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TiC-TiB2 nanocomposite was fabricated by self-propagating high-temperature synthesis (SHS) of
mechanically milled powders. H3BO3, TiO2, Mg, and C as starting materials were milled for 0.5, 1, and 3 h
then pressed to form pellets. Green compacts were placed in a tube furnace which had been preheated to
three different temperatures of 900, 1000, and 1100 �C with argon atmosphere, for the synthesis. The
prepared samples were studied by XRD, SEM, and TEM analytical technique. TiC and TiB2 were not
formed during milling process. According to the XRD patterns of synthesized samples, ball milling for 0.5 h
is the optimum time for mechanical activation of the mixed powders. Further investigation indicated that
900 �C is the best temperature for the synthesis of this mixture. By using Williamson-Hall method, the
average crystallite sizes of TiB2 and TiC were calculated 40.7 and 75.6 nm, respectively, which were
confirmed by TEM images.
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1. Introduction

Titanium diboride and titanium carbide, due to their high
melting point, hardness, good thermal shock resistance and
high-temperature stability, constitute an excellent choice for the
applications in high performance cutting tools and abrasives,
wear resistant parts and armored vehicles (Ref 1). These
properties along with their light weight make them attractive in
aircraft propulsion systems and space vehicle thermal protec-
tion, too (Ref 2). Self-propagating high-temperature synthesis
(SHS), also termed as combustion synthesis (CS) developed by
Merzhanov and Borovinskaya in the late 1960s (Ref 3, 4), has
been expanding during the last several decades due to its
attractive merits of high purity products, low processing cost,
time and energy saving, low-temperature furnace, and nonpol-
luting process (Ref 3-5). It is therefore, used as a new technique
for the synthesis of ceramics, intermetallics, ceramic matrix
composites (CMCs), metal matrix composites, and so on (Ref
3, 6). However, a major limitation in the application of SHS
reactions to the production of advanced material components is
the inherent high porosity, e.g., the synthesized materials
typically have 50% of the theoretical density (Ref 3). In order to
increase the reactivity of the green powders a ball milling (MA)
process can be used prior to the SHS reaction. The use of
mechanical activation prior to the SHS process can result in the
formation of nanostructured materials (Ref 7).

In this study, therefore, formation of nano-crystalline TiB2-
TiC composite by MASHS process, using inexpensive raw

materials, such as boric acid (H3BO3), titanium oxide (TiO2),
graphite and Mg as reducing agent, was investigated. The
reaction occurring in this process can be written as follows:

2H3BO3þ 2TiO2þ 7MgþC¼ TiCþTiB2þ 7MgOþ 3H2O

DH�298 ¼�1512 kJ/mol (Eq 1)

However, since during the process H3BO3 melts at 139 �C
and subsequently at 169 �C it dissociates into B2O3 and H2O
(Ref 8). Mg plays the major role in this reduction process;
however, carbothermic reduction also may occur. Due to the
high exothermic enthalpy of this reaction [�1512 kJ/mol, as
calculated from the data compiled by Turkdogan (Ref 9)], it can
be carried out either in a tube furnace at 1300-1500 K or by
partial ignition of the reactant mixture, which then becomes
self-sustaining (Ref 10, 11). MgO and these components
formed in the products through this CS technique can be easily
removed from the products by being leached in dilute HCl
solution (Ref 12, 13).

