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Energetics and electronic structure of Re and Ta in theg8 phase of Ni-based superalloys
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By use of first-principles methods based on density functional theory, we study the alloying effect of Re and
Ta in theg8 phase of Ni-based superalloy. We find that when Re~Ta! is substituted for Al, the binding energy
of the system obtained by the DMol method decreases by 2.55 eV~4.04 eV!. This is accompanied by a small
local lattice distortion~less than 1% of the calculated lattice constant!. In contrast, when Re~Ta! is substituted
for Ni, the binding energy of the system decreases by only 0.68 eV~1.11 eV!, but there is a larger local lattice
distortion ~more than 3% of the calculated lattice constant!. The transfer energies obtained by the DMol
method show that both Re and Ta exhibit a strong Al site preference, which is in agreement with experimental
and recent theoretical results. Using the discrete variational method, we calculate the interatomic energy, the
charge distribution and the partial density of states. Both Re and Ta in theg8 phase can strongly enhance the
interatomic interaction between nearest neighboring atoms, as well as that between a nearest neighboring atom
and the associated next nearest neighboring atom. However, the bonding between Re~Ta! itself and the host
atoms is weak. We also examine the strong dependence of the binding energy on the substitution type by
analyzing the interatomic energies, and discuss the charge distribution and the partial density of states for the
systems in which Re~Ta! is substituted for Al.
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I. INTRODUCTION

As a promising high-temperature structural material w
excellent properties such as high-temperature strength,
density, and strong resistance to oxidation, Ni-based sup
loy has attracted much attention from physicists and tech
logical workers in recent years. The main microstructures
such material are a disordered Ni-based solid solution ric
Cr ~theg matrix! and the intermetallic compound Ni3Al ~the
g8 precipitate!. Solid-solution strengthening in theg matrix
and ordered strengthening in theg8 precipitate are the two
main technologically important features found in Ni-bas
superalloy. Experiments1–5 have shown that by properly in
creasing the total concentration of a refractory alloying e
ment such as Re or Ta in both theg and theg8 phases, the
high-temperature mechanical properties of such material
be drastically improved. An important feature of the alloyi
effect for these 5d elements is that they can enhance theg-g8
lattice mismatch and directly strengthen theg8 phase, result-
ing in a strong pinning effect on the dislocation motion in t
superalloy.

Clearly, knowledge about the physical behavior of the
loying element in theg8 phase is important for gaining a
understanding of the strengthening effect and for develop
practical superalloys. Over the past two decades, fi
principles investigations6–12 have provided good characte
izations of the site preferences of many alloying element
the g8 phase. Using all-electron LMTO-ASA and full
potential LAPW energy band methods, Freemanet al.6–8

thoroughly studied the phase stability in Ni3Al and
Ni3(Al,V) systems. They found that the cohesive energy
the Ni3Al phase can be attributed primarily to thed-d elec-
tron interaction between Ni atoms and thed-p electron in-
teraction between Ni and Al atoms. The small magnetic
0163-1829/2001/65~3!/035101~7!/$20.00 65 0351
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teraction energy was found to have little effect on t
structural transition. They further pointed out that, as a s
stitution with Al site preference, V addition can induce th
strongest bonding effect that can stabilize Ni3Al in an
L12-like structure. Wanget al.9 studied electronic structure
of Mg-dopedg phase,g8 phase andg-g8 phase interface
using a real-space recursion method, and showed
Mg prefers to enter into theg8 phase at an Al site. Following
these studies, Yanget al.10 carried out a total energy calcu
lation employing the discrete variational method on a se
of small cluster models, considering only interactions b
tween nearest neighboring atoms, in an effort to explain
substitution behaviors of Sc, Ti, Nb, etc., additions in Ni3Al.
They showed that Sc, Co, Cu, and Pd all prefer an Ni s
while Ti, V, Nb, and Mo prefer an Al site, and Fe was a
tracted to both sites. They also claimed that these site p
erences are insensitive to interactions from the next nea
neighboring atoms. This, however, is inconsistent with
later study by Sluiter and Kawazoe11 who used the tight-
binding method combining with the coherent potential a
proximation ~CPA!. In Sluiter and Kawazoe’s calculations
the pair-potential interactions involved extended out to
the sixth nearest neighboring atoms, automatically includ
the antisite factor. They found the following site preferenc
in Ni3Al: Zn, Cd, Cu, and Au have weak tendencies to o
cupy Al and Ni sites; Ga, Si, Ge, Fe, Co, and Pd have str
tendencies to occupy Al and Ni sites; and Cr and Cd show
evident preference for either site. Recently, Rubanet al.12

