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The aim of this study is to determine the differences in the damaged layer degradation kinetics in two-phase
lithium-containing ceramics based on Li;ZrO3 and LisSiO4 compounds in the case of irradiation with protons
and helium ions, simulating the gas swelling and blistering processes, as well as the accumulation of radiolysis
products in the damaged layer. During the conducted studies it was established that in the case of proton irra-
diation, the dominant role at fluences of 10'°-10'7 e¢m™2 is played by oxygen vacancies, the change in the
concentration of which upon reaching critical values causes a decrease in the thermophysical properties, and
disordering of the damaged layer. In this case, the accumulation of radiolysis products in the form of HC; — and
Zr®* -defects in the structure of the damaged layer is observed at fluences of 5 x 107 cm™~2, while when irra-
diated with He?" ions, the formation of these types of HCy — and Zr®* -defects is observed at a fluence of 1017
em 2. Comparison of the concentration dependences of defects in the damaged layer on the atomic displacement
value under irradiation with protons and He?" ions revealed that the formation of oxygen vacancies under
irradiation with He?' ions is more intense than in the case of irradiation with protons, which in turn results in

more pronounced processes of accumulation of radiolysis products in the case of high-dose irradiation.

1. Introduction

The study of the degradation kinetics of the near-surface layers of
ceramic materials used as various types of structural materials in nuclear
and thermonuclear energy is one of the important issues in modern
materials science that requires great efforts [1-3]. Interest in the topic of
radiation damage and its evolution in near-surface layers, in particular,
in dielectric ceramics, is not only due to the need to expand the funda-
mental aspects in understanding the defect formation mechanisms, as
well as the role of various types of defects in alteration of the material
properties, but also to establish critical doses of radiation, at which an
irreversible change in the material, associated with its embrittlement,
loss of strength characteristics and degradation resistance, alongside a
change in thermophysical parameters, the deterioration of which causes
the occurrence of overheating effects of structural materials, which

results in accelerated degradation, occurs [4,5].

In the case of materials used in the active zone or subject to
continuous exposure to ionizing radiation in the form of neutron irra-
diation or nuclear fuel fission fragments, it is necessary to consider not
only the effects of the direct impact of radiation on the crystalline
structure, but also the kinetics of degradation processes caused by the
accumulation of radiation damage or nuclear reaction products in the
damaged layer [6,7]. At the same time, the key role is played by pro-
cesses associated with the degradation rate of the material, and the
resistance of the material to radiation damage caused by irradiation,
which are based on ionization and athermal processes arising as a result
of the interaction of ions with the crystal structure [8-10]. In the case of
direct exposure to ionizing radiation, as a rule, the interaction mecha-
nisms are described by the processes of Coulomb explosion or thermal
peaks, the occurrence of which during the interaction of incident
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particles causes an anisotropic measurement of the electron density in a
small volume along the trajectory of the charged particle until it comes
to a complete stop in the material [11,12]. At the same time, along the
trajectory of motion, the mechanisms of interaction of the particle with
the crystal structure are usually described by an alteration in the value of
ionization losses, and the dominance of one type of ionization losses
over others (in most of the cases considered, electron ionization losses
play a dominant role) [13,14]. Moreover, during consideration of the
combination of structural changes, as a rule, attention is paid to the final
effect associated with the change in the structural, strength, thermal or
dielectric properties of the damaged layer, without detailing the
mechanisms or types of defects caused by these changes.

