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Generalized stacking-fault energies (GSFEs) of basal-plane stacking faults I; and I, in Mg alloys have been
studied based on first-principles calculations, where 43 alloying elements were considered. It is found
that the most contributing features of alloying elements to GSFEs are bulk modulus, equilibrium volume,
binding energy, atomic radius and ionization energy. Both bulk modulus and ionization energy exhibit

positive relationships with GSFEs, and the others show opposite relationships. Multiple regressions have
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been performed to offer a quantitative prediction for basal-plane GSFEs in Mg-X systems. GSFEs, alloying
effects of elements and the prediction model established within this work may provide guidelines for
new Mg alloys design with better ductility.

© 2018 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science &

Technology.

1. Introduction

Magnesium (Mg) and its alloys are considered as promising
structural materials for various applications in aerospace, auto-
mobile and microelectronics industries [1], where a reduction in
weight is necessary for high energy efficiency. Mg alloys with a low
mass density, which is 23% of steel and 66% of aluminum, is con-
sidered as the most lightweight structural materials. However, the
potential use of Mg alloys is limited due to their low ductility and
poor formability, which are due to the fact that there are only two
independent slip systems on the basal plane in metals with hexag-
onal close packed (HCP) structures, such as Mg, far from sufficient
compared to that in face centered cubic (FCC) structures. Control-
ling the microstructural morphology and microdefects, reducing
the activation energy of basal plane slip and introducing more
non-basal slip modes are important to improve the ductility of
magnesium alloys.

Stacking-fault energy (SFE) is a fundamental parameter in metal
and alloys, which is related to plastic deformation. Generalized
stacking-fault energies (GSFEs) could be calculated along the min-
imum energy pathway (MEP) in a fault plane. Particularly, local
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minimum and maximum of GSFEs are noted as stable (or intrinsic)
SFE and unstable SFE respectively. On the other hand, deforma-
tion mechanisms in HCP metals contain basal-plane and non-basal
plane slip systems. The slip modes of dislocations in HCP metals are
rationalized based on the GSFEs of these slip systems [2]. In other
words, the slip systems with a lower GSFE would be favorable dur-
ing plastic deformation. The motion of basal-plane dislocations is
usually dominant in Mg alloys since the basal-plane GSFEs includ-
ing SFEs of I; and I, faults are much lower than that of prismatic and
pyramidal slip systems [3,4]. The nucleation of <c +a> dislocations
in Mg alloys, which are the out of basal plane dislocations, were
found to be activated by the basal-plane intrinsic I stacking faults
[5]. Basal-plane I; stacking fault energy was also proved to influ-
ence the behavior of <c +a> dislocations in non-basal slip systems
of Mg alloys [2].

Addition of alloying elements into Mg matrices has been
reported as an effective method to modify SFEs and improve ductil-
ity of Mg alloys [6]. Sandlobes et al. [5] investigated the relationship
between ductility and SFEs in pure Mg and Mg-Y alloys. Their work
revealed that ductility of Mg-Y alloys was enhanced by the high
activity of the <c+a> dislocations as a result of the reduced SFEs
of I faults. Han et al. [7] revealed that basal-plane GSFEs in Mg
alloys were strongly relatated to the evolution of dislocations and
tunable upon doping. Their work showed that Li addition to Mg
increased GSFEs and favored dislocation-mediated processes which
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tend to generate trailing partials on basal planes, whilst Al addi-
tion decreased GSFEs and favored sequential faulting across the
basal plane. Zhang et al. [8] calculated the intrinsic SFEs of basal
I, faults with 52 solute elements in Mg-X alloy systems and found
that intrinsic SFEs of I, increased with a decrease in atomic radius
or increase in ionization energy of alloying elements.
Previousresearch mentioned above allreached a conclusion that
basal-plane stacking faults play a dominating role in deformation
mechanisms of Mg alloys [2-5,7,8], and a large number of alloy-
ing elements have been considered for the determinations of the
intrinsic SFEs of I, faults [8], while few people focused on unstable
SFEs of I, faults as well as the intrinsic and unstable SFEs of I; faults
in alloying systems, which are of great importance for evaluating
GSFEs in basal-plane slip systems and understanding the deforma-
tion mechansims in Mg alloys. In this work, we calculated intrinsic
and unstable SFEs of both I; and I, faults for Mg alloys. Forty-three
regular alloying elements for Mg were considered to give an infor-
mative and exhaustive GSFE database for Mg binary alloy systems,
i.e., Ag, Al, Au, Ba, Be, Bi, Ca, Cd, Co, Cr, Cu, Fe, Ga, Hf, Hg, In, I, K, La,
Li, Mn, Mo, Na, Nb, Ni, Pb, Pd, Pt, Re, Rh, Ru, Sc, Sm, Sn, Sr, Ta, Tc, Ti,
TI, V,W, Y, Zn and Zr. To understand the alloying effects on GSFEs of
Mg alloys, we selected several possible properties of alloying ele-
ments and doped systems which might influence the GSFEs in Mg-X
alloys. Statistical analyses were performed to identify the most con-
tributing features to GSFEs. Together with basal-plane GSFEs in Mg
and Mg-X alloys, the contributing properties of alloying elements
to GSFEs found in this work are expected to be a useful guideline
for the design of new Mg alloys with good ductility and formability.

