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Abstract

The article presents the comprehensive analysis results of the connection between structural changes
caused by the effects of deformation swelling and softening effects during high-dose irradiation with
He’ " ions, alongside determines the kinetics of changes in structural and strength parameters
contingent upon irradiation conditions (in the case of irradiation temperature variations). The interest
in such studies is due to the need to study the influence of temperature factors on the diffusion
mechanisms of implanted He*" into the damaged layer of a high-entropy TiTaNbV alloy in the case of
high-dose irradiation. At the same time, the study of such mechanisms makes it possible to determine
not only the radiation resistance of TiTaNbV alloys, but also to expand the general understanding of
the influence of the structural features of high-entropy alloys associated with deformation distortion
of the crystal structure, which prevents diffusion and migration mechanisms of defect propagation in
the damaged layer. During determination of changes in strength properties depending on irradiation
conditions, it was found that irradiation temperature growth leads to both a rise in the degree of
softening under high-dose irradiation and an increase in the thickness of the softened layer under
high-dose irradiation. These changes indicate that at high temperatures, the diffusion of implanted
ions is not restrained by structural distortions, which results in their migration to a greater depth
exceeding the ion travel depth, which should be considered when designing the use of these alloys in
the case of their operation in extreme conditions.

1. Introduction

One of the solutions to the problem associated with the need to reduce the use of fossil resources for energy
production, aimed at both solving energy balance issues and solving environmental problems, is the
development of alternative methods of energy production, including nuclear energy [1, 2]. The use of traditional
technologies in nuclear energy related to the operation of pressurized water reactors, meanwhile, will not fully
resolve the issues of the nuclear fuel burnup efficiency growth, and elevate of the environmental friendliness of
energy production by reducing the amount of nuclear waste generated during operation [3, 4]. In the last few
years, to address these issues, developments in the field of creating high-temperature nuclear reactors capable of
operating at elevated temperatures, which makes it possible to increase both the fuel burnup efficiency and the
productivity of nuclear power plants, have been actively carried out [5, 6]. At the same time, resolving issues
related to the use of high-temperature nuclear reactors is inextricably linked with the search for optimal
materials that can withstand extreme operating conditions [7].

Interest in high-entropy alloys based on refractory compounds is due to the great prospects for their use as
basic structural materials used under extreme conditions, including temperature heating, as well as radiation

© 2024 The Author(s). Published by IOP Publishing Ltd
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exposure [8—10]. Moreover, considering them as structural materials for nuclear energy, the emphasis is on
resistance to the accumulation of radiation damage in the near-surface layers, which are most susceptible to
external influences, including mechanical and thermal influences [11, 12]. Unlike conventional alloys, the
presence of several elements in equal proportions in high-entropy alloys determines the strength properties,
alongside resistance to external influences, due to the formation of a high-strength crystalline structure, which
usually has a cubic face-centered or body-centered lattice [ 13, 14]. It should also be noted that the use of
refractory elements such as tantalum, niobium, vanadium, and zirconium [15, 16] in comparison with high-
entropy alloys based on elements such as nickel, cobalt, iron, chromium, and aluminum [17, 18] allows the
operating temperature growth due to the thermal stability of refractory elements, which, in addition to high
strength indicators, also provide resistance to corrosion and degradation in operating conditions at elevated
temperatures. At the same time, radiation damage resistance for high-entropy alloys is determined by the
presence of structural distortions of the crystal lattice associated with the elemental composition of the alloys,
which results in a slowdown in the diffusion of point and vacancy defects in the damaged layer compared to
similar effects in austenitic alloys and stainless steels [ 19, 20]. In this case, structural features associated with the
presence of various elements in the composition of the alloys, as well as their equally probable arrangement in
the crystal lattice, as a rule, determine the presence of structural distortions, which, as has been shownina
number of works [21-23], provide high strength indicators, and also in the case of radiation damage, restrain
migration and diffusion processes, thereby reducing the rate of radiation-induced degradation of the near-
surface layer of alloys under long-term exposure. However, in this issue there are still a large number of points
that require detailed study and consideration, both from the point of view of a fundamental understanding of the
processes of radiation damage in high-entropy alloys, and from a practical point of view associated with
conducting full-scale experiments that clearly demonstrate the behavior of materials under irradiation.

