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Abstract

We investigate the partitioning behavior of tungsten to the c(face-centered cubic) and c0(L12) phases in Ni-based alloys employing
atom probe tomography (APT), first-principles calculations and computational thermodynamics. Several APT studies of Ni-based alloys
indicate that the partitioning of tungsten atoms to the c0(L12) phase is reversed in favor of the c phase due to tantalum atom additions.
First-principles calculations of substitutional formation energies at 0 K indicate that tungsten and tantalum atoms share the aluminum
sublattice sites of the c0(L12) phase, and that tantalum has a larger tendency to partition to the c0(L12) phase than does W. We also cal-
culate the binding energies of W–W and Ta–W dimers in the c(fcc) and c0(L12) phases, respectively, and use these values in a quantitative
model to demonstrate that interatomic interactions between tungsten and tantalum atoms play a significant role in the partitioning rever-
sal of tungsten.
� 2014 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Extraordinary strength and creep and oxidation resis-
tance at high temperatures permit nickel-based superalloys
to be widely used for turbine blades of aerospace jet
engines and land-based power generators [1,2]. Under-
standing the basic rules for designing Ni-based superalloys
is driven by ongoing efforts to increase the thermodynamic
efficiency of turbine engines; that is, obtaining a high ratio
of energy yield to fuel consumption [1,3]. The latter
requires elevating the operating temperature of a turbine
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engine (>1200 �C) [3], which implies improving the high-
temperature properties of these superalloys [1,4]. Nickel-
based superalloys for turbine blades are single crystals with
a two-phase microstructure, containing a high volume frac-
tion of Ni3Al-based c0(L12) precipitates, which are dis-
persed in a Ni-based c(face-centered cubic, fcc) matrix.
Both phases contain different refractory elements to pro-
mote solid-solution strengthening of the c matrix, for
example, Mo, W, Re and Ru, and to stimulate the forma-
tion of c0(L12) precipitates, such as Ta, Nb and Ti [5]. The
partitioning of elements to the c(fcc) and c0(L12) phases in
Ni-based superalloys determines the lattice parameter mis-
fit at the coherent c(fcc)/c0(L12) interface [6–12], which
strongly correlates with the mechanical properties of these
alloys at elevated temperatures [10,13–19]. The lattice
eserved.
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parameter misfit is particularly sensitive to variations in
the concentrations of tungsten on both sides of the
c(fcc)/c0(L12) interface due to its large atomic diameter
[1,20]. A quantitative metric for the phase preference of
elements is the partitioning ratio defined by:

Kc0=c
i ¼ Cc0

i

Cc
i

ð1Þ

where Cc0

i and Cc
i are the atomic fractions of an element i in

the c0(L12) and c(fcc) phases, respectively.
We have reported on a reversal of the partitioning behav-

ior of W, from a preference for the c0(L12) phase in model
Ni alloys, Kc0=c

W > 1, to the c(fcc) matrix preference in mul-
ticomponent Ni-based alloys, Kc0=c

W < 1 [21,22]. This trend
is evident from a comparison of atom probe tomography
(APT) [23–26] and analytical electron microscopy studies
of phase compositions in aged commercial multicomponent
Ni-based superalloys [27–35], with other studies of model
Ni-based alloys having a small number of elements (three
to six) including W [20,36–38]. We suggested that Ta atoms
are responsible for the rejection of W atoms from the
c0(L12) to the c(fcc) phase, and supplemented our hypothe-
sis with first-principles calculations of the substitutional for-
mation energies of W and Ta at 0 K [21]. We have also
demonstrated that thermodynamic computations predict
the partitioning reversal of W due to Ta additions, and
demonstrated the role of electronic structure in determining
the phase preference of W and Ta atoms by calculating the
electron charge distributions in their vicinities [22]. A linger-
ing question is, however, what is the governing mechanism
for the reversal of W partitioning driven by Ta atoms? Its
answer can shed additional light on the interplay between
these atoms, and provide us with quantitative estimates of
the optimal concentrations of these elements in Ni-based
alloys, which is technologically important.

To address this question, we present herein APT results
demonstrating the reversal in the partitioning of W. Then,
we present first-principles calculations of the substitutional
formation energies of W and Ta, and of the interatomic
binding energies of W–W and W–Ta dimers in model
c(Ni) and c0(Ni3Al) phases for different nearest-neighbor
(NN) positions. Consequently, we construct a model eluci-
dating the role of Ta in diminishing or reversing Kc0=c

W .

2. Experimental procedures

2.1. Materials and processes

We study two multicomponent Ni-based alloys, ME-9
and ME-15 [39], containing Ni, Al, Cr, Co, Mo, W, Ta,
Table 1
The nominal compositions of the Ni-based alloys investigated in at.%.

Alloy Al Cr Co Ta

ME-9 14.6 8.18 7.74 1.95
ME-15 15.1 7.73 7.31 1.97
Quaternary 10.0 8.5 – –
Quinary 10.0 8.5 – 1.0
Re, Hf and C (Table 1). The three samples were direction-
ally solidified by Precision Casting Corporation – Airfoils
(Beachwood, OH) employing the Bridgman technique
(2.5 mm min�1 withdrawal rate, without a cooling liquid)
to form h10 0i-oriented single crystals [39]. Additionally,
we analyze two model alloys, a Ni–Al–Cr–W quaternary
and a Ni–Al–Cr–Ta–W quinary alloy (Table 1), to examine
directly the effect of Ta on W partitioning. Both alloys were
homogenized at 1573 K for 20 h and aged at 1073 K for
264 h [22].

2.2. Atom probe tomography (APT)

APT microtip samples are prepared by cutting
0.2 � 0.2 � 10 mm3 rods and electrochemical polishing
[40] in an electrolyte of 10% perchloric in a glacial acetic
acid at 10–15 V dc, followed by fine-polishing in a 2% per-
chloric acid in butoxyethanol solution at 5 V dc to form
needle-like tips with a radius of curvature <40 nm. We ana-
lyze the microtips using a laser-pulsed local-electrode
atom-probe (LEAP) tomograph [24–26] (Cameca, formerly
Imago Scientific Instruments, Madision, WI) at 40 ± 0.3 K
and a gauge pressure <5 � 10�9 Pa. Pulses of 532 nm wave-
length (green) laser with an energy of 0.6 nJ per pulse are
applied at a pulse repetition rate of 200 kHz, in addition
to a V dc bias between the specimen and a local electrode.
The ions evaporated during each laser pulse are accelerated
toward a position-sensitive detector, and their original x-,
y- and z-locations in a specimen are determined from their
impact positions on a high-gain two-dimensional detector.
The chemical identities of the different ions are determined
from their times-of-flight [23], which are translated into a
mass-to-charge-state spectrum. Fig. 1 shows an example
of such a spectrum collected from ME-15, in which the
peaks indicating the W and Ta isotopes are well-resolved
from each other and from the Re- and Hf-peaks. Thus,
three-dimensional tomographic reconstructions of a speci-
men are obtained in direct space with subnanoscale spatial
resolution.