In the case of lithium-containing ceramics considered as tritium
breeding materials [15,16], the accumulation of radiation damage plays
a very important role in determining the type of ceramics that are
considered as the best candidates for blanket materials, since tritium
breeding processes are inextricably linked to the accumulation of nu-
clear reaction products in the form of tritium, hydrogen isotopes, heli-
um, alongside radiolysis products that occur at high levels of tritium
production [17,18]. At the same time, great attention in the study of
structural damage in lithium-containing ceramics is paid not only to the
study of the mechanisms of accumulation of damage themselves, but
also to methods for increasing resistance to them. In particular, one of
the ways to enhance resistance to radiation damage associated with the
accumulation of nuclear reaction products and radiolysis products is the
use of two-component (two-phase) ceramics, in which one of the com-
ponents is Li4SiO4, which is one of the types of ceramics with the
highest tritium content [19,20], and Li»ZrOs, which, unlike a number of
other types of lithium-containing ceramics, has some of the highest
strength, corrosion resistance and resistance to aggressive environments
[21,22]. The method of using two-component ceramics to enhance ra-
diation damage resistance is based on the hypothesis about the influence
of interphase boundaries, alongside differences in grain sizes, on hard-
ening and growth of resistance to destruction under high-dose irradia-
tion, which is confirmed by the results of several studies [23-25].
However, despite the fairly large number of experimental works in this
area, interest in this topic does not wane due to the fairly large number
of unresolved issues, a number of which are related to detailing the
mechanisms of accumulation of structural damage associated with nu-
clear reaction products, alongside the kinetics of their accumulation in
the damaged layer, as well as variations in the type of ceramics, the
study of which is aimed at finding the most stable highly effective ma-
terials for tritium breeding.

This study is aimed at determination of the differences in the struc-
tural damage accumulation mechanisms in 0.5 LipZrOs — 0.5 LisSiO4
ceramics under proton and helium irradiation, the use of which is due to
the possibilities of simulation of processes associated with hydrogena-
tion and helium swelling, as well as the accumulation of products of
physicochemical radiolysis processes in the near-surface layer of ce-
ramics. The use of these types of irradiation is chosen in order to
simulate the situation of accumulation of radiolysis products, compa-
rable to the real operating conditions of this type of ceramics used for the
breeding of tritium, the processes of obtaining of which are accompa-
nied by the accumulation of nuclear reaction products in the form of
helium and hydrogen.

2. Experimental part

The samples chosen for the study were 0.5 LizZrOs — 0.5 LisSiOq,
which, according to a number of studies, have the highest resistance to
mechanical impacts, including long-term loads, and the effect of
heightened strength is due to the presence of interphase boundaries, as
well as a finely dispersed fraction, which creates additional hardening
due to a large number of dislocations [25,26]. To obtain ceramics, the
method of mechanochemical solid-phase synthesis was used; the con-
ditions and features of obtaining this type of ceramics using this method
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are presented in Ref. [26].

Simulation of structural damage in the case of high-dose irradiation
was carried out by irradiation of the studied ceramic samples with
protons with an energy of 500 keV and He?" jons with an energy of
about 40 keV. Irradiation fluences were selected from 10'° to 10'® ecm™2,
at which the oxygen vacancy formation processes are simulated, as well
as in the case of high-dose irradiation (above 10'7 cm~2) the effects of
radiation-deformation volumetric swelling associated with the accu-
mulation of radiolysis products, as well as the formation of gas-filled
inclusions in the near-surface layer [27,28]. The atomic displacement
values were estimated based on the calculated data of the simulation
performed with the SRIM Pro 2013 software code, considering the for-
mation of vacancy defects, alongside their number. The data were
calculated for each type of ionizing radiation used for irradiation. Dif-
ferences in the atomic displacement values are due to both energy losses
during interaction and the ionizing radiation type used for simulation.

The study of radiation damage caused in the near-surface layer by
irradiation with protons and He?* ions was carried out using the elec-
tron paramagnetic resonance (EPR) method, which was implemented on
a Bruker BioSpin X-band spectrometer. The measurements were carried
out in the range from 298 mT to 349 mT, the modulation frequency was
about 100 kHz, the measurements were carried out in an inert atmo-
sphere at room temperature. The data are presented as a dependence I(g-
factor), used for ease of interpretation of the obtained data and the
possibility of their comparison with the results of other works. The
concentration of defect inclusions was estimated by determination of the
peak areas characteristic of each type of defect. For this purpose, a two-
dimensional integration of the peaks was performed, followed by
normalization by mass. Formula (1) taken from Ref. [29] was used for
the calculations.

Sx X Nref
S,ef xm’

Cdefecm = (1 )

Sx is the area under the absorption curve of the EPR signal, S;fis the area
under the absorption curve of the reference sample, N, is the concen-
tration of unpaired electrons in the reference sample, m is the mass of
the sample.

