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Density Functional Theory based first-principles calculations were performed to determine the compositional
variation of the intrinsic stacking fault energy (ISFE) and the elastic properties in Ni-based concentrated alloys,
modeled as chemically disordered solid solutions. Most of the solutes reduce the ISFE of the nickel matrix,
where elements characterized by half or near half d-band filling (Mo, V, Tc, Ru, Cr, Os, Re, W) are predicted
to produce the highest decline rates of the ISFE. The decisive role played by chemical short range order in

determining the ISFE in Ni-based multicomponent y phase alloys is discussed. Osmium is predicted to improve
the elastic moduli of the fcc Ni matrix. Osmium high ISFE decline rate and excellent elastic moduli make it
a potent element improving the mechanical properties of Ni-based super and multi-principal element alloys.
This role seems to have been identified in a recently developed osmium-containing Ni-based superalloy, see

Wei et al. (2022).

1. Introduction

In an aeroengine, the turbine blading is machined to a strict tol-
erance relative to the engine casing. During service, the blades are
subjected to high temperatures and stress conditions which cause plas-
tic strain to accumulate over time through the creep mechanism. This
effect is very important as excessive creep deformation will cause the
blades to fail while in service. This demonstrates the need for creep-
resistant materials, such as Ni-based superalloys, having the ability to
prolong the lifetime of this turbine component.

Ni-Based superalloys are highly significant to the hot sections of
jet engines and industrial gas turbines due to their exceptional high
temperature mechanical properties. These properties are derived from
a two phase y/y’ microstructure, where the y’ phase is L1,-Ni;Al in
precipitate form and the y phase is a matrix of fcc-Ni. The y’ phase
results in order strengthening and dislocation locks forming in the
precipitates due to thermal activation, which is the reason for the Yield
Stress Anomaly (YSA) of superalloys.

Creep strengthening in Ni-based alloys emerges from precipitation
hardening due to the y’ phase and from solid-solution strengthening
due to solutes partitioning to the y matrix. The y’ precipitates, stabilized
and solid-solution strengthened through adding Al, Ti, Ta, Nb, and V,
has a prominent influence on the creep resistance of Ni-based alloys [1].
These precipitates act as barriers hindering the dislocation motion
within the crystal, thereby reducing strongly creep deformation. It has
been shown that an increasing fraction of y’ precipitates increases creep
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strengthening effect, specifically an increase in life-to-rupture time and
a decrease in minimum creep rate [2]. It should be mentioned that
this is true at low stresses, otherwise dislocations can shear the y’
precipitates [3].

Creep deformation in pure metals such as nickel occurs via a com-
bined glide-climb process at temperatures where vacancies become
mobile. When a gliding dislocation is pinned, it can be released via
a vacancy-mediated-climb and continue gliding. Dislocation glide is
then responsible for the greater part of creep deformation. Recovery-
controlled creep models of pure metals [4,5] are based on the assump-
tion that the steady-state creep is achieved when the operating rate
of dislocation multiplication equalizes that of dislocation annihilation,
yielding subsequently a constant dislocation density. This assumption
has been used to derive a law [6-8], in pure metals, describing the
creep strain rate — referred to also as minimum, or steady state or
secondary creep rate — dependence on the intrinsic stacking fault energy

YISF

« i (&) (2) b @

where Dgp, o, G, T, b, and K are the self-diffusion coefficient, applied
stress, shear modulus, temperature, Burgers vector, and the Boltzman
constant, respectively. Refs. [9,10] studied solid-solution strengthened
materials, where it was noticed that a large number of binary alloys be-
have similarly to pure metals exhibiting a five-power-law dependence
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(Eq. (1)) on the applied stress. The studied set of binary alloys included
nickel as a host matrix and various solutes relevant to Ni-superalloys.
This shows that effects produced by various alloying elements relevant
to Ni-superalloys can be interpreted using Eq. (1) — the five power law
of secondary creep rate.

As given in Eq. (1), the secondary creep strain-rate ¢ depends on ygp
the intrinsic stacking fault energy. In an fcc metal, a perfect dislocation
a/2(110) gliding in {111} plane dissociates into two Shockley partial
dislocations separated by an intrinsic planar stacking fault of width d.
Electron microscopy showed that the dissociation obeys this reaction
form

a/2(110){111} — a/6(211){111} 2
+
a/6(121){111} ,

ISF energy (J m2 or N m™1) is an attractive force per unit length
(N m™1) acting on the two dissociated Shockley partial dislocations,
a/6(211){111} and a/6(121){111}, tending to pull them together.

Screw portions of the perfect dislocation a/2(110) can circumvent
obstacles such as precipitates through a cross-slip mechanism, thereby
facilitating creep deformation. In most cases, unless the ygp is very
high where dissociation is not favorable, a perfect dislocation in an fcc
metal exists in an extended dislocation form as shown in Eq. (2). As a
result, a cross-slip cannot occur because a/6(211) vector lies in only one
{111} plane and thus an individual Shockley partial cannot cross slip.
Therefore, the extended dislocation is constrained to glide in the {111}
plane of its fault. It follows that cross-slip would be difficult to occur
in significantly low ISF energy metals due to constriction difficulties,
which is advantageous as this impedes gliding dislocations from by-
passing obstacles inducing thus a creep-resisting effect. It is important
to mention within this context that a large elastic shear modulus G can
cause the dissociation of the perfect dislocation even if the ISF energy
is high. This is due to the fact that the dislocation dissociation width is
directly proportional to G and inversely proportional to y;sr as given in
the theory of elasticity [11,12]. Thus a reasonably big shear modulus
is equally advantageous to a significantly low ISF energy because it
prevents the two Shockley partials to constrict locally. Hence, when
considering the effect of alloying on yg, it is crucial as well to monitor
the change in G of the fcc Ni matrix.

Therefore widely spaced Shockley partials arising from low ISF
energies and/or reasonably big shear moduli are advantageous to high-
temperature applications, as they produce a creep resistance effect. It
has long been established that adding alloying elements to most base
metals can strongly lower their ISF energy [13]. Concerning solid-
solution strengthened nickel, a correlation between the normalized
steady-state creep rate and the yqr is known to exist [6]; a decrease in
the ISF energies, upon adding transition metal elements, was associated
with a decrease in the steady-state creep rate. Earlier experimental
investigations [14,15] have demonstrated the profound effect of solutes
on the creep resistance of polycrystalline nickel. Adding Cr or Co
to the nickel matrix induced a substantial decrease in the secondary
creep strain-rate, yielding a desirable solid-solution hardening effect.
The results [14,15] also showed that creep-strengthening increment
correlates strongly with the atomic-size mismatch between nickel and
the solute, and with the concentration of solute added.

Given the important role of ISF energy in affecting the mechanical
properties of Ni-based alloys, it is essential to establish quantitatively its
compositional variation across a wide range of 3d, 4d, and 5d solutes.
This systematic study enables comparing the effect of solute’s type on
altering the ISFE of fcc nickel and subsequently correlating the highest
decline rate in ISFE with the solute’s position in the periodic table. The
individual compositional variations in the ISFE helps understanding the
role of elements already used in state-of-the-art Ni-base superalloys and
identifying other elements that induce substantial ISFE decline rates
but have not received focus in the past. To this end, solutes typically
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used in various generations of single and polycrystalline nickel-base
superalloys are considered, specifically, Ti, V, Cr, Fe, Co, Nb, Mo, Ru,
Ta, W, and Re. To see the trend of ;45 variation across a wide range
of 3d, 4d, and 5d band series, Platinum group metals (Pt, Pd, Rh, Ir,
Os) and other elements (Mn, Cu, Zn, Tc, Au) are also considered.

There exist different computational studies in the literature that cal-
culate the ISFE in Ni-based fcc alloys, however, the focus is either on a
single or a few binary systems. In this first-principles study, we employ
Density-functional theory (DFT) based calculations in conjunction with
the axial Ising model (AIM) [16] and using big supercells to examine
the compositional variation of the ISFE in fcc Ni-X binaries for a wide
range of 3d, 4d, and 5d X solutes, where the alloys are modeled as
random solid solutions. The solute composition range in each alloy is
restricted to its low-medium temperature solubility limit in the respec-
tive experimental phase diagram. The structural energetics relevant to
ISFE calculations of high temperature solubility compositions can be
strongly affected by thermal effects, specifically, electronic, vibrational,
magnetic and anharmonic energy contributions, and as a consequence
0 K calculations are not sufficient.