made a more comprehensive and careful study of the t
perature and compositional dependencies of site substitu
behaviors for all 3d, 4d, 5d and noble metals utilizing the
tight-binding LMTO method in conjunction with the multi
sublattice CPA. Their total energy calculations demonstra
that, at high temperatures, Cu and Pd exhibit reverse su
©2001 The American Physical Society01-1
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tution behaviors. Since Co, Pd, Cu, and Ag each o
showed a weak Ni site preference, the direction of the so
tion lobe in each’s ternary phase diagram could not be ta
as the evidence for a strong Ni site preference.

In spite of considerable theoretical efforts, the alloyi
effects of 5d elements such as Re and Ta in the Ni3Al phase
are still far from being fully understood. In an attempt
better explain the alloying effects of these elements, we h
employed two widely used first-principles methods@the
DMol method13,14 and the discrete variational~DV!
method15–17 based on desity functional theory18,19# to deter-
mine the electronic structure of Re and Ta elements in
Ni3Al phase and to study the associated energetics.

II. METHODS AND COMPUTATIONAL DETAILS

As is well known, it is convenient to use a cluster mod
to explore the electronic properties of systems with lo
defects. The DMol and DV methods enable us to use su
cluster model to study the real system without requiring
unreasonable and unattainable amount of computati
power. In the present study, atomic configurations and t
energies corresponding to the ground states are determ
via a DMol relaxation calculation. Utilizing the atomic con
figurations obtained from DMol optimization, we then calc
late the interatomic energies, charge density distributio
and partial density of states of the systems by use of
method.

Below its melting point (1390 °C), Ni3Al has anL12-like
ordered structure in which Al and Ni occupy a corner s
and a face center site, respectively. Even at the very s
concentration found in Ni-based superalloy, Re and Ta u
ally exhibit good alloying effects. Due to their large atom
radii, Re and Ta in the Ni3Al phase should substitute for N
or Al atoms rather than stay at interstitial sites. Thus,
consider only the substitution case and adopt a simple si
impurity model which ignores the interactions between
5d elements. In the DMol relaxation calculations, the sa
cluster model, shown in Fig. 1, was always employed so
results would be compatible. The cluster model construc
from the bulklike structure of Ni3Al consists of 87 atoms and
centers at an Al atom. We first determined the lattice cons
for the Ni3Al system by performing a series of total ener
calculations using different lattice constants. The calcula
lattice constant of the Ni3Al system corresponding to th
lowest binding energy~defined as the difference between t
total energy of the interactive atom system and that of
free atom system! is about 3.44 Å, which is 4% smaller tha
the experimental value (3.58 Å). Then we substituted
central Al atom by an Re or Ta atom or a vacancy and p
formed a DMol relaxation calculation@we use the name
Ni3(Al,Re), Ni3(Al,Ta) and Ni3(Al,Vac), respectively, for
these systems after relaxation#. The Re or Ta atom, the
twelve nearest neighboring~NN! Ni atoms, and the six nex
nearest neighboring~NNN! Al atoms were all allowed to
relax in accordance with the forces acting on them and
preservation of theOh symmetry. Next we substituted an R
or Ta atom or a vacancy for one of the twelve NN Ni atom
and performed a similar DMol relaxation calculation to th
03510
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performed with the Ni3(Al,Re) system@these new systems
which preserveC2v symmetry during relaxation, are labele
as (Ni,Re)3Al, (Ni,Ta)3Al, and (Ni,Vac)3Al, respectively#.
In the DMol calculations, the convergence criteria for t
energy gradient and the atomic displacement are, res
tively, 0.001 Ry/a.u. and 0.001 Å. The double numeric
polarized~DNP! basis including the inner orbitals and th
Vosko-Wilk-Nisair local exchange-correlation functional20

