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bstract

echanically activated hot-pressing technology was used to synthesize a fine-crystalline Cr2AlC ceramic at relatively low temperatures. A mixture
f Cr, Al and C powders with a molar ratio of 2:1.2:1 was mechanically alloyed for 3 h, and then subjected to hot pressing at 30 MPa and different
emperatures for 1 h in Ar atmosphere. The results show that a dense Cr2AlC ceramic with a grain size of about 2 �m can be synthesized at a

elatively low temperature of 1100 ◦C. The synthesized fine-grained Cr2AlC has a high density of 99%, which is higher than the 95% density for the
oarse-grained Cr2AlC (grain size of about 35 �m) as synthesized by hot pressing unmilled Cr, Al and C. The flexural strength, fracture toughness
nd Vickers hardness of the fine-grained Cr2AlC were determined and compared with the values for the coarse-grained Cr2AlC.

2010 Elsevier Ltd. All rights reserved.

ture;

i
H
i
T
s

c
b
2
L
p
i
e
t

eywords: Cr2AlC; Carbides; Mechanically activated hot pressing; Microstruc

. Introduction

MAX phase ceramics (where M denotes an early transition
etal, A is an element mostly in IIIA or IVA group, and X is

ither C or N) exhibit many unusual combinations of attractive
roperties such as a high electrical conductivity, a low oxi-
ation rate, resistance against corrosion, and high strength at
igh temperature as well as good machinability.1,2 Moreover,
hese materials show autonomous crack healing at high tem-
eratures in an oxidizing environment.3 Out of the total MAX
hase family, the systems Ti3SiC2, Ti3AlC2 and Ti2AlC have
een studied extensively because of their attractive properties
nd relative ease of fabrication. Recently it has been shown that
r2AlC has an even better oxidation and corrosion resistance
han Ti3SiC2 and Ti3AlC2 at high temperatures.4–6 So, Cr2AlC
s expected to be a more promising candidate for high tempera-
ure applications. In addition, the thermal expansion of Cr2AlC
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Mechanical properties

s 12–13 × 10−6/K, which is close to that of the superalloys.7,8

ence Cr2AlC has potential applications in the field of ceram-
cs/metals joining and protective coatings on the superalloys.
he possibility of depositing large area Cr2AlC coatings on steel
ubstrates has already been demonstrated.9

There are several methods used to produce Cr2AlC bulk
eramics. For example, Manoun et al.10 synthesized Cr2AlC
ulk ceramic by hot isostatic pressing (HIP) of a mixture of
Cr/Al/C elemental powders at 1200 ◦C under 100 MPa for 12 h.
ee and Nguyen6 obtained Cr2AlC bulk ceramic by hot pressing
owders of CrC0.5 and Al at 1300 ◦C under 25 MPa for 1 h. No
nformation was provided on the presence of other phases. Lin
t al.11 made Cr2AlC bulk ceramic with 95% density and con-
aining Al–Cr phase as an impurity by hot pressing a mixture of
Cr/1.05Al/C at 1400 ◦C under 30 MPa for 1 h. Tian et al.12 fab-
icated Cr2AlC bulk ceramic with Cr7C3 as the impurity by hot
ressing a mixture of 2Cr/1.1Al/C at 1400 ◦C under 30 MPa for
h. They13 also fabricated the ceramic by pulse discharge sinter-

ng (PDS) the same mixture at 1250 ◦C under 50 MPa for 30 min.

mpurities of Al2O3 and Cr7C3 were detected in the matrix.

Generally, it is difficult to produce a pure Cr2AlC ceramic
rom a mixture of Cr, Al and C powders, due to the formation
f intermediate compounds, such as Al4C3, Cr7C3 and Cr–Al

dx.doi.org/10.1016/j.jeurceramsoc.2010.08.014
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completely disappeared, suggesting that either graphite is trans-
formed to an amorphous structure or has already diffused into
the surrounding metallic grains (see Fig. 1(b)). This observa-
tion is in agreement with those of the previous studies where
18 S.B. Li et al. / Journal of the Europ

hases.4–7,10–13 For high temperature structural applications a
igh density is prerequisite. The densities of Cr2AlC ceram-
cs synthesized by HP of a mixture of Cr, Al and C powders
re about 95–97%.11,12 To produce Cr2AlC ceramics with a
igher density, mechanically activated sintering (MAS) tech-
ology has been adopted. Then, the ceramic can be fabricated
t relatively low temperatures as has been demonstrated for
i3SiC2,14 Ti3AlC2

