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Abstract. Two industrial-scale methods for synthesizing nuclear-grade boron carbide (B4C) powder have
been investigated and compared: direct synthesis from elements and carbothermal reduction. A series
of experiments using different boron (isotopically enriched 10B and 11B) and carbon sources (carbon
black and graphite powder) has been conducted. The synthesized powders have been analyzed for their
chemical composition, purity, morphology, and particle size distribution. It was found that the carbothermal
reduction, while producing chemically pure boron carbide, results in significant loss of boron due to the
volatility of boron oxides, leading to a boron-deficient product with elongated, platelet-shaped particles. In
contrast, direct synthesis from elements enables precise control over the B/C ratio and produces powders
with polyhedral particles. However, the products of the direct synthesis method are often contaminated
with impurities from the raw boron material, requiring subsequent mechanochemical treatment to achieve
nuclear-grade purity. Both methods face challenges with morphological heterogeneity when scaled up,
primarily due to temperature gradients within large powder volumes, which can also be addressed by
mechanochemical treatment. As for loss of isotopic boron in the carbothermal process, it is 25–35%, while
in direct synthesis it is 5–6%.

1 Introduction

Boron-containing materials play a very important role
in nuclear industry. Boron carbide, boric acid and sev-
eral other boron compounds are indispensable in nuclear
reactors thanks to the unique nuclear properties of the
10B isotope. 10B isotope has a high capture cross sec-
tion for (epi)thermal neutrons, which is why boron and its
compounds and composites are widely used for materials
intensively interacting with neutron radiation [1]. Despite
decades of effort, 10B4C is an indispensable absorbent ele-
ment in nuclear reactor emergency protection and control
rods [2].

Despite its favorable nuclear properties, to satisfy
growing requirements of modern technologies some of the
boron carbide ceramic performance characteristics – flex-
ural strength, hardness, fracture toughness, sintering abil-
ity, electrical conductivity, etc. – still need improvement
and remain a problem [3]. Low fracture toughness nega-
tively affects the machinability of B4C and its resistance
to thermal and mechanical shock. Due to its high brittle-
ness, the 10B4C absorber material cannot withstand the
stresses generated by radiation in the neutron field. Crys-
∗ e-mail: zviad.mst@gmail.com; jiwada@zbnscience.com

tal lattice defects are caused by both internal bombard-
ment of α particles with energy of 2.79 MeV produced in
B(n,α)Li nuclear reaction and the residual background of
fast neutrons. To prevent this, neutron-absorbing pellets
are necessarily heat-treated at 1800 ◦C [4].

Many of the technical properties listed above depend
on both the starting powder and the resulting grain size
and shape. In reference [5], where starting powders of
500 nm, 220 nm and 40 nm were used, the influence of grain
size and twins on the mechanical properties of ceramics is
described. This topic is also discussed by the authors in
reference [6], according to this study, the reduced flexu-
ral strength of ceramics can be explained by the grain
growth and the related formation of boron carbide twins.
Specifically, recrystallized grains cause a decrease in the
proportion of intercrystalline fracture and an increase in
the proportion of transcrystalline fracture.

Boron carbide belongs to structurally sensitive mate-
rials, and most of its features are explained by the struc-
ture formed during consolidation. The resulting structure
depends on both the ceramic manufacturing conditions
and the characteristics of the raw powder. Therefore, the
purity, morphology, etc., of the starting powders are of
great importance [7].
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Today, scientists are working on many methods aimed
at developing production technologies for raw boron car-
bide powders, as well as composite powders based on
boron carbide. The authors of reference [8] have an inter-
esting study, using a low-temperature method and a liquid
charge, where they used sucrose and boric acid as sources
of boron and carbon. The authors focus on the homo-
geneous distribution of intermediate compounds – boron
oxide and amorphous coal – during the process. They con-
clude that obtaining fine powders of boron carbide using
liquid charge in the form of aqueous plus organic com-
pounds solutions and suspensions is a highly prospective
route for developing ceramics with advanced mechanical
properties.

The authors of reference [9] conducted extensive work
on obtaining boron carbide powder from mono- and
polysaccharides. From 1400 to 1700 ◦C, their product
already consists of the boron carbide phase, but an
increase in temperature leads to the formation of large
aggregates, which approach 50 µm in size and are com-
posed of well-connected crystallites with a diameter of
about 10 µm and 2–3 µm thick. The main problem of the
method is the removal of excess carbon from the system,
since according to standards there are strict requirements
for the amount of both excess and free carbon.

