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Abstract
The irradiation resistance behavior of Co-free high-entropy alloy FeMnNiCr
under successive bombardment is investigated by means of molecular dynam-
ics simulations. There are much less residual defects in FeMnNiCr referring
to Ni after prolonged irradiation and large-size defect clusters are observed
in FCC Ni but not FeMnNiCr. The formation and growth of dislocations in
FeMnNiCr are significantly suppressed. The migration barriers of interstitials
are similar to these of vacancies in FeMnNiCr, resulting in a higher efficiency
of defect recombination. The defects in Co-free FeMnNiCr show similar trends
with NiCoCrFeMn and NiCoCrFe during the irradiation process, suggesting
its good potential in nuclear structure materials applications.
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1. Introduction

With the rising demand for efficient and clean energy, it has become crucial to explore
advanced nuclear energy systems with high safety and competitiveness [1–4]. High irradiation
resistance materials is desirable for the applications in structural materials in nuclear energy
[5]. In recent years, one kind of novel solid solution alloymaterials high entropy alloys (HEAs)
has attracted extensive attention [6, 7]. Unlike traditional alloys that typically have one or two
major elements, HEAs are composed of multiple primary elements in nearly equal atomic
ratios. This new class of alloy designs has generated a great deal of interest among researchers
due to the excellent material properties of HEAs [8–11]. Researchers have demonstrated that
HEAs had excellent anti-irradiation properties [12–14], making them promising candidates
for next-generation nuclear structural materials [15, 16]. For example, researchers have exper-
imentally investigated the irradiation resistance of high-entropy alloys. Lu et al [16] compared
the defect evolution behavior of one- to five-elements alloys under Ni ion irradiation at various
irradiation doses at 773 K, resulting that NiCoFeCrMn exhibited smaller pore sizes with the
increase of the number of elements. Zhang et al [17] found that HEA FeCrNiCoMn showed
very low swelling rates under high-energy Au ion irradiation, and no nanocrystal precipitation
was observed, proving its good microstructural stability. Abhaya et al [18] indicated that HEA
NiCoFeCr did not exhibit phase separation or precipitation of a second phase even under 100
displacements per atom irradiation.

Because the changes in the atomic-level microstructure after irradiation is difficult to
observe in experiments, the effective method to evaluate their properties is to examine defect
generation and microstructural evolution following irradiation by atomistic simulations [19,
20]. Researchers have carried out extensive simulation studies on the micro-mechanisms of
HEA against irradiation [21–23]. For example, Lin et al [24] conducted displacement cascade
simulations of NiCoFeCr HEAs. The results showed that the alloys exhibit prolonged thermal
peaks and a higher recombination rate of defects due to their low thermal conductivity. Do
and Lee [25] carried out cascade simulations for CoCrFeMnNi and found that the clusters of
larger size defects are unstable due to the complexity of the alloy. Most of these atomistic
simulations are for single displacement cascade event.

However, single displacement cascade simulation of irradiation resistance behavior has lim-
itations, which cannot fully capture the long-term irradiation behavior of structural materials.
For example, successive bombardment simulations of Ni and Ni-based alloys showed [26] that
the growth of large defect clusters in Ni-based alloys is slower compared to Ni, although the
number of point defects produced in a single cascade is close for different materials. Similarly,
successive bombardment simulations of SiC by Gao and Weber [27] unveiled irradiation-
induced amorphization, a phenomenon absent in single displacement cascade. The irradiation
behavior under successive bombardment is significantly different from that of single displace-
ment cascades. Thus it is necessary to investigate the behavior of HEAs under prolonged irra-
diation. In addition, it is important to examine the elemental compositions of widely investig-
ated high-entropy alloys (CoCrFeMnNi [12, 13], NiCoFeCr [28, 29], NiCoFeCrAl [30, 31],
etc) for the practical applications as nuclear structural materials. The efforts include the long
decay time of Co element after irradiation [32], which may increase the potential risk dur-
ing maintenance and is not suitable for use as a structural material in nuclear reactors [10,
33]. Recently, a Co-free high-entropy alloy, FeMnNiCr [32, 34–36], has been widely stud-
ied, however, the microscopic mechanism of its resistance to long-term irradiation is still not
fully understood yet. It is desirable to investigate its defect evolution behavior after successive
irradiation.
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In this study, we employ molecular dynamics (MD) simulations to investigate the irradi-
ation resistance behavior of equiatomic FeMnNiCr HEA under long-time irradiation at 600 K,
aiming to elucidate the influence of alloy complexity of FeMnNiCr on defect evolution and
dislocation behavior. The irradiation behavior of FeMnNiCr (Co-free) is compared with that of
CoCrFeNiMn and CoCrFeNi (with Co) to verify its irradiation performance. This study might
provide theoretical insights for the practical application of FeMnNiCr in nuclear structural
materials.

