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Abstract. The main aim of this study is to identify the role of energy and type of incident ions during irradiation
of the near-surface layers of the AINbTiVZr alloy in alteration of the structural and mechanical properties, as well
as to determine the role of accumulation of structural damage on the softening of the near-surface layer depending
on the irradiation fluence. According to the data obtained, it was established that a change in the type of ions and
the energy of ions leads to a growth in the degree of structural damage associated with volumetric swelling, while
an increase in the energy of ions leads to an elevation in the degree of deformation distortions of the tensile type,
caused by an increase in ionization losses and cascade displacements, which elevate the concentration of defects in
the near-surface layer. It has been shown that the development of volumetric swelling processes and the
accumulation of defective clusters are the main factors causing a decrease in hardness and deterioration of the
mechanical characteristics of the irradiated material. The results obtained demonstrate that the type and energy of
incident ions, as well as the irradiation fluence, have a determining effect on the kinetics of degradation of
mechanical properties and radiation resistance of the near-surface layers of the alloy under study.

Keywords: high-entropy alloys, radiation resistance, resistance to degradation, radiation defects, structural
materials.

1. Introduction

In modern materials science, regarding the study of promising materials for new generation nuclear
reactors, high-entropy alloys have occupied a special place in the past few years, a distinctive feature of which
is a multicomponent composition, which includes five or more elements in similar atomic concentrations [1-
3]. In this case, the use of close ratios of components in the composition leads to the formation of a high
entropy of mixing, which in turn stabilizes simple crystalline structures through cationic substitution and
changes the physical and mechanical properties of the alloys. Due to these effects arising in the structure of
alloys, high-entropy alloys are considered one of the potential materials of the new generation, capable of
operating under conditions of high temperatures, large neutron fluxes and exposure to nuclear fission
fragments, as well as resistance to degradation processes upon contact with aggressive environments [4,5].
Unlike traditional alloys, in which one element is the main one and the others act as alloying additives, high-
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entropy alloys lack a dominant component, in them, the equilibrium ratio of elements leads to the formation
of a high configurational entropy of mixing, which determines the stability of the crystalline structure, as well
as the emergence of a complex field of local stresses and energy barriers for the diffusion of atoms, which
increases strength, ductility, thermal stability and resistance to external influences [6-8]. Another feature of
high-entropy alloys is their resistance to the corrosive effects of aggressive environments, including water
vapor, liquid metals, or molten salts, which makes high-entropy alloys potentially suitable for use in next-
generation reactors operating on alternative coolants such as lead, sodium, or molten salts [9,10].

It should also be noted that in recent years, much attention in the study of the properties of high-entropy
alloys has been paid to their resistance to the accumulation of radiation damage, as well as to assessment of
the likelihood of the formation of long-lived radioactive isotopes in alloys after high-dose irradiation [11,12].
In this regard, to restrain these processes in the production of high-entropy alloys, elements with low activation,
in particular, elements such as iron, chromium, vanadium, titanium, and tantalum, the use of which allows for
a significant reduction in the level of radioactive waste and simplification of reactor decommissioning
processes, are used [13-15]. High-entropy alloys play a significant role in thermonuclear energy, for
installations such as ITER and DEMO, whose materials must withstand high thermal loads, intense neutron
irradiation, and surface erosion upon contact with plasma [16,17]. In this case, much attention in this area is
paid to high-temperature refractory high-entropy alloys based on tungsten, niobium, molybdenum and
tantalum, which are considered as potential materials for the creation of divertors, plasma walls and other
structural components of thermonuclear installations [18-20].