The purpose of this study is to determine the influence of the temperature factor on the radiation damage
degree in high-entropy TiTaNbV alloys under high-dose irradiation with He** ions, the use of which makes it
possible to simulate the processes of gas swelling of the surface layer, characteristic of extreme operating
conditions of such alloys as structural materials in nuclear reactors of new generation Gen IV. The relevance of
this study is to determine the influence of irradiation temperature not only on the structural disorder effects
caused by the cumulative effects of structural distortions and deformations, but also to determine the diffusion
processes on the softening (decrease in hardness) of the surface layer in a TiTaNbV alloy exposed to external
influences. Previously, in [23], we carried out a series of experiments to establish the dependence of changes in
structural and strength effects in the near-surface layer during helium irradiation of alloy samples with
variations in the number of TiTaNbV alloy components. According to the studies, it was determined that the
most resistant alloy to radiation embrittlement and swelling under high-dose irradiation with helium ions is the
TiTaNbV alloy. However, temperature factors that can lead to the effects of accelerated diffusion of implanted
helium in the surface layer of helium were not taken into account, despite the fact that these effects can have a
significant impact not only on the degree of radiation damage to the surface layer, but also on its increase in the
depth of damage due to diffusion and migration of implanted helium to great depths.

2. Materials and methods

The study of the processes of gas swelling as a result of high-dose irradiation with helium ions (He* ) was
conducted in order to determine the connection between the established structural changes (strain distortion of
crystal lattice parameters, volumetric swelling, changes in the concentration of defective inclusions) and
strength parameters (changes in hardness, strength, dry friction coefficient), alterations in which imply
radiation-induced surface erosion processes associated with swelling. The experiments were carried out on
samples of high-entropy alloys TiTaNbV with a cubic type of crystal lattice, obtained using the method of arc
melting of the elements Ti, Ta, Nb, V in equal stoichiometric ratios [23]. The starting elements were used in the
form of powders with a chemical purity of about 99.95%; these powders were purchased from Sigma Aldrich
(Sigma, USA). Homogeneity of the alloy composition was achieved by sequential remelting over 5 cycles.
Melting was carried out in vacuum (5 x 10> mbar) [23]. As a result of similar procedures, TiTaNbV alloys were
obtained with a body-centered type of crystal lattice, which has a pronounced textural direction (200), associated
with the formation processes of these alloys (see x-ray diffraction results in figure 1). The x-ray diffraction
pattern was obtained using a D8 Advance ECO x-ray diffractometer (Bruker, Germany). The diffraction pattern
was recorded in the Bragg—Brentano geometry, in the angular range 26 = 30°~110°, with a step 0f 0.03°, the
acquisition time of the diffraction pattern ata point was 1 s. To generate x-ray radiation, a copper tube with a
wavelength Cu-k\, A =1.54 A (Current—40 A, tube voltage—25 kV) was used.

The distorted shape of the diffraction reflections, in particular, the pronounced asymmetry of the (200) and
(310) reflections, is due to the difference in the atomic radii of the components used for the alloy, which
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Figure 1. Results of x-ray diffraction of the studied TiTaNbV alloy.
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Figure 2. Results of a comparative analysis of changes in the magnitude of atomic displacements and the concentration of implanted
ions in the surface layer depending on the irradiation fluence.

determine the presence of deformation distortions in the crystal structure, which in turn determine fairly high
radiation resistance [24].

