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Abstract: This article is devoted to the study of the mechanical and strength properties of Y,0O3-
doped ZrO,—CeO, composite ceramics. The choice of these ceramics is due to their prospects in
the field of nuclear energy, structural materials and as the basis for materials of dispersed nuclear
fuel inert matrices. The choice as objects for research is due to their physicochemical, insulating
and strength properties, the combination of which makes it possible to create one of the promising
types of composite ceramics with high resistance to external influences, high mechanical pressures
and crack resistance. The method of mechanochemical synthesis followed by thermal annealing
of the samples at a temperature of 1500 °C; was used as a preparation method; to study the effect
of Y203 doping, scanning electron microscopy methods were used to determine morphological
features. The X-ray diffraction method was applied to determine the structural features and phase
composition. The mechanical methods of microindentation and single compression for determination
were applied to determine the strength characteristics. During the tests, it was found that the most
resistant materials to external mechanical influences, and thermal heating for a long time of testing,
are ceramics, in which the CeZrO, phase dominates. At the same time, the strengthening of ceramics
and an increase in crack resistance is due to a change in the phase composition and to a decrease in the
grain size, leading to the formation of a large dislocation density, and, consequently, the appearance
of the dislocation strengthening effect. The relevance and novelty of this study lies in obtaining new
types of ceramic materials for inert matrices of nuclear fuel, studying their morphological, structural,
strength and thermophysical properties, as well as assessing their resistance to external influences
during prolonged thermal heating. The results obtained can later be used as fundamental knowledge
in assessing the prospects for the use of oxide ceramics as nuclear materials.

Keywords: composite ceramics; strength properties; zirconium dioxide; yttrium; doping; size factor;
inert nuclear fuel

1. Introduction

In recent decades, great interest has been directed to solving issues related to the
study of alternative methods for increasing the efficiency of using nuclear fuel, including
increasing the degree of fuel burnup in fuel rods [1,2]. Another important issue in this
direction is the study of the possibility of switching from nuclear fuel from uranium to
non-uranium fuel, which can be based on plutonium [3,4]. The basis for these studies is the
need to reduce the concentration of nuclear cycle waste, which includes the accumulation of
plutonium as one of the decay products, and the processing of weapons-grade plutonium
to use for peaceful purposes, as well as to reduce its stocks [5,6]. Unlike uranium fuel,
the use of plutonium as a nuclear fuel will reduce the concentration of long-lived nuclear
waste, as well as recycle existing stocks of weapons-grade plutonium. In addition, the use
of plutonium as a basis for nuclear fuel requires new technological solutions in terms of
increasing the productivity and efficiency of fuel burnup, the possibility of operating for
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a long time at elevated temperatures, as well as in the field of mechanical impacts and
resistance to external pressures or deformations [7-10].

To solve these conditions, one of the options for creating new types of nuclear fuel
is the transition to fuel based on inert matrices [11,12]. This type of fuel is based on a
technological solution, which consists in the fact that nuclear fuel is placed in dispersed
ceramics, which serve as both an absorber and a heat transfer material [13,14]. At the same
time, the key requirement for an inert matrix based on oxide or nitride refractory ceramics
is their resistance to both radiation damage caused by irradiation and mechanical stress,
cracking, external pressure, etc. This requirement is due to the fact that during operation
these inert matrix materials will be subjected to both deformation processes caused by the
accumulation of radiation damage and external influences associated with temperature
changes, thermal expansion, mechanical pressures, etc. [15-17]. At the same time, the
choice of oxide refractory ceramics as the basis for inert matrices is due to their properties,
the combination of which allows us to assume that these materials are very promising in
this direction.

Recently, great interest among oxide ceramics has been given to compounds of zir-
conium dioxide and cerium, which is due to their high strength, thermal conductivity
and heat capacity. However, one of the key disadvantages of zirconium dioxide is its low
resistance to polymorphic transformations, which can be initiated as a result of external
influences, including irradiation [18,19]. To eliminate this disadvantage, as a rule, vari-
ous stabilizing dopants are used, which inhibit the transformation processes and increase
resistance to external influences.

