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Molecular dynamics simulations of dopant effects
on lattice trapping of cracks in Ni matrix”
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Molecular dynamic analysis was performed on pure and doped (by Re, Ru, Co or W) Ni at 300 K using the embedded-
atom-method (EAM) potentials to understand the crack formation of the doped Ni matrix in the (010)[001] orientation.
When Ni was doped with Re, Ru, and W, the matrix demonstrated increased lattice trapping limits and, as a result, improved
the mechanical properties. Consequently, this prevented the bond breakage at the crack tips and promoted crack healing.
The average atomic and surface energy values increased when Re, Ru, and W were added. Analysis of these energy increase
helped us to understand the influence these elements had on the lattice trapping limits. The fracture strength of the Ni matrix
at 300 K increased because of the formation of the stronger Ni-Re, Ni-Ru, and Ni-W bonds. At the same time, doping
the Ni matrix with Co did not demonstrate any strengthening effects because of the formation of Co—Ni bonds, which are
weaker than the Ni—Ni bonds. Out of all dopants tested in this work, Ni doping with W showed the best results.

Keywords: alloying elements, doping, Ni crack, lattice trapping

PACS: 61.82.Bg, 62.20.mm, 62.20.mt, 82.20.Wt

1. Introduction

The outstanding high-temperature mechanical properties
of Ni-based single crystal (SC) superalloys make them popu-
lar for applications related to advanced airplane engine blades
and power-generation turbines.!"-?] The y-Ni phase is a popu-
lar host matrix for the Ni-based SC superalloys as it affects the
overall mechanical properties of the resulting materials, >3]
while the crack in 7y phase restricts its applications. Analy-
sis of the ¥ phase microstructure evolution was reported!*~”!
earlier. However, the fracture in superalloys are complex, and
the strengthening mechanism of y-Ni matrix is still not very
clear. Thus, understandings on how to strengthen the y-Ni ma-
trix and minimize y-Ni matrix fracture has been becoming the
important research.

The rupture leading to a complete part failure often results
from cracks, which are formed because of the atomic bond
breakage. The fracture stress is closely connected to the crit-
ical activation of cracks and their propagation, which, in turn,
depends on the lattice trapping of the cracks.[®! If the lattice
traps the crack, it does not further propagate or heals when the
mechanical loads are above or below the Griffith load (Kg)
values, which are also called upper and lower lattice trapping
limits (Kljé), respectively. The Griffith load is defined as a ma-
terial state, at which the total energy change is zero when the
crack propagates in a specific lattice direction of a cell with
the defined in-plane boundaries.!®! At the Griffith load, a finite

lattice resistance barrier exists between the isoenergetic states,

DOI: 10.1088/1674-1056/ac0780

which could trap the crack tip at either state. These phenom-
ena manifest themselves as the lattice trapping effects.

The lattice trapping of material can be affected by several
factors. The lattice trapping effect depends on the kinks and
the interaction range of the interatomic force field, as well as
on the relative stiffness of the atomic bonds at the propaga-
tion front.[°~12] Moreover, the directions of the crack front and
propagation, as well as the interatomic potential and the ma-
terial’s structure components, also affect the lattice trapping

13-17] Because of the industrial importance of

limit and range.!
the Ni-based SC superalloys, understanding their brittle frac-
ture behavior upon cracking is essential. Thus, research on
crack lattice trapping of Ni matrix is needed.

Mechanical properties of Ni-based SC superalloys de-
pend on their chemical compositions. Experiments and simu-
lations indicated that doping superalloys with Re, Ru, Co, and
W improved their mechanical properties.!'3-2’ OQur previous
work reported the lattice trapping limit increased for the Ni or
Ni3Al cracks when Re or W was added and that W incorpora-
tion yielded much stronger effects for the Ni3Al cracks. [+1315]
Other reports indicated the effect of Co on the crack propaga-
tion along the /Y interface was minimal.[>®?°! In general,
Ni matrix strengthening mechanisms involving solid solution
formation (with Co, Mo, W, Re, and Ru dopants) are com-
plex. Simultaneous consideration of (i) the influence of the
dopants on the mechanical properties of industrial Ni-Al-X

(X =Re, Ru, Co, or W) superalloys (which was assessed pre-
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viously by the embedded-atom-method, EAM)B%-331 and (ii)
the importance of crack lattice trapping by the Ni matrix, anal-
ysis of fracture, strengthening mechanisms, crack propagation
and crack lattice trapping of the Ni matrix doped with Re, Ru,
Co and/or W is needed to design the material with the best
performance.

