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Abstract: The article outlines findings from a comparative analysis of the effectiveness of doping
CeO, ceramics with a stabilizing additive Y,O3 on alterations in the strength and thermophysical
parameters of ceramics under high-temperature irradiation with heavy ions comparable in energy
to fission fragments of nuclear fuel, which allows, during high-temperature irradiation, to simulate
radiation damage that is as similar as possible to the fission processes of nuclear fuel. During
the studies, it was found that the addition of a stabilizing additive Y,O3 to the composition of

flr;)eggtf:; CeO; ceramics in the case of high-temperature irradiation causes an increase in stability to swelling
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There is a growing interest in research concerning the advancement of novel forms of
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nuclear fuel, such as dispersed nuclear fuel, which is based on the technology of placing
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The transition to dispersed nuclear fuel will first allow increasing the efficiency of nuclear
fuel burnup without the risk of embrittlement of fuel element materials, which is one of the

key problems in modern nuclear energy, since traditional alloys and steels do not withstand
high-dose loads during long-term operation [4,5]. Also, the use of refractory oxide ceramic
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nuclear industry [6-8]. Solving issues related to increasing the efficiency of nuclear fuel use,
reducing the amount of accumulated radioactive waste in the fuel cycle, and expanding
the possibilities of using plutonium as nuclear fuel are key tasks in nuclear energy for the
coming decades. At the same time, much attention in nuclear energy in recent years has
been directed to examination of the radiation damage mechanisms in materials that are
candidates for use as inert matrices of dispersed nuclear fuel [9,10].

In turn, studying the stability of these materials, as well as the search for increasing
their stability to radiation damage, is the key to expanding new directions in nuclear
energy in the field of electricity production using alternative energy sources. The main
goal of this work is to determine the mechanisms of radiation damage in inert matrices of
dispersed nuclear fuel based on cerium dioxide [11,12], which is considered to be one of
the candidate materials in this direction, as well as to determine the proposed mechanisms
for increasing the resistance of these ceramics against radiation damage during high-
temperature irradiation through the use of stabilizing additives like yttrium oxide (Y,0O3),
the use of which makes it possible to increase the operating efficiency of inert matrices by
reducing the degree of radiation damage under high-dose irradiation [13-15]. As is known,
cerium dioxide (CeO,) is often used in ceramic materials due to its excellent properties
such as high chemical stability, high density, and thermal conductivity. In the context of
nuclear power, these properties make it potentially suitable for use as an inert matrix of
dispersed nuclear fuel, which consists of small particles of nuclear material (for example,
uranium or plutonium oxide) dispersed in an inert matrix [16-18]. This helps to increase
the safety of nuclear fuel, since the matrix helps prevent diffusion of radioactive products
and heat release into the environment. Ceramic inert matrices based on cerium dioxide
can be especially useful in this case, since they are highly resistant to radiation damage
and chemical corrosion, which makes them attractive for use under conditions of extreme
radiation exposure in nuclear reactors, including irradiation with heavy ions akin to fission
fragments [19-22].

2. Materials and Methods

CeO; ceramics doped with Y,O3 at a concentration of 0.15 M were chosen as objects
for study, the selection of which was based on a potential to achieve a well-crystallized
phase [23]. All initial reagents used to obtain microparticles were purchased from Sigma
Aldrich, St. Louis, MO, USA, with a chemical purity of 99.95%. The selected synthesis
method involved solid-phase synthesis coupled with thermal annealing. The reagents
were ground in a specific stoichiometric ratio in a planetary mill using a tungsten carbide
beaker. Grinding took place for 1 h at a speed of 500 rpm, chosen experimentally to ensure
homogeneous structures. Subsequently, the resulting powders underwent annealing in a
mulffle furnace at 1100 °C in an oxygen-containing atmosphere for 8 h, followed by cooling
to room temperature over 24 h with the furnace. The ceramic samples used for irradiation
were prepared as tablets with diameters of 10 mm and a thickness of about 15 um in order
to conduct irradiation experiments in such a way as to achieve the maximum effect of
structural changes in the damaged layer comparable to the thickness of the samples, as
well as to avoid the contribution of a large proportion of the non-irradiated sample to the
determined values of swelling and alterations in strength and thermophysical parameters.

