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THE PROCESSING OF RZ-2 GLASS

DuaneE H. GrROWEG

Materials Development Section, Research Department
Consumer and Technical Products Division
Owens-Illinois, Inc.

Toledo, Ohio

ABSTRACT:

Since Owens-Illinois introduced RZ-2 Glass in 1966, several develop-
ments have been made in equipment and in technique for processing
powder seals. The construction and design of a R.F. induction-heated
atmosphere furnace will be discussed. The preparation of powdered RZ-2
Glass seals will be described in detail. Properties will be discussed and
uses of RZ-2 Glass in sealing and decorating will be described.

INTRODUCTION

RZ-2 Glass is a copper-aluminosilicate glass which has a coefficient
of thermal expansion comparable to that of fused silica; that is, 5 x 10-7
in/in/°C over the temperature range from 0 to 300°C. It has a softening
point of 1607°F. (875°C.), and an annealing point of 1058°F. (570°C.).
Fused silica parts can be sealed using RZ-2 Glass at temperatures much
lower than required to make direct fused silica seals; however, special pre-
cautions and techniques are required.

THE R.F. ATMOSPHERE FURNACE

In order to retard the formation of higher oxides, an inert atmosphere
furnace is required to make RZ-2 Glass powder seals. The furnace must
be capable of producing temperatures in the range from 2200°F. to 2400°F.
(1204°C. to 1316°C.). A furnace that is powered by a R.F. generator is
such a device.

Since most glasses are not subject to direct R.F. induction heating,
an alternate technique must be used. This technique uses the load coil of
the R.F. generator to set up eddy currents in a carbon susceptor which
will heat up to 3000°F. (1649°C.) or higher. The radiation from the sus-
ceptor in turn heats the fused silica RZ-2 Glass assembly that is to be
sealed.

There are two major design considerations. The first is the power out-
put of the R.F. generator that will power the furnace. Care must be ex-
ercised so that the power requirement of the furnace does not exceed the
power output of the generator. The ideal situation provides the ability
to maintain the furnace at 2400°F. (1316°C.), using only 80 to 85 percent
of the power available. This condition will provide faster heating rates of
the furnace than will an under powered system. The R.F. generator out-
put will determine the maximum furnace size that can be built.

The second design consideration concerns the physical size of the
parts to be sealed in the furnace. They must clear the inside walls of the
susceptor. In small furnaces, one-eighth inch on all sides is sufficient clear-
ance; however, larger furnaces require one inch or more on all sides.






The R.F. atmosphere furnace has four major parts: the carbon sus-
ceptor, the atmosphere introduction and control system, the R.F. load
coil and the framework to contain the furnace as a unit. The parts of the
furnace will be discussed in the order given. Exact design parameters
cannot be given, since they vary with the R.F. generator used and the
size of the sample to be fired. To illustrate the technique and construction
principles, a cylindrical tube-type furnace will be considered.

THE CARBON SUSCEPTOR

The R.F. load coil induces eddy currents in the carbon susceptor,
causing the susceptor to heat up and become the radiating source of the
furnace. Carbon can be heated by induction to temperatures higher than
3000°F. (1649°C.) in an inert atmosphere without appreciable deteriora-
tion. A desirable property of carbon is its gettering action for oxygen when
heated. This effect aids in maintaining an inert atmosphere.

The grade of carbon used for the susceptor is not critical. The inside
diameter and length are determined by the size of the parts to be fired.
The part should clear the side walls by one-eighth inch on all sides in a
small furnace. In a large furnace, the part clearance should be one inch
or more. The susceptor should extend beyond the part length at each
end at least 25 percent of the inside diameter. This factor is not critical.
The desired result is end heating of the part. The wall weight of the car-
bon cylinder depends on the size of the furnace. In the small furnace, one-
sixteenth inch wall thickness will provide sufficient physical strength, but
a large furnace may require one-fourth inch or more. The surface finish
should be fairly uniform and smooth.

THE ATMOSPHERE RETAINING CHAMBER AND
INTRODUCTION SYSTEM

The furnace shell is constructed from fused silica and transite board.
The fused silica selected may be either the clear or translucent type. Fused
silica with its exterior surface exposed to air will allow heating the carbon
susceptor to temperatures higher than 3000°F. (1649°.), without defor-
mation. A clearance of one-sixteenth inch to one-eighth inch between the
inner surface of the fused silica and the exterior surface of the carbon sus-
ceptor is necessary to allow the atmosphere gas to circulate between the
carbon and fused silica. This clearance also allows for expansion of the
carbon during the heat-up cycle. The fused silica tube length is depend-
ent on the size of the furnace. In a small furnace, three-eighths inch added
beyond each end of the susceptor is sufficient to prevent destruction of the
transite end caps; however, two and one-half inches to four inches may
be required in larger furnaces.

The next step after the selection of the fused silica tube is the design
and construction of the end caps. Transite board, usually three-fourths
inch thick, is used for this purpose. The end caps are machined to be
approximately three-fourths inch larger in diameter than the selected tube
size. A groove is machined into one surface, one-fourth inch deep, one-
eighth inch larger in diameter than the outside of the fused silica tube,
and one-eighth inch less in diameter than the inside of the fused silica
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tube selected. These dimensions allow adequate room for alignment and
expansion when the furnace is heated. The bottom of the groove is then
lined with a 'soft, insulating material, such as asbestos rope or cord. This
soft liner will re-form to irregularities in the end of the tube making a semi-
gas-tight seal. It is suggested that one end cap be equipped with a fused
silica viewing port.

Both end caps are equipped with gas inlet ports. These ports can be
made by boring into the transite, making sure the hole clears the bottom
of the groove. The outer end of the bore is tapped to accept threaded tub-
ing. From the inside of the end caps, a series of small holes are drilled into
the cross bore to spread the gas entering the furnace chamber. The end
cap inlets are connected to a single gas feed hose.

In the end cap not used for the viewing port, the thermocouple pro-
tection tube is installed near the inside wall of the carbon susceptor. A
platinum, platinum-rhodium thermocouple is used to measure the sample
temperature. The end of the tubing outside of the furnace is sealed with
asbestos papier-miché made from asbestos paper and water.

THE R.F. LOAD COIL

Copper tubing is used to wind the load coil for the furnace. The
tubing diameter should be compatible with the R.F. generator output
connections. The coil inside diameter should clear the outside of the silica
tube by one-sixteenth inch in the case of a small furnace, and by one to
one and one-half inches in large furnaces. In larger furnaces, the heat
losses will cause excessive heating of the generator cooling water if the
coil is too close.

The coil length is dependent on the type of generator used. In gen-
eral, the length can be equal to or slightly longer than the susceptor
length.

FURNACE FRAME

Since the furnace described may be operated in either a vertical or
horizontal position, the general support of the furnace must be designed
accordingly. For vertical operation, ceramic supports must be added to
the lower end cap to hold the susceptor in the proper area of the coil.
When operated horizontally, provisions must be made to hold the end
caps in place. The general support, therefore, is left to the builder. The
materials used for the support should be electrically insulated, because of
the R.F. field present, and be able to withstand the radiated heat.

R.F. ATMOSPHERE FURNACE—SUMMARY

In summary, the furnace described has extremely rapid heat-up rates.
A small furnace will heat from room temperature to a sample temperature
of 2400°F. (1613°C.) in about sixty seconds; a large one will take three
to four minutes. Similarly, the cooling rates are rapid because of designed-
in heat losses. A small furnace can cool from 2400°F. (1316°C.) to 500°F.
(260°C.) in about two minutes, without damage to the furnace. Larger
furnaces take fifteen to thirty minutes to cool.
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Temperature control and stability are very good. When the generator
power is increased or decreased, corresponding furnace temperature
changes are almost instantaneous. Heat-up cycles and temperatures are
reproducible.

The tube-type furnace has been discussed; however, a box-type fur-
nace can be constructed by using similar techniques and principles. In
some applications, the box-type furnace may be more desirable.

CONDITIONING OF THE R.F. ATMOSPHERE FURNACE
FOR SEALING RZ-2 GLASS

Before the furnace can be used for making RZ-2 seals, it must be
heated to 2500°F. (1371°C.) for three to four minutes using a nitrogen
atmosphere, and then cooled. The heating-cooling cycle is repeated four
or five times to burn out the binder and/or oil residue in the carbon sus-
ceptor. The bake-out operation tends to force water out of the fused silica
shell and the transite end caps. At this point, the furnace is ready to make
RZ-2 seals, the preparation of which will be discussed next.

THE TECHNIQUE OF MAKING RZ-2 GLASS POWDER SEALS

The procedures indicated here are applicable to nearly any type or
shape of seal. Examples of seal geometries are: tubing to tubing, cane to
cane, flat plate to tubing, and plates assembled into square or rectangular
cells or tanks. Various combinations of the above are possible. Optical
distortion of fused silica plates, such as those used for viewing ports in
scientific apparatus, is minimized by using RZ-2 Glass for a seal. RZ-2
Glass is available in can and powder form, in commercial development
quantities. Inquiries for other forms, such as solid cast blanks, fibers and
capillary tubing, are solicited.

RZ-2 POWDER

In this paper, the discussion will be concerned with the powder form
of RZ-2. The glass is ground by the ball mill technique; however, other
equally well known techniques may be used, providing the copper glass
does not become contaminated.

After the RZ-2 Glass has been ground, it is advisable to select, by
standard screening procedures, a particle size that will pass a 40-mesh
screen (420 microns), but will not pass through a 325-mesh screen (44
microns). The particle size of the powder is not critical; however, for
certain application processes, a more selective sizing may be desirable,
such as minus 100 mesh plus 200 mesh size product.

BINDER CONSIDERATIONS

A binder must be mixed with the powdered RZ-2 Glass for handling
purposes. Nitrocellulose dissolved in amyl-acetate is a suitable binder for
the material. The binder selection is of great importance. A binder burn-
out temperature of about 600°F. (316°C.) is desirable. After burn-out,
the ash and/or carbon residue content should be very low. For this par-
ticular glass, the binder must be neutral chemically. A binder that has
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highly oxidizing or reducing characteristics is not usable with RZ-2 cop-
per glass. Distilled water may be used as a binder; however, the green
strength of the assembly is poor. Such an assembly cannot be allowed to
air dry before firing.

The ratio of powdered RZ-2 Glass to the binder is unimportant. The
viscosity of the mixture must be compatible with the application technique.
For general hand application, the powder and binder are mixed in a ratio
that will result in a moist paste which can be applied to the seal area.

FUSED SILICA PART PREPARATION

The preparation of the fused silica is dependent upon dimensional
tolerances and the quality of the end product. Parts to be sealed can be
shaped by cutting with a carborundum saw, ultrasonic machining, and /or
by grinding techniques. The surfaces that are to be sealed may be ground
and polished, if desired, but polishing is not mandatory for making a good
seal. The surface quality resulting from grinding with 240 grit and water is
satisfactory. A combination of a ground surface and a ground and polished
surface can be sealed successfully with RZ-2 Glass. For instance, a fused
silica optical window may be sealed between the ground and polished face
and a mating ground opening. The quality of the physical match between
the surfaces to be sealed will determine the uniformity of the resulting
seal. Gross mismating should be discouraged.

Upon completion of the physical cutting and/or shaping procedure,
the fused silica parts should be cleaned to remove grinding grit, finger-
prints and grease. The cleaning procedure must be such that the fused
silica is not etched or damaged or optical properties destroyed. The parts
are washed in detergent and tap water, followed by distilled water rins-
ing. Acetone may be used as a final rinse to dry the parts and complete
the cleaning. No surface residue should remain. Handling of the parts
after cleaning should be done with white cotton gloves or tongs.

RZ-2 GLASS APPLICATION

After cleaning, the fused silica parts are ready for the application of
the copper glass binder mixture. The mixture can be applied to one or
both surfaces that are to be sealed. The volume of the mixture will
diminish as firing occurs, hence material must be added to compensate
for shrinkage. Amounts of RZ-2 and binder to be added for shrinkage are
dependent upon the seal area and shape. After application, the glass-
binder mixture is air dried until the mixture surface loses its glossy or
“wet” appearance. Before the mixture is completely dry, the fused silica
parts are mated, making sure that the entire seal area is in contact with
the RZ-2 Glass and binder. The mated parts are then allowed to air dry
completely. An infrared heat lamp can be used to speed the drying process.

When the assembly is dry (brown tan color), it may be cleaned to
remove excess or undesired material. Using a cotton swab and light pres-
sure, the excess sealing glass can be loosened. The loosened material is
easily removed from the seal area with the aid of a mild air stream. Any
binder residue left is removed by a cotton swab dampened with acetone,
with care being taken not to rewet the RZ-2 powder joint. The assemblies
are now ready for firing.
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SEAL FIRING TEMPERATURE AND TIME REQUIREMENTS

The furnace requirements for sealing powdered RZ-2 Glass should
be re-emphasized. These parameters are applicable to a conventional at-
posphere furnace or to a R.F. powdered furnace as described in this
paper.

The copper glass powders are subject to air oxidation at elevated
temperatures; therefore, the furnace must be capable of operation with an
inert atmosphere. Nitrogen or argon is acceptable, with nitrogen preferred
because of lower cost. The furnace must be able to operate at 2200°F. to
2400°F. (1204°C. to 1316°C.).

The assembled parts do not require a preheat cycle; however, in
resistance heated furnace operation, it may be desirable to preheat the
samples in an area adjacent to the furnace hot zone to prevent shocking
the furnace. The preheating and firing must be done in an inert atmos-
phere, being careful that at no time are the seals exposed to air at elevated
temperatures. The use of two furnaces with an air transfer between them
is prohibited.

The time-temperature cycle is not critical, but is dependent upon
the seal size and the furnace. The firing is done at temperatures between
2200°F. and 2400°F. (1204°C. and 1316°C.). The time normally can
range from two to ten minutes; but a large assembly may have to soak
at 2400°F. (1316°C.) for an extended time.

By the proper selection of the RZ-2 powder particle size, temperature
and time, seals can be sintered to be porous or melted into a solid glass.

SEAL HOLDERS

It may be desirable to construct a holder to keep the parts aligned
during handling and sealing. The materials used must be able to stand
the time, temperature and atmospheric conditions required for sealing.
Holders should not be in contact with the sealing glass. It is desirable to
exert pressure on the parts during sealing to cause the seal to fillet.

ANNEALING

The sealed articles are annealed at the annealing temperature indi-
cated for the RZ-2 Glass. Annealing is done preferably in a nitrogen
atmosphere to prevent oxidation of the exposed RZ-2 sealing glass.

