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Herein we report on a systematic investigation of the thermal expansion of select Mn+1AXn phases.
The bulk dilatometric thermal expansion coefficient �dil was measured in the 25–1200 °C
temperature range and the thermal expansion of more than 15 of these phases was studied by x-ray
diffraction in the 25–800 °C temperature range. The coefficient of thermal expansion for the a axis
�a ranged between �2.9�0.1��10−6 °C−1 �Nb2AsC� and �12.9�0.1��10−6 °C−1 �Cr2GeC� while
the coefficient for the c axis ��c� ranged between �6.4�0.2��10−6 °C−1 �Ta2AlC� and
�17.6�0.2��10−6 °C−1 �Cr2GeC�. Weak anisotropy in the thermal expansion was seen in most
phases, with the largest value of �c /�a belonging to Nb2AsC. The Grüneisen parameters along the
a and c directions were calculated from ab initio values for the elastic compliances and were
relatively isotropic. A good correlation was found between the thermal expansion anisotropy and the
elastic constant c13 and we conclude that the anisotropy in thermal expansion is related to the
bonding between the M −A elements. © 2009 American Institute of Physics.
�DOI: 10.1063/1.3021465�

I. INTRODUCTION

The Mn+1AXn �MAX� phases �n=1–3� are layered hex-
agonal compounds, in which near close-packed layers of M
�early transition metals� are interleaved with layers of group
A element �mostly IIIA and IVA�, with the X-atoms �C
and/or N� filling the octahedral sites between the M layers.
Most of these phases were synthesized in powder form in the
1960s by Nowotny.1 At this time it is fairly well established
that these phases have an unusual and sometimes unique
combination of properties.2–16 They are elastically stiff, have
relatively low thermal expansion coefficients, and have good
thermal and electrical conductivities.2,17 They are relatively
soft, with Vickers hardness values of 2–8 GPa, easily ma-
chinable, thermal shock, and damage tolerant. Some are fa-
tigue, creep, and oxidation resistant.18 At higher tempera-
tures, they can undergo a brittle-to-plastic transition.12 Some,
such as Ti2AlC, are exceptionally oxidation resistant and are
candidate materials for high temperature structural industrial
applications.19

Elastic measurements indicate that these materials are
stiff, particularly in shear. In particular, some M2AX �211�
materials, such as Ti2SC �Ref. 20�, show enhanced elastic
properties although they are not as readily machinable as
other MAX-phase materials. It is believed that the origin of
the increased modulus in this material is due to stronger M
−A bonds. A similar study done on Nb2AsC showed higher
compressibility in the a-direction than the c-direction, which
can be associated with the position of Nb being closer to the
As.21

In the M3AX2 �312� materials, increased stiffness is a
result of a higher fraction of the stronger M −X bonds. The
most studied MAX phase, Ti3SiC2, exhibits weak elastic an-
isotropy associated with two different Ti–C bonds and Si
vibrating preferentially along the a axis.22,23 Compressibility
studies24 of Ti3Si1−xGexC2 found solid-solution softening oc-
curred while investigations of Ti3AlCN and Ti2AlC0.5N0.5

suggest the formation of vacancies on both the Al and N sites
leading to the decrease in bulk moduli.25 In M4AX3 com-
pounds, there are even less weaker M −A bonds and the
M −X bonds are shorter and stiffer, as reported for Ti4AlN3.26

An exception is seen in Ta4AlC3 where high-pressure dif-
fraction studies reveal little anisotropy in compressibility at-
tributed to lattice softening due to differences in atomic
packing.27 The purpose of this paper is to further investigate
the role of bonding anisotropies in the MAX phases by mea-
suring the thermal expansion of a large number of these
phases by high temperature x-ray diffraction �XRD�.

II. EXPERIMENTAL DETAILS

All samples were synthesized by either hot isostatic
pressing or hot pressing, providing fully dense and predomi-
nantly single phase microstructures. Details of processing of
Cr2AlC and Ta2AlC can be found in Ref. 18, Ti2Al�C0.5N0.5�
in Ref. 28, Ti3Al�C0.5N0.5�2 in Ref. 29, Ti3SiC2 in Ref. 4,
Ti3GeC2 and Ti3Si0.25Ge0.75C2 in Ref. 30, V2AlC, V2AsC,
Nb2AlC, Nb2SnC, Ti2AlC, and Hf2InC in Ref. 31, Ti3AlC2

and Ti4AlN3 in Ref. 32, Nb2AsC in Ref. 33, Cr2GeC in Ref.
34, Ti2AlN in Ref. 35, and Ti2SC in Ref. 36.

