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Abstract—The properties, applications, and methods for producing titanium and vanadium diborides are
considered. These diborides are oxygen-free, refractory metal-like compounds. As a result, they are charac-
terized by high values of thermal and electrical conductivity. Their hardness is relatively high. Titanium and
vanadium diborides exhibit significant chemical resistance in aggressive environments. Thus, these diborides
have found application in current technology. They are used as surfacing materials when applying wear-resis-
tant coatings on steel products. It is also possible to use vanadium diboride as a catalyst in organic synthesis
and as an anode in renewable electrochemical current sources. The promising ceramics are B,C—TiB, and
B,C—VB,, which allow to obtain products based on boron carbide with high performance characteristics, in
particular with increased crack resistance. Such composite ceramics are produced by hot pressing, spark
plasma sintering, and pressureless sintering. The properties of refractory compounds depend on the content
of impurities and dispersion. To solve the specific problem associated with the use of refractory compounds,
it is important to choose the correct method for their preparation, as well as to determine the permissible con-
tent of impurities in the starting components. This leads to the presence of different methods for the synthesis
of borides. The main methods for their preparation are: synthesis from simple substances (metals and boron);
borothermal reduction of oxides; carbothermal reduction (reduction of mixtures of metal and boron oxides
with carbon; metallothermic reduction of mixtures of metal and boron oxides; and carbide-boron reduction.
Plasma-chemical synthesis (deposition from the vapor-gas phase) is also used to obtain diboride nanopow-
ders. Each of these methods is characterized in the article.

Keywords: titanium diboride, vanadium diboride, refractory oxygen-free compounds, ceramics, properties,
applications, production methods
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INTRODUCTION

Compounds of a number of transition metals (tita-
nium and vanadium) with boron—their diborides—
have a number of unique properties. These diborides
are characterized by refractoriness, significant chemi-
cal resistance in various aggressive media, high values
of hardness, and thermal and electrical conductivity.
Thus, these diborides are increasingly used in industry
and technology.

The significant hardness of titanium diboride
makes it possible to use it as an abrasive providing high
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surface cleanliness when processing of ductile metals
and alloys. The refractory properties of titanium
diboride and cermets based on it are widely known,
which are highly resistant to the action of many mol-
ten metals and alloys. This allows them to be used for
the manufacturing of boats for vacuum evaporation of
metals. Vanadium diboride plays an important role in
the creation of wear-resistant coatings on steel prod-
ucts and in a completely new field—in the creation of
high-capacity electrochemical current sources. It is
possible to use this compound as a catalyst in organic
synthesis.
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The purpose of this work is to analyze information
about the properties, applications, and methods for
producing titanium and vanadium diborides.

MAIN PROPERTIES OF TITANIUM
AND VANADIUM DIBORIDES

The state diagrams of the Ti—B and V—B systems
[1, 2] are shown in Fig. 1a and Fig. 1b. The following
borides were found in the Ti—B system: TiB, Ti;B,,
and TiB,. Titanium diboride has a narrow area of
homogeneity (65.6—67.9% B (at.) at 1730°C). With an
excess of boron, a mixture of phases (TiB, + B) is
formed with a eutectic melting point of approximately
2080°C, and with an excess of titanium, two boride
phases (Ti;B, + TiB,) with a peritectic melting point
of approximately 2200°C are formed. The following
compounds are present in the V—B system: V;B,, VB,
V;B,, and VB,. Vanadium diboride has a narrow area
of homogeneity (approximately 66—68% B (at.)).
With an excess of boron, a mixture of phases (VB, + B)
with a eutectic melting point of approximately 2000°C
is formed, and with an excess of vanadium, two boride
phases (V;B, + VB,) with a melting point of approxi-
mately 2300°C are formed. With an increase in the
vanadium content (to about 43% (at.) and higher), the
VB, phase in the V—B system is absent.

Titanium and vanadium diborides are character-
ized by high melting points and narrow areas of homo-
geneity. Therefore, during the synthesis, they are most
likely to form in a powdery state. To obtain single-
phase products (TiB,, VB, diborides), an accurate cal-
culation of the charge is required. Information about
some properties of these compounds, taken from
[2, 3], is given in Table 1. Titanium and vanadium
diborides are thermodynamically very stable com-
pounds, as evidenced by the high values of the forma-
tion heats from elements and the isobaric-isothermal
potentials. The value of the thermal conductivity coef-
ficients of these diborides is relatively large; the resis-
tivity is small. Such values of these parameters are
explained by the fact that titanium and vanadium
diborides are metal-like refractory compounds [2].
The microhardness of these diborides is quite high.
The resistance of these compounds to high-tempera-
ture oxidation is relatively high, which is due to the
protective effect of the liquid film of B,O; oxide
formed on the surface of their particles (melting point
is about 450°C [4]).

