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Dislocation and grain boundary properties of Mg and its alloys were assessed by atomistic simulations using
various semi-empirical potentials. The results were compared with available experimental data and first-
principles calculations. It was observed that embedded-atom method (EAM) potentials notably deviated from
experimental observations in dislocation properties, especially for pyramidal dislocations. For the coincident
site lattice (CSL) X7 grain boundary, the choice of interatomic potential significantly influences the minimum
energy structures, namely, the T-type structure is stable when using modified embedded-atom method (MEAM)

potentials, whereas the A-type structure demonstrates stability when EAM potentials are applied. Furthermore,
a strong correlation between the per-site segregation energies of alloying elements and the excess free volumes
at grain boundaries was identified across all tested potentials. The outcomes of this work pave the way for
potential selection in future large-scale modeling of small-scale plasticity in Mg and its alloys.

1. Introduction

Magnesium, as one of the lightest metallic materials, plays an im-
portant role in industrial manufacturing due to its superior properties,
such as excellent dimensional stability, high specific strength, relative
abundance and good recyclability [1]. However, extensive industrial
application of magnesium alloys still faces considerable constraints due
to their limited formability and ductility at room temperature. This is
mainly due to the hexagonal close-packed (hcp) crystal structure of
Mg, which leads to high plastic anisotropy and restricts the number
of easily activated slip systems [2]. To address this limitation and meet
industrial demands, a comprehensive scientific understanding of plastic
deformation mechanisms in Mg and the complex interaction between
solutes, dislocations and interfaces is crucial.

Atomistic simulations using high-performance computing have
gained significant popularity as a powerful scientific approach for
investigating computationally intensive problems of the atomistic be-
haviors in materials. Particularly in the field of lattice defects, atom-
istic simulations have been successfully applied to predict generalized
stacking fault energies (GSFE) [3-5], dislocation motion [6-8], grain
boundary (GB) motion [9-11] and segregation [12-14]. Compared
with first-principles methods, such as density-functional theory (DFT),
atomistic simulations are less constrained by the simulation time and
length scales. This advantage allows atomistic simulations to provide

* Corresponding authors.

valuable insights into large-scale phenomena, including defect-defect
interactions, which are not accessible by first-principles methods.

As classical semi-empirical potentials, embedded atom method
(EAM) [15] and modified embedded atom method (MEAM) [16] poten-
tials are commonly employed in the atomistic simulations of Mg. The
EAM potential was developed to improve the pair potential approach
by including the effect of the local electron density. The total energy
in EAM is formulated as:

Fuow = X, Fo)+ 3 2 3 (1) o)
i i Jj

where ¢(r;;) is the pair potential function depending on the distance
(r;)- F(p;) is the embedding function for atom i, dependent on the local
electron density p; at its site. p; is determined by:

pi= D () @
J#i
where f(r;;) is the electron density due to the jth particle [15]. One
of the widely used EAM potentials for Mg is the one developed by
Liu and Adams [17]. Originally designed for the Al-Mg system to
study the segregation of solute Mg to grain boundaries in Al, this
potential has become popular for studying deformation mechanisms
in Mg alloys [18-22]. Another frequently used EAM potential for Mg
was developed by Sun et al. [23] to simulate interfacial free energies
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during solidification in hcp metals. This potential has also been widely
utilized for various investigations, including dislocations [22,24-26]
and fracture mechanisms [27,28]. MEAM potentials, in comparison
to EAM potentials, incorporate angular dependence in the electron
density, thus providing more sophisticated interatomic interactions.
The total energy in MEAM follows Eq. (1), where the EAM electron
density p; is replaced with p, calculated as:

5= p,G(I) ®3)

where G(I') accounts for the angular dependence in the electron den-
sity [16]. MEAM potentials are therefore more computationally expen-
sive, i.e. they often require an order of magnitude more computational
resources than EAM potentials. Representative MEAM potentials for Mg
are the ones developed by Kim et al. [29] and its modified version
by Wu et al. [30]. Both Kim and Wu et al.’s potentials are widely
applied to various Mg-related atomic-scale investigations [31-35]. Fan
et al. [31] applied the potential by Kim et al. to study the temperature
effects on the dislocation mobility on pyramidal slip planes in Mg. Sato
et al. [36] chose the potential by Wu et al. to investigate the thermally
activated migration of {1 OTZ} twin interfaces. However, irrespective of
the potential type, it remains challenging to encompass all the features
within one single potential to accurately predict the physical behaviors
of the material. This underscores the significance of careful potential
selection, as the accuracy of atomistic simulations relies heavily on the
choice of suitable potential. For instance, it has been reported that the
application of EAM potentials, such as the ones from Liu or Sun can lead
to unrealistic GSFE values and Peierls barriers [30]. Therefore, to opti-
mize the selection of potentials and ensure the physical representation
of material properties in simulations, a systematic assessment of the
relevant interatomic potentials for different Mg-X systems is essential.

