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ABSTRACT

Whiskers of SiC were grown from the mixture of silica and graphite powders by Acheson method{direct
heating method} . The structural, morphological and chemical characterizations have been performed by X-ray
diffractometer (XRD), transmission electron microscopy {TEM), optical microscopy {(OM), scanning electron
microscopy (SEM), X-ray photoelectron spectroscopy (KPS) and energy dispersive spectrometer (EDS). The

growth mechanism of SiC whiskers is also discussed.
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INTRODUCTION

Silicon carbide (SiC) whisker is widely used as one
of the best reinforcements for wvarious cemposite
materials because of its mechanical strength as well as
its excellent resistance to heat and chemicals.
Reinforcement of glasses” and ceramics? by silicon
carbide whiskers resulted in up to fourfold and twofald
improvements, respectively, in strength and fracture

toughness. Other advantage of SiC whisker is that its

(136)

decomposition rtemperature at one atm. is around
2800°C and is stable up to 1500C at normal condition,

Growth methods of SiC whiskers, which have been
emploved previously, are classified to four categories
S 2
deposition (CVD} process®™®, (3) vapor-liquid-solid
{(VLS) process™® and {4)

method of rice hulls™™', These methods used different

vaporization method™, chemical vapor

thermal decomposition

source materials and different reactions from each

other, but they emploved the same range of growth
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temperature of 1300 to 1600°C and the same atmosphere
of reduction. However, the CVD and VLS processes
should wse high-cost gas sources and the vaporization
and rice hull method endures low yields.

Composites produced with different commercial SiC
whiskers resulted in different fracture toughnesses”, it
is not obscure that this fact is due to the intrinsic
properties or the extrinsic properties{i.e. whisker/
mafrix interface property) of SiC whiskers, but the
reinforcing behavior might he possibly affected by the
The

whiskers such as ¢rystal defects, chemical purity and

intrinsic  properties, intringic properties of
surface condition are not free from influences of
growth method

The research program from which this paper is

derivedd has concentrated on the growth and

characterization of SiC whiskers using Achesen
method, which has been widely used to produce SiC
powders. This growth method costs cheaper than
other methods such as CVD and VLS processes, since
it uses cheaper raw materials such as low-grade
powders rather than the expensive pas sources.
Vaporization method used by Knippenberg and
Verspui® employed hydrogen atmosphere, but the
present method was done in air, actually in CO
atmosphere due to oxidation of C. The morphological,
structural and chemical characterizations of the grown
whiskers were couducted using aptical microscopy
(OM), scanning clectron microscopy (SEM), X-ray
diffractometer (XRD), X-ray photoelectron spectros-
copy (KPS), energy dispersive spectrometer (EDS),

and iransmission electron mcroscopy (TEM) .

EXPERIMENTAL PROCEDURES

A laboratery-scale Acheson furnace, 680mim 600
in-house. A rod-shaped

heating element, 15mm diameter and 300mm length,

mm X 480mm, was built
was made of graphite Its diameter was reduced to
10mm with 100mm length around a center to produce
heat around central area of furnace. A graphite
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cylinder, 1hmm [DX35mm GDX200mm, was inserted
on a heating element hoth to protect a heating element
from reacting with source materials and to provide
sites for SiC whiskers to grow on. Temperature near
a heating element in a furnace was measured by
optical pyrometer through a graphite viewing pot,
which was cylinderically-shaped tube and of which an
outside end was copled with a cooling water jacket,

The composition of raw materials was similar to
that of production of SiC powders | 0wt% Si0,, 30
wt%C, 5wi% sawdust and 5wi% NaCi. Mole ratio of
C/Si0. of raw materials was 2.58 Since | mole of
SiQ), needs 1 male of C to produce 1 mole of SiC, the
overall reaction condition is carbon-rich. Excess
carhon reacts with oxvgen and produces CO gas
during the reaction. The by-product CO gas keeps a
reduction atmosphere inside the furnace and thus
protects the heating element from oxidation. Sawdust
is imperfectly burned and produces CO gas at low
temperature hefore Si, powder hegins to react with
C powder., The resulting CO gas makes a reduction
atmosphere in the initial stage of reaction as well as
a path for by—producl gases to flow out NaCl, added
as raw material, decomposes, reacts with impurities
and produces halogen compounds, which are removed
as a by—product gas.