The kinetics of alterations in the thermophysical parameters of ce-
ramics with changes in the irradiation fluence were determined using
the method of determination of changes in the stationary longitudinal
heat flow in ceramics, the alterations of which is associated with a
slowdown in the phonon mechanisms of heat transfer in the damaged
layer due to the formation of defective inclusions. The proposed mea-
surement method is based on placing the sample in a special holder
equipped with thermocouples fixed on both sides of the sample, after
which the sample is heated on one side with temperature changes
recorded on both sides, on the basis of which the thermal conductivity
coefficient is determined. The measurements were performed on a uni-
versal thermal conductivity meter KIT-800 in the temperature range
from 25 to 700 °C. Based on the obtained dependencies, the thermal
conductivity coefficient was determined, the changes in which are due
to an increase in heat loss in the irradiated material.

3. Results and discussion

Fig. 1 reveals the EPR spectroscopy results of 0.5 LipZrOs — 0.5
Li4SiO4 ceramic samples contingent upon irradiation type in the case of
variation in irradiation fluence. In the initial state of the samples not
subjected to irradiation, no peaks or bands associated with alterations in
the electronic structure, alongside the presence of paramagnetic states
associated with structural defects, are observed. In the case of irradiated
samples, the observed changes in the EPR spectra can be correlated with
three types of defects, the alterations in the concentrations of which
indicate the damaged layer degradation rate, and the mechanisms of
evolution of structural damage associated with dose dependences. The
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Fig. 1. EPR spectra of ceramics depending on the irradiation fluence: a) proton irradiation; b) He®" ion irradiation.

main changes observed in the EPR spectra are due to the presence of a
singlet line with g = 2.001-2.003, which characterizes the formation of
oxygen vacancies in the structure of the damaged layer, the presence of
which causes the main structural changes at fluences of 10'° - 107 cm ™2
in the case of proton irradiation, and fluences of 10'° -5 x 10'® cm™2
when irradiated with He?" ions. The observed lines at irradiation

fluences above 5 x 10'® - 107 cm™2 at g = 2.01-2.03 are characteristic
of structural defects of the HC2 type — centers, the formation of which is
caused by structural defects of the = Si-O or SiO3~ type, i.e. a hole
associated with oxygen atoms in SiO4 tetrahedra. Also, the observed
bands with g = 1.96-1.93 can be associated with Zr>* defects, which
were established in Refs. [30-32]. Moreover, comparing the changes in
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Fig. 2. Comparative analysis results of alterations in the intensities of the EPR spectra of the studied ceramics depending on the type of irradiation, reflecting the

damaged layer degradation kinetics: a) proton irradiation; b) He?>" ion irradiation.

band intensities (see data in Figs. 1 and 2), it can be concluded that the
rate of formation of oxygen vacancies, as well as more complex defects
such as HC, centers and Zr>" defects, is different for irradiation with
protons and He?" ions, but the main mechanisms of defect accumulation
and their evolution are of a similar nature. The main defect formation
mechanisms in the case of irradiation with protons and helium ions are
ionization losses of energy of incident particles upon collision with the
crystal structure, which occur along the trajectory of particle movement
in the material. It should also be noted that in the works [33-35] it was
shown that in the structure of lithium-containing ceramics it is a very
complex task due to the possible overlap of signals, which requires a
sufficiently accurate understanding of the possible types of structural
defects arising as a result of irradiation, as well as a clear separation of
spectral lines during their processing.

Fig. 2 illustrates the comparative analysis results of the obtained EPR
spectra, reflecting the kinetics of changes in structural damage associ-
ated with the accumulation of oxygen vacancies, characterized by a
change in the intensity of the singlet line, characteristic of E-centers,
alongside the formation of bands for HC; and Zr3" defects, characteristic
of the formation of radiolysis products in the structure associated with
the occurrence of physicochemical processes in the damaged layer. An
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analysis of the comparison of the kinetics of changes in the EPR spectra
indicates that, under proton irradiation, the degradation processes
associated with the accumulation of HCy and 73t defects (radiolysis
products) are less pronounced than in the case of irradiation with He"
ions, for which, at high fluences of 10!7-10'® cm ™2, a clearly expressed
growth in the contribution of HC, and Zr®* defects in the damaged layer
is observed (according to a comparative analysis of the intensities of
these spectral lines).

