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Effects of alloying Re and Ru in the edge-dislocation
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Investigations of alloying Re and Ru in the [110](001) dislocation core of the Ni/Ni3Al interface were conducted

within the framework of density functional theory. The energetic calculations show that both elements can stabilize

the [110](001) dislocation core. In the dislocation core region, Re and Ru prefer to substitute for Ni on the site in

the γ-phase. Re is easier to segregate into the dislocation core region as compared with Ru; it especially prefers to

substitute for Ni on the γ-(Ni)1 site.
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1. Introduction

Ni-based solid solution is widely used in turbine
blades and vanes in the most advanced gas turbine
engines for its high-temperature applications.[1] It is
of great interest for its good oxidation resistance and
excellent ductility.[2] γ-Ni has a face-centred cubic
(fcc) structure with a lattice constant of 3.524 Å.
γ’-Ni3Al is of great interest for its attractive appli-
cations in the aerospace and power industries as a
high-temperature structural material. It exhibits an
ordered fcc L12 structure (with a lattice constant of
3.570 Å). Ni and Ni3Al not only have similar struc-
tures but also have close unit cell lattice constants
(the misfit of γ/γ’ is below 1.3%). In this article,
combining Ni and Ni3Al could produce Ni-based sin-
gle crystal (SC) superalloys. Creep rupture strengths
of SC superalloys were reported to be improved by
adding W, Re and Ta.[3,4] W and Re are reported
to participate in the dendrite core,[5] which will lead
to the formation of topologically close packed (TCP)
phases,[6] and causes considerable degradation of the
mechanical properties. A recent experiment[7] showed
that the TCP phases could be eliminated through the
addition of Ru. Thus, it is necessary to investigate
the effects of alloying with Re and Ru, because the
addition of elements could promote the overall per-
formance of γ/γ’ superalloys. Theoretical works[8−12]

studied the strengthening effects and synergetic effect
of Re and Ru in the coherent region of the γ/γ’ in-
terface. However, it is known from transmission elec-
tron microscopy (TEM) experiments[13−15] that γ/γ’
interface is associated with < 110 > Burgers vector
misfit dislocations. As an important structural defect
widely present in Ni-base SC superalloys, misfit dislo-
cations have strong interactions with impurities, and
the interactions greatly affect the mechanical prop-
erties of the alloy. To our knowledge, experimental
techniques to study the vicinity of the γ/γ’ interface
are limited. As a result, there is no direct report on
the study of alloying Re and Ru in the dislocation core
of Ni-base SC superalloys by experimental methods.
Although many theoretical works[16−20] investigating
dislocations have been conducted, none of the results
come from density functional theory (DFT). Thus, we
herein make a theoretical investigation of the effects
of alloying elements in the dislocation core of γ/γ’ su-
peralloys by ab initio calculation.

In this paper, the DFT method is used to inves-
tigate the occupancy sites of Re and Ru in the co-
herent and dislocation core region, and the segrega-
tion properties of dopants surrounding the dislocation
core. The rest of this paper is organized as follows.
In Section 2, we give details of the methods and mod-
els. In Section 3 we provide the energetic analysis. In
Section 4 we draw conclusions.
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2. Model and methods

Total-energy calculations were performed within
the framework of the DFT, which is implemented
in the plane wave-based Vienna ab initio simulation
package (VASP).[21,22] In all of the calculations, the
Perdew–Wang 91 exchange–correlation functional[23]

within the generalized gradient approximation (GGA)
is taken into account; a plane-wave cutoff energy of
500.0 eV for all the models and the electron–ion inter-
action potential described by the projector augmented
wave method[24] are used. The k point is set to be

16×16×16 for the bulk and 6×6×1 for the interface
model. Due to the large number of atoms in the dis-
location core, we only use Γ point in the calculations.
The interface and dislocation are modelled with the
supercell model, and the thickness of the vacuum layer
is 12.0 Å. The equilibrium geometry is determined by
relaxation until forces are less than 0.04 eV/Å. We
use the Murnaghan equation[25] to obtain the lattice
constant a0 and the bulk modulus B0. The reliabil-
ity of our approach is demonstrated by the excellent
agreement between calculated and experimental lat-
tice parameters, as listed in Table 1.

Table 1. The calculated lattice constant a0 and bulk modulus B0. Other DFT, EAM (em-

bedded atom method) calculated results and experimental results are listed for comparison.