To synthesize the V2GeC samples, V and C powders
�Alfa Aesar, Ward Hill, MA� and Ge powder �Cerac Inc.,a�Electronic mail: lofland@rowan.edu.
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Milwaukee, WI� were mixed in stoichiometric proportions,
ball milled for 12 h, and dried at 150 °C for 24 h. The
powder mixtures were sealed in graphite foil, placed in a
graphite die, heated at 10 °C /min in a graphite-heated
vacuum atmosphere hot press �Series 3600, Centorr Vacuum
Industries, Somerville, MA�, annealed at 875 °C for 3 h, and
then hot pressed at 1350 °C for 6 h under a load that corre-
sponded to a stress of 45 MPa.

The bulk thermal expansion measurements were per-
formed with a dilatometer �model 1161, Anter Corporation
Unitherm, Pittsburgh, PA� on electric-discharge machined
bar-shaped specimens with dimensions of �3� �3�
�20 mm3. The heating and cooling rates were set at 3
K/min. To avoid oxidation, the dilatometric experiments
were carried out under an atmosphere of ultrahigh pure Ar
gas.

The high-temperature XRD diffractometer �Scintag X2�
was configured with a furnace �Edmund Bühler HDK-2.3�.
The diffractometer utilized Cu K� radiation �40 mA and 45
kV� and a Si�Li� Peltier-cooled solid-state detector. Data
were taken from 5° –100° in steps of 0.02° with hold times
of 1 or 2 s/step. MAX phase powders were mixed together
with Si and Cu powders at ratios such that the intensity val-
ues of the strongest diffraction lines of the various materials
were roughly equal at room temperature. The Si powder was
mixed with the MAX phase to serve as a standard for align-
ment. The Cu powder was used to measure the mixture tem-
perature via knowledge of its thermal expansion. From a
slurry mixture, a 50–75 �m coating was applied either on a
substrate �Zr, Mo, or sapphire� or directly on the Pt/Rh-10%
heating element. A Pt/Rh-30% thermocouple was bonded to
the back of the heater for temperature control. To minimize
possible oxidation, the measurements were carried out either
under vacuum �10−4 Torr� or in a He atmosphere from room
temperature to 1000 °C. The heating rate was 20 °C /min
with a 15 min hold time prior to each scan. Spectra were fit
to a Pearson7 line shape by Scintag software DMSNT 1.36b.
Lattice refinements were done with XLAT.37 The thermal ex-
pansion for Si was taken from Ref. 38 and that of Cu from
NIST.39

Ab initio density functional calculations were conducted
with the Vienna ab initio simulation package �VASP� �Ref.
40� and the MEDEA �Ref. 41� interface. All calculations were
carried out using the projector augmented wave42,43 and the
generalized gradient approximation.44 Relaxed structures
were calculated and energies were converged with respect to
the k-mesh with MEDEA’s convergence method. Subsequent
calculations were carried out with the k-mesh resulting from
the convergence. Elastic properties were calculated with
MEDEA’s mechanical and thermomechanical module,45 which
calculates the stress tensor from changes in energy when the
unit cell is strained. Strains of 0.005, 0.01, and 0.02 were
simulated. The reported elastic constants are from a least-
squares fitting of the values calculated for each strain.

III. RESULTS AND DISCUSSION

Figure 1 shows the dilatometric thermal expansion �dila

as a function of temperature T for select compositions. The

curves are shifted vertically for clarity. The �dila values, re-
ported in column 9 of Table I, were calculated by a least-
squares fit of both the heating and cooling curves in the
temperature range mentioned therein. Also included in the
table are previously reported values.

Figure 2 shows several XRD patterns of Cr2GeC at dif-
ferent temperatures. It is clearly seen the Cr2GeC and Cu
peaks noticeably shift to the left with increasing temperature.
The shift for Si is much less indicating that, �i� its thermal
expansion is smaller and, �ii� more importantly, that the
sample height remains effectively constant, minimizing cor-
rections due to focus.

