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ARTICLE INFO ABSTRACT

Keywords: A cobalt-free FeCrNi MEA was successfully synthesized and irradiated with 7.5 MeV Au ions at room temperature
Medium-entropy alloy over a wide fluence from 5 x 10'° to 5 x 10'® Au ions/cm?. Microstructural characterization shows that the
Microstructure

FeCrNi MEA exhibits low structural damage and high phase stability under high-fluence ion irradiation, and
diffuse dislocations and defect clusters, especially dislocation loops and stacking-faults (SFs), are the main
microstructural feature after irradiation. Limited elemental segregation at grain-boundaries and nanoscale Au
clusters can be observed only in the specimen irradiated at the highest fluence. Meanwhile, void formation and
phase instability are absent in any irradiation condition. Cascade-collision simulation reveals that large-size
vacancy cluster collapses into the stacking fault tetrahedrons (SFTs) and abundant dislocation structures,
especially the high-fraction movable Shockley dislocations at the high-energy ion irradiation, contributing to the
absence of voids and the easily activated dislocation networks. Owing to these microstructural features, the
irradiated specimens only exhibit a slight hardness increase (26 % at 210 dpa), indicating a superior resistance to
irradiation hardening. Overall, this work supports that the FeCrNi MEA possesses an outstanding irradiation
tolerance especially under high-fluence ion irradiation, thereby having good application prospects in the field of
advanced nuclear reactors.
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Radiation damage
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reliability of the reactors. Although large efforts have been made over
the past half century, the material degradation in harsh environments

1. Introduction

As the global energy demands are increasing at an unprecedented
rate, advanced nuclear energy systems with higher safety, less pollution,
and stronger competitiveness, especially the fourth-generation fission or
fusion reactors [1-3], have attracted extensive attention all over the
word. Structural materials used in the advanced nuclear energy systems
require extraordinary performance due to the extremely harsh service
environments, such as the higher operating temperature, larger radia-
tion dose, stronger corrosive of heat transfer medium, and longer
working life [3,4]. Continuous high-energy ions radiation will cause
serious material damage, including void swelling, hollow, elemental
segregation, and phase instability, and lead to the degradation of me-
chanical properties [5-8], which will seriously affect the safety and
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cannot be completely overcome.

Recently, a new type of multi-principal element (MPE) alloy system,
also named as medium/high-entropy alloys (M/HEAs) [9-13], has been
proposed, opening the door to design and develop materials by changing
the type and concentration of each component. The M/HEAs break
through the traditional alloy design concepts based on one or two
principal elements, and are composed of multiple principal elements
with equal or near-equal atomic ratios. Due to their high mixing entropy,
the M/HEAs are easy to form simple-phase structures (e.g., face-
centered cubic, fcc, or body-centered cubic, bec) without harmful sec-
ondary phases [14-17]. The unique microstructures of the M/HEAs lead
to their promising properties, such as high strength, excellent ductility,
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outstanding corrosion resistance, and good phase stability. Moreover, a
series of recent works on the M/HEAs shows that this alloy system may
have higher irradiation resistance than traditional structural alloys (i.e.,
Fe-Cr-Ni series austenite stainless steels (SSs)) [8,11,17], such as the
enhanced swelling resistance, suppressed elemental segregation,
reduced damage accumulation, and so on, making them potential can-
didates for high-performance nuclear energy materials. However, most
of the M/HEAs studied so far incorporate cobalt, such as FeCoCrNiMn,
FeCoCrNi, CoCrNi, etc., which has highly induced radioactivity when
exposed to neutrons irradiation [18-20], and are not suitable for nuclear
energy applications.

In this work, a cobalt-free FeCrNi MEA with a balanced tensile
strength and ductility combination (1035 MPa, 54 % [10]) was suc-
cessfully fabricated via hot extrusion, and then irradiated at room
temperature over a wide Au ions fluences. This study provides system-
atical experimental investigations on the microstructural evolution (i.e.,
structural damage and phase stability) and hardening behavior of the
FeCrNi MEA under high-fluence ion irradiation, and attempts to un-
derstand the irradiation-damage mechanism from an atomic-scale
perspective by molecular dynamic (MD) simulation.

