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a b s t r a c t

Ti3SiC2–TiC composites were fabricated by pulse discharge sintering technique using three different sets
of powder mixtures, i.e. Ti/Si/TiC (TC30), Ti/Si/C/TiC (SI30) and Ti/Si/C (TSC30). Based on X-ray diffrac-
tion (XRD) analysis and microstructural observations, starting powder reactants were found to have
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little effect on phase content but strong influence on the microstructure in terms of phase distribution.
The phase distribution mainly relies on the heat released from reaction and the liquid phase content
formed during sintering. The mechanical properties of the fabricated dense samples demonstrate that
more homogeneous phase distribution, available by choosing the starting reactants of SI30, results in
higher flexural strength, whereas the Vickers hardness is almost independent of the microstructure. The
enhanced flexural strength in sample SI30 sintered at 1400 ◦C is mainly attributed to the homogeneous

crost
canning electron microscopy (SEM) TiC distribution in the mi

. Introduction

Ternary carbide Ti3SiC2 belongs to a new system that con-
ains over 60 carbides and nitrides and is abbreviated as Mn+1AXn,
here n = 1, 2, 3, M is an early transition metal, A is an A-group

mostly IIIA or IVA) element, and X is C or N [1]. It exhibits a
ood combination of versatile properties [1], such as machinabil-
ty, thermal and electrical conductivity, thermal shock resistance
nd damage tolerance. Binary carbide TiC is one of the most
romising high-temperature structural materials owing to its high
odulus (410–510 GPa), high melting point (3067 ◦C), high hard-

ess (28–35 GPa) and good erosion resistance [2]. Additionally, TiC
hows small thermal expansion mismatch [2] and thermodynamic
tability [3] with Ti3SiC2, suggesting the possibility of developing
i3SiC2–TiC composites for applications as high wear-resistance
old and TiC-based hard materials.
For Ti3SiC2–TiC composites, generally in the Ti3SiC2-rich side,

everal kinds of powder mixtures were used in literatures, such as
i/Si/C with a small amount of Al [4], Ti/Si/TiC [5], TiH2/SiC/TiC [6,7],
i3SiC2 powders with TiC powders [8], Ti/SiC/C/TiC and TiH2/SiC/C
9]. In our previous study [10], we fabricated Ti3SiC2–TiC com-
osites with 0–90 vol.% TiC from Ti/Si/TiC powder mixtures in the
emperature range from 1200 ◦C to 1400 ◦C and studied their den-

ification behavior, microstructure and mechanical properties. It
as found that the relative densities of composites sintered at

400 ◦C are higher than 98%. The hardness of the samples syn-
hesized at this temperature increases linearly with TiC content
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while the flexural strength increases to a maximum value fol-
lowed by a decrease with increasing volume fraction of TiC. The
microstructure examination demonstrated that the phase distri-
bution of the synthesized composites is inhomogeneous, in which
TiC agglomerates are frequently found. Similarly, Ho-Duc et al. [9]
found that the agglomerates of TiC particles connect to each other
when using TiH2/SiC/C as starting powders and the phase distribu-
tion becomes relatively uniform when sintered from Ti/SiC/C/TiC
powder mixture. However, the microstructural evolution mecha-
nism and the relationship between different microstructure and
mechanical properties are not elaborated in detail.

As a successive work on Ti3SiC2–TiC composites, our initial
motivation was to improve the mechanical properties of the
composites by optimizing the phase distribution in the microstruc-
ture. Emphasis is place on the fabrication and characterization of
Ti3SiC2–TiC composites by using three kinds of starting powders,
i.e. Ti/Si/TiC (TC30), Ti/Si/C/TiC (SI30) and Ti/Si/C (TSC30). Based
on optical microscopic observations and thermodynamic analysis,
the mechanism responsible for microstructural evolution is pro-
posed. Furthermore, the effect of microstructure on the mechanical
properties of Ti3SiC2–TiC composite is discussed.

