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The addition of rare elements to Mg enhances mechanical behavior via solution and precipitation
strengthening mechanisms. To provide fundamental insight into the underlying mechanisms, we apply
density-functional theory (DFT) calculations to systematically study the generalized planar fault energy
(GPFE) for pure Mg and its alloys with Gd, Y, and Gd–Y. Special attention is focused on the {0001}h1 �100i
basal and {1 �100}h11 �20i prismatic slip systems. Our results show that the addition of Gd and Y in Mg
significantly reduces the magnitude of GPFE, in particular for the {1 �100}h11 �20i prismatic slip system.
The analysis of the charge density distribution reveals that the predicted reduction in GPFE can be pri-
marily attributed to a decrease of shear resistance between the slip planes. Based on the criterion for
the anisotropy of the dislocation mobility and disembrittlement parameter, we demonstrate that alloying
Mg with Gd and Y yields lower resistance to slip and hence an improvement in plasticity. Our results also
suggest that the strength and plasticity of the Mg–Gd–Y system can be simultaneously enhanced due to
charge transfer between Mg and alloying atoms.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

The unique benefits of Magnesium (Mg) alloys, including: low
density, ease of machinability, excellent damping capacity and
favorable recyclability, render them an ideal material system for
applications in the aerospace, aircraft and automotive industries,
for example [1]. However, widespread utilization of Mg alloys
has been hindered by their poor corrosion/creep resistance and
low strength/ductility/plasticity. More recently, published studies
suggest that the addition of rare elements to Mg can enhance the
mechanical response as a result of solid solution strengthening
and precipitation strengthening [2,3]. Studies on Mg–Gd-based
alloys show, for example, that strength is influenced, not only by
the amount of alloying elements, but also by the processing
methodology (e.g., incorporating plastic deformation), and by heat
treatment [4–7]. In related work an strengthening effect was
reported in an Mg–Gd binary alloy during compression testing
and this was attributed to the pining effect of solute atoms on twin
boundaries [7]. Moreover, it was reported that Mg–Y alloys have
better plasticity than pure Mg because of the activation of addi-
tional slip modes [8,9]. In the case of ternary alloys, Mg–Gd–Y sys-
tems have been demonstrated to have high tensile yield strength,
creep resistance, and corrosion resistance, due to the presence of
metastable and stable precipitates that retain their stability at rel-
atively elevated temperatures (up to 250 �C) [10–12]. A typical
example of this behavior is provided by the extruded Mg–10Gd–
3Y–0.6Zr in weight percentage (in wt.%) alloy [12], which has a
ultimate tensile strength (UTS) of 462 MPa and yield strength of
382 MPa. These values are notably greater than those of most AZ
series Mg alloys (UTS typically less than 300 MPa). Interestingly,
however, and despite the fact that available published studies
demonstrate that the strength of Mg can be significantly enhanced
by alloying with Gd and Y, strategies to improve the plastic defor-
mation of Mg and its alloys require additional research.

Density-functional theory (DFT) calculations have been widely
accepted as a useful tool for understanding the mechanical behav-
ior of metals. By calculating the generalized planar fault energy
(GPFE), which indicates the energetic carried upon interrupting
the normal stacking sequence of a crystal plane, DFT can predict
dislocation core properties at the atomitic level; while at the
macroscopic level, it can yield the stress intensity at which disloca-
tions are nucleated at a crack tip [13]. Nowadays, investigation of
GPFE in Mg alloys mainly focuses on different binary alloy systems,
including Mg with Al, Ca, Cu, Zn, Fe, Mn, Li, Ni, Sn, Y, La, Gd, Nd and
Zr [14,15]. In particular, Pei et al. [16] systematically studied GPFE
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profiles for five systems (i.e., {0001}h11 �20i, {0001}h1 �100i,
{10 �10}h11 �20i, {10 �11}h11 �20i and {11 �22}h11 �23i) in Mg–Y
alloys. Consistent with experimental results, DFT predicted that
the addition of Y in Mg enhances the plasticity of Mg, resulting
in an alteration in the dislocation core structure and lubrication
of the dislocation motion [17,18]. As for Mg–Gd alloys, most theo-
retical studies have focused on the strengthening effect and stabil-
ity of precipitated Mg–Gd precipitates, whist neglecting the
influence of Gd on GPFE [19]. By using the generalized gradient
approximation (GGA) method, Moitra et al. [20] revealed that the
addition of Gd to Mg could increase the unstable stacking fault �usf

value of the {0001}h1 �100i basal plane, but decrease the
maximum GPFE value of {0001}h11 �20i basal plane and {1 �100}
h11 �20i prismatic plane. In addition, GPFE investigations in ternary
Mg alloy systems have been carried out for Mg–Zn–Y [21], Mg–Al–
Zn [22], Mg–Al–Sn [23], and Mg–Zn–Ca [24]. However, GPFE curves
of Mg with Gd and Y (Mg–Gd–Y) have not been extensively
studied.