2. Experiments and simulations
2.1. Experimental procedures

The FeCrNi MEA was fabricated by hot extrusion of high-purity
(99.99 %) spherical FeCrNi gas-atomized powders, and the extrusion
temperature and ratio of 1150 °C and 7:1, respectively [10]. Specimens
(® 10 mm x 3 mm) for ions irradiation were cut from the extruded bar
along the extrusion direction, and the chemical composition was
determined to be Fess;Crs37Nisp 5 (atomic percent, at.%). Their sur-
faces were firstly ground to 2000 grit by using SiC paper, and finally
polished by diamond paste. After that, the polished specimens were
divided into three groups, and irradiated with 7.5 MeV Au ions at three
different fluences of 5 x 10'® ions/cmz, 1 x 10'° ions/cmz, and5 x 10'®
ions/cm?, respectively, at room temperature. The irradiation tests were
performed on the implantation system at the Southwest Institute of
Physics of China. The data of damage level in displacements per atom
(dpa), Au ions concentration, and damage depth were calculated by
SRIM 2008 (40 eV displacement threshold energy for all the constituent
elements). Fig. 1 shows the curves of three groups of specimens irradi-
ated at three different Au ions fluences, exhibiting similar Au-ions
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Fig. 1. SRIM simulations showing the damage (left solid line) and implanted
ion profiles (right dashed line) of the FeCrNi MEA irradiated with 7.5 MeV Au
ions at room temperature over a wide fluence from 5 x 10'® ions/cm? to 5 x
10'® ions/cm?. Notice that the square, round, and triangle represent the irra-
diation fluences of 5 x 10*® jons/cm?, 1 x 10'® jons/cm?, and 5 x 10'° ions/
cm?, respectively.
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distributions and damage distributions, and the maximum damage flu-
ences reach 21 dpa, 42 dpa, and 210 dpa, respectively. In order to
investigate the irradiation-induced microstructural evaluation, the
specimen irradiated at the highest fluence of 5 x 10'® Au ions/cm? was
systematically characterized.

Chemical composition was determined by an inductively coupled
plasma mass spectrometry (ICP-MS) analysis. Phase characterization
was performed by a grazing incidence X-ray diffractometer (GiXRD,
Advance D8). Microstructure was investigated by a scanning electron
microscope (SEM, Helios Nanolab 600i) equipped with energy disper-
sive X-ray spectroscopic (EDS) device, electron backscatter diffraction
(EBSD), and focused ion beam (FIB) instruments. Specimens for trans-
mission electron microscope (TEM) observation were cut by the FIB
instrument along the irradiation direction. The detailed microstructure
was analyzed by a Tecnai G2 TF30 operating at 300 kV. Nano-
indentation tests of the unirradiated and irradiated specimens were
performed on an IBIS nano-indenter. The continuous stiffness mea-
surement (CSM) technique in an XP mode was chosen to determine
hardness versus depth curves. To ensure accuracy, each specimen was
tested at least 3 times, and the results are averaged for analysis. The Nix
and Gao method [7,21] is employed to calculate the hardness of the
unirradiated and irradiated specimens, and the relationship between the
hardness and indentation depth can be described by the following
equation: H?> = H3(1 +-h"/h), where H is the hardness at the indentation
depth, Hy is the hardness at the infinite depth, and h* is a characteristic
length.

2.2. Molecular dynamic simulations

To reveal the details of the microstructure evolution in the FeCrNi
MEA under high-energy ion irradiation, the cascade collision is simu-
lated by the MD method. The MD simulations are carried out, based on
the Large-scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS) [22]. The OVITO software is used for visualization [23]. The
atomic model of the equimolar FeCrNi single crystal is constructed by
the general technique [24,25]. A pure Ni single crystal with an fcc
structure is first built, then the elements of atoms are randomly replaced
until the desired composition fraction is reached. The crystal orienta-
tions along X, Y and Z directions are [100], [010], and [001],
respectively. A cubic simulation box is used to simulate the cascade
collision in FeCrNi single crystal. The dimensions of the simulation box
are (X, Y, Z) = (195.25 A, 195.25 A, 195.25 A), which are large enough
to simulate the cascade collision using MD simulations [Crack-healing
mechanisms in high-entropy alloys under ion irradiation; The effect of
grain boundary on irradiation resistance of CoCrCuFeNi high entropy
alloy; The interactions between dislocations and displacement cascades
in FeCoCrNi concentrated solid-solution alloy and pure Ni].

