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Abstract—Bulk samples of CoCrFeNi and CoCrFeMnNi high-entropy alloys, prepared by arc melting from 
a powder of a purity up to 99.97% under an argon atmosphere followed by annealing (1150С, 24 and 72 h) 
and cold rolling (85% reduction in thickness), are irradiated with He2+ ions (energy of 40 keV, f luence of 2 × 
1017 cm–2). CoCrFeNi and CoCrFeMnNi samples are substitutional solid solutions with a composition close 
to equiatomic and a uniform distribution of elements over the depth of the alloys. They have a coarse grain 
structure with a grain size of about 80 μm for CoCrFeNi and 100 μm for CoCrFeMnNi. The surface micro- 
structure and the phase and elemental composition of high-entropy alloys are resistant to irradiation. No traces 
of radiation erosion or changes in the elemental and phase composition of the alloys are found. In alloys, the 
dislocation density increases, which leads to a decrease in the size of the coherent-scattering regions, and helium 
bubbles are also formed, leading to an increase in compressive macrostress. Tensile microstress prevails in irradi - 
ated CoCrFeNi alloys, while compressive stress prevails in CoCrFeMnNi alloys. High-entropy CoCrFeMnNi 
alloys with a more complex composition are more resistant to radiation damage. 
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INTRODUCTION 

Modern challenges facing the scientific and tech- 
nological side of nuclear power are concentrated 
around improving the efficiency of nuclear power 
plants by increasing their operating temperatures [1– 
3]. Conventional materials, such as austenitic steels, 
nickel, and other metal alloys with a base of one or two 
elements, undergo phase transformations and the 
decomposition of solid solutions at elevated tempera- 
tures, corrode upon contact with liquid coolants and 
many gases, and swell at high doses of neutron irradi- 
ation [2, 3]. Under such conditions, they are prone to 
embrittlement and loss of operating properties. A solu- 
tion to these problems requires the development of 
new materials, since the current structural materials of 
nuclear installations are not capable of long-term 
operation in chemically aggressive environments at 
elevated temperatures. Achieving this goal will also 
give impetus to the development of jet power plants 
and elements of aerospace vehicles [1–4]. 

High-entropy alloys (HEAs) are among the most 
promising classes of materials for solving such prob- 
lems [1–7]. They attract the attention of scientists 

 
from all over the world, and the studies of the teams 
led by Cantor and Senkov are recognized as pioneers 
in this field [8, 9]. 

HEAs have a structure different from most of the 
known homogeneous alloys: it cannot always be repre- 
sented as a solid-solution lattice based on the lattice of 
one element due to high disorder in this structure [1, 
7]. The increased entropy of mixing elements contrib- 
utes to minimizing the value of the Gibbs free energy 
and, thus, increasing the thermodynamic stability of 
the HEA. Considering the variety of types of solid 
solutions that can be created, theoretically, HEA-type 
materials can have any properties [10, 11]. 

It is also worth noting the so-called “recovery 
effect” in HEAs, which is mentioned in many works 
on the radiation resistance of these alloys [12, 15]. This 
effect implies the possibility of returning the lattice to 
its original state (before irradiation) in samples irradi- 
ated with ions by neutralizing radiation-induced 
defects. For example, by selecting the proper operating 
temperature, it is possible to achieve permanent resto- 
ration of the HEA structure during irradiation using 
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Table 1. Elemental composition of CoCrFeNi and CoCrFeMnNi HEAs not irradiated (n/i) and irradiated with He2+ ions 
(40 keV, 2 × 1017 cm–2) 

 

Sample 
Element concentration, at % 

Co Cr Fe Ni Mn 

CoCrFeNi (n/i) 24.8 ± 0.1 25.8 ± 0.1 25.0 ± 0.1 24.4 ± 0.1 – 

CoCrFeNi (Не2+) 24.6 ± 0.3 25.5 ± 0.3 25.5 ± 0.3 24.4 ± 0.3 – 

CoCrFeMnNi (n/i) 20.7 ± 0.2 18.9 ± 0.1 20.0 ± 0.2 20.4 ± 0.2 20.0 ± 0.1 

CoCrFeMnNi (Не2+) 19.6 ± 0.2 20.5 ± 0.2 19.8 ± 0.2 20.8 ± 0.2 19.5 ± 0.2 

 

the “self-healing effect” directly during operation 
[12–17]. 

All of the above makes HEAs promising materials for 
nuclear power plants and aircraft power units [15–19]. 

