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Abstract—In this study, composite nanoparticles of B4C–TiB2 were produced by combustion synthe-
sis. Production was carried out by self-propagating high-temperature synthesis (SHS) method in
atmospheric conditions by using oxide raw materials (B2O3, TiO2), carbon black and magnesium as a
reducing agent. The effect of Mg particle size on SHS efficiency was investigated. Single-stage and
2-stage leaching processes were carried out to remove undesired phases in the SHS product. In the 1st
HCl acid leaching process, the leaching temperature and leaching duration were optimized. As a result
of the 2nd leaching process with the addition of carbonic acid and H2O2, commercial quality nanopar-
ticle synthesis was performed. Results revealed that the increase in Mg particle size decreased the SHS
efficiency, however very fine particle sized Mg usage decreased the SHS efficiency due to the evapo-
ration and scatter of Mg. The optimum Mg particle size was determined as 75–150 μm. Since it has a
significant effect on the removal of Mg-borate phases, 90°C was determined as the optimum leaching
temperature. The optimum leaching duration was determined to be 60 min. As a result of optimized
leaching processes, 99.11% purity B4C–TiB2 nanoparticle with 193.5 nm particle size and 30.65 m2/g
surface area was synthesized.

Keywords: self-propagating high temperature synthesis, boron carbide, titanium diboride, composite
powder, nanoparticle synthesis
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INTRODUCTION
Synthesis of advanced ceramics is essential for technological developments due to their superior

mechanical, thermal, physical and chemical properties. By producing these materials together in a com-
posite structure, the combination of the superior properties of each can be achieved. In terms of providing
this, the combustion synthesis method has come to the fore in recent years.

Low density, high hardness, abrasion resistance and strength, and high resistance to chemicals and
high temperatures are promising properties of B4C [1–3]. It is used in armour applications, hard coatings,
nuclear applications and as semiconductor in high temperature applications [4–9]. Low toughness, low
thermal and electrical conductivity and low sintering ability caused by low plasticity and oxide layer
formed on its surface make this material limited in usage [10, 11]. Similarly, TiB2 has properties such as
high melting temperature, high hardness and wear resistance. Although these values are lower than B4C,
it stands out in terms of fracture toughness, thermal shock resistance and chemical stability [12–15]. It has
been demonstrated that the fracture toughness, wear resistance and sintering ability can be increased with
the combination of these two materials [11, 16].

Many methods for B4C-TiB2 production have been studied. Thermal and electric field activated com-
bustion synthesis [17, 18], borothermic reduction [19], carbothermal reduction (using boric acid, carbon
black and TiO2) [20], in situ-synthesis (using boric acid, sugar and C8H20O4Ti (titanium(IV) ethanolate))
[21], co-precipitation process [22], sol-gel methods [23] (using B4C, TiCl4 and Y2O3 reactants) have been
20
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reported recently. Combustion synthesis is one of the most significant methods developed for the produc-
tion of B4C–TiB2 composite powder. It eliminates the disadvantages such as requirements for expensive
alkoxides, long gelation time, high temperature and/or pressure, extensive mechanical milling, etc. in
other methods. Nikzad et al. [24] produced B4C–TiB2 by SHS with B, C and Ti elemental raw materials
and with Teflon chemical booster for increasing the adiabatic temperature. They also applied mechanical
activation process. Usage of elemental raw materials and chemical and mechanical activation increases
the production cost. Synthesis from oxide raw materials is significant for cost-efficient production and
there are very few studies. Bahabad et al. [25] produced by volume combustion SHS process using B2O3,
TiO2, Mg and C. However ignition was provided by continuous argon gas f low at 900°C which increases
the cost of process extremely. The latest study conducted by Coban et al. [26] to produce B4C–TiB2
nanoparticles economically by using oxide raw materials in atmospheric conditions via SHS method.
They investigated the effect of C and Mg mole ratios and charge stoichiometry on SHS process. However,
the effect of particle size of reductant, Mg, is another parameter to be investigated.

