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Abstract: In this work, the effect of irradiation with heavy Kr15+ and Xe22+ ions on the change in the
structural and strength properties of CeO2 microstructural ceramics, which is one of the candidates
for inert matrix materials for dispersed nuclear fuel, is considered. Irradiation with heavy Kr15+ and
Xe22+ ions was chosen to determine the possibility of simulation of radiation damage comparable to
the action of fission fragments, as well as neutron radiation, considering damage accumulation at a
given depth of the near-surface layer. During the research, it was found that the main changes in
the structural properties with an increase in the irradiation fluence are associated with the crystal
lattice deformation distortions and the consequent radiation damage accumulation in the surface
layer, and its swelling. Evaluation of the effect of gaseous swelling caused by the radiation damage
accumulation showed that a variation in the ion type during irradiation results in a growth in the
value of swelling and destruction of the near-surface layer with the accumulation of deformation
distortions. Results of the strength variation demonstrated that the most intense decrease in the
near-surface layer hardness is observed when the fluence reaches more than 1013–1014 ion/cm2,
which is typical for the effect of overlapping radiation damage in the material.

Keywords: radiation defects; swelling; heavy ions; fission fragments; inert matrix materials

1. Introduction

Interest in the study of radiation damage in nuclear structural materials is associated
with the possibility to study kinetics of changes in structural, strength, and thermophysical
parameters in near-surface layers, and to establish the dose dependences of the degradation
of material properties [1,2]. First, these studies are aimed at establishing the relationship
between changes in the properties of materials and the dose (fluence) of radiation, as well
as the type of ionizing radiation and its energy [3,4]. These studies provide a large amount
of experimental data on the properties of nuclear materials, the totality of which further
allows us to assess how applicable these materials are in the declared field of nuclear
energy, as well as their criteria for resistance to external influences [5,6]. Second, a number
of experimental works have shown the kinetics of changes in the structural characteristics of
radiation-resistant materials under the influence of heavy ions in real time. The authors of
a number of works [7,8] managed to establish changes in the properties of materials caused
by the formation of radiation-induced damage, as well as the thermal effects associated
with them. These experiments make it possible to estimate the time frame for the formation
of radiation damage and to establish their evolution in the damaged material layer [7,8].
Third, the study of radiation damage in new types of nuclear materials, in particular oxide,
nitride, and carbide ceramics, makes it possible to obtain new data on the properties of
these materials, which have become increasingly interesting in recent years [9–11]. At
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the same time, interest in inert matrices is not only due to their high mechanical and
thermophysical parameters, but also to the variety of ways to obtain them. The most
common method for obtaining various composite ceramics based on binary or ternary
compounds is the method of mechanochemical solid-phase synthesis, the use of which
makes it possible to vary the phase composition, as well as the size of the obtained grains
by changing the grinding conditions and subsequent thermal annealing [12]. Another
common production method is thermal or plasma spraying, however, in this case, there are
a number of limitations related to the size of the grains obtained, as well as the control of
structural characteristics, etc. [13]. Moreover, sometimes the sol-gel method is used as a
method for obtaining ceramics, which includes chemical reactions with the formation of
colloidal solutions, which are subsequently subjected to heat treatment and sintering of
samples [14].

Among the studies aimed at establishing the resistance of nuclear structural materi-
als to radiation damage, a special role is occupied by experiments aimed at the study of
the processes of radiation-induced changes in dispersed nuclear fuel materials [15,16]. In-
terest in this class of materials is primarily owing to the possibility of creating alternative
types of nuclear fuel, the concept of which is to increase the degree of burnup of nuclear
fuel, as well as the possibility of improving operating conditions with the transition to
high-temperature nuclear reactors [17,18]. The use of inert matrices of dispersed nuclear
fuel as an alternative type to traditional fuel elements will increase the percentage of
fissile material burnup, as well as switch to the use of plutonium as the basis for fissile
material, the use of which will reduce the amount of nuclear waste generated [19–21]. In
this regard, the study of the processes of radiation-induced damage in inert matrices,
by modeling radiation damage comparable to fission fragments of fissile nuclear fuel,
will allow us to assess the prospects for using ceramics as the basis of dispersed nuclear
fuel. Among the variety and many different options and types of ceramic materials,
cerium dioxide should be singled out [22,23], which has rather great prospects for using
dispersed nuclear fuel as inert matrices due to its physical and chemical properties
(absence of polymorphic transformations), high strength and hardness (240–400 HV),
high melting point (2400–2600 ◦C), good thermal conductivity (0.3–5 W m−1 K−1), as
well as chemical inertness to most acids and alkalis. Moreover, high resistance to thermal
effects makes cerium dioxide-based ceramics one of the promising materials as inert
matrices for dispersed nuclear fuel, as well as as a basis for dielectric or insulating
composites [24–26].

The key aim of this study is to investigate mechanisms of accumulation of radia-
tion damage and associated deformation distortions in the near-surface layer, leading to
softening and destruction of the ceramic material when it comes to high-dose irradiation
with heavy Kr15+ and Xe22+ ions. Interest in these studies is mainly on account of the
opportunity to simulate processes associated with the radiation damage accumulation
in promising nuclear materials, and to study the consequences of the accumulation of
radiation-induced structural changes in the near-surface layer, which is most susceptible
to external influences, mechanical pressure, and aggressive media during operation. At
the same time, experiments related to irradiation with heavy Kr15+ and Xe22+ ions make
it possible to create the most realistic conditions for the radiation damage occurrence in
inert matrices during their operation in the event of using materials as inert matrices of
dispersed nuclear fuel [27,28].