APPLICATIONS OF TITANIUM
AND VANADIUM DIBORIDES

Application of Titanium Diboride

Titanium diboride is promising for the manufac-
turing of wear-resistant, corrosion-resistant and heat-
resistant products [5]. The TiB,—SiC composite with

a sintering additive of 5% nickel (by weight), obtained
at relatively low parameters of the hot pressing process
(temperature 1700°C, pressure 32 MPa), had qualita-
tive characteristics (ultimate bending strength 858 +
87 MPa, crack resistance 8.6 + 0.5 MPa m!/2, hard-
ness 20.2 + 0.9 GPa). Such high mechanical proper-
ties are explained by the fine homogeneous structure
of the ceramic and the reinforcing effect of the sinter-
ing additive. Nickel also prevents the growth of TiB,
particle sizes [6]. Titanium diboride is used in the
manufacturing of lightweight ceramic armor, wear-
resistant products and cutting tools. This compound
has a high resistance to the action of molten metals.
Therefore, it is used in the manufacturing of crucibles
and boats for vacuum evaporation of aluminum, as
well as cathodes of aluminum electrolyzers, since it
has a high electrical conductivity [7]. Micropowders of
titanium diboride can be used for polishing and finish-
ing works [2]. Surfacing compositions based on
borides of refractory metals (including titanium
diboride) provide high performance characteristics of
surfacing [8]. A promising material for use is the B,C—
TiB, composite. It was found that the B,C—TiB, sys-
tem is quasi-binary and is described by a eutectic
phase diagram. The composition of the eutectic corre-
sponds to an alloy of about 75% B,C and about 25%
TiB, (mol); the temperature of the eutectic transfor-
mation is 2200 £ 40°C [9]. Information about the pro-
duction of ceramics of B,C—TiB, composition are
known by three methods: (1) spark plasma sintering
[10—16]; (2) hot pressing [17—19]; and (3) by sintering
without applying pressure or pressureless sintering
[20—22]. The starting materials were B,C + TiB,
[16, 22], B+ C+ Ti[11-15], B,C + TiO, + C [17-21].
During spark plasma sintering, the process tempera-
ture was 1700—2000°C, the pressure was 60—100 MPa.
The resulting ceramics had a hardness of 22—34 GPa
and a crack resistance of 2.5—5.0 MPa m'!/2. During
hot pressing, the process temperature was higher
(2050—2200°C), the pressure was 30—37 MPa. The
resulting ceramics had a hardness of 24.5—-29.5 GPa
and a crack resistance of 3.9—4.8 MPa m!/2. In pres-
sureless sintering, pre-pressing was carried out at a
high (about 200 MPa) pressure. Sintering was carried
out at temperatures of 2100—2150°C. The relative den-
sity of the obtained samples was relatively low (90—
96%). The values of hardness (17—23 GPa) and crack
resistance (no more than 4.6 MPa m'/?) were also low.
It should be noted that in the instrumentation, the
method of electrospark plasma sintering is more com-
plicated than the method of hot pressing. In addition,
using the preparation example of titanium diboride
ceramics by the method of spark plasma sintering, it
was established [23] that this process leads to instabil-
ity of the phase composition (the second phase, TiB,
is formed), and the obtained samples have signifi-
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Fig. 1. State diagrams of the systems Ti—B (a) and V—B (b).

cantly lower values of hardness (by about 30%) and ing method requires significant pre-pressing pressure.
elastic modulus (by about 20%) compared to the sam-  The authors of [10] believe that the presence of tita-
ples obtained by hot pressing. The pressureless sinter- nium boride TiB, prevents the growth of grains of
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Table 1. Basic thermodynamic, physical and mechanical properties of titanium and vanadium diborides

Value
Parameter

TiB, VB,
Heat of formation from elements, kJ/mol, at 298 K —323.63 —203.60
Gibbs thermodynamic potential, kJ/mol, at 298 K —319.50 —212.58
Pycnometric density, kg/m> 4330 5060
Thermal conductivity coefficient, W/(m K), at 20°C 66.4 42.2
Resistivity, L\Ohm m, at 298 K 0.09 0.23
Microhardness, GPa, at 293 K 33.1-34.3 27.9-28.1
Linear thermal expansion coefficient, K~ x 1076 (300—1300 K) 4.6 7.6

boron carbide B,C, reduces the sintering temperature,
and improves the mechanical properties of the result-
ing composite.

Application of Vanadium Diboride

Vanadium diboride is promising for the manufac-
turing of protective coatings on steel products [24].
The introduction of vanadium diboride into ceramics
based on boron carbide makes it possible to activate
the sintering process and obtain, by hot pressing,
dense ceramics with high structural homogeneity at
low temperatures of isothermal aging. Composite
ceramics in a wide range of vanadium diboride con-
centrations (from 2.0 to 16.1% (vol.)) have higher val-
ues of hardness and flexing strength than monophase
ceramics based on boron carbide. The resulting com-
posite material B,C—VB, is promising for the manu-
facturing of wear-resistant products [25, 26]. In
[27, 28], the possibility of using vanadium diboride as
a catalyst in the production of oxygen-containing
organic compounds by liquid-phase oxidation of ole-
fins (1-octene and cyclo-octene) with molecular oxy-
gen was shown. Vanadium diboride (like a titanium
diboride) can be used as an anode in renewable elec-
trochemical current sources. Such a novelty is called
“vanadium boride air cell”, which can be translated as
“air-vanadium-boride element”. According to the
principle of operation and structure, as well as by the
composition of the electrolyte and the cathode, it is
similar to the long-known zinc-air cell, in which elec-
tricity is produced by the oxidation of zinc. However,
the capacity of such a source is much higher
(3800 (mA h)/g, while the traditional MnO,—Zn
source has 820 (mA h)/g) [29].

