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Abstract. The aim of this work is to determine the role of the addition of a stabilizing
magnesium oxide dopant to the composition of composite Zr0O, - CeO, ceramics in changing
the kinetics of phase transformations that occur during high-temperature sintering of
ceramics, depending on the variation in the concentration of the dopant. According to the
assessment of the microstructural features of Zr0, - CeO, ceramics, it was found that the
addition of MgO in low concentrations leads to the formation of finely dispersed grains of a
globular shape that are tightly packed, while an increase in the concentration of MgO above
0.05 M leads to an enlargement of the grains and a change in their shape from globular to
polyhedral with the formation of MgO inclusions, the presence of which is due to exceeding
the solubility limit of magnesium oxide in the ZrO, - CeO, matrix. It has been established
that variation in the MgO content allows for effective control of the morphology of ZrO, -
Ce0, ceramics from a loose porous structure to a dense fine-grained heterogeneous system
with controlled grain size, high defectivity and developed intergranular boundaries. Using
X-ray phase analysis methods, it was established that the introduction of MgO leads to a
restructuring of the phase composition: from the initial two-phase state to a single-phase
cubic structure at 0.01 M MgO and the subsequent formation of a mixture of two cubic and
tetragonal phases at higher concentrations, with the dominance of the cubic phase in the
composition.
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The role of variation of the stabilizing magnesium oxide dopant on phase transformations in the composition of ZrO2 — CeO2 ceramics

Introduction

As is known, zirconium dioxide is one of the promising functional ceramic materials for solid oxide fuel cells, the
interest in which is due to the combination of high thermal stability, chemical inertness and mixed type of conductivity,
which makes it possible to use it in extreme high-temperature operating conditions [1-3]. Zirconium dioxide plays a key
role in solid oxide fuel cells as a solid electrolyte, capable of providing transport of oxygen ions between the cathode and
anode at operating temperatures of 700 - 1000 °C. At the cathode, molecular oxygen is reduced to form oxygen ions, which
diffuse through the crystal lattice of the electrolyte. At the anode, oxygen ions interact with fuel - hydrogen, methane or
synthesis gas, forming water or carbon dioxide with the release of electrons. This process results in the generation of
electrical energy with a high efficiency factor. In this regard, much attention in solid oxide fuel cells is paid to oxygen-ion
conductivity, which plays a key role in charge transfer mechanisms and electrochemical reactions [4,5]. The most commonly
used ceramics are those based on zirconium dioxide stabilized with yttrium oxide, the addition of which leads to cationic
substitution of the Y** — Zr* type, which is accompanied by the formation of oxygen vacancies, the appearance of which
is necessary to maintain charge neutrality. The formation of oxygen vacancies plays a key role in ensuring high oxygen-ion
conductivity of the material [6,7]. Vacancies serve as free positions for the migration of oxygen ions 0% through the crystal
lattice under the influence of a temperature gradient or electric potential. The higher the concentration of oxygen vacancies,
the more intense the oxygen diffusion processes and the higher the electrical conductivity of the electrolyte. However, at high
concentrations of oxygen vacancies in the structure of ceramics, resistance to external influences may decrease, including
an increase in the embrittlement of ceramics and a tendency to fracture. This leads to the occurrence of internal stresses,
the formation of microcracks and the destruction of ceramics. When exposed to high temperatures or cyclic thermal loads
for a long time, such defects can initiate processes of local deformation and phase instability [8,9]. This is especially true
for materials based on stabilized zirconium dioxide, in which an excess of oxygen vacancies contributes to the weakening
of interatomic bonds and an increase in the sensitivity of the structure to thermal expansion. During the cooling process
after sintering or operation, significant internal stress gradients arise due to the non-uniform distribution of phases and
differences in thermal expansion coefficients [10,11]. In addition, a high concentration of oxygen vacancies can promote
the agglomeration of defects and the formation of localized regions with increased defectiveness [12]. Such regions are
characterized by reduced stability of the crystal lattice and can act as centers for the initiation of phase transformations,
including the reverse transition of the tetragonal phase to the monoclinic phase [13,14]. This transition is accompanied
by a volumetric expansion of the structure, which further increases internal stresses and accelerates the destruction of
the material. Although the formation of oxygen vacancies is a key mechanism for enhancing the oxygen-ion conductivity
of stabilized ceramics, their excessive concentration can have a negative impact on the mechanical and phase stability of
the material [15,16]. Therefore, in the development of ceramic electrolytes, special attention is paid to the selection of
the optimal stabilizing additive content, ensuring a balance between high ionic conductivity and sufficient mechanical
strength of the ceramics [17,18].

