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A B S T R A C T

The mechanical and thermodynamic properties of Ti3AlC2 and Ti3SiC2 have been investigated by the first
principles. The structure is briefly discussed, the compressibility of Ti3SiC2 is better than Ti3AlC2. 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 Ti3AlC2 and Ti3SiC2 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 Ti3AlC2 to absorb or release heat is stronger than that of Ti3SiC2.

1. Introduction

The Mn+1AXn 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 Ti3AlC2 and Ti3SiC2. Drouelle
et al. [10] concluded the deformation mechanisms of Ti3AlC2 by the
high temperature tensile creep experiments. The electronic and struc-
tural properties of the layered ternary carbide Ti3AlC2 were evaluated
by Zhou et al. [11], they analyzed the band structure and Fermi level
and revealed an electronic conductor of the Ti3AlC2. Wang et al. [12]

examined the properties of vacancies in Ti3AlC2 and Ti3SiC2 and got the
effective results of, they found that an A-group element mono-vacancy
was more easily formed in Ti3AlC2, the vacancies tended to disperse in
Ti3SiC2 but aggregate in Ti3AlC2. 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 Ti3SiC2 was calculated by Ho et al.
[14,15]. However there are little research on the effects of the tem-
perature and pressure on the Ti3AlC2 and Ti3SiC2.

In this paper, we concentrated on exploring the effects of Ti3AlC2

and Ti3SiC2 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
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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
13×13×2 for all cases, the energy was converged to better than
5.0×10−6 eV/atom, whereas the maximum force and stress had been
determined as 0.01 eV/Å and 0.02 GPa, respectively. The maximum
displacement was set as 5.0× 10−4 Å.

The Ti3AlC2 and Ti3SiC2 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, zTi)
and the C atoms are located at (1/3, 2/3, zc) [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 V0 and a0 are the zero pressure equilibrium
structural parameters. It is easy to see that the ratio of V/V0 of Ti3AC2

(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
Ti3AlC2 > Ti3SiC2. As for the Ti3AC2, the volume was reduced with
increasing the internal pressure. At high pressure, the V/V0 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 (Cij), 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
Ti3AC2 is a hexagonal crystal, which has six different independent
elastic constants (C11, C12, C13, C33, C44 and C66), but only five of them

are independent since C66=(C11−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]:
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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 Cij goes up linearly with
increasing the pressure, besides the C11 and C33 increase more rapidly
than others.

As for the bulk modulus and shear modulus, these quantities are
given by Eqs. (2)(7) [24–26]:
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where bulk modulus BB, BR and BH represent the maximum, minimum
and average value, respectively, and the shear modulus GB, GR and GH

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 Ti3SiC2 is found to be
higher than that of Ti3AlC2, the effect of resisting the deformation for
the Ti3SiC2 is better than Ti3AlC2. Therefore, the change of external

Fig. 1. The crystal structure of Ti3AlC2 and Ti3SiC2.
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Fig. 2. The normalized lattice parameters a/a0 and volume V/V0 of Ti3AlC2 and
Ti3SiC2 at various pressures.
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pressure has the bigger impact on Ti3SiC2.
The ductility and brittleness can be judged according to Pugh’s

criterion (B/G) [28]. The B/G ratio separates ductile (> 1.75) and
brittle (> 1.75) materials. The value of B/G increases linearly with the
increase of the applied pressure, which indicates that the ability to
resist deformation has been improved. The bulk moduli reflect the re-
sistance to the bond-length change, and the shear modulus directly
corresponds to the bond-angle change with the applied stress. It is be-
lieved that the material is ductile if it has a larger bulk modulus and
smaller shear modulus [29]. Obviously, the growth rate of the bulk
modulus is larger than that of the shear modulus and the ductility is
enhanced. Besides, the Ti3AlC2 and Ti3SiC2 behave in a brittle manner
at 0 GPa, and the ductility is also improved with the pressure in-
creasing, the value of B/G is increased near to 1.75.