High-entropy alloys are also being considered as materials for next-generation nuclear fuel cladding due
to their higher mechanical strength, oxidation resistance, and thermal stability compared to traditional
zirconium alloys, which improves the safety of nuclear reactor operation and increases the burnout efficiency
of nuclear fuel [21,22]. At the same time, despite the great prospects for the use of high-entropy alloys as
structural and functional materials for nuclear and thermonuclear energy, the widespread introduction of these
alloys today requires the search for and solution of a number of scientific and technological issues, the key of
which is the assessment of the mechanisms of destruction and softening of the near-surface layers of alloys
exposed to ionizing radiation. In particular, it is necessary to obtain new data on the mechanisms of defect
formation and their evolution depending on variations in irradiation conditions, including exposure to various
types of ionizing radiation, determine long-term structural stability and establish critical irradiation doses at
which the degradation of the near-surface layers becomes irreversible and can lead to destabilization of the
entire material.

In this regard, the main aim of this study is to identify the role of energy and type of incident ions during
irradiation of the near-surface layers of high-entropy AINbTiVZr alloy on the change in structural and
mechanical properties, as well as to determine the influence of the accumulation of structural damage caused
by irradiation on the softening processes depending on the irradiation fluence. Interest in this type of research
is driven by the need to expand our understanding of the patterns of ion ranges of different masses and energies
in materials, which is an important step in planning experiments on ion modeling of radiation effects, as well
as in analysis of the stability of promising materials, including high-entropy alloys, to the effects of intense
charged particle fluxes.

2. Materials and methods

A high-entropy alloy based on compounds of aluminum, niobium, titanium, vanadium and zirconium,
obtained by spark sintering methods from metal powders mixed in equal proportions of components, was
chosen as the object of research. The alloy sample was prepared by mixing the selected components in a
stoichiometric ratio of 20 at. % and subsequently melting the mixture using the electric-arc remelting method
in an argon atmosphere. The remelting process was repeated at least five times to ensure a uniform distribution
of elements within the alloy.

X-ray structural analysis of the alloy samples was performed using a D8 Advance ECO diffractometer;
X-rays were generated by a copper tube (Cu Ka wavelength = 1.54 A). Diffraction patterns were recorded in
Bragg-Brentano geometry over an angular range of 20 = 20-60° with a step size of 0.05°. Structural parameters
were determined using Diffrac.EVA v.4.2 software. Parameter refinement involved comparing the results with
reference values and identifying deviations caused by external factors, such as lattice distortions resulting from
alloy fabrication methods or ion irradiation. According to X-ray phase analysis data, the phase composition of
the alloy is characterized by a body-centered phase B2, enriched in aluminum and zirconium, as well as
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inclusions in the form of ZrsAls; and the Laves phase ZrAlV, the presence of which is due to their inclusion
near the grain boundaries of the main phase, which leads to the creation of additional strengthening effects due
to the formation of interphase boundaries and dislocation effects. The key reason for choosing the AINbTiVZr
alloy as the object of research is its belonging to the class of refractory high-entropy alloys, the combination
of elements in which ensures the stability of the material during operation in the operating temperature range
of 600 — 1000 °C, as well as possessing high heat resistance and oxidation resistance. The multicomponent
composition of the AINbTiVZr alloy leads to the creation of a large number of structural distortions of the
crystal lattice, which in turn complicates the migration of point defects and slows down diffusion processes,
thereby reducing the rate of accumulation of radiation damage and degradation of the alloy microstructure.

Modeling of radiation damage in the near-surface layers of the studied alloy samples was carried out at
the DC-60 heavy ion accelerator located at the Astana branch of the Institute of Nuclear Physics of the Ministry
of Energy of the Republic of Kazakhstan (Astana, Kazakhstan). Irradiation was carried out with O*, Ar*, Kr*
and Xe* ions with energies of 28 MeV, 70 MeV, 145 MeV and 230 MeV, respectively. Irradiation fluences
ranged from 5x10% to 10 ion/cm?. Irradiation was carried out at room temperature. The choice of ion types
for irradiation is determined by the need for a comprehensive study of the influence of the mass and energy of
incident particles on the processes of formation and accumulation of radiation defects in the material. The use
of ions with significantly different atomic masses makes it possible to reproduce various mechanisms of energy
transfer in the crystal lattice and to evaluate the nature of structural changes that occur under radiation
exposure.