15 and Ti2SnC.16 The MAS process makes
se of mechanically alloyed powders with a superfine struc-
ure that are subsequently sintered. These pre-milled powders
xhibit a high reactivity due to their high lattice defect density,
arge grain boundary area and large internal strains, which lead
o a relatively low synthesis temperature. In addition, the MAS
echnology can be used to make fine powders and also obtain
ense ceramics with nano-sized microstructure from low cost
tarting powders.

In this paper, the production of Cr2AlC ceramic by mechan-
cally activated sintering is described and the microstructure
nd mechanical properties of the produced dense materials are
resented.

. Experimental procedures

Powders of Cr (particle size <75 �m, >99 wt.% purity,
eijing Reagent Company, Beijing, China), Al (particle size
75 �m, 99.5 wt.% purity, Beijing Reagent Company) and

(graphite, particle size <45 um, 99.5 wt.% purity, General
esearch Institute for Nonferrous Metals, Beijing, China) were
sed as the starting materials. The designed molar ratio of Cr, Al
nd C powders was Cr:Al:C = 2:1.2:1 to make Cr2AlC samples.
xtra Al was used to compensate for the loss of Al during the
intering process.

Mechanical alloying was performed in a QM-1SP4 planetary
all mill (Nanjing, China) using stainless steel containers and
alls. The weight ratio of ball to powder was 20:1. The contain-
rs were evacuated to a pressure of 1 × 10−2 Pa. The rotation
peed of the containers was set to 500 rpm. To avoid excessive
eating during the milling process, the container surface was
ooled in water for 10 min during milling at intervals of 0.5 h. A
mall amount of the milled powders was taken out of the con-
ainers after milling at various times for X-ray diffraction (XRD)
nalysis with a D/Max 2200 PC diffractometer (Tokyo, Japan)
sing Cu K� radiation.

The mechanically activated powders were hot pressed at dif-
erent temperatures for 1 h under 30 MPa in an Ar atmosphere.
he heating rate was 30 ◦C/min. For comparison, unmilled Cr,
l and C powders were only mixed for 10 h and then hot pressed

t 1450 ◦C under 30 MPa for 1 h in Ar.
The phase composition and the microstructure of the samples

ere identified with XRD and scanning electron microscopy
SEM) using a JEOL JSM 6500F field emission gun scanning
lectron microscope (Tokyo, Japan), which was equipped with

nergy-dispersive spectroscopy (EDS). Specimen for transmis-
ion electron microscopy (TEM) observation using a JEOL JEM
000EX (Tokyo, Japan) was prepared by slicing, grinding and
on milling. The samples were polished using a JEOL SM09010

F
a
0

eramic Society 31 (2011) 217–224

ross-section ion polisher (Tokyo, Japan) for SEM observation.
he density of the samples was measured by the water immer-
ion technique. The average grain size was obtained from the
verage linear intercept length comprising at least 100 grains in
EM micrographs taken of the fracture surfaces of the synthe-
ized samples, multiplied with a statistical factor of 1.56.17

The Vickers hardness was determined with a Zwick/Z2.5
ardness tester (Ulm, Germany) in a load range of 1–50 kg
nd at a constant contact time of 15 s. The flexural strength
f 3 mm × 4 mm × 36 mm specimens was measured by a three-
oint bending test using a Deben Microtester (Woolpit, UK). The
pan size and crosshead speed were 30 mm and 0.5 mm/min,
espectively. The fracture toughness was measured using the
ingle edge notched beam method. 2 mm × 4 mm × 36 mm
pecimens with a notch of about 2 mm in depth and 0.2 mm
n width were used. Span size was 30 mm, and crosshead speed
as 0.05 mm/min.