Similarly, big supercells have been employed to calculate the elastic
constants and moduli of fcc Ni-X binaries. The solutes considered to
investigate their elastic effect on fcc Ni matrix are those known to
preferentially partition to the y phase in Ni-based two phase y/y’
superalloys excluding Cr. Specifically, Fe, W, Mo, Ta, Co, Re, and
Ru; Os is also considered though it has not received much focus in
Ni-superalloy research until recently [17].

We predict the ISFE compositional variation to vary strongly be-
tween the different systems, where solutes lying towards the center of
the transition metal series, Mo, V, Tc, Ru, Cr, Os, Re, and W display
the highest ISFE decline rates. We discuss osmium’s ISFE high decline
rate and known excellent elastic moduli on its potential role as a
potent element improving the mechanical properties of future Ni-based
multicomponent alloys. The solutes considered in the elastic study
exhibit important and different effects on changing the elastic moduli
of fcc Ni matrix. Though strictly speaking, the predicted change in
the shear moduli is less pronounced than that in y;gz; an observation
highlighting the key role played by y;¢r in increasing the dislocation
dissociation width of fcc Ni matrix upon alloying.

2. Methodology
2.1. Intrinsic stacking fault energy and the axial Ising model

The separation of the two Shockley partial dislocations will disrupt
the {111} planes stacking sequence ABCABCABCABC, introducing a
ribbon of stacking fault between them. The stacking sequence of {111}
planes will be faulted between the Shockley partials and pristine out-
side the dislocation. This intrinsic stacking fault consists of four layers
of hexagonal close-packed stacking (ABCACABCABC) within a face
centered cubic lattice.

Experimental observations [18] of extended dislocations in thin foils
have established that under stress, the dissociated dislocation a/2(110)
glides as a pair of partials bounding the ISF ribbon where the leading
partial a/6(211) creates the fault and the trailing one a/6(121) removes
it. Experimental estimates of the ISF energy y;qr have been mainly made
from direct observation of the fault-ribbon width using transmission
electron microscope TEM and from direct observation of the shrinkage
rate of faulted prismatic loops [19]. Experimental estimates have also
been reported indirectly from the temperature dependence of the flow
stress of single crystals.

The magnitude of the distance d separating the two Shockley par-
tials in Eq. (2) depends on the ISF energy y;sr and on the elastic forces
of the two partials. Specifically, the force balance consists of three
terms. These are two attractive forces originating from the ISF itself and
from the screw components of the two partials, balanced at equilibrium
by a third repulsive force due to the edge components of the two
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partials. Experimentally, y;qr is usually calculated using the following
equation [12,20]

_Gbl% (2_V) | _ 2vcos(20) 3)
NSF= 3ra \1=y 2—v )

where G and v are the shear modulus and the Poisson’s ratio of an
fec metal, respectively. b, is the magnitude of the Burgers vector
of the Shockley partials. d is the measured distance separating the
two Shockley partial dislocations. 6, the character angle, is the angle
between the line direction of the perfect dislocation and its Burgers
vector.

We apply the AIM in its two approximations: the first order axial
nearest-neighbor Ising model (ANNI) and the second order axial next
nearest-neighbor Ising model (ANNNI) to calculate the ISFE of fcc Ni-
X random solid solutions. The detailed methodology of the AIM is
explained elsewhere [16,21]. The ANNI and ANNNI models require
the knowledge of the energetics of three structures, fcc, hep and dhcp,
whereupon, according to the ANNI model the y&im is determined as

yANNI _ 8 (Ehcp - Efcc) (4)
ISF — 2/3 ’
RYE)
ANNNI

and according to the ANNNI model the yISFN

ANNNL 4 (Ehcp + 2Edhcp - 3Efcc)

NisP T 2/3 ’
RYE]

where E.,, Eyp.,» and Ep. are the energies per atom of the structures
hep, dhep and fec, respectively, derived from supercells energetics as
determined by DFT calculations. V' is the volume of 4-atoms fcc unit
cell, while Vzc/j.\/g is the area of 4-atoms in the fcc (111) plane over
which the stacking fault extends.

The double hexagonal close-packed dhcp crystal structure has a 4-
layer stacking pattern ABAC-ABAC and 12 atoms per conventional unit
cell. dhcp, effectively, is a two hcp unit cells stacked on top of each
other, but the middle layer alternates between B and C.

Given that the stacking fault is not explicitly present in the AIM,
the main disadvantages of using this model is the inability to explore
the change in the spatial atomic arrangement occurring near the fault
and the segregation effects due to tendency of some solutes, specifically
cobalt, to migrate to the fault region [22-25].

is determined as

()

2.2. Elastic moduli calculations

The elastic stiffness constants demand knowledge of the derivative
of the energy as a function of lattice strain. The calculations of the
elastic constants involving a change in the volume generally results
in a strong variation in the energy which can overcome the sought
strain effect. To eliminate this large volume contribution to the energy,
the cubic lattice can be deformed through applying volume-preserving
strains. A practical procedure to reduce the numerical noise in the
calculations of the two cubic elastic constants C|; and C, is to separate
the calculation of the bulk modulus B and the tetragonal shear modulus
C’ = (€ —Cyy) /2 related to the volume-preserving strain [26].
The bulk modulus of an isotropic polycrystalline aggregate of cubic
crystallites is given as
po Cut2Cn

3
The tetragonal shear modulus can be determined by applying a volume-

conserving orthorhombic strain tensor (e) [26] to the cubic supercell
lattice vectors

(6)

x 0 0
e=|0 —x 02 )
0 X

1-x2
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where the total energy of the strained lattice is an even function of the
distortion parameter x

AE(x) = AE(=x) = V(Cy; = Cpp)x” + O[x*1, ®

The third cubic elastic constant C,, can be determined through
applying a volume-conserving monoclinic strain tensor (¢) to the cubic
supercell lattice vectors

0 3 0
e=|3 0 0 9
2
X
00 =

where the total energy dependence has the form
AE(x) = AE(—x) = %Vch2 +0[x"], (10)

The distortion parameter x varies between 0 and 0.05. In a completely
isotropic cubic crystal, the shear modulus G is

G=G*"=C"=(C;;—Cp)/2=Cy, amn

However, in reality, cubic single crystals are elastically anisotropic [27]
i.e. the shear modulus G and Young’s modulus E are direction-dependent.
The degree of anisotropy A, known as anisotropy constant or shear
modulus anisotropy or the Zener anisotropy index[28], in cubic crystals
is expressed as the ratio between C,, and C’

2Cyy

Ag= —2
¢ (€ -Cp)

12)
Since A, deviates from unity in real cubic crystals, the shear modulus
G is not known in terms of the elastic constants C;;. In this case, one
can only place rigorous bounds on G of polycrystalline aggregates of
cubic crystallites. This is possible because in a polycrystalline material,
the monocrystalline grains are randomly oriented, and on such a large
scale they can be considered quasi-isotropic or isotropic in a statistical
sense. The upper bound as derived by Voigt [29]

Cii —Cpp+3Cy
B —
and the lower bound as determined by Reuss [30]

i 5(Cyy = Cpp)Cy , a4
4Cy +3(Cy = Cpp)
The average shear modulus can be estimated from these strict bounds
as [31]
Gy + Gy

G= -
As expected, when the monocrystalline grains are weakly anisotropic,
both bounds of G converge; in the limit of isotropic lattice (45 = 1),
Gy = Gg = C' = Cyy. The Young’s modulus E and the Poisson’s ratio v
are related to B and G through

Gy = 13)

(15)

9BG
E = ; 16
3B+ G (16)
3B-2G
= —, 17
6B +2G an

In the next Section 2.3, we present the technical details related to the
calculation of the elastic moduli.

