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An Ni-Al-Co system embedded-atom-method potential is constructed for the Y(Ni)/y’(NizAl) superalloy based on
experiments and first-principles calculations. The stacking fault energies (SFEs) of the Ni(Co, Al) random solid solutions
are calculated as a function of the concentrations of Co and Al. The calculated SFEs decrease with increasing concentrations
of Co and Al, which is consistent with the experimental results. The embedding energy term in the present potential has
an important influence on the SFEs of the random solid solutions. The cross-slip processes of a screw dislocation in
homogenous Ni(Co) solid solutions are simulated using the present potential and the nudged elastic band method. The
cross-slip activation energies increase with increasing Co concentration, which implies that the creep resistance of Y(Ni)

may be improved by the addition of Co.

Keywords: interatomic interaction potential, embedded-atom method, Ni-based single-crystal superalloys

PACS: 34.20.Cf, 61.72.Nn

1. Introduction

Ni-based single-crystal superalloys have been widely
applied in the manufacture of gas turbine blades due to
the alloys’ superior high-temperature strength and creep
resistance.'!l The Ni-based single-crystal superalloys consist
of two phases: the face-centered cubic (fcc) y phase and the
ordered ¥ (L1;) phase. The y and Y phases contain more
than ten elements, such as Ni, Al, Cr, Co, Mo, Re, and Ru.
Some of the elements, such as Cr, Co, Ru, Mo, and Re, prefer
to distribute in the y phase.!'! These elements play an impor-
tant role in improving the mechanical properties of the superal-
loys. The Co element has been used in the first, second, third,
and fourth generations of superalloys because the mechanical
properties of the y phase are improved by the addition of Co.
The addition of Co reduces the stacking fault energy (SFE)
of the Ni—Co alloy. The minimum creep rate of the Ni—-Co
alloy is proportional to the n-th power of the SFE; thus the
creep resistance is improved.!!! Lowering the SFE by alloying
with Co also promotes primary creep under high-stress and
low-temperature conditions, such as 500 Mpa and 750 °C for
the CMSX-4 superalloy./?! The resistance of the superalloys
to oxidation, corrosion, and sulfidation is also improved by
the addition of Co."3) Metals of Co and Ni have similar den-
sities, so Co-based superalloys have been developed for high-
temperature applications. [/

Molecular dynamics (MD) simulations have been used
to study the effects of the solute elements on the mechan-
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ical properties of the superalloys.>~°! Empirical interatomic
interaction potentials, such as the embedded-atom method
(EAM),[10:-111 should be constructed for the MD simulations.
The empirical potentials can be obtained by different meth-
ods, such as fitting experimental or first-principles databases

H2-14] and the lattice inversion method. '~ The

20-23]

of materials,
potentials of Co have been proposed by some authors.!
To continue our previous work on the construction of multi-
element potentials, the EAM potential of Co is constructed
based on the same formula used for the Ni-Al-Re EAM
potential. [>4]

This paper is arranged as follows. The construction of the
present Ni—Al-Co potential is presented in Section 2. The ap-
plication and discussion of the potential are presented in Sec-

tion 3, and the final section gives a summary.

2. Construction of the potentials
2.1. The potentials model

In the EAM scheme, [!%!! the total energy of the N atoms
is represented as

Eor =Y Fi(p)+ ), 0(rij), M
i i>j

where F(p;) is the embedding energy of atom i, and ¢ (r;;)
is the pair potential between atoms i and j. The host electron
density p; is assumed to be a linear superposition of the atomic
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electron density f(r;;), i.e.,
pi =Y f(rij). 2)
J

The embedding energy function F(p), atomic electron density
f(rij), and pair potential ¢ (r;;) are determined by the formu-
las in our previous work.**! The monoatomic potentials for
Ni and Al and the pair potential for Ni—Al have been con-
structed in previous work.?*! For the Ni—Al-Co potentials, we
just need to fit the monoatomic potential for Co and the pair
potentials for Ni-Co and Al-Co.