RZ-2 GLASS APPLICATIONS

Powdered RZ-2 Glass can be used to fabricate cells and tanks from
fused silica and seal fused silica windows with a minimum amount of
window distortion. By using the techniques indicated here, complex fused
silica units can be constructed without deformation of the parts. A spec-
trophotometer cell is one example of this application of RZ-2 Glass. The
application of the RZ-2 Glass binder mixture by the silk screen method
will allow the seal shape and thickness to be controlled closely. This tech-
nique is applicable to cells requiring a very narrow or thin cross section.

RZ-2 powder may also be used for decorating fused silica. By using
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silk screen methods, any design or decoration may be applied. Identifica-
tion marks such as various styles or types of graduated scales can be
permanently applied to fused silica.

Preliminary investigations indicate that RZ-2 Glass powder may be
sintered into porous or dense parts by using controlled temperature and
an inert atmosphere.

Until now, we have been concerned primarily with the powdered
form of RZ-2 Glass. The cane form that is available may be utilized by
employing conventional lampworking procedures to effect a fused silica
seal while minimizing distortion of the fused silica parts. The flame-
working method involves beading the area to be sealed with the RZ-2
cane, then mating the parts to complete the seal. The cane may also be
reformed and ground to make preforms for special sealing applications.
While on the subject of RZ-2 preforms, solid RZ-2 Glass may be cut into
thin sections and then cut ultrasonically to a desired configuration. Pre-
forms prepared by these methods are then sealed by the furnace tech-
nique. Preforms have been used to make an optical wedge cell and fluid
amplifiers which require an intricately shaped passage.

Solid RZ-2 Glass has decorative features. By using special heat treat-
ing cycles, the outer polished surface will become reflective and, with
modified heat treatment, a very thin copper metal layer can be produced
on the surface. Parts or all of the coatings can be removed by chemical
methods, thus producing the decorative effect. Thin sections of solid RZ-2
Glass can be used as optical filters or as substrates.

CONCLUSION

Possible applications and techniques for using the new, unique RZ-2
Glass have been discussed in this paper. Inquiries on other possible appli-
cations are invited by Owens-Illinois, Inc.
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HIGH POWER CARBON DIOXIDE LASERS
L. A. WEAVER

Westinghouse Research Laboratories
Pittsburgh, Pennsylvania 15235

ABSTRACT

Solid state and gaseous laser systems of current interest are described,
with special emphasis directed towards recent developments in high power
carbon dioxide lasers. The principles of operation are outlined, and promis-
ing applications to the cutting and fusing of materials such as metals,
plastics and quartz are presented.

INTRODUCTION

During its brief and fast-paced history, the laser has characterized
itself as a precocious and fickle child of modern technology. From its con-
ception in 1958 by Schawlow and Townes,! breakthroughs have followed
rapidly upon one another, each one holding even greater promise of
potential usefulness in both military and commercial applications. In a
manner which appears to be distinctive of contemporary scientific devel-
opment, the laser has emerged as a concept and device which rivals the
transistor in technological impact and potential widespread utilization.
Indeed, it now appears evident that the laser will soon find itself as thor-
oughly entrenched in our everyday lives as the transistor is today.

The first laser oscillation was observed by Maiman? in 1960 in ruby
on a pulsed basis, followed in 1961 by the discovery of continuous laser
action in a He-Ne gaseous discharge by Javan, Bennett and Herriott.3
These early developments were succeeded by a flurry of activity in which
a large variety of materials were made to “lase” at wavelengths extending
from the near ultraviolet to the infrared. Semiconductort and liquidd
lasers emerged from the laboratory, and the novel applications of a bur-
geoning laser technology began to fill the scientific literature. However,
these early devices were typically of low average power capability. It re-
mained for a second generation of techniques and devices to extend wave-
length and power output ranges to the point where the original optimistic
promises of the laser could begin to be realized.

Improvements in optical pumping and crystal-growing techniques
have resulted in the pulsed operation of solid state materials at gigawatt
levels. These devices can also be pumped continuously, yielding cw power
outputs approaching several watts. However, it was the noble-gas ion
lasers, notably the argon ion laser,® which first demonstrated high continu-
out power levels in the visible part of the spectrum. Currently these
devices are capable of providing some tens of watts of cw power. At about
the same time lasers utilizing molecular gases began to push the oscilla-
tion wavelength into the submillimeter region (676 in ICN)7 previously
approached using only microwave techniques. Moreover, it was discovered
that molecular gas lasers were capable of extremely high continuous
power levels; laser action at 10.6. in carbon dioxide8 was pushed from
the milliwatt level to the kilowatt level in the space of about one year.

17



At present optically folded discharge tubes 190 feet in length? have been
constructed which can produce several kilowatts of continuous power
output from carbon dioxide mixtures.

The development of lasers has now reached the point where reliable
units may be purchased commercially at constantly decreasing prices.
As these devices become available to laboratory and industrial users,
new applications and techniques become evident. Laser holography!? and
interferometry!! are examples of very active new fields which have been
opened up by the advent of the laser. Even more familiar is the use of
inexpensive (~$300) He-Ne lasers in laboratories for purpose of optical
alignment. Ironically enough, much of this alignment is performed on new
laboratory laser systems. Both pulsed Nd3* and continuous CO, lasers are
finding application in optical range-finding and materials operations such
as cutting, drilling and welding.

As lasers become more indispensable as laboratory and industrial
tools, the more it is necessary that users understand their limitations and
peculiarities. Glassblowers have long been familiar with the construction
of various laser systems, for many lasers were actually born within the
laboratory glass shop. Both optical pumping lamps and gaseous discharge
tubes have drawn upon the skills of the glassblower, and there is no
doubt that in such complex designs as the argon ion laser the quality of
his workmanship was crucial to successful operation of the laser. Nor does
this intimate association with lasers end here, however, for it appears that
high power lasers might find use in the cutting and fusing of certain glasses.
It is entirely possible that the laser might become a familiar and indis-
pensable tool for these purposes within the glass shop in years to come.
In order to describe such a possibility, the general theory of laser action
will be reviewed, followed by a description of the more familiar conven-
tional solid state and gaseous laser systems. Emphasis will then be placed
upon the high power carbon dioxide laser, including its principles of oper-
ation, its performance characteristics, and its effects upon various ma-
terials. Several applications to industrial material cutting and welding
operations will be outlined.

PRINCIPLES OF LASER OPERATION

The term “laser” is an acronym for the phrase “Light Amplification
by Stimulated Emission of Radiation.” This means that light is actually
generated through an internal amplification process in which “stimulated
emission” plays the dominant role. This may be understood by consider-
ing the three fundamental mechanisms by which an electron occupying a
certain energy level within an atom may change this energy in a simple
two-level system. These processes are illustrated in Fig. 1. Of course, in
a typical atom there exist many such energy levels, but only two such
levels are considered here for simplicity. The first process is that of ab-
sorption, in which light of a frequency v corresponding exactly to the
energy difference E of the levels. .....

is incident upon the system. Here A is Planck’s constant. Atoms residing

in the lower energy level will resonantly absorb this energy and use it to
jump into the upper level, thereby increasing the atom’s energy at the
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Interactions of radiation with matter.

expense of the incident light photons. This is analogous to the resonant
“singing” of a taut guitar string as it absorbs acoustic energy from inci-
dent sound waves corresponding to the string’s resonant frequency. In an
actual material this absorption constitutes a decrease in light intensity as
the light propagates through the material. Once the atom is in the excited
state, however, it does not remain there long. In the absence of any light
energy at all, it is capable of jumping down to the lower energy level,
converting its energy E to a photon of light at frequency » = E/h which
propagates away from the atom in various directions. This is like stating
that a wobbly domino stood on edge will fall over of its own accord in
some certain average time, giving up its energy to a sound wave which
emanates from the scene of the crash. Such a process in an atom is called
spontaneous emission, since a photon of light is emitted without any ex-
ternal provocation. The average time required for spontaneous emission
to occur is extremely short, however: on the order of 10-9 seconds in most
gases. But just as the domino can be tumbled over prematurely by an
adroit flick of the wrist, so can an excited atom be induced to give up its
stored energy when it is set upon by a photon of light having exactly the
proper frequency v = E/h. In this process, designated as stimulated
emission, the photon released during the jump to the lower state has pre-
cisely the same frequency, phase and direction of propagation as the
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original light wave. Thus, the light is actually increased in intensity due
to the atom’s contribution.

In ordinary matter, each of these three processes occurs with great
frequency as light passes through the material. Typically many more
atoms reside in the lower-lying energy levels, so that absorption occurs
more frequently than stimulated emission. Thus under ordinary circum-
stances light propagating through matter suffers a net absorption rather
than an amplification. Moreover, spontaneous re-emission of excitation
energy tends to randomize the direction of propagation of re-emitted
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light, further tending to decrease light intensity in a specific direction.
However, in laser materials the opposite situation applies. By various
means of pumping, a so-called population inversion is created in which
more atoms reside in the upper energy level than in the lower. Thus light
of the proper frequency will experience more stimulated emission than
absorption during passage through the laser material, resulting in an in-
creased light intensity, as shown in Fig. 2. Just as a line of dominos stood
on end will all tumble over in succession if the first one is nudged, so do
the excited atoms in a laser on the average contribute to a net amplifica-
tion of the light in the direction of propagation.

If mirrors are placed at each end of the material perpendicular to the
direction of this amplification, the process will be repeated many times
over as the constantly increasing light bundle reflects back and forth through
the laser medium. Eventually a steady-state level is reached where the
light intensity remains constant, and a small percentage allowed to leak
out of one of the mirrors constitutes the actual laser light output.

The light which is produced by a laser is quite different from the
light emanating from ordinary sources such as an incandescent lamp.
Because of the nature of the stimulated emission process, the radiation is
monochromatic at a frequency v = E/h determined by the atomic tran-
sition within the active medium. Furthermore, each atom is stimulated to
emit its radiation with a very definite phase relationship to the incident
radiation, with the result that the light emission is coherent. Coupled with
the inherent directivity of the process, the resultant laser light is a tightly
bundled, monochromatic beam capable of remaining intact during propa-
gation over large distances.

There are several methods of guaranteeing a population inversion in
an active medium; optical pumping and gas discharge collisional pump-
ing are among the most prominent of these. In an optically pumped sys-
tem, as illustrated in Fig. 3, intense incoherent light from a flash tube is
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Figure 3

Laser oscillations in a fluorescent system.

focussed upon the active laser medium, and through an absorption process
excites the material from the ground state A to a high energy band B.
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initial discoveries, perhaps none has excited the imagination more than
the introduction of the high power carbon dioxide laser.8 Even during its
earliest days, the 10.6p, laser oscillation in CO, attracted the attention of
many investigators because of its promise of high power output and effi-
ciency. With increasing developmental work, it was demonstrated that
the addition of nitrogen gas to the carbon dioxide greatly enhanced the
laser performance,!? permitting continuous power outputs and efficiencies
previously unheard of. Excitement was further heightened at the discovery
that the addition of helium produced a threefold improvement in the
CO, performance.!? In a very short time cw power levels in excess of 100
watts were reported, at tube efficiencies of around 15%;. In a rapid succes-
sion of efforts in which parameters were optimized and larger units con-
structed, these figures were soon pushed up to 500 and 1000 watts cw at
179, efficiency. The most recent reports indicate that power levels in
cxcess of 2300 watts at 2597, have been obtained in a flowing CO, : N, : He
mixture at 10.6y, utilizing an optically folded discharge tube 190 feet in
length.%. There appears to be every indication at present that even greater
power levels are within reach.

Type of Continuous Tube
Gas Laser Power Output Efficiency Wavelength
COZ:NZ:He 2300w 25% 10.6pu
Ar11 Ion 10w ~0.2% | 4880A
He - Ne 100 mw ~0.1% | 6328A

Figure 7
Comparion of gas laser performance.

Figure 7 compares some of the other cw laser systems currently in
use to the CO, laser. It is seen that the CO, laser far outstrips all com-
petitors in both efficiency and continuous power capability. Furthermore,
10.6y, is a wavelength at which the atmosphere is quite transparent. There
does exist a limitation in detector capability at this wavelength, however,
compared to the visible. For purposes of material cutting and welding this
is no restriction.

Why is the CO, laser so efficient and powerful compared to other
types of lasers? The reason lies in the nature of the CO, energy level struc-
ture, and a fortuitous combination of physical properties. Molecular gases
such as CO, differ from monatomic gases like Ne and Ar in that the con-
stituent atoms are free to vibrate in various modes with respect to one
another. Figure 8 illustrates the three independent modes of vibration
for a CO, molecule in which energy can be stored. In addition, the mole-
cule is free to rotate en masse, which constitutes still another way in which
the molecular gas can store energy. In the CO, laser, it is primarily the
vibrational storage mechanisms which are of interest, since the 10.6y
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Figure 8
Yibration modes within a carbon dioxide molecule.

laser oscillation corresponds to the difference in energy between the as-
symmetrical and the symmetrical stretching modes of vibration. Figure
9 illustrates these vibrational energy levels in CO,, along with a similar
level in nitrogen. In the CO, : N, : He laser, electrons in the discharge
collide with ground state N, molecules and excite them to higher lying
vibrational levels. The lowest level, which has a very long lifetime, lies
in almost perfect energy coincidence with the 00°1 vibrational level in
CO,. Thus through collisions with excited N, molecules, the ground state
CO, molecules receive resonant transfer of this energy, which preferen-
tially populates the 00°1 level in CO,. This devious method of excitation,
although complex, turns out to be remarkably efficient, and very large
excesses of 00°1 molecules accumulate as compared to CO, molecules in
the 10°0 vibrational mode. Furthermore, the various vibrational lifetimes
happen to be in the proper ratio, a situation which is greatly improved by
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the addition of He. Thus conditions are established in CO, which create a
population inversion due to a selective collisional transfer process from
N, and a net stimulated emission occurs at 10.6. as the CO, molecule
alters its vibrational mode, thereafter decaying spontaneously to the
ground state to complete the laser cycle. But what distinguishes the CO,
laser from noble gas lasers is that besides having a remarkably effective
population inversion mechanism, very little of the energy supplied to the
upper 00°1 laser level is wasted during the laser cycle. Some 419, of
this energy is converted into the light photon at 10.6. during stimulated
emission, since all of the levels lie so very close to the ground state. In
monatomic gases, however, which cannot vibrate, about 100 times as much
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Figure 9
Energy level diagram of the carbon dioxide and nitrogen molecules.
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energy must be expended to reach even the lowest electronic energy
level. Of this energy, typically less than 109} is extracted in the form of
laser light output, the remainder being wasted. Moreover, in gaseous
discharges the excitation of high lying electronic levels in gases can be
accomplished by only a very small proportion of the electrons in the dis-
charge. Thus the CO, laser, with N, and He additives, utilizes much more
of the energy expended to create the discharge, and wastes much less in
releasing the laser radiation. This accounts for the remarkable efficiency
of the CO, laser system, and other molecular gas laser systems as well.

