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High-entropy alloys (HEAs) and medium-entropy alloys (MEAs) have attracted a great deal of attention for develop-
ing nuclear materials because of their excellent irradiation tolerance. Herein, formation and evolution of radiation-induced
defects in NiCoFe MEA and pure Ni are investigated and compared using molecular dynamics simulation. It is observed
that the defect recombination rate of ternary NiCoFe MEA is higher than that of pure Ni, which is mainly because, in
the process of cascade collision, the energy dissipated through atom displacement decreases with increasing the chemical
disorder. Consequently, the heat peak phase lasts longer, and the recombination time of the radiation defects (interstitial
atoms and vacancies) is likewise longer, with fewer deleterious defects. Moreover, by studying the formation and evolution
of dislocation loops in Ni-Co—Fe alloys and Ni, it is found that the stacking fault energy in Ni-Co—Fe decreases as the ele-
mental composition increases, facilitating the formation of ideal stacking fault tetrahedron structures. Hence, these findings
shed new light on studying the formation and evolution of radiation-induced defects in MEAs.
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1. Introduction

The development of metal alloys is arguably one of
the oldest sciences, and it has a history of more than 3000
years. Most research and applications focus on alloys with
a principal element, such as aluminium alloy and iron steel
systems.!!l Recently, the accelerated development of new
technologies for efficient energy production demands new
materials that can tolerate extreme environments and oper-
ate reliably at high temperatures. To meet the demand,
medium-entropy alloys (MEAS) in ternary systems and high-
entropy alloys in quaternary or quinary systems (HEAs)
have been widely investigated,”°! and have received tremen-
dous attention. At least part of this interest stems from
the fact that some exhibit intriguing and exceptional me-
chanical properties that are of challenge to interpret. For
example, MEAs exhibit extraordinary properties compared
with traditional alloys, such as high thermal stability and
hardness, ' toughness, ¥ high-temperature strength,!1%13]

15.16] and excellent corro-

great wear,!!# fatigue resistance,
sion resistance,>%!718] which are attributed to the compli-
cated random arrangement of the alloying elements and local
chemical environment at the atomic level.

Theoretical and experimental studies reveal that MEAs
have higher radiation tolerance!>!°~2?! than the corresponding

pure elements. Due to the complex composition and a high
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degree of lattice distortion, MEAs can tailor the energy dissi-
pation process and the recovery rate of radiation damage in
the early stage of the displacement cascade. The previous
studies!>3?# clearly demonstrates that modifying alloy com-
positional complexity will enable to control defect dynamics
at the early stage of radiation damage and to ultimately en-
hance radiation tolerance at the later stage under extreme ra-
diation conditions. On the other hand, structural complexity is
also an important aspect to design radiation tolerant material.
Zhang et al.!") reported that lattice distortions and composi-
tional complexities in MEAs can effectively reduce the mean
free path, conductivity and thermal conductivity of electrons,
thus greatly delaying the evolution of defects caused by ion
radiation at room temperature. Furthermore, formation ener-
gies, migration barriers and diffusion pathways of radiation
defects can also be tailored by the lattice distortions and com-
positional complexities, thereby modifying defects generation
and interstitial-vacancy recombination in the early stages of
radiation. For Ni-based MEA systems, from pure Ni to more
complexes five-element HEAs, as the chemical disorder in-
creases, the energy dissipation reduces, resulting in fewer de-
fects, thereby inhibiting the accumulation of radiation damage
defects.[!”]

Radiation damage depends on the formation and evolu-
tion of radiation-induced defects, including the evolution of
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the displacement cascade and migration as well as accumula-
tion of survival defects. The evolution of the displacement
cascade is the primary radiation damage process and is an
atomic level phenomenon. Additionally, the cascade colli-
sion process lasts only for a few nanoseconds, so the for-
mation and evolution of defects cannot be observed through
experiments. Therefore, molecular dynamics (MD) simula-
tions provide a useful tool for a detailed understanding of the
underlying mechanisms at atomistic scales. A recently pub-
lished study indicates that MEAs are more resistant to radia-
tion damage than the corresponding pure elements.>>->°! For

(28] hinary Ni-based alloys had

example, in our previous study,
higher defect recombination rates than pure Ni, especially Ni—
Fe alloy. Although some efforts have been made to investi-
gate HEAs or MEAs in experiments and MD simulations, their
fundamental radiation damage properties, including details re-
lated to defect production and dislocation loop evolution pro-
cesses in these new materials, remain unclear. Therefore, in
this article the damage defect evolution and dislocation loop
formation of ternary NiCoFe MEAs under different primary
knock-on atom (PKA) energies are investigated, and the re-
sults are compared with those of pure Ni.

