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a b s t r a c t

The structural, mechanical, thermodynamic and electronic properties of binary NieZr intermetallic
compounds have been investigated by performing first-principles calculations. The results indicated that
the structural parameters of these NieZr intermetallic compounds agree well with the available
experimental and other theoretical values. With increasing of Zr-content, the mass density and bulk
modulus of these NieZr intermetallic compounds decrease. Besides, Ni5Zr is the most stiffness phase and
NiZr2 is the most ductile phase among these binary NieZr intermetallic compounds. The structural
stability of these NieZr alloys ascends with Zr-content increasing. Furthermore, all the binary NieZr
intermetallic compounds considered in this work are conductive phases, and they are thermodynami-
cally stable.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

As one of the promising candidates for structural as well as
functional materials, NieZr binary alloys have been applied
extensively due to their various superior properties, such as unique
catalytic characteristics, specific hydrogen sorption properties,
ultra-high fracture strength with good toughness, fine corrosion
resistance and relatively low-cost [1e7]. Besides, the NieZr binary
alloy system is well known as a typical compound forming system
[8e11]; meanwhile, it is also a system in which amorphous alloys
can be formed over wide composition ranges [12e16]. Therefore,
the alloy phases in NieZr binary system including NieZr interme-
tallic compounds and NieZr amorphous alloys have drawn
considerable attention.

To the binary NieZr alloy system, researchers have found that
there are close relationships between the crystalline phases and
amorphous phases in the compositional as well as structural
characteristics [17e31]. For example, the amorphous NieZr alloys
with good glass forming ability are usually located at or near the
eutectic points in the NieZr binary phase diagram [12,25,31]; there
are ‘crystal-like’ short range structures in the NieZr amorphous
alloys, which further implies that a correlation exists in the short
range order between NieZr amorphous phases and the crystalline
phases to which they transform [17,18,26,29]; the NieZr interme-
tallic compounds can be amorphized through the mechanical
alloying method [19e21]. In this context, it is proposed to be a
feasible method to investigate the amorphous NieZr alloys based
on the corresponding NieZr intermetallic compounds.

In the past decades, significant progresses have been made on
the studies of crystalline phases and amorphous phases in the bi-
nary NieZr alloy system [32e41]. Nevertheless, the existing re-
searches of NieZr alloys are mainly focused on the glass forming
composition ranges, amorphization and crystallization character-
istics. As for the intermetallic compounds (i.e. Ni5Zr, Ni7Zr2, Ni23Zr6,
Ni3Zr, Ni21Zr8, Ni2Zr, Ni10Zr7, Ni11Zr9, NiZr and NiZr2) existing in
binary NieZr alloy system [42,43], only several phases have been
studied. For example, Henaff et al. explored the crystallization
behavior of binary NieZr alloy system in 1984, and experimentally
obtained the enthalpies of formation for Ni5Zr, Ni7Zr2, Ni10Zr7, NiZr
and NiZr2 [32]. Lee et al. investigated the formation of NieZr
amorphous alloys by mechanical alloying of the mixtures of Ni11Zr9
and NiZr2 intermetallic compounds in 1987 [20]. Ohsaka et al.
investigated the Gibbs free-energy difference between the glass
and crystalline phases of NieZr alloys in 1993 [38]. Joubert et al.
studied the hydrogen absorption properties of Ni11Zr9, Ni10Zr7,
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Ni21Zr8 and Ni7Zr2 in 1995 [40]. Jaksic et al. investigated the NieZr
intermetallic electro-catalysis for hydrogen electrode reactions in
2000 [39]. In the same year, Spriano et al. performed the surface
and electrochemical characterization of NieZr intermetallic com-
pounds [23]. Abe et al. carried out a thermodynamic assessment of
the binary NieZr alloy system in 2005 [11]. Liu et al. studied the
local atomic structures of NieZr metallic glasses and the correla-
tions with their intermetallic compounds counterparts in 2009
[26]. Mihailov et al. explored the effect of microstructure on the
electro-catalytic activity for hydrogen evolution of amorphous and
nanocrystalline NieZr alloys in 2012, and demonstrated that the
nanocrystal presents better catalytic performance than the entirely
amorphous alloys with the same composition in NieZr alloy system
[41]. Huang et al. investigated the structural and thermal properties
of binary NieZr alloys by melt spinning and copper mold casting
methods in 2013 [1]. As mentioned above, we can see that the
previous studies for binary NieZr intermetallic compounds are
concerned mostly about their electro-catalysis features and
hydrogen storage properties. So far, to the best of our knowledge,
there are no reported results for other material properties of the
binary NieZr intermetallic compounds. From this viewpoint,
further studies along this direction are still in demand. In the
following sections, the component-related structural, mechanical,
thermodynamic and electronic properties of binary NieZr inter-
metallic compounds have been studied in detail by performing
first-principles calculations.

