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Abstract
We have investigated the displacement cascade irradiation resistance behavior of a cobalt-free high entropy alloy FeMnNiCr 
using molecular dynamics simulations. The results show that defects in FeMnNiCr form in small clusters, and their migration 
is significantly inhibited, leading to a higher defect recombination rate and a lower number of residual defects compared to 
Ni. Additionally, FeMnNiCr exhibits a longer thermal peak life and lower thermal conductivity compared to Ni, providing a 
longer time for defect migration and combining. The migration of defect clusters in FeMnNiCr displays three-dimensional 
properties, attributed to its high chemical disorder. After prolonged irradiation, defects in FeMnNiCr stabilize as small 
clusters, whereas point defects in Ni tend to form large defect clusters and evolve into dislocations. Considering the feature 
of absence of the element cobalt, our results imply that FeMnNiCr has great potential in application in nuclear energies.
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1  Introduction

Nuclear energy, recognized as an efficient and clean energy 
source, is increasingly significant in the energy sector. Fol-
lowing nuclear energy technology advances, the prolonged 
exposure to high temperature and irradiation in nuclear 
reactors inevitably results in irradiation-induced damage to 
structural materials, characterized by elemental segregation, 
swelling, and hardening [1–3]. Consequently, this damage 

leads to a deterioration of the macroscopic mechanical prop-
erties [4–6]. The evolving demands for structural material 
performance [7], are such that the current zirconium alloys 
and austenitic stainless steels, despite their widespread 
application, are increasingly unable to meet these stringent 
criteria [8].

In recent years, high-entropy alloys (HEAs) [9, 10] con-
sisting of four or more metal elements in equimolar or nearly 
equimolar ratios have received a lot of attention due to their 
excellent structural stability [11–15] and mechanical prop-
erties [16, 17], and are considered promising materials for 
next-generation reactor structure materials [18, 19]. High-
entropy alloys have shown to exhibit superior performance 
compared to conventional alloys under irradiation. For 
example, Lu et al. [20] indicated that NiCoFeCrMn reduced 
pore size upon irradiation compared to Ni and NiCo. Yang 
et al. [21] applied helium ion irradiation on Ni, 304SS, and 
CrMnFeCoNi at 450 °C, revealing that CrMnFeCoNi had 
the best structural stability and helium resistance proper-
ties. Kumar et al. [22] compared the structure of FeNiMnCr 
with that of austenitic stainless steels FeNiCr and FeMnCr 
under Ni ion irradiation. The results showed that FeNiMnCr 
exhibited enhanced phase stability at temperature exceeding 
400 °C, with a notable reduction in elemental segregation at 
grain boundaries.
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Despite the experimental studies on the remarkable irra-
diation resistance of high-entropy alloys, the underlying 
mechanisms remain incompletely elucidated. The displace-
ment cascade process of irradiation damage is extremely 
fast, in order of nanoseconds (10–9 s), and the evolution 
of defects and dislocations generated during the cascade 
is a phenomenon at atomic level. The atomic level defect 
evolution mechanism is challenging to elucidate solely 
through experimental approaches. It is also worth noting 
that numerous studies on other high-entropy alloys, such 
as NiCoFeCrMn [23–25], NiCoFeCrCu [26–28], NiCo-
CrFe [29–31], have also showed their superior irradiation 
resistance properties. However, the elements of the studied 
high-entropy alloys contain cobalt, an element with a high 
thermal neutron absorption cross-section. The long decay 
time associated with neutron activation [32] necessitates 
enhanced radiation shielding for post-irradiation treatment, 
potentially increasing the risk of radiation exposure during 
nuclear power plant maintenance [5, 22, 33]. Consequently, 
the elemental composition of high-entropy alloys should be 
optimized to ensure their stability and safety when they are 
employed as nuclear structure materials.

