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The development of Ni-based single crystal superalloys relies heavily on the composition design with the addition of critical
alloying elements, e.g., Re and Ru. Understanding the role of alloying effects require to know the configurations of the alloying
element distribution between y-Ni and y'-Ni;Al phases and among various non-equivalent sites. This work employed first-
principles density functional theory calculations to study the preference of phase and site occupancy of 11 alloying elements
including Al and transition metal elements: 3d (Ti, Cr, Co, Ni), 4d (Mo, Ru), and 5d (Hf, Ta, W, Re) in Ni and Ni;Al. We
calculated the substitution energies of 1298 triple-site doping configurations including 286 NiNiNi site doping of Ni, 726 AINiNi
site doping, and 286 NiNiNi site doping of Ni;Al with alloying elements Ni, Co, Ru, Cr, Re, Mo, W, Al, Ti, Ta, and Hf. In the
dual-site and triple-site doping of Ni and Ni;Al, all studied alloying elements preferred to occupy Ni phase rather than Ni;Al
phase. We found that the most stable defect complexes often contained the favorable substitutions of Al, Ti, Ta, and Hf for the Ni
sites that stabilized the alloying elements doping at the other one or two nearest neighbor sites. The co-substitutions of various
alloying elements at multiple sites are critical to understanding the strengthening mechanism of alloying elements in Ni-based
single crystal superalloys.
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1 Introduction

Ni-based superalloys have excellent high-temperature me-
chanical properties, good corrosion resistance, and oxidation
resistance, mainly used in four major components of com-
bustion chambers, guide vanes, turbine blades, and turbine
disks of advanced aviation engines and gas turbine [1,2]. The
chemical composition of Ni-based superalloys is a complex
combination of more than 10 alloying elements and the de-
sign of alloy composition plays a key role in the development
of superalloys for each generation. Due to the additions of Re
and Ru elements, the recent generations of superalloys have

*Corresponding authors (email: yiliu@shu.edu.cn; zhangty@shu.edu.cn)

© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2021

been continuously developed [3,4]. A modern commercial
superalloy normally contains more than 10 transition metal
alloying elements that have important effects on the me-
chanical strength and creep properties of the Ni-based su-
peralloy [5]. To understand the strengthening mechanism of
the alloying elements, it is necessary to understand the oc-
cupancy and distribution of alloying elements in y-Ni and y'-
Ni;Al phases. The large number of doping elements in the
superalloy lead to the numerous possible arrangement and
combination of the alloying elements considering the ele-
ment types, occupancy sites, distance, concentration, and
interface (y/y'), etc. [6-10]. The systematic studies of the
alloying effects on the occupancy become fundamentally
important but very challenging.
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The first-principle density functional theory (DFT) calcu-
lations have been used to study the occupancy preference of
alloying elements, critical to understanding the roles of
doping elements in y-Ni and y’-Ni;Al [11-16]. Except for a
few elements with a tendency of occupying Ni sites, most
alloying elements prefer to occupy Al site in NizAl [17-20].
So far most of the first-principles studies focused on the
doping at a single-site with much fewer studies on a dual-site
doping in Ni and Ni;Al. However, the multi-component
engineering alloys require the understanding of doping at
multiple-sites including the correlation effects among the
multiple alloying elements. Mottura et al. [21] did atom
probe tomography analysis and detected the enrichment of
Re in the y matrix phase close to the matrix/precipitate (y/y")
phase boundaries. Liu et al. [22] found that the 3d solute
elements, except for Ti, partition to y phase, whereas 4d and
5d solute elements, except for Ru, Rh, and Ir, prefer to oc-
cupy v’ phase in the ternary model of superalloys. Tan et al.
[23] found that a bimodal size distribution of y" precipitates
with large primary 7y’ precipitates and numerous smaller
secondary y' precipitates were obtained after the isothermal
aging at 1100°C.

This work employed the first-principles DFT calculations
to study systematically the effects of multiple alloying ele-
ments doping at up to triple substitution sites in Ni and
Niz;Al, respectively. Specifically, a total of 1298 substitution
configurations were constructed considering single-site
doping, dual-site doping, and triple-site doping in Ni and
NizAl, respectively, including 726 AINiNi site doping sys-
tems (X, YniZni@NizAl) in y'-NizAl 286 NiNiNi site dop-
ing systems (Xy; Y niZni@Ni;Al) in y'-NizAl, and 286 NiNiNi
site doping systems (Xy;YniZni@Ni) in y-Ni. The substitu-
tion energies calculated by first-principles calculations were
used to determine the preference of phase and site occupancy
in single-site doping, dual-site doping, and triple-site doping
in y'-Ni;Al and y-Ni. We discussed the stable defect complex
configurations that are possibly relevant to the strengthening
mechanism of alloying elements in Ni-based single crystal
alloy.