All of the raw materials were powders with particle
size of less than 1mm diamter The raw material
powders were mixed for 2hrs using V-type mixer and
then loaded in the Acheson furnace. The furnace was
heated to and kept at 1500 for 8hrs.

The size, surface morphology and cross-sectional
shape were studied with optical microscopy and
SEM*

whisker wool and placed in suspension in methanol.

A number of whiskers were removed from the

The suspension was applied on 2 slide glass, To make
SEM specimen, the dispersed whiskers on glasss slide
were coated with Au.

The growth shape, growth direction and growth
defects were observed by TEM® operating at 160 KV

of acceralating voltage. TEM specimen was prepared
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by applying the dispersed specimen onto a porous
carbon film, supported on a Cu grid. The camera
constant was 104cm, which was corrected by Au
diffusion pattern, Dark field and bright field images
and SADP of whiskers were obtained by TEM
analysis.

Crystal structure of SiC whiskers were determined
by X-ray diffractometer and chemical composition and
impurity content were evaluated with XPS*. The
determination of chemical composition in a small area

of sample was performed by EDS*,

RESULTS AND DISCUSSION

Whisker growth-After the reaction at 1500°C for §
hrs was over and the furnace was cooled down, it was
found that an oval-shaped cavity of~5cm diameter
was formed around a graphite cylinder. It should be
formed by the volume shrinkage, which occurred due
to discharge of gases from reaction of raw materials
as well as to a partial sintering of raw material
powders. Since the temperature near the heating
element was higher than that of the other places, the
cavity was formed around it,

A piece of whisker wool, thickness of 4mm and
length of 60mm, was produced on the lower half of the
graphite cylinder, which was inserted on the heating
element. It was easily taken off from the graphite
cylinder. Since the cavity was formed around the
heating element, a piece of whisker wool didn’t
contact with raw material powders, that is, a space
between whiskers and powders was created. Most of
the grown SiC whisker wool colored pale-green, hut a
part of whisker wool near the graphite cylinder had a
few black particles and colored dark-green.

*JSM 840A with LINK AN10-958, JEOL LTD.,
Tokyo, Japan.

#JEM 200CX, JEOL LTD., Tokyo, Japan.

*PHI Model 548, Perkin-Elmer corporation, Eden
Praire, MIN, USA.
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SEM micrographs of as-grown SiC whiskers
{a} with pale-green color and (b) with dark

~green color,

Fig 1.

Morphological analysis-Whiskers got all tangled up
like wool, but the detached whiskers from woo: were
easily dispersed in methanol, OM observation resulted
that the ranges of diameter and length of whiskers
were 0.1-5.0pm and 20-300xm, respectively. The
size range of whiskers is similar to that grown by
other methods,

SEM micrographs show that the pale-green
whiskers(Fig.1a) are thinner and have Jess particles
than the dark-green ones (Fig.1b). Surface of both
colored whiskers was smooth. The cross-sectional
shape of most of thin SiC whiskers is a truncated and
smootbed triangle (indicated by arrows) as seen in
Fig 2, while thick whiskers seem to be round. It
indicates that the growth direction is [111], a normal
growth direction of SiC whiskers. The cross-sectional
shape is identical to that of whiskers. which is
observed in a cross-section of an ceramic matrix
composite™.  But whiskers with a hollow cross
-gection, which were often observed in the commerci-

alized SiC whiskers and whiskers grown by other
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Fig.2. SEM micrographs showing the cross-sections
of SiC whiskers,
{a) A low magnification micrograph. Arrows
indicate a truncated and smoothed triangle of
the cross-section and (h) a high magnification
micrograph.

Fig.3. SEM micragraph of rosary-like whiskers,
which were grown near melt.

methods, were not founded.

