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a b s t r a c t

Preparation of the Ti3Si1−xAlxC2 solid solution with x = 0.2–0.8 was investigated by self-propagating high-
temperature synthesis (SHS) using TiC-, SiC-, and Al4C3-containing powder compacts. Due to the variation
of reaction exothermicity with sample stoichiometry, the combustion temperature and reaction front
velocity decreased with increasing Al content of Ti3Si1−xAlxC2 for the TiC- and Al4C3-added samples, but
increased for the samples with SiC. In contrast to the formation of Ti3(Si,Al)C2 as the dominant phase
eywords:
eramics
-ray diffraction
EM
i3Si1−xAlxC2

for the TiC- and SiC-added samples, TiC was identified as the major constituent in the final products
of samples adopting Al4C3. In addition, the evolution of Ti3(Si,Al)C2 was improved by increasing the Al
content of the TiC- and SiC-added powder compacts, but deteriorated considerably upon the increase of
Al4C3 in the Al4C3-containing sample.

© 2011 Elsevier B.V. All rights reserved.

ombustion synthesis

. Introduction

Layered ternary compounds Mn+1AXn, where n = 1, 2, or 3, M
s an early transition metal, A is an A-group (mostly IIIA and IVA)
lement, and X is either C or N, are a new class of materials with
roperties featuring many merits of metals and ceramics [1–3]. In
eneral, they are relatively soft, readily machinable, good thermal
nd electrical conductors, elastically stiff, and highly resistant to
hermal shock, oxidation, and corrosion [1–6]. The representative

AX phases, such as Ti3SiC2, Ti3AlC2, Ti2AlC, Cr2AlC, and Ti2AlN,
ave been extensively studied [4–13]. Comprehensive reviews are
iven in Refs. [11,12], which present microstructural characteriza-
ions, formation mechanisms, and material properties of the MAX
eramics. Moreover, there are a variety of fabrication routes for
he MAX compounds, including hot pressing (HP) [2,4,5], hot iso-
tatic pressing (HIP) [6,7], pulse discharge sintering (PDS) [14–16],
n situ hot pressing/solid–liquid reaction synthesis [17–20], infil-
ration method [21], self-propagating high-temperature synthesis
SHS) [22–28], etc.

The solid solution based on the MAX phases can be formed by
ubstitution on the M, A, or X site, which renders great potential
or tailoring and/or optimizing the material properties. Many MAX-

ased solid solutions, such as (Ti,Nb)2AlC, (Cr,V)2AlC, Ti3(Si,Al)C2,
nd Ti2Al(C,N), were successfully produced and their mechani-
al and thermal properties were explored [29–38]. Of particular

∗ Corresponding author. Tel.: +886 4 24517250x3963; fax: +886 4 24510862.
E-mail address: clyeh@fcu.edu.tw (C.L. Yeh).

925-8388/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.04.076
interest for this work are Ti3Si1−xAlxC2 solid solutions which pos-
sess enhanced properties when compared with their related end
members Ti3SiC2 and Ti3AlC2 [31–34]. By means of the in situ
hot pressing/solid–liquid reaction synthesis at 1500 ◦C for 60 min,
Ti3Si1−xAlxC2 solid solutions with a wide stoichiometric range were
produced from elemental powders [31,32]. As reported by Zhang
et al. [32], the samples composed of additional Si and a reduced
amount of graphite facilitated the formation of Ti3Si1−xAlxC2 with
high Al contents. The Ti3Si0.5Al0.5C2 sample was also fabricated
from the mixture of Ti, SiC, Al, and C powders by HIP at 1400 ◦C
and 100 MPa for 10 h [35].

With the advantages of time and energy savings, combustion
synthesis particularly in the mode of self-propagating high-
temperature synthesis (SHS) represents an attractive method of
producing advanced materials including borides, carbides, nitrides,
silicides, carbonitrides, intermetallics, etc. [39–41]. The SHS reac-
tion of the solid state has been utilized to prepare a number of
MAX carbides, like Ti3SiC2 [22,23], Ti3AlC2 [24,25], Nb2AlC [26],
Cr2AlC [27], and Ti2SnC [28]. According to Yeh and Shen [22,23],
the addition of a proper amount of TiC or SiC to the elemental
powder compacts was beneficial for the production of Ti3SiC2 by
combustion synthesis. The evolution of Ti3AlC2 was also substan-
tially enhanced by adopting TiC- and Al4C3-containing samples
[24,25]. Recently, the SHS reaction involving gaseous reagents was
performed to fabricate the Ti2AlC0.5N0.5 solid solution from TiC-,

TiN-, and Al4C3-diluted samples in nitrogen [36,37].

