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PREFACE

It is the purpose of this book to present the physical characteristics
of the solids used in the fabrication of vacuum tubes and to describe
some of the processes for the application of these materials. It had
often occurred to me, during my prolonged activity in this field, that
such a text should be useful to the tube designer, development engineer
and technician alike, especially since no English text is available, so far,
to take the place of the now classic treatise by Espe and Knoll.*

The contents will give a fair idea of the scope of the book. The selec-
tion of the subjects was naturally dictated by my personal experience but
as broad a base as possible was attempted. This turned out to be a
rather formidable task since so many disciplines of science enter into
Vacuum Tube Technology that no one person can claim to be competent
in all of them. For this reason, all of the chapters have been submitted
for review to a number of experts in the various fields who gener-
ously supplied additional data and helped to make the text more concise.
A number of subjects, which might be expected in a book of this kind,
have been omitted, especially those on which specialized treatises have
become available recently. This refers to luminescence of solids, the
treatment of gases and vapors, electron emission and high vacuum
technique. A summary and guide to the literature of High Vacuum
Technique and Electron Emission as well as several tables, are given in
the last two chapters.

Extensive references are listed at the end of each chapter and the
index of authors and subjects has been prepared with some care in order
to permit the reader to extend his studies in the literature.

Beyond the field of electronics, the book should be of some value to
materials engineers in related fields where glass, ceramics and metals are
used. The chapter on Solders and Brazes will of course be of general
interest to experimenters in all fields. The book is essentially non-
mathematical although there are a few pages where equations do occur.

I would be grateful if the readers would point out mistakes and
omissions of which there must be many in spite of a sincere effort to avoid
them.

It is my pleasant duty to thank the management of the Collins Radio
Company for their generous support of this work. Their help made this

¢ “Werkstoffkunde der Hochvakuumtechnik,” Verlag Julius Springer, Berlin, 1936.
v



vi PREFACE

book a practical reality. At the same time, it must be said that the
content of the book has in no way been restricted by this support and
that anything stated in it does not commit the Collins Radio Company
but is entirely my own responsibility. I am deeply indebted to Dr.
Winfield W. Salisbury, Director of Research of the Collins Research
Division, * for his continued interest, friendly encouragement and trust
in seeing this job through to the end. It is, therefore, a great pleasure
to dedicate this book to him who had the vision and confidence that
something worthwhile might be achieved by writing it.

I tender my sincere thanks to the many reviewers and their companies
or institutions who have so generously cooperated in this venture. The
names and affiliations of these reviewers are listed below together with
the numbers of the chapters on which they cooperated. This acknowl-
edgement does not imply that the reviewers in question are in any way
committed by the text or that they agree with all details. Many others
have read the manuscript and either simply voiced their approval or, in
spite of substantial contributions, have preferred not to be mentioned.
The selection of reviewers has been quite arbitrary and was mostly
dictated by my personal or indirect contact with them and their further
suggestion of other names.

Also listed are the publishing houses, institutions, and companies who
have kindly given permission to use text excerpts, graphs, tables, and
illustrations from their publications as acknowledged in the text.

This venture was begun, on the constant urging of my publisher,
during the summer of 1948 and the manuscript was completed at the end
of 1950. The various chapters were written in the sequence in which
they are presented in this book. The following members of the staff of
Collins Radio Company had a large share in processing the book. Mrs.
Betty Krejei typed and retyped the manuscript and took care of its
extensive distribution. Mrs. Jean Van Cura handled the voluminous
correspondence connected with these activities. Bernard Erlacher and
Charles Kurka prepared most of the line drawings and John Ridge and
Don Hanson the photographs.

The relations with the publisher have been very pleasant indeed.
Messrs. F. M. Turner, F. P. Peters and G. G. Hawley of the Reinhold
Publishing Corporation supported the venture most generously and left
me a completely free hand in carrying it out. The care which they, on
their part, applied to all details, should be reflected in the book’s final
appearance. To all these I am most grateful.

* Now Professor of Electrical Engineering, University of California, Berkeley,
California.
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Last, but not least I am indebted to my wife who not only endured
my prolonged preoccupation with this venture but was a continuous
source of encouragement and helped by reading the proofs and preparing
part of the index.

Walter H. Kohl

Cedar Rapids, Iowa
January 2, 1951.
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CHAPTER 1
PHYSICS OF GLASS

Introduction

The age-old spell which glass in its many compositions and shapes has
cast upon the human race presents a temptation to relate the role which
glass has played in the growth of civilization. This would indeed make
a fascinating story, but several books are available which tell it well.!-?
The technology of glass has likewise been treated extensively,’—¢ and
professional journals continuously cover the advances in this field.”—!?
For these reasons we will confine ourselves mainly to the discussion of the
properties of glass which concern the electronic-tube industry, with
enough background for an appreciation of the many intricacies which
often make a concise appraisal of these properties so difficult.

Glass is ideally suited to many applications in the tube industry,
particularly for tube envelopes. The introduction of metal-envelope
receiving tubes in 1935 changed this picture for a time, but the very gen-
eral use of miniature and subminiature tubes in recent years has again
brought glass to the fore as the preferred material. For television tube
envelopes a similar transition has taken place with the introduction of
metal envelopes, which led in turn to glass bulbs of special shape and
competitive cost. Glass is easily blown into a variety of shapes by high-
speed machines, which make small tube envelopes available at a very
nominal cost. The transparency to radiation permits ready dissipation
of power from the internal structure. Electrical leads to these elements
can be sealed through the glass without difficulty, and its mechanical
rigidity is satisfactory in most cases. Glass will break, however, when
abused mechanically or when subject to excessive internal strains. It
softens at a relatively low temperature, which limits the temperature of
out-gassing on the pump and also its power-dissipating ability. Air-
cooling then becomes necessary, with corresponding expense for equip-
ment. In addition, dielectric losses may become objectionable at high
frequencies. Thus, both limitations and advantages have to be weighed
when a particular design is chosen.

In addition to the possible sealing of metal wires through glass the
advantage of glass-to-metal seals, where metal disks, rings, or cylinders
can be joined to glass members, should be mentioned (Chapter4). Thus,

1



2 MATERIALS TECHNOLOGY FOR ELECTRON TUBES

it 1s possible to put power-dissipating elements within metal envelopes
which can be cooled externally and to use glass for insulation and sup-
port of the remaining structure at a place where the temperature is
lower. This is the familiar structure used for conventional power
tubes.

It is of interest to note that the value of glass blanks consumed by
the electronic-tube industry in the United States during 1947 amounted
to $14,000,000.* The main suppliers of such semifinished glass as bulbs,
rods, and tubing are the Corning Glass Works, Corning, New York and
Kimble Glass Co., Toledo, Ohio. The various shapes and sizes are
specified by number codes, and tolerance ranges have been established.
These data are available from the manufacturers. Dimensions of bulb
shapes are also listed in the handbook of the Joint Electron Tube Engi-
neering Council (J.E.T.E.C.) of the Radio-Television Manufacturers
Association (R.T.M.A.)®3 and in the “Tube Handbook” of the Radio
Corporation of America (R.C.A.).

