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Abstract: The paper presents the results of studies of the resistance of lithium ceramics to helium
swelling during its accumulation in the structure of the near-surface layer, and the identification
of the three types of lithium ceramics most resistant to radiation degradation: LiySiOy, Li; TiO3,
and LipZrOj3. The simulation of helium swelling under high-dose irradiation was carried out by
irradiation with He?* ions with fluences of 1 x 1016 ion/cm?2-5 x 1017 ion/cm?, which allows for
simulating the implanted helium accumulation with a high concentration in the damaged surface
layer (about 500 nm thick). The samples were irradiated at a temperature of 1000 K, the choice
of which was determined by the possibility of simulating radiation damage as close as possible
to real operating conditions. Such accumulation can result in the formation of gas-filled bubbles.
Through the application of X-ray phase analysis, indentation testing, and thermophysical parameter
assessments, it was ascertained that among the three ceramic types, LiySiO4 ceramics exhibit the
highest resistance to helium-induced swelling. These ceramics experienced less significant alterations
in their properties compared to the other two types. An analysis of the correlation between the
structural and strength parameters of lithium-containing ceramics revealed that the most significant
changes occur when the volumetric swelling of the crystal lattice becomes the dominant factor in
structural alterations. This phenomenon is manifested as an accelerated degradation of strength
characteristics, exceeding 10%. At the same time, analysis of these alterations in the stability of
thermophysical parameters to the accumulation of structural distortions revealed that, regardless
of the type of ceramics, the degradation of thermophysical properties is most pronounced under
high-dose irradiation (above 107 jon/cm?).

Keywords: lithium ceramics; radiation embrittlement; gas swelling; degradation; tritium; strength
properties

1. Introduction

One of the directions for advancing the energy sector in both developed and de-
veloping nations, with the aim of reducing reliance on hydrocarbons and fossil fuels
while elevating hydrocarbon neutrality, involves the exploration of new alternative energy
sources, including nuclear and thermonuclear energy. In recent years, significant emphasis
has been placed on research related to the development of novel blanket materials cen-
tered on lithium-containing ceramics [1-3]. These materials hold the potential to address
the challenge of producing and accumulating tritium, the primary fuel for the thermonu-
clear cycle [4,5]. Numerous technological options are presently under examination for
tritium production. Among these options is the utilization of lithium-containing ceramics,
which generate tritium when subjected to neutron irradiation during nuclear reactions [6,7].
Furthermore, due to its mobility, tritium can be extracted from ceramics and promptly
employed to sustain a thermonuclear reaction. However, during neutron-induced nu-
clear reactions with lithium, helium is concurrently generated [8,9]. The accumulation
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of helium within the ceramic structure can also result in its destabilization. At the same
time, destabilization processes are associated primarily with the accumulation of helium
in the near-surface layer of ceramics [10,11]. This is attributed to helium’s notable mobil-
ity, as it rapidly migrates along grain boundaries in ceramics and alloys. Furthermore,
helium can agglomerate by filling voids or cavities within the structure. These helium
accumulation processes are accompanied by an escalation of deformation distortions in
the structure, a consequence of ionization processes and helium movement within the
structure [12-14]. As a consequence of these mechanisms, ceramics undergo detrimental
changes in their properties. These changes include a decline in their strength characteristics,
such as reduced hardness, heightened susceptibility to cracking, and increased susceptibil-
ity to fractures even under minor external pressures. Additionally, there is a degradation
in thermophysical properties attributable to an elevation in scattering factors during the
phonon-based heat transfer mechanism. It is noteworthy to mention that in the context of
nuclear reactions between lithium and tritium, helium accumulation as shown in several
works [15,16], exhibits a non-linear behavior over time, often occurring abruptly and lead-
ing to gas emissions, including helium, hydrogen, and tritium. This observation suggests
that the mechanisms behind helium accumulation and subsequent swelling are not fully
comprehended, necessitating further detailed experimentation.

One of the ways to study gas swelling in the near-surface layer is the method of
simulation of these processes by ion irradiation, which allows, in a fairly short time, for the
accumulation of sufficiently large concentrations of implanted helium in the near-surface
layer, which can result in swelling and destruction [17-19]. To conduct such experiments,
heavy ion accelerators are used, which makes it possible to simulate the gas swelling
processes and evaluate the kinetics of swelling and degradation processes by varying
irradiation conditions, in particular, irradiation fluence and particle flux density [20,21].
Furthermore, the use of irradiation modes at elevated temperatures, characteristic of
operating temperature conditions, makes it possible to simulate the kinetic processes of
destruction of ceramics during the accumulation of helium in the surface layer and its
subsequent destruction, the analysis of which will subsequently make it possible to predict
the behavior of ceramic materials under real operating conditions [22-25].

The purpose of this research is to study the radiation damage processes and the conse-
quences caused by them in lithium-containing ceramics LisSiOy, LipTiO3, and LiZrO3, to
assess the irradiation effect on changes in the mechanical strength and thermophysical pa-
rameters’s stability. The findings from this study will facilitate a comprehensive assessment
of the resistance of different lithium-containing ceramics against radiation-induced damage.
Ultimately, this assessment will help identify the most robust ceramics for potential use as
the foundation for blanket materials intended for tritium propagation.

