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a b s t r a c t

Preparation of the ternary carbide Ti2SnC was conducted by combustion synthesis in the mode of self-
propagating high-temperature synthesis (SHS) using both the elemental powder compacts and TiC-added
samples with TiC contents from 2.6 to 17.6 mol%. On account of the dilution effect of TiC on combus-
tion, the reaction exothermicity was reduced by adopting TiC in the reactant mixture. As a result, the
combustion temperature and reaction front velocity decreased significantly with increasing TiC content.
Moreover, the self-sustaining combustion front was no longer planar and was confined to localized reac-
tion zones in the samples with high proportions of TiC like 14.3 and 17.6 mol%. On the other hand, the
yield of Ti2SnC was substantially enhanced by the TiC-containing sample. For the elemental powder com-
pact, the final product contains more Ti6Sn5 than Ti2SnC, implying an incomplete phase conversion. In
contrast, Ti2SnC dominates in the products synthesized from the TiC-added samples and increases with
TiC content, which is attributed to the prolonged reaction time and appropriate reaction temperature
provided by the Ti–Sn–C–TiC powder compacts. The morphology of as-synthesized Ti2SnC grains is also

affected by the addition of TiC in the reactant mixture. The growth of rod-like Ti2SnC grains was prevail-
ing in the final product of the Ti–Sn–C powder compact, but the TiC-added samples favored the evolution
of Ti SnC with a plate-like microstructure.
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. Introduction

Layered ternary compounds Mn+1AXn, where n = 1, 2, or 3, M is
n early transition metal, A is an A-group (mostly IIIA and IVA) ele-
ent, and X is either C or N, are a new class of materials which

ombine many merits of both metals and ceramics [1,2]. Titanium
in carbide (Ti2SnC) belonging to the M2AX (n = 1) family, the so-
alled H-phase compound, was first identified by Jeitschko et al.
3]. Like other M2AX carbides, Ti2SnC exhibits a number of remark-
ble properties, such as low hardness, high electric conductivity,
igh modulus, and low thermal expansion coefficient [4–6]. In par-
icular, Ti2SnC possesses the highest electric conductivity among
arious Sn-containing carbides (M2SnC, with M = Ti, Hf, Nb, and Zr)
4]. Moreover, Ti2SnC is readily machinable, highly tolerant to dam-
ge, and resistant to corrosion; therefore, it has been considered as
promising reinforcement for metals and an attractive material for
he electronic contact film [4–7].
Several processing routes, including hot isostatic pressing (HIP)

4,5], hot pressing (HP) [6–8], and pressureless sintering [9–13]
ave been adopted to prepare Ti2SnC. In general, the synthesized
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Ti2SnC from most of the previous studies was accompanied by small
amounts of TiC, Ti6Sn5, and Sn. Barsoum et al. [4] first fabricated
polycrystalline Ti2SnC by HIP from a stoichiometric mixture of Ti,
Sn, and graphite powders of at 1325 ◦C and 50 MPa for 4 h, and
characterized its properties. El-Raghy et al. [5] further optimized
the processing parameters of HIP and obtained Ti2SnC at 1250 ◦C
for 12 h. By an in situ solid-liquid reaction/hot pressing method,
Zhou and co-workers [6–8] prepared bulk Ti2SnC from elemental
powder mixtures and proposed that Ti2SnC was yielded through
the reaction of TiCx with Ti–Sn intermetallics at about 1100 ◦C. To
develop composite materials reinforced by the carbide-coated car-
bon fibers, Vincent et al. [9] produced Ti2SnC by conducting the
chemical interaction between carbon and titanium dissolved in liq-
uid tin and established the isothermal section of the Ti–Sn–C phase
diagram at 1200 ◦C. The solid-liquid reaction in the Ti–Sn–C sys-
tem was also performed by Dong et al. [10] to synthesize Ti2SnC
powders. Recently, Li et al. [11,12] employed the pressureless sin-
tering technique to fabricate high-purity Ti2SnC powders from the
Ti–Sn–C and Ti–Sn–TiC powder mixtures at 1200 ◦C for 15–60 min

in vacuum, and the as-synthesized Ti2SnC grains with either plate-
or rod-like shapes were observed. In addition, Li et al. [13] indi-
cated the formation of Ti2SnC at a relatively low temperature of
650 ◦C when the reactant powders were pretreated by mechanical
activation.

