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a b s t r a c t

Preparation of the ternary carbide Cr2AlC was conducted by combustion synthesis in the mode of self-
propagating high-temperature synthesis (SHS) from the Cr2O3–Al–Al4C3 powder compact. Effects of the
contents of Al and Al4C3 on the product composition and combustion behavior were studied by for-
mulating the reactant mixture with a stoichiometric proportion of Cr2O3:Al:Al4C3 = 3:5x:y, where x and
y varied from 1.0 to 1.5. When compared to those of the powder compact with Cr2O3:Al:Al4C3 = 3:5:1
(i.e., x = y = 1.0), the combustion temperature and reaction front velocity increased with content of Al, but
decreased with that of Al4C3. Besides Cr2AlC and Al2O3, the final products always contained a secondary
-ray diffraction
EM
r2AlC
ombustion synthesis

phase Cr7C3 that was substantially reduced by adopting additional Al and Al4C3 in the reactant compacts.
For the sample with Cr2O3:Al:Al4C3 = 3:7.5:1 (x = 1.5), solid state combustion reached a peak temperature
of 1245 ◦C and yielded Cr2AlC with a trivial amount of Cr7C3. Although Cr7C3 was lessened by introducing
extra Al4C3, the increase of Al4C3 from y = 1.1 to 1.5 produced almost no further reduction of Cr7C3 in the
final product. This is partly attributed to the low combustion temperature in the range of 1065–1095 ◦C
for the samples with additional Al4C3, and in part, due to the role of Al4C3 which might react with Cr to

2AlC.
form Cr7C3, Cr2Al, and Cr

. Introduction

The Mn+1AXn phases, where n = 1, 2, or 3, M is an early transi-
ion metal, A is an A-group (mostly IIIA and IVA) element, and X is
ither C or N, are a class of hexagonal-structure ternary carbides and
itrides which possess many merits of metals and ceramics [1–6].
AX compounds are typically resistant to oxidation and corrosion,

lastically stiff, but at the same time they exhibit high thermal and
lectrical conductivities and are machinable. These salient prop-
rties stem from an inherently laminated crystal structure, within
hich the Mn+1Xn slabs are intercalated by pure A-element layers

6].
Cr2AlC, a member of the M2AX (n = 1) family, was first discov-

red by Jeitschko et al. [7] in 1963. Its lattice parameters and phase
elationship in the Cr–Al–C system were identified by Schuster et
l. [8]. In recent years, Cr2AlC has received increasing attention
ecause of its remarkable properties, including relatively low hard-

ess, high elastic modulus, high flexural and compression strength,
ood electric and thermal conductivity, and excellent oxidation and
orrosion resistance [9–14]. Fabrication routes like hot pressing
11–16] and pulse discharge sintering [17–19] have been frequently

∗ Corresponding author. Tel.: +886 4 24517250x3963; fax: +886 4 24510862.
E-mail address: clyeh@fcu.edu.tw (C.L. Yeh).
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used to prepare bulk Cr2AlC. Besides, the molten salt method [20]
and magnetron sputtering technique [21,22] were used to produce
Cr2AlC in the forms of powders and thin films, respectively.

With an in situ hot pressing/solid–liquid reaction method, Lin
et al. [11] produced Cr2AlC from the Cr, Al, and graphite powders,
and proposed the related reaction mechanism with two inter-
metallic compounds, Cr2Al and Cr5Al8, involving in the formation
sequence of Cr2AlC. A series of hot-pressing investigations was
conducted by Tian et al. [13–16] to fabricate Cr2AlC from the
Cr, Al, and graphite powders at 850–1450 ◦C and 20 MPa for 1 h.
It was found that the samples with an additional amount of Al,
such as Cr:Al:C = 2:1.2–1.6:1, were beneficial to reduce the sec-
ondary phase Cr7C3 in the final product [15]. An increase in the
hot-pressing temperature enhanced the reaction between Cr2Al,
Cr5Al8, Cr, and graphite; therefore, Cr2AlC without intermediate
phases was obtained at temperatures above 1250 ◦C [16]. Lin et
al. [12] utilized chromium carbides (Cr7C3 and Cr3C2) mixing with
Cr and Al powders as the starting materials to produce Cr2AlC by
hot pressing at 1400 ◦C. In addition, Cr2AlC was prepared by pulse
discharge sintering from the Cr–Al–C [17,18] and Cr–Al4C3–C [19]

