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Abstract
We have investigated the response of the high entropy alloy of CoNiCrFeMn to the
bombardment under extreme irradiation flux by means of molecular dynamics simulations.
Compared to pristine Ni single crystalline, the CoNiCrFeMn HEA had less point defects during a
single primary knock-on atom process. The average depth of defects was shallower. For
consecutive bombardments, the CoNiCrFeMn HEA demonstrated much higher surface
irradiation resistance than pristine Ni. Under the irradiation flux of 5.59×1027 n/(m^2*s), the
number of defects in Ni gradually increased and was proportional to the number of
bombardments, till the formation of dislocation which led to a boost of the defects. On the
contrary, the number of defects in CoNiCrFeMn HEA was much less and stable, appearing
to be insensitive to the number of bombardments and suggesting good radiation resistance.
Such radiation resistance of CoNiCrFeMn HEA was attributed to the lattice distortion and
sluggish diffusion of atoms, which could enhance the recombination of defects. Under the
irradiation flux of 1.68×1028 n/(m^2*s), the boost of the defects in Ni occurred at lower
number of bombardments. In addition, under both the irradiation flux of 5.59×1027 and
1.68×1028 n/(m^2*s), CoNiCrFeMn HEA had a smaller number of point defects and the
defects were well dispersed. Our results showed that compared with Ni matrix, CoNiCrFeMn
HEA had higher surface bombardment tolerance. This study might be helpful in the design of
first-wall materials under the extreme irradiation flux.

Supplementary material for this article is available online
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1. Introduction

It is a continuous and urgent desire to develop clean energy to
support sustainable development of modern society. Among
many candidates, nuclear energy is one of the most promising
clean energies [1]. In the development of nuclear energy, one
of the most essential issues is the first-wall materials. A

variety of energetic particles were produced in fusion reactors
during operation. As a result, a large number of interstitial and
vacancy defects occurred in the corresponding materials
[2–4], then dislocation loops and surface defects would form
[5]. Moreover, the next generation of fusion reactors was
designed to have the high irradiation flux of 1027∼1029 n/
(m^2*s) to increase efficiency, where the n referred to the
number of incident particles [6–8]. In order to meet
the challenges of high irradiation flux conditions, the
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development of new irradiation tolerance first-wall materials
was of great significance [9, 10].

High entropy alloy (HEA) was a new type of alloy that was
the result of a combination of several various elements [11–13].
It has been showed that HEAs possessed excellent mechanical
properties, good wear and corrosion as well as structural sta-
bility [14–17]. Moreover, HEA has proven to have high
radiation damage tolerance [18, 19], and the factor for the well
irradiation resistance was mainly due to the lattice distortion
effects and sluggish diffusion effects [20–25]. As reported by
Lu et al [26], the composition complexity and lattice distortion
of HEA could reduce the migration and diffusion of defects,
which provided effective trapping for the annihilation of freely
migrating defects. Do et al [27] also indicated that the lattice
distortion of HEA could result in a relatively limited collision
space and a high recombination rate of defects. Therefore, HEA
was a promising anti-irradiation first-wall material [28, 29].

Efforts have been made to study the anti-irradiation
behavior of HEA [30–32]. However, the influences of the
irradiation flux had not been systematically studied. Espe-
cially the irradiation resistance behavior of HEA under
extreme condition of irradiation flux was seldom considered.
In this paper, the evolution of defects in Ni and CoNiCrFeMn
HEA under selected different irradiation flux was studied to
explore the irradiation resistance behavior of HEA under
energetic particles surface bombardment. The results showed
that irradiation flux had a great influence on defects, and the
CoNiCrFeMn HEA performed excellent than Ni matrix under
extreme conditions.