It goes without saying that, wherever possible, existing sizes and
shapes of bulbs should be chosen for design as otherwise special moulds
have to be made which will increase cost and delay delivery. The uni-
versity laboratories and self-styled experimenters should establish con-
nections with a commercial tube company where small quantities of glass
parts are quickly available from stock. A number of scientific apparatus
companies will supply glass rod and tubing as well as stopcocks, bell
jars, and many specialized components. Manufacturers of flowmeters,
pressure gauges, and similar equipment, which contain glass components,
usually have specialized glass stock on hand; otherwise, it is manufac-
tured. Precision-bore tubing is naturally required for flowmeters and
heavy wall cylinders for pressure gauges. Experimental quantities of
glass can thus be often procured more quickly from glass fabricators
rather than prime manufacturers.

An enormous amount of effort still seems to be unjustifiably spent in
colleges doing things the hard way where simpler methods are available.
Often the reasoning behind this is that the student’s time does not cost
anything in the first place and that, furthermore, experimental difficulty
is good training. The latter point cannot be refuted, but the struggle
should take place on the highest possible plane after all available tech-
niques are utilized. There is no justification for mounting electrodes for
a vacuum tube on rubber stoppers and for sealing the latter with beeswax
when a multi-electrode glass press can be obtained. The direct sealing
of glass headers to bulbs is best done in a vertical sealing lathe, with
proper attention being given to preheating and cooling. When skill and

* Tentative information received from the U.S. Department of Labor, Bureau of
Labor Statistics, Division of Interindustry Economics.

>



PHYSICS OF GLASS 3

equipment for this technique are lacking, a satisfactory seal can often
be obtained with the aid of Para Rubber Tape.*

Thousands of different kinds of glasses have been developed, and new
compositions are continuously being added to meet the varying demands
for special applications. The optical industry is especially concerned
with such properties as refractivity, dispersion, and absorption, and
requires glass of a high degree of uniformity. Chemical stability and
resistance to thermal shock are essential for chemical glassware and
cooking utensils. Glass electrodes for pH meters must have a constant
resistivity, and in recent years special lithium glasses have been developed
for this application. High-voltage glass insulators should have high
breakdown values, a low dielectric constant, and a low power factor in
the presence of high frequencies. On the other hand, high dielectric
glasses are needed for glass used in capacitors. In electronic tubes the
designer will aim at a minimum of electrolysis at elevated temperature
in the presence of D.C. potentials. He will prefer a high softening point
within practical limits of sealing techniques, but will have to match
expansion coefficients of metals sealed through or to the glass unless
special techniques ‘are resorted to which obviate this need (Chapter 4).
Glass used for fluorescent lamps should not give up components that are
harmful to the life of the fluorescent coating nor should mercury-vapor
lamp bulbs be liable to blackening because of excessive solarization.
These are only a few of the many requirements which have to be met by
glass under varying conditions of use.

Glass Types

~ Fortunately, the number of glass types used in the electronic industry
is quite limited. The two main types are soft glasses and hard glasses.
The latter soften at a higher temperature than the former. Two repre-
sentative glasses frequently used are Corning 0010 and 0120, soft glasses,
and ‘“Nonex 7720,” a hard glass; their compositions, together with a
number of other glasses, are given in Table 1.1.%!* The broad range of
physical characteristics for commercial glasses and silica is indicated in
Table 1.2, and specific data for Corning glasses are given in Table 1.3.'5
Table 1.4 gives the composition of a number of English glasses.!8
Widespread use of Corning glasses makes it desirable to clarify the
code numbers by which they are specified and to clear up some miscon-.
ceptions which prevail in regard to the Corning trade mark, ‘“Pyrex.”
This word is applied to glassware and certain other products of Corning
and does not identify the glass composition from which the article is
made. Nearly 150 different glass compositions are used in glassware
marketed under this trade mark. Various authors use it to refer to
* Available from Central Scientific Company.
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chemically resistant glass 7740, but this is not justified. The only clear-
cut designation of Corning glasses is the four-number code, which has
been in use for some time. Application of a laboratory code, together
with a number code, has been discontinued, and only the four-number
code will be used in this book, even when references are quoted which use

TaBrLeE 1.1. CHEMIcAL CoMPOSITIONS OF SOME Grasses Usep IN Hica Vacuum
DEvicEs*

Constituent Oxides (Wt %)

Classification Uses
SiOz | B20;| Al20; | PbO | CaO | Na:0 | K20 [MgO} BaO [Mn:0;
Soft Soda | 1{70.5 1.8 6.7 {16.7 |0.8 (3.4 Lamps and
2|69 4 5.8 117.5 (1.9 |1.6 tubing for
3(69.3 | 1.2 3.1 5.6 (16.8 (0.6 |3.4 neon signs
4(73.6 5.37|17.23 3.67
Lead 5/56.5 1.5 |29 0.2]1561(6.610.6 Stems for
6|57 1.5120.4 (0.2 (4.1{7.30.4 lamps and
7163. 10 0.28|20.22| 0.94| 7.60(5.54 0.88| radio tubes
Hard 8/80.1 |12 3 0.2 13.91]0.3 High watt-
Boro- 9|71 13.7| 7.4 0.3[5.3)2.4 age lamp
silicate [10/80.5 (12.9] 2.2 3.8 0.4 and tube
11]73 16.5 6 4.5 bulbs, dif-
12(67 22 2 6.5 fusion
pumps,
chemical
apparatus
Extra 13(54.5 | 7.4|21.1 13.5 3.5 Mercury
Hard (14/58.7 | 3 (22.4 5.9(1.1(0.2 (8.4 vapor dis-
charge
. tubes
Special  [15{22.6 [37 [23.7 10 6.5 (0.2 Sodium
vapor
lamps

7: Corning 0010 10: Corning 7740 11: Corning 7720 12: Corning 7050
* Compiled from Ref. 3 and 14.

the old designations in the original. However, to tie in the old code with
the new, Table 1.5 is given as a cross-reference.

Mechanical Strength

While some data on mechanical strength have been included in Table
1.2, it must be emphasized that they can only indicate what might be
observed under certain conditions. The intrinsic strength of glass is
extremely high, and may reach 3 X 10¢ psi. Glass fibers have supported
tensile stresses of over 10° psi, and it has been shown that the stress-strain
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curve for glasses is a straight line up to the breaking point. Glass frac-
tures only from tensile stresses, never from shear or compression. Unfor-
tunately, the high values of strength are rarely reached by glass bodies
in bulk sizes other than freshly drawn fibers. Strength then becomes an

TaBLE 1.2. RANGE oF PuysicaL CoNsTaNTs OF Grasses (INCLUDING SiLica)