2. Experimental

TiO2 (Merck Chemicals, 99% pure, particle size <40 lm),
H3BO3 (Merck Chemicals, 99% pure, particle size <60 lm),
graphite (MerckChemicals, 99%pure, particle size<40 lm), and
Mg (Merck Chemicals, 99.95% pure, particle size <150 lm)
were used as the starting materials. The powders were mixed in
accordance with the stoichiometry given by Eq 1. Ball milling
of the powder mixture was carried out at room temperature in a
planetary ball mill. The necessary information about this
process is shown in Table 1. The cups were evacuated and
filled with pure argon gas to prevent oxidation during the
milling process. The MA process was performed at different
milling times (0.5, 1, and 3 h) using a planetary mill with blend
of hardened steel balls (10 and 20 mm diameters) and the
samples were designated as A1, A2, and A3, respectively. No
process control agent (PCA) was used, since; H3BO3 is able to
reduce the agglomeration (Ref 14). After the milling process,
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the mixture was oven-dried at 90 �C for 4 h. The dried powders
were then passed through a 100-mesh sieve to reduce the
number of agglomerates. The powder mixtures were uniaxially
pressed in a stainless steel die at about 300 MPa without a
binder into a cylindrical compact of about 10 mm diameter and
5 mm height. The initial density of the green compacts was
estimated from the mass and geometry to be about 70% of the
theoretical density of the reactants. The green samples were put
in a tube furnace which preheated to three different tempera-
tures 900, 1000, and 1100 �C for the CS process. Structural
changes of the powders were studied by x-ray diffraction
(XRD) (mod.PW1830, Philips Analytical B.V, the Netherlands)
with Cu Ka radiation and Ni filter. The powders morphology
was investigated by scanning electron microscopy (SEM)
(mod.XL30, Philips, the Netherlands at an acceleration voltage
of 30 kV). The sample for transmission electron microscopy
(TEM) was prepared by suspending the powder sample in
ethanol and subjecting it to ultrasonic vibration to break up
aggregates. A drop of the suspension was then placed on a
carbon-coated copper grid and dried. The sample powder
mounted on the copper grid was then studied using a 100 kV
Philips EM208S transmission electron microscope.

3. Results and Discussion

3.1 Morphological Studies

The XRD patterns of the as-milled samples are shown in
Fig. 1 These patterns demonstrate that no reaction has taken
place during the milling process, as the patterns include only
the peaks which are assigned to the reactants. The only

important change that is worth mentioning is the intensity
reduction of the main peak of H3BO3 for sample A3 (about
2h = 28�), which might be due to the moisture removal from
the H3BO3. If the temperature rises to above 120 �C because of
the intensive ball-to-ball and ball-to-powder collisions, the
H3BO3 will be dehydrated to some extent and boron oxide will
be produced. It should be mentioned that in the microscopic
scale, the reaction between the reactants could occur several
times during the milling where, considerable amount of heat
may be released to increase the local temperature.

Synthesized samples had a fragile sponge-like structure and
they could easily be ground by an agate mortar and pestle. In
powder form, they were subject to XRD analyses. Figures 2-4
show the XRD patterns of the typical products which were
synthesized in 900, 1000, and 1100 �C, respectively. However,
it has been reported that during the Eq 1, side reactions take
place leading to the formation of Mg2TiO4 and Mg3B2O6

products (Ref 15). However, according to the Eq 1, only TiC,
TiB2, and MgO were expected as products. It could be seen
that, in addition to these major phases, other minor phases such
as Mg2TiO4 and Mg3B2O6 were also present as shown in
Figs. 2-4. Formation of Mg2TiO4 and Mg3B2O6 minor phases
may be caused by the reaction between unreacted TiO2 and
B2O3, with formed MgO according to the following reactions:

TiO2 þ 2MgO ¼ Mg2TiO4 DG� ¼ �12:2 kJ ðEq 2Þ

B2O3 þ 3MgO ¼ Mg3B2O6 DG� ¼ �153 kJ ðEq 3Þ

by increasing the energy level of the reactants via mechanical
activation (MA) of the powders, the reactivity of the reactants
increases, resulting in a higher conversion of reactants to the
side products. This phenomenon is clearly seen in Figs. 2(c),
3(c), and 4(c). Hence, according to these figures, milling of
the reactants for 0.5 h is the optimum time for mechanical
activation of the powders. MgO and other components of the
undesired products can be removed by leaching in dilute HCl
solution.