Data analyses are performed using IVAS 3.4 software,
and compositional information is obtained employing the
proximity histogram methodology [41]. Further details on
data analysis and measurement accuracy are found else-
where [22].

2.3. First-principles calculations

To supplement and complement our experimental find-
ings, we perform first-principles calculations of the total
Mo W Re C Hf Ni

0.95 2.31 1.74 0.63 0.05 Bal.
0.90 0.75 0.46 0.67 0.05 Bal.
– 2.0 – – – Bal.
– 1.0 – – – Bal.



Fig. 1. A portion of the mass-to-charge-state spectrum acquired by LEAP
tomography from ME-15, showing the ion count intensities of the doubly
charged Hf, Ta, W and Re ions on a logarithmic scale. A high detectability
of these low-concentration species is indicated because the average number
of background counts is �10 for this spectrum.

Fig. 2. Projected 3D-APT reconstructions acquired from: (a) Ni–Al–Cr–
W quaternary alloy; (b) Ni–Al–Cr–W–Ta quinary alloy, both aged at
1073 K for 264 h; and (c) ME-9 alloy, directionally solidified. For clarity,
only three elements are displayed: (a) 3% of the Al atoms (red), 1% of the
Ni atoms (green) and 80% of the W atoms (black spheres); (b) 2.5%, 0.6%
and 80%, of the Al, Ni and W atoms, respectively; and (c) 20%, 2.5% and
80%, of the Al, Ni and W atoms, respectively. The interface between the
c(fcc) and the c0(L12) phases is indicated by: (a) 6 at.% Cr, (b) 6 at.% Cr
and (c) 10 at.% Cr isoconcentration surfaces, where the c0(L12) precipitates
are distinguished by strong partitioning of Al atoms. The c0(L12)
precipitates’ preference for W is manifested in the (a) quaternary alloy,
where no Ta is present, and is less pronounced in the (b) quinary alloy,
containing 1 at.% Ta. In the ME-9 alloy (c) W partitions weakly to the
c(f.c.c.)-phase. (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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energies of W- and Ta-microalloyed model c(fcc)/c0(L12)
systems at 0 K based on the density functional theory
[42–44]. The calculations are performed using the general
gradient approximation (GGA-PBE) [45] implemented in
the Vienna ab initio simulation package (VASP) [46–48],
employing the exchange correlation energy and the projec-
tor augmented wave potentials [49]. We use a plane-wave
basis set with a 300 eV energy cutoff to represent the
Kohn–Sham wave functions [50]. A uniform and optimized
8 � 8 � 1 Monkhorst–Pack k-point mesh is used for sam-
pling the integrations over the Brillouin zone. Ground-
state atomic configurations are obtained by minimizing
the forces on each atom to within 5 meV nm�1 using Hell-
man–Feynman forces [51]. The total energies of the relaxed
structures are converged with respect to an energy cutoff of
0.02 meV per atom. The lattice parameter of Ni3Al was cal-
culated to be 0.3566 nm, in agreement with the experimen-
tal room temperature value of 0.3570 nm [1].

2.4. Computational thermodynamics

We utilize the computational thermodynamics package
Thermo-Calc [52–54] with a database for Ni-based superal-
loys (Thermotech Ni-alloy database ver. 8) [55,56] to sup-
plement and complement our research by filling the gap
between our experimental data and analytical model for
W partitioning. Calculations of the equilibrium composi-
tions of all possible phases are performed for different tem-
peratures, where the c(fcc) and the c0(L12) phases are the
major ones. Other phases such as Cr23C6 and r, if they
appear, account for less than 1 vol.%. Additionally, JMat-
Pro 5.0 is used to calculate the lattice parameter misfit at
the c(fcc)/c0(L12) interfaces utilizing the Thermotech Ni-
database (ver. 7) [57,58]. The unrelaxed lattice parameter
misfit, d, is determined from the lattice parameters of the
c(fcc) and the c0(L12) phases, ac and ac0, respectively, and
is defined by [1]:

d ¼ 2
ac0 � ac

ac0 þ ac
ð2Þ
3. Results

3.1. Tungsten partitioning in model and multicomponent

alloys

A total of 1, 3, 6 and 8 APT microtips were prepared
from the quaternary, quinary, ME-9 and ME-15 alloys,
respectively. Fig. 2 displays representative three dimen-
sional APT (3D-APT) reconstructions acquired from: (a)
quaternary; (b) quinary; and (c) ME-9 alloys. For clarity,
only the Ni (green), Al (red) and W atoms (black spheres)
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are displayed, where the blue 6, 6 and 10 at.% Cr isocon-
centration surfaces indicate the interface between the
c(fcc) matrix and the c0(L12) precipitates for these alloys,
respectively.

Owing to the strong partitioning of Al to the c0(L12)
phase [1,5,21,22], phase separation can be unambiguously
identified: c(fcc) in green and c0(L12) in red. Fig. 2 indicates
that the model alloys exhibit partitioning of W to the
c0(L12) phase, where c0(L12)-partitioning is larger for
the (a) quaternary alloy that does not contain W than for
the (b) quinary alloy, which contains 1 at.% W. This exem-
plifies directly the role of Ta in reversing the partitioning of
W. Conversely, Fig. 2c shows that W atoms partition
slightly to the c(fcc) phase for the ME-9 alloy, which con-
tain 1.95 at.% Ta (Table 1). A similar trend is observed for
the ME-15 alloy (not displayed) [22]. Numerically, the val-
ues of Kc0=c

W ¼ 2:42� 0:40; 1:85� 0:16; 0:92� 0:06 and 0:89
�0:05 were measured for the quaternary, quinary, ME-9
and ME-15 alloys, respectively, indicating that Kc0=c

W

decreases with Ta additions [22]. Fig. 3 illustrates this effect
by displaying the concentration profiles of W across the
c(fcc)/c0(L12) interfaces for the quaternary, quinary and
ME-9 alloys.

