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INTRODUCTION

This is the first volume in a new technical series to be written by scientists
and engineers of General Telephone & Electronies, covering various aspects
of the science and technology involved in the over-all organization’s many
fields of operation—including communiecations, electronies, lighting, chem-
istry, metallurgy, and photography.

Our scientists and engineers have a two-fold objective in participating in
this series: first, to make available new knowledge and to report new appli-
cations of existing knowledge; secondly, to organize and present this in-
formation in such a manner as to make each volume both a ready reference
and a definitive exposition of the subject.

The obligations of technical personnel are many, but none is more im-
portant than the widespread dissemination, for the ultimate general good,
of new concepts that they have been able to develop and to apply success-
fully in services and products. FFor this reason, we of General Telephone &
Electronics are honored that our scientists and engineers have been selected,
as individuals of high professional attainment, to prepare this new series.

DonaLp C. PowEeR

New York, N. Y. Chairman of the Board
January, 1960 General Telephone & Electronics Corporation
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PREFACE

This book, as suggested on the title page, is a completely revised version
of the former “Materials Technology For Electron Tubes” which was pub-
lished in 1951. A slightly modified title was chosen for the present book to
set 1t apart from the old one and to describe its content in simpler terms. The
present book, like the old one, is intended as a source of information for the
tube engineer, the experimenter in the laboratory, and the technician, all
of whom need to know how the basic materials behave under given condi-
tions, and what techniques are available for assembling these materials into
useful structures.

The list of contents indicates the scope of this book and will suggest to
the casual reviewer that the subject matter is likely to be of interest not
only to those concerned with electron tubes but, in a broader sense, to the
electron device engineer and to workers in quite different areas where glass,
ccramics, and metals are used under ordinary conditions or in rarified at-
mospheres,

The wide acceptance of the original version of this book has been most
gratifying, and I hope that the changes which have been made in the new
text will likewise find approval. After an author has lived with his book for
a few years, he becomes aware of its shortcomings and feels an obligation to
do better the next time.

Before embarking on this venture, a questionnaire was circulated among
some hundred competent users of the former book, asking which were the
most useful chapters, which chapters should be left out, and what new sub-
jects to cover. Ifrom the many replies received, a clear pattern evolved
which greatly helped in casting the new frame. In addition, all chapters of
the new book were submitted for review to experts in the respective fields,
so that errors could be corrected and gaps be filled in.

The organization of the text has been greatly improved by presenting the
material in 2 more consistent manner. Subjects formerly covered in separate
chapters and now left out, because they are better studied by consulting
available texts, are those on atomic structure, the phase rule, and high-
vacuum technique, but reference is made to these topics throughout the
book.

The former four chapters on glass were condensed into one. To save space,
the interaction of glass and radiation was left out, but some reference to
this topic is made in the Introductory Review. For the same reason, soft sol-
dering is not discussed in the new book. New chapters have been added on
iron and steel, the precious metals, and getters. Information on cathode ma-
terials and the treatment of cathodes has been gathered in a chapter on this
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X PREFACE

subject. Everything in the old book was rewritten; there is hardly a para-
graph which was taken over unchanged. A good many of the illustrations
were retained, however, but many new ones were added.

“Materials and Techniques” is not a textbook from which to learn first
concepts, but it is a very useful reference book to be used in conjunction
with other texts; as such, it has been used in several colleges. A graduate
course on ‘“Tube Techniques’ has been given by the author for the past six
years at Stanford University. A laboratory course was formerly given in
conjunction with the lectures but recently discontinued. Such laboratory
courses are now being given at junior colleges and trade schools, at least in
the San Francisco Bay Area. A student enrolling in the lecture course should
be familiar with the fundamentals of physics and chemistry and have had
some instruction in metallurgy. In this sense, the present book is an ad-
vanced text. Tube technicians who have reached this level will be able to
benefit from the book.

Acknowledgments

In addition to the author’s affiliation with Sylvania he holds a lecture-
ship at Stanford University. He was also engaged at Stanford Research In-
stitute as a consultant on several Government-sponsored surveys which af-
forded opportunities to gather up-to-date information, inspect facilities,
and make personal contacts which were most useful in advancing the con-
tent of the book. The help received from all these quarters during the writ-
ing is gratefully acknowledged.

Special thanks are due my many friends in industry, both in this country
and abroad, who were kind enough to review the various chapters, as they
became available, to offer their criticism, their contributions, and, indeed,
their encouragement. This cooperation was extremely helpful.

I am especially grateful to Mrs. J. O. Randisi of Los Altos who transcribed
and typed the bulk of the manuscript and took care of all the correspondence
in a most expeditious manner. Several other ladies were involved in this task
in the earlier stages for short periods of time. Mrs. Sive Barbro Sandberg of
the Stanford Electronies Laboratories made nearly all the many line draw-
ings which were added to the new book and corrected some of the old ones.
Her craftsmanship should be reflected in the reproductions. I am indebted
to the management of the laboratory for making this arrangement possible
under favorable terms.

Mr. Raymond Andersen, technical art direetor of Stanford Research Insti-
tute, kindly undertook the lay-out and supervision of printing of Table 12.1
on Brazing Filler Metals For Electron Tubes to make it serve the double
purpose of separate distribution and reproduction in the book. Other ta-
bles and illustrations separately available from the author are marked ac-
cordingly by a footnote.
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Many publishers kindly granted permission to reproduce text exerpts,
illustrations, and tables from their publications, as acknowledged in the
text. A list of these publishers is given on the following page.

My friends of the Reinhold Book Division, especially G. G. Hawley and
F. P. Peters, showed infinite patience when one deadline after another was
not met and graciously accepted the many last-minute additions and
changes.

The one who of necessity bore the brunt of my prolonged preoccupation
with this task is my wife to whom I dedicate this book with deep thanks
for her sympathetic understanding and continuous encouragement. She also
helped in proofreading the final manuscript and in preparing the index,
which is one of the most important features.

Los Altos, California
January, 1960 Warrer H. Konrn
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INTRODUCTORY REVIEW'

The selection of materials for the construction of electron tubes depends
in a large measure on the type of tube to be made and on the environment
to which it will be exposed in service. When speaking of “tubes” in the
generally accepted sense of the word, one thinks of receiving tubes, trans-
mitting tubes, picture tubes, camera tubes (the devices used to pick up the
image), photo tubes, counter tubes, switch tubes, voltage regulators, cath-
ode ray tubes, klystrons, magnetrons, and traveling-wave tubes, to name
a few. All these devices consist of sealed envelopes in which a degree of
vacuum is maintained where free electrons, emitted from a cathode, per-
form certain useful functions on their way to the anode while being sub-
jected to the influence of electric and magnetic fields, as the case may be.

In a well-evacuated tube, a large number of gas molecules is still present,
(3 X 10%/ce at 1077 mm Hg) but they do not seriously interfere with the
movement of electrons at this level of population. At higher pressures, a
sufficient number of gas ions are produced by electron collisions with the
gas molecules to seriously affect the satisfactory operation of a “high-vac-
uum” tube. The presence of a controlled amount of gas, on the other hand,
permits new effects to take place which are utilized in “gas-filled”” tubes,
such as voltage regulators and thyratrons. The ‘“filler gas” must be ex-
ceptionally pure. In order to avoid contamination by foreign gases, gas-
filled tubes are first prepared as high-vacuum tubes, and the desired gas is
then added before seal-off from the pump.

Some devices which utilize effects produced by electrons or ions in evacu-
ated envelopes are so large that they cannot properly be classified with
tubes, although the materials problems encountered in their construction
are basically the same as those met in smaller vacuum devices; the empha-
sis may shift, however, from one aspect to another. Particle accelerators,
such as cyclotrons, betatrons, linear accelerators, and Van de Graaf ma-
chines fall into this category, and so do eleetron microscopes; these machines
are usually pumped continuously during operation.

Vacuum capacitors look like tubes; but in this case the evacuated en-
velope is provided to insure the absence of gas which, when ionized by
spurious radiation, might cause breakdown in the presence of high electric
fields. The condenser functions best in the complete absence of ions and
electrons and is thus not a tube; nevertheless, being a high-vacuum de-
vice, it presents problems in its manufacture which are solved by apply-
ing tube technology. Encapsulated devices, such as crystal diodes, tran-
sistors, film resistors, and others, also often have the appearance of tubes.
Here, the evacuated or gas-filled envelope simply serves the purpose of

1



2 MATERIALS AND TECHNIQUES FOR ELECTRON TUBES

eliminating the harmful effect of atmospheric moisture. Semiconductor
devices are not tubes and do not fall within the scope of this book, but
many processes used in their manufacture are an outgrowth of tube tech-
niques.

Every electron tube consists of an internal electrode structure and a
housing, or envelope. It may, in addition, have external gear, such as
resonators, radiators, cooling jackets, bases and caps. The material require-
ments are basically different for internal and external components, and
they will be separately reviewed in the following pages.

Internal Components

When a tube has been carefully exhausted and sealed off the pump, it is
necessary for the successful operation of the tube that a high vacuum be
preserved within the envelope during the life of the tube. The envelope
itself and the material components which make up the “mount’’ must be
made from materials which have a low vapor pressure not only at the
operating temperature but also at elevated temperatures to which the
tube is exposed during processing on the pump and possibly during unfore-
seen overloads during service. The materials used for joining the compon-
ents, such as brazing filler metals, must fulfill the same condition, i.e.,
they must not give off any vapors or gases which would spoil a vacuum of
the order of 10~7 mm Hg (Torr*).

In order to be able to take full advantage of the basically favorable vac-
uum characteristics of suitably chosen materials, they must be in a rigor-
ously clean condition. Even during initial forming and machining opera-
tions the end-use in a vacuum must be kept in mind. Sulfur-free lubricants
must be used for machining, drawing, stamping, and grid winding. While
surface films of oil are readily removed in the subsequent degreasing and
cleaning operations, some microscopic pockets in the metal might be rolled
over in machining and trap oil which might not be released until much
later when the part is in the tube. The presence of sulfur would then easily
poison an oxide-coated cathode if such is used as the source of electrons.
After chemical cleaning, vacuum tube components are generally fired in a
hydrogen furnace at near 1000°C to reduce remaining oxides and outgas
the bulk of the metal by replacing occluded gases with hydrogen which
then easily escapes on the pump. Firing in vacuum is frequently done for
power tube components and other critical tubes of smaller-volume produc-

* The term Tor, or Torr, is used instead of ““mm Hg’’ by international agreement of
several Committes on Standards for the definition of terms used in vacuum technol-
ogy, i.e. The American Vacuum Society, and corresponding agencies in other coun-
tries. “Tor’’ honors the name of Torricelli who discovered atmospheric pressure in
1643.



INTRODUCTORY REVIEW 3

tion where this more costly procedure is economically justified. Careful
parts processing and pre-outgassing in a separate envelope is well worth-
while and pays off in terms of faster pump cycles and longer tube life.
Similar cleaning and outgassing operations apply to ceramics, mica, and
glass.

A further important consideration for the selection of materials for inter-
nal vacuum tube components is their mechanical strength at elevated
temperature and their compatibility with each other. When materials are
in contact at high temperature, they may enter into chemical reaction
with each other, or form alloy phases which are brittle and have lower
strength values even at room temperature. Oxide ceramics may be reduced
in contact with graphite and thus set free high-vapor-pressure components.

A variety of physical characteristics, apart from mechanical strength,
must be carefully considered before a component material is chosen. These
desired properties naturally depend on the function to be performed by the
part. High electrical conductivity of conductors is generally desired but
often is not too critical. Thermal conductivity of grid siderods and laterals
should be as high as possible in order to reduce operating temperature so
that primary electron emission from these parts in the presence of low-
work-function films deposited by the cathode is not encountered. Cathode
tails and cathode support members, on the other hand, should have as low
a thermal conductivity as possible in order to reduce the drain of heat from
the cathode. “Nilvar”* is frequently chosen as the material for such parts.