Research into the generation, progression, and mitigation 
of defects during the initial phases of irradiation cascades is 
deemed a valuable approach for elucidating the mechanisms 
underpinning material irradiation resistance [34]. Molecular 
dynamics (MD) simulations facilitate the atomic-scale mod-
eling of the irradiation process, offering a robust platform 
for elucidating the microstructural mechanisms that confer 
irradiation resistance to high-entropy alloys [23, 35, 36]. 
Given that FeMnNiCr does not contain cobalt, it is possibly 
an ideal candidate for high-entropy alloys in nuclear struc-
tural applications. Recent studies on FeMnNiCr [5, 22, 32, 
33, 37, 38] have been conducted, yet the literature is sparse 
regarding the microscopic mechanisms of its anti-irradiation 
properties, necessitating further investigation.

This study presents a series of displacement cascade sim-
ulations of FeMnNiCr with equal atomic ratios via molecu-
lar dynamics simulations, within a high-temperature irra-
diation environment at 600 K. The mechanisms governing 
defect generation and evolution during the cascade process 
of FeMnNiCr are examined and compared with those of Ni. 
The findings elucidate the factors contributing to the high 
irradiation tolerance of FeMnNiCr, thereby establishing a 
theoretical foundation for its potential use in nuclear reactor 
structure materials.

2 � Methodology

2.1 � Model Setup of the Cascade

In this study, molecular dynamics simulations of displace-
ment cascades are performed using large-scale atomic/
molecular massively parallel simulator (LAMMPS) soft-
ware [39]. The modified embedded atom method (MEAM) 
potential function developed by Choi et al. [40] is selected 
for the FeMnNiCr model, which has been widely proved 
to be effective in describing the irradiation damage proper-
ties of high-entropy alloys [41], and in order to accurately 
simulate the cascade collisions of energetic ions, the Zie-
gler–Biersack–Littmark (ZBL) potential function [42] is 
to describe the atomic short-range forces during collisions 
and used in conjunction with the aforementioned potential 
function. The Ni model also employs the MEAM potential 
function to facilitate a comparison with the irradiation resist-
ance of FeMnNiCr.

As shown in Fig. 1, FeMnNiCr and Ni models of size 80 
a0 × 80 a0 × 80 a0 are constructed, each containing 2048000 
atoms. a0 represents the lattice constant, which is taken to be 
3.52 Å for the Ni, close to the experimental value [43]. The 
average lattice constant of the FeMnNiCr model, calculated 

Fig. 1   Two displacement cascade models a Ni, b FeMnNiCr. The yellow, green, red, and blue balls represent Fe, Mn, Ni, and Cr, respectively
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via energy minimization, is determined to be 3.552 Å. The 
FeMnNiCr model with a random distribution of equiatomic 
ratios is constructed based on the Ni model, which is formed 
according to the random replacement of Ni atoms for Fe, 
Mn, and Cr atoms.

Periodic boundary conditions are applied along three 
dimensions for both models to simulate the behavior of infi-
nite large crystals. Before conducting the cascade, the sys-
tem energy is optimized to a steady state using a conjugate 
gradient algorithm, followed by atomic relaxation at 600 K 
under isothermal-isobaric ensemble (NPT) ensemble for 15 
picoseconds to achieve equilibrium.

The cascade process is conducted under canonical ensem-
ble (NVT) ensemble, with temperature regulation facilitated 
by the Berendsen thermostat, employing an outermost layer 
10 Å in thickness at 600 K to dissipate excess heat gener-
ated during the cascade. Furthermore, to limit the maximum 
atomic displacement during the cascade, an adaptive time-
step algorithm is employed to guarantee that displacements 
in each time increment do not surpass 0.02 Å. The cascade 
is conducted by randomly selecting an atom as the pri-
mary knock-on atom (PKA), imparting it with an energy of 
30 keV to obtain the initial velocity, and to avoid channeling, 
we choose the high-index direction [44] as the incidence 
direction of the PKA. The cascade process lasts 90 ps for the 
FeMnNiCr model, while for the Ni model, the duration of 
the cascade simulation is set to 60 ps due to its faster recov-
ery to the equilibrium state. Meanwhile, considering the 
randomness of the PKA location and the disordered nature 
of the high-entropy alloy structure, we perform a total of 
10 displacement cascade simulations for the two models to 
analyze the formation, migration, and combination process 
of the defects.

