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Abstract

The synthesis of boron carbide from its elements (boron and carbon) has
been studied under pressures up to 13 GPa and optimum parameters have
been determined by varying the (P, T, reactants) conditions. Stoichiometric
mixtures of amorphous boron and amorphous carbon have been subjected
to a range of temperatures from 1673 K to 2273 K at the pressure values of
2 GPa and 5 GPa. The formation temperatures have been compared to those
obtained from mixtures of β rhombohedral boron and graphite, and β rhom-
bohedral boron and amorphous carbon at 2 GPa and 5 GPa. The formation
temperature is thus shown to be affected by the pressure and the choice of
the reactants. The carbon concentration of boron carbide is also shown to be
affected by pressure at which it is synthesised from elements, and we propose
pressure as a means to control the carbon content. Temperature cycling has
also been shown to reduce the formation temperature of boron carbide at 13
GPa. The formation of α rhombohedral boron as an intermediate phase is
seen at 5 GPa before the formation of boron carbide.
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1. Introduction

Boron carbide is an important ceramic with wide ranging applications
such as abrasives, safety armours and bullet-proof jackets (1). These appli-
cations originate in its remarkable properties such as high hardness (2) - the
Vickers hardness is 38 GPa, a specific density as low as 2.52 g/cc (3), and
high chemical stability (1; 4; 5).

Industrial production of boron carbide occurs through carbothermic or
magnesiothermic reactions (3; 6; 7), since these processes are the most feasible
in an economic context. However, boron carbide synthesised through these
processes have considerable impurity content. An alternative is to produce
boron carbide from elements - very pure boron and carbon - this results in
the production of highly pure boron carbide (6). Thus, the synthesis of boron
carbide from its elements is particularly important when the purity of the
final product is a priority.

A number of studies have been done on the synthesis of boron carbide
from different reactants at ambient pressure or at low pressures (<50 MPa)
(5; 8). There have also been quite a few studies on the properties of boron
carbide crystals when subjected to high pressures (9; 10; 11; 12; 13). One
study has reported the synthesis of single crystal boron carbide without dis-
order at 8 GPa, but the reactants used for the synthesis were not mentioned
(14). Boron carbide single crystal nanoparticles have also been synthesised in
vacuum (15) and single crystalline boron carbide nanobelts have been syn-
thesised using chemical vapour deposition (CVD) at atmospheric pressure
(16).

Moreover, ab initio calculations have found evidence of new phases in
boron carbide at HPHT conditions (17; 18). In order to provide experimental
verification of these phases, we need to synthesise boron carbide in HPHT
conditions. However, during this endeavour, we found that there was a lack
of systemic study of boron carbide synthesis at high pressure in the literature.
Thus, one of the motivations of the current study was to create such a toolbox
for HPHT synthesis of boron carbide.

Some groups have investigated the B-C system at high pressures and
temperatures (19; 20). However, this work, along with Ref. (21), is a first
attempt to create a toolbox for the high pressure and temperature synthesis
parameters of boron carbide from crystalline and amorphous phases of boron
and carbon.

The previous work (21) was performed with limited (P, T, reactants)
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conditions. The reactants were either β rhombohedral boron and amorphous
carbon or β rhombohedral boron and graphite.

Consequently, a systematic study of the formation of boron carbide at
high pressure up to 13 GPa has been performed in the current work in order
to fix the optimum parameters for synthesis. The objective is to find out
the optimal conditions of pressure, temperature and reactants to form boron
carbide from its elements. The direct synthesis from the elements avoids
the formation of ternary products, which simplifies the characterisation pro-
cess (22).

In the present work, the optimum (P, T, reactants) parameters of the syn-
thesis of boron carbide from elements (boron and carbon) have been analysed
for 2 GPa and 5 GPa for three combination of reactants: a) β rhombohedral
boron and amorphous carbon, b) β rhombohedral boron and graphite and
c) amorphous boron and amorphous carbon using the Paris-Edinburgh press.
At 5 GPa, we find that an intermediate phase precedes the formation of boron
carbide and thus competes with the formation of boron carbide - this is ob-
served at 5 GPa, but not at 2 GPa. Moreover, the formation temperature at
13 GPa has been studied using, as reactant mixture, β rhombohedral boron
and amorphous carbon using a different press with respect to Ref. (21): a
multi-anvil cell. The syntheses have also been studied in situ at the SOLEIL
Synchrotron for the first time.

