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In this work, the elastic and thermodynamic properties of Pt3Al under high pressure are investigated using
density functional theory within the generalized gradient approximation. The results of bulk modulus and elastic
constants at zero pressure are in good agreement with the available theoretical and experimental values. Under
high pressure, all the elastic constants meet the corresponding mechanical stability criteria, meaning that Ptz Al
possesses mechanical stability. In addition, the elastic constants and elastic modulus increase linearly with the
applied pressure. According to the Poisson’s ratio v and elastic modulus ratio (B/G), Pt3Al alloy is found to be
ductile, and higher pressure can significantly enhance the ductility. Those indicate that the elastic properties
of Pt3Al will be improved under high pressure. Through the quasi-harmonic Debye model, we first successfully
report the variations of the Debye temperature ®p, specific heats Cp, thermal expansion coefficient a, and
Griineisen parameter y under pressure range from 0 to 100 GPa and temperature range from 0 to 1000 K.
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1. Introduction

The high-temperature and ultra-high temperature structural materials, platinum group metal alloys
(PGMS) are of great interest due to the high melting point, high strength and exceptional environmental
resistance [1H4]. They have been applied to many important industrial fields, such as catalysts, high tem-
perature structural materials, special solder and shape memory alloys. In recent years, they have been
receiving increasing concerns from researchers and have been extensively investigated by experiments
and theoretical calculations. Wu et al. have studied the phase diagram of Al-Pt system using the CALPHAD
method [5]. Then, J. Feng et al. employed the density functional theory (DFT) method to investigate the
stability, thermal and mechanical properties of Pt-Al intermetallic compounds [€]. They found that their
Poisson’s ratio varies from 0.26 to 0.39 and the bonds in the compounds are mainly of metallic and cova-
lent type, which is the same as in Zr-Al alloys [7]. As one of the most valuable intermetallic compounds,
the L1, phase has been also extensively investigated. Chauke et al. have performed DFT calculations
to examine the heats of formation, elastic modulus and the phonon dispersion curves of four different
structure-types of Ptz Al at absolute zero pressure [8]. The tetragonal DO, structure is found to collapse to
the cubic L1, structure. Norihiko et al. have discussed the single crystals of Pt3Al with the L1, structure
from 77 to 1073 K [9]. Gornostyrev et al. have employed first-principles electronic structure and total
energy calculations of the phase stability and dislocation properties of Pt3Al to reveal the origins of its
yield stress low temperature anomaly (LTA) [10]. In addition, Yan et al. have researched the phase tran-
sition and formation enthalpies of PtzAl under high pressure. The results show that the cubic structure
is stable compared to the tetragonal structure up to the pressure of 100 GPa and has excellent resistance
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to volume deformation under high pressure [11]. Despite the above investigations, there have been no
systemic experimental or theoretical reports on the elastic and thermodynamic properties of L1, phase
Pt3Al alloys under high pressure.

As we know, high pressure leads to the phase transition and changes the physical and chemical prop-
erties of a solid, such as mechanical and thermodynamic properties, which are essential for a profound
understanding the application of Pt3Al alloy [12} [13]]. The elastic constants determine the response of a
crystal to external forces and provide important information on the brittleness, ductility, anisotropy, and
the resistance to deformation [14} [15]. A comprehensive understanding of the bulk modulus B, shear
modulus G, Young’s modulus Y and Poisson’s ratio plays an important role in determining the mechan-
ical properties of solid materials. Furthermore, to better understand the thermodynamic properties of
Pt3Al under high pressure, the quasi-harmonic Debye model was adopted. Then, we discuss the obtained
thermodynamic parameters including Debye temperature Op, specific heats Cp, thermal expansion coef-
ficient a, and Griineisen parameter y.

Therefore, it is highly desirable to understand the physical, mechanical, and thermal properties of
L1, phase Pt3Al. In this paper, we performed a systematic investigation of the structural, elastic, and
thermodynamic properties on the PtzAl alloy with the L1, structure by first-principle calculations, and
the calculated results were discussed in comparison with the available theoretical and experimental data.

2. Methods

In the present work, all the calculations were performed based on the plane wave pseudopotential
density-function theory method as implemented in CASTEP package [16]. The exchange correlation en-
ergy is described in the generalized gradient approximation (GGA) for the exchange correlation func-
tional. Pt 5d%4s' and Al 35?3p! were treated as valence electrons. A plane wave cutoff energy of 400 eV
was employed. The Brillouin zone was sampled by a 14 x 14 x 14 uniform k-point mesh according to the
Monkhorst-Pack scheme grids.

