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Abstract

In this paper, processing of Ti3SiC2 and Ti3SiC2–TiC composites from Ti/Si/TiC/Al powder using spark plasma sintering (SPS) at

1250 1C is reported. The TiC content in the starting powder mixture was optimized such that the resultant Ti3SiC2–TiC composites

retained up to 30 vol% excess TiC as reinforcement. The phase content of TiC reinforcement in the composites, calculated from x-ray

diffraction analysis, is compared with TiC content in excess of stoichiometric TiC content needed for the formation of Ti3SiC2.

The results indicate that the composition of the SPS sintered Ti3SiC2–TiC composites (relative percentages of Ti3SiC2 matrix and TiC

reinforcement content) can be effectively tailored by optimum design of the composition of starting powder mixture. The effect of TiC

reinforcement content on relative density, phase development, microstructure, hardness, and friction and wear behavior of Ti3SiC2 and

Ti3SiC2–TiC composites are presented.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Ti3SiC2 ternary carbide exhibits remarkable combination of
properties of both ceramics and metallic materials, and for this
reason, it is often referred to as ductile ceramic. Ti3SiC2 is
elastically stiff, electrically and thermally conductive, high
temperature oxidation and chemical attack resistant, damage
tolerant, thermal shock resistant, and also machinable mate-
rial. It also has relatively lower density, hardness, and thermal
expansion coefficient [1–3]. Ti3SiC2 is a promising material for
high temperature applications such as engine cylinders and
electrical contacts. Ti3SiC2 has comparable strength, higher
corrosion resistance, and nearly half the density of nickel- and
cobalt-based superalloys currently being used in engine
cylinder applications [4]. The copper and silver-based electrical
contacts have been used for small and medium current loads
because of their excellent electrical and mechanical properties.
However, under heavy loads applications, the uses of copper-
and silver-based contacts are limited due to the formation of
oxide films and corrosion products and also due to the danger
e front matter & 2012 Elsevier Ltd and Techna Group S.r.l. A
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of welding in presence of high current flow and arc formation.
The use of Ti3SiC2 is expected to improve the material
performance in these applications because of its high melting
temperature and also excellent high temperature oxidation and
corrosion resistance. The engine cylinder walls and electrical
contacts are often found to be sensitive to wear. Although the
basal planes of Ti3SiC2 exhibit very low friction coefficient [5],
the polycrystalline Ti3SiC2 demonstrated a high steady state
friction coefficient value of 0.83 due to their layered structure
[6]. Due to relatively low hardness and good ductility, the
polycrystalline Ti3SiC2 also exhibits significant wear weight
loss. Several publications reported incorporation of hard
secondary phases (Al2O3, TiB2, 3Y-TZP) in Ti3SiC2 matrix
to improve hardness and wear resistance of these composites
[7–9]. The processing and characterization of composites of
Ti3SiC2 with corresponding binary carbides (TiC and SiC)
have also been reported in recent publications. Most of the
investigations focused on Ti3SiC2–SiC composites reported
improvements in hardness and wear resistance over monolithic
Ti3SiC2 [10,11]. While damage tolerance, hardness, thermal
shock resistance and high temperature oxidation resistance of
the composites were reported to be improved in presence of
SiC, the fracture toughness was decreased reportedly due to
ll rights reserved.
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thermal expansion mismatch between Ti3SiC2 (8.6� 10�6/K,
a-direction and 9.7� 10�6/K, c-direction) [12], and SiC
(5.12� 10�6/K) [13–15]. On the other hand, TiC, with higher
hardness (28–35 GPa), stiffness (Young’s modulus about
410–510 GPa), better temperature stability (melting point of
3067 1C) than SiC, and thermal expansion coefficient
(7.4� 10�6/K for TiC) closer to that of Ti3SiC2 [13], seems
to be a more suitable reinforcement for Ti3SiC2. Hu et al.
reported on densification of Ti3SiC2–TiC (30 vol%) and
Ti3SiC2–SiC (30 vol%) composites [15]. The processing of
Ti3SiC2–TiC composite was carried out using mechanical
alloying followed by hot pressing (MA–HP) or hot pressing
of powder blend (MIX-HP). More uniform distribution of
phases was achieved with MA–HP process than with MIX-HP
process [16]. Zhang et al. also reported spark plasma sintering
(SPS) of Ti3SiC2–TiC composites (reinforced with 0–40 vol%
TiC) from Ti, C, Si, and Al powder mixtures in the
temperature range of 1250–1350 1C [17]. The authors also
reported refinement of Ti3SiC2 matrix grains and associated
increase in hardness up to 13 GPa with increasing TiC
reinforcement content. The fracture toughness and flexural
strength also improved with TiC reinforcement, except for
composites with 40 vol% TiC. The processing of Ti3SiC2–TiC
composites (with up to 90 vol% TiC) from Ti/Si/TiC powder
mixture using SPS sintering in the temperature range of 1250–
1400 1C has also been reported [18]. The composites with
10 vol% TiC content showed best densification effect. The
flexural strength of the composites increased progressively with
increasing TiC content up to 50 vol% and then decreased
towards high end of TiC reinforcement content. As the
formation of Ti3SiC2 is often accompanied with large amount
of undesired ancillary TiC phase, the final TiC reinforcement
content in the composites is expected to be higher than excess
TiC used in starting powder. In the previous literature, the
resultant TiC content in the composites was found to be lower
than excess TiC content in the powder mixture (desired level of
reinforcement) [18,19]. Such discrepancies in results of
Ti3SiC2–TiC composites require further investigation in this
field. Again, while numerous papers deal with microstructural
evolution and mechanical characterization of Ti3SiC2–TiC
composites, reports on wear behavior of Ti3SiC2–TiC compo-
sites are very limited. Understanding of wear behavior of
Ti3SiC2–TiC composites is very important for the development
of engineering components with improved wear performance.
In this paper, spark plasma sintering (SPS) of Ti3SiC2 and
Ti3SiC2–TiC composites (reinforced with up to 30 vol% TiC)
Table 1