A very special shaped, that is. a rosary-like shaped
whiskers were found, as seen in Fig.3. This type of
whiskers alsop ohserved in SiC whiskers grown i a
fluorosilicate melt by Saito and Yamai*?. The rosary
-like shaped whiskers were grown on a melt film,
which was formed at the uncovered region of heating

element. Possible composition of the melt, formed

27 A 1& (1990]

during reaction, is not SiC but silica or silicon, since
the reaction temperature was around 1500°C . And thus
the melt should be a silicon-rich phase and thus we
can say that the rosary-hke whiskers were grown on
the silican-rich melt. The growth condition of rosary
—like whiskers is the same as that suggested by Saito
and Yamai, But it is hard to explain the growth
mechanism of rosary-like whiskers at this point,
However, small balls on a melt film are similar to
Si0, particles found in the pore of the refractory
concrete by Chou and Ko*®. They also found SiC
whiskers in that pore. If balls were to be Si(); glass
with metallic impurities such as Fe, Al and Ca, SiC
vapors are resolved into them and SiC whiskers will
grow from balls above the solution limit, And since
the density of balls are so high on surface of melt, the
grown whiskers connect balls like a rosary.

XRD analysis-Diffraction spectra of the dark-green
and the pale-green whiskers obtained using XRD are
chown in Fig 4a and b, respectively. Both whiskers
are cubic-type B-SiC and have a small amount of
silica, of which a peak appears at 26=27". However,
the pale-green whiskers have relatively less amounts
of impurities than the dark green whiskers. The dark
—green whiskers were washed with methanol to

remove a few black parlicles and laken with XRD,
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Fig.4. XRD spectra of SiC whiskers () with dark

-green color, (b} with pale-green color and (c)
washed with methanol.
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but some of impurities were stil] remained, as shown
in Fig.4c. This implies that the grown SiC whiskers
contain silica as an impurity,

The dark-green whiskers washed with methanol
were efched with HF for 30 min and then XRD
spectrum was again obtained. A peak at 26=27 was
reduced, but a trace is still remained (F ig.5a). This
indicated that silica was mixed with SiC like a
complex Si-0-C phase, which was found in inelusions
of whiskers by Nutt'®, on whisker surface. And thus
the HF-etched whiskers were oxidized at 900°C in air
for 8 hrs to remove it. XRD pattern of the oxidized
whiskers shows an increase of a peak of silica, as
seen in Fig.5h. After the oxidized whiskers were
etched with HF for 30 min, a peak of silica was
disappeared (Fig.5c). The oxidation process changed
a mixed surface layer of silica and SiC as well as pure
SiC layer near surface into pure Si(}, layer, which was
easily removed by the subsequent HF etching, It is
hard to believe that this mixed surface layer was
formed during reaction al 1500°C. They might he
condensated on whisker surface from mixed vapor

species evaporated and still unreacted in the furnace,

0{uegree), Cu K

Fig.5 XRD spectra of the whiskers {a) HF-etched
for 30min, (b) oxidized at 900°C for Shrs and {e)
oxidized at 900°C for § brs and HF-etched for
30min .

Fig 6. TEM micrographs showing (2) bright field
image of whiskers and plate-like fine particles
and {0} SADP of a paticle indicated by an
arrow in (a).

when the furnace was cooled down.

After whiskers were washed, a few fine particles
were still distributed in whiskers Fine particles mixed
in whiskers, as seen in Fig.6a, were‘ observed by
TEM A shape of particles is plate-like. Selective
area diffraction pattern (SADP) of a particle
(indicated by arrow) proves that it is not silica but 8
-5iC. This result supports that impurity such as silica
are on surface of whiskers.

XPS analysis-XRD results suggest that the grown
whiskers contain impurity such as silica on their
surface To examine this, XPS was employed for four
gamples the first sample was an as-grown whiskers,
the second HF-etched for 30 min, the third oxidized
at 700°C for 9hws and the other oxidized at 700°C for 9
hrs and HF-etched for 30 min. And XFPS spectra of
these samples are denoled by (a), (b), {c) and (4) in Fig
7, 8 and 9, respectively,

Firstly, a low resolulion (band pass energy=100eV)

survey scan was performed in the binding energv (BE)

4.5] 5hz] 2]
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Fig.7. XPS spectra of a low resolution (band pass
energy =100 eV) survey scan in the BE range
of 0 to 1000 eV for SiC whiskers (a) as-grown,
(v} HF-etched for 30 min, (¢} oxidized at 700°C
for Ohrs and (d) oxidized at 700°C for ghrs and
subsequently HF-etched for 30min.

range of 0 to 1000eV,
detected elements are 5i, C and O. Measured value of
the BE of each detected element is shifted to higher

value from the standard value'” of each element, since

as seen in Fig.7. Major

samples were charged by X-ray source of XP5S.

