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Abstract: This research investigated how changes in the composition of Nb-Ti—V-Zr-based alloys
affect their resistance to radiation damage and the preservation of strength characteristics when
exposed to the heavy ions Kr'®* and Xe?3*. These heavy ions simulate the impact of nuclear fuel
fission fragments on the material. The primary objective of this study was to explore how variations
in alloy components influence radiation resistance and the retention of alloy strength properties.
Accumulation of radiation defects can potentially lead to embrittlement and a decrease in resistance
to external factors during operation. An analysis of the X-ray diffraction data obtained from the initial
alloy samples, in relation to the variations in the number of components, revealed that an increase in
the number of components leads to the formation of a denser crystal structure. Additionally, this
resulted in the emergence of a dislocation strengthening factor associated with changes in crystallite
size. Concurrently, when assessing changes in the strength characteristics of the irradiated alloys, it
was observed that the NbTiV and NbTiVZr alloys demonstrated the highest resistance to strength
property degradation, specifically a 2.5- to 5-fold increase in resistance against a significant decrease
in hardness. It was confirmed that the significant factor contributing towards the enhancement and
preservation of the structural and strength properties is the dislocation strengthening mechanism. An
increase in dislocation strengthening effectively enhances resistance against destructive embrittlement,
particularly when exposed to high-dose irradiation.

Keywords: radiation-induced damage; disorder; softening; swelling; radiation resistance; strength;
high-entropy alloys

1. Introduction

Currently, one of the promising areas of research in the field of materials science
focuses on the exploration of the potential for developing and assessing resistance to
various external factors, including radiation damage and high-temperature corrosion, in
multi-component alloys. This includes high-entropy alloys, which are primarily composed
of refractory metals, like vanadium, titanium, niobium, zirconium, and others [1-5]. The
selection of alloy components is typically guided by their physicochemical, thermophysical,
and mechanical properties. The combination of these characteristics within the alloy’s
framework allows for the creation of materials with superior performance compared to
pure metals, even refractory ones [6-8]. Furthermore, using a combination of elements,
like Nb-Ti—V-Zr, allows for the fabrication of alloys with low density, typically less than
7 g/cm3, while still exhibiting exceptional resistance to a range of external factors, such as
mechanical stresses, corrosion-induced deformations, radiation damage, and more [9,10].
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It is noteworthy that in the process of selecting specific combinations of alloy constituents,
a considerable amount of emphasis is placed on their individual characteristics and their
capacity to form stable structural compounds when blended together. In recent years,
there has been a growing focus on research endeavors dedicated to assessing the radia-
tion resistance of these alloys and examining how variations in alloy components affect
their ability to withstand and mitigate the effects of radiation-induced damage [11-13].
Consequently, several studies [13-16] have demonstrated that augmenting the number of
alloy constituents results in an enhanced resistance of structural and strength properties
against the accumulation of radiation-induced damage. Researchers have attributed this
phenomenon to the presence of boundary effects, the strengthening effects of dislocations,
and the intrinsic stability conferred by the alloy constituents themselves [17,18]. Addition-
ally, a considerable level of attention has been dedicated to research endeavors focused
on simulating radiation damage under conditions closely resembling real operational
conditions. This approach aimed to establish criteria for the suitability of these alloys as
structural materials based on the insights gleaned from such investigations [19,20].

The primary objective of this study was to scrutinize the mechanisms of structural
radiation damage occurring in the near-surface layer of alloys composed of NbTiVZr com-
pounds when subjected to irradiation with the heavy Kr'>* and Xe?* ions. Furthermore,
another aim was to discern the connection between the number of alloy constituents and
their resistance to radiation-induced damage, culminating in subsequent deterioration due
to the accumulation of radiation effects. The selection of heavy ions, namely Kr'®* and
Xe23+, alongside irradiation fluences within the range from 1010 t0 10° ion/cm?, serves to
replicate the impacts akin to fission fragments originating from nuclear fuel within a reactor
core. This endeavor, in turn, facilitates the assessment of the viability of employing these
alloys as structural materials in nuclear reactors [21,22]. The radiation-induced corrosion
processes occurring in the surface layer of alloys pose the most significant threat to their
operational efficiency. The accumulation of radiation-induced damage within the near-
surface layer has the potential to give rise to metastable regions characterized by elevated
levels of deformation distortions and residual stresses. The presence of these regions has
an adverse impact on the mechanical properties of the alloys [23,24]. Conversely, altering
the alloy’s composition by increasing the number of components may result in the creation
of inter-boundary effects that hinder the growth of defective regions within the damaged
layer. The appeal of multi-component alloys, including high-entropy alloys centered on
refractory metals, consists of their substantial potential as substitutes for steels, which are
traditionally employed as structural materials in high-temperature nuclear reactors.