In view of the above discussion, in the present work, we study
the GPFE curves for four Mg systems: Mg, Mg–6.4Gd, Mg–3.7Y,
and Mg–6.2Gd–3.5Y (in wt.%) using DFT calculations, primarily
focusing on the {0001}h1 �100i and {1 �100}h11 �20i slip systems.
The {0001}h1 �100i slip system represents the main deformation
faults that form in the basal plane because as a result of the slip
of partials, 1/3 h1 �100i, while among the prismatic or pyramidal
plane slip systems, the {1 �100}h11 �20i slip system is the easiest
to be activated. Both systems are known to play an important role
in affecting deformation mechanisms and mechanical properties.
Considering that the spacing of (0001) plane is the largest for
Mg and that fracture almost always occurs along the basal plane
in Mg alloys, the surface energy of (0001) plane was calculated
through first-principles rigid tensile tests. Note that the ‘‘fixed-
grip” method is an universal and accurate approach to determine
the surface energy or breaking strength in tensile test for most
metal systems [25]. Based on the surface energy and results of
GPFE, plasticity was evaluated by the anisotropy of the dislocation
mobility and the disembrittlement parameter.
2. Calculation methods

DFT calculations were performed with the Vienna Abinitio Sim-
ulation Package (VASP) [26,27]. The Perdue–Burke–Ernzerh (PBE)
version [28] was used as the exchange–correlation functional.
The projector augmented wave (PAW) method [29] was used to
treat interactions between ion cores and valance electrons. The
cutoff energy for plane wave basis was set to 350 eV. The total
energy accuracy was 5.0 � 10�5 eV atom�1. Brillouin zone sam-
pling was determined using a Gaussian smearing method with
the width 0.1 eV and Monkhorst–Pack k-point mesh [27] as fol-
lows: 3 � 3 � 3 for determining the location of Gd and Y atoms,
9 � 9 � 1 for the GPFE of the (0001)h1 �100i basal slip system. A
k-point mesh of 9 � 7 � 1 was used for determining the GPFE
curves of the {1 �100}h11 �20i prismatic slip system and for the
first-principles rigid tensile tests. The convergence tests with
respect to these parameters showed that the error bar for the total
energy is less than 10 meV/atom.

A supercell consisting of 120 atoms was used to locate the Gd
and Y atoms in Mg–Gd–Y model. As shown in Fig. 1a, an Mg atom
was first substituted by a Gd atom (in red), and then a Y atom (in
pink) was used to replace the nearest-neighbor and sub-nearest-
neighbor Mg atom of Gd. We considered eleven possible positions
for the substitutions, indicated as ‘‘Y1” to ‘‘Y11” in the figure. In all
cases, the atomic positions were optimized with respect to all
structural parameters until all Hellman–Feynman forces were less
than 0.01 eV/Å. The cohesive energy, Ecoh, was computed to deter-
mine the preferable site for Gd and Y atoms [30]:

Ecoh ¼ ðEtot � NMgEMg � NGdEGd � NYEYÞ=ðNMg þ NGd þ NYÞ

where Etot is the total energy of the entire system, EMg, EGd, and EY
are the single Mg, Gd and Y atoms in an isolated state, respectively.
NMg, NGd, and NY denote the number of Mg, Gd and Y atoms in the
system, respectively. Our calculations showed that the Y9 site has
the lowest cohesive energy and as such, a Y atom located at the
Y9 site was used for the Mg–Gd–Y model all through this work.
The models for calculating the GPFE of the basal slip system and
prismatic slip system are illustrated in Fig. 1b and c, respectively.
The supercell contains 12 metal layers with 96 atoms, and a 15 Å
vacuum between periodically repeated slabs. Before calculating
the GPFE, we compared the �usf values to determine the location
of Gd and Y atoms. Three positions were calculated: the Gd or Y
atom was located in the first, second and third layers below the slip
plane. As a result, both in the basal and prismatic slip systems, for
Mg–Gd (Y) model, the slip plane was located between the layer con-
taining Gd (Y) atom and the first layer above it (red atoms); in case
of Mg–Gd–Y model, the slip plane was located just above the layer
containing Y1 (blue atoms).

