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a b s t r a c t 

Recent experiments suggest that Suzuki segregation may play an important role during deformation in 

Ni-base superalloys at intermediate temperatures. In this study, a segregation isotherm model incorpo- 

rating segregation enthalpy from ab initio calculations is proposed to predict quantitatively solute enrich- 

ment at superlattice intrinsic stacking faults (SISF) within the γ ’ precipitates in Ni-base superalloys. A 

sublattice model is employed to describe the γ ’ phase. A strong correlation between segregation enthalpy 

and solute enrichment is found. Even though the segregation enthalpy is relatively small, the predicted 

solute enrichment is consistent with experimental observations. The simulation predictions also suggest 

a strong cross-correlation among different alloying elements. For example, it is found that segregation of 

Co on the Ni sublattice at the fault draws segregation of Cr that has a positive segregation enthalpy at 

the fault without the presence of Co. Such quantitative predictions of equilibrium segregation of solutes 

at stacking faults in γ ’ precipitates and its effect on the stacking fault energy could aid the investigation 

of deformation mechanisms and help the design of superalloys. 

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

In crystalline solids, solute atoms tend to segregate at extended

efects such as dislocations and grain boundaries through chem-

cal and mechanical interactions between the solutes and the de-

ects as well as among the solutes at the defects. Because of its ef-

ects on the kinetics of microstructural evolution and mechanisms

f plastic deformation at elevated temperatures, solute segregation

t extended defects has been a subject of intensive studies [1 –4] .

or example, solute segregation and segregation transition at grain

oundaries and dislocations, and their drag effects on the migra-

ion of these defects, have been studied extensively in the litera-

ure [5 –13] . 

Solutes also segregate at stacking faults, a phenomenon com-

only referred to as Suzuki segregation [14 , 15] , and alter the stack-

ng fault energy. This is particularly important for understanding

he deformation behavior because the change of stacking fault

nergy will change the dissociation behavior of dislocations and,

ence, impact the cross-slip and twinning processes. For high-

emperature alloys strengthened by ordered intermetallic phases,

he shearing of ordered precipitates is determined by a fine bal-

nce among various stacking fault energies at the deformation
∗ Corresponding author. 
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emperature, such as the formation of various stacking fault rib-

ons [16 , 17] . Suzuki segregation has also been found crucial to the

eformation behavior of the so-called high entropy alloys (HEAs)

ince studies have shown strong dependence between stacking

ault energy (and hence dislocation core structure) and local con-

entration [18 –21] . Even though in some cases there is no solute

egregation at the dislocation core [18] , the local chemical hetero-

eneity in the stacking fault definitely impacts the stacking fault

nergy and the dislocation core structure. While extensive experi-

ental and modeling efforts have been made to verify and quan-

ify the Cottrell atmosphere [22] and grain boundary segregation

23] , rather limited studies exist in the literature to quantify the

uzuki segregation. Suzuki [14] predicted that solutes would redis-

ribute at stacking faults with a different concentration as com-

ared to that of the bulk. Due to the limitation of experimen-

al measurements at the time, only indirect evidence such as the

idth of stacking faults and the size of the extended node of a dis-

ocation network were used to prove the existence of Suzuki segre-

ation. After Suzuki’s prediction, it was not until 1980s when Her-

chitz and Seidman [24 , 25] did a more systematic study for Co–

e and Co–Nb binary alloys. Integrated Nb and Fe concentration

rofiles obtained from the field-ion microscope (FIM) analysis in-

icated segregation of Nb and Fe atoms to the stacking faults. Saka

26] measured the stacking fault width between two dissociated

artial dislocations in a Cu–Si alloy and found that the width of

he intrinsic stacking fault (ISF) observed in a slowly-cooled sample

https://doi.org/10.1016/j.actamat.2020.08.056
http://www.ScienceDirect.com
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(10 K per day) was much larger than that observed in a furnace-

cooled sample, which was attributed to a decrease of the stacking

fault energy through Suzuki segregation. With the advance in elec-

tron microscopy characterization techniques, direct evidence such

as composition profiles across the stacking faults became possible.

Kamino et al. [27] directly measured the concentration profile with

high resolution TEM/EDX in Cu–Si alloys and Mendis et al. [28] ex-

tended the analysis to twin boundaries. Han et al. [29] also ob-

served widening of the stacking fault region between two partial

dislocations at higher temperatures in the MP159 superalloy and

measured the concentration profile of Mo, Ti and Nb across the

stacking fault using high resolution TEM/EDX. The results showed

solute enrichment at the stacking fault. 

Within the past decade, more advanced atomic level observa-

tions were made to further verify and clarify atomic behavior asso-

ciated with Suzuki segregation. Yang et al. [30] identified the seg-

regation of Zn and Y atoms along the stacking fault in an Mg–Zn–Y

alloy. Viswanathan et al. [31] identified Suzuki segregation at su-

perlattice intrinsic stacking faults (SISF) in two Ni-based superal-

loys. A recent computational study [32] calculated the generalized-

stacking-fault (GSF) energy of {111} plane as a function of Co con-

centration and showed that the SISF energy in (Ni, Co) 3 Al system

decreases when Co concentration increases, which also indicates

the tendency for Co segregation at SISF. A phase transformation

from γ ’ (L1 2 , cubic) to χ (D0 19 , hexagonal) at SISF was later iden-

tified [33 , 34] . Similar segregation phenomenon was observed by

Smith et al [35] at superlattice extrinsic stacking faults (SESF) in

ME501 superalloys as well. A phase transformation from γ ’ to η
(D0 24 , hexagonal) was then proposed after comparing the simu-

lated ordered structure with the experimental observation [35] . It

was suggested that this diffusion-mediated segregation transition

together with the Cottrell atmosphere could prevent the formation

of micro-twinning and consequently improve the creep properties

of the alloy. Titus et al. [36] found segregation of W atoms and de-

pletion of Al atoms from SISF in Co-based superalloys. Barba et al.

[37] reported segregation of Cr and Co at microtwins in single crys-

tal Ni-based superalloys, indicating the importance of segregation

to microtwin formation and growth. Similar segregation behavior

at microtwin boundaries was found in a polycrystalline Co-based

superalloy [38] . Nie et al. [4] found the segregation of Zn and Gd

atoms at twin boundaries in a binary Mg–Zn alloy and a ternary

Mg–Zn–Gd alloy, which may explain the annealing strengthening

found in these alloys. 

Despite numerous experimental reports on Suzuki segregation,

limited theoretical analyses of the phenomenon are available. In

Suzuki’s original treatment [14] , the equilibrium segregation is de-

termined by having the exchange potential of solutes being the

same in the bulk and at the fault, (
∂ G 

b 

∂c 

)
c= c 1 

= 

(
∂ G 

f 

∂c 

)
c= c 2 

(1)

where G 
b and G 

f are the Gibbs free energies of the bulk phase

and the fault “phase” (also a bulk phase but with the same struc-

ture as the stacking fault), respectively. Mendis et al. [28] used this

method to calculate the equilibrium Si concentration at the intrin-

sic stacking fault (ISF) in a Cu–Si alloy and compared it with the

experimental observations. Significant differences were found be-

tween the theory and experiment. It was argued [28] that the dis-

crepancy might have come from the fact that Suzuki’s approach

considered the bulk and fault as individual phases but it did not

consider the role of interfaces between the two phases, which

may be important considering the small thickness (fewer than 10

atomic layers) of the “stacking fault phase”. Titus et al. [36] also

used this method to calculate the equilibrium W concentration at

SISF in a Co–Al–W ternary alloy and also found a discrepancy with
he experiment result. They solved this issue by doing a cluster

xpansion study with a stacking fault embedded in the matrix. It

as been concluded that bulk thermodynamics breaks down when

he free energy of the stacking fault phase is described with its

ulk counterparts, as is suggested by the results from Mendis as

ell [28] . This is not surprising since it may not be appropriate to

reat the stacking fault as a bulk phase. The use of bulk free energy

s the free energy of the “stacking fault phase” also doesn’t in-

lude the full contribution of the structural and chemical gradient

rom the interface between the matrix and “stacking fault phase”

e.g., the last two terms of Eq. (19) in Ref. [8] ). Another drawback

f this approach is that there is no guarantee that one can find a

ulk phase that has the same structure as the stacking fault. If the

orresponding bulk phase does not exist, the free energy of the

ault cannot be obtained. Therefore, there is a compelling interest

o treat this problem with different approaches. 

