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Abstract

The formation of stacking faults (SFs) observed in various metallic mate-
rials, such as Co-, and Ni-based alloys, influence the plastic deformation
and strain-induced phase transformations. One possible explanation for the
propensity of SF formation is Suzuki segregation, which is the localized segre-
gation of solute to SFs. Through first-principles calculations, we investigate
the driving force of Suzuki segregation in the disordered face-centered cubic
Co-Ni binary system and quantitatively predict the resulting temperature-
and composition-dependent stacking fault energies (SFEs). We predict the
segregation of Co to the stacking fault region in the disordered face-centered
cubic Co-Ni binary alloy system utilizing a combination of cluster expansions
and Monte Carlo simulations. We find that configurational and vibrational
effects aid to stabilize the the SFs through segregation of Co to the two in-
nermost (111) planes in the SFs and predict a reduction of segregation with
increasing temperature. We further emphasize that the experimentally de-
termined SFE strongly related to Co segregation and vibrational free energy
contributions. The method developed herein could be leveraged to inform
alloy design strategies, and predict segregation in other interfacial problems
such as grain boundaries and heterointerfaces.

Keywords: interface segregation, stacking faults, Superalloys, density
functional theory, thermodynamics

1. Introduction

Stacking faults (SF) form extensively in many transformation-induced
plasticity (TRIP) and twinning-induced plasticity (TWIP) face-centered cu-
bic (FCC) alloys, as well as in FCC alloys where partial dislocation decor-
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relation is prevalent [1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12]. However, minute
chemical fluctuations within a few (111) planes from the stacking fault, here
referred to as Suzuki segregation are not well understood. Suzuki segregation
was proposed in 1952 to explain the increased strength in the Cu-Zn system
for intermediate compositions [13, 14] and has been proposed to be driven
by thermodynamics [15, 16, 17, 18, 10]. This microscale segregation has pro-
found impacts on macroscopic electronic properties (such as superconducting
transition temperature) [19, 20] and mechanical properties (such as creep re-
sistance) [6, 18]. Direct evidence for Suzuki segregation has only recently
been gathered in the past twenty years through the efforts of researchers
from diverse materials areas [6, 18, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30], and
the recent availability of emerging atomic-level resolution techniques, for ex-
ample, high-resolution high angle annular dark field transmission electron
microscopy (HAADF-TEM) and atom probe tomography (APT) [6, 18, 31].

Recent work characterizing solute segregation to stacking faults in metal-
lic alloys has been focused on Ni- and Co-based superalloys, in which solute
segregate to the stacking faults in the 4/ — NizAl and 7' — Co3(Al, W) phases
in superalloys [6, 18, 21, 32, 33, 34, 35]. Elemental segregation behavior
varies in different alloy classes, and it is not trivial to elucidate the driving
forces and trends for segregation due to complex compositions [21, 32]. Early
work in Ni-based superalloys from Viswanathan et al. showed that Co atoms
segregate to the stacking fault in the 7/ — NigAl precipitates [32]. Rao et
al.’s first-principles study found that Co, Cr, Nb, and Ta showed no driving
force of segregation and a more recent study by Feng et al. showed that the
segregation of Co atoms stabilizes the Cr segregation at superlattice intrin-
sic stacking faults (SISFs) [34]. On the Co-rich side, work from Titus et al.
showed that the Co content as stacking faults in the ' — Cos(Al, W) precipi-
tates remains relatively constant, but Ta, W, and Cr segregate strongly to the
stacking faults [6]. Additionally, segregation has been strongly correlated to
the specific dislocation shearing process of the +/-precipitates, but the origin
of the driving force of segregation is still not fully understood [4, 7, 10, 18].

Despite the efforts made to understand the Suzuki segregation in the
aforementioned alloys, there exist knowledge gaps to explain both the driving
force of Suzuki segregation and its effect on the resulting stacking fault energy
(SFE). Therefore, this work focuses on the disordered FCC Co-Ni binary alloy
system so as to provide insight into the driving force for Suzuki segregation
and resulting changes to the SFE when stacking faults are introduced in the
FCC crystal. We utilize first-principles calculations to predict this behavior,
as they have proven to be sufficient to predict segregation in a +'-strengthened
Co-based alloy[18] and predict the driving force for segregation in 7' — Niz Al
[10]. Specifically, we utilize a combination of defect energy calculations,
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Ising models, and cluster expansions to quantitatively cross-validate multiple
techniques that are able to determine the driving force for segregation and
resulting stacking fault energies.

2. Methods

Here we describe the modeling of the ground state unsegregated stacking
fault energies with various models in Section 2.1. In Section 2.2, we intro-
duce the methods of modeling of solute interaction energies at the stacking
fault, the cluster expansion/effective Hamiltonian method and Monte Carlo
simulations to determine solute concentrations. And in Section 2.3, we ex-
tend the stacking fault energy calculation to finite temperatures through
thermodynamic integration of free energies and stacking fault models. The
density functional theory parameters used to perform first-principles calcu-
lations are described in Section 2.4. Many additional details are included in
the supplementary document.

2.1. Modeling the Unsegregated Stacking Fault

2.1.1. Tilted-cell and Inserted Stacking Fault Models

An intrinsic stacking fault (ISF) in atomistic simulaitons can be created
by shearing a perfect periodic FCC crystal whose vertical axis is parallel to
the [111] direction within the glide plane. As schematically shown in Figure
1(a), the red dashed box represents the original FCC structure, which is
tilted to the blue box by the vector b, producing an intrinsic stacking fault in
between. The displacement between the FCC phase and the stacking fault
region is characterized by a vector of b = a/6[112] shown in Figure 1(b).
Therefore, the primitive supercell of deformed structure can be represented
by the tilted-cell in Figure 1(c) with an ISF formed on top of the cell (layer-9).
The ground state stacking fault energy (SFE) can be computed by:

Eisrp — E
g = ZISE _ FCC (1)

where Ejgp is the total energy of the tilted stacking fault supercell, Erce is
the total energy of the perfect FCC cell, and A is the area of the interface.
The lattice parameters of the FCC and tilted ISF supercells are usually
constrained in order to mimic the coherent interface between the FCC and
ISF regions.

