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OPENING REMARKS
Wernher von Braun

GEORGE C, MARSHALL SPACE FLIGHT CENTER
HUNTSVILLE, ALABAMA

Good morning! Welcome to the George C. Marshall Space Flight
Center. It is a delightful pleasure to welcome you here this morning
for our second discussion of one of the most promising space po-
tentials -- one which we think will become a reality in the very near
future -- Manufacturing in Space. It seems to be fashionable these
days to perform research on manufacturing in space,

We have heard on the radio and television reports of the most recent
activities of the Soviet Union in this area, in the series of three

manned Soyuz spacecraft orbited a week ago. The news media carried
reports that the orbital compartment of Soyuz 6 was converted into a
vacuum chamber and one of the Cosmonauts, from a control panel in

the command capsule, carried out experiments in welding with low-
pressure plasma beams, an electron beam, and a consumable electrode,
The results were not disclosed, but the reports certainly indicate that
we are not alone in our interest in this field,

Some of you were here for our first exploratory conference on this
subject, held in November of last year, Much as happened in space
research and exploration since that time. As we now draw near the
end of 1969 and the end of the decade of President Kennedy's famous
challenge to this nation to go to the moon, we can observe that the
individual space tasks undertaken by this nation for the decade of the
60's have been accomplished. In achieving them, we have developed
a broad spacefaring capability which opens the door to many new
opportunities during the next two decades for further exploration,
scientific research, practical applications, and the development of new
and more advanced space technology.




As we look ahead into the decades of the 70's and even the 80's the
prospects for discovery are, we believe, every bit as exciting as they
were at the crude beginning of space exploration more than one decade
ago. And the prospects for beneficial returns from space exploration
are even brighter, simply because of this broad spacefaring capability
that is now ours.,

We have developed the ability to place men into earth orbit and on the
surface of the moon on a predictable time table. So now we can begin
to exploit man's demonstrated ability to live in space and to perform
productive tasks in this new environment, ’

Now you will probably know how your own program, tlie development
of space manufacturing techniques, fits into what is most likely to be
the overall NASA program., So rather than spending rmy time attempt-
ing to tell you what you should invent or the ideas which you should
originate, I think it will be more useful to give you a simple projection
of what we expect to happen in the next few years, and also NASA's
long-range projection over the next two decades in the hope that you
can then fit your own plans into this overall structure of the space
program, ‘

First, we will, of course, continue to explore the moon in Project
Apollo, using Saturn V launch vehicles and Apollo spacecraft remain-
ing from the original quota after the early completion of the initial
lunar landing. And to this I can make the following general comments,

Back in 1962, about a year after President Kennedy announced a lunar
landing in this decade as a national objective, we had, of course, to
estimate how much hardware was needed to achieve that goal in this
decade, We here at Marshall and our friends in Houston sat.down to-
gether and finally came up with 12 Apollo/Saturn IB launch vehicles,
15 Saturn V/Apollo launch vehicles for the flights to the moon, and a
total of 21 sets of Apollo spacecraft, consisting of command module,
service module, and lunar module.

Now you all know that there is still a lot of hardware left over. The
reason is simply that we didn't bave the boldness, shall we say, to
predict back in 1962 that we would fly three men around the rmoon with
the third Saturn V ever to lift off the pad. Our estimate at that time
was, rather, that it would take eight to 10 Saturn V's before we would
make an attempt to fly around the moon; and with Number 14 we




would finally be able to make a lunar landing, leaving one Saturn V as
a backup, namely Number 15,

Things went a lot better than we had anticipated. We had two highly
successful unmanned flights of the Saturn V. Then, on the third
flight, Frank Borman and his crew made that unforgettable Christmas
Eve trip around the moon with Apollo 8. So now, after we have landed
Neil Armstrong and Buzz Aldrin on the lunar surface with the sixth
vehicle; we have nine Saturn V's left in the inventory.

There are also a lot of Saturn IB's left in the inventory, because we
proceeded to fly our Apollo spacecraft earlier on Saturn V than
originally anticipated. The same situation applies to the spacecraft.
So what should we do? All this equipment has been designed for the
specific job of landing men on the moon, It would be prohibitively ex-
pensive and time consuming to redesign it for something else. So the
obvious decision was to continue lunar exploration.

It was also imperative that we proceed rapidly with the next launches,
because our contractor structure in the Apollo program, having com-
pleted its limited production job, was shrinking-every day., In order
to save money, we had to take more and more people off the payroll
every year, every month virtually, Clearly, we couldn't fly these
complex systems to the moon without a sound backup capability at our
contractor plants, not only for supporting the launchings, but to re-
spond to whatever difficulties might arise in flying this fleet,

So it was a question of either doing something right away or moth-
balling the hardware. If that had happened, all the equipment would
have wound up ultimately in a scrap pile, or in the Smithsonian
Institution, because there would have been no capability around to fly
it.

To determine the validity of this course, we turned to the National
Science Academy and asked them formally, '"Would it be worthwhile
to fly nine more Apollo~-type missions to the moon?'" The National
Academy of Sciences appointed special groups to study the problem
very carefully., Their conclusion was: '"Yes, it does make sense,
provided you do certain things: Number }, we want you to go to
scientifically interesting sites, sites that we, the Science Academy,
will designate to you because our experts on the lunar environment
think they are of particular scientific interest. Secondly, in order to
really enhance the amount of scientific returns from these flights,
you must increase the stay-time on the lunar surface, "




"Twenty-two hours on the lunar surface, as in the Apollo 11 mission,
just isn't long enough, You must increase the stay-time up to some-
thing like 72 hours or possibly even 78 hours, with several extra-
vehicular periods and at least two sleep periods in between,

""Thirdly, some of the sites we shall designate to you will be difficult

to reach, The terrain will be rough and some will have very poor
approach visibility, for example, the bottom of the crater, Corpernicus.
So a pinpoint landing capability much better than that demonstrated

in Apollo 11 must be available,.

"And finally, since we know that some of the sites we want to visit
are well nigh impossible to land on, you ought to provide a limited
surface mobility so that the astronauts can conceivably land in an
adjacent site better suited for landing, and then drive to the science
site that we want them to visit. So get us a lunar jeep that can be
taken along on the voyage, "

These four conditions, then, presented some big '"If's'", We found

that these conditions could be met, provided the descent stage tanks

of the lunar module were enlarged, This, of course, would enable

us to carry a larger payload down to the lunar surface. This increased
capability could be converted into more hover time, meaning better
ability to land in rocky terrain or to correct for approach mistakes,
thereby, improving the pinpoint landing capability, Or it could be
converted into more scientific equipment, the lunar jeep, or more
consumables, which would mean longer stay-time,

The increase:? descent stage tanks for the lunar module meant that
the Saturn V had to carry a heavier payload to the moon., Now ‘
fortunately, By just flexing its muscle a little bit, the Saturn V could
do it. Whereas Apollo 11 has an injection payload of about 102, 000
pounds, later missions will have an injection payload of 106, 500
pounds, -

Because we have other ambitions in space, in addition to lunar explora-
tion, during the last few months NASA has formulated what we call an
integrated, balanced space flight program == not only for the next 10 -~
but for the next 20 years, This balanced program will have three
major characteristics, One will be maximum reusability of equipment
By that I mean, this business of discarding stages and modules in the
Atlantic or in space after a one-time performance just has to go if we

|



make space flights more economical. We must develop a fleet of
space transportation vehicles that hopefully can be reused over and
over again,

The most important element in this array of new vehicles, which
should be developed during the 70's, will be the reusable earth-to-orbit
shuttle, Its design and development will probably become the main
thrust of our space program, beginning even this fiscal year. Studies
conducted jointly with the aerospace industry clearly indicate some of
the space shuttle's main characteristics, First, the engines will burn
liquid hydrogen and liquid oxygen, both in the first and the second
stages, Secondly, it will clearly not be a single stage vehicle, but a
two stage vehicle. All our studies indicate that single stage vehicles
are so demanding with respect to the structural factors that a minor
mistake in estimating the structural weight may mean that you lose
your entire payload. And we are just not far enough in our technology
to really predict the structural weights with the necessary accuracy,
Finally, we have decided that all schemes that try to throw away only
so-called cheap parts such as tanks, or dumb boosters, etc., simply
cannot compete with a fully reusable system that recovers everything.

There was a great deal of discussion a half year ago on proposals to
make the booster as dumb as possible, to put anything that cost money
into the front end and recover it in the spacecraft; but unfortunately,
if the booster is dumb enough to be cheap, it becomes absolutely im-
possible from a weight standpoint.

For example, studies showed that a very simple crude material in a
solid-boosted first stage made the whole thing so heavy that the
squeeze was immediately on: '"Can't we make it a little lighter?"
As soon as we start to make it a little lighter, it becomes more
sophisticated, consequently far more costly, The same penalties
apply to tip tanks and similar approaches., So our reusable space
shuttle will be a full-fledged reusable vehicle, with both first and
second stages recoverable,

Whether the first stage will be manned or flown back like a target
drawn to the launch base remains to be seen, The latter may indeed
be the case, The top stage, of course, will be manned. The turn-
around time on the ground will be minimized because such vehicles,
just like an airliner, can be economical only if you really keep them
flying, They lose money while sitting on the ground -- so turn-around



time must be shortened. We will make a very major effort to simplify
checkout from the cockpit, utilizing as much as we can of our present
sophisticated automatic checkout technique at the Cape, but putting
most of the equipment into the craft itself for checkout in orbit prior

to return,

Another major element of our space transporation system will be a
space station module. I am not talking about the dry Saturn V work-
shop, a modified S-IVB stage which will be completely outfitted on the
ground, then put on top of a Saturn V and flown into orbit {fully equipped
even with provisions for an extended period of time. This, of -course,
will be our first generation space station; but thereafter, we want to
develop a space station originally designed for that purpose. The
second element in our program will therefore be a space station
module, designed in such a way that it can always serve as an element
of a space station or as a single unit, for example, as a small space
station in geo=-synchronous orbit, or for a small base camp on the
lunar surface, or even as an interplanetary spacecraft for the loﬁg
interplanetary trip to the planet Mars.

"And thirdly, there will be a smaller vehicle in the program called

_the '"tug", a hydrogen/oxygen powered vehicle that can, for instance,
~do what the lunar module does: descend to the lunar surface and fly
back to lunar orbit, but in such a way that it can be refueled again in
lunar orbit to make this trip many times,

And finally, we will have a nuclear-powered shuttle vehicle in the
inventory that will use the NERVA engine., It will have the multiple
capability of flying, for instance, from earth orbit to a synchronous
orbit and back to earth orbit to be refueled there; or it can fly from
earth orbit to lunar orbit and back to earth orbit to be refueled

there; or it can even be used as a stage in an interplanetary expedition,
say, to Mars, This nuclear shuttle will probably be at the end of this
program simply because for years to come most of the money for this
particular reusable vehicle, the nuclear shuttle, will have to go into
engine development itself, These four elements will give us the space
capability for years to come,

In addition to reusability, one other factor that all four items will
have in common is commonality, Instead of optimizing stages and
modules for each particular flight mission in the future, with these
four pieces of equipment we can really cover the waterfront,

Whether you want to go to the moon or into synchronous orbit, manned
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or unmanned, or fly to the planets, or reduce the cost of going to the
moon, here are the four elements that can do all that, And, of course,
out of commonality and reusability will hopefully come the magic
formula for the future for a more economical space program,

This brings me right back to your challenge here for the day, the
development of space manufacturing techniques., It is, of course,
quite clear that no matter what you are trying to do in space in orbital
manufacturing, that it can really become of practical economic
significance only if we can drastically slash the transportation costs
to orbit, Today it still costs more than $500 to orbit one pound of
payload. We have reasons to believe that if the traffic for this re-
usable earth-to-orbit shuttle, which will serve as a logistic supply
system for the first and second generation space stations, can be
increased, it will be able to fly one pound into orbit and back for as
little as $50. In fact, if the traffic develops a little better than presently
projected, this cost'may even come down to something like $30 per
pound in orbit,

Now what I told you here today about the projected space program is
not what I hope will come to pass, but is actually what President
Nixon's Space Task Group has recommended as a national posture for
the future. You will remember that the President appointed this Space
Task Group in February of this year and instructed it to recommend
to him by the first of September what the country's major space ob-
jectives should be for the next decade and beyond.

This Space Task Group was headed by Vice President Spiro T. Agnew,
Members of the Task Group were: NASA's Administrator, Dr.

Thomas O, Paine; then, sitting in for the Secretary of Defense was the
Secretary of the Air Force, who was also our former Associate
Administrator of NASA, Dr, Robert C. Seamans; and finally the
Scientific Adviser to the President, Dr. Lee A, DuBridge, There were
also three observers on this Space Task Group: Dr, Glenn T. Seaborg,
Chairman of the Atomic Energy Commission; Mr. Robert P, Mayo,
Director of the Budget, a very important man, of course; and finally
Mr. U. Alexis Johnson, Under Secretary of State for Political Affairs,
whose main function there was to appraise the international impact
which the space program might have,

This Space Task Group unanimously adopted this integrated and
balanced space program that I explained to you which, by the way,



includes a lot of elements that I did not mention, namely, unmanned
space exploration and unmanned applications programs in fields such
as earth resources, etc,, which, however, do not require new modules
for development, The Space Task Group has recommended such a
balanced program to the President.

You probably have heard that it has also mentioned a manned Mars
expedition. The Mars expedition, however, is recommenied by the
Space Task Group only as a long term objective, not as an immediate
program commitment, and it has said specifically that the target date
set for this ultimate objective would be a governing factor in the pace
that the President wants to establish for space exploration in the

future. In other words, they told the President: "This is the balanced
program that we recommend. Now the pace at which you wish to pursue
this program will depend on what you think you can allot to the space
budget after looking into all the competing national objectives., If you
think we cannot rapidly increase the funding again to something like

the level that we had at the peak of Apollo, then we shall have to

stretch out the objectives in time a bit, including, of coui—r_::-;e, the
planetary landing, Or if you want to retain or increase the momentum
further, then here is another option: put more money in a little sooner,"

The Space Task Group has presented the President with a variety of
choices, ranging from the fastest possible program to the slowest
possible program, The fastest possible program would not be limited
by funding, but only by the rate of technology's advance,

In other words, there is no point in going beyond a certain rate of
funding, simply because basic technology wouldn't be available on
time to support some of these new objectives., This high level of
spending was considered unrealistic, considering the demands of other
domestic programs and international commitments,

The slowest possible program would lead to increased unmanned
science and applications efforts, but manned space flight would have
to be discontinued because of the low level of spending, This would
mean surrendering outer space to the Soviets,

Now, in between these two extremes there are three realistic options:
one aggresive course, a conservative one, arnd one somewhere in the
middle, It is ncw up to the President to decide which of these options
he will select. The options that the Space Task Group prepared for
the President do not vary in content or objective, only in rate -~ the
rate of speed and rate of funding.



Our earth orbital capability plays a very major part in all these options
and for that reason you can count on the availability of orbital labora-
tories that will accommodate people for an extended period of time.
Even with the dry workshop, to be flown on the Saturn V, we are now
seriously talking about extending the stay-time of the crew in the third
revisit to as much as 120 days. The first visit will be 28 days, the
second will be 56 days, and we are presently looking into the implica-
tions of stretching the third one to 120 days. Now that's a long time --
that's four months in a row -- and this time period will enable us to

do a lot of very interesting things in your field,

And if such a station is now logistically supported with a reusable
vehicle which reduces earth-to-orbit costs by a factor of 10, we will
really have an interesting environment to do some of the things that
you may have in mind,

So, if in the past you perhaps limited your thinking solely to very
small and lightweight parts, such as miniaturized electronics or tur-
bine blades, etc., that can possibly be mortgaged for orbital transpor-
tation costs, I think the chances of improving this picture to make
orbital manufacturing available for even heavier things is quite good,

When will you have this capability ? Well, I think even in the Saturn V
Workshop we are still looking for rmhore interesting experiments, When
we made the decision to move the first workshop, the first rudimentary
space station, from a Saturn IB, where a tank used to accommodate
liquid hydrogen for the ascent was to be converted into a livirg room in
space only upon arrival in orbit, to a dry workshop, equipped on the
ground before launch with all the provisions, all the equipment, and a
completely checked-out power supply and data system, launched as a
dry payload on a Saturn V, our payload carrying capability increased
greatly,

With our increased space capability we can now accommodate much
longer stay-times and orbit heavier payloads, so if you want to add
more weight and have more ideas for space manufacturing experiments
for the dry Workshop, let us know. We shall probably have not only
one dry workshop, but two, so if we can't accommodate an experiment
for lack of leadtime in Nr, 1, we will very definitely consider it in

Nr. 2, So, the climate has never been better for realizing your ob-
jectives, and we are really eager to hear your ideas on what we should
do with all that new capability in space. Good luck for your conference!
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EARTH ORBITAL PAYLOAD PLANNING
William O. Armstrong

OFFICE OF MANNED SPACE FLIGHT
WASHINGTON, D.C.

ABSTRACT

Processing and manufacture of materials in
orbit is shown as one of the more promising
elements of future earth orbital payloads.

Plans for including it in the experiments
program of the next decade are outlined and
compared with preliminary planning for flight
programs in this period. Space vehicles ‘such
as the AAP Workshops, the Space Station and
the Shuttle are described and related to program
planning for processing and manufacture of |
materials in orbit. Some of the major mile-
stones in the evolution of such a program are
also described. Industrial organizations will

be responsible :“>r a major part of this effort;
therefore, procedures for soliciting and
selecting industrial inputs are reviewed and
some policy guidelines related to funding and
proprietary rights of involved industrial
organizations are considered. | |

INTRODUCTION

The United Stateé declared its determination to lead the world

[

in space technology at the beginning of this decade and has
carried it out by a tremendous program of flight technology
development in the 1960's. Our success has been demonstrated
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by the Apollo lunar landing, the Mariner Mars missions, and
many other accomplishments.

To maintain and extend the leadership we have gained, we now
need to consoclidate the last decade's technological advances by
applying them productively, for space flight's long-range future
depends on its paying its way by dividends in terms of scientific
knowledge, direct economic benefits, and security-related tech-
nology. To secure such dividends, we shall need to carry out
substantial developmental and experimental efforts in the coming
decade.

POTENTIAL FOR MATERIALS PROCESSING

Lately it has been pointed out that the weightless conditions in
an orbiting spacecraft offer some unique advantages for work on
materials and processes that can yield valuable returns in all
three of the areas mentioned above. Part of this idea's appeal
comes from prospects for pl?oducing materials in new forms, but
much of it also comes from the fact that some processes carried
out in zero 'g'" may add enough value to their raw materials to
enable space operations to show a profit. Interest in these
prospects has been lively; a number of potentially useful processes
have been identified, and Government and industry teams are
currently evaluating them.

Some of these processes are listed in Figure 1l; since other
papers at this meeting will discuss them in detail, only a few
comments will be in order here. Most of these proposals concern
processes in metallurgy: either the familiar kind that deals with

- metals or the sophisticated new metallurgy of semiconductors and
other electronic materials., The chemical field has been explored
much less, and so far the only definite proposals seem to be to
exploit the advantages of weightlessness in physical methods of
fcherri“;ical separation that are important in biological processing.

i
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It seems clear that this is only a beginning, and we feel confi-
dent that many other areas of interest for industrial application
have yet to be identified. If the field develops as most other
technologies have, we can expect that the most valuable and
far-reaching ideas will be uncovered after research efforts are
well under way, and by active workers in the program. The
major purpose of this meeting is to arouse your interest and
solicit your participation in exploring this promising new area
of science and technology.

SPACE FLIGHT PROGRAM PLANNING

We have talked briefly about the significance of a program for
materials processing in space. This leads to a matural question
from any of you interested in this kind of activity; what flight
programs and mission capa.blhtle:, are being planned over the
next decade suitable for this type of research? As you fully
realize, our future space effort is highly dependent on the
national interest and availability of funds to carry on this ex-
ploration, However, we in NASA are optimistic and are planning
a very aggressive program of space activities in the seventies.

A schedule of earth orbital missions in ihe manned program as
developed in the plan for an '"Integrated Space Program for the
70's' is shown in Figure 2., The current plan for the Apollo
Applications Program (AAP) calls for launching a ground con-
figured Workshop (shown in Figure 3) unmanned on a Saturn V -
vehicle in mid-1972, The orbit will be at 270 mile altitude and
moderate inclination angle., This is followed by a series of
three manned logistic launches to permit occupancy of the Station
for periods of nominally one month, two months, and two months
resPectively “The exact sequencing and time phasing of these
launches have not been fully estabhshed but intermittent periods
of dormancy are planned. o o

The Station is designed to accommodate a crew of three and,
as shown by Figure 3, the crew is quartered in the basic
Workshop. Sufficient expendables are launched with the Workshop



to accommodate the entire mission sequence. A docking adaptor
is provided for docking the CSM with the Workshop during
periods of manned operation.

The mission is intended to extend the period of astronaut exposure
to- zero ''g', verify his compatibility with this environment,
evalua,te the suitability of the design of his surroundings and
carry out a number of significant scientific and technological
investigations. Major experiment areas are

medical evaluations,
habitability & crew performance studies, and
ATM solar astronomy.

Included in the experiment complement of the Workshop are the
M-512, Materials Processing, investigations described later in
the paper. '

Current planning considers following the first Workshop with a
second one launched in early 1974. This Workshop would be
the same basic configuration as the first but with new and
improved payloads. Planning calls for at least four manned
logistic missions spaced at 90-day intervals to support the
program. The second Workshop is planned to be continuously
manned with a crew complement of three and will be designed
for an operating life of 12-18 months. It would operate at an
altitude between 210 and 270 miles at an inclination up to 55°,

Payloads for this program will emphasize the experimental
facility approach with the idea that NASA will provide basic
research laboratories available to participating scientists and
engineers to carry out investigations of interest and value to the
various disciplines. ‘

Major payload elements for the Workshop may include:

A follow-on ATM Astronomy Module
An Earth Resources Package



A Modest Hi-Energy Physics Lab.
A Life Sciences Payioad

An improved facility for materials processes research is also
planned for this program.

Work will also have been initiated to develop a Space Station for
launch in 1975. This would be the initial vehicle which serves
as the basic building block for assembly of a space base avail-
able for use by the end of the decade. A fully operational space
base would be capable of supporting up to 100 men of -various
disciplines, includirg scientists, engineers, and technicians.

The Space Station (conceptually illustrated on Figure 4) con- :
sidered for this period is significantly more advanced than the
Saturn Workshop. Our goal is to establish a multi-purpose,
general use station capable of satisfying operational objectives
in a variety of disciplines. It is intended for long life (5-10
years) and will be designed for in-orbit check-out and mainten-=
ance. Flexibility and adaptability will be attained through a
modular approach as illustrated on Figure 5. Modules would be
developed as living quarters, command and control stations,
basic subsystem modules and experiment modules. In this way
we hope to obtain a level of versatility, adaptability and safety
suitable for the type program planned for the late '70's. With —
this design concept, it is expected that the Space Station modules
would be adaptable for build-up of an earth orbiting space base,

‘a geosynchronous station, a lunar orbiting station and ultimately
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a spacecraft suitable for interplanetary travel.

A major part of the earth orbiting program in thef late 70's will
be devoted to scientific, technological and applications experi-
mentation. The experiment modules planned for the station are
designed uniquely to support investigations in various disciplines.
These modules may be segments of the basic station as illus-
trated in Figure 6, or free flying as shown in Figure 7.




If we are to maximize the benefits afforded by a space station,
however, it is essential to reduce costs associated with trans-
porting payloads to orbit. Recognizing these needs, the Space
Agency has set as a paramount goal for the 70's the develo_'érnent
of a cheap transportation system to orbit—the Space Shuttle.
Today it costs from $500 to $1500 a pound to launch payloads to
orbit. With a space shuttle it is hoped to cut these costs by at
least an order of magnitude. To achieve this cost reduction,

the shuttle would be designed for reusability much as today's
modern jet liners are,

A number of alternatives are currently under investigation and
several aerospace organizations are studying the problem.

Based upon these studies, the more promising configurations
would be carried into a Phase B evaluation. An example of
such a vehicle is shown 'in Figure 8. It consists of two stages—
fully rexisable. The operational concept of such a system is
shown in Figure 9, The initial stage would launch the spacecraft
and, upon depletion of fuel would return to base. The second
stage would continue on to orbit and deliver its payload. Once
in orbit, it would rendezvous with the Space Station, off-load its
payload and pick up return cargo. The shuttle would then
separate from the Space Station, de-orbit and return to base
where it would be readied for a subsequent mission,

Our planning calls for development of such a system for flight
by 1975 (Figure 2). As flight experience is achieved, scheduled
operation would increase as shown in Figure 2 until, by the end
of the decade, flight frequencies approaching 100 per year would
be attained.

PROGRAM DEVELOPMENT FOR SPACE PROCESSING OF
MATERIALS .

~We can now begin to define a program for space processing of

materials utilizing this capability, based on the earth orbital
planning outlined above. Since we are only beginning in this new
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field of endeavor, our program must allow for an orderly
evolution from basic research through exploratory investigations
of potentially promising processes to eventual commercial pro-
duction of economically feasible products. The flight program
also must be coupled with a substantial effort in ground-based
research and experimentation, particularly in the early phases,
and should involve the support of Government and university
groups, as well as industrial organizations.

Within NASA, close coordination has been established between
Manned Space Flight and the Advanced Research & Technology
Office, and we are jointly sponsoring effort directed toward a
common program in this area.

