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High-entropy alloys (HEAs) are of great interest as promising materials for use in nuclear reactors due to their 
exceptional mechanical properties, thermal stability, as well as corrosion and radiation resistance. In order to 
understand the effect of irradiation on the properties of HEAs and to demonstrate their potential advantages 
compared to conventional austenitic stainless steels, experiments on the irradiation of CrFe2MnNi HEA and 
18Cr10NiTi steel (both with FCC lattice) with 20 keV He ions and 1.4 MeV Ar ions under identical conditions were 
conducted. Microstructure evolution of the irradiated materials and radiation-induced segregation of HEAs 
constituent elements were studied. It was found that the average size and density of cavities in 18Cr10NiTi steel are 
higher, and the swelling is almost twice as high compared to HEA. 

INTRODUCTION 
A necessary task for the development of new nuclear 

reactors with safe, stable and efficient properties is the 
study of structural materials under extreme conditions: 
high temperature, significant mechanical stress and 
intense irradiation. To predict the radiation resistance of 
new materials, their resistance to radiation swelling 
should be preliminarily assessed. And ion irradiation 
experiments using light and heavy ions are successfully 
used as an alternative to reactor irradiation. 

Another serious problem both in fission and fusion 
reactors is the production of a certain amount of 
transmutation elements in structural materials through 
(n, p)  reactions. High-energy -particles may 
cause volume swelling by enhancing the nucleation and 
growth of cavities due to the low solubility of helium in 
metals [1]. 

Extensive studies of high-entropy alloys have 
revealed that they exhibit superior mechanical 
properties over a wide range of temperatures [2 8], as 
well as good corrosion resistance [9, 10]. In addition, 
HEAs are promising materials for nuclear energy  a 
number of studies (both theoretical and experimental) 
have shown that they are capable maintaining 
microstructural stability under intense ion irradiation 
[11 15]. However, the behavior of inert gases in HEAs, 
including the formation and growth of bubbles, is still 
insufficiently studied. In addition, up-to-date there is 
practically no works on the comparison of the radiation 
resistance of HEAs with commercial steels used in 
nuclear industry. 

To understand the effects of irradiation on HEAs 
and demonstrate their potential advantages compared to 
industrial austenitic stainless steels, we conducted 
experiments on irradiation under identical conditions 
with Ar+ and He+ ions of CrFe2MnNi HEA and 
18Cr10NiTi stainless steel with the same lattice type. 

 

 

1. MATERIALS AND METHODS 
Manufacturing of HEA ingots with the composition 

CrFe2MnNi (20Cr-40Fe-20Mn-20Ni composition in 
at.%) is described in details in [16]. Homogenization of 
ingots was carried out at 1050  for 24 h in pure argon 
atmosphere. After that, the alloy was thermo-
mechanically treated by rolling at room temperature 
from 6 to 0.2 mm with intermediate annealing in argon 
at 1100  for 3 h. Final annealing after reducing the 
sample thickness to 0.2 mm also was performed at 
1100  h in a purified argon atmosphere. 

Commercial 18Cr10NiTi steel was annealed at 
1050  for 30 min. 

Samples for transmission electron microscopy 
(TEM) studies were prepared in the form of disks with a 
diameter of 3 mm. Thin foils were obtained by 
mechanical thinning of the disks to 130 
subsequent electropolishing and short-term annealing 
before irradiation. 

Samples were irradiated with 1.4 MeV Ar+ or 
20 keV He+ ions up to dose of 21 m-2. Irradiation 
experiments were conducted in the accelerating-

-  [17]. The flux was 
1 1018 ions/(m2 s). 

Temperature of samples during argon ions 
irradiation experiment was 600 . 

Helium implantation was performed with a normal 
incident angle, and the temperature of samples did not 
exceed 25 . Microstructure evolution was studied 
during short-term post-irradiation annealing at 500  
for 10 min. 

The distributions of argon and helium ions and 
displacements per atom (dpa) were calculated using 
SRIM 2008 software [18]. Calculations of the 
irradiation dose (dpa) were based on the threshold 
displacement energy for each alloying element of 
40 eV, as well as the Kinchin-Pease formalism and 
ASTM E521-96 recommendations [19, 20, 21] (Fig. 1). 