Apart from the tilted supercell method in Figure 1(c), E;sr can also be
calculated by inserting the stacking fault planes in the FCC matrix. This
is illustrated by the black box in Figure 1(a) and Figure 1(d). In this case,
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the ISF is inserted to the FCC matrix while the supercell remains straight
along c-axis. In Figure 1(d), the 5 and 6 planes are considered as the
intrinsic stacking fault. It is important to note that the tilted cell models
have 3n layers while the inserted ISF supercells have 3n-1 layers, where n
is an integer representing the number of repeating ABC (111) layers in a
perfect FCC crystal. Convergence tests of the volume of these two methods
were carried out by varying n, the repeating FCC-(111) ABC planes, and
we found that just 9 and 8 total (111) layers were sufficient to calculate the
stacking fault energy, as shown in the Result section. The calculation details
of convergence tests are enclosed in the supplementary Section 1. For consis-
tency and convenience throughout the paper, “FCC+ISF” is used exclusively
for the inserted supercell shown in Figure 1(d). For these two methods, it is
important to choose the correct ideal FCC structure for Erce. Inaccurate
stacking fault energies can be determined by choosing the problematic ref-
erence energy.
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Figure 1: Schematics of creating intrinsic stacking fault supercells. (a) Stacking sequence
of the intrinsic stacking fault. (b) Displacement vector b = a/6[112] for creating an intrinsic
stacking fault in the FCC structure. (c) The tilted supercell where layer-1 and layer-9 are
ISF planes. (d) The nserted FCC+ISF supercell where layer-5 and layer-6 are ISF planes.

2.1.2. Awxial Nearest Neighbor Ising Model
In addition to the SFE calculated through Eq.1, we also utilized the axial
nearest-neighbor Ising model (ANNI) [37, 38]. This model has the advantages

of reducing the computational cost and allowing reasonable results for a
variety of systems [38, 39, 40]. The ANNI SFE is expressed by:

ryﬁé\}]\/[ _ 2€HC’P ;1 €rcc (2)
where egcp is the total energy per atom of the HCP supercell, epcc is the
energy per atom of the FCC supercell, and A is the calculated area of the
(111)-FCC plane per atom. This method is usually more computationally-
convenient because of smaller supercells compared with tilted supercells and
FCC++ISF supercells.

Primitive 1-atom FCC and 2-atom HCP cells were fully relaxed to cal-
culate the SFE for pure Co and Ni. For the FCC cell, the conventional
lattice parameter is @ = 3.52A. For the HCP cell, the conventional lattice
parameters are a = 2.49A and ¢ = 4.17A.

b}
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2.2. Modeling the Segregation Behavior at the Stacking Fault

The Co-Ni system is well-known to form FCC solid solution, but how
solutes interact with the ISF has yet to be clearly understood. Here we
describe the methods to model driving force of stacking fault segregation
and equilibrium concentrations.

2.2.1. Interaction Energy

When Co is added to the FCC Ni with an ISF, the interaction energy
can be expressed layer-by-layer for a Co atom replacing a Ni lattice site on
the planes. This interaction energy, defined in a previous study of Ni-based
superalloys, is given by [10]:

i Co Ei,Co _ E’i,CO
Aqysp = 8 _—FCC ) FCC — yisp (3)

where E}é’}i and E}g‘é are the ground state total energies obtained from
replacing a Ni atom by a Co atom in the *"-layer of the tilted supercell
and FCC supercell shown in Figure 1(c), and 7;sr is the stacking fault en-
ergy described in Eq(1). This interaction energy is able to semi-qualitatively
determine the driving force of segregation via the sign of the value; solute
segregation is expected for negative interaction energies, while depletion is
expected for positive interaction energies [10]. We used the 9-layered tilted
supercells in Figure 1(c) and their corresponding FCC supercells. In addition,
to understand the interaction energy with respect to Co concentrations, we
used three different volumes of the 9-layered supercells: volume-1 (1 x 1 x 1,
9 atoms), volume-2 (2 x 2 x 1, 18 atoms), volume-4 (2 x 2 x 1, 36 atoms).
By replacing one Co atom at a time, the Co concentrations for the volume-1,
volume-2, and volume-4 are 11.11 at.%, 5.56 at.%, and 2.78 at.%, respec-
tively. The same methods were employed to investigate interaction energy of
Ni on FCC Co.

2.2.2. 0 Kelvin Cluster Fxpansion

The interaction energy is a first-order approximation in the dilute region
of the Co-Ni alloy, but we are more interested in modeling the solute seg-
regation for the whole concentration range. The concentrated compositions
have high degrees of freedom in a complicated supercell and therefore, clus-
ter expansion (CE) was utilized to aid our study. We utilized the 8-layered
FCCHISF supercell defined in Figure 1(d). A Clusters Approach to Sta-
tistical Mechanics (CASM) software [41] was utilized to enumerate all the
possible configurations with the supercells up to three-volume (24 atoms) of
the 8-layered supercell. The enumerated supercell structures are shown in
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Figure 2: v-1, v-2, v-3_1 and v3_2 have 8, 16, 24, and 24 atoms, respectively.
More than three millions symmetrically-distinct configurations were enumer-
ated. For a given configuration, we referenced the ground state formation
energy by:

E; = Ej — E§°Xco — B X (4)

where E is the total energy of configuration i, X¢, and Xy; are the Co
and Ni concentrations for this configuration, and E§° and E{'? represent the
total energy of pure Co in HCP structure and pure Ni in FCC structure.
Because configurations can have different cell volumes, all energies in Eq(4)
are normalized in terms of the primitive cell. A finite set of configurations
were used to train the cluster expansion, given by [42, 43]:

Ef(0) = Jo+ Y JV(G)+ > JyiV(a) + Y TV (Tie) + Y SV (Tijm)
i L, J i:jzk iaj’k’l
(5)

where F f(g) is the cluster expansion formation energy, V(?) =V{o1,...00})
is the basis function of a given configuration, and o; is the occupation variable
of a lattice site, which takes 4+1 when it is occupied by a Co atom, or -1 when
it is occupied by a Ni atom. J;, J;;, Jiji, and J;ji, are the effective cluster
interactions (ECIs) of point, pair, triplet, and quadruplet clusters that are
used to fit the basis function with the first-principles formation energies. A
genetic algorithm coupled with a K-fold cross-validation (CV) scheme was
employed to train the cluster expansion [44, 43, 45]. The cross validation
parameter was used as the objective function, and it is given by:

Y (B — By

oV = . (6)

where E} and E} are the ab — initio and predicted formation energy of
configuration 7, respectively, and NN is the number of selected configurations
in the fitting. More details of the training processes are described in the
supplementary Section S2.

We also utilized the above methods to fit CEs to a 1-atom FCC and
2-atom HCP primitive cell. Up to 16-volume and 8-volume supercells were
enumerated, respectively.



165

170

175

180

_ (a) v-1 (b) v-2 (c)v-3_1 (d)v-3_2 = (e) Monte Carlo Cell
(011] O IR
? 0000 OW m ﬁ o
2 Xj ) Q00 Q Q| = 2
1 0.. ..0 O. 0. Ol | ’
1 A|0-0| |0-0-0O| [0-0-0-0| [0-O-0O-0| | Q- 0-0
8C||O O (ON©) (ON©) O O
7B ©) (O ©) 00O ©)
PN AN | % s
111] 5B O O O O O e x15pr|mmveceI[G§
a4 A 0 00 00 00
3 ¢ 0 00 00 o
2B O (ON©) (ON©) O
1 A|O0O] |[OO00] |[OO0O00| |OO00O0] | OO OO

Figure 2: Supercells for configuration enumeration and Monte Carlo simulation. (a) 1-
volume supercell, (b) 2-volume supercell, (¢) 3-volume supercell type-1, and (d) 3-volume
supercell type-2 are used in configuration enumeration. (e) 15 x 15 x 1 supercell used in
semi-grand canonical Monte Carlo simulations.

