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The microstructure of SiC whiskers has been studied through analytical electron microscopy. 
The whiskers were found to contain discrete regions of high and low planar defect density. 
These regions of low defect density were identified as 3C beta-SiC, whereas the regions of 
high defect density were consistent with a mixture of SiC polytypes, with the 3C and the 6H 
polytypes being the most predominant as a result of the formation of a high density of 
microtwins on the (1 1 1) planes perpendicular to the ~1 1 1) growth direction. A growth 
mechanism is suggested based on observations of (a) outer layers of SiC on 
vapour-liquid-solid catalysts and (b) C:Si variations between the regions of high and low 
densities of planar defects. It appears that there is some degree of stoichiometric control over 
the microstructure of the SiC whiskers in that slight carbon enrichments seem to promote the 
growth of relatively defect-free regions of beta-SiC whiskers. 

1. I n t r o d u c t i o n  
The potential of advanced ceramic materials for high- 
temperature applications has generated considerable 
interest. Among these applications are advanced heat 
engines, where there is an incentive to produce light- 
weight structural materials with high-temperature 
performance capabilities superior to cobalt- and 
nickel-based superalloys. However, one of the factors 
which has inhibited the use of ceramic materials is a 
high sensitivity to processing and service-generated 
flaws, which is ultimately reflected in the low fracture 
toughness values typical of monolithic ceramic 
materials. 

In order to reinforce and toughen ceramic mater- 
ials, fibres or whiskers have been added to ceramic 
matrices, producing an improved fracture toughness 
[1-3]. Due to their high-temperature strength and 
chemical stability, SiC whiskers have received con- 
siderable attention. 

represented by specifying the stacking order of the 
close-packed planes on three possible stacking posi- 
tions, A, B and C. Since SiC has a double layer, one 
close-packed layer specified in terms of packing of 
spheres actually represents two combined layers, a 
carbon layer and a silicon layer. For example, the 
basic stacking sequence of cubic SiC is shown in 
Fig. 1. If the first layer is denoted as stacking position 
A, the second close-packed layer, which can then be 
placed at either stacking position B or C, is placed at 
stacking position B. Similarly, the third layer is 
located at position C, producing a stacking sequence 
of ABCABC . . . .  as indicated by the solid line in 
Fig. 1. Stacking sequences which repeat on a different 
basis produce other polytype structures. The notation 
to describe polytype structures follows that first sug- 
gested by Ramsdell [4]. In this notation, a number is 

1.1. Structure of silicon carbide 
Before considering growth mechanisms for SiC whis- 
kers, it is first necessary to understand the complex 
crystallography of this material. This complexity 
arises from the ability of SiC to crystallize into many 
different structural types, commonly called polytypes. 
The phenomenon of polytypism stems from the capa- 
city of a solid to crystallize into more than one 
modification having essentially the same chemical 
composition, but differing in the number and the 
manner of stacking of layers in the unit cell. 

The stacking sequence of SiC may be represented by 
a close-packing of spheres, and any structure can be 
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Figure 1 Stacking positions for SiC showing stacking sequence of 
3C beta-SiC as represented by a close-packing of spheres. 

5655 



assigned corresponding to the number of layers in the 
unit cell, combined with a letter designating the crystal 
symmetry (C representing cubic, H hexagonal and R 
rhombohedral). The most common polytypes found 
are the alpha 6H (stacking sequence ABCACB), 4H 
(ABCB) and the beta 3C (ABC) modifications. How- 
ever, many polytype structures with larger unit cells 
have also been found and are summarized elsewhere 
[5, 6]. 