In order to obtain high power dissipation from anodes, their surfaces
should have a high thermal emissivity; this is a specific property of any
material but varies with the condition of the surface, depending on its
smoothness or roughness, degree of cleanliness, or the presence of oxides.
Black surfaces radiate better than shiny surfaces. This makes graphite a
suitable anode material although it is more difficult to outgas than metals.
Nickel, which is ordinarily bright, can be carbonized for increased radiating
power, and the same technique can be applied to iron. Black chrome-
vanadate can be obtained on many metal surfaces by electroplating.?
Tantalum, on the other hand, cannot be blackened by any of these tech-
niques, and the recourse is to roughen its surface by grit-blasting, or to
increase its surface by the addition of fins.

The magnetic properties of the material are important in many cases,
especially when the component is part of an electron gun structure, or
when it is mounted in the proximity of the path of an electron beam. In
general, nonmagnetic materials must be used in such cases. Brillouin-flow
type guns, on the other hand, will require a magnetic shield in front of

* Registered Trademark, Driver-Harris Co.



4 MATERIALS AND TECHNIQUES FOR ELECTRON TUBES

the cathode in klystrons and traveling-wave tubes ('WT) where a solenoid
is used to focus the beam along its path to the collector, and the cathode
itself is not intended to be immersed in the magnetic field. Deflector plates
in cathode ray and picture tubes must be nonmagnetic in order to prevent
interference with the electrostatic deflection characteristic by uncontrolled
magnetic deflection.

The Tube Envelope

The tube envelope is essentially a vacuum container; it must be vacuum-
tight. The pressure differential between the external atmosphere and the
vacuum inside also raises particular mechanical problems in regard to
strength which are magnified by elevated processing temperatures.

The familiar glass envelope is a case in point. Some machine-blown
receiving tube bulbs may be barely 145 inch thick. The bulbs are generally
made of soda-lime glass (Corning 0080) while the stems are made of a
lead glass (Corning 0120) which has higher electrical surface and volume
resistivity. The lead wires which are sealed into the stem, or header, are
rather closely spaced, and good insulation between them is essential. Glass
electrolysis at high operating temperatures would not only reduce insula-
tion but also release gas at the electrodes; a glass of high resistivity is thus
required. The bulb, on the other hand, should preferably have a degree of
surface conductivity in order to leak off wall charges that might arise from
stray electrons impinging on the glass and which could cause puncture of
the envelope if the charges were allowed to build up.

These so-called soft glasses have a much lower softening point in com-
parison to hard glasses, and the temperature to which such envelopes may
be heated during the bake-out cycle on the pump is thus limited. The
lower softening point makes for easier handling by sealing-in machines so
that production economy and basie cost are in favor of soft glasses; for
this reason, they are also used for TV picture tubes. Power tubes, on the
other hand, are generally made of hard glass, especially Corning 7720
which is also known as “Nonex.” In such cases, tungsten is the commonly
used material for lead-in wires and rods. Lead-in wires for the common soft
glasses are made from a copper-clad iron-nickel alloy wire known as
“Dumet.”

Tube envelopes often take on a cylindrical shape where metallic and
nonmetallic sections of equal diameter are joined at alternate levels by
means of glass-to-metal seals or ceramic-to-metal seals depending on the
material used for the insulating section. Glass-to-metal seals are much
more common than ceramic-to-metal seals, although the latter have come
to be used more extensively, if not exclusively, for UHF tubes such as
klystrons, magnetrons, and also for x-ray tubes in some cases.
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Ceramic envelopes are preferable to glass envelopes on several counts;
they are much stronger, mechanically, and permit baking of the tube
structure at much higher temperatures; high-alumina ceramics, which are
the preferred body for tube envelopes, also have a much greater resistance
to thermal shock in comparison to glass and their dielectric losses at high
frequencies are considerably lower in value than is the case for glass.

External Components

Materials for external vacuum tube components require little comment
in this general review. High-voltage breakdown, corrosion resistance,
contact resistance and other characteristics will have to be considered
before a material is chosen for a particular application. Ceramic-insulated
bases may be necessary instead of plastic bases if high voltage gradients
are encountered; special low-temperature solders must be selected for
operation at great altitudes, or in sub-zero climates, where ordinary solders
for the attachment of radiators and other components might lose their
mechanical strength. Careful attention to such details is very important
because a tube is no stronger than its weakest link ; this might be a corroded
contact pin of the base connection even though everything inside the tube
is in perfeet condition. Gold-plated pins and socket contacts are thus used
in critical applications.

Tube Reliability

It is of great importance to the user of clectron tubes that he have some
data on their life expectancy, so that they can be replaced in commercial
or military equipment when the specified life span is about to expire.
Unfortunately, this objective is not easily realized. Similar to the problems
encountered in forecasting the life expectancy of human beings, it is impos-
sible to foretell how long any one tube will live, but a reasonable forecast
can be made about the average life expectancy of a group of tubes made
under carefully controlled conditions. This approach calls for the statistical
analysis of the manufacturing processes (quality control), and that of the
failure rate encountered in service.

The importance of this effort was recognized after the end of World
War II, both by the military services and by commercial users, such as the
airlines, where sudden failure of tubes in the electronic equipment of an
airplanc can have disastrous results. When a tube fails suddenly, long
before its statistically expected life has expired, one speaks of a catastrophic
failure. Such a failure usually has mechanical causes, such as a broken
filament, a broken weld, or a cracked glass envelope. These catastrophic
failures genecrally occur early in life and can be greatly reduced by more



6 MATERIALS AND TECHNIQUES FOR ELECTRON TUBES

careful selection of materials and a more rigorous control over the manu-
facturing techniques used in the factory.

Long-term failures of tubes are caused by gradual deterioration of elec-
trical characteristics that may be due to several reasons. The emission from
the oxide-coated cathode may fail on account of the poisoning effects of
gases released within the tube to such an extent that the getter becomes
saturated and a proper vacuum can no longer be maintained. The com-
ponents of the tube may not have been properly outgassed during the
manufacturing stage, or the ambient temperature may be excessively high,
so that gases are released by the glass envelope; or electrolysis may set in
within the glass between electrical leads, causing gases to be released, as
mentioned above.

In order to minimize both these types of failures, a premium-brand type
of tube for critical applications is made by most tube manufacturers;
these tubes are known as “reliable tubes,” or “trustworthy valves,” in the
British Isles. Such premium tubes are made under carefully controlled
conditions, a much more extensive inspection of all components is employed,
and design features are added that minimize adverse effects from exposure
to shock, vibration, and moderately high temperatures, say up to 250°C,
by using a harder glass for the envelope. These changes involve techniques
which are more expensive than conventional procedures for regular mass
production, and it stands to reason that premium tubes are thus more
expensive.

The rapid technological advances of our modern age have brought about
conditions where tubes must operate in increasingly critical environ-
ments.? ¢ Jet aircraft and missiles not only travel at very high speeds but
also undergo great rates of acceleration during which tubes suffer mechani-
cal shocks. Very low temperatures are encountered at high altitudes, and
very high temperatures when the aireraft, or missile, reenters the earth’s
atmosphere. In addition to acceleration and shock, high levels of vibration
may be encountered, and the use of atomic energy for propulsion may
expose the tube to high levels of radiation by neutrons and gamma-rays
which may cause damage to the materials used in the construction of the
tube. These and other applications require quite a different level of relia-
bility which cannot be met by tubes made in a conventional manner; the
more stringent requirements for tube operation may thus be described as
follows:

The tube must operate in a specified circuit within the limits of its
published characteristics and tolerances for a specified minimum of time
and suffer no harmful effects from temperature, acceleration, shock, vibra-
tion, or bombardment by neutrons and gamma-rays within the limits
specified for these factors.
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It becomes apparent from these remarks that one cannot justly speak
of an over-all tube reliability for all kinds of applications. The tube must
be tailored to its use, or, to put it differently, a tube quite satisfactory for
one application may fail prematurely when used in the wrong circuit or in
an unsuitable environment. In a critical analysis of the reliability of com-
ponents used in the construction of computers, ordinary vacuum tubes
were found to be the most unreliable item of all.® By careful selection of
the tubes and rigorous control of all circuit variables as well as of environ-
mental conditions, it was nevertheless possible to achieve system lifetimes
of over 100,000 hours and predict over 90 per cent of the failures to be
expected. Tubes made especially for transatlantic cable service are expected
to have a life of over 20 years.® These examples refer to static environ-
ments at ordinary temperatures in the absence of vibration and shock, or
nuclear radiation. Glass envelopes are satisfactory under these conditions.

For more severe environments, ceramic-envelope tubes have been devel-
oped which can be operated for several thousand hours at temperatures
of the order of 500°C without suffering harm from severe vibration, accelera-
tion, shock, or bombardment by neutrons and gamma rays. It turns out
that ceramic tubes are farther advanced than other circuit components,
such as resistors, capacitors, inductances and the like, which are at present
limited to operation at much lower temperatures. These results on ceramic
tubes are so far based on pilot plant runs, but should soon be extended to
regular production.

Heat Transfer in Electron Tubes*

“The transfer of heat within an electron tube is a complicated process.
A high-temperature emitting surface is necessary to maintain electronic
emission. Heater temperatures range from 1000 to 1300°C. Cathodes
operate in the neighborhood of 750°C. To reduce heater power to a mini-
mum, tube structures are designed so that the thermal resistance from the
heater and cathode to the envelope and external leads is as great as possible.
However, tubes must also have short leads from the internal elements to
provide low inductances and low resistances into their external circuits.
These leads conduct heat from the cathode or filament, and a compromise
between these two incompatible requirements results.

“Most of the heat dissipated in an electron tube appears at the plate.
Not only is the plate heated by its normally dissipated energy, but much
of the heat originating at the filament, cathode, control grid, and screen
grid is transmitted into the plate by radiation. The remainder of the heat

* Reproduced from an article by J. P. Welsh® with the kind permission of The Gage
Publishing Company.
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produced by tube elements other than the plate is radiated into the tube
envelope and/or conducted into the tube pins along the tube element leads

“Plate temperatures in electron tubes, other than transmitting types,.
range from 350°C to as high as 600°C. Most of the energy dissipated by a
plate is transmitted internally by radiation and is transmitted through, or
absorbed, by the glass envelope dependent upon the configurations and
relative temperatures. Owing to its transmission characteristics, clectron
tube glass usually begins to be a poor transmitter of infrared radiation at
2 to 5 microns; thus, radiation-wise, it is semi-absorbing. (See Figure 1).

“Figure 2 presents the relationship between the transmittance of glass
and the energy distribution at several plate temperatures. Note that the
energy in areas A and B is transmitted directly through the glass when a
plate is at 500°C. Conversely, only the energy in area B is transmitted
through the glass when a plate is at 300°C. Consequently, less energy is
transmitted through the glass and more energy is absorbed by the glass
when the plate is at a lower temperature; this, of course, results in a higher
bulb temperature.

“Because the operating spread of plate temperatures falls within the
infrared absorption or transmission range of electron tube glasses, it is
sometimes possible for a bulb to be at a normal temperature when the
internal elements are overheating and, conversely, it is also possible for
the glass to be hotter than normal while the internal elements are at normal
operating temperatures. It has been found that the plate temperature is
the best index of the true thermal condition of a tube. Thus, a well-cooled
tube may, under certain conditions, exhibit a higher glass temperature
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than a poorly-cooled tube. The glass temperatures should be as low as
possible, but not at the expense of higher internal element temperatures.

“In general, plate and bulb temperatures of a glass-envelope electron
tube at a constant power dissipation will increase or decrease in unison,
but in varying degrees, dependent upon the temperatures, emissivities,
and transmittances of the surfaces which the radiating plate ‘sees.” As the
cooling is improved, the plate temperature will tend to level off, while the
bulb temperature continues to drop. However, the plate temperature
plateau is seldom reached with tube shields, and then only when the unit
heat dissipation and concentration are low. The plateau condition can be
achieved, however, with adequate forced-air and liquid cooling.

“The primary effect of excessive temperature on tube life is a slow
deterioration of characteristiecs. The life is drastically reduced through
decreased emission, evaporation of getter and emitting materials, increased
interelectrode leakage, gas leakage, glass failure, insulation failures, and
grid loading. These temperature-sensitive effects accelerate rapidly with
increasing temperature and can only be alleviated through the proper
electrical and thermal operation of tubes.