The embedding energy F(p) of the monoatomic potential

for Co is parameterized as?>!

oo

where Fy = E, — Eg, E. and E£ are the cohesive energy and
the vacancy formation energy, respectively, n is an adjustable
parameter, and p. is the equilibrium host electron density. The
atomic electron density is parameterized as

1) =sf(r)w (rh’°> : )
f(”) = feexp[—x(r—re)], (5)
with
)C4
y={ 1+ <0 ©)
0, x>0,

where s, r., and h are adjustable parameters; f., X, and re
are obtained by fitting the radial electron density calculated by
Dmol3;1?%27) and ¥(x) is a cutoff function. >8]

The pair potentials for Co—Co, Ni—Co, and Al-Co are pa-
rameterized as

oualr) = (omn = rexplxtr/ro Dl ("), )

¢ap = —afl +B(r/ro—1)]exp[-B(r/ro—1)]
+dipsafa(r)/pd +digss fa(r)/pE, ®)

where A=Ni, Al, Co, B=Co, and ry in @coco(r) is the first-
nearest neighbor of Co with a hexagonal close-packed (hcp)
structure. The parameter n in Foo(p) and the parameters o, 3,
¥, K, dS8,» h, and r¢ in @oco(r) are determined by fitting the
experimental properties of hcp-Co. The parameter sc, in f(r)
and the parameters @, B, ¥, K, ro, d4g, d5g. h, 1 in Pnico(7)
and @aico(r) are given by fitting the first-principles data of vir-
tual compounds.

2.2. Fitting the potential for Co

The properties used in the fitting of the potential for hcp-
Co are the lattice parameters a and ¢, cohesive energy, elas-
tic constants, vacancy formation energy, the Rose equation,

[21,24,29.30] 4re in-

and the I, SFE. The inner elastic constants
cluded in the fitting of the elastic constants of Co. The param-
eters in the potential are given by minimizing the weighted
mean square deviation between the calculated and experimen-
tal data. The optimized parameters are listed in Table 1. The
I, SFE is not directly included in the fitting because the SFE
calculation needs the relaxed energy of the model containing
the I, stacking fault. In the process of optimizing potential pa-
rameters, some bad trial parameters make the fitting process
time consuming. Because the energy of the fcc—hcp structural
stability is closely related to the I, SFE of hcp metals, the en-
ergy of the fcc—hcp structural stability is directly used in the
fitting. The energy of the fcc—hcp structural stability is defined
as

h
AEf(:cfhcp = E[ECC - Ebcpy )

where Etf,CC and EECP are the binding energies per atom of fcc-
Co and hcp-Co, respectively. The AEg.. _ncp used in the fitting
is obtained by extrapolating from three sets of trial parameters,
as shown in Fig. 1.

Table 1. The optimized values of the potential parameters of the present
EAM potential for Co.

Parameter Value Parameter Value
fe 3.31x1073 B 9.3735
relA 2.50 rolA 2.4935
x/A! 2.7729 y leV 1.4415x107!
n 4.0148x107! K 3.0729
d&oc,/eV 7.6368x 107! h 9.0172x107!
aleV 1.4900x 10! relA 5.8996
30
L experimental value

‘ﬁ = EAM potentials

% 20F  —linear fitting
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Fig. 1. The relationship between AE¢c.nep and I SFE for three sets of
trial potentials for Co (solid square symbols) and the linear fitting (line)
used in the extrapolation of the fitted AEfcc—ncp-

2.3. Fitting the pair potentials for Ni-Co and Al-Co

The pair potentials for Ni-Co and Al-Co are obtained by
fitting the first-principles data of virtual compounds consist-
ing of Ni, Al, and Co atoms. The first-principles data include
the lattice constants and the binding energies for the follow-
ing ordered structures: L1,-NizCo, D09-NizCo, D0,>-Ni3zCo,
B2-NiCo, L1,-Co3Ni, L1,-Co3Al, D0;9-CoszAl, D0y,-CoszAl,
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B2-CoAl, L1,-Al3Co, and L2{-Ni;CoAl. In order to obtain the
correct site preference of Co atoms in Ni3Al, the binding en-
ergies of models Nip4Al;Co and Niy3 AlgCo are also included
in the fitting. The models of NiysAl;Co and Niy3AlgCo are
obtained by replacing an Al atom and an Ni atom in a 2x2x2
Ni3 Al supercell with a Co atom, respectively. The equilibrium
lattice parameters of the structures listed above are determined
by performing a series of total energy calculations with differ-
ent lattice constants, except for the D019 and D0,, structures.
The D019 and D0, structures are fully relaxed with respect
to the unit cell volume, shape, and atomic positions. Note
that the binding energies in the first-principles database are
scaled by the requirement that the formation heat calculated
using the binding energies of Ni, Al and Co from the present
monoatomic metal potentials is equal to that from the first-
principles calculations. The following expression is used to
estimate the formation heat per atom of a supercell: 3!