In this work, the quasi-harmonic Debye model [17] implemented in the Gibbs program is used to
obtain the thermodynamic properties of PtsAl. This model is sufficiently flexible in giving all thermody-
namic quantities by incorporating the obtained results of energy and volume. The non-equilibrium Gibbs
function G*(V; B, T) is described in the following form:

G*"(V;BT)=E(V)+ PV + Ay (O, T). 2.1

Here, E(V) represents total energy/formula of Pt3Al, P is the hydrostatic pressure, Ayip(®, T) is used to
represent lattice vibration Helmholtz free energy and is taken as:

90
Avip(®,T) = nksT | < +3In(1-e797) - D(@/T)] : 2.2)

where D(O/T) stands for the Debye integral, n is the number of atoms per formula unit, and © is ex-

pressed by
RTINS Bs
e_k—B(en Vzn) IRTES 2.3)

In relation (2.3), M is the molecular mass per formula unit, Bs is a representative for adiabatic bulk
modulus, which is estimated in terms of static compressibility by using the following relation:
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where v is Poisson’s ratio. Hence, the non-equilibrium Gibbs function G*(V; B, T) as a function of (V; B T)
can be minimized with respect to the volume as follows:

(dG*(v;P,T)) 0
BT .

v (2.6)

In order to obtain the thermal equation of states, we should solve the equation (2.6). After the equilibrium
state of a given V(P, T) has been obtained, the isothermal bulk modulus and other thermodynamic prop-
erties, such as the heat capacity, vibrational internal energy, and thermal expansion can be evaluated
using the relations given as below:

. 30/T
CV—3n B 4D(®/T)—m , (27)
30/T
szgl’lkB 4D(®/T)_W (l+ayT), 2.8)
e -1
C
a=LY 2.9)
BV
dln®(V)
_ 4ol 2.10
YT Ay (210

where 7y is the Griineisen parameter. This method has already been successfully used to investigate the
thermodynamic properties of a series of compounds.

3. Results and discussions

3.1. Structure property

As we know, Pt3Al has two kinds of structures including cubic phase and tetragonal phase. For cubic
phase, Pt3Al alloy has a CugAu-type structure (space group: Pm3m, No: 221), with lattice parameters:
a=b=c=3.876 A [18]. The Pt and Al atoms are located at the site (0, 0, 0) and (0.5, 0, 0), respectively.
Each Al atom is surrounded by twelve Pt atoms. For tetragonal phase, PtzAl has a space group: P4/mmm
(No: 123) with experimental lattice parameters: @ = b = 3.832 A and ¢ = 3.894 A. There are two types of Pt:
1c (0.5, 0.5, 0) and 2e (0, 0.5, 0.5), respectively. The Al atom is in the site 1a (0, 0, 0). We have calculated the
formation enthalpies of tetragonal and cubic phase as the pressure increasing from 0 GPa to 100 GPa. Our
results show that the formation enthalpies of cubic structure are lower than that of tetragonal structure
below 100 GPa. This means that cubic Pt3Al is stable under high pressure which is consistent with the
result of Liu [11]]. To obtain equilibrium structural parameters, the atom position and structure of Pt3Al
were optimized. At 0 GPa, the calculated lattice parameters of cubic phase a is 3.86 A. We note a very
good agreement between our results and experimental data. This offers the reliability and accuracy to
our further investigation.

3.2. Elastic property

To the best of our knowledge, the elastic properties define the behavior of a solid under different
stress and strain conditions. The elastic stiffness parameters can describe the bonding characteristics, me-
chanical deformations, and structural stability [19]. To obtain the elastic constants, a small strain should
be loaded to the crystal. They can be got by calculating the total energy as a function of appropriate lattice
deformation, which are expanded as the Taylor expansion for a system with respect to a small strain 6
and volume V; [20; 21]. The elastic strain energy E(V) is expressed as follows:

16 6
E(V)=E(Vp,0) + EZ Cij6ibj. 3.1)
j

1

Here, C;; are elastic constants, §; and §; are related to the strain on the crystal. For cubic symmetry,
there are three independent elastic constants, that are Cy, C2, Cy4. The calculated elastic constants C;;
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Figure 1. The calculated elastic constants C; ; and the elastic modulus of cubic Ptz Al under pressure from
0 GPa to 100 GPa.