“Tt can be conecluded that electron tubes must be cooled by removing
the heat from the envelopes. Only a small portion of the heat can normally
be removed through the pins or leads at the base. The cooling of a tube is
the most important mechanical consideration in its mount and socket.
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“In general, the hot-spot envelope temperature of receiving-type tubes
should be less than 175°C. Several organizations currently recommend
maximum envelope temperatures in the neighborhood of 100°C for optimum
life and reliability. It is definitely known that hot-spot bulb temperatures
ranging from 200 to 250°C will reduce tube life and cause accelerated
deterioration of transconductance. The above values are considered to be
only “bench marks’ because glass temperature does not necessarily indicate
the degree of overheating which may exist in a given instance. Further,
electron-tube ratings are compromises. It is recommended that the plate
temperature be monitored in applications wherein the envelope temperature
exceeds 175°C, or is in excess of the manufacturer’s rating. The reduction of
element temperatures can improve tube reliability more than any other
single factor.

“When tubes must be operated at high environmental temperatures or
under conditions that will result in abnormal plate and envelope tempera-
tures, derating is usually in order. Exact derating values remain to be
determined. Since plate temperature, however, is an index of the thermal
condition of a tube, it is recommended that tubes be derated on the basis
of plate temperature.”
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CHAPTER 1

GLASS

Introduction

The usefulness of glass as a structural material for electron tubes has
been established over a period of several decades, i.e., ever since the manu-
facturing techniques of the lamp industry were taken over by the rapidly
growing tube industry in the 20’s. While the transparency of glass to visible
radiation in the presence of a substantial amount of heat makes this mate-
rial the ideal choice for the incandescent lamp, there exists no such com-
pelling reason to use glass for a radio tube. Indeed, many such tubes are
now being made of metal, but all the miniature and sub-miniature tubes
are still glass tubes, and so are many power tubes. The replacement of
glass by ceramics has been mentioned in the Introductory Review as an
ever-growing trend, especially for microwave tubes, ruggedized tubes, and
tubes to be operated at high temperatures; what consideration is it then
that determines the selection of glass, metal, or ceramic, as the preferred
envelope material in a given design problem? In a large measure, the cost
of the material itself, and that of its fabrication, will be the decisive factor
as long as any one of these possible choices would fulfill the operational
requirements.

Let us now consider the basic advantages and disadvantages of glass as
a tube envelope material.

Advantages of glass: Disadvantages of glass:
1. Transparency to radiation 1. Fragility on impact
2. Low vapor pressure 2. Poor mechanical strength in pres-
3. Chemical inertness ence of strains
4. Tmpermeability to gases 3. Poor thermal shock resistance
5. Workability to various shapes 4. Relatively high dielectric loss
6. Reasonable strength factor
7. Possibility of sealing to metals 5. Deterioration in presence of ac-
8. Availability in many stock sizes tinic radiation
9. Good insulation properties

10. Reasonable cost

Many of these properties require more detailed discussion because it is
impossible to make an all-inclusive statement that would be true for the

1
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many types of glass that exist.* The following pages will give this amplifica-
tion on the entries made in the tabulation of advantages and disadvantages.
First, it will be necessary to discuss the nature of glass, because many of its
properties will then be better understood.

The Nature of Glass

While glass is a solid in the sense that it has the rigidity which is generally
associated with solid bodies, it lacks the continuous crystalline structure
which is characteristic of metals. The short-range, ordered domains, within
which a crystalline structure exists in glass, are of sub-microscopic dimen-
sions, and in this respect glass is very similar to a liquid. When molten
glass is cooled, a tendency toward crystallization exists over a fairly narrow
range of temperature. The rapid increase of viscosity prevents the forma-
tion of large crystal domains, so that on solidification the liquid state is
“frozen in.” Glass is thus thermodynamically unstable and tends to erys-
tallize when it is held at the proper temperature for a sufficiently long time.

This phenomenon of crystallization is called devitrification and presents
an ever-present threat to the glass worker. The range of temperature
within which devitrification is likely to take place is specific for different
glass compositions and will be determined by the values of viscosity and
crystallization velocity. For crystallization to take place, the viscosity
must be low enough (about 10* poises) T to permit aggregation of whatever
short-range crystal domains exist. In practice, this devitrification range is
passed quickly when a glass melt is cooled, or, for that matter, when glass
ware is heated in the blow torch by the glass worker.

It is one of the characteristics of glass that it does not possess a sharply
defined melting point where liquid and solid phases exist in equilibrium.
Glass loses its solid-like character gradually, on heating, by virtue of a
continuous decrease in the value of the viscosity.

* Widespread use of Corning glasses makes it desirable to clarify the code numbers
by which they are specified, and to clear up some misconceptions which prevail in
regard to the Corning trademark “Pyrex.”” This name is applied to some 150 different
glass compositions and does thus not convey the composition of a glass, although
many authors use the name “Pyrex’’ with the implication that it refers to chemically
resistant glass 7740; this practice is not justified. The only clear-cut designation of
Corning glasses is the four-number code which has been in use for some time. The
old “laboratory code’ has been discontinued years ago, and only the four-number
code will be used in this book, even when references arc quoted which use the old
designations in the original text. For the comfort of ‘‘old glass workers,”” and to avoid
confusion, both codes are reproduced in the Appendix, Table Al. Table A2 gives the
code numbers for Kimble glasses which are of course also widely used.

+ The unit of viscosity is one ‘‘poise’” which has the dimension ML~'T-1. In the
c-g-s system of units it is thus measured in dynes/sec/cm?. Glycerol has a viscosity of
120 poises at 0°C, golden syrup 350 poises at 250°C, pitch 108 poises at 25°C, water
0.015 poises at 20°C, and air 0.183 X 1078 poises at 18°C.
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Another characteristic of glass is the existence of a “transformation
range”” where several propertics undergo a discontinuous change of their
temperature coefficients when the rate of heating or cooling is too rapid
to permit the establishment of equilibrium. This range of temperature
(400 to 600°C) is associated with a range of viscosities from 10" to 1019
poises, generally indicated by a marked inerease of the thermal expansion
coeflicient of the glass during normal rates of heating. Other glass properties
also change discontinuously in the “transformation range,” i.e., density,
refractive index, heat capacity, electrical resistivity, ete. These property
changes are markedly affected by the thermal history of the glass; quite
different curves will result on first heating and cooling runs, for purposes
of measurement, depending on whether the glass has undergone a prior
heat treatment, or cooling, under different conditions.

The optical industry takes advantage of this phenomenon at times to
adjust, say, the refractive index of a glass melt by modifying the rate of
cooling in order to correct small errors in bateh composition, if such have
occeurred. Figure 1.1 illustrates the influence of the cooling rate from the
transformation range on the expansivity of a glass.

The different behavior of glass on heating and cooling, when its thermal
history is different, is illustrated in Figure 1.2 a, b. Tool, Lloyd, and Mer-

Mils
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Figure 1.1. Idealized linear expansion plot in the transformation range. After
Condon.8 (Courtesy American Institute of Physics.)
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Figure 1.2(a). Influence of thermal history of glass on expansion rate. After Tool,
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Lloyd, and Merritt.! (Courtesy American Ceramic Society.)
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ritt,! “working with a medium flint glass,* treated samples of the glass
at a number of temperatures between 360°C and 620°C, the times of treat-
ment varying from a few minutes at the highest temperature to several
weeks at the lowest temperature. The sample treated at 620° was quenched
in water, the remainder air-chilled. The expansion properties of the samples
were then determined, using a heating rate of 3°C per minute from room
temperature to 443°C, the samples being held at this temperature for a
time sufficiently long to attain a constant length, that is, a length which
would not change with further holding at the same temperature; finally the
sample was cooled at approximately 3°C per minute to room temperature. A
selection from the results is shown in Figure 1.2. Curve A shows the results
obtained on the sample previously treated at 620°C for 15 minutes and
quenched in water. In this case, at temperatures above about 250°, a
contraction was superimposed upon the normal expansivity, the rate of
this contraction increasing with increase in temperature so that at tempera-
tures above about 350° the glass had an apparently negative expansion
coeflicient; at the holding temperature of 443° the contraction continued
for some time until the glass sample approached equilibrium at this tem-
perature. Curve B shows the results obtained with a sample previously
treated at 360°C for 47 days and cooled in air. In this case, holding for 1
hour at 443°C, after the normal expansivity measurements, produced a
marked increase in length at constant temperature. The cooling curves
obtained, following each of the expansivity curves A and B, are also shown,
and are clearly very nearly the same. Had complete equilibrium been
obtained at 443°C in both cases, no doubt the cooling curves would have
been identical.””?

“Tool® has recently attempted an interpretation of results of the above
type on the basis of his conception of ‘fictive’ temperature. The idea of
fictive temperature is introduced in order to give mathematical expression
to the fact that the physico-chemical state or condition of a glass at a
given temperature in the critical region changes with fime at constant
temperature until equilibrium is reached. When this physico-chemical
cquilibrium is attained, the fictive temperature is equal to the actual
temperature. Before equilibrium is reached, however, the physico-chemical
state of the glass corresponds to the equilibrium state at some different
(higher or lower) temperature; that is, if the glass were heated very quickly

* The term “flint glass’’ is used in two ways: (1) to denote any clear glass, and (2)
to denote an optical glass with a high refractive index and great dispersive power.
Most optical flint glasses contain lead oxide. ““Crown glass,”” on the other hand, has
a low refractive index and small dispersive power. Soda-lime-silica glass is a typical
crown glass; by adding the appropriate oxide, one may obtain borosilicate crowns,
barium ecrowns, and even g borate crown.
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to this different temperature it would be found to be in equilibrium at this
temperature, called by Tool the ‘fictive’ temperature.””

These concepts are very important in the interpretation of the behavior
of glass and its “fluid”’ character. For more detailed study, see references
4-9.

From x-ray analysis, first applied by Wyckoff and Morey!® then by
Randall, Rooksby, and Cooper,’* and later by Warren,'? Loring, and Bis-
coe®® 1 and theoretical deductions by Zachariasen,'® the concept gradually
evolved that “‘glassy silica is a random network in which each silicon is
tetrahedrally surrounded by four oxygens, each oxygen bonded by two
silicons, the two bonds to an oxygen being roughly diametrically opposite.
The orientation of one tetrahedral group with respect to a neighboring
group about the connecting Si-O-Si bond can be practically random. This
is the simplest picture of silica glass free from all specialized assumptions,
which will completely explain the x-ray diffraction pattern. There is a
definite scheme of structure involved. Each atom has a definite number of
nearest neighbors at a definite distance, but no unit of structure repeats
itself identically at regular intervals in three dimensions; and hence the
material is not crystalline. This is essentially the picture of an oxide glass
at which Zachariasen arrived from consideration of the chemical composi-
tion.”?

Figure 1.3 schematically illustrates in two dimensions the irregular
structure of a glass as distinguished from the regularly repeating structure
of a crystal. Figure 1.4 similarly illustrates the structure of a soda-silica
glass, after Warren and Biscoe

Figure 1.3. Schematic representation in two dimensions of the difference between
the structure of a crystal (Ieft) and a glass (right). After Zachariasen.'® (Cowrtesy
American Chemical Society.)
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Figure 1.4. Schematic representation in two dimensions of the structure of soda-
silica glass. After Warren and Biscoe.'* (Courtesy American Ceramic Society.)

“As the soda content is increased and the proportion of oxygen atoms
to silicon atoms inereases, 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
1ons readily migrate from one hole to another, and the electrical conduc-
tivity is due to this stepwise migration.

“The lowering of the softening point of silica glass on addition of soda
(Sece p. 20) 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.” 7%

The so-called random-network hypothesis attributed to Zachariasen
and Warren has not been uniformly successful in explaining the physical
properties of glass, and several investigators have recently proposed differ-
ent refinements.!'s Of particular interest, in this regard, is the model pro-
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posed by Tilton'¥ who is able to explain many of the heretofore batHling
properties of glass by assuming a network of pentagonal rings of tetra-
hedra with 12-sided regular cavities. A cluster of such dodecahedral cavi-
ties is called & “vitron.”

