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ABSTRACT

Silicon carbide (SiC) whiskers have
great. potential, some already realized,
in reinforcing ceramic matrix
composites to give significant
improvements in toughness and
strength. Los Alamos has been

developing the vapor-liquid-solid (VLS)
process to grow single crystal B-SicC
fibers having relatively few defects
and diameters of from 3 to 5 um and
lengths up to 100 mm. These whiskers
have superb mechanical properties-

strergths up to !6 GPa (2.3 Msi) and
elastic modulus of 480 GPa (B4 Msi) -
and should have exccllent stability at
high temperatures. Two basic synthesis
routes were investigated: 1) 1in situ
5i0 generation and 2) external gaseous
$1 source. Process 1) had a much more
extensive prior developmental history
and has been developed at los Alamos to

the point where significant and
reproducible yieldss of prime whiskers
can  be obtained and «scaleup could be

considered. What we have learned about
this process and its product will be
the subject of this paper.

S1TLICON
AVAILARLE

CARBIDE WHISKERD
CCMMERCIALLY

PRESENTLY
are those which

appear  to be produced directly from the
reactior of  the constituents  in the
vapor phase., They are conventionally
sald  to bhe grown by a vapor-sol:id (V)
mechanism. An  example of  such SicC
whiskers are those grown by the “ricoe
hutl"” proces: (). Most  vs S

whitskers have diamoters in the range of
from 0.1 to 1 um and relatively short
lengt hei. While such whinker: have heep

usied nuccesstul ly in commereial
application (.., in Al,0
matrice:s for cutting tools), it in

difficult to wuse them in
oriented configurations to realize
maximum strengthening and toughening
such as reported for Nicalon SiC fibers
in glass or glass-ceramic matrices
(2-4).

l.os Alamos has for several years
been developing the VLS process to grow

extremely

larger diameter (~5 Kk m) single
crystal g-SiC whiskers of up to 16mm
(0.6") in length for chopping and
subseguent use as short fiber
reinforcement in ceramic matrices.
Substantial improvements in mechanical
properties have been shown to result
from the use of these chopped
whiskers in glass, ceramic and
intermetallic composites (5-8). Recent
work has extended this process to the

routine growth of staple whiskers of up
to 64mm (2.5") in length. such
whiskers were found to possess
ultrahigh strengths over long lengths

(9), suggesting that they might be used
in fabricating staple yarns. Work is

now in progress on this application.
The exceptional strength, along with
qgood high temperature stablility, stem

trom the high deqgree of chemical and

crystallographic purity found in
whiskers grown by the VIS  process.
Other attributes of VLS §iC whiskers

interest for
are the larger
theoretical
toughening and alloys
improved packing with tine powders wit
minimum health hazard in handling, and
the qgrowth mode, which allows for In
situ coat ing.

It therefore  appeatr: that  there
would be a commer "ial market for VIS
Hie whiskers it they could be praduced
ceoonomical ly. Although o number  of
investigators have done extennive
research  on growing SiC whiskers uning

that make them of much
composiite  reintorcoment
diameter, which iR
favorable for



the VLS process (10-12), there has to
date been no published reports ot
successful scale-up. The object of

this work was to develop an in-depth
understanding and control of the VLS
process, which could lead to the
production of large quantities of high
quality VLS Sic whiskers.,

WHISKER GROWTH
MECHANISM OF THE VLS PROCESS - An

idealized sequence for the growth of a
VLS 8iC whisker is shown 1in Fig. 1.

Initially, metal catalyst particles are
distributed over a suitable substrate
(Fig. 1la). The catalyst must be a

material that forms a eutectic system
in which SiCc has a primary phase

crystallization field, as illustrated
in Fig. 2. 1In this case, the substrate
is carbon, one of the system
components. The coated substrate is

placed within a reactor, and, as it is
being heated to the growth temperature

(about 1400°C), the catalyst particle
melts, spreading out to form a
lenticular cap while taking some of the

carbon substrate into solution (Fig.