Figure 5 shows SEM micrographs of products obtained
through the SHS reaction. It is clearly seen that by increasing
the temperature, grain growth greatly increases and the grains
are angular and flaky in shape. It is worth mentioning that the
other effect of raising the temperature is the increase of porosity

Table 1 Details of ball machine and milling conditions

Rotation speed of disc, rpm 250
Cup material Hardened chromium steel
Capacity of cup, mL 150
Ball material Hardened carbon steel
Diameter of balls, mm 10-20
Number of balls 15
Balls to powder weight ratio 15:1
Total powder mass, g 15

Fig. 1 XRD patterns taken from the mixtures after (a) 0.5 h, (b) 1 h, and (c) 3 h of milling times
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Fig. 2 XRD patterns of the samples with (a) as-received, (b) 0.5 h, (c) 1 h, (d) 3 h and synthesized in 900 �C

Fig. 3 XRD patterns of the samples with (a) as-received, (b) 0.5 h, (c) 1 h, (d) 3 h and synthesized in 1000 �C

Fig. 4 XRD patterns of the samples with (a) as-received, (b) 0.5 h, (c) 1 h, (d) 3 h and synthesized in 1100 �C
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and locally shrinkage of grains due to the formation of liquid
phase in high temperatures (Ref 16). So that, in sample which
was milled for 0.5 h and was synthesized at 1100 �C, grains
have been formed in an irregular surface and especially in
coarse-shaped agglomerates. According to the XRD analyses,
these aggregates are composed of mainly MgO, TiC, and TiB2

and minor amount of Mg2TiO4 and Mg3B2O6 phases. The
morphological study of the products indicates the agglomera-
tion of the oxide compounds along with TiC and TiB2. Among
the synthesized samples, A1 showed to be the most desired
product as TiC and TiB2 could be readily formed, whereas, in
other cases, the desired products could not be completely
formed. The elongated or rectangular particulates are TiB2,
whereas the nearly spherical particulates are TiC (Fig. 6). These

particulates morphologies were similar to those observed for
monolithic TiB2 and TiC (Ref 6). Therefore, the product sample
A1 was chosen to undergo leaching step, in order to wash away
the side reaction products.

3.2 Thermodynamic Analysis

An important thermodynamic parameter in this regard is the
adiabatic temperature of reaction (Tad) which is the maximum
temperature achieved under adiabatic conditions as a conse-
quence of the evolution of heat from the reaction. It has been
suggested that the value of Tad should be above 1800 K to yield
self-propagating combustion reaction in a thermally ignited
system (Ref 17, 18). The value of Tad can be calculated using
following equation:

�DH�298 ¼
ZTad

T0

DCpdT ðEq 4Þ

where DH�298 is the enthalpy changes at 298 K (room temper-
ature) and Cp is the heat capacities of products (MgO, TiC,
and TiB2). The Tad for Eq 1 was calculated using the Eq 4
and thermodynamic data (Ref 19) was found to be 3104 K
which is much higher than the critical value of 1800 K. On
the other hand, the specific heat generated in a metallothermic
reaction dictates whether the reaction can self-propagate or
not. The specific heat of a reaction is evaluated by dividing
the reaction�s enthalpy to the sum of the product�s weight. If
this value is between 2250 and 4500 J/g, the process results
in a controlled and self-sustaining reaction (Ref 20). Specific
heat value of Eq 1 was calculated to be 3676 J/g by using
Factsage 5.3 thermochemistry software (Ref 21). Therefore,
this reaction is self-sustaining, and these products could be
synthesized from H3BO3-TiO2-Mg-C system by a self-propa-
gating combustion process.

Better understanding of the aforementioned processes can be
obtained by examining a plot of the enthalpies of the reactants
and products as a function of temperature. Such plots are often
used to predict the properties of SHS processes (Ref 22, 23).
Figure 7 has been drawn by Factsage software (Ref 21) that
shows the total enthalpy of the reactants (upper line) and of the
products (lower line) as a function of temperature. The steps
correspond to the melting of the relevant components, H3BO3,

Fig. 5 SEM micrographs of products synthesized in (a) 900 �C,
(b) 1000 �C, and (c) 1100 �C (5009)