2. Simulation method

In this work, MD simulations were performed using
the large-scale atomic/molecular massively parallel simula-
tor (LAMMPS)! to study the defect behavior in pure Ni
and NiCoFe MEA under different PKA energies. The mod-
ified embedded-atom method potential*'! developed by Choi
et al.'®% was chosen to describe the interatomic interactions,
which have well reproduced the defect properties.*34! To
simulate the interatomic interactions in a minute range, the
repulsive part of the pair potentials was connected smoothly
to the Biersack—Zeigler universal function.[*>! The displace-
ment cascade simulation boxes were 60a x 60a x 60a con-
taining 864000 atoms for 10 keV, 80a x 80a x 80a containing
2048000 atoms for 30 keV, and 120a x 120a x 120a contain-
ing 6912000 atoms for 50 keV, respectively. The NiCoFe HEA
simulation cell was constructed by creating a random mixture
of elements in a well-defined face-centered cubic (FCC) crys-
tal, which contained Ni, Co, and Fe elements in an equimo-
lar ratio. According to the present interatomic potential, the
equilibrium lattice parameter (a) of 3.52 A was used for pure
Ni, which is close to the experimental value (~ 3.52 A for
Ni[lg]). For the NiCoFe HEA, the initial a was determined
to be the minimum energy position in the plot showing the
total energies versus the various lattice constants of a crystal
under investigation, where the internal energies of the crys-
tal for different lattice constants were calculated with energy
minimization. Since a slightly varies with the randomly dis-
tributed NiCoFe HEAs, it is determined to be 3.569 A by av-

eraging over 10 NiCoFe HEAs with randomly mixed elements
in an FCC crystal, which is close to the value obtained in
Ref. [36]. The collision cascades were initiated by giving a Ni
atom with the PKA energy from 10 keV to 50 keV within the
constant NVE ensemble, and the (135) direction was chosen
as the PKA direction to avoid the channeling effect. A variable
MD time step (0.001 fs to 1.0 fs) was employed to speed up
the simulations, which depends on the maximum displacement
(each atom did not move more than 0.02 A per time step) in
the system. To obtain the representative statistics, 20 cascade
simulations were repeated for each set of cascade energy. Each
cascade simulation was run for 150 ps, which is sufficient to
allow the cascade to anneal and return to thermal equilibrium.
A thermostat was applied at the sides of the box by rescaling
the velocities of the atoms in a 5-A layer width around the
simulation boxes, which can extract the excess kinetic energy
arising from the cascade and minimize the interaction of heat
wave with periodic images of itself.

To analyze the evolution of surviving defects from the dis-
placement cascade, a Wigner—Seitz (W-S) defect analysis was
employed to detect point defects and defect clusters. The clus-
tering of defects was calculated with a relatively strict connec-
tivity cutoff limited to the first-nearest neighbor. A dislocation
extraction algorithm (DXA)[*] in the open-source application
OVITOR®! was also used to visualize the dislocation loops in
defect clusters and to distinguish the shape of the defect cluster
in the same crystal structure.

3. Results
3.1. Defect generation and illustration

Neutron radiation causes many defects in materials, such
as point defects, dislocation loops and voids, which affect the
performance of materials. Figure 1 shows the illustration of
defects in Ni and NiCoFe MEAs at different stages during the
cascade process at Epga = 30 keV. Figures 1(a) and 1(b) show
the corresponding illustration of defects in the thermal peak
stage (~ 1 ps). Figures 1(c) and 1(d) present the residual de-
fects in the systems (150-ps). The number of defects in Ni is
far less than that in NiCoFe MEAs at the thermal peak stage
(Figs. 1(a) and 1(b)). However, there are considerable residual
defects at the quenched stage in Ni than that in NiCoFe MEAs,
implying that NiCoFe MEAs have more defects than pure Ni
at the thermal peak stage. However, after the recombination
of defects, there were fewer residual defects. Hence, the re-
combination rate of defects in ternary NiCoFe MEAs is higher
than that of pure Ni.