Although no detailed program plan has been developed as yet,
Figure 10 outlines a general approach we are considering. As
indicated on this chart, a number of contracted and in-house
studies are already under way to develop better understanding of
processes affected by gravity and to determine the interests of
industrial organizations in space processing of materials for
commercial application. This work is outlined in more detail
in the next chart (Figure 11). As shown on this figure, our
effort encompasses a broad range of activity including: 1) theor-
etical research; 2) investigations of specific processes sensitiYe
to a weightless environment; 3) surveys of industrial organization
to establish their needs; and 4) studies leading to design of a
flight facility for investigations in space. )

Preliminary experiments in the materials processing area are
planned for the first Workshop. Much of our current effort is
directed to the definition and development of these experiments
for flight. Our present activity is quite limited, however, and
the facility available in which to carry out these studies is
modest. A schematic of the Workshop processing unit is shown
in Figure 12. It consists basically of a chamber to provide a
safe and evacuated space in which to conduct our studies. In
addition, it is equipped with a control panel, a power supply, and
a number of exper iment packages to study various processes in
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flight, Figure 13 lists the various experiments planned for the
missions. Papers to be presented later in the conference will
discuss both the facility and the planned experiments in more
detail, A number of papers also will review in depth many of the
supporting studies noted earlier, '

These flight experiments and supporting studies should provide a
substantive base from which to progress into a more ambitious
effort on the second Workshop. It is unlikely, however, that we
will have reached a point where commercial application is a
reality., Rather, we think it will be necessary to continue our
exploratory effort through more ground-based studies of preoinising
processes and development of flight experiments to verify concepts,
This is how we have structured our program approath as shown
ianigure 10. We would expect to handle more complex processes
than on the first Workshop and allow verification of certain tech-
niqués proposed by industrial organizations which may have
commercial application. The flight facility envisioned for  this
phase would be improved and more versatile than our initial
chamber., It probablv will consist of several elements for posi-
tioning, heating and process1ng materials, for growing crystals,
and for blending of composites. Hopefully, it will be capable

of accommodating experiments developed late in the program and
carried up to the Workshop on resupply missions.

By the mid-70 time period when the Space Station becomes
available, we should have progressed so that we can identify
processes that are commerically attractive, A major share of the
responsibility for determining and developing these experiments
and processing equipment should be assumed by industry,

NASA plans to provide a capability for carrying out investigations
of industrial processes both within the confines of the basic
station and later in a detachable module. It is doubtful if either
the funding or the technology will be available to provide an
independent module for operation at the beginning of the Space
Station program. Rather, it is expected that a more advanced
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facility, evolving from our previous chambers, will still be of
value and provide the necessary continuity to bridge the gap
between the second Workshop and a separate module. Thus,

in our program approach we have included a third generation
space processing laboratory, integral to the Station for con-
tinuing materials processing studies. Since the Space Station
will be functional for five to ten years, this laboratory should
maintain its utility for an extended period of time. - It need not
become outmoded when the Space Manufacturing module becomes
available and should he designed with sufficient flexibility to
allow updating and expansion in orbit. Space processing equip-
ment could then be developed and delivered well downstream of
program initiation for use with this expanded facility (shown by
the hatched bars on Figure 10). |

By the late 70's we should have acquired sufficient experience
to justify deployment of an independent module for space manu-
facturing. It would be capable of supporting commercial !
production of economically feasible products growing out of
earlier investigations. A concept for such a module is shown

in Figure 14. It could be operated either attached to the

mother ship or separate in a free flying mode when environmental
conditions for certain processes dictate.  This module might be
thought of as our initial plant or factory in space, utilized by
industry for profitable operation. Initially it would be Govern-
ment-owned and operated, leasing space to industrial organiza-
tions for their special needs. Ultimately it, or facilities like it,
could be privately-owned and operated much as COMSAT is today.

INDUS TRIAL PARTICIPATION

I have briefly reviewed some of our future planning for earth
orbital missions ‘a’nd';dutlined a program approach in the area
of materials processing. This gives rise to a rather obvious
question of interest to you. What is the mechanism by which
industry becomes involved in such a program and submits ideas
for investigation?



Precedent does exist in NASA for soliciting participation in

the science area. Where opportunity exists for flying various
classes of experiments on a planned space mission, the Agency
issues what is called an "Announcement of Flight Opportunity"
(AFO). The AFO is issued by the responsible Program Office
as an open invitation to any qualified participant wishing to
submit a proposed investigation for flight.

As briefly outlined in Figure 15, the AFO describes the type

of mission being planned and defines the characteristics of the
space vehicle on which the investigations would be flown. ‘
Sufficient detail would be included so that a potential 1nvest1ga.tor
could determine whether or not there is general compatibility
between the planned mission and the research contemplated.

Since a variety of science, applications and technology disci-
plines will be studied in the earth orbital program, the AFO
would identify the category or class of investigations being
solicited, For example, since future lunar missions afford an
opportunity to conduct research in lunar orbit, an AFO was
issued to the scientific community requesting specific proposals
for lunar orbital science experiments. '

Major milestones leading to experiment development and flight
are identified. Dates for such major events as submission of
proposals, anticipated time for experiment selection, delivery
of flight hardware, and planned flight period would be specified.

Finally, instructions for preparing and submitting proposals
would be included. A specific form has been developed by
NASA for this purpose. (Experlment Proposal NASA Form
#1346) The form is not described in this paper, but interested

organizations can obtain copies of this form from the forms
distribution offices at NASA Headquarters or MSFC.

Manned Space Flight is expected to adopt .the AFO approach
for soliciting proposals for materials processing investigation
on future missions. If approval is obtained for a second
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Workshop mission, an announcement of flight opportunity would
be issued to interested organizations some time next year.

Assuming an organization submits a proposed experiment for
flight, one would then logically ask, '""What procedure is used

by NASA in the selection of proposed experiments for flight? '
Figure 16 schematically diagrams the major steps followed in
this selection process. As shown here, the activity is initiated
by issuance of an AFO. Upon receipt of a proposed investigation,
the Program Office would transmit it to a Field Center (MSC,
MSFC, etc.) for evaluation both in terms of technical content

and applicability to the experiment program. Similar reviews
also would be carried out by competent people within the Program
Office., TUpon completion of these reviews, recommendations for
either selection or rejection of the proposal would be made to

the Program Office. It is the responsibility of the Program
Office to decide from among the experiments.

In most cases, experirnents selected will go through a period of
definition and assessment for flight compatibility prior to sub-
mission of the proposal to the Manned Space Flight Experiments
Board (MSFEB) for review and approval for flight. It is the
function of this Board to give final approval for flight of selected -
experiments. Approved experiments would then be assigned to a
Flight Program Ofﬁce (AAP, Apollo, etc.) for develecpment and
implementation. |

A final question of interest to you relates to NASA policy for
funding development and flight of materials processing proposals
and the rights of the proposing organization to treat acquired
data in a privileged or proprietary manner. This question is
currently under review by our legal, procurement, and industrial
relations staffs. No formal policy has been established yet;
however, our objective is to encourage private utilization of our
space capability, To this end we would adopt a policy as

liberal as is practically consistent with public interest in accom-
modating industrial involvement.
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In a real sense, it may not be practical to establish a fixed
policy because of wide Variance in each situation. Therefore,
Government-industry relations will probably be established on a
case by case basis, and the needs of industry will have consid-
erable influence on what agreements are reached. So far, our
review of Government-industry relations in space manufacturing
has concentrated on developing preliminary guidelines on the
basis of the existing precedents. Only general guidelines are
possible at this stage, because of differing circumstances.
However, to illustrate how our objective might be approached in
some specific cases, we have selected four categories of possible
industry-Government relations for discussion in this paper.
These are outlined in Figure 17, which lists the important char-
acteristics in each case and shows what pol1c1es and precedents
could be applied. :

The first category is representative of most experiment activity
currently undertaken by NASA. Proposals are solicited for
technical work in accordance with a work statement expressing
ideas that originated within the Government or from a source
having no proprietary rights in such ideas. A contract is let

to the best-qualified bidder in a competitive selection, and all
experiment definition, hardware design, and flight experimentation
is funded by NASA. For this situation, policy has been estab-
lished which grants the investigating organization undisturbed
access to all data derived from the experiment for a specified
period. Terms for such access are negotiated in the contract
with the investigating organization., At the end of this period,
results must be published for general distribution, and use and
rights to all data and inve-ntions are retained by the Government.

The second category con31ders a case where a private organiza-
tion has conceived a promising idea and performed a certain
amount of research on it, using private funds. Believing that
the idea would be appropriate for space experimentation, the
company submits an unsolicited proposal for NASA for support;
justification is established for a sole-source procurement, and
NASA grants a contract to the company for experiment develop-

21



ment, flight, and reduction of data.

In this case the company enters on its contract with a certain
amount of equity in the basic idea, and its unique competence
for further development is recognized by the sole-source pro-
curement, Whatever proprietary rights were generated by its
prior research will remain secure under any NASA contract
because the National Aeronautics and Space Act does not require
public ownership of background rights. Whenever such proprie-
tary rights are to be obtained by NASA, they must be f;acquired
by specific negotiation. With respect to rights in data and
inventions resulting from the work done under ‘contract, however,
the sole-source contractor will be in much the same position as
the winner of a competitive procurement. Private patent rights
can only result if the Administrator of NASA finds it in the
public interest to waive ownership, and in that event the Govern-
ment retains a royalty-free, nonexclusive license to practice the
invention.

In the third category we consider the case of a cooperative
agreement involving substantial private investment. A private
company conceives a promising idea for space manufacturing
and desires to retain the fullest possible rights in development
information and any resulting patents. It therefore proposes to
develop a flight experiment and build the necessary apparatus,
using its own funds, with NASA hav1ng the respons1b111ty for
integration and flight of the apparatus /

It seems Drobab’le that arrangemen’cs striking a satisfactory
balance between pubhc and private rights can be made for this
class of activity. It should certainly he poss1b1e to make
arrangements whereby the industrial part1c1pant would perform
no work for NASA except tasks relating to vehicle integration
and the like, where the proprietary idea would not be involved.
On the other hand, NASA would always have some' legitimate
interest in scientific aspects of the experiment itself, which
could not be ignored in an acceptable-.cooperative agreement.
This interest would have to be covered by an arrangement to
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publish a reasonably full description of the experiment and its
results. The technical depth of disclosure could be negotiated,
however, and therefore we expect that publication could be
accomplished without unduly compromising the company's pro-
prietary rights, ' .

Our last category is an example of the kind of arrangement that
might be made for actual manufacturing of a fully developed
product. We suppose that the manufacturer has developed the
product wholly with his own funds, so that he has an uncom-
promised proprietary interest in it, and that he intends to
market it commercially. He seeks to lease space in a NASA
space station for his operations and to use the services of NASA
launch and reentry vehicles for transportation on a pay as you
go basis.,

Our legal staff is of the opinion that authority for such an arrange-
ment exists in the Space Act, ‘and there are other precedents

for private use of NASA facilities in the Unitary Wind Tunnel

Act and the Communication Satellite Corporation arrangement,

In this case the Government is fully compensated for its services
and has no vested interest in the industrial undertaking. There-
fore, we would assume in this case that all data, inventions and
products would belong exclusively to the private concern.

In concluding, I would like to' reiterate that no formal policy
exists for developing agreements for industrial exploitation of
space. However, our interest is to encourage participafion to
the maximum extent possible.’ I would emphasize that formu-
lation of policy in this area will be strongly influenced by the
views of industry and the propositions they suggest in response
to the opportunities that space manufacturing affords.
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N7v-20519
GLASS PREPARATION IN SPACE

Emil W. Deeg

AMERICAN OPTICAL CORPORATION
SOUTHBRIDGE, MASSACHUSETTS

ABSTRACT

Low gravity, ease of access to high energy
radiation and to high vacuum are conditions
making an earth orbiting laboratory unique
for developing new glass making processes.
Among them are crucible free melting,
preparation of glasses sensitive to thermal
convection, formation of lenses and mirror
blanks with fire polished surface directly
from the melt, formation of dispersion
filters, ruby glasses and glass-ceramics
requiring nucleation control through solid
powder dispersion. Advantages of these
methods and difficulties to be expected

in performing the first experiments will

be discussed.

INTRQDUCTION

Three experlmen tal conditions ex1st1ng in an earth orbltlng
space laboratory call for utilization in glass melting
experiments:

Low gravity
Ease of access to high energy radiation

(c) Ease of access to high vacuum
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Condition (a) alone or in combination with (b) and/or (c)
give an orbiting laboratory its unique features.

Glass melts in high: vacuum have been and still are made on

a commercial scale in conventional factories chiefly to
obtain infrared transmitting glasses. Although it is known
that alrgady ultraviolet radiation can change the electronic
structurs of a glass, e.g., by generating color centers,

no experiments have been made up to now to expose glass
melts during cooling or rigid glass samples during temperature
cycling to such radiation. It should be expected that
optical and semiconductive properties of a glass prepared
under such conditions or treated in such a manner are
different from those of the same glass prepared under

normal conditions. However, such experiments can be
performed in conventional laboratcries, too.

Among the manufacturing processes unique to low gravity
environment, as described in general by H. F. Wuenscher
[E], the following offer special advantages for glass
manufacturing:

(aa) Crucible free melting or remelting

(ab) Melting or remelting of thermal convection sensitive
glasses ‘

(ac) Conversion of compacted powders into castings
(ad) Surface tension casting
(ae) Controlled density casting

(af) Nucleation control of crucible free melts through
solid powder dispersion |

To better understand the s&gnificance of these processes
as applied to glass melting, a brief review of glass
preparation techniques may be given. ‘
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GLASS FORMATION FROM MELTS

A glass batch, e.g., of the composition given in table 1,
is thoroughly mixed and exposed to a temperature-time
relation as shown in Figure 1. Different batches and, in
many cases, similar batches melted in different furnaces
require different temperature-time curves (see e.g. [23).
To obtain a glass article, the viscous melt is shaped by
drawing, blowing, pressing or casting and then quenched.
That quenching operation in combination with certain
properties of the melt determine the existence of a glass
body:

The cooling rate must be high enough to
avoid the formation of crystals in the
glass body (mndevitrificationm).

The cooling rate muét be low enough to
avoid intrinsic fracture of the glass
body due to thermal shock.

The numerical values of both limits depend on the composition
of the glass, the size and the shape of the body to be
produced [4]; For a cylinder of radius b with thermally
insulated end faces, the difference Au between initial
temperature of the cylinder and the ambient temperature

must fall in the interval

b va 1 (f-p) {
1 "= —— { Au< G, —— -
(1) kh s-lv:) 9@, p) <A ¢ B f(’tm)(s) !
where
u = te&perature’ \
b - cyiinder.radius,ﬂ 777 ' manufacturing
h = heat transfer number P parameters '
B = (b-h)™* = Biot number or

' modified Nusselt /
number
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t = time interval during which
the center of the cylinder
is at a temperature within
the devitrification range

tm = time at which maximum stress

) . parameters
occurs in the cylinder surface  [determined by
T = (k-t)/v® = Fourier modulus manufacturing
T o ) ~conditions and
m = (kstp)/P® = Fourier modulus
= effective thermal diffusivity glass
= Young' s modulus properties
= coefficient of linear thermal
expansion
K = Poisson's ratio
6, = tensile strength
(V) = maximum rate of linear
crystal growth
AN mean value of (dv/du) | ,)
Se = maximum crystal size allowed quality
for a certain application of parameter
the glass

The functions g (T,B) and f (Tp,B) are

‘ 2 2-(P %) ,
(2) S‘t,f”'};, P 3o ) (1472 )

& 2B -By) =X %
(3) fenp=2 wousEg) . °

X’ are the positive roots of the equation

xR 30

J. = Bessel function of order i.



The left hand side of relation (1) is walid in the
devitrification range, the right hand side for temperatures
below the upper annealing point. A rod of approximately
100 cm length and 8 cm diameter, made of a glass with two
different devitrification products (see Figure 2) was
slowly cooled violating condition (1). The result is shown
in Figure 3.

GLASS MELTING IN ZERO GRAVITY

Crystallization of a piece of glass takes place only if
nuclei are present. Many glasses corm such nuclei during
cooling just because of their chemical composition
(homogeneous nucleation). In these cases, zero gravity
would not affect devitrification. However, there are
glasses in which nuclei are introduced from external sources
(heterogeneous nucleation). The most important of these
sources is crucible attack by the glass melt. R. P. Olsen
mentioned this already in [5] It can be concluded from
his discussion and from the above remarks that glasses may
be formed from compounds with even a high rate of crystal
growth if they do not exhibit homogeneous (or "intrinsic")
nucleation and if they are prepared under conditions which
eliminate heterogeneous nucleation. Containerless melting
in zero gravity environment and in vacuum is such a process.
Since under zero gravity no buoyancy exists for gas bubbles
developing during the melting process, the standard glass
melting techniques as described (see Figure 1) cannot be
applied. Compacted powder of the composition wanted would
be one choice for such melting experiments. Batch
constituents giving rise to gas evolution during melting
must be eliminated. Another problem will he to properly
homogenize the melt. Normally, this is done by stirring
the viscous glass melt. If heterogeneous nucleation is to
be avoided, no mechanical stirring using stirrers made of
refractory material is possible. It would have to be
investigated if homogenization through rapidly varying force
fields is possible. Another possibility would be to raise
the temperature of the melt to such a degree that dlffu51on
within the melt compensates concentration gradlents.
However, increase in temperature would also increase the
rate of selective volatilization of glass constituents from

45



the surface of the melt. Usually this process results in
surface devitrification or scum formation. In additicn, it
must be expected that during the preparation of the powder
and the additional pressing, unwanted nuclei are introduced.
The most promising starting material would be pure single
crystals of sufficient size.

Besides studying the possibilities of developing new glasses
in low gravity environment, already existing glassés may
have to be melted under such conditions. As an example,

the problem of producing laser glasses with extremely high
damage threshold may be mentioned. Presently available
laser glasses damage due to inclusions at energy density
levels of approximately 20 joules/cm?® (pulse duration 30 nsec).
As far as we know today, the damage occurs at inclusions
which are either present in the raw glass or developed
gradually in a laser glass rod after it has been fired
several times. Apparently, ceramic inclusions can be as
hazardous as metallic inclusions in this respect. Melting-
laser glasses of stable composition in volumes of about

10 liters under vacuum and entirely eliminating crucibles
may be the only solution to the very serious problem of
producing Nd-doped laser glasses with high damage threshold.
In this case, surface devitrification would not present a
prdblem since the final laser rod can be prepared from the
raw glass billet by optical surfacing and possibly redrawing
under conventional conditions.

A number of optical glasses, particularly in the low index/
high Abbe number range, are difficult to obtain in large
pieces. One reason is their tendency to form striae and
even devitrified layers and cords inside the melt. The
reason for these defects is not completely understood.

There is some indication that thermal gradients in the melt
give rise to extreme local variations in the structural
equilibrium and, therefore, the physical properties of the
melt. Thermal convection in combination with mechanical
stirring distributes these structurally different zones over
the volume of the melt yleldlng the above mentioned striation.
Elimination of thermal convection and crucible free meltlng
offer the possibility to study the effect of thermal
gradients on the optical homogeneity of these glasses.

Based on the results of such experiments, the question can
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be answered if a process can be developed to produce large
pieces of these critical but, for optical designers and laser
device engineers, important glasses.

All these experiments would ut1¢1ze processes of the general
nature listed above under (aa), (ab) and (ac).

-

GLASS FORMING IN ZERO GRAVITY

Surface tension casting, modified by inertia and electric
field casting methods, offers the possibility to produce
optical elements with fire polished surfaces directly from
the melt. Lenses and mirror blanks, usually of rotational
symmetry, but in many cases with aspheric surfaces, are
presently made by grinding and polishing. BAlthough it is
possible to prepare rather smooth surfaces by these methods,
there are still irregularities left in the order of 1-10 nm.
Firepclished surfaces are smoother by about cne order of
magnitude. In most optical instruments, the degree of
smoothness reached by mechanical polishing is satisfactory.
However, there are some special instruments which could be
improved in performance if the traces of surface roughness
caused by mechanical polishing could be eliminated. Besides
selecting small areas out of float glass, there is at present
no way to achieve such high quality surfaces under conventional
conditions. So-called "precision molding" is applied to
produce, e.g., condenser lenses with fire-polished surfaces.
In that case, metal or ceramic molds are used to shape the
viscous glass at high temperature under various pressures.
The reproducibility of the lens' curvature and the elimina-
tion of chill wrinkles present resl problems. The solution
would be to shape the lens without having the hot glass in
contact with the mold. Mold-free forming wouid be limited
only by the availability of force fields (inertia and electllc)
and heat sources in an orbltlng laboratory -

'/
Experiments and manufacturing processes related to the
preparation of optical elements with fire-polished surfaces
directly from glass melts wqulh utilize processes of the
general nature listed in the 'introduction under (ac) and
(ad). :
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PREPARATION OF OPTICAL FILTERS

Glasses containing metalllc, semiconductive or dielectric
particles are commerc1ally widely used as light filters.

Some of them change their effective spectral transmission
reversibly while exposed to radiation. Phototropic glasses
and a rather unique Cd-S-Se-Te striking glass used as passive
Q-switch in ruby laser systems are examples..

wStriking glassw, also called nruby glassesn or “temperature
colored glassesw, contain colloidally dispersed metallic or
semiconductive particles, e.g., such as Au, Ag, Ag-halides,
Cd-S compounds, Cd-S-Se compounds, CuO. The spectral trans-
mission of these glasses is determined by the complex
refractive index, the shape and the size distribution of
these particles if dispersed in a homogeneous glass of the
same refractive index. Ruby glasses are presently made on
an empirical basis, although it has been shown recently that
the spectral transmission of these glasses can be described
quantitatively by Mie's scattering theory [6, 7, 8].
Therefore, it should be possible to synthesize ruby glasses
with wanted and precalculated spectral transmission by
dispersing particles with known optical and electronic
properties directly in a glass. At present, these glasses
are made utilizing batch reactions which, in most cases, are
not fully understood. The glass body formed originally from
the melt is almost colorless. A subsequent heat treatment
of the colorless sample, involving reactions which are not
understood either, yields the final ruby glass. If it would
be possible to disperse particles of specific properties in
a matrix glass without going through these unknown reactions,
completely new types of ruby glasses, e.g., passive Q-switches
for Nd or Er lasers or with new phototropic characteristics,
could be made. Conversion of compacted powders into castings
1n zero gravity environment offers such a possibility.

Another example of light filters which could be made in such
an environment are the Christiansen filters. They consist
of a large number of rather coarse, colorless particles
dispersed in a homogeneous, colorless matrix [9]. The

optical dispersion curve of the partlcles and the matrix
cross each other at a certain wavelength. At that wavelength,
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the mixture is optically homogeneous and light of that
wavelength will pass through the mixture undeviated by
reflection or refraction at the interface bétween particles
and matrix. The most successful approach to utilize this
effect was achieved by McAlister {10]. He packed a cuvette
with the particles and filled the remaining space with an
appropriate liquid. In a zero gravity environment,
Christiansen filters could be prepared in the form of solids
by dispersing powder of a high melting glass in a low
melting glass matrix. Dispersion curves of some, presently
available optical glasses, are shown in Figure 4. Table 2
gives the wavelength of filters which could be obtained by
combining pairs of these glasses.

The processes to be utilized in the experiments described
in this paragraph would fall under the general categories
(ab), (ac), (ae) and (af).

RECOMMENDATICNS FOR EXPERIMENTS

Based on these considerations, a set of experiments should
be conducted as shown in Table 3. Preliminary experiments
are already carried out in our laboratory with the goal to
study the effect of vacuum and different atmospheres on the
remelting behavior of several glass types.

)
After‘cohpletion of the experiments listed in Table 3,
studies should be undertaken to prepare for the manufacturing
processes according to Table 4. The same table contains a
process which yields a flameproof, thermally insulating
lightweight material, namely, foam glass. It might be
usable as structural material in or around the space labora-
tory. 1Its advantage is mainly that the batch itself weighs
only comparatively little. The process is so flexible that
the main portion of the batch can utilize material found
on the surface of the moon,
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Table 1: Batch composition and analysis expressed in terms
of oxides of a glass prepared according to the
process described in Fig. 1.

Batch Compositicon ; Oxide Composition

Constituent Grams Constituent Wt. 4
si0, 32,889.60 ~ sio,  68.52
Na, CO, 6,033.60 Na_ O - T.35
K, CO, 5,016.00 K, O 11.13

KNO, 4, ,147.20 , |
Ba (NO;), 3,998.40 BaO 4.90
Sb, O, 489.60 ; Sb, Og 1.02
Al (OH), 1,123.20 Al O, 1.53
Zno 734 .40 Zno 1.53
Li, CO, 1,209.60 Li, O 1.02
Nd, O, 1,440.00 Nd, O, 3.00
57,081 .60 | 100.00

51




Table 2: Approximate values for transmission wavelengths
of Christiansen filters (a) and properties of
glasses recommended for preparing these filters (b).

(a)

Transmission Particles
Wavelength Matrix Made of Thermal Expansion
in nm Glass Glass _ Match
%05 SF 15 LaF N3 | Good
480 SF 8 LaK 24 1 Poor
535 SF 8 LakK 3 Good
600 SF 1 LaF N3 Fair
710 SF 15 LaK 24 Poor
780 SF 15 LakK 3 Fair
(b)
Linear Thermal
Glass Density Transformation Expansion Coefficient
Type in cm® Temperature °C “in (°€)Tl.1077
SF 1 4. 46 b7 81
SF 8 4,22 yo3 | 82
|SF 15 4,06 455 79
|LaF N3 4.34 620 78
LakK 3 4 .35 610 82
LakK 24 3.78 654 | 59
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Table 3:

,{ -

Recommendations for small scale experiments to

explore the possibilities of glass manufacturing
and glass processing in low gravity environment.

Experiment - Sample Size:
Approximately 5 cm3

Information to
be Obtained

Melt tablets of carbonate
and nitrate containing
batches of optical glasses.
5 different samples; no
crucibles; air and wvacuum.
Total of 10 experiments.

To what an extent can the
melts be refined and
homogenized in low gravity
environment and without
stirring?

Melt tablets of batches
consisting only of oxides.
5 different samples; no
crucibles; air and vacuum.
Total of 10 experiments.

To what an extent can the
melt reactions be completed,
the melts be refined and
homogenized in low gravity
environment and without
stirring?

Remelt glass spheres with
roughly ground surface.

5 different samples; no
crucibles; air, forming
gas, vacuum,., Total of 15
experiments.

What is the quality of
firepolished surfaces
prepared in vacuum and in
low gravity environment?
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Table #: Recommendations for glass manufacturing and gléss
processing in low gravity environment.

melting glass containing
coarse particles of high

melting glass.

