs, dw work of cbc smess

analyst canner be accepted without experimental

conf irma tioa.

Repotted data indicate dim the dry ffexuml

strength of fibrous-glass reinforced plastics

commonly ranges bemvcen 20,000 and 75,000

psi. Corresponding values of elasric moduli in

flexure. may range kr!ween 1.5 x 106 and

5.5 x 106 psi. In sddition to the effects of the
environment, the strength of the material is in-

fluenced by both static and cyclic stress fatigue.

Some data indicate tba! steady loads, long-

continued, may decrease tbc breaking stress by

amcauns of tbc order of 40 percent, and that [be

nddition of cyclically applied stresses may de-

crease the breaking stress by values of ibe order

of 75 to 80 perccm. In car,yiog out stmcnmal
designs with these matecials the possible results

of environment, long-continued loads, and cyclic

stresses teq”irecarefufconsideration.

Because O( their desirablemechanical

characwris!icsthesecompositemarerialshave
many applicationsof❑dimryinterest.Many of
cbese applicationswpresem substitutions for
wood or metal, particulady where savings of

weight are desired. Tbe~ are used for component

perts of automotive bodies, parts of airplanes.

39
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and bulls of boats (specifically, river patrol

boats). They have been used m reinforce the
tubes of SMdt rocket Iatmcbers, che reinforce-

ment of plastic pipe, and for Iigbt-weight Armor.

a. Air#ane Components. Tbe design of air-

plane frames and components has become highly

sophisticated because, in order to save weight,

not only bas the sbapc of the part become com-
plex, but tbe ptmpctties of the ma cerial itself
have been tailoredto meet tbe structuralre-
quirements.As previouslymentioned, be re-

sulting properties may be highly anisotropic so

chat precise mathematical analysis may be

beyond our present capabilities (Rogers. [46].)

One limitation found in fibrous-glass rc in-
forced plastics for stress-bearing members of

airplanes results from low values of the elastic
modul US In general, this modulus cannot

readily exceed one-half the value of the glass.

For, gfass compositions ordinarily used, the

modulus will seldom cxcecd j x 106 psi. Special

glasses with higher elastic moduli have been

developed for these fibers, but he modulus

attaitible in the composite is still much lower

than those obtainable from other high-strength

fibers. In the application discussed by Rogers

[461, boron fibers with an elastic modulus of

50 .X 106 were substituted for glass in pares of
the componcne in order co increase rigidity.

b. Rejnforccd Plastic Pipe. Plasticpipehas
definiteadvantagesformilitaryuses.IIislight

in weight so that it can be readily transported.

[t is noncorrodible and is a. electrical insulator.
Such pipe is avaifable in pressure ratings ade-

quate for man y purfms es.

Resins used for such pipe arc normally tbermo-

setcing and tend to be somewhat brittle and weak

[48]. Tbe pipe consists of an ioner plastic
lining, tbe fibrous glass reinforcement (which

-Y co-~wte 60 to 80 percent of the material),
and a pbmtic matrix. The fibers arc laid over

the lining in two courses; in tbc first, tbe fibers

are wound helically in order to resist the burst-

ing pressure. The’s ccond course is laid parallel

with the pipe axis, to resist [he axial forces

produced by the internal PCCSS”CC.

Tests have i“dicatcd. that the short-time

bursting pressure of a two-inch pi~ may he of )

the order of 8,000 psi, and that if this presswe

is u.aimaimd for a matter of 5 to 10 years the

bursting pressure may drop co nearly 10 percent

of ics shore-ci me value. Temperature and en-

virmwne”t will influence failure, so that suitable

ratings will be determined on the basis of a

number of factors.

c. Lighf-Weighf Armor. During World War 1[

there was a need for the protection of militaw

personnel from fragments of grenades and mortar -.

shells. A LYpe of light-weight armor, know” as
“dot-on”, was developed to meet this need

[491. ?hc armor was a Iaminace consisting of .
about 16 layers of fibrous glass cioth of satin
WeaVC, with a matrix of 23 to 25 percentofa
chermosctting rcsio. The thickness of the

laminate was 1/8- to 3/16-inch with a weight of

1.3 lb/’ft2

An interesting fealure of this Iamimatc w::,

the use of texlilc sizing on the glass, which

fxe.eoccd a strong bond from fo,mi”g between

the glass and the matrix. This permitted the

.compositc malerial to delaminate over a con-

siderable area under the impacc of a fragment.
..

This motion of che fibers and matrix over a. ex- .)

tended area distributed the impact and allowed

a greater amount of energy to be absorbed. This

same general principle has been mentioned in

co”nectio” with automotive windshields and it is

illustrated by Figure 30.

When formed, the laminate was cut into small

panels which could be inserted in pockets in

jackem to be worn by personnel. While tests

indicated that rhis armor would furnish the
desired pnxecticm from fragments, and would

stop a pistol bullet, it did not receive full bat-

tle ccscs before the war ended.

Conditions encountered in the fighting in

Vietnam differ materially from those of previous

wars. A large proportion of casualties result

fcom bullet wounds. The “doron”armorisnol
capableofprovidingsuch protection, so tha! a

new development was undertaken [50]. The

sencral principle paralleled that used in SCCCI
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T& dirccr impact of a .30 caliber buflet

fkrd u close range and at a velocity of 2,700

ft/scc -y span and remove completely the

c8ta&c bye? over 00 area perhaps one inch in

*ter, but the glnss-pfastic lamimate will

abmtb tbc ●sergy of the buflct nod prevent its

~mtion of tbe armor.

