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Abstract: One area that holds promise for nuclear energy advancement, which is the most attractive
industry for eliminating the imbalance in the energy sector and reducing the world’s energy shortage
for the long term, is the replacement of traditional uranium fuel with plutonium fuel. The focus
on this research area is due to the growing concern of the world community about the problem of
handling spent nuclear fuel, including its further use or storage and disposal. The main aims of this
paper are to study the resistance of composite ceramics based on zirconium and cerium dioxide to
the hydrogenation processes and subsequent destructive embrittlement, and to identify patterns of
growth stability attributable to the occurrence of interfacial boundaries and changes in the phase
composition of ceramics. Studies have shown that the main effects of the structural distortion of the
crystalline structure of ceramics are caused primarily by tensile deformation distortions, resulting in
the accumulation of radiation-induced damage. The formation of Zr0.85Ce0.15O2 tetragonal phase of
replacement in the structure of ceramics results in a more than two-fold reduction in the deformation
distortion degree in cases of high-dose radiation with protons. The evaluation of the alteration
in the strength properties of ceramics revealed that the variation in the phase composition due
to polymorphic transformation of the monoclinic Zr0.98Ce0.02O2 → tetragonal Zr0.85Ce0.15O2 type
results in the strengthening of the damaged layers and the improvement of the resistance to radiation-
induced embrittlement and softening.

Keywords: structural ceramics; radiation embrittlement; hydrogen swelling; zirconium dioxide;
radiation damage resistance

1. Introduction

In view of recent worldwide trends in the advancement of the energy sector, alongside
the transition from hydrocarbons to alternative energy sources, much attention has been
paid to nuclear energy as well as its development towards the creation of new nuclear
reactor types and the search for opportunities to increase productivity and increase the
life of existing nuclear power plants. Much attention has been paid to the transition from
traditional uranium dioxide-based (UO2) fuel assemblies to dispersed nuclear fuel with the
aim of improving productivity and service life [1–3]. In the transition of nuclear reactors
to dispersed nuclear fuel, with the possibility of processing weapons-grade plutonium
and reducing the accumulation of long-lived nuclear waste, some of the most promising
materials are composite ceramics of the cer–cer type, consisting of refractory oxide, nitride
or carbide compounds [4,5]. The focus on these types of ceramics has increased primarily
as the use of refractory oxides, nitrides and carbides as materials of inert nuclear fuel
matrices will allow the isolation of fissile material particles from each other; in addition,
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due to high radiation resistance and mechanical strength, it is possible to increase the life
and burnup degree of nuclear fuel, which will increase its operating time [6,7]. The use of
refractory oxide compounds allows the increase in the temperature conditions of operation,
and small thermal expansion coefficient values of materials such as zirconium dioxide
(ZrO2), cerium dioxide (CeO2) and magnesium oxide (MgO) make it possible to exclude
the effect of a rise in the volume of the ceramic crystal structure, which may adversely affect
the properties of the material, as well as exert additional pressure on the fissile and inert
matrix materials [8–10]. An important factor in the study of ceramic materials that could
potentially be used as nuclear structural materials is the study of their effects associated
with the accumulation of radiation-induced damage, arising from various types of ionizing
radiation, including neutron exposure, which has a high penetrating ability [11–13]. It
has been shown in several works that, despite its nature (charge-neutrality) and small
size, neutron irradiation can result in deformation distortions, processes associated with
embrittlement and a decrease in strength properties. At the same time, in contrast to heavy
ions, the thickness of the damaged layers during neutron irradiation is much larger, which
is associated with the high penetrating power of neutrons, and the defects arising from them
can result in catastrophic consequences, leading to the destabilization of materials [14–17].

However, despite the excellent prospects in this area of research, there are still many
issues concerning the problem of radiation swelling of the surface layer, which due to the
cumulative effect can result in the partial destruction and deformation of the surface of
the inert matrix that is in contact with the fissile material, thereby violating the thermal
insulation properties of the ceramics [18–20]. With the radiation damage accumulation in
the near-surface layer, structurally disordered or amorphous regions may appear. This
is accompanied by a rise in the deformation distortions of the structure, which create
additional mechanical stresses in the damaged layers [21–23]. When it comes to the
accumulation of hydrogen or helium, their nature allows them to agglomerate in voids or
deformed areas with a subsequent increase in volume, causing the occurrence of tensile
deformation stresses [24–26]. In this regard, the study of the mechanisms of radiation-
induced swelling represents very important research [27,28] alongside the search for ways
to combat this issue via the alteration of the components’ composition, grain sizes, boundary,
and interfacial effects [29,30].

