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The phase partition and site preference of Re atoms in a ternary Ni—Al-Re model alloy, including the electronic
structure of different Re configurations, are investigated with first-principles calculations and atom probe tomography. The
Re distribution of single, nearest neighbor (NN), next-nearest neighbor (NNN), and cluster configurations are respectively
designed in the models with y and ¥ phases. The results show that the Re atoms tend to entering ¥ phase and the Re atoms
prefer to occupy the Al sites in ¥ phase. The Re cluster with a combination of NN and NNN Re-Re pair configuration is
not preferred than the isolated Re atom in the Ni-based superalloys, and the configuration with isolated Re atom is more
preferred in the system. Especially, the electronic states are analyzed and the energetic parameters are calculated. The
electronic structure analyses show there exists strong Ni—Re electronic interaction and it is mainly contributed by the d—d
hybridization. The characteristic features of the electronic states of the Re doping effects are also given. It is also found
that Re atoms prefer the Al sites in ¥ side at the interface. The density of states at or near the Fermi level and the d—d
hybridizations of NN Ni—Re are found to be important in the systems.
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1. Introduction

Ni-based superalloys are widely used as high-temperature
materials in aircraft and land-based engine turbines due to
their excellent material properties, such as thermal and me-
chanical properties.!'! The Ni-based superalloys comprises the
face centered cubic (FCC) solid solution y-Ni matrix phase
and the L12-ordered ¥-Ni3Al phase. The high temperature
strength of single crystal Ni-based superalloys can largely be
attributed to y and ¥ phase properties along with the properties
of y/¥ interfaces.!?*! Many alloying elements, such as Re, W,
Ta, Ru, Mo, Cr, Co, Hf, are added into Ni-based superalloys to
improve creep rupture life, strength, phase stability, oxygen re-
sistance and so forth. Among the alloying elements, Re is a po-
tent strengthener in Ni-based superalloys and plays an impor-
tant role in improving the mechanical properties.* The so-
called “rhenium-effect”, which was first discovered by Giamei
and Anton,'%! means that the mechanical properties of Ni-
based superalloys becomes better with a proper amount of Re
addition. The effect of Re on improving mechanical properties
can be explained from many aspects. It is found that Re can
lower Y phase coarsening rate as well as resulting in a nega-
tive y/y misfit.[%7] The synergistic effect of Re with other ele-
ments contributes to the strength of Ni-based superalloys. [8-10]
Liu and Wang!'!! studied the dislocation-doping complex in
v phase of Ni-based superalloys using lattice Green-function
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multiscale method. According to their study, the strengthen-
ing effect of Re can be attributed to the partitioning of Re in y
phase and its strong chemical interactions with dislocation.

In 1980 s, Blavette et al.!>! observed Re segregation to y
matrix and found Re-enriched region in the Ni-based super-
alloy using an atom probe field ion microscopy (FIM). Their
results confirmed short range order of Re atoms in y matrix
phase. The observed Re clusters can act as obstacles for dislo-
cation motion and can improve the creep strength. Wanderka
and Glatzel!'? analyzed the second generation Ni-based su-
peralloy CMSX-4 using atom probe field ion microscopy, and
they found that Re atoms mainly form in y phase and have a
tendency to form clusters. They proposed that Re is likely to
form cluster with roughly 5 atoms. Riising!!?! studied the Re
cluster using three-dimensional atom probe method and con-
cluded that Re can form clusters with the size of approximately
1 nm. The molecular dynamics simulation and first-principles
calculation results of Zhu et al.!'*! showed that Re atoms tend
to form clusters in both ¥ phase and ¥ phase, and the small-
est Re cluster has a radius of 12.2 A. Mottura et al.!'! found
that Re—Re nearest neighbor pair has strong repulsion and Re
atoms do not form clusters in y phase by first-principles cal-
culations. They also concluded that the so-called “rhenium-
effect” cannot be the result of Re clustering and proposed that
single Re atom is responsible for the strengthening effect. Lu
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et al.''% calculated the binding energy of Re-Re pairs, and the
study showed that the second nearest neighbor Re—Re pair in
7-Ni phase is more stable under 0 K. Ding et al.!'”) studied the
origin of Re effect on improving the mechanical properties of
Ni-based superalloys. They demonstrated that the Re atoms
tend to form Cottrell atmosphere at the interfacial dislocation
core and stabilize the interfacial dislocation networks. The
Re effect is the result of interaction between the local strain
caused by Re and the strain caused by dislocations.