2.3. Computational method

Ni-based concentrated alloys studied here are modeled as random
solid solutions neglecting chemical short range order SRO. The fcc,
hep, and dhep phases appearing in Egs. (4) & (5) are described using
128-atom supercells. The fcc random alloys are modeled by supercells
formed by 4 x 4 x 2 translations of the 4-atoms fcc cubic cell, hep ran-
dom alloys are modeled by supercells formed by 4 x 4 x 4 translations
of the 2-atoms hcp unit cell, and dhep random alloys are modeled by su-
percells formed by 4 x 4 x 2 translations of the 4-atoms dhcp unit cell.
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These 128-atom supercells give access to the alloy compositions: 6.25,
12.5, 18.75, and 25 at.%. For each chemical composition, the Warren-
Cowley short-range order parameters [32,33] have been minimized
at several nearest neighbor coordination shells to guarantee random
distribution of atoms of alloy species. First-principles calculations were
performed using Density-functional theory DFT [34,35]. The Projec-
tor Augmented Wave method, implemented in the Vienna Ab initio
Simulation Package (VASP) [36-38], was employed to calculate the
total energies and forces, using a spin-polarized scheme. The exchange-
correlation (XC) energy of electrons is described in the generalized
gradient approximation (GGA) using the functional parameterization of
Perdew-Burke-Ernzerhof [39]. The total energy difference between the
three phases was monitored through relevant convergence-tests where
the PAWs energy cut-off was set to 350 eV. In the self-consistent total-
energy calculations, the integration over the Brillouin zone has been
done using 3 x 3 x 6,5 x5 x 2, and 5 x 5 x 2 Monkhorst-Pack k-point
mesh for the 4 x 4 x 2(x4-atoms) fcc, 4 X 4 x 4(x2-atoms) hcp, and
4 X 4 x 2(x4-atoms) dhcp supercells, respectively. The convergence
tests for the number of the k-points and plane-wave cutoff were es-
sential to assure valid total energy differences. While relaxing the fcc
supercells, we did not perform shape relaxations; the translation vectors
of the supercells remained unchanged - strictly no lattice distortions,
which preserved the symmetry of the underlying lattice. This was done
in order to enforce the macroscopic symmetry persisting in alloy, which
would be otherwise gone once the microscopic symmetry is revoked in
the calculation. Therefore, the fcc phase total energy was minimized
by allowing only volume and local atomic relaxations, assuming a
zero pressure environment. Concerning the hep and dhcep phases, only
local atomic relaxations of the supercells were performed at the corre-
sponding fcc equilibrium volume-per-atom and at a fixed hep ideal ¢/a
ratio. This warrants that (., ¢j.,) and (agpeps €nep) COTrespond to the
underlying fcc lattice i.e., a;.,/arcc = gpep/@pec = 1/\/5, Chepl Apee =
\/4/3 and Canep/fec = 24/4/3. The conjugate gradient algorithm [40]
has been applied to relax the atomic positions for the three phases.

To enable the calculation of the elastic constants using first-
principles methods, an fcc random alloy can be modeled using cubic
supercells big enough to represent the chemical disorder and simul-
taneously allowing a realistic computational time. To this end, we
constructed 108-atom cubic supercells, specifically, these are 3 x 3 x 3
translations of the 4-atoms fcc cubic cell. The specific size of the
supercells allows access to these alloy compositions: 6.48, 12, 18.5 and
25 at. %, which are very close to the alloy compositions of the 128-
atom supercells employed to study the y; ¢ as specified above. The
bulk modulus B was determined using a numerical equation of state
(gibbs[41] code) provided a set of volume-energy data derived from
the fcc supercells.

A real random fcc alloy is macroscopically large, thus it has a perfect
cubic symmetry due to extremely effective averaging related to its large
size and to the number of local configurations in this alloy. Since the
modeling supercells are finite in size, they do not correspond exactly to
the macroscopically large real random alloy. Hence, the strain-energy
response to distorting a particular axis of the cubic supercell may not
be unique. Consequently, one has to permute the rows of the strain ten-
sors (7) and (9), and perform all the associated calculations to provide
the required averaging. The final C,,, C},, and C, are the averages of
those calculated from Egs. (6), (8) and (10). Although this will increase
considerably the number of calculations per each alloy composition,
it is necessary to obtain average values of the elastic constants as
these averages are expected to be close to the macroscopically large
real random alloy values. While calculating the total energies corre-
sponding to the strained supercells, only local atomic relaxations were
allowed.
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3. ISF in nickel binary alloys

For pure fcc Ni, our AIM+DFT 0 K simulations predicts yfy, to
be 138.5 mJ/m? (ANNI) and 132.74 mJ/m? (ANNNI), which fairly
agree with the room temperature RT experimental estimation 120—
130 mJ/m?[42]. Benyoucef et al. [43] concluded based on Refs. [42,
44] that a good approximation of the RT ISF energy of pure Ni is
130 + 10 mJ/m?. The alias shear deformation method combined with
direct DFT 0 K calculations [45] obtained yII‘éIF to be 132.1-137 mJ/m?,
while the supercell approach containing the stacking-fault in conjunc-
tion with direct DFT 0 K calculations [46] predicted 127.2 mJ/m?.

The composition variation of the ISF energy due to alloying Ni
matrix with a TM solute is presented in Fig. 1. The first thing to notice is
the remarkable sensitivity of the ISF energy to the type of solute added
and its composition. The solutes considered here produce a continuous
decrease as a function of x, the atomic fraction of the solute added, ex-
cept for Pd, Pt, Au, Mo, W, and Re. The ISF energy slightly changes (Pd)
or increases (Pt and Au), increases at the composition 12.5 at.% Mo
relative to the 6.25 at.% Mo value (in the ANNNI approximation),
and slightly changes at the composition 12.5 at.% W(Re) relative to
the 6.25 at.% values (ANNNI). Qualitatively, the ISFE compositional
variation delivered by the ANNI and ANNNI approximations is similar
except for the systems Ni-Mo, Ni-W, and Ni-Re. Quantitatively, the
difference in magnitude between the ANNI and ANNNI results varies
depending on the alloying element and composition.

The general decline in the ISF energy is consistent with the available
experimental and theoretical observations made on some Ni alloys in
the literature [25,44,46-49]. Chandran et al. [46], using direct DFT
calculations in conjunction with the Supercell method and axial Ising
model reported a decrease in the ISF energy upon adding cobalt to
the nickel matrix. Employing cluster expansion (CE) method within the
axial Ising model, similar decline trend in the composition variation
of the ISF energy was observed by Dodaran et al. [49] for the Ni-
base fcc random solid solution systems Ni-Al, Ni-Co, Ni-Ti, Ni-Cr.
Shang et al. [45] used a combined scheme consisting of alias shear
deformation and direct DFT to study the effect of several TM one-atom
solute on the Ni matrix, where all the studied solutes were found to
decrease the stacking fault energy.

It can be observed from the different compositional variations
present in Fig. 1 that the effect of chemistry on reducing the ISF
energy is highly pronounced across the d series. To see how different
the change in ISF energy can be due to adding different solutes by a
specific composition x, we plot in Fig. 2 the change in the ISF energy,
as determined by the ANNNI approximation, upon alloying Ni with
6.25 at.% of each solute across the 3d, 4d, and 5d series; the composi-
tion 6.25 at.% is chosen because all the relevant solutes considered here
are soluble when added to the Ni matrix by this amount. The results
reveal that the largest reductions in the ISF energy at this particular
alloy composition correspond to adding Mo, Re, Cr, Tc, and W. Within
this context, it is important to draw a comparison with cobalt due
to the critical role it plays when added to Ni-superalloys in causing
matrix dislocation a/2(110){111} dissociation and the associated stack-
ing fault formation. When compared to Mo-Re-Cr-Tc-W effect on the
ISF energy produced at 6.25 at.%, cobalt has to be added by more
than 12.5 at.% to achieve a comparable decrease. The requirement
to increase the amount of cobalt relative to other solutes in order to
obtain a low ygp is seen in a tensile creep experiment performed at 998
K/630 MPa on polycrystalline Ni-base superalloys [50], where matrix
dislocation dissociation could only occur when cobalt content was 15 or
23 wt%. No matrix dislocation dissociation was observed in the sample
containing low cobalt content (5 wt%), the dislocation dissociated at
y/y’ interface where the partial dislocation sheared the y’ precipitates
during secondary and tertiary creep stages. In the high cobalt content
(15 or 23 wt%) Ni-base superalloys samples, the partial dislocations
swept out the matrix and y’ precipitates creating extended stacking
faults or deformation microtwins. The matrix dislocation dissociation
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Fig. 1. The variation of ISF energy as a function of atomic fraction of the solute element x obtained using the ANNI and ANNNI approximations of the AIM.
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Fig. 2. Curves illustrating the variation of the ISF energy ysz across 3d, 4d, and 5d
series due to alloying Ni with 6.25 at.% X, where X is a TM element. The results
correspond to the ANNNI approximation.

and the subsequent creation of deformation microtwins, obviously due
to lower stacking fault energy (SFE), improved the creep resistance
resulting in a longer creep life when compared to low cobalt content
(5 wt%) Ni-base superalloy sample.