with the Becke-Perdew-Wang general gradient approxim
tion ~GGA! correction21,22 were used to obtain more precis
results.

Using the atomic configurations taken from the DMol r
laxation results, we calculated the interatomic energies,
charge density distributions, and the partial density of sta
for the Ni3Al, Ni 3(Al,Re), Ni3(Al,Ta), (Ni,Re)3Al, and
(Ni,Ta)3Al systems by the DV method. In the DV calcula
tions, the same cluster models as those used in DMol ca
lation ~as shown in Fig. 1! were adopted for the Ni3(Al,Re)
and Ni3(Al,Ta) systems, but different cluster models~as
shown in Fig. 2! were adopted for the (Ni,Re)3Al and
(Ni,Ta)3Al systems. The reason for using two different kin
of cluster models is that there is no strict ‘‘unit cell’’ defin
tion in the DV method. With large clusters, the distinctio
between the different cluster models used do not have a
nificant effect on the results obtained. Naturally, for the sa
of better comparison between calculated results, we used
Ni3Al cluster models as reference systems. One centers a
Al site, and the other centers at an Ni site. The DV method
not as well developed as the DMol method. The former

FIG. 1. Ni3Al @Ni3(Al,Re), Ni3(Al,Ta), Ni3(Al,Vac)# cluster
model used in the DMol and the DV calculations. The cluster mo
centers on an Al~Re,Ta,Vac! atom. The large and the small bal
denote an Al~Re,Ta,Vac! atom and an Ni atom, respectively. Th
central Al ~Re,Ta,Vac! atom is labeled by the Arabic numeral 1
Two NN Ni atoms are labeled by the numerals 2 and 4, and
NNN Al atom is labeled by the numeral 3. The numeral 5 denote
next NNN Ni atom. The thickened balls are to provide guidance
locating the numerals.
1-2
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ENERGETICS AND ELECTRONIC STRUCTURE OF Re AND . . . PHYSICAL REVIEW B65 035101
short many features commonly found in the present state
the-art electronic structure calculation methods, such as
of the DNP basis, the GGA correction and, more importan
structural optimization. At least three aspects need to be c
sidered when using of DV method: the choice of the ba
set, the boundary effect and the numerical accuracy. To
duce the effect of basis selection on the results, we used
single-site orbitals as the basis set. In the generation
basis, funnel potentials were added to contract the radial
of atomic orbital and to induce bond states. This is parti
larly important in treating some unoccupied and expan
atomic orbitals such as Ni-4p. The variational basis func
tions assignmets are 3s23p1 for an Al atom, 3d84s24p0 for
an Ni atom and 5d5(5d3)6s26p0 for an Re ~Ta! atom. A
cluster embedding potential was added to remove the bo
ary effect from the cluster model. It was constructed by a
ing together the charge densities of several hundred envi
ment atoms to generate Coulomb and exchange-correla
potentials. The single-particle wave functions are solved
way of a self-consistent multipolar approximation. This e
pends significant time in computation; but can, by a fitti
process, yield more accurate and self-consistent charge
sities. The Vosko-Wilk-Nisair exchange-correlation potent
and about 1000 integration points per atom were used in
computation. By utilizing the methods just outlined, DV ca
culations can be expected to yield reasonable and reli
results. Since the magnetic interaction energy makes on
small contribution to the binding energy,6 all DMol and DV
calculations are spinrestricted.