2. Materials and Methods
2.1. Characterization of Initial Ceramic Samples

The selection of LiySiO4, LipTiO3, and Li;ZrOs, characterized by their monoclinic
crystal structure, as the subjects of investigation stems from their potential suitability as
tritium breeding materials—a crucial component in the context of thermonuclear energy as
a potential fuel source. These ceramic types were synthesized through a mechanochemical
mixing process of the initial components, followed by subsequent thermal sintering of the
resultant mixtures. This sintering was conducted in a muffle furnace at a temperature of
1000 °C for a duration of 5 h, aiming to produce structurally ordered ceramics characterized
by a monoclinic crystalline structure. Figure 1 illustrates the X-ray diffraction patterns
of the synthesized ceramics, namely, LisSiOy, Li; TiO3, and Li; ZrOs3, in their pristine, pre-
irradiated condition.
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Figure 1. X-ray diffraction patterns of the studied Li;SiOj, Li;TiO3, and Li,ZrO3 ceramics in the
initial state, obtained using the mechanochemical synthesis method.

Based on the X-ray phase analysis findings, it was determined that the ceramics in
question, produced from a blend of SiO; and LiClO;-3H,0O compounds followed by subse-
quent thermal annealing, exhibit a monoclinic structure with crystal lattice parameters of
a =11.54015 + 0.00042 A, b = 6.07448 + 0.00053 A, ¢ = 16.60257 + 0.00024 A, = 99.285°,
V = 1147.60 A3, characterized by a high degree of structural order exceeding 90%. For
ceramics derived through the process of mechanochemical grinding followed by thermal
annealing of a blend comprising TiO; and LiClO4-3H,0O compounds, the phase compo-
sition of the ceramics is a monoclinic phase with parameters of a = 5.05409 + 0.00018 A,
b =8.76622 + 0.00014 A, ¢ = 9.73412 4 0.00032 A, B = 100.141°, V = 424.54 A3, and a de-
gree of structural ordering of 93%. For ceramics obtained from ZrO; and LiClO4-3H,O
compounds, the observed position of diffraction reflections, as well as the ratio of their
intensity, is characteristic of a monoclinic phase with parameters a = 5.39574 4 0.00017 A,
b = 8.98502 = 0.00018 A, ¢ = 5.38123 + 0.00031 A, p = 113.132°, V = 239.91 A5, and a
degree of structural ordering of 92.5%. To determine the phase composition, a PDF-2(2016)
database was used, from which the most suitable card values were selected for the observed
phases LiySiO4 (PDF-01-070-2340) monoclinic type of structure, spatial system P21/m(11),
Li, TiO3 (PDF-00-033-0831) monoclinic type of structure, spatial system C2/¢(15), Li;ZrOs
(PDF-00-033-0843) monoclinic type of structure, spatial system C2/c(15). The structural
ordering degree was determined by calculating the ratio of the weight contributions of
diffraction reflections and background radiation characteristic of disordered inclusions in
ceramics. Refinement of the crystal lattice parameters was carried out by calculating the
position of the maxima and the subsequent determination of their characteristic interplanar
distances, knowing which, using the Nelson-Taylor technique, it is possible to determine
the parameters and volume of the crystal lattice.

2.2. Simulation of Helium Swelling

The specimens underwent irradiation at the DC-60 accelerator to simulate helium
swelling processes within the surface layer, contingent upon the concentration of implanted
helium during high-dose irradiation. To simulate these processes, low-energy He?* ions
with an energy level of 40 keV were used. The irradiation process was conducted at a tem-
perature of 1000 K, striving to closely mimic the operating conditions of these ceramic types
during tritium production. In this scenario, the selection of the irradiation temperature
aligns with preliminary information regarding blanket operational conditions. Furthermore,
in contrast to irradiation at room temperature, subjecting samples to irradiation at elevated
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temperatures can accelerate the helium migration processes within the damaged layer due
to the enhanced mobility of the crystal structure. However, under these circumstances, the
accelerated migration of implanted helium can result in its release through the pores within
the ceramic structure, potentially leading to an augmentation of deformation distortions
within the damaged layer. Irradiation fluences (1 x 10'¢ ion/cm?-5 x 107 ion/cm?) were
selected considering the possibility of achieving the effect of deep overlap of defective areas
(5-10 dpa) and implanted helium concentrations of the order of several at. %.

Figure 2 displays the results of assessing the ionization losses of He?* ions during the
interaction with the crystal structure of lithium-containing ceramics, obtained by simulation
using the SRIM Pro 2013 software code. The Kinchin—-Pease model, which takes into account
cascade collisions during the interaction of incident ions with the crystal structure of the
target and the formation of vacancy defects, was applied. The number of collisions was
chosen to be more than 10,000, which made it possible to determine with good accuracy and
statistical data the magnitude of ionization losses of incident ions during the interaction
with the crystal structure.
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Figure 2. The assessment results of ionization losses of He?* ions during the interaction with the
crystal structure of lithium-containing ceramics.

