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ABSTRACT

A VLS whisker growth process, optimized for the production of
short (v10 mn lengths) S1C whiskers, was modified to produce > 25 mm
long whiskers, In conjunction with this modification, a plan was
developed for incorporating an Al system to enhance the whisker growth
process. An oriented whisker ribbon was produced from the 1long
whiskers, as a step toward the development of a staple whisker yarn.

INTRCDUCTION

It has long been recognized that there is a need for a high
strength fiber that 1is resistaat to high temperature oxidizing en-
vironments. Hence, one rcason why the Dow Corning Corporation was
awarded a contract in 1Y83 by the Defense Research Projects Agency
(DARPA) to develop a silicon-carbon based fiber whose properties
surpassed the Nicalon fiber developed 1in Japan.a' The need “for
such a fiber was again emphasized in January 1987 by two keynote

%1ir Force Contract F33615-83-C-5006; DARPA funding administer-
ed by Major Steven G. Wax through Dr, Allan P, Katz of the Air Force
Wrighg Aeronautical Laboratories (AFWAL),

Product of the Nippon Cerbon Co., Tokyo, Japan; distributed 1in
the U.S. by the Dow Corniug Corp., Midland, MI 48686-00995.



speakers, Persh and Stein, at thell}th Annual Conference on Composites
and Advanced Ceramic Materials. ’ Most recently, in March 1987,
AFWAL published a Program Research and Development Announcemen% in
which the requirements for a high temperature fiber were outlined.a_.o

Los Alamos has been involved in the synthesis and use
of silicon carbide (SiC) whiskers, produced by a vapor-liquid-solid
(VLS) crystal growth process, since 1982, These whiskers display an
average tensile strength in the range of 8.4-14.F1Gﬁf (1.2-2.1 Mpsi)
and an elastic modulus of 578 GPa (83.8 Mpsi). '’ These teasile
strengths are marked higher than the 2 GPa (0.3 Mpsi) average
reported for Nicalon. The whiskers are normally grown in ~10 mm
lengths but experimentation revealed that the whiskers could be grown
in 25-75 ma lengths. Consequently, it was concluded that the long VLS
SiC whiskers might lend themselves to the fabrication of a staple yarn
which could be evaluated as a candidate high temperature "fiber."

Review of staple yarn theory showed that, depending upon the
length and twist of discontinuous fibers within a staple yarn, one c3p
observe up to ~90% of the modulus of a continuous fiber.
Therefore, the potential exists to achieve staple yarn strengths that
represent a considerable fraction of the streugth of the discontinuous
fiber, or whisker, in this case. Assuming this translated to only 25%
of the tensile strength of the whiskers, this would still represent a
minimum average value of 2.1 GPa (0.3 Mpsi), which would be equivalent
to the Nicalon. However, it should be noted that single carystal,
highly stoichiometric nature of the whiskers lends itself to enhanced
elevated temperature resistance, compared %o that expected for the
predominantly amorphous S$i-C-0 Nicalon fiber.

The remainder of this paper addresses the VLS growth of long SiC
whiskers and initial attempts at producing a staple yarn from such
whiskers. In addition, plans for incorporation of an artificial
intelligence (AI) system in the whisker growth process are d!:cussed.
An Al system offers the potential for fvrther {improving th2 yield,
quality and reproducibility of the whisker growth process at a
fraction of the human resources. Such a payoff is especially attrac-
tive from the standpoint of technology transfer. The timing for
incorporation of the Al system is ideal since a new, more meaningful
dotabase 1s being generated in conjunction with the shift from growing
short whiskers to growing long whiskers.

PROGRESS DURING FISCAL YEAR 1987

LONG SIC WHISKER GROWTH

Growth of long VLS S{C whiskers required a modification of the

well understood, controllable process for growing short whiskers, A
briet review of the shert whisker growth process {g presenced as
background information., The process makes use of the reactor shown in

Fig, 1. The whisnkers are grown from a metallic catalyst distributed
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on vertical graphite plates. The methane (CH,) reactant in the
process gas stream mixes with the silicon monoxide (Si0) reactant
being generated 1in situ to nucleate whisker growth. Figure 2
illustrates thz uniform yield of prime whiskers (4-8 um diameter) that
could be obtained throughout the reactor when the process parameters
were optimized. These whiskers were produced from the Alloy 62°
(manganese-based) catalyst, which always gave the highest weight
vield.

In order to obtain the prime whiskers, 1t was necessary to
control *he reactant gas composition so as to nucleate whiskers in the
appropriate portion of phase area A of the phase diagram shown in Fig.
3. In this diagram, the reactant composition (carbon-to-silicon
(C/S1) ratio) is on the horizontal axis, the reactant pressure
(silicon (S1) supersaturation) is on the vertical axis, and the phase
areas represent different morphologies of SiC whiskers that are
nucleated and grow there.