2. Methodology

We simulate the anti-irradiation behavior of FeMnNiCr and Ni under continuous irradiation
conditions by the MDs simulations employed as the software LAMMPS [37]. As shown in
figure 1, the size of Ni and FeMnNiCr is set to 25a0 × 25a0 × 25a0, (a0 is the lattice constant
of the FCC lattice) containing 62 500 atoms. The four elements of FeMnNiCr are randomly
distributed. The lattice constant a0 is 0.3552 and 0.352 nm for FeMnNiCr and Ni, respectively.
The boundary conditions are set to be periodic in the X, Y, and Z directions. Before the cascade
bombardment simulation, the system relaxes with isothermal–isobaric (NPT) ensemble at a
temperature of 600 K for 10 ps, leading to a thermodynamical equilibrium. Berendsen thermal
bath is applied at 600 K to 1 nm-thick layer on the boundary of model in order to eliminate
the heat generated during the cascade process.

The primary knock-on atoms (PKA) for each bombardment are randomly selected from the
center region of the model and given an initial energy of 3 keV to trigger the cascade collisions
in a random direction. Each bombardment simulation lasts for 20 ps and uses an adaptive time
step to ensure that the atoms produce a displacement of no more than 0.002 nm per time step.
The simulation is performed for 400 consecutive bombardments. This model is dynamically
shifted after each bombardment to ensure that the cascade is always produced in the central
region to reduce the boundary effect.

MEAM potential developed by Choi et al [38] is chosen for both FeMnNiCr and Ni models
in order to compare their irradiation resistance behavior, which has been widely demonstrated
to be effective in simulating the irradiation properties of CoCrFeNiMn high-entropy alloys
[25], and the Ziegler-Biersack-Littmark potential function [39] is smoothly connected to the
above potential to describe the atomic short-range forces during the collision process.

The open source software OVITO [40] is applied to visualize the formation, evolution
and distribution of defects. The centrosymmetry parameter [41] is used to identify interstitial
atoms and vacancy defects generated during bombardment process. The dislocation extrac-
tion algorithm [42] is applied to recognize dislocations. The common neighbor analysis [43]
is applied to observe the change of phase structures in the model.

3. Results and discussions

3.1. Defects evolution

The defect numbers of FeMnNiCr and Ni during successive bombardment is shown in figure 2.
In the initial stage of successive bombardment, the number of defects in FeMnNiCr and Ni
shows an approximate linear increase. This is a rapid accumulation process of defects, as the
displacement cascademainly occurs inside the crystal without initial defects.When the number

3



Modelling Simul. Mater. Sci. Eng. 33 (2025) 025023 C Xiong et al

Figure 1. Successive bombardment model: (a) Ni; (b) FeMnNiCr.

Figure 2. The number of defects in FeMnNiCr and Ni with the number of
bombardments.

of bombardments reaches about 10, as shown as stage 2, new displacement cascades may occur
in the regionwith existing defects. At this point, the growth rate of the overall number of defects
slows down due to overlapping cascades. In the third stage,When the number of bombardments
is larger than 56, as shown as the dark grey region in figure 2, the evolution of defects in the
two materials shows different trends. The number of defects in FeMnNiCr tends to saturate
and fluctuates around the value of 300. A similar trend was shown in our previous work for
CoCrCuFeNi [44]. On the contrary, the number of defects continues to increase following the
bombardment process in the case of Ni. At the end of 400th bombardment, the number of
defects in FeMnNiCr is only 295, while the defect number of Ni is as high as 1063, which is
nearly three times higher than that in FeMnNiCr.

