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First principle calculations of XAl; (X= Sc,Ti, Fe, NI,Y, Zr
and Ta) compounds: elastic and thermodynamic

properties
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Elastic and thermodynamic properties of the XAls (X= Sc,Ti, Fe, Ni,Y, Zr and Ta) intermetallic compounds were investigated
by means of first-principles calculations within the framework of density functional theory. The single-crystal elastic constants
were calculated, showing that the XAl; intermetallic compounds are mechanically stable structure. Then the bulk modulus B,
Young’s modulus E, shear modulus G and Poison’s ratio v were estimated for polycrystalline AlzX from the elastic constants
by the Voigt—Reuss—Hill(VRH) approximation. The ductility of XAlz intermetallic compounds was analyzed, and FeAlz and
ZrAl; compounds are ductile. The elastic anisotropy was also further discussed in details. Finally, thermodynamic properties
such as the Debye temperatures, the specific heat for the XAls intermetallic compounds were estimated from elastic

properties.
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1. Introduction

The trialuminide intermetallic compounds with
transition metals (Sc, Ti, Zr, Y, Fe, Ni and Ta) usually
exhibit one or more of the three ordered structures:
cubic-L1,, or tetragonal-DO,, or orthorhombic structures
[1]. The phase stability of cubic L1,-structured
trialuminides is of fundamental importance for its use in at
least two applications: (i) as potential high-temperature
structural materials, and (ii) for the design of
high-temperature, creep-resistant aluminum-based alloys
containing coherent precipitates [1]. Related to (ii), among
binary alloy systems Al-Sc exhibits nanoscale precipitates
of coherent L1,-Al;Sc as an equilibrium phase in an (Al)
matrix [2,3]. However L1,-structural AlsSc is brittle at
room temperature which was caused by an insufficient
number of slip system and poor grain boundary cohesion
[4]. In despite of it, AlsSc is very significant in providing
super plastic ductility to Al based alloys [5-7]. In addition,
similar to Sc, what would the effect of Ti, Zr, Y, Fe, Ni
and Ta transition metals on elastic and thermodynamic
properties of Al based alloys be expected? How does the
polycrystalline  materials  exhibit their mechanical
properties?

Elastic properties provide information about the
interatomic bounding strength and its anisotropy, the
criterion of structural stability, the measurement of lattice
vibrations of acoustic modes, the correlation from an
atomistic theory to a macroscopic material model, as well
as the indications of ductility/brittleness, hardness, melting
points, etc. Recently, Shang et al. [8] systematically
studied the elastic properties of pure elements with bcc,

fcc and hep structures. Ganeshan et al. [9] constructed an
elastic property database of binary Mg compounds from
first-principles calculations.

In the present work, first-principles calculations were
employed to predict the elastic and themodynamic
properties for binary XAl; (X= Sc,Ti, Fe, Ni,Y, Zr And Ta)
intermetallic compounds. They are consist of elastic
constants Cj;, Young’s modulus E, shear modulus G, bulk
modulus B, Poisson’s ratio v, anisotropy indexs A. Based
on the calculated elastic constants and modulus, the Debye
temperature and the specific heat are also investigated.

2. Computational method

All calculations were performed by using the first
principle calculations based on density functional theory
(DFT) [10] implemented in Quantum-ESPRESSO
program package [11]. Meanwhile, the exchange and
correlation energies were calculated with in the
generalized gradient approximation of Perdew-Wang91
version (GGA-PW91). The Monkhorst-Pack scheme [12]
was used for k point sampling in the first irreducible
Brillouin zone (BZ). The k points separation in the
Brillouin zone of the reciprocal space were 18x18x18,
12x12x6, 14x4x12, 15x12x18, 18x18x18, 18x18x18 and
12x12x6 for ScAls, TiAl;, FeAl;, NiAl;, YAls, ZrAl;,
TaAls, respectively. The cutoff energy for plane wave
expansions was determined as 540 eV after convergence
tests. The convergence criteria for geometry optimization
was as follows: electronic self-consistent field (SCF)
tolerance less than 5.0x10° eV/atom, Hellmann—Feynman
force below 0.01eV/A, maximum stress less than 0.05GPa
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and displacement within 2.0x10™ A. The crystal structures
of seven stable XAl; (X= Sc,Ti, Fe, Ni,Y, Zr and Ta)
intermetallic compounds are shown in Fig. 1. The lattice
parameters are tabulated in Table 1.