2. Experimental procedures

Starting powder materials used in the present work were titanium (ca. 45 �m,
99.9%), silicon (ca. 45 �m, 99.9%), graphite (ca. 5 �m, 99.7%) and titanium car-
bide (ca. 1.72 �m, 99%) (all from Kojundo Chemical Lab., Japan). Three kinds of

starting powders (Table 1) were weighed according to the target composition of
Ti3SiC2–30 vol.% TiC and mixed in air by a Turbula shaker mixer for 24 h. The mixed
powders were filled in a graphite mold with an inner diameter of 50 mm and then
the mold was put into a pulse discharge sintering (PDS) apparatus (PAS-V, Sodick
Co. Ltd., Japan). Samples were sintered in vacuum at 1400–1450 ◦C for 15 min under
a pressure of 50 MPa to obtain nearly full density (Table 1). The PDS system was

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:z.m.sun@aist.go.jp
dx.doi.org/10.1016/j.jallcom.2010.04.116
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Table 1
Summary of starting powders, sintering parameters, phase content, density and mechanical properties of the synthesized Ti3SiC2–30 vol.%TiC composites.

Sample ID Starting
powders

Sintering parameters
(◦C/min/MPa)

TiC content
(vol.%)

Measured density
(g/cm3)

Relative
density (%)

Vickers hardness
(GPa)

Flexural strength
(MPa)

.61

.59

.45

.56
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TC3040 Ti/Si/TiC 1400/15/50 23.8 4
SI3040 Ti/Si/C/TiC 1400/15/50 23.7 4
TSC3040 Ti/Si/C 1400/15/50 23.0 4
TSC3045 Ti/Si/C 1450/15/50 22.4 4

ooled down to room temperature with a cooling rate of about 100 ◦C/min after
intering.

The densities of the sintered samples were measured according to the
rchimedes principle. The phase contents were determined by an X-ray diffrac-

ometer (X’pert, Philips, Netherlands) with Cu K� radiation at 30 kV and 40 mA at a
canning speed of 0.02◦/s. The samples were mechanically polished and etched in a
olution of HNO3:HF:H2O = 1:1:1 for 5–10 s before optical microscopic observations.

The Vickers hardness was measured using a Vickers indenter (AVK-CO hard-
ess tester, Akashi, Japan) at a load of 300 N for 15 s. At least ten indentations
ere made for each test. The flexural specimens were cut by an electrical discharge
achine from the bulk samples, and then mechanically ground to a dimension of
mm × 3 mm × 36 mm with the tensile surface polished down to 1 �m diamond

uspension. The mechanical tests were performed with an Instron 8562 universal
esting machine with a crosshead speed of 0.5 mm/min. The flexural strength was
alculated using the following equation [12]:

= 3F(L − l)
2bh2

(1)

here F is the applied load, L and l are the outer (30 mm) and inner (10 mm) spans,
espectively, b and h are the width (4 mm) and thickness (3 mm) of the specimen.

. Results

.1. XRD analysis of synthesized Ti3SiC2–TiC composites

XRD patterns of the synthesized Ti3SiC2–30 vol.% TiC compos-
tes are shown in Fig. 1. The reflections of all samples are indexed
s Ti3SiC2 and TiC phases. No intermediate phases, such as binary
itanium silicides, were detected. This indicates the completion
f formation of Ti3SiC2 when the sintering temperature reaches
400 ◦C or above. Zhang et al. [11,12] reported that the final stage
f the Ti3SiC2 formation is accomplished by the reactions between
he Ti-Si liquid phases and the TiC particles when using Ti/Si/C

r Ti/Si/TiC powder mixture. These reactions complete quickly at
emperatures higher than 1300 ◦C, which is consistent with our
RD results. The measured volume fractions of TiC (VTC) in the
ynthesized Ti3SiC2–TiC samples were calculated by the following

ig. 1. XRD patterns of sample (a) TC3040, (b) SI3040, (c) TSC3040 and (d) TSC3045.
99.9 7.8 ± 0.6 623 ± 19
99.5 7.6 ± 0.7 677 ± 41
96.5 7.0 ± 0.4 523 ± 33
99.0 7.4 ± 0.5 598 ± 55

equations [13]

VTC = ITC/ITSC

1.95 + ITC/ITSC
(2)

where ITSC and ITC are the integrated intensities of the Ti3SiC2(1 0 4)
and TiC(2 0 0) peaks, respectively. The TiC contents of the synthe-
sized samples are listed in Table 1. Note that the TiC contents for
composites TC3040 and SI3040 are very close (23.8% vs. 23.7%),
which is slightly higher than that of TSC30 series (22.4–23.0%), sug-
gesting that the starting powders have limited effect on the phase
contents. The volume fraction of TiC is, however, lower than the
target value, which is also found in our previous study [10], and the
reason for this phenomenon is still under investigation.