2. Simulation models and method

Figures 1(a) and (b) showed the models of fcc-Ni and CoN-
iCrFeMn high entropy alloy, respectively. The number of Ni

atoms in model a was 17280. In model b, five types of atoms
in the CoNiCrFeMn HEA were equally proportional and
randomly distributed, with the total number of the atoms of
17 280. The dimensions of two models were the same, which
were 4.23, 4.23, and 10.56 nm along x, y, and z directions,
respectively. Periodic boundary conditions were applied
along x and y directions. Ni atom was chosen as the incident
atom because it was one component of both Ni and CoN-
iCrFeMn HEA. Two layers of atoms at the bottom of the
sample box in two models were fixed to avoid the movement
caused by the momentum from the incident Ni atoms. In order
to prevent the atoms from bombarding the same surface
position, the incident Ni atoms were generated with random
direction and position in a 0.2 nm thick vacuum layer, which
was 2 nm away from the top surfaces of matrixes, and then
bombarded to the matrix. The incident energy of 3000 eV was
applied because it was high enough to cause a large number
of defects and would not penetrate the matrixes, and temp-
erature of system 700 K was chosen to simulate the serious
working situation [33].

2NN MEAM potential was applied to describe the
interatomic interactions in the CoNiCrFeMn HEA as well as
Ni matrix because it was proven to be suitable to simulation
CoNiCrFeMn HEA [34]. In order to describe the short-range
interatomic interaction in high-energy atomic collisions in
cascades correctly, the d parameters in unary Co and Mn were
adjusted from 0 to 0.03 and 0.02, respectively. Do et al [27]
had confirmed that the change of d parameter was sufficient
for short-range repulsion during atomic collisions, and it also
had little effect on the fitted physical properties in each unary
system. All the molecular dynamic simulations were con-
ducted by LAMMPS [35]. The simulation systems were
annealed with the NPT ensemble before conducting bom-
barding simulation. The time step was 0.001 ps. The anneal-
ing process was as follows. First, the simulation systems were
relaxed at 300 K for 100 ps. Then the temperature of the
systems was heated up to 2000 K at a rate of 3.4 K ps−1, and
hold for 1000 ps to achieve equilibrium. Finally, the temp-
erature was cooled down to 300 K at a rate of 3.4 K ps−1. The
simulation of Ni irradiation was with the NVE ensemble, in
which an adaptive time step was used so that each atom did
not move more than 0.002 nm. The structure was relaxed for
2000 ps at temperature T=700 K to assure the system reach
equilibrium before the bombarding process started. Berendsen
thermostat was applied to the atoms with a thickness of
0.5 nm on each side of the matrix to avoid excessive thermal
energy in the matrix during the irradiation process. The
OVITO visualization tool [36] was used to analyze trajec-
tories of the Ni atoms and the defects in the matrix .

3. Results and discussions

3.1. Irradiation resistance of two materials in a single
bombardment

Surface bombardment simulations were carried out in two
materials with an Ni atom with 3000 eV incident energy at

Figure 1. The models of Ni atom bombing the Matrix. The atom
above the surface of the matrixes was Ni. (a) fcc-Ni; (b) fcc-
CoNiCrFeMn HEA.
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temperature T=700 K. During the primary knock-on atom
(PKA) process, there were a series of events, such as cascade
collision, the formation and relaxation of displacement spike,
and the cooling of system to the ambient temperature. The
point defects were produced and reached the peak due to the
bombardment. Then the recombination of interstitials and
vacancies occurred, and only a small part of point defects
remained. To analyze point defects, the Wigner–Seitz [37]
was applied to calculate the number of interstitials and
vacancies. The relaxed Ni and CoNiCrFeMn matrix were
taken as the reference structures for Wigner–Seitz analysis.
Figure 2 showed the generation and evolution of defects in
the two models during one typical PKA process, which lasted
for about 10 ps. In the beginning of PKA, the number of
defects in Ni and the CoNiCrFeMn HEA both increased
rapidly due to the cascade collision, and reached a peak at
around 0.3 ps. Then the kinetic energy and potential energy
generated through cascade collision were randomly dissipated
and converted into heat energy. The displacement collision,
the movement and annihilation of defects all occurred at
0.3–3 ps. Furthermore, the number of defects gradually
decreased, and the system cooled down to the ambient
temperature. Finally, most of the defects caused by cascade
collision were restored, and a small part of the defects
remained inside the matrixes. The fraction for the defects that
remained in the Ni matrix and CoNiCrFeMn HEA to the
defects in peak were 24.8% and 18.6%, respectively. Multiple
PKA simulations were carried out to obtain the statistics value
of defects. More simulation results are presented in figure 1 of
the supplementary data files (available online at stacks.iop.
org/NANO/31/025703/mmedia). The average interstitial
and vacancy defects remained in the CoNiCrFeMn HEA were
11±3 and 13±3, respectively. The unequal number of the
interstitials and vacancies was attributed to the fast migration
of interstitials to the surface. The interstitial and vacancy
defects in Ni matrix were 21±4 and 26±5, respectively,
which were substantially larger than those in the HEA.
Therefore, we might conclude that the CoNiCrFeMn HEA