Ni Ni3Al

a0/Å B0/GPa a0/Å B0/GPa

our results 3.526 196.8 3.570 180.8

other DFT results[26] 3.540 191.6 3.564 182.4

EAM results[27] 3.520 181.0 3.571 N/A

experiment[c),28] 3.520 181.0 3.570 240.0

To obtain the optimized structures of the dislo-
cation core, we need to investigate the interface first.
The coherent manner of the interface directly influ-
ences the physical properties of γ/γ’ superalloys. Fig-
ure 1 shows the atomic structure of bulk Ni3Al, and
the fcc structure of bulk Ni is the same as that of
Ni3Al. According to fcc structure, there are two se-
ries of models for < 001 > oriented interfaces. One
is the hollow site model and the other is the top site
model. The two models investigated in our calcula-
tions are given in Figs.2(a) and 2(b) respectively. In
the previous work,[29] the two models have been com-
pared with each other, and the hollow site model is
more energetically stable than the top site model.

We construct a γ/γ’ [110](001) edge dislocation
model as follows. A hollow site model is selected as the
initial model. The misfit between the γ and γ’-phases
is 1.3%, so we construct a misfit interface model with
67×67×10 γ unit cells and 66×66×10 γ’ unit cells,
in the x, y, z, directions. Then the interface model is
relaxed according to empirical molecular dynamics us-
ing the Voter–Chen potential.[30,31] A periodic bound-
ary condition is applied to the x and y directions and
a free surface boundary condition to the z direction.

The relaxation reveals the dislocation network, which
is in agreement

Fig.1. Ni3Al bulk orientated [001] direction. The black

ball denotes the Al atom, and the grey ball denotes the

Ni atom. (a) Perfect Ni3Al bulk with the stacking se-

quence (ABABAB . . . ); (b) Atomic structure of A plane;

(c) Atomic structure of B plane.

c)Available from: http://www.webelements.com/
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Fig.2. The geometry of the γ/γ’ interface model. The

black ball denotes the Al atom, and the grey ball de-

notes the Ni atom. (a) The hollow site (001) interface

model, Ni and Al atoms in the γ’-phase placed in the va-

cancy site of Ni atoms in the γ-phase. ([001]: γ: ABAB

. . . AB|interface|[001]: γ’: ABAB . . . AB) stacking; (b)

The top site (001) interface model, Ni and Al atoms in

the γ’-phase placed directly on the top site of Ni atoms in

the γ-phase. ([001]: γ: BABA . . . BA|interface|[001]: γ’:

ABAB . . . AB) stacking.

with that reported in Ref.[32]. From this configura-
tion, we extract the model of the dislocation core,
which is illustrated in Fig.3. We select 312 atoms
around the dislocation core as our calculated model.

Fig.3. Atomic model of the [110](001) edge dislocation

core in γ/γ’ interface. The black ball denotes the Al

atom, and the grey ball denotes the Ni atom. The adja-

cent planes (a), (b), (c) and (d) stack consecutively along

[1̄10]. The arrows point to the substitution sites: 1γ-(Ni)1,

2γ-(Ni)2, 3γ-(Ni)3, 4γ′-(Al), 5γ′-(Ni)1, 6γ′-(Ni)2.

The model has a stacking sequence of planes (abcd-
abcd). The study of [110](001) dislocation in the
Ni/Ni3Al interface, despite its simplicity, is very help-
ful for understanding the interactions between impu-
rity and dislocation. Assuming a very dilute solution
of Re and Ru in the Ni/Ni3Al interface, we consider a
single impurity model. Substitutional states are stud-
ied with only one Re or Ru atom doped at the cor-
responding substitutional site within the core region.
Therefore, we perform structure optimizations by us-
ing VASP with the total energy minimization. Atoms
in the top and bottom layers are fixed during the re-
laxations to simulate a bulk environment. Atoms sur-
rounding Re or Ru and atoms in the dislocation core
have been fully relaxed in each case.