2. Materials and Methods
2.1. Synthesis and Characterization of the Structural and Phase Compositions of the Studied
Samples

Alloys based on NbTiVZr compounds were chosen as the subject of this investigation,
with variations involving a gradual increase in the number of components within the
compound (i.e., Nb, NbTi, NbTiV, and NbTiVZr). The selection of these alloy types for the
study of resistance to radiation damage and the subsequent accumulation of structural
radiation defects leading to disorder and destruction was based on the combined properties
of these compounds. These alloys offer the advantage of achieving high strength and resis-
tance to external stresses, along with the capability to effectively operate under conditions
of elevated temperatures and background radiation (this refers to the study of gamma
radiation in the form of fission fragments of nuclear fuel). The samples were fabricated by
altering the proportions of chemically pure (99.9%) Nb, Ti, V, and Zr components through
vacuum arc melting under pressure. To ensure a uniform element distribution within the
alloy volume, the melting process was repeated a minimum of 5 times. Consequently, a
range of alloys with varying component ratios, including equiatomic compositions and
different densities, were produced.
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Figure 1 presents the outcomes of the X-ray phase analysis conducted on the alloys,
considering variations in the number of components. The diffraction patterns were acquired
using Bragg-Brentano geometry within the angular range of 26 = 30-100°, with a 0.03°
increment. These diagrams were generated using a D8 Advance ECO diffractometer
(Bruker, Berlin, Germany). During the process of data recording, the sample holder rotated
around its axis at a rate of 10 revolutions per second to mitigate the impact of sample
orientation on the holder, which could lead to texturing effects. The phase composition
analysis, along with the refinement of the crystal lattice parameters and volume, was
executed using the DiffracEVA v.4.2 software code (Bruker, Berlin, Germany). The crystal
lattice parameters and interplanar distances were refined through referencing card values
from the PDF-2 (2016) database. The determination of crystallite sizes (L) and dislocation
density (6 = 1/L?) involved estimating the FWHM value for all the observed diffraction
maxima. Subsequently, the Scherrer method was applied, accounting for deformation
factors that influenced FWHM broadening. The resulting parameter calculations are
presented in Table 1.
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Figure 1. The results of X-ray diffraction of the studied alloy samples depending on the variation of
components in the composition (Nb, NbTi, NbTiV, and NbTiVZr).

Table 1. Data on the crystal lattice parameters of alloys depending on component variations.

Parameter Nb NbTi NbTiIV NbTiVZr
Lattice parameter, A 3.2936 +£0.0036  a=32789 +0.0016 a=3.2643 + 0.0017 a =3.2322 + 0.0025
Volume lattice, A3 35.73 +0.05 35.25 + 0.04 34.76 + 0.3 33.77 + 0.5
Crystalline size (L), nm 524405 46.7 + 0.3 408 +1.1 30.7 £ 0.9
Dislocation density (6 = 1/L.2), cm—2 0.36 x 10° 0.46 x 10° 0.61 x 10° 1.06 x 10°
Density, g/cm3 8.634 6.629 6.039 6.955

Analysis of the X-ray phase data revealed that in the case of a single-component
alloy primarily composed of niobium, the observed diffraction reflections, their angu-
lar position, and intensity corresponded to the Nb phase. This phase exhibited a body-
centered crystal lattice, with an Im-3m(229) spatial system and crystal lattice parameter
a =3.2936 + 0.0036 A, which slightly deviates from the reference value of a = 3.3033 A
(PDF-00-034-0370). According to the data obtained, this alloy was characterized by the
dominance of one textural direction (110), the intensity of the reflection of which was
several times higher than the intensity of the other reflections. The addition of titanium to
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the alloy, in order to obtain a two-component NbTi alloy with an equiatomic composition,
also led to the formation of a body-centered NbTi phase (PDF-01-071-9955). However, the
shifts in the diffraction maxima in comparison with a single-component Nb alloy charac-
terized a decrease in the parameters of the crystal lattice (see the data in Table 1), as well
as its compaction. This change can be explained by the difference in the ionic radii of the
titanium and niobium ions. Moreover, in contrast to the one-component Nb alloy, which
was characterized by one dominant textural direction, NbTi was characterized by an almost
equally probable distribution of grain orientation along three texture directions, namely
(110), (200), and (211).

The introduction of vanadium into the alloy resulted in a noticeable shift in the
diffraction reflections towards higher angles, indicating a compression of interplanar
distances and a reduction in the crystal lattice parameters. Furthermore, in the two-
and three-component alloys, alongside the shift in the diffraction reflections, there was
also an observable broadening of the diffraction lines. This broadening is indicative of
reduced crystallite sizes, leading to a growth in dislocation density and the proliferation of
grain boundaries.