Fig. 3 demonstrates the assessment results of the concentration of
defects, the calculation of which was carried out according to the
method specified in the work [36], which provides a fairly detailed
description of the method for determination of the concentration of
various defects and the method for calculating them based on EPR
spectra. The general form of the presented dependences of the change in
concentrations has a clearly bell-shaped form for the change in the
concentration of E-centers, the reduction in the concentration of which
is observed during the formation of contributions to the structure of HC
and Zr®" defects associated with the accumulation of radiolysis prod-
ucts, which are recorded at values of the order of more than 10 dpa in
the case of irradiation with protons, and more than 1 dpa when irradi-
ated with He?* ions.
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Fig. 3. Assessment results of the concentration of various defects in the damaged layer depending on the irradiation type: a) proton irradiation; b) He?" ion

irradiation.
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Fig. 4. Results of comparative analysis of defect structure: a) Comparison of kinetics of change in concentration of various defects from the damage degree, expressed
in atomic displacements for two types of irradiation; b) Comparison of EPR spectra of ceramic samples irradiated with a maximum fluence of 10*® cm™2, reflecting
differences in the degree of the damaged layer degradation, caused by a change in the concentration of defects, and an elevation in the contribution of radiolysis

products to the degradation degree.

Fig. 4a reveals the comparative analysis results of changes in the
concentration of various types of defects in 0.5 LizZrO3 — 0.5 LisSiO4
ceramics under proton and helium irradiation, which clearly reflect the
relationship between the irradiation type (and, as a consequence, the
ionization losses of incident particles during interaction with electron
and nuclear shells), and the radiation damage degree. In the case of
proton irradiation, the value of dE/dXejectron iS about 8-11 keV/nm,
while for He?* ions, the value of dE/dXelectron iS @about 15-16 keV/nm. At
the same time, due to the low energies of He?* ions, during high-dose
irradiation, it is necessary to consider the factor of influence of ioniza-
tion losses dE/dXpyclear, Which are an order of magnitude greater (dE/
dXpyclear - 0.3-0.4 keV/nm) than similar values of dE/dXpyclear fOr pro-
tons, the value of which is about 0.009-0.014 keV/nm. In this case, the
contribution of ionization losses during collisions with nuclei plays a
role in the defect formation processes, the result of which is the earlier
formation of radiolysis products in the case of irradiation with He?"
ions. At the same time, the difference in the concentration of oxygen
vacancies is due to differences in the values of ionization losses, in which
the number of collisions in the case of He>" ions results in large changes
in the electron density, the result of which is the formation of a larger
number of oxygen vacancies (Vo) with smaller atomic displacement
values. In this case, the achievement of a critical concentration of oxy-
gen vacancies in the structure of the damaged layer in combination with
structural changes caused by the interaction of ions with nuclei and
subsequent effects associated with athermal deformation processes lead
to the formation of radiolysis products and their subsequent accumu-
lation, which results in the damaged layer destruction at high irradiation
fluences.

Fig. 4b shows a comparison of the EPR spectra of samples irradiated
at the maximum fluence (1018 cm’z), reflecting the differences in the
degradation degree of ceramics with variations in the type of irradiation
(in the case of irradiation with protons and He®" ijons). In this case, the
presence of a deviation from the baseline spectrum of a ceramic sample
irradiated with He?>" ions with a fluence of 10'® cm~2 is associated with
structural distortions caused by the accumulation of radiolysis products,
as well as deformation of the crystal structure as a result of high-dose
irradiation. As can be seen from the data presented, in the case of irra-
diation with He?" jons at maximum fluence, an almost equally probable
ratio of the intensities of the lines characteristic of HC, — and Zret

-defects and oxygen vacancies (E — centers) is observed, while with
irradiation with protons, the main contribution at maximum fluence to
the changes in the EPR spectrum is associated with the intensity of the
singlet line characteristic of E — centers, and the bands of HCy — and Zr®*
-defects are less pronounced than in the case of irradiation with He?*
ions.