As the first attempt, this study aims to prepare Ti3Si1−xAlxC2
solid solutions with a broad stoichiometric range by the SHS pro-
cess from TiC-, SiC-, and Al4C3-containing samples. The effect of

dx.doi.org/10.1016/j.jallcom.2011.04.076
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:clyeh@fcu.edu.tw
dx.doi.org/10.1016/j.jallcom.2011.04.076
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Fig. 1. Recorded images illustrating propagation of self-sustaining combustion alo

nitial sample composition is investigated on the phase con-
tituents and morphology of the final product, as well as on the
ombustion behavior such as combustion temperature and propa-
ation velocity of the reaction front.

. Experimental methods of approach

Titanium (Strem Chemicals, ≤45 �m, 99%), aluminum (Showa Chemical Co.,
40 �m, 99%), silicon (Strem Chemicals, ≤45 �m, 99.5%), and carbon black (Showa
hemical Co.) powders are used as the elemental components in this study. In
ddition, three metal carbides, TiC (Aldrich Chemical, ≤45 �m, 98%), SiC (Aldrich
hemical, ≤40 �m, 99%), and Al4C3 (Strem Chemicals, ≤45 �m, 98%), are adopted
s the starting reagents. The initial reactant compositions according to the sam-
les containing TiC, SiC, and Al4C3 are formulated as Reactions (1), (2), and (3),
espectively.

Ti + (1 − x)Si + xAl + C + TiC → Ti3Si1−xAlxC2 (1)

Ti + (1 − x)SiC + xAl + (1 + x)C → Ti3Si1−xAlxC2 (2)

Ti + (1 − x)Si + (2 − 0.75x)C + 0.25xAl4C3 → Ti3Si1−xAlxC2 (3)

here the stoichiometric parameter x represents the Al content of Ti3Si1−xAlxC2.
t should be noted that there are no elemental Si and Al powders included in the
iC- and Al4C3-added samples, respectively. Reactant powders based upon Reac-
ions (1)–(3) were prepared with x varying from 0.2 to 0.8 and then mixed in a ball

ill. The initial compositions of test samples conducted in this study are summa-
ized in Table 1. Powder mixtures were cold-pressed into the cylindrical compact

ith a diameter of 7 mm, a height of 12 mm, and a compaction density of 60%

elative to the theoretical maximum density (TMD). The SHS experiment was per-
ormed in a stainless-steel windowed chamber under an atmosphere of high purity
rgon (99.99%). Details of the experimental setup and measurement approach were
eported elsewhere [42].

able 1
ummary of initial compositions of test samples conducted in this study.

Type of sample Sample stoichiometry Parameter, x

TiC-containing 2Ti + (1 − x)Si + xAl + C + TiC 0.2, 0.4, 0.6, 0.8
SiC-containing 3Ti + (1 − x)SiC + xAl + (1 + x)C 0.2, 0.4, 0.6, 0.8
Al4C3-containing 3Ti + (1 − x)Si + (2 − 0.75x)C + 0.25xAl4C3 0.2, 0.4, 0.6, 0.8
a TiC-containing sample with x = 0.4, and (b) a SiC-containing sample with x = 0.8.