The use of magnesium oxide as a stabilizing dopant for introduction into the composition of composite Zr0,-CeO,
ceramics is considered as one of the methods for controlling the kinetics of phase transformations during high-temperature
sintering in order to purposefully change the ratio of phases in the composition, as well as the density of oxygen vacancies
and the distribution of electron density. As is known, zirconium dioxide exhibits polymorphism and can exist in monoclinic,
tetragonal and cubic modifications, the transition between which is accompanied by a change in the volume of the crystal
lattice, which leads to changes in the properties of ceramics, as well as their resistance to external influences [19]. Cerium
dioxide, in turn, due to its high oxygen mobility and the ability of cerium to change its oxidation state between the Ce3*/Ce**
states, promotes the formation of oxygen vacancies and increases the stability of high-temperature phases of zirconium
dioxide due to partial cationic substitution. The introduction of CeO, into the composition of Zr0O, leads to the formation
of substitution solid solutions in which Ce** ions partially replace Zr** ions in the crystal lattice [19,20]. Moreover, the
differences in the ionic radii of Ce** and Zr** lead to the fact that, during substitution, additional local distortions of the
crystal structure, accompanied by an increase in the lattice parameters, are formed. An increase in the concentration of
local structural distortions during cationic substitution promotes the stabilization of the tetragonal and cubic phases of
zirconium dioxide at room temperature and prevents the formation of a monoclinic phase, which is characterized by volume
expansion and can cause a decrease in resistance to external influences. Thus, the stabilization of zirconium dioxide and
composite ceramics based on it is a fundamental mechanism for the formation of the functional properties of solid oxide
electrolytes capable of operating under extreme conditions and withstanding high loads during operation. The study of
the mechanisms of phase transformations with variations in the ratio of the main components and the stabilizing dopant
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in the composition of composite ceramics makes it possible to better understand the properties of composite ceramics,
as well as determine the optimal conditions for their modification.

Materials and methods

The synthesis of composite ceramics based on compounds of cerium dioxide, zirconium dioxide and magnesium oxide
was carried out by mechanochemical grinding followed by thermal annealing of samples in a muffle furnace. A mixture of
cerium and zirconium oxides in equal molar proportions was used as the base for the composite ceramics, and magnesium
oxide was used as a stabilizer, which was added at the stage of weighing the samples before grinding. The concentration
of magnesium oxide varied from 0.01 to 0.15 M. The choice of the concentration range was based on the possibility of
changing the kinetics of phase transformations of composite ceramics during their thermal sintering. Grinding was carried
out in a PULVERISETTE 6 planetary mill (Fritsch, Berlin, Germany). The grinding speed was 250 rpm, the grinding time
was 30 minutes. Slow milling speeds were used to reduce the cold welding effect that occurs during vigorous mixing, which
causes the powders being ground to stick together and become welded to the walls of the grinding bowl. This effect slows
down the grinding process and deformation-induced crushing. After grinding, the resulting powders were removed from
the grinding jar and subjected to thermal annealing in a Nabertherm muffle furnace (Nabertherm, Lilienthal, Germany).
Annealing was carried out in air at a temperature of 1500 °C for 5 hours. The heating rate was 20 °C/min. After reaching
the set temperature, the heating of the samples was maintained constantly; temperature fluctuations in the furnace were
no more than +10°. After the annealing time had elapsed, the furnace heating was switched off and the samples were
cooled to room temperature without being exposed to air. The resulting powders, after thermal annealing, were placed in
plastic containers and hermetically sealed to prevent oxidation processes or exposure to the atmosphere. Figure 1 shows
a schematic representation of the main stages of the synthesis of composite ceramics.

Figure 1. Schematic representation of the main stages of synthesis

Determination of the morphological features of composite ceramics depending on the concentration of the added
stabilizing component in the form of magnesium oxide was carried out using the scanning electron microscopy method.
Images were acquired on a Phenom™ ProX microscope (Thermo Fisher Scientific, Eindhoven, The Netherlands). All images
were obtained using the same imaging modes, maintaining the image scale to enable determination of grain morphology
and size.

The study of the kinetics of phase transformations depending on the ratio of components upon the addition of
magnesium oxide was carried out using the X-ray structural analysis method. The diffraction patterns for subsequent
processing were obtained on a D8 ADVANCE ECO powder diffractometer (Bruker, Karlsruhe, Germany). The survey was
carried out in Bragg-Brentano geometry, the angular range was 20 = 20 - 100°, the survey step was 0.03°, and the data
acquisition time at a point was 1 sec. The assessment of structural parameters and changes in phase composition depending
on the variation in the ratio of components in the composition was carried out using the DiffracEVA v.4.2 software code
with standard processing procedures, including subtraction of ka2, smoothing of lines and their scaling for comparative
analysis. The weight contributions of each phase in the samples were determined using a method for estimating the
areas of diffraction reflections for each phase, followed by calculating the total area of the diffraction pattern. The weight
contributions were estimated using corundum numbers determined from literature data for each identified phase. Structural
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parameters were determined using a comparative analysis of peak positions obtained experimentally with the results of
map values taken from the PDF-2 database. Parameter refinement was performed taking into account the cation sizes and
their concentration dependences within the ceramics.

