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Abstract. The paper presents the comparative analysis results of the shielding characteristics of
multicomponent ceramics obtained by mixing TeO,, CeO,, WOz, ZnO, Bi,O; and ZrO, oxides in various molar
ratios, enabling acquisition of ceramics with a variable phase composition. According to the results of X-ray
phase analysis, the addition of ZrO, to the composition of composite ceramics leads to the formation of a
monoclinic substitution phase ZrCeO,. The contribution growth of the latter results in strength properties growth
due to a change in the concentration of interphase boundaries in the composition of ceramics. During the tests
conducted for resistance to thermal effects capable of leading to destabilization of the crystalline structure, it was
established that an increase in the contribution of ZrO, in the composition of ceramics leads to an increase in
resistance to thermally induced softening processes, and an increase in the stress resistance of ceramics during
tests for thermal shock effects. During determination of the shielding characteristics of the studied ceramics, it
was found that the formation of a stabilizing ZrCeO, phase in the composition of multicomponent ceramics leads
to an elevation in the shielding efficiency, as well as the stability of the preservation of shielding characteristics as
a result of long-term thermal effects and thermal shock tests. Moreover, the greatest increase in the efficiency of
the measured parameters is observed in the case of assessment of thermal insulation characteristics. The increase
in the latter is more than 2.5 times compared to non-stabilized ceramics, which do not contain inclusions in the
form of the ZrCeO, phase.
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1. Introduction

Interest in the creation of highly effective shielding materials is primarily due to the need to reduce the
negative impact of ionizing radiation on living organisms and microelectronic devices, as well as the search
for alternative materials to replace traditional lead and tungsten protective shields, which are highly effective
in shielding, but have a number of disadvantages, including toxicity during prolonged contact (for lead) and
high cost of manufacture (for tungsten). In recent years, much attention in this area of research has been paid
to assessment of the possibilities of creation of shielding protective materials based on composite ceramics.
Its concept includes combination of the properties of various oxide compounds, variation of the ratio of
which makes it possible to obtain various materials that have high strength indicators, resistance to external
influences [1-3], including aggressive environments, and have high shielding characteristics comparable to
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those of lead. Interest in composite multicomponent ceramics and amorphous-like glasses is primarily due to
the possibility of the material density reduction by variation of the components in the composition while
maintaining high shielding efficiency indicators, with the possibility of bringing the parameters to values
close to the shielding parameters of lead. In most cases, the density of composite multicomponent ceramics
is about 3 — 5 g/cm®, while the density of lead is about 11.3 g/cm®. The reduction of density by more than 2 —
2.5 times compared to lead while maintaining high values of shielding characteristics, as well as the non-
toxicity of ceramics in contrast to lead, allows their consideration as one of the key parameters in the field of
shielding protective materials applicable in the medical sector, aerospace and energy industries [4,5]. It
should also be noted that interest in composite ceramics in the field of protection of microelectronic devices
is due to the need to reduce weight and overall dimensions, which play a very important role in spacecraft,
for which any kilogram of weight when launched into orbit requires a large amount of fuel resources. In
addition to shielding characteristics, recently much attention in the creation of composite multi-component
shielding ceramics or glasses has been paid to their strength and heat-insulating parameters. These values
determine their applicability in extreme operating conditions, including high mechanical loads, long-term
mechanical friction, thermal effects and sudden changes in operating temperature conditions [6,7]. Elevation
of strength characteristics, as well as resistance to external influences, along with high shielding
characteristics, is one of the key areas of research, for the implementation of which methods of doping with
high-strength components are used. The addition of these to the composition of ceramics or glasses can
initiate the formation of inclusions that have a reinforcing effect, the occurrence of which increases
resistance to external influences [8,9]. This effect is based on the possibility of filling the intergranular space
with impurity inclusions in the form of new phases, which leads to the creation of interphase boundaries that
prevent the spread of microcracks under external influences, as well as inhibition of oxidation processes
caused by the diffusion of oxygen into the sample under high-temperature exposure. In this case, the choice
of stabilizing components is usually based not only on the possibilities of alteration of the strength
characteristics, but also enhancement of the shielding efficiency due to changes in the overall value of Z
[10-13], which plays a very important role in determination of the shielding characteristics, especially in the
case of shielding gamma quanta with energies up to 1 MeV, which are the most common type of gamma
guanta, and also have high penetrating power [14-16].