The study of the radiation resistance of CeO, ceramics stabilized with Y,03 was
carried out with Xe?** ions with fluences from 10'* to 10! ion/cm? at temperatures of
500, 700, and 1000 K. The maximum irradiation time at a fluence of 10'* ion/cm? was
about 200 h. Irradiation of the samples was carried out at the heavy ion accelerator DC-
60, located in the Astana branch of the Institute of Nuclear Physics of the Ministry of
Energy of the Republic of Kazakhstan. Irradiation was carried out with Xe??* ions with an
energy of about 230 MeV (1.75 MeV /nucleon). The charge of the ions was controlled by
selecting optimal acceleration parameters (magnetic field strength), based on determining
the type of accelerated ions using mass spectroscopy. Radiation dose monitoring was
carried out using a recording system based on the use of Faraday cups. Using the SRIM Pro
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software code-2013, it was found that the maximum ion path length in the selected ceramic
types was about 13-15 um, and the ionization loss values during the interaction of ions
with electron shells (dE/dXgjectron) Was about 23-23.5 keV /nm, and nuclei (dE/dx,yclear)
was about 1.1-1.2 keV/nm. When calculating the simulation of the values of ionization
losses of binding energy, about 25 eV were chosen for the Ce and Y elements, and about
28 eV for the O element. These values were selected based on tabular data in the SRIM
Pro program. Taking into account the fact that the values of ionization losses are quite
large, and the binding energies in the structure are of the order of 25-28 eV, during the
interaction of incident ions, effects associated with the displacement of atoms from their
positions are possible. The choice of irradiation conditions was determined by the ability
to simulate conditions closely resembling the actual operating conditions of ceramics in the
nuclear reactor core. At the same time, the irradiation fluences were chosen, taking into
account the possibility of simulation of the radiation-induced damage formation processes
in ceramics, both in the case of the formation of single damaged areas that arise when
incident ions pass through the material at low fluences, and when these areas overlap in
the case of high-dose irradiation. For the purpose of possible comparison of the observed
changes caused by irradiation with heavy ions with other types of irradiation (for example,
neutron irradiation), all changes are presented as dependences on the magnitude of atomic
displacements (dpa). The value was calculated according to the method proposed in [22], in
which the authors, using calculated data from the SRIM Pro program code, calculated the
dependence of the change in the magnitude of atomic displacements along the ion motion
trajectory, alongside contingent upon the irradiation fluence. The assessment results are
revealed in Figure 1. To analyze variations in structural, strength, and thermophysical
parameters, the maximum dpa value was used.

_§ 077 [-=— 1x10' ion/cm?

& —e— 1x10"" ion/cm?

S 069 |—a—5x10"" jon/cm?

5 1|+ 1x10"ion/cm? o
3997 5x10"2 ion/cm? rd
g‘ 1x10" ion/cm? [
2% 5x10'® jon/cm? K adi ]
5 —e— 1x10"* ion/cm? ,ﬂ' |
£ 034 \
5 .
S o2 |
2

5

@ 0.1 .
E "
Q t
£ 00 Jissspnmpni ey

0 3 6 9 12 15
lon path length, um

Figure 1. Dependence of changes in the atomic displacement values upon irradiation with heavy
Xe??* ions along the trajectory of ion motion.

High-temperature irradiation of samples was conducted by placing the samples on a
special holder equipped with a thermocouple to control the temperature of the sample, as
well as heating elements, with the help of which the samples are heated before irradiation
and subsequently maintain the selected temperature regime during the entire irradiation.
The process of high-temperature irradiation itself consists of placing the sample on a
holder, evacuating the irradiation chamber, heating the sample to a given temperature,
stabilizing the sample in order to establish a constant temperature, irradiating the sample
under constant heating at a given temperature, and cooling the sample for 15-20 h after
irradiation together with the chamber under vacuum, in order to avoid sudden oxidation
processes when removing heated samples to air. The heating time of the samples depended
on the final temperature to which it was necessary to heat the samples (500, 700, and 1000 K)
and was controlled with the heating rate, which was 20 K/min. The temperature of 500, 700,
or 1000 K was maintained using a heater during the entire irradiation time, which made it
possible to combine the influence of temperature exposure and radiation damage caused
by irradiation on changes in the properties of the samples. Cooling of the samples after
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irradiation was carried out identically for all samples together with the irradiation chamber,
without access to the atmosphere, until the temperature in the chamber reached room
temperature. This procedure was performed to exclude the effects of possible oxidation
processes during the interaction of heated samples with the atmosphere.

Ceramic strength tests were conducted using the indentation method, utilizing a LECO
LM?700 microhardness tester (LECO, Tokyo, Japan). Hardness values were determined
using a Vickers diamond pyramid, applying a load of 1 kN. To ensure measurement
accuracy and assess error margins, tests were performed consecutively, ranging from 15 to
20 consecutive tests, to determine hardness values and the geometry of resultant indenter
prints. Simultaneously, measurements were taken at intervals exceeding 10 microns from
each other to mitigate the influence of cracking and deformation distortions near the prints.

Determination of the degree of softening of ceramic samples depending on the degree
of radiation damage accumulation in the near-surface layer when irradiation conditions
changed was conducted by comparing alterations in the hardness values of ceramics before
and after irradiation, followed by calculating their ratio as a percentage (the percentage of
decrease in hardness during irradiation of the samples).

The determination of thermophysical parameters and their alterations was carried
out applying the method of measuring longitudinal heat flow in the temperature range
of 25-700 °C, based on alterations in which the thermal conductivity coefficient was
determined. These measurements were performed using the KIT-800 device (Teplofon
LLP, Novomoskovsk, Russia). This method is based on measuring changes in the thermal
conductivity values of the material on both sides of the sample using thermocouples, which
make it possible to evaluate heat transfer mechanisms, and, as a result, determine the
kinetics of changes in the thermophysical parameters of the studied ceramics exposed to
irradiation.

Based on the obtained values of changes in the thermal conductivity coefficient de-
pending on variations in irradiation conditions, the values of heat losses were calculated,
reflecting the deterioration of the thermal conductivity properties of ceramics depending
on structural damage and their accumulation with increasing irradiation fluence.

