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In this research, the effects of synthesis temperature, holding time, and furnace atmosphere on
the synthesizability of B4C ceramics using glucose and boric acid as the starting materials were
scrutinized. Three temperatures of 1300, 1400, and 1500 °C were selected as synthesis
temperatures. The synthesis process was carried out in a tubular furnace for 4 h in Ar
atmosphere. To scrutinize the interactive effect of synthesis temperature and holding time,
three samples were synthesized at 1500, 1400, and 1300 °C for 4, 8, and 12 h, respectively.
Moreover, two types of controlled atmospheres, traditional Ar and an innovative CO/CO,
setup, were considered to optimize the synthesis process. X-ray diffraction (XRD) patterns
were employed to determine the optimum synthesis temperature and atmosphere based on the
detection of B4C peaks as the desired product and undesirable hydrocarbon and carbon
byproducts. The results showed that B4C synthesized at 1500 °C for 4 h in Ar atmosphere
contained the least byproduct impurities, so this temperature was chosen as the optimal choice.
However, the sample fabricated at 1400 °C for 8 h is a good choice in cases where lower
manufacturing temperatures are desired. The efficiency of the innovative setup was similar to
the traditional one; therefore, considering the economic aspects, the CO/CO, atmosphere was
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chosen as an acceptable option for B4C synthesis.
© 2022 The Authors. Published by Synsint Research Group.

1. Introduction

Boron carbide is one of the most substantial non-oxide ceramics with
noteworthy properties such as high hardness, low specific weight, high
Young’s modulus, high melting point, and excellent chemical stability
[1-3]. Having such excellent features has caused this material to be
used in various industries like abrasive and cutting tools [4-6]. In
addition, due to its considerable boron content, B,C is employed as
neutron-absorbing material [7—10].

Several methods can be used for the synthesis of B4C ceramics such as
the solid-state elemental reaction of carbon and boron [11, 12],
magnesiothermic reduction [13, 14], laser irradiation of boron in
organic solvents [15], co-reduction in the autoclave [16], sol-gel [17],
self-propagating high-temperature synthesis [18], microwave synthesis
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[19], and carbothermal reduction [20-22]. Reducing the temperature of
the synthesis process, especially in heat-based methods, has always
been one of the topics of interest to researchers in order to overcome
the technological limitations caused by high temperatures and
economic considerations caused by more energy consumption.
Therefore, efforts have been made to lower and optimize the synthesis
temperature.

Gubernat et al. [23] used a simple approach to produce B4C powder by
direct synthesis from expanded graphite and amorphous fine boron
with a boron to carbon mass ratio of 10:1. A fine-grained B,C powder
with a crystallite size of 2040 nm was obtained at 1550-1650 °C for
holding time of 2h under Ar protection. In fact, the B,C synthesis
reaction proceeds through the transportation of C towards B via the CO
gas phase.
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The influence of the B,Os/carbon precursor arrangement on the low-
temperature synthesis of B4C was studied by Kakiage et al. [24]. Low-
temperature heat treatment and air pyrolysis of polyvinyl alcohol and
boric acid were used for the preparation of the condensed precursor.
Crystalline B,C powders with minimal free carbon were achieved at
1100 °C for 20 h under Ar protection using a homogeneously arranged
nanometer-scale B,Os/carbon structure. Rafi-ud-din et al. [25]
synthesized B4C powder through carbothermal reduction of borate
citrate with the addition of ethylene glycol. Such an additive reduced
the required synthesis temperature to 1350 °C, which is about
100-300 °C less than the temperature needed for the additive-free
sample. They also found that the use of 20% additive decreases the
amount of residual carbon by about 4%.

Carbothermal reduction of a mixture of glycerin and boric acid resulted
in the synthesis of crystalline B4C powders with no residual carbon at
1250 °C for 5 h under Ar protection. The initial mixture was condensed
via dehydration of equimolar glycerin and boric acid followed by air
pyrolysis to get a precursor without excess carbon [26]. Wang and
coauthors [27] explored a low-temperature technique for the synthesis
of rod-like B4C crystals with negligible undesirable carbon using the
aromatic poly(resorcinol borate) precursor with a high char yield. Due
to the extensive contact between carbon and B,O;, a relatively low
temperature of 600 °C was sufficient for the successful synthesis of
B,C.

Among the group of saccharides, a research recently conducted by our
group showed that glucose as the carbon source has the best
performance in B4C synthesis, via reacting with boric acid as the boron
source [28]. In continuation of that research, the roles of glucose
pretreating and the extra boric acid addition on the synthesizability of
B4C were also investigated [29]. Meanwhile, the pyrolysis variables
such as time, temperature, and atmosphere were also scrutinized and
optimized [30]. According to the experiences gained in the above
research works as well as the obtained information and data, in this
research, the optimization of the variables of the synthesis process such
as the temperature, the time, and the atmosphere was put on the agenda.