powder mixtures. According to Tian et al. [17,19], two minor phases
Cr7C3 and Cr2Al were observed and both of them decreased with
increasing sintering temperature.

As a promising alternative method, combustion synthesis in the
mode of self-propagating high-temperature synthesis (SHS) takes

dx.doi.org/10.1016/j.jallcom.2010.09.169
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:clyeh@fcu.edu.tw
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Fig. 1. Typical SHS sequences recorded from solid state combustion of powder c

dvantage of the self-sustaining merit from highly exothermic reac-
ions, and hence, has the benefits of low energy requirement, short
eaction time, and simple facilities [23–26]. The SHS technique has
een applied to produce a number of the MAX carbides, like Ti3SiC2

27], Ti3AlC2 [28], Ti2AlC [29], Ta2AlC [30], Nb2AlC [31], and Ti2SnC
32]. However, the formation of Cr2AlC from its constituent ele-

ents by the SHS process is unfeasible, due mostly to insufficient
xothermicity of the reactions among Cr, Al, and carbon [33].

ig. 2. Photographs of the 3Cr2O3 + 5Al + Al4C3 powder compact: (a) before and (b)
fter combustion.
cts of 3Cr2O3 + 5xAl + yAl4C3 with (a) x = 1.5 and y = 1.0, and (b) x = 1.0 and y = 1.2.

In this study, the first attempt was made to prepare Cr2AlC
through combustion synthesis in the SHS mode. Sample compacts
are composed of Cr2O3, Al, and Al4C3 powders. The use of Cr2O3 as
the source of chromium is to take advantage of the thermal energy

released from the thermite reaction between Cr2O3 and Al to sus-
tain self-propagating combustion [34]. Moreover, the by-product
Al2O3 generated from the thermite reaction is recognized as an
excellent reinforcement for the MAX carbides to improve their
hardness, toughness, and strength [35,36]. In particular, effects
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Fig. 3. Effect of Al and Al4C3 contents on flame-front propagation velocity of
Cr2O3–Al–Al4C3 powder compacts.
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ig. 4. Effect of Al content on combustion temperature of Cr2O3–Al–Al4C3 powder
ompacts.

f the contents of Al and Al4C3 are studied on the formation of
r2AlC, as well as on the combustion temperature and propagation
elocity of the reaction front. The reaction mechanism associated
ith the formation of Cr2AlC from solid state combustion in the
r2O3–Al–Al4C3 system is also addressed.

. Experimental methods of approach

Chromium oxide Cr2O3 (Showa Chemical Co., 99% purity), aluminum (Showa
hemical Co., <40 �m, 99% purity), and aluminum carbide Al4C3 (Strem Chemicals,
45 �m, 98% purity) powders were used as the starting materials to prepare Al2O3-
dded Cr2AlC in this study. The reaction between Cr2O3, Al, and Al4C3 under an exact
toichiometric balance was expressed as reaction (1), where Cr2O3:Al:Al4C3 = 3:5:1.

Cr2O3 + 5Al + Al4C3 → 3Cr2AlC + 3Al2O3 (1)

According to the previous studies on the synthesis of Cr2AlC [15,16], Ta2AlC [30],
i2AlC [37], and Ti3AlC2 [38], it was suggested that an off-stoichiometric composition
ith additional Al was favorable for the evolution of end products. Therefore, the

eactant powders of this study were formulated at Cr2O3:Al:Al4C3 = 3:5x:y, where
he stoichiometric parameters x and y varied from 1.0 to 1.5. This means that addi-
ional aluminum from either elemental Al or Al4C3 is explored.

