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First-principle calculations have been performed to investigate the structural, mechanical, thermody-
namic and electronic properties of eight binary Cu-Zr intermetallic compounds. The results indicated
that with increasing Zr concentration, the mass density decreases monotonously. All Cu-Zr intermetallic
compounds considered here are mechanically stable structures, and they are ductile materials. Among
the eight binary Cu-Zr intermetallic compounds, CuZr is the most ductile phase. Furthermore, the heats

of formation of the Cu-Zr intermetallic compounds are negative. Furthermore, CuZr, is a semiconductor
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here are conductors.

with indirect band gap of 0.227 eV, while the other seven Cu-Zr intermetallic compounds considered

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Since its high glass forming ability, Cu-Zr binary alloys have be-
come a typical binary system to study the amorphous metals [1-5].
Meanwhile, both Cu-Zr amorphous metals and their intermetallics
counterparts have outstanding properties (e.g. ultrahigh-yield
strengths, large elastic strain limits, high hardness, corrosion resis-
tance and low fracture toughness), and hence they have extensive
applications in structural, chemical and magnetic fields [6-8].
Therefore, Cu-Zr binary alloys have drawn considerable scientific
and technological attention.

For binary or ternary Cu-Zr system amorphous metals, their
glass forming ablility is related with the thermodynamic stability
of corresponding equilibrium intermetallic compounds [9-12],
and the mechanical properties of Cu-Zr amorphous metals are also
closely associated with mechanical properties of their intermetal-
lics counterparts [13-24]. Hence many researchers have devoted
themselves to the design of Cu-Zr amorphous metals on the basis
of thermodynamic and mechanical properties of their correspond-
ing equilibrium intermetallic compounds [25-34]. Therefore, the
phase diagram of Cu-Zr binary system, as well as the thermody-
namic and mechanical properties of Cu-Zr binary intermetallic
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compounds turn into keypoints in the studies of Cu-Zr binary al-
loys. As a result, many theoretical and experimental works have
been performed to determine the Cu-Zr binary phase diagram,
the thermodynamic and mechanical properties of Cu-Zr binary
intermetallic compounds [35-54].

According to the Cu-Zr binary phase diagram [35-46], there are
eight intermetallic compounds in the Cu-Zr binary alloy system,
namely CuZr,, CuZr, Cuy¢Zr;, CugZrs, CusiZry4, CusZr, CuyZr, and
CusZrg. Among them, the CuZr phase has been extensively investi-
gated. For example, various aspects including heats of formation,
structural, electronic and elastic properties of CuZr phase have
been explored intensively [13,14,52,77]. However, the mechanism
of shape memory effect for CuZr phase is still unclear; in order to
uncover this mechanism, a theoretical study of intrinsic ductility
and brittleness of CuZr is needed. As for the other Cu-Zr interme-
tallic compounds, a number of existing studies have mainly been
focused on their thermodynamic properties and phase stability.
For example, in 2003, Zaitsev et al. have performed a complete
experimental thermodynamic description of Cu-Zr intermetallic
compounds and obtained the evidence of the existence of Cu,Zr
and CusZrg phase [46]. In 2007, Ghosh have studied the cohesive
properties of Cu-Zr intermetallic compounds by first principles
calculations and found that CusZr, CugZrs, Cuq¢Zr; and CuZr,
phases are stable phases at 0K, while Cus;Zr 4 is metastable at
0K [52]. In 2008, Yamaguchi et al. have also experimentally
measured the standard enthalpies of formation of CugZr;, Cus;Zr4,
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CugZrs, Cuy9Zr; and CuZr, at 298.15K [42]. In 2010, Zhou et al.
have investigated the phase stability of Cu-Zr intermetallic com-
pounds by both first principles calculations and experimental
methods, and concluded that Cus,Zr4 and CuZr, are stable phases,
while CusZr, CuyZry, CuZr and CusZrg are metastable phases at 0 K
[53]. In view of all the above, we can see that these previously re-
ported results are incongruent, so further study along this direction
is still required to understand the phase stability of Cu-Zr interme-
tallic compounds. Moreover, although a significant progress has
been made on the studies of Cu-Zr binary alloys, as far as we know,
stoichiometry-dependent structural, mechanical, thermodynamic
and electronic properties remain poorly characterized and under-
stood. To fill this gap, a systematic first-principles calculations
are performed to investigate the structural, mechanical, thermody-
namic and electronic properties of Cu-Zr intermetallic compounds.