Another promising direction in this area is to increase the resistance to mechanical
damage due to size and dislocation effects. This conjecture is that small grain sizes and
high dislocation density have a strengthening effect on the material due to the creation
of additional obstacles to the propagation of cracks and deformation inclusions in the
structure under mechanical loads [20-24].

The purpose of this study is to establish patterns of the effect of grain sizes on the
strength and mechanical properties of composite ceramics to cracking processes, as well
as to determine the dependence of the effect of the phase composition of ceramics on
grain sizes and the dynamics of their change. Composite ceramics based on ZrO,-CeO,
compounds doped with Y,0O3 obtained by solid-phase mechanochemical synthesis were
selected as objects of study. The choice of research objects is due to their prospects for using
inert matrix materials for dispersed nuclear fuel, the main purpose of which is to replace
traditional nuclear fuel with uranium-free nuclear fuel, which has great prospects in the
new generation of nuclear power [19-24]. As shown in a number of works, the formation
of ceramics with the structure of complex oxides of the Cey5Zr( 50, or CeZrO;, type leads
to an increase in the resistance of ceramics to external influences, as well as an increase in
their productivity when used as a basis for catalysts, due to a change in the specific surface
area and phase inclusions [25,26].

2. Experimental Part

To obtain the studied ZrO,—CeO, samples doped with Y,0O3, the method of solid-phase
mechanochemical synthesis was chosen and implemented using standard technology. The
micron powders of ZrO,, CeO, and Y,03 (Sigma Aldrich, Burlington, MA, USA) chemical
compounds in specified stoichiometric ratios were used as initial components. The chemical
purity of the compounds used for the synthesis was 99.95%. The Y,O3 dopant concentration
varied from 5 to 15%.

Ceramics were synthesized by mechanochemical grinding using a PULVERISETTE
6 classic line planetary mill (Fritsch, Berlin, Germany). A glass made of tungsten carbide
was used for mixing; the ratio of grinding balls (diameter 8 mm) and initial mixtures was
2:1. The grinding of the samples was carried out at a grinding speed of 400 rpm for 60 min.
The choice of grinding speed, as well as grinding time, was carried out experimentally to
obtain a homogeneous mixture after grinding, as well as to initiate phase transformation
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processes as a result of deformation distortions in the grinding process. After grinding, the
obtained mixtures were checked for the presence of impurity inclusions by the method of
energy dispersive analysis. According to the obtained data, no impurities were found in
the composition of the studied mixtures.

After grinding, the resulting mixtures were annealed in a muffle furnace at a tempera-
ture of 1500 °C for 5 h, the heating rate was 10 °C/min. After annealing, the samples were
cooled for 24 h together with the furnace in order to avoid the effects of rapid oxidation in
air. A Rus-Universal muffle furnace was used for annealing.

The morphological features of the synthesized samples and grain sizes were deter-
mined using the method of scanning electron microscopy, which was implemented on a
Hitachi TM3030 (Hitachi, Japan) microscope. Image analysis for grain size determination
and counting was performed using ImageJ image processing software.

The analysis of the structural characteristics and phase composition of the studied
ceramics depending on the dopant concentration was carried out based on X-ray diffraction
data obtained using a D8 Advance Eco X-ray diffractometer (Bruker, Germany). The diffrac-
tion patterns were obtained in the Bragg—Brentano geometry, in the angular range of 26 =
25-90°. The DiffracEVA v.4.2 software was used to analyze the crystal lattice parameters.

The strength properties were measured by indentation and single compression of
ceramic samples. During microhardness determination, a Vickers pyramid was used as an
indenter. The single compression method consisted in compressing ceramic samples in a
press at a constant compression rate of 0.1 mm/min until the pressure value was fixed at
which microcracks were observed. Before testing, the samples were pressed into tablets
5 mm in diameter and 2 mm thick for compression experiments. The determination of
resistance to cracking was evaluated by a comparative analysis of the obtained values of
the maximum pressure at which the stage of cracking and fracture of ceramics occurs for
different types of ceramics under study:.

3. Results and Discussion

One of the methods for characterizing the properties of ceramics is the assessment
of morphological changes depending on the phase composition, as well as the dopant
concentration. Figure 1 shows the results of studies of changes in the grain morphology of
the synthesized ZrO,—-CeO, composite ceramics. The general view of the observed changes
in grain morphology depending on the concentration of the Y,O3 dopant indicates that the
addition of Y,0O3 during synthesis leads to a change in the grain size, shape and geometry,
which may be due to phase transformation processes [27,28].

