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Abstract: The study investigates alterations in the mechanical and thermophysical properties of
ceramics composed of xLipZrO3—(1—x)Li4SiOy4 as radiation damage accumulates, mainly linked to
helium agglomeration in the surface layer. This research is motivated by the potential to develop
lithium-containing ceramics characterized by exceptional strength properties and a resistance to
the accumulation of radiation damage and ensuing deformation distortions in the near-surface
layer. The study of the radiation damage accumulation processes in the near-surface layer was
conducted through intense irradiation of ceramics using He?* ions at a temperature of 700 °C,
simulating conditions closely resembling operation conditions. Following this, a correlation between
the accumulation of structural modifications (value of atomic displacements) and variations in
strength and thermophysical characteristics was established. During the research, it was observed
that two-component ceramics exhibit significantly greater resistance to external influences and
damage accumulation related to radiation exposure compared to their single-component counterparts.
Furthermore, the composition that provides the highest resistance to softening in two-component
ceramics is an equal ratio of the components of 0.5Li,ZrO3-0.5Li4SiO4 ceramics.

Keywords: lithium-containing ceramics; two-phase ceramics; radiation defects; swelling resistance;
helium swelling

1. Introduction

One of the directions in the advancement of the energy sector pertains to thermonu-
clear energy, which relies on tritium-based reactions [1,2]. Tritium, alongside hydrogen,
stands out as one of the cleanest and energy-rich nuclear fuels. Promoting the utilization of
nuclear and thermonuclear energy, and elevating their contribution in the energy sector,
offers solutions to a range of challenges, addressing not just energy deficits but also con-
tributing to environmental enhancements—a pivotal objective for future generations. To
obtain tritium, which is used as one of the most promising types of fuel for maintaining
thermonuclear reactions, lithium-containing ceramics based on titanates, zirconates, or
orthosilicates are used, the use of which makes it possible to obtain tritium through nuclear
reactions of lithium with neutrons [3-5].

The phenomenon of gas swelling, often associated with transmutation nuclear reac-
tions taking place within lithium ceramics, represents a significant concern that can impede
the utilization of lithium ceramics as tritium breeding materials. In such instances, the
build-up of helium and hydrogen generally takes place within the near-surface layer due
to the pronounced mobility of these gases toward the surface [6,7]. These accumulation
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processes typically occur near grain boundaries or within voids formed as a consequence
of deformation within the crystal structure [8-10].

Furthermore, based on a series of experimental investigations, a hypothesis has been
formulated, which posits that the presence of interphase boundaries or minor barriers
contributes to the generation of additional dislocations [11,12]. This, in turn, hinders the
migration of helium or hydrogen, thus diminishing their capacity to form gas-filled bubbles.
In such scenarios, reduced mobility, due to deceleration at grain boundaries or interphase
boundaries, fosters the formation of diminutive bubbles that lack the potential to exert
significant adverse effects on the structural integrity and strength of ceramics. Conversely,
when larger bubbles conglomerate, as has been demonstrated in various studies, their
evolution, marked by a destructive burst, detrimentally impacts the strength of the near-
surface layer. Additionally, exfoliated ceramic particles resulting from this rupture may
have an adverse effect on plasma purity if they enter it [13-15].

In this context, significant emphasis is placed on advancements in the development
of highly resistant ceramics to the accumulation of radiation damage and the subsequent
detrimental alterations in their strength characteristics. Equally important is the preser-
vation of their thermophysical parameters. The degradation of thermal conductivity in
ceramics, resulting from destructive changes during the accumulation of radiation damage,
can have adverse effects on heat transfer processes by impeding the movement of phonons,
which serve as heat carriers in dielectric ceramics [16,17]. Typically, the reduction in heat
transfer rates within the context of phonon mechanisms arises from additional dissipation
or absorption events involving defect formations. These defects manifest during the accu-
mulation of radiation damage. In this case, enhancing the resistance of lithium-containing
ceramics to radiation damage yields favorable outcomes for their thermophysical properties
and overall stability. Also, an important factor in determining the operating conditions
of lithium-containing ceramics as blanket materials is the preservation of their thermal
stability during sudden temperature changes during operation, which can lead to thermal
shocks and thermal expansion with subsequent embrittlement and a decrease in strength.