2.2.3. Semi-Grand Canonical Monte Carlo Simulation

Thermodynamic properties of the Co-Ni system in FCC+ISF, FCC, and
HCP were evaluated by semi-grand canonical ensembles Monte Carlo (GCMC)
simulations. The major statistical mechanics formulations and applications
can be found in previous studies [43, 46, 47]. In this study, we mainly focused
on evaluating the equilibrium composition of stacking fault in the FCC+ISF
supercell. The averaged composition of each (111) atomic plane in the 8-
layered supercell was evaluated at a constant temperature in order to com-
pare the compositions between the stacking fault region and FCC region.
For the FCC+ISF structure, the GCMC simulation cell contains 15 x 15 x 1
8-atom supercells, as shown in Figure 2(e). For FCC and HCP structures,
the GCMC cells contain 15 x 15 x 15 of the FCC and HCP primitive cells.
Thermodynamic properties, such as grand potential, formation energies, en-
semble average, and planar equilibrium concentrations were evaluated from
200K to 1500K with an increment of 10 K. The GCMC parameters and con-
ditions are detailed in the previous studies [43, 47] and the supplementary
Section S3.

2.3. Finite Temperature Contributions to Stacking Fault Energies
2.3.1. Thermodynamic Integration
The free energies for FCC+ISF, FCC, and HCP structures at finite tem-

peratures were evaluated through thermodynamic integration. The Gibbs
free energy of a phase ¢ (¢ is FCC+ISF, FCC, or HCP) at a given temper-
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ature and composition can be constructed by the following equation:
96(T, Xco) = €+ g5 (X o) + g5 (Xco) (7)

in which 625 is the ground state energy of phase ¢ referenced to the stable
structure; in this case, Ni is referenced to FCC and Co is referenced to HCP.

conf.

95" (Xco) 1s the configurational contribution, and g4 (X¢,) is the vibra-

tional contribution. g;mf "(X¢o) can be obtained from the GCMC simulation
results through thermodynamic integration, the theoretical formulations of
which are described in previous studies [43, 46, 47]. The vibrational part
was calculated by compositionally-weighted vibrational free energy of pure
Co and Ni for a given structure ¢:

gé))’ib. (XCo) — g;ib.,COXCO + g;l;)lb,Nz(l . XCO) (8)

The vibrational free energies of Co and Ni in different structures were
calculated via the quasi-harmonic approximation (QHA) implemented in the
phonopy software [48, 49]. More details of these calculations are provided in
the Section S4 in the supplementary.

2.3.2. Extension of ANNI to Finite Temperature
With the Gibbs free energy of FCC and HCP structure, we first extend
the ANNI model to calculate the stacking fault energy:

gucp(T, X) — grec(T, X) ()
A{Ul} (T7 X)

D) =2

where Ag1113(7, X) is the area per atom of the (111) glide plane; it can be
calculated by compositionally-weighing the glide plane area of pure Ni and
Co in FCC structure at elevated temperatures, which can be calculated from
the QHA thermal expansion.

2.3.8. Ericsson Model for Segregated Stacking Faults

For the FCC+ISF model, we adopted Ericsson’s treatment to calculate
the SFE with and without segregation [15, 16]. Based on Ericsson, the free
energy of an FCC material containing an intrinsic stacking fault can be de-
scribed by:

grco+1sF(Xiot) = nrccgrec(Xroe) + nisrgisr(Xrco, Xisr) (10)
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where grocyrsr(Xio) is the molar free energy of the whole system with
an averaged composition X, npce and nygp are the number of moles in
the FCC and ISF region, groc(Xroc) is the molar free energy of the FCC
region with an equilibrium concentration Xpce, and grsp(Xroe, Xisr) is
the molar free energy of the FCC region with an equilibrium concentration
Xisr. The ISF phase can be seen as a plate-like HCP structure containing
two or more atomic planes according to the geometry and composition of
the faulted region [15]. For example, the 5" and 6% planes of the 8-layered
FCCHISF supercell in Figure 1(d) are considered the ISF phase separating
the FCC phase. In this case, the ratio between npcc and njsp is 3:1. The
graphical illustration provided by Ericsson is adopted in Figure 3, in which
the free energy curves are shown for FCC (red curve) and ISF (blue curve)
phase. At equilibrium, the Suzuki segregation criterion [13] is achieved by
the equivalence of the FCC exchange potential evaluated at Xpoc and the
ISF exchange potential evaluated at X gp:

tipie(Xree) — 15ec(Xree) = prop(Xisr) — n53p(Xrsr) (11)

where ,u{ is the chemical potential of species j (Co or Ni) in the i=FCC
or ISF structures, and X; is the equilibrium concentration in the i= FCC
or ISF. This relationship is graphically shown by the red and blue dashed
lines in Figure 3. According to Ericsson, when one mole of ISF phase with
composition X;gp is formed from the FCC matrix with composition Xgcc,
the stacking fault energy is:

Yo Xrco, Xrsr) = gr1sr(Xroo, Xisr) — poec(Xree) Xisr
— trec(Xroo)(1 = Xisr) (12a)
grsr(Xroo, Xisr) = groc(Xisr) + €(Xroo, Xisr) + w(Xisr) (12b)

The stacking fault energy calculated by Eq.(12) naturally includes two energy
contributions envisioned by Ericsson [15]. The first term is e(Xpcco, Xisr),
the interface energy due to chemical fluctuation between the ISF and FCC.
And the second term is w(X;sr), known as the energy due to structural
change by an ISF in the FCC medium. Assuming no segregation, X;sp =
Xroe, and there will be no interface energy resulting from chemical fluctua-
tion. From this derivation, we can calculate the segregated or unsegregated
stacking fault energy. A detailed description is provided in the Appendix for
SFE calculations and required quantities.

It is important to note that v,,(Xrcc, Xisr) is expressed as energy per
mole of ISF and should be converted to the commonly used “energy per unit
area”. The stacking fault interface can be seen between the innermost planes
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(the 5" and 6" planes), indicating that the ISF phase contains two moles.
Therefore, for one mole of stacking fault in Eq.(12), the area should be half
of the (111) glide plane area Ajj;:

29m(Xrece, Xisr)

Xrco, Xisr) = 13
V(X 15r) Ay (Xree) (13)
— grcc
= — grcc+isF -
.ng[}(XFCC) — JisF

Ni
Hisp [~

4,,Co
HisF

o(X;s5r) Y Krcer Xisr)
ro+
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Molar Free Energy
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9rceXree) IrecKisp) T TTTm——e co
r Hrcc

Xispufee + (1= Xisp)uiee

| 1 1
Ni Xrce  Xtot Xisr Co
Composition

Figure 3: Graphical illustration of the relations between free energies of FCC and ISF
phases at equilibrium. Adapted from Ref.[15].

