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Energetics and electronic structure of Re and Ta in they’ 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 they' phase of Ni-based superalloy. We find that when(Re is substituted for Al, the binding energy
of the system obtained by the DMol method decreases by 2.58.€4 e\j. This is accompanied by a small
local lattice distortior(less than 1% of the calculated lattice consialmt contrast, when RéTa) is substituted
for Ni, the binding energy of the system decreases by only 0.68LeM eV}, but there is a larger local lattice
distortion (more than 3% of the calculated lattice constaiithe 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’'tpbase 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 betw@e iBelf 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 R€Ta) is substituted for Al.
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[. INTRODUCTION teraction energy was found to have little effect on the
structural transition. They further pointed out that, as a sub-
As a promising high-temperature structural material withstitution with Al site preference, V addition can induce the
excellent properties such as high-temperature strength, lostrongest bonding effect that can stabilizesANi in an
density, and strong resistance to oxidation, Ni-based superal-1,-like structure. Wanget al® studied electronic structures
loy has attracted much attention from physicists and technosf Mg-dopedy phase,y’ phase andy-y' phase interface
logical workers in recent years. The main microstructures olising a real-space recursion method, and showed that
such material are a disordered Ni-based solid solution rich img prefers to enter into the’ phase at an Al site. Following
Cr (the y matrix) and the intermetallic compound Mil (the  these studies, Yanet al® carried out a total energy calcu-
y' precipitat¢. Solid-solution strengthening in the matrix  lation employing the discrete variational method on a series
and ordered strengthening in thé precipitate are the two of small cluster models, considering only interactions be-
main technologically important features found in Ni-basedtween nearest neighboring atoms, in an effort to explain the
superalloy. Experiments® have shown that by properly in- substitution behaviors of Sc, Ti, Nb, etc., additions inAi
creasing the total concentration of a refractory alloying ele-They showed that Sc, Co, Cu, and Pd all prefer an Ni site,
ment such as Re or Ta in both theand they’ phases, the while Ti, V, Nb, and Mo prefer an Al site, and Fe was at-
high-temperature mechanical properties of such material camacted to both sites. They also claimed that these site pref-
be drastically improved. An important feature of the alloying erences are insensitive to interactions from the next nearest
effect for these 8 elements is that they can enhance the’ neighboring atoms. This, however, is inconsistent with the
lattice mismatch and directly strengthen thephase, result- later study by Sluiter and Kawazbdewho used the tight-
ing in a strong pinning effect on the dislocation motion in thebinding method combining with the coherent potential ap-
superalloy. proximation (CPA). In Sluiter and Kawazoe’s calculations,
Clearly, knowledge about the physical behavior of the al-the pair-potential interactions involved extended out to the
loying element in they’ phase is important for gaining an the sixth nearest neighboring atoms, automatically including
understanding of the strengthening effect and for developinghe antisite factor. They found the following site preferences
practical superalloys. Over the past two decades, firstin NizAl: Zn, Cd, Cu, and Au have weak tendencies to oc-
principles investigatior’s*? have provided good character- cupy Al and Ni sites; Ga, Si, Ge, Fe, Co, and Pd have strong
izations of the site preferences of many alloying elements inendencies to occupy Al and Ni sites; and Cr and Cd show no
the 7' phase. Using all-electron LMTO-ASA and full- evident preference for either site. Recently, Rulearal!?
potential LAPW energy band methods, Freenetral®®  made a more comprehensive and careful study of the tem-
thoroughly studied the phase stability in s8I and  perature and compositional dependencies of site substitution
Ni3z(Al,V) systems. They found that the cohesive energy ofbehaviors for all 8, 4d, 5d and noble metals utilizing the
the NizAl phase can be attributed primarily to tkled elec-  tight-binding LMTO method in conjunction with the multi-
tron interaction between Ni atoms and thep electron in-  sublattice CPA. Their total energy calculations demonstrated
teraction between Ni and Al atoms. The small magnetic inthat, at high temperatures, Cu and Pd exhibit reverse substi-
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tution behaviors. Since Co, Pd, Cu, and Ag each only ° m o

showed a weak Ni site preference, the direction of the solu-

tion lobe in each’s ternary phase diagram could not be taken

as the evidence for a strong Ni site preference. % Q % Q %
In spite of considerable theoretical efforts, the alloying

effects of &l elements such as Re and Ta in theMiphase

4 5
are still far from being fully understood. In an attempt to o Q %%% Q °

better explain the alloying effects of these elements, we have

employed two widely used first-principles methofthe 1 2
DMol method®!* and the discrete variationaDV) Q %%~g\% Q

method® %" based on desity functional thed?y’] to deter-

mine the electronic structure of Re and Ta elements in the

NizAl phase and to study the associated energetics. ° Q %%% Q o
Il. METHODS AND COMPUTATIONAL DETAILS % Q % Q %