2 Computational method and models

2.1 Computational method

In this work, we carried out the first-principles DFT calcu-
lations using Vienna ab initio simulation package (VASP)
[24] where the interactions between core and electrons were
described by the pseudopotential of projection-augmented
wave (PAW) [25,26]. The exchange correlation functional
adopted the generalized gradient approximation of Perdew,
Burke and Ernzerhof (GGA-PBE) [19]. The electronic wave
functions were expanded using plane waves with a kinetic-
energy cutoff of 350 eV. Monkhorst-Pack k-point mesh
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(5%5x5) was used for the Brillouin zone integrations [27].
The spin-polarized calculations were used to include the
effect of magnetism. The energy convergence criterion was
10 eV in the self-consistent field calculation of electrons.
All atoms within the supercell were fully relaxed in the
structure optimization until the local force on each atom was
less than 0.01 eV/A while fixing the lattice parameters of the
relaxed pristine Ni and Ni;Al structures.

2.2 Substitution model

In this work, both y-Ni and y’-Ni;Al phases were modelled
using 2x2x2 Ni and Ni;Al supercells with 32 atoms, re-
spectively, which ignored the interaction between y-Ni and
v'-Ni;Al phases at y/y' interface. To study the alloying effects
we built triple-site substitution models (XYZ) by substituting
up to three the nearest neighbor sites with 11 alloying ele-
ments: X, Y, or Z= Al and Co, Cr, Hf, Mo, Ni, Re, Ru, Ta, Ti,
W (3d, 4d, and 5d transition metals). In the pristine super-
cells there is one non-equivalent Ni site in y-Ni while there
are two non-equivalent Ni and Al sites in y’-Ni;Al, respec-
tively (Figure 1).

All combinations of the three non-equivalent substitution
sites were considered in the three triple-site (TS) models of
v-Ni and y'-Ni;Al phases. The first TS model included one Al
and two Ni sites that are the nearest neighbors to each other
in Niz;Al model, dubbed X,,Yy;Zni@Ni;Al model where the
Ni and Al at lower cases indicate the original lattice sites
while X, Y, and Z represent the studied alloying elements for
substitution in Ni;Al phase. The second TS model sub-
stituted the three nearest neighbor Ni sites in Ni;Al phase,
dubbed Xy;YniZni@NizAl The third TS model contained the
three nearest neighbor Ni sites for substitution in y-Ni phase,
dubbed Xy;YniZni@Ni. In these substitution models, the
elements X, Y, and Z were chosen from 11 alloying elements
Al and Co, Cr, Hf, Mo, Ni, Re, Ru, Ta, Ti, W (3d, 4d, and 5d
transition metals). In total 1298 substitution configurations
were constructed to describe single-site (SS) doping, dual-
site (DS) doping, and triple-site (TS) doping in y'-Ni;Al and
v-Ni models, respectively, including 286 NiNiNi site doping
configurations (Xy;YniZni@Ni) of Ni, 726 AINiNi site
doping configurations (X YniZni@NizAl), and 286 NiNiNi
site doping configurations (Xy;YniZni@NizAl) of NizAl

2.3 Substitution energy of doping elements

To evaluate the changes of total energies due to the sub-
stitutions for up to the three doping sites, we calculated the
single-site substitution energy (Egg), dual-site substitution
energy (Epg), and triple-site substitution energy (Erg). There
are two non-equivalent configurations in the single-site
substitution, two non-equivalent configurations in the dual-
site substitution, and one non-equivalent configuration in the
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Figure 1 (Color online) Atomic structure models of 2x2x2 supercells of (a) X YniZni@Niz Al (b) Xy YniZni@NizAl and (¢) Xy Y niZni@Ni.

triple-site substitution.
When the Ni site is substituted, the single-site substitution
energy Egg is defined as follows:

Egs=Ey+ ENi_Epure_Eml' (D
When the Al site is substituted, Egg is defined as follows:
Ess=Eiot+ By~ E,. (2)
When the two Ni sites are substituted, the dual-site sub-
stitution energy, Epg is defined as