Until now, there is no commonly accepted view in
whether the Re atoms form cluster or not in the Ni-based su-
peralloys. What is more, the previous studies only considered
the model of ¥ phase or ¥ phase in studying the Re distribu-
tion behaviors. The Ni-based superalloys contain two phases,
and a model that can incorporate both y and ¥ phases would
be more realistic in studying the Re distribution. In this pa-
per, we study different kinds of Re atom configurations across
the y/y interface and analyze their energetics and electronic
structures.

2. Computational models and experimental de-
tails

2.1. The models for the calculation of electronic structures

The y-Ni3Al separate out from the Ni-matrix and the
usual precipitate directions are (001) directions. The interface
structure and composition had been studied by several authors.
The previous studies of Zhu and Wang er al.!'*18] indicate in
general the y/y interface comprises a coherent interface re-
gion and a misfit dislocation region after sufficient relaxations.
The interface width of Ni-based single crystal superalloys is
found to be about 1 nm—3 nm from the experiment.!'*-2!1 The
order—disorder transition width is smaller than the chemical
element transition width.['”) We adopt the coherent y/¥ in-
terface in the calculations. The model adopted in this work is
shown in Fig. 1. The lattice orientations are [110], [110], [001]
in x, y, and z directions, respectively and the ¥/’ interface lies
in (001) plane. The model contains 7 layers of L.1,-Ni3 Al and
7 layers of FCC-Ni along the [001] direction. A 12-A vacuum
layer is added in [001] direction. For electronic structure cal-
culations, the model is periodic in x, y, and z directions and
contains 392 atoms. The outermost one layer of atoms closest
to the vacuum is restricted to move in the [001] direction dur-
ing the atomic relaxation. The region enclosed in the dashed
line denotes the interface region.

For the purpose of studying the Re distribution in y and
Y phases, the different Re atom configurations are designed to
occupy the sites of Ni and Al atoms in the systems (cf., Fig. 2).
We consider the case of doping Re atoms into the system with

single Re atom, nearest neighbor (NN) Re atoms, next nearest

neighbor (NNN) Re atoms, and Re clusters. The system with
Re cluster has 5 Re atoms and is the combination of NN and
NNN Re atom configurations (cf., Fig. 2(d)). The systems
with 5 Re atoms, which correspond to a Re concentration of
~ 1 at.%, are used to represent the Re clusters across the y/y
interface. Four of the Re atoms are in the same (110) plane and
they possess the face center positions in both y-NizAl and -
Ni phases, the remaining one Re atom possesses the corner
position in both y'-NizAl and y-Ni phases and it is the nearest
neighbor of the other four Re atoms.
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Fig. 1. Model with y/Y interface. Black atoms are Al atoms, and gray
atoms are Ni atoms.

For all the models in current research, ionic relax-
ation and self-consistent electronic structure relaxation are
performed using the Vienna ab-initio simulation package
(VASP) code,??! which is based on density functional theory
(DFT).[2324] The ion—electron interaction is described by pro-
jector augmented wave (PAW),[2>20] and the generalized gra-
dient approximation of Perdew—Burke—Ernzerhof (PBE)!’!
exchange—correlation functional is used. The plane-wave cut-
off energy is set to 350 eV. The convergence criterions for
electronic and ionic step in the self-consistent calculations are
107¢ eV and 0.02 eV/A, respectively. Spin-polarized cal-
culations are not used. The integration over the Brillouin
zone is performed using the 1x7x 1 Monkhorst—Pack k-point
mesh. (28]

2.2. Atom probe experiment

Based on the ternary alloy designed by our group, the Ni—
Al-Re model alloy is prepared to investigate the partitioning
behavior of Re atom in ¥ and Y phases. The alloy is melted
with the vacuum induction technique and is then directionally
solidified to produce the (001)-oriented single crystal. After
the single crystal sample is prepared, it will perform the sys-
tematic heat treatment to obtain a near-equilibrium state al-
loy with ¥ and ¥ phases. The chemical analysis result of the
ternary model alloy is Ni-7.95A1-4.94Re (wWt%).