Water
N, Outlet
COy: Ny He €O, Ny: He
Inlet
10.6 p Laser IL‘ F outet
Output —('WWv— 1 - VWA
P —
AAAA ll l ———— T
/ f /
Water Internal
Metal Pyrex R
Bellows Inlet Tubing Mirror
Stainless
Steel Hollow
Electrode

Pressure: COZI NZ/He: 0.5/1.0/5.8 Torr

Discharge: 10kV at 50 ma
Tube: 1" I.D.x 2 meters, Water Cooled
Power Output: ~90 watts c.w. at 10.6p

Figure 10
Schematic diagram of a flowing gas CO; : N, : He laser.

Figure 10 is a schematic representation of a typical gas-flow CO,
laser. The mixed gases are pumped continuously through the water-cooled
discharge tube so that contaminants caused by chemical decomposition
of the molecular gases cannot interfere with the laser action. A dc dis-
charge is maintained between the hollow electrodes, and adjustable mir-
rors on either end of the tube are peaked for maximum laser power out-
put. Typically the laser energy is extracted through a partially transmit-
ting dielectric mirror, or through a hole placed in the center of one of the
mirrors. Figure 11 shows a laboratory model of such a laser, utilizing a
1-in. diameter, 6-foot length of standard pyrex pipe with a 2-in. diameter
water jacket surrounding it. This unit, using gold-coated internal mir-
rors, is capable of about 90 watts continuous power at 10.6., with tube
efficiencies of ~129%.

Recent work with such units has attempted to condense their length
by folding the optical path and zig-zagging the beam back and forth several
times through the discharge. For this purpose, a 90° reflector has been
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CONCLUSIONS

The state of the art in laser technology today is such that reliable
commercial units are now finding military and industrial uses particularly
suited to the unique properties of high power laser devices. Increasing
numbers of applications are being uncovered as power levels, pulse lengths
and component reliability are steadily improved. With the expanding use
of laser systems, more human operators are coming into contact with them,
desiring to know their capabilities, limitations and method of operation.
Since for many applications laser beams can be dangerous to eyes and
skin, education and understanding are prime requisites for safe and intel-
ligent application. And as lasers continue to find new and exciting uses, it
is only natural that workers in all branches of technology should seek
to understand their operation and ask how these devices might possibly
be applied to the solution of pressing problems in their own area.

This paper has attempted to fulfill these needs by outlining the gross
features of several laser systems, introducing the fundamentals of laser
generation, and concentrating specifically upon the most recent develop-
ments and potential applications in high power carbon dioxide lasers.
Certain experiments, such as the cutting of quartz and glass, show suf-
ficient promise that further investigation is warranted. Further experimen-
tation with other types of glasses are also under way. For the glassblower,
the possibility exists that the CO, laser might prove to be superior to
conventional methods in the cutting, fusing and working of certain glasses.
It seems entirely possible that the CO, laser might one day find itself an
indispensable addition to the glassblower’s bag of tricks. The pace of laser
development still continues at a rapid rate, and as these devices emerge
from the laboratory, it appears likely that an entirely new technological
capability will evolve.
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SEALING OF GASES UNDER POSITIVE PRESSURE

Epwarp C. Brosious

Yale University, Physics Department
New Haven, Connecticut

In one of the experiments performed by a Ph.D. candidate at Yale
it was necessary to attain an accurately measured positive pressure and
to close it with a non-magnetic and non-contaminating seal.

The gas used was argon of high purity stored in one-litre flasks. The
evacuation was performed by a three-stage mercury-diffusion pump. A
suitable oven was provided for subsequent bake outs. Special 5-mm. diam-
eter capsules were prepared with a fragile break seal and filled with re-
fined rubidium metal.

After evacuating and baking two one-litre flasks which were to be
used as optical pumping cells, we carefully broke the capsule closures.
Our next steps were the maneuvering of the broken capsules through the
seal-off constructions and the removing of the flasks from the vacuum
system.

The cells were immersed in a water bath which provided a constant
measurable temperature and were reattached to the vacuum system.

GENERAL ELECTRIC CODES:. 6-1,6G-3,G-4 AND QUARTZ
CORNING CODES: 7052, 3320, 7740

— FLAME APPLIED TO QUARTZ
AT THIS END A
7052— 1/4 mm OPENING
G-I
-3320
6-3
G-4]
frir GAS PRES SURE
(111 SAME AS A
\ \ o\ 1) -
OUARTZX IX
774
° G -3
6-4 7740
Figure |
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The tubulation connecting the flasks with the gas-filling manifold
required a unique positive pressure seal which I devised to solve the prob-
lem of sealing a gas under positive pressure. This is a seal which can be
sealed off inside the system when the pressure attained has been equalized
on both sides of the seal. A description of the construction of the seal will
follow later.

The next problem was to get the argon at a positive pressure and this
was accomplished by a series of standard procedures. Four one-litre argon
flasks were attached to a manifold containing barium gettering wire.
After pumping and baking this manifold, it was sealed off. The getter was
fired by an induction heater and the argon bottles were opened by use
of enclosed glass slugs against the break seals. Next the manifold was in-
corporated in a common system with the optical pumping cells isolated
only by a break seal.

TO MANOMETER & TRAP
-

—\4
/)

LIQUID Nj ——*"‘Jw

Subsequent evacuation techniques prepared the manifold to receive
the argon gas. It is to be noted that the mercury manometer trap was
cooled by dry-ice and acetone during this phase, avoiding the liquefying
of the argon when it was introduced into the system.

The argon gas was concentrated by cooling the gettering appendage
in liquid nitrogen thus as the gas was removed from the flasks they were
sealed and removed.

Next we isolated the vacuum manifold at a prepared construction
and broke the seal separating the argon manifold from the rest of the

Figure 2
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system. The cells were then included in the common manifold also by
breaking seals provided for this function.

The liquid argon was permitted to expand and return to a gas by
removing the liquid nitrogen flask and the pressure increased as was pre-
viously calculated. The manometer was read with the telescope on the
cathometer. After equilibrium was reached the positive pressure seals
which I had devised were employed.The following is a description of the
fabrication of these seals.

The construction starts with a piece of 12-mm. diameter pyrex glass
tubing which is connected to a one-inch length of quartz tubing by means
of General Electric’s sealing glass, G,, G, and G,. On the end of the
quartz the grading is reversed and the tubulation returns to pyrex. Then
a trumpet-shaped piece of glass is formed, starting with pyrex of 12-mm.
diameter, tapering down with 3320 glass and converging with an end piece
of 7052 glass with an opening at its tip of 14 mm. which has an angle
bend.

When this trumpet-shaped piece of glass is inserted in the original
pyrex tubulation it is positioned so that the wide-mouthed part is joined
to the 7740 inside diameter of the outside glass tube. The other end of
the trumpet-shaped piece with its angle bend comes very close to the
inside wall of the quartz tubing. At this point a bushy gas-oxygen flame
is applied to the quartz which when heated radiates enough heat to effect
a closing of the 7052 tube inside at its Y4-mm. opening without affecting
the rigidity of the outside tubing. Since the softening temperature of
7052 glass is 710°C. and the quartz is 1580°C. an adequate margin is
afforded the glassblower when completing the seal.

As a result of the controls exercised on temperature and the internal
pressure, we achieved a cell with a known amount of atoms per cubic
centimeter of gas enclosed.

I would like to conclude with these comments. The pressure involved
here was 20 p.s.i. We have tested the seal for 40 p.s.i. but we haven’t
really explored the limits. Theoretically higher pressures should not affect
a differential preventing sealing. Thus the bursting pressure of the glass
should be the only limiting factor.

This positive pressure seal has also been used under vacuum. It has
been reopened when pressure inside the sphere was greater than that
outside, by merely heating the spot opposite the 7052 closure. Thus is
could be considered for use as an all-glass, non-metallic and contamination-
free bakeable valve.

Some of our cells used in optical pumping ranged in size from a few
cubic centimeters (about as big as a pea) to 72 litres (about twice the
diameter of a volleyball).

I would like to thank Dr. Earl Ensberg and Phil Crane for their
assistance in the preparation and review of this paper.
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OUTGASSING FROM GLASS BY BOMBARDMENT
WITH ELECTRONS

P. H. DawsoN

General Electric Research and Development Center
Schenectady, New York

INTRODUCTION

The widespread use of glass as an envelope in electronic devices has
required knowledge of any effect that the glass itself might have on the
device. In cases where bombardment of the glass by electrons can occur,
release of gas may shorten the life of an electron tube, or even a lamp,
because of deterioration of the vacuum, or contamination of the gases
present. Certain gases, and particularly oxygen, which, as we will see, is
the most usual product of glass bombardment, may have very harmful
effects on any sensitive components (such as hot cathodes) which are in
the device.

For these reasons J. L. Lineweaver! and his colleagues at Corning
Glass Works and we at General Electric Research and Development Cen-
ter2 have been interested in making controlled studies in the laboratory
to measure the nature and amount of outgassing for various glasses. The
studies complement each other since Lineweaver looked at energies of
10-30 thousand volts and we were interested in the 100-1000 volt energy
range. The differences in energy led us to use slightly different methods
but common to both was the use of a mass spectrometer to identify the
gases released and to measure the amount. Oxygen was, in fact, the only
gas detected.

High energy electrons penetrate long distances into the glass and
Lineweaver found that when the electron beam was turned off, oxygen
evolution continued for some time due to the gas slowly diffusing out
from below the surface, so he measured the total amount of gas evolved
owing to a particular time of bombardment, including that released after
the bombardment ceased. Low energy electrons do not penetrate so deeply
and in their case, the oxygen seemed to be released into the vacuum sys-
tem very quickly and the rate of release could be measured directly and
its variation with time examined.

HIGH ENERGY BOMBARDMENT

Unless special precautions are taken, when an insulator such as glass
is bombarded by electrons its surface will charge up and after a while any
more electrons will tend to be repelled and the bombardment will de-
crease. Lineweaver avoided this problem by coating the glass with a thin
film of aluminum and using this to control the surface potential. The high
energy electrons can pass through the aluminum without losing much
energy. He used a 150 A electron beam and a 3” x 34" raster in a cathode-
ray type of sample tube.

For most of the glasses, the data can be expressed by

Q = Q,(1 — eVk)

where: ¢ is the bombardment time in hours, @ is the total amount of gas
released from ¢ hours of bombardment, @, is the total amount of gas that
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it is possible to release with a very long bombardment. K is a characteristic
of the glass which measures how quickly the oxygen can be released.
Table I lists some of Lineweaver’s values for @, and K for various
glasses bombarded with 20,000 volt electrons.

TABLE 1
Corning Glass Code No. Q.. (micron-liters/cm.2) K (hours)
0081 17 23
0120 5 7.7
7740 4 5.5

The other variables, besides the time of release, which are important are
the electron energy and the current density (that is, the number of elec-
trons/cm?). It turns out that @, is proportional to the square of the
electron energy. This simply arises because the depth of penetration of the
clectrons, and therefore the amount of glass really being affected depends
on the square of the energy (V,2). The characteristic K was also found to
depend on the mass of glass affected but to be inversely proportional to
the current density (J), that is,
K « V2

So, as you would expect, the more electrons used the quicker the oxygen
is released.

LOW ENERGY BOMBARDMENT

Low energy electrons would not penetrate an aluminum coating, so
a different approach had to be used. The surface potential of the glass
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was controlled by using an anode nearby to collect a chosen fraction of
the secondary electrons emitted during bombardment of the samples. This
method can be used between about 50 volts and 3000 volts energy. The
tube is illustrated in Fig. 1.

The rate of oxygen release, R, at any given time of bombardment, ¢,
was measured. There is a relationship between R and ¢, mathematically
identical to that Lineweaver found between @ and ¢, except that at low en-
ergies two components are found. The relationship is

R = (R,), ek 4 (R,), et/K:
(Ro)l = (Qw>1/K1 (Ieo):3 e (Q:r.):/Kg

and
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Figure 2
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Note that if the high energy results also apply at low energies one would
expect R, to be proportional to the current density J but independent of
the electron energy V,. Figure 2 gives the experimental data for R,.
J for three glasses, confirming Lineweaver’s findings. Figure 3 shows the
relationship between R and V,. The independence of primary energy does
occur but only above about 800 volts. Table II lists the outgassing charac-
teristics at low energies.

Extrapolating Lineweaver’s results to low energies one would expect a @,
of only a few hundredths of a micron-liter/cm? at 1000-volt energies, so the
component 2 can perhaps be identified with that seen at high energies.
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TABLE II

Glass-Code No. V, (Volts) J (Amp/ecm?) K (Hours) Q.(p liters/cm?)

008 800 2.2x103 (1) 84 8
(2) No measurement

001 1000 2.2x103 (1) 108 5.3
2 22 4 x10-2

012 1000 2.2x 103 (1) 50 2.7
(2) 0.6 8 x 102

MECHANISM OF RELEASE OF OXYGEN

The oxygen atoms in a soft glass can be in either of two positions.
In one the oxygen is bound to two silicon atoms as part of the silica net-
work. In the other position, there is bonding to only one silicon atom,
the oxygen is negatively charged, and there is a sodium or lead atom
nearby to balance the charge. It is the latter oxygens which are easily re-
moved by electron bombardment since only one bond has to be broken.
After the bond is broken the electric fields set up in the glass by bom-
bardment draw the oxygen to the surface where it escapes into the vacu-
um. At the same time the sodium or lead atoms move down deeper into the
glass and eventually form a layer which is visible. This is called electron
browning. The oxygen evolved at high energies and the component 2 at
low energies correspond to these non-bridging oxygen atoms. Since low
energy electrons are more likely to act at the surface of the glass than high
energy electrons, it is possible that the component (1), which evolves so
slowly but is very large, is the result of release of the doubly-bonded
bridging oxygens which has to occur at the surface to be effective.