The samples were irradiated at the DC-60 heavy ion accelerator using low-energy helium ions (He>"), the
choice of which is determined by the possibilities of modeling the processes of radiation damage associated with
the accumulation of slightly soluble helium and its agglomeration in the near-surface layer, as well as caused by
this accumulation as a result of agglomeration, swelling and erosion of the surface [23]. In order to determine the
influence of temperature factors on the processes of radiation-induced swelling, irradiation experiments were
carried out at various temperatures in the range from 300 to 1000 K. Figure 2 illustrates the simulation results of
the atomic displacement values and the implanted helium concentration in the near-surface layer, alongside the
dependence of the change in the atomic displacement values and the implanted helium concentration, taken at
the maximum path length, on the irradiation fluence. Irradiation fluences were chosen from 10”to 1 x 10'%ion
cm 2, the use of which made it possible to simulate radiation damage characteristic of atomic displacement
values of the order of 40 dpa (at the maximum irradiation fluence, see the data in figure 2). According to
simulation data, maximum damage under the selected irradiation conditions can be observed at a depth of about
250-300 nm of the near-surface layer, which is the most vulnerable when these types of materials are used as
structural materials. The maximum concentration of implanted helium in the damaged layer that can be
achieved with a given irradiation mode is no more than 1.2 at. %. However, at this value, the number of atomic
displacements can reach about 40 dpa, which indicates that the main contribution to the change in the structural
and strength characteristics of the damaged layer is made by atomic displacements, which are associated with
deformation distortion of the crystal structure.
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Determination of the influence of various irradiation conditions with variations in irradiation temperature
and fluence was carried out by assessment of changes in structural parameters contingent upon variations in
irradiation conditions and subsequent determination of the main mechanisms of structural deformation and its
influence on the surface layer swelling mechanisms. The assessment was carried out by comparative analysis of
alterations in the shape and intensity of the main diffraction reflection (200), the change in which characterizes
the deformation distortion of the crystal structure of the damaged layer depending on the conditions of external
influences. X-ray diffraction patterns for comparison and determination of the nature of deformation, as well as
possible amorphization of the structure under high-dose irradiation, were obtained on a D8 Advance ECO
diffractometer (Bruker, Berlin, Germany).

The relationship between structural changes caused by irradiation and a decrease in strength characteristics,
in particular, changes in the hardness of the surface layer, was established using the nanoindentation method,
which was implemented using a Duroline M1 hardness tester (Metkon, Bursa, Turkey). In this case, the selection
of theload on the indenter was carried out taking into account the depth of penetration of ions in the damaged
layer, depending on the irradiation conditions. The diffusion mechanisms associated with the migration of
implanted helium in the damaged layer above the limit of the depth of penetration of ions into the near-surface
layer was determined by measuring the hardness of the samples in depth. For this purpose, measurements were
carried out on the side chip of the samples with a step of 50 nm from the surface in order to determine the
influence of diffusion processes on the change in hardness under high-dose irradiation. These measurements
were carried out for samples irradiated with a maximum fluence of 10'® ion cm 2.

Tribological tests aimed at establishing the influence of the accumulation of structural damage and
deformations that arose in the near-surface layer as a result of irradiation were carried out using the method of
determining the dry friction coefficient, implemented on a Unitest framework SKU UT-750 testing machine
(Unitest, USA).

3. Results and discussion

The theory of resistance of high-entropy alloys to radiation damage is based on the assumption of the presence of
deformation distortions of the crystal structure that arise due to the presence of various elements that form the
crystal lattice by randomly filling positions at the nodes, which leads to the formation of a distorted crystal lattice.
Moreover, as is known, thermal exposure in most cases leads to the initialization of relaxation processes [25, 26],
leading to partial or complete relaxation of deformation structural distortions, especially if thermal exposure
occurs for along time. In the case of high-temperature irradiation, relaxation processes compete with processes
of deformation distortions associated with the processes of interaction of incident ions with the crystal structure
of the target, associated with ionization and athermal effects. In this case, thermal effects, under certain
conditions, can participate in the relaxation of structural distortions associated with the formation processes of
alloys, as well as accelerate the processes of diffusion of implanted ions into the damaged layer, which, asa
consequence, will lead to more pronounced structural distortions, as well as increased softening of the surface
layer. Moreover, with high-dose irradiation, high concentrations of implanted helium are capable of forming
gas-filled bubbles in the form of blisters in the damaged layer, the increase in volume occurs both due to the
agglomeration of smaller bubbles into large ones, and due to diffusion processes and high mobility of helium,
contributing to an elevation in the helium concentration in the bubble. It is also worth to note that the growth of
abubble (gas-filled cavity) is accompanied by an increase in pressure on the walls, which in turn results in a rise
in structural distortions due to deformation swelling of the damaged layer. In turn, in several works [27-29], it
was shown that thermal exposure, including post-radiation annealing (especially for steels with metal alloys)
leads to an acceleration of the blister formation and bubble growth processes. Such mechanisms are due to the
effects of accelerated diffusion, leading to the agglomeration of small bubbles into larger inclusions. A clear
confirmation of the influence of irradiation temperature on the mechanisms of blister formation during high-
dose irradiation are the images of the surface of alloys exposed to irradiation with a fluence of 10'® ion cm >
presented in figure 3. According to the presented images, a change in the irradiation temperature from 300 to
1000 K results in an elevation in the size of the resulting blisters on the surface, which implies helium
agglomeration in the resulting cavities. Moreover, in the case of irradiation at 1000 K, a large number of opened
blisters are observed with the formation of new blister nuclei of smaller sizes next to the destroyed areas. Such
alterations in the surface of alloys observed at elevated temperatures indicate not only the migration processes of
helium, which result in a growth in the blister size, but also to an increase in the deformation of the near-surface
damaged layer due to both the growth of blisters and the partial destruction of the surface caused by the
achievement of critical pressure values in the gas-filled cavity.