() (9)
Fig. 1. The crystal structures of XAl; (X= Sc,Ti, Fe, Ni,Y,
Zr and Ta) intermetallic compounds, (a) ScAls, (b) ZrAls,
(c) YA, (d) TiAl; (e) TaAls, (f) FeAl; and (g) NiAl;. The
purple balls represent Al and other balls represent
transition metal atoms.

3. Results and discussions
3.1 Crystal structures

In present work, the original crystal structures have
been built based upon the experimental crystallographic
data of seven stable XAl; (X= Sc,Ti, Fe, Ni,Y, Zr and Ta)
intermetallic compounds [13-19]. Starting from the above
crystal structure, the structural optimization was first
performed by full relaxation of cell shape and atomic
positions. The optimized lattice parameters are listed in
Table 1, where the available experimental results are also
presented. The maximum deviation between the
experiments and the calculated values is less 1.4%. The
calculated lattice parameters of XAl; (X= Sc,Ti, Fe, Ni,Y,
Zr and Ta) intermetallic compounds agree very well with
the available experimental data. These agreements of
optimized lattice parameters with the experimental values
provide a confirmation that the computational
methodology used in this work is suitable and reliable.

3.2 Elastic constants and mechanical stability

The single-crystal elastic constants can be obtained by
applying a small strain to the equilibrium lattice and
computing the resultant change in its total energy [20, 21].
To calculate the elastic constants

Cjj, a deformed cell is introduced. The elastic strain
energy is given by fellowing [22]:

V 6 6
U=E-E, =?OZZcijgigj +0(s%) 1)
i=1 j=1
where E and E, are the total energies of the distorted and
equilibrium structures, respectively. Vy is the equilibrium
volume. &; and & are strain.

Table 1. Calculated and experimental lattice parameters for XAl; (X= Sc,Ti, Fe, Ni,Y, Zr and Ta) intermetallic compounds.

Alloys Space group Pearson symbol Lattice parameters (A) Refs.
a b c
ScAl; Pm-3m cP4 4.109 Present
4,101 [13]
TiAl; 14/mmm t18 3.852 3.852 8.614 Present
3.854 3.854 8.584 [14]
FeAl; Cmcm 0S24 7.555 6.389 4.304 Present
7.656 6.415 4.218 [15]
NiAl; Pnma oP16 6.690 7.377 4,787 Present
6.598 7.352 4.802 [16]
YAl; Pm-3m cP4 4.278 Present
4.323 [17]
ZrAl; Pm-3m cP4 4.110 Present
4.093 [18]
3.862 3.862 8.599 Present
TaAl; 14/mmm t18 3.841 3.841 8.537 [19]
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The calculated elastic constants C;; of the XAl; (X=
Sc,Ti, Fe, Ni,Y, Zr and Ta) intermetallic compounds
together with the available experimental and theoretical
data [23-26] are listed in Table 2. The calculated elastic
constants of these compounds are good agreement with the
available reported data. The intrinsic mechanical stability
of a solid is in general determined by certain conditions
related to the crystal symmetry. The mechanical stabilities
of the seven compounds have been analyzed according to
elastic constants. For different crystals, the elastic
constants need to satisfy the generalized stability criteria:
Ciy1 >0, Cyy >0, Cyy > Cyy, Cqyy + 2C4, > 0 for cubic