Atom probe tomography (APT) experiment is conducted
to analyze the Re concentration in the model alloy. The APT
specimen is wire-electrode cut from the heat-treated specimen

043103-2



Chin. Phys. B Vol. 29, No. 4 (2020) 043103

into the dimension of 0.5 mmx0.5 mmx 15 mm and is sub-
jected to a standard two-step electro-polishing procedures.?”)
The specimen temperature is ~ 50 K. Proximity histogram
(proxigram) methodology*°! is adopted to determine the con-

centration information.

3. Results and discussions
3.1. Energetic parameters of systems

The substitution formation energy (Egpst) is defined as

follows: [¥]

Egubst = [(Etccl)(:ped + ZieM nitti) — (B ™ +nx i) | /nx, (1)

where ESP*! and E19°P*! denote the total energies of the sys-
tems with and without doping atoms, respectively. M denotes
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the atoms being substituted (Ni or Al atoms), n; and ny denote
the number of M atoms and number of X (X = Re) atoms,
respectively. u; and ty denote chemical potentials of M atom
(Ni or Al atom) and X (X = Re) atom, respectively. The chem-
ical potential of Al atom is calculated as tia] = Uni;Al — 3Uni-

The calculated substitution formation energies are shown
in Fig. 3. From the results of Eg,ps, we can see that the sys-
tems with single Re atom at Al site in ¥ phase have lower
Egubs than the other systems in y phase and in ¥ phase. This
indicates that Re atom prefers to partition to ¥ phase in the
Ni-Al-Re system. In ¥ phase of the alloy, the models with
isolated Re atoms in Al sites have lower Egy, than the iso-
lated Re atoms in the Ni sites. This implies that the isolated Re
atoms tend to occupy Al sites in ¥’ phase for energetic reasons.
This is consistent with the previous first-principles calculation
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Fig. 2. Models with Re atoms: (a) single Re configurations; (b) NN Re-Re configurations; (c) NNN Re—Re configurations; (d) Re cluster configurations.
S1-S10 denotes ten different single Re atom systems, each system contains one Re atom. The S1/, 83, and S5’ models are the Re atoms occupying the
Ni sites in ¥ phase; A1-AS5 denote five different NN Re-Re pair systems, each system contains two Re atoms; B1-B6 denote six different NNN Re-Re
pair systems, each system contains two Re atoms; C1-C5 denote five different Re cluster systems, each system contains five Re atoms.

In ¥ phase, the systems with single Re atoms at Al sites
(models S1, S3, and S5 in Fig. 2(a)) are energetically favored
over the systems with single Re atoms at Ni sites (models
S1/, S3’, S5, S2, and S4 in Fig. 2(a)), the systems with NN
Re-Re atoms (models Al and A2 in Fig. 2(b)), the systems
with NNN Re-Re atoms (models B1 and B2 in Fig. 2(c)),
or the systems with Re atom clusters (models C1 and C2 in
Fig. 2(d)). The single Re atoms at Al sites (models S1, S3,
and S5 in Fig. 2(a)) in ¥ phase are also energetically favored
over the other systems with Re atoms in ¥ phase. In y phase,
the system with single Re atom at Ni site is more stable than
NN Re-Re, the NNN Re—Re, and Re cluster systems.

this case, Re atom clusters are relatively not preferred. From

In

this point of view, the systems with isolated Re atoms in y
phase are also energetically favored. In the work of Sun er
al.,'¥! they observed a certain amount of Re pairs in the Ni—
Al-Re ternary model alloy by aberration-corrected high-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM). This may be related with the small differ-
ence of Egpg for the NNN Re—Re pair system and the single
Re atom system.

Comparing the Egpg of Re atoms at y'/y interface
(model S5, S5’, S6), it can been seen that Eg,s (model S5
single Re) < Egps (model S6 single Re) < Egups; (model S5
single Re). This indicates the fact that the Re atom at the in-

terface prefer to occupy the Al site at ¢/ side of the interface.
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Fig. 3. The substitution formation energies of systems with Re atoms % 751
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Fig. 5. The Re atoms and their NN Ni atoms or NN Al atoms in the models with different Re atom distributions.
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Thus, the simulation results of the Re atom occupying Al
site is reasonable in our research. The calculated partition be-
havior and site preference of Re are consistent with the results
of APT experiment.