3. Results and discussion

3.1. Observation of combustion characteristics

Fig. 1(a) and (b) presents two recorded SHS sequences illustrat-
ing different propagation modes of the combustion wave typically
observed in this study. For the TiC-added sample with x = 0.4,
Fig. 1(a) indicates that the combustion front forms several localized
reaction zones moving along a spiral trajectory. The spinning com-
bustion wave left visible tracks on the sample surface. On the other
hand, as shown in Fig. 1(b), the SHS process of the powder com-
pact adopting SiC under x = 0.8 is characterized by a nearly planar
combustion front traversing the sample longitudinally at a much
faster rate than that of Fig. 1(a). This implies lower exothermicity
for the SHS reaction associated with Fig. 1(a). It is believed that for
the reactant compacts conducted by this study, the thermal energy
released by the reaction of Ti with carbon plays an important role
in sustaining the combustion wave. Because of different metal car-
bides involved in the reactant mixtures, Reaction (1) produces a
lesser amount of TiC from the reaction of Ti with carbon when com-
pared to Reactions (2) and (3). This might be responsible for the
spinning combustion wave observed for the TiC-containing sam-
ple, while the planar reaction front with a high propagation rate
for the SiC- and Al4C3-added samples. However, it should be noted
that self-sustaining combustion of the Al4C3-added powder com-
pact with x = 0.8 no longer features a planar front, due most likely
to the reduced reaction exothermicity on account of the increase
of Al4C3 in the reactant mixture.

Furthermore, as illustrated in Fig. 1(a) and (b), the burned sam-
ples were subjected to axial elongation and radial contraction after

the passage of the combustion wave. Formation of the elongated
and slightly slender products has been reported in the combustion
synthesis of many MAX carbides, including Ti3SiC2 [22,23], Ti3AlC2
[24,25] and Ti2SnC [28]. According to the previous studies [22–25],
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ig. 2. Variations of flame-front propagation velocity with Al content of
i3Si1−xAlxC2 solid solutions synthesized from samples containing different types
f metal carbides.

he axial elongation of the burned sample is mainly attributed to
he growth of MAX grains into a terraced structure. The radial con-
raction is a consequence of the surface tension effect of the liquid

elt formed in the reaction sequence. The liquid phase substances
aken into account in the combustion systems of Reactions (1)–(3)
ould include molten Al and intermetallic compounds such as Ti3Al,
iAl, and Ti5Si3.

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

Fig. 2 presents the composition dependence of the flame-front
ropagation velocity (Vf) for the samples involving different metal
arbides. As shown in Fig. 2, the reaction front velocity of the TiC-
dded sample decreases from 4.7 to 2.8 mm/s upon the production
f Ti3Si1−xAlxC2 solid solutions with increasing Al content from
= 0.2 to 0.8. The increase of Al means a corresponding decrease

n Si for the reactant mixture of Reaction (1), which reduces the
verall reaction exothermicity due to less heat released from the
eaction of Ti with Al than that of Ti with Si [43]. Consequently, the
eaction front is decelerated. Moreover, the flame-front velocity of
he TiC-added sample is lower than those of the samples adopt-
ng SiC and Al4C3. As mentioned above, this could be attributed
o the weaker exothermic nature of Reaction (1) in comparison to
eactions (2) and (3).

For the powder compacts of Reaction (2), Fig. 2 indicates that
he increase of Al leads to a significant increase in the combus-
ion velocity from 7.9 to 14.2 mm/s. According to Reaction (2), the
ncrease of Al in the SiC-containing sample is accompanied by a
ecrease in SiC and an increase in carbon. Since SiC contributes
dilution effect to combustion but carbon reacts exothermically
ith Ti, the overall reaction exothermicity is augmented when

i3Si1−xAlxC2 with a higher content of Al is synthesized. On the
ontrary, the flame-front velocity of the Al4C3-containing sample
ecreases substantially from 11.3 to 1.9 mm/s with increasing Al4C3
or the formation of Ti3Si1−xAlxC2 with a higher proportion of Al.
his is because partly of a decrease in carbon to compensate for the
ncrease of Al4C3. In part, for a sample containing more Al4C3 the
nergy dissipated to thermally decompose Al4C3 is increased. As a
esult, the reaction exothermicity is diminished and the reaction

ate is retarded.

Fig. 3 plots measured temperature profiles from solid state com-
ustion of the TiC-, SiC, and Al4C3-containing samples. As shown in
ig. 3, the abrupt rise in temperature signifies the rapid arrival of the
Fig. 3. Dependence of combustion temperature on Al content of Ti3Si1−xAlxC2 solid
solutions synthesized from samples of different stoichiometries.

combustion wave and the peak value corresponds to the combus-
tion front temperature. After the passage of the reaction front, an
appreciable decrease in temperature is a consequence of the heat
loss to the surroundings. The reaction front temperature of about
1230 ◦C measured from the sample of Reaction (1) with x = 0.4 is
indicated in Fig. 3. For the TiC-containing samples, the experimen-
tal results of this study showed the combustion front temperature
ranging between 1210 and 1270 ◦C.

