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Abstract

In-situ synthesis of dense near-single phase Ti3SiC2 ceramics from 3Ti/SiC/C/0.15Al starting powder using spark plasma sintering

(SPS) at 1250 1C is reported. Systematic analysis of the phase development over a range of sintering temperatures (1050–1450 1C)

suggested that solid state reactions between intermediate TiC and Ti5Si3 phases lead to the formations of Ti3SiC2. The effect of starting

powder composition on phase development after SPS at 1150 1C was also investigated using three distinct compositions (3Ti/SiC/C, 2Ti/

SiC/TiC, and Ti/Si/2TiC). The results indicate that the starting powder compositions, with higher amounts of intermediate phase such

as TiC, favor the formation of Ti3SiC2 at relatively lower sintering temperature. Detailed analysis of wear behavior indicated that

samples with higher percentage of TiC, present either as an intermediate phase or a product of Ti3SiC2 decomposition, exhibited higher

microhardness and better wear resistance compared to near single phase Ti3SiC2.

& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Ti3SiC2 is a representative member of a family of layered
ternary phases called as Mnþ1AXn phases (M is a transi-
tion metal; A is an A group (mostly IIIA and IVA)
element; X is C and/or N; and n¼1–3) [1]. The presence
of metallic, covalent, and ionic type chemical bondings in
Ti3SiC2 gives the material remarkable combinations of
properties of metallic and ceramic materials [2]. These
materials are often referred to as ‘‘ductile ceramics’’ and
exhibit properties such as lower density, high melting
point, excellent electrical and thermal conductivity, good
machinability, thermal shock resistance, damage tolerance,
and fatigue, creep and high temperature oxidation resis-
tance [3–5].

Ti3SiC2 was first synthesized by Jeitschko and Nowotny
via chemical reaction between TiH2, Si, and graphite in
1967 [6]. Over the years from 1967 to present, several
methods, including magnetron sputtering [7], arc melting
and post-annealing [8], chemical vapor deposition (CVD),
e front matter & 2013 Elsevier Ltd and Techna Group S.r.l. A
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pulsed laser deposition (PLD) [9], self-propagating high
temperature synthesis (SHS) [10], mechanical alloying [11],
and combustion synthesis with hot isostatic pressing [12],
were employed for Ti3SiC2 synthesis. However, these
processes almost always result in the formation of Ti3SiC2

accompanied with large amounts of undesired ancillary
phases like TiC, Ti5Si3, and TiSi2. Barsoum et al. synthe-
sized almost single phase Ti3SiC2 from Ti, graphite, and
SiC powders by employing hot isostatic pressing (HIP) at
1600 1C [13]. In the recent years, a novel solid state
consolidation technique spark plasma sintering (SPS),
where uniaxial compaction pressure is applied to the
powder along with pulse direct current, was employed
for synthesis of nanostructured/ultra-fine grained materi-
als, difficult-to-sinter materials, and metastable/non-equi-
librium phases. SPS presents tremendous potential for the
processing of fully dense materials at relatively lower
sintering temperature and in shorter sintering time without
significant grain growth compared to conventional hot
pressing [14]. SPS of Ti3SiC2 from Ti/Si/TiC [15,16], Ti/Si/
C [17], Ti/SiC/TiC [18], Ti/TiSi2/TiC [19], TiH2/SiC/C [20]
starting powder has been reported. However, similar
sintering process applied to Ti/SiC/C starting composition
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Fig. 1. X-ray diffraction patterns from ball milled 3Ti/SiC/C/0.15Al