2. Computational methods

In this work, the crystallographic data of binary NieZr inter-
metallic compounds are taken from Ref. [44], as shown in Table 1.
The first-principles calculations have been performed within the
framework of electronic density functional theory (DFT), as
implemented in the Vienne Ab initio Simulation Package (VASP)
[45]. The exchange and correlation interactionwas described by the
generalized gradient approximation (GGA) with the PerdeweWang
(PW91) parameterization [46]. The interactions between ions and
Table 1
Theoretical and experimental crystallographic data and mass density for the binary Nie

Phase Space group Prototype Pearson symbol Unit cell

Ni Fm3m Cu cF4 a ¼ 0.351
a ¼ 0.352

Ni5Zr F43m AuBe5 cF24 a ¼ 0.671
a ¼ 0.670

Ni23Zr6 Fm3m Mn23Th6 cF116 a ¼ 1.149
a ¼ 1.135

Ni7Zr2 C2/m Ni7Zr2 mC36 a ¼ 0.470
a ¼ 0.469

Ni3Zr P63=mmc Ni3Sn hP8 a ¼ 0.532
a ¼ 0.530

Ni21Zr8 P1 Ni21Hf8 aP29 a ¼ 0.646
a ¼ 0.647

Ni2Zr Fd3m Cu2Mg cF24 a ¼ 0.697
a ¼ 0.691

Aba2-Ni10Zr7 Aba2 Ni10Zr7 oC68 a ¼ 0.919
a ¼ 0.921

Pbca-Ni10Zr7 Pbca Ni10Zr7 oP68 a ¼ 1.244
a ¼ 1.249

Ni11Zr9 I4/m Pt11Zr9 tI40 a ¼ 1.001
a ¼ 0.988

NiZr Cmcm BCr oC8 a ¼ 0.330
a ¼ 0.326

NiZr2 I4/mcm Al2Cu tI12 a ¼ 0.651
a ¼ 0.648

Zr P63=mmc Mg hP2 a ¼ 0.323
a ¼ 0.323
valence electrons were modeled by the projector-augmented wave
(PAW) method [47]. The pseudopotentials employed in this work
explicitly treat ten valence electrons for nickel (Ni 3d84s2) and four
for zirconium (Zr 4d25s2). A plainwave cutoff energy for 330 eV has
been used. Brillouin zone integrations were modeled by using a
MonkhorstePack k-point mesh [48], and the k-point mesh of each
cell has been sampled by 4 � 4 � 4, 2 � 2 � 2, 4 � 4 � 4, 5 � 5 � 6,
4 � 3 � 3, 4 � 4 � 4, 3 � 3 � 2, 2 � 3 � 3, 3 � 3 � 4, 8 � 3 � 6 and
4� 4� 5 grids for Ni5Zr, Ni23Zr6, Ni7Zr2, Ni3Zr, Ni21Zr8, Ni2Zr, Aba2-
Ni10Zr7, Pbca-Ni10Zr7, Ni11Zr9, NiZr and NiZr2, respectively. The total
energy was converged numerically to 5 � 10�7 eV/atom with
respect to electronic, ionic and unit cell degrees of freedom.

To verify computational accuracy, benchmark calculations have
been performed for the Ni3Zr intermetallic compound. The lattice
parameters (a ¼ 0.5324 nm, c ¼ 0.4320 nm), after optimization for
the bulk Ni3Zr phase, agree well with the available experimental
(a ¼ 0.5309 nm, c ¼ 0.4303 nm) [44] and previously reported
theoretical (a ¼ 0.5299 nm, c ¼ 0.4382 nm) values [27], which
confirms that the computational scheme used in this work is
reliable.

3. Results and discussion

3.1. The structural parameters

The lattice parameters and atomic internal coordinates of these
binary NieZr intermetallic compounds have been optimized by
performing first-principles calculations. Table 1 presents the opti-
mized lattice parameters and the corresponding mass densities,
together with the available experimental and other theoretical
values known from the literatures. As shown in Table 1, the calcu-
lated results are consistent well with previously reported experi-
mental and other theoretical values [27,44]. Furthermore, the
correlations between the mass density and Zr-content for these
NieZr intermetallic compounds are plotted in Fig. 1, fromwhich we
can see that the mass densities of these binary NieZr intermetallic
compounds decrease almost monotonously with the increase of Zr-
Zr system intermetallic compounds.

lattice parameters (nm) Mass density (kg/m3) Reference

6 8975.4 This work
3 [44]

8910.0 [54]
3 8449.2 This work
8 [44]
3 8302.3 This work
3 [44]
4 b ¼ 0.8239 c ¼ 0.6532 8343.6 This work
9 b ¼ 0.8235 c ¼ 1.2193 [44]
4 c ¼ 0.4320 8373.3 This work
9 c ¼ 0.4303 [44]
9 b ¼ 0.8095 c ¼ 0.8586 7491.7 This work
2 b ¼ 0.8065 c ¼ 0.8588 [44]
8 8156.9 This work
6 [44]
4 b ¼ 0.9195 c ¼ 1.2441 7739.5 This work
1 b ¼ 0.9157 c ¼ 1.2387 7780.0 [44]
6 b ¼ 0.9191 c ¼ 0.9200 7735.8 This work
7 b ¼ 0.9210 c ¼ 0.9325 7680.0 [44]
2 c ¼ 0.6472 7508.4 This work
1 c ¼ 0.6611 [44]
3 b ¼ 1.0012 c ¼ 0.4080 7380.1 This work
8 b ¼ 0.9937 c ¼ 0.4102 7473.0 [44]
5 c ¼ 0.5221 7228.1 This work
8 c ¼ 0.5265 [44]
1 c ¼ 0.5174 6475.6 This work
2 c ¼ 0.5148 6487.0 [44]



Fig. 1. Theoretical mass density compared to experimental values for the binary NieZr
system intermetallic compounds, the connecting lines are just a “guide for eye”.
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contents. This can be understood from the fact that the mass
density of pure zirconium (6475.55 kg/m3) is smaller than that of
pure nickel (8975.36 kg/m3). Subsequently, it is deduced that the
correlations between the Zr-contents c (at. %) and mass density r

(kg/m3) of these NieZr intermetallic compounds can be expressed
as the following formula: r ¼ 8878.79-2556.89c.