3.3. Interatomic energy and electronic structure analysis

To better understand electronic mechanism of Re atoms
in the systems at microscopic level and the bonding charac-
ters of atoms, the interatomic energy,!3>-3>! the charge density
difference (CDD), and the density of states (DOS) are stud-
ied. The electronic states and the interaction of atoms in the
system can be expressed by the local density of states (LDOS)
and the partial density of states (PDOS), which can give useful
and detailed information of the underlying electronic mech-
anisms. The selected atoms in Fig. 5 are used to analyze
electronic structures of the systems. All the DOS curves are
smoothed using a Lorentzian broadening scheme with a broad-
ening width of 0.05 eV.

3.3.1. The charge density difference analysis

The site preference of the Re atom in ¢ phase can be ex-
plained from the charge density difference. It is seen from
Fig. 6 that the charge accumulation between Ni and Re atoms
is much larger than that between Ni and Al atom. The CDD
between Ni and Re atoms has covalent-like features. The spe-
cial feature of the CDD between Ni and Re is the presence
of strong directional bonding. In ' phase the Al atom is sur-
rounded by 12 Ni atoms, while Ni atom is surrounded by 8 Ni
and 4 Al atoms. Therefore, the strong Ni-Re bonding plays an
import role in stabilizing the system. From the above analysis,
the bonding characters support the substitution of Re atom for
Al site in ¥ phase.

To explain the atom distribution of atoms in ternary model
Ni-based superalloy, the charge accumulation and depletion
are studied for the system with Re atom(s) in y phase. The

single Re atom, NN Re—Re, NNN Re-Re, and Re cluster sys-
tems are compared (models S8, A4, B6, and C5 in Fig. 2) and
the results are shown in Fig. 7. The CDD’s in Fig. 6 and Fig. 7
are visualized using the VESTA software. *%! The results show
that charges flow from Re atom and Ni atom to covalent-like
Re-Re and Ni—-Re bond regions. There is a strong charge ac-
cumulation between NN Re—Re atoms and NN Ni—Re atoms.
These indicate the strong electronic interaction of NN Re—Re
and NN Ni—Re. As the number of NN Re—Re increases, the
substitution formation energy of the systems with Re atoms
in 7y phase also increases. Considering that the more the NN
Re—Re bonds in the system, the less the NN Ni—Re bonds in
the system, we can see that the single influence of the strong
electronic interaction of NN Re—Re does not necessarily re-
sults in an energetically stable system. The low substitution
formation energy of the system containing Re atoms is related
with the strong NN Ni—Re electronic interaction. Although the
electronic interaction of NN Re-Re is strong, the NN Ni-Re
electronic interaction is also strong and the number of NN Ni—
Re bonds becomes larger with the decrease of the number of
NN Re-Re bonds. The above analyses can, to some extent,
explain the site preference of Re atom and atom distribution in
the system.

—0.03

Fig. 6. Charge density difference in (110) plane: (a) system with single Re
atom at Al site in ¥ phase, which corresponds to model S3 in Fig. 2; (b) sys-
tem with single Re atom at Ni site in ¥ phase, which corresponds to model
S3’ in Fig. 2. The contour lines denote charge accumulation (solid line) and
depletion (dashed line) and are plotted with an increment of 0.0027 e/a.u.?

0.014

—0.03

Fig. 7. Charge density difference in (110) plane: (a) system with single Re in y phase; (b) system with NN Re-Re system; (c) NNN Re-Re
system; (d) Re cluster system. The four systems correspond to the four systems S8, A4, B6, C5 in Fig. 2. The contour lines denote charge
accumulation (solid line) and depletion (dashed line) and are plotted with an increment of 0.0027 e/a.u’

3.3.2. The interatomic energy

The interatomic energy (IE) is a useful quantity which

can characterize the bonding strength between atoms and in-

teratomic interactions between atoms. The IE has been suc-
cessfully used to study the electronic structure and proper-
ties of metals and alloys. The discrete variational method

(DVM)B37-381 is used to compute the interatomic energy. The
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IE is derived as follows:[33-331

Ep=Y, Zaﬁ Nu@yoiangrHprar, (2)

where N, is the occupation number for orbital Y, a,q; =
(@1 (r)|Wa(r)), Hpyrgy is the element of the Hamiltonian ma-
trix which correlates the orbital § of atom !’ and the orbital
o of atom /. The molecular orbital y,(r) can be expanded
by the atomic orbital @y (r) and is expressed by y,(r) =
Y ot Onot P ().

