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ABSTRACT

Silicon carbide (SiC) whiskers have
qreat. potential, some already realized,
in reinforcing ceramic matrix
composites to give significant
improvements in toughness and
strenqth. Los Alamos has been
dcvelopinq the vapor-liquid-solid (VLS)
process to grow single crystal B-Sic
fibers havirlg relatively fCw defects
and diameters of from 3 to 5 pm and
IcnqChs up to 100 mm. These whiskers
hnve superb mechanical prop@rties-
strerqths up to ?6 Gl),l (2.3 Msi) and
elastic modulus ot- ‘J8L1GPa (B4 Msi) -
and should have cxccllcnt stability at
high temperatures. Two basic synthesis
routes were investiqiitcd: 1) in situ
siO generation anti 2) ext~rnal gaseous
:;1 source. l’roccss 1) hod a much more
cxtcnsivc prior developmental history
;\nd has been devel.]pr?d,~t I,osAlamos to
the point whore siqnif icant and
reproducible yield:; 01 prirnc whiskers
[:.?n be obtained iill(i !:[”{llrup Could ho
cnnsidcred. What wc tltlvrlearned about
this process and its product will be
ttlcfiubjcct rJfthi:: piIF)vI .
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extremely difficult to use them in
oriented configurations to realize
maximum strengthening and toughening
such as reported for Nicalon SiC fibers
in glass or g?ass-ceramic matrices
(2-4).

1,0s Alamos has for several years
been developing the VLS process to grow
larger diameter (-5 ~m) single
crystal fi-SiC.whiskers of up to 16mm
(0.6”) in lenqth for chopping and
subsequent use as short fiber
reinforcement in ceramic matrices.
Substantial improvement.s in mechanical
properties have been shown to result
from the use of these chopped
whiskers in qlass, ceramic and
intcrmctallic composites (!)-8). Recent
work has extended this process to the
routine growth of staple whiskers of up
to 64mm (2.5”) in lcnqth. such
whiskers wc rc found to pos!;e5s
ultrahigh strengths over lonq Icnqths
(9), suqqc!stinq that they miqht bc usccf
in fabri(:atinq Stllplc yarns. Work is
now in proqress on this ilpplication.
The exc:cptional strcnqth, a Iong with
qood hiqh tcmpcraturc ~tilbllity, stem
1rom th~ hiqh dcqrpc of cht,micnl nnd
c-,rystalloqraphic purity lound in
whiskers qrown by thv VIJ; process.
Other attributes of’ Vlf; :;iC.whiskers
thi\t make thcm 01 rnu(.h intcrcct for
(.omposito rc inlor(”.’mcrltitrr t hr I,lrqcr
(Iiamcter, whi~:h ir. tll[~(ll”t~tiCil 1
filv(Jrilblv Ivr to~l(;llrllint~il 11(1

c
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the VLS process (10-1:!), the~o has to
date betn no publ ishcd rcparts oi
successful scale-up. The object of
this work was to develop an in-depth
understanding and control of the VI.5
process, which could lead to the
production of larqe quantities of high
quality VLS Sic whiskers.

WHISKER GROWTH

MECHANISM OF THE VLS PROCESS - An
idealized sequence for the growth of a
VIS SiC whisker is shown in Fig. 1.
Initially, metal catalyst particles are
distributed over a suitable substrate
(Fig. la). The catalyst must be a
material t;~at forms a eutectic system
in which SiC has a primary phase
crystallization field, as illustrated
in Fig. 2. In this case, the substrate
is carbon, one of the system
components. The coated substrate 1s
placed within a reactor, and, as it is
being heated to the qrowth temperature
(about 14000C) , the catalyst particle
melts, spreading out to form a
lenticular cap while taking some of the
carbon substrate into solution (Fig.
lb). AS the temperature continues to
rise, the cap abs. rbs carbon and
silicon from the process aases, rind
contracts into a droplet at the cent.er
of the crater (Fig. lC) . When
sufficient carbon and sillcon are
absorbed into the droplet, it becomes
supersaturated to the point where solid
SiC is nucleated at the liquid-solld
interface, caus inq tho droplet to rise
from a whisker base (Fig. id). This
react ion sequence can L)c followed in
Fiq. 2 by movinq from left to right at
temperature TI to the composition
where nucleation occurs (CN). Here,

AT represents the deqrce of
undcrcoo] inq (or fiupcr.saturation)
rccruired for llUtilC?ilt ion.- Another way
tc)“ approach nuclcintion i=
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Fig. 2 - Pseudobin,~ry phase relations
for qrowth of VLS SiC whiskers
(schematic).

higher temperature (Tz) untl 1
reaching the liquidu~ a. TL and
undercool to reach Cy . In certain
instances, this has prbved effective in
reducinq the induction time for
nucleation.