Because of the accuracy and cost concerns, experiments
to obtain data for this analysis might be hard to conduct, es-
pecially at the atomic scale. However, this can be achieved by
using the molecular dynamics (MD) method, a powerful and
reliable approach (especially when combined with the EAM
potentials) to solve the above problem and to predict the su-
peralloy properties.[*13:2934391 Re, Ru, and Co dopants pre-
dominantly accumulated in the ¥ phase, while W was observed
in both y and ¥ phases.[*%#!l Therefore, this work focused on
building a model with random substitution of Ni by 1 and 3
at.% of X (X = Re, Ru, Co or W) in the y matrix. We per-
formed MD simulations to understand how these dopants af-
fect Ni matrix crack lattice trapping limit and range at 300 K
(the simulations showed that the Ni crack propagates in a brit-
tle manner at 300 K). We also calculated the corresponding
mechanical properties, surface energy, and atomic bonding
strength of the Re, Ru, Co, or W doped y-Ni matrix.

2. Computation details
2.1. Calculation model

We constructed a model with a sharp crack in the
(010)[001] orientation (with the crack plane and crack front
oriented perpendicular to the [010] and parallel to the [001]

initial crack]

‘erack plane

Y[010]

Z[001]

X[100]

()

¥[010]

Z[001]

directions) according to the anisotropic linear elastic displace-
ment field*?! (see Fig. 1(a)). The atomic configurations for the
cracks in the undoped and 3 at.% doped Ni matrix are shown
in Figs. 1(b)-1(d). The model contained 120, 160, and 160
atomic layers along the x, y, and z ([100], [010], and [001]) di-
rections, respectively, which accounts for the 1536000 atoms
in total. To confirm the appropriate and feasible model size,
two larger models with 3 at.% Re atoms were also constructed.
One of these large models expanded the side lengths in x and
y directions and contained 200, 200, and 160 atomic layers
along the x, y, and z axes, respectively. The other large model
expanded the side length in the z-direction and contained 120,
160, and 200 atomic layers along the x, y, and z axes, respec-
tively. The smaller-sized model adopted in this work was cho-
sen because the configuration evolution and physical proper-
ties (such as surface energy and elastic constants) did not de-
pend on the system size. The initial crack length was set as
1/3 of the crack propagation length.

The boundary conditions in the z-direction during the
lattice trapping calculations were periodic. For the x and
ydirections, we used the fixed-displacement boundary condi-
tions of the six outer atomic layers. Dopant atoms (at both 1
and 3 at.% levels) substituted Ni atoms randomly. Such setup
showed reliable results in previous studies.[*!32%341 To fur-
ther confirm this setup reliability, we studied three different
random distributions of Re atoms at 3 at.% doping level. The
deviations of the lattice and elastic constants as well as sur-
face energy and lattice trapping limits for these distributions
were negligible, which confirms the reliability of the current
random doping scheme chosen in this work.

(d)

Fig. 1. A diagram showing simulation model: (a) Geometrical presentation of the lattice trapping. (b) Crack tip configuration for undoped Ni
before relaxation. (c)—(d) Crack tip atomic configuration for the doped Ni (at 3 at.% level) by Re, Ru, Co or W before relaxation. Blue balls

are Ni atoms; red balls are dopant atoms.

2.2. Simulation details

The Newton equations of motion at 300 K were processed by the gear algorithm!*3! using 5 x 10713 s time step. The Ni—
Al-X (X = Re, Ru, Co or W) EAM potentials**-33] of the doped matrix were used to describe the cracks. The EAM potentials
were used to fit the parameters obtained from the first-principles calculations or experimental results, such as lattice constants,

cohesive energies, elastic constants of Ni, Al, X (X = Re, Ru, Co or W) and their compounds. The EAM potentials typically

provide reasonable results in describing the dislocations or/and crack systems of the Ni-based superalloys.|

