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Synthesis of silicon carbide through
the sol-gel process from different precursors

V. RAMAN, O. P. BAHL, U. DHAWAN
National Physical Laboratory, New Delhi, India

Silicon carbide (SiC) was synthesised from silicon alkoxides and various carbon sources.
Tetraethoxysilane (TEOS), methyltriethoxysilane (MTES) and a mixture of TEOS and
MTES were hydrolysed in the presence of phenolic resin, ethylcellulose, polyacrylonitrile
(PAN) and starch to incorporate the gel into the carbon source in the silica network. The gel
thus obtained was carbonized at 800°C in an argon atmosphere to obtain the mixture of
silica and carbon which when heated to 1550 °C in argon yielded silicon carbide. The
characterization of the product by X-ray, FTIR and SEM showed it to be B SiC with different
crystallite and grain sizes. The difference in the crystallite and grain sizes is attributed to
the nature of the carbon source. The density of the SiC obtained by the sol-gel process
was found to be lower than the values reported for SiC and this is ascribed to the porous

nature of the products generally obtained by this process.

1. Introduction

Silicon carbide is an important non-oxide ceramic
which has various industrial applications. The con-
ventional method of preparation involves heating
silica or colloidal silica with carbon at very high tem-
peratures [1-5]. The recently developed sol-gel
technique offers an easy route to synthesise silicon
carbide by employing alkoxides and a suitable carbon
source [ 2, 6—11]. Synthesis of silicon carbide through
the sol-gel process without using an external carbon
source has also been reported [6-10]. The present
investigation employs the sol-gel process by prepar-
ing silica gel containing carbonaceous materials such
as phenolic resin, ethylcellulose polyacrylonitrile
(PAN) and starch by hydrolysis condensation of easily
available tetracthoxysilane (TEOS), monomethyl
triethoxysilane (MTES) and a mixture of TEOS and
MTES in the presence of phenolic resin, ethylcellulose
PAN and starch. The gel obtained when carbonized at
800°C in argon and later heated to 1550 °C in argon
yielded silicon carbide. The authors have also investi-
gated the effect of heating the precursors at different
temperatures and shown that the formation of crystal-
line silicon carbide takes place as low as 1350°C.

2. Materials and methods

2.1. Preparation of gels

2.1.1. Preparation of gels with phenolic

resin as carbon source

60 g of phenolic resin was dissolved in 175ml of
acetone by constant stirring and 50 ml of TEOS
(E'Merck 98%) was added followed by 30 ml of water
and 15 ml of ethanol. The mixture was stirred well
with a magnetic stirrer for about 5 h, and kept at 40 °C
for gelling, ageing and drying. The same experiment
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was repeated with 30 g of phenolic resin dissolved in
60 ml of acetone and with a mixture containing 50 ml
of MTES (Aldrich 98%), 25 ml of water and 48 ml of
ethanol to incorporate the MTES gel into the phenolic
resin. Preparation of the copolymer incorporated with
phenolic resin was carried out using 80 g of phenolic
resin, 120 ml of acetone, 50 ml of TEOS, 40 ml of
MTES, 50 ml of ethanol and 25 ml of water.

2.1.2. Preparation of gel incorporated with
ethylcellulose

50 ml of TEOS, 25 ml of water, 150 ml of ethanol, 50 g
of ethylcellulose and 50 ml of acetone were stirred for
about 2 h. 25 ml of ammonium hydroxide (25%) was
added to the solution and the stirring was continued
for about 2 h. The sol was allowed to gel, age and dry
at 40°C. The same experiment was repeated with
50 ml of MTES, 25 ml of water, 175 ml of ethanol,
100 m} of acetone, 60 g of ethylcellulose and 25 ml of
ammonium hydroxide.

2.1.3. Preparation of gel with PAN

28 g of PAN was dissolved in 100 ml of dimethylfor-
mamide by heating. To this solution was added a well
stirred mixture containing 50 m] of TEOS, 30 ml of
water and 40 ml of ethanol. The solution was stirred
well for about 3 h, breaking the lumps which are
formed. The solution was left for gelling and ageing at
40°C and dried at 60°C.

2.1.4. Preparation of gel with starch
50 ml of TEOS was mixed with a solution containing
50 g of starch, 100 m] of water and 100 ml of ethanol
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and stirred with a magnetic stirrer for about 5 h. The
sol was kept at 40°C for gelling, ageing and drying.

2.2. Carbothermic reduction of gels

The gels obtained above were pelleted (except the gel
containing PAN), weighed and carbonized at 800°C
in a quartz tube furnace in an argon atmosphere and
later heated at 1550°C in an argon flow using a car-
bolite furnace fitted with a recrystallized alumina tube.
The samples were kept at 1550 °C for about 2 h. A few
samples were heated at 1300 and also at 1350°C to
study the optimum temperature conditions required
for the synthesis of silicon carbide.