The values of ionization losses, as well as changes in their profiles along the trajectory of ion movement
in the near-surface layers of alloys at irradiation fluence growth, were determined using the SRIM Pro 2013
software code. The assessment results of changes in the profiles are shown in Figure 1a, reflecting the change
in the values of ionization losses of ions along the trajectory, caused by the processes of elastic and inelastic
interactions during the collision of ions with the crystal structure. As can be seen from the data presented,
ionization losses during the interaction of incident ions with electrons, which are associated with the excitation
and subsequent ionization of electrons and electron shells, play a dominant role in alteration of the structural
features of the studied alloys during irradiation. Moreover, as the penetration depth increases, the role of
electron ionization losses decreases, while the contribution of electronic stopping power and nuclear stopping
power grows due to the increase in the concentration of elastic collisions of incident ions with atomic nuclei,
which leads to their displacement from the nodes of the crystal lattice. The maximum ion range is about 10 —
14 pm, and it should be noted that alteration of the type and energy of ions does not make a significant
difference in the maximum ion range, while alteration of the energy of ions plays a very important role in the
value of ionization losses and the kinetics of their changes along the ion range.

Table 1 shows the main characteristics of the interaction of incident ions with the crystalline structure of
the alloy during irradiation, reflecting the values of ionization losses, as well as the ion range in the near-
surface layers. Data for ionization loss values are given as a range of values observed at the maximum. For
electron ionization losses, these values were estimated at an ion range of up to 5 um, while for nuclear
ionization losses, these values were determined based on the maximum achieved during the slowing down of
incident ions and their deceleration, at which ion-nucleus interactions dominate.

Table 1. Calculation data for ionization losses and ion range

Parameter lon
Type of ion o* Ar? Kr* Xe*
Energy of ion, 28 MeV 70 MeV 145 MeV 230 MeV
MeV
Range of ion, pm 10.7+£0.2 pm 10.8 £ 0.3 um 125+ 0.2 ym 13.8+0.4 pym
dE/dXnyclear, €V/NM 0.2-0.3 11-13 25-39 10-11
dE/dXelectron, €V/NM 25-30 67— 76 123 - 145 200 - 240

According to the presented data on the assessment results of ionization losses and ion range in the near-
surface layers of alloys, it can be concluded that an increase in ion energy from 28 MeV for O* to 145 MeV
and 230 MeV for Kr* and Xe* ions leads to a change in the ion range by no more than 2.0 — 3.0 um, and in the
case of Ar* ions with an energy of 70 MeV, the ion range is comparable to the range of O* ions. In this case,
the change in the type of ions and interaction mechanisms has a clearly expressed dependence on the mass of
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the ions and the initial energy. In this case, the analysis of the ionization loss values showed that in the case of
heavy Kr* and Xe* ions, the ionization loss values are more than an order of magnitude higher than those of
O* ions, which is due to the greater intensity of the interaction of incident heavy ions with the electron and
nuclear subsystems, which leads to more intense slowing down of the ions. It should also be noted that lighter
O* ions, due to the peculiarities of interaction with the electron and nuclear subsystem at lower energy, are
able to penetrate to greater depths, due to lower values of ionization losses, especially when interacting with
nuclei. According to the presented calculations, it can be concluded that the use of these types of ions allows
the formation of a damaged area of approximately the same range in depth in alloy samples, which in turn can
be used to describe the structural and mechanical changes in the near-surface layers.
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Fig. 1. Results of calculations using the SRIM Pro software code: a) Values of change in ionization losses along the
trajectory of ions in the alloy; b) Dependence of the change in the value of atomic displacements for the studied ions
upon collision and change in irradiation fluence