After constructing the initial model of the FeCrNi single crystal, the
structure of the initial model is optimized by the molecular static
simulation with a conjugate gradient algorithm. Then the model is
relaxed under an isothermal-isobaric (NPT) ensemble for 100 ps, during
which the temperature is fixed at 300 K, and the pressures along the X/
Y/Z directions are O bar. For all above procedures, the periodic
boundary condition is applied for all directions, and the time step is
fixed at 0.001 ps. To simulate the cascade collision, we designate an Ni
atom within the FeCrNi MEA model as the primary knock-on atom
(PKA), as described in previous studies [Crack-healing mechanisms in
high-entropy alloys under ion irradiation; Interactions between
displacement cascades and grain boundaries in NiFe single-phase
concentrated solid solution alloys]. The initial velocity of the PKA is
determined based on the desired kinetic energy. It is essential to high-
light that the PKA can alternatively be an Fe or Cr atom, and the out-
comes are independent of the specific element chosen for the PKA. It is
worth noting that when selecting different atoms as the PKA, adjust-
ments to the initial velocity should be made according to their atomic
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mass. This ensures consistency in achieving the targeted initial kinetic
energy for the PKA. In this work, the PKA energies of 10 KeV and 40 KeV
are used to simulate the low-energy and high-energy collision cascades.
The initial velocity direction of the PKA is the negative Z-axis direction.
The cascade collision is performed under the microcanonical ensemble
(NVE). Two boundary layers (10 A thickness) at the Z direction are set as
a thermostatic layer with a constant temperature of 300 K. The time step
varies in the range of [0.00001 fs, 0.5 fs] to ensure that the displacement
of atoms per time step does not exceed 0.005 times the lattice constant.
For all simulations, the atomic interaction is descripted using the
embedded-atom method (EAM) FeNiCr potential created by Béland
[26]. This potential is updated to handle the short-range interactions
based on an ab-initio based framework. The equilibrium lattice param-
eter of the equimolar FeCrNi MEA predicted by the EAM potential is
3.55 A, which is close to the experimental data shown in later phase
analysis. Using this potential, the primary damage production of the Ni-
Fe-Cr system during collision cascades can be well predicted [26].

3. Results and discussion
3.1. Initial microstructure

Fig. 2a shows the EDS maps of the extruded FeCrNi MEA, confirming
the homogeneous distribution of elements, Fe, Cr, and Ni. It is note-
worthy that no secondary phases or elemental segregation can be
observed. The typical inverse pole figure (IPF) map (Fig. 2b) shows that
the FeCrNi MEA consists of equiaxed grains with a grain size of ~12 pm.
Numerous annealing twins appear within the grains, indicating a low
stacking fault energy (SFE) of the FeCrNi MEA [27,28].

3.2. Phase analysis

Fig. 3a shows the GIXRD patterns of the unirradiated and irradiated
specimens at three different fluences of 5 x 10'® Au ions/cm?, 1 x 10'°
Au ions/cm?, and 5 x 10® Au ions/cm?, respectively. It can be clearly
seen that all the specimens consist of single-phase fcc structure, and no
detectable diffraction peaks of a secondary phase appear, indicating that
the FeCrNi MEA exhibits extraordinary phase stability even irradiated at
a high fluence of ~210 dpa. After Au-ions irradiation, the broadening of
diffraction peaks can be observed, which is mainly due to the formation
of irradiation-induced defects [6,7]. Interestingly, the diffraction peaks
slightly shift to a lower Bragg angle with the increased irradiation flu-
ence, meaning a slight lattice expansion. The related lattice parameters
increase from the initial 3.5977 A to 3.6211 A (Fig. 3b). The lattice
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expansion can be attributed to the implantation of heavy Au ions [6].

3.3. Irradiation microstructure

Fig. 4 shows the microstructure along the irradiation direction for
the specimen irradiated at the lowest fluence of 5 x 10'® Au jons/cm?.
For a better comparison, the damage fluence and Au ions concentration
as a function of depth from the surface are presented in Fig. 4a. The
peaks of damage fluence of ~21 dpa and Au ions concentration of ~0.16
at.% appear at a depth of ~540 nm and ~780 nm, respectively, below
the surface. Fig. 4b and 4c show the elected area electron diffraction
(SAED) pattens and microstructure in the high-damage region. It can be
seen that the diffraction spots are very sharp, and there is no obvious
amorphization phenomenon. As shown in Fig. 4c, a high density of small
defect clusters forms in the high-damage region over the depth range
from 400 nm to 700 nm. To investigate the irradiation-induced segre-
gation behavior, EDS line scanning was performed across the grain
boundary in the high-damage region as shown in Fig. 4d. Obviously, the
elements of Fe, Cr, and Ni are uniformly distributed, and no elemental
segregation can be found.