had much higher irradiation resistance to the energetic particle
bombardment than Ni matrix.

The distribution of kinetic energies of atoms in the Ni
and CoNiCrFeMn matrixes and the number of defects with
the depth were shown in figure 3. When the displacement
spike formed at t=0.3 ps, the depth of cascade collision in
Ni matrix almost reached the bottom, as shown as figure 3(a).
The distribution of defects versus the depth at t=0.3 ps in Ni
matrix was shown in the figure 3(d). Most defects remained in
the lower part of the Ni matrix. However, in the CoNiCrFeMn
HEA, as shown as figures 3(e)–(h). Because of the effect of
sluggish diffusion, the cascade collision was suppressed, and
the cascade collision occurred mainly in the middle part of the
matrix.

3.2. The irradiation flux effect

In this part, Ni and the CoNiCrFeMn HEA were bombarded
by continuous Ni atoms to evaluate the irradiation resistance
of these two materials. As discussed in part 3.1, 0.3, 3 and
10 ps were the crucial time for the evolution of defects in
PKA process. Therefore, when the matrix was bombarded by
continuous Ni atoms, time interval 0.3, 3 and 10 ps were
chosen, which corresponded to the irradiation flux of
1.68×1029 n/(m^2*s), 1.68×1028 n/(m^2*s), and
5.59×1027 n/(m^2*s), respectively. 300 bombardments
were carried out.

When the irradiation flux was 5.59×1027 n/(m^2*s),
the number of defects caused by incident Ni atoms was shown
in figure 4(a). For the Ni matrix, defects gradually increased
following the irradiation process and reached 631 defects in
the end. Moreover, after 90 consecutive bombardments, a
sharp increase appeared in the number of defects. The defects
in CoNiCrFeMn HEA showed different trend. The number of
defects increased slowly and remained relatively stable in the
end. After 300 consecutive bombardments, the number of
defects was only around 210. The results showed the CoN-
iCrFeMn HEA had stable and less defects under consecutive
high irradiation flux than Ni matrix.

When the irradiation flux was enhanced to 1.68×
1028 n/(m^2*s), the number of defects of Ni and CoN-
iCrFeMn during consecutive bombardments was shown in
figure 4(b). Similar to the case when the irradiation flux was
5.59×1027 n/(m^2*s), a sharp increase of defects in Ni
matrix appeared at about 70 bombardments, and then the
defects gradually increased to more than 850. For the CoN-
iCrFeMn HEA, the number of defects increased slowly and
eventually remained stable at around 224. The result indicated
that CoNiCrFeMn HEA showed stable performance even
under extreme irradiation flux.

The different behaviors of Ni matrix and the CoN-
iCrFeMn HEA under consecutive bombardments could be
attributed to the ability of movement and accumulation of
defects in materials. Consecutive bombardments of the Ni
atoms caused more damage of Ni matrix than CoNiCrFeMn
HEA, which contained five types of elements. The different
atom sizes in the HEA caused large lattice distortion effect,
leading to the less number of defects in the material after

Figure 2. The number of defects of Ni and CoNiCrFeMn HEA
during PKA process.
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bombardment. At the same time, due to the sluggish diffu-
sion effect of HEA, the effective diffusion rate between
atoms was seriously affected, and the movement of defects
was effectively suppressed. Therefore, defects in CoN-
iCrFeMn HEA increased slowly and remained relatively
stable.