Table 1. Process variables for investigation of the interaction of time
and temperature.

Experiment Experiment Experiment

Parameter 1 2 3
Synthesis temperature 1300 °C 1400 °C 1500 °C
Synthesis time 12h 8h 4h

2. Materials and methods

2.1. Determining the optimal synthesis temperature

In order to increase the efficiency of the synthesis process, changeable
parameters were investigated. For this purpose, the raw material was
prepared under optimal conditions, and pyrolysis was also performed
on the powders in optimum conditions. The details were reported
elsewhere [28-30]. Then, to investigate the effect of temperature on the
efficiency of the synthesis process, the prepared powders were
synthesized at three different temperatures of 1300, 1400, and 1500 °C
for 4 h under Ar protection. XRD analysis was used to determine the
optimal synthesis temperature.

2.2. Investigating the interaction of time and temperature

In order to understand the mutual effect of processing time and
temperature in reducing the residual carbon content and increasing the
synthesis reaction efficiency, the influence of decreasing the synthesis
temperature on the reaction efficiency in exchange for prolonging the
processing time was investigated. For this purpose, the conditions
mentioned in Table 1 were considered. Finally, XRD analysis was used
to compare the results.

2.3. Determining the optimal synthesis atmosphere

In order to get the optimal synthesis conditions, two types of
atmospheres were considered for the synthesis furnace. For this
purpose, the precursor was prepared in optimal conditions and then
pyrolyzed. The processed powders under the following conditions were
compared:

1. Synthesis of powders in the form of tablets in a tubular furnace with
Ar atmosphere,

2. Synthesis of powders in the form of tablets under CO and CO,
controlled atmospheres.

An alumina cylinder was used to provide the controlled atmospheric
conditions of CO and CO,. For this, the alumina cylinder with a
diameter of 5 cm and a length of 25 cm was completely blocked on one
side with the help of a round alumina lid and cement glue, and both
ends of the cylinder were filled with active carbon powder tablets.
Then, a tablet prepared from the pyrolyzed materials was placed in the
middle of the cylinder on a flat alumina substrate, and finally, the
beginning of the cylinder was closed and secured with the help of
another round alumina lid. It should be noted that the second lid is
never blocked with cement glue because during the synthesis process
due to the formation of CO and CO, gases inside the cylinder, there is a
possibility of excessive accumulation of gas and explosion of the
cylinder inside the furnace. The schematic image of this setup is shown
in Fig. 1.

The prepared cylinder was placed in the tubular furnace.
The furnace was closed on one side with a compressed glass wool
insulating cap, and from the other side, it was connected to a water
container through a narrow hose to maintain the pressure inside the
tubular furnace and to prevent the pressure from increasing
too much inside the furnace. It should be noted that during the entire
synthesis process, a very small amount of Ar gas was passed through
the tube several times to remove possible oxygen from the
environment. Similarly, the XRD technique was employed to analyze
the outcomes.
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Fig. 1. Schematic of CO and CO; controlled atmosphere system.
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Fig. 2. The results of XRD analysis related to the effect of synthesis temperature.

3. Results and discussion

3.1. Influence of synthesis temperature

Since the main approach in carbide synthesis processes is carbothermal
reactions, temperature plays a very critical and vital role in this regard.
Synthesis of B4C also depends on temperature due to having the
highest activation energy among carbides. For this purpose, different
temperatures were selected to investigate this effect, and experiments
were carried out in Ar atmosphere for 4 h.

The results of XRD analysis, which can be seen in Fig. 2, show that the
synthesis at higher temperatures leads to greater efficiency and higher
purity. Additionally, performing synthesis at low temperatures can
hardly cause boron carbide synthesis, and no trace of B4C peaks can be
observed in the diffraction pattern.

By examining the reactions that take place in the synthesis process and
their mechanism, it is concluded that the main factor in the formation
of B4C is the diffusion mechanism. Therefore, according to the
diffusion equations, it can be claimed that the effect of temperature is
very considerable in the reaction progress. It has been reported that the
rate of reaction at temperatures lower than 1377 °C is significantly low
[31]. Therefore, almost no B4C was observed in the sample synthesized
at 1300 °C for 4 h. This observation shows that in the case where B,03
is present in liquid form in the environment, the reaction speed is low,
and this amount of time was not enough for effective diffusion reaction
and B4C formation. With the increase in temperature, B4C peaks in the
final product increased and carbon and polymer peaks decreased in the
same proportion. Increasing the synthesis temperature causes B,O; to

gradually turn into vapor in the reaction medium. Since diffusion-based
reactions have much higher rates and efficiency in the gas-solid system
than those in the liquid-solid system, it seems logical to enhance the
reaction efficiency with increasing temperature. The results verify that
the synthesized product at 1500 °C has the lowest amount of carbon
impurities and is more efficient. Therefore, this temperature was
selected as the optimal synthesis temperature.