The aim of this work is to investigate the effectiveness of the influence of the cerium
dioxide dopant concentration on the stability of dispersed nuclear fuel based on zirconium
dioxide in terms of the accumulation of radiation-induced damage in the near-surface layer
of the ceramics. The irradiation of ceramics was conducted via proton radiation in order
to determine the mechanisms associated with the swelling processes during implanted
hydrogen agglomeration and the consequences arising from swelling.

As objects for research, dispersed fuel was chosen in conformity with the type of
cer–cer (ceramic–ceramic) compositions based on zircaloy ceramics doped with cerium
dioxide [31–33]. These materials were chosen due to their high thermal expansion resistance,
mechanical strength and thermal resistance, alongside a high degree of compatibility with
different structural materials. This makes it possible to use them in various compositions in
the development of dispersed fuel, as well as enabling the replacement of traditional fuel
elements with uranium dioxide for uranium-free fuel. X-ray diffraction and transmission
electron microscopy were chosen as the main research methods for assessing radiation
damage in this work. These are high-precision, non-destructive control methods that
make it possible to determine the kinetics of accumulation of radiation damage with high
accuracy as well as establishing the main causes associated with deformation distortions
of the structure [34,35]. Thus, in a number of works [36,37] using high-resolution electron
microscopy, the results of the relationship between the latent tracks formed as a result of
irradiation, mechanical residual stresses, structural changes and amorphization processes
were obtained. Using the X-ray diffraction analysis aimed at assessing alterations in
structural parameters and their distortion, dose dependences of the crystal lattice swelling
and its deformation as a function of the irradiation fluence were obtained in a number of
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works [38,39]. At the same time, the established dependences make it possible to evaluate
the resistance of materials to the processes of radiation damage, alongside the kinetics
of their occurrence, which in the future will make it possible to predict the behavior of
structural materials exposed to ionizing radiation.

2. Experimental Part

Ceramics of the cer–cer type obtained by mechanochemical solid-phase synthesis
followed by thermal sintering at 1500 ◦C were chosen as specimens for this research.
Zirconium (ZrO2) and cerium (CeO2) oxides were chosen as initial components for the
synthesis of cer–cer ceramics; the compounds’ chemical purity was 99.95%. Powders were
acquired from Sigma Aldrich (Sigma, St. Louis, MI, USA). The mechanochemical synthesis
was carried out by mixing these oxides in the selected molar ratio, followed by grinding
in a PULVERISETTE 6 classic line planetary mill (Fritsch, Idar-Oberstein, Germany) at a
speed of 400 rpm for 60 min. After grinding, the obtained specimens were pressed into
pellets 10 mm in diameter and 50 µm thick and subjected to high-temperature annealing
in a SNOL muffle furnace (SNOL-TERM, St. Petersburg, Russia) at 1500 ◦C for 8 h. After
annealing, the samples were cooled to room temperature for 24 h together with the furnace.

The irradiation of the samples to determine the radiation resistance to superhydrogena-
tion and subsequent embrittlement was carried out at the UKP-2 accelerator. For irradiation,
protons with an energy of 1.0 MeV and irradiation fluences of 1014–1017 proton/cm2 were
chosen. The highest run length for protons with an energy of 1.0 MeV in ceramics is more
than 10 µm. In conformity with theoretical estimates via the SRIM Pro 2013 program
code, the ionization losses of incident protons throughout interaction with electron shells
(dE/dxelectron) are 0.2 keV/nm and with nuclei (dE/dxnuclear) are 0.00013 keV/nm. A val-
ues of 25 eV was chosen as the threshold displacement energy. The choice of irradiation
fluences corresponds to the dpa values of ~0.01–10 dpa, which in turn makes it possible
to estimate the hydrogenation mechanisms and their effect on the structural distortion
of ceramics throughout accumulation of structurally distorted regions in the damaged
near-surface layer. Moreover, the calculated data showed that at the highest irradiation
fluence, the concentration of implanted protons at the maximum path length is no more
than 1.5 at.%. Thus, we can conclude that the main contribution to the alteration in the
features of ceramics under high-dose irradiation will come from both structural distortions
arising from the accumulation of atomic displacements and the effects associated with the
accumulation of implanted hydrogen in the voids of the crystal lattice.