In Fig. 6 and 7, due to the fact that the electronic inter-
actions of Re atoms are localized and the interactions of Re
atoms with their surrounding atoms are mainly contributed by
NN interactions. Moreover, the E;; can be used to quantize the
strength and stability of the bonding. The stability of the sys-
tems can be characterized by the averaged interatomic energy
of doping atoms (Ej;). The averaged interatomic energy of
doping atoms is an average of interatomic energies of doping
atoms with their NN atoms, and the Ej; is given by

1

Ell’ =
nxnyNny

ZleX,l/eNN,l;ézf Ey, 3)

where ny is the number of doping atoms in the system (X =
Re), and nyy is the number of nearest neighbor atoms to X
(X = Re) doping atom. In current research nyy = 12.E)y is
the interatomic energy between [-site atom and [’-site atom.
The I-site atoms are doping atoms and /’-site atoms are NN
atoms to /-site doping atoms.

The interatomic energies of NN Re—-Re and NN Ni-Re
for the systems in Fig. 5 are shown in Table 1. The IE for
NN Rel-Re2 is —1.55 eV and NN Nil33-Re2 is —0.76 eV
in the NN Re-Re pair system. The IE for NN Nil33-Re2
is —0.84 eV in NNN Re-Re pair system. The IE’s for
NN Nil30-Re5 and NN Re3-Re5 in Re cluster system are
—0.66 eV and —1.19 eV, respectively. It is apparent that the
NN Re-Re interaction is stronger than the NN Ni-Re inter-
action. From the result of Fig. 3, the Re cluster system has
more NN Re-Re bonds and is less stable than the other sys-
tems. This indicates that the strong Ni—Re interaction plays an
important role in the systems. This can be explained from the
result of the averaged interatomic energies of doping atoms.
The values of E;; for Re atoms in each system and the ab-
solute values of Ej; are shown in Table 2 and Fig. 8. From
Fig. 8, it can be seen that |E;;| of the systems follows the
order: |Ej/|(single, Re at Al site in ¥) > |Ejy|(single,y) >
|E;/|(NNN,y) > |E;p|(NN,y) > |Ejp|(cluster,y). This ex-
plains that the isolated Re atoms in ¥ phase is preferred over
other systems. In Yy phase, the isolated Re atoms are more
stable than other Re configurations. The results shown in Ta-
ble 2 and Fig. 8 are consistent with the results in Fig. 2. From
this respect, the favored configuration of single Re atoms in
Y phase can be explained by the strong Ni-Re bonding in the
systems.

Table 1. The interatomic energies (in units of eV) between atoms for
different systems.

System Atom pair IE/eV
Single (S3) Rel-Ni277 —0.87
Single (S8) Rel-Nil29 —-0.90
NN (A4) Re2-Nil33 —0.76
NN (A4) Rel-Re2 —1.55
NNN (B6) Re2-Nil33 —0.84
Cluster (C5) Re5-Nil30 —0.66
Cluster (C5) Re3-Re5 —1.19

Table 2. The averaged interatomic energies (in units of eV) of the dop-
ing elements for different systems.

System E;pleV
Single (S3) —-0.94
Single (S8) —0.76 (-0.760%)
NN (Ad) 072
NNN (B6) —0.76 (-0.759*)
Cluster (C5) —0.68

*When taking three decimal places.

model S3

0.8 model S8 model B6
model A4

model C5

Absolute value of Ej/eV

0.6f

0.4f

0.2}

Single () Single (y) NNN (v)

NN (y) Cluster ()

Fig. 8. Absolute value of E;; (in unit eV) for the single Re system, NN
Re-Re system, NNN Re—Re system, and the Re cluster system. The ¥
and ¥ in the parentheses denotes that the Re atoms are in ¥ phase and y
phase, respectively. The S3, S8, A4, B6, and CS5 represent the systems
as shown in Fig. 2.

