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Abstract

TiC-based composites toughened by submicron SiC particles with improved fracture toughness were fabricated and fracture

mechanism has been investigated. It has been found that the improvement in fracture toughness of TiC–SiC composites is due to both

crack paths propagating through uniformly distributed SiC particles and the fracture mode transition from intergranular type to

transgranular type caused by the change of residual stresses originating from the addition of SiC particles. The optimum of fracture

toughness (5.2 MPa m1/2) was achieved at 14.6 vol% SiC, whereas the toughness decreased with increasing amount of SiC beyond

30 vol%.

& 2013 Published by Elsevier Ltd and Techna Group S.r.l.
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1. Introduction

Titanium carbide (TiC) ceramics with covalent bonding
possess high melting temperature (�3260 1C), high elec-
trical conductivity (30� 106/O cm), high chemical and
thermal stability, good corrosion resistance [1] and high
hardness (�30.3 GPa) [2]. Because of this combination of
properties, TiC ceramics have been widely applied in
cutting tools and machining materials. Additional interest
in TiC has been generated due to recent research activity
related to nuclear industry in recent years. Benefiting from
the low neutron absorption cross-section, TiC has been
proposed as one of the inert matrix fuels (IMF) or diluting
agents for fast reactors [3,4]. However, the modest fracture
toughness of TiC ceramics limits their use under severe
conditions. It is, therefore, highly desirable to improve the
fracture toughness of TiC.
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Previous investigations have shown that the dispersion of
second-phase particles into ceramic matrix can improve their
mechanical properties, e.g., TiC particles in Al2O3 matrix [5],
WC particles in ZrB2–SiC matrix [6], TiB2 particles in B4C [7]
and SiC particulates reinforced mullite composites foams [8].
Due to relatively good mechanical properties and excellent
oxidation resistance [9], the addition of SiC particles, therefore,
can not only enhance the mechanical properties of TiC
ceramics but also improve their oxidation resistance as well.
Titanium carbide ceramics reinforced by SiC particles have
been investigated in recent years; however, most of the
investigations were concerning on the effects of nano-SiC
particles on the mechanical properties of TiC ceramics [10,11].
Furthermore, the cost of nano-powders is relatively high and
the dispersion of nano-powders is more difficult, and thus it is
necessary to develop high performance TiC-based composites
by adding submicron SiC particles. Chen et al. [9] fabricated
TiC–SiC composites with improved hardness by adding
certain amount of submicron SiC particles, but fracture
toughness was not tested in their experiment. In addition,
there are few reports discussing the toughening mechanism of
SiC particles in TiC-based composites up to now.
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In the present work TiC-based composites with different
contents of submicron SiC particles were fabricated by
spark plasma sintering (SPS) at 1600 1C for 5 min, and the
microstructure–fracture toughness relationship of obtained
ceramics was investigated. Additionally, theoretical calcu-
lations and analysis were used to further study the fracture
mechanism.

2. Experimental procedures

Commercially available TiC (�2 mm particle size, ST-
Nano Science & Technology Co., Ltd., Shanghai, China)
and SiC powders (average particle size �300 nm, Weifang
Kaihua silicon carbide powder Co., Ltd., Weifang, China)
were used as raw materials. In order to get uniform powder
mixtures with different amounts of SiC additions (14.6,
27.7, 39.7 and 50.6 vol%, which denoted as TS-1, TS-2,
TS-3 and TS-4, respectively.), two-step method was used.
Firstly, TiC and SiC powders were ultrasonically treated in
absolute ethanol for 20 min. After that, the suspension
mixtures containing TiC and SiC were further blended by
ultrasonic treatment for another 20 min. Secondly, the
TiC–SiC suspension mixtures were poured into a polyur-
ethane jar and ball milled for 6 h at 300 rpm using silicon
carbide milling media. The mixtures were subsequently
dried in a rotary evaporator at 70 1C and then the dried
powder mixtures were crashed and sieved to �80 mesh
screen size. About 5 g of powders was filled into a graphite
die with an inside diameter of 20 mm and sintered with a
spark plasma sintering (SPS) apparatus (Dr. Sinter SPS-
1050T, Sumitomo Coal Mining Co. Ltd., Japan) in
vacuum. An infrared thermometer was used to measure
the temperature. A schematic drawing of the SPS appara-
tus used in this investigation is shown in Fig. 1. All the
samples were sintered at 1600 1C for 5 min under 50 MPa.