Unlike the above methods of preparation of boron
carbide powder, the magnesiothermic reduction allows
one to obtain a high-purity material of a more accurate
stoichiometric composition. Reference [10] considers the
main characteristics of boron carbide powder obtained
by magnesiothermic reduction and presents the results
of the study of some properties of monolithic high-purity
boron carbide. Total impurities do not exceed 0.35 wt.%.
The content of free carbon ranges from 0.5 to 1.5 wt.%.
The presence of free carbon in the powder, and subse-
quently in the final products, has a very significant impact
both on the manufacturing technology of products and
on the properties of parts under various operating con-
ditions (corrosion resistance, pressing ability, mechanical
properties, etc.). The most commonly used parameters in
practice are bulk density and green density. These val-
ues depend on the shape of the particles and the particle
size distribution. According to these indicators, boron car-
bide produced by the magnesiothermal method is the best.
The disadvantage of the method is its non-technological
nature, namely the trapping of magnesium oxide in the
boron carbide grain during synthesis, for which reheat-
ing of the powder is used. The magnesiothermal method
has also been investigated in reference [11] article, who,
along with magnesium oxide, also detected Mg3B2O6 in
the reaction product. If the component ratio was changed
to reduce byproducts, the carbon content would increase.
As the reaction progressed, the layer of products gradually
became too thick for the elemental boron to pass through
and participate in the reaction with the carbon core.

Another method for producing nuclear-grade boron
carbide powder is direct synthesis from the elements,
either in resistance furnaces or electromagnetic induction
furnaces. This method is best for obtaining boron carbide
of defined stoichiometry, because by adjusting the amount
of the components, the amount of boron in the product

is well controlled [12]. By changing the electromagnetic
frequency, a rapid reaction can be carried out, which pre-
vents grain growth. However, this method is more expen-
sive, as elemental boron is more expensive than boric oxide
or boric acid. The product is also more expensive due to
the loss of amorphous boron at the previous stage – under
optimum electrowinning conditions, the loss of boron is up
to 10% at the electrolysis stage [13]. The authors of refer-
ence [14] article conducted extensive research in this direc-
tion. They studied the synthesis process in the range of
1700–1970 ◦C with different holding time. They obtained
a fine-grained powder with a morphology characteristic of
boron carbide in a short time, albeit with a product loss of
4.2–6.9 wt.%. The latter is explained by the high content
of boric oxide in the initial boron powder.

Another study [15] investigated boron carbide powders
synthesized by rapid heating of mixtures of boric acid and
a carbonizing binder. The authors correctly focused on the
main problems of the method, which are the large losses
of boron during slow heating and the grain shape, which
they tried to correct by increasing the reaction temper-
ature and heating rate. The carbothermal reaction pro-
ceeds through both the gas–solid and liquid–solid mecha-
nisms. It is likely that the first type of reaction produces
elongated platelets with a layered structure, while the sec-
ond type of reaction produces fine-sized particles with a
truncated polyhedron morphology. A similar assumption
is made by Andrievski [16], who discusses the production
of boron carbide nanoparticles of both standard shape and
nanowires, nanofibers, nanosheets, and nanobelts by the
gas–solid mechanism. The authors [15] attempted to reg-
ulate the grain size by controlling the synthesis mecha-
nism, for which they used an excess amount of boron. This
method is not suitable for obtaining nuclear-grade boron
carbide powders, where one of the goals is to reduce iso-
topic boron losses.

Microwave sintering is currently of great interest as a
viable route to rapidly densify boron carbide greenbodies
into compact ceramic monoliths. The irradiation process
converts electromagnetic energy into thermal flux inside
the ceramic particles and facilitates their heating [16]. It
is even more interesting to use this method to obtain pow-
ders, since the introduction of this method in production
makes it possible to reduce both energy consumption and
regulate powder parameters. Microwave forward power,
which influences the synthesis of boron carbide, is also
evaluated for both stoichiometric and hyperstoichiomet-
ric raw materials [17]. Disordered carbon black is char-
acterized by a high dielectric loss tangent, which makes
it a good microwave absorber, promoting heating to the
reaction temperature very rapidly. However, the reaction
is sensitive to the precursor content. According to the
authors, increasing the boric acid proportion, the reac-
tivity falls drastically and traces of hyperstoichiometric
boron carbide were observed [18]. Overall, this method is
promising and even more interesting if boric oxide, rather
than boric acid, is used as the raw material.

Depending on the field of application, the requirements
for the quantity and characteristics of nuclear boron car-
bide powder vary. Added to this are the specific require-
ments of the user (depending on the type of reactor,
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Table 1. Raw materials characteristics.
No Raw material Manufacturer Parameter Value Analysis

method

1
H3

10BO3 NHTCG
10B concentration ratio, at.% 85 ICP MS

2 Assay, % 99,95 Chem.
3

10B briquettes
(before treatment)

Assay, % 47.5
4 K, wt.% 25.2
5 F, wt.% 19.8 EDS
6 O, wt.% 4.1
7 Fe, wt.% 2
8 NHTCG Cl, wt.% 1.4
9

10B powder (after
treatment)

10B concentration ratio, at.% 96.5 ICP MS
10 Assay, % 93.8 Chem.
11 C, wt.% 1.1 TCA
12 B2O3, wt.% 0.22 Chem.
13 Fe, wt.% 1.1

Spectr.
14 K+Na+Mn+Mg+Si+Ni+Al+Ca+Cu, wt.% 0.56
15 11B powder

(unwashed)
Mean particle size, um 0.5 SEM

16 NHTCG
B2O3, phase

Observed
X-Ray

17 11B powder (washed) Not observed
18

Carbon Black
P-803 (before
treatment)