(b)

Figure 1. Cont.
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Figure 1. Results of morphological studies of synthesized ZrO;—CeO; ceramics depending on the
Y,03 dopant concentration: (a) Pristine sample; (b) 5%; (c) 10%; (d) 15%.

In the case of the original samples, the dominant type of grains are rhomboid grains,
the size of which varies within 90-120 nm, which are surrounded by growths in the form of
accumulations of small grains, dendritic or feather-shaped. The presence of two types of
grains indicates that during the sintering of the initial mixtures, phase transformations occur,
which are accompanied by the formation of grains of different geometries. Doping with
Y,03, as well as a further increase in its concentration, leads to the displacement of large
rhomboid grains by smaller, spherical grains, which, at dopant concentrations of 10-15%,
form a densely packed structure with a dendrite-like shape. A decrease in grain size, as well
as their compaction, leads to an increase in boundary effects, as well as an increase in the
specific surface area.

After analyzing the obtained SEM images of the synthesized ceramics in order to
determine the grain sizes, as well as their homogeneity, grain size distribution diagrams
were constructed. For the construction, the ImageJ] program code was used, with the help
of which the grain sizes were determined, as well as their geometry. The evaluation results
are presented in Figure 2.

o
ton, o

Concentra ‘

Figure 2. Size diagram obtained by analyzing grain sizes according to SEM image data.
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As can be observed from the presented size diagrams in the case of the initial ceramics,
there are two characteristic particle size distributions, which are typical for large grains, the
sizes of which vary from 90 to 120 nm, and small spherical grains with sizes of 25-40 nm. At
the same time, the ratio of the content of large and small grains is approximately 70/30 with
the dominance of large grains. Doping with Y,O3 at a content of 5% leads to a decrease in
the contribution of large grains in the composition of ceramics, as evidenced by the results
of both size diagrams and SEM image data. In this case, a slight decrease in the average
grain size is also observed, which indicates the recrystallization processes because of the
addition of Y03, as well as the initialization of phase transformation processes.

Ata Y;03 dopant concentration of 10-15%, a decrease in the contribution of large grains
is observed, which is no more than 3-5% of the total number of grains, and the diagram
characteristic of small grain sizes becomes narrower in the size range, which indicates an
increase in the grain size homogeneity degree. At the same time, the analysis of the obtained
SEM images, as well as dimensional diagrams constructed on their basis, showed that in the
case of Y,O3 dopant concentrations equal to 10-15%, the formation of a close-packed grain
structure, similar in shape to dendrite-like types of structures, is observed. The formation of
such types of structural and morphological features can be due to the processes of phase
transformations that occur during thermal annealing of the samples. Further, the addition
of Y03 can lead to the initialization of phase transformation processes, accompanied by
recrystallization processes and a change in grain size.

In turn, an increase in the homogeneity degree in combination with a decrease in the
grain size, as well as the formation of a close-packed structure, can have a significant effect
on the strength characteristics of ceramics, as well as their resistance to external influences.

Figure 3a shows the results of X-ray phase analysis of the synthesized ceramics de-
pending on the Y,03 dopant concentration in the composition.
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o — CeyZr) 07 - Cubic (COD-4001072)
v v W - CeyysZry 50, — Tetragonal (COD-1540416)
15% 0 - YZr03 - Cubic (COD-1009016)
¥ - CeZrO4 - Cubic (COD-1521415)
Y v
v v
v
10 %
v
v
B S W v Y
]
|ﬂ. |
| h
10 J H B
OJ 1 0 jlr ‘\X_,{m_m_n“___‘ __“!Mﬂ____'__ I
L] A °
AA
N JOoA S A A A A
A I L L L
40 45 50 55 60 65 70 75 80 85 90
2 Theta, degree
(a)

Figure 3. Cont.
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Figure 3. (a) Results of X-ray diffraction of the studied ceramics depending on the concentration of
the Y,03 dopant. (b) The results of mapping a ceramic sample with a dopant concentration of 5%.

