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Abstract

This research work presents the preparation of TiB2 nanopowders by molten-salt synthesis (MSS) technique
from TiO2 and MgB2 as starting active materials and MgCl2 as a molten salt. The pure TiB2 nanopowders
were finally prepared using 2 M HCl aqueous solution to leach the synthesized samples. The effects of the
firing temperature, firing time and reactants to salt ratio on the TiB2 nanopowders formation were examined.
The results demonstrated that the TiB2 formation was completed even with reactants to salt mass ratio of 1:2
at 1000 °C for 4 h. The TiB2 nanopowders synthesized with 1:2, 1:5 and 1:10 reactants to salt mass ratios have
different particle sizes. Thus, the average particle sizes estimated from BET surface areas were 59, 55 and
46 nm for the samples synthesized with 1:2, 1:5 and 1:10 reactants to salts mass ratios, respectively. These
results illustrated that the high concentration of MgCl2 plays a key role in the particles’ size reduction. The
above results assured that this research study presents a new low-temperature synthesis route for nano-sized
metal diboride powders.

Keywords: molten salt synthesis, low temperature, surface area, TiB
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I. Introduction

Titanium diboride (TiB2) is an important ultra-high
temperature ceramic material possessing a sole com-
bination of exceptional properties which makes it a
suitable candidate for a variety of high temperature
technological applications. Thus, it can be used as:
high temperature wear-resistant material, electrode in
metal smelting-cells, surface protection material in im-
pact resistant armours, refractories for molten-metal
contact, cutting tools, shielding material in reactor
for nuclear fusion etc. [1–3]. The attractive proper-
ties which recommend TiB2 as a promising and at-
tractive material for a different variety of applica-
tions are: high hardness (33 GPa), elastic modulus
(∼560 GPa), melting point (3225 °C), relatively low
density (4.52 g/cm3), good thermal (60–120 W m-1 K-1)
and electrical (∼7.6×106 S/m) conductivities and excel-
lent corrosion resistance [1,4–6]. The metal borides syn-
thesis is known for over 100 years, however, to de-
velop inexpensive methods for high yielding quality fi-
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nal products with remarkable properties and applica-
tions remains an experimental challenge. So far, sev-
eral techniques have been reported to prepare metal di-
borides powders including mechanical alloying [7–9],
carbothermal reduction [10,11], boro/carbothermal re-
duction [11–15], borocarbide reduction [16,17], direct
elemental reaction by “self-propagating high tempera-
ture synthesis (SHS)” [18,19], sol-gel method [20,21],
molten salt electrolysis [22], chemical synthesis routs
[23,24], aluminium melt reaction [25], metallothermic
reduction via HEBM [8,26,27] and volume combustion
process [28]. Unfortunately, these conventional tech-
niques have one of the following disadvantages: re-
quirement of special reaction vessels, high processing
temperature and long time, expensive/flammable and/or
toxic raw materials as initial reactants (e.g. elemental B,
Ti, Mg and NaBH4), and contamination from milling-
media caused by prolonged milling. In this regard, the
chemists, engineers and material scientists are still ex-
perimenting to find an effective and optimal method for
metal diboride synthesis.

In addition to conventional techniques for the
metal diborides synthesis, a novel molten-salt synthesis

40

https://doi.org/10.2298/PAC2101040S


L.A. Shah / Processing and Application of Ceramics 15 [1] (2021) 40–46

(MSS) technique has recently been developed. In this
procedure, high contents of salt are added to the ini-
tial reactants mixture which melts during heating above
their melting point and works as a reaction media to pro-
duce a pool of anion and cations. This reaction medium
plays a vital role to expedite the mass transport via con-
vection/diffusion and thus lower the reaction tempera-
ture. Moreover, the MSS process has the following sev-
eral advantages: high phase and chemical purity, low
synthesis temperature, exceptional control of particle-
morphology, narrow size distribution of crystallites and
low aggregation levels in the resultant products, large-
scale production, minimal energy consumption and low-
cost. Thanks to MSS technique, CeB6, CaB6, HfB2 and
NbB2 have been synthesized in a LiCl/KCl salt at rel-
atively low temperatures [29]. However, flammable Mg
and expansive hazardous NaBH4 components were used
as reducing agents and B source, respectively. Wei et

al. [30] and Ran et al. [31] synthesized TaB2 and NbB2
nanopowders, respectively, via borothermic reduction in
NaCl/KCl salt mixture, but they also used expensive
elemental B powder. Zhang et al. [32] and Bao et al.

