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Abstract: The article is dedicated to the study of the phase formation processes in LiyZrO3 ceramics
obtained by the method of solid phase synthesis. Interest in these types of ceramics is due to their great
potential for use as blanket materials in thermonuclear reactors, as well as being one of the candidates
for tritium breeder materials. Analysis of the morphological features of the synthesized ceramics
depending on the annealing temperature showed that the average grain size is 90-110 nm; meanwhile
the degree of homogeneity is more than 90% according to electronic image data processing results.
The temperature dependences of changes in the structural and conducting characteristics, as well as
the phase transformation dynamics, have been established. It has been determined that a change in
the phase composition by displacing the impurity LiO and ZrO, phases results in the compaction of
ceramics, as well as a decrease in their porosity. These structural changes are due to the displacement
of LiO and ZrO, impurity phases from the ceramic structure and their transformation into the
Li;ZrO3 phase. During research, the following phase transformations that directly depend on the
annealing temperature were established: LiO/ZrO,/Li;ZrO3 — LiO/Li;ZrO3 — Li;ZrO3. During
analysis of the obtained current-voltage characteristics, depending on the annealing temperature, it
was discovered that the formation of the Li;ZrO; ordered phase in the structure results in a rise in
resistance by three orders of magnitude, which indicates the dielectric nature of the ceramics.

Keywords: lithium-containing ceramics; blankets; Li; ZrO3; phase transformations; mechanochemi-
cal synthesis

1. Introduction

Recently, in the light of global trends in energy development and the search for al-
ternative sources of energy in order to decarbonize the energy sector and the economies
of developed countries, more and more attention has been paid to nuclear energy. A
great amount of attention in this field is primarily related to the possibility of obtaining a
large amount of energy, which can be used not only to meet the needs of large cities and
enterprises, but also to produce hydrogen, which will be an alternative energy source in
the near future [1-3]. The most promising projects in this direction are high-temperature
nuclear reactors as well as thermonuclear reactors, which will allow the accumulation of
tritium for further use as an alternative fuel. The processes associated with tritium accu-
mulation are based on its production and accumulation in the blanket material, followed
by absorption and desorption of the obtained tritium from the blanket [4,5]. The most
common method for producing tritium is nuclear reaction under the influence of thermal
neutrons ® Li + n — # He + T + 4, 8 MeV, which allow not only the production of tritium,
but also its accumulation [6]. At the same time, according to the concept of the European
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development program for thermonuclear technologies, some of perspective materials for
the reproduction of tritium are considered lithium-containing ceramics based on lithium
metalates Li,MO3 (M = Zr, Ti, Hf, Si) [7-10].

Among the variety of lithium-containing ceramics, ceramics based on lithium metazir-
conates (Li;ZrOs3), which are considered as the main materials for tritium multiplication in
the concept of solid-state blanket materials for thermonuclear or high-temperature nuclear
reactors, are of particular interest [11-13]. The most pronounced advantages of this type of
ceramics include high compatibility with structural materials and reflector materials, in
particular with beryllium, high mechanical and corrosion resistance, and excellent indi-
cators of the release and accumulation of tritium during irradiation. Interest in Li,ZrOs
ceramics is also due to their properties, characterized by absence of the possibility of iso-
topic exchange, which results in a reduction in the absorption of hydrogen on the surface
and inside the particles [14,15]. As a result, all of the formed tritium is absorbed on the
ceramic surface without hydrogen impurities, which excludes the subsequent separation of
tritium and hydrogen.

However, despite great interest in these ceramics, there are many unresolved is-
sues related primarily to size effects and phase composition effects on the properties of
ceramics [16,17]. A number of papers have indicated that nanostructured ceramics are of
the greatest interest, the small grain size of which increases the specific surface area as well
as the porosity of ceramics, which will contribute to the accelerated absorption of tritium
on the surface of ceramics. An important factor is the phase composition of ceramics, which
can play a significant role in the production and accumulation of tritium. The point is that
the presence of impurities or phase inclusions arising during the preparation of ceramics
can lead to the formation of metastable states or strongly deformed regions in the structure,
the presence of which can negatively affect the stability of ceramics in the future. Today,
there are a large number of different methods for obtaining lithium-containing ceramics
that allow them to be obtained with various sets of physicochemical and morphological
properties [18-21]. One of the promising production methods is the mechanochemical
synthesis method combined with thermal annealing of the obtained mixtures after grinding.
Using this method, it is possible to obtain powders of different grain sizes, and subsequent
thermal treatment allows for the control of the phase composition of ceramics, as well
as the annealing impurity inclusions and phases, thereby initiating phase transformation
processes. At the same time, an important factor affecting the applicability of these ce-
ramics as blanket materials is the maintenance of a balance between grain morphology
and phase composition of ceramics in order to eliminate the negative consequences of
impurity inclusions [22-25].

