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Abstract
B4C–TiB2 composites were fabricated via reaction hot pressing at 2100 1C under a pressure of 25 MPa, using B4C and Ti3SiC2 powders as raw
materials. The phase transformations, microstructure and mechanical properties were investigated by XRD, TG–DTA, SEM, TEM and EDS. It is
found that the SiC and TiB2 particles are homogenously dispersed in the B4C–TiB2 composites, where nano-sized TiB2 particles are mainly
located within the B4C matrix grains, while the large-sized TiB2 particles at the matrix grains boundaries. Due to the pinning effect of SiC and
TiB2 particles on B4C grain growth, the grain size of the composite is signiﬁcantly reduced, leading to a great improvement of the mechanical
properties. B4C–TiB2 composite prepared from B4C-10 wt% Ti3SiC2 starting powder shows high ﬂexural strength, fracture toughness and microhardness of 592 MPa, 7.01 MPa m1/2 and 3163 kg/mm2, respectively. Crack deﬂection and crack bridging are most likely the potential
toughening mechanisms in the composites. Furthermore, according to the XRD and TG–DTA analysis, the possible reaction mechanisms leading
to the in-situ formation of TiB2 were proposed.
& 2015 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction
Boron carbide (B4C) ceramics has received wide attention
for high temperature structural applications owing to a number
of unique properties, such as low density, high melting point,
high hardness, high elastic modulus and good abrasion
resistance [1–3]. Despite that, the full potential usage of the
material is rather limited because of its extremely poor
sinterability (elevated sintering temperature 42200 1C) and
the high susceptibility to brittle failure ( fracture toughness
2–3 MPa m1/2).
Early studies showed that the addition of secondary phases
into B4C by forming multiphase composites, e.g. B4C/HfB2
[4], B4C/CrB2 [5], B4C/TiB2 [6–9], B4C/SiC [10–11] and
B4C/TiC [12], could signiﬁcantly improve the mechanical
n
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property as well as sinterability of the material. Among them,
B4C composite reinforced with TiB2 particles is particularly
attractive due to its high melting point, high elastic modulus,
superior wear resistance and good chemical stability [13–14].
However, to achieve a good balance among different aspects
of the mechanical properties of the material, it is still difﬁcult.
For instance, hot-pressed B4C–TiB2 composite prepared by Ru
showed high strength and toughness of 506 MPa and
9.4 MPa m1/2, respectively, but the hardness was just only
23.6 GPa [15]. In comparison, hot-pressed B4C–TiB2 composite prepared by J.Vleugels showed a combination of high
strength and high toughness of 867 MPa and 29 GPa, while the
fracture toughness was modest (4.5 MPa m1/2) [16]. Similar
phenomenon was also observed by Yamada. Reaction hotpressed B4C–TiB2 composite prepared by Yamada showed
high strength of 866 MPa, with a low toughness of about
3.2 MPa m1/2 [17]. All these results indicate that more work
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should be done to improve the full aspects of mechanical
properties of the materials.
On the basis of above, in this study, we explored the
feasibility of preparation of the B4C–TiB2 composites via
reaction hot pressing using B4C and Ti3SiC2 powders as raw
materials. We expected that the addition of Ti3SiC2 reacted
with B4C and in situ generated TiB2, the ﬁne TiB2 grains were
dispersed homogeneously in B4C matrix, forming a kind of
complicated intragranular/intergranular microstructure and
enhancing the strength and hardness. In addition, crack
deﬂection and crack bridging induced by TiB2 grains due to
residual stress resulting from thermal expansion mismatch
between B4C and TiB2 improved the fracture toughness. The
results show that the composite obtained possesses a signiﬁcant improvement of the overall mechanical properties, and a
good balance among strength, toughness and hardness is
achieved. The formation mechanism, microstructure and
mechanical properties of the composite are discussed.
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2.2. Reaction hot-pressing
Reaction hot-pressing was carried out using a hot-pressing
apparatus in Ar atmosphere. The ball-milled B4C þ Ti3SiC2
powder mixtures were loaded into a graphite die with a
diameter of 80 mm and a height of 150 mm, then heated to
2100 1C at a heating rate of 10 1C /min, and dwelled for
60 min under a maximum applied pressure of 25 MPa. After
that, the applied mechanical pressure was removed and the
electric power was switched off to allow the sample to cool to
room temperature.
2.3. Characterizations

2.1. Materials

The densities of the sintered samples were measured via the
Archimedes method using distilled water as the medium.
Flexural strength was measured through three-point-bending
test on ﬁve specimens (3  4x40 mm3) with a span of 30 mm
and crosshead speed of 0.5 mm/min by universal machine
(Model 5566, Instron Company, U.K). Fracture toughness was
evaluated by single edge notched beam test with a span of
16 mm and crosshead speed of 0.05 mm/min, ﬁve samples
were tested. The test bars, 2  5  30 mm3 in dimension, were
notched by electromachining with a 0.2 mm diameter Mo line.

