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Induction plasma synthesis of ultrafine SiC powders
from silicon and CH,

J. Y. GUO, F. GITZHOFER, M. |. BOULOS
Plasma Technology Research Center, Department of Chemical Engineering,
University of Sherbrooke, Sherbrooke, Quebec J1K 2R1, Canada

Ultrafine SiC powders have been synthesized from elemental silicon and methane using
induction plasma technology. The powder products were characterized by X-ray diffraction,
thermogravimetric analysis, scanning and transmission electron microscopy, electron probe
microanalysis, infrared spectroscopy, and surface area measurement. The powders
collected from various sections of the reactor system showed different features refiecting
different compositions and powder morphologies. The purest SiC powder was collected in
the metallic filter. it was composed of both a- and B-phase of SiC with small levels of free
silicon and carbon. The reaction route used is based on the evaporation of the injected pure
silicon starting powder, followed by carburization of the silicon vapour using methane. The
silicon evaporation rate was found to depend strongly on the particle size of the silicon
powder. Using silicon powder with a mean particle diameter of 100 um, at a plasma power
level of P = 43.2 kW, the conversion of silicon to SiC and the overall SiC content in the
product powder was 44.2% and 50.8 wt %, respectively. The injection probe position was
Z = 9.3 cm, the silicon feed rate was 4 gmin~", and the C/Si molar ratio was 0.7. Using silicon
particles with a mean diameter of 45 um, the conversion and overall content of SiC increased

to 70.4% and 73.9 wt %, respectively, under the same plasma operating conditions and
powder feed rates. By appropriate selection of experimental conditions, ultrafine SiC

powder of high quality was achieved.

1. Introduction

SiC is one of the most important ceramic materials.
Owing to its high strength, high abrasion resistance,
electrical conductivity, high thermal conductivity and
good high-temperature chemical stability, it has
a wide range of applications as a high-temperature
structural material. Sintered silicon carbide turbine
blades, diesel engine parts and components for nuclear
reactors are some typical examples where these prop-
erties are important. Over the past decade a great
variety of processes have been proposed for the prep-
aration of SiC powders of high purity, ultrafine par-
ticle size and good dispersion. These were mostly
based on the use of readily vaporized starting mater-
ials, such as SiH, [1-5], CH3SiCl; [6, 7], Si{CH3),
[8] and SiCl, [9-12] because of their favourable
thermodynamics and the ability to produce ultrafine
and uniform-sized particles by homogeneous nuclea-
tion and growth from the gaseous phase. The problem
with such process routes is their high production cost
because the precursors are normally expensive, and
many of them are corrosive and/or toxic, contributing
to difficulties in handling of the materials. In certain
cases, chloride-ion contamination of the powder prod-
ucts is unavoidable, which has a detrimental effect on
the sintering properties of the powders and the mech-
anical properties of the sintered body [13]. Ultrafine
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SiC powder has also been produced from SiO, and
silicon as starting materials [ 14—-16]. The purity of the
powders obtained by these methods was not satisfac-
tory for achieving high densification.

Plasma technology is one of the leading techniques
for the production of high-purity ultrafine metal and
ceramic powders. Both d.c. arc plasma and r.f. induc-
tion plasmas have been used to prepare SiC powders,
mainly through the use of silane or organosilanes as
the precursor. A few studies have also been reported
on the preparation of SiC powders with solid precur-
sors using plasma technology. Ando et al. [17] pre-
pared SiC powder by evaporating a silicon ingot used
as an anode in a CH, transferred arc system. A carbon
rod was used as the cathode in this case. Kong
et al. [18,19] reported the synthesis of SiC in a d.c.
thermal plasma using SiO, or laboratory-produced
SiO and CH, as starting materials. They obtained
a mixture of a- and B-SiC, though with significant
amounts of additional by-products such as SiO, free
silicon, free carbon and unreacted SiO,. Tanaka et al.
[20-22] systematically investigated the preparation of
ultrafine SiC and SizN, starting with sificon bulk
material using a transferred-arc plasma reactor.