The compositional variation of the intrinsic stacking fault formation
energies for the binary alloys shown in Fig. 1 is generally linear, which
allows a linear fit of the data yielding a gradient G; for each system.
G, is the change in ISF energy dy)' (mJ/m?) per an infinitesimal
composition change dx; (in atomic fraction) of solute i added to Ni,

Table 1
Rate of change of ISF energy in Ni-X random solid solutions due to
solute X as derived from the data present in Fig. 1 (ANNNI). Unit is

mJ

m2-at.%
Solute N e
Simulation Experiment

Pt 2.38 NA
Au 1.09 NA
Pd 0.29 NA
Ta -0.16 NA
Ir -1.07 NA
Cu -1.18 NA
Rh -1.60 NA
Zn -1.65 NA
Fe -1.91 NA
Ti -2.35 NA
Co -3 —2.37136%
Nb -3.28 NA
Mn —4.20 NA
w -4.20 NA
Re -4.70 NA
Os -5.55 NA
Cr -5.81° NA
Ru -5.84 NA
Tc —6.00 NA
\Y —6.64 NA
Mo -10.52¢ NA

2 Derived from the RT exp. data [47,48].
b valid up to 12.5 at.% Cr.
¢ Only compositions 0 and 6.25 at.% Mo were used in the data fitting.

and x; is the solute’s atomic fraction. G; of various binary systems are

presented in Table 1 in units of —=—.
m*-at.%

3.1. Ni-Co alloy

Cobalt plays a traditional role in reducing the stacking fault energy
in Ni-superalloys. When added to Ni, Co is not susceptible to form
SRO and thus the variation in ISFE is solely related to the change of
Co composition in a chemically-disordered alloy. Beside our AIM+DFT
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Fig. 3. Variation of the ISFE in the binary alloy Ni-Co as a function of Co composition. Also shown a comparison with RT experiment data [47,48](red squares) and other
computational methods (data designated in orange circles [49] predicted at RT and in purple circles [46] at O K, blue triangles and circles [25] are obtained at 570 and 1170 K,
respectively). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

results, other theoretical predictions obtained using the supercell ap-
proach [46] and a combined approach [49] consisting of AIM, Monte
Carlo (MC), and cluster expansion (CE) method, are presented in Fig. 3.
As seen in Fig. 3, our 0 K calculations slightly agree with the RT
experimental data [47,48] in the Ni-rich high fault energy regime. If
we accept a linear interpolation between the experimental data and in
spite of the fluctuations of the experimental data in the low fault energy
regime, we find our predicted rate of change of the yq to be different
from the experiment by 0.62 mz":’ — - The fluctuations in the experimen-
tal data is related to the fcc-to-hcp martensitic transformation as cobalt
composition approaches the RT transition value (~ 65 at.% Co) [51].
One can notice that the difference in y;gr between our simulations
and the experiment increases as the cobalt composition increases. This
composition-dependent difference is not observed between the Ericsson
model calculations (at 570 K), which accounts for cobalt segregation to
the fault region, and the experiment (RT), ysr rate of change appears to
match that of the experiment. Considering the fact that the calculations
done by Ref. [25] at 1170 K yielded an increase in ygp values, it
is expected that RT data following Ericsson model would be much
closer to the experiment. In fact, Ref. [25] predicted using Monte Carlo
simulations cobalt to always segregate to the innermost two planes of
the intrinsic stacking fault across all fcc matrix compositions but to
markedly different extents. The segregation was found to increase with
cobalt increasing concentration until peaking near equiatomic compo-
sition before it decreases thereafter. This behavior was observed in the
studied intermediate-high temperature range 773-1173 K, where the
extent of segregation is much pronounced as temperatures decreased.
This can help explain the difference in yg rate of change between our
calculations and the experiment, given that our AIM+DFT calculations
do not involve solute Suzuki-segregation to the ISF region. Within this
context, it is interesting to point out the variation of ygp in the dilute
limit as presented by the Ericsson model calculations [25], where the
ISF energy increases markedly rather than decreasing between 0 and
~ 20 at.% Co at 570 and 1150 K, featuring a peak centered around
20 at.% Co. Unfortunately, there is no experimental data within the
composition range 0-20 at.% Co to confirm the validity of this unusual
increase in ygp. The observation of partial dislocations sweeping out

the matrix and y’ precipitates and creating extended stacking faults in
Ni-base superalloys [50] when added by ~ 15 or 23 at.%, indicates that
cobalt additions does reduce the ISF energy. However, it is difficult
to make conclusions regarding this issue as Ni-base superalloys is a
multicomponent intricate alloy where the ISF energy change cannot
be accounted for solely by cobalt presence but rather by the collective
interaction between all the elements present. This peculiar feature
worths further investigation.

Our AIM+DFT results differ from those of the supercell+DFT [46]
and AIM+CE [49] approaches at high Co compositions. In the super-
cell+DFT [46] the chemical disorder is not properly accounted for.
The supercell used contains three faults and comprises 56 atoms. It is
specified in their study [46] that four random configurations were used
to model the perfect and the faulted structures at each Co composition
considered. These four distinct configurations were generated through
a simple procedure consisting of randomly replacing Ni atoms with
Co until the desired concentration is achieved. This is not a proper
representation of the chemical disorder. The ISF energy is sensitive to
the local chemistry especially when the supercell size is small. The local
chemistry and the small size of the supercell used have an important
effect on the ISF energy variation, which is clearly observed as cobalt
concentration increases.

Concerning the AIM+CE results [49], the technique used consisted
of generating 1000 atomistic configurations (by Monte Carlo sampling
scheme) per each parent structure for each composition where the
energy was calculated by CE. It is possible that the atomistic config-
urations detected in their study as the lowest energy configurations
have a certain degree of chemical SRO. y;gr (Ref. [49] used the ANNNI
approximation) is sensitive to the local chemistry and thus the use
of configurations with SRO makes a difference. This can explain the
continuous reduction in the ISFE rate of change, predicted by the
AIM+CE, as cobalt composition increases. It is worth mentioning that
in the AIM+CE study the energies of the small clusters (10 atoms) used
to fit the effective cluster interaction are obtained by DFT calculations
without accounting for local atomic relaxations. Nevertheless, this is
unlikely to be the reason for the difference between our AIM+DFT
and the AIM+CE y;gp results in the high Co compositions region since
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Fig. 4. Curves showing the variation of the ISFE in the alloy system Ni-Cr. Our O
K simulations data are represented in black solid circles, while RT experimental data
are designated in red circles [44] and a red square [52]. Also shown a comparison
with RT computational data obtained using Cluster Expansion method combined with
AIM [49]. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

the size mismatch of Ni and Co is small. It is important to mention
in this context that though the ygr curve of the AIM+CE crosses the
experiment data at 60 at.% Co, the AIM+CE and the experimental ygp
composition variations qualitatively differ (from 25 at.%Co onward).
While the experimental y;gr data continue to vary linearly heading
towards zero around 68 at.% Co, the AIM+CE g curve progressively
reduces its rate of change and appears to start leveling off at 16.5
mJ/m? as approaching the composition 75 at.% Co.

3.2. Ni-Cr alloy

Fig. 4 presents the variation of the intrinsic stacking fault formation
energy ysg in Ni-Cr concentrated solid solution based on our random
alloy modeling, alongside the RT experimental findings [44,52]. Also
shown, the theoretical prediction of Ref. [49] using a combined scheme
consisting of AIM, Monte Carlo, and cluster expansion method. Our
calculations predict a linear decline of the ygr as Cr concentration
increases.

