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are conductors.

The structural properties, heats of formation, elastic properties, and electronic structures of Al-Ni
intermetallic compounds are analyzed here in detail by using density functional theory. Higher
calculated absolute values of heats of formation indicate a very strong chemical interaction between Al
and Ni for all Al-Ni intermetallic compounds. According to the computational single crystal elastic
constants, all the AI-Ni intermetallic compounds considered here are mechanically stable. The
polycrystalline elastic modulus and Poisson’s ratio have been deduced by using Voigt, Reuss, and Hill
(VRH) approximations, and the calculated ratio of shear modulus to bulk modulus indicated that AINi,
Al3Ni, AlNi; and AlsNis compounds are ductile materials, but Al4Ni3 and Al3Ni, are brittle materials.
With increasing Ni concentration, the bulk modulus of Al-Ni intermetallic compounds increases in a
linear manner. The electronic energy band structures confirm that all AlI-Ni intermetallic compounds

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

Due to potential technological applications as high-tempera-
ture materials, intermetallic compounds have attracted much
attention in recent years. Among these intermetallic compounds,
Al-Ni system compounds stand out as one of the most important
and promising candidates for high-temperature materials for the
use in harsh environments [1,2]. Furthermore, Al-Ni intermetallic
compounds are emerging as important materials for nanotechno-
logical applications with recent examples of applications of
bimetallic Al-Ni reactive nanostructure as nanoheaters [3]. Al-Ni
phase diagrams were first published by Gwyer in 1908 [4], and
they have been re-examined experimentally and theoretically by
many researchers since that time [5-18]. Based on these Al-Ni
phase diagrams, it is known now that six intermetallic com-
pounds can exist in an Al-Ni system compound, namely Al;Ni,
Al3Ni2, A14Ni3, AlNl, A13N15 and A1N13

The properties of AINi and AINis; intermetallic compounds,
owing to their important technological applications, have already
been extensively investigated experimentally and theoretically.
For example, various aspects such as the enthalpies of formation
[19-23], equilibrium lattice constants, the elastic constants, the
cohesive energy, and the effective defect formation energies have
all been studied systematically [24]. As for the other Al-Ni
intermetallic compounds, the studies of their properties have
mainly focused on their heats of formation [7,10,25], and
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systematical studies on their other properties is still lacking in
the literature. To fill this gap, in what follows the structural
properties, heats of formation, elastic properties and electronic
energy band structures of Al-Ni intermetallic compounds will be
analyzed with first-principle methods.

2. Computational method

For our computational analysis of six AI-Ni intermetallic
compounds (namely Al3Ni, AlsNi,, Al4Nis, AINi, AlsNis and AINis)
we use density functional theory (DFT) and the plane-wave
pseudopotential technique implemented in the CASTEP package
[26]. The ion-electron interaction is modeled by ultrasoft
pseudopotentials [27]. Generalized gradient approximation
(GGA) [28] with the Perdew-Burke-Ernzerhof (PBE) [29] ex-
change-correlation functional is used. The kinetic cutoff energy
for plane waves is set as 400 eV [30]. The k point separation in the
Brillouin zone of the reciprocal space is 0.04nm~!, that is,
10 x10x 10 for AINi, 8 x 8 x 8 for AlNi3, 4x3 x5 for Al3Ni,
7 x 7 x 6 for AlsNiy, 3 x4 x 7 for Al3Nis, and 2 x 2 x 2 for Al4Nis,
respectively.

Benchmark calculations have been conducted for the AINi;
phase, pointing out that the computational scheme utilized in this
work is credible. Indeed, the calculated lattice parameter of
0.3561 nm compares well with the experimental value of
0.3566 nm [31]. We note also that the computed heat of formation
for the AINi3 phase is —47.5k]/mol atoms, providing good
agreement with experimental result of —47.3 kJ/mol atoms [32].
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3. Results and discussion

3.1. Structural properties

First, by utilizing the experimental crystallographic data of the
Al-Ni intermetallic compounds from Refs. [9,33-36] as the
original configurations, the Ilattice parameters and internal
coordinates of the Al-Ni intermetallic compounds have been
optimized in this paper. The calculated values of lattice para-
meters and the corresponding mass densities, together with the
experimental [31,35,37] and calculated [24,38-41] data are shown
in Table 1. It can be seen from Table 1 that the lattice parameters
and mass densities of Al-Ni intermetallic compounds are in good
agreement with the experimental and other theoretical data,
confirming that the proposed computational methodology is
suitable for our current purpose and that the results from our
geometry optimizations are reliable.