In Sec. 2, the materials and methods used in the current work are pre-
sented. We report our results in Sec. 3, and this is followed by discussions in
the next section. Conclusions are drawn in Sec. 5.

2. Materials and methods

2.1. Synthesis conditions at 2 and 5 GPa

The methodology of the synthesis experiments done in the Paris-Edinburgh
press at 2 and 5 GPa has been discussed in an earlier work (21). Additional
experiments have been performed in the current work at 2 GPa and 5 GPa
using the same methodology starting with a reactant mixture of amorphous
boron (Pavezyum, purity >98.5 %, particle size <250nm) and glassy amor-
phous carbon (Sigma-Aldrich, purity 99.95 % trace metals basis, particle
size 2 – 20 microns). The sample volume produced at each run was around
50 mm3.

The pressure values have been chosen because of the following reasons: 5
GPa is the maximum pressure that can be attained in the Paris-Edinburgh
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press with a 10 mm gasket that would provide enough sample after recovery
for in situ characterisation. 2 GPa is on the lower limit of the pressure that
can be attained in the press with high temperatures.

Some in situ experiments were also performed in the PSICHE beamline
of the SOLEIL synchrotron. The in situ experiments not only help us to
confirm the results obtained from in situ syntheses but are also critical for
understanding the mechanism of the synthesis, especially when the intermedi-
ate phase forms. This is the first time in situ synthesis of boron carbide from
elements has been done, since the low atomic number of boron and carbon
and hence the lower X-ray scattering by these elements poses a challenge.

For these in situ experiments, the samples were subjected to the desired
pressure and then the temperature was slowly increased. At each step of the
temperature increase, a diffractrogram of the sample centre was produced
using the white synchrotron beam in order to understand the evolution of the
reactants into the final product in real time. The white beam has an energy
range of 15 - 80 keV and it is focused to a size of 25 µm (in the vertical
direction) on the sample, collimated to 50 µm in the horizontal direction.
The diffractograms were taken at various sample positions in order to ensure
the homogeneity of the reactions.

Energy dispersive X-ray diffraction (EDXRD) is the usual configuration
used for large volume press (LVP) experiments in the PSICHE beamline. The
EDXRD is complemented by the CAESAR system. The PSICHE beamline
in SOLEIL synchrotron is the only one in Europe to provide the CAESAR
facility, originally proposed by Wang et al. (23). Whereas EDXRD is ad-
vantageous for large volume press experiments in synchrotron environments
because of its rapid acquisition time, background and waste signal remov-
ing efficiency, and high efficiency in working with limited sample volume and
aperture, it has numerous disadvantages as well. The most important among
these disadvantages are the complex corrections for intensity required for the
Rietveld refinement and the presence of detector artifacts. One-dimensional
(1D) in situ ADXRD techniques can be used to overcome these shortcom-
ings, but they require a special Soller slits system to remove the signal from
the sample environment [88]. Thus, the combination of the complementary
ADXRD and EDXRD in one system, as done in CAESAR, overcomes their
respective drawbacks. The CAESAR system provides access to a higher Q
range and peaks intensities are well resolved which makes the data collected
suitable for structural refinement.

For all EDXRD as well as CAESAR measurements, rotating Ge solid-
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state detector is used. Three collimating slits are also present: one is po-
sitioned in front of the press and the other two are positioned between the
press and the detector.

The EDXRD diffractograms were each taken for 2 minutes each. The
data obtained with the synchrotron radiation has been converted to Cu Kα
in order to facilitate the treatment and analysis of the data and to compare
these in situ data to the ex situ results.

2.2. Synthesis conditions at 13 GPa

Two syntheses at 13 GPa were also performed using a mixture of crys-
talline β boron (Prolabo, purity 99.9% , particle size 1-10 microns) and glassy
amorphous carbon which have been mixed in a special cBN mortar and pes-
tle for 5 minutes in the stoichiometric ratio of 4:1. Both the in situ and ex
situ experiments were performed using the DIA module of the multi-anvil
press (24; 25). A pressure of 13±0.5 GPa was attained in both cases over a
span of 8 hours.