Regarding the four-component NbTiVZr alloy, the X-ray diffraction patterns exhibited
a significant shift in the position of the reflections compared to the maxima for the Nb alloy.
Furthermore, there was a minor reduction in the crystal lattice parameters, amounting to
less than a 2% decrease when compared to the parameter for the Nb alloy. Notably, unlike
the two- and three-component alloys, the NbTiVZr alloy displayed two distinct textural
directions, namely (110) and (211). Additionally, there was a substantial broadening of
the FWHM value, which is indicative of a reduction in the crystallite sizes by over 40%
when compared to the sizes observed in the Nb alloy. A comparable pattern, linked to
a denser crystal lattice in the NbTiVZr alloy when contrasted with the two- and three-
component alloys, was documented in a previous study [25]. In that study, the authors
associated this phenomenon with the strengthening effects observed in alloys as the number
of components increased.

Furthermore, all the alloys that were obtained, irrespective of the number of compo-
nents they contained, exhibited a body-centered crystal structure of the Im-3m(229) space
group. It is worth mentioning that altering the number of alloy components results in a
reduction in its density. In the case of NbTiVZr, this led to the creation of a high-entropy
alloy based on refractory compounds, with a low density of approximately 6.5 g/cm3.

The analysis of alterations in the crystallite sizes and dislocation density revealed the
occurrence of a phenomenon known as dislocation strengthening. When transitioning
from a single-component Nb alloy to a two-component NbTi alloy, this strengthening effect
amounted to over 27%. In the case of the three-component alloy, it exceeded 60%, and
for the high-entropy NbTiVZr alloy, dislocation strengthening was more than 2.5 times
greater than that observed in the single-component Nb alloy. The formation of such
structures enhances resistance to cracking and hardening, resulting in increased hardness
and crack resistance.

2.2. Irradiation of Alloys with Heavy lons to Simulate Radiation Exposure Comparable to That of
Fission Fragments of Nuclear Fuel

To accomplish this objective, experimental procedures involved irradiating the chosen
research specimens with the Kr'>* and Xe?3* heavy ions at fluences ranging from 10'° to
105 ion/cm? and energies spanning from 150 to 230 MeV. The samples were irradiated in
the DC-60 heavy ion accelerator (Institute of Nuclear Physics of the Ministry of Energy of
the Republic of Kazakhstan, Astana, Kazakhstan). Heavy ion irradiation was performed
under the following parameters. For the Kr'>* ions, the training energy was chosen to be
150 MeV; for the Xe?>* ions, the irradiation energy was chosen to be 230 MeV.

The choice of the type of heavy ions, specifically Kr'®*and Xe?**, was based on
their capacity to simulate the mechanisms of radiation-induced damage similar to fission
fragments, comparable to reactor tests, which made it possible to evaluate the possibilities
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of using the selected alloy compositions as reactor materials. It is worthy to note that the
use of these types of ions makes it possible to simulate radiation damage and the kinetics of
their accumulation in the near-surface layer of alloys, about 10-15 um thick, which is most
susceptible to external influences both in the case of reactor tests and mechanical influences.
In order to estimate the magnitude of energy losses, as well as the maximum travel depth
of the ions in the alloys, calculations were carried out using the SRIM Pro 2013 program
code. Regarding the assessment of ionization losses, with respect to variations in the alloy
components, the values of dE/dXgjectron Were set in the range from 15 to 18 keV /nm for
Kr!®* jon irradiation and from 20 to 25 keV/nm for Xe23* jon irradiation. Additionally, the
values of dE/dx,yclear Were approximately from 0.3 to 0.6 keV /nm for the Kr!®* ions and
from 0.5 to 0.7 keV /nm for the Xe23* jons. In this context, the maximum ion penetration
depth into the material was estimated to be in the range from 11 to 12 pm when irradiated
with the Kr'®* jons and from 15 to 16 pum for the Xe?3* ions.

2.3. Methodology for Measuring the Strength Characteristics and Resistance to High-Temperature
Degradation

The assessment of the strength properties of alloys concerning the variation in the
number of components and the alterations induced via heavy ion irradiation was con-
ducted using the hardness determination method through indentation. A Vickers diamond
pyramid was used as the indenter, and measurements were executed via a LECO LM700
microhardness tester (LECO, Tokyo, Japan). The choice of measurement parameters, in-
cluding a load of 100 N on the indenter, was experimentally determined to account for the
impact of structural modifications within the damaged layer, which had an approximate
thickness of 10-15 microns. The assessment of resistance to the degradation in the strength
characteristics was carried out via comparative analysis of alterations in hardness values
before and after a series of measurements for the initial and irradiated samples. The hard-
ness of the samples was measured using the indentation method, and the measurements
were carried out in the form of serial tests over the entire area of the sample in order to
determine the uniformity and isotropy of the observed changes associated with softening.

Experiments to evaluate thermal stability and resistance to high-temperature degra-
dation were conducted on a set of samples in their original (unirradiated) condition, as
well as after irradiation with the Kr'>* and Xe?** ions at a fluence of 10'° ions/cm?. Test
conditions were selected to simulate oxidation processes under a high-temperature air
atmosphere. The temperature range spanned from 700 to 1000 °C, with increments of
100 °C. The samples were subjected to heating in a muffle furnace within an air atmosphere,
with a heating rate of 50 °C/min. They were held at this temperature for 500 h to initiate
the high-temperature degradation process, after which the samples were cooled, and their
strength characteristics were measured using the indentation method.