The present study was undertaken to explore the
synthesis of high-purity ultrafine SiC powder through
the use of particulate metallic silicon and methane as
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the starting materials in an r.f. induction plasma reac-
tor. The properties of the powders collected from
different parts of the reactor system were subjected to
extensive analysis. Quantitative phase composition
was determined by X-ray diffraction (XRD), combined
with thermogravimetric analysis (TGA).

2. Thermodynamic investigation
Thermodynamic investigation provides general guide-
lines for the expected reactions and species that may
be formed at different temperatures. Thermodynamic
calculations for the Si—CH,~Ar—N, system were per-
formed using a Gibb’s free-energy minimization pro-
gram developed at the University of Sherbrooke.
These calculations provide equilibrium concentra-
tions for different reaction species at various temper-
atures. The overall reaction for SiC formation may be
written as follows

Si(s) + CHa(g) = SiC(s) + 2Ha(g) (1)

The calculation results for various molar ratios of
Si/CH, are shown in Figs 1-3. When silicon is ex-
posed to nitrogen plasma, it combines with nitrogen
to form Si13N,(s), which decomposes at temperatures
above 2000 K. With CH, present in the system, the
main species generated at temperatures above 3000 K
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Figure 1 Thermodynamic equilibrium diagram for the system
Si:CH,:Ar:N, = 1.0:0.5:9.5:11.5.
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Figure 2 Thermodynamic equilibrium diagram for the system
Si:CH,4:Ar:N, = 1.0:1.0:9.5:11.5.
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Figure 3 Thermodynamic equilibrium diagram for the system
Si:CH,:Ar:N, = 1.0:2.0:9.5:11.5.

are HCN(g), Si(g), SiC,(g), Si,C(g), H,(g), H(g),
C,H,(g), C.H(g), C3H(g), CN(g), C,N(g), Cs(g), C(g),
N,(g) and Ar(g). From the thermodynamic viewpoint,
the highest potential for the SiC formation lies in the
temperature range 17002800 K. It is noteworthy that
in this range the other main species present include
H,(g), Si(s), C(s) and HCN(g) depending on the molar
ratios of Si/CH,. From the equilibrium diagram it
may be seen that the products of methane decomposi-
tion vary with temperature: from 500-1750 K they are
solely C(s) and H,(g); from 1750-2400 K they are
C(s), H,(g), HCN(g); and at over 2400 K, C,H,(g),
C,H(g), CsH(g), H(g), and others are generated suc-
cessively.

3. Experimental procedure

The starting material used principally in this study
was metallic silicon powder (Cerac Corp.), with
a chemical purity better than 99 wt % Si. Two pow-
ders,*with mean particle size of 100 um (designated
Si-100) and 45 pum (designated as Si-45), respectively,
were used in the experiments. The main impurities in
the starting powder detected by electron probe micro-
analysis (EPMA) were iron, aluminium, calcium, cop-
per, molybdenium and titanium. The Tekna PL-50 r.f.
plasma reactor system used for the synthesis of SiC is
shown in Fig. 4. The system is composed of a plasma
torch, a cylindrical stainless steel reactor, a cyclone,
a metallic filter, and an exhaust evacuation.

The metallic silicon powder was oven-dried and
loaded into a powder feeder (Sylvester Company,
Mark IX). Both the silicon powder and the methane
were introduced into the plasma by means of a water-
cooled stainless steel probe. The position of the probe
could be adjusted vertically.

Before each test, the reactor system was twice
evacuated to about 25 torr with intermediate argon
flushing to purge air. The r.f. plasma was initiated with
industrial grade argon supplied at 25-50 torr. Hi-dry
nitrogen was then introduced to produce the desired
plasma gas mixture. Under required conditions of
constant plate current and plate voltage, methane and
metallic silicon powder were simultaneously fed into
the plasma. The CH, flow rate was measured by



a rotameter, in units of standard litres per minute
(sl min~1). The feed rate of silicon powder was con-
trolled by setting the rotation speed of the feed screw
of the powder feeder, which had been previously calib-
rated by observing weights of delivered powders for
given feeder operation periods (g min ~!). Experiments
were generally conducted under pressures slightly
lower than atmospheric and silicon powder feed runs
were varied from 5-10 min. Operating conditions em-
ployed in the SiC powder synthesis are summarized in
Table 1.

