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Abstract: Composite oxide ceramics CeZrO4—YZrOj3 obtained by mechanochemical synthesis were
chosen as objects of study. The most dangerous type of radiation defect in structural materials is
associated with helium accumulation in the structure of the near-surface layer. This can lead to the
destruction and swelling of the material, resulting in a decrease in its strength and thermal characteris-
tics. During the studies, it was found that the most significant structural changes (deformation of the
crystal lattice, the magnitude of microdistortions of the crystal lattice) are observed with irradiation
fluence above 5x10° ion/cm?, while the nature of the changes is exponential. X-ray diffraction
analysis found that the nature of the crystal structure deformation has a pronounced type of stretching
due to the accumulation of implanted helium and its subsequent agglomeration. A comparative
analysis with data on microdistortions of the crystal lattice and the values of microhardness and soft-
ening of ZrO, and CeO, showed that two-phase ceramics of the cubic type CeZrO4-YZrO3 are more
resistant to radiation-induced degradation than single-phase ZrO, and CeO,. Results of strength
and thermophysical characteristics showed that the presence of two phases increases resistance to
destruction and disorder, leading to a decrease in strength and thermal conductivity.

Keywords: inert matrices of nuclear fuel; composite ceramics; zirconium dioxide; radiation defects;
structural disorder

1. Introduction

Over the past few years, the nuclear power industry has been actively considering
the possibility of switching from traditional nuclear fuel based on uranium dioxide to
dispersed nuclear fuel, in which plutonium (usually weapons-grade) is placed in an inert
matrix, serving mainly as an absorber of fission fragments, as well as products of nuclear
reactions during the interaction of fissile fuel with neutrons acts as the primary fissile
material [1-3]. Interest in this type of fuel cells or fuel assemblies is primarily due to the
possibility of using stocks of weapons-grade plutonium for peaceful energy production
and reducing the concentration of fission products and nuclear waste in the production of
electricity [4,5]. At the same time, the use of such a type of fuel makes it possible to expand
the potential of using nuclear fuel by increasing the burnup efficiency and the operating
temperature of the core, as well as increasing the service life of fuel elements, which are
due to their radiation damage accumulation resistance [6,7].

One of the key problems in the nuclear power industry when using various types
of structural materials, both traditional and new types based on high-temperature oxide,
nitride or carbide ceramics, is the problem of gas swelling, which can arise under the
radiation impact of both uranium fission fragments or neutron irradiation and the nuclear
reactions caused by them, and during interactions with coolants [8-10]. As a rule, gas
swelling processes are long-term processes accompanied by a long-term accumulation of
radiation damage or implanted helium, xenon, or krypton ions, followed by the formation
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and filling of cavities or pores, forming gas-filled bubbles [11-13]. With an increase in the
concentration of gases in the bubbles, an increase in the internal pressure occurs, which in
turn leads to expansion and an increase in the volume of the bubble; due to the achievement
of critical pressure, their rupture occurs, accompanied by the destruction of the surface
layer and the destruction of the material [14,15]. At the same time, in most cases, this
problem is acute for materials in which helium accumulates, which have high mobility
and the ability to agglomerate, as well as concentrate in a small surface layer (no more
than 1-2 microns), can seriously disrupt the stability of the material, as well as to reduce
its thermophysical parameters [16,17]. Unlike metals, for which the processes of helium
swelling are well studied, in ceramic materials, due to their structural features, as well as
the high resistance of the crystal lattice to external influences, the processes of degradation
during the accumulation of helium and the consequences caused by its evolution have not
been fully studied. However, these materials have excellent prospects for use in nuclear
energy of the new generation [18,19].

At the same time, in the last few years, the use of composite oxide ceramics as a basis
for inert matrix materials, which have higher strength and stability indicators than simple
oxides, has been actively studied [20-22]. One of such promising materials is ceramics,
which contains compounds of zirconium dioxide, cerium and yttrium, the combination of
which gives ceramics high stability and thermal conductivity compared to pure zirconium
dioxide, which is one of the candidate materials for nuclear power, and cerium and yttrium
elements serve in this composite as protectors that increase the strength of ceramics [23-25].