W ●mor h., already demonstrated its pm-

cecrivr cmpdtilities. It is used for personnel

body Protection, for aircraft piIot seats nnd
-Is h wafls and floor, for shields of vul-

mroble ●krcmft components, ‘and for deckhouse

_ d gun shields. For purposes o&r tbsn

.ma to be worn by personnel, thicknesses bnti

&em rnc!cased m provide protection against a

.90 4*1 ●tmot-piercing bullet.
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Chapter 6

Quality Assurance

GENERAL

High st~dards of quality and performance
are achieved cbrou,gh he proper use of specifi-

cations. T&se specifications are intended w

~Presefic m agreement between user and SUP.
plier regarding dm requirements to be met by che

materials or products under consideration. Not

only should these requirements bt clearly defined,

but also the procedures m be followed in deter-

mining compliance with chesc requirements. When

test procedures and med-.ods for evaluating rc.

sU]tS Of such sests are not included, serious
mi sunderstaadings can occur.

A group of sclecccd standardization documents

relating to glass products is included in Tab16

XI. This list includes Military Specifications and

Standards, Federal Specifications and Standards,
U.S.A. Standards Instirute specifications, and

American Society for Testing and Materials TesI

Mcrhods and Standards. Maoy other specifica-

tions have been issued on special glass products
which have “or bee” included in this list. Federal
Specification DD-G-451, which covers a wide
variery 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 whicics, are co be
found i. correspcmdi”~ military spqcificati.a”s,

such as .MIL-G-3787. Specifications of rhe ASTW
have bee” grouped with refer.snct to their classif-

ication. some of these specifications incIude

details for sampling for acceptance nests, If mr,

MIL-STD.l D>may bt used for this purpose.

The complete designation of a standard speci-

fication will include a suffix indicating the date

of its formal approval or its last revision. Tbcse

suffixes may change from time to time so that

they arc not included in Table 1X, except for

IWO ASTM units which have a second a“d tenta-
tive f.acm.

REQUIREMENTS

The functicms which a glass component is to

perform can usually be stated fairly definitely,
but the requirements essentd for tbcse functions

which can be written in a specification and then

verified by some procedure may have to be ex-

pressed imperfectly in ensirely different terms.

Sometimes thisrequirementcan be expressedin
termsof a physicalpropeccy.Inorbercases,
performancemay depend more on design and

workmaosbip. Corrciatio. between specified re-

quirements md operating performance can be

established by means of special tests, or for

established products, based on experience.

Tbe basis which mmy be employed for defining

requirements may include me Iollowing:

(1) Glass properties, llcse may be stated

explicitly or indirectly.

(2) Wmkmansbip. lhiswcm isusedherem
co,., alltypesof ef. cts and imperfections

which may be found in glass products.

(3 ) Functional Tests. These ace intended to

vc, ify or confirm the operational performance 01

the entire compoo. nc.
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OLASS PROPERTIES

Forsome materials,particularly metals, vari-

ous physical properties have been correlated with

standard grades idcotified by chcmi cal composi-

tion, often including specific processes or treat-

ments used in manufacturing. ~ese grades are

covered with specifications. No such method of

gradiog has been ad~red for glasses. The

chemical composition of some glasses is shown

in Table I; these are only generaf types, how-

ever. Although some specifications imply a type

of gfnss as described in Table 1, exact compo-

sitiims are sel~.m referred m. For example, in

MIL-G-43349 for X-ray projective glass, the

minimum content of Pb O is given as 61 perccot.

Physic~ properties are specified more fre-
quemly. Fot optical components, for example,

op~lcal properties are of course importa”r. The

index of refraction aod its variation wirh wave-

Ieng* (called dispersion and sometimes defined

by nu-value or .Abbe constant) are requirements

of this type. Optical glasses arc commonly iden-

tified by type numbers, which represent both

refractive index and nu-value. Thus,thetype
number 517-645representsa glasswitha re.
fractive index of 1.517 and a nu-vaIuc of 64.5.

in some cases, this type numbec is closely cor-

related withglasscomposition.Lightabsorption
is also important, and it may be expressed as “an

ahsorpcion coefflcienc or as tbe luminous trans-

mittance for a section of a specific thickness.

Although certaio electrical requirements must

be met by various electrical componcncs, the

influence ,of structure and design on results is

such that acmaf measurements are ordinarily

made on the complete compooenc.

Themial ●xpansion coefficients may represent

the requirements. cif products subjecced to thermal

stresses. Standard tests for measuring thermal

exp~sion have already been menriooed i. Chap.
ter 3. The capability of succ. ssfd .op.r.scion at

some elevated temperature is sometimes indi.
crated as a requirement, but procedures for deter.

mining compliance are seldom given explicitly

Strength is a characteciscic which cannot be \
expressed as a property of the glass, because it .J
will bc influenced greatly by fabricating condi-

tions. Strength is commonly determined for a

complete component.

WORKMANSNIP

Defects a“d imperfections in glass may arise

from many causes associated with melting, form-

ing, finishing, and other operations. The term

“workmanship” is .scd bcre to cover all such

deficiencies.

Imperfect melting operations may result i.

solid or gaseous inclusions (stones, bubbles,

etc.), and in hcmmgeneicies in the glass body

(stciac, cords, and sometimes, cloudiness). FomI-
ing operacicms can produce faulty shapes be-

cause of imperfect equipment, improper operation

(including tbe use of unsuitable fcxmi”gtemper>
UICS),and excessive:. ,“*ingofformedglass.
The required dimensions may not be met, and the

article may be distorccd or warped (for example,

umvincss in a rolled plate or a drawn sheet).

