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Introduction
Glass is a noncrystalline material that has no

regular internal structure. It is rigid at ordinary
temperatures and soft or almost fluid at high tem-

peratures. It has no definite freezing point, but
becomes solid because its viscosity increases pro-
gressively to values which, for all practical purposes,

are infinitely great.

Although silica sancl (SiOr) is a principal ingre-
dient of most glasses, melting economy and flexi-
bility o{ properties require the addition of other
melting agents and modifiers. Thus, depending on

the choice of these additional constituents, glasses

can be classified into several groups with charac-

teristic properties.

Soda lime glasses (or lime glasses) used for lamp
envelopes, bottles, and window glass are melted from
silica that has been fluxed with lime (CaO), and soda

(Na2O) plus small quantities of other oxides. A
typical lime glass composition is approximately as

follows:

Silica-SiO, ....72%
Soda-NarO ....15%
Lime-CaO e%
IUagnesia-MgO . ......3%
Alumina-AlrOa . ......1%

Lime glasses are low in cost, easily hot-worked
and are usually speci{ied for service where high heat
resistance and chemical stability are not required.

Lead glasses are used for electric light bulb stems,

neon sign tubing, crystal tableware and certain
optical components. A typical composition is given

below:

Silica-Si02
Lead Oxide-Pbo ..
Soda-NarO
Potash-KsO
Lime-CaO

Lead glasses are useful because of their good hot
workability, high electrical resistivity and high re-

fractive indices. Dense lead glasses serve as shields

to cut ofl X-rays and gamma radiations.

Borosilicate glasses are used for baking and cook-

ing dishes, chemical laboratory glassware, boiler
gauge glasses, glass pipe, etc. Their compositions are

usually similar to the following:

Silica-SiO, ....80%
Boric Oxide-BrO, ..,.14%
Soda-NarO
Alumina-Al2Og

Reasonable manufacturing cost coupled with
high chemical stability, low coefficients of thermal
expansion, high heat shock resistance and excellent:

electrical resistivity make borosilicate glasses the

best choice for most industrial applications.

Glasses composed almost entirely of silica are

made by chemically removing the flux from a boro-
silicate glass after it has been melted and formed
to the desired shape. Since removal of the flux leaves

voids in the glass it is necessary to consolidate each

piece by an additional firing operation. Consider-
ably more expensive than the other three types ol
glass, its principal applications are at high tempera-

tures since it does not begin to soften until it reaches

1000'C. and can be regularly used at temperatures as

high as 800'C. The low thermal expansion co-

efficient of such high silica glass enables it to easily

withstand the most severe thermal shocks. Its chem-

ical composition is:

Silica 96/o at least
Boric Oxide ... .3% at most
Other oxides . . . ,l% at most

cotoRED GtAssE$i

All glasses .ufi be colored. by the addition of
metallic oxides that become suspended or dissolved
in the parent glass usually without substantially
changing its chemical composition or physical prop-
erties unless substantial amounts of chernical com-

pounds are needed.
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Glasses are so different from metals
that some discussion of their physical
properties is necessary before the en-
gineer can properly appreciate the
data given in Table ? (nu_g"t" 8 and 9).
For example, sSur strength means
much when asso'6fated with metals but
it has little or no significance in glasses.

Similarly, hardness of glasses must be
measured and reported in terms that
rarely apply to ductile materials.
These notes discuss the specific proper-
ties of glass that require explanation
before they can be correctly evaluated
from tabulated data.

Mechanical Properties
STRENGTH

Glass, like other ceramics, is a brittle material.
Thus, it does not plastically deform before failure
and it fractures only from tensile stresses, never from
shear or compression. The stress-strain curve for
glasses is a straight line up to the breaking point.

The intrinsic strength of all glasses is extremely
high, possibly as much as 3,000,000 p.s.i. Glass fibers
have supported tensile stresses of over 1,000,000 p.s.i.
The useful or everyday strength of glass is but a

small fraction of the above figures because oI stress

concentrations due to surface imperfections. A rod
of glass with perfect surfaces may be as strong as

steel, but normal handling introduces surface im-
perfections that limit its ultimate strength to about
10,000 p.s.i. Another consequence of surface faults
is the introduction of a time factor, so that glass is
stronger under momentary loading than under pro-
longed stresses.

When an adequate safety factor is provided, the
prolonged working stress for annealed glass is taken
as 1,000 p.s.i. and for tempered, or thermally
strengthened glass as 2,000 to 4,000 p.s.i., depending
on the piece in question. It should be noted that
the composition of glass has no practical efiect on its
strength although most borosilicate glasses resist
scratching and therefore usually give better mechan-
ical service. The above figures can be used for all
commercial glasses.

ETASTICITY

For all ordinary purposes it can be assumed that
glass is perfectly elastic up to the point of fracture.
The Young's Modulus of elasticity varies from
6,000,000 to 13,000,000 p.s.i. but most commercial

glasses have values between 8,000,000 and 10,000,-
000 p.s.i. Values are listed in Table 2.