In this work, we first calculated basic bulk properties including
lattice constants, cohesive energies, elastic tensors and moduli, as well
as stacking fault energies (SFEs) and twin boundary energies (TBEs).
The generalized stacking fault energies (GSFEs) of the basal {0001},
prismatic {1 011 }, pyramidal I {1 011 } and pyramidal II {1 1 52} planes
were calculated and compared with previous DFT results. In addition,
the core structures, splitting distances and Peierls stresses of both
the pure edge and screw dislocations on these four slip planes were
investigated. Furthermore, we compared the performance of these po-
tentials by evaluating the GB energies of the {1011} compression twin
(CT) and the {10T2} tensile twin (TT), as well as one of the most
studied GBs in hcp metals, the X7 {1230} (0001) 21.8° symmetric
boundary. In addition to the X7 GB, we calculated the energies of
several CSL (000 1) symmetric tilt GBs, which help gain insight into
their structures and properties. Finally, to investigate the segregation
behavior of popular alloying elements in Mg, we calculated the per-site
segregation energies of the three aforementioned CT, TT and X7 GBs.

2. Simulation methods

The atomistic simulations presented in this study were conducted
using the open-source code Large-scale Atomic/Molecular Massively
Parallel Simulator (LAMMPS) [37]. Molecular statics methods were
applied for the simulations, wherein all calculations were carried out
at 0 K. To achieve minimum energy configurations, both the conjugate
gradient and fast inertial relaxation engine (FIRE) algorithms [38,39]
were employed, with the force tolerance of 10~8 eV/A.

In this work, we studied the performance of many potentials and
for brevity will refer to them in the following using the lead author’s
name and the type of potential, i.e. EAM or MEAM. We benchmarked
five popularly employed EAM potentials including Liu EAM [17], Wil-
son_EAM [40], Mendelev_EAM [41], Pei_ EAM [42] and Sheng EAM [43]
potentials. As for the MEAM potentials, we tested three potentials
including Kim_MEAM [29], Ahmad_MEAM [44] and Dickel MEAM [45]
potentials. It should be pointed out that we selected several Mg binary
MEAM potentials, including Mg-Al [46], Mg-Ca [29], Mg-Li [47],
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Mg-Nd [48], Mg-Pb [48], Mg-Sn [29], Mg-Y [29], and Mg-Zn [49],
using the same parameters to describe the Mg-Mg pair interaction as
in the Kim_MEAM [29]. For a more intuitive comparison, all these
potentials are referred to as Kim_MEAM potential. Note that the Ah-
mad_MEAM Mg-Y potential is based on the Mg-Mg MEAM potential of
Wu [30], and the Mendelev_EAM Mg-Al potential is based on the Mg
EAM potential of Sun [23].

The construction of the atomic samples was facilitated using Atomsk
[50]. In the benchmark of basic bulk properties, samples were con-
structed with approximate dimensions of 4 nm X 5 nm X 5 nm,
comprising a total of 4,800 Mg atoms. Periodic boundary conditions
(PBC) were employed in all three directions for the calculations. When
computing the SFEs, non-periodic boundary conditions (nPBC) were
applied along the normal direction of the stacking fault plane, while
the other two directions were maintained periodic. In the calculation
of GSFE, PBC were implemented in the x and y directions, and the
sample dimensions in these two directions were approximately twice
the cutoff length of the potential. Meanwhile, nPBC were applied along
the z direction with a dimension 5 times larger than in the x and y
directions. The upper half of the sample was incrementally and rigidly
shifted along the slip direction in the xy plane. Energy minimization
was performed after each incremental movement with all atoms fixed
in the x and y directions and only allowed to relax in the z direction.
The GSFE was calculated based on the following Eq. (4):

v E= By @
GSF L1,

where E, and E; denote the total energies of the crystal before and after
rigid shifting. /, and /, are the simulation box dimensions .

To construct edge and screw dislocations on the basal, prismatic,
pyramidal I & II planes, we followed the method detailed in [51].
All the samples were constructed with the dislocation line parallel to
the y axis, and the z axis perpendicular to the slip plane. PBC were
applied in the dislocation line direction (y) and slip direction (x), while
nPBC were used along the z axis. The dimensions of samples in the
x and z directions were approximately 30 nm, while the dimension
along the y direction was larger than twice the cutoff of the potentials,
which was about 1.5 nm. However, it should be noted that the samples
containing the pyramidal I edge dislocation had a long periodic unit
in the dislocation line direction of approximately 9 nm. After the
relaxation, the dislocation structures were analyzed using the common
neighbor analysis (CNA) method [52] implemented in OVITO [53] to
determine the dislocation splitting distances and visualized using the
Nye tensor [54] and differential displacement maps [55] with the cutoff
and angle thresholds for hcp crystals defined in [56]. The quasi-static
method was applied to calculate the Peierls stress [57]. To induce
the desired simple shear stress, the sample was shear deformed and
force boundary conditions were applied to the atoms at the outermost
layers of both the upper and lower z surfaces. The shear deformation
and applied forces increased incrementally. After each step, an energy
minimization process was conducted to relax the system and achieve a
stable configuration under the applied shear stress. The Peierls stress
was determined as the applied shear stress at which the dislocation
moves more than a Burgers vector.