One can notice the qualitative and quantitative difference between
our results and the experiment when Cr concentration exceeds ~ 16 %.
The ygr reported in the experiment develops a plateau where it appears
to be stabilized around the value 75 mJ/m? between the concentrations
~16 % and ~ 43 %, at least as given by the available experimental data.
Unfortunately, other than 0 at.% Cr there is no experimental data below
the 16 at.% Cr composition. It is possible that yqr decreases rapidly
between 0 and ~ 16 % and remains constant at around 75 mJ/m?
afterwards.

The leveling-off of ygr at a particular value in the experimental
data [44,52] is directly associated with a short range order SRO phe-
nomena taking place in the concentrated solid solution at the relevant
composition range. The remarkable difference between our results and
the experiment, specifically for concentrations higher than ~ 16 at.%
Cr, is directly related to the fact that our simulations do not account
for chemical SRO which appears to have a strong effect on ygr in the
Ni-Cr system as revealed by the RT experimental data [44,52].

In many substitutional solid solutions, the solute atoms do not
occupy the pertinent lattice sites in a random fashion, but rather
many possible correlation between the alloying atoms are observed,
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giving rise to a SRO structure which is distinguished from the periodic-
ordering in long range ordered LRO structures. The temperature inter-
val within which SRO is observed is system-dependent, usually it occurs
between low-medium and high temperature range. Below a critical tem-
perature, typically low or medium, LRO or phase-decomposition occurs.
Various diffuse neutron wide-angle and X-ray scattering experiments
have studied the SRO phenomena in fcc Ni-Cr alloys, in the temperature
range 741 to 1073 K, and confirmed its existence at these chemical
compositions 11 [53], 20 [54,55], 25 [56], and 33 [56,57] at.% Cr.
The diffuse intensity maxima due to SRO were always found at (1 % 0)
reciprocal lattice points which is one of the four special points of an
fcc alloy. At the stoichiometric alloy composition Ni,Cr (~ 33 at.% Cr)
LRO of Pt,Mo-type structure, characterized by superstructure vector
(2/3 2/3 0) in the reciprocal space, has been found at temperatures
lower than 863 K — see Karmazin. [58] and references therein. Recently,
Rahaman et al. [59] using first-principles calculations found that D1,
phase should be stable for alloy compositions close to 20 at.% Cr at
low temperatures, but above the Curie temperature. Though this phase
is almost as stable as Ni,Cr (Pt,Mo), it has been suggested that it is not
experimentally observed because the driving force for atomic ordering
is substantially weaker [59].

Though the ygr predicted by the AIM+CE [49] generally decreases
as a function of increasing Cr content, its decline is different from our
prediction. Specifically, The y;qr compositional variation obtained by
the AIM+CE displays two different decline trends. It is characterized by
a small decline rate in the composition range 0-27 at.% Cr followed by
a drastic drop. As previously mentioned in Section 3.1, in the AIM+CE
study [49], 1000 atomistic configurations were generated by Monte
Carlo sampling scheme per each parent structure for each composition
where the energy was calculated by CE. It is possible that the lowest
energy atomistic configurations selected in the AIM+CE [49] and used
to evaluate y;qr (using the ANNNI approximation) contain an important
degree of chemical SRO as this energetically favorable in the case of Ni-
Cr alloy system - we demonstrated above the tendency of Cr to form
SRO when mixed with Ni. This is a plausible explanation accounting
for the difference between our AIM+DFT chemical-disorder modeled
7ise and the weakly decreasing AIM+CE yqr in the composition range
0-27 at.% Cr. It is equally important to point out in this regard that
local atomic relaxations in the Ni-Cr alloy system cannot be neglected.
We previously mentioned in Section 3.1 that in the AIM+CE study [49]
the energies of the 10 atomic clusters used to fit the effective cluster
interaction are obtained by DFT calculations neglecting local atomic
relaxations. The size mismatch of Ni and Cr atoms is not negligible,
this can have an important effect on the total energies of the phases in-
volved in the ygr Eq. (4) & (5) which are sensitive to energy variations.
Forcing the atoms to occupy their ideal lattice sites causes strain-
induced interactions which can affect the energies of the 10 atomic
clusters and consequently the CE derived energies of the parent lattices
(fce,hep,dhep) and yig.

3.3. Ni-Re alloy

Rhenium manifests a weak ordering tendency when mixed with
nickel. This has been reported in a diffuse X-ray scattering technique
experiment done by Schonfeld et al. [60] on Ni-9.4 at.% Re alloy
composition at 873 K. According to the experiment, the strength of
the ordering tendency is weak and not well pronounced as implied
by the rather small negative value of the a;;, Warren-Cowley SRO
parameter, making the type of the local order impossible to identify. On
the other hand, recently, Ref. [61] using Monte Carlo simulations found
a strong ordering tendency of the type (1 1/2 0) to exist in the alloy
composition Ni-9 at.% Re. This pronounced ordering caused a phase
separation transition, leading to the precipitation of a D1, ordered
structure in the Ni matrix at about 940 K. Nevertheless, the authors
do acknowledge that their calculated atomic SRO is much stronger
than the experimental. This overestimation of the ordering tendency
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Fig. 5. Curves illustrating the evolution of ISF energy y: as a function of solute X
| n—5 | electrons count, where n is the d-electrons count of solute X. The data correspond
to the ANNNI approximation.

is caused by the oversimplified description of the high-temperature
state of Ni-Re and corresponding effective interactions in the current
applied theories [61]. Rhenium clustering can be safely ruled out from
playing any role affecting ISFE since extended X-ray absorption fine
structure (EXAFS) experiment [62] found Re atoms to be exclusively
surrounded by Ni atoms in binary Ni-Re system. Moreover, an atom
probe tomography (APT) study [63] of Re distribution in binary Ni-Re
alloy and in CMSX-4 superalloy found no evidence for Re clustering.
Hence, given the weak SRO and absence of Re clustering in fcc Ni-
rich Ni-Re alloys as discussed above, the ISFE compositional variation
within the range 0-12.5 at. %Re (Ni-Re panel in Fig. 1) obtained using
chemically-disordered supercells is expected to qualitatively agree with
the experiment.

3.4. d-band filling dependence

The ysr data plotted in Fig. 2 present an interesting feature, a
dependence of the ;g on the position of the solute in the d-band series.
The yisr of the 44, and 54 band series exhibit a concave-like variation
where the minimum appears to be centered around the half d-band
filling solutes. Alloying Ni with solutes lying away from the half d-band
filling positions produces a smaller decrease in ygr to different extents,
where the smallest reductions correspond to solutes located at the end
of each d series studied here. This trend seems to be correct even for
the 3d series, though the curve is interrupted by an abrupt change at
Mn position due to its magnetic nature. Let us note here that some
solutes located at the d series peripheries, namely Pd, Pt, and Au, even
induce an increase in y;gg. This dependence of yigr on the solute position
within the periodic table can be seen more clearly if the results are
displayed as a function of the absolute value of the solute d-electrons
count (n) relative to the half d-band number i.e | n — 5 |. Excluding
Nb from the data, the curves in Fig. 5 manifest a monotonous increase
with the solute | n — 5 | electrons count. Consequently, the potency
of solutes to reduce the nickel matrix y;gr when added by a specific
concentration is clearly related to their d-electrons count, where the
maximum reduction is produced by half d-band filling solutes Re-Tc-
Mo-Cr. This assumption is valid at low temperature given that our
calculations are done at 0 K, though we speculate that the solute
d-electrons count dependence is probably independent of temperature.
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4. ISF energy of Ni-based multicomponent y-phase alloys

Chromium and cobalt are heavily used in Ni-based multicomponent
alloys. In Section 3.2, it was shown that the experimental ISFE compo-
sition variation in the alloy system Ni-Cr is not linear over the whole
composition range due to chemical SRO. Cobalt is not prone to form
SRO when mixed with Ni, however, it appears that Co tends to order
when mixed with other solutes. Recently, experimental studies [67,68]
confirmed the existence of chemical SRO in equiatomic medium en-
tropy alloy (MEA) NiCoCr where Cr atoms were found to favorably
bond with Ni and Co.