FIG. 2. Ni3Al @(Ni,Re)3Al, (Ni,Ta)3Al] cluster model used
only in the DV calculation. The cluster model centers on an Ni s
The large and small balls denote an Al atom and an Ni~Re,Ta!
atom, respectively. The central Ni~Re,Ta! atom is labeled by the
Arabic numeral 1. One NN Al atom and two NN Ni atoms a
labeled by numerals 2, 3, and 4, respectively; and three NNN
atoms are labeled by numerals 5, 6, and 7. The numeral 8 deno
next NNN Al atom. The thickened balls are to provide guidance
locating the numerals.
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III. BINDING ENERGY AND INTERATOMIC
INTERACTION

In Table I, we present the binding energies obtained
the DMol method for the Ni3Al system and Ni3Al system
with the substitution of an Re or Ta atom or a vacancy. It
clear seen that, in comparison with Ni3Al system, the bind-
ing energies of the systems containing Re or Ta are low
When an Re~Ta! atom occupies an Al site, the binding en
ergy decreases by as much as 2.55 eV~4.04 eV!. The mag-
nitude of this shift is much larger than the usual therm
activation energy for an atom jumping from one lattice site
another. When an Ta atom occupies an Ni site, the bind
energy decreases by 1.11 eV; however, for an Re atom
decreases by only 0.68 eV. These results imply that both
and Ta can stabilize the Ni3Al phase, and that both have th
possibility of occupying either an Al site or an Ni site.

Knowledge of the transfer energy is needed to illucid
the site substitution behavior of an Re~Ta! atom in the Ni3Al
phase~see Ref. 12!. In the present work, the transfer energ
is defined as the energy required to move a single Re~Ta!
atom from an Ni site to an Al site. Thus, the site preferen
can be determined from the sign and the magnitude of
transfer energy. For a quasistoichiometric alloy in the dilu
limit of the alloying element, the transfer energy is direc
related to the binding energies of the alloying system and
vacancy system. In this study, the transfer energy of a s
stitutional atom~for example, Re! in the Ni3Al phase~de-
noted byEt

Re) is defined as

Et
Re5$Eb@Ni3~Al,Re!#2Eb@Ni3~Al,Vac!#%

2$Eb@~Ni,Re!3Al #2Eb@~Ni,Vac!3Al #%,

where Eb@Ni3(Al,Re)# is the binding energy of the
Ni3(Al,Re) system,Eb@Ni3(Al,Vac)# is the binding energy
of the Al vacancy system, and so on.

The calculated transfer energies of Re and Ta atoms
20.98 and22.04 eV, respectively. These highly negativ
transfer energies show that both Re and Ta atoms in
Ni3Al phase have strong Al site preferences; that is, they
stably remain at an Al site. Actually, for a quasistoichiom
ric alloy in the dilute limit of the alloying element, the sub
stitution behavior of the alloying element is closely tied

.

i
s a

TABLE I. The binding energies~in eV! of the Ni3Al system
with and without the presence of an Re~Ta, Vac! atom.DE denotes
the difference in binding energies between the Ni3Al system in the
presence of an Re~Ta, Vac! atom and the unsubstituted Ni3Al sys-
tem.