The bulk densities of all sintered pellets were measured
using the Archimedes method. Relative density was calcu-
lated by the measured bulk density and theoretical density
which is calculated according to the mixture rule. The
Fig. 1. Schematic drawing of the spark plasma sintering (SPS) apparatus.
change of crystalline phase compositions of the samples
after sintering was identified by X-ray diffraction (XRD)
using CuKa radiation (Dmax-2500 diffractometer, Rigaku,
Japan). Microstructures were investigated by field-emission
scanning electron microscope (FESEM, LEO-1530, Leo,
Oberkochen, Germany) using both secondary electron (SE)
and backscattered electron (BSE) imaging. The average
grain size of the sintered specimens was estimated through
at least 120 grains on FESEM micrographs of the polished
and etched surface by image analysis techniques. The
Vickers hardness (HV) was measured by the Vickers
indentation test (HV-120; Lai Zhou Hardness Tester
Manufactory, China), and the applied load and dwell time
were 49 N and 10 min, respectively. Fracture toughness
(KIC) was calculated according to the equation given by
Anstis et al. [12]:

KIC ¼ 0:016
E

HV

� �1=2
P

c

� �3=2

ð1Þ

where E is the elastic modulus (Pa) obtained by the
ultrasonic velocity measurements, HV is the Vickers hard-
ness (Pa), P is the applied load (N), and c is the average
crack length.
3. Results and discussion

Fig. 2 shows XRD patterns of TiC composites with
different contents of SiC after sintering. Only TiC and SiC
peaks are observed in the XRD patterns, indicating that no
obvious reaction of TiC and SiC took place in the sintering
process. The grain morphology presented in the micro-
structures was studied using back-scattered electrons in
FESEM micrographs of TiC–SiC composites, which are
shown in Fig. 3. In case of TiC–SiC composites, two
phases with gray and black were observed. The energy-
dispersive X-ray spectroscopy (EDS) analysis further con-
firmed that the gray phase was TiC and the black phase
Fig. 2. XRD patterns of TiC–SiC samples.



Fig. 3. Back-scattered electron (BSE) images of etched surface of TiC–SiC samples (a) TS-1; (b) TS-2; (c) TS-3; and (d) TS-4.

Fig. 4. Average grain size of TiC–SiC composites vs. SiC content.
Fig. 5. Fracture toughness and relative density of TiC–SiC composites

vs. SiC content.
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was SiC. With increasing SiC content, the volume fraction
of black parts increased and finer microstructure was
obtained. As shown in Fig. 3, the average TiC grain size
in TiC–SiC composites decreased with SiC content from
�3.6 mm to �2.5 mm. It is believed that SiC particles
retarded the TiC grain growth by pinning and prohibiting
the grain boundary movement. However, compared to the
microstructure of the sample TS-2, some larger TiC grains,
as indicated by the red arrows in Fig. 3c, were observed in
the TS-3 sample. Furthermore, the variations of both TiC
and SiC particle size with SiC volume fraction were
depicted in Fig. 4. It can be seen that the grain size of
both TiC and SiC decreased with SiC volume fraction and
the finest microstructure could be achieved at 27.7 vol%
SiC. In addition, smaller TiC and SiC grains in the TS-4
sample were thought to be related to poor sinterability of
SiC powder, which is also corroborated by the relative
density shown in Fig. 5 and the fracture microstructures
shown in Fig. 6. Moreover, the elevated porosity was
observed in samples with increasing SiC content (Fig. 6),
which could restrict the grain boundary migration [13].
Additionally, the average grain sizes of TiC and SiC in
TiC–SiC composites were smaller than that of corres-
ponding monolithic TiC and SiC ceramics, revealing that
mutual inhibition between TiC and SiC grains occurred
during sintering.
Fig. 6 shows the fractured surface of pure TiC and SiC

ceramics as well as TiC–SiC composites sintered by SPS
at 1600 1C under a pressure of 50 MPa. The images of the
microstructure verified that the average grain size
decreased with increasing of SiC volume fraction, whereas
the porosities increased with increasing of SiC volume
fraction. Compared to other samples, a more homogenous
and finer microstructure could be observed in the TS-2
sample with 27.7 vol% SiC and the average grain size of