Figure 3 shows the evolution of defect clusters of different sizes in FeMnNiCr andNi during
bombardment process at a temperature of 600 K with EPKA = 3 keV. In figures 3(a) and (b),
the number of FeMnNiCr and Ni interstitial clusters of each size is calculated every 100 times
of bombardment. The results show that the number of FeMnNiCr and interstitial clusters var-
ies slightly after 100th bombardment, which indicates that the defects in the system are stable.
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Figure 3. Size distribution of defect clusters in the cascade process: the number of inter-
stitial clusters of different sizes in FeMnNiCr (a) and Ni (b); the number of vacancy
clusters of different sizes in FeMnNiCr (c) and Ni (d); (e) the largest size of interstitial
cluster in FeMnNiCr and Ni; (f) the largest size of vacancy cluster in FeMnNiCr and Ni.

However, in the case of Ni, new small interstitial clusters containing 1–2 atoms are continu-
ously generated, and a multitude of small interstitial clusters meet and gather together, there-
fore, the number of interstitial clusters of all sizes shows an upward trend. The large interstitial
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clusters containing>30 interstital atoms are formed after 400 bombardments. On the contract,
it is not observed in FeMnNiCr. The largest size of interstitial cluster in FeMnNiCr and Ni dur-
ing the cascade process is shown in figure 3(e). There is only a certain dynamic fluctuation of
the maximum interstitial cluster size in FeMnNiCr. However, the size of the largest interstitial
cluster in Ni increases gradually. The maximum interstitial cluster size in FeMnNiCr contains
29 interstitial atoms after 400 times of bombardment, whereas the number in Ni reaches 127,
which is about 4.4 times of that in FeMnNiCr. In addition, it is evident from figures 3(c) and
(d) that vacancy clusters exist mainly as small vacancy clusters and medium-sized clusters in
both FeMnNiCr and Ni. Meanwhile, the largest vacancy cluster size in FeMnNiCr is also sig-
nificantly smaller than that in Ni, as shown in figure 3(f). The results reveal that FeMnNiCr
has better irradiation tolerance than Ni under prolonged irradiation.

3.2. Dislocation and phase structure evolution

Under the effect of long-term irradiation, the vacancies and interstitial atoms generated within
the material will gradually aggregate to form clusters and further evolve into dislocations.
These point defects and the dislocations have significant impact on mechanical properties of
the material. The evolution of dislocations has been investigated to deepen the understanding
of the anti-irradiationmechanism of FeMnNiCr and Ni under prolonged irradiation conditions.
The distribution of point defects and dislocations in FeMnNiCr under different times of bom-
bardment (100–400 times) is shown in figure 4. Only few small size dislocations exist within
FeMnNiCr despite the increase of the number of bombardments. The vacancy and intersti-
tial atoms have not formed larger size clusters, which is consistent with the conclusions in
section 3.1.

In contrast, the evolution of the dislocation in Ni during irradiation is significantly different,
as shown in figure 5, where new dislocation continues to be generated following the bombard-
ments. In particular the 1/3 < 111 > Frank dislocation continues to grow as a ring structure,
which is in agreement with Levo et al [45]. After 400 times of bombardment, stacking fault
tetrahedra composed of six 1/6 < 110 > Stair-rod dislocations is observed in Ni, indicating
that defects in Ni are more prone to migrate and aggregate to form relatively stable dislocation
structures, whereas the formation and growth of the dislocations are significantly inhibited in
FeMnNiCr.

In order to analyze the detailed evolution of the dislocations, the total length, dislocation
density, and average dislocation length of dislocations in FeMnNiCr and Ni are shown in
figure 6. Massive dislocations appear in Ni at the early phase of the bombardment as shown
in figure 6(b), and the dislocation density rapidly increased to 13 × 1025 m−2. Following the
bombardment process, the dislocation density shows large fluctuations. The total length of dis-
locations rises and reaches a high level in Ni even if there is absorption evolution between dis-
locations, as shown in figure 6(a). The peak of the average dislocation length in Ni in figure 6(c)
may be due to the absorption evolution of 1/3 < 111 > Frank dislocations. This absorption
leads to the formation of larger size dislocations in the system, resulting in the average dislo-
cation size of the system reaching nearly 12 nm. In contrast, the total dislocation length, dis-
location density, and the average dislocation length of FeMnNiCr all maintain at low levels.
This result is consistent with the result of Kumar et al that only small size dislocations were
observed in irradiation experiments of FeMnNiCr at 700 ◦C [33].