According to the Rice criterion, the plasticity can be evaluated
by combining GPFE results with surface energy [31]. Upon deter-
mining GPFE curves, supercell with 96 atoms was performed on
first-principles rigid tensile test to calculate the surface energy.
There were 12 layers along the h0001i direction, with a vacuum
width of 15 Å to avoid image interactions between repeated slabs.
The location of Gd and Y was determined in light of the lowest total
energy of the considered system. In the Mg–Gd and Mg–Y models,
three positions were calculated: the Gd or Y atom was located in
the first, second and third layers below the separation plane. In
the case of Mg–Gd–Y model, the mentioned three locations above
were calculated; moreover, the separation plane that was located
between the layers containing Gd and Y was also calculated. Con-
sequently, as shown in Fig. 2a, for Mg–Gd (Y) model, the fracture
plane is located between the first layer and the second layer above
the layer containing Gd (Y) atom (red atoms); in the case of Mg–
Gd–Y model, the location of fracture plane is the second layer
above the layer containing Y atom and the third layer above the
layer containing Gd atom (blue atoms). The surface energy was
obtained by the difference of two total energies in the same system
before and after deformation. As seen in Fig. 2b, the tensile defor-
mation was realized through the introduction of 0.8 nm separation
distances between two (0001) planes. During calculating, two
atomic layers close to the upper and lower free surfaces of the cell
were constrained while the calculations the rest atoms were
allowed to fully relax.
3. Results and discussion

3.1. GPFE of the basal {000}h1�100i slip system

Fig. 3 shows the GPFE curves for the basal {0001}h1 �100i slip
system of the pure Mg, Mg–Y, Mg–Gd, and Mg–Gd–Y models.
The calculated �usf(basal) and �sf(basal) values of pure Mg model
(94 and 34 mJ m�2 respectively) are in good agreement with previ-
ous studies [32]. For Mg–Y and Mg–Gd models, �usf(basal) values
are determined to be 72 and 69 mJ m�2, while �sf(basal) values
are 14 and 12 mJ m�2, respectively. Compared with pure Mg
model, the magnitude of �usf(basal) for Gd and Y is decreased sig-
nificantly by 26% and 23%, respectively. As for Mg–Gd–Y model, the
�usf(basal) and�sf(basal) (84 and 21 mJ m�2 respectively) are lower
than that of pure Mg model and higher than Mg–Y and Mg–Gd
models. The�usf(basal) value is decreased by 10% and thus presents



Fig. 1. (a) Mg–Gd–Y model for determining the locations of the Gd and Y atoms; Models used for calculating the generalized planar fault energy for the (b) basal slip system
and (c) the prismatic slip system. The dashed line indicates the slip plane.
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a non-linear characteristic. A similar finding has also been reported
in the Mg–Zn–Ca system [24]. In contrast, Zhang et al. [21]
reported a linear characteristic of simultaneous addition of Y and
Zn, which dramatically decreases the GPFE of the basal {0001}h
1 �100i slip system.

In this section we use a typical contour map of charge densities
to provide insight into the influence of Gd and Y elements on the
GPFE. Notably, the energy profile along a specific pathway is clo-
sely related to the charge flows induced by shearing [33]. Three
critical states in the GPFE curve were investigated on the
{0001}h1 �100i basal slip system: the perfect (denoted as P with
stacking sequence . . .ABABAB|ABABAB. . .), the �usf (denoted as
USF with stacking sequence . . .ABABAB|BCBCBC. . .) and the �sf

(denoted as SF with stacking sequence . . .ABABAB|CACACA. . .).
Fig. 4 shows the charge distribution in the (0002) slip plane in
the Mg–Gd and Mg–Y model, which clearly illustrates a relatively
high charge density region around Gd and Y. The variation of stack-
ing sequence also significantly affects charge distributions. In the
(0002) plane, with the change of the region shape (i.e., from trian-
gular to irregular tetragon and finally to hexagonal), the charge
around Gd or Y in states P, USF, and SF exhibits a uniform-
distributed trend. In terms of electron density topological theory
[34], pure Mg crystal bonds in the pseudo-atom (p-a) type. When
adding a Gd or Y atom to the pure Mg, charge transfer occurs from
Mg atom to Gd or Y atom, which would partially break the p-a type
bonding. In addition, alloying systems keep electrical neutrality
and the transferred charge is primarily distributed around Gd or
Y in the (0002) plane, thus resulting in a reduced interaction
between the slip planes. As a result, the associated decrease of slip
resistance leads to the decline of GPFE. In addition, the relatively
more efficient reduction of GPFE in the Mg–Gd model, relative to
that in the Mg–Y model can be attributed to the larger electroneg-
ativity of Gd relative to that of Y [35].