Fig. 6. The fracture micrographs of sample: (a) TiC; (b) TS-1; (c) TS-2; (d) TS-3; (e) TS-4; and (f) SiC.

Fig. 7. SEM images of indentation crack propagation of TiC (a) and

TS-1(b).
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both TiC and SiC grains were about 2.5 mm and 430 nm,
respectively. Although the particle size of TS-1 sample (i.e.,
TiC—14.6 vol% SiC composite) was slightly larger, the
optimum fracture toughness was achieved in this sample
due to both higher density and the homogeneous distribu-
tion of SiC particles (see Figs. 5 and 6). As can be found in
Fig. 5, the fracture toughness of TiC composites with SiC
content less than 30 vol% was higher than that of pure TiC
and the optimized fracture toughness was realized in
the sample with 14.6 vol% SiC additions (5.2 MPa m1/2),
which was improved by �21% compared to that of TiC
monolithic [2]. The fracture toughness deteriorated con-
tinuously with increasing SiC additions, especially when
the amount attained a value higher than 30 vol%, and this
phenomenon may be attributed to the higher porosity as
shown in Figs. 4 and 6. Compared to the results of
Ti/submicro-SiC composites investigated by Wang et al.
[14], the fracture toughness of TiC—14.6 vol% SiC com-
posites was increased by 44.4%.

As mentioned above, finer microstructure and improve-
ment of fracture toughness were obtained with the addi-
tion of submicron SiC particles. To provide evidence of the
debonding behavior of ceramic grains and activated
toughening mechanisms with adding SiC particles, cracks
emerging from Vickers indentations were investigated on
the polished and etched surfaces. FESEM images of pure
TiC and TiC–SiC composites illustrating typical crack
paths are presented in Fig. 7a and b, respectively. It can
be seen from Fig. 7a that crack paths on the surface of
pure TiC ceramics mainly traveled along grain boundaries
(i.e., intergranular fracture mode); however, the crack
mostly cleaved SiC grains in the TiC–SiC composite
(Fig. 7b) and the fracture mode exhibited a dominating



Fig. 8. Schematic illustration of the effect of residual stresses on (a) the fracture mode of grain boundary phases in pure TiC ceramics and (b) SiC

particles in TiC–SiC composites.
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transgranular type. Furthermore, crack bridging and
branching were also observed in the TiC–SiC composite
(Fig. 7b).

In order to further elucidate the toughening mechanisms of
TiC–SiC composites, a fundamental understanding of
improved toughness is provided in the present work. Firstly,
for the pure TiC ceramic, the impureoxides (such as TiO2)
existed in the grain boundaries are not unavoidable. So we
should consider the residual stresses originating from the
thermal expansion mismatch between TiC grains and grain
boundary phases. Therefore, a widely used equation is
introduced to calculate the residual stresses of pure TiC
ceramic according to Peterson and Tien [15],

sm ¼ am�ag

� � 1�2nm

Em

þ
1þ fmþng 1�4fmð Þ

2Eg 1�fmð Þ

� ��1
DT ð2Þ

and

sg ¼�
fm

1�fm

smr ð3Þ

where sm and sg are the residual stresses in the TiC matrix
and grain boundary, respectively; am and ag are the thermal
expansion coefficients of TiC and grain boundary phase; DT

is the difference in temperature over which stresses are not
relieved by a diffusion process (assuming 1000 1C); fm is the
volume fraction of the TiC matrix (87.8 vol% from SEM
images of the polished and etched surface calculation), nm

(0.27 for matrix phase ) and Em, and ng (0.27 for grain
boundary phase) and Eg are the Poisson ratio and Young
modulus of TiC and grain boundary phase, respectively.