The whisker will cantinue to qrow
away from the Gubstrate (Fig. le),
theoretically wit,hout limit as lonq as
the droplet is fed from the vapor
phase. Whiskers of up to four inches
in lenqth have been grown at Ios Alamos
at a diameter of about 5 ~m. It is
also possible t.o exert some control
over the whisker diameter because a
fixed relationship exists between it
and the droplet, which is determined by
the balance of interracial surface
energies illustrated in Fig. 3.

The process most extensively
developed at 1=s Alamos used gaseous
sio and C114 a= reactants and either
iron- or mallqanesc-bnscd alloy
particles as the catalyst. The term
‘Iccat(llyst”is used hccausc tllc rclativo
deposition rate of silicon and carbon
from vapor thrvuqt, the Iiuuid droplet
onto the solid whisker (VIS) is much
faster than that. for dcpositinq
directly from the vnpor- anto the solid
(v!;). The !;iowns qcncr-atcd within the
rPilCt(3r (in Git.u) at high tempcraturo

----

“itl, I
!I)l’llfir.::

II 1)1. f,!;:;.

l!{ll ,111(.(.

101 t 1)1, VI,!;

01

Wtl



because it 5 only stable as a qas
above about 11OO”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 SiO generation:

Si02 + C = SiO t CO (1)
CH4_= C + 2H2 (7)
Zo ~ + CH4 =SjO+CO+2H2” (3)

Reaction (3) is much more favorable
thermodynamically than reaction (l).
The CH4 participating in the reaction
is belleved to be that ploduced via
reverse reaction (2) rather than that
introduced in the process gas mixture

(H2, N2, CO, CH4.

B) For Sic formation:

SiO + H2 = Si(in liq) + H20 (4)
CH4 + H O

?

= co + 3H
6

(5)
CH = C l.nliq) + 2 ~ (6)
Q in liu) + C[jn licr)= SiC (7)
SiO + 2CH4 = SiC + 2C0 + 4H2 (8)

Calculations show that the reaction of
SiO with CH4 to form SiC is
thermodynamically much more favorable
than reaction with either carbon
(solid) or CO. In this case, the
participating CH4 is believed to be
that introduced in the process gas
mixture.

IMPLEMENT’ATION OF ‘1’l{EVI.’ PROCESS -
The type 0! reactor used in this work
for qrowinq whiskers of up to 3/4 inch
lonq usinq the above reactions is shown
in Fiq. 4. All of the reactor parts
Cxcept for the qencrators were machined
from a fairly coarse-qra ined
graphite. * ‘rhe qe~crators were made
from a porous [aluminosi1irate
insulat.inq brick** infiltrated with a
mixture of silicon and carbon to
produce Sio acrordinrj t.o overal 1
rpil(:t if)n (’l). ‘l’t]@prror’c-sqCJasc!s(H

N2 , co an(i 0{4 ) were brouqht in~b
ar~ open plf~nurn runrlinf~ under the
reactor (“hamt)er wt)er(’ they wf~re
riirccte(l U})w(lr”[itttr(~ut~h(lIow of smal 1
holes (i~~t:;) into tllrvc~rtir(~lqrowth
t.{)mpirrtmf’nt:; 10 mix wit)) tt]{,ll~>{~vicr
:;10 k]cirlt~{Jt’r]{’rat{’[1tiler{’. ‘1’hr.rf~(l(.t or
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Fig. 4 - Whisker
in situ generator

growth reactor for the
process.

extensively investigated many years ago
by Shyne, et al, (13) but they were
never able to u~derstand and control
the process sufficiently to obtain
substantial and reproducible yields of
prime v 1.s 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 stood
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 ~m) were not
obtained until this parameter was
understood and under control . Early
experimerlts showed the mixinq of the
pl.ocess qases enterinq the bottom of
the reactor was strongly dependent on
maximizing the inlet qas flow rate
while minimizing the number and size of
the inlet jets. This i~d to uniform
yields of prime whisker growth, but
only over short time periods I,ong
tcrm rt.ptuduuibii ity W<*S fuund t.o
cif2[)rn(ion Illil int(lininq thr opt.imurn
mixin(l (:onriitions shown in Iiq. !J,
i.<”., il r;ec’orldilry di !tIl::iotl()f the

