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The cluster characteristics and physical properties of binary Al–Zr intermetallics have been studied in this
work by performing first principles calculations. Our investigations indicate that there is a linear
dependence between the mass density and Zr-content for these Al–Zr intermetallics. Besides, the
coordination number of characteristic principal clusters corresponding to these Al–Zr crystalline phases
varies from 10 to 16, and the local atomic structural characteristics of Al–Zr alloys can be properly
reflected via the principal clusters. Results on formation energies and elastic constants reveal that these
Al–Zr intermetallics are thermodynamically and mechanically stable, among which Al2Zr possesses the
largest elastic modulus and the highest hardness. Except for AlZr2 and AlZr3, the other Al–Zr
intermetallics are brittle phases by comparison. Furthermore, studies on electric properties suggest that
all of these Al–Zr intermetallics studied here are conductive phases.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Aluminum-based alloys have attracted considerable attentions
during the past decades, owning to their high strength, low
density, good thermal stability, superior oxidation and corrosion
resistance coupled with high melting point [1–3]. Among various
aluminum-based alloys, the aluminum–zirconium (Al–Zr) system
has become one of a promising Al-TM systems [4–7] since the
addition of Zr could optimize the properties of aluminum alloys
by refining grain size and inhibiting recrystallization [8–11].
Besides, Al–Zr alloys are considered as potential candidates for
structural materials used in thermal nuclear reactors due to the
low absorption cross-sections for thermal neutrons [12].
Therefore, it does not come as a surprise that Al–Zr alloys have
been applied extensively in many fields such as aerospace and civil
engineering.

As for the ten intermetallics existed in binary Al–Zr phase dia-
gram, their crystal structures have been reported by Potzschke
et al. [13–15]. Among these Al–Zr intermetallics, AlZr3, Al3Zr5,
Al2Zr3, Al4Zr5 and Al3Zr have been investigated successively, from
which Al3Zr is the mostly studied phase because of its supernormal
role as the dispersoid precipitation and reactor core components
[16,17]. In terms of the other Al–Zr intermetallics, the existing
studies mainly focus on their thermodynamic properties and
hydrogen adsorption properties [18–22]. For example, Saunders
et al. thermodynamically characterized the binary Al–Zr alloys in
1986, with particular emphasis on the Al-rich parts [15]. Fecht
et al. experimentally investigated the rules underlying the crys-
tal-to-glass phase transition of Al–Zr system in 1989, and
described the sequence of phase transformations in Al–Zr binary
system [20]. Lee et al. studied the hydrogen absorption properties
of Al–Zr alloys in 2000, and found that the hydrogen absorption
properties of mixed Al2Zr3 and Al3Zr5 intermetallics is higher than
the corresponding amorphous alloy [18]. By using a thermody-
namic model, Wang et al. analyzed the phase equilibrium and
thermodynamic data of Al–Zr alloy system in 2001 [14]. Riabov
et al. investigated the hydrogen storage properties of Al2Zr3 and
Al3Zr4 in 2002 [19]. Ghosh et al. in 2005 performed first-principles
investigations on the structural energetics of binary Al–Zr inter-
metallics [4]. In 2008, Knipling et al. explored the performance of
Al3Zr precipitation-strengthened AlZr-based alloys [6,11]. She
et al. in 2010 experimentally confirmed the intermetallics Al3Zr5

and Al4Zr5 to be high temperature phases [21]. In 2011, Ferreira
et al. investigated the influence of Al3Zr volume fraction on the cor-
rosion behavior of Al/Al3Zr functionally graded materials (FGM)
[22]. All of these researches on the thermodynamic properties
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and hydrogen adsorption properties provide valuable information
for the applications of Al–Zr alloys.