H = [Ei(n,m,]) —n x E,(Ni) —m x Ep(Al)

— I X Ep(Co)]/(n+m+1), (10)

where E;(n,m,[) is the binding energy of the supercell with n
Ni atoms, m Al atoms, and / Co atoms. Ey,(Ni), Ey(Al), and
Ey(Co) are the binding energies of Ni, Al, and Co, respec-
tively. Furthermore, two models of Co atoms located at the
Y(Ni)/y (NizAl) interface (see Fig. 1 of Ref. [32]) are used in
the fitting. The binding energy difference between the mod-
els, AEY(CO/7(C0) _ prlY(Co) _ prCOY i¢ used in the fit-

Eg/ 7(C0) and Eg(co)/ 7 are the

ting of the potentials, where
binding energies for the models of Co located in the y(Ni)
and Y (Ni3Al) regions, respectively. The first-principles cal-

culations are performed using the Vienna ab-initio simulation

package (VASP).[333*1 We employ the generalized gradient
approximation (GGA) for the exchange correlation functional.
All calculations are carried out in a spin-restricted mode in or-
der to be consistent with the fitting of the Ni—Al-Re potential.
The cutoff energy of the plane-wave basis set is set to 350 eV.
The accuracy for electronic minimization is 10~* eV, and for
ionic relaxation is 1073 eV.

The pair potential parameters for Ni-Co and Al-Co, and
the parameter sc, are given by minimizing the weighted mean
square deviation between the calculated and the first-principles
data. The optimized parameters are listed in Table 2. The lat-
tice parameters and binding energies of the ordered structures,
calculated with both VASP and the present potential, are listed
in Table 3. It can be seen from Table 3 that the lattice param-
eters and the binding energies of the compounds calculated
from the present EAM are in fair agreement with those from
first-principles calculations. The pair potentials of Ni-Co and
Al-Co are shown in Fig. 2, compared with the pair potential
of Co—Co.

Table 2. The optimized values of the potential parameters of the pair
potentials for Ni-Co and Al-Co, and sc,.

Ni—Co Al-Co
Parameter Value Parameter Value
aleV 1.1452x 107! aleV 1.2783
B 8.6437 B 8.5789
yleV 1.7595x 107! yleV —2.4237x10!
K 2.9149 K 4.4245
ro /A 2.4806 ro /A 1.4441
dyi,/evV 13306 dil,/ev  -8.9779
d%,/eV  1.2013x1072 d,/eV  8.0876
h/A~] 6.8613x10! hA-! 4.1946x107!
re A 5.4315 relA 6.3593
SCo 2.5592

Table 3. The properties used in the fitting of the pair potentials for Ni-Co and Al-Co, as obtained from VASP calculations, compared

here with the values obtained from the present potential.

Lattice constant/A

binding energy/eV per atom

Formula Structure
First-principles Present EAM First-principles Present EAM

Ni3Co L1, 3.50 3.50 —4.40 —4.36
NizCo D09 a=495,c¢/a=0.82 a=4.96,c/a=0.80 —4.38 -4.35
Ni3Co D0y, a=3.50,c/a=2.00 a=3.50,c/a=2.00 —4.40 —4.35
NiCo B2 2.78 2.74 —4.25 —4.29
Co3Ni L1, 3.47 3.51 —4.37 —4.34
CozAl L1, 3.54 3.54 —4.43 -4.43
CozAl DOy a=498,c/a=0.82 a=5.01,c/a=0.81 —4.42 —4.44
CozAl D0 a=3.57,c/a=194 a=3.54,c=2.00 —4.45 -4.44
CoAl B2 2.86 2.86 —4.59 —4.27
AlzCo L1, 3.80 3.84 -3.89 -3.76

Niy CoAl L2, 5.68 5.56 —4.48 —4.50
Nix4Al;Co supercell 2x2x2 3.56 3.56 —4.61 —4.61
Ni3AlgCo supercell 2x2x2 3.56 3.56 —4.63 —4.64
AEYC)/Y (€0) supercell 3x3x4 - - 0.96x1073 1.05%10°3
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Fig. 2. The pair potentials for Ni-Co, Al-Co, and Co—Co.