Surfaces may be m.gh and also irregular at the
)

mold seams; in addition they may contain laps,

checks or cracks, trapped air, and surface in-

clusions such as scale.

The finishing operation of grinding lca.,es the

glass surface rough, pitted, and mechanically

weak. Subsequent polishing may not completely

remove these imperfections. hem are a number

of sucface defects which result from incomplete

polishing and which may be classed gencrafly

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 interfacesbetween
glassandplastic.

Dimensionaltolerancesofvario. s types, thick-
usses, lengths, and diameters willbe found in
&ost 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 parallcliim of rhe two sur-

faces (called a ‘“wedge”) is important, so that

tolerances for this condition must be included

in specifications.

The ❑agnitude of iotemal or residual stresses

in cbe glass can be used to evaluate the quality

of annealing or the degree of sempcring. These

stresses arc commonly decennined from the rela-

tive retardation of polarized light which is

caused by tie stresses. This retar&tion is mea-
sured with a polarimc ser. In well-am eafcd glass

which is to be used for optical components (see

MIL-G-1 74), be maximum allowable retardation
is specified as 10 millimicro. s per centimeter of

the pa!h of light, or an internal stress of the

order of 50 psi.

In the case of tempered glass for aircraft

glazin~ (SC. MIL-G-25667), the retardations re.

sultin8 from the xensile stress in the midplane

of a reference sample of l/4-inch plate glass are

specified as follows: stmitcmpcred, 1,400 to

1,900 millimicrons per inch of pati; , fully tern.

pcred, not less than 2,800 millimicrons per inch

of path. Corresponding values for ocher glass

thicknesses are not indica led specifically.

FUNCTIONAL TESTS

Using tbe cwo 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, tc.getber with such controls which

may be required to assure proper standards if

workmanship. This method is used on products

where adequate testing of the complete compon.

enr or str. cmre is difficult or impracticable.

The opposite approach in formulating a speci.

fication is to permit the supplier some Latitude
i“ his choice of materials and procedures, buc to

include a functional test or rests which represent

the tcquiremencs of the most severe service

condition anticipated. If the product meets these

tes Is, it is considered to have complied with the

requirements of tbc specification. ‘fbese tests

are frequently made more severe rhan any ser-

vice condition, in order m accelerate the test.

Both experience and special testing may be

necessary m correlate he rest conditions with

the funcriooal requirements of the product. Ac-

tually, many speci ficatioos combine eknmts

based on properties and workmanship with others

based on functional tests.

The optical m.ansmissicm of a laminated glass

structure can be specified from absorption coef-

ficients and refractive indexes detenni”ed for

the several elemenrs of the composite window.

If, however, the specified transmittance muse be

retained after the exposure of tbe laminate to

some deteriorating agent. such as ultraviolet

radiatims, compliance is much more readily

determined from a functional test made afrer the

windo~. is exposed m the deteciorati”g a~e”t.

Thermal endwancc of glass components can

be assured by using a glass of suitable thermal

expansion characteristics and a proper standard

of workmanship. While these rum req.iremcnrs

are included in some specifications on ga?e

glasses, a functioml test for thermal shock is

usually added. Samples of cbe glasses arc heated

to a definite temperamm in an oven and We then

quenched in a water bath or by a water spray.

Fracture of the glass represents failure.

Laminated glass products for safety glazing

(z26.1, MIL-G-3787, MIL-G-?,5611) 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 tbe plastic intcr-

layer, except in small specified areas surround.

ing the point of impact. For tempered glass frag-

ments may separate, but the size of the indi-
vidual piece is limited. These are functional

rests.
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For tiller-resisting windows the obvious func-

tional test is its acmaf impact by a bullet. In

MIL-G:5485 the bullet is m have a striking vcl,o-

ciiy of 2,700 ftlsec, edtilc the obliquity of dIe

pati of *C b@let with respect to rhe face of rbc

window is specified io terms of the weight of

!Jw b+illet mid the weight of glass per square

foot of windimi.. Results which indicate failure

of a Specimen are outlined cleady in the speci -

ficati6h.

.’ Specificatiai bilL-G-2697 for tempered port.’

Iigh m is of considerable interesr. Strength re-

qu,,emeiits of these lights arc defined in terms

of an edge-loading test (arrangement shown in

Figure 24). .This load is specified in pounds for

each SIZC, 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 pieces tested are subjccc.ed m a proof

load, and compliance is based on the number of

failures. Pieces not injured by the test arc
accepted. This procedure employs the mecbod of

atuibutes. For tbe larger lots a sample of ten

pieces or more is selected and tbe specimens

are loaded to destruction. If the average breaking

load is equal to or greater than a specified value,

about 30 percent higher than the proof load for

the firsttypeoftest,‘Aclotisaccepted The -.

inspection procedure used in this case is by the
method of variables.

2_hc requirements of products are so complex

that considerable variety is found in the metiods

and forms used for specific atims.

TABLE Xl. SPECIFICATIONS AND STANDARDS ON GLASS

NUMBER TITLE

Military

MIL-G174 Glass, Optical

MIL-I-742 lnsulaticm Board, Thermal Fibrous Glass

bflL-G-479 @ass, Ground (For Ordnance Use)

MIL-G-I 366 Glass, Window, Aerial Photographic

MIL-G.2695 Glasses, Gage; Round and Flat, Reflex, Under 125 Pounds Pressure

MIL-G2697 Glasses, Portlighr, Circular, Heat- ueaced

MIL-G2857 Glass, Heat-treat~d, Glazing, Rectangular [for Bridge Windows)

MIL-G-2B60 Glass, Sight, Flat, Clear, Botosificatc

MIL.I-3158 Insularicn Tape, Electrical, Glass Fiber, Resin Filled, and Cord
Filvous Glass

ML-G-3787 GIass, Laminarcd, Flat (Except Aircraft)

MIL-G-5485 Glass, Lamiwated, Flat, Bullet-Resistant
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TABLE Xl. SPECf FICATIONS AND STANDARDS ON GLASS (Can!.)