3.3.3. Site preference of Re atoms in ¥’ phase from
electronic state analysis

The LDOS’s of single Re atom occupying Al site (model
S3 in Fig. 2) and occupying Ni site (model S3’ in Fig. 2) are
compared in Fig. 9(a). We analyzed the DOS of atoms in the
system with single Re atom occupying Al site in Y phase (this
system has the lowest substitution formation energy as shown
in Fig. 2), i.e., model S3. The model with Re atom occupying
Ni site in ¥ phase (model S3') is used to make the compari-
son. The LDOS’s of Re atom in these two systems are shown
in Fig. 9(a). The Fermi energies of model S3 and model S3'
are —6.765 eV and —6.769 eV, respectively. The Fermi ener-
gies are shifted to zero in Fig. 9. Two prominent features exist
when comparing the LDOS’s of single Re atoms in ¥ phase.
First, the LDOS’s of Re atoms in the lower bound of the en-
ergy levels shift to deeper energy levels when Re atoms change
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from Ni site to Al site in ¥ phase; Second, the LDOS’s of Re
atoms at or near the Fermi energy level significantly decrease
after Re atoms change from Ni site to Al site.

To analyze the contribution of each orbitals to the inter-
action between atoms, the PDOS’s of atoms in model S3 (cf.,
Fig. 2) are shown in Fig. 9(b). It can be seen that the p and
s states of the Rel and Ni276 are more extended and the d
states are more localized. The density of states of Re and Ni
are mainly contributed by the d electrons and this can also be
validated from Fig. 10. It is also seen that there exist d—d hy-
bridizations at —4.95, —4.61, —2.26, —1.74, and —0.60 eV
between Rel atom and Ni276 atom. Moreover, for model S3
with Re at Al site in ¥ phase, the bonding region and the anti-
bonding region of the density of states is separated by a valley
near the Fermi level, 39401 which stabilizes the structure.

The LDOS’s of Rel, Ni275, AlI37 in the system with sin-
gle Re at Ni site in model S3’ (cf., Fig. 2) are compared and
shown in Fig. 11. There exists hybridized density of states be-
tween Rel atom and its NN Ni275 atom, and the hybridized
states between the Rel atom and its NN Al37 atom is less and
weak in comparison with that between Rel atom and its NN
Ni275 atom. This implies that Re atom at Ni site in ¥ phase
has strong interactions with neighboring Ni atoms, and the Al-
Re interaction is weaker.

Based on the above features, it is found that the inter-
action of NN Ni—Re is stronger than NN Al-Re and the NN
Ni-Re interaction is mainly contributed by the d—d hybridiza-
tion. The density of states at or near the Fermi level and the
NN Ni—Re d—d hybridization states play important roles in the
system.

—— single Re atom system, model S3, Rel
—— single Re atom system, model S3', Rel

(a)

LDOS/arb. units

|
I
single Re atom system, model 53, Rel-d [ b
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g |
s |
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Fig. 9. (a) Local density of states for atoms in model S3 (cf., Fig. 2) and
model S3’ (cf., Fig. 2), respectively. Rel atoms marked in the upper subplot
corresponds to the Re atoms in Fig. 5. (b) Partial density of states for atoms
in model S3 (cf., Fig. 2). Rel and Ni276 atoms marked in the lower subplot
correspond to Re and Ni atoms in Fig. 5. The Fermi energies are shifted to
zero.
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Fig. 10. Density of states for the atoms in model S3 (cf., Fig. 2). Rel,

Ni276 marked in the plot correspond to Re and Ni atoms in Fig. 5, respec-
tively. The Fermi energy is shifted to zero.
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Fig. 11. Local density of states for atoms in model S3’ (cf., Fig. 2). Rel,
Ni275, and AI37 marked in the plot correspond to Re, Ni, and Al atoms in
Fig. 5, respectively. The Fermi energy is shifted to zero.

