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Abstract. In this research work, microwave-assisted self-propagating high-temperature synthesis (SHS) process
was employed for the fabrication of titanium diboride (TiB2 ) compound from TiO2 –B2 O3 –Mg mixtures. Thermodynamic evaluations of this system and its relevant subsystems revealed that TiB2 –MgO composite powder can be easily produced by a SHS reaction. However, experimental results of a TiO2 : B2 O3 : 5Mg mixture heated in a domestic
oven showed the formation of some intermediate compounds such as Mg3 B2 O6 , presumably due to some degree of
Mg loss. The optimum amount of Mg in TiO2 : B2 O3 : xMg mixtures, yielding the highest amount of TiB2 phase, was
found to be around 7 mol, i.e., 40 mol% more than the stoichiometric amount. Experimental results revealed that
a pure TiB2 compound could be obtained by leaching the unwanted by-products in an HCl acid solution. Scanning
electron microscopic observations and Scherrer calculations showed that the produced TiB2 contains sub-micron
(150–200 nm) particles, where each particle consists of a number of nanosized (32 nm) crystallites.
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Introduction

Titanium diboride (TiB2 ), the most stable intermetallic compound of titanium and boron, has excellent properties such
as high melting point and hardness, good thermal conductivity and stability together with high chemical and abrasive
resistance. It can be used as cutting tools, abrasives, turbine
blades as well as a cathode in aluminium smelting. As a reinforcement agent, TiB2 improves the mechanical properties of
sintered bodies [1–4].
TiB2 can be commercially synthesized by carbothermic
reduction of a TiO2 –B2 O3 mixture (equation (1)). This
method requires a long time heating at high temperatures
which makes the process very costly, therefore [5,6]
TiO2 + B2 O3 + 5C = TiB2 + 5CO(g).

(1)

In recent times, some inexpensive methods/reagents have been
proposed for the synthesis of TiB2 compound, including chemical vapour deposition [7], sol–gel processing [8], solvothermal
synthesis [9], mechanical alloying [10], thermal plasma process [11] and self-propagating high-temperature synthesis
(SHS) method.
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The last method (SHS) named also as combustion synthesis (CS), utilizes the exothermicity of chemical reactions
to promote the synthesis process [12–15]. To predict the
possibility of use of SHS technique for the synthesis of a
compound, thermodynamic calculations are of a noticeable
help [16,17]. According to Merzhanov’s criterion, the type
of reaction is SHS, if its adiabatic temperature (Tad : highest temperature of the system under adiabatic condition) is
higher than 1800 K [16]. In general, SHS reactions are triggered by using: (i) a furnace or (ii) an electrical element
touching the surface of a green sample. Some advantages of
SHS route can be summarized as: high production rate, simplicity, low energy consumption and good purity of the products
[12,13]. SHS method has been recognized as a promising
synthesis method for the fabrication of various advanced
ceramics, e.g., carbides, nitrides and borides.
SHS synthesis of TiB2 composite materials containing
either MgO or Al2 O3 from TiO2 –(B2 O3 /H3 BO3 )–(Mg/Al)
reagents has been studied by various research groups [18–
29]. It has been found that a SHS reaction gets promoted
if Mg is used as the reducing agent [23]; while in the case
of Al, addition of a mechanical activation step is necessary
for the successful reaction ignition [30]. Moreover, it has
been shown that some by-product phases, such as Mg3 B2 O6 ,
Mg2 TiO4 , AlB2 and TiAl3 could be formed [23,25,26]. These
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unwanted phases can be reduced or eliminated by precise
control of the initial composition of reactants mixture as well
as proper adjustment of synthesis conditions [23,25]. Moreover, addition of diluents such as NaCl results in a lower adiabatic temperature with the consequence of grain reﬁnement
of the ﬁnal product [27]. It has been reported that use of Mg
as the reducing agent is preferred for the fabrication of pure
TiB2 phase due to the ease of elimination of MgO through
acid leaching of TiB2 –MgO powder [29].
In recent times, microwave energy has been used for triggering the SHS systems [31–34]. Since in microwave heating,
heat is generated within the materials, it is totally different
from the conventional heating methods. Internal heat generation during microwave heating brings about a uniform heat
distribution in the samples, resulting in a more homogeneous
product. Other advantages of microwave energy as the heating source are ability of selective heating, shortening the
time/cost of the process together with less environmental pollution [35–37]. The efﬁciency of microwave heating is controlled by heat conductivity and dielectric properties of the
target, microwave frequency and power, as well as operating
temperature [38,39].
Microwave-assisted SHS synthesis of TiB2 –Al2 O3 composite powder has been reported by Farhadinia [40] and
Mousavian [41]. They have shown that for a successful synthesis, mechanical activation of reagents is required. Since
leaching of Al2 O3 phase from the fabricated TiB2 –Al2 O3
composite is not a simple process, production of a pure TiB2
phase cannot be easily achieved. It would be reasonable
therefore, to search for other convenient reducing agents.
In this research work, production of nanocrystalline
TiB2 phase from TiO2 –B2 O3 –Mg reagents through
microwave-assisted SHS synthesis route has been studied.
Thermodynamic calculations were used for the prediction
of the behaviour of possible reactions. Several synthesis
experiments were performed in a domestic microwave oven
to ﬁnd out the optimum initial composition. In addition, to
produce a pure TiB2 phase, by-product compounds were
leached away by using a dilute HCl solution. Microstructure
of the optimum product was examined by a scanning electron microscope (SEM) and its crystallite size was evaluated
by applying the Scherrer equation [42].