2. Experimental Part

Ceramic samples based on cerium dioxide, obtained by pressing in a special mold
with a diameter of 10 mm and 1 mm, were chosen as initial samples. The samples were
pressed from nanostructured powders of cerium dioxide (CeO2) with a chemical purity of
99.95%, manufactured by Sigma Aldrich (Sigma, St. Louis, MI, USA). Figure 1 illustrates
typical images of the obtained ceramics after pressing, and the inset shows an image of the
morphological features of the ceramics, made using scanning electron microscopy. The
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images were taken using a Hitachi TM3030 scanning electron microscope (Hitachi, Tokyo,
Japan) in the LEI mode, with an accelerating voltage of 15 kV. Ceramic samples in the form
of tablets were obtained by pressing in a special mold at a pressure of 300 MPa, the pressure
was maintained for 30 min, after which the samples were removed and annealed in a
Nabertherm muffle furnace (Nabertherm, Lilienthal, Germany) at a temperature of 1000 ◦C
for 20 h in order to anneal defects and mechanical stresses that arose during pressing. The
porosity of the samples did not exceed 1–2% (determined by the Archimedes method), the
density of the samples according to the Archimedes method was 7.59 g/cm2.
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As can be seen from the provided data on the study of morphological features, the
surface of ceramics is a close-packed finely dispersed (less than 70 nm) grain structure. The
presence of small microcracks along the boundaries of grain agglomerates is associated
with the processes of polishing ceramics, as well as the processes of their formation.

The study of the radiation resistance of CeO2 ceramics, along with the study of the
radiation-induced swelling and embrittlement mechanisms, was carried out by simulation
of the processes of irradiation with heavy Kr15+ and Xe22+ ions at the DC-60 accelerator
(Institute of Nuclear Physics, Almaty, Kazakhstan). The energies of the Kr15+ and Xe22+

ions were 147 and 230 MeV, respectively; the irradiation fluences were chosen from 1010

to 1014 ion/cm2. Irradiation was executed at a temperature of 1000 K in order to simulate
the conditions of accumulation of radiation damage in ceramics as close as possible to
real operating conditions (close to the conditions of the core with nuclear fuel for high-
temperature reactors). The choice of irradiation fluences is due to the possibility of modeling
the processes of formation of radiation-induced damage in ceramics both in the case of
the formation of single damaged areas that occur during the passage of incident ions in
the material at low fluences, and in the case of overlapping of these areas in the case of
high-dose irradiation.

Figure 2 demonstrates the assessment results of the energy losses of incident Kr15+

and Xe22+ ions with energies of 147 and 230 MeV, that arise during collisions with the
crystal structure of the target. These calculations were performed using the SRIM Pro
2013 program code; the Kinchin–Pease model was used in the simulation, taking into
account cascade collisions and their contribution to the change in ion energy losses. As
can be seen from the presented data, the maximum range of the Kr15+ and Xe22+ ions in
CeO2 ceramics is 12.1 and 13.2 µm, respectively, with the difference in range being no
more than 1.1 µm. At the same time, significant differences are observed in the energy
losses of incident ions during interaction with electron shells. In this case, the maximum
value of dE/dxelectron is no more than 17.5 keV/nm and 23.2 keV/nm for Kr15+ and
Xe22+ ions, respectively, which indicates a greater influence of electron losses and the
consequences associated with ionization processes and the formation of cascade effects
during irradiation with heavy ions Xe22+. As can be seen from the data presented, when
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the type of ions changes during irradiation from Kr15+ to Xe22+, the change in the value
of nuclear losses is no more than 0.6 keV/nm. At the same time, it should be noted that
the main contribution to the change in the structural properties of the material is made
by the electron losses of incident ions over most of the path length, since their value is
two orders of magnitude higher. At the same time, nuclear losses play a key role in the
case of reaching the maximum range of ions, when the stopping power of ions is based
on a large number of nuclear collisions. In this case, nuclear losses grow and lead to an
increase in atomic displacements caused by irradiation.
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Figure 2. Calculation data for the ionization losses of incident ions of Kr15+ and Xe22+ ions with
energies of 147 and 230 MeV in a CeO2 ceramics target.

Using the method for calculating the atomic displacements in a damaged layer of
ceramics caused by irradiation with heavy Kr15+ and Xe22+ ions, proposed in [29], de-
pendences of the atomic displacements along the trajectory of ions in the material were
calculated. The calculation results are shown in Figure 3.
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Figure 3. Evaluation results of alterations in the values of atomic displacements along the trajectory
of ions in the material under irradiation with Kr15+ (a) and Xe22+ (b) ions.
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As evident from the data provided, the maximum possible achievement of atomic
displacements in the case of irradiation with heavy Kr15+ and Xe22+ ions at a fluence of
1014 ion/cm2 is 0.48 and 0.55 dpa, respectively. Moreover, the difference in the magnitude
of atomic displacements when the type of incident ions changes from Kr15+ and Xe22+ is no
more than 10%, while the energy of incident ions changes by 80 MeV. Therefore, analyzing
the data on the values of atomic displacements and ionization losses, we can conclude that
the main effect on the structural changes in ceramics will be the processes of interaction of
incident ions with electron shells, accompanied by ionization processes and changes in the
electron density distribution and the formation of vacancy defects.