From a theoretical perspective, Suzuki segregation should be

uch weaker as compared to segregation at grain boundaries and

ottrell atmospheres at dislocations because the atomic structures

t the stacking faults and in the bulk are much alike. This raises

 question as to how much segregation should be expected at a

tacking fault. One could also ask if the observed segregation is re-

lly in equilibrium or just a temporary enrichment associated with,

nter alia, the reordering process proposed to explain the formation

f SISF in Ni-base superalloys [37] or a moving Cottrell-atmosphere

44] . 

In this study, we formulate a quantitative model combining

egregation enthalpy calculations from ab initio with segregation

sotherm to predict equilibrium solute segregation at SISF in Ni-

ased superalloys. The use of the segregation isotherm avoids the

hallenges of not having an accurate free energy for the “stack-

ng fault phase”, due either to the lack of a bulk phase that has

he same structure as the stacking fault or to the inaccuracy of

sing the bulk free energy to describe the stacking fault [28 , 36] .

n this model, the stacking fault is treated as an extended defect,

ust like grain boundaries or dislocations, where atoms have differ-

nt atomic surroundings (e.g., the coordination number, bond type,

ond angle and bond length, etc.) from atoms in the bulk. We also

rovide a quantitative analysis (i.e., an analytical equation) on the

orrelation between segregation enthalpy of a stacking fault and

quilibrium solute enrichment at the fault. The model can be eas-

ly extended to other ordered intermetallic phases. 

. Methodology 

.1. Ab initio calculation of segregation enthalpy 

We use ab initio calculations to compute the segregation en-

halpy of Co and Cr to planar faults in Ni 3 Al. These calculations

re performed using the plane-wave-based density functional the-

ry code VASP [40] with pseudopotentials generated by the projec-

or augmented wave method with the exchange correlation func-

ional treated by Perdew et al. [41] within the generalized gradient

pproximation. Atomic positions are optimized using a conjugate-

radient algorithm [42] , during which the cell size and shape are

ot allowed to change. A Monkhorst–Pack k-point mesh [43] of

 × 3 × 1 is used for the integration in the Brillouin zone. A

ut-off energy of 350 eV is used for all calculations, which is 30%

igher than the highest value specified in the potential files. Elec-

ronic and ionic convergence criteria are 10 −6 eV and 5 × 10 −3 

V/ ̊A, respectively. 

The interaction energy �E seg ( x ) is defined as 

E seg ( x ) = E X fault ( x ) − E X bulk (1)

here E X 
fault 

(x ) is the total energy of the supercell containing so-

ute X at a distance of x from the stacking fault, and E X 
bulk 

is the
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Fig. 1. (a) Simulation cells used in the calculations containing 192 atoms, (i) Ni 3 Al 

and (ii) with Co wetting the stacking fault region. Translation vector T = −[11 2 ] / 3 

is used to maintain the periodicity of the cells. The layer numbers show the nor- 

malized distance to the stacking fault. Cr atom is introduced to these layers. The 

center of the SISF (blue dash line) is defined as the center of the SISF region. The 

distance from layer i to the center of SISF is ( i ± 0.5) ∗d 111 , the positive sign for i < 0 

and negative sign for i > 0. (b) Stacking sequence difference of {111} planes in γ ’ 

(L1 2 ) and SISF (D0 19 ). (For interpretation of the references to color in this figure 

legend, the reader is referred to the web version of this article.) 
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Fig. 2. Co and Cr concentration profile across the SISF in CMSX-4 Ni-based super- 

alloys, adapted from Ref. [31] . 
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nergy of the supercell whose solute X is in the bulk region far

rom the stacking fault. Fig. 1 shows the structures used in our cal-

ulations. The supercell is made of 12 (111) planes of Ni 3 Al (L1 2 ),

ontaining 192 atoms with an area of 87.4 Å 
2 . An SISF is created

t the center of the cell and a translation vector � = −[ 11 ̄2 ] / 3 is

pplied to the long axis to maintain the periodicity in that direc-

ion. The stacking fault (SF) region is defined as the stacking layers

hat are different from the bulk L1 2 stacking (i.e., ABCABC stack-

ng), which include the ABAB stacking layers (layer 1 and −1) and

he interface layers (layer 2 and −2) between the ABCABC stacking

nd ABAB stacking, following conventions in published literatures

33 , 36] . To calculate the segregation enthalpy as a function of dis-

ance, x , a solute atom (Co or Cr) is introduced to different lattice

lanes n labeled 1–6 in the figure. We have x = n d 111 where d 111 
s the interplanar spacing of (111) planes. The synergistic effects

etween Co and Cr will be investigated by filling the SF region

ith Co atoms on Ni sublattice, assuming that Co segregates first

o the SF. Then the segregation enthalpy for Cr will be calculated

sing this configuration. This treatment will be discussed later in

ection 3 with more details. 

.2. Segregation isotherm 

The segregation isotherm at either homo-phase or hetero-phase

nterfaces is used for calculating the equilibrium solute concentra-

ion at stacking faults. For a binary solid solution, the isotherm has

he following form [8] , 

c ( x ) 

1 − c ( x ) 
= 

c 0 
1 − c 0 

exp 

(
−�F seg ( x ) 

kT 

)
(2) 

here �F seg ( x ) is the free energy of segregation of solutes at in-

erfaces or stacking faults as a function of position, c 0 is the so-

ute concentration in bulk far away from the fault, c ( x ) is the so-

ute concentration as a function of position away from the fault,

 is the Boltzmann constant and T is absolute temperature. When
he solute is far away from the fault, �F seg ( x ) approaches zero and

 ( x ) = c 0 . For dilute solutions (i.e., both c and c 0 are much smaller

han 1), if we just consider the solute concentration at the fault,

he equation can be reduced to 

c m 

c 0 
= exp 

(
−E m 

kT 

)
(3) 

here c m is the solute concentration at the fault and E m is the free

nergy of segregation at the fault. This is the same as Eq. (1) in

ahn’s grain boundary segregation model [5] . 