METHODS FOR PRODUCING TITANIUM
AND VANADIUM DIBORIDES

The properties of refractory compounds depend on
the degree of their stoichiometry (as applied to com-
pounds of variable composition), impurity composi-

tion, and dispersion. Therefore, to solve a specific
problem associated with the use of refractory com-
pounds, it is important to choose the correct method
for their preparation, as well as to determine the per-
missible content of impurities in the initial compo-
nents. This leads to the presence of different methods
for the synthesis of borides; the classification of meth-
ods is given in [30].

The most common methods for the synthesis of
borides are:

— synthesis from simple substances (metals and
boron)

xMe + yB — Me,B,; (1)
— borothermal reduction of oxides
MeO +B — MeB +B,0,; 2)

— carbothermal reduction (reduction of mixtures
of metal and boron oxides with carbon)

MeO + B,O, + C — MeB + CO; 3)

— metallothermic reduction of mixtures of metal
and boron oxides

MeO + B,0; + Mg(Na, K, Al)
— MeB + MgO(Na,0, K,0, Al,05);
— carbide-boron reduction
MeO + B,C+ C — MeB + CO. ®))

Reactions of the synthesis of refractory compounds
(including borides) from simple substances are always
exothermic [3]. Sometimes, the heat release is so great
that when initiated (most often by a red-hot spiral),
the reaction then proceeds spontaneously. Such pro-
cesses are called SHS-processes (self-propagating
high-temperature synthesis processes). An important
characteristic of SHS-processes is the heat (the heat
effect ratio of the reaction to the mass of the charge).
The process after initiation proceeds spontaneously
with a thermicity value of at least 2400 kJ/kg of charge.
At a lower thermicity, the heating of the charge is
required, at a much higher—the inert additives are

C))
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introduced into the charge. Under optimal conditions,
almost complete conversion of the starting substances
into the final ones occurs (the content of unreacted
substances is usually no more than 0.01—-0.20% (by
weight)). Since there is no contamination during the
synthesis, the purity of the product in terms of impu-
rities is approximately equal to the purity of the
reagents [31]. The disadvantage of such processes is
the high cost of powders of simple substances.

In the metallothermic synthesis of borides, the
reaction products must be treated (usually acidic) to
remove the compounds (most often oxides) of the
reducing metal, which is usually magnesium. With this
treatment, metal borides can partially decompose,
since they are unstable in acidic solutions [4]. Due to
the low boiling point of magnesium (1090°C [32]) and
significant heat release during the course of magnesio-
thermic processes, emissions of incandescent charge
and reaction products are possible. Therefore, such
processes are forced to be carried out only in sealed
rectors at high argon pressure. It should also be con-
sidered that the price of magnesium is high; in pow-
dered form, it is toxic [33].

A feature of borothermal synthesis of borides
(which can be attributed to a disadvantage of the pro-
cess) is the use of expensive elemental boron, and
often in quantities exceeding the required stoichiome-
try. To remove boron oxides, the reaction products are
usually treated with hot water.

In the carbothermal synthesis of transition metal
borides, one of the reagents is boron oxide B,0;, the
noticeable evaporation of which begins already at a
temperature of 1200°C [34]. Since the temperatures of
the boride synthesis by this method are significantly
higher [2], losses of this compound occur, which leads
to the need for careful adjustment of the composition
of the charge. Carbothermal synthesis of borides is
possible by the sol—gel method. A characteristic fea-
ture of sol—gel processes is a relatively low synthesis
temperature, which is explained by the close contact of
reagents in ultrafine charges [3]. The resulting prod-
ucts are in a nanodispersed state. The disadvantages of
the sol-gel method are the use of toxic reagents in
many synthesis processes, the complexity (duration
and multistage) of the charge preparation process and,
in some cases, incomplete reaction.

It is believed [2, 35] that carbide-boron synthesis of
borides is most promising for large-scale production
of these compounds. In the carbide-boron synthesis of
borides, a very important requirement for one of the
reagents (boron carbide) is its high purity and disper-
sion. Industrial micro-powders of this compound
contain a significant amount of free carbon impurities
[36]. Therefore, when calculating the charge, it is nec-
essary to adjust its composition considering the free
carbon content in boron carbide.

STEEL IN TRANSLATION  Vol. 51
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The method of synthesis of refractory borides by
deposition from the vapor—gas phase is not widely
used.

