Crystal Structure and Stability of Phases in Mg-Zn Alloys: A Comprehensive First-
Principles Study
Du Cheng, Kang Wang*, Bi-Cheng Zhou*
Department of Materials Science and Engineering, University of Virginia, Charlottesville, VA
22904
Abstract
Mg-Zn alloys form the basis of a wide variety of commercial light-weight Mg alloys due to their
precipitation hardenability, biocompatibility, and low cost. Despite significant progress, there exist
controversies over the crystal structures and stabilities of various complex precipitates in this
important binary system. In this work, the information about crystal structures and stabilities of
phases in Mg-Zn system is critically reviewed and three key open questions are identified: (1)
What are crystal structures of Guinier-Preston (GP) zones? (2) What are relative stabilities of a
myriad of phases observed for B precipitates? (3) Why does the 8, phase have two distinct
orientation relationships (ORs)? To shed light on these questions, comprehensive first-principles
calculations based on density functional theory, cluster expansion, and Monte Carlo simulations
are performed. The atomic structures of GP zones are predicted, and the effect of coherency strain
on their stabilities are analyzed. The structures of f; precipitates composed of the rhombic MgZn,
and the elongated hexagonal MgsZn7 units are provided. It is shown that the ] precipitate can be
stabilized with increased fraction of rhombic MgZn; units, which leads to local regions of the C14
MgZn; Laves phase. The origin of the two distinct ORs between [5; phase and the matrix is traced
back to two formation paths, i.e., relaxation of the coherent Zn ordering on HCP matrix and
coarsening of C14 MgZn; region in S precipitates. Finally, a feasible precipitation sequence in
Mg-Zn alloys is suggested.
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1. Introduction

Mg alloys, as the lightest structural metallic materials, have been studied extensively for their
wide potential applications in aerospace and automotive industries, where weight is a crucial factor
to reduce the energy cost and CO; emission [1-3]. Among Mg-based alloys, Mg-Zn alloys
received tremendous attention due to its precipitation strengthening capability [3],
biocompatibility [4,5] and low cost [6]. The maximum solubility of Zn in Mg matrix is 2.4 at.% at
613 K (340 °C) [3], which decreases rapidly with lowering temperature and leads to supersaturated
solid solution (S.S.S.S.) [7]. Aging treatment of S.S.S.S. leads to formation of various precipitates
that impede the movement of dislocations and improves the strength of the alloy. Biochemically,
Mg and Zn species can be absorbed by human body and bivalent ions of Mg and Zn are essential
for human metabolism [8,9]. If the absorption rate is properly tuned, Mg-Zn alloys could become
a promising candidate for various implants (e.g., bone screws, cardiovascular stent) [9,10]. As for
availability, elemental Mg and Zn are abundant and inexpensive compared with rare earth (RE)
elements commonly used in Mg alloys [1,6]. Mg-Zn system is also a critical subsystem for
commercial Mg alloys, e.g., AZ series (Mg-Al-Zn alloys), ZK series (Mg-Zn-Zr alloys) and ZE
series (Mg-Zn-RE alloys) [11] due to Zn’s ability to form precipitates with a larger atom in Mg
matrix.

Over the years, numerous efforts have been made to understand and tune the microstructures
of Mg-Zn alloys since the discovery of its age hardening effect [3,5,20-26,12—-19]. Although
remarkable progress has been made, the structures and stabilities of the phases in Mg-Zn system
are still not well understood. Specifically, there are considerable debates on the exact stoichiometry
and details of the atomic structure of the metastable phases in the Mg-Zn system, especially the
precipitates in the early stages of aging treatment [3]. In the current work, we review the current
knowledge on the phases in Mg-Zn system and identify three key open questions on phase structure
and stability (Section 2.3). Then, comprehensive first-principles calculations based on density
functional theory (DFT)[27,28], cluster expansion (CE) [29] and Monte Carlo (MC) [30] are
performed to fill the knowledge gap and answer these questions from computational perspectives.
The computational methodology is detailed in Sec. 3. The results are discussed, including the
overall phase structures and stabilities (Sec. 4.1), potential GP zones (Sec. 4.2), effect of lattice

mismatch (Sec. 4.3) and formation of incoherent precipitates (Sec. 4.4). Finally, a precipitation



sequence is proposed by summarizing the experimental information in the literature and insights

from current calculations (Sec. 4.4).

2. Literature review

The crystallography of phases and their microstructures in Mg-Zn alloys during processing
often display a rich variety of complexity. In this Section, a critical review on the research status
is given on the intermetallic compounds and precipitates in Mg-Zn alloys. The categorization of
structures into intermetallic compounds and precipitates is due to the terminologies in different
research communities (e.g., crystallography and metallurgy), despite the overlapping of concepts.
The intermetallic compounds are reviewed in Sec. 2.1 focusing on the crystallographic aspect,
while the review on precipitations focuses on the microstructures in aging process. The phase

diagram of Mg-Zn system by Okamoto is shown in Fig. 1 for an overview of the phase relation

[7].
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Fig. 1 Phase diagram of Mg-Zn system [7], retrieved from the ASM Alloy Phase Diagram Database.



2.1 Intermetallic compounds
2.1.1 MgsiZnzo (Mg7Zn3)

MgsiZnoo (or conventionally known as MgrZn3) is the compound with the lowest Zn
concentration, i.e., ~ 30 at.% Zn, among all the binary intermetallic compounds. It is stable within
temperature range of 325 to 341 °C according to the experimental Mg-Zn phase diagram shown in
Fig. 1 [7]. The crystal structure of MgsiZnyy (Immm, a = 14.083 A, b = 14.486 A and ¢ =
14.025 A) was first reported by Higashi et al. based on single-crystal X-ray diffraction (XRD) [31].
The structure can be described as an arrangement of icosahedral polyhedra, which is basically the
same as those of Mackay icosahedron (MI)-type quasicrystal approximant [31,32]. This atomic
structure is later confirmed by transmission electron microscopy (TEM)in binary Mg-Zn alloys by
Gao et al. [33] and Nemec et al. [23].

2.1.2 Mg21Zn;s (MgZn)

Mg21Znas (or conventionally known as MgZn) is the compound with Zn concentration slightly
larger than 50 at.%. Since a large fraction of Mg>1Zn2s or MgZn is usually observed in this binary
alloy after equilibration, this phase is usually denoted as the equilibrium [ phase. The
conventionally designated MgZn phase was originally suggested by Hume-Rothery et al.[23], and
later different crystal structures was proposed for MgZn, including the hexagonal crystal structure
by Tarschisch [34], the orthorhombic structure McKeehan et al. [35], the rhombohedral structure
by Khan [36], a base-centered monoclinic structure by Gao et al. based on TEM [33]. A slightly
different stoichiometry of Mgi2Zn13 was also suggested for this phase by Clark et al. using XRD
[23,37], but the structural information was not reported.

The stoichiometry of Mg21Znys is accepted in recent publications [23,35,38]. Its crystal
structure (R3c, a = b = 257758 A, ¢ =8.7624 A, a = B =90° and y = 120°) was first
proposed by Cerny et al. based on XRD [35] and further confirmed by other TEM and high angle
annular dark field scanning transmission electron microscopy (HAADF-STEM) investigations
[23,38,39]. This complex crystal structure has C14 Laves-type hexagonal columns isolated by the

Mg-rich transition region with an orientation relationship of [1120]¢q4 |l [1i00]Mgz ,Zn,, and
[1010]c14 Il [1120]mg,,zn,. respectively [35,40]. Further observation shows that C14 Laves-

type columns can overlap with each other due to the local enrichment of Zn, leading to nanometer-

sized C14 domains within Mg>1Zns phase [38].



2.1.3 Mg4Zn7 (Mgzle;;)
MgusZn7 (or conventionally known as Mg>Zn3) is the compound with Zn concentration of

60~63.6 at.%. This phase is first suggested to have a composition of Mg>Zn3 with a triclinic
structure by Gallot and Graf [3,41]. But this crystal structure has not been experimentally
confirmed. Later, it is proposed that this phase has a stoichiometry of Mg4Zn7 with a base-centered
monoclinic structure (B/2m, a = 25.96 A, b = 14.28 A, c = 5.24 &, y = 102.5°) [42]. Using
TEM, Gao and Nie confirmed this structure and reported the orientation relationship of
[001]mg,zn,~ | [0001], and (630)yg,zn,~ Il (0110), with Mg matrix [33].