To date, a fairly large number of works are devoted to studying the radiation resistance
of oxide ceramics intended for use as materials for inert matrices of nuclear fuel [26-28].
Interest in this topic consists in the fact that, unlike metals, the processes of radiation
damage and their accumulation in dielectric ceramics are currently poorly understood, and
there is currently no general theory that describes the mechanisms and kinetics of radiation
damage. For example, several works [29,30] showed that the processes of radiation damage
in ZrO, ceramics could lead to the initialization of polymorphic transformation processes,
which are accompanied by a decrease in strength and thermal characteristics. At the same
time, one of the ways to combat these processes is the stabilization of zirconium ceramics
with yttrium or cerium, the addition of which leads to an increase in resistance to radiation
damage [31-33]. In addition, several works [34-36] devoted to studying the radiation
resistance of CeO, ceramics have shown rather excellent prospects for these materials when
used as a basis for creating dispersed nuclear fuel. However, despite the sufficient amount
of experimental work in this area, many issues still need to be addressed. One of these
issues is assessing the resistance of double ceramics of the CeZrO4—YZrO; type to radiation
damage processes and changes in their thermophysical and strength properties. Interest in
these types of ceramics, as well as the study of their radiation damage resistance, is due
to the prospects for their use as a basis for inert matrices of dispersed nuclear fuel and
structural materials for nuclear reactors. At the same time, the interest in the study of the
radiation damage mechanisms associated with the implanted helium accumulation in the
surface layer is due to the possibility of obtaining new data on the kinetics of radiation
defects and their evolution in oxide ceramics. There is also interest relating to testing the
hypotheses about the phase composition effect—in particular, the presence of two phases
on the resistance to radiation destruction and deterioration of the properties of ceramics.

2. Materials and Methods

The synthesis of CeZrO4—YZrO; ceramics was carried out by solid-phase mechanochemical
synthesis. The planetary mill, Pulverisette 6 classic line (Fritsch, Berlin, Germany), was
used for grinding. To obtain the CeZrO4—YZrO3 ceramics, we used initial powders of ZrO,,
CeO;, and Y03 oxides at a concentration of ZrO,:CeO,:Y,03 equal to 0.45:0.45:0.10 mol.
All powders were purchased from Sigma Aldrich (Sigma Aldrich, Burlington, MA, USA),
and the chemical purity of the powders was 99.95%. After grinding, the samples were
pressed into tablets 0.05 mm thick and 8 mm in diameter for further studies related to
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irradiation and measurement of material properties. After grinding the initial mixtures at a
grinding speed of 400 rpm for 1 h, the resulting mixtures were annealed at a temperature
of 1500 °C for 5 h, followed by cooling with the furnace for 24 h. X-ray phase analysis on
samples after thermal annealing was carried out to determine the phase formation and to
establish the structural parameters. In addition, for verification, an X-ray phase analysis of
the samples after mechanochemical milling was performed. It showed that the samples are
a mixture of two phases of ZrO, and CeO, with a highly disordered structure associated
with milling processes. Thus, it was determined that the main phase formation processes
occur as a result of the thermal annealing of the samples.

To simulate the processes of radiation-induced degradation as a result of the accumula-
tion of implanted helium in the near-surface layer with subsequent destruction and swelling,
the Irradiation of samples was implemented on a DC-60 heavy ion accelerator (Institute
of Nuclear Physics, Astana, Kazakhstan). Low-energy helium ions (He?") with an energy
of 40 keV were chosen for irradiation. Irradiation fluences were 104-5 x 107 ion/cm?;
particle flux density was 10° ion/cm? xs. Under the chosen irradiation conditions and the
flux of particles, the effect of local overheating of the near-surface layer does not occur
during irradiation. According to the calculated data of He?* particles in the selected ma-
terials for irradiation, the maximum path length was 200-250 nm, and the energy losses
were dE/dxXpyclear = 7 keV/pum, dE/dXelectron = 157 keV/pum. According to the estimate of
energy losses, the main contribution to changes in the properties of materials during the
interaction of incident particles with the crystal structure is made by electronic interactions
over most of the path length.