[33] synthesized ZrB2 and TiB2 powders, respectively,
by a molten salt-assisted magnesio-thermic reduction
technique from relatively cheap raw materials, how-
ever, they still used the flammable elemental Mg and
also the yield of the finally obtained product was very
low. Nevertheless, to our knowledge, no work on the
TiB2 preparation from relatively cheap and environmen-
tally friendly materials mixture (i.e. TiO2 and MgB2) in
molten salt has been reported to date.

In the present research work, the molten-salt assisted
magnesio/borothermic reduction technique was devel-
oped to synthesize high-quality TiB2 fine powder at
relatively low temperature, from fairly cheap titanium,
magnesium and boron source raw materials. The influ-
ences of salt concentration, synthesis temperature and
firing time on the powder formation of metal diboride
were examined with the aim to optimize the synthesis
conditions.

II. Experimental details

TiB2 nanopowders were prepared by the molten-
salt synthesis (MSS) technique, and the corresponding
flowchart is presented in Fig. 1. Commercial TiO2 (pu-
rity ≥99.98%, Sinopharm Chemical Reagent Co. Ltd.
China) and MgB2 (purity ≥99.9%, Puyang Ruichi New
Material Technology Co. Ltd. China) powders were
selected as the starting reactants. Anhydrous MgCl2
(≥99.97% purity, Sigma Aldrich) was used to build-up
a molten-salt medium.

In the MSS process, the molar ratio of TiO2/MgB2
was taken as 1:1.25, as estimated from the stoichiomet-
ric composition of reaction 1:

TiO2 +
5
4

MgB2 −−−→ TiB2 +
5
4

MgO +
1
4

B2O3 (1)

The reactants were mixed and ground by hand us-
ing mortar and pestle. The ground reactants powders
were further combined with MgCl2. The mass ratios
for initial reactants to salt were 1:0, 1:2, 1:5 and 1:10.
The resultant powder mixtures were put into the alu-
mina crucible and covered with a lid. The crucible was
then placed in the horizontal alumina-tube furnace and
heated under the flowing argon gas with a heating rate
of 10 °C/min. The powder mixtures were heated at 800,
900 and 1000 °C for different times before cooling the
furnace to ambient temperature.

Figure 1. Flowchart of the MSS technique

The product obtained from metal oxide and MgB2
mixture after heating was washed frequently with hot
deionized-water to eliminate the salt contents. The prod-
uct was further leached with 2 M HCl aqueous solu-
tion for 2 h at 80 °C to remove the expected by-products
MgO, Mg2B2O5 and/or Mg3B2O6. Finally, the acid
treated powders were collected by centrifugation and
washed with deionized water till the removal of Cl–

contents before drying overnight at 105 °C.
Analyses of possible chemical reactions and equi-

librium software (HSC Chemistry 6) were applied to
get the thermodynamic data including Gibbs free en-
ergy and enthalpy values. The qualitative phase analyses
of the as-synthesized powders were carried out via X-
ray diffraction techniques (XRD, PANalytical, XPERT-
PRO MPD). XRD results were recorded at 40 kV and
40 mA using CuKα radiation (λ = 1.5418 Å). For the
microstructure 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 ob-
tained through a scanning electron-microscope (SEM,
JSM-7001F). The energy-dispersive X-ray spectroscopy
(EDS) linked with the SEM was used to qualitatively
determine the elemental compositions of the synthe-
sized samples. The microstructure and morphology of
the synthesized samples were further investigated by
TEM (JEM2100, JEOL, Tokyo, Japan) at an accelerat-
ing voltage of 200 kV. To set the sample for TEM, the
powders were firstly well dispersed in ethanol media
under the sonication process, pipetted on to a Cu grid
and dried at room temperature. BET surface area mea-
surement was carried out on an AUTOSORB-1 anal-
yser (Quantachrome) by N2 adsorption-desorption. The
equivalent average particle size (dBET ) of synthesized
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metal diboride powder was estimated from BET surface
area (S BET ) and the theoretical density of TiB2 (ρ) ac-
cording to the following formula dBET = 6/(S BET · ρ).
This equation assumes that the particles have a spherical
shape with uniform size and low surface roughness [34].