Eps=Ent 2EG—E E, ;— E,p (3)

pure

pure

When one Ni site and one Al site are substituted, Epg is
defined as follows:

Eps=Eot Eit Ey—E,

pure

Eml - EmZ' (4)
The triple-site substitution energy Erg is defined as
Erg=E+ 2EGtE —E E,—E, E,; (5)

pure
In the equations above, E, , is the total energy of Ni;Al
system after triple-site substitution calculated by DFT; E,

pure
is the energy of pristine y'-Ni;Al or y-Ni without substitution;
E (m=Al, Co, Cr, Hf, Mo, Ni, Re, Ru, Ta, Ti, W) is the total
energy per atom of the pure crystal of each alloying element,
e.g., Ey; is the total energy per atom of pure Ni crystal. The
total energies of 11 pure crystals are listed in Table S1 of
Supporting Information (SI).

2.4 Normalized transfer energy of doping elements

To describe quantitatively the tendency of single-site doping
in Ni;Al, Ruban et al. [28] proposed a normalized transfer
energy (EBXH ) to judge the preference of the site occupancy
of doping element X. First, consider a binary ordered alloy
AiB,,, e.g., Ni3Al in this study where 4 and B represent Ni
and Al, respectively, and k=3, m=1. Then, the energies of two
basic processes are considered: the energy moving an X atom

from site B to site 4 is defined as E; , and the energy

moving an X atom from site 4 to site B is defined as E, ,,

defined as follows:

By = EX(A) = E*(B)+Ey (B), (©)
E} 5=EX(B)—EXA)+E,(A), @)
where EX(4) and £X(B) are the substitution energies of the
doping element X added to the sub-lattice 4 and B, respec-
tively. £X(4) means that X occupies site 4 (Ni), corre-
sponding to Al Xy;Niy;@Ni3Al configuration in this work;
EX(B) means that X occupies site B (Al), corresponding to
X aiNiyiNiy;@Ni;Al configuration. E,  (4) and E_(B) are the
formation energies of the antisite defect energies of the sub-
lattice 4 and B, respectively. E,  (A) means that B (Al) oc-
cupies site 4 (Ni), corresponding to Al AlyNiy@NizAl
E, . (B) means that 4 (Ni) occupies site B (Al), corresponding

to NlAlNlNlNlNl@N13A1

Adding eqgs. (6) and (7), we obtain
Eg 4 Ef 5= E(B)+E(4) = By, ®)
where E;¢ is the exchange energy of an antisite defect. Then

we obtain the normalized E’;: E

~X
By 4= B4l Egy. ©)
E, ,, can be used to describe the tendency of doping

elements. The criteria of preference of site occupancy can be
classified into four categories as follows:

I: F?;: < 0 indicates strong site 4 preference;

II: E’;ﬁ 1 indicates strong site B preference; (10)
II: 0 <E;: ,< 0.5 indicates weak site 4 preference;

IV: 0.5 <E;: < 1 indicates weak site B preference.

We calculated the formation energies of the antisite defects
in NizAl and obtained E, A4 =—0.885¢V for Aly; antisite,
E B =2.036¢eV for Niu anitsite, respectively. This in-
dicates that it is energetically favorable to form Aly; antisite
defect but the formation of Ni,; is unfavorable in Ni;Al
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phase. The exchange energy of the antisite defects in Ni;Al is
the summation of the two antisite defects based on eq. (8).
E= 1.15 eV (GGA-PBE) calculated in this study is very
close to the calculated literature results: 1.12 eV by Jiang [9]
(GGA-PWO1) and 1.10 eV by Zhao et al. [10] (GGA-PBE).
These DFT values were smaller than that of 2.00 eV calcu-
lated by Ruban et al. [28] using TB-LMTO-ASA-CPA
method based on phenomenological order energy expansion.
All these calculated exchange energy results indicate that it is
energetically unfavorable for the exchange of Al and Ni to
form a pair of antisite defects, Aly; and Niy,;, in NizAl

3 Results and discussion

3.1 Substitution energies of 11 alloying elements
3.1.1 Re element
(1) Single-site doping with Re

The single-site doping configurations considered the three
non-equivalent substitution sites in y-Ni and y'-Ni;Al,
namely, Al and Ni sites in y’-Ni;Al and Ni site in y-Ni. When
Re was a single-site doping element and the other elements
remained unchanged, we calculated the single-site substitu-
tion energies Egg of Re doping: Egg(Re s NiyNiy;@NizAl)=
0.030 eV, Egg(AlyRenNiy@Ni;Al)=1.515 eV, Egg(Rey;Niy-
Niy;@Ni)= 0.194 eV. Based on the enthalpy criterion the
configuration with less positive or more negative substitution
energy, described as larger substitution energy hereafter,
means a more stable structure with larger preference of oc-
cupancy of doping elements at ground state. Thus Re ele-
ment tends to occupy the Al site of Ni;Al with a slightly
positive substitution energy in the single-site doping, more
stable than the other two doping sites.