The low stacking-fault energy of SiC (1.9 erg cm- 2 
or 1.9x 10 -3 Jm -2 [7]) implies that fault or twin 
interfaces add relatively little to the free energy of the 
structure and hence, under appropriate growth condi- 
tions, several close-packed structures could be ener- 
getically feasible. Thus, mixed polytypes and frequent 
faults or microtwins within polytypes may occur, and 
when the twin or fault frequency is great and the 
distance between them irregular, the structure is said 
to be one-dimensionally disordered. Shinozaki and 
Kinsman [8] have ascribed a necessary condition for 
the one-dimensional disordered structure in SiC as the 
intergrowth of faulted cubic 3C beta-SiC regions 
among thin regions of hexagonal alpha-SiC polytypes. 
For example, if the stacking sequence in an SiC crystal 
is found to be . . .  ABCBABCACBABCABC . . . .  no 
apparent regular stacking sequence is observed, and 
so this structure would represent one-dimensionally 
disordered SiC. By breaking this stacking sequence 
down into its component polytypes . . . .  ABCB/ 
ABCACB/ABCABC . . .  , it is observed that this 
stacking sequence is actually comprised of one unit 
cell of the hexagonal 4H and 6H alpha-SiC polytypes 
and two unit cells of the 3C beta-SiC polytype. Thus, 
one-dimensionally disordered SiC can arise from the 
intergrowth of short-period alpha and beta SiC poly- 
types. 

1.2. G r o w t h  of si l icon ca rb ide  whiske r s  
Whiskers of silicon carbide have been produced by a 
number of methods, most of which may be categorized 
by a vapour-liquid-solid (VLS) growth mechanism. 
The VLS mechanism was first proposed by Wagner 
and Ellis [9] for the growth of silicon whiskers. Since 
that time, a number of workers have produced evid- 
ence that the VLS growth mechanism may also be 
applied to silicon carbide [10-16]. 

The VLS growth mechanism differs from the more 
conventional liquid-solid and vapour-solid crystal 
growth theories in that a layer of liquid in which the 
crystal material itself (or its components) is soluble is 
situated between the vapour and the growing crystal. 
The surface of the liquid is a preferred site for depo- 
sition from the vapour phase, and so once the liquid 
becomes supersaturated with the reacting species, 
crystal growth occurs by precipitation at the 
solid-liquid interface. This mechanism is well docu- 
mented for the growth of silicon whiskers [9]. How- 
ever, the VLS growth mechanism of silicon carbide 
whiskers, and its effect on the resultant crystal struc- 
ture, is not well understood. It is the object of this 
paper to address this particular problem. 
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2. Experimental procedure 
The SiC whiskers studied were obtained through a 
proprietary process developed by Ceramics Kingston 
Inc. The material was prepared for analytical electron 
microscopy (AEM) examination by dispersing the 
whiskers on to copper grids with and without carbon 
support films. For cross-sectional examination, the 
whiskers were embedded in both Epon and Spurrs 
epoxy, sectioned with a Reichert-Jung ultramicrotome 
at set thicknesses of 40-80 nm and collected on copper 
grids. A stroke rate of 0.1 mm s- 1 gave the best results, 
although rates up to 3.0 mms -1 were tried. The 
microtomed sections were then dispersed on to copper 
grids with and without carbon support films. All 
specimens were examined in a Philips EM400T trans- 
mission electron microscope (TEM) equipped with an 
EDAX 9100/60 energy-dispersive X-ray analysis sys- 
tem (EDS) and a Gatan 607 instrument for serial 
electron energy loss spectroscopy (EELS). All TEM 
investigations were performed using a lanthanum 
hexaboride source. 

2.1. Electron energy loss spectroscopy 
Two different methodologies were used to determine 
C:Si ratios through EELS analysis. In both methods, 
the specimens examined were those on copper grids 
without carbon support films. The spectral collection 
methods are detailed elsewhere [17] but may be 
summarized as follows. 

Method 1 involved collection of the low energy SiL 
core loss edge (90 eV) and the CK edge (284 eV) at 
l eV per channel and a 29 mrad collection angle 
(2 mm spectrometer entrance aperture and a 34 mm 
camera length) in diffraction pattern-on-screen mode 
using a 30-50 nm, high-intensity nanoprobe beam. 
These edges both have high signal/noise ratios, but 
the signal/background ratio for the SiL edge is low for 
all but very thin specimens. Drift effects are minimized 
by a relatively short serial EELS collection time. 

