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In-situ hot pressing/solid-liquid reaction synthesis
of bulk Cr2AlC

Single-phase bulk Cr2AlC, a non-Ti-containing carbide
with superior expected properties, was successfully fabri-
cated by in-situ hot pressing/solid-liquid reaction process.
The reaction process was investigated using differential
scanning calorimetry. The products were characterized
using X-ray diffraction and scanning electron microscopy.
Four distinguished stages of the reactions from Cr, Al, and
C elemental powders were discussed. The obtained X-ray
diffraction data are in good agreement with calculated ones
and those from JCPDS card No. 29-0017. A new set of X-
ray diffraction data comprising reflections, 2h, and intensi-
ties of Cr2AlC is presented. Lattice parameters obtained by
Rietveld XRD refinement of Cr2AlC are a = 2.858 Å and
c = 12.818 Å, respectively. The measured Vickers hardness
of the as-synthesized Cr2AlC is 5.5 ± 0.4 GPa, which is
twice that of Ti2AlC. Cr2AlC displays excellent oxidation
resistance. The parabolic rate constant of Cr2AlC was de-
creased by 3 – 4 orders of magnitude compared with those
of Ti3SiC2 at 1200 °C.

Keywords: Cr2AlC; Solid–liquid reaction; XRD; Hard-
ness; Oxidation

1. Introduction

The Mn+1AXn phases, where M is an early transition metal,
A is an A-group element (mostly IIIA and IVA) and X is
either C and/or N, possess a unique combination of the mer-
its of both metals and ceramics [1]. These merits include
low density, high modulus, good thermal and electrical con-
ductivity, excellent thermal shock and high-temperature-
oxidation resistance, damage tolerance and easy machin-
ability. The combination of these remarkable properties
makes Mn+1AXn phases highly promising candidates for di-
verse applications. Therefore, this family has received con-
siderable attentions and has been extensively studied [1–
23].

However, one drawback of most of the Mn+1AXn phases
is low hardness. For example, the Vickers hardness values
of Ti3SiC2 [2], Ti3AlC2 [3], and Ti2AlC [4] are 4.0 GPa,
2.5 GPa, and 2.8 GPa, respectively. Accordingly, several at-
tempts have been made to increase the hardness of
Mn+1AXn phases by incorporating SiC, Al2O3, and TiC into
Ti3SiC2 [5 –7] or Ti3AlC2 [8]. The other drawback is that
Ti-containing ternary carbides fail to form dense and pro-
tective oxide scales at intermediate temperatures (400–

650 °C) [9–11]. Thus, we aim to search for non-Ti contain-
ing compounds with better mechanical properties and cor-
rosion resistance.

Recent theoretical works by Wang and Zhou [12], Sun et
al. [13, 14], Schneider et al. [15], and Lofland et al. [16] de-
monstrate that Cr2AlC possesses high elastic stiffness.
According to Wang and Zhou [12], the theoretical shear
modulus C44, a factor that holds a direct relationship
with hardness, was relatively high for Cr2AlC in the
(MxM’2 – x)AlC (M and M’ = Ti, V, and Cr) system. As a re-
sult, relatively high intrinsic hardness might be achievable
for Cr2AlC. Furthermore, stoichiometric Cr2AlC involves
72.7 wt.% of Cr and 18.9 wt.% Al. It is expected that pro-
tective α-Al2O3 and α-Cr2O3 films will form during oxida-
tion of Cr2AlC at high temperatures. These films will im-
part good corrosion resistance. Therefore, we anticipated
specific outcomes: first, Cr2AlC will be a relatively hard
ternary carbide; second, it will exhibit good oxidation and
corrosion resistance.