Process | Product
1 | Melt column of batch | Laser glass billets (Nd -
| consisting of high purity 1 and Er - doped) of 10-20
raw materials into glass liters volume. Dimensions
‘rods. of rods: approximately
8-15 cm diameter; 100-200
] cm long.
2 léMelt tablets of glass Light filters with integral
| powder mixed with semi- transmission depending on
conductive, particularly intensity and/or spectral
photoconductive particles distribution of incident
in vacuum, nitrogen and ! light. Volume of individual
air. ' samples approximately
100 cm® . -
3 Melt tablets of a low Christiansen filter. Volume

of~individual samples
approximately 100 cm3,

4 | Remelt optical glass Lenses and mirror blanks
blanks in electric field with firepolished surface
and/or under rotation. and non-spherical curves.

5 Remelt blanks of glasses Homogéneous low index-low
sensitive to thermal dispersion glasses in large
convection. pieces. Volume of individual

blanks approximately
20 liters.
6 | Melt foam glass batches. Structural material to be

used in and around the
space laboratory.
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Fig. l: Temperature-time relation and melting phases of a
glass according to Table 1 if prepared in a furnace
as described in [3]
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Rate of linear crystal growth for the two types of
devitrification products occurring in a glass of
the approximate composition (in weight %):
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Cross section through glass cylinder of 7.5 cm
diameter quenched under conditions violating relation
(1). The bright area in the center of the disc is
caused by crystals larger than those in the outer

zones.,
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\ -t . . SF 8
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500 500 1000 nm

Fig. U: Dispersion of some optical glasses. Points of
intersection of two curves represent the trans-
mission wavelength of a Christiansen filter made

by combining the two corresponding glasses.

58




SPACE PROCESSING OF ELECTRONIC CRYSTALS

E. C. Henry and L. R. McCreight

v
GENERAL ELECTRIC compaNYy N 70 _
PHILADELPHIA, PENNSYLVANIA

ABSTRACT

A method for growing various high
temperature oxidic crystals is described.
The crystals are precipitated and grown from
a glass solvent in which the desired crystal
constituents have been previously dissolved.
Typically, the desired crystals have a
density of 5-8 grams/cc, and they settle
out rapidly, due to gravity, in the much

less dense molten glass matrix.

It is proposed to conduct a space experiment
on this process of growing crystals as a means
of overcoming the gravitational effects, and
egually importantly, at the same time
conducting the experiment in a manner to
obtain crystals with fewer vacancies and
dislocations as a consequence of the near :
absence of convection that zero-g should
provide. This latter factor is expected to
provide a means for achieving crystals with
much higher perfection and improved
electronic properties. o

Although several compositions of crystals
have been grown, the recommended choice
for a space experiment is potassium sodium
niobate because it has not been previously
available as adequate single crystals and has
high technological value. '

20520
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A, INTRODUCTION

The possibilities of grylowing crystals in space, in an f
environment essentially free of the influence of gravity and/having
other peripheral advantages, are quite challenging, One is excited
particularly by the potentialities of growing larger, more defect-
free crystals of high value materials, with concomitant improvements
in properties, while at the same time gaining important new
insight into the mechanisms of crystal growth,

In planning an experiment to demonstrate effectively the
advantages to be gained on processing crystals in space, it is
necessary to select both an appropriate method of crystal growth
and an appropriate composition to be grown, At the outset, one is
impressed by the fact that, for operations in space, growth from a
solution is one of the most appropriate general methods of crystal
preparation. It can also be stated emphatically that electronic
ceramic (oxidic) compositions are prime candidates for such
crystal growth,

Crystals of electronic ceramic compositions are recommended
for preparation in space, for the following reasons:

1. They have high dollar value per unit of volume or weight,

2. They have high density (up to 8 gm/cc) which makes it
difficult to grow them under the influence of gravity. ‘
(They tend to settle and pack in the bottom of the crucible
in which they are grown.)

3. Electronic ceramics are at the heart of the technology
of many areas in the field of electronics:
communication equipment, computers, radar and
sonar equipment, infrared sensors, lasers, and the
miniaturization of electronic circuits. They perform
unique functions essential to the operation of many very
complex measuring, counting, sensing or controlling
devicesg, instruments, and systems.

¥
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Many electronic ceramics are used in'polycrYStalline
form because they are not produced at all as single
crytals or cannot be supplied in adequate size or

perfection. The’availability of satisfactory single

crystals of these compositions could result in

significant improvements in properties -- increased
efficiency or sharper response, for example., Only
slight improvements in performance over the best that

is presently available would be technologically important
in many instances. Improved materials are needed today
to permit further advances in the state-of-the-art.

Oxidic compositions are disproportionately important
among electronic single crystal materials. The results
of discussions with growers and users in the field
indicate that silicon, preferably but not exclusively made
by float zone refining, dominates the high value single
crystal field and accounts for an estimated 90% of the
single crystal materials used in electronics, Other
single-crystal materials such as germanium and gallium
arsenide then account for much of the remaining usage.
N:evkertheles.s, a large number of compositions and
crystals are being grown for specialized functions that
cannot be performed by the semiconductors. Because
these titanates, niobates, etc. commonly are used as
rélatively small pieces, comprising the whole or parts
of electronic devices or systems, it seems reasonable
to expect that there could be a ready market for superior
space-produced crystals of this type of material,

As a bonus, the electronic properties of these oxidic
rfiaterials are very sensitive to purity, crystal structure,
and crystal perfection. As a consequence, measurements
of electronic performance can serve as a powerful aid in
evaluating the quality of the crystals produced.
Specifically, such measurements provide a most effective
means of directly comparing the quality of crystals
prepared in space with those prepared under normal
gravity. ' ' '
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B. SELECTION OF COMPOSITIONS OF CRYSTALS TO BE GROWN

Numerous compositions of oxidic electronic materials are
candidates for space crystal growth. These compositions include
(1) those predominantly showing ferroelectric and piezoelectric
properties such as barium titanate, potassium sodium: niobate, lead
metaniobate, lead metatantalaté, and the lead zirconate titanates,
(2) those having strong magnetic characteristics, including the
magnetic spinels such as lithium, nickel, cobalt, etc. ferrites and
the magnetic garnets YIG (yttrium iron garnet) and YAG (yttrium
aluminum garnet); (3) electro-optical materials such as lithium
niobate and barium sodium niobate; (4) the dielectrics,
characterized by high electrical resistivity and high energy-storage
capabilities, and (5) single-crystal low-attenuation acoustic
materials. ‘

1. Potassium-Sodium Niobate, PSN, K0.5Na0.5NbO3,
Recommended for Preparation in Space

Among the electronic compositions listed, potassium
sodium niobate (PSN) is one of the leading candidates for crystal-
growth, This material is a solid solution of potassium niobate and
sodium niobate, but it has more desirable electronic properties
than either ingredient alone. It is difficult to obtain dense ceramic
pieces of this material by conventional sintering, and special
procedures of hot-pressing and pressure-sintering must be employ=ad.
Single crystals of this composition are not readily pulled from the
melt, but growth from a molten solution appears quite promising.

FPotassium sodium niobate has high electromechanical
coupling efficiency, low dielectric constant, and high acoustic
velocity. These properties combine to make the material unusually
desirable for use as a transducer for high frequency operations:
for filters, resonators, frequency control units, and the like.
Small wafers of such material can be prepared very thin, capable
of resonating at high frequency, without having to develop unwanted
high capacitance locally in the circuit. The high acoustic velocity
further permits operation at a higher frequency for a given thickness
of material. Polarized transducers of potassium sodium niobate,
0.015 x 0.015 x 0,75 inch in size, for example, sliced from a
larger crystal, should give superior performance in various ultra-
sonic and dispersive delay lines, some of which cost up to $5000
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each. Highly sophistica:ted delay lines are'employed in the
electronics of the Sentinal system, while others are widely used
in European color telev1s1on circuits.

Fotassium sodium niobate has other technical advantages.
The material can be used effectively over a wide temperature
range, There is very little change in dielectric constant, for
example, from -10°C to +225° C, at which temperature the
material changes from one ferroelectric crystal structure to
another., PSN does not lose its ferroelectricity until above 400°C,
whereas bar1um titanate ceases to be ferroelectr1c when heated
only to 120 °c. *

The )propertles of Ky, 5Na0 5NbO3 reported by Jaeger
and Egerton are of interest because of the improvements found
on hot pressing this material as compared with air firing
(conventional sintering), as shown in Table I. Enhanced piezo-
electric coefficients were noted, and the radial electromechanical
couplii.z coefficient was increased from 32 to approximately 48%,
The authors felt that the new material was desirable for electro-
mechanical transducers, particularly in the 10 to 20 MHz range,
Still further improvements should be found when single crystals
are measured,

The properties of selected transducer materials are
compared with those of PSN in Table II. Note that PSN is about
equally efficient (has good coupling coefficients) in both shear mode
and longitudinal mode operations. Its coupling coefficients are
higher than that of barium sodium niobate in shear and greater than
lithium niobate longitudinally. Although PZT has high coupling
coefficients, its velocity of sound is too low and its dielectric
constant is too high for it to be used as a high-frequency transducer.
It should be noted, also, that the values for PSN and PZT are for
polycrystalline (ceramic) materlals whereas the other materials are
in single crystal form,

(1) R. E. Jaeger and L. Egerton, "Hot Pressing of
Fotassium-Sodium Niobates'", J.Am.Ceram.Soc. 45 (5),
209-13 (1962). '
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TABLE 1

Characteristics of K, 5Na0 5NbO3 Ceramics at Room Temperature

Dielectric constant (100 KHz)
Electrical Q (100 KHz)

Specific resistivity (ohm-cm)
Density

Ftrequency constant (cycles * meters)
Mechanical Q, radial :
Young's modulus (newtons/m.z),

Piezoelectric constants

di?:l (coulombs /newton)
g31 (meter-volts/newton)
d34 (coulombs /newton)

33 (meter-volts/newton)

Air Fired Hot Fressed
290 420

~50 ~70

4.25 4.46

1650 1700
130 240
1.04 x 10" 1.5 x 10"
32 x 1012 49 x 1012
12.6 x 103 13,1x10"3
80 x 10-12x  160x10712
31.5 x1073%  43x1073"

Electromechanical coupling coefficients

k_ (radial)
k31
ka3

0.36
0.22

0.” Mg

0.45
0.27
0.53

* Estimated values
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Delay lines such as might use PSN transducers are shown
schematically in Figure I. An electrical signal passes along a
wire at about the speed of light. A sound signal travels at
different rates in different materials, but commonly of the order
of 1/100,000 the speed of light, The electrical signal to be
delayed is fed into a transducer, where it is converted to an
acoustic wave. The acoustic energy passes through the sonic
transmission medium to the second transducer in which it is
converted again into an electrical signal, The acoustic energy
may be transmitted threugh the bulk of the medium or along the
surface, depending on the performance characteristics required.
A sonic delay line in which two transducers are separated by four
inches of glass, for example, can delay an electrical signal by
forty microseconds, as long as it would take the electrical signal
itself to pass along nearly forty thousand feet of wire. This is
only one of the applications of PSN in electronics,

C. CRYSTAL GROWTH FROM MOLTEN SOLUTION

When growing crystals of electronic ceramic compositions
from a molten solution, as opposed to growing from a straight melt,
most investigators to-date have used molten salts and simple
oxides as the solvents, as shown in Table III. Potassium fluoride,
bismuth oxide, lead oxide, boron oxide and barium chloride are
among the materials so used. For space processing, however,
various more complex solvents, chiefly silicate glasses, might be
more effective, There are a number of reasons why this should be
so. Molten silicate glasses should have much higher viscosity
than molten salts, and have less tendency to wet and creep along the
walls of the platinum crucible. For both of these reasons, the
melt should tend to remain in the container better than otherwise.
The glasses would be more stable, chemically, having lower
volatility and less tendency to change in composition during the
relatively long time allotted to the crystallization procedures.
Silicate glass melts show a slow change of viscosity with change in
temperature, in comparison with the abrupt changes experienced
with molten salts, The groundmass, being glassy and viscous, will
inhibit the formation of spontaneous nuclei during cooling and will
not;, itself, crystallize around the already-grown crystals. One
must not overlook the obvious advantage of all the molten solvent
systems, that one can prepare a crystal from solution ata
convenient temperature well below the melting point of that
composition of crysial.
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Input
Transducer Transducer
Acoustic Propagation Medium
A. Bulk Wave Configuration
Input Output
Transducer Transducer

Acoustic Propagation Medium

B. Surface Wave Configuration

Figure 1. Arrangements of Transducers and
Acoustic Transmission Material
in a Sonic Delay Line.
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Table IV lists some of the crystél-glass systems that have
been investigated at the Space Sciences Laboratory. PSN can be
grown readily from potassium sodium silicate glasses. Other
electronic oxidic compositions can be grown from similar glasses.

1. Advance Preparation of Space Experiment Materials

There is an outstanding advantage of using a molten
glass rather than a molten salt as the solvent. Because of the
unique properties of glass, described above, it is possible to
prepare the space experiment in advance. Carrying out this
operation prior to the space flight saves time, conserves
spacecraft power, and helps assure process reproducibility. One
is able to dissolve the electronic ceramic constituents in the glass
in the earth environment. The molten solution can be held for any
desired length of time, 24 hours for instance if necessary, to
homogenize the materials., Extraneous nuclei are dissolved and
bubbles are removed as the glass is "fined', The melt can be
examined, to assure that all of the charge has been taken into
solution. The melt is then cooled rapidly to form a glass of
almost optical quality, which again is inspecéted. During space
operations it is necessary only to remelt the glass, reach a
satisfactory temperature uniformity in the crucible, and begin the
crystal-growing operation,

2. Slow Cooling of Melt Essential

When growing crystals of oxidic materials from a flux,
it is necessary to cool the solution slowly in order to produce
crystals of good quality. Experts have recommended cooling rates
as low as 1/2°C per hour, which might be impractical in short
space flights. Rates of 1° and 2° per hour are commonly reported
to yield good results, while 10° per hour appears to be a maximum,
We have chosen to investigate 4° per hour, as a practical
compromise. It is planned to investigate the feasibility of adjusting
the concentrations of the ingredients, that is, the degree of
saturation, so that crystallization will take place over a range of
approximately 200°C (50 hours at 4°C per hour).
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D, INVESTIGATION OF CRYSTAL-GROWTH PARAMETERS

Once one has chosen a method of crystal growth and has
selected the composition of crystal to be grown, it is neces sary to
determine the conditions under which good crystals can be grown
and recovered. Under some combinations of conditions no crystals
will be formed at all; under other conditions a multltude of
crystals may be formed, although of poor quality. In any event,
it is important to be able to recover the crystals after they have
been produced. If the crystals are formed at an elevated tempera-
ture in a molten solution and left in place as the liquid cools and is
solidified, recovery is best accomplished by leaching away the
groundmass, thus exposing the crystals. The leaching agent should
be capable of dissolving the groundmass selectlvely without attacking
the primary crystals.

Follow1ng are key variables which we have examined with a
view to determ1n1ng their influence in the selected growth system:

1. Composition of solvent (silicate) phase
2., Solubility of solvent and crystal phases
3. Concentration of constituents of the crystal
phase incorporated in the solution
4. Temperature at which spontaneous crystallization

begins
5. Temperature at which seed is introduced
6. Characteristics of grown crystals

By investigating these variables, one at a time, we are
zeroing in on the growth procedure to be recommended for a space

experiment,
l.  Composition of Solvent Phase

Studies were made of the growth of PSN crystals
| from solutions of K,O, Na O and Nb205 in melts of the following
silicates. Note, the ratio of K>O to Na;O in the solvent is the
same as that in PSN This serves to provide a large common-ion

effect

KNaO 3510,

KNaO 25102
KNaO-1.58i0

KNaO-5i0;

NS}
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X -ray diffraction measurements indicate that PSN
appears spontaneously as the first crystalline phase from each of

these silicates. Within the range studied, the ratio of KNaO to
SiO) does not seem to influence the nature of the primary phase.
The melting points of equivalent solutions were found to decrease
with decreasing SiO, contact, as did also the lowest temperatures
at which the melts could be poured from the platinum crucible.

2. Solubility of Glassy and Crystal Phases

The solubility of the above silicates increased with
decreasing SiC,, that is, the KNaO-3SiO2 was largely insoluble
in hot water while the KNaO.SiO; glass dissolved almost
completely., Crystals of PSN prepared separately were held in
warm water for three days; no decrease in weight was observed.
It appears, therefore, that water should be a satisfactory leaching
agent for these compositions.

3. Effects of Concentration of the Scolution

Batches of K,CO3, Na,CO3, Nb,Og and SiO, have
been weighed out and melted, representing not only variations in
the ratio of KNaO to SiO, as reported above, but also variations
in the weight percent PSN in the silicate glass. The largest
amount of PSN successfully incorporated in the KNaO-35iO, glass
was 85 per cent, that is, 85 parts of PSN were dissolved in
15 parts silicate. For the recent crystal-growth studies, the
most common concentration has been 60 weight per cent PSN and
40 weight per cent silicate solvent. Qualitative evidence has
indicated, however, that the solutions containing 60 per cent PSN
tend to become saturated too soon, and lower concentrations
(40 and 20 per cent) are being investigated,

4, Terhperature of Spbntanéous Crystallization

Various melts were made up, stabilized, and allowed
to cool at 20° to 50°C per hour, Drops of glass of each melt were
poured at about 50° intervals, annealed at 300°C, and then
examined with a binocular microscope. The temperatures at
which the first crystals (small cubes) were seen was noted, as
well as the number and size of crystals appearing in later (cooler)
drops. A regular relationship was seen between the composition
of the solvent phase and the concentration of PSN constituents, as
shown in Table V. ‘ '
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5. Temperature for Introducing Seeds

In producing crystals it is planned to introduce a
seed of PSN into the cooling silicate melt, and to allow further PSN
to deposit on the seed. If the temperature at which the seed is
introduced is too high, the¢ solution will be insufficiently saturated
and the seed will dissolve in the melt., If the temperature is too
low, spontaneous crystallization will have started, and the
introduced seed will have to compete with the other crystals
already present, The seed will then not grow as rapidly as
otherwise, and the many crystals present may interfere with each
other.

Three preliminary crystals have been grown from
seeds, to date. Crystal No. 1 was prepared by placing a seed of
PSN in melt FF-30 (see Table IV) at 1100°C, cooling slowly, and
removing it at 1040°, Crystal No. 2 was grown by inserting a
seed in the same composition at 1040° and quickly dropping the
temperature to 980O to 10000, where it was held for two hours,
and then removed, Crystal No. 3 was grown in melt FF-36, The
seed was introduced at 990° and withdrawn at 800°, The seeds
used, in each instance, were small cubes of pure PSN, about
1 mm on a side, placed in a small basket-like container made of
10-mil platinum wire,

6. Characteristics of Grown Crystals

The crystals grown on the three seeds were annealed
on being removed from the molten solution., They were then
encapsulated in a clear epoxy (Stycast 1269, cured 16 hours at
200°F). The epoxy mounting served to hold and protect the crystal
as it was lapped down far enough to expose a cross section :
including the original seed. _The crystals were ith_’en examined with
the electron microprobe, with a view to determining the growth
mechanisms. The evidence presented indicates that the crystals
grew too rapidly. At one stage silicon was not adequately
eliminated, and later the growth was so rapid as to surround and
trap globules of the solvent glass.,

Two factors seem equally responsible for the ,ra‘pid

grth‘h of the crystals: (1) the rate of cooling used in these
preliminary experiments is considerably greater than that which
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is commonly employed in such crystal growth. It will be
advisable now to cool the melts at a slower rate. (2) It is
believed that the degree of saturation of PSN is too high in the
solutions prepared thus far. There is commonly a significant
amount of PSN in the bottom of the platinum crucible during
cooling, at all except the highest temperatures and regardless of
the rate of cooling (within limits), when the concentration of PSN
is of the order of 60 per cent. It is planned to reduce the
concentration of PSN to 40 per cent or lower, to lessen the
tendency for this precipitation to take place.

Early in the investigation, the composition of the
solvent glass was standardized at KNaO- 35i0,. This is the
composition in which crystal No. 1 was grown. Later, other
compositions were employed., Glass KNaO-.S5iO, currently
recommends itself because of its easy solubility in hot water,
facilitating the recovery of crystals from the groundmass.
However, this glass is readily attacked by water vapor in the air.
It may be better, therefore,- if possible, to use glass of a
compromise composition. It is desired to maintain adequate
sollibility, but provide somewhat greater chemical durability, "The
solubility of the KNaO-2SiO, glass does not seem to be sufficient
for this purpose. It is planned to investigate composition
KNaO-1.55i0; to see if it will meet the requirements.

Thus, the work now will be directed at defining 1
more premsely three varlables‘ (1) the rate of cool1ng the melts,
(2) the concentration of PSN to be 1ncorporated into the solutions
and (3) the ratio of KNaO to 5i0, for the molten solvent, Using
the newly- -defined conditions, seeds will then be introduced at
appropriate temperatures and attempts will be made to grow larger,
faceted crystals, The information obtained from these crystals
will be used in determlmng the requirements for further refine-
ments and optimization of the growth conditions.

E. RECOMMENDATIONS FOR SPACE EXPERIMENT ON
CRYSTAL GROWTH

At this stage of the investigation, the recommendation of the
use of a-molten glass solvent appears to be well _]ust1f1ed PSN
~is the favored composition of crystal to be grown, but the basick
approach for the development of a space experiment would be
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continued if another, similar oxidic composition were selected.
Many of the details of a recommended experimental procedure are
unresolved, but certain conclusions are beginning to emerge.

The growth of large crystals would be favored by using a
large volume of melt, two liters, for instance. However,
limitations of space and power call for a small volume of melt
and a correspondingly small furnace, particularly for demon-
strating feasibility, It is likely, therefore, that 100 ml. of melt,
in a furnace occupying 1 to 2 cubic feet, would be a reasonable
compromise. The minimum practical volume of melt is assumed
to be about 35 ml. (100 grams of material)., The 2-liter melt
might be appropriate for a scale-up operation.

Power requirements will demand special consideration.
Bringing the melt fo top temperature prior to starting to grow a
crystal should require the largest amount of electrical energy.

A simple compact furnace is envisioned, rugged enough to with-
stand the forces of launch and re-entry. The design maximizes
the heat transfer from platinum heater windings to the platinum
melting crucible by incorporating the crucible into the system.
Heat loss to the surroundings is controlled by a combination of
super and fibrous insulation. It is anticipated that the ambient
atmosphere for the experiment will be that of the space vehicle.
Electrical controls will be consistent with the kind of power
available. Depending on the power sources, one will need to plan-
in terms of using a limited amount of power for a considerable
time (slow heating) or of using stored energy at a faster rate for

a shorter time (rapid heating). Because slow cooling is so
important, an exceptionally well-insulated furnace will be required,
and a smaller amount of auxiliary power may still be needed to
control the time-temperature schedule during crystal growth.

The need to recover the grown crystals undamaged must be
kept in mind. It is hoped that it will continue to look feasible to
use hot water as the leaching agent. Fortunately, it appears that
adequate standard test procedures have been developed for the
physical and electronic evaluation of the crystals. It is at this
point, in fact, that the merits of the space preparation of these
crystals will ultimately be established.



1. Proposed Program

The pfoposed program stems directly from the
foregoing technical discussions. Problems to be investigated, in
essence, include the following:

(a) Final selection of the crystal composition or
compositions to be grown

(b) Selection of the composition of solvent glass

(c) Determination of the required concentration
of crystal composition in the glass

(d) Determination of the temperature range of ,
crystallization of the selected system

(e) Determination of the configuration and
operational characteristics of the furnace

(f) Design and assembly of prototype equipment

(g) Operation of prototype equipment according:
to proposed schedules and procedures, to
assure rneeting of program objectives.,

The procedures for a typical space experiment in crystal
growth are presented in Table VI,
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TABLE VI FLOW DIAGRAM OF CRYSTAL GROWTH
EXPERIMENT

Initial Preparation (Pre-Launch):

(a) Fill crucible with melt, 'fine' and solidify
- (b)  Affix seed to sting

(<) L.ock movable parts

(d) Connect and check all wired circuits

k Experimental Procedures (In Orbit):

- (a) Turn on power (settings to be determined)

(b) Stabilize melt temperature at °C (to be determined)
(c) Unlock furnace hood and rotate to uncover melt

(d) Unlock sting dial and insert seed to proper depth
(indicator on sting) ,
(e) Release seed and remove sting (instructions
will be supplied)
(£) Rotate furnace hood to cover position and lock
(g) Lower temperature 4°C/hr. for 50 hours
| (control to be determined) :
(h) Cut power at ©°C, cool to RT.

Post-Experimental Procedures:

' (a)  Unlock and remove hood-sting component
(b) Disconnect power and thermocouple
; (c) Unbolt and remove furnace assembly

- (d) Leach the solidified melt with hot water
(e) Recover crystals formed,
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BORON FILAMENT MANUFACTURE IN SPACE — A LITERATURE
FEASIBILITY STUDY

David Kloepper and Robert Witt
GRUMMAN AEROSPACE CORPORATION

_NEW - 'N70;2@52£

ABSTRACT

This paper presents a comprehensive review of
technical literature pertaining to the manufacture
of boron filament on Earth., A possible space
manufacturing process for bovon filament is des-
cribed. Several central substrate deposition tech-
niques, using different core materials, electrie
decomposition, and other boroun-containing raw
materials, are discussed. Nonsubstrate deposi-
tion technigues, such as glow discharge on a rota-
ting disc or between-two pointed tungsten electrodes,
are described. Several techniques to manufacture
boron filament from the melt are discussed. These
include point destruction of surface tension, elec-
trical discharge forming, melt drawing, Czochralski
crystal growth, the Taylor process, drawing a
substrate through a melt, and melt extrusion. This
survey points out a way to manufacture boron fila-
ment in space that involves heating high-purity
boron to 2800°F in boron nitride crucibles, and
then transferring it into an RF-positioning field

for further heating by induction coils or hot gas.

I. INTRODUCTION

NASA is presently attempting to simulate interest in private industry for their
idea of manufacturing goods in space for eventual use on Earth, utilizing the
unique environment available in Earth orbit of near-zero gravity, huge vacuum,
and nearly infinite black body. 1-5 Although the concept is now a few years old
at NASA, its first extensive presentation to industry was at a 1958 conference
attended by invited heads of various American companies, including President
Lew Evans of Grumman. At the end of this conference, at which NASA
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summarized the possible uses of the space environment for manufacturing, a
call went out for private companies to identify and develop areas of potential
cost saving to themselves by manufacturing in space. This report summarizes
one of the two areas considered by Grumman to hold some promise for our own
development.