Poisson's ratio can be taken as 0.20, since it is
seldom less than 0.18 or more than 0.22.

HARDNESS

Hardness is not a basic physical property of
a body, but one which combines a number of physi
cal properties in some complex manner and in dif-
ferent degrees depending upon the conditions
under which the particular test is made. Hardness
numbers are empirical. Many hardness tests have
been devised for glasses, the most common of which
are as follows:

l. Scratch hardness tests

2. Grinding or abrasion hardness tests

3. Penetration hardness tests.

The method to be used depends on the applica-
tion.

The hardness of glass cannot be measured by the
Brinell or Rockwell machines as the high contact
pressures fracture the specimens. Knoop, Vickers,
scratch, and abrasion tests are usually used to eval-
uate the hardness of glass.

On the i\{ohs scale of scratch hardness glasses lie
between apatite (5) and quartz (7). Some common
materials that are hard enough to scratch glass in-
clude agate, sand, silicon carbide, hard steel and
emery. Glasses are harder than mica, mild steel,
copper, aluminum and marble.

Impact abrasion resistance of glasses is evaluated
by measuring their resistance to sandblasting under
standard conditions. Values recorded are relative
only, showing resistance as compared to soda lime
plate glass which is arbitrarily given a value of
unity.
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tively unimportant compared with the problem of
design to prevent flashover and, in laboratory test-

ing, to the necessity of employing rather unusual
dimensions or conditions to insure true breakdown.
One such expedient is the use of thin sections. An-
other is testing under oil.

Figure 2, (page 4), shows the range of breakdown
voltages in various thicknesses of glass 7740. Both
of the above mentioned methods were employed in
determining these data.

It should be noted that dielectric breakdown volt-
age decreascs with increase in frequency and temper-
ature. At elevated temperatures, breakdown is
governed mainly by the resistivity of the glass at
those ternperatures. Dielectric breakdown voltages
for lime glass plates tested under oil are about 75/o
of those for boros$cate glass 7740..'*

The subject of dielectric strength is treated in
detail in "Llectrical Properties of Glass" by Littleton
and lVlorey, John Wiley and Sons, N.Y. (1933), page

1491' and an article "Puncture Tests Affected by

Strength of Oil," by l,ittleton and Shaver, Electrical
World, 91,759 (I928).

0
500 700 900 iloo 1300 1500 t700

BI.ACKBODY TEMPERATURFOC.

t900 2roo 2300

Fig. l-Tronsmission of Rqdiont Energy-Glosses7740 ond 7900

Glasses are widely used in the electrical industry
for insulators, incandescent lamp and electronic
tube components, neon sign tubing, sealing beads,

fuse bodies, etc. The desirable properties of elec-

trical glasses include the following:
(a) High dielectric strength

(b) High volume resistivity
(c) High surface resistivity and hard smooth sur-

faces that do not carbonize or become con-
ducting under the action of arcs.

(d) Low power factor and loss factor.
Table 3, (page 4) compares some of the electrical

properties of glasses with those of other frequently
used insulating materials. It should be noted that
the data given for dielectric strength are intrinsic
only and apply where failure of the surrounding
medium, (air, oil, vacuum, etc.) can be avoided.

The important properties of electrical glasses are

given in Table 2. Some of these properties are dis-

cussed in detail below.

DIETECTRIC STRENGTH

The dielectric strength of glass is very high in-
deed. Thus, in applications, this property is rela-

3



electrical properties - continued

TABTE 3-Comporison of Electricql Properties of lnsulqting Moteriols qt Room Temperclure

Intr insic D iel ec tr ic Str engt h Dielcctric

Constant

Volume Resistiuity

(ohm-cn)

7012

Matcrial

1. Cellulose Acetate

2. Glass
Borosilicate No. 7740
Soda Lime
Soda Lead

3. Mica, Muscovite Clear Ruby

4. Phenolic Resin

5. Porcelain, Electrical

6. Silica, Fused

7. Rubber, Hard

8, Porcelain, Steatite-Low Loss

1016

1012
10u

101t

1011

1011

101E

1 013

1015

Intrinsic dielectric strength can be realized only under
special test conditions and is very much higher than the
working dielectric strength attainable in ordinary serv-
ice. These data are listed for purposes of comparison.

* Values of P. H. Moon and A. S. Norcross. Trans.
A.I.E.E. 49, 755, (7930).

* * Values of S. Whitehead. World Power, Pg. 72, Sept.
1936.

Table from "Glass, the Miracle Maker," by C. J. Phillips (Pitman Publishing Co., Ncw York, N. Y.).

500**

2750**10-.30

5000 *

380**

7.5

2.8

3.5

6.0-6.5

4.4-6.8

2600-3300**.012-.04

7.33000-8200 * *.020-.10

4.8
7.0
8.2

4800 *
4500 *
3100 *

't 10
10
10

5.52300**.025-.12

(Ka/cn)Thickness (mm)
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VOTUME RESISTIVITY

Measurements of volume resistivity are made at
temperatures of 250" and 350'C. Data for other
temperatures, especially in the lower ranges, are
obtained by extrapolation of the straight line rela-
tionship between log resistivity and reciprocal of
the absolute temperatures. Figure 5 shows log of
resistivity plotted against temperatures in degrees C.

