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of synthesized SiC-B,C composite powders

Yu Cao, Ruyi Deng, Jilin Hu*, Jinxiu He, Dapeng Lei, Zhanjun Chen* and Yangxi Peng

Modern Industry School of Advanced Ceramics, Hunan Provincial Key Laboratory of Fine Ceramics and Powder Materials,
School of Materials and Environmental Engineering, Hunan University of Humanities, Science and Technology, Loudi, 417000,
China

SiC-B,C composite powders were synthesized by the carbothermal reduction method under an argon atmosphere using
different kinds of carbon sources (carbon black and starch) and silica sol and boric acid as the precursor raw materials. Based
on thermodynamic analysis and calculation, the effects of different carbon sources and reaction temperatures on the mass loss
rate, phase composition, and microstructure of SiC-B,C ultrafine composite powders were comparatively studied. Results
showed that the optimum conditions for synthesizing SiC-B,C composite powders with carbon black as the carbon source were
1550 °C for 2 h, whereas the optimum conditions for synthesizing SiC-B,C composite powders with starch as the carbon source
were 1450 °C-1550 °C for 2 h. The powder samples synthesized with carbon black as the carbon source at 1550 °C were mainly
composed of flaky, columnar-like, spherical, and irregular polyhedral particles (about 100-200 nm in diameter). Mutual
cohesion or agglomeration between particles was minimal. In the powder samples synthesized at 1550 °C with an excess of 10
wt% starch, in addition to a certain amount of flaky, spherical, and other irregular structure particles, a certain amount of
uniform, slender whiskers (about 50-100 nm in diameter) and a certain phenomenon of lap and winding between the whiskers
were noted. The powder samples synthesized at 1550 °C with an excess of 20 wt% starch had no whisker-like substance.

Keywords: carbon black, starch, SiC-B,C, composite powders, synthesis.

Introduction Generally, the preparation methods of carbide ultrafine

powders mainly include carbothermal reduction, self-

As an important advanced ceramic material, SiC propagating high-temperature synthesis, sol-gel synthesis,
ceramic has excellent comprehensive properties such as and chemical vapor deposition. Song et al. [15]
high-temperature strength, high hardness, and strong prepared titanium carbide powders with octahedral and
chemical corrosion resistance, and becomes the focus columnar structures by the carbothermal reduction
of current domestic and foreign research [1-4]. However, method combined with the molten salt method. Wang
due to the poor fracture toughness (<3.5 MPa m'"?) and et al. [16] successfully synthesized nanoscale wolframium
low-room-temperature strength of SiC ceramics, its carbide powders with high BET values based on a low-
application range is limited [5-7]. Boron carbide (B4C) temperature carbothermal reduction. Najafi et al. [17]
has a series of excellent properties, such as high synthesized SiC-B4C nano powders in a water-solvent-
hardness, low density, high-temperature resistance, good catalyst-dispersant system by the sol-gel synthesis
chemical stability, and high fracture toughness. These method. The particle size of the synthesized SiC-B,C
characteristics make it widely used in the grinding of powders was between 20-40 nm with a surface area of
hard materials, lightweight bullet-resisting armor, 172.92 m?*/g and a uniform morphology. Tu et al. [18]
advanced refractory materials, and rocket solid fuels in prepared amorphous-nanocrystalline B4C films with a
various fields [8, 9]. Many related reports have combined thickness of 0.2-1.9 pm by chemical vapor deposition.
B4C with SiC to prepare SiC-B4C composites to realize Carbothermal reduction is the most important method
the complementary advantages of these two materials for preparing carbide ceramic powders in modern
in performance [10-14]. industry. At present, reports on the synthesis of SiC-
To prepare high-performance SiC-B4C composites, B4C composite powders by carbothermal reduction are
preparing high-quality SiC-B4C composite powders few. Liu et al. [19] successfully prepared SiC-B,C
with high purity and fine particles is very important. composite powders with a uniform B,C distribution by
pre-adding SiC using boric acid (H;BOs), graphite, and

*Corresponding author: petroleum coke as the raw materials. Parlakyigit et al.
EZL igg ;gg Sg%gggi [20] directly synthesized SiC-B4C composite powders
E-mail: hujilin@126.com (J. Hu), chen829924@163.com (Z. Chen) by the carbothermal reduction method by adding Si
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powder to the precursor solution made of H;BO; and
sucrose base.