To explain the difference in the number of displacement
atoms in the thermal peak stage between Ni and NiCoFe
MEAs, the threshold displacement energy (Eq4) of atoms along
specific directions was calculated (Table 1). In the simulation,
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an atom at the center of the cell was given with kinetic energy
along a specific crystallographic direction. The threshold dis-
placement energy, which is defined as the minimum amount of
transferred kinetic energy necessary to permanently displace
an atom from its original lattice site to form a stable defect,
is a key parameter on determining the atomic displacement
rate under irradiations. Table 1 shows that the threshold dis-
placement energy in NiCoFe MEAs is less than that of pure
Ni. Furthermore, the Eq values calculated along the different
directions are different, showing a strong directional depen-
dence, which is consistent with the results of many previous
studies. The lowest threshold displacement energy for Ni and
NiCoFe MEAs occurs in the [135] direction. A replacement
collision sequence in this direction may make it easier for lat-
tice atoms to leave the lattice position and to reach other posi-
tions, forming interstitial atoms or other damage defects. The
calculation results of Cu in previous studies**#9! also show
that Ey in the close-packed direction is higher than those in
other directions. Moreover, the threshold displacement energy
of Ni along the four directions is higher than that in NiCoFe
MEAs, so there are fewer displacement atoms formed during
the thermal peak stage.

(a) _ (b) )
; 958 osE t=1.273 ps
t=0.958 ps )
4707 atorrll)s l Ni 8367 atoms | NiCoFe
(c) (d) E
¥ ) ‘:
o oF
t=139.731ps” t=135.947 ps
115 atoms 50 atoms

EPKA =30 keV

Fig. 1. The illustration of defects in the thermal peak stage and the end
of the cascade simulation for pure Ni [(a), (c)] and NiCoFe MEAs [(b),
(d)]. Red and blue represent interstitials and vacancies, respectively.

Table 1. Threshold displacement energy in different PKA directions.
For the NiCoFe MEAs, each result is an average of 10 different random
samples with different configurations.

Threshold displacement energy E4 (eV)

System (100) (110) (111) (135)
Ni 35 45 54 32
Ni-Co-Fe  26(x12)  28(£l14)  45(£17)  25(&8)

Figure 2 shows the variation of the residual Frenkel pairs
with different PKA energies, which reveals that the average

number of residual Frenkel pairs increases as the PKA energy
increases. This trend occurs because higher recoil energy can
induce much more vacancies and interstitials. Moreover, it
was found that the average number of residual Frenkel pairs,
showing a strong dependence on the elemental composition,
and the number of residual Frenkel pairs in pure Ni are greater
than those in NiCoFe MEAs. The NiCoFe MEAs have more
defects than Ni (Fig. 1) in the thermal peak stage, whereas
there are few residual defects in NiCoFe MEAs after the re-
combination of defects. The defect recombination rates of Ni
and NiCo, NiFe, NiCoFe MEAs were compared, and the re-
sults are listed in Table 2. The calculation formula is

Ng—N
n=-4"""100%,
Nyg

where Ny is the number of FPs in the peak damage state, and
Nrp is the number of surviving defects. The results for NiCo
and NiFe are taken from Ref. [28], which are also confirmed
by experiments.!'*2” Thus, from pure Ni to more complex
ternary MEAs, the self-recombination ability of defects is en-
hanced, that is, the radiation resistance is enhanced.
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Fig. 2. The average number of surviving Frenkel pairs for pure Ni and
NiCoFe MEAs, averaged from 20 cascade simulations with 10 keV,
30 keV and 50 keV energies at 300 K. The error bar comes from the
statistical average of 20 results.

Table 2. The recombination rate of defects (1) in pure Ni and NiCo,
NiFe, NiCoFe MEAs.