3.3.4. The interfacial electronic states

Three positions of Re atoms at interface are considered
to analyze the interfacial electronic states. The first system is
the system with Re atom at Al site in ¥ side near the interface
(model S5 in Fig. 2); the second system is the system with
Re atom at Ni site in 9 side near the interface (model S5’ in
Fig. 2); the third system is the system with the Re atom in y
side near the interface (model S6 in Fig. 2). The three systems
are shown in Fig. 12.

The electronic states of d orbitals for the S5, S5', and S6
systems with Re atoms are shown in Fig. 13. The Fermi en-
ergies for models S5, S5, and S6 are —6.767, —6.770, and
—6.770 eV, respectively and the Fermi levels are shifted to
zero in Fig. 13. More and stronger peaks of the Re-d states
in deep energy levels are observed for S5 and S6 systems than
that of S5’ system. Additionally, the Re-d states of system
S5 at or near the Fermi energy level shows the lowest valley,
followed by that of system S6 and that of system S5'.

The d states of Re atoms and their inequivalent NN Ni
atoms of the three systems are shown in Fig. 14. The strong d—
d hybridization between Re atom and the host Ni atoms can be
observed in Fig. 14. Two features can be seen in Fig. 14. First,
in deep energy levels, the d—d hybridization states of Re atom
and the NN Ni atoms in model S5 mainly located at —4.94 eV
and —4.19 eV; the d—d hybridization states of Re atom and
NN Ni atoms in model S5’ mainly located at —4.45 eV and
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—4.16 eV; the d—d hybridization states of Re atom and NN Ni
atoms in model S6 mainly located at —4.80 eV and —4.23 eV.
This indicates that the system S5 has stronger Ni-d and Re-
d hybridizations than other systems in deep energy levels.
Second, for the Re-d state of S5 system with Re doped at Al
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Fig. 12. The Re atoms and their NN Ni atoms in the models with single Re
atoms near the interface. (a) the system with Re atom at Al site in } side
near the interface, which corresponds to system S5 in Fig. 2; (b) the system
with Re atom at Ni site in ¢ side near the interface, which corresponds to
system S5’ in Fig. 2; (c) the system with Re atom in 7 side near the interface,
which corresponds to system S6 in Fig. 2.
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Fig. 13. Partial density of states for the Re atoms near the interface. The
models S5, S5’, and S6 correspond to the models in Fig. 2. The Rel atoms
in the plot denotes the Rel atoms in Fig. 12. The Fermi energies are shifted
to zero.

sites in 7 side near the interface, the bonding region and the
anti-bonding region of d states are separated by a valley near
the Fermi level, 3?71 which also indicates the configuration of
the model S5 is preferred.
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Fig. 14. Partial density of states for Re atoms and their NN Ni atoms near the
interface. The models S5, S5/, and S6 correspond to the models in Fig. 2.
The Rel, Ni235, Ni234, Nil86, Ni233, Nil85, Ni229, and Nil82 corre-
spond to the atoms in Fig. 12. The Fermi energies are shifted to zero.

3.3.5. Effects of doping Re atoms from the density of
state analysis

We investigated the effects of doping Re atoms on the
system. From the above charge density analysis, the localized
interaction feature of the doping atoms with their surrounding
atoms can be seen. The above analysis on s, p, and d states
showed the important contribution of d states of Re atom and
Ni atom to the system. Thus, we focus on the effects of doping
atoms on electronic states of their NN atoms and the PDOS of
d states. The system without doping elements, the system with
single Re atom at Al site in ¥ phase (model S3) and the system
with single Re atom in y phase (model S8) are compared and
the PDOS are given in Fig. 15.

The PDOS’s of Ni276 in model S3 and that of Ni276 in
the system without Re are compared in Fig. 15. When Rel
atom is introduced to occupy Al site in ¥/ phase (model S3),
and acting as the nearest neighbor atom of the Ni276 atom,
the Ni276-d states in deep energy levels increase. In the rel-
atively higher energy levels below the Fermi energy, an ap-
parent shift of the Ni-d states to lower energies is observed.
The hybridized states of Ni276-d and Rel-d states are seen
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to mainly located at —4.95, —2.26, —1.74, and —0.60 eV af-
ter the doping of the Rel atom. Especially, the formation of
d—d hybridization states of Ni276 atom and Rel atom is ob-
served. The d state peak of Ni276 atom located at —1.92 eV
in the Re-free system (without Re atoms) are observed to van-
ish, and the formation of two d—d hybridization states between
the Ni276 and the Rel atom (—2.26 eV and —1.74 eV) after
the doping of Re atom are observed. Additionally, the d state
peak of Ni276 atom located at —0.56 eV in the Re-free system
slightly is shifted to —0.60 eV to form the d—d hybridization
states with Re-d state after the doping of Re atom. A promi-
nent feature of the doping effect of Re atom is also observed.
The d states of Ni atom at or near the Fermi energy in Re-
free system are decreased after doping Re atom and the Fermi
energy is located close to a valley.

