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The precipitation of Cu-rich phases during the irradiation process will reduce radiation resistance in Fe-Cu-Mn-Ni
reactor pressure vessel steels. Therefore, high-entropy alloys with excellent radiation resistance are expected to
replace reactor pressure vessel steels and become structural materials for fusion and generation IV fission re-
actors. This study investigated the phase formation, spinodal decomposition tendency, and radiation resistance of
the FeCuMnNi high entropy alloy using a multi-scale method. The results show that FeCuMnNi alloy has a dual-

Radiation
phase face-centered-cubic structure. Here, for the first time, we found that the precipitation phase of the
FeCuMnNi high-entropy alloy during the irradiation process is a Mn-rich phase rather than a Cu-rich phase found
in conventional Fe-Cu-Mn-Ni reactor pressure vessel steels. Mn separates from the Cu-Mn-rich phase and forms
Fe-Mn-Ni clusters with a Fe-Ni phase during irradiation.

Introduction examined RPV steels from various countries using Atom Probe Tomog-

The Fe-CuMnNi alloys, categorized as a type of Reactor Pressure
Vessel (RPV) steels, have been serving for a long time in the harsh
environment of high temperature, high pressure, and intense irradia-
tion. The presence of solute clusters and matrix damage (vacancies and
dislocations) during irradiation in RPV steels hinders the movement of
dislocations, leading to a reduction in the alloy’s plasticity and causing
irradiation embrittlement [1,2]. Odette et al. [3] provided an overview
of the history and current status of prediction models for reactor pres-
sure vessel (RPV) steel’s ductile-to-brittle transition temperature and
concluded that Cu, Ni, and P are the primary elements contributing to
the embrittlement of RPV steels. Among them, Cu is the primary
contributor to hardening and embrittlement in neutron-irradiated RPV
steels, and it is classified as an impurity element within RPV steels [4].
Research has indicated notable differences in behavior between high-
copper (>0.1 %) and low-copper (<0.1 %) RPV steels under irradia-
tion. In high-Cu RPV steels, radiation enhanced the formation of Cu-rich
phases, whereas the formation of Mn-Ni-rich phases is contingent upon
the existence of Cu-rich phases [5]. Researchers have systematically
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raphy and have consistently observed the enrichment of elements like
Mn, Ni, and Si within the Cu-rich phases [6]. The presence of Cu-rich
phases in RPV steels leads to increased hardness and induces irradia-
tion hardening. In low-Cu RPV steels, the primary precipitation type
induced by irradiation is the Mn-Ni-rich phase. Thermodynamic and
kinetic models have confirmed that the formation of the Mn-Ni-rich
phase is independent of copper [7]. Castin et al. [8] have developed a
microstructure evolution theory and model that can quantitatively
predict the formation of solute clusters in ferrite, confirming that the
embrittlement of ferritic steel under irradiation is primarily determined
by the formation of nanoscale solute clusters. Almirall et al. [9] indi-
cated that Mn-Ni interactions play a dominant role in determining the
volume fraction of Mn-Ni-Si intermetallic precipitates. The Mn-Ni-rich
phase is considered one of the main factors contributing to irradiation-
induced embrittlement and fracture. Consequently, the question of
how to control the composition of RPV steels to enhance their radiation
resistance is an urgent matter that needs to be addressed.

The high-entropy alloys (HEAs) proposed by Yeh et al. [10] and
Cantor et al. [11] in 2004 have shattered the traditional concept of alloy
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design. By adjusting their composition, HEAs can exhibit a single or
multi-phase structure, which possesses exceptional properties compared
to traditional alloys. These properties include good corrosion and wear
resistance [12], elevated-temperature thermal stability and reasonable
ductility [13], high ultimate tensile strength [14], and great fatigue
resistance [15]. Recent studies have indicated that some HEAs also
exhibit favorable radiation resistance, such as the NiCoCrFe [16],
CoCrFeMnNi [17], AlICoCrFeNi [18], and so on. Xu et al. [19] predicted
the possible formation of vacancy clusters in the CoCrFeMnNi HEA
based on first principles when high-energy ion or neutron irradiation
causes cascade damage. The complex composition of the Ni-Co-Cr-Fe
HEA restricts defect migration and alters the energy distribution,
influencing defect dynamics and promoting the annihilation of radiation
damage [16,19-22]. These mechanisms ultimately contribute to
improved radiation tolerance in HEAs. Therefore, HEAs are considered
promising structural materials for Gen-IV fission reactors [23]. How-
ever, existing research has primarily focused on single-phase HEAs, and
it remains uncertain whether they can retain excellent radiation resis-
tance when the phase structure of the HEA transitions to a dual-phase
face-centered-cubic (FCC) or body-centered-cubic (BCC) solid solution.
So far, there has been a lack of comprehensive investigations into the
radiation resistance mechanisms of multiphase HEAs. This situation
provides the motivation for this research.

