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The mechanical and thermodynamic properties of TisAlC, and Ti3SiC, have been investigated by the first
principles. The structure is briefly discussed, the compressibility of Ti3SiC, is better than TizAlC,. Its mechanical
stability is confirmed by the elastic constant, and the results show that the pressure can enhance the resistance to
the deformation. In addition, the ductility is also improved with the pressure increasing. The elastic anisotropy is
enhanced with increasing the pressure. Finally, the temperature and pressure dependences of thermodynamic

properties of TizAlC, and Ti3SiC, are evaluated by the quasi-harmonic Debye approximation theory, and ana-
lyzed the effect of pressure and temperature on the Debye temperature, bulk modulus, heat capacity and the
thermal expansion coefficient. The Debye temperature and bulk modulus decrease with increasing the tem-
perature but increase with increasing the pressure. The temperature and pressure have opposite influences on
the heat capacity, moreover, the ability of TizAlC, to absorb or release heat is stronger than that of Ti3SiC,.

1. Introduction

The M, +1AX, phases, where M is an early transition metal, A is an
A-group element, and X is either C or N [1-5], have attracted more and
more attention due to their uniquely combined properties of both
ceramics and metals. Similar to ceramics, they are elastically rigid,
lightweight and maintain their strengths to high temperature. Like
metals, they are thermally plastic at high temperature and most readily
machinable, which makes them potentially interesting for technological
applications [6-8], including high-temperature structural applications
[8], electrode brush materials, chemical anticorrosive materials and
high-temperature heating materials [9-11].

Over the last few years, a concerted effort has been made to in-
vestigate the properties of the MAX phase. For example, Whittle et al.
[9] studied the radiation tolerance of Ti3AlC, and TisSiC,. Drouelle
et al. [10] concluded the deformation mechanisms of TizAlC, by the
high temperature tensile creep experiments. The electronic and struc-
tural properties of the layered ternary carbide TizAlC, were evaluated
by Zhou et al. [11], they analyzed the band structure and Fermi level
and revealed an electronic conductor of the TizAlC,. Wang et al. [12]
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examined the properties of vacancies in TizAlC, and Ti3SiC, and got the
effective results of, they found that an A-group element mono-vacancy
was more easily formed in Ti3AlC,, the vacancies tended to disperse in
Ti3SiC, but aggregate in Ti3AlC,. P. Finkel et al. [13] measured the low
temperature dependence of the elastic properties including Young’s
shear modulus and they investigated the Debye temperature. Low
temperature heat capacity of Ti3SiC, was calculated by Ho et al.
[14,15]. However there are little research on the effects of the tem-
perature and pressure on the TizAlC, and Ti3SiC,.

In this paper, we concentrated on exploring the effects of TizAlC,
and Ti3SiC, under the pressure ranging from 0 to 50 GPa based on the
first principle and calculating the bulk modulus, Debye temperature,
heat capacity and the thermal expansion coefficient at temperature
ranging from 0 to 1000 K to investigate the thermodynamic properties
by the quasi-harmonic Debye approximation theory.

2. Computational methods

The first principle calculations have been performed based on the
density functional theory (DFT) [16] and the Cambridge Serial Total

Received 10 June 2018; Received in revised form 3 July 2018; Accepted 5 July 2018

0927-0256/ © 2018 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/09270256
https://www.elsevier.com/locate/commatsci
https://doi.org/10.1016/j.commatsci.2018.07.007
https://doi.org/10.1016/j.commatsci.2018.07.007
mailto:zhaoyuhong@nuc.edu.cn
https://doi.org/10.1016/j.commatsci.2018.07.007
http://crossmark.crossref.org/dialog/?doi=10.1016/j.commatsci.2018.07.007&domain=pdf

Y. Zhao et al.

QQ’Q 00’ 3. |
. iie e |
LI e
A S S B
LT S RS
e . ie
°® o7 8 s 0 o @
el Y : @cC
e e
S I P N N
’ e F 8 ? @si
EILIE B
1 o8
[, S 0‘ _______ 9 f.:::f.'ffaé:fffif-’ﬁl‘

Fig. 1. The crystal structure of TizAlC, and Ti3SiCs.