Item Range Units Ref.
Density 2.1-8.1 g/ce 1,3,15,16
Mohs Hardness 4-8
Young’s Modulus 6.5-12.7 | 10¢ psi 16
450-825 Kilobar .
Poisson’s Ratio 0.14-0.3
Tensile strength
(a) Tension 0.4-100 10* psi 16
0.3-7 Kilobars Values
(b) Compression 9-18 104 psi . 16
6.2-12.4 | Kilobars{ Y2y ¥i*"
(c) Bending 1.5-3.6 | 10¢psi (o0 IO
1-2.5 Kilobars\° te'st an
(d) Torsion ~1.3 104 psi specimen
~0.9 Kilobars
Thermal expansion 8-140 107 z%/ °C 16
Specific heat 0.1-0.2 %‘—l /°C
Thermal conductivity 0.16-0.3 102 gc-;a;l/cm/°C/sec
Softening point 440-1510 | °C |
Annealing point 350-910 °C \for commercial
Strain point 320-820 °C| glasses | 15
Normal service 110-800 °C
Volume resistivity (20°C) 108-1018 ohm cm™! 16
Surface resistivity (20°C) 1011-1013 ohm /square
Electrical strength 16-40 Kv/mm varies tremen-
dously with
conditions of
Dielectric constant 3.7-16.5 tests 16
Power factor 0.0117-0.664 | t (tan 8) (%) ' 16
Loss factor 0.07-6.5 t (tan 8) (%) |
Refractive index 1.46-1.96 ! 16
Total thermal emissivity 0.6-0.9 { 17

t Power factor of 0.02 p.c. means that tan & = 0.0002. The same reasoning
applies to the loss factor.

elusive quantity which depends on the surface texture of the glass, the
surrounding atmosphere, the amount of moisture present, and the test
conditions in general. The habit of an experienced glass worker of
holding a piece of glass tubing to his mouth and exhaling onto a freshly
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TaBLE 1.3.* PHYsicaL CHARAC

1 2 3 4 5 6 7 8
Upper Woykin&')l‘ i ¢ Thermal Shock
(Mechani nsiderations Res. Plates
Only) 6" % 6"
Forme |y ermal
Glass Type Color | Principal Use | Usually | g o ion | Annealed Tempered Annealed
Code Avail- Coef.
able Nor- Nor-
mal | Ex- | mal | Ex-
Serv- | treme | Serv- | treme | 16" | 14" | 4"
ice |Limit | ice |Limit | Thk.| Thk.|Thk.
(°C) | (°C) | (°C) | (°C) [ (°C) | (°C) | (°O)
0010 | Potash soda lead | Clear | Lamp tubing T 91 X 1077 110 | 380 65 50| 35
0041 | Potash soda lead | Clear | Ther t T 84X 1077 110 | 400 70, 60| 40
0080 | Soda lime Clear | Lamp bulbs BMT [ 92X 10| 110 | 460 | 220 | 250 85 50 35
0120 | Potash sodalead | Clear |Lamp tubing ™ 89X 1077| 110 | 380 65| 50| 35
1710 | Hard lime Clear Cg]o;king uten-| BP 42X 1077 200 | 650 | 400 | 450 135 115 75
1770 | Soda lime Clear General BP 82X 1077 110 | 450 | 220 | 250 70| 60/ 40
2405 | Hard red Red General BPU |43 X 1077 200 | 480 135| 115) 75
2475 | Soft red Red Neon signs T 91 X 1077 110 | 440 65 50| 35
3321 | Hard green sealing | Green | Sealing T 40 X 1077 200 | 470 135 115 75
4407 | Soft green Green | Signal ware BPU | 90X 1077| 110 | 460 65 50/ 35
6720 | Opal g’gw General P 80X 1077 110 | 480 | 220 275 70, 60| 40
que
6750 | Opal White |Lightingware| BPR | 87X 1077| 110 | 420 | 220 [ 220 65 50| 35
Opaque
6810 | Opal g’pl:‘ite Lighting ware | BPR | 69 1077 120 | 470 | 240 | 270 85 70| 45
que
7050 | Borosilicate Clear | Series sealing T 46X 1077 200 | 440 | 235 | 235 | 125 100| 70
7052 | Borosilicate Clear | Kovarsealing | BMPT | 46 X 1077 200 | 420 | 210 | 210 | 125 100 70
7070 | Borosilicate Clear Low li)ss elec-| BMPT | 32X 1077 230 | 430 | 230 | 230 180| 150| 100
trical
7250 | Borosilicate Clear | Baking ware P 36X 1077| 230 | 460 260 | 260 | 160/ 130 90
7340 | Borosilicate Clear | Gauge glass T 67X 107| 120] 510 | 240 | 310 85| 70} 45
7720 | Borosilicate Clear Electrical BPT |36X1077| 230 | 460 | 260 | 260 ( 160/ 130{ 90
7740 | Borosilicate Clear | General BPSTU | 32X 1077| 230 ( 490 | 260 | 290 | 180 150 100
7760 | Borosilicate Clear Electrical BP 34X 1077 230 | 450 | 250 | 250 160( 130{ 90
7900 | 96 % Silica Clear High temp. BPTU 8 1077| 800 | 1090 1250| 1000| 750
7900 9?% Silica (multi- ghlte High temp. M 8 1077| 800 | 1090 1250| 1000| 750
orm) paque
7910 | 96 % Silica Clear | Ultraviolet BTU 8 X 1077 800 | 1090 1250| 1000 750
transmission
7911 | 96 % Silica Clear | Ultraviolet T 8 X 1077 800 { 1090 1250{ 1000{ 750
X transmission
8870 | High lead Clear Selaling c(;li MTU | 91X 107 110 | 380 180 180 65 50 35
electrl
9700 Clear | Ultraviolet TU 37X 1077| 220 | 500 150 120 80
transmission
9741 Clear |Ultraviolet | BUT |39%107{ 200 | 390 150| 120| 80
transmission .
COLUMN §
B—Blown Ware R—Rolled Sheet T—Tubing and Rod
M—Multiform Ware S—Plate Glass U—Panels
P—Pressed Ware
COLUMN 6
From 0°to 300°C in/m/°C or cm/cm/°C
COLUMN 7

These data approximate only. Freedom from excessive thermal shock is assumed. See Column 8. .
At extreme limits annesled glass will be very vulnerable to thermal shock. Recommendations in this range are based on
mechanical considerations only. Tests should be made befare adapting final designs.

COLUMN 8

These data approximate only. . .

Based on plunging sample into cold water after oven heating. Resistance of 100°C means no breakage if heated to 110°C
and plunged into water at 10°C. Tempered samples have over twice the resistance of annealed glass. Gasses 7900, 791 0
7911 cannot be tempered.
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TERISTICS OF CORNING GLASSES

