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ABSTRACT

The structural, elastic and electronic properties of Mg(Cu;_xZny), alloys (x=0, 0.25, 0.5,and 0.75) were
investigated by means of first-principle calculations within the framework of density functional theory
(DFT). The calculation results demonstrated that the partial substitution of Cu with Zn in MgCu, leaded
to an increase of lattice constants, and the optimized structural parameters were in very good agreement
with the available experimental values. From energetic point of view, it was found that with increase of Zn
content the structural stability of Mg(Cu;_xZny), alloys decreased apparently. The single-crystal elastic
constants were obtained by computing total energy as a function of strain, and then the bulk modulus B,
shear modulus G, Young’s modulus Y and Poisson’s ratio v of polycrystalline aggregates were derived. The
calculated results showed that among the Mg(Cu;_xZny); alloys, MgCuZn exhibited the largest stiffness,
while Mg,CusZn showed the best ductility. Finally, the electronic density of states (DOSs) and charge
density distribution were further studied and discussed.

First-principle calculations

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Mg-based alloys have low density, good stiffness and the high
strength-to-weight ratio [1,2]. The weight of typical magnesium
alloys is 35% lower than that of their aluminum counterparts at
equal stiffness [3], so Mg-based alloys have been more and more
attractive inindustrial applications due to their lightweight proper-
ties and abundance of resources [4,5]. However, their applications
are also restricted because of the limited tensile strength and
inferior ductility. Hence, there is an urgent need to improve the
mechanical property of magnesium alloys, and much effort has
been devoted to developing high-strength magnesium alloys with
good ductility [6,7].

The addition of rare-earth (RE) elements has been known to
improve the mechanical properties of magnesium alloys owing
to the formation of strengthening precipitates [8-10], which play
a very important role in optimizing the microstructure [11-13].
However, the cost of RE elements is high. Recent investigations
have shown that the addition of Cu can overcome the drawback
of brittleness for Mg-based alloys [14,15], and it is also found that
the Mg-Cu alloys exhibit age-hardening response [16]. On the other
hand, the addition of Zn can improve the plasticity of high-strength
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and electrical properties of Mg-Cu alloys effectively [14,15]. Partic-
ularly, addition of Cu and Zn elements to Mg alloys can improve the
solid-solution strengthening and the age-hardening at both room
and elevated temperature, so further theoretical and experimental
study is necessary.

The elastic constants determine the response of the crystal to
external forces, as characterized by the bulk modulus, shear modu-
lus, Young’s modulus and Poisson’s ratio, so play an important role
in determining the mechanical properties of solid materials [17].
Over the past decade, much effort has been made to calculate the
elastic constants from first-principles calculations, especially for
the cubic materials [18,19]. These investigations will provide valu-
able guidance for analysis and design of alloys [18-23]. However, to
the best of our knowledge, theoretical investigation on the elastic
and electronic properties of Mg(Cuq_yxZny), alloys has not yet been
reported.

In this paper, we performed a systematic investigation of the
structural, elastic and electronic properties on face-centered cubic
(fcc) precipitates of Mg(Cuy_xZny), alloys by first-principle calcu-
lations, and the calculated results were discussed in comparison
with the available experimental data.

2. Computational method
The present calculations were performed using density func-

tional theory (DFT) [24] as implemented in the Vienna Ab Initio
Simulation Package (VASP) code [25]. The Perdew-Wang (PW91)
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version of the generalized gradient approximation (GGA) [26] was
used to describe the exchange-correlation energy functional and
the projector augmented wave (PAW) method [27] had been used
in the present work. The electron configuration for Mg treated
3s states as valence state, and others were described by 3d,
4s valence states for Zn and Cu, respectively. The cutoff energy
of plane wave was set at 350eV for Mg(Cuy_yZny), alloys. The
Brillouin zone integrations used Monkhorst-Pack grids [28] of
9 x 9 x 9 mesh for optimizing geometry and calculating elastic con-
stants, and 12 x 12 x 12 for calculation of the density of states
(DOSs). The geometry optimization was performed by full relax-
ation until the total energy changes within 104 eV/atom and the
Hellmann-Feynman force on all atoms was less than 102 eV/A.
The density of states (DOSs) and total energy calculations were per-
formed using the linear tetrahedron method with Bl6chl correction
[29].

