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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 communieations, 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. I'or this reason, we of General Telephone &
Electronies 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 manuseript and in preparing the index,
which is one of the most important features.

Los Altos, California
January, 1960 Warrer H. Ko
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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,
(8 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 electron 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
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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 1077 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
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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 ecritical 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 erystalline strueture 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 crys-
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 speeific 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.

t The unit of viscosity is one ‘‘poise’” which has the dimension ML~*7T-1. In the
c-g-s system of units it is thus measured in dynes/sec/em?. 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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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!®s who is able to explain many of the heretofore baffling
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 a “vitron.”

The Composition of Glass

Glass is made by melting controlled amounts of carcfully mixed raw
materials (the bateh), which results in a concentrated solution of oxides;
the main glass constituents are: SiOy , B0y, ALO, , CaO), PhO, K0, Na,0,
and others to be mentioned shortly. While the structure of these various
oxides in their erystalline 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: 810, , ByO3 , 205, GeOs , and As;O3 . The following
oxides will also form glasses when melted with the right amount of a suitable
modifying oxide: TeO,, 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 TeQ, and V,05 form fairly stable glasses when
melted with BaO or PbO, and ALO, forms a stable glass with CaQ.*

“Other types of oxides, notably those of the alkalies and alkaline earths,
take no part in the glassy network. When Na,O 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 SiOs-
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, ZnO,
CdO, PbO, and other oxides.

Impurities present in glass may originate in the original batch com-
ponents and from chemiecal or physical interaction with the tank walls at
elevated temperatures; some impurities often present in glags are Fe,Qy
Mn,03, 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,
Kngland. Other workers, notably Mrs. A. Winter, claim to have made other simple
oxide glasses, i.e. PhO, SnO, and InyO; , which could not be obtained in the extensive
research carried out at B.T.H.
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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(h). Viscosity-temperature curves for some Corning glasses. (Courfesy
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where

B’ = activation energy

R = gas constant

T = absolute temperature
and plots of log n vs 1/T give straight lines whose slopes are 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

(¢) Soda-lime silicate glasses (“‘erown”)

(d) Lead-alkali silicate glasses (‘“‘fint”)



GLASS 23

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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TasLe 1.3. Aromic oR MoLECULAR DiamMeTERS (IN AU) FOR SEVERAL (GASES, AND
THE PERMEATION RATE AT 700°C (INn ¢m3 (NTP) PER SEC, PER CM2 AREA, PER MM
THICKNESS, PER ¢M Hg GAS PRESSURE DIFFERENCE) FOR HELIUuM*

Gas

Helium
Hydrogen
Deuterium
Neon
Argon
Oxygen
Nitrogen

* After F. J. Norton2¢
t From Landolt-Bérnstein Tabellen, Vol. 1, 1950, p. 325.

Permeation Rate
(700°C)
2.1 X 1078
2.1 X 109
1.7 X 1079
4.2 X 1010
under 10715

under 10715
under 10-18

AUt

1.95
5
.55

5

LW W W NN
e |

S

Tasne 1.4. GrLass CoMPOSITIONS STUDIED BY NORTON?

Glass No.
1 2 3 4 5 6 7 8 9
Fused | Vycor No. No. Phos- No. No. Xora Pb
Si02 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
1)2()5 77
AlOs 1 2 3 11 1 18
CaO
Mg()} 10 15
BaO 8
PbhO 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.O; +
Py05

At the bottom of Table 1.4 the total percentage content of glass formers

(810, + By0O; + P:0s) is given for any one glass composition, and it is
apparent that the permeation rate increases rapidly with the increasing
content of glass formers. Figure 1.6 gives a graphical representation of this

trend.
The permeation of helium through ecrystalline 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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9
K Is the pgrmeo?ion velocisty of helium \é&fg& g.loz
thru glass in units of cm™ gas (NTPR) .
~-10 2 . Chemical Pyre
per sec. percm” area per mm thickness # 7740C
per cm Hg gas pressure difference, ot
-1+ 100°C Borosilicate
#650 L
-12
. Phosphate
Log, k S°d°o;'g‘e OGlass H
E #0 (NoSiO2)
Combustion
Tubing
14 X -Ray #é72° C = Corning Glass
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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

GLASS P
_|2.—
CHEMICAL
YREX NO. 7740 C
_|3_
PHOSPHATE H N BORO—
X SILICATE NO650L
_1ab SODA LIME
14 D) Ra—N0.008 C
LEAD BORATE G
-
5 800600 400 200 100 +25 0 -25 ce ~-78°
1 1o} | ] | 1 [ | | i
5 [ 1.5 2 2.5 3 3.5 4 4.5 5

1050
=

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. AcTivaTioN ENERGY OF THE VARIOUS (GLASSES STUDIED BY NORTONZ?

Glass Aiﬁ;‘i}‘;ﬁnaigfxf)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 T a5t \Th T T (15)

where 4.57 = 2.3 X R; R is 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; 1t always fails in tension. Tempered glass with compressive
strain in its surface 1s 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 speeimen
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
calculated by Orowan?® by assuming that a force of 0.2 ¥ 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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Breaking Stress-Thous. Lb/Sq. In.

Duration of Stress-Seconds
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.25 196 (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 5-second breaking stresses of annealed glasses.?

It was first suggested by Griffith? that all glass bodies are riddled with
a large number of small eracks, 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 100.1 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 If. U. Condon during a lecture at Stanford Uni-
versity on 11/10/55; see also Reference 8.

T 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.?5 (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
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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.

Temperature
1 20°C: W AT=0
|
|
|
|
| |
|
T
Strain €
* ‘L e €=0 i | €20
| | |
’ a) ‘ c)
| |
| 1
! ; i
a |
Temperature : }
20°C — < ——AT=0 | [ 1 AT=0
1 : ; |
; I | | |
; |
| | | | |
Slab Thickness ! : | ! |
T d "‘V ‘L‘ T d T - 4 T
! | Time ! " Time ‘ !
- —
| |
Tensi
; ension ]
Strain € . €= 0 ' [ €20
? | / Compression
| | B
| ! i ' !
| d4) ‘ \ el \ i f)

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 Ozxford 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 % and rigidity modulus @, 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
== — = 1.1
o 7 and 3 1/G, (1.14)
from which,
oy _ 1df, (1.15)
y Y t bl M
also,
o _ S (1.16)
dy
From the last two equations one obtains
dv £ 1df
= = 4 7 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

§+%;‘§,{=0 (1.18)

from which, if G+ = 5, we may write
f=fe " (1.19)

“Now, we have seen that for stabilized glasses in the annealing range,
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n = AeB/RT 50, assuming a constant value of G with change in temperature
(which is approximately true in that G varies much less rapidly than %),
we have

r=T1er T (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)

5

“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
I @
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[/stress (cm /my)

Time ( minutes) at 453°

Figure 1.13. The reciprocal of birefringence plotted against time. After Stan-
worth.? (Courtesy Oxford 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. @y is the temperature at which the glass viscosity is 101 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 7. 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/em?, 8 is the stress-optical coefficient in mu/em 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

60

50

IN
o

[
(o]

HOLDING TEMPERATURE °C
5 3

o)
©

s
o

-20

ol 05 10 5 10 50 100
COOLING RATEYMIN.
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
erystal, 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 calcite
(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 crystal. Crystals of the first type, like calecite, are called “uni-
axial”; erystals of the second type, for which mica 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
intensities 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
crystal; in the reverse case, of negative erystals. Quartz, according to this
definition, is a positive uniaxial crystal and calcite a negative uniaxial erys-
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 electric
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 my, 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 10713
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 requires tensors for its
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proper treatment.’'-85 The relative retardation observed in the polariscope
is proportional to the resultant stress, but it gives no indication of the
magnitudes or signs of the principal stresses. A small resultant compressive
stress could arise equally from two large tension stresses, two compressive
stresses, or one compressive and one tension stress. To determine the abso-
lute values of the principal stresses, additional measurements are required
which might give the sum of the principal stresses, or, by means of integra-
tion of points along a stress-free boundary, permit the calculation of princi-
pal stresses from the conditions of elastic equilibrium. These methods have
been described in great detail by Partridge.®

A polarimeter which permits observations at temperatures up to 800°C
is available from k. Leitz, Wetzlar, Germany. This instrument 1s specially
designed to cover the needs of the tube industry. Engel$*® reports on its
use in determining hysteresis effects observed on taking stress-temperature
curves for glass-to-metal seals.

Electrolysis in Glass

Stresses in glass may arise not only by virtue of improper annealing
but also on account of a local change in chemical composition brought about
by electrolysis. This defect may have serious practical consequences and
deserves the particular attention of the tube designer. Electrolysis will
oceur at elevated temperature when a voltage gradient is impressed on the
glass which permits the migration of alkali ions, particularly sodium ions.
The general mechanism of glass electrolysis in the presence of glass-em-
bedded current leads has been known for a considerable time and was stud-
ied by Becquerel®® and Thomson® as early as 1854 and 1875, and, more
recently, by Gallup® and Peysson,?*® who came to the following conclusions:

(1) Positive sodium ions migrate toward the electrode which is at the
most negative potential (i.e., the “‘effective cathode’).

(2) At the “effective cathode’ metallic sodium is released and accumu-
lated, whereas the glass layers near the “effective anode” will be depleted
in sodium, resulting in a poorly conducting, silica-rich glass.

(3) Oxygen is released at the “effective anode” and hydrogen at the
“effective cathode.” It is known that all commercial glasses contain minor
amounts of COz, SO;, and H»O, which, like the anions CO3 ~, SOy 7, and
OH-, participate in the glass structure. These gases can be reduced electro-
lytically to CO, SO, , and Hy—reactions which are more likely to oceur
than the reduction of Na®, or Ca™". Passing a current through a soda-lime
glass, therefore, reduces its gas content.’® Molybdenum or tungsten seals
may become overoxidized by virtue of the water content of the glass, and
porous and leaky seals thus result under the influence of electrolysis.
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These primary effects may lead to the following discernible changes in
appearance:

(1) The vicinity of the “effective cathode” will develop a dark discolora-
tion because of the reduction of lead oxide to lead by the released sodium.
In the absence of lead oxide, the colloidal dispersion of sodium in itself
will give a brown or blue appearance. “Dumet”’ (see Chapter 13) leads are
likely to become light-colored because of the reduction of cuprous oxide.

(2) The Dumet lead representing the ‘‘effective anode’ will, by the same
token, take on a darker color because of the formation of higher copper
oxide.

(3) Gas bubbles will appear at the electrodes and be released into the
tube, spoiling the vacuum. Spectrometric analysis of the gas content, using
8160 glass stems, disclosed the presence of the following gases in order of
decreasing amounts: He , HyO, Oy, CO, COs and N .

(4) The change in composition of the glass near the electrodes sets up
considerable strains leading to fracture.

It is important to realize that the anode lead of a rectifier tube will act
as the effective cathode during the inverse voltage half-cycle, and that the
magnitude of the inverse voltage frequently exceeds the operating forward
anode voltage by a large factor. Electrolysis effects can also be present
when symmetrical a-c¢ voltages are applied, since surface effects at the leads
often cause a preferred conduction in one direction. Gallup®® also describes
an effect which shows that electrolysis of stems can occur between a current
lead and the surface of the glass stem when the latter is exposed to bom-
bardment by stray electrons, thus leading to the creation of a virtual cath-
ode. This condition was found responsible for the appearance of longitudinal
cracks along the filament leads of a rectifier tube. Electrolysis may also
oceur between the turns of a helix in a traveling-wave tube if the glass
barrel is in contact with the helix, and ring patterns and cracks will result.*

VYolume Conductivity

Glasses are electrolytic conductors at all temperatures, and the resistivity
may range from 10 ohm-cm at room temperature to 1 ohm-em at 1200°C,
depending on the glass composition. This fact was established by the classic
work of E. Warburg (1884), who showed that Faraday’s law of electrolytic
conduction 1s satisfied. A distinetion must be made between surface and
volume conductivity, and precautions should be taken during measurements
unless the presence of one overshadows the other. Figure 1.19 shows curves
for volume resistivity as a function of temperature for Corning Glasses
7740, 0010, and 0080. When resistivity is plotted on a logarithmie scale vs
the reciprocal of temperature, straight lines result, as shown in Figure

* Private communication from Sperry-Rand Corporation.
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Figure 1.19. Volume resistivity as a function of temperature for Corning glasses
0010, 0080, 7070, 7900 and fused silica. (By permission from “Glass Engineering Hand-
book’ by E. B. Shand; Copyright 1958 (2nd ed.) McGraw Hill Book Company, Inc.)

1.20 where data for some additional glasses are given. It is apparent that
the ohmie resistance in d-e ficlds drops rapidly with inereasing temperature.
Lead glass 0120 has a higher electrical resistivity, by a considerable margin,
than either 7740 “Pyrex’’ or soda-lime glass 0080. It ig, therefore, common
practice to make conventional stems for receiving tubes from 0010 or 0120
glass, while bulbs are made from soda-lime glass 0080, or its equivalent.*
Electrolysis between lead wires at elevated temperatures is thus mini-
mized. On the other hand, the use of a more conductive glass for the en-
velope prevents the accumulation of charges deposited by stray electrons,

* This established practice does not imply, as Stanworth? points out, that lime
glasses of even higher resistivity than lead glasses cannot be made. On a factory scale,
however, lead glasses are produced more easily, without difficulties arising from
devitrification and unfavorable viscosity-temperature relationships.
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Figure 1.20. Volume resistivity versus temperature of commercial glasses, direct-
current values. After Shand.2% 18 (Courtesy Corning Glass Works.)
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an effect which can lead to puncture of the envelope if the charges arc not
leaked off.

The addition of soda increases the volume conductivity more than that
of any other oxide while the addition of lime decreases it. The fact that
sodium 1ons are the carriers of conduction in all glasses is readily demon-
strated by the formation of sodium films on the inside glass wall of an
evacuated bulb, when an electron emitter serves as cathode on the inside
and a sodium nitrate bath as anode on the outside of the bulb. The amounts
of sodium deposited agree with Faraday’s law. The effect of increasing
soda content on the volume resistivity of glass is illustrated in Figure
1.21, according to studies by Sedden, Tippett, and Turner.®* The introduc-
tion of certain other modifying ions into the glass structure tends to reduce
the mobility of the sodium ion. Gehlhoff and Thomas® and Stevels® in-
vestigated these effects in detail. Figure 1.22 shows plots of the tempera-
ture at which a reference conductivity of 1073 ochm—'-cm™! is reached by a
glass of original composition 18 Na,0-82 SiO, when an increasing weight
percentage of the SiO. content is replaced by the oxide marked on the
curves. Soda, potash and alumina thus increase the conductivity progres-
sively, while lime, magnesia and boron oxide decrease it by varying
amounts. BaO, PbO, Zn0, Fe.0; have little effect. A combination of soda
and potash in proper proportions can reduce the alkali mobility below that
extant for either constituent by itself.
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Figure 1.21. Effect on volume resistivity of increasing the amount of Na.O in a
soda-siliea glass. After Sedden, Tippett and Turner.%! (Courtesy The Society of Glass
Technology.)

The dependence of conductivity on temperature has been expressed by
two experimental equations:

Ine = A4 + BT (1.30)

Ing =C— D/T (1.31)

v

where x is the specific conductivity, 7' is the absolute temperature, and
A, B, C, and D are constants. Iiquation 1.31 is known as Rasch and Hin-
richsen’s Law;* it has also been derived from theoretical considerations of
the binding forces acting on the Na ions in the glass network. Glasses seem
to fall into two groups which satisfy either one or the other of the two
equations given above.

Kirby?® gives a review of the phenomena involved in the electrical con-
duction in glass.

The measurement of the volume resistivity of glass is obscured by the
presence of ‘“‘anomalous charging currents” or ‘“‘dielectric absorption.’’96-98
When a voltage is first applied, the charging current in glass is much larger
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Figure 1.23. Typical charge and discharge curves of a glass. After Guyer 9. 105
(Courtesy American Ceramic Society.)

than the normal conduction current and only after several hours does it
decrease to assume a constant value. Similarly, after removal of the applied
voltage, a discharge current is observed which is the reverse of the charging
current.
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Figure 1.24. Reversal of residual charge in a borosilicate glass. The charging cycle
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Figure 1.25. Effect of chilling and subsequent annealing on the charging current
in an opal borosilicate glass. After Guyer.?? 15 (Courtesy American Ceramic Society.)

On repetitive application of charging or discharging cyecles, the principle
of superposition, stated by Hopkinson applies, according to which “the
variation in charging current resulting from several successive variations
in the applied voltage is the summation of the individual variations in
charging current which would have taken place if each voltage variation
had been separately impressed upon the uncharged condenser.”’ Guyer?®
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has described measurements of these effects on various glasses; Figures 1.23—
1.25 show his results. The differences between charge and discharge currents
will be constant at different time intervals for completely reversible charg-
ing currents and also represent the true conduction current through the
glass. Absorption currents in annealed glass are smaller than those in un-
annealed glass (Figure 1.25). An interpretation of anomalous charge and
discharge currents in glasses on the basis of their structure has been given
by Weyl,100

Surface Conductivity

The surface conductivity of glass is due partly to films of water'™ and
other contaminations, which are determined by the surrounding atmos-
phere and the relative humidity prevailing at the time, and partly to tem-
perature and pressure. Different glasses are variously affected by these
factors. Figure 1.26 gives representative plots of surface resistivity for fused
silica, “Pyrex” 7740, and soda-lime glass 0080 at different relative humidi-
ties at 20°C. The improvement obtainable by surface treatment is also
indicated by a dotted line. Such surface treatment may involve outgassing
at elevated temperature, or the application of nonhygroscopice films, as
outlined on p. 61. The effect of glass composition on the resulting surface
resistivity is very pronounced, and, so far, has escaped satisfactory theoreti-
cal evaluation. Gehlhoff, Thomas® and Fulda!®® were among the first to
explore this field systematically.
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Figure 1.26. Surface resistivity as a function of relative humidity for fused silica
glass, borosilicate electrical glass (Corning No. 7740) and lime glass (Corning No.
0080). After Guyer?®: 195 (Courtesy The Institute of Radio Engineers.)
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According to investigations by Green and Blodgett,1% surface conduc-
tivity can be imparted to glasses containing sufficiently high contents of
lead, bismuth, or antimony oxides, or combinations of these, by reducing
these oxides in hydrogen during heat treatment of several hours’ duration.
The thickness of the conductive film thus produced on the glass surface is
of the order of 0.001 in., and the color of the treated surface is black. It is
also reported that lead glass coatings were applied to borosilicate glass as
a frit, which was then reduced in hydrogen. This search was extended by
Katherine Blodgett,'** and more recently by Funk!®* who studied borate
glasses in addition to lead glasses.

Surface conductivity of glass can be markedly reduced, particularly in
atmospheres of high humidity, by the application of certain synthetic
polymer films, such as silicones. Dow Corning 200, or Z-4141, are used for
this purpose.’®® DC-200 is available in a wide range of viscosities; a 2-
percent solution by weight in methylene chloride, trichloroethylene, or
perchloroethylene is prepared and the glass or ceramic article dipped into
it and, on removal, air dried for one-half hour at room temperature. The
film must then be cured by heating in air at 300°C for one-half hour, or at
275°C for one hour. DC-2-4141 requires no solvent; it is diluted with water
and can be sprayed onto hot or cold glass; air drying, or a low-temperature
bake, effect rapid curing.

Another method that 1s sometimes used for the surface treatment of
glass, but which is not as free from objections as the previous two, is the
application of chlorosilane solutions (e.g. dimethyldichlorosilane (CHj)s
SiCly) in an inert solvent. The glass can be dipped into this chlorosilane
solution, or the chlorosilane can be vaporized onto the glass surface. Films
of these materials, in thickness of the order of 100 molecular layers, react
very rapidly with the absorbed water film on the glass. Hydrochloric acid
gas 1s evolved, and a layer of dimethylsiloxane groups is left behind which
presents a layer of methyl groups toward the outer free surface.? *

The surfaces of glasses can be made electrically conductive to any de-
sired degrce by applying thin films of semiconductors, or metals, to the
surface. Conductive glass is commercially available in the U. 8. A, under
the trade names “Electrapane,” “Nesa,” and “E-C Glass” from Libbey-
Owens-Ford Glass Company, the Pittsburgh Plate Glass Company, and
Corning Glass Works, respectively. These glasses have a thin film of tin
oxide with controlled additives applied to their surface by hydrolysis of
stannic salt vapors at elevated temperature. The films are very resistant to

* A symposium on the use of silicones in the glass industry was held in April 1958
by the Society of Glass Technology and the papers were published in the Journal of
the Society (Vol.42) (August 1958)). The attention of the reader is also drawn to a review
paper on the surface treatments of glass. 104
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weathering and can be operated in air at several hundred degrees centigrade
without appreciably changing their resistance.

Dielectric Properties

Glass is a dielectrie, which, like most of the common insulators, passes a
displacement current on application of intermittent or alternating electric
fields. In an ideal dielectric, the displacement current 7 is exactly 90 electri-
cal degrees out of phase with the applied voltage and thus does not involve
a consumption of energy. Physical dielectrics never fulfill this condition,
and the amount of power, W, dissipated is given by the expression

W =FEXIXcosb (1.32)

where E is the effective value of the alternating voltage £ = FE, sin wt,
and 7 the resulting current which leads the voltage vector by the phase
angle 8. The complimentary angle § = 90 — 8 is called the loss angle, and
tan § is the dissipation factor of the dielectric, or the dielectric dissipation
factor D. The power factor

pp =P
V1 — D
PR U
A1 = (PF)
The loss factor (LF) is given by the product of the dissipation factor and
the dielectric constant K so that LF = tan § X K; it is proportional to
the energy loss per cycle per squared potential gradient F per unit volume,
as Is apparent from the following equation:
(KV)

W (watts) . s -
et 0.555 X (LF) X f(MC) X F Com)

(1.33)

(1.34)

which gives the energy dissipated per unit volume when the field F = E/d
is applied across the dielectric of thickness d and cross-section A.

The drelectric strength of a dielectric is given by the voltage gradient, F,
at which breakdown occurs, and may be expressed by the breakdown voli-
age as long as all other experimental conditions are specified. The test
results obtained by different investigators often vary within wide margins
on account of the many variables which enter into the measuring pro-
cedures. The dielectric strength of glass, in particular, is so much higher
than that of other substances, including air and oils, that, in measuring
breakdown on glass samples, one is likely to measure the breakdown of the
surrounding medium, or the corona resistance of glass in the presence of
bombardment by ions from localized discharges in the weaker gaseous or
liquid medium.%3
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Figure 1.27. Breakdown voltage vs. thickness of glass for different comditions at
room temperature, 60 cyele voltage raised continuously. (A) Intrinsic dielectric
strength of borosilicate glass; (13) Intrinsic dielectric strength of soda-lime glass;
(C) Highest test values available for borosilicate glass; (ID) Borosilicate glass plate
immersed in insulating oil; (KE) Soda-lime glass plate immersed in insulating oil; (F)
Borosilicate glass plate immersed in semi-condueting oil; ((3) Borosilicate glass pow-
der line insulator immersed in insulating oil; (H) Borosilicate glass powder line in-
sulator immersed in semiconducting oil. After Shand.25 196 (By permission from
“Glass Engineering Handbook,” by E. B. Shand; Copyright 1958 (2nd Ed.) McGraw Hill
Book Company, Inc.)

Figure 1.27 gives the peak breakdown voltage for various glasses, tested
with continuously raised 60-cycle voltage in different surrounding med;a,
plotted against specimen thickness.!® It is apparent from these curves a nd
measurements by other workers'” that the so-called “intrinsic dielectric
strength” in the absence of field concentrations caused by the electrodes
(edge effects) can amount to several million volts per centimeter. At higher
temperatures, the dielectric strength of glass diminishes rapidly, as is
shown by Shand’s measurements on Corning glasses in Figure 1.28. The
different effects of d-c¢ and a-c voltages on breakdown at clevated tempera-
tures are illustrated for lime glass in Figure 1.29.1% Moon and Noreross!®
measured breakdown on glass samples 0.008 in. thick at room temperature
and at 300°C and found the values tabulated in Table 1.9 where the ob-
served peak voltages for these specimens are extrapolated to KV /em (d.c.).
These data are indicative of the two types of breakdown distinguished in
the theoretical treatment of the subject, i.e., “disruptive” or ‘‘electronic
breakdown” vs ‘“thermal breakdown.” By changing the composition of
glass, the dielectric constant and the dielectric dissipation factor can be
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Figure 1.28. Dielectric breakdown of commercial glasses at higher temperatures.
I-minute breakdown for thickness of 2 mm at 60 cycles. After Shand.?5. 196 (By per-
misston from “Glass Engineering Handbook,” by E. B. Shand; Copyright 1958 (2nd
Ed.) McGraw Hill Book Company, Inc.)

separately altered (Figure 1.30); the variation of K is differently affected
by temperature and frequency of the applied voltage (Figure 1.31); loss
factor and power factor undergo corresponding changes with temperature
and frequency as shown in Figures 1.32 to 1.34.*

* The attention of the reader is directed to several papers by Vermeer!®-1% which
have an important bearing on the subject discussed in the preceding paragraphs. Tt
is shown that at low temperatures, or extremely short rates of rise (1075 sec) of the
applied voltage, the breakdown voltage of glass is indeed independent of specimen
thickness, or electrode material, and reproducible within the limits given by ordinary
experimental errors.
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and for 435 KC alternating current. After Guyer.?9: 10 (Courtesy The Institule of
Radio Engineers.)

TasreE 1.9. ELecTRIc BREAKDOWN ON Grass Sampiis 8 MiLs THICK
(Observed by Moon and Norecross!os)

" Dielectric strength kv/em (peak)
Glass type

at 20°C at 300°C
Fused silica glass 5,000 560
Borosilicate glass 4,800 200
Lead glass 3,100 102
Lime glass 4,500 32

Outgassing of Glass

It is gencrally recognized that tube envelopes must be subjected to a
baking cyele to remove adsorbed and occluded gases. Water vapor and
carbon dioxide are the main constituents given off by glass on heating, but
the noncondensible gases, such as hydrogen, nitrogen, oxygen, and carbon
monoxide, are also present in varying amounts. An extensive scries of
investigations of the gases and vapors evolved from glass was carried out
by Sherwood!®® and Shrader;"'® their work and that of other investigators
has been summarized by Dushman! The gas evolution on bake-out
reaches & maximum at a temperature of a few hundred degrees centigrade;
for lead glass, this oceurs close to 200°C, for soda-lime glass at 150°C, and
for hard glass, such as Nonex, at about 300°C. The gas evolution then
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tion of temperature. After Shand.?s 198 (By permission from ‘‘Glass Engineering
Handbook™, by E. B. Shand; Copyright 1958 (2nd Ed.) McGraw Hill Book Company,
Inc.)

drops off sharply at increasing temperatures and rises again steeply when
the softening point of a glass is approached. The general conclusion from
these observations is that adsorbed gases are effectively removed at the
lower temperatures where the first peak in the gas evolution occurs, and
that water vapor continues to diffuse to the surface from deeper layers
when the temperature approaches the softening point of the glass. Lang-
muir®? first concluded that water vapor would be most effectively removed
from the glass wall by heating the envelope in steps, first to a high tempera-
ture, and then to a lower temperature.
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Figure 1.31. Dependence of dielectric constant, K, on temperature at various
frequencies. After Strutt.!9% (Courtesy Julius Springer-Verlag, Berlin.)

Todd!? of the Corning Glass Works has recently carried out a series of
investigations intended to put the outgassing treatment of glass on a more
rational basis. He noted that water vapor constitutes by far the major
component of the gas released during bakeout. The initial burst of gas at
relatively low temperatures is due to a layer of hydrates on the surface
facing the vacuum. This surface layer can be effectively removed by washing
the glass envelope in a 1-percent solution of hydrofluoric acid; other rea-
gents such as the widely used chromic acid cleaning solution, or hydro-
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Figure 1.32. Power factor of commercial glasses at 1 megacyele as a function of
temperature. After Shand.25: 196 (Cowurlesy Corning Glass Works.)

chloric acid, sulfuric acid, ammonia, sodium hydroxide, all used in 2.5
molar solution, did not remove this critical surface layer of hydrates.*
The water which diffuses to the surface at higher temperatures increases
in amounts proportional to the square root of the bakeout time, and linear
plots obtained give the total volume of gas released against the square
root of time. These linear plots will have an increasing slope, m, for in-
creasing temperatures and the intersect with the ordinate will be partly
determined by the gas released from the surface hydrate layer. The value

* Crawley!!' of the British Thomson-Houston Co. has described a glass cleaning
solution which is much more effective than the conventional chromic acid solution;
the composition is 59; HF, 339, HNO; , 297 Dreene (Teepol), 609, water. The solu-
tion is to be used cold and its composition can be varied over wide limits. The present
author has used this solution to advantage in cleaning glass rods prior to the deposi-
tion of tin oxide films and noted a marked improvement in the luster of the films.
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Figure 1.33. Power factor at room temperature versus frequency for commercial
glasses. After Shand.?5. 196 (Courtesy Corning Glass Works.)

of the diffusion constant for water and the concentration gradients after
bakeout can be calculated, so that it is possible to obtain the amount of
water that will diffuse out with time at any temperature after some arbi-
trary bakeout. It has further been shown by Todd that the diffusion of
water from glass is a reversible process. If the partial pressure of water in
the surrounding space is greater than a given equilibrium value, water
diffuses into the glass; if the partial pressure is less, water diffuses out. The
rate at which the diffusion occurs depends on the partial pressure difference
and also upon the temperature. By preheating a glass envelope in a dry
atmosphere, absorbed water can be driven out at atmospheric pressure;
a short vacuum bakeout will then effectively remove the water that has
been absorbed on the surface during the short time that follows the air
bakeout before the tube is connected to the pump.
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Powdered Glass

The technique of forming various glass articles from powdered glass,
or glass frit, is used not only on the production line but serves well in the
laboratory when special glass shapes are required in small quantities.
Glass headers with a suitable number of imbedded lead wires are frequently
made in this manner. The molds may be made from graphite and heated by
induction, or from suitably sclected ceramic bodies and passed through
a controlled-atmosphere furnace. A number of precautions must be ob-
served if useful products are to result.

The inclusion of large air bubbles must be carefully avoided because
electric fields tend to concentrate in them, causing ionization and break-
down; the uniform distribution of a large number of very small bubbles
(several thousand per cubic millimeter), presents no such danger.

The coefficient of expansion of the material from which the mold is
made should be smaller than that of the glass to permit easy removal of
the glass product. A mold lubricant is frequently used, i.e., molybdenum
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disulfide, a suspension of colloidal graphite, or a coating of boron nitride.
A mixture of a suspension of kaolin in water and graphite has also been
suggested ; it should have a suitable taper to facilitate removal of the molded
glass article. Graphite molds have the disadvantage of oxidizing in ordinary
atmosphere, and thus have a short life unless an oxygen-free atmosphere
is provided. When metal leads are to be molded into the glass header at
the same time, these leads are preferably prebeaded, or at least preoxidized.

When a feed-through atmosphere furnace is used for the production of
molded headers on a continuous schedule, the composition of the atmos-
phere and its dewpoint must be carefully controlled. Natural gas may be
mixed with air in a ratio of 1.0:8.5 to obtain exothermic gas by partial
combustion; the approximate composition of this gas is 6% CO., 5% CO,
3% H., the remainder being nitrogen."'® The temperature of the furnace,
or that to which the mold is raised, is of the order of 1000°C.

The glass powder, which is prepared by crushing glass cullet,* generally
has a particle size equivalent to —20 or —30 mesh, i.e. such that it will
not pass through a 20- or 30-mesh screen. It is very important to clean
the powder carefully to avoid contaminations which would cause excessive
bubbles and also hinder the sintering process. Washing in dilute hydrofluorie
acid, followed by rinses in water and acetone, or alecohol, and hot-air drying,
is one accepted procedure. The clean glass powder should not be stored
more than one or two days before use.f Similar care should be applied to
the cleaning of the metal leads, and they also should be used soon after
cleaning,.

When glass is ground into a very fine powder and a small amount of
liquid binder added, it can be dry-pressed into various shapes and then
sintered at a temperature slightly above the softening point of the glass.
A vitreous body results which has roughly the same properties as the parent
glass, except that it will be translucent rather than transparent because of
the tiny voids which remain. Larger articles can also be produced by slip-
casting, similar to the methods used in the forming of ceramic ware (Chap-
ter 2).116-18 Powdered-glass molded articles can be made to a much closer
size tolerance (45 mils) than is attainable for conventional glassware
where 4145 in. is a realistic tolerance.!®

Glass powder disks, about one-half in. thick and 4 in. diameter are used
for the lubrication of steel during extrusion. Thus a 5-in. diameter steel
bar may be extruded through a tapered die and emerge with a major di-

* (Glass cullet is a term used for broken, excess, or faulty glass, which is remelted
in a subsequent furnace run.

+ The preparation of glass powder samples for the measurement of resistance to
chemical attack is described under method P-W in ASTM Standard Method of Test
C 225-54, and serves to emphasize the need for great care in handling glass powder.
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mension in cross-section of about 1 in. A bar about 20 meters long and
weighing 100 kg is extruded in two or three seconds; during this operation,
about 100 gm of glass is melted and forms a 20-microns-thick film on the
extruded bar.:20

Solder Glass

The method of joining two pieces of metal by a low-melting alloy, known
as solder, has been known for many centuries, but the technique of joining
two pieces of glass by a low-melting glass has been developed only during
the past decade and, until recently, had found very limited commercial ap-
plication. Glass solder, or frit, as it is called, can be applied not only to
mating glass surfaces, where it produces a vacuum-tight seal, but also to
joints between glass and metal and between mica and glass.