Commercially available Ti3SiC2 (Shanghai yuehuan new
material technology co., Ltd., China, 98% purity) and B4C
powders (Dalian Jinma Boron Technology Group Co., Ltd.,
China, 98.5% purity) were used as starting materials. Fig. 1
shows the SEM images of the as received Ti3SiC2 and B4C
powders. The Ti3SiC2 powder show aggregated particles of
o 5 μm in size, whereas the B4C powder is composed of
irregular-shaped particles of o 4 μm and relatively well
dispersed. X-ray diffraction (XRD) analysis shown in Fig. 2
indicates that the primary crystalline phases presenting in the
Ti3SiC2 and B4C powders are Ti3SiC2 and B4C, with tiny
amounts of B2O3 and TiC impurities, respectively. Designated
amounts of B4C and Ti3SiC2 (0 wt%, 5 wt%, 10 wt%) powders
were weighed and mixed by ball milling in ethanol for 24 h
with boron carbide grinding media, then dried in air atmosphere. The resultant powder mixture was screened through a
60-mesh nylon sieve and stored for later use.

Fig. 2. XRD patterns of the as-received (a) B4C, (b) Ti3SiC2 and (c) B4C þ
Ti3SiC2 mixture powders.

2. Materials and methods

Fig. 1. Typical SEM images of the as-received (a) Ti3SiC2 and (b) B4C powders.
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The notches were about 0.2 mm in width and 2.5 mm in depth.
The test bars were ground and polished with a series of
diamond pastes to a surface roughness of 0.5 μm, and their
edges were beveled before testing. The microstructure was
characterized by scanning electron microscopes (SEM, JSM6700F) and transmission electron microscope (TEM, JEOL2100F). The phase assemblages of the sintered products were
analyzed by X-ray diffraction (XRD) using CuKa radiation at
40 kV tube voltage and 450 mA current.
The reaction mechanisms during high temperature treatment
of the B4C þ 10 wt% Ti3SiC2 mixed powder were investigated
as described below. First, the thermal effects and weight
changes of the B4C þ 10 wt% Ti3SiC2 powder mixture during
heating was analyzed by thermogravimetric (TG) and differential thermal analysis (DTA) techniques from room temperature to 1500 1C with a heating rate of 10 1C/min in high purity
Ar (99.99%) atmosphere. Then, B4C þ 10 wt% Ti3SiC2 mixed
powder were heat treated in Ar atmosphere from 900 to
1600 1C for 1 h. The heat treated samples were characterized
with XRD, and the chemical reactions occurred in the system
were investigated.

3. Results and discussion
3.1. Reaction mechanisms of B4C and Ti3SiC2 mixture at high
temperature
The TG–DTA curves of B4C þ 10 wt% Ti3SiC2 mixed
powder heat treated from 100 to 1500 1C are shown in
Fig. 3. A broad endothermic peak centered at 1295 1C was
observed on the DTA curve, while two weight losses occurring
at the temperature ranges of 300–500 1C and 1100–1500 1C
are observed on the TG curve. The low temperature weight
loss (0.41%) should correspond to the pyrolysis of organic
contaminants introduced in the powder mixture during ball
milling process, where a nylon pot was used. The weight loss
at high temperature is most likely associated with volatilization
or the carbothermal reduction of B2O3 impurity in the samples,
as will be revealed later.

