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The site substitution behavior of Cr and Ta in the Ni3Al �L12�-type ��-precipitates of a Ni–Al–Cr–
Ta alloy is investigated by atom-probe tomography �APT� and first-principles calculations.
Measurements of the ��-phase composition by APT suggest that Al, Cr, and Ta share the Al
sublattice sites of the ��-precipitates. The calculated substitutional energies of the solute atoms at
the Ni and Al sublattice sites indicate that Ta has a strong preference for the Al sites, while Cr has
a weak Al site preference. Furthermore, Ta is shown to replace Cr at the Al sublattice sites of the
��-precipitates, altering the elemental phase partitioning behavior of the Ni–Al–Cr–Ta alloy.
© 2008 American Institute of Physics. �DOI: 10.1063/1.2956398�

Modern nickel-based superalloys are used in land-based
and aerospace turbine engines at operating temperatures up
to 1373 K. The high temperature strength and creep resis-
tance of these alloys are due primarily to strengthening by
the precipitated �� - �L12� phase, which can accommodate
substantial solute additions.1 The mechanical properties of
the ��-phase depend on the sublattice site substitution behav-
ior of these alloying additions,2 motivating an investigation
of the site occupancy of Cr and Ta in a model Ni–Al–Cr–Ta
alloy that has been studied by atom-probe tomography
�APT� and scanning electron miscroscopy.3

The addition of Cr to Ni–Al alloys reduces the lattice
parameter misfit between the ��-phase and the �-matrix, of-
ten leading to spheroidal, nearly misfit-free ��-precipitates.4

Tantalum provides solid-solution strengthening and increases
the volume fraction of the ��-precipitate phase, thereby pro-
viding significant strengthening while improving ��-phase
stability and service life.1 Previous APT,5 atom-probe field-
ion microscope,6,7 and x-ray analysis experiments,8–10 as
well as results of first-principles calculations,11–15 the cluster
variation method,16–18 and other techniques,19–21 have indi-
cated that Ta occupies the Al sublattice sites in ordered
Ni3Al. These findings contradict experimental results from
ion channeling and nuclear-reaction analysis studies22 and
research based on short-range ordering employing pseudopo-
tential approximations,23 which claim that Ta occupies the Ni
sublattice sites in Ni3Al. The site preference of Cr has gen-
erally been found to depend on the alloy composition and
aging treatment,8,11,13,17,21,23,24 though some studies con-
cluded that Cr occupies the Al sites, regardless of
composition,10 or temperature.25

We present APT results and first-principles calculations
that elucidate the site substitution behavior of Cr and Ta in
the ��-phase of a Ni–Al–Cr–Ta superalloy aged at 1073 K. A
Ni-10.0 Al-8.5 Cr-2.0 Ta at. % alloy was homogenized at

1573 K for 20 h, then annealed in the �-phase field at
1503 K for 3 h, and water quenched. Ingot sections were
aged at 1073 K under flowing argon for times ranging
from 0.25 to 256 h, then water quenched, and microtip
specimens were prepared for study by APT. Pulsed-laser
APT data collection was performed at an evaporation rate of
0.04 ions pulse−1, a specimen temperature of 40.0�0.3 K, a
pulse energy of 0.6 nJ pulse−1, a pulse repetition rate of
200 kHz, and a gauge pressure of �6.7�10−8 Pa. APT data
were visualized and analyzed with IVAS™ 3.0 �Imago Sci-
entific Instruments�. Figure 1 shows an APT reconstruction
that intersected a cuboidal ��-precipitate in a sample aged for
256 h. The strong partitioning of Al and Ta, shown in black,
to the ��-phase, and Cr, in white, to the �-phase is demon-
strated.

The composition profiles across the �� /� interface in
Fig. 1 are displayed in Fig. 2. The measured composition
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FIG. 1. APT reconstruction of a cuboidal ��-precipitate in a model Ni-10.0
Al-8.5 Cr-2.0 Ta at. % alloy aged at 1073 K for 256 h. The elements that
partition to the ��-precipitates, Al and Ta, are shown in black, while Cr,
which partitions to the �-matrix, is shown in white; Ni atoms are omitted for
clarity.
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of the ��-precipitates is 75.37�0.05 Ni- 16.56�0.08
Al- 3.25�0.09 Cr- 4.82�0.09 Ta at. %, suggesting that Cr
and Ta occupy the Al sites of the Ni3Al ��-precipitates. The
relatively Cr rich ��-precipitate composition of 76.49�0.13
Ni- 17.47�0.12 Al- 6.04�0.07 Cr at. % measured for the
reference Ni–Al–Cr alloy,26,27 indicates that the addition of
2.0 at. % Ta leads to the preferential replacement of Cr by Ta
in the ��-precipitates.

First-principles calculations were performed to confirm
the site substitution preferences of the solute atoms in the
��-precipitates and to determine the thermodynamic driving
force for the replacement of Cr by Ta atoms in the ��-phase.
The calculations employed the plane-wave pseudopotential
total energy method with generalized gradient
approximations,28 as implemented in the Vienna ab initio
simulation package �VASP�,29–31 using the projector
augmented-wave potentials.32 A plane wave cutoff energy of
300 eV and 8�8�8 Monkhorst–Pack k-point grids were
used, and found to be sufficient to give fully converged re-
sults. A three-dimensional periodic supercell with 2�2�2
unit cells �32 atoms� was employed to determine the total
energies of the cells, which converge to 2�10−5 eV atom−1,
while residual forces converge to 0.005 eV nm−1. The
Ni3Al �L12� structure was fully relaxed, and the lattice
parameter was determined to be 0.3566 nm, in good agree-
ment with the experimental room temperature value of
0.3570 nm.1