The objective of this research is to study how alterations in the composition ratio
of xLipZrO3—(1—x)LisSiO4 ceramics affect their resistance to helium swelling under high-
dose irradiation. The chosen specimens were lithium-containing ceramics with various
ratios of xLipZrO3;—(1—x)LisSiO4 (x = 1, 0.75, 0.5, 0.25, and 0 M), which hold significant
promise as materials for tritium breeding blankets. The choice of these types of ceramics
is due to the combination of high thermal stability and strength properties of Li;ZrOs,
as well as a high lithium content in Li;SiO4, which makes this type of ceramic one of
the promising materials for tritium production, despite the low resistance to radiation
damage and mechanical stress. At the same time, as a method for producing ceramics, a
method of mechanochemical solid-phase synthesis was proposed, the use of which makes
it possible to obtain ceramics with different phase ratios, as well as to obtain ceramics with
controlled grain sizes and shapes, the variation of which occurs due to changes in grinding
conditions. This method of manufacturing ceramics has great prospects in comparison
with such methods as 3D printing of ceramic materials [18] and the sol-gel method [19],
the use of which makes it possible to obtain ceramic materials for blanket materials.

The simulation of helium-induced swelling processes involved irradiating low-energy
ceramics with He?* ions at fluences ranging from 10%° to 10'® ion/cm?. This approach
allowed for the simulation of swelling and deformation processes resulting from the accu-
mulation of implanted helium in the surface layer, which can potentially lead to detrimental
alterations in strength and thermophysical properties. The selection of irradiation con-
ditions, including a fluence range of 10'> to 10'® jon/cm? and a temperature of 700 °C,
was made to closely simulate the accumulation of structural damage in the surface layer,
mirroring real-world conditions during the operation of lithium-containing ceramics in
tritium production processes. Moreover, in a number of earlier works [20-24], it was shown
that agglomeration of helium in pores, as well as other products of nuclear reactions of
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neutrons with lithium (tritium and hydrogen), occurs near the surface due to the mobility
of the resulting products and their displacement from the bulk of the ceramic [25-30].

2. Materials and Methods

Samples of ceramics based on LipZrO3-Li4S5iO4 compounds were obtained in two stages.

The first stage consisted of obtaining single-component ceramics, LipZrO3z and LisSiOy,
via mechanochemical grinding and subsequent thermal sintering at a temperature of
1000 °C for 5 h. For the manufacture of ceramics, the following chemical reagents were
selected: LiClO4 x 3H,O, ZrO;, and SiO,; the chemical purity of the selected components
was 99.95%. Samples were purchased from Sigma Aldrich (Sigma Aldrich, Burlington,
MA, USA).

The second stage consisted of mixing two types of obtained xLi,ZrO3—(1—x)LisSiO4
ceramics in different stoichiometric ratios in the range of x = 1, 0.75, 0.5, 0.25, and 0 M.
After mixing and pressing into the shape of spherical spheres, the samples were calcined
in a muffle furnace at a temperature of 700 °C for 10 h for the purpose of sintering and
thermal removal of structural deformations arising during the pressing process. For this
purpose, a special press mold is used, which makes it possible to obtain ceramics with a
given spherical geometry, with the possibility of further research on their irradiation and
testing of strength characteristics. The diameters of the resulting spheres were on the order
of 1.0-1.5 mm. At the same time, pressing of the samples was carried out under a pressure
of 200 MPa in a special mold.

The morphological features of the obtained ceramic samples were studied using
scanning electron microscopy, implemented using a Phenom™ ProX microscope (Thermo
Fisher Scientific, Eindhoven, The Netherlands).

The simulation of swelling processes and the subsequent degradation of strength
and thermophysical parameters caused by helium accumulation involved irradiating the
ceramic samples in the DC-60 heavy ion accelerator, located at the Institute of Nuclear
Physics in Almaty, Kazakhstan. This irradiation took place on the accelerator’s third chan-
nel, allowing for the exposure of the samples to He?* ions with an energy of 20 keV/charge
and a total energy of 40 keV, all conducted at a temperature of 700 °C. The fluences used
ranged from 10 to 10" ion/cm?. The irradiation was carried out in a vacuum (10~ Torr),
which made it possible to eliminate the effect of implanted helium coming out of the pores
due to pumping. The selection of the irradiation fluence range was designed to simulate
the accumulation of radiation damage akin to the actual accumulation of helium in the
near-surface layer. This accumulation occurs during nuclear reactions of the n(Li,T),He
type, which take place within blankets during tritium production. Importantly, the result-
ing products of these nuclear reactions, such as helium, tend to migrate to the surface of
the blanket (sphere), where they agglomerate within a shallow near-surface layer, leading
to deformations and distortions. The decision to apply high-temperature irradiation con-
ditions was driven by the aim to simulate helium swelling conditions closely resembling
actual operational conditions.