The synthesized SiC powder was collected by means
of two sintered metal filters and its structure and
composition were analysed using an X-ray diffrac-
tometer (Rigaku Geigerflex) with CuK, radiation at
a scanning rate of 2°min~! with the following slit
settings DS = 1.0°, RS = 0.3°, and SS = 1.0°. The ac-
quisition range was normally from 20°-50° for 20
because all the desired information was presented in
this range. The free carbon content in the powder was
determined by thermogravimetric analysis (TGA) in
an oxidizing atmosphere (air). The heating rate used
was 2.5°Cmin~ ! and the maximum temperature was
set at 1000°C. Infrared spectroscopy was used to
assess the presence of Si—O bonded species in the
powder with KBr used as matrix material. Electron
probe microanalysis attached to the SEM was also
employed to detect the presence of oxygen and metal-

Si powder
f + carrier gas
Sheath gas L CH
Central | 4
entral gas it 1 R.f plasma torch
Power = Al L To vacuum pump
supply i £
|
B Window !
Reactor wall i
(RW) E
a—t—72
Pressure ! Metallic filter
gauge ! (F)
& |
T
! |

Cyclone

Reactor bottom
(RB} Cyclone bottom

(CB)

Figure 4 Schematic drawing of the experimental apparatus for syn-
thesis of ultrafine SiC powder.

lic impurities originating from the source materials.
The microstructure and particle shape and sizes of the
powder were monitored by electron microscopy (Jeol
JSM 840 A SEM and Philips EM 300 TEM). The
surface area of the powder was measured by the BET
method (Micromeritic Flowsorb IT 2300 BET), using
nitrogen as adsorbate.

4. Results and discussion

Thermodynamically, the reaction, Si(s,1)+
CH, — SiC(s) + 2H, can take place over a wide
range of temperatures (300-2700 K) [23] if no other
reactive gas is involved. Under a nitrogen atmosphere,
SiC formation occurs in the range 1700-2800 K, as
described previously. However, the extent of reaction
is determined by the diffusion mechanism from gas to
solid or from gas to liquid or by solution—precipita-
tion which requires fairly long periods to complete.
Moreover, chemical reactions occurring between gas
and solid or gas and liquid or liquid and solid do not
normally result in the formation of ultrafine particles.
The approach adopted in the present study was there-
fore based on the gas phase reaction in order to
prepare ultrafine powders by plasma.

4.1. Evaporation of metallic silicon particles
and the decomposition of methane
As a first experimental step, the melting and evapor-
ation of silicon particles in the plasma was examined.
The boiling point of silicon is relatively high and thus
in-flight evaporation of silicon is relatively difficult.
A few preliminary tests were conducted on the injec-
tion and in-flight evaporation of metallic silicon
particles. The ranges of operational conditions for
performing these tests were as follows: plate power
level, 30-35 kW; plasma gas, Ar + N,; reactor pres-
sure, ~ 500torr; Si (Si-100) powder feed rate
3.63-5.64 gmin~?; feed time, 5 min. The powder ob-
tained appeared yellow—brown in colour. Fig. 5 shows
a transmission electron photograph of the silicon
powders collected in the filters. It is seen that the
particle sizes of filter-collected powders were basically
in the range 0.1-0.4 um, confirming the evaporation
and condensation mechanism of the injected silicon
particles in the plasma. X-ray diffraction (XRD) of the
powder shows only the pattern peaks characteristic
for silicon. However, in Fig. 5, some fibre-shaped par-
ticles are also observed surrounding silicon particles