2.83.4. First-Principles Calculation Parameters

Density functional theory calculations were performed to calculate the
ground state total energies of various supercells introduced in the above sec-
tions, using the Vienna Ab-initio Simulation Package (VASP) [50, 51, 52].
The local interactions between ions and electrons were modeled using the Pro-
jector Augmented-Wave method [53]. The approximation of the exchange-
correlation energy was calculated by the Generalized Gradient Approxima-
tion (GGA) parameterized by Perdew, Burke, and Ernzerhof [54]. Colinear
spin-polarization was considered for all supercells, and the initial magnetic
moments for Co and Ni were set to 2 and 1 ug. The plane wave energy
cut-off of all elements was set to 400 eV. The k-point meshes for various
supercells were determined by the Monkhorst-Pack scheme [55] with a I'-
centered k-point density equivalent to 31 x 31 x 31 per FCC primitive cell.

11
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The Methfessel-Paxton smearing method was used to perform the reciprocal-
space energy integration with a smearing width of 0.2 eV [56] for the struc-
tural relaxation. Ionic and cell volume/shape relaxations were carried out
before highly-accurate static calculations. For the static calculations of total
energies, no volume/ionic changes were allowed. The tetrahedron method
with the Blochl correction [57] was used to replace the Methfessel-Paxton
smearing method for energy integration. The electronic self-consistent loops
were considered converged when the difference of total energies between two
steps fell bellow 1x107% eV per cell for FCC, HCP, and FCC+ISF supercells.
For the interaction energy calculations in Section 2.2.1, in order to constrain
the lattice parameters in the tilted supercells, the shearing burgers vector
was added to the fully converged FCC supercells to create the tilted super-
cells. Afterwards, only ionic relaxations were allowed for the tilted supercells
while keeping the cell volume constant.

3. Results

3.1. 0 Kelvin SFEs and Interaction Energy

Figure 4 presents the 0 K SFE of pure Co and Ni calculated by three
different methods: tilted supercells, inserted FCC+ISF supercells, and ANNI
methods. The SFE of pure Ni is between 125 to 135 m.J/m? (see Figure 4(b)),
and it agrees very well with the reported values between 110 to 150 m.J/m?
by various first-principles methods [36, 58] and the well-known experimental
data between 120 to 130 mJ/m? [59]. The SFE of pure Co ranges between
-120 to -100 mJ/m? (see Figure 4(a)) and agrees with the previous DFT
calculated -105.6 m.J/m? [60]. Achmad et al. calculated the SFE for FCC
Co with a similar method but the values were close to zero [61]. This is
because they chose an 11-layered structure to calculate FCC energy, which
is inappropriate due to an unintended stacking fault embedded in the FCC
supercell [61]. Both tilted supercells and inserted FCC+ISF supercells have
shown good convergence with various number of layers in the supercells.
The ANNI model predicts an SFE of 143 m.J/m? for Ni and a value of -110
mJ/m? for Co, as shown as dashed lines in Figure 4(a) and Figure 4(b).
Therefore, the 9-layered tilted supercell in Figure 1(c) and 8-layered inserted
FCC+ISF supercell in Figure 1(d) are eligible to be used to investigate the
solute behaviors of both Co-based and Ni-based alloys.

12
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Figure 4: Calculated stacking fault energies for (a) Co and (b) Ni with tilted supercells,
FCCHISF supercells, and ANNI methods.

The calculated interaction energy of Co in Ni-rich compositions was deter-
mined to be negative in layers 1 and 9, as shown in Figure 5, which represent
the layers within the ISF (Figure 1(c)). The negative interaction energy
implies that a driving force exists at 0 K for Co to segregate to the ISF.
Therefore, we expect that Co would segregate to the ISF across the Co-Ni
system.

—8— volume-1, x(Co)=11.11 at.% \
—35- —i— volume-2, x(Co)=5.56 at.% i
—<¢— volume-4, x(Co)=2.78 at.%

—40 L L L L 1 1 1 L L
1 2 3 4 5 6 7 8 9

layers

Interaction Energy (meV/solute)

Figure 5: Co interaction energies vs. single atomic layer in FCC Ni, calculated using the
tilted supercell method.

3.2. Cluster Expansion and Effective Cluster Interactions

The CE exhibited a CV value of 0.78 meV /atom, below the expected
DFT convergence error (usually 1 meV/atom). The root mean square error
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(RMSE) of the best fit is 0.74 meV /atom for all the reported configurations.
The ECIs of the best fit are shown in Figure 6(b).

For the 7667 CE-predicted FCC+ISF structures at CosyNisg, the total
energies of supercells slightly decreases in 3-volume supercells, as shown in
Figure 7(a) where the averaged energy of 24-atom supercells is about 0.001
eV /atom lower than the energies of 8-atom and 16-atom supercells.

More importantly, the energies of CosoNisg supercells decrease with in-
creasing Co occupations in the ISF planes, as seen in Figure 7(b) where
the x-axis is the ratio between the number of Co atoms on the ISF planes
(N1sp(Co)) and the total number of atoms in the supercell (V). For the su-
percells with higher Co occupations on ISF planes (N;gp(Co) /Ny = 0.2083
and 0.25), the averaged energy is about 5 meV/atom lower than the aver-
aged line. A trend of decreasing energy with increasing Co content at the
fault can be observed in Figure 7(b). Furthermore, we have constructed and
calculated the DFT energies of 23 special quasi-random structures (SQS)
(62, 63] for the CoszoNisy composition. SQSs have been used to mimic the
disordered distribution of solutes in Co-, and Ni-based alloys for stacking
fault energies [58, 6, 64, 65]. In this study, 11 32-atom supercells (2 x 2 x 1 of
the 8-layered cell) and 12 48-atom (2 x 3 x 1) SQS supercells were calculated
using the same DFT procedures/parameters in Section 2.3.4, more details of
the SQSs are provided in Section S5 in the supplementary document. The
DFT energies of the SQSs are shown in Figure 7(b) that the averaged value
is -6.2493 eV /atom. The above observations suggest a 0 K driving force of
Co segregation in the ISF.