Although much effort has been devoted to the studies of Al–Zr
intermetallics in the past decades, it is clear that analyzing the
mechanical and electric properties is essential for the Al–Zr alloys
that are used as structural and functional materials. In addition,
understanding the local atomic structural characteristics of Al–Zr
intermetallics is a prerequisite for design AlZr-based complex
alloys through the ‘‘cluster-plus-glue-atom’’ model [23], since this
cluster-based model has been successfully used to describe the
complex alloy phases on the basis of the obtained principal
clusters, and the atomic configurations of the stable characteristic
principal clusters in the complex alloys and their crystalline
derivatives remain similar to each other [24,25]. In what follows,
the cluster characteristics and physical properties including
thermodynamic, mechanical and electric features of binary Al–Zr
intermetallics have been studied in detail by performing first
principles calculations.
2. Computational methods

In this work, 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) [26]. The generalized gradient approximation
(GGA) with the Perdew–Wang (PW91) parameterization is used
to describe the exchange and correlation interaction [27]. The
interactions between ions and valence electrons are modeled by
both the projector-augmented wave (PAW) [28] and the ultra-soft
pseudo-potentials (USPP) methods [29]. The pseudopotentials
employed in this work explicitly treat three valence electrons for
Al (3s23p1) and four for Zr (4d25s2). The crystallographic data of
these binary Al–Zr intermetallics are taken from Ref. [30], and they
are listed in Table 1. A plain wave cutoff energy for 300 eV has been
used. Brillouin zone integrations are modeled by a Monkhorst–
Pack k-point mesh [31], and the k-point mesh of each cell has been
Table 1
The crystallographic data and mass density for the binary Al–Zr intermetallics, calculated

Phase Space group Prototype Pearson symbol Unit cell lat

Al Fm�3m Cu cF4 a = 0.4046
a = 0.4050

Al3Zr I4/mmm Al3Zr tI16 a = 0.4015
a = 0.3998

Al2Zr P63/mmc MgZn2 hP12 a = 0.5301
a = 0.5282

Al3Zr2 Fdd2 Al3Zr2 oF40 a = 0.9637
a = 0.9599

AlZr Cmcm BCr oC8 a = 0.3328
a = 0.3353

Al4Zr5 P63/mmc Ga4Ti5 hP18 a = 0.8455
a = 0.8432

Al3Zr4 P�6 Al3Zr4 hP7 a = 0.5441
a = 0.5433

Al2Zr3 P42/mnm Al2Zr3 tP20 a = 0.7671
a = 0.7630

Al3Zr5 P63/mmc Mn5Si3 hP16 a = 0.8326
a = 0.8184

Al3Zr5 I4/mcm Si3W5 tI32 a = 1.1067
a = 1.1049

AlZr2 P63/mmc InNi2 hP6 a = 0.4914
a = 0.4894

AlZr2 I4/mcm Al2Cu tI12 a = 0.6861
a = 0.6854

AlZr3 Pm�3m AuCu3 cP4 a = 0.4384
a = 0.4392

Zr P63/mmc Mg hP2 a = 0.3230
a = 0.3231
sampled by 6 � 6 � 1, 5 � 5 � 4, 3 � 2 � 4, 7 � 2 � 6, 3 � 3 � 4,
5 � 5 � 6, 3 � 3 � 4, 4 � 4 � 4, 2 � 2 � 5, 6 � 6 � 4, 4 � 4 � 5 and
6 � 6 � 6 grids for Al3Zr, Al2Zr, Al3Zr2, AlZr, Al4Zr5, Al3Zr4, Al2Zr3,
P63/mmc-Al3Zr5, I4/mcm-Al3Zr5, P63/mmc-AlZr2, I4/mcm-AlZr2

and AlZr3, respectively. All structures have been fully relaxed with
respect to volume as well as cell-internal and external coordinates.
Besides, the first principles calculations of dynamic matrix and its
Fourier transform have been performed by using density functional
perturbation theory (DFPT) [32,33]. And for the DFPT calculations,
the supercell of 2 � 2 � 2 has been used for these Al–Zr inter-
metallics. The corresponding interatomic force constants (IFCs)
have been obtained through VASP and PHONOPY codes [34,35].
3. Results and discussion

3.1. The structural properties

3.1.1. The structural parameters
Firstly, we optimize the crystal structures of these binary Al–Zr

intermetallics. Table 1 presents the optimized lattice parameters
and the corresponding mass densities, compared with previous
reported values [17,30,36]. Whereafter, the variation trend of mass
density with Zr-content for these binary Al–Zr intermetallics is
depicted in Fig. 1, from which we can see that the correlation
between Zr-contents c (at.%) and mass density q (kg/m3) of these
binary Al–Zr intermetallics follows a linear relation, which can be
formulated as: q = 3707.10c + 3083.58. This result can be under-
stood from the fact that the mass density of pure zirconium
(6475.55 kg/m3) is larger than that of pure aluminum
(2705.62 kg/m3).