Weight percentages of powder constituents to obtain desired

TiC composites.

Sample Weight percentage (wt%)

Ti Si TiC

TSC 23.82 13.97 59.60

TC10 21.31 12.50 63.85

TC20 18.83 11.05 68.05

TC30 16.38 9.61 72.20
from Ti3SiC2 is reported. The Ti3SiC2–TiC composites were
formed by adding additional TiC in starting powder mixture
in excess of stoichiometric TiC content needed for the
formation of Ti3SiC2. Systematic investigations on effect of
TiC reinforcement content on relative density, phase develop-
ment, microstructure, hardness, and friction and wear beha-
vior of Ti3SiC2 and Ti3SiC2–TiC composites are presented.

2. Experimental procedure

For the preparation of single phase Ti3SiC2 and Ti3SiC2–
TiC composites, commercially available Ti (o44 mm),
Si (o1.5 mm), and TiC (o2 mm) powders were mixed
according to the equation:

TiþSiþxTiC ¼ Ti3SiC2þ x�2ð ÞTiC ð1Þ

Also, 0.2 mol of Al (o2 mm) was added to the mixture to
minimize the amount of auxiliary TiC in the sintered
samples. Al removes TiC impurity by forming minor
interfacial liquid phase which favors diffusion of Ti and C
atoms into the system [20]. The starting powder mixtures
were weighed to synthesize target composition of 0 (TSC),
10 (TC10), 20 (TC20), and 30 (TC30) vol% TiC reinforced
Ti3SiC2 composites. The relative weight percentages of
powder constituents to obtain desired levels (0–30 vol%)
of TiC reinforcement in the Ti3SiC2–TiC composites are
given in Table 1. The powder mixtures were dry milled in a
high energy planetary ball mill (Fritsch) using tungsten
carbide milling media. The powder mixtures were milled for
1 h with a mixing speed of 500 rpm and ball to powder ratio
of 8:1. The powder mixtures were then filled into graphite
molds of 20 mm diameter for SPS sintering at 1250 1C with
sintering pressure of 50 MPa, soaking time of 15 min, and
heating rate of 100 1C/min (Thermal Technology, Inc).
X-ray diffraction (XRD) analysis of the SPS sintered
samples was conducted using a Philips Norelco x-ray
diffractometer operating with Cu Ka radiation (l¼1.54178
Å) at 45 kV and 40 mA. X-ray analysis was used for the
identification of constituent phases and their relative per-
centages in the sintered samples. The relative density of the
synthesized Ti3SiC2 and Ti3SiC2–TiC composites was mea-
sured based on Archimedes’ principle using density mea-
surement instrument (Mettler Toledo). A scanning electron
microscope (JEOL) equipped with energy dispersive x-ray
spectroscopy (EDS) detector was used for microstructural
and compositional (elemental) analysis. Microhardness of
levels (0–30 vol%) of TiC reinforcement in the Ti3SiC2–