1b). As the temperature continues to
rise, the cap abs.rbs carbon and
silicon trom the process aases, and

contracts into a droplet at the center
of the crater (Fig. lc). When
sufficient carbon and silicon are
absorbed into the droplet, it becomes
supersaturated to the point where solid
SiC is nucleated at the liquid-solid
interface, causing the droplet to rise
from a whisker base (Fig. 1d). This
reaction sequence can be followed in
Fig. 2 by moving from left to right at
temperature T, to the composition
where nucleatijon occurs (Cy). Here,

AT represents the degrce of
undercool ing (or supersaturation)
required for nucleation. Another way
to approach nucleation is to heat at a

CH, S10) o .\'l('ll

e '
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Fig. 2 - Pseudobinary phase relations
for growth of VLS sic whiskers
(schematic).
higher temparature (T,) until
reaching the liquidus at T;, and
undercool to reach Cy- In certain
instances, this has proved effective in
reducing the induction time for
nucleation.

The whisker will caontinue to grow
away from the substrate (Fig. 1le),
theoretically without 1limit as long as
the droplet is fed from the vapor
phase. Whiskers of up to four inches
in length have been grown at lLos Alamos
at a diameter of about 5 um. It is
also possible to exert some control
over the whisker diameter because a
fixed relationship exists between it
and the droplet, which is determined by
the balance of interfacial surface
energies illustrated in Fig. 3,

The process most extensively

developed at Lecs Alamos used gaseous
$i0o and CH, a= creactants and either
iron- or manganese-based alloy
particles as the catalyst. The term
"catalyst" is used hecause the relative

deposition rate of silicon and carbon
from vapor throuql the liquid droplet
onto the so0lid whisker (VIS) is much
faster than that tor depositing
directly from the vapor onto the solid
(V5) . The $10 was gencrated within the
reactor (in situ) at high temperature

interfacial
whinket qrowth

i, } - Balance ol
onergien 101 the VI
proces:s,




because it :3 only stable as a gas
above about 1100°C. With the help of
inlet and exit process gas analysis,
the reactions fcr our process were
deduced with reasonable certainty to
be -

A) For Si0 generation:
Si02 + C = §5i0 + CO (1)
CHy = C + 2H,
Si0, + CH, ="SiO + CO + 2H, (3)

favorable
reaction (1).
in the reaction
that produced via

rather than that
process gas mixture

Reaction (2) is much more
thermodynamically than
The CH participating
is believed to be

reverse reaction (2)
introduced in the
(H,, Ny, CO, CHy.

B) For SiC formation:

Sio Hy, = Si(in lig) + H,O
CH4

H,0 = CO + 3H
CH

c{in 1liq) + 2H,
Silin liq) + C(in_1id) = SicC

Sio + 2CH, = SiC + 2CO + 4H,

i+ +

o
o~~~
[se BN ENe BRS I -

Calzulatiocns show that the reaction of
510 with CH, to form Sic is

thermodynamically much more favorable
than reaction with either carbon
(solid) or CO. In this case, the
participating CH, is believed to be
that introduced 1in the ©process gas
mixture.

IMPLEMENTATION OF THE VI.S PROCESS -
The type ot reactor used in this work
for growing whiskers of up to 3/4 inch
long using the above reactions is shown
in Fig. 4. All of the reactor parts

except tor the generators were machined
from a tairly coarse-grained
graphite.* The generators were made
from a porous aluminosilicate
insulating brick** infiltrated with a
mixture of silicon and carbon to
produce 510 according to overall

reaction (1) . The process gases (H,,

Ny, co and CH,) were brought into

an open plenum running under the
reactor chamber where they were
directed upward through a row of small
holes (jet:) into the vertical growth

compartments  to mix with the heavier
510 being gencrated there.  The reactor
wias  heated up to the gqrowth temperature
inside ot o sealed tused quartz muffle

tube  under  an arqgon atmosphere.  This
particular type ot process war
*MIM  Grade, Great lLakes Carbon Co., New
York, NY

*AK 0 Grade, Babcock  and  Wilcox Co

Pittabhuaragh, P'AL

Whisker
Growth
Surtaces

* Catalysis

" Process Gas In
WCH L COHL N

Fig. 4 - Whisker growth reactor for the
in situ generator process.

extensively investigat=d many years ago
by Shyne, et eol, (13) but they were
never able to understand and control
the process sufficiently to obtain
substantial and reproducible yields of
prime VLS SiC whiskers. The object of
our work was to build on this data
base.

MOST CRITICAL PROCESS PARAMETERS -
Although all ©process parameters had
some effect on the product, a few s*ood
out in their importance.