The optical properties of the studied ZrO2 - Ce02 ceramics were studied by a comprehensive analysis of the
optical absorption spectra and calculation of the optical spectra of induced absorption depending on the concentration of
magnesium oxide in the ceramics. Optical spectra were obtained on a SPECORD 200/210/250 PLUS spectrophotometer
(Analytik Jena, Jena, Germany). Optical properties of ceramics were measured using an integral sphere, in which samples
are placed in a special cuvette filled with barium sulfate, an optically transparent powder. Measurements are performed
in a wavelength range from 190 to 10,000 nm with a 1 nm resolution.

Results and discussion

Figure 2 shows the results of the morphological features of the studied ZrO, - CeO, ceramics with the addition of
magnesium oxide to the composition, a change in the concentration of which contributes, as can be seen from the data
presented, to changes in the packing density of grains and crystallization processes during thermal sintering. In the case of
Zr0, - Ce0, ceramics without the addition of magnesium oxide (see data in Figure 2a), the microstructure is characterized
by heterogeneous grains agglomerated into irregularly shaped dendrite-like processes with a highly developed surface
and voids due to the loose structure formed by interconnected micron and submicron-sized particles. The presence of
dendrite-like agglomerates consisting of spherical and elongated grains surrounded by a finely dispersed fraction indicates
incomplete compaction of the ceramics during sintering of the particles, which in turn forms a developed porous surface
in which the pores are unevenly distributed and formed by grain junctions and agglomerates. The presence of pores in
the structure of ceramics is direct evidence of incomplete recrystallization processes, and the absence of faceted edges
in agglomerates and the globular shape of grains, together with a high degree of aggregation of grains into dentritic
inclusions, indicate that grain growth occurs by the mechanism of coalescence of small particles during sintering. This
grain shape is typical for two-phase ceramics, which are represented by a solid solution of two phases, the presence of
which leads to the formation of local structural stresses that prevent the formation of densely packed grains. When 0.01
- 0.03 M MgO is added to ZrO, - CeO, ceramics, the observed changes in the microstructure of the ceramics indicate an
increase in the degree of compaction and structural uniformity due to the formation of finer grains with clearly defined
intergranular contacts formed by rounded grains. Such changes in grain morphology are associated with the activation of
sintering processes due to an increase in the mobility of grain boundaries, due to the dissolution of Mg** in the ZrO, - CeO,
lattice with the formation of a large number of oxygen vacancies, the presence of which increases the diffusion mobility
of oxygen and cations, which in turn accelerates mass transfer processes during high-temperature sintering. Acceleration
of mass transfer processes leads to the formation of a more homogeneous structure, and intergranular contacts acquire a
more pronounced continuous nature, indicating improved consolidation of ceramic grains during sintering. Moreover, the
fine-grained fraction indicates that at low concentrations, MgO in the composition of ceramics does not cause intensive
abnormal grain growth, and the absence of contrasting differences indicates that magnesium oxide is uniformly dissolved
in the ZrO, - CeO, matrix, and the solubility limit is not exceeded. With an increase in the concentration of MgO in the
composition of ZrO, - Ce0O, ceramics, the morphology of the grains is characterized by a transition to larger grains that have
a polyhedral multifaceted shape with clearly defined boundaries, while having a densely packed structure. An assessment
of the morphological features of the obtained ceramics indicates the presence of small grains having a clearly different
phase from the main matrix, which, according to energy-dispersive analysis data, indicates the formation of inclusions in
the form of MgO grains, the presence of which is due to exceeding the solubility limit of magnesium oxide in the Zr0, - CeO,
matrix and the subsequent segregation of excess MgO in the intergranular space. With an increase in the concentration
of magnesium oxide in the composition of ZrO, - CeO, ceramics, in addition to the process of dissolution of Mg** cations
in the crystal lattice of ZrO, - Ce0O, and the formation of oxygen vacancies, the excess of magnesium oxide leads to the
segregation of MgO grains into individual grains in the intergranular space in the form of a secondary phase, which affects
the movement of grain boundaries and, as a consequence, the manifestation of heterogeneity in the sizes of polyhedral
grains of the main Zr0O, - CeO, matrix.
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d) e) f)

Figure 2. Results of morphological features of the studied ZrO, - Ce0, ceramics
depending on the variation of the MgO component in the composition:
a) 0.0 M; b) 0.01 M; c) 0.03 M; d) 0.05 M; e) 0.10 M; f) 0.15 M

The growth of grains of the Zr0O, - CeO, matrix, in turn, is caused by an increase in the concentration of oxygen
vacancies, the formation of which is associated with cationic substitution and the need to maintain charge electroneutrality.
The appearance of clearly defined grain boundaries, in turn, indicates an increase in the degree of recrystallization at
high concentrations of Mg0, which is accompanied by a restructuring of the morphology and compaction of ceramics. An
increase in the MgO concentration to 0.10 M and above leads to an increase in the number of secondary inclusions and
intergranular defects, as well as compaction of ceramics, which indicates an increase in the efficiency of sintering processes
due to the intensive migration of intergranular boundaries, as well as the suppression of grain growth due to the pinning
effect. Moreover, this pinning effect manifests itself more intensely at concentrations of 0.15 M MgO, which is expressed
in the restraint of grain position, which leads to increased grain fragmentation, as well as a decrease in the average grain
size with clearly defined smoothed boundaries.