3.1.2. The structural cluster characteristics
Considering the close connections between complex alloys and

their relevant crystalline counterparts, it is essential to explore the
local atomic structure features reflected by the principal cluster
that obtained from the corresponding intermetallics. On the basis
in this work and known from the literature.

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

2706 This work
[30]

c = 1.7369 4084 This work
c = 1.7280 4110 [30]
c = 0.8755 4526 This work
c = 0.8748 4420 [30]

b = 1.3975 c = 0.5576 4658 This work
b = 1.3879 c = 0.5572 4790 [30]
b = 1.0973 c = 0.4316 4981 This work
b = 1.0866 c = 0.4266 [30]

c = 0.5803 5213 This work
c = 0.5791 [30]
c = 0.5411 5335 This work
c = 0.5390 5280 [30]
c = 0.6970 5341 This work
c = 0.6998 5350 [30]
c = 0.5548 5355 This work
c = 0.5702 5610 [30]
c = 0.5395 5398 This work
c = 0.5396 [30]
c = 0.5915 5623 This work
c = 0.5928 [30]
c = 0.5361 5512 This work
c = 0.5501 [30]

5925 This work
[30]

c = 0.5176 6477 This work
c = 0.5148 6487 [30]



Fig. 1. The variation trend of mass density with Zr-contents for the binary Al–Zr
intermetallics.

172 J. Du et al. / Computational Materials Science 103 (2015) 170–178
of these characteristic principal clusters, the composition design
and structure description of complex alloys can be realized by vir-
tue of the ‘‘cluster-plus-glue-atom’’ model, which is usually
denoted via an uniform cluster formula: [cluster](glue atom)x

[23,24]. Accordingly, the most representative principal clusters
reflecting the cluster characteristics of Al–Zr alloys are determined
from various basic primitive clusters by using our method [25]. The
results indicate the characteristic principal clusters corresponding
to Al3Zr, Al2Zr, Al3Zr2, AlZr, Al4Zr5, Al3Zr4, Al2Zr3, I4/mcm-Al3Zr5,
P63/mmc-Al3Zr5, I4/mcm-AlZr2, P63/mmc-AlZr2 and AlZr3 phases
are CN12 ZrAl12 cluster, CN16 Zr5Al12 cluster, CN13 Zr5Al9 cluster,
CN13 Zr7Al7 cluster, CN11 Zr5Al7 cluster, CN14 Zr9Al6 cluster CN14
Zr9Al6 cluster, CN10 Al3Zr8 cluster, CN14 Zr9Al6 cluster, CN10
Al3Zr8 cluster, CN11 Zr7Al5 cluster and CN12 Zr9Al4 cluster.
Correspondingly, their respective cluster formulas are [ZrAl12]Zr3,
[Zr5Al12]Zr, [Zr5Al9]Zr, [Zr7Al7], [Zr5Al7](Zr15/4), [Zr9Al6]Al3/4, [Zr9Al6],
[Al3Zr8]Al9/5, [Zr9Al6]Zr, [Al3Zr8]Al, [Zr7Al5](Zr3) and [Zr9Al4]Zr3. Here
the first atom in the cluster and cluster formula denotes the central
atom of cluster. Besides, the coordination number (CN) of character-
istic principal clusters in Al–Zr alloy system varies from 10 to 16.
Although the characteristic principal clusters of Al3Zr4, Al2Zr3 and
P63/mmc-Al3Zr5 phases are with the same composition, in fact their
local atomic configurations are different from each other, as reflected
in Fig. 2. Since the cluster information and local atomic configurations
of AlZr-based complex alloys can be obtained from the closely related
Al–Zr crystalline phases, it is significant to uncover the short range
order features which represented by these Al–Zr characteristic
principal clusters. From this viewpoint, the determination of prin-
cipal clusters corresponding to these binary Al–Zr intermetallics
lays the foundation for the composition design and structure
description of AlZr-based complex alloy phases.