The relationship between mass densities and Ni concentration
for different intermetallic compounds is shown in Fig. 1. As can be
seen from Fig. 1, the computational mass densities increase with
Ni concentrations in a linear manner. From a practical point of
view, note that with increasing Ni concentration c (at%), the mass
density p (kg/m3) increases approximately with a linear
relationship: p = 2607.63+6365.90c.

3.2. Elastic properties and mechanical stability

In this work, the elastic properties of the optimized crystal
structures have already been obtained by using DFT calculations.
Table 2 provides a summary of elastic constants Cj; (GPa) and bulk
modulus of Al-Ni intermetallic compounds, together with the
previous experimental and theoretical values [42-46].

To study the mechanical stability of Al-Ni intermetallic com-
pounds, the elastic constants are investigated for all AI-Ni inter-
metallic compounds. The mechanical stability leads to restrictions
on the elastic constants, which for cubic crystals are [47]

C11>0,C44>0,C11 — C12>0,Cq1 +2C12>0. (1)

Table 1
Experimental and optimized crystallographic data and mass density of AI-Ni
intermetallic compounds.

Compound  Space Mass density Lattice parameters Reference
group (kg/m?) (nm)
Al Fm3m 2710 a = 0.4048 This work
2710 a = 0.4047 [39]
2700 a = 0.4050 [37]
Al3Ni Pnma 4100 a = 0.6565, b = 0.7257, This work
¢ =0.4750
3930 a = 0.6606, b = 0.7389, [41]
¢ =0.4835
3980 a = 0.6598, b = 0.7352, [35]
¢ =0.4802
Al3Ni, P3m1 4900 a=b=0.4002, c=0.4848 This work
Al4Nis la3d 5220 a = 11306 This work
AINi Pm3m 6040 a=0.2868 This work
5880 a = 0.2895 [40]
5920 a=0.2886 [31]
AlsNis Cmmm 6730 a = 0.7440, b = 0.6638, This work
¢ =0.3741
AlNis P4/mmm 7500 a=0.3561 This work
7450 a = 0.3565 [40]
7440 a = 0.3566 [28]
7440 a=0.3566 [27]
Ni Fm3m 8870 a=0.3529 This work
8880 a=0.3528 [39]
8910 a=0.3524 [37]
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Fig. 1. Theoretical mass density compared to experimental values for the Al-Ni
intermetallic compounds.

Table 2
Calculated elastic properties compared to experimental and other theoretical
values for the single crystalline Al-Ni intermetallic compounds.

Com- Elastic properties Reference
pound
Al5Ni C11 =169, C12 = 87, Ci3 = 94, (33 = 167, This work
Ca3 =81, C33 = 164, C44 = 89, Cs5 = 74,
Ces = 51, K= 113
Al5Ni; Ci1 =226, Cip = 57, Ci3 = 33, G353 =317, This work
Ca4 =93, Cg6 = 85, K= 119
AlyNi3 C11 =253, C12 =68, C44 = 115, K= 129 This work
AINi Ci1 =170, Cip =158, C44 = 101, K = 162 This work
K =154 [42] Ab initio
K =156 [43] Experimental
Ci1 =183, C12 =116, C4q = 93 [24] EAM
Ci1 =200, Cy = 140, Cqq = 120 [44] EAM
Ci1 =199, Cip =137, C44 = 116, K = 158 [45] Experimental
Ci1 =189, 2 = 131, C44 = 107, K = 150 [46] PW
Ci1 =199, Ci3 = 137, C44 = 116, K = 158 [46] USPE
C11 =197, C12 = 119, C4q = 110, K = 145 [46] NS
Al5Nis Cy1 = 234, Cyp = 147, Cy3 = 93, Gy = 210, This work
Co3 = 144, C33 = 253, C44 = 109, Cs5 = 89,
Ces = 126, K = 162
AlNis C11 =229, C12 =161, C4q = 125, K= 183 This work
K =182 [42] Ab initio
Ci1 =218, C12 = 120, C4q = 103 [24] EAM