Alloys n (%)
Ni 96.6
NiCo 98.2
NiFe 98.9
NiCoFe 99.0

Figure 3 show the defect quantitative analysis. At the
same PKA energy, the average number of vacancy and intersti-
tial clusters in Ni is always more than those in NiCoFe MEAs,
and the cluster size of most vacancy and interstitial clusters is
3-20 atoms. Also, there are no large vacancy (> 20 atoms) and
interstitial (> 50 atoms) clusters in NiCoFe MEAs at Epga =
30 keV (Fig. 3(a)), and even none of the large vacancy and in-
terstitial clusters (> 50 atoms) were found at Epga = 50 keV
(Fig. 3(b)). Compared with Figs. 3(a) and 3(b), the number
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of vacancies and interstitial clusters increases as the PKA en-
ergy increases, and it is difficult to form large-size vacancies
(voids) and interstitial clusters in NiCoFe MEAs compared to
pure Ni, the same conclusion can be found in binary Ni—-Co
and Ni—Fe binary Ni-based alloys.*8! Furthermore, it was ob-
served that most of the large interstitial clusters of NiCoFe
MEAs were immobile and remained in the defect production
region, whereas the interstitial clusters were movable in Ni.
Also, most vacancies in NiCoFe MEAs are likely annihilated
by interstitials in the cascade formation range. Thus, the size
of the vacancies and interstitial clusters in NiCoFe MEAs is
smaller than that of pure Ni. This result agrees with those of
Lu et al.®) and Tsai et al.™*"]

To explain the higher defect recombination rate in ternary
NiCoFe MEAs, the potential energy evolution of Ni and Ni—
Co-Fe system during the cascade (Fig. 4) was studied, and
the pair distribution function g(r) of the interstitials and va-
cancies of Ni and NiCoFe MEAs at the thermal peak stage
is illustrated (Fig. 5). The results shown in Figs. 4(a)-4(c)
indicate that as the PKA energy increases, the potential en-
ergy takes a long time to attain equilibrium. For example, in
Figs. 4(a)-4(c), the time for the potential energy of Ni to reach
equilibrium is ~ 30, 50, and 70 ps for 10, 30, and 50 keV, re-
spectively. Moreover, at the same PKA energy, the potential
energy of NiCoFe MEAs takes a longer time than Ni to attain
equilibrium. Zhang et al.!*?! has pointed out that the ineffi-
cient heat conduction results in more localized heat, and slow
dissipation of radiation energy leads to enhanced defect re-
combination. Therefore, this trend in Figs. 4(a)—4(c) indicates
that NiCoFe MEAs have slower energy dissipation than Ni in
the cascade, which means that in NiCoFe MEAs, the defects
generated at the peak stage take a longer time to recombine to
reach equilibrium. Zhang er al.!"! also obtained the similar

—4.403

results. Through experiments, they found that with increasing
chemical disorder from pure Ni to binary and more complex
HEASs, the chemical disorder could lead to a substantial reduc-
tion in the electron mean free path and decrement orders of
magnitude in the electrical and thermal conductivity. The sub-
sequently slow energy dissipation affects defect dynamics at
the early stages and consequentially may result in less delete-
rious defects.
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Fig. 3. Point defect cluster size distributions in Ni (red) and NiCoFe
(blue) for simulation energies of 30 keV (a) and 50 keV (b) at 300 K
(due to the low number of defects at 10 keV, it is not shown).
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Fig. 4. Evolution of average potential energy of Ni and NiCoFe MEAs during a cascade: (a) Epka = 10 keV, (b) Epka = 30 keV, and (c) Epka = 50 keV.