2. Computational methods

In this work, we have chosen the growth fault I; and the defor-
mation fault I, for basal-plane GSFE calculations in pure Mg and
Mg-X binary alloys. According to the periodical atomic configura-
tion in HCP structures, a perfect sequence of atomic layers could
be described as ... ABABAB ..., and the growth fault I; could be
formed by removing a basal plane in a perfect structure and then
shearing the atomic layers above the fault with b = § [1010]:

...ABABABAB... — ...ABABBABA... — ...ABABCBCB... (1)

while the deformation fault I could be formed by shearing half of
the atomic layers in a perfect structure with b = 1 [lOTO] :

...ABABABAB... — ...ABABCACA. .. 2)

With the stacking faults introduced to the perfect structure, the
generalized stacking-fault energies could be calculated using the
following equation:

Ecsr —Eo
YesF = = r— (3)
where ycsr represents the GSFE of a stacking fault structure, Egsg
represents the energy of the stacking faulted structure, Ey repre-
sents the energy of a perfect structure, and A represents the surface
area of the faulting plane.

Density functional theory (DFT) calculations were performed
within the Vienna Ab-initio Simulation Package (VASP) [9-11].
The generalized-gradient-approximation (GGA), Perdew-Burke-
Ernzerhof (PBE) exchange-correlation functional and projector
augmented wave method (PAW) were used [12-14].

The (0001) Mg slab with 12 atomic layers and 2 x 2 primitive
cell along surface plane was adopted in our simulations for pure
Mg and Mg-X binary alloys, as illustrated in Fig. 1. To avoid the
interactions between adjacent images, 15 A vacuum was employed
along the [0001] direction. In the cases of Mg-X systems, one Mg
atom in the 6th layer near the stacking-fault plane was substituted
with an X atom, corresponding to the doping concentration of 25.0
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(a) Perfect  (b) I, faulted (c)l; faulted (d) I, faulted

Fig. 1. Atomic configuration of (a) perfect, (b) I faulted, (c) I; faulted and (d) Iy’
faulted (0001) Mgy7X slab. Each faulted slab contains a stacking-fault interface in
the middle, where the local atomic configuration is FCC-like.

at.% on the doping plane and 1.1 at.% in the entire Mg-X systems.
To calculate the GSFEs of the I, faults, a generalized stacking fault
pathway was built from a perfect slab to an I, faulted slab, in which
the I, faulted slab was formed by shearing half of the atomic lay-
ers in a perfect slab with the Burger vector b = % [1010] ,as shown
in Fig. 1(a,b). To calculate the GSFEs of the I; faults, a generalized
stacking fault pathway was built from an I; faulted slab to an Iy’
faulted slab, during which the position of faulting plane has climbed
from one atomic layer to an adjacent layer. In this procedure, the
two faulted slabs I; and I;/, shown in Fig. 1(c,d), represented sim-
ilar faulted structures both with I; faults but located on different
atomic layers. The bottom half atomic layers in an I; faulted slab
were shifted a Burgers vector b = % [IOTO] to form an Iy’ faulted
slab, and the two endpoints of the fault pathway, I; and I’ struc-
tures, were expected to exhibit similar stacking-fault energies. The
climbing-image nudged elastic band (CINEB) methods [15] were
used to compute GSFE curves along the MEP and to acquire GSFE at
saddle point as the unstable SFE. In our simulations, k-point meshes
of 8 x 8 x 1 I'-centered grids and a convergence criterion of force
of 0.01eV/A were used.