Cjj, elastic constants (GPa); K, bulk modulus (GPa); EAM, embedded atom method;
PW, computed values; USPE, ultrasonic pulse-echo method; NS, slopes of
measured acoustic phonon frequencies.

It can be seen from Table 2 that the elastic stiffness constants
of the cubic structures (AINi, AINi3z and Al4Nis) satisfy the above
restrictions in Eq. (1).

The mechanical stability criterion can be formulated in terms
of the elastic constants for orthorhombic structures as [48]

C11>0,C2>0,C33>0,C44>0,C55>0,Ce6 >0,
Ci1 + G = 2C12>0,Cpq + C33 — 2C13>0,Cop + G33 — 2023 >0,
Ci1 + G + G353 + 2C13 + 2Cq3 + 2C3>0. 2)

The elastic constants in the orthorhombic setting of AlsNi and
Al;Nis fulfill all these stability criteria in Eq. (2).
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There are three following restrictions for the mechanical
stability of trigonal crystals [49]:

C11 — IC121>0,(Cyq + C12)C33 — 2C35>0,(Cy1 — C12)Caq

—2C%,>0. 3)

All the values of elastic constants for trigonal AlsNi, obey these
mechanical stability restrictions in Eq. (3).

According to above analysis, all the Al-Ni intermetallic
compounds considered here are mechanically stable.

In order to better understand the mechanical properties of
Al-Ni intermetallic compounds, bulk modulus (K), shear modulus
(G), Young’s modulus (E), and Poisson’s modulus (v) for a
polycrystalline material were deduced from single-crystal elastic
stiffness constants by using Voigt, Reuss, and Hill (VRH)
approximations [50], and these results together with the previous
experimental and theoretical values are shown in Table 3. For AINi
compound, the calculated bulk modulus is slightly larger than the
experimental value of 158 GPa [45], with a difference within 5%.
For AlNis alloy, the calculated Young’s modulus is smaller than the
experimental value of 210 GPa [51], with a difference within 7%.
This difference may be attributed to the following reasons: first,
defects in the materials were not considered in our calculations;
second, the effects of anisotropy on the elastic properties were not
taken into account in experimental measurements.

To interpret our results, we compare the calculated bulk
modulus and the experimental and theoretical values for the
Al-Ni intermetallic compounds by plotting them in Fig. 2. As can
be seen, the results on the calculated bulk moduli show close to
linear increases with the concentration of Ni. In particular, with
increasing Ni concentration c (at%), the bulk modulus K (GPa) of
Al-Ni intermetallic compounds increases approximately with a
linear relationship: K = 80+128c.

Fig. 3 shows the Young’s modulus E, and shear modulus G
against the Ni concentration. According to Fig. 3, Al4Ni; phase has
the highest E and G values, whereas AlNi phase has lowest values.
It is known that the hardness of materials is closely relevant to
their Young’s modulus, E, and shear modulus, G [52]. Although the
relationship between hardness and the moduli are not identical,
large values of the moduli represent high hardness for the
materials. Therefore, the hardness of Al4Ni3 phase is the largest,
while the AINi phase is the smallest.

To study the brittleness and ductility properties of Al-Ni
intermetallic compounds, ratio of shear modulus to bulk modulus,

Table 3

Polycrystalline bulk modulus, shear modulus, Young’s modulus (GPa), Poisson’s
modulus for Al-Ni intermetallic compounds by using Voigt, Reuss, and Hill (VRH)
approximations.