Producing of Titanium Diboride
Synthesis from Titanium and Boron

The heat of titanium diboride formation from sim-
ple substances even at a temperature of 3000 K
(473.53 kJ/mol) significantly exceeds its enthalpy at
the same temperature (215.80 kJ/mol) [3]. In this
regard, after the combustion initiation of a stoichio-
metric mixture of titanium and boron powders, the
reaction will obviously proceed in the mode of self-
igniting synthesis with significant heat release. It is
also possible to obtain titanium diboride by mechani-
cal activation [37]. The mechanical activation role of
solid-phase reactions is to start an exothermic reac-
tion, which then proceeds due to the release of heat.
Explosive mechanochemical synthesis (EMS) of
refractory compounds is carried out in a sealed mech-
anoreactor of an energy-stressed mill. As the initial
components, one can use both powders and any mate-
rial amenable to grinding. The initiation of the synthe-
sis reaction is realized by high-energy mechanical acti-
vation of the initial components. In contrast to the
SHS process, where the reaction is «ignited» from a
powerful short-term (0.05—6 s) radiant source (a red-
hot spiral), in the EMS, the energy transfer takes up to
several tens of minutes. Thus, in the process of EMS,
a gradual “pumping” of excess energy to the reacting
components is carried out. When the critical values of
this energy are reached, a reaction begins and proceeds
according to explosive kinetics. In [38], the interaction
of titanium and boron during the implementation of
the SHS process was investigated with the following
composition of the charge, % (by weight): 95Ti—5B;
90Ti—10B; 85Ti—15B; 82Ti—18 B. The calculated
boron content in titanium boride TiB is 18.6%
(by weight), in titanium diboride TiB, is 31.4%
(by weight). The reaction products, as expected, were
a mixture of boride phases (TiB and TiB,) in a tita-
nium matrix. A number of publications [39—44] pro-
vide information on the synthesis of titanium diboride
during mechanical activation. Mechanical activation
was carried out in an argon atmosphere. Sometimes,
the process time was very long. Thus, in [39], the
reagents were titanium and amorphous boron. The
TiB, phase began to appear after 180 h of mechanical
activation, and the Ti phase disappeared after 280 h of
mechanical processing. In [40], the mechanical acti-
vation time was 60 h. Mechanical activation, com-
bined with the transmission of electric discharges
through the charge, intensified the process of boride
formation (according to X-ray diffraction analysis, the
reaction products consisted of TiB and TiB, phases
after 10 min of treatment); however, the process obvi-
ously required more complex equipment [41]. The
authors believe that the reason for the rapid comple-
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tion of the process is the additional heating of the
charge when electric spark discharges, which create a
high temperature, are passed through it. The time of
mechanical activation was also short (10 min) in [42].
The probable reason was an additional operation—
heat treatment in a vacuum furnace at 1000°C for 1 h.
The resulting product, according to X-ray phase anal-
ysis, is single-phase (TiB,). Powders consist of parti-
cles less than 1 micron in size, collected in aggregates
ranging in size from 5 to 20 microns, which is the rea-
son for the small values of the specific surface area
(2.7 m?/g). Mechanical activation is accompanied by
wear of the grinding media. For example, for this rea-
son, the iron content in the reaction products was sig-
nificant (1.55% (by weight)) [43]. The time of
mechanical activation was very short in [44]. Titanium
diboride was obtained after 2 h by processing the
charge in a planetary ball mill in an argon atmosphere
at a ball to charge weight ratio of 17 : 1. The particle
size of the objective compound was 1.8 um.

Borothermal Reduction

In [45], a mixture of titanium oxide TiO, and
amorphous boron was preliminarily subjected to
mechanical activation for 25 h. The process was car-
ried out in vacuum. An additional stage was the heat
treatment of the mechanically activated powder at
1050°C. Initially, the interaction of TiO, oxide and
boron forms titanium (III) borate TiBO; and one of
the lower titanium oxides Ti,O;. Next, the formation
of the target product—TiB, and a by-product—Ilower
boron oxide B,0, occurs. This oxide was removed by
treatment with hot water. The particle size of the tita-
nium diboride powder was 0.5—1.5 um; the particles
are predominantly aggregated. Chen et al. [46] pro-
vided information on the preparation of titanium
diboride using an exothermic additive (a mixture of
sodium and sulfur to form Na,S sulfide). The reagents
were taken in a molar ratio TiO, : B=1:4. The process
was carried out in an autoclave. The autoclave was
heated to 150°C and kept at this temperature for 2 h. A
multi-stage enrichment procedure followed. The reac-
tion products were treated sequentially with absolute
ethanol, distilled water, hydrochloric acid, distilled
water, and absolute ethanol, and then dried in a vac-
uum oven at 60°C for 8 h. The authors note that during
the acid treatment of the reaction products, toxic
hydrogen sulfide is released during the decomposition
of sodium sulfide. The enriched product according to
X-ray phase analysis was single-phase (TIB,), with an
average particle size of approximately 100 nm.

Carbothermal Reduction
The process is described by the total reaction

TiO, + B,0, + 5C = TiB, + 5CO. (6)

According to the results of thermodynamic calcu-
lations performed in [47], it was found that in the
TiO,—B,0;—C system with a stoichiometric composi-
tion of the charge for reaction (6), the interaction
begins with the dissociation of titanium oxide TiO,
with the formation of Ti,O; in the temperature range
of 720—800 K. Titanium carbide is formed by the reac-
tion of Ti,O; and carbon at temperatures of 830—
850 K, and then it reacts with boron oxide B,O; to
form TiB, diboride. Above 880 K, titanium diboride is
the only condensed phase. In [48], experiments were
carried out in an argon atmosphere at its pressure of
0.1 MPa and temperatures of 940, 1100, 1200, 1400,
1500, and 1600°C at a molar ratio of reagents
TiO, : B,O;: C=1:2:8 (boron oxide and carbon was
present in the charge in amounts exceeding stoichio-
metric for reaction (6)). The exposure time in all cases
was 45 min. The reaction products consisted only of
titanium diboride at temperatures above 1400°C. In
[49], a charge with a molar ratio of reagents
TiO,: B,O;: C=1:2:5.4 (boron oxide and carbon
were present in the charge in amounts exceeding stoi-
chiometric for reaction (6)) was preliminarily sub-
jected to high-energy grinding for 1, 48, 100, and
200 h. Next, the powder mixture was subjected to heat
treatment at temperatures of 600—1400°C for 1 h
under vacuum (1—50 Pa). X-ray diffraction analysis
revealed that the process of boride formation proceeds
through the formation of intermediate phases: Ti;Os,
Ti,0;, Ti,O, TiO and TiBO;. At high-energy grinding
times of 48, 100, and 200 h, the products containing
only the TiB, phase were obtained at temperatures of
1300, 1300, and 1200°C, respectively. The particle size
of titanium diboride was in the range of 2—5 um. The
authors note that in the absence of high-energy grind-
ing, similar results were obtained at a much higher
(1500°C) temperature. [50] reported the use of a new
source of boron—partially dehydrated boric acid
HBO,. For this, boric acid was heated at 120°C for 8 h.
The effect of different boron sources (H;BO;, HBO,,
and B,0,), different amounts of HBO, in the charge
(42.9—46.7% (by weight)), and heat treatment tem-
peratures (1400—1800°C) on the composition and
microstructure of the reaction products was studied.
The best results (containing only the TiB, phase, a
powder with a particle size of about 10 um) were
achieved by holding a charge in argon with an HBO,
content of 46.7% (by weight) in argon for 30 min at a
temperature of 1700°C. In [51], resin was used as a car-
bon source (its characteristics were not given). A
charge was used with a molar ratio of reagents
TiO,: B,0O;: C=1:2:5 (boron oxide and carbon
were present in the charge in amounts exceeding stoi-
chiometric for the reaction (6)). The charge compo-
nents were mixed in a planetary ball mill in acetone
medium for 2 h. Then, the mixture was dried at 70°C,
and finally heated in argon at 500°C to decompose the
resin. The reaction mixture was heat treated at 1500°C

