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The morphology and particle size of boron carbide in the sol-gel low-temperature pyrolysis system were controlled by
changing the air flow rate during the pyrolysis of boric acid glycerin system. Analyzed the infrared absorption properties
of condensation products and pyrolysis products, as well as the carbon network structure of pyrolysis products and the
microstructure, phase composition, and particle size of boron carbide powder. The research results indicate that the air
flowing in the pyrolysis atmosphere can accelerate the thermal decomposition efficiency of boric acid glycerol condensate and
effectively reduce the pyrolysis temperature. The faster the air flow rate during the pyrolysis process, the denser the carbon
network structure, smaller pore size, and more pores in the pyrolysis products, and the better the dispersion of boron oxide. In
the boric acid glycerol system, with the increase of pyrolysis gas flow rate, the average particle size of boron carbide decreases
from 10 pm to about 2 pm. In addition, the morphology of boron carbide changes from a hexagonal diamond to a smoother
morphology. This indicates that by changing the air flow rate during the pyrolysis process, the carbon network structure of
the pyrolysis products can be improved, thereby controlling the morphology and particle size of boron carbide. This paper
provides a new method for the study of the sol-gel low-temperature pyrolysis method to accurately control the morphology of
boron carbide.
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Introduction boron source, while organic matter serves as the carbon

source, such as glycerol [13-15], polyvinyl alcohol

Boron carbide is a highly refractory material with [16-19], sucrose [20], glucose [21], tartaric acid [22],
great application value in building structures and cellulose [23], citric acid [24, 25], phenolic resin [26].
electronic processing [1-3]. It has many excellent In the initial research, Hadian et al. [27] dehydrated and
properties, such as high temperature stability [4], high condensed boric acid and glucose at 180 °C to synthesize
hardness [5], high electron capture cross-section, and boric acid glucose gel. The gel was placed in a graphite
excellent high-temperature thermoelectric performance boat and heated in a resistance furnace at about 1500-
[6]. The combination of these characteristics has brought 1600 °C for 1 h to generate boron carbide particles
many applications, such as being used as wear-resistant with micron crystal shape. However, the boron carbide
materials, ceramic armor, neutron moderators in nuclear prepared by this method has low purity and uneven
reactors, and potential deep space flight power generation particle size. Then Pilladi et al. [28] added the step of
applications [7-10]. pyrolysis precursor by improving the method of sol-gel.
The preparation of boron carbide powder by sol- The dry gel of boric acid and sucrose is heated at about
gel method is currently the best method to control the 600 °C in the air to carbonize the organic matter in the
growth morphology and particle size of boron carbide dry gel, and boric acid is converted into boron oxide. The
at the molecular level [11, 12]. Boric acid serves as the pyrolysis products were subjected to a carbon thermal

reduction reaction to prepare boron carbide powder with
*Corresponding author: a residual carbon content of about 3%, uniform particle
Tel : 13504946630 size, and high purity. The successful preparation of
E-mail: wangyuanxia@aliyun.com boron carbide powder with high purity, small particle
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size, and uniform morphology has been a hot topic for
researchers in this field [29-31]. Therefore, Kakiage et
al. [14] further refined the steps of pyrolysis precursors.
Preliminary pre pyrolysis is carried out in the early stage
of pyrolysis, that is, the sol-gel is pyrolyzed at 250 °C for
2 h, heated continuously to 350 °C for 2 h, and finally
completely pyrolyzed at 450-650 °C. By improving
the method of pyrolysis precursors, the controllability
of preparing boron carbide was enhanced, and more
uniform morphology and particle size of boron carbide
powder were obtained. Researchers have conducted
extensive research on the dose of raw materials used
in the preparation of boron carbide, as well as the time
and temperature of pyrolysis and carbothermal reduction
reactions [32-36]. In the research, most of the pyrolysis
precursors were completed in air, and there was no in-
depth study on the effect of different rates of air as the
pyrolysis atmosphere on boron carbide.