3. Results and discussion

3.1.Alloying with Re and Ru in the co-

herent region of the Ni/Ni3Al inter-

face

We model the (001) γ/γ’ interface system with
a repeated slab construction with a three-dimensional
translational symmetry. The formation energy of in-
terface Ef is defined as follows:

Ef = (Eγ/γ′ − Ebulk-γ − Ebulk-γ′)/Ai

−(Eγ + Eγ′), (1)

Eγ = (Eslab-γ − Ebulk-γ)/As-γ , (2)

Eγ′ = (Eslab-γ′ − Ebulk-γ′)/As-γ′ (3)

where Eγ/γ′ is the total energy of γ/γ’ interface, which
is the interface between slab γ and slab γ’, Ai is the
interface area. Ebulk is the total energy of bulk, and
Eslab is the total energy of a fully relaxed slab. As-γ
and As-γ′ are the areas of slab γ and slab γ’, respec-
tively. Eγ and Eγ′ are surface formation energies. In-
terface formation energy can be viewed as the work
requires to create an interface between the two bulk
materials. It compares interfacial bonds to the to-
tal bonds in bulk material. To use the repeated slab
model, we must guarantee that the size of the slab
model is large enough. Hence, we investigate the for-
mation energies of the Ni/Ni3Al interface. Table 2
lists the formation energies of the hollow site (001) in-
terface model. When the number of atomic layers N

reaches 24, the formation energy gets converged. This
suggests that a repeated slab model with 24 atomic
layers is large enough to model the Ni/Ni3Al inter-
face.
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Table 2. Formation energy of the hollow site (001) inter-

face model. The formation energy unit is J/m2.

N 4 8 12 16 20 24 28

Ef –4.19 –4.20 –4.20 –4.18 –4.18 –4.15 –4.14

We consider the substitutions near the inter-
face; the atomic structures of the interface plane are
sketched in Fig.4.

Fig.4. The atomic structure of the interface plane. The

black ball denotes the Al atom, and the grey ball denotes

the Ni atom. (1) The γ’-Ni substitution; (2) The γ’-Al

substitution; (3) The γ-Ni substitution.

The dopant interface coverage is 25% in our cal-
culations. The usual defect energy for a given defect
can be calculated using the formula

Ẽd = E(d)− E(0), (4)

where E(d) and E(0) are the total energies of the
model with and without the defect considered, respec-
tively. The results calculated from a 96 atom repeated
slab model for point defects in the coherent region of
the Ni/Ni3Al interface are presented in Table 3.

Table 3. The defect energy Ẽd (in eV) when alloying with

Re and Ru.

Xsite Ẽd/eV Xsite Ẽd/eV

Reγ-(Ni) –6.59 Ruγ-(Ni) –3.39

Reγ′-(Al) –7.57 Ruγ′-(Al) –3.82

Reγ′-(Ni) –5.66 Ruγ′-(Ni) –3.13

The results indicate that both Re and Ru can sta-
bilize the Ni/Ni3Al interface system, and alloying with
Re is more energetically stable than with Ru. Among
the three cases of substitution, γ’-(Al) substitution is
the most energetically stable state.

3.2.Re and Ru at substitutional sites in

the dislocation core

The structure of the dislocation core is very im-
portant due to its singularity. To compare with the

core structure obtained by the empirical molecular
dynamics method, we perform reoptimizations of the
core with the ab initio VASP code. During the re-
laxations the fixed atoms are the same as those men-
tioned above in Section 2. The results obtained show
that only slight displacements take place in the middle
atomic layers, and this conclusion indicates that the
structure of the dislocation core obtained by molecular
dynamics method is reliable.

To discuss the segregation of alloying elements to
the dislocation line, we use the segregation energy de-
fined as

Eseg =
1
n

[(
Edoped

dislocation − Eclean
dislocation

)
−

∑

i

µi∆Mi

]
,

(5)
where Edoped

dislocation and Eclean
dislocation are total energies of

the relaxed systems with and without alloying ele-
ments in the dislocation core region, respectively; n

is the number of dopants, and µi (i = Re, Ru, Ni,
Al) are chemical potentials, ∆Mi are the change of
number for the chemical species i.

From Fig.3, we can see six substitutional sites
around the dislocation core: (i) sites 1, 2 and 3 in
the compressed region in the γ-phase; (ii) sites 4, 5
and 6 in the dilated region in the γ’-phase. Only site
4 is substituted by Al, the other sites are substituted
by Ni. The calculated segregation energies are sum-
marized in Table 4.

Table 4. The segregation energy Eseg (in eV) of the dis-

location line, doped with Re and Ru.