Figure 3 shows a schematic representation illustrating the trend of changes in the shape of grains and intergranular
boundaries in the composition of ZrO, - Ce0, ceramics at the addition of MgO to the composition with different concentrations,
the change of which leads to variations in the sintering mechanisms of grains, and also has a significant impact on the
kinetics of recrystallization processes. Analyzing the presented data on the morphological features of ZrO, - CeO, ceramics,
shown in Figures 2 and 3, it can be concluded that at low concentrations of MgO, the dominant role in the processes of
recrystallization and grain formation is played by the processes of magnesium oxide dissolution in the ZrO, - CeO, matrix
and cationic substitution, which is accompanied by the formation of oxygen vacancies, a change in the concentration
of which can influence the processes of polymorphic transformations and the subsequent rearrangement of the phase
composition of ceramics.

Figure 3. Results of the evaluation of the morphological features of the formation of grains in the composition
of Zr0, - Ce0, ceramics with the addition of MgO components with different ratios of components
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When the solubility threshold of magnesium oxide is reached, which is achieved at concentrations above 0.05
M, segregation of secondary phases in the form of MgO inclusions formed in the intergranular space is observed in the
composition of ceramics. An increase in the concentration of these inclusions leads to the initialization of grain growth
inhibition processes due to the pinning effect, which leads to the formation of a heterogeneous structure consisting of
polyhedral grains having an elongated or polyhedral shape, and the inclusions of the secondary phase themselves acquire
a coalesced shape, which leads to increased fragmentation of intergranular boundaries.

Figure 4 demonstrates the results of X-ray phase analysis of the studied samples of ZrO, - CeO, ceramics depending
on the variation of the concentration of MgO in the composition, the addition of which leads to an increase in the processes of
phase transformations caused by the mechanisms of cation substitution, accompanied by the formation of oxygen vacancies.

Figure 4. Results of X-ray diffraction of the studied Zr0O, - CeO, ceramics
with the addition of MgO in different concentrations

The initial composition of the ceramics is a mixture of a solid solution of two phases: tetragonal Ce ,Zr 0, (PDF-
01-080-6303) and cubic Ce  Zr .0, (PDF- 01-076-8752). When 0.01 M MgO is added to the composition, according to X-ray
diffraction data, a phase transformation, expressed in the formation of the cubic phase Ce,,Zr, .0, (PDF-01-082-9829),
which in turn indicates the homogenization of the structure due to the low content of the modifier and leads to the stabi-
lization of the ZrO, - CeO, solid solution by forming a cubic phase, occurs. With an increase in the MgO concentration to
0.03 M and higher, according to X-ray diffraction data, destabilization of the cubic phase Ce,,Zr 0, occurs, followed by
displacement of the secondary tetragonal phase Zr,.Ce .0, (PDF-01-074-8062) from it, the formation of which leads to
the formation of a solid solution of two phases that differ in the cationic ratio Ce**/Zr*", which occurs as a result of cationic
substitution, as well as a change in the thermodynamic stability of the phases. According to the analysis of the presented
results of X-ray diffraction for samples of ZrO, - CeO, ceramics, the composition contains MgO from 0.05 M and higher,
in the region of 26=43-44° and 26=62-63°, the appearance of diffraction reflections characteristic of the MgO phase, the
identification of which is in good agreement with the results of the assessment of morphological features, in which it was
established that when the solubility limit of MgO in the composition is reached, there is a segregation of MgO inclusions
in the interboundary space, is observed. A comparison of the density of MgO inclusions and the change in the intensity
of diffraction reflections characteristic of the MgO phase makes it possible to conclude that there is a good agreement
between the data, indicating that an increase in the concentration of MgO above the solubility limit leads to an increase in
the concentration of inclusions that initiate pinning, an effect that leads to inhibition of grain growth.

Figure 5 shows the assessment results of changes in the phase composition of the studied ZrO, - Ce0, ceramics,
reflecting the kinetics of phase transformations in the composition of ceramics with variations in the ratio of components
in the composition. According to the assessment of the weight contributions in the initial ZrO, - CeO, ceramics, the ratio
of the tetragonal Ce ,Zr 0, and cubic Ce . Zr O, phases is 46/54 wt. %, and the formation of a solid solution from two

0872
phases is due to the limited homogeneity of the distribution of Ce** and Zr* ions during the sintering process, which leads
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to the emergence of a local separation of regions with different component ratios. The addition of 0.01 M MgO, according
to X-ray diffraction data, leads to the formation of the cubic phase Ce__,
dominance in the composition with an increase in the MgO concentration. The main mechanism of formation of this phase