One of the first frit seals described by Donal™®! in 1942 used a low-melting
glass suitable for the joining of mica to glass or metal at a temperature of
600°C. This technique was logically developed to the sealing of glass to
glass by other workers, especially in Europe, and in recent years workers
in the U. S. have applied themselves to the perfection of this technique.22-132
Most of the solder glasses have a lead oxide content ranging from 70 to
85 per cent, boron oxide from 20 to 10 per cent and silicon oxide from 10
to b per cent, and their thermal expansion coefficient may range from 80 to
120 X 1077/C. Frequently, a small addition of zinc oxide and aluminum ox-
ide is alsoused to modify the desired properties and to improve the chemical
stability of the glasses. The expansion coefficient of the solder glass must
necessarily be matched to the expansion coefficient of the parent glasses,
but is generally chosen to lie somewhat below the expansion coefficient of
the glass to be joined.!

One of the principal advantages of solder glasses is the fact that seals
can be made at a substantially lower temperature, between 400° and 500°C,
than is possible with conventional flame-sealing techniques where tempera-
tures from 800° to 1000°C are required. Seals can thus be made in an oven,
which obviates the use of flames and the danger of having objectionable
gases enter the tube. The lower temperature also minimizes the danger of
oxidation of the assembly. Miniature tubes and subminiature tubes, also
hearing-aid tubes, which are particularly sensitive to these effects, are
cases where solder glass sealing can be used to great advantage. The tech-
nique has also been applied to large tubes; Figure 1.35 shows a flat picture
tube which has been sealed by this method. Mica windows for counter
tubes are attached to the envelope in this manner, as mentioned previously.

After the constituents of the solder glass have been prepared in a platinum
or silver crucible at a temperature of about 1000°C, the resulting solder
glass is poured into water and ground into powder of about +100 mesh.
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Figure 1.35. Flat picture tube. (Courlesy Kaiser Aircraft & Electronics Labora-
tory.)

The powder is usually mixed with a volatile liquid and either sprayed or
flowed onto the part to be sealed. Binding agents such as nitrocellulose
are sometimes used to give strength to the powdered glass layer, but this
necessitates more careful firing to eliminate the organic matter. The powder
may also be preformed into a special shape such as a washer, bead, bar,
or dise, and lightly fired to give it strength. One of the best methods is to
flow the liquid glass onto the sealing surface at the time the article is fabri-
cated. In this way the article comes already provided with a layer of solder
glass in the right place and requires only heating in an oven to complete
the seal.”™ Generally, the powdered glass coating applied to the mating
surfaces is quite thin (about 5 mils thick) so that the surfaces to be sealed
must be originally prepared to a closer tolerance than is customary, or
necessary, for parts joined by flame sealing. This requirement makes solder
glass seals more costly.

Gallup and Dingwall'®? have investigated a number of solder glass com-
positions suitable for electron tube applications, and determined viscosity,
thermal expansion, density, and index of refraction; Tables 1.10, 1.11, 1.12,
and 1.13 are taken from their report.

“Glasses 2, 3, and 5 in Table 1.11 have been used as the cementing media
in permanent marking inks for stamping type numbers on different kinds
of electron tubes which used soft-glass envelopes having thermal expan-
sion coefficients of approximately 90 X 10~7/C. Because no difficulty was
experienced with these three glasses, it appears that coefficient of thermal
expansion is not a critical factor in the use of solder glasses in marking
inks applied in thin layers over limited areas.

“Glasses 6 and 7 have been used in the sealing of lead-glass stems to
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TasLe 1.10. SorpeEr Grass ComrosiTioNs (P.Cc. BY WEIGHT)*

PHO B:03 Si02
No. Chem, Calc. batch Chem. Calc. batch Chem. Calc. batch
analysis comp. analysis comp. analysis comp.
1 71.4 71.3 — — 28.6 28.7
2 84.8 84.7 — — 15.2 15.3
3 76.3 76.2 23.7 23.8 — —
4 82.8 82.7 17.2 17.3 — —
5 88.3 88.0 11.7 12.0 — —
6 71.9 72.0 14.2 14.0 13.9 14.0
7 85.1 85.0 — 7.5 — —
* After Gallup and Dingwall.12?
TasLe 1.11. Viscosity DaTa (Poises) FOR SoLDER GLAssEs*
107.51— 10134 10146 109 1010 101t 1012
Mole Per Cent Composition SO;;?:éng An;;iax.\léng ?)g{;l{l
°C) (°C) Q) [§®) °C) °Cy °C)
40 PhO, 60 Si0, 568 444.0 421.5 535.5 512.0 490.5 471.0
60 PbO, 40 Si0: 429 357.5 344.5 410.0 397.0 384.5 373.0
50 PbO, 50 B0y 435 376.5 365.5 419.0 408.5 398.0 389.0
60 PbO, 40 B,O; 383 327.0 317.0 368.0 357.5 348.0 339.5
69.5 PbO, 30.5 B2O3 330 281.5 272.5 317.0 308.0 300.0 292.0
42.7 Pb0O, 26.5 B.O; , 30.8 Si0, 477 406.5 393.5 458.5 445.0 433.0 421.5
62.0 PhO, 17.6 B:O; , 20.4 SiO, 371 311.0 300.0 355.0 344.5 333.5 324.0

* After Gallup and Dingwall.12
1 Extrapolated from measured values.

TaBLE 1.12. CoMPARISON OF SOLDER GLASS AND STANDARD
Grasses AT Tureg Viscosiry LevELs*

Glass Softening point Annealing point Strain point
(°C) (°C) (°C)
Solder Glass 477 406.5 393.5
Corning 0080 Iime 696 510 478
Corning 0120 Lead 630 433 400

* After Gallup and Dingwall.132

Tasre 1.13. CorrriciENT 0r THERMAL IKXPANSION FOR
Hi¢u-LEap GLasses®
Composition Coefficient of thermal expansion

30° to 300°C

Mole (%) Weight (97)

74 X 1077 in./in./°C

(1) 40 PbO 60 SiO,

71.3 Pb0O), 28.7 810,

(2) 60 PbO 40 8i0: 84.7 PbO, 15.3 810, 108 X 1077
(3) 30 PbO 50 B203 76.2 Pb0O, 23.8 B:Os 93 X 1077
(4) 60 PbO 40 B0, 82.7 Pb0O, 17.3 BxO; 108 X 1077
(5) 69.5 PbO 30.5 B203 88 Pb0O, 12 B.O; 124 X 1077 (only to 280°C)
(6) 42.7 PbO 26.5 B2O3 72 PbhO, 14 B,O; 14 8i0, 85 X 1077
30.8 8i0: 117 X 1077

(7) 62 PbO 17.6 B:O;

20.4 Si0;

85 Ph0, 7.5 B1O3 , 7.5 8i0,

* After Gallup and Dingwall.1#2
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steel shells. Glass 6 proved most generally satisfactory for this work because
of its intermediate working range (500 to 600°C). Glass 7 provides a better
thermal-expansion match for steel and, therefore, axial tension stresses are
lower when it is used.

“Glass 6 has also been useful in sealing mica to soft glass and to chrome-
iron-alloy metal cups. In the seals, thermal-expansion match was found
important because of the large external seal circumference. Glasses closely
similar to glass 6 have been used in the sealing of lime-glass diaphragms to
chrome-iron rings. For these seals close expansion matches are necessary.

“In brief, thermal expansions proved important in all seals except those
in which very thin films of solder glass covered small areas such as occur
with marking inks, and those in which the solder-glass seal was kept under
high compression by an external steel shell.

“None of the solder glasses investigated had ecither the mechanical
strength or the chemical stability of standard soft glasses. When the solder-
glass seals are made properly, however, both their strength and weathering
resistance have proved adequate to maintain electron devices in a vacuum-
tight state for many years.”’t%

One of the disadvantages of the more conventional solder glasses de-
scribed above is their thermoplastic nature. The softening point of these
frits lies below the bake-out temperature of glasses used for color TV picture
tubes and would thus permit shifting of the face plate if the tubes were
baked at the 450°C-level. For these reasons, thermosetting solder glasses
were developed at RCA with the cooperation of engineers at Corning Glass
Works and Kimble Glass Company.'¥” These glasses change their structure
on the application of heat during the sealing process and subsequently have
a higher softening point, of the order of 500°C, so that bake-out tempera-
tures above 400°C can be used during exhaust. High dielectric strength,
resistance to weathering in humid atmospheres, and proper expansion
match to the glasses used for face plate and funnel have been achieved in
this development described by Becker et al. The Pyroceram cements
described at the end of the next chapter (p. 120) offer another approach to
this problem.

At the other extreme of the temperature scale, very low-melting glasses
have recently been developed by workers at the Bell Telephone Labora-
tories™ for the protection of solid-state devices, such as crystal diodes and
transistors, against the harmful effects of atmospheric moisture. These
glasses® consist of binary or ternary mixtures of thallium, arsenic, and
sulfur which are fluid in the range of 200 to 400°C; they are available in
powder form or as preforms pressed from powder but can also be produced
by vacuum deposition as thin film on the order of 1 mil thick. FFor dip coat-

* Available from Baker and Adamson, 40 Rector St., New York 6, N. Y
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ing, the powder is molten in specially prepared fused-silica containers to
preserve their purity, and the device to be coated is immersed in the molten
glass for 10 to 20 seconds and then withdrawn and allowed to cool to room
temperature. The operation is carried out in an inert atmosphere, such as
nitrogen, under a fume hood to remove any toxic vapors evolved during
heating. Satisfactory electric performance of coated semiconductor devices
has been demonstrated in exposure to 100 % relative humidity for several
months,
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CHAPTER 2

CERAMICS

Introduction

The widespread use of various types of ceramies, not only in tube manu-
facture but also for auxiliary equipment clearly establishes the need for
the tube engineer to have a working knowledge of this field. It would be
still better to have a trained ceramist at his side on whose experience he
could draw in developing his own designs. Obviously, the trained ceramist
will know everything that can possibly be said in this chapter; but the tube
engineer, especially a newcomer to the field, may derive some benefit from
a gencral introduection to the subject of ceramics, whereupon he can turn
to more specialized texts. For a general introduction, he should read the
section on ceramics by Thurnauer, contained in the book entitled ¢Dielec-
tric Materials and Applications,””" and then turn to a review article by
Robinson and Bloor? and one by Navias® on the more speeial applications
of ceramics to eleetron tubes, and consult references 4-5 where extensive
bibliographies are given. A book on ‘“High-Temperature Technology”
edited by I. . Campbell® of Battelle Memorial Institute, and sponsored by
the Electrochemical Society, is an indispensable source of information on
materials which are to operate at high temperature, on methods of their
fabrication and techniques for the measurement of their properties.® A
survey prepared by Stanford Research Institute for the U. S. Air Force?
deals with the problems encountered in constructing all kinds of electron
tubes which are to operate in a thermal environment of 500°C and should
be of some interest to the reader.f A more recent report, also prepared by
SRI for the U. S. Air Foree, deals with the “Mechanical and Physical
Properties of Refractory Nonmetallic Crystalline Materials and Inter-
metallic Compounds.”® Another valuable compilation of data has been
prepared by Bradshaw and Matthews!® of the Lockheed Aircraft Corpora-
tion.

This chapter describes the physical properties of the various types of

* A series of papers on thermal conductivity of ceramic materials was published in
a separate section of the Journal of the American Ceramic Society, Vol. 37, No. 2,
Pt. 2 (Feb. 1954); see also Ref. (7).

t The author was connected with this project as a consultant at the time when the
first part of this revised edition was being prepared. Material originally written for
this book has found its way into the SRI Report, and, vice versa, reviews prepared
for the SRI report have in some cases been incorporated into this book.

83
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ceramics which are of interest in the construction of electron tubes; the
important subject of ceramic-to-metal seals is treated at some length in
Chapter 14.

The word “‘ceramic’ is derived from the Greek word ‘“‘Keramos,” mean-
ing a “potter,” “potter’s clay,” or “pottery,” and is related to the older
Sanskrit root “to burn.”! In its present-day usage, the word ‘‘ceramic”
refers to inorganic materials which are given permanent shape and hard-
ness by high-temperature firing. Materials such as abrasives, cements,
enamels, glass, clay products, refractories, terra cotta, and whiteware are
covered by this definition. “Refractory metals” are not ceramics but are
often produced by methods akin to those used in the field of ceramics. The
term “powder metallurgy” covers these procedures when a metallic body
is the end product. “Cerametals,” “cermets,” or ‘“‘ceramals’ are metal
ceramics consisting of mixtures of metal powders and metal-oxide powders
processed into solids by the methods of powder metallurgy.!! ** These ma-
terials are of great importance in the construction of turbine blades for jet
engines and other high-temperature applications.

2«

Raw Materials and Body Compositions

The constituents of the classic ceramic whiteware bodies are clay, feld-
spar, and flint, in varying proportions, depending on the desired character-
istics of the end product. Clay is the plastic component which makes for the
desired workability ; feldspar and flint are nonplastic. Flint is rock quartz
of high purity and provides the skeleton of the composite structure. Feld-
spar is an alkali-aluminum silicate which fuses on heating and dissolves part
of the clay and flint, thus acting as a flux, while clay, or kaolin, may be re-
garded as the filler of the skeleton of flint. All three components are in in-
teraction during the firing process, which leads to a reorientation of the
crystal structure of the whole body. Table 2.1 gives the general composi-
tion of typical whiteware bodies.” The ceramist has his own nomenclature ;'
he uses many terms which are unfamiliar to the tube engineer. For example
he talks in terms of “cones’ rather than of degrees Fahrenheit or centigrade.
Hence a student of electronies, or a physicist, will require some preparation
before he can read these publications with full understanding.

Treldspar, clay, and flint are not terms which specifically define the prop-
erties of these materials; on the contrary, they differ widely in impurity
content and admixtures depending on their place of origin. They are thus
more or less suited for a given body preparation. It would lead too far afield
to go into these details; 2 number of texts may be consulted on the de-
tailed procedures employed in the manufacture of ceramics.!®%

Table 2.2 lists the names of a humber of minerals and compounds which
frequently occur in the discussion of ceramic bodies. Table 2.3 gives the
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TasLe 2.1. GENERAL CoMPOSITION OF SOME WHITEWARE BoDIigs*

Chemical Normal Electrical Vitreous Sanitary Fine
porcelain | porcelains | porcelains china porcelain |earthenware
Cone 12-14 | Cone 12-14 | Cone 11-13 | Cone 10-11 | Cone 9-i1 Cone 8-9
(2390- (2390— (2345~ (2000~ (2282~ (2237~
2534F) 2534F) 2462F) 2345F) 2345F) 2282F)
Feldspar or Nepheline 20-25 20-28 28-38 10-18 30-36 10-16
Syenite
Whiting 0-1 0-1 0-3 0-1.5
Dolomite 0-3.0
Ball Clay 0-5 15-35 10-20 16-25 20-35
Kaolin, China Clay 50-58 40-50 20-35 20-30 20-30 20-35
Silica (200 Mesh 10-15 22-35 15-25 30-38 20-30 32-36
“Flint")

* After J. H. Koenig.?

TaBLE 2.2, MINERALS, REFRACTORY RocKkS, CLAYS AND EARTHS

Kaolinite, Kaolin, Clay

Gibbsite, Diaspore, Hydrargillite

Pyrophyllite

Sillimanite, Andalusite, Kyanite, Ben-
tonite

Mullite

Corundum, Sapphire

Flint (Cristobalite, tridvmite, quartz)

Magnesite

Magnesia

Steatite, Clinoenstatite

Forsterite

Tale

Cordierite

Feldspar

Zircon

Zirconia

Spodumene

Wollastonite

Spinel (Mineral)

Spinel-type

Magnetite

Aly05-2810,-2H.0
A12053H20, Alg();HzO, AleglleO
Al:035-4810,- H0
Al,04-4810,-9H,0

3A1,0;-2810,
ALO;

Si0,

MgCO;

MgO

MgO-SiO,
3MgO-48i0,-H,0
Naz()/Kgo . A120 3" 68102
ZI‘()z . SlOz

Zr0O,

Li,O- Al,0;- 4810,
CaBi0;
MgO-ALO;
R’0-R203
FeO-FeyxOs

properties of pure, single refractory oxides and Table 2.4 gives those of
some complex refractory oxides. The thermodynamic properties are pre-
sented in Table 2.5.* Typical physical properties of ceramic dielectrics are

* The author is indebted to John Wiley & Sons, Inc., New York, N. Y. for grant-
ing permission to reproduce Tables 2.3, 2.4, 2.5 as well as Figures 2.6 and 2.10 from
“High-Temperature Technology’’ by I. E. Campbell (see ref. 6).
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TaBLe 2.4. Prorerties o¥ SoME CoMPLEX REFRACTORY OXIDES®
Melting Density

Material Formula point, °C g-cm™3
Aluminum silicate (mullite) 3A1,04-2810, 1830* 3.16
Aluminum titanate Al,O3-TiO, 1855 —
Aluminum titanate AlO3-2Ti0, 1895 —
Barium aluminate BaO- Al O, 2000 3.99
Barium aluminate Ba0-6Al,0; 1860 3.64
Barium silicate (orthosilicate) 2Ba0- 810, >1755 5.2
Barium zirconate BaO-ZrO, 2700 6.26
Beryllium aluminate (chrysoberyl) BeO-ALO; 1870 3.76
Beryllium silicate (metasilicate) BeO-8i0, >1755 2.35
Beryllium silicate (phenacite) 2Be0-Si0, >1750%* 2.99
Beryllium titanate 3BeO)-Ti0. 1800 —
Beryllium zirconate 3BeO-2Zr0, 2535 —
Caleium chromate Ca0-CrO, 2160 3.22
Calecium chromite Ca0-Cry0; 2170 4.8
Calcium phosphate (orthophosphate) 3Ca0-P20; 1730 3.14
Caleium silicate 3Ca0-8i0, 1900* 2.91
Calcium silicate (orthosilicate) 2Ca0- 810, 2120 3.28
Caleium silicon phosphate 5Ca0-8i0s- P,0; 1760 3.01
Calcium titanate (perovskite) Ca0-Ti0, 1975 4.10
Calcium titanate 2Ca0-TiO, 1800 —
Calcium titanate 3Ca0-Ti0, 2135 —
Caleium zirconate CaQ-ZrQ), 2345 4.78
Cobalt aluminate (cobalt blue) Co0-ALO; 1955 4.37
Magnesium aluminate (spinel) MgO - AlQ; 2135 3.58
Magnesium chromite MgO-Cr:0; 2000 4.39
Magnesium ferrite (magnesioferrite) MgO-Fe,05 1760 4.48
Magnesium lanthanate MgO-LasO; 2030 —
Magnesium silicate (forsterite) 2MgO-8i0, 1885 3.22
Magnesium titanate 2MgO-Ti0. 1835 3.52
Magnesium zirconate MgO-Zr0, 2120 —
Magnesium zirconium silicate MgQO-ZrQO,-Si0, 1793 —
Nickel aluminate Ni0- ALO, 2015 4.45
Potassium aluminum silicate (kaliophilite) K.O-ALO;-2Si0), 1800 —
Strontium aluminate SrO-ALO; 2010 —
Strontium phosphate (orthophosphate) 3Sr0- P.0y 1767 4.53
Strontium zirconate SrO-Zr0O, > 2700 5.48
Thorium zirconate ThOs- Zr0O, > 2800 —
Zine aluminate (gahnite) 7ZnQ0)- Al,O4 1950 4.58
Zine zirconium silicate ZnQ-ZrQ,- Si0, 2078 —
Zirconium silicate (zircon) ZrQs- 810 2420* 4.6

* Incongruent melting.

tabulated in Table 2.6 after Thurnauer,’ and more recent values of thermal
expansion coefficients at high temperatures are given in Table 2.7 after
Whittemore and Ault.?

The materials listed in Table 2.6 are divided into two groups under the
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TABLE 2.6 Tyricar Puysican Pro

Material—

Typical applications —

Properties

Vitrified products

Specific gravity (g/cce)

Water absorption (%)

Coefficient of linear
thermal expansion/°C
(20-700)

Safe operating temper-
ature (°C)

Thermal conductivity
(cal/em?2/cm /sec/°C)

Tensile strength (psi)

Compressive strength
(psi)

Flexural strength (psi)

Impact strength (ft-1b;
14-in, rod)

Modulus of elasticity
(psi)

Thermal shock resist-
ance

Dielectric strength (v/
mil; 14-in, thick speci-
men)

Resistivity (ohm/cm3)
at room temperature

Te-value (°C)

Power factor at 1 Me

Dielectric constant

L-Grade (JAN Spec.
1-10)

1 2 3 4 5
Hi{)::(tl;:’eollatiige S&Ol;i?]l;i Steatite Forsterite  [Zircon porcelain
o [harkplug cores, High-fHedlenc | igh-frequency |Sparkplug cores,
Power line insulation lectrical insulation, high voltage-
insulation 1ns it e ectrica ceramic-to- high tempera-
protection appliance metal seals ture insulation
tubes insulation §
2.3-2.5 3.1-3.9 2.5-2.7 2.7-2.9 3.5-3.8
0.0 0.0 0.0 0.0 0.0
5.0-6.8 X 1076 | 5.5-8.1 X 1076 | 8,6-10.5 X 10~¢ 11 X 108 3.5-5.5 X 10°¢
1000 1350-1500 1000-1100 1000-1100 1000-1200
0.002-0.005 0.007-0.05 0.005-0.006 0.005-0.010 0.010-0.015
3000-8000 8000-30,000 8000-10,000 8000-10, 000 10, 000~-15, 000

25,000-50, 000

9000-15, 000
0.2-0.3

7-14 X 10¢

Moderately
good
250-400

10121014

200-500
0.006-0.010
6.0-7.0
L-2

80, 000-250, 000

20,000-45,000
0.5-0.7

15-52 X 108
Fixcellent

250-400

1014-1015

500-800
0.001-0.002
8-9
L-2-L-5

65,000-130, 000

16,000-24,000
0.3-0.4

13-15 X 106
Moderate

200-350

1018-1015

450-1000
0.0008-0.0035
5.5-7.5
L-3-L-5

60, 000-100, 000

18,000-20, 000
0.03-0.04

13-15 X 108
Poor

200-300

10131015

above 1000
0.0003
6.2
L-6

80,000-150,000

20,000-35, 000
0.4-0.5

20-30 X 108
Good

250-350

1013-1015

700-900
0.0006-0.0020
8.0-9.0
L-4

headings ““vitrified products” and “semivitreous and refractory produets.’

H

For electron tube application, dense vitrified bodies are required for
tube envelopes, whereas ceramic components used within the vacuum en-
velope may be less dense and have some degree of porosity for ease of
outgassing. Depending on the application of the ceramic part, a judicious
choice must be made between the physical characteristics that can be
attained with various bodies. The requirements are particularly severe
for high-frequency application where the dielectric loss factor (sce p. 62)
is a measure of the usefulness of the ceramic body. The Armed Services
have set up specifications for low-loss, low-dielectric-constant materials
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Semivitreous and refractory products

10

1

Lithia porcelain

Titania, titan-
ate ceramics

Low-voltage
porcelain

Cordierite
refractories

Alumina, alumi-
num silicate
refractories

Massive fired
tale,
pyrophyllite

Temperature-

stable induct- Ceramic
ances, heat capacitors,
resiotant piezoelectric
insulation ceramics
2.34 3.5-5.5
0.0 0.0
1 X 1078 7.0-10.0 X 107¢
1000 —
— 0.008-0.01
— 4000-10,000
60,000 40, 000-120, 000
8000 10, 000-22, 000
0.3 0.3-0.5
- 10-15 X 104
Excellent Poor
200-300 50-300
108-1015
— 200-400
0.05 0.0002-0.050
5.6 15-10, 000
L3 —

Switch bases,
Low-voltage

Resistor sup-
ports, burner

Vacuum spacers,

High-frequency
insulation,

wire holders, tips, heat high-temperature | vacuum tube
light insulation, insulation spacers, ceramic
receptacles arc chambers models
2.2-2.4 1.6-2.1 2.2-2.4 2.3-2.8
0.5-2.0 5.0-15.0 10.0-20.0 1.0-3.0
5.0-6.5 X 107¢ 2.5-3.0 X 1078 5.0-7.0 X 107¢ 11.5 X 10-6
900 1250 1300-1700 1200
0.004-0.005 0.003-0.004 0.004-0.005 0.003-0.005
1500-2500 1000-3500 700-3000 2500

25,000-50, 000

3500-6000
0.2-0.3

7-10 X 108
Modecrate

40-100

10:2-101

300-400
(.010-0.020
6.0-7.0

20,000-45,000

1500-7000
0.2-0.25

2-5 X 108
Excellent

40-100

1012-1014

400-700
0.004-0.010
4.5-5.5

15,000-60, 000

1500-6000
0.17-0.25

2-5 X 108
Excellent

40-100

10121014

400-700
0.0002-0.010
4.5-6.5

20,000-30, 000

7000-9000
0.2-0.3

4-5 X 106
Good

§0-100

10121015

600-900
0.0008-0.010
5.0-6.0

which call for certain flexural strengths, dielectrie strengths, porosity, ther-
mal shock resistance,?: 2 power factor, and dielectric constant. Grades
L-1 to L-6 are established on the basis of the loss factor of the material,
and the ceramics are further graded as “A,” or “B,” according to their
ability to withstand thermal shock. The Joint Army Navy Specification
JAN-I-10, on “Insulating Materials,” Ceramic Radio, Class L, is repro-
duced in Table 2.8 and the L. grades of the various ceramic bodies are listed

in Table 2.6.

Conventzonal electrical porcelain is used for both low- and high-tension
insulation. The quality of the final product and its degree of vitrification
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TaBLE 2.7. THERMAL ExpraNsioN oF Various Ceramic MATERIALs To 1500°C*

Coefficient of expansion X 108/°C from 25°C to

Speciment
300 600 900 1200 1500°C

Al,Q)5 , 999%, coarse fused grain
ALO3 , 999%, sintered high density
Al,O4 , 889, clay-bonded fused grain
MgO, coarse fused grain

CaQ), coarse fused grain

Si0; , fused

Ti0O, , coarse fused grain

ThO, , fine fused grain

ZrQs , 1009, cubic, fused

Zr0O, , coarse fused stabilized

Zr0, , coarse fused stabilized
7Zr0:-8i0- , fine grain

Al,O;-TiO; , fine grain

Lithium aluminum silicate, fine grain
MgO-Al;Oy , coarse fused grain
SiC, re-crystallized (heating element)
SiC, clay-bonded

SiC, bonded glazed brick

B,C, hot-molded

CaFs , sintered high density

MgF, , fine grain
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14.8 (to 1000°C)

* After Whittemore, Jr., and Ault.2
1 High purity except where noted as bonded.

TaBLE 2.8.! InsvrLaTING MATERIALS, CERAMIC Rapio Crass I, (JAN-I-10)

Properties Requirements
1. Porosity. ... .........No penetration of liquid under 10,000 psi pressure
2. Flexural strength... ... Not less than 3000 psi
3. Resistance to thermal
change
Grade . ............. A, 20 cycles; B, 5 cycles
Requirements....... Boiling water to ice water
4. Dielectric strength... Not less than 180 rms volts per mil
5. Loss factor. .......... (Power factor X dielectric constant)
Grade. .. ........... I-1 L-2 L-3 1.-4 1.-5 L-6
Loss factor. ........ <0.150 <0.070 <0.035 <0.016 <0.008 <0.004

Dielectric constant.Not over 12 after immersion in water for 48 hours

depend upon the fineness of grinding, the method of forming, and the firing
temperature, which usually lies between 1300 and 1400°C. The fired prod-
uct contains two main erystalline phases, namely mullite erystals and un-
dissolved quartz crystals which are imbedded in a continuous glassy phase,
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Figure 2.1. Relationship of volume resistivity to temperature for several ceramic
insulating materials. After Russell and Mohr.2” (Courtesy American Ceramic Sociely.)

originating from the feldspar, and ranging in some bodies of this kind as
high as 40 per cent. By varying the proportions of the three main ingre-
dients, clay, feldspar, and flint, it is possible to emphasize certain proper-
ties, such as heat-shock resistance, dielectric strength, or mechanical
strength. In general, however, the loss factor of electrical porcelain is
rather high, its heat-shock resistance only fair, and its electrical resistivity
decreases rapidly with increase in temperature (Fig. 2.1).” The high loss
factor of poreelains is due to the large glass content and the high polariza-
bility of alkali ions. A decrease of the feldspar component generally lessens
the dielectric strength of the porcelain and calls for higher firing tempera-
ture. New bodies were thus developed for high-frequency applications.

Low-loss steatite 1s widely used for electronic components; it is unsur-
passed for economy in manufacture, especially in shapes which can be
produced by either automatic dry-pressing or extrusion methods; it can
be made to close tolerances and has good mechanical strength. These
bodies were first introduced in Germany in the late 1920’s under the
trade names “Frequenta,” “Steatit,” “Calit,” and “Calan.” Steatites were
introduced in the United States in 1930 and produced in very large quan-
tity for military requirements during World War II.
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A typical batech composition for steatite may consist of 60 per cent, or
more, tale, 30 per cent, or less, clay to which alkali or alkaline-earth oxides
are added as flux. To obtain plasticity and strength before firing, temporary
organic binders, such as waxes, gums, dextrene, or polyvinyl aleohol, are
added. After forming, the material is fired to a temperature between 1300
and 1400°C, depending on composition. Fired steatite bodies consist essen-
tially of closely knit erystals of magnesium metasilicate (MgSiO;) in the
form of clinoenstatite or one of its polymorphous phases. The bond between
the crystals consists of a glass high in alkali oxides.

Steatites are characterized by a very short firing range in which vitrifi-
cation takes place. Staying below this range during firing will produce
porosity because of “underfiring,” and exceeding the prescribed firing range
will lead to distortion or vesicular development because of “overfiring.”
The firing range for steatite may vary from 10 to 20°C for ultra-low-loss
types to possibly 30 to 40°C for ordinary types. By comparison, many por-
celains have firing ranges of from 50 to 90°C. Very accurate temperature
control is thus necessary during the firing of steatite.?®

Forsterite ceramics (Mg2Si0,) are produced from compositions containing
tale to which magnesium oxide has been added to satisfy the stoichiometric
composition. Suitable fluxes are again alkaline-earth oxides; on firing at
about 1350°C, a ceramic body results which consists chiefly of forsterite
crystals. The high melting point of pure forsterite (1910°C) is an advantage
in making basic refractory produects; these should not be confused with
vitrified forsteritc ceramics for high-frequency applications. The thermal
expansion of forsterite ceramices is practically linear between room temper-
ature and 1000°C, and the expansion coefficient rather high for a ceramie
material (110 X 1077/C). Forsterite ceramics are thus quite sensitive to
heat shock.

Zircon porcelains (ZrO,-Si0;) have been extensively used for spark plugs
by virtue of their good mechanical strength and heat-shock resistance, prop-
ties which, incidentally, make this material well suited for furnace trays
in high-temperature application. Zircon begins to dissociate, however, at
temperatures above 1730°C. Tts heat-shock resistance suffers at this tem-
perature because of a rather large volume expansion which is largely due
to the fact that one of the products of the dissociation, silica, has a much
lower specifie gravity than the original zircon. At very high temperatures,
silica may be lost by vaporization, and the heat-shock resistance is then
permanently impaired because of the erratic thermal expansion behavior of
the excess zirconia. Despite this dissociation, new high-purity forms of
zircon have been used continuously at temperatures above 1870°C.6- 27, 29

The composition of zircon porcelain is compared with that of high-ten-
sion poreelain and alumina porcelain in Table 2.9, and its physical charac-
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TaBrLE 2.9. ComrosiTioN oF VARious POrRCELAIN Bobpies
(After Lindsay and Berberich)#®

Composition (%)

Constituent High tension porcelain Zircon porcelain Alumina porcelain

510, 68.72 36.96 6.69
ALO; 23.90 6.08 90.98
Ti0. — 0.24 0.06
ZrQOs — 49.72 —
Feo0), 1.80 0.25 0.20
Na.O + K.0 5.46 0.13 0.21
Ca0 0.25 6.48 1.08
MgO 0.12 0.14 0.66
Total 100.25 100.00 99.88
Total flux 5.83 6.75 1.95
Main erystalline Mullite (3A1,0;-2810,.) Zircon (ZrO.- Alumina

constituent Quartz (8i0,) Si02) (a-Al,O3)

teristics can be gleaned from Table 2.6. It is apparent that zircon has a
relatively high dielectric constant, which is offset, however, by its lower
power factor at high frequencies.?” Zircon bodies are generally rated as
Grade L-4 dielectrics. Figures 2.1 to 2.5 present their pertinent charac-
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teristics after Russell, Mohr,?” and Berberich.?® Zircon bodies have found a
limited application as envelope materials for electron tubes.

Alumina (Al,O3) is the most favored ceramie body for electron tube en-
velopes. While this material has a substantially higher thermal expansion
coefficient than zircon and a lower thermal conductivity,® its mechanical
strength and dielectric properties at elevated temperatures are far superior,
so that high-grade alumina bodies fall into the classification grade 1.-5 and
L-6. Figure 2.6 shows its electrical resistivity as a function of temperature
for a number of ceramic bodies; it can be seen that, at room temperature,
vitreous silica, beryllia and magnesia have a higher resistivity than alumina
and, at 600°C, only thoria magnesia, and beryllia exceed it.

A wide variety of high-alumina bodies is available from commercial
sources, and the number of suppliers who consistently furnish alumina
bodies suitable for vacuum tube envelopes has steadily increased in recent
years. The alumina content for such bodies may range from 85 per cent
to close to 100 per cent; the increased purity makes for inereased hot
strength, higher electrical resistivity, and better dielectric properties (Table
2.10). Calcined and fused alumina are used as base materials for the fabri-
cation of dense vitrified bodies, and extraordinary care must be exercised
by the manufacturer to insure a high quality of the end product.