Though the chemical SRO phenomena in model and industrial
y-phases of Ni-based multicomponent alloys has been studied and
confirmed, in the temperature range (25-1000 °C), long time ago in
various experimental investigations [69-73], the precise role of each
of the hardening elements in SRO was not identified, due to the com-
plexity of the chemical composition of the y-phase. However, favorable
occurrence of Ni-Cr pairs was greatly emphasized to dominate the
SRO microregions [71]. In single crystal NiCr-based y-phase alloys
containing different hardening elements (Mo,Co,Re,Ru, or W) [71,72],
heat treated for 100 h at 1330 °C and subsequently air cooled, the
intensity of SRO scattering was found well defined and unchanged
up to 600 °C and slightly declined before reaching 700 °C. Between
700 and 1000 °C, SRO decreased gradually and disappeared almost
completely at 1000 °C. In all the probed samples, SRO was found to
exist in microregions of dimensions 5-10 A characterized by (1 %O)
diffuse maxima peaks.

Table 2 presents ISF energies of various NiCr-based multicomponent
y phase alloys as measured by the experiment [43,64,65], and arranged
as a function of increasing cobalt composition in the y-phase. Table 3
presents the ISFE of three Ni-base superalloys as determined experi-
mentally by Cui et al. [66]. Unfortunately, the corresponding y phase
chemical composition is not available. However, it can be seen that
the ISFE decreases gradually with increasing Co content in these Ni-
superalloys. The ISFE values (40.1 + 1.2, 33.3 + 0.9, 24.9 + 0.5 mJ/m?)
lie close to those reported in Table 2. As only Co and Ni concentrations
are changing in the alloys (U720Li,TMW-2,TMW-4M3,TMW-26) [65]
present in Table 2 — the compositions of the other solutes remain
almost similar — a comparison can be made regarding Co effect on
the ygr. Though ygr declines with increasing Co content, the rate
of change (-1.15 ﬁ) is not big. This is about half the value
derived from the experimental data [47,48] of the binary chemically-
disordered Ni-Co alloy in Fig. 3 (~ -2.37 m;‘;]tﬂ/ ). Such reduction can
originate from Co preference to bond with other atoms in an organized
fashion when present in NiCr-based y-phase multicomponent alloys.
This observation is in accordance with the recently experimentally
established existence [67,68] of chemical SRO in MEA NiCoCr where Cr
atoms were observed to preferentially bond with Ni and Co. Within this
context, it is worth noting that ygp of the equiatomic MEA NiCoCr alloy
is 22 + 4 mJ/m?[74] which is close to that of the y-phase of TMW-4M3
(19.9 + 2.5 mJ/m?) NiCoCr-base superalloy [65]; this proximity is not
surprising given that the chemical compositions are relatively similar.

Concerning Re effect, though it manifests a weak tendency to order
in the binary Ni-Re system [60], recent experimental observations [75]
showed that Re addition to a single crystal Ni-based matrix alloy leads
to an increase of the chemical SRO degree as compared to a lower SRO
in a similar matrix alloy containing 0 at.% Re. Thus, the weak tendency
of Re to order in the binary Ni-Re system [60] becomes significant in
a multicomponent y-phase alloy, possibly due to Re preference to pair
with other solutes.

Below we try to rationalize the difference in y;gp between random
and SRO solid solutions. In pure crystals and in random concentrated
solid solutions, the ISFE is the energy required for the leading partial
of the dissociated dislocation to displace the atoms in the plane, the
ISFE thus corresponds only to modify locally the atomic layers stacking
sequence. When local chemical SRO exists in an alloy, the creation
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Table 2
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Chemical compositions in atomic % of various multicomponent y phase alloys [43,64,65] and the corresponding experimental ISFE (y) as measured at RT. The

alloys are arranged as a function of increasing Co content. ISFE unit is in mJ/m?.

Alloy Ni Cr Co Mo i Re Ru Al Ti Ta y(Exp.)
yMCRu [64] 65.88 26.07 - 2.03 1.98 - 4.04 - - - 31 +3
yMCRe [64] 65.60 26.21 - 2.02 1.98 4.19 - - - - 32 +3
7,MC2 [43] 54.62 26.04 9.15 2.78 4.16 - - 2.74 0.24 0.28 31

U720Li [65]° 46.6 28.9 19.8 2.7 0.5 - - 1.2 0.3 - 359 + 3.7
TMW-2 [65]° 38.3 27.4 29.8 2.6 0.6 - - 0.9 0.4 - 23.4 + 3.1
TMW-4M3 [65]¢ 34.6 27.1 34.0 2.5 0.5 - - 0.9 0.4 - 199 + 2.5
TMW-26 [65]¢ 36 24.8 34.7 2.4 0.6 - - 1.0 0.5 - 27.3 £ 1.7

2 Contains 0.002 at.% C,0.0001 at.% B,0.005 at.% Zr.
b Contains 0.004 at.% C,0.0001 at.% B,0.005 at.% Zr.
¢ Contains 0.003 at.% C,0.0001 at.% B,0.006 at.% Zr.
4 Contains 0.004 at.% C,0.0001 at.% B,0.005 at.% Zr.

Table 3

Nominal chemical composition of different Ni-base superalloys in weight % as given in Ref. [66] and the corresponding

experimental ISFE (7). Unit of ISFE is in mJ/m?.

Alloy [66] Ni Cr Co Mo w Al Ti B Zr C Ce y(Exp.)

Alloy1 69.025 14 5 2.8 1.2 2.3 5.6 0.015 0.03 0.02 0.01 40.1 + 1.2
Alloy2 68.025 14 15 2.8 1.2 2.3 5.6 0.015 0.03 0.02 0.01 333+ 09
Alloy3 60.025 14 23 2.8 1.2 2.3 5.6 0.015 0.03 0.02 0.01 249 + 0.5

of the stacking fault by the leading partial involves disruption of the
SRO near the fault plane. The lattice of the alloy being in a low
energy SRO state will resist reducing its chemical order. This adds a
substantial energy penalty for the leading partial to create the fault.
Hence, the ISF energy of a local chemical SRO state alloy is always
higher than a complete chemical disorder state alloy. This explains why
the experimental ISFE of y-phase NiCr-based multicomponent alloys
(Table 2) is constantly positive, and characterized by a small decline
rate as Co composition increases.

Other than increasing ygp value, SRO was shown to stabilize yigp
as temperature increases. Ref. [64] examined the variation of y;qr as a
function of deformation temperature in two single phase y alloys yyicgre
and ypycry; for both alloys yigr did not deviate from the RT (298 K) mea-
sured values (32 + 3 mJ/m? for yycge and 31 + 3 mJ/m? for yycg,) and
remained constant until 1023 K. It slightly decreased when measured
at 1323 K (27+3 mJ/m? for yycge and 25 + 3 mJ/m? for yycry)-

5. Elastic properties of nickel binary alloys
5.1. Elastic stiffness constants

The response of nickel-rich binary alloys to each of the applied
strain appears to vary depending on the type of solute as shown
in Fig. 6(a-d). Os exhibits the highest resistance to uniaxial strain
(C,,) followed by Re, Ru, and W. While C;; values of Mo and Co
compositions fluctuate around pure nickel, adding Ta and Fe to the
Ni matrix weakens its resistance to uniaxial strain. Concerning the
resistance to C;, the biaxial strain, Os, Re, Ru, and W, similarly to
C,, composition variation, have a stiffening effect. As opposed to their
role in affecting the resistance to uniaxial strain (C,;), Mo, Ta, and Fe
increase C;, to varying extents. Co addition to the Ni matrix, similarly
to C;, case, has insignificant effect on the resistance to biaxial strain.
As for the pure shear elastic constant C,,, as shown in Fig. 6(c) Cyy is
stiffened upon alloying fcc Ni with close-packed solutes (Co,Os,Ru,Re)
whereas it is softened upon alloying with body-centered cubic bcc
solutes (Fe,W,Mo,Ta).