9 10 11 12 13 14 15 16
S Logio of Dielectric Properties
Viscosity Data Volume Resistivity | of 1 Mc and 20°C
Refrac-
tive
Th 1 Impact
Stress Abrac | Deo° | Modulus Jndex
Resist- An- sion :'s"g of Elasticity DI Tine
ance neal- | Soft- | Work-| Resist- q psi o o Power| V' | Loss
(°C) |Strain| ing |ening | ing | ance gr.) 25°C | 250°C| 350°C |Factor| elec- |Factor (ﬁi“fs
Point | Point | Point | Point % [ | % | crons)
€O | O | co | ec Const.
19 397 | 428 626 970 2.85 | 9.0X 108 17+ 8.9 7 0.16 66|11 1.539
19 426 460 648 2.89 1.545
17 478 510 [ 696 | 1000 12 2.47 | 9.8 X 108{ 12.4 6.4 511 .9 72165 1.512
17 400 | 433 630 975 3.05 17+ | 10.1 8 .16 6.6 | 1.1 1.560
29 672 712 915 | 1200 2 2.53 | 12.7 X 106| 17+ | 11.4 9.4 | .37 63|23 1.534
19 470 | 503 710 2.40 . 1.496
36 506 537 802 2.50 1.508
17 466 | 501 693 2.56 1.511
39 497 535 780 2.27
17 485 518 695 2.53 1.525
19 499 531 775 2.58 1.507
18 445 475 672 2.63 1.513
23 496 | 529 768 2.65 1.508
34 461 496 [ 703 2.25 16 8.8 7.2 .33 49|16 1.479
34 438 475 708 | 1115 2.28 17 9.2 7.4 .26 51|13 1.484
70 455 | 490 1100 | 4.1 2.13| 6.8 X106 17+ | 11.2 9.1 .06 4.0 0.24 | 1.469
43 486 524 775 3.2 2.24 15 8.2 6.7 | .28 4.7 13 1.475
20 538 575 785 2.43 | 11.5 X 106 16 8.5 6.9 1.506
45 484 518 755 | 1110 3.2 2.35| 9.5 X108 16 8.8 7.2 .27 4.7113 1.487
48 515 555 820 1220 [ 3.1 223 9.8X10%| 15 8.1 6.6 | .46 4.6 | 2.1 1.474
51 475 515 780 | 1210 2.23 | 9.1X108( 17 9.4 7.7 .18 4.5(0.79 | 1.473]
200 820 | 910 | 1500 3.5 218 | 9.7 X 108| 17 9.7 8.1 .05 3.8 .19 | 1.458
200 820 | 910 | 1500 3.5 2.18 | 9.7 X 108] 17 9.7 8.11 .05 3.8 .19 | 1.458
200 820 | 910 | 1500 3.5 218 | 9.7X108| 17+ | 11.2 92| .024 3.8 .091| 1.458
200 820 | 910 | 1500 3.5 218 97x108| 174 | 11.7 9.6 | .019 3.8 .072( 1.458
22 398 | 429 580 0.6 4.28 ( 7.6 X 108| 174 | 11.8 9.71 .09 9.5 85 | 1.693
42 517 | 558 804 ( 1195 2.26 15 8 6.5 1.478
40 407 | 442 | 705 2.16 17+ | 9.4 7.6

COLUMN 9

Resistance in °C is the temperature differential between the two surfaces of a tube or a constrained plate that will cause a
tensile stress of 1000 p.s.i. on the cooler surface.

COLUMN 10

See Fig. 1.1b. These data subject to normal manufacturing variations.

COLUMN 11

Data show relative resistance to sandblaating.

COLUMN 12
Units are g/cc.

COLUMN 14

Data at 25° extrapolated from high temp. readings and are approximate only.

GLASSES 7910 AND 7911

Electrical properties measured on lamp worked specimens.
All data subject to normal manufacturing variations.

* Corning Glass Works. Bull. B-83 (1949).
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drawn file mark before exerting pressure to break it, is an example of the
influence of surface moisture on strength. This factor has been investi-
gated quantitatively by Preston and Baker!?:2° and others.

Weyl?! has developed new ideas on the chemical aspects of some
mechanical properties of glass. Microscopic fissures and cracks, present
in a glass surface from the necessary handling during manufacture, always
act as stress-raisers, limiting its ultimate strength to about 10¢ psi for
practical purposes. It is possible to increase the strength of glass by
treating the surface with diluted hydrofluoric acid, thus removing the

TaBLE 1.4. CLASSIFICATION OF SEALING GLASSES INTO GROUPsS ACCORDING TO
CONTENT OF GLASS-FORMING OXIDEs*

Group 1 Group III Group 1V
100 % Group II Between 60| Between 40
Group number glass- Between 80 and 100% glass- | and 80% |and 60 % glass-
forming forming oxides glass-form- forming
oxides : ing oxides oxides
“ oo “‘Lead” Special
Glass Type Eﬁ?:: ‘* Borosilicate'' glasses g?:;:s gli?)sns?éa{‘il:: lglmp
glasses glass
Glass number R.48/R.49/R.50|C.38/ C.9 |C.11| C.19 | C.22 |C.12|C.31|C.76| C.14
Silica SiOs 100 {83.5(78.5|74.5(68.5/74.6|73 72 67.5/ 57 |52 |48.2] 58.5
Boric oxide B203 12.5(17.5(17.5{30 {18 |14 0.7 3
Alumina Al2:0; - 4 4 4 1 2.3 1 3.9 1|1 22.5
Lead oxide PbO 30 {30
Oxides of the divalent

metals ‘MgO, CaO,

BaO 4 0.3] 3 9.4 6.7 2.5(30 15.2
Calcium fluoride CaF: 5
Oxides of alkali metals 1.5( 5.9| 7.5 17.3| 20.7{ 12 |14.5{16.8 0.8
Average thermal expan-

sion coefficient be-

tween 0° and 400° X

107 5.5 (13 (18 (23 (30 (36 (45 94 (105 90 (100 {116 37

* Ref. 18.

thin layer containing microscopic cracks or rounding off their profiles.
This treatment increases the tensile or bending strength of glass specimens
by as much as 10 times, provided that care is taken not to touch the
surface after treatment.2? The polishing action of flames playing on
the outer surface of a glass bulb during manufacturing and later the stem-
sealing process has a similar effect. When an adequate safety factor is
provided, the maximum working stress for annealed glass is taken as
1000 psi and for tempered or heat-treated glass as 2000 to 4000 psi,
depending on the size and shape of the piece in question. It should be
noted that the composition of glass has no practical effect on its strength
although most borosilicate glasses resist scratching and therefore give
better mechanical service.!®
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Composition of Glass

The constituents of glass have been classified by Kuan Han Sun under
the headings glass-formers, modifiers, intermediates, and impurities.??
Glass-formers are the most important as each individually forms a

glass within practical temperature ranges.

They are: B,Os;, SiO,, GeO,,

PzOs, ASan, szOs, VzOr,, Zl‘Oz, P203, Sbo;, B203, ete.

TABLE 1.5.

CorNING Grass CoDEs

Present Code No.

Old Lab. Code No.

Old Code No.

0010
0050
0080
0110
0120

0240
1990
1991
3320
7040
7050
7052
7060
7070
7520
7530
7550
7560

7720
7740
7750
7780
7991
8160
8870

G-1

G-5

G-8
G-164-HC
G-12

G-6 (obsolete)
G-125-BB
G-189-1Y
G-184-ET
G-371-BN
G-705-BA
G-705-AJ
G-705-FN
G-705-A0
G-707-DG
G-750-AJ
G-805-F
G-805-G
G-705-AL
G-71 (obsolete)
G-702-P (““Nonex’’)
G-726-MX
G-705-R
GT-70
G-704-EO
G-814-KW
G-858-V

001
005
008
011
012
013
024
1990
1991
332
704
705
7052
706
707
752
753
755
756
771
772
774
775
778
7991
816
887

Modifiers, by themselves, do not form a glass under ordinary condi-
tions, but are introduced into glass to modify its properties. They
usually weaken the glass structure; but this is not always the case. Some
of them are listed as follows: Na.0, K,0, CaO, SrO, BaO, etc.

