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Abstract

Highly dispersed silicon carbide powders were prepared by a solvothermal-assisted sol—gel process with tetraethyl ortho-
silicate and phenolic resin as starting materials and carbothermal reduction reactions at a relatively low temperature (1400—
1600 °C). Investigated by X-ray diffraction, transmission electron microscopy, scanning electron microscope and the nitrogen
adsorption—desorption isotherm measurements, the obtained SiC powders had an average crystallite size of 200 nm and high
specific surfaces areas of 149 m?/g. Besides, mechanism for preparation of highly dispersed SiC powders was proposed.

1 Introduction

Silicon carbide (SiC) ceramics have several excellent merits
such as high hardness, moderate toughness and excellent
wear resistance [1-3], high temperature oxidation [4] and
corrosion resistance [5, 6], high thermal conductivity and
tailorable electrical resistivity [7]. These favorable proper-
ties make SiC a promising material applied in aerospace
structures, high temperature electric devices, and catalysis
in severe environments [8—11].

At present, the fabrication methods of SiC powders
are widely implemented and quite mature, including laser
[12], thermal plasma CVD [13], high-energy milling [14],
precursor infiltration and pyrolysis (PIP) [15]. However,
requirement special equipment or complex technology of
these methods limits their application in low cost large scale
production of SiC powders. With the advancement in the
preparation of powders field, the hydrothermal/solvother-
mal process have emerged and attracted much attentions
in recent years [16—18]. The outstanding advantages of the
powders by hydrothermal/solvothermal process are excel-
lent homogeneity and narrow particle-size distribution. For
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sintered materials, the finer the grain, the higher the sinter-
ing efficiency [19]. Thus, the highly dispersible powders via
solvothermal route are very suitable for sintering. Efforts
to prepare uniform SiC powders by a solvothermal-assisted
sol—gel process lead to this paper.

In this paper, a simple route to obtain SiC powders via a
solvothermal-assisted sol—gel process is proposed. The com-
position and morphology characteristics of the SiC powders
were studied.

2 Experimental

Analytical grade tetraethyl orthosilicate (TEOS;
Sigma—Aldrich) was acted as silica precursors. Phenolic
resin with high carbon yield of 60 wt% (THC-400; Shanxi
Taihang Impedefire Polymer Limited Company, China) was
selected as carbon source.

Stoichiometric amount of TEOS (20.8 g, 0.1 mol) were
added into a mixture of 100 ml of ethanol. After oil bath
concentration at 60 °C for 1-2 h, appropriate amount of
phenolic resin was mixed uniformly to obtain the SiC sol.
Then, the SiC sol was poured into the Teflon-lined stainless
steel autoclave and treated at 200 °C for 12 h. After cool-
ing down the autoclave to room temperature, the obtained
precipitation through centrifugation must be cleaned with
anhydrous ethanol twice. The preparation of SiC precursor
was finished until the precipitates were dried with 60 °C for
48 h. Besides we also tried to get the SiC precursor through
a traditional sol-gel route. Without solvothermal treatment,
the SiC sol were directly solidified at 80 °C and dried to
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remove some of the remaining water and ethanol at 200 °C
for 5 h. The following pyrolysis process was conducted at
a heating rate of 15°C/min to the designed temperature of
1400 and 1600 °C for 1 h.

The composition and crystal structure were characterized
by XRD diffractometer (Bruker D8 Advance, Germany; Cu
Ka radiation), SEM (S4800, Hitachi, Japan), EDS (54800,
Hitachi, Japan) and TEM (JEM-2100, Japan). The element
analysis for carbon content was characterized using a carbon
analyzer (CS-600, Leco). The laser particle-size analyzer
(Brookhaven Zeta PALS, USA) was used to study the parti-
cle-size distribution of the SiC powder. The test is measured
at a pH of 7 with a scattering angle of 15°. Micro/mesopores
information including the surface area and the pore size
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Fig. 1 XRD images of the pyrolysis products of the SiC precursor

distribution were examined by a Quantachrome instrument
(USA) through the Barrett-Joyner-Halenda (BJH) method.

3 Results and discussions

The reaction for SiC formation by carbothermal reaction
between carbon (C) and silica (SiO,) was favorable as
high as 1793 K in the standard conditions from the ther-
modynamic perspective estimation [20]. In this paper, the
designed temperature (1673 K—1 h and 1873 K—1 h) were
employed to prepare SiC powders. XRD patterns of the
obtained powders are recorded in Fig. 1.

When the pyrolysis temperature was 1673 K, the weak
SiC peaks (JCPDS cards No. 29-1131, 6H-SiC) existed, no
other crystalline phases of silica, carbon or other impurities
were detected, which indicated the carbothermal reduction
between C and SiO, was almost complete. With temperature
further up to 1873 K, the peaks become sharper, suggesting
the growth of the SiC crystallites. The peaks with 26 values
of 33.69°, 35.72°, 41.48°, 60.04°, 71.80°, and 75.59° cor-
respond to the crystal planes of 101, 102, 104, 110, 116, and
0012, respectively, for SiC phase. Besides, the weak peak
at 33.6° (26 values) indicates existence of stacking faults in
the SiC crystallites [21].