. Results and discussion

.1. Microstructure

The XRD patterns of the mixture of Cr, Al and C powders
ith a molar ratio of Cr:Al:C = 2:1.2:1 (denoted as 2Cr/1.2Al/C)
efore and after milling for 1–3 h are shown in Fig. 1. The mix-
ure of powders before milling consists of bcc Cr, fcc Al and
raphite C (see Fig. 1(a)). After milling this mixture for only
h, the peak in the diffractogram belonging to C (graphite) has
ig. 1. XRD patterns of 2Cr/1.2Al/C mixture after milling for (a) 0 h, (b) 1 h
nd (c) 3 h. ICDD card numbers for Cr, Al and graphite are 01-085-1336, 01-
89-2837 and 00-001-0640, respectively.
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i/Si/C, Ti/Al/C and Ti/Sn/C powders were milled for only
h.14–16 Yang et al.18 found amorphous C after ball milling of
i and graphite powders for 6 h using high-resolution electron
icroscopy (HREM). Ghosh et al.19 also identified the existence

f the amorphous C film after ball milling of Ni and graphite
owders for 3 h using HREM.

The peak intensities of both fcc Al and bcc Cr decreased as
function of milling time. In conjunction with this decrease

f peak intensities, broadening of the diffraction lines occurred;
ee Fig. 1(b)and (c). The observed changes of the diffraction line
rofiles are associated with a reduction of the coherent domain
ize and an increase of microstrains due to the development of
attice defects upon milling.20 Assuming that the broadening of
he diffraction line is predominantly determined by the crys-
allite domain size, then the Al and Cr crystallite domain size
ccording to the Scherrer formula21 decrease to 20–30 nm after
–3 h of milling.

No Cr–Al compound or carbide phase was identified with
RD after ball milling for 3 h (see Fig. 1(c)), indicating that no
etectable reaction between the elements occurred during the
illing process. In general, a long-time ball milling can intro-

uce Fe from the steel balls and container as an impurity into the
nal product. However, neither diffraction lines of bcc Fe nor
e was detected with X-ray microanalysis of the final product.
he main reason for the absence of Fe in the milled powders
hould be attributed to the short milling time of 3 h. The other
ay be attributable to that the soft Al coats the surfaces of the

rinding balls and the inner walls of the container during the
arly milling stage, preventing the contamination of the milled
owders. It has been demonstrated that one way of minimizing
he contamination during milling is to shorten the milling time
r use a milled material to form a thin adherent coating on the
urface of the grinding medium and also on the internal surface
f the container.22

XRD patterns of the mechanically alloyed (MA) 2Cr/1.2Al/C
owders after hot pressing at various temperatures in the range
f 850–1100 ◦C are shown in Fig. 2. After hot pressing at 850 ◦C,
he main phase is Cr2AlC with small amounts of AlCr2, Cr23C6
nd Cr (see Fig. 2(a)). The sample synthesized at 1000 ◦C
onsists mainly of the Cr2AlC phase plus minor amounts of
lCr2 (see Fig. 2(b)). Increasing the hot pressing temperature

o 1100 ◦C, only Cr2AlC phase was detected, indicating that an
lmost pure Cr2AlC ceramic was obtained (see Fig. 2(c)). In
ontrast with sintering of a conventional mixture of coarser Cr,
l and C powders where Cr2AlC formation started to form at
sintering temperature of 1050 ◦C,11 the mechanically alloyed
owders formed Cr2AlC already at a sintering temperature of
50 ◦C.

Compared with the sintering temperature of 1400 ◦C reported
or achieving Cr2AlC ceramics by hot pressing the conventional
ixture of Cr, Al and C powders,4,5,11,12 the present synthesis

emperature is decreased by about 300 ◦C. This can be attributed
o the mechanically alloying of the starting powders which pos-

ess enhanced reactivity because of their nano-structure, high
efect densities and large internal strains. During mechanical
lloying, the powders were subjected to repeatedly welding and
racture resulting not only in a reduction of the particle size but

a
h
t
C

ig. 2. XRD patterns of mechanically alloyed 2Cr/1.2Al/C powders after hot
ressing at (a) 850 ◦C, (b)1000 ◦C, and (c)1100 ◦C under 30 MPa for 1 h in
r. ICDD card numbers for Cr2AlC, Cr, AlCr2 and Cr23C6 are 01-089-2275,
1-085-1336, 03-065-6360 and 01-085-1281, respectively.

lso in a high defect density and large internal strains. Con-
equently, the diffusion processes are accelerated due to this
article refinement which increases the area of contact between
he reactant powder particles and reduces the diffusion distances.
ence, the reaction temperatures will be significantly lower as

ompared with hot pressing of unmilled powders.14–16,21

Therefore Cr2AlC might even form at temperatures lower
han 850 ◦C. So further work was performed to study the reac-
ions in the MA 2Cr/1.2Al/C powders at 600 and 700 ◦C.