The pressure value of 13 GPa was chosen as it is the maximum pressure
that we could attain in the multi-anvil press in situ at very high temperatures
with a functioning thermocouple.

2.2.1. Application of (P,T) conditions in the in situ experiments at 13 GPa

The in situ experiment was performed in the PSICHE beamline of the
SOLEIL synchrotron.

For the in situ experiment, the reactant mixture was put in the set-up
(set-up 1) shown in figure 1. Pressure was estimated using MgO as a pressure
calibrant (26; 27). The sample volume produced using this set-up was around
13 mm3.

Some studies in the literature have suggested that thermal cycling can
effect the rate of chemical reactions (28; 29; 30). However, it is difficult to
study the effects of thermal cycling in high pressure experiments because
the cycling temperature might cause a blowout of the pressure cell. That is
why we designed a thermal cycling experiment to be done in situ as SOLEIL
synchrotron where we could monitor the sample in real time and watch out
carefully for changes in the sample at each cycle as well as monitor any
blowout of the cell.

Therefore, the temperature for the in situ experiment was not increased
uniformly (i.e. at a constant rate) to the final dwell temperature, as was done
in the case of the other experiments. Instead, a thermal cycling was applied
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Figure 1: Set-up 1: The sample assembly used for the in situ multi-anvil experiment.
TiB2 heater was used inside an amorphous boron epoxy octahedron. The sample capsule
is made of hexagonal boron nitride (hBN).

in order to observe its effects. The temperature route has been described
in table 1. The temperature of the sample was increased to a specific value
for around 3 minutes, the EDXRD pattern was recorded in the center of
the sample, and the temperature was then dropped to 300 K. Next, the
temperature of the same sample was again raised to the next higher value
and the same process was repeated. The upper limit of the temperature that
was attained in each successive cycle has been recorded in table 1. After the
final quenching to 300 K, the sample was decompressed slowly over 4 hours.
Finally, a diffractogram was taken using the CAESAR system.

Cycle number Lower temperature Higher temperature Phases found in EDXRD

1 300 K 875 K β boron
2 300 K 1170 K β boron
3 300 K 1360 K β boron
4 300 K 1670 K β boron
5 300 K 1912 K β boron
6 300 K 2430 K boron carbide

Table 1: The upper and lower values of temperature attained during each cycle of the
same sample in the in situ run, along with the phases found in situ in each cycle at the
higher temperature using EDXRD.

2.2.2. Application of (P,T) conditions in the ex situ experiments at 13 GPa

For the ex situ experiment, a different type of set up was used (set-up 2),
as shown in figure 2. The main differences are the use of rhenium foil as the
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heater and LaCrO3 sleeve as a thermal insulator. The metal heater enables
us to have a larger sample volume compared to set-up 1, which is important
for subsequent ex situ characterisation. The temperature was raised slowly
and constantly at a rate of 2 K/s to a final value of 2473 K. Temperature
was measured using a type C thermocouple (W 5 % Re/ W 26 % Re) with
an error of evaluation of ± 20 K. Then, the sample was subjected to a dwell
time of 30 minutes to the ex situ sample: no thermal cycling was performed
on this sample.

Pressure was fixed at 13 GPa by using a calibration curve determined
through previous in situ calibrations in synchrotron SOLEIL, with an error
of evaluation of ± 0.2 GPa (31). The sample volume produced using this
set-up was around 20 mm3.

Figure 2: Set-up 2: The sample assembly used for the ex situ multi-anvil experiment.
Rhenium foil was used as a heater instead of the LaCrO3 used in the in situ run.

After the dwell time of 30 minutes, the sample was quenched rapidly by
removing the electrical power. The decompression was done slowly over the
span of 4 hours. The sample was then recovered carefully and subjected to
characterisation by ex situ X-ray diffraction.

3. Results

3.1. Ex situ and in situ diffraction at 2 and 5 GPa

We define the formation temperature as the lowest temperature where we
observe the formation of boron carbide. The optimal temperature, on the
other hand, is defined as the lowest observed temperature at which boron
carbide is the prominent product.