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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Fig. 1. Typical SHS sequences recorded from solid state combustion of TiC-conta

When compared with the above-mentioned methods, combus-
ion synthesis in the mode of self-propagating high-temperature
ynthesis (SHS) takes advantage of the self-sustaining merit from
ighly exothermic reactions and hence has the benefits of low
nergy requirement, short reaction time, and simple facilities
14–16]. Moreover, the SHS technique has been effectively applied
o produce a number of the MAX carbides, like Ti3SiC2 [17,18],
i3AlC2 [19,20], Ti2AlC [21,22], Ta2AlC [23], and Nb2AlC [24]. As the
rst attempt, this study aims at the synthesis of Ti2SnC by solid state
ombustion in the mode of SHS with the green samples compressed
rom both the Ti–Sn–C and Ti–Sn–C–TiC powder mixtures. Effects of
he content of TiC in the reactant compact are studied on the phase
omposition and morphology of the synthesized product, as well as
n the reaction temperature and propagation velocity of the com-
ustion front. In addition, the reaction mechanism is investigated
or formation of Ti2SnC through self-sustaining combustion.

. Experimental methods of approach

Titanium (Strem Chemicals, <45 �m, 99% purity), tin (Strem Chemicals, <45 �m,
9.8% purity), carbon black (Showa Chemical Co.), and titanium carbide TiC (Aldrich
hemical, <45 �m, 98% purity) powders were used as the starting materials. Test
amples of two different types were conducted in this study. One was prepared from
he elemental powder mixture of Ti, Sn, and carbon at Ti:Sn:C = 2:1:1. The other con-
ains TiC powders in addition to Ti, Sn, and carbon. For the TiC-containing samples,
he reactant powders were formulated with an atomic ratio of Ti:Sn:C = 2:1:1, as
xpressed in the following reaction:

2 − x)Ti + Sn + (1 − x)C + xTiC → Ti2SnC (1)
here the stoichiometric parameter x varies from 0.1 to 0.6, signifying the content
f TiC in the Ti–Sn–C–TiC mixture ranging between 2.6 and 17.6 mol%. The reactant
owders were dry mixed in a ball mill and then cold-pressed into cylindrical samples
ith a diameter of 7 mm, a height of 12 mm, and a compaction density of 60% relative

o the theoretical maximum density (TMD).
powder compacts of (2 − x)Ti + Sn + (1 − x)C + xTiC with (a) x = 0.2 and (b) x = 0.5.

The SHS experiments were performed in a stainless-steel windowed combustion
chamber under an atmosphere of high-purity argon (99.99%). Details of the exper-
imental setup and measurement approach were reported elsewhere [25,26]. The
microstructure of synthesized products was examined under a scanning electron
microscope (Hitachi S-3000N), and phase composition was analyzed by an X-ray
diffractometer (Shimadzu XRD-6000) with CuK� radiation.

3. Results and discussion

3.1. Observation of combustion characteristics

Two typical combustion sequences illustrated in Fig. 1(a) and
(b) are related with two different propagation modes of the com-
bustion wave observed in this study. For the elemental powder
compact and TiC-added samples with TiC up to about 11 mol%
(x ≤ 0.4), as shown in Fig. 1(a), the SHS process is characterized by
a nearly planar combustion front traversing the entire sample in a
self-sustaining manner. As the content of TiC in the green sample
increases and reaches 14.3 mol% (x = 0.5), Fig. 1(b) indicates that
the reaction front is no longer planar and is confined to a couple
of localized regions moving along a spiral trajectory on the sample
surface; thus, it took longer time of about 4.73 s for the combustion
wave to arrive at the bottom of the sample than that revealed in
Fig. 1(a). According to Ivleva and Merzhanov [27], once the heat flux
liberated from self-sustaining combustion is insufficient to main-
tain steady propagation of a planar front, the reaction front forms