Despite these salient expected properties, only a few ex-
perimental works have been carried out on Cr2AlC [15, 17,
18]. Jeitschko et al. [17] discovered Cr2AlC and obtained
its lattice parameters in the 1960s. It was determined that
Cr2AlC has the space group of P63/mmc with lattice para-
meters of a = 2.860 Å and c = 12.82 Å. The 4 Cr atoms are
in the Wyckoff positions of 4f, 2 Al atoms in 2d, and 2 C
atoms in 2a. Schuster et al. [18] investigated the phase rela-
tionships in the ternary M2AlC (M = Ti, V, and Cr) systems
and confirmed the existence of M2AlC, as well as the excel-
lent miscibility of solid-solution series on M sites. Very re-
cently, Schneider et al. [15] fabricated Cr2AlC film by mag-
netron sputtering and obtained the structural parameters. To
date, the reaction mechanism for the synthesis of bulk
Cr2AlC has not been reported. Since Cr2AlC possesses at-
tractive properties, we were motivated to synthesize bulk
Cr2AlC.
We developed an in-situ hot pressing/solid–liquid reaction
method in previous work. Ti3SiC2 [19], Ti3AlC2 [20], and
Ti2AlC [4] were successfully fabricated by using this meth-
od. The prominent advantages of solid–liquid reaction are:
energy cost effectiveness, short reaction time, and relatively
low pressure requirement. Solid–liquid reaction is compa-
rable with other alternative methods. For example, Tzenov
and Barsoum [21] synthesized Ti3AlC2 by HIP at 1400 °C
with 70 MPa pressure applied in 4 hours; Wang and Zhou
[20] fabricated Ti3AlC2 using solid-liquid reaction at
1500 °C and 1200 °C with 25 MPa pressure applied for
5 min and 20 min, respectively. It is obvious that short reac-
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tion time and lower applied pressure will result in energy
cost effectiveness. In this paper, we report the reaction me-
chanism of Cr2AlC synthesized by in-situ hot pressing/so-
lid-liquid reaction process from Cr, Al, and C elemental
powders. The term “solid-liquid reaction” for Cr2AlC re-
flects the facts that Al melts at 660 °C, and the eutectic reac-
tions at 850 °C and 1050 °C produce liquid phases.

2. Experimental procedure

Commercially available elemental powders of Cr (99 %,
200 mesh), Al (99.5 %, 300 mesh), and graphite (99 %,
200 mesh) were selected as initial materials. The molar ra-
tio of Cr: Al: C was 2: 1.05: 1. Excess aluminum powder
was added to compensate for the loss of Al during the heat-
ing process. To investigate the reaction mechanism, differ-
ential scanning calorimetry (DSC) was carried out in Ar at-
mosphere using a Setsys 16/18 thermal-analysis system
(SETARAM, France). The powder mixtures of Cr, Al, and
graphite were held in an alumina crucible and heated at a
rate of 10 °C/min to 1400 °C. Prior to fabricating bulk sam-
ple, the shrinkage behavior was also studied by loading
compacted raw materials. The specimen with a diameter of
25 mm and a height of 8 mm, compacted in a graphite
mold, was heated at a rate of 10 °C/min. The applied load
was 10 MPa during the entire deformation process. The
compressive strain was defined as –DL/L0, where DL and
L0 represent, respectively, the shrinkage of sample height
and the original height of the compacted specimen. During
heating, a computer recorded the deformation of the sample
continuously with an accuracy of ± 2 %.

The bulk sample was prepared according to the following
procedures. The mixed elemental powders were milled for
10 h in a polyurethane mill, using stainless-steel balls
coated with a layer of polyurethane as the mixing media.
The milled powders were sieved and compacted uniaxially
in a graphite mold. The mold was 50 mm in diameter,
80 mm in height, and pre-sprayed with a BN layer. The
compacted mixture was heated to 1400 °C with a 60-min
hold at an applied pressure of 5 MPa. Subsequently, it was
annealed at 1350 °C for 30 min, at which the applied pres-
sure was increased to 30 MPa. The sintering process was
conducted in a flowing Ar atmosphere at a heating rate of
15 °C/min. The surface layer of the sample was machined
off to remove the contaminants prior to characterization.

Powders drilled from the samples were used for XRD
analysis. The XRD data were collected by a step-scanning
diffractometer with Cu-Kα radiation (Rigaku D/max-2400,
Japan). The data used to carry out a refinement had an accu-
racy better than 0.02°. The refinement was accomplished
using the Rietveld method [24, 25] (a DBWS code in Cer-
ius2 computational program for material research, Molecu-
lar Simulation Inc., USA). The complete intensity profile
of the powder diffraction pattern was refined by a non-lin-
ear least-square fitting of the Cr2AlC structural model. The
microstructure of the samples was studied by an S-360
scanning electron microscopy (Cambridge Instruments
Ltd., UK) equipped with an energy-dispersive X-ray spec-
trometry (EDS) system.