Ivanovo
carbon black
and rubber
JSC

SSA (BET), m2/g 18
19 Dibutyl phthalate absorption, cm2/100g 86
20 Volatile Matter (105 ◦C), wt.% 0.04
21 Ash Content, wt.% 0.2
22 Grit 45 um, wt.% 0.007
23 Density (In the bag), kg/m3 200
24 Oil Absorption Number, ml/100g 294
25 Carbon Black

ENSACO 250P
Grit 45 um, ppm <2

26 SSA (BET), m2/g 61.9
27 Moisture, wt.% 0.1 Certif.
28 Volatile Matter (105–950 ◦C), wt.% 0.07
29 Imerys Group Ash Content, wt.% 0,2
30 Density (Scott), g/cm3 0.07
31 SSA (BET), m2/g 20
32 Graphite TIMREX

KS6
Moisture, wt.% 0.1

33 Ash Content, wt.% 0.06
34 D90, um 6.5
35 D50, um 3.4

standards, etc.), which in many cases complicate the tech-
nology and make additional processes necessary. Accord-
ingly, the production method, as well as complex and com-
bined technological stages and parameters are selected.

The aim of our work is to study and compare the two
production methods of nuclear-grade boron carbide pow-
der that dominate the nuclear industry – synthesis from
elements and carbothermal reduction, to identify their
advantages and disadvantages, and to develop ways to
overcome the latter.

2 Materials and methods

Various types of boron and carbon sources were used for
the study. Some of the powders were ready-to-use in the
experiment, while others required preparation. In the case
of direct synthesis from the elements (DSE), Carbon Black
P-803 was used, which was preheated at 250 ◦C to remove
volatile compounds. For carbothermal reduction (CR), we

used Carbon Black ENSACO 250P and Graphite powder
TIMREX KS6 without preheating.

Table 1 shows the raw material characteristics. The
11B powder obtained by decomposition of diborane is
much purer than the briquettes of 10B obtained by elec-
trolysis, so it was only washed in hot water to remove
the main impurity boron oxide. In contrast, the 10B bri-
quettes, according to EDS analysis they were so contami-
nated that any other type of analysis would be futile and
it was chemically treated as follows.

The 10B briquettes were milled in a high-energy plane-
tary mill for 5 min, then washed in hot water, filtered and
chemically treated to remove metal impurities and salts
with a mixture of HCl and H2SO4 at 90–110 ◦C. To remove
the dirty acids, the solution was decanted repeatedly with
acidified water. To prevent hydrolysis of the salts in an
alkaline environment, the pH was 2–3. To prevent powder
aggregation, the powder was washed and filtered through
a Buchner funnel using water and alcohol. The filtered
powder was dried at 90–110 ◦C for 16 h. X-ray diffraction
(XRD) analysis, mass spectrometry, automatic carbon
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Table 2. Technological parameters of boron carbide powder production.

No Sample Raw material Method
Crucible
sizes, mm

Sintering parameters
Tmax, ◦C Holding Cooling Pressure,

time τ, h time τ, h Pa

1 CRP1 H3
10BO3, 250P WCP, CR, Induct.

sintering
D185×210 1900 2 15 105

2 CRP2 H3
10BO3, 250P CR, Induct.

sintering3 CRKS H3
10BO3, KS6

4 DSI1 11B, P-803
DSE, Induct.
sintering

D80×210 1900 1 8
10−35 DSI2 10B, P-803

D185×210
1900 2

15
6 DSI3 10B, P-803 1850 2
7 DSR1 10B, P-803

DSE, Resist.
sintering

D100×210

1800 1

8 10−4

8 DSR2 10B, P-803 1820 1
9 DSR3 10B, P-803 1820 2
10 DSR4 10B, P-803 1800 2
11 DSR5 10B, P-803 1840 1
12 DSR6 10B, P-803 1840 2

analyzes, scanning electron microscopy, chemical analy-
sis and spectral analyze were performed on the obtained
boron powders. XZG-4A; MI-1201, CS-800, JEOL-JSM
6510 LV equipped with an energy-dispersive X-ray spec-
trometer (EDS) “X-MaxN” and other laboratory equip-
ment were used.

The H3
10BO3 powder was converted into boron oxide

by dehydration at 550 ◦C under a nitrogen environ-
ment. After milling, 10B2O3 powder was dry-mixed with
ENSACO 250P and TIMREX KS6, and the mixture,
slightly moistened with acetone, was cold-pressed to pro-
duce tablets at a pressure of 10 MPa.