3. Results and Discussion
3.1. Comparative Analysis of Changes in the Structural Disorder of a Damaged Alloy Layer upon
Irradiation with Heavy Ions

The assessment of structural disorder, which was influenced by the type of external
factors (such as varying the type of irradiation ions and fluence), involved calculating the
extent of deformation-induced distortion in the crystal lattice volumes of the samples under
irradiation compared to their initial values before irradiation. Additionally, the concen-
tration of defective regions within the damaged layer was calculated. These calculation
results are presented in Figures 2 and 3. The swelling value was ascertained by evaluating
the alterations in the crystal lattice volume before and after irradiation, and this evaluation
depended on the irradiation fluence. The deformation factor was determined by examining
the changes in the crystal lattice parameters before and after irradiation. When calculating
the swelling values and the concentration of defective inclusions in the specimens, their
penetration depths were considered by measuring their X-ray diffraction patterns followed
by their subsequent analyses.
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Figure 3. The assessment results of the defective fraction concentration in the damaged alloy layer
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volume under varying irradiation conditions: (a) when irradiated with Kr™" ions, and (b) when

irradiated with Xe?** ions.

The overall pattern of alterations in the structural parameters, particularly the ex-
pansion of the crystal lattice, suggests the emergence of isotropic tensile strain distortions
within the structure. These distortions cause an increase in the crystal structure’s parame-
ters and volume. The isotropic nature of these distortions arises from the body-centered
crystal lattice type, wherein any deformation distortion is equally likely to result in a lattice
volume change. Additionally, it is important to highlight that the nature of these structural
modifications, such as the expansion of the crystal lattice, exhibits a non-linear relationship
with the irradiation fluence. The most significant alterations were only observed within the
fluence range from 10'* to 10! ion/cm?. This pattern of changes in the deformation distor-
tion of the crystal structure can be elucidated by considering the cumulative effect linked to
the growing irradiation fluence. Consequently, this results in an increased level of structural
damage caused by the interaction between the incident ions and the alloys’ crystal structure.
In this case, when exposed to low irradiation fluences (10!°-10'? ion/cm?), the formation
of structurally deformed regions within the alloys, along the path of the ions, exhibited lo-
calized characteristics, with dimensions on the order of 5-10 nm in diameter. This localized
nature of deformation arose due to the random and chaotic nature of the irradiation process,
leading to a relatively low likelihood of two ions simultaneously hitting the same point.
Additionally, the isolated structurally deformed regions within the damaged layer were
primarily attributed to ionization processes involving the redistribution of electron density
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and the creation of vacancy or point defects, most of which have the potential to undergo
annihilation following irradiation. Consequently, within the structure of the damaged layer
at these specific irradiation fluences, minor structural alterations were detected, signifying
an increase in the crystal lattice volume. Moreover, the concentration of defective inclusions
remained below 0.01%. The impact of ionization losses stemming from the incident ions
and the related processes they trigger on the extent of radiation-induced damage was not
only evident at high fluences but also at lower ones (10'°-10'? ion/cm?). This phenomenon
became particularly apparent in a comparative analysis of structural changes when irradi-
ated with the Kr'®* and Xe®* ions. Under low irradiation fluences (10'°-10'2 ion/cm?), a
noticeable rise in the concentration of the defective fraction was apparent when irradiated
with Xe?** ions, especially in the case of single-component alloys, which, when subjected
to an overall analysis of observed alterations, displayed the least resistance to external
influences. As irradiation fluence grew beyond 10'?>-10'3 ion/cm?, there was a significant
spike in the concentration of the defective fraction within the damaged layer. Concurrently,
there was an elevation in deformation within the volume of the crystal lattice, signifying an
accelerated destructive alteration in the crystal structure of the damaged layer. These alter-
ations can be elucidated by considering the accumulation of structural distortions and the
amalgamation of previously isolated structurally deformed regions into larger clusters or
complex defects due to heightened density (research has shown that at fluences exceeding
10'2 ion/cm?, there is an overlapping effect). Additionally, more conspicuous structural
modifications in the samples when exposed to the heavy Xe?** ions at the same fluences
indicated disparities in the values of the structural distortions. These distortions formed
along the path of ion movement within the material during their interaction with incoming
ions and manifested as increased dimensions compared to analogous changes induced
via irradiation with Kr'>* ions. Simultaneously, these discrepancies were predominantly
attributed to the ionization losses incurred by incident ions during their interactions with
the electron shells. This interaction engenders heterogeneities in the distribution of electron
density, and as a result, ionization processes give rise to the creation of residual mechanical
stresses. These residual mechanical stresses manifested as deformation distortions within
the crystal structure, which are linked to ionization processes [26-29]. An elevation in the
concentration of residual mechanical stresses within the structure of the damaged layer
precipitated hastened degradation, manifesting as volumetric swelling of the crystal lattice.
This swelling was associated with deformation distortions at interplanar distances and the
formation of vacancy defects.