3. Application and discussion
3.1. Properties of hep-Co

The properties of hcp-Co calculated with the present po-
tential are listed in Table 4, in comparison with those from
first-principles calculations or the experimental values. It can
be seen from Table 4 that the lattice parameters, cohesive
energy, and elastic constants calculated with the present po-
tential are in excellent agreement with the experimental data.
The structural stability energies of hcp-Co with respect to the
fcc, body-centered cubic (bee), simple cubic (sc), and diamond

Table 4. The properties of Co calculated with the present EAM poten-
tial compared with the experimental data.

Experiment or

Property L Present EAM
first-principles

alA 2.497%0) 2.497

c/a 1.639) 1.63

EcleV 4.39%)¢) 4.39

Elastic constants/Mbar

Ciy 2,959 2.93

Ciy 1.59%)9) 1.51

Cu 0.71°9 0.70

Cs3 3.3509) 3.49

Ci3 L1199 1.10

Structural stabilities/eV per atom

AEec_tep 0.02¢) 4.54%1073

AEpee—nep 0.10°) 0.05

AEg_hep 0.77% 0.51

AE giamond—hep 1349 0.99

Vacancy formation and migration energies/eV

Ef 1.359 1.35

E}'(in the plane) 0.91

E(out of the plane) 0.96

Stacking fault energies/mJ-m~>

b 278 27

I 13

Surface energies/mJ-m~2

(0001) 25500 1316

(1120) 1506

DRef. [36]; Pincluded in the fitting database; ©Ref. [37]; Y Ref. [38];
®)calculated with VASP; DRef. [39]; ©Ref. [40].

structures from VASP are calculated using a spin-unrestricted
mode. The structure stability energies calculated from the
present potential are lower than those from VASP. The va-
cancy formation energy calculated with the present potential is
in excellent agreement with the experimental value. Vacancy
migration in a basal plane is energetically preferred to vacancy
migration out of the basal plane. The I, SFE calculated with
the present potential is in excellent agreement with the experi-
mental data. The AEf.. nep calculated with the present poten-
tial is also consistent with the fitted value described in Subsec-
tion 2.2, so the fitting method described in Subsection 2.2 is
effective. The I} SFE calculated with the present potential is
half of the I, SFE, and the surface energies calculated with the
present potential are lower than the experimental value. The
equations of state calculated with the present EAM and the
Rose equation®®! are shown in Fig. 3. It can be seen from
Fig. 3 that the equation of state from the present EAM is in
reasonable agreement with that from the Rose equation.

o £

3 — Rose equation

§ ] present EAM

g, L

%

L 24}

%

5 L

3

o —36F

2

8 L

s}

@] —48 ! ! ! ! ! !
2.0 24 2.8 3.2

Lattice parameter/A

Fig. 3. Equations of state for Co calculated with the present EAM and
the Rose equation.

3.2. The effect of Co on the interface lattice misfit between
¥(Ni) and 7' (NizAl)

The interface lattice misfit has an important influence
on the creep properties of superalloys.[*!#?] The addition
of Co can decrease the lattice misfit between the y and ¥
phases.[*3#41 A 22 %2 supercell of fcc-Ni is used as the y(Ni)
phase, and the Co-doped y(Ni(Co)) phase is constructed by re-
placing an Ni atom of the supercell with Co. Similarly, the Co-
doped 7' (Ni3(Al,Co)) phase is constructed by replacing an Al
atom of a 2x2x2 supercell of ¥ (NizAl) with Co. The lattice
misfit is defined as

!/
ay—ay

5=2 (11)

dy+ay’
where a, and a’y are the lattice parameters of the y and Y
phases, respectively. The lattice parameters and lattice mis-
fits calculated with the present potential and comparable first-
principles results are listed in Table 5. It can be seen from
Table 5 that the lattice parameters of ¥(Ni) and y'(NizAl) are
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decreased by the addition of 3.1 at.% Co. The interface lat-
tice parameter is also decreased due to the addition of Co. The
results from the EAM are in agreement with those from the
first-principles calculations.