Carbothermal reduction of the 10B2O3/C tablets was
carried out in an induction heating furnace IST-0.16
(2.4 kHz, Georgia) in argon at atmospheric pressure. The
reacting components were taken according to theoreti-
cal stoichiometry. DSE was performed on both IST-0.16
and SSHV (Russia) resistance heating furnaces. The pow-
ders were mixed using a wet method in a paddle mixer,
in which pre-prepared 10B and 11B powders were mixed
for 2 h with Carbon Black P-803 in an alcohol medium.
Carbon black P-803 was used in 5% excess over the stoi-
chiometric amount, since it is known that at high tempera-
tures this product loses 5% due to volatile impurities. The
mixture was dried at 90–110 ◦C for 16 h, slightly moist-
ened with alcohol and cold-pressed to produce tablets.
X-ray structural analysis, carbon analysis, scanning elec-
tron microscopy, PSD, chemical analysis and spectral
analysis were performed on powders obtained by DSE
and CR. PSD was determined on an analysette 22 by
Laser Diffraction method, measurement range was 0.31–
300.74 µm, and the Fraunhofer Calculation was selected.
Chemical analysis was performed according to ASTM
C791, the testing standard for nuclear-grade boron car-
bide. Total boron and boron oxide (also known as solu-
ble boron) were determined by titrimetry, total carbon
by combustion and gravimetry, and metallic impurities
by spectrometric method. Table 2 shows the technological
parameters for the production of boron carbide powders.

In the sample designation, CR denotes the CR method,
P – 250 grade carbon, KS – graphite, DS – DSE method,

I – synthesis carried out in an induction heating furnace,
R – synthesis carried out in a resistance furnace. In the
method description, WCP stands for that CR was car-
ried out without cold pressing the mixture, it was not
briquetted. CRP1, CRP2 and CRKS powders are synthe-
sized under the same conditions, during one technologi-
cal process. All other synthesis processes were carried out
separately. The synthesis parameters varied depending on
several factors. The temperatures were selected according
to the reaction type. The holding time was determined
by reaction type and crucible size, i.e. by powder weight.
The cooling time was determined by powder weight and
furnace type, while the pressure depended on the furnace
type and reaction type. The morphology, phase, and chem-
ical composition of the synthesized powders were studied,
and some of the powders were subjected to mechanochemi-
cal treatment. Specifically, the powder was wet-ball-milled
in an attritor mill using 52 100 steel balls as the grinding
media for 2 h. This type of steel is used due to its high
wear resistance and high iron content (96%). The main
contaminant is mainly iron, which constitutes 3–4% of the
boron carbide powder after 2–2.5 h of milling; this iron can
be readily removed by chemical treatment. The chemical
treatment was identical to that described above, except
that nitric acid was used as the reagent.

3 Results and discussion

SEM images, EDS and X-Ray analysis results of raw 10B
and 11B materials before and after treatment are shown
in Figure 1.

As we can see in Figures 1a and 1b the boron obtained
by the electrolysis process is heavily contaminated with
impurities and has a glazed monolithic structure. Even with
its extensive mechanochemical treatment, it is difficult to
obtain pure powder (Figs. 1c and 1d). Impurities, which are
usually very fine-grained, easily oxidize and further contam-
inate theproduct.Themeanparticle sizeof 10Bpowderafter
mechanochemical treatment is 1–2 µm. 11B powder is rela-
tively fine-grained and pure. After washing in hot water, it
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Fig. 1. SEM analysis of 10B powder before (a, b) and after (c, d) mechanochemical treatment, 11B powder (e) and X-Ray
diffraction pattern of 11B raw powder (f).

contains only amorphous boron phase with a mean particle
size of 0.5 µm (Figs. 1e and 1f).

The main cause of boron oxidation is impurities. Boron
obtained by electrolysis, regardless of chemical treat-
ment, usually contains many impurities. Their sources are
Monel-cathode, graphite crucible-anode, electrolyte and
milling media. Impurities, even in small amounts, cause
severe oxidation of boron. Figure 2 presents a SEM and
EDS study of boron powder obtained by electrolysis (a,
b) and by decomposition of diborane (c, d) stored under
identical conditions for 10 years (NHTCG).

From Figures 2a and 2b it can be seen that the
boron powder containing metallic impurities within the

measurement limit, promotes the oxidation of boron to
such an extent that the boron content is reduced to
74 at.%. The oxidized areas appear to consist predom-
inantly of boron oxide. This interpretation is consistent
with the phase morphology observed in Figure 2a (SEM)
and corroborated by the EDS analysis (Spectrum 1, 2
Fig. 2b), wherein a strong oxygen signal is detected along-
side boron. While EDS quantification of light elements
such as boron and oxygen is inherently semi-quantitative,
the oxygen content in these regions appears to significantly
exceed the stoichiometric amount required solely for the
oxidation of the metallic impurities present (Cu, K, Si,
Ni, Fe – each ≤0.1 at%). The same pattern is observed
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Fig. 2. SEM and EDS images of boron powder obtained by electrolysis (a, b) and decomposition of diborane (c, d).

Fig. 3. SEM and EDS images of graphite powder.

in the pure boron obtained from diborane decomposition
(Figs. 2c and 2d, Spectra 2, 3). In regions where metallic
impurities are below the detection limit, oxygen is present
only in minor quantities (Spectrum 2), whereas in regions
where metals are detected at concentrations of 0.2 at%
and below, the oxygen content increases appreciably. Nev-
ertheless, compared to the electrolytic boron, the overall
extent of oxidation remained negligible. These observa-
tions suggest that metallic impurities may play a signif-
icant role in promoting the oxidation of boron. Conse-
quently, the control of metallic impurity levels warrants
careful consideration in the production of boron carbide

powders and bulk samples. SEM and EDS analysis of the
Carbon Black 250P and TIMREX KS6 graphite powders
confirmed that both powders are pure, containing only
carbon. KS6 is plate-like (Fig. 3a), while 250P is nano-
sized (Fig. 3b).