As is evident from the data presented, the maximum value of ionization losses of
incident He?* ions during the interaction with the electronic subsystem is 12-14 keV/nm,
while the value of nuclear losses of He?* during the interaction with nuclei is no more
than 0.3-0.4 keV/nm. Thus, by estimating the weight contributions of ionization losses
in a near-surface layer with a thickness of 0.35-0.4 um, it becomes apparent that the most
significant alterations in ceramic properties are attributable to ionization processes in the
electronic subsystem, fluctuations in electron density within the damaged layer, and the
cascade effects of secondary electrons.

Figure 3 presents estimated calculations of the distribution of atomic displacement
values in a damaged layer of a 0.5 pm thick ceramic depending on the irradiation fluence,
which characterizes the accumulation of structural damage caused by the interaction of
incident ions with matter. The calculations considered the formation of vacancies in the
damaged layer structure, alongside cascade effects. Based on the data provided, it is
evident that the maximum value of atomic displacements for all three ceramics in the study
reaches approximately 7.0-8 dpa at the highest irradiation fluence of 5 x 10! ion/cm?,
signifying a substantial accumulation of structural distortions within the damaged layer.
It is noteworthy that the distribution of structural damage, as indicated by the value of
atomic displacements along the ion trajectory, follows a bell-shaped pattern, with the peak
occurring within the 0.3-0.35 pm range. This corresponds to the region characterized by
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the predominance of ionization losses incurred by incident ions during their interaction
with nuclei. The presented data comparing the profiles of atomic displacement values
along the trajectory of ion motion at the maximum irradiation fluence (5 x 10'” ion/cm?)
in Figure 3d clearly reflect the difference in the profiles of radiation damage in ceramics,
as well as the maximum displacement value achieved at the maximum. According to
the calculated data, the maximum displacement value above 8 dpa at maximum fluence
is achieved for LiySiO4 ceramics, while the displacement value for Li»TiO3 and Li,ZrOs
ceramics is 6.8-7.5 dpa. At the same time, the difference in the displacement values under
the same irradiation conditions (initial ion energy) can be explained by differences in the
density of the ceramics, as well as the values of the binding energy of atoms in the ceramics.
In turn, analyzing the data on the profiles of atomic displacement values, we can conclude
that the accumulation of this quantity has a clearly asymmetric shape along the trajectory,
reaching a maximum in the region of 0.3-0.35 um (with a slight shift of up to 0.35-0.4 um
for LiySiO4 ceramics), which corresponds to the maximum nuclear ionization losses of
incident He?* ions in ceramics. The decrease in the value of the amohmic displacements
after the maximum can be explained by effects associated with the inhibition of ions in
the target material, as well as by diffusion processes. The very shape of the distribution,
which has an asymmetric bell shape, is explained by the dependencies of changes in the
processes of the interaction of incident ions with the target material. At the initial stages of
interaction (at a travel depth of 0.1-0.2 pm), the main contribution to structural changes
is made by electronic ionization losses arising from the interaction of incident ions with
electron shells. In the case when the value of electronic ionization losses declines due to
braking effects, nuclear ionization losses that arise during the interaction of incident ions
with nuclei, forming primarily knocked out atoms and vacancies, begin to have a greater
influence in the processes of the interaction of ions with the crystal structure.
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Figure 3. The assessment results of the value of atomic displacements along the trajectory of ion
movement in the near-surface layer of ceramics as a function of the irradiation fluence: (a) LisSiOy;
(b) Li; TiO3; (c) LipZrOs; (d) graph comparing the values of atomic displacements along the trajectory
of movement of HeZ* ions in ceramics at an irradiation fluence of 5 x 10%7 ion/cm?.
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The study of the effect of irradiation and the subsequent accumulation of implanted
helium on alterations in the strength characteristics of ceramics was conducted by assessing
the hardness and crack resistance of ceramics. The data were presented in the form of
dependencies of variations in strength parameters on irradiation fluence for all studied
combinations of ceramic compositions. Hardness determination was carried out via a
LECO LM700 microhardness tester (LECO, Tokyo, Japan). Indentation was performed
using a Vickers diamond pyramid, with a constant load on the indenter equal to 100 N.
The indentation time was 15 s, after which the hardness value was determined using visual
methods for determining the diagonals of the indentation, followed by the application
of conversion formulas. The choice of indentation conditions was due to the ability to
measure the hardness of the entire damaged layer (depth 0.3-0.4 um), since at these loads
the maximum penetration depth of the indenter does not exceed this value. Hardness
measurements were carried out by successive measurements of indentation of the surface
of a ceramic sample in different areas (more than 20 measurements per sample), which
made it possible to determine the average hardness value, as well as the standard deviation.
At the same time, the measurements were carried out in such a way that each previous
indenter print did not affect the subsequent measurement (a distance of about 50-70 pm
was maintained between the indenter prints). The number of indentation measurements
made it possible to establish the uniformity of changes in the strength properties of ceramics,
as well as to determine changes in the diagonals of the indenter. Based on changes in the
indenter imprint diagonals c/a (c is the crack half length, and a is the indenter imprint
semi-diagonal), as well as the hardness value using formula (1), it is possible to estimate
the value of the critical stress intensity factor (Kj.) in the samples, which reflects the change
in fracture toughness (crack resistance):

Kie =0/16 x H x a'/? x (c/a) %/? (1)

where H is the Vickers hardness value, c is the half length of the crack, and a is the half
diagonal of the indenter imprint.