The use of zero-gravity must be the central focus of any manufacturing process
designed for the space factory. In general, this limits uniqueness considera-
tions to the liquid state, although certain gaseous state processes might be
significantly improved in space. One specific category of liquid processes that
might be considered is the processing of highly corrosive or high melting point
materials, such as boron, which could be held by RF fields without crucible
contact in the liquid state. Boron melts at 3755 +30°F and is extremely corro-
sive above this temperature. There is no known crucible material that will not
erode or corrode in contact with this liquid metal. '

Filaments of boron are in great demand at this time primarily for composite
filler material. By far the cheapest method of manufacturing filaments

(Figure 1) of any substance is to draw from the melt. Highly viscous materials,
such as glasses and plastics are presently manufactured in this way. Unfor-
tunately, the rheology of molten metals and many other materials has so far
disallowed this process. As a result, filaments of these materials must be
manufactured by more expensive means. Materials with a reasonable amount
of ductility can be solid extruded through ever smaller dies, Others, including
boron, must be formed electrochemically or by chemical vapor deposition
(CVD) on a substrate.

It would be highly desirable for boron filaments to be fabricable from the melt.
Not ouly could cost be reduced to a level competitive with graphite in the future,
at about $30 to $50 per pound, but the filament itself might be improved in
strength from the 400,000 psi of present material to well over a million psi. 7
In addition, rates of production could be increased a hundred to a thousandfold,
smaller diameter filaments would be economically possible, and boron com-
posites would be used in various nuclear applications for which they are pre-
sently restricted by the tungsten core of boron filaments. In order to do this,
however, a method of holding and shaping the boron into filaments without
touching a crucible must be developed. Several possibilities can be considered
for this, but the best appears to involve holding the boron mass in a high-fre-
quency coil arrangement under zero-gravity conditions in space. Filaments
might then be formed from the mass by: Czochralski crystal growing, filament
drawing, breaking the surface tension with a point heat source, electroforming,
or melt extrusion through a field die,
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II. PRESENT METHOD OF MANUFACTURE OF BORON FILAMENTS
A. Structure

- Commercial quantities of continuous boron filaments are today made by chemi-
cal v%por deposition on a 0.0005-inch diameter hot tungsten filament from BClq
gas, -19° This process has been described by many writers, and its exact
details are unimportant here (Figure 2). The filaments so produced range in
diameter from 0.0363 to 0.005 inch and in lengths up to 10, 000 feet or more.

During the course of deposition, the tungsten core generally disappears entire~
ly, being replaced by reacted tungsten borides, mostly W2 B5 and WBy (Figure
3). The cylindrical boride core thus formed in the filament center is only
0.00065 inch in diameter, and shows a very distinct interface with the bulk
boron due to the much higher diffusivity of boron in tungsten than vice versa.
Very little tungsten manages to cross this boundary into the bulk boron. The
interface area is full of small voids produced by a Kirkendall vacancy conden-
sation effect after rarid boron diffusicn into the core.

The surface of CVD-~produced boron filaments has a characteristic noduled or
grainy appearance. These nodules grow larger as the filament diameter in-
creases up to 0.0035 inch, but become smaller beyond this diameter. Their
absolute size varies from run to run. The cause of this nodule effect has been
found to be die marks on the surface of the original tungsten filament. The die
marks provide sites of preferred nucleation and growth for the boron, which
grows in cones outward. It is highly important, therefore, for the substrate
material to be as smooth as possible.

In addition to nodules, the filament surface occasionally contains inclusions,
most probably picked up at the mercury contact seal at the exit of the reaction
chamber. Electron microprobe analysis has shown that these inclusions con-
tain Mg, Cl, Cr, and Ca.

The bulk boron has a crystal structure, called "amorphous' which has been
identified in X-ray, electron diffraction, and grain grown growth studies20 as
a microcrystalline 8 -rhombohedral structure. There is some controversey
over the size of these crystallites. X-ray studies place them af approximately
20 A. Some electron-diffraction investigations confirm the 20 A value. How-
ever, other electron-diffraction studies indicate-a hoighly strained, oriented,
layered platelet structure with crystallites of 2000 A size.

-High residual stresses are known to occur in CVD-~produced boron filaments.
The core is in a compression of 150, 000 to 200, 000 psi, the surface in com-
pression at 70,000 psi, and the first deposited layers in tension at 120,000 psi.
The primary cause of these stresses appears to be the increase in core size as
the filament forms, although other factors, such as temperature fluctuations
during growth, thermal expansion mismatch between boron and core materials,
and quenching at the mercury exit contact seal, also play a part. The stress
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pattern apparently varies, greatly from filament to filament. These high
stresses cause radial cracks (extending from the comwressed interface across
the tensed first layers of bulk boron to the outer, compressed layers) to occur
in all CVD-produced boron filaments.

B. Properties

CVD-produced boron filaments have mechanical properties highly desirable for
composite materials (Figure 4). Tensile strength values average 400, 000 psi
with a standard deviation of about 125, 000 psi, measured for a standard l-inch
gage length; torsion shear strength values are about 500,000 psi, The Young's
modulus ranges consistently from 55 to 60 x 106 psi, while the modulus of
rigidity is measured at 26 x 10G psi. The Poisson's ralio is 0,21,

The density of boron is very low. Bulk material has a density of 2.34 g/ cm®
(compared to 2.70 for aluminum and 1.8 for beryllium), and the tungsten '
boride core of a 0.004-inch diameter filament only increases th%s value to 2.6
g/ em3. Its specific tensile strength value is therefore 4.0 x 10~ inches.
Comparisons show these to be the best combination of filament properties
available for composites. However, despite these high values, tests have
shown they are actually qiite low compared to what is possible for boron.

There are basically four major sites for fracture initiation in CVD-produced
filaments (Figure 5). The temperature range necessary to obtain the "amor-
phous! boron is somewhat narrow. As a result large crystals of B -rhombohe-
dral boron are formed occasionally and these markedly decrease strength
values to below 200,000 psi. N

At somewhat higher strength values - between 200, 000 and 400,000 psi - large
inclusions, due to impure deposition conditions, initiate fracture. These in-
clusions range in size from 2.5 to 20x; the strength effect of particles smaller
than these is masked by other factors. ‘

The third strength-limiting site, again applicable in the range 200,000 tc

400, 000 psi, is the noduled surface of the CVD filaments. Under the right
deposition conditions this is eliminated in as-produced filaments; alternatively,
chemical polishing, removing approximately 0.005 inch from the surface, will
eliminate the nodule effect. In general, chemical polishing is necessary to
eliminate this strength-limiter. S

Bend-test and other evidence has shown the existence of a fourth strength
limitation site to be the core at the 400, 000 to 500,000 psi level. Weibull has
shown theoretically and experimentally that the bend-to-tensile strength ratic
for a rectangular homogeneous material is 1.41. Despite a difference in test
 geometry, the same ratio for as-produced boron filaments is about 1.6.
However, chemically polished filaments without surface flaws show a ratio of
3.8, much too high for accord with the theory. The explanation for this
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discrepancy lies with the filament core. In the tensile case, the stress is
applied uniformly over the cross-section so that any flaw present in the speci~
men will concentrate stresses and cause failure. However, in the bend case,
the central plane of the filament (the core area) experiences no stress, while
the surface is stressed to a maximum. Thus, the core area limits strength in
the tensile tests, but not in the bend tests, causing the high 3. 8 ratio.

The bend test indicates the true stress levels possible to bulk boron, if the core
could be eliminated. That strength has bheen conservatively calculated as

26 x 10° psi in tension and 39 x 109 psi in bending. These czlculated values,
obtained from the measured modulus of elasticity of CVD-produced filaments,
are probably too low, since higher moduli up to 70 x 108 psi have heen mea-
sured on micro-crystalline boron2l In fact values of flexural strength exceed-
ing 2 x 10°, and as high as 2.7 x 106 psi, have been obtained on chemically
polished specimens. According to the Weibull ratio, therefore, pure boron
filaments should easily give tensile strengths of 5/8 of 2 x 106 psi, or at least
1.25 x 106 psi. (Actually these values should be higher since the core has a
finite size in small filaments and will reduce bend test values to some extent. )

There is further direct evidence that the core area limits strength. In tests on
split boron filaments, with an average tensile strength of 250, 000 psi, the core
was etched out. These filaments then presented average strengths of 650, 000
psi, with high values of 890, 000 psi. And finally fractography studies confirm
its role as a stress limiter.

There are several reasons for the tungsten/tungsten-boride interface to act as
a stress concentration.20 First, the two materials have markedly different
mechanical and physical properties. Second, the high compression/tension
stress difference across the interface already discussed adds to any applied
stresses. Third, the Kirkendall voids along the core interface act as stress
concentrators. ‘ -

In addition to limiting strength, all four of these f1~a¢turé sites (i.e., structural
irregularities, surface defects, bulk inclusions, and the core interface) produce
the great variation in strength values presently obtained on boron filaments.

To what extent can these stress-limiting and stress varying factors be elimin-
ated? With careful processing, all but the core interface problem can be
eliminated. 11 It remains as a strength-limiter in all filaments produced by
chemical vapor deposition on tungsten.

C. Fu‘rther problems (Figure"';.é-.”’)

Strength values are only one of the problems encountered in chemical-vapor-
deposited boron filaments. In addition to this, however, are (1) the nature
of the tungsten core, which eliminates horon composite as a nuciear material,
due to the nuclear properties of tungsten, (2) the cost of boron filaments, (3)
the speed of the manufacturing, and (4) the ultimate size of the filaments,
limited by the size of the tungsten core.
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Boron can be used in nuclear applications as a neutron absorber and shield,
having a thermal neutron cross-section of 750 barns. However, the small
amount of tungsten in CVD-produced filaments disallows this use. As a result,
boron composite material will not be usable in nuclear applications unless the
tungsten core can be eliminated. The future potential usage in this application,
if the core can be eliminated, has been estimated at 25% of the future aerospace
market, which is indeed large. 22 |

The present cost of boron filaments produced by chemical vapor deposition on
tungsten is at least $251 per pound (in lots of 3000 lbs.) )23 For the time being
this figure provides a competitive edge over graphite (at over $300 per pound)
and other potential reinforcement materials.? Of course, boron does have
certain properties which may continue to make it competitive, e.g. higher
strength and slightly higher modulus than graphite. However, projected cost
values for the 1970's show that, with increasing usage and manufacturing skill,
graphite will far outshine boron-on-tungsten in cost as a composite material.
Of the $251 figure for boron on tungsten, over $100 is tied up in the tungsten.
Processing costs for this size tungsten filaments are not expected to decrease
significantly without major technological breakthroughs. Ber/n-on-tungsten
filaments, as a result, will level out in cost at a predicted level of about $145
per pound by 1975. Graphite, on the other hand, is expected to reach $30 per
pound by that time (about the cost of bulk boron). Clearly, unless some major
change takes place in manufacture of boron filaments, the material will soon
run into strong competition from graphite. ‘

The speed of manufacturing boron filaments is about 1 to 10 feet per minute
per filament depending upon the length of the chambers. This is much faster
than a method such as Czochralski single-crystal growing; however, melt
extrusion processes promise rates on the order of 100 to 1000 times greater
per filament. 32 This is considered a highly significant difference.

Finally, the tungsten core can only be manufactured to a certain minimum
diameter. Both handling problems and production economies mark this limit.
If any smaller diameter is desired, a different process will be required to
produce the filament.

III. POSSIBLE METHODS AND PRESENT STATUS
A. Other Chemical Vapor Deposition Methods

- Several investigators have attempted to_chemically vapor deposit boron on hot
wire substrates other than tungstenlz’ o (Figure 7)., Though induction and
radiant heating have been tried, resistance heating has been most satisfactory
to heat the wire and is the only method developed to date. The temperature
necessary to decompose BClg and form "amorphous'" boron greatly restricts
the possible candidates for the hot wire (B 24 Rh, Ta, Ti, Mo, and graphite
have been used), and tantalum is the only one to date which could conceivably
compete with tungsten. However, the tantalum filaments are more expensive
than tungsten and cannot withstand the high temperatures as long, so that today
tungsten is used exclusively for the hot-wire process.
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If diborane, BgHg, is used instead of BClg, lower deposition temperatures can
be used, because of the lower decomposition temperature of the diborane (500
to 75000) S, 17, 25, 26 1 this case, other substrate materials can be con-
sidered in the hot wire apparatus. One such substrate, which was considered
promising and was thoroughly investigated, is fused silica. The price of this
composite filament would be about $30 per pound, if it could be made with the
same properties as the boron-tungsten. However, average strength levels
attained are only 200, 000 to 300,000 psi, with normal maximums about 350, 000
psi. The strength limiters appear to be two-fold: (1) lack of bonding between
boron and core evidenced by fracture origin in the interface and by pullout of
the core; and (2) low density apparently caused by polymer and gaseous void
formation at the temperatures necessary for deposition. Although it was
originally though that diborane would provide faster deposition rates than BC 15,
the deposition has been found to be diffusion limited and maximum rates without
detrimental effects on filament strength are no more than are possible with
BCl1;. :

Chemical vapor deposition on a substrate can also be accomplished by electri-
cal rather than thermal decomposition of a boron-compound gas (Figure 8).
This process has the distinct advantage of allowing plating on conductive or
nonconductive filaments, since the filament can be a passive receiver surface
(although in some coufigurations it is used as an electrode). These electrical
discharge methods are presently in development, but there are many design
problems to be overcome including electrode fouling and discharge plasma and
field instability. No examples of quality boron filaments produced by these
methods are known and they are relatively slow - about 0.8 feet per minute.

All of the processes mentioned so far require a central substrate filament for
deposition. This remains as a weak link and/or high cost item in the system.
Several systems have been proposed which would eliminate this in CVD-pro-
duced filaments.

One of these uses a glow discharge to deposit a thin line of boron on the outside
of a rotating disc. This is peeled off to form a continuous filament without a
central substrate. Generally, this process suffers from the same problems as
normal glow discharge deposition on a substrate, namely electrode and chamber
surface foul-ups and instability in the discharge plasma. The filaments obtained
are unsymmetrical in cross-section, and initial start-up is very difficult.

Fortunately there is a better means of obtaining substrateless filaments. 27

If a DC glow discharge is ignited between two pointed tungsten electrodes in an
atmosphere of BC13 and Hg, a borcn deposit of filament characteristic forms

on the anode and a boron stub of non-filament characteristic forms on the
cathode. By withdrawing the anode from the cathode slowly, maintaining a con-
stant discharge gap, short length filaments can be drawn which are limited by
the electrical resistance of the filament and by the friable nature of the stub.
The process can be made continuous by supplying electricity to the filament at

a point near the glow discharge by means of a secondary discharge or a
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mercury contact and by continual removal of the cathodic boron deposit. No
success has been achieved in attempts to produce more than one filament from
the same cathode because of electrical interference between glow discharges.

The gaseous conversion in this process is primarily thermal rather than elec-
trical; temperatures range from 1700°C in the discharge to 1400°C at the
cathode to 900°C at the anode. The rate-controlling step was found to be the
diffusion rate through the glow discharge surface. One of the major problems
with this process results from this — the maximum filament formation rate is
only 0.1 feet per minute, which cannot begin to compete with even the CVD on
tungsten process. Other major problems or disadvantages of this process are
highly critical parameters, such as: difficulty of maintaining clear chambers
(as in all glow discharge deposition processes); high fixed-capital and produc-
tion costs; limitation in diameter of filaments to less than 0.0026 inch; low
average strength of filaments of 300, 000 to 400,000 psi and large variations in
strength values (from well under 300,000 up to 800, 000 psi), with little chance
for 1mprovement and, finally, warping of the filaments.

In summary, then, it can be stated that none of the alternative CVD processes,
with or without substrate, can compete in the foreseeable future with the
deposition on tungsten route. Three of the major disadvantages of the latter
— namely, high cost, low strength, and slow production rate — are unlikely
to he improved upon, and in fact, would probably be worse, in the alternate
processes, even if they were perfected.

B. Melt Processes

As indicated before, there are alternate methods to manufacture filaments
other than CVD. Mechanical extrusion cannot be considered for boron because
of its high hardness2 and lack of ductility. I3 m fact, under strain of 400 u in/
in and stress of 30,000 psi in continuous load-unload cycles, polycrystalline
boron displays no mechamcal hysteresis (perfect elasticity) at a strain sensi-
tivity of 2 u in/in. 29 And in hardness boreon is next to diamond among the known
elements with a Mohs scale reading greater than 9. Of the other two possibili-
ties, very little work has been performed on electrochemical boron filament
manufacture, which leaves the melt processes for consideration.

There are at least seven distinct pOSSibilities for boron filament manufacture
from the melt in various stages of development:

e Point destruction of surface tension
e Electrical discharge forming
o Melt drawing

e Czochralski crystal growth
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e Taylor process
e Drawing of substrate through the melt
e Melt extrusion.

The first two processes in this list have not been attempted as far as we know
(Figure 9). Point destruction of surface tension was suggested by Dr. C. Lee
of Grumman's Research Department. 30 If the surface tension on a liquid is
broken at a point, material from the 11quld mass will shoot out perpendicular to
the surface. One way of breaking the surface tension is to superheat locally,
e.g., with an electron beam or continuous laser. Under proper conditions, the
materlal ejected from underneath the .interrupted surface might shoot out as a
continuous filament. Because no known work has been performed on this sub-
ject and even the workability of the basic principles of the process are in some
doubt, no further consideration was given to it.

If current is passed through a wire, a cylindrical magnetic force field will
form around the wire with the field vector tangential to the wire circumference,
and the force vector radially inward. If two parallel wires with currents run-
ning in the same directions are placed in close proximity, the interaction of
their force fields will tend to attract them to each other. A current-carrying
rod may be considered as a bundle of wires with parallel currents. Because

of the attraction of parallel currents, the field of this rod will tend to collapse
it. While in the solid state, the rigidity of the rod will maintain its shape under
high current levels, conducting liquids or gases (plasma) will constrict witha
high enough current. Although no known work has been performed on liquids, a
great deal of effort has been expended on plasma constriction. Many insta-
bility problems are encountered with the plasmas, and there could likewise be
expected to present problems in the liquid.

Metals and many other materlals ‘cannot in genel al be drawn from a melt, as is
done with glass, because of low viscosity, and boron is probably no exception.
Certainly at temperatures at or above the listed melting temperature, the
viscosity of 99% pure boron, at only 41 to 50 cent1p01se, is much too low for
either upward or downward drawing. The latter requires a viscosity of around
3000 to 4000 %o1se (estimated for glass) and a small variaticn of viscosity with
temperature. Boron evidently does have a much higher viscosity just below
the melting temperature, sufficient, according to Aerojet-General, to blow
bubbles. 32 This requires about 1000 poise33; however, the reproducibility of
‘this result is in great doubt. First the existence of a melting range des1gnates
an impurity content in the material. Duplication of this impurity content (< 1%)
and maintenance of the very narrow temperature range at which this v1scosu:y
occurred would be improbable at best. In conclusion there is 11tt1e Or No pros-
pect of bemO‘ able to draw boron from a melt i
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In the Czochralski crystal growth process24’ 3¢~37 (Figure 10), a seed crystal
attached to a rod is used to nucleate crystalline material from a melt. The
seed is gradually pulled out of the liquid as the crystal forms producing a rod.
This process has been used to manufacture pure crystalline rods of boron.
However, the rods grown are of large diameter, must be zone refined for pro-
per shape and structure, and seem to be limited in length to about 3 inches.
The process is very slow (about 0.5 inches per hour) and holds little promise
for continuous filament production.

In the Taylor process38 molten metal is poured into a hollow tube, usually
glass. The tube is then softened, pulled, and cooled, leaving a filament inside.
Although the process has been used to manufacture long, extremely smooth,
very high-strength filaments of various metals, its applicability to boron com-
posite filaments is doubtful. First, it is difficult to imagine continucus filament
production; second, the process is extremely costly; and third, no material is
known that can withstand corrosion from liquid boron and could be used as a
tube. Therefore, the Taylor process can be eliminated from consideration for
boron filament production.

As an intermediate process, utilizing the advantages of speed of the melt pro-
cess and ease of the tungsten substrate process, an attempt has been made to
draw télélgsten and silica filaments through molten boron to form a boron fila-
ment.

The coatings obtained were highly nonuniform, very thin, and irregularly
grained. The tungsten tended to dissolve in the boron, making a tungsten/
tungsten-boride filament, instead of one primarily of boron, and contaminating
the liquid boron source. Strength was very low, with a maximum of 76, 000 psi
and average of 58,100 psi; the reasons for this were not examined in detail.
Even if rapidly manufactured filaments were obtained, they would retain at
least two of the four disadvantages of the CVD boron-on-tungsten process.

IV. MELT EXTRUSION PROCESS
A. Work by Aerojet-General

Oue of the melt processes, melt extrusion or melt spinning, has shown con-
siderable promise in ngk performed under Air Force sponsorship by Aerojet=-
General and Monsanto. Y Filaments are formed in this process by forcing
liquid boron held in a crucible through a tiny orifice using inert gas pressure
and solidifying it in a catch chamber below (Figure 11).

Aerojet investigated three basic areas: (1) molten-boron properties pertinent
to fiberization, (2) materials for the heating and containment of boron, and
(3) techniques and operational parameters related to fiberization. Since the
design of melt-extrusion apparatus depends upon knowing certain fundamental
physical properties of molten boron, Aerojet first investigated these. The
melting point of their technical-grade boron (98.9% purity) was found to be
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3736 +300F. Higher purity material (99.5%) melted slightly ‘higher at 3755
+400F. A thermal arrest, accompanied by softening of the boron, was noted
between 3625 and 3675 OF, Boron could be supercooled by more than 100 °F
without freezing, even with alloying additions of up to 13.7 wt% titanium or
30.7 wt% zirconium. :

It was thought that a low-melting-point eutectic might occur at about 2 wt'% car-
bon in the boron-carben phase diagram. Carbon was indeed found to decrease
the melting point, but only by 25 to 50 OF (with additions of 0.3 to 0.5 wtJC).
Neither titanium nor zirconium additions were found to have any effect on the
boron melting temperature up to 13.7 wt% titanium or 21 wt% zirconium,
although the volume contraction upon freezing was greater with these two ad-
ditions than with pure or carbon-doped beron. '

The viscosity of liquid boron at or near its melting point was found to be 45 %5
centipoise for the grade investigated. Just below the melting point, over a very
narrow temperature range, a viscosity high enough to allow blowing bubbles of
boron existed. The normal viscosity of glass under these conditions is about
1000 poise. Carbon contents of 0.4 to 0.7 wt% increased the viscosity to 85 to
100 centipose; however, additions up to 20.7 wt% zirconium or 13.7 wt%
titanium had no effect. '

The surface tension of molten boron just above the melting point was found to
be 1000 dynes/cm.

Aerojet tested many materials for the crucibles and orifices. Boron attacked
MiBsy, TaBo, ZrBz, NbBg, in order from least to greatest attack. Noune could
be used in contact with molten boron because of excessive erosion. The same
was true of both tantalum and tungsten. The most satisfactory results were
obtained with boron nitride, especially when pretreated. For crucibles, satis-
factory curing of BN was obtained with a cycle of 5 hours at 3150 OF plus 15
minutes at 3400 °F in argon at 1 atmosphere, while a satisfactory curing cycle
for orifice inserts was 1 hour at 2800°F in vacuum followed by 5 minutes at
3400°F in argon at 1 atmosphere, Born will wet BN when: (1) the temperature
is raised above 4000 °F. (2) the BN is not properly pretreated, (3) the BN has a
low density structure, or (4) more than 0.75% carbon is added to the melt.
Wetting is very undesirable in melt extrusion, since it restricts the smooth flow
. of liquid through the orifice. Even BN was rather unsatisfactory for both
crucibles and orifices. Crucibles lasted a maximum of seven extrusion opera-
tions (about 12 seconds and 4 grams average for each extrusion — 84 seconds
total), while orifice openings gained in area an average of 20% for each such
extrusion. Worse, orifice enlargement varied from 2 to 120% unpredictably.
While Aerojet claims that ""repeated remelting of boron in BN crucibles does
not cause significant pickup of impurities by the melt', the erosion indicated
above hardly supports this conclusion. In fact, it is evident that BN is not a
satisfactory container material for melt extrusion.

89



Aerojet's attempts to make fibers from the melt were highly unsatisfactory.
The maximum length they attained was 0,150 inch, and most of their tests
resulted in either no product or spherical shot. The apparatus is standard for
this type of work, consisting basically of a crucible with changeable orifice
insert; an RF heating coil with tantalum susceptor; a chamber above the cru~
cible which is pressurized with argon gas; and a $-foot long helium~filled
chamber for solidification of the melt below the orifice. All of the fibers
manufactured Were of the B-rhombohedral variety. The Weber number, de-
fined by Nywe= V2ed/ o , where V = velocity, # = density, d = orifice dia-
meter, and o = surface tension, was found to be a good indication of fiberiz~
ability. Best results were obtained in the Nyye range from 30 to 60. Added
carbon up to 0.75 wt%, zirconium up to 20.7 wt%, and titanium up to 13.7%
had no effect on the product. The solidification rate was not increased marked-
ly with helium flow added to the area just below the orifice. No tensile tests
were reported.

The poor Aerojet results can be attrlbuted to many factors, but chief among
them are the following:

e Short solidification chamber; fibers either could not solidify before
hitting the bottom of the chamber or, if solidified, broke against the
bottom.

e Inability to maintain a constant jef diameter due to orifice enlargement.

e Poor equipment design, resulting in nonrepeatibility of flowing.

~ @ Crucible erosion. |

B. Work by Monsanto Research

Monsanto Research has had much greater success with the melt extrusion
process. Their investigation covered six basic areas:

° Defme the basic parameters of the process and raw material dnd
. process control equipment, requlrements

e Investigate and evaluate the fundamental concepts for 1mprov1ng the
‘behavioral characteristics of the charge material.

e Develop the melt spinning apparatus to the level of a filament forming
unit capable of premse control over the appropriate operating para-
meters.

e Determine the broad range of conditions applieable to the formation of
continuous boron filament. ~
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® Determine the physical, mechanical, and chemical characteristics of
filaments formed and correlate when applicable to process conditions.

e Design and construct a process unit tailored to investigate initial
engineering scale-up factors and to reflect proper automatic control
techniques.