Table 3 presents the characteristics of boron carbide
powders. The numbers in italics indicate the results of
SEM and EDS studies, which are approximate values due
to the low accuracy class of the method. Normal num-
bers indicate the results of PSD and results of chem-
ical analysis, spectrochemical analysis and total carbon
analysis by ASTM C791, which are much more accurate
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Table 3. Characteristics of boron carbide powders.

No Sample
Mean particle size/
PSD50, um

Chemical composition, wt.%
B C O B2O3 Fe

1 CRP1 2–3 15 85 0 N/A 0
2 CRP2 10 60 40 0 N/A 0
3 CRKS 10 50 50 0 N/A 0
4 DSI1 1 76.3 21 1.5 N/A 0
5 DSI2 5/3.833 77.25 22.3 N/A 0.05 0.25
6 DSI3 3 77.04 21.7 N/A 0.03 0.04
7 DSR1 0.5 74.7 23.1 0.3 0.5 0.85
8 DSR2 1 75.9 22.4 N/A 0.41 1.7
9 DSR3 1 76.5 21.9 0 0.45 1
10 DSR4 0.5 78 21.7 0.2 N/A 0
11 DSR5 1 76.5 22.5 N/A 0.2 N/A
12 DSR6 1 74.5 22.4 1 N/A 1.1

(the methods are described above.). According to EDS
analysis, the CRP1 has a low boron content. The main
element is carbon, about 85 wt.%. This is confirmed by
the X-ray diffraction pattern, which shows that the main
phase is carbon, and the second phase is boron carbide
(Fig. 4a). The apparent discontinuity in Figure 4a arises
from the use of two acquisition ranges with different mea-
surement conditions. The boron carbide phase is fine-
grained, although bound in clusters and with insufficient
boron content (Fig. 4b, spectrum 22). The SEM image
taken in Backscattered Electron mode (BEC, designed for
phase differentiation) clearly shows the main phase, light-
colored background – unreacted carbon with a morphol-
ogy similar to raw carbon black 250P. A large part of
the boron was likely lost due to the evaporation of boron
oxide. Boron oxide loss during CR is well known and is
caused by intense evaporation at the high temperatures
and long duration required for CR [19]. The loss of boron
oxide loss is also facilitated by the formation of an inter-
mediate product – volatile boron suboxide (B2O2) in the
gas phase [20].

CRP2 powder is relatively better in terms of boron
content. However, boron loss is still high and the product
does not meet the requirements for nuclear-grade boron
carbide. In Figure 5, 10 µm boron carbide particles bound
together in clusters and large areas of unreacted carbon
in the CRP2 powder can be seen, as confirmed by EDS
analysis (Fig. 5b, spectrum 8).

The relatively high boron content in CRP2 compared
to that in CRP1 powder is due to the cold pressing of the
mixture. In dense tablets, the distance between particles
is small, the contact area between particles is increased,
and reaction time is reduced. This leads to a decrease
in boron loss. In CRP2, along with standard polyhedral
grains, there are elongated platelets of boron carbide, some
of which exceed 150 µm in length (Figs. 5a and 5b, spec-
trum 7). The formation of large and elongated platelets
has been described in detail by Feng et al. [15] and Weimer
et al. [21], in which temperature and heating rate, along

with the stoichiometry of the components, are important
factors for grain formation. In particular, conditions that
promote gas–solid interface reactions lead to the formation
of elongated platelets, while liquid–solid interface reaction
conditions lead to the formation of fine-grained polyhedral
grains.

A similar result is observed in CRKS powder, where
a large amount of unreacted graphite powder can be seen
along with standard and elongated boron carbide grains
(Fig. 6a). X-ray diffraction pattern also confirms the pres-
ence of only two phases – large amounts of graphite
(diffraction peak at 26.6◦ 2Θ) and boron carbide (diffrac-
tion peaks at 37.8◦, 35.0◦, 23.5◦ and 22.0◦ 2Θ, Fig. 6b). It
seems that the type of raw carbon does not play a deci-
sive role in the formation of elongated particles, however,
it is important to carry out the reaction to completion
within a short time. The mechanism of formation of elon-
gated grains has not been fully studied and substantiated.
There are several hypotheses, most authors of which agree
that the formation of such particles is caused by gas–solid
or vapor–liquid–solid (VLS) phase reactions [15,16,19,21].
There is a difference of opinion on the chemical reactions
and parameters that influence the formation of elongated
particles. According to Thevenot, the CR process takes
place in two stages [22]:

B2O3 + 3CO = 2B + 3CO2 (1)
4B + C = B4C. (2)

According to this opinion, the first reaction occurs
between the liquid and gaseous phases, and the boron
carbide phase is obtained by the interaction of the
liquid boron and solid carbon phases. However, when
discussing other chemical vapor deposition (CVD) reac-
tions, Thevenot confirms that whiskers and platelets are
obtained. Alizadeh agrees with the reactions (1) and (2),
but only up to 1400 ◦C [23]. At higher temperatures, he
shares the well-known view that the reaction may occur
with both liquid boron oxide and gaseous boron sub-
oxide [B2O2(g)] to produce boron carbide. Carbothermal
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Fig. 4. X-Ray diffraction pattern (a), SEM and EDS images (b) of the CRP1.