3. Results
3.1. Formation energy and binding energy of Mg47X structures

Formation energy and binding energy of Mg47X structures were
computed and shown in Table 1. The formation energy of a Mg47X
slabis the energy required to substitute a Mg atom with an Xatomin
a perfect Mg4g slab, which can be determined based on the equation
below:

Ef(Mg47X) = Eslap (Mg47X) — Eg1ap (M84s)
+Epuik (M8) — Epuik (X) (4)

where Eg,, represents the total energy of a perfect slab without
any stacking faults, Ep, represents the atomic energy of the metal-
lic element in its stable bulk structure, which were acquired from
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Table 1

Basal-plane GSFEs in Mg-X binary alloying systems, together with properties of alloying element X and Mg47X slabs. Properties of Mgs; X structures are the formation energy (Er) and binding energy (E;,) for Mg-X alloying systems.
Intrinsic and unstable GSFEs of I; and I, faults are noted as y;,, Yus,» ¥1, and yus,. Properties of alloying elements are the atomic radius (R), 1st and 2nd ionization energy (E; andE;,) [17], number of valence electrons (Nye),
equilibrium volume (Vj,¢,) and equilibrium bulk modulus («pc,) [18] for HCP structures of alloying elements.
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Alloying E¢ Ey Vi Vus, Vi Vusy R[17] E; [17] E;,[17] Nye Vhep[ 18] Knepl 18]
element

(eV) (eV) (mj/mz) (mj/mz) (mj/mz) (mj/mz) (pm) (mj/mol) (mj/mol) (A3/atom) (GPa)
Mg 0.00 0.00 16.1 86.9 37.6 89.6 160 738 1451 2 22.89 35.7
Li -0.20 -0.26 18.1 95.6 47.6 97.5 152 520 7298 1 20.33 135
Be 1.24 —-0.90 25.8 80.7 45.4 854 111 899 1757 2 7.92 1211
Na 0.32 0.79 16.8 79.3 383 80.4 186 496 4562 1 37.18 7.6
Al 0.02 -1.93 13.1 86.0 213 86.3 143 578 1817 3 16.75 70.8
K 1.58 2.27 10.7 229 6.9 28.1 179 419 3051 1 74.02 3.5
Ca 0.10 -0.25 17.0 58.3 28.7 61.6 195 590 1145 2 41.93 17.7
Sc -0.18 —-2.96 17.0 91.7 34.6 94.5 210 631 1235 3 24.47 54.9
Ti 0.68 -3.21 23 108.7 224 106.9 147 658 1310 4 17.29 112.8
\% 1.05 -3.11 18.0 117.2 50.2 120.5 134 650 1414 5 13.84 173.2
Cr 1.11 —5.42 19.7 115.6 48.4 118.8 128 653 1592 6 11.94 2335
Mn 0.84 -1.61 121 110.2 375 111.5 127 717 1509 7 10.75 279.7
Fe 117 —2.46 -1.3 68.6 27.0 101.9 126 759 1561 8 10.18 288.3
Co 0.83 —-2.98 234 113.8 63.5 119.0 125 758 1646 9 10.85 2125
Ni 0.36 -3.41 24.7 100.4 63.2 106.8 124 737 1753 10 10.95 193.8
Cu 0.56 -1.75 21.1 86.6 50.5 90.9 128 745 1958 1 12.04 136.1
Zn —0.07 0.38 17.6 79.5 32.7 82.1 134 906 1733 2 15.40 51.8
Ga -0.20 —-1.45 9.5 79.8 224 79.0 135 579 1979 3 19.18 459
Sr 0.72 0.66 16.7 329 15.6 30.1 215 549 1064 2 54.72 114
Y -0.13 —2.75 15.6 69.9 26.4 74.7 180 616 1181 3 32.67 40.8
Zr 0.16 —4.73 -0.4 94.8 17.5 92.2 160 660 1267 4 23.44 95.3
Nb 0.86 —4.57 —6.0 113.0 19.9 110.5 146 664 1382 5 18.90 162.8
Mo 1.34 —-3.37 4.8 132.0 42.7 1329 139 685 1558 6 16.29 233.8
Tc 0.93 —4.57 16.9 145.3 63.0 147.9 136 702 1472 7 14.63 296.1
Ru 0.12 -6.19 22.7 1474 72.6 151.3 134 711 1617 8 13.88 309.4
Rh —-0.90 -5.40 24.7 130.3 70.9 136.1 134 720 1744 9 14.26 251.1
Pd -1.34 -3.50 23.1 111.9 64.0 120.0 137 805 1875 10 15.60 163.6
Ag -0.43 -1.36 17.8 93.9 48.6 97.1 144 731 2073 1 18.01 91.1
cd -0.31 0.50 14.0 109.9 325 83.9 149 868 1631 2 23.00 35.8
In -0.15 -1.11 7.4 75.0 16.9 74.8 167 558 1821 3 27.80 344
Sn -0.51 -2.11 4.0 71.8 11.9 71.9 151 709 1412 4 27.79 47.6
La 0.28 -1.60 15.9 30.2 25 394 183 538 1067 3 37.26 26.1
Sm —0.01 —-2.93 16.1 62.2 18.9 61.5 180 543 1086 8 33.91 35.7
Hf 0.50 —4.43 0.0 98.1 16.0 96.0 159 680 1440 4 2241 109.1
Ta 1.38 -5.41 -8.2 116.3 14.3 112.0 146 761 5 18.77 188.0
W 2.04 —4.72 14 136.5 36.5 136.8 139 770 6 16.62 2743
Re 1.65 —4.63 15.5 154.9 57.9 156.7 137 760 7 14.99 366.8
Ir -0.70 —-6.71 26.9 134.4 714 141.2 136 880 880 9 14.68 339.0
Pt -1.71 —5.62 24.6 103.6 65.8 110.6 139 870 1791 1 15.94 235.2
Au -1.21 —2.64 17.5 84.6 46.0 89.6 144 890 1980 1 18.22 135.0
Hg —0.55 0.82 9.6 73.2 23.7 76.6 151 1007 1810 2 30.75 9.5
Tl 0.05 -0.57 2.7 68.7 14.8 67.7 170 589 1971 3 31.25 27.2
Pb —0.08 -1.61 1.8 67.5 11.6 67.0 175 716 1450 4 31.81 40.2
Bi -0.34 -1.35 —4.3 53.7 —-2.6 57.0 155 703 1610 5 31.73 52.0