The density of the specimen was determined by the Ar-
chimedes method. The Vickers hardness was tested at a
load from 1 N to 10 N with the dwell time of 15 seconds.
The surfaces of the specimen for the hardness test were pol-
ished to a ~1 lm diamond finish. For the oxidation study,
specimen with dimensions of 3 × 4 × 15 mm3 was cut by
electrical-discharge machining method. The sample was
ground down to 1000 grit SiC paper, polished using dia-
mond paste, chamfered, and degreased in acetone. The sam-
ple was suspended with a Pt wire in a Setsys 16/18 thermo-
gravimetric-analysis system (SETARAM, France). The
weight gain was recorded continuously as a function of
time at 1200 °C in air.

3. Results

3.1. Reactions during heating

Figure 1 illustrates the DSC curve obtained by heating the
mixed powders of Cr, Al, and graphite up to 1400 °C at a
heating rate of 10 °C/min. Four distinguished peaks can be
seen in the DSC curve. Figure 2 presents the XRD profiles
for initial powder mixtures and those after holding at tem-
peratures corresponding to the peaks in DSC curve for
20 minutes. In Fig. 1, a pronounced endothermic peak at
the initial stage near 660 °C corresponds to the melting of
aluminum. Subsequently, a sharp exothermic peak is ob-
served. XRD analysis suggests that this thermal explosion
can be related to the formation of Cr9Al17 (Fig. 2b). At
850 °C, XRD analysis indicates that the main equilibrium
phases are Al8Cr5, Cr, and graphite. The reflections of
AlCr2 (110) and AlCr2 (103) were also identified (Fig. 2c).
Based on XRD results, the endothermic peak near 850 °C
of the DSC curve originates from the eutectic reaction be-
tween AlCr2, Al8Cr5, and Cr [26]. As can be seen in Fig. 2d,
the desired Cr2AlC forms at 1050 °C.

Figure 3 shows the back-scattered electron images of the
samples annealed at 700 °C, 850 °C, and 1050 °C. Enlarged
view of Fig. 3c is also shown in Fig. 3d for clarification.
EDS analyses reveal that the dark regions contain mostly un-
reacted graphite, while the gray regions are mainly com-
posed of Cr and Al, and the white regions comprise Cr. It
can be seen in Fig. 3 that the microstructure of the samples
is homogeneous. As the temperature increases, the relative
amounts of Cr and graphite decrease while that of Cr –Al in-
termetallics increases. It is interesting to note that the gray
regions seem to have closed connection with each other.

Figure 4 shows the compressive strain versus sintering
temperature. Obvious shrinkage commences at approxi-
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Fig. 1. DSC curve obtained with Cr, Al, C mixtures at a heating rate of
10 °C/min in Ar up to 1400 °C.
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mately 1000 °C, and remarkable deformation is observed
above 1050 °C. Based on the DSC curve and the shrinkage
behavior, we assume that the endothermic reaction pro-
duces liquid phases. Unfortunately, the phase diagram data
of the Cr– Al– C system [18] are too limited to support our
hypothesis. The presence of liquid phase facilitated the for-
mation of Cr2AlC and promoted densification of the speci-
men. We obtained single-phase Cr2AlC after holding at
1400 °C and 1350 °C for 60 min and 30 min, respectively.
The relative density of the as-synthesized specimen is
95 % of the theoretical value (5.24 g/cm3).

3.2. Rietveld XRD refinements

Powders drilled from the specimen synthesized at 1400 °C
for 60 min and 1350 °C for 30 min were used for detailed

XRD analysis. Table 1 lists the calculated and ex-
perimental data of reflections, 2h, and intensities
for Cr2AlC. The experimental and calculated data
coincide with those from previous experiments
[15, 17, 18]. Figure 5 shows the observed, calcu-
lated, and differential patterns for Cr2AlC. The se-
parate short dash lines denote the positions of the
diffraction peaks. The upper two lines represent
the experimental and calculated profiles, respec-
tively. The lower line corresponds to the differen-
tial profile between the observed and the calcu-
lated profiles. Table 2 presents the comparison of
lattice parameters obtained by Rietveld refinement
and those from previous reported data. The refined
lattice parameters are obtained as a = 2.858 Å and
c = 12.818 Å. The reliability factors are R –
P = 7.06 % and R – WP = 10.19 %, respectively.