3.2. Computational thermodynamics

We employ Thermo-Calc software to simulate a model
Ni–10Al–8.5Cr–1W–xTa (at.%) alloy at 1073 K, where
the variable x is the atomic percentage of Ta. The Kc0=c

W val-
ues are calculated from the equilibrium compositions of the
c(fcc) and c0(L12) phases. The calculated values are
Kc0=c

W ¼ 1:91 and 1.35 for x = 0 and 1 at.% Ta, respectively.
Fig. 3. Proximity histograms of the W concentrations across the c(fcc)/
c0(L12) interfaces of the Ni–Al–Cr–W quaternary alloy (diamonds), the
Ni–Al–Cr–Ta–W quinary alloy (circles) and the multicomponent ME-9
alloy (squares) plotted with respect to the Cr isoconcentration surfaces
shown in Fig. 2. The partitioning of W to the c0(L12) phase is significant
for both model alloys, but with a larger Kc0=c

W value for the Ni–Al–Cr–W
quaternary alloy that does not contain Ta. Conversely, Kc0=c

W < 1 for the
ME-9 multicomponent alloy containing 1.95 at.% Ta.
Similar calculations for ME-9 and ME-15 alloys are per-
formed at a higher temperature, 1273 K, since they were
exposed to varying temperatures from the melting point
(�1600 K) to room temperature during their solidification;
the calculated equilibrium values are Kc0=c

W ¼ 0:81 and 0:93,
respectively. Additionally, we calculate d utilizing Eq. (2) at
the coherent {100} c/c0 interface using JMatPro 5.0. The
values of d are calculated for four quinary alloys: Ni–
10Al–8.5Cr–1W–xHf, Ni–10Al–8.5Cr–1W–xTa, Ni–
10Al–8.5Cr–1Ta–xW and Ni–10Al–xCr–1W–1Ta (at.%),
where x is the atomic percentage of an element. Fig. 4 dis-
plays the dependence of d on x, demonstrating the sensitiv-
ity of d to Hf, W and Ta additions.

3.3. First-principles calculations

We calculate the total energies of W- and Ta-alloyed
cells representing the c(fcc) and c0(L12) phases. From these
energies we derive two values: (1) the substitutional forma-
tion energies of W and Ta (Section 3.3.1); and (2) the inter-
atomic binding energies of W–W and W–Ta dimers
(Section 3.3.2) in the model c(fcc) and c0(L12) phases.
The former determines the phase partitioning of W and
Ta, and the latter indicates how Ta atoms reject W atoms
from the c0(L12) to the c(fcc) phase.

3.3.1. Substitutional formation energies of W and Ta

We construct two simplified simulation cells represent-
ing the c(fcc) and the c0(L12) phases: a Ni sub-cell contain-
ing 8 � 2 � 2 fcc unit cells (c phase) sharing a common
{100} interfacial plane with a Ni3Al(L12) sub-cell contain-
ing 8 � 2 � 2 L12 unit cells (c0(L12) phase), having 256
Fig. 4. Values of the lattice parameter misfit, d, calculated at 1073 K using
JMatPro 5.0 for different model Ni-based alloys with different concentra-
tions of solute elements: Hf (squares), W (circles), Ta (triangles) and Cr
(diamonds). The sensitivity of d to solute concentration is large for the
refractory elements Hf, W and Ta. Additionally, W and Ta have opposite
effects on d, which indicates the interplay between W and Ta atoms on the
lattice parameter misfit.



Fig. 5. The substitutional formation energies of W (squares) and Ta
(circles) atoms as a function of their distances from the {100} interface in
the model Ni (fcc)/Ni3Al(L12) system. For the Ni3Al(L12) subcell only Al
sublattice site substitutions are displayed, which are energetically favor-
able for both W and Ta. The preference of Ni3Al(L12) for Ta is greater
than for W, whereas the opposite applies for the Ni (fcc) subcell.
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atoms in the entire supercell. A lattice parameter of
0.3566 nm was obtained by relaxing the L12 lattice and
was selected for both sub-cells to form a coherent c(fcc)/
c0(L12) interface [12,59]. Next, we substitute one M atom
(M = W or Ta) at either Ni or Al sites and calculate the
total energy of a supercell for different positions of M with
respect to the c(fcc)/c0(L12) interface. Herein, the microal-
loyed c(fcc) phase is represented by NixM1�x, whereas
the c0(L12) phase has two possible structural forms:
(NixM1�x)3Al for substitution on the Ni sublattice, and
Ni3(AlyM1�y) for substitution on the Al sublattice. We cal-
culate the total energies of the pure and microalloyed cells,
and derive the substitutional formation energies of M
substituting for Ni or Al, Ec0

M!Ni or Al, for the above
configurations:

Ec0

M!Ni or Al¼ Etot
M in c0 þnNi or AllNi;Al

� �
� EtotþnMlMð Þ

h i.
nM

ð3Þ
for the c0(L12) phase and:

Ec
M!Ni ¼ Etot

M in c þ nNilNi

� �
� Etot þ nMlMð Þ

h i.
nM ð4Þ

for the c(fcc) phase. In this notation, Etot represents the
total energy of the pure supercell, including the interface,
prior to substitution of M. Etot

M in c0 and Etot
M in c are the total

energies of the M-microalloyed supercells calculated for a
substitution in the c0(L12) or c(fcc) phases, respectively,
and ni is the number of i atoms. The quantity li is the
chemical potential of the bulk pure element i, and is calcu-
lated assuming the same cell structure. The values of li are:
�5.432, �3.697, �12.644, and �11.478 eV per atom for Ni,
Al, W and Ta, respectively. The methodology expressed by
Eqs. (3) and (4), utilizing the chemical potential of the pure
bulk, is common [60–64]. Table 2 summarizes the bulk val-
ues calculated for the different substitutional configurations
employing Eqs. (3) and (4).

The substitutional formation energies of W and Ta
atoms are calculated for different distances of M from the
c(fcc)/c0(L12) interface and the results are presented in
Fig. 4.

It is noteworthy that site substitution is possible at both
Al and Ni sublattice sites, Ni3(AlyM1�y) and (NixM1�x)3Al,
respectively. For simplicity, Fig. 5 shows only the lowest
Table 2
The substitutional formation energies of W and Ta in the c(fcc) matrix,
and at both the Ni and Al sublattice sites of the c0(L12)-precipitates
calculated from first principles.

Phase Substitutional
site

EM!Ni or Al

(eV per atom)
E0 þ EM!Ni or Al

(eV per atom)

c(fcc) NixW1�x �0.325 0.3594
NiyTa1�y �0.248 0.6118

c0(L12) (NixW1�x)3Al 0.133 0.8174
Ni3(AlyW1�y) �0.426 0.0464
(NixTa1�x)3Al 0.033 0.8928
Ni3(AlyTa1�y) �0.473 0.1748
energy configuration, which is Ni3(AlyM1�y) (Table 2).
Fig. 5 demonstrates that the c0(L12) phase is energetically
favorable for substitution of both W and Ta. Importantly,
the difference between the substitutional formation energies
of Ta in the c0(L12) phase and in the c(fcc) phase is more
than twice the value for W. See Ref. [22] for a detailed
description of the calculation of substitutional formation
energies.

In summary, we observe a reversal of W partitioning in
favor of the c(fcc) phase due to Ta additions. For the alloys
in Table 1, Al and Ta are the only elements partitioning to
the c0(L12) phase other than W [21,22]. Thus, since Al
atoms form the Ni3Al-based c0(L12) phase [1,5,65], we
hypothesize that Ta atoms displace the W atoms from their
sublattice sites in the c0(L12) phase and reject them to the
c(fcc) phase, thereby reducing Kc0=c

W . This hypothesis is cor-
roborated by first-principles calculations, which demon-
strate that both W and Ta prefer sharing the Al
sublattice sites of the c0(L12) phase. Note that Ta atoms
have a higher affinity for these sites, compared to W atoms
(Ec0

Ta!Al ¼ �0:473 vs. Ec0

W!Al ¼ �0:426 eV per atom;
Table 2), whereas this tendency is reversed in the c(fcc)
phase (Ec

Ta!Ni ¼ �0:248 vs. Ec
W!Ni ¼ �0:325 eV per atom;

Table 2). This demonstrates the major role Ta atoms play
in decreasing Kc0=c

W . In the next section, we elucidate the
interplay between W and Ta atoms by calculating inter-
atomic binding energies.