The presented results of the accumulation of atomic displacements in the damaged
layer are in good agreement with the results of [28], which describes the latest studies of
radiation damage in CeO2 ceramics. It should be noted that the small value of atomic
displacements is due to the fact that at given energies of incident ions 147 and 230 MeV, as
well as irradiation fluences 1010 to 1014 ion/cm2, the main contribution to the processes of
defect formation is made by the effects associated with the loss of ions during interaction
with electron shells, leading to ionization and the formation of structural distortions of the
crystal lattice due to the formation of vacancy and point defects, as well as residual stresses.

The study of the resistance of CeO2 ceramic materials to radiation-induced changes
in structural features associated with deformation distortions and partial disordering of
the near-surface damaged layer was conducted through the method of X-ray diffraction
analysis. The measurements were performed using a D8 Advance ECO X-ray diffractometer
(Bruker, Berlin, Germany). X-ray diffraction patterns were taken in the Bragg–Brentano
geometry in the angular range 2θ = 20–90◦, with a step of 0.03◦. Structural parameters were
evaluated using the DiffracEVA v.4.2 program code. To calculate the structural distortions,
as well as the formation of structurally disordered regions in the near-surface damaged
layer caused by irradiation, we used assumptions about the influence of various factors on
the change in the shape, intensity, and magnitude of the FWHM of diffraction reflections.
All measurements of the structural features were performed taking into account the depth of
the path of the incident ions by selecting the optimal conditions for taking X-ray diffraction
patterns in a way that the resulting diffraction patterns cover the irradiated region in the
entire irradiated volume.

The value of amorphous inclusions or structurally disordered regions arising as a
result of deformation distortions and stresses during the radiation damage accumulation
was calculated based on the data on changes in the ratio of the areas of diffraction reflections
and background radiation, which characterizes the presence of disorder in the composition
of the studied samples. This value is an average value characterizing the structural disorder
in the composition of ceramics associated with changes caused by irradiation and the
subsequent kinetics of radiation-induced damage. An estimate of the swelling of the
crystal lattice, as well as its deformational distortion, was calculated based on the data
on changes in the parameters of the crystal lattice in comparison with the values of the
original sample. To avoid the effects of residual deformation distortions in the ceramic
samples after being pressed into pellets, the samples were subjected to thermal annealing
for 20 h at a temperature of 1000 ◦C in a muffle furnace. The samples were annealed in an
air atmosphere in a muffle furnace.

Tests for determining the strength of ceramics were carried out using the indentation
method implemented on a LECO LM700 microhardness tester (LECO, Tokyo, Japan). The
hardness values were determined using a Vickers diamond pyramid, with a load value
of 1 kN. To determine the accuracy of measurements and the error of values, all tests
were performed serially in 15–20 consecutive tests to determine the values of hardness
and geometry of the resulting indenter prints. At the same time, the measurements were
performed at more than 10 microns from each other in order to avoid the effects of cracking
and deformation distortions near the prints.
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3. Results and Discussion

Figures 4 and 5 show the results of X-ray diffraction of the studied CeO2 ceramic
samples depending on the fluence of irradiation with heavy Kr15+ and Xe22+ ions, reflecting
the dynamics of changes in the structural features of the samples as a result of radiation
damage accumulation. The position of the main observed diffraction reflections, and the
ratio of their intensity, is typical for CeO2 structures with a face-centered crystal lattice,
with a parameter of 5.3916 Å, slightly different from the reference value (a = 5.4116 Å),
corresponding to the PDF-01-070-8371 card value. This difference is associated with the
manufacturing processes of ceramics, along with their subsequent thermal annealing,
which is applied to relax deformation distortions, the absence of which is evidenced by the
symmetrical shape of diffraction reflections.
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The overall appearance of the observed changes suggests that in both cases, irradiation
with heavy Kr15+ and Xe22+ ions, even at maximum fluences, does not result in processes
associated with phase or polymorphic transformations, and the main observed changes
are primarily caused by the mechanisms of structural disorder and accumulation of de-
formation distortions of the crystal structure. The absence of new diffraction reflections
in the obtained diffraction patterns suggests that during irradiation there are no phase
transformations in the structure of CeO2 ceramics, which confirms the high resistance of
this class of ceramics to phase transformations and processes associated with the forma-
tion of new phase inclusions caused by thermal effects and deformation distortions. At
the same time, the overall picture of the presented changes in X-ray diffraction patterns
depending on the irradiation fluence indicates the occurrence of two main processes of
structural changes associated with deformation distortion and a change in the intensity
and FWHM of diffraction lines characteristic of amorphization processes. An analysis of
the change in the shape of the diffraction lines, their displacement relative to the initial
position in comparison with the initial samples, indicates the processes of deformation
distortion caused by the radiation damage accumulation in the damaged layer. At the same
time, a drop in the intensity of diffraction reflections observed with a growth in irradiation
fluences above 1012 ion/cm2 indicates not only deformation distortions, but also processes
of partial amorphization or the formation of structurally disordered regions in the damaged
near-surface layer of ceramics.
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ions.