For an accurate measurement, a sample should he
exposed to the electron flood gun (EFG) in order to
pratect from accumvlating charges, But since the
whisker sample is compased of very fine whiskers and
it is difficult for EFG ta shower

electrons on fine whiskers uniformly. And thus XPS

its density is low,

spectra was obtained without a compensation of build
-up charges by EFG. However, since a shifted value
for each element is almost a constant at the same
analyzing condition, results from XPS spectra are the
same. Possible impurities such as Fe, Al and Na were
not detected and thus concentrations of these
impurities were less than the detection limit of XPS,
~1%.

HF-elching process reduced the intensity of oxygen

in XPS spectrum, that is, removed oxygen on surface,

A A1z (1990
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Fig.8. High resolution XPS spectra for C 1s of SiC

whiskers (a) as-grown, (b) HF-etched for 20

min, (e} oxidized at 700C for ghrs and (d)

pxidized at 700°C for 9Yhrs and subsequently
HF-etched for 30min.

energy (gV)

but oxygen cannot be completely removed (Fig. 7h)
Oxidizing process increased the intensity of oxygen
{Fig.7c}, while the oxidizing and etching process
returned spectrum to the criginal(Fig 7d}.
Secondarily, igh resolution XPS measurement for
an as—grown and three differently—treated samples
were recorded with 20 pass scans in the energy ranges
of € 1s and 51 2p arcund 287 eV and 104 eV,
respectively. The resulting spectra for C 1s and Si 2
p are shown is Fig.8 and 9, respectively. The BE of
C in hydrocarbon or free C is higher than that in SiC.
The BE of XPS peak of sample oxidized at 700T is
shifted to higher energy value of 288.8 eV, while
those of ather samples are at the same BE level, 237,
5 eV. The energy difference between two peaks is 1.
3 eV (The standard energy difference between peaks
for C of 5i-C bonding and of free C 18 1.7 ¢V.). This
result implies that most of C on surface were changed
to CO or CO. and discharged during oxidation and the
rest of C remained on the surface as free C or
hydrocarbon. Since the BE of hydrocarbon is higher
than that of free C, a peak at 283.8 eV should be due
not to hydrocarbon but tc free C. And also
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Fig.9. High resolution XPS spectra for Si 2p of SiC

whiskers (a) as-grown, (h) HF-etched for 30
min, (c) oxidized at 700C for Shrs and (4
oxidized at 700°C for Shrs and suhsequently
HF-etched for 30min.

hydrocarbon is not an intrinsic component but an
absorbed species on surface of whisker. This result
implies that although an oxidized sample has a free C
layer on surface, as-grown and two etched samples
have no C layer.

The BE of Si 2p for Si-O bonding is higher than for
5i-C bonding The Si 2p peak of the oxidized sample
is shifted to the higher emergy level{Rig.9c), while
others(Fig.9a, b and d) are in the similar level, A
little misfit of three peaks seems to be originated from
difference of the build-up charge of samples, The
same reason may make more difference(4.8 eV) in
BE between 5i-0 bonding and Si-C bonding than the
standard difference(1.0 eV),
semiconductor and Si0, is an insulator The peak of

since SiC iz a
an as-grown sample is broad and can be resolved into
two subsidiary peaks(dotted curves in Fig.9a) @ a
primary peak is at 103.3eV and a secondary peak at
105.7 V. The difference of BE is 2.4eV and much
higher than the standard difference of 1 0 eV. This is
alsa due to the build-up charge. A secendary peak for
Si-0 bonding at 105.7 eV is less than a primary peak
for Si-C bonding at 103.3 eV, but this implies that as

(142}

XPS
spectrum for HF-etched sample(Fig.9b) is broader

-grown SIC whiskers contain much silica,

than that for an oxidized and etched sample (Fig.9d),
hul it is not easily resolved like that for an as-grown
one. Hawever, SiC whiskers, only HF-etched for 30
min, have less silica than an as-grown one, hut they
have more silica than an oxidized and etched sample.
And thus surface of the oxidized sample was covered
with 310, and those of an as-grown and an etched
samples were partially covered with Si,, while the
oxidized and etched sample had little axide. The
results from XPS analysis are consistant with those
from XRD.