Moreover, we also simulate the accumulation of defects 
under long-term irradiation by introducing Frenkel pairs 
(FPs) at a concentration of 1% in a stochastic manner. The 
simulation process is as follows: initially, systems with pre-
set defects are allowed to evolve naturally to the equilibrium. 
Subsequently, a PKA is randomly selected within the sys-
tem, and a displacement cascade simulation is initiated to 
analyze the defect evolution.

2.2 � Defect Analysis

The open source visualization software OVITO [45] is 
applied to analyze the generation, evolution, and distribution 
of defects during the cascade process. The interstitial atoms 
and vacancy defects generated during the cascade process 
are identified using Wigner–Seitz method [46]. The defects 
are categorized into clusters of different sizes according to 
the given truncation radius by Cluster analysis. Clusters 
containing 1–2 defects are defined as small clusters, those 
with 3–10 defects as medium clusters, and those with more 

than 10 defects as large clusters. Dislocation analysis (DXA) 
[47] is used to identify the dislocations generated during the 
displacement cascade.

2.3 � Thermal Conductivity

The thermal conductivities of FeMnNiCr and Ni are calcu-
lated by the non-equilibrium molecular dynamics method 
(NEMD) [48]. A model with dimensions of 300 a0 × 4 a0 × 4 
a0 is constructed with a temperature gradient for a continu-
ous simulation of 100 ps in order to simulate the heat trans-
fer process. Subsequently, the thermal conductivities of two 
materials at a temperature of 600 K are calculated according 
to Eq. (1).

where J denotes the heat flow density. A  is the cross-sec-
tional area for heat transfer; and ∇T is the temperature gradi-
ent during heat transfer.

2.4 � Migration Properties of Defect Clusters

Within a simulation cell of dimensions 20 a0 × 20 a0 × 20 
a0, an interstitial cluster composed of 9 atoms is modeled. 
Given the compositional complexity and inherent disorder in 
FeMnNiCr, the migration barrier is high, which hinders the 
mobility of defect clusters at equivalent temperatures. Con-
sequently, we adjusted the simulation temperatures to 800 K 
for Ni and 1200 K for FeMnNiCr to observe the migration 
behavior of interstitial clusters in both materials.

3 � Results and Discussion

3.1 � Defect Generation and Cascade Evolution

Figure 2 illustrates the evolution of Frenkel Pairs forma-
tion in FeMnNiCr and Ni alloys during displacement cas-
cades initiated by PKA with an initial energy of 30 keV. 
The FPs formation process in both alloys can be broadly 
categorized into three distinct stages: the initial rapid growth 
stage, where PKA transfer energy through collisions, induc-
ing sub-cascades and a rapid rise in the number of FPs to a 
peak; the subsequent stage is the defect recombination stage, 
wherein numerous interstitial atoms interact with vacancy 
defects, leading to a gradual reduction in the number of FPs 
until a quasi-steady state is achieved; the final stage marks 
the onset of long-term diffusion, during which the number of 
FPs maintains a dynamic equilibrium. However, the evolu-
tion of defects in this phase is challenging to discern due to 
the constrained observation timeframe.

(1)� =
−J

A × ∇T
.
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During the rapid growth stage, FeMnNiCr exhibits a 
delayed peak in FPs formation compared to Ni, yet surpasses 
Ni in terms of the number of FPs. As the system transits to 
the defect recombination phase, the number of FPs in Ni 
decreases swiftly, approaching equilibrium, whereas FeMn-
NiCr displays secondary peaks, a phenomenon observed by 
previous research [41, 49]. These secondary peaks occur 
due to shock waves reentering the MD cell through periodic 
boundaries, which only has slight influence on the cascade 
dynamics.