According to [30,31], upon irradiation with Xe14+ [30] heavy ions with an energy
of 70–210 MeV and Xe23+ with an energy of 92 MeV [31], the formation of structurally
disordered regions, i.e., latent tracks, is observed, the visualization of which occurs during
subsequent chemical treatment. The reasons for the formation of latent tracks, as well as
changes in their sizes, are associated by the authors with a possible change in the ratio of
Ce3+ and Ce4+ ions near the surface of thin films, as well as a change in the charge balance
in films, the change which is evidenced by a change in the electrical conductivity of thin
films [31]. The authors of [30] also established the dependence of latent track diameters
in CeO2 on the irradiation temperature and energy of incident ions, according to which
an increase in the irradiation temperature leads to a decrease in track diameters, while an
increase in the energy of incident ions leads to an increase in diameters. At the same time,
the nature of latent tracks, according to the works [32,33], has a pronounced dependence on
the type of ions, as well as their charge state, which in the case of dielectric materials leads
to large changes in the electron density, as well as the formation of an anisotropic distortion.
At the same time, in the works [30,31], as in the case of this work, irradiation with heavy
ions does not lead to phase transformations and polymorphic transformations, and the
mechanisms of formation of latent tracks, according to the works [30–33], are accompanied
by the formation of defective inclusions and residual stresses associated with deformation
distortion of the crystal structure of the damaged layer.

Figure 6 illustrates comparative data on alterations in the shape and position of
the main (most intense) diffraction reflection (111), which characterizes the main textural
direction in a face-centered crystal lattice. These changes in position and diffraction intensity
characterize the main types of structural changes caused by irradiation.

As evident from the presented comparative data, variations in the position and shape
of the (111) diffraction reflection depending on the type of ions and the irradiation fluence,
the most pronounced changes are observed at fluences above 1011 ions/cm2. When it
comes to irradiation with Xe22+ ions, these changes appear at a fluence of 5 × 1011 ion/cm2,
while upon irradiation with Kr15+ ions, a shift of reflections is observed at a fluence of
1012 ion/cm2. The shift of the position of the maximum of the diffraction reflection relative
to the initial value (marked by a dotted line in the figure) to the region of small angles
indicates the presence of tensile type deformation distortions, which are formed as a result
of the accumulation of radiation damage, vacancy, and point defects. At irradiation fluences



Materials 2023, 16, 4653 8 of 15

above 5 × 1012 ion/cm2, a decline in intensity is observed along with a strong broadening
of the reflections, indicating a rise in the FWHM value. At the same time, in the case
of irradiation with Xe22+ ions, these changes become more pronounced under high-dose
irradiation, which indicates a higher concentration of radiation-induced damage in the
near-surface layer caused by irradiation. On the basis of these changes, the deformation
factor of distortion of the diffraction reflection (111) was calculated, the data of which are
presented in Figure 7a. As can be seen from the data presented, a rise in the irradiation
fluence (an increase in the magnitude of atomic displacements) results in a growth in
deformation distortion and a shift of diffraction reflections to the region of small angles,
which indicates the tensile nature of the deformation of the crystal structure. Moreover,
in the case of irradiation with Xe22+ heavy ions, the deformation distortions are almost
1.5–2 times higher than in the case of irradiation with Kr15+ ions. At the same time, the
trend of changes in deformation distortions has a clear decrease with an increase in the
irradiation fluence, which may be due to the effects of accumulation and a decrease in the
migration rate of defects during high-dose irradiation. This decrease in the migration rate
can be explained by an increase in deformation inclusions that prevent the migration of
defects, thereby forming agglomerates or highly defective areas. It should also be noted
that this significant difference in the structural distortion values for different ions may be
due to the fact that in the case of irradiation with Xe22+ heavy ions, the region subjected
to structural distortion along the ion motion trajectory is considerably larger, and high
values of ionization losses in the collision of incident particles with the crystal structure
result in the formation of a large number of point and vacancy defects [3,4]. Therefore,
high ionization losses of incident Xe22+ ions can initiate a greater number of structural
distortions, which, at high irradiation fluences, can lead to accelerated amorphization and
degradation, as shown in several studies on the irradiation of nitride ceramics [32,34].

Materials 2023, 15, x FOR PEER REVIEW 8 of 16 
 

 

tric materials leads to large changes in the electron density, as well as the formation of an 

anisotropic distortion. At the same time, in the works [30,31], as in the case of this work, 

irradiation with heavy ions does not lead to phase transformations and polymorphic 

transformations, and the mechanisms of formation of latent tracks, according to the 

works [30–33], are accompanied by the formation of defective inclusions and residual 

stresses associated with deformation distortion of the crystal structure of the damaged 

layer. 

Figure 6 illustrates comparative data on alterations in the shape and position of the 

main (most intense) diffraction reflection (111), which characterizes the main textural 

direction in a face-centered crystal lattice. These changes in position and diffraction in-

tensity characterize the main types of structural changes caused by irradiation. 

 
 

(a) (b) 

Figure 6. Detailed image of distortion and deformation displacement of the (111) reflection upon 

irradiation with Kr15+ (a) and Xe22+ (b) ions. 

As evident from the presented comparative data, variations in the position and 

shape of the (111) diffraction reflection depending on the type of ions and the irradiation 

fluence, the most pronounced changes are observed at fluences above 1011 ions/cm2. 

When it comes to irradiation with Xe22+ ions, these changes appear at a fluence of 5 × 1011 

ion/cm2, while upon irradiation with Kr15+ ions, a shift of reflections is observed at a 

fluence of 1012 ion/cm2. The shift of the position of the maximum of the diffraction 

reflection relative to the initial value (marked by a dotted line in the figure) to the region 

of small angles indicates the presence of tensile type deformation distortions, which are 

formed as a result of the accumulation of radiation damage, vacancy, and point defects. 