3.2. The mechanical properties

To investigate the phase stability and relevant material prop-
erties of these binary NieZr intermetallic compounds, first-
principles calculations have been performed to obtain the single-
crystal elastic constants of the related phases with their stable
ground state structures. In this study, the single-crystal elastic
constants were obtained by computing the total energy density as a
function of suitable strains [49,50]. Depending on the crystal
Table 2
Calculated single-crystal elastic constants for the binary NieZr system intermetallic com
literature.

Phase Single-crystal elastic constants (GPa)

Ni C11 ¼ 240.89 C12 ¼ 176.98 C44 ¼ 113.34
C11 ¼ 261.2 C12 ¼ 150.8 C44 ¼ 131.7
C11 ¼ 248.1 C12 ¼ 154.9 C44 ¼ 124.2

Ni5Zr C11 ¼ 291.87 C12 ¼ 130.13 C44 ¼ 97.10
Ni23Zr6 C11 ¼ 270.08 C12 ¼ 136.30 C44 ¼ 95.73
Ni7Zr2 C11 ¼ 178.86 C12 ¼ 0.49 C13 ¼ �4.27 C22 ¼ 1

C25 ¼ 0.60 C35 ¼ 0.63 C44 ¼ 72.70 C46 ¼ �
Ni3Zr C11 ¼ 292.18 C12 ¼ 118.42 C13 ¼ 106.71 C33 ¼ 3

C11 ¼ 285.1 C12 ¼ 125.8 C13 ¼ 113.3 C33 ¼ 3
C11 ¼ 278.4 C12 ¼ 113.5 C13 ¼ 112.5 C33 ¼ 2

Ni21Zr8 C11 ¼ 205.28 C12 ¼ 85.68 C13 ¼ 70.70 C14 ¼ �
C23 ¼ 79.05 C24 ¼ 5.31 C25 ¼ �8.44 C26 ¼ 5
C36 ¼ 15.33 C44 ¼ 39.48 C45 ¼ 16.19 C46 ¼ �

Ni2Zr C11 ¼ 243.13 C12 ¼ 127.34 C44 ¼ 99.35
Aba2-Ni10Zr7 C11 ¼ 208.74 C12 ¼ 120.01 C13 ¼ 121.97 C22 ¼ 2

C55 ¼ 55.31 C66 ¼ 52.72
Pbca-Ni10Zr7 C11 ¼ 208.52 C12 ¼ 119.80 C13 ¼ 121.65 C22 ¼ 2

C55 ¼ 55.28 C66 ¼ 55.96
Ni11Zr9 C11 ¼ 202.93 C12 ¼ 120.95 C13 ¼ 108.62 C33 ¼ 2
NiZr C11 ¼ 172.93 C12 ¼ 111.88 C13 ¼ 118.45 C22 ¼ 2

C55 ¼ 63.10 C66 ¼ 15.67
C11 ¼ 176 C12 ¼ 104 C13 ¼ 126 C22 ¼ 2
C55 ¼ 64 C66 ¼ 14

NiZr2 C11 ¼ 160.81 C12 ¼ 113.41 C13 ¼ 92.43 C33 ¼ 1
Zr C11 ¼ 159.83 C12 ¼ 53.97 C13 ¼ 67.28 C33 ¼ 1

C11 ¼ 137.77 C12 ¼ 71.67 C13 ¼ 70.99 C33 ¼ 1
C11 ¼ 156.4 C12 ¼ 65.4 C13 ¼ 75.8 C33 ¼ 1
systems and various imposed deformations, the quadratic coeffi-
cient of the total energy density versus strain corresponds to either
a specific elastic constant or a linear combination of several elastic
constants [51,52]. In this work, the total energies of the relevant
phases have been calculated by imposing appropriate strains up to
±1.25% at 0.25% interval.

Accordingly, the single-crystal elastic constants of these binary
NieZr intermetallic compounds as well as pure nickel and zirco-
nium have been calculated. The corresponding values are sum-
marized in Table 2, along with the available experimental and other
theoretical values known from the literature. The results indicated
that for Ni3Zr, NiZr, pure nickel and zirconium, our calculated
single-crystal elastic constants are in good agreement with the
existing experimental and theoretical values [27,53e57]. Never-
theless, as far as we known, there are no reported data of single-
crystal elastic constants for other binary NieZr intermetallic com-
pounds in the literature. In this regard, our calculated results of
single-crystal elastic constants for Ni5Zr, Ni23Zr6, Ni7Zr2, Ni21Zr8,
Ni2Zr, Aba2-Ni10Zr7, Pbca-Ni10Zr7, Ni11Zr9 and NiZr2 intermetallic
compounds will provide new readily available information for the
comparison with future experimental measurements as well as
theoretical investigations.
3.2.1. The mechanical stability
It is well known that the mechanical stability is one of the

important theoretical research fields on the phase stability of ma-
terials. In the light of the mechanical stability evaluation criteria,
the information on themechanical stability of an alloy phase can be
acquired from the knowledge of its corresponding single-crystal
elastic constants [58]. As for the binary NieZr intermetallic com-
pounds considered in this work, Ni5Zr, Ni2Zr and Ni23Zr6 belong to
the cubic crystal system; Ni11Zr9 and NiZr2 belong to the tetragonal
crystal system; Ni3Zr belongs to the hexagonal crystal system;
Aba2-Ni10Zr7, Pbca-Ni10Zr7 and NiZr belong to the orthorhombic
crystal system; and Ni7Zr2 belongs to the monoclinic crystal
system.
pounds, compared to experimental and other theoretical values known from the