Figure 1 shows the calculated values of the concentration of implanted helium along
the trajectory of incident ions in the ceramic material and the values of atomic displacements
(dpa) that characterize the degree of radiation damage in the material. These results were
built based on calculations performed in the SRIM Pro 2013 program code, using the
Kinchin-Pease model, considering cascade effects that can occur during the interaction of
incident ions with the target substance. The threshold displacement energy (E;) equal to
28 eV, 28 eV, and 33 eV for O, Ce, and Zr, respectively, was used for calculations.
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Figure 1. Calculation results for the dependences of (a) the concentration of implanted He?* and
(b) atomic displacements along the trajectory of incident particles for various irradiation fluences.

The general form of the dependences presented indicates that the most significant
radiation damage degree accumulates at a depth of 150-250 nm, and for maximum radi-
ation fluences, the displacement value is 30-60 dpa, which is typical for serious doses of
accumulated radiation damage in the near-surface layer, which can lead to destruction
and disorder of the structure. According to the literature data of previous studies [37-39],
the processes of destruction of the near-surface layer associated with the accumulation of
implanted helium with the subsequent formation of helium bubbles, as a rule, are observed
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at fluences above 5 x 101-10'7 jons/cm?. At the same time, in most cases, critical doses
leading to destruction and embrittlement are considered to be 3 x 10'7-10' ions/cm?. In
the work of Egeland, G. W. et al. [40], a method for calculating the values of atomic dis-
placements and the concentration of implanted helium in the near-surface layer of ceramics
is given, which was used to calculate and build the dependencies shown in Figure 1.

As a rule, the value of atomic displacements (dpa) is used for a comparative analysis of
various types of irradiation with neutron irradiation and characterizes the general trend of
changes in radiation damage in the material. The presented data of dpa values in Figure 1
reflect the accumulation of radiation damage in the near-surface layer depending on the
irradiation fluence, which can be compared with neutron exposure if necessary.

The study of the irradiation effect on the change in the structural features of the
synthesized ceramics, as well as the determination of the nature of deformation distortions
in the damaged layer, was carried out using the X-ray diffraction method, which was
implemented on a D8 Advance ECO powder diffractometer (Bruker, Berlin, Germany).
X-ray diffraction patterns were taken in the Bragg-Brentano geometry in the angular range
20 =25-85°. DiffracEVA v.4.2 software was used to interpret the obtained diffractograms.
X-ray diffraction patterns were taken on samples pressed into pellets 0.05 mm thick and
8 mm in diameter. In this case, the conditions for recording X-ray diffraction patterns
(current strength and voltage) were selected so that the diffraction patterns reflected changes
in the damaged layer. In addition, the main changes were assessed by a comparative
analysis of samples before and after irradiation, which made it possible to obtain data on
changes in structural and thermophysical parameters due to the accumulation of radiation
damage during irradiation.

The strength properties, particularly the microhardness of the near-surface layer and
crack resistance, were determined using methods of indentation and single compression
of samples.

The determination of thermophysical parameters, thermal conductivity coefficient
and heat losses were carried out using the KIT-800 device by changing the longitudinal
heat flow in the temperature range from 100 to 80 °C. Thermophysical parameters (thermal
conductivity and heat loss) were measured on samples pressed into tablets, 0.05 mm thick
and 8 mm in diameter. The measurements were carried out on the same samples before
and after irradiation.

3. Results

Figure 2 shows the X-ray diffraction results, reflecting changes in the structural charac-
teristics of the studied ceramic samples depending on the fluence of irradiation with He?*
ions. For an example against which the changes caused by irradiation were compared, the
X-ray diffraction pattern of the samples in the initial non-irradiated state is given. Accord-
ing to the analysis of the obtained diffraction pattern, the studied samples are a compound
of two CeZrOy4 and YZrOj3 cubic phases, the main diffraction lines of which are quite close
to each other. The phases were determined using the decomposition of diffraction patterns
by the Rietveld method, followed by refinement of the structural parameters.

According to the data presented, when the irradiation conditions change, in particular,
an increase in the irradiation fluence, the main changes caused by irradiation are a change
in the shape of diffraction reflections, as well as their shift and change in intensity, which
indicates the deformation nature of distortions and their cumulative effect with fluence
increase. In turn, the nature of the change in the position of the lines and the change in
intensity indicates the formation of tensile deformation stresses in the structure, leading to
a shift in the position of the maxima to the region of small angles. At the same time, the
nature of this displacement has a pronounced dependence on the irradiation fluence and
the accumulated dose of atomic displacements.
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Figure 2. X-ray diffraction patterns of the studied samples depending on the irradiation fluence (the
highlighted area reflects changes in the position and shape of the diffraction reflection at 26 = 29-30°).