The phase formation and phase decomposition trends of alloys can be
accurately predicted based on the first-principles method by calculating
the energy of the alloys [24]. Moreover, the calculation of alloy prop-
erties can assist in the experimental screening of high-performance al-
loys. From the perspective of Newtonian mechanics, molecular
dynamics can predict the structural evolution of alloys by solving the
interaction potential and equation of motion between atoms and
studying the mechanical properties, thermodynamic properties, and
anti-radiation properties of alloys [25]. This work employs a multiscale
approach (experimental, first-principles, and molecular dynamics) to
investigate the phase formation, decomposition tendencies, and radia-
tion resistance properties of FeCuMnNi HEA. The phase formation of
FeCuMnNi HEA was studied through experimental investigations.
Furthermore, by combining first-principles calculations, the underlying
reasons for the occurrence of spinodal decomposition in FeCuMnNi HEA
were elucidated. The irradiation resistance of FeCuMnNi HEA was
investigated via molecular dynamics simulations, providing insights
into the formation mechanisms of point defects, defect clusters, and
dislocation loops. To ensure comparability of results, this study employs
commonly used pure Ni as reference material in contrast to FeCuMnNi
HEA. This choice is made because RPV steel has a different crystal
structure (BCC) compared to FeCuMnNi HEA.

Methodology

In this study, we investigated the phase formation of FeCuMnNi HEA
through experiments. From these results, the FeCuMnNi HEA models
were constructed using the first-principles method, and the theoretical
X-ray diffraction patterns were calculated to check the model’s accu-
racy. We analyzed the reasons behind the spinodal decomposition of
FeCuMnNi HEA by calculating its formation energy, spinodal decom-
position energy, and density of states (DOS). Afterward, molecular dy-
namics models were created to compare the radiation resistance
performance of FeCuMnNi HEA with Ni.

Experiment

Metal particles of Fe, Cu, Mn, and Ni with a purity of more than
99.99 wt% (wt.%) were selected as raw materials and weighed at the
nominal composition ratio of 1:1:1:1. The FeCuMnNi HEA was synthe-
sized by arc melting under a high-purity argon atmosphere. The crystal
structure of the FeCuMnNi HEA was characterized using X-ray diffrac-
tion (XRD) with CuKa radiation (RIGAKU D/Max-RB), scanning angles

Nuclear Materials and Energy 37 (2023) 101534

ranging from 20° to 90°. The microstructures in different states were
characterized by Hitachi SU5000 scanning electron microscopy (SEM),
and the chemical compositions in different regions were investigated
using X-ray energy dispersive spectrometry (EDS) attached to SEM.

First-principles calculations

First-principles calculations were performed using the Reflex Powder
Diffraction module [26] and Cambridge Sequential Total Energy Pack-
age (CASTEP) [27]. The virtual crystal approximation (VCA) [28]
method was used to construct FCC and BCC models of the FeCuMnNi
HEA. If the alloying elements are adjacent in the periodic table (i.e.,
atoms from neighboring rows or columns), the VCA method is typically
applicable and effective. The concept of VCA is replacing real alloys with
“virtual” metals composed of weighted average values of different
alloying elements within the parent alloys. Although VCA is considered
a simplified alternative to solid solutions, numerous examples demon-
strate the reliability of using VCA for studying alloys composed of re-
fractory elements [29,30]. First, the FCC (BCC) unit cell with a lattice
constant of 3.57 A 2.7 f\) was created and introduced Fe atoms into the
cell, containing 4 (2) atoms. Then, we vary the Fe element occupancy
concentration within the Fe atoms and incorporate Cu, Mn, and Ni atoms
based on their respective concentrations. This method is suitable for
alloys with similar chemical elements, and the accuracy has been veri-
fied in other work [31,32]. To verify the accuracy of the models, the
theoretical X-ray diffraction patterns of the VCA models were computed
and compared to experimental results. Reflex achieves the optimal fit
between simulated and experimental XRD patterns by optimizing the
crystal structure. Simultaneously, it takes into account the crystal’s en-
ergy to achieve a joint optimization of similarity and potential energy
between experimental and simulated, resulting in a crystal structure that
not only matches the experimental but is also close to the minimum
potential energy. Reflex can dynamically update as the crystal structure
changes and can be fine-tuned by incorporating various experimental
conditions and correction factors to achieve the best consistency be-
tween simulation and experimental data. For more detailed information
about Reflex, one can refer to Ref. [33]. The theoretical XRD analysis is
based on the Bragg-Brentano diffraction principle, with a scanning angle
range of 20° to 90°. The Bragg-Brentano correction was using Eq. (1)
[34]:

200 = 20 + Ty + Ticos(0) + Tsin(20) (@)

where T is the zero-point correction,

180\ (r—s)
n= ()" % @
180 1
L= (7) 2mR 3

where s is the displacement of the sample surface for the axis of the
goniometer, R is the radius of the goniometer circle, and m is the linear
absorption coefficient of the sample.