Reactant Mixing - This proved to be
the single most important parameter
affecting the in situ generator

process. Uniform, reproducible yields
of prime whiskers (5-10 um) were not

obtained until this parameter was
understood and under control. Early
experiments showed the mixing of the
process gases entering the bottom of

the reactor was
maximizing the
while

strongly dependent on
inlet gas flow rate
minimizing the number and size of

the 1inlet jets. This led to uniform
yields of prime whisker growth, but
only over short time periods. L.ong
term reproducibility was found to
depend on maintaining the optimum
mixing conditions shown in  Fig. b,
.o, a wnecondary diftusion of the
process  gases throuch the open porasity

ot the plenum  in concert with the jet
action, A way was tound to maintain
this open porosity even thongh it tends
to till with SiC reaction product
during a run, and it is now possivle to
reproduce  prime whisker growth, such as
shown  in Fig. 6, over the long term.
carrently  ve  can obtain about 15 grams
ot prime whiskers  in the reactor of
Fig. 4 (12 inches in length) tor a six
hot run and  proportionally more when
this  reacton 15 lengthencd,  To obtain

e M basedy



. grow whiskers intended for staple
D e yarn. A separate study on
: ' catalyst/substrate interactions showed
: that this difference in catalyst
=T behavior was due to a phenomenon we

Gl m "o called "catalyst breakup", which can be
Flae - ' . Uieneraty explained with reference to Fig. 1.
! Crrowil, Both the catalysts follow the general

Plate

s . growth sequence shown 1in that figure.

However, as the Fe-based catalyst melts

. ! and adsorbs carbon and silicon, it

e spreads out to form a much larger and

A thinner 1lens (Fig. 1b) than does the

= - Mn-based one. When later the thinner

et st oA e lens receeds into a central catalyst

et Gas Plenun: droplet (Fig. 1lc¢), some cf the lens is

SO H N left as a thin remanent film, which

' later breaks up into a multitude of

) L. small droplets to nucleate fine

Fig. 5 - Most favorable gas mixing whiskers surrounding the larger whisker

conditions <Zfor the 1in situ generator grown from the central droplet, as

process. shown in Fig. 7. Thus, much of the

Fe-based catalyst is wasted in fine

whisker growth, whereas the Mn-based

the 1longer 1length whiskers, the three catalyst does not wet the substrate

central growth plates arc removed and very well and little of it is wasted by

replaced by three rows of! staggered, "catalyst breakup".

vertical generator bricks.

Catalyst/Substrate Interactions -

The interaction of different catalysts

with the carbon (graphite) substrate

was fourd to sigrificantly affect the

relative amount and 1length of prime

whiskers obtainred. The iron-based
(stainless steel) catalyst gave only
about 2/3 the wecight yield of the
ranganese-based (brazing alloy)
catalyst but the whiskers grown were
much longer. We therefore use the
Mn-based catalyst to dgrow whiskers
intended for chopped fiber

reinforcement and the Fe-based one to

N ' . _ Fig. 7 - Example  of catalyst broakup
Fiqgg. 6 - I'rimee VI S0 whisnkers on duat ing growth ol whinkers  from  an
growth plato:, tron-based catalyst,



L.

and Growth Conditions -
the development work, it was
both the C/Si ratio and

supersaturation of the reactant
had a very important effect on
the morphology and amount of

growth. Fig. 8 summarizes
observations as an empirical
diagram where the composition
ratio) of the reactant gases is
on the horizontal axis, the

(supersaturation) of the

Si on the vertical) axis and the
are the different types of
that are nucleated and grow

different conditions. No
absolute values are given on the axes
becauce the Si0 produced by the in situ
generators starts oft at a high level,
then decreases steadily as the run
progresses. We have had no good way to
quantify this until just recently when
we installed and put into operation a
gas chromatograph to monitor thé& inlet
and exit process gases, as shown in
Fig. 9. The exit gases are sampled
inside towards the top of the
reactor.

The type of information we have
ci1ined is illustrated 1in Fig. 10. 1In
«onjunction with thermodynamic
calculations some other tests, it