For the FCC structure, the formation energies and ECIs are shown in
Figure 6(c) and Figure 6(d), and both the CV score and RMSE of the fit
are 0.8 meV/atom. The formation energies and ECIs of the binary system
in HCP structure are provided in Figure 6(e) and Figure 6(f). A very good
fit was achieved with a CV score of 1.03 meV/atom and a RMSE of 0.95
meV /atom.
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Figure 6: FCC+ISF: (a) DFT calculated and CE predicted formation energies of Co-Ni
FCCHISF structure. (b) Effective cluster interactions (ECI) of the best fit of FCC+ISF
where black arrows represent interactions between stacking fault atoms and FCC atoms.
FCC: (c) DFT calculated and CE predicted formation energies of Co-Ni FCC structure.
(d) ECI of the best fit of FCC structure. HCP: (e) DFT calculated and CE predicted
formation energies. (f) ECI of the best fit of HCP structure.
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Figure 7: 0 K total energies of all the CE-predicted configurations at the composition of

Cos0Niso for the FCC+ISF structure: (a) Energy vs. number of atoms in the supercells.

(b) Energy vs. N’fv%(co) where Nrsp(Co) is the number of Co atoms in the two-layered

ISF and N, is the total number of atoms for a configuration. The last column in (b)
corresponds to DFT-calculated energies of 23 FCC+ISF SQSs for Cos¢Nisg.

3.3. Segregation Behavior of FCC+ISF Structure

Co was predicted to always segregate to the innermost two planes of the
ISF across all FCC matrix compositions at 900°, as shown by the GCMC
simulations in Figure 8(a). Co segregation was predicted in the ISF planes
of the supercell while the Co concentrations in the other FCC planes re-
mained largely unchanged. The Co enhancement is almost entirely confined
to the two innermost (111)-planes, corresponding to the negative Co inter-
action energy in the ISF-planes (see Figure 5). The segregation behavior is
schematically marked on the Co-Ni binary phase diagram at 900°C, see Fig-
ure 8(b). The closed symbols along the 900°C represent the FCC composition
and open symbols represent the ISF composition.

The extent of Co segregation was predicted to be the greatest at near 50-
50 compositions, and it monotonically decreased to 0 for pure Ni and Co, as
shown in Figure 8(c). With increasing temperatures, a reduced segregation
was observed following an Arrhenius-like behavior which will be discussed in
Section 4.3.
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Figure 8: (a) Co concentration vs. position in the supercell, where each series is the
average Co composition in the FCC matrix regions (ABCA..BC, where .. represents the
two SF planes). Co is observed to always segregate to the SF, regardless of composition.
(b) Average matrix and SF compositions of the Co-Ni alloy at 900°C mapped onto the
Co-Ni binary phase diagram show that the SF composition deviates from its matrix and
moves towards Co. Closed markers are for matrix composition, open markers are for SF
composition, markers with the same shape are for one composition. (¢) The extent of
Co segregation with increasing Co concentration at 773 K, 973 K, 1173 K, and 1373 K
predicted by Monte Carlo simulations.

3.4. Stacking Energy at Finite Temperatures

3.4.1. ANNI SFE at Finite Temperatures

For pure Co, the ANNI SFE increased from -75 mJ/m? at 0 K to 44
mJ/m? at 1500 K, see grey line in Figure 9. The HCP-to-FCC transformation
temperature for Co was about 925 K (see Figure 9 where the Co SFE is zero),
this transformation temperature was higher than the experimental data of
700 K (see Figure 8(b)). The ANNI SFE of Ni decreased monotonically from
116 mJ/m? at 0 K to 62 mJ/m? at 1500 K (as shown in Figure 9), which
agreed with the first-principles calculations of Ni SFE were reported in Zhang
et al.’s study [38]. Quasiharmonic phonons was the major contribution to the
reduction of Ni SFE [38] and it was expected to be the major contribution
to the increase of Co SFE.

For Co-Ni alloy compositions at 570 K, the ANNI model predicted a
decrease of SFE from 140 m.J/m? to -110 mJ/m? with increasing Co con-
centrations when only ggonf ~ was considered for finite-temperature entropic
effects, see red line with open-square markers Figure 10(a). When g;’f”' was
also considered, the ANNI SFE decreased from 92 m.J/m? to -55 mJ/m?
at about 82.5 at.% and then slightly increased to -33 m.J/m? for pure Co,
as shown in red-closed-circles in Figure 10(a). Phonon vibrational effects
reduced the SFE in the Ni-rich region and raised the SFE in the Co-rich
region.
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Figure 9: Stacking fault energy of pure Co and Ni at finite temperatures.

3.4.2. Ericsson SFE at Finite Temperatures

For pure Co in FCC+ISF structure, SFE increased from -75 m.J/m? at
0 K to 44 mJ/m? at 1500 K, which was almost identical to the ANNI result
(see Figure 9). For Ni in FCC+ISF, the SFE dropped from 125 m.J/m? at
0 K to 70 m.J/m?, following the same trend as ANNI SFE of Ni. About an
8 to 9 m.J/m? difference was observed between the FCC+ISF Ni (red line)
and ANNI Ni (yellow line) in Figure 9.
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Figure 10: (a) Unsegregated stacking fault energies of Co-Ni alloy at 570 K and 1170 K
predicted by the ANNI model and the Ericsson model. (b) Segregated and unsegregated
stacking fault energies of Co-Ni alloy at 570 K and 1170 K predicted by the Ericsson
model, considering the configurational and the vibrational contributions. (c¢) Segregated
and unsegregated stacking fault energies of Co-Ni alloy at 570 K and 1170 K predicted by
the Ericsson model, considering only the configurational contribution.
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The SFEs predicted by the Ericsson model exhibited different trends from
the ANNI SFEs. Both unsegregated and segregated SFEs predicted by the
Ericsson model first increased with Co concentration from 0 to about 20 at.%
and then decreased monotonically to 100 at.% (Figure 10).

For the unsegregated SFE at 570 K, the ggib' contribution reduced the
SFE of Ni-rich alloys and increased the SFE of Co-rich alloys, comparing the
SFEs calculated by g(‘;f"f "+ g4 and by g;'mf " in Figure 10(a).

The segregated SFEs were observed to be lower than the unsegregated
SFEs for the whole composition range at 570 K and 1170 K, as shown in Fig-
ure 10(b) and Figure 10(c). By considering only the gf;o"f ", the unsegregated
SFEs at both 570 K and 1170 K exhibited minor differences. The segregated
SFEs at 570 K, however, was always lower than that at 1170 K.