CryStalS [27], C11>0,C35>0,Cys >0, Cg >0, Cyy > Cy,
Cyp + C33-2Cy3 > 0, 2Cyy + Cg3 + 2Cq, + 4Cy3 > 0 for
tetragonal crystals [28]; Cy1 > 0, Cx >0, C33> 0, Cyy > 0,
Css >0, Cgs > 0, Cyg + C-2Cy, > 0, Cpy + C33-2C13 > 0,
Cp +C33-2C3 >0, Cyy + Cpp + Cg3 + 2C15 + 2Cy3 + 2C5 >
0 for orthorhombic crystals [29]. It is obvious that, from
Table 2, all the elastic constants of the three cubic crystals
(ScAl;, YAI; and ZrAls), the two tetragonal crystals (TiAl;
and TaAl;) and two orthorhombic crystals (FeAl; and
NiAl;) meet the corresponding crystal’s mechanical
stability criteria. The results reveal that all the seven X Al;
intermetallic compounds are mechanically stable.

Table 2. The calculated elastic constants, C;; (in GPa) for XAl; (X= Sc,Ti, Fe, Ni,Y, Zr and Ta) intermetallic compounds
(present study) with the available reported data.

Alloys Cu Cp Cis Co Cy Css Cu Css Ces
ScAl;  154.17 75.34 161.90
TiAl, 176.50 93.6 43.9 21881  79.84 131.75
1822 928 422 2152 8g? 1252
192° 84° 49° 216° 94° 122°
FeAl; 18598  111.29 11459 32207 -16.01 233.64  93.30 28.44 53.48
NiAl;  180.71  53.52 4267 21606 6194  307.18 11539  60.57 105.54
188.1° 80.6° 75.3° 195.3° 69° 186.2° 84.7° 64.9° 67.8°
169¢ g7¢ 94¢ 167¢ 81¢ 164¢ 89¢ 749 51¢
YA, 150.20 70.48 143.7
ZrAl; 12529  116.73 126.26 19.75
TaAl; 24914  71.26 11.63 166.14  145.72 2.59
2 Ref. [23].
® Ref. [24].
° Ref. [25].
Y Ref. [26].
3.3 Elastic properties for polycrystalline and
aggregates
v=(3B-2G)/(6B+2G) (3)

The elastic properties of polycrystalline materials are
usually characterized by the elastic moduli, such as bulk
modulus (B), Young's modulus(E), shear modulus(G) and
Poisson ratio v . On the basis of the approximations by
Voigt [30] and Reuss [31] and Hill’s empirical average[32],
we have calculated the corresponding bulk moduli
B=(By+Bg)/2 and shear moduli G=(Gy+Gg)/2 (where the
subscripts V and R refer to the Vigot and Reuss bounds,
respectively.) which are listed in Table 3 along with the
experimental and other theoretical values [23-26].
Additionally the Young’s modulus E and Poisson ratiov
have been calculated using Hill’s empirical average and
the equations:

E =9BG/(3B+G) @

The bulk modulus B can be used as a measure of the
average bond strength of atoms for the given crystal. As
listed in Table 3, FeAl; has the highest bulk modulus
(127.13 GPa), while TaAl; possesses the lowest one
(91.10 GPa). Therefore, FeAl; has the strongest average
bond strength of atoms and TaAl; has the lowest one. The
shear modulus is the relationship between the resistance to
reversible deformations and the shear stress. The ratio of
the bulk modulus B to shear modulus G of the compounds,
proposed by Pugh [34], can empirically predict the brittle
and ductile behavior of materials. The compound with
smaller B/G value (<1.75) usually is brittle while the
compound with larger B/G value (>1.75) is ductile. The
B/G values of FeAl; and ZrAl; compounds larger than
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1.75 (Table 3) suggests that the two compounds are ductile.

Whileas the other compounds here are brittle with their
values of B/G smaller than 1.75. As another elastic
parameter of compounds, Poisson’s ratio v is consistent
with B/G, which refers to ductile compounds usually with
a large v (>0.26) [35]. The values of values of v are larger
than 0.26 for FeAl;z and ZrAl; compounds in Table 3,
which indicates that these the two compounds are ductile.
However, B/G and Poisson’s ratios of the two ductile
FeAls and ZrAl; compounds are still less than pure Al and
Zr (Table 3), equally indicating that these intermetallics in
XAl; system are relatively brittle and will reduce the
ductility of X-Al alloys.