One of the most important factors contributing to good whisker
growth was the homogeniety of the reactant gas (510, CH,) mixing.
Flow visualization studies showed that vigorous jet action was needed
to achieve optimum mixing. In actual practice, it was found that
diffusion of the process gases through the plenum porosity was
necessary, in concert with the jet action, for optimum mixing (Fig.
4). The plenum porosity, however, was not stable over a long period
of time, as 1t progressively filled with SiC reaction product with an
eventual deterioration in the quality and amcunt of whisker growth., A
new plenum designed for long term stability is under evaluation, where
the bulk porosity 1is purposely sealed and then simulated with a
pattern of fine holes, as shown in Fig. 5.

Numerous modifications were made to the short whisker reactor
configuration in an attempt to grow long whiskers. The modification
shown in Fig. 6 has proven to be the best thus far; the center of the
reactor has been opened up and the same generator weight is used but
in a vertical rather than horizontal array. A stainless steel
catalyst {s used instead of Alloy 62 because it has proven to grow the
longest whiskers. Other procecss conditions such as heating cycle, gas
composition and flow rate remain esseritially the same.

Som2 long whiskers grown in the modified reactor are shown in
Fig. 7. At the end of the run, they were almost perpendicular to the
plates with some of about 76 mm in length extending to the center of
the reactor, having since seitled, Yields of up to 6 grams per run
have been obtained, compared to about 12 grams per run for the short
whisker setup, {n the same, small developmental reactor.

“Product of Coast Metals Inc., Little Ferry, NJ (no longer a
supplier),
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Fig. 7. Long whiskers grown in modified reactor of Fig. 6.




In order to 1increase the yield of long whiskers, a higher S10
concentration wmust be mwmaintained 1in the reactor. The 1in situ
generator process presents a problem in that the Si0 generation starts
at a very high level, then falls off rapidly with time, as shown in
Fig. 8. The reactant composition thus follows the paths shown by
dotted lines a-c¢ and d-e in Fig. 3. Good growth, as shown in Fig. 2,
is obtained when the reactant composition stays within phase area A
for the entire run (path d-e). A path such as a-c, however, can
result in the nucleation of secondary phases on the prime whisker
growth, as shown in Fig. 9.

Two approaches are presently being investigated to increase long
whisker yield and eliminate secondary growth. One involves tailoring
the S10 concentration-time profile by programming the partial pressure
of carbon monoxide (CO) to give constant S1i0 generation, and therefore
a constant C/S1i ratio. This will eliminate secondary growth and will
allow an increase in generator weight for significantly increased
yield. A numerical program is in place for determining the CO
overpressure profile. The second approach entails programming the
partial pressure of CH, to match the decline in the partial pressure
of Si0. This will eliminate secondary growth but gives only a small

increase in yield. This approach 1s the easier of the two to
implement.

INCORPORATICN OF ARTIFICIAL INTELLIGENCE

An Al scheme will be applied to the VLS SiC whisker growth
process by developing two expert systeams, or more prvecisely, one
expert system in two stages that will do two distinct jobs. Work has
commenced in laying the groundwork for a whisker growth consultant,
the first expert system or the first stage of the final product. The
whisker' growth concultant will help the current user set up whisker
growth experiments and future users set up production rumns. The
second expert system will be a control program for the whisker growth
process that will be piggy-backed upon the knowledge base of the
whisker growth consultant. This two phase plan is illustrated in Fig.
10, :

Artificial intelligence programs, or in this case expert systems
(wh7ch are a subset ot AI programs), differ from conventional programs
in several ways. The most significant difference 1is that expert
systems use symbol manipulation to solve problems that require heuris-
tic solutions, whereas conventional programs manipulate numbers to
solve problems that can be solved algorithmically.

Some of the reasons why AI will be particularly useful for VLS
whisker growth are as follows:

l. The process cannot be described adequately with a
mathematical model. Therefore, one cannot develop a control algorithm
for the whisker growth process. Control will have to be rule-based.
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(a)

(b)

Fig. 9. Whisker growth along path a-c¢ in Fig. 3 showing secondary phase overgrowth after
(a) 5 hours and {b) 7.5 hours at 1400°C.




PHASE i
PHASE |

WHISKER \-. EXPERT
GROWTH KNO&;%DGE CONTROL
CONSULTANT SYSTEM

|
//

LN

SYSTEM/
USER

USER

Fig. 1G6. Conceptual representation of expert systems envisioned for the VLS SiC whisker
growth proccess.




2. We can make the process work because we have experienced
experts who use hueristic rules in addition to understanding the
physics and chemistry of the process. The Al system would function in
the same way.