The MgsZn; phase resembles the Frank-Kasper phase (a common type of the topologically
close packed phase) and is closely related to 2D icosahedral quasicrystal [43]. Viewed along [010]
direction, the MgsZn7 phase is characterized by the MgZn, rhombic units and the MgeZn;
elongated hexagonal units. The MgZn, rhombic unit is the same with the building unit of C14 and
C15 MgZn; Laves phases. The MgeZn7 elongated hexagonal unit can be formed by one rectangle
unit and two icosahedral chains outside the rectangle [44]. In other words, the MgsZn7 phase is a
Frank-Kasper type decagonal 2D quasicrystal approximant with a relative small unit cell compared
with most approximants [45]. Similar decagonal quasicrystal and approximants built by hexagonal
and rhombic units are reported in Mg-Zn-RE system [46—48].

2.1.4 C14 and C15 Laves phase MgZn>

There are two phases that have stoichiometry of MgZn;, i.e., C14 and C15, and there is no
controversy about their composition. The C14 MgZn; is stable up to 590 °C in Mg-Zn phase
diagram in Fig. 1 [7]. Its crystal structure was first discovered by Friauf in 1927 [49]. Later, Laves
and his coworkers performed extensive research on C14 MgZn,, which is thus named Laves phase
[50-52]. The C14 MgZn; has a hexagonal structure (P65/mmc, a = 5.221 4, ¢ = 8.57 &) [53].
Viewed along [2110] direction, it is identified as zigzag-stacked MgZn, rhombic units packed
along [0001] direction. Recently, in the exploration of intermediate phases in Mg-Zn alloys,
metastable MgZn, with C15 structure is also found [54,55]. C15 MgZn; has a face centered cubic
structure (Fd3m, a = b = ¢ = 5.234 A) [56] built by the same rhombic units in C14 MgZn, but
stacked in an aligned pattern along [001] direction [54,55]. Both C14 and C15 Laves MgZn»
belong to the Frank-Kasper phases, which are structurally related to a large number of
quasicrystals and their approximants [45,52]. Icosahedral clusters, i.e., the unit structure of

quasicrystal, can be found within C14 and C15 Laves MgZn; [57,58]
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2.1.5 MgZn

There is no controversy involving the stoichiometry of Mg»Zni1 phase. The structure of
MgoZnii (Pm3, a = b = ¢ = 8.54 A) is first determined by Samson based on single-crystal XRD
study [59]. This structure can be seen as a cubic packing of Pauling triacontahedra linked through
Zn octahedral or as an embedding of icosahedra in an FCC matrix, which is structurally related
with the simple C14 Laves MgZn; phase, the quasicrystals and approximants typically in ZnMgAl
and Zn(Mg)Sc systems [60].

2.2 Precipitates
2.2.1 Precipitation sequence

The precipitation sequence in Mg-Zn alloys depends on the alloy composition and thermal
history. Using early TEM, Clark reported that the precipitation sequence in Mg-5wt.%Zn alloy
follows S.S.S.S. — MgZn' (rod-like coherent C14 Laves phase MgZny) — MgZn at the
temperature of 149 °C and above [12]. Based on XRD analysis and electron microscopy, Mima et
al. suggested that in Mg-4wt. %Zn alloy the precipitation sequence is S.S.S.S. — pre-f’ — g’ —
B (MgZn) for temperature above 110 °C and S.S.S.S — GP zone — pre-’ — B’ for temperature
ranging from 60 to 110 °C [16]. In the early literatures, MgZn' and B’ refers to the rod-like
precipitates, corresponding to f; in recent publications, while pre-p' refers to the preliminary
precipitates that were observed before f’. Based on Laue XRD, Takahashi et al. suggested that the
precipitation sequence is S.S.S.S. — GP 1 zones — GP 2 zones — ,'— B,'— B [17]. Using TEM,
Wei et al. reported the transition from rod-like 35 to disc-like 35 is the onset of over aging [18]. In
recent publications, the commonly accepted precipitation sequence is S.S.S.S. — GP zones —
B1'— B2'— B [3,21]. The structures of GP zones, B’ and f8,’ are discussed in the following
sections.
2.2.2 GP zones

The GP zones in Mg-Zn system are usually described as coherent nano-scale precipitates of a
few atomic layers on certain crystalline planes of Mg matrix. In 1962, Murakami employed Laue
XRD and showed the formation of GP zones that causes age hardening is on the {1010} plane at
the temperature range of 70-100 °C [61]. In 1969, Mima et al. suggested existence of GP zone
from the difference in thermal behavior compared with pre-f’ in Mg-4 wt.% Zn specimen during

aging process, in spite of the lack of direct evidence from electron microscopy [16]. Using Laue



XRD, Takahashi et al. discovered patterns for GP 1 and GP 2 zones, where GP 1 is plate-like on
{1120} plane formed below 60 °C and GP 2 oblate spheroid on basal plane that forms below 80 °C
[17]. Komatsu et al. also suggested the existence of GP zones in Mg-4wt.%Zn alloy due the
increase in electrical resistivity at temperatures up to 333 K (60°C) [19]. Direct observation of GP
zones is challenging due to its small size and coherency with the matrix. With modern high
resolution TEM, Buha observed Zn clusters and GP zones on {0001}, and {2110}, planes in Mg-
2.8 at.% Zn alloys heat treated at 70-100 °C [21]. However, the experimental evidence is
considered insufficient to support the existence of such Zn clusters and GP zones [3]. The increased
hardness attributed to GP zones in this work are also unrealistically high compared with those
reported by the others [3]. In Mg-2.4 at.% Zn alloys aged at 70 °C for 100 h, Bhattacharjee et al.
reported the formation of GP zone from 3 dimensional atom probe (3DAP) result, and suggested
carly stage GP zones serve as heterogeneous nuclei for the 1 [62]. Zhou et al. reported observation
of GP zones on {0001}, and {2110}, planes in TEM results in Mg-4 wt.% Zn alloys processed
by high strain rate rolling, pre-aging at 70°C and aging at 160°C [5], although the detailed atomic
structures are not reported. In the Mg-5.78Zn-0.44Zr wt.% alloy processed by integrated extrusion
and equal channel angular pressing at 623K (350°C) and then aging at room temperature, GP zones
on {1010}, plane were reported in their HAADF STEM images [63]. It is accepted that Zr plays
the role of grain refiner and does not change the atomic structures of binary Mg-Zn precipitates
[64,65]. So far, many experimental studies suggested the existence of GP zones in Mg-Zn alloys,
although direct imaging that can definitively resolve the issue is still lacking.
2.2.3 B] precipitates

The metastable precipitate that forms after GP zones is named f;, which usually has a rod-like
morphology perpendicular to the basal plane of Mg matrix and appear in the peak-aged samples.
There has been controversy for the crystal structure of ] precipitates. In early literatures of
precipitation in Mg-Zn alloys, ; precipitates, also described as MgZn' or ' [12,66], were
determined from XRD and selected-area electron diffraction (SAED) to have the same structure

with C14 Laves phase MgZn, with an orientation relationship of [0001]¢14 Il [1120]1\,[g and
(1120) ¢4 | (0001)pg with the Mg matrix [18,66]. Another hexagonal structure was also

reported for 5 [3,67], but it has not been confirmed so far.
In the electron microscopy study of precipitates in a Mg-8 wt.% Zn alloy aged at 200 °C, Gao
et al. reported that, contrary to the traditional view of C14 Laves phase MgZna, 8 rods have a
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base centered monoclinic structure (a = 25.96 A, b = 14.28 A, ¢ = 5.24 A, y = 102.5 deg) that
is similar to that of MgsZn7 with an orientation relationship of [001]yg,zn,~ Il [0001], and
(630)mg,zn,~ |l (0110),, [20]. This result is confirmed by a separate TEM study from Singh et
al. [68].

In the TEM study of binary Mg- 3 at.% Zn alloys aged at 150 °C, Rosalie et al. reported, rather
than single-phase precipitates, §; rods contain a mixture of MgsZns and C14 MgZn; phases [55].
The orientation relationship between a-Mg matrix, MgsZn; and C14 MgZn: follows [0001]yg |

[010]mg,zn, Il [0001]¢14 and (1120) g Il (201)pg,zn, | (0110)c14 [55]. Some domains of

C15 MgZn;, were also found inside the ] rods [54,55]. The two Laves phase structures have the
orientation relationship: [1100]¢14 Il [110]¢15 and (0002) ¢4 II (111)cq5 [54,55].