In statistical mechanics, the radial distribution function
(or pair correlation function) g(r) in a system of particles
(atoms, molecules, colloids, etc.) can describe how the den-
sity varies as a function of distance from a reference particle.
According to the definition of g(r) and the existing results, 3]
it is realized that g(r) function can effectively describe the dis-
tribution of different particles in the system. Therefore, we

use the g(r) function to describe the distribution (aggregation

or dispersion) of vacancies and interstitial defects after irradi-
ation. Figure 5 shows that the position of the first peaks on the
g(r) curves of Ni and NiCoFe MEAs do not align, stabilized
at 2.47 A and 2.53 A for NiCoFe MEAs and Ni, respectively.
Also, the height of the first peak in NiCoFe MEAs is higher
than that in Ni, indicating the distance between interstitial and
vacancy atoms in NiCoFe MEAs being smaller than that in
Ni, and tending to be more agglomeration. The agglomeration
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increases the self-combination probability of vacancy and in-
terstitial atoms, that is, the closer the distance between the va-
cancy and interstitial atoms, the more noticeable the agglom-
eration, and the higher the recombination rate of the defects.
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Fig. 5. The pair distribution function (g(r)) of interstitial and vacancy
atoms in the thermal peak stage of Ni (black line) and NiCoFe MEAs
(red line). The vertical dot lines are for guiding the eyes.
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Fig. 6. Trajectories of the center of a nine-interstitial cluster (a) in Ni at
800 K and (b) in NiCoFe MEAs at 1200 K.

Furthermore, the migration of nine interstitial clusters in
bulk Ni and NiCoFe MEAs were studied. Figure 6 presents
migration trajectories of the mass centers for nine intersti-
tial clusters in pure Ni and NiCoFe MEAs.
the mass center of the interstitial clusters moves in a one-

In pure Ni,
dimensional (1D) model along the (110) direction. How-
ever, for NiCoFe MEAs, the mass center of interstitial clusters
randomly changes directions, thus forming several 1D (110)
segments. The shorter 1D migration segment and more fre-
quent directional changes of interstitial clusters in NiCoFe
MEAs will eventually lead to a dominant 3D migration be-
havior, which is similar to the migration of Ni-Co and Ni—Fe

345461 and com-

in the literature.>** Previous experiments!
putational studies!*’*8! reported that small clusters of self-
interstitial atoms can migrate one-dimensionally along the
close-packed directions of atoms in the lattice. In simple met-
als, such as Cu and Ni, the migration barrier of small intersti-
tial clusters is low for 1D motion. Therefore, they can migrate
quickly and along the direction of the Burgers vector. This
1D motion may cause the interstitial atoms to migrate farther
without recombining with the local area’s vacancy, thus, being
in high-vacancy supersaturation behind and leading to signif-
icant void swelling. Thus, for pure Ni, the interstitial cluster

migrates along the (110) direction with 1D motion. The in-
terstitial cluster can migrate a long distance without encoun-
tering numerous vacancies, leaving a high-vacancy supersatu-
ration behind to be susceptible to the detrimental void forma-
tion (large vacancy clusters). The difference is that in NiCoFe
MEAs, the interstitial clusters move in a 3D motion, and there
are more opportunities to be annihilated by the vacancy in the
cascade formation region, resulting in a higher defect recom-
bination rate. Lu et al.'¥) reported the similar results in the Ni—
Fe system through experiments. The difference in the manner
of migration of interstitial clusters between Ni and NiCoFe
MEAs may account for the higher defect recombination rate
of NiCoFe MEAs than that of Ni.

3.2. Dislocation loop evolution

Once the size of defect clusters gathers to a certain extent,
they may form a dislocation loop, lead to embrittlement and
swelling, and deteriorate the structural and mechanical prop-
erties of the alloy. Figure 7 shows the distribution of dislo-
cation loops/networks formed in Ni and NiCoFe MEAs under
50 keV PKA energy. The dislocation loops/networks formed
by radiation are mainly Shockley, Frank, stair-rod and perfect
dislocation loop/networks. The stair-rod dislocation network
is mainly formed by vacancy clusters, so it is a vacancy dislo-
cation network, and it often forms a stacking fault tetrahedra
(SFT) structure (Fig. 7(b)). Interestingly, only the Frank loop
exists in Ni and NiCoFe MEAs as a complete circle, which
is analogous to the results of Levo et al.!*°! To quantitatively
describe the dislocation loop generated after radiation, the av-
erage length values of the dislocation loop formed in the 20
calculation results were calculated, as listed in Table 3.