At the same time, it should be noted that the formation of new reflections in all
presented X-ray diffraction patterns was not established, which indicates the absence of
processes of initialization of polymorphic transformations and phase transformations in
the structure of ceramics under the action of irradiation in the entire range of radiation
doses and accumulated radiation damage. The absence of such changes indicates an
increased resistance of the synthesized ceramics to changes characteristic of ceramics
based on zirconium dioxide [29,30] associated with polymorphic transformations of the
t-ZrOy — c-ZrO; type.

At low irradiation fluences of 10'4-10'® ion/cm?, the main changes in diffraction
reflections (according to the detailed representation of the change in the shape and position
of the diffraction reflection at 20 = 29-30°) are associated with a slight decrease in the
intensity of reflections, and at a fluence above 10'° ion/cm?, a small shift to the region
of small angles, which indicates the initialization of the radiation damage accumulation
stage and its deformation effect on crystal structure distortions. In this case, small changes
in the intensity of diffraction reflections are characteristic of the formation of structurally
disordered regions in the damaged layer, the formation of which is associated with an
increase in the implanted helium concentration and the atomic displacements caused by it.

With an increase in the irradiation fluence above 10¢ ion/cm?2, which is characterized
by a sharp increase in the value of atomic displacements, the change in the intensity
and shape of diffraction reflections become more pronounced and are characterized by
a sharp decrease in intensity by more than 1.5-2 times in comparison with the initial
values, as well as a large shift to the region of small angles, which is characteristic of an
increase in the tensile strain contribution. Such a substantial deviation from the initial
position of diffraction reflections indicates that when radiation damage accumulates in the
structure, many deformation distortions are formed. These deformation distortions can be
associated with the knocking out of atoms from the lattice sites and with the agglomeration
of implanted helium. This leads to the formation of gas-filled cavities, followed by extrusion
to the surface.

The dynamics of changes in the crystal lattice deformation and an increase in its vol-
ume as a result of swelling are shown in Figure 3a, which reflects the structural distortion
degree during the radiation damage accumulation. The data are presented depending on
the magnitude of atomic displacements calculated based on the simulation results. As can
be seen from the data presented, with an increase in the irradiation fluence, as a conse-
quence, the value of atomic displacements and structural distortions grow exponentially.
According to the data obtained from the analysis of changes in structural parameters,
the deformation distortion degree changes insignificantly with an increase in the value
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of atomic displacements at high fluences. This behavior may be due to the effect of the
accumulation of structural distortions with increasing fluence. The effect is because, at
high fluences, the structure is distorted to such an extent that its further deformation can
be hindered due to distortions that prevent their further propagation.
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Figure 3. (a) Evaluation results of the crystal lattice deformation and swelling; (b) results of changes
in microstresses and textural orientation as a function of the dose of atomic displacements.

In the case of a change in the swelling value at high irradiation fluences, the swelling
value increases more than the value of structural distortions. The difference can be ex-
plained by the fact that, at high irradiation fluences, the implanted helium begins to heat
up in the structure and subsequently agglomerate. This is followed by an increase in the
structure volume due to the filling of cavities with helium, which are formed due to crystal
structure distortions and the displacement of atoms. Thus, it can be concluded that at flu-
ences above 10! ion/cm?, the main contribution to the destruction of the near-surface layer
is made by the effects associated with swelling due to the implanted helium accumulation
and subsequent agglomeration.

Figure 3b shows the results of the changes in the value of microstresses and texture
orientation of the studied ceramic samples depending on the value of the accumulated dose
of atomic displacements. The value of microstresses was calculated based on changes in
the interplanar distance displacement value, for the main observed diffraction reflections,
reflecting the nature of the volumetric distortion of the structure. The textural orientation
degree was estimated by comparing the intensities of reflections before and after irradia-
tion depending on the accumulated irradiation dose and reflecting the misorientation of
crystallites in the material under external influences.