XXX—-XXX (810Z) Xxx A30]0u2a] .3 a3ua1ds S|pLIIDIA Jo puLnof /I 39 Suod O


https://doi.org/10.1016/j.jmst.2018.02.009

G Model

JMST-1191; No.of Pages8
4 Q. Dong et al. / Journal of Materials Science & Technology xxx (2018) xxX—Xxx
100 100
Yus, Yus,
o L
g
=
g
=t - ]
N Y1,
0 1 i | 1 1 0 1 1 L | 1 1 1 1
0.0 0.2 04 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
faulting pathway faulting pathway
(a) (b)

Fig. 2. GSFE curve along the faulting pathway (a) from I; to I;’ faulted slabs and (b) from perfect to I, faulted slabs. The maximum y value along I; to [;" and perfect to I,

pathways are denoted as yys, and yis, .

Materials Project [16]. The formation energy (Ef) of Mg47X slab is
in the unit of eV.

We have also determined the binding energy of a Mgy X slab,
which is the energy required to assemble the whole slab with iso-
lated Mg and X atoms, as shown in the following equation:

Ep, (Mg47X) = Egiab (Mg47X) — Esjan (Mg43)
+Eisolated (Mg) - Eisolated (X) (5)

where Ejsoateq Tepresents the energy of an isolated metal atom in
vacuum. The binding energy (E},) is shown with respect to that of
pure Mg slab and in the unit of eV.

As seen from Table 1, formation energy of Mg-X structures var-
ied from —1.71 eV (Mg-Pt) to 2.04 eV (Mg-W), and binding energies
of Mg-X structures varied from —6.71eV (Mg-Ir) to 2.27eV (Mg-
K). From Table 1, an increasing tendency of binding energy (E;,)
with respect to the atomic radius (R) of alloying elements could
be acquired, while for the formation energy there was no such
relationships. To understand their contributions to the variation
of GSFEs in Mg-X systems, statistical analysis and discussions were
carried out and shown later in Section 4.2.