The phase compositions after hot pressing the MA
Cr/1.2Al/C powders at 600 and 700 ◦C for 1 h, respectively, are
hown in Fig. 3. Cr2AlC, AlCr2 and unreacted Cr are detected.
t should be noted that Cr2AlC and AlCr2 phases start to form
t 600 ◦C (see Fig. 3(a)). After hot pressing at 700 ◦C, the
iffraction lines belonging to Cr2AlC become strong, due to
he increase amount of Cr2AlC phase and the crystallite domain
rowth (see Fig. 3(b)). Peak corresponding to C is not found in
he XRD patterns, probably due to the formation of amorphous
-phase induced by mechanical alloying. Further, no Cr–C car-
ides are detected at temperature below 700 ◦C, probably due
o their low content below the detection limit of the XRD or the
eaction of C and Cr starting above 700 ◦C.

Using the results presented above, the reaction sequence in
he MA 2Cr/1.2Al/C system might be described as follows:
rstly, Al reacts with Cr to form AlCr2. The formation of AlCr2

t about 600 ◦C, lower than the melting point of Al (660 ◦C),
as an obvious advantage of preventing the loss of Al at high
emperature. Secondly, the formed AlCr2 reacts with amorphous

induced by MA to form Cr2AlC at about 600 ◦C. This reac-
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Fig. 3. XRD patterns of mechanically alloyed 2Cr/1.2Al/C powders after hot
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ressing at (a) 600 ◦C and (b) 700 ◦C under 30 MPa for 1 h in Ar. ICDD card
umbers for Cr2AlC, Cr and AlCr2 are 01-089-2275, 01-085-1336, and 03-065-
360, respectively.

ion also explains the reason why AlCr2 appeared at 1000 ◦C
Fig. 2(b)) but disappeared at 1100 ◦C (Fig. 2(c)). Thirdly, unre-
cted Cr reacts with C, forming a Cr–C compound at above
00 ◦C, which is Cr23C6 according to the XRD result as shown in
ig. 2(a). With increasing temperature, the intermediate phases
f AlCr2 and Cr23C6 are consumed completely and only the
ingle Cr2AlC phase is left.

However, in the conventional Cr, Al and C reaction system, Al
rst melts at above 660 ◦C, and then reacts with Cr to form Cr–Al
ompounds (i.e. Cr9Al17, Al8Cr5 and AlCr2) at above 670 ◦C.
r2AlC starts to form at 1050 ◦C via a reaction among Al–Cr
ompounds, Cr and C or a reaction between AlCr2 and C.11,23

y comparison, the reactivity of MA 2Cr/1.2Al/C powder is
nhanced. The enhanced reactivity was also proved by MA of
i, Al and C powders. Previous research showed that a reaction
etween Ti and Al already occurred at a temperature below the
elting point of Al.24–26 But when using conventional Ti, Al

nd C powders, the reaction between Ti and Al to form a Ti–Al
ompound occurred at above 720 ◦C.27,28

The measured density of Cr2AlC made by MAS after sin-
ering at 1100 ◦C is 5.19 g/cm3, which is 99% of its theoretical
ensity of 5.24 g/cm3. This Cr2AlC material is more dense than
hat produced by sintering at 1450 ◦C of a conventional (i.e. not

echanically alloyed) mixture of Cr, Al and C powders, which
as a density of only 95%. The lower density of the convention-
lly produced Cr2AlC material is probably due to evaporation of

◦
ow melting point intermetallic phases such as 910 C for AlCr2
nd 1320 ◦C for Al8Cr5 according to the Cr–Al binary phase
iagram.29 At temperatures of 1400–1450 ◦C applied to synthe-
ize Cr2AlC from untreated Cr, Al and C powders, significant

3

5

ig. 4. SEM images of the fracture surfaces of (a) fine-grained Cr2AlC and (b)
oarse-grained Cr2AlC.

mounts of liquid intermetallic phases evaporate and leave pores
ehind. In the present study, there are not much of such liquid
hases, and the low synthesis temperature of 1100 ◦C prevents
he evaporation of these phases.