The assessment of the strength properties of the examined ceramics, taking into ac-
count variations in composition and their response to irradiation with He?" ions, involved
the application of two analytical approaches. The first method entailed hardness measure-
ments using the Vickers indentation technique, using a diamond pyramid as the indenter,
with a constant load of 100 N. These measurements were conducted using a LECO LM700
microhardness tester (LECO, Tokyo, Japan). The measurements were executed by employ-
ing the method of immersing the indenter into the sample at a constant pressure for a
duration of 15 s. Subsequently, the hardness values were derived based on the resulting
indents, and an evaluation of the ceramics’ fracture toughness was performed by analyzing
the indent’s shape, specifically considering the ratio of diagonal lengths and ribs.

Hardness determination was performed using Formula (1) [31,32]:

HV = 1.854d£2, (1)
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where P is the applied pressure and d is the average length of the imprint diagonal.

The determination of the value of the stress intensity factor was carried out by deter-
mining the magnitude of changes in the ratio of the diagonals of the indenter prints (c/a),
as well as the value of hardness using Formula (2) [31,32]:

Kie =0/16 x H x a'/? x (c/a) %> )

where H is the Vickers hardness value, c is the crack half-length, and 4 is the semi-diagonal
of the indenter imprint. Based on the data obtained, depending on external influences (as a
result of the accumulation of radiation damage), resistance to cracking was determined,
and the dynamics of its change indicate the speed of crack propagation in the damaged
layer under external mechanical influences.

Evaluation of resistance to single compression was conducted by applying a single
compression to the ceramic specimens using the LFM-1 testing machine (Walter + Bai
AG, Lohningen, Switzerland). The samples were loaded under compression at a speed
of 15 mm/min. The determination of the maximum load on the sample under single
compression was carried out by visually observing the formation of cracks in the samples
during compression. The determination of stability was carried out by recording the
cracking of the samples under loading using an extensometer, as well as by establishing a
sharp change in the pressure drop during the destruction of the samples.

All experiments were carried out in the form of serial tests on 10 samples in order to
collect statistical data and determine measurement errors and standard deviation values.

Thermophysical parameter measurements, such as the thermal conductivity coefficient
and reduction in thermal conductivity caused by radiation damage accumulation, were
conducted using the KIT-800 device from Teplofon, Moscow, Russia. The reduction in
thermal conductivity is considered to be a value characterizing the change in the thermal
conductivity coefficient depending on the accumulated changes caused by irradiation and
also indicates the effect of irradiation on the deterioration of the thermal conductivity
parameters of ceramics. The measurement method employed involved evaluating longitu-
dinal heat flow by measuring temperature differences on both sides of the sample as it was
heated across a broad temperature range from 25 to 700 °C.

3. Results and Discussion

Figure 1 displays the outcomes of simulating atomic displacements in the near-surface
layer of ceramics, which result from the accumulation of structural damage along the ion
trajectory. To simulate the processes of interaction of incident ions with the near-surface
layer of ceramics, the SRIM Pro program code was used, the use of which made it possible
to determine the ionization losses of incident ions along the trajectory of ion movement in
the ceramics, as well as to determine the maximum length of penetration of ions into the
near-surface layer. The Khinchin-Pease model was used for modeling, taking into account
the formation of cascade effects. Based on the calculations obtained, the dependence
of the distribution of the magnitude of atomic displacements along the trajectory of ion
motion with a change in the irradiation fluence was constructed. Calculations were carried
out according to the methodology proposed in [23]. It should also be noted that the
calculations took into account the effects of the formation and accumulation of vacancies in
the damaged layer.
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Figure 1. (a) The results of calculated data for simulation of the distribution of the value of atomic
displacements along the trajectory of ion motion in the near-surface layer depending on the irradiation
fluence. (b) The dependence of the variation in the value of atomic displacements at the maximum
with a change in irradiation fluence (the dependence is presented on a logarithmic scale).

These values depict structural alterations linked to atomic displacements and defor-
mation distortions of the crystal lattice during irradiation, along with the dynamics of
deformation distortions as the irradiation fluence varies.