3.2. The thermodynamic properties

As is known that the equilibrium thermodynamic properties of
an alloy phase can be acquired from the information of their
corresponding formation and cohesive energies [37]. To achieve a
better understanding of the thermodynamic properties for these
Al–Zr intermetallics, we have computed and analyzed their forma-
tion energy and cohesive energy accordingly.

3.2.1. Formation energy
The difference between the total energy of AlmZrn and the linear

combination of the pure Al and pure Zr ground state energies, is
defined as the formation energy of AlmZrn intermetallic [5]. It can

be obtained through the formula EAlmZrn
For ¼ ½EAlmZrn

Tot � ðmEAl
Totþ

nEZr
TotÞ�=ðmþ nÞ. Accordingly, the formation energy of these binary

Al–Zr intermetallics have been calculated and the results are pre-
sented in Fig. 3, compared with previous reported values
[4,14,7,36–38]. Note that in this study we have defined the ground
state convex hull by using Al3Zr, Al2Zr, Al3Zr2, Al3Zr4 and AlZr3,
since the five intermetallics are reported to be stable phases in
Al–Zr alloy system at 0 K [36–38]. Besides, the calculated forma-
tion energy for AlZr, Al2Zr3 and AlZr2 phases, which lie above the
convex hull in Fig. 3, are AlZr by 1.319 kJ/mol, Al2Zr3 by
1.892 kJ/mol and AlZr2 by 0.573 kJ/mol. Meanwhile, the AlZr and
AlZr2 phases have formation energy locating near to the convex
hull in Fig. 3. Moreover, the calculated formation energy for
Al4Zr5 and Al3Zr5 lie above the convex hull in Fig. 3 by 4.339 and
3.976 kJ/mol, respectively. These phenomena suggest that Al4Zr5

and Al3Zr5 phases are metastable at 0 K, which can be further
decomposed into other more stable phases with temperature
decreasing, i.e. Al4Zr5 ? Al3Zr4 + AlZr and Al3Zr5 ? AlZr2 + Al2Zr3

[7,21]. This is in accordance with previous studies that Al4Zr5 and
Al3Zr5 are experimentally observed to be stable phases only at high
temperatures. Besides, Al2Zr possesses the largest negative forma-
tion energy among these binary Al–Zr intermetallics, which may
cause an increase of its elastic modulus, this will be discussed in
the following section. Furthermore, the calculated formation
energy for these Al–Zr intermetallics are all negative, indicating
that these binary Al–Zr intermetallics are all thermodynamically
stable phases.
3.2.2. Cohesive energy
The cohesive energy which is defined to be the required energy

difference between the total energy of isolated atom and the total
energy of crystal unitcell, is considered as another equilibrium
thermodynamic parameter to measure the stability of materials
[39]. Accordingly, it should be a positive value under this definition

and can be computed via EAlmZrn
Coh ¼ ½mEAl

Atom þ nEZr
Atom � EAlmZrn

Cry �=
ðmþ nÞ, the results for the obtained cohesive energy are presented
in Fig. 4, it shows clearly that the cohesive energy of these binary
Al–Zr intermetallics increases with increasing Zr-content. This
result implies that the structural stability of these binary Al–Zr
intermetallics acsends with the increase of Zr-content, given that
the stability of crystal structures can be reflected through the
cohesive energy, and a larger value often implies a more stable
structure [40]. Moreover, the large values of cohesive energy for
these Al–Zr intermatallics also accounts for the strong chemical
interactions between Al and Zr elements.
3.3. The mechanical properties

