
Arabian Journal for Science and Engineering (2022) 47:7551–7558
https://doi.org/10.1007/s13369-021-06213-2

RESEARCH ART ICLE -PHYS ICS

Thermodynamic Prediction and Synthesis of a Titanium Diboride
Powder by Reduction of Titanium Dioxide with Boron Carbide in Argon
Atmosphere

Liaqat Ali Shah1

Received: 18 April 2021 / Accepted: 12 September 2021 / Published online: 8 October 2021
© King Fahd University of Petroleum &Minerals 2021

Abstract
An extreme case reaction, the formation of fine titanium diboride (TiB2) powder by the reduction of titanium oxide (TiO2) with
boron carbide (B4C) (molar ratio of B4C/TiO2 � 0.714 without carbon black (C)) in the Argon atmosphere, was confirmed
through both thermodynamical calculation and experimental results. Because the intermediate product boron-oxide (B2O3)
produced in the extreme case reaction and those of general boro/carbothermal reaction (i.e., molar ratio B4C/TiO2 � 0.5 with
1.5 molar of C) and intermediate reaction (molar ratio of B4C/TiO2 � 0.833 without C) was volatile, excess boron (B) should
be added, as in the extreme case reaction, to compensate for the B loss in order to prepare high-purity TiB2 powder. The
experimental results and the reaction mechanism indicate that the formation of TiB2 powder occurs in the following steps:
Firstly, the TiO2 reduced to titanium carbide (TiC), titanium borate (TiBO3), B2O3, C and TiB2. Secondly, the by-product
C and B2O3 reacted together to form B4C at temperature as high as 1562 °C. Finally, the by-product TiC, TiBO3 and B4C
reacted together to complete the TiB2 formation reaction. The sole suitable situation for obtaining purified fine TiB2 powder
was the extreme case reaction. Experiments indicated that the optimum synthesis temperature and firing time for the extreme
case reaction were about 1580 °C and 1 h, respectively. The morphology of the TiB2 powder that was synthesized resembled
a hexagonal shape.
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1 Introduction

Titanium borides (Ti2B, TiB and TiB2) are one of the univer-
sally exploredmetal borides due to their various forms. Their
amazing properties, such as high chemical stability, outstand-
ing refractory properties and excellent thermal conductivity,
have led them to an increased attention in employing for high-
temperature applications [1, 2]. In comparison with other
forms of titaniumboride, titaniumdiboride (TiB2) has gained
heightened interest in the industrial sector. This is mainly
for its high strength, high stability, durability and erosion
resistance [3]. These remarkable characteristics have led tita-
nium diboride to the extensive use in industrial applications,
including cutting tools, wear-resistant coatings, electrical
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switch interfaces, corrosion resistance and even the extrac-
tion of aluminum [2, 4]. Titaniumdiboride and its composites
with ceramics or metals can also be applied as ballistic pro-
tection materials [5, 6].

Although the synthesis of metal borides is known for over
100 years, however, their production remains an experimen-
tal challenge. Several techniques have been built to prepare
titanium diboride powders, including mechanical alloying
method, carbothermal reduction technique, sol–gel method
self-propagating high-temperature synthesis method, molten
salt synthesis and so on [7–15]. From the time of discovery
of each technique to produce titanium diboride, chemists,
engineers and material scientists have been experimenting to
develop inexpensive techniques yielding quality final prod-
ucts with remarkable properties and applications.

Among these conventional techniques the
boro/carbothermal and carbothermal reduction processes
are the cost-effective techniques to produce metal diboride
powders. In these reduction processes the boron carbide
(B4C), boron trioxide (B2O3) and boric acid (H3BO3)
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Fig. 1 Changes in free energy of formation reactions

are commonly used as boron sources and titanium diox-
ide (TiO2) as a titanium source. Beside titanium and boron
sources, carbon and boron carbide play the role of a reducing
agent. The reduction of titanium dioxide can be illustrated
by the following overall reactions:

2H3BO3 + TiO2 + 5C � TiB2 + 5CO (g) + 3H2O (g)
(1)

B2O3 + TiO2 + 5C � TiB2 + 5CO (g) (2)

B4C + 2TiO2 + 3C � 2TiB2 + 4CO (g) (3)

Figure 1 illustrates the changes in the free energy of for-
mation for reactions (1), (2) and (3). It can be estimated
from thermodynamic study that the formation of titanium
diboride powder from reaction (1) and (3) is possible at tem-
perature as low as 1100 °C (Fig. 1). However, such results
have not been reported yet. The titanium diboride powders
from boro/carbothermal and carbothermal reduction meth-
ods occur almost above 1600 °C. For example, mixtures of
titanium dioxide, carbon and boron carbide are reacted at
about 1800 °C in an inert atmosphere or vacuum [16]. This
means that there are intermediate reactions that occur which
divert the pure titanium diboride preparation at a high tem-
perature.