Reference

This work
[53]
[54]
This work
This work

36.23 C23 ¼ �4.42 C33 ¼ 204.90 C15 ¼ 0.59 This work
11.36 C55 ¼ 51.61 C66 ¼ 72.58
27.17 C44 ¼ 59.93 This work
07.1 C44 ¼ 66.6 [27]
92.9 C44 ¼ 49.6 [27]
0.96 C15 ¼ 4.02 C16 ¼ �11.95 C22 ¼ 181.58 This work
.69 C33 ¼ 197.81 C34 ¼ �9.12 C35 ¼ 19.29
11.68 C55 ¼ 58.92 C56 ¼ 16.19 C66 ¼ 43.37

This work
11.40 C23 ¼ 119.78 C33 ¼ 208.17 C44 ¼ 56.05 This work

11.28 C23 ¼ 119.91 C33 ¼ 208.49 C44 ¼ 52.39 This work

02.63 C44 ¼ 42.19 C66 ¼ 51.70 This work
01.90 C23 ¼ 115.66 C33 ¼ 211.85 C44 ¼ 79.76 This work

15 C23 ¼ 119 C33 ¼ 185 C44 ¼ 79 [57]

70.00 C44 ¼ 27.44 C66 ¼ 21.17 This work
80.61 C44 ¼ 18.94 This work
59.98 C44 ¼ 23.30 [56]
82.0 C44 ¼ 24.8 [55]



Table 3
Polycrystalline shear modulus (G), bulk modulus (K), Young's modulus (E), Poisson's
ratio (u) and G/K ratio for the binary NieZr system intermetallic compounds,
deduced from the single-crystal elastic constants via Voigt, Ruess and Hill (VRH)
approximations.

Phase G (GPa) K (GPa) E (GPa) u G/K Reference

Ni5Zr 90.24 184.04 232.70 0.2893 0.4903 This work
Ni3Zr 77.99 174.93 203.71 0.3059 0.4458 This work

76.87 175.77 201.27 0.3092 0.4373 [27]
68.12 169.60 180.23 0.3229 0.4016 [27]

Ni23Zr6 82.92 180.89 215.78 0.3012 0.4584 This work
Ni2Zr 80.00 165.94 206.77 0.2923 0.4821 This work
Aba2-Ni10Zr7 50.31 150.20 135.77 0.3493 0.3349 This work
Pbca-Ni10Zr7 50.26 150.11 135.63 0.3494 0.3348 This work
Ni11Zr9 45.03 142.70 122.24 0.3572 0.3156 This work
NiZr 41.32 141.35 112.96 0.3668 0.2923 This work

39 141 0.2778 [57]
NiZr2 27.43 120.84 76.50 0.3945 0.2270 This work
Ni 68.46 198.28 184.19 0.3452 0.3453 This work
Zr 34.79 97.06 93.24 0.3399 0.3585 This work
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The restrictions of mechanical stability for cubic crystal system
structures [58] are given by the following formulas (1):

C11 > 0, C44 > 0, C11 > jC12j, C11 þ 2C12 > 0 (1)

From the results listed in Table 2, we can see that the elastic
constants of the cubic crystal system structures Ni5Zr, Ni2Zr and
Ni23Zr6 coincide with the above mechanical stability requirements,
signifying that they are mechanically stable phases.

The requirements of mechanical stability criteria for tetragonal
crystal system structures [58] are given by the following formulas
(2):

C11 > 0, C33 > 0, C44 > 0, C66 > 0, C11 � C12 > 0, C11 þ C33 � 2C13 > 0,
2(C11 þ C12) þ C33 þ 4C13 > 0 (2)

As shown in Table 2, all the values of elastic constants for
tetragonal crystal system structures Ni11Zr9 and NiZr2 satisfy the
mechanical stability restrictions of formulas (2), confirming that
Ni11Zr9 and NiZr2 are mechanically stable.

For hexagonal crystal system structures, themechanical stability
restrictions [58] are given by the following formulas (3):

C44 > 0, C11 > jC12j, (C11 þ 2C12)C33 > 2C13
2 (3)

As can be seen, the single-crystal elastic constants in Table 2 for
the hexagonal crystal system structure Ni3Zr satisfy completely the
above mechanical stability criteria, confirming that Ni3Zr is a me-
chanically stable phase.