Fig. 4c and d ilustrates the charge density distribution in the
(0002) planes corresponding to the Mg–Gd–Y models. Clearly,
the charge distribution in the (0002) plane containing Gd remains
unchanged with a triangular morphology; whereas in the case of
the (0 0 0 2) planes where Y is located, the charge region morphol-
ogy changes from triangular to regular tetragonal and finally to
hexagonal. In contrast to the Mg–Gd and Mg–Y models, in state
P, the charge distribution of Y reveals a difference: a new charge
density region formed between the Mg atoms and the nearby Y
atoms. When slip occurs and the system transforms into state
USF and SF, the charge distributions in the vicinity of Gd and Y
are changed. It should be noted that the Y atom is located in the
first layer below the slip plane while the location of Gd is the sec-
ond layer below the slip plane. Due to the difference in electroneg-
ativity, more charge is transferred from Mg to the Gd atom than to
the Y atom, which limits the effectiveness of Y to reduce the GPFE.
3.2. GPFE of the prismatic {1�100}h11�20i slip system

The GPFE curves for the {1 �100}h11 �20i prismatic slip system of
four investigated models are shown in Fig. 5. The �usf values of
prismatic slip, �usf(prism), along with �usf(basal) and �sf(basal) of
the pure Mg, Mg–Y, Mg–Gd, and Mg–Gd–Y models, are summa-
rized in Table 1. For pure Mg, the �usf(prism) value of 221 mJ m�2

is in good agreement with previous DFT studies (218 mJ m�2

[36], 225 mJ m�2 [37] and 231 mJ m�2 [16]). Compared with pure
Mg, the �usf(prism) values for Mg–Gd and Mg–Y are dramatically
reduced by 30% (154 mJ m�2) and 28% (159 mJ m�2), respectively.
In the case of Mg–Gd–Y model, the �usf(prism) value is 176 mJ m�2,
which decreased by 20% compared with that of pure Mg. Therefore,
the reduction of GPFE is more effective in the {1 �100}h11 �20i pris-
matic slip system than in the {0001}h1 �100i basal slip system. In
addition, the reduction trend of GPFE in Mg–Gd, Mg–Y and Mg–
Gd–Y models is similar for the basal and prismatic slip systems.

To provide insight into the variation of GPFE in the {1 �100}h
11 �20i prismatic slip system, we now study the charge density in
state P and USF in the aforementioned models. Fig. 6a and b shows
the charge density distribution in the (1100) plane of Mg–Gd and



Fig. 2. Models used for calculating the surface energy of the (0001) plane: (a)
before tensile deformation and (b) after tensile deformation. In the Mg–Gd and Mg–
Y model, locations of Gd and Y atom are indicated by red atoms; in the Mg–Gd–Y
model, the locations of Gd and Y atoms are indicated by blue atoms. The dashed line
indicates separation plane. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Fig. 3. Generalized planar fault energy curves for the basal {0001}h1 �100i slip
system of the pure Mg, Mg–Y, Mg–Gd and Mg–Gd–Y models.

Fig. 4. Maps of charge density from P, USF to SF in the (0002) plane containing (a)
Gd atom in the Mg–Gd model; (b) Y atom in the Mg–Y model; (c) Gd atom in the
Mg–Gd–Y model and (d) Y atom in the Mg–Gd–Y model. Note that P, USF, and SF
refer to the perfect, the unstable stacking fault, and the stable stacking fault state,
respectively.

Fig. 5. Generalized planar fault energy curves for the prismatic {1 �100}h11 �20i slip
system of the pure Mg, Mg–Y, Mg–Gd and Mg–Gd–Y models.

Table 1
Stable stacking fault energies �sf and unstable stacking fault energies �usf for the
basal {0001}h1 �100i slip system, �sf(basal) and �usf(basal), unstable stacking fault
energies �usf for the prismatic {1 �100}h11 �20i slip system, �usf(prism), and the ratio of
the unstable stacking fault energies, �usf(basal)/�usf(prism), for the four investigated
Mg models (unit: mJ m�2).