Besides, C1;-C;, and Young's modulus E are other two
significant indications of the mechanical properties of

Table 3. The calculated bulk modulus B (GPa), shear modulus G (GPa), Young’s modulus E (GPa), B/G, Poisson’s

materials. The Young’s modulus is defined as the ratio of
stress and strain and can also be used as a measure of the
stiffness of a solid. When the value of Young’s modulus is
large, the material is stiff. In the present work, ScAl; is
stiffest of the considered compounds due to its highest
value of Young’s modulus (212.97 GPa). The smaller
values of Cy;-Cy, and Young's modulus E correspond to
the better plasticity of materials. In order to get an intuitive
knowledge for the plasticity of the XAl; intermetallic
compounds, the calculated results of the XAl; intermetallic
compounds are shown in Fig. 2. From the results in Tables
3 and Fig. 2, it can be seen that ZrAl; has lowest values of
C11-C1» and Young’s modulus E, implying the greatest
plasticity.

ratio v,

anisotropic index AY for XAl intermetallic compounds.
Alloys B G E B/G v B/ Bz Gy Gg AY
ScAl; 101.62 92.54 212.97 1.098 0.151 1.000 1.564 2.82
TiAl; 103.83 78.9 188.86 1.316 0.197 1.000 1.147 0.735
103* 83? 196% 1.25° 0.18%
107" 89" 199" 1.19° 0.18°
FeAl; 127.13 58.64 152.48 2.168 0.30 1.031 1.507 2.566
NiAl; 110.84 89.40 211.37 1.240 0.182 1.047 1.706 0.427
113.2° 65.7° 165.2° 1.72° 0.113°
113¢
YAl; 97.05 86.23 199.58 1.125 0.157 1.000 1.452 2.260
ZrAl; 119.58 49.86 131.33 2.398 0.317 1.000 8.720 38.60
TaAl 91.10 54.32 135.94 1.677 0.251 1.085 8.20 36.10
Al 2.89° 0.35°
o-Zr 2.50° 0.32°
2 Ref. [23].
b Ref. [24].
° Ref. [25].
Y Ref. [26].
¢ Ref. [33].
3.4 Elastic anisotropy
250 T
_ B Young's modulus The elastic constants of solids are very important
g 2007 because they are closely associated with the mechanical
g and physical properties. In particular, they play an
S 150 - . .- N .
g important part in prov@ng va}luable mfo_rn_watlon about
% oo, structural stability and anisotropic characteristics.
E The universal elastic anisotropy index A” for crystals
$ . :
G 5ol with any symmetry is proposed as follow [36]:
(&)

ScAl, FeAl, NIAl, YAI, ZrAl, TaAl,

3

Fig. 2. The values of C1;-C4, and Young's modulus for
XAl; intermetallic compounds.

posS LB @)
GR BR

where By (Gy) and Bg (Gg) are the bulk modulus (shear
modulus) in the Voigt and Reuss approximations. A
crystal with AY = 0 means it is isotropic. The deviation of
AY from zero defines the extent of single crystal anisotropy
(i. e. the larger AY represents the more anisotropic) and
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accounts for both the shear and the bulk contributions
unlike all other existing anisotropy measures. Obviously,
the increasement in the Gy/Gg affects the anisotropy AV
much more than in By/Bg because of the coefficient for
Gv/Gg (=5) larger than that for B\/Bg (=1). The values of
AY for seven XAl; compounds are listed in Table 3. For
cubic structures ZrAls;, ScAl; and YAls, although their
values of B,/Bg are the same, the G\/Gg for ZrAl; is 8.72
which is the largest in these three compounds. Therefore,
ZrAl; is the most anisotropic, followed by ScAl; and by
YAl;. We can deduce the similar conclusions for
tetragonal structures (TiAl; and TaAls) and orthorhombic
structures (FeAl; and NiAls). It should be noted that the
cubic ZrAl; with the largest A = 38.6 is the most
anisotropic in XAl; compounds.