At irradiation fluences above 5 × 1012 ion/cm2, a decline in intensity is observed along with 

a strong broadening of the reflections, indicating a rise in the FWHM value. At the same 

time, in the case of irradiation with Xe22+ ions, these changes become more pronounced 

under high-dose irradiation, which indicates a higher concentration of radiation-induced 

damage in the near-surface layer caused by irradiation. On the basis of these changes, the 

Figure 6. Detailed image of distortion and deformation displacement of the (111) reflection upon
irradiation with Kr15+ (a) and Xe22+ (b) ions.



Materials 2023, 16, 4653 9 of 15

Materials 2023, 15, x FOR PEER REVIEW 9 of 16 
 

 

deformation factor of distortion of the diffraction reflection (111) was calculated, the data 

of which are presented in Figure 7a. As can be seen from the data presented, a rise in the 

irradiation fluence (an increase in the magnitude of atomic displacements) results in a 

growth in deformation distortion and a shift of diffraction reflections to the region of 

small angles, which indicates the tensile nature of the deformation of the crystal struc-

ture. Moreover, in the case of irradiation with Xe22+ heavy ions, the deformation distor-

tions are almost 1.5–2 times higher than in the case of irradiation with Kr15+ ions. At the 

same time, the trend of changes in deformation distortions has a clear decrease with an 

increase in the irradiation fluence, which may be due to the effects of accumulation and a 

decrease in the migration rate of defects during high-dose irradiation. This decrease in 

the migration rate can be explained by an increase in deformation inclusions that prevent 

the migration of defects, thereby forming agglomerates or highly defective areas. It 

should also be noted that this significant difference in the structural distortion values for 

different ions may be due to the fact that in the case of irradiation with Xe22+ heavy ions, 

the region subjected to structural distortion along the ion motion trajectory is considera-

bly larger, and high values of ionization losses in the collision of incident particles with 

the crystal structure result in the formation of a large number of point and vacancy de-

fects [3,4]. Therefore, high ionization losses of incident Xe22+ ions can initiate a greater 

number of structural distortions, which, at high irradiation fluences, can lead to acceler-

ated amorphization and degradation, as shown in several studies on the irradiation of 

nitride ceramics [32,34]. 

0.0 0.1 0.2 0.3 0.4 0.5 0.6

0

2

4

6

8

10

12

14

Damage, dpa

 irradiated Kr15+

 irradiated Xe22+

d
e
fo

rm
a
ti
o

n
 s

h
if
t 
o

f 
th

e
 d

if
fr

a
c
ti
o

n
 r

e
fl
e

c
ti
o
n

 (
1

1
1

),
 %

 

0.0 0.1 0.2 0.3 0.4 0.5 0.6

0

1

2

3

4

5

6

7

8

Damage, dpa

 irradiated Kr15+

 irradiated Xe22+

C
o

n
c
e

n
tr

a
ti
o
n
 o

f 
s
tr

u
c
tu

ra
lly

 d
is

o
rd

e
re

d
 i
n
c
lu

s
io

n
s
, 
%

 

(a) (b) 

Figure 7. (a) Results of the deformation displacement of the diffraction reflection (111) as a function 

of the value of atomic displacements upon irradiation with heavy ions; (b) results of evaluation of 

the contributions of formed structurally disordered inclusions to the near-surface damaged layer of 
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Figure 7. (a) Results of the deformation displacement of the diffraction reflection (111) as a function
of the value of atomic displacements upon irradiation with heavy ions; (b) results of evaluation of
the contributions of formed structurally disordered inclusions to the near-surface damaged layer of
CeO2 ceramics.

Figure 7b reveals the assessment results of the contribution of structurally disordered
(amorphous) inclusions to the damaged near-surface layer of ceramics depending on the
fluence of irradiation with different types of ions. These calculations were performed by
estimating the areas of diffraction reflections and background radiation, which characterizes
the structural disorder of the crystal structure caused by external influences. As can be
seen from the data provided, the development of amorphous inclusions occurs in the
case of overlapping of defective areas in the near-surface damaged layer characteristic
of high-dose irradiation (above 1012 ion/cm2), resulting in a destructive change in the
properties of ceramics and can have a negative impact on resistance to external influences.
The formation of structurally disordered inclusions occurs as a result of the cumulative
effect, which is due to deformation distortions and stresses caused by irradiation. At the
same time, according to the assessment of ionization losses, as well as their comparison
with the caused structural changes, it can be concluded that electronic losses have a great
influence on deformation distortions and the formation of structurally disordered regions.
This is primarily due to ionization effects associated with a change in the electron density,
as well as the formation of vacancy and point defects, which, migrating in the damaged
layer, lead to its destabilization and the appearance of deformation distortions and stresses.

It was found that in the case of high-dose irradiation with heavy ions, this effect is
cumulative, indicating the formation and subsequent accumulation of radiation damage,
their agglomeration, and the occurrence of structural distortions in the crystal structure
and its disordering. The formation of amorphous inclusions and regions of disorder occurs
at maximum irradiation fluences and amounts to no more than 4–7%, which indicates a
rather high resistance of ceramics to radiation disorder.