7



Further syntheses performed in this work has confirmed the preliminary
results of our previous work (21) to find out the formation temperatures and
optimal temperatures of boron carbide at 2 and 5 GPa using reactant mix-
tures of a) β boron and amorphous carbon, and b) β boron and graphite.
Moreover, in the current work, we have further expanded the scope of the
study by using other reactants (amorphous boron), higher pressure values,
temperature cycling as well as in situ syntheses. The results have been tab-
ulated in table 2. Also, the intermediate phase (δ) observed during the syn-
theses under 5 GPa from β boron and amorphous carbon has been identified
as α rhombohedral boron.

In the current work, the mixture of amorphous boron and amorphous
carbon have been subjected to a pressure of 2 ± 0.2 GPa and 5 ± 0.2 GPa
respectively. At 2 GPa, the formation temperature of boron carbide is 1873
± 20 K. In figure 3, we report the XRD pattern showing the synthesis of
boron carbide from amorphous boron and amorphous carbon at 2 GPa. The
signal to background ratio might vary a little from sample to sample because
of the slight differences in the amount of the sample recovered for ex situ
characterisations after each run.

At 5 GPa as well, the temperature of formation of boron carbide decreases
from 2273 ± 20 K (when β boron is used as a reactant) to 1873 ± 20 K.
In figure 4, the XRD patterns at various temperatures for the 5 GPa series
are shown. It is observed that only very small XRD peaks of boron carbide
appear at temperatures of synthesis of 1873 K and 2073 K. At these tempera-
tures (1873 K and 2073 K), an intermediate phase, that we have identified as
α rhombohedral boron remained the most prominent phase. Boron carbide
becomes the most prominent phase at 2273 K, similar to what was observed
during the syntheses with β boron and amorphous carbon (21).

Moreover, similar to the case of synthesis from β boron and amorphous
carbon in Ref. (21), no formation of α boron was recorded for the syntheses
with amorphous boron at 2 GPa.

Additionally, in situ synthesis at 2 GPa, in figure 5, with a reactant
mixture of β boron and amorphous carbon, corroborated the ex situ results
reported in Ref. (21) - boron carbide forms at 2073 K from a mixture of β
boron and amorphous carbon under a pressure of 2 GPa. The diffractograms
were taken within 5 minutes of raising the temperature each time, unlike the
2 hour dwell time that the samples were subjected to for the ex situ syntheses.
This means that the reactions were still incomplete when the diffractograms
were taken - this is the reason behind the presence of β boron and amorphous
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carbon in the diffractograms even at high temperatures.

Figure 3: Ex situ X-ray diffraction pattern of quenched sample from the mixture of amor-
phous boron and amorphous carbon under 2 GPa for 2 hours. It is shown that boron
carbide (32) is formed at 1873 K with the amorphous boron reactant. No α boron is
formed. The hBN peaks come from the capsule enclosing the sample, and not from the
sample itself.

3.2. Diffraction at 13 GPa

We also report the results at 13 GPa.
During the in situ run at 13 GPa, a series of EDXRD patterns were taken

immediately after the temperature was raised in each cycle and before the
system was quenched. Figure 6 shows the EDXRD patterns as a function
of rising temperature at 13 GPa. In the figure, the data obtained with the
synchrotron radiation has been converted to Cu Kα in order to facilitate the
treatment and analysis of the data.
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Figure 4: Ex situ X-ray diffraction pattern of quenched sample from the mixture of amor-
phous boron and amorphous carbon under 5 GPa for 2 hours. It is shown that boron
carbide (32) starts forming at 1873 K with the amorphous boron reactant, with α boron
remaining the prominent phase. Boron carbide becomes the prominent phase at 2273 K.
The hBN peaks come from the capsule enclosing the sample, and not from the sample
itself.

As the upper limit of temperature is increased in each cycle, only some β
boron peaks are observed up to 1912 K. Some peaks of β boron are different
from one cycle to another: this can be attributed to the recrystallisation of
β boron under high pressure and temperature conditions (35).

However, in the last cycle, as temperature is increased to 2430 K, most
of the β boron has reacted and the formation of boron carbide is observed.

After the last cycle of temperature increase, the system is quenched and
EDXRD is performed again to observe whether boron carbide remains in the
system. As the final EDXRD pattern in figure 6 shows, the boron carbide
peaks have remained unchanged after quenching.
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Figure 5: In situ diffraction pattern taken at the center of the sample of a mixture of crys-
talline boron and amorphous carbon at 2 GPa. The data obtained from the synchrotron
radiation was converted to that of Cu Kα radiation.