Figure 4 shows the results of changes in the position and shape of the main diffraction reflection (200)
depending on the irradiation conditions (with variations in fluence and irradiation temperature). According to
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Figure 3. Results of the morphological features of the surface of the TiTaNbV alloy after irradiation with a fluence of 10'® ion cm 2 in
the case of irradiation temperature variation: (a) 300 K; (b) 500 K; (c) 700 K; (d) 1000 K.

e ] wox i s
| [ty
i - 4 | Ei;‘:m.:
I = e
& =s-|5‘wm€ 7010 onfn’
- o 5 _—)ce

sy, e,

Figure 4. Comparative analysis results of changes in the position and intensity of the diffraction reflection (200) contingent upon the
fluence with variations in the irradiation temperature: (a) 300 K; (b) 500 K; (c) 700 K; (d) 1000 K.

the analysis of structural changes, it was determined that there were no new diffraction reflections in the
diffraction patterns of the studied samples after the maximum fluence of irradiation, which indicates the absence
of recrystallization processes or textural misorientation caused by thermal and athermal effects associated with
the processes of interaction of incident ions with the crystal structure of the near-surface layer. The main
observed alterations contingent upon irradiation conditions are associated with changes in the intensities of
diffraction reflections, and their displacement relative to the initial position, indicating processes of deformation
distortion of the crystal structure as a result of irradiation. In this case, a change in irradiation conditions, in
particular, an irradiation temperature growth, results in more pronounced shifts in the diffraction reflection
alongside its broadening, accompanied by an intensity reduction. Such changes associated with the broadening
of reflections under external influences are usually characteristic of the formation of disordered (amorphous)
inclusions in the damaged layer caused by severe deformation of the damaged layer under high-dose irradiation.
According to the presented data on changes in the position and shape of the reflex (200), it is clear that the
main changes are associated with two factors: a change in position due to a shift to the region of lower 26 values,
indicating an increase in tensile deformation distortions; a change in the FWHM value, which, together with a
change in intensity, characterizes the structural ordering degree (the presence of amorphous inclusions
associated with the formation of highly disordered regions). In the case of an irradiation temperature of 300 K,
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Figure 5. Results of deformation distortions of the crystal structure determined based on changes in x-ray diffraction patterns: (a) shift
results Adq0); (b) deformation distortion of the crystal lattice parameter.

the change in the position of the reflection (200) and its shape is minimal at irradiation fluences of 10'°~10'” ion
cm 2, and pronounced displacements characteristic of deformation distortion are observed at fluences above

5 x 10 ion cm 2. At the same time, an increase in the irradiation temperature from 300 to 500 K does not lead
to significant changes in the trend of shifts in the position of the reflection, which is characteristic of an increase
in deformation microdistortions, the accumulation of which occurs as a result of atomic displacements, as well
as migration processes of implanted ions. However, in the case of irradiation temperatures of 700 and 1000 K,
the change in the reflection position displacement value is more pronounced in comparison with the data on the
value of Af obtained for samples irradiated at a temperature of 300 K, and is of the order of A8 ~0.3°-0.38°,
which is 1.5-2.0 times higher than the value A for the maximum irradiation fluence (10'® ion cm™?) in the case
of irradiation at a temperature of 300 K. It should also be noted that for samples irradiated at temperatures of
700-1000 K, in addition to a growth in the shift value Af to the region of small angles, in the case of irradiation
fluences above 10'7 ion cm ™2, a strong decrease in intensity and the reflection shape, indicating a rise in the
amorphous inclusion concentration, is observed.