one or several localized reaction zones. Such a change in the prop-
agation mode of the combustion wave is attributed to the dilution
effect of TiC on combustion of the Ti–Sn–C–TiC powder compact,
because the reaction of Ti with carbon forming TiC is considered as
the major heat releasing step to sustain combustion in either the
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molten Ti–Sn intermetallics (possible in the form of Ti5Sn3 and
Ti6Sn5) exist only in the cases with a reaction temperature higher
than their melting points of about 1500 ◦C [29].
ig. 2. Photographs of final products synthesized from TiC-containing powder com-
acts of (2 − x)Ti + Sn + (1 − x)C + xTiC with (a) x = 0.2 and (b) x = 0.5.

i–Sn–C or Ti–Sn–C–TiC reaction system. Therefore, the increase of
iC in the Ti–Sn–C–TiC powder compact reduces exothermicity of
he reaction. The spinning combustion wave was also observed in
he sample with TiC of 17.6 mol% (x = 0.6), beyond which the reac-
ion ceased to propagate and was quenched shortly after ignition
ue to lack of adequate reaction heat.

Furthermore, as illustrated in Fig. 1(a) and (b), during the
rogression of the combustion front the sample compacts were
ubjected to a considerable axial elongation and a slight radial con-
raction. Formation of elongated products has been reported in
he preparation of many ternary carbides by combustion synthe-
is, including Ti3SiC2 [17,18], Ti3AlC2 [19,20] and Ti2AlC [21,22]. It
s believed that the axial elongation of the burned sample is most
ikely caused by the growth of Ti2SnC grains into a terraced struc-
ure [28]. The radial contraction is due to the surface tension effect
f the liquid melt formed in the reaction sequence [19–21]. The
iquid phase substances present in the Ti–Sn–C(-TiC) combustion
ystem could include molten Sn and Ti–Sn intermetallics.

Photographs of two final products synthesized from TiC-added
owder compacts with TiC of 5.3 and 14.3 mol% (x = 0.2 and 0.5) are
resented in Fig. 2(a) and (b), respectively. The recovered sample

n Fig. 2(a) represents the typical product formed through prop-
gation of a planar combustion front. For the reactant compact
xperiencing a spinning combustion wave, the burned sample with
everal trajectory marks left on the external surface is shown in
ig. 2(b). Consequently, the product of Fig. 2(b) tends to fracture
nto laminated pieces. It is of interest to note that there exist many
gglomerated tiny particles with metallic glow on the product sur-
ace of Fig. 2(a). Those metallic compounds are composed largely
f Ti and Sn. The presence of Ti–Sn granules might imply an incom-
lete phase conversion, because Ti–Sn intermetallics like Ti6Sn5
nd Ti5Sn3 have been considered as the intermediates for formation
f Ti2SnC in the Ti–Sn–C (or -TiC) system [6,10–12].

.2. Measurement of flame-front propagation velocity and
ombustion temperature

The flame-front propagation velocity (Vf) was determined from
he combustion wave trajectory constructed upon the recorded film

mages. As depicted in Fig. 3, the flame-front velocity is substan-
ially affected by the addition of TiC in the sample and decreases
ith increasing TiC content. Although the flame-front velocity of

he 2.6 mol% TiC-added sample is comparable to that of the ele-
Fig. 3. Effect of TiC content on flame-front propagation velocity of Ti–Sn–C–TiC
powder compacts.

mental powder compact, the increase of TiC addition from 2.6 to
17.6 mol% leads to a significant decrease in the flame velocity from
8.2 to 1.8 mm/s. The decrease of combustion velocity is attributed
to the reduction of reaction exothermicity caused by the dilution
effect of TiC. In addition to weaker exothermicity, the spiral propa-
gation of the reaction zone is responsible for the low flame speeds
observed in the samples with TiC of 14.3 and 17.6 mol%.