To determine the resistance to cracking due to the accumulated structural distortion,
the single compression method was chosen and implemented using a testing machine
(Walter + Bai AG, Lohningen, Switzerland). Single compression tests were conducted fol-
lowing a conventional procedure to detect the onset of microcrack formation in specimens
subjected to a constant loading rate. Monitoring of crack formation was achieved through
an extensometer, along with tracking alterations in the applied load on the specimen.

The study of thermophysical parameters, alongside the resulting heat losses during
the accumulation of radiation damage in lithium-containing ceramics that occurs during
swelling and destruction as a result of helium agglomeration, was carried out using the
method of determining the longitudinal heat flow. This method was implemented using a
device for determining the thermal conductivity coefficient KIT-800 (Teplofon, Moscow,
Russia). Thermal conductivity measurements were carried out according to the method-
ology for determining the change in the magnitude of the longitudinal heat flow passing
through thin samples when they are heated, by measuring the temperature difference
on thermocouples on both sides of the sample. At the same time, for the accuracy of
measurements, all samples were measured before irradiation and numbered, so that in the
future the contribution of accumulated radiation defects in the damaged layer to changes
in the thermophysical parameters of the ceramics could be determined.

Testing of ceramic samples exposed to irradiation for thermal stability and retention of
strength properties was carried out as follows. Ceramic samples were subjected to thermal
heating to a temperature of 1000 °C, followed by exposure for 1 h and rapid cooling by
removing the samples from the furnace chamber. These procedures make it possible to
simulate the effects of thermal shock on samples that may occur during their operation.
Similar heating and rapid cooling procedures were repeated for a total of 10 consecutive
cycles, with hardness and crack resistance measurements conducted after each cycle. Ana-
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lyzing the evolving trends in strength characteristics over the course of these thermal cycles
enables us to ascertain the kinetics of resistance to high-temperature degradation.

3. Results and Discussion

When analyzing the resistance to gas swelling and the accumulation of implanted
helium in the near-surface layer, the most effective approach involves evaluating alter-
ations in structural parameters, notably crystal lattice parameters and volume. Assessing
these parameter changes enables the determination of key kinetics of radiation damage
accumulation within ceramics. It also helps identify the type of deformation resulting from
radiation-induced crystal lattice distortions. The variation in structural parameters with
irradiation fluence sheds light on ceramics’ resistance to external factors and enables the
estimation of degradation rates.

Table 1 presents the results of assessing changes in the structural parameters of the
ceramics under study depending on the irradiation fluence, which were obtained by ana-
lyzing the X-ray diffraction patterns of the ceramic samples under study. It is important
to highlight that the analysis of the studied samples with respect to irradiation fluence,
utilizing the X-ray phase analysis method, revealed no signs of characteristic diffraction
reflections associated with impurity inclusions. Determination of the crystal lattice pa-
rameters was carried out by a full-profile analysis of the position of the main diffraction
maxima and their changes relative to the standard values (for Li; TiO3—PDEF-00-033-0831,
for LiySiO4,—PDF-01-070-2340, for Li, ZrO3;—PDF-00-033-0843) chosen as references. The
parameters were refined using the Diffrac EVA v.4.0 software code. This observation
suggests the absence of phase or polymorphic transformation processes within the ce-
ramics stemming from the accumulation of deformation distortions. Furthermore, this
examination highlighted the resilience of the chosen ceramics to external factors linked
to high-temperature irradiation. The main alterations are characteristic of deformation
distortions of the crystal structure, which manifest themselves to varying degrees for
different samples.

Table 1. Data on the crystal lattice parameters of the ceramics under study depending on the
irradiation fluence.

Fluence, ion/cm?

Li4SiO4 LizTiO;:, Li22r03

Lattice Parameter, A

Pristine

a = 11.54015 = 0.00042;
b = 6.07448 + 0.00053;
¢ = 16.60257 + 0.00024;
B =99.285°;
V =1147.60 A3

a = 5.05409 + 0.00018;
b = 8.76622 + 0.00014;
¢ =9.73412 + 0.00032;
B =100.141°;
V = 42454 A3

a = 5.39574 + 0.00017;
b = 8.98502 + 0.00018;
¢ = 5.38123 + 0.00031;
B =113.132°;
V =239.91 A3

1 x 1010 jon/cm?

a = 11.53937 = 0.00027;
b = 6.08174 + 0.00042;
¢ = 16.62249 + 0.00035;
B =99.405°;
V =1150.88 A3

a = 5.05813 = 0.00036;
b = 8.78022 + 0.00034;
¢ =9.74968 =+ 0.00035;
B =100.301°;
V =426.02 A3

a = 5.40219 + 0.00025;
b = 9.00656 + 0.00028;
¢ =5.39198 =+ 0.00021;
B =113.268%;
V =242.01 A3

5 x 100 jon/cm?