Fig. 5 demonstrates comparative diagrams of the assessment of the
weight contributions of the concentration of various defects in the
damaged layer structure, determined on the basis of the assessment
results of the concentrations of defects under different irradiation con-
ditions. The general trend of alterations in the contributions of defects is
that in the case of irradiation with He" ions at an irradiation fluence of
107 cm’z, the formation of the HC, — and Zr3t -type defects, charac-
teristic of the accumulation of radiolysis products, the proportion of
which is about 20 % and grows almost by 2.3-2.4 times with an
elevation in fluence to 10'® em™2, is observed. At the same time, for
samples irradiated with protons, the formation of HCy — and Zr>" -de-
fects is observed at a fluence of 5 x 107 cm_z, and it should be noted
that the weight contribution of HC, — and Zr®" -defects is also approx-
imately 20 %, and in the case of a fluence of 10'® cm ™2, the proportion
rises to 30 %, which is comparable with the concentration of HC, — and
Zr3* -defects in the case of irradiation with He?" ions at a fluence of 5 x
107 ¢cm™2. From the presented dependencies, it can be concluded that
the mechanisms of accumulation of radiolysis products are comparable
in the case of high-dose irradiation, however, when irradiated with
protons, the formation of radiolysis products occurs at high irradiation
fluences, with a difference of approximately 5 x 10'® em™2.

Fig. 6 illustrates the results of a comparative analysis of changes in
the thermal parameters of the studied 0.5 LioZrOs — 0.5 Li4SiO4 ceramics
when irradiated with protons and He?' ions in the case of irradiation
fluence variation. The data are presented as a dependence of the change
in the thermal conductivity coefficient on the atomic displacement value
in the case of different types of irradiation.

The general trend of changes in the thermal conductivity coefficient
depending on the type of irradiation (in the case of irradiation with
protons or He?t ions) can be divided into two characteristic sections,
described by differences in the degree of deterioration of thermal con-
ductivity. At atomic displacement values of up to 1 dpa, for which, ac-
cording to EPR spectroscopy data for both types of irradiation, structural
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defects associated with oxygen vacancies dominate, changes in the
thermal conductivity coefficient are minimal and are within the
permissible error limits. At damage values greater than 1 dpa, the
observed change in the trend of thermal conductivity coefficient
reduction may be due to a greater degree of structural disorder associ-
ated with the formation and accumulation of radiolysis products in the
damaged layer structure. It should be noted that in the case of proton
irradiation, according to EPR spectroscopy data, the accumulation of
radiolysis products is observed at fluences of the order of 5 x 10'7 cm ™2
(more than 10 dpa), however, the observed reduction in the thermal
conductivity coefficient at fluences of 5 x 10'°~10'7 cm™2 is due to the
high concentration of oxygen vacancies, the presence of which leads to
an elevation in the scattering of phonons during heat transfer, thereby
reducing thermal conductivity.

A growth in the degradation of the thermal characteristics of ce-
ramics depending on the increase in irradiation fluence may be due to
the occurrence of heterogeneities in the structure of the damaged layer
associated with an elevation in the concentration of absorbing centers
associated with the accumulation of radiolysis products during high-

dose irradiation. It should be noted that in the case where oxygen va-
cancies dominate as the main defects in the structure of ceramics, the
change in the thermophysical properties of ceramics is minimal and is
within the limits of measurement error. In the case of formation of
structural damage in ceramics associated with the accumulation of HC,
centers and Zr>* defects in the structure, the thermal conductivity
reduction is caused by phonon scattering processes, the number of acts
of which grows due to interaction with defective inclusions, which re-
sults in a slowdown in heat transfer processes and, consequently, a
decline in thermal conductivity.