Figure 4a presents a comparative assessment of alterations in the expansion of the
crystal lattice in the examined alloys when subjected to the highest irradiation fluence,
which signifies the deformation distortions and radiation-induced disordering within the
damaged layer. Examination of the collected data revealed a more pronounced structural
distortion and an accumulation of deformation-related structural distortions in the alloy
specimens exposed to the heavy Xe?** ions. For instance, in the case of the Nb alloys,
the extent of structural distortion, represented via lattice expansion, when subjected to
the heavy Kr!5* and Xe?* ions, with a fluence of 10'° ion/cm?, was 7.0% and 10.3%,
respectively. In the case of the NbTi alloys, these figures were approximately 5.6% and
6.7% when exposed to the heavy Kr!>* and Xe?** ions, respectively. As for the NbTiV
alloys, these metrics stood at 3.6% and 5.7% for the heavy Kr!>* and Xe?** ions, respectively.
Notably, the NbTiVZr alloy samples exhibited the highest resistance to swelling, with
swelling values of 2.3% and 3.7% at an irradiation fluence of 10 ions/cm? when exposed
to the heavy Kr'>* and Xe?** ions, respectively. When comparing the swelling levels
across different alloys, it was evident that, in comparison to the Nb alloy, the resistance to
deformation distortions resulting from irradiation was approximately 20%, 50%, and 70%
higher for the NbTi, NbTiV, and NbTiVZr alloys, respectively.
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irradiation fluence of 10'° ion/cm?.

One of the key factors contributing to the enhanced resistance against detrimental
lattice swelling caused via the accumulation of radiation-induced damage and tensile strain
distortions can be attributed to alterations in the dislocation density within the alloys,
particularly with an increase in the number of components in their composition. This leads
to the establishment of additional boundary effects that act as safeguards against severe
distortion during high-dose irradiation. Figure 4b illustrates the outcomes of a comparative
analysis of dislocation density changes in alloys as a function of the number of components
in their composition, focusing on their resistance to swelling at the maximum irradiation
fluence of 10'° ion/cm?. These data presented clearly demonstrate a direct relationship
between resistance to swelling and variations in the dislocation density. In other words,
when the samples exhibit higher dislocation densities (which occur due to changes in
the number of alloy components), the surface layer’s structure exposed to irradiation
experiences fewer structural distortions and tensile deformations. The accumulation of
these distortions is what ultimately leads to swelling and material degradation.

When considering the application of these alloys as structural materials subjected
to ionizing radiation, especially irradiation with heavy ions similar in energy to nuclear
fuel fission fragments, understanding the kinetics of radiation damage accumulation and
crystal structure deformation is a crucial factor in assessing their potential and possible uses.
The acquired data revealed that altering the alloy’s composition results in an improved
resistance to consequences like deformation swelling, which arises from the accumulation
of radiation-induced damage in the surface layer. This rise in stability and resistance
to radiation swelling was due to the following factors. Firstly, a change in the amount
of components in the alloys leads to the emergence of additional inter-boundary effects
associated with the formation of smaller grains, which, in turn, leads to an increase in
the dislocation density, a change which leads to strengthening and increased resistance
to swelling. Also, the presence of inter-boundary effects associated with grain sizes led
to the appearance of additional defect sinks, which leads to an increase in the number
of annihilated point defects and vacancies at the sink boundary. The review published
by Zhang, Z., et al. [30] provides a thorough description of the effect of grain boundaries
and dislocation strengthening in high-entropy alloys. The findings and explanations
within this review are consistent and elucidate the structural modifications observed in
this study. These changes were linked to an enhanced resistance to radiation swelling,
which correlated with a rise in the number of components in the alloy. Furthermore,
as indicated by Xia S. Q. et al. [31], altering the type of high-entropy alloy results in an
improved resistance to radiation embrittlement due to the specific crystal’s structure and
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its remarkable stability against external influences. The established relationships between
changes in the dislocation density and the extent of structural disorder (swelling) reveal
the beneficial impact of dislocation strengthening. This effect was linked to the reduction
in grain size and, consequently, the emergence of numerous inter-boundary influences
that impede the migration of vacancy and point defects. These inter-boundary effects also
create additional hindrances to the deformation distortion of the crystal’s structure.

3.2. Effect of Irradiation with Heavy Ions on Changes in the Strength Properties of the Alloys

Figure 5 presents the findings related to variations in the hardness of alloy samples
under different external influences. These observed trends depict the decline in hardness
values as radiation damage accumulated and structural disorder occurred, with increasing
irradiation fluence.
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Figure 5. The results of alterations in the hardness of alloys depending on the irradiation fluence
and the type of incident ions: (a) when irradiated with Kr!?* ions; (b) when irradiated with Xe23+
ions (the dotted lines in these figures indicate the hardness values for the original samples that were
not subjected to irradiation; figure (a) illustrates the results of hardening the alloys with varying
components. These lines were added to clearly demonstrate changes in the hardness values in
comparison with their initial values, indicating a softening of the alloys).