Binding energy DE

Ni3Al 2514.46
Ni3(Al,Re) 2517.01 2.55
Ni3(Al,Ta) 2518.50 4.04
Ni3(Al,Vac) 2506.80 27.66
(Ni,Re)3Al 2515.14 0.68
(Ni,Ta)3Al 2515.57 1.11
(Ni,Vac)3Al 2505.91 28.55
1-3
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WANG, WANG, SUN, DUAN, AND ZHAO PHYSICAL REVIEW B65 035101
two factors: a chemical factor and a geometric factor~here,
the alloying element can be treated as a single impurity
compound!. The chemical factor mainly refers to bindin
characteristics including the bonding strength between
alloying element and the host atom. The geometric fac
incorporates the effects induced by atomic radii, atomic
rangement and so on. The binding energy just reflects
chemical effect. In fact, the atomic radii of Re and Ta a
very close to that of Al, but quite different from that of N
~the atomic radii of Re, Ta, Al, and Ni are 1.37, 1.44, 1.4
and 1.24 Å, respectively!. Therefore, from the point of view
of atomic size, one might assume that Re and Ta would
fer to occupy an Al site, and thus not induce a severe lo
lattice distortion in the Ni3Al phase. Indeed, the DMol relax
ation results confirm this assumption. When Re occupies
Al site, the NN Ni atoms and the NNN Al atoms are almo
completely undisturbed. A similar result is obtained for
except that the NNN Al atoms move outside by a mere;1%
of the calculated lattice constant. We found that noticea
lattice distortions appear when an Re~Ta! occupies an Ni
site. The NN atomic sites around a Re~Ta! atom expand by
an average of 3%~5%! of the calculated lattice constant, an
the NNN atomic sites around a Re or Ta atom expand by
average of 2% of the calculated lattice constant. Note that
NN atoms and the NNN atoms around an Re or an Ta a
include both Al and Ni atoms. From the above findings,
can conclude that, in the Ni3Al phase, Re and Ta atoms bo
prefer to occupy an Al site, which is in agreement with t
experimental5 and the recent theoretical12 results. One pos-
sible caveat should be addressed here: the effect of the
ter size on the transfer energy. To test this, we perform
calculations using cluster systems each containing only
atoms. The calculated binding energies for Ni3Al,
Ni3(Al,Re), Ni3(Al,Ta), Ni3(Al,Vac), (Ni,Re)3Al,
(Ni,Ta)3Al, and (Ni,Vac)3Al systems were 2315.84,
2318.22, 2320.05, 2308.32, 2316.20, 2316.89, and
2307.22 eV, respectively. The transfer energies of Re
Ta were20.92 and22.06 eV, respectively. These value
differ only slightly from those calculated using cluster mo
els of 87 atoms. This implies that the transfer energy ca
lated will be insensitive to the cluster size if the number
atoms in the cluster model is raised beyond 87.

In order to study the interatomic interaction, we have c
culated the interatomic energy~IE! Elm between atoml and
atom m by the DV method.23,24 The interatomic energy is
defined as

Elm5(
n

(
ab

Nnana l* anbmHbma l ,

whereNn is the electron occupation number for the molec
lar orbital cn , ana l5^fa l ucn&, and Hbma l is the Hamil-
tonian matrix element connecting the atomic orbitalfa l of
atom l to the atomic orbitalfbm of atomm. Since the IE is
related to the Hamiltonian matrix element, it can be used
estimate the bonding capability of the two atoms. Usually
negative number with a large absolute value means a st
interatomic interaction. IE values proved very useful in stu
ies on Ni3Al grain boundary problems.23,24
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Tables II and III present the IE’s of some interestin
atomic pairs where substitution is for an Al atom and for
Ni atom, respectively. From Table II, we can see that wh
an Re~Ta! atom is substituted for an Al atom, the IE betwe
the Re~Ta! atom and an NN Ni atom greatly increases, wh
that between the Re~Ta! atom and an NNN Al atom drasti
cally decreases. The IE between two NN Ni atoms as wel
that between an NN Ni atom and the associated NNN
atom are strongly enhanced. From Table III, we can see
when an Re~Ta! atom is substituted for an Ni atom, th
change in the IE is similar to that which occurs with subs
tution for an Al atom, even though the coordination con
tions in the two cases are quite different. The IE’s betwe
the Re~Ta! and the NN atoms, which include both Ni and A
atoms, are greatly weakened relative to the analogous IE
the unsubstituted Ni3Al system. On the other hand, the re
verse is true for the IE’s between the NN atoms themsel
which are strongly enhanced, with the exception of ca
where two atoms have a NN relationship such as Al2 a
Ni6 ~or a NNN relationship such as Ni3 and Ni8! where the
IE is only slightly enhanced.