3. Results and discussion
3.1. Structures and lattice constants

MgCu, has a cubic structure with the space group of Fd3m,
which is denoted by a Pearson symbol of cF24. The unit cell of
MgCu, contains 8 Mg atoms and 16 Cu atoms, and the lattice
constant is 0.704nm [30]. By Zn doping, the ternary cubic Laves
phases Mg(Cu,Zn), are obtained [31]. In order to investigate the
structure and elastic properties of the ternary cubic Laves phase
Mg(Cu,Zn),, Cu atoms were partially replaced by Zn atoms accord-
ing to the symmetric position of space group to form Mg,CusZn,
MgCuZn and Mg,CuZns, and the corresponding percentage of Zn
doping in MgCu, were about 17 at.%, 33 at.%, 50 at.%, respectively.
The Mg, CusZn, MgCuZn and Mg, CuZnj; resulting from partial sub-
stitution of Cu with Zn in MgCus, still keep its fcc structure [31].
Starting from the above fcc structure model, the lattice parame-
ters were first optimized with the full relaxation of cell volume
and shape as well as atomic positions. The equilibrium param-
eters and bulk modulus By of these alloys were determined by
fitting the total energy calculated at different lattice constant to a
Birch—-Murnaghan equation of state (EOS) [32]. Then the lattice con-
stant a and volume Vj for Mg(Cu;_xZny), alloys were derived and
listed in Table 1, where the available experimental and theoretical
results were also presented. It can be seen that the calculated lattice
constant of MgCu, phase agreed very well with the experimen-
tal and theoretical data [30,33]. Although there were no available
experimental measurements of lattice constants for Mg,CusZn,
MgCuZn, Mg,CuZns, it was very clear that the lattice constant a
increased with Zn content increasing. The volume variations in
Table 1 suggested that the Zn-Zn and Zn-Cu bonds were longer
than Cu-Cu, which was consistent with analysis of electronic struc-
tures. The obtained bulk modulus By as a function of Zn content is
shown in Fig. 1. The results demonstrated that with increase of Zn
content, the bulk modulus By of these alloys dropped rapidly, and
MgCu, had the maximum By value. Since bulk modulus determined
incompressibility, so the incompressibility of Mg(Cu;_xZny); alloys
reduced with Zn content increasing.

Table 1

The lattice parameter and the volume for Mg(Cu;_Zny),.
Compound Lattice parameters (A) Vo (A3)

Experiment [Ref.] Ab initio (this study) [Ref.]

MgCu, a=7.04[30] a=7.04674 and 7.03525 [33]  349.94
Mg, CusZn - a=7.1114 359.64
MgCuZn - a=7.1726 369.92
Mg,CuZns - a=7.264 383.29

The Bulk Modulus (GPa)

70 L " 1 . Il L 1 N 1 L 1
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Fig. 1. The bulk modulus B derived from the values of the elastic constants and the
By obtained through the Birch-Murnaghan EOS.

It is known that the cohesive energy is a measure of the force
to bind atoms together in the solid state, so it shows the struc-
tural stability of the alloys. The cohesive energy E,,, per atom for
Mg(Cuq_xZny); alloys can be calculated by

Eor — NAEA NgEB

atom atom

Nj + Ng + Nc¢

where Ey is the total energy of the unit cell used in the present
calculation, E4, ., EB . and ES,,, are the energy of the isolated
atoms A, B and C in the free state, respectively. Na, Ng and N¢ refer
to the number of A, B and C atoms in unit cell, respectively. Fig. 2
shows the calculated cohesive energy E,, of Mg(Cu;_xZny), alloys.
It can be found that the calculated E,, for all these alloys increased
with Zn content increasing. That was, the structural stability of
Mg(Cuq_xZny), alloys reduced with the Zn content increasing.
Therefore, MgCu, was the most stable in Mg(Cu;_xZny), alloys,
whereas Mg, CuZn; was the least stable. It was also found that there
was a close relationship between E,, and Vy, the more negative the
E.on, the stronger the atomic bonds, and the shorter the distance of
neighboring atoms. As a result, the Mg(Cuq_,Zny), alloys with a low
Zn content had a small V{ but a high stability.