Figure 1b shows the results of calculations of the values of atomic displacements depending on the
irradiation fluence, characterizing the number of displacements of atoms from the nodes of the crystal lattice
as a result of the interaction of incident ions with the crystal structure of the target. To estimate the dpa values,
the methodology described in [23] was used. Data are given for all types of considered ions used for irradiation
of alloy samples depending on the irradiation fluence. A general analysis of the obtained values indicates that
at low irradiation fluences (5x10%° - 5x10 ion/cm?) the degree of structural damage is extremely low and
does not differ significantly depending on the type of ions used for irradiation. In this case, the observed effects
are explained by the fact that at low irradiation fluences, a limited number of point defects are formed in the
material, such as vacancies and interstitial atoms, which can recombine with each other, and the areas where
these defects are formed are isolated from each other. At fluences above 10* ion/cm?, the differences between
the effects of ions depending on their type and energy become more pronounced, which is explained by the
fact that heavy ions have a greater mass and higher momentum, as a result of which they transfer more energy
to the atoms of the crystal lattice during collisions. This leads to the formation of more intense displacement
cascades and an increase in the number of radiation defects formed. At the same time, light ions such as oxygen
lose more energy through ionization processes, which reduces the contribution of nuclear collisions and,
accordingly, reduces the level of structural damage.

The determination of structural damage in the near-surface layer of the AINbTiVZr alloy was carried out
by the assessment of changes in the structural parameters of the main phase B2 and further calculation of
changes in the structural damage degree based on changes in the crystal lattice volume in comparison with the
results for the initial samples with a change in the irradiation fluence. To assess the influence of accumulated
structural damage caused by irradiation with heavy ions of different energies on the change in the mechanical
properties of alloys, as well as to identify the role of changes in ionization losses and structural damage on the
degree of softening of damaged layers, a hardness assessment method was used.

Changes in sample hardness before and after testing were determined using an indentation method
employing a Vickers diamond pyramid indenter. The load applied to the indenter was approximately 10 N,
and the dwell time was about 15 seconds; the indenter was then moved a distance of approximately 30 pm,
and the measurements were repeated. At least 20 indentations were performed on each irradiated alloy sample.
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3. Results and discussion

One of the key parameters characterizing the degree of influence of heavy ions on the crystal structure is
the change in the volume of the crystal lattice of irradiated samples and its comparison with the results of the
initial values. In this case, for cubic lattices, the change in the crystal lattice volume characterizes the overall
deformation of the crystal structure, and the nature of the changes itself determines the type of deformation
distortions caused by the processes of interaction of ions with the material. Also, the use of this parameter
makes it possible to quantitatively estimate the degree of radiation-induced structural changes caused by the
accumulation of deformation distortions, and the value itself for cubic types of crystalline structures is an
integral characteristic of the deformation state, since the lattice parameters in cubic systems are the same in all
directions, which means that an increase or decrease in the volume of the crystalline structure reflects a change
in interatomic distances, as well as the total effect of radiation defects and their accumulation in the damaged
layer.

Figure 2 shows the assessment results of the change in the degree of volumetric swelling of the crystal
lattice caused by the accumulation of deformation distortions in the crystal structure, caused by the processes
of interaction of incident ions with the target material. The choice of crystal lattice volumetric expansion as an
evaluation parameter is based on the following assumptions. Structural damage resulting from the interaction
of incident ions with the crystal structure causes distortion due to the formation and subsequent migration of
defects and vacancies. In this instance, comparing the crystal lattice volumes of samples before and after
irradiation makes it possible to assess the extent of structural change caused by external factors, while the
nature of these changes allows for the identification of the type of deformation involved. According to the
assessment of the data obtained, the increase in the crystal lattice volume for irradiated samples indicates the
formation of tensile deformation stresses in the crystal structure caused by irradiation, the accumulation of
which is associated with the formation of vacancies and their subsequent agglomeration and the formation of
vacancy clusters. At the same time, the accumulation of vacancy defects leads to a growth in interatomic
distances, which consequently leads to an elevation in the crystal lattice parameters. The very nature of changes
in the value of volumetric swelling of the crystal lattice, shown in Figure 2a, indicates a cumulative effect
caused by a change in the irradiation fluence, as well as the direct influence of the energy and type of incident
ions on the degree of deformation distortions. In the case of lighter O* ions, changes in the volumetric swelling
degree are most pronounced at fluences above 10'* ion/cm?, while at irradiation with Kr* or Xe* ions, an
intensive growth in the volumetric swelling degree is observed at fluences above 5x10 — 102 ion/cm?. In the
case of irradiation with Ar* ions, the nature of changes in the degree of volumetric swelling is similar to the
changes caused by irradiation with O* ions, but the degree of changes is somewhat higher. The dependencies
obtained are a direct confirmation of the role of changes in the type and energy of ions in the deformation-
induced distortion of the crystalline structure of the damaged layer. According to the data obtained, the higher
the energy of the incident ions, the more intense the change in the volumetric swelling of the damaged layer,
which is especially evident at high irradiation fluences.