The general form of the observed changes in the diffraction patterns indicates two
processes occurring as a result of thermal sintering depending on the Y,O3 dopant con-
centration. The first type is associated with the appearance of new diffraction reflections
with an increase in the Y,O3 dopant concentration, which indicates the processes of phase
transformations and a change in the phase composition of the synthesized ceramics. These
processes are most pronounced when the dopant concentration changes from 5 to 10%.

The second type of observed changes is typical for processes associated with structural
ordering, which is expressed in a change in the shape of diffraction reflections, as well as
their shift to the region of small angles, which indicates a decrease in the contributions of
amorphous-like inclusions or disordered regions. At the same time, this type of changes is
most pronounced for ceramic samples with an increase in the concentration of the Y,O3
dopant from 10 to 15%. In this case, the main changes observed in the diffraction pattern are
characteristic only for the second type of changes, which are characterized by an increase
in the symmetry of the shape of diffraction lines relative to the position of the maximum,
as well as a decrease in the ratio of the areas of diffraction reflections and background
radiation, which characterizes the structural ordering degree.

Analyzing the positions of diffraction maxima and their intensity by comparing with
card values from the database, the phase composition of the studied samples was established.
For initial samples without dopant, the phase composition of ceramics is a solid solution
of two phases of tetragonal ZrO, (P42/nmc(137)) and cubic CeyZr,O7 (Fm-3m(227)) in
the ratio ZrO, /CeyZryO7~87/23. The formation of such a structure is typical for ceramics
obtained by mechanochemical synthesis followed by thermal annealing, as a result of which
the processes of the partial substitution of ions of one type for ions of another type are
initiated, followed by the formation of structures similar to a complex oxide.

In the case of the addition of the Y,O3 dopant to the mixture composition, according
to the obtained X-ray diffraction data, we observed the appearance of new diffraction
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reflections characteristic of the tetragonal Ce 15721 850> phase, the formation of which is
associated with the transformation of the ZrO, phase associated with the partial replace-
ment of zirconium ions by cerium ions, as well as reflections characteristic of the YZrOs
cubic phase, the content of which does not exceed 20%.

Figure 3b shows the results of mapping a sample with the Y,0O3 dopant concentration
of 5%, for which, according to SEM images, the presence of small spherical grains was
established. As can be observed from the mapping data, these grains contain a sufficient
amount of Zr and Y, and therefore, it can be concluded that these grains correspond to the
cubic phase of YZrOs.

When the Y,03 dopant is added in the amount of 10-15%, the obtained data of X-ray
diffraction patterns indicate the process of phase transformations of the Ce 15Zr( 8502~
Tetragonal / YZrOs;—-Cubic — CeZrO,—Cubic type with subsequent structural ordering of
the cubic CeZrOy phase. This transformation is due to the fact that the addition of Y,0s3,
the melting point of which is much lower than the melting point of ZrO, and CeO,, leads
to the fact that the processes of phase transformations proceed more intensively with the
formation of a structure of complex oxides, followed by its ordering, as evidenced by the
results of estimating the crystal lattice parameters, presented in Table 1.

Table 1. Lattice parameter data.

Phase

o

Lattice Parameter, A

Concentration of Y,03,%

0 5 10 15

ZrOy—tetragonal

a=23.5971 + 0.0024,
¢ =3.2233 + 0.0016, - - B
V=6759 +1.12 A3

CepZr,O7—Cubic

a=10.6443 + 0.0034,
V =1206.00 + 1.21 A3

Cep.15Zr0.8502—
Tetragonal

a=3.6418 4+ 0.0031,
- ¢ =5.2329 + 0.0017, - .
V =69.40 + 1.15 A3

YZrO3;-Cubic

a =10.5307,
V=1167.84 + 0.93 A3

CeZrO4—Cubic

a =10.47127 + 0.0016, a=10.3953 + 0.0025,
V=1148.15+ 1.16 A3 V =1123.34 + 0.96 A3

