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To understand the precipitates in Mg—Zn alloys, we perform first-principles calculations to investigate the stability and elastic
properties of Laves MgZn, and monoclinic Mg,Zn,. We find that the relative stability of MgZn, and Mg,Zn; is dependent on their
compositions, implying that either one or both of the phases can exist within f8| precipitates. The elastic moduli indicate that the
strain resistance of MgZn, and Mg,Zn; is much greater than that of Mg.
© 2012 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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Magnesium alloys, which offer a 30% weight
reduction compared to aluminum alloys and a 75%
weight reduction compared to steels, represent promis-
ing lightweight structural materials with potential auto-
motive and aerospace applications. Mg—Zn alloys form
the well-known ZK series of precipitation-hardening al-
loys. This series possesses the greatest precipitation
hardening of Mg-based alloys due to the precipitation
of a fine, rod-like binary 8, phase which can prevent
the motion of dislocation and resist basal slip. In Mg—
Zn alloys, with the addition of other elements such as
rare earths, ternary phases form at the grain boundaries,
and Mg-Zn binaries also form inside the grains. With
overaging of Mg-Zn alloys, the B, precipitate trans-
forms into a plate-like f8;, one.

Due to the importance of the f8; phase in hardening
Mg-Zn alloys, many efforts have been made to charac-
terize the crystal structure of this f8; phase. However,
the crystal structures of such precipitates have been re-
ported in the literature vary widely. A very early study
showed that the rod-like | precipitates have a Laves
MgZn, structure [1]. This argument is supported by re-
cent experiments on Mg-Zn and Mg-Zn-X (X = Ca, Zr
or Ag) alloys [2,3]. Mendis et al. observed that the rod-
like f3; precipitates possess the structure of an MgZn,

* Corresponding author. Tel.: +86 21 56336107; fax: +86 21
56332475; e-mail: ypxie@shu.edu.cn

phase in Mg-Zn, Mg-Zn—-Ca, Mg-Zn-Ag-Ca, Mg-
Zn-Zr and Mg-Zn-Ag-Ca-Zr alloys aged to peak
hardness at 160 °C [2,3]. However, other studies have
demonstrated that the structures of ) are based on a
monoclinic Mg4Zn; phase. Gao et al. showed that the
B, precipitates in a Mg-Zn alloy aged at 200 °C do
not possess an MgZn, structure; instead, they possess
a base-centred monoclinic structure based on the
Mg,Zn; phase [4]. At the same time, they found that
B, precipitates are distinct from f8] precipitates, and that
the former do have an MgZn, structure. Similarly, Singh
et al. found that the rod-like 8] precipitates in Mg-Zn—
Y aged at 250 °C have a complex domain structure
based on the structure of the monoclinic Mg4Zn; phase
[5] In a subsequent work, they further demonstrated
that, in the complex domain structures of the rod-like
B, precipitates in an Mg-Zn-Y alloy, the hexagonal
Laves phase of MgZn, coexists with monoclinic Mg,Zn,
[6]. In addition, Mendis et al. found that the rod-like
and blocky precipitates in Mg-Zn—-Al alloys aged to
peak hardness at 160 °C have an Mg,Zn; structure [7].

It is clear that the structures of f8| precipitates that
have been affected by different conditions are different
and, furthermore, their evolution behaviour is compli-
cated. The MgZn, and MgyZn,; phases are the main
components of a f8; precipitate, while MgZn, is the main
component of a 8, precipitate. Therefore, the crystal sta-
bility and elastic properties of these two phases are of
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fundamental importance for understanding precipitate
structures and their hardening effects. The stability and
electronic and elastic properties of MgZn, have received
considerable attention with a motivation of understand-
ing the precipitates in Mg—Zn alloys at the atomic scale
[8,9]. However, the elastic properties of MgsZn; and the
stability of MgyZn; relative to MgZn, are not well
understood. In this paper, we report the results from
first-principles calculations based on density functional
theory for the enthalpies of formation and the elastic
constants of MgZn, and Mg4Zn;. In particular, we dis-
cuss the stability dependence of the Laves phase and the
monoclinic phase of Mg—Zn alloy on the stoichiometry
of these two phases. From the calculated elastic con-
stants and moduli, we also discuss the hardening effects
of MgZn, and Mg,Zn;.

The first-principles calculations at a temperature of
T =0 K are based on density functional theory and per-
formed using the Vienna Ab Initio Simulation Package
[10,11]with a plane wave basis set. The electron exchange
and correlation is described within the generalized gradi-
ent approximation [12,13], and the interaction between
ions and electrons is described using the projector aug-
mented wave method [14,15]. The Brillouin zone (BZ)
integration is performed by the special k-point sampling
of the Monkhorst-Pack type. For the BZs of Mg, Zn,
MgZn,, the 5 x 1 x 2 supercell of MgZn, and Mg4Zn-,
the k-point meshes of 12 x 12 x 8, 12 x 12 x 8§,
8 x8x6,2x8x3and2 x 8 x4 areused. An energy
cut-off of 380 eV is applied for all the calculations. Tests
verify that the above setup is sufficient to provide superior
accuracy in the present study.