In terms of orthorhombic crystal system structures, the me-
chanical stability requirements [58] are given by the following
formulas (4):

C11 > 0, C22 > 0, C33 > 0, C44 > 0, C55 > 0, C66 > 0,
C11 þ C22 þ C33 þ 2(C12 þ C13 þ C23) > 0, C11 þ C22 � 2C12 > 0,
C11 þ C33 � 2C13 > 0, C22 þ C33 � 2C23 > 0 (4)

As follows from the single-crystal elastic constants shown in
Table 2, all the orthorhombic crystal system structures of inter-
metallic compounds in binary NieZr alloy system meet the me-
chanical stability criteria in formulas (4), demonstrating that Aba2-
Ni10Zr7, Pbca-Ni10Zr7 and NiZr are mechanically stable.

The mechanical stability criteria for monoclinic crystal system
structures [58] are given by the following formulas (5):
C11 > 0, C22 > 0, C33 > 0, C44 > 0, C55 > 0, C66 > 0, [C11 þ C22 þ C33 þ 2(C12 þ C13 þ C23)] > 0, (C33C55 � C35
2 ) > 0, (C44C66 � C46

2 ) > 0,
(C22 þ C33 � 2C23) > 0, [C22 (C33C55 � C352 ) þ 2C23C25C35 � C23

2 C55 � C252 C33] > 0, 2
[C15C25(C33C12 � C13C23) þ C15C35(C22C13 � C12C23) þ C25C35(C11C23 � C12C13)] � [C152 (C22C33 � C23

2 ) þ C2
25(C11C33 � C13

2 )þ
C35
2 (C11C22 � C12

2 )] þ C55(C11C22C33 � C11C232 � C22C132 � C33C122 þ 2C12C13C23)} > 0 (5)
As is shown in Table 2, the elastic constants of monoclinic crystal
system structure Ni7Zr2 satisfy these mechanical stability re-
quirements, confirming that Ni7Zr2 is a mechanically stable phase.

Accordingly, we conclude that the Ni5Zr, Ni23Zr6, Ni7Zr2, Ni3Zr,
Ni2Zr, Aba2-Ni10Zr7, Pbca-Ni10Zr7, Ni11Zr9, NiZr and NiZr2 interme-
tallic compounds are mechanically stable.

3.2.2. The elastic properties
On the basis of the obtained single-crystal elastic constants, the

elastic moduli including bulk modulus (K), shear modulus (G) and
Young's modulus (E), along with Poisson's ratio (u) for the corre-
sponding polycrystalline materials have been deduced by using
Voigt, Reuss and Hill (VRH) approximations [59,60], with a view to
investigate the mechanical properties of the binary NieZr inter-
metallic compounds. The obtained results are presented in Table 3,
together with the available values known from the literatures.
Then, the component-related variations of elastic modulus for
these binary NieZr intermetallic compounds have been explored
further. In this work, it is noteworthy that the connecting lines of
the specific Figures reflecting the changes of related parameters as
Zr-contents are just a “guide for eye” and only used to denote the
variation trend, since there are no precise functional relations be-
tween these parameters. The variation of bulk modulus with Zr-
content (i.e. mole fraction of Zr) has been plotted in Fig. 2. It
shows that in general, the bulk modulus of NieZr intermetallic
compounds decreases with the increase of Zr-content, but it does
not following a strict linear correlation. Furthermore, researchers
have found that a certain connection exists between the bulk
modulus and mass density of materials [61,62], thus comparing
Figs. 1 and 2, we can see that the variation trend of bulk modulus
with Zr-content (at %) is analogous to that of the mass density for
these NieZr intermetallic compounds. Subsequently, the relation-
ship betweenmass density and bulkmodulus of these binary NieZr
intermetallic compounds is depicted in Fig. 3. As is shown, the bulk
modulus increases with the increase of mass density for these bi-
nary NieZr intermetallic compounds. This result further confirms
the thesis that there exists a positive correlation between mass
density and bulk modulus of materials [62,63]. Afterwards, the
variations of shear modulus (G) and Young's modulus (E) with Zr-
content (at %) are reflected in Fig. 4. As can be seen, among these
binary NieZr intermetallic compounds, Ni5Zr possesses the largest
shear modulus of 90.24 GPa and Young's modulus of 232.70 GPa,
while NiZr2 has the smallest shear modulus of 27.43 GPa and
Young's modulus of 76.50 GPa. Indeed, the hardness of materials



Fig. 2. Variation trend of bulk modulus versus Zr-content's for the binary NieZr system
intermetallic compounds, the connecting lines are just a “guide for eye”.
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can be estimated from their shear modulus and Young's modulus,
even though the precise relations between these two parameters
are still unclear to date [64]. We note also that a large elastic
modulus often signifies a high hardness material [65]. Accordingly,
Fig. 3. Variation trend of bulk modulus versus mass density for the binary NieZr
system intermetallic compounds, the connecting lines are just a “guide for eye”.

Fig. 4. Variation trend of shear modulus and Young's modulus versus Zr-content for
the binary NieZr system intermetallic compounds, the connecting lines are just a
“guide for eye”.
Ni5Zr has the highest hardness and NiZr2 has the lowest hardness
among the NieZr intermetallic compounds considered here.