NUMBER TITLE

MIL-G.8602 Glass, Laminated, Flat, Aircrafc

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

MfL-F-l 2298 Fabric, Glass, Woven

MIL-G-14754 Glass, Ground, [For Use in Amm~i~on)

MIL-1-15475 [nsulatirn Felt, Thermal, Fibrous Glass, Semirigid

MIL-M-15617 Mat, Fibrous Glass, For Reinforcing P1astics

MIL-1-16411 lnsulatimFelt,Tbcrmal,GlassFiber

MIL-1-17205 )ns.lacion,ClorbandTape,Electrical,GlassFiber,Varnished

MIL-G-1B498-R GlassSet,WaterGage,Flat,Plain,HighPressureSteam,
(Glass,MicaandGaskets)

MIL-1-1S746 InsulationTape,GlassFabricPolytecrafluoroethyleneCoated

MIL-T-19292 Tapc,Glass,Fiber,Aspbal(md Oil 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, Tape, Textile Glass and Thread, Glass

MIL-G-21729 Glass-FitmBaseLaminate,Epoxy Resin

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

MIL-I-22344 Insulation Pipe, Thermal FibrousGlass

MIL-I-22444 InsuIacionTape, Electrical Self Bonding, Silicone Rubber Treated
Bias Weave m Sinusoidal Weave Glass. Cable Splicing.
Naval Sbipbc.ard.

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

MIL-I-24178 insulation Tape, Electrical, Semi-Cmed Tbermo$ettiog Resin
Treated Glass, Armature Bonding, Naval Shipboard.

MIL-G-25667 Glass, Monolithic, Aircraft Glazing

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

MIL-C-27347 Cloth, Coated, Glass, Aluminum Face, Silicone Rubber, Back

MIL-G-43349 Glass, X-ray Protective

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

MIL-G-55636 Glass Clorh, Resin Pm-impregnated (B Stage) (For Multilaycr
Printed Wiring Bomds)

MIL-R-60346 Roving, Glass, Fibrous, (For Filament Windinh Application. )

MIL-C-82254 Cloth, Coated, Glass, Chloropm”e Coated

Standards

MS-3 6078 Glass Tubing, Round, Capillary

MS-3 6079 Glass Tubing, Round, Standard Wall
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TABLE Xl. SPECIFICATIONS ANO STANDARDS ON GLASS (Cont.)

NUh18ER TITLE

M2L-STO-34 GeneralRequirementsForThe Preparationof Drawings for Opical

Elements and Optical Systems

MIL-STD-105 Sampling Procedures and Tables fm Inspection by Attributes

M2L.STD-109 Quality Asstxance Terms and Definitions

.JUSL-HDBK-141 Optical Design

“~L-STD-150 Pb.atc.graphic Lenses

f@L-sTb-1241 ClpticaS Terms and Dcfioitions

Fadwral

DD-G-451 Glass, Plate, Sheet, Figured, (Float, Flat, for Glazing, Corrugated,

Mirrors, and other uses)

DD-G476 Glass, Flat, Glazing(FoI)Trmsmiuingnotlessthan25% ofUltra-
vicdcc, Radiation at Wave Lengcb 30Z Millimicrcms

DO-G-491 Glass, Liquid Sight ln~cator, Flat

DD-G.51 1 Glass Tubing, Round (Gage, Boiler)

DD-G-541 Glassware, Laboratory

DD-M-00411 Mirrm, Glass

DO-M-4 11 Mirrors, Plate Glass, Framed (GSA - FSS)

DD-T-741 Tubing, Glass, ( Lab&atory USC)

NH-1.551 fnsulacion Block Pipe Covering and Boards, Thermal
(Cellular Glass)

w-A-13 1 Adhesive, Glass-to-Metal, (For Bonding of Optical Elements)

FED. STD. - 515/8 Safety Glazing Materials for Atuomotive Vehicles

FED. STD. - 515/13 Glare Reduction Surfaces - Instrument Panel and Windshield Wipers
for Automotive Vehicles

USA Standanls Institute (USASI)

z26. I Safety Glazing Materials for Glazing Motor Vehicles @crating
on Land Highways

z97.1 Performance Specifications md Methcds of Test for Transparent
Safety Glazing Materials Used in Buildings

Anai.a. So.ioty for Testing Materials (ASTM)

Specifications for:

C 552 CellulaI Glass Block and Pipe Tbermal Insulation

c 599 Glass Process Pip and Fittiogs

D 679 PiwTypc Lime-lass Insulators, Communication and Signal

E 211 Cover Glasses and Glass SIides for Use in Microscopy

a
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.TABLE Xl. SPECIFICATIONS AND STANDAROS ON GLASS (Cont.)