Based on HAADF-STEM study in Mg-2.2 at.% Zn alloy aged at 200 °C, Bendo et al. also
confirmed that [25], in addition to C14 MgZn, and monoclinic MgsZns, ; precipitates in binary
Mg-Zn alloy show a variety of crystal structures, which can be interpreted as 2 dimensional
arrangement of the MgsZn; elongated hexagonal units and the MgZn, rhombic units in Penrose
tiling viewed along [2110]¢;4 (or [010]yg,zn,) direction. The two structural units can be tiled to
form a series of structures: the crystalline phases (i.e., C14 and C15 MgZn, Laves phase), complex
2D quasicrystals (without translational symmetry on the (2110) ¢, plane) and their approximants
(i.e., crystalline structures of MgsZn7 and similar structures). The orientation relationship between
a-Mg matrix, domains of C14 MgZn; follows [0001]yg Il [2110]¢14 and (1120) g I (0001)¢14
[25].

Combining TEM with molecular dynamics simulations, Yang et al. explains that the prismatic
dislocations in Mg-Zn system break the symmetry of HCP lattice and further introduce fivefold
rings, which facilitate the formation of 2D quasi-crystalline precipitates along the dislocations.
Although not explicitly mentioned, the morphology and orientation of the rod-like precipitates are
consistent with those of §; [44].

2.2.4 B, precipitates

The metastable plate-like precipitates are generally identified as 85 and form on the basal plane
of Mg matrix [3,18,20,21]. Extensive formation of plate-like B; coincides with the onset of
overaging [18]. The crystal structure of 8 is confirmed to be C14 MgZn, with an orientation

relationship of (0001)cy4 Il (0001)yg and [1120]cy4 Il [1010]yg, as reported in the early



literature [18]. A small fraction of the 3, precipitates are also reported as laths with the long axis

along [0001]y, and an orientation relationship with Mg matrix same as that of 5y, i.e.,
[1120]c14 Il [0001]yg and (0001)cq4 Il (1120) g [20]. It is suggsted that these B; laths can be

distinguished from the B; rods by the larger aspect ratio of the cross section and the near
parallelogram shape with the broad surface parallel to [1010]1\,[g [3]. However, there is no

quantitative criterion to differentiate the morphology of a rod from that of a lath. In some papers
these laths are also denoted as 8 [25]. Less commonly, other orientation relationships between 5
laths and Mg matrix are also reported, e.g., [1120]c4 | [0001]yg, (1106)cq4 |l (TOlO)Mg
[18,20].

2.3. Open questions

With the advanced characterization techniques, especially HAADF-STEM and 3DAP, the
structures of intermetallic compounds and precipitates in alloys can be thoroughly investigated.
However, there are on-going debates on the structures and stabilities of phases in Mg-Zn alloys,
especially for the metastable precipitates. The key open questions are summarized as the following:

(1) What are the atomic structures of GP zones in Mg-Zn alloys?

(2) Why do a hierarchy of structures built by the rhombic MgZn; and the hexagonal MgsZn;
units (e.g., C14 and C15 Laves phase MgZn,, MgsZn7, quasicrystals and approximants) coexist in
the B; precipitates? What are the relative stabilities of structures within this hierarchy?

(3) Why do B; precipitates (C14 MgZny) predominantly have two distinct orientation
relationships with respect to a-Mg?

In the following sections, comprehensive first-principles calculations based on DFT [27,28],
CE [29] and MC [30] are performed to fill the knowledge gaps and shed light on the above

questions.

3. Methodology
3.1 DFT calculations

First-principles calculations based on DFT [27,28] were employed to optimize the ground-state
structures and calculate the energies. The ion-electron interaction was described by the projector
augmented plane-wave method [69] and the exchange-correlation functional was described by an
improved general gradient approximation of Perdew-Burke-Ernzerhof [70], as implemented in the

Vienna ab initio simulation package (VASP, version 5.4) [71,72]. An energy cutoff of 400 eV was
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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 [73]. The
Brillouin zone was sampled by Gamma-centered grids with the k points per reciprocal atom over
8000 [74]. For all the configurations under consideration, all degrees of freedom for the cell, i.e.,
volume, shape, and internal atomic positions, are allowed to relax for structural optimization. To
improve the accuracy of energy calculations, static calculations with the tetrahedron method
incorporating Blochl correction [75] were adopted after structural relaxations.
3.2 Cluster expansion and Monte Carlo simulations

For coherent phase stability, we used first-principles electronic structure methods based on
DFT in combination with CE approach to predict the energies of coherent orderings in Mg-Zn
system on the lattice of HPC and FCC Mg and select the orderings with low energies. The state of
order of Mg and Zn atoms on the parent lattice is described by assigning spin variables, g;, to each
crystal site i, which takes a value of —1 if a Mg atom resides at the site i and a value of 1 if a Zn
atom occupies that site. A particular Mg-Zn arrangement on an N-site lattice is then specified by a
vector of occupation variables ¢ = {0y, 0y, ...,0y}. Then, the energy of a given atomic
configuration on the fixed parent lattice can be cast into [76,77]:

E¢(d) :]0+Z]i Ui"‘Z]ij o; 0j + Z Jijk 0i 0 O + -+ €y
i j<i k<j<i

where ]y, Ji, Jij, Jiji are the effect cluster interactions (ECIs) for empty, point, pair and triplet
clusters. In the CE formalism, ECIs are dependent on the geometry of the corresponding clusters
but independent of the atomic occupations [76,77]. Once the ECIs are obtained by fitting Eq. (1)
to the energies of known structures, the energy of any configuration can be readily calculated.

The MAPS code in ATAT was used to generate various atomic configurations on the lattice,
automate the DFT calculations and construct the CE Hamiltonian [74,78]. Here the training sets
of all symmetrically distinct orderings were enumerated up to 18 atoms within the supercell. Then,
the ECIs of clusters are obtained by fitting the Hamiltonian to the DFT energies of these orderings
using the least square method [74,79]. The leave one out cross-validation score (LOOCV) was
used to optimize the selection of the cluster set within a truncated cluster size. In this study,
convergence of CE is reached once LOOCV is smaller than 5 meV, no new ground state is
predicted, and the ECIs do not change significantly if more configurations from DFT calculations

are added. Due to the inherent lattice mismatch between Mg and Zn atoms, many orderings showed
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large deviations from the parent lattice sites in DFT calculations due to large lattice distortion. The
incorporation of the energy variations from such deviations are beyond the capability of the
formulation of CE, which is essentially a generalized Ising-type lattice model for configurational
thermodynamics [76,77]. Numerous tests show that deviation from parent lattice would pose
challenge to numerical convergence and lead to inaccuracy in predicted energy [78,80]. Therefore,
the structures with the lattice distortion larger than 10% were excluded in the current fitting of CE
Hamiltonian according to the previously reported numerical tests [81].

The obtained CE Hamiltonian was then subjected to semi-grand canonical Monte Carlo
(SGCMC) simulations to calculate thermodynamic properties and phase diagrams at finite
temperatures using the EMC2 code in ATAT [30]. The simulation cell is at least 100 A along each
Cartesian direction. The system is considered to reach equilibrium if the energy fluctuations in
SGCMC is less than 0.1 meV/atom, which is sufficient for numerical convergence according to
previous tests [81]. In SGCMC, the chemical potential is fixed and the structure relaxes to one of
the ground states if no constraint on the atomic configuration is applied during the equilibration
process [82,83]. Hence, a proper constraint on the atomic arrangements is needed if one wants to
sample the metastable or unstable region of the configurational space. To calculate the free
energies of GP zones above the HCP convex hull, the possible arrangements of solutes are
constrained to the structural units of the corresponding GP zone structures in MC simulations.
Phase boundaries on composition versus temperature phase diagrams were then determined by
detecting sudden changes (or singularities) in the thermodynamic quantities in SGCMC, as
implemented in PHB code of ATAT [30]. In this method, the existing thermodynamic data from
MC is fitted using a polynomial, which is then used to predict the next data point. Then MC is
performed for the next condition. If the predicted quantity by the polynomial is significantly
different from the one calculated by MC, a phase transition is detected. This method roots in the
fact that the phase transitions are associated with the sudden changes of thermodynamic quantities

(or their derivatives).