SURFACE RESISTIVITY

Surface resistivity depends more upon the surface
films than on the composition of the glass itself al-
though the borosilicate glasses are better than lime
glasses in this regard. A film of moisture, particularly
in the presence of dirt or dissolved gases, seriously
lowers the surface resistivity. This efiect is substan-
tially reduced by treating the glass surface with
water repellent silicones so that the moisture forms
into discrete droplets rather than a continuous film.
These effects are shown in Figure 3.

POWER FACTOR

Several glasses with exceptionally low power
factors have been developed in recent years. These
glasses, numbers 7070,7761,7900, 7910 and 8870 all
have power factors of les than .l/o at room temper-
ature and I megacycle. Figure 6 shows variation oI
power factor with glass temperature. It should be
noted that there is relatively little increase until
temperature exceeds 100"C.
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electrical properties - continued
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Thermal Stresses

STEADY STATE THERMAT STRESSES

Stresses d.ue to steady ,tut" therniil gradients can
be either innocuous or dangerbtrs, depending en-

tirely on the clegree of constraint imposed by some

parts of the item upon others or by the external
mou.nting. Thus under minimum constraint and
maximum uniformity of gradient through the thick-
ness, very large temperature difierences can be toler-
ated. Under complete constraint, the tensile stress

on the cool side depends only on the temperature
dillerence and on the glass properties (expansion,
elastic and thermal) and can be calculated. The
formula is:

o EaTs-
?(l-p)

where

S : maximum stress (tension on cooler surface,
compression on hotter surface)

a : coefficient of linear thermal expansion
P = Young's Modulus of elasticity

F : Poisson's ratio, and

AT - temperature differential between the trvo
surfaces.

When complete constraint is imposed, it is im-
portant to know the temperature difierence that
approaches the danger point of S = 1,000 p.s.i.

This is ATrooo - 
2ooo (l - P)

Eq

Column 10, Table 2, lists for tubes and con-
strained plates, the face to face temperature difier-
entials that will cause a tensile stress of 1,000 p.s.i.
on the cooler face.

For glass 7740 the listed figure is 48.C. Therefore
a furnace sight glass in a fully constraining frame
with an inner surface temperature of 148"C. and an
outside face temperature of 100"C. will be under a

tensile stress of 1,000 p.s.i. at the outside surface.
It must be remembered that temperature difteren-

tial means temperature difierence between the two
glass surfaces, exclusive of gradients across the sur-
face itself. In air, particularly, an appreciable
difference exists between surface temperature of the
glass and of the air moving past it.

TRANSIENT THERMAT STRESSES

When glass is suddenly cooled, such as by removal
from a hot oven, tensile stresses are introduced in
the surfaces and compensating compressional stresses

in the interior. Conversely, sudden heating leads to
surface compression and internal tension. In either
case the stresses are temporary (transient) and dis-

appear on attainment of temperature uniformity.
Since the strength of glass is greater under momen-
tary stress than under prolonged load, thermal shock
endurance cannot be directly calculated but is

generally detcrmined by empirical testing.
Since glass fails only in tension, and usually at

the surface, the temporary stresses from sudden
cooling are much more damaging than those result-
ing lrom sudden heating, assuming of course, that
all surfaces are heated or cooled at the same time.

The transient thermal stresses increase directly
with expansion coelficient and in a complex way
with glass thickness. They also depend upon rhe
shape of the article and on the method of chilling
or heating. Thus, a complicated shape would be

more severely stressed than a simple one. Sudden
chilling by immersion in cold water is more rigorous
than by blowing with cold air.

Column 9 of Table 2 illustrates the most extreme
case: direct plunging into cold water. Cooling into
less severe media, such as air, permits much higher
temperatures than those listed. When special appli
cations lead to problems in which these data are not
useful, the technical services of Corning Glass Works
should be employed.
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Heat Transmission

THERMAT CONDUCTIVIIY

At room temperature the thermal conductivity of
glasses ranges from .0016 to .0029 cal.f cm.f sec.f 'C.,
with the most common compositions near the upper
end of the range. At a mean temperature of 200"C.
the values are greater by 20 to 25/o.

For glass 7740, used frequently in heat-transfer
applications, the thermal constants are listed below:

only by natural air convection. Consequently, where
film resistance is high, the thermal efficienry of a
heat exchanger equipped with glass tubes may ap-
proach that of a similar unit equipped with metal
tubes. In addition, the glass surfaces remain free of
oxide, and generally of other adhering material, so

that its efiectiveness does not deteriorate.
In specific cases, the conditions may be analyzed

and the overall heat transfer calculated in accord-
ance with accepted methods, such as are given by
W. H. McAdams, ("Heat Transmission," McGraw-
Hill Book Co., Inc.). Table I gives data for several
commonly encountered conditions in heat ex-
changers equipped with jacketed tubes and special
.030" wall tubes made of glass 7740. Sizes listed refer
to inside diameter. Wall thickness is .030'/ for Ef",
.060" for l',, l/z', an.d 2" tubes, .090" for 3" tubes,
and. .125', for 4', tubes.