In this study, boric acid was used as the boron source
and glycerol as the carbon source. On the basis of
previous studies, boron carbide powder was prepared
by carbothermal reduction reaction using the sol-gel
pyrolysis precursor method. The main focus of this
study is the influence of air flow rate in the pyrolysis
atmosphere on the morphology and particle size of boron
carbide powder. This part of the research will further
enhance the low-temperature pyrolysis preparation
technology of boron carbide.

Experiment

Materials

Boric acid (BA) (99.9%) purchased from Bor Mining
Chemical Company, Russia. Glycerin (Gl) (99.0%)
purchased from Sinopharm Chemical Reagent Co., Ltd,
Shanghai, China. These materials were used as received
without any prior treatment in this work.

Experimental methods

Mix equimolar amounts of boric acid and glycerol,
and then dehydrate at 150 °C to prepare a condensed
product, which is a transparent glassy solid. Place the
condensed product in an alumina crucible and heat it
in air at 250 °C for 2 hours, then heat it in air at
350 °C for 2 hours, and then pyrolysis condensed
product in air at 450 °C, 500 °C, 550 °C, 600 °C,
650 °C or 700 °C for 2 hours to obtain the pyrolysis
product that removes excess carbon. The pyrolysis air
flow rates are 100 ml/min, 200 ml/min, and 300 ml/
min respectively (to compare with previous studies on
pyrolysis air flow rates of 0 ml/min [14]), and the above
steps are continuously carried out using a temperature
programmed muffle furnace. After grinding in an agate
mortar, the obtained black pyrolysis product powder
was placed in a graphite boat and subjected to a carbon
thermal reduction reaction at 1450 °C for 2 hours to
prepare boron carbide powder.

Analysis methods

The infrared spectra of condensation products and
pyrolysis products were measured using the Shimadzu
IRPrestige-21 spectrometer. Measurement using trans-
mission method of KBr particles and monochromatic
CuK, Radiation powder X-ray diffractometer (Rigaku
RAD-C) was used to analyze the phase of the product
by X-ray diffraction (XRD); estimate the crystallization
behavior of boron carbide based on the peak intensity
ratio of B4C [Ipsc/(Ipac+IC+Ipr03)], where boron carbide
[sac] is 26=37.8°, free carbon [/C] is 26=26°, boron oxide
[£p203] is 26=27.8°; use Hitachi SU8010 field emission
scanning electron microscope (FE-SEM) to scan and
analyze the microstructure of boron carbide powder and
pyrolysis product carbon mesh structure at 15.0 kV; the
pyrolysis product powder is washed with hot water to
recover the B,O; component (adding mannitol to form
the mannitol H;BO; complex), and the remaining residue
is weighed as carbon content. Using phenolphthalein as
an indicator, titrate the mannitol-H;BO; complex with
sodium hydroxide solution, determine the content of
B,0; in the pyrolysis product powder, and determine
the ratio of C/B,0s in the pyrolysis product; the particle
size of boron carbide products was determined by the
Marvin 3000 laser particle size analyzer.

Results and Discussion

The effect of air flow rate on the thermal decomposition
efficiency of condensation products

Figure 1 shows the infrared analysis spectra of boric
acid-glycerol condensate and pyrolysis products at 500
°C. In Fig. 1a, the C-O absorption stretching vibration
peak at 1041 cm™ and the B-OH bending vibration peak
at 1288 cm’' are characteristic peaks of the condensation
product. However, it has disappeared in Figs. 1(b-e),
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Fig. 1. Infrared spectra of boric acid-glycerol condensate (a)
and the pyrolysis products of different pyrolysis air flow rates,
pyrolyzed at 500 °C for 2 h, the pyrolysis air flow rates are
(b) 0 ml/min, (c) 100 ml/min, (d) 200 ml/min and (e¢) 300 ml/
min, respectively.
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indicating that the 500 °C condensate has completely
pyrolyzed and transformed into a mixture of boron oxide
and amorphous carbon [37]. In Fig. 1(b-e), the absorption
band exhibits B-O stretching vibration peak near 1450
cm’. As the pyrolysis atmosphere flow rate increases,
the B-O binding strength gradually increases. This is due
to the acceleration of the pyrolysis atmosphere flow rate,
which increases the reaction rate of the pyrolysis system.
The possible reason is that the flow rate of the pyrolysis
atmosphere can accelerate the efficiency of the thermal
decomposition of the condensate. The higher the air flow
rate, the higher the oxygen content, which accelerates the
carbonization rate of the entire system.