Zr, .0, in the composition, with its subsequent

and polymorphic transformation of the t - Ce ,Zr 0, »c - Ce . Zr type is associated with cationic substitution Mg**

0872 0.33 0.6702
— Zr* (Ce*) + V', which is accompanied by the formation of oxygen vacancies (V",), the presence of which leads to an
increase in the mobility of the anionic subsystem and acceleration of the diffusion of Ce** and Zr** cations, leading to a
decrease in chemical heterogeneity, as well as a decrease in elastic stresses and stabilization of the cubic structure. With an
Ce, O

0.35 0.65 2
from the cubic phase is observed, the formation of which is due to reaching the solubility limit of Mg?* in the composition

increase in the concentration of MgO to 0.03 M and above, a displacement of the secondary tetragonal phase Zr

of ceramics, which leads to the fact that charge compensation cannot occur only due to the formation of oxygen vacancies,
the density of which increases, which leads to an increase in local distortions and energy destabilization of the homoge-

neous solid solution Ce which leads to the release of the tetragonal phase Zr ,.Ce .0, the weight contribution

0.33zr0.6702’
of which is no more than 25 wt. %.

Figure 5. Results of the phase composition evaluation of composite ZrO, - CeO, ceramics,
determined on the basis of the weight contributions of the phases in the composition
with variations in the ratio of the MgO component

At the same time, the assessment of the shape of diffraction reflections for samples with a MgO content in the

,35C€, :s0,, a decrease in local

structural distortions and stresses is observed, which indicates that such phase separation leads to a change in the differences

composition above 0.05 M indicates that during the formation of the tetragonal phase of Zr,

in the binding energy of Ce - O, Zr - O, as well as stabilization of the structure. It should also be noted that in the case of
high concentrations of MgO in the composition, at which the formation of MgO inclusions occurs in the form of individual
well-structured grains, acting as barriers that inhibit grain growth, a decrease in the proportion of the tetragonal phase
Zr0.35ce0.6502
the inhibition of not only grain growth observed during the analysis of morphological features but also the initialization

(at an MgO concentration of 0.15 M) is observed from 23 - 25 wt. % to 16 wt. %. Such a decrease indicates

of phase transformations in the structure.

Table 1 presents the data on the structural parameters of the studied samples of ZrO, - CeO, ceramics, in the
evaluation of which the ionic radii of Zr* ~ 0.84 A, Ce** ~ 0.97 A and Mg?* ~ 0.72 A were taken into account. According
to the assessment of the crystal lattice parameters of the cubic phase Ce,,Zr, .0, formed by the addition of MgO to the
composition of ceramics, the observed decrease in the lattice parameters can be explained both by the effect of cationic
substitution of the Mg?* — Zr* or Mg?* — Ce?* type, which, due to differences in ionic radii, will lead to a decrease in the
lattice size, and by a change in the Zr**/Ce*" ratio in the lattice associated with an increase in the proportion of Zr**, which
has a smaller ionic radius.
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Table 1. Data on the structural parameters of Zr0, - Ce0, ceramics with variations in the ratio of components
in the composition

hase Concentration of MgO, M
0.0 0.01 0.03 0.05 0.10 0.15
Ce,,Zr, 0, - a=3.6375+0.0015 - - - - -
Tetragonal P42/ A,
nmc(137) ¢=5.2395+0.0019
A
Ce,.Zr, .0, - Cubic | a=5.2869+0.0021 - - - - -
A
Fm-3m(225)
Ce, ,,Zr, .0, Cubic - a=5.2276+0.0024 | a=5.2124%0.0016 | a=5.2145%0.0015 | a=5.1916+0.0024 A | a=5.1854+0.0022
A A A A
Fm-3m(225)
Zr,,.Ce .0, - - a=3.7594+0.0022 | a=3.761620.0017 | a=3.7371+0.0013 4, | a=3.7319+0.0019
Tetragonal P42/ A, A, €=5.3211+0.0019 A A,
nmc(137) ¢=5.3156+0.0019 | ¢=5.3157+0.0022 ¢=5.3115+0.0015
A A A
Degree of structur- 90.4 89.7 89.5 91.5 86.5 88.3
al ordering, %

However, an assessment of the trend of changes in the crystal lattice parameters for the Ce ,,Zr phase, especially

0.6702
at high concentrations of MgO in the composition, makes it possible to conclude that the dominant process is cationic
substitution in the composition, which leads to an increase in the concentration of oxygen vacancies, since the substitution
process is accompanied by the formation of oxygen vacancies in the structure to maintain charge electroneutrality. At the
same time, the formation of oxygen vacancies leads to the facilitation of the processes of mutual diffusion of Zr** < Ce**
ions, which makes it possible to reduce chemical heterogeneity and accelerate the processes of phase transformations, the
result of which is an increase in the proportion of the cubic phase in the composition of ceramics.