The main aim of this study is to determine the prospects for using composite 1- x(TeO, — CeO, — WO;
— Zn0O — Bi,03) — xZrO, ceramics as shielding materials by comparative analysis of shielding efficiency
depending on the variation of the ratio of components in the composition, as well as to determine the
influence of external influences on maintenance of the stability of shielding and thermal insulation
characteristics [17,18]. At the same time, much attention in the work is paid to assessment of the prospects
for using these composite ceramics not only as shielding materials, but also as high-strength thermal barrier
coatings, interest in which is due to the field of heat-resistant materials used in extreme conditions. The
combination of the obtained results made it possible to evaluate both the prospects for using the proposed
composite ceramics as protective materials and to expand the general understanding of the variation of phase
composition in composite ceramics due to the observed phase transformations caused by changes in the ratio
of components [19,20].

2. Material and Methods

The variation of components in the ceramics was carried out by addition of ZrO, to the five-component
mixture in a molar fraction from 0.05 M to 0.25 M. In this case, all the initial oxides were purchased from
Sigma-Aldrich (St. Louis, Missouri, USA), the chemical purity of the oxide powders was about 99.95 %.
The synthesis of x(TeO, — CeO, — WO; — ZnO - Bi,0O3) — xZrO, ceramics was carried out by
mechanochemical solid-phase milling of oxide components in different molar fractions, the variation of
which is due to the addition of ZrO, to the composite during mixing. Grinding for the purpose of obtaining a
uniform distribution of all components in the volume was carried out using a PULVERISETTE 6 classic line
planetary mill (Fritsch, Berlin, Germany), the grinding speed was about 250 rpm, the grinding time was 30
minutes. After grinding, the samples were removed from the grinding cup (tungsten carbide), divided into
equal parts and annealed in a muffle furnace at a temperature of about 1000 °C (the heating rate until the
final set temperature was reached was 20 °C/min). Annealing was carried out for 5 hours, after which the
samples cooled together with the furnace for 24 hours until the furnace chamber had completely cooled.
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After sintering, the obtained powders were subjected to a phase composition study, the changes of
which in this case were due to a variation in the ratio of components in the composition of ceramics when
ZrO, was added to them. The study of phase changes that occurred as a result of thermal sintering was
carried out using the X-ray phase analysis method, performed using a D8 Advance ECO X-ray
diffractometer (Bruker, Germany). To assess the phase composition, the Diffrac EVA v.4.2 software was
used, the application of which made it possible to determine with high accuracy (at least 0.1 wt. %) changes
in the phase ratio in the composition, the establishment of which was carried out using the method of
comparative analysis of the observed diffraction reflections with the data of the card values taken from the
PDF-2 (2016) database. Tests of heat resistance (resistance of ceramics to thermal shock effects), including a
sharp change in the temperature of impact on the samples studied, were carried out according to the standard
method. It consisted of rapid heating (heating rate 50 °C/min) of the samples to a given temperature of 1000
°C, 1300 °C and 1500 °C, holding at this temperature for 30 minutes and then quickly removing it into the
air, which leads to the creation of a sharp temperature gradient. To determine the effect of thermal shock
effects on ceramic samples, as well as to establish the relationship between the addition of ZrO, to the
composition on resistance to high-temperature degradation, measurements of the hardness and bending
strength of the samples under study were carried out before and after a specified number of cyclic tests. The
number of test cycles was at least 10, which made it possible to evaluate the resistance of ceramics to high-
temperature degradation, as well as to determine its effect on the softening degree of ceramics. Experimental
work was also carried out to identify the effect of high-temperature degradation on the preservation of
thermal insulation properties, which included testing samples when heated on one side and assessing the
thermal insulation temperature parameters by calculating the temperature difference on both sides. These
experiments were carried out at a test temperature of 1500 °C, and the temperature difference was controlled
using thermocouples.

The shielding performance of the ceramic samples was evaluated using a Cs**” gamma source
(E, = 662 keV) and a detector placed 10 cm from the source. From the measured intensity changes with and
without the ceramic shielding, the linear and mass attenuation coefficients as well as the half-value layer
thickness were determined.