The study of the structural features of the obtained ceramics as a function of the
concentration of the CeO2 dopant in the composition of ceramics, alongside the processes
of phase transformations related to an alteration in the concentration of the dopant, was
carried out using the X-ray phase analysis method. This method was implemented using
a D8 Advance ECO X-ray diffractometer (Bruker, Berlin, Germany). Obtaining X-ray
diffraction patterns was carried out in the Bragg–Brentano geometry, in the angular range
2θ = 20–90◦, scanning step 0.03◦. The obtained diffraction patterns were deciphered in the
DiffracEVA v.4.2 program code, the phase composition was ascertained via card values
from the PDF-2 (2016) database.

The study of deformation structural distortions of the crystal lattice was carried out
via a comparative analysis of changes in the parameters of the samples before and after
irradiation, considering a priori information about the initial values of the parameters and
volume of the crystal lattice of the samples in the initial state.

To analyze the morphological features of the obtained ceramics, as well as to establish
the presence of defective or amorphous inclusions in the grains, high-resolution transmis-
sion electron microscopy was used. Images for further analysis were obtained using a Jeol
JEM-1400Plus transmission electron microscope (Jeol, Tokyo, Japan).

The study of the hardness of ceramics as a function of the dopant concentration, as
well as the irradiation fluence variation and the resulting accumulated radiation-induced
damage in the near-surface layer, was carried out using the microindentation technique. To
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obtain hardness values, a LECO LM700 microhardness tester (LECO, Tokyo, Japan) was
used. The hardness analysis was carried out considering the geometry of the indenter
(Vickers pyramid), alongside the load on the indenter, which was 1 kN. To collect statistics,
all measurements were performed in a successive series (20–25 measurements), considering
the possibility of avoiding contact of the indenter prints during the measurement. To
achieve this, after each measurement, the indenter was moved to several microns from the
previous measurement site. The determination of the values of softening and embrittlement
of ceramics as a function of the irradiation fluence was carried out via comparative analysis
of the obtained hardness values of the irradiated samples with the initial values (the original
non-irradiated sample). The dependences obtained made it possible to determine how
efficient the CeO2 dopant effect is on the increase in hardness and crack resistance, as well
as on the change in resistance to destructive embrittlement and softening with a rise in the
concentration of accumulated damage.

3. Results and Discussion
3.1. Characterization of Initial Samples as a Function of the Variation of CeO2
Dopant Concentration

Figure 1 illustrates the X-ray phase analysis results of the synthesized ceramics of
the cer–cer type with different variations of the CeO2 dopant. The general dynamics of
the changes in X-ray diffraction patterns as a function of the concentration of the CeO2
dopant indicates that there are phase transformations arising from doping, accompanied
by partial replacement of zirconium atoms by cerium atoms. At low concentrations of the
CeO2 dopant (0.05 mol), the ceramic samples represent a ZrO2 monoclinic phase, which is
characteristic of zirconium ceramics obtained by the solid-phase synthesis from powders.
In this case, no polymorphic transformations associated with the transformation of the
monoclinic phase into a tetragonal or cubic phase were observed under the chosen synthe-
sis conditions, which is in good agreement with several datasets from the literature [40–42].
When the CeO2 dopant concentration increases to 0.10 mol, in conformity with the data
of the X-ray phase analysis, the transformation of the ZrO2 phase into the Zr0.98Ce0.02O2
phase is observed with the preservation of the monoclinic crystal lattice type. Such a phase
transformation is associated with the effect of the partial substitution of zirconium atoms by
cerium atoms in the crystal lattice, since for these oxides there are quite a lot of substitution
phases with different concentrations of substituted atoms [43,44]. With a growth in the
concentration of the CeO2 dopant to 0.15 mol, the formation of polymorphic phase transfor-
mations in the composition of ceramics is observed with the formation of a Zr0.85Ce0.15O2
phase with a tetragonal crystal lattice type; the formation of which occurs by the phase
rearrangement of the Zr0.98Ce0.02O2 monoclinic phase into the tetragonal Zr0.85Ce0.15O2
with a rise in the effect of substitution of zirconium for cerium. Such polymorphic phase
transformations are typical for the structure of zirconia ceramics when magnesium [45],
yttrium [46] or calcium [47,48] oxides are added to it, which results in the initialization of
polymorphic transformation processes at lower temperatures (1300–1500 ◦C), at which no
polymorphic transformations are observed in the case of pure zirconia [49].