The proportion of FCC phase structure is displayed in figure 7 for FeMnNiCr and Ni during
successive bombardment process. The proportion of FCC phase in Ni continues to decrease
from the beginning of 100% to 93.46% at the end of the bombardment. In FeMnNiCr, the FCC
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Figure 4. Distribution of point defects and dislocations in FeMnNiCr: (a)∼(d) after
100, 200, 300, and 400 bombardments, respectively. The blue and red atoms represent
vacancies and interstitials. Different color lines represent different kinds of dislocation,
where green, purple, light blue and pink lines represent 1/6 < 112 > Shockley disloca-
tion, 1/3< 111> Frank dislocation and 1/6< 110> Stair-rod dislocation, respectively.

phase decreases rapidly at the early stage and reaches stable quickly. At the end of bombard-
ment, the proportion of FCC phase is similar in two materials, However, it is believed the pro-
portion of FCC phase will be lower in Ni than in FeMnNiCr because FCC phase decreases con-
tinuously, which implies better phase stability of FeMnNiCr under successive bombardment.

3.3. Defect formation energy

To gain more atomistic insights, we have further examined the defect formation energy in two
simulation systems FeMnNiCr and Ni. The model size is 10a0 × 10a0 × 10a0, containing
4000 atoms. In this section, the bombardment processes are not applied to the systems. The
defect formation energy is calculated using the same method in the [46]. Since Ni only has
one element, formation energy obtained at any point site within the system is equal. However,
FeMnNiCr consists of four different types of atoms and each of them is randomly distributed
in the crystal lattice, therefore, 10 randomly selected point sites are chosen for each type of
atoms, and their defect formation energies are calculated and averaged.
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Figure 5. Distribution of point defects and dislocations in Ni: (a)∼(d) after 100, 200,
300, and 400 bombardments, respectively. The structures indicated by the different col-
ors are consistent with figure 4.

The defect formation energies of FeMnNiCr alloy and Ni are shown in figure 8. The inter-
stitial formation energy of each atom in FeMnNiCr is all smaller than that in Ni (figure 8(a)),
with an average value of 3.54 eV, while that of Ni is 4.94 eV. Interstitial atoms are more easily
generated in FeMnNiCr. In addition, the interstitial formation energies of NiCoCr, NiCoFeCr,
and NiCoFeCrCu were also smaller than those of Ni [44, 47]. Moreover, the formation energy
of vacancy in FeMnNiCr is also smaller than that in Ni, which implies more defects will be
generated at the thermal spike of one PKA simulation. However, the number of residual defects
in FeMnNiCr is smaller, as described in section 3.2. The results are consistent with Wang et al
[48]. In addition, the vacancy formation energies of FeMnNiCr and Ni are smaller than their
interstitial formation energies, and thus vacancy defects are more likely to be formed than
interstitial atoms.

3.4. Migration energy of defects

Migration modes of point defects plays an important role in residual defects and irradiation
resistance properties of materials. To explain why the number of defects in FeMnNiCr is smal-
ler than that in Ni, migration energies of defects are calculated in this section. The simulation
models are the same with section 3.3. The migration energy of point defects in the two materi-
als is calculated by the nudged elastic bandmethod [49, 50], in which the initial and final stable
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Figure 6. Dislocations of FeMnNiCr and Ni in the cascade process. (a) Total dislocation
length. (b) Dislocation density. (c) Average dislocation length.

positions of point defect in the lattice are built and the lowest energy path during migration
is searched by iterative optimization. The migration energy of a point defect is defined as the
energy barrier to be overcome on the migration path. Considering the random distribution of
atoms in FeMnNiCr, we calculate migration energy for 10 times and average the results, are
shown in figure 9.

The average migration energy of interstitial atoms in FeMnNiCr is 0.58 eV, while that in
Ni is 0.25 eV. The high migration energy proves that interstitial atoms are more difficult to
migrate in FeMnNiCr than in Ni, which can be attributed to lattice distortion caused by the
random distribution of atoms in FeMnNiCr. The initial energies of PKA atoms are much higher
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Figure 7. The proportion of FCC phases during successive bombardment of FeMnNiCr
and Ni.