2.

Experimental

The aim of this study is the production of pure TiB2 phase
through microwave-assisted SHS reaction. Thermodynamic
calculations were performed to predict the possibility as well
as the mode of probable reactions. For this purpose, G0 ,
H 0 and Tad values have been computed by the use of
available thermodynamic data [43].
Experimental investigations were performed using analytical grade TiO2 , B2 O3 and Mg powders. Reagents were mixed
by hand and pressed into green cylindrical samples (10 mm
diameter and 4 mm height) by an axial hydraulic pressing
device.
Microwave heating was performed by use of a domestic microwave oven (Samsung: GE2370G, 850 W output
power). Since the capability of the green samples for absorption of microwave energy was unacceptably low, a block
of microwave energy absorbing silicon carbide (SiC) was
located under the samples to promote the synthesis process.
Figure 1 represents the schematic illustration of the experimental set-up. Our investigations and experiences showed that
Al2 O3 and SiO2 are transparent to microwave radiation and
therefore, would not affect the heating efﬁciency. They were
merely used to prevent air inﬁltration to the reaction vicinity.
Samples were heated-up to initiate SHS reaction. Observation of speciﬁc physical phenomena (e.g., ﬂaming and ﬂushing of samples) were the signs of reaction occurrence and
progress. After SHS reaction, microwave device was turned
off and the set-up was left to be cooled down slowly. Produced powder was grounded in an alumina mortar and its
composition was identiﬁed by an X-ray diffraction instrument (XRD: Unisantis-XMD 300, CuKα radiation). Acid
leaching step was done by a dilute HCl solution under a moderate stirring condition. The temperature and stirring time
were ﬁxed at 50o C and 2 h, respectively.
Microstructure and chemical composition of the product were evaluated by a SEM machine (TESCAN-VEGA
II) equipped with an energy-dispersive X-ray spectrometer
(EDX). For this purpose, the powder was dispersed in ethanol
by ultrasonic vibration. Then, one droplet of the suspension
was placed on a piece of glass, which will be coated with Au
after the ethanol evaporation.

Figure 1. Schematic of the experimental set-up.
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Crystallite size of the product was calculated by use of the
Scherrer equation
d = 0.9λ/[(β · cos(θ )],

(2)

To gain an insight into equation (3), values of G0 , H 0
and Tad of its sub-reactions (i.e., equations (4)–(6)) were calculated. The results are presented in the following sections.

where d is the crystallite size, λ the wavelength of X-ray radiation, β the peak width at half-maximum height and θ the
diffraction angle.