3.2. Microstructure examinations

Optical microscopic observation results on the etched surfaces
of the synthesized Ti3SiC2–TiC composites are shown in Fig. 2. The
microstructure of composite TC3040 consists of Ti3SiC2 grains (in
colors) and the TiC grains (white), as shown in Fig. 2(a), in which
TiC agglomeration prevails (with indication on micrograph) with
elongated Ti3SiC2 grains formed around them. On the other hand,
a majority of TiC phases distribute uniformly in Ti3SiC2 matrix
for composite SI3040 (Fig. 2(b)). In composite TSC3040 (Fig. 2(c)),
compared with composite TC3040, larger TiC agglomerates were
observed, which coexist with Ti3SiC2 grains. Note that the grain size
of Ti3SiC2 phase does not change significantly in the three com-
posites, with comparable size in TC3040 and SI3040 and slightly
larger size in composite TSC3040. Apparently, SI3040 shows the
most homogeneous phase distribution among the three compos-
ites, suggesting that starting powders have strong effect on the
microstructure and phase distribution.

3.3. Mechanical properties

The relative density of composite TSC3040 was measured to be
96.5%, relatively lower than the values for composites TC3040 and
SI3040 (>99.5%), all sintered at the same temperature of 1400 ◦C, as
shown in Table 1. To compare the mechanical properties of samples
with close density, we fabricated Ti3SiC2–30 vol.% TiC composite
from Ti–Si–C at 1450 ◦C, i.e. sample TSC3045, whose relative density
was measured to be 99.0%.

The Vickers hardness values and flexural strengths of the syn-
thesized composites were measured and listed in Table 1. It is not
surprising that the Vickers hardness and flexural strength of com-
posite TSC30 increase with the sintering temperature (comparing
TSC3040 and TSC3045) because of the improved density. The hard-
ness values of all the dense composites (i.e. TC3040, SI3040 and
TSC3045) locate in the narrow range of 7.4–7.8 GPa. By comparing
with the hardness of Ti3SiC2–TiC composites containing close TiC
contents, we found the values obtained in this study are in good
agreement with the data reported by Ho-Duc et al. (8 ± 1 GPa) [9],

but are lower than that obtained by Zhang et al. (around 12 GPa) [4].

However, the flexural strength of the composites demonstrates
its dependence on the microstructures that are originated from
the starting powders. Composite SI3040, with the most uniform
microstructure, shows the highest flexural strength with a value
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Fig. 2. Optical microscope images on the polished and et

f 677 ± 41 MPa, followed by composite TC3040 and then compos-
te TSC3045. The reported flexural strengths of composites with

composition close to Ti3SiC2–30 vol.% TiC locate in a range of
65–726 MPa [4,6–9] and our results fall into the range.

. Discussion

.1. Microstructure evolution mechanism

It is well understood that the microstructures of reaction syn-
hesized composites are basically influenced by the composition of
tarting powders and sintering processes [14]. The results of reac-
ive sintering of ZrB2–SiC composites from a mixture of Zr, Si and
4C demonstrated that the final microstructure of obtained com-
osite possesses the features of Zr and Si starting powders [15].

n the present study, particle sizes of titanium (45 �m) and sili-
on (45 �m) are significantly larger than those of TiC (1.72 �m)
nd graphite (5 �m), easily leading to the agglomeration of finer
owders after mixing process. The agglomerates in mixtures will
esult in non-uniform microstructure after sintering in some cases,
uch as TC3040 and TSC3040 (see Fig. 2(a) and (c)). Whereas this
gglomeration is compromised by the sintering process in SI3040
Fig. 2(b)), suggesting that the microstructure of composite is fur-
her affected by the reaction mechanism and reaction kinetics
uring sintering.