Based on the simulation results, the most substantial structural alterations occur at
depths ranging from approximately 250 to 350 nm. The distribution of atomic displacements
exhibits a bell-shaped pattern with noticeable asymmetry. It is important to highlight that
the most substantial changes, exceeding 1 dpa (displacements per atom), are evident at
irradiation fluences equal to or exceeding 107 jon/cm?. In fact, with high-dose irradiation,
the ion distribution profile can be shifted due to the fact that, at fluences above 107 ion/cm?,
the effects of partial exfoliation of the near-surface layer can occur due to the accumulation
of structural distortions and deformations, as well as implanted helium. In this regard, the
thickness of the damaged layer under high-dose irradiation can be significantly greater than
350 nm, a value that was calculated using the SRIM Pro program code. In this regard, when
assessing the observed changes, this effect that is associated with possible partial dispersion
was also taken into account. As a rule, at irradiation fluences above 10! ion/cm?, the most
pronounced change in the near-surface layer is observed, associated with the accumulation
of deformation distortions associated with the effects of structural changes, as well as the
effects of helium implantation into the near-surface layer [24-26]. Moreover, these effects
have a clear dependence on both the irradiation conditions (He?* ion energy, irradiation
temperature, and irradiation rate) and the type of materials exposed to irradiation. In
a number of works [26-28], the authors have shown that the most significant changes
in lithium-containing ceramics associated with deformation distortions of the surface
layer when irradiated with low-energy He?* ions (40 keV) occur at fluences of the order of
10'7-3 x 10" ion/cm?. Using X-ray diffraction data, the authors showed that these changes
occur as a result of the accumulation of tensile strain distortions (tensile deformation), which
lead to a decrease in the resistance of ceramics to external influences. Also, in [28], we
previously showed that these structural distortions in lithium-containing ceramics based
on lithium zirconate, due to the presence of a monoclinic phase, have an asymmetrical
deformation of the crystal structure, which is most pronounced under high-dose irradiation.
It was shown that the use of two-phase ceramics under high-temperature irradiation leads
to a decrease in the rate of structural degradation with increasing irradiation fluence,
which confirms the fact that the type of irradiated material plays a very significant role in
determining the mechanisms of radiation-induced degradation.

Concurrently, the swelling of the surface layer typically arises from the accumulation
of deformation distortions triggered by the expansion of gas-filled bubbles. This expansion
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exerts mechanical pressure on the pore walls, leading to structural deformation [29,30].
In the experiments conducted at a fluence of 1018 jon/cm?, the maximum attained level
of atomic displacements reached approximately 13 dpa, indicating substantial structural
deformations due to irradiation. Additionally, the evaluation of the implanted helium
concentration within the structure, as detailed in [23], revealed levels of about 1-5 at. % at
maximum fluences. This factor should also be considered when examining alterations in
the strength characteristics of the examined samples. Moving forward, when discussing
variations in the strength properties of irradiated samples, the information will be pre-
sented in terms of dependencies on the value of atomic displacements. This approach will
facilitate the assessment of the impact of structural deformations on alterations in strength
characteristics. An overall examination of the relationship between the extent of atomic
displacements and fluence is depicted graphically in Figure 1b and provides the following
insights. At lower fluences ranging from 10'° to 5 x 10'® ion/cm?, the damaged layer
primarily exhibits deformation distortions resulting from ionization processes during the
interaction of incident ions with the crystal structure. However, when the concentration
of implanted helium in the near-surface layer reaches approximately 1 at. % (as per the
simulation), a significant escalation in deformation distortions is observed. This escalation
could be attributed to the formation of gas-filled bubbles within the near-surface layer.