In this case, an elevation in the irradiation fluence causes a reduction in the distance between structurally
altered areas that arise along the trajectory of ion movement in the damaged layer, thereby increasing the
density of damaged areas and their subsequent overlap. In this case, the size of the incident ions and their
energy play a key role in the size of these regions with increased defectiveness, which in turn leads to the fact
that the higher the energy of the ions, the larger the size of these regions, and accordingly the overlapping
effect is achieved at lower irradiation fluence values. Also, according to the data presented in Table 1, a change
in the type and energy of incident ions leads to an elevation in ionization losses, which, as a consequence, leads
to a growth in the intensity of cascade displacements, and, as a consequence, an increase in the concentration
of defects in the damaged area, which causes more intense distortions due to a higher density of defects and
vacancies in the damaged layer. Based on the obtained data on the dependence of changes in the degree of
volumetric swelling, and also taking into account the fact that the growth of deformation distortions occurs
when structurally altered areas overlap, it is possible to draw a conclusion about critical fluences at which the
nature of deformation processes changes and destabilization of the damaged layer grows.

In this case, at irradiation with O* or Ar* ions, the formation of overlapping defect regions is observed at
fluences above 10% ion/cm?, while for heavy Kr* and Xe* ions, the overlapping of defect regions is observed
at fluences above 5x10' — 102 ion/cm?, which in turn indicates a higher efficiency of heavy ions in the
initiation of structural changes due to the accumulation of radiation-induced defects and vacancies. An
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assessment of the characteristic sizes of defective areas, taking into account the obtained critical fluence values
at which a sharp change in the volumetric swelling degree is observed and taking into account the assumption
of a uniform distribution of these areas in the material, showed that for O* and Ar* ions, the average sizes of
structurally altered areas are of the order of 3 — 5 nm, and for Kr* and Xe* ions, the characteristic sizes are of
the order of 10 — 20 nm. In this case, the overlap of defective areas leads to the formation of continuous zones
of increased defectiveness, which is accompanied by an increase in the density of deformation distortions of
the crystal lattice due to the active accumulation of vacancies, the formation of vacancy clusters, which
enhances the effect of local destabilization of the crystal structure of the near-surface layers. The overlap of
such damaged regions is accompanied by an increase in the concentration of vacancy defects and the formation
of vacancy clusters, nanopores and other defective structures, which are the main source of radiation-induced
volumetric swelling. The accumulation of such defects leads to a local increase in interatomic distances and
the formation of tensile deformations in the crystal lattice, which ultimately manifests itself in an increase in
the volume of the material. It should also be noted that at high ion energies, the contribution of ionization
energy losses associated with the excitation of the electronic subsystem of the material grows. This can lead
to additional local energy disturbances in the structure of the material and enhance the processes of defect
formation and atomic migration. In combination with nuclear collisions, such processes contribute to a more
intense development of radiation damage and an increase in volumetric swelling, which is most clearly seen
in the dependencies shown in Figure 2a for heavy Kr* and Xe* ions, for which the maximum change in the
volumetric swelling value at a fluence of 10** ion/cm? is 2.8 % and 3.5 %, respectively, while for samples
irradiated with O* and Ar* ions, the maximum change in the volumetric swelling value is about 1.0 — 1.3 % at
a fluence of 10'* ion/cm?,
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Fig. 2. Results of the assessment of changes in structural properties: a) results of changes in volumetric swelling
depending on irradiation fluence; b) results of changes in volumetric swelling depending on the damage degree

