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Abstract

Mg-Sn and Mg-Zn alloys exhibit a strong age-hardening
effect and have become promising bases for high-strength
and low-cost Mg alloys. However, the atomic structures
and phase stabilities of various precipitates and inter-
metallic compounds during the heat treatment in these
systems remain unclear. Here we use a combined
approach of first-principles calculations and cluster
expansion (CE) to investigate the atomic structures and
thermodynamic stabilities of the experimentally reported
precipitates as well as orderings on the FCC and HCP
lattices in Mg-Sn and Mg-Zn alloys. From the low energy
structures searched by CE, potential Guinier–Preston
(GP) zones are identified from preferred HCP orderings.
The slow convergence for CE of HCP Mg-Zn, compared
with that of Mg-Sn system, is attributed to the
long-ranged interactions resulting from the larger lattice
mismatch. This study could help design better
age-hardened Mg alloys.
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Introduction

Magnesium (Mg) is the lightest engineering metal with a
density of *1.7 g/cm3, which is significantly lower than
aluminum (Al, 2.7 g/cm3), titanium (Ti, 4.5 g/cm3), and iron

(Fe, 7.9 g/cm3), thus becomes a promising candidate for
weight reduction materials in vehicles. Comprising 2.7% of
the earth’s crust, Mg is the most abundant metallic element
and can be readily commercially produced from seawater
and ores with a purity that can exceed 99.8% [1], thus
providing ample resources to cover the use of its alloys in
various engineering sectors. Apart from lightness and
abundance, Mg alloys have shown a high strength-to-weight
ratio among structural alloys, excellent castability, recycla-
bility, versatility in processing (e.g., rolling, extrusion and
machining), exceptional dampening capacity, non-toxicity
towards the environment and the human body, etc. [1].
Because of such attractive features, Mg alloys have received
considerable research over the last decade for potentially
wider and larger applications in the automotive, aircraft,
aerospace, and 3C (computer, communication, and con-
sumer electronic product) industries [2]. Despite the con-
siderable efforts made thus far, the adoption of Mg alloys in
engineering applications remains limited compared with that
achieved for Al alloys, mainly due to the inadequacies in
yield strength, creep-resistance, formability, and corrosion
resistance [2].

Among various methods to improve mechanical proper-
ties of Mg alloys, additions of rare-earth (RE) elements are
particularly attractive due to its significant effect on various
mechanisms, including solid solution strengthening [3],
enhanced pyramidal slip of <c + a> dislocations [4–6],
formation of long-period stacking ordered strengthening
phases [7, 8], weakening of the textures and improving
formability [9–14]. However, disadvantages of the
Mg-RE-based alloys are also apparent. The scarcity of RE
elements significantly raises the cost, making large-quantity
usage (usually *10 wt.%) of Mg-RE alloys impractical in
industry applications. The major advantage of Mg alloys,
i.e., low weight, gradually loses due to the increased density
of the Mg-RE alloys [15]. Therefore, to further expand the
industrial application of Mg alloys, development of
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low-cost, RE-free Mg alloys with high strength is strongly
desired.

Among the RE-free Mg alloys, the Mg-Sn and Mg-Zn
alloys are attractive due to their precipitation hardenability
and biocompatibility [1, 2, 16, 17]. The Mg-Sn-based alloys
are promising for structural applications due to high solu-
bility of Sn in Mg (i.e., 14.5 wt.% at 561 °C) [18], precip-
itate hardenability by b Mg2Sn phase [2], and good
castability resulting from the eutectic reaction at 561 °C [18].
Despite its merits, the strengthening Mg2Sn phase usually
has a coarse distribution and lies on the basal plane of Mg
matrix [19] or at the grain boundaries of as-cast Mg-Sn
alloys [20]. Due to its equilibrium nature, it takes a long time
(e.g., weeks) to reach peak hardness [21, 22]. A detailed
study of the microstructures of cast and solutionized
Mg-9.8Sn (wt.%) alloy showed the presence of Guinier–
Preston (G.P.) zones and coherent precipitates with L12
structure [23, 24]. The D019 Mg3Sn phase is observed in
as-solidified microstructures of Mg-1.5Sn (at.%) and
Mg-9.76Sn (wt.%) alloys [25, 26]. However, the detailed
structures and stability of these metastable phases (i.e.,
various G.P. zones, L12 and D019 Mg3Sn) and their relations
during the precipitation process remain unclear.