3.3 Coherency strain energy calculations
As mentioned, the DFT calculations of many Zn orderings on HCP Mg lattice showed
deviation from the ideal lattice sites after full-degree relaxation, which can be caused by the lattice

mismatch between Zn and Mg atoms. Therefore, the coherency strain energy (CSE) that shows the
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energy penalties of coherency atoms keeping coherency on various crystallographic planes are
adopted to analyze the strain energy for Mg and Zn atoms on HCP lattice and its potential effect

on the morphology and orientation of coherent precipitates.
For a binary system with composition x, the CSE AE (I_c), x) on the plane of normal k can be

calculated as the composition averaged strain energies of the two elements in epitaxial

configuration [77]. For non-cubic parent lattice with two independent lattice parameters (e.g.,

HCP), the strain energies (i.e., AEl\e,g/Zn (I_c), a, az)) are obtained from biaxially deformed elements

from their own lattice parameters on the epitaxial plane k (i.e., ai’l g ag/[ g, a" and aZ") to the

common in-plane lattice parameters (i.e., a; and a,) and relaxed in the k direction [84-86]:
AEEEP (e, x) = min[(1 — x)AEf,g(E, aj,a;) + xAESPN(k,ay,a;)] (2)
a,,a,

Noted that, for the basal plane, only one independent in-plane lattice parameter, i.e., a, is needed
for optimization, while for the other planes, two independent in-plane lattice parameters are needed.
Based on the symmetry of HCP lattice, 3 symmetrically distinct crystallographic planes are chosen
to analyze the anisotropy of CSE, including basal plane ({0001}), and two prismatic planes
({1010} and {1120}).

Here two approaches are adopted to obtain the epitaxial strain energy AE®P! (I_c), as, az) in
Eq.(2), namely DFT and linear elasticity theory (or harmonic elasticity theory [77,85]). The DFT
calculations can capture the anharmonic elastic response of the biaxial deformation [85-87], while
the linear elasticity theory only consider the linear elastic response (or harmonic effects) of solid

under small lattice distortions within elastic response limit[88,89]. If the lattice mismatch is
sufficiently small, AE e”i(l_c), ay, az) from DFT and the linear elastics would coincide with each
other. Therefore, linear elastic result is a reference to reflect the anharmonic effect from DFT result.
In linear elasticity theory, AE epi(l_c), a, az)for the constituent Mg or Zn follows [85],

Cip€; + Ciz€s

Cz'ze£2+cl'2e;( o >+26§zsée§
11

i 1o 0
AEI\G/[pgl/Zn(gz; &) = >

(3)

Ci,e5 + Ci5€5

+Ci3&3 (% + C3385
11

where &, and &5 are the two independently optimized strains on the epitaxial plane, and Cj; is the

elastic stiffness tensor in Voigt notation with respect to the in-plane coordinate system, with C;,

being the out-of-plane stiffness [85]. The elastic stiffness tensor is calculated from DFT with
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normal and shear strain of 1%, and transformed to the in-plane coordinate system [90]. Note that

all primed variables are functions of plane normal k , which accounts for the anisotropy of elasticity.

4. Results
4.1 Phase structures and stability

To assess the phase stability in Mg-Zn binary system, we calculate the 0 K formation energy
for the reported compounds with the atomic structures from Inorganic Crystal Structure Database
[91]. The symmetry, lattice parameter, and formation energy of the reported phases collected from
previous experiments, the DFT results from Materials Project (MP) [56] and Open Quantum
Mechanical Database (OQMD) [92], together with current calculations are shown in Table 1.

The global convex hull constructed on the current calculations are shown as the black line in
Fig. 2. The predicted stable phases include MgziZnxs, C14 MgZn, and MgxZnii. Careful
examination shows that, MgsZn7 is 1.2 meV/atom above the convex hull, which is close to the
error bar of DFT energy. If such small energy difference is ignored, Mg21Zn2s, MgaZn; and C14
MgZn; lie on the convex hull and are stable structures in Mg-Zn system. This is in agreement from
the phase diagrams evaluated experimentally [7,93,94]. According to the criterion by Ravi et al.
[95,96], the precipitation process during aging follows the sequential decrease of the energy per
solute atom of the precipitates, which can be determined by the slope of the line connecting the
precipitate to pure solvent on formation energy (AEf) vs. composition diagram; see Fig. 2. From
the current calculations, the slopes for C14 MgZn,, MgsZn; and Mgz1Zn2s are determined as -
0.2091, -0.2118 and -0.2237 (eV/atom), thus leading to the stability sequence of C14 MgZn, —
MgsZn; — Mga1Zn;s. Note that the slopes for C14 MgZn; and MgsZn; are actually very close to
each other (with a difference of ~ 3 meV/atom), with Mgz1Znas slightly more stable than C14
MgZn; and MgsZn;. Therefore, from a thermodynamic point of view, the current calculations
explains the coexistence of C14 MgZn, and MgsZn7 in 8] rods [25,54,55], which eventually

transforms to the equilibrium £ phase (i.e. Mg21Zn3s).
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Fig. 2 Formation energies of the experimental observed compounds in Mg-Zn alloy and orderings on FCC and HCP
lattice searched by CE. Formation energies are calculated relative to the energy of Mg and Zn on HCP lattice at 0 K.
Blue diamonds, orange open circles, green filled circles and black filled circles indicate HCP orderings, FCC orderings,

metastable incoherent compounds and stable compounds, respectively.
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Table 1. The structural information and formation enthalpies of the compounds and precipitates in Mg-Zn alloys. The first-principles data from Materials Project

(MP) [56] and Open Quantum Materials Database (OQMD) [92] are listed together with published experimental and first-principles results.

Lattice parameter Formation enthalpy
Phase Structural information Method a/A b/A c/A Reference Method Values / Reference
kJ/mol-atom
Not reported Calorimetry [16]
Electrical
Not reported resistivity [19]
Not reported 3DAP [62]
Oblate spheroid on
{0001}y, plane Laue XRD [17]
GP zone . Laue XRD [17]
Plates on {2110}y, plane TEM [[251]]
= Laue XRD [61]
Plates on {0110}y, plane TEM 63]
Plates on {0001}y, plane TEM [[2 51]]
Mo 7 . XRD 14.083 14.486 14.025 [31] CALPHAD 4.8, 298K [97]
5110 Ofthlofhomblca TEM 14.083 14.486 14.025 [33] DFT -5.89, 0K [98]
(MgrZns) fomm TEM 14.08 14.49 14.03 [23] CALPHAD -5.3, 298K [93]
i -10.5+
Hexagonal, XRD 10.66 17.16 [34] Direct 10.5£3.1, [99]
P63/ calorimetry 298K
mme DFT 10.734 17.588 [56] DFT 7.14, 0K [56]
Orthorhombic, 5.33 17.16 923 [0y | OV | 59104208k | [101]
Imm? tin solution
DFT 10.626 17.591 9.177 [92] DFT -7.72, 0K [92]
Rhombohedral XRD 25.69 - 18.10 e | Calormety- 115 1443 208K | [102]
Me21Znas acid solution
(MgZn) TEM 16.10 25.79 8.80 [33] CALPHAD -9.6, 298K [97]
Clel or Partial drop- —7.9+3.1,
ClI 2/cl solution 298K [103]
CALPHAD | -10.4,298K [93]
Trivonal XRD 2578 ; 8.76 [35]
%ggona ’ TEM 25518 ) 8.713 [39] DFT -12.42, 0K [98]
¢ DFT 15.042 15.042 15.042 [56] DFT -6.95, 0K [56]
DFT 25.4 _ 8.6 [92] DFT _11.67, 0K [92]
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Curtent DFT -12.06, 0K [26]
DFT 25.78 - 8.76 work DFT 11,72, 0K Current
work
17.24 14.45 5.20 [41) | Calorimety- 1156643 208K | [102]
acid solution
XRD 25.96 14.28 5.24 [42] CALPHAD [ -11.0,298K [97]
MouZ TEM 25.96 14.28 5.24 [33] CALPHAD [ -10.9,298K [93]
(Mg4ZE7) Monoclini TEM 26.69 14.11 5.11 [39] DFT -13.22, 0K [26]
g2oms Oggjm © DFT 26.304 14.141 5.287 [56] DFT -13.32, 0K [56]
DFT 25.8 14.1 5.2 [92] DFT -12.93, 0K [92]
DFT 26484 | 14.185 sa90 | Cument DFT -13.02, 0K Current
work work
XRD 5.15 8.48 [49) | Calormety- |76 291K [104]
acid solution
Direct -15.1£1.1,
XRD 5.221 8.567 [105] | jorimetry 508K [99]
Partial drop- -79+3.1,
DFT 5.251 8.445 [56] olution 508K [103]
Calorimetry- -10.9+ 04,
o y 1 DFT 5.188 8.495 [92] R 508K [101]
exagonal, Calorimetry-
MgZn, P63/mmc acid solution -13.8 £3, 298K [102]
CALPHAD [ -11.7,298K [97]
DFT -13.85, 0K [98]
DFT -12.64, 0K [56]
DFT -13.32, 0K [92]
DFT -13.60, 0K [26]
DFT 5221 g.s03 | Current DFT -13.41,0k | Cument
work work
TEM [54]
TEM [55]
C15 Cubic, DFT 5.21 5.21 5.21 [26] DFT -12.64, 0K [26]
MgZn Fd3m DFT 5.234 5.234 5.234 [56] DFT -12.93, 0K [56]
DFT 5219 5219 so19 | Cument DFT 1258, 0k | Cument
work work
. 8.552 8.552 8.552 [59] Direct -10.0£2.5, [99]
Mg:Zn Cubic, calorimetry 298K
2. 11 3
Pm3 TEM 8.41652~8.4 8.41652~8.4 8.41652~8.4 3] CALPHAD | .58 298K 7]
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DFT 8.551 8.551 8.551 [56] DFT 6.56, 0K [56]