In this study, the single-crystal elastic constants are acquired to
explore the mechanical properties of these Al–Zr alloy phases.
Concretely, the elastic constants are computed by means of fitting
the total energy density as a function of moderate strains [41]. On
the basis of crystal systems and different deformation modes, the
quadratic coefficient of the total energy density with respect to
strain corresponds to a linear combination of certain elastic con-
stants. And the total energy have been calculated by imposing
moderate strains up to ±1.25% at 0.25% interval in our work.
Table 2 gives the obtained elastic constants, from which we can
see that our calculated elastic constants for AlZr3 agree well with
previous reported values [17]. Hitherto, there are no reported sin-
gle-crystal elastic constants for the other Al–Zr intermetallics in
the literatures. From this point of view, our calculated values of
elastic constants for Al3Zr, Al2Zr, Al3Zr2, AlZr, Al4Zr5, Al3Zr4,



Fig. 2. The characteristic principal clusters corresponding to intermetallics in binary Al–Zr alloy system, determined from various basic primitive clusters by the interatomic
force constants (eV/Å2).
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Al2Zr3, Al3Zr5 and AlZr2 will provide available information for
future researches on these binary Al–Zr intermetallics.
3.3.1. The mechanical stability
Next, we consider the mechanical stability of these binary Al–Zr

intermetallics, on the basis of their respective single-crystal elastic
constants [42]. As for the binary Al–Zr intermetallics studied in this
work, AlZr3 belongs to the cubic crystal system; Al3Zr, Al2Zr3, I4/
mcm-Al3Zr5 and I4/mcm-AlZr2 belong to the tetragonal crystal sys-
tem; Al2Zr, Al4Zr5, Al3Zr4, P63/mmc-Al3Zr5 and P63/mmc-AlZr2

belong to the hexagonal crystal system; while Al3Zr2 and AlZr
belong to the orthorhombic crystal system.

For the cubic crystal system structures, the criteria of mechani-
cal stability [42] are given as formulas (1):
C11 > 0;C44 > 0;C11 > jC12j;C11 þ 2C12 > 0: ð1Þ

The elastic constants shown in Table 2 indicate that AlZr3 phase
coincide with the above mechanical stability requirements,
signifying it is a mechanically stable phase.

For tetragonal crystal system structures, the restrictions of
mechanical stability [42] are expressed by the following formulas
(2):

C11 > 0;C33 > 0;C44 > 0;C66 > 0;C11 � C12 > 0;
C11 þ C33 � 2C13 > 0;2ðC11 þ C12Þ þ C33 þ 4C13 > 0:

ð2Þ

From the results listed in Table 2, we can see that all the values
of elastic constants for Al3Zr, Al2Zr3, I4/mcm-Al3Zr5 and I4/mcm-
AlZr2 satisfy the restrictions in formulas (2), confirming that they
are mechanically stable.



Fig. 3. The formation energy of binary Al–Zr intermetallics, compared to experi-
mental and other theoretical values know from literature.

Fig. 4. The cohesive energy for the phases in binary Al–Zr alloy system.
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In terms of hexagonal crystal system structures, the mechanical
stability restrictions [42] are given by formulas (3):

C44 > 0;C11 > jC12j; ðC11 þ 2C12ÞC33 > 2C2
13: ð3Þ

As shown in Table 2, the elastic constants of Al2Zr, Al4Zr5,
P63/mmc-AlZr2 and P63/mmc-Al3Zr5 meet the mechanical stability
criteria in formulas (3), revealing that these hexagonal structures
in binary Al–Zr alloy system are mechanically stable.
Table 2
Calculated values of single-crystal elastic constants for the binary Al–Zr intermetallics.

Phase Single-crystal elastic constants (GPa)

Al3Zr C11 = 223.54 C12 = 57.27 C13 = 48.40
Al2Zr C11 = 240.16 C12 = 51.12 C13 = 53.96
Al3Zr2 C11 = 226.84 C12 = 51.35 C13 = 53.93