Reactant powders were dry mixed in a ball mill and then cold-pressed into
he cylindrical sample compacts with a diameter of 7 mm, a height of 12 mm, and
compaction density of 60% relative to the theoretical maximum density (TMD).
he SHS experiments were conducted in a stainless-steel windowed combustion
hamber under an atmosphere of high purity argon (99.99%). The sample holder
as equipped with a 600 W cartridge heater used to raise the initial temperature of

he sample prior to ignition. A preheating temperature (Tp) of 300 ◦C was required
y this study to assure self-sustaining combustion of the Cr2O3–Al–Al4C3 pow-

Time (s)

181614121086420

C
o
m

b
u
s
ti
o
n
 T

e
m

p
e
ra

tu
re

 (
o
C

)

400

600

800

1000

1200

1400

Sample Stoichiometry: 3Cr
2
O

3
+5xAl+yAl

4
C

3
, with x = 1.0

#1     y = 1.0

#2     y = 1.2

#3     y = 1.4 

60% TMD Compacts with T
p
 = 300 

o
C

#1
#2

#3

ig. 5. Effect of Al4C3 content on combustion temperature of Cr2O3–Al–Al4C3 pow-
er compacts.
2θ

Fig. 6. XRD patterns of products synthesized from combustion of powder compacts
of 3Cr2O3 + 5xAl + yAl4C3 with y = 1.0 and x = (a) 1.0, (b) 1.1, (c) 1.3, and (d) 1.5.

der compacts. Details of the experimental setup and measurement approach were
reported elsewhere [39]. The microstructure of synthesized products was examined
under a scanning electron microscope (Hitachi S3000H), and phase composition was
analyzed by an X-ray diffractometer (Bruker D8SSS) with Cu K� radiation.

3. Results and discussion

3.1. Observation of combustion characteristics

Two typical SHS sequences illustrating solid state combustion of
the Cr2O3–Al–Al4C3 powder compacts with different starting com-
positions are presented in Fig. 1(a) and (b), both of which feature
one localized reaction zone propagating spirally along the sample in
a self-sustaining manner. According to Ivleva and Merzhanov [40],
once the heat flux released from self-sustaining combustion is no
longer sufficient to maintain steady propagation of a planar front,
combustion inclines to be restricted within one or several hot spots
spreading along the sample. Therefore, Fig. 1(a) and (b) reflects
the weak reaction exothermicity of the Cr2O3–Al–Al4C3 samples
and justify the need of prior heating up to 300 ◦C on the reactant
compact.

Fig. 2 displays the photographs of a 3Cr2O3 + 5Al + Al4C3 powder
compact before and after combustion. The unburned sample shown
in Fig. 2(a) has a smooth surface and is green due to the color of
Cr2O3. As illustrated in Fig. 2(b), the sample turns out to be dark grey
after combustion and exhibits spiral marks on its rugged exterior
because of the propagation of the spinning combustion wave.

3.2. Measurement of flame-front propagation velocity and
combustion temperature
The flame-front propagation velocity (Vf) in the axial direction
was determined from the recorded combustion images and plotted
in Fig. 3 as a function of the starting stoichiometry of the reac-
tant compact. The flame-front velocity was found to increase from
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ig. 7. XRD patterns of products synthesized from combustion of powder compacts
f 3Cr2O3 + 5xAl + yAl4C3 with x = 1.0 and y = (a) 1.1, (b) 1.3, and (c) 1.5.

