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Abstract. The aim of this study is to determine the thermal exposure effect on
the destruction processes of of near-surface layers of ceramics based on lithium
metazirconate associated with the diffusion of implanted helium, alongside to
determine the effect of the magnesium oxide dopant in low concentrations on
restraining diffusion mechanisms during high-temperature irradiation. Interest
in this type of ceramics is primarily due to the possibility of expanding the types
of lithium-containing ceramics for the production and accumulation of tritium,
as well as an increase in stability to degradation processes characteristic of high-
temperature operating modes, alongside the accumulation of fission products
of nuclear reactions of neutrons with lithium in the form of helium. According
to studies carried out using the depth nanoindentation method (measurements
along the trajectory of ion movement on a side cleavage), it was found that an
elevation in the irradiation temperature leads to a rise in the thickness of the
damaged layer, the alteration in which is due to the effects of helium diffusion
into depth due to thermal effects. The softening of the near-surface layer during
high-temperature irradiation is due to structural changes associated with
a growth in deformation distortion of the crystal structure and its swelling,
which is most pronounced during high-dose irradiation. At the same time,
alterations in the structural features of lithium metazirconate due to the dopant
concentration growth during the synthesis of lithium-containing ceramics leads
not only to an increase in resistance to softening of the damaged layer, but also
to a reduction in the thickness of the diffusion layer in ceramics under high-
temperature irradiation.
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Study of thermally induced diffusion mechanisms of implanted helium in the near-surface layers of ceramics based
on lithium metazirconate

1. Introduction

Current trends in the development of alternative energy sources in order to reduce the
dependence of the energy sector on fossil fuels cannot be considered without nuclear, hydrogen
and, in the near future, thermonuclear energy [1-3]. Moreover, while development trends in
nuclear energy are aimed at finding opportunities to enhance the efficiency of nuclear fuel
burnup, and to increase the temperature of the core, the main efforts in hydrogen energy are
aimed at finding technological solutions to reduce the cost of energy production by reducing
the operating temperatures of fuel cells or simplifying hydrogen production processes, in
thermonuclear energy, in addition to finding solutions to problems associated with plasma
confinement, research aimed at finding ways to produce tritium plays an important role [4,5]. In
this case, tritium is one of the key types of fuel for thermonuclear power plants, and the methods
available today for its production do not allow us to fully meet the needs for its volumes.

One of the solutions to the problem of tritium production in thermonuclear energy is the use
of lithium-containing ceramics as blankets for the propagation of tritium, which is an essential
fuel for maintaining thermonuclear reactions [6,7]. The technology of using lithium-containing
ceramics for tritium propagation is based on the nuclear reaction of lithium with a neutron
(Li(n,t)He), which results in the formation of tritium and helium (He) as a fission product, the
accumulation of which also occurs in the blanket material [8,9]. At the same time, the existing
technical groundwork in the field of producing lithium-containing ceramics opens up wide
opportunities for varying the compositions of ceramics by using various compounds, the
variation of which causes changes in the structural, strength and thermophysical parameters
[10-13]. Among the fairly large number of variations in the compositions of lithium-containing
ceramics, lithium metazirconate hasrecently been distinguished, which has fairly high resistance
to external influences, such as mechanical pressure, thermal expansion, etc., and also has good
compatibility with other types of structural materials [14-16].

Deformation processes in the near-surface layer are usually caused by the accumulation
of nuclear reaction products in the form of helium and hydrogen, which accumulate in pores
and voids, thereby creating additional deformation distortions in the structure. It should also
be noted that migrating helium, due to its mobility and low solubility, is capable of forming
clusters together with oxygen vacancies, which also contributes to a growth in the deformation
of the crystalline structure of the near-surface layer. At the same time, according to a number of
fundamental works [17-19], aimed at studying the mechanisms of gas swelling of near-surface
layers in steels and alloys (traditional structural materials in nuclear energy), temperature
exposure contributes to the acceleration of helium diffusion processes in the near-surface
layer [11], which results in more pronounced agglomeration into bubbles, and as a result, an
elevation in the destruction effect. In the case of ceramic materials, these effects have not been
fully studied, which opens up opportunities for their detailing, in particular, the need to study
the effects of destruction that occur during the simultaneous impact of high temperatures and
radiation damage on the near-surface layer of ceramic materials exposed to irradiation. The
key differences between such effects in steels and alloys and ceramics consist in the structural
features of the ceramics, and in most cases, the dielectric nature of the ceramics, which leads to
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the need to consider ionization effects associated with the redistribution of electron density, as
well as the subsequent athermal effects and the emergence of metastable states following these
changes [20,21].