The XRD patterns of B4C þ 10 wt% Ti3SiC2 mixed powder
heat treated from 900 to 1600 1C in Ar atmosphere for 1 h are
shown in Fig. 4. It can be seen that no obvious changes in the
XRD pattern occur when the heat treatment temperatures are
below 1200 1C. The samples in these cases show distinctive
diffraction peaks of only B4C, Ti3SiC2, TiC and B2O3, no
additional new phases are detected. This indicates the absence
of noticeable reaction between Ti3SiC2 and B4C at temperature
below 1200 1C. However, when the heat-treatment temperature
increased to be 1200 1C, radical changes in the XRD pattern
occur. The diffraction peaks of Ti3SiC2 and B2O3 disappear,
meanwhile diffraction peaks of TiB2 new phase are noticed,
together with an obvious increase in the peak intensities of
TiC. Such radical changes in the XRD pattern implies the
complete reaction between Ti3SiC2 and B4C to form TiB2 and
TiC (reaction (1)), as well as the removal of B2O3 from the
sample through chemical reaction with carbon (reaction (2)).
B4C þ Ti3SiC2-2TiB2 þ TiC þ SiC þ C

(1)

2B2O3 þ 7C-B4C þ 6CO

(2)

As the heat-treatment temperature further increased, the
diffraction peaks of TiC phase are reversely decreased. At the
same time, the diffraction peaks of TiB2 become continuously
stronger. At 1600 1C, no diffraction peaks of TiC can be
detected, suggesting the complete conversion of TiC to TiB2
through reaction with B4C (reaction (3)).
B4C þ 2TiC-2TiB2 þ 3C

(3)

On the basis of the above results, the overall reaction in the
system during heat-treatment of the B4C þ 10 wt% Ti3SiC2
powder mixture can be described as reaction (4), if the B2O3
impurity in the starting powder is ignored:
3B4C þ 2Ti3SiC2-6TiB2 þ 2SiC þ 2C

(4)

This reaction starts at 1200 1C and ended at 1600 1C with
the in-situ formation of TiB2 and SiC. However, because the
content of SiC formed in the material is very small (2 wt%)
and may be below the detecting limitation of XRD technique,
its presence in the material is not reﬂected on the XRD patterns
as found above.
3.2. Mechanical properties and Microstructure

Fig. 3. TG–DTA curves of the as-received B4C þ 10 wt% Ti3SiC2 mixture
powder.

Table. 1 lists the composition, density, ﬂexural strength,
fracture toughness and hardness of the three ceramics investigated in this study. It can be seen that the composite prepared
with 10 wt% Ti3SiC2 addition is nearly full dense with a
relative density of 99.6%, and optimal ﬂexural strength,
toughness and hardness of 592 MPa, 7.01 MPa m1/2 and
3163 kg/mm2 respectively. Whereas monolithic B4C sintered
under similar conditions achieved a relative density of 98.6%
together with relatively low ﬂexural strength, toughness and
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Fig. 4. XRD patterns of the as-received B4C þ10 wt% Ti3SiC2 powder mixtures heat-treated at different temperatures for 1 h.

Table 1
Mechanical properties of the B4C–TiB2 composite.
wt% of Ti3SiC2

Measured density g/cm3

Calculated density g/cm3

Relative density %

ﬂexural strength MPa

fracture toughness MPa.m1/2

Hv kg/mm2

0
5
10

2.4970.01
2.5370.01
2.6470.01

2.52
2.58
2.65

98.8
98.1
99.6

389 728
533 752
592 710

4.4370.23
6.7370.26
7.0170.28

3083755
3140756
3163785

hardness of 389 MPa, 4.43 MPa m1/2 and 3083 kg/mm2. The
possible explanation for the improved density can be interpreted as follows. The chemical reaction between B4C and
Ti3SiC2 will cause deviations of B4C from its stoichiometry,
and thereby increase the concentration of structural vacancies
and lattice distortion in it [18]. This activates the lattice
diffusion of boron and carbon atoms, leading to enhanced
mass transport and densiﬁcation [18–19]. In addition, the
application of high pressure for consolidation results in high
stress at the particle contact points. The stress gradient at the
contact points can act as a driving force for mass transport,
which is beneﬁcial for sintering [19].
SEM micrographs of the fracture surface of the B4C
ceramics and composites support the mechanical results shown
in Table 1. As shown in Fig. 5(a), the two composites exhibit
similar XRD pattern, there are only diffraction peaks of B4C
and TiB2, without any additional phases. The corresponding
back-scattered electron images of fracture surface of the two
composites are also shown in Fig. 5(c) and (d). In the ﬁgure,
the dark gray phases are B4C and the small bright white phases
are TiB2. White TiB2 phases of ﬁne sizes are homogenously
dispersed in the dark gray B4C matrix, which mainly results
from the reaction between B4C and Ti3SiC2. Especially for the
composites with 10 wt% Ti3SiC2, the mean size of TiB2 grains
is less than 1 μm and a large amount of sub-micrometer TiB2
grains are dispersed within the B4C grains, indicating the
formation of intragranular TiB2 structure in the composite. In
order to distinguish SiC phase, back-scattered electron images
of surface of the composites with 10 wt% Ti3SiC2 are
presented in Fig. 5(e). EDS (Fig. 5(f)) shows that the gray