The Composition of Glass

Glass 1s made by melting controlled amounts of carefully mixed raw
materials (the batch), which results in a concentrated solution of oxides;
the main glass constituents are: Si0y , B2Oy ; ALOy , CaO, PbhO, K,0, Na,O,
and others to be mentioned shortly. While the structure of these various
oxides in their crystalline form has been explored, very little can be said
about the state of aggregation that prevails when they are in molten form
and are able to interact with each other and become a liquid.

Glassformers are oxides which, by themselves, form glassy networks;
these include primarily: SiOs , B0y , P20, GeO2 , and As,O; . The following
oxides will also form glasses when melted with the right amount of a suitable
modifying oxide: TeOq, Vo035, AlOy, MoOjz;, WO, , and TiQ.. The first
three oxides form quite stable binary glasses, but the last three form only
very unstable glasses; thus TeO. and V205 form fairly stable glasses when
melted with BaO or Pb0O, and AlLQO; forms a stable glass with CaO.*

“Other types of oxides, notably those of the alkalies and alkaline ecarths,
take no part in the glassy network. When NuoO is added, every oxygen
becomes part of the tetrahedral coordination of four oxygens around each
silicon. This necessitates that some of the bridging atoms uniting Si0,-
tetrahedra be broken, as shown in Figure 1.4. Atoms of this type are known
as network modifiers.”

Intermediates occupy a position somewhere between purely network
formers and purely network modifiers; they are represented by BeO, Zn0),
CdO, PbO, and other oxides.

Impurities present in glass may originate in the original bateh com-
ponents and from chemieal or physical interaction with the tank walls at
clevated temperatures; some impuritics often present in glass are Fe,O,
MnyQ);, SO;, F, and others. Numerous addition agents are used to produce
colored glasses.!® For the intricacies of glass manufacture the reader is
referred to the literature.?

The relative distribution of network formers, modifiers and intermediates,
in terms of weight percentage, in a given glass batch has a marked effect
on the properties of the resulting glass. Table 1.1 classifies a number of

* Personal communication from The British Thomson-Houston Co., Ltd. Rugby,
England. Other workers, notably Mrs. A. Winter, claim to have made other simple
oxide glasses, i.e. Pb0, SnO, and In,0; , which could not be obtained in the extensive
research carried out at B.T.H.



TABLE 1.1 CLASSIFICATION OF SEALING (GLASSES ACCORDING TO CONTENT OF (3LASS-FORMING OXIDES?

Gl;oup 1 . Group IIT . .
Group number I0% ghar-  Group I Between 0 d 1007 | Betyen s0and| Group IV Between 40.4nd
oxides forming oxides Special
7 lamp glass
Glass type :i?isczd “Borosilicate’’ glasses ‘Sssds?:; “Lesaégi;nggla;f;;cismn
Glass number R. 8‘ RA49 R.50, C38 C9 | C11C19 C22| C12 | C31 | C.76 C.14
Silica SiO, 100 83.5 78.5 74.5| 68.5) 75.3 | 72.2| 72.5| 67.5 56 52 48.2 58.5
Boric oxide B0 12,5 17.5 17.5/ 30 |16.9 | 15.0 0.7 3
Alumina AlO, 4| 4 4 2.0 3.0 1.3 3.9 1.3 1 22.5
Lead oxide PbO | 30 30
Oxides of the divalent metals MgQ, 4 | 3.0 9.5 6.7 2.5 30 15.2
Ca0, BaO i |
Calcium fluoride CaF. : 5
Oxides of alkali metals } 1.5 5.8 | 6.5 16.3 20.7| 12.5 14.5| 16.8 0.8
Average thermal expansion coefficient 55 |13 118 123 |30 1 36.5 | 45.5/ 95 | 105 91 100 115 37
between 50 and 400°C (X 107) 1 ‘ 1 |
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British scaling glasses according to their content of glass forming oxides,
after Dale and Stanworth.”t

Fused silica, a tightly bonded glass network, stands by itself; it has the
lowest expansion coeflicient, the greatest heat shock resistance, high trans-
parency to ultraviolet light, the lowest dielectric constant and loss factor,
but (unfortunately but naturally) the highest softening point. Fused silic:
would be the ideal material for a tube envelope if it were not so difficult
to work on conventional sealing machines, and if there were a metal which
matched its low expansion coeflicient. Special power tubes have been made
of fused silica, and “‘quartz”* lamps are being made in cver-increasing
numbers for street, highway, and industrial lighting.

The melting point of cristobalite, the most stable form of crystalline
silica, 1s 1723°C—a temperature quite beyond the working range of com-
mercial furnaces. Furthermore, molten silica has such a high viscosity that
it would be difficult to remove bubbles from the melt where they are formed
from volatile components. The addition of 25 per cent soda (Na20) lowers
the melting point of silica by nearly 1000°C, and also lowers the viscosity
of this melt, thus overcoming the handicaps to practical workability men-
tioned above. Unfortunately, such a binary glass is soluble in water, and
other constituents must be added to overcome this difficulty; the soda
content is thus usually limited to 15 per cent. Lime (CaQ) is generally
chosen as the second additive, and thus results the well-known soda-lime-
silica glass which had its origin with the Egyptians, and has been used
with little modification since that time to the present.

The effect of various glass components on viscosity has been studied by
Gehlhoff and Thomas??, who summarized their results as follows:

1. Alkalies decrease viscosity more than any other oxide, especially at
high temperatures, and Na,O more than K;0O.

2. Na,0-K,0O glasses have a minimum viscosity in certain proportions,
which is particularly noticeable at lower temperatures.

3. MgO and ZnO inerease viscosity, especially at lower temperatures.

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

5. NaO and PbO decrease viscosity at all temperatures.

* “Quartz’’ is the name of a natural mineral which undergoes several transforma-
tions under the influence of heat and turns into tridymite at 870°C, cristobalite at
1470°C, and vitreous silica at 1723°C, the melting point of SiO, . Having been once
molten, fused silica exists as a glass at all temperatures below 1723°C and is thus an
unstable, undercooled liguid, “Fused Silica’ is thus the proper term for all fabricated
ware which has been worked at high temperature; the name “quartz’ nevertheless
persists in common use for lamps, tubing, and the like.
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Figure 1.5(a). Viscosity-temperature curves for some glasses listed in Table 1.1;
After Douglas.?* (Courtesy Institute of Physics, London.)

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

7. AlyOj increases, and FeyO; decreases viscosity.

Figure 1.5(a) shows the change of viscosity as a function of temperature
for a number of glasses listed in Table 1.1, and Figure 1.5(b) gives similar
curves for various Corning glasses. The curves are generally hyperbolic
in form and can be deseribed within limited temperature ranges by an
empirical expression suggested by Fulcher:2

B

lo = -4+ —— 1.1
i 1 + = T (1.1)
where
n = viscosity at any temperature 7'
A, B = constants
Ty = a reference temperature

[

This formula is of the general type

7 = A" e?T = A’es IrT (1.2)
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Figure 1.5(b). Viscosity-temperature curves for some Corning glasses. (Courtesy
Corning Glass Works, Bulletin B-83, 1967.)

where

B’ = activation enecrgy

R = gas constant

T = absolute temperature
and plots of log # vs 1/T give straight lines whose slopes arc a measure of
the activation energy.

Referring again to Table 1.1, it is evident that one arrives at the following
main glass types which are useful for tube applications:

(a) Aluminoborosilicate glasses

(b) Borosilicate glasses

(e) Soda-lime silicate glasses (“‘crown’)

(d) Lead-alkali silicate glasses (‘“‘fint”’)
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The first two groups are generally referred to as “hard glasses” and the
last two as “‘soft glasses.” Soft glasses are easily worked by mass-production
machinery; for this reason, receiving tubes and TV tubes are made of soft
glass. Power tubes, microwave tubes, and other special-purpose tubes which
are low-production items, relatively speaking, ultilize hard glasses in order
to permit outgassing on the pump at higher temperatures. Table 1.2* gives
the chemical composition of a number of glasses used for high-vacuum
devices under the main groupings of glass types and their applications.2 2
Addition of PbO, up to 50 per cent of the glass batch, greatly improves the
workability of the resulting glass. Because of the scarcity and high cost of
lead oxide in recent years, there has been a tendency to substitute barium
oxide for part of the lead oxide in these glasses.?

Gas Diffusion Through Glass

The impermeability of glass to gases of various kinds is generally taken
for granted, and is thus listed at the beginning of the chapter as one of the
principal advantages of glass for tube envelopes. More careful investiga-
tion discloses, however, that gases do find their way through glass envelopes
and thus increase the pressure within. It naturally takes a considerable
period of time before such an increase of pressure becomes noticeable, and
the effect is much more pronounced for some gases than forothers. Similarly,
certain types of glass are more subject to gas permeation than others, and
the structure of the glass has a decided bearing on this effect. Obviously,
the denser the structure of the solid, the less likely 1t will be that gas atoms
or molecules will penetrate it, and, by the same reasoning, the smaller the
gas atom, ion, or molecule, the easier it will be for it to enter. The atomic
diameters from the gas kinetic theory, which relies mainly on viscosity
measurements, are given in Table 1.3 for a temperature of 700°C.

(Gas atoms which are too large to pass through the crystalline network
might well penetrate the glass network of fused silica. On the other hand,
when the open meshes of fused silica are occupied in part by network
modifiers such as sodium (Figure 1.4), it becomes again more difficult for gas
atoms to enter. These concepts have in general been confirmed by experi-
ments conducted by Norton,?” who investigated the permeation of helium
through nine different types of glass, for which the compositions are given
in Table 1.4, where the glasses are arranged in the order of decreasing rate
of helium permeation; fused silica was investigated by Rayleigh, whose
data are included in the table by Norton; it shows the highest rate, and lead
borate the lowest.

* Some additional entries were made in this table by the present author to include
data kindly supplied by The British Thomson-Houston Co., Ltd.
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Constituent Oxides (Weight Per cent)

No. Designation Uses
Si0z Na0 K20 1 CaO MgO ' B203 AlQOs PbO BaO
1 | Fused silica 99.5 — — — — — — — —
2 | 969 silica glass 96.3 | 0.2 |0.2 — — 2.9 0.4 — — Quartz Lamps
3 | Soda-lime 70.12) 16.82 | 0.35 | 5.40 | 3.60) 0.78 | 2.58 — — Soft glasses
4 73.6 | 16. 0.6 5.2 3.6 | — 1. — S0; : 0.20
5 70.5116.7 | 0.8 6.7 34| — 1.8 — — Envelopes for radio
6 69. 17.5 1 1.9 5.8 1.6 | — 4, — — tubes, lamps, and
7 69.3116.8 | 0.6 5.6 3.4 1.2 3.1 — — fluorescent signs
8 71.5 | 14. 1.5 5.7 3. — 2.2 — 1.7
9 72.5 16.3 6.5 3. — 1.3 — —
10 | Lead silicate 56.0 | 5.2 | 7.5 0.5 0.3 — 1.0 30.0 — Soft glasses
11 | 63. 7.6 | 6. 0.3 0.2 0.21 0.6 21. — Stems for radio tubes
12 56. 4.5 | 8. — — 1.3 30. — and lamps
13 35. — 7.2 — — — — 58. —
14 | Borosilicate 65.5 | 4.3 | 3.1 1.0 — | 16.0| 5.5 — 2.5 Hard glasses
‘ \ Zn0:19; F, : 0.2
15 | 75.5 | 4.0 | 2.0 — — | 16.3| 2.2 — — Power tubes, micro-
16 71. 5.3 | 2.4 0.3 — 13.7 7.4 — — wave tubes, diffusion
17 80.5| 3.8 0.4 — — 12.9 | 2.2 — — pumps, chemical
18 70.0 0.5 0.1 0.2 128.0] 1.1 Li,0: 1.2 | apparatus
19 73. 4.5 — — | 16,6 | — 6 —
20 67.3 4.6 1.0 — 0.2 | 24.6 1.7 — —
21 65.56 1 4.1 | 4.1 — — 241 2.2 — —
22 7%5.3;: 4.0 | 1.8 — — 16,9 | 2.0: — —
23 72.2 1 3.5 | 3.0 3.0 — | 15.0| 3.0 — —