In view of the aforementioned, the objective of this paper is to examine the phase
transformation processes in Li;ZrO3 ceramics depending on the sintering temperature, and
the effect of impurity inclusions on the properties of ceramics. Interest in this study is due
to the possibility of developing a method for obtaining Li,ZrO3, which can be used later as
a blanket material for tritium multiplication.

2. Experimental Part
2.1. Chemical Reagents

To obtain the ceramics, the following chemical reagents were used: LiClO4-3H,O and
ZrQO; in the form of micron-sized powders. All reagents were acquired from Sigma Aldrich
(Saint Louis, MO, USA) with chemical purity of 99.95%.

2.2. Mechanochemical Synthesis

The samples were synthesized using the mechanochemical synthesis method in a
PULVERISETTE 6 classic planetary mill (Fritsch, Idar-Oberstein, Germany). For grinding, a
tungsten carbide glass was used, the grinding speed was 400 rpm, and the grinding time
was 1 h. The ratio of the sample mass to the mass of the balls used for grinding was 1:5, the
choice of this mass ratio corresponded to filling the glass with a volume equal to 2/3 of
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the total volume. The synthesis of the samples was carried out in two stages. The first
stage included weighing the initial powders, followed by grinding them in a planetary mill
until a homogeneous powder was obtained. The second stage consisted in annealing the
obtained powders in a given temperature range. After sintering, the samples were studied
by various research methods.

After the initial powders were suspended at an equal ratio of 1:1, they were placed
in a beaker, then milled. After grinding, the resultant mixture was annealed in a muffle
furnace at a temperature range of 600 to 1100 °C with isochronous annealing for 5 h. After
annealing, the samples were cooled along with the furnace for 24 h, then taken out and
subjected to further studies.

2.3. Study of Morphological Features

The morphological features and homogeneity of particle sizes obtained as a result of
mechanochemical synthesis were determined by processing electronic images obtained on
a Jeol F7500 (Jeol, Tokyo, Japan) scanning electron microscope.

2.4. Study of the Phase Composition and Structural Characteristics

To define the phase composition and structural parameters of the synthesized ceramics,
the X-ray phase analysis method was used. The recording of diffraction patterns was
implemented on a D8 Advance ECO powder diffractometer (Bruker, Ettlingen, Germany)
in the Bregg—Brentano recording geometry in the angular range of 20 = 20-60° with a
step of 0.03°. Phase composition was determined by full-profile analysis of the obtained
diffraction patterns with subsequent comparison of intensities and position of the main
diffraction reflections with reference values from the PDF-2(2016) database. Refinement
of phases was carried out with the matching probability of more than 90% of reference
card lines with experimental data. The crystal lattice parameters were specified using the
interplanar distance analysis method using the Nelson-Taylor formulas.

2.5. Determination of the Optical and Electrical Properties of Ceramics

The optical properties of the ceramics were defined using the method of processing
UV-Vis spectra obtained on a Jena Specord-250 BU UV-Vis spectrometer. The spectra were
recorded in the wavelength range of 200-1000 nm with a step of 1 nm. The main purpose
of measuring the optical properties was to determine the magnitude of the absorption, as
well as the refractive index of the synthesized ceramics, which makes it possible to estimate
the density and porosity of the material, as well as the absorbing capacity, knowledge of
which will further determine the absorption properties of ceramics in experiments on gas
evolution and accumulation of tritium.

The electrical properties were defined by analyzing the cyclic volt-ampere curves
obtained in the range of —4 to 4 V, with a step of 0.1 using a PalmSens 3+ (PalmSens BV,
Utrecht, The Netherlands) potentiostat.

Conductive properties were determined by the standard four-contact method using
copper electrodes, which allow the obtaining of the volt-ampere characteristics of the
samples as well as the determining of the resistivity value by calculations. The main
purpose of studying these characteristics was to determine the effect of impurity phases
and inclusions on the current-voltage characteristics and changes in the resistance of
ceramics, as well as to study changes in the conducting characteristics in the case of phase
transformations caused by thermal sintering.

3. Results and Discussion

Figure 1 presents the results of morphological studies of synthesized ceramics de-
pending on the sintering temperature. Images were acquired using scanning electron
microscopy (SEM).
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700°C

Figure 1. SEM images of synthesized ceramics depending on the annealing temperature.

For comparison, the results of the morphological features of ceramics in the initial state
after mechanochemical synthesis are presented. As is evident from the data presented, the
ceramics are large agglomerates of various shapes in the reference condition and a detailed
analysis of them revealed that they consist of spherical grains, the size of which varies from
150 to 230 nm. For annealed samples, there is a minor decrease in grain size to 90-110 nm,
while the degree of homogeneity of grain size increases. A rise in the annealing temperature
to 1000 °C resulted in the formation of pyramidal or rhombohedral grains consisting of
small particles, which indicates structural ordering and emergence of close-packed particles
with low porosity.

