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a b s t r a c t

Using a synchrotron radiation source and a diamond anvil cell, we measured the pressure dependencies
of the lattice parameters of two Ga-containing polycrystalline MAX phases: Ti2GaN and Cr2GaC. The bulk
moduli were calculated to be 189 ± 4 and 188 ± 5 GPa, respectively. Up to a pressure of about 50 GPa,
no phase transformations were observed. Ti2GaN compresses more easily along the c-axis, while Cr2GaC
compresses equally in both directions.
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. Introduction

At this time it is fairly well established that the layered ternary
arbides and nitrides, the so-called MAX phases, combine some
nusual and sometimes unique set of properties [1–12]. The gen-
ral chemistry of the MAX phases is Mn+1AXn, where n = 1, 2 or 3,

is an early transition metal, A is an A-group (mostly IIIA and IVA)
lement, and X is C or N. Based on the value of n in each formula
nit, this class of materials forms three groups known as 211, 312
nd 413 materials. These compounds are hexagonal (space group
63/mmc) with two formula units per unit cell. The structure con-
ists of near close-packed M layers interleaved with layers of pure A,
ith the carbon/nitrogen atoms filling the octahedral sites between

he former.
Like their respective binary stoichiometric MX carbides, the MAX

hases are elastically stiff, electrically and thermally conductive.
echanically they cannot be more different, however. Because of

heir layered nature – where every basal plane is a potential slip and
r delamination plane – they are readily machinable and relatively

oft. Some of them are exceptionally thermal shock and damage
olerant. Some of them also maintain their strengths to high tem-
eratures, are oxidation, corrosion and creep resistant [10–12].

∗ Corresponding authors.
E-mail addresses: manounb@gmail.com (B. Manoun),

arsoumw@drexel.edu (M.W. Barsoum).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.06.066
Over the last few years a concerted effort has been made to
understand the relationship between MAX phase chemistries and
their mechanical and elastic properties. Most germane to this paper
are the bulk moduli. Over the past half dozen years, Manoun et al.
[13–22] reported on the bulk moduli – directly measured using a
diamond anvil cell and X-ray diffraction – of M2AlC (M = Ti, V, Cr,
Nb and Ta) [13], Ti3Si0.5Ge0.5C2 [14], Ti4AlN3 [15], Ta4AlC3 [16],
Ti3AlCN [17], Ti3(Al,Sn0.2)C2 [17], TiVAlC and TiNbAlC [18], Cr2GeC
and V2GeC [19], Ti3GeC2 [20] and Ti2AlN [21]. More recently,
the bulk moduli of Ti2GeC [22], Ti2SC [23], Zr2InC [24], Ti2InC,
(Ti0.5,Zr0.5)2InC, and M2SnC (M = Ti, Nb, Hf) [25] were also mea-
sured. In all cases, like in Ti3SiC2 [26], no phase transitions were
observed up to pressures of the order of 50 GPa. The isothermal
bulk moduli, Ko, of these compounds, varied from a high of 261 GPa
for Ta4AlC3 [16], to a low of 127 GPa for Zr2InC [24]. For the most
part, the relative shrinkage along the c-direction with pressure was
greater than along the a-direction. The exceptions were Cr2AlC
[13], Nb2AsC [27] and Nb2AlC [13]. The Ta-containing phases were
unique in that the shrinkages along both directions were quite
comparable [13,16].