TRANSMISSION OF RADIANT HEAT

lVlany glasses efiectively ransmit heat radiation
from incandescent Tungsten filaments and similar
sources. Transmission of heat energy increases with
source temperature so that most of the energy from
high temperature sources is transmitted through
the glass by radiation rather than by conduction.
Data for glasses 7740 and 7900 are shown in
Figure I.

Thermal conductivity at 25oC, =

=

Mean specific heat (25"-175'C.) :

0.0023 cal./(sec.)
(cm.2) ('C./cm.)
6.7 B.T.u./(hr.)
(ft.,) ("F./in.)
0.025 watts/
(in.'z) ("C./in.)
0.20 cal./(gm.)
("C.) or B.T.U./
(lb.) ('F.)
0.0056 cm.2/sec.

= 0.94

Thermal diffusivity .

Emissivity coefficient,
radiant energy ...

GIASS IN HEAT EXCHANGERS

Although the thermal conductivity of glass is only
a small fraction of that of metals, the overall heat

transfer is frequently determined largely by film
coefficients of heat transfer at the surfaces. This is

particularly true where the heat is carried away

TABLE l-Typicol Overqll Heqt Trqnsfer Coefiicients for Vqrious Size Jqcketed Tubes of Glqss 7740

Approx. Ooerall "U'
8.7 .U./(hr.) (sq.Jt) (' F.)

Process

Liquid Cooling

Liquid Heating

Condcnsing Pure Vapor

3n

68

89

64

3.6Gas Cooling

*Type tubing (.030" wall) in shell and tube heat exchangers.
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Fluid
Outside

Tube
(In

Jacket)

Mass

Velocit2

G
Outside

tb. / (hr.)
('q.ft.)

Aoerage

Outside

Temp.
oF.

74 7' 7%',

Fluid
Itsidc

Glass 7740

Tube

Mass
Velocitlt

G
Ircide

tb. / (hr.)

Gc'ft')

Aleragc
htide
Temp.

"F. 2'

Saturated Aqueous
Chlorine Soln, 5x106 1500 F. 5x106

lr
:fUO" F. 150 94 94

250" F.5/a HCI Soln. 5x106 150'F. 165 ll4

94

114

5x106 100" F

114

86 86 86Benzene 776" F 137

Water

Water

Steam

Water

200'F.Dry Diatomic Gas 8x103 100'F.5x106 +.ol +.+ | +.+ | r.+
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Code

001 0

0080

01 20

17204

1723

r 990

2405

2473

3320

6720

67sO

7040

7050

7052

7056

7070

7251

7570

7720

7740

7760r

79001

79131

7940

B 160

8l 6t

8463

8871

901 0

9711

COTUMN I
rclosses 7905, 7910, 7911,7912, 7913 qnd 7917 for speciol ultroviolef
qnd infrqred opplicotions.
rcloss 1720 is ovqilqble with improved ultrqviolef tronsmiltonce (desig-
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heot lreoimenl.
See poge l0 for q full discussion of corrosion resistqnce.

COTUMN 7

See Text Poge 13,
*Extropoloted Volues

COTUMN 5
B-Blown Wqre
M-Multiform
U-Pqnels

P-Pressed Wore
R-Rolled Sheet
lC-Lorge Costings

S-Plofe GIoss
T-Tubing ond Rod

ALL DATA SUBJECI IO NORMI
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Modulus
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35 19 392 432 626 983 363 2.86 8.9 .21 17.+ 8.9 7.O 16 6.7 I 1.539t0

t0 35 16 473 514 696 r 005 465 2.47 10.2 .22 12.4 6.4 5.1 9 7.2 6.5 1.5't2

i0 35 20 39s 435 630 985 382 3.05 8.6 .22 17.+ 10.1 8.0 12 6.7 .o 1.560

t5 75 28 667 712 9t5 1202 5r3 2.52 12.7 .24 17.+ 11 .4 9.5 .38 7.2 2.7 1.530

16 6.3)0 70 26 665 710 908 1t68 514 2.64 12.5 .24 17.+ 13.5 I 1.3 1.0 1.547

10.1 7.7 .04 8.3 .33|5 25 14 340 370 500 756 3.50 8.4 25 17.+

1.507t5 75 37 50I s37 765 r 083 2.48 9.9 2t

.22 1.52;0 35 t9 466 509 697 2.65 9.5
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r 023 2.58 10.2 2t 1.507t0 40 505 s40 78020

IB 447 485 676 '1040 2.59 r.513;0 35
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)0 70 39 461 50r 703 1027 2.24 8.7 .22 16. B,B 7.2 33 4.9 1.6 1.479