STEEL IN TRANSLATION  Vol. 51 No.2 2021



DIBORIDES OF SOME TRANSITION METALS 99

in argon for 20 min. After synthesis, the reaction prod-
ucts were ground for 12 h in methanol to break down
agglomerates and remove unreacted boron oxides.
The authors believe that when the charge is heated,
titanium carbide is initially formed. Then, it interacts
with boron oxide to form titanium diboride. This is
evidenced by the presence of two phases (TiC and
TiB,) in the reaction products after heat treatment for
10 min. The content of only one phase (TiB,) was
recorded by X-ray phase analysis after heat treatment
for 20 min. The titanium diboride particles were
approximately 2 microns in size; they are aggregated.
After grinding in a planetary mill for 12 h, the aggre-
gates were destroyed and the particle size decreased to
about 80 nm. It is noteworthy that in [48—51], the charge
contained a twofold excess of boron oxide as compared
with the stoichiometry required for reaction (6). The
most probable reason is the significant evaporation of
this compound at synthesis temperatures [34]. The
synthesis of titanium diboride nano-powder by the
sol—gel method is described in [52]. The reagents were
tetrabutyl titanate Ti(OCH,—CH,—CH,—CH;),,
boric acid, and sucrose. Initially, boric acid and
sucrose were dissolved in distilled water with stirring.
The solution was then slowly mixed with a titanium
precursor (tetrabutyl titanate) to form a gel. The gel
was dried at 120—140°C for 24 h until a dry residue was
formed. The samples were heated for 2 h in an argon
atmosphere. At temperatures of 1000, 1100, and
1200°C, the reaction products contained two phases:
TiC and TiB,. Only one titanium diboride was
obtained at 1300°C. The particle size was 3—5 um, the
particles are aggregated. Practically in all works
devoted to this method [47, 48, 50—52], it is reported
that titanium carbide is initially formed. Further, with
an increase in temperature, it is transformed into
diboride according to the most probable reaction of
interaction with boron oxide B,0;. At optimal tem-
peratures, the reaction products contain only one
phase, TiB,, according to X-ray phase analysis.

Metallothermic Reduction

The calciothermic reduction of a TiO,/B mixture
(the molar ratio TiO, : B =1 : 2) was studied in [53].
The reaction mixture consisted of titanium oxide,
amorphous boron, and calcium. Calcium was intro-
duced into the charge with an excess 0of 20%. The reac-
tion was carried out with mechanical activation of the
charge in a planetary ball mill in an argon atmosphere
for 1—-5 h. According to the results of thermogravimet-
ric analysis, the reaction began at a temperature of
836°C. To remove the reaction by-products (CaO and
CaBy), the resulting powders were treated with an ace-
tic acid solution. The particle sizes of titanium
diboride were in the range of 1-2 um. The process of
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magnesiothermic synthesis is described by the total
reaction

TiO, + B,0; + 5Mg = TiB, + 5MgO.  (7)