¥a
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24 | Aluminosilicate 54.251 — — 13.25 1 —  7.5122.0 — — Extra-hard glasses
25 545 1.1 | 0.2 |13.5 — 7.4121.1 — 3.5 High-temperature tubes
26 58.7 — — 5.9 8.41 3. 22.4 — — and mercury  dis-
27 57. 1.0 — 5.5 | 12. . 4. 20.5 — — charge lamps
28 55.8 — — | 13.0 — ! 511230 — 3.1
29 54.5 — — | 11.3 0.5, — 123.5 Py0s: 3.8 6.3
30 | Aluminoborosili- 261 6.5 0.2 |10. — | 37. 23.7 — — Special glass for sodium
cate | - vapor lamps
31 80140 | — | 6.0 | — |48.0| 24.0 | Fey0y: <0.01 —
No. Corning Glass Works Notes No. British %ﬁ?g‘%?d_Housmn Notes No. 05{2;’5"%;05('59 Notes
— [}
2 7900, 7910, 7911 8 Co4 3 X8 N
4 0080 4 9 C19 4 10 L1 4,6 %
1 0010 4 12 Ci12 4 14 SBN124 3
13 8870 21 C40 3 15 w1 1
17 7740 22 (O] 1 24 H26X 2
18 7070 1 i 23 C11 2 31 NA.10
19 7720 1 28 C37 2
20 7050 3 29 C46 2
27 1710, 1720 2

* According to data furnished by the manufacturer to the present author.
Detail of Notes: 1. Tungsten-sealing; 2. Molybdenum-sealing; 3. Kovar-sealing; 4. Dumet-sealing; 5. 28 Chrome-Iron-sealing;
6. 50/50 Nickel-Tron-sealing. (See Table 13.3 for further details.)
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TasBrLe 1.3. Aromic oR MoLECcULAR DiaMeTERS (IN AU) FOR SEVERAL (GASES, AND
THE PERMEATION RATE AT 700°C (in ¢m3 (NTP) PER SEC, PER CM2 AREA, PER MM
THICKNESS, PER ¢M Hg GAS PRESSURE DIFFERENCE) FOR HELIUuM*

Gas Fermeation Rate AU+
Helium 2.1 X 1078 1.95
Hydrogen 2.1 X 109 2.5
Deuterium 1.7 X 1079 2.55
Neon 4.2 X 1010 2.4
Argon under 10715 3.15
Oxygen under 1015 3.2
Nitrogen under 10715 3.4

* After F. J. Norton2é
t From Landolt-Bornstein Tabellen, Vol. 1, 1950, p. 325.

TaBrLe 1.4. Grass COMPOSITIONS STUDIED BY NORTON??

Glass No.
1 2 3 4 5 6 7 8 9
Fused | Vycor No. No. | Phos- No. No. | x 2 Pb
Si0: | brand | 7740 650 | phate | 0080 | 1720 (P)Y borate
(] (©) ©) (L) (H) © © (&)
Si0. 100 | 96 | 8L | g 0 72| 62 | 31 0
B:0; 3 13| [ 5 5 22
P20; 77
AlOy 1 2 3 11 1 18
Ja0
Mg()} 10 15
BaO
PbO 61 78
Zn0 7
N&zo -
KO } 4 7 17
Sum of percentage | 100 99 94 90 82 72 67 31 22
of glass-formers
Si0: + B:0; +
PO

At the bottom of Table 1.4 the total percentage content of glass formers
(S10; + ByO; + P:0s) is given for any one glass composition, and it is
apparent that the permeation rate increases rapidly with the inereasing
content of glass formers. Figure 1.6 gives a graphical representation of this
trend.

The permeation of helium through crystalline quartz is ten million times
less than it is through silica glass. Hydrogen, deuterium, and neon, which
have a larger atomic size than helium, will permeate at a slower rate, and
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Figure 1.6. Permeation velocity K of helium diffusing through various glasses at
100°C. The permeation velocity K is in units of em? gas (N.T.P.)/sec¢/em? area/mm
thickness/em Hg (gas pressure difference). (A) Lead borate glass (no SiO); (B)
X-ray shield glass; (C) combustion tubing No. 1720; (D) soda-lime glass No. 0080;
(IZ) phosphate glass (no 8i02); (F) borosilicate glass No. 650; (G) chemical Pyrex
brand glass No. 7740; (H) fused silica; (I) Vyeor brand glass. After Norton.2® (Cour-
tesy American Ceramic Society.)

for argon, oxygen, and nitrogen the permeation rate at the same tempera-
ture becomes less by a factor of 100,000 or more; hence glass may be con-
sidered impermeable to these latter gases for practical purposes. Atomic
size is not the only factor which affects the permeation rate. The neon atom,
which is smaller than the hydrogen molecule, diffuses more slowly through
glass by a factor of five. Norton states that this difference is probably due
to surface and solubility effects. Weyl®® has emphasized the importance of
chemieal interactions in trying to explain mechanical effects encountered
with glass; diffusion is one of these. Weyl thus explains the slower diffusion
of hydrogen through glass, in comparison to that of helium, by the greater
chemical affinity of H, for the oxygen ions in the glass network, thus requir-
ing a greater activation energy for the diffusion process.

“A distinetion is drawn between the terms permeation and diffusion,
especially the permeation constant and diffusion constant. Permeation is
the overall steady-state flow process from the gas phase on one side of the
membrane or wall to the gas phase on the other side. Strictly speaking,
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the term diffusion in a solid applies to the internal process by which an
atom is handed on, or changed from one lattice position to another. In the
case of gases going through solids, diffusion as a separate process is difficult
to measure. The overall process of permeation is much easier to study.

“Permeation involves several steps as follows: (1) impact of the gas
atoms or molecules on the surface; (2) absorption; (3) possible dissociation
upon absorption; (4) solution of the gas in the wall material at the incoming
surface to some equilibrium solubility value; (5) movement of the gas
atoms from the saturated surface layer through the interior as atoms or
ions, under a concentration gradient, to the outgoing surface; this con-
stitutes diffusion proper. The concentration gradient is the driving force
for diffusion and the process is given quantitative formulation in Fick’s
law;* (6) transfer of the dissolved gas to the outgoing surface layer with
possible recombination; (7) desorption of this gas and release on the low-
pressure side of the membrane.”?

Item (3) leads to an important distinetion between various diffusion
processes. When hydrogen diffuses through iron, it is absorbed at the
surface as a molecule but is then dissociated into atoms; i.e., it diffuses
through the iron in the form of atoms, or protons, and recombines on the
other side into molecules. In this case, the rate of hydrogen permeation
depends on the square root of the pressure difference on the two sides of
the solid wall. For glass and polymers, the rate of permeation varies directly
as the pressure, indicating that no surface dissociation takes place. Hydro-
gen thus permeates glass as a molecule.

For the case of nondissociation and the rare gases, the total amount g,
of material permeating a membrane at constant temperature is given by

g = KAt X Eipl P2) (1.3)
where
K = permeation velocity constant
A = area of membrane exposed
t = time
p1 = gas pressure on high side
P2 = gas pressure on low side
d = thickness of membrane
* an a?n
ot =P o
where
n = number of atoms/cc
D = diffusion constant
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The equation relating the permeation constant K to temperature is
K = A ¢eo/rr (1.4)

where

A = a constant

() = activation energy in calories per gram atom

R = the gas constant in calories per mole

T = absolute temperature (°K)
From this equation it is evident that, if ¢ does not vary appreciably with
temperature, log K plotted vs 1/7 will yield a straight line, the slope of
which is proportional to the activation energy Q.

Plots of this kind are given in Figure 1.7 for the various glasses investi-
gated by Norton. The activation energies obtained from the slope of these
lines are given in Table 1.5. If two values of the permeation velocity K

K IS THE PERMEATION VELOCITY OF ,
FUSED SILICA HELIUM THRU GLASS IN UNITS OFCM
GAS (N.T.P) PER SEC. PER CM?AREA PER
MM THICKNESS PER CM Hg GAS PRESSURE
DIFFERENCE.

ol
COMBUSTION
1oLTUBING NO.1720C N
VYCOR G

X— RAY SHIELD

LOG,, K PERMEATION VELOCITY
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_|2.—
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PHOSPHATE H N BORO—
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Figure 1.7. Permeation velocity K of helium diffusing through various glasses.
The permeation velocity, logie K, 1s plotted against the reciprocal of the absolute
temperature, 1000/T. The permeation velocity K is in units of em?® gas (N.T.P.)/
sec/cm? area/mm thickness/cm Hg (gas pressure difference). Curve (A) lead borate
glass; (B) X-ray shield glass; (C) combustion tubing No. 1720; (D) soda-lime glass
No. 0080; (}) phosphate glass; (F) borosilicate glass No. 650; (G) chemical Pyrex
brand glass No. 7740; (H) fused silica; and (I) Vycor brand glass. After Norton.28
(Courtesy American Ceramic Society.)
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TaBLE 1.5. ActivaTioNn ENERGY OF THE VARIOUS (GLASSES STUDIED BY NORTON?Y

Glass Aiz;\i%ixgnaigfnr)gy
Vycor brand (C) 4,900
Fused silica (G) 4,900
Chemical Pyrex brand No. 7740 (C) 6,400
Borosilicate No. 650 (L) 7,600
Phosphate (H) 11,000
Soda-lime No. 0080 (C) 11,000
Combustion tubing No. 1720 (C) 12,000
X-ray shield (P) 12,500
Lead borate (G) 9,300

at two temperatures are known, the following equation will determine Q:

K, Q <1 1

1 == = — 1.5

B0 K T abT\T: | T, (15)

where 4.57 = 2.3 X R; R 1s the universal gas constant in calories per mole.

It must finally be noted that the permeation constant of the gas is

proportional to the diffusion constant D of the gas, according to the follow-
ing relation:

:DXSX(pz—P1>

K
d

(1.6)

where S = solubility.

As a convenience to the reader interested in further details on gas diffu-
sion and permeation, additional references (Ref. 29-43a) are given in the
bibliography at the end of the chapter.

The Mechanical Strength of Glass

Glass is a brittle material which ruptures suddenly without yield or
deformation; it always fails in tension. Tempered glass with compressive
strain in its surface is thus stronger than annealed glass. The strength of
glass depends to a very large extent on the residual stresses resulting from
previous thermal treatment, the physical size and shape of the article tested,
the surrounding atmosphere, and, above all, the condition of its surface.
Maximum strength is obtained when a virgin surface exists on the specimen
under test. Freshly drawn glass fibers (10~ in. dia.) have shown a strength
of 107 psi** and thus exhibit the intrinsic strength of glass that has been
caleculated by Orowan®® by assuming that a force of 0.2 F is required to
overcome the attractive forces in an interatomic plane (F is Young’s
modulus). Orowan thus arrived at a value of about 1000 kg/mm? (1.4 X
108 psi).

These high strength values decrease rapidly for larger fibers, and “for
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Figure 1.8. Stress-time characteristics of glass broken in flexure tests at room
temperature. Composite curves; A-Annealed glass, tested in air; B-Tempered glass,
tested in air; C-Annealed glass, tested in vacuum. After Shand.2%. 108 (Courtesy Corn-
ing Glass Works.)

freshly drawn soda-lime glass, 0.25 in. in dia., they drop to 73,000 psi. If
such rods are etched with hydrofluoric acid, the strength increases to
250,000 psi; if fine sand is then dropped onto the rod from a height of 3 in.,
the strength decreases to 40,000 psi; more severe sandblasting will reduce
the strength to anywhere between 2,000 and 20,000 psi. The generally used
design figure for the strength of glass is 1000 psi.”*

It is obvious then that no general statement can be made on the strength
of glass but that the special circumstances of any particular application
will have a determining effect. There is also evidence that the strength
increases above and below room temperature,*® and it is known that the
strength decreases with duration of load application. Figure 1.8 illustrates
this effect and also brings out the influence of the surrounding atmosphere.
For loads of indefinite duration, in air, the breaking stresses are of the order
of 40 to 45 per cent of the H-second breaking stresses of annealed glasses.?