3. Results and discussion

One of the important criteria playing a key role in determination of the applicability potential of
composite ceramics is their phase composition, the change of which directly depends on the conditions of
ceramic synthesis. In most cases, during production of telluride composite materials, the phase composition
is represented by an amorphous nature, caused by the melt of tellurium oxide, the content of which plays a
very important role in determination of the shielding parameters. Moreover, in the case of addition of cerium
dioxide and tungsten oxide to the composition of composite glasses, the melting point of which is
significantly higher, as a rule, the phase composition of composite telluride materials is represented by a
mixture of different phases, the variation of the weight contributions of which determines the key role both
in the shielding characteristics and in the strength parameters.

The circular diagrams (see Figure 1) show the X-ray phase analysis of the studied x(TeO, — CeO, —
WO; — ZnO - Bi,03) — xZrO, ceramics with varying component ratios, reflecting the role of adding ZrO, in
the phase formation processes in ceramics during thermal sintering. According to the presented X-ray phase
analysis data, the dominant phase in the composition of composite ceramics is the cubic phase CeO,, the
weight contribution of which varies from 61 to 40.5 wt. % depending on the concentration of ZrO,, the
addition of which, as is evident from these changes in weight contributions, leads to the formation of the
monoclinic ZrCeO, phase with a subsequent increase in the share of its weight contribution. The samples
also contain inclusions in the form of the orthorhombic ZnTeO; phase, the monoclinic phase of zinc
tungstate (ZnWOQ,), and the monoclinic Bi,Te,O4; phase, associated with phase transformations of oxides
during their thermal sintering. The formation of the ZrCeO, phase when ZrO, is added to the composite
ceramics is due to the processes of cationic substitution of zirconium by cerium, which leads to the formation
of a substitution solid solution phase, while the selected conditions of thermal annealing at a temperature of
1000 °C do not allow the initiation of polymorphic transformation processes in ZrO,, which also maintains
the stability of the crystal structure. Thus, it is possible to make a general conclusion that the selected
conditions of thermal sintering of ceramics at a temperature of 1000 °C do not lead to amorphization or
vitrification of the crystalline structure. Also, the observed phase changes are associated with the processes
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of structural transformations caused by the formation of the substitution ZrCeQO, phase, with the addition of
ZrO, with a monoclinic type of crystal lattice. Its change occurs due to the partial substitution of zirconium
cations (Zr*") by cerium cations (Ce*"), as a result of which there is an increase in this phase in the
composition of ceramics, and a decrease in the weight contribution of the CeO, phase due to its partial
transformation.
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Fig.1. Results of X-ray phase analysis of the studied x(TeO, — CeO, - WO;3 — ZnO — Bi,03) — XZrO, ceramics
at varying ZrO, concentration

At the same time, the weight contributions of ZnTeO3;, ZnWOQO, and Bi,Te;O4; in the composition of
ceramics remain almost unchanged, and small variations in their weight contributions are due to the degree
of manifestation of their diffraction reflexes on diffraction patterns, which affects the determination of the
weight contribution. The formation of the zinc tungstate phase (ZnWOQ,) in the composition of composite
ceramics can contribute to an increase in the stability of both strength parameters and the accumulation of
radiation damage, since it is known that tungstates have fairly high resistance to radiation exposure. In turn,
the content of this phase in the composition of composite ceramics is stable regardless of the concentration of
the ZrO, dopant, from which it can be concluded that the addition of a stabilizing dopant does not have a
significant effect on its formation. Similar trends of small variations in weight contributions are also
observed for the ZnTeO; and Bi,Te,O1; phases, from which it can be concluded that the substitution
processes occur in cerium dioxide. Some of the important parameters influencing the determination of the
applicability potential of composite ceramics as protective or heat-insulating materials are their strength
characteristics (hardness, bending strength), as well as maintenance of their stability under external
influences, including a sharp change in temperature, the variation of which leads to the initialization of
oxidation processes of the near-surface layer, leading to softening and destruction with subsequent
embrittlement. In this case, determination of the resistance to external influences, including high-temperature
ones, allows assessment of the possibilities of using composite ceramics during their operation in extreme
conditions, the impact of which can result in destabilization of properties [21,22].