The above results provide concrete information giving
sight into the alloying effects for Re and Ta atoms, includi
their effects on the crystal cohesion of the Ni3Al phase.
When substituted for an Al atom, an Re~Ta! atom will form
only weakly bonding states with the surrounding host atom
but nonetheless the substitution strongly enhances the in
atomic interaction between two adjacent Ni atoms as wel
that between an NN Ni atom and the associated NNN
atom. According to a study by Freemanet al.,6 the above-
mentioned interatomic interactions among the host ato
~which are enhanced by the introduction of Re or Ta atom!

TABLE II. The interatomic energies~in eV! for selected atomic
pairs in the Ni3Al, Ni 3(Al,Re) and Ni3(Al,Ta) systems. The Arabic
numerals in Al1, Ni2, etc., correspond to those in Fig. 1.

Atom pairs Ni3Al Ni 3(Al,Re) Ni3(Al,Ta)

Al1 ~Re1,Ta1!-Ni2 22.25 20.95 21.53
Al1 ~Re1,Ta1!-Al3 1.41 0.22 20.48
Ni2-Ni4 22.05 22.54 23.28
Ni2-Al3 23.76 23.81 23.86

TABLE III. The interatomic energies~in eV! for selected atomic
pairs in the Ni3Al, (Ni,Re)3Al and (Ni,Ta)3Al systems. The Arabic
numerals in Ni1, Al2, etc., correspond to those in Fig. 2.

Atom pairs Ni3Al (Ni,Re)3Al (Ni,Ta)3Al

Ni1 ~Re1,Ta1!-Al2 21.70 20.26 1.98
Ni1 ~Re1,Ta1!-Ni3 20.99 20.58 1.50
Al2-Ni3 22.43 23.22 23.91
Al2-Ni6 22.45 22.67 22.56
Ni3-Ni4 21.44 22.59 23.78
Ni3-Ni5 21.23 21.29 21.08
Ni3-Ni7 22.03 21.87 21.64
Ni3-Al8 20.90 21.22 21.14
1-4
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TABLE IV. The electron occupation numberN (N(Al,Re) , N(Al,Ta)! in the valence orbitals for each atom i
the Ni3Al @Ni3(Al,Re), Ni3(Al,Ta)# system.DN(Al,Re)5N(Al,Re)-N, etc.,DQ(Al,Re)5Q(Al,Re)-Q, etc., where
Q (Q(Al,Re) , Q(Al,Ta)! is the net number of electrons in the valence orbitals for each atom in the N3Al
@Ni3(Al,Re), Ni3(Al,Ta)# system. HereQ5N-Zval , whereZval is the standard number of valence electro
per atom. The Arabic numerals in Al1, Ni2, etc., correspond to those in Fig. 1.

N N(Al,Re) N(Al,Ta) DN(Al,Re) DN(Al,Ta) DQ(Al,Re) DQ(Al,Ta)

Al1 ~Re1,Ta1! 3(6)s 0.51 0.64 1.26
3(6)p 2.14 0.34 0.22
(5)d 5.98 3.77

Q 20.35 20.04 0.25 0.31 0.60

Ni2 4s 0.23 0.36 0.38 0.13 0.16
4p 1.28 1.16 1.06 20.12 20.22
3d 8.65 8.57 8.59 20.08 20.06
Q 0.15 0.09 0.03 20.06 20.12

Al3 3s 0.64 0.61 0.60 20.03 20.04
3p 2.22 2.18 2.19 20.04 20.03
Q 20.14 20.21 20.21 20.07 20.07

