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NiCoCrFeMn and NiCoCrFe high-entropy alloys are formed by the method of arc melting and casting in a copper
cell, followed by vacuum annealing at a temperature. Studies carried out by scanning electron microscopy and XRD
analysis showed that the formed HEASs have a coarse-grained structure (80-100 pm) and are single-phase substitutional
solid solutions with an fcc lattice. High-entropy alloys were irradiated at room temperature with He ions with the
energy of 40 keV at fluences from 3-10'7 to 5-10'” cm™. It was found that irradiation with helium ions does not lead
to erosion of the sample surface, as well as to the decomposition of NiCoCrFeMn and NiCoCrFe solid solutions. An
increase in the root-mean-square deviation and tensile stresses in the samples under irradiation with helium ions is
revealed. It was found that the most radiation-resistant system is NiCoCrFeMn.

Keywords: High-entropy alloys; helium ion irradiation; coarse-grained structure; single-phase solid solutions;
root-mean-square deviation; initial stress.

Introduction The irradiation response of HEAs and their
Since the coining of the term High Entropy ability to survive the neutron bombardment
Alloys (HEA) in 2004 by Yeh [1], HEAS have environment of future civil nuclear power
attracted a lot of the scientific community’s plants are gaining attention. Face-centered cu-
attention as a more defect resistant and more bic CrMnFeCoNi, commonly known as the
stable material under extreme conditions. Cantor alloy, was one of the earliest suggested
High-entropy alloys are a type of concentrated HEAs, and the irradiation response of the
single-phase solid-solution alloy. HEAS typi- Cantor alloy and its sub-systems is the subject
cally include four or more elements in approx- of this research [8].
imately equiatomic ratios, with the compo- Utilising irradiation analogues (electrons,
nents randomly organised on a face-centered heavy ions, and He) to neutron bombardment,
cubic (FCC) or body-centered cubic (BCC) as well as simulations, advanced microstruc-
crystalline lattice [1]. When compared to tural analysis, and property measurement, the
more traditional, binary, solid-solution alloys, Cantor alloy and its derivatives are shown to
the lack of ordered elemental arrangement and have encouraging irradiation resistance that,
the associated high configurational entropy in in many cases, outperforms more traditional
these alloys has been observed to yield im- dilute alloys with same elements [3], [7]. High
proved resistance to radiation damage [2]. For phase stability and resistance to radiation-in-
example, radiation-induced segregation at duced segregation, smaller size but higher
grain boundaries was considerably reduced in density of dislocation loops, considerably re-
FeNiMnCr HEAs as compared to irradiated duced swelling extent, and enhanced re-
typical austenitic FeCrNi alloys [3]. Other re- sistance to He bubble development are all ad-
search groups [2] and [4-7] have also found vantages.
that many different types of damaged HEAs
exhibit exceptional phase stability and radia- Materials and methods
tion resistance at moderate-to-high damage Samples NiCoCrFeMn and NiCoCrFe
levels [8]. were  manufactured at the  Beijing
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Technological University by arc melting and
casting in a copper cell, followed by vacuum
annealing at a temperature of 1150°C for 24 h,
cold rolling until the thickness is reduced by
85%, and final annealing at a temperature of
1150°C for 72 h (Fig. 1).
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Fig. 1. High-entropy sample preparation scheme

lon implantation of the HEAs was carried
out using 40 keV He?* ions at the DC-60
heavy ion accelerator of the Astana branch of
the Institute of Nuclear Physics at the fluence
from 3.0-107 to 5-10'7 cm2. The implantation
temperature was 300 K. The beam current was
200 pA, and water cooling of the target sub-
strate was used.

X-ray Diffraction (XRD) analysis was em-
ployed for structural identification using an
Ultima IV Rigaku X-ray diffractometer oper-
ating in parallel configuration and equipped
with CuK, wavelength (0.15418 nm). In view
of the structural features of the HEAs, the
XRD spectra were obtained while the sample
was rotating in the plane of its surface. The
stresses in the HEAs were calculated by the
sin®y method for the (220) plane.

The morphology of the HEAs surface was
studied by the method of scanning electron
microscopy (SEM) on plan-view specimens
using a JEOL JSM-7500F Field Emission
Scanning Electron Microscope.

Results and discussion

The SEM method revealed that the ob-
tained samples have a coarse-grained struc-
ture, the grain size for the CoCrFeMnNi sam-
ple was 100 um, and for the CoCrFeNi sample
80 um. The grains are regular in shape with
hexagonal sections. Also on the surface, traces
of twinning are clearly visible, introduced by
mechanical processing of the samples during
preparation, which can contribute to an

increase in the radiation resistance of these al-
loys by the presence of a drain of defects in
the form of twin boundaries (Fig. 2a).
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Fig. 2. SEM micrograph of an unirradiated
NiCoCrFeMn HEA (a) and a Ni sample (b) irradiated
with He (40 keV and 3-10* cm™) ions

Figures 3, 4 show part of the XRD spectra
of the initial NiCoCrFeMn and NiCoCrFe
samples, respectively. Analysis of XRD spec-
tra of the obtained samples revealed that they
are single-phase substitutional solid solutions
with an fcc lattice. The lattice parameter of the
NiCoCrFeMn alloy is 0.359 nm, and that of
the NiCoCrFe alloy is 0.357 nm.