In conformity with the X-ray phase analysis data, an alteration in the CeO2 dopant con-
centration results in the initialization of phase transformation processes, which can be writ-
ten as follows: monoclinic ZrO2 → monoclinic Zr0.98Ce0.02O2 → tetragonal Zr0.85Ce0.15O2.
The formation of the Zr0.85Ce0.15O2 tetragonal phase occurs at CeO2 concentrations of
more than 0.15 mol, and is associated with polymorphic transformations of zirconium
dioxide, which are typical for cases when dopant concentrations exceed a certain threshold
value and result in the initialization of phase transformation processes. In the case of
magnesium dioxide, the limiting threshold value for phase polymorphic transformations is
0.03–0.10 mol [50], and in the case of cerium dioxide, in conformity with the data obtained,
the initialization of polymorphic transformations occurs at a CeO2 dopant concentration
of 0.15 mol, and at a concentration of 0.25, a complete polymorphic transformation of the
monoclinic Zr0.98Ce0.02O2 → tetragonal Zr0.85Ce0.15O2 type occurs.
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Figure 1. X-ray diffraction patterns of the investigated samples of ceramics in the initial state.

Figure 2 demonstrates the results of phase transformations in ceramics performed
using the transmission electron microscopy method; it is clearly seen that the formation
of tetragonal inclusions occurs in the form of grains, which subsequently, at a high con-
centration of the CeO2 dopant, result in a complete transformation of ceramic particles.
In that case, the tetragonal phase formation occurs when smaller particles coalesce into
large agglomerates with the formation of Zr0.85Ce0.15O2 particles within them, and a rise
in the concentration results in the complete transformation of the monoclinic phase into a
tetragonal one. Moreover, grain coarsening is accompanied by elevation in the degree of
structural ordering, the results of which are presented in Table 1.
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Figure 2. TEM images of synthesized ceramics after thermal annealing (1500 ◦C) with various
concentrations of CeO2 dopant: (a) 0.05 mol; (b) 0.15 mol; (c) 0.25 mol.

Table 1. Structural analysis data of the obtained ceramic samples as a function of the CeO2 concentration.

Parameter
CeO2 Concentration, mol

0.05 0.10 0.15 0.25

Degree of structural ordering
(crystallinity degree *), % 88.4 ± 0.3 89.3 ± 0.2 92.2 ± 0.7 94.7 ± 0.5

Deformation factor of crystal lattice
distortion ** 0.023 ± 0.005 0.021 ± 0.005 0.028 ± 0.006 0.019 ± 0.004

* The degree of structural ordering (degree of crystallinity) is determined by a comparative analysis of the
contributions from the areas of diffraction reflections and background radiation, characteristic of a disordered or
amorphous structure. ** The deformation factor of the crystal lattice distortion is estimated from the alteration in
the crystal lattice parameters in comparison with their deviation from the reference values.
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As is evident from the data on changes in the degree of structural ordering (degree
of crystallinity), the formation of processes of polymorphic transformations of the mon-
oclinic Zr0.98Ce0.02O2 → tetragonal Zr0.85Ce0.15O2 type is accompanied by a decrease in
the contribution of background radiation (the concentration of disordered regions and
amorphous inclusions), which indicates the formation of structurally ordered ceramics
with a high crystallinity degree. Moreover, the deformation factor analysis of the crystal
lattice distortion has a pronounced dependence on the formation of the Zr0.85Ce0.15O2
tetragonal phase in the ceramic structure, the appearance of which in the composition of
ceramics results in a growth in crystal lattice distortion due to the occurrence of interphase
boundaries that contribute to the formation of deformation distortions. Moreover, in the
case of a complete polymorphic transformation and subsequent shift of the monoclinic
phase from the composition of ceramics, a decrease in the deformation distortion of the
crystal lattice is observed.