powder mixture and samples spark plasma sintered at 1050 1C, 1150 1C,

1250 1C, 1350 1C, and 1450 1C.
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resulted in the formation of Ti3SiC2 with higher amount of
ancillary TiC (nearly 10%) [21]. Excess Si in starting
composition was used to compensate for the evaporation
of Si at higher temperature, resulting in decreased amount
of ancillary TiC [22]. However, the higher percentage of Si
content also resulted in appearance of a new ancillary
phase, TiSi2 [23]. Addition of small amount of aluminum
in the starting powder is reported to favor the nucleation
and growth of Ti3SiC2 [24]. In this paper, systematic
investigation on the effect of sintering temperature, in
the range of 1050–1450 1C, on the phase development
during SPS of 3Ti/SiC/C/0.15Al powder is presented. The
reaction mechanisms leading to formation of Ti3SiC2 and
the possibility of formation of Ti3(Si1�xAlx)C2 solid
solution during SPS are critically analyzed. Also, the
effect of starting powder composition on phase develop-
ment after SPS at 1150 1C is investigated using three
distinct compositions (3Ti/SiC/C, 2Ti/SiC/TiC, and Ti/Si/
2TiC). The effect of phase constituents in sintered Ti3SiC2

samples on the wear behavior (wear weight loss and
coefficient of friction) is also presented.

2. Experimental procedure

Commercially available powders of Ti (o44 mm), SiC
(2–10 mm), graphite (o44 mm), and Al (o2 mm) were used
for the synthesis of Ti3SiC2 phase. The starting powder,
weighted according to molar ratio of Ti/SiC/C/Al
(3:1:1:0.15), was milled for 1 h in a high energy planetary
ball mill (Make: Fritsch; Model:Pulverisette 7). The
mechanical milling was conducted using tungsten carbide
milling media with an operating speed of 500 rpm and
powder to ball ratio of 10:1. The ball milled powder was
then compacted loosely in a 20 mm in diameter graphite
die. The samples were then sintered using SPS in a
temperature range of 1050–1450 1C with a uniaxial pres-
sure of 50 MPa, soaking time of 15 min, and heating rate
of 100 1C/min (Make: Thermal Technology, Inc.; Model:
10-3). To investigate the effect of starting powder compo-
sition on phase development, three different powder
mixtures (3Ti–SiC–C, 2Ti–SiC–TiC and Ti–Si–2TiC) were
also sintered using SPS at 1150 1C with a uniaxial pressure
of 50 MPa and soaking time of 15 min. The phase
constituents and microstructure of the ball milled powder
and sintered samples were analyzed using X-ray diffract-
ometer (Make: Philips Norelco; Model: PW1830) operat-
ing with CuKa radiation (l¼1.54178 Å) and Scanning
Electron Microscope (SEM) (Make: JEOL; Model: JSM-
633OF) equipped with energy dispersive X-ray spectro-
scopy (EDS) detector. Microhardness of the samples was
measured using a Vickers hardness tester (Clark Instru-
ments; Model: CM-700AT) operated with the normal force
of 9.8 N and holding time of 15 s. About ten hardness
readings were taken on each sample and the average value
was reported along with positive and negative error bars.
Wear tests were conducted using a ball-on-disk configura-
tion (Make: Nonovea; Model: MT/60). Polished surfaces
of 20 mm diameter sintered discs were slid against 6 mm
diameter aluminum oxide (Al2O3) ball to form 4 mm
diameter wear tracks on the surfaces. The wear tests were
conducted with a normal force of 10 N and sliding velocity
of 200 rpm. The wear weight loss data for the samples was
recorded after every 10 min interval with total wear test
duration of 1 h. The depth profiles across the wear tracks
were measured out using a non-contact optical 3D profilo-
meter (Make: Nanovea; Model: PS50).