The aim of this study is to determine the effect of magnesium oxide addition in small
concentrations (0.01 - 0.05 M) to the composition of ceramics based on lithium metazirconate
(Li,Zr0,) on the resistance to the accumulation of deformation distortions and softening
(decrease in hardness) of the near-surface layer of ceramics when irradiated with He?* ions. At
the same time, the emphasis in the study of radiation damage is on determination of the influence
of irradiation temperature on diffusion processes caused by the high mobility of He?* ions in
the near-surface layer [11]. Conducting such studies is aimed at expanding the understanding
of the mechanisms of degradation of near-surface layers of ceramics, which during operation
are subject to external influences (mechanical, thermal effects during heating), alongside due
to the high mobility of nuclear reaction products n(Li,t)He, accumulation of helium, tritium and
hydrogen in the near-surface layer, which results in destabilization of the structure and, as a
consequence, softening. The choice of Li,ZrO, ceramics with the addition of a low concentration
of MgO as objects of study is due to the possibility of modification of the properties of lithium
metazirconate, without the formation of impurity phases in the composition in the form of a
MglLi, rO, substitution phase, which contributes to the preservation of the structural motif of
the Li,ZrO, phase, with changed parameters, as well as heightened resistance to destruction.

2. Materials and methods

Ceramics based on lithium metazirconate with the addition of magnesium oxide in low
concentrations were chosen as objects of study. The ceramics were obtained using solid-phase
grinding technology and subsequent thermal sintering. Grinding was carried out in a planetary
mill PULVERISETTE 6 classic line, at a grinding speed of 400 rpm for 30 minutes. After grinding,
the main purpose of which was to obtain a mixture of homogeneous composition, the resulting
powders were pressed into tablets with a diameter of 10 mm and a thickness of 1 mm, which
were subsequently subjected to thermal annealing for 8 hours at a temperature of 1300 °C.
A RUS-universal muffle furnace was used to sinter the samples. To obtain ceramics based on
lithium metazirconate, LiC10,x3H,0, ZrO powders were used in a molar ratio of 1 to 1, which,
under the selected synthesis conditions, made it possible to obtain ceramics with a monoclinic
Li,ZrO, phase (see data presented in Figure 1). MgO was added to the ceramic composition at
the grinding stage in molar fractions 0of 0.01, 0.03 and 0.05 M. The choice of these concentrations
is based on the results of [22], in which it was revealed that the MgO dopant concentration
growth above 0.1 M results in the formation of two-phase ceramics, in which, under the selected
thermal annealing conditions, the formation of a tetragonal MgLi,ZrO, phase occurs, the
formation of which leads to an alteration in strength characteristics. In this case, the use of low
MgO concentrations results in the formation of single-phase ceramics, and the main structural
changes are associated with the effect of partial substitution of zirconium by magnesium, which
results in the crystal lattice parameters and volume reduction, the data of which are presented
in the table on an inset 1b. Such changes in parameters are due to the difference in the ionic
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radii of Mg (74 pm) and Zr** (79 pm) (see the inset in Figure 1, reflecting the change in the
position of the reflection associated with the substitution effect, as well as the parameter data
in Inset 1b).
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Figure 1. a) Results of X-ray diffraction of the studied Li,ZrO, ceramics depending
on the MgO concentration (the inset shows a comparison of the alteration in the position
of the reflection at 20 = 42.7°, reflecting the substitution effect of zirconium by magnesium);
b) Data on crystal lattice parameters depending on variations in MgO concentration during
the manufacture of ceramics

Simulation of helium accumulation processes in the near-surface layer of ceramics with a
thickness of about 300-500 nm was carried out by irradiating the samples under study with
He?*ions at the DC - 60 accelerator (Institute of Nuclear Physics of the Ministry of Energy of
the Republic of Kazakhstan), the use of which, as was shown in the works [23,24], allows one
to simulate the near-surface layer degradation processes in a wide range of irradiation fluences
and, as a consequence, atomic displacement values. Irradiation was carried out at fluences from
10% to 108 cm?, which, according to estimates, corresponds to about 30 dpa at the maximum
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irradiation fluence (see evaluation data presented in Figure 2). The samples were irradiated
at different temperatures, the particle flux density was about 40 pA. Temperature control was
performed using a special target holder that allowed maintaining a constant target temperature
during irradiation.

As can be seen from the presented calculated data, the value of atomic displacements of the
order of 30 dpa can be achieved at an irradiation fluence of 10'® cm?, while the maximum of this
value is observed at a depth of about 250-300 nm, with a maximum ion travel depth of about
500 nm. It should be noted that due to the high resistance to external influences of the selected
ceramics, as well as the low ion flux density, the effect of possible sputtering under ion exposure
was excluded in the process of simulation of the helium ion accumulation in the near-surface
layer. Figure 2b demonstrates the estimation results of the value of ionization energy losses of
incident ions during interaction with the crystal structure of the target, according to which, over
most of the path length, the main contribution to changes is made by ionization losses during
interaction with electron shells (ionization effects), and at a depth above 250 nm, ionization
losses associated with collisions with nuclei play a role, which leads to the formation of primary
knocked out atoms in the structure if the transferred energy exceeds the binding energy.
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Figure 2. Simulation results of the interaction of incident He2+ ions with a near-surface layer
of ceramics: a) evaluation results of the distribution of atomic displacements (dpa) in the near-
surface layer in depth depending on the irradiation fluence; b) results of the distribution of
changes in ionization losses during interaction with electrons (dE/dxelectron) and nuclei (dE/
dxnuclear)

