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The doping effects on the stacking fault energies (SFEs), including the superlattice intrinsic stacking fault and super-
lattice extrinsic stacking fault, were studied by first principles calculation of the ¥’ phase in the Ni-based superalloys. The
formation energy results show that the main alloying elements in Ni-based superalloys, such as Re, Cr, Mo, Ta, and W,
prefer to occupy the Al-site in Ni3Al, Co shows a weak tendency to occupy the Ni-site, and Ru shows a weak tendency to
occupy the Al-site. The SFE results show that Co and Ru could decrease the SFEs when added to fault planes, while other
main elements increase SFEs. The double-packed superlattice intrinsic stacking fault energies are lower than superlattice
extrinsic stacking fault energies when elements (except Co) occupy an Al-site. Furthermore, the SFEs show a symmetrical
distribution with the location of the elements in the ternary model. A detailed electronic structure analysis of the Ru ef-
fects shows that SFEs correlated with not only the symmetry reduction of the charge accumulation but also the changes in

structural energy.
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1. Introduction

Ni-based superalloys offer an excellent mechanical per-
formance at high temperature, and are widely used in the man-
ufacture of aero engines and turbine blades.!!! Ni-based super-
alloys have a complex constitution, containing more than ten
elements, such as, Al, Co, Cr, Mo, Ta, W, Re, Ru, etc. Re and
Ru are key elements for fourth (5-6 wt% Re, 2-3 wt% Ru) and
fifth (5-6 wt% Re, 5-6 wt% Ru) generation superalloys, and Ir
addition!?! is considered vital to development of sixth genera-
tion superalloys. Understanding how elements affect the alloy
and their synergistic effect on the material properties remains
an important area of Ni-based superalloy research.

Generally, stacking fault energy (SFE) is important in de-
termining the plastic deformation mechanisms in a metal. Dis-
locations are constrained to move in a more planar fashion in
materials with low SFE. In other words, the low SFE restricts
dislocation movement and enhances the hardness of the alloys.
Others have studied the generalized stacking fault energies of
Ni3Al®! in the past few years which is also helpful to under-
stand the shearing of the ¥ phase. In Ref. [4], the authors
investigated the segregation of the main alloying elements in
NizAl. The alloying effect on the SFEs is closely related to
its concentrations, site preference, and even with the models
used in the calculations. Yul?! calculated elemental effects
on the generalized planar fault curves in Ni3Al by slip mod-
elling. With modern computational power, the number of lay-
ers should be large enough to allow us to ignore interactions
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with the stacking faults, or the interactions between vacuum
layer and stacking fault. This work is focused on the alloying
elements effects, including the types and sites of the alloying
element, on SFEs in the ¥ phases of Ni-based superalloys. In
addition, we analyzed the energies, electronic structure, and
physical basis for the results, thus furnishing information valu-
able to alloy design.

2. Method and calculation

As [111] is the close-packed direction in an fcc crystal,
the models were constructed with [110], [112], and [111] di-
rections. A 15-A wide vacuum layer was added to each model
to separate the stacking faults (SF), as shown in Fig. 1. In
Fig. 1(a), the superlattice intrinsic stacking fault (SISF) model
has 112 atoms. The superlattice intrinsic stacking fault with
ABAB repeat layers (SISF2) and superlattice extrinsic stack-
ing fault (SESF) with 128 atoms are shown in Figs. 1(b) and
1(c). The alloying elements were adopted in the No. 3, No. 5,
and No. 5 layers in Figs. 1(a)-1(c), respectively. Furthermore,
the elements were also adopted in 0 to 9 layers when calcu-
lating the effects of the distance between alloying element and
SF on the SFEs. During the calculation, the three layers near
the vacuum were totally fixed during relaxation to avoid sur-
face reconfiguration, while atoms on other layers were totally
relaxed, including the layer distance and atom position.