2. Computational methods

In this work, the crystallographic data of the eight binary Cu-Zr
intermetallic compounds (i.e. CuZr,, CuZr, CuyoZr;, CugZrs, Cusi.
Zr14, CusZr, CuyZr and CusZrg) are taken from Refs. [52,58], and
they are listed in Table 1. The first principles calculations have
been performed within the framework of electronic density func-
tional theory (DFT), as implemented in the Vienne Ab initio Simu-
lation Package (VASP) [55]. The exchange and correlation
interaction was described by the generalized gradient approxiama-
tion (GGA) with the Perdew-Wang (PW91) parameterization [56].
The interactions between ions and valence electrons were modeled
by the projector-augmented wave (PAW) method [57]. The pseud-
opotentials employed in this work explicitly treat eleven valence
electrons for copper (Cu 3d'°4p') and four for zirconium (Zr
4d34s"). A plain wave cutoff energy for 320 eV has been used. Brill-
ouin zone integrations were performed by using a Monkhorst-Pack
k-point mesh, and the k-point mesh of each cell has been sampled
by 4x4x4,8x8x2,3x3x%x2,8x8x8,5x3x5 1x3x38,
3 x 3 x4 and 3 x 3 x 2 grids for CusZr, CuZr,, CugZrs, CuZr, Cu,Zr,
CusZrg, Cusq Zri4 and CuqoZr, respectively. The total energy was
converged numerically to 5 x 1077 eV/atom with respect to elec-
tronic, inonic and unit cell degrees of freedom.

To verify computational accuracy, benchmark calculations have
been performed for the CuZr intermetallic compound. The lattice
parameters after optimization for bulk CuZr alloy phase agree well
with the available experimental [58] and previously reported

Table 1

theoretical values [52], which confirmed that the computational
scheme used in this work is reliable.

3. Results and discussion
3.1. The structural properties

The lattice parameters and internal coordinates of the eight Cu-
Zr intermetallic compounds have been optimized by using density
functional theory calculations, and the optimized lattice parame-
ters and the corresponding mass densities, together with the avail-
able experimental and theoretical values are listed in Table 1. As
shown in Table 1, the calculated values are in good agreement with
the available experimental and other theoretical data. Although the
Vegard’s law [59] indicates that a linear relation exists between the
lattice parameters and elements concentration, the intermetallic
compounds in the Cu-Zr binary alloy system have been found that
do not obey this law. This may be attributed to the fact that the Ve-
gard’s empirical rule is considered to be valid for the same type
crystal symmetry, while the eight intermetallic compounds stud-
ied here do not possess the same symmetry [60].

The relationships between the mass density and Zr concentra-
tion of Cu-Zr intermetallic compounds are depicted in Fig. 1. As
we know, the mass density of pure copper (8783.8 kg/m?>) is larger
than that of pure zirconium (6478.7 kg/m?). Thus, with the increas-
ing Zr-concentration, the mass densities of Cu-Zr intermetallic
compounds decrease almost linearly. Further, the mass density
p (kg/m®) of Cu-Zr intermetallic compounds decreases approxi-
mately in a linear manner (i. e. p=8559.84 22.95c) with the
increasing Zr concentration c (at.%).

3.2. Mechanical stability and elastic properties

To investigate the mechanical stability and relevant materials
properties, we have calculated the single-crystal elastic constants
of the related phases (i.e. Cu-Zr intermetallic compounds as well
as pure copper and zirconium) in their stable ground state struc-
tures. In this work, the single-crystal elastic constants were ob-
tained by computing the total energy density as a function of
suitable strains [61,62]. Based on the crystal system and various
imposed deformations, the quadratic coefficient of the total energy
density versus strain corresponds to a linear combination of partic-
ular elastic constants [63,64]. In this study, the total energies of the

Theoretical and experimental crystallographic data and mass density for the Cu-Zr binary system intermetallic compounds.