Fig. 5 shows the microstructure of the specimen irradiated at the
highest fluence of 5 x 10'® Au ions/cm?. As shown in the damage flu-
ence and Au-ions concentration distribution curves, it can be found that
the peaks of damage fluence of ~210 dpa and Au ions concentration of
~1.57 at.% appear at a depth of ~540 nm and ~780 nm, respectively.
The elemental distribution map in Fig. 5b also shows the variation of Au-
ions concentration with the implantation depth from the surface.
Consistent with the SRIM simulation result, the Au ions are mainly
concentrated in a narrow region with a depth between ~550 nm and
~1050 nm. The SAED patterns along the z = [011] axis at different
irradiation depths from the surface shown in Fig. 5c also reveal that the
FeCrNi MEA maintains a single-phase fcc structure after irradiation even
at a high damage fluence (~210 dpa). No diffraction rings correspond-
ing to amorphous structures appear in these SAED patterns, showing
that the FeCrNi MEA exhibits good amorphization resistance. The HEA/
MEA generally exhibit excellent resistance to high-energy ions irradia-
tion. Sadeghilaridjani et al. [8] found that the HfTaTiVZr HEA has good
phase stability and amorphization resistance after the 4.4 MeV Ni ions
irradiation up to 30 dpa at room temperature. Xia et al. [2,29] reported
that the AlyCoCrFeNi HEA exhibits excellent phase stability, and no
significant elemental segregation, secondary phase, or amorphous
structures can be detected under 3 MeV Au ions irradiation at room
temperature up to 105 dpa. In contrast, most of the traditional alloys,
such as steels, refractory alloys, and intermetallics, are prone to

Fig. 2. (a) EDS maps showing the homogeneous distribution of elements, Fe, Cr, and Ni in the FeCrNi MEA; (b) IPF map presenting the equiaxed grains and

annealing twins.
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Fig. 3. (a) GIXRD patterns of the unirradiated and irradiated FeCrNi MEA at three different fluences of 5 x 10'° Auions/cm?, 1 x 10'® Au ions/cm?, and 5 x 10'° Au
ions/cm?, respectively; (b) the lattice parameter as a function of the irradiation fluence.
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Fig. 4. (a) Bright-field (BF) TEM images showing the microstructure of the FeCrNi MEA irradiated at the lowest fluence of 5 x 10'° Au ions/cng (b) SAED patterns
presenting a single-phase fcc structure; (c) BF TEM image showing a high density of small defect clusters; (d) EDS line scanning exhibiting the elemental distribution

across the grain boundary.

amorphization at a low irradiation fluence and show a significantly
higher damage level [8]. Superior irradiation structural stability of the
M/HEAs can be attributed to the severe lattice distortion and sluggish
diffusion, leading to slower defect mobility and stronger self-healing
ability [8,30].

Fig. 6 presents TEM images of the specimens irradiated at the highest
fluence of 5 x 10'® Au ions/cm? The size and density of irradiation-
induced defects vary with the depth from the surface. According to
the size and density of the defects, the microstructure, as shown in
Fig. 6a, can be divided into two completely different regions, low
damage region and high damage region. In the low damage region with
a depth lower than 350 nm, only low density of dislocations and black

dots can be found as presented in Fig. 6a and 6b. Most of the small defect
clusters, such as interstitial loops or stacking-fault tetrahedras (SFT),
appear as black dots smaller than ~5 nm in the irradiated M/HEAs [5].
However, the density of dislocations and defect clusters significantly
increases with the depth, and the high-damage region with a depth
exceeding 350 nm contains a high density of dislocations and defect
clusters. The details of microstructures in the high-damage region are
displayed in Fig. 6¢-6f. Obviously, the irradiation-induced dislocation
loops (Fig. 6¢) and stacking faults (SFs) (Fig. 6d) are considered as the
primary defects in this region. Yang et al. [31] also found dislocations,
dislocation loops, and SFTs when they investigated the single-phase fcc
Alp 1CoCrFeNi HEA in the high-damage region (~31 dpa) after 3 MeV-
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Fig. 5. (a) BF TEM images showing the microstructure of the FeCrNi MEA irradiated at the highest fluence of 5 x 10'® Au ions/cm?; (b) elemental-distribution map
presenting the variation of Au-ions concentration with the depth from the surface; (c) SAED patterns at different depths below the surface showing a single-phase

fce structure.
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Fig. 6. Microstructural characterizations of the FeCrNi MEA irradiated at the highest fluence of 5 x 10'® Au ions/cm?. BF images showing (a) the dislocation
distribution, (b) the dislocations and defect clusters, (c) the dislocation loops; high-resolution TEM (HRTEM) image showing (d) the SFs; high-angle annular dark-
field detector (HAADF) images presenting (e) the Au clusters and (f) the elemental segregation.

Au ions irradiation.