Figure 2 presents the results of X-ray phase analysis of the samples under study in
relation to the annealing temperature. The general view of the obtained diffraction patterns
indicates the polycrystalline structure of ceramics, and the dynamics of the change in shape
of the diffraction lines depending upon the annealing temperature characterizes the change
in phase composition and structure ordering degree.
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Figure 2. X-ray diffraction patterns of the studied ceramics versus annealing temperature.

According to the assessment of the obtained diffraction pattern of the samples in
the reference condition, it was found that the difference in diffraction line shapes, their
positions, and their intensities corresponds to the occurrence of several phases in the
ceramic structure. Using full-profile analysis, it was revealed that in the initial state the
ceramic phase composition is a compound of three phases: the hexagonal LiO phase of the
spatial system P-6(174), the orthorhombic ZrO, phase of the spatial system Pbcm(57), and
the monoclinic Li;ZrO;3 phase of the spatial system C2/c(15). The presence of impurity LiO
and ZrO; phases in the structure of the initial ceramics was caused by the phase formation
processes resulting from mechanical grinding, which is accompanied by a large number of
deformations and distortions of grains, leading to the formation of phases. The distorted
asymmetric diffraction maxima shape testifies to a high degree of structural distortions and
deformation of the crystal structure of the ceramics in the initial state.

For the annealed samples, according to X-ray diffraction patterns, a rise in the anneal-
ing temperature results in a growth in the line shapes symmetry degree, and a decrease in
the intensity of diffraction maxima for the impurity LiO and ZrO; phases, which indicates
their displacement or phase transformation resulting from thermal sintering.

The contribution of different phases was determined using the method for estimating

the areas of diffraction lines corresponding to different phases, followed by their calculation
RI
phase
Lodmixture + Rlphuse
the diffraction line main phase, I;jyxt,.—the average integrated intensity of the additional

phase, and R = 1.45. Findings of phase composition change dynamics are shown in Figure 3.

using the formula V,4,ixture = , where I,;;,,—average integrated intensity of
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Figure 3. Phase diagram of the studied ceramic samples versus annealing temperature.

The main phase transformations, in relation to the annealing temperature, may be
classified in two stages. The first stage is characterized by the displacement of impurity
LiO and ZrO; phases from the structure of the ceramics, as well as partial ordering of the
structure as a result of a change in the phase relation. At an annealing temperature of
800 °C, the displacement or complete transformation of the ZrO, phase in the structure of
ceramics occurs. The turning point in this case is the temperature of 900 °C, at which the
impurity inclusions are completely displaced and the phase formation process ends with
the emergence of a stable monoclinic Li;ZrO3 phase. A continued growth in the annealing
temperature leads only to an increase in the degree of perfection of the crystal structure and
ordering of the crystal lattice, as evidenced by the data presented in Table 1. The general
scheme of phase transformations in ceramics, in relation to the annealing temperature, may
be written in the following form: LiO/ZrO, /Li, ZrO; — LiO/Li;ZrO3 — Li, ZrOs.

Table 1. Structural parameter data.

o

Lattice Parameter, A

Phase
Pristine 600 °C 700 °C 800 °C 900 °C 1000 °C 1100 °C
LiO- a=23.14138 a=3.13214 a =3.12047 a=3.11863
Hexagonal c=7.68150 c ="7.64987 c=7.62437 c=7.61092 - - -
P-6(174) V =657 A3 V=649 A3 V=643 A3 V=64.11 A3
710, a=4.98604 a=498115 a=4.97041
Orthorhombic P = 524120 b =5.15456 b = 5.24529 i ) i )
Pbem(57) ¢ =5.05059 ¢ = 5.04366 ¢ =5.02487
V=1319A3 V=1321A3 V=131.1A3
a = 5.40592 a=5.39426 a = 5.40801 a=5.39210 a =5.38258 a=5.36253 a=5.33835
Liy ZrO5— b = 8.96082 b = 8.95555 b =8.91516 b = 8.90292 b = 8.88372 b = 8.86107 b = 8.84196
Monoclinic ¢ =5.39526 ¢ =5.38786 ¢ =5.37413 ¢ =5.36254 ¢ =5.35308 ¢ =5.34153 ¢ =5.32582
C2/¢(15) B =112.37° p=112.083° B=111.929° pB=111.907° B =111710° B=111.601° B =111.535°
V=2417A3 V=2412A3 V=2404A3 Vv=2388A3 Vv=2378A3 V=2359A3 V=2338A3

The change in the degree of structural ordering and crystal lattice perfection are also
evidenced by results of changes in the ceramic density and the crystal structure integral
porosity. The results of changing these values are shown in Figure 4.
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Figure 4. Dynamics of changes in density and porosity of ceramics versus annealing temperature.