After this, the sample was decompressed and another XRD pattern was
taken using the CAESAR system. The CAESAR pattern in figure 7also
shows the presence of boron carbide in the recovered sample.

In order to verify whether the temperature cycling had any effect on the
formation of boron carbide, a second experiment was performed. In this ex
situ experiment, the temperature was raised to 2473 K slowly without any
cycling. The XRD performed on the recovered sample after the experiment
is shown in figure 8: no boron carbide peaks have been observed in the
sample. In order to establish this observation, the XRD diffractogram has
been compared to that of boron carbide formed at 2473 K under 2 GPa in the
inset of figure 8. The 2θ angle domain between 33° - 40° (in inset of figure 8)
shows the most prominent peaks of boron carbide (012) and (104) under
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Reference Pressure Reactants heating Formation Optimal
(GPa) rate temp. (K) temp. (K)

Wang et al, 2009 (33) 0.02 B + graphite constant 1573 -
Roszeitis et al, 2014 (34) 0.05 B + graphite constant 1606 -

This work 2 ± 0.2 amorph. B + amorph. C constant 1873 ± 20 1873
This work 5 ± 0.2 amorph. B + amorph. C constant 1873 ± 20 2273

Our work, 2020 (21) 2 ± 0.2 β B + amorph. C constant 2073 ± 20 2073
Our work, 2020 (21) 2 ± 0.2 β B + graphite constant 2273 ± 20 >2273
Our work, 2020 (21) 5 ± 0.2 β B + amorph. C constant 2273 ± 20 2273
Our work, 2020 (21) 5 ± 0.2 β B + graphite constant 2473 ± 20 >2573

This work 13 ± 0.5 β B + amorph. C cycling 2430 ± 20 >2430
This work 13 ± 0.2 β B + amorph. C constant >2473 >2473

Table 2: Summary of the formation temperatures and optimal temperatures of formation
of boron carbide from elemental boron and carbon, depending on the pressure and on the
solid-state form of carbon and boron, in ascending order of formation temperature and
pressure.

Cu Kα radiation. As is evident from the comparison, the sample quenched
after a HPHT treatment at 13 GPa and 2473 K does not contain any boron
carbide. Some trace amounts of γ orthorhombic boron (37) was found in
the sample, but no α boron was formed, contrary to the case at 5 GPa. At
13 GPa, after heating to 2473 K, the quenched sample is overwhelmingly
composed of β rhombohedral boron.

3.3. Raman spectroscopy at 13 GPa

Figure 9 shows the results of the Raman spectroscopy done on the re-
covered samples from the in situ and ex situ syntheses. Crystalline β boron
peaks were found in both samples, while the in situ synthesis had additional
boron carbide peaks. No peaks corresponding to γ boron or α boron were
found in either of the samples.

4. Discussions

4.1. Search for the optimal synthesis parameters

The synthesis at 2 GPa follows a well-understood and direct path, simi-
lar to what has been reported in the literature (33; 34) for the low pressure
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Figure 6: Temperature cycling at 13 GPa: In situ diffraction pattern taken at the center
of the sample of a mixture of crystalline β boron and amorphous carbon at 13 GPa for
various temperatures during the in situ run. The data obtained from the synchrotron
radiation was converted to that of Cu Kα radiation. All the unmarked peaks are those of
crystalline β boron. No peaks were visible in the 20°- 30°interval, and hence, this range
has been omitted from the figure

syntheses. However, the formation temperature increases considerably com-
pared to the low pressure syntheses. A temperature increase by more than
250 K with respect to that of ambient pressure is required to form boron
carbide at 2 GPa. Only by 1873 K (in the case of amorphous boron and
amorphous carbon), 2073 K (in the case of β boron and amorphous carbon)
and 2273 K (in the case of β boron and graphite) does boron carbide start
forming.