Through the calculation of formation energy, spinodal decomposi-
tion energy, and density of states (DOS) for FeCuMnNi HEA, we analyze
the factors contributing to its spinodal decomposition. The Perdew-
Burke-Ernzerhof (PBE) in the general-gradient-approximation (GGA)
function was used to describe the accuracy of the exchange—correlation
formalism [35,36]. The relationship between the ion nuclei and valence
electrons is represented by the ultra-soft pseudo-potential (USPP) [37].
It’s worth noting that USPP is used here because it effectively captures
the thermal equilibrium properties of Cu in Fe, which is crucial for
simulating and analyzing the modulation decomposition trends in
FeCuMnNi HEA. The calculation converges when the total energy was
less than 5 x 107 eV/;\, the force on each atom was below 0.01 eV//o\,
the stress deviation was below 0.02 GPa, and the maximum
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displacement of each atom during structure relaxation was under 5 x
10~* A. The plane-wave cutoff energy is 500 eV. The k point is set to 11
x 11 x 11 according to the Monkhorst-Pack scheme [38] in the Brillouin
zone.

The formation energy can be calculated using Eq. (4),

E = Epai — XEre — YEc, — nEy, — mEy; (C))

where, E;, is the total energy of FeCuMnNi, Ep, Ecy, Epn, and Ey; are
the energies of Fe, Cu, Mn, and Ni atoms respectively, and, x, y, n and m
refer to the concentration of each element.

The spinodal decomposition energy is calculated using Eq. (5),

-~ (1 y ) EOCu y [025Cu 5)

Cu
AE = E) - 0_2 Solution ~ E Solid

Solution

where AE is the spinodal decomposition energy, Eﬁfﬁmn is the total en-
ergy of a solid solution containing y concentration Cu, EZ% . is the total
energy of solid solution without Cu (i.e. the total energy of FeMnNi), and
E225Cu s the total energy of a solid solution containing 0.25Cu con-
centration (i.e. the total energy of FeCuMnNi).

Molecular dynamics simulation

The molecular dynamics simulation of the displacement cascade of
the FeCuMnNi HEA and pure Ni is completed by the large-scale atomic/
molecular massively parallel simulator (LAMMPS) [39]. First, a pure Fe
(Ni) model with a lattice parameter of 3.57 A (3.52 10\) was created. The
Fe atoms in pure Fe are randomly substituted with Cu, Mn, or Ni atoms
based on their respective atomic percentages. Then, the initially con-
structed FeCuMnNi alloy models were simulated with hybrid MC/MD at
300 K to optimize the element distribution. For the hybrid MC/MD
simulation, we randomly exchanged the positions of two different types
of atoms and calculated the variation in potential energy AU before and
after the swap. If the energy of the system after the atomic exchange was
lower than the energy before, the MC exchange was accepted. Other-
wise, there is a probability that it will be accepted according to Eq. (6),
and the acceptance criteria for atomic swaps were based on the
Metropolis probability value [40].

E(i+1)—E(7)
P=e¢ w (6)

where k is the Boltzmann constant and T is the temperature. If a
randomly generated number R within the range [0,1] is less than or
equal to the Metropolis probability P, then the MC exchange is accepted.
Otherwise, the exchange is rejected. In the atom/swap process, the MC
steps are interchanged with MD relaxations, and a molecular dynamics
calculation is performed for each Monte Carlo exchange, where the
energy change before and after the exchange is determined through
energy minimization.

The Primary Knock-on Atoms (PKA) with energies of 5 keV, 10 keV,
15 keV, and 20 keV were set in the unit cell, including a 30a x 30a x 30a
unit cell for Epga of 5 keV, a 40a x 40a x 40a unit cell for Epga of 10 keV,
a 50a x 50a x 50a unit cell for Epga of 15 keV, and a 60a x 60a x 60a
unit cell for Epgp of 20 keV. For convenience, we referred to it as 30
model, 40 model, 50 model, and 60 model, respectively, for short. a is
the equilibrium lattice constant. The simulation is divided into two parts
in the whole process. A thermostat area is established in the outermost
layer of models to ensure that the simulation area maintains a certain
temperature. The thickness of the thermostat area depends on the size of
the system. The 30 model is 3 lattice units, 40 model is 4 lattice units, 50
model is 5 lattice units, and 60 model is 6 lattice units. The simulation
area of the cascade collision is located within models. Before initiating
the cascade simulation, the conjugate gradient method [41] was used to
minimize the energy of the structure obtained from the hybrid MC/MD
simulation, followed by relaxation of 30 ps in an isotherm-isobaric
ensemble (NPT) at 300 K. The central Fe atom at the top of the model
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was chosen as the PKA for the simulation, and the [135] high-index
recoil directions [42] was chosen as the incident direction of the PKA
atom to avoid channeling effects. In the displacement-cascade process,
all atoms are under the constant volume and energy (micro-canonical
ensemble, NVE) ensemble, and the simulation time is 150 ps. Ten cas-
cades were simulated for each unit cell at every energy to obtain an
average value.