Table 5. The lattice parameters and lattice misfits of y(Ni), ¥ (NizAl),
alloyed y(Ni(Co)), and ¥ (Niz(Al,Co)) derived from the present EAM
and VASP.

VASP® Present EAM
alA 8/% alA 5/%
Y(Nl? 3.515 150 3.520 133
7 (NizAl) 3.568 3.567
Y(NII(CO)) 3.513 136 3.518 L16
¥ (Ni3(A1,Co)) 3.561 3.559
3)Ref. [45].

3.3. The effect of Co and Al on the SFE of the Ni(Co, Al)
random solid solution

The SFE of y(Ni) can be decreased by the solute atoms,
such as Co and Al. Although the steady-state creep rates of Ni
alloys are strongly related to their SFEs, no systematic rela-
tionship has been established between the SFEs of alloys and
the solute elements.!!! The relationship between the SFE of
Y(Ni) and the concentrations of Co and Al is calculated based
on the present Ni-Al-Co potential. The concentrations of Co
and Al are selected to be 3.1 at.%, 6.3 at.%, 9.4 at.%, and
12.5 at.%. These concentrations are selected in order to com-
pare them with the results of the homogenous solid solutions in
Subsection 3.4. The distributions of Co and Al atoms are fully
random in the fcc-Ni lattice. The random solid solution mod-
els are created in a cubic cell with sizes 10[112]ag, 30[110]ao,
and 10[111]ap along the x, y, and z directions, respectively.
Here, ag is the lattice parameter of the random solid solu-
tion. The x and y directions of the cell have periodic boundary
conditions and the z direction has a free boundary condition.
The stacking fault is formed on the plane (0, 0, 5\/§a0). The
SFE of the Ni(Co, Al) random solid solution is calculated by
Eg = (E; —E)/S, where E| and E, are the minimized ener-
gies of the models without and with the stacking fault, respec-
tively, and S is the area of the stacking fault. The size of the
system in the z direction is large enough to neglect the influ-
ence of the surfaces on the SFE. For a set of concentrations of
Co and Al, 20 random solid solutions are created with differ-
ent sets of random numbers and the SFEs are calculated. The
SFE of the random solid solution is given by calculating the
average value of the 20 calculated SFEs. The SFEs as a func-
tion of the concentrations of Co and Al are shown in Fig. 4(a).
The SFEs of the Ni-based solid solution can be expressed as
a linear function of the concentrations of solutes by fitting the

experimental results[4%!

ENY — ENU(1—1.72ca1 —0.96¢c, — 1.66¢cr
—8.0x ¢y — 1.66 X cpmo — Zw ),

4o [769%cw, cw <0.0065,
W= 0.5, cw > 0.0065,

where Eggoy, EN, and cy are the SFE of the solid solution, the
SFE of y(Ni), and the atomic fraction of solute X, respectively.
It can be seen from the experimental results that Co and Al can
decrease the SFE of y(Ni) effectively. The calculated SFEs of
the Ni(Co, Al) random solid solutions in Fig. 4(a) are fitted
by a linear function of the concentrations of Co and Al. The
fitting result is E;lFloy = Eg’lé(l —3.16¢cA1 —2.48¢co)-

The SFE values of the Ni(Co, Al) solid solutions from
both the experiments and the present potential decrease with
increasing concentrations of Co and Al. Starting with the same
concentrations of Co and Al, the SFE can be decreased more
by adding Al than by adding Co based on the the linear func-
tion for the present potential, which is in agreement with the
experimental results.[*®) However, the coefficients of cc, and
ca1 in the linear function from the present potential are smaller
than those from the experiments.®! This may be because the
Ni(Co, Al) solid solution in the present simulation is fully
chemically disordered, while the solid solution in the exper-
iments may be short-range ordered, such as the Ni(Al) solid
solution, [47]

(Bgler/ B3 /%

(Bggt=t/ Ber) /%

Fig. 4. (a) The stacking fault energies (Eggoy) of Ni(Co, Al) random
solid solutions as a function of the concentrations of Co and Al calcu-
lated with the present potential, where EgIF‘ is the SFE of y(Ni). (b) The
contributions of the embedding energy term (E§{;“bed) to the stacking
fault energies of the Ni(Co, Al) random solid solutions as a function of
the concentrations of Co and Al calculated with the present potential.