The porous structure under argon ions irradiation 
should be dislocated in the near-surface region 
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(0 130 nm), since, as can be seen from the distribution 
profiles of ions range and defects, created by 1.4 MeV 
Ar+ (see Fig. 1,a), exactly in this region inert gas 
practically does not accumulate and the structure 

evolution is caused only by displacement damage. 
According to the dose gradient through the thin foil, the 
average dose in this case is 30 dpa. 

 
 

a b 
Fig. 1. SRIM calculated injected ions distribution (black curve) and displacement damage (grey curve) of 1.4 MeV 
ions (a) and 20 keV He+ ions (b) for irradiation dose of 21 ions/m2. The area of TEM analysis is grayed (a) 

TEM samples were thinned by electropolishing with 
a solution of 5% perchloric acid in ethanol from the 
back side of the sample to perforation. The thickness of 
TEM samples was determined using a convergent beam 
electron diffraction (CBED) pattern acquired in the two-
beam approximation. The thickness estimation method, 
based on the comparison of the measured and simulated 
intensity profiles across the diffraction disc, is described 
in [22, 23]. 

The microstructure of steel and high-entropy alloy 
was studied by transmission electron microscopy. TEM 
method provides the ability to study microstructural 
changes in materials with a resolution of about 0.2 nm. 
Application of this method is determined, first of all, by 
the specifics of simulation experiments, where radiation 
damage is localized in a thin surface layer. All results 
were obtained using electron microscopes JEM-
and JEM-2100. 

Typical initial microstructures of 18Cr10NiTi steel 
CrFe2MnNi HEA are shown in Fig. 2. Microstructure of 

18Cr10NiTi steel (see Fig. 2,a) is presented mainly by 
coarse austenite grains with an average size of ~ 30 m. 
Small -ferrite crystallites with volume fraction of 
2 3% are also observed. Few annealing twins, second 
phase precipitations (titanium carbides and 
carbonitrides) and dislocations (with a density of 
~ 108 cm-2) were revealed in austenitic grains. 

Initial microstructure of CrFe2MnNi HEA (see 
Fig. 2,b) is characterized by grain structure with an 
average grain size of > 10 m. Practically, there were no 
any precipitations observed in high-entropy alloy. 

XRD analysis showed that both alloys are single 
phase FCC alloys with lattice parameters of a = 3.592 
in 18Cr10NiTi steel and a = 3.605 in CrFe2MnNi 
alloy, respectively. 

Elemental composition of investigated alloys 
(nominal and measured by energy-dispersive X-ray 
spectrometry EDS) is shown in Table 1. 

  

a b 
Fig. 2. Initial microstructure of 18Cr10NiTi steel (a) and CrFe2MnNi HEA (b) 

         Table 1 
Nominal and measured chemical compositions of studied alloys, wt.% 

Compositions Fe Cr Ni Mn Ti Si 
Cr-Fe-Mn-Ni 

Nominal 40 20 20 20   
Measured 41.23 19.82 19.42 19.63   

18Cr10NiTi 
Nominal rest 17 19 9 11 2 0.4 1 0.8 
Measured 68.1 17.9 10.8 1.75 0.71 0.74 

 



ISSN 1562-6016. Problems of Atomic Science and Technology. 2025 2(156)                    5 

Swelling investigation of studied materials was 
based on estimation of size and concentration of 
cavities, as well as character of their distribution. Total 
swelling was calculated using data on size and number 
of cavities. 

Image processing and data analysis software was 
used to calculate swelling and plot histograms of 
cavities distribution by size. 

Density of cavities was determined from EM images 
using the next equitation: 

,                              (1) 

where n  density of cavities, m-3; N  number of 

cavities; V  irradiated volume of material ( ), 
m3; A  image area, m2; h  foil thickness in the studied 
area of the sample, m. 

Swelling S was calculated using formula [24]: 

,           (2) 

where V  change in material volume (numerically 
equal to total volume of cavities) after irradiation, m3;     
V0  initial volume of material, m3. 

Total cavities volume  was determined as the sum 
of volumes of all cavities, e.g.: 

,                            (3) 

where di  diameter of i-th cavity, m. 
Dividing the numerator and denominator of 

expression (2) by V and substituting  from (3) into 
(2), we finally obtain: 

.  (4) 

The sources of errors in calculating the swelling 
value are inaccuracies in determining the magnification 
(2%), sample thickness (10%), and cavities diameter 
(5%). As the result, the total error in determining the 
swelling was ~ 20%. 