a = 11.54859 =+ 0.00025;
b = 6.09146 + 0.00036;
¢ =16.64241 + 0.00025;
B =99.485°;
V =1154.75 A3

a =5.07102 + 0.00024;
b = 8.79571 + 0.00036;
¢ =9.76689 4 0.00031;
B =100.462°;
V =42830 A3

a = 5.40867 + 0.00027;
b =9.02816 + 0.00028;
¢ =5.41133 4 0.00021;
B =113.449°;
V =24241 A3

1 x 107 ion/cm?

a = 11.55320 = 0.00025;
b = 6.09875 + 0.00023;
¢ = 16.68899 + 0.00022;
B =99.603°;
V =1159.43 A3

a =5.07910 + 0.00024;
b = 8.81677 + 0.00024;
¢ =9.79419 + 0.00016;
B =100.582°;
V =431.14 A3

a =5.41947 + 0.00024;
b =9.06787 + 0.00028;
¢ = 5.43509 + 0.00032;
B =113.813%;
V =24433 A3
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Table 1. Cont.

Fluence, ion/cm?

Li4SiO4 LizTiOg, LizZI‘O;;

Lattice Parameter, A

a =11.56706 % 0.00027; a = 5.08722 + 0.00022; a = 5.43243 + 0.00026;

b = 6.11090 + 0.00023; b = 8.84493 + 0.00027; b =9.10407 + 0.00023;

3 x 10Y7 jon/cm? ¢ =16.73568 + 0.00022; ¢ = 9.85443 + 0.00025; ¢ =5.46113 + 0.00024;
B =99.683°; B =100.824°; B = 114.085°;
V =1166.11 A3 V = 43552 A3 V =246.58 A3

a = 11.58554 + 0.00035; a =5.10143 + 0.00026; a = 5.45196 + 0.00026;

b = 6.12554 + 0.00033; b = 8.85192 + 0.00024; b =9.13319 + 0.00023;

5 x 10 jon/cm? ¢ =16.61596 + 0.00026; c=9.92141 + 0.00018; ¢ =5.52893 + 0.00025;
B = 99.844°; B =101.066°; B =114.450°;
V =1175.82 A3 V =441.63 A3 V =250.62 A3

The main changes in the structural parameters of the ceramics under study depending
on the irradiation fluence indicate the occurrence of residual stresses in the damaged
layer, which are not of a relaxation nature (data on structural changes were obtained
immediately after irradiation and rechecked 3 months after irradiation). At the same
time, the nature of changes in parameters and increase in volume with variations in
irradiation fluence indicates deformation distortions of the stretching type (i.e., parameters
increase), the accumulation of which is clearly visible with rising fluence, and the nature
of accumulation itself is non-linear (i.e., when the fluence rises above 10V ion/cm?, the
deformation distortion of the structure grows sharply). It is important to emphasize that
this pattern is consistent across all three ceramic types, with the difference only in the
magnitude of structural changes, reflecting deformation distortion and swelling of the
crystal structure.

Using the information regarding alterations in the crystal lattice volume compared to
the initial measurements of non-irradiated samples, the values of volumetric swelling (AV)
were computed. The variation in AV, contingent on the irradiation fluence, is displayed in
Figure 4. The overall trend depicted in this dependence highlights a tensile-type deforma-
tion distortion of the crystal lattice, stemming from the accumulation of structural changes
linked to the modification of lattice parameters. It is evident that LigSiO4 ceramics exhibit
the highest resistance to swelling, with a maximum AV change of no more than 2.5% at
an irradiation fluence of 5 x 10! ion/cm?, in contrast to the much greater AV change
observed at this fluence. It is important to highlight that at lower irradiation fluences
(10'%~10'7 ion/cm?), the variation in AV is less than 1%, which indicates a fairly high
resistance to radiation damage linked to deformation distortions. The rise in AV at fluences
exceeding 10'7 jon/cm? can be attributed to the cumulative impact of ion concentration
and potential agglomeration into gas-filled bubbles. Nevertheless, when compared to the
findings in [26-28], irradiation at 1000 K results in more pronounced ceramics degradation,
likely due to the heightened mobility and accelerated agglomeration of implanted helium
at higher irradiation fluences [29,30]. The explanation for the change in the swelling value,
which has a clearly non-linear character at high irradiation fluences, can be explained as fol-
lows. At low irradiation fluences, the accumulation of structural distortions associated with
the interaction of incident ions with the crystal structure occurs quite slowly, since some of
the resulting defects can be isolated from each other due to the small size of the damaged
areas that arise along the trajectory of ion movement in the ceramic. Moreover, in the
case of high irradiation temperatures (1000 K), due to changes in the amplitude of thermal
vibrations of atoms, some of the resulting defects can be partially annihilated. As a result,
structural changes associated with swelling of the crystal lattice are small and have an
almost linear dependence on the irradiation fluence. At fluences above 10! ion/cm?, which
are characterized by fairly large values of dpa (more than 3-8 dpa), structural distortions of
the crystal lattice associated with the accumulation of damage, as well as atomic displace-
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ments, become more pronounced, which leads to swelling of the crystal structure and a
sharp increase in the value of AV. Also, an important role in these changes is played by the
accumulation of implanted He?* ions, which by their nature, have a fairly high mobility
and the ability to agglomerate in voids, the formation of which is directly related to the
deformation processes of distortion of the crystal lattice, as well as atomic displacements.
The presence of pores in ceramics also contributes to the agglomeration of helium in them,
which at high concentrations of helium (about 1-2 at. %) can lead to the effect of merging
of small bubbles into larger agglomerates. This has a mechanical deformation effect on
the crystal structure, which leads to its destruction. Moreover, according to the literature
data [28-30], critical doses of irradiation with low-energy He?* ions, which lead to the
formation of gas-filled bubbles and, as a consequence, swelling of the crystal structure, are
doses above 1017 ion/cm?, which are characterized by the formation of blisters and partial
degradation of the damaged layer. In turn, as shown in [26-28], the effects of swelling are
also influenced by irradiation conditions (in particular, irradiation temperature). In this
case, an increase in the irradiation temperature to 1000 K when irradiating samples leads
to a more pronounced degradation of the crystal structure associated with its swelling.
This effect can be explained by the increased mobility of implanted He?* ions associated
with high temperature, which leads to the faster agglomeration of small gas bubbles into
larger ones, which is well known from the results of post-irradiation annealing of irradiated
samples of steels and alloys irradiated with He?* ions [31,32].
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Figure 4. (a) The assessment results of the crystal lattice swelling value as a function of the irradiation
fluence of lithium-containing ceramics; (b) the results of a comparative analysis of the maximum
swelling value of ceramics at an irradiation fluence of 5 x 107 ions/cm? (arrows indicate the
difference in swelling of Li,SiO, and Li; TiO3 ceramics in comparison with Li;ZrO3 ceramics).