033401-5



Chin. Phys. B Vol. 23, No. 3 (2014) 033401

The material properties calculated with the EAM are
given by the contributions of the embedding energy term and
the pair potential term. Some properties may be determined
mainly by the pair potential, such as the barrier energy in
the diffusion of vacancies.['”] However, others may be de-
termined by the contributions of the embedding energy and
the pair potential, while the effect of the embedding energy
may be underestimated, such as the planar fault energies in
Y (Ni3Al).?* For the construction of the potentials, it is use-
ful to distinguish the effects of the two energy terms on the
properties of the materials. The contribution of the embedding
energy to the SFE of the Ni(Co, Al) random solid solution is
calculated with the present potential and shown in Fig. 4(b).
It can be seen from Fig. 4(b) that the embedding energy term
contributes little to the SFE of pure y(Ni). The contribution of

embed

the embedding energy term to the SFE (ESE™*“) increases with
increasing concentrations of Co and Al. The ratio of E&Fed (o
the SFE of Ni(Co, Al) (Eggoy) is nearly a linear function of cc,
and caj. In the Ni(12.5 at.% Co, 12.5 at.% Al) random solid
solution, Eggbc‘j / Eggoy is greater than 1/2. Therefore, the em-
bedding energy term in the present potential has an important
effect on the SFE of the condensed Ni(Co, Al) random solid
solution. The SFEs of the Ni(Al) random solid solutions are
calculated with the present potential, the Mishin potential, [43]
and the Voter—Chen potential.[*°! The calculated results are
shown in Fig. 5. It can be seen from Fig. 5 that the decrease
in the SFEs upon adding Al is larger for the Mishin and the
Voter—Chen potentials than that for the present potential in the
Ni(Al) random solid solution with the same ca;. The effect of
the embedding energy term on the SFE in the present potential
is larger than in the Mishin and the Voter—Chen potentials. It
has been shown that the effect of the embedding energy term
in the alloy is related to the atomic electron densities. The
parameter s in Eq. (4) should be considered in the fitting of the
potentials of alloys.>*] The embedding energy can include the
energy contributions that are due to charge transfer between
the background electron gas and the embedded atom, which
is not considered in the potentials based on the tight-binding
method. "] The background or host electron density in the in-
teratomic potential based on the effective-medium theory®!]
is defined as p; = <Zj¢l~fj(r)>9i, where fj(r) is the atomic
electron density from the neighboring atom of atom i, and the
angle bracket denotes the average over the Wigner—Seitz cell
(€;) of atom i. Therefore, the atomic electron density of the
atom that loses electrons should have a larger tail, so the host
electron densities of the neighboring atoms are increased. In
the alloy potentials, the parameter s in Eq. (4) has the effect of
adjusting the tail of the atomic electron density. The electron
density difference for L1,-NizCo calculated using Dmol3 with
a spin-unrestricted mode and the GGA for the exchange corre-
lation functional is shown in Fig. 6. The electron density dif-

ference is given by subtracting the electron density of isolated
atoms from the total electron density. The charge partitioning
between Ni and Co given by the Hirshfeld method>?! is also
shown in Fig. 6. It can be seen from Fig. 6 that the electrons
transfer from Co to Ni. The host electron densities calcu-
lated with the present potential for the Ni and Co atoms are
pni/pN = 1.71 and pco/pS° = 0.37, respectively. If the equi-

librium host electron density of monoatomic metal in EAM

100
o 80F §
~ \
25 6ok \ T
Q) \
~
B \O
E’-’ﬂm 40 experiment \0
= —o— present EAM

20 —0— Mishin A
—2— Voter—Chen

0 1 1 1 1 1 1
0 2 4 6 8 10 12
cal/at. %
20
16k —o— present EAM

—0— Mishin
—2— Voter—Chen

12

(Egll?bed/Egi:l‘oy) /%

|
N

cAl/at.%

Fig. 5. (a) The stacking fault energies of Ni(Al) random solid solutions
as a function of the concentration of Al calculated with the present Ni—
Al potential, the Mishin potential,”gl and the Voter—Chen potential, [49]
here compared with the experimental values. (b) The contributions of
the embedding energy term to the stacking fault energies for the three
potentials, where Egé and Eggoy are the SFEs of the y(Ni) and Ni(Al)
random solid solutions, respectively.