The effect of air flow rate on the carbon boron
ratio of pyrolysis products

Generally speaking, the carbon thermal reduction
complete reaction is very difficult because the byproducts
of the reaction (such as CO) take volatile borides away
from the reaction site, which breaks the stoichiometric
equilibrium [38]. In order to determine the optimal
carbon content of the pyrolysis product of boric acid-
glycerol, the weight ratio of B,O; and remaining carbon
in the pyrolysis product was removed with hot water
to calculate the molar ratio of carbon to boron oxide.
According to the chemical reaction equation (1), the
stoichiometric ratio C/B,O; molar ratio of the reaction
can be calculated to be 3.5.

2 B,0s+7 C=B,C+6 CO (1)

Previous researchers have controlled the C/B,Os; molar
ratio by adjusting the pyrolysis temperature, and believed
that volatile boron oxides were formed during the carbon
thermal reduction process above 1050 °C, leading to the
volatilization of B,O; and a decrease in boron content
in the system [6]. Therefore, the molar ratio of C/B,O;
is controlled at around 3.5 to synthesize boron carbide
powder with minimal carbon residue. In addition, the
carbon thermal reduction system contains dispersed B,O;
particles, and the C/B,O; molar ratio will continue to be
adjusted to suppress residual carbon in boron carbide
powder [39].

Figure 2 shows the C/B,O; ratio variation spectrum
of the pyrolysis products obtained from the condensation
products of boric acid and glycerol under different air
flow rates in pyrolysis atmospheres. When the pyrolysis
temperature is 500 °C, the ratio of pyrolysis product
C/B,0; decreases with the increase of pyrolysis gas
flow rate. This is due to the fast airflow speed and high
oxygen content, which can carry or oxidize a portion of
the carbon source through the airflow. This accelerates
the reaction process and promotes the stoichiometric ratio
of C/B,0O; to approach a reasonable range. Moreover,
some researchers [40] have pointed out that it is difficult
to strictly control the composition of pyrolysis products
by controlling the thermal decomposition temperature,
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Fig. 2. Change in C/B,0; ratio of pyrolysis products of boric
acid-glycerol condensate pyrolysis at 450-700 °C for 2 h with
air flow rates of 0 ml/min, 100 ml/min, 200 ml/min and 300
ml/min respectively.

as too high a pyrolysis temperature can promote the
fracture of polymer chains. So, by controlling the gas
flow rate, the problem of polymer chain breakage can
be effectively solved.

Microscopic analysis of carbon mesh from pyrolysis
products

Figure 3 shows the thermal decomposition product of
boric acid glycerol condensate after 2 h of heat treatment
at 500 °C, followed by carbon mesh structure after hot
water washing. The results shown in Fig. 3a indicate that
when the air flow rate is 0 ml/min, the pore size of the
carbon mesh is approximately 2-3 um, and the size of

Fig. 3. SEM of carbon net structure of the pyrolysis products
of boric acid-glycerol condensate pyrolysis at 500 °C for 2 h in
different pyrolysis air flow rates after removal of B,O; by washing
in hot water, the pyrolysis air flow rates are (a) 0 ml/min, (b)
100 ml/min, (c) 200 ml/min and (d) 300 ml/min, respectively.
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Fig. 4. SEM of the microstructure of boron carbide formed
by the pyrolysis product of boric acid-glycerol condensate
pyrolysis at 500 °C for 2 h at different pyrolysis air flow rates
and carbothermal reduction at 1450 °C for 2 h, the pyrolysis
air flow rates are (a) 0 ml/min, (b) 100 ml/min, (c¢) 200 ml/min
and (d) 300 ml/min, respectively.