The overall trends in the alterations of hardness in the studied alloys exhibited clear
dependencies on both the type of ion exposure (i.e., the type of ions) and the irradiation
fluence. Furthermore, it is crucial to consider the alloy’s composition when analyzing
the changes in hardness. Evaluations of hardness modifications associated with varying
components revealed the following: the addition of titanium to an alloy resulted in a
14.8% increase in hardness, introducing vanadium to a two-component alloy led to a 35.7%
hardness increase, and in the case of the NbTiVZr alloy, there was a remarkable hardness
increase of over 116% when compared to the Nb alloy. Moreover, these changes in hardness
for the initial samples have a good correlation with the data on changes in the dislocation
density, which indicates the formation of the so-called effect of dislocation hardening of
alloys, with variations in the number of components in them.

Examining alterations in the hardness values of alloys with increasing irradiation
fluence revealed that the most substantial changes occur when the irradiation fluence
surpasses 10'3 ion/cm? when exposed to the Kr'>* ions and exceeds 10'? ion/cm? when
exposed to the Xe?** ions. In this scenario, the observed trend of changes, specifically
the decline in hardness values at equivalent irradiation fluences for various ions, signifies
a more pronounced softening of the alloys during irradiation with Xe?** ions. In this
context, altering the type of ions from Kr!>* to Xe?** during irradiation resulted in a more
significant 1.5- to 2.0-fold reduction in resistance to softening under the same irradiation
fluences. This phenomenon may stem from substantial structural modifications induced
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Degree of softening, %

via Xe?3* irradiation during the interaction between the incident ions and the alloy’s crystal

lattice, coupled with substantial ionization losses that can trigger changes across a larger
volume compared to Kr!®* ion irradiation (referring here to differences in the diameters
of structurally deformed regions formed along the trajectory of ion movement within the
damaged layer). It is worth highlighting that as the number of components in the alloys
increases, it not only results in a higher initial hardness but also a greater resistance to
softening under high-dose irradiation. In the instance of the NbTiV and NbTiVZr alloys,
the resistance to softening at the maximum irradiation fluence exceeded the value for the
Nb alloy by more than 3-5 times, demonstrating the beneficial impact of the dislocation
strengthening factor on enhancing stability against softening.

Figure 6 presents comparative data on the dependence of the changes in softening
(decrease in hardness) on the degree of structural disorder, with changes in the irradiation
fluence and the type of incident ions. The softening degree was assessed by comparing the
obtained data on the hardness of the samples in the initial state with the irradiated data,
followed by conversion into a percentage.
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Figure 6. Dependence of changes in the softening degree (decrease in hardness) on the value of
15+ 23+

structural disorder: (a) when irradiated with Kr*>* ions, and (b) when irradiated with Xe=* ions.

The overall pattern of the depicted relationships between the extent of softening (hard-
ness decrease) and the level of structural changes resulting from deformation-induced
distortions of the crystal structure (i.e., its swelling due to deformation) demonstrates a
close alignment of the data. When the swelling of the crystal lattice was minimal, signifying
isolated structurally deformed regions (at low fluences of 10'°-10'? ion/cm?), the decline
in the strength properties was also minimal, typically less than 0.5-1%. Simultaneously, the
occurrence of what is referred to as dislocation strengthening within the alloy compositions,
as the number of components increases, resulted in a heightened resistance to a significant
reduction in hardness and softening of the alloys. For the four-component alloys, this
translated into a reduction of over five times in the degree of disorder compared to similar
alterations observed in a Nb alloy at the maximum irradiation fluences of the Kr!>* and
Xe?** heavy ions. The critical thresholds for structural characteristic alterations, beyond
which a noticeable decline in strength properties becomes evident, were associated with
a 4-5% enlargement in the crystal lattice volume. Upon surpassing these thresholds, a
marked deterioration in strength properties and a reduction in crack resistance became
apparent. Additionally, the ionization losses incurred during the interaction between
the incident ions and the crystal structure play a significant role in this context. Under
irradiation with Xe?** ions, the degradation in strength characteristics occurred at a con-
siderably accelerated rate compared to irradiation with Kr'>* ions. This was evident in
the fluctuating dynamics of strength characteristics and their fluctuations relative to the
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degree of structural disorder. Notably, this effect was most pronounced in the one- and
two-component alloys. Conversely, in the case of the NbTiV and NbTiVZr alloys, this effect
was less conspicuous. This discrepancy can be attributed to the dislocation strengthening
factor, which impedes microcrack propagation within the structure, erecting barriers in the
form of boundary effects and dislocation loops.