Compound Ky Kr Ky Gy Gr Gy E G/K v
Al5Ni 14 114 114 59 53 56 143 049 029
AlsNi, 13 112 1125 97 95 96 224 085 017
AlyNi; 130 130 130 106 105 1055 249 081 018
AINi 162 162 162 63 14 385 107 024 039
158?
156
154¢
AlsNis 163 162 1625 86 65 755 196 046 030
AlNis 184 184 184 89 60 745 197 040 0.32
182¢ 210¢

K, bulk modulus (GPa); E, Young’s modulus (GPa); v, Poisson’s ratios.

@ Ref. [45] Experimental.
b Ref. [43] Experimental.
¢ Ref. [42] Ab initio.

d Ref. [51] Experimental.
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Fig. 2. Calculated bulk modulus compared to experimental and other theoretical
values for the Al-Ni intermetallic compounds.
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Fig. 3. Calculated shear modulus (G) and Young’s modulus (E) versus concentra-
tion of Ni for the AI-Ni intermetallic compounds.

G/K, have also been calculated, and it can be seen as an empirical
criterion of the extent of fracture range in materials [53]. From the
computations, the G/K values are 0.49, 0.85, 0.81, 0.24, 0.46, and
0.40 for Al3Ni, Al3Niy, Al4Nis, AINi, AlsNis, and AlNis, respectively.
Based on the G/K values, AINi, Al3Ni, AlNis and AlsNis compounds
are considered as ductile materials, but Al4Ni3; and Al3Ni, are
brittle materials. This result can explain the experimental result of
Gaydosh et al. [54]. In their literature, fine grain AINi alloy exhibits
ductility because of composition homogeneity by a rapid
solidification processing. However, the bulk material of AINi alloy
is brittle at room temperature [1]. This disagreement may be due
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to the following reasons: first, the considered AlNi alloy is a pure
substance, without accounting for the defects in the crystal;
second, owing to the large difference of melting points for pure Ni
(1726K) and Al (933K), AINi alloy may have serious grain-
boundary segregation under experimental conditions. The grain-
boundary segregation leads to precipitation of Al-rich phases
(Al4Nis and/or Al3Niy) at grain-boundary, which brings about the
brittleness of the alloy.

3.3. Thermodynamic stability and heat of formation

Through optimizing the 3D crystal structure of AI-Ni inter-
metallic compounds and the pure Ni and Al, we can obtain
equilibrium crystal structures and ground state total energies for
different Al-Ni intermetallic compounds. Then the heat of
formation for Al-Ni intermetallic compounds can be calculated
by the following formula:

lm ‘n lYTl ‘h
" = (Epgiag " — MEa; — NEpy)/(m + 1) 4
where E’t“;’t”a';’i" refers to the total energy of an Al,,,Ni,, primitive cell

that includes m Al atoms and n Ni atoms with equilibrium lattice
parameters, E, is the total energy of an Al atom in the pure fcc Al
metal with equilibrium lattice parameters, Ey; is the total energy
of a Ni atom in fcc Ni metal with equilibrium lattice parameters.

By using Eq. (4), the heats of formation have been calculated
for all six intermetallic compounds. The calculated heats of
formation of the Al-Ni intermetallic compounds are summarized
in Table 4, along with the available experimental data and
previous theoretical results [7,10,25,32,40,55-57]. Comparing the
values, we found that our results are in very good agreement with
these available experimental data and theoretical values. The
result of this comparison is illustrated by Fig. 4. The graph exhibits
a parabolic dependency and demonstrates that our results are in

Table 4
The calculated and experimental heats of formation for AI-Ni intermetallic
compounds.