Regarding the optimisation of the synthesis conditions, amorphous carbon
turns out to be a better reactant than graphite for synthesising boron carbide
at elevated pressures, since the use of graphite requires an even higher forma-
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Figure 7: Temperature cycling at 13 GPa: In situ diffraction pattern taken at the center of
the sample of a mixture of crystalline β boron and amorphous carbon at ambient conditions
after applying a pressure of 13 GPa and temperature cycling during the in situ run. The
data was obtained from the synchrotron radiation using the CAESAR system (36). All
the unmarked peaks are those of crystalline β boron.

tion temperature. This is attributed to the higher reactivity of amorphous
carbon because of its high concentration of dangling bonds (39; 40; 41). Also,
carbon atoms have higher mobility in amorphous carbon than in graphite
(42). The higher mobility of the carbon atoms increases the diffusion of car-
bon throughout the reacting mixture - this allows the reactants to come in
contact with each other thus leading to synthesis of boron carbide at lower
temperatures.

Amorphous boron is also found to be a better reactant than β boron - this
can also be attributed to the better reactivity of amorphous boron compared
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Figure 8: Constant heating rate at 13 GPa: X-ray diffraction pattern of quenched sample
from the mixture of crystalline β boron (38) and amorphous carbon under 13 GPa at
2473 K for 1 hour. The inset is the zoom between 33 ° and 40 ° of the superposition of
the curve of the product (same colour as main plot) and the diffractogram of conventional
B4C. It is shown that no new peaks corresponding to boron carbide (32) form in the
sample. The hBN peaks come from the capsule enclosing the sample, and not the sample
itself.

to crystalline boron due to the absence of an ordered crystalline structure
(43; 44; 45).

Moreover, the higher reactivity of amorphous boron and carbon can also
be attributed to the higher surface area available in amorphous substances
leads to greater contact area for reactions to take place, compared to their
crystalline counterparts.

At 5 GPa, the reaction with both amorphous boron and β boron pro-
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Figure 9: Raman spectroscopy of recovered samples from the in situ (temperature cycling)
and ex situ (constant heating) synthesis at 13 GPa. The ex situ sample shows only β
boron peaks after HPHT treatment, while the in situ sample shows both β boron and
boron carbide peaks.

duce α boron as the prominent product up to 2073 K. This indicates that
α boron is an intermediate step towards the formation of boron carbide from
amorphous or β boron and amorphous carbon under a pressure of 5 GPa.

The formation temperature also increases with the increase of pressure
in all of the cases except for that of amorphous boron as reactant. Yang et
al. (44) have suggested that high pressure can decrease the reaction efficiency
of boron greatly. In their experiments, the evaporation rate of the surface
boron oxide would decrease as the pressure increased. However this does not
explain the reason behind the increase of formation temperature when amor-
phous carbon is replaced by graphite, as the same crystalline β boron was
used in both cases. Another possible explanation is that high pressure may

16



inhibit the diffusion of carbon atoms through the interstitial spaces in crys-
talline boron and thus, it would slow down the reaction. The application of
higher temperature values would then favour the diffusion process that leads
to the formation of boron carbide. In another study, it has also been noted
that an inverse relationship between pressure and the reaction constant exists
at the high pressure limit for chemically activated reactions (46). Therefore,
as the pressure applied during the synthesis increases, the reaction rate falls.
This effect can be compensated by an increase in temperature, which results
in the increased formation temperature of boron carbide. Thus, tempera-
ture can be said to act as negative pressure (17), and so higher temperature
at higher pressure may be the signature that the change in diffusion due
to pressure is compensated by the change in diffusion due to temperature.
This relationship between the rate of change of the diffusion constant with
temperature and pressure in the case of formation of boron carbide from its
elements under pressure has been expressed in equation 1.

∂D

∂T
= −k∂D

∂P
(1)

where D is the diffusion constant of carbon or boron atoms, T is the
temperature, P is the pressure and k is the constant of proportionality.

4.2. Crystallite size and particle size
The crystallite size in this section refers to the coherently scattering do-

main size: the Scherrer formula is only applicable for this domain. This is
different from the particle size as the particle size can be thought of as the
agglomerate of many crystallites. Therefore, the crystallite size would then
be the lower bound of particle size. The lower bound of the average crystallite
size of the boron carbide as synthesised at 2 and 5 GPa has been determined
using the Scherrer formula (47). The average crystallite size (about 25 nm)
was found to decrease with pressure, and to increase with the formation tem-
perature. The size was also found to slightly decrease when graphite is used
as a reactant instead of amorphous carbon. Concerning the granulometry
of the powder, scanning electron microscopy showed a particle size of 3 - 6
microns irrespective of reactant mixture or formation temperature, as shown
in figure 10.