Figure 8 shows the results of evaluating two contributions to the change in the diffrac-
tion pattern of ceramic samples subjected to irradiation. Deformation distortions associated
with structural deformations of the crystal lattice and the concentration of amorphous
inclusions resulting from the radiation damage accumulation were considered as two
contributions. To determine the contributions, it was assumed that in the initial state (in the
unirradiated sample), there are no structural deformations and amorphous inclusions. In
the case of irradiated samples, any change in the shape, intensity, and position of diffraction
reflections characterizes the presence of deformation distortions or amorphous inclusions
associated with the effect of crystal lattice irradiation. At the same time, the contribution
of deformation distortions was estimated from the value of the shifts in the position of
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diffraction maxima, and the contribution of amorphous inclusions was determined from
the ratio of the areas of diffraction reflections and background radiation.
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Figure 8. Results of evaluation of the contributions of deformation distortions and the formation of
amorphous or structurally disordered inclusions to the change in the properties of the near-surface
CeO2 layer of ceramics upon irradiation with heavy Kr15+ (a) and Xe22+ (b) ions.

As can be seen from the data presented in Figure 8, the main contribution to the
change in the properties of ceramics at irradiation fluences of 1010–1012 ion/cm2 is made
by deformation distortions of the crystal lattice due to tensile stresses formed in the near-
surface damaged layer. In this case, the deformation distortion is primarily due to ionization
processes associated with the passage of heavy ions in ceramics, followed by excitation
of the crystal lattice and a change in its thermal vibrations. At the same time, high-
temperature irradiation in the case of low irradiation fluences (1010–1012 ion/cm2) can
annihilate the effect associated with structural disorder and the formation of amorphous
inclusions due to a change in thermal vibrations of the crystal lattice. In the case of the
formation of overlapping defective regions at irradiation fluences above 1012 ion/cm2,
thermal vibrations during high-temperature irradiation are unable to reduce the effect of
structural disorder, which leads to the formation of amorphous inclusions in the structure
of ceramics. The formation of amorphous inclusions was determined from the analysis
of the shape, intensity, and value of the FWHM diffraction lines, taking into account the
Debye–Waller factors, according to which, a change in the crystal lattice volume and density
implies amorphization of the structure. When it comes to irradiation with Xe22+ ions, the
contribution of amorphous inclusions at fluences above 1013 ion/cm2 is significantly larger
than for samples irradiated with Kr15+ ions. This difference can be primarily due to the fact
that in the case of irradiation with Xe22+ ions, the characteristic sizes of defect regions that
appear along the ion motion trajectory in the material are considerably larger than in the
case of irradiation with Kr15+ ions. The result of these differences may be an increase in the
effect of overlapping of these areas, which introduces more structural distortions, leading
in the case of overlap and high concentration to partial amorphization of the damaged layer.
As shown in [32], with an increase in the energy of incident ions, as well as a change in their
type, the destructive processes associated with amorphization caused by the accumulation
of residual stresses in the damaged layer occur significantly faster and at lower fluences.
The authors of [32] attribute this effect to a change in the diameters of damaged regions
(latent tracks) that appear along the trajectory of incident ions in the material, as well as
to large energy losses when the type of incident ions and their energy change. The results
obtained in [32] are a direct confirmation of the influence of the type of incident ions on the
processes of defect formation and their accumulation in the structure of the damaged layer.
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One of the factors affecting the change in the properties of ceramics due to deformation
distortions is the assessment of the nature of the isotropy of these changes, as well as
the occurrence of textural effects associated with greater or lesser resistance to structural
changes. The isotropy of structural distortions associated with texture effects, along with the
reorientation of crystallites during irradiation, can be estimated by studying the dynamics
of changes in texture coefficients that reflect the priority orientation of crystallites and
texture planes. At the same time, the analysis of changes in texture coefficients depending
on the conditions of external influences can reflect the crystallite reorientation effects, as
well as recrystallization processes.

Based on the data on changes in texture coefficients for the studied polycrystalline ce-
ramics, the influence of irradiation with heavy ions on the effects of crystallite reorientation
as a result of irradiation, as well as the processes of texture change as a result of external in-
fluences, was studied. Figure 9 shows the results of estimating the contributions of changes
in texture coefficients calculated on the basis of the intensity of diffraction reflections and
their contributions. The texture coefficients were calculated using the methods proposed
in [35,36].
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Figure 9. Results of evaluation of alterations in texture coefficients depending on the fluence of
irradiation with Kr15+ (a) and Xe22+ (b) ions.

As can be seen from the presented data, the most pronounced changes in texture
coefficients are observed at fluences above 1012 ion/cm2, which consist of a decrease in
the contribution of the main texture direction (111) with an equiprobable increase in all
other texture coefficients. These changes indicate an equiprobable distribution of distorting
deformation inclusions in the structure, without significant processes of reorientation of
crystallites as a result of external influences. The decrease under high-dose irradiation is
due to the processes of amorphization and destruction of the near-surface layer associated
with the accumulation of deformation distortions.

Figure 10 demonstrates the assessment results of the crystal lattice swelling value
associated with a change in its volume due to the accumulation of radiation damage,
deformation distortions, and amorphous inclusions. As evident from the presented data,
the most pronounced effects of crystal lattice swelling as a result of the structural distortion
accumulation, along with the possibility of filling voids formed in the crystal structure with
implanted Kr15+ and Xe22+ ions, are observed at fluences above 1012 ion/cm2 (at atomic
displacements above 0.01 dpa). At the same time, these effects are most pronounced for
samples irradiated with Xe22+ ions, for which the swelling at the maximum irradiation
fluence is more than 6%, while the variation in the crystal structure volume upon irradiation
with Kr15+ ions is no more than 4%.
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Figure 10. Results of crystal lattice swelling as a function of the accumulated radiation damage in the
structure.

