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and the reduction of stacking-fault energy (SFE) was caused by charge redistribution. We define a charge redis-
tribution factor, F, to quantify the solute-induced charge redistribution. An analytical model was established to
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1. Introduction

Magnesium (Mg) alloys are extensively used in automotive, aero-
space and biomedical industries, thanks to their super strength to
weight ratio, abundance and biodegradability [ 1]. However, their limited
ductility and workability at room temperature have become a bottleneck
for many applications. Therefore, designing new Mg alloys with im-
proved strength and ductility has become critically important.

Stacking-fault energy (SFE) is a critical intrinsic material parameter
that significantly affects the plastic deformation behavior and mechan-
ical properties for metals [2]. For example, low SFE has been reported to
enhance both strength and ductility of hexagonal close-packed (hcp)
metals by the formation of high-density of stacking faults [3,4]. The
stacking fault approach to increase the strength and ductility is especial-
ly important for nanostructured metals since deformation twinning,
another effective approach that is effective in face-centered cubic
metals, is no longer available for hcp metals when their grain sizes are
very small [5,6]. The lower basal-plane SFE was also found to facilitate
the formation of a long-period-stacking-ordered (LPSO) structure [7],
which significantly strengthens Mg alloys. These studies clearly indicate
the advantages of reducing SFEs of Mg alloys in improving the mechan-
ical properties of hcp Mg alloys.
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The addition of alloying elements is an effective approach for modi-
fying SFEs of Mg alloys [8,9]. Suzuki [10] reported that solute atoms
were easy to segregate to SFs, and this prediction has been later exper-
imentally confirmed [11-13]. Such segregation stabilizes SF configura-
tions and dramatically pins dislocation motion, which leads to further
strengthening [14]. Despite numerous density functional theory (DFT)
studies on the SFEs of Mg-based binary alloys [15-21], a definitive rela-
tionship between SFE and the electronic structure of solute atoms has
not yet been established. The Suzuki effect suggests that the solute-SF
chemical interaction is a dominant factor to cause change in SFE [22],
while the underlying physical mechanism still remains unclear.

In this paper, we carried out DFT calculations on the SFEs of thirteen
Mg-X systems (X = Cs, Ca, Sr, Sc, Y, La, Ti, Zr, Zn, Al, Ga, Sn, and Pb), and
probed the physical mechanism of solute effect on SFE. It is found that
the faulted regions are energetically favorable for solute segregation,
and the dominant factor for the reduction of SFEs is the charge redistri-
bution surrounding the solute atoms. In order to quantify the charge re-
distribution induced by solute atoms, a new parameter called charge
redistribution factor, F, is defined. An analytical model is developed to
describe the relationship between F and SFE, which agrees well with
the results from the DFT calculations.

Two intrinsic basal-plane stacking faults, i.e. deformation fault (I,)
and twin-like fault (T,), were studied in this paper. Instead of the slab
shearing method [15-21], we adopted the alias shearing method [22]
to simulate the shearing process that generates SFs. We employed a
(2 x 3 x 6) supercell with 12 layers and 12 atoms in each layer. The lat-
tice vectors of this orthorhombic supercell are e; = [1100], e, = [1120],
e; =[0001]. As shown in Fig. 1,1 (...ABABCACA...) is formed by shearing
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Fig. 1. The schematic illustration of pristine, I, and T, configurations. The letters A, B and C represent (0001) planes with different stacking sequences of the hcp Mg lattice, which
are highlighted in yellow, blue and green solid balls respectively. The substitutional position of solutes is marked by the bigger red solid ball. The corresponding basis vectors and the

shearing path in accordance with a Shockley partial (a — (3) are labeled on the right.

the lattice frame along a Shockley partial, while T (...ABABCBABA...) is
a competing low energy defect structure, and it has mirror symmetry
about the faulted plane. For more details, refer to Refs. [22]. In this
study, DFT calculations were performed using the Vienna Ab-initio Sim-
ulation Package (VASP) [23]. The generalized-gradient approximation
(GGA) with Pardew-Burke-Ernzerhof (PBE) parameterization for
exchange correction function was adopted [24]. The cut-off energy
for plane wave basis sets was 400 eV. The k-points were meshed by
5 x 5 x 2 I'-centered grids [25]. The atomic positions were fully relaxed
along all directions by first-order Methfessel-Paxton [26] smearing
method with the width o = 0.2 eV. Then the accurate system energy
was obtained by Bléchl tetrahedral correction. The optimized lattice
constants a = 3.191 A and c/a = 1.628 perfectly agrees with the exper-
imental values [27].