As shown in Fig. 6(c,d), the addition of Fe, W, Mo, and Ta clearly
has softening effect on both of pure shear C,, and tetragonal shear (C’)
moduli of the nickel matrix, where Ta appears to play the prominent
role in this regard at the composition 6.48 at.%. The compositional
variation of C’ shows a general decrease, except for Co, Os, and Ru.
Re appears to reduce C’, albeit weakly. C’ is the stiffness associated
with a shear in (110) direction on a plane, and in certain martensitic

transformations, the softening of this modulus as the alloy composition
increases is a precursor of a phase transition [76,77]. The softening
of C’ predicted in Fig. 6(d) is connected with the appearance of the
ordered phases Ni8Ta [78], Ni4W [79], Ni4Mo [80], and Ni3Fe [81]
in the respective phase diagrams. Within this context, Ni4Re phase
is reported to be stable between 0 and ~ 930 K [82]. The phase fcc
Ni-Co is thermodynamically stable over a wide composition range,
up to ~ 65 at.% Co at room temperature [51] where it undergoes a
martensitic transformation to the hcp phase.

The softening induced by the elements Fe, W, Mo, and Ta is caused
by their body centered cubic bec ground state crystal structure. First-
principles total energies calculations have shown that in case fcc lattice
is the thermodynamically most stable phase, a hypothetical bcc lattice
is usually dynamically unstable where Born stability conditions (C;; +
2C, > 0, C;; — |Cp5] > 0, Cyy > 0) [84] are violated. Specific to
our study, C’ < 0 for hypothetical fcc Ta [85], (W,Mo) [85,86], and
ferromagnetic Fe [87]. Embedding these bcc elements into the close-
packed fcc Ni lattice weakens its resistance against shearing which is
clearly reflected in the softened pure shear C,, and tetragonal shear C’
curves in Fig. 6(c,d). Despite the softening effect of these bcc elements,
the fcc alloys (Ni-Fe,Ni-W,Ni-Mo,Ni-Ta) are elastically stable within the
composition range studied here since they satisfy Born stability criteria.

On the other hand the most stable thermodynamic structure of the
elements Os, Co, Ru, and Re is the hexagonal close-packed hcp phase.
C’ > 0 for hypothetical fcc (Os,Ru) [88], Co [87], and Re [89]. The
immersion of these hcp elements into the fcc Ni matrix does not have
the effect produced by the bcc elements on the shear moduli C’ and
Cy,. C' slightly changes for Co, Os, and Ru, while it decreases for Re
additions but still the decrease is much less pronounced than Fe (con-
sidering the whole composition), W, Mo, and Ta. The compositional
variation of C,, exhibits a stiffening effect when alloying fcc Ni with
hcp solutes (Co,Os,Ru,Re). C,, stiffens the most upon Os (6.48 at. %0s)
and Co (at higher concentrations) inclusions.

Though both shear moduli are reduced upon alloying with (Fe,
W, Mo, Ta), C,, decreases at smaller rates than C’. The difference
between the compositional variation of Cy, and C’ is more visible and
qualitatively different when alloying with Co, Os, Ru, and Re. This
higher magnitude of C,, and its lower decrease rate (Fe,W,Mo,Ta)
or increase (Co,Os,Ru,Re) upon alloying relative to C’ is caused by
a higher energy penalty associated with pure shearing (C,,) of the
anisotropic Ni-matrix lattice.
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Fig. 6. Single crystal elastic constants Cy,, Cy,, C,,, and tetragonal shear modulus C’ evolution as a function of alloy composition x in fcc Ni-X binaries. The experimental 0 K

values [83] of fcc Ni are 261 GPa (C,,), 151 GPa (C},), 132 GPa (C,,), and 55 GPa (C").

5.2. Polycrystalline elastic moduli

The shear modulus G of an ensemble of anisotropic nickel alloy
crystals obtained through averaging the single crystal elastic constants
is shown in Fig. 7(a). G varies in magnitude upon alloying within a
range (~ 80-97 GPa) higher and lower than that of the single crystal
tetragonal shear modulus C’ and pure shear modulus C,,, respectively.
The compositional dependence of G resembles to a large extent that of
C,4, namely for the increase tendency upon alloying with Os, Ru, and
Co. Rhenium is seen to reduce G similarly to its effect on C’, though
very slightly.

As for the bulk modulus B, the resulting change shown in Fig. 7(b)
due to alloying manifests a clear dependence on the bulk moduli of
the alloying elements. Generally, solutes with B bigger than that of Ni
increase B of the nickel binaries, noting that the experimental B of
these solutes are 424.6 (Os), 368.8 (Re), 317.7 (Ru), 312.3 (W), 264.7
(Mo), 193.7 (Ta), 193 (Co) and 169.8 GPa (Fe) [90,91].

The evolution of the polycrystalline Young’s modulus E as a func-
tion of the alloy composition in Fig. 7(c) is qualitatively similar to that
of G where close-packed solutes (Os,Ru,Co) increase and bcc solutes
(Fe,W,Mo,Ta) decrease E of the Ni matrix to varying extents.

The variation of the anisotropy constant or Zener anisotropy index
Ag in Fig. 7(d) shows that alloying increases the degree of elastic
anisotropy of fcc nickel. This is also observed in the increase of the
Poisson’s ratio v in Fig. 8. Cobalt addition appears to slightly change the
elastic anisotropy of fcc Ni as demonstrated by the weak composition
dependence of A; and zero change of v in Ni-Co binary alloy.

The maximum reduction in G (relative to the fce Ni value of 92
GPa) in Fig. 7(a) due to alloying is 12 % (for 6.48 at.% Ta), ~12 %
(~12 at.% Mo or W), ~9 % (25 at.% Fe) and the maximum increase
is ~ 6% (25 at.% Co). This is a small change when compared to the
drop in the ISFE induced by these solutes (excluding Ta) in Fig. 1. In
fact, at the lowest composition (6.25 at. %) of the solutes considered in
Fig. 7 the ISFE of the nickel matrix is reduced by 18-42 %. Therefore,
though both ygr and G determine the magnitude of the dislocation
dissociation width d in Eq. (3), the increase in d relative to pure Ni
value upon alloying is mainly attributed to the significant drop in
7isp- The dominant role played by the ygr in increasing the stacking
fault width d is expected to be even more pronounced in a Ni-based
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Fig. 7. Polycrystalline elastic moduli G, B, and E (panels a-c) and anisotropy constant
Ag (panel d) variation as a function of alloy composition x of Ni-X binaries. The
experimental values of polycrystalline G, B, and E for fcc Ni measured at 55 K are
91, 199, and 237 GPa [92].

multicomponent y phase alloy. This is because some of the solutes in
Fig. 7(a) affect G differently, while they all, except Ta, substantially
decrease yqr in Fig. 1.

6. SRO/ISFE effects on mechanical properties and outlook

Given the discussed presence of SRO in Ni-base superalloys in
Section 4, it is important to emphasize its controlling-role of the
deformation micromechanism, and how it affects the mechanical prop-
erties as a consequence. Post mortem TEM observations of samples
deformed macroscopically show that, between 25 and 750 °C, the
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Fig. 8. Curves illustrating the evolution of the Poisson’s ratio v as a function of
alloy composition x of Ni-X binaries. The Poisson’s ratio v of fcc Ni measured by
the experiment at 55 K is 0.301 [92].

dislocation microstructure is mainly characterized by high localization
of the deformation [71]. The collective movement of the dislocations
in form of pile-ups, which controls the deformation micromechanism
in NiCr-based multicomponent y-phase, has been shown to be related
to SRO-induced friction stresses [70] existing within SRO high-friction
zones. The deformation evolves through the propagation of disloca-
tion pile-ups where the two leading dislocations within the pile-ups
are observed to be paired [70,71,93]. This pairing is directly con-
nected with chemical SRO and attributed to diffuse antiphase boundary
DAPB present in the material whose energy induces the linking of
the two dislocations [71,94,95]. A further in situ deformation under
loading [71] showed that SRO-zones friction stresses slows down and
stops the head of the dislocation pile-up which consequently reduces
the distances between the dislocations. The reduced inter-dislocation
distances configuration creates high stress allowing the leading pair to
glide past the friction zone obstacle which basically happens through
destroying the SRO-formed bounds pairs such as Ni-Cr within the SRO
region. The passage of the leading pair reduces the friction stresses;
this glide softening effect [96] causes the inter-dislocation distances
within the pile-up to increase. Between 750 °C and 900-1050 °C,
the dislocation deformation microstructure gradually changes from
localized-heterogeneous (dislocation pile-ups) to nonlocalized and be-
comes completely homogeneous (individual dislocations) marking the
disappearance of the SRO hardening-role around 1050 °C in Re and
Ru, and around 900 °C in W containing NiCr-based multicomponent y-
phase alloys. It is well established that SRO hardens and improves the
mechanical properties of Ni-based y-phase alloys at low-intermediate
temperatures. The high friction stresses within SRO regions oppose
dislocations glide and consequently induce a local shear resistance
higher than the critical resolved shear stress [69,70]. Newly, a com-
putational study on Ni-10 at.% Al [97] found cross-slip activation
barriers to depend on the overall state of SRO in the alloy and on the
absence/presence of a DAPB in the slip plane, suggesting that the effect
of SRO on cross-slip is likely a major factor underlying mechanical
behavior beyond the yield point for concentrated binary and chemical
complex FCC alloys [97].