In Mg-Zn system, the maximum solubility of Zn in Mg
matrix is 2.4 at.% at 613 K (340 °C) [2, 27], which
decreases rapidly with lowering temperature and leads to
supersaturated solid solution. Aging treatment leads to the
formation of various precipitates that impede the movement
of dislocations and improves the strength of the alloy. Mg
and Zn species can be absorbed by the human body, and
bivalent ions of Mg and Zn are essential for human meta-
bolism [16, 28]. If the absorption rate is properly tuned,
Mg-Zn alloys could become a promising candidate for var-
ious implants (e.g., bone screws, cardiovascular stent) [28].
Over the years, numerous efforts have been made to
understand and tune the microstructures of Mg-Zn alloys
since the discovery of its aging hardening effect [2]. Cur-
rently, the structures and stabilities of the phases in Mg-Zn
system are not well understood, especially the exact stoi-
chiometry and details of the atomic structure during the early
stages of aging treatment [2].

In the current work, the phase structures and stabilities in the
precipitation process of Mg-Sn and Mg-Zn alloys are investi-
gated: a combined first-principles approach, i.e., cluster expan-
sion (CE) [29, 30] andMonte Carlo (MC) [31] parameterized by
energies from first-principles calculations based on density
functional theory (DFT) [32, 33]. The computational method-
ology and parameters are detailed in Sect. “Computational
Methods”. The results and analysis for Mg-Sn and Mg-Zn
systems are shown in Sects. “Precipitation inMg-Sn Alloys and
Precipitation in Mg-Zn Alloys”. The role of lattice mismatch on
phase stability is discussed in Sect. “Discussions”. The con-
clusions are summarized in Sect. “Conclusions”.

Computational Methods

The current work focuses on atomic-scale
ordering/clustering phenomena, and their effect on the
early-stage precipitates. CE with total energy input from
DFT is adopted to parameterize the configuration-dependent
energy of the lattice model. The obtained CE formula is used
to exhaustively search the low energy atomic configurations
up to a certain size of structures, which can reveal the atomic
structures and energies of potential coherent precipitates.
The molecular dynamics is not chosen due to its innate
limitations of time scale [34] and the unavailability of
accurate interatomic potentials for Mg-Sn and Mg-Zn alloys.

First-principles calculations based on DFT were
employed to calculate the ground-state structures and ener-
gies of ordering phases on HCP and FCC lattice of Mg-Sn
and Mg-Zn alloys. The ion–electron interaction was descri-
bed by the projector augmented plane-wave method [35] and
the exchange–correlation functional was described by an
improved general gradient approximation of Perdew–Burke–
Ernzerhof [36], as implemented in the Vienna Ab-initio
Simulation Package (VASP, version 5.4) [37, 38]. The
energy cut-off of 400 eV or larger was adopted for the
plane-wave expansion of the electronic wave functions. The
Methfessel–Paxton technique was adopted with smearing
parameter of 0.2 eV for integration over k points [39]. The
Brillouin zone was sampled by Gamma-centered grids with
the k points per reciprocal atom over 8,000. For all the
configurations under consideration, all degrees of freedom
for the cell (e.g., volume, shape, and atomic positions) are
allowed to relax for structural optimization. To improve the
accuracy of energy calculations, static calculations with the
tetrahedron method incorporating Blӧchl correction [40]
were adopted after structural relaxations.