To construct the (000 1) symmetric tilt GBs, a Mg unit cell with
the orientation x-[1120], y—[lTOO], and z-[000 1] was subjected to a
rotation along the z-axis with half of the tilt angles (+ g). Following the
rotation, the periodicity of the supercell was restored in all directions to
maintain PBC. Then, two symmetrically rotated crystals were merged
together along the x-axis, which is set to have nPBC. Additionally,
the distance between the GB plane and the semi-fixed surfaces was
set to approximately 20 nm to eliminate their interaction. Microscopic
degrees of freedom in the GB structures were explored through rigid-
body translations in all directions and atom deletion within critical



H. Wang et al.

Table 1
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Calculated material properties of tested Mg potentials, in comparison with the experimental or DFT data. Values listed are lattice parameters a and ¢, cohesive energy, elastic
constants including Cy;, C,, Cy;3, C3; and C,,, stacking fault energies of I, and I,, {1011} compression twin (CT) and {1012} tensile twin (TT).

Potentials Kim_MEAM Ahmad_MEAM Dickel MEAM Liu EAM Wilson_EAM Mendelev_EAM Pei_EAM Sheng EAM Experiment/DFT
Lattice parameter, a (A) 3.209 3.187 3.197 3.196 3.185 3.184 3.217 3.181 3.209 [59]
Lattice parameter, ¢ (A) 5.197 5.172 5.188 5.187 5.188 5.184 5.136 5.201 5.211 [59]
Cohesive energy (eV) -1.55 -1.51 -1.51 -1.51 -1.53 -1.53 -1.51 -1.51 —-1.51 [60]
C,, (GPa) 62.8 64.3 64.3 62.4 69.1 68.8 53.6 67.4 63.5 [61]
C,, (GPa) 26.0 25.5 25.3 26.3 26.7 26.1 24.4 32.6 25.9 [61]
C,; (GPa) 21.2 20.3 20.3 221 15.4 16.0 23.3 16.2 21.7 [61]
C3; (GPa) 69.6 70.9 71.0 67.8 69.0 69.5 78.6 65.7 66.5 [61]
C,, (GPa) 17.1 18.0 18.1 18.3 12.3 12.7 23.0 13.9 18.4 [61]
EY. (mJ/m?) 15.1 11.3 11.5 27.1 225 22.1 16.9 -0.7 13.1 [62]
Eﬁ. (mJ/m?) 30.0 22.5 23.0 54.2 45.0 44.1 325 -1.7 27.7 [62]
Ecr (mJ/m?) 85.6 89.9 91.5 75.2 112.0 106.5 109.0 87.8 85.5 [62]
Erp (mJ/m?) 144.0 149.0 153.7 1221 109.0 114.1 150.7 123.1 118.1 [62]

distances of 0 to 0.2 nm at the GBs [58]. After relaxation of the samples,
the GB energy Egg was calculated using Eq. (5):
Ecp = —E(Nl) X]IVECOh 5)
y z

where E(N) is the total energy of the N atoms within a distance of 0.3
I, to the GB plane, and E,, represents the cohesive energy in the bulk
system. [, and /, are the simulation box dimensions that multiply to
represent the GB area.

The per-site segregation energy provides information on whether
the substitution of the solute element is preferred on a specific atomic
site. In this work, we focus on the sites at the GB region in the context
of GB solute segregation. The per-site segregation energies on selected
sites can be determined by calculating the energy difference between
the system when a solute element X is located at the GB region and
when it is in the bulk region. Therefore, by substituting one Mg atom
with the solute atom in the GB region, the per-site segregation energies
can be calculated according to Eq. (6):

Eseg = (Egp + Eg(ulk) - (Eé(B + Epuk) (6)

where Egg is the energy of the structure with a GB, EéB is the energy
of the system when a Mg atom is substituted by a solute atom on
a GB site. E,,, and ngl i denote the energy of the Mg bulk before
and after the substitution of one solute atom, respectively. Here, the
positive values denote that the solute atoms prefer to segregate on
the GB sites. The Voronoi tessellation defines a volume centered at
an atom and exclusively attributed to that atom [63,64], and was
used to characterize the local atomic environments of the chosen GB
sites. To better evaluate the performance of the selected potentials,
the calculated segregation energies are compared with the density
functional theory (DFT) results of Huber et al. [65] on the X7 GB and
Pei et al. [66] on the {1012} tensile twin and {1011} compression
twin. To ensure consistency, the simulation samples were constructed
with the same dimensions as the DFT models, including 180 atoms
for the X7 GB, 60 atoms for the {1012} tensile twin, and 88 atoms
for the {1 OTI} compression twin. It is important to note that PBC
were applied to all three axes, which resulted in two GBs within the
simulation domain. However, no elemental substitution took place at
the second GB.

3. Results & discussion
3.1. Basic material properties

Bulk properties of the semi-empirical potentials were calculated, as
shown in Table 1. All EAM and MEAM potentials demonstrate a good
agreement with existing experimental data of lattice constants, cohe-
sive energy and elastic tensors. Only the Pei EAM potential exhibits
significant deviations in C;; and C;; from the experimental values.

With respect to the computed formation energies of I, and I, basal
stacking faults in Mg, only the Sheng EAM potential exhibits unphysical

negative values for basal SFEs. The hcp structure differs from the face-
centered cubic (fcc) structure solely in their stacking sequence, with the
stacking fault of the hep structure being identical to the fcc structure.
Consequently, the presence of negative SFE values implies that, under
the Sheng EAM potential, Mg is more stable in the fcc structure than
in the hcp structure at the ground state, which is obviously incorrect.