Pure alumina exists in several forms at low temperatures; of these the
monohydrate diaspore (Al,O;- H:0) and the trihydrate gibbsite (Al,(); - 3H,0)
are present in commercial bauxite. This raw material is rendered free of
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Figure 2.6. Electrical resistivity of refractory oxides. After Campbell.s (Courtesy
John Wiley & Sons, Inc., 1956.)

impurities by the Bayer process and converted to the high-temperature-
stable alpha-alumina by caleination at a temperature of at least 1100°C.%
It 18 commercially available in the form of synthetic sapphire (see p. 100).
Beta-alumina can be formed when the molten alumina is slowly cooled in
the presence of certain impurities. Gamma-alumina can be prepared by
heating AI(OH); and is metastable, transforming to «-Al:Oz; at about
1000°C.3t *

Carruthers and Gill* have attempted to explain why alumina bodies,
made of raw materials from identical sources and what appears to be under
the same processing, often show so widely different physical characteristics.

“Tt may be seen from the results described that it is only when caleined
to very high temperatures, probably considerably above those used indus-
trially, that calcined aluminas from different sourees are almost indistin-
guishable from one another. Even when caleined at 1720°C, alumina derived

* @-Al:Oy containing traces of chromium is red and ealled ruby, while that contain-
ing iron and titanim is blue and called blue sapphire.
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TaBLE 2.10. SomME ProrerrTies oF HicH ArLumMina CERAMIC MATERIALS*

Material Mechanical Electrical Thermal
Compres- Tensile Dielectric ) Dissipation | Coeflicient Softenin
7 ALO; sive strength| strength constant factor of linear tem eraf
/o A2I3 (b /sq. in., | (Ib/sq. in., (1 mc., (1 mc., expansion turep(°C)
25°C) 25°C) 25°C) 25°C) (25°-700°C)

Sapphire (single | 100 30 X 104 6.5 X 104 10.3 | 0.00004 (8.5 X 1078 2040

crystal)
Alumina A 99+ | 42 X 104 3.4 X 104 10.0 | 0.0001 |8.0 X 1078 >1600
Alumina B 97 28 X 104 2.7 X 104 9.5 0.0001 9.0 X 1075 >1600
Alumina C 96 30 X 104 2.6 X 104 9.0 | 0.0003 (9.0 X 107¢ >1600
Alumina DD 94 19 X 104 1.5 X 104 9.2 | 0.0004 7.3 X 1078 >1600
Aluming B 85 20 X 104 1.8 X 104 8.2 | 0.0009 (7.9 X 1078 1400

* After Rigterink.®2

from the monohydrate differs from that made from the trihydrate in having
a lower packing density. Examination under the microscope shows the
grains to be aggregates of small erystallites and indicates that the grains
of caleined monohydrate have larger void spaces within them than those
of the calcined trihydrate. The lower the temperature of caleination the
greater is the divergence of properties between the mono- and trihydrates.
The caleined trihydrates have a proportionately higher surface area and a
smaller amount of void space than the calecined monohydrates, and the
erystallites of both materials are smaller and less well developed at lower
temperatures.”’

Sintering and grain growth of alumina have been investigated by several
workers.®% Cahoon and Christensen® summarize their results as follows:

“The sintering (densification) and grain growth of alumina were studied
to determine the effect of the variables raw material, particle size, grinding
in acid media, molding pressure, various single additives in different
amounts, and firing temperature. Fine grinding promoted sintering and
the growth of large grains and caused the grains to be more elongated in
habit. Sintering was facilitated by additions of iron oxide, manganese oxide,
copper oxide, and titanium oxide, provided the amounts of these oxides
and the temperature of firing were within certain bounds. The growth of
large grains was facilitated by additions of iron oxide and manganese oxide.
Nineteen other oxides had no effect or retarded sintering and large-grain
growth. Both magnesium oxide and silica had a marked effect in inhibiting
the growth of large grains. The alkali metal oxides, added singly, were
especially deleterious to the production of strong alumina bodies. The
maximum density and maximum strength of the fired body were attained
approximately simultaneously with the onset of large-grain growth. The
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habit of the large grains was markedly altered by increasing amounts of
each additive; the grains lost their characteristic erystalline shape and be-
came nearly spheroidal particles. It is suggested that two grain-growth
phenomena exist which are independent of each other. One is termed ‘small-
grain growth’ and is associated with densification; the other is referred to
as ‘large-grain growth’ and oceurs in certain specimens, depending on the
additions to the alumina, after the sintering (densification) is substantially
complete.””?

The effect of porosity on the physical properties of sintered alumina has
been investigated by Coble and Kingery,* who also give numerous refer-
ences to earlier work on the properties of sintered bodies in general.

Sapphire is a particularly pure form of aluminum oxide which is grown
in the form of single erystals according to a method developed by A. Ver-
neuil in the 1890’s.* The purity of sapphire ranges from 99.98 to 99.99 per
cent, and it is interesting to note that this form of alpha-alumina has been
designated as a heat capacity standard over the range of temperatures from
10 to 1800°K.* Sapphire rod can be obtained either in the as-grown form
with a tolerance of —5 mils on the diameter, or as centerless-ground rod
with a diameter tolerance of +0.5 mil in lengths ranging up to 16 in. in
the larger sizes, as disks in various thicknesses up to 514 in. dia., as domes
and hemispheres, and as spheres as small as 1g4 in. dia. up to 1 in. dia.
with a size tolerance of 0.1 mil and a sphericity of .025 mil in the 3{-31¢
dia. range. The applications of sapphire in various shapes have been mani-
fold in the tube industry, although its relatively high cost limits its applica-
tion to special-purpose tubes.f Sapphire rods are being used quite ex-
tensively for supporting gun and helix structures in travelling-wave tubes
where the great dimensional accuracy and fairly good dielectric properties
of sapphire are appreciated. Such rods can be attached to the helix by
various glazes, or by ceramic metallizing techniques. Flame-polished sap-
phire rods can be obtained in diameters up to 0.150 in. This treatment
should reduce surface voltage breakdown difficulties which have been trou-
blesome at times; the mechanical strength of flame-polished rods is in-
creased by 30 per cent. Sapphire disks are being used for windows in
klystrons and magnetrons. The great high-temperature stability of sap-
phire in contact with molybdenum and tungsten contributes to its useful-
ness in such applications.

Navias? reports that a sapphire rod can be heated in vacuum by a sur-

* Linde Company, a Division of Union Carbide Corporation, is the only producer
of synthetie sapphire in the U. S. A.; various bulletins on the properties of sapphire
and its applications can be obtained from this company.*

+ Windows 14 in. thick, 3-in. dia. cost $288, each, 1-in. dia. $17.50; centerless-
ground rods, 14 in. dia., cost $0.75 per inch length; sapphire balls '§-in. dia. cost
$1.20; all items quoted for minimum lots (1959).



CERAMICS 101

rounding tungsten heater tube which is not in contact with the rod to a
temperature of 1900°C for several hours without signs of reaction or disin-
tegration. Kohl# has described a method for supporting long, narrow
cathodes in the form of U-channels formed from cathode nickel on a 7-inch-
long sapphire rod and maintained a grid-to-cathode spacing of 3 mils in
this manner.* The same author has utilized a squirrel-cage structure of 12
sapphire rods to support the tungsten heater in a combination vacuum or
hydrogen furnace which had a heat zone 10 in. long and 3 in. diameter. A
conventional ceramic muffle always contains some impurities which will
migrate into the heater if the latter is wound onto a muffle; the heater will
have a much longer life if this contact area is reduced by a large factor.
Such a structure also has a very much lower heat capacity so that it was
possible to bring this furnace up to a temperature of 1800°C in 45 minutes.*
Sapphire is completely elastic at moderately low temperatures up to
900°C where creep sets in according to Wachtman.** Creep of more than 2
per cent is easily obtained in favorably oriented sapphire erystals at 1000°C.
Sapphire can be sealed to glass and matches Corning glass No. 7530. The
coefficient of expansion of this glass is 71 X 1077/°C, its strain point is
525°C, and its annealing point is 557°C.45-47
Sapphire sections, 2 mm thick, transmit radiation over the wave length
range from .17 to 6.0 microns with 40 per cent of the incident radiation
being transmitted within these wave length limits. The infra-red transmis-
sion of sapphire is superior to that of fused silica windows in infra-red cells
and optical elements in radiation detectors are thus made from sapphire
The physical characteristics of sapphire are compiled in Table 2.11.
Wollastonite (CaSiOs). ““One of the most recently developed ceramics in
the group of low-loss diclectrics is a material which is based on the mineral
Wollastonite. The dielectric losses are sufficiently low to rate this material
as L-6. Vitrification occurs at 1200 to 1250°C, considerably lower than for
steatite, zircon, and similar bodics. The mechanical strength is good, and
this material may find some uses in high-frequency applications.””!
Beryllia (BeO), Magnesia (Mg0O), Thoria (ThQy), Titania (T70:), and
Zirconia (ZrQs) are other pure-oxide ceramics with properties that make
them interesting for special applications; they are not generally used for
vacuum tube components, partly on account of their high cost, partly on
account of the presence of crystalline inversions, or other disadvantages
such as the health hazards involved in handling Beryllium compounds. The
reader is referred to the literature describing these materials,?0-%8

# The U-channel was brazed onto square-cross-section tubing of A-nickel in such
relationship that a rectangular-cross-section interspace permitted the insertion of
the heater. The square cross-section tubing fitted closely around the sapphire rod.
See U. S. Pat. 2,857,543 (Oct. 21, 1958).
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TasLE 2.11. PHYSICAL PROPERTIES OF SAPPHIREY: 44, 49

Specific gravity
Hardness, Mohs’
Knoop

Melting point
Crystal structure
Water absorption (%)
Compressive strength
EKlastic modulus in flexure for ¢-axis of

30°

45°

60°

75°

3.98

9

1525-2000

2040°C

hexagonal

0

300,000 psi (at 25°C)

55 X 10° psi
51 X 108
50 X 108
56 X 10¢

Maximum bending strength (Modulus of rup-

ture) for c-axis orientation of
30°
45°
60°
75°
Ilastiec modulus in torsion (Rigidity modu-
lus)
Specific heat at 25°C
Thermal conduectivity*
120°C
300°C
500°C

Te Point

Dielectric constant €'/e 300 Mc
at 25°C 10 KMec
from 100 ey to 10 Mc¢
loss tangent 300 Me

10 KMe

Dielectric strength
Electrical resistivity

100,000 psi; 7000 Kg/cm?

78,000 5500
65,000 4600
94,000 6600

21.5 to 27.5 X 108 psi
0.18 cal gm™! deg!
0.008 cal sec fem™1°C !

0.010 cal se¢ tem™1°C~!
0.015 cal sec™lem™1°C!

Perpendicular Paralle'l
to c-axis to c-axis
1,214°C 1,231°C
8.6 10.6
11.0 —
8.6 & 0.2 10.55 + 0.2
<0.0001

0.0002 —
480 KV/em
log R = 0.3 + 7800/T°x (ohm-cm)
at 500°C—10" ohm-c¢m
1000°C—10% ohm-cm
1500°C—10* ohm-em

Ultra-Violet
(Sample 2mm. thick)

Infra-Red
(Sample Imm thick)

669, at 2000 Angstrom
209, at 1500 Angstrom

Optical transmission

Chemical resistance

929, at 3 microns
509, at 6 microns

not attacked by common acids; re-
sistant to attack by HF at 300°C,
10 p.c. and 50 p.c. H.80,, 30 p.c.
NaOH at 80°C.
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TasrLe 2.11.—Continued
Mean Linear Thermal Expansion Coefficient from 20°C to Temperature Indicated*

Temperature °C Parallel to c-Axis Perpendicular to c-Axis
50 6.66 X 10°¢ 5.0 X 10-¢

100 6.87 5.5
150 6.92 6.0
200 7.22 6.21
250 7.60 6.52
300 7.78 6.86
350 7.84 7.01
400 7.94 7.31
450 8.14 7.51
500 8.33 7.70
550 8.37 7.74
600 8.44 7.84
650 8.65 7.93
700 8.72 8.01
750 8.77 8.05
800 8.78 8.10
850 8.79 8.17
900 8.86 8.23
950 8.94 8.28

1,000 9.03 8.31

* After Austin.*®

One interesting application of a mixture of titanium dioxide, zirconium
oxide, and small percentages of magnesium and barium titanates and zir-
conates has been deseribed by Rudy®® who proposes to replace the com-
monly used mica sheet, on which the photo sensitive mosaic is deposited
in a television camera tube of the iconoscope-type, by a sheet of ceramic of
a thickness between 10 to 12 mils, The dielectric constant of this ceramic
sheet is adjusted to a value near 28 by choosing the proper amount of ti-
tanium oxide. Since the ceramic target sheet has roughly five to six times
the dielectric constant of mica, the ceramic need not be limited to the one
to two mils required for the mica in order to provide the proper signal pulse
when the scanning electron beam discharges the target surface. It is claimed
that the use of a ceramic sheet in place of mica inereases the photosenistivity
of the target and provides a higher signal strength.

Boron natride (BN), sometimes called white graphite because of its similar
hexagonal structure and tale-like nature which gives it lubricating proper-
ties, has high insulation resistance and good dielectric properties at elevated
temperatures of the order of 500°C and is much less brittle than other
céramic bodies; it can be easily machined to close tolerances, While its cost
is relatively high, it offers interesting properties for vacuum tube construe-
tion and electric components.®
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Figure 2.7. Total emissivity of some pure oxides at various temperatures cor-
rected for thickness. After Sully, Brandes, and Waterhouse 8! (Courtesy Institute of
Physies, London.)

Temperature Measurement. It is at times important to know the
radiation emittance, generally called thermal emissivity, for a ceramic body;
a distinetion must be made between spectral emissivity e, and total emissiv-
ity e; . Data given in the literature differ widely for these quantities because
they are difficult to measure and depend on surface texture and grain size.
The substantial corrections to be applied to temperature readings obtained
with an optical pyrometer under other than black-body conditions make it
necessary to know the spectral emissivity of the sighted body with reason-
able accuracy.* The book by Campbell® contains valuable discussions on
high-temperature measurements.{ Specific data on emissivities of ceramics
are given by Sully, Brandes, and Waterhouse,®* by Pattison,®? and by
Michaud.® IFigure 2.7 shows total emissivity values obtained by Sully et al
for various pure oxide ceramics and Tig. 2.8 corresponding values for alu-
mina according to Pattison and Heilmann.®* In Tigure 2.9, spectral and total
emissivities for various alumina bodies are compared, after Michaud;% the
chemical compositions and densities of these bodies are given in Table 2,12,

Metal-ceramic Interactions. ‘“‘The stability of refractories in contact
with different materials cannot be predicted with accuracy because the
amount of reaction, or attack, which occurs depends upon physical factors
as well as thermodynamic properties. It often is possible, therefore, to use
materials in contact with each other at high temperatures which thermo-
dynamically are not stable.

* The true temperature is always higher than the brightness temperature obtained
from a pyrometer reading in this case. See Figure A2 for required corrections.
1 See also Chapter 8 (p. 252) for data on high-temperature thermocouples.
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TaBLE 2.12. CuEMicAL CoMPOSITIONS OF REFRACTORIES
InvEsTIGATED BY M. MIcHAUD®

Ignition
SiOz AlOs Fe:O3 TiO: CaO MgO Alkalies loss
R. A .08 8.63 89.74 0.64 0.24
R. A. 360 12.00 85.38 0.95 0.35
R. A. 84 18.90 78.45 1.10 0.36 0.56 0.14 0.74 0.12
1194 S 2.7 96.7
Body “F” 99.5

TaBLE 2.13. TEMPERATURES AT WHICH STABILITY N0 LONGER EXISTS IN SURFACE-
TO-SURFACE CONTACT OF SoME REFRACTORY MATERIALS IN VacuUMm.*

C w Mo ThO: ZrOs MgO BeO
BeO 2300 2000 1900 2100 1900 1800 —
MgO 1800 2000 1600 2200 2000 — 1800
ZrO. 1600 1600 2200 2200 — 2000 1900
ThO. 2000 2200 1900 — 2200 2200 2100

* After Johnson.5

“Ior general stability with metals at very high temperatures some of the
most refractory of the oxides may be listed in the following order of increas-
ing reactivity: ThO,, BeO, ZrO,, Al:O;, and MgO. This order does not
hold for all metals, by any means, and is completely changed for contact
with some nonmetallic materials. Thoria, beryllia, and zrconia, however,
not only have high chemical inertness but also have relatively low vapor
pressures at high temperatures, and they may be used in many applications,
particularly under vacuum, where other refractories fail. *

“Johnson® gives the tabulated data on the temperatures at which stabil-
ity no longer exists in surface-to-surface contact of some refractory ma-
terials in vacuum (0.1-0.5 micron) (Table 2.13).

“Mallett,T found fused silica (vitreous SiQ.) to be superior to AlQO;
and comparable to BeO in contact with carbon in a high vacuum (10-¢
mm Hg) at about 1500°C. He rates the refractory oxides in the following
order of stability at 1700°C under these conditions: BeO, ThO,, MgO,
ZrQs , and ALOj; . Fused silica cannot be used at 1700°C because it softens.

“Economos and Kingery® give the relative degrees of reaction between
materials at 1800°C in an inert atmosphere as shown in Table 2.14.

“Although none of these refractories was satisfactory for containing

* Navias®® concludes from experiments with different insulating materials for
high-temperature hydrogen furnaces that zirconia insulation in contact with alumina
may only be used for lower temperatures than 1800°C, or for short lengths of time at
higher temperatures. Von Wartenberg and Reusch®® found a broad eutectic band at
about 1900°C in the system ZrO.-Al,0O; .

1 M. W. Mallett, personal communication to P. D. Johnson.
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TaBLE 2.14. ReELAaTiVE DEGREES OF REACTION BETWEEN MATERIALS
AT 1800°C 1IN AN INERT ATMOSPHERE*

Mo Ni Nb Ti Zr Be Si
ALOy A A A BC’ BCY BD BD
1BeO A A BCD BC’ B AB BC
MgO A A AB BC'D C’ BD D
ThO, A A ABC AB AB AB BC
TiO, A A AC 024 C’ C —
ZrO, A A AB BC’ AB AB D

A. Showed no physical alteration of the metal-ceramic interface.

B. Showed penetration along the grain boundaries and alteration of the oxide
phase.

C. Showed some corrosion of the oxide.

C’. Showed considerable corrosion of the oxide.

. Formed a new phase at the interface.

* After Fconomos and Kingery. %8

molten titanium, Brace®? rated ThO, , BeO , and Al,O; in decreasing order
of stability in contact with molten titanium under vacuum but found all of
them to be far more reactive with titanium than was expected from calcu-
lated oxygen dissociation pressures. (IFig. 2.10)

“At very high temperatures, the vapor pressures of some of the refrac-
tory oxides become appreciable and may limit their usefulness. Magnesia,
for example, with a melting point of 2500°C cannot be used in vacuum at
temperatures above 1600-1700°C because of volatilization.® Zine oxide,
with a melting point of 1975°C, volatilizes readily at temperatures above
1700°C and decomposes at atmospheric pressure at 1950°C;° tin oxide,
with a melting point over 1900°C, sublimes at about 1510°C. Very few data
on the vapor pressures of refractory oxides have been published, however.

“Mott™ estimated the relative volatilities* of some refractories at high
temperatures as shown in Table 2.15.

“Johnson® studied the behavior of refractory oxides in vacuum (0.35
micron) and obtained comparative data on volatilization as indicated by
weight losses of the samples during firing (Table 2.16).

“Equations relating vapor pressure and temperature for some refractory
oxides are given herewith.””® (Table 2,17)

Kieffer and Benesovsky™ have more recently reported on the stability of
the furnace heating elements molybdenum, tungsten, and tantalum in the
presence of graphite and various refractory oxides which are being used for
the construction of furnaces. Table 2.18 gives their tabulation. These data
assume physical contact of the respective materials. It has been demon-

* Determined by volatilizing these substances in an electric are and observing the
distances from the are at which their vapors condensed.
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Dissociation pressures of metal oxides

Figure 2.10. Dissociation pressures of metal oxides. After Campbell.® (Courtesy
John Wiley & Sons, Inc., 1956.)

TABLE 2.15. RELATIVE VOLATILITIES OF SOME
REFRACTORIES AT HiGH TEMPERATURES.*

Material Temperatures of vaporization, °C
BeO 2400
MgO 1900
CeO, 1875
Si0, 1800
Al,O3 1750
CaO 1700
SrO 1600

* After Mottt

strated by the present author by tests performed at the Sylvania Mountain
View Components Laboratory in 1958 that alumina will be reduced by
tantalum when heated in vacuo at temperatures on the order of 1000°C
while both materials are in contact with each other. A film of aluminum
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TABLE 2.16. COMPARATIVE DATA ON THE VOLATIZATION OF
REFRACTORY OXIDES IN Vacuum.*

Material Temperature of appreciable volatility, °C
ThO, 2300
710, 2300
BeO 2100
MgO 1600

* After Johnson.s?

Tasre 2.17. ReraTioNs BETWEEN VAPOR PRESSURE AND TEMPERATURE
FOR SOME REFRACTORY OXIDES.*

Material Ref. logiPmm Temperature range, °K
ThO, 72 -3.71 X 104T + 11.53 (2050--2250)
BeO 73 —3.22 X 10¢/T 4 10.93 (2223-2423)
Ja0) 74 —2.74 X 10T + 9.97 (1600~1750)
SrQ) 74 —3.07 X 10¢/T 4+ 13.12 (1500-1650)
BaO 74 —1.97 X 104/T + 8.87 (1200-1500)
AlO; 75 —2.732 X 10¢/T + 8.415 (2600-2900)
MgO 76 —2.732 X 104/T + 13.13 (1800-2200)

* From “High Temperature Technology,” 1. Ii. Campbell,b Iditor in Chief.
(Courtesy John Wiley & Sons, Inc., N. Y.)

TasrLE 2.18. StaBiLiTy oF HigH-TEMPERATURE HEATING LEMENT
MATERIALS TOWARDS OXIDES AND FURNACE Parrs* 7

Material Molybdenum Tungsten Tantalum
Graphite....... Strong carbide forma- Strong carbide for- Strong carbide forma-
tion beyond mation beyond tion beyond
1,200°C 1,400°C 1,000°C
AlLOy. . oo Up to 1,900°C Up to 1,900°C Up to 1,900°C
BeO........... Up to 1,900°Ct Up to 2,000°Ct Up to 1,600°C
MgO......... Up to 1,800°Ct Up to 2,000°Ct Up to 1,800°C
(Strong magnesia
evaporation)
ZrQg. ..o Up to 1,900°Ct Up to 1,600°Ct Up to 1,600°C
(Strong molybdenum
evaporation)
ThOz. ......... Up to 1,900°Ct Up to 2,200°Ct Up to 1,900°C
Sillimanite. ... Up to about 1,700°C Up to about 1,700°C TUp to about 1,600°C
Firebrick.... .. Up to about 1,200°C  Up to about 1,200°C  Up to about 1,200°C
Magnesite
brick. . ..... Up to about 1,600°C Up to about 1,600°C Up to about 1,500°C

* Courtesy Kennedy Press, Ltd.
1 In vacuum of 107* Torr; under protective gas about 100-200°C lower tempera-
tures.

is produced on the wall of a glass envelope in about one hour. Navias!! has
more recently shown that such a reaction takes place in the gaseous phase
and sets in at 1600°C without tantalum and sapphire being in contact with
each other. Tungsten does not show this reaction, as mentioned above.
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Fabrication of Raw Materials and Processing Techniques*

The fabrication of the raw materials into finished ware comprises a num-
ber of steps which are critical in their influence on the quality of the end
product. The raw materials are first reduced to a powder of suitable particle
size distribution and freed of undesirable impurities. The critical amounts
of constituent powders are then intimately mixed, either in the dry or wet
state, and sufficient amounts of water, alcohol, organic or inorganic binder
added to produce the desired plasticity.™ A prolonged kneading process
generally achieves this objective. In mechanized operations, this process
is performed by a muller, which often removes occluded air at the same
time to obtain a denser body.® In order to produce a desired object of a
given shape, one has recourse to one of three principal techniques which
are known as wet forming, slip casting, and dry pressing. These procedures
will now be briefly described.

Wet forming implies shaping the clay by hand, or with simple tools, on
the potter’s wheel, pressing it into a plaster of Paris mold in its wet condi-
tion, at which time the cake usually contains about 25 per cent of water.
This may be done by rotating the mold on a potter’s wheel and pressing
the clay against its surface by means of a contour-shaping tool (jiggering).
The porous wall of the mold will then absorb some of the moisture of the
body and cause it to set dry and to shrink away from the mold. After
removal from the mold, the body is in the “green’ state, and preliminary
oven-drying will make it ‘‘leather hard” and permit trimming to dimension
and removal of mold marks. Firing or “‘maturing” at the requisite tempera-
ture for the proper duration (bisque-fire), and controlled cooling, will trans-
form the body into a hard permanent form, after which it may then be
glazed and subjected to a second firing (glost-fire), if desired.

The extruszon of tubes, or cylinders, or rods, from dies is another wet-
forming process. This may be done in auger machines or hydraulic
presses.®-8 During the firing or sintering of the body, substantial shrinkage
in volume occurs, depending on the composition and to some extent on the
shape of the body. Allowance must naturally be made for shrinkage when
shaping the body before firing. Common tolerances are established for
different body types. Finish grinding is necessary when closer tolerances
are required.

Slip-casting, or casting, of ceramics requires a creamlike fluidity of the
raw material. To obtain a uniform distribution of the components in the
suspension medium and maintain its colloidal nature, deflocculants, such

* A special summer program at MIT was devoted to this subject in July 1956, and
the presentations of some 20 experts were later published in book form after the fol-
11T

lowing paragraphs had been written. Professor Kingery’s ‘“Ceramic Fabrication
Processes’’™ is an indispensable text for anyone interested in this subject.
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as silicates of soda and soda ash, are added. The proper preparation of slip
is still an art which depends to a large extent on established formulas and
on the know-how of the operator. The water content of the slip varies from
23 to 40 per cent depending on composition. The slip is poured into a mold
of plaster of Paris, which takes up moisture from the slip and causes a solid
shell to form. The slip in the center is then poured out (drain casting), and,
after further drying, the mold is removed from the body, whereupon the
subsequent treatment is essentially the same as for wet-forming. The thick-
ness of the body is controlled by the time allowed for the slip to stand in
the mold.% &

Dry-pressing refers to the pressing of a relatively dry granular mass,
containing from 0.5 to 5 per cent water, in steel dies under considerable
pressure. The processes of drying and firing are again similar to those used
with wet forming,.

Wet-pressing utilizes a paste-like consistency of the mixed raw materials
to which more water (15 per cent) and some organic binder such as starch
or flour paste has been added.

In dry- or wet-pressing by conventional presses, the pressure is applied
to the work primarily in a vertical direction, only from top and bottom, so
that greater densification takes place in the axial and lesser in the radial
direction; shrinkage on firing is therefore more pronounced in the radial
direction, leading to hour-glass shapes of an originally cylindrical body. A
similar condition prevails with extrusion.

Isostatic pressing of dry powders refers to the compacting of powders in
rubber molds. These molds are immersed in a liquid to which hydrostatic
pressure is applied, so that a uniform compressive force acts on the mold
from all sides and uniform densification of the body results in the green
stage.®' 8 Shrinkage on firing is correspondingly uniform and closer toler-
ances of the finished product can be achieved without the need for finish-
grinding.%

Injection molding consists of combining the ceramic powder with a tem-
porary plastic binder, molding the heated and soft mass, and burning out
the binder before sintering.”

Firing. The ceramist refers to the temperature ranges in which the vari-
ous ceramic bodies mature in terms of cone numbers. A cone is a trihedral
pyramid made of a mixture of materials such as are used in the classical
whiteware bodies described in Table 2.1; the cones thus behave similarly
in a thermochemical sense and provide useful pyrometric guides for the
proper firing of ceramics in terms of time and temperature. ASTM Speci-
fication C-24-46 covers the details of preparation, the technique for mount-
ing the cones, and the definition of the pyrometric cone equivalent (P.C.E.),
based on the work of Fairchild and Peters® and tentative revisions of the
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1946 Standard in 1955. In the case of refractories, the pyrometric cone
equivalent is the number of that standard pyrometric cone whose tip would
touch the supporting plaque* simultaneously with the cone of the material
being investigated when tested in accordance with the standard method of
test for pyrometric cone equivalent of refractory materials of the American
Society For Testing Materials. The characteristics of pyrometric cones are
given in Table 2.19, but it is to be noted that the equivalent temperatures
given are only approximate values which apply for the heating rate of
150°C per hour for cones 022-37, 100°C per hour for cone 38 and 600°C
per hour for cones 39-42. The temperatures do not apply to the slower rates
of heating common in commercial firing, and the use of refractory mate-
rials.t

The great importance of carefully controlling the firing temperature for
various ceramic bodies has been emphasized on preceding pages. The cor-
rect choice of the maturing temperature and the time for which the body
is held at this temperature determine to a large extent the microstructure
of the resulting body, the absence of voids, and the density of the part.
Janssen and Rigterink® have demonstrated that holding the fired density
to very close tolerances ensures optimum performance of ceramics in micro-
wave communication equipment and components. Centerless-ground
steatite rods for the support of helices in travelling-wave tubes, to give
an example, were required not to deviate by more than +0.02 from the
nominal value of their fired density in order to get uniform adherence of
the glaze by which the helix turns are attached to the rods.

Fired ceramic bodies can be markedly affected in their physical properties
by a post-firing treatment followed by exposure to an air blast at room
temperature. Such a treatment is similar in principle to the tempering of
glass which results in a great increase of its strength by virtue of the com-
pression strain thus imparted to its surface. Hummel and Lowery® have
demonstrated that the transverse strength of compacts of lead bisilicate
and alumina can be almost doubled by the use of a quench technique simi-
lar to that employed by the glass industry. Rawson® has shown that the
tangent of the loss angle, measured at a frequency of 30,000 Mec, can be
materially reduced when a number of ceramic bodies, such as low-loss
steatite, forsterite, and wollastonite, were subjected to an arbitrary heat
treatment at 1000°C for 60 hours followed by rapid cooling. Smoke and
Koenig®” have more recently described the effects of “thermal condition-

* Ireke® has described a method whereby the contact of the sagged tip with the
base is indicated electrically, thus making for & more accurate determination of the
softening point.

1 Cones 022 to 11 are not listed in the ASTM Standard but still appear in the liter-
ature and are thus included for reference.
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Tasue 2.19. PyromeTRIC CoNE EQUuivaLexts (PCE)e

113

End point for heating End point for heating
rate 150°C/hr rate 150°C/hr
Cone no. Cone no. :
°C °F °C °F
022 605 1121 13 1349 2460
021 615 1139 14 1398 2548
020 650 1202 15 1430 2606
019 660 1220 16 1491 2716
018 720 1328 17 1512 2754
017 770 1418 18 1522 2772
016 795 1463 19 1541 2806
015 805 1481 20 1564 2847
014 830 1526 23 1605 2921
013 860 1580 26 1621 2950
012 875 1607 27 1640 2984
011 905 1661 28 1646 2995
010 895 1643 29 1659 3018
09 930 1706 30 1665 3029
08 950 1742 31 1683 3061
07 990 1814 3115 1699 3090
06 1015 1859 32 1717 3123
05 1040 1904 3214 1724 3135
04 1060 1940 33 1743 3169
03 1115 2039 34 1763 3205
02 1125 2057 35 1785 3245
01 1145 2093 36 1804 3279
1 1160 2120 37 1820 3308
2 1165 2129
3 1170 2138 100°C/hr
4 1190 2174 T
5 1205 2901 38 1835 3335
6 1230 2246 oo C e
7 1250 2282
8 1260 2300 39 1865 3389
) 1285 2345 40 1885 3425
10 1305 2381 41 1970 3578
1 1325 2417 42 2015 ‘ 3659
12 1337 2439

ing” on the transverse strength, impact strength, and modulus of elasticity
for a number of hydraulically extruded specimens of steatite, mullite, and
alumina in the form of one-half-inch-diameter rods six inches long. The
specimens were heated at a rate of 260°C per hour to a temperature within
100 to 425°C of their maturing temperature, maintained at this temperature
for one-half hour and then exposed to a blast of room temperature air.
Table 2.20 is taken from their report and indicates the very substantial
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TaBre 2.20. Lrrecr or TreErMal ConprrioNiNg oy Mopunus or

RuUPTURE AND IMrACT STRENGTHY
Modulus of rupture Impact strength
As Ther(rjr}al Quench temp. As T{]er— Quench temp.
; condi- : con-
Type of body risl%?l,fd ii}ngf;d inc:'ygase o . r?iifl-rg/d %Eif%/d incr{%’ase . D
(psi) (psi) F C in.2) in.2) F C
Steatite 17000 | 20600 | 21.0 | 1900 | 1038 | 22.5 | 23.1 2.6 | 1700 927
Mullite 18700 | 27700 | 48.5 | 2640 | 1449 | 21.4 | 32.1 | 50.0 | 2640 | 1449
Alumina 35100 | 47800 | 36.2 | 2400 | 1315 | 29.3 | 38.2 | 30.4 | 2400 | 1315
original
surface
Aluming 21900 | 42500 | 94.1 | 2200 | 1205 | 26.6 | 39.8 ; 47.7 | 2200 | 1205
centerless
ground

TasrLe 2.21. Errect oF THERMAL CONDITIONING ON Hrar-
AvtmiNa Bobprks vs. Anumina CoNTENTY

AlOs
85%, 95%

Modulus of rupture (psi)

as received 30,800 31,900

thermal-conditioned 52,400 67,400

increase (%) 70 11
TImpact strength (in.-1b/in.2)

as received 30.0 38.0

thermal-conditioned 42.0 46.4

increase (%) 40 22

increase obtained for the modulus of rupture and the impact strength of a
number of ceramic bodies. It was also found that the impact resistance of
alumina rods was decreased by centerless grinding, and that thermal con-
ditioning increased the values up to 48 per cent above the ‘“‘as-received”
value. 95-per cent alumina rods showed a greater increasc in modulus of
rupture and impact strength on thermal conditioning than did 85-percent
alumina rods as shown in Table 2.21.