To improve the properties of SiC-B4C composite
powders further, the present work synthesizes SiC-B,C
composite powders by the carbothermal reduction
method at high temperatures in an argon atmosphere
using different types of carbon sources (carbon black
and starch) and silica sol and H;BO; as the raw
materials. Based on thermodynamic analysis and
calculation, the effects of different carbon sources and
reaction temperatures on the mass loss rate, phase
composition, and microstructure of the synthesized
SiC-B4C composite powders are comparatively studied.

Experimental

Silica sol (SiO,, 28 wt%, Hunan Changsha Water
Glass Factory, China), H;BO; (=99.0% purity, Sinopharm
Chemical Reagent Co., Ltd, China), and carbon black
(C, 299.0% purity, Fujian Nanping Rongxin Chemical
Co., Ltd, China) were used as the starting materials for
the preparation of SiC-B,C composite powders. The
preparation of the SiC-B4C composite powders is
shown in Fig. 1. The amounts of silica sol, H;BO;, and
carbon black were adjusted to yield a SiC/B,C molar
ratio of 6:4. All the starting materials were accurately
weighed according to reactions (1) and (2). These
ingredients were uniformly mixed in a magnetic stirrer
for 2 h using ethanol as the liquid medium. The well-
mixed precursor slurry was dried in a vacuum blast-
drying oven at 110 °C for 24 h, ground in a mortar, and
then placed in a ceramic ark. In a high-temperature
tubular electric furnace, heating was performed at a
rate of 10 °C min™' in an argon atmosphere, and high-
temperature synthesis reaction was carried out at 1350
°C, 1450 °C, and 1550 °C for 2 h. After the holding
time, when the temperature in the furnace was cooled
naturally to room temperature, the synthesized powders
were obtained. The carbon black raw material in the
above formula was replaced with starch (=99.0% purity),
and the above experimental process was repeated to
synthesize the SiC-B4C composite powders. During the
high-temperature synthesis reaction, in addition to the

decomposition of organic starch to produce elemental
carbon and gaseous water, gaseous substances such as
CHy and CO, were generated, which led to the loss of
carbon content in the system. Therefore, the starch
dosage in the formula was designed to be in excess of
10 wt% and 20 wt%. The masses of the powder
samples before and after reaction were measured by an
electronic analytical balance to determine the extent of
the synthesis reaction. According to the mass of the
powder samples before and after the synthesis reaction,
the weight loss rate of the samples was calculated. The
phase composition of the synthesized powder samples
was analyzed by an X-ray diffractometer (XRD,
Y2000). The microstructure of the powder samples was
observed by using a scanning electron microscope
(SEM, Zeiss Sigma 500).

Results and Discussion

Thermodynamic analysis

In this paper, only thermodynamic calculations were
performed for the reaction system using carbon black
as the carbon source because starch decomposes to
form elemental carbon at low temperatures. The synthesis
reactions of H3;BOs;, silica sol, and carbon black at high
temperatures are as follows [5, 21]:

Si0; (s) + 3C (s) = SiC(s) + 2CO (g) (1)
7C + 4H;B0; = B,C + 6CO + 6H,0 @)

From AG® = AH®— TAS", Equation (3) can be obtained:
AG = AH® — TAS® + RTIn (Pco/P?) 3)

Among them, AG® is the standard Gibbs free energy
of the substance; R is the gas constant; T is the thermo-
dynamic temperature; P° and Py are the standard
atmospheric pressure and the partial pressure of CO,
respectively.

Substituting the thermodynamic data of each substance
in Equations (1) and (2) into (3), the expression of AG
in Equations (4) and (5) can be obtained:
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Fig. 1. Preparation of SiC-B,C composite powders.
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Fig. 2. Variation of Gibbs free energy (AG) with temperature (T)
under different CO partial pressures for (a) reaction (1) and (b)
reaction (2).

AG, = 616680-352.67T + 2x8.3145xTIn (Pco/P?)  (4)
AGy=2192150-1949.31T + 2x8.3145xTIn (Pco/P?) (5)

Taking the values of Pco as 1.01x10' Pa, 1.01x10°
Pa, and 1.01x10° Pa, and the value of P® as 1.01x10°
Pa, and substituting the above values into Equations (4)
and (5), the variation of the calculated Gibbs free
energy (AG) with temperature (T) is shown in Fig. 2.