[)1(] (. f~!;:; qa!; os tt]rr)(lqtl th(, [)~)~rl ~]c)rc)::ity

of ttlf~ plcnllm irlt“[)rl~”(’]t wit}) tile jet
,lt.tion. A Wi5)’ Wil:$ f(lur]tlto mirintilin
this ol)prl[J(]rusityPvvrl ttlc)ll(~tlit terd:i
to fill Wittl :+i(’ rf~n[.tioi] pr(j(ill(”t
(Ill>irl[~,1 r(]n,,an[lit i!+I1OW~}t):;:+il)let{)
r[~l)rocill[.t,~)r-imf.wlli::krr(ftowtll,~~uf”ha:;
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Fia. 5 - Most favorable qas mixing.
conditions for the in siti generator
process.

the longer length whiskers, the three
central growth plates arc removed and
replaced by three rows 01 staggered,
vertical qenerator bricks.

Catalyst/Substrate Interactions -
The interaction of diffc!rent catalysts
with the carbon (graphite) substrate
was fourd tO sig~ificantly affect the
relative amount and length of prime
whiskers obtairmd. The iron-based
(stainless steel) catalyst qave only
about 2/3 the weight yield of the
manqancse-based (brazinq alloy)
catalyst but the whiskers qrown were
much longer. Wc therefore tise the
Mn-based catalyst to qrow whiskers
intended for chopped fibcr
reinforcement and the Fe-based one to

qrow whiskers intended for staple
yarn. A separate study on
catalyst/substrate interactions showed
that this difference in catalyst
behavior was due to a phenomen~n we
called Ilcatalyst breakup”, which can be
explained with reference to Fig. 1.
Both the catalysts follow the general
growth sequence shown in that fiqure.
However, as the Fe-based catalyst melts
and adsorbs carbon and silicon, it
spreads out to form a much larger and
thinner lens (Fiy. lb) than does the
Mn-based one. When later the thinner
lens receeds into a central catalyst
droplet (Fiq. lc), some cf the lens 1s
left as a thin remanent film, which
iater breaks up into a multitude of
smal 1 droplets to nucleate fine
whiskers surrounding the larger whisker
grown from the central droplet, as
shown in Fiq. 7. Thus , much of the
Fe-based catalyst is wasted in fine
whisker qrowth, whereas the Mn-based
catalyst does not wet the substrate
very well and little of it is wasted by
,,Catalyst breakuP”o
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Nucleation and Growth Condit ions -
Throughout. the development work, it was
observed that both the C/Si ratio and
the Si supersaturation of the reactant
gases had a very important effect on
both the morphology and amount of
whisker qrowth. Fiq. 8 summarizes
these observations as an empirical
phase diagram where the composition
(C/Si ratio) of the reactant gases is
shown on the horizontal axis, the
pressure (supersaturation) of the
qaseous Si on the vertical axis and the
“phases” are the different. types of
whiskers that are nucleated and grow
under the different conditions. No
abs~lute \alues are given on the axes
because the SiO produced by the in situ
generators starts off at a high level,
then drcreases steadily as the run
progresses. We have had no qood way to
quantify this until just recently when
we installed and put into operation a
gas chromatography to monitor the inlet
and exit process qases, 3s shown in
Fig. 9. ‘l’he exit. qasc~ arc sampled
inside and towards the top of the
reactor.

The type of information we have
[’lined is i1lustrated in Fig. 10. In
(.]njunction with thermodynamic
calculations and some other tests, it
has enabled us to arrive at the process
rractions qivell in a previous Sf2cti0n
with a reasonable deqree of certainty.
The C}{ is

1
seen to begin rcactinq at

a litt e over 1200”C and to become
completely c:onsumcd ‘at about 130(I”C.
Since it is UnrCiil istic:to rxpcct .311
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Fig. 9 - Setup for 31terntite inlet/exit
samplinq of -process qases (standard
analysis: 1{2# C02 # Ar/02 , N2 ,
CH4, co).

of it to be absorbed into the finite
number of liquid droplets according to
equation (6), it. is logical that the
portion that isn’t absorbed reacts to
L-ompletian with the H20 formed when
the SiG goes into the llquid (eq~atlons
(4) and (5)). The CH4 can also be
expected to react with any
introduced 02