The hardening effects observed for the NbTiV and NbTiVZr alloys were due to their
increased resistance to radiation-induced swelling associated with the accumulation of
radiation damage (including point defects, vacancies, and primary knocked-out atoms). In
this case, the hardening effects observed for these alloys, with increasing irradiation fluence
(as well as with changing the type of ions during irradiation), are in good agreement with
several experimental works [32,33], in which this hardening was explained by dislocation
strengthening. In the case of a high dislocation density, as well as the presence of inter-
boundary effects (associated with small grain sizes), the propagation of microcracks in
the structure under external loads is difficult, which leads to an increase in resistance to
embrittlement and destruction of strength properties. Notably, as illustrated in Figure 6,
the most pronounced hardening effect was observed in the NbTiVZr alloys. These alloys
possess an equiatomic distribution of elements in their structure, which contributes to an
elevated resistance to embrittlement and destruction, as elaborated in the studies published
by the authors of [30-32].

3.3. Evaluation Results of the Studied Alloy Samples for Thermal Heating Resistance

An essential criterion for assessing the durability of alloys under operational condi-
tions is the retention of their strength properties when subjected to elevated temperatures,
typically in the range from 700 to 1000 °C. Elevated temperatures can potentially result in a
detrimental alteration of the alloys’ strength characteristics due to specific processes, such
as oxidation or volumetric thermal expansion. Such a decline in hardness can exert adverse
consequences for the subsequent performance of the alloys and the products derived from
them. In the case of using these alloys as structural materials for high-temperature nuclear
reactors, which have the greatest prospects for the development of the nuclear industry
in the coming decades, the stability of the alloys and the preservation of the stability of
structural and strength properties under high-temperature operating conditions is one of
the key factors. Under high-temperature operating conditions (700-1000 °C), the crystal
lattice of the alloy undergoes additional changes associated with an increase in the intensity
and amplitude of thermal vibrations of atoms, which, together with the accumulation
of radiation damage, can lead to accelerated degradation and embrittlement of the dam-
aged layer. In this case, accelerated degradation can result in a decline in the strength
characteristics, which will adversely affect the resistance to external mechanical influences.

It is noteworthy that, despite niobium’s considerable promise in materials science,
niobium-based alloys are particularly susceptible to high-temperature degradation, pri-
marily due to niobium’s pronounced oxidizing tendencies when exposed to elevated
temperatures. Figure 7 displays the outcomes regarding variations in the hardness values
observed in the studied alloy samples before and after undergoing tests for thermal sta-
bility, while being subjected to thermal heating within the temperature range from 700 to
1000 °C. The overall trend evident from these relationships underscores the adverse impact
of thermal heating, resulting in a reduction in the strength characteristics, as reflected by a
decline in the hardness values in the examined samples as the heating temperature rose.
Notably, the alloys based on niobium (Nb) exhibited the least resistance to these influences,
and both the original (non-irradiated) samples and the irradiated ones exhibited a rather
steep reduction in their hardness values with growing test temperature. Concerning the
initial samples of the NbTi, NbTiV, and NbTiVZr alloys, the most notable decline in hard-
ness was only noticeable at temperatures surpassing 800 °C. This observation underscores
the beneficial impact of incorporating additional components in enhancing resistance to
high-temperature degradation. In the case of the irradiated samples, this decline was more
pronounced, signifying the influence of accumulated structural distortions in the damaged
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layer on the decreased resistance to high-temperature degradation. The analysis of the
acquired data revealed a direct correlation between the initial structural distortions in the
irradiated samples (with variations in ion types) and the extent of hardness reduction
during high-temperature stability assessments. In instances where structural distortions
were minimal, as seen in the NbTiV and NbTiVZr alloys exposed to Kr'>* ion irradiation,
the decline in hardness was less significant compared to the samples that were subjected
to Xe?3* jon irradiation, where the value of structural distortions (i.e., the degree of lattice
swelling) was 1.5 to 2 times higher.

ess, HV

ard

NbTiV NbTiVZr Nb NbTi NbTiV NbTiVZr NbTi NbTiV NbTiVZr
Sample Sample

Sample

(@) (b) (c)

Figure 7. The assessment results of the hardness values of the alloys under study during high-
temperature tests: (a) in the case of the initial samples, (b) when irradiated with Kr!* ions, and
(c) when irradiated with XeZ3* ions.

Using the data acquired from the alterations in hardness values during thermal resis-
tance tests of the initial alloy specimens and those exposed to the heavy ions Kr'>* and
Xe?3*, relationships illustrating the variations in the extent of hardness reduction for all
samples under different thermal resistance conditions were formulated. The results of
this comparative analysis can be seen in Figure 8. These data were obtained by compar-
ing the hardness values measured before and after the high-temperature tests. This not
only allowed for an assessment of the alloys’ resistance to radiation damage but also for
determination of the impact of accumulated radiation damage (deformation distortions
in the crystal structure) on the maintenance of the strength properties during thermal
heating. These findings were presented as graphs, showing the changes in the hardness
reduction metrics for each type of sample studied, contrasting between the initial and
irradiated samples.