Figure 3 shows the temperature dependencies and esti-
mated errors of the lattice constants of more than 15 MAX
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FIG. 1. �Color online� Thermal expansion as a function of temperature for
selected MAX phases from dilatometer measurements. Curves have been
shifted vertically for clarity.
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FIG. 2. �Color online� High temperature XRD of Cr2GeC. Shifting peaks
can be seen due to atomic spacing increasing as a function of temperature.
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phases measured in this work. Table I lists the values of �a

and �c, as well as previously reported high-temperature XRD
or neutron diffraction results. The values obtained from dif-
fraction �column 8� are compared with the dilatometric val-
ues �column 9� by assuming the average coefficient of ther-
mal expansion, �av= �2 /3 �a+1 /3 �c�. In most cases, the
results agree reasonably well with those of other measure-
ments. For example, the presently reported values for �a and
�c for Ti3SiC2, �8.9�0.1��10−6 and �10.0�0.2�
�10−6 °C−1, respectively, are in excellent agreement with
previous results.22,23 The same is true for V2AlC and
Ti2SC.53,54 The agreement is not as good for Ti2AlN,28 which
may reflect variations in stoichiometry.35,55

Figure 4�a� compares �av of the MAX phases �solid
circles� with those of their corresponding MX �open
squares�. From this plot it is reasonable to conclude that a
relationship exists between the two. With the notable excep-
tion of Nb2AsC, which is unusual, as noted above, the �
values of the binaries are indeed lower than those of the

corresponding MAX phase, suggesting that, on the average,
the M −X bonds are stronger than the M −A bonds, a not too
surprising conclusion.

The anisotropy ratio ��c /�a�, listed in column 6 of Table
I, for the most part, is �1, as might be anticipated since the
c direction involves the relatively weaker M −A bonds. How-
ever, as seen in Fig. 5�a�, the anisotropy is mostly a function
of the A-group element.

In an isotropic system, the volume thermal expansion �V

is given by

�V = �
cv

BV
�1�

where � is the Grüneisen parameter, a measure of the anhar-
monicity, which gives rise to thermal expansion, B is the
bulk modulus, V is the molar volume, and cV is the molar
specific heat at constant volume. In Table II are the lattice
constants a, B, and � for the cubic binary carbides, assuming
that the Dulong–Petit law applies, i.e., cV=3mR, where m is

TABLE I. Lattice parameters and thermal expansions for the MAX-phases studied by XRD �numbers in parentheses are estimated standard deviations in the
last significant figure of the refined parameter�.

Compound
a

�Å�
c

�Å�
�a

�10−6 °C−1�
�c

�10−6 °C−1�
Anisotropy

��c /�a� c /a
�av

�10−6 °C−1�
�dila

�10−6 °C−1�

Other work

�a

�10−6 °C−1�
�c

�10−6 °C−1�
�av

�10−6 °C−1� Ref.

Ti4AlN3 2.9884�1� 23.3810�35� 8.3�2� 8.3�9� 1.00�1� 7.824 8.3�5� 9.7�2�a 9.6�1�b 8.8�1�b 9.4�1�b 46

Ti3SiC2 3.0663�1� 17.6510�18� 8.9�1� 10.0�2� 1.12�2� 5.756 9.3�2�

9.1�5�
9.1�2�c

9.1�2�e
8.4�1�d

8.6�1�b
9.3�10�d

9.7�1�b
8.6�4�d

9.1�2�b
22
23

Ti3AlCN 3.0442�2� 18.3890�11� 6.0�2� 11.3�2� 1.89�2� 6.041 7.8�2� 7.5�5�
Ti3GeC2 3.0873�2� 17.8071�10� 8.1�2� 9.7�2� 1.20�3� 5.768 8.6�2� 7.8�2�
Ti3Si0.25Ge0.75C2 3.0855�5� 17.7960�18� 8.8�6� 11.1�3� 1.27�6� 5.768 9.6�5�
Ti3AlC2 3.0698�1� 18.4998�2� 8.3�1� 11.1�1� 1.33�1� 6.026 9.2�1� 9.0�2�f