DFT 8.496 8.496 8.496 [92] DFT 6.46, 0K [92]
DFT 8.519 8.519 3519 | Current DFT 6.56,0k | Cvrent

work work

CALPHAD | -9.9,298K [93]

Calorimetry- |- ¢ 963,208k | [102)

acid solution
DFT 7.11, 0K [98]
DFT 6.6, 0K [26]
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Most early-stage precipitates usually form coherently with the matrix due to the strong
constraint from the parent lattice. Therefore, the metastable convex hulls on HCP Mg matrix in
Mg-Zn system are calculated with the low energy structures searched by CE. The FCC metastable
convex hull is also calculated, considering the formation of FCC phase in some HCP Mg alloys
[81]. The symmetrically distinct orderings on both lattices are enumerated for up to 18 atoms to
search for the ground states of coherent orderings. The distortion of the structures during structural
relaxation are calculated according to the criterion of ATAT [78,81], and these relax away from
the parent lattice (i.e., over 10% lattice distortion) are excluded for the CE fitting. All the energies
of those orderings within the relaxation range after DFT calculation are shown in Fig. 2 (orange
circles for FCC and blue diamonds for HCP). The corresponding convex hulls are built, with the
ground state being B19 MgZn and D0;¢ MgZn3 for HCP lattice, and L1, MgZn and L1, MgZn3
for FCC lattice. The FCC convex hull is higher than that of HCP across all concentration range,
which means the orderings on HCP lattice are more stable. However, both convex hulls are well
above the global convex hull, making the HCP and FCC ordering phases less stable than ground
sates on the global convex hull and thus more difficult to be massively observed in experiments.
4.2 Atomic structures of GP zones

As listed in Table 1, there have been experimentally reported plate-like GP zones on {0001}y
planes [5,21], {2110}y planes [5,17,21], {0110}y, planes [61,63] and ones without structural
information [62] in Mg-Zn alloys. However, these GP zones were rarely clearly characterized in
experiments. Therefore, we leveraged DFT combined with CE to predict their potential atomic
structures. Here the coherent orderings showing Zn-rich plates (GP sheets) on the reported planes
of the Mg matrix are considered to contain the potential GP zones. In addition, those containing
low-energy rods (GP rods) and bulk structures are also considered since they are reported to be
structurally related to the GP sheets in other Mg alloys [106]. To search the potential GP zones,
all the low-energy coherent structures that are within ~ 10 meV/atom above the HCP convex hull
with the overall Zn composition less than 50% are examined. The criterion of ~ 10 meV/atom is
chosen considering the error bars involved in the methods of DFT and CE. Previously the GP
zones within this energy range were reported to be observed in experiments [106]. Using this
criterion, two bulk structures are found, i.e., DO19 MgsZn and B19 MgZn with the former being
2.7 meV/atom above and the latter on the HCP convex hull, and their detailed atomic structures

are shown in Fig. 3(a) and (b), respectively.
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Fig. 3 Schematic crystal structures of (a) D019 MgsZn (2.7 meV/atom above HCP convex hull) and (b) B19 MgZn (on
HCP convex hull). The Mg and Zn atoms are represented by blue and red circles, respectively, with the second layers
along the [0001] and [2110] directions partially transparent to distinguish from the first layer. The dashed purple line
indicates the primitive cell. The circles partially in red indicates the fraction of Zn occupancy along the viewing

direction. The blue lines indicate the “building block™ of the ordering structures.

As shown in Fig.4, the formation energies of structures containing the same type of GP zone
are marked with the same symbol (belong to the same family). The difference of structures in a
family comes from different relative positions between neighboring GP zones in the Mg matrix.
The atomic structures of different GP zones are plot schematically with Mg matrix hidden for
convenience. The GP rods are predicted to consist of single and double Zn atomic rows are along
the [ZiIO]Mg direction (cyan and brown boxes) with their formation energies marked by cyan ‘Y’
and brown ‘A’ symbols, respectively. The GP sheets on the {0001}y, plane are predicted to have
single or triple Zn-rich layers with the Zn concentration of 50 at.% within the Zn-rich layer (green
box in the [ZiiO]Mg direction), and their formation energies are marked by green hexagons. The
GP sheet on the {2 iiO}Mg plane is predicted to be a monolayer structure with 50 at.% Zn within
this layer (blue box in the [0001]yq direction), and its formation energy is marked by blue square.
The GP sheets on the {OliO}Mgplane are predicted to have zigzagged Zn atoms (purple box) and
double-layered Zn atoms (red box) viewed along the [0001], direction, and their formation
energies are marked by purple and red squares, respectively.

The relative stabilities of the predicted structures can be analyzed by the vertical distances of
their formation energies to the HCP convex hull. Those with smaller distances are more

thermodynamically stable. As shown in Fig. 4, the structure containing the GP sheet on the
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{2110}y plane has a distance to the convex hull of 10.2 meV/atom. The most stable structure
containing the GP sheet on the {0001}y, plane (the monolayer one) has a distance of 6.6
meV/atom. For GP sheets on the {OliO}Mg plane, there are two different types, i.e., the zigzagged
ones in the D019 family and the double-layered ones in the B19 family. The most stable structure
in the B19 family resides on the HCP convex hull, while the most stable one in the D019 family
has a distance of 7.4 meV/atom. Therefore, within all the GP zones to be potentially observed in
experiments, the one containing the double-layered GP sheet on the {OliO}Mg plane is the most
thermodynamically favored, followed by the one with the monolayer GP sheet on the {0001}y
plane, the one with the zigzagged GP sheet on the {OliO}Mg plane, and finally the one with the
GP sheet on the {ZiiO}Mg plane. Noted, the structures in Fig. 4 are calculated using small DFT
cells, where the constraint from the large Mg matrix on GP zones not fully considered. Further

analysis on the effect of this constraint from the Mg matrix on the stabilities of GP zones is detailed

in section 4.4.
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Fig. 4 The ground state formation energies of the predicted GP zones and their schematic crystal structures. In the
schematics for structures, the sites that are fully and partially occupied by Zn are indicated using red and red/blue

circles, respectively.

Further examination shows that GP zones on the {OliO}Mg plane are structurally related to the
two bulk structures, i.e., D019 MgsZn and B19 MgZn. The zigzagged GP sheets on the {OlTO}Mg
plane are the substructures of the D019 MgszZn bulk structure, as indicated by blue lines in Fig. 3(a)
of the bulk D019 Mgs3Zn and Fig. 5(a) of a zigzagged Zn GP sheets. Similarly, the double-layered
GP sheets on the {OliO}Mg plane are substructures of the B19 MgZn bulk structure, as indicated
by the blue box in Fig. 3(b) of the bulk B19 MgZn and Fig. 5(b) of a double layered Zn GP sheets.
Overall, the GP sheets on the {OlTO}Mg plane can be regarded as the mixtures of pure Mg and the
building blocks of the predicted bulk structures, and the ratio of the two mixing “components” can

change with the overall Zn concentration in the Mg matrix.
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Fig. 5 Schematic crystal structures of potential GP sheets on {0110} prismatic plane with energy close to convex

hull (5SmeV/atom): (a) GP sheet resembling D019 Mg3Zn; (b) GP sheet resembling B19 MgZn.
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4.3 Finite temperature stability of GP zones

At finite temperatures, the disordering of site occupation will lead to configurational entropy
that affects the stability of GP zones. Here the equilibrium between Mg solid solution and potential
GP sheets are examined by the SGCMC simulation and compared with experiments. To
demonstrate how the phase boundaries are calculated, the free energies of Mg solid solution and

potential GP sheets on {OliO}Mg plane with zigzagged Zn (Fig. 5(a)), as well as the common

tangent for phase equilibrium are shown in Fig. 6(a). The SGCMC simulation without further
constraints yields the free energies for single phase regions, but not the metastable or unstable
regions [81]. Therefore, in the current MC of GP zones, the atomic arrangements are constrained
to the structural template to sample the configurational states related to the corresponding GP
zones above the HCP convex hull, which are in metastable states. For example, the free energy
curve of the zigzagged GP zone in D019 family is calculated using Monte Carlo by only allowing
the Zn atoms in the GP zone to be switched to Mg, while the switching from Mg to Zn is prohibited.
In this way, the Zn atoms in the intermediate structures are either isolated in Mg matrix or form
part of the zigzagged pattern on {OliO}Mg plane, which is exactly the case for the equilibrium
between the zigzagged GP zone and Mg-rich solid solutions.