To find out why the sharp increase of defects in Ni matrix
appeared during the bombardment process, we examined the
dislocation loops when the sharp increase occurred under
different irradiation flux, which were shown in figures 5(a)
and (b). The formation of dislocation could be observed, and
the dislocation slipped down to the deeper position during the
bombardment. The formation and slip of the dislocations

produced a large number of surface defects and dislocation
loops in Ni matrix, which led to the sharp increase of defects.

The distributions of the interstitials and vacancies in Ni
matrix and CoNiCrFeMn HEA after 300 bombardments
under the irradiation flux of 5.59×1027 and 1.68×1028 n/
(m^2*s) were shown in figures 5(c) and (d). Under two kinds
of irradiation flux, the distribution of defects in CoNiCrFeMn
HEA was dispersed, which was considerably different with
the defects in Ni matrix with concentrated distribution.
Moreover, two obvious stacking fault interfaces could be
observed inside Ni matrix.

When the irradiation flux increased to 1.68×1029 n/
(m^2*s), the second bombardment started after the

Figure 3. Kinetic energy distribution of the atoms in Ni (a) 0.3 ps; (b) 3 ps; (c) 10 ps; and CoNiCrFeMn HEA (e) 0.3 ps; (f) 3 ps; (g) 10 ps.
The distribution of defects in (d) Ni and (h) CoNiCrFeMn HEA at t=0.3 ps, in which the displacement spike occurred.

Figure 4. Defects of Ni and CoNiCrFeMn matrix during consecutive bombardments under the irradiation flux of (a) 5.59×1027 n/(m^2*s)
and (b) 1.68×1028 n/(m^2*s).
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displacement spike just formed in initial PKA. Therefore, the
systems did not have time to relax, and the cascade collision
went on continuously. A big hole formed in the middle of Ni
matrix and the matrix quickly swelled and was damaged after
5 bombardments, while the CoNiCrFeMn HEA could with-
stand 12 bombardments. The details of the result were pro-
vided in the figure 2 of the supplementary files.

4. Conclusion

The surface bombardment process of fcc-Ni and CoN-
iCrFeMn HEA matrixes under extreme irradiation flux has
been investigated by molecular dynamics simulations. We
focused on the irradiation flux effect, which was modeled via
consecutive bombardments with constant time separation.
When the irradiation flux was 5.59×1027 and 1.68×1028

n/(m^2*s), a sharp increase of the number of defects
appeared in Ni matrix. The dislocation analysis revealed that
such a boost of defects was due to the formation and slip of
dislocations occurred in Ni matrix. However, the generation
of point defects in HEA was relatively stable. The number of
generated defects was considerably smaller than that in Ni
matrix. Moreover, the defects in CoNiCrFeMn HEA were
dispersed. On the contrary, two stacking fault interfaces were
inside Ni matrix. When the irradiation flux was as high as
1.68×1029 n/(m^2*s), the time interval was close to the
formation of displacement spike in PKA. Ni matrix was
damaged quickly after five bombardments, while CoN-
iCrFeMn HEA could withstand 12 bombardments. Our study
illustrated that the CoNiCrFeMn HEA had much higher sur-
face bombardment resistance than Ni matrix under the
extreme irradiation flux, implying its potential applications as
irradiation tolerant first-wall materials.

Figure 5. The dislocation loops in Ni matrix when the sharp increase of defects occurred. (a) After 90 bombardments under the irradiation
flux of 5.59×1027 n/(m^2*s). (b) After 70 bombardments under the irradiation flux of 1.68×1028 n/(m^2*s). (The lines of different color
represented different kinds of dislocation loops, where blue was Perfect, green was Shockley, yellow was Hirth); (c) and (d) showed the
distribution of defects in Ni (left) and CoNiCrFeMn HEA (right) after 300 bombardments under different irradiation flux. (c) The irradiation
flux was 5.59×1027 n/(m^2*s); (d) 1.68×1028 n/(m^2*s). Pink and green balls denote vacancy and interstitial defects, respectively.
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