Nucleation
Throughout
observed that
the Si
gases
both
whisker
these
phase
(C/Si
shown
pressure
gaseous
"phases"
whiskers
under the

and

and

has enabled us to arrive at the process
reactions given in  a previous section
with a reasonablie degree of certainty.
The CH is seen to begin reacting at
a 1little over 1200°'C and to become
completely consumed at about 1300°C.
Since it  is unrealistic to oxpect all
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Fig. & - Setup for alternate inlet/exit
sampling of process gases (standard
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CH., cO).
i
of it to be absorbed into the finite
number of 1liquid droplets according to
equation (6), it is logical that the
portion that 1isn’t absorbed reacts to
comple?ion with the H,0 tormed when
the SiGC goes into the liquid (equations
(4) and (5)). The CH can also be
expected to react wlth any 0

introduced ‘n an air leak, which can be

e O, Leah
[ C
e CO
A _ T T~
0
\Hi. "l ' \_‘\‘
\1 S10)
v tFrom ACOn
0 ™~
0~ = - - T
Ol Inle
. IRV
i
B
¢ o Fomperature
Jinns b
i ' V “ N h
Fime thro
Fig. 1o Gas chromat ograph data tor a

whinker qrowth jun.,



identified by excess N, 1in the exit
gas stream. Similarly, the amount of
5i0 generated can be equated to the
amount of excess CO in the exit gases
after that formed by reduction of
€io to SiO and that caused by an air
leak 1s subtracted.

The resulting curve for Sio
concentration vs. time, shown in Figq.
10, indicates that a reasonably
constant level of generation was
obtained by using a heating cycle that
increased slowly to the maximum growth

temperature instead of an isothermal
hold. Perhaps fortuitously, the ratio
of Si0 to CH used in this run, as
indicated on the figure, turns out to
be 1in good agreement with the 1:2 ratio
suggested by equation (8). As we
continue to verify the reactions taking
place, we will also be working toward
eventual ATl control of the process
chemistry.

An identification code
included in Fig. 8.

overlay is
In terms of this

overlay, whiskers with designations 44,
5A and 6A, having diameters ranging
trom 4 to 9 um and colors ranging from

cunsidered

composite
Within this
A-type growth, there |is
usually only one whisker nucleated per
catalyst droplet and the weight yield
of whiskers seems to increase in direct

light green to blue, are
prime growth for
reinforcement purposes.
region of

relation to the $i supersaturation. 1If
the c/Si ratio becomes too high,
multiple nucleation and/or catalyst
breakup occurs and many smaller
diameter whiskers are¢ qrown from each
catalyst droplet, the growth becoming
progressively smaller in diameter,
shorter and Jenser (phase areas B, C

and D) as the C/Si ratio increases.
conversely, as the reactant gases
become progressively more Si-rich, the
whisker diameters progressively
increase and, at the upper boundary of
phase area A, the whiskers begin to
bend in. random crystallographic
direction, then become proqressively
more distorted. At all c/si ratios,
too high a Si-saturatjon level was seen
to increase the tendency toward
multiple npucleation and/or cause the
appearance of distorted species {(Phase
arcas E and F),

WHISGKER CHARACTER! ZATION

Macrophotos  showing whiskers grown
under  carnon-rich (high C/81), assumed
stoichiomotric, and  silicon-rich  (low
c/5i)  atmospheric conditions are given
in Fig. 11, The white averlay qrowth

shown at t he
tenltod from

bhaotiom ot Fig. I la
c-rich condit tons that

Fig. 11 - Macrophotos of growth plates
showing typical whisker species grown
in (a) a carbon-rich atmosphere (high
€/Si), (b) an assumed stoichiometric
atmosphere (C/Si ~ 1:1), and (c) a
silica~rich atmosphere (low C/Si).

prevailed at
Si0 generation
low level and

the end of a run when the

had dropped to a very

mixing was pnor at the
bottomm of the reactor because of the
dense growth there. 1n this case, the
rapidly increasing c/Si ratio caused
multiple nucleation within the catalyst

.

Noua crud 2 1075

Fig. 12 - Secondary nacleation ot tine
whisikers  in catalyst droplets causcd by
increasoe in (WA ratio  of  qgrowth
atmosphere toward end of run.



as evidenced py "starbursts" of fine
VLS whiskers (Fig. 12). In general,
smaller diameter whiskers, i.e., those
with diameters under 1-2 um, have some
tendency towards the knotted mode of
growth illustrated in Fig. 13. 1In that
photo, there are shown periodic
transitions between a-SiC (defined by
the transverse stacking faults) and

8 -sic. The variations in diameter
which accompany this are believed due
to periodic changes in the composition
of the catalyst droplet which affect
its surface tension and thus the
diameter of the whisker growing from
it, accaording to the relationships
shown in Fig. 3. Also evident in Fig.
13 is a fairly thick surface layer
which has been jdentified by XPS as
Si0, (14).