3.3.2. Binding energies of W–W and Ta–W dimers

To gain further insight into the partitioning of W we
consider binding energy effects between W atoms and their
neighboring atoms situated at different NN positions. We
employ a first-principles approach to calculate the binding



Table 3
The binding energies of the W–W and W–Ta dimers at the c and c0 phases,
Eb;W�W

i;c and Eb;W�Ta
i;c0 , respectively, calculated from first principles for the

NN positions i = 1 through 10, together with the NN distances, R, and the
respective numbers of atoms per each coordination shell, Pi, for these 10
NN positions.

i, NN position R (nm) Pi Eb;W�W
i;c (eV) Eb;W�Ta

i;c0 (eV)

1 0.252 12 0.3066 0.4115
2 0.357 6 �0.0545 0.2315
3 0.437 24 0.0844 0.1365
4 0.505 12 �0.0662 0.0356
5 0.564 24 0.0197 �0.0832
6 0.618 8 �0.0325 �0.0543
7 0.668 48 0.0465 0.0563
8 0.714 6 �0.0129 �0.0432
9 0.757 36 0.0050 0.0123

10 0.798 24 �0.0080 �0.0095

A negative binding energy is attractive and a positive binding energy is
repulsive.

Fig. 6. The binding energies of W–Ta dimers in the c0 (Ni3Al) phase (open
circles) and for W–W dimers in the c (Ni) phase (full squares) as a function
of interatomic distance (nm), ranging from the 1st through 10th nearest
neighbor (NN) positions. The W–Ta binding energies in the c0 (Ni3Al)
phase are repulsive, positive values, through 4th NN, whereas for the same
NN positions the W–W binding energies in the c (Ni) phase vary from
attractive, negative values, to repulsive values alternatively, with the
repulsive values being smaller than for W–Ta dimers.
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energies of W–W and of W–Ta dimers in the c(fcc) and
c0(L12) phases, respectively, at 0 K [66]. We define the bind-
ing energy between two solute atoms [67,68], M1 and M2, as
a difference between two terms: the first one (interaction
term) is the total energy of a cell containing an M–M2 dimer,
and the second one (reference term) is the sum of the total
energies of two sub-cells containing one solute atom each,
that is, either M1 or M2, which are either W or Ta.

The following concerns alloying the c(fcc) phase. To cal-
culate the interaction term, we construct a c(fcc) Ni phase
comprising 4 � 2 � 2 fcc unit cells (64 atoms). The M1 and
M2 atoms are placed at different interatomic distances,
ranging from the first to the tenth NN position, and then
the total energy of this c(fcc) cell, EM1þM2

i;c , is calculated.
Although we expect short-range M1–M2 interactions to
dominate, we perform our calculations up to the tenth
NN position to observe unequivocally the decay in binding
energy with distance, thus validating our calculations. For
the reference term, we construct two 2 � 2 � 2 fcc unit cells
of c(fcc)-Ni, each containing 32 atoms. Then, we place one
M1 atom substituting for a Ni atom in one cell and
calculate its total energy, EM1!Ni

c , and do the same for an
M2 atom in the second cell, having a total energy of
EM2!Ni

c . Therefore, the binding energy of an M1–M2 dimer
for an ith NN position in the c(Ni)-phase, Eb;M1�M2

i;c , is
defined by:

Eb;M1�M2
i;c � EM1þM2

i;c � EM1!Ni
c þ EM2!Ni

c

� �
ð5Þ

A similar procedure is performed for the model c0(L12)-
Ni3Al phase, where the total energies depend on the posi-
tions of the solute atoms at the Ni or Al sublattice sites.
To calculate the interaction term, an M1 atom is fixed at
an Al sublattice site, since these sites exhibit the lowest
energy state for M1 = W or Ta (Table 2). Next, the M2

atom is placed at an ith NN position with respect to the
M1 atom, and the total energy of the cell, EM1þM2

i;c0 , is calcu-
lated. For the c0(L12)-Ni3Al phase, the M2 atom is placed
at a Ni sublattice site for the 1st, 3rd, 5th, etc. NNs (i
odd), and at an Al site for the 2nd, 4th, 6th, etc. NNs (i
even). The calculation of the reference term in the total
energy of the M1-containing cell, EM1!Al

c0 , is performed sim-
ilarly to that for the c(fcc)-Ni phase, where the M1 atom is
placed at an Al site. For the M2-containing cell the M2

atom is placed at one of two possible sites: a Ni or an Al
sublattice site for i even or odd, respectively, and the total
energy, EM2!Ni or Al

i;c0 , is then calculated. The binding energy
of an M1–M2 dimer for the ith NN position in the c0-Ni3Al
phase, Eb;M1�M2

i;c0 , is defined by:

Eb;M1�M2
i;c0 � EM1þM2

i;c0 � EM1!Al
c0 þ EM2!Ni or Al

i;c0

� �
ð6Þ

Eqs. (5) and (6) imply that a positive value,
Eb;M1�M2

i > 0, is repulsive and a negative value,
Eb;M1�M2

i < 0, is attractive. The binding energies of the
W–W and W–Ta dimers in the c(fcc) and c0(L12) phases,
respectively, were calculated through the 10th NN position,
Eqs. (5) and (6), and the results are listed in Table 3.
Fig. 6 displays the binding energies Eb;W�W
i;c and Eb;W�Ta

i;c0 ,
as a function of the M1–M2 interatomic distances corre-
sponding to different NN positions through 10th NN.
The binding energies decay to zero as anticipated.

Fig. 6 implies that Ta atoms, which are fixed in the
c0(L12) phase, have large and positive binding energies with
W atoms up to the 4th NN position, thereby repelling them
toward the c-phase; see Section 5.2. That the interactions
are only significant to 4th NN is not surprising as in a
metal the charges on the ion cores are strongly screened
by the conduction free electrons.
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4. A model for the partitioning ratio of tungsten

We estimate semi-quantitatively the Kc0=c
W values result-

ing from W atoms interacting with their neighboring W
and Ta atoms as a function of temperature. Kc0=c

W ðNÞ is
defined as the partitioning ratio of W resulting from cumu-
lative interactions with 1st + 2nd + � � � + Nth NNs: the
interactions are only expected to be significant to 4th
NN. This model makes the following assumptions:

(a) All concentrations are calculated neglecting substitu-
tional entropies, which affects the values of the con-
centrations but includes the temperature dependence
[69].