Therefore, analyzing the data acquired, we can assume that the CeO2 dopant con-
centration growth from 0.05 to 0.025 mol results in the formation of a stable tetragonal
Zr0.85Ce0.15O2 substitution phase, which has a high structural ordering degree and a low
deformation distortion of the crystal structure.

3.2. Study of the Kinetics of Deformation Distortion of the Crystal Structure of Ceramics as a
Function of Dopant Concentration under High-Dose Proton Irradiation

One of the important criteria for the applicability of composite ceramics as materials
for the creation of dispersed nuclear fuel is their resistance to radiation-induced damage,
alongside the processes accompanied by the accumulation of these damages in the damaged
layers. One of the key problems in this direction is resistance to hydrogenation and
subsequent embrittlement as a result of the formation of structurally distorted regions
and gas-filled inclusions. The resistance of materials to hydrogenation and subsequent
destruction can be assessed using the method of X-ray diffraction analysis by calculating
the dynamics of changes in structural parameters, in particular the deformation factor of
crystal lattice distortion, as well as changes in the degree of structural ordering (degree of
crystallinity). Having determined the dynamics of changes in these structural parameters
as a function of the irradiation fluence or the value of atomic displacements arising from
irradiation, it is possible to establish the criteria for the applicability of these ceramics as
materials for dispersed nuclear fuel.

Figure 3 illustrates the assessment results of the degree of structural disorder arising
from the crystal lattice deformation distortion of the synthesized ceramics as a function
of the concentration of the cerium dioxide dopant component in the composition of the
ceramics. The dependences obtained were calculated on the basis of data on the assessment
of the alteration in the crystal lattice parameters as a function of the proton irradiation
fluence when estimating the position of diffraction reflections in diffraction patterns. The
overall appearance of the presented trend in the alteration in the deformation distortion of
the crystal structure indicates the tensile nature of structural distortions associated with
the accumulation of radiation-induced damage in the composition of ceramics, alongside
the deformation distortion of the crystal structure during high-dose irradiation, which is
characteristic of partial amorphization.