As is well known, it is convenient to use a cluster model
to explore the electronic properties of systems with local ° Q °
defects. The DMol and DV methods enable us to use such a
cluster model to study the real system without requiring an g1 1. Ni,AI [Ni(Al,Re), Nis(Al,Ta), Nis(Al,Vac)] cluster
unreasonable and unattainable amount of computation@hodel used in the DMol and the DV calculations. The cluster model
power. In the present study, atomic configurations and totalenters on an A[Re,Ta,Vag atom. The large and the small balls

energies corresponding to the ground states are determing@note an Al(Re,Ta,Vag atom and an Ni atom, respectively. The
via a DMol relaxation calculation. Utilizing the atomic con- central Al (Re,Ta,Vag atom is labeled by the Arabic numeral 1.

figurations obtained from DMol optimization, we then calcu- Two NN Ni atoms are labeled by the numerals 2 and 4, and one
late the interatomic energies, charge density distributionsS\NN Al atom is labeled by the numeral 3. The numeral 5 denotes a
and partial density of states of the systems by use of D\hext NNN Ni atom. The thickened balls are to provide guidance in
method. locating the numerals.

Below its melting point (1390 °C), NAIl has anL1,-like

ordered structure in which Al and Ni occupy a corner site . .
and a face center site, respectively. Even at the very Smaﬂerformed with the Ni(Al,Re) systenithese new systems,

concentration found in Ni-based superalloy, Re and Ta usuWhiCh preserveL.,, symmetry during relaxation, are labeled

ally exhibit good alloying effects. Due to their large atomic 25 (NiRE}AI (Ni,Ta)sAl, and (Ni,VachAl, respectively.

radii, Re and Ta in the Al phase should substitute for Ni In the DMoI_caIcuIatlons, the convergence criteria for the
or Al atoms rather than stay at interstitial sites. Thus, weEN€rgy gradient and the atomic displacement are, respec-
consider only the substitution case and adopt a simple singfévely, 0.001 Ry/a.u. and 0.001 A. The double numerical
impurity model which ignores the interactions between thePolarized (DNP) basis including the inner orbitals and the
5d elements. In the DMol relaxation calculations, the sameVosko-Wilk-Nisair local exchange-correlation functioffal
cluster model, shown in Fig. 1, was always employed so thawith the Becke-Perdew-Wang general gradient approxima-
results would be compatible. The cluster model constructetion (GGA) correctiof*2were used to obtain more precise
from the bulklike structure of NAI consists of 87 atoms and results.

centers at an Al atom. We first determined the lattice constant Using the atomic configurations taken from the DMol re-
for the N Al system by performing a series of total energy laxation results, we calculated the interatomic energies, the
calculations using different lattice constants. The calculatedharge density distributions, and the partial density of states
lattice constant of the NAI system corresponding to the for the NiAI, Nisz(Al,Re), Nig(Al, Ta), (Ni,Re)Al, and
lowest binding energydefined as the difference between the (Ni, Ta);Al systems by the DV method. In the DV calcula-
total energy of the interactive atom system and that of thdions, the same cluster models as those used in DMol calcu-
free atom systeiris about 3.44 A, which is 4% smaller than lation (as shown in Fig. lwere adopted for the M{Al,Re)