NCEgtom (1 )

Ecoh =

3.2. Elastic properties

Elastic constants are the measure of the resistance of a crystal
to an externally applied stress. Generally, the single-crystal elastic
constants can be obtained by calculating the total energy as a func-
tion of appropriate lattice deformation. Depending on the crystal

The Cohensive Energy (eV/atom)

Fig. 2. The cohesive energy E.,; of Mg(Cu;_xZny), alloys.
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Table 2

The strains used to calculate the elastic constants of Mg(Cuy_xZny), with §=+0.01n
(n=0-2). AE is the difference in energy between the strained lattice and the
unstrained lattice.

Strain Parameters (unlisted e; =0) AE|Vy

1 e1=e;=8,e3=(1+8)2-1 38%(C11 — C12)

2 e1=e;=e3=48 382(Ciy +2C12)[2
3 Eg=5, €3=82(4782)’] 52C44/2

symmetry and the type of lattice deformation imposed, the cur-
vature of the total energy versus strain curves can define either a
particular elastic constant or acombination of elastic constants. The
internal energy (E(V, {e;})) of a crystal under an infinitesimal strain
e;, with respect to the energy E(Vp, 0) of the unstrained geometry,
can be written as

Vi
E(V, {e)) = E(Vo, 0)+ =2 > Cyeiej + - (2)
ij

where V; is the volume of the unstrained system with E(V,, 0)
being the corresponding energy, Cjs are the single-crystal elas-
tic constants and the strain tensor £={e;, ej,...} is given in Voigt
notation. For a material with cubic symmetry, there are only three
independent elastic constants, Cy1, C12 and Cy4. In order to obtain
the elastic constants of the cubic crystal, three kinds of strains ¢(M)
(M=1, 2,and 3) were applied, as listed in Table 2. The first one is a
volume-conserving stretch along the z-axis, the second is equiva-
lent to simple hydrostatic pressure, and the last strain corresponds
to a volume-conserving monoclinic shear about the z-axis [18]. The
calculated Cj;s of fcc Mg(Cuy_xZny); alloys are listed in Table 3. It can
be seen that for Mg, Cu3zZn and MgCuZn, the calculated elastic con-
stants Cq1, C12 and C44 were 120.02, 69.53, 38.01 and 142.53, 50.55,
64.97 GPa, respectively, while the experiment values of Mg(Cu,Zn),
for corresponding percentage of Zn doping are 118.60, 70, 41.90
and 144.15,49.95, 62.85 GPa, respectively, indicating the calculated
results agreed well with the experimental values. The obtained
constants meet the requirements of mechanical stability for a
cubic crystal [34]: (C11 — C12)>0, C11 >0, C44 >0,and Cy5 > 0. There-
fore, these alloys were all mechanically stable phases. The present
results also revealed the variation feature of Cjs with different Zn
content. It can be seen that C;;, of Mg(Cuy_xZnyx), dropped rapidly
with addition of Zn, and C;; of MgCu, exhibited the maximum
value. For C;; and Cy4, MgCuZn possessed the maximum values
while Mg, CusZn had the minimum. The variation feature of Cys for
Mg(Cuq_yZny), alloys with Zn content in the present calculation
were in accordance with the experimental values [31].

For polycrystalline samples, an averaged bulk modulus B and
shear modulus G can be determined by combining values of the
single-crystal Cj; according to the proper symmetry relations. Here
Hershey's averaging method [35] was adopted, because it has been
turned out to give the most accurate relation between single-crystal
and polycrystalline data [36]. Then, the average shear modulus G is
given by the solution of the cubic equation

G +aG’+BG+y=0 (3)

o = 5C11 ;—4C]2 (4)

Table 3
Calculated elastic constants (GPa) as well as polycrystalline the elastic parameters
(G, Y, vand A) for Mg(Cuy_xZny),.