In order to describe the degree of defect recombination 
at the end of the cascade for the two materials, the defect 
recombination rate η is used to evaluate the defect recom-
bination effect at the end of the cascade, with the following 
equation:

where FPspeak is the number of FPs at peak during the cas-
cade process and FPsstable denotes the number of residual 
FPs in material at equilibrium. Table 1 shows the time and 
number of FPs reaching the peak and equilibrium states dur-
ing the displacement cascade process of FeMnNiCr and Ni. 
The defect recombination rate of the two materials is calcu-
lated according to Eq. (2). The results show that the number 
of FPs at peak in FeMnNiCr is twice greater than that in 
Ni. Similarly, the similar composed high-entropy alloys also 
produced more defects than Ni during rapid growth stage, 
such as CoCrFeNiMn [41] and CoCrFeNi [29], which may 
be attributed to the lower atomic displacement energy of 

(2)� =

FPspeak − FPsstable

FPspeak
.

the high-entropy alloys. However, the evolution time of the 
cascade in FeMnNiCr during the defect recombination stage 
is significantly longer than that in Ni, and the number of 
residual FPs at equilibrium is less than that in Ni. FeMnNiCr 
exhibits a higher recombination rate, which leads to the bet-
ter irradiation resistance properties of FeMnNiCr than Ni.

3.2 � Defect Distribution and Dynamic Evolution

Figure 3 shows the spatial distribution of defects in FeMn-
NiCr (panels a-b) and Ni (panels c-d) at the thermal peak and 
the end of the cascade. In panels a and c, it is evident that 
defects in FeMnNiCr at the thermal peak are predominantly 
clustered, whereas in Ni, a notable migration of defects is 
observed. This disparity is accentuated at the end of cas-
cade, as illustrated in panels b and d, with residual defects 
in FeMnNiCr remaining relatively concentrated. Kumar 
et al. [22] observed the limited increase of dislocation loop 
in FeNiMnCr under ion irradiation by experiments, which is 
consistent with our results. However, residual defects in Ni 
exhibit a more dispersed pattern, which mitigates the like-
lihood of interstitial atoms encountering and recombining 
with vacancies, leading to larger residual defects.

The size and number distribution of defect clusters in 
FeMnNiCr and Ni at the end of cascade is shown in Fig. 4. 
The majority of interstitial atoms in FeMnNiCr are in small 
clusters, typically comprising 1–2 atoms, with the aggre-
gation into larger clusters being markedly suppressed. In 
contrast, in Ni, the small interstitial clusters exceed that in 
FeMnNiCr, and there is a greater propensity for interstitial 
atoms to evolve into stable, larger clusters. The fraction of 
larger interstitial clusters in FeMnNiCr is less than in Ni, 
with the largest clusters in FeMnNiCr being approximately 
one-third the size of those in Ni. This observation is cor-
roborated by recent research conducted by Lu et al. and Lin 
et al. Lu et al. [20, 50] reported that experimentally irradi-
ated Ni had larger interstitial clusters than HEA. Lin et al. 
[29] demonstrated that the size of interstitial clusters in Ni 
kept increasing, but those in HEA remained diminutive 
with the increase of irradiation dose through MD simula-
tions. Collectively, both experimental and simulation find-
ings reveal that the interstitial clusters in Ni under higher 

Fig. 2   Evolution of the number of FPs with respect to time during 
cascade displacement process for two materials, FeNiMnCr (red line) 
and Ni (black line), where the PKA energy is EPKA = 30  keV. The 
inset is the zoom-in of the plot within 20 ps. The Stage I and Stage II 
are marked

Table 1   Time, number of FPs, and defect recombination rate when 
reaching the cascade spike and steady state

Sample Time to 
peak (ps)

Number 
of FPs at 
peak

Time to 
steady 
(ps)

Number 
of surviv-
ing FPs

Defect 
recom-
bination 
rate

FeMn-
NiCr

1.77 17,970 79.12 34 99.81%

Ni 1.03 7347 10.34 67 99.08%
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Fig. 3   Spatial distribution of defects at the thermal peak for a FeMnNiCr and c Ni, compared to that at the end of the cascade for b FeMnNiCr 
and d Ni

Fig. 4   Size distribution of defect clusters in FeMnNiCr (yellow) and Ni (green) at the end of cascade: a interstitial clusters, b vacancy clusters, c 
the largest defect clusters
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irradiation conditions are considerably larger than those in 
HEA, aligning with the outcomes of this study.