C44 = 81.52 C55 = 80.40 C66 = 78.99
AlZr C11 = 171.28 C12 = 50.89 C13 = 87.67

C44 = 78.42 C55 = 113.76 C66 = 80.68
Al4Zr5 C11 = 198.59 C12 = 73.06 C13 = 50.52
Al3Zr4 C11 = 216.72 C12 = 42.93 C13 = 61.36
Al2Zr3 C11 = 191.61 C12 = 58.43 C13 = 74.61
P63/mmc-Al3Zr5 C11 = 211.55 C12 = 61.23 C13 = 56.11
I4/mcm-Al3Zr5 C11 = 196.81 C12 = 61.97 C13 = 63.59
P63/mmc-AlZr2 C11 = 183.37 C12 = 81.27 C13 = 60.23
I4/mcm-AlZr2 C11 = 162.28 C12 = 50.50 C13 = 88.58
AlZr3 C11 = 145.39 C12 = 79.08 C44 = 73.49

C11 = 148.65 C12 = 79.38 C44 = 70.83
For orthorhombic crystal system structures, the requirements
of mechanical stability [42] are represented as formulas (4):

C11 > 0;C22 > 0;C33 > 0;C44 > 0;C55 > 0;
C66 > 0;C11 þ C22 þ C33 þ 2ðC12 þ C13 þ C23Þ > 0;
C11 þ C22 � 2C12 > 0;C11 þ C33 � 2C13 > 0;C22 þ C33 � 2C23 > 0:

ð4Þ

It shows in Table 2 that Al3Zr2 and AlZr with orthorhombic
structures meet the mechanical stability requirements in formulas
(4), signifying they are mechanically stable phases.

Depending on the above analysis, we conclude that all the
binary Al–Zr intermetallics studied here are mechanically stable.
Furthermore, despite the two intermetallics Al3Zr5 and Al4Zr5 are
predicted to be high temperature stable phases [7,21], the
calculated single-crystal elastic constants at 0 K also meet the
mechanical stability requirements.

3.3.2. The elastic properties
The elastic moduli including bulk modulus (K), shear modulus

(G) and Young’s modulus (E) associated with Poisson’s ratio (u)
of these binary Al–Zr intermetallics have been estimated from
Voigt, Reuss and Hill (VRH) approximations [43] in order to
uncover the mechanical properties of the corresponding polycrys-
talline materials. The relevant computational formulas are as
follows:

KVRH ¼
KV þ KR

2
;GVRH ¼

GV þ GR

2
; EVRH ¼

9 � KVRH

1þ 3KVRH=GVRH
ð5Þ

KV ;R ¼
c11 þ 2 � c12

3
;GV ¼

c11 � c12 þ 3 � c44

5
;GR ¼

5 � ðc11 � c12Þ � c44

c44 þ 3 � ðc11 � c12Þ
ð6Þ

Table 3 presents the obtained results for elastic modulus of
these Al–Zr alloy phases. Accordingly, the relationship between
bulk modulus and Zr-contents of these Al–Zr intermetallics is
depicted in Fig. 5. It shows that Al2Zr possesses the maximum K
value of 113.67 GPa among these Al–Zr intermetallics. Despite
there is a certain connection between bulk modulus and mass den-
sity for most materials, the alloy phases in binary Al–Zr system do
not follow this correlation [44]. Moreover, the bulk moduli
deduced from VRH approximation for these Al–Zr alloys agree well
with the values estimated from equation of state [4]. This accor-
dance gives predictable results for the compressibility of these
Al–Zr intermetallics. Among these Al–Zr intermetallics, Al2Zr also
has the maximum G value of 92.44 and E value of 218.18 GPa,
while AlZr3 possesses the minimum G value of 53.39 GPa and E
value of 136.22 GPa. In reality, Young’s modulus is believed as an
useful parameter to predict the stiffness of phases, and a bigger
Reference

C33 = 194.94 C44 = 82.47 C66 = 83.44 This work
C33 = 224.95 C44 = 92.91 This work
C22 = 215.40 C23 = 59.01 C33 = 214.62 This work

C22 = 240.81 C23 = 45.19 C33 = 204.89 This work

C33 = 196.35 C44 = 50.84 This work
C33 = 199.76 C44 = 71.16 This work
C33 = 164.53 C44 = 80.97 C66 = 65.01 This work
C33 = 139.97 C44 = 39.46 This work
C33 = 160.75 C44 = 53.51 C66 = 74.02 This work
C33 = 180.63 C44 = 55.67 This work
C33 = 135.97 C44 = 73.41 C66 = 62.11 This work

This work
[17]



Table 3
Polycrystalline shear modulus (G), bulk modulus (K), Young’s modulus (E), Poisson’s ratio (u), G/K ratio and hardness (H) for the binary Al–Zr intermetallics.