For a correct comparison of the degree of volumetric swelling caused by different types of ions during
irradiation, the dependence of the change in the volumetric swelling value on the degree of structural damage
caused by atomic displacements was plotted. The use of the atomic displacement parameter allows for an
objective comparison of the results of irradiation with different ions, since this parameter considers not only
the type and energy of the incident particles, but also the total density of defects arising during the collision of
ions with the crystal structure of the target material. The need to use such a dependence is due to the fact that
when irradiated with different ions, there are significant differences in the mechanisms of energy transfer to
the material, the depth of particle penetration, and the nature of the formation of displacement cascades. Light
ions, such as OF, lose energy to a greater extent through ionization processes, interacting with the electron
subsystem of the material. At the same time, heavier ions such as Kr* and Xe* have significantly greater mass
and are able to initiate intense nuclear collisions, forming powerful cascades of atomic displacements. This
leads to the formation of different concentrations of radiation defects even at the same irradiation fluence
values. In this case, the construction of the dependence of volumetric swelling on the value of atomic
displacements makes it possible to determine how effectively the formation of defects affects the change in
the crystal lattice volume and the development of deformation distortions in the material. Analysis of the
presented dependencies in Figure 2b showed a direct correlation between the change in the volumetric swelling
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value and the value of atomic displacements caused by irradiation. According to the given dependencies, a
change in the type of ions leads to more pronounced structural degradation due to an increase in atomic
displacements caused by changes in ionization losses of ions and energy transfer mechanisms. In this case,
heavy ions transfer more energy to the atoms of the target crystal lattice, which leads to the formation of more
powerful displacement cascades and an increase in the concentration of vacancies, which leads to increased
destabilization of the near-surface layer. Moreover, the evaluation of the obtained dependencies makes it
possible to demonstrate more clearly the effect of alteration of the type and energy of ions during irradiation
on the kinetics of destabilization of the near-surface layers associated with the accumulation and subsequent
aggregation of vacancy defects arising as a result of irradiation. According to the presented dependencies, the
ion energy growth leads to an increase in the processes of energy transfer to the electron subsystem, thereby
increasing ionization electron losses (see the data presented in Table 1). For light ions, electron braking
becomes the dominant mechanism of energy loss, which is accompanied by excitation and ionization of atoms,
as well as a local increase in temperature in the ion passage area. These processes contribute to additional
changes in the structure of the material and can lead to the formation of tensile deformation distortions in the
crystal lattice.

The occurrence of such distortions is associated with the accumulation of vacancies and the expansion of
interatomic distances in damaged areas. As the ion energy grows, these effects intensify, leading to an increase
in local stresses and an elevation in the crystal lattice deformation degree. As a result, a more pronounced
change in the lattice parameters and an increase in the volume of material in the near-surface layer are
observed. At high particle energies, the contribution of ionization losses becomes dominant. Electronic
excitations can lead to local energy excitation of the lattice, which contributes to additional rearrangement of
the material structure and can enhance the processes of defect formation and atomic migration.

The main mechanism that determines the degree of structural damage is nuclear deceleration of ions,
associated with elastic collisions of incident particles with atoms of the crystal lattice. In such collisions, part
of the ion energy is transferred to the atoms of the material, which can leave their positions at the nodes of the
lattice. If the energy of the transmitted pulse exceeds the atom displacement threshold, Frenkel pairs, consisting
of avacancy and an interstitial atom, are formed. At high ion energies, such displacements can initiate cascades
of atomic collisions, as a result of which one displaced atom knocks out other atoms from the lattice nodes. As
a result, a region of local radiation damage with a high concentration of defects is formed, and in the case of
heavy Kr* and Xe" ions, the sizes of these regions are significantly larger than for lighter O* and Ar* ions,
which in turn leads to increased destabilization effects. The analysis of the obtained dependencies makes it
possible to more clearly demonstrate the effect of the type and energy of ions on the kinetics of destabilization
of the near-surface layers of the material. Heavy ions such as Kr* and Xe* cause more intense nuclear braking
processes and form more powerful displacement cascades, which leads to accelerated accumulation of defects.
As a result, there is an increase in the processes of vacancy clustering, pore formation and volumetric swelling
growth, which ultimately leads to more pronounced structural degradation of the near-surface layer of the
irradiated material.