the experimental value (3.58 A). Then we substituted theand Ni(Al, Ta) systems, but different cluster modelas
central Al atom by an Re or Ta atom or a vacancy and pershown in Fig. 2 were adopted for the (Ni,ReAl and
formed a DMol relaxation calculatiofwe use the names (Ni,Ta);Al systems. The reason for using two different kinds
Ni3(Al,Re), Niz(Al,Ta) and Ng(Al,Vac), respectively, for of cluster models is that there is no strict “unit cell” defini-
these systems after relaxationThe Re or Ta atom, the tion in the DV method. With large clusters, the distinctions
twelve nearest neighboringdN) Ni atoms, and the six next between the different cluster models used do not have a sig-
nearest neighboringNNN) Al atoms were all allowed to nificant effect on the results obtained. Naturally, for the sake
relax in accordance with the forces acting on them and thef better comparison between calculated results, we used two
preservation of th®,, symmetry. Next we substituted an Re Ni3Al cluster models as reference systems. One centers at an
or Ta atom or a vacancy for one of the twelve NN Ni atomsAl site, and the other centers at an Ni site. The DV method is
and performed a similar DMol relaxation calculation to thatnot as well developed as the DMol method. The former is
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° % o TABLE I. The binding energiegin eV) of the NiAl system
with and without the presence of an R, Vag atom.AE denotes
the difference in binding energies between thgAllisystem in the

8
% ~ % presence of an R€Ta, Vag atom and the unsubstituted JAi sys-
% tem.
o % %%‘% Q o Binding energy AE

3 NizAl —514.46
1 6 Ni5(Al,Re) ~517.01 2.55
% % % % % Nis(Al, Ta) ~518.50 4.04
7 Ni(Al, Vac) —506.80 ~7.66
° Q %%% Q o (Ni,Re);Al —~515.14 0.68
(Ni, Ta)sAl —515.57 1.11
(Ni, Vac)sAl ~505.91 -8.55

Ill. BINDING ENERGY AND INTERATOMIC

° % o INTERACTION

_ _ _ In Table I, we present the binding energies obtained by
FIG. 2. NBAI [(Ni,Re);Al, (Ni,Ta);Al] cluster model used the DMol method for the NAI system and NjAl system
only in the DV calculation. The cluster model centers on an Ni site,,ith the substitution of an Re or Ta atom or a vacancy. It is
The large and small balls denote an Al atom and an(R&,T8  cjoar seen that, in comparison withsRi system, the bind-
atom_, respectively. The central NiRe,Tg atom is Iabel_ed by the ing energies of the systems containing Re or Ta are lower.
Arabic numeral 1. One NN Al atom and two NN Ni atoms are When an Re(Ta) atom occupies an Al site, the binding en-

labeled by numerals 2, 3, and 4, respectively; and three NNN Ni

atoms are labeled by numerals 5, 6, and 7. The numeral 8 denotesergy decreases by as much as 2.55(4\04 e\). The mag-

next NNN Al atom. The thickened balls are to provide guidance inn?h“_'de_Of this shift is much I_arge_r than the usua_l the_rmal
locating the numerals. activation energy for an atom jumping from one lattice site to

another. When an Ta atom occupies an Ni site, the binding
energy decreases by 1.11 eV; however, for an Re atom, it
short many features commonly found in the present state-ofjecreases by only 0.68 eV. These results imply that both Re
the-art electronic structure calculation methods, such as usghd Ta can stabilize the Ml phase, and that both have the
of the DNP basis, the GGA correction and, more importantlypossibility of occupying either an Al site or an Ni site.
structural optimization. At least three aspects need to be con- Knowledge of the transfer energy is needed to illucidate
sidered when using of DV method: the choice of the basishe site substitution behavior of an REa) atom in the NjAl
set, the boundary effect and the numerical accuracy. To rephase(see Ref. 12 In the present work, the transfer energy
duce the effect of basis selection on the results, we used the defined as the energy required to move a single(Re
single-site orbitals as the basis set. In the generation of atom from an Ni site to an Al site. Thus, the site preference
basis, funnel potentials were added to contract the radial pagan be determined from the sign and the magnitude of the
of atomic orbital and to induce bond states. This is particutransfer energy. For a quasistoichiometric alloy in the dilute
larly important in treating some unoccupied and expandedimit of the alloying element, the transfer energy is directly
atomic orbitals such as Nipl The variational basis func- related to the binding energies of the alloying system and the
tions assignmets ares®p’ for an Al atom, 3184s24p° for ~ vVacancy system. In this study, th_e transf(_ar energy of a sub-
an Ni atom and 85(5d%)6s26p° for an Re(Ta) atom. A stitutional Ff;ltorn(for .example, Rein the NiAl phase(de-
cluster embedding potential was added to remove the bounéoted byE; 9 is defined as
ary effect from the cluster model. It was constructed by add- . .
ing together the charge densities of several hundred environ- E°={Es[Nis(Al,Re)]— Ex[Nis(Al,Vac) ]}
ment atoms to generate C_oulomb and exchange-correlation — {E,[(Ni,Re)3Al]— E,[ (N, Vac);Al ]},
potentials. The single-particle wave functions are solved by
way of a self-consistent multipolar approximation. This ex-where Ey[Niz(Al,Re)] is the binding energy of the
pends significant time in computation; but can, by a fittingNiz(Al,Re) systemE[Ni3(Al,Vac)] is the binding energy
process, yield more accurate and self-consistent charge deof the Al vacancy system, and so on.
sities. The Vosko-Wilk-Nisair exchange-correlation potential The calculated transfer energies of Re and Ta atoms are
and about 1000 integration points per atom were used in the 0.98 and—2.04 eV, respectively. These highly negative
computation. By utilizing the methods just outlined, DV cal- transfer energies show that both Re and Ta atoms in the
culations can be expected to yield reasonable and reliabl§izAl phase have strong Al site preferences; that is, they can
results. Since the magnetic interaction energy makes only stably remain at an Al site. Actually, for a quasistoichiomet-
small contribution to the binding enerfall DMol and DV ric alloy in the dilute limit of the alloying element, the sub-
calculations are spinrestricted. stitution behavior of the alloying element is closely tied to
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two factors: a chemical factor and a geometric factwre, TABLE ll. The interatomic energiegn eV) for selected atomic
the alloying element can be treated as a single impurity in @airs in the NiAl, Ni3(Al,Re) and Ni(Al, Ta) systems. The Arabic
compound. The chemical factor mainly refers to binding numerals in All, Ni2, etc., correspond to those in Fig. 1.