TABLE I Summary of the operation conditions used for the synthesis of SiC powders

Run Si mean Powder Plate Probe Reactants feed C/Si Feed
particle carrier power position, rate molar time
size gas level z ratio (min)
(um) kW) (cmy) Si CH,

(gmin~ 1)  (slmin™ 1Y)

1 100 Ar 432 9.3 3.89 2.5 0.74 6

5 100 Ar 40.0 7.2 2.18 1.3 0.68 10

S2 45 Ar 413 8.0 4.35 2.5 0.66 5

S8 45 Ar 522 8.0 215 32 1.70 5

S15 45 CH, 52.2 8.0 2.03 3.8 2.14 5
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Figure 5 Transmission electron micrograph of plasma-evaporated silicon powder (Sample RFSi-1) showing the evaporation of silicon and

the occurrence of “Si10”.

under TEM analysis. These can be attributed to “SiO”
condensates [24], formed and quenched as a meta-
stable phase during the evaporation-recondensation
process. The formation of “SiO” can be attributed to
the presence of a low residual oxygen partial pressure
in the plasma gas and reactor system.

It should be pointed out that the Si-100 silicon
particles, injected at the rate of 3.63-5.64 gmin ™!, are
not completely evaporated because of their large size,
even with the relatively long residence time character-
istic of r.f. plasmas. Proulx et al. [25, 26] showed that
the vapour cloud, generated by vaporization and
evaporation which surround the particle, greatly affect-
ing the heat-transfer rates between the plasma and the
particle. In the present case, the evaporated portion
was estimated to be around 25-35wt% for these
circumstances, i.e. the average evaporation rate was
1.2-1.4 gmin~*. Precise determination of the evapor-
ation rate is experimentally difficult. The presented
data are proposed, based on both the silicon product
powder collected in the filter and the conversion of
silicon to SiC in the subsequent synthesis tests with
the assumption that the filter collected powder was the
evaporated silicon, and that the evaporated silicon
would be completely converted to SiC. Unevaporated
or incompletely evaporated particles are mainly de-
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posited on the reactor wall or bottom, particularly the
larger particles.

Decomposition tests for CH, were also carried out
to verify the formation of carbon and to identify the
particle size and shape of the free carbon. The plasma
operating conditions were similar to those for the
silicon evaporation tests. CH, was injected through
the central probe into (Ar + N,) plasma at a feed rate
of 2.5 slmin ~*. The obtained carbon product was very
fine in size and had a very good flowability. Owing to
the difficulty in collection of all the produced carbon
powder, the portion of CH, decomposed to carbon
could not be precisely determined. Thermodyn-
amically, CH, starts to dissociate to C(s) and H,(g) at
temperatures below 1000 K. As the temperature is
increased to > 1750 K, some C{s) reacts with nitrogen
and hydrogen to form HCN(g). As the femperature is
further increased to > 2400 K, more carbon-contain-
ing gaseous species are generated, whereas C(s) is
reduced drastically and disappears totally above
2800 K. Therefore, it can be inferred that the de-
composition of CH,(g) to C(s) in the plasma is incom-
plete.

Fig. 6 shows a transmission electron micrograph of
the free carbon powder obtained by CH, decomposi-
tion. It may be seen that the particles are nearly
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Figure 6 Transmission electron micrograph of free carbon produced by decomposition of CH,.

spherical, with average particle sizes in the range of
10-30 nm.