The Laves phase of MgZn, has a hexagonal structure
with the space group P6s/mmec, whereas MgyZn; is
crystallized in the monoclinic structure with space group
C2/m. Figure 1(a) and (b) shows the crystal structure of
MgZn, along the [1120] axis and the structure of
Mg,Zn; along the [010] axis, respectively. Through a
detailed geometrical analysis, one can find that the
Laves structure is built up by a series of face-sharing
rhombic tiles (see point A). Such a rhombic tile can be
decomposed into two smaller units that are known as
Friauf polyhedrons [16]. (As shown in Fig. 1(c), the Fri-
auf polyhedron is a tetracapped, truncated tetrahedron.)
The monoclinic structure also contains the rhombic tile
(see point B) and, in addition, another rhombic tile unit
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Figure 1. The structures of (a) the hexagonal Laves phase, (b) the
monoclinic phase and (c) the Friauf polyhedron from different points
of view. The black lines are cellular boundaries. The orange lines are
included to facilitate the distinction between the rhombic and
hexagonal units. The Zn atoms are in blue. (For interpretation of
the references to colour in this figure legend, the reader is referred to
the web version of this article.)

Table 1. The relative energies (AE, in eV) of the substitution of Mg for
Zn (i.e. Mgz,) in MgZn, and the substitution of Zn for Mg (i.e. Zny)
in MgyZn;. All of the values are given with respect to the most stable
configurations of Mgz, and Zny;,. The substitutional sites in MgZn,
and Mg,Zn; are indicated in Fig. 1.

Substitutional site Znl Zn2
AE(Mgz, in MgZn,) 0 0.07
Substitutional site Mgl Mg2 Mg3 Mg4 Mg5
AE(Zny, in MgyZny) 0.57 0.60 0.61 0.61 0.66
Substitutional site Mgb6 Mg7 Mg8 Mg9 Mgl0
AE(Zny, in MgsZny) 0.64 0.66 0 0.35 0.57
Substitutional sites Zn (1+1)(s)* Zn (1 + 1)(a)®
AE(2 Mgz, in MgZn,) 0 0.10
Substitutional sites Mg (8a+8c) Mg (8a+8b) Mg (8a+9)
AE(2Znyg in MgyZn;) 0 0.16 0.29

#(s) and (a) indicate that there are Mg atoms at separated sites and at

(see point C). The unit C, which is zinc-deficient relative
to the Laves phase composition, servers to establish the
composition of MgyZnj,.

The thermal stability of MgZn, and Mg4Zn~ can be re-
flected by the formation enthalpies AH, which are given
by the energies of the phases relative to the composi-
tion-weighted average of the energies of the pure constit-
uents each in their equilibrium crystal structures. AH is
calculated as follows: AH = E, — ngEggg - xZnEf(?,
where Eio, Eyg® and EZ7 are the total energies per atom
of Mg, Zn.,, binary, (Mg, and Zn in their equilibrium
crystal structures, respectively. xy, and xz, are the con-
centrations of the Mg and Zn atoms in the Mg, Zn,
binary phase, respectively. The formation enthalpy of
the M% solid solution with solute Zn atoms is 0.003 eV
atom . The formation enthalpies of stoichiometric MgZn,
and Mg,Zn; are —0.145 and —0.141 eV atom ™', respec-
tively; these enthalpies are much lower than the formation
enthalpy of Mg solid solution with solute Zn atoms. This
fact indicates that both MgZn, and Mg,Zn; are more stable
than the Mg solid solution with solute Zn atoms.

To examine the competition between MgZn, and
MgyZn; in both B and f8;, we calculate the total energies
of the two phases in various compositions. The concen-
trations of Zn in stoichiometric MgZn, and Mg,Zn; are
63.63 and 66.67 at.%, respectively. To simulate the con-
figurations of the binary phase with a Zn composition of
63-67 at.%, we consider that Zn is replaced by Mg in a
Laves structure and that Mg is replaced by Zn in a
monoclinic structure. First, we present the energetics
of the substitution of Mg for Zn in MgZn, and the sub-
stitution of Zn for Mg in Mg4Zn; in Table 1. Then we
illustrate the most energetically favourable configura-
tions of two phases in various compositions. Figure 1(a)
shows the primitive cell of the Laves phase that is used
to construct a 2 x 5 x 1 supercell for calculating the to-
tal energies of the Laves phases with various composi-
tions. The Laves structure of MgZn, has two
symmetrically inequivalent Zn sites, i.e. Zn atoms occu-
py the Wyckoff positions of 64 (x;, 2x;, 0.25) and 2a
(0,0,0), which are labelled by 1 and 2, respectively, in
Figure 1(a). Table 1 shows that the Mg substitution at
site 1 in the Laves phase of MgZn, is energetically
favourable compared to the Mg substitution at site 2.
Any two substitutional Mg atoms that take place of
the Zn atoms tend to occupy separated site 1. Naturally,
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