Intermediates occupy a position somewhere between glass formers and
modifiers. They do not form glasses themselves, but enhance glass
formation. They are: Al,0;, BeO, ZnO, CdO, PbO, TiO,, etc.

Impurities are present as contaminants in the original batch com-
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ponents and from chemical or physical interaction with the tank walls
and handling tools at elevated temperatures. Some of these are: Mn,Oj,
Fe.03, As,0;, SO;, ete.

To arrive at a final product which satisfies his requirements the glass-
maker is confronted with the problem of choosing the proper components
from this list. Nature has given him a lead in this respect as there are
natural glasses occurring in massive deposits (i.e., the Obsidian Ranges
in Yellowstone Park) or in the form of isolated pieces, known as ‘‘ful-
gurites’’ and ‘“tektites.” The Obsidian Ranges are a mass of black glass,
about 9 miles long and 5 miles wide, which rise about 250 feet above the
level of the surrounding country. They are of igneous origin and repre-
sent essentially a granite which has been cooled from its liquid state
quickly enough to prevent crystallization. The three components of
granite are feldspar, quartz, and mica, which contain the following
chemicals, shown by their respective formulas: [Na, K] AlSi;Os; SiO;
and [K, Na, Li] H [Mg, Fe, Ca, Mn]; [Al, Fe]; (Si0,)s.

Fulgurites are formed when lightning strikes sand or other loose or
porous material. A sample found in a sandpit near South Amboy, N.J.
measured 9 feet in length, decreasing from a maximum diameter of 3
inches to a point 3{¢ inch in diameter.

Tektites range in size from tiny bubbles to 10-pound pieces. Scat-
tered over areas as much as 50 miles in extent, they may have been formed
by the impact of meteors on sand dunes. Like fulgurites, they contain
mostly SiO; and are formed by rapid cooling of the molten sand.

This brief excursion into the field of geology shows the scope of forces
and energies at work in this enormous glass shop, where gigantic pressures
and temperatures were available. During the course of the past 5000
years man has endeavored to simulate these conditions on a small scale,
and has succeeded in producing glasses to satisfy his needs. If quartz
were not so difficult to melt, to free from bubbles, and to work, pure silica
glass would be the most suitable material for most applications. It is
strong mechanically, resistant to severe heat shock and chemical attack,
and transparent to ultraviolet, visible, and infrared radiation. However,
the melting point of cristobalite, the most stable form of crystalline silica,
is 1713°C—a temperature quite beyond the range of commercial furnaces.
Furthermore, the viscosity of this form of silica, when molten, is so high
that it would be impossible to remove bubbles occluded in the melt
because of previous volume expansion, or to work it into desirable shapes
by mass-production machines.?*

Viscosity is the reciprocal of fluidity, thus indicating resistance to
flow. According to Maxwell’s definition ‘‘the viscosity of a substance is
measured by the tangential force on unit area of either of two horizontal
planes of indefinite extent at unit distance apart, one of which is fixed
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while the other moves with unit velocity, the space between being filled
with a viscous substance.” The coefficient of viscosity is usually denoted
by the symbol 5, and Maxwell’s definition may be expressed by the
formula:

_F Xs

TS A X (1-1)

F is the force, s the distance by which the two parallel planes are sepa-
rated, v the relative velocity of one plane with respect to the other, and
A the area over which the planes are in contact. The unit of viscosity
is one poise, and its dimension is ML~17~%, In the c.g.s. system of units
it is thus measured in dynes per sec per cm%! Golden syrup has a
viscosity of 350 poises at 25°C, pitch 108 poises at 25°C, water 0.015 poise
at 20°C, and air 0.183 X 103 poise at 18°C.

Viscosities of glasses include a range of 12 orders of magnitude from
room temperature to melting temperatures. Consequently, it is often
convenient to express them logarithmically. In its molten state in the
glass tank the viscosity is of the order of 10 (log » = 1) or less. Pouring
into molds takes place at about » = 100 and blowing shapes from the
mold at n from 10? to 107. The values of # for bench work range from
103 to 108. At the Transformation Point, 7'y, all glasses attain a viscosity
n = 10'3-10", and the viscosity and many other physical parameters of
glass undergo a discontinuous change as a function of temperature unless
sufficient time is taken to establish equilibrium (page 33). Fig. 1.1a
shows the change of viscosity with temperature for a number of the glasses
listed in Table 1.1 and silica (after Douglas'¢). Fig. 1.1b gives similar
data for a number of Corning glasses.!® For limited temperature ranges,
the relationship between viscosity and temperature can be expressed by
a formula of the general type:

7 = Ae¥T = AeB/AT (1.2)

where B is the activation energy, R the gas constant, and T' the absolute
temperature. Plots of log #n vs 1/T thus give straight lines.

Fig. 1.2 reproduces measurements by Preston?® of the effect of dif-
ferent Na.O contents on the viscosity of soda-silica glasses at high tem-
peratures. Although the viscosity is reduced by increasing contents of
Na.0, it is by no means a linear function of the Na,O content. More
generally, it may be said that the properties of the glass components or
their effects on the glass properties are not additive.

A study of these effects is of course of prime interest, and in the
absence of a reliable theory of the state of glass systematic investigations
of a large variety of compositions have been undertaken by many workers
in the field. Conditions of controlled experimentation are difficult to
maintain on account of the high temperatures at which the melt is made,
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Fig. 1.1(a). Viscosity-temperature rela- Fig. 1.1(b). Viscosity-temperature
tion for some glasses listed in Table 1.1. curves for various Corning glasses.
After R. W. Douglas.!* (Courtesy Insti- (Courtesy Corning Glass Company Cor-
tute of Physics, London.) ning, N.Y., Bulletin B-83.)
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Fig. 1.2. Relationship between viscosity and absolute temperature for soda-silica
glasses at high temperatures. The varying Na,O content in per cent is the parameter
shown on the curves. After E. Preston.2® (Courtesy Cambridge University Press,
London.)
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whereas reactions of the glass tank walls with the melt may alter the
composition of the batch. With the reservation that results from any
source need verification, it may be interesting to note those obtained by
G. Gehlhoff and M. Thomas:2¢

(1) Alkalies decrease viscosity more than any other oxide, especially
at high temperatures, and Na,O more than K,O0.

(2) Na,0-K;O glasses have a minimum viscosity in certain propor-
tions, which is particularly noticeable at lower temperatures.

(3) MgO and SnO increase the viscosity, especially at lower
temperatures.

(4) CaO raises viscosity more than any other oxide at low tempera-
tures, but at higher temperatures it first decreases, then increases
viscosity.

(5) BaO and PbO decrease the viscosity at all temperatures.

(6) Addition of B2Oj; up to 15 per cent increases viscosity, but further
addition diminishes it, the effect being much greater at low
temperatures.

(7) Al;O; increases and Fe,O; decreases viscosity.

The intricacy of the “behavior pattern’” of multicomponent glass
systems is indicated by the various effects which different admixtures to
the batch have on the viscosity. Another striking example is the lower-
ing of the melting point by addition of suitable oxides. Since the high
M.P. of silica, to which reference was made above, drops by nearly 1000°C
when 25 per cent of soda (Na,0) is added, it comes well within the work-
ing range of practical furnaces. Unfortunately, such a binary glass is
soluble in water, and other compounds must be added to counteract this
property. Lime (CaO) is generally chosen, resulting in the basic soda-
lime-silica glass, which, in its essential composition, dates back to the
time of the Egyptians, and has been used with little modification ever
since.