4.2. Synthesis of SiC from injected silicon
and CH,4
Synthesis experiments were performed with the meth-
ane used as the carburizing agent, based on the pre-
liminary evaporation tests of metallic silicon particle.
Table I lists the variable parameters for five reaction
runs including plate power level, probe position, pow-
der carrier gas, feed rate and C/Si molar ratio and
particle size of the starting silicon powder. Plate
power level was set at generally higher levels than was
the case for the pure silicon evaporation tests. This
was because much greater heat energy is required
when silicon powder and CH, are injected into the
plasma simultaneously. Decomposition of CH, is en-
dothermic. To compensate for the energy losses and to
ensure a certain rate of evaporation of silicon, in-
creased plasma power levels were necessary. Probe
position has an important effect on the evaporation
and synthesis processes. The distance Z represents the
degree of deviation of the probe exit from the core of
the plasma fireball. The plasma becomes increasingly
sensitive to the position of the probe as it approaches

the plasma core, which therefore limits the available
range of the probe position. Feed rates and the C/Si
molar ratio in the injected starting materials signifi-
cantly affect the compositions of the produced pow-
ders. The variation range of the silicon feed rate was
determined basically from the results of the prelimi-
nary evaporation tests. The flow rates of CH, were
selected such that C/Si was non-stoichiometric,
ranging from CH, deficient to CH, excess conditions.
Because CH, dissociates into a number of carbon-
containing species at high temperatures, a certain
amount of excess CH, was expected to be beneficial
for the carburization of silicon. The change of carrier
gas was made to examine if it also affects the synthesis.

4.2.1. Powder collection

Synthesis experiments indicated that powders
recovered at the alternate collection positions have
different physical features and varying chemical com-
positions. In order to identify and control the powder
quality, the powders collected at the different system
positions were treated individually. Fig. 7 shows
a group of scanning electron micrographs of the
powders collected at (a) the reactor bottom, (b) the
reactor wall, (c) the cyclone bottom, and (d) the filter,
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Figure 7 Scanning electron micrographs of the powders collected at different positions in the SiC synthesis, showing the distribution of the
melted but unevaporated silicon particles in the different positions. (a-d) Run RFSiC-5; (e-h) Run RFSiC-S8.

respectively. Fig. 7a—d relate to the use of Si-100 as
starting material (run RFSiC-5). In this instance, the
powder, collected on the water-cooled reactor wall
{Wrw) was a mixture of unreacted silicon, free carbon
and silicon carbide, the unreacted silicon being the
dominant component. The powder collected in the
reactor bottom (Wyy) consisted of almost 100% sphe-
roidized metallic silicon. Powders collected in the two
metallic filters (Wg) were nearly pure silicon carbide
(both o~ and B-SiC), with a little free carbon in some
samples. Powder collected in the cyclone (Wgg) was
also a mixture of unreacted silicon, free carbon and

5694

silicon carbide, with a preponderance of free carbon.
Figure 7e—h are for the case of Si-45 used as the
starting powder (run RFSiC-S8). Pictures of the pow-
ders collected at the corresponding positions all show
that the same distribution pattern for the different
components in the powders holds, but the free silicon
contents were considerably reduced. Both reactor wall
and cyclone bottom powders contained much less free
silicon, and the reactor bottom powder in particular is
not pure spheroidized silicon but a mixture of free
silicon and other components (SiC, free carbon). Filter
powder basically contains pure SiC. Reactor powder



TABLE II Mass balances for the different runs of ultrafine SiC
synthesis

Run Total Collected powders (g) Total
injected recovery,
Si Wrw Wes W W Wi(g)
powder
(®

1 23.3 14.8 3440 33 255

5 21.8 14.5 46 45 30 266

S2 21.8 160 ~0 56 358 274

S8 10.7 89 ~0 27 34 150

S15 102 82 ~0 21 39 14.2

appeared light grey or grey in colour; filter powders
were grey or dark grey and cyclone bottom powders
were dark grey or black. The weight percentage of
each part of the powder in the total collected powders
was Wrw 55%—65%, Wi 10%—17%, Wg 11%-13%,
and Weg 13%~17%, respectively, for Si-100, and Wy
58%—64%, Wgg ~ 0%, Wp 23%-28%, and Wcgp
11%—18%, respectively, for Si-45. Table II summar-
izes the mass balances for the different runs listed in
Table L.