HEAs can be divided into three main groups: based 
on 3d transition metals, based on refractory metals, 
and based on rare-earth elements. The first two groups 
of alloys are the most economically justified and, 
therefore, the most frequently considered [20]. 
Nickel-containing HEAs with a face-centered cubic 
structure show increased radiation resistance in com- 
parison with steels and nickel supermetals of the Inco- 
nel type [6]. The reasons for such behavior of nickel- 
containing HEAs still do not have an accurate expla- 
nation or description, aided by conf licting data on 
their properties and likely operating capabilities. 

The purpose of this work is to study the radiation 
resistance of CoCrFeNi and CoCrFeMnNi high- 
entropy alloys and the mechanisms of the behavior of 
defects under irradiation with  particles. 

 
EXPERIMENTAL 

Samples of CoCrFeNi and CoCrFeMnNi alloys 
were obtained at the Beijing Institute of Technology 
(China) using the following technology. Bulk ingots 
were prepared from powders of pure (up to 99.97%) 
metals by arc melting under high-purity argon, fol- 
lowed by casting into copper cuvettes. After crystalli- 
zation, the ingots were annealed for 24 h at 1150C to 
spheroidize and homogenize the grain structure of the 
samples. Subsequently, cold rolling was carried out 
until the thickness of the ingots decreased by 85%, and 
final annealing at 1150С was carried out for 72 h to 
smooth the texture and decrease the stress caused by 
rolling. 

All samples had the shape of rectangular parallelepi- 
peds with linear dimensions of 5.0 × 5.0 × 1.5 mm. 

The samples were irradiated at a DTs-60 ion accel- 
erator at the Astana Branch of the Institute of Nuclear 
Physics (Kazakhstan), using He2+ ions with an energy 
of 40 keV at a f luence of 2 × 1017 cm–2. This type of 
ions arises due to the interaction of neutrons with 
atoms of matter, followed by alpha decay, which leads 
to the formation of gas bubbles, areas of increased 

internal stress, accumulation of helium in the mate- 
rial, and, as a result, its swelling. 

The surface morphology and elemental composi- 
tion of the samples were analyzed by scanning electron 
microscopy (SEM) and energy-dispersive X-ray spec- 
trometry using a ZEISS LEO 1455 VP scanning elec- 
tron microscope; the images were obtained at an 
accelerating voltage of 20 kV. 

The elemental composition and depth distribution 
of elements were studied by the Rutherford-backscat- 
tering method on a DTs-60 setup using N2+ ions with 
an energy of 14 MeV. 

Phase analysis of the samples was carried out by 
X-ray diffraction (X-ray phase analysis). The X-ray 
diffraction patterns were obtained using a Rigaku 
Ultima IV X-ray diffractometer in the parallel-beam 
geometry using CuK characteristic X-ray radiation 
with a wavelength of  = 0.154179 nm. The measure- 
ments were carried out at a constant rotation of the 
samples at a speed of 30 rps to eliminate the effect of 
the texture of the alloys. 

 
RESULTS 

The results of studying the elemental composition 
of CoCrFeNi and CoCrFeMnNi alloys are given in 
Table 1. According to these data, the composition of 
the alloys is close to equiatomic. Rutherford backscat- 
tering confirmed the equiatomic composition of the 
samples and revealed a uniform distribution of ele- 
ments over the depth of the alloys. 

Investigation of the elemental composition of the 
samples after irradiation with He2+ ions did not reveal 
its noticeable deviation from the initial composition. 
Rutherford backscattering also showed no changes in 
the homogeneous distribution of elements over depth. 
The distribution of elements is not observed precisely 
in the surface layer, in which helium implantation 
occurs. 

The results of SEM studies of CoCrFeNi and 
CoCrFeMnNi samples are shown in Figs. 1 and 2, 
respectively. The alloys have a coarse-grained struc- 
ture with a grain size of about 80 μm for CoCrFeNi 
and 100 μm for CoCrFeMnNi (Figs. 1a and 2a). In all 
samples, the grains have a regular polygonal shape 
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Fig. 1. SEM image of the surface of the (a) initial 
CoCrFeNi alloy and (b) that irradiated with He2+ ions 
(40 keV, 2 × 1017 cm–2). 

