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Abstract

The formation of boron carbide under high pressures and from elemental reactants has been
studied. Commercial crystalline B rhombohedral boron and amorphous glassy carbon have been
submitted to temperatures ranging from 1 200 °C to 2 200 °C at pressures of 2 GPa and 5 GPa. The
experiments have been repeated for crystalline boron and graphite. It turns out that the higher the
pressure, the higher the formation temperature of boron carbide. The reaction temperature is also
affected by the choice of the reactants. Evidence of intermediate phases has also been found in
some of the syntheses.

Keywords

High-pressure high temperature synthesis, boron carbide, the Paris-Edinburgh cell

Introduction

Boron carbide is a widely used hard material that has dual applications ranging from numerous
industrial purposes to defence applications like safety armours and bullet-proof jackets.! Most of
these applications are due to the specificity of the physical properties of this important ceramic
material, that combines high hardness (Vickers hardness? of 38 GPa?), low specific density® (2.52 g/
cc) and high chemical stability.*>! Moreover, the B nucleus is a powerful neutron absorber, so
that elemental boron is used as a neutron moderator in actual nuclear power plants, and boron
carbide is expected to be the potential neutron moderator in the possible future French generation
IV reactors.

Industrially, boron carbide is formed through carbothermic or magnesiothermic reaction,®*’ since

these processes are among the most economically viable, but the final product is doomed to contain
impurities. Contrastingly, producing boron carbide from ultrapure elements -boron and carbon-
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results in products of the highest purity.® Thus, elemental synthesis of boron carbide becomes a very
important process when the purity of the final product is of paramount importance.

Numerous studies have been performed on the synthesis of boron carbide with various reactants at
ambient or low pressures.>® On the other hand, there have been several studies on the properties of
boron carbide crystals at high pressures.®%1%111213 One study reports the synthesis of ordered boron
carbide at 8 GPa but the synthesis reactants are not detailed.* However, no study has recorded the
synthesis parameters of boron carbide from its elemental components at high pressure as of yet. The
purpose of the present study is to fill this gap in the literature.

In fact, high pressure has become a very versatile tool. The introduction of pressure as a synthesis
parameter brings up an additional element in the thermodynamic phase space and allows the
researchers to access to solid state compounds that could not otherwise be synthesized with
traditional low pressure thermodynamic methods. This has led to the discovery of many new phases
for different compounds in recent years.?®'’ Such new phases at high pressure can also be expected
from boron carbide. Indeed, ab initio studies have already predicted the existence of several new
phases of boron carbide under high pressure 18192021

Thus, a systematic study of the formation of boron carbide at high pressure becomes important in
order to fix the optimum parameters for the synthesis, which can further lead to the discovery of new
crystalline phases. Moreover, it is also useful to focus on elemental synthesis at the beginning as this,
besides leading to the purest products, also simplifies the characterisation process?2.

In the present study, we set out to document the optimum parameters of the synthesis of boron
carbide from elements (boron and carbon) under mid-range pressures of 2 GPa and 5 GPa. The
purpose of this study is to explore the formation of boron carbide from elements at high pressures
and fix the parameters of synthesis.

Experimental material and methods

The first set of experiments has been done by mixing crystalline boron (Prolabo, 99.9% purity) and
glassy amorphous carbon (Sigma-Aldrich, 99.95% trace metals basis) in the ratio of 4:1. Syntheses have
then been done using the large volume Paris-Edinburgh press?** at two different pressures, 2 GPa
and 5 GPa, under temperatures ranging from 1 200°C to 2 400°C for 2 hours each. In Figure 1, we show
the schema of the gasket assembly. The fired pyrophillite gasket is placed between the anvils of the
press during compression. Inside the cylindrical hole of the gasket, the furnace made of graphite forms
the first layer. The graphite is heated through resistive heating, thus leading to the high values of the
temperature generated in the experiments. Next, hexagonal boron nitride hollow cylinders and caps
are used to electrically isolate the sample from the graphite furnace. Numerous experiments have
shown that hexagonal boron nitride does not react with boron nor carbon in the (P,T) range
investigated in our study.?>?® In the vertical cross-sections, the graphite caps, which are used as part



of the furnace, are then covered with molybdenum discs to ensure the conductivity of the electrical
current. Finally, the top layer is formed with ceramic inside inox rings, which ensures again that the
electric current required for resistive heating is unhindered. The system inside the gasket is designed
to be symmetric.