The products obtained were heated at 600 °C in air
to remove excess carbon and then treated with dilute
hydrofluoric acid to remove excess silica before testing
resistance to acids, alkalies and also to heating at high
temperatures.

2.3. Characterization

The products were analysed by Fourier infrared spec-
troscopy (KBr method) using a Nicolet instrument.
The microstructures of the samples were determined

by scanning electron microscopy (SEM) (Jeol, 35 CF
using 25 kV accelerating voltage) and the X-ray pat-
terns were obtained using a Siemens D-500 X-ray
diffractometer.

The densities of the samples which were synthesized
in the form of pellets were determined by Archimedes’
principle using kerosine as the immersion liquid.

3. Results and discussion
The colour of the products ranged from light-green to
greyish-black depending upon the amount of free car-
bon in the final product. The samples prepared with
TEOS + phenolic  resin, TEOS + PAN  and
TEOS + starch precursors were greyish-black since
they contain a large excess of free carbon, and the
samples prepared with MTES + phenolic resin and
copolymer + phenolic resin were grey due to the pres-
ence of a small excess of free carbon. The samples
prepared with ethylcellulose as the carbon source were
light-green in colour due to the negligible amount of
free carbon present in these samples.

The X-ray patterns of the samples are given in Figs
1-3. It is seen from the diffractograms that the
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Figure 1 X-ray diffraction patterns of SiC synthesized from (a) TEOS + phenolic resin, (b) MTES + phenolic resin, (c) copolymer + phe-

nolic resin, (d) MTES + ethylcellulose, (¢) TEOS + ethylcellulose.
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Figure 2 X-ray diffraction pattern of SiC derived from TEOS + PAN.
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Figure 3 X-ray diffraction pattern of SiC derived from TEOS + starch.

products obtained from all the precursors are p SiC.
Samples obtained with TEOS + phenolic resin,
TEOS + PAN and TEOS + starch give peaks due to
carbon at 20 = 25.01 in addition to the well defined
B SiC. This is attributed to the higher mole ratio of
Si0,: C in the precursors employed for their synthesis.

To study the difference in the X-ray patterns, crys-
tallite sizes were calculated using Scherrer equation
L = K)\/Bcos0 where K is a constant (0.9), A is the
X-ray wavelength, B is the half width of the line and
0 is the Bragg’s angle. The values are listed in Table L.
The crystallite size of SiC obtained with phenolic resin
is higher compared with those procured with ethylcel-
lulose, PAN and starch. This is in agreement with the
patterns shown for the p SiC. This difference can only
be attributed to the difference in the nature of carbon
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TABLE 1 SiC crystallite size

SiC precursor Crystallite size

L) (nm)
TEOS + phenolic resin 52.7
Copolymer + phenolic resin 52.7
MTES + phenolic resin 32.6
MTES + ethylcellulose 9
TEOS + ethylcellulose 233
TEOS + starch 213

obtained from the various sources. The difference no-
ticed with the same carbon source is probably due to
Si-C of Si—-CHj linkage present in MTES which is
retained during carbonization and carbothermal re-
duction.



The SEM photographs comprise Fig. 4. The grain
size of the SiC in the samples prepared with phenolic
resin and TEOS is larger than in those prepared with
ethylcellulose, PAN and starch. The SiC prepared
with the copolymer shows a mixture of small and large
grains and this is attributed to the Si—C of Si—~CHj; in
MTES which is unaffected during carbonization and
carbothermal reduction. SiC obtained from MTES is
probably smaller in size.

The IR spectra are given in Figs 5-7. The band at
800 cm ! is characteristic of the Si—C bond. The bond
at 1100 cm ™! is due to the traces of silica retained in
the sample.

Figure 4 Scanning electron micrographs of SiC synthesized from (a) TEOS + phenolic resin, (b) MTES + phenolic resin,
(¢) copolymer + phenolic resin, (d) TEOS + ethylcellulose, (¢) MTES + ethylcellulose, (f) TEOS + PAN, (g) TEOS + starch.
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Figure 5 FTIR spectra of SiC synthesized from (1) TEOS + PAN, (2) TEOS + ethylcellulose, (3) MTES + phenolic resin,

(4) MTES + ethylcellulose, (5) copolymer + phenolic resin.
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Figure 6 FTIR spectra of SiC derived from TEOS + phenolic resin.

Close examination of IR absorption values reveal
that the bands around 800900 cm ~! are split in a few
samples and the splitting of the band is related to the
crystallinity of the samples [5]. The splitting is clearly
noticeable in the sample synthesized with TEOS

+ phenolic resin and also with the copolymer
+ phenolic resin, thereby showing that the SiC ob-
tained from the above precursor is more crystalline
when compared with that obtained with ethylcel-
lulose, PAN, starch and MTES. This is in agreement
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with the X-ray studies which show a higher crystallite
size value in the case of SiC prepared with TEOS
+ phenolic resin and copolymer + phenolic resin.