CONCLUSION

A simplified outline has been given of some of the factors involved
in the release of oxygen from glasses by electron bombardment. This
oxygen release can have important effects on device performance in many
cases. Knowledge of the characteristics can help in finding ways to mini-
mize the problems in critical applications by correct choice of glass or by
appropriate pretreatment.
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PROPERTIES OF MOLTEN GLASS AT
HIGH TEMPERATURES:
EXPANSION COEFFICIENTS

By
E. F. RIEBLING

Research and Development Laboratories
Corning Glass Works
Corning, New York
May 10, 1967

ABSTRACT

The nature of expansion coefficient changes that occur when a glass
is heated through the strain point (5 ~ 1045 poise) to annealing point
(5 ~ 1013 poise) region are discussed. Iso-expansion coefficient contours
are compared for glasses and melts in several ternary oxide systems. The
results suggest a relatively high sensitivity of melt expansion coefficient
contours to structural changes that accompany composition changes.
These findings are therefore in agreement with proposed glass and melt
structure changes that have been based on recent extensive density, vis-
cosity, and electrical conductance surveys.

I GLASSES

The relatively small thermal expansion coefficient of a given annealed
glass [0-150 x 10-7 below 7 ~ 10'%5 poise (T'g)] is most likely due to
cation vibrational effects (e;) with a relatively small contribution from
rotational effects caused by the presence of nondirectional bonds associated
with modifying cations (¢,). The latter would amount to thermally in-
duced changes in the relative orientation of SiO, tetrahedra which, while
small for pure SiO, glass and compositions close to it, can become signifi-
cant as the O/Si ratio increases. An expression for the total expansion
per gm. atom of oxygen (E) has been developed: (1)

E=¢+3en = 3a

8N, (1)
where
et = 2 Ne;
2 = valence of cation

Avogadro’s number

e; = expansion per O-Na or O-Si

3« = volume expansion per cc. of glass
8 = density of glass

Figure 1 shows a plot of density vs. temperature for several annealed
borate glasses and their respective melts. The extrapolated intersection
points of §,,, and §,,, vs. temperature occur quite close to or within the
strain point to annealing point region. This particular region is of the
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order of 35 to 50°C. for the glasses represented. The change of expansion
coefficient can thus be thought of in a relative sense as representing a
break, rather than a continuous change, in the § vs. T curve.

The relatively sudden expansion coefficient increase in the strain
point to annealing point region (Fig. 1) is definitely coincident with the
onset of reasonable relaxation times for various transport phenomena.
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Density vs. temperature data for a series of borate glasses and melts.

This can be seen in Fig. 2 which depicts the log K vs. 1/T (°K.) curve
(K = specific conductance) from 200 to 1000°C. for a Na,0-SiO,*B.0,
glass. There is a pronounced change of slope, with an increased cation
mobility per °C., as the temperature rises through the Tg region.

The expansion coefficient change thus occurs after the glass has ex-
panded several percent from 0°K., at least for the glasses in Fig. 1. One
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could almost say that there is “critical” value of V;/V, « of about 1.03,
beyond which any additional volume increase is concurrent with a sig-
nificant decrease of relaxation times for transport processes.

II GLASS TRANSITION REGION

The Tg region is therefore one where positional disordering, usually
associated with melting, can play a significant role in determining physi-
cal properties. It appears that expansion beyond V ;.. may occur via an
additional mechanism, namely, extensive positional randomization in an
already expanded structure (the glass instead of a crystalline matrix).
The stage appears to have been set, as it were, for the rigid but open
structure (glass) to gradually collapse into an even more open, more
flexible structure (liquid). Part of the reason for small values of V ical
is that a typical silicate glass at 0°K can be about 5 to 109, more volu-
minous than its stable crystalline modifications(2-3), This volume difference
can be thought of as representing most of the expected AV, ., for a given
composition. The volume difference between a glass and its crystalline
form (AV,..) may thus represent most of the positional randomization
that usually occurs at T, ;... However, unlike AV, ..., A V,_. is irreversible
and slightly dependent on cooling rate through the Tg region. Thus, the
relatively large expansion coefficient change that occurs in the Tg to
Ti....n region for most silicate, germanate, and borate glasses may also be
related to the gradual onset of the small remaining portion of AV .-

The change of A8/AT close to the Tg region suggests a second-
order phase change. It is, therefore, coincident with another apparent
second-order change, namely the change of heat capacity (AC,) that has
been described by Gibbs, et al.(4) However, Temperley has suggested(®)
that these changes should not be construed as indicative of a true second-
order phase change when one is discussing a glass. Instead, the change of
A8/AT and the AC, associated with Tg are supposedly associated with
a ‘“thawing out” of a particular degree of freedom. In essence, the time
constant associated with this degree of freedom is merely changing from
a large to a small value. The increase of A8/AT with temperature, and
the subsequent but gradual appearance of the remaining portion of AVi.n,
both occurring in the Tg region, may be merely symptomatic of the onset
of a shorter relaxation time that is associated with structurally sensitive
atomic displacements. The magnitude of (A§/AT),., compared to
(A8/AT) ... suggests that the former may be related to thermal dis-
placements that involve more than just two atoms, that is, polyhedra and
clusters of polyhedra.

One could therefore write the following equation for the expansion

coefficient above Tg:
Emvlt = Evihra(innul + E rotational + E positional (2)

where E .y Which we shall relate to the structurally sensitive inter-
polymeric species displacement, suddenly becomes the dominant term by
a factor of about ten times. The added volume introduced above Tg (above
that expected from an extrapolation of the glass-state data) allows for
a gradually increasing degree of positional disordering between T, and

fusion=
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III MELT EXPANSION CONTOURS

Modifying cations, which are present in most typical glasses, appear
to be responsible for most of the expansion changes that have been ob-
served. These cations alter the continuous three-dimensional O-Ge-O,
0-Si-0, and O-B-O bonding that tends to restrain the lattice expansion
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Figure 2

Specific conductance vs. 1/T(°K) of an alkali silicoborate composition.

of pure network-forming oxides. For example, the highly directional and,
hence, restrictive O-Si-O bonds tend to be confined within anionic aggre-
gates in most multicomponent melts and glasses. The more voluminous
packing of oxygens around the interstitial cations, that occurs when there
is a coordination increase for the network former, can also lead to sizable
expansion increases.

It is possible that the “thawing out” of a particular degree of free-
dom®) or the onset of a measurable configuration entropy (¥ which oc-
curs close to and above Tg (the liquid state), may be associated with a
greater degree of cooperative movement within just such anionic aggre-
gates. If so, then one would expect to see a relationship between melt
expansion coefficient (determined primarily by E | ;.. in equation 2)
and the character and/or absence of a given polyanionic aggregate.

An example of the apparent structural sensitivity of E ., is shown
in Figures 3 and 4 which depict E ,and E,  contours for compositions
in the Na,0:Ge0,°B,0, system. This is one of the few systems for which
we possess extensive A§/AT data for both the liquid and glass states.
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The A§/AT contour maximum in Figure 3 is definitely associated with
the presence of BO, tetrahedra in the molten state.(6) The maximum asso-
ciated with the Na,0-B,0, binary persists almost across the ternary to
the Na,0+-GeO, binary. This is exactly the same pattern that was deduced
from the volume data for the presence of BO, tetrahedra.(®). There is no
(A8/AT) ., maximum associated with the GeO, octahedra in the ternary
because the (A§/AT),. maximum in the Na,0:GeO, binary is only
of the order of about 400 x 10-7. The persistence of a reasonable concen-
tration of BO, tetrahedra (2B/Ge on a mole %, oxide basis) and their
relatively large A8/AT contours (»400 x 10-7) tend to obliterate any
evidence of a A§/AT maximum associated with GeO, octahedra. The
glass A8/AT contours (Fig. 4) experience no maxima and reveal no
significant correlation with the melt contours. This agrees with the above
postulates concerning the significance of the additional term that enters
into E_ ..
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Figure 5

Volume isotherms for 23 mole % Na:O borogermanate glasses and melts.
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Figure 5 shows molar volume data and models for a series of melts
and glasses in the Na,0-GeO,*B,0, system. It had been previously found
that high-temperature melt models can be used to obtain glass models.(?)
However, this high-temperature (~1300°C.) melt model, which involved

8
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Figure 6

Density vs. temperature data for several GeQO,-rich and B.O,-rich melts in the
Na:;0+*Ge0,*B,O; system.

GeO; octahedra for GeO,-rich melts, had to be modified to give a glass
model that more closely agreed with experiment for the GeO,-rich glasses.
This modification involved a greater concentration of GeO, for the glass
state than postulated for melts at 1300°C. The reason for this discrep-
ancy is quite apparent in Fig. 6, which shows breaks for the density vs.
temperature lines of two of these GeO,-rich compositions at about 1000°C,
as opposed to the more normal linear behavior exhibited by a B,0,-rich
composition.

The above (A8/AT) ... increases below ~ 1000°C. can definitely
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be associated with a shift to the left in the GeO, = GeO, equilibrium
at lower temperatures (a more efficient oxygen packing is associated with
octahedra) for these still rather fluid melts (» < 10 poise) (6). Figure 7
depicts the GeO,, octahedra stability region suggested by the high-tempera-
ture (< 1000°C.) viscosity and density data. Only the compositions
within this region possessed (A8/AT) ., breaks at ~1000°C. Figure 8
shows the (A8/AT) ..., contours as they exist below 1000°C. Note that,
although there is not a (A§/AT) ., contour maximum in the GeO,-rich
region, the effect of the (AS§/AT) ., increases in this region is to pro-
duce a subtle flattening out of the contours. In other words, the steep
decrease of the (A8/AT),.. contours has been eliminated. This finding
is significant, because it reinforces the idea that a glass possesses the
general structure of the liquid state just above Tg. In some cases, this
equilibrium polyhedral distribution can remain to quite high tempera-
tures.

Nazo

Nox0 B3 GeT,

TERNARY DIAGRAM

(]
STABILITY OF Geoe(
OCTAHEDRA

Figure 7
Stability region for GeO, octahedra in Na;0.:GeQ,*B,O; melts.

Another system for which sufficient data are available for both states
is the Na,0:Si0,'B,0, ternary.(8) Again, the melt data show a pronounced
A8/AT contour maximum of about 1300 x 10-7 that is associated with
BO, tetrahedra (Fig. 9). However, the expansion coefficient contours of
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binary sodium borate glasses are ~160 x 10-7, while there is a steady de-
crease for the binary silicoborate glasses to about 70 x 10-7 at the 50 wt.
% Si0, point. Most of the intermediate B,O,-rich ternary glasses possess
expansion coeflicient between 75 and 95 x 10-7. Thus, the glass A§/AT
contours again do not match those reported for the melts.

N020
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Figure 8

Iso-expansion coefficient contours for Na,O*GeO,*B,O; melts between Tg and 1000°C.

Other systems for which (A8/AT) melt contour maxima have been
observed for the molten state are the Na,0-Si0O,-Ge0O, and Na,0-ALQO,°
GeO, ternaries.(”) Again, contour maxima can be associated with coordina-
tion phenomena for the major melt constituent.

Finally, two systems have been studied in which the major melt con-
stituent or network former did not appear to change coordination num-
ber. No (8A/AT) .. contour maxima were observed in the MgO-AlLO,-
Si0, and the Na,0-AlLO,:Si0O, system (shown in Fig. 10).(7) The expan-
sion coefficient trough in Fig. 10 tends to confirm the three-dimensional
nature (SiO, and AlO, tetrahedra) of the Al/Na = 1.0 compositions.
These last findings therefore also tend to support the proposed qualitative
relationship between melt expansion coefficient contour and the structure
and/or absence of polyanionic aggregates in ternary molten oxides and
their glasses.
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Figure 9
Iso-expansion coefficient contours for

Na;O+5i0,B,0; melts. MELT TEMP RANGE=1100-1300°C
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Figure 10
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Iso-expansion coefficient contours for

Na,O*Al;0;°5i0; melts.
(T~1500°C)
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CONCLUSIONS

The expansion coefficient of a glass above its annealing temperature
is a more sensitive indicator of structure than is the more familiar expan-
sion coefficient in the zero to 300°C. temperature range. This relation-
ship of «,,,, to structure can be exploited to deduce and confirm structural
changes that accompany change of composition. This is particularly true
for ternary oxide systems that exhibit glass formation.
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SUPERCONDUCTING GLASS-TO-METAL SEALS

JOHN LEEs
Dept. of Physics, University of British Columbia

The phenomenon of superconductivity exhibited by certain metals at
very low temperatures is currently the subject of a vast amount of re-
search. During one phase of such work at the University of British Colum-
bia a need arose for glass-to-metal vacuum seals which would allow leads
of a superconducting alloy to pass through glass or metal. This paper
describes the development of these seals and gives details of the critical
currents which were attained during their use in liquid helium at 4°K.

Perhaps it would be of advantage to first give a short account of
superconductivity. This phenomenon was discovered by Kammerlingh
Onnes in 1911, when he reported the complete absence of measurable
electrical resistance in Mercury at very low temperatures. He first used
the term “Superconductivity” in 1913 when reporting the fact that lead
and tin also became superconductors at liquid helium temperatures. At
first, it was thought that only pure soft metals possessed this property
but then a new series of superconductors, hard metals like tantalum,
niobium, and titanium, were discovered by Meissner. As lower and lower
temperatures were reached experimentally, the list of superconductors
grew. Attempts to construct a small high field magnet of superconducting
lead wire failed when it was found that the wire returned to normal at
field strengths of only a few hundred oersted. Soon, however, it was dis-
covered that certain alloys also became superconductors at temperatures
ranging downwards from 20°K. Some of these alloys also had the addi-
tional advantage of retaining their superconducting properties at much
higher field strengths than pure metals. Lead-Bismuth, for example, was
found to have a magnetic threshold of 20,000 oersted. Eventually, after
much practical and theoretical research, a superconducting solenoid, pro-
ducing a field of 100,000 oersted, was constructed of Niobium-Tin alloy
in 1963. Other alloys have been found to be equally suitable, NiObium-
Zirconium, and Niobium-Titanium being most used in Current work. A
further discovery of some importance in the making of glass-to-metal seals
is that an alloy wire in a strained condition will exhibit a higher magnetic
threshold (or critical current), than an annealed sample of the same wire.
Also, the discovery of certain peculiarities in the penetration of magnetic
flux into superconductors made it evident that thin wires would be most
suitable for use in high field coils. The standard wire now in use for this
purpose is therefore a specially prepared, copper coated alloy of Niobium-
Zirconium, or Niobium-Titanium, of about .010” in diameter.

