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Abstract⎯The structure and the physicochemical properties of boron carbide powders obtained by the mech-
anochemical synthesis of the carbon char and amorphous boron mix by applying the methods of the X-ray phase
analysis (XPA), scanning electron microscopy (SEM), transmission electron microscopy (TEM), and chem-
ical analysis were investigated. On the basis of the X-ray phase analysis, it was found that full transformation
of the original materials (carbon char and amorphous boron (B4C) takes place during the mechanical treat-
ment of the mix for 30–60 min. Judging by the micro-electron diffraction pattern of the B4C obtained by the
mechanical synthesis, the product of synthesis was amorphized and it contained some inclusions of the crys-
tal phase.
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INTRODUCTION
Strict requirements are imposed on the absorbing

elements (AEL) of modern nuclear reactors; they
determine the life cycle of the regulating element such
as high efficiency of the neutron absorption, low rate of
the absorbing isotope burnup in the process of operation
in the reactor, high resistance to the radiation damage,
volume stability both at operating temperature and at
overheating, and corrosion resistance [1, 2].

Boron carbide, dysprosium hafnate, hafnium
diboride (HfB2), and composition B4C–10–20 wt %
HfB2 are considered as advanced absorbing materials [3].

Such physical property of boron as the effective
thermal-neutron capture cross section is widely used;
it determines its application in B4C compounds used
as the expendable absorber of the thermal neutrons in
the heat-producing elements as well as for biological
protection around the core of the nuclear reactor.

It was found that application of a nanostructural
ceramic made of boron carbide allows obtaining a set
of higher physicochemical properties as compared
with a coarse-grained ceramic (microhardness along
with the crack resistance and strength) [4, 5].

In case of materials applied in nuclear and space
systems, application of boron carbide in the nanocrys-

talline state will contribute to reduction of the negative
impact on materials exposed to radiation—decrease in
their swelling and radiation embrittlement [6, 7].

Obtaining materials in the highly dispersive state
with a large specific surface according to the standard
technology, namely, sintering with subsequent grind-
ing, is practically impossible.

The mechanochemical method is the most
advanced one for obtaining highly dispersive nanopow-
der of boron carbide. Interaction takes place during
processing in the mechanical reactor between original
substances (mechanochemical synthesis), inducing
formation of new phases. Under the optimum condi-
tions of the process implementation, the mechanically
synthetized phases are in the ultra-dispersive state with
a highly developed surface of the grain boundaries and
subgrains with the nano- and microcrystal type of
structure; this will allow increasing its density after the
vibrocompaction, thereby decreasing the burnup rate
by the AEL cross section and slowing down the
decrease of the absorbing properties under the influ-
ence of neutron irradiation [8–11].

Thus, the product of the mechanochemical syn-
thesis has a given composition and specific structural
state. In addition, the mechanochemical synthesis
refers to the least energy-intensive and simple meth-
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Fig. 1. Histogram of size distribution of the B4C powder
particles obtained by the mechanical synthesis of the
amorphous boron and carbon char mix.
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ods which may be ascribed to high-rate solid phase
reactions [12–16].

The aim of this work is the analysis of the structure
and properties of the boron carbide powders obtained
by the mechanochemical treatment of carbon char
and amorphous boron.

MATERIALS AND METHODS
The carbon char of the PM-15 grade and amor-

phous boron of the A grade in the stoichiometric ratio
were used as the original substances for synthesis.

The mechanochemical synthesis was implemented
with an Aktivator 2S planetary ball mill at the rota-
tional rate of the planetary disk of 600–900 rpm, at the
rotational rate of drums of 1000–1800 rpm, at the ball
mass and charge ratio of (30–45) : 1 in an argon atmo-
sphere at P = 3–5 atm for 5–120 min.

Specific surface Ssp of the original oxides and
obtained powders of the boron carbide were deter-
mined with the help of a NOVA 1200e analyzer of the
specific surface and porosity by the method of the low-
temperature adsorption of nitrogen (BET method). The
measurement error of the specific surface is 3%; the
surface range is from 0.01 to 2000 m2/g.

A general-purpose laser device for measurement of
the particle size, model FRITSCH ANALYSETTE 22
MicroTec plus, equipped with the block of dispersion
in the liquid media with the measurement ratio from
0.08 to 2000 μm and the measurement accuracy
according to ISO 13320 was used for determination of
the granulometric composition of the boron carbide
obtained by the mechanical activation of carbon char
and amorphous boron. The nanoamorphous boron
carbide powder obtained by the mechanical synthesis
was controlled by a Beckman COULTER no. 5 ana-
lyzer of the submicron particles. This device is
intended for the determination of the granulometric
composition of powders with particle size within 3–
3000 nm. The size of the particles is determined by the
measurement of the diffusion rate of the particles in
INORGANIC MATE
liquid. For a solution with the specified viscosity and
at constant temperature, the diffusion rate or the dif-
fusion coefficient is inversely proportion to the size of
the particles.