SEM/EDS analysis-SEM micrograph revealed that
whisker had a spheres at the growing tips(Fig.10).
The presence of spheres at the tips indicates that
whiskers were grown by the vapor-liquid-salid
mechanism suggested by the previous researches™!®% .
The diameters of a whisker and a sphere were around
10um and 20gm, respectively. The messy periphery of
spheres is similar ta that ohserved in twinned g-SiC
whiskers by de Jong and McCauley'® rather than that
in whiskers from rice hulls by Milewski et al'®. Since
whiskers are under the lateral thickening process in
the VL3 mechanism instead of the axial extension
process, whiskers seem to be thick and their periphery
is messy.

EDS spectra obtained on a sphere(denoted by M)
and a whisker(denoted by N) are shown in Fig.1la

and b, respectively. EDS spectrum of a whisker shows

Fig . 10. SEM micrograph of whiskers having a sphere

at the growing tip.

2eE A
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Fig.11. EDS spectra of (z; spheres (denoted by M in
Fig.10) and (b) trunks (denoted by N in Fig.
10) of the whiskers.

that a whisker has only Si, that is, it might be pure
above the detection limit of EDS. Light elements such
as C and O camnol be detecled by EDS, The detected
elements such as Au, Cu and Zn should be originated
from Au-coating of sample and a sample holder of
brass.

But Si, Fe, Al, Cl and Ca were detected in a
sphere, especially a large amount of Si and Fe. A
sphere seems to be a collector of impurities, Although
no Fe was added intentionally to raw materials, Fe in
the raw materials such as silica and carbon mighi be
aggromerated and melt to a sphere during reaction.
As mentioned before, a sphere might be Fe-rich S$i0,
glass phase resolved with C. Chou and Ko'® indicated
that no SiC whiskers were found if the refractory
concrete specimen containing metallic silicon and coal
tar pitch was fired in a reducing atmosphere. This
means ithat oxygen might play an important role in
growing whiskers. Nutt also found the presence of
oxygen in the whisker core-region using energy loss

spectra(ELS). The role of oxvgen in the growth of

A2 M 1E {1950)
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at the initial stage of the whisker growth,

whiskers will be discussed in the end of this section,

Other interestmg SEM micrograph, as seen in Fig.
17. shows ihe initial stage of growth of whiskers
abtained by apcther shorl heating after the grown
wluskers were added with raw materials in Acheson
furnace. The size and periphery of sphere are smaller
and cleaner than those of sphere shown m Fig 11,
because whiskers in Fig.12 are in the growth slage of
the axial extension in the VLS mechanism. Smooth
surface of whiskers looks to be corroded by small
spheres. The added whiskers might be coated by Si0,
golass phase balls at low reaction temperature, and
then if they were heated to higher temperature, SiC
whiskers were vaporized and resolved into the Fe
~containing slass phase. Abave the solution limit, the
growing 5iC whiskers lifted glass phase halls, as seen
in Fig.12

TEM analysis-Structural information such as
structural defect and individual morphology of SiC
whisker was obtained by TEM. Most whiskers were
straight snd contained a large number of planar
stacking faults either oblique against(Fig.13a} or
normal to(Fig.13c) the growth axis, Most of whiskem.’s
had obligue faults. This observation is very similar to
that from whiskers grown by other methods!®1#%!
The obligue faults occur on the other planes of {111}
except of plane normal to the growth divection.

The stacking faults normal to the growth direction
show hexagonal planes. The dark imaged hexagonal
planes are the regions of stacking {3001} planes of 6H
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Fig.13. TEM micrographs and SADP of whiskers | (a}
dark-field image of whiskers having oblique
stacking faults, (b SADP of both whiskers
and (c} bright-field miage of whiskers having
perpendicular stacking faults,

-SiC diffracted by the incident electron beam, while
the regions of stacking {111} planes of 3-SiC are gray
-imaged. The whiskers having this type have a
gradual decrease in a diameter and the smooth
surface.

Analysis of electron diffraction patterns (Fig,13b)
allows the whiskers to be identified as B-SiC,
consistant with XRD results. And the growth direction
of SiC whiskers are also confirmed to be <111>
However, from SADP it is hard to detect microtwins,
suggested by van Torne®, stacking of gH-SiC and
many inclusions of a complex phase ohserved by Nutt,
A pausible reason is that a volume of these defects is
small.