The embedded atom method (EAM) potential, developed by Bonny
et al. [43], was used in this study. The Open Visualization Tool (OVITO)
was utilized for the resulting visualization and defect analysis [44-46].

Results
Phase structures

The experimental XRD diffractogram of the FeCuMnNi HEA is shown
in Fig. 1, together with the theoretical XRD diffractogram obtained from
the first principles. Here the experimental diffraction patterns are used
to prove the structure of the FeCuMnNi HEA, while DFT is used as an
additional benchmark. First of all, it can be seen from the experimental
results that the as-cast structure of the FeCuMnNi HEA is an FCC
structure. According to the simulation results, it can be found that the
theoretical X-ray diffraction of the FCC FeCuMnNi HEA has a peak dis-
tribution match with that of the experiment, while that of the BCC
FeCuMnNi HEA is far from the experiment in terms of the positions and
numbers of strong peaks. This is because the energy difference between
the FCC FeCuMnNi HEA and BCC FeCuMnNi HEA is —0.445 eV, indi-
cating that the FCC structure of the FeCuMnNi HEA is more stable.
Therefore, the first-principles calculation results can qualitatively
analyze the forming FCC phase of the FeCuMnNi HEA, providing a
robust theoretical basis for the experiment. Meanwhile, the experi-
mental results further validate the accuracy of the FeCuMnNi HEA
model.

Spinodal decomposition

(1) SEM analysis

From Fig. 1, the separation of the FCC diffraction peaks can be
observed, divided into FCC1 + FCC2 structures according to the

different lattice constants. This phase separation phenomenon also oc-
curs in AlCoCrFeNi and HfNbTiV alloys, and studies have shown that it is

FeCuMnNi HEA

Experiment
A FCC1 ——FCC (Cal)
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4 V FCC2 —— BCC (Cal.)
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Fig. 1. XRD pattern for the FeCuMnNi HEA.
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the result of spinodal decomposition [47,48]. A representative SEM
image and its elemental distribution are presented in Fig. 2. The SEM
analysis of the FeCuMnNi HEA revealed that the as-cast microstructure
is composed of a dendrite-interdendritic phase, where the dendrite (DR)
is a Fe-rich region, and the interdendritic (ID) is a Cu-rich area. The
distribution of Ni elements is relatively homogeneous throughout the
alloy, whereas Mn elements tend to enrich in the interdendritic regions.
As exhibited in Table 1, a comparison of the elemental composition
between DR and ID reveals significant segregation of components,
resulting in different lattice constants between FCC1 and FCC2. The
elemental distribution difference in alloys is determined by the nature of
each element and the enthalpy of mixing between them. The more
negative the enthalpy of mixing between two elements, the stronger the
binding force between them. Conversely, the higher the enthalpy of
mixing, the more likely they are to separate [49]. The mixing enthalpy,
AHM™ | further shows that Cu exhibits weak binding affinity with Fe,
Mn, and Ni due to its high positive mixing enthalpy with other elements.
As a result, it is prone to segregation in DR and forms regions rich in Cu.
In contrast, Fe-Ni and Mn-Ni exhibit lower mixing enthalpy, resulting in
a relatively homogeneous distribution of Ni elements. By comparing the
color discrepancy between Mn and Cu in Fig. 2, it is evident that the
dendritic region containing Mn appears lighter, indicating its presence
within both interdendritic and dendritic regions.

(2) First-principles analysis

The spinodal decomposition of the FeCuMnNi HEA is analyzed via
first-principles calculations. The occurrence of phase transition is a
result of the thermodynamic instability in the system. The second de-
rivative (0°G/ 052)T, p of the free energy for concentration can be used to
verify the stability of a solid solution, where G is the free energy of the
alloy and ¢ denotes the concentration of a component. To assess the
phase stability of FeCuMnNi HEA, we investigated the thermodynamic
and electronic properties of FeMnNiCu, (x = 0 ~ 1.1) HEAs, as pre-
sented in Fig. 3. Fig. 3(a) illustrates that the formation energies of
FeMnNiCu, (x = 0 ~ 1.1) HEAs become positive with increasing Cu
content, while 9°G/dc? is negative. It is concluded from x = 1 that the
FeMnNiCu HEA is thermodynamically unstable, and the composition
fluctuation of Cu will drive the decomposition of the solid solution.
FeMnNi is assumed to be the matrix, and FeMnNiCu, HEAs are regarded
as a pseudo-binary alloy to calculate the spinodal decomposition energy
of Cu, as illustrated in Fig. 3(a). If the separation energy is positive, the
solid-solution phase tends to undergo decomposition, and the trend of
decomposition is directly proportional to the separation energy. With

SU5000 20.0kV 13.5mm x1.00k BSE-ALL

20um
e———
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Table 1
Elemental compositions of DR and ID of the cast FeCuMnNi and mixing enthalpy
of each element.