As can be seen from the data presented, the value of changes in microdistortions, as in
the case of crystal lattice deformation, has a saturation effect, which was previously reported
in several works [41,42] related to the description of radiation damage in ceramics and
metals. This behavior can be because with an increase in the value of atomic displacements,
the formation of cluster defects reported in [30] occurs, and deformation distortions of the
structure, which do not give further acceleration and migration of displaced atoms due to
their clustering.

During analysis of the texture misorientation depending on the radiation fluence and
the value of atomic displacements, it is evident that at small displacements, misorientation
is practically not observed (its value is less than 3%). However, if the displacement value is
more than 1 dpa, the texture is misoriented, and at large displacements, there is a complete
misorientation and the absence of a preferred texture direction.

One of the important indicators of the applicability of inert matrix materials under
prolonged exposure to radiation is their destruction resistance and the preservation of



Materials 2023, 16, 198

7 of 12
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strength characteristics, including hardness and crack resistance. A change in the strength
properties of ceramics due to irradiation and the subsequent accumulation of radiation
damage can lead to embrittlement of the material of the inert matrix, leading to the desta-
bilization of nuclear fuel. According to the main requirement for dispersed nuclear fuel
concerning the preservation of long-term stability of the inert matrix strength, as a result of
the radiation damage accumulation, it is necessary that the fissile material of the nuclear
fuel is constantly surrounded by an inert matrix capable of absorbing fission fragments and
products of nuclear reactions. While the volume of the inert matrix material, which retains
its performance close to the initial values, must significantly exceed the thickness of the
damaged layer.

Figure 4a shows the changes in the microhardness of the studied samples depending
on the dose of accumulated atomic displacements during irradiation of a near-surface layer
200-300 nm thick. As can be seen from the data presented, the greatest changes in hardness
occur when the value of atomic displacements changes in the range from 0.01 to 10 dpa, for
which a significant decrease in hardness values is observed, which is more than 20% of the
initial value. This behavior of changes in the hardness of the near-surface layer can be due
to the accumulation of structural distortions and deformations.

Stage of structural
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Figure 4. (a) Results of changes in the microhardness value depending on the value of atomic
displacements; (b) results of the near-surface layer softening depending on the swelling degree.

The increase in these contributes to the formation of highly distorted metastable
regions in the near-surface layer structure, resulting in its softening and destabilization.
At the same time, an assessment of the dependence of the softening degree on swelling
(see Figure 4b) showed that at small values of atomic displacements, characterized by the
radiation damage accumulation in the form of point defects and interstitial atoms, as well as
their accumulation in the near-surface layer, leads to a sharp decrease in hardening, while
for the stage with a characteristic dominance of the effect of swelling due to the formation
of gas-filled regions, the change in strength properties is less pronounced (ASD = 12% for
the range of swelling 3-7%, while for the range of swelling <3% ASD = 20%). The effect of
self-hardening can explain this difference as a result of the formation of highly distorted or
amorphous-like inclusions in the damaged layer structure, the presence of which leads to a
slight increase in the resistance of the damaged material to external influences. Furthermore,
one of the explanations for this effect may be that with an increase in the implanted helium
concentration at radiation fluences above 1017 ion/cm?, the effects associated with the
formation of gas-filled bubbles and subsequent swelling begin to dominate in structural
changes in the near-surface damaged layer, which partially reduces the concentration of
deformation inclusions due to their suppression by the formed gas-filled bubbles.
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Figure 5 shows the results of the determination of the crack resistance during a single
compression of samples exposed to irradiation. According to the data obtained, the crack
resistance is preserved at small atomic displacements, which are characterized by the domi-
nance of the formation of point defects and their accumulation. In the case when swelling
processes begin to dominate in the structure, crack resistance is significantly reduced, which
may be due to processes associated with the formation of gas-filled bubbles, leading to
accelerated propagation of microcracks with an increase in the volume of filled cavities,
thereby increasing the degree of stress and increasing the likelihood of embrittlement or
cracking under external influences.
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Figure 5. Results of changes in crack resistance depending on the value of atomic displacements.