The particle size of reductant is significant in combustion synthesis according to the kinetic aspect. It
is well known that decrease in the particle size increases the surface area which causes higher reaction effi-
ciency. For combustion synthesis, beside thermodynamics, also kinetic principles should be evaluated to
understand the effect of particle size. In addition to the thermodynamic criterion put forward by Merzha-
nov et al. [27] in 1972 and Su et al. [28] in 2014, a new kinetic criterion was put forward by Xiaoming et al.
[29] in 2021. They reported that, especially for solid state f lame case (where adiabatic temperature is lower
than the melting temperature of the reactant which has lower melting point, (Tad/Tm,L < 1)), the diffusion
distance of atoms are needed to be higher than the value of particle size of the reactants, (lTad ≥ d). This
finding also shows that even the adiabatic temperature is higher, as the particle size decreases, the differ-
ence in diffusion distance and particle size increases which causes increase in diffusion rate. Thus, com-
bustion efficiency increases. However, further decrease in particle size could cause evaporation in the case
adiabatic temperature is higher than boiling point of reductant (Tad > Tb). Although boiling point of reac-
tant is higher than adiabatic temperature, owing to high pressure occurred during combustion synthesis
process, the reactants with very fine particle size could be lost due to scattering. Therefore, particle size
should be optimized for each system. In combustion synthesis, particle sizes of reactants are highly effec-
tive on ignition temperature and time, combustion temperature and rate, velocity of combustion wave,
thus combustion synthesis efficiency. Azatyan et al. [30] reported that increase in particle size of Ti caused
decrease in combustion temperature and velocity of combustion wave in SHS of Ti–C system. For the sys-
tem that adiabatic temperature of reaction is lower, particle size is highly effective on occurrence of com-
bustion. Fan et al. [31] found that combustion was complete with usage of Ti with particle size was below
45 μm, while combustion was incomplete with coarser (135–154 μm) Ti usage. Zhang et al. [32] investi-
gated the effect of C particle size in Al–Ti–C system and found that decrease in particle size increased
combustion rate and decreased the combustion duration. Similarly, for Ni–Ti–C system, Yang et al. [33]
showed that decrease in C particle size was effective on decreasing ignition time and increasing the veloc-
ity of combustion wave. For the system of TiO2–B2O3–Mg–C, this study is to be the first for investigating
the effect of Mg particle size on SHS process.

Leaching is applied to remove the oxidized phases and other by-products formed after the SHS pro-
cess. There are some studies on the optimization of the leaching process of TiB2 and B4C separately in the
literature [34–38]. İpekci et al. [34] investigated the effect of leaching temperature on the chemical con-
tent of the TiB2 product obtained by SHS in TiO2–B2O3–Mg system. They reported that the leaching
temperature should be above 70°C in order to remove the Mg-borate phases formed as a by-product. Bilgi
et al. [15] reported the same for volume combustion synthesis of TiB2. Demircan et al. [35] and Turan
et al. [38] optimized the acid concentration of the SHS product in HCl leaching and determined 9.3 M
concentration as the optimum value for obtaining commercial quality TiB2 product. For B4C production,
Alkan et al. [37] reported optimum acid concentration as 12.06 M and the solid-to-liquid ratio as 1 : 5 at
80°C. There is no research other than the study by Coban et al. [26] for the optimization of the leaching
process in the production of B4C–TiB2 by SHS. They determined the optimum acid concentration as
10.5 M for HCl leaching process at 90°C. They also investigated the effect of H2O2 and carbonic acid addi-
tion on leaching process. However the final product still included undesired phases. The effect of second
leaching process should be studied and the other parameters that could affect leaching process, such as
temperature and duration, should be optimized.

In this study, B2O3, TiO2, carbon black and Mg powder were used to produce B4C–TiB2 composite
powder with 50–50% charge stoichiometry by SHS method. Effect of Mg particle size on chemical con-
tent of SHS product was investigated. In the HCl leaching process performed following the SHS process,
JOURNAL OF SUPERHARD MATERIALS  Vol. 45  No. 1  2023
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Fig. 1. Flowchart of experimental study.
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the leaching temperature and leaching duration were also optimized in this study, as well as the acid con-
centration optimization performed previously. The effect of the 2-stage leaching process on commercial quality
product was also investigated. The novelty of the study is to determine the optimum Mg particle size and opti-
mize the leaching temperature and duration parameters for the production of B4C–TiB2 by SHS.