Compound Cqq Cr2 Cyq B G GB Y v A

MgCu;, 126.20 74.40 41.72 91.67 34.55 038 92.09 0.333 1.25
Mg,CuszZn 120.02 69.53 38.01 86.36 32.32 037 86.21 0334 1.21
MgCuZn 142.53 50.55 64.97 81.21 56.60 0.87 137.78 0.217 1.27
Mg,CuZns 121.54 50.04 56.39 73.87 47.03 0.64 116.39 0.237 1.34

1327('44(7&%—4&2) (5)

_ Caa(Gi1 = Ci2)(Cip +2GCy2)
N 8

The calculated results are listed in Table 3. It is well known that
shear modulus is a measure of resistance to reversible deformations
upon shear stress [37]. The larger is the value of shear modulus,
the more pronounced is the directional bonding between atoms.
The present calculated results demonstrated that MgCuZn had the
largest shear modulus, and then followed by Mg, CuZns, MgCu, and
Mg, CusZn. Hence, the directional bonding in MgCuZn would be the
strongest for its largest shear modulus, and the directional bond-
ing for Mg, CuZns, MgCu, and Mg, CusZn became weak due to the
smaller shear modulus. For a cubic lattice the average bulk modulus
isidentical to the single-crystal bulk modulus, i.e., B=(Cq1 +2Cq2)/3.
Fig. 1 shows visually that the bulk modulus B of Mg(Cuy_xZny),
alloys decreased with Zn content increasing. It was also worth not-
ing that, the bulk modulus B derived from the elastic constants
agreed well with the By obtained through the Birch-Murnaghan
EOS, which gave a consistent estimation of the compressibility for
these alloys. Young’s modulus Y is defined as the ratio between
stress and strain, and it can be given as Y=3BG/(3B+G) and used
to provide a measure of the stiffness of the solid. The larger the
value of Y is, the stiffer the material is. The calculated results in
Table 3 indicated that the stiffness of MgCuZn was the largest, and
then followed by Mg, CuZns, MgCu, and Mg, CusZn. The Poisson’s
ratio is also calculated as v=(Y - 2G)/2G, which can quantify the
stability of the crystal against shear. The calculated results indi-
cated that MgCuZn showed the lowest tenacity due to the smallest
value of Poisson’s ratio, Mg, CuZns had lower tenacity than MgCu,
and Mg, CusZn phases.

The ratio of the shear modulus to bulk modulus of crystalline
phases introduced by Pugh [37] can predict the brittle and ductile
behavior of materials. A high (low) G/B value was associated with
brittleness (ductility). The critical value separating ductility from
brittleness is about 0.57. The calculated results of Table 3 showed
that MgCuZn exhibited a stronger brittleness than Mg, CuZns, while
Mg, CusZn had better ductility than MgCu,. The Pugh criterion of
G/Bisof high interest as it leads the path to engineering alloy design
and is applied widely [38]. The random-texture elastic property
homogenization could also be determined by G/B with complemen-
tation of upper and lower bound calculation [39].

The elastic anisotropy of crystals has an important implication
inengineering science since it is highly correlated with the possibil-
ity of inducing microcracks in materials [40]. Therefore, the elastic
anisotropy of these fcc Mg(Cuy_xZny), alloys are predicted through
anisotropy constant defined as A=(2Cyq +C;32)/C11 for cubic sym-
metric structure [41]. If the material is completely isotropic, the
value of A would be 1, while values smaller or bigger than 1 show
the degree of elastic anisotropy [34]. It was interesting to note that
the calculated values of A in Table 3 did not deviate far from unity,
suggesting that these fcc Mg(Cuq_xZny), alloys also did not deviate
far from isotropy.

(6)

3.3. Electronic structure

Further analysis on the total and partial density of states (DOSs)
of Mg(Cuq_yZny), were performed to study how the electronic
structure determined the structural stability and elastic proper-
ties. The calculated total and partial DOS are shown in Fig. 3, where
the Fermi level was set at zero energy and marked by the verti-
cal lines. As shown in Fig. 3, the DOS feature of the Mg(Cuy_xZny);
alloys was largely similar, the Cu-d states, Zn-p and Zn-d states,
Mg-s and Mg-p states were broadly distributed in the entire region,
while Cu-s states and Cu-p states were very weak in whole region.
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Fig. 3. The total and partial density of states (DOSs) for MgCu, (a), Mg,CusZn (b), MgCuZn (c) and Mg, CuZns (d).