The method in which boron carbide is used as a boron
source is the more effective process than others carbothermal
reduction process as boron carbide is stable at very high tem-
peratures [17–19] in comparison with others boron sources.
Powders prepared through the carbothermal process from
boric acid or boron trioxide lead to formation or addition
of undesired impurities in the final product as these boron
sources can easily volatilize at high temperatures [13, 14,
20].

So far, few researchers have carried out the synthe-
sis of metal diboride such as titanium diboride employing
TiO2-B4C-C system [21–23], which is mostly focused on
experimental studies to prepare titanium diboride powder
with optimum parameters. Currently, there is little available
information concerning the thermodynamic analysis of the
boro/carbothermal reduction in titanium dioxide-boron car-
bide–carbon system, but these theoretical data are vital to
achieve a titanium diboride powder which predicts the for-
mation mechanism of the deposit. More recently, Yu et al.
[21] and Fu and Koc [16] prepared the titanium diboride and
titanium diboride–titanium carbide (TiC) powder mixture,
respectively, from TiO2-B4C-C mixture. They testified that
the boron trioxide intermediate phase formation and its evap-
oration at high-temperature lead to the deficiency of boron
source and thus add impurities to the final products. To avoid
this deficiency, they added extra boron carbide contents to
get pure titanium diboride. However, this extra boron car-
bide also added extra carbon to the final product, which was
not taken into consideration. In both of these studies, the
authors reported the production of boron trioxide by inter-
mediate reaction. However, the reaction path of borothermal
reductions to form titanium diboride and boron trioxide has
not been discussed. The metal (M) boride such as hafnium
diboride (HfB2) and zirconium diboride (ZrB2) was also
synthesized at relatively low-temperature under vacuum con-
dition using the extreme case boro/carbothermal reduction
process as presented by the reaction (4) [24, 25].

MO2 + 5/7B4C � MB2 + 3/7B2O3 + 5/7CO (4)

You et al. [26] synthesized tantalum diboride (TaB2) at
1550 °C in vacuumusing the extreme case boro/carbothermal
reduction process. Jung et al. [24] synthesized zirconium
diboride at 1600 °C in argon atmosphere instead of vac-
uum using the extreme case boro/carbothermal reduction
process. However, these studies were not completely sup-
ported by the thermodynamic studies. In this extreme case
boro/carbothermal reduction synthesis, which is also termed
borocarbide reduction process, the boron carbide is used as
both boron and carbon source. The theoretical and exper-
imental analyses on the preparation characteristics of the
powder by boro/carbothermal or/and borocarbide reduction
process are still a challenge to understand the phenomena
involved. To the best of the author’s knowledge, the boro-
carbide reduction synthesis technique has not been reported
for titaniumdiboride preparation inAr atmospherewith com-
plete thermodynamic studies. Therefore, in the present work,
beside the thermodynamic analysis, the synthesis of tita-
nium diboride via borocarbide reduction technique in Ar
atmosphere was performed. The influences of different syn-
thesis temperature and different initial reactants composition
estimated from general, intermediate and extreme case of

123



Arabian Journal for Science and Engineering (2022) 47:7551–7558 7553

reactions involved in boro/carbothermal reduction process
on the titanium diboride formation were discussed to inves-
tigate the relevant optimum condition.

2 Material and Experimental Techniques

The commercial raw materials, including titanium diox-
ide (purity≥99.98%, particle size<10 μm), boron carbide
(purity≥99.0%, particle size≤10μm) and carbon black (C,
purity≥99.0%, particle size≤20μm)powders,were used as
the starting materials. The commercial available TiB2 pow-
der (purity≥99.5%, particle size<20 μm) was used as a
standard material. The range of synthesis temperature was
predicted from thermodynamic calculation, and the range
of firing time was estimated from the reported carbother-
mal reduction technique [21]. The experiment was carried
out under the Ar atmosphere to avoid the oxidation process
during synthesis ofTiB2 powder. The initial rawmaterial esti-
mated from stoichiometric composition of reactions (5) to (7)
was well mixed in amortar- pestle system. Reaction (5) to (7)
were designated as general (molar ratio B4C/TiO2 � 0.5with
1.5 molar carbon), intermediate (molar ratio of B4C/TiO2