EXPERIMENTAL

In this study, B4C–TiB2 composite powders were produced via SHS process which is a type of com-
bustion synthesis. Following the SHS process, HCl acid leaching was applied. SHS products and leached
products were characterized by XRD, SEM and BET analysis. The f lowchart of experimental study is
given in Fig. 1.

In this study, technical grade TiO2, Mg and B2O3 (obtained by calcination of H3BO3, Eti Mine) pow-
ders were used in experimental studies. The purity and particle size of raw materials used in the experi-
mental study is given in Table 1. In order to understand the effect of Mg particle size on chemical compo-
sition of SHS product, three different Mg raw materials were used in experimental studies with varying
particle sizes.

In the study conducted by Coban et al. [26], the effect of mole ratio of Mg and C have been investigated
by thermochemical simulation. The estimated phases and adiabatic temperatures have been evaluated.
Optimized molar ratios have been determined to be TiO2 : B2O3 : Mg : C = 1 : 3 : 12 : 1.6. Also, the charge
stoichiometries have been optimized according to the chemical compositions and the best results have
been obtained with B4C–50 mol % TiB2. SHS processes were conducted based on the reaction given in
Eq. (1). Thermochemical simulation results revealed that the adiabatic temperature of this reaction is
0°C. B4C–TiB2 composite powders were produced by SHS method by charging the raw materials into a
ladle in a total amount of 100 grams. The optimum stoichiometries of reactants used in experimental stud-
ies are given in Table 2.
JOURNAL OF SUPERHARD MATERIALS  Vol. 45  No. 1  2023
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Table 1. The purity and particle size of raw materials used in the experimental study

Raw materials Purity, wt % Particle size, μm

Mg 99.7 150–250/75–150/10–50
B2O3 97 <53
TiO2 98.8 <75
C 98 <30

Table 2. Stoichiometries of reactants used in experimental studies

Sample
Mole ratios and stoichiometric percentage

TiO2 B2O3 Mg C

50% B4C–50% TiB2 1 3 12 (110%) 1.6 (160%)
(1)
After SHS processes, acid leaching was performed in order to dissolve the undesired phases. In the

study conducted by Coban et al. [26], optimum HCl concentration has been determined as 10.5 M. In this
study, temperature and duration parameters that affect the leaching process were investigated. Thus, the
leaching processes were conducted with the conditions given in Table 3. After the first stage leaching pro-
cess, it was detected that chemical composition was not desirable for industrial usage owing to high
amounts of residual Mg, MgO and Mg-borate phases. In order to dissolve these phases, second stage
leaching process was applied. However, the second leach process was applied as modified leach which
included carbonic acid and H2O2 addition. Table 3 presents the second leach experimental conditions.
The reason for applying this kind of leaching process has been explained by Coban et al. [26] as carbonic
acid and H2O2 addition increased the dissolution of TiO2 and Mg.

In the experimental studies, the prepared raw materials were mixed in a turbula mixer for 10 min,
before they were dehumidified at 105°C for 2 h. They were then charged into a copper crucible of which
inner diameter was 10 cm and thickness was 2 cm. Owing to its high thermal shock resistance and high
toughness, copper crucibles for SHS processes have been used in many studies [39–41]. Cr–Ni wire,
which is connected to the DC power supply with a copper cable, is slightly immersed in the upper part of
charge. As a result of the exothermic reaction that took place in the area in contact with the wire as a result
of applying a voltage of 11–12 V for 3–4 s, the combustion wave rapidly advanced in the direction of the
gravitational force. Thus, the process was completed in 10–20 s for 100 g charge. Then, crucible was
emerged into water for rapid cooling. Sponge like SHS product was grinded by using agate mortar and
leaching processes were applied by using a magnetic stirrer with heater.

For characterization study, XRD, BET and SEM analysis were carried out. PANalytical Aeris X-ray
powder Diffractometer (40 kV, 15 mA), Micromeritics ASAP 2020 Surface Area and Porosity Analyzer
and Zeiss GeminiSEM 500 Field Emission Scanning Electron Microscope were used for analysis.