Figure 6 shows the assessment results of changes in the optical properties of ceramics, expressed in absorption
spectra, as well as calculated spectra of induced absorption, reflecting the kinetics of changes in structural defects and oxygen
vacancies depending on the concentration of MgO in the composition, as well as the processes of phase transformations
arising as a result of cationic substitution, accompanied by the formation of oxygen vacancies and structural distortions.
According to the presented optical absorption spectra, in the case of the initial ZrO, - CeO, ceramics, a smooth increase
in absorption is observed in the region of 3.5 - 5.3 eV and a subsequent sharp decline near 5.5 - 5.6 eV, and the optical
spectrum itself is characteristic of two-phase ceramics, in which the optical response is formed by the contribution of both
structural modifications, in this case a mixture of cubic and tetragonal phases. When MgO is added to the composition of
Zr0, - Ce0, ceramics, the change in the optical absorption spectra indicates a structural rearrangement associated with a
variation in the phase composition of the ceramics, as well as changes in the local cationic environment of Zr**/Ce**. The
increase in absorption intensity in the range of 4.4 - 5.6 eV upon the addition of 0.01 M MgO to the composition of Zr0O, -
CeO, ceramics is due to the phase transformation of the solid solution of two phases into a cubic phase, the stabilization
of which is accompanied by a sharp increase in the concentration of oxygen vacancies, as well as changes in the valence-
coordination state of cerium ions, which enhances optical absorption. The addition of 0.03 M MgO to the composition of
Zr0, - Ce0, ceramics leads to the appearance of a pronounced absorption band in the region of 3.9 - 4.1 eV, the presence of
which is associated with the formation of defect states, as well as local transitions caused by the redistribution of Ce** and
Zr* cations that arise during the formation of the tetragonal Zr ,.Ce .0, phase. Moreover, a decrease in the intensity of the
absorption spectrum in the region of 4.5 - 5.4 eV indicates a change in the electronic structure caused by a change in the
concentration of oxygen vacancies and a redistribution of the charge density. An increase in the MgO concentration above
0.05 M in the composition of ZrO, - CeO, ceramics leads to a decrease in the absorption intensity of the spectra, which is
due to the stabilization of two phases with different cationic distribution Zr**/Ce*, which leads to a more heterogeneous
distribution of cations, but does not cause strong absorption due to the stabilization of the structure and compensation
of charge electroneutrality.
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Figure 6. Results of optical properties of ceramics:
a) Absorption spectra of the studied composite ceramics depending on the ratio of components
in the composition; b) Induced absorption spectra calculated for modified ceramics relative to the initial
Zr0, - CeO, ceramics

Figure 6b shows the results of a comparative analysis of the effect of the addition of MgO to the composition of
Zr0, - CeO, ceramics on the change in the intensity of induced absorption spectra depending on the concentration of
magnesium oxide in the composition, according to which a change in the MgO content in the composition leads to a change
not only in the number and concentration of defects, but also in their type. The optical absorption spectrum of the original
sample without the addition of magnesium oxide was used as a comparison spectrum. A general analysis of the obtained
induced absorption spectra made it possible to identify three characteristic regions characterizing different types of
defects: the region of 3.1 - 3.5 eV is typical for defect levels associated with oxygen vacancies and Ce3* centers; the region
of 3.6 - 4.3 eV is typical for complex defects of the Ce®" - V' , Mg - V' type and Ce - O - Zr disorder; the region of 5.4 - 5.7
eV is typical for interband transitions and changes in the band gap. When 0.01 M MgO is added to the composition of ZrO,
- Ce0, ceramics, the observed changes in the region of 3.3 - 4.2 eV indicate a low concentration of defect centers, as well
as the formation of oxygen vacancies arising from the cationic substitution Mg?* - Zr** or Mg?*— Ce**. An increase in the
MgO concentration to 0.03 M leads to an increase in oscillations in the range of 3.3 - 4.1 eV, indicating an increase in the
concentration of defects associated with oxygen vacancies, as well as partial reduction of Ce** — Ce*". The addition of 0.05
M MgO leads to the appearance of spectral absorption lines in the region of 3.5 - 4.2 eV, associated with the formation
of MgO inclusions, which leads to a decrease in the concentration of optically active vacancies in the structure. At a MgO
concentration of 0.10 M, defect bands are preserved in the optical spectra, but their intensity does not increase in direct
proportion to the content of MgO inclusions in the ceramics, which indicates that excess MgO forms individual inclusions
rather than new vacancies in the structure of the main phase. At a MgO concentration of 0.15 M, the main changes in the
spectrum are associated with changes in the high-energy region (5.5 - 5.7 eV), which are associated not only with defects,
but also with an increased role of MgO inclusions in the composition, which inhibit grain growth and also affect the change
in the ratio of tetragonal and cubic phases.