To obtain total energies, density functional theory (DFT)
calculations are implemented using the Vienna Ab initio Sim-
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ulation Package (VASP)P! and completed on the “Explorer
100” cluster system at Tsinghua National Laboratory for Infor-
mation Science and Technology.!®! The projector augmented
wave method!”! and the generalized gradient approximation
(GGA)® introduced by Perdew, Burke, and Ernzerhop (PBE)
were also used in our calculations. The minimum energy cut-
off of a plane wave is 350 eV. The spacing between k-points
is 9 x 5 x 1, and forces are less than 0.01 eV/A. All of the cal-
culations here were assumed to represent non spin-polarized

conditions.
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Fig. 1. The calculated stacking fault structures with vacuum layers. (a) The
SISF model with a B-type layer was removed, (b) the SISF2 model with the
ABAB layer inserted in it, (c) the SESF model with an A-type layer inserted
in it. The green balls represent the Ni atoms, and the pink balls represent
the Al atoms in the models. The layers in the grey plane were fixed during
the calculations and the layers with the blue were the location of the stacking
faults.

3. Results and analysis

Based on the crystal models in Fig. 1, the site preference
of alloying element on different stacking faults was calculated
from an energetic perspective, including formation energies
and SFEs. Furthermore, an electronic structural analysis, in-
cluding charge difference, density of state, charge transfer, and
structural energy, was demonstrated.

3.1. Formation energy and site preference

The formation energy AH of an Nij_,_,Al X, system can
be expressed as

AH(Nij_, ,ALX,)
= E(Nij_, yALX,) — (1 —x—y)E(Ni)
—xE(Al) — yE(X), (1)

where E(Nij_,_,Al.X,) is the total energy of the system per
atom. E(Ni), E(Al), and E(X) represent the energies of Ni, Al,
and X in their stable crystal structures per atom, respectively.
For example, the stable crystal structures of Ni and Al are fcc,
but Cr is bee. In the calculations, all the crystal structures are

fully relaxed to their equilibrium geometries and the results
show that the formation energies are all negative.

In the NizAl lattice, it consists of the Ni-sublattice (Ni-
site) and Al-sublattice (Al-site). When considering the point
defects in Ni3 Al, elements are only considered to substitute the
Ni-site and Al-site in this paper, which also include Al substi-
tute Ni-site and Ni substitute Al-site. Based on the Wagner—
Schottky model,”! the norm formation enthalpy in dilute so-
Iution can be expressed as

_OAH _ AH(X)—AH(Ni3Al)

H
X 8xd Xd

; @)
where x4 is the concentration of element X in the model,
AH(X) is the formation energy of elements X added into the
Nisz Al model, and AH (Ni3Al) represents the formation energy
of the pure Niz Al model.

The process of the site occupation can be illustrated

Xa1+ Ning — Xni + Niag, 3)
Xni + Alar — Xa1 + Alni, “4)

where X1, Niaj, and Ala; represent the fact that X, Ni, and Al
elements act as a substitute at the Al-site. Xnj, Alni, and Niyj
represent the fact that X, Al, and Ni elements act as a substitute
at the Ni-site. It was deemed noteworthy that Niy; and Ala;
are both ideal NizAl without defects. The formation energy
corresponding to Eq. (3) is Hni = H(Xni) + H(Nia1) — H(Xa))
and to Eq. (4) is Hp) = H(XAl) —|—H(A1Ni) —H(XNi). When
the formation energies are negative, the process is possible.
The process of Egs. (3) and (4) corresponding to the forma-
tion of the two exchange anti-sites, and the formation energy
H,ne = H(Aly;) + H(Nip)) is always positive. The element oc-
cupation can be classified into three types: (i) strong Ni-site
preference (Hy; < 0), (ii) strong Al-site preference, (Ha) < 0),
and (iii) weak Ni-site preference (Hnj < Haj), and weak Al-
site preference (Ha; < Hnj)-

For convenience, we introduced the normalized transfer
energy E§1—>Ni = Hyi/Hon ')
Eﬁl_ﬂ\]i _ @ _ E(Xni) +E(Niap) - E(Xa1) — E(Nig,Al)

Hant E(Aly;) + E(Niaj) —2E(NizAl)
~x _ Ha _ EXa)+E(Alvi) —E(Xni) —E(NizAl)
NEAUT Haw © E(Alng) 4 E(Nipp) — 2E(NizAl)