Method 2 involved collection of the CK edge and 
the high-energy SiK core loss edge (1840 eV) at 2 eV 
per channel, with other settings as in Method 1. Al- 
though the signal/noise ratio for the SiK edge is poor 
and collection times are increased by a factor of ten, 
the greater ease and reproducibility of background 
fitting for both edges ultimately made this method 
more reproducible for the typical whisker diameters 
studied. Measures taken to minimize drift effects in- 
cluded choosing physically stable whiskers (under the 
electron beam), periodically stopping the collection 
to view the beam position, and comparing spectra 
obtained from low to high energy loss and the reverse. 
The latter tests showed no significant changes in the 
C: Si ratios, nor were there any different trends in C: Si 
ratios when comparing analyses for the few whiskers 
thin enough for Method 1 analysis with the majority 
of the thicker whiskers. The experimental or calcu- 
lated partial cross-sections used for quantification by 
both methods were judged to have similar accuracies 
[17, 18]. In both methods, an integration window of 
100 eV was used for the quantification. 



Figure 2 (a)Bright-field overview of SiC whiskers, with regions 
typical of those used for EELS analysis labelled A and B; (b) bright- 
field image of high planar defect density region viewed along {110) 
zone axis; (c) dark-field image showing microtwin in low defect 
density region; (d)~111) CBED pattern from low defect density 
region; and (e) HOLZ line pattern from (d). 

3. O b s e r v a t i o n s  
A general overview of the dispersed whiskers is shown 
in Fig. 2a. The diameter of the whiskers was typically 
between 75 and 175 nm; however, whiskers with dia- 
meters as low as 50 nm and as large as 750 nm were 
occasionally observed. Most of the whiskers studied 
contained discrete regions differing greatly in planar 
defect density and possessing slightly different dia- 
meters, as can be seen in Fig. 2a. A magnified view of a 
high defect density region is shown in Fig. 2b, where 
the whisker was oriented such that a ~ 1 1 0) zone axis 
was accurately parallel to the electron beam. The high 

density and irregular spacing of the planar defects is 
readily observed under strong, many-beam imaging 
conditions. The faults observed in regions such as this 
were oriented parallel to the { 1 1 1 } planes perpendi- 
cular to the growth direction. By carefully orienting 
whiskers in this manner and imaging in diffraction 
contrast, it was possible to conclude that fault 
spacings as small as a few atom planes were present in 
such regions. 

These regions of high planar defect density were 
often found to be linked via another planar defect 
along other {1 1 1} planes at an angle of 70.5 ~ to the 
growth plane. By imaging in dark-field using a reflec- 
tion which would correspond to a twin reflection 
along this { 1 1 1 } plane, as in Fig. 2c, it was concluded 
that these planar defects were also microtwins. Statist- 
ical analysis of a number of whiskers showed that the 
proportion of high and low defect density regions was 
approximately equal. The structure of the low defect 
density regions was confirmed through electron dif- 
fraction to be cubic beta-SiC. Fig. 2d and e show 
~1 1 1) convergent-beam electron diffraction (CBED) 
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patterns taken using different camera lengths from 
such a region. The reciprocal lattice spacing experi- 
mentally determined using the high-order Laue zone 
(HOLZ) ring diameter in Fig. 2d agrees with the 
calculated result for cubic beta-SiC. The threefold 
symmetry clearly evident in the HOLZ lines of Fig. 2e 
confirms the face-centred cubic structure. 

The structure of the regions containing a high 
density of planar defects was, however, much more 
complex. The ease with which stacking faults may be 
incorporated into the structure of SiC has been de- 
scribed in section 1.1, and it is thus not surprising that 
half of the whisker volume contained planar defects 
perpendicular to the (1 1 1) growth direction. The 
nature of these defects was further examined through 
electron diffraction and dark-field imaging. From 
these investigations, it was observed that many of the 
defect-free regions were in twin orientations with each 
other. A dark-field image of a whisker segment and 
an accompanying selected-area diffraction pattern 
(SADP) from the region indicated are shown in Fig. 3a 
and b, respectively. The SADP observed clearly shows 
a second set of reflections which are well known to be 
twin reflections [19]. The dark-field image in Fig. 3a 
was taken using a twin reflection, and shows seven low 
defect density regions varying from approximately 3 
to 250 nm in length and in varying twin relations to 
one another and the high defect density regions. 

In Fig. 4, an SADP from a region containing a high 
density of planar defects is shown. Although the main 
intensity maxima may be indexed as 3C beta-SiC, the 
streaking observed along the reciprocal lattice rows 

Figure4 (a)(ll0) SADP from high defect density region; 
(b) computer-simulated 6H alpha-SiC (1120) SADP showing sim- 
ilar maxima along systematic rows. 