3. Results and discussion

3.1. Analysis of phases in starting powder and spark plasma

sintered samples

X-ray diffraction (XRD) patterns from ball milled
powder (Ti/SiC/C/Al) and samples spark plasma sintered
at different sintering temperatures in a range of 1050–
1450 1C are presented in Fig. 1. The XRD pattern from the
ball milled powder showed peaks corresponding to major
constituents, Ti and SiC, in the starting composition. Note
that the ball milling was conducted to mix the starting
power uniformly and not to initiate any new phase
formation. The SPS sintering with the investigated proces-
sing parameters (temperature range of 1050–1450 1C,
uniaxial pressure of 50 MPa, and soaking time of 15 min)
resulted in in-situ reactions forming new phases. The peaks
corresponding to starting constituents Ti and SiC were
absent in the XRD patterns of all the sintered samples. For
the samples sintered at relatively lower temperatures
(1050–1150 1C), the peaks corresponding to new phases,
TiC and Ti5Si3, were observed in the XRD patterns. In this
temperature range, Ti seems to react with free C and SiC
to form TiC and Ti5Si3. The XRD pattern indicated the
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formation of Ti3SiC2 at the intermediate sintering tem-
perature of 1250 1C. Although some peaks of TiC can still
be observed in the XRD pattern for the sample at this
temperature (1250 1C), the intensity of TiC peaks was
much lower compared to that for Ti3SiC2 peaks. With
further increase in sintering temperature to 1350–1450 1C,
the intensity of the TiC peaks increased again indicating
increasing content of minor phase TiC with increasing
sintering temperature.

The quantitative analysis to determine the amounts of
different phases present in the spark plasma sintered
samples was conducted using experimentally calibrated
standard additive method developed by Zou et al. [25].
According to this method, the weight percentages (W) of
three major phases, TiC, Ti5Si3, and Ti3SiC2, are given by

WTiC ¼
ITiC

1:222ITi3SiC2
þ5:084ITi5Si3þITiC

ð1Þ

WTi5Si3 ¼
ITi5Si3

0:240ITi3SiC2
þITi5Si3þ0:197ITiC

ð2Þ

WTi3SiC2
¼

ITi3SiC2

ITi3SiC2
þ4:159ITi5Si3þ0:818ITiC

ð3Þ

where ITiC, ITi5Si3 , and ITi3SiC2
are the intensities of TiC,

Ti5Si3, and Ti3SiC2 phases, respectively. The intensities of
sharp non-overlapping peaks, (111) for TiC, (102) for
Ti5Si3, and (104) for Ti3SiC2 phases, were used for the
quantitative analysis. Fig. 2 shows the variation of calcu-
lated weight percentages of TiC, Ti5Si3, and Ti3SiC2 phases
in the spark plasma sintered samples with sintering
temperature (1050–1450 1C). The samples sintered at
1050 1C consisted of about 50 wt% Ti5Si3 and about
50 wt% TiC. There was slight increase in Ti5Si3 content
to about 60 wt% with increase in temperature from 1050
to 1150 1C. The absence of Ti3SiC2 in the temperature
range of 1050–1150 1C suggests that minimum sintering
temperature required for Ti3SiC2 formation is above
1150 1C in accordance with Cordoba et al. [26] and Wu
and Kisi. [27]. Near complete reaction leading to the
formation of Ti3SiC2 phase (98.5 wt%) occurred at sinter-
ing temperature of 1250 1C. The only auxiliary phase
Fig. 2. Variation of Ti3SiC2, Ti5Si3, and TiC phase content with SPS

temperature.
present at this temperature (1250 1C) was TiC, suggesting
complete consumption of Ti5Si3 in the process of Ti3SiC2

formation. These results are in agreement with the pre-
vious works of El-Raghy and Barsoum [28] and Arunaja-
tesan and Carim [8] suggesting TiC and Ti5Si3 as the
intermediate phases for the formation of Ti3SiC2 from Ti/
SiC/C starting powder. Above SPS temperature of 1250 1C,
the observed increasing amount of auxiliary TiC indicates
decomposition of Ti3SiC2 into TiC at higher temperature.
The calculated amount of TiC phase at the sintering
temperature of 1450 1C was about 16%. With the investi-
gated starting composition and processing parameters, the
optimum temperature for near complete in-situ reaction and
consolidation of Ti3SiC2 was found to be 1250 1C. SPS below
or above this optimum temperature results in incomplete
transformation or decomposition of Ti3SiC2 phase, respec-
tively, forming undesirable auxiliary phases. The absence of
Ti5Si3 in the samples sintered at and above 1250 1C is a clear
indication of complete consumption of Ti5Si3 phase in the
conversion to Ti3SiC2. It seems that the nucleation and
subsequent growth of Ti3SiC2 phase occurred on Ti5Si3
crystals rather than TiC. While the nucleation of Ti3SiC2