To analyze the effects of lattice mismatch on the coherent
phase stability, the epitaxial deformation energies of HCP
Mg on basal and 1010

� �
prismatic planes were calculated as

a function of lattice parameters on epitaxial planes. Under
epitaxial deformation, the lattice parameters on the epitaxial
plane are fixed to maintain coherency while the lattice
parameter perpendicular to the epitaxial plane is free to relax
[41]. For the basal plane of HCP lattice, there is only one
independent lattice parameter on the epitaxial plane. For
other crystallographic planes, there are two independent
lattice parameters [42]. To simplify the calculations, the c=a
on epitaxial plane is fixed at the equilibrium value of HCP
Mg when calculating the epitaxial deformation energies for
1010

� �
prismatic plane. To examine the extent of anhar-

monic lattice distortion, the energy data within 0.95–1.05
vicinity of the equilibrium lattice parameters were taken for
the harmonic fitting and compared with DFT, assuming the
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elastic response within 0.95–1.05 vicinity of equilibrium
lattice parameter is harmonic [43].

The CE method is widely used to construct the Hamil-
tonian of different atomic configurations. In the current
work, the MAPS code in Alloy Theoretic Automated Toolkit
(ATAT) [44, 45] is adopted to generate various atomic
configurations on lattice and perform the CE calculations for
HCP and FCC Mg-Sn and Mg-Zn alloys throughout the
whole concentration range. In Mg-Sn alloys, G.P. zones and
D019 ordering on the basal plane of HCP lattice, and L12
ordering on FCC lattice were observed experimentally [23,
24, 26]. In Mg-Zn alloys, G.P. zones were observed on basal
and prismatic planes of HCP lattice [46], and cubic C15
MgZn2 that resembles FCC lattice was also reported [47].
Additionally, precipitate with high solute concentration will
be formed if the precipitate is energetically favored and
solute is enriched in local regions in the Mg matrix.
Therefore, CEs on HCP and FCC lattices of both alloys are
performed in the whole concentration range. In CE, the pair,
triplet, and quadruplet clusters, in addition to empty and
point clusters, are adopted up to a chosen cut-off distance
and the corresponding effective cluster interactions (ECIs)
are used to fit the energy from DFT calculations. All struc-
tures with up to 14 and 12 atoms are searched, respectively,
to yield converged CE results for HCP and FCC. The CE
results are then adopted to search for relatively stable
orderings with energy less than 5 meV above the convex
hull with solute concentration up to 25 at.% Sn in Mg-Sn
system and 50 at.% Zn in Mg-Zn system. The criterion of
5 meV is chosen since it is approximately the error bar for
the energies predicted by CE. The choice of clusters in CE is
optimized to minimize the cross-validation, which is the
averaged prediction error of the CE formula. Eventually,
there are 228 and 317 coherent structures included in the
training of ECIs for HCP and FCC lattices in Mg-Sn alloys.
And the numbers of pair, triplet, and quadruplet clusters
adopted in CEs of HCP and FCC Mg-Sn lattices are 11, 15,
0 and 23, 12, 16, respectively. The leave-one-out
cross-validation (LOOCV) score are 0.0035 and
0.0031 eV/atom, respectively, for CE of HCP and FCC
lattices in Mg-Sn alloys. For Mg-Zn alloys, there are 385
and 248 structures included in the training for CE of HCP
and FCC lattices, and the LOOCV are 0.0040 and
0.0042 eV/atom, respectively. The numbers of pair, triplet,
and quadruplet clusters adopted in CEs of HCP and FCC
Mg-Zn lattices are 21, 10, 15 and 17, 12, 16, respectively.
To improve the convergence, the extent of structural relax-
ation away from the ideal lattice were characterized using the
distortion of lattice vectors, the structures with distortion
parameter larger than 0.1 were excluded from cluster
expansion [48]. The details of the CE for Mg-Sn and Mg-Zn
alloys are reported in Refs. [40, 50]