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

Al3Zr 82.14 105.25 195.55 0.1903 0.7805 18.61 This work
102.5 [4]

Al2Zr 92.44 113.67 218.18 0.1801 0.8132 20.93 This work
113.6 [4]

Al3Zr2 80.97 109.48 194.87 0.2034 0.7395 17.33 This work
108.6 [4]

AlZr 80.28 109.12 193.41 0.2046 0.7357 17.14 This work
108.8 [4]

Al4Zr5 60.11 104.49 151.31 0.2586 0.5753 10.85 This work
103.3 [4]

Al3Zr4 76.60 107.16 185.59 0.2114 0.7148 16.12 This work
107.6 [4]

Al2Zr3 66.71 106.96 165.69 0.2418 0.6237 12.68 This work
107.2 [4]

P63/mmc-Al3Zr5 54.35 99.12 137.85 0.2682 0.5483 9.67 This work
97.5 [4]

I4/mcm-Al3Zr5 59.94 103.22 150.67 0.2567 0.5807 10.95 This work
103.3 [4]

P63/mmc-AlZr2 55.31 105.48 141.25 0.2768 0.5243 9.27 This work
105.2 [4]

I4/mcm-AlZr2 51.94 101.64 133.15 0.2817 0.5110 8.67 This work
AlZr3 53.39 101.18 136.22 0.2756 0.5277 9.15 This work

101.4 [4]
53.40 102.47 136.49 0.2780 0.5211 9.02 [17]

Fig. 5. The bulk modulus (K) versus Zr-contents for the binary Al–Zr intermetallics,
compared with the values deduced from equation of states.

Fig. 6. The variation of Poisson’s ratio (u) against the ratio of shear modulus to bulk
modulus (G/K) for the binary Al–Zr intermetallics.
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Young’s modulus often signifies a stiffer phase [45]. Therefore,
Al2Zr serves as the most stiffness phase among these Al–Zr alloy
phases, which is in accordance with the prediction made in above
section. Furthermore, Al2Zr has the highest hardness while AlZr3

has the lowest hardness among these Al–Zr intermetallics, given
that materials with larger elastic modulus often possess higher
hardness [46,47].

Pugh proposed the G/K ratio as a parameter to estimate the brit-
tle and ductile behavior of polycrystalline materials [48], and the
critical value of the G/K ratio is 0.57, i.e. materials whose G/K value
are larger than this threshold are brittle phases, otherwise they are
ductile phases [49,50]. Thereby, the G/K values of these Al–Zr alloy
phases are computed to explore their brittle and ductile behavior.
The results are collected in Table 3. By comparison, we can see that
the G/K values for AlZr3, AlZr2 and P63/mmc-Al3Zr5 are smaller than
the threshod, signifying that they behave ductile features; while
the G/K values for Al3Zr, Al2Zr, Al3Zr2, AlZr, Al4Zr5, Al3Zr4, Al2Zr3
and I4/mcm-Al3Zr5 are respectively 0.78, 0.81, 0.74, 0.73, 0.5753,
0.71, 0.62 and 0.58, which are bigger than 0.57, revealing that they
show the brittle behavior. Being another available parameter to
predict the ductility of materials, Poisson’s ratio is used to measure
the stability of materials against shear strain [51]. Accordingly,
Fig. 6 depicts the variation of G/K ratio against Poisson’s ratio for
these Al–Zr intermetallics, from which we can see that these two
parameters are accurately linear relation for these Al–Zr inter-
metallics. This linear dependence relation can be further expressed
via the following formula: G/K = �2.9761u + 1.3458. Besides, AlZr2

has the maximum u value of 0.2817, thus it should possess the best
plasticity among these Al–Zr intermetallics, considering that larger
u values usually signify materials with good plasticity.