To determine the temperature effect on the kinetics of radiation
damage accumulation associated with radiolysis products during high-
dose irradiation, a series of experiments in which samples were irradi-
ated with protons and helium ions with a fluence of 107 cm—2 (at which
the initialization of the processes of accumulation of radiolysis products
is observed during irradiation with helium ions) at various tempera-
tures, varying in the range from 300 K to 1000 K, was conducted. The
key objective of these experiments was to determine the mechanisms of
temperature effects on diffusion processes that can result in accelerated
degradation due to thermal effects associated with both thermal
expansion of the crystal structure and a growth in the point and vacancy
defect mobility rate, which can subsequently result in more pronounced
agglomeration and degradation processes. The results of comparison of
the EPR spectra of ceramics irradiated with protons and helium ions at a
fluence of 10'7 cm~2 with variations in the irradiation temperature are
shown in Fig. 7.

The general trend of the observed changes in the EPR spectra,
regardless of irradiation type, indicates an adverse impact of the irra-
diation temperature on the change in defect concentrations in the
damaged layer, which has a clearly expressed dependence on the irra-
diation temperature. The obtained results of alterations indicate a
change in the defect formation rates at the same fluence, and a decrease
in the damage resistance of ceramics, expressed in more pronounced
alterations in the intensities of spectral lines characteristic of HC, cen-
ters and Zr>* defects associated with radiolysis products. In the case of
proton irradiation, alteration of the irradiation temperature from 300 K
to 500 K leads to the singlet line intensity growth, indicating an eleva-
tion in the concentration of vacancy defects in the structure with a
change in the irradiation temperature, as well as the formation of a band
characteristic of HC, centers, the intensity of which rises with a change
in the irradiation temperature to 700 and 1000 K. Also, at temperatures
of 700 and 1000 K, the spectra record bands characteristic of Zr>* de-
fects, which indicates that under high-temperature irradiation (above
500 K), the process of accumulation of radiolysis products in the form of
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Fig. 7. Results of EPR spectroscopy of the studied ceramic samples exposed to irradiation at a fluence of 10*” cm™

proton irradiation; b) He?* ion irradiation.

HC, centers and Zr®" defects in the damaged layer during proton irra-
diation proceeds more intensely, and the accumulation of radiolysis
products is recorded at lower irradiation fluences, which indicates a
reduction in the radiation resistance of ceramics to radiation damage
processes with an elevation in the irradiation temperature.

In the case of samples irradiated with He?" ions, the main alterations
in the EPR spectra of the irradiated samples with an elevation in irra-
diation temperature are associated with a growth in the intensity of the
spectral lines of HC, centers and Zr>" defects, which indicates more
intense accumulation processes of radiolysis products and degradation
of the damaged ceramic layer.

Based on the obtained EPR spectra, an assessment of the change in
the concentration of defects in the damaged layer, the results of which
are presented in Fig. 8 in the form of diagrams reflecting the weight
contributions of various defects in the damaged layer, was made.

The acceleration of the degradation processes of the damaged layer
in both cases of irradiation with an elevation in the irradiation tem-
perature can be explained by the following factors associated both with
the effects of thermal expansion and the processes of thermally stimu-
lated diffusion of vacancy defects in the damaged layer. In the case of
two-phase ceramics, as has been shown in a number of studies [37,38],
one of the key factors that determines higher radiation resistance values
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in comparison with single-phase ceramics is the effect of dislocation or
dispersion hardening associated with the presence of grains of different
sizes, as well as interphase boundaries, which in this case serve as bar-
riers that restrain the diffusion of point and vacancy defects, and also
reduce the likelihood of defect agglomeration due to the formation of
the Vo — He or Vo — H type complexes. Moreover, as has been shown in
several studies [39-41], reduction of the grain size even in the case of
single-phase ceramics is one of the most promising methods for
enhancement of resistance to radiation-induced gas swelling, the effect
of which is due to the creation of additional restraining centers for the
agglomeration of products of nuclear reactions of neutrons with lithium,
alongside radiolysis products. In the case of thermal exposure, thermal
expansion of the crystal structure due to a change in the amplitude of
thermal vibrations can result in partial relaxation of point and disloca-
tion defects, which, in combination with an alteration in the diffusion
rate of vacancy defects and implanted hydrogen or helium, results in
more pronounced processes of migration and subsequent agglomera-
tion, which, as can be seen from the presented data of the EPR spectra
analysis, leads to a rise in the weight contributions of defects associated
with the accumulation of radiolysis products. In this case, the processes
of thermally stimulated diffusion of vacancy defects, as well as
implanted helium or hydrogen ions, lead to the acceleration of
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Fig. 8. Assessment results of the weight contributions of different types of defects in the damaged layer depending on the irradiation temperature, characterizing the
change in the degradation kinetics due to thermally stimulated diffusion of radiation defects: a) proton irradiation; b) He?" ion irradiation.
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agglomeration processes due to the formation of the Vo — He or Vo — H
type complexes, an elevation in the concentration of which results in
destabilization of the damaged layer and deterioration of its structural
ordering (according to the data of the assessment of structural param-
eters in the case of high-temperature irradiation, the degree of volu-
metric structural swelling is more pronounced than in the case of
irradiation at room temperature).