Using this method, the phase boundaries (i.e., GP zone solvus) between Mg solid solutions and
predicted structures containing GP sheets on {0110}y, {2110}yg and {0001}y, planes are
calculated and compared with the alloy composition vs. temperatures of experimentally reported
GP zones. The GP zone solvus is the boundary between single phase region of the Mg-rich solid
solution and dual-phase region of the Mg-rich solid solution and the GP zone, with the upper-left
side of the curve being Mg-rich solid solution and the lower-right side being the mixture of Mg-
rich solid solution and GP zone. Noted, the listed experimental data points are the alloy
composition vs. the temperature at which the GP zones were observed, not the experimentally
measured phase boundary. Therefore, as long as the experimental data points for a specific GP
zone fall below the solvus, the calculation agrees with the experiments.

As shown in Fig. 6(b), the calculated solvi for GP zones on {0110}yg and {0001}y, planes
are above the corresponding experimental conditions, while the solvus for GP zones on {2110}y,
plane is below some of the experimental conditions. For GP zones on {OlIO}Mg plane, the phase

boundary calculations show that GP sheets with double-layered Zn (the B19 family) is more stable
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than the zigzagged GP sheets. However, the double-layered GP sheet is predicted to transit to
disordered solid solutions at very high temperatures (e.g., ~ 750 K for Mg-1 at.% Zn alloy), which
are unrealistically stable as compared with experiments [17,63]. This indicate that the stability of
the double-layered GP sheet is overestimated. The origin to this discrepancy is attributed to the
lack of the constraint from Mg matrix to the GP sheets in the small structures in the training set of
CE; see Section 4.4 for detailed discussion. In comparison, the calculated solvi for zigzagged GP

zone on {OliO}Mg plane (blue line in Fig. 6(b)) and single layer GP zone on {0001}y, plane

(green line in Fig. 6(b)) are slightly above the corresponding experimental conditions, which
indicates agreement between calculations and experiments. For the GP zone on {ZﬁO}Mg plane,
the calculated solvus (brown line in Fig. 6(b)) breaks down due to the appearance of other ordering
structures in MC simulations. Comparison with the corresponding experimental data indicates that
the stability of GP zone on {ZiTO}Mg plane is underestimated.

The discrepancies between the calculated solvi and experiments can be attributed to the
approximations and uncertainties involved in calculations and experiments. In the DFT and CE
calculations, the typical error bars of energy are approximately 1 and 5 meV/atom, respectively,
which is insufficient to exactly reproduce experimental phase boundary. Additionally, the
neglected effects (e.g., free energy due to lattice vibrations) in DFT can also contribute to the error
in the estimation of the GP zone solvus. Experimentally, the detailed atomic structures of GP zones
are not reported and the difference between the predicted atomic structures and the ones in
experiments will contribute to the discrepancy. Lastly, some experimental characterization of GP
zones in Mg-Zn alloys are considered insufficient [3,21], indicating uncertainties in previous
experiments. Nonetheless, with configurational thermodynamics from only short-ranged

interactions in CE, the calculations for zigzagged GP zone on {OliO}Mg plane and single layer GP
zone on {0001}ygplane shows reasonable agreement with experiments, indicating the importance

of solute ordering during the formation of GP zones.
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Fig. 6 The stability of the predicted GP zones at finite temperatures from Monte Carlo calculations and experiments:
(a) Free energies and common tangents for the equilibrium between Mg solid solution and GP sheets on {0110} plane;
(b) The calculated phase boundaries (solid lines) between Mg solid solution and GP zones, compared with the aging

temperatures and alloy compositions where various GP zones were observed (symbols).

4.4 Effects of the coherency strain on the stabilities of GP zones

Comparison between experiments and the analysis at finite temperatures indicate that the
stability of the double-layered GP sheet on the {OliO}Mg plane is overestimated, i.e.,
unrealistically high transition temperature of its solvus. However, this stability analysis is based

on energies from CE, where relatively small DFT cells (<20 atoms) are used in the training set.

As such, the number of atoms in the Mg matrix is limited; see the DFT cells marked by dashed
purple lines in Fig. 5. This means the constraint from the Mg matrix on the GP zones can be
incorrectly estimated compared with that in experiments. In our previous tests, the constraint from
Mg matrix can slightly alter the relative stabilities between different GP zones calculated in small
DFT cells [107]. Since this constraint comes from the coherency strain between GP zones and the
matrix due to the lattice mismatch, Zn-concentration dependent CSE are adopted to analyze the

effect of coherency strain on stabilities of GP zones. Here CSE were calculated on {0001}y,

{ZiiO}Mg, and {OliO}Mg planes, on which plate-like GP zones were experimentally reported to

reside.
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Fig. 7 The coherency strain energy of HCP Mg-Zn alloys as a function of Zn concentration on basal and prismatic

planes calculated by DFT and linear elasticity theory

The CSE calculated from linear elasticity theory based on Eq. (3) are shown as dashed lines in
Fig. 7. The CSE on the basal plane is significantly larger than those on the prismatic planes. This
can be expected from the much larger mismatch along the a than the ¢ axis between HCP Mg and
HCP Zn, ie., 6, =16.6% and 6. = 4.5% based on the lattice mismatch defined by
64 = (aZn — aMg) / amg [108]. However, the linear elasticity approach cannot consider the
anharmonic lattice response, which is expected for Mg-Zn system, especially for the large lattice
mismatch on the basal plane. Conversely, the anharmonic effects are incorporated in CSE
calculated from DFT as shown by the solid lines in Fig. 7, which reveals a similar CSE on the
basal and the two prismatic planes. Therefore, the large lattice mismatch on the basal plane is
beyond the validity of linear elasticity and the CSE on this plane is overestimated consequently.
Similar overestimation of the strain energy from linear elasticity was also reported for Cu [109].
At the Mg-rich side, the close CSE from DFT on the three planes means absence of a single
epitaxially soft plane, and the three planes are almost equally favored in terms of coherency strain.
This agrees with the fact that GP sheets on these planes are experimentally reported (Table 1), as
opposed to the case of Al-Cu alloys, where GP zones are only observed on (001) plane [110].
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As shown in Fig. 7, the CSE is proportional to the Zn concentration at the Mg-rich side. This
means the CSE penalties increase for GP zones of higher Zn concentrations in a large Mg matrix.
To focus on the role of the Zn concentration, the analysis is performed for the two types of GP
zones both residing on the {OliO}Mg plane, i.e., the double-layered one in the B19 family and the
zigzagged one in the D019 family, so that the effect on CSE due to crystallographic orientations is
excluded. The double-layered GP sheet in the B19 family has 100 at. % Zn within the sheet, while
the zigzagged one in the D019 family has 50 at. % Zn within the sheet. Thus, the CSE penalty on
the double-layered GP sheet is larger than that on the zigzagged GP sheet when they are in large
Mg matrixes of the same size. Consequently, the double-layered GP sheets will be destabilized by
CSE compared with the zigzagged one.

To confirm the trend of increased CSE with larger Zn concentration, a double-layered GP sheet
in the B19 family and a zigzagged GP sheet in the D019 family are embedded in DFT supercells
with the same large Mg matrixes. The Mg matrix consists of 42 layers of Mg along [1010]Mg,

which was tested to be sufficiently large to eliminate the interaction between GP sheets due to the
periodic boundary conditions, as shown in Fig. 8. After DFT relaxation, the solutes in GP sheets
do not move due to the symmetry of DFT cells, while the Mg atoms move towards the GP sheets
due to the coherency strain. In comparison, the Mg atoms around the double-layered GP sheet in
B19 family show much larger displacements than those around the zigzagged GP sheet in D019
family, which indicates a larger CSE penalty for the double-layered GP sheet.