3.2. Generalized stacking fault energy curves for I; and I, faults in
pure Mg

The fully optimized GSFE curve (vy-curve) along the faulting
pathway from a perfect slab to an I, faulted slab, as well as that from
an I; faulted slab to an I’ faulted slab, are plotted in Fig. 2. Along
the minimum energy path, y;,, y;,» and yy, represent the intrin-
sic stacking-fault energy of I, I;” and I, faults, respectively, while
vus, and yys, are the unstable stacking-fault energy along these two
faulting pathways. In Fig. 1, since I; and Iy’ faulted slabs were two
simulation structures with the center position of local I; faults on

adjacent atomic layers, the values of y;,» should be almost the same
as thatof y;,.

Fig. 2 indicates that unstable SFEs give energy barrier of I; and
I faults, which were the maximum GSFE values on y-curves along
MEPs, near the middle point of the transition process where the
Burgers vector b = % [1010]. As the energy barrier describes the
energy required for the transition process between two endpoints
of a reaction, in this case, yys, gives the required energy for a Mg
slab to transform from an I; faulted structure to an I’ faulted struc-
ture, and similarly, yys, gives the required energy for a Mg slab
to transform from a perfect structure to an I, faulted structure.
The intrinsic SFEs at the endpoints of the y-curves correspond to
the stable stacking-fault energy of I (or I;’) faulted and I, faulted
structures.

The intrinsic and unstable stacking-fault energies of I; and I, in
pure Mg structure are summarized in Table 2, together with some
data in literature for comparison. From the GSFE data from this
work and literature in Table 2, we note that the values of y;, are
usually about twice that of y;,, and values of yy5, were only slightly
smaller than that of y,, . CINEB-calculations for y-curves of I; and
I, in alloying systems were also performed, and values for GSFEs
are shown in Table 1, from which similar relationships between yy,
and y;, were observed.

3.3. Intrinsic and unstable stacking-fault energies of I; and I, in
Mg,7X structures

As alloying elements were added into Mg slab, there was a vari-
ation in basal-plane GSFEs of Mg-X system due to the alloying
effects. Calculated y;, (1), Yus,» V1, and yus, values in Mg-X sys-
tems given in Table 1 were plotted in Fig. 3 with respect to atomic
radius of alloying elements X. A negative relationship between

Table 2
Calculated basal-plane GSFEs in pure Mg with CINEB-DFT methods (in units of mJ/m?).
data source iy (y,]v) Yus, Vi, Vaus,
Mg This work 16.1 86.9 37.6 89.6
Previous DFT work 18[7]; 18 [19]; 90 [7]; 86.2 [20] 33[7]; 36 [19]; 36 [24]; 92 [7]; 92[24] 87.6 [20];
17.1[20]; 20+1 [5]; 33.8[20]; 30 [25]; 84.8 [25]; 86 [26]
16 [21]; 17.98 [22]; 17.8 [23] 35[26]; 30 [21];

33.84[22]; 38.3 [23]
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Fig. 3. Variation of calculated GSFEs including (a) intrinsic SFE of I, (b) intrinsic SFE of Iy, (¢) unstable SFE of I, and (d) unstable SFE of I, with respect to atomic radius of
alloying elements. The doping concentration is 25 at.% in doping plane and 2.08 at.% in Mg-X system.
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57La |58 Ce |59 Pr |60 Nd |61 Pm |62 Sm |63 Eu (|64 Gd|65 Tb | 66 Dy | 67 Ho |68 Er |69 Tm|70 Yb |71 Lu
5d'6s? 4f'sd'es]  4P6s]  af'es?  4F6s?]  4ffes?  4fes? affsd'es?|  4ff6s?y 4f%s? 4f''es? 4fi%6s? 4f'%6s? 4f"’652‘s‘§“5d16
39.4 61.5

Fig. 4. Periodic table with valence electron configuration and unstable SFEs of I, of Mg-X alloying systems.