= 1—EXni 5)

The elemental site preferences can be expressed as follows:
Type (i) (strong Ni-site preference) Ef{l oni <0,
Type (i) (strong Al-site preference) EX, ,x; > 1,
Type (iii) (weak Ni-site preference) 0 < EX, ,x; < 0.5,
Type (iii) (weak Al-site preference) 0.5 < Eﬁl o < L
As shown in Table 1, Cr, Mo, Re, Ta, and W have a strong
Al-site preference, but Co has a weak Ni-site preference, and
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Ru a weak Al-site preference, which are consistent with re-
ported results.[11-13]

Table 1. Normalized substitute formation energies of the main alloying
elements in NizAl.

Element Co Cr Mo Re Ru Ta w
0.302 1.579 2.069 1.857 0.854 2406 2.282

X
E Al—Ni

3.2. Stacking fault energy

Based on the site preference results in Subsection 3.1, five
models include 14 layers or 16 layers of ideal packed were
used in the calculation of SFEs, as shown in Fig. 1. The SFE
is given by

Esp — Eigeal

BE=—"1" > (6)
where Esp is the total energy of the stacking fault model,
Eigea is the total energy of the model with an ideal stack-
ing sequence, and A refers to the cross-sectional area, per-
pendicular to the close-packed direction. In the calculation
of SISF energies, the energies of the models with 14 layers
ideal stacking sequence (Ideal 14) are calculated. In the calcu-
lation of SESF and SISF2 energies, the energies of the models
with 16 layers ideal stacking sequence (Ideal 16) are calcu-
lated. The SISF and SESF energies of Ni3Al are 44.65 mJ/m?
and 184.27 mJ/m?, respectively, which agrees with published
data.* Tt should be pointed out that the type and concentration
of the elements have an effective effect on the elastic proper-
ties of the systems. Furthermore, the calculation and exper-
iment methods may also affect the results. So, some of our
calculation results may have a little difference with the early
reported experiment and calculation results.

Firstly, the alloying elements are located on the fault
planes in Ideal 14, SISF, Ideal 16, SESF, and SISF2 models
(i.e., on layers 3, 3, 5, 5, and 5 in Fig. 1, respectively). The
results of Fig. 2 show that Co and Ru with Ni-site occupation
could decrease the SFEs, while the main refractory elements
with Al-site occupation could increase the SFEs, except for
Ru with Al-site occupation with an SESF of 110.39 mJ/m?.
From Fig. 2, the SISF2 energies exceed the SISF energies,
which means that a wide stacking fault corresponds to a high
SFE. Compared with pure Ni3Al, Ru occupied the Al-site
on the stacking fault plane leading to SESF decreasing to
73.88 mJ/m?, SISF increasing to 15.99 mJ/m?, and SISF2 in-
creasing to 22.07 mJ/m?.

Furthermore, the segregation of elements was also con-
sidered, including Re, and Co—Ni, occupy layers 0 to 9. In
Fig. 3, omitting sites near the vacuum layers, the relation-
ship between alloying elements and the layer numbers of Re
is symmetric, and SFEs increases near the SF while decrease
apart from the SF. This shows that the SFEs are closely re-
lated to the specific location of the alloying, such as Re, W,
Cr, and Ta. Co could decrease the SFEs on all calculated loca-
tions, and SISF energies are between 13 mJ/m? and 19 mJ/m?2,

SESF energies are between 135 mJ/m? and 156 mJ/m?, and
the fluctuation of the SFEs with changing location of Co is

negligible.
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Fig. 2. Alloying effect on the energies of SISF, SISF2, and SESF. The green
zone represents the energy results when elements occupy an Ni-site on the
stacking fault plane, while the pink zone represents occupation of an Al-site
on the stacking fault plane.