Fig. 4 plots measured temperature profiles from solid state com-
bustion of the elemental powder compact and TiC-added samples
with different TiC contents. As shown in Fig. 4, the abrupt rise in
temperature signifies rapid arrival of the combustion front and the
peak value corresponds to the combustion front temperature. After
the passage of the combustion wave, an appreciable decrease in
temperature is a consequence of heat losses to the surroundings.
The flame-front temperatures varying from 1190 to 1650 ◦C are
indicated in Fig. 4 and, more importantly, the composition depen-
dence of combustion temperature is consistent with that of reaction
front velocity. This confirms the dilution effect of TiC on solid state
combustion of the Ti–Sn–C–TiC powder compacts. The reaction
temperatures presented in Fig. 4 certainly melt elemental Sn, but
Fig. 4. Effect of TiC content on combustion temperature of Ti–Sn–C–TiC powder
compacts.
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ig. 5. XRD patterns of products synthesized from powder compacts of
2 − x)Ti + Sn + (1 − x)C + xTiC with (a) x = 0, (b) x = 0.1, (c) x = 0.3, and (d) x = 0.6.

.3. Composition and morphology of combustion products

XRD patterns in Fig. 5 show the phase composition of the
nal products synthesized from reactants of different starting
toichiometries. Fig. 5(a) indicates that for the Ti–Sn–C powder
ompact the intermetallic Ti6Sn5 dominates over Ti2SnC in the
nal product. Besides, TiC was identified as a secondary phase and
ome unreacted Sn and carbon were detected. For the Ti–Sn–C–TiC
amples, however, Fig. 5(b)–(d) reveals that formation of Ti2SnC is
ignificantly enhanced and the content of Ti2SnC formed in the final
roduct increases with increasing TiC proportion in the reactant
ixture. Moreover, both Ti6Sn5 and carbon are noticeably reduced.

his implies an improvement in the evolution of Ti2SnC by adopt-
ng TiC-containing samples. In this study, the optimum yield was
chieved by the powder compact with 17.6 mol% of TiC and the cor-
esponding XRD pattern is presented in Fig. 5(d), which shows that
i2SnC is the dominant phase, two impurities TiC and Sn are trivial,
nd Ti6Sn5 is no longer present. The existence of traces of TiC and
n along with Ti2SnC is consistent with that observed in previous
tudies [10–12].

According to the reaction mechanism proposed for reaction syn-
hesis in the Ti–Sn–C system [6,11], the Ti–Sn intermetallic Ti6Sn5
s the first phase formed, followed by appearance of Ti5Sn3 from
he reaction of Ti6Sn5 with Ti. Subsequently, Ti2SnC is produced
hrough interaction between Ti5Sn3 and TiC. In addition, the direct
eaction of Ti6Sn5 with TiC was considered as an alternative route
or the formation of Ti2SnC [12]. The above two reaction paths are
xpressed in the reactions (2) and (3) regarding two different Ti–Sn
ntermetallics.

i5Sn3 + 5TiC + 2Sn → 5Ti2SnC (2)
i6Sn5 + 6TiC + Sn → 6Ti2SnC (3)

In view of the product composition presented in Fig. 5, reaction
3) is more likely for the formation of Ti2SnC through combustion
ynthesis conducted in this study. Therefore, a large amount of
Fig. 6. SEM micrographs showing fracture surfaces of products synthesized from
powder compacts of (2 − x)Ti + Sn + (1 − x)C + xTiC with (a) x = 0, (b) x = 0.3, and (c)
x = 0.6.