Glazing. Glazing of ceramic ware may serve to seal the pores, to provide
impermeability to gases on less dense bodies, reduce water absorption and
thus increase volume resistivity (although the surface resistivity may be
decreased), or just add luster and color. Glazes are also used to increase
the mechanical strength of ceramics. For this purpose the thermal expansion
coefficient of the glaze is chosen to be less than that of the body to which it
is applied so that the glaze is in a state of compression. This compression
must not be excessive; otherwise “chipping” or “peeling” will occur. In
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the opposite case, with the glaze having a higher expansion than the body,
it will be in tension and tend to develop numerous cracks (crazing). Varia-
tions in glaze fit can affect the mechanical strength of porcelain by 300 to
400 per cent.®- % Self-glazing bodies (cordierites) have also been developed.
“For best results in thermal shock tests, the glaze should be in slight com-
pression rather than in tension. Provided the glaze has the proper pyro-
chemical bonding, the very thin layer of glaze will exert enough bonding
strength to the body to enable it to pass heat shock tests that the body
could not pass without its help.”’1®

The various steps involved in the production of electronic ceramics, par-
ticularly ferrites, have recently been critically reviewed by Economos!'o!
who says: “There is still considerable inertia in the industry which keeps
it from discarding some of the older methods. Present difficulties show the
necessity for employing newer and even novel techniques without regard
to what is the generally accepted practice.” Some of these newer techniques
are then briefly described and should be of interest to the reader of this
chapter.

Die Construction and Design Considerations

“To form the simplest article, the die consists of a stationary block, or
die case, with a movable top and bottom punch. A solid article, round or
square in cross-section, as the requirements may be, needs these three parts.
If holes are required, stationary pins are added running up through the
bottom punch and into the top punch. If several steps in thickness are
required in an article, this necessitates moving parts within the bottom
punch to distribute the pressure evenly to the various thicknesses. The
cross-section of the die case and the punches are shaped to the design re-
quired by the customer, allowing for the shrinkage of the body in the firing
operation. The finest die steels are used and the various die parts are ma-
chined and polished to a high degree of accuracy.’”% 102

Figure 2.11, gives in diagrammatic form the basic die components which
are generally incorporated in a commercial tabletting machine, or press.
The abrasive nature of ceramics will lead to rapid wear of ordinary tool
steel, hardened to a Rockwell “C”” hardness of 58 to 60, so that only 100
to 200 parts can be pressed before the ceramics show objectionable fins
and laminations on ejection from the die. Figure 2.12, illustrates the wear
of poor quality dies, taking the form of an enlargement of the die cavity,
so that the pressed part must be forced through a narrower channel on
ejection. The use of “Carboloy” or tungsten carbide for the die and punches
reduces the degree of wear to a considerable extent so that many thousands
of parts can be pressed before any wear is noticeable.? Die and punch faces
should be given a mirror finish and the clearance between them kept to a
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_j,

Figure 2.11. Ceramic die. After Reimann.®® (Courtesy Power Tube Department,
General Electric Company.)
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.—Top punch

///~~Core rod

Good condition Poor condition

Die, punch, core rod assembly.

Figure 2.12. Illustration of the wear of poor-quality ceramiec dies. After Reimann %
(Courtesy Power Tube Department, General Electric Company.)

minimum, usually about 0.001 in. Excessively tight fit will prevent the
escape of air from the die area and make satisfactory press operation im-
possible. The close fits required in the engaged position can naturally be
relieved in the remainder of the assembly.

The available depth to which an available press can be filled limits the
maximum length of the part that can be produced in such a press. Most
commercial presses permit a range from 74g in. to 4 in. for depth of fill.
Since the compression ratio of most ceramic powders is 2.5:1, the maximum
length of the unfired, pressed part is of the order of 1.5 in. Gleason!® has
compiled a few suggestions to the prospective purchaser of die-pressed
parts which may aid in the intelligent design of ceramiec parts and facilitate
their economical manufacture.*

(1) “Give the ceramic supplier full information as to the size of parts
that fit into or around the ceramic. Whenever possible, the supplier should
be furnished with a sample assembly so that the economical design may
be checked. Usually, the metal stamping dies are cheaper than the steatite-
pressing dies and can be altered more easily.

(2) “Always allow as liberal toleral tolerances as possible. It may seem
paradoxical that the ceramic manufacturer boasts of his ability to hold ex-
acting tolerances and then asks for broad tolerances, but it reduces to this:
The supplier can furnish eeramics to close tolerances; but when they are

* Reproduced with the permission of the editor of the Journal of the British Insti-
tution of Radio Engineers.
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more restrictive than ordinary commerecial tolerances, he must resort to
costly individual gauging.

(3) “Bevelled edges are very helpful. As the die parts wear, the material
crowds into the resulting crevice between punch and block and forms a fin
or flash on the ceramic. Where a bevel is allowed, the supplier will profile
his punch faces and the ceramic will be neater and the dies last longer.

(4) “Bosses, counterbores, or depressions should be kept as low or shal-
low as possible, and their walls should be tapered about three degrees.

(5) “The number of different levels should be kept at a minimum.

(6) “Wall thickness between the edge of the ceramic and holes or de-
pressions should be as substantial as possible, else cracks will have a tend-
ency to result.

(7) “Avoid very small pins, and all designs that necessitate dies of weak
construction.

(8) “Holes can only be pressed-in when parallel to the axis of pressing.
Other holes must be drilled into the article individually after pressing.

(9) “Pressed ceramics should not be too long in direction of pressing.
They will have a tendency to have a center section smaller than the ends.

(10) “Thin sections, no matter where, should be avoided. They tend to
crack, warp, or blister, thus making the ceramic hard to control.

(11) “Bosses should be used wherever flat, ground, parallel surfaces are
required, thus keeping the ground area at a minimum.

(12) “Threads of tapped holes cannot be pressed in. Unless special
binders are used, the pressed ceramic crumbles to some extent in the tap-
ping operation, especially with fine pitches; so a thread as large and coarse
as possible should be chosen. If the screw must enter the ceramic quite a
distance, it would be advisable to counterbore a fraction of the hole so that
any variation in firing shrinkage and its accompanying variation in pitch
will still allow the screw to enter. Holes tapped into a ceramic perpendicu-
lar to the pressing axis will invariably fire out oval-shaped.”

Precision Ceramics. A plea was made in the previous paragraph to
design ceramic parts with as liberal tolerances as are possible within the
limitations imposed by the use of the part. This request still holds for the
regular run of commercial ceramics which can be made on a large scale to
tolerances of about #0.005 in. for dimensions up to 0.5 in. and =41 per
cent on larger dimensions. Unfortunately, these tolerances are far too wide
for parts to be used in electron tubes in which critical spacings of the order
of a fraction of a thousandth of an inch rely on the ecritical dimensions of
the part. The producers of commercial ceramics will furnish parts for such
tolerances by resorting to finish-grinding on diamond wheels.

Such finish-grinding operations can be performed fairly ecasily on flat
surfaces or round corners, but they become next to impossible, or prohibi-
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tively costly, when complex shapes such as undercuts and ridges are to be
controlled to close dimensions of the order of less than one thousandth of
an inch. Several electron tube manufacturers have established their own
ceramics division in recent years in order to produce ceramic products of
greater uniformity in characteristics and they have also learned to produce
fired parts to close tolerances without the need of finish grinding. By these
carefully controlled techniques it has been possible to produce parts in
the laboratory with minimum tolerances of £0.0025 in. on dimensions up
to 0.5 in. and =+0.5 per cent on larger dimensions. Some very small parts
have been made to within 0.25 mil on the fired dimensions.

It is claimed by a number of workers in this field that objectionable
strains are imparted to the ceramics by the process of finish grinding. Other
laboratories have gone to great length in improving the grinding techniques,
the machinery and fixtures employed, and the kind of abrasives used,
thereby producing parts to close tolerances without any obvious harmful
effects of the grinding operation.’®® High-alumina bodies, in particular, have
enough inherent strength to be able to withstand a certain degree of weaken-
ing without harm, but steatites and zircon may well be seriously harmed
by grinding.t™

Similar precautions must be taken in cleaning ceramics. Air firing is
adequate in many cases and avoids the danger of cleaning agents either
attacking the skin in which strength resides (like in glass), or becoming
absorbed in pores from which they may be difficult to remove. Cleaning
with nitric acid has been found to be definitely harmful, and alkaline rinses
are preferable. Etching ceramics by ion bombardment has been described
by Bierlein, Newkirk, and Mastel’® and may well be used for cleaning in
critical applications.

“Pyroceram’’* (Glass Ceramics). The high cost involved in preparing
conventional ceramics to close tolerances may well be avoided by using a
new material which was announced by the Corning Glass Works of Corning,
New York in May, 1957. Under the leadership of Dr. S. D. Stookey, the
originator of “Photoceram,” a process was developed by which a specially
prepared glass can be converted into a crystalline ceramic by heat treat-
ment at about 1250°C. In order to bring about this transformation, suitable
crystal seeds are incorporated into the glass and result in a very fine-grained
structure where crystallites are less than 400 AU in size as compared with
one to two microns for conventional ceramics. The glass is melted in plati-
num-lined containers and can be fabricated into desired shapes by the
conventional processes of molding and casting. The conversion into the
crystalline state after the glass has solidified entails a shrinkage in linear

* Trade mark, Corning Glass Works, Corning, N. Y.
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dimensions of the order of one to two per cent while the corresponding
shrinkage on firing of ceramic bodies is as much as 15 per cent and fre-
quently not uniform in different directions. There is thus hope that intri-
cate shapes made of Pyroceram can be produced on a large scale much
more economically because finishing operations such as diamond grinding
will not be necessary.

“While more than 400 types of Pyroceram have been experimentally
melted, only four have been fully investigated and melted in pilot runs to
date. Two of them, Pyroceram Code numbers 9607 and 9608, are handled
and formed in their glassy state similar to borosilicate glass. They can be
formed by conventional glass-forming methods, i.c., blowing, drawing,
pressing, and rolling.

“The two other Pyroceram materials, Code numbers 9605 and 9606, are
very fluid at high temperatures, and can most easily be formed by centrifu-
gal casting. Kxperiments indicate that these latter two Pyroceram materials
lend themselves to forming by investment casting techniques. Pilot runs
indicate that all four of these new materials are adaptable to mass produc-
tion techniques.’’1%

Table 2.22 is a reproduction of a table issued by Corning Glass Works
describing the properties of the four different types of “Pyroceram’ and
comparing these with the properties of various glasses, ceramics, and metals.
It is apparent that the two types of “Pyroceram,” numbers 9605 and 9606,
are able to compete with conventional high-alumina bodies on the basis of
their superior dielectric properties at high temperature and their exceed-
ingly high resistance to thermal shock (Table 2.23). The other two types
of Pyroceram, i.e., numbers 9607 and 9608 have electric characteristics
about equivalent to those of lime glass and will find applications in areas
where dielectrie losses are not eritical.

The thermal expansion coefficients of “Pyroceram’ materials can be
varied over a wide range, from slightly negative to 200 X 10-7 per °C.
Bodies with expansion coefficients from 90 to 100 are under development
to make them suitable for seals to stainless steels. It must be added, how-
ever, that so far the problem of metallizing “Pyroceram’ has not been
solved, but solderglass seals are possible and some seals with zirconium
hydride as a bonding agent have been made at the Westinghouse Tube
Plant at Elmira where the suitability of “Pyroceram” for magnetron output
windows is under investigation and studies to use “Pyroceram” for small
high-temperature receiving-tube envelopes are underway.

Ductile Ceramics

Ceramics are customarily considered to be materials which show brittle
fracture when a tensile load exceeds the cohesive forces of neighboring
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TasLe 2.23. THERMAL STREss ReEsisTancy Facror R” For VARrIous
MaTERIALS CALCULATED FROM PUBLISHED VALUES FOR K, o, T, AxD K
(After Priest and Ruth Talcoti?®)

Material chs. a X 107 pEi, posi. % 10s KRT/OE
Beryllium oxide 0.53 9.0 10,000 40.0 14.7
Fused silica 0.004 0.5 15,500 10.9 11.4
Pyroceram 9605 0.01 1.4 20,000* 20.0 7.0%
Sapphire (Linde) 0.065 6.7 35,000 50.0 6.8
Coors AT200 0.05 6.7 26,000 40.2 4.8
Zircon (Coors Z1 4) 0.009 3.36 11,500 19.4 1.6
Pyroceram 9606 0.007 5.7 20,000* 18.0 1.36*
Aluminosilicate glass 0.005* 4.6 10,000 6-13 1.1*

(Corning 1723)
Steatite (Alsimag 228) 0.006 6.4 10,000 10* 0.94*
Forsterite (Alsimag 243) 0.008 9.1 10,000 10* 0.88*
Soda-lime-silica glass 0.004 9.0 10,000 9.5 0.47
Fireclay 0.0027 5.5 750 2.3 0.16
* Estimated values.
The thermal stress resistance factor
R” = hr];
al
is a simplified form of the formula
, _ KTA — )
R = —F

where:
K = the thermal conductivity.

T = the tensile strength.

E = the modulus of elasticity.

u = Poisson’s ratio.

a = the coefficient of thermal expansion.

lattice planes; deformation, or plastic flow, is thus normally not observed
prior to fracture. Another eclass of materials usually considered to be brittle
are lonic solids, such as sodium chloride and potassium chloride and other
cubiec crystals. It has been shown, however, that such crystalline solids can
exhibit ductility when freshly cleaved in air, or when cleaved while sub-
merged in a suitable liquid, which excludes access of oxygen and nitrogen
to the crystal surface. This earlier work by a number of investigators, not-
ably Joffe and Stepanov, has been extended more recently by Gorum,
Parker, and Pask'® at the University of California at Berkeley to cover
ceramic bodies, such as magnesium oxide, which, when freshly cleaved, show
considerable ductility. This work is still in progress, and a full understand-
ing of the factors which cause brittleness under ordinary conditions has not
been gained as yet. The degree of purity of the material, apart from afore-
mentioned environmental conditions, seems to be a determining factor.
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CHAPTER 3

MICA

Introduction

The universal use of mica spacers for the relative positioning of the ele-
ments of the internal tube structure, and their insulation from each other,
has made mica nearly as indispensable for the mass production of receiving
tubes as glass which is used for their envelopes. While ceramic spacers were
used by some few manufacturers as long as 20 years ago, this practice could
not survive for economic reasons because ceramic parts are of necessity
more costly and, in days gone by, could not be produced in quantity to the
acceuracy required. Natural mica is thus being used for spacers in all mass-
produced receiving-type tubes. ASTM Specifications* for grading and test-
ing of mica and mica products are listed in Table 3.1.

Mineralogy. “Mica is found in all parts of the world, but commercially
important deposits occur in India, Madagascar, the United States, Canada,
South America, South Africa, and the U.S.S.R. The useful varieties are
complex silicates:

Muscovite (white mica). .. ........ ... .. .. KAI(OH)2(AlSi:04)
Phlogopite (amber mica)................. KMgs(OH)»(AlSi;0n)

“Part of the aluminum of muscovite has been replaced by magnesium
in phlogopite. About 4 % water of constitution occurs in the molecule, and
other atoms, notably fluorine, are often included in the structure. These
complex silicates may be considered as polymers based on (Si.05)2~ chains
in which partial replacement of silicon by aluminum has occurred. The
chains are cross-linked laterally by extensive sharing of oxygen, producing
plane-polymerized layers, with weak bonding between layers through potas-
sium ions. This structure permits cleavage of erystals into very thin laminae.

“Muscovite occurs in pegmatite veins (usually associated with feldspar)
and is also common in metamorphic rocks such as gneiss and schist. Phlogo-
pite is found in crystalline limestones, dolomites, and schists. Both micas
form monoclinic prismatic crystals and possess excellent basal cleavage. In
sheets at least 0.030 in. thick, micas show marked color; muscovite may be
clear, green, yellow brown, or ruby, while phlogopite appears amber, brown,
or ruby. Stains or spots In mica may be harmful if they are red or black;
this indicates iron or manganese oxide, which impairs the dielectric proper-

* American Society For Testing Materials, 1916 Race St., Philadelphia 3, Pa. Re-

prints of these specifications can be obtained for a very nominal fee; users of mica
should have copies on file. For general information on mieca see references 1-7.

128
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TasLe 3.1. ASTM SerciricaTioNs ¥orR GRADING AND TEsSTING
oF Mica anp Mica Propucts

D 351-57T Natural muscovite mica, based on visual quality.

D 352-56T Testing pasted mica, used in electrical insulation.

F 652-51  Measuring mica stampings, used in electronic devices and incandes-
cent lamps.

D 748-54T Natural block mica and mica films, suitable for use in fixed mica-dielee-
tric capacitors.

D 1039-58 Glass-bonded mica, used as electrical insulation.

D 1082-54 Power factor and dielectrie constant of natural mica.

D 149-55 Tentative methods of tests for dielectric breakdown voltage and di-
electric strength of electrical insulating materials at commerical power
frequencies.

ties. Yellow and green stains are clay or vegetable matter and affect only
the clarity. Muscovite mica is somewhat harder than phlogopite, but the
latter withstands exposure to higher temperature before losing the water
of constitution. When this happens, both varieties turn silvery white and
lose their physical strength. Both are chemically inert and unaffected by
water, solvents, alkalies, and acids (except hydrofluoric and sulfuric). They
are vulnerable to oil, however, which works its way into the laminae and
separates them.”7

Mining and Preparation. ‘‘Mica-bearing rock is blasted, and the erys-
tals are removed by hand from the adhering material and then separated
into two groups according to size. Pieces with a laminar area smaller than
1 sq. in. are set aside as serap for grinding; the remainder are delaminated
into pieces 0.007 to 0.040 in. thick and further separated. Punch and circle
mica is that from which circles up to 2 in. in diameter can be punched.
The balance is further trimmed of edge imperfections and graded by size
and quality. It is then ready for sale as block or film mica, depending on
thickness, or for separation into splittings ranging in thickness from 0.0006
to 0.0012 in.

“Splittings of various sizes are made by hand. Successive laminae are
peeled off a block by inserting a pointed knife tip into the edge of the crys-
tal. This process iz established as a large-scale home industry in several
sections of India, the major source of supply for the American electrical
industry. While domestic muscovite mica is of suitable quality, the cost of
splittings prepared in the United States would be much higher than that
of the imported material. Mica-splitting machines have been developed
over the past years, but none has come into successful commercial operation.

“The larger sizes of splittings are prepared in “book” form—each one
being the same shape and size as the block from which it was split. A book
may have 10 to 30 splittings. Small splittings are usually “loose,” each one
being of different size and shape.””
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Fabrication. “Each mica pattern or part requires a special precision
die to produce clean-edged parts, free from burrs, delaminations, and cracks.
This die, even for the simplest design, must be made of special steel, and
requires expert tool-making and precision equipment in its manufacture.
A new die is required not only for each change in pattern, but also for each
change in thickness. For instance, & die which has been designed to stamp
out condenser films 3 mils thick cannot be used for films 1.2 mils thick; of
course, the reverse is also true. Mieca dies are so highly specialized in their
design and construction that ordinary tool-making experience is insufficient
to make a die capable of producing parts accurately and in satisfactory
quantities.

“The physical characteristies of mica make it impractical to have toler-
ances less than 0.0005 in. The cost decreases as the tolerance increases. Since
a mica die cannot be lubricated and mica must be punched dry, dust par-
ticles and mica flakes tend to distort the holes that have been punched,
and, therefore, make inspection difficult for closer tolerances. Several
punched parts must be checked in order to arrive at a satisfactory average
reading.

“Ioles in sheet metal may be pierced and other operations performed
before the blanks are cut, but not so with mica, which comes in individual
pieces. For this reason, compound dies must be used for fabricating the
mica patterns. A compound die punches the outside shape and all the inside
holes with one stroke of the press.

“Since the design of the die has direct bearing on the cost of the fabri-
cated part, it is recommended that either a mica fabricator or a mica die-
maker be consulted before designs are adopted. The limitations of the
material necessitate that certain factors in design be considered by die en-
gineers. Although, for the most part, problems of design vary with cach
pattern, there are certain rules that should apply to all designs.

“One rule is that the maximum thickness should not exceed 50 per cent
of the diameter of the smallest hole. Holes cannot be placed too close to
the outside edge because the material will break down through cracking
and delamination. The distance, however, depends on the thickness of the
mica and the size of the hole. The minimum wall, either between the hole
and the edge of the blank, or between two holes, should be 80 to 100 mils
for condenser films, and on other parts not less than 20 to 25 mils.”®

Physical Properties. While mineralogists recognize eight distinet species
of pure mica, only five of these are commercially important, of which the
two mentioned above are being used in the electronic industry.! For spacers
in eleetron tubes, muscovite has been used almost exclusively, and users
have come to look upon India ruby mica as the most desirable grade, al-
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TaBrLe 3.2. PROPERTIES 0F NATURAL Mica®

Property Muscovite Phlogopite

Specific gravity 2.6-3.2 2.6-3.2
Hardness, Mohs scale 2.8-3.2 2.5-3.0
Modulus of elasticity, psi (10 mils thick) 25 X 108 25 X 108
Coeflicient of thermal expansion per °C 3.6 X 1078 5.5 X 1072
Specific heat 0.207 0.207
Water of constitution, 9 4.5 3
Dehydration temp, °C 625 1000
Refractive index 1.56~1.60 1.58-1.61
Optic axial angle, degrees 50-75 5-25
Permittivity 6.5-8.7 5-6
Volume resistivity, megohms per cu. em. 2 X 107-1 X 101 *
Dielectric strength in air, volts per mil (1-3

mils thick) 3,000-6,000 3,000-4,200
Power factor 0.0001--0.0004 0.004-0.07

* Somewhat less than for muscovite.

though Brazilian muscovite is of equal quality and therefore coming into
steadily increasing use.

Phlogopite, or amber mica, is mainly imported from Madagascar and
Canada. Its chief uses are for domestic and industrial heating appliances.

The physical properties of muscovite and phlogopite are compared in
Table 3.2.% Phlogopite stands out by its higher heat resistance but its di-
electric properties are inferior to those of muscovite.

H. 8. Endicott and G. E. Ledges of the General Electric Company Engi-
neering Laboratories* recently discovered that certain naturally occurring
micas could have their high-temperature electrical properties considerably
improved by appropriate heat treatments. The majority of micas crumble
when heated above 500 or 600°C, as combined water is released from within
the lattice structure. Certain domestic micas (Canadian phlogopite) were
not subject to such disintegration when heated for 4 hrs at 1000°C. The
low-frequency resistivity of the material was increased by such heat treat-
ment. At 500°C, the resistivity of the baked material was found to be four
times that of the unbaked material. Capacitors have been produced which
will operate successfully at temperatures as high as 800°C. This process
should be of considerable interest for application in electron tubes.

Tarlier investigators concluded that muscovite and phlogopite micas
withstand heating between 400 and 600°C without appreciable change in
their characteristics. Hidnert and Dickson? find that this statement is essen-

* General Electric Company Press Release No. 6, September 10, 1956. See also
FElectronies, Oct. 1956, p. 10. This work was performed on a subcontract under a
prime Air Force Contract for the Llectronic Components Laboratory of the Wright
Air Development Center, Wright-Patterson Air Force Base, Ohio.
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tially true for muscovite mica, but that appreciable changes in physical
characteristics occurred when some samples of phlogopite were heated to
600°C. Powell and Griffiths® investigated the thermal conductivity of some
muscovite and phlogopite micas up to 600°C. However, Canadian and
Madagascan phlogopite micas indicated a pronounced decrease in thermal
conductivity between 150 and 250°C, which was only partially reversible
on cooling. Hidnert and Dickson? also investigated the effect of heat treat-
ment on the power factor of mica and report as follows:

“The power factors of nearly all specimens of muscovite mica from Brazil
and Guatemala were slightly greater at 100 ke than at 1,000 ke. The power
factor of each specimen of phlogopite mica was considerably greater at 100
ke than at 1,000 ke. The power factors of the samples of phlogopite mica
from Madagascar and Mozambique are considerably larger than the power
factors of the samples of muscovite mica from Brazil and Guatemala. Heat-
ing the samples of phlogopite and muscovite micas to 600°C, with or with-
out a load on each sample, caused considerable increases in the power fac-
tors of the phlogopite micas and only slight changes in the power factors of
the muscovite micas. The power factors of the phlogopite mica from Mada-
gascar which was heat-treated without a load, are less than the power fac-
tors of this mica heat-treated with a load. However, the power factors of
the phlogopite mica from Mozambique heat-treated without a load are
considerably greater than the power factors of this mica heat-treated with
a load.”

Roy'? studied the effect of various heat-treating cycles on the weight loss
of four species of mica which were pulverized and then decomposed by
heat, water vapor under pressure, and electrodialysis. Figure 3.1 shows
the weight loss of pulverized muscovite (80 per cent passing through a 200~
mesh sieve) as a function of the heating time when exposed in a platinum
crucible in air to the various temperatures indicated on the curves. It is
apparent that dehydration at 450°C continues even after 100 hours and
that only a heat treatment at 1050°C brings about total water loss in one
hour. This observation must be correlated with the fact that the mica
lattice breaks down between 940 and 980°C." If the temperature is kept
below 940°C, no phase change occurs, and the dehydration consists en-
tirely of the expulsion of the hydroxyl ions. A baking treatment at about
900°C is thus indicated as most effective, but for tube applications it is gen-
eral practice not to exceed 600°C.

The gas evolved by mica of unspecified origin was analyzed with the aid
of the omegatron spectrometer at very low pressures and elevated tempera-
tures by Wagener and Marth."” Table 3.3 gives their results.

Sudden heat shock is likely to affect the mica structure adversely, and the
effect of heat treatment on the physical characteristics, such as thickness,
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Figure 3.1. Change of total percentage weight loss as a function of time for musco-
vite held at various temperatures. After Roy.1® (Courtesy The American Ceramic
Society.)

thermal and electrical conductivity, transparency and color, must be borne
in mind in eritical applications such as windows for Geiger counters, target
plates for storage tubes, and signal plates for television camera tubes. Fired
micas should be stored in a dust-free, dry atmosphere and be used within
not more than two days.

It is perhaps of some interest to quote here remarks made by Rudy' in
a patent disclosure which had as its object the replacement of mica sheet
used in iconoscopes by thin sheet of ceramic in order to avoid the inherent
faults of mica.

“The target of such a tube has been made with a thin sheet of mica,
upon one surface of which is formed a mosaic of photo-synthesized material.
On the opposite surface of the mica sheet is applied a conductive coating
of a suspension of carbon in a binder, or a commercial coating such as
‘Aquadag.” The mica sheet used for the target clectrode is one which is
formed from a high-grade type of mica found prineipally in certain regions
of Africa and India. This mica must conform to critical specifications in
that it must not have any organic inclusions. It must have no gas bubbles

TABLE 3.3. PERCENTAGE ComMrosiTioN oF Gas Evonving rrRoMm Mical2

Temperure, Total p, Torr H:0 CH: co N He
200 8.8 X 1078 3 0.5 67 26 3
300 3.2 X 1078 13 3 50 22 11

350 5.9 X 10°¢ 10 2 34 14 39
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between its surfaces.* The mica sheet must have no irregularities such as
waves in the mica formed in any way. To be used for a target, the mica
sheet must be carefully split so that the surfaces of the sheet present no
jumps in laminations. Lastly, such a mica sheet must be one which, when
subjected to a baking temperature in the order of 900°C, will not blister.
The presence of any of the above effects tends to produce spurious signals
in the output signal of the tube. These critical requirements entail expen-
sive and careful proecessing to obtain proper targets...The mica target
sheets used in iconoscope tubes, of the type described, normally have a
thickness of between one to two mils, and a dielectrie constant of about
5.5. These parameters provide the requisite capacity between the signal
plate and the mosaic of the target for the electron beam of around 0.2
microampere to discharge each elemental area on each end of the beam
across the target.”

The sorting of trimmed mica into various grades according to existing
specifications used to be, and to a large extent still is, a highly specialized
art which requires long years of training. Highly skilled operators can
judge the thickness of mica within a tolerance of 4=1 mil by feel alone. In
addition, many shades of color must be distinguished, and an account
taken of the amount of stains present. The grading by color is complicated
by the fact that mica from a single mine exhibits more or less variation in
color from specimen to specimen, and from spot to spot within the same
specimen.

In order to distinguish ruby mica from nonruby micas of the same quali-
ties which tend to be brittle and have undesirably high power factors,
Judd" has established a color standard for ruby mica on the basis of care-
fully controlled optical measurements.

At the beginning of World War 1I, the War Production Board inaugu-
rated a mica conservation program with the object to search for new sources
and stimulate the development of test methods that could be used at mine
locations for rapidly classifying the electrical quality of mica for capacitor
and electrical use so as to supplement the visual quality elassification ASTM
D351. This endeavor resulted in two portable, battery-operated instru-
ments for (a) measuring the Q of mica at one megacycle and (b) locating
conducting inclusions and mechanical faults that might adversely influence
the dielectric strength of block mica or splittings. ASTM Specification
D748 was issued as a result of these investigations conducted by Coutlee."
The results showed that mica previously judged unsuitable for use in high-
est-quality, as well as less-critical types of capacitors, by visual tests, can

* Mica contains interstitial cavities which are a prolific source of gas if distorted,
or otherwise damaged by vibrational stresses, or shock.!* (Footnote added by present
author.)
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be used on the basis of fast, reliable electrical tests which inercased the
supply of critical mica by 60 per cent.

Agreement on Q eclassification by the rapid methods of test was quite
close when a wide variety of types of mica were submitted for test by this
method to seven different laboratories. Muscovite mica from widely differ-
ent sources gave uniform readings for the dielectric constant at one mega-
cycle. India ruby mica maintained its top rating, but green-type mica which
was on the basis of visual classification not acceptable for capacitor use in
the past, now rated as a satisfactory material for critical applications. Tt is
only natural, that the acceptance of these more scientific methods of grad-
ing by the industry, and particularly by the mica producers, will be slow,
and that the human element of pride in a long-established skill for selecting
mica grades and using them on that basis will be difficult to overcome. Con-
sidering the strategic importance of mica, however, it seems that we can
ill afford outmoded inspection methods.

The Material Laboratory of the New York Naval Shipyard at Brooklyn,
New York is now conducting an extensive investigation under the sponsor-
ship of the Bureau of Ships with the object to establish quantitative tests
for the physical properties of mica and mica-like materials suitable for elec-
tron tube spacers.”” Special equipment has been constructed to determine
such parameters as tensile strength, vibrational resistance, modulus of
elagticity, hardness, diclectric properties, electrical resistivity, and thermal
decomposition at elevated temperatures. There can be no doubt that this
work will result in the establishment of greatly improved test procedures
which will eliminate many of the uncertainties to which reference was made
above.

Process Techniques. Efforts have been made in recent years to perform
the operations of splitting of mica by automatic machinery but no real
success has been achieved along these lines, as mentioned above.” Mica
can be split into extremely thin and uniform layers which are still strong
enough to withstand atmospheric pressure over a considerable area. Wu,
Meaker, and Glassford™ report that mica of a thickness corresponding to
a weight of 5 mg/em? has been found to withstand atmospheric pressure
over an area of one and one-eighth inch diameter very well. For the labora-
tory worker who undertakes his own fabrication of mica, Strong™ has de-
seribed a method for obtaining thin mica splittings without tearing; after
the edge has been pried open with a sharp dissecting needle, a drop of
water is introduced which prevents tearing on parting the layers. Aharoni
and Frei” have carried this method one step farther by performing the
whole splitting operation under water and observing the mica sheet while
it is illuminated with polarized light. Good layers equivalent to 0.8 mg/
cm? were easily cleaved by using this method.
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An “air-flow” classification system for separating mica parts of required
thickness from those which do not meet thickness specification has been
recently developed by Ford Radio & Mica Corporation.2? Tube spacers in
the thickness range from 0.006 to 0.015 in. are separated with a tolerance
of 0.002 in. by regulated air streams which float the parts into bins for
over-size, under-size, and normal lots. An additional electronie inspection
for 0.002 in. thickness tolerance then follows.

To reduce surface leakage, an insulating coating is frequently sprayed
onto mica and dried with hot air at about 80°C. The coating mixture con-
sists of magnesium oxide in distilled water, zirconium oxide, or aluminum
oxide, in methyl alcohol or polyvinyl alcohol, or mixtures of these constit-
uents. Elaborate conveyor-belt furnaces have been built for spraying and
drying on a mass-production basis, but barrel-coating seems to be generally
preferred. The micas are tumbled in a barrel made from wire mesh and ex-
posed to the spray material at the same time. A hot-air blast takes care of
the drying during spraying, which is followed by a baking cycle.

Leakage resistance of natural mica spacers has been found to be fre-
quency dependent by workers at the Arinc Research Corporation.?® As
predicted by theoretical investigations conducted earlier by James and
Humphreys,? r-f leakage resistance above 10 KC drops sharply with in-
creasing frequency. In the megacycle range of frequencies, the r-f leakage
is smaller than the measured d-c leakage resistance by factors varying from
10% to 108,

In order to secure the tube mount firmly within the glass bulb and at
the same time make allowance for the varying internal diameter of the
bulb, it has been common practice to provide the top mica spacer with
teeth at its periphery which can bend on insertion of the mount into the
bulb if the latter is slightly undersize. This crushing of the mica teeth is
naturally conducive to the formation of loose mica flakes which can lodge

Figure 3.2. Old form (a) and new form (b) of mica spacers. The new form reduces
the incidence of flaking and chipping. After Rodenhuis, Santing, and van Tol.2 (Cour-
tesy Philips Gloeilampenfabrieken, Eindhoven, Netherlands.)
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between critical elements, become conductive by being coated with cathode
material, cause shorts or noise, and poison the cathode if deposited on it.
Animproved contour of the mica spacer (Figure 3.2) circumvents this effect,
especially if the glass envelope is accurately narrowed at the height of the
spacer to an inner diameter about 0.1 to 0.2 mm smaller than the largest
diameter of the spacer, as shown in Figure 3.3.” One might assume that
the use of wire snubbers, which are inserted into the mica, would produce
the same result except that the wires may wear loose in the holes and pro-
duce mica dust in the process of doing so. Raytheon Manufacturing Com-
pany™ reports on an evaluation of “bulb pinching”intended to ensure good
contact between spacer and bulb and concludes that this technique did not

Figure 3.3. Type ESOF pentode, fitted with mica spacers as in Figure 3.2. The
upper spacer fits tightly in a constricted region of the envelope. After Rodenhuis,
Santing, and van Tol.2® (Courtesy Philips Gloeilampenfabrieken, Eindhoven, Nether-
lands.)
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indicate advantages in terms of vibration noise or vibration life. The use
of micas with ears is still common praetice in U. S.; a premium is being
paid, however, for bulbs that have a constant internal diameter. The case
where the bulb has a sufficiently small diameter at the bottom to crush
the mica ears on insertion of the mount and then a larger diameter at the
final location of the mount in the upper region is particularly objectionable
as it causes a loose fit.