(b) The major alloying element in the c(fcc) phase is W
(Fig. 5) and we neglect the existence of W–Ta dimers
and consider only W–W dimers.

(c) Similarly, Ta is the majority species in the c0(L12)
phase, so we only consider W–Ta dimers.

(d) The solid solutions are ideal and dilute, which is a
strong assumption.

The partitioning ratio of a given solute element, defined
by expression (1), refers to a state in which these solute
atoms in the c phase are in equilibrium with those occupy-
ing the c0 phase. Herein, we derive an expression for the
partitioning ratio of the W atoms as a function of their
chemical potentials at the c0 and c phases, Ec0

M!Ni or Al and
Ec

M!Ni, defined by Eqs. (3) and (4), respectively; further
details appear in Appendix A. The concentration of W–
W dimers for the ith NN position, assumption (b), is given
by:

Cc
W�W ;i ¼ pi � e

�2
E0þEc

W!Ni
kBT � e�

Eb;W�W
i;c

kBT ð7Þ

Eq. (7) includes the binding energy of a W–W dimer for
the ith NN position, Eb;W�W

i;c , calculated from Eq. (5), and
the occupancy probability of W in the ith shell, pi, is given
by:

pi ¼
P jPi
j¼1P j

ð8Þ

where Pj is the total number of NNs in the jth shell, so that
pi is the probability for one W-solute atom located in any
of the shells between j = 1 to j = i to occupy the ith shell.
The values of Pi are calculated by placing a solute atom
at the origin (0,0,0) of a fcc crystal and counting the num-
ber of hh, k, li lattice vectors having equal lengths. A group
of vectors having the same ith NN position from the origin
form a coordination polyhedron with a radius R ¼

ffiffiffiffiffiffiffi
i=2

p
a

[70], where a is the lattice parameter. The values of Pi are
listed in Table 3, and the respective coordination polyhedra
through the 10th NN are displayed in Fig. 7 for the general
case of Ni3Al(L12).

The total concentration of W in the c(fcc) phase due to
interactions with W through the Nth NN position, Cc

W ðNÞ,
is the concentration of W monomers, Eq. (A3), plus the
sum of the concentrations of the i = 1, 2, . . .,Nth order
W–W dimers, Eq. (7):

Cc
W ðNÞ ¼ e�

E0þEc
W!Ni

kBT þ e�2�
E0þEc

W!Ni
kBT �

XN

i¼1
pi � e

�
Eb;W�W

i;c
kBT ð9Þ

Similarly, an expression for the concentration of W–Ta
dimers involving an ith NN position, Cc0

W�Ta;i, is obtained
considering Ta substituting for an Al site; however, W
can substitute for either Ni sites (i odd) or Al sites (i even).
Also, pi now refers to shells that are solely occupied by Ni (i
odd) or Al (i even) atoms (Fig. 7), which yields:

Cc0

W�Ta;i ¼ pi �
1

4
e�

Ec0
Ta!Al
kBT � 2� ð�1Þi

4
e�

E0þEc0
W!NiorAl
kBT � e�

Eb;W�Ta
i;c0

kBT

ð10Þ

where 2�ð�1Þi
4

is the occupancy factor for Ni (i odd) or Al (i
even) substitutions of W, Ec0

W!NiorAl, which have values of 3=4

or 1=4, respectively. The total concentration of W in the
c0(L12) phase due to interactions with Ta through the
Nth NN position, Cc0

W ðNÞ, is the concentration of W mono-
mers, Eq. (A4), plus the sum of the concentrations of i = 1,
2, . . .,Nth order W–Ta dimers given by Eq. (10), that is:

Cc0

W ðNÞ ¼
1

4
e�

E0þEc0
W!Al

kBT þ 1

4
e�

Ec0
Ta!Al
kBT �

XN

i¼1

2� ð�1Þi

4

� e�
E0þEc0

W!Ni or Al
kBT � pi � e

�
Eb;W�Ta

i;c0
kBT ð11Þ

Kc0=c
W ðNÞ includes the cumulative interactions with the

1st + 2nd + � � � + Nth NNs, which is the ratio of Eqs.
(11) and (9):

Kc0=c
W ðNÞ ¼

Cc0

W ðNÞ
Cc

W ðNÞ
ð12Þ

Fig. 8 displays Kc0=c
W ðNÞ, Eq. (12), at different tempera-

tures and different NN positions, N. Additionally,
Kc0=c

W ð0Þ is plotted and is the partitioning ratio of W inde-
pendent of NN interactions; that is, the ratio of Eqs.
(A4) and (A3).

A significant decrease in Kc0=c
W ðNÞ with respect to Kc0=c

W ð0Þ
occurs for interactions with the 1st through 3rd NNs. For
temperatures <800 K, this model predicts a reversal from
Kc0=c

W ð0Þ > 1 to Kc0=c
W ðNÞ < 1; see Section 5.2.
5. Discussion

5.1. Reversal of tungsten partitioning: APT and

computational thermodynamics

It is demonstrated that Ta has a direct effect on decreas-
ing the Kc0=c

W values for the quaternary and quinary alloys
(Figs. 2 and 3). This effect is significant enough to be
detected even for multicomponent alloys, ME-9 and ME-
15 in Table 1, since Ta is the only element partitioning to
the c0(L12) phase [21]. A similar effect is detectable in alloys
containing Ti and Nb, which also prefer the c0(L12) phase



Fig. 7. Coordination shells in the L12 (Ni3Al) lattice for a solute atom located on an Al-sublattice site. The shells indicated by (a) through (j) correspond to
the 1st, 2nd, . . ., 10th nearest neighbor (NN) positions, respectively, and consist of pure Al (red) or Ni (green) atoms, alternatively. (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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[1,5]. Furthermore, this partitioning behavior is supported
by Thermo-Calc calculations performed for systems equiv-
alent to our four different model and multicomponent
alloys, see Section 3.2. For additional experimental evi-
dence for W–Ta interactions see Ref. [22].

An important implication of W and Ta interactions in
Ni-based alloys is their effect on d of coherent c(fcc)/
c0(L12) interfaces. This is exemplified in our computational
thermodynamics results obtained using JMatPro 5.0 based
on Eq. (2) (Fig. 4). This figure exhibits the sensitivity of the
lattice parameter mismatch (d) to Hf, Ta or W additions (in
descending order), which is considerably larger than to Cr.
This effect is more pronounced for the larger absolute val-

ues of dd
dX i

���
��� obtained for Hf, Ta or W additions, where Xi is

the atomic fraction of a solute i. This behavior is attributed
to the larger atomic volumes and Vegard coefficients of
transition metals with 5d (Hf and Ta) and 4d (W) outer-
shell orbitals, compared with those having 3d orbitals in
their outer shells, Cr [1]. Additionally, W and Ta atoms
have opposite effects on d because dd

dX W
< 0 and dd

dX Ta
> 0.

Employing this behavior and knowing the quantitative

dependence of Kc0=c
W on the concentration of Ta is valuable

for controlling d at a given temperature, which is a primary
engineering objective [13,14].