For TBEs, a consistent trend is observed where the energy of the
{1 011 } compression twin is lower than that of the {1 OTZ} tensile twin,
aligning with the DFT results. However, this trend is reversed when
applying the Wilson_EAM potential. Furthermore, an unrealistic twin
structure is observed when applying Mendelev_EAM potential, which
was also reported by Wu et al. [30].

Drawing from the outcomes of the potential benchmark on the
basic material properties, we have narrowed down our selection of Mg
potentials to four options that exhibit the least discrepancy with the
experimental and DFT data. Further assessment of defect properties was
performed using mainly the Kim_MEAM, Ahmad_MEAM, Dickel MEAM
and Liu_EAM potentials.

3.2. Generalized stacking fault energy and dislocation properties

The generalized stacking fault energy is a parameter that describes
the slip behavior of crystalline materials. In this study, atomistic sim-
ulations were performed on the basal, prismatic, pyramidal I and II
slip planes using selected pure Mg potentials to generate GSFE curves
along specific directions, as shown in Fig. 1. For the first {1 011} and
second order {1122} pyramidal planes, our focus was on the {1123}
slip directions, given the importance of (¢ + «) slip in accommodating
imposed plastic strains out of the basal plane [67-70]. The peak on the
GSFE curve, known as unstable stacking fault energy (USFE), represents
the energy barrier of the slip event, whereas the local minimum along
the displacement vector corresponds to a stable SFE. For the GSFE
curves on the basal plane, as shown in Fig. 1(a), all the potentials
exhibit an overestimation of the energy barrier for basal slip when
compared with the DFT results. As for the GSFE curves on the prismatic
plane in Fig. 1(b), the USFE predicted using the Liu EAM potential is
much lower than the results obtained from both the MEAM potentials
and DFT. Furthermore, a minor local minimum is observed at the
center of the GSFE curves of all four potentials, which is not present
on the DFT curve. This phenomenon can be an intrinsic artefact of
the semi-empirical potentials, as highlighted by Stricker et al. [7].
Asymmetric GSFE curves about the local minimum are observed for the
pyramidal I & IT (¢ + a) slip systems, indicating a direction-dependent
dislocation motion in the negative and positive slip directions on these
two slip planes, as demonstrated in the following content on dislocation
properties.

We further evaluated the performance of Mg potentials in the pre-
diction of dislocation properties, including dislocation core structures
and Peierls barriers. After the introduction of edge or screw dislocations
onto the slip planes, the structures were relaxed to minimize the total
energy, enabling the determination of the dislocation core structures.
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Fig. 1. GSFE curves on the basal (a), prismatic (b), pyramidal I (¢) & II (d) slip planes of Ahmad MEAM, Kim_MEAM, Dickel MEAM, and Liu_EAM potentials in comparison with

DFT results [7,25,34].

Table 2

Dislocation dissociation distance (expressed in terms of the lattice constant @) on the basal, prismatic, pyramidal I & II slip planes using
Kim_MEAM, Ahmad_MEAM, Dickel MEAM and Liu_EAM potentials, as compared to existing DFT results.

Slip plane Basal Prismatic Pyramidal I Pyramidal II
Burgers vector (a) (a) (c+a) (¢ +a)
Character Edge Screw Edge Screw Edge Screw Edge Screw
Kim_MEAM 9.2 3.0 1.0 1.0 9.2 4.1 5.1 3.4
Ahmad MEAM 11.8 7.3 1.0 1.0 8.9 4.8 5.1 4.0
Dickel MEAM 11.7 5.6 1.0 1.0 8.7 4.8 5.2 3.4
Liu_ EAM 4.7 1.0 1.0 1.0 16.3 OPM OPM OPM
DFT results [30] 7.0 4.0 1.0 2.0 N/A N/A 6.6 4.6

Table 3
Peierls stresses (in MPa) calculated using Kim_MEAM, Ahmad_MEAM, Dicke]l MEAM and Liu_EAM potentials, as compared to existing experimental
data.
Slip plane Basal Prismatic Pyramidal I Pyramidal II
Burgers vector (a) (a) (c+a) (c+a)
Character Edge Screw Edge Screw Edge Screw Edge Screw
Kim_MEAM 0.53 55 15 109 70 (63) OPM (307) 204 (190) 294 (490)
Ahmad MEAM 0.49 49 14 122 56 (75) 153 (353) 187 (246) 329 (617)
Dickel MEAM 0.93 35 32 57 72 (54) 183 (200) 202 (202) 332 (400)
Liu EAM 26.1 554 21 41 73 (96) OPM (340) OPM OPM
Experimental results [70] ~ 0.5 ~ 40 N/A ~ 40

The dislocation core structures were visualized using the Nye tensor
and differential displacement maps resolved in the direction of Burgers
vectors, as shown in Fig. 2. The CNA method was applied to analyze the
structure and determine the dislocation splitting distances, as presented
in Table 2. The unit of the splitting distance is based on the lattice
constant a. It is noteworthy that for the Liu_ EAM potential, the (¢ + a)
screw dislocation on the pyramidal I plane is not stable, along with
the (¢ + a) edge and screw dislocations on the pyramidal II plane.
The dislocation core structures dissociate from the slip plane after
energy minimization. This phenomenon is referred to as an out-of-
plane mechanism (OPM). The other three MEAM potentials generally
exhibit similar behavior, and there is no significant deviation from
the DFT results, except for the (a) screw dislocation on the prismatic
plane, where the DFT data shows a more stable (a) screw dislocation
on the basal plane [7,71]. This discrepancy is also connected to the
artefact introduced by the potentials, as the stability and structure of

the prismatic dislocations are highly related to the previously observed
local minimum on the prismatic GSFE curve [7].