Ni5 4s 0.49 0.49 0.50 0.00 0.01
4p 0.94 0.94 0.95 0.00 0.01
3d 8.74 8.74 8.74 0.00 0.00
Q 0.17 0.17 0.18 0.00 0.01
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are the primary contributions to the cohesive energy of
Ni3Al phase. Thus at an Al site, substitution by an Re or
Ta atom greatly improves the crystal cohesion and acco
for the large decrease in the binding energy of
Ni3(Al,Re) or Ni3(Al,Ta) system relative to the the Ni3Al
system. When substituted for an Ni atom, an Re or an
atom will still strongly enhance the interatomic interacti
between two adjacent host atoms. However, one should k
in mind that Ni atoms dominate the crystal cohesion of
Ni3Al phase. Thus, the magnitude of the binding energy
the (Ni,Re)3Al or the (Ni,Re)3Al system can not be signifi
cantly larger than that of the Ni3Al system because the en
ergy loss caused by the absence of the Ni atom can no
fully compensated. In addition, Ta clearly exhibits an stro
ger alloying effect than Re and, consequently, substitution
Ta results in a larger decrease in the binding energy of
system.

IV. CHARGE DISTRIBUTION AND DENSITY OF STATES

Having found that an Re~Ta! atom at an Al site exhibits a
strong alloying effect, in this section, we discuss the cha
distribution and the density of states obtained by the
method for the Ni3Al, Ni 3(Al,Re) and Ni3(Al,Ta) systems.

It is well known that the charge transfer between the
loying element and the host atom can greatly affect the
teratomic bonding behavior. Table IV lists the electron oc
pation numbers in the valence orbitals calculated by
Mulliken population analysis.25 For the Ni3Al system, an Ni
atom obtains a small quantity of charge (;0.16e) from the
adjacent Al atoms, with the acquired charge mainly assig
to the 4p orbitals. However, more electrons transfer from t
Ni-4s orbital to the Ni-4p,3d orbitals, and from the Al-3s
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orbital to the Al-3p orbitals. In the Ni3(Al,Re) system, Re
neither gains nor loses charge, and thus exhibits weak in
actions with the host atoms. Consequently, the amoun
charge transferred to the adjacent Ni2 atoms decreases
tive to the case of the Ni3Al system. Surprisingly, unlike
with Re, Ta can obtain a small quantity of charge
(;0.25e) from the environment, leading to a considerab
decrease in the amount of charge transferred to the adja
Ni2 atoms. Therefore, the bonding strength of an Ta atom
the host atoms is somewhat stronger than that of a Re a
to the host atoms. For the Ni3(Al,Re) and the Ni3(Al,Ta)
systems, we see a remarkable charge redistribution in
Ni2-4s,4p orbitals, but the charge distributions in th
Ni2-3d and the Al3-3s,3p orbitals are only slightly affected
The charge distributions in the orbitals of the Ni5 atom
which are the next NNN atoms relative to the Re~Ta! atom,
are also barely affected. The charge transfers for an Re~Ta!
atom mainly occur between its own orbitals, namely fro
the 6s to the 5d orbitals and from 6s orbital to the 6p
orbitals, vias-d ands-p hybridization, respectively. This be
havior is analogous to that of an 3d transition metal element

To complete the analysis of the interactions betwe
atomic orbitals, we have calculated the partial density
states~PDOS! by means of the Lorenz broadening schem
combining with a Mulliken population analysis. The PDO
in the DV method is defined as