Theoretical

TiC (vol%)

Measured

density (g/cm3)
Al

2.61 0 4.510

2.34 10 4.503

2.07 20 4.471

1.81 30 4.468
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the composites was measured using a Vickers hardness
tester (Clark Instruments) operated with a normal force of
9.8 N and dwell time of 15 s. Dry (unlubricated), room
temperature sliding wear tests were performed on the
samples using a ball-on-disk test system (Nonovea). A
6 mm diameter silicon nitride (Si3N4) ball was used as a
counter body against the polished surfaces of the sintered
samples. Each wear test was performed with a constant load
of 10 N for total test duration of 60 min (12,000 cycles).
After every 10 min interval, weight loss was measured. Each
experiment was repeated three times and an average value
and standard deviation for wear weight loss were reported.
A non-contact optical 3D profilometer (Nanovea) was used
for analyzing the depth profiles across the wear tracks. The
microstructure of worn surfaces was analyzed using SEM.
Fig. 2. XRD patterns from Ti3SiC2 (TSC) and Ti3SiC2–TiC (TC10,

TC20, and TC30) composites SPS sintered at 1250 1C.

3. Results and discussion

3.1. XRD analysis of powders and sintered Ti3SiC2–TiC

composites

Fig. 1 shows the x-ray diffraction (XRD) patterns from
starting powders after 1 h of ball milling. The XRD
patterns showed intense peaks for TiC and also peaks of
Si and Ti. Note that TiC, Si, and Ti were the constituents
in the starting powder. The intensity of TiC peaks
increased and that of Si and Ti peaks decreased with
increasing TiC content from TSC (0% TiC) to TC30 (30%
TiC) samples. As the peaks for all major constituents of
the starting powder were observed in the XRD patterns,
the results indicate that no solid state reactions between
any constituent phases occurred after ball milling. The
purpose of ball milling was to get the uniform distribution
of constituent phases in the mixture before SPS sintering.
In particular, no peaks for Ti–Si alloy were found in XRD
suggesting Si and Ti did not form any solid solution or
intermediate phases at this milling condition. XRD
patterns of the samples sintered by SPS are presented in
Fig. 2. Clearly, Ti and Si peaks disappeared after SPS
Fig. 1. XRD patterns from mechanically milled powders used for SPS

sintering of Ti3SiC2 (TSC) and Ti3SiC2–TiC (TC10, TC20, and TC30)

composites.
sintering. Also, peaks corresponding to intermediate
phases such as titanium silicides (TiSi2 and Ti5Si3) were
not observed suggesting complete reaction at these sinter-
ing parameters (sintering temperature of 1250 1C). The
peaks only corresponding to newly formed Ti3SiC2 phase
along with TiC can be seen in the XRD patterns. For TSC
samples, with theoretical TiC content of 0 vol%, very low
intensity TiC peaks can be seen in the background
suggesting retention of small quantity of minor phase
TiC. For the new phase Ti3SiC2, peak corresponding to
(104) plane at 2y¼39.6151 remains the most intense peak.
This is also the most intense peak for the standard
randomly oriented polycrystalline Ti3SiC2 (JCPDS ID:
48-1826), suggesting that the SPS sintering of ball milled
constituent powders does not result any preferred crystal-
lographic texture in the newly formed Ti3SiC2 phase.
However, the peaks corresponding to (111) and (200)
planes of TiC become increasingly intense with increasing
TiC content from TSC to TC30 samples. To compare the
TiC content in the SPS sintered samples with the desired
theoretical TiC content (content in excess of stoichiometric
TiC needed for the formation of Ti3SiC2), quantitative
XRD analysis was conducted. The quantitative XRD
analysis was conducted using calibrated standard additive
method developed by Zhang et al. for these compositions
[12]. For this analysis, intensities of representative (200)
reflection of TiC at 2y¼41.741 and (104) reflection of
Ti3SiC2 at 2y¼39.5481 were used. The relative amount
(vol%) of TiC in the Ti3SiC2–TiC composites is given by:

VTiC ¼
ITiC=ITi3SiC2

1:95þITiC=ITi3SiC2

ð2Þ

The relative amounts of theoretical TiC (content in
excess of stoichiometric TiC needed for the formation of
Ti3SiC2) and calculated TiC (from XRD analysis) are
compared in Fig. 3. It can be seen that the XRD-
calculated TiC content is about 1–3% higher than the
desired theoretical TiC content of the Ti3SiC2–TiC



Fig. 3. Relative amounts of theoretical TiC (content in excess of

stoichiometric TiC needed for the formation of Ti3SiC2) and calculated

TiC (from XRD analysis) for SPS sintered Ti3SiC2 (TSC) and Ti3SiC2–

TiC (TC10, TC20, and TC30) composites.

Fig. 4. Relative densities of the Ti3SiC2–TiC composites as a function of

TiC reinforcement content.
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composites. While overestimation of TiC content could be
due to errors in the calibration method used for quantitative
analysis, this could also be due to non-uniform reaction (due
to temperature gradient during SPS sintering) resulting in
higher amounts of TiC (unreacted TiC or as one of the
decomposition products of Ti3SiC2). Previous reports have
shown that the temperature gradient of about 25–50 1C can
be readily established during SPS sintering. However, in
general, the theoretical (based on stoichiometry) and calcu-
lated (XRD analysis) TiC contents are relatively closer
suggesting that reinforcement content in the SPS sintered
Ti3SiC2–TiC composites can be effectively controlled by
adding excess TiC in the stoichiometric composition of Ti/
Si/TiC powder mixture.
3.2. Relative density and microstructure

The variation of relative densities of SPS sintered
Ti3SiC2 and Ti3SiC2–TiC composites with TiC reinforce-
ment content in shown in Fig. 4. The theoretical density of
the composites, used for obtaining relative densities, was
calculated using a rule of mixture using the densities of two
constituent phases (rTi3SiC2

¼ 4:53 g=m3 and rTiC¼4.93 g/m
3).

With the given SPS processing parameters, the TSC samples
(nearly single phase Ti3SiC2) exhibited best densification with
relative density greater than 99%. With the similar SPS
processing parameters, the relative density of the Ti3SiC2–
TiC composites decreased with increasing TiC reinforcement
content. The Ti3SiC2–TiC composites with 30 vol% TiC
exhibited relative density of about 95%. Clearly, the TiC
reinforcement makes the densification of Ti3SiC2–TiC compo-
sites more difficult. This seems to be direct consequence of
higher melting point of TiC (Tm�3160 1C) compared to that
of Ti3SiC2 (Tm�3000 1C). Yang et al. reported processing of
Ti3SiC2 from Ti–Si–TiC powder mixture in the temperature
range of 700–1200 1C [21]. XRD analysis indicated formation
of new intermediate phase Ti5Si3 from the reaction between Ti
and Si while the intensities of TiC peaks remained unchanged.
The unaltered TiC requires higher sintering temperature for
full densification. Teber et al. reported SPS sintering of TiC in
the temperature range of 1350–1800 1C with a pressure of
80 MPa and soaking time of 5 min [22]. At lower sintering
temperature of 1350 1C, the sintered TiC samples exhibited
significant open porosity. Near full densification of TiC with
relative density of 99.4% was obtained for sintering tempera-
ture of 1800 1C. In this investigation, the sintering temperature
(1250 1C) and pressure (50 MPa) used were significantly lower
than those used in these previous reports, resulting in lower
relative densities of the Ti3SiC2–TiC composites at higher TiC
reinforcement content. Better densification in Ti3SiC2–TiC
composites with higher TiC reinforcement content can poten-
tially be achieved with increasing SPS sintering temperature.
However, our previous results have indicated that Ti3SiC2

starts decomposing into TiC and other auxiliary phases above
1300 1C. It is important to select optimum sintering tempera-
ture for better densification without any decomposition of
matrix phase in Ti3SiC2–TiC composites with higher TiC
reinforcement content.
SEM micrographs from polished and etched surfaces of