The energies of SISF2-types are higher than the SISF-
types planar faults in Fig. 2, which suggests that a planar fault
with a double AB repeat unit is harder to form than a simple
AB planar fault defect. Compared with the SESF, the energies
of SISF2 are lower than SESF in pure Ni3Al, but the energies
of SISF2 are higher than SESF when alloying elements are
located at an Al-site, except Co. In other words, with added
alloying elements, the formation trend of the SISF2 and SESF
changed. An SESF is easier than double-packed SISF with
main alloying elements located near the planar fault.

Table 2. Alloying effect on the SISF (¥sisk, in unit mJ/m?), SESF (YSESF»
in unit mJ/m?), and SISF2 (¥sESF, in unit mJ/m?) energies of NizAl. X (Ni)
represents element X occupying Ni site in the Ni3 Al models, and X (Al) rep-
resents element X occupying Al site in the Ni3 Al models.

SISF SESF SISF2

NizAl 44.65 184.27 118.77
682, 62°, 37¢ 892, 74P, 152¢

Co(Ni) 2242 181.53 108.93
64?, 35.8° 63%, 148.8¢

Co(Al)  26.16 94.48 111.66
80° 712

RuNi)  33.12 185.11 103.93

Ru(Al)  60.64 110.39 140.84

Ta(Al) 200.66 257.72 287.59
118.6¢ 191.6¢

Cr(Al) 167.83 215.19 253.23
107.7¢ 171.7¢

Re(Al) 170.36 258.08 199.11
128° 1082

Mo(Al) 19251 279.73 261.90
1412 1062

4Ref. [14], calculation results by using supercells without vacuum, with
alloying concentration 1.6 at.%; °Ref. [15], calculation results by slip
model with a vacuum region; “Ref. [4].

The energies of double-packed SISF are higher than those
of normal SISF and SESF with a third element located at an
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Al-site near the stacking fault (except Co), although the en-
ergies of the double-packed SISF are lower than those of the
SESF energies in pure NizAl, but are lower than SESF with
added alloying elements.

The above calculations of the doping effects on the stack-
ing fault energies are concentrated on the different alloying
types and the elements which are mainly aligned on the stack-
ing fault planes. A further calculation evinces the relationship
between alloying element location and the SFEs, which can

be used in the analysis of the effect of Suzukil'® in the y
phase of Ni-based superalloys. From Fig. 3, the SFEs show a
quasi-symmetrical distribution with the distance between the
alloying elements and the SF layers. Re, Ta, and W decrease
SISF2 and SESF energies when sat apart from the stacking
fault layer, although they increase SFEs when located on the
stacking fault planes. Moreover, Co occupation of an Ni-site

decreases SFEs on the layers considered in these models.
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Fig. 3. Relationships between the alloying sites (layer number) and the SFEs. (a) SISF, (b) SISF2, and (c) SESF. The number of layers is consistent with

that of the models illustrated in Fig. 1.

3.3. Electronic structural analysis

The doping effects on the SFEs are closely related to the
The
charge distributions and bonding characteristics of the mod-

interactions among near atoms and even near layers.

els warrant more detailed analysis; the recent development of
NiCo-based superalloys confirms the effect of Co elements on

[17] a5 being concentrated at high concentrations, '8!

the alloy,
and the Co concentration in a real superalloy is higher than that
used in this model. Here, the origin of the Ru effect was ana-
lyzed as it is the key element in the development of Ni-based
superalloys.[!]

NizAl is an ideal L1, crystal structure, and the charge ac-
cumulation tends to be located at the octahedral interstices,
not at tetrahedral interstices, as shown in Fig. 4(a), which

is consistent with charge accumulation of the pure fcc crys-
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X A ., 4
IV“/ sR@ <§$<§5(f
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T Yy

(b) SISF

talline Al.["”1 When an SISF effect is induced, the layer packed
sequence changes, and then the charge tends to be located
parallel along the close-packed [111] direction, as shown in
When a
doubled-packed SISF is induced concurrently, the charge ac-

Fig. 4(b) where layers 3 and 4 contain the faults.

cumulation around the four defective layers (layers 4, 5, 6, and
7), tends to be parallel to the close-packed [111] direction, as
shown in Fig. 4(c). In the SESF, the inserted layer (layer 5) has
a different packed layer nearby with an environment like that
of the same L1, structure. Figure 4 also shows that the charge
accumulation is closely correlated with its environment, and
the nearest layer packing sequence makes the main contribu-
tion thereto. In other word, the SF changes the layer sequence,
which causes the changes in the surrounding atomic environ-
ment and charge distribution.
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Fig. 4. Charge difference of Ni3 Al with (a) Ideal 16 layers, (b) SISE, (c) SISF2, and (d) SESF. The iso-surface is 0.0075 eV/A. The atoms in
blue planes have different charge accumulations. Numbers 1 to 8 represent layer number in the models shown in Fig. 1.