The irradiation-induced white dots, as shown in HAADF image
(Fig. 6e), are another interesting phenomenon in the specimen irradi-
ated at highest fluence, and they mainly appear in a narrow region with
a depth from ~700 nm to ~1100 nm. These white dots are very
dispersive and fine with an average diameter of ~5 nm. The detailed

elemental maps (Fig. 7) confirm that these dispersed white dots are
enriched with Au and indeed Au clusters. At the same time, Ni is slightly
segregated at Au clusters, but Fe and Cr show an opposite distribution
tendency. However, the Au clusters can only form in the high-damage
region of the specimens irradiated at the highest fluence of 5 x 10'®
Au ions/cm?, and no Au clusters can be observed in the specimens
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Fig. 7. HAADF images and elemental distribution maps showing the dispersed Au clusters.

irradiated at low Au fluences. This irradiation-induced white dots are
also absent in the Aljy1CoCrFeNi HEA (~31 dpa) [31], Alp 3CoCrFeNi
MEA (~31 dpa) [5], AlyCoCrFeNi MEA (~105 dpa) [2], and FeCoCrNi
HEA (~49 dpa) [32] with Au-ions irradiation at moderate damage flu-
ences. For example, the Au ions are uniformly distributed in the Al
CoCrFeNi MEA after Au-ion irradiation [5,31]. Moreover, it is worth
mentioning that irradiation-induced elemental segregation occurs at
grain boundaries in the high-damage region (Fig. 6f), which will be
investigated in detail later.

Fig. 8a shows the depth distribution of the Au clusters in the FeCrNi
MEA at the highest irradiation fluence of 5 x 10'® Au ions/cm?, and the
related data is statistically analyzed from the TEM images. Apparently,
the Au clusters are mainly distributed in a depth from ~750 nm to
~1050 nm, and the trend of the depth distribution of Au clusters is
consistent with the SRIM-simulation results (the peak density of the Au-
ions concentration is located at a depth ~800 nm, as shown in Fig. 5b),
but the peak position is slightly deeper. This small deviation in the peak
position can be attributed to the following reasons. Firstly, the materials
used for SRIM simulation are traditional solid solutions, while the M/
HEAs have a specific rock-salt structure with high lattice distortion [7].
Secondly, the statistical deviation may also affect the comparison re-
sults. The defects and defect clusters induced by heavy-ions irradiation
are more concentrated than those induced by lighter-ions irradiation
[17]. The morphology of Au clusters in the region at a depth from ~750
nm to ~1050 nm is very clear and easy to count. However, the Au-
clusters density in a depth below ~750 nm and above ~1050 nm is
very low, and their size is small, which will lead to a low statistical
number of Au clusters. The size distribution of the Au clusters is clearly
shown in Fig. 8b. The Au clusters have a tiny size with an average
diameter of 3.5 nm. By comparing with traditional alloys, the M/HEAs
usually exhibit a superior irradiation resistance, and the irradiation-
induced defect cluster size is often smaller. The compositional
complexity and unique microstructures of the M/HEAs may explain the
improved irradiation resistance [2,17]. The high compositional
complexity in the M/HEAs can induce the strong lattice distortion and
lower the defect formation/migration mobility, which can play an
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important role in suppressing the coalescence and growth of defect
clusters and result in smaller defect-cluster sizes [2,7]. At the same time,
the reduced thermal conductivity of the M/HEAs may promote their
“self-healing” effect, which can also hinder the defect movement and
growth and lead to smaller damage defects [2]. Furthermore, the
number of equilibrium vacancy defects in the M/HEAs is significantly
larger than that in pure metals or traditional binary alloys, and these
dispersed vacancy defects can effectively capture the implanted ions and
disperse the ions agglomeration, thereby retarding the growth of
irradiation-induced defect clusters [33,34].