Careful examination showed two interesting TEM
morphalogies of SiC  whiskers | the first whisker
showed thin layer on surface (Fig.14) and the second
a joint of two whiskers having different growth
directions{Fig.15). The first one has heavy defect
conceniration and rough surface, Its structure was
wdentified to be A-3iC by SADP, According to two
oblique lines declined from a center to both sides, the

cross-section of whisker might be triangle. Surface

{144}

S

| ’ 'Il._2,um ’
Fig 14. TEM micrograph of a whisker having surface
layer.

y }
A ~ Biam
Fig.15. TEM micrograph of a whisker having two

growth directions.

but it
identified . It is also possible that it might be carbon

layer might be amorphous SiQ,, is not
film on Cu grid for TEM sample. Futher research will
be required to identify it.

The second one(Fig.15)shows that an angle between
two whiskers is 707, which is an angle between two
(111).planes (accurate angle is 70.57). This indicates
that the growth direction of both whiskers is <111>.
The upper whisker has a Iot of oblique stacking
faults, of which planes are normal o the growth
direction of the lower whisker. On the other hand, the
lower one has few stacking faults near the joint, but
it has heavier stacking faults and dislocations in the
other places,

Growth mechanism-The grown whiskers were
believed to be grown by the VLS mechanism primarily
because of the presence of spheres at the tips of
whiskers {Fig.10 and 12) and the lack of the axial

S TE A
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screw dislocation. Thin whiskers have a truncated and
smoothed triangle cross-section(similar to hexagonal
shape), while thick whiskers show a round cross
-section. This means that the growth are composed of
two stages:an axial extension and a lateral
thickening. This is another evidence for the VLS
mechanism,

Nutt proposed the two-dimensional VIS mechanism,
of which

microcrystalline inclusions distributed in the core

the main idea was originated from
-region, This mechanism can explain successfully the
distribution of parfial dislocations and the abundance
of planar defects. But this mechanism is hard to
explain the growth mechanism of inclusion-free region
and the role of spheres at the growth tips of whiskers.

In the VLS mechanism, a catalyst sphere such as Fe
is formed at the interface between solid{(whisker) and
SIiC vapor source, A catalyst sphere is composed of
pure metallic element, in which Si, C and/or SiC
vapor are resolved. In the present work, we found
that a sphere is not a pure metallic phase but possibly
an oxygen-containing glass phase. Impurities such as
Fa, Ca, Al and Cl might help to from a glass phase at
low temperature. The Si-0-C mixed phase of a
sphere might he precipitated and crystallized to
microcrystallines, which provide heteroepitaxial
nucleation sites for 3iC single crystal. The heteroepit-
axial nucleation might be the source of the abundant

planar defects of whiskers.

CONCLUSION

SiC whiskers were grown by a direct reaction of
silica and carbon using Acheson furnace. XRD and
SADP showed that the grown whiskers were 8-SiC of
zinc blend structure and the growth direction was
<111>. OM and SEM analvses revealed that the
range of diameter and length of whiskers were (.1-5.
Oum and 20-300xm, respectively.

Impurity in whiskers was silica, which was mostly
lacated on surface of 3iC whiskers and thus were able

A 2rA Al (1990
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to be removed by oxidation and etching process,

TEM analysis revealed that most of whiskers had a
large number of planar stacking faults, which were
prevalent on {111}, either normal to or ~20° obligue
against the growth direction,

SEM/EDS of
whiskers had spheres of glass phase at the growing
tips. Whiskers are believed to be grown by the VLS

mechanism,

observation revealed that a few

ACENOWLEDGEMENT

The authors thanks Dr. K.G. Lee of Research
Ingtitute of Industrial Seience and Technology and
Mr, 5 H. Hur of the Oriental Chemical Industry for
preparation of the specimen and the SEM/EDS
analysis, The authors gratefully acknowledge the
support of the Ministry of Education{Academic

Promotion Foundation) .

REFERENCES

1. K.P. Gadkaree and K. Chyung, “Silican-Carhide
-Whisker-Reinforced Glass and Glass-Ceramic
Composites™, Am. Buil., 66,
370-376 (1936).

2. G.C. Wei and P_F. Becher, “Development of SiC
-Whisker-Reinforced Ceramics”,
Sec  Bull,, 64, 298-304 (1985).

3. W.F., Knippenberg and G. *The
Influence of Impurities on the Growth of Silicon

Ceram. Soc.