Element D DR AH™M™ (kJ/mol)

wt.% at.% wt.% at.% Fe Ni Cu Mn
Fe 9.32 9.88 44.33 45.43 0 -2 13 0
Ni 19.93 20.09 23.90 23.29 - 0 4 -8
Cu 42.39 39.49 12.96 12.11 - - 0 4
Mn 28.36 30.55 18.82 19.60 - - - 0

the increase in Cu content, the solid solutions will have positive sepa-
ration energies, indicating that the FeMnNiCu, HEAs solid solutions
within the set composition range have the trend of spinodal decompo-
sition. It can be understood that Cu in the FeMnNiCu HEA readily dif-
fuses and segregates to form Cu-poor and Cu-rich regions. The phase-
field method is a viable approach to observing the evolution of the
microstructure morphology and spinodal decomposition of the alloy
[49-59].

To elucidate the electronic origin of the thermodynamic instability,
the partial density of states (PDOS) and total density of states (TDOS) of
the FeMnNi HEA and FeMnNiCu HEA are calculated, as presented in
Fig. 3 (b, ¢, d, and e). FeMnNi HEA and FeMnNiCu HEA exhibit both
spin-up and spin-down DOS. However, the similarity between the spin-
up and spin-down DOS in FeMnNi HEA results in weak magnetism,
whereas the asymmetric state DOS curves observed in FeMnNiCu HEA
indicate strong magnetism. For the FeMnNi HEA, the Fermi level is
located in the pseudo gaps of the s, p, and d bands. Consequently, the s,
p, and d bands are advantageously filled with electrons in the bonded
states (lower energy peaks), while the anti-bonded states (higher energy
peaks) are empty. For the FeMnNiCu HEA, although the Fermi level is
situated within the pseudo-gap of the s-band, it resides at a higher en-
ergy peak in both p- and d-bands. This trend indicates that the electrons
in the anti-bonded state occupy the p and d bands. Based on Fig. 3(e), it
can be inferred that the d-band mainly contributes to the TDOS of the
FeMnNi HEA and FeMnNiCu HEA, and the TDOS of the FeMnNiCu HEA
is greater than the FeMnNi HEA after adding Cu. Including electronic
states with higher energy in the packed band increases the system en-
ergy and makes it thermodynamically unstable [53]. Therefore, it is
predicted that the FeMnNiCu HEA will undergo spinodal decomposition
after Cu is added through first-principles calculations, and the mecha-
nism is explained.

20pm

Mn

20um
EE——cE

Fig. 2. SEM image of the FeCuMnNi HEA, illustrating the elemental distributions within both dendritic and interdendritic regions. Lighter colors in the distribution

of Fe, Ni, Cu, and Mn stand for higher concentrations.
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Radiation damage

Fig. 4 exhibits the number of Frenkel pairs generated by the
FeCuMnNi HEA and pure Ni under different PKA energies. From Fig. 4
(a), it is evident that the irradiation process comprises four distinct
stages: collision, thermal-spike, primary damage retention, and thermal
defect migration stage. Comparing the defect curve of the FeCuMnNi
HEA and Ni under identical PKA energy, it is observed that the collision
stage in FeCuMnNi HEA consumes more time, and the defect number
generated in the thermal peak stage is higher than the Ni. After the
cascade collision, the number of residual Frenkel pairs in the FeCuMnNi
HEA is lower than that in the Ni when the PKA energy is at 5 to 15 keV.
However, the number of residual Frenkel pairs in the FeCuMnNi HEA is
similar to the Ni at 20 keV. Additionally, secondary peaks are observed
in the FeCuMnNi HEA due to the formation of defects triggered by
elastic waves passing through the unit cell. According to reports, the
secondary peak has no impact on the final cascade damage [60].