1.3 1.484)0 70 41 436 480 712 1t28 375 2.27 8.2 .22 t7 9.2 7.4 26 4.9

8.3 27 5.7 1.5 1.48733 472 512 718 I 058 2.29 9.2 .21 10.2

17.+ 11.2 9.1 06 4.1 25 1.469
'0

100 66 456 496 1 068 2.13 7.4 .22

9.3 19 I8. B.r 6.6 .45 4.85 2.18 1.476|0 90 48 500 s44 780 1167 2.25

5.42 8.0 .28 17.+ I0.6 8.7 .22 't 5. 3.3 l.862l 342 363 440 558

755 1t 46 2.35 9.1 .20 16. 8,8 7.2 27 4.7 I.3 1.487t0 90 49 484 s23

510 560 821 1252 418 2.23 9.1 .20 15. 8.1 6.6 50 4.6 2.6 1.474;0 100 54

r0 90 52 478 523 7BO I 198 442 2.24 9.0 .20 17 9.4 7.7 I8 4.5 79 1.473

)0 750 207 820 9r0 'r500 463 2.18 9.8 l9 17 9.7 8.1 .05 3.8 19 1.458

.04 3.8 r5 I.458220 890 l 020 r 530 487 2.18 9.8 19 17.+ 9.7 B.t

16 17.+ r I.8 10.2 .001 3.8 .0038 1.459)0 750 286 956 I 084 I 580 489 2.20 r 0.5

2.98 17.+ r 0.6 8.4 .09 7.0 .63 1.553;0 35 IB 397 438 632 973

600 862 3.99 7.8 .24 17.+ 12.0 9.9 .06 8.3 .50 1.65922 400 435

3t6 377 460 6.22 7.5 .29 9.2 7.5 19 17.O 3.2 1.97t8 300

350 384 s27 783 3.84 8.4 .26 t7.+ 1I.1 d-d 05 8.4 .42 1.656t5 35 17

408 446 646 r 004 2.64 9.8 .21 17.+ 8.9 7.O 17 6.3 l.l 1.507i8
2.16 7_2 .23 17.+ 9.4 7.6 .32 4.7 1.5 r.468t0 BO 54 408 450 705 I l6t
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Gloss
Code

00r 0

0080

0r 20

17204

1723

1990

2405

2473

3320

6720

6750

7040

7050

7052

7056

7070

7251

7570

7720

7740

77605

79001

7913r

7940

B 160

Bt 6l

8463

BB71

90r0

9741

COTUMN 8

Normol Service: No breokoge from excessive thermol shock is qssumed.

Extreme Limits: Glqss will be very vulneroble to lhermol shock. Recom-

mendotions in ihis ronge ore bosed on mechonicol stobility con-
sr'derotions only. Tests should be mqde before odopting finol designs.

These dotq opproximote only,

cor.uMN 9

These dqto opproximote only.
Bosed on plunging somple into cold woler ofter oven heoling. Resistonce
of 100"C medns no breokoge if hedted to ll0'C qnd plunged into woter
ot l0'C. Tempered somples hove over lwice lhe resislonce of onneoled
gloss,

cor.uMN l0
Resislonce in oC is the temperglu,re differentiol belween lhe lwo surfoces
of o tube or o conslroined p$r!'rhot will cquse q lensile stress of 1000
p.s,i. on lhe cooler surfocei,

COTUMN II
See poge 12. These doto subiect lo normql monufocluring voriqlions.

COTUMN I2
Dolo show relotive resisionce to sondblosting.

cotuMN t5
Doto ot 25" extropoloted fron high lemperolure reodings ond ore op"
proximote only.

MANUFACIUR'NG VARIAIIONS
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The excellent corrosion resistance of most com'
mercial glasses is an important reason to prefer
them over other materials for many applications.
The slight corrosion that does occur varies with the
glass composition. Borosilicate glass 7740 and high
silica glass 7900 are extremely corrosion resistant,
particularly in acid or neutral solutions.

Factors affecting the rate of corrosion for a given
glass are type and concentration of corroding liquid,
temperature, contamination of the liquid by the

glass and the degree of agitation of the liquid.
Agitation removes the products of decomposition
from the vicinity of the glass surface and permits
more corrosive liquid to contact the glass.

Corrosion may be evidenced in many ways. l\Iost
common are clouding of the surface and contamina-
tion of solutions in contact. A few other less com-

mon efiects include increase of electrical surface

leakage, surface hydration, loss of strength and

surface discoloration. Loss in weight may also occur
and is frequently the basis for testing. However, it
cannot always be correlated to the above ellects.

For example, many silicate glasses remain clear even

after severe corrosion.
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The corrosion of a silicate glass by the following
aqueous solutions generally decreases in the order
listed: HF, NaOH, NarCOr, NH4OH, chelates, sea

salt, clilute H3PO4, HCI and H2SO4, HNO*, organic
acids, H2O ancl neutral salts. Organic solutions are
generally less corrosive than water.

RESISTANCE TO WATER

The resistance of most commercial glasses to cor-
rosion by water is very high. The corrosion that
does occur is seldom a matter of simple solution
of the glass. It involves ion exchange, hydration and
selective attack. Column 6, Table 2 classifies the
various glasses as to their resistance to water. Glasses

rated I will rarely give trouble at temperatures be-
low 100"C. For instance,7740 loses only about 5 x
l0-7 inches per day when exposed to boiling water.
Those rated 2 may show corrosion under adverse
conditions. Those rated 3 may require special con-
sideration in their use.