SPS sintered Ti3SiC2 and Ti3SiC2–TiC composites are
presented in Fig. 5. For the Ti3SiC2 sample (Fig. 5a), the
microstructure showed fine plate shaped and coarse blocky
grains of Ti3SiC2 and also bright precipitate-like agglom-
erates. EDS elemental maps corresponding to elements Al,
Si, and Ti for this TSC sample are shown in Fig. 6 (EDS
detector used was unable to detect carbon). It can be seen
that the fine plate-shaped grains and coarse blocky grains
had uniform distribution of Si and Ti suggesting these
phases as Ti3SiC2. The bright agglomerates were rich in Al.
EDS spot analysis of these bright agglomerates indicated
presence of both Ti and Si peaks along with Al, suggesting
formation of Ti3(Si1�xAlx)C2 solid solution. For the
Ti3SiC2–TiC composite samples, the microstructure mainly
consisted of plate-shaped fine Ti3SiC2 grains, coarse TiC
grains, and Al-rich bright agglomerates. In the previous
work on Ti3SiC2–TiC composites, observed volume frac-
tion of TiC reinforcement (calculated from XRD analysis)
was found to be lower than that predicted from stoichio-
metric calculations [18,19]. This is quite unusual as TiC



Fig. 5. SEM micrographs from the polished and etched surfaces of Ti3SiC2–TiC composites: (a) TSC, (b) TC10, (c) TC20, and (d) TC30 samples.
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can always be present as a starting constituent, intermedi-
ate phase, or decomposition product of Ti3SiC2. This
discrepancy between the observed and desired TiC rein-
forcement content is possibly due to the formation of
partial solid solution. The amount of plate-shaped grains
decreases and the coarse TiC grains become increasingly
distinct with increasing TiC reinforcement content in the
composites (Fig. 5b–d). While the TiC grains appear well
distributed at lower reinforcement content (10–20 vol%
TiC), the coarse TiC grains form agglomerates at higher
TiC reinforcement content (30 vol%). Distributed poros-
ity, in agreement with the relative density data, can also be
seen in the microstructures of heavily reinforced Ti3SiC2–
TiC composites.

3.3. Microhardness and wear behavior

Fig. 7 presents the variation of Vickers microhardness of
Ti3SiC2–TiC composites with TiC reinforcement content.
The microhardness of the composites increased almost
linearly with increasing TiC reinforcement content. The
hardness of TiC (28–30 GPa) is nearly 7–8 times the
previously reported values of hardness of Ti3SiC2

(4 GPa). For the nearly single phase Ti3SiC2 (sample
TSC) SPS sintered in this investigation, the microhardness
was found to be 5.9670.19 GPa (measured with indenta-
tion load of 9.8 N), which is higher than the previously
reported hardness values for monolithic Ti3SiC2 [23].
While the higher hardness of the TSC sample could be
due to minor amount of TiC phase in the TSC sample, it
could also be due to indentation size effects. El Raghy
et al. observed very strong indentation size effects on
hardness [6]. It was reported that the hardness decreases
with increasing load and asymptotes to a value of 4 GPa at
higher loads. The microhardness in the range of about
7–9 GPa was reported for lower loads (�1 N). The
Ti3SiC2–TiC composites reinforced with 30 vol% TiC
(TC30) exhibited highest hardness of about 9.3270.37
GPa. While this hardness value of the composite is
consistent with the earlier reports by Tian et al. [18] and
Ho-Duc et al. [15], it is nearly 2 GPa lower than that reported
by Zhang et al. [17]. As the hardness of Ti3SiC2–TiC



Fig. 6. (a) SEM micrograph from TSC sample, (b) EDS of bright precipitate indicated by an arrow on (a) and (c–e) EDS mapping of Al, Si, and Ti,

respectively.

Fig. 7. Vickers microhardness of Ti3SiC2–TiC composites as a function of

TiC reinforcement content.