Precipitation in Mg-Sn Alloys

In the CE calculations, the relaxed structures from DFT
calculations are examined via the lattice distortion to deter-
mine whether the structures should be included in the fitting
of ECIs [48]. In Fig. 1, the lattice distortions as a function of
xSn and their distributions are shown for relaxation of HCP
and FCC orderings. The lattice distortion becomes larger as
xSn increases from zero, and then decreases as xSn approa-
ches unit. At the middle region, the lattice distortions are
significantly larger because the alloy prefers to stay in the
lattice of the stable intermetallic compound Mg2Sn, thus
deviating from ideal HCP or FCC lattices. In comparison,
the lattice distortion of HCP is generally larger than that of
FCC, since the c/a ratio of HCP Mg and Sn are different and
while FCC Mg and Sn, by definition, are cubic and free of
distortion. For both HCP and FCC, the lattice distortion
drops around 0.1. For consistency, this lattice distortion
criterion is chosen to select relaxed structures for the training
of ECIs, and those with distortion larger than 0.1 are
excluded, which is recommended in ATAT [48].

The ECI energies for clusters and CE results for HCP and
FCC are shown in Fig. 2, respectively, where the energies
from DFT, the corresponding energies from CE prediction,
the metastable and global convex hulls of formation energy
are plotted, with the energies of HCP Mg and BCT Sn as
references. The pair and triplet clusters are enough to depict
the energies of orderings on the HCP lattice, while quadru-
plet clusters also contribute to the energies of the FCC lat-
tice; see Fig. 2a, b. The size (or diameter) of the cluster is
defined as the largest two-site distance of the clusters. In
both cases, the magnitude of the ECI energy decreases with
the increasing size of clusters. The cut-off distance for pair
and triplet interactions for CE of HCP lattice are 7.82 and
5.54 Å, respectively, while that for the pair, triplet, and
quadruplet interactions for FCC lattice are 13.92, 6.39, and
5.53 Å, respectively. As shown in the convex hulls of for-
mation energies (Fig. 2c), D019 Mg3Sn and B19 MgSn are
predicted to be on the HCP convex hull while L12 Mg3Sn
and L10 MgSn are on the FCC convex hull. The D019 and
L12 Mg3Sn phases are identified on the metastable convex
hull with energies 32 and 7 meV/atom above the global
convex hull, respectively, which indicates that L12 is more
stable than D019 Mg3Sn.

The potential G.P. zones are searched by examining the
coherent ordering phases on or slightly above (within
5 meV) the HCP and FCC metastable convex hull; see
Fig. 3a–c. The primitive cells of the structures are indicated
by the dashed red lines and the solute-rich G.P. zones are
indicated using green rectangles. Since D019 ordering is on
the HCP convex hull, many orderings resembling D019 with
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xSn <25 at.% are also found. A potential G.P. zone on HCP
lattice viewed along [0001] and ½2110� are shown in Fig. 3a
and b. Note that these zigzagged arrangements of Sn rods are
the basic building blocks of the D019 phase, where such
arrangements are stacked compactly with pure Mg. The
popularity of such building block is reasonable from a
thermodynamic perspective, considering that it is the basic
unit of D019 on the HCP convex hull, and several layers of
pure Mg are present between the basic units to maintain the
overall concentration. Previous studies also revealed such
zigzagged patterns of solute rods in Mg-based rare earth
alloys, such as Mg-Nd [51] and Mg-Sc systems [52], where,
similar to the current results, D019 structure with 25 at.%

solute is on the HCP convex hull of formation energies.
On FCC lattices of Mg-Sn alloys, many ordering phases

with xSn <25 at.% and slightly above (within 5 meV) the
FCC metastable convex hull are identified in addition to L12
and L10. In Fig. 3c, a plate-like ordering on FCC lattice that
resembles L12 ordering is shown along the [001] direction.
This type of atomic arrangement is common in the ordering
phases with xSn <25 at.% on FCC lattice. Similar to the
orderings on HCP lattices, the coherent phases with xSn <25
at.% on FCC lattice can be viewed as the mixture of Mg and
L12 Mg3Sn on FCC lattice. Thus, local L12 Mg3Sn can be
viewed as the building block of the coherent orderings on

Fig. 1 Distortions of coherent orderings on HCP (a) and FCC (b) lattices of Mg-Sn alloys as a function of the molar fraction of Sn (left) and its
histogram (right)

Fig. 2 Effective cluster interaction energies of the clusters in CE for
HCP (a) and FCC lattices (b) of Mg-Sn alloys and the clusters are
ordered with increasing size (largest two-site distance) within the

cluster. Formation energies of orderings (c) on the HCP and FCC
lattices of Mg-Sn alloys from DFT calculations and the ground state
convex hull
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FCC lattices. The plate-like L12 ordering is also observed
experimentally [23].