Boron oxide [54—58] or boric acid [59] were the
sources of boron in magnesiothermic reduction. The
reaction was initiated by local heating of the charge
with a red-hot spiral [54, 59], its mechanical activa-
tion [55], and heating in a furnace [56—58]. The pro-
cess of magnesiothermic synthesis is characterized by
significant heat release. The calculated thermicity for
reaction (7) is 3848 kJ /kg of charge [54]: to reduce it,
it is advisable to introduce inert additives (sodium,
potassium and calcium chlorides) into the charge
[54, 55, 58, 59]. In [54], a mixture of 50% KCl, 25%
NaCl, and 25% CaCl, (by weight) was added to the
reaction mixture at the molar ratio of the reagents
TiO, : B,O;: Mg =1:2:5.5 (magnesium was intro-
duced in a small excess to compensate for its losses
during evaporation). The salt mixture was preheated
to 850°C for complete melting and then ground after
cooling. The content of the salt additive was 0—60%
(by weight) from the mass of the reaction charge. After
stirring for 1 h, the charge and the salt mixture were
tableted and the compressed samples were heated in
an argon medium until the reaction began. After the
end of the process, the samples were washed with dis-
tilled water to remove the salts. This was followed by
grinding and acid enrichment. Since all borides are
unstable to the action of acids [4], the enrichment with
nitric acid was carried out stepwise, and in small por-
tions. X-ray phase analysis revealed the presence of
the following compounds in the reaction products:
TiB,, MgO, Mg,TiO, and Mg;B,0,. The last three
were effectively removed by acid enrichment. The
addition of the salt mixture in an amount of 60%
(by weight) of the reaction mixture led to a decrease in
the reaction start temperature from 785 to 500°C and
the maximum combustion temperature from 1316 to
687°C. In addition, the inert salt diluent led to the for-
mation of deagglomerated particles, which favorably
affected the efficiency of acid cleaning. In [55], the
effect of mechanical activation parameters on the for-
mation of titanium diboride nanopowders was studied.
The results showed that the synthesis process is sig-
nificantly influenced by the ratio of the mass of balls to
the mass of the load and the addition of an inert dilu-
ent (NaCl). When the ratio of the mass of the balls to
the mass of the load 10 : 1, 15 : 1, and 20 : 1, the time
to the start of the reaction was 73, 34, and 40 min,
respectively. When the ratio of the mass of balls to the
mass of the load was 15: 1, the addition of 5% (by
mass) NaCl to the reaction mixture increased the time
before the start of the reaction to 60 min. In all cases,
the reaction products were TiB,, MgO, and Mg, TiO,.
During treatment with an 18% HCI solution at 60°C
for 30 min, the unwanted compounds were completely
removed. The enriched product (TiB,) had an average
particle size of about 140 nm according to scanning
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electron microscopy. In [56], on the basis of thermo-
dynamic calculations and experimental data, a possi-
ble mechanism for the formation of titanium diboride
was proposed, which consists in the sequential course
of reactions

TiO, + Mg = TiO + MgO, (8)
TiO + Mg = Ti + MgO, )
Ti + B,O, + 3Mg = TiB, + MgO. (10)

In [57], the optimal parameters of acid treatment of
the reaction products were determined. X-ray phase
analysis revealed the presence of TiB,, MgO, Mg, TiO,,
and Mg;B,04 compounds in them. The best results
were achieved upon treatment with hydrochloric acid
with a concentration of 9.3 M for 30 min at a suspen-
sion ratio of S : L = 1 : 5. The resulting titanium
diboride was porous agglomerated particles with a par-
ticle size of 1 to 30 um and a developed surface
(=23 m?/g). In [58], the synthesis was carried out in a
liquid eutectic LiClI/KCI melt at a temperature of
700°C. The use of a salt melt led to the formation of
homogeneous and ultrafine particles (size 8.1 *
1.4 nm) of titanium diboride. It was shown in [59] that
preliminary mechanical activation of the charge prac-
tically does not affect the size of TiB, particles, and the
addition of an inert diluent (NaCl) reduces their aver-
age size from 31 to 27 nm. In a number of works
[54, 55, 57, 59], the presence of undesirable (yield-
reducing) by-products of the reaction (Mg;B,0, and
Mg,TiO,) is noted. However, they are easily removed
during acid treatment. To initiate the reaction, it is
possible to carry out partial oxidation of magnesium
when it interacts with water [60]. A feature of this pro-
cess is the use of boron as a reagent (and not boron
oxide). The molar ratio of the reagents is as follows:
TiO,: B: Mg: H,0=1:3:12:10. Thus, boron was
taken in a 1.5-fold excess. Powdered reagents were
stirred in an autoclave, after which distilled water was
added to the mixture. The autoclave was closed,
heated to a temperature of 150°C and held for 2 h. The
authors noted that due to the release of hydrogen, the
pressure in the reactor is very high (49.15 MPa). The
reaction products were treated with hydrochloric acid
(0.2 M), distilled water, and ethanol and then dried in
a vacuum oven at 60°C for 8 h. The resulting product
was single-phase (TiB,) and consisted of spherical
particles of approximately 200 nm in size. Magnesio-
thermic synthesis can also be attributed to the process
using magnesium diboride MgB, as a reducing agent
(and at the same time a source of boron) [61]. The tita-
nium source was TiCl; chloride. The reagents in a
molar ratio TiCl; : MgB, =1 : 1.5 (boron was taken in
a 1.5-fold excess) were mixed in a helium medium.
Then, they were subjected to heat treatment in vac-
uum at a temperature of 850°C for 18 h. After the pro-
cess was completed, the products were ground and
treated with water or methanol to remove the magne-
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sium chloride. The resulting product was single-phase
(TiB,) and consisted of aggregated nanosized parti-
cles. The yield was at 80%. It is also reported that tita-
nium may be added to the charge for the beneficial use
of excess boron.

When titanium diboride is prepared by the metallo-
thermic method, aluminum can be used as a reducing
agent [62]. In the studied process, at the first stage,
boron oxide was dissolved in titanium isopropoxide
Ti[OCH(CH;),]4 and isopropyl alcohol C;HgO. The
resulting solution was mixed for 2 h at 90°C. The
formed precipitate was dried for 24 h. Then aluminum
powder was added to it. This charge was mechanically
activated in an argon atmosphere for 15 h. The reac-
tion products were treated with a NaOH solution
(10M) to remove alumina and unreacted aluminum.
After decantation, the precipitate was washed with
deionized water and dried in air at 100°C. According
to scanning electron microscopy, the average particle
size of the resulting titanium diboride was about
30 nm.