P

.-xj’?ﬁixgsm (b)
NSE

Fig. 7. Snapshot of the dislocation networks and defect clusters in Ni (a) and
NiCoFe MEAs (b), at the Epga = 50 keV. The lines of different colors rep-
resent dislocations with different Burgers vectors, where green is a Shockley
(1/6(112)), purple a stair-rod (1/6(110)), light blue a Frank (1/3(111)), yel-
low a Hirth (1/3(001)) and dark blue a perfect dislocation (1/2(110)). The
red balls represent vacancies, other balls represent interstitials, the blue balls
are Ni interstitials, the light red balls are Co interstitials, and yellow balls are
Fe interstitials.

In Table 3, the average length of the dislocation loop is
denoted by an index N-L, where N is the average number of
segments of the dislocation loop and L represents the average
length of the dislocation loops. Table 3 shows that the average
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number and length of the dislocation loops increase accord-
ingly as the PKA energy increases, and the average number of
segments and length of the dislocation loops in Ni are greater
than those in NiCoFe MEAs under the same PKA energy. In
addition, the presence of dislocation loops was only found in
Ni at 10 keV. In contrast, the main dislocation loops are of the
1/6{(112) and 1/6(110) dislocation loops, whereas the 1/2(110)
and 1/3(111) dislocation loops are almost rare. Also, most
interstitial-type dislocation loops exist in the form of complex
dislocation nets, unlike the complete loops in W bulk. 3!

Unlike the BCC structure, there are various types of dislo-
cation reactions in the FCC crystal. To investigate the disloca-
tion reactions in FCC crystals, different types of complete dis-
location loops in Ni and Ni—-Co-Fe MEAs were constructed,
and detailed information on the construction of dislocation
loops can be found in the literature.>!l A complete 1/2(110)
dislocation loop was constructed in Ni and Ni—Co-Fe bulks,
and its evolution is shown in Fig. 8.

Figures 8(a) and 8(b) show that in Ni and NiCoFe MEAs,
the 1/2(110) complete dislocation loop undergoes the energy
minimization relaxation, and the dislocation reaction is disso-
ciated into two 1/6(112) dislocation lines by the dislocation
reaction. The reason is that in FCC metals, the slip of crystal
occurs between close-packed {111} atomic planes and the ob-
served slip direction is (110). For a better understanding, the
slip planes ({111}) of the FCC structure are drawn, as shown
in Fig. 8(c). One layer is represented by the full circles, A,
the second identical layer rests at the sites marked as B and

the third takes the position C. Consider the movement of the
layers when they are sheared over each other to produce a dis-
placement in the slip direction. The B layer of atoms, instead
of moving from one B site to the next B site over the top of the
A atoms (vector by), will move first to the nearby C site along
the ‘valley’ between the two A atoms (vector b;), and then to
the new B site via the second valley (vector b3). Thus, the B
plane will slide over the A plane in a zig-zag motion.

As shown for the {111} plane in Fig. 8(d), the perfect
dislocation with Burgers vector by = 1/2(110) will be ener-
getically more favorable for the B atoms to move to B site
via C site. This situation implies that the dislocation glides
as two partial dislocations (1/6(112)), one immediately af-
ter the other. The first and second partial dislocations have
Burgers’ vectors by and b3, respectively, each with the form
of 1/6(112). The perfect dislocation with Burgers vector b,
therefore, splits up or dissociates into two dislocations b, and
b3, according to the reaction

Ym0 = L+ Lo, )
2 6 6
Also, depending on Frank’s rule, the splitting reaction (Eq. (1)
is energetically favorable, for b? = %az, which is > b%er% =
%aZ. Thus, the results obtained here demonstrate that the
1/2(110) dislocation loop is dissociated and is consistent with
the dislocation theory. The mixed dislocation network of
1/6(112) formed after radiation may be constituted by decom-
posing the portion of the 1/2(110) dislocation loop.

Table 3. Statistically of the average length of the dislocation loop formed in the 20 results.