In the Frenkel-pair quenching stage, interstitial atoms move to the
vacancy by diffusion, resulting in a high recombination probability of
the vacancy. From Fig. 4(b), it can be observed that the Frenkel-pair
recombination rate in FeCuMnNi HEA is higher than that of Ni. This is
because the HEAs have certain atomic-level stresses inside the alloy due
to the size difference of atoms, which confer excellent self-healing
ability upon HEAs [61]. However, the recombination of Frenkel pairs
is not solely attributed to this factor, as it is closely intertwined with the
diffusion coefficient of interstitial atoms and vacancies [62]. Lin et al.
[16] explained the reason why NiCoCrFe HEA has a higher defect
recombination rate than pure Ni in terms of thermal peak, thermal
conductivity, and interstitial binding energy. Li et al. [63] showed that
the vacancy and interstitial atoms of CoNiCrFeMn have similar mobility,
which means that the synchronization of interstitial and vacancy
migration could increase the probability of recombination. It is evident
from Fig. 4(b) that the recombination rate exhibited a significant in-
crease at 10 keV in the Ni, followed by a subsequent tendency to sta-
bilize. For the FeCuMnNi HEA, the recombination rate exhibits a linear
growth trend as PKA energy increases. The red curve in Fig. 4(b) pre-
sents the residual Frenkel pairs in the FeCuMnNi HEA and Ni at different
PKA energies. From position I, it can be found that 10 keV is the in-
flection point of residual Frenkel pairs changes in the FeCuMnNi HEA,
and the number of residual Frenkel pairs increases obviously on the right
side of the inflection point. Afterward, the growth trend of the residual
Frenkel pairs in Ni remained unchanged, while FeCuMnNi HEA
exhibited a second inflection point (position II) at 15 keV.
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Fig. 5 shows the evolution of the Frenkel pair at the end of the
cascade. When the Epga is 5 keV, isolated interstitial-atom/vacancies are
present in Ni and FeCuMnNi HEA. When the PKA energy is 10 keV, small
interstitial clusters are produced in the Ni, and the dumbbell-shaped
interstitial atoms (vacancies) defects are formed in the FeCuMnNi
HEA. As the PKA energy increases to 15 keV, dumbbell-shaped inter-
stitial-vacancies are formed in the FeCuMnNi HEA. The increase of Epga
accelerates the formation of vacancy clusters [Fig. 5(d) and (h)] and the
formation trend of large vacancy clusters is observed. Simultaneously,
when the PKA energy is 15 keV, the 1/3<11 1> Frank dislocation loop,
1/6<110> Stair-rod dislocation loop, and 1/6<112> Shockley dislo-
cation loop appear in the Ni. When the PKA energy is 5 to 15 keV, 1/
6<112> Shockley dislocation loops appear in the FeCuMnNi HEA.
When the energy increased to 20 keV, mixed dislocations appeared in
the FeCuMnNi HEA, including 1/6<112> Shockley dislocation loops
and 1/6<110> Stair-rod dislocation loops. Meanwhile, 1/3<110>
Hirth dislocation loop appears in Ni. Moreover, it can be seen intuitively
from Fig. 5 that the 1/6<112> Shockley dislocation loops in the
FeCuMnNi HEA are mainly formed by the aggregation of interstitial
atoms, while the aggregation of vacancies mainly forms the 1/6<110>
Stair-rod dislocation loops.

The numbers of interstitial atoms distributed in the clusters under
different PKA energies are presented in Fig. 6 (a)-(d). For all Epga
considered, the FeCuMnNi HEA has smaller sizes and fewer interstitial
clusters than pure Ni, indicating that the kinetics of interstitial clustering
is suppressed in the former. However, the inhibitory effect on cluster
formation depends on Epga. When Epgp increases from 5 to 10 keV,
FeCuMnNi HEA has more single interstitial-atom defects than Ni after
cascade simulations. Nevertheless, the total number of interstitial atoms
(or Frenkel pairs) in the FeCuMnNi HEA is slightly smaller than that in
the Ni (see Fig. 4), suggesting that the interstitial clusters of the
FeCuMnNi HEA may be inhibited. The number of clusters containing
11-30 interstitial atoms increases with the PKA energy in the two ma-
terials [Fig. 6(b)]. In connection with Fig. 4(b), it can be considered that
10 keV is the threshold energy to form clusters containing 11-30
interstitial atoms. Ullah et al. [64] mentioned that this inflection point
can serve as the threshold energy to form large interstitial clusters
(containing 50 or more interstitial groups in pure Ni). When Epgp rea-
ches 20 keV, the number of single interstitial atoms in the Ni increases
sharply compared to FeCuMnNi HEA, and there are no clusters con-
taining more than 30 interstitial atoms. For the FeCuMnNi HEA, clusters
containing more than 50 interstitial atoms are formed, leading to a
reduction in single interstitial and small-sized clusters. In connection

a b c d
2 ; Bl = . 1/3<111> Frank
PureNi| . G o d@d@ i ity I
‘ - ; ‘ B < 1/6<110> Stair-rod
30A 40A ‘ 504 dislocation loop
e f o g ° 1/6<112> Shockley
o ° o ° dislocation loop
° . (@ .......
°
FeCuMnNi if?) . . 1/3<110> Hirth
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* .00
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8A oo 134 o= | 17A e
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Cascade Energy

Fig. 5. Frenkel-pairs evolution diagram at the end of the cascade, red represents vacancies, and green represents denotes interstitial-atoms. e, f, g, and h are the
amplified images of the FeCuMnNi HEA irradiation region. (For interpretation of the references to color in this figure legend, the reader is referred to the web version

of this article.)
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shown in the figure are the average of 10-cascaded simulations, and the simulation time is 150 ps.

with Fig. 4(b), it can be found that 15 keV is the second inflection point
in the FeCuMnNi HEA.