on Ti5Si3 requires diffusion of C, its nucleation on TiC would
involve diffusion of both Si and C atoms [28,29]. The low
diffusion rate of Si in TiC-related system [30] and closer
structural relationship between Ti5Si3 and Ti3SiC2 [31]
suggests that Ti3SiC2 is more likely to nucleate on Ti5Si3
instead of TiC crystals. Additional reaction mechanism often
proposed involves formation of Ti–Si liquid phase and its
subsequent reaction with TiC to form Ti3SiC2 [17,32,33].
The Ti–Si liquid phase could be either Ti–Ti5Si3 [34] or Ti–
TiSi2 [15,23] which form at a temperature of about 1333 1C
[35]. In our experiments, optimum sintering temperature
for forming Ti3SiC2 was found to be 1250 1C, which is
significantly lower than the eutectic temperature of Ti–Si
liquid phase (1333 1C). The formation of major liquid
phase leading to formation of Ti3SiC2 could not be
confirmed by neutron diffraction study of Ti–SiC–C
system [27,36]. As such, the reaction leading to Ti3SiC2

phase formation seems to be primarily solid state reaction
between TiC and Ti5Si3 rather than Ti–Si liquid phase
formation. El-Raghy and Barsoum [28] also proposed the
formation of intermediate phases and their conversion into
Ti3SiC2 as simultaneous processes. In our experimental
results, only TiC and Ti5Si3 phases were detected up to
sintering temperature of 1150 1C suggesting Ti3SiC2 for-
mation only after complete formation of intermediate TiC
and Ti5Si3 phases.
As discussed, an increasing amount of auxiliary TiC was

observed in the samples sintered above 1250 1C. Ti3SiC2

became unstable and decompose at higher temperatures
according to the reaction [1]:

Mnþ1AXn-Mnþ1XnþA ð4Þ

As Ti3SiC2 has sandwich like structure with Ti–C blocks
separated by hexagonal nets of Si, the decomposition of
Ti3SiC2 is initiated by the loss of Si. Ti3SiC2 was reported
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to be thermodynamically stable up to 1600 1C in vacuum
or Ar atmosphere for 24 h [28]. However, the decomposi-
tion kinetics of Ti3SiC2 is highly dependent on the
surrounding medium of Ti3SiC2. The presence of C act
as a driving force for increasing Si segregation causing
decomposition of Ti3SiC2 at temperatures lower than
1600 1C, according to the reaction [37]:

Ti3SiC2-3TiC0:67ðsÞþSiðgÞ ð5Þ

During SPS, contacting surfaces of graphite dies and
punch with the sample provide carbon medium, resulting in
decomposition of Ti3SiC2 into TiCx at temperatures 1350
and 1450 1C primarily at the sample surfaces. By means of
inward diffusion of C, Si planes of Ti3SiC2 are replaced by
C planes, forming TiCx layers on the surface [38]. Racault
et al. [37] also suggested formation of SiC from free Si and
C, according to the reaction: Si(g)þC-SiC. The XRD and
SEM micrographs of the samples sintered above 1300 1C
confirmed absence of any SiC on the surface layer. Thus,
the free Si seems to have escaped from the surface of the
samples rather than forming SiC. This also explains the
observation of weight loss when Ti3SiC2 was heated in C
crucibles above 1300 1C [37].
3.2. Effect of starting powder composition on phase

development

XRD patterns from the samples sintered using SPS from
three different powder mixtures (3Ti–SiC–C, 2Ti–SiC–TiC
and Ti–Si–2TiC) are presented in Fig. 3. The figure indicates
that no Ti3SiC2 phase was formed in samples sintered from
starting composition of 3Ti–SiC–C at this temperature
(1150 1C). However, the peaks corresponding to Ti3SiC2

phase were detected for the samples sintered from 2Ti–SiC–
TiC and Ti–Si–2TiC compositions. Intense Ti3SiC2 peaks
were observed for samples sintered from Ti–Si–2TiC com-
position. The relative amounts of Ti3SiC2 calculated using
Fig. 3. X-ray diffraction patterns from samples spark plasma sintered at