Secondly, for the TiC–SiC composite, the mismatch
between the linear thermal expansion coefficients (a) and
elastic modulus (E) in the TiC matrix and the SiC particle
results in the generation of residual stresses in the particles
and surrounding matrix during cooling after fabrication.
In the present paper, analysis of the residual stresses is
based on the hydrostatic stress (sh) developed with the
particle according to the following equation [16]:

rm ¼�
am�ap

� �
DT

½ 1þmmð Þ=2Em�þ½ 1�2mp

� �
=Ep�

ð4Þ

where sm, nm and Em are the residual stresses, Poisson ratio
and Young modulus of TiC, respectively; np and Ep are the
Poisson’s ratio and Young’s modulus of SiC particles
(assuming nm¼np in the present work).
Assigning 7.4� 10�6 1C�1, 9.0� 10�6 1C�1 and 4.8�

10�6 1C�1 to am(TiC), ag(TiO2) and ap(SiC), and 447 GPa,
230 GPa and 440 GPa to Em, Eg and Ep, respectively.
Combining Eqs. (2) and (3), we can obtain the stresses in
the pure TiC ceramics. The stress on the TiC particle was
compressive (� ) and that on grain boundary phase was
tensile (� þ500 MPa) in nature. Therefore, it is easy for
cracks to propagate through the weaker grain boundary
phase (see Fig. 7a), resulting in intergranular fracture
behavior [14]. Based on Eq. (4), the stresses in TiC grains
of TiC–SiC composites were compressive (� ) similar to
those in the pure TiC ceramic, while the tensile stresses
(� þ1000 MPa) were calculated in SiC particles, indicating
that the crack path would propagate along SiC grains rather
than TiC matrix grains and result in transgranular fracture,
which is consistent with Fig. 7b.
To understand the fracture mode change caused by the

variation of residual stresses more clearly, a schematic illustra-
tion of interaction between the propagating crack and the TiC
particle in the presence of highly localized tensile stresses at
triple junctions or SiC particles is shown in Fig. 8. It can be
seen that both grain boundary phases (Fig. 8a) and SiC
particles (Fig. 8b) are in tensile stresses and the crack would be
attracted to them. As mentioned above, the crack propagating
through SiC particles rather than along the grain boundary
phases in TiC–SiC composites is the biggest difference of the
toughening mechanism between pure TiC and TiC–SiC
composites. Therefore, fracture mode transition from inter-
granular type to transgranular type should be the main reason
for the improved toughness of TiC–SiC composites. Addi-
tional crack bridging and deflection as depicted in Fig. 7b also
play important roles in enhancing the toughness. Therefore,
the effect of residual stresses on the fracture toughness of TiC–
SiC composites was confirmed by satisfactory agreement
between the theoretical thermal calculation and the experi-
mental crack path characteristics experimentally above.
4. Conclusions

In the present work, TiC-based composites toughened
by submicron SiC particles with improved fracture
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toughness have been fabricated by spark plasma sintering
(SPS) at 1600 1C for 5 min under 50 MPa. The fracture
mechanism has been also systematically investigated. The
fracture toughness increased with SiC content less than
30 vol% and the optimum of fracture toughness (5.2 MPa
m1/2) was achieved at 14.6 vol% SiC. The fracture tough-
ness deteriorated with increasing the amount of SiC
beyond 30 vol% due to the significant decrease of density.
The theoretical analysis and experimental results proved
that the enhanced fracture toughness of TiC-based com-
posites with SiC content less than 30 vol% is due to
fracture mode transition caused by the change of residual
stresses originating from the addition of SiC particles.
Tensile stresses in SiC particles and compressive stresses in
TiC matrix particles were observed in TiC–SiC composites,
according to a theoretical calculation of residual stresses
originating from the mismatch of linear thermal expansion
between the matrix and the second phase. It was demon-
strated that cracks propagated through SiC particles easily
and transgranular fracture mode was formed.
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