Apart from the practical reasons for knowing the bulk moduli of
the MAX phases for various potential applications, the study of Ko

of the MAX phases has been useful for a number of reasons. First

they allow theory to be compared with experiment; an exercise
that is more than academic because the agreement or lack thereof
is quite informative. In general, the discrepancy between theory
and experiment is an important signal indicating problems with
the theoretical models and/or more commonly the fact that what

dx.doi.org/10.1016/j.jallcom.2010.06.066
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:manounb@gmail.com
mailto:barsoumw@drexel.edu
dx.doi.org/10.1016/j.jallcom.2010.06.066


s and

i
m
e
t
s
c
a
[
c
t
r
e
i
t

p
r
a
s
r
a
i
h
s
T
b
s

a
t
k
c
E
a
a
G
g
p

s
s
fi
w
a

t
s
m
t
o

2

2

c
−
r
m
t
a
t
1

d
h
t
s

Vo
= 1 − 0.0045

Po
+ 2 × 10

Po
(1)

where Po = 1 GPa, and V is unit cell volume at pressure P. The values
of Vo = 91.2 ± 0.1 Å3 for Cr2GaC and Vo = 104.1 ± 0.3 Å3 for Ti2GaN
(Table 1). Fitting these results to the Birch–Murnaghan equation

Table 1
Ambient pressure lattice parameters and unit cell volumes, Vo, of Ti2GaN and Cr2GaC
measured herein. Also listed are the corresponding values for Cr2GeC and Cr2AlC.
The space group adopted for all phases is P63/mmc.

M2AlC Ti2GaN Cr2GaC Cr2GeC Cr2AlC

a
(Å)

3.003 ± 0.002 2.884 ± 0.001 2.950 ± 0.006 2.857 ± 0.002
2.891 ± 0.022 2.931e 2.86a

3.00a 2.88a 2.95a 2.854b

2.9008d 2.848c

c
(Å)

13.33 ± 0.02 12.62 ± 0.02 12.086 ± 0.008 12.81 ± 0.02
12.63 ± 0.03 12.066e 12.8a

13.3a 12.61a 12.08a 12.82b

12.632d 12.72c

Vo (Å)3 104.1 ± 0.3 91.2 ± 0.2 91.1 ± 0.8 90.6 ± 0.5
B. Manoun et al. / Journal of Alloy

s modeled is not necessarily what is measured. Theory typically
odels exact stoichiometries at a temperature of absolute zero;

xperiments are typically not as clear-cut. For example, the fact
hat the bulk modulus of Ti2AlN was significantly lower than it
hould have been based on its unit cell volume [28,29], led to the
onclusion that vacancies were responsible for the discrepancy. In
nother paper, the fact that the bulk modulus of (Ti0.5,Nb0.5)2AlC
18] was lower than the end members despite the fact that its unit
ell volume fell in between the end members indirectly confirmed
hat the Nb/Ti layers in the solid solution were puckered [30]. More
ecently [25], we showed that in some cases, an inverse correlation
xists between the bulk moduli and the unit cell volumes since it
s reasonable to assume that the larger the unit cell the longer, and
hus weaker the bonds.

Recently some work in the field of MAX phase has been
ublished in Journal of Alloys and Compounds, Phatak et al.
eported on the synthesis and structural stability of Ti2GeC [31]
nd (Cr0.5V0.5)2GeC [32], both phases are stable to the highest pres-
ure studied. Because of the importance of these types of material
esearchers started to find new ways to prepare MAX phases: Yeh
nd co-worker are preparing MAX phases by combustion synthesis
n the mode of self-propagating high-temperature synthesis which
as the potential of low energy requirement, short processing time,
implicity of facilities, and formation of high-purity products [33];
ian et al. synthesized nearly dense (Cr1−xVx)2AlC solid solutions
y pulse discharge sintering (PDS) using Cr, V, Al and C powders as
tarting materials [34].

Of special interest to this work are the two ternaries: Cr2GaC
nd Ti2GaN. As far as we are aware the latter has never been syn-
hesized in fully dense, bulk polycrystalline form and thus little is
nown about its properties. And while the former was first fabri-
ated in 2005 [35], none of its properties are known. Very recently,
tzkorn et al. [36] grew single crystals from metallic melts gener-
ted by an excess of Ga, of a number of Ga MAX phases including,
mong others, Ti2GaC, Cr2GaC and Ti4GaC3. The latter is the first
a-containing representative of the 413 phases. Because the sin-
le crystals were small, however, there were no reports on their
roperties.