To study the Suzuki effect, the layer-by-layer relative energy was
plotted in Fig. 2 to clarify the energetically favorable substitutional po-
sitions for solutes in Mg-based binary alloys. Here, the SF regions were
defined as layers 6-7 for I, and layers 6-8 for T,. We took the energy
of layer 7 as 0 eV, as such the relative energies with respect to layer 7
of different binary systems share the same reference level. The segrega-
tion of solutes experienced different behaviors in I, and T, in terms of
their preferential substitutional positions. Specifically, for I, all the thir-
teen solute atoms are attracted to the faulted layer 6 or 7 and stabilize
the faulted configuration, as shown in Fig. 2(a). All solutes except Zn
need to overcome an energy barrier to diffuse to layer 1 from the
faulted layer 6, which indicates a difficulty for the solute atoms to dif-
fuse away from the faulted region, i.e. a stable segregation is formed
in the faulted region. Zn is supposed to distribute randomly in the
faulted lattice since there is no obvious energy barrier for it to diffuse
away from the faulted region of I,. Remarkably, the deviation of Cs
from the SF region is the most difficult among all considered elements.
A larger energy barrier corresponds to a stronger solute-SF interaction.
The degree of solute-SF (I,) interaction is sequenced by: Cs > La > Y
(Sr) > Sn (Pb) > Al (Sc, Zr) > Ca > Ti> Ga > Zn. For all considered Mg-X
systems, the energy barriers for T, are systematically smaller than
those for I, as illustrated in Fig. 2(b). However, it is interesting to find
that Ti and Zr tend to segregate in the faulted layer 6 or 8 while the

others prefer the pristine layer 7 in T». It is also clear that Zn, Al and
Ga have no obvious energy barrier, which manifests a random distri-
bution of these elements in the faulted lattice. The corresponding
comparison on the solute-SF (T,) interaction is then concluded as:
Cs>La>Sr>Ca>Y>Ti>Zr> Sn (Pb) > Sc > Al (Ga) > Zn.

After determining the solute position in the faulted lattice, the SFE is
derived by the following equation:

Ex—E
Yo=T (M

where x represents I, or T». Ex and E,, denote the total energy of the
faulted and the pristine supercell, respectively. S is the faulted area
of the supercell. The calculated I, and T, SFEs for pure Mg and Mg-X
systems are summarized in Table 1. The data indicate that the addi-
tions of Zn, Al, Ga, Sn and Pb are capable of lowering the SFEs by about
1-5mJ m~2 La, Ca, Sr, Y, La, and Zr can decrease the SFEs by more than
5-10 mJ m~2 Cs and La lead to a dramatic reduction of the SFEs by
over 15-20 m] m™2. Additionally, the previous DFT calculations by alias
shearing are also available in Table 1 for comparison, the difference
come from the different doping concentrations and the distance of the
stacking faults after periodic repeat.

Wang et al. found that the SFE of pure Mg was proportional to the
difference of the maximum deformation charge density between fault
and non-fault planes [28]. Han et al. [29] confirmed the important con-
tribution of charge redistribution in the changes of the generalized
stacking-fault energy (GSFE). The charge distribution diagrams of pure
Mg, Mg-Cs, Mg-Ca, Mg-Sc, Mg-Ti, Mg-Zn, Mg-Al and Mg-Sn systems
in respect to pristine lattices obtained from the DFT calculations are
shown in Fig. 3. As seen from pristine lattice of the pure Mg system,
Mg ions are combined by perfect pseudo-atom (p-a) bonds that should
be shaped as hexagonal when viewed from the [0001] direction. These
p-a bonds are completely destroyed in the faulted layer, which gives
rise to SFE.

Solute atoms disturb the electronic environment and strain field
of matrix atoms [30], thus, the solute-induced charge redistribution
would play a significant role in determining SFEs. Therefore, we assumed
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Fig. 2. The layer-by-layer energy mappings for (a) I, and (b) T? of the calculated 13 Mg-based binary alloys. The stacking fault (SF) regions are highlighted in red.

that the SFE-reduction in Mg-X binary alloys mainly depends on the dis-
turbance of p-a bonds in the pristine lattice by the solutes. In another
word, the solute-induced charge redistribution will predominantly

Table 1

The SFEs m] m~2 of I, and T, of pure Mg and 13 Mg-X systems (X = Cs, Ca, Sr, Sc, Y, La, Ti,
Zr, Zn, Al, Ga, Sn, and Pb) along with their core and outermost charges, ionic radii and
values of F in terms of Eq. (3).