For hexagonal crystals, the elastic anisotropy (A), which is related
the micro cracks and has an essential effect on the nanoscale precursor
textures in materials, plays a vital role in materials science, can be
obtained by Eq. (8) [31]:
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Our calculation results are summarized in Table 1. It is easy to find
that all of the values are not equal to 1, this indicates that the materials
are elastic anisotropy. But the change of elastic anisotropy is not ob-
vious for Ti3AlC2. The 3D Young’s modulus surface can be obtained
using the equation [32]:

= + + + + + +

E
S l l l l S l S S l l l1 ( 2 ) ( 2 )( )11 1

4
2
4

1
2

2
2

33 3
4

44 13 1
2

2
2

3
2

(9)

where Sij represents the elastic compliance coefficient and li represents
direction cosine.

Fig. 3 plots the 3D Young’s modulus surface [33] of Ti3AlC2 (a, b, c)
and Ti3SiC2 (d, e, f) at 0, 25 and 50 GPa, respectively. The depth of the
color reflects the magnitude of Young's modulus. It can illuminate that
the Ti3AC2 has elastic anisotropy, thus the shape begins to deviate from
sphere with increasing the pressure, and the color begins to darken, it
indicates that the Young’ modulus increases with increasing the pres-
sure. The results agree well with the previous calculations as illustrated
in Table 1. The Young’s modulus of Ti3AlC2 and Ti3SiC2 are 326.4 Gpa
and 351.1 GPa when the pressure is 0 GPa. And when the pressure is
50 GPa, the Young’s modulus of Ti3AlC2 and Ti3SiC2 are 504.1 GPa and
558.9 GPa, respectively. The effect of the elastic anisotropy on pressure
of Ti3SiC2 is bigger than Ti3AlC2. Furthermore, according to the de-
viation degree of spherical shape, the anisotropy of Ti3SiC2 is bigger
than Ti3AlC2.

3.3. Thermodynamic properties

The thermodynamic properties are evaluated in the temperature
ranging from 0 to 1000 K and the pressure is up to 50 GPa, where the
quasi-harmonic Debye approximation theory [34,35] remains valid.
The Debye temperature, bulk modulus, heat capacity and the thermal
expansion coefficient are investigated to disclose the thermodynamic
properties of Ti3AlC2 and Ti3SiC2.

The calculated Debye temperature is displayed in Fig. 4. The Debye
temperature of materials plays an important role in many physical
properties of solids, such as specific heat, thermal expansion [36]. The
Debye temperatures of Ti3AlC2 as well as Ti3SiC2 are 741.26 and
796.06 K at room temperature, which is consistent with the calculated
Debye temperatures by P. Finkel et al. [37] (758 K and 780 K for
Ti3AlC2 and Ti3SiC2 respectively which were calculated by using a
phase sensitive pulse-echo ultrasonic technique). Furthermore, it can be
seen that the Debye temperature decreases with increasing the tem-
perature, but increases with increasing the applied pressure, and the
effect of pressure is larger than that of temperature.

Fig. 5 shows the temperature and pressure dependence of bulk
modulus of Ti3AC2. The trend of bulk modulus is similar to the Debye
temperature. The bulk modulus decreases linearly with increasing the
temperature but increases with increasing the pressure at a constant
temperature, indicating that increasing pressure or decreasing tem-
perature can improve the materials hardness.

The variation of heat capacity CV and Cp as a function of tempera-
ture is depicted in Fig. 6(a) and (b). Both CV and Cp are observed to
increase with increasing the temperature when the temperature is
below 300 K. However, the CV and Cp increase slowly at high tem-
perature, the results show that the interactions between ions in Ti3AC2

have a great effect on the heat capacity at low temperature. In addition,
the curve of CV comes to a line at high temperature since the CV obeys
the Dulong-Petit limit. It is easy to see that the temperature and pres-
sure have opposite influences on the heat capacity and the effect of
temperature is more significant than the pressure when the pressure is
less than 300 K. The CV and Cp from high to low are Ti3AlC2 and
Ti3SiC2, this indicates that the ability of Ti3AlC2 to absorb or release
heat is stronger than that of Ti3SiC2 [38].