characteristics including the bonding strength between the

alloying element and the host atom. The geometric factof\tom pairs NBAI Nig(AlL.Re)  Nig(Al,Ta)
incorporates the effects induced by atomic radii, atomic ar|; (re1 Taj-Ni2 —225 ~0.95 ~153
rangement and so on. The binding energy just reflects thﬁll (Re1,Ta)-Al3 1.41 0.22 ~0.48
chemical effect. In fact, the atomic radii of Re and Ta are, ., \., ' 205 o254 _3928
very close to that of Al, but quite different from that of Ni Ni2-Al3 —3-76 —3.81 —3.86

(the atomic radii of Re, Ta, Al, and Ni are 1.37, 1.44, 1.43,
and 1.24 A, respectivelyTherefore, from the point of view

of atomic size, one might assume that Re and Ta would pre- Tables 1l and il t the IE's of int i
fer to occupy an Al site, and thus not induce a severe local aples 1l an present the IS of some interesting

lattice distortion in the NJAl phase. Indeed, the DMol relax- atomic pairs where substitution is for an Al atom and for an
. hll atom, respectively. From Table I, we can see that when

an Re(Ta) atom is substituted for an Al atom, the IE between
the Re(Ta) atom and an NN Ni atom greatly increases, while
that between the R€Ta) atom and an NNN Al atom drasti-
cally decreases. The IE between two NN Ni atoms as well as
§hat between an NN Ni atom and the associated NNN Al
atom are strongly enhanced. From Table Ill, we can see that
when an Re(Ta) atom is substituted for an Ni atom, the
hange in the IE is similar to that which occurs with substi-
ution for an Al atom, even though the coordination condi-
ons in the two cases are quite different. The IE’'s between
e Re(Ta) and the NN atoms, which include both Ni and Al
atoms, are greatly weakened relative to the analogous IE’s in
the unsubstituted NAI system. On the other hand, the re-

prefer 1o cecupy an Al ste, whih s 1 agrement wih ey S ameenes
P : b which are strongly enhanced, with the exception of cases

sible caveat should be addressed here: the effect of the clus-here o atoms have a NN relationship such as Al2 and
ter size on the transfer energy. To test this, we performe i6 (or a NNN relationship such as Ni3 a?]d Nighere the
calculations using cluster systems each containing only 5 P

atoms. ‘The calculated binding ~energies for o/Mj jl'shgn;)t/)c?\l;gr:ggu(elgharoc\/?gé concrete information giving in-
Nis(Al,Re), Nig(Al,Ta), Nis(Al,Vac), (Ni,Re)Al, P giving