It was first suggested by Griffith? that all glass bodies are riddled with
a large number of small cracks, many of them of submicroscopic size, which
act as stress multipliers. The stress at the tip of the crack is greater than
the applied stress by a factor depending on the dimension and location
of the crack; this factor may reach a value of 100.} It is now believed that
these microscopic flaws are confined to the surface and are produced in
manufacture and in subsequent handling. The absorption of moisture

* These data were presented by It. U. Condon during a lecture at Stanford Uni-
versity on 11/10/55; see also Reference 8.

1 A condensed review of and a bibliography to the many investigations of the
strength of glass is given by Lynech and Tooley.*
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from the atmosphere diminishes the surface energy and thus reduces the
strength. *

Distinet from this short-term effect of water on glass strength, and op-
posite in its consequence, is the prolonged immersion of glass fibers in water
for periods of 24 hours or more. Stockdale, Tooley, Yuig, and Moorthy39 5
have shown that the tensile strength of glass increases by as much as 30
per cent after such treatment and that the increase i1s dependent on the
temperature of the water and the composition of the glass. Lead glass
reaches a maximum strength increase at 60°C, soda-lime glass also near
60°C, and borosilicate glass above 90°C.

As pointed out above, the strength of glass may be increased by as much
as a factor of 10, by treating the surface with dilute hydrofluoric acid for
a short time, provided that care is taken not to touch the surface after this
treatment. For most purposes, the removal of a surface layer from 0.002
to 0.003 in. thick will be adequate to produce the desired strengthening
effect. This effect has been known since 1894, and the rinsing of tube
envelopes in dilute hydrofluoric acid is a common practice in the tube
industry today. The strength of the acid used varies anywhere from 1 to
25 per cent. The purpose of the treatment is not so much to strengthen the
glass as to leach off a surface layer of alkali hydrates which form on exposure
of the glass surface to the atmosphere; this layer is the source of a prolonged
gas release on the pump (p. 67).

Another method used to increase the strength of glass by surface treat-
ment consists in heating the glass near to its annealing temperature in an
atmosphere containing sulfur dioxide and oxygen. The treatment produces
a reaction at the glass surface resulting in the formation of sodium sulfate,
which may be washed away easily with water, leaving a clean and stronger
surface. There is no doubt that this treatment diminishes the alkali con-
tent, and that this surface composition difference will place a very thin
surface layer in high compression once the glass has cooled again to room
temperature after the heat treatment. This surface compression will tend
to prevent opening up of the surface flaw under applied tensile stress and
may, therefore, at least partly account for the effectiveness of the treat-
ment.?

Richardson® discusses the importance of having a controlled amount of
sulfur dioxide in the gas used on glass-working machinery, particularly for
the forming of flares and for stem-sealing. When the incandescent lamp
industry of Cleveland, Ohio, was notified, in 1929, that they would have
to change their equipment to adapt it for the use of natural gas because

* When setting out to break a piece of glass tubing or rod, an experienced glass

worker will seratch the glass with a glass cutter and then, before applying tension
to the scrateh, briefly exhale on it or wet it with saliva.
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the supply of manufactured gas would be discontinued, it was soon found
that the flaring of glass tube ends was not successful after the changeover
because the flares were wrinkled and the tools wore out quickly, indicating
the absence of a lubricating ingredient in the gas. The manufactured gas
contained 20 grains of sulfur per 100 cubic feet of gas and the natural gas
had only 1 grain per 100 cubic feet. It is a common practice in the incan-
descent lamp and radio tube industry today to add controlled amounts of
sulfur dioxide to natural gas used for glass forming. The content of free
sulfur in manufactured gas is generally kept below 15 grains per 100 cubic
feet of gas, or 0.025 per cent by volume.

Sulfur is, of course, a notorious poisoning agent for oxide-coated cathodes,
and great care must be taken not to have sulfur or sulfur dioxide present
in sealing fires.?* The action of water and of sulfur dioxide on glass surfaces
has been discussed in detail by Douglas and Isard.5?

The Annealing of Glass

Before dealing with this subjeet in some detail, it may be well to introduce
some “‘Standard Definitions of Terms Relating to Glass and Glass Prod-
ucts,” which are taken from the ASTM* Standard C 162-52 (revised 1956)
which was prepared jointly by the American Ceramic Society and the
American Society for Testing Materials (Committee C-14 on Glass and
Glass Products). Of the many terms defined in this Standard only a few
are presented here which have a bearing on annealing and glass working:

Annealing Range: The range of glass temperature in which stresses in
glass articles can be relieved at a commercially desirable rate. For purposes
of comparing glasses, the annealing range is assumed to correspond to the
temperatures between the annealing point (A.P.) and the strain point
(St. P.).

Strain Peint (St. P.): The temperature at which the internal stress is
substantially relieved in 4 hrs. The strain point corresponds generally to
the lower end of the anncaling range. The strain point corresponds to a
viscosity of 10150 poises when measured by the Tentative Method of Test
for Annealing Point and Strain Point of Glass (ASTM Designation: C 336).
This test presceribes a linear extrapolation of the data obtained in the
annealing point determination to an apparent viscosity of 10-%° poises.t

Annealing Point (A. P.): The temperature at which the internal stress
is substantially relieved in 15 min. The annealing point corresponds

* American Society For Testing Materials, 1916 Race Street, Philadelphia 3, Penn-
sylvania.

t Glass is a solid body below the temperature for which the viscosity equals 1018
poises.®® [t is interesting to note that this value approximately represents the vis-
cosity of aluminum at room temperature.5”
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generally to the upper end of the annealing range. The annealing point
corresponds to a viscosity of 1012-°° poises when measured by the Tentative
Method of Test for Annealing Point and Strain Point of Glass (ASTM
Designation: C 336). This test prescribes a rate of cooling of approximately
4°C per min. with a fiber approximately 0.0065 ¢m in diameter.

Deformation Point: The temperature observed during the measure-
ment of expansivity by the interferometer method at which viscous flow
exactly counteracts thermal expansion. The deformation point gencrally
corresponds to a viscosity in the range from 10 to 102 poises.

Softening Point (S. P.): The temperaturc at which a uniform fiber,
0.55 to 0.75 mm in diameter and 23.5 ¢cm in length, elongates under its
own weight at a rate of 1 mm per min. when the upper 10 cm of its length is
heated in the manner prescribed in the Tentative Method of Test for Soften-
ing Point of Glass (ASTM Designation: C 338) at a rate of approximately
5°C per min. For glass of density near 2.5, this temperature corresponds
to a viscosity of 107-% poises.

Working Range: The range of surface temperature in which glass is
formed Into ware in a specific process. The “upper end” refers to the tem-
perature at which the glass is ready for working (generally corresponding
to a viscosity of 10® to 10* poises), while the “lower end” refers to the
temperature at which it is sufficiently viscous to hold its formed shape
(generally corresponding to a viscosity greater than 10° poises). For com-
parative 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.

Melting Temperature: The range of furnace temperatures within
which melting takes place at a commerecially desirable rate, and at which
the resulting glass generally has a viscosity of 101® to 10%-5 poises. For
purposes of comparing glasses, 1t is assumed that the glass at melting
temperature has a viscosity of 10* poises.

The various temperatures and temperature ranges corresponding to the
terms described above are indicated for different glass types in Figure
1.5b and Table A3.

The purpose of annealing is the equalization of stresses which have
arisen in the glass body during cooling from a high temperature where,
owing to the low viscosity of the glass, no strains can be maintained. When
a glass body is cooled from the molten state, say when entering the mold,
or when being drawn from the tank, the surface will cool more rapidly than
the interior, so that 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 of the surface layer, which must flow to relieve the pressure.
As long as such flow i3 possible, no stresses will result. On further cooling,
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the interior body will become rigid, but will remain hotter than the surface
throughout the cooling cycle and maintain its stress-free condition as long
as the temperature gradient 1s constant.

The temperature distribution through the cross-section of a glass slab
which is being cooled at o constant rate is parabolie, asshown in Figure 1.9.*
Assuming uniform cooling of the slab from both sides, the temperature of
the slab at the midplane, parallel to the surfaces, is higher by an amount
AT in comparison to the temperature at the surfaces. It can be shown that
the apex of the parabola lies above the mean temperature by an amount
T/3, and that the parabola intersects this mean-temperature reference line
at a distance of 0.298¢ from the midplane if a is the total thickness of the
slab. The temperature difference 7' is expressed by the relation

2
. _a X R
T = Sk (1.7)
where
a = the total thickness of the slab in em

R = the cooling rate in degrees centigrade per sec

K = thermal diffusivity which equals k/c, € (c.g.s. units){ where
I = thermal conductivity
¢ = density
¢, = specific heat

When the temperature throughout the slab is finally constant at room
temperature, the vanishing of the temperature gradient will introduce a
permanent strain. The sequence of events discussed, so far, is illustrated
in Figure 1.10 a-c, where temperature distribution and stress distribution
through the slab is shown, one above the other, for three stages of the cool-
ing cycle. Figure 1.10(a) applies to events above and within the annealing
range of temperatures, and Figure 1.10(b) to conditions below the annealing
range where the glass is completely set, for all practical purposes; a tem-
perature gradient exists between the center of the slab and its surfaces but
there are no strains present. In Figure 1.10(c) the slab has assumed uniform
temperature throughout, and a parabolic stress distribution appears as a
consequence of the removal of the temperature gradient. The center of the

* For a more sophisticated mathematical treatment of this problem see Ref. 57a.

1 Thermal diffusivity has the dimension L? X 1%; it is commonly expressed in
cm? per second. Values for K at room temperature, when expressed in these units,
are the following:

silica glass 0.009
soda-lime glass 0.005
borosilicate glass 0.007

high-lead glass 0.0026
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Figure 1.9. Temperature distribution through a section of glass being cooled at
a constant rate. After Shand.?’ (By permission from “Glass Engineering Handbook”
by E. B. Shand; Copyright 1958 (2nd ed.), McGraw-Hill Book Company, Inc.)
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Figure 1.10. Stress distribution in glass slab on cooling. (a) Onset of cooling in
annealing range; (b) Continued cooling below annealing range; (¢) Equalization of
temperature gradient within the glass slab at room temperature.

slab will tend to continue to contract when the surfaces cease to do so at
room temperature. The center is thus put into tension and the surface into
compression by reaction forces.

It is obvious that the magnitude of the permanent strain remaining after
cooling from the annealing range will depend on the magnitude of the
temperature gradient established in the annealing range, and therefore on
the rate of cooling. As there naturally is a limit to the compression strain
at the surface that a glass can safely withstand, the details of the annealing
cycle are of extreme practical importance.

It is of interest to note that the permanent strain remaining in the



GLASS 37

glass slab after cooling from the annealing range at a uniform rate is equal
and opposite in sign to the strain removed in the viscous state when the
temperature gradient was originally established.

Ordinarily, when a glass slab is cooled after it has attained uniform
temperature below the annealing range, where equilization of stresses can-
not take place in a limited time, the interior is put into compression by the
contraction of the surfaces, so that the latter are left in tension as long as
the temperature gradient exists. On removal of the gradient, the stresses
will disappear; hence they are temporary strains. The reverse pattern devel-
ops on heating a glass surface from room temperature to well below the
annealing range. The interior is then put into tension by the expanding
surfaces, and surface compression will result. Figure 1.11 illustrates the
development of temporary strains below the annealing range.
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Figure 1.11. Development of temporary strains on heating and cooling of a glass
slab below the annealing range (a—c: cooling of surface; d—f: heating of surface).
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It was stated above that the strength of glass is much greater under
compression than under tension. From the experiment just described it
follows that rapid heating of a glass article is much less likely to cause
breakage than is rapid cooling. When a glass article is to be tested for its
thermal endurance, it is common practice to heat it by immersion in
boiling water and then chill it by immersion into icewater, or even liquid
nitrogen. If a joint between two different types of glass, or one between
glass and metal, successfully survives several such heat shocks in succession,
some assurance is gained about the realiability of the joint.

Redston?® has reported on tests performed on electron tubes with the
aim of establishing a correlation between tube failure on heat shock tests
and that occurring during life; he comes to the conclusion that “the chill-
shock test has been found to reproduce more nearly the types of base
failures which are obtained in service and hence its results are considered
more functionally significant than those of the B test.” (The B test specifies
heating of the tube to 100°C while a metal cone is forced between the pins
of the base.)