of PtgAl are shown in ﬁgure At 0 GPa, the calculated elastic constants of Pt3Al (Cy; = 400.8, Cy2 = 205.27,
Cy4 = 131.71, and B = 270.46) are consistent with the experimental values (B = 277) and other theoret-
ical results (Cy; = 395, C12 = 210, Cyqq = 118) [8]. In general, the requirements of mechanical stability in
a cubic crystal lead to the following restrictions on the elastic constants: Cy; > 0, Ci12 >0, Cy; — C12 > 0,
C11 +2Cy2 > 0 [22123]. Obviously, our results in figure (a) show that all the elastic constants satisfy the
stabilities criteria up to 100 GPa. This clearly indicates that Ptz Al under high pressure possesses mechan-
ical stabilities. There is no doubt that the elastic constants of a solid are strongly affected by the pressure.
It should be noted that the elastic constants C;1, Cy2, Cyq increase linearly with the pressure increase
because the lattice parameters of Pt3Al become shorter under pressure.

It is acknowledged that bulk modulus B and shear modulus G can measure the hardness in an indirect
way. The calculated bulk modulus B, shear modulus G, and Young’s modulus Y under different pressures
are shown in figure 1| (b). It is found that bulk modulus B, shear modulus G, and Young’s modulus Y of
Pt3Al gradually increase as pressure increases, indicating that Pt3Al becomes more and more difficult to
be compressed as the pressure increases. In addition, all the elastic modulus can be used as a measure
of the average bond strength of atoms for a given crystal. A larger bulk modulus B and Young’s modulus
Y respond to the more covalent and stronger bond strength. Hence, it can be expected that Pt and Al
atom can form covalent bonds under high pressure. The shear modulus G is the relationship between
the resistance to reversible deformations and the shear stress. A high shear modulus G is mainly due to
the elastic constants Cy4, because a large Cy4 implies a stronger resistance to shear in the (1 00) plane.

For a further analysis, the deformation behavior of Pt3Al the value of B/G and Poisson’s ratio v which
are related with the brittleness and hardness of the materials are shown in table [1} Generally, the B/G
ratio is used to predict the brittle or ductile behavior of materials. The critical value which separates
ductile and brittle material is 1.75. The material exhibits a ductile behaviour when the value B/G > 1.75;
otherwise, the material behaves in a brittle manner [24, 25]. We found that the B/G is 2.89 at 0 GPa
and increases with the pressure increase. It means that the PtzAl belongs to a ductility material and the
pressure can improve the ductility of PtzAl. Another important property is the Poisson’s ratio v which is
defined as the absolute value of the ratio of transverse strain to longitudinal strain. It is used to quantify
the stability of the crystal against shear. The larger is the Poisson’s ratio v, the better is the plasticity.

Table 1. The Poisson’s ratio v and B/G of Pt3Al under high pressure.

Pressure 0 10 20 30 40 50 60 70 80 90 100

(GPa)
B/G 2.289 2.356 2410 2.436 2.462 2.480 2.506 2.527 2.543 2.577 2.592
v 0.309 0.314 0.318 0.319 0.321 0.322 0.324 0.325 0.326 0.328 0.329
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This usually refers to ductile compounds with a large value (> 0.26). It is noted that the Poisson’s ratio v
increases from 0.309 to 0.329 with the pressure increase, indicating that Pt3Al is ductile and the pressure
can enhance the stability and the ductility of Pt3Al. This result is consistent with that of the above elastic
modulus ratio (B/G).