GSFEs and atomic radius of alloying elements could be observed in
Fig. 3, and the range of variations of GSFEs in Mg-X systems could
also be acquired through Table 1 and Fig. 3. Comparing to intrin-
sic SFEs, the variations of unstable SFEs of I; as well as I, were
more strongly influenced by the alloying elements, and variations
of intrinsic SFE of I, were more strongly influenced than instrinsic
SFEs of I;. For unstable SFEs of I and [, faults, the variation tendency
and strength of the dependence on alloying elements were similar.
Intrinsic SFEs of I; varied from —8.2 mJ/m?2 (Mg-Ta) to 26.9 mJ/m?
(Mg-Ir), while unstable SFEs of I; varied from 22.9 mJ/m? (Mg-K) to
154.9 mJ/m? (Mg-Re). In the case of I, faults, intrinsic SFEs varied
from —2.6 mJ/m? (Mg-Bi) to 72.6 mJ/m?2 (Mg-Ru) and unstable SFEs

varied from 28.1 mJ/m? (Mg-K) to 156.7 mJ/m?2 (Mg-Re). Among 43
alloying elements, Al, Bi, Ga, Hg, In, K, La, Pb, Sm, Sn, Tland Y reduced
GSFEs in Mg-X alloys, while Ag, Co, Cr, Ir, Li, Ni, Pd, Pt, Rh, Ru, Tc and
V increased GSFEs. A detailed discussion on how alloying elements
affect SFEs will be provided in Section 4.2.

4. Discussion
4.1. Relationships between y;, and yy, in Mg-X systems

To find out the relationships between y;, and y;,, further statis-
tical analysis was performed. Pearson Correlation Coefficient was
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chosen for evaluating the linear relationship between variables X
and Y:

cov(X,Y)

rX,Y)= oxOy

(6)
where cov (X, Y) represents the covariance between X and Y, and
ox, oy represents the standard deviations for X and Y, respec-
tively. Pearson Correlation Coefficient r is a number in the range of
[—1, 1] to measure strength and direction of the linear relationship
between two variables, and a larger absolute value of r indicates a
stronger relationship between the variables.

Calculations performed through Eq. (6) gives the correlation
coefficient r (y,, y1,) = 0.73. It should be noted that the correla-
tion coefficient value of 0.73 indicates a strong positive relationship
between SFEs of I; and [,. We also calculated the correlation coef-
ficients r ()/12, yusZ) —0.76,and r (yusl , yusZ) -0.97.

As shownin Fig. 1, the atomic configuration at the stacking-fault
interface of I; and I, faults forms local FCC-like layer structure (ABC)
inside HCP layer structure (AB). The local FCC stacking introduces
a characteristic stacking-fault energy, which arises from changes
in the second-neighbour sequences of the planes. Although the
atomic-configuration changes from HCP to local FCC exist in both
I; and I, faults, there are only one such change in I; but two in I,
leading to an approximated relationship of y;, = %y,z [27]. The val-
ues of yy, /yi, rate for Mg-X systems are calculated, and the average
value of y;, /1, equals to 0.53, in agreement with the approximated
relationship of 0.5.

4.2. Contributing factors to yys, in MgyzX structure

To figure out possible factors that may contribute to the vari-
ations of GSFEs in Mg-X alloying systems, we have obtained the
atomic radius (R), 1st and 2nd ionization energy (E;, andE;, ) [17],
number of valence electrons (Nye), and the equilibrium volume
(Vnep) and bulk modulus (kpp,) for HCP structures of alloying ele-
ments [18], formation energy for Mg-X alloying systems (Ef) and
binding energy for Mg-X alloying systems (E,), as shown in Table 1.
A periodic table with unstable SFEs of I, was also provided to exhibit
the relation between the valence electron configuration and GSFEs
in Mg-X alloying systems, as shown in Fig. 4. According to Table 1
and Fig. 4, one can see that alloying elements with more valence
electrons would increase the GSFEs in Mg-X alloys.

For further statistical analysis to figure out the contributing
factors to the variations of basal-plane GSFEs in Mg-X systems,
unstable SFE of I (yus,) is selected as a representative for the
intrinsic and unstable SFEs of I; and I, since strong positive linear
relationships among these 4 basal-plane GSFE variables in Mg-X
systems were achieved in Section 4.1. Multiple correlation matrix

Table 3
Correlation matrix between y,s, and properties of alloying element X and Mg-X
systems.

Vus, Knep Vhep Ep R Ei, E¢

Vusy 1 0.87 -0.77 -0.76 -0.65 0.41 0.16
Khep 0.87 1 -0.65 -0.77 -0.65 0.39 0.28
Viep -0.77 —0.65 1 0.58 0.80 -0.57 0.01
E, -0.76 -0.77 0.58 1 0.40 -0.24 -0.03
R -0.65 -0.65 0.80 0.40 1 -0.58 -0.12
E;, 0.41 0.39 -0.57 -0.24 —0.58 1 -0.24
E¢ 0.16 0.28 0.01 -0.03 -0.12 -0.24 1

between yys, and the selected properties of alloying elements as
well as Mg-X alloying systems was computed, as shown in Table 3.