The modern glassmaker must be in a position to analyze in advance
the system as a whole and to direct his processes so that desired results
prevail. Thus, a graphical representation of the ‘“behavior pattern’ is
of great help, and some space is devoted to the description of phase dia-
grams in Chapter 17, which might be read to advantage at this point.
It must be remembered, however, that the data presented by phase-
equilibrium diagrams can be applied only to conditions of equilibrium and
that such conditions are not the most important, technically, in the
production of glasses. Valuable as these diagrams are in showing pre-
cisely the crystalline phases (if any) which are present under given condi-
tions of composition and temperature, even more essential to the tech-
nologist, and of equal interest scientifically, are the kinetics of the



14 MATERIALS TECHNOLOGY FOR ELECTRON TUBES

crystallization process.?” This will become evident from a study of the
“glassy state’’ in the following.

The Glassy State

The properties which we associate with glass are such that it might be
called a solid. However, the fact that glass is rigid does not make it a
solid in the physical sense of the word. Lengthy discussions on the
definitions of terms for the ‘“glassy state’’ have been published from time
to time, and it is becoming apparent that this study will materially con-
tribute to the understanding of the “liquid state,” for which no satis-
factory theory yet exists.?* When an ordinary melt is cooled below the
liquidus temperature, the solid phase will crystallize out and result in a
regular crystal lattice extending throughout the volume of the solid.
The temperature will remain constant until all the liquid phase has
solidified, and then drop to room temperature during the cooling cycle.
Solids, then, have a sharply defined melting point and are crystalline in
nature.

In the case of a glass-forming compound the transition from the liquid
to the solid phase is not sharply defined, and one cannot speak of a M.P.
in the same sense. While there is a narrow range of temperature where a
tendency towards crystallization (devitrification) exists, this range is
passed quickly enough during the cooling of the glass melt so that the
rapidly increasing viscosity of the melt freezes the molecular aggregates
as they exist in the liquid state and maintains the disorderly array at room
temperature where glass is a rigid body. Glass is thus ‘“‘a vitreous sub-
stance which is called a frozen or rigid liquid.” It is thermodynamically
unstable and tends to crystallize when held long enough at the proper
temperature. The slow rate of crystallization thus has a chance to act
on the whole body of the melt. Ordinarily, however, the critical tem-
perature range is passed quickly, so that crystallization does not occur to
any noticeable extent.

The difference between a crystalline solid and a vitreous body, such
as glass, is then a matter of the size of the domains through which molecu-
lar aggregates of definite structure extend. With the aid of x-ray analy-
sis, applied first by Wykoff and Morey,?8 then by J. T. Randall, H. P.
Rooksby, and B. S. Cooper,* and later by B. E. Warren and A. D.
Loring?®® and others, the concept gradually evolved that SiO4 groups exist
in all glasses as well as in crystalline silica. This idea was first proposed
by Zachariasen.?! Each silicon atom is surrounded by four oxygen atoms
spaced tetrahedrally at a distance of 1.62 A.U. from the silicon atom, and
each oxygen atom is generally shared by two tetrahedral groups. The
building blocks of vitreous and crystalline silica are thus the same. In
glass the tetrahedra may form a regular lattice over a distance of a few or
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Fig. 1.3. Schematic representation in two dimensions of the difference between the
structure of a crystal (left) and a glass (right). After W. H. Zachariasen.®! (Cour-
tesy Journal of the American Chemical Society.)

Fig. 1.4. Schematic representation in two
dimensions of the difference between the
structure of a crystal (left) and a glass
(right). After B. E. Warren and J.
Biscoe.3? (Courtesy Journal of the Ameri-
can Ceramic Soctety.)

a few thousand Angstrom units, but not more. In a crystal the regular
lattice extends to visible dimensions. The ability of glass to maintain
the random network against the tendency toward crystal formation is
due to the existence of networks of strong chemical bonds which resist
re-orientation on cooling. Fig. 1.3 illustrates schematically in two
dimensions the irregular structure of a glass as distinguished from the
regularly repeating structure of a crystal (after Zachariasen). Fig. 1.4
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similarly gives the structure of a soda-silica glass after Warren and
Biscoe,*? who comment as follows:

‘“‘Since the real structure exists in three dimensions, it is necessary to take certain
liberties in making a schematic two-dimensional representation. In three dimensions
each silicon is tetrahedrally surrounded by four oxygens, and in the two-dimensional
representation each silicon is shown surrounded by only three oxygens. The oxygens
are correctly represented, some of them bonded between two silicons, and others
bonded to only one silicon. The sodium ions (Na*) are shown in various holes in the
irregular silicon-oxygen network. This figure represents very well the essential
scheme of structure in a soda-silica glass. There is a definite scheme of coordination;
each silicon tetrahedrally surrounded by four oxygens, and part of the oxygens bonded
between two silicons and part to only one silicon. The sodium ions are held rather
loosely in the various holes in the silicon-oxygen network, and surrounded on the
average by about 6 oxygens. Although it is a perfectly definite scheme of structure,
there is no regular repetition in the pattern, and hence the structure is noncrystalline.”

Furthermore Morey! remarks:

“There is no regular repetition, and soda-silica glass has no definite chemical
composition. As the soda content is increased and the proportion of oxygen atoms
to silicon atoms increases more and more of the oxygens are bonded to only one
silicon, and more and more sodium atoms find places in the irregular openings in the
three-dimensional silicon-oxygen network. The atoms of that network oscillate
about average positions as the result of temperature motion, and under the influence
of an electric field the sodium ions readily migrate from one hole to another, and the
electrical conductivity is due to this stepwise migration.

““The lowering of the softening point of silica glass on addition of soda is the result
of breaks in the silicon-oxygen framework resulting from an increasing number of
oxygens being bonded to only one silicon. As more and more of these bonds are
broken, the structure becomes less rigidly braced in three dimensions. ‘Since there
is no scheme of repetition in the glass, no two points are exactly identical. There
are points with widely varying degrees of weakness, at which flow or breakage can
occur at a continuous variety of temperatures. Hence it is readily understood why
glass gradually softens, rather than having a definite melting point like a crystal.

““The picture of the structure of glass worked out on the basis of x-ray studies by
Warren, which is in agreement with the theoretical deductions of Zachariasen, is
one of a random nonrepeating and nonsymmetrical network. It isin complete agree-
ment with the concept of the constitution of glass as that of a typical liquid, in which
the atomic configurations characteristic of some high temperature have become fixed
by reason of the great viscosity of glass at ordinary temperatures. It is in accord
with the definition: A glass is an inorganic substance in a condition which is continuous
with, and analogous to, the liquid state of that substance, but which, as the result of
having been cooled from a fused condition, has attained so high a degree of viscosity
as to be for all practical purposes rigid.”