The poured density was determined by the stan-
dard method in accordance with the GOST 19449-94.

The X-ray phase analysis of the obtained com-
pounds was carried out on a DRON-2.0 X-ray diffrac-
tometer in the copper radiation (Kα) within the range
of the diffraction angles of 2θ from 10° to 130°.

A JEM-2100 analytical electron microscope com-
prising the system of the computer control with inte-
gration of the observation device in the mode of a
scanning transmission electron microscope (STEM)
and energy-dispersive X-ray spectrometer (JED-2300)
was used in order to obtain the electron microscope
images and electronograms.

The impurity content was determined by the
method of the atomic absorption and emission-spec-
tral analysis.

RESULTS AND DISCUSSION
Figure 1 shows the results of determination of the

granulometric composition and microstructure of the
particles of the boron carbide powder obtained after
the mechanical treatment of the amorphous boron
and carbon char mix taken in the stoichiometric ratio.

On the basis of data from the analysis of the powder
granulometric composition (see Fig. 1) and scanning
electron microscopy (SEM), it was found that the
boron carbide synthesized by mechanochemical acti-
vation is nanosized particles of the non-equiaxial
shape with diameters of 50–500 nm combined in
agglomerates.

Investigations by the SEM method showed that the
dispersive product obtained by the mechanical syn-
thesis is highly agglomerated. The maximum size of
agglomerate is about 12.0 μm and consists of spherical
particles (Fig. 2). TEM results shown in the Fig. 3 give
more qualitative representation of the synthesized
product.

The TEM image (Fig. 3) proves that the powder
was in the highly agglomerated state and it consisted of
mainly ultra-dispersive amorphous particles. A rather
large number of particles of spherical shape with size
of 20 nm are observed (Figs. 3, 4). The concave and
straight-line segments, skewing the perimeter, are
seen on some large particles.

Table 1 shows some properties of the boron carbide
powder obtained by the mechanical synthesis.

On the basis of the micro-electron diffraction pat-
tern of the powder B4C obtained by the mechanical syn-
thesis, the product of synthesis is amorphized and con-
tains some inclusions of the crystal phase (see Fig. 3).

Data concerning the elemental composition for the
spherical particle (see Fig. 4) are given in Table 2.
RIALS: APPLIED RESEARCH  Vol. 10  No. 1  2019



STRUCTURE AND PROPERTIES OF THE BORON CARBIDE POWDER OBTAINED 51

Fig. 2. SEM image of the particles of the B4C powder
obtained by the mechanical synthesis of the amorphous
boron and carbon char mix.
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Fig. 3. TEM image of the agglomerate of the X-ray amor-
phous particles of B4C.
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Fig. 4. TEM image of the particles of the B4C powder
obtained by the mechanical synthesis of the amorphous
boron and carbon char for 30–60 min.

0.2 �m

Spectrum 1

Fig. 5. Microstructure of the boron carbide sample
obtained by the mechanochemical method.
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The statistical data analysis concerning the ele-
mental composition of particles shows that they con-
tain boron and carbon practically in the stoichiometric
ratio. An insignificant iron content in the boron car-
bide is explained by application of steel balls during
mechanical synthesis. The presence of oxygen allows
assuming that this impurity is found in the form of the
oxide compound (see Table 2).
INORGANIC MATERIALS: APPLIED RESEARCH  Vol.

Table 1. Properties of the boron carbide powders obtained by

Material Yield, s
Poured

density, g/cm3

В4С Mechanical synthesis No yielding 1.195
Figure 5 shows the microstructure of the boron car-
bide sample obtained by the mechanochemical method.

Investigations performed with TEM allowed
revealing the structure with the disordered state of
atoms (close to amorphous) (region 1) as well as the
typical banded structure from the atomic planes
(region 2) indicative of the crystalline state, which was
shown by the micro-electron diffraction pattern (see
 10  No. 1  2019
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Table 2. Elemental composition of B4C

Element k-Factor wt % at %

O 1.455 0.6 0.46
Fe 1.000 0.4 0.74
B 1.090 87.6 88.90
C 2.262 11.4 9.90
Sum 100.00 100.00
Fig. 3) of the powder B4C synthesized by the mecha-
nochemistry.

CONCLUSIONS
(1) As a result of investigations, the possibility to

obtain the nano-dispersive boron carbide powder by
the mechanochemical treatment of carbon char and
amorphous boron was established.

(2) The structure and properties of the boron car-
bide powders were studied by the methods of the scan-
ning electron microscopy, Raman spectroscopy (RS
spectra), TEM, and XPA.

(3) It was shown that full transformation of the
original materials (carbon char and amorphous boron)
to the boron carbide (B4C) takes place during
mechanical treatment of the mix for 30–60 min. The
micro-electron diffraction pattern of the B4C powder
obtained by the mechanical synthesis has a ring struc-
ture with some inclusions of the crystalline phase
indicative of the X-ray amorphous phase.
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