Fig. 2. SEM image of the surface of the (a) initial CoCrFe- 
MnNi alloy and (b) that irradiated with He2+ ions (40 keV, 
2 × 1017 cm–2). 
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Fig. 3. X-ray diffraction patterns of CoCrFeNi alloy sam- 
ples (1) not irradiated and (2) irradiated with He2+ ions 
(40 keV, 2 × 1017 cm–2); the numbers show the reflection 
indices. 

Fig. 4. X-ray diffraction patterns of CoCrFeMnNi alloy 
samples (1) not irradiated and (2) irradiated with He2+ 

ions (40 keV, 2 × 1017 cm–2); the numbers show the reflec- 
tion indices. 

 

with traces of twinning introduced by cold rolling. 
After irradiation with helium ions, the surface mor- 
phology of the samples is preserved (Figs. 1b and 2b). 
No traces of surface erosion are noticeable, which 
confirms the resistance of their surface structure to 
irradiation with helium ions. 

The results of phase analysis of the initial and 
He2+-irradiated HEAs are shown in Figs. 3 and 4. The 
X-ray patterns were obtained at a small angle of inci- 
dence of radiation on the sample ( = 1), which cor- 
responds to an X-ray penetration depth of about 300 
nm. This depth, according to SRIM calculations [21], 
corresponds to the range of helium ions with an energy 
of 40 keV. 

Analysis of the X-ray diffraction patterns (Figs. 3 
and 4) showed that these HEAs are single-phase sys- 
tems with a fcc lattice. 

Analysis of the formed phases and comparison of 
the angular positions of their diffraction reflections 
with the peaks from pure fcc metals included in the 
composition of the alloys showed that the HEA peaks 
are located between the corresponding peaks of pure 
metals, which indicates the formation of substitutional 
solid solutions. The lattice period calculated from X- 
ray diffraction patterns for the CoCrFeNi alloy was 

0.3585 ± 0.0004 nm, and for the CoCrFeMnNi alloy, 
it was 0.3574 ± 0.0004 nm. 

The X-ray diffraction patterns of the alloys after 
irradiation with helium ions (Figs. 3 and 4) did not 
reveal new diffraction peaks or the disappearance of 
existing ones; that is, no decomposition of solid solu- 
tions occurred; therefore, the HEA phase composition 
is resistant to irradiation. Only the appearance of addi- 
tional reflections at smaller , superimposed on the 
existing diffraction peaks, leads to the observed asym- 
metry of the peaks and a shift of the diffraction peaks 
towards lower values of . The asymmetry of the peaks 
is associated with a change in the lattice parameter of 
solid solutions with depth as a result of irradiation with 
helium ions. The shift of the peaks corresponds to an 
increase in the grating period by (0.22 ± 0.01)% for the 
CoCrFeNi alloy and (0.11 ± 0.01)% for the CoCrFe- 
MnNi alloy compared to the nonirradiated alloys. 

Bar graphs of the macrostress and microstress val- 
ues in the nonirradiated and irradiated samples, calcu- 
lated by the sin2 method for the (111) orientation and 
by the Hall method, are shown in Figs. 5 and 6. 

According to the data obtained, the tensile stress 
induced by cold rolling during HEA formation pre- 
dominates in nonirradiated samples. The level of mac- 
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0.08 1 

for the CoCrFeNi alloy, and compressive microst- 
resses are observed for the CoCrFeMnNi alloy (Fig. 6). 

The Hall method was also used to estimate the sizes 
0.03 2 2  

‒0.02 
‒0.07 
‒0.12 
‒0.17 
‒0.22 
‒0.27 

of coherent-scattering regions in CoCrFeNi and 
CoCrFeMnNi alloys; the dislocation density in these 
alloys was also estimated using the model of disloca- 
tion boundaries of coherentscattering regions. The 
results of estimating the dislocation density in the 
CoCrFeNi and CoCrFeMnNi HEAs (Fig. 7) suggest 
that the irradiation of alloys with helium ions leads to 

‒0.32 
CoCrFeNi CoCrFeMnNi a significant increase in the dislocation density in 

them. 

Fig. 5. Macrostress diagram in the samples of CoCrFeNi 
and CoCrFeMnNi alloys (1) not irradiated and (2) irradi- 

ated with He2+ ions (40 keV, 2 × 1017 cm–2). 
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DISCUSSION 

The elemental composition, phase composition, 
and structure of the CoCrFeNi and CoCrFeMnNi 
HEAs under consideration are resistant to irradiation 
with helium ions (40 keV, 2 × 1017 cm–2); no formation 
of new phases or surface erosion were found. Thus, the 
main changes resulting from the irradiation of samples 
are associated with the formation and interaction of 
point defects, as well as the formation and redistribu- 

0.35 
0.10 

‒0.15 
‒0.40 
‒0.65 

tion of stress in alloys. 