(2) Dual-site doping with Re

The dual-site doping configurations considered up to two
doping elements, enabling the examination of the correlation
effects between the co-doping alloying elements. When Re
and Y were used as the two substitution elements in the dual-
site doping, there are four non-equivalent dual-site sub-
stitution configurations: X, YniNini@NizAl, Al Xy Yni@
NizAl Xy YniNin@NizAl and Xy Y niNipg@Ni.

Figure 2 shows the dual-site substitution energies of 21
ReY or XRe substitution for the four non-equivalent site
pairs of Ni and NizAl where X and Y are one of the 11 alloying
elements studied in this work. The Epg of Rey; Y niNin;@Ni
configurations were larger than those of the other three
configurations independent of the type of X or Y elements,
except for the Re,Niy;Nin;@NizAl configuration that is the
same as the most stable single-site Re doping case discussed
above.

The introduction of one more doping element changed the
preference of Re occupancy from Ni;Al phase to y-Ni phase,
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Figure 2 (Color online) Dual-site substitution energies of 21 ReY or XRe
substitutions for the four non-equivalent dual-site configurations of Ni and
Ni;Al where X and Y are one of the 11 alloying elements. X, Y = Ni, Co,
Ru, Cr, Re, Mo, W, Al, Ti, Ta, and Hf.

indicating that the correlation of the two doping elements is
crucial. Specifically, the Epg became negative in Ni phase
when X, Y= Al, Ti, Ta, and Hf. The ReAl substitution in Ni is
the most stable dual-site doping configuration with FEpg
(Ren;AlyNiy;@Ni) = —1.154 eV. Compared with the single-
site substitution energies Egg(ReyiNiyiNiyi@Ni) = 0.194 eV
and Egg(AlLyNiy;Niy;@Ni) = —1.511 eV, we understood that
the major stabilization effect came from the Aly; substitution.
Similarly, Ti, Ta, and Hf can also serve as the second doping
elements to stabilize Re substitution in Ni. Also, the ReAl
pair substitution in Rey Aly;Niy;@Ni;Al configuration had
negative Epng indicating that the antisite defect Aly; in NizAl
prompted Re substitution for Al. The formation of the anti-
site defect Aly; is energetically preferable with the formation
energy —0.885 eV in Ni;Al If Re is doped into Ni;Al, Re
preferred to occupy Al sites rather than Ni sites. These results
show that the ReAl pair substitutions are relatively stable
doping configurations in both Ni and Ni;Al.

(3) Triple-site doping with Re

The triple-site doping configurations considered up to
three different alloying elements that are the nearest neigh-
bors each other in Ni and Ni;Al, allowing the examination of
the correlation effects among three doping elements. When
Re, Y, and Z were adopted as the three doping elements in
triple-site doping, there are four non-equivalent triple-site
substitution configurations: Re Y yiZni@NizAl, X 4 ReniZni@
NizAl, Rey; YniZni@NizAl and Rey; Y niZni@Ni.

Figure 3 show the triple-site substitution energies of ReYZ
or XReZ substitutions for the four non-equivalent triple-site
configurations of Ni and Ni;Al: Re, YiZni@NizAl,
XaReniZni@NizAl Rey Y niZyni@Niz Al and Rey YiZni@Ni
where X, Y, or Z are one of the 11 alloying elements studied
in this work, sorted in the increasing order of metal radii.
Among the four triple-site substitution configurations con-
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Figure 3 (Color online) Triple-site substitution energies of ReYZ or XReZ substitution for the four non-equivalent triple-site configurations of Ni and
NizAl (a) Rep YNiZni@NizAL (b) X ReniZni@NizAl (c) Rey;YniZni@NiszAl and (d) Rey;YniZni@Ni where X, Y, and Z are one of the 11 alloying
elements. X, Y, Z = Ni, Co, Ru, Cr, Re, Mo, W, Al, Ti, Ta, and Hf, sorted in the increasing order of metal radii.