3.1a TiO2 –Mg system: Transformation temperature of
starting materials and products of equations (4)–(6) should
be taken into account during thermodynamic calculations.
Table 1 shows these phase change temperatures. Figure 2a

3.

Table 1. Possible phase transformations of raw materials and
products of equations (4)–(6).

Results and discussion

3.1 Thermodynamic calculations

Transformation

The overall reaction in TiO2 –B2 O3 –Mg system could be
written as follows:
TiO2 + B2 O3 + 5Mg = TiB2 + 5MgO.

(3)

In fact, equation (3) is the sum of magnesiothermic reduction
reactions of TiO2 and B2 O3 (equations (4) and (5)) together
with the reaction between reduced Ti and B (equation (6)).
TiO2 + 2Mg = Ti + 2MgO,

(4)

B2 O3 + 3Mg = 2B + 3MgO,

(5)

Ti + 2B = TiB2 .

(6)

B2 O3 (s) ↔ B2 O3 (l)
Mg (s) ↔ Mg (l)
Ti (s1 ) ↔ Ti (s2 )
Mg (l) ↔ Mg (g)
Ti (s2 ) ↔ Ti (l)
TiO2 (s) ↔ TiO2 (l)
B2 O3 (l) ↔ B2 O3 (g)
B (s) ↔ B (l)
MgO (s) ↔ MgO (l)
TiB2 (s1 ) ↔ TiB2 (s2 )
Ti (l) ↔ Ti (g)
MgO (l) ↔ MgO (g)
TiO2 (l) ↔ TiO2 (g)
B (l) ↔ B (g)

Figure 2. G0 , H 0 and Tad values of equations (3)–(7) vs. the starting temperature.

Temperature (K)
723
923
1166
1367
1939
2130
2330
2350
3098
3193
3634
3771
3801
4143
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represents the values of G0 , H 0 and Tad of equation (4)
as a function of the starting temperature. Observed breaks at
923, 1166, 1367, 1939, 2130, 3098 and 3634 K are related to
the phase transitions of Mg, Ti, TiO2 and MgO, according to
table 1. G0 of equation (4) at 300 K is −248.9 kJ mol−1 ,
which is an indication of its high tendency for propagation.
Although, the increase of G0 by increasing the starting
temperature indicates the reverse effect of temperature, negative values of G0 in 300–2230 K range show that the reduction of TiO2 by Mg is still possible in this range. According to
ﬁgure 2a, equation (4) becomes thermodynamically impossible above 2230 K. As ﬁgure 2a shows, equation (4) is very
exothermic (H 0 = −258.2 kJ mol−1 ) at 300 K. Hence, it
is expected that the temperature of whole mixture would be
increased as a consequence of reaction propagation. Calculated results (ﬁgure 2a) conﬁrm this expectation showing that
Tad of equation (4) starting from 300 K, is as high as 2090
K. Therefore, the type of equation (4) is SHS, according to
Merzhanov’s criterion [16]. Figure 2a also shows that the
exothermicity of equation (4) goes higher by increasing the
starting temperature. This in turn brings about a higher adiabatic temperature in the system. According to ﬁgure 2a, when
the starting temperature of the system is higher than 1370 K,
Tad reaches to 3634 K and then remains constant, expectedly
as the consequence of liquid to gas phase transformation of
reduced titanium (see table 1). Tad has not been calculated for
starting temperatures beyond 2230 K, because equation (4)
becomes thermodynamically impossible, thereafter.
3.1b B2 O3 –Mg system: Curves of G0 , H 0 and Tad of
equation (5) vs. starting temperature are shown in ﬁgure 2b.
Again, breaks in ﬁgure 2b are related to the relevant phase
transformations shown in table 1. G0 value at 300 K is
−514.7 kJ indicating the inherent tendency of the reaction to
go forward. By increasing the initial temperature, G0 value
increases which is unfavourable for the reaction progress.
G0 value becomes positive at temperatures higher than
2360 K indicating that the reaction is impossible at such high
temperature as per the thermodynamic viewpoint.
On the other hand, ﬁgure 2b reveals that at 300 K, equation (5) is very exothermic (H 0 = −532.6 kJ) and its
adiabatic temperature is around 2400 K. Hence, according
to Merzhanov’s criterion, the reaction would be of a SHS
type. Similar to the TiO2 –Mg system, by increasing the initial temperature, the exothermicity degree and adiabatic temperature of equation (5) were increased. Figure 2b shows that
the adiabatic temperature reaches to 3771 K, when the initial
temperature was 1370 K.
3.1c Ti–B system: Regarding the above thermodynamic
calculations, TiO2 and B2 O3 are expected to be easily
reduced by Mg during microwave heating of TiO2 –B2 O3 –
Mg mixture. The reaction between reduced Ti and B (i.e.,
equations (6) and (7)) is examined, hereinafter
Ti + B = TiB.