The calculated Peierls stresses, using the quasi-static method, are
listed in Table 3. Compared with the MEAM potentials and experimen-
tal results, the Peierls stress of the Liu EAM potential is significantly
higher for both edge and screw dislocations on the basal plane. Due to
the direction-dependent energy profile of (¢ + a) slip on the pyramidal
I and II planes, as mentioned earlier, there are two Peierls barriers
associated with these two planes. Similarly, the Liu EAM potential
failed to predict the Peierls stress for most of the dislocations on these
two planes due to the out-of-plane mechanism. This phenomenon is also
observed in the (¢ + a) screw dislocation on the pyramidal I plane using
the Kim_MEAM potential, where the screw dislocation cross-slips to the
pyramidal II slip plane. In general, all three evaluated MEAM potentials
can provide reliable predictions of dislocation properties, whereas the
Liu_EAM potential leads to unrealistic (c + a) dislocation core structures
and Peierls stresses.



H. Wang et al.

(a) Basal <a) edge dislocation 0
O:OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO‘0.0.0 0.04
O_OvOVO’O‘O‘OOOOOO000OOOOOOOOOOOOOOOOO»O.O.Q‘Q_O 0.03
0’00O’O‘OOO.O.O‘OVO_OOOOOOOOOOOOO‘O‘O‘O.O.OFOO.O.OOOQ 0.02

: Q'(.)‘(?'(?”0,0 O’O.OVO_O.OVO.O 000000000 O,O,O.O.O,O,O.O.Q\Q‘Q ° :
O PoSS g 000000000000000000QERE000 | 0.0
S ?.9.9.0999999000°°°°°.°.°.9.‘?.‘:’°°°? 0.00
=, 000
1 -0.01
N )‘OAOO_OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOVC 0.02
00000000 0000000 0000000 =
0000000000000000000000000000000000000 —-0.03
0000000000000000000000000000000000000 -0.04
-8a -6a -4a -2a 0 2a 4a 6a 8a
x[1120]
(c) Prismatic <a) edge dislocation 0
PoR6P660696960650650606062620202 620268 0.06
262600 6969696°06°0°0°0°¢
O 0.04
0.02
0.00
-0.02
-0.04
—0.06
4a 6a 8a

(e) Pyramidal | {c + a> edge dislocation 0

—~ PO ¥ ©p Op Do Po Po Po Do Od 0.12

|: DO P 0P oDDDP®ODDDD R0 R 0L D 0.09

O PR DD DD mODDDED0R0R o] ’

— | ®© D - DO - P - Do - D P Po & 0.06

s 0.03
s 0.00
E —0.03
S [P® Po Do ©p ©o- Po Po Po Po P K —0.06
O [ OPODPODHPOPOPOPOP R X '
CPPODPEOPPPPROPROPDPRDPDP —-0.09
N IO P PoPoPo @0 PP 0 ~0.12
-8a -6a -4a -2a 0 2a 4da 6a 8a
x[1123]

(9) 071

— 0.15

o~

N 0.12

— 0.09

=) 0.06

o 0.03
= 0.00
g —-0.03
= —0.06
CC) -0.09
N -0.12
=0.15

__0
x[1123]

(b)

—_

z normal to (1122) =
O B oS

Computational Materials Science 240 (2024) 113025

Basal <a) screw dislocation Oy,

0.05
0.04
0.03
0.02
0.01
0.00
-0.01
—0.02
-0.03
-0.04
—0.05

z[0001]

0000 000000:0:0:0-0000000:0
-8a -6a -4a -2a 0 2a 4a ©6a 8a
x[1100]

tic {a) screw dislocation

vO,o>C_J

0.08
0.06
0.04
0.02
0.00
—0.02
—0.04
—0.06
—0.08

-0

00:0:0:0:0:0:0-0:0"9

0°0/0:0°0:0:0-0:0-0
0:0:0:0-0-0-0-0-0-0-

]0°0°0:0-0:0:0-0:0-0

z[1100]
o0 000000000
100:0:00:0:00:0:0 0
0:0:0:0:0:0:0:0:0:00
56.0.6.0/00.0.0.3.0
0:0:0:0:0:0:0:0:0-0-9
00000000000

5'6°6°6'6'0:0.0.0 0 0
0:0:0°0:0:000:0:0 0

10:0-0:0:0:0:0-0-0-0

a 2a 0
x[0001]

&
o
N
o
IS
o
1)
©
9]

—
—4
2

z normal to (1011)

-8a

-6a -4a

-2a __0
oy[1123]

2a 4a 6a 8a

a2
0.08
0.06
0.04
0.02
0.00
-0.02
—0.04
-0.06
-0.08

x[1100]

Fig. 2. Dislocation core structures visualized by the component of the Nye tensor and differential displacement maps along the direction of Burgers vector using the Ahmad MEAM
potential. (a) Basal (a) edge, (b) basal (a) screw, (c) prismatic (a) edge, (d) prismatic (a) screw, (e) pyramidal I (¢ + a) edge, (f) pyramidal I (¢ + a) screw, (g) pyramidal II (¢ + a)

edge, and (h) pyramidal II (¢ + a) screw dislocations.