taining Re, Rey;YniZyi@Ni are generally more stable than
the other three configurations, indicating that Re prefers to
occupy Ni phase rather than Ni;Al phase in the triple-site
doping. Rey; YniZni@Ni had negative Erg when Y or/and Z=
Al, Ti, Ta, and Hf with large metal radii. Among the four
triple-site substitution configurations, Rey;Aly;Alxi@Ni had
the largest Etg= —2.340 ¢V, followed by RejAlgAln@
Ni;Al (-0.686 V), ReyAlgAlyi@NizAl (0.170 eV), and
TipRenAlyi@NizAl (0.497 eV). We found again that the
antisite defect Aly; stabilized Re substitution in both Ni and
Ni;Al in the triple-site doping configurations, consistent with
the results of the dual-site doping. Re prefered to occupy Al
sites rather than Ni sites in the triple-site doping of Ni;Al,
consistent with the results of dual-site doping.

3.1.2  Ru element

(1) Single-site doping with Ru

When Ru was a single-site doping element, we calculated
the single-site substitution energies Egg of Ru doping: Egg
(RuyNiggNiy@NizAl)= 2.103 eV, Egg (AlyRuyNin@NizAl)
= 0.991 eV, Egs (RuyNiyNinj@Ni)= 0.539 eV. Thus Ru
element preferred to occupy Ni phase rather than Ni;Al

phase in the single-site doping, opposite to the phase pre-
ference of Re occupancy. If Ru was doped into Ni;Al, Ru
preferred to occupy Ni site rather than Al site. The Egg of Ru
were all positive, generally smaller than those of Re, in-
dicating the less stabilization effects to both Ni and Ni;Al as
a single-doping element compared with Re.

(2) Dual-site doping with Ru

When Ru and X or Y were the two substitution elements in
the dual-site doping, there are four non-equivalent dual-site
substitution configurations: X, Yy;Nig@Niz;AL Al Xy Yni
@Ni3Al, Xy YniNini@NizAl and Xy Yy Ni@Ni.

Figure 4 shows the dual-site substitution energies of 21
RuY or XRu substitution for the four non-equivalent site
pairs of Ni and Ni;Al where X or Y are one of the 11 alloying
elements studied in this work. The Epg of Ruy;YniNini@Ni
configurations were larger than those of the other three
configurations independent of the type of X or Y elements,
indicating that Ru preferred to occupy Ni phase rather than
Ni;Al phase, consistent with the results of single-site doping.
Specifically, the Epg were negative in Ni when X, Y= Al, Ti,
Ta, and Hf. Similar to ReAl, the RuAl substitution in Ni was
most stable dual-site doping configuration with Epg(Ruy;-
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Figure 4 (Color online) Dual-site substitution energies of 21 RuY or XRu
substitutions for the four non-equivalent dual-site configurations of Ni and
Ni;Al where X and Y are one of the 11 alloying elements. X, Y= Ni, Co,
Ru, Cr, Re, Mo, W, Al, Ti, Ta, and Hf.
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Egg(ALNigNiy;@Ni) = —1.511 eV, we found that the major
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stabilization effect also came from the Aly; substitution. Si-
milarly, Ti, Ta, and Hf stabilized Ru substitution in Ni as the
second doping elements. These results show that the RuAl
pair substitutions are relatively stable doping configurations
in Ni. If Ru was doped into Ni;Al, Ru preferred to occupy Ni
sites rather than Al sites, opposite to the preference of Re
occupancy in NizAl. The antisite defect Aly; in NizAl
prompted Ru substitution for Ni. These results show that the
RuAl pair substitutions are relatively stable doping config-
uration in both Ni and Ni;Al.