Figure 8. Defect formation energy of FeMnNiCr and Ni. (a) Interstitial. (b) Vacancy.

than the dislocation energy. Therefore, the evolution of the cascade is mainly the movement
of the interstitial atoms. Meanwhile, the average migration energy of vacancies in FeMnNiCr
is 0.88 eV, which is lower than that of Ni (1.58 eV), indicating that vacancies in FeMnNiCr
migrate more easily. Especially the vacancy of Ni elements in pure Ni have the highest migra-
tion energies compared to other cases, which suggests that the movement of vacancies in Ni
is the most difficult.

Figure 10 shows the difference of the migration energies between interstitial and vacancy
defects in FeMnNiCr and Ni. All the values are positive. The difference of each element in
FeMnNiCr is smaller than that of Ni. The average difference of migration energies of between
interstitial and vacancy defects in FeMnNiCr is only 0.3 eV. Whereas in Ni, this difference
value reaches 1.33 eV, which implies that the defects in FeMnNiCr exhibit more similar migra-
tion properties. Therefore, larger overlap region of interstitials and vacancies are obtained in
FeMnNiCr. The previous study on tungsten-containing high-entropy alloy also showed similar
results [51]. Larger overlap region increases the possibility of defects recombination during the
cascade process, thus reducing the number of residual defects in the system. On the contrary,
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Figure 9. Migration energy of defects in FeMnNiCr and Ni. (a) Interstitial. (b) Vacancy.

Figure 10. The difference of migration energy between interstitial and vacancy defects
in FeMnNiCr and Ni.

the higher migration energy of vacancies in Ni results in accumulation of vacancies in the cas-
cade generation region. While interstitial atoms move farther away, making the encounter and
recombination of defects more difficult. Therefore, FeMnNiCr shows superior irradiation res-
istance due to the higher interstitial migration energy caused by lattice distortion and similar
vacancy migration properties.

3.5. Comparison of defects in different HEAs under successive bombardment

In order to compare the irradiation resistance performance between FeMnNiCr and other high-
entropy alloys, we also carry out the simulation of different high-entropy alloyswith successive
bombardment under the same irradiation conditions. The number of model and the temperat-
ure are also both kept the same with the simulation systems in section 3.1. The results are
displayed in figure 11 for the number of defects in different high-entropy alloys during the
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Figure 11. The number of defects in three high-entropy alloys under successive
bombardment.

bombardment process. All the three HEAs of FeMnNiCr, CoCrFeNiMn and CoCrFeNi share
a similar trend. The number of defects tends to increase at the early stage and saturate and
fluctuates dynamically. The number of residual defects in the three high-entropy alloys is also
similar at the end of 400 bombardments, which implies FeMnNiCr has similar irradiation res-
istance performance with other two high-entropy alloys. However, FeMnNiCr is Co-free alloy,
which suggests better application potential of FeMnNiCr in the field of nuclear energy.

4. Conclusion

The irradiation resistance behavior of FeMnNiCr under prolonged irradiation conditions has
been investigated bymeans ofMDs simulations. The results indicate that the number of defects
in FeMnNiCr saturates after about 56 times of bombardments, while that in Ni grows continu-
ously during the bombardment process and eventually significantly exceeds that of FeMnNiCr.
Large size interstitial clusters are not observed in FeMnNiCr, and the vacancy defects number
with small size clusters are significantly smaller than that of Ni. In addition, the formation and
growth of dislocation are significantly inhibited in FeMnNiCr after irradiation, while obvious
dislocation appears in Ni.

Vacancy defects tend to form in both two materials after irradiation. The small difference in
defect migration energy of FeMnNiCr compared to Ni implies that interstitials and vacancies
defects are prone to recombination thus better irradiation resistance in HEAs. Besides, the irra-
diation resistance performance of FeMnNiCr is similar to that of CoCrFeNiMn and CoCrFeNi.
FeMnNiCr has extra advantage in nuclear area application due to the absence of Co which is
harmful in nuclear energy application. Therefore, our results suggest that FeMnNiCr can be
an excellent candidate for nuclear structural material.
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