The weight loss observed during carbonization and
carbothermal reduction of a few samples are given in
Table II. It is evident from the values that weight loss
during carbonization is mainly due to the removal of
moisture, hydrogen, oxygen and nitrogen present in
the carbon source, and these vary considerably de-
pending on the carbon source. The weight loss noticed
during carbothermal reduction is lower in the case of
TEOS + phenolic resin and TEOS + starch and this
is attributed to the higher molar ratio of SiO,:C in
these samples which is around 1:8 compared with 1:5
in the case of samples prepared with MTES, copoly-
mer and ethylcellulose.

The densities of the samples are listed in Table I11;
they were determined without further densification at
higher temperatures. The samples prepared by the
sol-gel technique were highly porous in nature due to
the evolution of gases during carbonization and car-
bothermal reduction of gel precursors and thus exhibit
lower densities compared with the theoretical value
for SiC. It should be noted that the gel precur-
sors prepared in the present investigation with a
silane:water molar ratio of 1:4-7 were more porous
compared with those prepared with a silane:water
ratio as high as 1:18 by Wei et al. [2]. These porous
gels accommodate the carbon source in the silica
network. These precursors when carbonized lost sol-
vents, hydrogen, oxygen and nitrogen, resulting in the
formation of porous product (silica and carbon) which
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Figure 7 FTIR spectra of SiC derived from TEOS + starch.

TABLE Il Weight loss studies on cabonization and carbothermal
reduction

SiC precursor Weight loss at  Weight loss
50800 °C 800-1550°C
(%) (%)

TEOS + phenolic resin 433 28

Copolymer + phenolic resin 39.38 40.62

MTES + ethylcellulose 77.90 41.50

TEOS + ethylcellulose 72.60 43

TEOS + starch 73.70 28

TABLE III SiC density (present method)

SiC precursor Density

(gem™?)

TEOS + phenolic resin 1.64

Copolymer + phenolic resin 1.86

MTES + phenolic resin 1.60

MTES + ethylcellulose 1.76

TEOS + PAN 1.38

TEOS + starch 1.80

on carbothermal reduction yielded porous SiC with
evolution of carbon monoxide.

The formation of SiC from the gels can be explained
on the basis of carbothermal reduction of silica. The
gels when carbonized at 800 °C yielded a black mass
which is an intimate mixture of silica and carbon
because on heating this mass in air at 800 °C silica was
obtained. The silica in black mass when heated at
1550°C undergoes carbothermal reduction by react-
ing with carbon in the same mass to yield SiC. The
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whole process can be explained as follows:
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Figure 8 X-ray diffraction patterns of {a) TEOS + phenolic resin
gel heated to 800 °Cin argon, (b} TEOS + phenolic resin gel heated
to 1350°C in argon.
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Silica gel incorporated with carbon source The carbothermal reduction of 8i0O, and subsequent

heat . . ) formation of SiC takes place only above 1300°C. The

800°C in Ar $i0; + C (intimate mixture} X-ray patterns of the TEOS + phenolic resin heated

) at 800 and 1350°C in Ar and of TEOS + PAN

Carbothermal reduction heated to 1300°C are given in Figs 8 and 9. The
Si0, + 3C —— ~ SiC + 2CO7 patterns obtained at 800 and 1300°C show peaks

related to the 810, and carbon only while the patiern

$i0; + € ——= Si0T + CO1 obtained with gel heated up to 1350°C show peaks

Si0 + 2C ——— SiC + COt attributable to the presence of B SiC which become
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Figure 8 X-ray diffraction pattern of TEOS + PAN gel heated to 1300°C in argon.

@

=

pr]

o

s

Z

G

c

2z AL

< . ' b

b}
&
\\L i &
{a) \
35 73

20 (deg}

Figure 10 X-ray diffraction patterns of (a) ethylceliulose, (b} TEOS + ethylcellnlose gel.
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well defined when the sample is heated to 1550 °C.
The incorporation of carbon source in the gel is also
indicated by the X-ray powder patterns of the gel. It is
well known that the silica gels are amorphous in
nature. The presence of ethylcellulose has induced

some orderliness in the patterns which are shown in
Fig. 10.

4. Conclusion

SiC is synthesized by hydrolysis-condensation reac-
tions of silicon alkoxides and their copolymers in the
presence of phenolic resin, ethylcellulose, PAN and
starch. The crystallite and the grain size of the samples
differed depending on the carbon source. The present
investigation shows that B SiC can be synthesized by
the sol-gel technique at a relatively low temperature
with easily available chemicals. SiC obtained is also
found to be porous in nature.
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