As the permanent compression strain at room temperature is equal and
opposite in sign to the amount of strain released by viscous flow in the
annealing range when the temperature gradient was first established, i.e.,
when cooling began, the annealing schedule can be so chosen that not all
of this original strain is equalized by viscous flow, and some permanent
surface tension is retained at room temperature which counteracts the
permanent surface compression strain.

The magnitude of the hypothetical stress introduced at any point in o
glass slab by the establishment of a temperature gradient will be propor-
tional to the difference between the temperature at this point and the
average temperature across the section (Figure 1.9). For a point in the mid-
plane of the section, the strain is given by

T LA
L (1.8)
3(L — )
By combining this expression with Eq. 1.7, one obtains
3 1 2
oL = M_ (1.9)
24K (1 — v)
where
o = stress corresponding to temperature difference from average

value (psi)
o, = tensile stress at midplane after temperature equalization (psi)
E = Young’s modulus
T = temperature difference between midplane and surface
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= coefficient of expansion in the annealing range (°C)

24

a = coefficient of expansion below the strain point (°C)
v = Poisson’s ratio

o = thickness of section (inches)

R = cooling rate (°C/sec)

K = thermal diffusivity (inch?/scc)

The rate of expansion in the annealing range is usually two to three

times that measured at lower temperatures. By assuming o’ = 2a and
substituting this value in Eq. 1.9, one obtains
Ead’R
= M 1.10
T 12K — 4) (1.10)

This then is the amount of tension prevailing at the midplane after equaliza-
tion of temperature. The amount of permanent compression at the surface
will be twice this amount (Figure 1.9), or

2
o = % (1.11)
By introducing the following common values:
E = 10" psi
K = 0.00077 in®/sec
vy = 022
one obhtains
o = 138 X 10°%’R (L12)
or
% : (1.13)

= 1380 x 100w
These expressions apply to the condition where the glass section is cooled
from both surfaces. In the case of a hollow vessel, or a tube, where cooling
is confined to the outer surface, the effective thickness will be doubled,
and will become 2a.

On the basis of these expressions, annealing schedules can be worked
out for glass sections of different thicknesses and different coefficients of
expansion. Table 1.6 gives an idealized schedule for commercial ware
worked out by Corning Glass Works;?® annealing data for various Corning
glasses are given in Table 1.7. These particular schedules are computed
for values of residual stress which are considerably lower than those which
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ORDINARY WARE*

TaBLe 1.6. ScaepuLEs (Ipean) FOR COMMERCIAL ANNEALING

Annealing periods

A—Heating to 5°C above annealing point.
B—Hold temperature for time ¢.
C—Initial cooling to «°C below strain point.
D—Cooling—next 50°C.

E—Final cooling.

0°

Temperature

Cooling on one side Cooling on two sides
Thickness
of glass
A B C E B C E
Expansion coeff. of| | | | | | T o T
glass per °C i) o g g g i} = g g )
520 B o |Eafg fe | fe | By fg iz i
megmmy EE| | . |EE|HE)\FEEE <o | EE EE| HE
RO | B | E|EO|50| 89 |59 | 2| B E0 50| 59
o & e |8 |8 |3 = & |0 |8 |S
33 X 1077 g 13.20130 | 5| 512 |24 130 1 400 | 5| 5| 39| 78 | 400
14163 30151103 |6 301130 | 15 | 10 | 12 | 24 | 130
19 112.7) 830120 (0.8 1.6/ 8| 30130 |20 3 6| 30
50 X 1077 14 13.2] 8 5 518 |16 85 | 260 5 5126 | 52 | 260
14163 21 |15] 10| 2 / 21 8511510 8|16 ! 85
g 112.7 5130120 0.5 1.0 5 21130 | 20 2 4 21
90 X 1077 1 3.2 50 5 514 8 50 | 140 5 5| 14 | 28 | 140
4 16.3) 11|15 |10 |1 2 11 50 1 15 | 10 4 8 50
15 112.7 3130|201 0.3 0.6 3 111 30 | 20 1 2 11

Glasses are anncaled by raising their temperature to the annealing point and then
cooling them gradually to a temperature somewhat below the strain point. The rate
of cooling within this range establishes the magnitude of the residual stresses in the
glass after it reaches room temperature. Below the strain point the cooling rate is
limited only by the transient stresses developed. Table 1.6 provides annealing sched-
ules for glassware of different section thicknesses and rates of expansion. These
schedules are computed on a conservative basis and may be shortened considerably
in specific cases. As indicated in Table 1.6, cooling rates must be reduced when only
one surface of the glass is exposed to the lehr gases.

* Courtesy Corning Glass Works, Corning, N. Y.

are generally acceptable for ordinary commercial annealing. Consequently,
the cooling rate may be increased materially for the annealing of simple
geometrical shapes where it is not important to reduce the residual stresses
to low values.?

These general prineiples on annealing seem to be quite straight-forward
and may raise the question in the reader’s mind why so much mystery is
often attached to the establishment of successful annealing schedules for
given ware with given equipment. There are indeed many complicating
factors entering into this art which cannot be treated here in detail; they
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TaBLE 1.7. ANNEALING DATA FOR CORNING GLASSES
oF VARIOUS THICKNESSES*

Glass thickness Annealing time Annealing temperature (°C)

in. mm min sec 0010 0080 0120 7040 7050 7070 7720 7740

1.00 | 25.40 | 240 0 395 | 470 395 | 450 | 460 | 455 | 485 | 520
0.50 12.70 60 0 413 | 489 413 | 467 | 478 | 473 | 503 | 542
.25 6.35 15 0 431 | 505 431 | 484 | 495 | 490 | 520 | 563
(125 | 3.18 3 |45 449 | 523 449 | 501 | 513 | 508 | 538 | 585
.062 1.59 0 | 56 467 | 540 467 | 518 | 530 | 525 | 555 | 606
031 0.79 0 | 14 485 | 558 485 | 535 | 548 | 543 | 573 | 628
.015 | 0.39 0 3.5 | 503 | 575 503 | 552 | 565 | 560 | 590 | 649

2 X temp. interval to halve 18 17.5) 18 17 17.5) 17.5 17.5 21.5

viscosity

Strain point 395 | 470 305 | 450 | 460 | 455 | 485 | 520
Annecaling point 430 | 510 433 500 | 495 | 525 | 565

Softening point 626 | 696 630 703 755 | 820

* Courtesy Corning Glass Works, Corning, N. Y.

are of two categories: one group comprises the specific features of the ware
(its shape, thickness, and initial stress distribution) and the properties of
the annealing furnace (its size, temperature distribution within the chamber
and heat control); the other group is concerned with the physical mecha-
nism of annealing within the glass. From both categories arise factors which
cannot be taken into account by an idealized theory. The contribution
from the first group is fairly obvious. Large differences in thickness of the
ware, in any one piece, or variations from piece to piece, necessitate an
approximation of the value a to be entered into the equations given above.
If the furnace or lehr is not long enough, or of sufficient volume, tempera-
ture gradients may exist in the ware while it is supposed to be soaking at a
uniform temperature, and additional permanent strains may thus be intro-
duced on cooling. Lillie has evaluated these factors.®

Fundamental investigations on the theory of annealing were undertaken
in 1917 at the Carnegie Institute of Washington by Adams and Williamson
and coworkers®®-%2 when sudden demands for large quantities of optical
glass for the Armed IForces found the United States with little experience in
its manufacture.

“Adams and Williamson carefully worked out the permissible tempera-
ture gradients within a block of cooling glass of any size and type (provided
the necessary physical properties of the glass were known) to give any
desired (usually low) final degree of stress in the block at uniform room
temperature. Adams and Williamson, however, were less successful in their
understanding of the mechanism by which the stress is released in a block
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Figure 1.12. Analysis of a shear stress acting on a glass body. After Stanworth.?
(Courtesy Ozford at the Clarendon Press.)

of stressed glass held at a constant temperature in the annealing range.
As we shall see, they had to devise a completely empirical equation for
the relation between stress and time at constant temperature.

“The simplest conception of the release of stress is that originally due
to Maxwell, and may be derived as follows: Consider (Figure 1.12) a body
of viscosity 5 and rigidity modulus (7, subjected to a shear stress f. Then
the velocity of displacement v is equal to the sum v, — »2, where v; is the
velocity of the elastic displacement and v, that of the viscous displacement.

“Now,

du ou
_ ww 2= 1.1
n=_ and 3 1/G, (1.14)
from which,
601 _ 1 df I
oy " Gl (1.15)
also,
o _ T (1.16)
9y
From the last two equations one obtains
o _ S 1 (1.17)

dy ¢ Gdi
In considering the release of stress in glass, during the annealing process,

we may consider that dv/dy = 0 and so

f

L+ Ldf _ (1.18)

G dt
from which, if G+ = 9, we may write
f=foe'” (1.19)

“Now, we have seen that for stabilized glasses in the annealing range,
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n = AeB/RT g0, assuming a constant value of G with change in temperature
(which is approximately true in that G varies much less rapidly than ),
we have

T = rgerlT (1.20)

“The relaxation time 7 should vary exponentially with the inverse of
absolute temperature, with a rate of change with temperature approxi-
mately the same as that found for viscosity. This was expressed in an
approximate way by Twyman,® who suggested that the relaxation time
was halved for each increase in temperature of ¢.8°.

“According to Eq. (1.19) above, the stress in glass held at a constant
temperature in the annecaling range should decrease exponentially with
time. Adams and Williamson, however, found that the results of their
measurements could not be described in this way, but that a better straight
line was obtained by plotting the reciprocal of stress against time, their
equation being

T4 (1.21)

I

“Adams and Williamson did not claim that their equation was anything
other than empirical, and stated that it was intended to apply only in the
restricted temperature range of greatest technical importance in the anneal-
ing of glass. By way of illustration we may indicate (Figure 1.13) the results
obtained by Lillie® for stress release in a soda-lime-silicate glass at 453°C.
It was Lillie’s work, however, which first indicated the major reason for
the failure of the stress-time data to fulfil the above simple exponential
law. For Lillie showed that, in ordinary chilled glass, the viscosity is

015

0.10

005

[/stress (cm /mu)

0 5,000 10,000

Time (minutes) at 453°

Figure 1.13. The reciprocal of birefringence plotted against time. After Stan-
worth.2 (Courtesy Ozford at the Clarendon Press.)
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Figure 1.14. The relationship between —d(logiof)/dt and fluidity at 453°C. After
Stanworth.2 (Courtesy Oxford at the Clarendon Press.)

changing with time during the annealing process, which neceessarily means
(the rigidity modulus remaining relatively constant) that the relaxation
time is also changing during the annealing process. Lillie made careful
checks of the change of viscosity with time in samples prepared so as to
have as nearly as practically possible the same previous thermal history as
the samples used for the determination of the release of stress with time.
This enabled him to determine the stress as a function of time and viscosity;
he found that a plot of —[d(log f)]/dt against the reciprocal of viscosity gave
a straight line, showing the results obtained at the same temperature and for
the same glass as in Figure 1.14. It was shown that

_d(logf) M

1.22
Il . (1.22)

where M cquals 5.5 X 101 dynes/em?, approximately.

“Lillie mentioned that the constant M had a value about one-quarter of
that of the rigidity modulus at room temperature, but did not attempt to
explain this fact. Taking the simple Maxwell I5q. (1.1) above, we may write,
however,

dlogf) _ _1_ _G (1.23)
dit T 7
which is identical with Lillie’s equation if ¢ = M, that is, if 3 is the rigidity
modulus at the temperature of stress release. It is known that the rigidity
modulus decreases with increase in temperature in the annealing range, so
that, qualitatively, the agreement is satisfactory.
“It is clear then, that the Adams and Williamson stress-release equation
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is one which embodies a change of viscosity with time. This fact was also
clearly recognized by Tool,** who made use of his concept of a “fictive”
temperature in order to derive a new equation describing the rate of stress
release at a constant temperature, in a glass whose viscosity is changing
with time.””?