Fig. 5. SEM and EDS images of the CRP2.

Fig. 6. SEM (a) and X-Ray diffraction pattern (b) of CRKS.
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Fig. 7. SEM (a) and X-Ray diffraction patterns (b) of the DSI1.

reduction starts instantaneously at high temperatures and
proceed at high rates. A prerequisite for this are rapid gas-
phase reactions. According to Weimer et al. [21], this gas
is B2O2, which is synthesized at relatively low tempera-
tures under reducing conditions and provides a gas–solid
mechanism:

B2O3(l) + C(s) = B2O2(g) + CO(g) (3)
2B2O2(g) + 5C(s) = B4C(s) + 4CO(g). (4)

According to this assumption, boron is transported to
the carbon particles, and crystal growth occurs on the lat-
ter. Several factors contribute to the growth of elongated
grains on a carbon particle. Comparing CRP and CRKS
powders, elongated particles were formed where the bri-
quette density was high. No elongated grains were formed
in the low-density CRP1 sample despite similar synthesis
conditions. This suggests that a certain concentration of
gaseous phases is necessary for the growth of such shaped
particles. This is confirmed by Carlsson et al. They also
observed the influence of B2O3/C ratio and metal impuri-
ties. The more carbon was added to the reaction mixture
the more abundant was the formation of bird’s nests and
long, thin whiskers [24]. The influence of metallic impuri-
ties is confirmed by Jazirehpour et al. [25]. The authors
attribute the growth of elongated grains to the catalytic
effect of metals. They suggest that elongated grains can
grow either by the mechanisms described above or from a
solid–liquid–solid phase, where the liquid phase is a drop
of molten metal in which solid phases dissolve and then
boron carbide crystallizes.

In general, during the CR process, there is a constant
deficiency of boron at the contact points of the reaction,
because boron oxides are in the liquid and gaseous phases,
where the boron concentration is low compared to car-
bon. Also, due to the high volatility of boron oxides, some
of them are lost without reacting. In our experiments,
the boron loss during CR was approximately 25–35%.
To obtain near-stoichiometry boron carbide by the CR
method, it is necessary to compensate for this deficiency
with excess boron oxide. For this purpose, boron oxide is

used in an excess of at least 15 mol% [23], and in some
cases this excess reaches 75–100% [19]. It should be noted
that despite such an excess amount of boron oxide, the
powder still does not have a uniform size and polyhedral
shape. The latter was achieved in the laboratory using a
new apparatus, although 10–20 times more boron oxide
was used for this [26].

To reduce the morphological inhomogeneity of the
product under CR conditions, it is necessary to rapidly
pass through the temperature zones of “structural changes
in the melt” and “intensive evaporation” (1000–1500 ◦C),
thereby applying the so-called thermal shock. This will
reduce the volatility and loss of boron oxides and, accord-
ingly, increase their concentration on the contact surfaces
of carbon. The resulting product will be a boron-rich pow-
der with a relatively homogeneous morphology.

As mentioned in the Introduction, there are often spe-
cific and strict requirements for product morphology. In
such cases, mechanical processing is necessary. During
large-scale production, the mechanochemical treatment
of the powder obtained by CR, described in Chapter 2
(Materials and Methods) is not advisable for two reasons:
it is not environmentally desirable and the high-purity
product is contaminated with iron (from steel balls).
Mechanical processing – milling of the powder for homog-
enization is preferably carried out in a drum mill with
cylindrical boron carbide rods of the appropriate isotopic
composition enrichment.

Figure 7 shows SEM and X-ray results of the DSI1
sample. According to the images, a pure boron car-
bide powder was obtained, which is characterized by a
large number of submicron grains and a small number of
5–10 µm polyhedral grains. According to the X-ray diffrac-
tion pattern and EDS results presented in Table 3, the
powder meets the requirements for nuclear-grade boron
carbide powder.

Figure 8 presents SEM images of the DSI1 powder at
different magnifications after milling and chemical treat-
ment, which was not filtered through a Buchner funnel
using alcohol. Without this technological step, the pow-
der is highly agglomerated. Agglomerated particles are as
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Fig. 8. SEM of the DSI1 after mechanochemical treatment.

large as the sieve mesh itself, through which the dried pow-
der was sieved (315 µm). Figure 8b shows that the pow-
der is fine-grained, with a mean size of 1 µm, although the
bulk products made from it have the same pattern. Dur-
ing the hot pressing stage, grain rearrangement is limited,
resulting in a non-uniform microstructure: relatively high
density areas with small pores and porous areas with large
pores located between these areas (Fig. 9). This is impor-
tant for 10B, because helium bubbles that form as a result
of (n, α) reaction locate on grain boundaries and cause
intergranular microcracks [4,27]. Uniform porosity allows
more helium to be expelled from the material, reducing
swelling and increasing material life.