NUMBER TITLE

Methods of Test for:

C 146 Chemical Analysis of Glass Sand

c 147 fnternal Pressure Test on Glass Containers

c 148 Polatiscopic 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 Analysis of Soda-Lime Glass for Silicon Dioxide

c 224 Sampling Glass Containers

C 225 ChemicaI Attack, Resist-cc to, of Glass Containers

C 240 Testing Cellular Glass insulating Blocks

C 336 Annealing Point and Strain Point of Glass

c 337 Linear Expansion, Average, of Glass

c 338 Softening Point of Glass

C 429 Sieve Anafysis of Raw Materials fm Glass Manufacture

C 598 Ammafing Point and Strain Point of Glass hy Beam Bending

D 578 Glass Yarns, Specification and Methods 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 5S1 Glass Tubular Sleeving and Braids, Woven, Test and Tolerances for

D 8S6 Glass Yarn, Impregnation and Penetration of, with Insulating
Varnish

E 165 Liquid Pcnetrant Inspection

E 211-65T Cover Glasses, and Glass Slides for Use in Microscopy,
Specification and Methods of Test for

Definitions of Terms Rele. tin CO:

C 162 I Gkast and Glass products

Tentative Method ofi

C 600

I

Thermal Shock Test on GIass Process Pipe

C 601 Pressure Test on Glass Process Pipe

Recommended Pm.ctice for:

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

mm-l: To prevent w remove objectionable stresses in glassware by ccmmoIled cooling kom a

suitable temperature. Also see text of Chapter 4.

.annrnling point Tbe temperature of a glass at wbicb intetnaf stresses sre reduced to acceptable

commercial limits in 15 minutes. The temperature corresponding to a viscosity of about 1013

poises.

batch: The raw materials, propcrly propc.rti.med and mixed, for delivery to tbe furnace.

blistem An imperfection; a relatively large kabbfe or gaseous inckica.

bushing A liner in the orifice of any feeder fm molten glass; for example.. the orifice ring of a gOb

feeder; or the uni! through which molten glass is drawn in making fibers.

chock: An imperfection; a surface crack in a glass article.

chtp. An imperfection due to breakage of a small fragment out of an otherwise regular surface.

continuous filament 5ZC Fiber.

cord An attenuated glassy inclusion possessing optical and ocher properties differing kom cbosc

of the surrounding glass.

coupling agent A special sizing materiaf applied to glass surfaces, particularly to fibers, to promote

adhesion between the glass and some resinous material.

crush: A lightlypittedarearesultingin a dull gtey appearance over tbe region.

evlle~ WasIe or broken glass, usually suitable as an addition co. raw batcb.

dmitriffcation: Crystallization in glass.

dica The more or less cubical fracture of highly preswessed glass.

di gx Deep, short scratches.

fe.den A mechanical device for regularly producing and delivering gobs m a formin~ unit.

fi her: An individual filament made by attenuating moken glass. A cc.ntia”ous filament .is a gIass
fiber of great or indefinite length. A * kr is a 61ass-e I-sbOn Ieniith
(genemdly less than 17 inches).

fictive tempwutute: Glass in a given stale can bc brc.ugbt suddeuly to a cempmacurc at which its
structure m configuration will reach equilibrium. This will be the fictive temperacurc.

fipured gloss: Flat glass having a partern on one or both surfaces.

fill: The “nit amount of batcb charged into a tank or pm.

fining The process by which tbe mc.kca glass approaches freedom from u“dissc.lved gases.

fi m cracks: Cracks in ware caused by local temperature shock.
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float 914sx Glass which bas virtually plane and parallel surfaces formed hy floating in a conti”uo.s

ribbon of glass tin the surface of a batb of molten mcm.1 in a controlled atmosphere.

foroh.artb: A section of a furnace, in one of several forms, from wbicb glass is taken for forming.

fracture mi rrqi+ On tbe fcactute surface, a smooth flat area sturc.unding tbe fracture origin.

slasx Glass is an inorganic product of fusion which bas cooled co a rigid condition without cryscal-

lizin8.Glassistypicallybardand frittlc, and bas a conchoidal fracture. h may be colorless

or coIored, end transparent co opaque.

91acs comniti A materiaf melted and formed as a glass, then converted largely to a crystalline

form by processes of conmcdlcd dcvimification.

gob (1) A pertioa of .bor glass delivered by a feeder.

(2) A portion of bot glass gathered on a purity or pipe.

knob An imperfection; an inbcmmgeneity in rbe form of a vitrecms lump.

lampwo~kin~ .Fxdng glass articles from cubiOg -d CMC by beating in a gas flares.

IW (1) An” imperfection; a fold in the surface of a glass article caused by incorrect flow during
f0rmi08.

(2) Amolusedf orpolisbingg lass.

Iabr(l..r): 'Along, twnel-sba~d oven for=nealing glass by continuous passage.

Iinow Fine cords or strings, wuallyoncbe surface of sheet glass.

li@&8 temperature Tbe maximum temperature at wbicb equilibrium exists between molten glass

.aod its primary crystalline phase.

low refktoncw coaiingx Transparent coatings applied m glass surfaces to reduce tbe amount of

Iigbt’reflected. This reduction is caused by incerfereocc between two reflected beams.

mat (fibrs): A layer of inccrtwincd fibers bonded with some resinous material or other adhesive.

porisom A Peliminarysbape or blank from wbicb a glass article is to he formed.

plate 910s8 Glas$ from wbicb surface irregularities have been removed by grinding and polishing,

so thattbe surfaces are plane (flat) and parallel.

plungac Tbe reciprocating metal pan which forces glass into the contours of a mold, or which, in a

blank mold, forms tbe initial cavity for subsequent blowing.

poise: Abasicunit of viscosity expressed in C.G.S. units; ’dynes xcm-l x sec”l.

polariinetec Apparatus foc measuring tbe rotation of cbc plane of vibration of polarized light in
optically active substances. For glass these measurements are used for determining differences
of stress.

prcfunm (fibers): Tbe process wbercby .xc strands of coving are drawn by suction onto a shaped
screen, sprayed with binder, and cured in an oven. Also, tbc arricle made by this process.

proloatkd (fibus): Comainingor comhincd with the full complement of resin before molding.

prestressod 910ss: Glass in which cesidwd SCICSSCS have been developed by heat treatment (for
example, tempering), chemical tceatment, or other means.