Wire of this type is used in our Low Temperature Laboratory in the
construction of a device known as a “Heat Switch”. This makes use of
the fact that when a wire becomes electrically superconducting, its heat
conduction drops to almost zero. When again becomes electrically con-
ducting, then heat will once more flow through the wire. This device is
used to control heat flow into a metal chamber. Electrical leads through
the walls of the chamber were originally conventional Kovar seals, which
are not superconducting. In order to thermally isolate the chamber, it was
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necessary to use superconducting leads. A small coil around the wire
will then make it possible to control the state of the wire—allow it to be
superconducting or not, thus also allowing control of the heat flow. In the
literature, there is a mention of seals soldered through platinum, or sealed
with epoxy cement.! We have found that it is possible to seal super-
conducting alloys directly through glass. The construction of these seals
is shown in Fig. 1.

,ofo" s\JP!ﬂCONouc’an
ALLOY WIRES.

Figure |
Two wire superconducting glass-to-metal vacuum seal.

The criteria for our seals were that (1. They should be vacuum tight
from room temperature to 4°K. (2. They should be able to stand sudden
and repeated immersion in liquid helium. (3. They should be super-
conductive at 4°K. and have a critical current of approximately 15 amps.
(The critical current is that current at which the wire loses its super-
conducting qualities and “goes normal”.) The alloys used were uncoated
Niobium-Zirconium, and copper-clad Niobium-Titanium. We were unable
to obtain any accurate information regarding the respective expansion
coefficients of the alloys, and so proceeded in what is often termed the
empirical manner.

The first seals were made with Niobium-Zirconium wire, and we
rapidly established the fact that standard lead glass was a good expansion
match. In attempts to seal the wire through Pyrex brand borosilicate
glass, we used Housekeeper’s technique, flattening the wire (and inci-
dentally putting a beautiful groove in the nice hard steel rollers of our
metallurgy department). This technique produced seals which were satis-
factory in everything except that they had very low critical currents. We
therefore concentrated on lead glass seals, using a platinum tube to con-
nect the glass to the metal chamber. One difficulty found during sealing
was the tendency of the wire to exhibit a strong exothermic oxidation at
temperatures just above the sealing temperature. To overcome this, and
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to encourage better adhesion between the glass and the wire, we plated
the wire with copper, and used a longer bead than is usual, so as to pro-
tect the wire from flame “splash”. Eventually, we flashed the wire with
nickel, before copper plating, to give better adhesion between alloy and
copper. We also tried a vacuum bake of the plated wire before sealing.
This reduced the number of bubbles in the seal, but we had 1009, success
with or without baking. The final technique then was to plate the wire
first with nickel, then with copper, then to bead the wire with lead glass
and finally seal it through a lead glass tube which had previously been
joined to a platinum tube. The seals were either single wire, or pressed
into a multiple pinch type. They were very similar in appearance to the
well known Dumet type. We used a helium mass spectrometer leak de-
tector for vacuum testing, and repeatedly immersed the seals in liquid
helium during this process. At 4°K. the critical currents varied in indi-
vidual seals from 20 to 50 amps. We assumed that variations in working
while sealing caused sufficient differences in the state of the wire to ac-
count for the variations in critical current.

We used the same techniques to produce seals of Niobium-Titanium
wire. This was copper clad, but it was necessary to remove most of the
copper coating in order to avoid cracking due to mismatched expansion.
Successful seals were produced by reducing the copper thickness to about
20 microns, but this was difficult to estimate. We found it to be little
more trouble to remove the copper completely, and replate as with
Niobium-Zirconium wire. The results of tests on these seals were a little
disappointing. They were vacum tight and unaffected by dunking in
liquid helium, but the critical currents were only about 15 amps. There
was, however, a relatively slow rise to normal, and there was very little
variation from one seal to another. Within these limits they are more
reproducible than Niobium-Zirconium seals.

I would like to refer once again to the odd fact that we proceeded
with this project with virtually no knowledge of the physical properties
of the materials involved. The old adage says that “Where ignorance is
bliss, ’tis folly to be wise.” A sufficient number of anomalies, as yet un-
explained, have been produced during this work to make us feel that there
is great merit in feeling as blissful as possible when working with glass.

In conclusion, I would like to thank my colleagues, Dr. P. W.
Matthews, and Dr. P. R. Critchlow for much help, fun, and encourage-
ment during this project.
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THE PHYSICS OF GLASS

GEORGE W. McLELLAN

Corning Glass Works
Corning, N. Y. 14830

Anyone who works with glass comes sooner or later (usually sooner)
face to face with some of the strange things that glass does when it is
heated or cooled. Sooner or later (usually later) it is plain that glass can
be heated or cooled only with skill, care and consideration for the nature
of the material. It is this nature of glass that this paper will explore with
the hope of providing some helpful ideas that will prevent those dis-
appointing times when you find two pieces of glass where one used to be.

In most lamp working operations glass is heated unevenly and it is
uneven heating that causes stress within glass. When this stress is too
great the glass breaks. Even when glass is heated or cooled in an oven or
furnace, it does not heat or cool uniformly and may develop stress. In an
oven, breakage is much more likely during cooling than heating.

Thermal stress that results from non-uniform heating or cooling is
directly proportional to the thermal expansion rate (or coefficient) of the
glass and the temperature difference between the hot and cold parts of the
glass. Consider the case of a piece of glass heated on one side. (Fig. 1)

The stress can be calculated from this equation:
S=Kxax (T,—T)

S = Stress

K = A constant for each glass composition
a = Thermal expansion coeflicient

T, = Temperature of hot side

T, = Temperature of cold side

Values of K for some compositions:

Corning No. K (pounds per square inch or pst)
7740 1.138 x 107
0080 1.316
1720 1.694
0010 1.127
0120 1.103
7900 1.235
7940 1.250
For other compositions K can be computed from this equation:
K — E E = Elastic Modulus
T 1 - n n = Poisson’s Ratio

For example, if a piece of Corning No. 7740 glass is heated so that
one side is 300°C. hotter than the other side, the stress will be:
S = 1.138 x 107 psi. x 33 x 107 in/in/°C. x 300°C.
= 11,250 psi.
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and will pull it apart if the tension is great enough. Compression squeezes
the glass and shear acts as if one side of the glass were pulled in one direc-
tion while the opposite side is pulled in the opposite direction (Fig. 2).
In the case of a piece of glass heated on one side, the cold side is in ten-
sion and the hot side in compression.

Tension is the most important type of stress to a glassworker or glass
designer since glass always breaks from tension. Even though glass does
not break from compression, compression is sometimes important because
the presence of compression means there is an equal amount of tension
to balance this compression somewhere else in the glass. Shear can be
disregarded except in cases where local tension results from a shear stress.

The amount of tension required to break glass depends on the method
by which the glass is formed, the condition of the glass surface and the
length of time the tension is applied. Glass is decidedly stronger in fiber
form than glass in more massive form and glass freshly formed is much
stronger than glass that has been scratched or bruised (Fig. 3). Glass
that has been ground or severely abraded with silicon carbide or a
diamond is the weakest of all.

Freshly Drawn 30,000-1,000,000 psi
Annealed 10,000- 40,000

Figure 3
Strength of glass is influenced by condition of the glass surface. Fibers are much stronger
than glass in bulkier forms.

Stress and strain are two terms that are frequently used interchange-
ably as if they mean the same thing. Since stress and strain exist together
and one cannot exist without the other, it is natural that they should get
confused with one another at times. Stress is measured in units of force
per unit area (pounds per square inch or kilograms per square milli-
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schedule is necessary, then the glass must be heated above the annealing
point. How far above the annealing point it is safe to go depends on the
thickness and shape of the glass item being annealed as well as how much
distortion can be tolerated. The higher the initial temperature, the greater
the risk that the glass will sag out of shape. A look at a curve of viscosity
plotted against temperature shows how rapidly glass softens above the
annealing point. (Fig. 10)
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Figure 10
Viscosity of glass decreases sharply above the annealing point.

Tempering is the opposite of annealing. Instead of cooling the glass
slowly and uniformly, glass is first heated to a temperature between the
annealing and softening points, then suddenly quenched. First the sur-
faces shrink while the interior is still soft, then the interior shrinks and
compresses the surfaces. (Fig. 11) It might seem that the glass should
break under such sudden cooling and it would if the whole cycle were
carried out to a lower temperature where the glass hardens and is un-
able to adjust to the differential shrinkage between the interior and the
surfaces.

Tempered glass is stronger than annealed glass because of the com-
pression built into the surfaces. Any load applied to tempered glass must
first overcome this compression before the surfaces can be put in tension.

63









Two of these seals show no adverse effect after the thermal shock.
The center one, however, illustrates the breakage which occurred as a
result of immersion in liquid nitrogen. The axial fracture penetrates from
the outer to the inner glass wall.

We investigated this problem with the following objectives:

1. To determine the cause of the catastrophic failure.

2. To develop a test which would predict suitability of metal for

cryogenic (liquid nitrogen) seals.

TEST RESULTS

1. Graded Tubular Seals.
Five different sizes (V4”, 34", Y%, 34” and 1”) of tubular graded
seals were immersed in liquid nitrogen (six seals of each size).
The V45-inch, 34-inch and 1-inch diameters survived the immersion.
The V4-inch and 34-inch sizes fractured.

2. In order to simplify the investigation of the cause of breakage,
laboratory ‘“Butt Seals” as shown in Figure 2 were prepared. The
butt seals have the advantage of simple, planar geometry and allow
easy measurement of stress patterns with a polarimeter.

Figure 2

The butt seals were prepared from -inch squares of sealing
alloy obtained by flattening out the metal from its originally
tubular form. Pieces of V4-inch diameter EN-1 borosilicate glass
cane were butt sealed to the metal squares, using R.F. heat.

The seals were annealed in a lab furnace at 972°F. for 15 minutes

and cooled at 10°F. per minute. The resulting stresses are shown
in Table I.
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TABLE 1

Tubing Stress in Butt
Size Seals (psi)
vy 790 compression
37 1150 compression
o 770 compression
34" 770 compression
1 800 compression

These data show that metal from the 34-inch tubing produced a
noticeable stress difference. However, butt seals made with metal
from both the Y4-inch and 34-inch sizes exhibited catastrophic fail-
ure when immersed in liquid nitrogen. This corresponded to the
results obtained when tubular graded seals were immersion tested.
We concluded that a measurement of residual stress at room tem-
peratures alone could not reliably indicate which metal samples
would catastrophically fail.

3. Low Temperature, Stress-Temperature Results
Since room temperature stress measurement was not a suitable
indicator, we decided to measure stress in the seal at intervals down
to liquid nitrogen temperature. We call this test the “low tempera-
ture stress-temperature” test. We chose as samples the Y4-inch

GLASS ENVELOPE

LIQUID NITROGEN
SUPPLY TUBE

HEAT
EXCHANGER

LOW TEMPERATURE HEAT TRANSFER
APPARATUS

SAMPLE

Figure 3
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diameter and the %;-inch diameter metal. The basic apparatus is
shown in Figure 3. The test seals were prepared in the same form
as the butt seals used in the butt seal immersion experiments,
Figure 2. Figure 4 graphically shows the test results. Both samples
had approximately the same stress level at 25°C. They continued
to exhibit the same stress level down to about —50°C. Below —50°C.
the rate of stress increase in the !4-inch sample was less. From
—100°C. down to —165°C., its stress moved 500 psi. toward neutral.
As it was heated back from liquid nitrogen temperature, fracture
occurred at the seal interface at approximately —100°C. The stress
continued to move in the direction of increased tension even
though the sample was fractured, until at 25°C. it was nearly
3000 psi. tension.
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Figure 4

The behavior of the 34-inch sample differed appreciably. After
cooling and subsequent reheating, it underwent a “stress hysteresis”
loop and returned to its original stress at 25°C. It did not fracture.

4. Metallographic Analysis
The above experiments all indicated that certain metal samples
changed appreciably when immersed in liquid nitrogen, while
others were not affected.
To determine the basic differences, metallographic analysis was
made on Y4-inch and 3/4-inch specimens, both before and after
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immersion in liquid nitrogen. This analysis indicated that areas of
the 4-inch material had undergone a basic structural transforma-
tion. The chemical nature of the change was from gamma phase
(face-centered cubic) to alpha phase (body-centered cubic). The
body-centered structure has a greater volume, and thus causes an
increase in tensile stress in the glass.

We later learned that iron-nickel-cobalt alloy is basically meta-
stable and will transform when cooled below a certain point. The
transformation temperature depends on composition control during
manufacturing.

CONCLUSIONS

Fracture will occur when iron-nickel-cobalt to glass seals are im-
mersed in liquid nitrogen, if the metal undergoes a phase change from
gamma to alpha phase. This phase transformation causes the alloy to
change in dimension, thermal expansion coefficient, and resistivity.

The immediate increase in dimension of the alloy tends to fracture
glass seals to it. If the seal does not fracture at the instant the phase trans-
formation occurs, fracture occurs during subsequent reheating, because of
the severe increase in the thermal expansion coefficient of the alloy.

COMMERCIAL APPLICATION OF TEST RESULTS

In order to apply to advantage the results obtained, we established
contact with the laboratory of one of the primary suppliers of iron-nickel-
cobalt alloy. In our discussions we learned that the chemical constitution
of the alloy, including the balance between the major constituents, and
the amount and type of trace constituents are the primary factors which
determine whether or not the alloy will undergo phase transformation.
The carbon content is very influential on where the phase transformation
occurs. An increase in carbon from 0 percent to 0.05 percent will lower
the phase transformation point from about —50°C. down to about —200°C.
The gamma to alpha phase transformation will always occur in this type
of alloy, but the temperature at which it occurs is governed by the metal
composition.

The metal supplier felt that he could furnish metal which would
withstand a liquid nitrogen temperature immersion (-196°C.) without
undergoing phase change. Presently, the ASTM has a specification on this
alloy which requires that the phase transformation point is at —80°C. or
lower. This limit is usually used by the metal suppliers. However, in view
of the increasing commercial need for cryogenic vacuum equipment, the
vendor felt that on request, allowances could be made during batching
and melting of the alloy which would depress its transformation point the
additional required 120°C.

By specifying “metal to withstand —196°C. immersion” on our pur-
chase orders, the vendor now delivers an alloy melt which is suitable for
cryogenic seals.
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TEST METHOD

A glassblower can employ the following test method to determine
whether or not his metal supply is adequate for liquid nitrogen use. All
pieces of metal not known to be from the same lot or melt should be
tested since it is possible, even probable, that metal from several different
melts was used in preparing a given shipment of material.