3.3. Thermodynamic properties

To our knowledge, Debye temperature ®p is one of the most important parameters describing the
thermal characteristics of compounds. The Debye temperature correlates with many physical properties
of material, which are derived from elastic properties under pressures. Some detailed information of a
solid, such as the melting temperature and specific heat can be found by calculating the Debye tempera-
ture. We obtain the thermodynamic properties of Pt3Al at various temperatures and pressures from the
energy-volume relations using the quasi-harmonic Debye model. The Debye temperature ©p as a func-
tion of temperature at different pressures is shown in figure |2| (a). It can be clearly seen that ®p in the
range of temperatures from 0 to 1000 K approximately remains unaltered with the temperature increase,
meaning that it is insensitive to temperature. Figure 2] (b) shows the Debye temperature as a function of
pressure at different temperatures of T = 0, 300, 600, and 900 K. It is noted that ®p linearly increases
and further compression slows down the increase. As the pressure goes higher, the decreased magnitude
of Debye temperature ©p becomes small. This is because the Debye temperature is related to the vol-
ume V and adiabatic bulk modulus. Figure2](b) shows that when the temperature is constant, the Debye
temperature Op increases non-linearly with the applied pressures, indicating the change of the vibration
frequency of particles under pressure. Hence, the temperature has a more significant effect on the Debye
temperature ©p than pressure, and the temperature exhibits a smaller and smaller effect on the Debye
temperature with an increase of pressure.
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400 400
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300 300 L L L L L L L
0 200 400 600 800 1000 0 10 20 30 40 50 60 70 80
(8 Temperature (K) (b) P(Gpa)

Figure 2. (Color online) The Debye temperature as a function of temperature and pressure. (a) P =0, 25,
50, and 75 GPa, respectively; (b) T = 0, 300, 600, and 900 K, respectively.

To describe the thermal properties of a material, the volume thermal expansion coefficient « is an-
other essential parameter. The dependence of the volume thermal expansion coefficient @ of Pt3Al on the
temperature and pressure is illustrated in ﬁgure We noted that « increases rapidly with T2 at zero or
low pressure when the temperature is below 200 K and gradually approaches a very low linear increase
above 400 K for a given pressure. Moreover, we can also see that the values of « at zero pressure are
much greater than those at other pressures. Figure |3| (b) gives a as a function of pressure at different
temperatures of T =0, 300, 600, 900 K. It can be seen that for a given temperature, the thermal expansion
coefficient « is zero at 0 K and rapidly decreases with the pressure increase, and it becomes flat under
high pressure. Moreover, the higher is the temperature, the faster the a decreases. There is observed a
larger thermal expansion at a higher temperature and at a lower pressure, and it provides less sensitivity
of a at high temperature and high pressure for Pt3Al
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Figure 3. (Color online) The volume thermal expansion coefficient as a function of temperature and pres-
sure. (a) P =0, 25, 50, and 75 GPa, respectively; (b) T =0, 300, 600, and 900 K, respectively.

As another important thermodynamic parameter of solids, the heat capacity Cp is of key importance
for linking thermodynamics with microscopic structures and dynamics. Moreover, the knowledge of the
heat capacity of a substance not only provides an essential insight into its vibrational properties but also
is mandatory for many applications. Figure 4] shows the calculated heat capacity Cp as a function of
temperature and pressure. It is obvious that Cp follows the relationship of the Debye model [C(T) T3]
up to 200 K. Then, it monotonously increases with the temperature increase and converges to a constant
Dulong-Petit limit, which is common to all solids at high temperatures. We note that the heat capacity Cp
slowly decreases with the pressure increase, and the high temperature will slow down this trend seen in
figure[d(b). Figure[4 implies that temperature and pressure have an opposite effect on the heat capacity,
while the temperature has a greater effect on the heat capacity than the pressure.

In the quasi-harmonic Debye model, the Griineisen parameter vy is of a great significance. It describes
the anharmonic effects of the crystal lattice thermal vibration and has been widely used to characterize
the thermodynamic behavior of a material at high pressure. The calculated Griineisen parameter y with
pressure and temperature are presented in figure [5] It can be observed that the Griineisen parameter y
almost keeps unchanged with the temperature increase at a fixed pressure in figure[5|(a), while it quickly
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Figure 4. (Color online) The heat capacity as a function of temperature and pressure. (a) P =0, 25, 50, and
75 GPa, respectively; (b) T =0, 300, 600, and 900 K, respectively.

43601-6



Elastic and thermodynamic properties of Pt3Al with the L12 structure under high pressure

32

0Gpa —=—

| 50Gpa ——
o8 | 75 Gpa —o—

26 .M

24 ¢

= M’ >
221

1.8

16

1. 4 L L L L 1' 4 L L L L L L L
0 200 400 600 800 1000 0 10 20 30 40 50 60 70 80

(8) Temperature (K) (b) P(Gpa)

Figure 5. (Color online) The Griineisen parameter y as a function of temperature and pressure. (a) P =0,
25, 50, and 75 GPa, respectively; (b) T =0, 300, 600, and 900 K, respectively.

decreases with the applied pressure. This is because the Griineisen parameter y is as function of the
volume which is affected by the pressure in the quasi-harmonic model. And, there is a larger thermal
expansion at low pressure. Those results suggest that the effect of the temperature on the Griineisen
parameter y is not as significant as that of the pressure P. Furthermore, the Griineisen parameter y
increases more slowly at high pressure than at low pressure.