Ti2AlCN 3.0247�1� 13.6046�5� 8.4�1� 8.8�1� 1.05�2� 4.498 8.5�1�
7.9�5�

10.5�2�a

Ti2AlN 2.9872�2� 13.6108�6� 10.6�2� 9.75�2� 0.92�3� 4.556 10.3�2�
8.2�2�g

8.8�2�a 8.6�2�d 7.0�5�d 8.1�5�d 28
Ti2SC 3.2046�1� 11.2092�3� 8.6�1� 8.7�2� 1.01�2� 3.498 8.7�1� 9.3�6� 8.5�5�d 8.8�2�d 8.6�6�d 47
V2AlC 2.9176�3� 13.1281�9� 9.1�2� 10.0�7� 1.10�16� 4.500 9.4�10� 9.4�5� 9.34�5�d 9.48�4�d 9.39�5�d 48
V2GeC 3.0034�1� 12.2527�9� 6.9�1� 15.8�3� 2.27�1� 4.080 9.9 �2� 9.4�6�
V2AsC 3.1127�1� 11.3884�4� 7.2�1� 14.0�1� 1.92�1� 3.659 9.5�1�
Cr2GeC 2.9500�2� 12.1010�10� 12.9�1� 17.6�2� 1.37�1� 4.102 14.5�2� 9.5�5�
Cr2AlC 2.8571�2� 12.8208�6� 12.8�3� 12.1�1� 0.94�3� 4.487 12.6�2� 12.8�5�
Nb2SnC 3.2376�2� 13.8135�4� 6.6�4� 14.5�2� 2.17�2� 4.267 9.3�3� 7.8�2�h

Nb2AlC 3.1063�1� 13.8783�11� 8.8�2� 6.8�3� 0.78�6� 4.468 8.1�2�
7.5�2�g

8.7�2�i

Nb2AsC 3.3235�1� 11.9036�3� 2.9�1� 10.6�1� 2.57�1� 3.582 5.5�1� 7.3�5�
Hf2InC 3.3085�1� 14.7351�10� 7.2�1� 7.6�2� 1.05�3� 4.454 7.3�2� 7.6�2�j

Ta2AlC 3.0804�2� 13.8630�7� 9.2�2� 6.4�2� 1.43�3� 4.5 8.3�2� 7.2�6�

Ti2AlC
8.8�2�g

8.2�2�a 7.1�3�d 10.0�5�d 8.1�5�d 28

aReference 28.
bNeutron diffraction.
cReference 22.
dXRD.
eReference 23.
fReference 49.
gReference 2.
hReference 50.
iReference 51.
jReference 52.
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FIG. 3. �Color online� Temperature dependence of the lattice constants for �a� various Ti–Al–X phases, �b� various M2AC �M =Cr or V, A=Al, As, or Ge�
phases, �c� various M2AC �M =Nb, Hf, or Ta, A=Al, As, In, or Sn� phases, and �d� various Ti–A–C �A=Si, Ge, or S� phases.

013543-4 Scabarozi et al. J. Appl. Phys. 105, 013543 �2009�

Downloaded 09 Mar 2009 to 144.118.30.27. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



the number of atoms per unit cell and R is the ideal gas
constant. Where possible, we used XRD data for the thermal
expansion and diamond anvil cell measurements of the bulk
moduli. For the most part, the values are between 1.5 and 2,
as expected for metallic compounds. The outlier is VC,
which is always substoichiometric.63

When the average Grüneisen parameters of the ternaries
and binaries are plotted on the same figure �Fig. 4�b��, there
is little correlation between the two, which indirectly impli-
cates the A-group element in the thermal expansion anisotro-
pies observed. This notion can be tested further. In a system
with axial symmetry �i.e., hexagonal, tetragonal, or rhombo-
hedral�, one can write down the Grüneisen parameters for the
a and c directions, as �a and �c, respectively, as

�a =
V

Cv
��c11 + c12��a + c13�c� , �2a�

�c =
V

Cv
�2c13�a + c33�c� , �2b�

where cij are the elastic stiffness constants.64

Since MAX phase single crystals large enough for the
measurement of the various elastic constants do not exist to
date, one must rely on ab initio calculations for those con-
stants to proceed with the analysis. Nonetheless, one can
check the validity of the calculated numbers by comparing
them with the measured values for B, the shear modulus G,
and the compressibilities along the a and c directions, �a and
�c, respectively. The Voigt averages, which provide a method
of connecting the calculated elastic constants to the mea-
sured parameters, yield

B =
2�c11 + c12� + 4c13 + c33

9
, �3a�

G = 1
30�7c11 − 5c12 + 2c33 − 4c13 + 12c44� . �3b�

For hydrostatic compression, one finds

�a =
c33 − c13

c33�c11 + c12� − 2c13
2 , �4a�

�c =
c11 + c12 − 2c13

c33�c11 + c12� − 2c13
2 . �4b�

The calculated elastic constants, as well as the measured val-
ues, are listed in Table III.