The antisite formation energies associated with the
Ni3�Al1−yNiy� and �Ni1−xAlx�3Al structures were calculated
and defined as

ENi→Al = �ENi3�Al1−yNiy�
tot + �Al� − �ENi3Al

tot + �Ni� , �1�

EAl→Ni = �E�Ni1−xAlx�3Al
tot + �Ni� − �ENi3Al

tot + �Al� , �2�

where �i is the chemical potential per atom of the bulk
element i assuming same cell symmetry, and are −5.432

and −3.697 eV atom−1 for Ni and Al, respectively. The anti-
site formation energies are ENi→Al=0.986 eV atom−1 and
EAl→Ni=0.742 eV atom−1, and are energetically unfavorable.
Other first-principles studies have found that the antisite
formation energies are similar and range from
0.51 to 0.99 eV.33–35 Another investigation calculated the
Al and Ni antisite energies to be −0.92 and 2.04 eV,
respectively.15

Four substitutional structures, �Ni1−xCrx�3Al,
Ni3�Al1−yCry�, �Ni1−xTax�3Al, and Ni3�Al1−yTay�, were mod-
eled by substituting one Cr or Ta atom at one of the Ni or Al
sublattice sites. Table I summarizes the calculated total ener-
gies of the relaxed structures Etot and the substitutional ener-
gies, EZ→Ni and EZ→Al, �Z=Cr, Ta�, which are defined as
follows:

EZ→Ni = �E�Ni1−xZx�3Al
tot + �Ni� − �ENi3Al

tot + �Z� , �3�

EZ→Al = �ENi3�Al1−yZy�
tot + �Al� − �ENi3Al

tot + �Z� , �4�

where the chemical potentials of Cr and Ta are −9.103 and
−11.478 eV atom−1, respectively. The calculated results dem-
onstrate that Ta atoms strongly prefer to occupy the Al sub-
lattice sites of Ni3Al, as ETa→Al is significantly smaller than
ETa→Ni. Chromium weakly prefers to substitute at the Al
sites, as ECr→Al is only slightly smaller than ECr→Ni. The
substitutional energy associated with the replacement of Cr
atoms by Ta atoms on the Al sublattice sites of the Ni3Al
structure is calculated as follows:

ETa→Cr = �ENi3�Al1−yTay�
tot + �Cr� − �ENi3�Al1−yCry�

tot + �Ta� , �5�

and is −1.038 eV atom−1 Thus the replacement of Cr by Ta in
the ��-precipitates is energetically favorable, and is observed
by APT to occur.

To verify that the substitutional patterns of Cr modeled
herein result in the lowest energy configurations, two
other substitutional patterns �Ni1−xAlx�3�Al1−yCry� and
�Ni1−xCrx�3�Al1−yNiy� were modeled. These structures may
form by the occupation of a Ni or Al sublattice by a Cr
atom, and the displacement of the Ni or Al atom to an
antisite. These structures are also found to be energetically
unfavorable, yielding formation energies of 1.138 and
1.337 eV atom−1 for �Ni1−xAlx�3�Al1−yCry�, and
�Ni1−xCrx�3�Al1−yNiy�, respectively.

The local stresses and strains due to site substitution re-
sult in the average atomic forces and displacements at the
first nearest-neighbor distance displayed in Table II. We note
that no atomic force was measured for relaxed Ni3Al prior to
site substitution. The substitution of Ta at the Al sublattice
sites results in smaller values of the atomic force and dis-
placement than substitution of Ta at the Ni sites. The atomic
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FIG. 2. The elemental concentration profiles across the �� /� interface for a
Ni-10.0 Al-8.5 Cr-2.0 Ta at. % alloy aged at 1073 K for 256 h. Tantalum
and Al partition to the ��-precipitates, while Cr partitions to the �-matrix.

TABLE I. Total Etot and substitutional EZ→Ni,Al energies determined by first-
principles calculations. �For these calculations x=0.042, y=0.125, and
Z=Cr,Ta.�

Etot �eV� EZ→Ni,Al �eV atom−1�

Ni3Al −174.944 ¯

�Ni1−xCrx�3Al −177.966 0.648
Ni3�Al1−yCry� −179.748 0.565
�Ni1−xTax�3Al −180.957 0.033
Ni3�Al1−yTay� −183.198 −0.473
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forces and displacements associated with Cr substitution at
the Ni and Al sites are comparable, providing supporting
evidence that Cr only weakly prefers Al sublattice sites.

From APT results, the addition of Ta to a Ni–Al–Cr alloy
leads to the rejection of Al and Cr from the ��-precipitates,
though the effect is more pronounced for Cr. The elemental
phase partitioning behavior is quantified by the partitioning

ratio, Ki
��/�; the ratio of the concentration of an element i in

the ��-precipitates to the concentration of the same element
in the �-matrix. A 2.0 at. % addition of Ta to a Ni-10.0 Al-
8.5 Cr at. % alloy, aged at 1073 K for 256 h, decreases the

value of KAl
��/� from 3.17�0.01 to 2.20�0.02, and the value

of KCr
��/� from 0.63�0.01 to 0.26�0.03. The value of KTa

��/�

for the Ni–Al–Cr–Ta alloy at 256 h is 10.25�0.07, and the
partitioning of Ni is unaffected by the addition of Ta.

To conclude, Ta and Cr substitute preferentially at the Al
sublattice sites in Ni3Al �L12�. The substitution of Ta for Al
is energetically favorable, while the substitution of Cr for Al
is less so. This results in the replacement of Cr by Ta at the
Al sublattice sites and in the ��-precipitates, and alters the
partitioning behavior of the elements in the Ni–Al–Cr–Ta
alloy.
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