A discussion of these areas will provide a state-of-the-art look at the melt-
extrusion process.

Monsanto's equipment was basically the same as Aero;et's, consisting of a
crucible and removable orifice insert; an upper chamber capable of argon gas
pressurization; RF heating coils; a graphite ring susceptor to heat the boron
charge to a temperature where direct RF coupling becomes efficient (approxi-
mately 2730 °F,); and a catch chamber below the crucible,

Monsanto's first effort was with a research scale unit, the crucible containing
only 3.4 cubic centimeters of charge. A large capacity unit was built near the
end of the program, but not extensively tested. Successful fiberization was
accomplished with their technical-grade boron (99.5% pure); a series of boron
minor alloys containing 1 to 2 wt% Ta, W, Zr, Ti, Nb, and V; and two boron
compounds, aluminum boride, A1B12, and yttrium hectoboride, YBrg.

The factors affecting filament formation were melt temperature and tempera-
ture uniformity (extreme sensitivity), extrusion pressure, and charge and
fiber purity. For best results the temperature must be held below 4000°F; the
higher the melt temperature the worse the final results were

Orifice wetting by the liquid boron was found to be 111ghly undesn‘able for fiber-
izing. Wettability in turn was found to depend upon crucible material and pre-
treatment. If boron nitride is to be used, it must first be fired to remove
volatile impurities. The best compatibility and contact angle were obtained

using hot pressed boron nitride pretreated with ammonia at 2700°F or methanol
extracted, followed by prefiring at 4000°F under argon. Preliminary results
with isotropic and anisotropic pyrolytic boron nitride showed promise of in-
creased mechanical strength.

Overall, boron nitride, aluminum nitride, and thoria were investigated as
crucible materials. Only boron nitride showed any promise. However, even
this is not a very satisfactory crucible materiai, suffering serious erosion.

And for orifices it is quite unsat1sfactory—-a 3~-gram charge, forced through an
orifice made in the very best material, expanded the opening from 0.008- to
0.009-inch diameter, an area increased of 27%. Results show very much
worse results at temperatures above 3900°F and with other materiais.

A total of 251 fiberization tests were run on the research scale equipment.

Streaming occured in 185 of these and filaments formed 85 times. Once proper
settings were established, the process was repeatable. An orifice range from
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0.002- to 0,006~ inch diameter, extruding pressure from 20 to 80 psi, and melt
temperature of 3550 to 4500°F were studied, with filaments 0, 0035- to 0, 008-
inch diameter and 1/4- to 11- inch length resulting, in yields varying from

1 to 90 wt%. Actually, high-speed photographic studies showed lengths of up

to 2 or 3 feet being produced, but, upon impact at the collection chamber
bottom, these broke into the shorter lengths., A 'production-scale'’ unit was
built utilizing 25- to 50- gram charges and a longer collection chamber, but
testing was not finished.

Monsanto performed a lengthy investigation o: the properties of the filament
they obtained from the research-scale extrusion unit. All of the filaments
were limited in tensile strength by surface pitting to the 50, 000 to 60, 000 psi
range, with best results up to 89, 000 psi. Bending strength was somewhat
higher, as expected, ranging from 100, 000 to 124, 000 psi. Thus, the bending/
tensile strength ratio is about 2.0. This is somewhat high, but not unexpected
considering the existence of both surface and internal defects, and the wide
range of tensile and bend strength values. No Young's modulus data were
reported; however, bending moduli in the 70 x 106 psi range were measured in
simple bend tests, with comparative tests indicating that melt-extruded fila-
ments are stiffer than vapor-deposited boron fila aments (measured at 45 x 106

_ psi).

An exhaustive examination was made of the possible reasons for surface pitting,
including mushy solidification due to alloying elements; entrainment of solid

BN, liquid B203 or various gases; hydrogen from the ambient NHg diffusing

into the liquid stream and out at the liquid~solid interface; hot tearing; corrosion
from catch chamber gas; and plane-front solidification pitting. Monsanto con-
siders that this last explanation is the predominant cause of the surface defects.
According to this, the solid-liquid interface of 8 -rhombohedral boron is likely
to be inclined to the fiber cross-section because of its low symmetry crystal-
lographic structure. The mechanism of nucleation and growth in an impurity—
laden liquid leads, under this condition, to a pitted surface. There is, however,
some ambiguity in Monsanto's conclusions, since in the summary of their work
they claim that pitting is not solidification controlled, but rather due to some
kind of corrosion. Although Monsanto eliminated BN from consideration as a
solid impurity because they said they had not found it either in the body of the
filament or in the pits, there is no work reported to this effect, and there is

no place for corroded BN from the crucible and orifice to go except to be carr-
ied along with the filament. Therefore, it seems likely that B)N-is to bea
prime cause for surface pitting as an impurity, -either in solution or as a solid
inclusion.

The basic problem with the strength of boron filaments, however, is not pitting,
but grain structure. Much of the strength of CVD-produced boron filaments is
due to the extreme fineness of the boron microcrystals. In fact, any macro-
crystalline material in these filaments greatly weakens them. The grain size
of melt~produced boron filaments is generally large in comparison with fila~-
ment diameter, but varies greatly along the length. Many crystals extend
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across the filament completely, while the size of others averages 1/8 to 1/4 of
the filament diameter. Because of the low-symmetry crystal structure of
boron, it is believed to be highly anisotropic in thermal and mechanical prop-
erties. Thus, large non-uniform grains can be expected to act as stress
risers under an applied stress. Large grains, also, will tend to cleave cat-
astrophically once a fracture has been initiated, while small grains will resist
the propagation of a small crack. '

In addition, a smaller grain size will reduce the pitting phenomenon, if this
were due to impurity discharge in plane-front solidification. Smaller grain
size would indicate more nucleation sites. If enough of these were present,
nucleation would be essentially homogeneous and the inclination of the plane
front to the filament would disappear. Therefore, no pits would be formed.

The mode of solidification evidenced by the microstructure of Monsanto's fila-
ments shows that nucleation of the large grains takes place at the filament
surface. This is due to the lower temperature of the surface and means that
potential nucleation sites inside the filament are being overshadowed by nucle-
ation and growth from the surface. It is evident, therefore, that a change in
cooling conditions is neseded to allow the internal nucleation sites to be active
before the surface site in order for smaller grains to form. More heat should
be removed longitudinally and less radially from the filament. Of course, high
solidification rates must be maintained to form the small grains.

The most effective method for achieving a fine grain structure in a cast mat-
erial is by adding alloying elements of the proper kind and amount to induce
homogeneous nucleation at sites ahead of the advancing solidification front.
There are two ways this can be accomplished: stable particles added to the
original melt, or precipitation of stable particles at the liquidus from a homo-
geneous solution. Monsanto did not consider solid particle addition to the melt
feasible for the extrusion process, so no work has been performed on this
aspect of the problem. They did, however, perform some work on alloying for
nucleation.

Theoretically, the most effective alloy nucleant for boron must form a com-
pound that is stable at the liquidus of the melt either with the boron itself or
with an impurity, must have a crystal structure similar to the rhombohedral
system, and have a unit cell size near that of boron. Monsanto made a litera~-
ture search for binary and ternary borides, carbides, and nitrides that might
be effective nucleating agents. None with theoretically perfect characteristics
was found, so trial and error was employed.

From a series of preliminary melts of boron alloys, several were chosen for
melt extrusion because of their fine grain size. The best filament results were
obtained with B + 2 wt% W alloy. In some areas a very fine grain size was
obtained with this alloy, but other areas showed much larger grains. It is
thought that incomplete mixing in the charge material is the explanation of the
grain size variagions. In general, the results of grain refinement show great
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promise. Although it was hoped that alloying would reduce surface pitting, no
such effect was noted.

Monsanto further characterized the high-temperature thermal arrest, des-
cribing it as a '"plastic' creep region occurring at 3670°F,

From this discussion, it is clear that a number of Monsanto's problems are
due to the contact between molten boron and any crucible or orifice (Figure 12),
The process itself looks highly promising if the many problems associated

with the crucible/orifice can be overcome. On the other hand, if the mechani-
cal crucible/orifice cannot be eliminated, there is little prospect of this pro-
cess becoming feasible for manufacture of boron filaments.

V. RF FIELD EXTRUSION PROCESS
A. General Description

In order to eliminate the problems with the crucibles in the melt extrusion pro-

cess, it is necessary to support, contain, and extrude molten boron without
contact from reactive materials. No solid material has been found suitable;
no known liquids would be inert at these temperatures, liquid boron control

with liquid streams is out of the question, and inert gas control of the boron
would also be virtually impossible. ~

This leaves electric or magnetic field control. However, neither liquid nor
solid boron is magnetic. Electrically, boron is a semiconductor 40»'47, which
means its conductivity increases with rising temperature (unlike metals). At
room temperature, boron has a resistivity of 4 x 106 ohm-cm; at 3495°F the
resistivity has dropped to 5 x 10~2 ohm-cm, a change of 8 orders of magnitude.
Addition of alloying elements greatly changes the room temperature values
toward greater conductivity, but at high temperatures the values for alloys
merge with those for pure boron. Because of the high conductivity at high
temperatures of boron, electrostatic field positioning is out of the question.
However, RF alternating electric fields can be used. TFor positioning this
involves an arrangement sililar to levitation melting. '

In levitation n1e1t111g48755, a charge is placed in a high-frequency alternating
electric field, in which it is levitated and melted without contact (Figure 13).
From this state it can be ""poured" out of the field by reducing the field strength :
and allowing gravity to pull on it. The field constricts the melt as it pours, |
forming it into a rod which can be solidified. The idea is to further constrict
the poured rod down to filament diameter, thus using non-contracting fields to
position and form the boron filaments. : ‘ :
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There are severe problems with RF levitation melting and pouring semi-
conductors on Earth., Levitation must be performed against the gravity force,
which limits the size of molten material that can be supported on Earth. In
addition, gravity provides a fixed force field pulling on the boron. Finally,
heating and levitation force cannot, in general, be independently controlled.

It becomes desirable, therefore, for these and other reasons, to consider
manufacturing boron under zero-gravity conditions, using RF fields to position
and hold the boron, while heating, and extruding through a nozzle-shaped field.

B. Levitation Melting

Levitation of a solid or liquid conductor results from placement in a high-
frequency alternating electromagnetic field generated between two coaxial
coils with currents circulating in opposite directions. Eddy currents induced
in the conductor interact with the field to produce supporting and laterally
stabilizing forces. A levitated metal floats in space and usually melts.

Levitation melting on Earth was first proposed in 1923, but was not used until
1952, when its feasibility for crucibleless production of ultra-high purity
refractory metals was investigated 51, Though the process thrived for a short
while, the inability to stably levitate more than about 20 grams of the denser
metals and the development of other methods to accomplish the original levi~
tation melting ob]ectlves has slowed the enthus1asm of many researchers.

Two basic parameters determine the levitation force on a sample — the coil
current and the frequency. For materials of moderate electrical conductivity
like boron, no significant increase in levitation force results as the frequency
is increased at very high frequencies. However, the energy absorbed by the
conductor becomes so large that melting results, and the temperature rises
beyond the desired level. Maximum levitation force with minimum heating is
attained at low frequencies and high field strengths and gradients. The value
of the frequency to be used depends on the radius and nature of the metal and
the temperature desired. Frequency tuning is not normally available over a
very wide band, and temperature control thus becomes difficult at best. For
a controlled drop out of a coil, in which the charge size is constantly changmg,
the dlfflculty is magmfled o

The severlty of this problem is great. In vacuum meltmg, separate controls
for current and frequency are required for long duration experiments. It has
even been proposed that separate means of ‘1eat1ng, such as arec, electron
beam, or a high-frequency indiction coil, be used in conjunction with the low-
frequency levitation coil. However, boron is a low-conductivity materlal even
up to the melting point, and there 1s no certainty that low frequenmes will -
provide sufficient levitation force. And the lower the conductw*ty of a material,
the more difficult it becomes to control temperature. As we have seen, how-
ever, in the melt extrusion of boron temperature must be controlled very
closely. Itisknown, in addition, that RF melting of boron is not possible from
the solid state, because of the low conductivity of the material. Thus, a
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susceptor was used in Monsanto's equipment to raise the temperature suff-
iciently for the conductivity to allow direct RF heating of the boron to take
place. '

Some consideration has been given to the stability of the molten charge and of
the pouring liquid in levitation melting. Evidently the surface tension and
density determine whether liquid metals will drip during levitation. The levi-
tation force acts solely off the central axis of the coil center, so that surface
tension is the sole force holding up the charge on the vertical axis. If the field
is sufficiently weak, the surface tension will be insufficient to hold it up, and
it will drip or pour at the axis from the bottom of the charge. Though calcu-
lations have been made of the steady state conditions (charge surface tension,
density, and radii of curvature) necessary to prevent dripping, no calculations
of dynamics conditions have yet been performed to take into account a moving
charge or oscillations in the system. However, surface tension forces can be
expected to inhibit growth of short-wavelength instabilities in the system.

Coil design is still largely empirical. Small tubing diameter is preferable to
provide more turns per unit length of coil. Tubing of oval cross-section can be
employed for this reason. In practice, 1/8-inch diameter tubing of 0.020-inch
wall thickness is the smallest that can be adequately cooled. Coil shape is
critical. The smaller the diameter of the coil, the higher the field strength.
Cylindrical coils give maximum levitating force, but require coils of reverse
current direction on each end for melt stability. Other configurations tried
include pancakes, rings, multilayered turns, and inverted cones. Recently
some work has been undertaken to provide a more basic characterization of
optimum levitation coil design, but the process is still largely trial and error.
Specifically, obtaining a proper coil design to form a nozzle for filament ,
formation will have to be the subject of experimentation. In fact, two research-
ers in the field of levitation melting have indicated doubt that such a design

will be found.

Although at least 38 elements have been successfully levitation melted (Figure
14), no reports have been found indicating boron to be among them. However,
semiconductors, such as silicon and germanium, have been levitated, and
boron has higher conductivity at high temperatures than either of these two,

so there is no reason to believe that any special problem will exist with boron.
High vapor pressure in the liquid state has prevented certain elements from
being levitatable, but molten boron has a relatively low vapor pressure and no
such problem is expected. Extremely high melting temperature has prevented
molten levitation of tungsten, but again Monsanto used RF melting in their
boron work, so boron should melt in levitation also.

Besides the lack of crucible contact, other advantages exist in levitation
melting over other means of processing liquid metals. First, the melt is
homogenized very rapidly due to very efficient frictionless stirring. Monsanto
‘believed that major difficulties arose in their alloying experiments due to
inhomogeneity of the melt during pouring. Thus the great homogeneity possible
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to levitation melts should aid the solidification of alloyed boron filaments.
Secondly, very rapid heating and cooling rates are possible in a levitation
melt, and homogeneity will therefore be retained in the solidified material.
Thirdly, it is possible to remove gases from a metal very rapidly and com-
pletely in vacuum melting and therefore to control gas content level.

C. RF Positioning Fields

Dr. R. T. Frost discussed the subject of RF field positioning in space at the
November, 1968, Huntsville Conference.? The accelerational forces that
would be present in a space factory wouid be from two sources: spacecraft
thrust, and astronaut body movement. Since thrusting could be controlled
during material processing, only the latter need be considered. Dr. Frost's
calculations show that for a 25, 000-pound space station the maximum accele-
rations encountered would be 10~3 to 10™4 g. Since the translational motion of
the spacecraft, due to astronaut movement across a 20-foot compartment, is
only about 2 inches, it is probable that the design objective for the factory
positioner could be a control acceleration of 1074 g. Though a low frequency
would be desirable for maximum control of melt shape, it is probable that high
frequencies will be necessary, either for heating or for sufficient levitating
force, because of the semiconducting nature of boron. For the same reason,
high power will also be necessary. The maximum size of a position-controlled
melt in space will be limited by the amplitude of oscillations of the molten mass.
These oscillations would be initiated by the position restoring forces and, if
large enough, would break the surface tension forces of the molten materlal
They would damp with time due to the viscosity of the melt. Order-of-magni-
tude calculations show that the masz limitation due to surface oscillations
would allow positioning of 103 to 10% times as much material in space as can
be levitated on Earth. For most materials this wotild mean positioning control
of approximately 10 kilograms. For a 10-cm radius sphere, calculations show
that these oscillations would disappear after 1006 seconds; for a sphere of
radius 1 to several cm, the damping time would drop to 10 to 100 seconds.
These order-of-magnitude figures are believed to be applicable to boron melts.

The best coil design for RF positioning could depend upon many factors. In
any case, positioning and extruding coil design will have to be integrated.
Possible positioning coil designs would include those used presently in levi-
tation work — basically two-coil positionexrs — or, for more stability, an
arrangement consisting of three pairs of orthogonal coils. The exact coil
design necessary would be a ma]or problem to overcome in implementing the
proposed program.

D. RF Extrusion Nozzle Field And Heat Sources
Just as an RF field must be used to position molten boron in space, one must
likewise be used to act as an extrusion die for filament formation. Any of the

coils in the two or six-coil designs might be used for this, since a uniform
field strength would exist at the center of each coil, and the liquid boron would
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form into a cylinder as it passed through. Alternatively a separate coil ‘
arrangement might be used, if the field strength necessary to form filaments
is significantly different from that necessary to position the boron in space.

The diameter of the extruded boron filament would depend on several factors,
including the viscosity of the boron, the strength of the field, the diameter of
the coil, and the speed of the extrusioun process.

The force necessary to extrude the boron through the field nozzle could be
supplied by increasing the strength of the opposing coil in either the two or
six-coil arrangements. If this is not possible, an additional RF coil could be
added to supply the extrusion force. Another possibility for this is inert gas
pressure, aithough it would be difficult to control this to provide even heating
and proper extrusion rate.

NASA has considered the heat sources that might be used for the AAP experi-
ments54, and their conclusions are equally applicable to the space factory
concept. The sources included induction coil, electron beam, laser, electric
arc, hot gas, electrical resistance, solar radiation, and chemical heating
methods. Of these the electric arc and electron beam are impractical for the
present project; with the former there is danger of contamination of the speci-
men by the electrode material, with the latter there is direct contamination
because of the requirement of grounding the specimen. The other methods are
all possible, though the laser is heavy, inefficient, and relatively unreliable for
production processes at the present time; solar radiation would require
orientation capability to keep the collector aimed at the sun; and chemical
heating would be expensive and difficult to control. In conclusion, use of
either hot gas or induction coil heating could be recommended for heating the
boron mass.

VI. SUMMARY
A. Description of Prdcess

From the preneedmg discussion, a fairly complete description of the proposed
process to manufacture boron filaments in space can be set forth (Figure 15).
In barest outline, high-purity boron, doped as necessary for proper crystall-
ization, is placed in a volume in space, where it is heated, either by hot inert '
gas or other means, to a temperature of about 2800°F. Up to this temperature
the boron may be held in boron nitride crucibles. Then it is placed, still in

the solid state, in an RF positioning field for holding, and heated further by
either induction coils or hot gas. At the melting point, the boron is forced by
the hot gas or by an induction coil to exit through the field forming nozzle.
There it is cooled by experimentally determined means and collected on spools.



B. Advantages of Process ,
The potential advantages of space manufacture of boron filaments (Figure 16)
are:

® Lower cost

o Higher quality filaments
e Faster productioﬂ rates
® More potential uses.

The costs of this process should make boron filaments competitive with
graphite, especially if the expected material benefit can be realized. Commer-
cial grade boron (90 to 92% pure) could be obtained at a cost of $14 per pound
in 5000-pound lots; this could then be purified fairly simply in space where no
crucible contact would be necessary for containment. Alternatively technical
grade boron (99.5% pure) could be obtained for $50 per pound in 5000~pound
lots and used directly. These costs®d are likely to decline rather sharply as
demand for boron increases. Add to this the transportation costs at $5 to $10
per pound, as predicted by Dr. Von Braun2, and the equipment, labor, and
operating costs of the system. The estimated total should be quite competitive
with graphite and well below the cost of present filament.

All of the strength problems associated with the core present in CVD=-produced
filaments should be eliminated by manufacture from the melt. The noduled
surface (caused by the uneven surface of the original tungsten wire), the inter-
face voids and cracks, and the residual stresses and different mechanical N
properties across the core interface all contribute to lowering the tensile and
bending stresses that the present boron fibers can withstard. Assuming that
proper grain size and fiber surface can be obtained on the melt~produced fila-
ments in space, average tensile strengths of well over a million psi, and bend
strengths of over two million psi should be attainable on a production basis.
In addition, preliminary results have shown that melt-produced filaments have
higher moduli.  And the great scatter in strength values, associated with the
core and surface defects, should be eliminated, permitting higher design
allowables. :

Several other advantages should acrue from use of the proposed process. Fila-
ments of much smaller diameter should be manufacturable, if desired, by
elimination of the fixed-size core. Production rates should be attained on the
order of 100 to 1000 times greater than presently possible. In addition, boron
composites would be usable in nuclear applications.
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C. Problem Areas and Suggestions for Future Work

There are several major problem areas associated with the proposed process,
and these would have to be investigated on a research level (Figure 17).

Methods must be developed to crystallize molten boron to obtain a fine,
even-grain structure. This involves investigations of cooling rates
and methods and nucleation techniques. Much of this could be investi-
gated on Earth, utilizing Earth levitation techniques.

Levitation characteristics of molten boron must be investigated,
including a search for stable coil designs. This knowledge should be
used for designing space positioning devices for large masses, after
experimenting in space with coil positioners. In conjunction with this,
an effort should be expended to attempt to extrude molten boron from
a levitation melt in filament-sized streams on Earth. If this proves
impossible or when scale-up is necessary, these experiments should
be performed in Earth orbit.

The characteristics of fine-grained, high-quality, boron rods or fila-
ments must be tested when these become available to make certain
that the mechanical properties anticipated are actually attained.

The exact design for a production machine must be drawn up. The
proper heat source, extrusion force mechanism, env1ronment coil
des1gns etc., must be investigated and chosen.

Once some of these questions have been answered with more certainty,
an analysis of costs will have to be made in order to make certain that
continuation of the effort will really be worthwhile.

In conclusion, it is clear that any further effort expended on this project must
be of a research nature, and that there are many questions which would have to
be answered before a production process could be designed. However, the
process itself appears to be promising enough to warrant this further research.

V. REFERENCES

1. Hans F. Wuenscher, "Low and Zero-G Manufacturing in Orbit, "AIAA
Paper No. 67-842, ATAA 4th Annual Meeting and Technical Display,
Anaheim, California, October 23-27, 1967.

2. "Manufacturing Technology Unique to Zero-Gravity Environment, ' Marshall
Space Flight Center, National Aeronautics and Space Administration,
November 1, 1968.

100



10.

11.

12,

13.

14.

Wolfgang H. Steurer, "Processing of Materials in Space, ' 15th National

SAMPE Symposium, Los Angeles, California, April-May 1969 pp. 1109~
1129.

Louis R. McCreight, "Materials Processing in Space, "' 15th National
SAMPE Symposium, Los Angeles, California, April-May 1969, pp. 1131~
1140,

Michael L. Yaffee, "Space Processing Effort Refocused, " Aviation Week
and Space Technology, April 7, 1969, pp. 63-64, 69.

John A. Roberts, "Metal Filaments, " Chapter 9 of Lawrence J. Broutman
and Richard H. Krock, eds., Modern Composite Materials (Reading, Mass. :
Addlson-Wesley Publishing Co., 1967), pp. 228-243.

James N. Fleck and Edward J. Jablonowski, "New World of Composités:

What We Can Expect in the 1970's, " Metal Progress, March 1969, pp. 99-
103.

J. 8. Gillespie, Jr., '"Microstructure of Boron Filaments, " Boron Fila-
ment Process Development, Vol. IA, Technical Report AFML- TR-67 120,
Vol. 1A, May 1967, pp. F1-15. '

F. E. Wawner and D. B. Satterfield, ''Strength, Uniformity, and Fracture

Characteristics in Boron Filaments, " Tbid., pp. C1-43.

M. L. Hammond, P. F. Lindquist, and R. H. Bragg, "Structure of Vapor-

Deposited Boron Filaments, '" Technical Report AFML- TR-66-358 Novem-
ber 1966.

F. E. Wawner, Jr., "The Effect of Chemical Polishing on the Strength and
Fracture Characteristics of Amorphous Boron Filaments, ' in Gerhart -

K. Gaule, ed., Boron - Preparation, Properties, and Apphcatlons, Vol.
(New York: Plenum Press, 1965), pp. 283-300.

AFSC Ad Hoc Task Force, Boron Working Group Report, Vol. 1, October
1964.

Franklin E. Wawner, Jr., "Boron Filaments,' Chapter 10 of Lawrence J.
Broutman and Richard H. Krock, eds., Op. Cit., pp. 244-269.

C. P. Talley, W. P. Clark, F. E. Wawner, Jr., J. E. Schultz, and K. M.
Gunn, "Boron Reinforcements for Structural Composites, ' in Sidney
Litvak, ed., Conference on Structural Plastics Adhesives and Filament
Wound Composites, Technical Documentary Report ASD-TDR-63-396,

April 1963, pp. 434~493.

101



15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27,

Ralph L. Hough, "Formation of Filaments by Chemical Vapor Deposition, "
Technical Report AFML~68-140, December 1968.

Claude P. Talley, Lloyd E. Line, Jr., and Quinten D. Overman, Jr.,
"Preparation and Properties of Massive Amorphotis Elemental Boron, '
in J. A. Kohn, W. F. Nye, and G. K. Gaule, eds., Boron - Synthesis,
Structure, and Properties (New York: Plenum Press, 1960), pp. 94-104.

D. L. Shull and G. S. Paulett, "The Kinetics of Boron Deposition from
Boron Halide and Boron Hydride Systems, " Boron Filament Process
Development, Vol. IA, Op. Cit., pp. A1-46.

D. L. Shull, "Mechanisms of Boron Deposition from Boron Trich'loride and
Hydrogen,!" Loc. Cit., pp. B1-10. :

L. J. Parcell, "The Effects of Impurities and Additives in Raw Materials
Upon Chemical Vapor Deposited Boron Filaments,' Loc. Cit., pp. D1-16.