Energy Package (CASTEP) [17], in which a plane wave ultra-soft
pseudopotential [18] is used. The generalized gradient approximation
(GGA) with Perdew-Burke-Ernzerhof (PBE) approach [19] is performed
to represent the exchange-correlation function. By convergence, the
plane-wave basis set cutoff was set as 440 eV and the k-point mesh to
13 X 13 x 2 for all cases, the energy was converged to better than
5.0 X 10~ ®eV/atom, whereas the maximum force and stress had been
determined as 0.01eV/A and 0.02 GPa, respectively. The maximum
displacement was set as 5.0 x 10" *A.

The Ti3AlC, and Ti3SiC, are hexagonal structures, as shown in
Fig. 1. Which can be regarded as alternating stacks of two layers, the
space group is P63/mmc. The Al or Si atoms are located in the (0, 0, 1/
4) positions, the Ti atoms are located in at (0, 0, 0) and (2/3, 1/3, zr;)
and the C atoms are located at (1/3, 2/3, z.) [20,21].

3. Results and discussions
3.1. Structural properties

The relative changes of equilibrium volume and lattice parameters
at various pressures ranging from 0 to 50 GPa with a step of 10 GPa are
shown in Fig. 2, where V, and q, are the zero pressure equilibrium
structural parameters. It is easy to see that the ratio of V/V, of TizAC,
(X = Al and Si) was reduced by 18.7% and 16.9%, respectively.
Therefore, the compressibility of the system is strong. The volume
change ratio with pressure gradually decreases as the order of
TizAlC, > TisSiCy. As for the TizAC,, the volume was reduced with
increasing the internal pressure. At high pressure, the V/V, curves be-
come gentle, since the distance change in the atoms gets smaller and
thus the mutual repulsion of the atoms gets stronger, which leads to the
difficulty of compression in crystal.

3.2. Mechanical properties

The elastic constants (Cy), bulk modulus (B) and shear modulus (G)
were calculated and listed in Table 1. The available theoretical date
under different pressures was included for comparison. Because the
TizAC, is a hexagonal crystal, which has six different independent
elastic constants (C;1, C;2, C13, C33, C44 and Cgg), but only five of them
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Fig. 2. The normalized lattice parameters a/a, and volume V/V, of TizAlC, and
Ti3SiC, at various pressures.

are independent since Cgs = (C1;—C12)/2 [22], thus only five in-
dependent elastic constants were listed. The mechanical stability of
system can be judged by the Born stability criteria [23]:

Ci1 > 0, C;—Cpp > 0, Cay > 0, C5 > 0, (Ciy + C12)C33—2C > 0 (€]

It is obviously to note that the elastic constants in the pressure range
0-50 GPa satisfy Eq. (1), which indicates that they are mechanically
stable under compression and the value of Cj; goes up linearly with
increasing the pressure, besides the C;; and Cs3 increase more rapidly
than others.

As for the bulk modulus and shear modulus, these quantities are
given by Egs. (2)(7) [24-26]:
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where bulk modulus Bp, Br and By represent the maximum, minimum
and average value, respectively, and the shear modulus Gg, Gg and Gy
also represent the maximum, minimum and average value.

The values of B and G play an important role on the mechanical
properties of materials. The value of the B and G increases linearly at
various pressures ranging from 0 to 50 GPa with a step of 10 GPa, the
bulk modulus is usually assumed to be a measure of resistance to vo-
lume change by applied pressure, which implies that pressure can im-
prove the resistance to volume deformation. As for shear modulus and
Young’s modulus, the trend is similarly to the bulk modulus. The
Young’s modulus is used to provide a measure of the capability of re-
sisting the tension and pressure in the range of elastic deformation [27].
Generally speaking, the larger the Young’s modulus is, the harder it is to
deform the material. The value of B, G and E of Ti3SiC, is found to be
higher than that of Ti3AlC,, the effect of resisting the deformation for
the Ti3SiC, is better than Ti3AlC,. Therefore, the change of external
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