It should also be noted that in the case of high-dose irradiation,
which is usually accompanied by the accumulation of a large number of
structural defects in the damaged layer, standard methods such as X-ray
diffraction do not allow determining the type of point defects, but only
their concentration, which excludes the possibility of a full analysis of
the kinetics of structural damage. At the same time, for understanding
the evolution of structural damage, as well as predicting possible
mechanisms of destruction, the most suitable methods are EPR spec-
troscopy and Raman spectroscopy, the use of which allows with high
accuracy to determine the types of structural defects arising from irra-
diation or as a result of nuclear fission reactions. For example, a number
of studies [42-46] have shown that the use of Raman spectroscopy and
EPR spectroscopy methods allows for a detailed description of the types
of point defects that arise as a result of irradiation, as well as for
determining the kinetics of subsequent changes in the structural and
optical properties of ceramic materials, which in turn is very important
both from a practical point of view and from a fundamental point of
view, related to the expansion of ideas about the kinetics of radiation
damage in ceramics used in nuclear and thermonuclear energy.

4. Conclusion

According to the analysis of the structural damage accumulation
kinetics in the case of irradiation with protons and He?" ions in the near-
surface layer of 0.5 LizZrO3 — 0.5 LisSiO4 ceramics, it was found that at
low irradiation fluences (10'® - 107 c¢m™2), the dominant role in
structural changes is played by the concentration dependences of oxy-
gen vacancies, the change of which results in small alterations in ther-
mal conductivity, while at fluences above 10 ¢cm™2, the contribution to
the changes in the destruction of the near-surface layer is made by
radiolysis products (HC; — and 73t - defects), the accumulation of
which is more pronounced in the case of irradiation with He?" ions. It
has been established that the main mechanisms of formation of oxygen
vacancies are associated with the values of electron ionization losses of
incident particles, while the accumulation of radiolysis products is
significantly influenced by nuclear ionization losses, as well as the
associated athermal deformation effects.

During conducted experimental works, on determination of the in-
fluence of the irradiation temperature on the change of weight contri-
butions of different types of defects in the damaged layer, as well as the
change of the mechanisms of their formation, the following was estab-
lished. In the case of proton irradiation, the temperature growth results
in more intensive processes of structural damage accumulation, which
leads to the initialization of accumulation of radiolysis products at lower
fluences than in the case of irradiation at room temperature. In the case
of irradiation with He?* ions, the obtained dependences indicate an
acceleration of the intensity of accumulation of radiolysis products and a
more pronounced degradation of the damaged layer. Based on the data
obtained, it can be concluded that the temperature effect during irra-
diation has an adverse effect on the resistance of ceramics to radiation
damage and accumulation of radiolysis products, which must be taken
into account during assessment of the prospects for application of these
ceramics as materials for tritium breeding, in the case of their operation
under elevated temperatures. The main mechanisms that cause accel-
erated degradation of the damaged layer in the case of high-temperature
irradiation are thermally stimulated diffusion of vacancy defects,
alongside their agglomeration into complexes, leading to the formation
of gas-filled inclusions in the near-surface damaged layer.

The results of the studies conducted can be further used to determine

Optical Materials: X 25 (2025) 100387

the potential for application of the proposed ceramic compositions as
materials for tritium breeding, as well as to assess the prospects for
application of two-component ceramics as a basis for blanket materials
that have higher stability indicators compared to one-component
ceramics.
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