The general trends of the alteration in the degree of crystal lattice deformation indicate
a two-stage nature of the change in deformation distortions. The first stage consists of
the accumulation of point defects arising from irradiation, which, in conformity with the
assessment of the degree of deformation, results in small changes in the parameters of
the crystal lattice. In this case, the main structural changes associated with the formation
of tensile deformation distortions are attributable to ionization processes and subsequent
changes in the electron density and its distribution. Ionization occurs during the inter-
action of projectile particles with the electronic subsystem of ceramics, which results in
the formation of cascade effects of secondary electrons capable of migrating to a suffi-
ciently large distance from the main trajectory of projectile particles [51,52]. With a high
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irradiation fluence, the number of ionization events is quite large, which results in the
formation of overlapping effects of such areas, and as a result, the appearance of structural
distortions arising from ionization. Moreover, these effects of structural distortions are
cumulative. Upon reaching the critical point, the deformation of the crystal lattice sharply
increases, which indicates the effect of disordering and partial destruction associated with
amorphization or hydrogenation processes. The critical point for increasing structural
distortions associated with the accumulation of tensile strains is the irradiation fluence
of 1015–5 × 1015 cm−2; upon reaching this, a sharp increase in the deformation distor-
tion of the crystal structure is observed [53,54]. One must note that at these irradiation
fluences, there are also differences in the magnitude of the structural distortion of the
crystal lattice for samples with a tetragonal type of crystal structure Zr0.85Ce0.15O2. In the
case of a tetragonal structure of ceramics at a CeO2 dopant concentration of 0.25 mol, the
deformation distortion of the crystal structure at the maximum irradiation fluence is less
than 10%, which is more than two times less than the results of the other samples. This
difference can be explained by the fact that in the case of a monoclinic structure, which is
characteristic of the ZrO2 and Zr0.98Ce0.02O2 phases, deformation distortions occur more
intensely. Since it is known that during irradiation of ceramics with a ZrO2 monoclinic
phase at high irradiation fluences, polymorphic transformation processes occur, arising
from the deformation distortion accumulation [55–57]. However, when it comes to proton
irradiation, the values of ionization losses are much smaller than in the case of irradiation of
heavy ions [55–57], which in turn results in the formation of a large number of deformation
distortions, but is not sufficient to initiate the processes of polymorphic transformations
of the m-ZrO2 → t-ZrO2 type [55–57], which are characteristic of irradiation with heavy
ions. In this case, it can be concluded that ceramics with a monoclinic type of crystal
lattice are less resistant to deformation distortions arising from ionization processes, since
the structure of ceramics itself is a metastable state, which changes under any external
influences, including ionization effects and a change in the electron density. It should also
be noted that, in conformity with calculations of the atomic displacements arising from
irradiation and associated with nuclear losses of incident particles during interaction with
ceramics, at irradiation fluences of 1014–5 × 1015 cm−2 there are less than 0.01 dpa. Atomic
displacements can have the main effect on deformation distortions at maximum irradiation
fluences of 5 × 1016–1017 cm−2, for which the atomic displacements are more than 3–7 dpa.
In that case, in conformity with the data of structural distortions, a marked rise in the
crystal lattice deformation is observed, which can be not only due to the cumulative effect
related to the ionization processes and changes in the electron density, but also to atomic
displacements, which cause a rise in the deformation of the crystal structure. It is also
worth noting that at maximum irradiation fluences, in conformity with the calculated data
using the SRIM Pro 2013 program code, the concentration of implanted hydrogen in the
damaged layers is more than 1 at.%, which can result in the formation of gas-filled regions
resulting from deformation distortion of the ceramic crystal structure. The emergence of
gas-filled cavities arising from the deformation distortion of the crystal lattice can result in
structural embrittlement and softening of ceramics, since these areas are highly deformed
inclusions that create additional distortions in the near-surface layer. The obtained data
on structural changes and deformation distortions as a function of the dose of accumu-
lated damage are in good agreement with a number of experimental works related to the
study of structural distortions in oxide ceramics under irradiation with heavy ions [58–60].
Moreover, in contrast to irradiation with heavy ions, when it comes to proton irradiation,
the accumulation of radiation damage proceeds much more slowly, which is not only due
to the small size of protons, but also to differences in the ionization losses of incident
particles during the interaction of protons with the crystal lattice. It should be noted that
during proton irradiation, the thickness of the damaged layers is much greater, which
can lead to large structural changes arising from irradiation. At the same time, the main
structural distortions are associated with deformation mechanical stresses of tensile or
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compressive type, both in the case of heavy ions [58–60] and irradiation with protons. Their
accumulation results in the destruction of the damaged layers.

Figure 4 below demonstrates TEM images of the structural disorder of ceramics with
a dopant concentration of 0.05 mol, before and after high-dose proton irradiation with a
fluence of 1016 and 1017 cm−2, reflecting the evolution of ceramic degradation with the
formation of regions of disorder and the consequent emergence of gas-filled bubbles.
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Figure 3. Results of evaluation of the degree of crystal lattice deformation as a function of the
irradiation fluence.

The presented TEM images clearly demonstrate that after irradiation, the destruction of
the crystal structure, disordering and partial amorphization are observed, which indicates
a negative effect of irradiation on the features of ceramics. In the case of an irradiation
fluence of 1017 cm−2, the formation of a spherical inclusion typical of a gas-filled bubble is
observed near the surface. Moreover, in conformity with the presented TEM images, these
areas are agglomerated with each other, indicating their high mobility and the ability to
unite. The shape of the bubbles, alongside the structural distortion formed around them, is
in good agreement with the hypothesis put forward by Evans [61] about the mechanisms
of formation of such inclusions. At the same time, for samples with a tetragonal type of
crystal lattice, the formation of such inclusions in the near-surface layer was not found,
which indicates a higher resistance of these ceramics to radiation-induced swelling and the
formation of gas-filled bubbles.