4.2.2. Powder characterization

Obvious differences among the XRD spectra of the
powders, collected at the different positions, were ap-
parent as shown in Fig. 8 for runs S8 and S15. The
other samples had similar diffraction patterns. This
implies that the reactor system employed has the abil-
ity substantially to separate the different components
in the powder products, ic. unevaporated metallic
silicon, unreacted free silicon, free carbon, and silicon
carbide. The uneven distribution of the various com-
ponents arises from their different geometric dimen-
sions, as will be seen later.

In Fig. 8, the peaks at 26.0° and 44.8° are character-
istic of graphite, whereas those at 28.3° and 47.2° are
attributed to metallic silicon. All the remaining peaks,
i.e 34.2°,35.8° 38.1°,41.5°, and 45.4°, belong to silicon
carbide phases, among which the peaks at 34.2°, 38.1°
and 45.4° are typical of the hexagonal alpha phase of
SiC. Obviously, the SiC powder produced is a mixture
of the a- and B-phase structures. SiC is polymorphous;
there are many polytypes of this phase structure, the
most common are the 2H, 4H, 6H and 15R «-SiC. The
cubic structure of the beta phase has only one poly-
type, i.e. 3C B-SiC. In the present study, the powder
produced is mainly composed of 3C-S1C and 2H-SiC.
As far as the phase composition is concerned, gener-
ally, the synthesis tests with Ar + N, plasma gas re-
sulted in more B-SiC than o-SiC without exception.
The ratio of the B-SiC to a-SiC ranged from 1.2-1.6.
However, the situation can be changed when hydro-
gen is used to replace nitrogen as the plasma gas. The
results of these tests are given elsewhere.

In the quantitative evaluation of the phase com-
position of the powder, only crystalline phases detec-
ted were taken into account. The free carbon content
was determined by thermogravimetric analysis, it be-
ing likely that some amorphous “carbon black” exists
in the powder [27]. Typical curves for the TGA analy-
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Figure 8 XRD patterns of the powders collected at different posi-
tions, showing the differences in chemical composition. (a) Run
RFSiC-S15; (b) Run RFS: C-S8.

sis shown in Fig. 9 reveal that combustion of the free
carbon in air begins at around 530°C and ends at
about 680 °C. Above this temperature, SiC powder is
oxidized at an increasing rate. Comparing Fig. 9 with
Fig. 8, it is found that the variation trend of free-
carbon content, detected by TGA in the powders
collected at the various positions, is in accord with
that determined by quantitative XRD analysis. The
quantitative results of the phase analyses are set out in
Table ITI, which reveals that the SiC content in the
filter powders was generally > 95 wt %. The chemical
compositions of the reactor powders and cyclone
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powders varied with power level, probe position, feed
rates and C/Si molar ratios of the starting materials.
Typically, SiC contents of these two powders were
50 wt % for Si-100 and 80 wt % for Si-45, respectively.

For calculation of the overall content of SiC in the
total powder products and conversion of injected
metallic silicon to SiC, the following equations were
used

SICRW X WRW + SiCRB X WRB + SICF x WF + SiCCB X WCB

Sicover =

x 100%  (2)

Wrw + Wrg + Wi + Wy

120 120
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Figure 9 Typical TGA curves of the powders from different collec-
tion positions, showing the variation of free carbon content. (a)l,
S8F; 2, S§RW; 3, S8CB. (b} 1, S15F; 2, S15RW; 3, S15CB.

TABLE IIT Characteristics of silicon carbide powders

Si,
%ﬁ « 100%

i

Slconv. =

(SiCaw + SiCrg + SiCr + SiCeg) x 0.7
Sigw + Sigs + Sip + Sica

x 100% (3)

that is, the overall content of SiC equals the SiC
contents in each part of powders divided by the total
powder; whereas the conversion of silicon equals the
silicon in the form of SiC divided by the total silicon in
the powders. Similarly, overall contents for free silicon
and free carbon can also be calculated, the weighted
average compositions of the total powder products
and conversions of injected metallic silicon to SiC are
given in Table I'V.