In a detailed analysis of the obtained diffraction patterns for samples with the Y03
dopant concentration of 10-15%, it was found that there were no impurity inclusions of the
YZrO; phase, which was determined for samples with a dopant concentration of 5%. When
analyzing the position of diffraction reflections for samples with 10% and 15% dopant
concentrations, it was found that the dominant phase most fully describing the position
of all observed reflections is the cubic phase of CeZrO4. However, using the Rietveld
method, it was also found that when approximating these lines by the necessary functions,
one can make an assumption that these reflections also correspond to the characteristic
phase of YZrOj3, however, due to the close position of the lines of the two phases YZrO3
and CeZrOy and the similarity of the crystal lattice parameters, it can be determined with
a high degree of certainty that the contribution of the YZrOs phase for samples with a
dopant concentration of 10-15% failed. In connection with this, an assumption was made
about the complete dominance of the CeZrO, phase in the composition of ceramics at these
concentrations, with the possible presence of inclusions of the YZrO; phase in the form of a
solid solution.

As can be observed from the data presented in Table 1, the formation of the CeZrO,
phase at a dopant concentration of 10% with a subsequent increase in concentration leads
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to structural ordering of the crystal lattice, which is expressed in a decrease in the lattice
parameters and volume.

According to the assessment results of the phase composition of the studied ceramics,
depending on the dopant concentration, phase transformations can be written in the
following form: ZrO,-Tetragonal/Ce;Zr,O; —Cubic — Ce 15Zrg g50r—Tetragonal / YZrO3—
Cubic — CeZrO4—Cubic.

As is known, the formation of multiphase structures or structures of the type of a
complex oxide or substitution can have a significant impact on the strength characteristics,
as well as the resistance of ceramics to external influences, including thermal heating or
exposure to aggressive media. The hardening effects in this case can be explained as the
presence of interfacial boundaries or size effects associated with small grain sizes, which
create additional obstacles to crack propagation and create barriers to their growth.

Figure 4 shows the results of measuring the strength characteristics of the studied
ceramics, reflecting the effect of the dopant, as well as grain sizes and phase composition
on hardening and increasing resistance to mechanical stress.

380
{ 30
360 - ] ;
28
T 340 CezrQ, = 26
a 42.1% 5., ]
2 320 & 24+
S L 89.1%
© < 22
< (2]
S 300 2
§ O 204
= 280 0 6.59
Zr0,/Ce,Zr,0, ? 16.5% 18 4 36.5 %
0 1 122 %
260—%______4'EA)___ -_—_ - -L 16'} _________________
Hardering, % 14 Increasing crack resistance, %
240 T T T T T T T
0 10 15 0 5 10 15
Concentration Y,05, % Concentration Y,05, %

(a) (b)

Figure 4. (a) Results of the microhardness value change depending on the dopant concentration.
(b) Results of changes in the single compression resistance of ceramics depending on the dopant
concentration.

An analysis of the changes in the microhardness obtained using the indentation
method showed that with an increase in the dopant concentration, the surface of the
ceramics is strengthened, as well as a decrease in the degree of softening, which is expressed
in a decrease in the indenter print. At the same time, the most pronounced changes are
observed for samples in which the CeZrO,4 phase dominates, for which the hardening in
comparison with the original sample increased by 16.5% and 42.1%, respectively. It should
be noted that the increase in hardening from 16.5% to 42.1% for single-phase samples is
also due to the effect of structural ordering, which is observed in the analysis of structural
parameters and the structural ordering degree obtained by interpreting X-ray diffraction
data. Additionally, the hardness increase effect is due to the size effect associated with a
change in grain size and morphology, as well as an increase in the size homogeneity degree
(see data in Figure 2). A decrease in grain size leads to the formation of a close-packed
structure consisting of small grains with many grain boundaries. Such a formation leads
to the appearance of a strengthening effect associated with the creation of resistance to
external influences due to the boundary and dislocation effects.

These effects are most pronounced when analyzing the results for determining the
crack resistance under single compression of the samples, which are presented in Figure 4b.
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An analysis of the data on crack resistance showed that the change in these values has a
pronounced dependence not only on the phase composition of ceramics, but also on size
effects that cause a change in dislocation density.