To further explore the mechanical properties of these NieZr
intermetallic compounds, the ratio of shear modulus to bulk
modulus (G/K), which can be used to predict the brittleness and
toughness of materials [66], is calculated on the basis of the ob-
tained elastic modulus. The corresponding results are summarized
in Table 3. The critical value of the G/K ratio is 0.57, i.e. phases
whose G/K value is larger than 0.57 are considered brittle, other-
wise they are ductile [66]. This criterion has been demonstrated to
be reliable for the intermetallic compounds in many alloy systems
[67e70]. Usually, the lower ratio of G/K, the more ductile the ma-
terials would be. As shown in Table 3, the G/K ratio for the Ni5Zr,
Ni3Zr, Ni23Zr6, Ni2Zr, Aba2-Ni10Zr7, Pbca-Ni10Zr7, Ni11Zr9, NiZr and
NiZr2 are lower than the critical value of 0.57, signifying that they
are ductile phases. Meanwhile, NiZr2 is the most ductile phase
among these binary NieZr intermetallic compounds. Moreover,
since Poisson's ratio can be used as another effective parameter to
evaluate the ductility of materials [71], both the Poisson's ratio and
G/K ratio versus the Zr-content have been plotted to further study
the brittleness and toughness of these binary NieZr intermetallic
compounds, and the results are reflected in Fig. 5. As can be seen
that the variations of G/K ratio and Poisson's ratio present the
opposite trend with the increase of Zr-content, and they are in one-
to-one correspondence. Subsequently, the correlations between G/
K ratio and Poisson's ratio for the binary NieZr intermetallic com-
pounds are depicted in Fig. 6, fromwhich we can see that these two
ratios are exactly linearly dependent for these NieZr intermetallic
compounds. And this linear relation can be further expressed as:
u ¼ �0.396G/K þ 0.483. In the meantime, these results further
reveal the correlations between ratio of shear modulus to bulk
modulus and Poisson's ratio for isotropic materials [72].

Besides, considering the close correlations between the amor-
phous alloy phases and their corresponding crystalline counter-
parts [73,74], our investigations on the elastic properties of these
binary NieZr intermetallic compounds will provide useful infor-
mation for researchers to further study the related properties of
NiZr-based complex metallic alloy phases.

3.3. The thermodynamic properties

The thermodynamic properties of a phase can be acquired from
its heats of formation and cohesive energy [39], thus both the heats
of formation and cohesive energies for these binary NieZr
Fig. 5. Variation trend of shear modulus to bulk modulus's ratio (G/K) and Poisson's
ratio (u) versus Zr-content for the binary NieZr system intermetallic compounds, the
connecting lines are just a “guide for eye”.



Fig. 7. Calculated heats of formation compared to experimental values for the binary
NieZr system intermetallic compounds.

Fig. 6. Shear modulus to bulk modulus's ratio (G/K) versus Poisson's ratio (u) for the
binary NieZr system intermetallic compounds.
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intermetallic compounds have been computed and analyzed in the
following part to understand their thermodynamic equilibrium
characteristics.
3.3.1. Heats of formation
The ground state total energies of these binary NieZr interme-

tallic compounds as well as pure nickel and zirconium have been
calculated to obtain the heats of formation. In terms of a specific
binary intermetallic compound NiaZrb, the heats of formation is
defined as the difference between the total energy of NiaZrb and the
linear combination of the pure nickel and pure zirconium stable
state energies [56,70]. Correspondingly, the heats of formation for a
certain NiaZrb intermetallic compound can be obtained from the
following formula (6):

ENiaZrbform ¼
h
ENiaZrbtotal �

�
aENisolid þ bEZrsolid

�i.
ðaþ bÞ (6)

In formula (6), ENiaZrbform denotes the heats of formation for the

NiaZrb alloy phase, ENiaZrbtotal is the total energy of the NiaZrb primitive
cell containing “a” Ni atoms and “b” Zr atoms with its stable ground
state structure, ENisolid is the total energy of one Ni atom in face-
centered cubic structure with its equilibrium lattice parameters,
and EZrsolid is the total energy of one Zr atom with the hexagonal
close-packed structure in its corresponding equilibrium lattice
parameters. Accordingly, the formation energies of these binary
Table 4
The heats of formation for the binary NieZr system intermetallic compounds,
calculated in this work and known from the literature.

Phase Heats of formation (kJ/mol atoms) Reference

Ni5Zr �37.108 This work
�34.98 [32]

Ni23Zr6 �40.465 This work
Ni7Zr2 �46.863 This work

�45.94 [32]
Ni3Zr �49.485 This work
Ni21Zr8 �47.655 This work
Ni2Zr �43.616 This work
Aba2-Ni10Zr7 �48.216 This work

�52.17 [32]
Pbca-Ni10Zr7 �48.218 This work
Ni11Zr9 �41.466 This work
NiZr �48.137 This work

�48.53 [32]
NiZr2 �33.817 This work

�37.24 [32]
NieZr intermetallic compounds considered here have been calcu-
lated. The results are summarized in Table 4, together with the
available experimental values known from the literature [32].
Subsequently, the stoichiometry-dependent formation energies for
these binary NieZr intermetallic compounds have been further
depicted in Fig. 7. It is noteworthy that we have taken the ground
state convex hull defined by Ni5Zr, Ni7Zr2, Ni3Zr, Ni10Zr7, NiZr and
NiZr2 in this study, since the six intermetallic compounds are stable
phases in the binary NieZr alloy system at 0 K [32,43].