3.3. Vickers hardness and microstructure

Figure 6 illustrates the Vickers hardness as a func-
tion of indentation load for Cr2AlC. The reported
values of Ti2AlC are also plotted for comparison
[4]. Each point represents an average of at least

10 separate measurements. The hardness value drops signif-
icantly as the load increases from 1 to 2 N, and stabilizes at
approximately 5.5 ± 0.4 GPa at which the applied load is
10 N. Figure 7 shows the typical morphology of the as-
synthesized Cr2AlC. The laminate morphology is illu-
strated. The layered crystal structure accounts for this lami-
nate microstructure.

3.4. Oxidation kinetics

Figure 8a is the isothermal weight gain per unit area as a
function of time of Cr2AlC at 1200 °C in air. The reported
data of Ti3SiC2 were also plotted for comparison [22].
Figure 8b is the square of weight gain per unit area as a
function of time of Cr2AlC at 1200 °C in air up to 50 h. In-
serted graph is the corresponding weight gain per unit area
versus time of Cr2AlC. The weight gain of Cr2AlC was sig-

nificantly decreased compared with that of Ti3-

SiC2. The inserted graph demonstrates that the
weight gain increased slowly versus oxidation
time. The oxidation generally obeyed a para-
bolic rate law. Figure 8b confirms the para-
bolic nature of the oxidation. The relationship
between mass gain per unit area and time can
be depicted as the following formula:

(W/A)2 = kpt

where W/A is the mass gain per unit area, kp

denotes the parabolic rate constant, and t
is the oxidation time. The parabolic rate
constant, kp, was calculated to be 6.8 ×
10 – 10 kg2 m – 4 s – 1 for Cr2AlC at 1200 °C.

4. Discussion

4.1. Reaction mechanism

Based on the results of DSC and the XRD pat-
terns in Fig. 2, we can describe the reaction
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Fig. 2. Evolution of phases of Cr, Al, C mixtures holding at different temperatures
for 20 minutes. (a) R. T.; (b) 700 °C; (c) 850 °C; (d) 1050 °C.

Fig. 3. Back-scattered electron images of the samples annealed at corresponding tem-
peratures for 20 minutes (a) 700 °C; (b) 850 °C; (c) 1050 °C; (d) enlarged view of (c).
C = graphite; Cr–Al = Cr9Al17, AlCr2, Al8Cr5.

©
 2

00
5 

C
ar

l H
an

se
r 

V
er

la
g,

 M
un

ic
h,

 G
er

m
an

y 
   

w
w

w
.h

an
se

r.
de

/m
k 

   
N

ot
 fo

r 
us

e 
in

 in
te

rn
et

 o
r 

in
tr

an
et

 s
ite

s.
 N

ot
 fo

r 
el

ec
tr

on
ic

 d
is

tr
ib

ut
io

n.



process a as follows. Firstly, aluminum melts at about
660 °C. Subsequently, liquid Al reacts with Cr and produces
significant amount of Cr9Al17 at about 670 °C. In the vici-
nity of 850 °C, Cr reacts with Cr9Al17 to produce AlCr2

and Al8Cr5. Finally, Cr2AlC forms through the reactions of
Cr, graphite, AlCr2, and Al8Cr5. The minor endothermic
peak of the DSC curve in the vicinity of 850 °C arises from
the eutectic reaction among AlCr2, Al8Cr5, and Cr [26]. As
can be seen in the DSC curve and Fig. 2d, another endother-
mic peak appears near 1050 °C with the increments of
AlCr2 and Cr2AlC. Consequently, we assume that the incre-
ments of AlCr2 and Cr2AlC initiate another eutectic reac-
tion. Thus, the liquid aspect of the “solid-liquid reaction”
term reflects the two facts. First, liquid Al triggers a thermal

explosion reaction. Then the liquid phases produced by the
eutectic reactions accelerate the formation of Cr2AlC and
expedite densification.