Hence, when assessing the operational capabilities of lithium ceramics, it is essential
to consider not only the accumulation of radiation damage, but also the temperature factor
associated with the operating conditions.

The comparative analysis of crystal lattice swelling changes at the highest irradiation
fluence (5 x 10' ion/cm?) reveals that Li;SiO4 ceramics exhibit the highest resistance to
structural damage, with a swelling value not exceeding 2.5%. This represents a reduction
of over 40% compared to Li;TiO3 and Li;ZrO3. Simultaneously, the disparity in swelling
between Li;TiO3 and Li;ZrO3; does not exceed 10%, signifying limited resistance to swelling
during helium accumulation. In this scenario, the substantial degradation of Li;ZrOs;
can be attributed to the characteristics of anisotropic broadening of the crystal lattice
under elevated temperature conditions. This, combined with irradiation effects and the
heightened mobility of implanted helium, accelerate the degradation of ceramics [33,34].
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The results of changes in hardness and resistance to a single compression depending
on the irradiation fluence are presented in Figure 5. Based on the obtained data on alter-
ations in hardness, the softening factor and crack resistance were assessed, the value of
which determines the decrease in strength characteristics, alongside the degradation rate
with the radiation damage accumulation. The data from the calculations performed are
demonstrated in Figure 5¢,d. Analysis of these alterations in hardness parameters revealed
that Li;TiO3 and Li,ZrO3 have higher values in the initial state. This characterizes them as
high-strength ceramics compared to Li4SiOy, for which the strength characteristics in the
initial state are almost 10% lower than those of Li, TiO3 and Li,ZrO3 ceramics.
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Figure 5. The results of alterations in strength characteristics: (a) variation in the hardness of ceramics;
(b) the results of changes in the maximum pressure that ceramics can withstand during a single
compression; (c) change in resistance to softening and decrease in hardness as a result of cracking
of the surface layer; (d) results of changes in crack resistance and resistance to fracture under single
compression; (e) assessment results of changes in the value of fracture toughness (crack resistance)
depending on the value of irradiation fluence.
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An overall assessment of the observed alterations in the strength properties of the
examined ceramics can be categorized into two stages, each marked by distinct rates of
strength degradation. At fluences ranging from 10' to 10'7 ion/cm?, the shift in strength
properties remained within the range from 1% to 2%. Remarkably, irrespective of the
ceramic type, the character and extent of changes in hardness and single compression
resistance fell within the same range of values during this stage. Elevated irradiation
fluences exceeding 10'” ion/cm? result in a more pronounced softening of the ceramics,
and as fluence increases, discernible differences in the patterns of strength parameter
changes become apparent. Beyond 10'7 ion/cm?, the decline in strength properties is less
pronounced for LiySiO4 ceramics compared to the other two types, Li,TiO3 and LiyZrOs,
where the maximum reduction in strength parameters exceeds 12-15%, while for Li;SiOy,
these changes are 4-5% lower. This difference may be due to the higher resistance of LigSiO4
ceramics to swelling and subsequent destruction under high-dose irradiation, which is
more pronounced for Li;TiO3 and Li;ZrO; (see data on changes in structural parameters
and AV values). When the deterioration of strength parameters for Li;TiO3 and Li;ZrOs
can be caused not only by the effects of accumulation of structural distortions during
high-dose irradiation, but also by anisotropic distortion of the crystal lattice, this manifests
itself at high fluences (see data on changes in crystal lattice parameters in Table 1). Figure 5e
shows the results of changes in the value of fracture toughness (crack resistance), which
reflect the change in the resistance of ceramics to cracking during the accumulation of
radiation defects in the damaged layer, and characterize the dynamics of deterioration in
the strength properties of ceramics exposed to irradiation. According to the data obtained,
the maximum reduction in crack resistance for the studied ceramics at an irradiation fluence
of 5 x 10 jon/cm? is about 9.2% for Li4SiOy4 ceramics, and about 14-15% for Li, TiO3 and
Li,ZrO3 ceramics, which has good agreement with changes in hardness and resistance to
cracking. In this case, as in the case of changes in strength properties, Li4SiO4 ceramics
have the maximum resistance to cracking, for which the value of resistance at maximum
damage fluence is about one and a half times in comparison with alterations in the crack
resistance of Li, TiO3 and Li,ZrO3 ceramics.