4,13,15,18,29,30,34] The
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MD simulations were performed by using the XMD program.[**l During the lattice trapping modeling, the cracks were firstly
simulated under different loads, after which the atoms at the crack tips were fully relaxed by using the boundary condition
described in Subsection 2.1. The initial loading or unloading was set at the stress intensity to fulfill the Griffith criterion,
while the crack tip was always set as stable and not allowed to advance or heal. The starting structures were in their relaxed
configurations, with the further loading or unloading being proportional to the boundary displacements. The upper and lower
trapping limits (Klic) were determined based on the sudden decrease and increase of the average bond lengths, respectively, along
the crack front at the crack tip (see Fig. 2). The loading increase and decrease increments were set as 1% of the Griffith load
(Kt(};’ ). During the loading (or unloading), each relaxed step was set as 4000 for each time, while the number of the loadings (or
unloadings) was 20 times of that. Thus, the total number of steps was equal to 80000. The formula for the lattice trapping range

(AK), shown below, was taken from elsewhere: [4,13-15]
_ ot -
AK = Ki&. /Ko — 1. €]
X[100] (A
(100] (A) K,/KS

—~ 1.05 1.06 1.07 1.08 1.09

= 5.0

=

o
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Fig. 2. An example of the bond length contour maps of atom pairs across the crack surface at the crack tip. This specific model was constructed
for the 1 at.% Re-doped Ni system during the loading process. Pink squares denote the Re atom positions. The bond length bar is shown on the

right-hand side.
3. Results and discussion
3.1. Mechanical parameters

To examine the reliability of the EAM potentials, the lat-
tice constant a, the elastic constants C;; (including Ciy, Ci2,
and Cy4), the elastic modulus (including the bulk modulus
B=(C11+2C12)/3, Young’s modulus E =9GB/(G+3B) and
the shear modulus G) for the undoped and doped (at both 1 and
3 at.% levels) Ni matrix without cracks were calculated. The
shear modulus G was computed as the arithmetic Hill average
of Voigt (Gv) and Reuss (Gr) bounds as follows:

1
Gy = g(cll —C12+3Ca4), ()
5
= 5 3
4811 — 4812 + 3844 )
1
G= E(Gv+GR)7 €]

where S11, S12, and Sy4 are the elastic compliances.*!

All calculated mechanical parameters are listed in Ta-
ble 1. The value of a of the Ni matrix increased as it was
doped with Re, Ru or W. However, the lattice constant of the
Co-doped Ni barely changed, which agrees with the previous
work.[?% The lattice parameter change upon doping can be ex-

plained by the size of the atomic radii of the dopants (which
are equal to 1.37, 1.34, 1.25, and 1.39 A for Re, Ru, Co and
W, respectively) relative to the atomic radius of the matrix Ni
atoms (equal 1.25 A as well as by the interatomic interactions
(discussed in Subsection 3.3). The strength of the Re-, Ru-
and W-doped Ni matrix was significantly higher at the 3 at.%
doping level (than at the 1 at.% level), judging by the higher
values of the elastic constants Cy1, Cj2, and C44 and the elas-
tic moduli B, E and G (see Table 1). Specifically, the val-
ues of the bulk moduli B of the Re-, Ru- and W-doped Ni at
the 1 ( 3 at.%) level were equal to 180.72 (184.57), 179.51
(183.41), and 180.75 (184.94) GPa, respectively, which rep-
resents 1.08% (3.23%), 0.40 % (2.58%), and 1.10% (3.44%)
increase in comparison to the undoped Ni matrix. The order
of the matrix strengthening by the dopant addition can be de-
scribed as W > Re > Ru. No difference was observed between
the values of a (or C;;) of the undoped Ni matrix calculated
using different Ni-Al-X (X = Re, Ru, Co or W) EAM poten-
tials, which agrees with the elastic constant values calculated
previously.[2%4647] Thus, the application of ternary Ni—Al-X
(X =Re, Ru, Co or W) EAM potentials to the doped and un-
doped Ni matrix is a valid and reliable approach.
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Table 1. Lattice (a) and elastic (C;;) constants as well as bulk (B), shear (G), and Young’s (E) moduli for the Ni matrix doped with 1 and 3 at.% of

Re, Ru, Co or W.