Figure 3 reveals the assessment results of changes in the hardness of the studied alloy samples depending
on the irradiation fluence. According to the data presented in Figure 3a, it is evident that at low irradiation
fluences (below 10'? ion/cm?), the changes in the hardness values of the near-surface layer are practically no
different from the initial values, and the degree of change is no more than 0.2 — 0.5 % of the initial values. The
obtained results indicate that in the case of failure to achieve the effect of overlapping defective areas in the
damaged layer, changes in the structure of alloys due to the occurrence of point and vacancy defects do not
have a significant effect on the change and destabilization of mechanical properties. With an increase in
irradiation fluence above 10* ion/cm?, at which the formation of the effect of overlapping defective areas is
observed for heavy ions, according to the presented data on changes in hardness, a reduction in values is
observed, which indicates a decrease in the resistance of the material to plastic deformation caused by
irradiation. The most pronounced change in hardness for samples irradiated with O* ions at a fluence of 10
ion/cm? is approximately 520 — 525 HV, which, as a percentage relative to the initial values, is less than 4 %.
In the case of irradiation with Ar* ions, the reduction in hardness at a fluence of 10 ion/cm? is approximately
515 - 517 HV, which is less than 5 % of the initial values.

In the case of heavy Kr* and Xe* ions, the decrease in hardness at a fluence of 10 ion/cm? is more
pronounced than in the case of irradiation with light ions and is approximately 6 — 8 % of the initial values of
the hardness of the alloys. This behavior is due to the fact that heavy ions transfer more energy to the atoms of
the crystal lattice, forming more intense displacement cascades and increasing the concentration of vacancy
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defects. In this case, the decrease in hardness is associated with the development of processes of volumetric
swelling and the accumulation of defective clusters, which lead to a weakening of interatomic bonds and an
increase in local tensile deformations in the crystal lattice. The overlapping of defective areas at high fluences
contributes to the formation of zones of increased defectiveness, which leads to the softening of the near-
surface layer of the material.
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Fig. 3. Results of the assessment of changes in the mechanical properties of alloys: a) results of changes in hardness
depending on irradiation fluence; b) results of the assessment of the degree of hardness reduction during softening
depending on the value of atomic displacements caused by irradiation

Figure 3b demonstrates the assessment results of the degree of hardness reduction during softening
depending on the value of atomic displacements caused by irradiation. Analysis of the data obtained showed
that an elevation in the structural damage degree leads to a gradual increase in the value of the reduction in
hardness of the alloy under study. At small damage values (up to ~ 0.01 — 0.02 dpa), the reduction in hardness
remains insignificant and amounts to less than 1 — 2 %, which indicates a weak influence of the initial
accumulation of point defects on the mechanical properties of the material.

At this stage, most of the resulting vacancies and interstitial atoms can recombine without causing
significant degradation of the structure. As the degree of damage increases to ~0.05 — 0.10 dpa, a more
noticeable decrease in hardness, reaching approximately 2 — 3 %, is observed. This is due to an increase in the
concentration of radiation defects and the onset of their clustering, which leads to local distortions of the crystal
lattice and a decrease in the material's resistance to plastic deformation. At high damage values (~0.15 — 0.30
dpa), the reduction in hardness becomes most pronounced and can reach 6 — 8 %. In this area there is an active
accumulation and aggregation of vacancy defects, the formation of defective clusters and local areas of
disordered structure. The overlapping of displacement cascades leads to the formation of continuous zones of
increased defectiveness, which contributes to the destabilization of the near-surface layer and its softening.