Also as a consequence of the low synthesis temperature
f 1100 ◦C, the Cr2AlC produced with MAS exhibits a fine-
rained microstructure with average grain size of 2 �m, see
ig. 4(a). In comparison, the Cr2AlC produced with HP of
nmilled powders at a temperature of 1450 ◦C displays a coarse-
rained microstructure with an average grain size of 35 �m (see
ig. 4(b)).

A typical backscattered SEM image of an ion polished
ne-grained Cr2AlC sample shows some smaller dark parti-
les distributed in the grains and at the grain boundaries (see
ig. 5(a)). They are probably Al2O3 particles based on their EDS
ignal. A bright-field TEM image and selected-area electron
iffraction pattern (SAED) analysis shown in Fig. 5(b) further
onfirmed the existence of Al2O3. Oxygen may be from the orig-
nal powder or absorbed by the mechanically alloyed powders.
uring heating, the oxygen reacts with Al to form Al2O3.
.2. Mechanical properties

The measured flexural strength of Cr2AlC made by MAS is
13 ± 13 MPa, which is significantly higher than that produced



S.B. Li et al. / Journal of the European Ceramic Society 31 (2011) 217–224 221

F
p
i

b
l
m
f
a
i
g
T

Fig. 6. Map of flexural strength versus density of MAX phase ceramics. The
dashed areas reflect the wide range of strength caused by grain size for the
same material. The areas above and below the red line represent the flexural
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ig. 5. (a) Backscattered SEM image of polished fine-grained Cr2AlC. Black
articles are Al2O3. (b) Bright-field TEM image for fine-grained Cr2AlC. Inset
s the selected-area electron diffraction pattern for Al2O3.

y HP from the unmilled powders, viz. 305 ± 10 MPa. This
arge difference in flexural strength between the two Cr2AlC

aterials produced can be explained from the observed dif-
erences in microstructure, i.e. grain size and density (see

bove). The fracture mode of the fine-grained Cr2AlC ceramic
s mainly intergranular (Fig. 4(a)), whereas that of the coarse-
rained Cr2AlC ceramic is mainly transgranular (Fig. 4(b)).
he fracture toughness of the fine-grained Cr2AlC ceramic is

T
o
t
l

able 1
echanical properties for Cr2AlC.

lexural
trength (MPa)

Fracture toughness
(MPa m1/2)

Vickers hardness
(GPa)

Grai
(�m

94 – – 15

78 – 3.5 20

83 – 5.2 5

05 6.2 3.5 35

13 4.7 6.4 2
trength caused by the fine (≤10 �m) and coarse (>10 �m) grain sizes of the
AX ceramics, respectively.

.7 ± 0.2 MPa m1/2, which is lower than 6.2 MPa m1/2 for the
oarse material.

For comparison, the typical mechanical properties of Cr2AlC
ade by different methods are listed in Table 1. It is clear that

he Vickers hardness and flexural strength of Cr2AlC made by
AS are high.
Compared with other known MAX phase ceramics, the flexu-

al strength of the fine-grained Cr2AlC is amongst the highest of
he “211” phase series (see Fig. 6). Further, the grain size depen-
ence of the flexural strength is also seen for other MAX phase
eramics, i.e. “413” phase series of Ti4AlN3 and Nb4AlC3,
312” phase series of Ti3SiC2, Ti3GeC2 and Ti3AlC2, “211”
f Ti2AlC, Ti2SnC, Nb2AlC and Cr2AlC (see Fig. 6).1,12,30–41
heoretical studies on the electronic structure and bond energy
f the MAX materials have shown that the mechanical proper-
ies of MAX materials are determined primarily by the M–X
ayers.42,43 Cr2AlC has the highest C–Cr bond energy of all

n size
)

Condition References

Hot pressing a mixture of Cr/Al/C at
1400 ◦C with 20 MPa for 1 h in Ar

4

Hot pressing a mixture of Cr/Al/C at
1400 ◦C with 20 MPa for 1 h in Ar

7

Hot pressing an milled mixture of
Cr/Al/C at 1400 ◦C with 30 MPa for 1 h
in Ar

12

Hot pressing a mixture of Cr/Al/C at
1450 ◦C with 30 MPa for 1 h in Ar

Present work

Hot pressing an mechanically activated
mixture of Cr/Al/C at 1100 ◦C with
30 MPa for 1 h in Ar

Present work
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ig. 7. Vickers hardness versus indentation load for fine-grained and coarse-
rained Cr2AlC.
–X bonds in the “211” phase series, which contributes to its
igh elastic modulus, and also to its high strength.