In [63], the interaction of titanium chloride TiCl,
with lithium borohydride LiBH, and lithium hydride
LiH was studied by the reaction

TiCl, + 2LiBH, + LiH
= TiB, + 3LiCl + 4.5H,.

The synthesis of titanium diboride was carried out
by mechanical activation of the reaction mixture in an
argon medium. The enrichment was carried out
sequentially by treatment with water, ethanol and ace-
tone. The single-phase product (TiB,) had a particle
size of 15—60 nm.

(1)

Carbide-Boron Reduction

Total reaction of the process
2TiO, + B,C + 3C = 2TiB, + 4CO. (12)

This method is considered the most promising for
the large-scale production of titanium diboride [7]. In
[64] titanium dioxide, boron carbide according to
GOST 5744—85 [65] (grain size not specified) and
soot PM-50 GOST 7885—86 [66] were used as
reagents. The content of impurities in such a carbide
can be significant. For example, for boron carbide
micropowders of the M40, M28, M20, and M 14 grain
sizes, the free carbon content should be no more than
10% (by weight). The author directly points out that
due to the discrepancy between the composition of the
boron carbide used and the calculated one (that is,
B,C), when compiling the charge formulation, it is
necessary to recalculate the amount of soot added to
the charge. According to the results of the experi-
ments, the optimal parameters of the process were
found: exposure for 60 min at a temperature of 1900°C
in a hydrogen medium. Information about the disper-
sion is not provided.
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The preparation of doped titanium diboride is
described in [67]. Optimal process parameters: expo-
sure for 60 min at a temperature of 1800°C. The aver-
age particle size of the resulting compound after grind-
ing for 5 h was 1.3 um. The shape of the particles in this
case, of course, became fragmentary.

In [68], petroleum coke with an average particle
size of 18 um was used as a carbon material. The
reagents were stirred in a planetary mill for 4 h in an
almost stoichiometric ratio for the reaction (12). The
experiments were carried out in a deep vacuum (4 X
10~° mbar = 0.004 Pa). At a temperature of 1820°C,
the boride formation reaction proceeded almost com-
pletely, as evidenced by a weight loss of 44.6—44.9%
(by weight) (calculated value 44.44% (by weight)) and
the presence of only the TiB, phase in the reaction
products; the content of impurities is 0.5% O; 0.5% N;
0.6% C (by weight). After grinding, the average parti-
cle size of titanium diboride was approximately 1 um.
Titanium isopropoxide can be used as a precursor of
titanium dioxide and carbon in this method [69]. In
experiments, it was hydrolyzed to form first titanium
hydroxide Ti(OH),, and then highly dispersed tita-
nium oxide TiO,. Next, boron carbide was added to
this suspension. The suspensions were mixed for
105 min and then dried under vacuum at 140°C. Heat
treatment of the dry residue in argon for 1 h at a tem-
perature of 1200°C yielded a single-phase product,
TiB,. The particle sizes of titanium diboride were 0.2—
0.5 um.

In [70], titanium dioxide, boron carbide, and soot
were used as reagents. The influence of various
amounts of boron carbide (22.0—26.8% by weight),
temperature (1400—1900°C), and heat treatment time
(15—90 min) on the composition and microstructure
was studied. The process was carried out in an argon
atmosphere. At a temperature of 1800°C, a boron car-
bide content in the charge of 25.3% (by weight) and a
holding time of 30 min, titanium diboride with an
average particle size of about 1 um was obtained. It
should be noted that the calculated content of boron
carbide in the charge as applied to the reaction (12) is
22.2% (by weight). Therefore, under optimal synthesis
conditions, its content in the charge exceeded the
required stoichiometry.

In [71], titanium diboride was obtained in a cruci-
ble-type induction furnace in an argon atmosphere
using nanofibrous carbon characterized by a signifi-
cant specific surface area (approximately 150 m?/g)
and a low content of impurities (approximately 1%
(by weight)) [72], also highly dispersed boron carbide
with an impurity content (approximately 1% (by
weight)) [73]. At heat treatment temperatures of 1600
and 1700°C, regardless of the time of the experiment,
the weight loss (43.6—43.8% (by weight)) practically
coincided with the calculated one (44.0%), which was
an obvious proof of the completion of the process.
Thus, the optimal parameters of the process are: tem-
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perature 1600°C; heat treatment time 20 min. The
content of impurities does not exceed 2.5%
(by weight), the average particle size of the diboride
obtained at a temperature of 1600°C, determined by
the “geometric” method [74], was 7.4 um.

Deposition from the Vapor— Gas Phase

Titanium Diboride mixture (73.85—75.54%
(by weight)) and titanium nitride (10.23—11.31%
(by weight)) was obtained in a nitrogen-hydrogen
plasma stream by reducing of titanium dioxide with
propane-butane in the presence of boron [75]. The
average particle size was 36 nm. The preparation of
this compound in argon plasma is described in [76]. At
the molar ratio B : Ti = 1 : 2 in the initial mixture, the
reaction products contained the phases TiB,, TiB,
and Ti. The particle size was 20—30 nm.