(Ni,Ta)sAl, and (Ni,VaclAl systems were - 315.84, srl]ght mftfo the aIonkl]ng effectls fothe_ and Iasto/r:l_s, g\cludlng
31892 —320.05 30832 -316.20. —316.89 and Lneir effects on the crystal cohesion of thesMi phase.
—307.22' eV re.spéctively.Th’e trans;‘er ’energie.s (;f Re an hen substituted for an Al atom, an REg) atom will form
Ta were —0.92 and— 2.06 eV, respectively. These values nly weakly bonding states with the surrounding host atoms,

- : . hel h ituti I h he inter-
differ only slightly from those calculated using cluster mod- but nonetheless the substitution strongly enhances the inter

ols of 87 atoms. This implies that the transfer ener CalCugﬂomic interaction between two adjacent Ni atoms as well as
. ms. This imp e 9y that between an NN Ni atom and the associated NNN Al
lated will be insensitive to the cluster size if the number of

atoms in the cluster model is raised bevond 87 atom. According to a study by Freemanal.® the above-
. ed beyon : mentioned interatomic interactions among the host atoms
In order to study the interatomic interaction, we have cal

. : “(which are enhan he intr ion of Re or T: m
culated the interatomic enerdiE) E,,, between atont and (which are enhanced by the introduction of Re or Ta afoms

atomm by the DV method>?* The interatomic energy is
defined as

Al site, the NN Ni atoms and the NNN Al atoms are almost
completely undisturbed. A similar result is obtained for Ta
except that the NNN Al atoms move outside by a merE%

of the calculated lattice constant. We found that noticeabl
lattice distortions appear when an KEa) occupies an Ni
site. The NN atomic sites around a REa) atom expand by
an average of 3%b%) of the calculated lattice constant, and
the NNN atomic sites around a Re or Ta atom expand by a
average of 2% of the calculated lattice constant. Note that th
NN atoms and the NNN atoms around an Re or an Ta ato
include both Al and Ni atoms. From the above findings, we
can conclude that, in the N\l phase, Re and Ta atoms both

TABLE Ill. The interatomic energie€n eV) for selected atomic
pairs in the NjAl, (Ni,Re);Al and (Ni, Ta);Al systems. The Arabic
numerals in Nil, Al2, etc., correspond to those in Fig. 2.

Elm:; Eﬁ Nna:alaanH,Bmalv
a

Atom pairs NEAI (Ni,Re)3Al (Ni, Ta) 5Al
whereN, is the electron occupation number for the molecu-Nil (Rel,Ta}-Al2 -170 —0.26 1.98
lar orbital ¢, any=(dul¢n), and Hgn, is the Hamil-  Nil (Rel,Tal-Ni3 -0.99 —-0.58 1.50
tonian matrix element connecting the atomic orbifg), of  Al2-Ni3 —2.43 -3.22 -3.91
atoml to the atomic orbitalp 4, of atomm. Since the IE is  Al2-Ni6 —2.45 —2.67 —2.56
related to the Hamiltonian matrix element, it can be used tmNi3-Ni4 —1.44 —2.59 —3.78
estimate the bonding capability of the two atoms. Usually, avi3-Ni5 -1.23 -1.29 -1.08
negative number with a large absolute value means a strongs-Ni7 —203 —1.87 —1.64
interatomic interaction. IE values proved very useful in stud-nj3-al8 ~0.90 —1.22 —1.14

ies on NiAI grain boundary problem&2*
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TABLE IV. The electron occupation numbr (N re),» N(ai1a) in the valence orbitals for each atom in
the NBAI [Nig(Al,Re), Nig(Al, Ta)] system.ANa rey=Na,re) N, €tC., AQ (a1 rey=Q(al,re)"Q: €tC., Where
Q (Qqaire), QaiTa) is the net number of electrons in the valence orbitals for each atom in ##d Ni
[Niz(AlL,Re), Niz(Al,Ta)] system. Her&®Q=N-Z,,,, whereZ,, is the standard number of valence electrons
per atom. The Arabic numerals in All, Ni2, etc., correspond to those in Fig. 1.