.4 to 2.9 mm/s with increasing Al content from x = 1.0 to 1.15,
eyond which the propagation rate varied within the neighbor-
ood of 2.77–2.88 mm/s. The increase of combustion velocity with
l content was largely caused by an enhancement in the degree of
r2AlC formation, which resulted in a higher reaction temperature
nd hence a faster combustion wave. The nearly constant reaction
ate observed for the samples with x ≥ 1.15 could be a result of
he thermal balance between the increase of reaction exothermic-
ty from the Cr2AlC formation and the loss of more energy as the
atent heat of additional Al.

In contrast, Fig. 3 shows that the reaction front is signif-
cantly decelerated by increasing the amount of Al4C3 in the
ample compacts from y = 1.1 to 1.5. The lowest combustion prop-
gation rate about 1.5 mm/s was detected from the sample of
Cr2O3 + 5Al + 1.5Al4C3. The decrease of the flame-front velocity

s attributed to a decrease in the overall reaction exothermic-
ty caused probably by the consumption of additional energy to
ecompose extra Al4C3 during the SHS process.

Combustion temperature profiles measured from test samples
f different starting compositions are depicted in Figs. 4 and 5,
ccounting respectively for the influence of extra amounts of Al
nd Al4C3. The abrupt rise in the temperature curve signifies rapid
rrival of the combustion wave and the peak value corresponds
o the reaction front temperature. Most importantly, the compo-
ition dependence of the combustion temperature presented in
igs. 4 and 5 is consistent with that of the reaction front velocity
hown in Fig. 3. As indicated in Fig. 4, the increase of the Al content
rom x = 1.0 to 1.2 led to an increase in the combustion front tem-
erature from 1150 to 1245 ◦C, but comparable peak temperatures
ere observed for the samples with x = 1.2 and 1.4.

On the other hand, Fig. 5 shows a decrease in the combustion
emperature with increasing Al4C3 content. The reaction front tem-
eratures of the samples with excessive Al4C3 at y = 1.2 and 1.4 are
bout 1095 and 1065 ◦C, respectively. As reported by Tian et al.

16,19], the reaction temperature favoring the formation of Cr2AlC
as to be higher than 950 ◦C for the Cr–Al–C sample and 1050 ◦C for
he Cr–Al4C3–C sample. Based upon the combustion temperatures
resented in Figs. 4 and 5, the exothermicity of the Cr2O3–Al–Al4C3
owder compact for the evolution of Cr2AlC is justified.
Fig. 8. SEM micrographs illustrating fracture surfaces of products synthesized from
powder compacts of 3Cr2O3 + 5xAl + yAl4C3 with (a) x = 1.4 and y = 1.0, and (b) x = 1.0
and y = 1.2.

3.3. Phase constituent and morphology of combustion products

Fig. 6(a)–(d) plots XRD patterns of the final products obtained
from samples containing different amounts of elemental Al. In addi-
tion to the by-product Al2O3 and the binary carbide Cr7C3, the
as-synthesized product is dominated by Cr2AlC. The presence of
Cr7C3 as a minor phase has been commonly reported in the fabri-
cation of Cr2AlC [13–19]. As indicated in Fig. 6(a)–(d), the content
of Cr7C3 is greatly reduced when the green compact contains addi-
tional Al. For the Al-rich sample at x = 1.5, the XRD spectrum of
Fig. 6(d) reveals a negligible amount of Cr7C3 in the end product.
This confirms an improvement in the evolution of Cr2AlC by a sup-
plementary amount of Al involving in the reaction. The added Al
was mainly to compensate for the evaporation of Al during the
combustion process at temperatures higher than its melting point,
which is in agreement with the synthesis of Ta2AlC [30], Ti2AlC [37],
and Ti3AlC2 [38].

It is believed that solid state combustion of the Cr2O3–Al–Al4C3
system is initiated by the thermite reaction of Al with Cr2O3:

2Al + Cr2O3 → 2Cr + Al2O3 (2)

With the reaction heat released from reaction (2), the reaction of

reduced Cr with Al was triggered and the intermetallic compound
Cr2Al was formed as reaction (3). At the same time, the interactions
between Cr and Al4C3 occurred according to reactions (4) and (5).