Recently Sun et al. [35] reported on the room-temperature
pontaneous growth of Ga freestanding nano-ribbons from Cr2GaC
urfaces. The production of these Ga nanostructures could be the
rst step in the manufacture of gallium arsenide or nitride devices
ith enhanced characteristics for photonic, electronic, and catalytic

pplications.
The paper is a continuation of our, and others’, efforts to syn-

hesize and characterize the MAX phases and their myriad solid
olutions. Herein we report, for the first time, on the bulk moduli –
easured using a diamond anvil cell and synchrotron X-rays – of

wo Ga-containing ternaries: Cr2GaC and Ti2GaN up to pressures
f the order of 50 GPa.

. Experimental details

.1. Synthesis

The processing details of the Cr2GaC can be found elsewhere [35]. In short,
ommercial Ga pellets (99.99%, 3 mm), Cr (99.99%, −325 mesh), graphite (99%,
300 mesh) powders (Alpha Aesar, Ward Hill, MA) were mixed in stoichiomet-

ic proportions, ball milled for 1 h, and sealed in borosilicate glass tubes under a
echanical vacuum. The tubes were heated to 650 ◦C for 10 h, which resulted in

heir collapse and allowed the powders to pre-react. The tubes were then placed in
hot isostatic press heated at 10 ◦C/min to 650 ◦C, followed by heating at 2 ◦C/min

o 750 ◦C. The chamber was pressurized with Ar gas to 70 MPa, further heated at

0 ◦C/min to 1200 ◦C, and held at temperature for 12 h.

The starting powders for the fabrication of Ti2GaN were Ti and GaN. The pow-
ers were ball milled for 2 h, poured into a graphite mold and hot pressed. The
ot press was heated from room temperature to 675 ◦C at 500 ◦C/h and held at
hat temperature for 1.5 h, after which the temperature was again ramped at the
ame heating rate to 1150 ◦C and held at this temperature for 6 h, before furnace
Compounds 505 (2010) 328–331 329

cooling. A load that corresponded to a stress of 45 MPa, was applied when the
temperature reached 675 ◦C and held at that temperature for the duration of the
run.

2.2. High-pressure experiments

The high-pressure experiments were carried out in a Mao Bell diamond anvil
cell, DAC. To conduct these studies two sets of experiments were performed. Pow-
dered samples were pressurized using a gasketed DAC with a 400 �m culet. A
250 �m, in initial thickness, rhenium gasket, indented to about 60 �m, had a 150 �m
diameter hole. The X-ray diffraction, XRD, patterns for Cr2GaC and Ti2GaN were
collected at the high-pressure collaborative access team (HPCAT) beam line at the
advanced photon source (Argonne National Laboratory, Chicago). A monochromatic
beam – with a wavelength, � = 0.4066 Å – was focused to a 10 �m spot size on the
sample. Diffraction rings were recorded between 2� = 1◦ and 35◦ using an image
plate.

If the material is hard and has low compressibility, the stress state of a sample
compressed in a DAC can become highly non-hydrostatic. This potential problem,
however, can be minimized by using a large volume of a low shear-strength material
as the pressure-transmitting medium. We have repeatedly shown that aluminum,
Al – with its low shear modulus and lack of phase transitions – was a good pressure-
transmitting medium. Another advantage of Al is the fact that its pressure–volume
relationship is established [37]. In this work, the MAX phases, in the form of a
fine powder, were carefully loaded between Al foils that were 15 �m in initial
thickness.

The diffraction patterns, recorded on an image plate at room temperature, were
integrated using FIT2D software. The pressure was determined from the equation of
state of Al [37]. The cell parameters were obtained using GSAS and/or a least squares
refinement on individually fitted peaks.