Fig. 8. Dry sliding wear rates for Ti3SiC2 (TSC) and Ti3SiC2–TiC (TC10,

TC 20, and TC30) composites against Si3N4 ball for a load of 10 N.
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composites increases almost linearly with TiC reinforcement
content, a least-squares fit can be obtained as:

VHN ¼ 6:3643þ0:1104V ; ð3Þ

where VHN is microhardness in GPa and V is amount of
TiC reinforcement in vol%. The correlation parameter of
data fitting (R2) for this relationship is 0.9133 Fig. 8.
Fig. 9 presents the dry sliding wear rates, measured using

ball-on-disc wear set-up, for Ti3SiC2 (TSC) and Ti3SiC2–TiC
(TC10, TC 20, and TC30) composites. Among all the
compositions, the TSC samples exhibited highest sliding wear
rate of 1.2� 10�2 mm3 N�1 m�1. The wear rate for all
Ti3SiC2–TiC composites was significantly less than that for
Ti3SiC2 indicating improvement in wear resistance with TiC
reinforcement in Ti3SiC2 matrix. The composites reinforced
with 10 vol% TiC showed least wear rate (best wear
resistance) among composites compositions investigated.
For the given wear testing parameters, the wear rates for
TC10, TC20, and TC30 were 2.7� 10�3 mm3 N�1 m�1,
4.3� 10�3 mm3 N�1 m�1, and 7.4� 10�3 mm3 N�1 m�1,
respectively. The depth profiles across the wear tracks for
the Ti3SiC2 (TSC) and Ti3SiC2–TiC (TC10, TC 20, and
TC30) composites are also shown in Fig. 10. While the
average width of the wear tracks was not significantly
different among Ti3SiC2 and composite samples, the average
depth of wear tracks followed similar trend as the wear rate
for sintered samples. The depth of wear track was highest
(�38 mm) for Ti3SiC2 samples. Among the Ti3SiC2–TiC
composites, the TC10 samples reinforced with 10 vol% TiC
exhibited lowest depth of wear track (�10 mm). The depth of
wear track further increases with increasing TiC content



Fig. 9. Surface and depth profiles across the wear tracks: (a) TSC (Ti3SiC2), (b) TC10, (c) TC20, and (d) TC30 Ti3SiC2–TiC composites.
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(TC20 and TC30). The depths of wear tracks were about 18
and 30 mm for composites reinforced with 20 and 30 vol%
TiC, respectively. While the TSC samples exhibited least wear
resistance (indicated by highest wear rate and depth of wear
track), the wear response of the composites with increasing
TiC content did not follow similar trend as the hardness of
the composites. The TC10 composites (reinforced with
10 vol% TiC) showed best wear resistance in spite of lowest
hardness among the composites. The variation of coefficient
of friction (COF) during all the 10 min intervals of each wear
test (total test time of 1 h) for the Ti3SiC2 and Ti3SiC2–TiC
composites is shown in Fig. 10. For all the samples, the COF
stabilized at some average value during entire duration of
wear tests indicating steady state wear regime (linear wear
volume loss). The average COF for TSC samples (�0.70–
0.75) was slightly greater than that for Ti3SiC2–TiC compo-
sites (0.60–0.65). The reinforcement of hard TiC phase in
Ti3SiC2 matrix seems to decrease accumulative strain and
strain energy and decentralize the shear stress at the contact
points, resulting in relatively lower COF for the composites.
SEM micrographs from the surfaces of wear tracks of

Ti3SiC2 and Ti3SiC2–TiC composite samples are presented
in Fig. 11. The Ti3SiC2 samples showed pronounced grain
fracture and detachment. The bending and fracture of lamellar



Fig. 10. (a–d) Friction coefficients as a function of sliding time for TSC, TC10, TC20, and TC30 samples, respectively; and (e) comparison of average

friction coefficients as a function of sliding time for all samples.

N.C. Ghosh, S.P. Harimkar / Ceramics International 39 (2013) 4597–46074604
grains can be readily seen in the micrograph (Fig. 11a). A high
magnification image from these wear surfaces indicated
significant cracking leading away from the debris-filled depres-
sions, the regions of grain fracture and detachment (Fig. 11b).
The wear surface of the Ti3SiC2 samples appears relatively
rougher due to these debris-filled depressions, and this is
possibly the reason for relatively higher COF for these
samples. In the previous report, Wan et al. showed that the
pulled-out grain particles get transferred to the counterpart
surface, suggesting adhesive wear as an active wear mechanism
for Ti3SiC2 samples [24]. For Ti3SiC2–TiC with 10 vol% TiC,
the wear surface is relatively flatter. The microstructure of the
wear surface clearly indicates higher wear loss for the matrix
phase while the flattened coarse grains of hard TiC phase
remain protruded out of the wear surface (Fig. 11c). The
micro-scratching and micro-cracking of the flattened TiC
phase regions indicate abrasive wear. Thus, the Ti3SiC2–TiC
composites 10 vol% TiC exhibit complex adhesive and abra-
sive mechanisms corresponding to matrix and reinforcement
phases, respectively. Improved wear resistance was also
reported for Ti3Si(Al)C2/SiC [24], Ti3SiC2/(TiCþTiB2) [9],
and Ti3SiC2/Al2O3 [25] composites by the similar mechanisms.