1.

2.

The metal should be cut into %-inch squares, with thickness be-
tween .008 and .250 inch.

All burrs and sharp edgs should be removed by filing, sanding or
grinding with a wet belt or aluminum oxide wheel. Silicon carbide
wheels, belts or papers should not be used because they induce
contamination.

The test samples should be degreased in acetone or trichloro-
ethylene and air dried, followed by degassing in a wet hydrogen
or cracked ammonia atmosphere.

. After degassing, the samples should be sealed to the end of 14-inch

diameter glass cane, preferably Kimble K-650 or EN-1 glass. The
seal can be made by R.F. heat, or with a flame.

. The test seals should be annealed at 15°C. above the annealing

point of the glass for 15 minutes, employing a heating rate of be-
tween 3 and 10°C. per minute and a cooling rate of 3 to 7°C. per
minute down to 250°C., after which the samples may be removed
from the furnace. Next the seals are dropped into a small Dewar
flask of liquid nitrogen, with sufficient liquid nitrogen in the
flask to allow the seals to be totally immersed. After 30 seconds
the seals are removed using tongs or forceps and placed on sev-
eral sheets of soft tissue paper to allow them to reheat to a point
near room temperature. Care should be taken not to touch the
seal interface during handling. A frost will form on the seals
from condensation and freezing of water vapor from the ambient
air, but the frost will disappear as the seal temperature moves
back toward ambient.

. The seals are now examined for fracture using jeweler’s glass or

10 power microscope. If a fracture is detected, it is probably due
to a phase transformation. If the seal is not fractured, the glass-
blower can be fairly certain that the metal has not undergone
phase change and is suitable for use at liquid nitrogen tempera-
tures.

70



SUPERCONDUCTING MATERIALS—
PRINCIPLES AND APPLICATIONS

PeTER R. SAHM

RCA Laboratories
Princeton, New Jersey

ABSTRACT

Superconductivity, truly a ‘“space-age effect’”, awaits numerous ap-
plications in the future. While high field magnets for the control of nuclear
fusion, particle acceleration in high energy physics, or in electron micro-
scope lenses with higher resolution power, and while improved computer
memories or switching elements constitute areas of serious research and
development, other devices such as friction and lossless electric motors,
energy storage circuits for space flight, heat valves at low temperatures,
ete. are feasible but not yet reduced to practice. The practicality and the
extent to which all of these concepts will be verified depends on super-
conducting materials’ research. The greatest challenge to the materials’
scientist is to overcome the low temperature limit of superconductivity,
as the underlying principles do not suggest that a theoretical limit
exists. The tremendous diversification of superconductors in recent years,
from bulk to the form of thin films, from single phase to multiphase struc-
tures, from crystalline to amorphous structures, and from metallic to
organic materials promises the discovery of improved superconductors in
the future.

INTRODUCTION

Not long ago a friction-and loss-less running electric motor would
have seemed a ridiculous thought—but the phenomenon of superconduc-
tivity has made it feasible today. When Kammerlingh Onnes, in 1911,
discovered mercury with no detectable electrical resistance, he may have
had a vague premonition that he just had opened one of the doors into
the age that would fulfill many an engineer’s dream. The obstacles that
separated him from seeing any such realization were materials and the
associated technology. However, since 1945 materials’ science has become
a broad and vigorous field of research and we are, indeed, approaching the
realization of such dreams.

Superconductivity is peculiarly bound to the properties of materials
as few other effects are and thus presents a special challenge to the ma-
terials’ scientist. The interplay of thermodynamics, quantum mechanics,
experimental physics, and metallurgy, all in view of extraordinary poten-
tial applications, make superconductors “space age stuff” that permit a
realistic glimpse into future developments. In the following a simplified
introduction into some of the basic phenomena, pertinent to the later
discussion of applications and materials, will be given. Due to space
limitations it cannot be all-inclusive. Nevertheless, it is hoped to develop
a perspective of the direction into which materials’ research in super-
conductivity is heading.
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PHENOMENON OF SUPERCONDUCTIVITY IN THE
LIGHT OF CURRENT THEORY!-/

Although a variety of phenomena occur in the superconducting state,
the two that stand out (Fig. 1), also historically seen, are zero electrical
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Figure |
Two basic effects in superconductors: zero electrical resistance, f, and zero magnetic
permeability, ; (magnetic flux expulsion).

resistance (Onnes, 1911) and expulsion of magnetic flux (Meissner-
Ochsenfeld, 1933).

The Normal Metal Lattice

For reasons of comparison, first a normal metal lattice is sketched
in Fig. 2b. It shows atoms arranged in a regular fashion with conducting
electrons traveling randomly in between (Drude, 1900). Although in very
pure specimens at low temperatures these electrons are transmitted
through the lattice with mean free paths, I, up to 109 atomic spacings, they
nevertheless encounter finite resistance during their flow through the
metal (Fig. 1la) on account of collisions with the vibrating lattice cores,
foreign atoms, irregularities in the structure, and, much less frequently,
collisions among themselves. This gives rise to the electrical resistance.
Heat is transferred both by the lattice vibrations ( =phonons) and the
electrons. Magnetic fields normally are attracted (Fig. 1b), either weakly
( =paramegnetism) or strongly (= ferromagnetism). No metal is known
that completely expels magnetic flux in the normal state (= perfect dia-
magnetism).

Zero Electrical Resistance

The interactions of electrons and atoms in a normal metal can be
described as basically random. In contrast, superconductors can be under-
stood as materials where a well ordered interaction between lattice cores
and electrons takes place below a transition temperature, T., (Fig. 2a),
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Figure 2
Schematic representation of the normal metal and superconductor behavior. (a) shows
transition from normal to superconducting state in terms of vanishing resistivity, f. (b) com-
pares electron movement in n. and s. lattice (each point represents approx. 100 real lattice
points). (c) shows the energy gap 2 /\ (T) that exists between n. and s. states.

This can be envisioned by a conduction electron moving through the
lattice creating a lattice wave (“virtual phonon”) that attracts, in turn,
another electron, thus forming electron pairs (Cooper, 1956). These
coupled electrons are of opposite spin and, in the non current carrying
case, of opposite but equal momentum (in Fig. 2b visualized as circular
movement of 2 electrons around a common center). The average size of
Cooper pairs can be identified with Pippard’s range of coherence, ¢ (1950),
and varies between 50 and 10,000 A for different superconductors. Not
all of the electrons become superconducting below T.; above 0°K. there
is always a certain supply of normal electrons. Thus, the ‘“two-fluid
model” (Gorter and Casimir, 1934) considers a superconductor as a
state with both normal and superelectrons. Only very few Cooper pairs
are required to induce superconductivity. To break up the pairs again, an
energy of the order of 2/\ (=superconducting energy gap) must be sup-
plied (Bardeen, Cooper, and Schrieffer, 1957). This is demonstrated in
Fig. 2¢ by a plot of the density of electron state N(E) against energy, E.
While in the normal metal a continuous excitation is possible around the
Fermi energy, E;, in the superconductor a gap must be overcome to give
excited states (=normal electron fluid).

Due to the well correlated interaction between electrons and atom
cores no energy is lost and electric current is transferred without resist-
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ance from one end of the crystal to the other. It has been shown that the
resistivity of such materials, if at all present, is less than 1029 O cm,,
which, if applied to a 1 cm. diameter ring with a selfinductance of 1.H,
would allow a “persistent current” to flow for longer than the age of our
universe (according to present knowledge). Alternating currents are also
freely transmitted up to frequencies which enter the range of the energy
gap, 2/\, where-upon the crystals transform into the normal state. An-
other feature of superconductors directly related to the ordered electron-
lattice interaction is that heat conduction is drastically cut because nor-
mal lattice vibrations and normal electrons cannot couple into the super-
conducting lattice or the ‘“super-electron fluid”’, and thus prevent any
heat transfer.

The electron pair concept has been an extremely fruitful one. It has,
for example, helped to predict the Josephson effects. Due to the dual
nature of the electron, the correlated motion of Cooper pairs can also be
understood as a completely correlated or “in-phase” wave motion through
the entire lattice. In order to disturb this in-phase motion in a controlled
manner, one separates two sections of a superconductor by a thin, insulat-
ing oxide layer (Fig. 3a), just enough to allow the tunneling of electrons
through this layer. Two conditions are then found to exist in the I-V
characteristic (Fig. 3b). In one, Cooper pairs tunnel through the oxide
barrier such that a voltageless current persists up to a critical value (d.c.
Josephson effect). In the other, Cooper pairs can only maintain their
tunneling through the oxide by oscillation at infrared to microwave fre-
quencies accompanied by the generation of electromagnetic radiation
(Fig. 3a). Also, a small voltage, v;, between 0 and 2/\ (= the super-
conducting band gap) is then measured.
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The d.c. and a.c. Josephson effects.
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The Expulsion of Magnetic Flux

As indicated above, superconductors, besides being perfect conduc-
tors, may also be considered perfect diamagnets because they expel all
magnetic flux. It is a rule of thumb, therefore, that ferromagnetism and
superconductivity are not normally compatible (although in certain
cases overlapping behavior has been reported). This rule can be quali-
tatively understood, if one remembers that ferromagnetism is due to spin
alignment in a preferred direction whereas superconductivity requires a
cancelling of spins (Fig. 2b). The interaction with magnetic fields has
been widely studied and has led to the distinction of types I, II, and sur-
face superconductivity.

Basically, all superconductors turn normal upon the application of
a supercritical magnetic field, H > H,,. To distinguish between the dif-
ferent types of superconductivity, we follow the GL theory (Ginsburg
and Landau, 1950) which is based on 2 parameters: the coherence dis-
tance, ¢, which is the distance required for an appreciable change in the
number of superelectrons, and the penetration depth, )\, which signifies the
depth beneath a superconductor’s surface where the magnetic field has
decayed to a negligible value (London 1935). Using these, GL defined a
dimensionless parameter

K(T) = A(T)/{(T) = 25\/2H A2/ g, = 8.87 H.\2/p, (1)
which allows a conventional distinction between types I, II, and surface
superconductivity (Fig. 4).

Superconductors for which A < ¢ (or more precisely 2 < 0.707)
are said to exhibit type I superconductivity. As a rule, type I materials
will not tolerate magnetic fields of more than a few hundred gauss. Larger
fields than the “thermodynamical critical field”, H,, induce an abrupt
transition into the normal state (Fig. 5). Type I materials are mostly
elemental and highly pure metals with long mean free paths.

Type II superconductivity, found mostly in alloys, compounds, and
impure materials with short mean free paths, is characterized by » > ¢
or & > 0.707 (Fig. 4). Here the thermodynamical critical field is re-
placed by two critical values: H,., below which no magnetic flux is allowed
into the specimen and H., (>H,,) above which the specimen becomes
normal (Fig. 5). While H,, values are of the same order of magnitude as
H. in type I superconductors, H.,-values may extend well into the
100,000 gauss region. This is made possible by the formation of essentially
normal cores containing magnetic flux (for H,, < H., < H,., Fig. 5)
which is maintained through the flow of vortex currents around each such
core (Fig. 6b). In this “mixed state” normal cores and a superconducting
matrix coexist due to negative interface energies between these two phases.
The packing arrangement of these vortices follows geometric laws known
from crystallography, and the packing density is a function of the external
magnetic fields. Each flux line represents a magnetic quantum of the
amount

9o = hc/2e — 2 x 10-7 gauss cm.?
where & = Planck’s constant (6.625 x 10-27 erg sec.), ¢ = speed of
light (2.998 x 100 cm/sec) and e = elementary charge (4.803 x 10-10
cgs.).
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Figure 5
Behavior of magnetization, 4;M, in type | and type |l superconductors.

Finally, for & > 0.419, there can be surface superconductivity which
exists only on surfaces that are parallel to magnetic fields, thus constitut-
ing a predominantly geometric effect. The critical fields, denoted by H.,,
are the largest possible of all. Surface superconductivity can be induced
in type I of sufficiently large k£ (Fig. 4) and in type II superconductors
and can also be found in the bulk of materials along inclusions which
are parallel to the applied fields.
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Figure 6
Magnetic flux quanta in type Il superconductor {mixed state). (a) shows the conditions

for type |l behavior: A > Z and (b] envisions the arrangement of flux lines.

APPLICATIONS?S

Although, at present, superconductors find several applications, much
more potential use is indicated. In general, superconductivity does not
open completely new fields of application, but rather improves old ones
permitting higher efficiencies. Given the right materials, any of the fol-
lowing disciplines could be deeply affected: general electrical equipment,
energy conversion, computer technology, communication, power trans-
mission, transportation including space travel, as well as basic and ap-
plied research in numerous areas.

In Table I are compiled and correlated to the particular field of in-
terest the basic superconductive phenomena. As apparent from the table,
the most widely employable phenomena are zero electrical resistance,
expulsion of magnetic flux, and the Josephson effects.

Zero power losses in superconductors are the most general reason for
their use as perfect conductors. Efficiencies can thus be increased in the
transmission of currents or permit, for example, printed or vapor de-
posited rather than heavily wrapped wires or coils for numerous devices,
such as power lines,? transformers, motors, dynamos, electromagnets, etc.
The fact that supercurrents do not decay makes also possible energy stor-
age and computer memories.

Besides the Joule heat, another loss factor in present day machinery,
namely loss by mechanical friction, can also be minimized by super-
conductive devices on account of magnetic flux expulsion or the principle
of the superconductive bearing. Frictionless running gyroscopes, rotors,
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and, possibly, friction reduced surface transport systems have been visual-
ized.10, Other applications are in flux pumps used to concentrate magnetic
fields through a “superconductive pumping action”.

TABLE I

EXAMPLES OF SUPERCONDUCTIVE APPLICATIONS

Existing and/or Potential

Superconductive Phenomena Applications
1. zero electrical 1.1 lossless communication
resistance current power lines

transmission | coils (in transformers, motors,
magnets, dynamos, rotors)

1.2 persistent power storage
currents computer memory
2. magnetic flux expulsion superconducting bearing
(Meissner effect) superconducting gyroscope
flux pump

magnetic shield
electric motor
dynamo

3. Josephson effect 3.1 d.c. effect computer switching element

3.2 a.c. effect microwave and infrared radiation
-generator

-detector

-amplifier

4. normal to superconducting switching element (cryotron)
transition

5. steep or gradual resistance change| bolometer

in transition region thermometer
6. zero electronic thermal heat valve
conductance
7. heat of transition cooling device
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Both the d.c. and a.c. Josephson effects (Fig. 3) promise important
applications. The d.c. effect, in conjunction with normal superconductive
tunnelling, promises use as a fast switching computer element!! replacing
its slower precursor, the cryotron (Fig. 7). The a.c. Josephson effect
which has been compared to an “electromagnetic organ pipe”’ effect,
yields itself to the generation of coherent microwave and infrared radia-
tion and also to their amplification and detection.