To clarify these differences, the energy difference between the segregated
and unsegregated states (denoted as SFE*9-SFE""5¢9) are shown in Figure
11. This energy difference was 0 for pure Ni and Co, and was observed
to be negative for the concentrated compositions. Three main observations
can be made: (1) The energy difference between the segregated and unseg-
regated SFEs decreased with increasing Co content up to around 50 at.%
and then increased to 0 at 100 at.%, (2) the energy difference was reduced
when temperature increased, observed by comparing the red and blue curves
for 570 K and 1170 K in Figure 11, and (c¢) when both configurational and
vibrational effects were considered, the difference in stacking fault energies
(SFE**9-SFE""*¢9) was reduced, compared to the energy difference when only
configurational effects were considered (see red lines in Figure 11(a) and (b)
for 570 K, same for blue lines for 1170 K).
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Figure 11: Difference in stacking fault energies between segregated and unsegregated stack-
ing faults predicted by the Ericsson model, (a) considering only the configurational effects,
and (b) considering both the configurational and vibrational effects.
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To compare the current model with the experimental data, we calculated
the SFEs of Co-33Ni alloy to compare with experimental data over temper-
ature [66]. Good agreement was calculated between the Ericsson segregated
SFE and experimental data, as shown in Figure 12. Both experimental and
predicted data show an increase of SFE at elevated temperatures. At 583
K, the segregated SFE is about 38 m.J/m? higher than the experimental
data of 20 mJ/m?. At 823 K, the segregated SFE is about 62 m.J/m?, also
higher than 32 m.J/m? measured by Ericsson [66]. The unsegregated SFEs
were higher than the experimental values, and the ANNI model underesti-
mated by more than 50 m.J/m? compared to the Ericsson model for this
composition.
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Figure 12: Stacking fault energy of pure Co and Ni at finite temperatures. All the predic-
tions include both phonon vibration and configuration contributions. The experimental
data is adapted from Ericsson’s work [66].

3.4.8. Sources of Error in SFE Calculations

The main source of uncertainty for the Ericsson FCC+ISF treatment
could be from the underlying assumption in the treatment of Eq.(10) - that
the compositions of the ISF and FCC are considered homogeneous. If the
segregation behavior extent to the FCC planes in the vicinity of ISF planes,
such an assumption may need be invalid, and a discrete model may be applied
[15]. In fact, the predicted compositions across the FCC layers (Figure 8(a))
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exhibit only slight deviations from the averaged composition. Therefore, such
trivial deviation was unlikely to cause problems in this study.

Other influences on the SFEs were included in the error bars. This error
mainly included corrections from interlayer interactions and constrained lat-
tice parameters [36]. Li et al. showed that interactions between ISF layers
in the periodic cell along [111] direction causes difference in SFE calculation.
They found that the interface interaction for pure Ni is -4.4 m.J/m? for an 11-
layered inserted FCC+ISF supercell [36]. We expected a small uncertainty
value for the 8-layered FCC+ISF supercell in our study, on the order of 5
mJ/m? based on Figure 4. Another source of error arises from the changed
in elastic energy at a coherent boundary between FCC and ISF. It is more
reasonable that the interatomic spacing between ISF atoms are constrained
by the FCC phase. As mentioned in the Method section, the tilted supercells
are constrained to maintain the same lattice parameters as the FCC cells in
order to capture this strain energy. But all the configurations in HCP, FCC,
and 8-layered FCC+ISF models were fully relaxed in the DFT calculations.
Comparing the SFEs between the tilted supercell method and FCC+ISF in
Figure 4, it is reasonable to expect a strain energy correction up to 5 m.J/m?.
Therefore, a universal error bar of +10 m.J/m? was applied to all the SFE
curves.

It should be noted that the spin-polarization calculations in all the super-
cells converged to ferromagnetism; therefore, paramagnetic properties were
not predicted. As seen in the phase diagram (Figure 8(b)), the Co-Ni alloys
are ferromagnetic for quite a wide range of temperatures [67, 68, 69, 70].
Zhang et al. investigated various energy contributions to the SFE of Ni and
found that the magnetic contribution to the SFE was not significant (on the
order of 1 mJ/m?) even at the Curie point [38]. First-principles trained clus-
ter expansions utilizing magnetic and compositional degrees of freedom have
not yet been fully developed for complex alloys such as the Co-Ni system
[71, 72], and the inclusion of the magnetic degree of freedom to model the
paramagnetic state in this study would dramatically increase the computa-
tion expense beyond what is feasible.

4. Discussion

4.1. Comparison of Stacking Fault Energy Models and Methods

The ANNI model and supercell model for predicting the SFE for pure Co
and Ni are comparable and within 5% at elevated temperatures, as shown in
Figure 8(c). However, the ANNI model deviates significantly compared to

the Ericsson model in the concentrated region, as shown in Figures 11(a) and
12. Such differences arise because the ANNI model neglects the 27¢, 4" 6t .
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planar interactions and the interfacial effects between ISF and FCC planes,
which are captured by the FCC+ISF or tilted supercells. It has been shown
by Chandran et al. that the ANNI method is more likely to underestimate
the 0 K SFE with increasing Co content compared with supercell method [73].
This could mean that these interactions are non-trivial when solute interac-
tions are involved. In fact, the cluster expansion ECIs of FCC+ISF supercell
in Figure 6(b) capture the lattice site interactions between the ISF sites and
FCC sites (indicated by black arrows), which is impossible for the FCC or
HCP cluster expansions. Therefore, for alloy composition far from dilute
region, more sophisticated techniques are required to describe the faulted
phase. Natarajan et al. has proposed an approach to calculate the unstable
stacking fault energy of concentrated binary alloys[74]. They introduced a
glide vector to the supercells that shifted the perfect structures to defected
structures. By varying the glide vector magnitude, the stacking fault energy
surface along the glide directions can be determined [74]. Colloquially, this
method is also called the ‘tilted cell’ method, which we also used here to
compare SFEs of pure Ni and Co. Thus, we believe the SFEs would be very
similar between our work and theirs for pure Ni and Co. For alloys, the clus-
ter expansion-based model from Natarajan and Van der Ven can also capture
defect-solute interactions. The parent cell configurations may or may not in-
clude segregated atoms on certain planes, so this will make it difficult to
quantify the effects of segregation. Therefore, the SFE determined from two
methods will be different. The main difference might be when segregation
takes place — interactions that correlated to segregation are probably lost
using the methods outlined in their paper. A more direct supercell method
in Chandran et al.’s study employed special quasi-random structures (SQS)
to mimic the random distributions of atoms in finite-sized supercells [73].
The SQS method is difficult to be applied to study segregated states but it
is expected to be close to the unsegregated SFE in this study.

The influences of g;(mf " and g};fb' on SFE can be analyzed separately. By
considering only the configuration contribution, the unsegregated SFE is ex-
pected to be invariant with temperature, as we can see the overlap between
570 K and 1170 K unsegregated SFEs shown in Figure 10(c). When segrega-
tion occurs, the segregated SFE is always lower than the unsegregated SFE,
as seen in Figure 10(c) and Figure 11(a) for the energy difference between
segregated and unsegregated SFEs at 570 K or 1170 K. This could be due to
that segregation of Co at ISF reduce the SFE of the system. As seen in Fig-
ure 8(c) that the segregation excess decreases with increasing temperature,
the narrower gap between the segregated and unsegregated SFEs at 1170 K
than that at 570 K could be due to the lower extent of Co segregation. By
considering the energy difference between the segregated and unsegregated
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SFEs with respect to the Co segregation at 1170 K and 570 K, a 1 at.% Co
segregation excess is likely to reduce SFE by 1 to 7 m.J/m?.