Corrosion increases with temperature and this
factor can be signilicant when dealing with super-
heated water. Figure 8 shows the effect of corrosion
on glass 7740. Glasses 7740 and 7331 are standard
glasses for boiler gauges.
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RESISTANCE TO WEATHERING

Weathering of glass is defined as its corrosion by
atmospheric gases such as water, carbon dioxide
and other gases. The efiect is usually evidenced by
clouding of the surface or electrical surface leakage.
Weathering resistance closely follows the ratings in
Column 6, Table 2. Glasses rated I will virtually
never show weathering efiects; those rated 2 may
occasionally be ffoublesome, particularly if weather-
ing products cannot be removed; those rated 3 re-
quire more careful consideration.

RESISTANCE TO ACIDS

Most silicate glasses are highly resistant to all
acids, except hydrofluoric. The rate of corrosion
decreases with time. Column 6, Table 2 classifies

various glasses as to their resistance to acids. Glasses

rated I will lose less than I x l0-0 inches for one
day when exposed to 5/o hydtochloric acid at 95'C;
those rated 2 between I x l0-8 and I x l0-5; those
rated 3 between I x 10-6 and I x I0-r, and those

rated 4 greater than I x l0-a. In general the rate at
which other acids attack these glasses will be com-
parable.

RESISTANCE TO ATKALI

There are countless applications for glass in con-
tact with alkali, although the corrosion by strong
alkalies is relatively high. The mechanism of at-
tack differs from water or acid in that the entire
structure of a silicate glass is dissolved. The efiects
of alkalinity and concentration are shown in Figure
7. Cold alkaline solutions attack glasses slowly.
The rate increases with the temperature as shown
for two concentrations of NaOH in Figure 8. Both
these figures apply to borosilicate glass 7740.

Corrosion by a given alkali solution will not vary
over wide ranges with respect to different glasses as

in the case of acid attack. The vast majority of
glasses will lose between 3 and 13 x l0-a inches per
day in 5/o NaOH at 95oC. Glass 7280 is the mosr
alkali resistant glass and will lose only about 5 x
10-6 inches per day in 5/o NaOH at 95oC.

Optical Properties

Absence of physical imperfections and availability
of more than one glass type are basic requirements of
optical glass. Optical glasses are made of a variety
of compositions, including soda-lime, lead, boro-
silicate as well as some that do not contain silica.
Some 100 different types are melted each year.

Corning optical glass possesses high purity, is
virtually free from defects, and is tightly controlled
for index of refraction and dispersion.

The optical properties of glass are important in
applications where transmission, refraction, or ab-
sorption of light rays is essential. Today, glasses are
available which transmit and control radiation
through a broad portion of the spectrum.

More investigation and research has been directed
to the optical properties than to any other single
characteristic of glass. There are hundreds of dif-
ferent optical glasses which have varying character-

istics and varying relationships between characteris-
tics. Some of the optical properties of glass which
can be controlled are: refraction, the bending of
light rays passing through a piece of glass; disper-
sion, difierences in the refraction of various wave-
lengths; reflection, the amount of light returned
from a glass surface; and absorption and transmis-
sion, controlling the amount of light which passes
through glass.

Optical glasses are used for lenses, prisms, and
mirrors in micro$0pes, cameras, binoculars, and
range-fipdqrs. Thel, are also used in a wide range
of scientific and photographic equipment, including
infrared-detecting missile domes.

For details on physical and optical properties of
Corning optical glasses, write Optical Sales Depart-
ment, Corning Glass Works, Corning, N.Y. for
Bulletin 038-OP-9.

lt



Viscosity Da,ta,

At ordinary temperatlrres the viscosity of glass is

so high that it can be considered to be infinite. As

the temperature is raised, however, the viscosity de-

creases and the glass gradually assumes the character

of a liquid. Four points on the viscosity temperature

curve have been arbitrarily chopr;to iepreient the

softness of the glass at importanf.points in its change

from solid to liquid. These points, or reference tem-

peratllrcs, are listed in Table 2, Column ll,
The following definitions for strain, annealing

and softening points are taken from those tenta-

tively adopted by the American Society for Testing
I\faterials; that for Working Point is employed by

Corning Glass Works and corresponds to the upper
end of the working range as defined by A.S.T.M.

Strqin Point. The temperature, at the lower end of
the annealing range, at which the internal stress is
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substantially relieved in a matter of hours. 'f'he

strain point corresponds to a viscosity of approxi
mately 1014.50 poises when measured by the Tenta-
tive Method of Test for Annealing Point and Strain

Point of Glass (A.S.T.M. Designation: C. 336).

In general the strain point represents the extreme

upper limit of servicability for annealed* glass.

Anneoling Point. The temperature, at the upper
end of the annealing range, at which the internal
stress is substantially relieved in a matter of minutes.