EPMA, by means of X-ray energy dispersive spec-
troscopy (EDS) with an ultra-thin aluminium window
was employed to determine the principal elements in
the powder. One of the typical EDS spectra for filter
powders (S8F) is shown in Fig. 10, together with the
starting powder (Si-45), silicon powder evaporated in
plasma (RFSi-1), and commercially available a-SiC
powder for the purpose of comparison. As expected,
the major peaks for silicon and carbon appear in the
spectra. The presence of aluminium and iron orig-
inates from the source material. Gold and palladium
were used to provide surface electrical conduction of
the specimens by the sputtering technique. The peaks
for aluminium and iron are found to be much stronger
than they are in the spectra of the starting material,
which was probably due to their relatively easy

Sample Phase composition Ratio of SiC Specific Average

(wt %) a-SiC to (wt %) surface diameter
B-SiC area (nm)
a-SiC B-SiC Si; Ce (m?*g™Y)

IRW 22.80 30.30 42.90 4.00 0.75 53.10 - -

1CB 18.80 26.50 41.70 13.00 0.72 45.30 - -

1F 46.36 52.88 0.25 0.50 0.88 99.25 43.8 43

5RW 16.36 26.08 52.57 5.00 0.63 42.44 10.0 187

5CB 13.30 23.84 47.86 15.00 0.56 37.14 18.7 100

5F 46.33 53.29 0.28 0.10 0.87 99.62 350 53

S2RW 28.65 38.25 29.10 4.00 0.75 66.90 24.8 75

S2CB 30.43 43.13 17.44 9.00 0.71 73.56 - -

S2F 41.80 53.80 4.10 0.30 0.78 95.60 349 54

S8RW 35.79 47.94 1047 5.80 0.75 83.73 27.0 69

S8CB 29.00 41.52 8.48 21.00 0.70 70.52 315 59

S8F 38.57 59.03 0.40 2.00 0.65 97.60 35.0 53

S15RW 35.82 53.70 8.29 2.20 0.67 89.52 30.1 62

S15CB 33.55 52.08 4.87 9.50 0.65 85.63 271 69

S15F 45.08 53.69 0.23 1.00 0.84 98.77 37.5 50
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evaporation (the boiling points of aluminium and iron
are 2790 and 3135 °C, respectively). It is noted that the
peak for oxygen in the plasma-synthesized powders
was weak, very similar to that for the commercial
a-SiC (see Fig. 10d, for instance). This could be inter-
esting because “SiO” was clearly observed in the
micrograph of silicon powders obtained in the pre-
liminary evaporation tests, méntioned in Section 4.1,

TABLE IV Overall conversion of metallic silicon to SiC

Run Weighted average composition Overall conversion of

and moreover, a strong peak for oxygen is observed in
the EDS spectra of such powder (see Fig. 10b). EPMA
for the powders collected at other positions produced
similar spectra except for differences in the intensities
of the peaks. The substantial reduction of oxygen
content in the synthesized powders could be at-
tributed to the production of free carbon with the
injection of CH,. It is very likely that some free carbon
reacts with oxygen in the system and the produced CO
and CO, escape from the system, together with the tail
gas.