The density of ceramics was determined based on changes in structural characteristics,

71'660‘2/?’42 , where Z is

in particular, the crystal lattice volume (Vj) using the formula p =
the number of atoms in a crystal cell and A is the atomic weight of atoms.

The integral porosity, which characterizes the presence of imperfections in the structure
and hollow inclusions in the crystal structure, was determined based on changes in ceramic
density values in comparison with the reference value.

According to the data obtained, a change in the phase composition followed by the
displacement of impurity phases from the structure leads to a growth in the density of
ceramics and a decline in the integral porosity value. The largest reduction in the concen-
tration of hollow inclusions was observed at an annealing temperature of 1000-1100 °C,
which corresponds to the stage of structural ordering of ceramics, after the completion of
the phase formation processes.

Among the most important features of ceramics is their transmittance and absorption
capacities, which characterize the optical properties of ceramics, which depend on their
structural ordering degree and phase composition. Figure 5 presents the findings of
changes in the optical properties of the synthesized ceramics in relation to the annealing
temperature. As is evident from data presented, the synthesized ceramics have a fairly good
transmittance, while a change in the phase composition results in an insignificant decline
in the transmittance, which might be connected with a change in the electron density of
the ceramics as a result of the displacement of impurity phases and the ordering of the
structure. In the case of absorption capacity, it was revealed that a growth in the degree of
structural ordering results in a rise in absorption in the 350-500 nm region, characteristic of
the UV and visible light boundary.

Figure 5c reveals the results of changes in the band gap and refractive index, reflecting
the optical and electronic properties of ceramics. As is evident from the presented data, a
rise in the annealing temperature leading to phase transformations results in a decrease
in the refractive index due to the compaction of ceramics and a decrease in porosity. In
this case, a change in the phase composition leads to an increase in the band gap, which
indicates a change in the electron density of ceramics.

Figure 6 shows the dependences of the cyclic current-voltage characteristics of the
studied ceramics versus the annealing temperature.
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The general view of the loops of current-voltage characteristics for the initial sample
indicates the presence of a large number of oxygen vacancies in the structure, which leads
to broadening of the loop. This behavior of the loops for the initial sample, as well as for the
samples annealed at temperatures of 600-700 °C, is caused by the occurrence of impurity
LiO and ZrO, phases in the structure, the presence of which determines the presence of free
charge carriers, thereby reducing the resistance. A rise in the structural ordering degree and
the displacement of impurity inclusions from the structure leads to growth in the resistance
and restoration of the dielectric nature of the ceramics.

The difficulties of the applied method include the fact that, at annealing temperatures
below 1000 °C, the presence of impurity phases is observed in the structure of ceramics,
which lead to the appearance of additional distortions, as well as the appearance of free
charge carriers, the presence of which determines the high conductivity of ceramics. An
increase in the annealing temperature above 1000 °C leads to the completion of phase
transformations with the displacement of impurity phases from the structure, as well as
the compaction of ceramics and a decrease in porosity.

4. Conclusions

In conclusion, we can summarize the results of the experimental work. During
performed experiments, the dynamics of structural and phase orderings in Li,ZrOs ce-
ramics versus the annealing temperature was established. A two-stage character of phase
transformations was established in relation to the annealing temperature, including the dis-
placement of impurity LiO and ZrO, phases, followed by structure ordering and a decrease
in porosity at temperatures above 900 °C. The general scheme of phase transformations
in ceramics is established depending on the annealing temperature, which can be written
as LiO/ZrO, /LipZrO3 — LiO/Li;ZrO3 — Li;ZrO3. Analysis of the optical properties of
ceramics showed that a change in the phase composition, accompanied by the displacement
of impurity phases, leads to an increase in absorption and a change in the transmission of
ceramics. During analysis of the obtained current-voltage characteristics depending on the
annealing temperature, it was revealed that the formation of the ordered Li,ZrO3 phase in
the structure results in a rise in resistance by three orders of magnitude, which indicates
the dielectric nature of the ceramics.

The practical significance of the work includes the obtained dependencies of phase
formation processes in Li;ZrO3 ceramics, which make it possible to conclude that the use
of the proposed mechanochemical synthesis method with consequential thermal annealing
of samples at temperatures of 1000-1100 °C allows for the obtaining of nanostructured
single-phase ceramics with a high degree of homogeneity of grain sizes and an ordered
crystal structure without impurity inclusions.

Further research within the framework of ongoing work on this topic will be aimed at
studying the radiation resistance of Li»ZrOj ceramics and determining the kinetics of radi-
ation embrittlement and swelling of ceramics in relation to the type of radiation exposure.
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