(3) Triple-site doping with Ru

When Ru, Y, and Z were adopted as the three doping
elements in triple-site doping, there are four non-equivalent
triple-site substitution configurations: Ru,;Yy;Zyi@NisAl,
XaRUNZN@NLAL Rug Y Zy@NAL and Ruy YZy@
Ni. Figure 5 show the triple-site substitution energies of
RuYZ or XRuZ substitution for the four non-equivalent tri-
ple-site doping configurations of Ni and Ni;Al: Ruy YyiZy;
@Ni;Al, X RugZyi@Niz AL Rug YaiZni@NizAl, - and
Ruy; YniZni@Ni where X, Y, or Z are one of the 11 alloying
elements studied in this work, sorted in the increasing order
of metal radii. Among the four triple-site substitution con-
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Figure 5 (Color online) Triple-site substitution energies of RuYZ or XRuZ substitutions for the four non-equivalent triple-site configurations of Ni and
Ni;AlL (a) Ruy YniZni@Niz Al (b) X4 RunZyi@NizAlL (¢) Ruy; YniZni@NisAl and (d) Ruy; YniZyi@Ni where X, Y, and Z are one of the 11 alloying elements.
X, Y, Z =Ni, Co, Ru, Cr, Re, Mo, W, Al, Ti, Ta, and Hf, sorted in the increasing order of metal radii.
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figurations containing Ru, Ruy;YniZyi@Ni are generally
more stable than the other three configurations, indicating
that Ru preferred to occupy Ni phase rather than Ni;Al phase
in the triple-site doping. Ruy;YniZni@Ni had negative Erg
when Y or/and Z= Al, Ti, Ta, and Hf with large metal radii.
Among the four triple-site substitution configurations,
Ruy;Aly;Aly;@Ni had the largest Erg= —2.230 eV, followed
by RuyAlyAlni@NizAl (—0.604 eV), TiyRupAly@NizAl
(—0.125 eV), and Ruy,Al;Aly;@NizAl (0.835 eV). We found
again that the antisite defect Aly; stabilized Ru substitution in
both Ni and Ni;Al in the triple-site doping configurations,
consistent with the results of the dual-site doping. Ru pre-
ferred to occupy Ni sites rather than Al sites in Ni;Al, con-
sistent with the results of the dual-site doping of Ru, but
opposite to the site preference of Re occupancy.

3.2 Preference of phase and site occupancy with 11
alloying elements

3.2.1 Preference of phase occupancy in single-site doping
The single-site doping in the Ni and Ni;Al phase has three
non-equivalent occupancy sites, namely, X Niy;Ni;@NizAl,
Al XniNiyi@NizAl, and Xy NigNiy@Ni where X= Ni, Co,
Ru, Cr, Re, Mo, W, Al Ti, Ta, and Hf. Figure 6 shows the
single-site substitution energy (Egs) of these three doping
configurations. By comparing £ in Ni and Ni;Al, we found
that all the studied alloying elements preferred to occupy Ni
phase except that Re preferred to occupy the Al site of Ni;Al
in the case of single-site doping.

3.2.2  Preference of site occupancy in single-site doping of
NizAl

Ni;Al lattice is composed of Ni and Al sublattices. By
comparing the single-site substitution energies of Al and Ni
sites, Egg(XaNiniNini@NizAl) vs. Egg(AlyXniNini@NizAl),
we can evaluate the preference of single-site doping in NizAl.
The results in Figure 6 show that Ni, Co, Ru, Cr, Al, and Ti
alloying elements preferred to occupy Ni sites while Re, Mo,
W, Ta, and Hf preferred to occupy Al sites in the single-site
doping of Ni;Al. These results are consistent with the most of
available literature reports of the site preference of single-site
doping in Ni;Al. Lu et al. [4] found that Ti, Hf, Ta, Mo, W,
and Re prefer to occupy the Al sites of Ni;Al. Wu et al. [6]
found that Mo, Re, Ta, W, Ti, and Nb prefer to occupy the Al
sites of Niz;Al. Zhou et al. [29] and Yu et al. [30] found that
Re prefers to occupy the Al sites of NizAl; Liu et al. [31]
found that Ta prefers to occupy the Al sites of NizAl. The
transition metal elements with large metal radii prefer to
occupy the Al sites of Ni;Al

We calculated the normalized transfer energies E’:HM of
11 doping elements: £, =0, £y’ =003, S =030,
vl = 032, B = 2.06, E)° = 1.80, B, = 2.15,

Enp N AlNi ALSNi
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Ni Co Ru Cr Re Mo W Al Ti Ta Hf

Figure 6 (Color online) Single-site substitution energies of the three non-
equivalent occupancy sites in Ni and NizAl: X NiyNin@NizAl Al Xyi-
Niyi@NizAl, and Xy;Niy;Niyi@Ni where X= Ni, Co, Ru, Cr, Re, Mo, W,
Al, Ti, Ta, and Hf.

~AL ~Ti ~Ta  _ ~HE
Ey o= L Egy = 041 Eyy = 220, and £, = 2.20.