It was found that tensile macrostresses were present 
in the nonirradiated samples, probably introduced by 
compression during the cold-rolling stage. After irra- 

CoCrFeNi CoCrFeMnNi 

 
Fig. 6. Macrostress diagram in samples of CoCrFeNi and 
CoCrFeMnNi alloys (1) not irradiated and (2) irradiated 

with He2+ ions (40 keV, 2 × 1017 cm–2). 

diation, under the action of radiation-induced defects 
and the formation of helium bubbles caused by the 
implantation of helium ions, compressive macrost- 
resses are formed. 

In the process of irradiation with helium ions, 
vacancies, interstitial atoms, clusters of helium atoms, 
and vacancies (helium-vacancy) appear in the alloys. 
As the irradiation dose increases, clusters form 

25 2 

20 

15 

10 

5 

0 
CoCrFeNi CoCrFeMnNi 

nanoscale helium bubbles, and further irradiation 
leads to an increase in the distribution density and size 
of these bubbles. The formation of vacancies promotes 
an increase in the level of tensile microstresses, and 
the formation of interstitial atoms, interstitial disloca- 
tions, and helium bubbles promotes compressive 
microstresses. HEAs are characterized by suppression 
of the diffusion of radiation-induced defects, leading 
to their partial destruction, resulting in the formation 
of bubbles with a high helium distribution density and 
small size in comparison with other materials irradi- 

Fig. 7. Dislocation density diagram in samples of 
CoCrFeNi and CoCrFeMnNi alloys (1) not irradiated and 

(2) irradiated with He2+ ions (40 keV, 2 × 1017 cm–2). 

 
rostresses does not exceed 130 MPa, and the level of 
microstresses is up to 1.67 GPa. 

After irradiation with helium ions, the alloys show 
compressive macrostresses at a level not exceeding 288 
MPa (Fig. 5). However, tensile microstresses increase 

ated under similar conditions [1, 17, 22]. In our case, 
the formation of helium bubbles increases the level of 
compressive stresses in the HEAs. The relative change 
in the stress level for CoCrFeNi and CoCrFeMnNi 
alloys is the same (Fig. 6). However, the different 
behavior of microstresses during irradiation indicates 
that in the CoCrFeNi alloy, vacancies have a greater 
effect on defect formation, and in the CoCrFeMnNi 
alloy, the formation of helium-vacancy clusters and 
bubbles predominates. 
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Some criterion for the radiation resistance of 
CoCrFeNi and CoCrFeMnNi HEAs, that is, how 
effectively the alloy suppresses the formation of radia- 
tion defects, can be determined from a comparison of 
the dislocation density (Fig. 7). For the CoCrFeMnNi 
alloy, a smaller increase in the dislocation density was 
revealed compared to the CoCrFeNi alloy, which, 
along with a larger relative increase in the lattice 
period than for CoCrFeMnNi, indicates a greater 
resistance of the CoCrFeMnNi HEA to radiation- 
defect formation. 

 
CONCLUSIONS 

Bulk alloys based on single-phase solid solutions 
(Co,Cr,Fe,Ni) and (Co,Cr,Fe,Mn,Ni) with a fcc lat- 
tice, coarse-grained structure, and homogeneous dis- 
tribution of elements over the surface and depth were 
obtained by arc melting under argon, followed by 
annealing and cold rolling. Twinning and tensile 
microstresses and macrostresses were observed in the 
alloys, the appearance of which is associated with the 
mechanical processing of materials at the manufactur- 
ing stage. 

The irradiation of HEAs with He2+ ions with an 
energy of 40 keV at a f luence of 2 × 1017 cm–2 does not 
change the elemental or phase composition and does 
not lead to erosion of the surface of the samples. In 
alloys, the dislocation density increases, which leads 
to a decrease in the size of coherent-scattering regions, 
and helium bubbles are also formed, leading to an 
increase in compressive macrostresses. Tensile 
microstresses prevail in irradiated CoCrFeNi alloys, 
while compressive stresses prevail in CoCrFeMnNi 
alloys. 

High-entropy CoCrFeMnNi alloys with a more 
complex composition are more resistant to radiation 
damage. 
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