By considering both g;mf “and g4, the SFEs were lowered for the Ni-rich
alloys and higher for the Co-rich alloys at 570 K (see Figure 10(a)). Same
observations can be made for segregated or unsegregated SFEs at 570 K or
1170 K, see Figure 10(b) and Figure 10(c). For the energy difference between
the segregated and unsegregated SFEs at 570 K, vibrational effects tend to
narrow this energy difference compared to the abovementioned configura-
tional effects, see red curves in Figure 11(a) and Figure 11(b). In this case,
a 1 at.% Co segregation excess is likely to reduce SFE by 0 to 4 m.J/m?.

We found that the ISF phase cannot be treated solely as the bulk HCP
phase. This is evidenced by comparing the calculated free energy of the
“fictitious” ISF phase from Eq.10 and 12b to the predicted free energy of
the HCP phase, as shown in Figure 13. The g;sr curve lies above the gycp
curve for concentrated solutions, and the two profiles converge for pure Ni
and Co, as shown in Figure 13. As proposed by Ericsson [15], grgr for the
virtual ISF phase represents all the energy contributions of (1) the FCC-to-
ISF structural transformation, and (2) the interfacial effects due to chemical
fluctuations, including information more than just the FCC-to-HCP phase
transformation. For the first term, due to the same structure of the ISF
and the HCP phases, this FCC-to-ISF structural transformation is often
treated as the FCC-to-HCP phase transformation, which is either calculated
by the supercell method or the ANNI model. The tilted supercell method
is preferred because the plate-like ISF allow FCC-ISF and FCC-FCC planar
interactions and the bulk HCP phase in the ANNI model cannot capture
this. This FCC+ISF layer interactions are expected to account for 4 to 8
mJ/m? for pure Ni, evaluated from a previous study by Li et al. [36]. For
pure Co and Ni, the interfacial energy will be negligible because there are no
chemical fluctuations around the ISF. Therefore, the FCC to ISF structural
transformation is the major contribution to the free energy of ISF for pure Co
and Ni. For the concentrated solution, the interfacial effects is not negligible
and it could be the major contribution to the energy difference between the
ISF phase and the HCP phase. Due to the fact that chemical fluctuations
around the ISF region will also affect the FCC-FCC and FCC-ISF planar
interactions, distinguishing their contributions requires performing similar
calculations on various FCC+ISF supercells with different FCC and ISF
volume fractions.
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Figure 13: Calculated Gibbs free energies of Co-Ni system ISF and HCP structures.

4.2. Comparison to Experiments

For pure Ni, Section 3.1 has demonstrated that the supercell method
is more reliable on predicting the SFE. The most recognized experiment on
pure Ni was to directly measure the separation spacing of dissociated partials
or faulted dipoles on the (111) glide plane under electron microscopy and
calculate the SFE within the anisotropic elasticity theory [59]. Resolving the
partials or faulted dipoles under microscope requires extreme care to tilt the
specimen into a favored direction and to optimize the beam conditions [59].

For pure Co, Ericsson found that the SFE for the HCP and FCC phases
increase linearly with temperature with by 10 mJ/m?/K [66]. However,
the HCP and FCC SFEs were discontinuous across the phase transforma-
tion temperature at 700 K that the FCC SFE is about 10 m.J/m? and the
HCP SFE is about -20 mJ/m?/K [66]. Linear extrapolation of the FCC
Co SFE from elevated temperatures to 0 K leads to a value between -10
to -5 mJ/m?/K. And the linear extrapolation of the HCP Co SFE from
elevated temperatures to 0 K leads to a value around 40 m.J/m?/K. The
FCC SFE of Co cannot be directly compared to the HCP SFE because of
the different stacking sequence; therefore, the predicted Co SFE below phase
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transformation temperature should be treated carefully.

For non-dilute compositions, experimental measurements of the stacking
fault energy of Co-33Ni at elevated temperatures were carried out by Eric-
sson [66], using the extended dislocation node method [75]. For Co-33Ni,
Ericsson determined that the SFE increased by 0.03 m.J/m?/K from 300 to
823 K, which compares well to our predictions shown in Figure 12. However,
only the absolute values of our segregated SFE predictions compared well to
the experimental data [66]. In revisiting Ericsson’s in-situ experiment, the
experiment allowed a 45-min annealing at each temperature before measure-
ments and observed node shrinkage/expansion during heat treatment [66].
This may imply that segregation could occur during the annealing period
since segregation is expected to increase stacking fault width by decreasing
SFE [76]; however, no measurements on chemical fluctuations have been car-
ried out for this system. Other factors such as thermally activated unpinning
of partial dislocations, and change of elastic constants due to temperature
change could also influence the area of the stacking fault. Yang and col-
leagues studied the martensitic transformation of a Co-32Ni alloy [77]. With
the similar composition, the low SFE predicted for the Co-33Ni further sup-
ports their observation of a large number of stacking faults after annealing
[77].

For other concentrated compositions, our predicted segregated SFE at
finite temperatures agree with the limited experimental data between 0 at.%
and 70 at.% Co but the exact experimental conditions are difficult to track
and compare. [73, 66, 76, 78]. The SFE predicted in this study can be further
applied to study dislocation evolution and plasticity of this system because
quantifying the SFE and the Suzuki segregation from experiments requires
extreme care of instrumentalists and good conditions of equipment [59, 66].

4.8. Segregation Isotherm

The segregation isotherm is known as follows [79]:

Xisr Xrpco AR
= exp|— ]
1= Xisp 1= Xpco kT

(14)

in which AFE*% is the segregation free energy and k is Boltzmann constant.
The segregation free energy can be fitted by using the GCMC predicted
Xisr and Xpoe. Xisr is evaluated for layer-5 and layer-6 of the 8-layered
supercell, and Xpcoe is evaluated for other FCC layers. The details of fitting
AFE*% can be found in the supplementary Section S6.

The calculated segregation isotherm for Co is shown in Figure 14(a),
in which the negative values of segregation free energy corresponds to the
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driving force of Co segregation to the stacking fault. We find that the segre-
gation free energy is not temperature dependent, the Arrhenius relation for
Cos0Nisg is shown in Figure 14(b). This implies that calculations made at
a single temperature can sufficiently describe the segregation behavior for a
given alloy.