Figure 2 illustrates the evaluation of alterations in the morphological characteristics
of the resulting ceramics following the process of shaping them into spheres with varying
concentrations of components from two distinct ceramic types, denoted as xLi»ZrOs;—(1—x)
LiySiOy, spanning the x range from 0 to 1 M. The highlighted regions in the figures rep-
resent changes in grain structure and their packing density, which are influenced by the
ceramic composition. The presented data indicate that, in the case of Li»ZrO3 ceramics, the
morphological attributes of the ceramics in question manifest as densely packed grains,
often taking on a longitudinal rhombic or cubic shape, with an average size of approxi-
mately 100-150 nm. Simultaneously, the examination of these morphological characteristics
reveals the presence of a substantial number of grain boundaries, along with pores that
have formed due to grain contact during the sphere-forming process. The introduction of
Li4SiOy4 at a concentration of 0.25 M into the composition of Li;ZrOj3 ceramics does not
result in significant alterations in grain shape or packing. This observation suggests that
the additive has a limited impact on changing the morphological features of these ceramics.
When both components are present in equal concentrations, the pressing and subsequent
thermal annealing lead to the emergence of larger hexagonally shaped grains. These larger
grains are interconnected by smaller grains, effectively filling the spaces between them.
As the concentration of LigSiOy is raised to 0.75 M, there is a noticeable shift towards a
predominantly finely dispersed fraction, resembling the characteristics of single-component
Li4SiO4 ceramics, as depicted in Figure 2e. These shifts in morphological features suggest
the potential for creating ceramics composed mainly of a finely dispersed fraction, featuring
small grain sizes, typically not exceeding 20-30 nm. This condition results in the generation
of numerous dislocations and grain boundaries, which can contribute to strengthening and
enhanced resistance against radiation damage. Similar effects associated with dimensional
factors that increase resistance to radiation embrittlement and gas swelling were consid-
ered in the work [33], and the hypothesis linking the presence of interphase boundaries
in two-component lithium-containing ceramics was considered in a number of scientific
works of the following teams of authors: [34-36].
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(b)
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Figure 2. SEM images of the morphological features of synthesized ceramics depending on the
variation of components: (a) Li;ZrOs; (b) 0.75LipZrO3-0.25Li4SiOy4; (c) 0.5Li;ZrO3-0.5LiSiOy4;
(d) 0.25LiZZrO3—O.75Li4SiO4; and (e) Li4SiO4.

The assessment of how variations in the components affect changes in strength prop-
erties was conducted through methods like hardness measurements using the indentation
method and resistance to single compression under constant pressure. Figure 3 displays a
comparative analysis of alterations in strength properties based on different component
ratios in Li;ZrO3-LisSiO4 ceramics. The overall graph illustrates the diverse impact of com-
ponent variations on strength characteristics, and the emergence of a phenomenon known
as the strengthening effect in ceramics, which is associated with shifts in component ratios
and morphological characteristics. The graph also incorporates strength characteristics data
for single-component ceramics (Li;ZrO3 and Li4SiO4) for the purpose of comparing them
with the two-component samples. It is evident from the presented data that, in the com-
parison of single-component Li;ZrO3 and LisSiO4 ceramics, LipZrO3 ceramics exhibit the
highest performance, signifying superior strength properties. Conversely, the diminished
resistance of LiySiO, ceramics to mechanical stress may be attributed to their small-sized
fraction, which has a relatively high pore density, consequently making them prone to
rapid cracking under single compression. There is approximately an 8-10% difference in
resistance to cracking under single compression between Li;ZrO3; and LiySiO4 ceramics.
The most stable ceramics, displaying the highest strength properties, are those with an
equal balance of both components (50:50 ratio). The enhancement in strength characteristics
observed in these ceramics can be elucidated by their morphological features. In these
ceramics, the grain structure is characterized by the incorporation of a finely dispersed
fraction of Li4SiO4 within the interboundary spaces formed by the larger Li; ZrOj3 grains.
This, in turn, generates supplementary hindrances to the propagation of microcracks under
mechanical stress, thereby augmenting their crack resistance. However, when transitioning
from a complex morphology characterized by large grains with the interboundary spaces
filled with a fine fraction to a finely dispersed morphology (found in ceramics with a
component ratio ranging from 0.25 to 0.75, with a prevalence of Li4SiOy), a minor decline
in strength parameters becomes evident. This decrease can be attributed to a phenomenon
similar to what occurs in single-component Li;SiO, ceramics. In the case of LiySiOy4 ce-
ramics, the presence of small grains leads to the appearance of voids (pores), which is
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accompanied by a decrease in strength and crack resistance. Using the Archimedes method
to determine the porosity (density change) of ceramics, the following results were obtained.
For samples of 0.25LipZrO3—0.75Li45i04 and LigSiOy, the porosity is 3.5 and 4.7%, respec-
tively, and for samples of 0.75Li,ZrO3-0.25Li4S5iO4 and 0.5Li»ZrO3-0.5Li4SiO, ceramics,
the porosity is 2.7 and 1.9%, respectively. Thus, one of the explanations for the increase
in resistance to external influences (increase in strength) is a variation in the porosity of
ceramics, and their morphological features, which have a direct impact on the packing
density of grains and their agglomeration during the manufacturing process of ceramics.
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Figure 3. The measurement results of the strength characteristics of LipZrO3-Li;SiO4 ceramics
(hardness, maximum pressure that the ceramic can withstand during a single compression, and stress
intensity factor) depending on the variation in the ratio of the components.