Based on the obtained shifts in the position of the diffraction maxima, the values of microdistortions caused
by the accumulation of structural distortions in the damaged layer, alongside the processes of helium
implantation and its subsequent agglomeration, were determined. Using the obtained dependences of changes
in the value of microdistortions on the value of atomic displacements in the damaged layer and irradiation
conditions, the main mechanisms of deformation of the damaged layer were determined, as well as the influence
of irradiation temperature on the structural disorder degree of the crystal lattice (the results are presented in
figure 5(a)). The d, g value was refined using the DiffracEVA v.4.2 program code, the use of which makes it
possible to establish changes in the value of interplanar distances and angular displacement (A26) of the order of
~0.0005-0.001. Such a high accuracy of measurements is due to the high degree of resolution of the obtained
diffraction patterns, which reflect minimal changes in the position, shape and intensity of diffraction reflections
as aresult of external influences.

As can be seen from the data presented, the change in the Ad(,00) value is characterized by an increase in this
value with changes in irradiation conditions (fluence and temperature), which indicates the formation of tensile
deformation distortions in the structure, the accumulation of which results in deformation disordering of the
damaged layer and its swelling. The nature of deformation microdistortions, meanwhile, is most pronounced
for temperatures of 700-1000 K at fluences above 107 ion cm ™2, which is in good agreement with the data of
morphological features, according to which at high irradiation fluences the formation of gas-filled inclusions,
the presence of which is accompanied by deformation distortion of the crystal structure, is observed.

Figure 5(b) reveals the assessment results of the crystal lattice deformation distortion depending on the value
of atomic displacements when the irradiation temperature changes, which indicate tensile deformation, leading
to the crystal lattice parameter growth under external influences. It should be noted that alterations in
irradiation conditions (variations in irradiation temperature) result in different trends in changes in the crystal
lattice deformation, which are more pronounced at irradiation temperatures of 700—1000 K, for which
pronounced distortions are observed at lower irradiation fluences than in the case of irradiation at temperatures
0f 300-500 K, for which, at values less than 1 dpa, changes in the deformation distortion value are minimal.
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Figure 6. (a) Results of volumetric swelling of the crystal lattice of the alloys under study depending on irradiation conditions; (b)
Results of changes in FWHM values and diffraction reflection intensities (200) depending on irradiation conditions, which
characterize deformation distortion and partial amorphization of the damaged layer.

Figure 6(a) demonstrates the comparative analysis results of changes in the volumetric swelling of the crystal
structure of the alloys under study depending on the irradiation fluence variation (data are presented in terms of
the atomic displacement value) and irradiation temperature. The calculations were performed by calculating the
value of AV, which is the difference in the crystal lattice volumes before and after irradiation under certain
conditions.

A change in this value characterizes the deformation swelling of the crystal structure of the damaged near-
surface layer as a result of the accumulation of structural distortions caused by irradiation. The nature of changes
in this value depending on the irradiation fluence indicates the resistance of alloys to deformation processes, and
also characterizes the dynamics of structural disorder when irradiation conditions change. According to the data
presented, in the case of irradiation at temperatures of 300 K and 500 K, the main changes, characterized by an
exponential increase in the AV'value, are observed when the atomic displacement value reaches above 10 dpa (at
fluences above 3 x 10'7 ion cmfz). At the same time, the irradiation temperature growth from 300 K to 500 K
results in more intense swelling with an increase in fluence, which is characterized by a difference in the AV
values at the same dpa values. In the case of irradiation at temperatures of 700 K and 1000 K, a pronounced
change in the value of AV'is observed at a value of 3.9 dpa, which indicates a reduction in the stability of the
crystal structure to deformation swelling with the irradiation temperature growth. At the same time, at the
maximum irradiation fluence (10'® ion cm ™ ?), the difference in AV values for alloy samples irradiated at
temperatures of 300 K and 1000 K is more than 2.5 times (0.7% for a temperature of 300 Kand 1.9% fora
temperature of 1000 K). This difference is a direct confirmation that under high-temperature irradiation,
diffusion effects leading to accelerated agglomeration and deformation of the crystal structure due to an increase
in the volume of gas-filled inclusions become more pronounced, which contributes to the embrittlement of the
near-surface layer (see the change in morphological features presented in figure 3). At the same time, a more
than twofold change in the AV value can result in the damaged layer thickness growth due to more pronounced
diffusion of implanted ions, which, due to temperature effects, promotes the migration of defects deeper into the
material.