The irradiation temperatures were chosen to be 300, 500, 700 and 1000 K, which made it
possible to evaluate the influence of thermal effects caused by alterations in the amplitude of
thermal vibrations of atoms in the crystal lattice, as well as acceleration of the diffusion processes
of implanted He? ions in the near-surface layer, which can lead to both more pronounced
agglomeration of helium in voids with a subsequent rise in deformation distortions, and an
elevation in the penetration depth of He?* ions due to diffusion deep into the sample [25,26].
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The effect of irradiation and changes in irradiation conditions (temperature variations) on the
structural characteristics of ceramics was determined by assessing changes in the volumetric
swelling value (AV=V_ . - Vprisﬁne), which was determined by calculating the crystal lattice
volumes in the initial state (for non-irradiated samples) and after accumulation of a certain
radiation dose. In this case, the value of AV(dpa) reflects the destructive swelling of the
crystal lattice, caused by both deformation mechanisms associated with the accumulation of
structural distortions caused by irradiation, and the introduction of He?* ions into voids, which
is accompanied by the formation of gas-filled inclusions in the near-surface layer.

The irradiation effect on the mechanisms of softening (decrease in the hardness of the near-
surface layer) contingent upon the value of atomic displacements and irradiation temperature
was determined by the nanoindentation method. When determining the hardness values of the
samples, the number of measurements at a given depth was at least 10 points. In this case, the
measurements were carried out taking into account the need to avoid overlapping traces from
the indenter during measurement, which can lead to large deviations. The measurement error
was determined by calculating the standard deviation of the hardness value in the average value
obtained during the measurements. To assess the mechanisms of diffusion of implanted He?
ions in the damaged layer, as well as the restraining factors caused by the structural features of
doped ceramics, measurements on side cleavages with a step of 50 nm were carried out, which
made it possible to evaluate the hardness degradation in depth, the characteristic ion travel
depth in ceramics, alongside the diffusion of ions to a depth exceeding 500 nm (the maximum
depth of travel of He?* ions in ceramics, according to SRIM Pro 2013 calculations presented in
Figure 2a).

The study of the kinetics of changes in the thermophysical parameters of the studied
ceramic samples contingent upon the dopant concentration, as well as in the case of variations
in irradiation conditions and irradiation fluence, was carried out by determining changes in
the thermal conductivity coefficient of ceramics using the longitudinal heat flow method
implemented on the KIT-800 universal thermal conductivity meter.

3. Results and discussion

Figure 3 illustrates the determination results of the volumetric swelling of the damaged
ceramic layer crystal structure depending on the value of atomic displacements (dpa), calculated
based on simulation using the SRIM Pro 2013 program code, as well as irradiation temperature.
The overall appearance of the presented data on the change in the AV(dpa) value indicates
the negative effect of the structural damage accumulation on the crystalline structure of the
irradiated layer, expressed in deformation distortion and a rise in volumetric tensile stresses
in the damaged layer. At the same time, consideration of these dependencies should be carried
out in two contexts: depending on the phase composition of the ceramics, more precisely in
determining the influence of the MgO dopant concentration on the change in the AV(dpa) value;
depending on the irradiation temperature, a change in which causes thermal effects associated
with volumetric broadening and the influence of thermal vibrations on the structural disorder
degree.
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During analysis of the obtained dependences AV(dpa) on the structural features of ceramics,
the change of which is due to variations in the dopant concentration, it can be concluded
that the MgO dopant concentration growth, leading to structural ordering of the crystal
lattice, results in elevation of resistance to volumetric tensile deformation, the alteration of
which is observed in the case of variations in irradiation fluence. In this case, for modified
ceramics, the dopant concentration growth, as is clearly seen from the data presented in
Figure 3, leads to less pronounced changes in the crystal lattice volume associated with the
accumulation of structural distortions and the concentration of implanted ions. This behavior
of the AV(dpa) value in the case of a change in the dopant concentration can be explained
by the structural ordering effects associated with the partial substitution of zirconium by
magnesium, which, according to X-ray diffraction analysis data, results in structural ordering
growth due to the crystal lattice parameters and volume reduction, as well as a reduction in
the concentration of structural and vacancy defects in ceramics. During irradiation, especially
at high temperatures, the concentration of initial defects and vacancies in the ceramic
composition plays a key role in determination of the degradation kinetics of the damaged layer
structure and its swelling rate. It should be noted that in this case, the absence of impurity
inclusions in the composition of the synthesized ceramics eliminates the effect of interfacial
hardening characteristic of two-phase lithium-containing ceramics [27-29], and the elevation
in resistance to destructive swelling in this case is due to structural ordering caused by
substitution effects. It should also be noted that when analyzing the obtained dependences
AV(dpa) in the case of high irradiation temperatures (700 - 1000 K) a change in the dopant
concentration in the ceramic composition has a more significant effect on the resistance to
volumetric swelling in comparison with Li,ZrO, ceramics obtained without the addition of a
dopant. In the case of irradiation temperatures of 700 - 1000 K, the addition of 0.03 - 0.05
M MgO dopant to the composition of Li,ZrO, ceramics leads to a decline in the AV(dpa) value
of the order of 26 - 35 % in comparison with a similar value obtained for unmodified Li,ZrO,
ceramics. It is important to highlight that the elevation in resistance to volumetric swelling
is nonlinear and is most pronounced at high irradiation fluences (1017 - 1018 cm™), which
indicates the cumulative effect of structural distortions, most pronounced at high irradiation
doses, for which deformation distortions are caused not only by the accumulation of point
and vacancy defects, alongside the clusters formed by them, but also by the formation of
gas-filled inclusions, the appearance of which in the damaged layer structure is associated
with the implanted helium concentration growth. In this case, more pronounced changes
in the AV(dpa) value, especially for samples irradiated at high temperatures, are due to a
combination of two effects: the accumulation of structural distortions and the high mobility
of implanted helium, the accelerated diffusion of which at high temperatures contributes to
the filling of voids with their subsequent deformation stretching [11,30]. The containment
of these effects is clearly demonstrated by the presented AV(dpa) dependences for modified
ceramic samples.
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Figure 3. Results of alterations in the AV value, reflecting the volumetric change
in the structural parameters of the crystalline structure of the damaged layer as a result of
variations in irradiation conditions (fluence and irradiation temperature): a) 300 K; b) 500 K;
c) 700 K; d) 1000 K