The elastic anisotropy of crystal is closely correlated
with the possibility to induce microcracks and dislocations
in the materials [37,38]. The shear resistance of crystal
(the energy change in a crystal associated with the shear
modes along different slip directions) is characterized by
the elastic anisotropy factors. In the cubic crystal, the
anisotropic behavior can be described by one shear factor:
A=2C4/( Cy1- Cy,) for the {100} shear planes in <010>
and <110> directions. In the tetragonal crystal, the

anisotropic behavior can be described by three shear
factors: A1:2C66/( Cu- Clz), A2:4C44/( Cit+ Caz- 2C13) and
A3=C4/Cqs. They are corresponding to the {001} shear
plane along the <010> direction, the {011} shear plane
along the <011> direction and {100} shear plane along the
<100> direction, respectively. For orthorhombic crystal,
the anisotropic behavior can be described by three shear
factors: A1:4C44/( Cut+t Cas- 2013), A2:2C55/( Coot
033'2C23), and A3:4C(56//( Cut ng-ZClz). They are
corresponding to the {100} shear planes between <010>
and <011> directions, the {010} shear planes between
<001> and <101> directions and the {001} shear planes
between <010> and <110> directions, respectively. For an
isotropic crystal the factors A;, A, and A; must be unity.
The deviation of the anisotropic factors from unity is a
measure for the elastic anisotropy. The calculated values
of the elastic anisotropy factors for seven AlszX
intermetallic compounds listed in Table 4 show that all
elastic anisotropy factors go towards unity. It should be
noted that the cubic ZrAl; with the largest A; = 29.5 and
the tetragonal TaAl; with the largest A; = 56.3 is the most
anisotropic in cubic and tetragonal structures, respectively.

Table 4. Elastic anisotropy ratios A;, A,, and Az for XAl; intermetallic compounds.

ScAl; TiAl; FeAl; NiAl; YAl; ZrAl; TaAl
A, 411 318 196 115 361 295 0.029
A, 1.04 019 061 1.49
A 061 075 1.46 56.3

According to the calculated elastic constants, we can
obtain the directional dependence of the Young’s modulus
for the XAl; intermetallic compounds, and it can be
expressed as [39]:

For the cubic symmetry crystal,

1 1
E - Sll - 2(811 - S12 _5844)012'22 + |12|32 + |22|32) (%)

For the tetragonal symmetry crystal,
i _ 4 4 4 212 2mM1_12 (6)
E_ Sy (I +15) + Sgly + (25, + Sl 1y + 15 (1-13)(2S5 +S,,)

For the orthorhombic symmetry crystal,

1
E Suals +Spls + Syl +(2S,, + Seo )12 +1212 (2S5, +S,,) +1212(2S,5 + Si5)
)

where |y, I, and |5 are the directional cosines, and they can

be obtained by I;=sin[d]cos[¢], l,=sin[d]sin[¢] and
I;=cos[ 4] in spherical coordinates. The angles & and ¢ are
well defined in spherical coordinates. S is defined as an
elastic compliance matrix. Then, the directional
dependence of Young’s modulus can be obtained from
calculated compliance constants and direction cosine, and
the results are shown in Fig. 3. For an isotropic system, the
directional dependence of Young’s modulus should be
spherical shape. As can be seen from Fig. 3, the Young’s
modulus graphs for XAl; intermetallic compounds clearly
show nonspherical shape, which indicates that the Young’s
modulus of these compounds are anisotropic. For cubic
structures, ScAl; and ZrAl; compoumds have strong
anisotropy in <100> crystal direction. The anisotropy of
TaAlz is stronger than that of TiAls in tetragonal symmetry
crystal. This large elastic anisotropy is considered to be
closely related to the interatomic bonding strength. It is
noted that TaAl; and ZrAl; show the strongest anisotropy
of seven XAl; compounds. This agrees with the analyses
of elastic anisotropic index A" in Table 3 and elastic
anisotropy ratios A;, A,, and A; in Table 4.
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Fig. 3. Directional dependence of Young s modulus in
XAl; intermetallic compounds, (a) ScAls, (b) ZrAls, (c)
YAl3, (d) TiAl;, (e) TaAls, (f) FeAls, (g) NiAls.