Fig. 2 shows that taking standard atmospheric pressure
as an example, from a thermodynamic point of view,
when the AG of Equations (1) and (2) is 0, the
corresponding temperatures are 1445 K and 1083 K,
respectively. Theoretically, if the actual synthesis
temperature is higher than these two temperatures, SiC
and B4C can be generated. Under vacuum conditions,
when the AG of Equations (1) and (2) is 0, the
corresponding reaction temperature decreases. When
the Pco is 1.01x10' Pa, 1.01x10° Pa, and 1.01x10° Pa,

and the reaction temperatures in Equations (1) and (2)
are 1136 K and 1025 K, 1445 K and 1083 K, 1758 K
and 1124 K, respectively, the two AG is 0, indicating
that the two AG decreases remarkably with increasing
temperature and decreasing Pco. Therefore, under the
condition of high temperature and low pressure, the
synthesis reaction of SiC and B4C is more favorable [5,
22].

Mass loss rate analysis

When carbon black or starch is selected as the carbon
source, gaseous substances such as CO are generated
during the synthesis of SiC-B4C composite powders
under high-temperature reaction conditions. Gaseous
substances such as H,O are generated with starch as
carbon source at high temperatures. Moreover, the
gaseous substances generated escape, resulting in the
reduction of the quality of the powder samples after
calcination. Therefore, the mass loss rate can be
calculated according to the mass difference of the
powder samples before and after calcination, and the
degree of the reaction for synthesizing SiC-B,C
composite powders under different conditions can be
inferred. In this paper, the ratio of the measured weight
loss rate to the theoretical weight loss rate (relative
weight loss rate) is used to judge the degree of the
synthesis reaction. The change of relative weight loss
rate with reaction temperature during the synthesis of
SiC-B,4C composite powders is shown in Table 1.

Table 1 shows that whether the carbon source
selected is carbon black or starch, the relative weight
loss rate of the powder samples increases with the
increase of the reaction temperature. When the reaction
temperature is 1350 °C, the relative weight loss rate is
only 26.2% with carbon black as the carbon source,
and when the reaction temperature increases to 1550
°C, the relative weight loss rate reaches 106.8%, which
is 6.8% higher than the theoretical mass loss rate
(100.0%) of the powder samples. The main reasons
why the actual mass loss rate at 1550 °C exceeds the
theoretical mass loss rate are as follows: On the one
hand, a small part of the intermediate SiO generated in
the system during the synthesis may escape from the
system together with the CO flowing argon [23]. On
the other hand, it may be caused by gaseous B,O;
produced by the thermal decomposition of H;BO; in
the raw material at high temperatures escaping with a
small amount of other gases [24].

When starch is selected as the carbon source, with
the increase in the reaction temperature, the weight loss
rate is generally higher than that of the powder samples
with carbon black as the carbon source because in the
actual synthesis reaction, organic starch not only
decomposes into elemental carbon and water gaseous
substances but also generates gaseous substances such
as CO, CO,, and CH,, resulting in a higher mass loss
rate of the powder samples [25]. When the reaction
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Table 1. Relationship between relative mass loss rate and reaction temperature for powder samples.

Carbon source Holding time Reaction Relative mass

(h) Temperature (°C) loss rate (%)
carbon black 2 1350 26.2
carbon black 2 1450 88.6
carbon black 2 1550 106.8
10 wt% excess of starch 2 1350 30.9
10 wt% excess of starch 2 1450 86.3
10 wt% excess of starch 2 1550 110.9
20 wt% excess of starch 2 1350 42.5
20 wt% excess of starch 2 1450 101.3
20 wt% excess of starch 2 1550 113.9

temperature is 1450 °C, the relative weight loss rates of
powder samples with 10% and 20% excess starch as
the carbon source are 86.3% and 101.3%, respectively;
when the reaction temperature increases to 1550 °C,
the weight loss rate reaches 110.9% and 113.9%,
respectively. The actual mass loss rate of powder
samples in the synthesis reaction exceeds the theoretical
mass loss rate mainly due to the escape of SiO, H;BO;,
and gaseous substances (such as CO, CO,, C.H,
generated by starch decomposition).