‘n an air leak, which can bc
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identified by excess ){7 ir, the exit
gas stream. Similarly; the amount of
SiO generated can be equated to the
amount of excess CO in the exit gases
after that formed by reduction of

Sio and that caused by an air
~~~$ i;”subtracted.

The resulting curve for SiO
concentration vs. time, shown in Fig.
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 f~rtuitously, the ratio
of sio to CH4 used in this run, as
indicated on the figure, turns out to
be in good agreement with the 1:2 ratio
sugqested by equation (8). As we
continue to verify the reactions taking
place, we will also be working toward
eventual AI control of the process
chemistry.

An identification code overlay is
included in Fig. 8. In terms of this
overlay, whiskers with designations 4A,
5A and 6A, having diameters rar,ging
from 4 to 9 timand colors ranqing from
light green to blue, are considered
prime growth for composite
reinforcement purposes. Within this
region of A-type growth, there is
usually only one whisker nucleated per
catalyst droplet and the weight yield
of whiskers seems to increase in direct
relation to the Si supersaturation. If
the C/Si rat io becomes too high,
multiple nucleation and/or catalyst
breakup occurs and many smaller
diameter whiskers arc qrown from each
catalyst droplet, th~ qrowth becominq
progressively smnllcr diameter,
shorter ,ind denser (phii;; areas D, C
and D) as the C/Si ratio increases.
conversely, tas the reactant qasc?s
become pro(;ressivcly more Si-rich, the
whisker diilmctcrs progressively
incrcasc and, at the upper boundary of
phase ared A, the whiskers begin to
bend in. t“illldurll cryst”,lloqx’aphic
di rrct ion, then b@comc proqressivel y
mor~ distorted. At illl C/Si ratios,
t00 hiqh il Si-:;a turt~tion level was seen

WIII!;KI;R (’IIAI{A(”’I’I;I{ !ZA’1’I[)N

1;>)

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

prevailed at the end of a run when the
SiO generation had dropped to a very
1Ow level and mixing was poor at the
bottom of the reactor because of the
dense qrowth there. in this case, the
rapidly increasing C/Si ratio caused
multiple nucleation within the catalyst

I’i,J, 1;! - !;(,(”,)ll(llltynl]{-lc(lt-iol]c)I Iitl(l
wtli:;krt.:;in (.ill(lly::t(111) 1)11. t :; (“( II IS(. (l )Iy
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as evidenced 13y ‘Istarburst.s!’of fine
VLS whiskers (Fig. 12). In general,
smaller diameter whiskers, i.e. , those
with diameters under 1-2 .m, have some
tendency towards the knotted mode of
growth illustrated in Fig. 13. In that
photo, there are shown periodic
transitions between a-siC (defined by
the transverse stackinq faults) and
d -SiC. The variations in diameter
which accomparly 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, according to the relationships
shown in Fig. 3. Also evident in Fig.
13 is a fairly thick surface ?.ayer
which has been identified by XPS as
Si02 (14).

When the C/Si ratio during growth
in the reactor is at an optimum (which
is belie”~ed to be near stoichiometric),
longer, larger “prime” whiskers with
smooth surfacss and constant diameters
are generally obtained (Figs. llb and
14). These whiskers have diameters in
the range of 4 to 12 Pm and are the
type that can be grown to lengths of
several inches or more. They have a

Ii(l. I I - TI’M of }:llott(-(1(Irtlwtll
::[)m(,tlmi~::(Il):;l,l”vl,(l 1[)1 ::111,11 I ~lillm[*lf,t-



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

Finally, as the growth atmosphere
moves to the Si-rich side (low C/Si) of
stoichiometry, the whisker morphology
becomes progressively irregular. With
only smal 1 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 is qrowth obtained
under a very Si-rich atmosphere. In
this case , the growth has a black color
and there are possibly small variations
in diameter. The main manifestation of
process instability, however, is 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

Table 1 -
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starting at 25 mm are summarized in
Fiq. 17, In this sort of testing, a
longer whisker 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 ZS
showing fracture at and the progressive
elimination of the worst structural
defects. The extremes of strength
shown here, 15.9 .GPG (2.3 Msi) at about
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lmm length and 7 GPa (1.0 Msi) at 25
mm, are very pertinent to some
projected uses for the WhlSkelS.
Exceptional strengths (>16 GPa) can be
expected for the whiskers when used as
ShLLt fiber (much less than 3 inn,)
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.

sumy

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