3. Results and Discussion

One crucial criterion regarding the applicability of oxide ceramics as materials for
dispersed nuclear fuel inert matrices is their resistance to high-temperature irradiation,
which is typical for fuel operating conditions in real conditions. In this case, the processes
of accumulation of radiation damage are influenced not only by deformation processes
occurring while incident ions interact with the crystal lattice of the ceramic material, but
also by factors associated with the thermal expansion effect of the crystal lattice, which
are caused by alterations in the thermal vibration amplitude of atoms. The combination of
these changes can lead to a significant change in the kinetics of softening processes and
destructive changes in the properties of ceramics under high-dose irradiation. Also, these
effects should be considered when assessing the applicability of these types of ceramics
and determining their threshold values at which these ceramics are not able to be used in
the future. Also, an important role in changing resistance to external influences during
high-temperature irradiation is played by stabilizing additives, the addition of which is
primarily due to the need to reduce the effects of thermal expansion and destabilization of
the crystal structure under external influences. In this context, to investigate the radiation
damage accumulation mechanisms in ceramics and to assess the impact of a stabilizing
additive on radiation damage resistance under heavy Xe??* ion irradiation, the following
experiments were conducted.

Ceramics samples were irradiated with Xe“~* ions with an energy of 230 MeV and
fluences from 1019 to 10 ion/cm? at temperatures of 500, 700, and 1000 K, the selection of
which was based on the ability to simulate radiation damage processes under conditions
closely resembling the operating conditions of nuclear fuel; the type of ions is due to the
ability to simulate radiation damage akin to the effects of fission fragments from nuclear
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fuel. As ceramic samples, in order to determine the effect of a stabilizing additive on
radiation damage resistance when irradiation conditions change, samples of CeO, and
CeO;, stabilized with 0.15 M Y03 obtained using mechanochemical grinding were selected.
The choice of the concentration of the stabilizing additive was determined by the results
of previous studies presented in [23], according to which the use of this concentration of
0.15 M led to maximum efficiency in increasing the ceramics’ strength properties, alongside
maintaining their strength properties.

Figure 2 demonstrates the results of changes in the hardness of ceramics in the case
of irradiation with heavy Xe??* ions with a variation in the irradiation fluence, as well as
varying the irradiation temperature. The data are presented in the form of a dependence
of hardness on the magnitude of atomic displacements (displacements), reflecting the
degree of accumulation of radiation-induced damage in the near-surface layer. Hardness
measurement data were carried out in the form of serial measurements (at least 10 measure-
ments per sample) covering the entire surface of the ceramics in different places in order to
determine the uniformity of strength changes. Based on the obtained values, measurement
errors and standard deviations were determined.
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Figure 2. Results of alterations in strength characteristics with varying irradiation conditions (temper-
ature and fluence): (a) CeO; ceramics; (b) 0.85 M CeO,-0.15 M Y,03 ceramics. (c) Results of changes
in the hardness of samples of CeO, and 0.85 M CeO,-0.15 M Y03 ceramics, obtained during thermal
annealing, for a time characteristic of the irradiation time with different fluences.

The overall appearance of the provided dependences of hardness value alterations of
ceramic samples depending on variations in irradiation conditions indicates a significant
influence of changes in irradiation temperature on a decline in the hardness of samples,
especially with high-dose irradiation (in the case of displacement values of more than
0.01 dpa). At low irradiation fluences, the change in hardness is practically not observed
for irradiation temperatures of 500 K and 700 K and is more pronounced at temperatures of
1000 K, which indicates a higher rate of degradation of ceramics at elevated temperatures.

It should also be noted that in the case of ceramics with the addition of a stabilizing
additive, changes in hardness are less pronounced, which indicates a positive effect of
the stabilizer on increasing resistance to softening. However, it should also be noted that
in the case of 0.85 M CeO,-0.15 M Y;0O3 ceramics, an increase in irradiation temperature
from 500 K to 700 K has a more pronounced effect on the change in hardness than in
the case of un-doped CeO; ceramics. This difference can be explained by thermal effects
associated with alterations in the structural characteristics of ceramics, alongside variations
in the mobility of point and vacancy defects in the structure of the damaged layer when
irradiation conditions change. In turn, the absence of notable alterations in hardness
at irradiation fluences of 10'°~10'? ion/cm? indicates that softening is most influenced
by the cumulative effect of structural distortions, which manifests itself in the event of
the formation of overlapping defective areas in the damaged layer structure (generally,
similar effects are observed at fluences higher than 10'2 ion/cm?). Changes in hardness
observed at fluences above 10'2 ion/cm? are due to the effects of accumulation of structural
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distortions and deformation stresses arising in the structure of the damaged layer due to
the formation of point and vacancy defects, an increase in the density of which results
in crystal lattice deformation swelling, and, as a consequence, deformation of the entire
damaged layer through the occurrence of additional tensile residual mechanical stresses.
It should also be noted that the most pronounced changes in hardness associated with
the processes of softening and destabilization of strength properties are observed with
irradiation temperature growth. It follows from this that the main effect on the deterioration
of strength properties is exerted by the temperature effect during irradiation. At the same
time, the data presented in Figure 2c, reflecting the change in hardness of samples of
non-irradiated ceramics subjected to thermal annealing at temperatures of 500-1000 K for a
time comparable to the irradiation time, show that the change in hardness is of the order
of 0.1-0.2% for CeO, ceramics and 0.06-0.17 for 0.85 M CeO,-0.15 Y,O3 ceramics after
200 h of thermal annealing (the time corresponding to the maximum irradiation time).
The obtained values of changes in hardness for non-irradiated samples indicate that the
thermal effect on samples without radiation exposure (irradiation with heavy ions) does
not have a significant effect on the softening of ceramics, and also indicates a fairly high
resistance of the selected oxide ceramics to thermal annealing. From this, we can conclude
that irradiation with heavy ions, and, as a consequence, the accumulation of deformation
damage and distortions associated with the interaction of ions with the crystal lattice, is the
main factor influencing the deterioration of the strength properties of ceramics. At the same
time, a more pronounced manifestation of the softening effects (the decrease in hardness)
of samples during irradiation at high temperatures can be explained by the influence of a
combination of factors including thermal broadening of the crystal structure, leading to
more intense damage.