3.4. The electric properties

Finally, the electronic energy band structures and density of
states have been obtained to explore the electric properties of



Fig. 7. The electronic energy band structures and density of states for the binary Al–Zr intermetallics.
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these binary Al–Zr intermetallics. The results are depicted in Figs. 7
and 8, from which the dash-dot line of zero-point energy repre-
sents the Fermi level (EF). As we observe in Fig. 7, the valence band
overlaps the conduction band at the Fermi surface for Al3Zr, Al2Zr,
Al2Zr3, Al3Zr2, AlZr, Al4Zr5, Al3Zr4, Al3Zr5, AlZr2 and AlZr3. This fact
indicates clearly that all of these Al–Zr alloy phases studied here
behave the metallic properties. In the meantime, the density of
states corresponding to EF surface is not zero, which also signifies
the conductive features of these Al–Zr intermetallics.
Furthermore, the bonding electron numbers per atom below EF

surface are respectively 5.249, 5.996, 6.601, 7.491, 8.007, 8.150,
8.409, 8.631, 8.993 and 9.746 for Al3Zr, Al2Zr, Al3Zr2, AlZr, Al4Zr5,
Al3Zr4, Al2Zr3, Al3Zr5, AlZr2 and AlZr3, which reveals the variation
trend of the structural stability versus Zr-contents for these Al–Zr
intermetallics, given that the larger number of bonding electrons
usually implies the stronger interaction between the charges and



Fig. 8. The total density of states (TDOS) and partial density of states for the binary Al–Zr intermetallics.
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the better structural stability of an alloy phase [52,53]. This conclu-
sion is in accordance with the result predicted by their cohesive
energy in previous sections.
As is reflected in Fig. 8, the densities of states at EF surface for
these Al–Zr intermetallics are mainly controlled by the Al-p and
Zr-d electrons. Moreover, the Al-p states and Zr-d states show
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evidence for hybridization in the valence band of these Al–Zr inter-
metallics. Below the EF surface, the Al–Zr bonding states are occu-
pied with the center of the valence band located at about 1.5 eV.
The regions above the EF surface constitute the conduction band,
which are dominated by the Zr-d electrons for these Al–Zr alloy
phases. Besides, the entire DOS curve can be divided into bonding
and antibonding regions, and a pseudogap resides between them
because of the strong hybridization. Researches reveals that the
structural stability of a given phase can be deduced from the posi-
tion of EF level in the density of states curve [54]. Concretely, the EF

located at the valley in the bonding states implies that the phase is
with good stability, while the EF that lies on the valley in the
antibonding region suggests the phase is metastable [55]. As is
shown in Fig. 8, the EF lies to the left of the pseudogap for most
of the Al–Zr intermetallics studied here, indicating they are the
structurally stable phases. While for Al4Zr5 and Al3Zr5, their EF lies
to the right of the pseudogap in the DOS curve, suggesting they are
the metastable phases and will decompose into other stable phases.
This is in line with the conclusion made from the thermodynamic
analysis and the experimental investigations [7,21].

4. Conclusion

In summary, we have performed first-principles calculations to
investigate the cluster characteristics and physical properties
including thermodynamic, mechanical together with electric fea-
tures of binary Al–Zr intermetallics. The results indicated that the
coordination number of the characteristic principal clusters
corresponding to these binary Al–Zr crystallines varies from 10
to 16. Besides, there is a linear dependence between mass density
and Zr-content of these Al–Zr alloys. Results on formation energies
and elastic constants suggest that these Al–Zr intermetallics are
thermodynamically and mechanically stable phases. Furthermore,
the polycrystalline elastic moduli of these Al–Zr intermetallics
have been deduced from their respective single-crystal elastic con-
stants via VRH approximations. Among these binary Al–Zr inter-
metallics, Al2Zr phase possesses the largest elastic modulus and
the highest hardness. Meanwhile, there is a linear correlation
between the Poisson’s ratio and G/K ratios for these Al–Zr inter-
metallics. With the increasing Zr-content, the cohesive energy of
these Al–Zr alloy phases enhances. Analysis on energy band struc-
tures and density of states suggest that all of these Al–Zr inter-
metallics studied here behave the metallic conductive properties.
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