Fig. 3 also reveals that the peak reaction temperature of the
SiC-added sample increases from 1290 to 1407 ◦C as the stoichio-
metric parameter x in Reaction (2) rises from 0.2 to 0.8, confirming
the increase of reaction exothermicity with Al content of the
Ti3Si1−xAlxC2 solid solution formed from the SiC-added sample.
However, the combustion temperature of the Al4C3-containing
sample is decreased from 1360 to 1196 ◦C by increasing the param-
eter x in Reaction (3). This suggests the decrease of reaction
exothermicity with increasing Al4C3 in the sample. It is very impor-
tant to note that for the samples of three types the composition
dependence of the combustion temperature is in a manner consis-
tent with that of reaction front velocity.

3.3. Composition and morphology analysis of combustion
products

Fig. 4(a) and (b) depicts the XRD patterns of as-synthesized
Ti3Si1−xAlxC2 solid solutions from the TiC-added samples with a
low (x = 0.2) and high (x = 0.8) Al content, respectively. In addition
to the formation of Ti3(Si,Al)C2 as the dominant phase, Fig. 4(a)
indentifies the presence of two minor compounds TiC and SiC. The
binary carbide TiC has been considered as a key intermediate in
the synthesis of Ti3SiC2 and Ti3AlC2 [22,24]. An improvement in
the evolution of Ti3(Si,Al)C2 is shown in Fig. 4(b), which is substan-
tiated by a lesser amount of TiC and no detection of SiC in the final
product.

According to Fig. 5(a), the SiC-added sample with x = 0.2 pro-
duces Ti3(Si,Al)C2 along with three minor phases, TiC, SiC, and Ti3Al.
Similar to that observed for the sample initially comprising TiC, a
better degree of Ti3(Si,Al)C2 formation was achieved by increasing
Al in the reactant mixture. As revealed in Fig. 5(b) the intermetal-
lic phase Ti3Al no longer exists and binary carbides TiC and SiC
are reduced in the Ti3(Si,Al)C2 solid solution synthesized from the

SiC-added sample with x = 0.8.

For the Al4C3-containing samples with x = 0.2 and 0.8, the XRD
patterns of final products are presented in Fig. 6(a) and (b), respec-
tively. In spite of the production of Ti3(Si,Al)C2, Fig. 6(a) points out a
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ig. 4. XRD patterns of synthesized products from TiC-containing samples with (a)
= 0.2 and (b) x = 0.8.

arge amount of TiC and several minor phases including SiC, Ti3Al,
nd TiAl. The intermetallic compounds, Ti3Al and TiAl, could be
ielded through the reaction of Ti with Al4C3. As the content of
l4C3 increases in the green sample up to x = 0.8, Fig. 6(b) indicates

he absence of Ti3(Si,Al)C2 in the resulting product which is com-
osed of TiC, SiC, TiAl, and Al4C3 with TiC as the dominant phase.
his implies that the use of Al4C3 as a reactant is unfavorable for
he formation of Ti3(Si,Al)C2 solid solutions with high contents of
l.

Table 2 summarizes the dominant and secondary phases of the
nal products with respect to TiC-, SiC-, and Al4C3-containing sam-
les of different initial stoichiometries. Among three different types
f the samples, the optimum yield of Ti (Si Al)C solid solutions was
3 , 2
chieved by the TiC-added sample. This suggests that the TiC-added
ample provides not only the most favorable reactant composi-
ion, but also the most appropriate reaction temperature and time

ig. 5. XRD patterns of synthesized products from SiC-containing samples with (a)
= 0.2 and (b) x = 0.8.
Fig. 6. XRD patterns of synthesized products from Al4C3-containing samples with
(a) x = 0.2 and (b) x = 0.8.

for the formation of Ti3(Si,Al)C2, because it was found by previous
studies [22,24,28] that the high combustion temperature and short
reaction time associated with the SHS process are adverse for the
production of ternary carbides. Additionally, an improved phase
evolution was obtained in Ti3(Si,Al)C2 with a higher content of Al
for TiC- and SiC-containing samples, but the opposite was observed
for the Al4C3-added sample.