Figure 3 (a)Dark-field image of whisker segment showing high 
and low defect density regions of varying length in twin relations; 
(b) (110) SADP from region labelled in (a). 
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indicates a high density of either stacking faults, 
microtwins or a combination of the two. The fact that 
strong alternating diffraction contrast is observed in 
dark-field images using twin reflections indicates that 
the majority of these planar defects were microtwins, 
consistent with earlier observations [20-27]. 

Cross-sectional examination of microtomed sec- 
tions revealed the whiskers to be in the shape of 
rounded triangles, an example of which is shown in 
Fig. 5. These cross-sections frequently contained com- 
plex arrays of fault-like defects, as seen in Fig. 5, which 
is believed to be a section through a low defect density 
region of a whisker. Bright field/dark field compari- 
sons of edge fringes for isolated defects in the micro- 
tomed cross-sections confirmed that at least some of 
them showed contrast changes suggestive of stacking 
faults. However, defects formed by the impact/cleav- 
age process of diamond knife sectioning may not be 
ruled out, although relatively defect-free cross-sections 
were observed as well. (As an aside related to ultra- 
microtomy for microanalysis/elemental mapping, the 
thicknesses of several sections were measured with 
EELS using the method described by Malis et al. [28]. 
Significant variations were found in many cases even 
with such small whisker diameters. This is likely to be 
a result of the whisker cleavage plane not being par- 
allel to the sectioning plane, producing a wedge- 
shaped section.) 



Figure 5 Dark-field image of a typical SiC whisker cross-section. 

Some of the whiskers showed globules at their tips, 
consistent with a VLS-related crystal growth mech- 
anism. Examples of such a VLS crystal growth cata- 
lyst are shown in Fig. 6. EDS analysis indicated that 
the bulk of the catalyst was iron- and silicon-enriched. 
A common observation for all VLS catalysts was the 
presence of a defective crystalline outer layer of vary- 
ing thickness surrounding the bulk of the catalyst. A 
typical example of such a layer is observed in Fig. 6a, 
and a more extreme case of a very thick layer is 
observed in Fig. 6b. The presence of a Si peak in the 
EDS spectra and a CK edge in the EELS spectra from 

these regions suggested that this outer layer might be 
SiC. This postulate was confirmed through electron 
diffraction. These catalyst surface layers were found 
to be typically 25-100 nm in thickness, crystalline in 
nature, and exhibiting an alternating defect structure 
similar to the whisker itself, that is, a non-periodic 
distribution of regions of abrupt variations in defect 
density. 

Electron energy loss analysis of the whiskers was 
conducted at various locations along the length of the 
dispersed whiskers, as exemplified by the regions 
labelled A and B in Fig. 2a. Initial results indicated a 
consistent difference of the C:Si ratios across the 
interfaces between regions of low and high defect 
density and little difference within these regions. The 
results suggested that the low defect density regions 
had associated with them a higher C: Si ratio than the 
regions with a high density of defects. Further analyses 
concentrating on these interfaces were conducted in 
two ways; a few analysis pairs across interfaces in a 
large number of whiskers, followed by more detailed 
traces along a smaller number of whiskers. While the 
great majority of individual interfaces showed a higher 
C:Si in the low defect density region, more relevant 
statistics could be determined for the single whisker 
traces, Two such traces gave mean values of C:Si 
(low defect density) to C:Si (high defect density) of 
1.11 +_ 0.09 and 1.08 + 0.07. Since the errors represent 
95% confidence levels, we are led to believe that the 
low defect density regions indeed have a higher C:Si 
ratio. 

Figure 6 (a) Bright-field image showing typical SiC layer surround- 
ing VLS catalyst; (b) extreme case of very thick layer. 