In this case, the explanation for the softening effect can be explained by thermal effects
associated with a variation in the vibration amplitude of crystal lattice atoms during heating,
alongside an increase in their mobility, which, under external deformation influences, leads
to large structural changes, as well as distortions of the crystal lattice. Such effects can be
more pronounced when the effects of overlapping structurally altered defective areas are
achieved, an increase in the concentration of which leads to accelerated destruction of the
damaged layer.

Figure 3 reveals the evaluation results of softening value alteration, reflecting changes in
hardness values with varying irradiation conditions (temperature and irradiation fluence).
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Figure 3. Assessment results of the ceramics’ softening value with varying irradiation conditions
(temperature and fluence): (a) CeO, ceramics; (b) 0.85 M CeO,-0.15 M Y,0O3 ceramics.

The general appearance of the presented dependences of the change in the value of
softening indicates two factors influencing the change in strength characteristics: (1) the
accumulation effect of structurally deformed inclusions in the damaged layer, and (2) the
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temperature effect associated with an increase in the mobility of defects in the structure of
the damaged layer and acceleration of the processes of destruction and disorder. Moreover,
comparing the presented dependences of alterations in softening values and hardness
values for two types of ceramics, CeO, and 0.85 M CeO,—0.15 M Y;03, we can conclude
that the addition of a stabilizing additive leads not only to an increase in hardness in
the initial state, but also a more than 1.5-2-fold softening resistance growth with varying
irradiation conditions (changes in temperature and irradiation fluence).

A general analysis of the presented dependences of changes in the value of soften-
ing (variations in the surface layer hardness and strength) indicates that the most pro-
nounced changes are observed in the event of high-dose irradiation (at fluences more
than 102 jon/cm?), which, as stated above, is characteristic of the formation of overlap
effects of structurally deformed areas during irradiation. In this case, we can conclude
that at low irradiation fluences (1019-10'2 jon/cm?), the isolation of structurally deformed
inclusions in the damaged ceramic layer does not have a notable effect on the variation in
strength properties, both due to its isolation and due to the low concentration of point and
vacancy defects, which, if isolated, cannot form more complex structural defects. When
structurally deformed inclusions come closer together due to an increase in irradiation
density, these defects can begin to interact with each other, which leads to an increase in
structural distortions and deformations in the damaged ceramic layer; additionally, due to
the effect of thermal expansion (occurring with increasing irradiation temperature), these
structural distortions become more pronounced. At the same time, for 0.85 M CeO,-0.15 M
Y03 ceramics, the degree of softening in comparison with CeO, ceramics is significantly
less (more than 1.5-2 times at maximum irradiation fluences), which indicates not only a
higher resistance of ceramics to softening, but also an increase in stability to temperature
effects leading to deformation swelling.

One of the factors responsible for the softening of ceramics is deformation distor-
tion of the crystal lattice, causing an alteration in its volume as a result of the radiation
damage accumulation, and, as a consequence, increases the occurrence of deformation
distortions, of which the processes of partial amorphization can be initiated when at a
high concentration. Strain distortions caused by irradiation, as a rule, are tensile in nature
(tensile deformations), the appearance of which is associated with distortion of the crystal
lattice as a result of the formation of primary knocked-out atoms, the migration of which
leads to penetration into interstices, as well as the formation of additional vacancies. The
assessment of the deformation distortion of the crystal lattice, in the case of a cubic type, is
determined by the change in the parameter of the crystal lattice in comparison with the
initial values, and the nature of the crystal lattice deformation distortion is considered
isotropic in all directions (since the cubic type of crystal lattice is characterized by changes
in one parameter). Moreover, in contrast to changes in strength parameters, which are
most pronounced in the case of high-dose irradiation, deformation distortion of the crystal
lattice can be determined both in the case of low fluences (which are characterized by
the formation of structurally isolated defective inclusions) and in the case of high-dose
irradiation, which leads to the formation of overlapping effects of structurally distorted
defective inclusions. The assessment results of the structural deformation distortions of
the crystal lattice contingent upon the irradiation fluence (the atomic displacement values
arising during irradiation) are presented in Figure 4. Also, Figure 4c presents measurement
data of deformation distortions of unirradiated ceramic samples subjected to thermal an-
nealing for a time characteristic of irradiation with heavy ions with different irradiation
fluences. According to the data obtained, changes in the magnitude of the deformation
distortion of the crystal lattice have a small dependence on the annealing temperature (i.e.,
a slight increase in the deformation of the structure under thermal influence is observed).
At the same time, the value of the crystal lattice deformation as a result of thermal exposure
without irradiation, in comparison with changes caused by irradiation, is less than 0.1%,
which indicates that the main deformation distortions are caused by radiation exposure.