It is interesting that Cr2AlC is detected while no reflec-
tions of Al4C3 or Cr3C2 appear (Fig. 2c). This phenomenon
is consistent with that reported by Schuster et al. [18]. They
reported that the only ternary carbide is more stable than the
binary carbides Cr3C2 and Al4C3 at 800 °C. Based on the
DSC, XRD, and SEM analyses, the whole reaction process
in the temperature range from R.T. to 1050 °C can be de-
picted with the following equations:

Al(s) = Al (l) (660 °C) (1)

9 Cr(s) + 17 Al(l) = Cr9Al17(s) (670 °C) (2)

Cr9Al17(s) + 25 Cr(s) = 17 AlCr2(s) (850 °C) (3)

8 Cr9Al17(s) + 13 Cr(s) = 17 Al8Cr5(s) (850 °C) (4)

Al8Cr5(s) + 11 Cr(s) + 8 C(s) = 8 Cr2AlC(s) (1050 °C) (5)

AlCr2(s) + C(s) = Cr2AlC(s) (1050 °C) (6)

4.2. Microstructure evolution

In Fig. 3, the homogeneous microstructures during heating
favor the formation of Cr2AlC. This ensures the high purity
of the final product. At 700 °C, the thermal explosion reac-
tion triggered by the melting of aluminum produced signif-
icant amount of Cr– Al intermetallics. EDS analysis re-
vealed that the gray regions in Fig. 3 are composed of Cr
and Al. At 850 °C and 1050 °C, the most distinguished
change is that the relative amounts of Cr and graphite de-
crease while that of Cr– Al intermetallics increases. The
decrease of chromium is probably due to the formation of
Cr– Al intermetallics. Consumption of graphite during the
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Fig. 4. Compressive strain of compacted raw materials versus tem-
perature.

Table 1. Calculated, experimental, and JCPD card No. 29 – 0017 data of reflections, 2h, and intensities for Cr2AlC.

Reflections
(h k 1)

2hCal.

(°)
2hobs.

(°)
2hJCPDS.

(°)
I/I0Cal.

(%)
I/I0obs.

(%)
I/I0JCPDS.

(%)

0 0 4 27.880 27.762 27.857 1.87 1.75 2
1 0 0 36.268 36.215 36.236 18.75 16.32 20
1 0 1 36.965 36.909 36.930 6.60 5.41 7
1 0 2 38.991 38.927 0.02 0.47
1 0 3 42.186 42.109 42.132 100.00 100.00 100
0 0 6 42.367 42.216 42.256 18.72 25.88 19
1 0 4 46.355 46.263 46.280 3.59 4.11 3
1 0 5 51.325 51.216 0.93 1.91
1 0 6 56.968 56.840 56.858 16.05 17.74 12
0 0 8 57.607 57.418 0.01 0.07
1 0 7 63.205 63.057 1.79 1.92
1 1 0 65.243 65.197 65.185 18.11 19.53 12
1 1 2 67.060 67.007 1.41 1.45
1 0 8 70.002 69.832 0.28 0.53
1 1 4 72.380 72.305 0.58 0.92

0 0 10 74.064 73.828 0.42 0.64
2 0 0 76.995 76.953 1.80 2.25
1 0 9 77.370 77.174 77.175 13.67 21.89 8
2 0 1 77.421 77.377 0.48 0.55
2 0 2 78.696 787.647 0.00 0.04
2 0 3 80.808 80.750 12.25 14.33
1 1 6 80.931 80.823 80.840 14.21 18.85 10
2 0 4 83.744 83.765 0.44 0.31
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formation of Cr2AlC accounts for the decrease of its content
according to reactions (5) and (6). The reason that the gray
regions seem to have close connection with each other can
be attributed to the liquid phases produced during reactions,

i. e., Al melts near 660 °C, and the eutectic reactions pro-
duce liquid phases at elevated temperatures. The liquid for-
mation reduces the reaction time and lowers the pressure re-
quirement.