3.2. Interaction of time and temperature

From the thermodynamic and kinetic points of view, increasing
temperature raises the rate and efficiency of chemical reactions,
especially endothermic ones. Therefore, the fact that increasing the
synthesis temperature will boost its efficiency is a proven and
confirmed issue. From an economic viewpoint, enhancing production
efficiency depends on reducing the cost and required energy.
Therefore, it is very important to investigate solutions to reduce the
temperature required for the synthesis of a material such as B4C.

It seems that one of the tricks to reduce the synthesis temperature is to
increase the holding time in the synthesis environment. Therefore, the
effect of increasing time on reducing the required synthesis temperature
was investigated. Three identical samples of the precursor were
pyrolyzed and then subjected to synthesis under different temperatures
and times as presented in Table 1. According to the XRD results shown
in Fig. 3, as previously announced, the first sample synthesized at
1500 °C for 4 h has sharp characteristic peaks of B4C. The amounts of
impurities, mainly caused by carbon residues and decomposed
polymers, are low.
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Fig. 3. The results of XRD analysis related to the interactive effect of temperature and time.
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Fig. 4. The results of XRD analysis related to the effect of synthesis atmosphere.

In the second sample, which was synthesized at a lower temperature
(1400 °C) and a longer time (8 hours), the characteristic peaks of B,C
have not dropped much. In addition, the amount and intensity of
impurity peaks have not significantly changed compared to the sample
synthesized at 1500 °C for 4 hours. In fact, it can be stated that the
durability for 8 h has been able to compensate for the decrease in
temperature to some extent and the synthesis efficiency has not
decreased much.

In the third sample which was synthesized at 1300 °C, despite the
relatively long holding time of 12 hours, the amounts of characteristic
peaks of impurities have increased remarkably; hence, it seems that the
quality of the final B4C product has decreased.

According to the results obtained from this section, it can be concluded
that although the temperature of 1500 °C is an appropriate temperature
for B,C synthesis, the temperature of 1400 °C can be a useful choice in

cases where lower manufacturing temperatures are considered.

3.3. Influence of synthesis atmosphere

The synthesis reaction is actually the main stage of the B4C preparation
process and plays the most important role in the quality and purity of
the final product. Since this reaction takes place at a relatively high
temperature, the atmosphere of such reaction plays an influential role in
the progress and fate of the final product. In this part of the research,
two different atmospheres were evaluated for the synthesis reaction.
Since the air atmosphere was used in the pyrolysis process in the
previous research of our group and it did not yield acceptable results
[30], and also considering the fact that the synthesis reaction
temperature is much higher than the pyrolysis temperature, the air
atmosphere was removed from the options to be considered. Instead, in
order to reduce the amount of Ar required for the synthesis process and
to control the reaction atmosphere as much as possible, an innovative
method was used.

Activated carbon powder tablets inside the alumina cylinder at high
temperatures (Fig. 1) have a high tendency to react with oxygen, so
they quickly consume all the oxygen in the cylinder and make the
environment free of oxygen. On the other hand, with the burning of
carbon, the concentration of CO and CO, in the environment of the
cylinder increases sharply. This event makes carbon in the gaseous
form more and accessible to boron atoms, and even at lower
temperatures, the diffusion phenomenon takes place through the gas-
gas or gas-liquid systems [32]. This may increase the reaction rate and
synthesis efficiency at lower temperatures. In fact, creating an
atmosphere containing carbon monoxide and dioxide around raw
materials increases the amount of carbon available for boron without

increasing the carbon/boron ratio, which increases the probability of
boron/carbon atoms coming together and promotes the B4C formation
reaction.

The XRD analysis results shown in Fig. 4 disclose that by creating an
atmosphere containing carbon oxides, B4C peaks can be detected, but
impurity peaks are almost negligible. In fact, the quality of the final
product does not decrease by reducing the amount of Ar consumed in
the synthesis process, which verifies the efficiency and proper
performance of the designed innovative setup. This trick, in addition to
saving about 85% in Ar consumption, has not caused any noticeable
change in the quality of the product. Finally, considering the economic
aspects of greater productivity, the innovative atmosphere of CO and
CO, was determined as the optimal atmosphere for the synthesis of
B.C.

4. Conclusions

The synthesizability of B4C ceramics was improved by optimizing the
synthesis temperature, holding time, and furnace atmosphere. The
sample obtained at 1500 °C was the best among the samples
synthesized at 1300-1500 °C for 4 h in Ar atmosphere due to the least
byproduct impurity. Decreasing the synthesis temperature to 1400 °C
in exchange for prolonging the holding time up to 8 h did not have
much effect on the reaction efficiency. Therefore, synthesis at 1400 °C
for 8 h can be a good option in cases where a lower manufacturing
temperature is needed. Meanwhile, the performance of the innovative
CO/CO, atmosphere was comparable to the traditional synthesis under
Ar protection, which seems to be attractive for B,C synthesis from an
economic point of view.
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