4. Discussion 
4.1. Electron diffraction analysis 
It is well known that stacking faults (including twin 
boundaries) can give rise to streaking in the diffraction 
patterns along the direction perpendicular to the fault 
planes [29]. Carter [30] has shown that a series of 
closely spaced faults leads to the intensity maxima 
along the streaks, having a spacing in a reciprocal 
relationship to the repeat distance of the faults. For 
example, in the case of a series of microtwins having 
a constant thickness of 10 atom planes, the streaks 
along the 1 1 1 systematic row of reflections would be 
divided into 10 intensity maxima. In practice, we have 
a distribution of twin spacings (typically 0.2-2.5 nm in 
thickness), which gives rise to a multitude of closely 
spaced maxima as observed in Fig. 4, Computer  simu- 
lation was carried out for a 6H alpha-SiC diffraction 
pattern for a ( 1 1 2 0 )  zone axis. Similar diffraction 
maxima along the 1 1 1 systematic rows were obtained, 
as shown in Fig. 4b. This is a result of the 6H polytype 
being equivalent to a twinned 3C polytype. As the 
repeat distance in a polytype increases, the effect on 
the simulated diffraction patterns is a smearing out of 
the intensity maxima along the reciprocal lattice rows. 
Thus, essentially the same result is obtained from a 
consideration of the effect of multiple twinning on 
the diffraction patterns. It therefore appears that 
the occurrence of polytypes may simply be a con- 
sequence of the presence of a high density of micro- 
twins in the SiC whiskers. 
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4.2. Electron energy loss analysis 
The EELS results indicated that there was an in- 
creased C:Si ratio associated with the low defect 
density regions of the whiskers. The significance of this 
composition difference is enhanced by the fact that it is 
a relative quantitative comparison, hence many of the 
inaccuracies inherent in absolute EELS quantification 
(cross-sections, background subtraction, plural scat- 
tering differences) are either minimized or eliminated. 
However, the absolute values of the C:Si ratios in 
both regions were always higher than the expected 
stoichiometric value of 1.0, and varied from whisker to 
whisker, ranging from 1.10 to 1.45. 

It is postulated that the reason for this apparent 
carbon enrichment is a combination of direct vapour 
deposition of carbon on the whisker during the 
growth process, and/or the normal carbon contam- 
ination associated with TEM studies. An example of 
evidence for such coatings is shown in Fig. 7, where 
bright field/dark field comparisons clearly indicate 
the presence of a coating approximately 10 nm in 
thickness. The contrast of this coating in the dark-field 
image suggested that it is amorphous in nature. Fur- 
ther studies combining EELS analysis, microdiffrac- 
fion and conical dark-field imaging suggested that it 
was most likely to be amorphous carbon, and not 

SiO 2 or a silicon oxycarbide, as the presence of oxygen 
was not detected in EELS spectra from these layers. 

The effect of a small carbon coating on the whisker 
surface in the EELS results can be explained with the 
aid of Fig. 8. If a cross-section of a typical whisker is 
represented as an equilateral triangle with sides 
100 nm in length (Fig. 8a), then the total volume of the 
whisker interacting with the electron beam (assuming 
100 nm spot size and 100 nm specimen thickness) may 
be found through geometric calculations. Since the 
volume and the number of Si and C atoms in the SiC 
unit cell are known, the number of both Si and C 
atoms may be estimated as 

Number Si atoms = 2.10x 107 

Number C atoms = 2.10x 107 

If a 10 nm carbon layer is formed on the surface (e.g. 
Fig. 8b), then the new volume (now assuming 120 nm 
specimen thickness and 100 nm spot size) under the 
electron beam may be calculated. The volume of the 
C layer may then be found by subtraction and if the C 
layer is assumed to be graphite, the number of C 
atoms in this layer may be roughly estimated (since the 
C layer actually appears to be amorphous) as 

Number C atoms in layer = 9.38 x 106 

Therefore, the C:Si ratio in this case would be 

C:Si = (9.38 x 106) + (2.10 x 107)/(2.10x 107) 

= 1.45 

Figure 7 (a) Bright-field image showing amorphous carbon coating 
on whisker surface; (b) dark-field image of (a) using SiC reflection. 
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Figure8 Schematic representations of SiC whisker segment 
(a) without and (b) with a 10 nm surface layer of carbon. 



Hence, small surface layers of pure C or enriched in 
C can effect the C:Si ratios obtained through EELS 
analysis significantly. To further test this hypothesis, 
C: Si ratios were determined on the microtomed cross- 
sections in order to alleviate the effect of C-enriched 
surface layers. Although it was difficult to determine 
whether a certain cross-section constituted a high or 
low defect density region, the values obtained 
(0.98-1.04) are indicative of stoichiometric SiC, and 
were independent of the sampling location within the 
whisker cross-section. 