(7)

Figure 2c shows the calculated values of G0 , H 0 and
Tad of equations (6) and (7) as a function of starting temperature. In this ﬁgure, continuous and dashed lines represent data belonging to equations (6) and (7), respectively.
Considering this ﬁgure in conjunction with previous explanations, both reactions are thermodynamically possible and are
exothermic. Values of Tad of equations (6) and (7) are higher
than 1800 K; therefore, both reactions are expected to proceed with a combustion mode. It is notable that for the whole
range of starting temperature, G0 value of equation (6) is
lower than that of equation (7). Moreover, equation (6) is
more exothermic. Hence, it can be concluded that the production of TiB2 (through equation (6)) is thermodynamically
preferred.
Conclusion of thermodynamic evaluations: A comparison
of ﬁgure 2a and b reveals that in TiO2 –B2 O3 –Mg mixture,
the chemical reaction is expected to be initiated by equation (5), which has a more negative G0 value compared to
equation (4). Afterwards, released heat of equation (5) will
activate equations (4) and (6). In other words, TiB2 –MgO
composite will be formed through equation (3). The G0 ,
H 0 and Tad values of equation (3) are plotted in ﬁgure 2d,
as a function of starting temperature. With regard to G0
curve, the occurrence possibility of equation (3) in TiO2 –
B2 O3 –Mg mixture is very high. Equation (3) is extremely
exothermic, so that its type is SHS, according to Merzhanov’s
criterion. Hence, it could be concluded that from the thermodynamic standpoint, TiB2 –MgO composite can be easily
produced through the microwave-assisted SHS method.
3.2 Experimental ﬁndings
A summary of mixture compositions, heating times and
experimental observations of all investigated samples is presented in table 2. Figure 3 shows an example of the shape of a
typical sample, before and after the SHS reaction. The ﬁgure
shows that after the combustion reaction, the volume of the
initial compact has considerably increased and the product
has gained a layered structure. These phenomena that have
been observed in other SHS reaction studies, are supposed
to be a physical consequence of the evolution of gaseous
products from the compact at high system temperatures [44].
Figure 4a exhibits the XRD pattern of a sample obtained
by heating TiO2 : B2 O3 : 5Mg mixture. No evidence of
the starting materials is visible in this ﬁgure and the main
detectable phases are MgO and TiB2 . The existence of MgO
Table 2. Composition, ignition time (tig ) and mode of reaction for
various investigated TiO2 –B2 O3 –Mg systems.
Sample
code
A
B
C
D

Composition
TiO2
TiO2
TiO2
TiO2

: B2 O3
: B2 O3
: B2 O3
: B2 O3

: 5Mg
: 6Mg
: 7Mg
: 8Mg

tig (s)

Reaction
type

38
57
92
97

SHS
SHS
SHS
SHS
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Figure 3. Shape of a typical sample (a) before and (b) after the SHS reaction.