Crack system a(A) C11 (GPa) Ci» (GPa) Cy4 (GPa) B (GPa) G (GPa) E (GPa)
Ni-this work 3.5200 237.30 149.54 126.94 178.79 82.98 215.59
Ni-EAM? 3.52 241 151 127
Ni-ExpP 3.52 246 147 125
Ni-1 at.% Re 3.5237 238.91 151.62 127.86 180.72 83.17 216.32
Ni-3 at.% Re 3.5311 242.11 155.80 129.38 184.57 83.40 217.45
Ni-1 at.% Ru 3.5226 238.08 150.23 127.15 179.51 83.10 215.96
Ni-3 at.% Ru 3.5281 241.12 154.56 128.98 183.41 83.34 217.12
Ni-1 at.% Co 3.5194 235.80 148.80 126.10 177.80 82.36 214.04
Ni-3 at.% Co 3.5181 232.86 147.28 124.41 175.81 81.16 211.02
Ni-1 at.% W 3.5242 238.96 151.65 127.91 180.75 83.20 216.39
Ni-3 at.% W 3.5325 242.95 155.94 129.40 184.94 83.67 218.12

aRef. [46], PRef. [47].

3.2. Crack lattice trapping
3.2.1. Crack lattice trapping limits and range

The upper (KI+C) and lower (Kj) lattice trapping limits
can be determined by the jumps of the contour map of the cor-
responding atom pair bond lengths at the crack tip across the
crack surface during the loading and unloading process. [+!13:15]
As an example, the KIJE of the 1 at.% Re-doped Ni crack
system, as well as the relationship between the K /K&;I and
bond length, can be seen in Fig. 2. The KI/KS range for
this system was 1.05-1.09. Some bond length jumps were ob-
served between the Kj /Kg values of 1.07 and 1.08 and the
bond lengths evidently increased at K/ Kt(h} > 1.07. Thus, the
value KIJE: = 1.07[({(};’ corresponds to the upper lattice trapping
limit for the Ni crack system containing 1 at.% of Re atoms.
Therefore, this method, which checks the sudden increases or
decreases of the bond lengths at crack tips (also known as
“jumps”), can be used to obtain the upper and lower lattice
trapping limits of doped and undoped Ni crack systems.

Figure 3 shows the lattice trapping limits and ranges (KliC
and AK, respectively) for crack systems. Kfc increased as the
Re, Ru or W dopants were added to the Ni matrix. When 1
at.% of Re, Ru and W atoms was incorporated, the values of
K- /K$ (Kie/KS) increased by 7% (5%), 5% (4%) and 9%
(8%), respectively. Thus, the addition of Re, Ru and W to
the Ni matrix can prevent the crack advancement and promote
crack healing. The KIiC of the dopped Ni crack increased in the
order of W >Re >Ru. Specifically, KIJ{: values were equal to
1.07 (1.18), 1.05 (1.15) and 1.09 (1.19) when 1 at.% (3 at.%)
of Re, Ru and W were added, respectively (see Fig. 3). Thus,
relative to the KIJ& of undoped Ni matrix, the KIJE values for the
Re-, Ru- and W-doped Ni alloy were 7% (18%), 5% (15%) and
9% (19%) higher, respectively. The addition of these dopants
affected the lattice trapping limits of the Ni matrix differently.
Doping with W demonstrated the strongest effect. Addition-
ally, Klic values were higher for the 3 at.% doping levels (see
Fig. 3). When Co was added, Klic decreased. Thus, Co addi-
tion would not strengthen the Ni matrix. Further elaborations

on this topic will be presented in Subsection 3.3.

1.28 = 0.16
—B— Ko/Ky,
o L20F o Ki{jK% . o 10.14
h=t R e m &
ERRRD | " Kio/ Ko n 40.12 &
= : * AK ° Sn ©
D Loaf  a® /' 1010 =
B —n —
& s \/ {0.08 &
= 0.96f H g
5 10.06 =
g o.88f g
E % *x 1004 Z
) [}
0.80}F * *
H * * * d0.02 -~
0.72}F *
No Re Ru Co W Re Ru Co W
0 1 at.% 3 at.%

Fig. 3. Crack lattice trapping limits and ranges in undoped Ni (marked as
“No”) and Ni matrix doped with 1 and 3 at.% of Re, Ru, Co and W.