Dislocation type (length (A))

Erka System 1/6(110) 1/6(112) 172(110) 173(111)
0ty Ni 0.4-3.865 0.5-7.245
Ni-Co-Fe Not found
ey Ni 5A4-104.343 77-111.547 1.3-9.653 0.2-6.265
Ni—Co—Fe 1.7-19.502 4.0-45.090 0.7-4.908 0.1-1.668
ey Ni 7.2-110.033 10.4-137.527 12-16.483 0.2-5.668
Ni-Co-Fe 8.1-108.298 8.7-131.661 1.0-7.692

(a) Ni 2'{171%_;

Relaxation 1 \)

t : E<1121>4

( % g<12y
N ~

(b) NiCoFe Kf

(110)
Relaxation /| 2 ==

2\

1
1g(121>\;4
=(121)=]
6 P

Fig. 8. The evolution of 1/2(110) dislocation loop in Ni (a) and NiCoFe MEAs (b). (c) Slip of {111} planes in FCC metals. (d) Burger vectors
of perfect and Shockley partial dislocations in the {111} plane. The lines of different colors represent dislocations with different Burgers
vectors, where green is a Shockley (1/6(112)), purple a stair-rod (1/6(110)), light blue a Frank (1/3(111)), yellow a Hirth (1/3(001)), and dark

blue a perfect dislocation (1/2(110)).
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Simultaneously, the formation process of the SFT struc-
ture was also studied (Fig. 9). First, a half atomic layer was
extracted in the Ni and Ni—-Co-Fe bulk to construct an intrin-
sic 1/3(111) dislocation loop (Figs. 9(a) and 9(c)). Then, the
model was minimized by energy to attain equilibrium. In Ni,
the 1/3(111) dislocation loop is dissociated and does not form
a complete stacking fault tetrahedron (Fig. 9(b)). However,
in NiCoFe MEAs, the 1/3(111) dislocation loop transforms
into a complete stacking fault tetrahedron (Fig. 9(d)). The an-
imated maps of the evolution process can be seen in supple-
mentary movies 1-4.

1
6<1<
Relaxation B
/ —
%(111> ) Ni
2(110)
Relaxation /
N
3L NiCoFe @)

Fig. 9. Formation process of SFT structure in pure Ni and NiCoFe
MEAs. The lines of different colors represent dislocations with dif-
ferent Burgers vectors, where green is a Shockley (1/6(112)), purple a
stair-rod (1/6(110)), light blue a Frank (1/3(111)).

From supplementary movies 1-4, the evolution process
can be summarized as shown in Fig. 10. First, a triangular
Frank dislocation loop was constructed by extracting half of
the atomic layer (Fig. 10(a)). The three sides of 1@ B.é , and
a are the Frank partial dislocations on the b = gf) plane,
and § is a layer of fault. Each Frank’s partial dislocation is
dissociated on a close-packed plane containing the dislocation
1i_>ne, sugl as the f@ dislocation is dissociated on the y plane
0D =48y+ ﬁ The Frank partial may dissociate into a low-
energy stair-rod dislocation and a Shockley partial on an inter-
secting slip plane according to the reaction

: : 0 : 2 2
g[lll}—>6[l 1]—1—6[1 1]. 2)

Detailed information on the decomposition can be seen in
Fig. 10(b). In this way, the triangular Frank dislocation loop is
dissociated into three stair-rods 1@, R‘, and CTA> with Burger
vectors of (3_}>/, ﬁ, and (ﬁ , respectively, and three Shockley
partial dislocations 1@, IQ, and 54> with Burgers vectors of
}3, @, and ﬁ—D>, respectively. Figure 10(c) shows that be-
cause the Burgers’ vectors of the stair-rod and Shockley partial
dislocations intersect at an acute angle and repel each other,
the Shockley partial dislocation moves upon its slip plane, and
their two ends are pinned by the stair-rod, which bends into a

bow (Fig. 9(b)). Two Shockley partial dislocations attract each
other and slip; the arcuate area expands until the Shockley par-
tial dislocation reacts to form a stair-rod dislocation

1 1
121+ 2 [2T1) — Z[T10]. 3)

(@) ()

A A

Fig. 10. The formation process of stacking fault tetrahedron in FCC
crystal. The lines of different colors represent dislocations with dif-
ferent Burgers vectors, where green is a Shockley (1/6(112)), purple a
stair-rod (1/6(110)), light blue a Frank (1/3(111)), the dot lines are for
guiding the eyes.