After knowing the SFEs in NizAl, a detailed analysis of
the main element Ru addition in different SFs (Fig. 5) is pre-
sented. The addition of Ru, with strong charge accumula-
tion around it, corresponds to strong bonding. In the anal-

ysis of pure Ni3Al, the neighboring environment among the
layers potentially corresponds to different charge distributions
(hence atomic configurations). In Ideal 14 and layer 5 of SESF,
the atoms have an identical neighboring environment, and the
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charge distribution near the Ru displays a cubic-like distribu-
tion. The microscale charge distribution is consistent with its
macroscale symmetry. The cubic structure has three 3-fold ro-
tational symmetric axises, and the corresponding charge accu-
mulation around Ru also shows the same rorational symmetry
(Figs. 5(a) and 5(d)). This has been used in the calculation of
the elastic properties when staining acts on the system.?%! In
the SISF and SISF2 models, the environment around the Ru
is identical to that in an hcp crystal, with ABAB as its repeat
unit. As is known, the hcp structure has only one 3-fold rota-
tional symmetry. The charge accumulation near Ru in SISF
and SISF2 also shows only one 3-fold rotational symmetry
(Figs. 5(b) and 5(d)), and the three accumulated parts display a
3-fold rotational symmetry along the [111] direction; i.e., the
[111] direction is a 3-fold axis of symmetry.

While the charge difference iso-surface allows visualiza-
tion of the charge accumulation and the interaction among
atoms, local density of state (LDOS) shows the bonding char-
acter in the energy space. Figure 5 also shows the detailed
LDOS of Ru and its nearest neighbor Ni atoms. The LDOS
shows a close correlation between Ru and its neighboring
Ni atoms. The correlation could be divided into two parts,
shown in grey and purple: the grey zone in Fig. 5 shows
that the LDOSs have hybrid peaks due to hybridization be-
tween the two atoms. The hybrid characteristics corresponds
to a covalent-like bonding, as discussed elsewhere. The pur-
ple zone in Fig. 5 shows that the LDOSs have complementary

LDOS/arb. units

Energy/eV

9.0
DO
@

LDOS/arb. units
w

ok

Energy/eV

-8 -6 —-4 -2 0 2 4 6

characteristics, which means that, when Ru LDOS reaches a
peak, the corresponding Ni LDOS reaches its valley, or vice
versa. The characteristics evinces a polar bond (or ionic-like
bond). The purple zone shows charge depletion and accumu-
lation on specified atoms, in other words, an ionic-like bond,
or polar bond. Ideal 16 and SESF have identical charge accu-
mulation corresponding to the wide ionic-like bonding char-
acteristics (the purple zone in Fig. 5): SISF and SESF have a
narrow ionic-like bonding characteristics.

We now provide quantitative analyses, including the ef-
fects of charge transfer and structural energy. As the charge
transfer is correlated with orbital interaction among atoms, *!!

we integrate the DOS of lattice site 11212%]

E,
M= [ Era(E)E. ™

where ng(E) represents the density of state at energy E, o are
the sum of all the orbitals.
Then, the valence—electron occupancy at site 1 is

01 =2N.. ®)
The charge transfer at lattice site 1 is
AN, =N/ —Ni. )