The existence of some form of carbon-rich layer is 
significant in that it may affect the mechanical per- 
formance of whisker-reinforced composites. It has 
recently been shown [31] that changes in the surface 
chemistry of SiC can have a considerable effect on the 
fracture toughness of a ceramic-matrix composite. The 
extent to which the stoichiometric discrepancies and 
structural changes in the bulk of the whisker affect the 
mechanical properties of both metal and ceramic 
matrix composites is still unknown, but the existence 
of such structural and chemical changes in not only 
these but possibly other SiC whiskers should be borne 
in mind when interpreting interfacial phenomena in 
composite materials. 

In the past, the question of the effect of stoichio- 
metry on the structure of SiC has only been lightly 
addressed, and the results are in poor agreement. The 
effect observed in this study may be similar to that 
which led Ryan et al. It 1] to postulate that the reason 
for obtaining hexagonal alpha-SiC whiskers at low 
temperatures might be associated with slight carbon 
deficiencies as compared to the stoichiometry of cubic 
beta-SiC whiskers. As the regions of high defect dens- 
ity in the present study were thought to consist of an 
intergrowth of a small amount of alpha in a predomin- 
antly beta-SiC structure (similar to that described by 
Jepps and Page [32]), these results would lend some 
support to the theory of Ryan et al. [11]. Other 
workers, however [33-36], have observed the oppos- 
ite effect, concluding that increasing the C:Si ratio 
led to an increasingly hexagonal structure, with the 
change in the C: Si ratio affecting primarily the nucle- 
ation of a given polytype. While contradictory regard- 
ing which structure is favoured, all of this work is 
consistent with a model suggesting that changes in the 
C: Si ratio in the VLS growth catalyst dictate whether 
a whisker portion grows with a pure cubic structure or 
a structure with a high density of planar defects or 
mixed polytypes. 

An alternative explanation of the C:Si discrepan- 
cies may lie within the possible existence of inversion 
twins, in which both a polarity reversal of the SiC unit 
tetrahedron and a twinning orientation change is 
observed to occur at the twin boundary. Therefore, 
two types of inversion twins may occur, a positive type 
and a negative type, in which the charges of the atoms 
lying adjacent to the mirror plane leave an excess of 
positive or negative charges at the twin boundary 
[37]. As we have observed a decrease in the C: Si ratio 
in the regions of high defect density, it is possible that 
this discrepancy is a result of the formation of a high 
density of positive inversion twins, producing a higher 

local distribution of Si atoms and hence positive 
charge at the twin boundary. 

As the solubility of Si in the Fe-enriched VLS 
catalyst is much higher than that of carbon, the 
occurrence of such twins during the growth process 
may not be so unreasonable. Austerman and Gehman 
[37] have inferred the existence of inversion twins in 
many compounds with sphalerite-type crystal struc- 
tures, including SiC. Some support for this theory was 
given in a recent study on the growth of chemical 
vapour-deposited beta-SiC in which the density of 
antiphase boundaries (of which the inversion twin is a 
special case) diminishes with increasing C:Si ratios in 
the reactant gases. It was further suggested that these 
antiphase boundaries originate in Si-Si bonds, rather 
than at C C bonds [38]. However, studies on ZnSe 
(also of the sphalerite structure) have shown that great 
care in lattice imaging and computer simulation of 
lattice images is required to confirm the existence of 
inversion twin boundaries [39]. 

4.3. VLS growth mechanism 
It is not surprising that the VLS growth catalysts 
observed in this study were Fe- and Si-enriched as 
iron has long been known to be an effective catalyst 
for VLS whisker growth [11, 13 15, 40, 41-]. However, 
the observation and structure of the outer layer of the 
VLS catalyst now gives some support for the VLS 
growth model for SiC proposed by Shchetanov et al. 