Figure 10 shows a photo of DSI2 in a graphite crucible
and its X-Ray result. The X-Ray diffraction pattern shows
that the product mainly contains boron carbide, with no
free carbon observed. The morphology and color of the
powder differ between the inner surface and the center of
the crucible, as well as between the briquette crust and the
briquette core. This difference is likely due to variations in
particle size formed as a result of recrystallization. Achiev-
ing uniform temperatures in a large industrial induction
furnace is impossible. This is because the graphite cru-
cible itself serves as a heating element, and boron carbide
has low thermal conductivity. Consequently, the temper-
ature near the crucible walls (heating element) is much
higher than that in the crucible’s interior. This issue is
further compounded by the large amount of powder and
the resulting poor heat transfer under vacuum. Regard-
ing radiative heat transfer, uneven heating also occurs:
the briquette crust is heated more intensely, while the bri-
quette core is heated less.

Figure 11 shows the SEM image and PSD measure-
ment results of the DSI2. Grains of 5–10 µm in size
exhibit typical twinning. Despite their size and num-
ber, elongated plate-like crystals are not found. The fine
grains are submicron in size and also polyhedral in shape
(Fig. 11a). It is evident from the PSD graph that there
is a considerable amount of powder below the lower mea-
surement limit of the device (0.3 µm). Accordingly, the
submicron grains are more than 15% by volume. Such
PSD is not optimal because recrystallization occurs eas-
ily during hot pressing and a coarse-grained structure is
obtained.

DSI3 powder is relatively fine-grained, although there
are also many large particles (Fig. 12a). The boron car-
bide structure is well formed. The diffraction peaks corre-
sponding to the crystallographic planes are all well-defined
except for (012) (Fig. 12b), which is slightly broader and
has lower intensity than given than the standard peak [28].
The (101) and (003) peaks also have low intensity. This
distortion may be due to the presence of a highly dispersed
fraction, or the reaction did not proceed completely due
to the large amount of powder. Free carbon in the form of
graphite is not observed. Elongated flat crystals are not
observed in this sample either. Compared to DSI2, the
finer grain size is due to a relatively lower synthesis tem-
perature.

Most of the factors affecting twinning – synthesis tem-
perature, heating and cooling rates, impurity content,
stoichiometry and others – are similar to those for the
powders described above. The heating rate is high, the
cooling rate is very slow, the synthesis temperature is high.
There are differences in stoichiometry and impuritiy con-
tent, but this does not change the general picture – twin-
ning is observed in the induction heating furnace for both
the CR and DSE processes.

The following powders are made in a resistance furnace
where the crucible diameter is relatively small, the heating
zone has a large vertical height, the powders are weigh one-
third as much as DSI2 and DSI3 and the mass transfer is
better. The SEM imaging and X-ray results for DSR1 are
presented in Figure 13. The powder is fine-grained, with
an average grain size of about 0.5 µm. According to the
X-ray diffraction pattern, the boron carbide phase is not
fully formed. The (104) and (021) crystallographic planes
of the crystallites are standard, while (101), (003) and
(012) are not well developed, they are broader, and have
lower intensity [28]. Free carbon in the form of graphite is
not observed. The diffraction pattern reveals the presence
of amorphous carbon, manifested as a weak, broad, dif-
fuse halo centered at ∼26◦ (2θ). DSR1 contains significant
amounts of impurities and low boron content. Accord-
ing to the results of morphological and phase analysis,
a similar picture is observed in DSR4, despite its different
chemical composition and the holding time at the max-
imum temperature, which was twice as long as that for
DSR1. Despite the insignificant amount of impurities and
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Fig. 9. Optical microscopy (a – x200, b – x1000) and SEM images (c) of the DSI1 after hot pressing.

the high boron content, the boron carbide phase is not
fully formed in DSR4. Of the factors affecting boron car-
bide particle size, shape, and phase formation, tempera-
ture is likely the most crucial.

Figure 14 shows X-ray diffraction patterns and SEM
images of DSR2 and DSR3. With an increase in tem-
perature by 20◦, grains enlarged due to recrystallization
appear, the size of the fine fraction also increases slightly,
so that the average grain size of the powders reaches
1 µm. A similar trend is observed in DSR2 and DSR3.
Despite the different free carbon content in these powders,
the crystallographic structure of boron carbide is similar
(Figs. 14b and 14d). The structure of boron carbide is
well-formed, but incomplete. The (101), (110), (104), and
(021) crystallographic planes are standard, while (003)
and (012) have low intensity and are slightly broader.
Free carbon is not detected in the form of graphite; it
is observed in the form of amorphous carbon – clearly

detected in one case, while in the other, a slightly broad-
ened peak is observed. Doubling the synthesis time in the
DSR3 did not have a significant effect on the formation
of the boron carbide phase, only the grain size increased
slightly.