Thus, eventually forming an SFT defect (Fig. 10(d)).
Similar processes for forming SFT structures have also been
observed in experiments and simulations before. 3>~ How-
ever, we can comply with the difference in the evolution pro-
cess of 1/3(111) dislocation loops in Ni and NiCoFe MEAs
(Figs. 9(b) and 9(d)).
this difference, the intrinsic stacking faults for FCC Ni and

To determine possible reasons for

NiCoFe MEAs were constructed. The stacking fault energy
(SFE) of Ni and Ni—Co-Fe alloys produced herein and DFT
calculations®%>7! are listed in Table 4. The SFE of NiCoFe
MEA is ~ 26 + 12 mJ/m?, which is slightly lower than the re-
sults of the previous DFT studies,*'7-5° while much lower
than the value of Ni (112 mJ/m?). A previous study®"! has
shown that the SFE value of individual elements in the sys-
tem is critical for that of the resultant alloy, either increasing
the constituents having low SFE or reducing those with high
SFE tends to lead to the HEA or MEA, which has lower SFE.
However, the result of SFE in the NiCoFe MEAs is an average
of 10 different random samples with different configurations,
which is a statistically averaged result. The results show that
the stacking fault energy of NiCoFe MEAs is much lower than
that of pure Ni, indicating that the partial dislocations in the
NiCoFe MEAs are easy to associate because of relatively nar-
row separations. Therefore, the Shockley partial dislocations
in Ni do not completely form stair-rod dislocations, probably
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due to the relatively high SFE in Ni, which limits the Shock-
ley dislocation slip to form stair-rod dislocations. As the com-
position of the alloy increases, the SFE is reduced, which is
consistent with the previous results,5%%%! so that the Shockley
partial dislocation completely forms the stair-rod dislocations
in the ternary NiCoFe MEAs.

Table 4. Comparison of stacking fault energy of Ni and NiCoFe MEAs
with DFT calculations.

SFE (mJ/m?) SFE (mJ/m?)
Alloy
Present work DFT
Ni 112 121,510 110052
Ni—Co—Fe 26412 56,1331 56£35,1531 67412054

4. Conclusion

In summary, we have conducted MD simulations to in-
vestigate the formation and evolution of radiation defects in
NiCoFe MEAs, and compared the results with that of pure
Ni. Through a series of research and analyses, it is found that
with the increasing chemical disorder from pure Ni to ternary
NiCoFe MEAs, the chemical disorder can substantially reduce
the speed of energy dissipation resulting in less deleterious de-
fects. Unlike the 1D motion mode in pure Ni, the migration of
the defect clusters in Ni-Co—Fe occurs in 3D motion, result-
ing in the concentrated distribution of defects caused by radi-
ation in NiCoFe MEAs, which benefits the self-recombination
of defects. Thus, the number of defects and defect clusters
finally produced are smaller than that in pure Ni, suggesting
higher radiation tolerance of NiCoFe MEAs.

Simultaneously, the formation and evolution of disloca-
tion loops in NiCoFe MEAs and pure Ni have been considered.
The main types of dislocation loops are Shockley dislocation
(1/6(112)), stair-rod dislocation (1/6(110)), Frank dislocation
(1/3(111)), and perfect dislocation (1/2(110)). Quantitatively,
there are more dislocation loops generated in Ni after radia-
tion. Also, the dislocation loop is mainly a relatively complex
dislocation network, which is due to the number of disloca-
tion reactions in the FCC structure. Further, the dislocation
reaction of dislocation loops in NiCoFe MEAs and pure Ni
have been studied. The perfect dislocation loop spontaneously
dissociates into two Shockley dislocations (1/6(112)), and the
SFE of pure Ni is higher than those in NiCoFe MEAs, which
is the reason why the Frank partial dislocation forms a per-
fect SFT in NiCoFe MEAs, but not in Ni. These results reveal
that our MD simulations are reliable and provide atomic-level
knowledge for understanding the irradiation resistance of the
NiCoFe MEAs.
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