With the identified potential G.P. zones on the basal plane
with 12.5 at.% Sn and the energetics of L12 and D019 pha-
ses, the precipitation sequence can be described as super-
saturated solid solution ! basal plane G.P. zones ! D019
Mg3Sn ! L12 Mg3Sn ! b Mg2Sn. The transition from
D019 to L12 Mg3Sn can be facilitated by the appearance of
stacking fault in HCP matrix. The evolution of the energetics
of these phases is shown in Fig. 3d, which shows a decrease
of the formation energies. From Fig. 2c, such an evolution of
energetics agrees with the precipitation criterion by the
monotonic decrease of the formation energies per solute
atom [53].

Precipitation in Mg-Zn Alloys

The coherent structures on HCP and FCC lattices of Mg-Zn
alloys were relaxed using DFT and the extent of lattice
distortions are shown in Fig. 4. Similar to the case of Mg-Sn
alloys, the lattice distortion increases with the solute con-
centration first, then decreases as xZn approaches 1. This is
due to the fact that the stable phases (i.e., C14 MgZn2,
Mg4Zn7, and Mg21Zn25) and the corresponding favored
bonding are incoherent with the HCP and FCC lattices of
Mg-Zn alloys. Compared with the Mg-Sn alloys, deviations
of the orderings from FCC lattices are much more severe in
Mg-Zn alloys, since a larger portion of the FCC orderings
shows larger lattice distortion than 0.1. Note that there is an

experimentally observed FCC ordering (i.e., L12) in Mg-Sn
system [23, 24], while none is found in Mg-Zn system.
Hence the FCC orderings in Mg-Sn are more stable than
those in Mg-Zn alloys, compared with the corresponding
equilibrium phases. As for orderings on HCP lattices, the
overly relaxed structures in Mg-Zn alloys include those
related to C14 and C15 MgZn2, which are observed exper-
imentally [47]. Meanwhile, the HCP orderings excluded in
the CE training for Mg-Sn alloys do not show clear con-
nections to the experimentally observed phases.

The ECIs from CEs for HCP and FCC lattices are shown
in Fig. 5a, b. Generally, the magnitude of ECI decreases
with the increase in diameter of the cluster, which agrees
with physical intuition that smaller clusters have larger
energetic contributions. The cut-off distances for pair, triplet,
and quadruplet clusters for CE of HCP lattice are 10.09,
5.52, and 5.52 Å, while for CE of FCC lattice are 12.78,
6.39, and 5.53 Å. Notice that a larger cut-off distance is
required for the CE of HCP lattice for Mg-Zn alloys, com-
pared with that of Mg-Sn alloys. Even with larger cut-off
distances and more training structures, CE for HCP Mg-Zn
alloys has larger LOOCV than that for Mg-Sn alloys. The
slowed convergence could be due to the long-ranged inter-
actions, which are not included in the CE due to the required
cut-off distance.

The stabilities of the coherent orderings on HCP and FCC
lattices, as well as the incoherent phases, are shown in
Fig. 5c. On HCP lattice, the stable orderings include B19
MgZn and D019 MgZn3, although D019 Mg3Zn is only
slightly above the HCP convex hull (2.7 meV/atom). The

Fig. 3 Potential G.P. zones on HCP and FCC lattices of Mg-Sn alloys
and the precipitation sequence. Potential G.P. zone on HCP lattice that
resembles D019 viewed along ½0001� (a) and ½2110� (b) directions.
Potential G.P. zone on FCC lattice that resembles L12 viewed along

½100� direction. (d) The precipitation sequence in Mg-Sn alloys and the
corresponding formation energies. The blue and red circles represent
Mg and Sn atoms. The blue lines and green dashed rectangles indicate
the Sn-rich region of the G.P. zone. The red dashed lines indicate the
primitive cells (Color figure online)