With increasing temperature from 1820 ◦C to 1840 ◦C,
the grain size hardly changed. The results of the 1 h syn-
thesis (DSR5) are the same as those for DSR3. Interest-
ingly, in the DSR6 powder, the 2 h synthesis produced a
fully formed boron carbide phase at 1840 ◦C. All crystal-
lographic planes are fully formed and grain size and shape
are preserved (Fig. 15).

Along with the boron carbide phase, the graphite
phase is also well formed. Graphitization of the carbon
black at the synthesis temperature was likely caused by
the prolonged synthesis time and the presence of impuri-
ties such as iron, chromium, nickel, calcium, and others.
Graphitization of carbon is a detrimental occurrence in
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Fig. 10. Photo (a) and X-Ray diffraction patterns (b) of the DSI2.

Fig. 11. SEM and PSD of the DSI2.

Fig. 12. SEM and X-Ray of the DSI3.
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Fig. 13. SEM (a) and X-Ray diffraction pattern (b) of the DSR1.

Fig. 14. SEM (a, c) and X-Ray diffraction patterns (b, d) of the DSR2 and DSR3.
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Fig. 15. SEM (a, b), X-Ray diffraction pattern (c) and EDS images (d) of the DSR6.

the synthesis of boron carbide, as it leaves unreacted free
carbon in the form of graphite in the synthesized product.
In addition, this process reduces the amount of carbon
black in the mixture, which is the driving force for the
synthesis reaction. Carbon particles with a large surface
area always contain adsorbed oxygen molecules. The latter
oxidize the carbon to form carbon monoxide. Carbon in
the form of carbon monoxide is transported toward boron,
where boron carbide is synthesized, while carbon dioxide
is reduced to carbon monoxide (Eqs. (5)–(7)) [29].

2C + O2 = 2CO (5)
4B + 2CO(g) = B4C + CO2(g) (6)

CO2 + C = 2CO. (7)

This assumption is supported by the fact that the syn-
thesis reaction proceeds much faster than is possible under
conditions of solid-phase reaction and low diffusion rates
of solid phases. If we accept this hypothesis and assume
that during the DSE process, only carbon is in the gaseous
phase (in the form of CO and CO2) and not boron, then
mass transfer occurs in only one direction – from carbon
to boron, and the crystallization centers of boron carbide
grains are boron particles, not carbon particles. This alone
explains the fact that among the DSI1–DSI3 powders, the
DSI1 powder made from fine-grained boron obtained by
the diborane decomposition method is much finer than the
others.

This mass transfer hypothesis is supported by the facts
that elongated grains are not found in powders obtained
by direct synthesis and the boron loss is almost equal to
2.5–3.5% (before mechanochemical treatment), despite a
variety of conditions. This applies to both DSI and DSR
powders.

Boron carbide powders obtained by the DS method
contain about 1–2% iron (Tab. 3), which does not meet
the requirements. After the mechanochemical treatment
described in Chapter 2, the iron content is reduced to 0.2–
0.3%. This process ensures not only the purification of the
product, but also the homogenization and activation of the
powder. After mechanochemical treatment, the boron loss
increases to 5–6%, which increases the cost of the prod-
uct. However, this loss is acceptable from a cost-benefit
perspective, as the powder’s sinterability and ability to be
hot-pressed are significantly improved.

4 Conclusions

Two industrial methods for synthesizing nuclear-grade
boron carbide powder were evaluated: direct synthesis
using amorphous boron and carbon black, and the car-
bothermal reduction of boron oxide. In both methods,
the produced powder exhibited non-uniform morphology.
This heterogeneity is attributed to production-scale chal-
lenges, including the use of a large crucible, a large powder
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volume, low heat transfer efficiency, and consequent tem-
perature gradients within the powder bed.

Compaction of the mixture was found to be necessary
to achieve complete reaction and minimize the loss of iso-
topic boron.

The carbothermal reduction process yields chemi-
cally pure boron carbide powder with elongated particles,
a morphology attributable to a mass transfer mecha-
nism mediated by liquid and gaseous boron oxides. How-
ever, the high volatility of these oxides causes significant
boron loss, (approximately 25–35%), resulting in a boron-
deficient final product.

Direct synthesis from the elements enables the produc-
tion of boron carbide powder with a controllable B/C ratio
and a polyhedral particle morphology. Boron loss is lim-
ited to 5–6%. The particle size of powder is proportional
to the particle size of the raw amorphous boron powder
and is primarily determined by it. It is also influenced by
the synthesis temperature and the presence of impurities.
The temperature required for complete phase formation
is 1840 ◦C. The final product is contaminated with impu-
rities originating from the raw amorphous boron powder
obtained by electrolysis of molten salts.

Of the two methods studied, the synthesis method
from elements is more advantageous in terms of prod-
uct cost-benefit. However, if boron loss can be reduced,
which is possible if a “thermal shock” (rapid heating)
is successfully implemented, the carbothermal reduction
method would become advantageous.

To reduce impurities and achieve a uniform morphol-
ogy, a mechanochemical treatment is required. This treat-
ment must be followed by filtration of the powder through
a Büchner funnel to prevent agglomeration and bind-
ing. The resulting product meets the specifications for
nuclear-grade powder and is suitable for hot-pressing into
absorbent pellets.
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