Figures 4 - 7 demonstrate the assessment results of changes in the hardness values of the
studied samples by depth, reflecting the effect of irradiation fluence, irradiation temperature,
and dopant concentration at its variation on the strength properties and diffusion processes
caused by theimplanted helium migration. The overall appearance of the presented dependences
indicates the cumulative effect of softening, expressed both in the hardness value reduction
with an irradiation fluence growth, and in a change in the trend of hardness degradation by
depth, reflecting the diffusion of implanted ions to the surface (in the case of low irradiation
fluences) and deep into the damaged layer, to a depth exceeding the ion travel depth in the
material (this boundary is reflected by the red dotted line in Figures 4 - 7). At the same time,
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the diffusion of implanted helium ions is most pronounced for high-dose irradiation of samples
at an irradiation temperature growth, which clearly reflects the fact of the presence of the effect
of migration of implanted helium ions deep into the samples, indicating the destructive nature
that accompanies these processes. Analysis of the profiles of changes in hardness by depth in
the case of high-temperature irradiation for unmodified Li,ZrO, ceramics revealed an increase
in the depth of the layer in which lower hardness values are observed, and it was determined
that the most pronounced changes were observed for samples irradiated at a temperature of
1000 K. Comparing the depth profiles of hardness, it can be concluded that the implanted helium
diffusion is most pronounced when atomic displacements reach values of the order of 1 - 3 dpa
(at a fluence above 107 cm2), which can be explained by the effects of structural deformation
distortion, as well as the formation of gas-filled inclusions with implanted helium, which at
high temperatures agglomerate into larger formations, amplifying deformation distortion by
stretching the crystalline and chemical bonds of the crystal lattice [31,32]. At the same time,
modification of the structure of ceramics by increasing the MgO dopant concentration leads
to a reduction in the overall trend of changes in hardness by depth both at low irradiation
temperatures and at high temperatures, for which the diffusion of implanted helium ions
is more pronounced. It should also be noted that minor deviations in hardness values can
be explained by local structural defects, the presence of which can have a slight increase in
softening resistance. According to the obtained data on the change in the values of volumetric
swelling of the surface layer when comparing them in the case of variation in the irradiation
temperature, it can be concluded that an increase in the irradiation temperature leads to a
more intensive increase in the difference AV. At the same time, the growth of this value in the
case of the original unmodified ceramics indicates destabilization of the crystal structure due
to its disordering caused by the effect of thermal expansion, as well as accelerated diffusion of
implanted ions in the damaged layer. The addition of the stabilizing additive MgO, as can be seen
from the presented data, leads to an increase in resistance to volumetric swelling caused by the
accumulation of helium in the pores with a subsequent increase in gas-filled inclusions due to
the accumulation of helium.
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Figure 4. Change in the hardness of Li,ZrO, ceramics by depth in the case of irradiation
at different temperatures: a) at irradiation temperature of 300 K; b) at irradiation temperature
of 500 K; c) at irradiation temperature of 700 K; d) at irradiation temperature of 1000 K

According to the data presented in Figure 5, when comparing trends in changes in hardness
of the studied unmodified ceramics and with the addition of 0.01 M MgQO, it is clear that the
decline in hardness is less pronounced both at an irradiation temperature of 300 K and at
higher temperatures. This behavior of trends in hardness degradation by depth indicates a
positive effect of the dopant on the resistance of ceramics to deformation distortions caused by

exposure to irradiation.
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Figure 5. Change in the hardness of Li2Zr03 ceramics with the addition of the 0.01 M MgO
dopant by depth in the case of irradiation at different temperatures: a) at irradiation
temperature of 300 K; b) at irradiation temperature of 500 K; c) at irradiation temperature