Xsite Eseg/eV Xsite Eseg/eV

Reγ-(Ni)1 –1.09 Ruγ-(Ni)1 –0.45

Reγ-(Ni)2 –0.78 Ruγ-(Ni)2 –0.05

Reγ-(Ni)3 –1.04 Ruγ-(Ni)3 –0.4

Reγ′-(Al) 1.37 Ruγ′-(Al) 2.02

Reγ′-(Ni)1 0.2 Ruγ′-(Ni)1 0.18

Reγ′-(Ni)2 –0.14 Ruγ′-(Ni)2 0.19

For the Re substitution case, the corresponding
segregation energies for sites 4 and 5 are positive
(1.37 eV and 0.20 eV). This means that they are not
favourable in energy. For other substitution sites, the
lowest and the highest segregation energies occur, re-
spectively, at site 1(–1.09 eV, in the compressed region
of the γ-phase) and site 6 (–0.14 eV, in the dilated re-
gion of the γ’-phase). The compressed region in the
γ-phase seems to be a preferable substitutional site,
showing the trapping effect of the dislocation core on
Re. In the case of Ru substitution, the segregation
energies for the dilated region in the γ’-phase are pos-
itive, and in the compressed region in the γ-phase the
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values are negative. In particular, the lowest segrega-
tion energy appears at the same substitution site (site
1, the compressed region in the γ-phase) as in the case
of doping with Re. This means that both Re and Ru
prefer to segregate to the compressed region (site 1)
around the dislocation core.

To discuss the distribution of alloying elements
around the dislocation core, we define the dopant con-
centration as

cdislocation = ccoherent exp[−∆U/kT ], (6)

where ccoherent is the equilibrium concentration in the
coherent regions. ∆U is the segregation energy dif-
ference between the dislocation core region and the
coherent region.

∆U = Edislocation
seg − Ecoherent

seg . (7)

In Eq.(6) k is the Boltzmann constant, and T is
temperature. Table 5 lists the segregation energy dif-
ference ∆U between the dislocation core region and
the coherent region when alloying with Re and Ru.
The segregation energy difference is positive for the
substitution on the γ’-Al site. It should be noted that
both Re and Ru prefer to substitute for the atom on
the γ’-Al site in the coherent region, while in the dis-
location core region, the alloying elements Re and Ru
may redistribute themselves into the γ-phase. The
segregation energy difference on other sites is negative;
this means that the concentration of dopants around
the dislocation core is larger than that in the coher-
ent region. At low temperatures, Re prefers to segre-
gate into the dislocation core region. This exhibits the
same trend as the experimental results.[10] Re is much
easier to segregate into the dislocation core than Ru.
This is because doping with Re leads to lower segre-
gation energy. Experimental results[33,34] show that

segregation of Re onto dendrite cores can increase the
possibility of forming TCP phases, which are not mi-
crostructurally stable and would be expected to result
in degraded properties. Our results agree well with the
experimental results[7] that alloying with Ru could re-
duce the possibility of forming TCP phases, because
doping with Ru leads to higher segregation energy.
The addition of Ru could significantly improves the
overall performance.[6−8]

Table 5. The segregated energy difference U (in eV) be-

tween the dislocation and coherent regions when alloying

with Re and Ru.

Xsite ∆U/eV Xsite ∆U/eV

Reγ-(Ni)1 –1.43 Ruγ-(Ni)1 –0.79

Reγ-(Ni)2 –1.13 Ruγ-(Ni)2 –0.4

Reγ-(Ni)3 –1.38 Ruγ-(Ni)3 –0.75

Reγ′-(Al) 0.28 Ruγ′-(Al) 0.38

Reγ′-(Ni)1 –1.08 Ruγ′-(Ni)1 –0.44

Reγ′-(Ni)2 –1.42 Ruγ′-(Ni)2 -0.42

4. Summary

In this work, the effects of alloying Re and Ru
in the [110](001) edge dislocation core region of the
Ni/Ni3Al interface are investigated by ab initio calcu-
lations. Doping with Re and Ru increases the cohesive
strength of Ni-based SC superalloys. In the coherent
region near the interface, Re and Ru prefer to sub-
stitute for Al on the site in the γ’-phase, while in the
dislocation core region, Re and Ru prefer to substitute
for Ni on the site in the γ-phase. Re is more favoured
to segregate into the dislocation core region compared
with Ru, and it especially prefers to substitute for Ni
on the γ-(Ni)1 site.
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