Other intriguing possibilities of use lie in the drastic change of resis-
tivity within the transition region (Fig. 2). While broad transitions (im-
pure materials with distorted microstructure} could be useful as low tem-
perature thermometers, narrow transitions (very pure materials with
equilibated microstructure) have rendered extremely sensitive radiation
detectors, known as bolometers. Finally, the disappearance of the elec-
tronic contribution to the thermal conductivity in superconductors sug-
gests the construction of heat valves at low temperatures. Cooling devices
have been proposed utilizing heats of transition involved.

Both type I and II superconductors find use in the applications out-
lined above. The presently most active areas of research and develop-
ment are computer elements and superconductive magnets, utilizing type I
and type IT materials, respectively. A quick look at each is taken in the
following.

In computer switching elements and memory cores, tin and lead
films have been most widely investigated. Their type I behavior, i.e. their

LIQUID HELIUM

SUPERCONDUCTING
WINDING

INSULATOR (VACUUM)

MAGNETIC FIELD

Figure 7

Principle of superconducting magnet for room temperature operation. Coil is cooled by
liquid He to operating temperature.
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toleration of only small currents and magnetic fields, makes them ideal
for the low power requirements in computer switching. Referring to Fig. 7,
lead would be used as the high and tin as the low T .-and H -material.
The film rather than the wire wound versions (Fig. 7) are employed
exclusively. Their smaller dimensions, and thus resistance and induct-
ances, assure much faster switching. The advantage of cryotrons above
ferrite and /or transistor elements are their negligible energy consumption,
because no power is dissipated, thus allowing very compact construction.

The large power requirements of high field magnets!2.13 utilize type II
cuperconductors such as niobium stannide, niobium alloys with zirconium
or titanium, and others. Nb,Sn, in particular, finds use today both in
small and large laboratory magnets after much developmental work to
wind coils from the extremely brittle material.13

The great drawback of conventional high field magnets is their ex-
tremely high power consumption. A 100,000 gauss magnet with a 3 cm.
bore, for example, requires a power of approximately 150 kw. and a cool-
ing capacity of about 4,000 ltr/min of water.? This same magnetic field
could be generated by a persistent current of 20A in a superconductive
coil with no power loss involved3. Such devices (Fig. 8) are only limited
by the critical fields attainable. Large magnetic fields are needed, for
example, in high energy physics for particle acceleration, particle track-
ing in spark or bubble chambers, in electron microscopes for the magnetic
lenses (which would enable one to see individual atoms), and in energy
conversion devices utilizing magneto-hydrodynamics or nuclear fusion.
Last no least, space travel could benefit from magnetic shielding holding
back dangerous cosmic radiation or in controlling the plasma in plasma
propulsion systems.

The greatest difficulty with all mentioned applications is the “cryo-
genic barrier”, i.e. the requirement of liquid helium temperatures (boil-
ing point of liquid He is 4.2°K.) for their operation. Recently a super-
conductor has been synthesized!4 that may permit the practical use of
liquid hydrogen (boiling point 20.4°K.). Although superconductors at
room temperature, or higher, are the “ultimate dream”, superconduc-
tivity at liquid nitrogen temperature (77°K.) would already signify a
major advance in this field. In the following discussion, therefore, the
emphasis will be placed on transition temperatures of materials.

THE SUPERCONDUCTING TRANSITION TEMPERATURE!26

Transition temperatures are not yet quantitatively predictible. Never-
theless, the BCS theory (Bardeen, Cooper, and Schrieffer, 1950) has pro-
vided several criteria by

T, = 114 (hv) ,exp{-1/N(0)V] (2)
where (hv,,) ~ Debye temperature in °K, N (0) the density of states

at the Fermi surface in 1/eVem.3, and V = interaction energy between
electrons and phonons in eV cm3.

The Debye temperature can be approximated by!5
§ = (4385\/2z/M) /dl.2 (3)
where z = number of outermost shell electrons, M = molecular weight in

80



g/mol, and d = average/distance between lattice sites in cm. Eq. (3)
leads to the “isotope effect” (Maxwell and Reynolds et al., 1950)

T, ~1/M*% (4)
for an individual material (where d,, and z are approximately constant).
Eq. (4) has been verified in several cases and emphasizes the importance
of lattice waves (and their dependence on the mass of lattice cores)-—
electron interactions. However, Eq. (4) does not hold in certain transi-
tion metals compounds, and the recent discovery of a “positive isotope
effect’! in U235 (T, = 2.10°K.) and U28 (T, = 2.19°K.) suggests that
other superconducting mechanisms than BCS must be valid for certain
materials. Direct proportionality between specific heat, c¢,, and ¢
have stimulated ¢, measurements in superconductors. Furthermore, § is
directly related to the atomic volume by the Griineisen constant. Thus,
also a pressure dependence of T, can be expected (and has been shown),
mostly where dT./dp values are negative.16

The density of states, N(0), should be large for large 7.. Thus,
materials with an even number of valence electrons per atom, e/a, are less
likely to be superconductors than such with an odd number because in the
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Figure 8
Wire wound and thin film cryotron. If, in (a), sufficient current is sent through the control
coil of high Tc and Hc material, a field greater than the critical field of the gate is gen-
erated, switching the gate to normal. (b] shows the thin film version of the cryotron.
first case the filling of a Brioullin zone is favored and thus N (0) will be
small. This expectation has been substantiated for the transition metals by
an empirical rule (Matthias, 1957) which shows that the highest T.’s
do, indeed, occur at approximately uneven e/a ratios, 5 and 7, whereas
in non-transition metals a smooth rise of T, with e/a is found (Fig. 9).
N (0) is related to the Sommerfeld specific heat constant by
y = (2/3)x2kN (0) (5)
where 2 = Boltzmann’s constant (1.38 x 10-16 erg/deg).
The constant and the electronic contribution to the specific heat, C,,,
relate numerically to the transition temperature:

T, = C,, (T)/2.43y (6)
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The interaction energy, V, can only be estimated from the electrical
conductivity or mean free path, I. It is seemingly paradoxical that low
normal conductivity metals will more likely become superconductors than
normally high conductivity metals. In the former the interaction between
lattice and electrons is greater and thus V can be expected to be higher
than in the latter. To outline qualitatively how T, depends on the con-
ductivity or the mean free path, I, we look for a relationship of 7', with
the coherence distance £. With the help of the BCS relation

. = 2/ (0)/3.52k @)
where A (0) is the energy gap at 0°K., the following formula can be
derived:

T, = 0.18 hv,/kL (8)
where v, is the Fermi velocity at 0°K. Eq. (8) holds true only for pure
type I superconductors where Is»Z, a modified coherence length, ¢’, must
be introduced where ¢’ ~2 [ as [ tends to zero.

Thermodynamically, the transition temperature also allows certain
conclusions to be drawn with respect to critical fields:

H, = 0.413 T.\/y(oe),
in other words, larger critical fields can be expected in higher 7', materials.

Principally, no upper limit for 7', can be set. According to Eq. (2)
the highest possible limit has not been reached yet. Numerous attempts
have been proposed to increase T, by artificially affecting some of the
constants, for example by widening the energy gap!” A (0) in Eq. (7) or
by creating special surface conditions through monolayers of foreign
atoms,!8 the application of electric or magnetic fields,!9 etc.
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Figure 9
Transition temperature of elements, compounds, and alloys as a function of the average
electron to atom ratio with nomenclature from the periodic system of elements (see also
Fig. 11).
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SUPERCONDUCTING MATERIALS

The immense diversity of materials makes it difficult to choose a
frame of reference which encompasses all types of materials known. To
simplify the procedure for our purpose we adopt, with minor modifica-
tions, a schematic proposed by Seitz20 in Fig. 10. Referring to this, super-
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Figure 10
Bonding relationship between solids.

conductivity is most pronounced in intermetallic compounds, in elemen-
tary metals and alloys, and in semiconductors, in the order of decreasing
T.. There has been very little indication of superconductivity in valence
and ionic crystals so far,2! although considerable interest exists, for ex-
ample, in organic superconductors.

The Elemenis

In Fig. 11 all reported superconducting elements are listed. In terms
of Fig. 10 we are dealing here with “monatomic metals”. Elements which
are normally non-metallic must be converted into the metallic state (Si,
Ge, Bi, Se Te) before they become superconductors, for example by the
use of elevated pressures. Thus, the numbers given in Fig. 11 do not rep-
resent the only possible T'.-values, as many of the “normal” superconduc-
tors change their transition temperatures when subjected to special treat-
ment such as noted above or other metallurgical variables, for example
straining by cold work, addition of soluble or insoluble impurities, evapo-
ration in thin films, etc. From Fig. 11 the following general criteria (Fig.
9) have been derived for the occurrence of superconductivity.2?

Superconductors are metallic substances with e/a ratios between 2
and 8 where maxima are found at values of 5 and 7 in many cases. Cer-
tain crystal structures (A1, A2, and A3 in the elements), high atomic
volumes, and small atomic masses are favorable for their occurrence.

Intermetallic Compounds and Intermediate Phases

This is the realm of type II superconductors with the highest T'’s
and H_ s so far known. Their type II behavior is linked with low elec-
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Superconductivity in the periodic system of elements. Transition temperature values are
for bulk material. Only for Be a thin film value is given as no bulk transition has been
yet reported.

trical conductivity and thus small mean free paths and coherence lengths.
Important applications are in superconductive magnets, for which the
material utilized mostly is Nb,Sn.

The transition temperatures of intermetallic compounds appear to
be strongly linked to crystal structures as shown in Table II. This is par-
ticularly obvious in Nb,Au?® where a change in structure, not in stoi-
chiometry or in the e/a ratio, results in remarkable T, changes. It is con-
jectured, for example, that the feature conducive to supecronductivity in
the A-15 structure are the three straight chains of transition metal atoms
extending through the lattice with interatomic separations smaller than
in elementary or otherwise alloyed form. Stoichiometry (Table II,
Nb.Ge) and mean atomic volume 2 have proved to be important as well.
While in the most favorable, the A 15 types structure (Table II), the
mean atomic volumes vary between 14 and 2243, most other structures
show maximal T .-values at 16 A3. In connection with the atomic volume
dependence, it may also be mentioned that n-n (nearest neighbor) sep-
arations between the host lattice atoms of particular compound classes
such as La- or Bi-compounds?> were shown to have optimal values (3.5
in Bi- and 3.6A in La-compounds) for the highest T’s. The table further
demonstrates that for each structure class certain e/a ratios are preferred.
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Order, i.e. the nonrandom, symmetrical arrangement of atoms in the lat-
tice (‘“‘superstructures”) is another term often believed to favor high T
values. In general, the high T, compound superconductors deviate from
BCS-behavior more than other bulk superconductors. For example, devia-
tions from the isotope effect have led Matthias to suggest that electron
pairing by magnetic polarization could be involved? rather than the nor-
mal BCS behavior.

Alloying of two high T.-superconductors, in some cases, raises 7.
It appears that in many of these pseudo-binary systems slight maxima
are observed on the higher T .-compound rich sides. The most pronounced

such case has recently been announced in the Nb,Al-Nb,Ge system with
the highest T, so far known!4 (Table II).

TABLE II

ExampLES oF HiGH T, SUPERCONDUCTORS

Compound | Transition Crystal Electron to Remarks
Temperature  Structure  Atom Ratio
(°K.)
NbT,, 10.5 cubic(A12) 6.5
Nb;Au 11.0 cubic(A15) 4.0
Nb,Au 1.2 cubic(A2) 4.0
metastable
Nb,Ge ~17 cubic(A15) 4.75 stoichiometric
Nb,Ge 6.9 cubic(A15) 4.75 stable,
nonstoichiometric

Nb,Al 18.3 cubic(A15) 4.5
Nb,Sn 18.4 cubic(A15) 4.75
Nb,Ga 14.5 cubic(A15) 4.5

V,Sn 16.5 cubic(A15) 4.75

V.Si 17.1 cubic(A15) 4.75

Nb,Al, ;Ge, , 20.1 cubic(A15) 4.55
NbN 16.0 cubic(B1) 5
NbC, 4, 11.1 cubic(B1) 4.75
NbN, 6:C, 35 16.7 cubic(B1) 4.83
La,In 10.4 cubic(L1,) 3
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Metal Alloys (Solid Solutions)

In alloying all of the factors in Eq. (2) are affected such that ¢
(and thus the specific heat and atomic volume), N(0), and V changes
must be considered. In addition to these factors the ‘“anisotropy effect”
(Fig. 12) is observed in dilute solutions responsible for an initial drop of
T. in numerous cases. 5 This drop depends on the normal reciprocal
electron mean free path, 1/, which causes a washing out of the energy
gap anisotropy present in the pure metal. Only after sufficient alloying,
when | < ¢, a “charge effect” and an “isotropic mean free path effect”
become predominant. These are summarized both under the term “valence
effect”.27 In the valence effect region normally a proportionality is found
between T'. and the electron concentration (see also Fig. 9) and 1/1,
affecting N (0) and V of Eq. (2), respectively.

When considering the behavior of metal alloys one should distinguish
between transition and non-transition metals?6 (Figs. 9 and 11). While
for the latter, as well as for a combination of both, the statements made
above, typically apply, transition metal alloys show deviations. Maxima
are observed due to improved e/a ratios in terms of Fig. 9. However, also
ordering phenomena can cause maxima in the T, behavior as in the case
of the isoelectronic system Ti-Zr2 (Fig. 12), where a superstructure? is
observed in the center of the system.

A further parameter to be considered in alloying is ferromagnetism,
which, as pointed out earlier, is not usually compatible with superconduc-
tivity. A particularly interesting case of interaction has been reported for
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Schematic representation of the superconducting behavior of metal alloys with complete
mutual solubility. (a) demonstrates expected behavior of nontransition meals, (b) the
effect of order.
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lanthanum alloys containing 1 at .%, of rare earth elements. From Fig. 13
it is seen that gadolinium, being the strongest ferromagnetic metal in this
series, causes the largest T', depression. 26 In other alloys, however, as in
the case of Ti-Fe solid solutions, increases of T'. have been reported despite
the addition of a ferromagnetic substance.30 Under certain circumstances

even the coexistence of ferromagnetism and superconductivity has been
suggested.30,31

Superconducting Semiconductors

Superconducting semiconductors require a minimum amount of 1019
cm.-3 positive carriers (hole conduction or positive Hall coefficients) and
a polar, multivalleyed band structure.32 Due to these limitations not many
have become known so far. From Table III is seen that their transition
temperatures are all below 1°K.