the carbon mesh skeleton is around 2 um. When the air
flow rate is 100 ml/min, the pore size of the carbon mesh
significantly decreases to below 2 um, and the lines of
the carbon mesh skeleton also become significantly
thinner (Fig. 3b). When the flow rate of pyrolysis gas
reaches 300 ml/min, the carbon web structure becomes
more uniform, similar to a spider web structure (Fig.
3d). By accelerating the flow rate of pyrolysis gas,
the carbon mesh structure can become more and more
orderly, the pore size of the carbon mesh is gradually
decreasing, and the lines of the carbon mesh skeleton
are also gradually becoming thinner. Therefore, the
acceleration of pyrolysis gas flow rate helps to densify
the carbon network structure and does not damage the
carbon skeleton of organic matter.

Microscopic morphology and particle size analysis
of boron carbide

Figure 4 shows the microstructure of boron carbide
produced by the pyrolysis of boric acid glycerol
condensate at 500 °C for 2 hours, with pyrolysis air flow
rates of (a) 0 ml/min, (b) 100 ml/min, (c) 200 ml/min,
and (d) 300 ml/min, respectively, after being reduced by
carbothermal reduction at 1450 °C for 2 hours. Comparing
the morphology of boron carbide particles in Figs. 4(a-d)
with the morphology of carbon mesh in Figs. 3(a-d), the
particle size of boron carbide in Fig. 4a exhibits sharp
rhombic crystals, which may be related to the loosely
connected carbon mesh, slightly coarse carbon skeleton,
and large pore size in Fig. 3a. The morphology of boron
carbide in Figs. 4(b-d) tends to be more rounded from
sharp diamond angles, which may be related to the
increasingly compact carbon network structure in Figs.
3(b-d). The average particle size of boron carbide (as
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Fig. 5. Particle size analysis diagram of boron carbide formed
by the pyrolysis product of boric acid-glycerol condensate
pyrolysis at 500 °C for 2 h at different pyrolysis air flow rates
and carbothermal reduction at 1450 °C for 2 h, the pyrolysis
air flow rates are (a) 0 ml/min, (b) 100 ml/min, (¢) 200 ml/min
and (d) 300 ml/min, respectively.

shown in Figs. 4(a-d) and 5(a-d)) gradually decreases
from around 10 um to 2 um, which may be related
to the acceleration of pyrolysis airflow, resulting in a
decrease in the carbon mesh size of pyrolysis products.
On the other hand, due to the carbon mesh structure
in the pyrolysis products acting as a carbon template,
it affects the morphology of boron carbide. The denser
the carbon mesh structure, the smaller the pore size of
the carbon mesh, resulting in an increase in the number
of carbon mesh pores, and an increase in the nucleation
sites of boron oxide and carbon. Therefore, a high flow
rate and low-temperature pyrolysis atmosphere have a
positive effect on the preparation of boron carbide with
small particle size and good dispersion.