Table 4

Calculated X7 GB energy and structure of tested potentials for pure Mg in comparison with existing DFT results.

Potentials Kim_MEAM Ahmad_MEAM Dickel MEAM Liu EAM Wilson_ EAM Mendelev_EAM Pei_ EAM Sheng EAM DFT results [65]
EZ] (mJ/m?) 335 346 354 254/259 329 316 340 303 299/298 (A/T)
X7 Type T-type T-type T-type A/T-type A-like type A-type A-like type A-like type A/T-type

3.3. Grain boundary energies

In Section 3.1 we evaluated the performance of the Mg potentials
with respect to planar defect properties, including SFEs and TBEs. Here,
we extend this investigation to the (000 1) symmetric tilt GBs. The
properties of the X7 GB were investigated first to facilitate a meaning-
ful comparison with the DFT study by Huber et al. [65]. By using the
same atomic configuration, we aimed to conduct a comparable assess-
ment of the Mg potentials. The calculated properties are presented in
Table 4. Notably, the GB energies of the X7 GB display good agreement

with the DFT results for all potentials. As detailed in [72], two types
of GB structures with the same macroscopic characters but different
microscopic degrees of freedom exist, namely A-type and T-type, distin-
guished by their dislocation core configurations. However, in our study,
we found that only the T-type grain boundary remained stable at 0 K
for the MEAM potentials, while the A-type grain boundary remained
stable exclusively for the EAM potentials. An exception arises when
applying the Liu EAM potential, as both A-type and T-type GBs can
be stabilized after energy minimization. Despite these different trends,
the comparison of GB energies reveals that the A-type GB possesses
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Fig. 3. GB energies of five pairs of type-1 and type-2 <0001> symmetric tilt CSL GBs computed using: (a) Ahmad_ MEAM, (b) Kim_MEAM, (c) Dickel MEAM, (d) Liu_EAM potentials.
The misorientation on the x-axis refers to the type-1 GBs, that is the 6 angle. The misorientaiton ¢ for the type-2 GBs is obtained by ¢ = 60° — 6.

lower energy, suggesting that it is more stable when employing EAM
potentials. Additionally, for the Wilson_EAM, Pei_EAM, and Sheng EAM
potentials, the geometry of the X7 GB deviates slightly from the A-type
GB observed in DFT, which is indicated in the following by referring to
it as A-like type.

To investigate the (000 1) symmetric tilt GBs in the current study,
we selected five pairs of CSL GBs, including ¥61, ¥37, ¥73, X31 and
7. For each X value, there are two GBs depending on the tilt angle,
which is defined as twice the dihedral angle between the GB plane and
{1120}. The one with the smaller tilt angle 6 is referred to as type-
1, while the one with the larger tilt angle ¢ is referred to as type-2. It
should be noted that, due to the symmetry of the hcp structure, the sum
of # and ¢ is equal to 60°. A detailed description of the classification of
type-1 and type-2 GBs, along with the list of tilt angles for the selected
CSL GBs, can be found in [21]. Using the selected Mg potentials, the
GB energies of these five pairs of CSL GBs were calculated, as shown
in Fig. 3. It is noticeable that the calculated GB energies using the
Liu EAM potential are lower than the other three calculations using
MEAM potentials. Irrespective of the potential applied, the energies of
type-1 GBs are lower than those of type-2 GBs. This result correlates
well with the experimental observation, where a predominance of type-
1 GBs in a basal-textured Mg thin film was found [21]. Additionally,
for all four potentials, the GB energies fit well to the following formula
for low-angle GBs, as shown in Fig. 3.

Egp(60) = Ey0(A — In(0)) @)

where ¢ is in radian. E;, and A are fitting parameters, where E
has the same unit as Egg (mJ/m~2) and A is dimensionless. It is
noticeable that regardless of the potential employed or the GB type, the
fitted A parameter consistently converges to similar values around 0.5,
and the fitted E, values are consistently higher for MEAM potentials
compared to the EAM potential. The observed good fit suggests that
this dislocation model for low-angle GBs is applicable to both type-1
and type-2 GBs irrespective of the employed potential.

3.4. Segregation energies

The preceding sections demonstrate the performance of the selected
potentials for pure Mg. To extend the assessment of their predictive
capabilities to solute-related properties in Mg alloys, the focus now
shifts towards assessing their performance in predicting GB segre-
gation energies. Three MEAM and two EAM potentials with Mg-X
interactions were chosen: Kim_ MEAM (Mg-Y, Mg-Zn, Mg-Al, Mg-Nd),
Ahmad_MEAM (Mg-Y), Dicke]l MEAM (Mg-Zn), Liu EAM (Mg-Al), and
Mendelev_ EAM (Mg-Al). Using Eq. (6), atomistic simulations were
applied to calculate the per-site segregation energies of selected GB
sites on the X7 GB, {1011} compression twin (CT) and {1012} tensile
twin (TT) boundaries, where positive values indicate that the alloying
element has a preference for segregation to those specific sites in the
GB. For the X7 GBs, the selected sites are marked based on the distance
to the GB (see Figs. 4 and 5). For the CT and TT, two sites on the TB
are selected, as shown in Fig. 4.