of 700 K; d) at irradiation temperature of 1000 K

Similar changes in trends in the degradation of hardness values with depth, reflecting an
increase in the resistance of ceramics to strain softening in comparison with unmodified
ceramics, are also observed for ceramics with a dopant concentration of 0.03 M. It should be
noted that an elevation in the dopant concentration results in resistance growth, and, as can
be seen from the data presented, a decrease in the effect of helium ion diffusion deep into the
sample at high irradiation temperatures, which indicates a limiting factor due to the structural
features of the modified ceramics.
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Analysis of the dependences of the values of change in hardness by depth for samples of
Li,ZrO, ceramics with the addition of 0.05 M MgO dopant indicates that an elevation in the
dopant concentration in the ceramic composition leads to a rise in the softening resistance of
the near-surface layer, and a reduction in the thickness of the damaged softened layer both in
the case of temperatures of 300 - 500 K, and a slight excess of the maximum path length of He?*
ions in the case of irradiation at a temperature of 700 K. The results obtained indicate fairly high
stability of Li,ZrO, ceramics with the addition of 0.05 M MgO dopant to the deformation-induced
disordering of the near-surfacelayer,alongside the inhibition of the diffusion ofimplanted helium
deep into the sample, which was observed under similar irradiation conditions for unmodified
ceramic samples. It should also be noted that the observed alterations in the hardness values
of ceramic samples irradiated at a temperature of 1000 K, which exceed the maximum ion
travel depth of the order of 100 - 150 nm (in the case of maximum irradiation fluence), are
significantly less than the observed changes under similar irradiation conditions for unmodified
ceramics and modified ones but with a lower dopant concentration (0.01 - 0.03 M).

Figure 8 illustrates the assessment results of the softening degree AHV= HVpristine -
HVirradiated, reflecting the near-surface layer hardness degradation depending on the value of
atomicdisplacements. The data are calculated ata depth of the order of 250 - 300 nm, corresponding
to the maximum value of atomic displacements, according to the calculated data of SRIM Pro.
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Figure 8. Results of a comparative analysis of the softening degree (AHV= HVpristine -
HVirradiated) of the ceramics under study contingent upon the value of atomic displacements
with variations in irradiation temperature: a) at irradiation temperature of 300 K; b) at
irradiation temperature of 500 K; c) at irradiation temperature of 700 K; d) at irradiation
temperature of 1000 K
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According to the presented dependences of changes in the AHV value, it is clear that the
addition of the MgO dopant to the composition of Li,ZrO,ceramics leads to an increase in
resistance to destructive softening, which is most manifested under high-dose irradiation
(about 30 dpa). It should be noted that for doped samples, an irradiation temperature growth,
as can be seen from the data presented, leads to an elevation in the difference in the softening
values, which indicates higher rates of resistance of modified ceramics to thermally induced
processes of degradation and softening associated with the processes of diffusion of implanted
helium ions in the near-surface layer. This effect is most clearly manifested for samples with a
dopant concentration of 0.05 M, for which the difference in AHV values under high-temperature
irradiation (700 - 1000 K) in comparison with unmodified ceramics is about 67 - 68 %, which
indicates a higher resistance of ceramics to softening. Moreover, in the case of unmodified Li,ZrO,
ceramics, the most significant changes, close to the critical parameters of degradation of strength
parameters, are observed under high-temperature irradiation (700 - 1000 K), for which the
maximum value of AHV is more than 15 - 18 %, which exceeds the critical permissible value of
areduction in hardness of 10 %. In turn, doping with MgO results in AHV value reduction under
high-temperature irradiation, and the AHV value itself for samples with a dopant concentration
of 0.03 - 0.05 M at an atomic displacement of about 30 dpa is no more than 5 - 8 %, which is
below the critical permissible value of hardness reduction. The observed effect of hardening
and heightened resistance to radiation-strain softening of modified ceramics in the context
of variations in dopant concentration reflects a direct relationship between the degradation
resistance and the structural ordering degree, changes in which are due to substitution effects
at dopant concentration growth. In this case, modification of MgO lithium ceramics leads to a
rise not only in resistance to volumetric deformation swelling (see data in Figure 3), but also
in an elevation in the resistance of ceramics to softening under high-dose high-temperature
irradiation, as well as a decrease in the effect of diffusion of implanted helium ions deep into the
sample (see data on changes in hardness values with depth, presented in Figures 4-7).