The destabilization of the double-layered GP sheet in B19 family is confirmed by directly
comparing the formation energies of the two supercells, where the constraint from the large Mg
matrix on GP zones is better realized than the previous small cells in Fig. 5. The distance of the
formation energy of the zigzagged GP sheet to the HCP convex hull is 2.2 meV/atom, while that
of the double-layered GP sheet is 4.5 meV/atom. Therefore, with the constraint from Mg matrix,
the zigzagged GP zone will be slightly favored than double-layered GP zone. Considering that this
energy difference is close to the error bar of the DFT energy, both GP zones are likely to be

observed in experiments. This is consistent with the observation of GP sheets on {OliO}Mg plane

in Mg-5.78Zn-0.44Zr wt.% alloy[63], as shown in Fig. 9. Careful examination of the HAADF-
STEM image shows that the zigzagged GP zones (yellow arrows in Fig. 9) can be observed.

Besides the zigzagged GP zones, there are also GP zones with the same thickness of zigzagged
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ones, but denser Zn and clearly a different pattern from the zigzag, as marked by the orange arrow

in Fig. 9. This GP zone probably belongs to the B19 family.
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Fig. 8 The large supercell containing (a) a GP sheet that resembles D019 MgsZn phase, (b) a GP sheet that resembles
B19 MgZn phase. The displacements of Mg atoms after relaxation in DFT are marked with arrows, which indicates a

larger CSE with GP zones resembling B19 MgZn.
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Fig. 9 (a) The predicted GP sheet on (0110), plane, and (b) experimentally observed nanoscale prismatic GP sheets
on {0110} plane of Mg matrix in Mg-5.78Zn-0.44Zr wt.% (Mg-2.23Zn-0.12Zr at. %) alloys [63], where Zr works as
the grain refiner [64,65]. Note that zigzagged pattern of Zn can be vaguely observed. Fig. (b) is adapted from [63].
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4.5 Structure and stability of 8] precipitates
B1 precipitates have rod-like morphology along [0001]y, direction and are formed in the

peak-aged binary Mg-Zn alloys [18,20,62]. Recent TEM and HADEF-STEM observations
[25,44,55] show that the crystal structure of B; is complex. Specifically, on the cross sections of
the rods as shown in Fig. 10(a), various arrangements of the MgZn> rhombic units and the MgsZn7
elongated hexagonal units on (2110)¢,4 plane lead to precipitates that are totally or partially
composited by C14 MgZnz, C15 MgZn,, MgsZn7, 2D quasicrystals and approximants. To study
the stability of f;, the stabilities of this hierarchy of structures built by the MgZn, rhombic units
and the MgsZn7 elongated hexagonal units are needed to be analyzed.

To probe the huge structural and compositional space of these complex crystalline structures,
we built two structures, i.e., Mgz2Znso and MggZni1, using the two basic units and analyze them
together with other decagonal quasicrystal approximants, i.e., MgsZn;, MgxoZnsg, MgrZnsa,
Mg28Zn41 from the Alloy Database by Mihalkovic et al. [98]. The structural files of these phases
can be found in Supplementary Materials. Here only three phases, i.e., MgsZn;, MgsZni; and
Mg2Zn34 are selected as examples to illustrate the detailed atomic structures, as shown in Fig.
10(b)-(d), respectively. Viewed along [010]mgazn7 (or [2110]cq4) direction, their primitive cells
are indicated in dashed purple line, the two basic units in dashed black lines and structural features
of C14 and C15 from the rhombic units in blue and green solid lines, respectively. MgsZn7 in Fig.
10(b) has the elongated MgsZn; hexagonal units at the four corners of the quadrilateral primitive
cell, the MgZn; rhombic units forming C14 at a pair of opposite sides of the quadrilateral and C15
within the quadrilateral. Similarly, MgsZni; in Fig. 10(c) have the MgeZn7 elongated hexagonal
units at the four corners of the quadrilateral primitive cell, but no MgZn> rhombic units within the
cell compared with MgsZn7. Mgx»Zn34 in Fig. 10(d) have the two units arranged in a rotational

way, leading to the structural feature of the five-pointed star.
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Mg4Zn7@ ' g

Decagonal . » -C15MgZn,
quasi-crystal

& D

C14 MgZn,

Fig. 10 (a) The cross section of a 8] rod on (0001)y, plane adapted from [25], (b) atomic structure of MgsZns, (c)

MgsZni1, (d) Mg2Znss viewed along direction equivalent to [2110]¢,4. The blue and red spheres represent Mg and
Zn atoms respectively. The basic units are indicated by thin dashed black lines. The primitive cells are indicated by
dashed pink lines. The blue and green lines indicate the structural features of C14 and C15 MgZn: phase, respectively.

The colored polygons indicate different icosahedra.

The formation energies of the six structures from DFT are shown with global convex hull in
Fig. 11, where Mg32Znso (-137.9 meV/atom), MgsZn;7 (-134.8 meV/atom), MgroZnss (-133.4
meV/atom) and Mg»Zn34 (-130.0 meV/atom) are within 1 meV/atom from the global convex hull,
which essentially reside on the convex hull considering that the error bar of DFT energies. In
contrast, MgxsZn4i (-126.4 meV/atom) and MgsZni; (-106.9 meV/atom) are 2.5 and 19.8
meV/atom above the global convex hull, respectively. With the increasing Zn concentration, these
structures are more stable with structurally decreasing portion of the MgsZn7 elongated hexagonal
units and increasing portion of the MgZn, rhombic units based on their relative positions to the

global convex hull. Therefore, it is inferred that the MgZn, rhombic unit is more
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thermodynamically favored than the MgsZn7 elongated hexagonal unit within 8 rods, while the
latter are formed due to the Mg enrichment in the local regions. Thus, a general trend is expected
for the stabilities of crystalline structures built by the MgZn, thombic and the MgsZn7 hexagonal
units: as the fraction of thombic units (or Zn concentration) increases, the structures in this family
become more stable. This means that there are many structures with large portions of the MgZn,
rhombic units, especially when forming C14 MgZn,, residing on the global convex hull, which is
consistent with many observed 5] rods having large domains of C14 MgZn, in experiments

[25,55,111].

{ —— HCP: CE convex hull
{ —e= global convex hull *

FCC: CE convex hull
Quasi-crystal approximants

-0.05

c | D019 MgZns
O i
I |
>
© 010 B19 Mazn MgsZn1; MgaZn;
> ] ; .
% 7\57' Mg22Zn34 C15 Man2
C H \/
L 1 Mg21Zn2s
] i Mg2gZnay
-0.15- ! Mgzgzn48 C14 Man2
:hexagonali Mg32Znsg rhombic
units | i units
| MgeZny ! / MgZn,
I“‘i‘l“"I““I‘i“‘l““l
0.50 0.55 0.60 0.65 0.70 0.75

Molar fraction of Zn

Fig. 11 Formation energies and relative positions to the convex hulls of six structures formed by the MgZn> rhombic

and MgeZn7 elongated hexagonal units.

With various arrangements of the two basic units, the crystalline structures can have large
primitive cells (e.g., hundreds of atoms or more), and the upper limit is the structures with infinitely
large cells, i.e., 2D quasicrystal with the lack of translational symmetry on the plane equivalent to

{2110} 44 within ] precipitates [25,44]. Several independent experiments revealed the existence
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of 2D decagonal quasi-crystalline structures [25,44]. These decagonal quasi-crystalline structures
can be built from relatively simple icosahedra with 13 atoms [44]. Since these 2D quasicrystals
and their approximants share similar local structures, MgsZn7, MgsZni1 and MgxZn34 in Fig.
10(b)-(d), respectively, are used for illustration. These approximants are built from 6 types of
icosahedral chains packed by simple icosahedra along the direction equivalent to [0001] ¢4 or

[001]pgazn7, identified by different colors. The arrangement of green and red icosahedral chains

leads to the zigzagged and aligned arrangements of the MgZn, rhombic units corresponding to
Cl14 and C15 MgZn,, respectively. The yellow one corresponds to the five-pointed star.
Icosahedral chains in other colors are on the corners of the MgsZn7 elongated hexagonal units.
Thus, from the DFT calculations, it is inferred that the energies of these clusters are higher than
the green ones leading to C14 MgZn;. Rather than only determined by thermodynamic stability,
the specific atomic structure of the quasicrystal is very sensitive to local atomic environment (e.g.,
composition and structural defect) and is determined by the competition between the assimilation
of the icosahedral clusters with relative lower energies and the trapping of local configurations due
to suppressed kinetics [112,113].