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

roving (fibers) On. or more staple-fibs slivers, with a very small amount of twist. An intcrmediacc

stage between sliver and yarn.
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rub. Abrasion of the glass stmface which pduces a frosted epparm?e. h differs from a scratch.

Sometimes calleda scuff.

sand fmlex Small fractures in the .wufac.e of gIass. pOduc=d hy the rO~h. grindiag OperatiOn and
which have pot bren removed by subsequent fine grinding. See Short Finish.

scratch:” An imperfection; a surfacemark caused by hardmaterialwith a sharp point or edge.

seal: A fusion joint or union bcrween glass and glass .x glass and metaf. ‘“

s-d: An extremely smalI gaseous intmsica in glass.

sheet glasx” Trmqcwent flat glass having glossy, fire-finished, app~ently plane and smooch sur-

faces, but bavinga characteristic wsviness ofs.urffice.

short finish: An’imperfection in plate glass, resulting fmm incomplete polishing.

size (ffk.rs): Any coating applied to textile fibers during the forming operation.

skim: An imperfection; streaks of dense seed withaccompanyingsmallbubbles.

sl-k: An imperfection;a“fine scratch-like’ mark having smooth boundaries, usually produced by a
foreign particle in the polishing operatiti.

sntokw. Discoloration of glass caused by a reducing flame as when bcated in open-fired Iehrs.

softotting pointi The temperature at which a glass will deform tinder its own wcigbt. The corres-
ponding viscosity may vary from 107.5 to l@.Y poises, depending U@ tbe density of the glass.

staple fikec see fiber.

$ionm An imperfection; crystalline contamination in glass.

stroin pointi Tbc temperattue of a glass at which internal stresses arc” reduced to an accepcablc

commercial limit in 4 bows. The temperature corresponding to a viscosity of a@t 1014.5 poises.

strio An imperfection; a cord of low intensity of particular interest in optical glasses.

strinq An imperfection; a straight or curved line, usually resultiog from slow solution of a large
grain of sand or foreign material.

tempered gl asx Glass which has brea prestressed by rapid cooling from a temperature near its

softening point.

textile fiberx Fibers w filaments Ibat can be procc ssed into yam or made into. fabric by inter-
twining in a variety of methods, including wc~ving, knitting, and fxaiding.

thermal .endu,rmce: The rela,ive nbility of glasswwe to wicbstand thermal ibock.

WOVE Glass defect= resulting from surface irregularities making objects viewed at varying angles

appear wavy and bent.

weatherfnw Attack of a glass suiface by atmospheric elements.

wdgw Departure of the’ two muface,s of flat glass from parallelism. UsualIy expressed in terms of

minutes and seconds of arc or interference fringes per inch.

yo~king poinh Temperntwe of a glass correspondi~ m a viscosity of 11# poises, at which it may
be suitable for some types of forming opermioms.
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SUBJECT INDEX

A

Abbe constant, see Nu value

Absorption, high energy radia [ions . . . . . . . . . 31-33

light . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29,30,64
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Aircraft . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53,54,60
Aluminosilicate glass . . . . . . . . . . . . . . . . . . . . . . . 7,8,54

American’Society for Testing Materials,

(AS~) . . . . . . . . . . . . . 3,17,19,40,55,63,68,69,75

Anismopy, in fibrous laminates . . . . . . . . . . . . . . . . . . 59

Annealing . . . . . . . . . . . . . . . . . . . . . . . 2,10-13,35-37,71

limits . . . . . . . . . . . . . . . . . . . . . . . . . ... . . . . . . ... . . 10,35,37
point . . . . . . . . . . . . . . . . . . . . . 7,13,17-19,24,35-37,71

range . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

Applications of glass . . . . . . . . . . . . . . . . . . . . . . 2,51-61
Armot, Iight-weight . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60,61’

Atom . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5,14,31

Atcribuces, sampiing by . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

B

Batch . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10,71’

Birefringence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

cOnscants . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

Blowing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11,12

Bolting pressures, see Strength,
glass, cxccs *iv, pressure

Bond, gfass co plastic .: . . . . . . . . . . . . . . .. 15.16 .59.60

Borosilicare glass . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7,8,33

Breaking stress . . . . . . . . . . . . . . . . . . . . 2,23,28,38,46.47

variance and distribution . . . . . . . . 25,26.38,46,47

measurement . . . . . . . . . . . . . . . . . . . . . . . . . . 29.38,43-46

affect of area . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40,41,47

see also Strength and Fracture

probability

Brittle bodies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2,23,46,47

characteristics . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2,47.51

see also Fractwe,brink.