From the obtained dependences illustrating alterations in hardness concerning vari-
ations in the ceramic component ratio, a hardening factor was derived, representing an
enhancement in resistance to cracking and degradation when subjected to mechanical
stresses. The results of these calculated assessments are presented in a comparative chart
depicted in Figure 4. As a reference sample for comparison, a single-component ceramic
derived from Li,ZrO3 was selected, following the methodology outlined in this study. The
chart also includes comparative data for LipZrO3 and LisSiO4 ceramic samples, highlighting
distinctions between these two types of ceramics when employed as a single component.
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Figure 4. The results of a comparative analysis of the factors of change in strength characteristics
depending on the concentration in the composition of LiySiO4 ceramics (the comparison was carried
out with respect to the original LipZrO3 sample, which did not contain LizSiOy in its composition).

The analysis of variations in the hardening factors illustrates alterations in resistance
to external influences, including an enhancement in resistance. Notably, modifying the
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component ratio within the ceramic composition results in the most substantial increases
in resistance to cracking. These improvements can be attributed to interboundary effects
resulting from changes in grain sizes and enhanced stability achieved by introducing a
fine fraction of LisSiOy4 into the interboundary spaces. Conversely, when comparing single-
component LiySiO4 ceramics with Li; ZrOs, negative strengthening values are observed.
This discrepancy arises from the lower resistance to external influences exhibited by LigSiOy4
ceramics, a reduction primarily attributed to their finely dispersed grain fraction and
high porosity.

Variations in ceramic composition, particularly changes in the phase ratio, were in-
vestigated for their impact on alterations in thermophysical parameters. The thermal
conductivity coefficient of the ceramics was determined using a standardized method, mea-
suring heat flow across a wide temperature range representative of operational conditions
(25-700 °C). The findings are depicted in Figure 5a.
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Figure 5. (a) The data on alterations in the thermal conductivity coefficient depending on changes
in the ratio of components in ceramics. (b) The data on alterations in the coefficient of volumetric
thermal expansion depending on the ratio of components in ceramics after 150 h of thermal exposure.

Also, to determine the impact of the factor of thermal expansion of the crystal structure
as a result of thermal effects during irradiation (or operation), an experiment was conducted
aimed at a detailed study of the mechanisms of alterations in structural parameters during
high-temperature heating at 700 °C for 150 h (the time is typical for reaching the maximum
radiation dose). The results of such measurements are presented in Figure 5b. To calculate
the volumetric coefficient of thermal expansion (By/(T)), Formula (3) was used [37]:

1 AV
T - A7 (3)
pv(T) Vinitial AT

where AV is the alteration in the crystal lattice volume of the samples under study and AT
is the temperature difference.

Based on the results depicted in Figure 5a, there is a minor rise in thermal conductivity
observed for the two-phase ceramics. The maximum increase amounts to no more than 20%
in the case of samples composed of 0.5Li;ZrO3—0.5Li4SiO4. Meanwhile, single-component
ceramics exhibit similar values for the thermal conductivity coefficient. The increase in
thermal conductivity observed in two-component ceramics is attributed to size-related
effects and a reduction in porosity, which expedite phonon heat transfer processes.

An assessment of the coefficient of volumetric thermal expansion of ceramic samples as
aresult of thermal heating at a temperature of 700 °C for 150 h indicates that a change in the
ratio of components leads to a decrease in the destructive expansion of the crystal structure
as a result of thermal exposure, and in the case of 0.5Li,ZrO3-0.5Li4SiO4 ceramics, the value
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of By(T) is 65% less than the similar value for single-component ceramics. Thus, from the
presented data on changes in the value of By/(T), the following conclusions can be drawn.
Firstly, when analyzing alterations in the strength characteristics of samples in the case of
high-temperature irradiation, one should take into account the factor of thermal expansion
and changes in thermal vibrations of the crystal lattice, an elevation in which with the
accumulation of radiation-induced structural damage can lead to accelerated degradation.
Secondly, in the case of high-temperature irradiation in a near-surface damaged layer, an
alteration in thermal vibrations can lead to accelerated migration of implanted ions, as
well as to the filling of pores with a subsequent growth in their volume, which results in
swelling and the accumulation of tensile-type deformation distortions in the damaged
layer. Moreover, in the case of two-component ceramics, the structural features of which
are associated with interphase boundaries, as well as the filling of the interboundary space
with a finely dispersed fraction, the thermal expansion of the samples is difficult, which
leads to small changes in the value of By/(T).