J. S. Gillespie, Jr., '"Crystallization of Massive Amorphous Boron, "
Loc. Cit., pp. J1-7,

Joseph J. Byrne, Bernard A Gruber, Henry P. Beltramini, et. al.,
"Boron Filaments from the Melt, " Technical Report AFML-TR-67-416,
January 1968.

James N. Fleck,‘ Battelle Memorial Institute, Personal Communication,
April 17, 1969

"UAC Lab Chief Out on a Wing, " Metalworkmg News, 10 (465), June 9,
1969.

K. E. Bean and W. E. Medcalf, nUtilization of Boron Filaments in Vapor-
Phase Deposition of Boron, " in J. A. Kohn, W. F. Nye, and G. K Gaule,

eds., Op. Cit., pp. 48-58.

R. B. Reeves and J. J. Gebhardt, "Preparation of Boron Filaments or
Fused Silica Substrates by Decomposition of Diborane, '" 10th National
SAMPE Symposium, November 9-11, 1966, pp. D-13 to D-24.

F. E. Wawner and D. B. Satterfield, "Characterization of Borohydride
Filament, " Boron Filament Process Development, Vol. IA, Op. Cit.,
pp. E1-14,

A. J. Juhola, "Development of High Str ength Boron F11ame1t "t Technical
Report AFML-TR-67-220, August 1967. ; o -

102




28.

29.

30.

31,

32.

33.

34.

37.

A. A, Giardini, J. A. Kohn, L. Toman, and D. W. Eckért, ”Vector
Hardness Properties of Boron and Aluminum Borides, " in J. A. Kohn,
W. F. Nye, and G. K. Gaule, eds., Op. Cit., pp. 140-158.

C. J. Speerschneider and J. A. Sartell, "Mechanical and Micro-mechanical
Behavior of Bulk Polycrystalline Boron, " in G. K. Gaule, ed., Op. Cit.,
pp. 269-282,

C. Lee, Personal Communication, April 1969.

Forrest I. Boley, Plasmas - Laboratory and Cosmic (Princeton: D. Van
Nostrand Co., 1966). '

R. F. Kimpel and R. G. Moss, '""Research on Continuous High-Quality
Filaments by the Melt Process, ' Technical Report AFML-TR-66-185,
July 1966.

H. Kivligr, Personal Communication, June 1969.

R. J. St..rks and W. E. Medcalf, ""Growth of Boron Crystals by the
Czochralski and Floating-Zone Methods, " in J. A. Kohn, W. F. Nye, and
G. K. Gaule, eds., Op. Cit., pp. 59-69. '

F. Hubbard Horn, "Zone Purification of Boron, ' in J. A. Kohn, W. F. Nye,
and G. K. Gaule, eds., Ibid., pp. 70-74. ' .

. G. K. Gaule, J. T. Breslin, J. R. Pastore, and R. A. Shuttleworth,

"Optical and Electrical Properties of Boron and Potential Application, "
in J. A, Kohm, W. F. Nye, and G. K. Gaule, eds., Ibid., pp. 159-174.

T. Niemyski, I. Pracka, R. Szczerbinski, and Z. Frukacz, "Studies on

- Crystallization of Pure Boron, " in G. K. Gaule, ed., Op. Cit., pp. 35-43.

38.

39.

40.

41,

G. F. Taylor, "A Method of Drawing Metallic Filaments and a Discussion
of Their Properties and Uses, ' Physical Review, 23 (1924), pp. 655-660..

Dale G. Holinbeck, "Formation of Continuous Filaments by Drawing a
Substrate Through Molten Boron, " Technical Report AFML~-TR-66-121,
June 1966. ) ,

Earl S. Greiner, "The Floatiyng— Zone Melting of Boron and the Propertles
of Boron and Its Alloys, ' in J. A. Kohn, W, F. Nye, and G. K. Gaule,
eds., Op. Cit., pp. 105-109.

W. R. Eubank, L. E. Pruitt, ahd H. Thufnauer, "Observations on Boronf
and Some Borides, ' in J. A, Kohn, W. F. Nye, and G. K. Gaule, eds.,
Ibid., pp. 116-127.

103



42,

43.

44,

45.

46.

47,

48.

49.

50.

51.

52,

53.

o4.

104

A. K. Hagenlocher, ""Semiconductor Properties of Boron,' in J. A. Kohn,
W. F. Nye, and G. K. Gaule, eds., Ibid., pp. 128-134.

Irving R. King, Frank E. Wawner, Jr., Gerald R. Taylor, Jr., and
Claude P. Talley, "Preparation and Characterization of Single-Crystal
Boron, " in G. K. Gaule, ed., Op. Cit., pp. 45-62.

Wolfgang Dietz and Hans Herrmann, "Conductivity, Hall Effect, Optical
Absorption, and Band Gap of Very Pure Boren,'" in G. K. Gaule, ed.,
Ibid., pp. 107 118,

‘Robert A. Brungs, ""Thermal and Optical Band Gaps of Monocrystalline

Beta-Rhombohedral Boron, " in G. K. Gaule, ed., Ibid., pp. 119-131.

W. Neft and K. Seiler, ""Semiconductor Properties of Boron,' in G. K.
Gaule, ed., Ibid., pp. 143-167.

D. Geist, "Electron Paramagnetic Resonance, Electrical Conductivity,
and Impurity Diffusion in Doped Boron, " in G. K. Gaule, ed., Ibid.,
pp. 203-214. .

W. A. Peifer, "Levitation Melting - A Survey of the State-of-the~Art, "
Journal of Metals, May 1965, pp. 487-493.

J. W. Downey, "Levitation Melting of Metals and Alloys, " ANL-7398,
December 1967.

E. Fromm and H. Jenn, "Electromagnetic Forces and Power Absorption
in Levitation Melting, " British Journal of Applied Physics, 16, 1965,
pp. 653-663.

E. C. Okress, D. M. Wroughton, G. Comenetz, P. H. Brace, and
J. C. R. Kelly, "Electromagnetic Levitation of Solid and Molten Metals, "
Journal of Applied Physics, 23 (5), May 1952, pp. 545-552.

B. Harris, E. G. Price, and A. E. Jenkins, "Levitation Heating and its
Metallurgical Possibilities, " Symposium on Peaceful Uses of Atomic
Energy in Australia (Melbourne: Melbourne University Press, 1958),
Pp. 221-225, ’

Rony, Peter Roland, "The Electromagnetic Levitation of Metals," PhD :
thesis, University of California, Lawrence Radiation Laboratory,
April 26, 1965.

John R. Rasquin, "Heat Sources for Space Manufacturing Processes, "
NASA Marshall Space Flight Center Manufacturing Development Memoran-
dum MDM-3-69, March 3, 1969.



95. Atomergic Chemetals Co., Division of Gallard-Schlesinger Chemical Mfg.
Corp., Carle Place, L.I., N. Y.

96. H. E. Buckley, Crystall Growth (New York: John Wiley and Sons, 1951),
p. 83.

105



Mechanical (Wire Drawing, Stretching, Pin Drawing, Broaching, Foil Slitting etc.)

» Vapor - Desposition (With Or Without Substrate)
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Figure 1. Methods of Filament Manufacture
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Figure 2. Apparatus fbf Continuous Chemical-Vapor-Deposition of Boron on Tungsten From

Boron Halide Process'S '
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Oriented surface /
appearance

e 4Iargement of individual
= nodule shows substructure
dependent on filament
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. Tungsten if not dep'eted is
usually highly oriented

along (110). Original

diameter = 0.5 mil

\ \\ Tungsten-boron region - | tungster.\-rich gives crystalline
\ boron-rich
\ pattern corresponding to W285 and WB4 diameter -0.7 mil

k Bulk amorphous boron exhibit concoidal
fracture density = 2.35; diffraction pattern
shows halos at 4.2, 2.5, 1.7, 1.4 angstroms,
particle size = 20 to 30 angstroms

Observed skin effect appears
when filament is fractured

Figure 3. Structure of CVD-Produced Boron-on-Tungsten Filaments13
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High Tensile and Shear Strengths

High Young's and Rigidity Moduli

Low Density Compared to Other Filament Materials
High Specific Strengths and Moduli

Figure 4. Properties of CVD-Produced Boron-on-Tungsten Filaments

Site Tensile Strength Limitation (psi)
Crystals of amorphous boron less than 200,000
Inclusions of 2.5 to 20 4 size 200,000 to 400,000
Noduled surface 200,000 to 400,000
Core - interface 400,000 to 500,000

Figure 5. Fracture - Initiation Sites

Low tensile and bending strengths compared to theoretica! values
Low moduli compared to melt-produced filaments

Large variation of strength values

Limitation on use in nuclear applications

High cost

Low production rate

Limitation on minimum diameter

Figure 6. Summary of Present Process Disadvantages



A. With Substrate Core
1. Therma! Dececmposition

a. Conductive (W, Ta, B, Rh, Ti, Mo, graphite)
or nonconductive (silica) substrates

b. Resistance, induction, or radiant heating methods
c. Boron halide or diborane source

2. Electrical Decomposition - Conductive or nonconductive
Substrates.

B. Without Substrate
1. Deposition on rotating disc
2. Deposition on anode tip

Figure 7. Summary of Chemical-Vapor-Deposition Processes
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Figure 8. Glow Discharge Apparatus
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Figure 9. Point Destruction, Forming, and Drawing Processes From the Melt
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e Czochralski Crystal Growth56

e Taylor Process
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Figure 10. Czochralski, Taylor, and Substrate Drawing Processes From the Melt

111



pretreated

Ar BN crucible

gas

l S RF heating
g molten coils
o boron le)
(o) (o)

BN orifice

insert / graphite or

tantalum ring
susceptor

He
/ filled

catch

chamber

boron
filament

Figure 11. Melt Extrusion Apparatus

e (rucible and Orifice erosion

e Low filament strength due to surface pitting, grain size, and solidification mode
e Incomplete mixing of alloys

e Breakage upon impact in collection chamber

Figure 12. Problems with Melt Extrusion to Date
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Figure 13. Levitation Melting Apparatus 52
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Figure 14. Known Levitation-Melted Elements 48
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Figure 15. Boron Filament Manufacture in Space

Lower Cost

¢}

e High Quality Filaments
e Faster Production Rate
®

More Potential Uses

Figure 16. Summary of Proposed Process Advantages

Solidification of boron

Levitation, space positioning, and tield extrusion of boron
Mechanical properties of melt-produced boron

Design of production machine

Detailed cost analysis

Figure 17. Summary of Areas For Further Investigation
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WEIGHT LESS, CONTAINERLESS MELTING AND SOLIDIFICATION
OF POTENTIAL NEW METAL AND CERAMIC PRODUCTS

R. T. Frost
GENERAL ELECTRIC COMPANY

PHILADELPHIA, PENNSYLVANIA

ABSTRACT

A number of suggestions have been made for the
weightless processing in space of metals and
ceramics. The most obvious application of a
weightless environment is the removal of
buoyancy forces in multi-phase systems and the
possibility for containerless melting and solidi-
fication processes. Under the first category,
processes which can be considered are the casting
of superalloy materials containing rare earth
oxide inclusions and the casting of metal emulsions
where convection currently leads to phase segre-
gation. Under containerless processing we can
consider extensions and scale up of processes
which have been studied in terrestrial levitation
experiments. Possible applications are the
preparation of ultrapure materials and solidifi-
cation under conditions of extreme subcooling.
Ultrapure refractory materials which are easily
contaminated by molds are logical candidates.
Control of grain size by solidification at extreme
subcooling is another pcssibility if a means of
inhibiting subsequent grain growth can he devised.
Preparation of high density glasses and ceramics
by containerless solidification can also be considered.



Initial results in exploring the physical problems
associated with weightless, containerless processing
in the space environment are described. Analyses
and experiments are described which treaf the possi-
bilities and limitations for eddy current positioning
and handling, surface oscillations and fluid currents
affecting the motion of bubbles, scale up and power
requirements as a function of material properties
such as density, surface tension, viscosity, electrical
conductivity, dielectric constant and permeability.

INTRODUCTION

A number of suggestions have been made for the exploitation of the weightless
feature of the space environment to develop new or improved processes for
preparation of materials. A number of these suggestions involving the

melting and solidification of a free floating mass of metal or ceramic involve
the handling or transfer of such a mass during some stage of the process. In
addition to a more general study of feasible materials preparation processes

at General Electric we have begun to study in some depth the initial experiment
techniques hardware which will be required to exploit these ideas in space. In
order to be able to provide sufficient depth in our study we have at first limited
ourselves to the study of the physical phenomena and required experiment hard-
ware associated with the free floating phase of a crucibleless experiment.

Figure 1 lists four general areas of phenomena which can be considered which
exploit the weightless state. The most obvious applicaiion is the elimination

of buoyant segregation in multiphase systems where present forming techniques
are limited by separation of phases of different densities. Materials of this
tvpe often must be prepared by powder metallurgy techniques which result in
low ductility and creep resistance or which prevent molding int6 precision
shapes.

The second example refers to the new possibility of carrying out precision
molding of reactive and high melting materials which presently must be
prepared by skull melting techniques which do not allow for the provision of
supef'heat.. This severely limits the shapes which can be cast. In a free
floating state superheat could be provided even for very reactive materials.

A more speculative possibility is the achieving of high degrees of subcooling

prior to solidification because of absence of contact between the melt and any
solid object. High degrees of subcooling have been observed in limited
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terrestrial levitation experiments and new crystal phases have been observed
such as Gallium III, to be formed at subcooled temperatures. Another possi-
bility which has been suggested is the preparation of high index of refraction
glass where recrystallization due to mold contact is a present limitation. I
will show a few specific suggestions in the first two categories by way of intro-
duction to a discussion of the physics and hardware which must be provided for
first experiments in these areas. : o

Figure 2 lists some examples which have been suggested for exploitation of the
removal of buoyant segregation of multiphase materials. There is currently
some interest in this possibility on the part of our aircraft turbine people and
some recent studies have been devoted to this at our Research Laboratory.
Accelerated corrosion in a Marine environment can severely limit jet engine
life because of blade and vane parts which are of thin walled cast construction
and because of the high operating temperatures. Wasielewski has studied the
oxidation and hot corrosion of superalloys and has documented the beneficial
effects which the rare earth metals have on the hot corrosion process.
Additions of Lanthanium and Cerium as metals, however, lead to low melting
eﬁtectics at grain boundaries, severely limiting the high temperature capa-
bilities of the alloy. Through these initial efforts, it had been recognized that
the rare earth oxides are the effective barrier rather than the metal itself.
Work by Seybolt and Allen has further delineated these effects and has shown
that the protection mechanism depends wholly on the presence of oxide and that
the dispersion or size of the particle need not be critical. Accelerated
corrosion occurs as a result of combining sodium with the sulfur in fuels to
form sulphates which then rapidly deplete chromium from the matrix as shown
in Figure 3. Sulfur from the fuel in the presence of salt diffuses into the
matrix and depletes the chromium from the matrix leaving it in the form of
chromium sulphate. When the oxide dispersion is added the sulfur is taken up
by the cerium and the oxygen is released to oxidize the chromium. The
chromium oxide is far less deleterious to the metal matrix than is the
chromium sulfide. o

Presently, because of the large ¢ifference in density between rare earth oxides
and superalloy mixtures, only powder metallurgy techniques can be utilized to
form oxide-metal dispersions. Figure 4 is a dramatic demonstration of the
oxidation/hot corrosion problem and the protective role which the rare earth
oxides play. These two specimens of TRW-6A alloys (a modern superalloy
developed by Thomson, Ramo, Woolridge) were fabricated from prealloyed
powders to one of which 1/2% by weight CeO9 was added. These samples were
initially 1/4" diameter rods which were exposed to 1725° for fifty hours with
100 ppm NaCl added to the intake gases. Present conservative estimates are

that rare earth additions to superalloys will more than double their useful life,
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Casting of the material including the rare earth oxide leads to segregation due
to buoyancy effects. Weightless solidification of such a material can thus be
considered as a potential interesting process if means can be found to make
castings in a nearly zero gravity. environment.

The casting of other materials in a nearly weightless environment in order to
improve properties and materials presently limited by powder metallurgy
techniques can also be considered. Examples might be nickel thoria and
aluminum-alumina materials.

Another general area for consideration of weightless metallurgical processing
is the crucibleless melting reaction of high melting point metals. Figure 5
gives some examples. Present skull melting techniques without the possibility
of providing superheat generally exclude precision casting. One metal which
is currently of great interest to General Electric for switching and conductor
applications is pure beryllium. Present high voltage underground distribution
systems in cities are severely limited by the ohmic resistance of aluminum
and copper and our company has recently carried out a study for the Edison
Electric Institute on the possibility for cryogenically cooled transmission lines
which would.reduce the joule heat by two decades or so. Figure 6 shows
qualitatively the variation of electrical resistivity of copper, aluminum and
beryllium as a function of temperature. Cooling at liquid hydrogen tempera-
tures would be necessary in order to reduce the resistivity of aluminum or
copper by the required amount. For beryllium on the other hand sufficiently
low resistivity for desired applications can be achieved at liquid nitrogen
temperatures which appear much more practical. The possibility for the
crucibleless formation of a billet of this material free from contamination and
in a form suitable for later extrusion seems to us worthy of further study.

Many optical devices would benefit from the use of isotropic transparent
materials (glasses) with high index of refraction. Thin lenses would be one
feature and would lead to smaller optical instruments. Many glassy systems
are known to have high index of refraction but they are usually susceptible to
devitrification (recrystallization). Most recrystallization in glassy materlals
is surface nucleated from contact with crucibles in which melts are made. A
Levitation melting offers the ability to melt out of contact with crucibles and to
explore the possibility of glass forming from compositions which normally
would be considered unstable. The possibility also exists that molten materials,
which do not normally form amorphous glassy solids, would do so if they were
supercooled and golidified out of contact with cru01b1e materlals f

Examples of compositions that are*'"worthy of study in this context are PbO:8SiOgy

systems rich in PbO (max. RI=2.6) and PbO:TeO, systems. Glasses of RI=2,2
have been obtained from these systems by normal glassforming techniques.
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ELECTROMAGNETIC POSITIONING OF A FREELY FLOATING MASS

The basic theory associated with the application of forces to a conducting
sphere by eddy currents has been treated by Smythe in his textbook on electro-
magnetic theory. Figure 7 shows a spherical object, here considered to be a
conducting sphere located between circular coils excited with audio or radio
frequency currents. I shall later say a few words about position control
schemes for dielectrics such as glass or ceramics. Smythe's treatment
assumes an oscillating magnetic field in the direction of the coil axis uniform
over the sphere volume. The analysis is best done in terms of the magnetic
potential A rather than the magnetic field B. The vector potential A has a
circular configuration centered about the coil axis and is considerably simpler
to compute, given the coil configuration, than is the magnetic field itself. The
force per unit volume within the conducting mass is given by the vector product
of current density and magnetic induction B. From electromagnetic theory we
can write the electric current density as ~ T IA where g~ is the

T 5 = .
conductivity., The magnetic induction B is given by 5 = curlA . The total
force acting on the sphere can be obtained by integrating the force per unit
volume over the sphere. There is also a simpler method. However, we are
interested in the force per unit volume since its distribution is important in
setting up fluid current circulation patterns within the molten mass. The body °
distributed forces will affect the motion of bubbles which may be included in
the melt and bubble motion from this will probably be more important than
bubble motion due to rotation of the mass or other effects. The nonuniform
distribution of forces can also give rise to shape oscﬂlatlons of the spherlcal
mass which I shall discuss later. ' ~ :

We have developed a servo control which applies translational forces to the
sphere based on sensing of position errors by means of the mutual induction
between the eddy currents within the sphere and the driving coils. Since the
electric field is simply the time derivative of A it will be in the same
direction as A and hence the current will flow in circular loops of the type
shown for A on the slide. The summation of these circular currents can be
thought of as a single winding transformer secondary which will have a
reflected impedance as viewed from the driving coil terminals. The power
dissipation per unit volume W is given by the resistivity (remprocal 31gma)
times the square of the current density.

We have plotted the average current distribution (Figure 8) for a radial
traverse in the equatorial plane. The curve labeled (1) is the cycle average
distribution within a .4 inch radius aluminum ball when the frequency is 11
kilocycles. The current waves propagate along the radius and die out rapidly
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a short distance within the spherical boundary. The length within which the
waves attenuate to 1/e of their surface value is called the skin depth and for
this particular curve the ratio of sphere radius to skin depth is 13. At lower
frequencies the skin depth increases and the current remains flat as we
proceed inward. At lower audio frequencies the magnetic field is nearly
uniform throughout the sphere.

We have also plotted the distribution of instantaneous magnetic field within the
sphere. At the lower frequencies the field decreases only slightly within the
sphere. At the higher frequencies the field reverses as we travel into the
sphere. (Figure 9)

We have also computed the vector product of the electric current and magnetic
field within the sphere. We find that the resultant force field within the sphere
is rather complex at the higher frequencies. I shall discuss this later. At
the lower frequencies the force distribution within the sphere becomes simple.
The force is radially inward at the surface of the sphere. We are dealing with
the phenomenon of magnetostriction which will give rise to fluid currents
within the sphere, spheroidal shape oscillations and sound wave generation.
It is only for the latter phenomenon that we are interested in the instantaneous
forces as they vary at audio or radio rates. For prediction of fluid currents,
and excitation of low frequency shape oscillations, we are more interested in
the average forces over a full cycle of oscillation of the applied field. We
have also computed these cycle averages for some interesting cases.

Because of the necessity of controlling the position of the processed material
in relation to a heat source or other apparatus and to compensate for small
accelerations due to spacecraft station keeping, attitude motions, astronaut
motions, or location other than at the vehicle center of mass, it will be
necessary to provide position sensing and control devices. We have developed
a position sensing system based on electromagnetic principles so it is possible
to position sense and control even without optical windows. This might be
highly desirable when processing materials which will outgas and tend to plate
optical windows. The force exerted by a control coil on a nonmagnetic
conducting sphere depends of course on the coil current, dimensions, frequency,
sphere radius and sphere conductivity. The frequency and conductivity enter
the problem in determining the skin depth of penetration of electromagnetic
waves into the sphere. Figure 10 shows theoretical curves for the total force
on an aluminum sphere with the parameter R /J which gives the ratio of
sphere racdius to skin depth and where the absissa is the ratio of coil to sphere
separation divided by coil radius. The ordinatr; has been expressed in terms
of acceleration of an aluminum sphere per uni” ampere turn of coil excitation.
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For position control in a weightless environment we can scale very low values
of control acceleration--for example, in our initial tests which I will describe
we use an ampere turn value on the order of several hundred which gives an
ampere turn squared value of about 109, This means that the maximum
ordinates 10-3 ¢m sec~2 would be multiplied by 10° and this level on the
ordinant scale would become 100 cm sec™2 or about 1/1 0g. Values of a few tenths
g are easily obtained with a few watts of control power at higher frequencies
which give a small skin depth. Since for most applications we can be satisfied
with accelerations below 10~3 or 10~ g, these curves illustrate that we can
consider the use of very low audio frequencies which give skin depths equal to
the sphere radius or greater.

Position sensing makes use of the relative phase change between voltage and
current in the driving coil due to variation in the reflected impedance from the
eddy current loops as the ball position changes. Figure 11 shows the equiva-
lent circuit of the driving coil which is resonated by the use of a tuning
capacitor. Of course as the ball position varies exact resonance is not
maintained. This curve shows the results of measurement of the sensitivity
for position detection by a single driving coil. We see that displacements of a
millimeter give a phase change on the order of a degree or so. In our control
servo scheme it is this phase change that is detected.

The amplitude of current and voltage in the drlvmg 0011 depend not only on the
ball position but also on the excitation level of the coil. By using phase changes
as a position indicator we free ourselves from the dependence on the level of
coil excitation and allow for the possibility of using the same coils for RF
heating of the sample, if desired.

We have made a number of force measurements for aluminum ard copper

spheres at various frequen01es and coil sphere distances to compare with theory.
Figure 12 shows forces measured by a balance technique for an aluminum sphere
and frequencies between 10 kHz and 100 Hz, The sphere to coil separations

are given in dimensionless form by dividing by coil radius. The force is
normalized to 1 ampere turn although in these experiments ampere turn values

up to several hundred were used. Shown as the dashed line is a theoretical
calculation based on a computatlon assuming that the currents within the sphere
are excited by a uniform oscillating magnetic field. There is some inconsist-
ency in computing the net translational force for the case where the applied field
is uniform and this partlally explams the discrepancy shown here. Actually if

the applied field were umform there would be no net translational force on the
sphere, The procedure which is used in the literature is to compute the currents
in the sphere for the uniform field case but then to assume that these currents
are acted upon by the nonuniform fleld near the coil so that a net force is
observed.
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Figure 13 shows experimental data in a smaller force regime. We have
extended the ability to measure forces down to the 104 to 10'5g regime since
for many applications control accelerations of this magnitude will suffice and
we wish to size space experiment hardware for these realistic cases. To this
end we have begun measurements using a ball suspended as a long pendulum
for measurement of weak horizontal forces.

Figure 14 shows the pendulum set up. Here we see some positioning coils,
the pendulum enclosed by a plastic case to eliminate the effect of air currents
and a telescope for measuring small position displacements. An even more
sensitive technique for measuring small horizontal forces is the use of very
perfect spheres on the glass tilt table whose tilt is adjusted by 3 micrometer
screws serving as legs., Although the measurement of such small forces can
be avoided for positioning studies of conducting spheres, for poor conductors
and dielectrics such as glass it is easier to measure the small forces rather
than scaling up the fields. The coils shown in this set up have been used only
for the purpose of observing the operation of the position servo which I will
now describe. The actual coils used for metallurgical space processing experi-
ments might be water cooled and fed by transformers to match them to the
driving source.

In the zero gravity environment, position sensing and control of a floating mass
before and after melting and solidification would be done by three orthogonal
sets of coils, I all three sets of coils are excited about equally, the floating
mass will find itself in a position of stable equilibrium near the center of the
coil configuration. The damping time for positioning oscillations, however,
tends to be rather long so that we have designed a servo device which can
correct position errors with ary desired damping constant.