N Nare) Naita) ANarey ANaitay AQuaire)  AQ(alTa)

All (Rel,Tal 3(6)s 0.51 0.64 1.26
3(6)p 214 034 0.22

(5)d 5.98 3.77
Q -035 -004 025 0.31 0.60
Ni2 4s 0.23 0.36 0.38 0.13 0.16
ap 1.28 1.16 1.06 012  —0.22
3d 8.65 8.57 859 —008 —0.06
Q 0.15 0.09 0.03 ~0.06  —0.12
Al3 3s 064 061 060 —0.03  —0.04
3p 2.22 2.18 219 -004  —0.03
Q -014 -021 -021 -007  -0.07
Ni5 4s 0.49 0.49 0.50 0.00 0.01
ap 094 094 0.95 0.00 0.01
3d 8.74 874 8.74 0.00 0.00
Q 0.17 0.17 0.18 0.00 0.01

are the primary contributions to the cohesive energy of theyrbital to the Al-3 orbitals. In the Ni(Al,Re) system, Re
NizAl phase. Thus at an Al site, substitution by an Re or ameither gains nor loses charge, and thus exhibits weak inter-
Ta atom greatly improves the crystal cohesion and accountgctions with the host atoms. Consequently, the amount of
for the large decrease in the binding energy of thecharge transferred to the adjacent Ni2 atoms decreases rela-
Nis(Al,Re) or Nig(Al,Ta) system relative to the the Ml tive to the case of the MMl system. Surprisingly, unlike
system. When substituted for an Ni atom, an Re or an Taith Re, Ta can obtain a small quantity of charge
atom will still strongly enhance the interatomic interaction (~0.25%) from the environment, leading to a considerable
between two adjacent host atoms. However, one should keefecrease in the amount of charge transferred to the adjacent
in mind that Ni atoms dominate the crystal cohesion of theNi2 atoms. Therefore, the bonding strength of an Ta atom to
NizAl phase. Thus, the magnitude of the binding energy ofihe host atoms is somewhat stronger than that of a Re atom
the (Ni,Re}Al or the (Ni,Re)Al system can not be signifi- to the host atoms. For the NiAl,Re) and the Nj(Al, Ta)
cantly larger than that of the BAl system because the en- systems, we see a remarkable charge redistribution in the
ergy loss caused by the absence of the Ni atom can not hgi2-4s,4p orbitals, but the charge distributions in the
fully compensated. In addition, Ta clearly exhibits an stron-Nj2-3d and the Al3-3,3p orbitals are only slightly affected.

ger alloying effect than Re and, consequently, substitution byrhe charge distributions in the orbitals of the Ni5 atoms,
Ta results in a larger decrease in the binding energy of th@/hich are the next NNN atoms relative to the R@) atom,

system. are also barely affected. The charge transfers for aTRe
atom mainly occur between its own orbitals, namely from
IV. CHARGE DISTRIBUTION AND DENSITY OF STATES the 6s to the 5 orbitals and from 6 orbital to the 6

. . . orbitals, vias-d ands-p hybridization, respectively. This be-
Having fo_und that an Ré_l'a) atom at an A.I site exhibits a havior is analogous to that of ard3ransition metal element.
strong a_Ionlng effect, in th|s section, we dls_cuss the charge To complete the analysis of the interactions between
distribution and t_he d*_-‘”s'ty of states _obtamed by the DVatomic orbitals, we have calculated the partial density of

method for the NjAl, Niz(Al,Re) and Ni(Al, Ta) systems.

states(PDOS by means of the Lorenz broadening scheme

It is well known that the charge transfer between the al'combining with a Mulliken population analysis. The PDOS

loying e]ement_and the host atom can greatly affect the i”in the DV method is defined as
teratomic bonding behavior. Table 1V lists the electron occu-
pation numbers in the valence orbitals calculated by a
Mulliken population analysié> For the NAl system, an Ni D (E)=2 ND
atom obtains a small quantity of charge 0.16) from the ol w o
adjacent Al atoms, with the acquired charge mainly assigned
to the 4p orbitals. However, more electrons transfer from thewhereN"), is the population of the atomic orbitail,, of atom

Ni-4s orbital to the Ni-4,3d orbitals, and from the Al-8 | in energy levele,, of the molecular orbital, and is the

5
[ (E—e,)+ 6]
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(e

RPN O

Al3 Atom (a)

A '@é”f(’ ‘

Density of States(Arbitrary Unit)

Energy(eV)

AII3 Ato;n ' ' l I I I (b)'

Nilz A.o;n T FIG. 4. The electron density difference on @11 plane be-
tween(a) the Niz(Al,Re) system and the BAI system andb) the
Ni3(Al, Ta) system and the WAl system. The contour spacing is
0.000% a.u.3. Solid lines and dashed lines correspond to the gain
and the loss of electrons, respectively.