Finally, the thermal expansion coefficient is plotted in Fig. 7. The
effect of pressure is not well when the temperature is in the range of
0–300 K, and the curves become gentle with increasing the tempera-
ture, which indicates that the effect of temperature mainly occurs at
low temperatures. The value of thermal expansion coefficient decreases
with increasing the pressure at a given temperature.

4. Conclusions

The effects of pressure and temperature on the mechanical and

Table 1
Variations of elastic constants (GPa) of Ti3AC2 with pressure.

Ti3AC2 Pressure C11 C12 C13 C33 C44 BV BR BH Gv GR GH E B/G A

Ti3AiC2 0 356.8 70.2 69.2 329.7 139.8 162.2 162.0 162.1 140.2 140.1 140.2 326.4 1.16 0.99
Cal.[30] 361.0 75.0 70.0 299.0 124.0 – – 160.0 – – 131.0 334.0 – –
10 414.7 96.3 99.9 359.5 145.9 197.9 197.2 197.6 149.7 149.1 149.4 358.0 1.32 0.99
20 472.0 125.2 134.1 407.7 174.2 237.6 236.9 237.2 168.2 167.3 167.8 407.3 1.41 1.08
30 519.0 153.3 166.4 461.9 189.2 274.7 274.2 274.4 179.8 178.8 179.3 441.7 1.53 1.11
40 564.1 174.7 196.6 511.8 204.8 308.4 308.2 308.3 192.3 190.9 191.6 476.2 1.61 1.18
50 604.7 199.9 225.7 551.5 219.2 340.4 340.2 340.3 202.1 200.2 201.1 504.1 1.69 1.20

Ti3SiC2 0 370.4 84.6 99.2 361.5 164.1 185.4 185.3 185.3 148.9 147.7 148.3 351.1 1.25 1.23
Exp.[12] – – – – – – – 187.0 – – 142.0 339.0 – –
10 428.0 106.6 138.3 426.0 197.2 227.6 227.4 227.5 170.9 167.8 169.4 407.1 1.34 1.37
20 480.3 132.9 170.7 478.3 219.4 265.3 265.0 265.1 186.8 182.5 184.6 449.6 1.44 1.42
30 529.4 157.9 204.4 525.2 243.8 301.9 301.5 301.7 202.5 196.1 199.3 489.9 1.51 1.51
40 574.8 185.4 237.4 574.9 265.9 338.3 337.7 338.0 216.2 207.9 212.0 526.1 1.59 1.58
50 617.0 209.7 269.6 620.7 286.0 372.5 371.6 372.0 228.8 218.4 223.6 558.9 1.66 1.64
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thermodynamic properties of Ti3AlC2 and Ti3SiC2 were calculated by
using first principles. The volume ratio and lattice parameters of
Ti3AlC2 and Ti3SiC2 decrease with increasing the internal pressure, and
the compressibility of Ti3AlC2 is better than that of Ti3SiC2. The

pressure can improve the resistance to deformation. The effect of
pressure on the Ti3SiC2 is obvious, and the ductility is also improved
with the pressure increasing. Both the Ti3AlC2 and Ti3SiC2 are elastic
anisotropy by the calculated elastic anisotropy. The thermodynamic

Fig. 3. The 3D Young’s modulus E surface of Ti3AlC2 and Ti3SiC2 at various pressure.
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properties are evaluated based on the quasi-harmonic Debye approx-
imation theory, both Debye temperature and bulk modulus decrease
with increasing the temperature but increase with increasing the
pressure, and the temperature and pressure have opposite influences on
the heat capacity, moreover, the ability of Ti3AlC2 to absorb or release
heat is stronger than that of Ti3SiC2. The reported theoretical method is
also applicable to other systems such as ceramic, metal, carbon,
polymer and their composites [39–56]. For ceramic, the mechanical
properties and electronic properties can be analyzed. Meanwhile, the
interface performance of the composites can be predicted by using this
simulation method as well.
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