The Vickers hardness of the fine-grained Cr2AlC is about
.4 GPa and that of the coarse-grained Cr2AlC asymptotically

ig. 8. SEM micrographs of Vickers indentations made under a load of 30 kg
or (a) fine-grained Cr2AlC and (b) coarse-grained Cr2AlC.
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pproaches about 3.5 GPa, both measured in the load range
f 1–50 kg (see Fig. 7). The hardness curves of the fine- and
oarse-grained Cr2AlC show a similar trend in the load range
f 1–50 kg (see Fig. 3), namely, the Vickers hardness decreases
ith increasing load and then asymptotically approaches a con-

tant. Apparently, the effect of grain size on the hardness is
redominant. This result is agreed well with that of the fine-
ained Ti2SC (2–4 �m).44 Also it is reasonable to assume in the
resent study that the presence of Al2O3 may affect the Vick-
rs hardness of the fine-grained samples, because the hardness
alue of large than 20 GPa45 for Al2O3 is far higher than those
or the MAX phase materials.

Analysis of the Vickers indentations as shown in Fig. 8
ndicates that the fine-grained Cr2AlC ceramic is more brittle
nd thus less damage tolerant than the coarse-grained Cr2AlC.
he Vickers indentation made under a load of 30 kg for the
ne-grained Cr2AlC (see Fig. 8(a)) shows that some of the mate-
ial is piled-up and some is flaked off around the indentation.
racks emanated from the indentation corners with a length
f about 130 �m. However, similar indentation in the coarse-
rained Cr2AlC (see Fig. 8(b)) does not show any cracks near
he corners although significant material pile-up occurred. The

amaged zones around the indentations made with a load of
0 kg for the both materials further reveal the damage tolerance
echanism as shown in Fig. 9. For the fine-grained Cr2AlC,

racks propagate along grain boundaries and the intergranular

ig. 9. Enlarged SEM micrographs of the damage zones around indentations
aken from (a) and (b) shown in Fig. 8, respectively.
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ig. 10. Loading and unloading curves under 10 kg for fine- and coarse-grained
r2AlC.

racture is dominant. Only a few grains with delamination and
uckling of the nano-laminar structure typical for MAX phase
eramics were observed (see Fig. 9(a)). However, for the coarse-
rained Cr2AlC, delamination, kink bands, crack deflection are
revalent (Fig. 9(b)). The multiple energy dissipation mecha-
ism, known for MAX phases materials,46,47 endows that the
oarse-grained Cr2AlC ceramic with a better damage tolerance.

The difference in plastic response between the fine-grained
nd the coarse-grained Cr2AlC ceramics is also evident from
he loading and unloading curves (see Fig. 10). The enclosed
rea after unloading for the fine-grained Cr2AlC is smaller than
hat for the coarse-grained Cr2AlC, indicating that the plastic
eformation for the former is smaller than for the latter.

. Conclusions

A dense Cr2AlC ceramic with high purity has been success-
ully synthesized by hot pressing a mechanically alloyed (MA)
ixture of Cr, Al and C powders at relatively low temperatures.
he enhanced reactivity of MA 2Cr/1.2Al/C powders promotes

he formation of Cr2AlC at a temperature as low as 600 ◦C.
Due to the high reactivity of the MA powders, the Cr2AlC

eramic produced at 1100 ◦C has a high density of 99% and
n average grain size of about 2 �m. The flexural strength and
ickers hardness of the dense and fine-grained Cr2AlC ceramic

s 513 MPa and 6.4 GPa, respectively. These properties are much
igher than those of the less dense and coarse-grained Cr2AlC
eramic, viz. 305 MPa and 3.5 GPa, respectively. However, the
racture toughness of the fine-grained Cr2AlC is 4.7 MPa m1/2,
hich is lower than the 6.2 MPa m1/2 for the coarse material. The

esistance to plastic deformation of the fine-grained Cr2AlC is
igher than that for coarse-grained Cr2AlC.
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