Phase composition analysis

Fig. 3 shows the XRD patterns of the precursor
mixed powder and the powder samples prepared after
being kept for 2 h at different reaction temperatures
with carbon black as the carbon source. Reaction
temperature has a great influence on the phase
composition of the synthesized powder samples. Mainly
characteristic diffraction peaks of B,O; are in the
precursor mixed powder [26]. No evident characteristic
diffraction peaks of carbon black are found in Fig. 3(a),
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Fig. 3. XRD patterns of synthesized powder samples with carbon
black as the carbon source at different temperatures: 100 °C, (b)
1350 °C+2 h, (c) 1450 °C+2 h, and (d) 1550 °C+2 h.

indicating that the carbon black raw material mainly
exists in an amorphous form. In addition, no SiO,
diffraction peak is observed, indicating that the SiO,
component in the silica sol raw material exists in the
mixture in an amorphous manner, which is consistent
with the research results of the literature [27] (the
characteristic diffraction peaks of SiO, are not found in
the system after incubation at 1400 °C for 2 h). Only
the characteristic diffraction peaks of B,Os still exist in
the powder samples synthesized at 1350 °C for 2 h, but
the intensity of the diffraction peaks of B,O; decreases,
indicating that a small amount of B4C is synthesized at
this reaction temperature (it is not shown in the XRD
pattern due to the relatively small amount generated).
When the reaction temperature reaches 1450 °C, weak
characteristic diffraction peaks of SiC and B4C are in
the XRD pattern of the synthesized powder samples,
the diffraction peak of B,O; completely disappears,
and no other diffraction peaks are found, indicating
that a small amount of B4C and SiC is formed in the
system at this reaction temperature. When the reaction
temperature continues to rise to 1550 °C, the diffraction
peaks of SiC and B,4C in the XRD pattern become the
two most important kinds of characteristic diffraction
peaks, and become sharper, indicating that the
carbothermal reduction reaction is complete at this
reaction temperature. Combined with the mass loss rate
(see Table 1), when carbon black is used as the carbon
source, the optimal synthesis condition of SiC-B4,C
composite powders is 1550 °C for 2 h.

Fig. 4 shows the XRD patterns of the precursor
mixed powder and the powder samples prepared after
incubation for 2 h at different reaction temperatures
with 10 wt% excess starch. Mainly B,0; diffraction
peaks are in the XRD pattern of the precursor mixed
powder. At 1450 °C, in addition to the diffraction
peaks of B,O;, weaker SiC diffraction peaks are seen
in the synthesized powder samples. When the reaction
temperature increases to 1550 °C, the diffraction peaks
of B,O5 disappear, and only the characteristic diffraction
peaks of SiC and B,C exist in the synthesized product,
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Fig. 4. XRD patterns of synthesized powder samples at different
temperatures using starch as the carbon source (excess 10 wt% by
mass): 100 °C, (b) 1350 °C+2 h, (c) 1450 °C+2 h, and (d) 1550
°C+2 h.

indicating that the synthesis reaction of SiC-B,C
composite powders is completed at the reaction
temperature of 1550 °C. Based on the above analysis,
when the starch is excessive by 10 wt%, the optimal
reaction condition for the synthesis of SiC-B,C
composite powders is 1550 °C for 2 h.

Fig. 5 shows the XRD patterns of the precursor
mixed powder and the powder samples prepared after
incubation for 2 h at different reaction temperatures
with 20 wt% excess of starch. Compared with Fig. 4,
only characteristic diffraction peaks of SiC and B,C
exist in the powder samples synthesized at 1450 °C,
indicating that a sufficient amount of starch can provide
greater amount of carbon, which is beneficial to the
synthesis reaction in the system. When the reaction
temperature increases to 1550 °C, the XRD patterns of
the synthesized powder samples do not change
remarkably, but the peak shape of the diffraction peaks
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Fig. 5. XRD patterns of synthesized powder samples at different
temperatures using starch as the carbon source (excess 20 wt% by
mass): 100 °C, (b) 1350 °C+2 h, (c) 1450 °C+2 h, and (d) 1550
°C+2h.

is sharper, indicating that the grain size of SiC and B,C
produced under this reaction condition is larger, and the
crystallinity of the powder is better. When the starch is
excessive by 20 wt%, the optimal reaction conditions
for synthesizing SiC-B4C composite powders are kept
at 1450 °C-1550 °C for 2 h.

Microstructure and energy spectrum analysis

Fig. 6 shows the SEM images of the powder samples
synthesized at 1550 °C for 2 h with carbon black as the
carbon source. The powder samples are mainly composed
of a large number of flaky, columnar-like particles
(about 200-500 nm in diameter) and a certain number
of spherical particles and irregular polyhedral particles
(about 100-200 nm in diameter). The phenomenon of
mutual cohesion or agglomeration between particles is
less, and a diverse microstructure is formed. According
to the previous XRD pattern analysis (see Fig. 3),
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Fig. 6. SEM images of powder samples synthesized at 1550 °C for 2 h using carbon black as the carbon source: x10000 and (b) x50000.
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Fig. 8. SEM images of powder samples synthesized at 1550 °C for 2 h with 20 wt% excess of starch: x10000 and (b) x50000.

mainly diffraction peaks of SiC and B4C are observed
in the powder samples. Combined with the crystal
structure and the subsequent EDS analysis, the flaky,
columnar-like particles should be B4C particles, some
of the polyhedral particles may be B4C particles
generated by the LS mechanism [28], and other
irregular polygonal particles should be SiC and B,C
mixed particles.