Crystals 2024, 14, 320 8of 16

R = 500K = = W Ce0, 500K @ Cs0, 700K A Gs0, 000K

@& o 700K s = 500K " v 085MCe0, - 0.15MY,0,, 500K

£257] & 1000k 8 ,5]| @ 700K 8 00008 | ¢ 085MCe0,-0.15MY,0, 700K

® K A 1000 K| k- 0.85 M CeO, - 0.15 M Y,0,, 1000 K

= = E]

2204 2 204 0.0007

ES & 20 ¢

S

H 1 2 2

e b < 0.0006

518 5 15 5 %

s s §

S pel £

£ } 5 5 0.0005

210 B 104 17

173 2 3 |

= } } 5 S 000044 4 + *

S = ] LT

S 05 { § o5 ; 5 i i !

5 i % 2 i 2 0.0003

g ; Sool A e ; : ‘ .

Q0o 0‘0 0‘1 0‘2 0‘3 0‘4 0‘5 0‘6 0.0 0.1 0.2 03 04 05 06 0 50 100 150 200

Damage, dpa Time of annealing, hour

Damage, dpa

Figure 4. Results of deformation distortions of the crystal lattice with increasing irradiation fluence
and irradiation temperature: (a) CeO, ceramics; (b) 0.85 M CeO,-0.15 M Y,Oj3 ceramics. (c) Results
of deformation distortion of the crystal structure of CeO, and 0.85 M CeO,—0.15 M Y,Oj3 ceramics,
obtained during thermal annealing for a time characteristic of irradiation time with different fluences.

As is evident from the presented data on changes in the magnitude of deformation
distortions of the crystal lattice for the studied samples of CeO, and 0.85 M CeO,-0.15 M
Y,03 ceramics, the general trend of changes in the value of deformation distortions in-
dicates the occurrence of tensile deformation stresses in the composition of the ceramics,
the concentration of which increases in the damaged layer with increasing irradiation
fluence. Moreover, in the case of CeO, ceramics, these deformation distortions become
most pronounced at fluences above 10'2 ion/cm?, which are characterized by the formation
of areas of overlapping defects in the structure of the damaged layer. For low irradiation
fluences, deformation distortions amount to less than 0.3%, signifying a considerable resis-
tance of CeO, ceramics to low-dose irradiation associated with the formation of isolated
structural changes. Moreover, the change in irradiation conditions associated with varia-
tions in irradiation temperature is most pronounced at a temperature of 1000 K, in which
case the value of deformation distortion at high irradiation fluences is about 1.5-2.5%,
which indicates a strong structural distortion of the crystal lattice, as well as pronounced
deformation swelling. This increase can be explained by the temperature effects of thermal
expansion of the crystal lattice, which is accompanied by a change in the amplitude of
vibrations of atoms in the lattice, which leads to an increase in their mobility and, in the
case of external deformation distortions and additional thermal effects associated with
transformation processes of the transferred kinetic energy of ions into thermal energy, to
additional structural distortions of the crystal structure.

In the case of 0.85 M CeO,-0.15 M Y,0O3 ceramics, the alteration in crystal lattice
deformation distortions is no more than 0.5-0.6% at the maximum irradiation fluence,
which is more than 2-3 times less than for unstabilized CeO, ceramics, which in turn
indicates a high structural resistance to deformation due to the stabilizing additive.

Figure 5 reveals the findings from a comparison of the crystal lattice deformation
distortion values at maximum irradiation fluence for two types of ceramics, which reflects
the effectiveness of increasing the resistance to deformation of the crystalline structure of
ceramics when a stabilizing additive Y,Oj3 is added to them.