Figure 2 demonstrates the assessment results of changes in the values of hardness and bending strength
determined during cyclic tests for heat resistance. The obtained dependences of changes in strength
characteristics reflect the rate of degradation under high-temperature effects associated with temperature
differences that initiate oxidation processes of samples due to a sharp change in the temperature gradient.
The overall trend of the observed alterations in strength characteristics indicates a reduction in strength
characteristics upon reaching a certain number of test cycles, from which it follows that oxidation processes
have a cumulative effect associated with an increase in stress effects when the temperature of the sample
changes. It should be noted that the addition of ZrO, to the composition of composite ceramics slows down
the processes of destruction of strength characteristics, which can be due to the following factors. In the case
of a sharp change in temperature, the resulting temperature gradient between the surface and internal layers
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that are heated due to the effect of heating, the formation of thermal stresses occurs. At the same time, the
presence of interphase boundaries can lead to uneven heating of samples due to low thermal conductivity
coefficients, as well as differences in thermal expansion coefficients. The occurrence of thermal stresses in
the near-surface layer with a sharp change in the exposure temperature (with rapid cooling) can lead to the
formation of intergranular cracks, as well as extended intragranular cracks that arise along weakly bonded
boundaries or defective inclusions, the presence of which is due to phase transformation processes.
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Fig.2. Results of cyclic tests of composite ceramics, reflecting changes in strength properties under thermal shock
exposure: a) results of changes in hardness; b) results of changes in bending strength

In this case, the emerging local redistribution of deformation stresses, the presence of which is
associated with the processes of phase formation during sintering of ceramic samples, together with thermal
stresses formed during a sharp change in the temperature gradient can lead to destabilization of the phase
composition of ceramics. This is associated both with a change in the density of dislocations and microcracks
in the near-surface layer, and the emergence of a gradient in the density of defects between the near-surface
layer and the deep layers, which were subjected to less heating due to the low thermal conductivity of the
samples. The formation of such a defect density gradient in combination with the generation of microcracks
in the near-surface layer leads to destabilization of the surface, which in turn leads to a decrease in hardness
and bending strength. In this case, effects associated with the formation of cavities in the damaged layer can
also be observed, the occurrence of which occurs due to the deformation effect on the crystalline structure, as
well as partial expulsion or destruction of individual grains from the near-surface layer, which in turn leads
to surface erosion during long-term heat resistance tests. In the case of the formation of the ZrCeO,
substitution phase in the composition of composite ceramics, the increase in the contribution of which,
according to the presented measurement results, leads to an increase in the strength characteristics of the
samples in the initial state (the observed change in hardness and bending strength with an increase in the
weight contribution of the ZrCeO, substitution phase in the composition varies from 10 to 50 % compared to
undoped ceramics). Such changes in the strength characteristics indicate that the change in the phase
composition due to a change in the concentration of the ZrO, dopant (and, consequently, the weight
contribution of the ZrCeO, substitution phase) about the positive dynamics of hardening of ceramics to
external mechanical effects. In this case, the hardening mechanism is associated with the effects of the
interphase (intergrain) boundaries contribution growth, which leads to an increase in the concentration of
grain boundaries that prevent the propagation of microcracks and chips under external influences. This is
evidenced by the change in the values of the difference in hardness and bending strength obtained by
comparing these values after a certain number of cycles with the initial value. Formation of inclusions in the
form of ZrCeO, with an increase in the concentration of the stabilizing additive allows to significantly
increase both the resistance to external influences and to increase the strength parameters, which is a fairly
significant indicator in the field of expanding the potential for the use of composite ceramics. Moreover, the
obtained results of the resistance enhancement are in good agreement with the results of a number of works
[23-26], in which an increase in the strength parameters was achieved by formation of a size effect in the
structure, as well as alteration of the phase composition of the ceramics. According to the data presented, in
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the case of unmodified composite ceramics, the difference in hardness and bending strength values,
reflecting the degree of softening (degradation of strength properties), is about 5.4 ~ 5.5 %. At the same time,
the addition of ZrO, to the ceramics, leading to the formation of the ZrCeO, phase in a small amount (within
10 wt. %), leads to a rise in the initial values of hardness and bending strength, but the softening degree
changes insignificantly compared to unmodified ceramics (the difference is less than 10 %). An elevation in
the weight contribution of ZrCeO, in the composition of composite ceramics above 10 % leads to a
significant growth in the initial values of the strength parameters, as well as an increase in the degree of
resistance to thermal shock effects, which consists in a decrease in the softening degree of less than 4.0 %,
and in the case of a weight contribution of ZrCeO, phase of about 20 — 23 %, the observed change is more
than 2 times less than in the case of unmodified ceramics. At the same time, the values of hardness and
bending strength for these ceramics are also quite high compared to unmodified ceramics. Thus, it can be
concluded that the formation of the ZrCeO, phase in the structure of ceramics results in emergence of
additional interphase boundaries that restrain the effect of thermal expansion, and as a result, increases
resistance to softening under thermal influence. It should also be noted that one of the factors restraining
softening processes is the thermophysical properties, the change of which allows restraining high-
temperature expansion processes. The decrease in the thermal conductivity of ceramics, caused by a change
in the phase composition, expressed in the composite ceramics’ thermal conductivity coefficient reduction
from 26 W/(mxK) to 16 — 12 W/(mxK) leads to a slowdown in heat transfer processes, and therefore, an
increase in thermal insulation due to the inhibition of phonon heat exchange mechanisms. As a result, the
observed change in the softening degree can be explained by the fact that the restraint of heat exchange
processes results in less pronounced destruction processes in the case of temperature differences.