Am. Ceram,

Verspii,

Carbide Crystals Grown by Gas-Phase Reactions”,
Mot Res. Bull | 4, 533-S44 {1969} .
4, W F, Knippenberg and G. Verspui, “Growth
Mechanisms of $iC in Vapor Deposition([1}", po.
108-122 in “Silicon Carbide-1972", eds. R.C.
Marshall, J.W. Faust, Jr. and C.E. Rvan,
University of South Carolina Press, (19737.
5. K.M. Merz, “Crystal, Whisker and Microcrystall-
pp.73-83
“Silicon Carbide-High Temperature Semiconduct-

ine Forms of Silicon Carbide”, in



10.

11.

12.

. H.P. Kirchner and P.Knoli,

. H. Katsuki,

-3

Hlan Yopg Joo and Hyeong Joon Kim

or", eds,, J.R. OComner and ]. Smiltens,
Pergamon Press, New York, {(1960}.

“Silicon Carbide
Whiskers®, J. Am. Ceram. Soc., 46, 299-300

(1963) .

. C.E. Ryan, 1. Berman, R.C. Marshall B.P,

Considine and J.J. Hawley, “Vapor-Liquid-Solid
and Melt Growth of Silicon Carhide”, J. Crysial.
Growth, 1, 255 (1967).

H  Ushijima,
Iwanaga and M, Egashira,
Mechanical Properties of F-5iC Whiskers by
Thermal Decomposition of Sulfur-Containing
Silicone Qils", J. Ceram. Soc. Jon, Inter . Ed .,
95, 1037-1042 (1987} .

Shyne and J.V. Milewski, "Method of
Growing Silicon Carhide Whiskers”, U.S. Pat.
No. 3, 622, 272, Nov.. (1971).

1.V. Milewski, F.D. Gac, J.J. Petrovic and S,
R. Skaggs, “Growth of Beta-Silicon Carbide
Whiskers by the VLS Process”, J. Mafer. Sci.,
20, 1160-1166 (1085).

J.G. Lee and 1.B. Cutler, “Formation of Silican
Carbide from Rice Hulls”, J. Am. Ceram. Soc.,
54, 195-198 (1973}.

N.K. Sharma and W.5. Wiliiams, “Formation
and Structure of Silicon Carbide Whiskers from
Rice Hulls", J Am. Ceram. Soc., 61, T15-720
(1984) .

M. Kanda, H.
“Formation and

13.

14.

15.

16.

18.

19.

20.

21.

(146}

V.K. Sarin and M. Ruble, “Microstructural
Studies of Ceramic-Matrix Composites™, Compasi-
fes, 18, 129-134 (1987).

H. Saito and I, Yamai, “Vapor Phase Growth of
£-5iC Whiskers with Fluorosilicate Melt", Fogyo
-Kyoka:-Ski, 88, 45-50 (1980} .

C.C. Chou and Y.C. Ko, "Formation and
Structure of $iC Whiskers from Metallic Silicon
and Coal Tar Pitch in Refractories During
Sintering”, [J. Maf. Sci. Lelter., 5, 209-213
(1986) .

S.R  Nutt, "Microstructure and Growth Model
for Rice-Hull-Derived 5iC Whiskers™, J. Am.
Ceram.. Soc., T, 149-156 (1988).

. Physical Electronics XPS Handbook, Perkin

-Elmer Corporation, Eden Prarie, M.N. (1979).
1.J. Comer, “A Study of Contrast Bands in g-SiC
Whiskers”, Mafer. Res. Bull ., 4, 279-88 (1969) .
R. de Jong and R.A, McCauley, “Growth of
Twimed A-Silicon Carbide Whiskers by the
Vapor-Liquid-Solid Process”, J. Am. Ceram.
Soc., 70, C-338-C-341 (1987).

H. Iwanaga, T. Yoshice, H. Katuki and M.
Egashira, “Defect Identification in Vapour-Grown,
A-SIC Whiskers”™, [. Mat. Sei. Letler , 5,
946-948 (1986) .

L. 1. van Torne, "Growth Faults in g-Silicon
Carbide Whiskers™, J. Appl. Phys., 37
1849-1851 (19686) .

7

el sE A