Seen from Table 3, the ranking of most possible properties that
contribute to basal-plane GSFEs is kycp, Viep, Ep, R, E;; and then Ey.
The positive values of correlation coefficients between kp, and E;,
and yys, in Mg-X binary alloying systems indicate that the addic-
tion of alloying elements with lower bulk modulus or lower 1 st
ionization energy would decrease GSFEs in Mg-X alloy. In contrast,
negative correlation coefficients indicate that alloying elements
with larger equilibrium volume, higher binding energy or larger
atomic radius would decrease GSFEs. The absolute value of correla-
tion coefficient between Erand yys, is too small to convince a certain
relationship between formation energy of alloying elements and
GSFEs. It should be noted that R and Vj, both describe the size fea-
ture of alloying elements, and the correlation coefficient between

R and V;C/; is 0.87, which indicates a strong positive linear rela-
tionship between these two factors, thus in further analysis atomic
radius of alloying elements has be left out to avoid double-counting.

To get a visual representation of relationships between yys, and
the most contributing factors «pep, Vi and Ep, several scatter charts
were plotted with the vertical axis of yys, and the horizontal axis
of Kneps Viep, and Ey, respectively, as shown in Fig. 5, in which we
could see how these three factors influence the basal-plane GSFEs in
Mg-X binary systems. It could be concluded that alloying elements
with lower bulk modulus would be favorable as solute addition to
reduce GSFEs in Mg alloys. We also noted that alloying elements
with larger equilibrium volumes would be better choices to reduce
GSFEs in Mg alloys. GSFEs also varied with the binding energy Ey,
and Mg-X structures with higher binding energies tended to have a
lower GSFE. In summary, addition of alloying elements with lower
Khep, larger Vpep, and higher Ey, to Mgy7X slabs would exhibit lower
GSFEs, which means the binary alloying system would yield a better
ductility.

Two alloying elements, Ni and K, are selected to explain
the alloying effects of these dominating factors men-
tioned above. From Table 1, taking unstable SFE of I, as an
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Fig. 5. Variation of calculated unstable SFE of I, with respect to (a) bulk modulus of alloying elements, (b) binding energy of Mg47 X structures and (c) HCP volumes of alloying
elements. yys, values are marked with vertical axis, and kpe, Vi and E, values are marked with horizontal axis.
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Fig. 6. Charge density iso-surface figures of perfect slabs for (b) pure Mg and Mg
alloyed with Ni (a) and K (c). The yellow color indicates a high electron density and
the blue color indicates a low electron density. The doping concentration is 25 at.%
in doping plane and 2.08 at.% in Mg-X system.

example,yus, (Mgsg) = 89.6mJ/m?2,  y;, (Mgy7Ni) = 106.8m]J/m?,
Vi, (Mgy7K) = 28.1mJ/m?, which means Ni-alloying increases the
basal-plane GSFEs and K-alloying decreases GSFEs remarkably.
Seen from Table 1, element Ni with small R, small Vg, high «p,
and low Ej, compared to those of Mg, raises the basal-plane GSFE
values, while alloying element K with large R, large Vjp, low
Knep and high Ey, lowers GSFEs in the magnesium binary alloying
systems, which also gives a convincing proof for the relationships
we concluded above.

The charge density iso-surfaces of Mg-Ni, Mg-K and pure Mg
are shown in Fig. 6. It is illustrated that in the Ni alloyed Mg slab,
the charge density near doping plane is increased, which indicates
that electrons are attracted to alloying atom Ni. This would lead
to a higher GSFE value since there are more electron redistribu-
tions within the stacking-fault plane during the formation of an
I or I, fault. In addition, distance between adjacent atomic layers
near Ni doped plane is decreased, which makes it difficult for the
formation of local FCC structures in Iy and I, faulted slabs, where a
larger atomic layer separation is needed. In fully-relaxed pure Mg
slab structures, the distance between the 6th and 8th atomic layers
(Fig. 1) is 5.187A for a perfect slab, 5.215A for an I, faulted slab,
and 5.216A for an [; faulted slab, which indicates that local FCC
structures are formed around stacking-fault planes with a slightly
bigger layer distance than perfect HCP structure, thus the forma-
tion of local FCC structure is favored with an expanded atomic layer
separation. In contrast to Ni-alloying, K-alloying expels surround-
ing electrons and increases the layer distance around the doping
plane, and thus decreases GSFEs. Thus, from this aspect, we can also
note that alloying element with smaller atomic size and stronger
binding energy to Mg usually will display larger GSFEs.