�F seg ( x ) usually depends on composition and temperature. In

he realm of grain boundary segregation, �F seg ( x ) has been de-

omposed into �H seg − T �S seg , where �H seg is referred to as seg-

egation enthalpy, and �S seg is referred to as segregation entropy.

t 0 K, the free energy of segregation is equal to segregation en-

halpy. It is worth emphasizing that the free energy of segrega-

ion accounts for all enthalpic as well as entropic contributions in

xcess of ideal mixing. If we only consider the configurational en-

ropy of ideal mixing, the free energy of segregation �F seg ( x ) is just

egregation enthalpy �H seg . �H seg usually has a weak (sometimes

egligible) temperature dependence and hence the segregation en-

halpy at 0 K is used to compare the magnitude of the free energy

f segregation of various solute-defect interactions. The term inter-

ction energy is commonly used to describe solute-defect interac-

ion. It does not include solute-solute interaction or solute concen-

ration gradient contribution to the total free energy of segrega-

ion. Therefore at 0 K, the interaction energy �E seg ( x ) in Eq. (1) is

pproximated to be segregation enthalpy �H seg at 0 K in the dilute

imit and can be compared with segregation enthalpies of other

olute-defect interactions in Fig. 4 . 

The system we study is a Ni-base superalloy, CMSX-4. The

rst result of Suzuki segregation in this system was reported by

iswanathan et al. [31] and, from all the elements that were mea-

ured, the most prominent segregated species are Co and Cr, which

ave been proposed to play an important role in the deformation

rocesses [44] . The concentration profile of Co and Cr across an

ISF is replotted in Fig. 2 from Fig. 2 in [31] . These two solutes will

e considered in this study. Since Ni 3 Al is an intermetallic com-

ound, the site occupancy of solutes has to be considered. There

ave been extensive studies on the site occupancy of solutes in the

’ phase both experimentally and computationally [45 –48] . These

tudies suggest that Co tends to occupy the Ni sublattice [45 , 46]

hile Cr tends to occupy the Al sublattice [46 –48] in the γ ’ phase.

he site occupancy of solutes on SISF is assumed to be the same

s that in the γ ’ phase (see more discussion in Section 4.7 ). There-

ore, in this study, the segregation behavior of Co and Cr is viewed
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Table 1 

Site fraction of Ni, Al, Co and Cr on two sublat- 

tices in γ ’ phase. 

Ni Al Co Cr 

Ni sublattice 4 
3 
c Ni 0 4 

3 
c Co 0 

Al sublattice 0 4 c Al 0 4 c Cr 

e

�  

w  

f

 

b  

 

 

w
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w  
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y  

c  

t  

i  

0  

t
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d

e

as two pseudo-binary systems categorized by sublattices, i.e., Ni–

Co system for Co segregation and Al–Cr system for Cr segregation.

This assumption follows the ab initio calculation of segregation en-

thalpy in the previous section where the effect of the other sublat-

tice on the segregation enthalpy has been automatically taken into

account. Under this assumption, for solutes occupying the Ni sub-

lattice, the maximum solute concentration is 0.75 (0.25 for solutes

on the Al sublattice). The free energy of the bulk phase ( γ ’) using

the sublattice model [49 , 50] can be written as 

G 
γ ′ = G 

γ ( c i ) + G 
order ( c i ) = G 

γ ( c i ) 

+ 

[
�G 

γ ′ (
y ( 

s ) 
i 

)
− �G 

γ ′ (
y ( 

s ) 
i 

= c i 
)]

(4)

G 
γ ( c i ) = 

∑ 

i 

c i G 

γ
i 

+ RT 
∑ 

i 

c i ln c i + 

∑ 

i 

∑ 

j � = i 
c i c j L 

γ
i, j 

+ 

∑ 

i 

∑ 

j � = i 

∑ 

k � = i 
k � = j 

c i c j c k L 
γ
i, j,k 

(5)

�G 
γ ′ (

y ( 
s ) 
i 

)
= 

∑ 

i 

∑ 

j � = i 
y ( 

1 ) 
i 

y ( 
2 ) 
j 

L 
γ ′ 
i : j 

+ RT 

[
3 
4 

∑ 

i 

y ( 
1 ) 
i 

ln 
(
y ( 

1 ) 
i 

)
+ 

1 
4 

∑ 

j 

y ( 
2 ) 
j 

ln 
(
y ( 

2 ) 
j 

)]

+ 

∑ 

i 

∑ 

j � = i 

∑ 

k � = i 
k � = j 

y ( 
1 ) 
i 

y ( 
1 ) 
j 

y ( 
2 ) 
k 

L 
γ ′ 
i j: k 

+ 

∑ 

i 

∑ 

j � = i 

∑ 

k � = i 
k � = j 

y ( 
1 ) 
k 

y ( 
2 ) 
i 

y ( 
2 ) 
j 

L 
γ ′ 
k : i j 

(6)

where G 
γ ( c i ) and G 

order ( c i ) = [ �G 
γ ′ 

( y (s ) 
i 

) − �G 
γ ′ 

( y (s ) 
i 

= c i ) ] r epr e-

sent the disordered and ordered branches of the total free energy

and y (s ) 
i 

is the site fraction of solute i on sublattice s. c i is the mole

fraction of solute i . L 
γ
i, j 

and L 
γ
i, j,k 

are the binary and ternary inter-

action constants (i.e., regular solution constants) for the disordered

solid solution, whereas L 
γ ′ 
i : j 
, L 

γ ′ 
i j: k 

and L 
γ ′ 
k : i j 

are the interaction con-

stants for the ordered solid solution. In this study, we only con-

sider the zeroth-order interaction terms for the sublattice model

since the contributions from higher-order terms are rather small

as compared to that of the zeroth-order terms [50] . Without con-

sidering antisites, the site fraction ( y (s ) 
i 

) and solute concentration

( c i ) follows the relationship given in Table 1 . The equilibrium seg-

regation is achieved when the exchange potential is the same ev-
Fig. 3. Segregation enthalpies between (a) Co and SISF, (b) Cr and SISF. The blue curve 

fault has a chemical constituent of Ni 3 Al. The similar is said for the green curve titled 

nthalpy between the blue and green curve with the optimal degree of clustering of Co u

the references to color in this figure legend, the reader is referred to the web version of t
rywhere in the system [8] , i.e., 

μ( ∞ ) = �μ( x ) (7)

here symbol " ∞ " represents a position that is far away from the

ault. 

The segregation isotherms for Co and Cr segregation can, thus,

e expressed by the following equations (see Appendix for details)

c ( x ) 

0 . 75 − c ( x ) 
= 

c 0 
0 . 75 − c 0 

exp 

(
−�F seg ( x ) 

kT 

)
(8)

c ( x ) 

0 . 25 − c ( x ) 
= 

c 0 
0 . 25 − c 0 

exp 

(
−�F seg ( x ) 

kT 

)
(9)

here �F seg ( x ) has the form of [8] : 

F seg ( x ) = E int ( x ) + �μex ( c ) − �μex ( c 0 ) − κ
d 2 c 

dx 2 
(10)

here E int ( x ) is the segregation enthalpy from the ab ini-

io calculations. �μex ( c ) is the excess exchange potential be-

ond an ideal solution. κ is the gradient energy coeffi-

ient accounting for the contribution from solute concentra-

ion gradient because of the segregation at the fault. Accord-

ng to [8] , κCo = 0 . 5 A Co d 
2 
111 

= 6 . 5212 × 10 −40 J · m 
2 / atom and κCr =

 . 5 A Cr d 
2 
111 = −3 . 2420 × 10 −39 J · m 

2 / atom . In the current system,

he excess exchange potential has the form of 

μex ( c Co ) = ( 0 . 75 − 2 c Co ) A Co (11)

μex ( c Cr ) = ( 0 . 25 − 2 c Cr ) A Cr (12)

here A Co and A Cr are interaction constants consisting of various

nteraction parameters in the sublattice model (see Appendix for

etails) 
in Fig. 3 (b) titled “Ni 3 Al” is the segregation enthalpy for Cr assuming the stacking 

“Co 3 Al”, details shown in Section 3.2 . The red curve is the weighted segregation 

sed to calculate equilibrium Cr segregation in the Co clusters. (For interpretation of 

his article.) 