After the synthesis, the products have been quenched and the sample has been decompressed. The
benefit of using a large volume press is that enough volume is produced, so that one can extract the
product from the gasket and apply ex-situ characterisation techniques on it. Therefore, after each such
experiment, the gasket has been broken carefully and the product synthesized has been recovered.
Then, they have been characterised ex-situ through x-ray diffraction in a Rigaku diffractometer. Raman
spectroscopy (not shown) has been used as a secondary characterisation technique to validate the
results obtained by x-ray diffraction. The process of the sample recovery from the gasket led
sometimes to the presence of some amount of boron nitride in the product, since boron nitride tubes
formed the innermost part of the gasket assembly that held the reactants?’.

The same set of experiments has then been repeated after changing the reactant mix - crystalline
boron and graphite (Goodfellow, 99.997% purity). All the other parameters of the experiments have
been kept identical.

Inox ring

[
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Figure 1: schema of the set-up assembly used in the Paris Edinburgh cell for the syntheses. It shows the
fired pyrophillite pressure transmitting medium, the graphite furnace, the chemically inert hexagonal
boron nitride capsule with the sample inside. The furnace is covered by molybdenum rings and inox
rings filled with ceramic to ensure electrical conductivity for resistive heating.

Results



From the scientific literature, it has been observed that boron carbide forms from commercial § boron
and graphite at temperatures around 1300 °C under pressure values smaller than 50 MPa.2%%
However, so far, there has been no study using different allotropes of elemental boron or carbon. The
allotropes do affect the initiation temperature, as our study is going to show.

The duration of the synthesis has been kept to be 2 hours, since that was the maximum duration of
synthesis found in the literature.3° This is expected to allow enough time for the elemental boron and
carbon to diffuse and produce solid state reaction to form boron carbide.

The x-ray diffraction (XRD) of the synthesis from crystalline boron and amorphous carbon at 2 GPa, as
reported in Figure 2, shows only the presence of B boron at 1 200°C and 1 400°C. No boron carbide
has been formed at these temperatures. At 1 800°C, significant change occurs in the XRD, as boron
carbide forms. This tendency continues up to the final synthesis temperature of 2 200 °C, as the
intensity of the boron carbide peaks becomes stronger, while the intensity of the B boron peaks
diminishes.
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Figure 2: ex-situ x-ray diffraction pattern of quenched sample from a mixture of crystalline boron and
amorphous carbon under 2 GPa in the Paris-Edinburgh cell for 2 hours at various temperatures.

At 5 GPa, the temperature of the product formation varies significantly from what has been reported
above for 2 GPa. Strong intermediate phases are present at 1 800 °C. Unlike what has been seen in
the above-mentioned 2 GPa synthesis, boron carbide is not formed at 1800 °C. Instead, the
temperature of formation of boron shifts to higher temperature, 2 000 °C for the 5 GPa synthesis.
Finally, at 2 200 °C, boron carbide becomes the most prominent phase. The diffraction pattern at



2 200 °Cfor both the 2 GPaand 5 GPa syntheses appear to be similar, but evidently, they went through
different mechanisms to reach the same ultimate product of boron carbide. In Figure 3, we show the
XRD pattern at different temperatures for the 5 GPa series.

In the next step, the syntheses have been repeated with graphite (instead of amorphous carbon) and
the same crystalline B boron. In this case, at 2 GPa, the synthesis temperature of boron carbide rises
to 2 000 °C. In Figure 4, we report the XRD pattern comparing the synthesis of boron carbide from
amorphous carbon (at 1 800 °C) and from graphite (at 2 000 °C).

For the syntheses at 5 GPa, the temperature of formation of boron carbide with graphite increases as
well. In addition, we find no strong prominence of intermediate phases before boron carbide is
formed. In Figure 5, we report the comparison between the synthesis from crystalline boron and
amorphous carbon and the synthesis from crystalline boron and graphite.