5.2. First-principles calculations

We employ first-principles calculations to obtain: (1)
substitutional formation energies of W and Ta (Sec-
tion 3.3.1); and (2) binding energies of W–W and W–Ta



Fig. 8. The partitioning ratio of W, Kc0=cðNÞ, calculated based on a model,
Eq. (12), including interactions with all nearest neighbors (NNs) from the
1st through the Nth NN position. The values of Kc0=cð0Þ do not include
interactions with NNs. Values are calculated for 600 K (full squares),
800 K (open circles), 1000 K (full diamonds) and 1200 K (open triangles).

304 Y. Amouyal et al. / Acta Materialia 74 (2014) 296–308
dimers (Section 3.3.2) for both model c(fcc) and c0(L12)
phases. The application of first-principles calculations has
proven itself to be valuable method for studying physical
properties of Ni(fcc)/Ni3Al(L12)-based systems [12,18,71–
78].

We draw three major conclusions from our calculations
of the substitutional formation energies of W and Ta. First,
the energetically preferred phase for both W and Ta atoms
in a ternary Ni–Al–M alloy (M = W or Ta) is c0(L12).
Second, both W and Ta atoms share the Al sublattice sites
in the c0(L12) phase, in agreement with experimental [32,59]
and calculated results [7–9]. Third, the affinity of Ta atoms
for the c0(L12) phase (Al-sublattice sites) is greater than
that of W; Ec0

Ta!Al ¼ �0:473 vs. Ec0

W!Al ¼ �0:426 eV per
atom (Table 2). Conversely, the affinity of W atoms for
the c(fcc) phase, Ec

W!Ni ¼ �0:325 eV per atom, is greater
than that of Ta, Ec

Ta!Ni ¼ �0:248 eV per atom. These
results imply that Ta is the majority alloying element in
the c0(L12) phase. For example, the equilibrium concentra-
tion of Ta in the c0(L12) phase, Eq. (7), at 300 K is �6 times
greater than that of W. Similarly, W is the majority alloy-
ing element in the c(fcc) phase at an equilibrium concentra-
tion that is �20 times greater than that of Ta at 300 K. This
validates assumptions (b) and (c), Section 4. It follows that
Ta atoms displace W atoms from their Al-sublattice sites in
the c0(L12) phase into the c phase. This displacement causes
a reversal of the partitioning ratio of W from Kc0=c

W > 1 to
Kc0=c

W < 1, which we have discussed including the W–Ta
interplay based on the electronic structures of Ta and W
[22].

It is noteworthy that the substitutional formation ener-
gies, EM!Ni or Al, appearing in Table 2 should not necessar-
ily be positive; however, the chemical energy difference, E0,
when added to EM!Ni or Al in Eqs. (A3) and (A4), keeps the
numerators inside the exponentials positive. Hence, our
model does not predict anomalous temperature depen-
dence of the W solubility.

We focus on the binding energy calculations and the

model for Kc0=c
W . Fig. 6 summarizes the calculated binding

energies of the W–W and the W–Ta dimers in the c(fcc)
and c0(L12) phases, respectively. It demonstrates that

Eb;W�Ta
i;c0 is >0 up to the 4th NN for the c0(L12) phase, and

monotonically decreases from Eb;W�Ta
1;c0 ¼ 0:4115 eV to

Eb;W�Ta
4;c0 ¼ 0:0356 eV. In the c(fcc) phase, Eb;W�W

i;c has alter-

nating positive (repulsive) and negative (attractive) values

beginning with Eb;W�W
1;c ¼ 0:3066 eV. Eb;W�W

i;c is < Eb;W�Ta
i;c0

through 4th NN, implying that Ta atoms in the c0(L12)
phase strongly repel their neighboring W atoms, which
are between the 1st and 4th NN distances, while in the
c(fcc) phase W atoms attract other W atoms in the 2nd
and 4th NN positions to form W–W dimers. For the 1st
and 3rd NNs the W–W dimers have repulsive interactions,
which are weaker than those of the W–Ta dimers in the
c0(L12) phase. Thus, for interactions through 4th NN posi-
tions in both phases W atoms are repelled from the c0(L12)
phase, and are attracted to the c(fcc) phase. This explains

the effect of Ta additions on decreasing Kc0=c
W values. The

values of Eb;W�Ta
i;c0 for i = 1 through 4 range between 0 and

0.4 eV (Fig. 6), which are comparable with the absolute
values of the substitutional formation energies of W,
around �0.42 eV (Fig. 5). This implies that the repulsive
W–Ta interaction in the c0(L12) phase is sufficient to dis-
place W atoms from their substitutional sites. The values

of Eb;W�W
i;c and Eb;W�Ta

i;c0 for NN positions >i = 4 have smaller

absolute values fluctuating about 0 and with an amplitude
of �0.1 eV, which is equal to kBT at 1200 K, which do not
affect elemental partitioning, as expected for interactions in
metals.

The model in Section 4 explains the decrease in Kc0=c
W val-

ues resulting from Ta additions. Fig. 8 presents results for
the range 600–1200 K, considering interactions up to 10th
NN position. Kc0=c

W ð1Þ is < Kc0=c
W ð0Þ, implying that only inter-

actions for 1st NNs lead to a decrease in Kc0=c
W . Moreover,

for temperatures <800 K the model predicts a reversal from
Kc0=c

W > 1 to <1 values. For values of N = 1–3, Kc0=c
W ðNÞ is

monotonously decreasing. This implies that increasing the
concentration of Ta (or W), such that long-range interac-
tions up to 3rd NNs become operative, results in an
increase of the partitioning of W to the c(fcc) phase.

Kc0=c
W ðNÞ is generally increasing (Fig. 8) for N = 4

through 10 because the Kc0=c
W ðNÞ values are determined by

the concentrations of W–Ta dimers in the c0(L12) phase
and the W–W dimers in the c(fcc) phase, Eqs. (10) and

(9). Positive values of Eb;W�Ta
i;c0 imply that the concentration

of W–Ta dimers in the c0(L12) phase decreases below a sta-
tistical value (no interactions), whereas negative values of

Eb;W�Ta
i;c0 increase the concentration of W–Ta dimers above
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this statistical value. A similar explanation holds for the
concentration of W–W dimers in the c(fcc) phase, which

is controlled by Eb;W�W
i;c . The statistical concentrations of

W–Ta or W–W dimers in the c- or c0(L12) phases are deter-

mined by Eqs. (10) or (7) for Eb;W�Ta
i;c0 ¼ 0 or Eb;W�W

i;c ¼ 0,

respectively. Fig. 6 demonstrates that both Eb;W�W
i;c and

Eb;W�Ta
i;c0 oscillate about 0 for N P 4 with an amplitude

�0.1 eV, which is equal to kBT at 1200 K. For N P 4 the
number of W–Ta dimers in the N shells of the c0(L12) phase
is increasing (with respect to those of N = 1 through 3),
and is stable about the average value corresponding to

Eb;W�Ta
i;c0 ¼ 0. Similarly, the number of W–W dimers for

N P 4 shells of the c(fcc) phase is decreasing, stabilizing

about the average value corresponding to Eb;W�W
i;c ¼ 0. Con-

sequently, the Kc0=c
W ðNÞ ratio increases for N P 4. This

parameter expresses the cumulative interactions with NN
solutes. The strong effect of NNs up to N = 3 is indicated

by an abrupt reduction in Kc0=c
W ðNÞ; then, for larger values

of N, it becomes less significant. The Kc0=c
W ðNÞ ratio should

thus increase asymptotically to its original value, Kc0=c
W ð0Þ.