L. Feng, Y. Rao and M. Ghazisaeidi et al. / Acta Materialia 200 (2020) 223–235 227 

Fig. 4. Magnitude of segregation enthalpy at 0 K (all negative values) of various 

solute-defect interaction of different metallic alloy systems [51 –55] . 
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 Co = L 
γ
Ni , Co 

+ c Cr L 
γ
Ni , Co , Cr 

+ c Al L 
γ
Ni , Co , Al 

+ 

55 

9 

(
c Cr L 

γ ′ 
NiCo : Cr 

+ c Al L 
γ ′ 
NiCo : Al 

)
(13) 

 Cr = L 
γ
Al , Cr 

+ c Co L 
γ
Al , Cr , Co 

+ c Ni L 
γ
Al , Cr , Ni 

+ 

61 

3 

(
c Co L 

γ ′ 
Co : AlCr 

+ c Ni L 
γ ′ 
Ni : AlCr 

)
(14) 

Eqs. (8) and (9) are used to calculate the equilibrium concen-

ration profile of Co and Cr at SISF. The interaction terms in the

ublattice model are taken from [50] and the temperature consid-

red is 750 °C, which is the same as the experimental temperature

 Fig. 2 ) [31] . 

. Results 

Co and Cr segregation at SISF in the γ ’ phase of Ni-base su-

eralloys has been widely reported, yet no thermodynamic analy-

is has been given to rationalize this phenomenon. To understand

uantitatively the experimental observations, we first calculated

he segregation enthalpy of solutes segregating to SISF and the re-

ults are shown in Fig. 3 . Note that the result for Co and Cr in-

eracting with SISF in Ni 3 Al has been reported in an earlier pub-

ication [39] . The negative segregation enthalpy at SISF (inset of

ig. 3 (a)) suggests that Co segregation at the fault is expected. The

lue curve of Fig. 3 (b) shows the segregation enthalpy of Cr at SISF.

he positive enthalpy suggests depletion of Cr at the fault, which

ontradicts to the experiment observation ( Fig. 2 ). In this section

e provide quantitative analyses on the equilibrium Co and Cr

oncentration profiles across an SISF by using segregation isotherm

ith these segregation enthalpy data obtained from the ab initio

alculations. 

.1. Equilibrium Co concentration at SISF 

Even though the segregation enthalpy at SISF is negative for Co

 Fig. 3 ), its magnitude is rather small as compared to those of grain

oundaries and dislocations (see Fig. 4 , and detailed discussion in

ection 4.1 ). To understand the relationship between the magni-

ude of segregation enthalpy and the amount of solute enrichment,

e first calculate equilibrium solute enrichment as a function of

he magnitude of segregation enthalpy at different temperatures
or a dilute solution using Eq. (3) and compare the results with

vailable experimental data. The results are shown in Fig. 5 . The

olid lines are the calculation results and the dashed lines indicate

he experimental results. For grain boundary segregation in Mg-

d alloys [51] , a solute enrichment of c / c 0 
= 27 is observed with

 segregation energy of −177 meV at 300 °C (the blue dash line
n Fig. 5 (a)), which agrees well with the prediction of Eq. (3) . The

nrichment of Co observed in the experiment ( Fig. 2 ) should cor-

espond to a segregation enthalpy around −20 meV, which is close

o what is predicted by the ab initio calculation (the black dash

ine in Fig. 5 (b)). 

We then use the segregation enthalpy results shown in Fig. 3 to

alculate the equilibrium solute concentration profile and compare

t with the experimental measurements. The results are presented

n Fig. 6 (a). The agreement verifies the argument made earlier that

ven though the segregation enthalpy is small, the solute enrich-

ent is consistent with the experimental measurements. It is also

orth noting that the enrichment of Co only appears at the center

ayers of the fault. 

.2. Equilibrium Cr concentration at SISF 

As shown in Fig. 3 , Cr has a positive segregation enthalpy at

ISF and thus it should be depleted from the SISF if we only con-

ider a Ni–Al–Cr system with Cr occupying the Al sublattice. This is

bviously not the case in the experimental observation ( Fig. 2 ). A

echanism on how Cr could diffuse to SISF has been offered [39] ,

ut no explanation has been given on what the equilibrium enrich-

ent of Cr should be. We hypothesize that the equilibrium enrich-

ent of Cr is due to the segregation of Co at SISF occupying the Ni

ublattice in Ni 3 Al. Then the strong Co–Cr nearest neighbor bond

ill draw Cr to the fault to occupy the Al –sites surrounded by Co.

o test this hypothesis, we first consider an extreme case where

ll Ni atoms at the SISF are replaced by Co. The calculated segre-

ation enthalpy �E C r Al ( C o 3 Al ) of Cr segregating to the SISF is shown

y the green curve in Fig. 3 (b). The subscript Al in Cr Al (Co 3 Al)

eans Al sublattice and the bracket behind suggests the chemical

ormula at the fault. The strong negative segregation enthalpy val-

dates our hypothesis. Thus, the Cr-SISF interaction can be viewed

s a competition between local depletion due to Cr–Ni 3 Al positive

nteraction and local segregation due to Cr–Co 3 Al negative interac-

ion. Thus, Cr clusters at SISF should be expected and this could be

alidated against future experimental characterization as well. 

For the current study, an average segregation enthalpy of Cr as

unction of Co concentration, �E mix ( c Co ), is estimated by a linear

ule-of-mixture of the two segregation enthalpies: 

E mix ( c Co ) = c Co �E C r Al ( C o 3 Al ) + ( 1 − c Co ) �E C r Al ( N i 3 Al ) (15) 

Setting �E mix to zero, we obtain a critical uniform Co concen-

ration, 31.25 at%, at the SISF in order to draw Cr to segregate

here. Obviously there is insufficient Co to distribute uniformly at

he fault to have Cr segregation at the fault in the current sys-

em (the Co concentration at the fault ranges from 6% to 20% ap-

roximately), but locally, Cr can segregate to Co-rich regions such

s Co clusters at the fault (clustering of Co will be discussed in

ection 4.4 ) due to strong Co–Cr bond (discussed in Section 4.5 ),

hereas for the remaining Co-lean regions, Cr will be depleted.

owever, the overall Cr concentration may still be enriched at the

ault. Thus, to predict Cr concentration at the fault based on this

ypothesis, we treat the overall Cr concentration at the fault as a

eighted average of Cr concentration in these two regions, Ni 3 Al,

o-lean and thus Cr-lean, and (Ni, Co) 3 Al, Co-rich and thus Cr-rich,

ith their mole fractions at the fault as the weighting factor, which

eads to the following equations 

 Cr = f x Cr _ ( Ni , Co ) 3 Al + ( 1 − f ) x Cr _ N i 3 Al (16) 
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Fig. 5. Correspondence between segregation enthalpy and solute enrichment (log scale) for dilute solutions at various temperatures. The black dash line titled “Co in γ ’” is 

the Co enrichment at SISF shown in Fig. 2 and its corresponding free energy of segregation calculated from Eq. (3) . The blue dash line titled “Mg-Gd alloy” is the experimental 

result of Gd segregation at GB in a Mg-Gd alloy and its corresponding free energy of segregation calculated from Eq. (3) . (For interpretation of the references to color in this 

figure legend, the reader is referred to the web version of this article.) 