2. RESULTS AND DISCUSSIONS 

2.1. NUCLEATION AND GROWTH  
OF POROSITY IN HIGH-ENTROPY ALLOY  

AND 18Cr10NiTi STEEL 

The evolution of porosity in the high-entropy alloy 
CrFe2MnNi and austenitic stainless steel 18Cr10NiTi 
irradiated with energetic Ar+ ions was investigated. In 
the near-surface region (0 130 nm) the damage dose 
was  30 dpa with simultaneous implantation of argon 
to levels of 0.08 at.% at temperature of 600 
studies showed that irradiation with 1.4 MeV Ar+ ions is 
accompanied by the formation of defects such as 
cavities. Figs. 3, 4 show TEM images of Ar implanted 
samples of 18Cr10NiTi steel and HEA at a temperature 
of 600  

The average size and density of cavities in 
18Cr10NiTi steel are higher compared to those 
observed in CrFe2MnNi alloy. At the same time, the 
swelling in the HEA is almost two times less than in 
steel. 

 
a 

 
b 

Fig. 3. TEM image of 18Cr10NiTi steel irradiated with 
Ar+ ions to dose of 30 dpa at 600 C (a)  
and distribution of cavities by size (b) 

Estimated swelling of 18Cr10NiTi steel determined 
in this work has quite low value of 0.2%. Garner et al. 
[25] found that in steels, irradiated with neutrons in the 
EBR-II reactor, the swelling rate reaches up to 
~ 1%/dpa in a wide temperatures range of 427 650 
However, this steady-state swelling stage is 
significantly delayed when the irradiation temperature is 
below 400 value of swelling strongly depends 
on the damage accumulation rate, as it was observed in 
304 SS reflectors removed from EBR-II [26]. 

Now scientific community suggests that at 
temperatures of 290 340 
may be ~ 0.07 %/dpa, and in some cases it is only 
~ 0.003 %/dpa [27]. However, increasing the 
temperature above these values leads to a drastic 
increase in the swelling value by several times. 

Regarding the HEAs swelling, it should be noted 
that their radiation swelling rate is much lower than that 
of conventional metals and alloys at the same value of 
radiation damage. This may be due to the three-
dimensional diffusion behavior of interstitial clusters in 
HEAs, which increases the recombination rate of 
interstitial atoms and vacancies and inhibits the cavities 
nucleation [11, 28]. 

Higher resistance of HEAs to radiation swelling can 
also be explained by the local crystal lattice distortion, 
mixing entropy (low, medium and high entropy) and 
cocktail effects, as well as alloying with specific 
elements, which leads to the reduction in the size of 
cavities and their density [11, 29]. 
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a b 
Fig. 4. TEM image of CrFe2MnNi alloy irradiated with Ar+ ions to dose of 30 dpa at 600 C (a)  

and distribution of cavities by size (b) 

2.2. EVOLUTION OF HELIUM BUBBLES  
IN CrFe2MnNi ALLOY AND 18Cr10NiTi STEEL 

DURING THE IRRADIATION  
AND ANNEALING PROCESSES 

Quantitative characteristics of cavities or bubbles 
formation and subsequent swelling are often used as 
standards to compare the radiation resistance of 
different materials. The evolution of the microstructure 

was investigated after annealing of CrFe2MnNi alloy 
and 18Cr10NiTi steel irradiated at room temperature to 
a dose of 4.8 dpa and helium concentration of 11.7 at.%. 
Irradiation and annealing led to the formation of a high 
density of bubbles both in the HEA and steel. 

Microstructures of 18Cr10NiTi steel and 
CrFe2MnNi HEA after annealing at 500  min 
in high vacuum are shown in Fig. 5. 

 

  

a b 

  
c d 

Fig. 5. Morphology and size distribution of He bubbles 
 in irradiated (1 1021 m-2) 18Cr10NiTi steel (a, b)  

and CrFe2MnNi alloy (c, d) after annealing at 500 C for 10 min 
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Comparison of helium porosity parameters in these 
materials was carried out. The density and diameter of 
bubbles in both alloys, as well as their errors are 
summarized in Table 2. Comparison of these parameters 
shows that the size of helium bubbles in the CrFe2MnNi 
alloy is smaller than in 18Cr10NiTi steel  

(1.1  0.3) nm and (2.1  0.4) nm, respectively, but their 
density is approximately 3 times higher. 