Fig. 7 presents the distribution of vacancy numbers in the clusters
under varying Epga. When Epga ranges from 5 to 20 keV, Ni has more
single vacancy defects than the FeCuMnNi HEA after cascade simula-
tions, while the number of clusters containing 2-10 vacancies is less
than that of the FeCuMnNi HEA. However, at 20 keV, the number of
clusters containing 11-30 vacancies formed in the FeCuMnNi HEA is
more than that in the Ni, nearly 9 % of the vacancies separated to form
clusters containing 31-50 vacancies, and nearly 2 % of the vacancies
separated to form clusters containing 50 + vacancies. These results
indicate that the vacancies in the FeCuMnNi HEA tend to form large-
scale clusters under high PKA energies.

Discussion
Method discussion

Although VCA is considered a simplified alternative to solid solu-
tions, the VCA approximation’s major limitation lies in its disregard for
the atomic local environment, particularly the potential presence of
local chemical ordering. Nonetheless, this limitation did not exert a
significant impact on our research results. The XRD simulation results of
the FeCuMnNi HEA were consistent with experimental results, and the
spinodal decomposition energy and DOS accurately described the

instability and segregation tendencies of Cu in the FeCuMnNi HEA.
Therefore, in this study, the VCA method was applicable.

In addition, although we previously mentioned that USPP effectively
captures the thermal equilibrium properties of Cu in Fe, it is worth
noting that USPP tends to overestimate the magnetic moments of mag-
netic materials and cannot correctly describe the strongly varying core
part of the valence d-like orbitals [65]. Its accuracy for other properties
involving Fe, Ni, and Mn elements is significantly lower compared to
PAW. Therefore, when computing relevant properties of magnetic ma-
terials, the use of PAW is more accurate.

The molecular dynamics model was constructed according to the
experimental results to restore the alloy structure and phase composi-
tion in the current state as much as possible. The reliability of the model
using Metropolis Monte Carlo largely depends on the accuracy of the
interatomic potential used in the simulation, so one should be careful
when using it as a benchmark for experiments. In this study, the po-
tential for FeCuMnNi alloy, as fitted by Bonny et al., effectively captures
atomic interactions within FeCuMnNi alloy. Utilizing Metropolis Monte
Carlo can enable models closer to experimental results, thereby facili-
tating the study of the radiation resistance properties of FeCuMnNi HEA
in its current state.

The formation of segregation and clusters

The segregation tendency of elements after irradiation is further
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discussed by correlation function analysis. Take the 60a x 60a x 60a
model as an example, as presented in Fig. 8. The FeCuMnNi HEA still
maintains the FCC structure after the hybrid MC/MD simulation and
irradiation. After hybrid MC/MD simulations, we observe the strong
affinity between Fe-Ni and Mn-Cu pairs from Fig. 8 (a, ¢, and d), indi-
cating that the FeCuMnNi HEA will form the Fe-Ni-rich and Mn-Cu-rich
phases. The strong affinity of Cu-Cu is observed from the first peak in
Fig. 8(b), indicating that Cu is easily enriched to form a Cu-rich phase.
The hybrid MC/MD simulation result is consistent with the experimental
results in Section 3.2, which also proves the validity of our model.
Recently, the B2 MnNi ordered phase has been discovered in Chinese
commercial SA508Gr.3 steel [66]. In Fig. 8 (c and d), the second peak of
Mn-Ni is split into two sub-peaks, and the left shoulder peak indicates
the appearance of the short- and medium-range ordered structures [67].
The first principle demonstrates that the B2 MnNi phase has negative
formation energy and positive elastic energy modulus, which means that
the B2 MnNi phase is a potential precipitated phase in FeCuMnNi HEA.
In addition, the content of Cu, Mn, and Ni in FeCuMnNi HEA is signif-
icantly higher than that in RPV steel. Therefore, copper may act as a
catalyst to promote the formation of the B2 MnNi phase. This is due to
the facile formation of Cu-rich precipitates by Cu element in FeCuMnNi
high-entropy alloy, which provides a favorable heterophase interface for
the nucleation of the B2 MnNi phase [66]. However, further research is
necessary to determine whether the ordered phase of FeCuMnNi HEA is
the B2 MnNi phase.