Figure 4b indicates that, while the number of residual 
vacancy defects in FeMnNiCr is lower than in Ni, there 
exists a notable disparity in the size distribution of vacancy 
clusters between the two materials. It is evident that the 
vacancy defects in Ni predominantly form 1–2 atom clus-
ters, which are significantly more numerous than those in 
FeMnNiCr. Conversely, the vacancy defects in FeMnNiCr 
are more prone to aggregating during the displacement cas-
cades, leading to the emergence of medium to large-sized 
vacancy clusters, a pattern that aligns with experimen-
tal observations [51]. Nonetheless, the size of the largest 
vacancy clusters formed in both FeMnNiCr and Ni is gener-
ally modest, implying that the propensity for large vacancy 
cluster formation within the crystal lattices is mitigated.

3.3 � Potential Energy and Temperature

To investigate the kinetic behavior of defects in FeMnNiCr 
during irradiation, we assess the potential energy of from 
the beginning to equilibrium of the cascade. As depicted 
in Fig. 5(a), at the beginning of the cascade, the PKA atom 
collides with other atoms, resulting in the potential energy 
of system rapidly climbing to the peak. Subsequently, the 
potential energy declines gradually, eventually reaching 
equilibrium after an extended period. Despite the identical 
initial kinetic energies of PKA atoms in both FeMnNiCr 
and Ni, the potential energy in Ni dissipates more rapidly, 
achieving equilibrium within 60 picoseconds. Nonethe-
less, the potential energy of FeMnNiCr remains unbal-
anced even after 90 picoseconds, even though the num-
ber of defects has reached a dynamic equilibrium. This 
suggests that the rate of energy dissipation in FeMnNiCr 
is markedly slower compared to Ni. Consequently, this 

extended time frame allows for additional defect evolution 
and promotes the encounter and recombination of intersti-
tial atoms with vacancies.

Temperature is a critical determinant of the rate of 
energy dissipation and the migratory dynamics of defects. 
We have conducted a subsequent analysis of the system 
temperature throughout the cascade process. Figure 5b 
illustrates the temperature fluctuations in FeMnNiCr and 
Ni. Despite the initial temperature in Ni being higher than 
that in FeMnNiCr, it quickly stabilizes at a steady state. 
However, FeMnNiCr exhibits a more gradual temperature 
decline, mirroring the trend of potential energy variation, 
and fails to return to 600 K even after 90 picoseconds of 
cascade evolution. This observation implies that FeMn-
NiCr has a prolonged thermal peak duration compared to 
Ni.

To explain the different temperature trends that occur 
in the two materials, we have calculated the thermal con-
ductivity of the materials. The results show that the ther-
mal conductivity of FeMnNiCr is 5.46 W/m·K, while that 
of Ni is 35.19 W/m·K, with the latter being about eight 
times that of the former. Zhang et al. [52] have observed 
the similar phenomenon through both experimental and 
computational studies.

Nickel-based alloys exhibit an increase in chemical 
disorder, which correlates with a substantial reduction 
in thermal conductivity as the number of constituent 
elements increases. The elevated chemical disorder in 
FeMnNiCr contributes to reduced thermal conductivity 
and prolonged heat dissipation, which in turn extends the 
thermal peak duration, slows the energy dissipation rate, 
and allows for greater opportunity for defect migration. 
This facilitates increased encounter between interstitial 
atoms and vacancies, leading to a reduction in residual 
defects within the system at steady state.