Table 2 
 Average size and density of He bubbles in 18Cr10NiTi 

steel and CrFe2MnNi alloy after irradiation  
and annealing at 500   

Material 
Average 

diameter, nm 
Density, 
1024 m-3 

Swelling,
 % 

CrFe2MnNi 1.1  0.3 3,5  0.5 0.22 

18Cr10NiTi 2.1  0.4 1.1  0.2 0.48 

Calculated values of He induced swelling are 0.22 
and 0.48% in HEA and steel, respectively. Obtained 
result indicates that CrFe2MnNi alloy is much more 
resistant to the formation of helium bubbles than 
18Cr10NiTi stainless steel. 

Mechanisms of He porosity suppression in HEAs 
was discussed by Zhanfeng et al. [30]. Based on this 
consideration the following can be stated. Under 
irradiation a significant lattice distortion occurs both in 
the HEA and the steel. However, the potential energy 
gap between two neighboring positions in the 
CrFe2MnNi lattice is quite large compared to ideal zero, 
for example, in pure nickel. Helium in CrFe2MnNi alloy 
is affected by strong fluctuations in the lattice potential 
energy during frequent jumps in the process of diffusion 
and cluster formation. As a result, most of the helium 
atoms can be trapped and will not participate in the 
bubble nucleation process. This confirms the 
mechanism of radiation resistance of HEAs with respect 
to the development of helium porosity and indicates that 
slow diffusion process and severe lattice distortion 
provide deeper sites for He atoms trapping. Due to the 
complicated migration of the He atoms, the process of 
helium bubble nucleation in HEA is slowed down. 

Study of the inert gas bubbles nucleation and growth 
in Ni-based concentrated solid solutions, containing 
different types and amounts of elements, showed that 
although increasing the chemical complexity of the 
alloy assists in suppressing the bubbles nucleation in 
general, but there is no monotonic relationship between 
the bubble growth rate and the number of alloying 
elements. Certain elements (e.g., Fe and Pd) are more 
effective in suppressing bubble growth than others (e.g., 
Cr and Mn) [31]. In particular, high mobility of 
vacancies through Cr sites leads to a large flow of 
vacancies and an increase in bubble size, while 
significant degree of atomic size mismatch caused by Pd 
assists in deflecting the flow of vacancies away from the 
bubbles and therefore reduces swelling. The effects 
revealed in [31] provide new strategies for designing 
high-entropy alloys with enhanced swelling resistance. 

 
 
 
 

2.3. RADIATION-INDUCED SEGREGATION  
OF ELEMENTS IN CrFe2MnNi ALLOY 

The process of micro-chemical evolution of a 
homogeneous solid solution, which is determined by the 
interaction of fluxes of point defects and dissolved 
atoms, drastically changes the chemical composition 
homogeneity of the irradiated steels. It is very important 
that change in matrix composition as a result of 
radiation-induced segregation (RIS) leads to a change in 
the main parameters which determine the behavior of 
radiation swelling: 

 energy and geometric characteristics of point 
defects and their complexes; 

 concentration and strength of point defects sinks. 
The porosity evolution in each local region of the 

irradiated material can proceed in its own way. In HEAs 
different elements are randomly distributed in a simple 
crystal structure, such as face-centered cubic (fcc), 
creating a unique distortion for each lattice region and a 
chemically complex environment around each atom [11, 
12]. Studies have shown that chemical complexity can 
be used for effective tuning of the defect energy 
landscape, promoting defect recombination, and 
improving the radiation resistance of materials [32, 33]. 

Figs. 6, 7 shows STEM images of the structure and 
EDS mapping of the CrFe2MnNi high-entropy alloy in 
the initial state and after irradiation with 1.4 MeV Ar+ 
ions at 600 both cases, only a uniform 
distribution of elements is observed, i.e., after 
irradiation with argon ions, radiation-induced 
segregation in the alloy was not detected. 

In the case of irradiation of the CrFe2MnNi alloy 
with helium ions and subsequent annealing at 500 
although segregation processes were observed, but in an 
implicit form. As can be seen from Fig. 8, isolated 
cavities (bubbles) and precipitates, as well as bubble-
precipitate complexes, are observed in the irradiated 
samples, demonstrating the absence of any regularity in 
the bubbles distribution. This indicates that bubbles and 
second-phase precipitates nucleate independently; and 
only during the growth process, under the influence of 
irradiation and subsequent annealing, the formation of 
such complexes occurs. EDS maps reveal a slight 
segregation of only chromium atoms. 