Bulbs for critical subminiature tubes are given a specially flared rim by
some manufacturers so that the mount can be easily inserted into the bulb
without damage to the mica spacer points which, for critical tubes, are
more numerous than on micas for regular tubes.” Figure 3.4a, b illustrates
this measure. In order to further minimize the danger of vibration on ex-
posure to mechanical shock, critical tubes are provided with two micas on
each side of the mount, as shown in Iigure 3.5a, so that the number of
contact points is correspondingly enlarged. The clearance holes for support
rods and cathodes are larger on the inner micas than they are on the outer
micas so that leakage paths are interrupted and heat conduction loss of
the cathode sleeve is minimized. Figure 3.5b gives a view of the inner mica
backed up by the outer mica. Anti-leakage slots in both micas are also ap-
parent. Figure 3.6 illustrates the use of an additional mica which serves as

(a)

(b)

Figure 3.4(a, b) Mica spacers for eritical tubes are provided with additional con-
tact points, as shown at bottom, in comparison to regular spacers, shown at top.
(Courtesy General Electric Co. Receiving Tube Depariment.??)
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(b)

Figure 3.5(a, b) Illustration of the use of double spacers for reliable tubes. (Cour-
tesy General Electric Co. Receiving Tube Department.?)
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Figure 3.6. Tube mount with additional mica below getter to prevent conductive
deposits on top mica of electrode structure. (Courtesy General Electric Co. Receiving
Tube Department.®)

a getter flash shield to prevent conductive deposits on the outer mica at
the top of the mount.

A detailed review article on the applications of mica in electron tubes has
recently been published by Espe.?® The recent book by Knoll and Kazan?®
also contains a section on mica.

Synthetic Mica. The strategic importance of natural mica and its
shortage of supply in times of emergency in countries where natural mica
is not found have stimulated efforts to produce mica synthetically. The
possibility of such a process was demonstrated in France by Moisson in
1865, and workers in Germany conducted active research on synthetic mica
during the second World War with sufficiently promising results that a
pilot plant was set up for production. Active research on the development
of synthetic mica was taken up in the United States after World War II
under sponsorship of private and government agencies. These efforts have
been successful to a considerable extent. Phlogopite mica can be crystallized
from a melt at atmospheric pressure by replacing the hydroxyl ion found
in natural phlogopite mica with the fluorine ion. A few single crystals four
by four inch in area and almost one-eighth inch thick have been grown.
The details of the manufacturing procedures have been described in the
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Muscovite! Phlogopite? Fluor-phlogopites
Chemical composi-
tion KAl,- AlSi;04- KMg;AlSi;O50- KMg;Al81;00F,
(OH). (OH).
Maximum tempera-
ture of use, °C 600 850 870-1010
Purity Fair-good Poor—fair Excellent
Transparency Fair-good Nil-poor Excellent
Electrical properties:
Power factor 0.0001-0.0004 0.004-0.07 0.0002
Dielectric constant 6.5-8.7 5-6 6.3

Dielectrie strength,

v/mil? 3,000-6,000 3,000-4,200 4,000 (approx)
Splittability Good-excellent Good Fair-good**
Punchability Good Good® Fair-good
Nuclear-radiation

resistance Excellent Excellent Excellent
Crystal or sheet
sizes 2X3in-3X5in. 2X3in-3 X 4in. 1 X 124 in. (com-

(common); 9 X
11 in. (rare)
Sheet; powder

(common); 8 X
12 in. (rare)
Sheet; powder

mon); 4 X 4 in.
(very rare)
Sheet; reconstituted
sheet; 2 different
ceramics; powder

Forms available

* After Humphrey?®® by permission from ‘‘Engineering Materials Handbook,” by
. L. Mantell, editor; Copyright 1958 McGraw Hill Book Co., Inec.

** See footnote.

! Potassium, or ruby, mica.

2 Magnesium, or amber, mica.

3 Fluorine, or diamond, mica.

4 Pure synthetic mica.

51-3 mils in air.

¢ Less delamination than with other varieties.

Q

literature.”™ Table 3.4 compares some of the more Important propertics

of natural and synthetic mica.* Fluor-phlogopite has excellent diclectric
propertics which are equivalent to those of natural muscovite; its heat
resistance is much greater, and its vapor pressure is exceedingly low. A
report by Hanley™ of the Naval Research Laboratory gives the following
results from tests made on synthetic fluor-phlogopite mica:

1. “The material when pressed to 2.73 grams per cc was vacuum tight
and maintained a constant pressure of 2.2 X 107? Torr after baking at
390°C (for 12 hrs.) and 5 X 1077 Torr after air-baking at 800°C (for one
hour).

* The splittability of synthetic mica is given as fair togood in Table 3.4. This seems

to be an over-optimistic statement; it is generally very poor. The flakes adhere to each
other firmly and resist separation; moreover they crack easily.
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2. “The material was machinable to 10-mil disks with an ordinary high-
speed cutoff tool and could be ground to 2.5 mils. However, attempts to
punch holes in samples of 10 and 30 mils thickness were unsuccessful on
the initial attempt. (“It was concluded that for production applications
molding techniques would have to be used.””)

3. “Synthetic fluor-phlogopite could be brazed at 820°C in vacuum with
titanium-core solder to copper to form a vacuum-tight joint. Better wetting
of the mica was obtained when titanium hydride was used in addition to
the brazing material. (““The linear coefficient of expansion of the synthetic
mica is 135 X 1077 in the range of 0 to 800°C.”")

4. “A dielectric constant of 5.72 was determined at 9375 Mec with a loss
tangent less than 0.005.” (“From mecasurements made also at 34,750 Mec,
one can infer that the dielectric constant is essentially the same as that of
natural mica.”)

In a later report,” Hanley gives further data on the vacuum properties
of synthetic mica which have been incorporated with the statements listed
above but set apart in parentheses. When a 0.400-inch-dia. disk, 0.010-in.
thick, was brazed onto a recessed shoulder of a metal cylinder and the
assembly evacuated, the synthetic mica disk withstood atmospheric pres-
sure, while a similar disk only 0.005-in. thick cracked. A rectangular sample
(0.074 X 0.148 in.), such as might be used for a waveguide window at
A = 5 mm, withstood atmospheric pressure when 0.0025-in. thick.

“Some measurements were also made on the loss of weight of a sample of
synthetic mica when heated in air. Figure 3.7 illustrates the effect of heat-
ing a powdered sample at 800°C in air. It is observed that the sample lost
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Figure 3.7. KEffect of heating a powdered sample of synthetic mica at 800°C in air.
After Hanley .3 (Courtesy American Ceramic Sociely.)

T
i




MICA 143

about 11.7 mg/g during the first one and one-half hours and about 1 mg/g
in the following 20 hours. Immersing the sample in boiling water for one
and one-half hours had little effect. From these results it is concluded that
air firing of the sample is desirable but that water absorption is small.””

The bulk of a melt of synthetic mica 1s in the form of small flakes and
microscopic crystals which can be processed into one of the following three
forms:

1. hot-pressed mica

2. ceramoplastics

3. reconstituted synthetic mica sheet.

Fluorine mica has the peculiar property of bonding to itself under heat
and pressure (1). By mixing the mica powder with phosphoric acid, glass
or ceramics, and molding the mass at about 600°C, one arrives at hard
bodies which can be produced to tolerances in size close to 0.001 in., or be
readily machined in the cold state (2). Reconstituted mieca sheet, (3), syn-
thetic or natural, is made by disintegrating serap mica by hydraulic or
mechanical force, heat, and/or chemical action and then recombining the
small particles to form continuous, flexible sheets.” Additional data on
these materials can be obtained from manufacturers® and in recent review
articles.”

Glass-bonded natural mica is known under the trade names “Mycalex”
400, 410, 410X, and 385. Corresponding materials made by compounding
synthetic mica with glass frit, or other inorganic materials, are marketed by
the Mycalex Corporation of America under the trade name “Supramica
Ceramoplastic,” and several grades are available as Supramica 500, 555,
560, and 620 which are characterized by higher temperature stability.
These materials can be machined to very close tolerances, or molded
(555, 560). Supramica 620 is a machinable grade which is dimensionally
stable up to 850°C. Table 3.5 gives its properties. In the preparation of
this material, a glass frit is first formed into which synthetic mica flakes
are completely dissolved at elevated temperature. The glass is then
quenched and ground to a fine powder which is formed into disks, or sheets,
and subsequently fired at temperatures as high as 1000°C. During the
heating cycle, the synthetic mica precipitates from the glass as an extremely
fine, interlocked crystal phase which greatly contributes to the improved
properties. By improved processing techniques and slight composition
changes, it has been possible to obtain a dissipating factor as low as 0.0006
and a loss tangent at 8,600 MC as low as 0.0003, values which compare
favorably with those of high-purity aluminas and steatite.t

* Mycalex Corporation of Ameriea, Clifton, N. J.

T The author is indebted to Messrs. Backus and Hessinger?? for providing him with
an advance copy of their paper.
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TaBLE 3.5. PROPERTIES 0oF SUPRAMICA 620 CERAMOPLASTIC*

Electrical
Dissipation factor—1 megacyele. . ... ... ... .. ... oL 0.0015
Dielectric constant—1 megaeyele. . ......... ... . 7.2
Loss factor—1 megacyele. ...... ... .. 0.011
Dielectric strength—volts/mil, 1§ in. thickness.................... 250.
Arc resistance—seconds. ... ... 300.
Thermal
Maximum operating temperature. . ........... ... ... . ... ... 1550°F (850°C)
Thermal expansion coef./°C. X 1076, 0-300°C....................... 11.6
T, value—temp/10 ohm.cm............. ... ... ... ... ... ... 550°C.
Thermal conductivity—ecal/cm.2? see¢ °C./ecm at 100°C. ............... 0.0012
Mechanical
Tensile strength—psi. . ... ... ... . o 5,000.
Compressive strength—psi...... ... . ... ... 35,000.
Flexural strength—psi. ... ... 0 10,000.
Modulus of elasticity X 10%—psi static loading..................... 12.5
Impaet strength, Charpy—ft-lb. ... ... . ... o 0.5
Specific Gravity...... ... 3.2
Rockwell M hardness. ... ... ... .. . i 110.

* Courtesy Mycalex Corporation of America

Ceramoplastics are easily outgassed and are being used for structural
members in vacuum tubes.* Gould® has reported on the use of synthetic
mica in the design of a keep-alive electrode for TR tubes and found it
satisfactory at high peak-power levels for operation in excess of 1000 hours.
Synthetic mica has been used successfully for high-temperature vacuum-
tight windows which could be baked out at 700°C when a 0.015-in. thick,
annealed copper gasket was used in compression to accomplish a seal to a
stainless steel flange according to Sterzer." The technique for making mica
window seals deseribed by Donal, Jr.* * made use of a glass frit (solder
glass) which cannot be outgassed above 400°C. The same limitation, to a
more marked degree, applies to mica seals to metal or glass made with the
aid of silver chloride. Especially for demountable tubes, the copper gasket
seal thus offers distinet advantages.

Reconstituted natural mica has been evaluated for use in electron tubes
at the Receiving Tube Department of the General Electric Company at
Owensboro, Ky. McNees* finds that all of the different samples tested
evolve more gas than natural mica up to 600°C; at 800°C, however, natural
mica spacers become very gassy, and reconstituted mica spacers show less
gas evolution by comparison. Tubes Type 6201 were made with these
spacers and life tested. Samples of reconstituted mica from different sup-
pliers showed greatly varying performance; the best of these approached
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natural mica spacer tubes up to 320 hrs. life but, thereafter, deterioration

of

emission, transconductance, and plate current became apparent.
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CHAPTER 4

CARBON AND GRAPHITE

Introduction

Carbon and graphite find many direct and indirect applications in the
electrical industry; earbon brushes for commutators are a familiar item and
so are carbon electrodes in electrolytic cells, or graphite electrodes in are
lamps. By far the largest tonnage of carbon and graphite is being used in
the metallurgical and electrochemical industry in arc-melting furnaces.
The largest carbon electrode made for submerged-arc furnaces was recently
described as weighing seven tons and being more than five feet in di-
ameter.! Carbon or graphite blocks, pipes, and beams are used as struc-
tural members; carbon blocks serve a useful purpose in block brazing.
Diamond, another modification of carbon, is used for wire-drawing dies,
as mentioned in preceding chapters, and as an abrasive for grinding ceram-
ics. The abrasive properties of carbon and diamond stand in contrast to
the lubricating quality of graphite which is used in a colloidal suspension
to lubricate diamond dies.

These widely varying applications of carbon in its different modifications
suggest a correspondingly wide range of physical properties which are
brought about by different atomic arrangements. This story has been told
by Kingswood? who gives a review of the role of carbon in the engineering
and metallurgical industries. Other principle sources of information on
carbon and graphite are listed in references 3-10.

The more specific applications of carbon and graphite in the electron
tube industry have been described in an exhaustive review article in two
parts by Espe!! which is profusely illustrated and contains 85 references on
the applications of carbon and graphite in high vacuum technique.

“Carbon black is a generic term for a group of intensely black, finely
divided pigments made by thermal decomposition, or partial combustion,
of the vaporizable portion of any carbonaceous material. Common soot
produced by a smoky oil or coal fire is a form of carbon black similar to
lamp black.”t® Depending on the method of manufacture and the raw
material used, a great number of different carbon blacks with different
properties are known. The present author well remembers investigating a
variety of lamp blacks for the coating of tuning indicator targets to reduce
the socalled “blocking effect” at low incident electron cnergies. The soot
deposited onto the nickel target from an acetylenc flame proved to be most
effective, and the willemite powder was then sprayed on top of this soot

148
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layer.”>> ¥ Admixture of carbon to the willemite powder, or carbonization
of a nitrocellulose spray carrier in a vacuum furnace, has also been practiced
to impart a degree of conductivity to the luminescent coating.!*

When carbon black is heated for a prolonged period to a temperature of
3000°C, graphite is formed which has a distinct crystalline structure;l? its
physical properties differ markedly from those of carbon black. Carbon
which has been transformed into graphite at high temperature is known
as electrographite. Just as in the case of carbon black, many varieties of
electrographite are commercially available and differ in their properties
depending on the raw materials used and the details of the graphitizing
process. A very high degree of purity can be attained, and it is for this
reason that graphite is used almost exclusively for electron tube compo-
nents, or for surface coatings which are prepared from colloidal suspensions
of graphite.

Physical and Chemical Properties

Figure 4.1 shows the phase diagram of carbon after Bundy and Hall,”
and Table 4.1 gives the physical characteristics of carbon and electrograph-
ite.

Manufactured carbon products are predominantly of two types, both of
which may be made from the same raw materials. When these materials
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Figure 4.1. Phase diagram of carbon. After Bundy et al.® (Courtesy Macmillan and
Co., Lid., London.)
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TaBrLe 4.1. Prysican CHARACTERISTICS OF CARBON AND ELECTROGRAPHITE

Carbon Diamond

Graphite

Lattice type: A4* dia-
mond
Lattice constant:%t
as = 3.56696 + 0.00005A
No. atoms/unit cell: 8

Atomic number: 6
Atomic weight: 12.010

Atomic valence: 1, 2, 3, 4

Valance orbitals: 2 s2 2 p? Closest approach of
atoms:! 1.54A
Isotopes: (10), (11), 12, 13, (14)
b 16
Thermal neutron cross-section: 3.3 £ 0.2 mbarn
atom
(1 barn = 1072 cm?)
Density (g/em3):17. 18 1.7-1.9 3.51
Hardness (Mohsg):1 10

16.5 (10KC)s
5.5 (100MC)
2.40242-2. 45922

Dielectrie constant:4 2.4

Index of refraction:

A9: hexagonal

2.4612 + 0.0001A
6.697A

4
1.415A (within layer)
3.35A (across layers)

o
Co

AGOT 2 4,35 BbAID

atom
(Reactor graphite)
1.70
AGW: 1.65-1.68
0.5-2.0

1.93-2.07

Melting point (°C):*9 subl. 3,652- >3,500 subl. 3,652-3,697
3,697
Boiling point (°C):1? 4,200 4,200 3700 (100 atm)
Sublimation temp. (°C): (4,350) 3700 (100 atm)
3400 (1 atm)
Triple Point: 4000 (100
atm) (NCCRes.Lab.)
Heat of vaporization (Keal/mole): 1433
Heat of sublimation 171.8 £ 0.24
(Kcal/mole) 212
Inthalpy AHe (Kcal/mole): —0.454 + 0.03 0
Entropy Sees (cal/deg/mole): 0.583 4 0.005 1.361 + 0.005
Vapor pressure:22, 2720 Fig 4.2
10-8 1007 10°% 105 10°¢* 10°% 1072 107! 10° 10! 102 Torr
1950 2030 2140 2250 2380 2520 2700 2900 3140 3420 3800 °K
Rate of evaporation (gm/cm?2/sec)?t (Acheson graphite):

2400 2500 2600 2700 2800 2900 °K
4.4 X 1008 1.8 X 1077 7.2 X 1077 3.0 X 1078 1.2 X 10-% 5.0 X 10~® Torr
Specific heat, €, (cal/mole/°C)? (graphite):

25 127 327 527 727 927 1127 °C

2.066 2.851 4.03 4.75 4.15 5.42 5.67
Thermal conduectivity (cal/ecm?/cm/°C/sec):

Varies widely (0.02 to 0.5 at 20°C)?25-28 depending on type of material, crystallite

size, and direction of measurement; see Figure 4.3

* Symbols used by Ewald and Hermann for the classification of erystal structures

in their “Strukturbericht.”

t1f more than one reference is given, the first one is the source of the quoted fig-

ures.
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TaBre 4.1—(Continued)

Carbon Diamond Graphite

Coefficient of linear thermal expansion (em/cm/°C); see Figure 4.4
Varies widely (10 to 50 X 1077 at 20°C) for polycrystalline material and differs
markedly in two directions of erystallites.18
Mean coefficient for polyerystalline material: 90 X 1077 (0 — 2500°C)
Thermal emissivity? %
Graphite: ey = (0.745 4 0.012) 4 (1.88 &£ 0.72) X 107° T for A = 0.653 u
Carbon: e = (0.789 £ 0.005) — (1.40 & 3.24) X 1077 Tk
Polished high-density graphite at 1480°K: e, = 0.780
After repeated ‘‘sublimations” at 1480 and 2030°K, e, of originally polished,
medium-density graphite rises from 0.75 to 0.905.
Thermal electron emission:3-33. 19
Electron work function: 4.62 + 0.02 e.v.
Richardson constant A: 60 = 2 a/cm?/deg? (4632, 30%, 45-24019)
J = 0.5 to 2.2 ma/em? at 2000°K32
Llectrical resistivity (microhm. em) (at 20°C):
Varies widely (800 to 1300 for graphite; 3500 to 4600 for carbon) depending on type
of material, heat treatment and direction of measurement; see Figures 4.5 and
4.6
Mechanical Properties:3. 377, 35 (see Figures 4.7-4.10)

Carbon Graphite
Modulus of elasticity in tension (psi X 10%) 1.6-2.3 0.8-1.4
Tensile strength (psi) 900-1100 440-2000
Compressive strength (psi) 6300-9000 1700-7500
Flexural strength (psi) 2500-3000 800-4000
Hardness (Scleroscope) 60-90 20-45

are heated to a temperature of the order of 1000°C, the resulting product
is known as “industrial carbon” which is extremely hard and has low values
of thermal and electrical conductivity. On heating to higher temperatures
of the order of 2500°C, or more, ‘“‘electrographite” results which is also
known as “artificial graphite,” or simply “graphite.” Graphite is compara-
tively soft and can thus be easily machined. The conversion from carbon
into graphite results in a 20-fold increase in thermal conductivity and a
four-fold increase in electrical conductivity ; graphite also has a lower tend-
eney toward oxidation.® The combination of low thermal expansion rate
on heating and high thermal conduetivity results in an unusual resistance
to heat shock; cracking or spalling of graphite is thus practically unknown.

It had been assumed at one time that carbon black was amorphous in
distinction to graphite and diamond which show well-developed crystal
lattices. Recent investigations have shown that carbon black also has a
microerystalline structure similar to that of graphite but probably much
more irregular in nature.2 According to Houska and Warren,” “a typical
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Figure 4.2. Vapor pressure of graphite. After Udy and Boulger.3 (Courtesy United
States Atomic Energy Commission.)

carbon black consists of parallel layer groups made up of individual graphite
layers which are stacked roughly parallel to one another but random in
orientation about the normal to the layer. The diameter of the layer is of
the order 20-30A, and the thickness of the parallel layer groups, measured
normal to the layers, is of the order 12-20A. On heat treating carbon blacks,
the dimensions of the parallel layer groups increase, and the X-ray pattern
sharpens. In the early stages, the layer diameter grows, and the number of
layers in a parallel layer group increases, but the orientation of the layers
about the layer normal remains random. When the layer diameter gets
above a certain size (I, = 100A), the layers begin to position themselves
with respect to a neighboring layer in the graphite relation.”

Diamond crystallizes in what is often called the “diamond-like lattice”
in which each earbon atom is surrounded by four other carbon atoms which
are located at the corners of a tetrahedron as shown in Figure 4.11. This
structure is known as the diamond cubic lattice (A4) which is also charac-
teristic for the structure of germanium. Graphite, on the other hand, forms
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(a) Schematic temperature dependence of the lattice heat conduectivity. (b) Ex-
pected temperature dependence of the thermal conductivity of polyerystalline car-
bons as a function of erystallite size. Case of absence of intercrystalline resistances.
(¢) Same as b, but case of presence of intercrystalline resistances at high tempera-

tures.
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sheet-like hexagonal lattices. The carbon atoms lying in the plane of a sheet
are much more strongly bound than those belonging to different sheets.
This fact explains the markedly different values observed for physical
properties of graphite when measured in the direction of the sheet on the
one hand and at right angle to the layer on the other.
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Since the manufacturing process favors the alignment of individual erys-
tallites, the graphite part resulting on heating to high temperature will
also exhibit distinctly different values for physical properties, such as tensile
strength and electrical conductivity, depending on whether they are meas-
ured in the direction of extrusion or at right angle to the direction in which
pressure was applied. Large values are obtained for the two quantities just
mentioned in the direction of extrusion and much smaller values at right
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angle to this direction. Similar preferred directions exist in parts molded
under pressure in a die.

The high radiancy of graphite results in a substantially lower temperature
of operation than that attained by other materials at equal power input.
This behavior is illustrated in Figure 4.12 and Table 4.2 which give data
of radiated power and vapor pressure at different temperatures for graphite,
tantalum, and molybdenum. It is evident that graphite has a much superior
power dissipating capacity than either molybdenum or tantalum at a given
temperature. The vapor pressure of graphite is somewhat higher than that
of tantalum or tungsten but lower than that of molybdenum; for a given
power input where the vapor pressure of tantalum reaches 6 X 10=% Torr
at an operating temperature of 2527°C, graphite reaches a temperature of
only 1200°C, and its vapor pressure is consequently lower by nearly 10
orders of magnitude. For these reasons, graphite is a favored anode material
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Figure 4.12. Comparison of radiation capacity of graphite, molybdenum, and
tantalum. (By permission from ‘‘Engineering Malerials Handbook,” C. L. Mantell,
Editor. Copyright 1958. M cGraw-Hill Book Company, Inc.)®

in power tubes, high voltage rectifiers, and ignitrons where large overload
capacities are required.

Graphite is a poor emitter of thermal electrons, as illustrated in Figure
4.13, and also gives one of the lowest yields of secondary electrons when
bombarded by a beam of primary electrons (Iigures 4.14 and 4.15). Sur-
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TaBLE 4.2. CoMPARISON OF VAPOR PRESSURE orF ANODE MATERIALS
wIiTH RapiaTep KNeRGY AND TEMPERATURE®
Vapor pressure,

Anode material

Graphite 253.0
Tantalum 19.0
Molybdenum 80.0
Graphite 92.0
Tantalum 6.0
Molybdenum 22.0
Graphite 24.0
Tantalum 24.2
Molybdenum 24.0

Total energy radi-
ated, watts/cm?

7
9
5

— Oy =1
XXX XXX X

W o W

mm Hg

X
X

10—¢
10-8
10-3

1073
10-19
10-¢

10718
105
107¢

Temp,
°C

2400
2400
2400

1800
1800
1800

1200
2527
1830
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* By permission from “Engineering Materials Handbook,”” Ch. L. Mantell, Editor.
Copyright 1958. MeGraw-Hill Book Company, Inc.®
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Figure 4.13. Electron emission of graphite. After Kramér.3 1! (Courtesy Rudolf A.

Lang Verlag, Berlin-Charlottenburg.)
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face coatings of graphite suspensions are thus used as a means to minimize
secondary electron emission from metallic elements in tubes, such as grids
and beam collectors.?!" 2

The chemical properties of carbon (Table 4.3) are characterized by high
resistance to attack by all common solvents and a relatively low resistance
to oxidation.

Graphite Anodes

The choice of a suitable anode material for a particular tube structure
is affected by many factors which have been discussed at various times by
different authors;* 11,30, 46-49. 51 5 ligt of the desirable properties of anode
materials is presented in Table 4.4, and more specific data are given in
Table 4.5. A compromise will have to be made in general between the
desirability of certain properties and the economics of production. Receiv-
ing tubes for the entertainment industry thus generally contain anodes
made of iron, aluminized iron, nickel-plated iron, and only in special cases
pure nickel. Reliable tubes for critical environments may have anodes
consisting of Kovar,* Monel,T or titanium. Molybdenum, tantalum, and
graphite are most generally used in power tubes with glass envelopes, and
OFHCYI copper is the common material for power tubes with external
anodes that are cooled either by forced air or water circulating through a
cooling jacket.

Some of the advantages of graphite as an anode material have been
pointed out above; a good many of its disadvantages which were prevalent
in the past have been overcome in recent years. Iflectronic-grade graphite
can now be obtained with an impurity content as low as 0.003 per cent so
that the formerly objectionable content of calcium compounds is virtually
eliminated.® Another difficulty which was frequently encountered with
graphite parts in the past was the danger of having loose carbon particles
released during the operation of the tube by abrasion of the graphite surface
where it is in contact with metal parts, or by the action of high voltage
gradients. Such loose carbon particles might then find their way to the
cathode and cause poisoning of the emission, or produce noise in the tube.
These difficulties have now been largely overcome. Not only is graphite
now being produced from a finer and more uniform grade of carbon so that
it takes on a hard surface and can be polished, but it is also possible to
electroplate the surface with chromium, or apply a coating of zirconium,

* Registered Trademark of the Westinghouse Electric Corporation. Fabricated
Kovar parts and assemblies are available from The Carborundum Company, Refrac-
tories Division, Latrobe, Pa.

t Registered Trademark of the International Nickel Company, Inec.

1 Registered Trademark of American Metal Climax, Inc.
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TaBLE 4.3. CueMicAL PROPERTIES OF CARBON AND LELECTROGRAPHITE
Valence 4 Valence 2

Electrochemical equivalent :19 0.03111 mg/Coul.  0.06223 mg/Coul.
32.13989 Coul/mg 16.06994 Coul/mg

A. Reactions with gases and vapors:
air, dry or moist, up to 170°C: none; (direct formation of surface oxide at 25°C
requires many days).*® Carbon begins to show noticeable signs of oxidation
above 350°C and graphite above 450°C although the rate of oxidation is not
rapid even at 600°C; (see Figure 4.16/17.) Above 500°C, the rate of oxidation
of graphite increases with time, below 475°C it deereases.®
nitrogen: none up to 3000°C;* when heated in an inert atmosphere, such as
helium, diamond will readily convert to graphite at 1800°C.5
oxygen: charcoal ignites above 400°C, graphite at 700°C, diamond at about
800°C.
hydrogen, dry: formation of CH, in range of 1100 to 1500°C (0.1 p.c. yield which
decreases with increasing temperature).4® In presence of catalyst (Ni), CH,
is formed at 900°C.3 (at 500°C)*
hydrogen, wet (bubbled through water at 25°C): above 1000°C, conversion into
CO + H, at about 3 p.c. yield; (yield of same reaction above 1000°C becomes
12 p.c. for water at 50°C)*s
water vapor: above 1000°C nearly complete conversion into CO 4+ H.;* negli-
gible reaction below 800°C.3
carbon dioxide: negligible below 800°C; formation of CO above 800°C.3
chlorine: none up to 2300°C.?
bromine: formation of interlamellar compounds at 20°C.?
fluorine: formation of interlamellar compounds at 20°C.3
potassium vapor: formation of interlamellar compounds at 20°C.3
sulfur vapor: formation of CS, at 20°C.10
B. Reactions with liquids:
water: up to 100°C none.
dilute acid or alkali: none below boiling point.?
aqua regia: none.
HC!I up to boiling point: none.
HF (15%) up to boiling point: none; anodic etching possible, however.!!
H,S0, (989%,): eauses swelling of graphite but not of carbon.s
HNO; , cone: attack; formation of mellitic acid, Cy(COOH)s, hydrocyanic
acid, HCN, or CO, + N,0.3
KOH (50%): dissolves graphite above 350°C.3
H.Cr.07; + H,S0, : oxidation.
20 ¢.c. HNO; (cone.) 4+ 40 c.c. HaSO4 (cone.) 4 20 gr KClO; dissolves 1 grgraph-
ite with formation of graphitic acid.* 46
carbon tetrachloride: none up to boiling point.
trichloroethylene: none.
C. Reaction with solids:
Alkali hydroxides (in inert atmosphere): at fusion no attack.?
Sodium sulfate: at fusion no attack.?
Sodium carbonate: formation of CO at fusion.?
Most metals: formation of carbides above 1500°C.3
Metal oxides: formation of metal carbide and carbon oxides.?
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Figure 4.16. Combustion rate of carbon and graphite vs. temperature in terms of
relative weight loss per hour. After Bemis and McKnight.4* (Courtesy Speer Carbon
Company and International Graphite & Electrode Corporation.)

i
1600 °F

or metallize the surface with molybdenum or a combination of molybdenum
and vanadium.??: 5

In the past, it was not possible to weld or braze graphite to metals so
that it was necessary to provide screw threads or channels through which
leads could be passed and locked at the ends. In recent years, new processes
have been announced by which carbon can be soldered or welded to metals
so that this former difficulty also seems to have been overcome.

The mechanical strength of graphite is relatively low although it in-
creases with temperature and reaches about twice the room temperature
value at near 2400°C.** For this reason, relatively large wall thicknesses
must be used for structural elements. Since the density of graphite is quite
low, a substantial increase of wall thickness can be tolerated without greatly
increasing the weight of the part. The wall thickness of anodes is usually
held to the range from 60 to 80 mils but very small anodes have been made
with a wall thickness as low as 16 mils; delicate grid structures have also
been made from graphite.!

When graphite is used in contact with glass or ceramic, some thought
must be given to the very strong reducing action of carbon which, at ele-
vated temperatures, may lead to the formation of free alkali or alkaline
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Figure 4.17. Effect of different atmospheres on the oxidation rate of graphite; a)
normal air flow; b) air flow velocity doubled; ¢) oxygen content of air reduced to one-
tenth normal at normal flow rate. After Bemis and MeKnight.** (Courtesy Speer Carbon
Company and International Graphite & Electrode Corporation.)

TaBLE 4.4. DESIRABLE PROPERTIES OF ANODE MATERIALS

Mechanical strength at highest operating temperature
Kase of fabrication and good weldability

Ready availability and low ecost

High rate of power dissipation

Ease of outgassing

Low vapor pressure

High melting point

Low thermal expansion on heating

High thermal conductivity

High electrical conductivity

Low sputtering rate

Good getter action

Suitable magnetic properties

Suitable secondary emission

Chemical inertness to filler gases or vapors
Compatibility with cathode material

Resistance to atmospheric corrosion (external anodes)
Ease of joining to ceramic or glass (external anodes)
Resistance to nuclear radiation
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earth metals of low work function that may cause breakdown during inverse
voltage cycles in rectifier tubes. For this reason, these areas of contact be-
tween graphite and glass, or ceramic, should not be exposed to the electrical
field.

Qutgassing of Graphite

Owing to the porous nature of graphite, considerable quantities of gas
are absorbed by this material, and parts made from it must thus be sub-
jected to a special outgassing treatment before they are mounted in the
tube. The principal gases released are CO., CO, Ny, and Ho ; in addition,
the surface will contain adsorbed gases so that the outgassing treatment
must aim at the removal of both these constituents. The various gases are
bound to the external and internal surfaces to varying degrees, and com-
plete outgassing thus requires exceedingly high temperatures. According
to Norton and Marshall,® graphite heated in vacuo at 2150°C will not
release further gas on subsequent heating at higher temperature. The gas
evolved in the range from 1700 to 2200°C is predominantly nitrogen. A
piece of graphite which has been completely degassed in this manner will
absorb oxygen on subsequent exposure to air and release this oxygen as
carbon monoxide only on heating to 2150°C; it should thus be stored in an
evacuated container or in a rare-gas atmosphere such as argon. A less
rigorous outgassing treatment may be permissible when the operating tem-
perature of the anode during service is kept at low values. Iiring in hy-
drogen at 1000°C for a period of from one-half to one hour is a practice
used for small graphite anodes which can then be raised to higher tempera-
tures by induction heating on the pump. The carburizing of thoriated tung-
sten filaments by flashing in a hydrocarbon atmosphere must be done before
the graphite anodes are mounted because the removal of absorbed hydro-
carbons from the porous graphite body would require a much longer pump
cycle.!