Among the 11 studied doping elements, Ni, Co, Ru, Cr, Al,
and Ti preferred to occupy the Ni sites of NizAl, while Re,
Mo, W, Ta, and Hf preferred to occupy the Al sites of Ni;Al.
The tendency of doping elements occupying the Al sites of
Ni;Al decreases with the increasing number of d electrons.

3.2.3 Preference of site occupancy in dual-site doping
Considering 11 doping elements in Ni and Ni;Al, there are
four non-equivalent dual-site substitution configurations:
XaYaiNig@NisAL AlyXo Yri@NiAL X YyNig@NizAL
and Xy;YniNini@Ni where X= Ni, Co, Ru, Cr, Re, Mo, W,
Al, Ti, Ta, and Hf. All dual-site doping configurations pre-
ferred to occupy Ni phase rather than Ni;Al phase.
Comparing the dual-site substitution energies Epg in the
two Ni;Al configurations: Epg(X,;YniNini@NizAl) and Epg
(Al Xy Yni@NisAl). The preference of site occupancy can
be classified into the three cases as follows:
(1) When X= Ni, Co, Ru, Cr, and Al, XY dual-site doping
preferred to occupy the NiNi sites rather than the AINi sites;
(2) When X=Re, Mo, W, Ta, and Hf, XY dual-site doping
preferred to occupy the AINi sites rather than the NiNi sites;
(3) When X=Ti, if Y= Ni, Co, Ru, XY dual-site doping
preferred to occupy the NiNi sites rather than the AINi sites;
if Y=Cr, Re, Mo, W, Al, Ti, Ta, and Hf with large metal radii,
XY dual-site doping preferred to occupy the AINi sites rather
than the NiNi sites.

3.3 Preference of phase and site occupancy in triple-
site doping

3.3.1 Preference of phase occupancy in triple-site doping
Considering the doping elements X, Y, Z= Ni, Co, Ru, Cr,
Re, Mo, W, Al, Ti, Ta, and Hf, the comparison between Erg



Sun J X, et al.

XniYniZni@NizAl) and  Eqpg(Xni YniZni@Ni)  shows  the
phase preference of the triple-site doping. The calculations of
all the 220 triple-site substitution configurations showed all
the studied alloying elements preferred to occupy Ni phase
rather than Ni;Al phase.

3.3.2  Preference of site occupancy in triple-site doping
By comparing Epg(Xa Y niZni@NizAl) with Epg(Xy YniZni@
Ni;Al), the site preference of the triple-site doping in Ni;Al
can be examined. The preference of site occupancy in NizAl
is classified into the following three cases:

(1) When X= Ni, Co, Ru, Cr, Al, the XYZ triple-site
doping preferred to occupy the NiNiNi sites rather than the
AININi sites;

(2) When X= Re, W, Ta, Hf, the XYZ triple-site doping in
Ni;Al preferred to occupy the AINiINi sites rather than the
NiNiNi sites;

(3) When X= Mo, Ti, if Y= Ni, Co, Ru, the XYZ triple-site
doping in Ni;Al preferred to occupy the NiNiNi sites rather
than the AINiNi sites; if Y= Cr, Re, Mo, W, Al, Ti, Ta, Hf, the
XYZ triple-site doping in NizAl preferred to occupy the
AININi sites rather than the NiNiNi sites.

Similar to Re and Ru the substitution energies of the other
nine studied elements (Ni, Co, Cr, Mo, W, Al, Ti, Ta, and Hf)
are shown in Figures S1-S9 for the dual-site doping and
Figures S10-S18 for the triple-site doping. We found that the
substitutions of Al, Ti, Ta, and Hf for the Ni site of Ni are
energetically favorable and stabilized the substitution of any
studied alloying elements for the other one or two sites in
both dual-site and triple-site doping of Ni. The stabilization
effects decreased in the order of Aly> Tin> Tan~Hfy;,
consistent with the decreasing order of the single-site doping
energies: Eqg(AlgiNiniNi@Ni)=—1.511 eV, Egg(TiniNiniNiy;
@Ni)= —1.314 eV, Egg(TayNiyNiy;@Ni)= —0.941 eV, Egg
(Hf\iNiy;Niy;@Ni)= —1.041 eV. The antisite Aly; is the most
effective defect for stabilization probably due to the strong p-
d orbital hybridization between Al and Ni.