Redston and Stanworth® suggested that M is very nearly equal to G
in the annealing range of the glass. On this basis, one arrives at the follow-
ing relation by integration of Eq. (1.23).

1 (f 0)
G (f)
For a stress release factor fo/f = 1000, the following expression results for
the time for which the glass must be held at the annealing temperature 7':
7 23 X3

— inut
P ssxa0m X T M

Assuming that 5 is invariant with time and equal to 10% poises at T,
the annealing time becomes 21 minutes.

““The values used for T were bascd on measurements of the viscosity of
samples held for 30 minutes at the temperature of observation. For shorter
times than this, the viscosity of the chilled glass will be somewhat lower,
so that the stress release will be faster for these shorter times. This means
that the method of caleulation gives a margin of safety, that is, somewhat
longer times than are actually required. More precise calculation would
have to take into account the marked differences between glasses of various
types in the rate at which viscosity changes with time. Such calculations
would needlessly complicate the present schedules. Again, for simplicity,
we assume that the glass viscosity decreases by half for every 10°C rise
in temperature, a value sufficiently correct for most glasses. The time of
holding will also become halved, as shown in Figure 1.15.7766

After stresses have been released at the annealing temperature 7' to a
sufficient extent, the ware must be cooled to room temperature at such a
rate as to strike a compromise between economical factors and the introdue-
tion of permanent strains. Adams and Williamson derived the following
expression for the cooling rate h:

h=-"_ °C/min (1.25)

2

ca”

where s is the strain introduced during cooling, measured as birefringence
in mu/cm, a the half-thickness of the sample in em, and ¢ a constant
depending on the shape and composition of the glass. For a slab or disk of
soda-lime-silica glass, ¢ ~ 13; for “Pyrex’ glass, ¢ ~ 3.
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Figure 1.15. Relation between time and temperature of holding for 1000-fold stress

reduction in glass. 6, is the temperature at which the glass viscosity is 1018 poises.
After Redston and Stanworth.®¢ (Courtesy The Society of Glass Technology.)

Redston and Stanworth made the simplifying assumption that ‘‘the
cooling rate is independent of holding time and temperature. Actually, for
a given stress introduction, the glass may be cooled more quickly with
decrease in the holding temperature, particularly as the temperature drops
markedly below T. This fact again provides a margin of safety in the
annealing schedule adopted. The full expression of ¢ is given by

alB

T O6K(1 — o) (1.26)

c

where « is the linear thermal expansion coefficient (per °C), £ is Young’s
modulus in kg/cm?, 8 is the stress-optical coefficient in mu/cm per kg/cm?,
o is Poisson’s ratio, and K is the thermal diffusivity in em?/min. Using
typical values for (1 — ¢)/F and for K, and assuming that these are prac-
tically the same for all glasses, the cooling rates which leave a final strain
of 2.5 mu/cm at the center are plotted in Figure 1.16 for slabs of various
thicknesses.”” Taking the thermal expansion coefficient of the glass as a
parameter, a family of parallel lines is obtained from which it is apparent
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Figure 1.16. Effect of thickness and linear expansion coefficient on cooling rate
necessary to produce 2.5 mu/cm retardation at the center of a glass slab. After Redston
and Stanworth.6¢ (Courtesy 1he Society of Glass Technology.)

that a low-expansion glags of a given thickness can be cooled at a much
faster rate than a high-expansion glass of the same thickness.

It is apparent from Figure 1.15 that a wide choice of annealing schedules
is available. In Figure 1.17 six possible schedules are shown, all of which
would anneal the sample to about the same extent. It is evident that sched-
ule 4 requires the least amount of time and is thus the most economical,
provided that the loss incurred from breakage is the same as in the others.
“To ensure that the total time of the schedule is a minimum, the holding
temperature must be that at which the slope of the holding temperature
against holding time curve equals the cooling rate required. Now the holding
time (¢) at any temperature (8) is given by

b=t x 207 (1.27)

where ¢, is the stress-release time at 6,°C.
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Figure 1.17. Six possible annealing schedules which produce the same degree of
annealing. Schedule No. 4 occupics the least time. After Redston and Stanworth. 60
(Courtesy The Society of Glass Technology.)

“Hence

Ao — 6) 10
di Ty X 2V 9

(1.28)

must equal the cooling rate. It has already been shown that ¢y = 21 minutes;
thus, for minimum annealing time, the holding temperature 6 is given by the
expression:

10
21 X 28010 1 9

Calculated cooling rate =

“The following table shows some calculated values which are plotted in
Figure 1.18.”

Cooling rate (8y — ) optimum holding temperature
°C/Minute above the 1013 poise temperature
10 —39
3 —21
1 — 5.5
0.1 +28

According to Redston and Stanworth, a practical annealing schedule
can be set up from the graphs in Figures 1.15 to 1.18 provided the follow-
ing data are given:
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Thermal expansion coefficient («)

Annealing Point (T4) (for n = 108)

Strain Point (T's)

Thickness of the glass article (d)
First, the cooling rate (k) is obtained from Figure 1.16 then the optimum
holding temperature (Top) from Figure 1.18 and finally the holding time (¢)
from Figure 1.15. Following these steps for Corning 7720 “Nonex” glass and
assuming a thickness of 0.3 em the following data are obtained:

a = 36 X 107 T, = 484°C
T. = 518°C d = 0.3cm
From the graphs it follows that:
h = 20°C/min
Tope = 1T — 49° = 567°C
to = 0.7 min

Schedule A would thus be:

(1) heat to 567°C (at 400°C/min)
80 }
70
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Figure 1.18. Dependence of optimum holding temperature for glass annealing on
cooling rate. After Redston and Stanworth. (Courtesy The Society of Glass Tech-
nology.)
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(2) hold at 567°C for 42 sce
(3) cool to 484°C at 20°C/min
(4) cool to room temperature (100°C/min)

The data given in Table 1.7 would suggest the following (Schedule B):

(1) heat to 523°C at 400°C/min
(2) hold at 523°C for 5 min

(3) cool to 479°C at 39°C/min
(4) cool to 429°C at 78°C/min
(5) cool to 25°C at 400°C/min

Depending somewhat on the cooling rate adopted in Schedule A, both
schedules take about 10 minutes. In practice, compromises are necessary,
depending on available facilities and temperature control gear. A uniform
rate of cooling from the holding temperature all the way to near room
temperature is generally advantageous. On the other hand, too short hold-
ing times may be difficult to control, and nothing is gained by aiming at
optimum holding time when it turns out to be less than a minute. The
analysis of the remaining strain will in the end determine the feasibility of
any chosen schedule.

Strain Analysis

It was first observed by D. Brewster in 1813% that strained glass dis-
plays the properties of a birefringent crystal and that the birefringence is
proportional to the intensity of the stress. When viewed in polarized light
between crossed nicols or sheets of “Polaroid,” patterns of different light
intensity or different colors become visible from which the directions and
amounts of strain may be deduced.

Ordinary light, when it enters a birefringent crystal, or strained glass,
behaves as if it were split into two components which are respectively
called the “ordinary ray” and the “extra-ordinary ray.” These two rays
have their electrical vibrations at right angles to each other and travel
through the specimen at different velocities. The orientation in space of
the planes of vibration depends on the orientation of the optical axis of the
crystal, which is defined as the direction in which light is transmitted with-
out birefringence (i.e., the ordinary and extra-ordinary rays coincide along
the optical axis and travel with the same velocity). In the case of caleite
(CaCOy), the optical axis coincides with the axis of trigonal symmetry.
In certain other crystals, the ordinary and extra-ordinary rays can coin-
cide and travel with equal velocities in two mutually perpendicular direc-
tions in the erystal. Crystals of the first type, like caleite, are called ‘““uni-
axial”’; erystals of the second type, for which miea is an example, are called
“bi-axial.”
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When light is incident on a crystal at an angle to the optical axis, the
direction of vibration at any point in the ordinary-wave front is perpendic-
ular to the plane containing the extra-ordinary ray and the optical axis.
The relative intensities of the two beams depend on the direction of vibra-
tion in the incident beam with respect to the optical axis. If this direction
of vibration in the incident beam is inclined 45° to the optical axis, the
mntensities of the ordinary and extra-ordinary ray may be greater or smaller
than that for the ordinary ray (n.) and, thercfore, its velocity less or more
(v = ¢/n) than that of the ordinary ray in different crystals. If the ordinary
ray travels faster than the extra-ordinary ray, one speaks of a positive
erystal; in the reverse case, of negative crystals. Quartz, according to this
definition, is a positive uniaxial crystal and calcite a negative uniaxial crys-
tal. Glass in tension behaves as a positive uniaxial erystal, and in compres-
sion as a negative uniaxial crystal.

Unfortunate terminology was established for polarized light before the
directions of vibration in a polarized beam were determined. The plane of
polarization is the plane normal to the plane in which the electrical vibra-
tions of a plane-polarized light beam take place. A light beam is said to
be “‘polarized” in the plane of incidence when the vibrations of the electric
vector take place at right angles to the plane of incidence. As the electrie
and magnetic vectors are mutually perpendicular to each other, and in-
tensity is associated with the electric vector, one may say that the plane
of polarization, as defined above, is understood to be the plane containing
the magnetic vector. Whenever possible, the use of these terms will be
avoided; but they are firmly established in the literature.

The optical path difference 8, in mu, can be measured by the observation
of the relative phase retardation in a polariscope equipped with a Babinet
compensator, or a quartz wedge, and is given by the following relation:

P an=FxB (1.29)*
where:

An = the difference of the refractive indices for the ordinary and extra-

ordinary ray, n. — n,
[ = thickness of the glass specimen through which the light travels.
F = P/A = stress

B = stress-optical coefficient
Since refractive indices are pure numbers, the dimension of B is that of
reciprocal stress; a convenient unit for B is the brewster, defined as 1013
em?/dyne; the stress-optical coefficients of most glasses are then expressed
by numbers between 1 and 10. In these units, a retardation of 1 Ang-

* In equation 1.26, the symbol 8 was used for B by Redston and Stanworth.
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TaBLE 1.8. STRESS-0PTICAL COBFFICIENTS OF (GLASSES?S

Brewsters

Silica 3.47
969, Silica 3.65
Soda-lime 2.45-2.65
Lead alkali silicate

Medium lead content 2.55-2.75

609, PbO 2.05

739, PbO 0.24

809, PbO) —1.05
Borosilicate, low expansion 3.9
Borosilicate, low electrical loss 4.8
Aluminosilicate 2.65

strom per millimeter of light path is produced by a stress of 1 bar (10¢
dynes/ecm?) in a material possessing a stress-optical coefficient of 1 brew-
ster. A convenient form of Eq. 1.29 is the following:

) tardation (mu)
‘ : k 9 - re
Stress (kg/cm’) 0.981 X B (brewsters) X ! (em)

Table 1.8 gives values of B in brewsters for a variety of glass types after
Shand.

Several experimental procedures are available for the observation and
measurement of birefringence in glass™®7%; the choice of any of these will
depend on the accuracy required. Common methods used in the electronics
industry permit the measurement of § to &5 mu. Refined methods will
allow the measurement of +0.05 mu.”® For optical glass, an optical path
difference per em equal to 5 mu is considered satisfactory. For electronic
glassware, a strain equal to 15, of the breaking strength is acceptable for
annealing. Taking the safe loading at 1 kg/mm?, or 100 kg/ecm?, gives § =
300 my as an upper limit (1 kg/em? = 3 X 1077 em). Therefore, the range
of accuracy required for routine strain determinations is not excessive.

V. C. De Maria™ has described a low-cost, portable polariscope that is
built from a standard two-cell flashlight and remarks: “Since portable
polariscopes have been assigned to our glass shop employees, rejects due to
detrimental stresses in the glass have been almost eliminated. Flaws are
discovered early in processing, and corrective annealing measures can be
taken. The polariscope has now taken its place with micrometers and cali-
pers as a much used measuring tool in the glass industry.” This trend is to
be encouraged, to be sure, but the user of the common polariscope should
also be aware of the limitations of this tool, especially when odd-shaped
articles, or glass-to-metal seals, are to be judged by it.78-3¢

Photoelasticity is a rather involved subject and require