Less pure grades of graphite may require special treatment to remove
remaining binders and volatile impurities. Air-firing by furnace- or induc-
tion-heating is used to bring the graphite part to a high temperature which
is maintained while a film of burning gases remains. Some manufacturers
quench the red-hot graphite part in boiling distilled water or other liquid
to dislodge loosely adhering particles.®®

In order to eliminate the release of gas from graphite anodes used in
transmitting tubes containing thoriated tungsten cathodes, Espe!' de-
scribes a method by which a layer of zirconium hydride is applied to the
graphite electrode by cataphoresis and then transformed into zirconium
carbide by heating in a vacuum furnace at 2000°C. A second layer of zir-
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conium hydride is then applied cataphoretically and reduced to zirconium
metal by heating to 1500°C for a period of one-quarter to one-half hour.

Special Techniques and Applications

In addition to its use as an anode material, graphite finds many other
applications in the tube industry. Surface coatings of colloidal graphite
suspensions are commonly used on the internal wall of cathode ray and
picture tubes to remove wall charges and serve as an extended anode to
provide a field-free region within which the electron beam travels.

In order to render graphite impervious to liquids and gases, “Karbate
carbont and graphite products are produced by impregnating the more
conventional products with synthetic resins and phenolic or modified phe-
nolic type and polymerizing these resins within the normal pore structure.
Porosity is reduced to a minimum in this manner, and imperviousness even
to gases under pressure results.® These Karbate products find extensive
use in the chemical industry but, owing to the presence of organic fillers,
they naturally have no place within a vacuum tube. By replacing the afore-
mentioned resins with finely divided carbon, a truly impervious graphite
results which can be subjected to temperatures as high as 3000°C. This
material is marketed under the trade name “Graph-I-Tite” by Graphite
Specialities Corporation of Niagara Falls, New York, and as grade ATJ-82
by National Carbon Company, Division of Union Carbide Corporation,
Cleveland, Ohio. While these materials are still permeable to gases to some
degree, it should not be difficult to render them vacuum tight by metalliz-
ing their surface.

Electrolytically polished graphite anodes have been described by Bakker®?
who uses a bath of molten potassium hydrofluoride KHT; in which the
graphite part is immersed and made the anode of a 130-volt supply; 15
amperes are passed for one-half hour after which time the graphite anode
is as smooth as a mirror. The current density ranges from 0.1 to la/em?
When such anodically polished anodes are used in rectifier tubes, the
danger of arc-back is greatly minimized according to the claim of the in-
ventor.

Protective coatings for graphite have been described by Lynch, Slyh,
and Duckworth® who apply a coating of molybdenum disilicide in the form
of powder suspended in a phenolic-resin vehicle which is cured and then
heated in a neutral or reducing atmosphere to 2150°C. A dense, adherent,
glaze-like surface results which protects graphite in a hot, high-velocity
stream of oxidizing gases such as are encountered in the use of rocket mo-

1%

* “Karbate’ is a registered trade name of National Carbon Company, Division of
Union Carbide Corporation.
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tors. Under oxidizing conditions, the upper temperature limit of the coat-
ing is given as 1930°C. The major phase of the matured coating is molyb-
denum silicon carbide.

The use of graphite in the atomic energy program has been described
by Fletcher and Snyder® and also by Currie, Hamister, and MePherson.”
Graphite is valuable both as a neutron moderator and as a structural com-
ponent for reactors; its high neutron moderating efficiency, low neutron
absorption cross-section, its extreme chemical purity, high mechanical
strength, its refractory properties and its resistance to thermal shock make
it particularly suited for this purpose. Like other materials, graphite suffers
radiation damage on exposure to nuclear radiation which, in the case of
graphite, causes primarily the displacement of carbon atoms from the
graphite lattice by collisions with energetic neutrons, or with previously
displaced, energetic carbon atoms. These lattice distortions bring about an
expansion of the graphite parts and an increase in electrical resistivity
and thermal resistivity which are dependent on neutron flux density and
temperature during bombardment. The changes incurred by irradiation at
a given temperature may be annealed by heating the graphite to higher
temperatures; by heating to temperatures approaching graphitization tem-
perature (over 2000°C), virtually complete recovery of properties may be
realized.50-6

Electrographite for nuclear reactors is being produced to an exceptionally
high degree of purity by a classified process, known as the “F” process,
developed by United Carbon Products Company; it results in a maximum
total ash content that will, in general, not exceed 10-20 ppm. Boron con-
tent 1s kept so low that it cannot be detected by the most sensitive spectro-
graphical methods, according to Alsopp.%%

Graphite is a suitable material for molds both for metallurgical applica-
tions and the production of special glass shapes in the laboratory. A hard,
dense graphite of the pitch-treated grade is recommended, and high thermal
conductivity, toughness, and resistance to thermal shock are necessary.®
The ready machinability of graphite* makes it possible to produce intricate
shapes, but on repeated usage such graphite molds tend to oxidize and take
on a rough surface. The techniques mentioned above for electropolishing
and plating of graphite may well recommend themselves to improve the
wear resistance of graphite molds. Graphite is also used extensively as a
die material for the hot pressing of ceramics, cermets, and refractory mate-
rials made by powder metallurgical techniques.®®

Furnace boats made from graphite are useful for many applications in
the tube shop as well as in the factory; they should not be used, however,
when decarburizing is the main object of the furnace run. When Kovar

* Alumina ceramic bits are recommended for this purpose.
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Figure 4.18. Improved Czochralski erystal pulling furnace; a) graphite heater; b)
crystal, erucible, heater, and radiation shields. After Marshall and Wickham.7
(Courtesy Services Electronic Research Laboratory, Baldock, Herts, England.)
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parts are supported on graphite during the customary firing in wet hydro-
gen for the purpose of stress relief and decarburization, subsequent scals
made with such parts will be full of bubbles.

The use of graphite for high-temperature furnace elements is another
application of great interest. Many such furnaces have been described in
the literature;®® Figure 4.18 shows a crystal-pulling furnace described by
Marshall and Wickham.”
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CHAPTER 5

IRON AND STEELS

Introduction

Knowledge of the basic properties of iron and steel is of some importance
to the tube maker since these materials are used extensively. From alu-
minum-clad iron for receiving tube anodes, to stainless steel gun structures
in travelling-wave tubes (TWT), steel housings for thyratrons, ignitrons,
mercury-vapor rectifiers, alloy support rings for color masks in TV tubes,
glass-sealing alloys, steel foil windows for counter tubes, ete., iron and
steels are found in many different tube components.

In view of the very extensive literature on the subject, the following ex-
position must be brief and limited to highlights which have a special bear-
ing on problems encountered in the manufacture of tubes. Nevertheless, a
few terms commonly used in describing the strength of materials will be
defined for the benefit of those who have not been exposed to them before,
or who, in spite of such prior treatment, are not fully aware of their sig-
nificance. The best way to fill such gaps, naturally, is to consult some of the
textbooks devoted to these subjects.’-?

The strength of materials

The strength of materials is usually determined by applying a load (P)
to the material under study and observing the resulting deformation (e).
In the case of a static load, the external forces acting on the system are in
equilibrium, and the deformation may take the forms of elongation, con-
traction, or shear. The forces which act in small domains in the interior
of the body are known as stresses; they resist the deformation induced by
the load and result in strain. Depending on whether the forces acting on
the system take the form of thrust or traction, there are two kinds of prin-
cipal stresses, i.e., pressure and tension, and the corresponding strains are
compression and extension. When referred to axes oblique to the principal
stresses, there are furthermore shear components of stress and strain.

As long as the elastic range of the material is not exceeded, the balance
of the force reactions is governed by Hooke’s law which states that stress
S is proportional to total strain e, i.e.,

S=FXe

where the proportionality constant £ is charistic for the material under
test and known as the modulus of elasticity. Depending on the type of load

174
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applied, one speaks of a modulus of elasticity in tension (Young’s modulus),
in compression, or in shear (¥,, E,, E;). The readings taken with a tensile
strength testing machine give the load vs. the elongation, but are generally
presented as stress-strain diagrams in which the unit stress, S, is plotted as
a function of unit elongation, £, referred, respectively, to the original
cross-section, A, , of the testpiece and its original length, [, . The following
relations thus apply:

S;=P/Av; e.=eXlb; Ei=8/e

The fact that the cross-section of the testpiece decreases after the onset of
necking is neglected in most engineering tests, but is taken into account in
more refined tests where reference is made to the true tensile stress, S =
P/A, and true strain, &, defined by the incremental change dé = di/I.

Figure 7.8 (p. 222) is an example of a conventional stress-strain diagram;
following the curve from the origin, one encounters in succession the fol-
lowing important points:

(1) the proportional limit; up to this point Hooke’s law applies, according
to which a lincar relationship exists between load and elongation in the
elastic range.

(2) the elastic limit, just beyond the proportional limit; curvature sets in
but, on release of the load, the body still returns to its original shape with-
out suffering a permanent deformation.

(3) the yield point, to which corresponds the yield stress; S, , where an
increase in elongation is obtained without increase in load. It may decrease
in some materials so that an upper and lower yield point can be distin-
guished; in the latter case, the lower yield point is quoted as S, . In the
absence of a lower yield point, S, is determined by drawing a line parallel
to the straight-line portion of the curve at a preselected off-set, usually
0.2 per cent, and calling the intercept with the measured curve the yield
point. Other values of offset may be chosen, or S, be determined by the
tangent to the curve drawn parallel to a line with 1.5 times the slope of the
lower part of the measured curve. The yield strength so determined is
known as Johnson’s Apparent Elastic Limit (Figure 7.8), but is rarely used.

(4) the ultimalte tensile strength, S, , also referred to as just tensile strength,
which is given by the maximum of the curve, or the highest value attained.

(5) the breaking strength or rupture strength given by the end point of the
curve where the material breaks; this point is generally lower than the
tensile strength.

Examples of curves where the true tensile stress is plotted vs. true strain
are Figures 9.7 and 9.8; in these cases, no maximum is observed when the
load is referred to the decreasing instantaneous cross-section of the test-
piece, rather than to the original cross-section 4, .

The general engineering data for materials quoted in handbooks refer to
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measurements taken at room temperature. In the construction of electron
tubes and of many other critical devices, account must be taken of the fact
that the strength of materials rapidly diminishes with increase in tempera-
ture. An effort has thus been made to present high-temperature data for
many of the physical and mechanical properties of metals and alloys treated
in the following chapters. The properties of materials are also seriously af-
fected by the presence of impurities, by their grain size, by recrystalliza-
tion and grain growth, and by phase transformations which may take place
at elevated temperature. Creep—the plastic flow of a material in the pres-
ence of a continuous load applied over a long period of time—and fatigue—
the deterioration of mechanical properties in the presence of repetitive
loads—are also important factors that must be taken into account if a
structure is to survive under adverse conditions of operation.

Extensive studies in recent years have led to the realization that “real”
materials behave in a much more complex manner than had been assumed
in the past when the “ideal’ isotropic continuum was the basis for engineer-
ing calculations of strength properties. Imperfections in the submicroscopic
structure have been shown to exist by the methods of x-ray diffraction,
electron microscopy, and electron diffraction, as well as by etching tech-
niques, or the effect of the associated strain fields. Grain boundaries, dis-
locations, vacancies, and particles of a second phase are examples of such
imperfections, which can produce internal stresses on which the micro-
scopic behavior of a test member under load largely depends. The stress-
strain curve is thus at best a coarse representation of material propertics.

The distinction between ductile and brittle materials, long used as an
engineering classification, must also give way to a more subtle treatment
when it is realized that all engineering materials possess inherent propensi-
ties of brittleness as well as of ductility. Under sufficiently large cyclic
stresses, all materials give evidence of brittle behavior by the formation of
cracks. Brittle fractures can also occur in apparently ductile materials
under steady stress. The phenomenon of creep-to-rupture at high tempera-
tures provides still another evidence of brittle behavior in circumstances
which might be expected to cause large-scale yielding. At the end of the
process, however, fracture oceurs in brittle fashion, particularly in tests of
long duration at lower stress.1%. 1!

Examples of the transition from ductile to brittle fracture on lowering
the ambient temperature are given in Chapters 9 and 10. For high-purity
iron and some steels, this transition takes place at —200°C in a simple
tensile test, while these materials fail by brittle fracture below —15°C in
the V-notch Charpy impact test. The type of loading thus has a marked
effect on the type of failure encountered.?

The physical properties of pure iron'® are tabulated in Table 5.1. Pure
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iron is ductile and, in its commercial form, is known as ingot iron. The
question arises, how pure is pure? To avoid the discontinuous behavior
of the stress-strain curve of low-carbon steel when increasing values of
strain are measured, the carbon and nitrogen*® content in fine-grained poly-
crystalline steel must be well below 0.01 per cent and below 0.003 per cent

TaBLe 5.1. THE PrysicarL CHARACTERISTICS OF PrrE Iront 13

Atomic number: 26 Atomic valence: 3, 2

Atomic weight: 55.85 Valence orbitals: 3d%s?

Isotopes: 54, 56, 57, 58 Lattice type: b.c.e. («); f.c.c. (v);
Density (gm/ce): 7.871 (19°C) b.c.e. (8).
Melting point (°C): 1537 4= 1 Lattice constant (A): 2.86645 (a);
Boiling point (°C): 3070 3.64 (v); 2.94 (5).

As transformation (¢ — v); (°C): 910 Atomie diameter: 2.52 A
A, transformation (y — §); (°C):1386 &= 5 Atomic volume (cc/gm atom): 7.10
Curie point A (°C): 760 Closest approach of atoms: 2.476 A
Heat of fusion, AH,, (Kcal/mole): 3.6
Heat of vaporization, AH (Kecal/mole):
Entropy of fusion, AS,, (cal/mole/deg K): 2.0
Kntropy of vaporization, AS, (cal/mole/deg K):
Entropy at 298.16°K, AS (cal/mole/deg K): 6.491
Specific heat (cal/gm/°C):
0 20 50 100 200 300 400 500 600 700 800 °C
0.104 0.106 0.109 0.114 0.125 0.133 0.144 0.159 0.180 0.220 0.200
Thermal conductivity (cal/ecm?/cm/sec/°C):
30 100 200 800 100-727 100-912 100-1245 °C
0.173 0.163 0.147 0.071  0.202 0.184 0.191
Thermal expansion coeff. (cm/cm/°C):
—100-0 0-20 20-100 20-300 20-600 20-900 °C
104 116 121 134 147 150 X 1077
Vapor pressure (mm Hg) :?
log p = (—21,080/T) + 16.89 — 2.14 log T (900-1812°K)
log p = (—19,710/T) + 13.27 — 1.27 log T (1812-3000°K)
10 107 10-¢ 1075 1074 1073 1072 107! mm Hg
1150 1220 1290 1380 1480 1595 1740 1910 °Kw
Spectral emissivity (25°C):4
0.5 0.6 1.0 20 3.0 4.0 50 7.0 micron
0.45 0.43 0.35 0.22 0.16 0.12 0.09 0.07
Total emissivity 3
25 100 500 1000 1200 1400 °C
0.05 0.05 0.08 0.11 0.13
Klectrical resistivity (mierohm-em):
0 50 100 150 200 °C
8.8 11.5 14.5 17.8 21.5
Maximum permeability: 250,000 (H, = 0.04 oersted) Pure iron treated in hydrogen
at 1350°C
Electron work function: 4.5 e.v.
Richardson constant A: 26 a/cm2deg?

* The influences of carbon and nitrogen on the properties of iron are similar in
many respects.
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TaABLE 5.1-—-Continued

Mechanical Properties: These depend to a large extent on the degree of purity of
“pure’’ iron, on grain size and lattice defects, and on heat treatment as shown
below for typical high-purity iron furnace-cooled (F.C.), air-cooled (A.C.), and
water-quenched (W.Q.) from 950°C to room and sub-zero temperatures:!3

20°C —173°C —196°C

F.C.} AC.|WQ. | F.C. |AC. |WQ. | FC. | AC | WQ

Lower yield stress (10 psi) 13.02|15.71|21.32(34.7834.7846.4575.85/78.09| —

Tensile strength (102 psi) 36.1336.58|39.49(48.25(48.70|56.55/80.56;87.29/61.71
Elongation (% on 4+/area) 61 |55 |52 {61 63 |31 0.5]2 0
Reduction of area (%) 87 90 91 (|87 |86 |54 0.5]2 0
Grain size (grains/mm) 6 7285 — | — | — | — | — | —

Young’s modulus (106 psi): 28.5 &= 0.5
Poisson’s ratio: 0.29

in a single erystal of iron.? Only then is a continuous transition from elastic
to plastic yielding encountered. If earbon is added to carbon-free iron in as
small an amount as 10 parts per million (ppm), the yield strength will in-
crease by at least a factor of 2.12 Other “impurities,” in the sense suggested
above, will have a similar effect on strain hardening. Typical chemical
compositions of commercial iron are listed in Table 5.2." Reactions of iron
with chemical reagents are given in Table 5.3.

The solubility of earbon in ferrite at 20°C is about 0.006 per cent and
that of nitrogen at the same temperature is less than 0.001 per cent. Both
elements form solid solutions of the interstitial type with iron. If carbon or
nitrogen segregate on ageing or as a result of mechanical shock, the mag-
netic properties of ferrite are seriously impaired. Pure iron is less subject to
corrosion than are carbon steels. Gas absorption and sputtering rate for iron
electrodes in gas discharge lamps are higher for impure iron. “Svea iron”*
has been widely accepted for such electrodes and other applications where
its high purity gives superior performance and warrants the extra cost.
Armco iront is another ferritic iron of low carbon content which finds ap-
plication for magnetic shields in tube structures, and so is Core Ironi and
“Ingot Iron”’§ tubing which is also known as “Globe Iron.”||

Trademarks:

* Swedish Iron & Steel Corporation, Westfield, N. J.

t Armco Steel Company, Middletown, Ohio.

1 Carpenter Steel Company, Reading, Pa. (The same alloy is known as Miromold
when used for plastic molds.)

§ Superior Tube Company, Norristown, Pa.

|| Globe Steel Tubes Division, Newport Steel Corp. Newport, Ky.
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TaBLE 5.3. CuEMicaL ProprerTIES OF PURE IRON
Klectrochemical equivalent: Valence: 3 2

0.19291 mg/Coul. 0.28938 mg/Coul.
5.18353 Coul./mg 3.45568 Coul./mg

A. Reactions with gases and vapors:
dry air at room temperature: none; finely divided iron will ignite.
moist air: rapid corrosion by forming hydrated ferric oxide, Fe.O3; X H,0
water vapor: 3 Fe 4+ 4 H,O — 4 H, 4 Fe;04 ; red hot iron and steam interact
to form an adherent, nonporous black coating
oxygen: combustion to ferroferric oxide, Fe;0,
carbon monoxide: formation of iron tetracarbonyl, Fe(CO),, a gas, at 80°C;
formation of iron pentacarbonyl, Fe(CO); , a yellow liquid (B.Pt. 103°C) by
reaction of finely divided iron with CO at room temperature; decomposed
by light, air, and moisture at R.T.; decomposes above 200°C!é
B. Reactions with liqguids:
H,0: none if water is absolutely pure and free of dissolved oxygen
H,S0, , cold, dilute: formation of ferrous sulfate with evolution of H,
H,S0y , hot, cone.: formation of ferrous sulfate with evolution of H.
HCI, cold, dilute: formation of ferrous sulfate with evolution of H,
HNO; , cold, dilute: dissolution
HXNO; , hot, cone.: dissolution
HNO; , cold, conc.: formation of passive surface
alkalies: none, except with hot solutions of high concentration
mercury: none up to elevated temperatures
gallium: attack above 200°C on stainless steel
C. Reactions with solids:
alkalies: none
carbon: formation of Fe;C, cementite, at elevated temperature
D. fron oxides: removed by hydrogen or vacuum firing at 900-950°C1%
FeO—protoxide, ferrous oxide, black; M.Pt. 1420°C, changes rapidly to Fe.O;
at R.T.
Fe;O,—magnetite, ferroferric oxide, triirontetroxide, black; decomposes at
1538°C
Fe.();—hematite, sesquioxide, ferric oxide, red; M.Pt. 1565°C.

The Iron-Carbon Equilibrium Diagram! V7

Apart from other alloying constituents which are present in varying
amounts in the numerous types of steel, carbon is the determining element;
it affects not only the predominant microstructure of the alloy but also
the resulting physical characteristics of plain carbon steels. Ingot iron, as
previously mentioned, has the lowest content of carbon and other alloy-
ing elements; it is used largely for sheets on account of its corrosion-re-
sistant properties. Exira soft or dead soft steel contains from 0.08 to 0.12%
carbon (AISI 1010) and finds application where ductility, toughness, welda-
bility, or ease in cold-working are desirable, and strength or stiffness is a mi-
nor consideration. Structural grade, or meld steel, contains from 0.15 t0 0.25 %
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carbon (AISI 1020); medium grade ranges from 0.25 to 0.35 % carbon con-
tent (AISI 1030) and is harder and stronger than mild steel, yet it may be
hot-forged without difficulty. Medium hard steel contains from 0.35 to
0.65 % carbon (AISI 1040) and enters into the range where the final condi-
tion and reliability is much dependent upon the past mechanical and heat
treatment. Hard steel ranges from 0.65 to 0.85% carbon (AISI 1075) and
is used only after it is heat-treated to a correct combination of strength
and ductility. Spring grades range from 0.85 to 1.05% carbon and are
likewise used in a heat-treated condition as are high-carbon tool steels
which contain from 1.05 to 1.20 % carbon; each additional 0.01 % carbon
increases the ultimate strength in the annealed condition by approximately
1,000 psi, but at the expense of ductility or toughness, the latter property
being expressed by the product of strength and ductility and measured in
impact tests.® Cast drons contain from 2.2 to 4.5% carbon and show little
or no ductility; the ratio of compressive strength to tensile strength for
gray iron is 4:1. By special treatment, malleable iron and ductile, nodular,
or spheroidal graphite iron is obtained, the latter having a compressive
to tensile strength ratio of 2:1.

The wide range of compositions between iron and carbon is represented
in the iron-carbon phase equilibrium diagram (Figure 5.1). Familiarity
with this diagram is a prerequisite to the understanding of the properties of
steel and special glass-sealing alloys described in Chapter 13. When pure
iron is heated to higher and higher temperatures, it undergoes several
phase transformations; the various phases exist within a limited range of
temperature and enter into solid solution with carbon in different concen-
trations. The terminal solid solution at the left-hand side of the diagram
is known as alpha iron which crystallizes in the body-centered cubic sys-
tem; a-iron becomes nonmagnetic at 769°C (Curie point); this temperature
is given the designation As, represented by the As line drawn parallel to
the abscissa.

At 906°C, a-iron transforms into y-iron which crystallizes in the face-
centered cubic system.* At 1404°C, y-iron transforms into §-iron, which is
again body-centered cubic and exists up to the temperature of 1535°C,
where it melts (Point A). The liquidus is given by the line connecting points
A, B, C, D. At a carbon content of 6.67 per cent, the compound cementite
(FesC) is formed, which has an orthorhombic crystal structure, is very hard
and brittle and weakly magnetic; it loses its magnetism on heating at 200°C,
as shown by the A, line. All irons and steels of practical interest contain
less than 6.67 % carbon, and it is for this reason that only this section of the
iron-carbon phase diagram is shown. A eutectic exists at Point C where

* The phase between 769 and 906°C is designated as §-iron and represents non-
magnetic a-iron.
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Figure 5.1. Iron-carbon equilibrium diagram.!» 17

molten alloy, a single phase, separates into the two phases of austenite and
cementite. The solidus ine E-C lies at the temperature of 1130°C, and the
carbon content at Point C is 4.30 per cent.

A eutectoid is formed when a solid phase separates into two new solid
phases on cooling; this happens when austenite, which is a solid solution
of carbide in gamma-iron, is cooled to a temperature of 723°C where aus-
tenite is in equilibrium with e-iron and cementite (Point S); the carbon
content of the eutectoid is 0.80 per cent. Corresponding to the area where
liquid and austenite coexist (JBCE), there is an area GSP where a-iron
and austenite are in equilibrium. The line G—S has the designation A; , and
the line P-8 is known by the symbol A;, while the symbol Ay ; is given to
the line S—K; similarly, the line SE is given the symbol em indicating the
limit of solubility for cementite in a-iron. The various border lines for limits
of solubility change somewhat on heating and cooling; they are affected
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only slightly by the rate of heating, but very much so by the rate of cool-
ing. A distinction is thus made when discussing transitions from one area
to another by adding the suffix “c¢” (chauffage) for transitions on heating
and the suffix “r” (refroidissement) for transitions on cooling. One then
speaks of the Ary, Ac: and Are,, Acem lines, respectively. The letter e
(equilibrium) is used to indicate extremely slow cooling, e.g., Ae:, Aeen .

The eutectoid formed at S is known as pearlife, and the eutectic at point
C bears the name ledeburite. Alloys formed to the left of points 8 and C
bear the prefix Aypo and those formed to the right of these critical points
have the prefix hyper, so that one speaks of hypoeutectoid steels and hypo-
eutectic cast irons, and hypereutectoid steels. To clarify a few additional
terms which frequently occur in desceribing phase transformations, it should
be said that a peritectic transformation occurs at point J in Tigure 5.1
when, on cooling, the two phases liquid plus é-iron transform into the solid
phase y-iron. Where a mixture of two solid phases transforms into a new
single solid phase on cooling, one speaks of a peritectoid. When one phase
changes directly into another phase without any alteration in composition
during the transformation, the phase change is said to be congruent. Con-
versely, an incongruent phase change is one which requires either a tran-
sient or a persistent composition change such as occurs in the freezing of
eutectic-type alloys.

It should be emphasized that the phase diagram presented in Figure 5.1
applies only to plain carbon steels at conditions of equilibrium when suffi-
cient time has been allowed to establish uniform temperature throughout
the system and completion of the phase changes that are expected to occur
at that temperature. This condition is difficult to achieve in practice and is
often avoided for the purpose of carrying phases that exist at a higher tem-
perature into lower temperature ranges by rapid cooling, or quenching, to
take advantage of desirable physical characteristics resulting from such
treatment. Tempering may follow a quenching treatment to partially neu-
tralize an excessive precipitation of hard and brittle components.

Tempering refers to heating of a quenched ferrous alloy to a temperature
below the transformation range and then cooling at any rate desired, while
normalizing is heating to a temperature above the transformation range
and then cooling in still air to room temperature. The heat treatment of
steels is of necessity a complicated subject which requires detailed study of
special texts devoted to this subject. The effects achieved by such treat-
ment are often presented in the form of TTT diagrams, or S-curves, which
give the time-temperature-transformation for austenitized steel if held at
a constant temperature below the transformation range. A typical TTT
diagram, such as shown in Figure 5.2, gives the time required for transfor-
mation to start, to proceed halfway (the dotted line marked 50 %), and to
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Figure 5.2(a). Typical TTT diagram.
A—austenite; F—ferrite; C—cementite. After Everhart.’® (Courtesy U. S. Steel
Corporation.)

Temperature

Increasing Time —

Figure 5.2(b). TTT diagram with different continuous cooling curves. After Ever-
hart.18 (Courtesy National Bureau of Standards.)

be complete at any constant temperature in the range covered by the

curve. It is thus possible with the aid of such a diagram to predict the

response of a steel to any type of cooling from the austenitic condition.
The diagram also shows the temperature at which austenite starts to
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A-Martensite B-Martensite (with trace of C-Martensite (and very
very fine pearlite, fine pearlite)
shown dark)

D-Fine pearlite E-Coarse pearlite

Figure 5.2(c). Structures resulting when austenite is cooled at the rates shown in
(b). After Everhart.’® (Courtesy National Bureau of Standards.)

transform to martensite on rapid cooling (M;), the temperature at which
transformation is half complete (Msp), and the temperature at which trans-
formation is 90 per cent complete (Myo). In continuous cooling, the struc-
ture will depend on the time that the steel remains in the various trans-
formation regions, i.e., the cooling range.

Figure 5.2b has several different cooling curves superimposed on the
TTT diagram, and the resulting structures are illustrated by photomicro-
graphs in Figure 5.2¢.'®: '* Pearlite forms within the bay of the S-curve
when austenite is cooled fairly slowly; it is characterized by a structure of
platelets consisting alternately of ferrite and cementite (see I'igure 5.2¢ at
D and E). While pearlite always contains about 0.85% carbon, finer-
grained structures known as sorbite and troostite can be obtained by more
rapid cooling, and these have widely differing carbon contents. The trans-
formation product obtained below the nose of the S-curve is called bainite,
which is characterized by a feather-like microstructure which at lower
temperatures turns into a needle-like or acicular structure which gives great
duetility, resilience, strength, and impact toughness.

When cooling below the horizontal lines shown at the bottom of the
S-curve in Fig. 5.2a, b, a structure known as martensite results. The trans-
formation to martensite is not time-dependent and oceurs almost instan-
taneously. As previously stated, M, indicates the start of the martensite
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transformation and My the finish, or completion, of this transformation. It
is not possible to cool metal fast enough to prevent the martensite reaction.
Martensite has the same chemical composition as the parent solid solution;
all the carbon present initially in the vy-iron is still dissolved interstitially
in the a-iron. Martensite is thus thermodynamically unstable and this ab-
normal supersaturation severely strains and distorts the a-iron cubic lattice
into the body-centered tetragonal lattice of martensite. The strain thus pro-
duced is likely responsible for the unique mechanical properties of marten-
sitic steels. The strained and distorted lattice interferes with the mobility
of the structure in deformation, so plastic flow is very low and the hardness
is very high. The great elastic stress locked within the martensite lattice
causes steels that are wholly martensitic to break in a brittle manner under
relatively light impact. Steels with martensitic microstructures retain mag-
netization well and are ideal for permanent magnets.”

The location of the critical lines shown in the iron-carbon equilibrium
diagram (Figure 5.1) is notably affected by the addition of alloying elements
which may shift the lines to the right or left, or up, or down. The addition
of manganese or nickel generally causes a lowering of the ecritical range
Ays. As the eutectoid point S is lowered and shifted, the steel may be
quenched from lower temperature for hardening, and less strain will be
suffered. It will also not be necessary to cool so rapidly, as the reerystalliza-
tion involved in the formation of pearlite from austenite progresses more
slowly at the lower temperature. By sufficient alloy addition, the steel may
fully harden even on air-cooling, and one then speaks of air-hardening steel;
oil-hardening and water-hardening steel are other terms that apply to par-
ticular alloys. With increasing depression of the critical range, steel may
remain untransformed, or austenitic, at room temperature so that freezing
to low temperatures is necessary to bring about the transformation. Most
alloying elements raise the critical range; aluminum, cobalt, and copper
shift the eutectoid point to the right, and chromium, tungsten, vanadium,
molybdenum, and silicon shift it to the left.”- 8

Stainless Steelst-3. 20-21

Thirty-seven types of stainless steel are designated by code numbers is-
sued by the American Iron and Steel Institute (AISI), and several hundred
additional stainless alloys are commercially available under various trade
designations. The Society of Automotive Engineers (SAE) and the Alloy
Casting Institute (ACI), have separate number specifications for various
alloys and some are covered by Aeronautical Materials Specifications
(AMS). The various branches of the Armed Services have their set of
specifications for alloy steels, and there are Federal specifications. Com-
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parative tabulations of these codes are given in various handbooks; in the
discussions to follow, the ATSI designations will be used.

To provide the corrosion-resistant properties for which stainless steels
are known, a minimum of 12 per cent chromium must be added to plain
carbon steels. Chromium forms a thin, strongly adherent coating of oxide
on the steel surface and very effectively prevents further oxidation. Strongly
oxidizing conditions thus promote corrosion resistance. Reducing atmos-
pheres, on the other hand, deprive the steel of the oxide film and lead to
attack of the metal, especially if it is exposed to such reducing conditions
for a long period of time. As it is known that carbon lowers the resistance
to corrosion, carbon content of stainless steels is kept generally below 0.2
per cent. Steels of this type are known as ferritic stainless steels; they can
be hardened to some extent by cold working but not by heat treatment and
they are always magnetic. AIST Type 430, containing nominally 17 %
chromium, is a representative of this series. In addition to chromium, these
steels contain various amounts of manganese, silicon, phosphorus, and sul-
fur.

M artensitic steels also contain chromium as the main alloying element, in
addition to those previously mentioned and present in smaller amounts
(Table 5.4). It will be appreciated from the discussion of the martensite
transformation that these stecls can be hardened by heat treatment; they
are always magnetic.

Austenitic steels, on the whole, contain somewhat larger percentages of
chromium and in addition a fair percentage of nickel; the manganese con-
tent is of the order of 2 per cent. AISI Type 302, also known as “18-8”
stainless steel, containing 18 % chrome and 8 % nickel, is a representative
of this class. The critical range has been depressed to temperatures below
room temperature by the addition of nickel as described earlier. As the name
implies, the austenitic steel is nonmagnetic, but when these alloys are cold-
worked at room temperature, some of the y-phase is transformed to the
a-phase, and an increase in magnetic susceptibility results.

The critical demand for nickel in times of national emergency has en-
couraged development of stainless steels, which have properties similar to
those exhibited by the members of the “300" series without containing as
much nickel. The “200” series is the result of these efforts.