4.3. Carbon content of the synthesised boron carbide
It is also worthwhile to try to find out the carbon concentration of the

boron carbide synthesised using different reactants and different pressures. It
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(a) beta B + amorph C, 2 GPa, 2073 K (b) beta B + amorph C, 5 GPa, 2473 K

( c ) amorph B + amorph C, 5 GPa, 2473 K (d) beta B + graphite, 2 GPa, 2473 K  

Figure 10: Some selected Scanning electron microscopy images at ambient conditions of
the recovered boron carbide formed after being treated at (a) 2 GPa, 2073 K for β boron
and amorphous carbon, (b) 5 GPa, 2473 K for β boron and amorphous carbon, (c) 5 GPa,
2473 K for amorphous boron and amorphous carbon and (d) 2 GPa, 2473 K for for β
boron and graphite. The image (a) shows particle sizes of 3.5 µm to 5.7 µm. The image
(b) shows particle size of 3.5 µm. The image (b) shows particle size of 4.1 µm. The image
(b) shows particle size of 5.3 µm. For all the samples, the particle sizes vary between 3 -
6 µm.
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is difficult to do so using XRD analysis techniques, because of the close atomic
numbers of boron and carbon (48). Chemical analysis has been used exten-
sively in literature to find out the carbon concentration in boron carbides
(49; 50). However, chemical analysis can overestimate the carbon present
in the samples due to the presence of free carbon in boron carbides. In the
present work, we have deduced the approximate carbon content of the boron
carbides synthesized through their lattice parameters (8; 50). In the litera-
ture, the carbon concentration was deduced as a function of three parameters
- the hexagonal cell parameters a and c and the rhombohedral cell volume
V . The lattice parameters for the syntheses were determined by the Le Bail
refinement using the software Powdercell (51). The unit cell volume values
were then compared with the reference values in the literature (8; 50) and
an estimate of the carbon content was deduced (table 3). These analyses
were done for the boron carbides synthesised from amorphous carbon at the
temperatures where boron carbide first appears.

Results show that the carbon content in boron carbides decreases with
increase of the pressure of synthesis. This can be attributed to the lower
diffusion of carbon in boron as the pressure increases, leading to the incor-
poration of a smaller amount of carbon in the unit cells: this argument also
holds true for the rise of formation temperature with increase in pressure, for
the same reasons as given above i.e. temperature acts as negative pressure.

Thus, we propose pressure as a way to modify the carbon concentration
of boron carbides.

P (GPa) T (K) Reactants a (Å) c (Å) V (Å3) at. % C

5 2473 β B + graphite 5.617 12.160 332.251 12.8 - 16
5 2273 β B + amorph. C 5.634 12.125 333.41 12.8 - 16
5 1873 amorph. B + amorph. C 5.628 12.091 331.69 12.8 - 16
2 2273 β B + graphite 5.613 12.091 329.941 16 - 17.4
2 2073 β B + amorph. C 5.600 12.114 329.095 17.4 - 18.7
2 1873 amorph. B + amorph. C 5.596 12.079 327.628 >18.7

Table 3: Atomic carbon concentration of the synthesised boron carbides recovered and
characterised at ambient conditions as a function of the hexagonal cell parameters (a and
c) and the rhombohedral cell value (V ) in ascending order of carbon concentration. The
reference values for determining the carbon concentration from the cell volume were taken
from Ref. (50) and (8).
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4.4. Effect of thermal cycling versus constant temperature increase

During the in situ experiment at 13 GPa, it was found that boron car-
bide formed in the last cycle when the temperature was raised to 2433 K
when temperature was increased through thermal cycling. When the same
experiment was repeated without the thermal cycling in ex situ conditions at
2473 K, no boron carbide was formed. In both cases, the measured pressure
was identical (within 0.5 GPa). This established that the formation tem-
perature of boron carbide from elements at 13 GPa is above 2473 K, when
steady heating is used. Hence, it is evident that the thermal cycling had
played a role in the synthesis of boron carbide from its elements at a lower
temperature.