Phase Space group Prototype Unit cell lattice parameters (nm) Mass density (kg/m?) Reference
Cu Fm3m Cu a=0.3636 8783.8 This work
a=0.3608 8940.0 [58]
CusZr F43m AuBes a=0.6916 8211.9 This work
a=0.6870 [58]
CusyZri4 P6/m Ags1Gdi4 a=1.1454 c=0.8260 7993.4 This work
a=1.1244 c=0.8282 [58]
CugZrs Pnma CugHf3 a=0.7910 b=0.8216 c=1.0032 7967.2 This work
a=0.7869 b=0.8155 c=0.9985 [58]
CuyZr Amm?2 AuyV a=0.4685 b=0.8576 c=0.4685 7704.2 This work
a=0.4686 b=0.8498 c=0.4686 [52]
Cuy0Zry Aba2 NiioZr7 a=0.9404 b=0.9364 c=1.2756 7533.9 This work
a=0.9347 b=0.9313 c=1.2675 7673.0 [58]
CuZr Pm3m CsCl a=0.3280 7282.5 This work
a=0.3262 [58]
CusZrg Pbam Al,BigCas a=1.9865 b=0.7702 c=0.3209 7083.1 This work
a=1.9738 b=0.7688 c=0.3184 [52]
CuZr, [4/mmm MoSi, a=0.3236 b=1.1204 6963.1 This work
a=0.3220 b=1.1183 [58]
Zr P63 /mmc Zr a=0.3230 c=0.5175 6478.7 This work
a=0.3232 c=0.5148 6556.0 [58]
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Fig. 1. Theoretical mass density compared to experimental values for the Cu-Zr
binary system intermetallic compounds.

relevant phases have been calculated by imposing appropriate
strains up to *+ 1.25% at 0.25% interval.

According to the above methods, the single-crystal elastic con-
stants of the eight Cu-Zr intermetallic compounds as well as pure
copper and zirconium have been calculated and summarized in
Table 2, together with the previous experimental and theoretical
values. As shown in Table 2, for CuZr, pure copper and zirconium,
our calculated single-crystal elastic constants are in good agree-
ment with the available experimental and previous theoretical
values [52,54,65,66,77,78]. To the best of our knowledge, however,
there are no available experimental and theoretical elastic con-
stants for other seven Cu-Zr intermetallic compounds. Thus, our
calculated results of single-crystal elastic constants for CuZrs, Cus;.
Zr14, CugZrs, CuyZr, CuqoZry, CusZrg and CuZr, intermetallic com-
pounds will provide useful data for comparision with future
experimental measurements as well as theoretical investigations.

As an important part of theoretical research on phase stability,
the mechanical stability of crystal can be acquired from the knowl-
edge of its single-crystal elastic constants. Combining single-crys-
tal elastic constants with the mechanical stability evaluated
criterion, we analysed the mechanical stability of the binary
Cu-Zr intermetallic compounds. In terms of the eight Cu-Zr inter-
metallic compounds considered in this study, CuZr and CusZr

belong to the cubic crystal system, CuZr, belongs to the tetragonal
crystal system, Cus;Zr 4 belongs to the hexagonal crystal system,
while Cu,Zr, CusZrg, CugZrs and Cu,¢Zr; belong to the orthorhom-
bic crystal system.

The requirements of mechanical stability for the cubic crystal
system structures [67] are given by the following formula:

Ci1 >0, Cua>0, Ci1>|Ci2|, Ci1+2C2>0. (1)

As shown in Table 2, the elastic constants of the cubic crystal
system structures CuZr and Cu5Zr satisfy the above mechanical
stability criteria, confirming that CuZr and Cu5Zr are mechanically
stable phases.