1150 1C using three different powder compositions (3Ti/SiC/C, 2Ti/SiC/

TiC, and Ti/Si/2TiC).
standard additive method (Eq. (3)) were found to be 0%,
13.18%, and 39.85% for compositions 3Ti–SiC–C, 2Ti–
SiC–TiC, and Ti–Si–2TiC, respectively. These results clearly
indicate that increasing amount of Ti3SiC2 can be formed in
the spark plasma sintered product at lower sintering
temperatures from starting compositions with increasing
amounts of TiC. In Ti/SiC system, intermediate TiC phase
is formed first due to its higher thermodynamic stability,
according to the reaction [28]:

SiCþTi-TiCþSi; DG1 ¼�107 KJ ð1000 1CÞ ð6Þ

The released Si then reacts with Ti forming another
intermediate phase Ti5Si3, according to reaction

5Tiþ3Si-Ti5Si3; DG1 ¼�590 KJ ð1000 1CÞ ð7Þ

As the Gibbs free energy changes are negative for these
reactions, the formation of intermediate phases TiC and
Ti5Si3 is favored [31]. The intermediate phases TiC and
Ti5Si3 start to form simultaneously at low temperatures.
The desired Ti3SiC2 phase forms when the constitutions of
TiC and Ti5Si3 phases are completed (Fig. 2). The addition
of TiC in the starting powder seems to favor the comple-
tion of Ti5Si3 constitution at lower temperature resulting in
subsequent formation of Ti3SiC2. Similarly, addition of Si
instead of SiC in the starting powder seems to favor
formation of intermediate phase Ti5Si3 through reaction
(7) skipping reaction (6). Thus, the starting compositions
containing TiC and Si favor the complete formation of
intermediate phases and subsequent formation of Ti3SiC2

at lower sintering temperatures.

3.3. Analysis of microstructure in spark plasma sintered

samples

SEM micrographs of polished and etched surfaces of
samples sintered from Ti/SiC/C/Al powder mixture are
presented in Fig. 4. When the sintering temperature was
1050 1C, only TiC and Ti5Si3 were observed in micro-
graphs (Fig. 4(a)). As the HF based etching solution
dissolves silicides, the Ti5Si3 phase appears corroded in
the micrographs [8]. At 1250 1C, a duplex microstructure
of plate shaped grains (3–5 mm in length and 1–2 mm in
width) and fine equiaxed grains (1–3 mm in diameter) with
some dispersed bright spots was observed (Fig. 4(b)). The
size of the plate shaped grains increased with increasing
sintering temperature. The size of plate shaped grains was
about 5–15 mm in length and 2–5 mm in width for the
sintering temperature of 1450 1C (Fig. 4(c)). EDS spot
analysis was performed at the plate shaped grain (point 1),
the bright spot (point 2), and the fine equixed grain
(point 3) of the sample sintered at 1250 1C (Fig. 5). With
the EDS detector used, only Ti, Si, and Al peaks could be
detected. From the corresponding peaks of Ti, Si, and Al,
the plate shaped grains (point 1) and equiaxed grains
(point 3) seem to be Ti3SiC2. The XRD analysis also
indicated Ti3SiC2 as a major phase at this sintering
temperature (Fig. 1). Intense peaks of Al and Si were