Phase analysis of boron carbide

Figure 6 shows the phase analysis of boron carbide
prepared by the carbothermal reduction reaction in the
boric acid glycerol system. From Fig. 6, it can be seen
that the characteristic diffraction peak of boron carbide
(26=20.08°, 22.34°, 23.89°, 32.31°, 35.29°, 38.12°), and
it can also be seen from Fig. 6ab that the diffraction peak
intensity of free carbon is relatively high (20= 26.25°).
Based on the analysis in section 3.2, it can be concluded
that when the air flow rates in the pyrolysis products at
500 °C are 0 ml/min and 100 ml/min, the C/B,O; ratios
are 3.8 and 3.7, respectively, exceeding the optimal
stoichiometric ratio. This is an important reason for the
presence of free carbon in boron carbide. There are very
small particles attached to the boron carbide particles
in Figs. 4a and 4b, which may be small free carbon
powders. In Figs. 6¢ and 6d, the diffraction peaks of free
carbon are not obvious. This is due to the introduction
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Fig. 6. XRD patterns of boron carbide formed by the pyrolysis
product of boric acid-glycerol condensate pyrolysis at 500 °C
for 2 h at different pyrolysis air flow rates and carbothermal
reduction at 1450 °C for 2 h, the pyrolysis air flow rates are
(a) 0 ml/min, (b) 100 ml/min, (¢) 200 ml/min and (d) 300 ml/
min, respectively.
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Fig. 7. Pyrolysis products of boric acid-glycerol condensate at
500 °C for 2 h with pyrolysis air flow rates of 0-300 ml/min.
Changes in B4C peak intensity ratio of different pyrolysis products
after carbothermal reduction at 1450 °C for 2 h.

of pyrolysis atmosphere, which causes the ratio of C/
B,0O; to be close to or lower than the stoichiometric
ratio of 3.5, resulting in the formation of boron carbide
containing very small amounts of impurities. This result
also indicates that introducing air during the pyrolysis
process can effectively reduce the pyrolysis temperature.

Based on the XRD results in Figs. 6(a-d), plot the peak
intensity ratio curves of boron carbide prepared from
pyrolysis products at different flow rates (as shown in
Fig. 7). From Fig. 7, it can be seen that with the increase
of pyrolysis air flow rate, the peak intensity ratio of

B4C increases rapidly, indicating that the crystallization
behavior of boron carbide is becoming more and more
perfect [41]. The pyrolysis product with an air flow rate
of 200 ml/min corresponds to less free carbon in boron
carbide powder. The boron carbide powder corresponding
to the pyrolysis product with an air flow rate of 0 ml/min
contains a significant amount of free carbon, which also
indicates that the purity of boron carbide is positively
correlated with the gas flow rate during the pyrolysis
process in the same pyrolysis treatment environment and
carbon thermal reduction process. It is worth noting that
the peak intensity ratio of boron carbide corresponding
to 300 ml/min pyrolysis product to that corresponding to
200 ml/min pyrolysis product remains almost unchanged
(Fig. 7). At this point, the content of free carbon in the
two types of boron carbide is almost the same, which
means that the structure of uniformly arranged pyrolysis
products can achieve uniform dispersion of reactants by
controlling reaction conditions. The arrangement of boric
acid glycerol after pyrolysis is similar to that of block
copolymers in porous materials, which is an ideal self-
assembled organic material for preparing boron carbide
[42]. This means that the precise structure of pyrolysis
products can be achieved through low-temperature heat
treatment and the combination of pyrolysis gas flow rate.

Conclusion

On the basis of summarizing the previous experiments,
the influence of the air flow rate during pyrolysis on
the preparation of boron carbide in the sol-gel low-
temperature pyrolysis system was investigated. The faster
the air flow rate during the pyrolysis process, the higher
the content of boron oxide in the pyrolysis product of
boric acid glycerol condensate. The faster decomposition
of condensed matter in the pyrolysis system leads to
a significant improvement in pyrolysis efficiency. The
rapid pyrolysis airflow leads to a faster decrease in the
ratio of C/B,Os in the pyrolysis products, effectively
reducing the pyrolysis temperature of the pyrolysis
reaction system. More importantly, the rapid air flow
rate causes the carbon mesh structure in the pyrolysis
products to develop towards higher density, smaller
pore size, and more pores. On the one hand, it enhances
the dispersion of boron oxide in the carbon network,
increases the nucleation sites of boron oxide, and helps
to shorten the process of carbon thermal reduction
reaction. On the other hand, by precisely controlling the
air flow rate during the pyrolysis process, the particle
morphology and size of boron carbide powder can be
effectively controlled.
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