For tetragonal crystal system structures, the mechanical stabil-
ity criteria [67] are given by the following formula:

Ci1 >0, C33>0, Cyu>0, Ce6>0, C;1—Ci2>0,
Ci1 +Cs3—2C13 >0, 2(Cyy 4 Cy2) +C33 +4C3 > 0. (2)

All the values of elastic constants for tetragonal crystal system
structure CuZr, satisfy the mechanical stability restrictions in
Eq. (2), demonstrating that CuZr, is mechanically stable.

The restrictions of mechanical stability for hexagonal crystal
system structures [67] are given by the following formula:

C44 > 07 C]] > |C12‘7 (C11 + 2C]2)C33 > 2C?3 (3)

As can be seen, the single-crystal elastic constants for hexagonal
crystal system structure Cus;Zry4 satisfy the mechanical stability
restrictions in Eq. (3), indicating that Cus;Zri4 is mechanically
stable.

As for orthorhombic crystal system structures, the mechanical
stability criteria [67] are given by the following formula:

Ci1>0, C;»>0, C3>0, C4u>0, GCs55>0, Co>0,
Ci1 +C+C3+2(Cia+Ci3+Cp3) >0, Cip+Cpp—2C12 >0,
C]] + C33 — 2C13 > 07 sz + C33 — 2C23 > 0. (4)

Based on the single-crystal elastic constants presented in
Table 2, all the orthorhombic crystal system structures of Cu-Zr
intermetallic compounds satisfy the mechanical stability require-
ments in Eq. (4), implying that Cu,Zr, CugZrs, CusZrg and CuyoZr;
are mechanically stable.

According to the above analysis, all the eight Cu-Zr intermetallic
compounds considered in this study (i.e. CusZr, CuyZr, CujoZry,
CuZr, CusqZry4, CugZrs, CuZr, and CusZrg) are mechanically stable.

Table 2
Calculated single-crystal elastic constants compared to experimental and other theoretical values for the Cu-Zr binary system intermetallic compounds.

Phase Single-crystal elastic constants (GPa) Reference

Cu Ci1=179 Cip=134 Cqqa=73 This work
C11=176 Cip=125 Caq=81 [64]
Ci1=171 Cip=123 Cyq=72 [52]

CusZr Cy1=226 Ci2=94 Cqsa=73 This work

Cus Zryy C;1=189 C12=90 Ci3=86 C33=193 Cyqa=43 This work

CugZrs Cy1=202 Ci2=105 Ci3=94 Cyy =206 Cy3=98 This work
C33=200 Cs4qa=58 Cs5=57 Ces = 64

CuyZr Cy1=218 C12=99 Ci3=49 Cyr =191 Cy3 =100 This work
C33=216 Cyq=57 Cs5=10 Ces =59

CuqoZry Cy1=190 Ci2=88 Ci3=102 Cy2 =185 Ca3 =105 This work
C33=167 C44=63 Cs5=63 Ces =47

CuZr Cy1 =140 Cip=112 Cyq=43 This work
C;1=138 Cip=112 Cyq=45 [52]
C;1=138 Cip=113 Cyq=44 [54]

CusZrg Cy1 =146 C1,=83 Ci3=92 Cyr =162 Cy3=91 This work
C33 =145 Cyq=46 Cs5=43 Ces =40

CuZr, Ci1=169 Ci2=74 Ci3=91 C33=150 Ca4=66 This work
Ces =32

Zr Cy1=163 Ci2=53 Ci3=69 C33=179 Cy44=20 This work
Cy;=138 Ci2=72 Ci3=71 C33 =160 C4=23 [52]
Cy1=156 Ci2=65 Ci3=76 C33=182 C4q=25 [76]
Cy1 =155 Cip=67 Cy3=65 C33=173 Cyq=36 [64]
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To better understand the mechanical properties of binary Cu-Zr
intermetallic compounds, the bulk modulus (K), shear modulus (G),
Young’s modulus (E) and Poisson’s ratio (u) for polycrystalline
materials have been obtained from single-crystal elastic constants
by using Voigt, Reuss and Hill (VRH) approximations [68,69]. The
related approximation formulas are given as follows:

Ky = K* = (Ky + Kg)/2
Gvrn = G" = (Gv + Vgr)/2 ()
Evru = 9KvruGvra /Gvra + 3Kvru

where

Kug = (C1142C12)/3
Gv = (Ciy — Cra +3Caa)/5 (6)
Gr = 5(Ci1 — C12)Cas/[4C4s + 3(C11 — C12)]

The computed results are summarized in Table 3. The relation-
ship between bulk modulus and concentration of Zr has been de-
picted in Fig. 2, from which we can see that the bulk modulus of
Cu-Zr intermetallic compounds decreases with increasing Zr con-
centration (at.%). This variation trend is analogous to that of the
mass density, confirming the fact that the bulk modulus is closely
related with the mass density [77]. Similarly, Fig. 3 presents the
correlation for the shear modulus (G) and Young’'s modulus (E)
against the concentration of Zr. As shown in Fig. 3, CusZr has the
largest G and E values of 70 GPa and 180 GPa, while CuZr has the
smallest G and E values of 28 GPa and 78 GPa. It is reported that
the hardness of a material is associated with its shear modulus
and Young’s modulus. Although the accurate relationship between
hardness and elastic modulus is still undetermined, a large elastic

Table 3

Polycrystalline shear modulus (G), bulk modulus (K), Young's modulus (E), Poisson’s
ratio (u), G/K ratio and energy band gaps (Eg) for the Cu-Zr binary system
intermetallic compounds, deduced by single-crystal elastic constants and Voigt,
Reuss and Hill (VRH) approximations.

Phase G (GPa) K (GPa) E (GPa) u G/K Eg (eV)
CusZr 70 138 180 0.283 0.5072 0

Cus Zry4 47 122 126 0.328 0.3890 0
CugZrs 56 133 148 0.315 0.4220 0
CuyZr 40 124 108 0.355 0.3210 0
CuyoZry 49 126 131 0.326 0.3940 0
CuZr 28 121 78 0.393 0.2298 0
CusZrg 37 109 101 0.347 0.3419 0
CuZr, 46 111 121 0.319 0.4128 0.227
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Fig. 2. Calculated bulk modulus (B) versus concentration of Zr for the Cu-Zr binary
system intermetallic compounds.
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Fig. 3. Calculated shear modulus (G) and Young’s modulus (E) versus concentration
of Zr for the Cu-Zr binary system intermetallic compounds.

modulus represents high hardness [70-72]. Therefore, among the
eight Cu-Zr intermetallic compounds considered here, CusZr has
the highest hardness, while the hardness of CuZr is the lowest.

Based on the elastic modulus, the ratio of shear modulus to bulk
modulus (G/K), which can be used to estimate the brittleness and
toughness of intermetallic compounds [73], is being calculated.
The critical value of the G/K ratio is 0.57, i. e. the intermetallics
for which G/K ratio is larger than 0.57 are considered brittle, other-
wise are ductile [73]; and this criterion has been proved reasonable
for many intermetallic compounds [74-76]. Generally speaking,
the lower ratio of G/K, the more ductile the materials would be.
To analyze this further, the G/K ratios of Cu-Zr intermetallic com-
pounds have been computed and presented in Table 3. As shown
in Table 3, the G/K ratio for CusZr, Cu,Zr, Cus;Zry4, CuqoZr;, CugZrs,
CuZr, CusZrg and CuZr, are 0.507, 0.321, 0.389, 0.394, 0.422, 0.230,
0.342 and 0.413, respectively. All these values are lower than 0.57,
implying that the eight Cu-Zr intermetallic compounds considered
here are ductile. Particularly, the CuZr phase is the most ductile
phase among these Cu-Zr intermetallic compounds, this is incon-
sistent with previous studies [23,77,78]. In addition, the large
Poisson’s ratio of 0.393 for CuZr phase also indicated that CuZr is
the most ductile phase among these intermetallic compounds. This
is consistent with above G/K discussions since Poission’s ratio (u)
can be expressed in terms of G/K for isotropic materials [79]:

u=[3(K/G) - 2]/[6(K/G) + 2] ™)

It is reported that the elastic properties of amorphous metals
can be estimated from their corresponding intermetallic com-
pounds counterparts. For example, the bulk modulus of amorphous
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alloys is about 6% smaller than the crystalline alloys with similar
composition, while both the shear modulus and Young’s modulus
of metallic glasses are about 30% smaller than the corresponding
values for crystals [78,80]. Thus, our investigations on the elastic
properties of Cu-Zr intermetallic compounds will provide useful
information for researchers to further study the corresponding
properties of Cu-Zr amorphous metals.