Figure 5 shows the results of a comparison of the effect of a change in the dislocation
density on the strengthening of ceramics depending on the concentration of the Y,0O3
dopant. As is known, the dislocation density (5) has an inverse quadratic dependence on
the grain size (D), which is expressed using the following expression 6 = 1/D?. According
to this expression, it can be concluded that with a decrease in the grain size, the dislocation
density increases, which, as shown in a number of works [29-32], can lead to a strengthening
effect and also explain the increase in the strength characteristics of ceramics. The effect
of hardening with a change in the dislocation density is associated with an increase in
intergranular and interfacial boundaries, the presence of which leads to an increase in
the resistance to the propagation of microcracks in depth. At the same time, as can be
observed from the presented dislocation density estimation data, an order of magnitude
(~10'° cm~2) is typical for structures with a large number of dislocations, as well as fine-
grained structures, which can have a significant effect on the strengthening effect and
increase resistance to destruction under external influences. According to the obtained data,
an increase in the dislocation density with increasing dopant concentration is associated
with a decrease in size and the formation of a denser packing of grains, which is clearly
observed in the presented SEM images (see Figure 1).

Concentration Y,0,, %

0 5 10 15
100 T T T T

[ = Hardering
| @ Crack resistance|

80

60

40 L

20

Change in strength characteristics, %

20% *
s 51% 77 %
0 T T T

T T T T T
09 1.0 1.1 1.2 13 1.4 1.5 1.6 17

Dislocation density, 10" cm?
Figure 5. Comparison results of dislocation density changes on ceramic hardening.

The data presented in the figure for comparing changes in the dislocation density and
hardening values indicate a positive effect of the influence of an increase in the dislocation
density on the resistance of ceramics to external influences and mechanical pressure. As
can be observed from the data presented, changes in the dislocation density by 20% do not
lead to significant changes in the hardening of ceramics, while an increase in the dislocation
density by more than 50% leads to significant changes in the strength characteristics. At
the same time, it should be noted that the change in dislocation density has the greatest
influence on the increase in resistance to cracking in a single compression. In this case,
this effect can be explained by the fact that the formation of additional dislocations in the
structure with a decrease in the grain size leads to a decrease in the propagation rate of
microcracks in the structure under compression or other mechanical action, due to the
appearance of additional obstacles in the form of grain boundaries or interfacial boundaries,
containing many dislocations in their vicinity. A similar effect was observed in several
works [29-32], in which the authors attribute the effect of dislocation hardening to a change
in grain size and density.

As is known, the formation of substitutional structures or complex oxides of the
CeZrOy type can lead not only to the strengthening of the mechanical properties of ceramics,
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but also to an increase in the thermal stability of ceramics. An increase in resistance to long-
term operation at elevated temperatures is one of the important criteria for using ceramics
as inert matrix materials for nuclear fuel. During high-temperature operation, structural
degradation processes associated with oxidative processes can be initiated, leading to
destruction and a decrease in strength properties. To assess the influence of the phase
composition, as well as the size effects associated with the grain size on the resistance to
long-term thermal action, several experiments were carried out to test the resistance of the
synthesized ceramics to thermal heating. The tests were carried out in an air atmosphere
and the samples were subjected to thermal heating at a temperature of 700 °C for 200 h.
Every 50 h, some of the samples were taken to determine the strength characteristics. The
choice of annealing temperature for testing is due to the possibility of modeling the effects
of temperature effects comparable to the heating temperature of nuclear fuel located in the
reactor core. The results of the experiments are shown in Figure 6.

380 ~ + + 16 4 Degradation rate = 0.07 HV/h
* 0%
Q 0 n
360 - A Pa=19% 5 06
10 %

u
o
R
4> on

07| @ i(;’/?)/ R 124 15%
> 0 %)
T30 v 15% 2
%) c 10
] B
_g 300 % """ % ______ % ______ } _______ A=29% g 8 Degradation rate = 0.03 HV/h
IS £ .
5 280 o /
= | e--_-_-__ P S [
S : } o
S2601 @ mo----- I S +, ______ A=T7.4% g ;
+ —é ' 8 4 ol Degradation rate = 0.01 HV/h
240+ } A=146% 2
0 2+ , v
/%/ V¥ Degradation rate = 0.009 HV/h
T T T T T 0 e T T T T
0 50 100 150 200 0 50 100 150 200
Time, hour Time. hour
(a) (b)

Figure 6. The results of high-temperature tests for resistance to external influences: (a) Change in
microhardness depending on the test time (the dotted lines indicate the microhardness of ceramics in
the initial state, which are given as a comparison to assess the trend of changes); (b) Data of change
in the degradation and hardness decrease rate.