As is evident from a comparative analysis of the maximum value of crystal lattice
deformation distortions, a rise in the irradiation temperature from 500 to 1000 K leads to an
increase in the resistance of ceramics with the addition of a stabilizing additive Y,Oj3 to
deformation and disorder [24]. This is expressed in the difference in deformation distortion,
which is more than 2.1 times for irradiation temperatures of 500 K, 2.5 times for irradiation
temperatures of 700 K, and more than 3.4 times for temperatures of 1000 K. It should be
noted that the differences in the maximum crystal lattice deformation distortion value, in
the case of CeO; ceramics when changing irradiation conditions (irradiation temperature),
are much more pronounced than for 0.85 M CeO,-0.15 M Y,0Oj3 ceramics, for which an
increase in irradiation temperature leads to a slight increase in deformation distortions.
This increase in deformation distortions for 0.85 M CeO,-0.15 M Y,O3 ceramics is about
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10-25%, while for CeO, ceramics, this increase is about 30% when the temperature increases
from 500 to 700 K, and more than 120% for a temperature of 1000 K compared to irradiation
at a temperature of 500 K. Based on the obtained data on changes in the value of strain
distortion for two types of ceramics, CeO, and 0.85 M CeO,-0.15 M Y,03, we can conclude
that the addition of a stabilizing additive, Y,Oj3, to the composition of ceramics not only
leads to a reduction in strain distortion by more than 2 times compared to the values for
unstabilized CeO, ceramics, but also leads to an increase in stability to the thermal effects
of disorder, which most clearly manifest themselves at irradiation temperatures of 1000 K.
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Figure 5. Results of a comparative analysis of changes in the deformation distortion of the crystal
lattice at maximum irradiation fluence (dotted lines and lines with arrows indicate the difference in
changes in the crystal lattice deformation distortion value of the samples (numbers above the dotted
lines) in comparison between CeO; and 0.85 M CeO,-0.15 Y,O3 ceramics).

The assessment results of variations in the crystal lattice volume of ceramic samples
under study which are contingent upon variations in irradiation conditions (temperature
and fluence) are presented in Figure 6. The assessment of changes in the swelling value
of ceramics was determined using a comparative analysis of the alteration in the crystal
lattice volume before and after irradiation, which made it possible to determine not only
the swelling value, but also the type of deformation distortion of the crystal structure.
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Figure 6. Results of changes in volumetric swelling of the crystal lattice of ceramics depending
on variations in irradiation conditions (changes in fluence and irradiation temperature): (a) CeO,
ceramics; (b) 0.85 M CeO,-0.15 M Y;O3 ceramics. (c) Results of swelling of samples of CeO, and
0.85 M CeO,-0.15 M Y;,O3 ceramics, obtained during thermal annealing for a time characteristic of
the irradiation time with different fluences.

The general appearance of the presented dependences of crystal lattice swelling, cal-
culated on changes in its volume depending on the atomic displacement value, implies
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deformation distortion of the crystal structure of CeO, ceramics at high irradiation doses.
Moreover, a change in irradiation conditions, i.e., an increase in the irradiation temperature,
results in a sharp increase in the swelling of the crystal structure, which indicates thermal
instability of the crystal lattice, associated both with deformation distortions during irra-
diation and thermal expansion, and an increase in the amplitude of vibrations of atoms
in the crystal lattice. Moreover, in the case of CeO, stabilized ceramics, swelling is more
than 2.5-3 times less, and changes in irradiation temperature do not lead to significant
differences in the swelling values of the crystal structure. At the same time, the data
presented in Figure 6¢ on the change in the amount of swelling of the crystal structure
of non-irradiated ceramic samples during thermal annealing for a time characteristic of
irradiation indicate a small influence, less than 1%, of the thermal effect on the volumetric
change in the crystal lattice in comparison with the initial values.

The very effect of volumetric swelling of the crystal structure, which manifests itself at
high doses of radiation, especially for unstabilized CeO, ceramics irradiated at a tempera-
ture of 1000 K, can be explained as follows [25,26]. In the case of low irradiation fluences,
structurally isolated defective areas do not have significant changes in the volumetric
increase of the crystal lattice, since they are presented in low concentration, and their
sizes are on the order of 5-10 nm in diameter (according to the assessment of the radii of
damaged areas that arise when heavy ions pass through the material) [27,28]. In this case,
the presence of such inclusions in the total volume of the irradiated layer, at low irradiation
fluences, does not have seriously significant changes on the volume of the crystal lattice,
which in turn is characterized by insignificant changes in the amount of swelling. With a
rise in irradiation fluence, and as a consequence, the convergence of structurally isolated
defective areas associated with an increase in their density in the damaged layer, the effect
of overlapping of similar areas occurs, which in turn leads to the formation of more complex
defects, including clusters, dislocation loops, as well as inclusions in the form of amorphous
disordered regions. An increase in the concentration of such radiation-induced damage
leads to an increase in deformation tensile stresses exerting pressure on the crystal lattice,
which subsequently leads to an increase in its volume and the displacement of excess
volume in the form of voids inside the damaged layer and hillock-like formations on the
surface of the ceramic. In this regard, an increase in the concentration of crystal structure
deformation distortions results in the emergence of metastable regions saturated with
deformation stresses, which, under external influences, can lead to destructive destruction
and deterioration of strength properties.

A stabilizing additive in the form of Y,0O3 [24], according to the data obtained, results
in a reduction in the crystal lattice swelling value, and, as shown in Figure 5, to a significant
increase in resistance to swelling and destruction with the accumulation of deformation
distortions. This effect can be explained by the fact that the addition of Y,0O3 leads to partial
replacement of cerium by yttrium ions, which, according to the assessment of structural
parameters, leads to a decrease in its volume and, as a consequence, higher structural order
of the crystal lattice in the initial state, as well as a decrease in the number of vacancy
defects in the composition of ceramics that are filled with yttrium. In this case, deformation
distortions of the crystal structure for stabilized ceramics are less pronounced, and the
temperature effect is less pronounced for high-dose irradiation.