3.3. Thermodynamic stability

In order to study the thermodynamic properties of Cu-Zr inter-
metallic compounds, we have computed the ground state total
energies of the eight Cu-Zr intermetallic compounds as well as
pure copper and zirconium. For a given Cu-Zr intermetallic com-
pound Cu,Zr, the heats of formation is defined as the differences
between the total energy of Cu,Zr, and the linear combination of
the pure copper and zirconium stable state energies. Subsequently,
the heats of formation for Cu-Zr intermetallic compounds can be
expressed by the following formula:

Bl — [EGe® — (aEGyq + bEdyq) ] /(a + b). (8)

In Eq. (8), Efco”r"rfr" refers to the heats of formation for Cu,Zr, inter-
metallic compound, Efo“t“f" is the total energy of the Cu,Zr, primate
cell containing “a”Cu atoms and “b”Zr atoms with their stable
ground state structures, ES;, is the total energy of one Cu atom
in face-centered cubic structure with its equilibrium lattice param-
eters and EZ, is the total energy of one Zr atom in hexagonal close-
packed structure with its corresponding equilibrium lattice
parameters.

According to Eq. (5), the heats of formation for the eight Cu-Zr
intermetallic compounds considered here are summarized in
Table 4 and also plotted in Fig. 4, together with available experi-
mental and other theoretical values found in the literature. It
should be noted that for Fig. 4, we have taken the ground state
convex hull defined by CusZr, CugZrs, CuypZr; and CuZr, phases
in our investigations, considering that the four intermetallic
compounds are known to be stable phases at 0 K [46,49,52].

Based on the calculated heats of formation, the thermodynamic
stability of Cu-Zr intermetallic compounds has been analysed. As
shown in Fig. 4, CusZr, CugZrs, CujoZr; and CuZr, phases are stable
phases, and these results are in agreement with previously re-
ported results [49,52,81,82]. Our calculated heats of formation
for CusiZry4, CuyZr, CusZrg, CuZr phases are -9.515, -11.628, -5.34
and -6.061 kJ/mol atoms, and they lie 4.32, 4.638, 8.013, and
8.854 kJ/mol atoms above the ground state convex hull, respec-
tively. These results correspond to the experimental fact that the
CuZr, CusZrg and CuyZr intermetallic compounds can decompose
into the other stabler phases (i. e. CuZr — CuyoZr; + CusZrg, Cus.
Zrg — CuqoZr; + CuZr, and CuyZr - CugZrs + CU]OZI'7)
[37,38,40,43,46,49,51,52,83,84].

All heats of formation for the eight Cu-Zr intermetallic com-
pounds considered here are negative, and the absolute heats of for-
mation for CusZr, Cus1Zri4, CugZrs, CuyZr, Cuq9Zry, CuZr, CusZrg and
CuZr, are 11.77,9.5,16.3,11.6, 16.1, 6.1, 5.3 and 12.7 kJ/mol atoms,
respectively. These values indicate that the chemical interaction
between Cu and Zr is not so tight, but the negative heats of forma-
tions imply that these intermetallic compounds are thermodynam-
ically stable phases (see Fig. 4).

3.4. . The electronic properties

In order to understand the electronic properties of the eight Cu-
Zr binary system intermetallic compounds, the electronic energy
band structures and the corresponding density of state have been
calculated based on the corresponding optimized structures. The

Table 4
The heats of formation for the Cu-Zr binary system intermetallic compounds,
calculated in this work and known from the literature.