The annealing point corresponds to a viscosity of
approximately 1013.00 poises when measured by the

Tentative Method of Test for Annealing Point and

Strain Point of Glass (A.S.T.M. Designation: C.

336).

In an annealing operation the glass is heated

somewhat above the annealing point and slowly

cooled to somewhat below the strain point. I)is-

tortion of the glass becomes a problem above the

annealing point.

Softening Point. The temperature at which a uni-
form fiber, 0.55 to 0.75 mm. in diameter and23.5 cm.

in ierrgth, elongates under its own weight at a tate
of I mm. per min. when the upper l0 cm. of its
length is heated in the manner prescribed in the

Tentative Method of Test for Softening Point of
Glass (A.S.T.M. Designation: C. 338) at a rate ol
approximately 5' C. per min. For glass of density

near 2.5 gm./cm.8 this temperature corresponds to a
viscosity of 107.6 poises.

At the softening point the glass deforms very

rapidly and starts to adhere to other bodies.

Working Point. The temperature where the glass

is soft enough for hot working by most of the com-

mon methods. Viscosity at the working point is
approximately 10a poises.

Figure 9 shows viscosity curves for some represen-

tative glasses.

* Tempered glasses are limited to a considerably lower abso-
Iute maxirnum temperature because they begin to lose
their temper in the region below the strain point. See
'fable 2, Column 8.
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Thermal Expansion

Fig. lO-Exponsion-Temperoture Curves.
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As the ternperature is raised, glasses tend to ex-

pand. In general the change is smaller than with
most ordinary substances, but because of the brittle
nature of glass the expansion is often quite impor-
tant both in connection with heat shock resistance
and in connection with rigid seals to other materials
such as metals, ceramics and other glasses.

Fig. l0 shows some typical glass "expansion
curves" in which the change in length per unit length
/AL\
f - I is plotted against the temperature (T) in
\r/
degrees centigrade. It will be noted that the curves
are initially linear but that they swing upward,
indicating a higher rate of expansion, as we ap-

proach the annealing zone. The quantity which we
usually refer to by the term "expansion" and which
we list in Table 2 as "Thermal Expansion Coeffi-

cient", is the slope of the initial, linear portion of
this curve. To be more precise it is the average

change of length per unit length per oC between

OoC and 300'C. This figure gives a good indication
of the ability of the glass to withstand heat shock.
For sealing applications, values are given in Table
2 for the average expansion coefficient from room
temperature to the setting point-arbitrarily de-
fined as 5oC. above the strain point. A comparison
of the expansion coefficients to the setting point
between a material of known expansion and a par-
ticular glass will give a good estimate of sealing
compatability. However, for precise predictions of
stresses due to expansion difierences, complete ex-
pansion curves for the sealing materials should be
consulted. Complete expansion curves have been
determined for $6st of the glasses that are of
interest. for sealing applications and are available
upon request.

The expansion of glass is aflected to some extent
by its thermal history and for this reason our meas-

urements of this property are alw:rys made on well
annealed samples.
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Chernically Strengthened Glasses

By applying chemical treatments to a series of
special glass compositions, Corning has developed
a wide range of ultra-high-strength glasses. Articles
made from these glasses can be classed as chemically
strengthened in contrast to thermally strengthened
glasses made by traditional tempeling t-echniques.
Corning calls this glassmaking prcfhod Chemcor.

Strength achieved for specffi products is de-
pendent on the particular chemical treatment
applied and the glass composition used.

Some chemically strengthened glasses have shown
extremely high flexural strength. Using a one-fourth
inch diameter rod as a laboratory standard of com-
parison, the strengths tabulated here were achieved
for several characteristic conditions of glass. Each
sample was abraclecl by a standard process.

Type of Glass Flexu,ral Strength

Annealed . .7,000 psi
Thermally Tempered . .20,000 psi

Chemically Tempered .100,000 psi
(One Type)

Sheets of the chemically srengthened glasses have
been bent repeatedly into relative short radius arcs

without failure.

PYROCERAM is the registered trademark of
Corning Glass Works for a family of materials that
have been converted into crystalline ceramics from
their original glassy state by the use of nucleating
agents and heat treatment. A glass batch containing
a suitable nucleating agent is melted and formed
into a transparent glass article by conventional
glassmaking techniques. The product is cooled to
temperatures inducing precipitation of the nucleat-
ing agents. Then, the nucleated article is heated
to a temperature range in which growth of the
nucleated crystals takes place. Composition of glass

and degree of heat ffeatment cletermine the type
of crystallization and final properties.

The resultant PYROCERAM brand material is

an opaque ceramic substantially the same shape and
size as the original glass article (minute volume
changes occur due to altered density and expansion

Corning's Chemcor approach permits fabrication
of lighter weight articles without loss of strength.
At the sarne weight these glasses can be more re-

sistant to breakage than ordinary glass products.
Chemical treatment given the glass article in no

way affects the basic properties characteristic of
glassy materials: durability, and hardness and
smoothness of the surface.