Building officials Conference of
America, (BOA) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51,76

Bull: t-rcsisti”g glass . . . . . . . . . . . . . . . . . . . . . . . . . 53,66

Bt"shing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10,71

c

Calcium aluminate glass . . . . . . . . . . . . . . . . . . . . . . . . . 56

casting . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . 12

Chemical durabilit y. . . . . . . . . . . . . . . . . . . . . . . . . . . 7,8,33

Chemical smengcbening, sec. Ion cxcbsngc

Clothing, gfass textile . . . . . . . . . . . . . . . . . . . . . . . . . 58,59

Composition, chemical . . . . . . . . . . . . . . . . . . . . . . . . 7-9,64

Concentric ring test, see Strength,

testing flexure

Containers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8,11,12

Continuous filaments, see Fibers

Cooling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2,6,13,24,35,36

rate s . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35,36
Coupling agenrs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16,71

see also Bond, glass to pf951i C

Crysrals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5,15

Crysmllization, see Dc:itrification

Culler . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10,12,71

D

Dcbiteuse . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..II

De fccw, glass . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

see also Flaws

Defense Standardization . . . . . . . . . . . . . . . . . . . . . ..iii.1.3

Deformation, viscous or plastic . . . . . . . . . ..14.17 .35

elastic . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
Deicing, windshields . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

Density . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15,18,19,36,37

Dcvitrification . . . . . . . . . . . . . . . . . . . . . . . . . . . 3-5,14,15,71
Diamond pyramid, see Hardr.ess

Dielectric propcnics . . . . . . . . . . . . . . . . . . . . . . . . . . . 31-33

stre"gtb . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

Dispersion, optical . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28,29

Dissipation factor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31,32

Dmwi.g . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

E

Elasdcaftereffects................................. 21
coetgy...................................... 23,42,43
modulus . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21.22,37,56,58

8?
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properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21,22

Electrical properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31-33

Elongation, tberud, see Expansion.

thermaf

from stress . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

Emissivi~ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

Enamel, vitreous . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13”.14

on metals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

Equilibrium, ioternal suucture <:... ~........ 6,7,35

Expansion, thermal . . . . . . . . . . . . . . . . . . . 6,18,19,38,65

coefficient . . . . . . . . . . . . . . . . . . . . . . . . 18,19,36,37,64

F

Fatigue, see Stress fatigue

Federal %andnrds aad Specifications . . . . 51,63,66

Fiber . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7,8,11,15-19,71
diameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8,10,58

coocinuous filament . . . . . . . . . . . . . . . . . . . . . . . . . . . 11,71

staple . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11,15,71

strength . . . . . . . . . . . . . . . . . . . . . . . . . 23,24,26,39,40,58

Fikrqtics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

Fibrous glass, manufacture . . . . . . . . . . . . . . ..11.15 .16

WOOI . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..l5.57.58
textiles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15,16,58,59

Fibrous-glass reinforces plastics . . . . . . . . ..2.59-61

mechanical propert . . . . . . . . . . . . . . . . . . . . . . . . . . 59,6o

stress fatigue . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

forcesat inter face . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

airplane components . . . . . . . . . . . . . . ..~ . . . . . . . . . . . . 60

piping . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

Iight-weigbt armor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60,61

Fictive rcmpcrature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6,71

Fining . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10,71
agents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

Finish, of bottles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11,12

Flaw, weakening . . . . . . 23-25,27,28,39,44,45,58,64

Float glass . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..l3.72
Forehearth . . . . . . ..’. . . . . . . . . . . . . . . . . . . . . . . . . . . 10,11,72

Fourcauh . ... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
Fracture, bnctle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

massive glass vs. fiber burdc . . . . . . . . . . . . 58,59

anal y sis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44-46

velocity, see Velocity, fracture

mirror, see Mirror, fracmrc

Fracmre probability, statistical

methods . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 26.38 .39.46.47

Weibull distribution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39.47

ga.ssian dis’trib.tion . . . . . . . . . . . . . . . . . . . . . . . . . 26,47

standard deviation . . . . . . . . . . . . . . .. 26.38 .39.46.47

Iimications . . .. . . . . . . . . . . . . . . . . . . . . . . . 26,38,39,46,47

Fuels . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10 .)

G

Glass . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1,5,6,27,72

Glass-ceramic . . . . . . 1,14,15,18,25,26,27,56,57,72

Glass formcrs, conscituencs . . . . . . . . . . . . . . . . . . . . . . . . . 7

Glass, pipe, see Pipe; gf.ass reinforced

Glass tyQcs, listed . . . . . . . . . . . 7,8,9,19-23,26,29-34
Glassy smte . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2,5,fi

Glazing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7,8,14,51-53

safe~ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52,53 .

Gob . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11,72

Gob feeder . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11,12

Gtin&ng . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

H

Hardness, indcocation . . . . . . . . . . . . . . . . . . . . . . . . . . 22,23

Heatgaina ndloss,( windows) . . . . . . . . . . . . . . . 52,57

Heat-reflecting coarings . . . . . . . . . . . . . . . . . . . . . . . 52-54

Hydrofluoric acid, effects . . . . . . . . . . . . . . . . . . . 13,33,34

I

Impact, applications involving . . . . . . . . . . . . . . . . . . . 48

da-ge . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49 .:)

ccsiscance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42,43,48

safety glazing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65,66

see also Strength, glass, cescing

lncermediates, consciments . . . . . . . . . . . . . . . . . . . . . . . . . 7

Ion, see Atom

100 exchange, for prestrcssing . . . . . . . . . . .. 14.25.26

L

Lead-alkali silicate glass . . . . . . . . . . . . . . . . . . . . . . . . 7,8

Lebr . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10,11,12,72

Ligbtingglobcs, explosion-resisting . . . . . . . . . . . . 55

Liquid smte . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5,7

Liquidus . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14,15,72

Low-reffectanc. coatings . . . . . . . . . . . . . . . . . . 29,30,72

M

Manufacture, glass . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ...9-16

Mass absorption coefficients . . . . . . . . . . . . . . . . . . . . ...33

Materials, glass-making . . . . . . . . . . . . . . . . . . . . . . . . . 9-16
Mccbanical properties . . . . . . . . . . . . . . . . . . . . . . . . . . ..2l-28