Conclusion

The paper presents the results of the effect of the addition of MgO to the composition of ZrO, - CeO, ceramics on
the change in the morphological features and kinetics of phase transformations of ceramics with a change in the ratio
of components during thermal sintering. According to the data from the assessment of morphological features, it was
established that the addition of a low concentration of MgO to the composition of ceramics leads to a compaction of the
structure, a decrease in porosity, and the formation of a homogeneous fine-grained fraction, the formation of which is
due to the activation of diffusion processes due to the formation of oxygen vacancies and an increase in the consolidation
of ceramics. At low concentrations, MgO acts as a structural modifier, leading to the stabilization of the Zr0, - CeO, solid
solution and increasing the mobility of grain boundaries. An increase in the MgO concentration above 0.05 M leads to a
transition to a denser polyhedral structure of grains with clearly defined intergranular boundaries, as well as the formation
of secondary MgO inclusions, the appearance of which indicates that the solubility limit has been exceeded and two
processes are competing: acceleration of grain growth due to high defectiveness and partial fixation of grain boundaries
with secondary inclusions in the form of MgO grains. At high MgO concentrations, a stabilized fine-grained structure with
a high density of grain boundaries and a significant number of defective areas is formed. Moreover, it was established that
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the evolution of the morphological features of ZrO, - CeO, ceramics is determined by the competition of two mechanisms:
MgO - induced activation of diffusion processes associated with the formation of oxygen vacancies and the fixation of
intergranular boundaries by MgO - inclusions, which inhibit grain growth.

Analysis of X-ray diffraction data revealed that the addition of MgO leads to a restructuring of the phase composition,
accompanied by a transition from the initial two-phase state to a single-phase cubic structure at 0.01 M MgO and the
subsequent formation of a mixture of two phases at higher concentrations. It is shown that the introduction of MgO
promotes the formation of oxygen vacancies and defect complexes, which determine the change in the optical and induced
absorption spectra. According to the assessment of the optical properties of ceramics, it was found that at low concentrations
of MgO equal to 0.01-0.03 M, Mg?** actively enters the ZrO, - CeO, lattice, which leads to the formation of oxygen vacancies
initiating phase transformation processes. At concentrations of 0.05 M and higher, the release of MgO inclusions begins,
which leads to a disproportionate increase in defects in the matrix and a change in the optical spectra. It was established
that the evolution of the microstructure is determined by the competition between the activation of diffusion processes
due to oxygen vacancies and the pinning effect caused by the release of MgO inclusions. The obtained results demonstrate
the possibility of effective control of the phase state, defect structure and optical characteristics of Zr0O, - CeO, ceramics
by variation of the concentration of MgO.
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The role of variation of the stabilizing magnesium oxide dopant on phase transformations in the composition of ZrO2 — CeO2 ceramics

Zr0, - Ce0, KepaMUKacCbIHbIH KYPaMbIHAAFbI ¢pasasiblK TYpJIeHy/1epre TYPaKTaHABIPYIIbI MarHUu
OKCH/i KOCIIaChbIHBIH, MOJIIePiHiH acepi

AHpaaTna. byJi )KyMbICThIH MaKcaThl KOMIO3UTTIK Zr0, - Ce0, KepaMMKaChIHbIH KypaMblHa EHTi311€TiH TYpaKTaH-
JABIPYIIBI MAarHUM OKCH/Ii KOCIIAChIHBIH YKOFAPhI TEMIIepaTypasblK KYUAipy Ke3iH/e )KypeTiH ¢paszasbIK TypJieHyiep
KWHETHKaChIHbIH ©3repyiH/ieri peJliH Kocla KOHIeHTpalusACbiHa 6aiIaHbICThI aHBIKTAY 60J1bII Tabblaabl. Zr0, - CeO,
KepaMHUKaCbIHbIH MUKPOCTPYKTYPaJbIK epeKLIeiKTepiH 3epTTey HaTuxecinae MgO KocnacblHbIH TOMEH KOHI|eHTpaLys-
Jlap/ia eHrisinyi ThIFbI3 OpHaJlACKaH YCaK AUCIEPCTi IMI06YIanbIK MilliHAl TYHipIuikTepAiH Ty3inyiHe aKeseTiHi aHbIKTaAbI.
An MgO koHuenTtpanusicel 0,05 M-z1eH KoFapbl 60JIFaH KaFgaiga Tydipiikrepaiy ipiseHyi »koHe oslap/ibIH MilIiHiHIH
[J100yJ1a/IbIKTaH NOJUTOHAJIbABI TYpre e3repyi 6aiikanabl, congai-ak MgO KocbIH/bLIapbI Ty3inei. Bys KyObLibic Mar-
HU# oKkcuiHiH Zr0, - CeO, MaTpHULlaChlH/aFbl €PIriliTiK UIeriHeH acklll KeTyiMeH TyCiHipineni. MgO meJiepid esrepty
ZrO2 - CeO2 KepaMHUKaCbIHbIH MOPOJIOTUSIChIH TUIMZAI 6acKapyFa MYMKIH/iK OepeTiHi aHbIKTaJ/[bl: OOPIbLIJAK KEYeKTi
KYpbLJIbIMHAH 6acTar, 6aKplJIaHaThIH TYHipIIiK eJIeMi, >)KOFapbl aKayJIbLIbIK )X9He JJaMbIFaH TYHipILiK ekapaiapsl 6ap
TBIFBI3 YCaK TYHipUIiKTi reTeporenai xyiere aeiin esreptyre 6os1a4bl. PeHTreHAiK dasanblk Tangay aficTepi apKbLibl
MgO eHri3y ¢azanblK KYpaMHbIH KaiiTa KypbLIyblHA 9KeJIeTiHi aHbIKTaJbl: 6acTankhl eki ¢paszasnsl kyigex 0,01 M MgO
Ke3iHge 6ip dasasibl KyOTHIK KYPbLJIbIM Ty3iJeAi, al :xKoFapbl KOHLIEHTpaLUsiJapAa KyOThIK »K9He TeTparoHajb/ibl eKi
¢dasaHbIH KOCIachl KaJIbIITACA/[bl, MyH/Ia KypaM/ia KyOThIK, pa3a 6ackiM 60J1a/Ibl.