� 0.833 without carbon) and extreme case (molar ratio of
B4C/TiO2 � 0.714 without carbon) reactions, respectively.
Each group of powder mixture was put into the graphite cru-
cible and loaded in a vertical alumina tube (I/D 6 cm) furnace.
The sample was heated at 1580 °C for 1 h under the flow-
ing Ar gas with a heating rate of 10 °C/min. Subsequently,
the furnace was cooled down to room temperature by natural
rate. The flowing Ar gas was mainly used to avoid the oxi-
dation process during synthesis of TiB2 powder. Moreover,
the optimal group of a sample was heated at 1200 °C and
1400 °C for 1 h to investigate the reaction mechanism. The
whole borocarbide reduction synthesis process was summa-
rized in the form of a flowchart (Fig. 2).

TiO2 + 1/2 B4C + 3/2C � TiB2 + 2CO (g) (5)

TiO2 + 5/6 B4C � TiB2 + 2/3B2O3 + 5/6C (6)

TiO2 + 5/7 B4C � TiB2 + 3/7 B2O3 + 5/7CO (g) (7)

In order to support the optimum group results, the ignition
loss of the three groups of synthesized samples at 1580 °C for
1 h was also calculated according to the following formulas:

Ir � M − Mr

M
× 100% (i)

It � M − Mt

M
× 100% (ii)

Fig. 2 Flowchart of borocarbide reduction synthesis procedure

where Ir , I t ,Mr ,Mt andM denote the real ignition loss, the-
oretical ignition loss, mass of the synthesized products, mass
of the desired product according to corresponding reactions
(5)–(7) and mass of the total initial reactants, respectively.

The chemical reaction and equilibrium software (HSC
chemistry-6) was used to achieve thermodynamic data,
including enthalpy and Gibbs free energy value. The qual-
itative phase analyses of the as-synthesized powders were
carried out via X-ray diffraction (XRD) techniques (XRD,
PANalytical, XPERTPRO MPD) with Cu Kα radiation. X-
ray diffraction spectra were recorded at 40 mA and 40 kV
using Cu Kα radiation (k � 1.5418 Å). For the microstruc-
ture observation, the powders were fixed on the alumina
stub by an adhesive carbon tape and coated with a thin
film of platinum and the micrograph was obtained through a
scanning electronmicroscope (SEM, Semicon, JSM-7001F).
The energy-dispersiveX-ray spectroscopy (EDS) linkedwith
the scanning electron microscope was used to qualitatively
determine the elemental compositions of the synthesized
products. The specific surface area was calculated according
to the Brunauer, Emmett and Teller (BET) method from N2
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Fig. 3 Relationship between Gibbs free energy and temperature

adsorption–desorption isotherms obtained by AUTOSORB-
1 analyzer (Quantachrome).

3 Results and Discussion

3.1 The Reaction Process

The general reaction (5) is involved in the titanium diboride
powders synthesis via boro/carbothermal reduction. How-
ever, compliant with the reported results and the current
experimental observation, a sublimate boron trioxide phase
was observed on the cold flange of the furnace tube at tem-
peratures as low as 1200 °C. It is indicated that the following
intermediate reactions may occur at lower synthesis temper-
ature according to the thermodynamic approach (Fig. 3):

TiO2 + 5/9B4C � 4/9TiB2 + 2/3B2O3 + 5/9TiC (8)

TiC + 1/2B4C � TiB2 + 3/2C (9)

The overall reaction (6) can be derived by combining the
reactions (8) and (9) with 1:0.833 molar ratios for titanium
dioxide and boron carbide.

The high ratio of boron carbide in reaction (6) in compari-
son with reaction (5) can be acquired at a higher temperature
from the carbothermal reaction as follows:

B2O3 + 7/2C � 1/2B4C + 3CO (g) (10)

The reaction (10) is the dominant reactions which con-
straints the completion of the titanium diboride formation
reaction via boro/carbothermal reduction technique (i.e.,
reaction (5)) at low temperature. The general reaction (5)
can be deduced by combining the reactions (6) and (10) with

the molar ratio of 1:0.5 for titanium dioxide and boron car-
bide. In extreme case, the general reaction (5) can be reduced
to reaction (7).