3.5 Thermodynamic properties

The Debye temperature &5 is a fundamental attribute
of a solid connecting elastic properties with
thermodynamic properties such as specific heat, sound
velocity and melting temperature. It can be calculated
from the averaged sound velocity, v, by the following
equation [40]:

h 3n N
O =—[—( 2P

—AR 8
kg 4m M)]Vm ®

where h is Planck’s constant, Kz is Boltzmann’s constant,
Na is Avogadro’s number, n is the number of atoms in the
unit cell, M is the molecular weight and p is the density.
The average sound velocity in the polycrystalline material
is approximately given by [40]:

1.2 1.
Vin = [g (V_;g + V_I3)] v ©)

where v, and v are the longitudinal and transverse sound
velocity, respectively, which can be obtained using the
shear modulus G and the bulk modulus B from Navier’s
equations [41]:

,B+4G/3 ,G
V=, [—— and vV, = [— (10)
P P

The calculated values of sound velocity and Debye
temperature as well as the density for the seven XAl;
compounds are given in Table 5. There are no clear trends
that can be observed from the data in Table 5 for the XAl;
compounds. However, ScAl; has a highest Debye
temperature in the considered XAl; compounds in this
study. As a rule of thumb, a higher Debye temperature
means a larger associated thermal conductivity [42].
Therefore, ScAl; should possess the best thermal
conductivity relative to the other XAl; compounds.

In the approximation of Debye model, the specific
heat of the solid, C, can be obtained from Debye
temperature by the following equation [43]

20T X'eX
C, =N, Ko (T /6,)*[ de (11)

where T is the temperature (K).

The calculated values of the specific heat of seven
XAl; intermetallic compounds the are shown in Fig. 4. The
specific heat of these intermetallic compounds is similar
and increases with increasing temperature below 6.
However, the specific heat of these compounds is
gradually close to 25 J/mol-K for the high temperature
case (T >>6b), which is the Dulong-Petit result ( equal to
3Nakg) from classical thermodynamics. For low
temperature case ( T<< &), the electron specific heat
becomes significant for metals and is combined with the
above specific heat in the Einstein-Debye specific heat
[44].
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Table 5. The calculated density (p), the longitudinal, transverse, and average sound velocity (v, v, Vy,), the
Debye temperatures () and the melting temperature (T,,).

Compounds v (m-s?)  v{(m-s?)  vpmsh)  pkgmd) & (K)
ScAl; 7326 5538 5940 3017 683
TiAl, 6414 4849 5200 3356 615
FeAl, 4999 3779 4052 4106 503
NiAl; 6310 4770 5116 3929 621
ZrAl; 4601 3478 3730 4122 429
YAl3 6471 4891 5246 3604 580
TaAlz 3743 2830 3035 6784 358
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Fig. 4. The dependence of specific heat on temperature for
XAl3 intermetallic compounds.

4. Conclusions

In summary, we have calculated and analyzed the
elastic properties of the XAl; (X= Sc,Ti, Fe, Ni,Y, Zr and
Ta) intermetallic compounds by the plane-wave ultrasoft
pseudopotential method based on the density-functional
theory. We have also calculated the shear modulus, G;
Young’s modulus, E; and Poisson’s ratio v for ideal
polycrystalline XAl; aggregates within the scheme of
Voigt—Reuss—Hill (VRH) approximation, and the ductility
was then analyzed. The elastic anisotropy was also
discussed in details. The results show that XAl; (X= Sc,Ti,
Fe, Ni,Y, Zr and Ta) intermetallic compounds are
mechanically stable structures. FeAl; and ZrAl;
compounds are ductile. And ScAl; possesses the highest
stiffness due to its highest values of Young’s modulus and
Cy13-Cy,. The calculated results of the anisotropic indexes
of single crystal show that all XAl; compounds are
anisotropic. The cubic ZrAls with the largest AY = 38.6 is
the most anisotropic in XAl; compounds. Finally, we have
derived thermodynamic properties such as the sound
velocity, the Debye temperatures and the specific heat for
the XAl; compounds.
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