Figure 9 reveals the assessment results of the change in the thermal conductivity coefficient
of the ceramics under study, reflecting the change in thermophysical parameters and their
relationship with the accumulation of structural distortions caused by irradiation. The data are
presented in the form of dependencies for each type of ceramics under study with variations
in the temperature at which irradiation was carried out, in order to reflect the influence of
temperature on the destructive change in thermophysical properties. It is important to highlight
that in the initial (non-irradiated state) the addition of a dopant to the composition of Li,ZrO,
ceramics results in the thermal conductivity coefficient growth, which is due to the structural
ordering effects, as well as the properties of the MgO dopant, which determine an increase in
thermal conductivity and heat transfer due to the higher thermal conductivity of the dopant.
As is evident from the data presented, in the case of Li,ZrO, ceramics, the thermal conductivity
coefficient is about 1.734 W/(mxK), while the addition of the MgO dopant results in the thermal
conductivity coefficient growth to 1.746, 1.801 and 1.943 W/(mxK) for dopant concentrations
0f 0.01, 0.03 and 0.05 M, respectively. In the case of irradiation of the studied Li,ZrO, ceramic
samples without addition of MgO to the composition at temperatures of 300 - 500 K, the most
significant alterations in the thermal conductivity coefficient are observed when the radiation
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dose accumulates above 1 dpa, for which, according to the assessment of changes in the ATCC
value, the thermal conductivity reduction is more than 1.5 %, and a further radiation dose
elevation results in reduction of ATCC to 2-4 %. For high-temperature irradiation, the decrease
in thermal conductivity values at the maximum irradiation dose is about 7 - 8 %, which is more
than 2 times higher than similar changes during irradiation at lower temperatures, and also
indicates the negative impact of temperature exposure on the decrease in the thermophysical
parameters of the ceramics under study. For Li2ZrO3 ceramic samples with the addition of
the MgO dopant, it was found that an increase in the dopant concentration leads not only to a
rise in the initial thermal conductivity values, but also to less pronounced changes in the value
of ATCC both in the case of low irradiation temperatures (300 and 500 K) and during high-
temperature irradiation, for which the maximum change in the ATCC value is of the order of 4 -
6 %. This difference in alterations in the thermal conductivity coefficient of the ceramics under
study, associated with the addition, as well as variations in the MgO dopant concentration, is
due to several factors. Firstly, as was established using the X-ray diffraction analysis, a dopant
concentration growth in the composition of the ceramics results in structural ordering and, as
a consequence, compaction of the ceramics, and the possible partial substitution of zirconium
by magnesium in the crystal lattice of the Li,ZrO, phase contributes to a rise in resistance to
thermal expansion associated with the temperature effect on the samples during irradiation.
Secondly, the elevation in resistance to volumetric swelling (see data in Figure 3) in the case of
modified ceramics indicates that the concentration of defective inclusions in the damaged layer
structure, and areas of disorder, causing volumetric-strain distortion of the crystal structure
is significantly less, which, as a consequence, results in greater stability of the thermophysical
parameters of the ceramics under study under high-dose irradiation. It should also be noted
that modification of Li,ZrO, ceramics by changing the dopant concentration, leading to an
elevation in the initial thermal conductivity values, provides higher heat transfer due to phonon
heat transfer mechanisms, due to a reduction in structural defects, which are scattering centers
for thermal phonons.
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Figure 9. Results of changes in the thermal conductivity coefficient of the studied Li,Zr0O,
ceramics contingent upon alterations in irradiation conditions (the value of atomic
displacements and temperature) with variations in the MgO dopant concentration: a) without
dopant; b) at a concentration of 0.01 M; c) at a concentration of 0.03 M; d) at a concentration of

Figure 10 demonstrates the dependence of the change in thermal conductivity coefficient
on volumetric swelling (ATCC(VS)), reflecting the connection between destructive volumetric
swelling of ceramics and degradation of thermal conductivity, the change of which is associated
with structural changes. The data are presented in the form of dependences ATCC(VS) obtained
for each type of ceramic under study when the irradiation temperature changes, which reflect
the influence of variations in irradiation conditions on both destructive swelling and thermal
conductivity reduction, expressed as a comparison of the thermal conductivity coefficient
values of the ceramics under study in the initial and irradiated states.
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Figure 10. Results of a comparative analysis of ATCC(VS) for the ceramics under study:
a) without dopant; b) at a concentration of 0.01 M; c) at a concentration of 0.03 M;
d) at a concentration of 0.05 M

The presented dependences ATCC(VS) have a direct correlation with each other and reflect
the relationship between the volumetric deformation of the crystal structure, caused by the
accumulation of structural distortions and areas of disorder in the damaged layer and the
degradation of the thermophysical parameters of the ceramics under study, the mechanisms
of change during phonon heat transfer have a direct correlation with the density of structural
defects. According to the data presented, the most pronounced changes in thermal conductivity
are observed for samples irradiated at high temperatures (700 - 1000 K), for which the
accumulation of structural distortions is associated not only with effects caused by the
mechanisms of interaction of incidentions with the crystal structure and implantation processes,
but also with thermal expansion caused by an alteration in the amplitude of thermal vibrations
of atoms in the crystal lattice, an elevation in which promotes their mobility, alongside the
migration of point and vacancy defects in the structure. Moreover, the substitution of zirconium
by magnesium with a rise in the dopant concentration in the composition of ceramics, which
causes a growth in the structural ordering degree (changes in the crystal lattice parameters and
volume), helps to restrain the effects of structural disorder, which are most pronounced during
high-temperature irradiation.