Figure 2 shows the different morphologies of SiC ceram-
ics by a traditional sol-gel route and via a solvothermal-
assisted sol—gel process at a same pyrolyzed temperature.
The powders obtained by a traditional sol—gel route gath-
ered into some aggregates, and exhibited a loose and porous
structure. The holes formed within SiC grains might be
caused by the release of CO gas come from the carbothermal
reduction reaction [22]. However, the powders obtained by

Fig.2 Typical morphology of SiC ceramics a by a traditional sol-gel route and b via a solvothermal-assisted sol-gel process
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a solvothermal-assisted sol—gel process performed excellent
dispersivity, and the particle size was in nanoscale.

The main reason for the different morphology of SiC
powders might be attributed to a typical colloid aggregation
by polymerization [23]. Phenolic resin molecules first tangle
with silica nano-spheres via hydrogen bonding in sol. Then,
phenolic resin might be precipitate because of the increase
of local concentration. Thus, the resin molecules could be
shaped into flocs (nano-spheres linked by polymers) through
cross-linking. What’s more, the polymer would become
more and more hydrophobic with the dehydration progress.
The flocs would become micro-sized spherical particles
when the hydrophobic effects could overcome the entropy
of epitaxial growth mixing [23]. The SiC precursor by a
solvothermal-assisted sol—gel process would be dispersible
particles with ultrafine size, and kept the homogeneity form
after pyrolysis. The similar effect of colloid aggregation has
been found in the ZrO,@C formation by solvothermal pro-
cess [24].

To investigate the size and morphologies of the SiC
powders, SEM analysis was conducted and presented
in Fig. 3. The high dispersible SiC powders exhibited
a sphere-like morphology (Fig. 3a). The stoichiometric
composition judged by EDS analysis was about Si; sC, s.
Besides, combustion analysis conducting at elevated tem-
perature in air environment (1273 K for 1 h) was imple-
mented to ensure the accurate content of carbon in the
SiC powders. The measured value was 51.4 +0.6 at.%,
which showed good agreement with EDS result. Because
of nanoscale effect, the particles were inclined to reun-
ion into small aggregations or actively sintered to be hard
aggregates, and finally showed micro—nano grain size of

486 nm. Besides, the particle-size distribution is very nar-
row as can be seen in the laser granulometry pattern of
Fig. 3b.

Observed by means of transmission electron micro-
scope, the SiC powders were well-distributed and the par-
ticle size was about 200 nm (Fig. 4a). The HRTEM and
Fourier-transformed images indicate a value of 2.17 A for
the SiC (104) planes (Fig. 4b), which was very close to the
theoretical lattice spacing of 2.174 A.

The N, adsorption—desorption isotherms of the SiC
powders is performed in Fig. 5a, and the pore size dis-
tribution is showed in the Fig. 5b. According to IUPAC
classification, the SiC powders had a type-IV adsorption
isotherm. The flatter area in the middle of the curve dem-
onstrates a presence of monolayer by isotherm character-
istics. It means that the micro-pores within SiC powders
would be filled with nitrogen gas at very low pressures,
the monolayer formed at medium pressures in the knee of
curve, and capillary condensation occurs at high pressures.
Type-1V isotherms are usually related to mesoporous or
macroporous characteristics. Figure 5b shows the aver-
age pore diameter of SiC powders was about 3.589 nm,
confirming the existence of mesoporous. Moreover, the
specific surface area is an important indicator for the nano-
particles, the value of SiC powders was about 149.08 m?/g,
which was substantially higher than the value of that by
solid state reaction process (about 20 m%/g) [25]. The pres-
ence of nano-SiC particles and/or the pores in the small
aggregation might be accounted for high specific surface
area of SiC powders by a solvothermal-assisted sol-gel

process.

Elements At%
 Ck 49.66
S Sik 5034

Fig.3 a SEM with EDS analysis and b distribution of SiC powders
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Fig.4 a TEM and b HRTEM with Fourier-transformed images of SiC powders
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Fig.5 a The N, adsorption—desorption isotherms and b pore size distribution of the SiC powders

4 Conclusion

A facile route has been successfully adopted to synthesize
SiC powders by joint solvothermal treatment of TEOS and
phenolic resin in 200 °C with subsequent carbothermal
reaction in 1600 °C. The highly dispersed SiC powders
with a small crystallite size of 200 nm had large BET-
specific surface area (149.08 m?/g). Besides, the synthe-
sized powders might be promising candidates for the SiC
ceramic sintering and this effective technique can also be
popularized for other carbide powders.
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