Based on their HAADT-STEM results, Bendo et al. reported that there is a positive correlation
between the aspect ratios of the (0001), cross-section of B precipitates and the Zn/Mg ratios
within ;. [25] Combining this trend with the one in current stability analysis, there is a further
correlation between the stability and morphology of §;. Those 8; with lower Zn concentration
(more hexagonal MgeZn7 units) and correspondingly a smaller cross-sectional aspect ratio
following the rod-like morphology is less stable. Oppositely, those B; with higher Zn
concentration (more rhombic MgZn; units) and correspondingly a lager cross-sectional aspect ratio
following the lath-like morphology is more stable.

S. Discussion

It has been reported that both C14 (zigzagged-packed MgZn, rhombic units on (2110)¢q4
plane) and C15 MgZn;, (aligned-packed MgZn, rhombic units on [010]¢;5 plane) Laves phases
can be formed directly from the relaxation of HCP orderings [26,114]. Detailed analysis in the
current study shows that both phases can be formed from the orderings with same ordered unit
layers but stacked differently along [0001] direction of the HCP lattice. As shown in the blue
rectangle in Fig. 12, such unit layer is characterized by one layer of Zn on the basal plane and

another layer of each Zn atom 6-fold coordinated by Mg atoms on the neighboring basal plane. If
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the ordering units are stacked along the [0001], direction without shift on basal plane, relaxation
of such structures leads to the C14 MgZn;, phase (Fig. 12(a)). Alternatively, if adjacent ordering
units are shifted by a along [2110], direction, relaxation would lead to C15 MgZn, phase (Fig.
12(b)).

For both cases, during relaxation, atoms on the pure Zn layers move within this layer to form
the Kagome network, and Mg atoms on the adjacent layers move upward or downward along
[0001], direction towards the open area of the Kagome nets on the neighboring layers [26,114].
The atomic displacements during the structural relaxation are indicated by the arrows in Fig. 12.
The changes of formation energies along the linearly interpolated transformation pathways are
shown in Fig. 12(c), where no energy barrier is observed, indicating both transitions proceed
instantaneously. Specifically, the energies of the HCP orderings before transformation are the
same while C14 (—139.5 meV/atom) is more stable than C15 (—130.4 meV/atom) at the end of
the transformation path, which explains the prevalence of C14 over C15 in Mg-Zn alloy system.
These transformation paths lead to orientation relationship with the Mg matrix of (0001)¢q4 Il

(0001) g and [1100] 14 Il [1120]yg for C14 MgZns and (111)¢q5 Il (0001) ¢4 and [110] 5 |l
[2110] ;4 for C15 MgZno. Note that these orientation relationships for C14 and C15 MgZn; with

HCP Mg agree with the experimentally observed orientation relationships between f3; laths and

B1 rods with the Mg matrix [18,25].
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Fig. 12 Transformation paths from HCP ordering phases to C14 and C15 MgZnz: (a) atomic displacements of HCP
ordering (upper) that leads to C14 MgZn: (lower); (b) atomic displacements of HCP ordering (upper) that leads to
C15 MgZna (lower); (c) Changes of formation energies along the linearly interpolated transformation paths. Note that

the blue and red circles denote Mg and Zn, respectively.

Based on the OR between a-Mg and C14 MgZn: determined by the above transformation paths,
the origin of the two major distinct orientation relationships of C14 MgZn; in 5 with a-Mg are
discussed, i.e., B; plates on the (0001), plane with (0001)¢4 Il (0001)y, and [1120]c14 |l
[1010]umg (denoted as OR1) and fB; laths with [0001]¢q4 Il [1120], and (1120)¢y4 Il (0001),
(denoted as OR2). [18,20] The B; plate with OR1 is consistent with the OR determined by the
discussed transformation path. On the other hand, the 5 lath with OR2 (observed along with 3] )
have the similar structure, orientation relationship and morphology as some f3; precipitates with a
large cross-sectional aspect ratio [20,25]. Therefore, 85 lath with OR2 is a structural limit of §;
precipitates built almost entirely by C14 MgZno.

Based on the combined information of the ORs, the stability analysis of structures in Sec. 4,
and the observation of precipitation in experiments, it is inferred that ;5 precipitates with the two
distinct ORs and morphologies forms in different paths. The plate-like 5 precipitates with OR1
can be formed from (i) the relaxation of the coherent ordering on HCP Mg matrix as discussed,
and further coarsens to plates on basal plane of a-Mg; (ii) the decomposition of the less stable 3;
rods to the stable C14 MgZn,, which corresponds to the decreased amount of ; rods and increased

amount of B; plates with ORI in prolonged aging process [18]. In contrast, the lath-like 3,
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precipitates with OR2 are formed in the same way as 5] rods but with very large fraction (or
completely) of the structure being C14 MgZn,. Additionally, it is suggested that S phase has a
structure of Mg»1Znas (space group R3c), which consists of hexagonal prisms of C14 MgZn, and
Mg-rich transition regions [38]. Note that 8, (i.e., the C14 Laves phase) is a very stable compound
and is very unlikely to transform to other structures at the common aging temperatures of Mg
alloys, e.g., 300 K (27 °C) to 500 K (227 °C), where the kinetics is suppressed. Therefore, in
practical aging treatment, the formation of f precipitate is likely to be suppressed due to low
temperatures and difficult to be observed, although £ is the equilibrium phase with a-Mg
[20,39,62].

Based on the current understanding on the precipitation process in the Mg-Zn alloy, the likely
precipitation sequence is summarized in Fig. 13. In the usual notation for precipitation sequence,
two precipitates that form consecutively during aging are connected by solid arrows, i.e., A—B.
This notation can lead to some confusion, since, other than thermodynamic stability, it can also be
interpreted that B nucleates kinetically on the structure of A, where there usually exists a specific
orientation relationship between A and B. To avoid the confusion in Fig. 13, arrows with solid
lines are used if an orientation relationship exists between consecutively formed precipitates, while

arrows with dashed lines are used if there is no clear orientation relationship.

_» B precipitates (rod / lath) s~——————> B2 precipitates (lath) with OR2
o Composite structure includes: s Structure: C14 MgZn,
G.P.zones /. .« C14 MgZn, OR2:[1120]¢14 Il [0001] g,
] ‘¢ + C15MgZn, K (0001)cy4 I (1120)yg
Zn-rich clusters Mg,Zn, and similar structures \
S.S.S.S. » 2D decagonal quasi-crystals \

OR: [1120]¢y4 Il [0001]yg, \
(0001)cy4 Il (1120) g k
Local orderings VB’Z precipitates (plate) with OR1
+ 66.7 at.% Zn Structure: C14 MgZn,
OR1: [1120]¢14ll [1010] g,
(0001) 141l (0001)pg

Ae——>B: B is more stable than A, with direct orientation relationship.

Ae------ > B: B is more stable than A, without direct orientation relationship.

Fig. 13 The proposed precipitation sequence for supersaturated Mg-Zn solid solution during aging.

6. Conclusions
In the current work, the research status on crystal structures and stabilities of phases in Mg-Zn

system is reviewed, and comprehensive first-principles calculations are performed to examine the
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crystal structures and phase stability of precipitates and explore the remaining controversies. The
main conclusions are summarized as the following.

(1) Current calculations predict GP zones on {0110}y, {2110}y and {0001}y, planes, on
which plate-like GP zones are reported in experiments to reside. The stabilities of the predicted
GP zones at finite temperature are calculated and compared with experiments. Further, the effect
of CSE on the stabilities of GP zones is explained in the case of GP sheets On{OliO}Mg plane, i.e.,
the double-layered GP sheet in B19 family and the zigzagged one in D019 family.

(2) The B precipitate is made up of the MgZn, rhombic and the MgsZn7 elongated hexagonal
units, which, with different arrangements, leads to domains of C14 and C15 MgZn,, Mg4Zn7, 2D
decagonal quasi-crystals and other decagonal approximants. The 5; with more Mg¢Zn7 elongated
hexagonal units are less stable than ones with more MgZn, rhombic units building regions of C14
MgZns.

(3) The B3 (C14 MgZny) precipitates with OR1, i.e., (0001)¢14 I (0001) g and [1120]c14 |l
[1OTO]Mg can form from the relaxation of the specific low energy ordering with 66.7 at. % Zn,
while the B; with OR2, i.e., [0001]cq4 Il [11§O]Mg and (1120)cq4 |l (0001)pg forms by the

same mechanism as that of the 8 rod.
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