Our simulations showed bendings of atomic rows near the
Re, Ru or W atoms were observed perpendicular to the crack
propagation. Figure 4 shows the atomic configurations of the
upper and lower crack surfaces under the load at the crack tip
for the Ni matrix doped with 1 and 3 at.% of Re. The atomic
row bendings were clearly observed near the Re atoms (shown
as red balls) along the crack front. The atomic rows bendings
were also observed from the contour maps of atom pairs across
the crack surface at the crack tip for the Ru and W-doped Ni
matrix. For example, the atom pair bond length contour maps
simulated for 1 at.% Re-doped Ni under the different loads
showed the atomic row bendings near the Re atoms (shown as
pink squares in Fig. 2) along the crack front at x = 71 A (at
Ki/K$ =1.05-1.07) and atx = 76 A (at Ki/K§ = 1.08-1.09).
Thus, the Ni-Re, Ni-Ru and Ni—-W interactions are stronger
than the Ni—Ni ones. No atomic row bendings were observed
during the loading/unloading process for the crack system con-
taining Co.

The lattice trapping ranges (AK) were small for all doped
Ni matrices (see Fig. 3). Specifically, when 3 at.% of Re, Ru,
Co or W was added, the corresponding AK values were equal
to 0.044, 0.045, 0.022, and 0.035, respectively. Such small AK
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values were very likely because of the long-range interatomic
potential, which, according to some studies, [4-10:12.13,15.48]
ten indicates negligible lattice trapping by the breaking bonds.
Thus, the interatomic interactions of Ni matrix doped with Re,

Ru, Co or W possessed long-range characteristics.

Z[001]

Fig. 4. Upper and lower crack surface atomic configurations at the crack tip
of Ni crack system doped with (a) 1 at.% and (b) 3 at.% of Re under loading
condition. Ni and Re atoms are shown as blue and red balls, respectively.

3.2.2. Average atomic and surface energies
To further investigate the strengthening mechanisms of
the doped Ni crack system, we used MD simulations to calcu-

late the average atomic (Eeyom) and surface () energies (see
Fig. 5), defined below: 4.7.13.29]

Eecatom = Etotal / N, (5)
1 Esurface - Ebulk
=" 6
> 3 ; (6)

where E, and N are the total energy and number of atoms

in the model, respectively. EAM 049301 describes the total

energy as Ea = Y. F(pi) + X, ¢(rij), where F(p;) is the em-
i i>j

bedding energy of atom i, ¢(r;;) is the two-body potential be-
tween atoms i and j, p; is the host electron density at atom i
contributed by the other atoms and r;; is the distance between
atoms 7 and j. In Eq. (6), Egurface> Ebuik and S are the poten-
tial energies and the area of the y plane of the systems with-
out cracks, respectively. The “surface” and “bulk” subscripts
represent the free and periodic boundary conditions along the
y-direction (x and z directions were kept as periodic). The
static equilibrium crack can be treated as a reversible thermo-
dynamic system according to Griffith’s theory,>!! in which the
equilibrium between crack advance and new surface creation
is established. The above equilibrium is given by the relation
G /27y, where G = Egyface — Epuik 1 the mechanical energy re-
lease upon crack advance and 27 is the energy required for
creating two new surfaces.

Small values of E¢yom indicate more stable systems. Fig-
ure 5 shows the calculated Eeaom values for each system.
The addition of Re, Ru and W decreased the Eguom val-
ues, which were smaller for the 3 at.% doping levels than
for the 1 at.% doping levels. FEeyom Were equal to —4.492
(—4.586) eV/atom, —4.472 (—4.528) eV/atom, and —4.502
(—4.615) eV/atom for the Ni matrix doped with 1 at.% (or 3
at.%) of Re, Ru, and W, respectively. Thus, the addition of Re,
Ru, and W improved the Ni matrix stability. However, Eeatom
did not change when Co was added to the matrix.

Surface energy 7y increased as the Re, Ru, and W elements
were added at the 3 at.% level (see Fig. 5). They were equal to

1626.92 J/m?, 1621.48 J/m?, and 1667.25 J/m?, respectively,
which is 2.22%, 1.88%, and 4.76% higher than the 7 of the un-
doped Ni matrix (which was equal to 1591.49 J/m?). The sur-
face energy of the matrix did not change when Co was added.
Combining this data with the average atomic and surface en-
ergies, we concluded that the influence on the strengthening
could be placed in the order of W > Re > Ru > Co. The same
order was obtained for the dopant effect on the lattice trapping
limits discussed in Subsection 3.2.1.