Figure 4. XRD patterns of heated TiO2 : B2 O3 : xMg mixtures. A: x = 5, B: x = 6,
C: x = 7 and D: x = 8. The 34.5–42 degree portion of the patterns A–C are separately
shown with a higher magniﬁcation. The employed JCPDF cards for phase identiﬁcation
are: MgO: 00-004-0829, TiB2 : 00-008-0121, Mg3 B2 O6 : 00-038-1475, Mg1.5 Ti1.5 O4 :
00-044-0086, Mg: 00-035-0821, Ti2 O: 00-011-0218 and Mg2 B2 O5 : 00-016-0168.

phase conﬁrms the occurrence of magnesiothermic reduction
reactions (equations (4) and (5)). Reaction type in this system has been SHS (see table 2), which is in agreement with
the thermodynamic predictions. According to equation (3),
it is expected that heating of TiO2 : B2 O3 : 5Mg mixture
will yield a TiB2 –MgO composite powder. However, other

by-products (such as Mg3 B2 O6 ) are visible in ﬁgure 4a,
whose existence could be attributed to Mg deﬁciency in the
system due to the following phenomena:
(i) Partial oxidation of Mg as a result of some oxygen
leakage into the reaction chamber.
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(ii) Partial escape of vapourized magnesium (boiling point
= 1367 K) at high system temperatures.
Mg deﬁciency causes incomplete reduction of initial oxide
phases. Hence, some TiO2 and B2 O3 reagents remain in
the system. By-products observable in ﬁgure 4a, are supposed to be formed as a result of the reaction of MgO (produced in reduction reactions) with the remained TiO2 and
B2 O3 oxides
3TiO2 + Mg = Ti3 O5 + MgO,

(8)

Ti3 O5 + 3MgO = 2Mg1.5 Ti1.5 O4 ,

(9)

3MgO + B2 O3 = Mg3 B2 O6 .

(10)

According to the above justiﬁcation, Mg3 B2 O6 and
Mg1.5 Ti1.5 O4 formations could be prevented by use of higher
Mg amounts in the TiO2 –B2 O3 –Mg mixture.
Table 2 shows that the reactions type has not been affected
by the amounts of Mg in TiO2 : B2 O3 : xMg mixtures, so that
all reactions have SHS behaviour. Nevertheless, due to the
microwave radiation reﬂection by metals [37], it is expected
that by increasing the metal content in the mixture, the energy
absorption efﬁciency and consequently the system temperature will be decreased; causing a delay in SHS reaction
initiation. Conﬁrmation proof of this postulation is seen in
table 2.
Figure 4b–d shows the XRD patterns of samples, synthesized by various amounts of Mg in TiO2 : B2 O3 : xMg
mixtures. By increasing the initial Mg content from 1 to
1.4 times of its stoichiometric amount (i.e., from 5 to 7
moles) the peak heights (intensities) of by-products have
decreased (compare patterns A, B and C). Considering the
proposed reaction mechanism, this phenomenon is probably
due to further reduction of B2 O3 and TiO2 , which diminishes equations (8)–(10). The promising effect of increasing
Mg contents of TiO2 : B2 O3 : xMg mixtures on the formation of TiB2 compound could also be seen in ﬁgure 5, where
Ipreferred phase /Iunwanted phases has been used as a scale for the
evaluation of overall reaction (equation (3)) completeness.

Figure 5. Effect of initial Mg amounts in TiO2 : B2 O3 : xMg
mixtures on the Ipreferred phase /Iunwanted phase ratio.

The presence of unwanted by-products in the pattern 4C reveals that the use of higher Mg amounts is necessary.
Nevertheless, by using 8 moles of magnesium (i.e., 1.6 times
of the stoichiometric amount) peaks of by-products are still
observable in the XRD pattern (ﬁgure 4d), together with
peaks of unreacted magnesium. A possible reason may be
the reﬂective characteristic of Mg towards microwave energy
that prevents the whole system from effective energy absorption; so that the reaction cannot takes place completely and
some Mg remains unreacted. Therefore, it may be concluded
that the optimum amount of Mg in TiO2 : B2 O3 : xMg mixtures, which yields the highest amount of TiB2 and the lowest
amounts of unwanted by-products, is around about 1.4 times
of the stoichiometric amount.
To produce a pure TiB2 compound, the product obtained
from the heating of TiO2 : B2 O3 : 7Mg mixture was leached

Figure 6. XRD pattern of pure TiB2 phase (JCPDF
card: 00-008-0121) obtained by acid leaching of the TiO2 : B2 O3 :
7Mg system reaction product.