Also, analysis of the data obtained showed that the degree of hardness reduction depends on the type of
incident ions. The most significant decrease in hardness is observed upon irradiation with heavy Xe* ions, for
which, at maximum damage values (~0.27 dpa), the decrease in hardness reaches about 7 — 8 %. Slightly lower
values are typical for Kr* ions, where the reduction in hardness is approximately 5 — 6 %. For Ar* ions, the
hardness reduction value is at the level of 3 — 4 %, whereas when irradiated with light O* ions, the reduction
in hardness remains minimal and does not exceed 2 — 3 %. The obtained dependences are explained by the fact
that heavy ions transfer more energy to the atoms of the crystal lattice, forming more powerful displacement
cascades and causing a more intense accumulation of radiation defects. As a result, the destabilization degree
of the structure grows, which leads to a more pronounced softening of the material. Thus, the results presented
show that the reduction in hardness is directly related to the radiation damage degree, and the intensity of
material softening increases as dpa grows. In this case, the greatest influence on the change in mechanical
properties is exerted by heavy Kr* and Xe* ions, which cause the most significant degradation of the structure
of the near-surface layer.
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4. Conclusion

Analysis of structural changes in the near-surface layer depending on the type of incident ions made it
possible to estimate the onset of the formation of overlapping regions of defective inclusions in the damaged
layer, as well as to qualitatively assess the sizes of these regions formed along the trajectory of ion movement
in the material. According to the assessment, it was found that for light O and Ar* ions the overlap of defective
inclusions is observed at fluences above 10 ion/cm?, which makes it possible to conclude that the sizes of
defective areas are of the order of 3 — 5 nm. For heavy Kr* and Xe* ions, the overlap of defective regions,
which causes an increase in structural changes, is observed at fluences of the order of 5x10 — 10*2 ion/cm?,
which makes it possible to conclude that the sizes of defective regions as a result of the interaction of ions with
the crystal structure are of the order of 10 — 20 nm, and the increase in size compared to light ions is due to the
formation of more powerful displacement cascades and an elevation in the contribution of electronic stopping
power and nuclear stopping power to structural changes caused by irradiation. The results obtained indicate
that the type of incident ions and the irradiation fluence value determine the nature of the formation of the
defective structure of the material, as well as the critical conditions under which the overlap of radiation-
induced damaged areas begins. Moreover, heavy ions form larger damage zones and cause the overlap of
defective areas at significantly lower fluences compared to light ions, which leads to more intense
destabilization of the near-surface layer of the material.

Based on the data obtained, it can be concluded that during description of structural damage and changes
in the mechanical properties of alloys irradiated with different ions, the most optimal parameter for comparison
of changes caused by irradiation is the degree of damage, and not the irradiation fluence.

Studies on the assessment of the mechanical properties of alloys showed that ion irradiation leads to a
gradual change in the mechanical properties of the near-surface layer of the alloy under study, expressed in a
decrease in microhardness as the irradiation fluence and the structural damage degree grow. It has been
established that the softening degree is directly related to the radiation damage value, characterized by the dpa
parameter: at low damage values, changes in mechanical properties remain insignificant, whereas with an
increase in the damage degree, a more pronounced reduction in hardness is observed. The greatest deterioration
in mechanical characteristics was recorded during irradiation with heavy Kr* and Xe* ions, which is associated
with the formation of more powerful displacement cascades and an increased concentration of vacancy defects
in the crystal lattice. It is shown that the accumulation and subsequent aggregation of vacancy defects, as well
as the overlap of damaged areas at high irradiation fluences, lead to increased deformation distortions of the
crystal structure and destabilization of the near-surface layer of the material. Moreover, the development of
volumetric swelling processes and the formation of defective clusters are the main factors causing a decrease
in hardness and deterioration of the mechanical properties of the irradiated material.
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