As shown in the presented data, the Nb alloys, both in the original and irradiated
states, proved to be the least resistant to high-temperature degradation. At the same time,
the destructive changes in hardness for these alloys was primarily due to the low thermal
stability of niobium, which can lead to its oxidation through the formation of an oxide layer
on the surface, the thickness of which directly depends on the time and temperature of
thermal exposure [34-36]. Moreover, in the case of the irradiated samples, the decrease
in their hardness was about 30-50% at temperatures of 900-1000 °C, which indicates the
low stability of the irradiated samples to high-temperature degradation, as well as its
acceleration due to accumulated structural distortions in the damaged layer. In this case, as
shown in the study published by the authors of [37], accelerated degradation can be caused
via the formation of oxide layers on the surface, which, in the case of a near-surface layer
damaged by irradiation, can contribute to its accelerated degradation and peeling, which
leads towards a sharp deterioration in hardness.
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Figure 8. The assessment results of the decrease in hardness with varying temperatures of heat
resistance tests in the case of the initial and irradiated samples: (a) the Nb alloy; (b) the NbTi alloy;
(c) the NbTiV alloy; (d) the NbTiVZr alloy.

When considering the original samples, it became evident that the NbTiV and NbTiVZr
alloys exhibited the highest resistance to thermal impacts. For these alloys, the rise in
temperature from 700 to 900 °C did not result in substantial changes in their hardness values
following the heat resistance tests. Even when subjected to thermal heating at 1000 °C,
the reduction in hardness remained within the range of 3-4% compared to the initial
values. However, in the case of the irradiated samples of the NbTiV and NbTiVZr alloys, a
more pronounced decrease in hardness was observed at temperatures ranging from 800 to
1000 °C. This was attributed to the influences of accumulated structural distortions and
residual mechanical stresses within the damaged layer, which, when subjected to external
temperature influences, expedited the process of strength degradation. The heightened
resistance to thermal degradation over prolonged periods exhibited by the NbTiV and
NbTiVZr alloys can be attributed to their structural characteristics, which stem from the
equiatomic distribution of elements within their structures. This distribution reduces
the thermal oscillations of atoms within the crystal lattice, consequently resulting in an
enhancement of the softening resistance.

Therefore, upon analyzing these dependencies, we can infer that when subjected to
heavy ion irradiation with Kr!>* and Xe?**, the NbTiV and NbTiVZr alloys experience a
less pronounced acceleration of these processes, causing detrimental alterations in their
strength properties. In contrast, the Nb and NbTi alloys exhibited accelerated surface
degradation and a significant deterioration in the stability of their strength characteristics
upon irradiation.
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4. Conclusions

This study presented findings on the impact of altering the components of an Nb-Ti—
V-Zr alloy on the resistance of structural parameters when exposed to the heavy Kr!>*
and Xe?** ions, with energies of 150 and 230 MeV, respectively. The choice of irradiation
conditions and ion types aimed to simulate radiation damage akin to the effects caused
by fission fragments of nuclear fuel. Throughout this investigation, while analyzing
the influence of varying alloy components compared to the initial Nb alloy, patterns of
strengthening and structural ordering were identified, with an escalation in the number of
components. Furthermore, in the case of the NbTiV and NbTiVZr alloys, strengthening
was linked to alterations in the dislocation density. An increase in the dislocation density
contributed to enhanced resistance against external factors, encompassing mechanical
forces and the accumulation of radiation-induced damage. Simultaneously, during the
examination of alterations in the alloys” strength characteristics when exposed to the
heavy Kr'>* and Xe?** ions, it was observed that structural distortions resulting from the
interaction between the heavy ions with the alloys’ crystal structure manifested as tensile-
type deformation residual stresses, which were most pronounced at higher irradiation
fluences (above 102-10'3 jon/cm?). Throughout these investigations, it was determined
that the observed enhancement in the resistance of the irradiated NbTiV and NbTiVZr
alloys to the degradation in their strength characteristics was attributed to an increase in
the resistance of the crystal structure against swelling, along with the effects of dislocation
strengthening. In assessments of high-temperature degradation (through extended thermal
exposure), it was revealed that the NbTiV and NbTiVZr alloys exhibited the greatest
stability to thermal influences within the temperature range of 700-800 °C. This applied to
both the initial and irradiated samples, not only underscoring their resistance to radiation-
induced damage but also their potential for application in environments characterized by
extremely high temperatures during operation.

In the future, based on the results obtained and a comparative analysis of the resistance
of various types of alloys to radiation damage and their evolution under conditions of
changing irradiation fluences, studies will be carried out aimed at determining the stability
of alloy samples to radiation damage under irradiation conditions as close as possible
to real operating conditions (irradiation at high temperatures, as well as irradiation with
neutrons). The data obtained during these new experiments, as well as their comparison
with the work already carried out, will make it possible to predict the potential for the use
of these alloys as structural materials in nuclear energy.
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