Both below and above the Fermi level, the hybridization between
Cu-d states, Zn-p states and Mg-p states was strong. It should be
noted that there was a pseudogap close to the Fermi level (Eg) in
the total DOS of these Mg(Cu;_yZny), alloys, which indicated the
presence of covalent bonding. Quite often the pseudogap separated
the bonding states from the anti-bonding/nonbonding states. The
DOSs in Fig. 3 showed that the Fermi level fell below the pseudogap
of Mg(Cuy_xZny), alloys, which indicated that not all the bonding
states were filled and some extra electrons were required to reach
maximum stability in these alloys [42,43].

|

Fig. 4. The contour plots charge density on the (100) plane for MgCu; (a), Mg, CusZn (b), MgCuZn (c) and Mg, CuZns (d).

100(plane)

To gain more insight into the bonding behavior of these alloys
we have given the contour plots of charge density on the (100)
plane in Fig. 4. The contour lines were plotted from 0.02 to 0.32 e/A3
with 0.015e/A3 interval. Higher density region corresponding to
the core electron distribution of Mg, Zn and Cu atoms was omit-
ted due to little contribution to the bonding. Fig. 4 shows that Mg
atoms were almost spherical, while Cu and Zn atoms were slightly
deformed. The obvious overlaps of electron densities between
Cu-Cu, Zn-Zn, Zn-Cu indicated the covalent bonds between
them, and these covalent bonds became weak with Zn content
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Fig. 5. The density of states for various strains of MgCu,; (a), Mg,CusZn (b), MgCuZn (c¢) and Mg,CuZns (d). The red line corresponds to an undistorted lattice, blue line
corresponds to a —2% distortion, and black line corresponds to a 2% distortion. The Fermi level Er was at zero energy. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of the article.)

increasing, suggesting the worse stability of crystal structure.
Therefore, the charge density distribution could explain the struc-
tural stability of Mg(Cu;_xZny), alloys reasonably. In contrast to
the Cu-Cu, Zn-Zn, Zn-Cu bonding, there was no overlap of elec-
tron distribution around Mg atoms. The almost uniform electron
distribution around Mg atoms was likely to be the metallic bond
and can be well described by the nearly free electron model. These
results were consistent with the DOS analysis described above. The
calculated results of bond length showed that the atomic distance
between the nearest Cu-Cu atoms was 2.49 a.u., which was smaller
than the 2.59 a.u. of the nearest Zn-Zn atoms and 2.54 a.u. of the
nearest Zn-Cu atoms, respectively. This result was consistent with
the volume variations from Table 1.

To further reveal the underlying mechanism for elastic prop-
erties, the subtle features of DOSs during deformation were also
discussed. Fig. 5 displayed the DOS at §=-0.02, 0.00 and 0.02 for
three types of strains in Table 2. Here the total DOS during defor-
mation was focused on the range from about —6.5eV to 1.0eV,
and the rest parts were omitted due to the similar feature. The
results showed that the shears corresponding to 3/2(Cyq +Cq2)
were not volume conserving whereas the shears corresponding to
3(Cy1 — Cq2) and C44/2 were almost volume conserving. The Force
Theorem [44] on calculations of elastic constants indicated that for
volume conserving, the effect of electrostatic interaction energy
could be neglected. For the shear corresponding to not volume con-
serving, the electrostatic interaction energy must be included due
to nonsphericity of the charge distribution and its variation with
shear [45]. The present results revealed that the elastic constant
corresponding to not volume conserving was higher due to the
influence of electrostatic interaction energy.

4. Conclusions

The structural, elastic and electronic properties of
Mg(Cuq_xZny),; with fcc structures were systematically inves-

tigated by means of first-principle calculations within the
framework of density functional theory (DFT). For Mg(Cuy_xZnx),
alloys, the optimized lattice parameter a and the volume Vj
increased with Zn content, while the structural stability decreased
from the energetic point of view. The single-crystal elastic con-
stants as well as polycrystalline elastic parameters B, G, Y, v and
A had been calculated, and the results indicated that MgCuZn
exhibited the largest stiffness but obvious brittleness and weak
tenacity, while Mg,CusZn showed the best ductility. The calcu-
lated electronic structures showed that the covalent bond became
weak with Zn content, revealing the underlying mechanism for
the structural stability of Mg(Cuy_yZny), alloys. Furthermore, the
elastic constant corresponding to not volume conserving was
higher due to the influence of electrostatic interaction energy. The
recent investigations could provide helpful guidance for future
measurement and design of new magnesium alloys.
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