According to the calculated heats of formation, the relative
stability of these binary NieZr intermetallic compounds has been
analyzed. As shown in Fig. 7, Ni5Zr, Ni23Zr6, Ni7Zr2, Ni3Zr, Ni21Zr8,
Ni10Zr7, NiZr and NiZr2 intermetallic compounds are stable phases
[32,42]. Besides, the calculated heats of formation for Ni2Zr and
Ni11Zr9 phases are �43.616 and �41.466 kJ/mol atoms, and they lie
about 5.869 and 8.019 kJ/mol atoms above the ground state convex
hull, respectively. These results indicate that the Ni2Zr and Ni11Zr9
intermetallic compounds are metastable phases, which can further
be decomposed into other stable phases, i.e.
Ni2Zr/ Ni10Zr7 þ Ni21Zr8 and Ni11Zr9 / NiZr þ Ni10Zr7 [11,22,43].
Moreover, the calculated heats of formation for these binary NieZr
intermetallic compounds are all negative, i.e. �37.108, �40.465,
�46.863, �49.485, �47.655, �43.616, �48.216, �41.466, �48.137
and �33.817 kJ/mol atoms for Ni5Zr, Ni23Zr6, Ni7Zr2, Ni3Zr, Ni21Zr8,
Ni2Zr, Ni10Zr7, Ni11Zr9, NiZr and NiZr2, respectively. These large
negative values suggest that the chemical interaction between Ni
and Zr is very strong [8,10,26,28,34], and also imply that these bi-
nary NieZr intermetallic compounds are thermodynamically
stable.

3.3.2. Cohesive energy
The cohesive energy which is considered as another thermo-

dynamic parameter to measure the structural stability of materials,
defines to be the required energy for separating the metallic crys-
tals into the individual neutral free atoms at infinite separation; i.e.
it is the difference between the total energy of isolated atom and
the total energy of crystals [75e77]. With this definition, the
cohesive energy is a positive number. For a given binary NiaZrb
intermetallic compound, its cohesive energy can be obtained via
the following formula (7):

ENiaZrbcoh ¼
�
aENiatom þ bEZratom � ENiaZrbcryst

�
=ðaþ bÞ (7)

Concretely, in formula (7), ENiaZrbcoh denotes the cohesive energy of

NiaZrb crystalline phase, ENiaZrbcryst is the total energy of the NiaZrb



Table 5
The cohesive energy for the binary NieZr system intermetallic compounds, calcu-
lated in this work and known from the literature.

Phase Cohesive energy (eV/atom) Reference

Ni 5.202 This work
4.450 [27]
5.600 [30]

Ni5Zr 5.898 This work
Ni23Zr6 6.008 This work
Ni7Zr2 6.104 This work
Ni3Zr 6.182 This work

5.357 [27]
5.345 [27]

Ni21Zr8 6.212 This work
Ni2Zr 6.276 This work
Aba2-Ni10Zr7 6.470 This work
Pbca-Ni10Zr7 6.470 This work
Ni11Zr9 6.471 This work
NiZr 6.633 This work
NiZr2 6.794 This work
Zr 7.062 This work

6.250 [27]
6.256 [30]
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primitive cell containing “a” Ni atoms and “b” Zr atoms with its
stable ground state structure, ENiatom is the energy of one Ni atom and
EZratom is the energy of one Zr atom. Accordingly, the energy of these
binary NieZr intermetallic compounds and the isolated Ni atom as
well as Zr atom has been calculated to obtain their respective
cohesive energies. The results are summarized in Table 5, along
with the available values known from the literatures [27,30].
Correspondingly, the cohesive energies versus Zr-content for these
NieZr intermetallic compounds are further depicted in Fig. 8. As we
can see that the cohesive energy of these binary NieZr intermetallic
compounds increases with the increase of Zr-content, thus signi-
fying that the structural stability of these binary NieZr interme-
tallic compounds increases with Zr-content increasing. We also
note that the strength of the chemical interactions between Ni and
Zr increases with Zr-content increasing, given that the cohesive
energy can be used to reflect the structural stability and the
strength of metallic interactions between different componential
elements [39,77e79].

In addition, the large value of cohesive energy for these binary
NieZr intermetallic compounds also implies the strong chemical
Fig. 8. Calculated cohesive energy compared to other theoretical values known from
the literature for the binary NieZr intermetallic compounds.
interactions between Ni and Zr elements. This is consistent with
previous studies which indicated that the transition metals Ni and
Zr are characterized by high binding energy [10,27,34,37].