Below are the assessment results of the effect of irradiation with He?* ions on the
change in strength characteristics depending on the value of atomic displacements (the
magnitude of structural distortions and deformations of the surface layer). A reduction
in strength characteristics depending on the irradiation fluence reflects the kinetics of the
influence of radiation damage, which can lead to embrittlement and a decrease in the crack
resistance of the near-surface layer.

The results of strength characteristic measurements for irradiated samples are de-
picted in Figure 6, illustrating the dose-dependent variations in strength properties as a
consequence of radiation-induced damage accumulation within the surface layer. The pre-
vailing pattern indicates a degradation of the near-surface layer when exposed to high-dose
irradiation (fluences exceeding 10'7 ion/cm?). Additionally, for irradiation fluences below
10'7 ion/cm?, the alteration in strength properties remains under 1% for two-component
ceramics and does not exceed 2% for single-component ceramics, including Li;ZrO3 and
LisSiO4. Furthermore, it is important to highlight that under high-dose irradiation (ex-
ceeding 10'7 ion/cm?), the reduction in strength surpasses 5-10% for single-component
ceramics at the maximum irradiation fluence. The diminishing trend itself, as the fluence
increases, exhibits a nonlinear character linked to deformation embrittlement due to the
accumulation of gas inclusions within the near-surface layer. Conversely, the alteration in
strength characteristics for two-phase ceramics is less pronounced, both at low irradiation
fluences and during high-dose irradiation.

The softening and variation in crack resistance for irradiated samples depending on
the irradiation fluence (the value of accumulated atomic displacements) was assessed
via comparative analysis of the change in hardness values and the maximum pressure
that the ceramics can withstand during a single compression with the initial values of
the samples under study. These alterations in strength characteristics, and the factors
associated with their changes, are presented in Figure 7. The softening value (see data
presented in Figure 7a) was determined by comparing changes in the hardness of ceramic
samples before and after irradiation depending on the fluence. The value of the decrease in
resistance to cracking under single compression (see data in Figure 7b) was assessed by
changing the ratio of the maximum pressure values that the ceramics can withstand under
compression in the original and irradiated states. A decrease in crack resistance (see data
in Figure 7c) reflects a change in the K;. value of ceramics in the original and irradiated
states. These values reflect the degradation of the strength characteristics of ceramics with
the accumulation of damage caused by irradiation.
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Figure 6. The results of alterations in the strength characteristics of the studied Li,ZrO3-LisSiO4
ceramics depending on the value of accumulated atomic displacements in the damaged surface
layer: (a) changes in hardness; (b) change in resistance to single compression (change in maximum
pressure); and (c) change in stress intensity factor in the damaged layer under mechanical action.

Analysis of the obtained dependencies of alterations in strength characteristics sug-
gests the following. The most pronounced changes in strength characteristics associated
with a decline in resistance to external influences appear at irradiation fluences above
107 jon/cm?. Moreover, for one-component ceramics, the maximum reduction in strength
characteristics is more than 10%, while for two-component ceramics the deterioration in
strength characteristics less than 5%. The variations in changes to the strength parameters
can be attributed to differences in the kinetics of radiation damage accumulation in the
near-surface layer. Additionally, it is worth noting that the thermal expansion in two-
component ceramics is considerably lower compared to single-component ceramics. These
distinctions impact the rate of degradation in the surface layer, which is associated with
embrittlement and the accumulation of structural distortions. In the case of two-component
ceramics, their enhanced resistance to radiation embrittlement can also be attributed to
dimensional morphological characteristics associated with the inclusion of a fine fraction,
which fills the interboundary space. This grain configuration results in the formation of
numerous interphase boundaries, effectively impeding the migration of implanted helium
and preventing its agglomeration within the pores. In contrast, single-component ceramics
with high initial porosity facilitate helium accumulation within the pores. Under elevated
temperatures during irradiation, this promotes accelerated thermal vibrations of the crystal
lattice and its expansion, subsequently speeding up agglomeration. Consequently, this
accelerated agglomeration contributes to swift degradation under high-dose irradiation.
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Figure 7. The assessment results of changes in the ceramics’ resistance to degradation of strength
characteristics during irradiation and accumulation of structural damage (the value of atomic dis-
placements): (a) change in the softening value; (b) change in resistance to mechanical stress during
a single compression; and (c) change in crack resistance (resistance to cracking under external
mechanical influences).