1700
I Ni

ElNi-1X
[Ni—3X

1680

1660

1640

1620

v (J/m?)

1600

1580

1560
—4.40

—4.44

—4.48

—4.52

—4.56

Ni—Re

—4.60

Eatom (eV/atom)

B i
—4.64r I Ni—1X
i [CINi-3x

Fig. 5. The surface (y) and the average atomic (Eeaom) energies for the un-
doped and doped (with 1 and 3 at.% of Re, Ru, Co or W) Ni crack systems.

Ni—W

—4.68

3.2.3. Bonding strength between atoms

Earlier in this paper, we concluded that the Ni crack lat-
tice trapping and the corresponding mechanical parameters of
the Ni matrix were influenced by the dopant nature (Re, Ru,
Co or W). Such behavior could be related to the interactions of
the dopants with the matrix atoms. Thus, to better understand
this phenomenon, we compared the strengths of the Ni—Ni,
Ni-Re, Ni—Ru, Ni—Co, and Ni-W bonds by using the EAM
potentials. [29-3432]

Typically, the deeper the potential well of the EAM, the
stronger the atomic bonding strength. Comparison of EAM
potential wells of the Ni-Ni and Ni-X (X = Re, Ru, Co or W)
bonds indicated that the Re—Ni, Ru—Ni and W-Ni interactions
are stronger than the Ni—Ni ones (see Fig. 6). For instance, the
absolute values of the Ni—Ni, Ni—Re, Ni-Ru, Ni—Co, and Ni—
W potentials were equal to 0.21, 0.35, 0.30, 0.18, and 0.51 eV
at the curve minima located at r = 2.58, 2.65, 2.61, 2.55,
and 2.64 A, respectively. Thus, the interaction strength be-
tween Ni and these dopants could be described by the order of
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W > Re > Ru > Co, which agrees with the results discussed
in Subsection 3.2.

0.6

0.4

0.2

Pair potential (eV)
=

4.0 4.5 5.0

—0.6 1 1 1 1
1.5 20 25 3.0 3.5

r(A)

Fig. 6. Ni-Ni, Ni-Re, Ni-Ru, Ni—Co and Ni-W pair potentials calculated by
EAM as a function of the atomic distance r.

The results discussed above helped us conclude that Ni
doping with Re, Ru, and W created strong Ni-Re, Ni—Ru, and
Ni—-W bonds, which, in turn, improved the matrix mechani-
cal properties and stability as well as prevented crack tip bond
breakage and promoted the crack healing at 300 K. Doping
with Co exhibited the opposite effect because of the formation
of weaker Ni-Co bonds. The best Ni matrix strengthening
effect and crack brittle fracture improvement were observed
when 1 and 3 at.% of W were incorporated into the Ni matrix.
Thus, out of the dopants tested in this work, W demonstrated
the strongest effect.

4. Conclusion

This work demonstrated theoretical simulations by an
MD method performed to understand how doping of Ni ma-
trix with Re, Ru, Co, and W affect its lattice trapping at 300 K.
We implemented a Ni crack model with randomly distributed
Re, Ru, Co, and W, added at the 1 and 3 at.% levels. Out of
all additives tested in this work, W addition into the Ni matrix
demonstrated the most improved mechanical strength (namely,
the elastic constants, the bulk modulus, the shear modulus and
Young’s modulus) and stability as well as crack advancement
prevention and healing. The crack lattice trapping ranges were
small for undoped and doped Ni matrices because of the long-
range Ni—Re, Ni—Ru, Ni—Co, and Ni—-W interatomic interac-
tions. The comparison of the pair potential well depths ob-
tained by EAM showed that the bonding strengths between the
dopant and Ni were in the order of W > Re > Ru > Co. The
Ni-Re, Ni-Ru and Ni—W bonds were stronger than the Ni—Ni
ones. Out of all the dopants, W demonstrated the strongest
bond with the Ni matrix, while Co exhibited the weakest.
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