Phase Heats of formation (kJ/mol atoms) Reference
CusZr -11.770 This work
-12.522 [52]
-10.299 [49]CALPHAD
CusZr4 -9.515 This work
—8.640 [52]
-14.07 [43]
~12.967 [49]CALPHAD
-11.290 [51] CALPHAD
CugZrs —-16.307 This work
—18.205 [52]
—15.815 [48] CALPHAD
—13.460 [49]CALPHAD
-11.095 [51] CALPHAD
CuyZr —-11.628 This work
—14.442 [52]
CuyoZry -16.107 This work
—-18.755 [52]
-12.31 [43]
-14.221 [49]CALPHAD
—14.988 [51] CALPHAD
—-21.235 [48] CALPHAD
CuZr —6.061 This work
-12.714 [52]
—-9.05 [43]
—10.052 [49]CALPHAD
-9.479 [51] CALPHAD
-24.012 [48] CALPHAD
CuZr, —12.665 This work
—14.521 [52]
-10.95 [43]
-14.635 [49]CALPHAD
-15.029 [51] CALPHAD
-17.167 [48] CALPHAD
CusZrg —5.340 This work
—7.382 [52]
O0rCu r
g
©° 6
£
2 of
3 12
‘?:3 CuZr,
u; s ®  This work
£ 48l CuZty™ cu,zr, V| e [49]CALPHAD
g > A [51]CALPHAD
5 211 v v [48]CALPHAD
T8 < [43]Calorimetry|
24F ) ) ) ) v . _» _[52]Ab initio
0 20 40 60 80 100

Mole-fraction of Zr (%)

Fig. 4. Calculated heats of formation compared to experimental and other
theoretical values for the Cu-Zr binary system intermetallic compounds.

calculated results are summarized in Fig. 5. The electronic energy
band structures represent the energy of high symmetry directions.
The dotted line in Fig. 5 is the Fermi energy level defining as the
highest occupied orbital in the valence band at 0 K. As the energy
band structures and their corresponding density of states shown
in Fig. 5, except for CuZr,, the other seven Cu-Zr intermetallic com-
pounds are conductors since the top of valence band and the bot-
tom of conduction band are overlapped for CusZr, Cus;Zrig,
Cuy¢Zry, CuyZr, CugZrs, CuZr and CusZrg. For CuZr,, our calculated
result indicates that it is a semiconductor with indirect band gap
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Fig. 5. Calculated electronic energy band structures and the corresponding density of states for the Cu-Zr binary system intermetallic compounds.
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of 0.227 eV. In addition, it is known that the first-principles calcu-
lations usually underestimate the energy band gap of materials.
Thus, the actual energy band gap for the CuZr, phase should be lar-
ger than this computed value.

4. Conclusion

In summary, we have performed first principles calculations on
the phase stability of binary Cu-Zr intermetallic compounds (Cus_
Zr, Cus Zry4, CuyZr, CuygZr,, CugZrs, CuZr, CusZrg and Cu,Zr), with
particular emphasis on the mechanical and thermodynamic stabil-
ity. Meanwhile, the structural, elastic and electronic properties
have also been investigated. The optimized lattice parameters are
in good agreement with the available experimental and previous
theoretical values. Moreover, the mass density of Cu-Zr interme-
tallic compounds decreases almost linearly with increasing Zr
concentration.

Polycrystalline elastic moduli of Cu-Zr intermetallic com-
pounds were deduced through single crystal elastic constants
and Voigt, Russ and Hill (VRH) approximations. The ratio of shear
modulus versus bulk modulus (G/K) indicated that the eight
Cu-Zr intermetallic compounds are ductile materials and CuZr is
the most ductile phase among these alloy phases. Furthermore,
the bulk modulus (K) of Cu-Zr intermetallic compounds decreases
with increasing Zr concentration. All the calculated heats of forma-
tion of the eight Cu-Zr intermetallic compounds are negative. In
addition, the electronic energy band structure revealed that CuZr,
is a semiconductor with indirect band gap of 0.227 eV, while the
other seven Cu-Zr intermetallic compounds are conductors.
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