4 Conclusions

To understand the preference of phase and site occupancy of
alloying elements in Ni-based single crystal superalloys, we
studied systematically the energy changes due to the sub-
stitution of 11 alloying elements in Ni and Ni;Al, respec-
tively, using density functional theory calculations. We
considered the multiple doping at single-site (SS), dual-site
(DS), and triple-site (TS) in Niz;Al and Ni models, respec-
tively. We calculated the substitution energies of 1298 sub-
stitution configurations in total including 726 AINiNi site
doping configurations (XY niZni@NizAl), 286 NiNiNi site
doping configurations (Xy; YniZni@NizAl), and 286 NiNiNi
site doping configurations (Xy;YniZni@Ni) where X, Y, and
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Z=Ni, Co, Ru, Cr, Re, Mo, W, Al, Ti, Ta, and Hf. The main
results are summarized as follows.

(1) In the single-site doping, all the studied alloying ele-
ments preferred to occupy Ni phase rather than Ni;Al phase
except that Re preferred to occupy the Al site of Ni;Al. In the
doping of Ni;Al phase, Ni, Co, Ru, Cr, Al, and Ti elements
preferred to occupy Ni sites while Re, Mo, W, Ta, and Hf
elements preferred to occupy Al sites. When the metal radius
of the doping element is larger than that of Al, the doping
element preferred to occupy the Al site of Ni;Al. The antisite
defect Aly; is energetically favorable but the antisite defect
Niy, is not stable in NizAl

(2) In the dual-site doping of Ni and Ni;Al, all 55 con-
figurations preferred to occupy Ni phase rather than Ni;Al
phase. The dual-site doping of Ni;Al are classified into the
following cases:

(i) When X= Ni, Co, Ru, Cr, and Al, XY dual-site doping
preferred to occupy the NiNi sites rather than the AINi sites
independent of the type of Y elements;

(il) When X= Re, Mo, W, Ta, and Hf, XY dual-site doping
preferred to occupy the AINi sites rather than the NiNi sites
independent of the type of Y elements;

(iii)) When X= Ti, if Y= Ni, Co, and Ru, XY dual-site
doping preferred to occupy the NiN:i sites; if Y= Cr, Re, Mo,
W, Al Ti, Ta, and Hf, XY dual-site doping preferred to
occupy the AINi sites.

(3) In the triple-site doping of Ni and Ni;Al, all 220 con-
figurations preferred to occupy Ni phase rather than Ni;Al
phase. The triple-site doping of Ni;Al are classified into the
following cases:

(i) When X= Ni, Co, Ru, Cr, and Al, the XYZ triple-site
doping preferred to occupy the NiNiNi sites rather than the
AININi sites independent of the types of Y and Z elements;

(il)) When X= Re, W, Ta, and Hf, the XYZ triple-site
doping preferred to occupy the AINiNi sites rather than the
NiNiNi sites independent of the types of Y and Z elements;

(iii)) When X = Mo, Ti, if Y= Ni, Co, and Ru, the XYZ
triple-site doping preferred to occupy the NiNiNi sites rather
than the AINiNi sites independent of the type of Z elements;
if Y= Cr, Re, Mo, W, Al, Ti, Ta, and Hf, the XYZ triple-site
doping preferred to occupy the AINiNi sites rather than the
NiNiNi sites independent of the type of Z elements.

We found the favorable substitutions of Al, Ti, Ta, and Hf
for the Ni sites of Ni and Ni;Al that stabilized the other
studied alloying elements doping at the other one or two
nearest neighbor sites of Ni. The strength of stabilization
decreased in the order of Aly;> Tiy;> Tay;~Hfy;. Among these
alloying elements, the formation of Aly; antisite defect is
most energetically favorable and stabilized the other element
substitutions including Re and Ru in the dual-site and triple-
site doping of both Ni and Ni;Al. The most stable substitu-
tions normally contained the primary substitutions of Al, Ti,
Ta, and Hf for the Ni sites of Ni regardless of the other
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alloying elements and doping sites. Such multiple substitu-
tions should be considered as a whole defect complex in
elaborating the mechanism of solution strengthening of the
alloying elements. The defect complex containing multiple
substitutions is critical to hindering the dislocation move-
ment and enhance the dragging effects that increase the creep
strength of superalloy. This work examined the multiple al-
loying effects on the substitution energies and the preference
of phase and site occupancy up to the triple nearest neighbor
substitution sites, helping to understand the strengthening
mechanism of multiple alloying elements and the rational
composition design for Ni-based single crystal superalloys.
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