Alterations in thermophysical parameters caused by the radiation damage accumu-
lation can introduce additional areas of local overheating within the ceramic structure.
During operation, such overheating can result in detrimental changes linked to the degrada-
tion of strength properties. Figure 8 displays the outcomes of modifications in the thermal
conductivity coefficient of the investigated xLi»ZrOs—(1—x)LisSiO4 ceramics, correlated
with the structural damage value. It also presents data pertaining to the calculated reduc-
tion in the thermal conductivity coefficient incurred during the accumulation of structural
damage due to irradiation and subsequent helium agglomeration in the near-surface layer.
Determination of the reduction in thermal conductivity (see data in Figure 8b) was carried
out via comparative analysis of changes in the values of the thermal conductivity coefficient
in the original state and when irradiated with different fluences.
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The data presented reveal that the alterations in the thermal conductivity coefficient
become most conspicuous when the structural distortions within the damaged layer surpass
3 dpa, corresponding to fluences exceeding 10'7 ion/cm?. In this scenario, the decline in
thermal conductivity is more prominent for single-component ceramics compared to two-
component ceramics, signifying the superior resistance of the latter to the degradation of
thermophysical properties induced by high-dose irradiation. Furthermore, scrutinizing the
variations in reduction in thermal conductivity values (as depicted in Figure 8b) suggests
that an increase in the concentration of structural distortions leads to the emergence of
anisotropic changes in thermophysical parameters, marked by a significant escalation in
the discrepancy between alterations in the thermal conductivity coefficient. For irradiation
fluences ranging from 3 x 10!7 to 7 x 10" ion/cm?, the contrast in the thermal conductivity
coefficient amounts to approximately 2.5 to 2.8 times, and when the irradiation fluence
reaches 10'® ion/cm?, this contrast escalates to about 3.5 times. This divergence underscores
that single-component ceramics undergo accelerated degradation in the near-surface layer
under high-dose irradiation. This degradation is linked to the formation of amorphous-like
inclusions within the damaged layer, along with the presence of gas-filled cavities, which
are a consequence of the high porosity of single-component ceramics.

4. Conclusions

Upon concluding this research and conducting an in-depth examination of the struc-
tural attributes of these ceramic materials, the following conclusions and recommendations
for further research can be deduced:

1.  When altering the proportion of components in xLi;ZrO3;—(1—x)LisSiO4 ceramics,
an increment in the Li;SiO4 content results in a reduction in the grain size within
the ceramics. This phenomenon subsequently introduces additional impediments to
helium agglomeration in the near-surface layer, thereby enhancing its resistance to
external forces, particularly increasing both hardness and crack resistance;

2. During the investigation of the mechanical properties of xLi,ZrO3;—(1—x)LisSiO4 ce-
ramics, with a focus on the variation in component ratios, it was established that a
composition with an equal proportion of both components exhibits the highest levels
of strength characteristics. Concurrently, an examination of thermophysical param-
eters revealed that ceramics with a composition of 0.5 LipZrO3-0.5Li4SiO4 display
the greatest thermal conductivity coefficient. Furthermore, these ceramics exhibit
minimal thermal expansion during prolonged exposure to elevated temperatures.
This characteristic contributes to enhanced resistance against radiation damage accu-
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mulation, as the effects of thermal expansion during high-temperature irradiation for
this type of ceramics are minimal;

3. An analysis of alterations in the strength parameters of ceramics depending on the
irradiation fluence (the value of structural distortions associated with atomic displace-
ments) revealed that two-phase ceramics were the most resistant to the destruction of
strength parameters under high-dose irradiation;

4. An assessment of alterations in thermophysical parameters revealed an anisotropic
degradation in the thermal conductivity coefficient with an escalation in fluence from
5 x 10 to 10'8 jon/cm?. This degradation was manifested by an increased reduction
in thermal conductivity in single-component ceramics in contrast to 0.5 Li;ZrOs—
0.5Li4Si04 ceramics, with the difference amounting to 2.5-3.5 times at maximum
irradiation fluences. The variation in reduction in thermal conductivity deterioration
at the highest irradiation fluences might stem from structural degradation effects in
single-phase ceramics, leading to their susceptibility to embrittlement and surface
layer damage.
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