When sintering Ti3SiC2 from Ti/Si/C powder mixtures, Sato et al.
16] proposed that the reaction between Ti and C is triggered firstly
o form TiC phase at temperatures higher than 1000 ◦C, which is

highly exothermic reaction that can increase local temperature

nside the powder compacts. Yeh and Shen [17] prepared Ti3SiC2
rom Ti/Si/C powder mixtures containing different amount of TiC
sing combustion synthesis. They found that the reaction temper-
tures for Ti/Si/C elemental powder compacts increase to above
urface of sample (a) TC3040, (b) SI3040 and (c) TSC3040.

1450 ◦C abruptly and decrease with increasing TiC content in start-
ing powders, resulting in a reduced amount of liquid phases. We
have calculated the enthalpy change of the reactions for 100 g of
each starting powder mixture according to thermodynamic data
[18–20], assuming that the starting powders completely transfer
into intermediate phases:

�HTC30 = 0.35 ×
(

1
7

�HTi5Si3 + 2
7

�HTiSi2
)

= −42.5 kJ (3)

�HSI30 = 0.35 ×
[

1
7

�HTi5Si3 + 2
7

�HTiSi2
]

+ 0.70 × �HTiC

= −171.3 kJ (4)

�HTSC30 = 0.35 ×
[

1
7

�HTi5Si3 + 2
7

�HTiSi2
]

+ 1.23 × �HTiC

= −268.8 kJ (5)

Obviously, all the reactions are exothermic and the released heat
during sintering is the lowest in TC30 and the highest in TSC30. The
difference is due to the varied amount of TiC, which starts to form
at around 1000 ◦C and provides the energy for eutectic reaction
in Ti-Si system. Accordingly, the content of liquid phase formed
during sintering is the lowest in TC30 and the highest in TSC30
with SI30 in between. The strong exothermic heat results in the
abrupt shrinkage of displacement starting at 1160 and 1200 ◦C for

sample SI3040 and TSC3040, respectively, as indicated in Fig. 3. This
shrinkage corresponds to the sudden increase in temperature and
the formation of liquid phases. Note that the shrinkage of TC3040
starting at 1330 ◦C agrees well with the eutectic point of titanium
silicide compound.
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ig. 3. Variation of shrinkage of displacement and sintering temperature with sin-
ering time.

Based on the results above, we have proposed the schematic
iagrams of microstructural evolution during sintering when
tarting from three different powder mixtures, as illustrated in
ig. 4. In composites SI3040 and TSC3040, TiC phase is formed
rstly by the combustion reaction between Ti and C at temper-
tures above 1000 ◦C. Reaction heat releases simultaneously and
riggers the reactions of the formation of Ti–Si liquid phases. While
n composite TC3040, the Ti–Si liquid reactions occur at the binary
utectic temperature. The microstructural uniformity relies on not
nly the characteristic of starting powders but mainly the heats
f reaction and the liquid phase content formed during sintering.

he non-uniform microstructures observed in the two composites
f TC3040 and TSC3040 are predominantly attributed to inappro-
riate amount of Ti–Si liquid phases formed during the reactive
intering process, with too small amount in the case of TC3040 and
oo much in TSC3040. When the amount of Ti–Si liquid phase is too

Fig. 5. The fracture surfaces of tested composite
Fig. 4. Schematic diagram of microstructural evolution from powder mixtures of
TC30, SI30 and TSC30. The temperature varies in horizontal direction in sequence
of before sintering, at low temperature, at middle temperature and at high temper-
ature.

little, TiC agglomerates are not wetted thoroughly and Ti3SiC2 is
formed around TiC particles (TC30 in Fig. 4). When there is too much

liquid phase, however, TiC partially dissolves into the Ti–Si liquid
phase and then Ti3SiC2 forms and grows up in the areas rich in
liquid phase (TSC30 in Fig. 4). The uniform microstructure obtained
in composite SI3040 is believed to originate from the appropriate
amount of liquid phase formed during sintering (SI30 in Fig. 4).