Figure 11 shows evaluation results of strength properties of ceramics, the alteration
which indicates the softening effect during the radiation damage accumulation, as well as a
decline in resistance to destruction under external influences.
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Figure 11. (a) Results of changes in the strength of ceramics as a result of irradiation; (b) data on the
dependence of the change in the softening value of the near-surface layer of ceramics as a result of
the accumulation of radiation damage.

The data presented in Figure 11 reflect the change in the hardness of ceramics depend-
ing on the magnitude of atomic displacements caused by irradiation with heavy ions, as
well as a decrease in the resistance to softening associated with a change in the hardness of
the irradiated samples compared to the initial value. The physical meaning of the presented
results is to reflect the dynamics of weakening and decrease in the hardness of ceramics dur-
ing the accumulation of radiation damage in them, and as a result, deformation distortions
leading to a deterioration in strength properties. Moreover, according to the data obtained,
it can be seen that the dynamics of changes in strength properties have a pronounced
dependence on the amount of accumulation of atomic displacements, at a small value of
which ceramics remain resistant to softening. The overall appearance of the presented
dependences suggests that the most pronounced changes in the strength properties of
ceramics are observed during the radiation damage accumulation in the case of irradiation
with Xe22+ ions. Moreover, the maximum softening of the near-surface layer of ceramics
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is more than 4% for samples irradiated with Kr15+ ions and 10% for samples irradiated
with Xe22+ ions at the maximum irradiation fluence. These differences in the changes in
strength characteristics can be due to the effects of accumulation of amorphous inclusions
and more intense swelling of the crystal structure of ceramic samples upon irradiation
with heavy Xe22+ ions. In the case of samples irradiated with Kr15+ ions, the maximum
achievable change in the strength properties of ceramics as a result of the radiation damage
accumulation is no more than 4%, which is 2.5 times less than the changes in the strength
properties of ceramics irradiated with Xe22+ ions.

4. Conclusions

The paper presents the results of an assessment of radiation damage in CeO2
ceramics—promising materials for the creation of inert matrices of nuclear fuel, as
well as having potential in the field of structural materials for new generation reactors.
The choice of irradiation conditions is due to the possibilities of radiation damage sim-
ulation, as well as the processes of gas swelling of the near-surface layer during the
accumulation of implanted heavy ions in the case of high-dose irradiation.

During the studies, it was found that at irradiation fluences of 1010–1012 ion/cm2, the
main structural changes are associated with deformation distortion of the damaged layer
associated with the accumulation of tensile stresses caused by interaction of incident ions
with the ceramic structure. At fluences above 1012 ion/cm2, the variation in the structural
characteristics of ceramics is due to deformation distortions, as well as the formation of
structurally disordered (amorphous) inclusions, the concentration of which is more than
4–7% at the maximum irradiation fluence.

An analysis of alterations in the strength dependences of the studied ceramics revealed
that the obtained samples have higher resistance to destructive changes in strength charac-
teristics in the case of irradiation with Kr15+ ions than with irradiation with Xe22+ ions. At
the same time, the difference in the softening indices at the maximum irradiation fluence
is more than 2.5 times. Moreover, during determination of the strength properties, it was
established that the greatest influence on softening is exerted by the effects associated with
the formation of amorphous inclusions and crystal lattice swelling. In the case of fluences of
5×1013–1014 ion/cm2, which are characterized by an increase in the accumulation of atomic
displacements, softening is associated with an increase in the contribution of atomic displace-
ments and the structural changes caused by them in ceramics. In this case, an increase in
atomic displacements leads to an acceleration of the destruction of ceramics, which should
be taken into account in the future when designing fuels using these types of ceramics.

Author Contributions: Conceptualization, S.G.G., R.M.R., D.B.B. and A.L.K.; methodology, S.G.G.,
R.M.R., M.V.Z. and A.L.K.; formal analysis, M.V.Z., R.M.R. and A.L.K.; investigation, S.G.G., M.V.Z.,
R.M.R. and A.L.K.; resources, A.L.K.; writing—original draft preparation, writing—review and
editing, R.M.R. and A.L.K.; visualization, A.L.K.; supervision, A.L.K. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the Science Committee of the Ministry of Education and
Science of the Republic of Kazakhstan (No. BR11765580).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Strachan, D.; Scheele, R.; Buck, E.; Icenhower, J.; Kozelisky, A.; Sell, R.; Elovich, R.; Buchmiller, W. Radiation damage effects in

candidate titanates for Pu disposition: Pyrochlore. J. Nucl. Mater. 2005, 345, 109–135. [CrossRef]
2. Abd El-Hameed, A.M. Radiation effects on composite materials used in space systems: A review. NRIAG J. Astron. Geophys. 2022,

11, 313–324. [CrossRef]

https://doi.org/10.1016/j.jnucmat.2005.04.064
https://doi.org/10.1080/20909977.2022.2079902


Materials 2023, 16, 4653 14 of 15

3. Zhang, Y.; Silva, C.; Lach, T.G.; Tunes, M.A.; Zhou, Y.; Nuckols, L.; Boldman, W.L.; Rack, P.D.; Donnelly, S.E.; Jiang, L.; et al. Role
of electronic energy loss on defect production and interface stability: Comparison between ceramic materials and high-entropy
alloys. Curr. Opin. Solid State Mater. Sci. 2022, 26, 101001. [CrossRef]