After irradiation, the Fe-Ni pair still has a strong affinity, and Cu is
still dominated by Cu-rich clusters. Belkacemi et al. [68] have pointed
out that under irradiation, the redistribution of Ni atoms occurs through
point defect dragging, leading to solute clustering around dislocations,
dislocation loops, and vacancies, ultimately triggering the formation of
stable phases like FesNi. In our study, we have overlooked the contri-
bution of point defects to the kinetics of solute cluster formation, and the
impact of Ni on the radiation performance of FeCuMnNi HEA is worth
investigating. In future work, we will delve into this issue in more detail.
It is worth noting that Mn separates from Mn-Cu and begins to form the
Mn-Ni-rich phase with Ni, as shown in Fig. 8(h). At the same time, the
second peak of Mn-Ni in Fig. 8 (g and h) split into two sub-peaks, and the
left shoulder peak indicates the appearance of the short- and medium-
range ordered structures. After irradiation, the height of the left shoul-
der peak is significantly reduced, indicating that the extension of the
ordered structure is suppressed. The negative mixing enthalpy between
Ni and Mn atoms results in Ni atoms tending to bond with Mn atoms to
form Mn-Ni pairs. Therefore, irradiation induces the formation of MnNi
clusters. As pointed out by Belkacemi et al. [68], the mechanisms behind
solute cluster and phase formation seem to be predominantly radiation-
induced rather than radiation-enhanced. Previous studies indicate that
the formation of a Mn-Ni-rich phase is considered one of the primary
phenomena contributing to irradiation-induced embrittlement and
fracture. But we need to further investigate the mechanical properties of
irradiated FeCuMnNi HEA, such as tensile and nanoindentation, to



Q. Guo et al.

Nuclear Materials and Energy 37 (2023) 101534

gCuFe
gCuCu
8cuni

gCuMn

8 — 8
gF eCu T gCuCu
6 8reNi 6 — 8cuni
< <
S EFreMn s — Scuvn
4 4
2 2
0 0
2 4 6 8 10 2 4 6 8 10
w0 rA) . rd)
h gMnFe

6
rA)

assess the influence of Mn-rich phases on the radiation resistance of
FeCuMnNi HEA.

The number of defects corresponding to each element explains the
reason for the surge of surviving Frenkel pairs in the FeCuMnNi HEA at
20 keV, as shown in Fig. 9. Deluigi et al. [69] discovered that regardless
of the type of atoms utilized as PKA, the Cu atoms in the FeNiCrCoCu
HEA correspond to the most common defect type. However, in the
FeCuMnNi HEA, the most prevalent type of defect observed at Epga
values of 5 or 10 keV is Mn atoms, followed by Cu atoms and Fe atoms
the least. Existing research results show that under low-dose irradiation,

10

6
rA)

Fig. 8. The pair correlation function of the model after MC simulations (a, b, ¢, d) and after MD displacement cascades (e, f, g, h).

RPV steels are mainly Cu-rich precipitation, while low-Cu or Cu-free
RPV steels will form MnNi-rich precipitation under high-dose irradia-
tion [70,71]. The FeCuMnNi HEA is mainly composed of Cu-Mn clusters
and Mn-Ni clusters under low-dose irradiation. When Epka is 15 keV, the
number of Fe atom defects exceeds Cu atoms, forming Fe-Ni clusters
[Fig. 9(d)]. However, when Epga reached 20 keV, the number of Mn
atom defects increased sharply, and the FeMnNi large-scale clusters
without Cu began to form in the FeCuMnNi HEA. These large-size
clusters are the reason for the surge of surviving Frenkel pairs in the
FeCuMnNi HEA.
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Conclusions

In this work, the phase formation of FeCuMnNi HEA was studied
through experimental investigations. Furthermore, by combining first-
principles calculations, the underlying reasons for the occurrence of
spinodal decomposition in FeCuMnNi HEA were elucidated. The irra-
diation resistance of FeCuMnNi HEA was investigated via molecular
dynamics simulations, providing insights into the formation mecha-
nisms of point defects, defect clusters, and dislocation loops. The
research results show that:

(1) The FeCuMnNi HEA can undergo spinodal decomposition to form
the FCC1 (Fe-rich) + FCC2 (Cu-rich) phases.

(2) The theoretical XRD pattern is in agreement with the experiment.
The spinodal decomposition energy and density of states confirm
that the instability of Cu in FeCuMnNi HEA alloy leads to its easy
segregation.

(3) When the PKA energy is 20 keV, the defect recombination rate
after FeMnNiCu HEA irradiation is as high as 99 % compared
with Ni (98.1 %). Although FeCuMnNi HEA exhibits better ra-
diation resistance than pure Ni, this does not necessarily imply a
direct comparison with RPV steels. Furthermore, BCC alloys are
generally more resistant to radiation-induced swelling compared
to FCC alloys. Therefore, further research is needed to investigate
whether FeCuMnNi HEA has the potential to replace BCC RPV
steels in the future.

For the first time, we found that during irradiation, the precipi-

tation phase of the FeCuMnNi HEA is the Mn-rich phase rather

than the Cu-rich phase. This unique finding is due to Cu-rich
precipitates in the FeCuMnNi HEA providing a favorable heter-
ophase interface for the nucleation of MnNi clusters.
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