In Table 1, we summarise the synthesis temperatures of boron carbide from various elemental
reactants and pressures.
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Figure 3: ex-situ x-ray diffraction pattern of quenched sample from a mixture of crystalline boron and
amorphous carbon under 5 GPa for 2 hours. Since 8 boron has numerous peaks, only the most
prominent ones have been marked — all the unmarked peaks are those of 8 boron. The inset is the zoom

between 34 ° and 40 °, of the superposition of the curves of the main figure, to facilitate the comparison



of the synthesis of boron carbide at 1 800 °C for 2 GPa, and the 5 GPa synthesis at 1 800 °. The latter

shows intermediate phases, but no boron carbide is present.

Pressure Reactants Temperature of formation of B4C
2 GPa Crystalline boron + 1800 °C
Amorphous carbon
2 GPa Crystalline boron + 2000 °C
Graphite
5 GPa Crystalline boron + 2000 °C
Amorphous carbon
5 GPa Crystalline boron + 2200°C

Graphite

Table 1: summary of the synthesis temperatures of boron carbide from elemental boron and carbon,
depending on the pressure and on the solid-state form of carbon.
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Figure 4: ex-situ x-ray diffraction pattern of quenched samples from a mixture of crystalline boron and

graphite under 2 GPa for 2 hours. The inset is the zoom between 33 ° and 40 ° of the superposition of



the curves of the main figure (same colours). It shows the formation of boron carbide at 1 800 °C for

the amorphous carbon reactant, but no boron carbide is present with graphite at 1 800 °C.
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Figure 5: ex-situ x-ray diffraction pattern of quenched sample from the mixture of crystalline boron and
graphite under 5 GPa for 2 hours. The inset is the zoom between 33 ° and 40 ° of the superposition of
the curves of the main figure (same colours). It is shown that boron carbide is formed at 2 000 °C with

the amorphous carbon reactant, and only at 2 200 °C with the graphite reactant.

Discussions

The synthesis at 2 GPa follows a straightforward trajectory, similar to what has been reported in the
literature?=° for the low pressure syntheses. However, the synthesis temperature rises considerably.
The 1 200 °C and 1 400 °C results have B boron only, and no boron carbide. A temperature increase
by more than 400 ° w.r.t. ambient pressure is required to form boron carbide at 2 GPa. Only by
1 800 °C (in the case of amorphous carbon) and 2 000 °C (in the case of graphite) do we find that boron
carbide has formed.



For the 5 GPa syntheses with amorphous carbon, there is an increase in the intensity of a single
boron peak at 2 000 °C before it vanishes at 2 200 °C. This may be caused by the increase in the grain
size at high temperatures due to the sintering of B boron.3*32 The products at 1 200 °C and 1 400 °C
were powdery, while those at 1 800 °C, 2 000 °C and 2 200 °C were sintered and granular, which might
have led to the prominence of certain peaks in the diffraction pattern.

We have found that amorphous carbon is a better reactant than graphite for synthesizing boron
carbide at elevated pressures, since the use of graphite requires a further increase of the synthesis
temperature.

The synthesis temperature also increases with the increase of pressure in all of the cases. A possible
explanation for this might be that the high pressure inhibits the diffusion of boron and carbon atoms
and thus slows down the reaction. This requires the presence of higher temperatures to help the
diffusion process before the formation of boron carbide can take place.

However, this explanation raises an interesting question for the syntheses at eventually higher values
of the pressure. If the temperature of formation continues to increase, it can eventually intersect the
melting curve of boron carbide at high pressures.’® In that case, the temperature needed to offset the
hindrance to the diffusion of boron and carbon atoms at high pressure may lie above the melting point
of boron carbide in the respective pressure region — this may lead to new mechanisms of boron
carbide formation under these pressure conditions.

Conclusions

The optimum synthesis parameters of boron carbide at high pressures (up to 5 GPa) from elemental
boron and carbon has been studied for the first time, using the large volume Paris-Edinburgh press.

This study has shown that the mechanism of elemental formation of boron carbide is heavily
dependent on pressure, which affects the temperature of formation of boron carbide. In the near
future, we will study the other end of the industrially available high-pressure region, 10 GPa — 20 GPa,
using multi-anvil cells, in order to observe the effect of high pressure on the formation temperature
of boron carbide.

Amorphous carbon has proven to be a better reactant than graphite for the synthesis of boron carbide,
since it lowers the temperature of formation, both at 2 GPa and at 5 GPa. We will next explore the
synthesis parameters with amorphous boron instead of crystalline  boron, in order to study how the
use of amorphous boron affects the formation temperature of boron carbide.
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