We conclude that the effective range of interatomic
interactions in the Ni (fcc) and the Ni3Al (L12) lattices is

through 3rd NN distance, R ¼
ffiffiffiffiffiffiffiffi
3=2

p
a � 0.437 nm

(Table 3). This is clearly not surprising for metallic binding,
as demonstrated by previous studies [79–81].

Fig. 8 displays the variation of Kc0=c
W ðNÞ with NN dis-

tances from 1st through Nth order, for different tempera-
tures. It is instructive to plot the temperature dependence

of Kc0=c
W ðNÞ for a wide range of temperatures and different
Fig. 9. The modeled partitioning ratios of W, Kc0=cðNÞ, calculated from
Eq. (12) and plotted for temperatures ranging between 200 through
1200 K, allowing interactions with all nearest neighbor (NN) positions.
Kc0=cð0Þ, marked by solid line, is a reference state denoting no interactions
with NNs. The Kc0=cðNÞ values for the first (dash), second (dot), third
(dash-dot), fourth (dash double-dot) and fifth (short dash) NNs are also
shown. All Kc0=cðNÞ values calculated for N P 6 coincide with one another
and are represented by the short-dot line.
NN positions to examine our model0s validity. Fig. 9 dis-

plays the Kc0=c
W ðNÞ values calculated between 200 to

1200 K for all Ns ranging from 0 (no NN interactions) to
10 (interactions with all NNs through 10th NN).

Fig. 9 demonstrates that Kc0=c
W ðNÞ decreases with increas-

ing number of NNs through 3rd NN. Then, this trend is

reversed and the Kc0=c
W ðNÞ values increase again, attaining

values larger than Kc0=c
W ð0Þ for temperatures as low as

500 K. Also, Kc0=c
W generally decreases with increasing tem-

perature [22]. This model predicts a reversal of this trend
for interactions with the 2nd and 3rd NNs. For N P 4

Kc0=c
W ðT Þ reverts to its normal trend. Based on the binding

energies in Fig. 6, the physical validity of this model is
through 3rd NNs, at most.

In Fig. 9 we compare the results with Kc0=c
W ðT Þ values cal-

culated using Thermo-Calc for a quaternary Ni–Al–W–Ta
alloy, whose binding energies were calculated using first
principles, Section 3.3.2. The simulation supercell contains
50% mole fraction of a Ni3Al(L12) sub-cell, which is equiv-
alent to 12.5 at.% Al. The binding energies are calculated
for one W- or Ta-alloying atom in a 32-atom cell, or a
dimer embedded in a 64-atom cell; that is, 3.125 at.% W
or Ta. We, accordingly, simulated a Ni–12.5Al–xW–xTa
(at.%) system using Thermo-Calc between 400 and
1200 K with x = 1, 2, 3, 5, or 7 at.%. The systems are equil-
ibrated and the equilibrium concentrations of W in the

c(fcc) or c0(L12) phases and their respective Kc0=c
W values

are determined. Fig. 10 displays Kc0=c
W as a function of tem-

perature for these values of x.
For comparison, three representative values of Kc0=c

W ðNÞ
for N = 0, 1, and 2 from Fig. 9 are plotted in Fig. 10. It
Fig. 10. The temperature-dependent partitioning ratios of W, Kc0=c,
calculated for the system Ni–12.5Al–xW–xTa (at.%) with x = 1 (full
squares), 2 (empty squares), 3 (full circles), 5 (empty circles) and 7 (full
diamonds) at.% using Thermo-Calc. Also plotted, for comparison, are
three lines representative of Kc0=cð0Þ (solid), Kc0=cð1Þ (dash) and Kc0=cð2Þ
(dot) taken from Fig. 9.
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is seen that the Kc0=c
W values calculated for x = 2%, using

Thermo-Calc, coincide with the calculated Kc0=c
W ð0Þ curve

from our model. Additionally, Kc0=c
W decreases with increas-

ing W and Ta concentrations, as predicted. The latter is
equivalent to incorporating interactions with additional
neighboring atoms (increasing N) as described by the
model (Fig. 9). Furthermore, the reversal in the tempera-

ture dependence of Kc0=c
W ðNÞ for the 2nd and 3rd NNs is cor-

roborated by the Thermo-Calc results, indicating the loss

of the temperature dependence of Kc0=c
W ðT Þ with increasing

W and Ta concentrations. Appendix B addresses the accu-
racy of the partitioning ratios plotted in Figs. 8–10.

6. Summary and conclusions

We apply APT in concert with first-principles calcula-
tions using VASP and thermodynamic computations utiliz-
ing Thermo-Calc and JMatPro to analyze and model phase
partitioning of W in different Ni-based alloys. We calculate
the substitutional formation energies of W and Ta in the
c(fcc) and c0(L12) phases and the binding energies of Ta–
W and W–W dimers in these phases from first principles.
We use these calculated magnitudes in a quantitative model
demonstrating that interactions of W atoms with neighbor-
ing Ta atoms in the c0(L12) phase and W atoms in the c(fcc)
phase, up to the 3rd nearest neighbor (NN) position, repel
W atoms from the c0(L12) to the c(fcc) phase, thereby
reducing Kc0=c

W . Our findings and conclusions are summa-
rized as follows:

	 APT analyses of a Ni–Al–Cr–W quaternary and a Ni–
Al–Cr–W–Ta quinary alloy (1 at.% Ta; Table 1), indi-
cate that Ta reduces the partitioning ratio of W from

Kc0=c
W ¼ 2:42� 0:40 in the quaternary to 1.85 ± 0.16 in

the quinary alloy (Figs. 2 and 3). In both cases

Kc0=c
W > 1; that is, W prefers the c0(L12) phase. Con-

versely, two directionally solidified multicomponent
alloys, ME-9 and ME-15 (1.95 at.% Ta), exhibit