4. Conclusion

During the experiments carried out related to the assessment of the diffusion mechanisms
of implanted helium in the near-surface layers of lithium-containing ceramics, the following
results were obtained:

1. During determination of the effect of variations in the phase composition of ceramics
on resistance to deformation volumetric swelling, carried out by analyzing the AV(dpa)
dependences, it was found that the stability of ceramics is affected not only by structural
changes caused by variations in the dopant concentration in the composition, but also by the
temperature effect, causing an elevation in deformation distortions associated with thermal
effects and accelerated diffusion of implanted He?" ions.
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2.Ithas been established that with irradiation temperature growth in the case of Li,ZrO,with
high-dose irradiation, a more intense reduction in the hardness of the near-surface layer is
observed at the depth of maximum atomic displacements (depth of the order of 200 - 250
nm), which indicates an adverse effect of irradiation temperature on the stability of strength
properties. At the same time, the irradiation temperature growth leads not only to more
pronounced changes in hardness values, but also to arise in the damaged layer thickness, which
indicates the occurrence of diffusion processes associated with the migration of implanted He?*
ions into the depth, which results in deformation distortion of the near-surface layer and, as a
consequence, its softening.

3. During assessment of changes in the thermophysical parameters of the studied ceramics
exposed to irradiation with He?* ions, it was established that the irradiation temperature growth
during high-dose irradiation (about 3 - 30 dpa) has a negative effect on a decline in the thermal
conductivity coefficient, indicating an increase in heat losses in irradiated samples. Moreover,
it should be noted that for doped samples, less pronounced trends in thermal conductivity
degradation are observed, which indicate a direct relationship between destructive volumetric
swelling and a reduction in the thermal conductivity of ceramics.

Based on the research carried out, and conclusions drawn from the results of experiments and
analysis of the obtained dependencies, we can draw a general conclusion about the prospects of
using the MgO dopantinlow concentrations not only to stabilize the strength and thermophysical
parameters of Li,ZrO, ceramics, but also to enhance degradation resistance of properties under
high-dose irradiation, alongside the accumulation of helium in the near-surface layer, large
concentrations of which contribute to destructive embrittlement and softening of ceramics.
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Angarna. 3epTTey[iH MaKcaTbl - >XOFapbl TeMIlepaTypaJiblK, CayJieJleHy Ke3iHJe eHJipiireH
renuiiy, auddysuscbiMeH 6aiaHBICTBl JUTHH MeTa-LMPKOHAThl HerisiHAeri kepaMuKaJap/blH,
6eTKi KabaTTapblHbIH [eCTPyKLus MpoLecTepiHe KbLIYAbIK dCepAiH bIKNaJblH aHbIKTAy, COHJAM-
aK a3 KOHLeHTpauusJaFbl MarHUM OKCUJi KOCBIMIIACBIHBIH, JUPQPY3UAIBIK MeXaHU3MAepAl Texen
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aJIaThIH 9cepiH 6arasay. MyH1all TUNITEr] KepaMUKaFa KbI3bIFYIIbLIBIK, €H aJIbIMEeH, TPUTUN] OHIipYy
’KOHe KMHAKTay YIIiH JUTHUN KypaMblHJaFbl KepaMUKaJapAblH TYpJiepiH KeHeWTy MYMKiHAiriMes,
COH/Ial-aK >XOFaphbl TeMIepaTypasblK NaiiflajaHy peXuMAepiHe ToH JAerpafalUsijiblK IpolecTepre
TYPaKTbIIBIFbIH apTThIPyMEH KoHEe HEUTPOHJAPAbIH JUTUNMEH SPOJIbIK pPeaKLUsAChl HITHXKeCIHAe
nai/ia 60/1aThIH reiui Tapi3ai 6eJ1iHy eHIMepiH ) KMHAKTayMeH OailaHbICThl. HAaHOMHAEeHTAIM 9/1iCiH
naiijiasaHbin (MOHAAPAbIH KO3FaJbIC TPAeKTOPHUSIChl OOMBbIMEH KdHe OYHipJiK »KapblibiC 6OUBIHIIA
TepeH/JIiriH eJillley apKbLIbl) KYPTi3iireH 3epTTey/iepre CaiMKec, COyJieJieHy TeMIepaTypaChIHbIH,
»KOFapbliaybl 3aKbIMJAHFaH KabaTTblH KaJbIHJBIFbIHBIH, apTyblHa oKeJIeTiHi aHBbIKTalJbl, OyJ
e3repic reJuijiH TepMUSIBIK acepsep ecebiHeH imike Kapal auddysussaHybiMeH GalJaHBICTHI.
2Kofapsl TeMnepaTypasblK coy/eseHy Ke3iHae 6eTKi KabaTThIH OepiKTiriHiH TeMeHAeyi KpUCTaNAbIK
KYPBUIBIMHBIH, JlepopMalUsablK, OypMajlaHyblHbIH, apTybl oHe OHbIH iciHyiMeH 6alJaHbICThI
KYpPbLIBIMABIK 63repicTepre HerisfesreH, OyJ acipece >KOFapbl [03ajbl CayJejieHy >KaFAalbIHJa
alikplH 6Gailikasnajbl. CHHTe3 Ke3iHZe JUTUH KypaMbIHAAFbl KepaMHKaJapfa KOCbIMIIA 3aTThbIH
KOHI[€HTPALUSCHIH apTThIPY apKbLJIbl TUTHUHN MeTa-IUPKOHATBIHBIH KYPbIJIBIMABIK epeKllIeNiKTepiHiH
e3repyi 3aKpIMJaHFaH KabaTThbIH 6epiKTiK KOFa/ITyFa TO3IMAIIriH apTThIPbIN KaHa KOMMak, }KoFaphbl
TeMIlepaTypasblK Cay/esieHy Ke3iHJe KepaMuKajapaafbl AUOPY3USANBIK KAOATThIH KaJbIHJbIFbIH
asalTyfa Aa aKeJseni.
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U3yyeHue TepMUYECKHU - HHAYIUPOBAHHBIX AP Py31MOHHBIX MEXAaHU3MOB
UMIUIAHTUPOBAHHOTO reJivs B IPUNIOBEPXHOCTHBIX C/I0SIX KEPAMUK Ha OCHOBE MeTallUpPKOHaTa
JIUTHUA