Fig. 9 shows the HAADF images of grain boundaries located at
different irradiation regions with a depth of 300 nm, 500 nm, 900 nm,
1000 nm, respectively, and the related elemental distribution of Fe, Cr,
Ni, and Au. Random grain boundaries are selected for investigating the
elemental distribution. According to the elemental-distribution maps,
there is undetectable segregation along the grain boundaries in the re-
gions, A and B, respectively, indicating that the FeCrNi MEA still
maintains good radiation-induced segregation resistance in these re-
gions. While the elemental segregation can be observed in the regions, C
and D, with a depth of ~900 nm and ~1000 nm, respectively, which are
the regions with high damage fluences. As shown in Fig. 9c and 9d, Ni
segregates at the grain boundaries, while Fe and Cr are depleted near the
grain boundaries. Similar segregation behavior has been observed in
many irradiated Fe-Cr-Ni materials, such as FeCoCrNiMn HEA [35],
FeCoCrNi HEA [36], FeCrMnNi HEA [30], Al ;CoCrFeNi HEA [29], and
Fe-Cr-Ni SSs [37,38]. Generally, the reverse Kirkendall mechanism can
be used to explain the segregation behavior of the major elements (i.e.,
Fe, Cr, and Ni) at the grain boundaries in the Fe-Cr-Ni materials [30,39].
The segregation behavior significantly depends on the solute mobility,
and the defect sinks (i.e., dislocations, detects, defect clusters, and grain
boundaries) are usually enriched with undersized solutes (high
mobility) but depleted in oversized solutes (low mobility), and the atom
radii for Fe, Co, Cr, and Ni are 1.56 A, 1.52 A, 1.66 A, and 1.49 A,
respectively. For example, the undersized solutes, Co and Ni, enriched
and the oversized solutes, Fe and Cr, depleted at the dislocations and
dislocation loops can be found in the Au-ions-irradiated Alp ;CoCrFeNi

0.30

0.25

3
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Fig. 8. (a) The depth distribution and (b) the size distribution of the Au clusters in the FeCrNi MEA irradiated at the highest fluence of 5 x 10'° Au ions/cm?>.
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Fig. 9. HAADF images and elemental maps showing the irradiation-induced segregation at grain boundaries in different regions with incremental depths of (a) 300

nm, (b) 500 nm, (c) 900 nm and (d) 1000 nm, respectively.

HEA [31]. Therefore, for the FeCrNi HEA, the grain boundaries in the
high-damage region will be enriched with the faster diffuser, Ni, but
depleted in the slower diffusers, Fe and Cr. However, it is worth noticing
that the FeCrNi MEA irradiated at a low fluence of 5 x 10> Au ions/cm?
(Fig. 4d) does not have any detectable elemental segregation, exhibiting
good irradiation-induced segregation resistance. Kumar et al. [30] also
found that the M/HEAs have relatively low solute diffusivity when
comparing the radiation-induced elemental segregation of the
FeNiMnCr HEA and traditional Fe-Cr-Ni SSs. This trend mainly results
from the fact that the lattice potential sites of the M/HEAs fluctuate
dramatically, which leads to the existence of a large number of low-
energy lattice-potential sites, thereby reducing the diffusion kinetic of
solute atoms.

Moreover, no detectable voids are found in the FeCrNi MEA at the
highest irradiation fluence of 5 x 10'® Au ions/cm? indicating that the
FeCrNi MEA exhibits outstanding irradiation-induced void swelling
resistance. Lu et al. [40] compared the void-swelling resistance of
different materials, including the nickel, NiCo alloy, NiFe alloy, NiCoFe
MEA, NiCoFeCr HEA, and NiCoFeCrMn HEA under Ni-ions irradiation,
and found that only small voids can be observed in the NiCoFe MEA,
NiCoFeCr HEA, and NiCoFeCrMn HEA, but larger voids appear in the
nickel, NiCo alloy, and NiFe alloy irradiated in the same condition.
Tuomisto et al. [41] investigated the microstructural evolution of the
FeCoCrNi HEA and Fe-Cr-Ni SS irradiated by Ni ions at damage fluences
ranging from 0.03 dpa to 10 dpa and found that the FeCoCrNi HEA
exhibits superior resistance to void swelling. Tunes et al. [42] studied the
void-formation behavior of the FeCrMnNi HEA and AISI-348 SS after
light and heavy ions irradiation under the same damage fluence, and the
results show that the size and distribution of voids in the irradiated-
FeCrMnNi HEA are effectively restricted, compared to the AISI-348 SS.
Due to the unique microstructures of the M/HEAs, the movement of
defect clusters in the alloys will change from a long-range one-

dimensional mode to a short-range three-dimensional mode during the
irradiation process, which can effectively inhibit the formation and
growth of the irradiation-induced voids [40]. This is the main reason for
the improved void-swelling resistance.

3.4. Hardness

Since the irradiation depth is usually limited to a few micrometers
from the surface, nanoindentation tests are considered as an effective
way to characterize the irradiation induced mechanical behavior.
Fig. 10a shows the hardness as a function of indentation depth below
750 nm of the unirradiated and irradiated specimens at three different
Au- ions fluences. Owing to the effects of the reverse indentation-size
effect and specimens-surface uncertainty, the hardness data corre-
sponding to a depth below 150 nm should be ignored. It can be observed
that the hardness for the unirradiated and irradiated specimens de-
creases with increasing the indentation depth, and the FeCrNi MEA
shows an irradiation-hardening phenomenon in the entire depth range
with the increase of irradiation fluences.