4. Conclusions

First principles calculations are performed to investigate the elastic and thermodynamic properties
of L1, phase Pt3Al alloy under high pressure and high temperature. The elastic constants, bulk modulus
B, shear modulus G, and Young’s modulus Y as a function of the pressure have been systematically
investigated. The results show that all the elastic constants meet the corresponding mechanical stability
criteria and the elastic modulus increases linearly with the applied pressure. The Poisson’s ratio v and
the elastic modulus ratio (B/G) show that L1, phase Pt3Al alloy is found to be ductile and higher pressure
can significantly enhance the ductility. This means that the elastic properties of Pt3Al will be improved
under high pressure. To study the thermal and vibrational effects, the quasi-harmonic Debye is used.
The dependence of Debye temperature Op, specific heats Cp, thermal expansion coefficient a, and the
Griineisen parameter y are systematically explored in the ranges of 0-100 GPa and 0-1000 K. We find that
the temperature has a more significant effect on the Debye temperature Op and the heat capacity Cp than
pressure. Furthermore, the thermal expansion coefficient & becomes insensitive to high temperature and
high pressure.
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N =

TeopeTuyHe gocnifPkeHHS NPY>XHNX | TepMOANHaAMIYHUNX
BnacTmsocTtei PtzAl 3i ctpykTypoto L1, nig BnAMBom TUCKY

H. Beif, Y. Xanr2, C. roy?

YHiBepcuTeT NpoBiHLjii AHbXoi, M. Xedeir, Kntaii

lonoBHa nabopaTopisi MaTepiano3HaBcTBa, IHCTUTYT disvku TBepaoro Tina, Kutalicbka akageMmis Hayk,
M. Xedeli, Kntai

B ujili poboTi gocnigkytoTbca NpyXHi | TepMOAMHaMIYHI BracTnBoCTi Pt3Al Nnpu BUCOKOMY TUCKY, BUKOPUCTO-
BYHOUU TeOpito GpYHKLiOHaNY ryCTUHM 3 y3araNbHEHUM rPajieHTHUM HabanXeHHAM. Pe3ynbTati A1 06'eMHOro
MOZYNA NPYXXHOCTI | NPY>KHWX KOHCTaHT NP HyIbOBOMY TUCKY A06pe y3roKyTbCs 3 HasBHUMMN TeOpPeTUYHHN-
MW | ekcnepuMeHTanbHUMUN AaHUMW. TPy BUCOKOMY TUCKY BCi MPYXHi KOHCTAHTU 3a0BiNbHAIOTL BiANOBIAHWIA
KpUTepiil MexaHiYHOI CTIKOCTI, L0 CBif4YNTbL NPO MeXaHiyHy CTilikicTb Pt3Al. OKpiM LbOro, Mpy>XHi KOHCTaHTK
i MOZYNb MPYXHOCTi 3pOCTal0Tb NiHINHO 3 NPUKNAZEHUM TUCKOM. Y BiANOBIAHOCTI 3 koedilieHTOM MyaccoHa
v i koegiLjieHTOM Moayna npyxHocTi (B/G), 3HaiigeHo, Wwo cnnas Pt3Al € nnacTUUHMM, i BULL TUCKU MOXYTb
3HaYHO MOCUAUTU AOrO MAACTUYHICTL. Lie BKa3ye Ha Te, L0 NpYXHi BnactusBocTi Pt3Al 6yayTe nokpatleHi npu
BMCOKOMY TUCKY. B pe3ynbTaTi BUKOPUCTaHHSA KBa3irapMoHiuHoi Mogeni [le6as, BnepLue oTpUMaHo 3MiHy Tem-
nepatypu Op, nutomoi TennoemHocTi Cp, koedilieHTa Ten0BOro po3LMpeHHs a i napametpa proHalizeHa y
B obnacti Tuckis Big 0 go 100 GPa i temnepatyp Big 0 4o 1000 K.

KntouoBi cnoBa: nepLui npyHYMNM, nNpyxHi BAaCTUBOCTI, TEPMOANHAMIYHI BAaCTUBOCTI
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