Ty#iH ce3aep: TypaKTaHbIPYLIbI KOCNA, MATHUHM OKCU/J, pa3asbIK TypJieHyep, KOMIIO3UTTIK KEPAMUKA, [IUp-
KOHHUH JUOKCUAT
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Posib u3MeHeHM COJepKaHMA CTAGUIU3HNPYIoLel A06GaBKHU OKCUAA MarHu:A B (pa30BbIX NPeBpallleHUAX
cocraBa kepamuku ZrQ, - Ce0,

AHHoTanus. llesbio AaHHOM paGOTHI ABJISAETCS ONpejie/ieHHe POJIY BBe/leHUs CTaOUIM3UpYyIolel 106aBKU OKCHA
MarHus B COCTaB KOMIIO3UTHOM KepaMHUKH Zr0, - CeO, B M3MEHEHUH KHHETUKHU $a30BbIX NPEBpPaIleHUH, TPOUCXOIAIUX
IIPY BBICOKOTEMIIEPATYPHOM CIIEKaHUU KEPAMUKH, B 3aBUCUMOCTH OT KOHLIEHTpaLuK A06aBKU. B pe3ysnbTaTe oLeHKH
MHKDPOCTPYKTYPHbIX 0CO6eHHOCTel Kepamuku Zr0, - Ce0, ycTaHOBJIEHO, YTO 06aB/1eHHe Mg0 B HU3KUX KOHI[EHTpalUaX
NPUBOJUT K POPMUPOBAHUIO MEJIKOAMUCIIEPCHBIX 3epeH I100y/IsipHON GOPMBI C IIJIOTHOM ynakoBKOH. [Ipy yBenyeHUU
koHueHTpanuu MgO Beie 0,05 M Hab61r0jaeTcsl yKpyIIHeHUE 3epeH U U3MeHeHHe UX GOpMbl OT IJI0GY/ISAPHON K MOJIH-
rOHaJIbHOM ¢ 06pa3oBaHHUeM BKJIOYeHUH MgO, Ha/im4Ke KOTOpbIX 06yCJIOBJIEHO [TpeBbILIeHHEM Npejiesia pacCTBOPUMO-
CTH OKCHJa MarHus B Matpuie Zr0, - Ce0,. YcTaHOBJIEHO, YTO U3MeHeHHe cofepxanusa MgO nossosisieT 3¢pdeKTUBHO
KOHTPOJIMPOBaTh Mop¢osioruio kepaMuk Zr0O, - CeO, OT pbIX/I0H MOPUCTON CTPYKTYPHI 10 MJIOTHOM MEIKO3€PHUCTOM
reTeporeHHON CUCTEMBI C peryJIMpyeMbIM pa3MepoM 3epeH, BbICOKOH 1epeKTHOCTBIO U pa3BUTOMN MeK3epeHHOH CTpyK-
Typoi. MeTosaMu peHTreH0$a30BOIro aHa/IM3a YCTAaHOBJIEHO, UTO BBeJleHMe MgO npuBOAUT K NepecTpoiike ¢pa3oBoro
coCTaBa: OT UCXOAHOTO ABYyX($a3HOIr'0 COCTOSAHUSA K 0HOda3HOM Kybrieckol cTpykType npu cogepxanuu 0,01 M MgO u
nocJjeaywolieMy GopMUPOBaHUIO cMecH JIByX pa3 — KybHUuecKol U TeTparoHaJabHOH — IpH 60Jiee BbICOKUX KOHIIEHTpa-
LUAX, C IpeobajjaHueM Kyoudeckoi ¢pasbl B COCTaBe.

KiroueBsble ci10Ba: cTabuainsupyomnas J06aBKa, OKCH/L Maruus, ¢pasoBble NpeBpalieHusi, KOMIO3UTHas Kepa-
MHUKA, JUOKCHJL IUPKOHUSA
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