The austenitic chromium-nickel-manganese stainless steels are non-
magnetic and cannot be hardened by heat treatment, like their counter-
part the “300” series.

Application of Stainless Steels. Austenitic stainless steels of the ¢300”
series are being used extensively in the tube industry for the construction
of electron guns and other components. It is important to realize that Type
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303 contains an excessive amount of sulfur, a minimum of 0.15 and as much
as 0.25 %, and for this reason it cannot be used in a vacuum tube, particu-
larly one containing an oxide cathode. Types 302 and 304 stainless steel are
in common use for electron tube components but they are not as suited as
Type 305 for the reason given earlier. When Types 302 or 304 are cold-
worked, their magnetic susceptibility increases, and when they are heavily
cold-worked they may become fairly magnetic. Spot welding can also cause
the formation of sufficient ferrite in Type 304 to produce magnetic proper-
ties; Type 305 contains more nickel and is thus free from these harmful ef-
fects.

The high degree of permeation of hydrogen through iron and steel, espe-
cially in humid atmospheres, should be borne in mind when using stainless
steel for envelopes for vacuum tubes. Hydrogen diffuses through iron in its
monatomic state and is thus taken up the more readily when atomic hy-
drogen is available at the surface, as supplied by electrolysis. For large
sealed-off rectifiers made of steel, cooling with liquids which do not contain
hydrogen ions is thus recommended. The permeation of hydrogen through
steel increases markedly with increasing earbon econtent; a low-carbon steel,
such as Armco iron, is thus preferred as envelope material.!® It is also ad-
visable to guard against gas leaks through microscopic fissures that may
exist in the direction of rolling of the original ingot by arranging fabricated
parts which form part of the envelope in such a way that the rolling grain
does not provide a direct path from the inside to the outside of the tube.

Iron and steel are very difficult to outgas; even after heating these
metals to a high temperature for several days, they continue to liberate a
small amount of gas at operating temperatures in the range of several hun-
dred degrees centigrade.?? The gases released by iron and steel consist pri-
marily of ecarbon monoxide, nitrogen, and hydrogen, and the rate of evolu-
tion increases both with increase in temperature and with decrease in the
partial pressure of the evolved gases in the surrounding atmosphere. Iron
contains about 10 to 50 times as much oxygen as nickel does; most of the
oxygen is combined with iron in the form of FeO, and, in view of the ex-
tremely low dissociation pressure of the oxide even at 1400°K, this oxygen
content is not harmful. Within the himitations mentioned above, an out-
gassing temperature of 1000°C is recommended for general-purpose appli-
cations.

Aluminum-clad Iron

To alleviate the critical dependence on imports of nickel, the German
metal industry expended considerable effort shortly before World War T1
to develop a substitute that might serve for anodes in receiving tubes. The
result of this effort was the introduction of “P2-Tron”; this consists of a
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low-carbon steel clad with aluminum containing from 1.0 to 1.5 % silicon
and from 0.3 to 0.6 % iron by cold-rolling to a thickness of less than one
mil on one side. When this clad sheet is heated in hydrogen, it takes on a
black finish and becomes ductile. Heating in air or vacuum will also produce
this dark surface finish, which is due to a reaction between the aluminum
and the base iron, resulting in the formation of FeAl; , or a more complex
compound. Large tonnages of this material were produced in Europe during
World War II either in the form of sheet iron coated on both sides with
aluminum (P2), on one side only, the other side being coated with nickel
(PN-Iron), or one side coated with aluminum and the other with a very
low-carbon spheroidized iron containing 0.05% carbon (PI). Similar ma-
terials were introduced on the American market after the war and are
now in common use for anodes of many types of receiving tubes. ASTM
Tentative Specification F2-57T covers these materials.

It is worthy of note that in addition to the composition ranges given
above for carbon and silicon, the maximum phosphorus and sulfur contents
for the carbon steel base material are given as 0.040 and 0.050 %, respec-
tively, and the maximum sulfur content for nickel used to clad one side of
the composite strip as 0.008 %. Espe and Steinberg?? have described in some
detail the manufacturing procedures, the properties, and the applications
of these composite materials. The spectral emissivity (A = 6650A) of the
converted aluminized steel surface is 0.85 compared to 0.75 for carbonized
nickel. The degassing properties are stated to be excellent, and some “‘get-
ting”” action is suggested during the conversion of the surface when this
process is performed in the tube itself by induction heating. Spot welding is
somewhat difficult. One tube manufacturer reports that aluminum-coated
steel cannot be used in r-f amplifier pentodes designed for 12-volt anode
supply. While the reason for this behavior is not clearly established, it ap-
pears that a “surface impedance” of some sort makes for low plate resist-

TaBLE 5.5. Cooring RaTEs oF VaRious PLaTE MATERIALS AT 300°C.*

Test Material oSholing raley
A Permanickel 2.40
B Steel—nickel-plated 2.46
C Armco iron 2.62
D Steel—nickel-plated, nickel-coated 3.72
K Nickel—gas-carbonized 5.46
¥ Steel—aluminum-clad 6.00
b Permanickel—nickel-coated, carbonized 6.06
H Steel—nickel-plated, nickel-coated, carbonized 6.58

* After Horsting et al.23
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ance; at higher anode voltages this effect disappears, but at 12 volts the
plate current vs. plate voltage characteristic does not properly saturate.
When carbonized nickel is used in the cases, the difficultics disappear.*

The relative cooling rates of various plate materials were determined at
300°C by Horsting et al.?® by mounting a small test cylinder to which a
thermocouple was attached in a vacuum tube, heating it to 900°C and then
measuring the temperature during cooling on a recording potentiometer,
By drawing tangents to these curves, the cooling rates recorded in Table
5.5 were obtained. While these values do not represent absolute values but
apply only to the particular experimental conditions employed in this casc,
the technique could be used to determine total emissivity from the follow-
ing relation:

_ar Cp
T odt Ae(T,— T4

€t

where ¢, = total emissivity of sample
drT
dt
A = radiating arca

¢ = Stefan-Bolzmann constant

C, = heat capacity of sample material at 7T,
T, = absolute temperature of envelope
T, = absolute temperature of sample

= specific cooling rate

It is apparent from the table that aluminum-clad steel presents o high rate
of cooling which, within the reservations just made, is somewhat higher than
that of gas-carbonized nickel and only slightly less than that of carbonized,
nickel-coated ‘‘Permanickel.”

A still further refinement along these lines aiming at uniform heat dissipa-
tion of receiving tube anodes has been recently deseribed by Miller and
Millis.?* In cooperation with the General Eleetric Company Receiving Tube
Division at Owensboro, Kentucky, the General Plate Division of the Metals
and Controls Corporation of Attleboro, Massachusetts, has developed a 3-
or 5-layer material consisting of aluminum on steel on copper which pre-
sents an improvement over their former “Aliron.” A 5-ply material results
when a copper core is coated on both sides with iron and aluminum. The
reason for this development is of course the high thermal conductivity of
copper, which will equalize any temperature gradients that might develop
on ordinary “Aliron” and lead to hot spots. OFHC copper is used in con-
junction with a low carbon steel (0.08 %C) and Alcoa C-22 aluminum alloy

* Personal communication from Dr. A. K. Wright.
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containing 1.0 to 1.5 % silicon. The copper content of the composite material
is held to a minimum of 40 % by volume for “Copper Cored Aliron” and to
60 % by volume in the “Copper Base Aliron.” The thickness of the strip is
0.007 == 0.0003 in. The thickness of the steel layers is not less than 1.7 mils
and that of the aluminum is on the order of 0.5 mil. “Copper-Cored Aliron”
is preferable for the amplifier types of tubes, while “Copper-Base Aliron” is
preferable for rectifiers. No poisoning effect on cathode emission has been
noted when copper was facing the cathode. Gas evolution was measured for
the various materials at 850°C after they had been fired in hydrogen for 10
minutes at 500°C before assembly; “Copper-Cored Aliron’” was lower than
“Aliron,” which was lower than “Copper-Base Aliron,” which in turn was
materially lower than gas-carbonized nickel in terms of gas evolution.
Superior performance characteristics are reported after life tests on a num-
ber of different types of tubes.

Magnetic Properties of Iron and Steel

The design of magnetic circuits is necessary in some special tube applica-
tions such as permanent-magnet focussed travelling-wave tubes, Brillouin-
flow electron guns, crossed-field devices, and others. Magnetic lenses play
an important role in electron optics. Magnetic shielding is necessary where
extraneous stray fields would interfere with desired performance characteris-
tics of electrodynamic systems. In most cases, the magnetic materials are
arranged outside the vacuum tube.

It would be outside the scope of this book to attempt a treatment of
ferromagnetism or that of ferrites which have replaced conventional per-
manent magnets in many cases.
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CHAPTER 6

COPPER AND COPPER ALLOYS

Introduction

The prime reasons for the use of copper in electron tubes are its high
electrical conductivity and its high thermal conductivity, which distinguish
it from other metals; in addition, it has high resistance to corrosion. Copper
is readily available at reasonable cost and can be formed and machined
into all conceivable shapes, it can be plated onto other base metals to im-
part desirable characteristics to their surfaces and thus make it possible to
use stronger materials for structural members while maintaining high elec-
trical and thermal conductivity at the surface.

A great number of copper alloys is available for different industrial ap-
plications, and their composition is described in the metals handbooks,'-
several texts on copper,*® catalogues issued by copper producers, and
treatises sponsored by trade associations.*”: 8 Specifications governing the
various copper products are compiled in the 1958 Book of ASTM Standards,
Part 2, Non-Ferrous Metals; a Copper and Copper-Alloy Specifications
Index?® is available which correlates all applicable specifications issued by
professional societies, as well as Federal and military agencies.

When copper is used for vacuum tube envelopes or internal structural
components, a special brand of oxygen-free, high-conductivity copper,
known as “OFHC”T must be specified. A very limited number of copper
alloys, such as cupro-nickel, is used for internal components; these are dis-
cussed later in this chapter. For external components, such as radiators,
which are separately attached to the envelope, other grades of copper may
be used. Copper finds very little application in recelving tubes, but large
power tubes and the whole family of microwave tubes make most extensive
use of it for anodes, cavity structures, and collectors. We will thus be mainly
concerned in this chapter with the properties of OFHC copper.

OFHC Brand Copper

The American Metal Climax, Ine.l® has published a very carefully pre-
pared survey on the properties of this material, and copies of this attractive

* Copper and Brass Research Association, 420 Lexington Ave., New York 17,
N. Y.; Brass and Bronze Ingot Institute, 300 W. Washington St., Chicago 6, Ill.;
British Non-Ferrous Mectals Research Association, London, England.

t Registered trademark, American Metal Climax, Inc.
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book are available; it 1s profusely illustrated and contains 180 references to
the literature. This study, the excellent monograph on copper by Butts,?
and the extensive review article on applications of copper in high vacuum
technique by Kspe," afford a complete background of literature for reference
purposes. To have some of the highlights gathered together in this chapter,
however, may be a convenience for the student of electron tube technology.

Table 6.1 gives the ASTM classification of coppers. The better grades of
ordinary commerecial copper such as electrolytic tough pitch copper (ETP),
lake copper, and deoxidized or phosphorized copper have a minimum
specified copper content of 99.90 per cent. The tough pitch coppers contain
enough oxygen in the form of copper oxide to form voids and intergranular
cracks when they are hydrogen-fired; the hydrogen combines with the re-
maining oxygen to form steam under very high pressure which literally
tears the copper apart on a microscopic scale so that leaks result when such
coppers are used for a vacuum envelope. The photomicrographs shown in
Figures 6.1 and 6.2 illustrate this point.

There are two grades of OFHC copper, i.e., regular grade and “certified”
OFHC. The quality of OFHC copper is governed by ASTM Specification
B 170-47. When buying “certified” OFHC, one has the assurance that any
particular shipment has been checked for its conformity not only with this
specification but also with additional stipulations essential for electronic
use. A premium must naturally be paid for this certification because analy-
ses must be run on a sample; this extra cost is well worth while. The greatest
possible care must be taken by a tube manufacturer to keep such certified
OFHC, or for that matter, regular OFHC copper, apart from other com-
mercial grades of copper that may be used for other purposes in the manu-
facturing operations. Very costly failures will result if lower grades of cop-
per, including electrolytic copper, find their way into departments where
tube components are fabricated.

Table 6.2 gives the composition of copper grades which are acceptable
for vacuum tube components. In addition to the OFHC coppers, vacuum-
cast, gas-free, high-purity copper, (GFHP), manufactured by the Vacuum
Metals Corporation,® is also listed. OFHC copper is produced from elec-
trolytic copper cathodes by continuous melting in an electric induction
furnace and then cast in water-cooled copper or steel molds; a reducing at-
mosphere is maintained during the melting and casting operations. Any
remaining traces of oxides or free oxygen dissolved in the electrolytic copper
are thus eliminated by chemical action. In vacuum casting, free oxygen will
be removed by the pump, and remaining oxides broken down by thermal
decomposition.

* Syracuse 1, N. Y.
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TABLE 6.1. CrassiFicaTioN oF COPPERS
(ASTM Designation B 224-58)

Letter code Type of copper Notes*
CATH Electrolytic cathode

Tough Pitch Coppers 1
ETP Electrolytic tough pitch 2
FRHC Fire-refined, high-conduectivity tough piteh 2,3
FRTP Fire-refined tough pitch 3
ATP Arsenical, tough pitch 4
STP Silver bearing tough pitch 2,3
SATP Silver bearing arsenical tough pitch 4
CAST Casting

Oxygen-Free Coppers 5
OF Oxygen-free without residual deoxidants 2
OFP Oxygen-free, phosphorus bearing
OFPTE Oxygen-free, phosphorus and tellurium bearing
OFS Oxygen-free, silver bearing 2
OFTE Oxygen-free, tellurium bearing

Deozxidized Coppers 6
DHP Phosphorized, high residual phosphorus 4
DLP Phosphorized, low residual phosphorus 2
DPS Phosphorized, silver bearing 4,7
DPA Phsophorized, arsenical 4,8
DPTE Phosphorized, tellurium bearing 4,9

* Notes have been rearranged and extended by the author of this book.

1. Tough-pitch coppers are fire refined and given a controlled oxygen content to
improve castability and mechanical strength.

2. High-conductivity copper, in the annealed condition, has a minimum electrical
conductivity of 1009 I.A.C.S. (p. 200) Types ETP, FRHC, STP, OF, and OFS are
high-conductivity coppers; DLP can be so classified if agreed upon between supplier
and purchaser.

3. Low-resistance lake copper is included under Types FRHC and STP.

4. High-resistance lake copper is included under Types ATP, SATP, DHP, DPS,
DPA, DPTE, and FRTP.

5. Copper which has been refined by electrolytic deposition and is free from
cuprous oxide; produced without the use of metallic or metalloidal deoxidizers.

6. Copper cast in the form of refinery shapes, free from cuprous oxide through
the use of metallic or metalloidal deoxidizers.

7. Silver is added to raise the softening temperature and increase the creep re-
sistance; electrical conductivity drops close to 0.15 per cent for each ounce per ton
silver tenor.

8. Addition of arsenic (0.25 to 0.50 per cent) increases corrosion resistance and
also the recrystallization temperature; not acceptable for use in vacuum.

9. Addition of tellurium, about 0.5 per cent, greatly increases machinability (free-
cutting copper) without decreasing electrical conductivity to any extent; not ac-
ceptable for use in vacuum.
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Figure 6.1. Photomicrographs of copper taken to detect inclusions of Cu.0. a)
“good” copper, magnification 250% ; b) “bad’’ copper, magnification 405X . (By per-
mission from ‘“Microwave Magnetrons,” edited by George B. Collins.’t Copyright 1948,
McGraw-H4ll Book Company, Ine.)
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(a) (b)
Figure 6.2. Photomicrographs of copper. a) OFHC ingot (1000 ); b) gas-free high-
purity copper (1000X). After Stauffer et al.1® (Reprinted by permission, The American
Chemical Society and National Research Corporation.)

Another high-conductivity copper, known as “PDCP Copper,”* is also
obtained from electrolytic copper but not by remelting. The desired shapes
of bar, rod, and strip are produced from pressed compacts of nodules of
electrolytic copper cathodes by exposing them to very high pressure at
elevated temperature in a reducing atmosphere. PDCP copper compares
favorably in its analysis with that of certified OFHC, but the latter has a
higher ductility.

Electrolytic tough-pitch copper generally contains from 0.03 to 0.06
per cent oxygen, OFHC copper has an oxygen content of 0.0002 per cent,

* Phelps Dodge Copper Products Corporation, New York, N, Y.
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Tasre 6.2. Caemican CoMpPosiTION oF Vacuusm Tusge
CorrPers (IN WEIGHT PERCENT)
OFHC copper?!? Fe: 0.0005; S: 0.0025; Ag: 0.0010; Ni: 0.0006; Sh: 0.0005; As:
0.0003; Se: 0.0002; Te: 0.0001; Pb: 0.0006; Sn: 0.0002; Mn:
0.00005; Bi: 0.0001; O: : 0.0002; Cu: Bal.
OFHC copper!? P:0.0003 max.; S:0.0040 max.; Zn:0.0003 max.; Hg:0.0001 max.;
(Certified grade) Pb: 0.0010 max.; Cu 4+ Ag: 99.96 min.
(ASTM B170-47)
Vacuum-cast cop- Nz : <0.0001; O;: <0.0001; H;: <0.0001; Fe: <0.002; Ni:
per (GFHP)* <0.0005; As: 0.001 max.; Pb: 0.0001 max.; Ag: 0.003 max.;
S:0.0001 max.; Bi: tr.; Sn: tr.; Zn: tr.; Cu: Bal.
* Vacuum Metals Corporation, Division of Crucible Steel Company of America,
Syracuse 1, N. Y.

GFHP copper less than 0.0001 per cent and PDCP coalesced copper a
similarly low oxygen content to make it suitable for glass-to-metal seals
and resist hydrogen embrittlement.* It is particularly important that cop-
per intended for glass-to-metal seals be low in phosphorus so that the oxide
scale will be firmly adherent. The extra specifications for certification call
for a maximum phosphorus content of 0.0003 per cent."

Several tests are available to ensure that the quality of a given lot of
copper comes up to the required standard. In the hydrogen bend test
(ASTM Specification B 170-47), a strip of copper sheet, not thicker than
one-sixteenth inch, is chemically cleaned and fired in dry hydrogen at
850°C for 30 minutes and then quickly removed from the furnace and
quenched in water. The sample, if oxygen-free copper, should be flexible
and not break when clamped between jaws having edges with a radius
2.5 times the diameter of the wire, or the thickness of the strip, and bent
through 90° and back to its original position at least four times, the bends
being performed in opposite directions. Copper suitable for seal making,
when heated in air at 820°C for 30 minutes and subsequently plunged into
cold water, should be coated with a film of black matt oxide, lying on the
surface of red cuprous oxide, which adheres very tenaciously to the metal.
A loose oxide film indicates unsatisfactory material, arising from the pres-
ence in the copper of deoxidizers which reduce the cuprous oxide to spongy
copper.* A more refined test to detect the presence of cuprous oxide is that
by microscopic examination of a polished and etched sample as described
by Collins.!* The possibility exists, however, that other compounds may
be found which look like oxide inclusions under the microscope but never-
theless are not harmful. It is thus more general practice in the industry
to rely on the hydrogen bend test and correlate results from it with actual
test seals to glass; this will give a reliable check on the quality of the copper.

It is also possible to distinguish high-purity copper from other grades by
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its electrical resistivity. The International Itlectrotechnical Commission
defined in 1913 the International Annealed Copper Standard (IACS) ac-
cording to which a copper wire of a density equal to 8.89 grams/cc has a
resistance of 0.15328 ohm at 20°C for a specimen one meter long and weigh-
ing one gram. If the conductivity of the TACS is taken as 100 per cent,
various types of commercial high-conductivity copper generally fall be-
tween 100.5 and 101.8 per cent; OFHC copper has a conductivity on this
scale equal to 102 per cent, while deoxidized copper with a residual phos-
phorus content ranging from 0.015 to 0.035 per cent will result in a con-
duectivity range of 80 to 90% IACS.4 As little as 0.05 per cent arsenic will
lower the electrical conductivity by about 14 per cent, and the same amount
of iron will reduce it by about 19 per cent.'® Corresponding figures for other
commercial copper grades are entered in Table 6.3.

The physical characteristics of pure copper are given in Table 6.4. Some
comparative stress-strain relations for tough-pitch and OFHC copper ap-
pear in Table 6.5 after Butts,* and comparative yield-strength data for the
same materials are given in Table 6.6. Figure 6.3 presents the tensile
strength of OFHC copper as a function of percent reduction and tempera-
ture on progressive reannealing after Yokelson and Balicki;?® the same
authors have investigated the uniform elongation of OFHC copper as a

TaBLE 6.3. CoMPARISON OF SEVERAL Typres or CoPPER WITH RESPECT TO TENSILE
ProrerTiES AND [NLECcTRICAL COoNDUCTIVITY AT 21°C (70°F) AND CREEP STRENGTH
AT 150, 200, anp 260°C (300, 400, AND 500°F)*

Creep strength, stress, psi,
Temper Yield for creep rate of 0.01 per cent
Tensile strength per 1000 hr Electrical
ASTM strength |at 0.5 per cent conductivity
Designation| ™~ | at 70°F, extension at 70°F, per
Annealed,| Drawn, psi under load, cent TACS
avg. grain | reduction, at 70°F, psi 300°F 400°F 500°F
slze, mm | per cent
ETP 0.025 35,100 7,200 2,950 | 1,300 350 100.9
OF 0.025 34,500 7,900 3,600 1,500 400 101.3
DLP 0.013 36,500 | 12,000 7,200 | 2,100 700 100.1
(0.015 34,800 8,600 5,100 | 2,550 650 89.0
DHP < 0.032 33,300 5,850 5,400 | 2,650 900 89.0
l0.070 32,200 | 4,550 | 7,200 | 4,000 | 2,000 88.6
DPA 0.045 35,000 6,100 8,400 | 5,200 | 2,600 45.3
ETP 84 55,400 | 50,000 9,400 | 2,100 99.1
OF 84 54,500 | 49,500 8,300 1,750 99.5
DLP 84 57,500 | 54,000 | 21,000 | 5,200 600 98.3
DHP 84 56,400 | 52,000 | 33,500 | 2,500* | 1,000* 88.5
DPA 84 60,900 | 55,500 | 40,000 | 27,500 | 2,000f 46.0

* By extrapolation of log stress-log creep-rate curve.
t Produces third stage of creep, accelerating creep rate.
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TaBLE 6.4. Paysicarn CHARACTERISTICS OF PURE CoOPPER3: 18

Atomic number: 29 Atomic valence: 1.2

Atomic weight: 63.54 Valence orbitals: 3d%4s!?

Isotopes: 63, 65 Lattice type: f.c.c. (Al)

Density (gm/cc): 8.93 (theoretical) Lattice constants: a = 3.6147 4 0.0020 A
8.9436 (GFHP) Atomic diameter: 2.551 A

Atomic volume {(cc/gm atom): 7.09
Melting point (°C): 1083 = 0.1
Boiling point (°C):17 2578
Heat of fusion, AH,, (Keal/mole): 3.110; (48.9 cal/gm)
Heat of vaporization, AH, (Kcal/mole): 72.8
Entropy of fusion, AS,, (cal/mole/°K): 2.29
Entropy of vaporization, AS, (cal/mole/°K): 25.4
Entropy at 298.16°K, AS (cal/mole/°K): 7.97
Specific heat (20°C), (cal/gm):*0.092; for solid from 0 — ¢°C: 0.092 4+ 0.0000250¢
Thermal conductivity (20°C), (cal/em?/em/sec/°C):* 0.934 (for 1019, IACS) (tem-
perature has very little effect)
Thermal expansion coeff. (20°C), (em/em/°C): 165 X 1077
0 — 300°C: L, = Lo[l 4+ (16.23t 4+ 0.00483¢2) X 107%] em
0 — 1000°C: L, = Lo[l + (16.733¢ + 2.626 X 10732 4+ 9.1 X 10773) X 107%] ¢m
Vapor pressure (Torr) 2
log p = (—17,870/T) — 10.63 — 0.236 log T — 0.167"; (298-1356°K)
log p = —17,650 — 13.39 — 1.273 log 7'; (1356-2870°K)
1078 10-7 10-¢ 10°% 10~¢ 10-3 1072 107! Torr
1005 1065 1135 1215 1305 1415 1545 1700 °K7
Spectral emissivity:*
A 500 550 600 650 700 mgu
1000°C: 40.4 31.3 18.5 11.2 8.7 9
1125°C: 38.7 29.3 20.5 14.8 11.8 ¢
Total emissivity (at 100°C):2 0.02
(at 1200°C): 0.12
Electrical resistivity (20°C), (microhm-em):81.647 (99.999%, Cu)
Temperature coeff. of resistivity (microhm-em/°C):18 0.0043
Magnetic susceptibility (c.g.s.): 18°C = —0.086 X 10-¢®
1080°C = —0.077 X 10°¢
1090°C = —0.054 X 10°¢
Electron work function (e.v.): 4.6 (Table 15.3)
Richardson constant A (a/em?deg?): 16.7 (at melting point)¥
Mechanical Properties: (see also Tables 6.3, 6.5, 6.6 and Figs. 6.3, 6.4)
Poisson’s ratio:* 0.33 4= 0.01

funetion of percent reduction and temperature of exposure reached on
progressive reannealing as shown in Figure 6.4. Table 6.7 gives the chemi-
cal properties of pure copper and its reaction with solids, liquids, and
gases.

It has been demonstrated by Landauer?® and Rutter and Reekie?” that
isotropically cold-worked copper displays an increase in its electrical re-
sistivity which amounts to about 2 per cent compared with the d-c resis-
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TABLE 6.5. SoME COMPARATIVE STRESS-STRAIN RELATIONS OF
ToueH-Pircr aND OxYGEN-FREE CoPPER?

Tough-pitch copper Oxygen- free copper
Hard Annealed Hard Annealed
Modulus of elasticity, million psi 16.95 15.82 17.54 16.20
0.00029%, offset—stress, psi
Initial 8,300 1,150 8,300 1,400
Strained* 13,400 3,300 15,000 3,300
0.002%, offset—stress, psi
Initial 12,850 1,900 15,400 1,950
Strained* 21,500 4,720 24,800 4,500
0.00029, permanent set—stress, psi
Initial 5,000 5,500
Strainedt 21,000 21,000
0.0029%, permanent set—stress, psi
Initial 13,500 14,200
Strainedf 34,800 38,200
Yield strength (0.5% strain), psi 46,000 5,500 47,000 5,000
Tensile strength, psi 46,900 31,500 47,500 30,900
Flongation in 2 in., % 14.8 53.0 20.5 60.0
Reduction of area, % 58.5 71.4 86.4 92.1

* Stress for stated offset after prestraining to 0.5 per cent extension.
t Stress for stated permanent set after prestressing to produce a permanent set
of 0.10 per cent.

TaBLE 6.6. SoME COMPARATIVE YIELD-STRENGTH IDATA FOR
Toveu-PircH AND OxYGEN-FrREE CoPPER*

Electrolytic copper OFHC copper

0.59%, total strain

Stress at 0.5% strain 46,000 psi 47,000 psi

Offset at 0.5% strain 0.2299%, 0.2329,

Resulting permanent set 0.2129%, 0.2229,
0.19% set

Stress for 0.19% permanent set 44,300 psi 45,000 psi
0.19 offset

Stress 43,700 psi 44,600 psi

Total strain 0.359% 0.355%
0.29, offset

Stress 45,700 psi 46,800 psi

Total strain 0.4739%, 0.4689,

tivity of fully annealed copper. This small decrease in conductivity will
rarely have any practical importance. The corresponding decrease in r-f
conductivity, however, is much more serious, especially at high frequencies
when a large part of the r-f current flows in a thin skin.

Machining processes are known to destroy the perfection of the erystal
lattice and thus result in surface layers which have a much lower conduc-
tivity. Thorp® has investigated this effect on hobbed cavities at a wave
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length of 8 mm. The copper used had the following analysis: Cu: 99.95 per
cent plus, S: 0.002 per cent, Fe: 0.001 per cent, Ag; 0.001 per cent, Sh:
0.0007 per cent, As: 0.0002 per cent. The conductivity of copper of this
purity, which is equivalent to OFHC copper, is 5.917 X 10° mhos/em
(102 % TIACS). Hobbed cavities with extremely smooth surfaces showed a
ratio of d-¢ conductivity to r-f conductivity o/¢’ = 0.58 without hydrogen
cleaning and 0.57 with hydrogen cleaning, these figures representing aver-
age measurements on six cavities made with an aceuracy of & 1 per cent.
An annealing treatment in hydrogen at 500°C for a period of from one to
two hours caused the ¢/¢’ value to rise to 0.64. When hobbed cavities were
etched by immersing them for 30 seconds in either nitric acid or a mixture
of phosphoric and acetic acid, or by deplating them in sulfuric acid, the
r-f conductivity reached 78 per cent of the d-c¢ conductivity without anneal-
ing treatment. When etched cavities were annealed in hydrogen, 98 per cent
of the d-¢ conductivity was achieved. The skin depth at 8 mm is 3.5 X 103
cm; the etching treatment removed about 10-* cm of the surface.

3
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Figure 6.3. Tensile strength of OFHC copper as a function of percent reduction
and temperature on progressive reannealing; heating rate employed, 10.8°C per min-
ute. After Yokelson and Balicki.?® (Courtesy Quinn-Brown Publishing Corp.)
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Figure 6.4, Uniform elongation of OFHC as a function of percent reduction and
temperature of exposure reached on progressive reannealing; heating rate employed,
10.8°C per minute. After Yokelson and Balicki.2? (Courtesy Quinn-Brown Publishing
Corp.)

“The r-f conductivity of copper cavities can also be improved by an
oxidation and reduction process. The hobbed cavity is silver plated, heated
in hydrogen at 780°C, cooled and reheated to 700°C, first in air and then in
hydrogen. This treatment first forms a copper-silver layer. The copper
content of this layer is selectively oxidized, and a surface layer of copper
oxide is built up beeause copper diffusing into the silver from the base is
oxidized on reaching the surface. On heating in hydrogen, the copper oxide
is then reduced and a copper layer is formed on the cavity surfaces. Micro-
scopie studies have shown that the thickness of the copper layer is several
times greater than the skin depth. This type of processing increased o/c’
from 0.56 to 0.85 of the d-¢ value. Annealing produced no further increase,
which suggested that the copper layer was strain-free. Chemical analysis
showed that the surface layer was almost pure copper; it consists of glob-
ules; the surface path was thus increased slightly by this processing as
compared with the hobbed surface; the calculated reduction of /¢’ due



COPPER AND COPPER ALLOYS 205

to this was 0.24 which was sufficient to account for the observed departure
from unity.”’?

The hobbing of cavities is an example of cold-working which results in
strain-hardening effects. Hot-working, on the other hand, implies the elas-
tic and plastic deformation of metal above the recrystallization tempera-
ture, and work-hardening effects are not observed when the metal is cooled
to room temperature. There is a danger that metals will crack excessively

TasLe 6.7. CueEMicaL ProrErTIES OoF PUrRe CoPPER

Electrochemical equivalent:2t 0.3294 mg/coul for Cu** (3.0360 coul/mg)
0.6588 mg/coul for Cut ( 1.5180 coul/mg)

A) Reactions with gases and vapors:

dry air at room temperature:22 none

dry air at 100°C:22 formation of invisible protective oxide, Cuz0

dry air at 200° to 600°C: formation of mixed oxides, Cu.0 + CuQ; oxidation
colors: brown-orange, rose-red, violet, steel-blue, brass-yellow, red, greenish-
gray, gray, black.

moist air at 20°C: practically none in absence of CO, ; formation of 2 CuCQy;-
Cu(OH): in presence of CO, .

sulfurous atmosphere at 20°C: tarnishing to a purplish color in 1 to 2 weeks when
concentration of reactive sulfur corresponds to 1 vol. H,S in 35 X 10° vols. of
air. Formation of copper basic sulfate CuSO,-3 Cu(OH). (verdigris or green
patina).

steam at 500°C: very slight oxidation

hydrogen: solubility increases with temperature (see Fig. A4)2 oxide films
will form at about 100°C at a dew point of —20°C.2

alkali-metal vapors: none

Reactions with liguids:

water at 20°C: practically none

salt water at 20°C: slow corrosion

dry CCl, : practically none

moist CCly : some corrosion

dry trichloroethylene: practically none

moist trichloroethylene: some corrosion

HCI, unaerated, dilute or concentr., cold: practically none

HCIl, unaerated, dilute or concentr., warm: very slight attack

H.80,, unaerated, dilute or concentr., cold: practically none

H,S80, , unaerated, dilute or concentr., warm: very slight attack

HNO,; , dilute, cold or warm: dissolution, especially in 259, concentr.