s (a) TC3040, (b) SI3040 and (c) TSC3040.
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.2. Effect of microstructure on mechanical properties

The fracture surfaces of tested Ti3SiC2–TiC composites are
hown in Fig. 5, in which all the fracture surfaces consist of pre-
ominantly transgranular fracture of Ti3SiC2 grains, displaying the

ayered microstructure and cleavages, and the intergranular frac-
ure of TiC grains. While the optical images show some large TiC
gglomerates in composite TC3040 and TSC3045 (Fig. 2(a) and
c)), fracture surface micrographs demonstrate clearly that these
gglomerates are composed of small TiC grains with close particle
izes (indicated in Figs. 5(a) and (c)).

Although the hardness values of the three composites are very
lose, the limited difference can be traced back to the properties
f specimens, such as phase constituent, density and microstruc-
ure. For example, the slightly higher hardness of TC3040 could be
ttributed to the relatively higher TiC content and density (Table 1).
n addition, hardness generally shows reverse relationship with
rain size according to the Hall–Petch relation [21]. Based on
icrostructural observations, it is found that the dense Ti3SiC2–TiC

omposites show similar grain size of Ti3SiC2 phase and TiC phase
Fig. 2 and Fig. 5). Therefore, the grain structures have limited effect
n hardness properties. Furthermore, one should be noted that
he high indentation load used for hardness test results in large
ndentation sizes (>250 �m), which are obviously larger than the
rain size of Ti3SiC2 phase (<10 �m) and even that of TiC agglom-
rates (<30 �m). In other words, the hardness values measured in
his way well represent the average of the microstructure. Conse-
uently, the measured hardness is not sensitive to the uniformity
f microstructure.

Mechanical strength of a material is its ability to withstand
n applied stress without failure, which mainly relies on its
icrostructure. We believe that the abovementioned factors affect-

ng hardness property also influence strength. For instance, the
igher strengths of TC3040 and SI3040 over TSC3040 are partially
ssociated with the relatively higher TiC content and density. This
s because TiC phase usually enhances the mechanical strength of
i3SiC2–TiC composites containing up to 46% TiC in TC series [10]
nd as high as 30% TiC in previous publication [4], and less pore
efects exist in denser composite.

On the other hand, when a composite is cooled down from the
abrication temperature, thermal residual stress arises due to the
hermo-elastic mismatch between constituents [22]. The magni-
ude and distribution of residual stress are influenced significantly
y the microstructural features of the composite [9,23]. In the

resent work, the residual stresses in Ti3SiC2 and TiC phase are
ssumed to be tensile and compressive, respectively, according to
he difference of their coefficients of thermal expansion (CTEs) (the
TEs of Ti3SiC2 and TiC are 9.1 × 10−6/K and 7.4 × 10−6/K, respec-
ively). The coarser TiC agglomerates in TSC30 would result in larger

[
[
[

ompounds 502 (2010) 49–53 53

thermal stress, which subsequently weakens the fracture strength
of composite. The strongest sample, therefore, is the composite
consisting of the finest TiC phase agglomerates, i.e. SI3040. Simi-
lar phenomena were also found in Ti3SiC2–SiC [9] and Al2O3–ZrO2
composites [22].

5. Conclusions

Three starting powder mixtures, Ti/Si/TiC (TC30), Ti/Si/C/TiC
(SI30) and Ti/Si/C (TSC30), were used for the synthesis of
Ti3SiC2–30 vol.% TiC composites by PDS technique. Based on XRD
results and optical microscopic observations, we find that start-
ing powders affect slightly on phase content but significantly on
the uniformity of phase distribution, in which SI3040 shows the
best uniformity of phase distribution among three composites.
The hardness of dense samples (i.e. TC3040, SI3040 and TSC3045)
locates in the narrow range of 7.4–7.8 GPa and is not sensitive to
microstructure. Sample SI3040 shows the highest flexural strength
with a value of 677 MPa followed by sample TC3040 and then sam-
ple TSC3045. The variation in flexural strength of the composites is
closely associated with the microstructure.
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