3.4. The electronic properties

Based on their respective optimized structures, the electronic
energy band structures and corresponding density of states (DOS)
for these binary NieZr intermetallic compounds have been ob-
tained by performing first-principles calculations. The results are
depicted in Figs. 9 and 10, where the dot dash line zero-point
energy signifies the Fermi energy level (EF) defined to be the
highest energy level occupied by the valence electrons at 0 K. The
electronic energy band structures of these binary NieZr interme-
tallic compounds represent the energy of points along with high
symmetry directions. As the electronic energy band structures and
corresponding total density of states (TDOS) reflected in Fig. 9, the
valence band overlaps with the conduction band at the Fermi
surface for Ni5Zr, Ni23Zr6, Ni3Zr, Ni21Zr8, Ni2Zr, Aba2-Ni10Zr7, Pbca-
Ni10Zr7, Ni11Zr9, Ni7Zr2, NiZr and NiZr2. This indicated that these
binary NieZr intermetallic compounds exhibit the metallic con-
ductivity. Meanwhile, the density of states corresponding to the
Fermi surface was not zero, which also implies that all of these
binary NieZr intermetallic compounds are conductive phases.
According to the partial density of states, we can see that the
major valence electron contributions to the bonding electrons in
the whole regions are dominated by Ni (3d) and Zr (4d). The band
positions of Ni (3d) almost unchanged in the whole regions, while
both the band positions and shapes of Zr (4d) changed distinctly
for these binary NieZr intermetallic compounds. Below the Fermi
surface, the Ni-d states and Zr-d states show evidence for hy-
bridization in the valence band of these binary NieZr intermetallic
compounds. The NieZr bonding states are occupied with the
center of the band located at about 2 eV below the Fermi surface.
The regions above the Fermi surface are the conduction band,
which are mainly contributed by the Zr-d electrons for these bi-
nary NieZr intermetallic compounds; as the DOS reflected in
Fig. 10.

In addition, it can be deduced that the bonding electron
numbers per atom below the Fermi surface are 10.31, 10.40, 10.43,
10.50, 10.54, 10.65, 10.81, 10.89, 10.99 and 11.32 for Ni5Zr, Ni23Zr6,
Ni7Zr2, Ni3Zr, Ni21Zr8, Ni2Zr, Ni10Zr7, Ni11Zr9, NiZr and NiZr2,
respectively. The larger number of bonding electrons usually im-
plies the stronger interactions between the charges and the better
structural stability of an alloy phase [80e82]. Thus it also reflects
the variation trend of the structural stability versus Zr-content for
these binary NieZr intermetallic compounds, which agree
completely with discussions in the previous section. Moreover,
with the distance increasing from the nearest peaks to the zero
energy symbolized bands, the bonds transformed from metallic to
covalent [69,83]. These peaks are close to each other for these bi-
nary NieZr intermetallic compounds, which also demonstrate their
metallicity. In general, the ductility of an alloy phase may decrease
as the metallicity of bond becoming weaker. As the DOS shown in
Fig. 10, the corresponding distance of NiZr2 is the minimum among
these binary NieZr alloy phases, implying that it possesses the
strongest metallicity and hence it has the best ductility among
these binary NieZr intermetallic compounds. This result is in
accordance with the ductility estimated from the G/K and Poisson's
ratio values. Besides, the density of states at Fermi energy level
N(EF) for these binary NieZr intermetallic compounds is mainly
dominated by Ni-d and Zr-d electrons. Furthermore, the structural
stability of intermetallic compounds can be judged from the posi-
tion of Fermi surface in the density of states curve [84,85]. As can be
seen in Fig. 10, the EF falls exactly on the pseudogap (deep valley



Fig. 9. Calculated electronic energy band structures and the corresponding total density of states (TDOS) for the binary NieZr system intermetallic compounds.
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close to EF) for Ni3Zr and NiZr intermetallic compounds, and their
N(EF) value is low (0.31 and 0.75 states/eV/atom for Ni3Zr and NiZr,
respectively), thus implying their structural stability and also their
high melting points. The EF lies to the left of the pesudogap (i.e.
within the bonding states) for NiZr2, Ni10Zr7, Ni21Zr8, Ni5Zr, Ni23Zr6
and Ni7Zr2 intermetallic compounds, and their corresponding N(EF)
values are low, suggesting they are structurally stable alloy phases.
While for Ni2Zr and Ni11Zr9 intermetallic compounds, the EF lies to
the right of the pesudogap (i.e. within the antibonding states) in the
DOS curve and their N(EF) are relatively high (1.05 and 0.80 states/
eV/atom for Ni2Zr and Ni11Zr9), which indicated that they are the
metastable phases and will decompose into other stable phases. So
in line with the results obtained from the heats of formation and in
line with the experimental investigations [11,22,43].



Fig. 10. Calculated density of states (DOS) for the binary NieZr system intermetallic compounds.
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4. Conclusion

In conclusion, first-principles calculations have been performed
to investigate the structural, mechanical, thermodynamic and
electronic properties of the binary NieZr intermetallic compounds.
The results indicated that the lattice parameters after optimization
are in good agreement with the available experimental and other
theoretical values. Besides, the mass density and bulk modulus of
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these binary NieZr intermetallic compounds decrease with Zr-
content increasing. The intermetallic compounds Ni5Zr, Ni23Zr6,
Ni7Zr2, Ni3Zr, Ni2Zr, Aba2-Ni10Zr7, Pbca-Ni10Zr7, Ni11Zr9, NiZr and
NiZr2 are mechanically stable phases.

Furthermore, the polycrystalline elastic moduli of these binary
NieZr intermetallic compounds were obtained from their respec-
tive single-crystal elastic constants via VRH approximations.
Among these NieZr intermetallic compounds, the Ni5Zr phase
possesses the largest elastic modulus and hence has the largest
stiffness and the highest hardness; while the NiZr2 is the most
ductile phase. The investigation of thermodynamic and electronic
properties indicated that the structural stability of these binary
NieZr intermetallic compounds increases with Zr-content
increasing, and these binary NieZr alloy phases are thermody-
namically stable. Furthermore, results on the electronic properties
demonstrated that all the binary NieZr intermetallic compounds
considered here are conductive phases.
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