III. Results and discussion

3.1. Influence of firing temperature

Figure 2 shows the influence of firing temperature at
constant time of 4 h on the TiB2 formation from sto-
ichiometric composition (reaction 1) in MgCl2 (initial
reactants powder to salt ratio was 1:2). The sample syn-
thesized at 800 °C contains MgO and TiB2 along with
unwanted Mg2TiO4 and Mg2B2O5 phases (Fig. 2a).
These results and thermodynamic data (Fig. 3) indicate
that some quantity of TiO2 is reduced to Ti and MgO by
MgB2. In this reaction the elemental amorphous boron

Figure 2. XRD spectra of samples synthesized with
stoichiometric composition at: a) 800 °C, b) 900 °C and

c) 1000 °C using reactants to salts mass ratio of 1:2

Figure 3. Relationship between the Gibbs free energy and
temperature

may also be produced according to reaction 2:

TiO2 + 2 MgB2 −−−→ Ti + 2 MgO + 4 B (2)

Subsequently, the generated B reacted with by-product
Ti and un-reacted TiO2 to form TiB2 according to fol-
lowing reactions 3 and 4:

Ti + 2 B −−−→ TiB2 (3)

TiO2 +
10
3

B −−−→ TiB2 +
2
3

B2O3 (4)

The thermodynamic calculations show that the Gibbs
free-energy corresponding to the reaction 3 is more neg-
ative than for the reaction 4 in the temperature range
used for synthesis (Fig. 3), revealing that the reaction 3
occurs more easily than the reaction 4. The results in-
dicate that the reaction 4 is just initiated, but still not
completed. Actually, the reaction 4 can be divided into
the following reactions:

TiO2 +
1
3

B −−−→
1
3

TiBO3 +
1
3

Ti2O3 (5)

Ti2O3 + 6 B −−−→ 2 TiB2 + B2O3 (6)

TiBO3 + 3 B −−−→ TiB2 + B2O3 (7)

It is understandable that the reactions 6 and 7 occur
more easily as they have highly negative Gibbs free en-
ergy, however, the reaction 5, which produces the in-
termediate products Ti2O3 and TiBO3, has only mod-
erately negative energy and thus it is not completed at
temperature as low as 800 °C. At this temperature, the
free energy of the reaction 5 is comparable to the fol-
lowing reaction 8:

TiO2 + 2 MgO −−−→ Mg2TiO4 (8)

Therefore, the reaction between un-reacted TiO2 and
by-product MgO occurrs to form Mg2TiO4.

Mg2B2O5 formation as detected by XRD may be the
consequence of the reaction between by-products MgO
(from the reaction 2) and B2O3 (from the reaction 3)
according to the reaction 9:

2 MgO + B2O3 −−−→ Mg2B2O5 (9)

Upon increasing the synthesis temperature to 900 °C,
similar XRD pattern (Fig. 2b) with four phases was ob-
served as for the sample synthesized at 800 °C (Fig. 2a).
However, in this case the amount of Mg2TiO4 decreased
and TiB2 phase increased. When the firing temperature
was increased to 1000 °C (Fig. 2c), the desired TiB2
phase appeared as a dominant phase, while Mg2TiO4
phase disappeared and a new phase of Mg3B2O6 was de-
tected, indicating the completion of the TiB2 formation
reaction. The decreasing and finally disappearing of the
Mg2TiO4 phase with the temperature increase indicate
that the sample synthesized at low-temperature also has
amorphous boron which was not detected by the XRD.
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Thus, with the temperature increase the chances of the
reaction 5 occurrence increases and it is finally com-
pleted at 1000 °C.

The appearance of Mg3B2O6 phase indicates that the
expected by-products MgO and B2O3 were also reacting
together according to the reaction 10:

3 MgO + B2O3 −−−→ Mg3B2O6 (10)

The overall reaction 1 can be obtained by merging the
above intermediate reactions when 1:1.25 molar ratio
for TiO2 and MgB2 is used.