While the agreement between the calculated and mea-
sured values for B, G, �a, and �c is not exact,16,17,24–26,49,66–68

they are generally close except for the latter two, which are
particularly sensitive to the value of c13. It is to be noted that
there has been, in general, excellent agreement between the
calculated and observed Raman spectra,69 further evidence
that the calculated elastic constants are quite reasonable.

As seen in Table IV, the calculated � values from cV

=3mR, where m=4�n+1� for the MAX phases, range be-
tween 1.5 and 2.5, as expected for metallic compounds. Fig-
ure 4�b� shows that the average Grüneisen parameter is ef-

TABLE II. Lattice parameter and properties for binary carbides.

Binary
carbide

a
�Å�

�
�10−6 °C−1�

B
�GPa� �

TiC 4.328 9.44a 248b 1.72
VC 4.153 7.3c 258d 1.20
ZrC 4.698 7.37a 195e 1.35
NbC 4.47 7.74f 274g 1.71
HfC 4.639 7.37f 242h 1.61
TaC 4.456 7.45f 345e 2.06
Cr3C2 10.4c

aReference 56.
bReference 57.
cReference 58.
dReference 59.
eReference 27.
fReference 60.
gReference 61.
hReference 62.

FIG. 4. �Color online� �a� Average thermal expansion as a function of the
M-group element for MAX phase materials �solid markers�. �b� Average
Grüneisen parameter as a function of M-group element for MAX phase
materials �solid markers�. In both figures, open markers represent the values
for the respective binary carbide.
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fectively constant for a given M-group element but does not
obviously relate to that of the corresponding binary carbide.

Comparing Figs. 4�a� and 4�b�, one notices a direct cor-
relation between � and �. From Eq. �1�, ��� /BV and, thus,
BV is effectively constant for all MAX phases of any given
family. This relationship has been found in a variety of
other class of solids such as halides,70 oxides,70 and
chalcogenides,71 as well as for binary carbides.53 The corre-
lation for the latter, however, has not been nearly as good as
the results shown here for the ternaries. The discrepancies for
the binary carbides have been partly attributed to stoichiom-
etry and microstructure.72

Note that the anisotropies in the calculated � values �Fig.
5�b�� are small compared to those of the corresponding �
values �Fig. 5�a��. This reflects the fact that the anharmonic-
ity is relatively isotropic and suggests that the anisotropy in
thermal expansion is related predominantly to the anisotropy
in the elastic constants, which must be a consequence of the
bonding of the M element to the A group. Confirming this
notion is the fact that the anisotropy in � of the 211 phases
correlates well with c13 �Fig. 5�c��. This is not too surprising

since c13 compares the bonding strengths in the a and c
planes of hexagonal crystals. In Fig. 5�c� Nb2AlC is an out-
lier, most probably a direct result of the exceptionally strong
Nb–Al bonds.73 Nb2SnC is also an outlier, but in the opposite
sense, in that �c is considerably larger than �a. Using the
same logic, it is reasonable to conclude that the Nb–Sn bonds
are weaker than average, which is not reflected in c13. Lastly
we note that the good correlation found in Fig. 5�c� indirectly
confirms the validity of both the thermal expansion measure-
ments and ab initio calculations, which are in good agree-
ment with other similar calculations on the MAX phases
given in the literature.74–81

IV. CONCLUSIONS

We measured the thermal expansion of a number of
MAX phases. Overall, anisotropy between the a and c axes
was mild for most of them, the largest belonging to Nb2AsC.
The Grüneisen parameters determined from ab initio calcu-
lated elastic constants are consistent with expectations for
metals and are relatively isotropic. The anisotropy in thermal
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expansion is related to the bonding between M −A, while the
magnitude of the thermal expansion is controlled by M −X
bonding. The bulk modulus of any given family of com-
pounds is inversely related to the unit cell volumes.
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