Re1 Atom
broaden parameteringchosen as 0.25 eV in the present
work). Figures 8a) [3(b), 3(c)] shows PDOS curves for the
center Al1(Rel,Tal, the NN Ni2 and the NNN Al3 atoms in
the NiAlI [Nig(AlLRe), Niz(Al,Ta)] system. Two main
Energy(eV) atomic bonding features previously observed in thgANi
systeni are reproduced and are clearly visible in Figa)3
msaom () We see that the Al-§3p orbitals hybridize with the
Ni-4s,4p orbitals, leading to the energy bands smearing out
over a wide energy range. The bonding states show up pri-
marily as the characteristic peaks in the low energy range
from —12 to —6.0 eV, while the antibonding states are
mainly seen as characteristic peaks in the high energy range
from 2.0 to 6.0 eV. On the other hand, the local features of
the Ni-3d states remain intact, except that a small proportion
of the charge is rendered itineratelike bg,4p-3d hybrid-
ization. In the Ni(Al,Re) and the Nj(Al, Ta) systems, the
PDOS curves of the Ni2<l4p orbitals are considerably
changed in the regions of the bonding states and the anti-
bonding states. While the PDOS curves of the N2 é8bit-
als and the AI3-8,3p orbitals show some small changes
around — 3.2 and —5.5 eV, respectively. The additional
resonant peaks which appear over a broad low energy range
from —8.5 to —2.0 eV imply enhanced interactions of the
FIG. 3. The atomic partial density of states @ the Ni,Al ~ Ni2-Ni2 and the Ni2-Al3 atomic orbitals. In Fig.(B) [3(c)],
system,(b) the Nig(Al,Re) system, andc) the Ni;(Al, Ta) system.  Some clean and isolated PDOS peaks of (R® appear at
The thick solid lines, thin solid lines and dashed lines demptg ~ both sides of the Fermi level, resulting from the weak inter-
and p electronic states, respectively. The Fermi level is shifted toactions between the orbitals of the alloying atoms and those
zero. The Arabic numerals in Al1, Ni2, etc., correspond to those irof the host atoms.
Fig. 1. The charge density differences on {841 plane are plot-

Density of States(Arbitrary Unit)

Ni2 Atom

Density of States(Arbitrary Unit)

Energy(eV)
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ted in Fig. 4. The charge density difference is definedocal lattice distortion. While at an Ni site, an R€a) atom
asAp = p[Niz(AlL,Re)] — ped Niz(AlLRe)] — p(NizAl) induces a small decrease of 0.68 @V11 eV} in the binding

+ pred NizAl) for the Niz(Al,Re) system(other systems energy and large local lattice distortion. Thus the binding
have similar definitions From Fig. 4, we can see that strong energy of the system in thg’ phase strongly depends on the
charge correlation regions due to electron accumulation apsubstitution type. The results for the interatomic energy ob-
pear around the Ni atoms and the Al atoms, reflecting entained by the DV method suggest that an Re atom or an Ta
hanced interactions between the NN Ni atoms as well agtom, no matter whether it is at an Al site or at an Ni site,
enhanced interactions between NN Ni atoms and the assoaiill greatly enhance the interaction between nearest neigh-
ated NNN Al atoms in the N{Al,Re) and the Nj(Al, Ta) boring atoms, as well as that between a nearest neighboring
systems. The sparse charge correlation curves connecting atbom and the associated next nearest neighboring atom.
Re (Ta) atom with the Ni atoms imply their weak bonding. However, the Re and Ta atoms only weakly bond with the
The above results are consistent with the analyses on intehost atoms. In addition, the charge distribution and PDOS

atomic energy presented in the previous section. results obtained by the DV method for the systems where an
Re atom or an Ta atom is substituted for an Al atom confirm
V. SUMMARY the conclusions drawn from the interatomic energy analyses.

We have studied alloying effect of R&a) atom in they’
phase of Ni-based superalloy using first-principles methods.
The calculated transfer energies obtained by the DMol ACKNOWLEDGMENTS
method show that an R@a) atom prefers to occupy an Al We are greatly indebted to Professor Mike Bisset for his
site in they' phase. The effects of an R€a) atom at an Al  beneficial discussions and helps. This research was supported
site and at an Ni site are different. At an Al site, an @a) by the National Natural Science Foundation of China under
atom induces a large decrease of 2.55(@\04 e\j in the  Grant No. 97021780 and by the Ministry of Science and
binding energy of the system, without leading to tremendoudechnology of China under Grant No. G2000067102.
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