4. Zinkle, S.J.; Skuratov, V.A.; Hoelzer, D.T. On the conflicting roles of ionizing radiation in ceramics. Nucl. Instrum. Methods Phys.
Res. Sect. B Beam Interact. Mater. At. 2002, 191, 758–766. [CrossRef]

5. Kim, J.; Pearton, S.J.; Fares, C.; Yang, J.; Ren, F.; Kim, S.; Polyakov, A.Y. Radiation damage effects in Ga2O3 materials and devices.
J. Mater. Chem. C 2019, 7, 10–24. [CrossRef]

6. Li, Z. Radiation damage effects in Si materials and detectors and rad-hard Si detectors for SLHC. J. Instrum. 2009, 4, P03011.
[CrossRef]

7. Little, E.A. Development of radiation resistant materials for advanced nuclear power plant. Mater. Sci. Technol. 2006, 22, 491–518.
[CrossRef]

8. Zinkle, S.; Snead, L. Designing Radiation Resistance in Materials for Fusion Energy. Annu. Rev. Mater. Res. 2014, 44, 241–267.
[CrossRef]

9. Belin, R.C.; Martin, P.M.; Valenza, P.J.; Scheinost, A.C. Experimental Insight into the Radiation Resistance of Zirconia-Based
Americium Ceramics. Inorg. Chem. 2009, 48, 5376–5381. [CrossRef]

10. Tunes, M.A.; Fritze, S.; Osinger, B.; Willenshofer, P.; Alvarado, A.M.; Martinez, E.; Menon, A.S.; Ström, P.; Greaves, G.; Lewin,
E.; et al. From high-entropy alloys to high-entropy ceramics: The radiation-resistant highly concentrated refractory carbide
(CrNbTaTiW) C. Acta Mater. 2023, 250, 118856. [CrossRef]

11. Su, Z.; Jiang, H.; Li, H.; Zhang, Y.; Chen, J.; Zhao, J.; Ma, Y. Recent Progress on Interfaces in Nanomaterials for Nuclear Radiation
Resistance. Chemnanomat 2022, 9. [CrossRef]

12. Sopicka-Lizer, M. (Ed.) High-Energy Ball Milling: Mechanochemical Processing of Nanopowders; Elsevier: Amsterdam, The Nether-
lands, 2010; pp. 10–30.

13. Barbezat, G.; Nicol, A.; Sickinger, A. Abrasion, erosion and scuffing resistance of carbide and oxide ceramic thermal sprayed
coatings for different applications. Wear 1993, 162–164, 529–537. [CrossRef]

14. Mishenina, L.N.; Selyunina, L.A.; Botvina, T.M. Synthesis and Characteristics of CaAl2O4:Eu3+ Phosphor Prepared by Zol-Gel
Method. Key Eng. Mater. 2015, 670, 95–100. [CrossRef]

15. Gong, X.; Zhao, Y.; Ding, S. A new method to simulate the micro-thermo-mechanical behaviors evolution in dispersion nuclear
fuel elements. Mech. Mater. 2014, 77, 14–27. [CrossRef]

16. Ding, S.; Huo, Y.; Yan, X. Modeling of the heat transfer performance of plate-type dispersion nuclear fuel elements. J. Nucl. Mater.
2009, 392, 498–504. [CrossRef]

17. Zhao, Y.; Gong, X.; Ding, S.; Huo, Y. A numerical method for simulating the non-homogeneous irradiation effects in full-sized
dispersion nuclear fuel plates. Int. J. Mech. Sci. 2014, 81, 174–183. [CrossRef]

18. Bedenko, S.; Karengin, A.; Ghal-Eh, N.; Alekseev, N.; Knyshev, V.; Shamanin, I. Thermo-physical properties of dispersion nuclear
fuel for a new-generation reactors: A computational approach. AIP Conf. Proc. 2019, 2101, 020002. [CrossRef]

19. Capps, N.; Schappel, D.; Nelson, A. Initial development of an RIA envelope for dispersed nuclear fuel. Ann. Nucl. Energy 2020,
148, 107719. [CrossRef]

20. Hu, W.; Chen, C.; Meng, Q.; Hao, X.; Jia, Y.; Wu, J.; Xin, Y.; Zhou, M. First-principles investigations on the interface structure,
stability and electronic properties of UN/ZrC for dispersion nuclear fuel. J. Nucl. Mater. 2022, 563, 153622. [CrossRef]

21. Jiang, Y.; Wang, Q.; Cui, Y.; Huo, Y.; Ding, S. Simulation of irradiation hardening of Zircaloy within plate-type dispersion nuclear
fuel elements. J. Nucl. Mater. 2011, 413, 76–89. [CrossRef]

22. Ye, B.; Miao, J.-L.; Li, J.-L.; Zhao, Z.-C.; Chang, Z.; Serra, C.A. Fabrication of size-controlled CeO2 microparticles by a microfluidic
sol–gel process as an analog preparation of ceramic nuclear fuel particles. J. Nucl. Sci. Technol. 2013, 50, 774–780. [CrossRef]

23. Giniyatova, S.G.; Sailaukhanov, N.A.; Nesterov, E.; Zdorovets, M.V.; Kozlovskiy, A.L.; Shlimas, D.I. Research of Structural,
Strength and Thermal Properties of ZrO2—CeOCeramics Doped with Yttrium. Crystals 2022, 12, 242. [CrossRef]
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