Figure 6 shows the data on changes in the values of the thermophysical parameters of
the ceramics under study depending on the accumulated value of atomic displacements in
the near-surface layer, which reflects the deterioration of the thermal conductivity of the
ceramics. The effect of reduction in the thermal conductivity decrease and an increase in
heat losses at high fluences and atomic displacements was also established in [43,44] when
the ceramic materials were irradiated with neutron radiation.
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Figure 6. Results of changes in thermophysical properties depending on the accumulated atomic
displacements.
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As is known, due to low electron density and dielectric nature in ceramics, the main
mechanisms of heat transfer are due to phonons. In this case, the phonon relaxation time in
the case of a change in the concentration of point defects is proportional to the concentration
of defects in the structure associated with the formation of vacancies, as well as a change in
the volume of the crystal lattice. In the case of the formation of defects of a more complex
configuration in the form of dislocation loops or clusters, the phonon relaxation time is
proportional to the density of dislocation loops, which makes the processes of heat transfer
with the help of phonons strongly dependent on the concentration and types of defects in
the structure of the damaged material. In view of this, the change in thermal conductivity
has a strongly pronounced dependence on the dominance of types of defects during their
accumulation and subsequent evolution. Therefore, when an increase in vacancy and point
defects dominates in the structure of the damaged layer, the processes of heat transfer due
to phonons are greatly hindered. This leads to a sharp deterioration in thermal conductivity
and an increase in the value of heat losses in the damaged layer. It can result in overheated
regions in the structure of dispersed fuel near the interface between the fissile material
and the damaged layer of the inert matrix. However, in the case when the gas swelling
processes begin to dominate in the structural degradation of the near-surface layer, as well
as the formation of more complex defective inclusions in the form of dislocation loops or
regions of disorder, the decrease in thermal conductivity is much lower with an increase in
the accumulated dose of atomic displacements.

Figure 7 presents the results of a comparative analysis of changes in the strength and
thermophysical parameters of the synthesized ceramics subjected to irradiation with the
results of similar experiments on samples of single-phase ceramics based on ZrO,, CeO,
subjected to irradiation with low-energy He?* ions at a fluence of 5 x 107 ion/cm?.
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Figure 7. Comparative analysis of thermophysical parameters of various types of ceramics after irradiation.

As can be seen from the data presented, a change in the composition of ceramics from
single-phase ZrO, or CeO, to two-phase CeZrO,—~YZrOj3 leads to an increase in thermal
conductivity from 2.02-2.75 W/mxK to 3.2 W/m XK, which indicates an improvement in
thermophysical parameters due to a change in the phase composition of ceramics. At the
same time, as can be seen from evaluation results of the change in the thermal conductivity
coefficient for the samples under study after irradiation, the maximum decrease of more
than 60% was observed for ZrO,, for which, as is known from several works [29,30],
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processes of polymorphic transformations of the t-ZrO, — ¢-ZrO, type are observed
during irradiation, which are accompanied by a change in thermophysical and strength
parameters. At the same time, comparing the results of changes in the thermal conductivity
of ZrO, and CeZrO4—YZrO3 samples, it was found that in the case of CeZrO;~YZrO;
ceramics, the presence of two-phase leads to a threefold increase in resistance to a decrease
in thermophysical parameters, which indicates excellent prospects for the use of these types
of ceramics as inert matrix materials.

4. Conclusions

This work is devoted to the study of the resistance of CeZrO4—YZrOj3 ceramics to
irradiation with He?* ions in the dose range of 1014-5 x 107 ion/cm?, the characteristic con-
centration of atomic displacements from 0.01 to 60 dpa and the concentration of implanted
ions at the maximum penetration depth of more than 25%, according to the calculated data.
To characterize the data obtained, the methods of X-ray diffraction analysis, indentation
and single compression, and the determination of the thermal conductivity coefficient, were
used. During the analysis of the structural parameters and their changes depending on the
irradiation fluence, it was found that the main structural damage mechanisms at low atomic
displacements are the formation of point defects and deformational distortion of the crystal
lattice by the stretching mechanism, while at high atomic displacements, the dominant
structural damage mechanisms are associated with the accumulation of implanted helium
and subsequent swelling. It was established that when swelling processes dominate in the
damaged layer structure at high irradiation fluences, the degree of change in softening and
deterioration of thermophysical parameters is much lower than in the case of dominance
of the formation of vacancy and point defects at low irradiation fluences.
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