+ + + → + +2 2 3 2 4TiO 3B O 11Mg C TiB B C 11MgO,
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Table 3. The conditions of leaching experiments for each sample

Leaching Acid concentration, M Leaching 
temperature, °C

Leaching 
duration, min Stirring rate, rpm Solid : liquid 

ratio

Single stage 
leaching

10.5 25/40/65/75/90 30/45/60/75 500 rpm 1 : 5

2nd modified 
leaching

(10.5 M HCl + Carbonic 
acid and H2O2 addition)

90 60 500 rpm 1 : 5
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Fig. 2. XRD results of SHS products obtained with varying Mg particle sizes (a) 150–250 μm, (b) 75–150 μm, (c) <50 μm.
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RESULTS AND DISCUSSION
Effect of Mg Particle Size on SHS

The XRD results of the products obtained as a result of the SHS process with Mg with 3 different par-
ticle sizes are given in Fig. 2. Figure 3 shows the contents of B4C–TiB2, Mg and MgO in the product as a
result of SHS with varying Mg particle size. As can be seen in Figs. 2a and 3, as Mg particle size increased
up to 150–250 μm, the amount of MgO and B4C–TiB2 decreased, while the amount of Mg increased in
the SHS product. As the Mg particle size increased, the SHS efficiency decreased due to the increment in
ignition temperature. The amount of residual Mg which has not participated in reaction increased. Yu’nan
et al. [42] reported that decrease in the particle size provided higher combustion intensity, self-sustaining
combustion time and burn-off rate. As can be seen in Figs. 2c and 3, as the Mg particle size decreased, the
amount of B4C–TiB2 decreased, although the amount of MgO increased. That is, Mg has been oxidized
but the reduction efficiency has decreased. Very fine grained magnesium formed a very high combustion
temperature and pressure, some Mg evaporated, scattered and burned with the oxygen present in the reac-
tion medium to form MgO. In other words, it did not increase the magnesiothermic reduction efficiency.
It can be said that further reducing the particle size will have a positive effect in the case of working in an
argon atmosphere, but it has a negative effect in the case of performing SHS under atmospheric condi-
tions. According to the results, the optimized Mg particle size was determined to be 75–150 μm for B4C–
TiB2 particle synthesis via SHS with oxide raw materials and Mg and C usage.

Effect of Acid Leaching Temperature

With the determined optimum acid concentration, HCl leaching was carried out at different tempera-
tures and the phase contents in the obtained products were determined. The results obtained as a result of
the analysis performed on the SHS product before leaching are given in Table 1. As can be seen from
JOURNAL OF SUPERHARD MATERIALS  Vol. 45  No. 1  2023
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Fig. 3. Effect of Mg particle size on phase content of SHS product.
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Fig. 4. Effect of leaching temperature on content of 1st leach product.
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Fig. 4a, MgO removal efficiency increased significantly as the leaching temperature increased. While the
amount of MgO decreased from 35 to 24% by leaching at room temperature, its complete removal
(0.017%) was only achieved at 75°C. As can be seen in Fig. 4b, the removal of Mg, TiO2 and Mg-borate
phases were very low up to 65°C. The increase in their ratio here is due to the removal of MgO. The dis-
solution efficiency of Mg and TiO2 increased only by lowering the MgO activity in the solution at 65°C.
In accordance with the results of Ipekci et al. [34], Mg-borate phases, on the other hand, could be dis-
solved above 75°C, but a significant amount of Mg-borate phases remained in the product even at 90°C.
Ipekci et al. studied on SHS of TiB2 while this study was on SHS of B4C–TiB2 which makes the charge
amount of borate forming oxides (B2O3) to be higher. The reason for the increase in the dissolution rate
of Mg and TiO2 above 75°C is that the Mg-borates started to decrease significantly. For all these reasons,
the optimum leaching temperature was determined as 90°C. 

Effect of Acid Leaching Duration

Phase analysis was performed on the leach products by performing leaching processes at varying dura-
tions at optimized acid concentration and leaching temperature conditions. According to the results given
in Figs. 5a, 5b, dissolution was achieved at very low rates over 60 min. The optimum leaching duration was
determined as 60 min.
JOURNAL OF SUPERHARD MATERIALS  Vol. 45  No. 1  2023

Table 4. Phase analysis result of SHS product before leaching process

Phases Mg MgO TiO2 Mg-borate B4C–TiB2

Content, wt % 9 35 7 10 39
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Fig. 5. Effect of leaching duration on phase content of 1st leach product.
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Fig. 6. XRD results of (a) 1st leach product, (b) modified 2-stage leach product.
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Effect of Modified Second Leach

After determining the optimum acid concentration, temperature and time, modified second leaching
process was applied to the obtained leaching product. The effect of the second leach process is shown with
XRD analysis in Fig. 6. Accordingly, TiO2 and residual Mg, which could not be removed in the single-
stage leaching process, could be dissolved. Mg-borate phases were also largely removed. The phase anal-
ysis results of the obtained product are shown in Fig. 7. According to the results, 99.11% purity B4C–TiB2
composite powder could be obtained as a result of 2-stage leaching process.