Much is being done to clarify these concepts further, and work is in
progress at the Department of Ceramic Engineering, Ohio State Univer-
sity, Columbus, Ohio, to apply the use of radioactive tracers to the
elucidation of the glassy state.?*%* From their report® Fig. 1.5 is repro-
duced, giving a graphic illustration of the crystal lattice of solid silica,
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silica glass, and soda-lime glass. By measuring the rate of diffusion of
radioactive Na?¢ conclusions can be drawn on the energy required to move
the ion from one equilibrium position to another. For a more compre-

O Ouvgtn

@ sucon

(a) (b)

Fig. 1.5. Schematic arrangement of SiO, tetrahedra (a) in a crystalline form of silica;
(b) in silica glass; (c) in a soda-lime glass together with Na and Ca cations. Radii in
all three figures not proportional to actual ionic radii. After H. H. Blau and J. R.
Johnson.?* (Courtesy Ogden Publishing Company.)

hensive review of the progress in the theory of the physical properties of

glass, see Stevels.3?
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CHAPTER 2
THE ANNEALING OF GLASS

The very low thermal conductivity of glasses and their greatly varying
unit-expansion with temperature makes them liable to mechanical stresses
when heated or cooled. The elimination of these stresses or their con-
finement to safe values is of vital concern to the glassmaker. Electron-
tube designers and manufacturers know how important it is to pay the
greatest attention to the thermal resistance of glass in order to safeguard
their product. A discussion of the underlying factors will thus be worth
while.

When a glass body is cooled from the molten state, it is initially in
thermal equilibrium. On entering a mould or being drawn from the tank
the surface will cool more rapidly than the body, and the contraction of
the surface will exert a force on the interior. This interplay of forces
sets up a hydrostatic pressure exerted by the interior on the surface
layer, which must flow to relieve the pressure. As long as such flow is
possible, no stresses will result.* On further cooling, the interior body
will become rigid, but remain hotter than the surface throughout the cool-
ing cycle and maintain its stress-free condition as long as the temperature
gradient is constant.

The temperature distribution through the cross-section of a slab will
be parabolic, as shown in Fig. 2.1(a). When the temperature throughout
the body is equalized at room temperature, the vanishing of the tempera-
ture gradient will introduce a permanent strain, shown in the lower part
of Fig. 2.1(b). Fig. 2.1(a) and 2.1(b) are separated in time. The upper
part of each diagram represents the temperature distribution through the
cross section of a slab of glass and the lower part the strain distribution
through the slab, where compression is plotted upwards and tension
downwards. The strain distribution caused by heating or cooling at a
constant rate is a parabola crossing the horizontal axis of zero strain at a
distance from the center of the slab equal to 0.578 of the semithickness.!
From the temperature of solidification to room temperature the interior
contracted by a greater amount than the surface. The interior is, there-
fore, in tension and the surface in compression by induction. This is
the opposite distribution of strain to that removed at elevated tempera-

* The writer is indebted to Dr. H. R. Lillie for this concept.
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ture by viscous flow when the surface began to contract. The permanent
strain is equal to and opposite in sign to that removed on cooling from the
viscous state. The magnitude will be proportional to the temperature
gradient carried down from the viscous state, and it will therefore depend
on the rate of cooling.

It may be useful to point out that the application of a force in one
direction always produces a force in the system which is equal to and
opposite that applied. This is known as Hooke’s Law: ““ Ut tensto, sic
v1s.”  In evaluating strain patterns it is best to visualize the effect of the
primary cause, such as the contraction of the hot interior of the slab
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(a) (b)

Fig. 2.1. Temperature and stress distribution in a glass slab. (a) During cooling
from viscous state as long as temperature gradient between surface and interior is
constant. (b) After equalization of temperature throughout the slab.

above, which is opposed by the colder outer layers. The contraction
in the interior is thus not able to work itself out, leaving a state of tension.

Let us now consider a slab of glass which has already set. However,
because of extremely slow cooling from the molten state it has no tem-
perature gradient and no strain at 200°C. On cooling at a uniform rate
to room temperature the outer surface of the slab will cool first, the
interior remaining hotter. The tendency of the surface to contract will
be resisted by the interior, which now cannot yield; this leads to compres-
sion in the interior and tension at the surface as long as the temperature
gradient exists (Fig. 2.2[a]). When uniform temperature throughout the
slab is reached at room temperature, the strain will disappear (Fig.
2.2[b]). It is thus a temporary strain. If the same slab is now heated
from its stress-free condition at room temperature, the surface will be
hotter than the interior and a temperature and stress distribution results,
asshown in Fig. 2.3 (a,b). There is tension at the center and compression
at the surface. Both will disappear when the temperature gradient AT
disappears. They are temporary stresses co-existent with AT as long as
heating is not carried into the viscous range. If, on the other hand,



THE ANNEALING OF GLASS 21

heating is continued into the annealing range and maintained long enough
for the stress pattern (Fig. 2.3[b]) to equalize itself by viscous flow, the
sequence of Fig. 2.1 and a permanent strain will be obtained on subse-
quent cooling, as shown in Fig. 2.1 (b).
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Fig. 2.2. Temperature and stress distribution in a glass slab. (a) A temperature

gradient is produced in a strain-free slab below the annealing range; a temporary
strain results. (b) After equalization of the temperature, the strain disappears.

This last example shows that it is possible to produce surface compres-
sion by annealing originally strain-free glass. A glass article is particu-
larly strong in surface compression. By increasing the cooling rate in
the annealing range the amount of surface compression in the final
product can be increased. This technique is applied to a variety of com-
mercial products, such as motorcar window panes.
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Fig. 2.3. Temperature and stress distribution in a glass slab. (a) A strain-free slab
at room temperature throughout; (b) After heating the surfaces.

If, on cooling the glass from the annealing range, the temperature
gradient is stabilized at such a point that the strains resulting from the
establishment of the gradient are only partly equalized by viscous flow,
a certain amount of surface tension and body compression will be carried
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down to low temperatures. When the glass slab then attains room tem-
perature throughout, the permanent strain, which appears because of the
vanishing of the temperature gradient (surface compression), will in part
be neutralized by the strain carried down from high temperature (surface
tension) and will result in a smaller compression at the surface. If no
strain was lost on establishing the temperature gradient at elevated
temperature, no permanent strain will result.

Definition of Terms

‘Certain conventions have been established to define the critical tem-
perature ranges for annealing. Thus, on a joint recommendation of the
British and German Glass Technological Societies in 1930,

“It is agreed that the symbol Tg shall replace all other conventions to denote the
Transformation Temperature of a glass. The maximum point reached on the complete
thermal expansion curve for the glass, namely the point normally corresponding with
its Softening Temperature, shall be denoted by the symbol Mg, and that this symbol
shall replace any other convention in use.”

While Transformation Temperature, Tg, is still used in European litera-
ture, it is now generally realized that it is not a critical temperature for a
given glass composition and that it is better to speak of a Transformation
Range. The “Glass Glossary,” compiled by the Glass Division Com-
mittee on Classification, Nomenclature, and Glossary of the American
Ceramic Society,? does not list either term. There is no entry under
“transformation.” The following definitions are taken from this
“Glossary”’:

(1) Annealing Point: The temperature at which the internal stress is
substantially relieved in 15 minutes. It corresponds to the equilibrium
temperature at which the glass has a viscosity of 10!34 poises, as measured
by the loaded fiber method, using the equation:

_m Xgl
= 3l (2.1

3rr2—

dt

where 7 = viscosity in poises
m = load in grams
g = acceleration due to gravity = 980 cm /sec/sec
! = heated or effective length of fiber in cm
r = fiber radius in cm

-g—i = elongation rate in c¢m/sec
The annealing point corresponds generally to the upper end of the anneal-
ing range.