Compound Heat of formation Reference
(kJ/mol atoms)
Al3Ni —42.1 This work
-22.2 [10] LMTO
-37.7 [55] Experimental
Al3Ni, —64.5 This work
-75.2 [7] CALPHAD
-62.7 [25] FLASTO
-61.8 [10] LMTO
-58.9 [57] Calorimetry
-56.5 [55] Experimental
Al4Ni3 —65.9 This work
AINi —69.5 This work
—66.8 [7] CALPHAD
-733 [40] FLAPW
—-71.4 [56] LMTO
—67.5 [32] Experimental
-714 [57] Calorimetry
Al3Nis —61.5 This work
-56.0 [25] FLASTO
AlNi3 —47.5 This work
—44.4 [25] FLASTO
—48.2 [10] LMTO
—47.3 [32] Experimental
—45.7 [40] FLAPW
—38.6 [57] Calorimetry

LMTO, linear muffin-tin orbital method; FLASTO, full-potential linearized
augmented Slater-type orbital method; FLAPW, full potential linear augmented
plane wave method; CALPHAD, calculation of phase diagrams.
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Fig. 4. Calculated heats of formation compared to experimental and other
theoretical values for the Al-Ni intermetallic compounds.

accordance with other values, confirming reliability of our
computational methodology. Moreover, the absolute values of
heats of formation for Al3Ni, AlsNi,, Al4Nis, AINi, AlsNis and AINis
are 42.1, 64.5, 65.9, 69.5, 61.5, and 47.5 kJ/mol atoms, indicating a
very strong chemical interaction between Al and Ni because of
higher values of heats of formation. All six intermetallic
compounds are thermodynamically stable due to their negative
heats of formation.

3.4. Electronic energy band structure

Finally, the electronic energy band structures of the AI-Ni
intermetallic compounds studied here with their optimized
crystal lattices have also been calculated. The results are shown
in Fig. 5. Electronic energy band structures indicate the energy of
points which have symmetry in our intermetallic systems. The
zero energy presented in the figure is the Fermi level which is
defined as the highest occupied molecular orbital in the valence
band at OK and located in the band gap. According to Fig. 5, the
valence band overlaps the conduction band at the Fermi surface in
the diagram of all six alloy compounds. Therefore, the Al-Ni
intermetallic compounds we study are all conducting materials.

4. Conclusions

In summary, we have presented first-principles studies of the
key properties of six Al-Ni binary intermetallic compounds (Al3Ni,
AlsNiy, AlyNiz, AINi, AlsNis and AINi3). The calculated lattice
constants and heats of formation for Al-Ni intermetallic com-
pounds are in good agreement with available experimental and
previous theoretical values. With increasing Ni concentration, the
mass density of Al-Ni intermetallic compounds increases in a
linear manner. According to the computational single crystal
elastic constants, all the Al-Ni intermetallic compounds consid-
ered here are mechanically stable. The polycrystalline elastic
modulus and Poisson’s ratio have been deduced by using Voigt,
Reuss, and Hill (VRH) approximations, and the calculated ratio of
shear modulus to bulk modulus indicated that AINi, AlsNi, AINis
and Al3Nis compounds are ductile materials, but Al4Ni3 and Al3Ni;
are brittle materials. With increasing Ni concentration, the bulk
modulus of Al-Ni intermetallic compounds increases linearly.
We have also provided the first-principles results on the heat



. &%

Energy (eV)
o

W

Energy (eV)

6
N

4 \\/J\

. %%\A SN
s LN
2 |~
s o e N LAt
[

S o — =
| %

4 —> =

. y/\/\f\>/ Al;Nis

G z T Y s X U R

Energy (eV)

Energy (eV)

Energy (eV)

D. Shi et al. / Journal of Solid State Chemistry 182 (2009) 2664-2669

22

AN
Ny

A

=
—
T

X R M G R
0 : - _4; —

=
e
. ] ~<% AINi3 1

X R M G R

Fig. 5. Electronic energy band structures of Al-Ni intermetallic compounds.

of formations for the Al-Ni intermetallic compounds. In parti-
cular, the absolute values of heats of formation for AlsNi, Al3Ni,,
Al4Nis, AINi, AlsNis and AlNis are 42.1, 64.5, 65.9, 69.5, 61.5, and
47.5k]J/mol atoms, indicating a very strong chemical interaction
between Al and Ni. Based on the calculation of the energy band
structures we have concluded that all six AI-Ni intermetallic
compounds studied here are conductors.
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