Chemically strengthened glasses can be made
optically clear and higlily transparent. They also

can be made translucent or opaque. The glasses

have dimensional stability. They do not discolor
with age or in any way deteriorate.

These glasses are made from non-strategic, read-
ily available raw materials. The materials are
mixed, melted and shaped by standard glassmaking
methods. The strengthening treatment is applied
after the glass object has been fabricated and
finished.

First chemically strengthened products include
tableware with unprecedented strength, rear win-
clows for convertible automobiles, laboratory pipets
and lenses for safety goggles.

coefficient of the crystalline material). It is generally
characterized by greater strength and hardness than
the parent glass; has greater abrasion resistance,
and improved electrical properties.

Increased strength may be produced in some glass-

ceramic compositions by chemical strengthening
processes. Thus Code 9608 with a modulus of rup-
ture of 16,000 psi becomes on chemically strengthen-
ing Code 0326 with a moclulus of rupture of 45,000
psi. Similar increases are achieved in going from
unstrengthened Code 0335 or Cocle 0336 (12,000 psi)
to their strengthened counterparts: Codes 0330 and
0333 (65,000 psi).

To date, thousands of different types of glass-

ceramics have been experimentally melted. Many
of these are being tested in Corning's laboratories.
Like glasses, these glass-ceramics are not definite
chemical compouncls so that, within lirnits, an in-

PYROCERAM' brand Glass-Ceramics
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finite variety of compositions can be produced with
many desirable commercial properties.

Glass-ceramics can be formed by conventional
high speed glass-forming methocls, as well as by
special manufacturing techniques developed to fit
the processing qualities of the material.

These glass-ceramics are made frorn non-strategic,
readily available raw materials, such as glass sand,
limestone, soda ash and borax.

Glass-ceramics, currently in production, are ap-
proximately 40 per cent harder than borosilicate
glass, as measured by indentation tests. In their
initial glassy state, they can be ground and polished
by standard glass finishing methods. Precision grind-
ing can be done in their final crystalline state. Di-
mensional changes cluring heat treatment are less

than I per cent, minimizing finishing for precision
contollrs after conversion to ceramic form.

Unlike other crystalline ceramic materials the
glass-ceramics are transparent in the initial stages.

This permits visual inspection for internal defects
before final finishing. Special glass melting tech-
niques can be used to asslrre uniform composition,
constant clensity, freeclom from bubbles and stria-
tions and uniform elecffical properties.

Due to the homogeneous nature of PYRO-
CERAM@ brand glass-ceramics, they will not de-

laminate at elevated temperatures. Equal thermal
expansion of the glass-ceramic in all directions is

assured by the nature of the material, which is

isotopic in its glassy state. PYROCERAM brand
glass-ceramics will not deteriorate or change under
normal storage conditions.

POUCY

fn view of the critical heat cycles involved in the
final stage of manufacturing PYROCERAM brand
glass-ceramics, all processing is done by Corning.
The material will not be sold in its glassy state,

either as an end product or as a component.

GTASS.CERAMIC PROPERTIES

Specific Gravity (25')....
Water Absorpini 1f"1. ..'.
Porosity (gas permeability)

Code
9606

2.61
0.00
gas tight

Code
0326

2.50
0.00
gas tight

Cocle

9608

2.50
0.00
gas tight

THERMAT

Softening Temp. ("C)*. . .

Specific "H"ut 
1ZS;C;1.....

Mean (25-400"C).
Thermal Conductivity (cgs)

25'C meatr lemp.......
Linear Coef. of Thermal

Expansion
(25-300.c) (10r/"c)... ..
(77 -510"F) (loi/"F). . . . .

0.0087 0.0047 0.0047

l 350
0.r85
0.230

1250
0.r90
0.235

4-20**
2-tr

r250
0.190
0.235

4-20* *
2-tt

5t
32

MECHANICAI.

Modulus of Elasticity (10opsi)
Poisson's Ratio. .

Modulus of Rupture (abraded)
(103 psi).

Hardn.ess
Knoop 100 gm. .. ..

500 gm.

t7.3
0.245

20

698
619

703
588

r2.5
0.25

12.5
0.25

16 45

ETECTRICAI.

Dielectric Constant
Freq. l0o 25"C.

300"c.
l'r00oC.

Fleq. 1010 25"C

5.5 8
5.60
8.80

=300.c
500.c

5.45
5.51
5.53

0.0015
0.0154

0.002
0.004
0.008

6.54
6.65
6.78

0.0030
Dissiltation Factor

Freq. l0o 25"C
300'c
500.c

Freq. l01o l5'C
300.c
5000c

Loss Factor
Fleq. lOc

Fleq. l01o 25'C
300.c
500'c

0.00033
0.00075
0.00152

.0068

.01l5

.040

0.008
0.086

25"
300'
500'

C
C
C :

.045

.077
9n

Volume Resisti,aity Log 10
(ohm.-cnt.)

250'C.. l0
350.C.. 8.6

* Measuremeuts are on diffelent bases
** Depencling on Ileat treatment

i,
,ir i1

8.1
6.8
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