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Using a synchrotron radiation source and a diamond anvil cell, we measured the pressure
dependence of the lattice parameters of a polycrystalline Ti3Si0.5Ge0.5C2 sample. Up to a pressure of
53 GPa, no phase transformations were observed. As for the isostructural hexagonal Ti3SiC2 , the
compressibility along thec axis was greater than alonga. The bulk modulus is 18364 GPa with a
pressure derivative of 3.460.2. This work shows that the replacement of Si by Ge in Ti3SiC2 results
in a systematic decrease in the bulk moduli. ©2004 American Institute of Physics.
@DOI: 10.1063/1.1699477#

Layered ternary carbides, such as Ti3SiC2 , are of signifi-
cant interest because they are elastically stiff, electrically and
thermally conductive, and similar to thestoichiometriccar-
bides, but in contrast, are readily machinable, relatively soft,
resistant to thermal shock and show unusual damage
tolerance.1–12To date, Ti3SiC2 has been the most extensively
studied phase in the Mn11AXn ~MAX ! phase group, where
n51, 2, or 3, M is an early transition metal, A is an A-group
~mostly IIIA and IVA! element, and X is C and/or N. In
particular, Ti3SiC2 has a relatively low coefficient of thermal
expansion.1,5,13,14 This carbide adopts a hexagonal crystal
structure that consists of a double layer of edge-sharing TiC6

octahedra and a square-planar Si layer. With a structure simi-
lar to Ti3SiC2 , Ti3Si0.5Ge0.5C2 has near-close-packed layers
with Ti layers interleaved with layers of Si/Ge atoms, the C
atoms filling the octahedral sites between the former. The
Si/Ge atoms are located at the center of trigonal prisms that
are larger than the octahedral sites and are thus better able to
accommodate the larger Si/Ge atoms. The edge-sharing TiC6

octahedra are identical to those found in the rocksalt struc-
ture of the corresponding binary carbides, MX.

The only paper dealing with the compressibility of these
type of materials is a recent study on Ti3SiC2 .15 No phase
transitions were observed up to a pressure of 61 GPa. The
isothermal bulk modulus, calculated by fitting thePV data
with the Birch–Murnaghan equation,16 Ko ~206 GPa! is
lower than that of TiC~220 GPa!17 but '10%–15% larger
than the values calculated from the highest Young’s moduli
reported~326–334 GPa!18 and Poisson’s ratio~0.2!.19

The pressure~P! dependencies of the relative shrinkage
of thea andc lattice parameters were reported to be, respec-
tively,

a/ao5129.1531024~P/Po!, ~1!

c/co5122.0231023~P/Po!11.2831025~P/Po!2,
~2!

wherePo51 GPa.
In this letter, we report the data on the compressibility of

the solid solution Ti3Si0.5Ge0.5C2 in an attempt to understand
the effect of Ge substitutions on the bulk modulus. We also
explore the stability of this phase at higher pressures.

This work is part of a larger effort aiming to understand
the chemistry–structure–property relationships of the MAX
phases. In order to do so, a database needs to be created and
one of the more intriguing and important questions that this
and related work try to answer is: What effects do substitu-
tions on the A sites have on properties in general? Ultimately,
this understanding will allow us to tailor the properties of
these potentially important compounds for any given appli-
cation.

Bulk polycrystalline samples of Ti3Si0.5Ge0.5C2 were
synthesized by mixing Ti, C, SiC, and Ge powders in the
appropriate stoichiometric composition, followed by presin-
tering in vacuum-sealed glass tubes. The tubes were, in turn,
hot isostatically pressed at 1600 °C for 8 h. The chamber was
pressurized with Ar to;172 MPa. The main impurity was
TiC;2 vol %. However a Si-Ti rich liquid phase was ob-
served ~;3 vol %! with a Si:Ti:Ge ratio determined by
energy-dispersive x-ray~EDX! analysis to be;4864:40
63.5:1261.4. The grains were plate-like, with an average
diameter of 40630mm and an aspect ratio of 2.3. At 5.0
60.1 Mg/m3, the measured density was;99% of theoretical
~5.035 Mg/m3!.