�sf(basal) �usf(basal) �usf(prism) �usf(basal)/�usf(prism)

Pure Mg 34 93 221 0.42
Mg–Y 14 72 159 0.45
Mg–Gd 12 69 154 0.45
Mg–Gd–Y 21 84 176 0.48
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Mg–Ymodels. In state P, the charge distribution of Gd shows a sim-
ilar tetragonal morphology with Y. When slipping to state USF, nar-
row bands are formed between the Gd atom and its nearest Mg
atoms on both sides. Within the bands, one can see three small
high charge density spots along the [0001] direction. Viewed in
the [0001] direction, low charge density areas appear between
the Mg atoms compared with state P, suggesting the charge trans-
fer from the (1100) planes. Fig. 6c and d displays the charge den-
sity distributions of Gd and Y in Mg–Gd–Y model, respectively,
from which a high charge density region appears at interstitial site
and partially connects to the charge area of Gd (Y). Notably, the Gd
atom is located at the interstitial site in the lower layer containing
Y atom, resulting in an arrangement that provides the impression
that Gd and Y are located in the same (1100) plane. In state USF,



Fig. 6. Maps of charge density from P to USF in the (1100) plane containing (a) Gd
atom in the Mg–Gd model; (b) Y atom in the Mg–Y model; (c) Gd atom in the Mg–
Gd–Y model and (d) Y atom in the Mg–Gd–Y model.

Fig. 7. Maps of charge density from P to USF in the (0001) plane containing (a) Gd
atom in the Mg–Gd model; (b) Y atom in the Mg–Y model; (c) Gd atom in the Mg–
Gd–Y model and (d) Y atom in the Mg–Gd–Y model. The dashed lines indicate the
slip plane.
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the charge distribution of Y appears as narrow bands, remaining
unchanged relative to that in the Mg–Y model. However, the
charge distribution of Gd reveals obvious differences from that in
the Mg–Gd model, as the narrow bands change into a faint tetra-
gon. At the same time, the high charge density region formed at
interstitial site almost shrinks into a spot for both the Mg–Gd
and Mg–Y models.

The stacking sequence of state P in the {1 �100}h11 �20i prismatic
slip system is known to be . . .ABCDAB|CDABCD. . . and in state USF,
it stacks in the sequence of . . .ABCDAB|ABCDAB. . .when one half of
the (1 �100) planes slid across the second half to the 1/2 h11 �20i
position [38]. The spacing distance between the (1100) planes is
0.92 Å, which is about one third of the spacing distance between
the (0002) planes (2.59 Å). The small spacing distance facilitates
the charge transfer along the direction pendicular to the (1100)
slip plane. According to the discussion on the {0001}h1 �100i basal
slip system, the GPFE should increase in state USF. Considering the
change of spacing distance, it is necessary to observe the charge
distribution in the (0002) planes. As displayed in Fig. 7a and b,
the charge distribution of Gd and Y partially extend to the layer
above the slip plane in state P; while in state USF, the charge den-
sity of Gd and Y significantly declines and a new high charge den-
sity region forms right above the location of the Gd (Y) atom.
Although the charge is primarily distributed in the (0001) planes,
the interaction between the upper and lower layers of the slip
plane actually decreases, leading to the reduction of GPFE in the
Mg–Gd and Mg–Ymodels. In the Mg–Gd–Y system, charge is trans-
ferred to the Gd atom and becomes distributed mainly below the
location of Gd, resulting in the reduced charge of the Y atom, as
shown in Fig. 7c and d. The charge redistribution of Gd and Y atoms
can be further confirmed by the high charge density regions
formed at interstitial site in the (1100) plane (see Fig. 6c and d).
The effect of Y atom in reducing the GPFE declines. As a conse-
quence, the GPFE of Mg–Gd–Y system increases. Compared with
basal slip system, charge redistribution happens in a larger region
in the plane pendicular to the slip plane for the prismatic slip sys-
tem, which destroys more p-a type bondings. Therefore, an effi-
cient reduction of GPFE can be obtained in the {1 �100}h11 �20i
prismatic slip system. Based on the above discussion, the distance
of two slip planes plays a dominant role in determining the charge
density distribution.