2Cr + Al → Cr2Al (3)
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Cr + Al4C3 → 3Cr2AlC + Cr2Al (4)

5Cr + Al4C3 → 4Cr2Al + Cr7C3 (5)

Formation of Cr2AlC, Cr2Al, and Cr7C3 was observed in reactions
4) and (5). Although Cr2Al is absent in the final product, this Cr–Al
luminide has been identified as an important intermediate for the
roduction of Cr2AlC [11,16,17,19]. During the SHS process, Cr2Al
ould react with Cr, Cr7C3, and Al4C3 to form Cr2AlC as reaction (6).

r + 2Cr2Al + Cr7C3 + Al4C3 → 6Cr2AlC (6)

The influence of Al4C3 content on the phase composition of
nal products is presented in Fig. 7(a)–(c). When compared with
he product of the 3Cr2O3 + 5Al + Al4C3 sample (y = 1.0) shown in
ig. 6(a), the sample with a slightly extra amount of Al4C3 at y = 1.1
ontains less Cr7C3 phase. However, Fig. 7(b) and (c) indicates that
o further reduction of Cr7C3 was achieved by adopting more Al4C3

n the reactant compacts, partly because Al4C3 could react with Cr
o yield Cr7C3 through reaction (5). In addition, the decrease of the
eaction temperature with increasing Al4C3 produced an adverse
ffect on the evolution of Cr2AlC.

Fig. 8(a) and (b) represents typical SEM micrographs on the frac-
ure surface of synthesized products. As can be seen in Fig. 8(a),
he plate-like grains of Cr2AlC are closely stacked into a laminated
tructure. The layered structure characteristic of the ternary MAX
arbide is also clearly observed in Fig. 8(b).

. Conclusions

Preparation of the ternary carbide Cr2AlC was achieved by
ombustion synthesis in the SHS mode from the sample compact
omposed of Cr2O3, Al, and Al4C3 powders. In the SHS process,
he thermite reaction of Al with Cr2O3 not only acts as the
nitiating step, but also produces Al2O3 as a reinforcement for
r2AlC. When compared with the exact stoichiometric proportion
f Cr2O3:Al:Al4C3 = 3:5:1, the off-stoichiometric composition with
xtra Al or Al4C3 causes the variations of combustion temperature
nd reaction velocity and improves the evolution of Cr2AlC.

Experimental evidences showed that increasing the
ontent of Al from x = 1.0 to 1.15 in the sample of Cr2

3:Al:Al4C3 = 3:5x:1 led to an increase in combustion tempera-
ure and thus a faster reaction front. However, both combustion
emperature and flame velocity remained almost unchanged for
he samples with initial Al in the range of x = 1.2–1.5, due most
ikely to comparable reaction exothermicity. Besides Al2O3, the
s-synthesized product is composed of Cr2AlC along with Cr7C3 as
he secondary phase. The content of Cr7C3 in the final product was
oticeably reduced by increasing Al. Consequently, the optimum
roduct with a trivial amount of Cr7C3 was obtained from the
ample of Cr2O3:Al:Al4C3 = 3:7.5:1 (x = 1.5).
Because Al4C3 represents another source of Al in the
r2O3–Al–Al4C3 powder compact, the need of additional Al can be

mplemented by increasing the content of Al4C3. It was found that
ombustion temperature and flame-front velocity decreased with
ncreasing content of Al4C3 from y = 1.0 to 1.5 in the proportion of

[
[
[
[
[
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Cr2O3:Al:Al4C3 = 3:5:y. As the content of Al4C3 is higher than the
stoichiometric amount (y = 1.0), the secondary phase Cr7C3 in the
final product is reduced. However, the degree of Cr7C3 reduction by
increasing Al4C3 is not as effective as that by adopting additional
Al.
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