3. Technology transfer of a rule-based process will take place
easier 1f the rule set and knowledge base are defined and compu-
terized. In other words, we cannot readily transfer the actual
experts,

The major challenge impeding the development of an expert system
for the VLS whisker growth process is that all of the rules have yet
to be i_entified and defined. The first step toward remedying thia
situation entailed building a relational database using the INGRES
database management system. Correlations, obtained by manipulation of
the database, will be used to develop rules ancd confidence levels for
those rules. A partial list of categories from that database that
will be examined is as follows:

1) amount of Si0 generationm,

2) catalyst characteristics,

3) substrate characteristics,

4) inlet gas composition and flow rate,

5) reactor characteristics, and

6) exit gas composition as a function of time.

When the whisker growth consultant 1is completed, a dialogue
between a user and the expert system may proceed like this:

USER:

"1 have catalyst X and reactor Y, and I wish to produce Z

grams of whiskers of type W. What should my initial conditions
be?"

COMPUTFR:

"The initial temperature should be A, the initial flow rate
B, and the initial composition C, with an initial peak concen-
tration of CO of D."

OR

"If I know more about the substrate [ could answer that
question with greater confidence."

dProduct of Relational Technology, Inc., Berkeley, CA 94705,



The control system will be a direct outgrowth from the consul-
tant, and in fact, will use the same knowledge-base. The expert
control system will sense the reactor temperature and exit gas compo-
sition, use the information provided to the whisker growth consultant,
and adjust the inlet gas composition and possibly the reaction temp-
erature to achieve the required results,

VLS SIC WHISKER STAPLE YARN DEVELOPMENT

Progress in developing a staple yarn from VLS SiC whiskers has
proceeded along two paths. The first attempt entailed folding ~25 wtZ
of as-grown (i.e., not beneficiated) VLS SiC whiskers, measuring < 20
mn long, into the core of a rayon sliver. The purpose of the rayon
was to serve as a carrier and lubricant during subsequent yarn pro-
cessing. The handmade 'composite" sliver is shown in Fig. 1ll; the
dark gray material is the whiskers and the white fibers are the rayon.
Scanning electron microscope (SEM) examination of this sliver, Fig.
12, revealed that the whiskers (the slender, straight rods) were quite
disoriented while the rayon fibers (the thicker, curved 1iibers)
¢isplayed considerable orientation. This sliver was then rotcr spun
to produce the yarn shown 1in Fig. 13. This proved to be too
aggressive a treatment for the whiskers in that the whisker length was
reduced to < 4 mm and V602 of the whiskers was lost as powder that
accumulated in the rotor spinner., A high magnification view of the
rotor spun yarn is presented in Fig. 14, Few whiskers could be easily
identified amongst the rayon and those that were present, though
displaying some orientation, were quite short.

In view of these results, it was concluded that a second, much
less aggressive, non-conventional approach would have to be explored
to develop an acceptable staple whisker yarn. To that end, three
basic processing stens were identified. The first was to disrupt the
as-grown whisker bundles in such a way so as to not reduce the whisker
lengths. This was accomplished by air agitating the whiskers while
immersed in glycerine. The second step was to orient and collect the
whiskers in a form that would facilitate the production of a varn.
This was accomplished by vacuum casting onto a translating plece of
filter paper to produce the oriented whisker ribbons shown in Fig. 15,
Concurrent with the vacuum casting operation, the whiskers were washed
with water to remove the glycerine. SEM examination of the ribbon
revealed that the whiskers displayed a considerable degree of orien-
tation and that not all of the glycerine was removed during washing,
as shown In Fig. 16. The third step is envisioned to involve rolling
up and rayon wrapping the ribbon to produce a yarn.
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Fig. 11. Handmade "composite"” sliver consisting of 25 wtX VLS SiC whiskers folded into
the core of a rayon sliver.




Fig. 12. SEM photomicrograph of handmade whisker-rayon sliver;
whisker length 1s < 20 mm.

SUMMARY

A VLS whisker growth process, optimized for the production of ~10
mm long SiC whiskers, was modified to produce longer whiskers measur-
ing > 25 mm in length., Efforts are underway to tailor the partial
pressure of CO and/or the partial pressure of CH, to 1) achieve more
stable Si0 generation, 2) increase the yield of long whiskers, and 3)
eliminate undesirable secondary whisker growth, A plan was developed
for incorporating an AI system to enhance the quality and
reproducibility of whisker growth. Attempts at producing a staple
whisker yarn by rotor spinning revealed that this technique was too
aggressive. A non-conventional approach was developed in which an
oriented whicker ribbon was produced as a predecessor to a staple
yarn. Future work in this area will focus on twisting the ribbon and
incorporating a fugitive rayon fiber around the ribbon to fucilitate
subsequent handling and actual yarn production,
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Fiy. 14, SEM photomicrograph of whisker-rayon rotor spun yarn;
whisker length is < 4 mm.
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