Summarizing the observed structural changes associated with deformation distor-
tions and their accumulation kinetics during irradiation, we can conclude the following:
The main contribution to the structural disordering of ceramic samples is made by the
cumulative effect of deformation tensile stresses capable of distorting the crystal structure,
and at high irradiation fluences for ceramics with a monoclinic phase, the emergence
of gas-filled bubbles. Moreover, the processes of polymorphic transformations during
irradiation with protons were not observed even at irradiation fluences of 1016–1017 cm–2,
which also confirms the previously stated assumption concerning the energy dependence
of incident particles in the initialization of the polymorphic transformation processes in
zirconium dioxide [40–42]. When it comes to the Zr0.85Ce0.15O2 tetragonal phase formation
under proton irradiation, an increased resistance to deformation distortions of the crystal
structure is observed, which can be explained by structural effects, and by a more ordered
structure of ceramics in the initial state.
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3.3. Influence of Structural Distortions and Radiation Damage Accumulation on the Alteration in
the Strength Properties of Ceramics

An important factor for establishing the criteria for the applicability of composite
ceramics as inert matrix materials is the assessment of their strength properties, the change
in which directly affects the stability of the fissile material since in the case of a sharp
deterioration in strength, embrittlement of the insulating inert material that holds the fissile
fuel can occur. In that case, there is a risk of contact of fissile material and the subsequent
formation of areas with increased heat release, which can result in a destructive alteration
in the entire fuel assembly.

Figure 5 shows the results of changes in the hardness of ceramics as a function of the
irradiation fluence, reflecting the degree of structural softening as a result of accumulated
structural distortions and deformation inclusions. When analyzing the obtained values
of the hardness of the samples in the initial state as a function of the concentration of the
CeO2 dopant, it can be concluded that the alteration in the phase composition associated
with the formation of the Zr0.98Ce0.02O2 substitution phase results in a rise in hardness by
6% in comparison with the samples obtained at dopant concentrations of 0.05 mol. In the
case of the formation of two-phase ceramics, the formation of which occurs at a dopant
concentration of 0.10 mol, the increase in hardness is more than 36%, and for ceramics with
the dominant tetragonal Zr0.85Ce0.15O2 phase, the increase in hardness is more than three
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times that of ceramics with the monoclinic ZrO2 phase. Such an alteration in the strength
characteristics indicates a rise in the resistance of ceramics to mechanical stress, alongside a
growth in their resistance to external mechanical stress.

J. Compos. Sci. 2023, 7, x FOR PEER REVIEW 10 of 14 
 

 

1017 cm–2, which also confirms the previously stated assumption concerning the energy 
dependence of incident particles in the initialization of the polymorphic transformation 
processes in zirconium dioxide [40–42]. When it comes to the Zr0.85Ce0.15O2 tetragonal 
phase formation under proton irradiation, an increased resistance to deformation distor-
tions of the crystal structure is observed, which can be explained by structural effects, and 
by a more ordered structure of ceramics in the initial state. 

3.3. Influence of Structural Distortions and Radiation Damage Accumulation on the Alteration in 
the Strength Properties of Ceramics 

An important factor for establishing the criteria for the applicability of composite 
ceramics as inert matrix materials is the assessment of their strength properties, the 
change in which directly affects the stability of the fissile material since in the case of a 
sharp deterioration in strength, embrittlement of the insulating inert material that holds 
the fissile fuel can occur. In that case, there is a risk of contact of fissile material and the 
subsequent formation of areas with increased heat release, which can result in a destruc-
tive alteration in the entire fuel assembly. 

Figure 5 shows the results of changes in the hardness of ceramics as a function of the 
irradiation fluence, reflecting the degree of structural softening as a result of accumulated 
structural distortions and deformation inclusions. When analyzing the obtained values of 
the hardness of the samples in the initial state as a function of the concentration of the 
CeO2 dopant, it can be concluded that the alteration in the phase composition associated 
with the formation of the Zr0.98Ce0.02O2 substitution phase results in a rise in hardness by 
6% in comparison with the samples obtained at dopant concentrations of 0.05 mol. In the 
case of the formation of two-phase ceramics, the formation of which occurs at a dopant 
concentration of 0.10 mol, the increase in hardness is more than 36%, and for ceramics 
with the dominant tetragonal Zr0.85Ce0.15O2 phase, the increase in hardness is more than 
three times that of ceramics with the monoclinic ZrO2 phase. Such an alteration in the 
strength characteristics indicates a rise in the resistance of ceramics to mechanical stress, 
alongside a growth in their resistance to external mechanical stress. 

100

200

300

400

500

600

43.9 %
28.5 %

Fluence, cm−2

 0.05 mol
 0.10 mol
 0.15 mol
 0.25 mol

H
ar

dn
es

s,
 H

V

Pristine    1014       5×1014   1015     5×1015    1016     5×1016    1017

4.6 %

12.3 %

 
Figure 5. Results of changes in the strength characteristics of ceramics as a function of the irradia-
tion fluence. 