System  [,-SFE T,-SFE Outermost charge Ionic radius F
Pure-Mg 300 26.1° 40.0 371 2 0.49 0
Mg-Cs 4.6 134 1 1.67 14.59
Mg-Ca  21.8 245% 2838 3337 2 0.99 0.75
Mg-Sr 19.0 20.2° 224 274 2 1.12 4.53
Mg-Sc 244 249° 350 36.9° 3 0.73 0.14
Mg-Y 192 229" 31.0 335 3 0.89 214
Mg-La 153 19.9% 226 255 3 1.06 54
Mg-Ti 195 304* 315 418° 4 0.53 0.01
Mg-Zr 212 302° 323 40.8° 4 0.72 0.94
Mg-Zn 262 255" 376 37.2% 12 0.60 0
Mg-Al 29.7 24.8* 37.1 36.0° 3 0.39 0.03
Mg-Ga 285 36.5 13 0.47 0.01
Mg-Sn  28.1 23.0° 343 333% 14 0.69 0.14
Mg-Pb 276 33.8 28 0.77 0.52
¢ Ref. [22].

influence the term E, in Eq. (1), while its influence on the term E; has
been negligible because of the nonexistence of p-as in the faulted layer.
The assumption is rough, according to the assumption, it can be con-
cluded that SFEs of I, and T, in a Mg-X system will simultaneously in-
crease or decrease, which agrees well with the results from table 1.

Basing on the above discussion, we hypothesize that an increase in
charge redistribution leads to a decrease in SFE. As shown in the case
of Mg-Cs system (Fig. 3), Cs atom expels the surrounding charge
away from itself, and the p-a bonds around Cs are destroyed completely,
which leads to the extremely reduced SFEs. In contrast, p-a bonds
around Ca, Sc and Ti atoms are only partially destroyed, so that the
SFEs do not decrease notably. The p-a bonds around Al, Zn and Sn are al-
most fully retained, thus their SFEs do not change much.

In order to quantify the solute-induced charge redistribution, we de-
fine a charge redistribution factor, F. This factor quantifies the charge
density between the solute and the surrounding Mg atoms that disturbs
the p-a bonds. The expression of F is proposed based on the assumption
that two adjacent atoms are considered as a system, ions core denotes
the positive center, and valence electrons denote the negative center.
As such, the interactions between two Mg atoms are symmetric and
the positive and the negative charge centers are completely overlapped,
which generates a perfect p-a bond. However, for a Mg atom and a
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Fig. 3. The charge distribution diagrams of the pristine lattices of pure Mg. Mg-Cs, Mg-Ca, Mg-Sc, Mg-Ti, Mg-Zn, Mg-Al, and Mg-Sn systems. Up and down sides of a single box are the

cross planes perpendicular to e3 and e1 respectively.

solute atom, this interaction is deemed as asymmetrical and the charge
centers are separated, which leads to the deformation of a perfect p-a
bond. Together with the assumption that the charge redistribution
predominantly affects SFEs and only the nearest-neighbor Mg atoms
around a solute atom are taken into account, the F is generalized as:

- fig B—a)l  R-1Bl,
P Varea |0 e p 118 @

where n and q are the outermost and the nuclear charges of a Mg atom,
respectively; o and 3 denote the nuclear and the outermost charge ra-
tios of Mg and solute atom X, respectively; r and R manifest the ionic
radii of Mg? ™ and XP* (p is the number of the generally largest valence
charge of element X); [ is the lattice parameter (3.19 A) of pure Mg.

e and | LS9+ B2 |° describe the intensity of electronic
center and the distance of the positive and negative center, respectively.

The relative reduction of SFE Av,/vo has the relationship with
F (x = I, T2) as follows:

%:1—exp(—\/m) A3)

0

where Avy is the energy difference between the SFEs of pure Mg
and Mg-X systems, and 1y is the SFE of pure Mg. The fitting curve of
Avx/Yo and F is mapped out in Fig. 4. It is obvious that all the solutes ex-
cept Ti and Cs show a nearly perfect compliance with the fitting curve.
In light of Eq. (1), the value of E, and E,, determine the SFE value, the
effect of solute atoms and type of stacking fault on E, are neglected in
our model, which induces the deviation. The large discrepancy of Ti
and Cs for [, SFE is probably related to special charge distribution energy

according to a bond orientation model [31]; bond critical point (bcp)
bonds emerge between the Mg atoms nearest or the next-nearest Ti
and Cs.

In summary, all of the thirteen calculated elements can be stabilized
at the SF regions, which demonstrate an approximately universal Suzuki
segregation process. The disturbance of the p-a bonds in the pristine
lattice of Mg-X causes the reduction of SFEs. F was defined to quantify

L I S T N S S R B S S A B

Fig. 4. The fitting curve of vs Ay, yo F, x = 12 and T2. SFEs of 12 and T2 are marked by
red solid circles and blue solid triangle respectively. Ti and Cs are separately marked.
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the solute-induced charge redistribution, and Avyy/yo increases with F
monotonously, e.g. a smaller value of SFE corresponds to a larger F value.
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