In this extreme case reaction (i.e., reaction (7)), the excess
of boron carbide generates an extra boron trioxide in the final
products according to reaction (8), and the less carbon as an
intermediate product (reaction (9)) which is easily consumed
to react with the high content of liquid phase intermediated
product boron trioxide, according to reaction (10).

The thermodynamic data indicate that the reaction (6)
has negative Gibbs energy in the whole synthesis temper-
ature range and thus may occur at every temperature, while
the reaction (10) severely occurs at temperature as high as
1562 °C (Fig. 3). The temperature corresponding to the cross-
point of the reactions (6) and (10) was at about 1562 °C.
The reaction (10) is more significant above the cross point
temperature, while the reaction (6) is important below the
cross-point temperature. To investigate the reaction process,
in view of present thermodynamic data, the synthesized sam-
ple at 1580 °C for 1 h firing time, estimated from the general
reactions (5), intermediate reaction (6)) and the extreme case
general reaction (7) are discussed in the following sections.

3.2 Influence of Different Initial Reactants
Composition on TitaniumDiboride Powder
Formation

The sample, synthesized from the initial reactants of titanium
dioxide, boron carbide and carbon estimated from reaction
(5) after 1 h firing at 1580 °C, showed the peaks of expected
desired phase of titanium diboride along with titanium car-
bide and carbon (Fig. 4a). The appearance of carbon and
titanium carbide peaks indicates that some amount of inter-
mediate product boron trioxide has been evaporated at high
temperature, which constraint the completion of intermedi-
ate reaction (6). Therefore, the reaction (9) also remained
incomplete. Thus, the intermediate product titanium carbide
and carbon appeared as impurities. When the initial reac-
tants for the formation of product was estimated from the
stoichiometric composition of intermediate reaction (6), the
pattern showed the peaks of desired expected phase of tita-
nium diboride along with an unexpected phase of boron
carbide (Fig. 4c). The appearance of boron carbide confirmed
the reactionmechanismbetween the intermediate by-product
carbon and boron trioxide according to reaction (10). When
the initial reactants were estimated from the stoichiometric
composition of the extreme case general reaction (7) for the
formation of titanium diboride powder, the X-ray diffrac-
tion pattern showed the same single phase titanium diboride
diffraction pattern as for standard titanium diboride powder
sample (Fig. 4b, d). These results confirmed that the reaction
(7) is a suitable case for titanium diboride formation from
titanium dioxide and boron carbide system at 1580 °C.
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Fig. 4 X-ray diffraction results of samples, estimated from stoichiomet-
ric composition of a reaction (5), b reaction (7) and c reaction (6) fired
for 1 h at 1580 °C, d standard TiB2 powder

The comparing between the theoretical and experimen-
tal/real loss of ignition could disclose the degree of reaction
completion (Fig. 5). In general, if the theoretical ignition loss
is smaller than the experimental one, it will indicate low pro-
ductive rate and high volatilization loss of resultant powders.
In the current researchwork, the experimental ignition-loss of
the sample synthesized from the stoichiometric composition
of general reaction (5) was 2% smaller than that of the theo-
retical ignition loss. In sample estimated from intermediate
reaction (6), the real loss was 2.2% greater than theoretical
value. The experimental ignition loss in the sample synthe-
sized from extreme case general reaction (7) was comparable
to the theoretical value, indicating that the titanium diboride
formation reaction was completed by reduction of titanium
dioxide with boron carbide.

In the reactions (5)–(7), the by-product boron trioxide is a
volatile oxide which has the melting temperature and evap-
orating temperature of 450 °C of 1860 °C, respectively. At
high temperature, the boron trioxide loss could occur because
of its high vapor-pressure and thus affect the reaction com-
pletion. So as to compensate for the loss of boron and to
obtain the purified product powder, the excess of boron car-
bide without using elemental carbon powder in the initial
reactant in terms of extreme case of general reaction (i.e.,
reaction (7)) is the suitable option.

3.3 Influence of Synthesis Temperature
on the TitaniumDiboride Formation

The group of initial reactants estimated from the extreme
case general reaction (7) was selected for investigating the
different temperatures effect on titanium diboride phase
formation (Fig. 6). As shown, titanium diboride was the

Fig. 5 Theoretical and experimental ignition losses of the samples esti-
mated from stoichiometric composition of a reaction (5), b reaction (6)
and c reaction (7) fired for 1 h at 1580 °C