Figure 6 illustrates the alterations in thermophysical parameters, specifically the ther-
mal conductivity coefficient and heat loss values, in the studied ceramics as a function
of irradiation fluence with He?* ions, the accumulation of which results in destructive
modifications in structural and strength parameters. Based on the presented data regarding
the thermal conductivity coefficients of the examined ceramics, Li; TiO3 ceramics exhibit
the lowest value, approximately 1.71-1.72 W/m-K, whereas Li4S5iO4 and LipZrO3 ceramics
have values around 1.8-1.82 W/m-K. This variance in values can be attributed primarily
to the ceramics’ phase composition and their structural characteristics inherent in dielec-
tric ceramics.

The results of alterations in thermophysical parameters presented in Figure 6 reflect the
tendency for heat transfer to deteriorate at high irradiation fluences (above 10'7 ions/cm?),
which are characterized by the accumulation of atomic displacements above 1 dpa. In
this case, the critical point of irreversible deterioration of thermophysical parameters is
a fluence of 3 x 10! ions/cm?, in which the degradation of thermophysical parameters
is more than 10%. Moreover, in the case of fluences less than 3 x 10 ions/cm?, the
change in thermophysical parameters is less than 1-2%, which signifies that the greatest
contribution to the degradation of the thermal conductivity characteristics of ceramics is
made by effects associated with a destructive change in the crystal lattice volume as a result
of the accumulation of atomic displacements and agglomeration of implanted helium into
the damaged layer. It is important to highlight that, in contrast to alterations in strength
characteristics at high irradiation fluences (the difference in hardness degradation and
resistance to single compression for different samples was more than 5%), the degradation
of thermophysical parameters for all three types of ceramics at maximum irradiation
fluence is in the same range of values (17-20%). Thus, we can conclude that variations
in thermophysical parameters, in contrast to strength characteristics, are destructively



Ceramics 2024, 7 50

influenced by the magnitude of atomic displacements, i.e., the accumulation of structural
distortions caused by disordering of the crystal structure due to helium implantation into

the damaged layer.
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Figure 6. The results of changes in the thermophysical parameters of the ceramics under study as a
function of the irradiation fluence: (a) change in the thermal conductivity coefficient of the ceramics;
(b) change in heat losses (deterioration of thermal conductivity coefficient).

Figure 7 reveals the assessment results of the alteration in the strength characteristics
of the three types of ceramics under study in the initial state and irradiated with maximum
fluence (5 x 10'7 ion/cm?) during cyclic heat resistance tests (rapid heating to 1000 °C,
exposure for 1 h, and removal to air). The depicted relationships reveal the ceramics’
resistance to temperature fluctuations, which may, in turn, lead to degradation caused by
oxidation and the emergence of additional distortions and residual mechanical stresses.
Additionally, such assessments enable the identification of the materials most resistant to
temperature variations and provide insights into how irradiation affects the preservation
of strength property stability (degraded after irradiation).

A general analysis of the observed alterations in hardness values and the maximum
pressure that ceramics can withstand to the stage of cracking during a single compression
indicates that the most pronounced decrease in these values is observed after five cycles
for irradiated samples (irradiation fluence was chosen 5 x 10" ions/cm?) and after seven
to eight cycles in the case of the original ones (unirradiated samples). This difference
in variations is primarily due to different rates of the high-temperature degradation of
ceramics, which is linked to the mechanisms of oxygen penetration from the surface deep
into the ceramics [35,36], thereby causing structural distortions and deformations leading
to the initialization of the formation of microcracks in the structure. Secondly, the damaging
deformation and distortion of the damaged ceramic layer, which take place during the
implantation of helium, accelerate the degradation processes. It is crucial to note that
helium, with its high mobility at elevated temperatures, can undergo rapid agglomeration,
further intensifying the deformation distortions within the ceramic structure. This can be
linked to the potential formation of gas-filled bubbles within the damaged layer [37,38]. The
analogous occurrences of gas swelling due to thermal influence, linked to the accelerated
agglomeration of helium and the formation of blisters, have been documented in several
studies [39,40].