Temperature effects that influence the increase in deformation distortion of the crystal structure, caused by
an increase in the size of gas-filled bubbles, as well as their density, were considered in [30]. At the same time, the
authors made an assumption about the influence of the composition of the high-entropy alloy on the
mechanisms of gas swelling, which is due to the inhibition of the diffusion of implanted helium due to
dislocation effects and the presence of point defects. In the case of high irradiation temperatures, relaxation
processes associated with the annihilation of point defects and dislocations with temperature changes can lead to
adecrease in the concentration of barriers to the diffusion of implanted helium, which in turn explains a more
pronounced decrease in the intensity of the diffraction reflection and its broadening, characteristic of
amorphization. The results of a comparative analysis of changes in FWHM values and diffraction reflection
intensities (200) depending on irradiation conditions, shown in figure 6(b), indicate that the main influence of
amorphous inclusions, the accumulation of which occurs due to strong deformation of the near-surface layer
near the formed blisters, manifests itself at high irradiation temperatures. In this case, the contribution of
changes in the FWHM value and intensity, indicating partial amorphization of the damaged layer, is more
pronounced for irradiation temperatures of 700—1000 K, while for a temperature of 300 K, the change in the
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Figure 7. (a) Results of changes in the hardness of the near-surface damaged layer depending on the value of atomic displacements
caused by irradiation at different temperatures; (b) Results of a comparative analysis of the change in hardness reduction (AH) from
the volumetric swelling of the crystalline structure in the damaged layer.

FWHM value at fluences above 10'” ion cm ™2 does not have a direct relationship to an increase with a change in
fluence, which indicates a fairly high resistance of the alloy to amorphization under high-dose irradiation at low
temperatures. Such effects may be due to the fact that at an irradiation temperature of 300 K, thermal effects
leading to accelerated diffusion of implanted ions and resulting defects do not have a significant effect, since they
arise only in areas near the trajectory of ion movement in the material, and by their nature have a short exposure
time (about 10™"'7"% 5), which in the case of refractory alloys cannot lead to significant changes in the thermal
vibrations of atoms. In the case of irradiation at high temperatures (about 7001000 K), long-term thermal
effects on the crystal structure, combined with ionization effects caused by irradiation, can result in an
acceleration of diffusion processes, which in turn leads to enlargement of the blisters (see data presented in
figure 3), and as a consequence, results in their destruction, which is accompanied by deformation destruction of
the near-surface layer. Such destruction leads to the appearance of highly distorted structural inclusions in the
damaged layer, the accumulation of which results in partial amorphization of the damaged layer, direct evidence
of which is a steep rise in the FWHM value and a decrease in the intensity of diffraction reflections, the
combination of changes of which indicates amorphization of the damaged layer.

Figure 7(a) demonstrates the results of measuring the hardness of the alloy samples under study depending
on the magnitude of atomic displacements associated with changes in irradiation fluence, as well as reflecting the
softening effect caused by structural changes in the near-surface layer. The hardness measurement was carried
out with a sample in such a way that the data obtained during the measurements reflected the change in the
hardness of the damaged layer at a given depth. The general trend of changes in the hardness of the surface layer
indicates a cumulative effect characterizing the resistance of the alloy to softening under high-dose irradiation.
Moreover, according to the data obtained, the change in hardness at atomic displacement values greater than
3 dpain the case of irradiation temperature growth indicates an adverse effect of temperature on the softening
rate. In the case of samples irradiated at temperatures of 300-500 K, a decrease in hardness is not observed until
the accumulation of atomic displacements of the order of 10 dpa, and in the case of above 10 dpa, the decrease in
hardness is less than 5%. For samples irradiated at temperatures of 700-1000 K, the hardness reduction is more
pronounced with high-dose irradiation, which indicates a loss of strength properties of the near-surface layer of
the alloys. A comparative analysis of the softening value (AH) and the swelling value (AV), presented in
figure 6(b), shows a direct connection between strain swelling caused by irradiation and softening (decrease in
hardness) of the near-surface layer, which is most pronounced during high-temperature irradiation.