The appearance of chromium-enriched regions may 
indicate the formation of -phase in the alloy. It is 
known that in homogeneous CrMnFeCoNi HEA with a 
similar composition and structure, a chromium-rich -
phase can form during prolonged annealing in the 
temperature range of 600 800 4]. At the same 
time, introducing defects into the alloy by deformation 
significantly accelerates this process, and the sigma-
phase is observed after annealing at 600 1 h [35]. 
It can be assumed that defects, formed under the 
irradiation with He+ ions, also significantly accelerate 
diffusion processes and lead to the decomposition of the 
solid solution in the CrFe2MnNi alloy, which is most 
likely non-equilibrium at this temperature. 
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Fig. 6. STEM image of the structure 
and EDS mapping of the CrFe2MnNi 

alloy in the initial state 

 

 

 

 

 

Fig. 7. STEM image and EDS 
mapping of the CrFe2MnNi alloy 

after 1.4 MeV Ar+ irradiation to dose 
of 1 1021 m-2 at 600  
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Fig. 8. STEM image of the 
structure and EDS mapping of the 
CrFe2MnNi alloy after irradiation 

with 20 keV + ions to dose of 
1 1021 m-2 and short-term annealing 

at 500  
 

 

appearance of chromium-rich regions. Due to the 
extremely low solubility in most solids, helium atoms 
quickly cluster with vacancies, forming helium-
stabilized cavities or bubbles, which deteriorate the 
thermo-mechanical properties of materials. It is known 
that radiation-induced segregation of point defects at the 
sinks is determined by the parameters of diffusion of 
matrix atoms via vacancies from the sink and the 
parameters of diffusion of interstitial atoms toward the 
sink. These two mechanisms can compete with each 
other or work together. The outflow of material atoms 
(for example, Fe, Cr, Ni, Mn) is carried out via 
vacancies, moving to the growing cavity, while at the 
same time, diffusion of the same elements via the 
interstitials occurs towards this flux. The ratio of these 
fluxes by different mechanisms exactly determines the 
segregation of the elements in the solid solution [12, 33, 
36]. 

Wang et al. [31] investigated the effect of the 
numbers and type of alloying elements on the bubble 
nucleation process in the concentrated solid solution 
alloys. The main driving force for bubble growth is the 
flux of vacancies to the bubble surface. Since vacancies 
usually prefer to diffuse via certain alloying elements, 
the flux of vacancies is often non-stoichiometric, 
leading to either enrichment or depletion of certain 
elements around the bubbles [37 39]. High mobility of 
vacancies through Cr sites leads to a large flux of 
vacancies and an increase in bubble size. At the same 
time, the rapid diffusion of chromium (the smallest 
atom in alloy) leads to the segregation of this element at 
the cavity/bubble surface [40]. 

For a clearer understanding of the role of alloy non-
equilibrium in the formation of chromium-rich regions, 

experiments should be performed on more equilibrium 
alloys with reduced chromium concentration. 

In general, the segregation tendencies observed in 
HEAs are qualitatively similar but less pronounced in 
magnitude compared to the behavior of austenitic 
stainless steels [41]. It is important to note that, unlike 
conventional alloys, HEAs have no principal element 
that dominates in the solid solution composition. 
Therefore, the influence of other effects, such as 
competing RIS kinetics of solid solutions, high entropy 
and severe lattice distortion, which are less pronounced 
in many conventional alloys, may increase the 
complexity of RIS processes in HEAs. So, the 
suppression of radiation-induced segregation observed 
in this study may be due to the reasons mentioned 
above. 

CONCLUSIONS 

1. The evolution of porosity in the CrFe2MnNi high-
entropy alloy and 18Cr10NiTi steel was investigated in 
the dose range up to 30 dpa with simultaneous argon 
implantation to 0.08 at.% at temperature of 600 
was found that the average size and density of cavities 
in 18Cr10NiTi steel are higher, and swelling is almost 
twice as high compared to CrFe2MnNi HEA. 

2. CrFe2MnNi alloy was found to be much more 
resistant to He bubbles formation than 18Cr10NiTi 
stainless steel, suggesting that retarding of the diffusion 
process and significant lattice distortion provide deeper 
sites for He atoms trapping. 

3. The suppression of radiation-induced segregation 
observed in this study can be caused by the competing 
kinetics of RIS in solid solutions, high mixing entropy 
and severe lattice distortion. 
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