Fig. 4. SEM micrographs of samples spark plasma sintered from 3Ti/SiC/C/0.15Al powder at (a) 1050 1C, (b) 1250 1C, and (c) 1450 1C.
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observed for the bright grain (point 2) and it seems to be a
solid solution of Ti3SiC2 and Al, Ti3(Si1�xAlx)C2. El-
Raghy and Barsoum [28] reported formation of single
phase Ti3SiC2 (499%) from Ti–SiC–C starting composi-
tion using hot isostatic pressing (HIP) in the temperature
range of 1450–1600 1C. The grain size of Ti3SiC2 samples,
hot pressed at 1600 1C for 4 h, was found to be about 100–
200 mm. Clearly, the above results indicate that near single
phase Ti3SiC2 (98.5%) with finer microstructure can be
formed at relatively lower sintering temperature (1250 1C)
and shorter holding time (15 min) using SPS compared to
HIP and other conventional sintering technique [4,39].
Zhang et al. [23] reported synthesis of Ti3SiC2 from Ti/SiC/
C (3:1:1) powders using SPS, but only 50% or less Ti3SiC2

was formed over wide ranges of sintering temperature and
time. With the addition of 0.15 mol of aluminum in
stoichiometric Ti/SiC/C (3:1:1) composition, near single
phase Ti3SiC2 (98.5%) was observed for samples spark
plasma sintered at 1250 1C (Fig. 2). At the SPS tempera-
ture (1250 1C), the aluminum powder (melting point of
660 1C) forms interfacial liquid phase favoring diffusion of
Ti and C atoms for Ti3SiC2 formation. It was recently
reported that the addition of small amount of aluminum
during the synthesis of Ti3SiC2 removes the impurity
TiC by forming solid solution of Ti3(Si1�xAlx)C2 [40].
To analyze the possibility of solid solution formation, EDS
mapping of aluminum for the sample sintered at 1250 1C
was conducted (Fig. 6). The EDS elemental mapping
shows that the distribution of aluminum was non-
uniform with some distributed aluminum-rich regions.
These aluminum-rich regions corresponded with bright
spots in the SEM micrographs. Spot EDS at these regions
(point 2 in Fig. 5) also showed presence of both Al and Si
along with Ti, suggesting formation of Ti3(Si1�xAlx)C2

solid solution. Addition of excess Al in starting composi-
tion is also expected to induce reaction between Ti and Al
forming compounds such as Ti3AlC2 and Ti3Al. No such
phases were detected in the XRD patterns precluding the
possibility of excess aluminum addition.

3.4. Microhardness and wear behavior

The microhardness of samples spark plasma sintered at
1250 1C was found to be 6.3270.17 GPa. The value
reported in the literature for pure Ti3SiC2 was nearly
4 GPa [41]. Note that these samples contained about
98.5% Ti3SiC2 with TiC as minor impurity phase. Rela-
tively higher hardness observed in the present investigation
could be due to lower indentation load, finer microstruc-
ture, and presence of hard impurity phase (1.5% TiC).



Fig. 5. EDS elemental analysis of different phase regions of sample spark plasma sintered at 1250 1C.

Fig. 6. EDS elemental mapping of aluminum for sample spark plasma sintered at 1250 1C.
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At lower indentation loads, the values represent the
hardness of single crystal as the indentation is within one
grain. El-Raghy and Barsoum [41] reported that hardness
becomes independent of indentation load and grain size at
higher loads (100 N). The samples sintered at 1350 1C and
1450 1C exhibited hardness of 6.8370.12 GPa and
7.0570.21 GPa, respectively. The higher hardness values
for these samples sintered at 1350 and 1450 1C seems to be
primarily due to presence of higher percentage (13–15%)
of hard TiC phase in the microstructure.
Cumulative wear weight loss as a function of sliding