In Section 3.1, we determined that the Co solute interaction energy is
about -33.5 meV/solute, and it is shown as the blue line in Figure 14(a).
The segregation free energy deviates from the compositionally-independent
interaction energy. As described by Ma et al [80], The interaction energy is a
first-order approximation of the segregation driving force and only partially
describes the full free energy. For example, Rao et al. found that the in-
teraction energy of Cr is positive in the superlattice intrinsic stacking fault
(SISF) of 4/ NizAl [10]; and a recent study by Feng et al. found that Co low-
ered the interaction energy by strengthening the Co-Cr bonding in the SISF
[34]. The segregation free energy is expected to deviate from the interaction
energy due to factors such as preferred bondings and concentrated effects.
Our predicted segregation free energy implicitly includes other contributions,
such as the configurational entropy of mixing and the planar-dependent free
energy of mixing in the vicinity of the ISF at finite concentrations, which
can be accounted for using thermodynamic modeling of bulk phases [80].
However, we reiterate that the ISF phase cannot be treated as a bulk phase,
as shown by the discrepancy in the free energies between our calculated free
energy of the ISF phase compared to the bulk HCP phase in Figure 13.

Because a more negative segregation energy leads to stronger segregation,
the Co interaction energy will predict stronger Co segregation between 0 to 25
at.% and 88 at.% to 100 at.% Co, and predict lower Co segregation between
25 at.% and 88 at.%, compared to the GCMC segregation free energy, see
Figure 14. The Co segregation predicted at different temperatures shown in
Figure 8(c) all correspond to the GCMC AFE,,, in Figure 14(a).

Although the influence of ferro-to-para magnetic transformation on stack-
ing fault calculation is expected to be small in pure Ni [38], the paramagnetic
states in this system remains unknown and are difficult to model quantita-
tively. Therefore, care should be taken to compare the results above the
Curie temperatures.

To compare the above segregation energy with a typical grain boundary
(GB) or free surfaces segregation in the Ni alloy system, segregation energy of
ISF is one or two order of magnitude smaller than the grain boundary or free
surface segregation energies [81]. For 3d metals on (111) free surfaces of FCC
Ni, Ti and Cr have the highest segregation energies of -750 meV /atom and
-800 meV /atom, respectively, and the Co surface segregation energy on (111)
plane is -130 meV /atom [82]. For 3d metals on Ni ¥5(210) GB, segregation
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of Ti and V is likely to strengthen the GB through lowering the GB energy
by 500 meV /atom, and Co is not likely to strengthen or weaken the GB [83].
In the CoNi superalloys, Co was found to be exclusively segregate to SISFs in
the 7/ phase [6, 21, 32, 33, 34, 35|, and Feng et al. calculated the segregation
free energy of Co in SISF about -20 meV when the Co concentration in
the bulk 4’ phase is around 6.6 at.% from experiments [34], comparable to
the calculated segregation free energy -18.5 meV for this FCC Co-Ni system
at the same Co concentration. This ISF segregation, together with other
interfacial segregation, is key to develop a comprehensive knowledge of the
mechanical properties of an alloy system for alloy design.
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Figure 14: (a) Segregation energy of the Co-Ni FCC+ISF system. Horizontal blue line
denotes the interaction energy of Co. (b) Arrhenius relationship for segregation isotherm
of CosgNisg alloy.

5. Conclusions

We studied the segregation of Co to stacking faults in Co-Ni binary alloys
through first-principles calculations, cluster expansions, and Monte Carlo
simulations. We coupled the supercell approach with the Ericsson model
to quantitatively predict the stacking fault energies when segregation at in-
trinsic stacking faults occurs. The method developed in this study could be
leveraged to study the solute segregation behaviors in interfacial problems
such as stacking faults, grain boundary and dislocation of similar systems.
The main conclusions are listed below:

- At all modeled temperatures between 200 K and 1500 K, Co was pre-
dicted to always segregate exclusively to the two innermost atomic planes of
the ISF. The extent of segregation peaks at approximately 50 at.% Co and
decreases in both the Co-lean and Co-rich regions.

- Both the supercell method and the ANNI model predicted comparable
SFEs for pure Co and Ni at 0 K and elevated temperatures. For the concen-
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trated compositions, ANNI model underestimates the SFE by more than 50
mJ/m? compared with Ericsson model. Compared with limited experimen-
tal data of Co-33Ni, the Ericsson SFE agrees with the experimental values
when segregation is considered, which implies that solute segregation could
happen during experimental measurements.

- By considering Co segregation in SFE calculation using Ericsson model,
g;(mf “and g4 behaves differently: (1) configurational entropy tends to in-
crease the SFE with increasing temperature, meanwhile the vibrational en-
tropy increases the SFE of Co-rich compositions but decreases, slightly, the
SFE of Ni-rich compositions with increasing temperature. (2) considering

conf.

only g3, 1 at.% Co segregation in the ISF leads to 1 to 7 m.J/m? decrease

conf.

in SFE compared with the unsegregated state. (3) considering both 9
and g;ib', 1 at.% Co segregation in the ISF leads to 0 to 4 mJ/m? decrease
in SFE compared with the unsegregated state.

- The difference between free energy of a “standalone” ISF and that of
a bulk HCP phase emphasizes that the bulk hcp phase cannot be consid-
ered as the ISF phase. This energy difference can be attributed to the
FCC++ISF layer interactions and interfacial energy calculated through the
Ericsson model.

- The segregation behavior of Co in the ISF follows the segregation free
energy determined by GCMC simulations. The GCMC segregation energy
is temperature-invariant and negative across the whole composition range.
Compared with the Co interaction energy -33 meV, the GCMC segregation
free energy is higher between 0 to 25 at.% Co and 88 at.% to 100 at.%, and
lower between 25 at.% to 100 at.% Co.

Appendix A. Calculation of Stacking Fault Energy.

Eq.12(a) provides a general expression for stacking fault energy, but the
expression for g;sr provided in Eq.12(b) cannot be used because € and w are
not known a priori. The free energy of the ISF structure g;sp(X;sr) can
be directly obtained from Eq.10, where grcosrsr(Xiot) and grec(Xpoce) are
from integrating the chemical potential obtained from GCMC simulations
on the FCC+ISF and FCC structures, respectively. The compositions X;gp,
Xroe, and X, are extracted from the point correlation functions in the
FCC+ISF GCMC simulations. Also, in the FCC+ISF GCMC simulations,
the Suzuki criterion is inherently satisfied (Eq.11) and the tangents of the
FCC free energy curves can be determined to obtain u%%. and pulé. as a
function of FCC concentration. With grsr(Xrsr), 9rec(Xrcc), 1%&o and
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pée, the segregated SFE can be written as:

V9 (Xpoo) = grse(Xisr) — 15o0(Xroo) Xisr — phec(Xroo)(1 — Xrsr)
(Appendix .1)

And the unsegregated SFE can be written as:

T (Xpoe) = gise(Xroe) — preo(Xeco) Xroe — proe(Xree)(1 — Xece)
= g91sr(Xrcoce) — greo(Xroc) (Appendix .2)
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