Some work has been done in the literature on the effects of thermal cycling
in chemical reactions. Barratt et al. (28) have shown through computational
models that some hypothetical processes generate higher yields under forced
thermal cycling than under single, fixed temperature conditions. Thermal
cycling can also hasten phase transitions in some cases, as shown by Lee et
al. (29). They have shown the kinetic transition of γ Fe-17 wt % Mn alloy
into ε phase due to thermal cycling: this can be attributed to the increase in
transformation kinetics at the numerous nucleation sites introduced through
thermal cycling.

Luk’yanenko et al. (30) have performed both theoretical and experimen-
tal investigations into the effect of thermal cycling on the high temperature
interaction of titanium with gases like oxygen and nitrogen. They report
that thermal cycling had intensified the diffusion displacements of impu-
rity atoms. The diffusion coefficients of these oxygen and nitrogen impurity
atoms increase both in the matrix and in the newly-formed phase. This had
strongly affected the conditions of formation and growth of the new phase
because the number of possible nucleation centers on the phase boundary
had permanently increased with time and the energy barrier of the phase
transformation has decreased as well.

Thus, we find that the dilation/densification cycles applied to β boron
structure favours the diffusion of carbon atoms, leading to nucleation sites
of boron carbide. This has resulted in the formation of boron carbide at a
lower temperature than that would be needed by a steady fixed temperature
condition.

In this case, we exclude the possibility of formation of a eutectic boron
carbide - carbon mixture synthesised from melt, as has been observed in
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(52; 53). This is because we found no evidence of melting in the EDXRD
spectra obtained at each heating cycle.

5. Conclusions

In the present work, we have synthesised boron carbide at 2 GPa, 5 GPa
and 13 GPa. The optimum synthesis parameters of boron carbide at pressures
up to 5 GPa from its elements (boron and carbon) have been studied using
the large volume Paris-Edinburgh press. It is established that the formation
temperature of boron carbide strongly depends on pressure.

Amorphous boron is shown to be a better reactant than β boron for
the synthesis of boron carbide, since it reduces the formation temperature
at 2 GPa and at 5 GPa. This is similar to the trend observed before where
amorphous carbon results in lower temperature of formation of boron carbide
both at 2 GPa and 5 GPa, when compared with graphite.

Moreover, the mechanism of formation of boron carbide is also found
to be dependent on pressure. An intermediate phase of α boron has been
observed before the formation of boron carbide at 5 GPa. This intermediate
phase is absent during syntheses below 2 GPa and above 13 GPa.

We have found that the carbon concentration of boron carbide depends on
the pressure value at which it is synthesised, and thus, we propose pressure
as a means to control carbon concentration in boron carbides.

The synthesis experiments at the higher pressure value of 13 GPa have
been performed for the first time. We have shown that the formation tem-
perature of boron carbide from β boron and amorphous carbon is at least
above 2473 K, with steady heating. The temperature of synthesis of boron
carbide has been shown to decrease with thermal cycling that allows easier
diffusion of carbon into the boron structure. Thus, thermal cycling can be
investigated as a tool in bringing down the formation temperature in other
chemical reactions as well.
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Pandolfi and Aminata Doucouré for useful discussions. The X-ray diffrac-
tion platform and the Raman spectroscopy platform in IMPMC is also ac-
knowledged. The PhD fellowship for A. Chakraborti has been provided by

21



the Ecole Doctorale of Institut Polytechnique de Paris. We acknowledge
SOLEIL for the provision of synchrotron radiation facilities.

References

[1] I. Caretti, R. Gago, J. M. Albella, and I. Jimenez, “Boron carbides
formed by coevaporation of B and C atoms: Vapor reactivity, BxC1−x

composition, and bonding structure,” Physical Review B, vol. 77, p.
174109, 2008.

[2] M. Herrmann, I. Sigalas, M. Thiele, M. Müller, H.-J. Kleebe, and
A. Michaelis, “Boron suboxide ultrahard materials,” International Jour-
nal of Refractory Metals and Hard Materials, vol. 39, pp. 53 – 60, 2013.

[3] T. Roy, C. Subramanian, and A. Suri, “Pressureless sintering of boron
carbide,” Ceramics International, vol. 32, pp. 227 – 233, 2006.

[4] M. Kakiage, Y. Tominaga, I. Yanase, and H. Kobayashi, “Synthesis of
boron carbide powder in relation to composition and structural homo-
geneity of precursor using condensed boric acid–polyol product,” Powder
Technology, vol. 221, pp. 257 – 263, 2012.
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