Figure 8 illustrates the assessment results of changes in the hardness of the damaged layer in the alloy along
the depth of penetration of ions in the material, performed by indentating the cross section of samples irradiated
with a maximum fluence of 10'® ion cm ™~ (for this experiment). The main goal pursued in conducting these
experiments is to determine the diffusion mechanisms of defect propagation in the damaged layer in depth, as
well as to determine the isotropy of changes in hardness depending on irradiation conditions.

According to the presented data of a comparative analysis of changes in hardness along the profile of the
depth of penetration of ions into the near-surface layer depending on the irradiation temperature, it can be
concluded that the temperature factor of irradiation has a negative effect on the diffusion mechanisms that
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Figure 8. Comparative analysis results of changes in hardness with depth (the red broken line indicates the distribution of the value of
atomic displacements at maximum irradiation fluence along the trajectory of ion movement in the near-surface layer).

contribute to the softening of the near-surface layer. The data obtained indicate that with irradiation
temperature growth, the depth of the softened layer (the layer in which the hardness value is lower than in the
non-irradiated material) increases, and in the case of high-temperature irradiation it is practically twice the
thickness of the layer characteristic of the ion travel depth. This effect can be explained by diffusion mechanisms
associated with the high mobility of helium and its low solubility, which in turn leads to the fact that implanted
helium can migrate quite well both in the damaged layer and beyond due to mobility. At the same time, it was
shown in [31] that the mechanisms of helium diffusion in the surface layer are influenced by several factors,
including the value of structural distortions that can restrain diffusion processes, as well as the concentration of
defective inclusions during high-dose irradiation, which can also have a restraining effect in the form of
dislocation or vacancy barriers.

Thus, analyzing the obtained data on changes in hardness with depth, we can conclude that diffusion
processes, clearly expressed at high irradiation temperatures, have a negative impact not only on the overall
decrease in strength characteristics, but also contribute to an increase in the thickness of the damaged layer due
to migration processes. Similar effects associated with diffusion softening mechanisms, which contribute to an
increase in the thickness of the damaged layer, should be taken into account when designing the use of such
alloys under conditions of high-temperature radiation exposure.

Figure 9 demonstrates the measurement results of tribological characteristics, in particular, the dynamic
change in the coefficient of dry friction under mechanical action on the surface with a ball-shaped indenter
under load. The presented data characterizes the resistance of the surface to wear under mechanical influences.

The general trend of the presented dependences of the dynamics of alterations in the dry friction coefficient
contingent upon irradiation conditions (with variations in irradiation fluence and irradiation temperature)
indicates that the main changes associated with a decline in wear resistance (expressed in the friction coefficient
growth and, as a consequence, the surface friction resistance growth) are observed at fluences above 3 x 10'” jon
cm°. Atthe same time, the nature of changes in the friction coefficient at irradiation fluences in the range from
3% 10" t0 10" jon cm ™ has a clear trend toward a rise in the friction coefficient associated with temperature
exposure.

The rise in the dry friction coefficient for high-dose irradiation in the case of high irradiation temperatures is
due to a high softening degree of the near-surface layer (more than 10%—15% according to data on changes in
hardness), which, as a consequence, is accompanied by an increase in the concentration of defective inclusions
and deformation distortions, which, as a result of external influences, result in surface embrittlement and the
creation of additional obstacles, leading to heightened resistance to friction and wear (see data in figure 10). It
should be noted that the most pronounced changes in the dry friction coefficient are observed for samples
irradiated at temperatures of 700—1000 K, for which high-dose irradiation leads to an increase in wear by more
than 1.5-2 times compared to samples irradiated at temperatures of 300500 K.

Analyzing the general trends in changes in hardness and wear resistance (based on the results of changes in
the dry friction coefficient), the following conclusions can be drawn. Firstly, the data obtained, regardless of the
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associated with irradiation with He** ions with variations in irradiation temperature: (a) 300 K; (b) 500 K; (c) 700 K; (d) 1000 K.
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irradiation conditions (irradiation temperature), indicate a fairly high stability of the strength of the near-surface
layer in the case of moderate irradiation fluences (up to 10" ion cm ™~ ?), characteristic of atomic displacement
values of the order of 34 dpa. In this case, low radiation doses do not have a significant negative effect on the
softening of the near-surface layer, and high stability indicators can be due to the structural features of high-
entropy alloys. Secondly, the established connection between the softening of the near-surface layer and
volumetric swelling caused by the accumulation of structural distortions indicates that the main mechanisms
causing a reduction in strength characteristics are associated with the formation of highly disordered or
amorphous inclusions in the damaged layer. At the same time, an increase in the size of the blisters in the case of
high irradiation temperatures (700-1000 K) results in more pronounced softening and loss of wear resistance,
which is caused by partial peeling of the damaged layer in the places of detonation opening of the blisters with the
accumulation of excess concentrations of implanted helium in the gas-filled pore. Thirdly, an increase in
irradiation temperature, as shown by wear resistance tests, leads not only to a decrease in wear resistance, but
also to an increase in the depth of the damaged layer due to diffusion processes, leading to a more than twofold
increase in the thickness of the deformation-softened near-surface layer.