Da l~E!5(
n

Na l
n d

p@~E2«n!1d2#
,

whereNa l
n is the population of the atomic orbitalfa l of atom

l in energy level«n of the molecular orbital, andd is the
1-5
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FIG. 3. The atomic partial density of states in~a! the Ni3Al
system,~b! the Ni3(Al,Re) system, and~c! the Ni3(Al,Ta) system.
The thick solid lines, thin solid lines and dashed lines denoted, s,
and p electronic states, respectively. The Fermi level is shifted
zero. The Arabic numerals in Al1, Ni2, etc., correspond to those
Fig. 1.
03510
broaden parametering~chosen as 0.25 eV in the prese
work!. Figures 3~a! @3~b!, 3~c!# shows PDOS curves for th
center Al1~Re1,Ta1!, the NN Ni2 and the NNN Al3 atoms in
the Ni3Al @Ni3(Al,Re), Ni3(Al,Ta)# system. Two main
atomic bonding features previously observed in the Ni3Al
system6 are reproduced and are clearly visible in Fig. 3~a!.
We see that the Al-3s,3p orbitals hybridize with the
Ni-4s,4p orbitals, leading to the energy bands smearing
over a wide energy range. The bonding states show up
marily as the characteristic peaks in the low energy ra
from 212 to 26.0 eV, while the antibonding states a
mainly seen as characteristic peaks in the high energy ra
from 2.0 to 6.0 eV. On the other hand, the local features
the Ni-3d states remain intact, except that a small proport
of the charge is rendered itineratelike by 4s,4p-3d hybrid-
ization. In the Ni3(Al,Re) and the Ni3(Al,Ta) systems, the
PDOS curves of the Ni2-4s,4p orbitals are considerably
changed in the regions of the bonding states and the a
bonding states. While the PDOS curves of the Ni2-3d orbit-
als and the Al3-3s,3p orbitals show some small change
around 23.2 and 25.5 eV, respectively. The additiona
resonant peaks which appear over a broad low energy ra
from 28.5 to 22.0 eV imply enhanced interactions of th
Ni2-Ni2 and the Ni2-Al3 atomic orbitals. In Fig. 3~b! @3~c!#,
some clean and isolated PDOS peaks of Re~Ta! appear at
both sides of the Fermi level, resulting from the weak int
actions between the orbitals of the alloying atoms and th
of the host atoms.

The charge density differences on the~011! plane are plot-

o
n

FIG. 4. The electron density difference on the~011! plane be-
tween~a! the Ni3(Al,Re) system and the Ni3Al system and~b! the
Ni3(Al,Ta) system and the Ni3Al system. The contour spacing i
0.0001e a.u.23. Solid lines and dashed lines correspond to the g
and the loss of electrons, respectively.
1-6
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ted in Fig. 4. The charge density difference is defin
as Dr 5 r@Ni3(Al,Re)# 2 r free@Ni3(Al,Re)# 2 r(Ni3Al)
1r free(Ni3Al) for the Ni3(Al,Re) system~other systems
have similar definitions!. From Fig. 4, we can see that stron
charge correlation regions due to electron accumulation
pear around the Ni atoms and the Al atoms, reflecting
hanced interactions between the NN Ni atoms as well
enhanced interactions between NN Ni atoms and the ass
ated NNN Al atoms in the Ni3(Al,Re) and the Ni3(Al,Ta)
systems. The sparse charge correlation curves connectin
Re ~Ta! atom with the Ni atoms imply their weak bonding
The above results are consistent with the analyses on in
atomic energy presented in the previous section.

V. SUMMARY

We have studied alloying effect of Re~Ta! atom in theg8
phase of Ni-based superalloy using first-principles metho
The calculated transfer energies obtained by the DM
method show that an Re~Ta! atom prefers to occupy an A
site in theg8 phase. The effects of an Re~Ta! atom at an Al
site and at an Ni site are different. At an Al site, an Re~Ta!
atom induces a large decrease of 2.55 eV~4.04 eV! in the
binding energy of the system, without leading to tremend
ta

y
d

M

oy
nd

03510
d

p-
-
s
ci-

an

er-

s.
l

s

local lattice distortion. While at an Ni site, an Re~Ta! atom
induces a small decrease of 0.68 eV~1.11 eV! in the binding
energy and large local lattice distortion. Thus the bindi
energy of the system in theg8 phase strongly depends on th
substitution type. The results for the interatomic energy
tained by the DV method suggest that an Re atom or an
atom, no matter whether it is at an Al site or at an Ni si
will greatly enhance the interaction between nearest ne
boring atoms, as well as that between a nearest neighbo
atom and the associated next nearest neighboring a
However, the Re and Ta atoms only weakly bond with t
host atoms. In addition, the charge distribution and PD
results obtained by the DV method for the systems where
Re atom or an Ta atom is substituted for an Al atom confi
the conclusions drawn from the interatomic energy analys
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