time during ball-on-disc wear testing for samples sintered
at 1050, 1250, and 1450 1C are presented in Fig. 7.
The samples sintered at 1250 1C and 1050 1C exhibited
highest and lowest wear weight loss, respectively. The
samples sintered at 1450 1C showed intermediate values
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of cumulative weight loss. This trend can be explained
based on the variation of TiC content in the final sintered
microstructure. As discussed earlier (Fig. 2), the samples
sintered at 1250 1C contained lowest percentage of TiC
(�1.5%) while those sintered at 1050 1C sample contained
51.25% TiC. The samples sintered at 1450 1C contained
nearly 16% TiC. As TiC has significantly higher hardness
(23.5 GPa) compared to Ti3SiC2 (6 GPa), the normal load
on Ti3SiC2 during testing is effectively reduced with the
presence of TiC. The harder TiC phase present in the
microstructure seems to reduce ploughing or scrapping
effect at the contact surfaces resulting in lower weight loss
for samples with higher TiC content. The samples sintered
at 1250 1C also showed wider wear track with average
depth of wear track of about 50–60 mm. The average
depths of wear track for samples sintered at 1050 and
1450 1C were about 10 and 20 mm, respectively (Fig. 8).
The cumulative wear weight loss and the wear depth follow
inverse relation with hardness of the sintered samples in
Fig. 7. Cumulative wear weight loss as a function of sliding time for

samples spark plasma sintered at 1050 1C, 1250 1C, and 1450 1C.

Fig. 8. Depth profiles across the wear tracks for samples spark p
agreement with the Archard’s relationship. Fig. 9 shows
the variation of coefficient of friction during each 10 min
interval for the entire duration of wear test (60 min) for the
samples sintered at 1050, 1250, and 1450 1C. During first
10 min interval, the coefficient of friction increases rapidly
and stabilizes to steady state value for each sample. Note
that most of the wear weight loss was observed in the first
10 min interval of the wear test. The weight loss seems to
initiate with the two-body abrasive wear mechanism in the
first interval causing sudden increase in coefficient of
friction. After this initial stage, the formed wear debris
seems to cause three-body abrasive wear at the contacting
surfaces for rest of the wear tests (all test intervals). The
average coefficient of friction for the samples sintered at
1250 1C and 1450 1C was about 0.85 (Fig. 9(d)). The
average coefficient of friction was relatively lower (�0.6)
for samples sintered at 1050 1C. This can be attributed to
the very high amount (�51%) hard TiC phase in these
samples. The SEM micrographs of the worn out surfaces
of spark plasma sintered samples are presented in Fig. 10.
The worn surfaces of the samples sintered at 1050 and
1450 1C were relatively flatter (see for example, the
elevated flatter region on left of Fig. 10(a) and on right
of Fig. 10(c)) than those for samples sintered at 1250 1C.
However, major cracks separate the elevated flatter surface
features from rougher depressed regions covered with fine
wear debris. The worn surface from the samples sintered at
1250 1C exhibited numerous flat elevated features and
debris-filled depressed regions with micro-cracks leading
to debris-filled regions.
4. Conclusions

Nearly single phase dense Ti3SiC2 was consolidated
in-situ from 3Ti/SiC/C/0.15Al powder mixture using
spark plasma sintering at 1250 1C. At lower sintering
lasma sintered at (a) 1050 1C, (b) 1250 1C, and (c) 1450 1C.



Fig. 9. Variation of coefficient of friction with sliding time for samples spark plasma sintered at (a) 1050 1C (b) 1250 1C, and (c) 1450 1C; (d) comparison

of average coefficient of friction for samples spark plasma sintered at three different temperatures.

Fig. 10. SEM micrographs from the worn surfaces of samples spark plasma sintered at (a) 1050 1C (b) 1250 1C, and (c) 1450 1C.
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temperatures, formation of intermediate phases TiC and
Ti5Si3 was observed. The formation of Ti3SiC2 seems to
initiate after complete constitution of intermediate phases.
The stability of Ti3SiC2 decreases in presence of surround-
ing carbon medium at temperature above 1300 1C leading
to decomposition of Ti3SiC2, forming auxiliary TiC phase.
The starting powder compositions (2Ti/SiC/TiC and Ti/Si/
2TiC) with higher amount of TiC (one of the intermediate
phases) resulted in Ti3SiC2 formation at lower temperature
compared to that with conventional 3Ti/SiC/C powder
composition. The samples with higher percentage of TiC,
either as an intermediate phase or the product of Ti3SiC2

decomposition, exhibited higher microhardness and better
wear resistance than near single phase Ti3SiC2.
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