Figure 15 shows a block diagram for a single axis control with the two co-
axial drlvmg coils on either side of the experiment specimen represented
schematically. The phase shift detection of position changes is determined by
a logic circuit which compares the phases of driving coil current and voltage.
To obtain more accurate position sensing a differential circuit is employed
which compares the phase differential detected by the two coils. Depending on
the size of the position error the power to one or the other driving coils is
increased by a modulator under control of the position error signal.

Flgure 16 shows the hardware implementation of this circuitry wh1ch is ratner
standard except for the logic circuitry which is unique to this applleatlon. I
have already shown measurements of the position sensing characteristics for
this circuitry and the position control stiffness in terms of force per unit
current. The characteristic resonant frequency of this servo loop can be
adjusted if desired by furnishing equal excitation to both coils in the absence
of an error signal. '
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BASIC HYDRODYNAMICS

Oscillations

Excitation of the position control coils can be used either to initiate or damp
translational motions of the floating mass and shape oscillations as well as
any rotations which may occur. The position control and shape oscillation
problem is most easily treated by considering individual hydrodynamic modes
of a liquid sphere under the action of surface tension forces and the electro-
magnetic forces due to internal eddy currents.

Figure 17 illustrates the first three hydrodynamic modes. We can describe
these modes most easily by expressing the distance from the center of mass
to the liquid surface r as a function of a colatitude @ in the way shown at the
bottom of the figure. For the zero mode, the radius vector equals a constant
a, multiplied by the 0 order Legendre polynomial which is simply unity. For
this mode the mass is a perfect sphere with no distortion motions. For the
second hydrodynamic mode which represents a shape oscillation between
prolate' and oblate spheroid, we must add to the original radius a term
a5Pg(cos 8) cos wyt. The center figure illustrates this shape at a given
instant of time. The shape oscillates sinosoidally between oblate and prolate.
This oscillation mode can be either excited or damped by application of the
magnetostriction forces thru excitation of the position control coils. In my
paper given to this Symposium last year I discussed the limitations arising
from excitation of oscillations and showed that we can consider processing of
liquid metal masses at least as large as tens of kilograms without worrying
about rupture of the mass due to the necessity of position control in practical
cases.

If the position control coils along a given axis are excited asymmetrically,
for example if we excite only one, then we will obtain a net translational
force which will excite both the first and third mode. The third mode
resembles an eggplant and can be treated similarly to the second mode. The
first mode illustrated to the left represents pure translation of a spherical
shape and must be treated differently from the other modes. The reason for
this is that the frequency corresponding to the first mode is zero and for this
particular term in the sum we should replace the sinusoidal time term by a
term linear in time. We have begun to examine theoretically the excitation or
-damping of these various modes by excitation of the coils.
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Internal Fluid Currents

In addition to generation or damping of surface oscillations and translational
motions, we can stimulate circulating currents within the floating mass by
the magnetostrictive forces which I discussed earlier. Figure 18 shows a
simple current pattern which can be stimulated by exciting a single control
axis. These fluid currents can be oriented in various directions by exciting
various sets of coils. These currents will be useful for stirring of alloys or
dispersions and will also affect bubble motion in an important way.

At the higher frequencies the pressure gradient resulting from the magneto-
strictive forces which drive the steady state fluid currents will be concentrated
in a thin surface layer centered about the equatorial plane with respect to the
excitation axis. After the coils are excited an equilibrium will quickly be
reached in which this driving pressure gradient is balanced by viscous forces.
At lower frequencies where the skin depth becomes an appreciable fraction of
the sphere radius the flow patterns will be altered somewhat. The quasi-
quilibrium shape of this spheroid will be influenced not only by the magneto-
strictive forces which drive the fluid currents but also by the dynamics of the
circulfafing dense fluid. Since magnetostrictive forces can be applied in an
arbitrary manner, and franslational acceleration of the mass can be suppressed
by simultaneous excitation of opposite members in coil pairs, we see that
considerable freedom ~~ists for electromagnetic shaping of the floating mass
in various symmetric or asymmetric configurations.

Rotation

In the previous paper the excitation or damping of rotations by the phased
excitation of coil pairs was discussed. ‘ e -

If we consider an orthogonal pair of excitation coils to be excited with a phase
quadrature so as to produce a rotating magnetic field, we can calculate that
the spheroid will be caused to rotate in the manner of the rotor of an induction
motor. By proper choice of excitation for various pairs of the positioning
coils, angular velocity can be imparted the floating spheroid in any desired
direction and with any speed consistent with configurational stability of the o
mass. This will be limited by the stability furnished by the action of surface
tension. Oscillational instability can occur for higher rotational speeds and
damping due to viscosity will play a key role in prevention of buildup of
catastrophic oscillations. Conversely, properly phased excitation of a given
pair of coils can be used to remove an angular velocity orthogonal to both

coil axes if such rotation is not desired. f
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Sound Waves

The high frequency variation of magnetostriction forces can be used to
generate sound waves within the floating mass if we desire to go to high level
excitation. This might be useful, for example, to prevent aglomeration of

oxide dispersion particles within the mass as suggested by our research
laboratory people.
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POTENTIAL CRUCIBLE-LESS METALLURGICAL/CERAMIC PROCESSES FOR
ZERO-GRAVITY APPLICATIONS

ELIMINATION OF BUOYANT SEGREGATION
PRECISION MOLDING OF REACTIVE AND HIGH MELTING METALS

FORMATION OF NEW PHASE OR MICRO-CRYSTAL STRUCTURE THRU
S UB-COOLED SOLIDIFICATION

PREVENTION OF CRYSTALLIZATION BY AVOIDANCE OF MOLD CONTACT

Figure 1

EXAMPLES OF ZERO-BOUYANCY PROCESS ING
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Figure 2
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DIRECTIONAL SOLIDIFICATION OF MULTICOMPONENT SUPERCONDUCTING
SYSTEMS UNDER ZERO G CONDITIONS

J. T. A. Pollock* and Fritz Wald
TYCO LABORATORIES, INCORPORATED
WALTHAM, MASSACHUSETTS

ABSTRACT

Metallurgical microstructure plays a major role,
through its influence on magnetic flux pinning, on

the critical current density of superconducting
materials It has been found in technological prac-
tice that the capabilities of superconducting materials,
as measured in short length samples, are rarely
realized when long lengths of the same material are
wound in a solenoid. This degradation has been i
attributed to magnetically induced thermal instabil-
ities. A method is proposed for the preparation of
stable superconducting cables comprising a fila-
mentary phase of one superconducting in a matrix

of another This is to be achieved by directional
solidification of appropriate superconducting sys-
tems under O g conditions.

Metallurgical microstructure plays a major role, through its influence
on magnetic flux pinning, on the critical current density of supercon- |
ducting materials. It is the purpose of this paper to outline the rea-
sons for this relationship and indicate how, by taking account of recent
theoretical and experimental advances, carefully chosen eutectics

*Paper presented by J. T. A. Pollock
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solidified under conditions of 0 g would have major advantages over
materials presently available.

First, consider only ideal homogeneous superconducting materials.
These may be easily separated into two groups by their transition
from the superconducting to the normal state in an increasing external
magnetic field, He (Fig. 1). As the applied magnetic field is
increased, type I (soft) superconductors have an abrupt transition at a
single critical fieild (Hc), while type II (hard) superconductors undergo
a gradual transition to the normal state between a lower critical field,
Ho 1, and an upper critical field, He2. Thermodynamic relationships
hol%i for both reversible processes, and the work done in driving the
material normal is given by the area under the curves. For type II
material, an imaginary thermodynamic critical field, H., may be
defined by assuming an abrupt transition enclosing an equal area
(dashed line in Fig. 1b). The degree of type II behavior may then be
described by the dimensionless Ginzberg-Landau parameter,

¢ = Heo/N2 He.  Theory indicates that x depends primarily on

the superconducting critical temperature, T., the electron density

of states at the Fermi level, N(O), and the normal state resistivity,
pn. k1is, therefore, sensitive to alloy concentration. Its relation-
ship with the resistivity is given by the following equation:

y L
Kk =Kyt 7.5 xle—B» Y2 P,

where k(g is the k value for the pure element or compound, and v is
the coef?icient of electronic specific heat. Thus, while elements
(with the exception of Nb) are known to be type I, solid solutions,
other than the very dilute, are type II. Intermetallic superconducting
compounds are also type I, because their high N(0) values result in
a large kg. Table I gives values of T for metals, alloys, and com-
pounds, together with H. or H.o (listed as Hy) values at 4.2 °K. It
is apparent that high fiefd superconducting materials must have type
IT characteristics, i.e., they must be either alloys or compounds.

Between Hi 1 and He2, type II materials are described as being in a
"mixed state. "*“To be useful for high field applications, a supercon-
ducting material must not only have a high Hc9, but must be able to
carry large resistanceless currents in this mixed state. As the
applied field is increased above H.1, partial field penetration occurs
in the form of quantized magnetic tlux threads which consist of a
normal core supported by a vortex of shielding current. This flux-
lattice, r%presenting an internal magnetic field, B, has been directly
observed, »4 and a balance is reached between the mutual repulsion
of the fluxoids and the applied field force. 1If a current (]) is passed
through the conductor at right angles to the direction,of the, applied
field, a Lorentz force given by the cross product of | and B acts on the
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flux threads in a direction perpendicular to both the applied field and
the impressed current. In a homogeneous material, the flux lines
will move and resistance will appear if the drift rate is sufficiently
high. Thus, ideal reversible type II superconductors are expected
to have low critical currents (Fig. 2).

If, however, the flux motion can be impeded by imperfections in the
superconductor, the Lorentz forces may be resisted and the material
can carry large superconducting cblrrents without reverting to the
normal state. Inhomogeneities such as nonuniform dislocation
arrangements, coherent precipitates, finely dispersed second phase,
and voids can all aid in raising the critical transport current density,
Je. A flux line will remain "pinned" at an inhomogeneity until the
Lorentz force exerted on it exceeds the pinning strength. When, as

a result of increasing applied field or impressed current, the Lorentz
force exceeds the value of the local pinning forces, a change in the
flux line gradient will occur. If a balance with local pinning forces in
another part of the superconductor does not take place, the supercon-
ductor will transform to the normal state and a resistance to current
flow will be observed. The greater the differences in free energy of
the 1nhomooenelty and the superconducting matrix, the greater its
effectiveness in raising J. (or, the greater the diffe.renc:e in electronic
properties, the greater thc pinning force).

This resistance to the motion of magnetic flux lines under the influence
of the Lorentz forces will also result in an altered magnetization
curve. The presence of heterogencities causes a resistance to field
penetration in increasing ficlds and impedes the flux thread escape in
decreasing ficlds. ThlS means that the magnetization curves for high
field, hwh transport-current qupcrconductorq are irreversible. . Fig.
2is a schematlc representation of the way magnctmatlon charactcns-
tics and critical current densities are altered by deviations from ideal
behavior produced by inhomogeneities. = Note that the magnetic hyster -
esis resulting from the nonhomogencous nature of the material is a
measure of the resistance to flux motion and, hence, of critical cur-
rent densities in the mixed state. A quanntatlvc thcorv relating Je
and magnetization data is avallablc

Thus, the ultimate critical current densities which can be carried are
controlled by interaction between the metallurgical microstructure of
the sample and the magnetic flux thread lattice present in the mmed
state.

In pracucc it has bcen found that the capabilities of superconduc,tmg
materials, as measured in short length samples, are rarely realized
when the same material is used in a solenoid. This degradation has

been attributed to magnetically induced thermal instabilities and may
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be explained as follows. Increasing temperature (T) results in a
parabolic decrease in the critical field and critical current of a super-
conductor for T < Ts. The relationship for He is given by the
equation

H.(t) = Hy (1 — 2

where t = T/T. is the reduced temperature, and Hg is the critical field
at 0 °K. The fact that J. usually decreases at a faster rate than Hg is
generally ascribed to thermally activated flux creep past barriers.
Local variations in the movement of flux past the pinning sites (e. g. ,
due to mechanical shock) can result in a local rise in temperature.
Since dJ./dT is negative, the local Jc value is decreased, allowing
more flux motion for a given applied field, He, and creating more
temperature rise, etc. This is commonly known as a flux jump and
can result in a premature transition to normality. As a result of the
heat generated, severe damage to the device may occur. This has
been a major problem in superconducting solenoids and the reason for
the incorporation of large volumes of high conductivity copper (a non-
superconductor) in magnet design. |

Some experimental results reported by Livi‘ngstonlo indicate a possible
solution to this problem. It is known that the precipitation of Sn from
supersaturated Pb-In-Sn solid solutions (which are superconducting
above 4. 2 °K) results in flux pinning and magnetic hysteresis as shown
in magnetization measurements made at 4. 2 °K (Fig. 3, curve A).
However, magnetization curves taken at 2. 0 °K (Fig. 3, curve B)
indicate that, although H.9 increased as expected, a decrease in mag-
netic hysteresis and, hence, the critical current density, were also
reported. These results can be explained on the basis of the different
flux pinning ability of the Sn particles at the temperatures at which the
data were taken. Sn is superconducting at temperatures below 3.7 °K,
The Sn precipitates act as preferred flux pinning sites for the fluxoids
at 2 °K because, although the Sn particles are superconducting at this
temperature, their order parameter (a measure of the proportion of
available electrons which are superconducting) is smaller than that for
the higher superconducting transition temperature Pb-In-Sn matrix. -
However, as the temperature increases, the Sn particies become -
normal at a faster rate than the matrix, and are normal at 4. 2 °K.
During the temperature rise, their flux pinning ability increases with
respect to the matrix and increases substantially when the transforma- -
- tion to normality occurs. Therefore, although Hq9 (controlled by the
matrix) decreases with increasing temperature, the magnetic hyster-
~esis and Jc characteristics increase. Briefly, this means that within
the range of applied magnetic field indicated in Fig. 3, dJ,/dT is
positive over the temperature range ~2. 0 to 4. 2 °K, This is signifi-
cant, since it offers a method of controlling those magnetic (i. e. ,
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transport current) instabilities in which a negative dJ./dT plays
such an important role.

An exarnination of the commercial superconducting materials presently
available indicates that although high pinning characteristics have

been achieved through highly disordered structures and the introduc-
tion of the heterogeneities in the form of second phase particles, no
attempt has been made to achieve positive dJ./dT characteristics.

The nonsuitability of superconducting elements as useful materials
except in specialized instances, e.g., Nb for ac conduction, has been
previously noted. Superconducting solid solutions and compounds are,
therefore, of primary interest. The intr,duction of a second supercon-
ducting phase as a source of pinning sites leads us to consider ternary
phase systems, since an examination of phase equilibria between the
components of possible superconducting solid solutions and inter-
metallic compounds points to few binary systems which present
favorable phase relationships for achieving positive dJ./dT. The
behavior at low temperatures of mixtures of superconducting phases

is dependent not only on the electronic properties of the phases at
these temperatures but also on their distribution and relative propor -
tion. In particular, it is essential that the primary superconducting
phase be present in electrically connected networks if resistanceless
operation in high magnetic fields is to be realized. The need to meet
this condition of multiple connectedness suggests that directional
solidification of continuous fibers of the primary superconducting phase
in a superconducting matrix of the second superconductor would be the
ideal method for preparing a material with positive dJc;/dT charac-
teristics.

Directional solidification of binary eutectics has been used to prepare
in situ intermetallic compound fibers in a metal matrix, and success-
ful results have been reported in such systems as CupAl in Alll and
AlgNi in Nil2. Several problems are, however, encountered in such
systems mainly associated with the invariant nature of a eutectic
reaction. Normally, no adjustments in fiber-matrix ratio can be made
and no influence on the properties of the matrix can be exerted. This
latter factor is a severe shortcoming, since control of the matrix
composition is essential in optimizing any alloy system. Nevertheless,
composite electronic materials have been prepared by directional
solidification of binary eutectics and show interesting properties which
have made possible their use as 'polarizleri 4for infrared light13 and
armatures for miniature electric motors. :

Since the use of ternary systems is envisioned in the preparation of

the proposed superconducting materials, another class of phase reac-
tions presents itself which leads to the same final structure as that of
invariant binary eutectics, yet offers a means of overcoming some of
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their shortcomings. The class of reactions proposed consists of
monovariant eutectics present in higher order systems. The useful-
ness of these monovariant reactions arises from the fact that the
crystallized binary eutectic type structure obtained is actually a solid
solution matrix and a eutectic precipitate. The structure forms
essentially in the same way as a binary eutectic by the simultaneous
precipitation of two crystallite types, one of which is a solid solution
and may consist of an essentially infinite number of alloying elements.
Also, in certain cases and within limits, . the fiber-matrix ratio may
be variable. However, the most important possibility offered by the
use of monovariant eutectics is that of controlling the matrix composi-
tion. This will allow relative adjustment in the superconducting pro-
pertics of the phases, primarily T, to produce an essentially two-
phase material with positive dJ./dT characteristics It has also been
demonstratedld that control of the matrix composition can be a method
of changing the crystallization behavior of the fibers.

It will be relevant to consider, briefly, the properties of eutectic com-
position material, paying particular attention to their preparation under
directional solidification conditions. As pointed out previously, a
eutectic structure, when directionally solidified, can consist of one
rodlike or lamellar compcinent of very high length-diameter ratio
embedded in a matrix of the other eutectic component, Generally,
however, as has been discussed by several authors, 16 small temper -
ature fluctuations which cause convection and attendant changes in
supersaturation cannot be avoided. Thus, fibrous grov’vth of one com-
ponent is interrupted; the filaments, instead of being continuous,
become discontinuous. In other words, since the eutectic is an '
invariant point in the thermodynamic description of the system, for |
ideal eutectic solidification,. temperature and composition are fixed. |
Local compositional variations such as those induced by convection
cause a disruption of ideal thermodynamic growth conditions. As a
consequence, fibers become irregular, or cells develop and a much
less than ideal composite is the result. = :

In the case of monovariant eutectic reactions in higher order systems,
these difficulties are sharply amplified because the liquid from which
the fibers are precipitated contains more than two species of atoms, |
and the probability of producing local compositional gradients is con-
sequently much greater. It is therefore suggested that directional
solidification of superconducting monovariant eutectics would greatly
benefit from the absence of gravity segregation and thermal convec-
tion, and that substantial advances in superconducting technology might
be realized by manufacturing in space..

At present, there is a paucity of information available on ternary phase
systems. It would, therefore, be necessary to investigate the phase

140



equilibria in systems which are tentatively suggested in order to
determine whether suitable eutectic reactions are present. The super-
conducting characteristics of the materials can, however, be deter-
mined during the initial investigation and will themselves yield valuable
phase equilibria information. Nevertheless, several interesting pos-
sibilities based on Nb compounds and solid solutions present them -
selves. Nb based A-15 type intermetallic compounds have the highest
T. measured to date [Nbg(Alg gGeq, 2), Tc = 20-05 °K)].  We suggest
that suitable monovariant eutectic reactions may be found among such
ternary systems as Nb3gAl, Nb3Ge, Nb3Sn with V, Ti, Ta, etc. These
ternary systems would allow, if successful, the directional solidifica-
tion of a high T¢ intermetallic compound in an Nb ba§ed sol&d solution
which would, on the basis of information available, 17,18, 19 also have
a high T, and excellent J, characteristics. |

Initially, feasibility experiments could be carried out by producing
directionally solidified eutectics with the correct current density
characteristics in a Pb based ternary material. Pb based compounds "
and alloys have superconducting transition temperatures well above
4. 2 °K (boiling point of liquid He) and, because of their low melting
points, the additional advantage of easy preparation. Also, there is
some inforzlalation on directional solidification of Pb alloys already
available. Meanwhile, phase diagram information could be
generated in the more important transition metal systerns which
would have superior superconducting characteristics.

In summary, we have proposed a method of preparing superconducting
material which would be stable in the presence of the flux jumps which
can lead to a catastrophic transition to normality. The idea is based
on three interconnected propositions: .

1. The material should be multiphase. ‘At least two phases
should be superconducting and with electronic properties such that
stability to flux jumps is possible.

2. To ensure continuity of the high current density supercon-
ducting path, directional solidification of eutectics under conditions of
0 g should be used to prepare the samples. -

| 3. The use of multicomponent monovariant eutectic systems
presents major advantages over invariant eutectics which have been
successfully used to prepare composite materials. In particular, the
ability to adjust the matrix composition is a tremendous advantage,
since’it allows proposition (1) to be more readily realized.
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Table 1. TC and Hn Valuesl’

2

Element T o’ K Hn (oe)
Al 1. 18 99
Nb 9.13 1980
Pb 7.20 803
Sn 3.72 309
Ta 4, 48 830
\% 5. 30 1020
Alloys Kg(oe)
Nb-25a/0 Zr 10. 8 ~100%*
Nb-33a/o Ti 9.3 ~100%* +
Ta-35 — 100 a/o Ti 4.4 —7.8 14-138
Mo-33 a/o Re 10. 8 ~28t
Compounds -
Nb3Sn 18. 05 350"
NbaAl 17.0 +
V35Si 17.0 300
PbBi (¢ phase) 8.8 ~30F

*Extrapolated linearly to 0 °K.
+tMeasured at 1. 2 °K.
FMeasured at 1.9 °K.
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POSSIBILITIES FOR PRODUCING NEW GLASSES IN SPACE

R. A. Happe

NORTH AMERICAN ROCKWELL CORPORATION
DOWNEY, CALIFORNIA

ABSTRACT

1968, Mr. Hans Wuenscher of the NASA Marshall Space Flight

Center visited the Space Division of the North American Rockwell
Corporation and discusscd the wany possibilities for manufacturing

in the

"zero gravity''l environment of space. Zero gravity conditions

oi earth orbit have been known for a long time, but, until recently,
very little serious thought had been given to the possibilities for
exploiting these conditions for technical and, ultlmately commer-
cial purposes.

Many of the concepts that emerged from a preliminary study were

concerned with the potentially significant advantages attending the
melting of materials in space free of gravitational restrictions.

While such feats have been performed on a limited scale on earth

Zero gravity melting permits the elimination of
a solid container during both the melting and
cooling phases of glass production. The combi-
nation of superheating well above the melting
temperature and cooling in the absence of most
normal nucleation sites promises to permit the
production of glasses from normally crystalline
materials such as Alp03, HfOg, ZrOs, etc. Such
glasses should find immediate applications in
refractive optics, where the unusual combina-
tions of index of refraction and dispersion
can be used to advantage in highly corrected
multi-element lenses. The possibilities for
returning supercooled liquids as glasses from
orbit and growing single crystals on earth is
discussed. Heating equipment and atmospheres
for space melting of glasses are considered,

1"Zero gravity'

is used here to describe the condition of equillibrium

between earth's gravitational pull and the centrifugal forces of
earth orbit, or in other words, a condition of perpetual free fall.
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("levitation melting" of metals supported by an induction field),
here appears to be an opportunity to melt almost any material without
the restrictions imposed by a container. No longer need ''levitation
melting" be limited to only 15 to 20 grams of materials with high
electrical conductivity. 1In zero gravity almost any inorganic
material can be melted without requiring a container if a suitable
atmosphere and heat source can be provided. The surface tension
forces cause the liquid material to assume a spherical shape.
Melting in space, therefore, has been dubbed "containerless melting”
to distinguish it from "levitation melting'', which term can be
reserved for processes performed in a normal gravitational field.

‘Initial efforts at space melting can be justified only where the
résultant product cannot be made on earth with today's state-of-
"the-art. Such an approach necessarily takes us into relatively
‘unknown 2nd quite possibly controversial territory. A corollary
‘requirement is that the ultimately resultant product be sufficiently
useful to justify the expense of the initial experimental work.

The balance of this paper deals with one of the many possible concepts
involving containerless melting--that of producing new (inorganic)
glasses in space. For purposes of this discussion, the definition
of glass given in Shand (Reference 1) is appropriate--""An inorganic
product of fusion which has been cooled to a rigid condition without
crystallization." Most of the emphasis in the study to date has
been on the possibilities for new glasses composed of metal oxides.
Less emphasis has been placed on chalcogens. There are, no doubt,
possibilities for producing glasses of other types of compounds,
such as hglides andfnitrides, or for that matter, of metals, but
time has permitted only superficial consideration of them to date.

To appreciate the possibilities for producing new glasses in space,
it is necessary to explore further some of the really unique aspects
of zero gravity melting, Not only is it theoretically possible to
melt very high melting point substances without contamination from
container materials but, of equal importance for the production of
glass, it is also possible to cool the substance free of any

contact with solid material. Thus many of the usual sites for
nucleation of crystals can be eliminated. Is it possible that ‘
elimination of the easier nucleation sites could result in complete :
suppression of nucleation, and therefore of crystallization, of
materials such as Al03, TiOg, etc? This is a question that will
be dealt with, if not fully answered, in more detail later. Ancther
question that will be explored is--assuming glasses could be made
from materials normally obtainable only in the crystalline state--
would they be useful technologically?
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Another appealing feature of the concept of glass-making in space

is the relative simplicity of the operation, resulting in a spherical
boule of optical glass. Such a shape is quite useful for the
production of lens elements. The techniques for cutting, shaping,
and figuring lens blanks into the final configuration are well

known and need not be elaborated on further here. It is conceivable
then that, given a well-engineered facility and a modest amount of
special training, an astronaut can perform the necessary space
operations. The more technically complex operations of selecting,
refining, and preparing the starting materials and the highly skilled
post-flight operations of property measurements, lens grinding,
figuring, coating, etc., could be performed on earth with conventional
techniques,

Assuming that unusual glasses can be made in a zero gravity environment,

there are possibilities that single crystals might be grown from the
glass boules after returning them from space.

148



GLASS APPLICATIONS

VISIBLE TRANSMITTERS

Most of the optical glasses used for refractive optics in the visible
region of the spectrum are based on the dioxide of silicon, SiO2.

The large range of optical properties required for sophisticated,
multi-element lenses are achieved commercially by incorporating other
oxides, such as PbO, Las03, Al203, Ca0O, etc., with the SiOg base.
There are two other glass formers, B203 and P05, that in recent
years have been employed as bases for the specialized optical

glasses required for today's better optical devices. These three
base oxides, SiOg, B203, and P05, are all very viscous in the molten
state, a property that reduces mobility sufficiently to prevent
nucleation and crystallization on cooling so that a glass results.