In order to examine further the existence of Si—O in

of collected powder (wt %) Sito SiC the powder, infrared analysis was performed (FT-IR
0, . . . .
sic i c (%) analysis). SiC powder of ~ 1 wt % was mixed with
1 14 . .
! f KBr by vibration. The FT-IR spectroscopy per-
1 50.77 4481 442 44 formed ranged from 600-4000 cm ™. Fig. 11 shows
5 40.79 54.07 5.14 34.6 the typical IR absorption spectrum of the SiC powder.
52 7385 2172 443 704 The spectra of silicon powder evaporated in plasma
88 8477 765 7.58 88.6 (RFSi-1), which was partially oxidized as mentioned
S15 91.50 5.57 2.93 920 . . . .
previously, and commercial o-SiC and B-SiC are also
X-RAY: 0 - 10keV X-RAY: 0 - 10keV
Live : 100s Preset: 100 s Remaining: 0s Live : 100s Preset: 100s Remaining: . 0s
Real : 1867s _40% Dead Real :144s  31% Dead
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Al
c A
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M M Pd c Pd
A S A I =) 5.020  keV 101 >
Fs= 1K ch 512=- 23 cts Fs= 1K ch 512= 7 cts
MEM1: S| STARTING POWDER MEM1: S1 - 1
(a) (b)
X-RAY: 0 - 10keV X-RAY: 0 - 10keV
Live : 100 s Preset: 100s Remaining: Os Live 1 100s Preset: 100s Remaining : Os
Real 11855 46 % Dead Real 1155 356% Dead
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C
Cc
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e
Fe 0 Fe |]AU
Au W M‘_
P 5.020 keV 101 >[4 5,020 koV BEEETY RS
Fs= 1K ch 512= 41 cts Fs= 1K ch b512= 16 cts
MEM1: S8F MEM1: RSIC
(c) (d)

Figure 10 EDS spectra of different powders: (a) starting powder Si-45; (b) plasma-evaporated Si (RFSi-1);(c) plasma-synthesized SiC (S8F);

(d) commercial a-SiC.
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recorded for comparison purposes. It can be seen that
the infrared absorption band for the Si—C bond is in
the vicinity of 900 cm~!. The absorption peak near
3500 cm ! was due to water present in the KBr pellet
or specimens and is thus assigned to the O—H stretch-
ing vibration. The presence of the absorption band at

(a)
a-SiC
8 100
[
[v]
E
£
7]
c
g
l_
04 O-H
sl ot N
il B-Sic
4000 3000 2000 1000 599.9

Wave number { cm™ )

Figure 11 IR spectroscopy of different powders: (a) commercial
a-SiC; (b) plasma-treated Si (RFSi-1); (c) plasma-synthesized SiC
(S8F); (d) commercial B-SiC.

2200 cm ™! may be assigned to a stretching vibration
of the Si—H bond. The peak at around 1600 cm ™~ * was
unable to be identified, although it is attributed else-
where [28] to harmonics of SiC bulk. It should be
noted that the characteristic absorption band in the
region of ~ 800 and 1100cm™! for Si-O bond
stretching vibration is not visible, implying that the
oxygen content in the powder is at an equivalent level
to that of commercially available SiC powders. The i.r.
result is consistent with the EPMA. A previous study
[29] indicated that oxygen in ultrafine SiC powders
was present primarily in the form of adsorption on the
surface of the powders. It is well known that as ultra-
fine non-oxide powders such as SiC and Si;N, are
exposed to air for extended periods of time, the oxygen
content of the powders increases substantially.

The surface areas of the pure SiC powders, as meas-
ured by the BET method, range from 35-50 m?g~ 1.
When this result is combined with the TEM observa-
tions, the average particle size can be estimated and it
is found to be in the range 40-80 nm. Fig. 12 shows
the transmission electron micrograph for SiC ultrafine
powder. The particles are basically equiaxed. The free
carbon surrounding the SiC particles is visible in some
of the micrographs. :

Figure 12 Transmission electron micrograph of ultrafine SiC powder.
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5. Conclusion

Ultrafine SiC powder (40-80 nm) was synthesized by
the reaction of introduced metallic silicon powder and
methane in an induction plasma reactor. Purity levels
of up to 98 wt % SiC were observed in the filter-col-
lected powder. The powders collected from other sys-
tem parts were found to be mixtures of silicon carbide,
spheroidized silicon, unreacted free silicon and free
carbon. The overall content of SiC in the total col-
lected powder and the conversion of metallic silicon to
SiC reached 91.5 wt % and 92.0%, respectively, for the
case of Si-45 used as starting material and appropriate
selection of the experimental parameters. The forma-
tion of SiC relies on the evaporation of the injected
metallic silicon, which in turn is mainly dependent on
the particle size of the starting silicon powder.
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