Fig. 6. Concentration profile of (a) Co and (b) Cr across the SISF calculated and compared with the experimental results. The region between vertical oranges dash lines are 

stacking faults. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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will be discussed in detail in Section 4.5 . 
f · x Co ( ( Ni , Co ) 3 Al ) = x Co ( segregated fault ) (17)

where x Cr is the final Cr concentration at the SISF, f is the mole

fraction of the Co-rich (Ni, Co) 3 Al regions, which is defined as

the ratio between the total number of atoms in the Co-rich (Ni,

Co) 3 Al regions and total number of atoms at the fault. x Cr _ ( Ni , Co ) 3 Al 
is the Cr concentration at the Co-rich (Ni, Co) 3 Al regions and

x Cr _ N i 3 Al is the Cr concentration at the Co-lean Ni 3 Al regions.

x Co ( segregated fault ) is the Co concentration at each layer after seg-

regation. Both terms are calculated using Eq. (9) with their own

segregation enthalpy. The segregation enthalpy of Cr segregating

to Co-lean Ni 3 Al regions is the blue curve in Fig. 3 (b). The seg-

regation enthalpy of Cr segregating to Co-rich (Ni, Co) 3 Al regions

is still a weighted average using Eq. (15) . The higher the Co con-

centration is in the Co-rich region, the more negative the segrega-

tion enthalpy is, and the more enrichment of Cr is in the Co-rich
Ni, Co) 3 Al regions (i.e., the higher is x Cr _ ( Ni , Co ) 3 Al ) at the fault. But

he Co atoms have to be conserved through Eq. (17) . Therefore, the

igher is Co concentration in the Co-rich regions, the smaller is

he mole fraction, f . Thus, there is an optimal Co concentration in

he Co-rich (Ni, Co) 3 Al regions such that Cr reaches maximum con-

entration with intermediate values of f and x Cr _ ( Ni , Co ) 3 Al , and the

orresponding segregation enthalpy is plotted as the red curve in

ig. 3 (b). The effect of Co concentration in the Co-rich regions is

iscussed in more detail in Section 4.4 . 

Fig. 6 (b) shows the Cr concentration profile across the SISF cal-

ulated in this way. A simple spline fit (the red solid line) is plot-

ed in addition to the discrete data to show the general trend. The

eak Cr concentration fits well with the experimental data, which

eems to validate our hypothesis. Note that there are valleys in the

alculated concentration profiles of Cr ( Fig. 6 (b)), which are much

eeper than the concentration fluctuations in the experiment. This



L. Feng, Y. Rao and M. Ghazisaeidi et al. / Acta Materialia 200 (2020) 223–235 229 

Fig. 7. Co concentration at SISF in CMSX-4 alloy as a function of time through sim- 

ple solute-SISF interaction at 750 °C. 
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. Discussions 

.1. Relation between the value of segregation enthalpy and amount 

f solute enrichment 

Fig. 4 shows a comparison of the calculated segregation en-

halpies (magnitude, they are all negative) at different types of

xtended defects obtained for different binary alloys. In general,

olute-dislocation interaction is the strongest due to the large lat-

ice distortion and change of coordination number of atoms at the

islocation core. Depending on atomic size mismatch, the segre-

ation enthalpy magnitude can be up to several hundred meV.

hereas for solute-GB interaction, the segregation enthalpy mag-

itude is around 100 meV. Solute-SISF segregation enthalpy in the

i 3 Al system is the smallest, with a magnitude less than 50 meV,

hich suggests the least amount of solute enrichment at SISF. From

igs. 4 and 5 , we can come to the following conclusion: for segre-

ation enthalpy magnitude at the level of 10–50 meV, the amount
ig. 8. (a) Co concentration profile for considering different contributions to the segregat

ation of the references to color in this figure, the reader is referred to the web version o
f solute enrichment at the defect is about a few or a few ten per-

ent ( Fig. 4 (b)), at various temperatures. This is well aligned with

he current calculation results. On the other hand, when the segre-

ation enthalpy magnitude is around one to several hundred meV,

he amount of solute enrichment ranges from 10 to 100 times.

herefore, we can conclude that even though the segregation en-

halpy for Co at the SISF is relatively small, it is sufficient to give

ise to the equilibrium Co enrichment observed in the experiment.

.2. Time-dependent concentration profile 

To verify whether the observed solute concentration at SISF is

he equilibrium concentration, the following diffusion equation is

olved for a semi-infinite system with a uniform Co concentration

t t = 0, 

∂c 

∂t 
= − ∂ J 

∂x 
(18) 

here J is the diffusion flux and has the form of [8] , 

 = −c 0 ( 1 − c 0 ) [ ( 1 − c 0 ) m Ni + c 0 m Co ] 
∂�μ

∂x 
(19) 

here �μ is the exchange potential of solutes, and m Ni and m Co 

re the atomic mobilities of Ni and Co in Ni 3 Al, respectively. The

mpurity-diffusivity of Co and self-diffusivity of Ni in Ni 3 Al are

aken from the CALPHAD database at the experiment temperature

750 °C) [31] , D 
∗
Ni 

= 3 . 0 × 10 −19 m 
2 / s and D 

∗
Co 

= 2 . 1 × 10 −19 m 
2 / s . 

Fig. 7 shows the Co concentration at an SISF in CMSX-4 as a

unction of time. At t = 40 s, the Co concentration at the SISF has

lready reached a value that is close to the equilibrium concentra-

ion through bulk diffusion. If we consider the Cottrell atmosphere

t dislocations and pipe diffusion, the time to reach equilibrium

oncentration can be even shorter. Compared to the holding time

8 h) in the creep experiment [31] , it can be therefore concluded

hat the Co concentration observed in the experiment has reached

quilibrium. 

.3. Effect of solution model 

In this study, we only consider 4 atomic species, Ni, Al, Co and

r. For multicomponent alloys, multiple atomic species exist on
ion energy. (b) Contribution of each term in the segregation energy. (For interpre- 

f this article.) 
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Fig. 9. Effect of Cr on Co concentration profile across the SISF. 
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specific sublattices. Vacancies and anti-site defects may also exist.

In principle, all possible solutes such as Ti, W, Nb, Ta and vacancies

could be considered in this model by fixing site fraction of each

species and adding more terms in the excess exchange potential

term. To gain a better idea on how these factors play a role, we

need to understand how each energy term contributes to the seg-

regation profile. Fig. 8 (a) shows the Co concentrations with only

solute-SISF interaction (the blue curve), with the addition of the

excess exchange potential in the sublattice model (the cyan curve),

and with the addition of the gradient term (the red curve). Mean-

while, Fig. 8 (b) shows the contributions from each of these energy

terms. For Co segregation, the main contribution to the segregation

energy is still the segregation enthalpy, namely the Co-SISF inter-

action. By having a more complicated solution model, there is a

nontrivial correction of the results. Unlike the grain boundary seg-

regation where there is a significant solute gradient [8] , in this SISF

case, the contribution of the Co concentration gradient is minimal

due to the low level of solute enrichment. 

For the pseudo-binary Ni–Co system considered in the current

model, it is assumed that the other sublattice (i.e., the Al sublat-

tice) is occupied by both Al and Cr. Fig. 9 shows the Co concentra-

tion profile if we do not consider Cr on the Al sublattice. This is

done by making Cr concentration zero in the interaction constant

A Co in Eq. (13) . The result indicates that Cr reduces the segregation

of Co at SISF. But the contribution of the correction is small yet

non-trivial as compared to the Co-SISF interaction. But the main

contribution is still the Co-SISF interaction. 