Figure 5. Results of changes in the strength characteristics of ceramics as a function of the
irradiation fluence.

As is evident from the data proposed, the most pronounced alterations in the hardness
of ceramics are observed at irradiation fluences above 1015 cm−2, which is in good agree-
ment with the results of changes in the deformation distortions of ceramics as a result of
the cumulative effect. In that case, the change in hardness occurs only when the cumulative
effect of deformation distortions results in a growth in structural disorder by more than
2–4%; at lower values of the alteration in the strength characteristics of ceramics, it has not
been established. Moreover, in contrast to changes in the value of structural disorder and
deformation distortions, the change in strength properties has a more pronounced depen-
dence on changes in the phase composition of ceramics. Thus, in the case of the formation
of a monoclinic Zr0.98Ce0.02O2 substitution phase in the structure, the maximum decrease
in hardness at the maximum irradiation fluence (1017 cm–2) is no more than 28.5% of the
initial value, while for the monoclinic ZrO2 phase, a similar change is more than 43% of the
initial value. In the case of the formation of a two-phase structure consisting of a mixture of
the monoclinic and tetragonal phases, the maximum decrease in hardness at an irradiation
fluence of 1017 cm−2 is no more than 12%, which is 3.5 times less than the corresponding
value for single-phase ceramics with the ZrO2 monoclinic phase. It should also be noted
that for ceramics with the Zr0.85Ce0.15O2 tetragonal phase, the maximum decrease in hard-
ness at the maximum irradiation fluence is less than 5%, which indicates a high resistance
to destructive softening of the samples. Such a difference in the strength characteristics and
a growth in resistance to softening with an alteration in the phase composition of ceramics
implies that the main contribution to maintaining the stability of strength properties is
made by the phase composition of ceramics, which, as for polymorphic transformations of
the monoclinic Zr0.98Ce0.02O2 → tetragonal Zr0.85Ce0.15O2 type, results in strengthening
and a growth in stability. It should also be noted that a steep deterioration in the strength
characteristics for ceramic samples with a low dopant concentration (0.05 mol) can also be
due to the effects related to the formation of gas-filled inclusions in the near-surface layer,
which, as a result of external mechanical influences, result in a destructive embrittlement
and a major drop in resistance to cracking and crack formation.
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Summarizing the above, it can be concluded that the results of the change in strength
characteristics indicate that the alteration in the phase composition of ceramics with an
increase in the CeO2 dopant concentration results in a growth in the degree of destruction
resistance when the radiation damage accumulates.

4. Conclusions

During the studies, it was revealed that a rise in the cerium dioxide dopant concen-
tration from 0.05 to 0.15 mol does not result in significant alterations in the resistance of
ceramics to radiation-induced embrittlement during swelling and subsequent destruction
of the near-surface layer in the case of proton irradiation. When it comes to dopant con-
centrations of 0.20–0.25 mol, a growth in the resistance of ceramics to radiation-induced
destruction under high-dose irradiation is observed. This behavior of stability can be due
to the structural changes related to the formation of a substitutional solid solution and
subsequent polymorphic transformation of the monoclinic Zr0.98Ce0.02O2 → tetragonal
Zr0.85Ce0.15O2 type, alongside a growth in the dislocation density with a decrease in the
grain size in doped ceramics. During conducted studies, it was found that the deformation
distortion of the crystal structure is associated with the accumulation of radiation-induced
tensile residual stresses, alongside implanted hydrogen during high-dose irradiation. In
that case, a polymorphic transformation of the monoclinic Zr0.98Ce0.02O2 → tetragonal
Zr0.85Ce0.15O2 type results in a rise in the resistance to deformation distortion of the crystal
lattice by more than two to three times.

The main result of this work is the obtained dependences of alterations in structure
and strength as a function of the accumulated radiation damage in the near-surface
layers of ceramics, alongside the established connection between the influence of
variations in the phase composition of ceramics on growing resistance to radiation
embrittlement. Subsequently, the obtained results can be used in the design of a
dispersed nuclear fuel, and in the determination of its applicability, when taking into
account all of the data obtained.
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