Kc0=c
W ¼ 0:92� 0:06 and 0.89 ± 0.05, respectively, which

are <1 and imply that W prefers the c(fcc) phase. This
behavior is supported by Thermo-Calc results and is
associated with Ta atoms, which have a strong affinity
for the c0(L12) phase. Ta atoms share the same substitu-
tional sublattice sites with W, thereby rejecting W atoms
into the c(fcc) phase.
	 Calculations of the lattice parameter misfit, d, at coher-

ent c(fcc)/c0(L12) interface, performed using JMatPro
5.0, indicate that d decreases with W additions, but
increases with Ta additions (Fig. 4). This demonstrates
the important role of the interplay between these two
oversized substitutional elements in Ni-based alloys, so
that d is controlled by Ta additions.
	 First-principles calculations of the substitutional forma-

tion energies of W and Ta in model c(Ni)- and c0(Ni3Al)
phases are performed at 0 K. The results indicate that
the energetically preferred phase for both W and Ta
atoms in a ternary Ni–Al–M alloy (M = W or Ta) is
c0(L12) (Fig. 5). Also, W and Ta atoms share the Al sub-
lattice substitutional sites in the c0(L12) phase. Ta atoms
have a greater affinity for the c0(L12) phase (Al sublattice
sites) than does W, whereas the affinity of W for the
c(fcc) phase is greater than that of Ta.
	 Based on the above conclusions, we calculated the bind-

ing energies of Ta–W and W–W dimers in the c(Ni) and
c0(Ni3Al) phases, respectively, from first principles. It is
shown that the interatomic interactions of Ta–W dimers
within the c0(L12) phase are repulsive up to the 4th NN
position, whereas the W–W binding energies in the
c(fcc) phase have attractive values (Fig. 6). This implies
that W atoms are rejected from the c0(L12) phase into
the c(fcc) phase. This elucidates the experimentally
observed reversal of W partitioning from the c0(L12) to
the c(fcc) phase due to Ta.
	 We employ the calculated binding energies of the Ta–W

and W–W dimers to formulate a quantitative model for

Kc0=c
W , and how it is affected by interactions of W atoms

with their neighboring W and Ta atoms. We find that
interactions up to 3rd NN positions are significant,
while higher order NNs have an insignificant effect.
We conclude that interactions with Ta NNs reduce

Kc0=c
W , in agreement with our APT experiments. Also,

our model predicts a general decrease in Kc0=c
W with

increasing temperature. When interactions with more
neighboring atoms are included, for example, for higher
concentrations of Ta or W, the temperature dependence
is less significant.
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Appendix A

For a state of equilibrium between the c and c’ phases,
their partial molar Gibbs free energies should be equal:
�Gc ¼ �Gc0 . Since both phases behave, approximately, as
ideal solutions (assumption d), the equilibrium condition
is given explicitly by [82]:

Ec0

M!Al þ kBT � lnð4Cc0

W Þ ¼ Ec
M!Ni þ kBT � lnðCc

W Þ ðA1Þ
where Ec0

M!Al and Ec
M!Ni are the substitutional formation

energies of an M-atom in the c0(L12) and c(fcc) and phases,

Eqs. (3) and (4), respectively; Cc0

W and Cc
W are the concentra-

tions of W atoms in the c0(L12) and c(fcc) phases, respec-
tively; kB is Boltzmann0s constant and T is the absolute
temperature in Kelvin. Expression (A1) states that the par-
tial molar Gibbs free energy of a given phase consists of
two parts. The first ones are the chemical potentials of a
W atom, that is, the energy variation (per atom) due to a
W atom substitution for an Al or Ni atom at the pure c0

or c phases, respectively; these components are given by

Ec0

M!Ni and Ec
M!Ni, respectively. The second ones denote

the dependencies of the partial molar Gibbs free energies
on the W concentrations at each phase, and are expressed
by the logarithmic parts in Eq. (A1). Herein, we neglect
the concentration of W atoms occupying the Ni sublattice

sites of the c0(L12) phase because Ec0

M!Ni is adequately

greater than Ec0

M!Al (Table 2). Therefore, a factor of 4 is
included in the left-hand side of Eq. (A1) to indicate the
occupancy of only the Al sublattice sites of c0 phase having
the Ni3Al stoichiometry. It follows from Eq. (A1) that:

Kc0=c
W � Cc0

W

Cc
W

¼ 1

4
e�

Ec0
M!Al

�Ec
W!Ni

kBT ðA2Þ

Eq. (A2) comprises two parts; each of them depends on
the chemical potential of a W atom at one phase solely.
Mathematically, this means that we can derive from Eq.
(A2) two independent expressions for the W concentration
at each individual phase that depend on the chemical
potentials of W at each phase solely. With no loss of gen-
erality, Eq. (A2) yields the following expressions:

Cc
W ¼ e�

E0þEc
W!Ni

kBT ðA3Þ
and

Cc0

W ¼
1

4
e�

E0þEc0
W!Al

kBT ðA4Þ

As implied above, the pre-exponential factor of 1=4 indi-
cates the occupancy of only the Al sublattice sites of Ni3-

Al(L12). Eqs. (A3) and (A4) express the W
concentrations at both phases in an equilibrium state. E0
is the chemical potential difference between pure M lattice
and an equilibrium fcc Ni-doped c phase, which describes
the energy changes from non-equilibrium state to equilib-
rium state after substitution. It is noteworthy that the term
E0 þ Ec

W!Ni in the Boltzmann factor must be positive to
comply with the trend of increasing solute concentration
with increasing temperature [83]. The same applies for
E0 þ Ec0

W!Al, Eq. (A4).

Appendix B

Assumption (a), Section 4, states that we are not includ-
ing substitutional entropies in the expressions for the
atomic concentrations, Eqs. (A3) and (A4). This simplifica-
tion has an effect on the numerical values of concentra-
tions; it does not, however, change the general trends and
should yield the same temperature dependence if the entro-
pic term is not strongly temperature-dependent [69]. To
evaluate quantitatively the significance of the entropic term

we re-calculate Kc0=c
W ð0Þ taking into account an entropic

term. A corrected expression for Kc0=c
W ð0Þ is obtained by

re-writing the ratio between Eqs. (A3) and (A4), consider-
ing the formation entropies of W in the c(fcc) phase, Sc

f ;W ,

and in the c0(L12) phase, Sc0

f ;W ; where their difference is

DSc0�c
f ;W ¼ Sc0

f ;W � Sc
f ;W . Thus the corrected expression for

Kc0=c
W ð0Þ is:

Kc0=c
W ð0Þ ¼

1

4
eþ

DSc0�c
f ;W
kB � e�

Ec0
W!Al

�Ec
W!Ni

kBT ðB1Þ

The entropic term, eþ
DSc0�c

f ;W
kB , is approximately the factor

by which the curves in Fig. 9 should be multiplied, thereby
indicating the accuracy of our model. We evaluate the
entropic term directly from the temperature dependence

of Kc0=c
W [83,84], calculated for Ni–12.5Al–xW–xTa using

Thermo-calc. For values of x between 1 and 7 at.%, the

entropy differences range from DSc0�c
f ;W ¼ �0:13kB to

0.33kB, yielding entropic factors between 0.77 and 1.39.

These values are to first order unity, so the Kc0=c
W values pre-

dicted are reasonably accurate for Ni–Al–W–Ta alloys
with similar compositions.
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