The d states of Ni and Re atoms in Y phase (model S8)
have also been analyzed, and compared with those in the sys-
tem without Re atoms (the system marked with “clean” in
Fig. 5) in Fig. 15. It can be clearly seen that at or near the
Fermi level in Fig. 15, the d states of Nil81 atom in model
S8 are reduced compared with those of Nil82 atom in Re-
free system. The formation of the d—d hybridization states
of Nil81 atom and Rel atom is also seen after Re atom sub-
stituted Ni atom in y phase. The d—d hybridization states of
Nil81 and Rel are mainly located at —4.90, —4.21, —3.01,
and —1.92 eV. Especially, the merge of d-state peaks of Ni
atom into a hybridization state peak between Ni atom and Re
atom is found. The strength of the peaks located at —3.28 eV
and —2.77 eV of Ni atom decreased and the new peak is
formed at —3.01 eV, which is found to be a d—d hybridiza-
tion state between Nil81 and Rel atoms. The decrease of the
d state of Ni atom at or near the Fermi level is seen, and the
valley located near the Fermi level is also seen in model S8.

—— single Re atom system, model S3, Rel-d

|
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— clean, Ni276-d |
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Fig. 15. Partial density of states for Re atoms and their NN Ni atoms in
models S3 and S8 (cf., Fig. 2), respectively. Rel, Nil181, Nil82, and Ni276
atoms marked in the plots correspond to Re and Ni atoms in Fig. 5. The
Fermi energies are shifted to zero.

The d states of the Ni atoms in ¥ phase after doping (the
systems marked with “single Re”, “NN Re—Re”, “NNN Re—

Re”, and “Re cluster” in Fig. 5) are compared with that of the

Ni and Re atoms in the system without Re atoms (the system
marked with “clean” in Fig. 5) in Fig. 16. It is apparent to see
that after doping Re atoms to the system, the d state of the Ni
atom at the Fermi level and near the Fermi level decreased.
These results showed the effects of doping Re atoms on

electronic structures of systems.

80 - T
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40f \
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Fig. 16. Partial density of states for Re atoms and their NN Ni atoms in the
models. Model clean, S8, A4, B6, and C5 marked in the plot correspond to
the systems in Fig. 2, respectively. Nil29, Nil30, Nil33, and Nil35 atoms
marked in the plot correspond to Ni atoms in Fig. 5. The Fermi energies are
shifted to zero.

4. Conclusions

The first-principles method with the atom probe exper-
iment is used to study the Re occupation behavior, Re dis-
tributions, and Re doping effects in the Ni-based superal-
loys. The Re partition behavior, site occupancy behavior, and
favored existing configurations are systematically explored
based on the model containing both y and ¥ phases. The
first-principles calculation results and the atom probe experi-
ment results showed that Re atoms prefer ¥ phase and occupy
Al sites in Ni—Al-Re ternary alloy. The isolated Re atoms
are energetically preferred in ¥’ phase of ternary Ni—Al-Re
alloy. The electronic states and the electronic structures are
analyzed. The results of electronic structure analyses showed
that there exist strong NN Ni—Re interactions and the strong
interaction of Ni-Re is mainly contributed by the d—d electron
interactions. The formation of d—d hybridizations between NN
Ni atoms and Re atoms after doping Re atoms is observed and
validated. The density of states at or near the Fermi level and
the d—d hybridizations of NN Ni-Re are found to be impor-
tant in the systems. The energetics and the electronic struc-
ture analyses also showed that near the interface, the Re atom

prefers Al site in ' side and it can be seen to be natural.
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