3. Results and discussion

The XRD patterns for both compounds were indexed assuming a
hexagonal structure with space group P63/mmc. The lattice param-
eters at ambient pressures, ao and co for Cr2GaC were calculated
to be 2.884(1) and 12.62(2) Å, respectively; the respective values
for Ti2GaN were 3.003(2) and 13.33(2) Å. Table 1 compares the lat-
tice parameters and unit cell volumes, Vo, of these compounds to
those of Cr2GeC [19] and Cr2AlC [13]. Clearly, our values are in
good agreement with those reported previously [4]. No extra peaks
appear in the XRD patterns even at a pressure of 50 GPa. Thus, like
the other MAX phases studied to date [13–27] these structures are
quite stable.

Least squares fit of the changes in the relative unit cell volume,
V/Vo, with pressure, P (Fig. 1) yields:

V P −5
(

P
)2
a Ref. [39].
b Ref. [40].
c Ref. [41].
d Ref. [36].
e Ref. [42].
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oints. In all cases the square of the correlation coefficient, R2, values were >0.99.

38] viz.:

= 3
2

Ko

[(
V

Vo

)−7/3
−

(
V

Vo

)−5/3
]

×
[

1 + 3
4

(K ′
o − 4)

[(
V

Vo

)−2/3
− 1

]]
(2)

ields a Ko value of 188 ± 5 GPa, with a derivative, K ′
o of 3.6 ± 0.3

or Cr2GaC and a Ko value of 189 ± 4 GPa, with a derivative, K ′
o of

.5 ± 0.3 for Ti2GaN. Table 2 compares these values with those of
r2GeC and Cr2AlC from which it is apparent that while the values
f Ko of Cr2GaC, Ti2GaN and Cr2GeC are comparable, they are all
arger than those of Cr2AlC.

The results shown in Fig. 2 shed more light on the origins of
he differences of Ko between the various compounds. Like most
ther MAX phases, the compressibility is anisotropic (Fig. 2). A least
quares fit of the loading curves for Cr2GaC, shown in Fig. 2, yield
he results listed in Table 3. Also included are the values for Cr2GeC
nd Cr2AlC. In all case, the R2 values were >0.998. From these results
t is clear that while the compressibility of the bonds in the a- and c-
irections are quite comparable in Cr2GaC, the anisotropy is larger
n Ti2GaN. The averages, however, are comparable (Fig. 1).
The compressibility along the a-direction in Cr2AlC is greater

han along the c-direction [13]. It is interesting to note that the
ompression along the a-direction in Cr2AlC is quite similar to that
f the c-axis in Cr2GaC. These subtleties must be traceable to the

able 2
elative unit cell volume changes, V/Vo, with pressure and summary of experimental bulk
oefficient values were >0.99. Also the bulk modulus from ab initio calculations is include

Solid V/Vo = ˛ + ˇ(P/Po) + �(P/Po)2 Ko (GP

Ti2GaN 1 − 0.0045P/Po + 2 × 10−5 (P/Po)2 189 ±
Cr2GaC 1 − 0.0045P/Po + 2 × 10−5 (P/Po)2 188 ±
Cr2GeC 1 − 0.0049P/Po + 3 × 10−5 (P/Po)2 182 ±
Cr2AlC 1 − 0.0058P/Po + 4 × 10−5 (P/Po)2 165 ±

able 3
elative lattice parameter changes with pressure, P. Po defines the units used and is equa
han 0.99.

M2AX Max pressure (GPa) a/ao = 1 + ˇ(

Ti2GaN 51 1 − 0.0012P
Cr2GaC 50 1 − 0.0014P
Cr2AlC 51 1 − 0.0021P
Cr2GeC 45 1 − 0.0015P
Fig. 2. Pressure dependencies of a/ao and c/co for Ti2GaN and Cr2GaC. The lines are
least square fits of the data points. In all cases the square of the correlation coefficient,
R2, values, obtained from least squares fitting of the results, were >0.99.

intricacies of bonding and represent a fertile area of research for
theoreticians.