First-Principles Investigation of the Early-Stage … 285



predicted stable phases include Mg21Zn25, Mg4Zn7, C14
MgZn2, and Mg2Zn11, which agrees with the phase diagrams
evaluated experimentally [54]. According to the criterion by
Wang et al. [53], the precipitation sequence is related to the
formation energy per solute atom, which can be visualized as
the slope of the line connecting pure Mg and the corre-
sponding phase. In the current calculations, the slopes for
C14 MgZn2, Mg4Zn7, and Mg21Zn25 are determined as
−0.2091, −0.2118, and −0.2237 (eV/atom), thus leading to
the stability sequence of C14
MgZn2 ! Mg4Zn7 ! Mg21Zn25.

In Mg-Zn alloys, G.P. zones have been reported [46],
although the experimental evidence is questioned and further
examination with modern microscopy is needed [2]. From
the CE for HCP lattice of Mg-Zn alloys, the coherent
orderings close to HCP convex hull are searched to find

potential G.P. zones. In Fig. 6, the potential G.P. zones on
basal, 0110

� �
, and 2110

� �
planes are shown. The pink

dashed lines indicate the primitive cell of the structures, and
the blue rectangles indicate the solute-rich G.P. zones. The
potential G.P. zone on basal plane has three atomic layers.
The potential G.P. zone on 0110

� �
plane shows a similar

structure to the B19 MgZn phase, which resides on the HCP
convex hull. Notice that concentration of Zn is 100% in the
Zn-rich layer of the identified G.P. zones on 0110

� �
plane.

This could cause strong local lattice distortion and the local
Zn layers may evolve to other incoherent and more stable
phases. The lattice distortion is not incorporated in the CE
approach. In contrast to the G.P. zone in Fig. 7b, the Zn
concentrations in the Zn-rich layers of G.P. zones in Fig. 7a,
c is only 50%, which are more likely to stay coherent with
the HCP Mg matrix.

Fig. 4 Distortions of coherent orderings on HCP (a) and FCC (b) lattices of Mg-Zn alloys as a function of the molar fraction of Zn (left) and its
histogram (right)

Fig. 5 Effective cluster interaction energies of the clusters in CE for
HCP (a) and FCC lattices (b) of Mg-Zn alloys and the clusters are
ordered with increasing size (largest two-site distance) of the cluster.

Formation energies of orderings (c) on the HCP and FCC lattices of
Mg-Zn alloys from DFT calculations and the ground state convex hull
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Discussions

A comparison of the calculations for HCP lattices of Mg-Sn
and Mg-Zn alloys shows that the convergence of CE is more
challenging for HCP Mg-Zn alloys. There are 228 and 385
structures included in the training of CEs for HCP Mg-Sn
and Mg-Zn systems, respectively. Even with more training
structures, LOOCV for CE of HCP Mg-Zn (i.e.,
4.0 meV/atom) is larger than that of Mg-Sn system (i.e.,
3.5 meV/atom). The corresponding cut-off distances for
clusters are 7.82 and 10.09 Åfor CEs of HCP Mg-Sn and
Mg-Zn systems. The slow convergence of CE could be due
to the long-ranged interactions, which is excluded in the CE
due to the cut-off distances in cluster selections.

In alloys, a mismatch between the alloy constituents is
very common and can cause long-ranged strain interactions,
which is related to the long-ranged component of the force
constant matrix [55]. To analyze the extent of lattice dis-
tortion required to maintain coherent configurations on HCP
lattice, the epitaxial deformation energy is calculated for
HCP Mg on the basal and 0110

� �
prismatic planes. For the

latter, there are two independent lattice parameters on the
epitaxial plane, the c=a is fixed at the equilibrium value of
HCP Mg to simplify the calculations. The epitaxial defor-
mation energy is shown in Fig. 7, where the blue dots rep-
resent DFT calculations, while the red dashed lines represent
harmonic fitting to 0.95*1.05 times the equilibrium lattice
parameter. The lattice parameters of Mg, Sn, and Zn are
indicated by dashed vertical lines. On the basal plane, the