In addition to the improvement of mechanical properties induced
by the SRO hardening role of the y-phase, low stacking-fault energy has
profound advantageous effects. Lowering the SFE of y-phase facilitates
dislocation dissociation and promotes the formation of deformation
microtwins (microtwinning process) in Ni-base superalloys [50]. These
deformation microtwins are involved in diffusion-mediated reordering,
their presence is associated with an increase in the creep resistance
and improvement of the creep properties of Ni-base superalloys. A
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substantially low ISFE correlates with very low or even negative mag-
nitude of the fcc—hcep structural energy difference, which can enable
upon straining the fcc phase to transform locally within the matrix to
the hcp phase. This local process, known as transformation-induced-
plasticity (TRIP) effect, can increase the steady high strain-hardening
rates and as a consequence yields high ductility and tensile strength as
observed experimentally in Ni-Co-Cr medium entropy alloy [98]. Gen-
erally speaking, low ISFE affects the mechanisms of plastic deformation
and is experimentally observed to be directly related to toughness,
high strength, and ductility in crystalline concentrated alloys. However,
as we previously discussed, hardening elements added to NiCr-based
alloys are involved in SRO - specifically Co, Re, W, and Mo, though
each one strengthens the chemical ordering state to a different extent —
which results in an increase in the ISFE relative to the hypothetical fully
chemical disordered state. Due to the local chemical SRO characterizing
the y-phase of NiCr-based multicomponent alloys, the ISFE can be
reduced significantly only when a solute of preference, for instance
Co in Table 2, is added in a big concentration, without the risk of
precipitation of creep-strength deteriorating topologically-close packed
phases [99-104]. In principle, ISFE can be tuned, desirably substan-
tially decreased, when specific solutes characterized by significant ISFE
decline rates also are insusceptible to or weakly involve in the local
chemical SRO existing in the alloy; this will have the beneficial effect
of tailoring the local chemical SRO in a way to keep it present but
at the same time having the smallest ISFE possible. In this regard, it
is interesting to single out Os, specifically because it has not received
much attention as a potential hardening solute in Ni-base superalloys
designed so far, as our simulations predict it to produce a high ISFE
decline rate (~ 5.55 MLM) along with W, Re, Cr, Ru, Tc, V, and Mo
when mixed with nickel. It is not known whether Os develops chemical
SRO upon mixing with Ni or with other relevant solutes. Throughout
the whole chemical composition range, Os does not form any ordered
phase when mixed with Ni [105], which indicates that its ordering
tendency can be either absent or weak, similarly to Re. While finalizing
the writing of our research a new experimental work [17] appeared
demonstrating that replacing Re by Os in the commercial CMSX-4 Ni-
based single crystal superalloy yields a creep strain rate, at 980 °C/200
MPa/100 h, lower than the actual Re-containing CMSX-4 superalloy.
This newly designed Re-free Os-containing, the so called CSU-Os-2
supearlloy, even manifests phase stability better than the CMSX-4 after
exposure at 1100 °C for 1000 h. The authors [17] argue that the en-
hanced solid solution strengthening, microstructure stability and creep
resistance as compared to CMSX-4 can be explained by higher partition
coefficient between y and y/ phases and, very likely, lower diffusion
coefficient of Os than Re in y-phase. We should emphasize here that
low ISFE plays an important role as well in improving the mechanical
properties of Ni-base superalloys, potentially increasing the resistance
to medium-high temperature creep [106]. The high ISFE decline rate
of Os can be an essential role giving rise to the attractive mechanical
properties and performance of this newly developed Ni-base superalloy.

A lower twinning stress o of fcc alloys is associated with lower ISFE
7ise and higher shear modulus G [107]

nise \ /2
r=K(G)

Os low ISFE decline rate, and high shear Modulus (G = 256.81 GPa
[108]), can yield a low critical resolved shear stress needed to trigger a
twinning-induced plasticity (TWIP) effect and can help form hcp nano-
laths under strain via a martensitic fcc—hcp local transformation [98]
given its hcp native structure; which is expected to enhance relevant
mechanical properties (specifically work-hardening, fracture toughness,
and elongation to rupture [98,109-113]) of Ni-based concentrated
alloys.

Os is the least compressible metal, experimentally admitted now,
as it displays a RT bulk modulus of 405 GPa [114] compared to
384 GPa [115] for Re. Recent theoretical investigations show that Os

18)
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has ideal strengths and moduli larger than those of Re and Ru [116]; References

specifically, Young (E = 636.42 GPa), shear (G = 256.81 GPa), bulk
(B = 406.55 GPa) moduli and microhardness (H = 44.69 GPa) are [1]
higher than those of Re, Mo, Nb, Ta, W, Ir, and Rh [108]. According to (2]
our elastic calculations in Section 5.2, among all the solutes considered,

3
Os produces the highest shear and Young moduli, and the highest bulk 3!

modulus (beside Re) when alloyed with fcc Ni in 6.48 at.%. Therefore, [4]
Os high ISFE decline rate, combined with its native-structure excellent
mechanical properties, offer an exciting opportunity to design new (5]

multi-principal element alloys systems Ni40%C040%0s20% - similarly
to the newly developed Ni40%C040%Ru20% [117] — and NiCoCr-
FeMnOs. These two proposed alloys have the potential to present
mechanical strength comparable or better than the current Ni-based (71
fcc medium and high entropy alloys. It is an interesting possibility to

explore. 8]

9
7. Conclusions (9]

[10]

Quantum mechanics based first-principles simulations were done to
establish the 0 K composition variation of the intrinsic stacking fault [11]
formation energies ISFE, elastic constants and moduli in nickel binaries. 2]
The solute composition range in each binary alloy was restricted to [13]

its low-medium temperature solubility limit observed in the pertinent
experimental phase diagram. The binary alloys were modeled as ran- [14]

dom solid solutions using big supercells, which allowed to access the
variation in ISFE and in elastic properties due to finite compositional [15]
change of each solute. The compositional variation of the ISFE across a [16]

wide range of 3d, 4d and 5d solutes was found to generally decrease,
except for Pd, Pt and Au, where the ISFE slightly changes (Pd) or
increases (Pt and Au). The individual compositional variations in ISFE [17]
substantially varies across 3d, 4d and 5d series; adding solutes, lying
towards the center of the transition metal series (Mo, V, Tc, Ru, Cr,

Os, Re, W), to Ni gives rise to pronounced ISFE decline rates. The [18]
pivotal role played by chemical SRO in determining the value of ISFE

in multicomponent y phase alloys has been discussed. Alloying fcc [19]
Ni matrix with 6.48 at.% Os is shown to improve the elastic moduli [20]

more than the other solutes (Fe, W, Mo, Ta, Co, Re, Ru) considered
in the elastic study. Given the crucial importance of low ISFE in
improving the mechanical properties of high strength Ni-based alloys,
Os predicted low ISFE decline rate combined with its intrinsic excellent [22]
elastic moduli make it a good candidate to design new multi-principal

[21]

element alloys, specifically, these systems (Ni40%Co040%0s20% and (23]
NiCoCrFeMnOs) warrant experimental investigations.
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