Density /102

Fig. 6. (color online) Electron density variation in the (111) plane of
L1,-Ni3Co. The blue and red balls denote Ni and Co atoms, respec-
tively. The charge partitioning between Ni and Co given by the Hirsh-
feld method is shown on the atoms.
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corresponds to the neutral electron density in first-principles,
the conditions of pn;/pN > 1 and pc,/pS° < 1 in EAM are
consistent with the electron transfer from Co to Ni in first-
principles.

3.4. The effect of Co on the cross-slip activation energy of
y(Ni)

A screw dislocation in fcc metals dissociates into two
partial dislocations separated by a stacking fault. The SFE
of yY(Ni) can be decreased by alloying Co, and the width of
the stacking fault is increased. The creep resistance of Ni-
based solid solutions is usually related to the cross-slip and
the climb processes of the dislocations.[>3! To study the ef-
fects of Co on the cross-slip process in Y(Ni) and avoid the
influence of variations in the width of the stacking fault in the
random solid solution, four homogeneous solid solutions are
used in the simulation of the cross-slip process. In the homo-
geneous solid solutions, the distances between Co atoms are
equal. The homogeneous solid solutions are constructed based
on a 2x2x2 fcc-Ni(Co) supercell containing 32 atoms. The
cross-slip model is constructed by periodically repeating the
2x2x2 fce-Ni(Co) supercell, and the concentrations of Co in
the four supercell models are 3.1 at.%, 6.3 at.%, 9.4 at.%, and
12.5 at.%, respectively. The SFEs of the homogeneous Ni(Co)
solid solutions on the (111) plane are shown in Fig. 7(a), com-
pared with the SFEs of random solid solutions. It can be seen
from Fig. 7(a) that the SFEs from the homogeneous Ni(Co)
solid solution models are in agreement with those from the
random Ni(Co) solid solution models. The cross-slip model is
constructed in a cylindrical cell based on the repeated 2x2x?2
fcc-Ni(Co) supercell. The cylindrical cell has a diameter of
14.4 nm and a length of 14.9 nm. This model contains 258420
atoms. The x and y axes are along the [121] and [111] direc-
tions, respectively, with free boundary conditions. The z axis is
along the [101] direction with a periodic boundary condition.
The dislocation line is along the z axis. The initial configura-
tion of a perfect screw dislocation is given by displacing the
atoms according to the anisotropic elastic displacement field
formula.’* The dissociation of the screw dislocation on (111)
or (111) is given by minimizing the total energies with respect
to the atomic position. The cross-slip process of the extended
dislocation from the (111) plane to the (111) plane is simu-
lated using the nudged elastic band (NEB) method>>%%! and
the molecular dynamics software LAMMPS.”] The cross-
slip activation energy is the maximum value of the energies
in the minimum energy path. The cross-slip activation ener-
gies are shown in Fig. 7(b). It can be seen from Fig. 7(b) that
the cross-slip activation energies increase with increasing cco.
The cross-slip process can be hindered by alloying with Co.
Thus, the creep properties that are controlled by the cross-slip
process can be improved in Ni(Co) solid solutions.
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Fig. 7. (a) The stacking fault energies of homogeneous Ni(Co) solid
solution models compared with the results of Ni(Co) random solid so-
lution models. (b) The cross-slip activation energies in homogenous
Ni(Co) solid solution as a function of the concentration of Co. The
insets show the atomic configurations of 2x2x2 supercell models con-
taining Co. The white and black balls denote Ni and Co atoms, respec-
tively.

4. Summary

A potential suitable for studying the effect of Co on
the y(Ni)/y/(NizAl) superalloy has been constructed based on
experiments and first-principles calculations. The following
summarizes our conclusions.

1) The stacking fault energies of random Ni(Co, Al) solid
solutions decrease with increasing concentrations of Co and
Al, which is consistent with the experimental results. The em-
bedding energy term has an important effect on the SFEs of
the random Ni(Co, Al) solid solutions, as we learned by con-
sidering the charge transfer between different elements.

2) The cross-slip activation energies of y(Ni) are in-
creased by alloying with Co, which implies that the creep re-
sistance of the y(Ni) may be improved by the addition of Co.
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