4.3. Multiple regression analysis for yys, predictions

According to Section 4.2, the most contributing properties for
multiple regression analysis are kpep, Viep, Ep and E;, which have
strong linear relationsihps with yys,. A multiple regression equa-
tion was established to predict the unstable stacking-fault energies
of I in Mg-X systems:

'Yusz =C1 + CKpep + C3thp + c4Ep + CsEi1 (7)

where ¢4, ¢3, €3, ¢4 and c5 are the linear coefficients for multiple
regression. These coefficients were acquired through calculations,
€1=98.21, ¢3=0.16, c3=-0.88, c4=—1.84, c5=—0.01. Since vari-
ables in different terms of Eq. (7) are not in the same unit, where
Kpep 18 in GPa, Vpp is in A3 EyisineVand E;, is in k]/mol, the coeffi-
cients of each term are not standardized, and they could only give
numerical expressions of the approximation equation instead of
how these factors contribute to v, . With the solved values of lin-
ear coefficients, Eq. (7) was used to predict the values for yys, with
Kheps Vheps Ep and E;, of Mg-X systems. To visualize the goodness of
fit of this prediction equation, predicted yys, values with respect
to DFT-calculated yys, values was plotted in Fig. 7. The goodness of
fit of prediction values to DFT-calculated values could be explained
using the multiple correlation coefficient between the predicted
values and DFT-calculated values for yys,, which could be noted
asr (pre.yusz, cal.yusz) = 0.92, and the square of correlation coeffi-

cient r2 = 0.84. The high coefficient value indicates a strong equality
relationship between the equation-predicted and DFT-calculated
Yus, values, and the high r2 value also indicates that 84% of Yus, val-
ues could be explained using the prediction with k¢, Viep, Ep and
E; .
' As mentioned before, Mg alloys with lower basal-plane GSFEs
could activate non-basal slips and therefore show better ductility.
Also through the correlation matrix analysis, we have figured out
the ranking of most contributing properties of alloying elements
that affect GSFEs in Mg-X systems, and the ranking should be in the
order of Kpcp, Vep and Ey. Thus this ranking would help give some
guidance for new alloys design, i.e. in order to achieve better ductil-
ity, alloying elements with lower bulk modulus, larger equilibrium
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volume and higher binding energy in Mg alloys would be favored
as the solute addition. Moreover, bulk modulus takes the most
important role among all the properties of alloying elements, and
should be taken into first consideration during materials design.
Furthermore, the multiple regression analysis offered a quantita-
tive prediction for the basal-plane GSFE values in Mg-X systems,
which could help predict ductility properties of new Mg alloys by
calculating GSFEs with the known properties of alloying elements.

5. Conclusions

In summary, according to DFT-calculated GSFEs of basal-plane
stacking faults in binary Mg alloys, addition of alloying elements
with various properties including bulk modulus, atomic radius, ion-
ization energy and binding energy led to a large variation of GSFEs.
Alloying elements including Al, Bi, Ga, Hg, In, K, La, Pb, Sm, Sn, Tl and
Y among 43 metallic elements reduced the basal-plane GSFEs in Mg
alloys, whilst Ag, Co, Cr, Ir, Li, Ni, Pd, Pt, Rh, Ru, Tc and V increased
the GSFEs. Linear relationships between intrinsic and unstable SFEs
for basal planes as well as the numerical relationship of y;, = %y,z
were confirmed. Among the properties of alloying elements and
Mg-X structures, the variation of basal-plane GSFEs were found
strongly related to kpcp, Viep, Ep, R, E;; and Ey. The alloying elements
with lower bulk modulus, larger equilibrium volume, higher bind-
ing energy, larger atomic radius, lower 1 stionization energy would
reduce the GSFEs in Mg-X alloys. A prediction model for basal-plane
GSFEs in Mg alloys was also built to give quantitative predictions
for GSFEs in new Mg alloys, which offer guidance for new Mg alloys
design with better ductility.
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