/ \

- L \ '/z
0 | No
Lo| Pr | Pm Eu[Tb |Ho|Fm| Lu
Ce Nd Sm Gd Dy Er Yb

Figure 13
Superconductivity of La-solid solutions with | at .% rare earth metals of systematically
changing spin.

TRANSITION TEMPERATURE (°K)

TABLE III

TRANSITION TEMPERATURES OF SEMICONDUCTING SUPERCONDUCTORS?3:34.50

Material Transition Temperature Carrier Concentration
°K. cm.-3
SrTiO, 0.25 2.5 x 1020
0.28 3.3 x 1019
GeTe 0.08 to 0.30 8.5x 1020 to 15x 1020
SnTe 0.10 to 0.21
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Other semiconductors,35 such as Si and Ge, GaSb, InSb, or AlSb,36
and the semimetals Bi, Se, and Te can also be superconducting, but only
after transformation into a metallic phase attained under high pressures
(Fig. 11). It may be of interest to note that SrTiO, besides being a semi-
conductor is also a ferroelectric material. It has been suggested that under
extremely high magnetic fields of several 100,000 gauss materials such as
those in Table III may become high temperature superconductors.!9

Organic Superconductors

An almost entirely untapped field of materials lies in carbon -chem-
istry. Although little practical success has so far been achieved, theoretical
expectations run high in that room and higher temperature superconduc-
tors might be produced.3’” The interesting aspect in organic substances
is that engineering a superconductor from first principles, i.e. the “elemen-
tary bricks of nature” appears feasible. The basic thought, as put forth
by A. W. Little,1037 is to synthesize a central chain molecule (Fig. 14)
that will have highly polarizable side arms attached to it, in such a way
as will allow an interaction between electrons and lattice vibrations
(=phonons) and thus produce ‘“one-dimensional superconductivity”. In
practice, recently a vanadium-organic composite has shown first promising
results.38

POLARIZEABLE
RADICALS

A ATA

I ' I
‘ © (| o

Figure 14
Hypothetical organic superconductor after W. A. Little. An electron carrying 'spine"
(chain of C-atoms) is lined by polarizeable side molecules which induce the phonon-electron
interaction required by the BCS-theory.
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Limited success has also been reported in “two dimensional” C.M
(M = K, Rb, or Cs) graphite lamellar compounds,® although their two-
dimensionality has not been established beyond doubt.

Multiphase Structures (= Composites)

The engineering on the elementary particle level, such as sketched in
the previous paragraph, has not yet yielded practical results; however,
metallurgical efforts on a somewhat more macroscopic basis, in the field
of immiscible systems or multiphase structures, has already provided
several interesting materials and concepts.

By introducing one or more additional phases into a material, another
degree of freedom is gained in the control of its physical properties. To
fully characterize a composite material, primarily geometric factors must
be considered besides chemical composition as shown in Table IV, head
row. Geometric dimensions also affect very strongly the superconducting
behavior of multiphase structures.

Historically, the first composite to show a remarkable change, namely
from its normal type I to type II superconductivity, was mercury metal
that had been squeezed into a matrix of Vycor glass such that its dimen-

A\/N—’\ o

T

A /N
L__ —»X

DISTANCE OF MUTUAL
INTERACTION

Figure 15
The proximity effect in a two-phase structure. The energy gap, /\, is affected over approxi-
mately the coherence distance at the phase boundaries.

sions were smaller than the penetration depth, ).4! The transition tem-
perature, however, was not much affected. Other “artificial eutectics” pro-
duced by complex processes (Table IV), using superconductor-normal
metal combinations (niobium wires imbedded in a copper matrix) have
shown T'. degradations due to the proximity effect*? (Fig. 15). This effect
predicted not only that normal metals can become superconducting when
in close proximity to a superconductor but also that 7. decreases for
superconductors in proximity to normal metals.

An active area of composite structures for superconductivity has
been in eutectics (Table IV).#.4¢ Cline et al.* could, for example, show
that a Nb-Th eutectic withstood critical fields 40 times higher than either
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TABLE 1V

CHARACTERIZATION OF ComPosITE MATERIALS (Head Row from (1) to (4))

EVALUATION OF PREPARATIVE METHODS ( (0)-Column)

SEVERAL SUPERCONDUCTOR ExAMPLEs ((00)-Column)

Scope of Possible Phase Combinations with Respect to 00.
0. -
Method 2. Spatial Arrangement 3 . SExampl;s of
of ui 2.1 2.2 23 Phase Lattice Continuit; uperconductive
Preparation Chemtf:ql . ; Geometrical Dimension 2.4 Boundary Y Composites
Composition | Relative Relative Ori . Ga Ori - Densi
Quantities | Distribution Sive l Shape rientation Condition rientation ensity
1. Thin Films:
Vapor n - - Switching devices
Deposition t + + f + + _ + + Josephson junctions
Granular supercon.*?
2.
Nb-Th#
GMel:h n + + Controlled*
row - — - - - — Eutectics
3.
»  Sintering + + + + + ¥ ¥
h,_ﬂ — —_ —
é Sintering
g with - - - -
: Liquid + + + + + B + B +
.. Infiltration
%)
° Hot N - Nb,Sn-Al,0, 40
3 ¢ s 20
L Pressing + + + + + _ + _ + Nb,Sn-ferrite*!
4.
Complex Hg-Vycor glassi!
Processes + + + + + + + + +

Nb-Cu#

+ no limitation; — limited; 4- few limitations; + many limitations
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Nb or Th alone. The advent of “controlled eutectics’#5 promises more
interesting such materials in the future, in particular with respect to the
proximity effect, type II, and surface superconductivity as well as other
geometrical considerations. “Thin films” is the most active area in com-
posite materials. For superconducting applications films normally are
used in multiphase form, be it in cryotrons (Fig. 7), Josephson junctions
(Fig. 3) or as granular superconductors, i.e. extremely fine grained poly-
crystalline films. In particular the latter have been intensely pursued
recently with respect to their transition temperatures. For example, in
Al-films with average grain size diameters of 404 and Al,O,-enriched
grain boundaries, a sixfold increase in T, has been reported.*’” Similar
observations have been made with tin, gallium,*’ and tungsten? where
stabilization of such small grain sizes was apparently achieved through
recrystallization inhibiting agents in the grain boundaries. Explanation for
this T, increase is, although no unambiguously so, considered due to a
grain size effect where superconductivity is enhanced by a large grain
boundary surface area. If T .-increases of the magnitude shown above
could be verified with high T, superconductors such as Pb, Nb, Nb,Sn,
or the like, then the jump into “warm superconductivity” would be ac-
complished.

OUTLOOK

While extensive research has been carried out in superconductivity,
much more is required to understand all observed phenomena. In the
light of the anomalous behavior of numerous superconducting materials
it can be expected that the known mechanisms of superconductivity will
be supplemented by modifications or even new concepts. Better under-
standing augmented by several recently approached fields of materials
preparation promise the discovery of new as well as improved super-
conductors. In particular, high pressure technology, rapid quenching
methods, and the synthesis of multiphase structures both in macroscopic
eutectics, thin films) and in microscopic dimensions (organic materials)
appear significant. Also, “artificial superconductivity,” induced by ex-
ternal condition such as electric or magnetic fields, surface layers, etc.
seems possible.
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A SIMPLE COMPARATOR FOR COMPARING
SEALING GLASSES

J. L. A. FRENCH

Department of Chemistry
University of Toronto
Toronto 5, Canada

The principle of comparing sealing compatability of pairs of glasses
by attaching them together along their longitudinal axis and drawing
them out as a double fibre so that distortions caused by unequal coefficients
of linear expansions become visible as a curve is well established. This
paper is devoted to a qualitative examination of this principle in order
to determine the feasibility of applying it as a guide to the selection of
suitable glasses for the construction of seals. At the same time the method
may be applied to sorting glasses which have been inadvertently mixed
together.

In recent years the design and construction of graded seals has re-
ceived close attention. Their reliability has been improved and they are
available in a more compact form than they used to be. When considera-
tion is given to the amount of time and trouble involved in making grades
in one’s own shop, it may well be that a more logical solution lies in en-
couraging the purchase of these items. This is analogous to the modern
practice of purchasing stopcocks and joints. Only an unfortunate few
make such things themselves anymore.

Nevertheless, in spite of the desirability of utilizing commercially
available materials, most of us know to our dire cost, that we must often
resort to trial and error methods. The problem has been compounded in
recent years by the introduction of glass instruments from countries out-
side of North America. Excellent though many of these products may be,
the materials used in their construction do not always possess physical
characteristics entirely compatible with those with which we are familiar.
As a general rule equipment of this type is purchased without any con-
sideration being given to the problems confronting the glassblower (a fact
we are well aware of ). Having laboured mightily to construct apparatus out
of our own materials—we are set upon with demands that an object the
like of which we have never seen before, be sealed forthwith to our sys-
tems. Enquiries as to its characteristics produce, at best, a blank stare—
“Well it’s glass is it not.”” We may well consider ourselves fortunate if
indeed the material does prove to be glass at all.

Excluding the problems which arise due to composition differences,
the fundamental factor which determines sealing compatability is the
linear coefficient of expansion. For the sake of convenience this physical
quantity is expressed as a scale of number multipled by 10-7 per degree
centigrade. In this way we have at one end fused silica at 5x 10-7, 7740
or KG-33 at 32 x10-7. There are several coating glasses with higher ex-
pansion still but they are of no interest in our field of work.
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Most of the glasses used in scientific glass shops are listed below:

Coeff. of Expansion Coeff. of Contraction

Fused Silica 5x 107

GS1 13

GS3 14.5

GS4 24.1 ..
7740 32.5 35
KG33 32 38
7070 32 39
5420 36 41
3320 40 43
7750 40.5 ..
7052 46 53
7050 46 51
EN-1 47 64
7510 50

7520 60

7530 71

7550 79

7560 86 ..
KG-12 90 103
0080 92 103
0010 93 100
R-6 93 113

I would draw your attention to the definitions in the above list where-
in I have included the coefficient of linear contraction for these glasses
where this information is available. The difference between the two sets
of figures for any given glass is significant. Indeed, it supplies the reason
why on some occasions results are not what they should have been. All
that goes up does not necessarily come down. Where possible seals should
be designed on the basis of the coefficient of linear contraction, provided
of course, that you have available to you a sufficiently comprehensive
selection of glasses.

No glass shop that I have ever visited has possessed equipment for
measuring expansion coefficients. This is understandable because accurate
instruments for this type of measurement are expensive and complex, and
furthermore the sample has to be in the form of a rod of several inches
long. Only on very rare occasions are we fortunate enough to have our
suspicious material in this form. However, should difficulties be encoun-
tered in sealing a strange glass we need to have some means of comparing
sealing compatability with known glasses. The well known double fibre
method is sufficient to indicate differences but interpretation of the result-
ing curve requires considerable experience. The reproducibility of these
curves depends upon the amount of control applied when making them.
Tests have indicated that there is sufficient similarity between one curve
and another to form the basis for identification. The basis of comparison
are the amounts of horizontal displacement which take place when double
fibers are made up of a control glass and the unknown.
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technique is reversed when using a 0080 control because in this case it is
usually softer than the specimen. A handle is sealed to the short rod of
specimen glass and about 114” of control rod is flowed onto it, taking the
precautions already mentioned. Having reached this point the region
starting at the end of the specimen and the material encompassed by
about 34” of its length is softened and drawn out into a double fibre some
15” in length. Tension is maintained until all the glass has hardened. It is
important that twisting be avoided when heating and pulling. For best
results heat should be applied preferentially to the harder glass.

Where a relatively large difference in expansion exists, distortion of
the thicker regions where the specimen joins the control will be noticed.
Do not attempt to straighten this out. All the comparisons are based on
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fibre which is pulled straight and allowed to cool under tension. It is for
this reason that no attempt has been made to indicate coefficients of
expansion on the instrument. Different glass combinations distort so that
they lay on a certain portion of the horizontal line indicating that they
will seal to the glass indicated thereon. Remember that the instrument
is a Comparator—no more, no less.

The construction of the Comparator is simple. A sheet of 20 gauge
Aluminum is marked out and folded to the dimensions given in Fig. 4.
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Folds along the right hand side and top serve to stiffen the plate,
and consequently are not critical. The important part of the construc-
tion is the bending up of the 4” long edge; it should be parallel with the
left hand edge of the plate and should itself be flat. This set in the plate
is used to locate the control rod. Having completed the folding, the cali-
bration of the Comparator is as follows: a line is scribed exactly 10”
from the top of the control guide and parallel with the base. A piece of
4-mm. rod 14” long previously checked for straightness is located so that
its end reaches the scribed line and its left side is held firmly against
the guide piece, mark where the center of the rod corresponds to the
scribed line. Make a second mark at the other end, scribe a line between
these marks. This line corresponds to an identical fibre, deviations are
marked out along the top line to the left and right. The positions of these
marks for glasses measured against the two controls are given in Figs. 5
and 6.
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The different sections may be marked, and data relating to the cor-
responding glasses inserted using metal stamps. This problem has been
conveniently solved in my own shops by putting the data on plastic self
adhesive lettering tape, cut to the required width and attached.

Having completed the Comparator and prepared 2 or 3 samples,
measurements are taken as follows: The sample is adjusted so that total
fibre length is about 12%%”. When using a 7740/KG-33 control the sample
fibre should be on the right hand side, and when using 0080 control it
should be on the left. The reason for this situation is that in the case of a
hard glass control the sample may be expected to have a higher expansion,
while with a soft glass control the sample will expand less. The positioning
of the sample is illustrated in Fig. 7. The point where the fibre crosses

Recerence Pornt

Figure 7

the reference line will correspond to a known glass. The remaining sam-
ples are tested and a selection is made on the law of averages. Having
thus discovered a glass with similar expansion characteristics to the sample
material, it becomes a simple matter to prepare a graded seal compatible
to the material used in the system.

I would like to express my thanks to the Department of Chemistry
and to Dr. R. G. Barradas for the encouragement to undertake this proj-
ect, and thank the Corning Glass Co. and Owens Illinois of Canada Ltd.
for supplying me with samples of their sealing glasses.
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