[42] and the formation of the bamboo-type structure 
which they frequently observed in SiC whiskers. A 
brief explanation of the initial part of their mechanism 
may be given with the aid of Fig. 9. It is based on the 
assumption that during stable growth via a VLS 
mechanism, the number of Si and C atoms passing 
into the liquid phase should be equal to the number 
passing into the solid phase (Fig. 9a). However, when 
fluctuations occur in the composition of the gas phase, 
a concentration sufficient for the generation of SiC 
may be reached in the surface layers of the liquid VLS 
catalyst, depending upon their solubility of carbon 
and silicon. If this is the case, crystallites incoherent 
with respect to the main crystal may develop, causing 
a gradual filling of the surface of the drop with SiC and 

Si C Si C 

{o) lb) 

Figure 9 Schematic diagram showing formation of SiC layer 
around the VLS catalyst: (a) equilibrium growth and (b) formation 
of outer layers as a result of fluctuations in Si and C concentrations. 
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Figure 10 Growth model for low defect density regions: (a) nucleation at surface step formed by microtwin and (b) continuation of nucleation 
and growth. 

the formation of a spherical shell surrounding the VLS 
catalyst (Fig. 9b). The observations in this study pro- 
vide direct evidence of the SiC shell surrounding the 
VLS drops; however, no crystals incoherent with the 
body of the whisker were ever observed in our studies. 

Having established that the VLS catalyst is satur- 
ated in Si and C, the next steps in the growth process 
would be the nucleation and subsequent growth of the 
SiC whisker. Nuclei of SiC may be formed through a 
series of reactions within the VLS growth catalyst. 
Once these nuclei reach a critical radius, crystal 
growth will be energetically favourable and so the 
initial stages of growth in a (1 1 1) direction occur. 
The next nuclei to form may do so on one of two 
different stacking positions on top of the initial 
growth. If the "wrong" stacking position is chosen, 
then a stacking fault or twin boundary occurs. Such 
processes may repeat themselves, giving rise to the 
regions of high planar defect (in this case, microtwins) 
density observed in this study. However, it is possible 
that nuclei may form oriented along another {1 1 1} 
plane at an angle of 70.5 ~ to the growth plane. Nuclei 
with such an orientation would form steps with nuclei 
of the previous { 1 1 1 } orientation, providing energet- 
ically favourable sites for continued growth without a 
high density of microtwins (shown schematically in 
Fig. 10a and b). Such a mechanism is consistent with 
the common occurrence of a thin microtwin in the low 
defect density regions. These twins ultimately termin- 
ate at the whisker edge, such that no further step 

5 6 6 2  

growth is possible. However, others were found to 
terminate prematurely, evidently by a mistake in the 
step growth process. In either case, the nucleation and 
growth process would then resume. Such a mechanism 
is, in many respects, similar to the mechanism de- 
scribed by Gleiter [43] for the formation of annealing 
twins, except in this case atoms are supplied through 
the VLS catalyst, rather than from an adjacent grain. 

5. C o n c l u s i o n s  
The microstructure of SiC whiskers produced by 
Ceramics Kingston Inc. has been studied through 
AEM. The whiskers were found to contain discrete 
regions of high and low planar defect density. The 
regions of low defect density were identified as 3C 
beta-SiC, whereas the regions of high defect density 
were consistent with a mixture of SiC polytypes, with 
the 3C and the 6H polytypes being the most predom- 
inant as a result of the formation of microtwins. 

Observations of SiC outer layers on VLS catalyst 
impurities suggest that fluctuations in the composition 
of the gas phase are occurring. These fluctuations are 
most likely responsible for the compositional differ- 
ences observed in the high and low defect density 
regions of the SiC whiskers. This difference was altered 
by the presence of a carbon-enriched layer, typically 
less than 10 nm and non-uniform in thickness, found 
on most whiskers. Slight enrichments of carbon ap- 
pear to stabilize a lower energy (lower defect density) 



structure, or alternatively, slight carbon depletion en- 
courages frequent growth defects leading to a 
slightly higher energy (owing to the low stacking fault 
energy) high defect density structure. 

If this hypothesis regarding stoichiometric control 
of the structure of SiC is valid, then theoretical control 
of the microstructure of the whisker could be possible, 
but would appear to be a significant challenge, given 
the local chaotic conditions anticipated at the 
vapour-liquid interface and (to a lesser extent) at the 
solid-liquid interface. 
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