The presented results of changes in hardness during high-temperature heating reflect
the resistance of ceramics to degradation processes and reflect changes in the thermal
stability of the samples. As can be observed from the data presented, the main changes
associated with a decrease in hardness for the original samples are observed after 50 h of
annealing, while for doped samples with a Y,03 dopant concentration of 10-15%, changes
are observed only after 100 h of testing. At the same time, the difference in hardness values
for samples with a concentration of 10-15% is less than 3%, which indicates a high thermal
stability of the samples. This thermal stability may be due to the fact that the formed cubic
phase of CeZrO4 has an increased resistance to thermal action and oxidation processes,
which can be accompanied by partial disordering when oxygen is introduced from the
atmosphere into interstices [33]. In addition, an increase in softening resistance for doped
ceramics can be explained by the effect of dislocation hardening and the presence of a large
number of grain boundaries, the presence of which leads to hardening and a decrease in
the degradation rate. An estimate of the hardness and softening decrease rate, presented in
Figure 6b, indicates that the formation of the CeZrO, phase in the structure of ceramics and
its subsequent ordering with the dopant concentration increase leads to a decrease in the
hardness degradation rate by almost an order of magnitude, and the change in hardness
after 200 h of thermal testing does not exceeds 2-3%, which indicates a high resistance of
the material to softening as a result of prolonged heating. Analyzing the obtained data,
we can conclude that the formation of the CeZrO, phase in the structure of ceramics leads
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to the creation of additional boundary interfacial effects that prevent the propagation of
microcracks as a result of aging and also significantly increase the resistance of ceramics to
mechanical stress under compression or external pressure.

The results of the experiments carried out are in good agreement with similar types
of ceramics—candidate materials for nuclear fuel based on oxide or binary compounds.
In particular, the results of resistance to long-term thermal heating of samples with a
dopant concentration of 10-15% indicate a fairly high resistance to high-temperature
degradation, which can serve as one of the key factors in considering these materials as
alternative materials for inert matrices based on MgO, MgAl,O, and other types of oxide
ceramics [34-38].

4. Conclusions

The paper presents the assessment results of the resistance of ZrO,—-CeO;-based
ceramics doped with Y,03 to mechanical stress under single compression, friction and
external pressure. During the studies carried out, the main emphasis was placed on the
study of the influence of the size factor due to the change in grain sizes depending on the
phase composition of composite ceramics, as well as the influence of the yttrium dopant
concentration on the increase in the resistance of composite ceramics to mechanical damage.

An analysis of the morphological features of the synthesized ceramics showed that an
increase in the concentration of the dopant in the composition of the ceramics leads to a
decrease in the grain size, as well as an increase in the degree of grain size homogeneity.
At the same time, in the case of Y,O3 dopant concentrations of 10-15%, the formation of a
close-packed structure is observed, accompanied by an increase in boundary effects.

During the phase analysis, it was found that with an increase in the concentration of the
Y,03 dopant to 10-15%, phase transformations of the Ce 15Zrg g5O,—Tetragonal / YZrO3—
Cubic — CeZrO4—Cubic type occur in the ceramic structure, followed by the dominance of
the CeZrOy4 phase and its structural ordering.

An assessment of the strength characteristics of the studied ceramics depending on
the dopant concentration showed that a change in the phase composition, as well as a
decrease in grain size, leads to strengthening and an increase in the resistance of ceramics
to mechanical stress.

The results of thermal tests showed that the formation of the CeZrOy4 phase in the
ceramic structure and a decrease in the grain size lead to an increase in the degradation
resistance and the preservation of thermal stability during high-temperature heating.

Based on the studies conducted, it can be concluded that the doping of ceramics
based on ZrO,-CeO, compounds with Y03 dopant at a concentration of 10-15% leads
to the formation of nanostructured single-phase ceramics with the cubic CeZrO, phase,
which have a high degree of resistance to both mechanical stress and thermal heating.
The resulting ceramics will be tested for radiation resistance to heavy ion irradiation and
subsequent radiation embrittlement depending on the radiation dose.
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