In general, for the MAX phases, as for most solids, there is an
inverse correlation between Vo and Ko. Fig. 3 plots the relationship
for a select number of Ti- and Cr-containing MAX phases for which
information is available [25]. From these results it is obvious that
while for the Ti-containing MAX phases a decent correlation – with
a least squares R2 value of ≈0.72 – exists, no such relationship exists
for the Cr-containing MAX phases. The reason for the latter state
of affairs is unclear at this time, but this could be related to the
intricacies of bonding in the Cr-containing compounds and/or the
presence of point defects. We note in passing that of all the MAX
phases, the discrepancy between theory and experiment is highest
for Cr2AlC [13].

The results plotted in Fig. 3 indicate that the order in Ko, in col-
umn 13 of the periodic table, is Ti2GaN > Ti2AlC > Ti2InC. Similarly,
Ko for Cr2GaC > Cr2AlC. Some of the experimental results, how-
ever, are not supported by ab initio calculations. For example, the
experimental Ko for Cr2AlC, 165 GPa [13], is significantly lower than
those predicted for this compound, that range from 193 to 230 GPa
[41,44,45].
Lastly, we note that the fact that Ko for Ti2AlN is significantly
lower than that for Ti2GaN, despite comparable Vo values (Fig. 3), is
further evidence that the former reflects the presence of vacancies
[28,29]. The presumable lack of vacancies in Ti2GaN, would account
for its higher Ko.

moduli. The pressure derivative, K ′
o, is also given. All the square of the correlation

d for comparison.

a) K ′
o Ko (GPa) ab initio

4 (this work) 3.5 ± 0.3 182 [46]
5 (this work) 3.6 ± 0.3 –
2 [19] 4 214 [47]
2 [13] 4.1 ± 0.1 226 [41]

l to 1 GPa. The square of the correlation coefficient values in all cases were greater

P/Po) + �(P/Po)2 c/co = 1 + ˇ(P/Po) + �(P/Po)2

/Po + 5 × 10−7 (P/Po)2 1 − 0.0021P/Po + 2 × 10−5 (P/Po)2

/Po + 4 × 10−6 (P/Po)2 1 − 0.0017P/Po + 9 × 10−6 (P/Po)2

/Po + 2 × 10−5 (P/Po)2 1 − 0.0017P/Po + 10−5 (P/Po)2

/Po + 4.6 × 10−6 (P/Po)2 1 − 0.0019P/Po + 1.7 × 10−5 (P/Po)2
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Fig. 3. Effect of unit cell volume on the bulk moduli of Ti- and Cr-containing MAX
phases. In addition to the two compounds reported herein, we also plot the results of
T
[
l
c

4

m
G
T
r
m
c

A

S
r
c
N
N
P
S
a

R

[

[

[

[

[

[
[

[

[

[

[

[

[
[

[

[

[
[

[
[
[
[
[
[
[

[
[

[
[
[
[
[
[
[

i2SC [23], Ti2GeC [22], Ti2AlC [13], Ti2SnC [25], Ti2InC [25] Cr2AlC [13], and Cr2GeC
19,43]. And while there is a clear inverse correlation – with a least squares fit corre-
ation coefficient, R2 of 0.72 – between Ko and Vo for the Ti-containing phases, that
orrelation is absent for the Cr-containing ones.

. Conclusions

A diamond anvil cell and synchrotron radiation were used to
easure the pressure dependencies of the lattice parameters of two
a-containing polycrystalline MAX phases: Ti2GaN and Cr2GaC.
he bulk moduli were calculated to be 189 ± 4 and 188 ± 5 GPa,
espectively. Up to a pressure of about 50 GPa, no phase transfor-
ations were observed. Ti2GaN compresses more easily along the

-axis, while Cr2GaC compresses almost equally in both directions.
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