A powdered sample was pressurized using a gasketed
diamond anvil cell with 400mm culet. The gasket, made of
rhenium was 250mm in initial thickness, indented to 40mm,
and had a 150-mm-diameter hole. The sample, placed be-
tween two pieces of aluminum foil~15 mm thick!, was
packed in the hole. In the past, solid pressure transmitting
media have been used~e.g., Refs. 20 and 21!, here, we used
high-purity aluminum, which acts as a pressure marker
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and also a pressure medium by virtue of its low shear
strength. Measurements were conducted at room tempera-
ture; pressure was determined from the equation of state of
Al.22 EDX diffraction spectra were collected with a fixed 2u
~511°!. The cell parameters were determined using least-
squares refinement on individually fitted peaks. The peaks
were assigned to the hexagonal structure with the space
groupP63 /mmc.

A summary of the lattice parameters, their relative
change, the unit cell volumes,V, and their relative changes
with pressure are listed in Table I. As the pressure increased,
the peaks broadened and some merged due to differences in
the compressibility along thea andc axes. A least-squares fit
of the changes in the relative unit cell volumeV/Vo as a
function of P ~Fig. 1! yields

V/Vo5120.005P/Po1331025~P/Po!2, ~3!

whereVo5145.960.1 Å3.
Fitting the same results to the Birch–Murnaghan

equation16 yields

P5~3/2!Ko@~V/Vo!27/32~V/Vo!25/3#$113/4~Ko824!

3@~V/Vo!22/321#%, ~4!

whereKo is the isothermal bulk modulus andKo8 its pressure
derivative. Based on these results,Ko and Ko8 were calcu-
lated to be 18364 GPa and 3.460.2, respectively. This value
of Ko is '10% higher than the same value measured by
ultrasound on bulk samples of Ti3Si0.5Ge0.5C2 .23 This value
is also lower than the corresponding values for Ti3SiC2 ~see
Ref. 15! and TiC,17 but slightly higher than Ti3GeC2 ~168
GPa!.23 Based on the totality of the evidence, there is little
doubt that the substitution of Si by Ge in Ti3SiC2 results in a
general reduction of the bulk moduli. Interestingly, this con-
clusion is not in accord with recentab initio calculations that
have shown that at 198 GPa, the bulk modulus of Ti3GeC2 is
almost identical to that of Ti3SiC2 at 202 GPa.24

While the crystal structure is stable to pressures of'53
GPa, the compressibility is anisotropic. As shown in Fig. 2,
the relative reduction along thec axis is given by

c/co5120.0021~P/Po!11025~P/Po!2, ~5!

and is higher than along thea axis, given by:

a/ao5120.0015~P/Po!1731026~P/Po!2. ~6!

The corresponding values for Ti3SiC2 are also plotted in
Fig. 2; the close similarity between the two sets of results is
obvious, and not too surprising. Interestingly, the effect of
Ge substitutions on the compressibility of thea axis is
greater than along thec axis. Based on these results, it is fair
to assume that thermal expansion anisotropy in
Ti3Ge0.5Si0.5C2 is similar to that in Ti3SiC2 , with expansion
along thec axis slightly larger than along thea axis.13,14
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TABLE I. Unit cell parameters and volume of Ti3Si0.5Ge0.5C2 at various
pressures.

P
~GPa!

a ~Å! 6
0.001

c ~Å!
60.01

V ~Å3!
60.1 V/Vo a/ao c/co

0 3.079 17.77 145.9 1 1 1
4.65 3.062 17.56 142.6 0.977 0.994 0.988
6.00 3.054 17.56 141.8 0.972 0.992 0.988
8.94 3.038 17.45 139.4 0.955 0.986 0.982
13.16 3.020 17.33 136.9 0.939 0.981 0.976
18.79 2.996 17.13 133.1 0.912 0.973 0.964
23.61 2.983 17.00 131.0 0.898 0.969 0.957
29.64 2.960 16.85 127.8 0.876 0.961 0.949
40.20 2.933 16.68 124.2 0.851 0.952 0.939
43.45 2.922 16.49 122.0 0.836 0.949 0.928
47.42 2.910 16.43 120.5 0.826 0.945 0.925
50.74 2.900 16.44 119.7 0.821 0.942 0.925
53.53 2.897 16.29 118.4 0.812 0.941 0.917
38.23 2.947 16.50 124.1 0.850 0.957 0.929

0 3.077 17.79 145.9 1.000 0.999 1.001

FIG. 1. Relative unit cell volume of Ti3Si0.5Ge0.5C2 as a function of pres-
sure. Also shown are the results for Ti3SiC2 ~see Ref. 15!.

FIG. 2. a/ao ~upper curves! andc/co ~lower curves! of Ti3Si0.5Ge0.5C2 and
Ti3SiC2 as a function of pressure~see Ref. 15!.
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