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

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

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

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

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

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

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

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

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

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

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

The Director

Army Materials and Mechanics Rescarch Center
Watertown, Massachusetts 02172

ATTN: AMXMR-QS
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Chapter 1
Introduction

PURPOSE

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

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

**Standardization is the adoption and use (by

consensus or decisioa) of engineering criteria to -

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

As implied in the preceding definition, the -

mission of the DOD with respect to standardi-

zation is to develop, establish, anpd maintain a

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

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

in the consuuction of military equipmear. These,

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

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

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

SCOPE

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

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

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

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

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

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

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

that their reamneat has been relatively expanded.

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

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

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

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

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

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

will funcrion tariclfarrorily in ssrwics
= . j 3]

Wiii LV UVE cSnsssiSUiVessy o waErawe

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

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

in service. This can occur if the requircements

and tescs of the specification are pnog relared

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

This chapter lists a number of federal und

military specifications related to glass products.

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

MIL-HDBK-722(MR)
1 AUGUST 1969

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

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

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

“referred to in purchase orders or in contraces,
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Chapter 2
Glass Technoiogy

STRUCTURE

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

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

without thaea which

w il LaDST wWaissa

adiusrments othet

than

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

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

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

- that the struceure of glasses consists of a three-

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

" linkages berween tetrahedra are slightly izregu-

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

s Py aele
Oeiwors .
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CHANGES DURING COOLING

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

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

uoum/
S supERCOOLED
e UQUID ~~,/’
5 e
: 7
% /i.n/‘ /‘!
. SOUD
9 | _.—otas ¢ }
MELTING
PT.‘\.l |

TEMPERATURE

FIGURE 1. Comparison of the Linear Contraction
of a Substonce When Cooling from o
Liquid te o Solid, and When Cooling
to o Gloss
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FIGURE 2. Viscosity Relotions versus Tempero-
ture of o Substance When Cosling
from o Liquid to a Solid, and When
Cooling to o Glass

glass at the point D. It has a fictive temperamur
Tf'. The temperature intervals AB and CD ate
called the transformation ranges for the two con-
ditions of cooling.

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

cooliing., e

the specific volume.

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

denartura of these viscositvy values from those

ROSSC VISLLRSIY)

of the equilibrium curve.

COMPOSITION

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

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

MIL-HDBK-722(MR)
1 AUGUST 1969

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

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

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

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

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

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

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

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

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

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

- mest the reqn_i;empnre of different nraduces. For

[+ == & = T ALE 2 LRIt pReREitis

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

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

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

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

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

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

chemicral analvese
SRR RERIFSRS.

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

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

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

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

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

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

the glassmakiog oxide available in each ma- .

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

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

TABLE Il. GLASSMAKING MATERIALS

‘Chemical

Glassmaking Percent

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

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

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

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

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

12. Melting. Melting coasists of raising the

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

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

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

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

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

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

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

10

AtE mammcaioa

o A €~
anag aif u:quul:u 10T
regenerator units made up of refractory bricks,

which are heated by the waste gases.

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

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

glass, sometimes separates these two operations.

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

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

operation In use.

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

casting.

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

B._ Drawing.

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

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

Sheet glass for glazing and other

S’

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

is ordinarily made in

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

(2) Tubing. Tubing is also formed by means

of drawing processes. In some equipment the

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

anocaled as it passes upwsrd to an upper level,

where ir is cut to lengths. This process is well

adapted to making large tubing upto eight inches

ot more in diameter. A modification is also used

for drawing thermometer tubing, which is of

small diameter,

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

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

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

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

ment of pxasul: materials.

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

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

 drawn from the tank and dropped into the press

mold, The device which performs this operation

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

1

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

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

of the plunger.

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

Pressed articles are made in sizes ranging

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

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

production of special articles.

The
tainers,
teasive use of the blowing operations.

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

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

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

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

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

12

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

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

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

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

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

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

Glass parts of special shapes are sometimes
formed from powdered glass to which a small
amount of organic binder has becn added. This
material is dry-pressed and then sintered at
elevated temperarures. This method is conveni-
ent for small articles with holes.



Downloaded from https://www.everyspec.com

In a recently developed process, flac glass is
taken from the rolls and floated across the sur-

face of a bath of molten metal, The temperature -

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

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

" used for engraving glass.

b. Annecling ond Tempering. The technical

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

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

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

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

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

 so that one is above and one below the glass.

usually near its softening point, and it is then

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

13

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

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

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

pansion characteristics as the base glass, or-

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

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

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

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

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

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

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

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

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

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

will result.

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

Special procedures are cmployed ia

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

or catalysts for acceleratiog the operation. These

. nucleating agents may be merallic colloids (Au,

14

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

usual manner, it is bheld at a temperature- at

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

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

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

With some glass compositions the crysalli- -

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

Aammmes Arimses

1 SR —ma- A
vl L uu.uua

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

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

1o a glass.

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

for structural purpofes in the form of boards.

High deansity is also desirable for other applica-

tions, such as sound absorption.

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

‘tinuous filamentstrands are combined and twisted

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

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

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

[ .Y
1

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

forms - for the reinforcement of plastic bodies;

16

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

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

- INTRODUCTION

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

YISCOSITY

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

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

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

 point is a measure of the temperature at which

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

- forming operations. These reference cemperatures

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

_that the viscosity values of silica glass and 96

percent silica glass show some spread. This

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

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

depends to some degree upon glass densicy.

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

those of Tobles | and IV

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

DENSITY

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

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

18

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

Table IV gives depsity figures for a number
of glasses.

EXPANSION WITH TEMPERATURE

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

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

50 T T T T , L 1

pa

ELONGATION - alL/L X 104

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

400

700

100

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

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

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

19

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

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

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

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

changes at specific temperarures, such as are

found in the various forms of silica which cause

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

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

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

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

TABLE V. DATA FOR TRUE SPECIFIC HEATS OF REPRESENTATIVE GLASSES

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

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

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

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

EMISSIVITY

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

MECHANICAL PROPERTIES

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

-
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solid are related as foliows:

E

Ge .
2(1 +v) ()

K= — oo ' ()
= — -1 3)

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

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

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

all of which have high proportions of network
atoms.

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

exhibit appreciable elastic afrer-
They are

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

THICKNESS

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

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

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

TABLE VIil. DIAMOND PYRAMID HARDNESS OF GLASSES

{Locd 100 grams, room temperature)

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

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

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

G. Brittle Fracture. When an elastic body is

subjected to stresses, elastic energy is stored

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

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

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

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

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

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

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

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

Berry [15], and Weil [16].

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

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

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

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

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

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

broken uader impact. The study of these mirtore
is of practical importance, because the frac