3.2. Influence of salt concentration

Figure 4 shows the XRD results for the samples pre-
pared at temperature 1000 °C with reactants to salt mass
ratios of 1:0, 1: 2, 1:5 and 1:10. The patterns indicate
that a sample with 1:0 mass ratio has only minor con-
tent of TiB2 phase beside the major phases of Mg2TiO4
and MgO (Fig. 4a). When the sample was synthesized
in molten salt (i.e. MgCl2) with 1:2 mass ratio, the ma-
jor phase of desired TiB2 along with magnesium borates
and MgO contents were detected, whereas the interme-
diate phase of Mg2TiO4 disappeared (Fig. 4b). When
the ratio of reactants to MgCl2 was decreased to 1:5, no
significant changes in the pattern were detected. How-
ever, the orientation of Mg3B2O6 was changed as it
showed an extra peak at 2θ ≈ 21.08° and the peak cor-
responding to 2θ ≈ 25.72° was reduced significantly
(Fig. 4c). When the salt ratio was further decreased to
1:10, the same shape of XRD pattern was observed as
for the sample with 1:5 mass ratio (Fig. 4d), indicat-
ing that the high amount of salt contents has the same
role in the completion of TiB2 formation reaction as the
sample synthesized at 1000 °C with low salt contents.
These results dictated that the low contents of MgCl2 are
sufficient to complete the TiB2 formation reaction. It is

Figure 4. XRD results for samples prepared at 1000 °C with
reactants to salt mass ratio of: a) 1:0, b) 1:2, c) 1:5

and d) 1:10

well-known that high concentrations of salt at high tem-
perature also contaminate the furnace tube thanks to its
high vapour pressure. Thus, the low content of MgCl2
in initial powder could be beneficial for the completion
of TiB2 powder formation reaction but also to avoid the
furnace tube contamination.

3.3. Influence of the firing time

The XRD patterns of the samples after heating in
salt at 1000 °C for 1, 2 and 4 h are shown in Fig. 5. In
the sample heated at 1000 °C for 1 h, beside the TiB2
phase, the phases of MgO, Mg3B2O6 and Mg2B2O5
were also detected (Fig. 5a). Upon increasing the time
to 2 h, the MgO, Mg3B2O6 and Mg2B2O5 peaks were
still detected, however, the peak of TiB2 increased com-
paratively (Fig. 5b). When the sample firing time in-
creased to 4 h, the TiB2 phase was increased further and
appeared as a dominant phase (Fig. 5c).

Figure 5. XRD results for samples prepared at 1000 °C for:
a) 1 h, b) 2 h and c) 4 h, with reactants to salt

mass ratio of 1:2

Figure 6. XRD results of samples prepared at 1000 °C with
mass ratio for reactants powder to salt of: a) 1:2, b) 1:5

and c) 1:10 after acid leaching
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3.4. Influence of acid leaching

XRD patterns of acid leached samples are shown in
Fig. 6. After HCl leaching, the sample synthesized at
1000 °C for 4 h with reactants to salt mass ratios of 1:2,
1:5 and 1:10 have almost the same XRD pattern. All
the unwanted phases of MgO, Mg3B2O6 and Mg2B2O5
disappeared and the single phase TiB2 samples were ob-
tained.

3.5. Microstructural analyses

The SEM results indicate that the TiB2 powders ob-
tained after 4 h heating in MgCl2 salt at 1000 °C fol-
lowed by HCl leaching and washing consist of nano-
sized particles (Fig. 7). The particle size and shape of
the product materials are quite different from the ini-
tial raw material TiO2 (Fig. 7a) indicating the domi-
nance of “dissolution-precipitation” mechanism during
the TiB2 formation. The particle/grain sizes, estimated

from micrographs by nano-measurer are mostly smaller
than 100 nm having decreasing tendency with the de-
crease of reactants to salt mass ratio. Thus, the average
particle size is 250, 150 and 100 nm for the samples syn-
thesized with mass ratios 1:2, 1:5 and 1:10, respectively.
The TEM images further confirmed the nano-sized na-
ture of the prepared TiB2 particles (Fig. 8).