Fig. 6 X-ray diffraction results of samples with initial reactants esti-
mated from reaction (7)) after firing for 1 h at a 1200 °C, b 1400 °C,
c 1580 °C and d standard TiB2 powder

prominent phase at a temperature as low as 1200 °C,
whereas the phases of titanium carbide, titanium borate
(TiBO3) and boron carbide were also found (Fig. 6a). The
appearance of titanium borate phase indicates that besides
the above-discussed reactions, the following reaction may
occur:

TiO2 + 1/3B4C � 1/3TiB2 + 2/3TiBO3 + 1/3C (11)

The titanium borate phase has also been observed in the
previous reports [16, 27, 28]. The titanium borate phase for-
mation may prevent the completion of reactions (8)–(9) at
temperature as low as 1200 °C. When the firing temperature
was increased to 1400 °C, the titanium carbide and boron
carbide phases decreased significantly while the phase of

123



7556 Arabian Journal for Science and Engineering (2022) 47:7551–7558

Fig. 7 Scanning electron
microscope micrograph and
qualitative elemental analysis of
the sample with stoichiometric
composition of reaction (7) after
1 h firing at a 1200 °C,
b 1400 °C, c 1580 °C and
d energy-dispersive X-ray
spectroscopy analysis of sample
synthesized at 1580 °C

C increased. The phase of titanium borate was almost van-
ished (Fig. 6b). When the synthesis temperature was further
increased to 1580 °C, the unwanted phases of titanium car-
bide, carbon and the negligible amount of boron carbide
were disappeared and the single phase titaniumdiboride peak
was obtained (Fig. 6c). The sample synthesized at 1580 °C
showed diffraction pattern as like standard titanium diboride
sample (Fig. 6c–d). These results confirmed that the by-
product carbon contents as observed in samples synthesized
at lower temperature (i.e., 1200 °C and 1400 °C) reacted
with the by-product amorphous boron trioxide (expected
from reaction (8)) to form boron carbide which next reacted
with by-product titanium carbide according to reaction (9)
and thus completed the titanium diboride formation reac-
tion.

3.4 Microstructural Analysis

The powder synthesized at 1200 °C showed irregular crystal
shapes, which could be attributed to inadequate high fir-
ing temperature to provide rapid diffusion necessary for the
growth of crystallite (Fig. 7a). With increasing temperature
to 1400 °C, the hexagonal schistose with inhomogeneous
distribution could be intuitively identified owing to the steps
forward of reduction reaction (Fig. 7b). Upon further increas-
ing the firing temperature to 1580 °C, the hexagonal shapes
with homogenous morphology of titanium diboride crystals

were detected, which could be roughly estimated at less than
2μm (Fig. 7c). The particle size of the synthesized sample is
comparable to the sample synthesized by boro/carbothermal
reduction process and smaller than the carbothermal reduc-
tion synthesized sample as reported [21, 29–31]

The related energy-dispersive X-ray spectroscopy analy-
sis showedmainly titaniumandboron contents, indicating the
titaniumdiboride particle formation (Fig. 7d). The very small
quantity of oxygen and carbon were detected by the energy-
dispersive X-ray spectroscopy analysis, indicating that the
sample is highly pure.

The observed unlabeled peakswere fromplatinumcoating
used for scanning electron microscope. The small quantity
of carbon content may also belong to carbon tape used for
scanning electron microscope instead of by-product mate-
rial. The free oxygen presence in the sample could originate
from the samples handling in non-inert atmospheric labora-
tory conditions as already reported in the literature [32, 33].

3.5 Specific Surface Area

The calculated BET result showed that the SBET of the
fine titanium diboride powders were 5.6 m2/g. The SBET
of the studied sample synthesized by borocarbide reduc-
tion technique is comparable to the samples synthesized
by other conventional methods such as carbothermal and
boro/carbothermal reduction techniques [29–31, 34].
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4 Conclusion

Fine powder of titanium diboride was synthesized by tita-
nium dioxide reduction with boron carbide at 1580 °C. The
holding time for synthesis of titanium diboride via borocar-
bide reduction was 1 h. The synthesized titanium diboride
morphology looked like a hexagonal shape. The reaction
mechanism indicates that in the first phase, the titanium
dioxide reduced to titanium carbide, titanium borate, boron
trioxide, carbon and desired product, titanium diboride. In
the second phase, the by-product carbon and boron trioxide
reacted together to form boron carbide at temperature as high
as 1562 °C. Finally, the by-product titanium carbide, tita-
nium borate and boron carbide reacted together to complete
the titanium diboride formation reaction. The above results
assured that this study provides a new low-temperature syn-
thesis route for nano-sized and micron-sized metal diboride
powders.
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