The segregation energies of GB sites demonstrate a good correlation
with local atomic environments. In addition, all tested MEAM and EAM
potentials show good agreement with the DFT calculations, as shown in
Figs. 4 and 5. We quantified the change in local atomic environments
at the GBs by comparing the atomic volumes of the GB sites with
that of the bulk site, as shown in Table 5. For instance, regardless of
the potential, the atomic volume of the A (or Al) site at the TB is
smaller than that of the site in the bulk, whereas the atomic volume
of the B (or B1) site is larger. By integrating the findings from Figs. 4
and 5, a clear trend emerges. Y and Nd atoms exhibit a pronounced
inclination to segregate towards the B-sites with comparatively larger
atomic volumes. In contrast, Zn and Al atoms manifest a propensity for
the A-sites. This observation aligns with the nature of the stress field
generated by the substitution atom. To confirm this, we calculated the
volume change resulting from the substitution of a single solute atom
in a bulk sample containing 5 X 5 x 5 unit cells. The results are listed
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Table 5

Variation of atomic volume of the selected GB sites in Fig. 4 as compared to the bulk site using different potentials. The label (A) indicates
that the X7 GB exhibits an A-type structure using Liu EAM and Mendelev_EAM potentials, while the rest of the entries for the X7 GB pertain

to T-type structures.

Site Kim_MEAM Ahmad_MEAM Dickel MEAM Liu EAM Mendelev_EAM
X7 al —4.5% -4.7% —4.8% 0.0% (A) 0.1% (A)
X7 a2 0.4% 0.3% 0.5% 0.3% (A) 0.6% (A)
X7 a3 18.4% 18.3% 18.8% 6.4% (A) 8.0% (A)
7b —-0.3% —-0.5% —-0.6% -4.7% (A) —4.8% (A)
27 ¢ 0.9% 1.0% 1.2% -1.0% (A) -2.1% (A)
x7d 6.7% 6.8% 7.1% 12.2% (A) 12.4% (A)
X7e -1.5% -1.4% -1.2% -2.3% (A) -2.3% (A)
CT A —-3.6% -3.5% —-3.5% -3.5% -3.5%

CT B 5.1% 5.0% 5.0% 4.1% 4.5%

TT Al —5.8% —5.8% -5.9% -6.9% -5.2%

TT Bl 8.1% 8.1% 8.4% 7.3% 2.7%

in Table 6, where positive values indicate that the solute atom gen-
erates a compressive stress field within the local atomic environment,
while negative values correspond to a tensile stress field. Evidently,
elements inducing a compressive stress field, such as Y and Nd, prefer
to segregate at sites with larger atomic volumes. Conversely, elements

leading to a tensile stress field tend to segregate at smaller sites. When
the atomic volume of a site is close to that of the bulk, the computed
segregation energies are close to zero. This direct correlation between
the per-site segregation energies and the atomic volume of the sites can
be attributed to the minimization of elastic strain energy due to atomic
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Table 6
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o3
Atomic volume change AV (in A") by the substitution of a single solute atom in a bulk sample containing 5 X 5 X 5 unit cells and per-site segregation energies (in eV) of solute

elements (Y, Zn, Ca, Sn, Li, Al, Nd, Pb) at the selected GB sites in Mg. The bold values indicate a structural transformation by introducing a solute atom after energy minimization.
The label (A) indicates that the X7 GB exhibits an A-type structure using Liu EAM and Mendelev.EAM potentials, while the remaining entries of X7 GB correspond to T-type

structures.

Site Y_Kim Y_Ahmad Zn_Kim Zn_Dickel Ca_Kim Sn_Kim Li_Kim Al Kim Al_Liu Al_Mendelev Nd_Kim Pb_Kim
i\ 5.56 13.51 -7.42 -12.14 13.92 6.40 -3.05 -6.99 -8.73 -7.95 16.17 -4.31
X7 al -0.09 -0.32 0.16 0.28 -0.21 -0.16 0.14 0.25 0.09 (A) 0.18 (A) -0.22 0.11
X7 a2 -0.02 -0.01 0.05 0.05 —-0.04 -0.15 0.00 0.01 —-0.06 (A) —-0.01 (A) 0.06 -0.07
X7 a3 0.19 0.64 -0.27 -0.57 0.40 —-0.08 —-0.03 —-0.43 0.04 (A) -0.15 (A) 0.62 —-0.04
>7b -0.02 —-0.08 0.16 0.27 -0.05 -0.20 0.23 0.21 0.15 (A) 0.17 (A) 0.00 0.30
X7 c 0.03 0.00 —-0.02 —-0.04 0.08 0.10 0.01 —-0.01 -0.02 (A) 0.04 (A) 0.03 0.09
x7d 0.14 0.22 —-0.04 —-0.06 0.20 0.08 0.08 0.01 —-0.08 (A) —-0.04 (A) 0.31 0.13
X7 e —0.05 -0.04 0.14 0.25 —0.03 -0.20 0.11 0.20 0.05 (A) 0.15 (A) -0.03 0.13
CT A -0.10 -0.27 0.16 0.29 -0.18 —-0.04 0.13 0.24 0.13 0.10 -0.14 0.21
CT B 0.10 0.16 -0.16 -0.30 0.19 0.07 —-0.05 -0.22 -0.11 -0.07 0.20 -0.21
TT Al -0.01 -0.04 0.22 0.44 0.00 -0.04 0.20 0.27 0.09 0.08 -0.01 —0.02
TT B1 0.12 0.42 —-0.02 -0.09 0.25 0.17 -0.06 -0.01 -0.02 -0.07 0.33 0.01