The EDS spectra (Fig. 7i-k) show mainly the pres-
ence of Ti and B in the entire leached sample confirm-
ing the formation of pure TiB2 nano-powder which is
in good agreement with the XRD results (Fig. 6). This
could imply that the reaction is completed at 1000 °C
even with reactants to salt mass ratio of 1:2. The higher
concentration of salt played a central role in the particle
size reduction which is also one of the dire needs of the
day for TiB2 use in industrial sector. The related EDS
analysis detected negligible contents of Mg and small
amount of O, which is a clear proof of the removal of

Figure 7. SEM micrograph of initial reactants: a) TiO2 and b) MgB2, and SEM images with EDS of samples prepared with
reactants to salt mass ratios of 1:2 (c, f, i), 1:5 (d, g, j) and 1:10 (e, h, k), heated at 1000 °C for 4 h and leached with HCl
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Figure 8. TEM images of acid leached samples synthesized with reactants to salt mass ratios of: a) 1:2, b) 1:5 and c) 1:10 and
heated at 1000 °C for 4 h

Table 1. Specific surface area SBET and equivalent average
particle size dBET of the synthesized TiB2 nanopowders

Reactants to salt mass-ratio S BET [m2/g] dBET [nm]
1:2 22 59
1:5 24 55

1:10 28 46

MgO and Mg3B2O6 compounds after acid leaching. The
presence of oxygen in the synthesized samples could be
due to samples handling in non-inert atmospheric lab-
oratory conditions as already reported in the literature
[30,35]. The observed unlabelled peaks are from plat-
inum coating and carbon tape used for SEM.

The product yield was determined based on TiB2
product amount obtained after acid leaching process and
the theoretical amount of TiB2 as estimated from re-
action 1. The calculated value of ≥82 wt.% indicates
loss of ≤18 wt.%, which is probably due to the repeated
washing with distilled water, filtration, acid (HCl) leach-
ing and centrifugation.

The S BET and the corresponding dBET of the synthe-
sized TiB2 samples are tabulated in Table 1. These re-
sults revealed that the S BET and the corresponding dBET

of the TiB2 nanopowders, synthesized with the mass ra-
tio of 1:2 for initial reactant to salt, were 22 m2/g and
59 nm, respectively. The dBET of the sample synthesized
by the MSS technique is much lower than the reported
results [8,13,14]. This can be clarified by one or both
of the following two reasons: first, the low temperature
synthesis played a key role to restrict the growth size
of TiB2 particle; second, the MgCl2 used as a molten-
salt can provide a well suited liquid environment dur-
ing the synthesis to expedite the mass transfer propor-
tion of the initial reactants and constrain the particle
growth of the desired product [30,32,35]. After decreas-
ing the reactants to salt mass ratio to 1:5 and 1:10, the
S BET of the synthesized TiB2 powders increased to 24
and 28 m2/g, respectively, while the dBET reduced to 55
and 46 nm. The particle-size calculated from BET is in a
good agreement with the sizes estimated from SEM and
TEM micrograph. The BET and SEM results suggest
that the particle-size of the synthesized TiB2 nanopow-
ders decreases with the decrease of reactants to salt
ratio.

IV. Conclusions

TiB2 nano-powders were successfully synthesized by
the MSS technique using TiO2 and MgB2 as the starting
materials and MgCl2 as a molten-salt. The by-product
MgO and magnesium borates in the as-synthesized TiB2
nanopowders, originated from the reaction of TiO2 and
MgB2, were removed by leaching process using 2 M
HCl aqueous solution. The study of the effects of the
firing temperature, firing time and reactants to salt ra-
tio on the TiB2 nanopowders formation demonstrated
that the reaction of TiB2 formation was completed even
with mass ratio of 1:2 for reactants powder to salt at
temperature as low as 1000 °C with firing time of 4 h.
S BET and dBET of the acid leached TiB2 nanopowders
synthesized with 1:2 mass ratios for initial reactants to
salt were 22 m2/g and 59 nm, respectively. Furthermore,
it was observed that the increase in molten salt concen-
trations in the initial reactants played a key role in the
accretion of surface area and reduction of particle size
of synthesized powder. The TiB2 nano-powder synthe-
sized with 1:10 mass ratio for initial reactants to salt
showed high value of S BET (28 m2/g) and smaller value
of dBET (46 nm). The synthesized nanopowders exhib-
ited hexagonal-like morphology. The EDS observation
of the leached samples revealed the formation of TiB2
nanopowders with a high purity.
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