Fig. 5   a Potential energy in the FeMnNiCr (red) and Ni (green) during displacement cascades. b Temperature of FeMnNiCr and Ni during dis-
placement cascade process
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3.4 � Migration Properties of Defect Clusters

Figure 3b, d demonstrates that the migration distance of 
defects in Ni exceeds that in FeMnNiCr under identical ini-
tial conditions and PKA energies. To elucidate the divergent 
defect migration behaviors observed in the two materials, we 
assess the migration dynamics of defect clusters in Ni and 
FeMnNiCr by determining their mean free paths. Figure 6 
shows the migration trajectories of interstitial clusters, each 
consisting of 9 atoms, in both materials. In Ni, interstitial 
clusters exhibit one-dimensional migration along a particu-
lar dense row direction, covering greater distances, aligning 
with prior experimental and simulation studies on the migra-
tion patterns of simple metals [20, 53–55]. In contrast, the 
migration direction of the interstitial clusters in FeMnNiCr 
shows randomness with shorter migration distances, and 
exhibits three-dimensional motions, which is similar to that 
of the migration of NiFe clusters observed experimentally 
by Lu et al. [4] and the migration of CoNiCrFeMn found by 
Li et al. [24] in simulation.

Based on the above conclusions, we further explain the 
different migration modes of interstitial clusters in Ni and 
FeMnNiCr by the Cage-model [56]. In polyalloys, certain 
constraints are formed between minor elements randomly 
distributed in the lattice position, which makes the intersti-
tial clusters exhibit one-dimensional motions in the local 
spatial range and turn to three-dimensional motions on the 
constrained surfaces. The Cage-model proposes the interre-
lationship between the mean free path λ and the proportion 
of minor elements, c:

where A and B are coefficients. In FeMnNiCr, the elements 
are uniformly and randomly dispersed, resulting in a minor 

(3)� = Ac
−

1

3 + B.

element proportion of 75% for any given element. The Cage 
model indicates that the mean free path is inversely related 
to the proportion of minor elements, leading to a notably 
reduced value. The migration of interstitial clusters within 
the crystal lattice is markedly constrained. This transition 
from one-dimensional to three-dimensional migration pat-
terns contributes to the observation of fewer residual defects 
in FeMnNiCr relative to Ni. In Ni, defects travel greater dis-
tances due to one-dimensional migration, reducing the like-
lihood of interstitial atoms encountering and recombining 
with vacancies, thus leaving a higher number of defects in 
the system at equilibrium. Conversely, the three-dimensional 
motion in FeMnNiCr results in slower defect migration, 
enhancing the probability of interstitial atoms encounter-
ing and recombining with vacancies, thereby substantially 
decreasing the number of residual defects. Kumar et al. [22] 
observed that the size of dislocation loops in FeNiMnCr 
was always small when the irradiation temperature increased 
from 400 °C to 700 °C in the experiment, which is consist-
ent with our results. In summary, the compositional com-
plexity of FeMnNiCr imparts a reduced mean free path and 
increased defect complexity, conferring enhanced irradiation 
resistance compared to Ni.

3.5 � Displacement Cascade Simulations Under 
Prolonged Irradiation

Despite the displacement cascade indicating the superior 
irradiation resistance of FeMnNiCr over Ni, actual irradia-
tion is a prolonged process that induces substantial altera-
tions in the internal microstructure of material. To enhance 
our comprehension of the impact of prolonged irradiation 
on material irradiation resistance, we have conducted fur-
ther investigations into the evolution of accumulated defects 
under sustained irradiation conditions.

Fig. 6   Migration trajectories of interstitial clusters with 9 atoms: a Ni, T = 800 K; b FeMnNiCr, T = 1200 K
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Figure 7a, b illustrates the distribution of dislocations 
resulting from the natural evolution of the two materials 
with pre-set defects. The findings indicate that point defects 
in Ni are prone to aggregating, assimilating surrounding 
minor defects to form stable, large defect clusters that even-
tually evolve into dislocations. With time, these dislocations 
become randomly dispersed throughout the system, leading 
to substantial alterations in the microstructure. Conversely, 
in FeMnNiCr, the observed dislocation density is markedly 
reduced, with the majority of defects remaining in the form 
of small clusters, and the aggregation into larger defect clus-
ters is notably inhibited.