Fig. 11. SEM micrographs from the worn surfaces of (a and b) TSC (Ti3SiC2), (c) TC10, (d) TC20, and (e) TC30 Ti3SiC2–TiC composites.
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It was also reported that the wear loss of the composites
decreases with increasing amount of SiC and Al2O3 reinforce-
ment [24,25]. Hu et al. demonstrated using FEM analysis that
the presence of hard reinforcing particles, such as Al2O3, can
effectively decentralize the shear stress under the counterpart
and improve the wear resistance of the composites [26]. In the
present study, the wear rate increases with increasing TiC
reinforcement content in the composites, even though there is
an increase in hardness associated with increasing TiC
reinforcement. When ceramics slide against ceramics, fracture
toughness becomes relatively more important than hardness in
determining the wear resistance as the wear volume loss in
ceramics occurs primarily due to fracture rather than plastic
deformation [26,27]. Fischer et al. reported that wear resistance
of yttria-doped zirconium oxide increases with the fourth
power of its fracture toughness [28]. The SEM micrographs
(Fig. 5) reinforced with higher reinforcement content (20–
30 vol% TiC) showed non-uniform distribution of TiC phase
in the matrix. The fracture toughness of Ti3SiC2–TiC
(30 vol%) composites where TiC distribution was non-
uniform was reported to be 5.570.5 MPa m1/2, which is
significantly lower than that reported for the monolithic
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Ti3SiC2 (8–16 MPa m1/2) [15,29]. The presence of agglomer-
ated TiC phase regions in the microstructure decreases the
fracture toughness and degrades the wear resistance of the
composites reinforced with higher TiC content [30]. Note that
the samples with higher TiC reinforcement content also had
some porosity. The porosity weakens the interfaces between
the matrix phase and the reinforcing phase causing easy pull-
out/detachment of the hard grains under dry sliding wear
conditions. The released hard particles can initiate additional
three-body wear mechanisms resulting in severe wear. SEM
micrographs from the wear surfaces of Ti3SiC2–TiC compo-
sites reinforced with 20 and 30 vol% TiC clearly indicate
severe wear of the matrix and islands of detaching TiC phase
regions (Fig. 11d and e).

4. Conclusions

Ti3SiC2 and Ti3SiC2–TiC composites (reinforced with up to
30 vol% TiC) have been successfully processed from TiC/Si/
Ti/Al powder mixtures using spark plasma sintering (SPS) at
1250 1C. Additional TiC content, in excess of stoichiometric
TiC required for Ti3SiC2 matrix formation, in the starting
powder mixtures determines the level of reinforcement in the
sintered Ti3SiC2–TiC composites. The TiC content in the
sintered composites, calculated from XRD analysis, is fairly
close to the theoretical TiC content based on stoichiometry.
For the similar SPS processing parameters, the relative density
of the sintered composites decreased with increasing TiC
reinforcement content. While the distribution of TiC in the
composites was uniform at lower reinforcement content
(10 vol%), the agglomeration of TiC phase regions was
observed for composites reinforced with 20 and 30 vol%
TiC. All the Ti3SiC2–TiC composites (with 10–30 vol% TiC)
showed higher hardness and better wear resistance compared
to Ti3SiC2. Even though the hardness of Ti3SiC2–TiC compo-
sites increased almost linearly with the increasing reinforce-
ment content (0–30 vol%), the composites reinforced with
10 vol% TiC exhibited best wear resistance among the
investigated compositions. Dry sliding wear of the composites
seems to be dominated by adhesive material transfer from the
Ti3SiC2 matrix and the fracture with grain detachment of the
hard TiC phase regions depending on the reinforcement
content of the composites.
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