size mismatch. Apart from the lattice mismatching effect, the reduction
of the interfacial energy and enthalpy of mixing (4H,,;,) can also act as
driving forces for segregation dynamics. The contribution of interfacial
energy reduction is limited for the simulated highly symmetric GBs
due to their low-energy nature. In contrast, the chemical driving force
from AH,,;, between solvent and solute is not negligible, especially
when compared to the range of segregation energies, e.g., AH,,;, equals
0.08 and 0.05 eV/atom for the Mg-Al system using the Kim MEAM
and Liu EAM potentials, respectively. Furthermore, the influence of
chemical bonding, encompassing coordination environment and solute
electronic configuration, can lead to unusual solute segregation behav-
ior in twin boundaries for specific elements [73]. For instance, Bi with
a larger atomic radius than that of Mg is found to segregate to the
compression site in compression twin boundaries but not to any sites in
the tensile twin boundaries [73]. Such chemical bonding effects might
be beyond the capability of semi-empirical potentials, such as EAM and
MEAM, therefore require electronic structure calculations.

In general, all selected MEAM and EAM potentials show good
performance in predicting the segregation energies compared to the
DFT results [65,66], as shown in Figs. 4 and 5. However, it is important
to note that some of the substitutional sites, as indicated in bold
values in Table 6, experience a transformation in the local atomic
environment after relaxation, as characterized using the CNA method.
Moreover, the sites experiencing the transformation differ between the
interatomic potentials and the DFT calculations, contributing to some
of the observed discrepancies in the segregation energies. Indeed, this
solute segregation-induced structural transformation has been observed
in experiments, as reported by Mathews et al. [74] in their study of
Ga-decorated ¥7 GBs in Mg. To more comprehensively illustrate the
relationship between the per-site segregation energies of alloying ele-
ments and the excess free volumes at GBs, we extended our calculations
to additional alloying elements at selected GB sites. All the results
are presented in Table 6. Note that when using MEAM potentials, the
X7 GB remains stable only in the T-type configuration. In contrast,
Liu_EAM and Mendelev_EAM potentials favor the A-type configuration,
leading to the selection of different GB sites.

The per-site segregation energies obtained in this work can be used
to predict solute concentrations at these GBs using the Langmuir-
McLean segregation isotherm in the context of infinitesimally diluted
systems [75,76]. It is worth noting that at high concentration levels,
the consideration of solute-solute interactions becomes crucial, which
highlights the importance of calculations of co-segregation energies.
Future investigations of segregation in Mg alloys should extend their
focus to more general GBs, like those in polycrystalline materials. This
is because the extensively studied highly-symmetric GBs using DFT may
not adequately capture the wide spectrum of GB local atomic environ-
ments, ultimately leading to incorrect predictions in structure-property
relationship [77].

4. Conclusions

A variety of commonly employed EAM and MEAM potentials for
Mg and its alloys was applied in atomistic simulations to compute
defect characteristics, including dislocation properties, grain boundary
energies, and segregation energies. Conducting a thorough comprehen-
sive comparison with available experimental and DFT data enabled a
systematic assessment of these semi-empirical interatomic potentials.
From the obtained results, the following conclusions can be inferred:

» The assessment of selected potentials in predicting various basic
material properties revealed excellent agreement with available
experimental data. However, Pei_EAM, Sheng EAM, Wilson_ EAM
and Mendelev_EAM potentials showed inconsistencies in certain
properties, such as the stacking fault energy and the structure and
energy of twin boundaries.

When wusing Liu EAM, Kim MEAM, Ahmad MEAM and
Dickel MEAM potentials to analyze the generalized stacking fault
energy curves, the energy barrier for basal slip was overestimated
in comparison to DFT data. In addition, an unexpected local
minimum was evident for the prismatic slip system, which can
be linked to the presence of a stable (a) screw dislocation on the
prismatic plane, in contradiction to DFT results.

Regarding the computed dislocation properties, the three MEAM
potentials exhibit excellent agreement with DFT calculations.
Conversely, the Liu EAM potential results in unrealistic (¢ + a)
dislocation core structures and Peierls stresses.

In the context of (000 1) symmetric tilt GBs, the formation ener-
gies of type-1 GBs are consistently lower than those of type-2 GBs.
Regardless of the potential used, the dislocation model for low-
angle GBs proved applicable to both types of GBs. With respect
to the X7 GB, the choice of potential significantly influences its
structural type; T-type and A-type structures are stable for MEAM
and EAM potentials, respectively.

Per-site segregation energies of a wide range of alloying elements
at 27 GB and twin boundaries were calculated. All tested EAM
and MEAM potentials show good agreement with the DFT cal-
culations. A strong correlation between the segregation energies
and the local atomic environment was observed for all poten-
tials, highlighting the significance of the minimization of elastic
strain energy due to atomic size mismatch on solute segregation
behavior.
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