Ti6Sn5 detected in the final product of the elemental powder com-
pact is indicative of an incomplete conversion, which is probably
caused by the lack of sufficient reaction time due to rapid prop-
agation of the reaction front in the SHS process. When TiC was
introduced into the reactant mixture, as shown in Figs. 3 and 4,
the combustion front velocity and reaction temperature decreased
significantly. A slower reaction front means longer reaction time

for the evolution of product phases. The decrease of reaction tem-
peratures from 1650 to 1190 ◦C is also highly beneficial to stabilize
Ti2SnC, because Ti2SnC tends to decompose at temperatures higher
than 1250 ◦C [11]. This well explains the improvement of Ti2SnC
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ormation by the TiC-added samples and justifies the optimum
ield of Ti2SnC attained from the sample diluted with 17.6 mol%
f TiC, which provides the most appropriate temperature (about
190 ◦C) for stable formation of Ti2SnC.

For the product synthesized from the elemental powder com-
act, Fig. 6(a) illustrates the typical microstructure of the fracture
urface. It is evident that Ti2SnC grains are in the shape of long rods
ith thickness of about 0.8 �m and length in the range of 6–12 �m.

n addition, there are a number of small Ti6Sn5 particles present
n Fig. 6(a). For the TiC-added sample with 8.1 mol% TiC (x = 0.3),
ig. 6(b) indicates that Ti2SnC platelets appear in addition to rod-
ike grains and the amount of Ti6Sn5 granules is noticeably reduced.
he addition of TiC in the reactant compact was found to favor the
rowth of plate-like Ti2SnC. According to the SEM micrograph of
ig. 6(c), the Ti2SnC platelets with a size less than 4 �m dominates
n the final product of a 17.6 mol% TiC-added sample. A bimodal

icrostructure with rod- and plate-like grains was observed for
i2SnC by Li et al. [11,12]. They obtained rod-like Ti2SnC from the
i–Sn–C powder mixture, but plate-like Ti2SnC from the Ti–Sn–TiC
ample. Based upon the study of Li et al. [11], the growth envi-
onment with sufficient liquid phases is one of the reasons that
enefits Ti2SnC to develop a rod-like microstructure. Therefore, it

s believed in this study that the decrease of reaction temperature
y adding TiC in the reactant mixture reduces the amount of molten
ompounds in the synthesis sequence, which favors the growth of
i2SnC in the form of platelets instead of rods.

. Conclusions

Preparation of the ternary carbide Ti2SnC was conducted by
ombustion synthesis in the SHS mode from the elemental powder
ompact and TiC-added samples with TiC contents ranging from 2.6
o 17.6 mol%. For the elemental powder compacts of Ti:Sn:C = 2:1:1,
he combustion front nearly 1650 ◦C propagates at 8.2 mm/s in a
elf-sustaining manner. However, due to lack of sufficient reaction
ime, the phase conversion was incomplete and the resultant prod-
ct was dominated by the intermediate Ti6Sn5 rather than Ti2SnC.
he as-synthesized Ti2SnC grains are in the shape of long rods with
length of 6–12 �m and thickness about 0.8 �m. In addition, the
nal products contain TiC and unreacted Sn and carbon.

For the TiC-added samples, the reaction exothermicity
ecreases with increasing content of TiC due to its dilution effect

n combustion, thus resulting in the decrease of the reaction tem-
erature and combustion front velocity. The reduction of reaction
xothermicity was also responsible for the change in combustion
ehavior from the longitudinal spreading of a planar combustion
ront to spinning propagation of localized reaction zones when the

[
[

[
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TiC content reached 15.3 and 17.6 mol%, beyond which combustion
was quenched. The slower reaction front of the TiC-added sample
provides longer reaction time to achieve a better phase conver-
sion. The lower reaction temperature is also beneficial to stabilize
Ti2SnC. As a result, the yield of Ti2SnC was substantially enhanced
by increasing TiC in the reactant mixture. In this study, the prod-
uct with an optimum composition consisting of Ti2SnC along with
traces of TiC and Sn was obtained from the sample with 17.6 mol%
of TiC. Moreover, the Ti2SnC grains with a plate-like microstruc-
ture prevail in the final products of the TiC-added samples, because
of the growth environment containing a lesser amount of molten
compounds.
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