phases are SiC, and SiC phases are dispersed uniformly in the
dark gray B4C matrix, mean size of SiC grains is below 1 μm.
As for the smaller TiB2 grains, TEM were used for further
observation. Fig. 6 shows representative TEM images of
intragranular and intergranular TiB2 grains and the highresolution. The black zones located in B4C grains by EDS
and electron diffraction analyses are TiB2 grains with a
hexagonal crystal structure. According to the difference in
their location, TiB2 particles can be classiﬁed into two types,
i.e. intragranular and intergranular ones. The intragranular
TiB2 particles are conﬁned within large boron carbide grains,
their sizes are in the range of tens to several hundred
nanometers in Fig. 6(a). As shown in Fig. 6(b), the intergranular TiB2 particles are located at the matrix grain
boundaries or triple junctions, and generally above one
micrometer in size, much larger than their intragranular
counterparts. It should be noted that the grain boundaries
between SiC, TiB2 and B4C grains are not as straight as B4C
grain boundaries. The irregularly curved grain boundaries
resulting from SiC and TiB2 grains indicate the pinning effect
of SiC and TiB2 grains on B4C grains. In addition, the nanoparticles or sub-micrometer particles located within B4C grains
are prone to form sub-boundary structure in composites under
the presence of internal stress, which can reﬁne matrix grains
shown in Fig. 5(d) and contribute to the improvement of the
mechanical properties of the composites, the potential hardness
decrease caused by SiC and TiB2 formation in the composite is
well compensated.
The SEM micrographs of the crack propagating on the
polished surface of B4C–TiB2 composite are shown in Fig. 7.
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Fig. 5. (a) XRD, (b–d) SEM images of the fracture surfaces of B4C–TiB2 composites prepared from B4C þ Ti3SiC2 mixtures containing (b) 0 wt%, (c) 5 wt% and
(d) 10 wt% of Ti3SiC2 and (e–f) SEM images of surface and EDS of B4C–TiB2 composites prepared containing 10 wt% Ti3SiC2.

It can be seen that in situ formed TiB2 phase does not change
fracture mode of the monolithic B4C ceramic, which is still
dominantly transgranular fracture. It can be also concluded
from transgranular fracture that the good bonding strength
exists between B4C and TiB2 phase interface. As shown in
Fig. 7, crack bridging and obvious crack deﬂection by micronsized TiB2 grains can be seen in the crack propagation. Due to
thermal expansion coefﬁcient difference between B4C
(4.5  10  6/k) and TiB2 (8.1  10  6/k), residual thermal
stress arises in the composite [20–22]. The stress ﬁeld imposes
a strong impact on the crack propagation behavior, making
crack deﬂection and bridging by the TiB2 secondary phase

particles. This may be effective barriers for crack propagation
and can consume much crack propagation energy. In this way,
the fracture toughness of the composite is improved.
4. Conclusions
In short, B4C–TiB2 composite of high ﬂexural strength,
hardness and fracture can be prepared by the reaction of B4C and
Ti3SiC2 powder route with hot pressing. TiB2 particles are located
both intragranularly and intergranularly in the B4C matrix,
showing a strong pinning effect on B4C grain growth. This
results in a signiﬁcant reﬁnement of the microstructure of the
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TiB2
B4C

TiB2

B4C

Fig. 6. TEM images of B4C–TiB2 composites showing (a) nano-size TiB2 particles entrapped in B4C grains and (b) large-size TiB2 particles located at matrix grain
boundaries or triple junctions; (c) EDS and (d) corresponding electron diffraction and high resolution image of a TiB2 particle.

3163 kg/mm2, respectively. In comparison with the B4C–TiB2
composites reported before, a well balance in the strength,
toughness and hardness of the material is achieved.
Crack bridging

Acknowledgments

TiB2
Crack deflection

Fig. 7. Crack propagation behavior of the polished surface in B4C–TiB2
composite.

composite and great improvement of its mechanical properties.
Apart from that, crack deﬂection and crack bridging by micronsized TiB2 grains may be also the main toughening mechanisms.
The composite fabricated from B4C-10 wt% Ti3SiC2 starting
powder shows the optimal mechanical properties, with ﬂexural
strength, toughness and hardness of 592 MPa, 7.01 MPa m1/2 and
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