3.3. Influence of Gd and Y on plastic deformation ability

As discussed in Sections 3.1 and 3.2, a decline of the GPFE values
could facilitate dislocation nucleation in both the basal and pris-
matic planes. Moreover, a significant decrease of GPFE values in
the {1 �100}h11 �20i prismatic slip system can accelerate the activa-
tion of nonbasal slip systems, leading to a decrease of plastic aniso-
tropy. Based on the criterion of anisotropy of the dislocation
mobility developed by Legrand [39], �usf(basal)/!usf(prism) could
be used to evaluate the anisotropy in Mg. The symmetry of Mg is
improved when the ratio is closer to one [40], due to the reduced



Table 2
Surface energies of the four investigated Mg models
(unit: mJ m�2).

Surface energy

Pure Mg 544
Mg–Y 548
Mg–Gd 547
Mg–Gd–Y 558

Table 3
D parameters of the four investigated Mg models. The
disembrittlement parameter D is the ratio of the surface
energy to the unstable stacking fault energy, �usf.

D parameters

Pure Mg 5.85
Mg–Y 7.61
Mg–Gd 7.93
Mg–Gd–Y 6.64
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basal plane texture. �usf(basal)/!usf(prism) in pure Mg, Mg–Y, Mg–
Gd, and Mg–Gd–Y models are listed in Table 1. The ratio in the Mg–
Gd–Y model is 0.48, which is the closest to one, and it clearly
demonstrates the greatest reduction of plastic anisotropy in the
Mg–Gd–Y model.

A reduction of GPFE values in these two slip systems could also
improve plasticity. Based on Rice’s criterion [31], Mehl et al. [41]
developed and defined the disembrittlement parameter D as the
ratio of the surface energy to the �usf, which was applied to explain
the plasticity problems in faced-centred cubic metals. As reported
in Ref. [25], the surface energy can be obtained by the first-
principle rigid tensile test and can serve as a measure for the resis-
tance against crack initiation and growth. For the four investigated
models, the surface energy values are listed in Table 2. The four
values are close and the largest value (i.e., 558 mJ m�2) is obtained
in the Mg–Gd–Y model. Hence, on the basis of our calculations, we
propose that the Mg–Gd–Y system provides the best resistance to
crack initiation and propagation. In other words, a higher external
stress is needed to form a fresh surface. Therefore, the surface
energy can be also applied to estimate the fracture strength of
materials. Among the four models studied herein, the Mg–Gd–Y
system is predicted to offer the highest fracture strength. The cal-
culated disembrittlement parameters summarized in Table 3 are
5.85, 7.61, 7.93, and 6.64 for the pure Mg, Mg–Y, Mg–Gd, and
Mg–Gd–Y model, respectively. These data show a similar tendency
with the decrease of �usf values in both the basal and prismatic slip
system, indicating that the disembrittlement parameter D is
strongly dependent on �usf rather than on the surface energy. In
theory, the Mg–Gd model displays better plasticity than the other
three. The value of Mg–Gd–Y model is higher than that of pure Mg
and smaller than that of the Mg–Y and Mg–Gd models. In terms of
achieving a combination of high strength and plasticity, the Mg–
Gd–Y system is the most promising. Therefore, through alloying
Gd and Y, an improvement in the plasticity deformation of Mg
can be anticipated. In addition, by studying the Mg–Gd, Mg–Y,
and Mg–Gd–Y models, our work suggests that the disembrittle-
ment parameter D is also suitable to evaluate the ductile vs. brittle
behavior for the hexagonal close-packed structure of Mg.

4. Conclusions

DFT calculations of the GPFE for the {0001}h1 �100) basal and
{1 �100}h11 �20i prismatic slip systems, and the surface energy of
the (0001) plane are performed in pure Mg and its alloys (Mg–
Gd, Mg–Y and Mg–Gd–Y). Our calculations demonstrate that the
addition of Gd and Y can decrease the GPFE of the two slip systems,
in particular for the {1 �100}h11 �20i prismatic slip system. The
analysis of charge density reveals that the reduced GPFE can be
attributed to the decreased shear resistance between slip planes
and that the spacing between the two slip planes plays a dominant
role in determining the charge redistribution. The surface energy
results showed that alloying with Gd and Y could improve the abil-
ity of inhibiting crack initiation and propagation. Based on the cri-
terion for the anisotropy of the dislocation mobility and the
disembrittlement parameter D, alloying with Gd and Y could
improve the plasticity. Among the four studied models, the Mg–
Gd–Y system is predicted to provide the highest strength with
good plasticity.
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