SEM micrographs of SHS product, single-stage leached product and modified 2nd leaching applied
product of 50% B4C–50% TiB2 sample are given in Figs. 8a–8c, respectively. It was observed that leaching
process significantly reduced the particle size and increased the surface area. BET analysis results given in
Table 5 also revealed it. Figure 8c revealed that 2-stage leaching process provided the dissolution of unde-
sired phases. In addition, leaching process significantly increased porosity. It was also observed that mod-
ified 2nd leaching process slightly increased the surface area and pore volume and slightly decreased the
particle size.
JOURNAL OF SUPERHARD MATERIALS  Vol. 45  No. 1  2023

Table 5. BET analysis results

Product BET surface area, m2/g Average particle size, nm Pore volume, cm3/g

SHS product 1.6133 3719 0.0128
1st leach 28.8037 208.3 0.1551
Modified 2nd leach 30.6523 193.5 0.1773
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Fig. 7. Effect of second leach application on phase content.

8

6

4

2

7

5

3

1
0

Mg MgO TiO2 Mg-borate

1st leach
2nd leach

99.116

C
on

te
nt

, w
t %

80
90

100

60

40

20

70

50

30

10
0

B4C�TiB2

0.535
0.0530.020.020.268
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CONCLUSIONS

In this study, the synthesis of nanocomposite powders of B4C–TiB2, which has an important place
among advanced technology ceramic materials, by SHS, which is one of the combustion synthesis meth-
ods, was studied. The effect of particle size of Mg used as a reducing agent on the SHS process was inves-
tigated. In addition, the effects of temperature and time on the phase amounts of the product, which are
parameters affecting the leaching process after SHS, were investigated. According to the results obtained:

• By increasing the Mg particle size above 150 μm, the amount of unreacted Mg in the product
increased owing to the decrease in reaction surface area in combustion synthesis. Therefore, the SHS effi-
ciency decreased and the amount of B4C–TiB2 in SHS product decreased.

• Although the amount of unreacted Mg decreased with the decrease in Mg particle size below 50 μm,
the amount of B4C–TiB2 also decreased. The increase in the amount of MgO showed that the high pres-
sure formation in the combustion synthesis caused the scatter of Mg. As a result of combustion with oxy-
gen in the environment, the amount of MgO increased. For these reasons, 75–150 μm was determined as
the optimum Mg particle size.

• The increase in leaching temperature continuously decreased the amount of MgO and increased the
amount of B4C–TiB2. It has been determined that Mg-borate phases could not be dissolved especially
below 75°C, and Mg and TiO2 could be dissolved above 65°C. Since the dissolution rate of the Mg-borate
phase continued to increase, the optimum leaching temperature was determined as 90°C. It can be applied
at 75–80°C depending on the operating conditions of facility.

• The optimum leaching duration for synthesis of B4C–TiB2 nanocomposite powder by SHS was
determined as 60 min. The leaching application at higher duration values did not affect the amount of
desired B4C–TiB2 phase and undesired Mg, MgO, Mg-borates and TiO2 phases in the product.

• It was determined that second leaching application is essential for the synthesis of B4C–TiB2 nano-
composite powder by SHS in atmospheric conditions due to the fact that second leaching with added car-
bonic acid and H2O2 had a significant effect on the removal of Mg and TiO2. It had little effect on particle
size, surface area and pore volume.
JOURNAL OF SUPERHARD MATERIALS  Vol. 45  No. 1  2023
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The results revealed that commercial quality, 99.11% purity B4C–TiB2 nanoparticle powder with
193.5 nm particle size and 30.65 m2/g surface area could be synthesized by the route of SHS and then
2-stage HCl leaching using oxide raw materials and Mg and C under atmospheric conditions.
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