4.3. Structural refinements, hardness, and oxidation
kinetics

The experimental XRD pattern fits the calculated one well,
which can be seen in Table 1 and Fig. 5. Only Cr2AlC was
detected. As it can be seen in Table 2, the refined lattice
parameters agree well with those from Jeitschko et al. (a =
2.860 Å, c = 12.82 Å) [17], Schuster et al. (a = 2.866 Å,
c = 12.825 Å) [18], and Schneider et al. (a = 2.844 Å,
c = 12.857 Å) [15]. The deviation of the lattice parameters
is less than 0.5 %. R-factors within 15 % are generally con-
sidered as a good refinement. The profiles (Fig. 5), as well
as the refined lattice parameters and reliability factors con-
firm both the crystal structure of Cr2AlC [15, 17] and the
high purity of the as-synthesized specimen.

The high Vickers hardness values at low indentation
loads are due to the elastic recovery that produced a smaller
indent after indentation [2, 4]. The measured Vickers hard-
ness value for Cr2AlC is 5.5 ± 0.4 GPa, which is approxi-
mately twice that of Ti2AlC (2.8 GPa) [4]. This indicates
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Fig. 5. Observed, calculated, and differential XRD profiles for
Cr2AlC.

Fig. 6. Vickers hardness as a function of load of Cr2AlC and Ti2AlC.

Fig. 7. SEM photograph of the as-synthesized Cr2AlC.

Fig. 8. (a) Mass gain per unit area versus time of Cr2AlC and Ti3SiC2
at 1200 °C in air. (b) Square of weight gain per unit area as a function
of time of Cr2AlC at 1200 °C in air up to 50 hours. Inserted graph is
the corresponding weight gain per unit area versus time of Cr2AlC.
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that Cr2AlC is a relatively hard ternary carbide. The mea-
sured hardness values confirm the correctness of our pre-
vious prediction [12] based on first-principle calculations.

The parabolic rate constant, kp, is 6.8 × 10 – 10 kg2 m – 4 s – 1

for Cr2AlC at 1200 °C. Compared with those of Ti3SiC2

(6.58 × 10 – 7 kg2 m – 4 s – 1 and 1.92 × 10 – 6 kg2 m – 4 s – 1)
[23], kp decreased by 3 –4 orders of magnitude. The low
rate constant suggested that Cr2AlC demonstrates excellent
oxidation resistance.

5. Conclusions

Single-phase bulk Cr2AlC was successfully fabricated
through in-situ hot pressing/solid liquid reaction process
using Cr, Al, and graphite powders as initial materials. The
main intermediate phases were Cr9Al17, Al8Cr5, and AlCr2

in the 700 – 1050 °C ranges for Cr2AlC synthesized from
elemental powders. The present process confirms the ad-
vantages of solid liquid reaction on fabricating bulk Cr2AlC
as short reaction time, energy cost effectiveness, and rela-
tively low pressure requirement. Rietveld XRD refinement
resulted in following lattice parameters for Cr2AlC:
a = 2.858 Å and c = 12.818 Å. They are in excellent agree-
ment with previously reported data. The deviation of lattice
parameters is less than 0.5 %. A new complete set of XRD
reflections, 2h, and intensities for Cr2AlC is presented.
The measured Vickers hardness of Cr2AlC is 5.5 ±
0.4 GPa, which is about twice that of Ti2AlC. Excellent
high-temperature oxidation resistance endows Cr2AlC an
ideally hard ternary carbide for high-temperature applica-
tions.
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Table 2 Comparison of lattice parameters of Cr2AlC obtained by
Rietveld refinement and those from previous works

Lattice parameters Reference
a (Å) c (Å)

2.858 12.818 Present work
2.860 12.82 [17]
2.866 12.825 [18]
2.844 12.857 [15]

©
 2

00
5 

C
ar

l H
an

se
r 

V
er

la
g,

 M
un

ic
h,

 G
er

m
an

y 
   

w
w

w
.h

an
se

r.
de

/m
k 

   
N

ot
 fo

r 
us

e 
in

 in
te

rn
et

 o
r 

in
tr

an
et

 s
ite

s.
 N

ot
 fo

r 
el

ec
tr

on
ic

 d
is

tr
ib

ut
io

n.