A glass, then, might be considered a supercooled liquid with very
high viscosity. As such it is amorphous, or without the long range,
repeatable structure found in the solid, crystaliine state. While
recent studies have shed much light on the nature of the "structure"
of glass -=nd have shown that it bears some resemblance to: the
crystalline state, the differences are of great significance in terms
of the unique propert1es1 that make glasses useful in refractive
optical appllcatlons

The principal characteristics of glasses that make them useful
in refractive optical applications are:

1. Transparency

2. Hardnesg

3. Chemical durability

4. 1Index of refraction (n)
5. Dispersion (dn/dX)

6. Optically isotropic

lror a more complete dissertation on the essential features of glass,
the reader is referred to a clearly written artical by Dietz
(Reference 2).
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The last three characteristics are of prime importance in multi-
element lenses., Since many crystalling materials are normally aniso-
tropic and hence have more than one index of refraction, they are
unsuitable for refractive optical applications. If, however these
materlals can be produced optically isotropic, they then become
potentlally useful for refractive optical applications. For example,
crystalline SiOg is anisotropic, while glasses formed from SiOy are
isotropic. In other words, the number of materials useful for
refractive optics applications would be increased significantly

if normally anisotropic materials can be produced with isotropic
optical properties,

TABLE 1 lists some pertinent optical properties, taken from the
published literature, in the visible range of‘the spectrum for a .
number of transparent oxides. The structure for which the data
applies, where known, is noted. For those crystalline substances
which are anisotropic and uniaxial, the data for both the ordinary
ray @) and extraordinary ray (€) are given. Of those substances
listed only monoclinic ZrOg and HfO2 are biaxial -- therefore three
indices and dispersions are given. The data listed include the index
of refraction at the sodium D (yellow) line and the inverse rate

of change of indexwith wavelength This latter property, given

by the Abbe number, Pp, is a function of the refractive indices

of the blue hydrogen F line, yellow sodium D line, and red hydrogen

C line (np, np, and ng) and is given by the relationship VD= D - 1

ngp - n¢
It should be borne in mind that the Abbe number is in inverse rela-
tionship to the dispersion -- low dispersion glasses having high

Abbe numbers and vice versa. The index of refraction for all materials
characteristically decreases with longer wavelength as is shown
schematically in FIGURE 1. Low dispersion materlals have flatter

and high dispersion, steeper curves,

The data from TABLE 1 are plotted in FIGURE 2, the traditional

n -\)dlagram used in the optical glass 1ndustry It should be
noted that the data points for the anisotropic crystalline materials
are the mean values as calculated by the formulas:

2W + € +

—— or a+B + 7

s mean =
3

wvherew,€,a,8,” stand for the ordinary and extraordinary ray of
un1ax1a1 crystals and the three rays of b1ax1a1 crystals, respectively.

The area shown in FIGURE 2 encloses the n, 0 values for virtually

all of the commercially available optical glasses. The development
effort over the past 100 years or so has concentrated on tilling
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in the areas between the low index, low dispersion crown glasses
and the higher index, high dispersion flint glasses. 1In recent
years the trend has been to expand the available glasses in the
higher index, lower dispersion direction. One of the present goals
of some optical glass producers is to achieve the properties of
spinel (MgAlgO4).

If it becomes possible to obtain some of the oxides shown as glasses
by melting and cooling in zero gravity, a major expansion of optical
glass properties could be achieved., Of particular interest are the
oxides of aluminum and hafnium, both of which combine unusually low
dispersions with high index of refraction.

It should be emphasized that we are talking about only the pure
oxides which might be used as bases for new glasses. If the pu pure
oxides could be obtained as glasses, it is logical to assume that
mixtures could be produced to fill in the area needed on the n -
curve to supply the optical designer with the selection of propert’es
needed to create new, highly corrected lenses.

In recent years there has been increasing emphasis on produ01ng
highly corrected lenses of increasingly high aperture. 1In such
lenses an error known as secondary spectrum becomes significant.
The secondary spectirum can be defined as the residual chromatic
aberration that remains after two Wavelengths have been brought
to a common focus using conventional achromizing techniques, and
is determined by the partial dlspers1on ratios™ of the optical
materials used in the system,-

In order to appreciate more fully the potentials for new glasses
if they could be made in space, it is necessary to consider the

o Pa - Pb
role of partial dispersion. As the relationship L = f “E__:r_
Lo -~ Vb

shows for a two- componentfachromat the secondary spectrum (L) is
a function of the focal length (f) the partial dispersion ratios
of components a and b (P, and Py) and the Abbe numbers of the

components. In order to minimize L the numerator should be small
and the denominator large. Unfortunately, nature has apparentlyi
decreed that the P, Q points for glasses of a given base all fall
on a single line, for example lines SS, BB, and PP of FIGURE 3.

Ithe partiai‘dispersion is essentially the ratio of the slope of a
portion of the n vs.A curve to that of a larger portion. A ratio -

sometimes used is Ppp = F ~ D gor a more complete discussion of the
ng = ng¢

role of partlal dispersion in the correction of secondary spectrum and
the relationships to optical glasses. the reader is referred to a paper
by Brewster, Hensler, Rood, and Weidel (Reference 10). ,
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In order to correct secondary spectrum, it is necessary, then to
choose glasses of more than one base for the individual elements
of the lens. This consideration has prompted a leading producer
of optical glasses and optical equipment to develop the non-cross-
bredl borate and phosphate glasses to provide a useful range of
Abbe numbers. The secondary spectrum correction possibilities are
limited with conventional glasses, however, because the horizontal
displacement of the three lines of FIGURE 3 is quite small.

Undoubtedly, if new bases for optical glasses could be found, new
families of glasses with different P - 0 lines could be created and
the possibilities for secondary spectrum correction thereby signi-
ficantly increased. Unfortunately, it is not possible to predict
the location of the lines for such glasses at this time. Partial
dispersion calculations require that the index of refraction be
known to five or six significant figures. Even if data of such
accuracy were available for the crystalline materials being con-
sidered in this report, the imprecise conversion of data from the
crystalline to the glassy condition would render the exercise
meaningless. ‘

INFRARED TRANSMITTERS

In recent years the advancement of infrared technology has delineated
requirements for materials which are transparent in the infrared
portion of the spectrum. Good infrared transmission is, by and
large, characteristic of many semiconductor materials, i.e., silicon
and germanium amoung the elements and the chalcogenides among the
compounds, The infrared transmitting chalcogenides2 are composed

of group IV-A and V-A elements, with sulfur, selenium, and tellurium
of group VI-A.3 Among the two-component chalcogens, the compound,
AsgS3, is a strong glass former. By rapid quenching from the molten
state, glasses can be formed from certain As-Se, Ge-S, and Ge-Se
compositions and a number of ternary and quaternary compositions.
Unfortunately, the chalcogenide glasses obtained to date are soft

li.e., borates free of silicates and phosphates, etc,

2For a good discussion of the state-of-the-art of inffared trans-
mitting glasses, the reader is referred to articles by ‘A. Ray
Hilton, and A. J. Worrall (References 11, 12).

3Oxygen, also in group VI-A, causes infrared absorption in the
sulfide, selenide, and telluride glasses. Therefore strong
efforts are made to exclude it,
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and have low softening temperatures. Zero gravity melting and cooling
may make it possible to obtain glasses with improved hardness and
higher softening temperature from compositions with higher Si

and/or Ge contents, or possibly even containing elements from groups
other than IV-A and V-A.

Silicon and germanium have superior mechanical properties but are not
suitable for infrared transmission at higher temperatures because

of significant "holes" in the transmission spectrum. If they could
be obtained as glasses, there is the possibility that the holes

might disappear, rendering them among the most promising candidate
materials for infrared transmitting applications. It appears that
the chances for successfully melting and cooling any metal to a glass
in space are significantly smaller than that for compounds, however,
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GLASS MAKING FEASIBILITY

The discussion in the previous section was based upon the assumption
that new glasses can be made in zero gravity. This section examines
that assumption in terms of the possibilities for suppressing
nucleation of crystals, atmospheres that might be used, and possible
heating methods.

NUCLEATION AND CRYSTALLIZATION

Work by Duwez (Reference 13) and others demonstrate that crystalli-
zation can be suppressed in tellurium and some metal-based systems
through the use of extremely high cooling rates from: the liquid
state. By using thermal conductance to obtain cooling rates on the
order of 10 ¢ per second, glasses have been formed from ‘tellurium-
based systems with low melting eutectic additions of Ga, In, Ge,

Cu, and Cu-Au. Among the metal-based systems studied by Duwez and
others, the low melting eutectic compositions of the systems Fe-P-C;
Au-Si and -Si-Ge; Pd-Si, -Si-Fe, -Co, -Ni, -Ge; Pt-Si, -Ge, -Sb; and
Rh-Ge have been obtained as glasses on a laboratory scale. It
appears unlikely that the methods used to rapidly cool are capable
of suppressing nucleation entirely, but they obviously are effective
in preventing crystal growth which is a time-dependent phenomenon.
The main point here is that it has been shown to be possible to
prevent detectable crystallization even in metal Systems, with their
very high heats of fusion and very low viscosity.

Are the conditions present in zero gravity melting and cooling,

then, sufficient to prevent crystallization in oxidef? While the
cooling rates obtainable under the conditions anticipated in space,
being dependent solely on radiation losses, are rapid, at least

for the higher melting materials, they cannot approach the rates
obtainable by conduction cooling of metals in the laboratory. There-
fore, the basis for predicting that zero gravity melting and cooling
can result in unusual glass formation appears to restrstrongly on
the possibilities for suppressing nucleation, at least for the first
600 degrees or so of cooling below the normal freezing point,

Assuming that all residual nuclei from the crystal state can be
destroyed in the molten state, possibly by heating to 10 or 20
percent above the melting point, will the materials spontaneously
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nucleate? This is a question that cannot be resolved without further
study. It is possible that there may be no such thing as truly
spontaneous nucleation in glasses, Ernsberger and Neely have pointed
out that nucleation does not occur preferentially at bubble surfaces
in plate glass (Reference 14) as was originally thought by many to

be the case. Ernsberger (Reference 15) has also pointed out that
invariably, in cases where spontaneous nucleation was thought to

occur during devitrification of silicate glasses, closer examination
has revealed other explanations. In one case, small pieces of ’
undissolved platinum from the melting crucible were present in each
crystallite examined. The platinum undoubtedly served as a nucleation
site. 1In other instances evidence for '"spontaneous'' nucleation have
been explained on the basis of chemical changes at the outer s&rfaces
of a glass body or at crack surfaces. The "spontaneous” nucleation
that apparently occuis in crystallized glasses, such as Cer-vit and
Pyroceram, can be explained on the basis of a two- stagé process
involving separation into .two liquid phases L1qu1d liguid nucleation
is known to have a lower energy barrier than liquid-solid nucleation.

At any rate, it is anticipated that nucleation (and therefore
crystallization) in zero gravity can be suppressed for the following
reasons:

1. Oxides are excellent solvents for expected impurities.
Therefore, the chances are very good that impurities that
could serve as nucleators can be completely dissolved.

The elimination of a solid container precludes the p0551-
bility of contamination from that source, :

2. Because materials being COnsiderédfcan~be superheated
without contamination from a crucible, it appears possible
that all of the residual nuclei from the crystalllne
starting material can be desuroyed :

3. The cooling rates obtainable by radiation, especially for
the higher melting temperature materials, can be very high.
Since the materials are transparent, radiation can occur
from w1th1n the bulk of the material as well as from the
surface. Coollng rates therefore should be quite uniform..
This should also reduce the tendency to fracture on cooling,
even if the glasses formed have relatively high thermal
expansion coefficients. Radiation; cooling rates will ‘be
highest at the hlgher tenperatures where rapid coollng is
most important if nucleation is to be suppressed. ~1f a
sufficient amount of supercooling can be achieved, increas-
ing viscosity should prevent nucleation and crystal
formation at the lower temperatures, where cooling rates
will decrease.
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4, Many of the oxides being considered at this time have a
tendency to be glass formers in spite of their never having
been observed in the amorphous condition in the massive,
pure form. It is the writer's understanding that Aly03,
for example, can be treated as a glass former in silicate
glass research (Reference 16). Alp03 base glasses free
of Si0y , B203, or P205 are being produced commercially
(for example, Ca0-Ba0O-Mg0-Al1l203) (Reference 12). Recent
work in the Soviet Union has shown that there is a large
glass forming area in the ternary system, Te02-V205-Bao,
which extends into the three binary systems (Reference 17).
None of the three pure oxides are glass formers under
normal circumstances. In these instances, for example,
zero gravity processing may provide the means for preserving
the amorphous form on cooling even in the pure oxides.

If this can be done, glasses can be formulated on the
basis of obtaining desired optical properties without the
restrictive necessity of choosing compositions with low
mobility.

In summary, it is not possible to state with finality at this time
that zero gravity processing will prevent nucleation per se. It
does appear reasonable, however, that the combination of circum-
stances attending melting and cooling in zero gravity will permit
the production of glasses from substances never before observed

in other than the crystalline form.

ATMOSPHERES, EVAPORATION, AND DECOMPOSITION

While high vacuum and virtually infinite pumping capacity are
available for the taking in space, it does not appear obvious that
the high vacuum can be used to advantage for melting the materials
being considered here. Several consideiations appear to counter-
indicate its use: ‘

1. Evaporation and decomposition of the compounds being con-
sidered would be accelerated in a vacuum.

2. The transfer of condensible materials from the melt to
cooler surfaces might be particularly troublesome in space,

3. There is a possibility that bubbles might form within the-
melt, being generated by outgassing products such as
oxygen, metal, and oxide vapor. If this happens, the
lack of gravity may prove to be a disadvantage. In the
absence of gravity there can be no buoyancy effect--the
principal means by which bubbles are removed from melts
in conventional earth melting processes.
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The most reliable information located to date on the melting and
"boiling'' points of some of the oxides being considered are listed
in TABLE 1I. For comparison purposes, data for the three conven-
tional glass formers are given at the bottom of the table. The
melting and boiling points for MgO and SrO are ﬁuite close together
at atmospheric pressure. For example, if one were to assume that
MgO does not decompose on vaporizing, the Langmuir equation1 can

be used to calculate the evaporaticn rate. On this basis the evapor-
ation rate for Mg0Q at pressures less than about 10-9 torr is
calculated at about 3000 cm/hr., at its melting point (2825C). 1In
other words, a 10cm., diameter €phere of molten Mg0O, if suddenly
subjected to the vacuum of space, would completely disappear by
evaporation in about 6 seconds. Similar calculations for Al503,
ZrO02, and TiOg yield evaporation rates less than 1 cm./hr.l Such
rates would not pose a serious problem in terms of material loss,
but could be serious in terms of material transfer by evaporation
and condensation, For example, the reflective surface of a solar
furnace could become rapidly coated, or windows used for observation
of the melting process in chambers could rapidly become clouded.

It must be emphasized at this point that the basic assumption
leading to the calculations cited above is not, strictly speaking,

a valid one. A cursory survey of the literature indicates that most
of the oxides in TABLE II vaporize incongruently. AlgO3, HfOs,
Las03, TiOp, and SiOp all decompose to their constituent elements
and/or to suboxides at the temperatures required for melting
(References 18, 19, 22, 23, 24, 25) depending upon the ambient
atmospheric composition and pressure. For example SiO2 in vacuum

at 2000 K will vaporize as Si, SiO, O, and Og at a total pressure

of about 10~3 atmospheres, whereas in the presence of 02 at 1
atmosphere the escaping species will be predominantly Si, SiOg, and
02 at a total pressure of about 1076 atmospheres, The ambient
atmosphere will have a much smaller influence on oxides which tend
to vaproize congruently. For example, BeO tends to form polymeric
vapor species as (BeO),, where n = 2,3,4,5,6. In this case~éven

a very small partial pressure of Og will suppress incongruent vapor-
ization.. e ' '

lThe Langmuir equation was used in the form: R = dka
gL
where For these calculations the vapor
R=rate of evaporation, cm./hr. pressure at the melting point was

K=2.1 x 102 assumed as:
d=density, gm./cc. x 102 for MgO
T=temperature, °K x 1073 for Alpds
M=molecular weight x 10~1 for Zr02
p=vapor pressure, mm. of Hg x 10-3 for TiO3

Ci = U1 ™
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Another type of vaporization can occur if solids of varying stoi-
chiometry may form,as for example, TiOg. Careful control of oxygen
pressures may prove essential in these cases,

It would appear that an oxygen atmosphere would b: preferable to

a vacuum for melting most of the oxides. Suitable pressures can

be calculated for those oxides where reliable thermodynamic data
are available. This has not been done to date, nor has any serious
thought been given to compounds other than oxides.

Regarding consideration 3 listed earlier, it should not be assumed,
without further study, that bubbles will indeed form during high
vacuum space melting. There is a strong possibility that, at
least for the gasses that evolve at lower pressures, the pressure
of evaporation or decomposition will be found to be less than the
internal pressure of the melt. If such turns out to be the case,
the mechanism for evaporation might consist of diffusion to the
surface of the melt, and evaporation from the surface. 1In that
event, bubble formation would not occur. It should be possible to
pretreat the starting material by vacuum heating to eliminate the
more volatile gasses while the bulk of the materlal is solid.

This should leave only those gas formers whose pressures are less
than the internal pressure of the melt. In any event, the internal
pressure in the melt can be raised by increasing the atmospheric
pressure surrounding the melt, a condition readily accomplished in
a chamber.

HEAT SOURCES

In the present study a number of possible heat sources for meltlng
the materials of interest have been considered:

1, Chemical reactions

2. Plasma

3. Electron beam

4, Induction

5. The sun (solar furnace)
One of the more obvious problems that must be handled in the design
of equipment for space meltlng is the propulsion effect. Such an
effect is present in varying degrees 1n the first three heatlng
methods. Perhaps this effect could be’ turned to advantage by

simultaneously directing four torches, electron beams, etc., at the
melt. This could be arranged by aiming the "torches' at the melt
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from directions normal to the faces of an imaginary equilateral
triangular pyramid (the melt being in the center of the pyramid).
Special consideration would have to be given also to removal of
the products of combustion in the case of the first two methods.

The first four methods above all share a significant drawback for
space melting of large sized heats. The power requirements should
exceed anything attempted in space to date by a significantly
large margin., This naturally leads to the last heat source listed
above, the sun. It would appear logical to directly utilize in
space the unlimited energy available from the sun. The maximum
temperature available by solar heating, approximately 5700 Kl, is
more than ample for any of the materials of interest.

An example of solar furnace that might be utilized in space is
pictured in FIGURE 4. The furnace shown is conceived as essentially
an unmanned spacecraft incorporating a sun sensor which keeps the
optical axis pointing toward the sun. Also incorporated are three
detectors, which serve to keep the focus of the parabolic mirror
centered on the melt (small sphere near the furnace). All

sensors are servoed electronically to attitude control jets located
on the periphery of the furnace. The antenna shown permlts manual
override of the automatic functions by personnel in the orbiting
-workshop (upper right background). Such a design should permit the
furnace to "chase" the melt as it moves with respect to the orbiting
workshop. By incorporating a radiation pyrometer, possibly as one
of the melt sensors, it should be possible to automatically hold

a pre-set temperature by focusing and defocusing with respect to
the melt. The flat ring around the parabolic reflector holds solar
cells used to provide secondary power. Not shown in the rendltlon
is a pressure vessel with a suitable window for permitting entry
of solar energy. Such a vessel could be attached to the solar
furnace and would contain the melting atmosphere. It could be
sized.to permit reasonable movements of the melt without contact
with the vessel walls. '

Large parabollc mirrors of gultable quality for the purpose can be
made by the spin-casting process. The orbit of the workshop, of
course, would have to be chosen to provide sufflclently long duty
cycles in the sun. Such high inclination orbits should not be a
serious problem for missions whase prlme purpose is melting of
materlals -

Perhaps induction furnaces are more approprlate for 1n1t1a1 small
scale Tllght experiments where suitable orbits may not be chosen
because of conflicts with other experiments and because of a
desire to keep astronaut extravehicular activity to a minimum.

1The apparenﬁ black body temperature of the sun.
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A discussion of induction units for space melting of metals has been
presented by Frost (Reference 26). Induction heating appears
possible for the materials being considered, most of which are poor
conductors at ordinary temperatures. The effect of temperature on
the electrical resistivity of a number of oxides is shown in

FIGURE 5., The curve for graphite, a known good susceptor, is shown
for comparison purposes. It is also known that zirconium dioxide

is a satisfactory susceptor, with resistivity values in the 10-1 to
10 ohm-cm range. With the possible exception of alumina and magnesia,
all of the oxides shown fall into this range or below it at tempera-
tures well below their melting points. It is therefore apparent
that most of the oxides shown could be induction heated without

a susceptor provided they were preheated, perhaps in a resistance
furnace., In the event AL203, and MgO are found to be too high in
resistivity to permit induction melting, it might be possible to
dope them with small additions of other materials to lower their
resistivity without seriously affecting their optical properties

as glasses. o

In FIGURE 6 are shown several possible schematic arrangements for

a space induction melting concept which might be suitable for initial
flight experiments on a small scale. FIGURES 6A, B, and C show
different methods for transferring the material from the preheating
furnace to the induction field, and after cooling, to the retrieval
device. In FIGURE 6C the preheating furnace, induction furnace,
and retrieval device are all fixed with respect to the chamber,

The different locations of the melt are accomplished by shifting
the chamber on a track to different positions which register with
the desired positions with respect to the melt. 1In an alternate
arrangement (not shown) the preheating furnace, inducticn furnace,
and retrieval mechanism might all be attached to a track within

the chamber and moved by a remote control mechamism.

As Frost (Reference 26) has pointed out, a centering force will be
- required to maintain the position of the melt while the workshop
shifts with respect to the melt position, due to astronaut motions
and orbit eccentricities. It appears likely that the small forces
required could be provided by suitably utilizing the forces of the
induction field. By the same token the arrangement suggested for
the "nozzles'" in the chemical, plasma, and electron beam concepts
could provide the restorative force necessary.
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CRYSTALLIZATION OF SPACE GLASSES

"If we presume that experiments to produce supercooled glasses are
successful, then another prospect of material production becomes
evident, This additional prospect is that of producing single
crystals of material either than cannot be produced otherwise or

that would have improved physical properties. The proposed procedure
would seem to have its principal merit with those materials that

are polymorphic or those that are incongruently melting, for the
reasons to be described later.

Suppose we consider the glasses that might be produced in a space
station. The special feature of glass production in space is the lack
of a crucible for containing a molten mass. In the absence of contact
with any other sclid material, the prospects for heterogeneous nuclea-
tion are eliminated, so that (it is theorized) it wiil be possible

to produce substantial supercooling in materials that readily
crystallize when heterogeneous nucleation is not avoided. Presuming
that the supercooled material has been brought to a temperature

low enough to prevent devitrification, we can now contemplate the
prospect of controlled crystallization from a single point in the
glass body. ' :

An apparatus for accomplishing this is shown in Figure 7. The glass
body is more or less balanced on the point of a seed crystal, with
further balancing provided by air jets (air bearings). The air jets
are to be precisely adjustable so that they can come very close

to the surface of the glass but are kept out of actual contact by

air pumped through the jet tips. Now, whereas the glass body requires
the special provision of zero-G environment, the crystallization
experiment takes advantage of terrestrial gravitational field in
order to maintain a firm contact between the glass body and the

seed crystal.

The phenomenon we wish to promote is that of controlled crystalli-
zation of the glass body, with crystallization initiating at the
seed contact, and progressing slowly through the glass body. It
probably will be necessary to maintain the system at an elevated
temperature in order to permit crystallization to progress-at
acceptable rates.

A potentially troublesome aspect of the proposed procedure can arise
from release of heat during crystallization. If the heat generated
cannot be conducted away from the crystallizing front rapidly,

both temperature and crystallization velocity will increase with
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time, and this may lead to uncontrolled heating and crystallization,
Experiencc certainly has demonstrated that material supercooled
some few tens of degrees beiow the normal freezing temperature will
crystallize very rapidly with a flash of luminescence when a seed
is introduced. At much lower temperatures crystallization kinetics
will be much slower, and presumably at some appropriate temperature
crystallization rates will be controllable.

In a number of materials, certain physical properties prevent their
being prepared in-single crystal form., For example, ZrO, melts at a
very high temperature, which makes it impractical to produce ZrOgz by
normal Czochralski techniques. Furthermore, ZrO2 suffers a destruc-
tive phase change at 1100-1200°cC. If ZrO9 could be procduced as

a glass in an orbiting laboratory, we could contemplate conversion
of the glass to crystalline form at a temperature below 1100°C, and
thereby avoid the polymorphic transition. Beryllium oxide also
suffers a polymorphic transition about 500°C below the melting
temperature. There would be a real advantage, therefore, to be able
to crystallize BeO from a glass body at a temperature below the
transition temperature. '

This crystallization process may be of value also in the formation

of crystals whose composition melts incongruently. An example

of this is beryllium silicate (2BeO:{SiOg, phenacite) whose decompo-
sition point is about 1550°C. Crystals of this cdmposition, therefore,
are not amenable to being produced by Czochralski techniques. :
However, by crystallization from glass of the same composition, it

may be feasible to prepare large crystals of compounds that exhibit
incongruent melting. Another example is zircon (2rO0g:SiO3).

Throughout this disqussion, no attempt has been made to identify
materials that would have special economic or technological value.
Such identification necessarily will require a more thorough inves-
tigation than has been done to date. The discussion, however, does
point out some possible materials processes that potentially can
expand the value of new glasses made in space,
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CONCLUSIONS

Tentative conclusions based on the study conducted to date are:

1.

There is a strong possibility that oxides such as Al903,
ZrOg, HfO5, TiOg, and others might be obtainable as glasses
through space melting and cooling,

Glasses produced from such oxide bases would have optical
properties not obtainable in the conventional silicate, borate,
and phosphate-based glasses,

The combination of optical properties obtainable in such
glasses should make them suitable for use in advanced optical
systems, especially high resolution multi-element lens systems.

The spherical shape of glass boules that would result natﬁrally

from space production is quite suitable for the making of lenses
and windows.

The production of glass, given a well-engineering space facility,
should be well within the capabilities of astronauts after a

suitable training period,

It may be possible to grow single crystals from glasses of
suitable composition.
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the people listed that any of them necessarily concurs with all
the statements and conclusions drawn here,
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