Fig. 6 SEM micrograph of products synthesized in 900 �C
(15,0009): the rectangular particulates are TiB2 and the spherical
particulates are TiC
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Mg, C, and TiO2 in the case of the reactants and TiC, TiB2, and
MgO in the case of the products; evaporation is not included in
the figure. The initial temperature is assumed to be 298 K. The
horizontal line ‘‘A’’ represents adiabatic conditions. The
adiabatic temperature would be given by its intersection with
the line showing the enthalpy of the products. It is well beyond
the melting points of all reactants. Although some heat is
always lost to the environment, extensive melting is obvious
from the macroscopic appearance of the products, especially
after reactions with a large release of heat, i.e., with a large
temperature increase. SEM on the product obtained by reducing
TiO2 with Mg found spherical particles, indicating the melting
of even this highest-melting phase TmðTiO2Þ ¼ 1843 �C

� �
(Ref

24). The heat loss may be much more dramatic in loose powder
particles, but extensive melting is possible even in that case.
Line ‘‘B,’’ ‘‘C,’’ and ‘‘D’’ of Fig. 7 is the schematic represen-
tation of a case when complete melting of TiO2, Mg
(Tm(Mg) = 650 �C) and H3BO3 TmðH3BO3Þ ¼ 139 �C

� �
take

place. The line does not reflect the time dependence of the
heat loss; consequently, the actual relationship need not to be a
straight line. The presence of molten components can explain
the propagation of the reaction in the loose powder. When the
reaction starts through the collision of the components particles,
local melting takes place. This fully or partially molten material
collects solid reactant particles, and further reaction and melting
take place. The ignition time is usually shorter than 30 s.

3.3 Leaching

The leaching process tests were carried out by using a
solution of 2 M HCl at a temperature of about 90 �C for
30 min. It could be observed that with a complete MgO
elimination, a small amount of TiB2 is also dissolved which
could be due to its small crystallite sizes (Ref 25, 26). MgO
dissolution reaction in HCl acid solution is shown in Eq 5

MgOþ 2HCl ¼ Mg2þ þ 2Cl� þ H2O ðEq 5Þ

The solution was filtered after leaching and the purified
products were washed by distilled water for several times to
eliminate extra HCl acid until the pH value is about 7. At
the end, the products were dried in air oven at 353 K for
1 h. Figure 8 shows the XRD patterns of the leached
products which were synthesized at three different temper-
atures. It can be seen that the peaks due to MgO were
almost completely eliminated as a result of the leaching
process. On the other hand, increase of temperature leads to
decrease in the amount of TiB2. Because, similar to the
higher milling time, in the higher temperatures, the reactivity
of the reactants increases, resulting in a higher conversion of
reactants to the side products. Williamson-Hall method was
employed for XRD peaks analysis using following equation
(Ref 27):

bs cos h ¼ Kk=d þ 2e sin h; ðEq 6Þ

where bs is the sample broadening in radians, 2h is the posi-
tion of peak, K is the Scherrer constant [K = 0.9 (Ref 28)], k
is the x-ray wavelength (k = 1.54184 Å), d is the crystallite
dimension, and e is an approximate upper limit of the lattice
distortion. NBS640 sample (Si sample with free form defect
and size broadening) was employed to remove instrument
broadening (bi) from XRD pattern. According to the follow-
ing equation:

b2
s ¼ b2

e � b2
i ; ðEq 7Þ

where be is the FWHM of the measured XRD peak. The
average crystallite sizes of TiB2 and TiC in the microstructure
of the composite were calculated 40.7 and 75.6 nm, respec-
tively, that were confirmed by TEM image. Figure 9 shows
TEM micrographs of synthesized powder sample at the
900 �C after leaching (A1). It is observed that, the products
are made up of nanosized particles ranging from 30 to
90 nm.

Fig. 7 The enthalpy of the reactants and the products as a function of temperature
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4. Conclusions

TiC-TiB2 nanocomposite could be fabricated through
MASHS process. XRD study showed that TiC and TiB2 were

not formed during milling process and ball milling for 0.5 h
was found to be the optimum time for activation of the
reactants. Characterization of the products samples after
leaching with dilute acid showed that 900 �C is the optimum
temperature for the synthesis of the nanocomposite. By using
Williamson-Hall method, the average crystallite sizes of TiB2

and TiC were calculated 40.7 and 75.6 nm, respectively, which
were confirmed by TEM image.
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