82
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MeltinB . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2$10

Melting point . . . . .. . . . . . . . . . . . . . . . . . . .. . . . . . . 5,6,20,21

Mi2icary SmndardS aOd

Specifications . . . . . . . . . . . . . . . . . . . . . . . . . 53-57,6349

Mirror, fracmlrc . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24,25,4&46
Modifiers, constituents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

Modulus of ri8i&V . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
Mold . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11,12

f4

National Bureau of Standards . . . . . . . . . . . . . . . ...38.76

Natiod Electrical Code . . . . . . . . . . . . . . . . . . . . . . . 55,76

Network, random . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

Ncmscatterable tests for safety
~hzing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

Notch sensitivity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47,48

Nucleating agents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
Nuclei, nucleation . . . . . . . . . . . . . . . . . . . . . . . . . . . ...14.15

Nu VdUC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ...29.64

0

Optical properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28-31

Optical @ass types . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

Oxides . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7-9

P

Parison . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11,12,72

Photosensitive glass . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
Pipe, glass, fiber reinforces . . . . . . . . . . . . . . . . . . . . . . 55

plastic, fiiier rein forces . . . . . . . . . . . . . . . . . . . . . . . . . 60

Plate 81*ss . . . . . . . . . . . . . . . . . . . . . . . . . . . 11J,13.35.3~.72
Poise..........................................6,7,17,72
Poisson’s nmio. . . . . . . . . . . . . . . . . . ..21.22.23.37.4 l.56

Polarimctcr . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29,44,65,72

POlishin* . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

Portlights 41,42,66. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

PrimOry forming operations . . . . . . . . . . . . . . . . . . . . . 10-12

Probability of fracture, see

Fracture probability

Pressing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ... . . . . . . 11,12

Pressures, critical hydrosmtic . . . . . . . . . . . . . . . . . . . 56

Prescressing . . . . . . . . . . . . . . . . . . . . . . . . . . . 13,14,24,25,28

Proof tests . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4?,66

Properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2,17-33

a

Quality assumncc . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3,63_6d,

R

Radiations, bigb energy . . . . . . . . . . . . . . . . . . . . . . . 32,33

coloring floe . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

Radomes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56,57

Reffecmnce, optical . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

Refractive index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19,28,35

Reinforcement, see Fibrous glass and

Pipe

Residual stress . . . . . . . . . . . 24-26,35 -37.39 .4 P46,65

Resistivity, electrical . . . . . . . . . . . . . . . . . . . . . . . 19,31,32

Requirements, in spccifi=tiOns . . . . . . . 2,3,6346

Retardation, from bircfringence . . . . . . . . . . . . . . . 29,65

Ribbon machine . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

Rolling................................................... 9

s

Safety glazing, see Glazing, safety

Seals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18,19,37,38,73
Secondary operacio”s . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12-16

Selection criteria . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17-33

Setting fmin!, for seals . . . . . . . . . . . . . . . . . . . . . . . . . 37.38
Sheet glass . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10,11,51,73

Short Finish . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64,73

SiIica-frtc glasses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7,28

Silica glass . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7,34
96 percent . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..7.8.l4

Sizing textil. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15,16,60

So&-lime glass . . . . . . . . . . . . . . . . . . . . . . . . . . 7,8,21,45,46

So ftenin,q pain, . . . . . . . . . . . . . . . .. 7.13.14 .17.18 .37.73

Solder @SS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6-8,14,19

Sound absorption , see Absorption,
sound

Space craft . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

Specific hear . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20,21,36,37
Specifications . . . . . . . . . . . . . . . . . . . 3,17,51,53-57,63+9

Smndard devia[ion, sec Fracmwc

ptobabiliry

Staple fiber, see Fiber

Strain poic.t . . . . . . . . . . . . . . 6,7,14,17,18,35,37,38,73

Strength, glass . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23-18,64

mtrmslc . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
time effects, see Stress fatigue

tempera r.trr . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26,27
m.askmg tape . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

cxccsslve pressure . . . . . . . . . . . . . . . . . . . . . . 48,49, ?4
testing, renslon . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
flex.re . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40,41
compressfo” . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27,28,38-43
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tOrsion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

impact . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42,43

Strcsscmcentrations . . . . . . . . . . . . . . . . . . . . . . . 23,24,48

Stress faciguc . . . . . . . . . . . . 24,26,27,39,40,47,59,60

limit............................................... 24

Stria............................................... 10
Structure,internal................................ 5,35
Structuralapplications............. 47-52,56,60,61
Suucturafdesign.................................46-49
Submersiblevesselsandcroft..................55.56
Supercooledliquid................................. 6.18

T

Tmnks, melting . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

Technological principles . . . . . . . . . . . . . . . . . . . . . . . 35-49

Temperature, operating limits................ 54,64
melting............................................... 10

Tempering................................ 2,13,24,37
Temperedglass..............25,26,35,52,55,65,73
Textiles,seeFibrousglass
Thermal conductivity . . . . . . . . . . . . . . . . . . . . 20,21,36,37

diffusivity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
insulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15,57,58

stresses . . . . . . . . . . . . . . . . . . . . . . . . 37,38,48,52,55,65

Torsiontests,seeSmengtb,testing
Transfonnarkonrange................... 6,14,20,35

Transmiuancc,optical.............. 28-31,56,57,65
Tubing...................................................11

f2
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