The disparity becomes even more pronounced following 
the displacement cascade simulations, as depicted in Fig. 7c, 
d. The number of dislocation in FeMnNiCr rises modestly, 
whereas in Ni, it experiences a near doubling. By the end 

of the cascade simulation, the dislocation line length in Ni 
extends to approximately 275.2 nm, nearly seven times the 
length of dislocations in FeMnNiCr 42.8 nm. These findings 
suggest that under prolonged irradiation, defects in FeMn-
NiCr predominantly exist as small clusters, with fewer large 
defect clusters forming. Therefore, FeMnNiCr exhibits better 
irradiation resistance than Ni after prolonged irradiation.

3.6 � Evolution of Displacement Cascade Defects 
in Different High Entropy Alloys

As previously discussed, FeMnNiCr exhibits superior irra-
diation resistance relative to Ni. Nonetheless, the durabil-
ity of this advantage in comparison to other high-entropy 
alloys, renowned for their exceptional anti-irradiation prop-
erties, remains to be determined. Therefore, we perform 

Fig. 7   Dislocation distribution in the system with preset defects at equilibrium: a Ni, b FeMnNiCr. Dislocation distribution in the system at the 
end of displacement cascade: c Ni, d FeMnNiCr



1665Atomistic Insights into the Irradiation Resistance of Co‑Free High Entropy Alloy FeMnNiCr﻿	

displacement cascade simulations for HEAs with excellent 
anti-irradiation properties, namely NiCoFeCrMn [23–25], 
and NiCoCrFe [29–31], in comparison to FeMnNiCr. The 
simulations for each HEA are both conducted 10 times.

Figure 8 illustrates the evolution of the number of FPs 
throughout the displacement cascades in the three HEAs. 
The results show that the HEAs display comparable trends, 
with FeMnNiCr exhibiting a higher peak defect density rela-
tive to the other HEAs, yet it maintains a more extended 
thermal peak duration. At the end of cascade process, the 
number of residual defects follows the order: CoCrFeN-
iMn < FeMnNiCr < CoCrFeNi. Although the number of 
residual defect number in FeMnNiCr is marginally higher 
than that in CoVrFeNiMn, the discrepancy is minimal. Fur-
thermore, the absence of Co elements in FeMnNiCr miti-
gates the risk associated with its application, rendering it a 
highly promising candidate for nuclear structure materials.

4 � Summary

This study employs molecular dynamics simulations to 
investigate the displacement cascade process in the cobalt-
free high-entropy alloy FeMnNiCr at a high-temperature 
irradiation environment of 600 K, comparing its behavior 
with that of Ni and other HEAs. The study examines the 
evolution of point defects induced by the displacement cas-
cade effect and the distribution patterns of residual defects in 
FeMnNiCr. The study elucidates the following three micro-
scopic mechanisms contributing to the remarkable irradia-
tion resistance of FeMnNiCr.

First, FeMnNiCr has prolonged thermal peak durations 
during irradiation, accompanied by a slower rate of energy 
dissipation. This characteristic extends the time frame within 
which interstitial and vacancy defects can encounter and 
recombine within the material.

Second, the interstitial clusters of FeMnNiCr have a rela-
tively shorter mean free path, displaying three-dimensional 
spatial migration tendencies. This leads to a more concen-
trated defect distribution in space, significantly enhancing 
the encounter rate between defects, thereby facilitating a 
more efficient defect annihilation process and minimizing 
the residual defect population.

A last, under prolonged irradiation, defects in FeMnNiCr 
predominantly manifest as small clusters compared to Ni. 
Other HEAs, FeMnNiCr and NiCoFeCrMn exhibit similar 
residual defect profiles to FeMnNiCr post-displacement cas-
cade. Given the absence of cobalt in FeMnNiCr, it holds 
promise for applications in nuclear structure materials.

Our atomistic insights into the mechanisms of the irradia-
tion resistance of FeMnNiCr might be helpful in material 
design of the next-generation reactor structure materials in 
nuclear energy.
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