Preparation of Vanadium Diboride
Synthesis from Vanadium and Boron

The mixture preparation of vanadium borides
(V;B,, VB, VB¢, V;B,, V,B;, and VB,) by the SHS
process was studied in [77]. To obtain homogeneous
mixtures, powders of vanadium and boron in different
molar ratios were stirred for 12 h. The reactor was
filled with argon. To maintain stable combustion, a
mixture with a molar ratio of V: B =1 : 2 was pre-
heated to 300°C. With this ratio of reagents, a single—
phase product, VB, diboride, was obtained.

In [78], it was reported on the preparation of a
nanosized powder of vanadium diboride from a mix-
ture in a molar ratio V: B=1: 2 (that is, stoichiomet-
ric composition). Mechanical activation was per-
formed for 4 h.

Borothermal Reduction

In [79], the process was carried out according to
the total reaction

V,0;5 + 34B = 2VB, + 5BO. (13)

Vanadium diboride was formed at a temperature of

approximately 1300°C. Noteworthy is the significant
consumption of boron.

Carbothermal Reduction

The preparation of vanadium diboride layers by
electron beam treatment of charges with a molar ratio
V:B:C:0=2:4:3:3 on the surface of carbon steel
samples in high vacuum (10~3—10~2 Pa) was described
in [41, 80, 81].
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Metallothermic Reduction

The total reaction of the magnesiothermic process
using vanadium and boron oxides

V,05 + 2B,0, + 11Mg = 2VB, + 11MgO.  (14)

The process was investigated in [82]. The charge
was heated at a temperature of 1150°C in an argon
flow. Vanadium diboride was obtained with a twofold
excess of boron oxide and an approximately one and a
half-fold excess of magnesium over stoichiometry.
The content of impurities in the finished product was
0.6% (by weight). In magnesiothermic synthesis,
other reagents can be used: vanadium chloride VCl,
and sodium borohydride NaBH, [83]. These reagents,
together with magnesium, were loaded into an auto-
clave and kept in it for 8 h at a temperature of 650°C.
Due to the release of hydrogen, the pressure in the
autoclave during the synthesis can reach 12.4 MPa.
The particle size of vanadium diboride is 50—100 nm.

The process with the use of magnesium diboride
MgB, as a reducing agent (and at the same time as a
source of boron) can also be attributed to the magne-
siothermic process [61]. The process was carried out in
a vacuum. The source of vanadium was chloride VCls.
The reagents in the molar ratio VCI; : MgB, =1: 1.5
(boron was taken in a 1.5-fold excess) were mixed in a
helium medium. Then they were subjected to heat
treatment in a vacuum at a temperature of 850°C for
18 h. After the process was completed, the products
were ground and treated with water or methanol to
remove the magnesium chloride. The resulting prod-
uct was single-phase (VB,) and consisted of aggre-
gated nanosized particles. The yield was at 80%. In
[63], the interaction of titanium chloride VCl; with
lithium borohydride LiBH, and lithium hydride LiH
was studied by the reaction

VCI, + 2LiBH, + LiH = VB, + 3LiCl + 4.5H,.(15)

The synthesis of vanadium diboride was carried out
by mechanical activation of the reaction mixture in an
argon medium. The enrichment was carried out by
sequential treatment with water, ethanol and acetone.
The single-phase product (VB,) had a particle size of
15—60 nm.

Carbide-Boron Reduction

Meerson and Samsonov mentioned the possibility
of obtaining vanadium diboride by this method [84].
Process parameters and product characteristics were
not provided. In [85], vanadium diboride was obtained
in a crucible-type induction furnace in an argon atmo-
sphere using nanofibrous carbon characterized by a
significant (approximately 150 m?/g) specific surface
area and a low (approximately 1% (by weight)) impu-
rity content [72], with using finely dispersed boron
carbide with an impurity content of about 1% (by
weight) [73]. At heat treatment temperatures of 1600
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and 1700°C and a heat treatment time of 20 min, the
experimental weight loss (37.0—38.6% (by weight))
practically coincided with the calculated one (36.2%
(by weight)), which was an obvious proof of complete-
ness of process. Thus, the optimal parameters of the
process are: temperature 1600°C, time 20 min. The
content of impurities does not exceed 2.5% (by
weight), the average particle size of the diboride
obtained at a temperature of 1600°C, determined by
the “geometric” method [74], was 8.9 um.

Deposition from the Vapor— Gas Phase

Vanadium diboride with a basic substance content
0f 90.04—-92.22% (by weight) was obtained in a nitro-
gen—hydrogen plasma stream during the reduction of
V,0; oxide with propane—butane in the presence of
boron [75]. The average particle size was 36 nm.

In most of the cited works on the synthesis of tita-
nium and vanadium diborides [38—43, 60—62, 69, 70,
77—79, 82—84], information on the content of impu-
rities in the target product was not given.

CONCLUSIONS

Information on refractory oxygen-free metal-like
compounds, titanium and vanadium diborides, is pre-
sented. Their properties and applications are consid-
ered. Titanium and vanadium diborides are character-
ized by high thermal and electrical conductivity, sig-
nificant hardness, and chemical inertness. For these
reasons, such compounds have found application in a
variety of areas. Methods for the preparation of these
compounds are described and analyzed, and the fea-
tures of these methods are indicated. In most works on
the synthesis of titanium and vanadium diborides,
their preparation from simple substances by carboth-
ermal, metallothermic and carbide-boron processes is
considered. Information on the preparation of these
compounds by borothermal reduction of oxides and
precipitation from the vapor-gas phase is scarce. An
interesting feature was revealed: in most of the cited
works on the methods of obtaining, the information
on the purity of the reaction products are not given.
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