The results of determining the internal
stresses in the initial samples, calculated by
the sin®y method for the diffraction peak
(220), are presented in Table 1. As can be seen
from the table, the compressive stress of -55
and -150 MPa are formed in the initial sam-
ples for NiCoCrFeMn and NiCoCrFe sam-
ples, respectively.

Before investigation of irradiated HEAs,
calculations using SRIM program [9] were
performed. SRIM calculations showed that
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Fig. 3. XRD spectra of initial and irradiated by He (40
keV and 3-10Y cm?) ions NiCoFeCrMn HEAs
obtained at an X-ray beam incidence angle of 1°
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Fig. 4. XRD spectra of initial and irradiated with He (40
keV and 3-10% cm™) ions NiCoFeCr HEAs obtained at
an X-ray beam incidence angle of 1°

the range of He is 147 and 144 nm for
NiCoCrFeMn and NiCoCrFe systems, respec-
tively (Table 1). The energy loss for all sam-
ples is about 225 eV/nm.

Table 1. Stress of initial and Ry, root-mean-square de-

viations, stress of HEAs irradiated with He (40 keV and
3-10Y7 cm™) ions

Samples Ry, RMSD Stress, MPa
nm initial | He irradi-
ated
NiCoCrFeMn |147| 1.16 (Peak 1) | -55 72
0.94 (Peak 2)
NiCoCrFe 144 0.83 (Peak 1) | -150 82
0.63 (Peak 2)

SEM studies of irradiated HEASs did not re-
veal radiation erosion of the sample surface,
that is, no traces of blistering or flaking were
found at a fluence of 5-10%" cm™. In this case,
for Ni samples obtained by the same method,

the formation of blisters with a diameter of 10
um was found already at a fluence of 3-10%
cm? (Fig. 2b). The data obtained indicate a
high radiation resistance of the HEASs surface
to erosion after helium ions irradiation with a
fluence of 5-10%" cm™.

XRD spectra of the irradiated and initial
samples were obtained at an angle of inci-
dence of the X-ray beam of 1° (Fig. 3, 4), due
to the small depth of implantation of helium
ions (about 300 nm).

Analysis of XRD spectra of irradiated
HEAs did not reveal the decomposition of
solid solutions or the formation of new phases,
which indicates a high radiation resistance of
the structure of HEAs solid solutions.

It was found that irradiation with helium
ions leads only to a shift of the diffraction
peaks of NiCoCrFeMn and NiCoCrFe solid
solutions to the region of smaller angles (an
increase in the lattice parameter). At the same
time, the asymmetry of the diffraction peaks
(111) and (200) was revealed, which made it
possible to approximate them and divide them
into two peaks (Fig. 3). As can be seen from
Figures 3 and 4, peaks 2 are characterized by
a small displacement of the angular position
in comparison with the diffraction peaks of
unirradiated samples. While peaks 1 are sig-
nificantly shifted to the region of smaller an-
gles and broadened. This separation of the
peaks can be interpreted according to the
SRIM data. Peaks 2 correspond to diffraction
from the region with a low concentration of
implanted helium, and peaks 1 - from the re-
gion of the maximum concentration of he-
lium. Thus, irradiation with helium ions leads
to the formation of deformed regions with pre-
dominantly radiation defects (vacancies and
interstitial atoms) - peaks 1 and implanted he-
lium - peaks 1. In this case, helium implanta-
tion leads to an increase in macro- (shift of the
diffraction peak) and microstresses (broaden-
ing of di -fraction peak).

Calculations of root-mean-square devia-
tions (RMSD) (stresses of the 3rd kind) are
presented in Table 1. As can be seen from Ta-
ble 1, the RMSD characterizing the disorder
of the solid solution for 5 component HEAS is
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higher than for 4 components. In this case, in
the region of the maximum concentration of
implanted helium, the RMSD increases.

The results of calculating internal stresses
in HEAs irradiated with helium are given in
Table 1. As can be seen from the table, irradi-
ation with helium ions leads to a decrease in
compressive stresses and an increase in tensile
ones. In this case, the greatest change in the
stress level was revealed for the NiCoCrFe
system. The change in the level of internal
stresses is caused by helium implantation and
the formation of radiation defects. Therefore,
we can conclude that the NiCoCrFeMn sys-
tem is more radiation-resistant than the
NiCoCrFe system.

Conclusions

NiCoCrFeMn and NiCoCrFe high-entropy
alloys are formed by the method of arc melt-
ing and casting in a copper cell, followed by
vacuum annealing at a temperature.

It was revealed that the formed HEAS have
a coarse-grained structure (80-100 um) and
are single-phase substitutional solid solutions
with an fcc lattice.

The high radiation resistance of the surface
microstructure and phase composition of the
formed high-entropy alloys has been estab-
lished.

An increase in root-mean-square devia-
tions and tensile stresses in HEAs under irra-
diation with helium ions is revealed.

It was found that the most radiation-re-
sistant system is NiCoCrFeMn.
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