Fig. 7 shows the SEM image of the powder samples
obtained by incubating at 1550 °C for 2 h with 10%
excess of starch. In addition to a certain amount of
flake particles, spherical particles, and other irregular
structure particles (with a particle size of about 200-
500 nm), a certain amount of uniform, slender whiskers
are in the synthesized powder samples (the diameter is
about 50-100 nm), and a certain overlap and winding
phenomenon is between the whiskers. According to the
crystal structure and subsequent EDS analysis, the
flaky particles, spherical particles, and other irregular
structure particles in the powder samples should be
mixed particles of SiC and B4C generated in the
system, whereas the whisker-like substances should be
SiC generated by the vapor-solid (VS) mechanism [29].

At present, the synthesis of SiC whiskers at home and
abroad has two main mechanisms: the vapor-liquid-
solid mechanism and the VS mechanism. The
formation of SiC whiskers mainly follows the VS
mechanism during the carbothermic reduction reaction
without additives. In this paper, the SiO, in the silica
sol raw material reacts with the elemental carbon
generated by the decomposition of the starch raw
material at high temperatures to form SiO and CO,
then a part of SiO and elemental carbon form SiC
particles through the VS reaction, and the other part of
SiO and CO generate SiC nuclei through the vapor-
vapor reaction. Under suitable conditions, the SiC nuclei
seek to grow along a specific direction to generate SiC
whiskers [30].

Fig. 8 shows the SEM images of powder samples
synthesized at 1550 °C for 2 h with 20 wt% excess of
starch. Comparing Figs. 7 and 8 reveals that the
microstructure of the powder samples synthesized at
1550 °C changes with the increase of the amount of
starch in the reaction system.

Fig. 9 shows the SEM images and EDS analysis
results of powder samples synthesized at 1550 °C for 2
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Fig. 9. SEM images and EDS analysis results of powder samples synthesized at 1550 °C for 2 h with carbon black or starch as the carbon

source.

h with carbon black or starch as the carbon source. The
synthesized product mainly contains three elements, C,
Si and B, indicating that the SiC-B,C composite powders
are successfully synthesized under this reaction condition.

Conclusions

The synthesis of SiC-B4C composite powders can be

promoted by increasing the calcination temperature
with carbon black or starch as the carbon source.
Compared with the precursor with carbon black as the
carbon source, the precursor samples containing starch
raw materials not only decompose to generate elemental
carbon and H,O gaseous substances during the high-
temperature reaction but also generate gaseous substances
such as CyHy, which results in a higher mass loss rate
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for the powder samples. The actual mass loss rate of
precursor powder samples with starch as the carbon
source exceeds the theoretical mass loss rate during the
synthesis reaction, which is mainly caused by the
escape of SiO, H;BO;, CO,, CHy, and other gaseous
substances generated by starch decomposition in the
system.

According to the analysis of mass loss rate and phase
composition, the optimum condition for the synthesis
of SiC-B4C composite powders using carbon black as
the carbon source or excessive 10 wt% starch as the
carbon source is 1550 °C for 2 h. A sufficient amount
of starch in the reaction system can provide more
elemental carbon to participate in the synthesis
reaction. The suitable condition for synthesizing SiC-
B4C composite powders with excess 20 wt% starch as
the carbon source is 1450 °C-1550 °C for 2 h.

The powder samples synthesized with carbon black
as the carbon source at 1550 °C are mainly composed
of lamellar, columnar, spherical, and irregular polyhedral
particles (about 100-200 nm in grain size), and the
phenomenon of mutual bonding or agglomeration
between particles is less. In the powder samples
synthesized at 1550 °C with an excess of 10 wt%
starch, in addition to a certain amount of flaky, spherical,
and other irregular structure particles, a certain amount
of uniform, slender whiskers (about 50-100 nm in
diameter) and a certain phenomenon of lap and winding
between the whiskers are observed. The whisker-like
substance is SiC generated by the VS mechanism. No
whisker-like substances are found in the powder
samples synthesized at 1550 °C with an excess of 20
wt% starch.
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