Analyzing the obtained dependences of changes in the strength properties of the studied TiTaNbV alloys
depending on the conditions of irradiation with low-energy helium ions, the following conclusions can be
drawn. In comparison with multilayer MeN/Si;N, films [32], in which the effect of gas swelling is reduced due
to the presence of interphase boundaries, and the blistering effect itself is less pronounced, in the case of the
alloys under study, the degradation of the near-surface layer is more pronounced, and also has a direct
dependence on the irradiation temperature. Moreover, in the case of using these alloys as structural materials for
nuclear reactors, high-entropy alloys have significant advantages over traditional stainless steels [33—35], which
are less resistant to helium blistering, especially at elevated operating temperatures, at which accelerated
migration of helium and enlargement of gas-filled inclusions occurs, followed by detonation opening.

One of the explanations for the effect of helium agglomeration with the subsequent formation of gas-filled
inclusions in the near-surface layer is the Evans model [36, 37], proposed by him for steels and alloys, which also
found good agreement in both multilayer films [32, 38] and ceramic materials [39—41]. The model proposed by
Evans is based on the high mobility of helium and its low solubility, which leads to the fact that implanted helium
in the near-surface layer migrates quite well along the grain boundaries, followed by filling the voids. Moreover,
the possibility of its agglomeration at high concentrations of implanted helium can lead to the emergence of
sufficiently large values of internal tensile stresses, the increase of which results in deformation swelling of these
areas with their subsequent displacement to the surface. At the same time, in several works [42—44] it was
indicated that a rise in irradiation temperature leads to an elevation in the mobility of implanted helium, and
therefore, a more pronounced deformation distortion of the structure and volumetric growth of gas-filled
cavities, which is in good agreement with the results presented in this work.

In comparison with ceramic materials [45—47] based on refractory compounds, high-entropy alloys benefit
due to their thermophysical parameters, although a number of ceramics have a hardness significantly higher
than the hardness of alloys. At the same time, during comparison of the results of helium swelling for the studied
TiTaNbV alloys with other types of alloys, such as CrMoTaWYV [48], FesoMn;3¢Co;¢Cryg [49], W-Ta-Cr-V [50],
the observed changes in strength and structural parameters have similar dependencies. However, the TiTaNbV
alloys under study have a more resistant structure to radiation-induced degradation processes caused by helium
swelling under high-dose irradiation.

4, Conclusion

The paper presents the comprehensive analysis results of the relationship between changes in the structural and
strength properties of refractory high-entropy TiTaNbV alloys to helium swelling with varying irradiation
condition variation (in the case of irradiation temperature). Using the methods of scanning electron microscopy
and x-ray diffraction analysis, the main structural disorder mechanisms, associated with the accumulation of
deformation tensile stresses and microdistortions resulting from the agglomeration and enlargement of blisters
in the near-surface layer, alongside their detonation hiding at high irradiation temperatures, were established.

During determination of the strength characteristics of the alloys under study depending on the irradiation
conditions, it was found that the main changes due to the cumulative effect of helium implantation into the
near-surface layer are observed at fluences above 10'” ion cm ™2, At the same time, an elevation in irradiation
temperature results in more pronounced decrease in the hardness and wear resistance of the near-surface layer,
which in turn implies a greater mobility of implanted helium in the near-surface layer due to high temperatures,
which in turn leads to softening associated with the agglomeration of helium in voids. It should also be
highlighted that irradiation temperature growth initiates diffusion mechanisms, which in turn results in
softening of the near-surface layer to a greater depth under high-dose irradiation.
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