The charge transfer is closely related to the orbital interaction
among atoms.
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Fig. 5. Local density of state and charge difference of Ru in (a) Ideal 16, (b) SISF, (c) SISF2, and (d) SESF models, respectively. The local
density hybridization of Ru occurs in SESF structures with its neighboring Ni. Charge accumulation of Ru with its 12 nearest neighbor atoms
is illustrated. The iso-surface is 0.008 eV/A. Nil and Ni2 are the nearest neighbor Ni atoms of Ru.
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From Table 3, for Al elements with three electrons out-
side, the depletion of charge is more than 2, showing a totally
metallic cohesive character between it and Ni. The charge de-
pletion in an ideal structure is higher than that in SF, and that
in SESF is the lowest. The total charge transfer of elements
occupying Ni-site is mostly positive, except Ru. The total
charge transfer of Ru occupying Ni-site is negative, because
it has fewer electrons than those in Ni atom. The interaction
between Ru and Al is weak.

Table 3. Total charge transfer at site 1 of elements in different models.

Al and Ru represent that at the Al-site in Ni3Al, Ru(Ni) represent, Ru
at the Ni-site in NizAl.

Element  Ideal 14 SISF Ideal 16 SESF SISF2
Al 2.1286 2.1251 2.1302 2.1174 2.1268
Ru 0.0050 0.0306 0.0174 0.0143 —0.0183

Ru(Ni) —0.3204 —0.3465 —0.3096 —0.4453 —0.3340

The alloying effect on SFE can be correlated with struc-
tural energy. The structural energy E; at site 1211 is

'EF
E :/ EY ne(E)dE, (10)
v o
where EF is the Fermi energy, and ng;(E) is the local density
of state at site | of the & orbital. Here, all of the Fermi energy
has shifted to zero. The structural energy can be considered in
an analysis of why the charge accumulation of Ru in the SESF
layer changes so little but does so with high SFEs. The struc-
tural energy difference between SF and the ideal model of Ru
at the Al-site is lower than the energy difference of Al in pure
Ni3zAl (Table 4). In SESFs, the charge distribution changes lit-
tle as the nearest neighbor conforms to an L1, structure, but
the other near-neighbor layer can affect the structural energies
and change the SFEs.
Table 4. The structural energy (in unit eV) of Ru in different models

and sites. Al and Ru represent doping at the Al-site in NizAl, Ru(Ni)
represents Ru at the Ni-site in Ni3Al.

Element  Ideal 14 SISF Ideal 16 SESF SISF2
Al -1379 —-138 —-1.380 —1.387 —1.397
Ru —1.477 —1.418 —1.465 —1.423 —1.434

Ru(Ni) —1.407 —1.433 —1.406 —1.454 —1.430

The electronic structural analysis shows that the SFEs are
closely related to the neighboring layer environment which af-
fects the charge distribution and charge transfer. In structural
energy terms, the changes in the relative position of the layer
result in the SISF, SISF2, and SESF having symmetry reduc-
tion of their charge accumulations, from three 3-fold rotational
symmetries to one 3-fold rotation symmetry, about 2, 4, and
2 layers, respectively. From the perspective of bonding, this
evinces the reduction of ionic-like bonding characteristics, but
covalent-like bonding characteristics change little. The spe-
cific bonding charge is the sum of the calculated charge trans-

fers. The SESF energies and the corresponding structural en-
ergies illustrated that the SFEs are not only a nearest neighbor
layer interaction, but also a holistic interaction.

4. Conclusion

The alloying effects on the SFEs in Ni3z Al were calculated
with the first principles study from both an energetic and elec-
tronic structural analysis perspective. The conclusions are as
follows:

(1) From the sight of formation energy, the main elements
prefer to occupy the Al-site in Niz Al to strengthen that phase
of the Ni-based superalloys, but Co and Ru show weak site
preferences.

(ii) Both element type and location can affect the SFEs.
Co and Ru can decrease the SFEs while other main elements
increase the SFEs.

(iii) The energies of SISF2 are lower than those of SESF
with the main alloying elements (except Co addition) located
at the Al site on the stacking fault planes, though SESF is
lower than that of SISF2 in a pure Ni3 Al model.

(iv) The electronic structure analysis of Ru addition
shows that both reductions of the symmetry of charge redis-
tribution and the changes of structural energies will affect the
SFEs.
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