To determine the influence of the factors of the effect of thermal expansion of the
crystal lattice, which occurs during thermal heating of samples, on the change in structural
characteristics and softening of samples as a result of the radiation damage accumulation,
a number of experimental works were carried out. These experimental works consisted
of determining changes in structural parameters (in particular, changes in the volume of
the crystal lattice of the samples) under long-term thermal exposure, the time of which
corresponded to the time of irradiation of the samples when the maximum irradiation flu-
ence was reached (about 200 h). The thermal annealing temperature was chosen according
to the irradiation conditions of the samples. Annealing was carried out in a vacuum in
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order to avoid the effects of oxidation and oxygen diffusion when ceramics interact with
the atmosphere during annealing.

Determination of the coefficient of volumetric thermal expansion (By(T)) due to
prolonged thermal heating at various annealing temperatures for both types of samples
under study was performed using Equation (1) [29]:

1 AV
1% T == AT (1)
pv(T) Vinitial AT

where:

Vinitiq—the crystal lattice volume in the original state before heating;

AV—the crystal lattice volume alteration as a result of thermal expansion when heated to a
certain temperature;

AT—temperature difference during heating.

Figure 7 demonstrates the calculation results of the By (T) value for two types of
ceramics in the initial state after thermal annealing in the range of times characteristic
of irradiation with heavy ions with different irradiation fluences. The choice of sample
heating time is determined by the irradiation time with the maximum irradiation fluence,
during which the samples are exposed to both temperature and irradiation. At the same
time, test experiments, determining the change in the By (T) value depending on time,
comparable to the irradiation times, revealed the absence of any significant alterations in
the value when changing the annealing time. The main changes in the By (T) value are
comparable both after 1 h of annealing and after 200 h (see data in Figure 7a).
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Figure 7. (a) Results of changes in the By(T) value depending on the time of thermal annealing.
(b) Results of evaluation of the of B/ (T) value after thermal annealing for about 200 h at different
temperatures.

As is evident from the presented data on the By (T) value obtained at different anneal-
ing temperatures, for CeO; ceramics, an elevation in the annealing temperature results in a
substantial growth in the coefficient By (T'), the change of which is more than four times
when the temperature increases from 500 K to 1000 K. In the case of stabilized ceramics,
the change in the By (T) value with growing annealing temperature is insignificant, and
is less than 1.5 times when the annealing temperature changes from 500 to 1000 K. At
the same time, a comparative analysis of By (T) data for two ceramics depending on the
annealing temperature indicates a growth in stability to thermal volumetric expansion of
the crystal structure of stabilized ceramics in comparison with CeO, ceramics that do not
contain a stabilizing additive. These values of By (T) indicate a clear influence of thermal
expansion of the crystal lattice on the kinetics of deformation distortions resulting from
irradiation, especially for unstabilized CeO, ceramics, which leads to a significant change
in the concentration of deformation distortions and swelling of the crystal lattice, which is
most pronounced at high irradiation temperatures.
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One of the explanations for the strong softening of ceramics with the radiation damage
accumulation for high-temperature irradiation may be a sharp increase in the deformation
distortion concentration leading to crystal lattice swelling in the damaged layer. Figure 8
presents data from a comparative analysis of alterations in the amount of softening of
the near-surface layer of ceramics (based on the results of variations in the hardness of
irradiated samples) from the amount of structural swelling (the crystal lattice volume
growth). This dependence reflects the influence of structural swelling and associated
deformation processes in the crystal structure, caused by irradiation and the radiation
damage accumulation, on alterations in the strength characteristics of ceramics in the event
of varying irradiation conditions.

149 = 500K
e 700K
i 12]| 4 1000K

o
Softening, %
oo

Swelling, % Swelling, %
(a) (b)

Figure 8. Results of a comparative analysis of variations in the value of softening depending on the
structural swelling of the crystal lattice of ceramics with varying irradiation conditions (changes in
fluence and irradiation temperature): (a) CeO, ceramics; (b) 0.85 M CeO,—-0.15 M Y,0O3 ceramics.

As is evident from the data presented, the general trend of alterations in the softening
degree (hardness) of ceramics has a clear dependence on the volumetric swelling of the
crystal lattice, which is most pronounced for unstabilized CeO, ceramics. At low irra-
diation fluences, which are characterized by the formation of locally isolated structural
distortions, and as a consequence of small variations in the crystal lattice volume, the effect
on the softening of ceramics is weakly expressed. In the case of an increase in irradiation
fluence leading to the accumulation of structurally deformed inclusions in the damaged
layer, and, consequently, the formation of metastable inclusions containing a high con-
centration of deformation distortions, leading to an increase in volumetric swelling, the
change in hardness becomes maximum. Moreover, this effect is most pronounced at high
irradiation temperatures (700 and 1000 K), for which, as was shown above, the influence of
thermal expansion of the crystal lattice because of a rise in the temperature of the sample
is characteristic.