Similar calculations are performed for Cr segregation ( Fig. 10 ). It

is clear that the solution model and gradient term have negligible

effect on Cr segregation. This is because we calculate the Cr con-

centration as the result of a combination of two parts, one for Cr

segregating to Co-rich (Ni, Co) 3 Al regions and the other for Cr de-

pleting from Co-lean Ni 3 Al regions at the fault. For each region, the

magnitude of the segregation enthalpy is much larger than contri-

butions from the other factors, for example, both segregation en-

thalpies have magnitude over 300 meV, as shown in Fig. 3 (b). In

fact, at the fault, the segregation enthalpy of Cr segregating to Co-

rich (Ni, Co) 3 Al regions is negative enough that Cr almost replaces

all Al atoms in the regions, whereas the segregation enthalpy of Cr

segregating to Co-lean Ni 3 Al region is positive enough that Cr at

SISF almost depletes to none. Therefore, the only dominant factor

that controls Cr concentration at the fault is the amount and de-

gree of clustering of Co at the fault, which determines the segre-

gation enthalpy of Cr and Co-rich (Ni, Co) 3 Al regions and the mole

fraction of Co-rich regions. 
.4. Clustering of Co and segregation of Cr at the fault 

As mentioned above, we have hypothesized that Co segregation

t SISF and formation of Co-rich (Ni, Co) 3 Al regions at the fault is

esponsible for Cr segregation at the fault observed in the experi-

ent. Ab initio calculations are performed to verify this hypothe-

is. Fig. 11 shows the energy difference between two-separate and

wo-clustered Co atoms in the bulk and at the fault. The results

ndicate that Co does have a tendency to cluster both in the bulk

nd at the fault. To describe the clustering behavior in the fault,

e introduce a parameter, the degree of clustering, ηcluster , like the

hort-range order parameter [52] , given by the following equation

cluster = 

P CoAl − P CoAl ( a v erage ) 
P CoAl ( max ) − P CoAl ( a v erage ) 

(20)

here P CoAl is the probability of finding a Co–Al bond in a Co clus-

er with the requirement that Co and Al occupy the Ni- and Al-

ublattice, respectively. P CoAl ( average ) is the reference probability

or finding a Co–Al bond at the fault if Co is uniformly distributed.

hen all the Ni sites in Ni 3 Al are occupied by Co, Co reaches the

ighest level of clustering and, therefore, ηcluster = 1 . If the chances

f finding a Co–Al bond in the cluster is the same as that at the

ault with uniform Co distribution, then there is no clustering of

o at the fault. Thus, ηcluster characterizes the deviation from uni-

orm spatial distribution of Co atoms within the first coordination

hell of Al atoms (i.e., on the Ni-sublattice of Ni 3 Al) at the fault

lanes, i.e., the degree of Co clustering at the fault. The effect of

he clustering parameter on Cr concentration at SISF is shown in

ig. 12 . 

Under the fixed numbers of Co atoms at each atomic plane

ithin the fault (determined by the segregation enthalpy of Co at

he fault), there is an optimal degree of clustering of Co, i.e., 10

ut of 12 sites in the first nearest neighbor coordination shell of

n Al atom at the fault are occupied by Co (only two are occupied

y Ni) for maximum Cr segregation, which is used in the calcula-

ion of the equilibrium Cr segregation ( Fig. 6 (b)). This calculated Cr

oncentration profile matches the experimental results. 

It is worth noting that if the degree of clustering of Co is far

elow the critical one, there will be Cr depletion rather than seg-

egation, suggesting that it is possible to have just Co enrichment

t SISF but not Cr. At the optimal Co concentration, i.e., 10 out of

2 of the Ni sites in Ni 3 Al are occupied by Co, which yields a Co

oncentration of 62.5 at%, the Cr concentration in the Co clusters

ill reach 22.73%, which is close to the total Al site fraction (25%).

his suggests that the attraction between Cr and Co clusters are so

trong that almost all the Al atoms in the clusters tend to be re-

laced by Cr atoms. The mole fraction of the Co clusters is 13.54%

t the optimal degree of clustering calculated from Eq. (17) . Due to

he nature of Co clustering, the Cr concentration at the fault can

e location specific (i.e., different from that in a random L1 2 solid

olution). 

To better illustrate Co clustering, Fig. 13 shows a schematic

f Co cluster ( Fig. 13 (a) vs random distribution of Co atoms

 Fig. 13 (b)) on the Ni sublattice on a single {111} plane. Al atom G

n Fig. 13 (a) is surrounded by 4 Co atoms while all other Al atoms

ave only 1 (atom B, C, F and H) or 0 (atom A, D and E) Co atom as

heir first nearest neighbors. From the segregation enthalpy calcu-

ations, when Al atom G is swapped with a Cr atom from the bulk,

he segregation enthalpy will be negative, while when all other Al

toms are swapped with Cr atoms in the bulk, the segregation en-

halpy will be positive. In Fig. 13 (b), each Al atom has 1 Co atom as

ts nearest neighbors. Thus, none of these atoms will be swapped

ith Cr after Co segregation. The small cluster shown in Fig. 13 (a)

an further cluster and create even larger concentration modula-

ion within the fault planes. More study is required to understand

he size and distributions of these Co clusters. 
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Fig. 10. (a) Cr concentration profile for considering different contributions to the segregation energy. (b) Contribution of each term in the segregation energy. 

Fig. 11. DFT calculation of the tendency for Co clusters (a) at the SISF and (b) in the bulk. The yellow atoms are Ni, all occupying Ni sites. The pink atoms are Co, also 

occupying Ni sites. The grey atoms are Al, all occupying Al sites. (For interpretation of the references to color in this figure legend, the reader is referred to the web version 

of this article.) 
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.5. Effects of bonding environment on segregation enthalpy and 

quilibrium concentration profile 

A previous ab initio study has concluded [39] that the major

eason for segregation at the fault is the enhanced bonding be-

ween solutes and their first nearest neighbors. Here we present

he charge density difference to illustrate the redistribution of

harges during the formation of bonds. An increased density indi-

ates more electrons and thus a stronger bonding. Fig 14 (a) shows

he case for an area containing Cr in layer 2 (one layer away from

he fault) where the first nearest neighbors of Cr are all Co on this

lane (i.e., in the case of Co 3 Al). Fig. 14 (b) gives the counterpart

or Cr in layer 6 (bulk) where the first nearest neighbors are all

i. It can be seen that more electrons accumulate between Cr and

o as compared to those between Cr and Ni. Therefore, the Cr–

o bonds are stronger than the Cr–Ni bonds and consequently the

egregation enthalpy is negative if the segregation process elimi-
ates Cr–Ni bonds and creates Cr–Co bonds. This is why when Co

eplaces all Ni atoms at the fault, the segregation enthalpy goes

rom positive to negative (layer 1 of the blue and green curve in

ig. 3 (b)). 