HNO; , conc.: passivation

Aqua Regia (1 pt HNO; 4+ 3 pts HCI): dissolution

HF: none

HF + HNO; (1:1): rapid dissolution

NH.CI, warm, dilute, with access of oxygen: dissolution

NH,OH: rapid dissolution

Na(OH) or K(OH) solutions: slight attack

Cyanides: rapid dissolution

Hg: amalgamation and stress corrosion

B

=
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TaBLE 6.7—(Continued)

C) Reactions with solids:
sulfur: corrosive attack (beware vulcanized rubber and sulfur-bearing hydro-
carbon oils!)
D) Ozxides of copper:
Cu.0—cuprous oxide, red, octahedral or cubic; d = 6.0; M.P. = 1235°C; insoluble
in water, dissolves in NH,Cl
CuO—cupric oxide, black, tetragonal, cubie, triclinic; d = 6.4, decomposes at
1026°C; insoluble in water, dissolves in NH,Cl, KCN, and acids
CuQ3z-H.O—monohydrated copper dioxide, brownish black; insoluble in water, dis-
solves in acids, insoluble in aleohol
) Cleaning solutions, etching and polishing:11. 2. 25
1. Removal of heavy oxide:
a. HNO; (d = 1.40 gm/ce)—400 ccl pour H.80, slowly into HNO; |, not
H,80, (d = 1.83 gm/ec)—300 ccf vice versal

HCl (d = 1.16 gm/cc)—5 ce Pouracids intowater, not vice versa!
H20—295 cc

Immerse part in bath at R.T. Wear gloves and goggles when
Rinse in flowing water. handling acids!

b. HNO; (65%)—1000 (tclimmerse parts for 2-3 see and rinse in flowing
HCI (379%)—10 cc J water immediately.
I1. Bright dip:

a. HNO; (d = 1.40 gm/ce)—250 ce immerse part and rinse in free
H,80, (d = 1.83 gm/ce)—600 ce flowing water very thoroughly,
HCI1 (d = 1.16 gmm/ce)—20 cc then rinse in solution of:
H,0—130 cc NaCN—15 to30 gm; H,O—1000 ce

f rinse in water, distilled water,
see note under Ia i methyl aleohol, dry in warm
air.
HCI (379%)—10 cc immerse part for 2-3 see and rinse in flowing dis-
Soot—5 gm tilled water. Transfer to plating bath while
parts are wet if plating is to follow.
II1. Matt dip: HNO; (d = 1.4 gm/cc)—650 ce heat bath to 80°C and im-

b. HNO; (65%)—500 ce |
H:804 (cone.)—500 ccf

H.SO, (d = 1.83 gm/ce)—350 cc merse parts, rinse and dry
ZnS0, (tech.)—120 gm as under IIb above.
IV. Electrolytic polishing:
a. HPO,—630 cc Current density Time
H,0—370 cc

Bath temp.—20°C 0.02 to 0.05 a/in? 5 min

b. HPO,—580 cc
H,0—420 ce 0.5t0 0.7 a/in? 10-15 min
Bath temp.—20°C

on hot-working; such a condition is called “hot shortness.” Copper cxhibits
this effect at times, especially in the presence of impurities. Small quan-
tities of lead, bismuth, and sulfur are especially harmful in this respect;
the purer the copper the more easily it can be hot-worked with & minimum
of cracking.

Cracking which occurs as a result of internal and external stresses while
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the metal is exposed to a corrosive environment is called “stress corrosion.”
Pure copper is not susceptible to stress corrosion. Copper alloys and deoxi-
dized copper such as phosphorized copper may show this effect in the
presence of ammonia or ammonium compounds and also when in contact
with mercury or solutions of mercury salts.

When various shapes of copper anodes are produced by spinning of
OFHC copper disks, special precaution in regard to cleanliness must be
observed. If the surfaces are not clean, impurities may be entrapped and
“plowed under”’ during the spinning operation. Subsequent hydrogen firing
may produce a shiny surface, but heat treatment on the pump results in
severe discoloration when impurities diffuse to the surface. Fven under
clean conditions, oxide films are known to form rapidly at room tempera-
ture. After rupture of the oxide at points of critical plastic flow, adhesion
to the stylus occurs, and the resulting deformation in the surface layers is
sufficiently severe for oxide particles to be included. On further sliding,
suceessive layers of oxide are broken up and entrapped. Moore and McG.
Tegart® have investigated these effects and taken photomicrographs of
the surface, which clearly demonstrate the severe tearing of the surface
layers. With lubricated sliding, no evidence of oxide inclusions was found.
The lubricant used consisted of a 10 percent solution of oleic acid in paraf-
fin oil. If the increase in r-f resistivity which results from the cold-work-
ing of the surface is to be avoided, the measures recommended by Thorp
should be applied. Cocks*® has recently commented on the debris formed
by sliding contacts.

Copper-Base Alloys

Of the many compositions which fall in this category, only a few find
application for structural components to be used within the tube envelope.
We are here concerned with alloys that consist mainly of copper and con-
tain up to 30 per cent additions of other metals. The reader is referred to
Chapter 7 for alloys where these proportions are reversed and copper itself
is the smaller additive.

Cupro-nickel’" # is commercially available in two compositions, i.e., 90
Ju—10 Ni and 70 Cu-30 Ni, but other compositions can be obtained on
special request. A 5 percent cupro-nickel has thus been used for shadow
magks in color kinescopes and a nonmagnetic 45/55 Cu/Ni alloy is used
for cathode ray tube deflection systems. The physical characteristies of
cupro-nickels are tabulated in Table 6.8. It should be noted that the
typical analysis of these alloys permits 4 maximum content of 1.0 per cent
zine and 0.05 per cent lead. Freedom from these two undesirable elements
should be specified for vacuum tube application. Cupro-nickels are charac-
terized by their superior hot strength, higher yield point, and recrystalliza-
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NickELg3:32

Commercial designation:

Cupro-Nickel,
30%

Cupro-Nickel,
20%

Cupro-Nickel,
109

(9]
Nearest ASTM specifications: B111-58, B111-58, B111-58,
B122-55T, B122-55T B171-58
B171-58
Nominal composition, per cent | Ni: 30, Cu: 70 | Ni: 20, Cu: 80 | Ni: 10, Fe: 1.3,
Cu: 88.7
Commercial limits, per cent Pb: 0.05 max. Pb: 0.05 max.
Fe: 0.4-0.7 Fe: 0.5 Fe: 0.5-2.0
Zn: 1.0 max. Zn: 1.0 max.
Mn: 1.0 max. Mmn: 0.6 Mn: 1.0 max.
Ni: 29.0-33.0 Ni: 21 Ni: 9.0-11.0
Cu: 65.0 min. Cu: Bal. Cu: 86.5 min.

Physical Properties:
Liquidus (°C—°F)
Solidus (°C—°F)
Density (gm/ce—lb/cu. in.)
Coeff. therm. exp.
(20-300°C) X 107
(68-572°F) X 107
Therm. conductivity
(20°C) (eal/em?/em/sec/°C)
(68°F) (Btu/sq ft/ft/hr/°F)
Specif. heat
(20°C) (cal/gm/°C)
(68°F) (Btu/lb/°F)
Electr. resistivity (20°C)
(microhm-cm)
Electr. conductivity 9, TACS
Young’s modulus (tension)
(108 psi)
(kg/mm?)
Modulus of rigidity (108 psi)
(kg/mm?)
Mechanical Properties:
Tensile strength, 1000 psi
Annealed strip*
Half hard strip
Hard strip
Annealed tube*
Light-drawn tube
Yield strength (0.59, ext.),
1000 psi
Annealed strip*
Half hard strip
Hard strip
Annealed tube*
Light-drawn tube
Elongation (2 in.), 9
Annealed strip*
Half hard strip
Hard strip
Annealed tube*
Rockwell hardness
Annealed strip*
Half hard strip
Hard strip
Annealed tube*
Light-drawn tube

1240 (2264°F)
1170 (2138°F)
8.94 (0.323)

162.0/°C
90/°F

0.07
17.

0.09
0.09
37.

40-45
12
5
45

B 37-50
B 80
B 85
B 36-45
B 85

1200 (2192°F)
1150 (2102°F)
8.94 (0.323)

163.8/°C
91/°F

0.087
21.

0.09
0.09
27.
6.4
20.
14,100
7.5
5,200

45-51

Bl1%

Pl

jechvs]

ool )
—

1150 (2102°F)
1100 (2012°F)
8.94 (0.323)

171.0/°C
95/°F

0.091
22.

0.09
0.09
15.

9.1

18.0
12,700
6.8

4,800

44

44
60

15

* Properties of annealed materials vary with grain size.
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tion temperature; for commercial applications, their high resistance to
corrosion is another attractive feature. Cupro-nickels can be readily formed
and joined to other metals by brazing and welding; carbon-arc welding,
however, is not recommended.

Chrome copper containing from 0.2 to 0.6 per cent chromium is soft and
ductile in the as-received condition, and its electrical conductivity is low.
By a suitable heat treatment at about 500°C for two hours or more, the
chromium precipitates as a separate phase, and both mechanical properties
and electrical conductivity are markedly improved. Tensile strength is
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Figure 6.5. Brinell hardness and electrical conductivity of a 0.48 percent chrome-
copper alloy after homogenizing and age-hardening for 5 hours in the temperature
range from 20 to 1000°C. After Petri and Vosskiihler.®® (Courtesy Verband Deutscher
Elektrotechniker [VDE].)
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doubled, eclongation reduced to ahbout one-third, hardness more than
doubled, and electrical conduectivity increased from 45 to 85 per cent IACS.?

Petri and Vosskiihler®® have reported on the properties of chrome copper,
and their paper contains references to the recent literature. Figure 6.5,

TaBLE 6.9. Puysicar, AND MECHANICAL PrRoOPERTIES 0oF CHROME-COPPER?S 3!

(containing 0.6 pet. chrome, being homogenized, quenched, precipitation-hardened,
and work-hardened—compared to electrolytic copper)

Chrome-Copper Electrolytic Copper

Physical properties:

Melting point (°C) 1076 1083
Density (gm/ce) 8.92 8.92
Specific heat (0-20°C) (eal/gm/°C) 0.092 0.092
Temperature coeff. of thermal expansion
0 to 100°C (107/°C) 158. 168.
0 to 300°C (107/°C) 170. 175.
Electrical conductivity (20°C) (Fig. 6.9)
(m/ohm. mm?) ~50. >56.
(umho. em™1) 0.5 >0.56
% TACS 86.2 101.
Thermal conductivity (20°C) (cal/em?2/
em/sec/°C) ~0.8 >0.9
Magnetic suseeptibility (X 107%) 0.03 —0.09
Young’s modulus (tension) (10° psi) 19. 17.
Mechanical properities:3t (amount of ehrome content not specified)
Yield strength (0.5%) (psi)
Rod, 1 in. dia.
hard-drawn 57,000 40,000-45,000
soft 15,000 8,000-10,000
heat-treated, hard 61,000 —
heat-treated, soft 45,000 —
Tensile strength (psi)
Rod, 1 in. dia.
hard-drawn 62,000 45,000-48,000
soft 35,000 32,000
heat-treated, hard 72,000 —
heat-treated, soft 63,000 —
Elongation, 9% (2 in.)
Rod, 1 in. dia.
hard-drawn 20. 15-16
soft 40. 45-55
heat-treated, hard 25. —
heat-treated, soft 25. —
Rockwell hardness (Fig. 6.9) B F B K
Rod, 1 in. dia.
hard-drawn 70 47-50
soft 50 35-40
heat-treated, hard 77 — -
heat-treated, soft 65 — —
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Figure 6.6. Tensile strength, ultimate strength, and clongation of 0.69-chrome-
copper (curve 1), electrolytic copper SE-Cu P37 (curve 2), and phosphor deoxidized
copper SF-Cu F30 (curve 3) in the temperature range 20 to 800°C. After Petri and
Vosskithler.?® (Courtesy Verband Deulscher Elekirolechniker |VDE].)

taken from this paper, shows the inerease of hardness and electrical con-
ductivity during an age-hardening treatment at various temperatures for a
period of five hours. Figure 6.6 shows tensile strength, ultimate strength,
and elongation of chrome copper (0.6 per cent) which have been age-hard-
ened and subsequently exposed to various test temperatures; corresponding
properties of electrolytic copper and copper deoxidized by phosphorus are
also shown.

Figure 6.7 shows how the electrical conductivity decreases with increas-
ing test temperature both for electrolytic copper and chrome copper, and
Figure 6.8 portrays the change in Brinell hardness with inereasing tempera-
tures up to 800°C for these two materials after they have been annealed
for five hours in a range of temperatures from 100 to 800°C. The electro-
Iytic copper had been work-hardened by cold-forming. The benefit of this
process is lost for electrolytic copper above 200°C, while age-hardened
chrome copper can be exposed to high temperature of the order of 400°C
without any noticeable annealing effect. This property makes chrome
copper most attractive for vacuum tube components.

Copper alloys containing 1.1 per cent nickel and 0.22 per cent phosphorus
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Figure 6.7. Electrical conductivity of electrolytic copper and ~0.69, chrome-cop-
per in the temperature range 20 to 800°C. After Petri and Vosskiihler.®® (Courtesy
Verband Deutscher Elektrotechniker [VDE].)
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Figure 6.8. Effect of a 5-hr annealing treatment at temperatures ranging from 100
to 800°C on hardness at room temperature after cooling for ~0.69;-chrome-copper
and electrolytic copper. After Petri and Vosskiihler.3® (Courtesy Verband Deutscher
Elektrotechniker [VDE).)

are known under the trade name ‘Phosnic” *; similarly, alloys containing
1.0 per cent nickel, 0.2 per cent phosphorus; and 0.5 per cent tellurium have
the trade name ‘“Telnik.”* Both these alloys have been used for internal
components in the construction of magnetrons. The presence of phosphorus
and tellurium, respectively, would suggest that such components have to
be maintained at a low temperature during operation to prevent harmful
effects of the high-vapor pressure components.

Finally, it should be pointed out that a substantial increase in tensile

* Registered trade names by Chase Brass & Copper Company.
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strength, creep strength, and hardness can be obtained with various metals,
including copper, by internal oxidation. If small percentages of additives
which have a greater affinity for oxygen than the parent metal are uni-
formly dispersed throughout the parent metal, a heat treatment at a few
hundred degrees below the melting point in an atmosphere with a con-
trolled oxygen content will bring about the preferred oxidation of the
additive by diffusion from an oxide surface layer. These oxides will retard
grain growth and thus increase the recrystallization temperature. For
copper, internal oxidation is carried out at 950°C, and the additives may
be 0.5 per cent aluminum, 0.2 per cent beryllium, or 0.3 per cent silicon.
In contrast to the hardening effect obtained by cold-working or precipita-
tion-hardening, that resulting from internal oxidation is not destroyed to
any great extent by subsequent heat treatment.®

Special Processes

The low yield point of fully annealed OFHC copper makes it possible to
effect a cold joint between two mating copper surfaces when these are
pressed against each other under high pressure. Copper tubes serving as
exhaust tubulations can thus be pinched off by means of cutting shears
which have been provided with rounded jaws. This operation is quite
straightforward for small tubes, but ean be applied to tubulations of as
much as one-half inch diameter. A pinch-off tool has been described by
Neher and Johnston®® and more recently by Neher and Prakash.’® Pinch-
off seals can also be performed with gas pressures of several hundred psi
inside and—what is most useful to the experimentalist—these seals can be
depinched according to the authors just mentioned. Furthermore, by either
not quite closing the pinch-off, or just slightly depinching, controlled gas
leaks can be achieved. In commercial production, automatic pinch-offs are
made by hydraulically operated jaws. Perfect cleanliness of the internal
surfaces is essential, and the reliability of the seal can be improved by pre-
heating the copper. Hermetic seals on copper housings for power transistors
are effected in the same manner.

The strength of copper envelopes can be materially improved by shot-
peening, an operation which exposes the metal surface to a blast of small
steel shot or spheres. The story is told that a second source of supply was
to be established at one time for a power tube with a water-cooled anode.
All specifications were thus furnished by the original producer, A, to the
second producer, B. During the high-temperature bakeout on the pump,
the copper anodes oxidize severely, and this black oxide secale must of
course be removed before mounting the tube in its cooling jacket. No speci-
fication had been forwarded as to the method of cleaning the anode. While
the tubes made in plant B performed satisfactorily when tested on the
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pump, it was found that the anodes collapsed when the tubes were mounted
in the cooling jacket and the water pressure applied. It turned out that the
removal of the black oxide scale from the anode was achieved in plant A
by shot blasting whereas in plant B it was done by chemical cleaning. The
thickness of the copper anode was so marginal that the strengthening effect
of shot-peening made the tubes survive in plant A while they failed in
plant B.

The present author on one occasion had a copper housing for a cyclotron
resonance tube of unusual shape made by electroforming. In general, this
procedure results in vacuum-tight structures, but the one referred to had a
large number of very small leaks. By shot-peening the envelope, many of
these leaks were closed ; those remaining were sealed by coating the outside
surface of the copper housing with copper oxide powder and pass it
through a hydrogen furnace; this caused the copper oxide to be reduced to
copper and permitted the copper to flow over the surface.

The permissible power dissipation of copper anodes depends on the type
of cooling employed and also on the wall thickness. For water cooling of
smooth surfaces values of 50 to 60 watts/em? are common, whereas with
axially, tangentially, or spirally grooved anodes 100 watts/em? can be ob-
tained. If the cooling water is supplied under pressure, the dissipation can
be increased to values ranging from 500 to 1000 watts/em?. Under ordinary
conditions, for an inlet water temperature of about 15°C, the water con-
sumption runs to about 1 meter®/minute/kilowatt.

Air cooling of power tubes is generally facilitated by providing fins which
increase the surface area. Normally one aims at a surface temperature
somewhere near 200°C. The required volume of air is of the order of 1 m3/
minute/kilowatt dissipated at a loading of 50 to 60 watts/em? and an anode
temperature of 180°C.1"

The machining of OFHC copper requires some special precautions on ac-
count of the great toughness of the metal. Dalzell*® recommends the follow-
ing procedures:

“In preparing the metal for further machining in volume production
carbide-tipped standard slitting or high-speed steel saws are recommended.
For cutting with carbide-tipped tools, a top rake angle of 20 to 30 degrees
and a 5- to 8-degree side-clearance angle are best; cut at 250 to 300 feet
per minute.

“Precision-ground taps should be used for internal threading, maintain-
ing close tolerances on the pitch diameters of the tap. In some cases stand-
ard gun taps can be used. Iixternal threading can be done with self-opening
die heads on which the chasers have a 15-degree radial hook to facilitate
chip clearance. (Landis, Geometric or Jones and Lampson tapping heads
have been used with success.) Coolants must be free of sulfur to avoid eon-
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tamination. (Paragon Lard Oil, Cutrite, and sulfur-free Acorn No. 10 cut-
ting oils give good results; others can be used.) Spiral milling cutters are
preferred, four flute-fast spiral-end-mills producing the best results for end
milling.”
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CHAPTER 7

NICKEL AND NICKEL ALLOYS

Introduction

Nickel and its alloys are the most favored materials for the construction
of almost all components of receiving tubes and power tubes of small and
medium output range. Cathodes, grid laterals and side rods, anodes, shields,
getter flags and supports, all these tube components can and in many cases
are being made of nickel and nickel alloys owing to their favorable proper-
ties. Nickel not only is available in grades of controlled purity at reasonable
cost, but it can be casily fabricated into all conceivable shapes and is readily
spotwelded to itself and other metals, or brazed. The mechanical properties
of nickel and its alloys are adequate for most applications, it can be readily
outgassed, and its high resistance to corrosion permits storing for prolonged
periods without tarnishing. Nickel is magnetic at room temperature; this
property may militate against its use in certain applications.

Nickel-clad iron and nickel-plated iron were introduced before World
War II and reached a position of great importance during the war when
nickel was difficult to procure. Aluminum-clad iron was developed at the
same time, as described in Chapter 5. These materials are now being used
for receiving-tube anodes on a fairly large scale.

Nickel anodes, pure or clad, are usually carbonized to increase their
thermal emissivity and thus permit larger power dissipation, as discussed
later in this chapter. Anodes which operate at 800°C, or higher, are made
of more refractory materials, such as molybdenum, tantalum, or graphite,
which are described in separate chapters. The danger of depositing nickel
films by sublimation during the outgassing treatment on the pump, or
when nickel parts are used as electrodes or shields in too close proximity to
cathodes operating at high temperatures, should be kept in mind.

Nickel alloys for oxide-coated eathodes are described in Chapter 15 and
those used for glass-to-metal seals in Chapter 13. The properties of nickel
have been the subject of many publications.!"1? Special attention should be
given to the many technical bulletins available from the International
Nickel Company.?-® Jackson and Jenkins® discuss at some length the con-
siderations which govern the selection of the most suitable grade of nickel
for various components of electron tubes.

Table 7.1 lists the approximate percent compositions of nickel and nickel-
base alloys. Tables 7.2 and 7.2a give the physical characteristics and me-
chanical properties of pure nickel, and Table 7.3 gives the chemical proper-
ties of pure nickel. A number of the physical constants of nickel and
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TABLE 7.2. PHYsIcAL CHARACTERISTICS AND MECHANICATL
ProrERTIES oF PURE NIcKEL!

Atomic number: 28 Atomic valence: 2, 3
Atomic weight: 58.69 Valence orbitals: 3d84s?
Isotopes: 58, 60, 61, 62, 64 Lattice type: f.c.c. (A1)

Lattice constant:!® 3.52394 A (25°C)
(99.99% Ni)
Density (gm/ce): 8.908 at 20°C (theoret.) Atomic diameter:!® 2.49 A
8.907 at 23°C—cast Atomic volume (ce/gm atom):2 6.59
8.901-8.903 (25°C)— Closest approach of atoms: 2.486 A
cold swaged, annealed
Melting point (°C): 1453 (fixed point, ITS 1948)
1440 & 5 (““A”’ Nickel)
Boiling point (°C):** 2839
Heat of fusion, AH,, (Keal/mole):1? 4.2
Heat of vaporization, AH, (Kcal/mole):1* 91.0
Entropy of fusion, AS,, (cal/mole/°K):1° 2.4
Entropy of vaporization, AS, (cal/mole/°K):1¢ 29.6
Entropy at 298.16°K, AS (cal/mole/°K):1* 7.12
Specific heat (20°C), (cal/gm/°C): see Fig. 7.1
Thermal conductivity {cal/em?/cm/sec/°C): see also Fig. 7.2
100 200 300 400 500 °C
0.198 0.175 0.152 0.142 0.148
Thermal expansion cocff. (cm/em/°C) 18 average from 25°C to
100 300 600 900 °C (see also Fig. 7.3)
133 144 155 163 X 1077
Vapor pressure (mm Hg):2 7 log p = —22,100/7" 4+ 10.75 — 0.131 7'(1000-1728°K)
log p = —18,000/T + 8.17 (1728-2500°K)
1078 1077 1076 1073 10~* 107% 197¢ 107! Torr
1185 1260 1330 1415 1520 1630 1770 1940 °K3
Spectral emissivity:'* X = 0.655u en = 0.355 (22°C)

1.0 0.27

3.0 0.12 for variation with

5.0 0.06 temperature see ref. 18
9.0 0.04

Total emissivity:
25 100 500 1000 °C
0.045 0.06 0.12 0.19 (Black body = 1.0)
Electrical resistivity (microhm-em): (see also Figs. 7.4, 7.5)
—200 —100 O 20 100 200 400 600 800 1000 °C
Ry : 0.49 2.82 6.141 6.844 10.3 15.8 30.6 37.2 42.8 48.3
Riy/R,: 0.08 0.46 1.00 1.11 1.68 2.57 4.99 6.06 6.97 7.86
Temperature coeff. of resistivity:* 0.0067/°C (0-100°C)
Magnetic transformation temp.: 353°C (Curie Point) (see Fig. 7.6)
Magnetic saturation value: 6,394 gauss (0°K) 6,084 gauss (15°C)
Permeability: 2,000 to 3,000 (H = 1 oersted)
Electron work function: 5.0 e.v. (see Table 15.3)
Richardson constant A: 50 a/cm?deg?
Mechanical Properties: (see also Figs. 7.7-7.10)
Modulus of elasticity in tension (20°C) (10° psi):® 30
Modulus of elasticity in torsion (108 psi) 2 11
Poisson’s ratio:? 0.31
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Figure 7.2. Thermal conductivity of high-purity and commercial-purity nickel.
After Van Dusen and Shelton.!s (Courtesy National Bureau of Standards.)

nickel-base alloys are presented in Table 7.4 and their mechanical property
ranges are given in Table 7.5. Some of the ASTM Specifications on nickel
which apply in the manufacture of electron tubes are presented in Table
7.6.

Commercial Wrought Nickel and Powder

Carbonyl nickel powder, produced by the Mond Nickel Co., Ltd., is the
purest powder available; it can be sintered into a bar and rolled to thin
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Figure 7.3. Thermal expansion of pure nickel. After Thompson.! (Courtesy Na-
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Figure 7.4. Electrical resistivity of high-purity nickel. After Thompson.! (Cour-
tesy National Bureau of Standards.)

strip. In this form, it is marketed as “HPM nickel” and used for hydrogen
thyratron parts and as a reference standard for cathodes and anodes in
experimental studies of the behavior of other nickels.?

Nickel produced by electrodeposition, according to a process developed
by Wesley?® at the International Nickel Company Laboratory, also is of
high purity but will normally contain slightly less than 0.10 % cobalt which
has no harmful effect in vacuum tubes. This electrolytic nickel is the melting
stock used in producing most wrought nickel and nickel alloys.

499 nickel, well known as a passive cathode nickel of high purity (see
Table 15.11), is made by melting the electrolytic cathode, deoxidizing with
0.35 % carbon, rolling to intermediate gauges, and removing the carbon by
prolonged treatment in moist hydrogen according to a process developed
by Wise and Schaefer.?

INCO* Low-carbon nickel has a maximum carbon content of 0.02 per cent
and is therefore soft and ductile owing to its low rate of work hardening.
This property makes this material suited for spinning and cold-coining op-
erations, but it is not recommended for deep drawing where a special grade
of “deep drawing” “A” nickel is preferred.

* Trademark, The International Nickel Company, Inc.
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TaBLE 7.2a. MECHANICAL PROPERTY RANGES oF “A’ NICKEL!

225

Yield

Tensile strength | Elongation Brinell Rockwell
Form and temper strength, (0.2, in 2 in., hardness | hardness,
1000 psi offset), per cent (3000 kg) B
1000 psi
Wire
Cold-drawn
Annealed 55-85 15-50 50-30 — —
No. 0 temper 80-95 — — — —
No. 1 temper 70-95 40-75 40-20 — —
Regular temper 105-140 | 105-135 | 15-4 — —
Spring temper 125-145 | 105-135 | 15-2 — —
Rod and bar
Cold-drawn
Annealed 55-80 15-30 55-40 90-120 | 45-70
As-drawn 65-110 | 40-100 | 35-10 | 140-230 | 75-98
As-rolled 60-85 15-45 55-35 90-150 | 45-80
Forged, hot-finished 65-90 20-60 55-40 | 100-170 | 55-85
Plate
Hot-rolled
Annealed 55-80 15-40 60-40 90-140 | 45-75
As-rolled 55-85 20-50 55-35 | 100-150 | 55-80
Sheet
Annealed 55-75 15-30 55-40 — 70 max.
Hard 90-115 | 70-105 | 15-2 — 90 min.
Strip
Annealed 55-75 15-30 55-40 — 64 max.
Spring 90-130 | 70-115 | 15-2 — 95 min.
Tubing
Cold-drawn
Annealed 55-75 20-30 60—40 — 70 max.
Hard, stress-relieved 65-110 | 40-90 35-15 — 7598
Condenser and evaporator
Annealed 55-75 15-30 60-40 — 65 max.
Stress-relieved 65-90 40-75 35-20 — 75-92
Castings
Nickel, as cast 50-65 15-30 30-15 90-130 | 45-72
“G* nickel, as cast 50-60 25-35 25-15 90-125 | 45-70
““87* nickel, as cast 70-100 | 50-70 6-2 185-250 | 89-100
annealed and aged | 75-105 | 55-75 6-2 200-280 | 92-104

Electronic “A”* nickel is produced by melting electrolytic cathodes and
deoxidizing with fractional percentages of silicon, manganese, titanium and
a trace of magnesium which reacts with any sulfur that is present, or which
may be acquired during processing. While electronic “A”" nickel is suitable
for many tube applications, it is better practice to use one of the passive

* Trademarks, The International Nickel Company, Inc.
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TABLE 7.3. CHEMICAL PROPERTIES OF NICKEL

Electrochemical equivalent: 0.30409 mg/coul
3.28846 coul/mg

A) Reactions with gases and vapors:
dry air at room temperature: none
dry air above 400°C: slow oxidation (visible, protective film of NiQ at 400°C)
clean moist air at room temperature: practically none
sulfurous atmosphere at 20°C; relative humidity > 709, : formation of NiSO, film
steam, up to 425°C: none; at red heat: Ni + H.O = NiO + H,
hydrogen:none;for data on sorption, desorption, and permeation sec Figures A4
and A6
nitrogen: none
ammonia: none
dry chlorine: none up to ~ 540°C
wet halogens, SO, , NH; : corrosion
dry CCly : none
moist CCly : corrosion; blue and yellow spots develop on surface.
Trichloroethylene: none
80 : onset of reaction at about 460°C to form nickel sulfide, Ni4S,
reaction complete at about 700°C; may reverse at higher temperatures
B) Reactions with liquids:
water at 20°C: practically none; corrosion is less than 0.001 in. penetration per
year (ipy) when exposed on one side only
salt water at 20°C: very little corrosion; less than 0.005 ipy; some pitting
neutral and alkaline salt solutions, cold or hot: corrosion less than 0.005 ipy
alkalies, cold or hot: practically none (0.0001 ipy)
H.S0, , cold: less than 0.05 ipy for concentrations up to 809, (b.wt.)
max. corrosion at about 5 p.c. acid concentr. b.wt. and decrcases
uniformly with increasing concentr. up to 80%
hot: corrosion above 25 p.c. acid concentration (0.05 to 0.1 ipy)
HCI, cold, dilute: air-free 0.005 ipy; air-saturated 0.10 ipy
cold, cone.: air-free 0.06 1py; air-saturated 0.08 ipy
hot, dilute, or cone.: severe attack above 2 p.c. conce. (b.wt.)
HNO3;, cold, dilute: rapid dissolution
PO, , pure, free of oxidizing impurities such as ferric compounds: 0.015-0.04ipy
cold, dilute (commercial grade): slow dissolution
hot, concentr. (commercial grade): rapid dissolution
HF, dilute (20-110°C): 0.010-0.110 ipy
anhydrous (20-150°C): 0.002 ipy
HF -+ HNO; : rapid dissolution
acetic acid, 20°C, air-saturated: max. rate 0.4 ipy at 859 conec.
0.01 ipy in 0.19; conec.
oxide-coated cathodes can be stripped of the coating by boiling in
10 p.c. solution of acetic acid
Mercury: no amalgamation up to 370°; stress-relief anneal as a safeguard against
eracking; do not remove oxide
Molten metals: do not use in contact with AL, Sn, Ph, Bi, Sh, Zn

C) Reactions with solids:
Tantalum—{forms brittle alloy with nickel near 1400°C when Ta content > 40 p.c.
Zirconium—forms eutectic with nickel above 1000°C
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TaBLE 7.3—Continued
1)) Nickel oxides:
NiO—nickel monoxide,'” 2%23 olive green to greenish yellow, or grayish black;
somewhat harder than Ni%
d = 7.45; M.P. = 1960°C; soluble in acids and NH,OH; readily reduced in hy-
drogen; reacts with Al,O3 at about 900°C to form nickel spinel2?

400 500 800 900 1000°C
Color: black gray gray-green greenish yellow
NiO%: 99.15 99.61 99.91 100 100 Mellor, Vol. 15(1936)26
sp. gr.: 5.668 5.745 6.265 6.3056  6.310 e (5500-6650) :

.89 (1000°C)
.69 (1450°C)
Higher oxides of variable composition can be produced by electrolysis of aque-
ous solutions.
12) Cleaning solutions, etching and polishing:
HNO; (cone)—33 c.c. immerse in solution, rinse in water and methy! alcohol
H.0 —67 c.c. in succession, air-dry
HCI (cone) —10 c.e.
electrolylic cleaning: HyS04 (509, b.vol.); current density: ~1a/cm?
time: 30 see to 2 min; use nickel cathode, work as anode
Note: Many polishing and etching solutions are listed in two tables of Ref. 1,
pp- 12-13.

The Jewitt-Wise reagent consists of equal volumes of 109 ammonium per-
sulfate and 109, potassium cyanide and is recommended for etching
of metallographic specimens after careful polishing with flat silk crepe
and very fine alumina as the abrasive for the last stage.

nickels, especially when the components in question operate at elevated
temperature.

“A7* mickel 1s the commercial wrought nickel and differs from the elec-
tronic “A” nickel in regard to the limits of the deoxidizing elements (Table
7.1). The present author would not recommend its use for internal tube
elements.

“330”* nickel differs from the grades deseribed above in containing slightly
more magnesium and substantially no titanium; while this nickel was orig-
inally designed to be used for anodes, as it is, Sylvania Electric Products
Inc. utilized selected lots of 330 nickel for oxide-coated cathodes under the
code Sylvania ‘A’ nickel some ten years ago; N4 nickel is now the Sylvania
code for selected 330 nickel, and RCA uses the code N109. The recently
announced “230”" nickel (INCO) meets this situation by giving the selected
330" nickel for cathode use a special humber and making it to the closer
tolerance to start with. <3307 nickel is also widely used for magnetostriction
transducers although 4 % cobalt nickel offers some advantages for this ap-
plication.

“D”* nackel 1s characterized by its higher manganese content which ranges

* Trademarks, The International Nickel Company, Ine.
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TABLE 7.4. PuysicaL CoNSTANTS OF NICKEL AND NICKEL-BAsE ALLoYs?

;G 2o > ks
SEERE- g82 |2 | ZE | %E | si
g s = E’e s 2 G 28 58
Material S| F lgoo| fmo | T B2 3 E
0 & e R ) =2 g2 ==
= 80 S2E| W28 g E £ o3 g2
= g 2N EES | EES 50 =5 8%
g 3 g8%8 | 58E | se7 g& £3 £3
8 = |3 = = = & &
“A” Nickel (Commer- |8.89(1435-1446/0.13 129.6 0.145 9.46 | 30 11
clal)
Low-carbon nickel 8.89(1435-1446/0.13 129.6 0.145 8.30 | 30 11
Duranickel 8.24/1400-1438/0.104 | 129.6 0.047 43.12 | 30 11
Permanickel 8.74/1400-1438/0.106 | 129.6 0.138 15.69 | 30 11
“D” nickel 8.78] 1426 |0.13 133.2 0.115 18.26 | 30 11
“E” nickel 8.86| 1426 |0.13 133.2 0.115 14