As is known, despite the great prospects for using CeO, ceramics as a basis for creating
dispersed nuclear fuel, in its pure form (without adding stabilizing additives), these types of
ceramics have fairly low thermal conductivity, the increase of which, as a rule, uses various
additives that have higher thermal conductivity and thermal diffusivity. In this regard,
the addition of Y,O3 can affect not only strengthening, but also can be considered one of
the ways to increase the thermophysical parameters of these ceramics. Figure 9 shows
the results of a comparative analysis of changes in the thermal conductivity of ceramics
depending on variations in irradiation conditions (fluence and irradiation temperature);
the general trends of their changes indicate the negative impact of an increase in the
concentration of structural distortions on changes in the thermophysical parameters of
irradiated ceramics.
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Figure 9. Results of changes in the thermal conductivity of ceramics with varying irradiation
conditions (changes in fluence and irradiation temperature): (a) CeO, ceramics; (b) 0.85 M CeO,—
0.15 M Y,O3 ceramics.

Analysis of the obtained changes in the thermal conductivity of CeO, ceramics in
comparison with stabilized ceramics showed an increase in the thermal conductivity
coefficient from 2.74 W/(m X K) to 3.16 W/(m x K), which indicates that when a stabilizing
additive is added to the ceramic composition, there is an increase not only in strength, but
also in the thermophysical characteristics of the studied ceramics. In turn, a rise in the
thermal conductivity of ceramics due to a stabilizing additive can have a positive effect
on maintaining the stability of thermophysical properties during the radiation damage
accumulation.

The general appearance of the presented changes in the thermal conductivity co-
efficient of ceramics depending on the magnitude of atomic displacements (irradiation
fluence) indicates a similar nature of changes in thermophysical properties with changes
in the strength characteristics of irradiated samples. This behavior indicates that both
cases (variations in strength and thermophysical parameters) are due to structural changes
stemming from the radiation damage accumulation in the samples, as well as subsequent
deformation swelling of the crystal structure. In this case, as in the case of changes in
strength and structural characteristics, the decrease in the thermal conductivity coefficient
and, consequently, the increase in heat losses (see data in Figure 10) during measurements
in irradiated samples is higher for unstabilized CeO, ceramics.
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Figure 10. Results of heat losses in ceramics with varying irradiation conditions (changes in fluence
and irradiation temperature): (a) CeO, ceramics; (b) 0.85 M CeO,-0.15 M Y,O3 ceramics.
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In the case of unstabilized CeO, ceramics, an elevation in the irradiation temperature
from 700 to 1000 K leads to a sharp increase in thermal losses and a decrease in thermal
conductivity at high irradiation fluences (above 10'® ion/cm?), which is due to the effects
of disordering and swelling of the crystal lattice [14,16,30]. The decrease in thermal conduc-
tivity for irradiated samples due to their dielectric nature is due to the creation of barrier
obstacles in the path of phonons, which are the main heat carriers in ceramics. Here, an
elevation in the concentration of defects in the damaged layer results in the appearance of
additional scattering centers, which reduces the phonon velocity, and thereby reduces the
thermal conductivity.

At the same time, for CeO,-stabilized ceramics, the decrease in thermal conductivity,
even in cases of high-dose irradiation, is 1.5-2 times less than for unstabilized CeO,
ceramics, which indicates the positive effect of the stabilizing additive on maintaining
the stability of thermophysical parameters. Comparison of these changes in heat losses
with the data of changes in strength parameters indicates that the use of the stabilizing
additive Y,0O3 has a positive effect on both increasing the resistance to destruction of
strength properties and also maintaining the stability of the thermophysical characteristics
of ceramics.

4. Conclusions

In the course of the conducted studies on the effect of irradiation conditions (changes
in fluence and irradiation temperature), it was found that the addition of 0.15 M Y,Oj3 to the
CeO; ceramics’ composition results in an enhancement of resistance to softening under high-
temperature irradiation, which is due to a decrease in the volumetric thermal expansion
coefficient in 0.85 M CeO,—-0.15 M Y,0O3 ceramics, and, as a consequence, a decrease in
the influence of thermal effects on structural disorder at high irradiation temperatures,
which are most pronounced in the case of irradiation of ceramics at temperatures of 1000 K.
Analysis of structural alterations associated with crystal lattice deformation distortion and
swelling showed that the addition of a stabilizing additive not only leads to a decrease
in deformation distortion by 2-3 times compared to unstabilized CeO, ceramics, but also
increases the stability of the crystal structure to high-temperature irradiation by reducing
the effect of thermal expansion of the crystal lattice.

Analyzing the data obtained, it was determined that the use of Y,0Os-stabilizing addi-
tives to modify CeO; ceramics in order to enhance their resistance to external influences,
including radiation damage, is one of the promising ways to increase the radiation resis-
tance of these types of ceramics, which has great potential for use as materials for inert
matrices of dispersed nuclear fuel.

The established dependences of the effect of the Y,O3 dopant on resistance to radiation-
induced structural disorder associated with thermal and radiation effects of crystal lattice
expansion can be used in the future as one of the criteria for the possibility of using
stabilizing additives in order to increase resistance to radiation damage during high-
temperature irradiation, comparable to actual operating conditions in high temperature
operating mode.
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