The change in bonding environment also causes the deep val-

ey in the calculated Cr concentration profile as compared with the

xperimental measurement in Fig. 6 (b). This valley corresponds to

he peak of the segregation enthalpy profiles ( Fig. 3 (b)) at plane 4,

hich are positive. It is also noted that for both Co 3 Al and Ni 3 Al

egions, the segregation enthalpy at plane 4 is positive. Thus, there

ill be Cr depletion regardless of the weighting method of the

egregation enthalpy between �E C r Al ( C o 3 Al ) and �E C r Al ( N i 3 Al ) one 

hoses. Fig. 14 (c) shows the bonding environment of Cr in differ-

nt planes. As can be seen, from the bulk (layer 6) to the stacking

ault (layer 1), the number of Cr–Co bonds increases starting from

ayer 3, with layer 1 being 100% Cr–Co bonds and layers 4–6 hav-

ng unchanged number of Cr–Ni bonds. This demonstrates that the



232 L. Feng, Y. Rao and M. Ghazisaeidi et al. / Acta Materialia 200 (2020) 223–235 

Fig. 12. Effect of Co clustering on Cr concentration at SISF. The bulk Co concentra- 

tion is 6.66% (black dash line in Fig. 6 (a)) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 13. Schematic demonstration of Co atoms in (a) clusters and (b) random solid 

solution on Ni sublattice on one {111} plane. 

Table 2 

Local distortion ∈̄ for Cr in layer 
4, 5, and 6. 

layer 4 5 6 

∈̄ (%) 0.53 0.08 0.08 

a

∈  

w  

l  

a  

t  

A  

c  
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effect of Co on the segregation of Cr in Ni 3 Al starts at layer 3 with

the largest being at layer 1, while layers 4–6 retain unchanged as

compared to that in Ni 3 Al. From Fig. 3 (b), the segregation enthalpy

continuously increases from layer 6 to layer 1 without Co (the blue

curve). The addition of Co decreases the values on this curve, but

only for layers 3 and below. Therefore, layer 4 remains positive and

appears as a peak in the green and red curve in Fig. 3 (b). As for the

enthalpy itself at layer 4, since we are manually creating another

phase Co 3 Al at the fault but its lattice constant is kept the same as

Ni 3 Al, there is more lattice strain in the current configuration. This

is an additional contribution to the segregation enthalpy compared

to the in Ni 3 Al. The effect of the local strain is detailed in the fol-

lowing discussion. This explains the synergistic effect between seg-

regation of Co and Cr. 

However, our calculation only takes into account the extreme

cases where Co atoms are all restricted to the stacking fault re-

gion whereas in experiments, Co will have a broader spatial con-

centration variation. The local composition and configuration re-

semble those of Co 3 Al at the stacking fault, but in the bulk, there

are no Co atoms. This discontinuity in Co concentration gives rise

to a mismatch that could cause extra strain energy. Since we only

have one solute atom on each lattice plane in the calculations, the

effect should be rather local, confined to the vicinity of this solute
Fig. 14. Charge density difference on (111) planes for an area accommodating the Cr ato

ifferent layers. Ni–Cr bonds switching to Co–Cr bonds can be observed during segregat

solated, and their features are easily seen. 
tom. This local distortion can be calculated by 

¯  = 

1 

n 

∑ | l i − l 0 | 
l 0 

(19a)

here l i is the bond length between Cr and its nearest neighbors,

 0 is the average bond length between Al and Ni in a cell without

ny solutes, and n is the number of nearest neighbors. The quan-

ity ∈̄ signifies local lattice distortion caused by the substitution of

l with Cr. The results are shown in Table 2 . The reason for only

onsidering layers 4–6 is that as shown in Fig. 14 (c), other layers

ave a different bonding environment, and would naturally have a

arger distortion. The magnitude of distortion for Cr in layer 4 is

everal times higher than those in layer 5 or layer 6. This explains

he increased positive value for segregation enthalpy observed in

ayer 4 in Fig. 3 (b). Thus, we conclude that this positive segrega-

ion enthalpy peak at layer 4 results from the setting of our cal-
m. (a) Layer 2, (b) layer 6. (c) shows the bonding environment for the Cr atom on 

ion. The planes 2 and 6 are chosen so that the Cr–Co bonds and Cr–Ni bonds are 
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Fig. 15. Segregation enthalpy comparison due to the segregated Co. (a) X (W or Mo) in fault vs in bulk. (b) X in fault vs in bulk with the addition of segregated Cr. (c) W in 

fault forming Co 3 W vs randomly distributed W throughout the cell. 
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Fig. 16. Formation energies of native point defects in Ni 3 Al as a function of chemi- 

cal potential of Ni. The double arrow indicates allowed Ni chemical potential values. 
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ulation due to limited cell sizes and should not be expected in

xperiments, as shown in Fig. 6 , and that it does not alter our ma-

or results on segregation prediction, nor does it signify anything

n the deformation mechanisms. 

.6. Effect of Co-segregation on W- and Mo-segregation at SISF 

Besides Co and Cr, it has been argued that Mo and W also seg-

egate at SISF in Ni-base superalloys [33] . An unanswered question

n [37] is that these solute-SISF interaction energies are all posi-

ive, just like Cr, which should result in a depletion of these solutes

rom the fault whereas the experiment indicates otherwise. Since

r does segregate at the fault when Co exists at the fault in the

ystem, a similar cross-correlation is possible with respect to Mo

nd W. Ab initio calculations are performed to explore if there ex-

sts such a relationship between Co and Mo/W segregation. Fig. 15

hows the schematic illustration and results of the calculations. In

he extreme case where all Ni atoms are replaced by Co atoms at

ISF, Co does not attract Mo or W to the fault ( Fig. 15 (a)). Seg-

egation of Cr at SISF does not help to stabilize Mo or W at the

ault either ( Fig. 15 (b)). It can be concluded that Mo and W enrich-

ent may have little to do with the existence and segregation of

o and Cr atoms. However, the energy difference between a uni-

orm distribution of W atoms in the system and concentrated W

toms at the fault does show that W tends to cluster at SISF in

i 3 Al ( Fig. 15 (c)). This is consistent with the experimental obser-

ation of the χ phase (Co 3 W) formation at SISF in Ni-based super-

lloys [33 , 34] . But what enables this stability is beyond the W-SISF

nteraction and remains as a puzzle. 

.7. Site occupancy of solutes at SISF 

Here, we discuss the site occupancy of solutes at the SISF. The

onding environment for a site in the bulk region and a site in the

tacking fault region is the same for up to third nearest neighbors.

herefore, moving from the bulk to the stacking fault, the site pref-

rence probably would remain unchanged. Take the site preference

f Cr at the stacking fault as an example. First, write the formation

nergy of Cr replacing Al ( �E (Cr Al )) and Ni ( �E (Cr Ni )): 

�E ( C r Al ) = E ( C r Al ) − E 0 + μγ ′ 
Al 

− μγ ′ 
Cr 

(20a) 

�E ( C r Ni ) = E ( C r Ni ) − E 0 + μγ ′ 
Ni 

− μγ ′ 
Cr 

(21) 
here E (Cr Al ) is the energy of the cell with a Cr atom on the Al

ite, E 0 is the energy of pure Ni 3 Al, μ
γ ′ 
Al 

and μγ ′ 
Cr 

are the chemical

otentials of Al and Cr in Ni 3 Al, respectively. The subscript Ni de-

otes the counterparts on Ni site. Now take the difference of the

wo equations: 

�E X 
f 

= �E ( C r Al ) − �E ( C r Ni ) = E ( C r Al ) − E ( C r Ni ) + μγ ′ 
Al 

− μγ ′ 
Ni 

(22) 

If �E X 
f 

> 0 , Cr prefers Ni site. Otherwise, Cr prefers Al site.