The variation of H? as a function of the 1/h for the FeCrNi MEA
before and after irradiation is plotted in Fig. 10b, which is used to
determine the real hardness. For the unirradiated specimen and low-
fluence irradiated specimens, there is a good linearity between H? and
1/h when the indentation depth is greater than 150 nm. However, for
the moderate/high-fluence-irradiated specimens, the fitted curves have
evident inflection points at a depth of ~300 nm, and all the curves
exhibit bilinearity. The calculated real hardness of the unirradiated and
irradiated FeCrNi MEA are 3.2 GPa, 3.27 GPa, 3.79 GPa, and 4.02 GPa,
respectively. It can be found that the hardness of the specimens slightly
increases with the increased irradiation fluences. For example, the
hardness increased by 26 % at the highest irradiation fluence. Similar
irradiation hardening was also observed in some other M/HEAs (e.g.,
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Fig. 10. (a) Nanoindentation hardness and (b) H? versus the indentation depth of the FeCrNi MEA before and after irradiation with 7.5 MeV Au ions over a wide

fluence from 5 x 10'® ions/cm? to 5 x 10'° jons/cm?.

FeNiMnCr [30] N Fegle‘l4oNi1 1A14CI‘7 [43] 5 HfTaTiVZr [8] 5
TisZrHfVo sMog » [33]) and other traditional materials, such as SSs [8],
but the irradiated hardening in the M/HEAs is much slighter than that in
the traditional materials. Sadeghilaridjani et al. [8] reported that the
irradiation hardening is ~13 % for the HfTaTiVZr HEA while ~50 % for
the 304 SS under the same irradiation condition. The irradiation hard-
ening is mainly due to the formation of the irradiation-induced obsta-
cles, such as dislocations, defects, and defect clusters, including
dislocation loops and SFs, which can hinder the dislocation motion on
the slip plane [7,8]. However, compared with traditional materials, the
defects in the M/HEAs have higher formation energy and atomic-level
stress [8], which will cause the defects to be unstable and easy to
annihilate. Therefore, the irradiated M/HEAs have a significantly lower
defect density, resulting in reduced irradiation-induced hardening.

3.5. Atomic-scale insights into the irradiation-damage mechanism

To understand the atomic-scale mechanism of the irradiated micro-
structural features observed in experiments, MD simulations are per-
formed to capture the fine-scale dynamic evolution of irradiation-
induced defects. The atomic model of the FeCrNi MEA is shown in
Fig. 11a. The elemental distribution of the initial single-crystal MEA is
uniform, and the lattice structure is a pure fcc phase at 300 K. Once the
cascade collision begins, the PKA first impacts the nearby atoms and
results in the simultaneous creation of the same number of vacancies and
interstitial atoms, i.e., the Frenkel pairs (Fig. 11b, 12a, and 12d). The
interatomic impaction occurs in a local cascade region, and causes the
temperature increase and structure disorder in the region (Fig. 11b).
During the cascade-collision process, the number of FPs quickly in-
creases (Fig. 12a and 12d), and the cascade region grows (10 ps in
Fig. 11b). After the cascade reaction reaches the thermal peak state (20

O Interstitialatom @ Vacancy

40 ps

Fig. 11. (a) Atomic model of the FeCrNi MEA, and the lattice structure is analyzed, using the CNA algorithm attached in the OVITO software; (b) representative
Frenkel Pairs (FPs) evolution during collision-cascade simulations with 10 KeV PKA.
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Fig. 12. (a, d) Evolution of the number of FPs during the cascade-collision simulation with 10 KeV and 40 KeV PKAs; (b, e) cluster-size distribution at the final state
of the cascade-collision simulation with 10 KeV and 40 KeV PKAs; (c, f) representative atomic details of the final defect clusters and dislocation details of the largest
vacancy clusters; (g) the length of different types of dislocation lines at the final state of the cascade-collision simulation. The dislocation is analyzed, using the DXA

algorithm in OVITO software.

ps), the cascade region quickly shrinks (30 ps) and arrives at the steady
stage (40 ps). The number of FPs is almost unchanged after the steady
stage (Fig. 12a and 12d), but some surviving defects will spontaneously
cluster together in the subsequent relaxation. Because the vacancy has a
relatively low mobility compared to the interstitial atoms, most sur-
viving vacancies stay at the center of the cascade region (Fig. 11b). It can
be seen that most originally separately vacancies are more likely to
aggregate into large vacancy clusters (100 ps). These large-size defect
clusters are the major part to be detected in experiments and are the
main reason for material degradation.