The results of a comparative analysis regarding the degradation of strength properties
(hardness and crack resistance) are depicted in Figure 7c,d. These trends were derived
from a comparative assessment of variations in strength characteristics both prior to testing
and after 10 successive cycles, during which the most significant property deterioration
was observed.
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Figure 7. The assessment results of alterations in the strength properties of ceramics during cyclic
tests for thermal resistance during high-temperature heating (data are given for samples in the initial
state and irradiated with a maximum fluence of 5 x 1017 ion/cm?): (a) the results of fluctuations in
hardness; (b) the results of variation in the maximum pressure that ceramics can withstand during a
single compression. The results of a comparative analysis of alterations in strength characteristics
during heat resistance tests after 10 consecutive cycles, reflecting a destructive change in the properties
of ceramics in the initial and irradiated states; (c) data on changes in hardness; (d) data on changes in
crack resistance under a single compression.

As evident from the provided data concerning alterations in the strength properties of
the examined ceramics following thermal resistance tests, the most resistant ceramics are
the LigSiO4 variety. In the absence of irradiation, these ceramics experienced a reduction in
hardness of less than 1% compared to their initial values, and in irradiated samples, the
decrease did not exceed 5% in comparison to the initial hardness. Conversely, for Li, TiO3
ceramics, the most significant changes in hardness values were observed, both in the case
of the original (non-irradiated) samples and those subjected to irradiation. In the case of
Li;ZrOj ceramics, the decline in hardness is less significant when compared to Li;TiO3
ceramics, with a disparity in values of roughly 1-2%. This observation suggests a higher re-
sistance to destructive high-temperature effects. However, for irradiated samples of Li; TiO3
and Li;ZrOj3 ceramics, the alteration in hardness exceeds 10% following 10 successive cycles
of heat resistance testing. Meanwhile, the pattern of variance in the reduction in hardness
values between the untreated and irradiated samples persists across all three ceramic types.
This suggests that the destruction processes triggered by temperature exposure share a
similar character for all ceramic varieties.
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Regarding crack resistance (resistance to fracture), the results obtained for both non-
irradiated samples and those subjected to irradiation at the highest fluence (5 x 107 ion/cm?)
and subsequent heat resistance tests indicate a more significant decline in resistance to damage
for all examined specimens. This phenomenon could be attributed to the heating process to
maximum temperature and rapid cooling, causing the migration of oxygen and helium ions.
Consequently, this leads to their deeper penetration, thereby expanding the damaged layer
and introducing additional structural distortions during their movement. Consequently, when
subjected to external influence and increasing pressure, the processes of crack formation take
place at significantly lower pressures. This is due to the higher concentration of deformation
inclusions within the samples, which is considerably higher compared to samples that were
solely irradiated. The accumulation of these deformation inclusions, in turn, initiates the
formation of microcracks. When subjected to external pressure, these microcracks propagate
rapidly within the samples, resulting in reduced resistance to destructive failure under load.
This hypothesis, which highlights the alteration in the stability of irradiated samples following
10 consecutive cycles of heat resistance testing, is further substantiated by the findings regard-
ing alterations in crack resistance observed in non-irradiated (initial) samples subjected to heat
resistance testing. In the case of the initial samples, there is a general trend of crack resistance
decreasing by approximately 8-12%, which is three to five times greater compared to the
changes observed in hardness values. The noticeable discrepancy in the extent of alterations in
strength characteristics following heat resistance tests signifies the accelerated degradation of
ceramics under thermal stress conditions, such as rapid heating and cooling. This degradation
is primarily attributed to a reduced crack resistance, resulting in the decrease in resistance to
external mechanical loads. Furthermore, for irradiated samples in which structural distortions
accumulate due to irradiation, exposure to heat amplifies the degradation process, causing a
decline in crack resistance of over 25-30% when compared to irradiated samples not subjected
to heat resistance tests.

4. Conclusions

The paper presents the assessment results of the resistance of lithium-containing ceram-
ics to helium swelling and the subsequent destruction under high-temperature irradiation
with He?* ions and fluences of 10'°-5 x 10'7 ion/cm?, which makes it possible to simulate
the structural damage accumulation of the order of 5-8 dpa. During the evaluation of struc-
tural and strength parameters, it became evident that the primary factor contributing to
property degradation is the accumulation of helium and its subsequent accelerated swelling
under high-dose irradiation. Notably, Li4SiO,4 ceramics exhibited the highest resistance to
structural disorder. An examination of alterations in the thermophysical characteristics
of the studied ceramics revealed that a critical irradiation dose, marked by a significant
decline in heat transfer efficiency, occurs at a fluence surpassing 3 x 10'7 ion/cm?. This
threshold is characterized by the prevalence of atomic displacements and the effects as-
sociated with helium agglomeration in the damaged layer. Meanwhile, an alteration in
the type of ceramics under maximum irradiation fluences does not result in substantial
discrepancies in the resistance of thermophysical parameters to radiation disorder. Thermal
resistance experiments indicated that the examined samples, when subjected to irradiation,
can preserve the stability of their strength characteristics throughout three to five consecu-
tive heating—cooling cycles. However, after the fifth cycle, a noticeable decline in strength
parameters occurs, linked to the destabilization of the damaged layer and embrittlement
(reduced crack resistance).

The obtained dependencies can be used in the future to develop operating modes for
lithium-containing ceramics as blanket materials for tritium breeding.
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