Figure 7. SEM image (1000×) of TiO2 : B2 O3 : 7Mg system
reaction product.
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Figure 8. (a) SEM image (40,000×) and (b) EDX data of the acid leached product of
TiO2 : B2 O3 : 7Mg system.

in a dilute HCl solution. Figure 6 displays the XRD pattern
of a heated TiO2 : B2 O3 : 7Mg sample after acid leaching.
It could be seen that all by-product compounds have been
successfully eliminated and the remaining powder is solely a
TiB2 phase.
3.3 Morphology and microstructure
Figure 7 shows the SEM image of a TiO2 : B2 O3 : 7Mg
mixture, after the SHS reaction. As can be seen, the product
consists of large agglomerates. Probably, the high temperature of SHS reaction has caused some partial sintering and
agglomeration [31].
The SEM image of heated and leached TiO2 : B2 O3 : 7Mg
mixture is presented in ﬁgure 8a, where the mean particle
size is estimated as in the range of 150–200 nm. Formation of these ﬁne (sub-micron) particles from the very large
initial agglomerates (ﬁgure 7) can be attributed to the

Table 3.

Calculated crystallite size of produced TiB2 phase.

2θ (deg)
27.47
34.06
44.38
61.23

Crystallite size (nm)
30.1
33.5
30.3
32.6

Note: Mean crystallite size (nm): 31.6.

boundary breakage during the acid leaching process [45,46].
Figure 8b shows the result of EDX analysis of the mentioned
sample. Si, O and Au peaks in EDX analysis data are originated from the base glass and Au coating used for sample
preparation. The absence of Mg peak in the EDX result is
in agreement with ﬁgure 6, demonstrating the effectiveness
of acid leaching practice for the complete elimination of
unwanted phases from the product.
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Table 3 shows the diffraction angles and crystallites sizes
of the produced TiB2 phase calculated by using four main
peaks of ﬁgure 6. The mean crystallite size of TiB2 phase is
found to be around 32 nm.
4.

Conclusion

The aim of this research work has been the investigation
of the possibility of fabrication of TiB2 compound from
TiO2 –B2 O3 –Mg mixture through microwave-assisted SHS in
a low power (domestic) oven. Summary of thermodynamic
evaluations and experimental ﬁndings are as follows:
(1) Over a wide range of starting temperature, magnesiothermic reduction of TiO2 and B2 O3 via SHS reaction is thermodynamically possible. Titanium diboride
is formed thereafter, through the reaction between the
reduced Ti and B.
(2) Experimental investigation of TiO2 : B2 O3 : 5Mg
system showed that although TiB2 –MgO composite
is formed in this system, the product contains some
amounts of unwanted intermediate phases such as
Mg3 B2 O6 , whose formation presumably is originated
from some degree of Mg deﬁciency in the system. It
is believed that Mg deﬁciency is the result of magnesium loss due to either Mg vapourization at high system
temperatures or its oxidation by inﬁltrated oxygen (air).
(3) Experimental investigations about TiO2 : B2 O3 : xMg
mixtures showed that with the increase of initial Mg
amounts up to 7 mol (40 mol% excess), the amount of
TiB2 phase in the product increases.
(4) Leaching in a dilute HCl acid solution was found effective for the puriﬁcation of TiO2 : B2 O3 : 7Mg system
product and obtaining a pure TiB2 phase.
(5) SEM observations showed that the products of SHS
reactions are in the form of sintered, large and
dense agglomerates, which consist of sub-micron TiB2
particles.
(6) Scherrer calculations showed that the mean crystallite
size of the produced TiB2 is about 32 nm.
(7) Good agreement was found between theoretical predictions and experimental ﬁndings.
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