Fig. 6 Potential G.P. zones on various planes of Mg-Zn alloys: a f0001g plane; b 0110
� �

plane; c 2110
� �

plane. The blue and red circles represent
Mg and Zn atoms. The blue rectangles indicate the Zn-rich region of the G.P. zone and the pink dashed lines indicate the unit cells (Color figure online)
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lattice parameter of Sn is much closer to Mg than that of Zn.
Define the lattice mismatch as d ¼ aX � aMg

� �
=aMg, where

X represents the solute. On basal plane, the lattice mismatch
for Mg-Sn system is 6%, while that of Zn is −16.7%. Note
that harmonic fitting only accounts for the harmonic
response of the lattice distortion, while DFT can incorporate
the non-harmonic effects. As shown for the basal plane in
Fig. 7a, harmonic fitting fails to describe the deformation
energy within lattice parameters of interest, and strong
anharmonic distortion is needed for HCP Mg to maintain
coherency with Zn, which corresponds to the case where
local Zn concentration is high in Mg-Zn alloys. Meanwhile,
the distortion for Mg to maintain coherency with Sn is
approximately harmonic, as harmonic fitting can accurately
describe the deformation energy as a function of lattice
parameter. In contrast to the basal plane, the lattice mis-
matches along c-axis are smaller, i.e., 7.8% for Mg-Sn and
−3.5% for Mg-Zn. Hence, the epitaxial deformation energy
for 0110

� �
prismatic plane from DFT generally agrees with

the harmonic fitting; see Fig. 7b. Therefore, it is easier for
Mg to maintain coherency with Sn across all the concen-
tration range, while strongly anharmonic distortion is needed
for Mg-Zn system on the basal plane. The strain interactions
resulting from the lattice mismatch can propagate to long
distances and cannot be incorporated in CE, where cut-off
distances are needed. Once the coherency is broken, the

local Zn-rich regions in Mg-Zn system are more likely to
form incoherent precipitates, such as C14 MgZn2, Mg4Zn7,
and Mg21Zn25.

Conclusions

In the current work, first-principles calculations based on
DFT and CE are adopted to examine the structures and
stabilities of precipitation phases and search for potential G.
P. zones in Mg-Sn and Mg-Zn alloys. The main conclusions
are as follows:

1. The potential G.P. zone on the basal plane that resembles
the D019 Mg3Sn phase is identified in Mg-Sn system, and
the full precipitation sequence follows the supersaturated
solid solution ! basal plane G.P. zones ! D019
Mg3Sn ! L12 Mg3Sn ! b Mg2Sn. The nucleation of
the L12 phase in HCP matrix is likely to be facilitated by
the appearance of stacking faults.

2. Current DFT calculations for Mg-Zn system agree with
the experimental precipitation sequence C14 MgZn2
Mg4Zn7 ! Mg21Zn25. Potential G.P. zones on basal,
1010

� �
and 2110

� �
planes are identified. The presence

of relatively stable phases may drive the system to skip

Fig. 7 Epitaxial deformation energies of the primitive cell of HCP Mg
on basal (a) and 1010

� �
prismatic plane with fixed c=a ¼ 1:63 (b): the

deformation energies as a function of the epitaxial lattice parameters
from DFT (blue line) and harmonic fitting of 0.95*1.05 times the

equilibrium lattice parameter (red dashed line) are shown. The lattice
parameters of HCP Zn and Sn are also shown to indicate the amount of
epitaxial deformation needed to maintain coherency (Color figure
online)

288 D. Cheng et al.



the potential G.P. zones in aging processes, making it
more challenging to observe G.P. zones experimentally.

3. Compared with Mg-Sn system, the larger lattice mis-
match in Mg-Zn systems on the basal plane contributes to
the long-ranged interactions, which makes it difficult for
Mg lattice to maintain coherency in local regions with
high Zn concentrations. And they are more likely to form
incoherent precipitates in Mg-Zn alloys.
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