The distribution of defect clusters in the final stage of cascade
collision is shown in Fig. 12b and 12e. The size of vacancy clusters is
larger than that of the interstitial clusters, attributed to the low mobility
of vacancies in alloys. The size of defect clusters for the high-energy (40
KeV PKA) cascade collision is also larger than that for the low-energy (10
KeV PKA) cascade collision. These results are consistent with the
cascade-collision simulations in the previous literature [11,44]. Inter-
estingly, the large vacancy cluster in the FeCrNi MEA is easy to collapse
into the SFT composed with stair-rod dislocations (Fig. 12c and 12f). For
the high-energy cascade, the SFT will transfer to complicated dislocation
nets due to complicate dislocation reactions (Fig. 12f). Since the vacancy
clusters have transformed to SFTs, the formation of large vacancy
clusters will be suppressed after irradiation. That provides an explana-
tion for the absence of voids formation in the irradiated FeCrNi MEA
(Fig. 6). When a great number of vacancies are consumed for the

production of SFTs, only a small number of vacancies can diffuse. In this
case, the segregation and precipitation are suppressed. This trend is also
supported by the stable phase structure and the presence of relatively
small Au clusters in Fig. 6.

By analyzing the dislocation lengths of different types of dislocations
in the final stage of cascade collision, it can be seen that the high-energy
cascade triggers more types of dislocations (Fig. 12g). For the low-
energy cascade collision, only the Shockley and Stair-rod dislocations
are detected, and the Stair-rod dislocation is the domination. However,
for the high-energy cascade, six types of dislocations are observed, and
the Shockley dislocations become domination. Note that the slip of a
Shockley dislocation is very easy, compared with other dislocations, and
the Stair-rod dislocation is always unmovable [45,46]. Therefore, the
high-density Shockley dislocations and abundant dislocation types
provide a good foundation for the high-frequency dislocation reactions,
as well as the interaction between dislocations and irradiation-induced
point defects. These results agree well with the high-density disloca-
tions observed in Fig. 6, implying the important role of irradiation-
induced Shockley dislocations on affecting the final dislocation net-
works in the high-fluence irradiated FeCrNi MEA. Because the large-size
vacancy clusters are easily to transform into Shockley dislocations under
high-energy cascades, it’s logical to deduce that the size and distribution
of vacancy clusters play a key role on affecting dislocation distributions
and dominated dislocation types. In the M/HEAs, the sluggish diffusion
effect and unique interstitial atoms movement will effectively suppress
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the vacancy clustering [11,30,40]. That is beneficial for the dispersed
distribution of vacancy clusters and the subsequent uniformly distrib-
uted dislocations in irradiated samples.

The high-fraction Shockley dislocations at high-energy irradiation,
in combination with the absence of detectable voids and small Au
clusters, are important reasons for the insignificant hardening after
irradiation. On one hand, extensive moveable Shockley dislocations are
easy to be activated, which is helpful for relieving the local stress and
contributing to the softening effect of materials. On the other hand, the
obstacles for dislocations are less, which are beneficial for the disloca-
tion movement. In all, the atomic-scale evolution of vacancy clusters
plays an essential role for the microstructural features of the FeCrNi
MEA after irradiation, and finally results in the slight hardening effect
under high-fluence ion irradiation.

4. Conclusions

To summarize, a cobalt-free FeCrNi MEA was fabricated via the P/M
method, and the irradiation response and damage mechanism of the
FeCrNi MEA under high-fluence ion irradiation were investigated. The
main conclusion can be listed as follows:

(1) The FeCrNi MEA exhibits a high-irradiation structure and phase
stability and can still maintain a single-phase fcc structure
without amorphization even under high-fluence ion irradiation.
Irradiation-induced dislocations and defect clusters are the pri-
mary microstructural feature in the irradiated FeCrNi MEA. At a
high irradiation fluence, limited elemental segregation near grain
boundaries and fine Au clusters can be found. However, void
formation and phase instability are absent in any irradiation
condition.

The MD simulations reveal that the large-size vacancy cluster is
easy to transform to the SFT in the FeCrNi MEA, resulting in the
absence of void formation in irradiated samples. In addition,
high-fraction moveable Shockley dislocations will be activated by
the high-energy cascade collision, which are beneficial for
weakening the hardening effect under high-fluence irradiation.
Slight irradiation hardness increases are revealed by nano-
indentation tests, and the irradiation hardening is mainly due to
the increased lattice strain as well as the irradiation-induced
dislocations, and defect clusters acted as barriers to hinder the
dislocation slip during the nanoindentation tests.

(2)

3

(4

—
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