(2) Softening Point: The temperature at which a uniform fiber, 0.5 to
1.0 mm in diameter and 22.9 ecm long, elongates under its own weight at a
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rate of 1 mm per min when the upper 10 cm of its length is heated in a
prescribed furnace® at the rate of approximately 5°C per min. For a
glass of density near 2.5 this temperature corresponds to a viscosity of
107-¢ poises.

(3) Melting Temperature : The range of furnace temperatures within
which melting takes place at a commercially desirable rate and at which
the resulting glass generally has a viscosity of 10!-5 to 10%*® poises. For
purposes of comparing glasses it is assumed that the glass at melting
temperature has a viscosity of 102 poises.

(4) Working Range: The range of surface temperature in which glass
is formed into ware in a specific process. The ‘‘upper end’’ refers to the
temperature at which the glass is ready for working (generally correspond-
ing to a viscosity of 103 to 10* poises), the ‘“‘lower end’’ to the temperature
at which it is sufficiently viscous to hold its formed shape (generally
corresponding to a viscosity greater than 10° poises). For comparative
purposes, when no specific process is considered, the working range of
glass is assumed to correspond to a viscosity range from 10¢ to 107-¢
poises.

(5) Deformation Point: The temperature observed during the meas-
urement of expansivity by the interferometer method, at which viscous
flow exactly counteracts thermal expansion. The deformation point
generally corresponds to a viscosity in the range from 10! to 10!2 poises.?

This definition makes the deformation point equal to the former
Softening Temperature, Mg, defined above, while the Softening Point
corresponds to a much higher temperature. How soon this suggested
terminology will be generally adopted remains to be seen. In any case
the reader should be on his guard when meeting these terms. In addition,
at the lower end of the annealing range there is the Strain Point, which is
generally taken to be the temperature at which glass can be annealed
commercially in 16 hours. The viscosity at that temperature is of the
order of 10'4-® poises.

These various reference temperatures and temperature ranges are
tabulated in Table 2.1, which is an extension of a table by Phillips.4
Table 1.3 (pp. 6,7) contains the reference temperatures for a number of
Corning Glasses.

Fundamental investigations on the theory of annealing were under-
taken in 1917 at the Carnegie Institution of Washington by Adams and
Williamson and co-workers!** when sudden demands by the armed forces
for large quantities of optical glass found the United States with little
experience in its manufacture. During the few ensuing years until the
end of World War I over 600,000 pounds of optical glass were made under
the scientists’ close supervision. The working theory of annealing, which
they derived, was applied to industrial problems for the next 20 years.
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This was indeed a remarkable achievement. At the same time their
theory of strain release by thermal treatment was restricted in its applica-
tion to the range of temperatures, known as the ‘“annealing range.”
Clerk Maxwell had derived a theory of elasticity for viscous bodies in
1890, according to which the rate of strain release was proportional to the
amount of strain present. Adams and Williamson found, however, from

TaABLE 2.1. REFERENCE TEMPERATURES AND TEMPERATURE RANGES WITH CORRE-
SPONDING VISCOSITIES FOR REPRESENTATIVE Grass TYPES

Ref. Temp. Range | eates | Glasses | Glassts | inPomcs | logn |Ref.
Melting temp. (°C). . 102 2 2
Working range. .. ... —1220 | —1200| —1000| 104-107-¢ |4.0-7.6 2
Softening point (°C).|440-1510|690-1510{670-750/580-660] 4.5 X 107 | 7.6 (2,4
Deformation point 1011-10t2 | 11-12 | 2

(°C) (softening

temp. Mg)
Annealing point 350-890 |480-890 [500-570{425—460( 2.5 X 10 | 13.4 (2,4
Strain point......... 300-790 (445-790 [470-530|380-430| 4.0 X 1014 | 14.6 |2,4

experimental measurements that the rate of strain release was propor-
tional to the square of the strain present and not to the first power.
They expressed their findings by the following equation:
dF .

— o = ABF (2.2)
F is the stress which produces the strain (stress and strain are equivalent)
and dF/dt is its time rate of change. A, the “annealing constant,” deter-
mines the time necessary to anneal the glass at constant temperature.
It is determined experimentally for a large number of glasses, and found
to be an exponential function of temperature, 6, according to

log A = Mlo —_ ]‘{z (2-3)

M, and M, are experimental constants. The integration of Equation 2.2
leads to

1 1
F, is the stress at time ¢ = 0, and F is the stress at time {. B is the
stress-optical coefficient which is discussed further in Chapter 3. It
relates the measured birefringence §, observed in the length of path [, to
the stress F, which produces it, by

5 = BFI (2.5)
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Noting the proportionality of § with F and introducing a constant A’ =
A, one may write Equation 2.4 by substitution as follows:

L .

1l =

80 is the observed birefringence, a measured indication of strain, at time
t = 0 and & the birefringence remaining after annealing for a period of
time t. The remaining strain is thus reduced proportionally with time
as actually observed.

Efforts have been made from time to time to relate these experimental
equations with viscosity and put them on a sound theoretical basis.
Lillie® first established a relation between stress and viscosity, and showed
that viscosity is changing at such a rate during annealing that strain
release is following the time-law discovered by Adams and Williamson.
By this added consideration Maxwell’s model of stress release can be
reinstated. Redston and Stanworth? have followed this course and
derived annealing schedules which can be set up without the use of the
‘“annealing constant A", referred to above, but are based on the usually
more readily available data of ‘‘annealing point”’ and ‘‘strain point.”
For the glass in question the annealing schedule can then be easily set
up from charts. This work was done for the specific applications encoun-
tered in the tube industry, and might be of sufficient interest to be incor-
porated in this text.*

Maxwell’s relation for the release of strain in a viscous body can be
expressed by

F = Fope /T (2.7)

F and F, have the meaning defined above, and T is the relaxation time
which is large in a highly viscous medium and small in a more fluid
medium. It can thus be tied to a coefficient of viscosity 5 by the relation

n = RT (2.8)
R is the modulus of rigidity. By differentiating Equation 2.7 and intro-
ducing Equation 2.8, one obtains

dnF) 1 R 29)

~ =T =7

On the basis of his measurements of viscosity and stress on identical
samples under the same conditions of test Lillie® has shown that

dinF) M (2.10)

dt 3

* By permission of the editor, the Society of Glass Technology, Sheffield 10,
England.
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M is a constant which has the value ‘“ one-fourth that of the shear modulus
at room temperature.” According to Lillie M was found to have the
value 5.5 X 10'° dynes per cm? for a soda-lime-silica glass. By compar-
ing Equation 2.9 and 2.10 Redstone and Stanworth suggested that M
is “very nearly equal to R in the annealing range of the glass,” and they
proceeded on that basis. One may then write after integration of
Eq. 2.10

=2
2 X ln @.11)
For a stress release of Fo/F = 1000 the following is obtained:
_ 7 23 X3 . )
t = 55 % 101 X 50 minutes (2.12)
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