Typical microstructures of the synthesized products dominated
by the Ti3(Si,Al)C2 solid solution are presented in Fig. 7(a) and (b),
which are related with TiC- and SiC-containing powder compacts,
respectively. Fig. 7(a) and (b) shows that plate-like Ti3(Si,Al)C2
grains are closely stacked into a laminated structure characteris-
tic of the ternary MAX carbide. On the other hand, Fig. 7(c) displays
a different microstructure featuring granular grains of TiC produced
from the Al4C3-added sample of x = 0.8.

Vickers hardness of the Ti3(Si,Al)C2 solid solutions synthesized
from TiC- and SiC-added samples is between 6.2 and 6.8 GPa, which
increases with decreasing Al content of Ti3(Si,Al)C2. Due to the
presence of TiC as a secondary phase in the final product, Vick-
ers hardness of the as-synthesized Ti3(Si,Al)C2 solid solution is
higher than 3.5 and 4.0 GPa for Ti3AlC2 and Ti3SiC2, respectively.
The fracture toughness and compressive strength of Ti3(Si,Al)C2 are
about 6.6 MPa·m1/2 and 810 MPa, both of which are within those of

Ti3AlC2 and Ti3SiC2. This suggests that the mechanical properties
of Ti3(Si,Al)C2 can be tailored by adjusting the relative proportion
between Si and Al.

Table 2
Summary of phase constituents of synthesized products with respect to their initial
sample stoichiometry.

Sample stoichiometry Phase constituents of SHS products

Reaction Parameter, x Dominantphase Secondary phases

Carbides Intermetallics

(1) 0.2, 0.4 Ti3(Si,Al)C2 TiC, SiC
(1) 0.6, 0.8 Ti3(Si,Al)C2 TiC
(2) 0.2, 0.4 Ti3(Si,Al)C2 TiC, SiC Ti3Al
(2) 0.6, 0.8 Ti3(Si,Al)C2 TiC, SiC
(3) 0.2 TiC Ti3(Si,Al)C2 Ti3Al, TiAl
(3) 0.4, 0.6 TiC Ti3(Si,Al)C2 TiAl
(3) 0.8 TiC SiC, Al4C3 TiAl
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ig. 7. SEM micrographs illustrating fracture surfaces of products synthesized from
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. Conclusions

Preparation of the Ti3Si1−xAlxC2 solid solutions with x = 0.2–0.8
as conducted by the SHS process using TiC-, SiC-, and Al4C3-

ontaining powder compacts. On account of the variation of
eaction exothermicity with sample stoichiometry, it was found
hat with an increase in the Al content of as-synthesized
i3Si1−xAlxC2 the combustion temperature and reaction front
elocity decreased moderately for the TiC-added sample but sub-
tantially for the sample adopting Al4C3. However, a significant

ncrease in both combustion wave temperature and velocity was
bserved for the SiC-added sample. In terms of combustion, the
iC-containing powder compact is the least exothermic of the
hree samples with different metal carbides. The fastest reaction

[

[

ompounds 509 (2011) 7277–7282 7281

front with a speed of 14.2 mm/s and a temperature of 1407 ◦C was
detected in the synthesis of Ti3Si1−xAlxC2 with x = 0.8 from the SiC-
added sample.

For the TiC- and SiC-containing powder compacts, the
Ti3(Si,Al)C2 solid solution was identified as the dominant phase
in their final products and Ti3(Si,Al)C2 with a higher content of Al
was more preferably yielded. Based upon the XRD patterns, the
final products contain TiC as a second phase and some other minor
species like SiC and Ti3Al. For the Al4C3-added samples, however,
the resulting products are dominated by TiC. Additionally, the for-
mation of Ti3(Si,Al)C2 was considerably deteriorated by increasing
Al4C3 in the reactant mixture. According to the experimental evi-
dence of this study, among the samples of three different types the
TiC-containing sample is the most favorable for the preparation of
Ti3(Si,Al)C2 through the SHS process.
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