AnHoTanus. llenp AaHHOTO UCC/e[OBAaHUsA 3aKJKYaeTCs B ONpeJe/leHUH BJIUSHUA TepMHUYeCKOro
BO3JeMICTBUSI HA NpOLECcChl JAeCTPYKLHUM IPUIIOBEPXHOCTHBIX CJ0€B KepaMUK Ha OCHOBe
MeTallMpKOHAaTa JINTHS, CBA3aHHBIX ¢ AU Py3uell MMIIIAaHTHPOBAHHOTO r'eJikd, a TaKXKe ollpeJieJieHue
BJUSIHUSA [JIONIAHTA OKCHMJA MarHus B MaJblX KOHLEHTpaLUUsX Ha clepxuBaHUue AUGPY3HOHHBIX
MEeXaHM3MOB IIPU BBICOKOTEMIIEPATYpPHOM O0OJIyieHHU. MHTepec K JAaHHOTO THUIA KepaMHKaM
00yCJIOBJIEH B NEPBYI0 OYyepe/ib BO3SMOXXHOCTBIO paCUIMpPeHHUsl THUIIOB JUTHUHCOJEpPKalUX KepaMHUK
JLJ1s1 IPOM3BO/CTBA U HAKOIJIEHUSI TPUTHUS, a TAKKe yBeJIMYeHUeM CTabUIbHOCTU K JerpaJlalluOHHbIM
IpoIeccaM, XapaKTepHBIM /IJIs1 BBICOKOTEMIIepaTyPHbIX PeKUMOB 3KCIVIyaTal My, a TAK:Ke HAKOIJIEHU A
IPOJYKTOB JleJIeHUS 1lePHbIX peaK M HEUTPOHOB C INTHEM B BU/Je resusd. CoryiacHO NpoBeJleHHbIM
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MCCJIeIOBAaHUSAM C NMpPHMEHEHWEeM MeToJ|a HaHOWHJEHTHPOBaHHUSI MO Ty6HHe (M3MepeHUH B/0/Ib
TPaeKTOPUH JBIKEHHS HOHOB HAa 60KOBOM CKOJIe) ObLJIO YCTAHOBJIEHO, UYTO YBEJIMUEHHE TEMIIEPATYPHI
06JIy4eHUS] TPUBOJAUT K YBEJUYEHHUIO TOJIIIMHbI MOBPEXZEHHOrO CJI0s, HW3MeHeHHe KOTOpOoH
o6ycioBsieHo 3dpdekTamu qudPy3un resus Briayodb 3a cUeT TepMUdeckux 3¢ deKToB. PazynpouHeHue
MPUIIOBEPXHOCTHOTO CJIOSI MPH BBICOKOTEMIIEPATYPHOM OO6JIYYEHUH OOYCJIOBJIEHO CTPYKTYPHBIMH
W3MEHEHHUSIMH, CBSI3aHHBIMH C yBeJUYeHHEM JeHOPMALMOHHOIO0 MCKaXKEHUS KPUCTAJIUYECKON
CTPYKTYPBbI U €€ paciyxaHHsi, KOTOpOe HanuboJiee BEIPAXKEHO MPH BbICOKOA03HOM 06J1y4yeHu . [Ipy 3TOM
M3MEHEHHs CTPYKTYPHBIX 0CO6EHHOCTEH MeTal[MpKOHATa JIMTHSA 3a CUET YBeJIMUEeHHUsI KOHIIEHTPaluu
JIONIaHTa IPU CUHTE3€e IUTUHCOepKalUX KepaMUK, TPUBOAUT He TOJIbKO K YBEJTMYEHUI0 YCTOUUNBOCTH
K pas3ynpoYHEHHIO MOBPEXAEHHOTO CJIOs, HO M YMEHbIIEHUIO TOJIHUHbI AUPPY3UOHHOTO CJIOSI B
KepaMHKax MPU BLICOKOTEMIIEPATYPHOM 00JTYYEHUH.

KinioueBble cioBa: nudoysus resus; JUTUHCOJepKallle KepaMUKH; 6GJIAHKETbI; paJHaldOHHbIE
MOBPEXAEHUsI; TeJIMEBOE paclyXxaHHe
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