he difficulty is the determination of the chemical potential terms

n a compound. Though the absolute values cannot be obtained,

he range can be determined by assuming that Ni 3 Al is stable at

 K. This means that all the native point defects should have pos-

tive formation energies. For example, we have for an Al vacancy

E( V Al ) = E( V Al ) − E 0 + μγ ′ 
Al 

> 0 . If we also consider the formation

nergy of Ni vacancy, Al antisite and Ni antisite as a function of
γ ′ 
Ni 
, we can have the plot shown in Fig. 16 . μγ ′ 

Al 
and μγ ′ 

Ni 
can be

nterchanged by noticing that μγ ′ 
Al 

+ 3 μγ ′ 
Ni 

= E 0 
0 
, where E 0 

0 
is the

nergy of a perfect Ni 3 Al unit cell with 4 atoms. From Fig. 16 ,

e get that the chemical potential range is −5 . 679 eV < μγ ′ 
Ni 

<

5 . 465 eV and from DFT calculations, we have E( C r Al ) = −1070 . 188

V, E( C r Ni ) = −1069 . 308 eV for a 192-atom cell. Substituting these

umbers into Eq. (22) we get −1 . 24 < �E X 
f 

< −0 . 38 eV with the
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largest being smaller than zero. This indicates that Cr prefers Al

site at the stacking fault region. The same technique can be ap-

plied to Co to determine its site preference. Again, the unchanged

bonding environment is the major contributing factor for the same

site preference for both bulk and stacking fault regions. 

4.8. Limitations of the current model 

It is assumed in the current model that all the solution con-

stants and gradient terms are layer-independent. This approxima-

tion is based on the similar bonding environment of each layer and

the lack of accurate thermodynamic data available on the individ-

ual layers aside from the bulk. This approximation works in dilute

solutions because the contributions of enthalpy of mixing and so-

lute concentration gradient are relatively small as compared to that

of the segregation enthalpy. If the model is applied to systems with

higher solute concentration like HEAs, the position dependence of

solution constants and gradient coefficients have to be considered. 

The segregation isotherm is derived under the assumption that

the bulk concentration remains constant. The energy E seg ( x ) from

ab initio calculation certainly does not satisfy this criterion since

there is only one solute atom in the system. Once the solute is

swapped from bulk to SISF, the bulk concentration goes to zero.

Thus, strictly speaking, E seg ( x ) from ab initio calculation at 0 K is

not identical to segregation enthalpy. But in the dilute limit, this

variation of bulk concentration will not significantly influence our

analysis. However, it is of great importance to explore the effect of

bulk concentration variation on E seg ( x ) such that it can be better

incorporated into other alloy systems. 

5. Conclusions 

A model combining ab initio calculations and segregation

isotherm is established to quantitatively predict Co and Cr segre-

gation at SISF in Ni-base superalloys. The segregation isotherm is

formulated based on the sublattice model and gradient thermo-

dynamics and the segregation enthalpy and clustering tendency

of Co is calculated by ab initio calculations. The interaction be-

tween Co and SISF provides adequate segregation enthalpy (around

−20 meV) for Co to reach the amount of enrichment at the fault

seen in the experiment. For Cr, our calculations show that, even

though Cr has a positive segregation enthalpy at SISF, the segrega-

tion of Co atoms stabilizes Cr at SISF, i.e., the segregation of Cr at

SISF is caused by a co-segregation effect between Co and Cr. The

amount of Cr at SISF depends on the amount and the degree of

clustering of Co at SISF in the Ni sublattice (i.e., in the form of

(Ni, Co) 3 Al). The enhanced bonding strength between Co and Cr is

responsible for the co-segregation effect of Cr and Co. The calcu-

lation results provide a quantitative fundamental understanding of

the Suzuki segregation phenomenon observed in superalloys and

the predictions can also be used to further study the role of solutes

in deformation processes in superalloys at elevated temperatures. 
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ppendix 

Following Eq. (4) , the free energy of the (Ni, Co) 3 (Al, Cr) system

an be written as two parts, 

 
γ ( c i ) = c Ni G 

γ
Ni 

+ c Al G 

γ
Al 

+ c Co G 

γ
Co 

+ c Cr G 

γ
Cr 

+ RT [ c Ni ln ( c Ni ) + c Al ln ( c Al ) + c Co ln ( c Co ) + c Cr ln ( c Cr ) ] 

+ c Ni c Al L 
γ
Ni , Al 

+ c Ni c Co L 
γ
Ni , Co 

+ c Ni c Cr L 
γ
Ni , Cr 

+ c Co c Al L 
γ
Co , Al 

+ c Co c Cr L 
γ
Co , Cr 

+ c Cr c Al L 
γ
Cr , Al 

+ c Ni c Al c Co L 
γ
Ni , Al , Co 

+ c Ni c Al c Cr L 
γ
Ni , Al , Cr 

+ c Ni c Co c Cr L 
γ
Ni , Co , Cr 

+ c Co c Cr c Al L 
γ
Co , Cr , Al 

nd 

 
order ( c i ) = 

[
�G 

γ ’ 
(
y ( 

s ) 
i 

)
− �G 

γ ’ 
(
y ( 

s ) 
i 

= c i 
)]

= RT 

[ 
3 

4 
y Ni Ni ln 

(
y Ni Ni 

)
+ 

3 

4 
y Ni Co ln 

(
y Ni Co 

)
+ 

1 

4 
y Al Al ln 

(
y Al Al 

)
+ 

1 

4 
y Al Cr ln 

(
y Al Cr 

)] 
+ y Ni Ni y 

Al 
Al L 

γ ’ 

Ni : Al 
+ y Ni Ni y 

Al 
Cr L 

γ ’ 

Ni : Cr 
+ y Ni Co y 

Al 
Al L 

γ ’ 

Co : Al 
+ y Ni Co y 

Al 
Cr L 

γ ’ 

Co : Cr 

+ y Ni Ni y 
Ni 
Co y 

Al 
Cr L 

γ ’ 

NiCo : Cr 
+ y Ni Ni y 

Ni 
Co y 

Al 
Al L 

γ ’ 

NiCo : Al 

+ y Ni 
Ni 
y Al 
Al 
y Al Cr L 

γ ’ 

Ni : AlCr 
+ y Ni 

Co 
y Al 
Al 
y Al Cr L 

γ ’ 

Co : AlCr 

RT 

[ 
3 

4 
c Ni ln ( c Ni ) + 

3 

4 
c Al ln ( c Al ) + 

3 

4 
c Co ln ( c Co ) + 

3 

4 
c Cr ln ( c Cr ) 

+ 

1 

4 
c Ni ln ( c Ni ) + 

1 

4 
c Al ln ( c Al ) + 

1 

4 
c Co ln ( c Co ) + 

1 

4 
c Cr ln ( c Cr ) 

] 

c Ni c Al L 
γ ′ 
Ni:Al 

− c Ni c Cr L 
γ ′ 
Ni:Cr 

− c Co c Al L 
γ ′ 
Co:Al 

− c Co c Cr L 
γ ′ 
Co:Cr 

c Ni c Co c Cr L 
γ ′ 
NiCo:Cr 

− c Ni c Co c Al L 
γ ′ 
NiCo:Al 

c Ni c Al c Cr L 
γ ′ 
Ni:AlCr 

− c Co c Al c Cr L 
γ ′ 
Co:AlCr 

Notice the relationship between y (s ) 
i 

and c i in Table 1 . 

In addition, 

 Ni + c Co = 0 . 75 and c Al + c Cr = 0 . 25 

nd by applying Eq. (7) , Eq. (8) –(14) can be derived. 
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