When the C/Si ratio during grnwth
in the reactor is at an optimum (which
is believed to be near stoichiometric),
longer, larger ‘"prime" whiskers with
smooth surfac=ss and constant diameters
are generally obtained (Figs. 11b and
14). These whiskers have diameters in
the range of 4 to 12 um and are the
type that can be grown to lengths of
several inches or more. They have a

Fig. 14 - SEM of prime VLS SiC whisker
growth 1illustrating the smooth surface
and uniform cross section most typical
of these larger diameter species
taverage here about 9 um).

much higher degree of structural
perfection than the smaller ones,
showing only a moderate dislocation
density and little evidence of stacking
faults (see Fig. 15), especially as
compared to VS SiC whiskers, which
generally show a much higher density of
such fault:s, There is little evidence

i, 1 - TEM ot  knotted qrowth Fic, 1% - TEM illustrating the surface
sometimen: obsorved  ftor small diametor and dislocat ion density  typical  for
whinker:s, prame VIS Si¢ whinker:s,



of a surface layer here. It is this
structural integrity that gives the VLS
whiskers their exceptional mechanical
properties.

Finally, as th2 growth atmosphere
moves to the Si-rich side (low C/Si) of
stoichiometry, the whisker morphology
becomes progressively irregular. With
only small deviations from
stoichiometry, the whiskers retain
their "prime" surface morphology but
show occasional changes in growth
direction to alternate <111> vectors.
The extreme of this is shown in Figs.
llc and 16, which 1is crowth obtained
under a very Si-rich atmosphere. 1In
this case, the growth has a black color
and there are possibly small variations
in diameter. The main manifestation of

process instability, however, 1is the
very irregular growth direction, which
still gives indications of being

crystallographically related.

Some detailed work has been done at
Los Alamos to analyze the surface
compositions of various whisker
species. (14) The results of this and
other efforts are summarized in Table
1. The surface layer on prime whiskers
is seen to be minimal. The association
of the darkening of the whisker surface
at low c/Si with surface carbon
suggests a potential for in situ
coating at lo<er temperature at the end
of a growth run.

Our desired product is prime
whiskers such as shown in Fig. 14.
These whiskers have been evaluated with
a micro tensile tester developed at Los
Alamos over lengths ranging up to three
inches. (9) The results obtained in
multiple fracture tests over lengths

Fig. 16 -
qgrowth
qrowth atmospherc.

SEM of degenerate whisker
obtained in a wvery Si-rich

Table 1 -~
Ao Cagown S baces of VES SO W hiekers
e
"\ hile Cireen Hlach
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are summarized in
this sort of testing, a
is first tested and the
successively shorter pieces resulting
from fracture are then tested ir turn.
The steady increase in strength for the
shorter pieces is interpreted as
showing fracture at and the progressive
elimination of the worst structural
defects. The extremes of strength
shown here, 15.9 .Gka (2.3 Msi) at about

starting at 25 mm
Fig. 17. In
longer whisker

24 —

2= Long SiC Whiskers
Multiple Fracture Tests

o [ E<,, > ~ 580 GPa (84 Msi)

o0

Whisker Strength (GPa)
=
o
/
<
s ]

[0}
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]
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Whisker L.ength (mm)

Fig. 17 - Multiple fracture data
mm long V9IS SiC whiskers.,

for 24



length and 7 GPa (1.0 Msi) at 25
very pertinent to some
uses for the whiskers.
strengths (>16 GPa) can be
expected for the whiskers when used as
shcit fiber (much 1less than 3 mn)
composite reinforcement. The 25 mm
length currently appears to be a good
one for the staple yarn process now
under development. The 7 GPa average
tensile strength obtained at this
length is much higher than that for any
of the commercial SiC continuous fibers
now available, not tc mention an
expected superior thermal stability.
The high strength coupled with the very
high elastic modulus derived in these
tests seems very favorable for
strengthening by load transfer.

J mm
mm, are
projected
Exceptional

SUMMARY

carbide whiskers
vapor-liquid-solid (VLS)
process have exceptional tensile
strength and other properties which
make them or much interest as
reinforcement for ceramics and other
materials. We have developed an
in-depth understanding of the
mechanisms and process variables
involved 1in growing these whiskers by a
process in which Si0 reactant is
generated inside of the process
reactor. This knowledge has enabled us
to grow moderate dquantities of such
whiskers in a contreolled manner.

Prime silizon
grown by the
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