Figure 3 shows the results of experimental work reflecting the change in temperature on the front and
back side of ceramic samples and showing the thermal insulation properties of ceramics. These experiments
were aimed at identifying the effect of variation in the phase composition of composite ceramics on the
change in thermal insulation properties, as well as assessing the applicability of composite ceramics as
thermal insulation materials capable of operating in extreme conditions.
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Fig.3. The assessment results of changes in temperature values on the front and back sides of the sample,
reflecting the results of thermal insulation of ceramics depending on the holding time at high temperatures: a)
ceramics in the initial state; b) ceramics after testing for thermal resistance to thermal shock exposure.

The measurements were carried out by heating one of the sides (designated as the front side) with
recording the surface temperature using a thermocouple and measuring the temperature on the back side of
the samples, the difference between which (AT) determines the value of thermal insulation. Moreover, in the
case of heating, the temperature difference was measured after stabilization of the surface temperature in a
given temperature mode and recording stable temperature values on the back side. The time for stabilization
of the temperature difference during heating of the samples was about 30 — 60 minutes. The total time of
testing for thermal insulation and maintaining thermal insulation properties was 24 hours, with control
temperature measurements taken every half hour on the front and back sides of the samples. According to the
data presented, it is evident that in the case of non-stabilized composite ceramics, the temperature difference
AT is about 175 °C, while after about 20 hours of cyclic testing, a decrease in the difference AT between the
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front and back sides is observed. This means that with prolonged thermal exposure, the thermal insulation
properties of the ceramics are lost. According to the analysis of the obtained experimental data, the addition
of ZrO, to the composition leads to significant changes in the thermal insulation parameters, which are
expressed both in the overall increase in the difference AT and in the increase in the stability of maintaining
the temperature difference during long-term thermal exposure. At the same time, the AT value growth has a
direct relationship with the change in the phase ratio in the composition of composite ceramics, due to the
increase in the contribution of the monoclinic phase ZrCeO,, formed as a result of the addition of ZrO, to the
composition. The AT value growth in this case is due to a decrease in the thermal conductivity of ceramics,
which in turn leads to a slowdown in the heat transfer mechanisms and, therefore, a reduction in heat transfer
and heating of ceramic samples. The maximum AT value for the studied ceramics in which the weight
contribution of the ZrCeO, phase is about 22 — 23 wt. % is equal to more than 475 °C, which is more than
2.5 times greater than the AT value established for unmodified ceramics. Such changes make it possible to
consider modified composite ceramics as high-strength heat-insulating materials capable of withstanding
both mechanical loads and temperature changes, as well as long-term high-temperature exposure. Figure 3b
also reveals the assessment results of the change in the heat-insulating properties of ceramics after testing for
heat resistance under thermal shock effects, reflecting the effect of high-temperature degradation on the heat-
insulating properties of ceramics. The general trend of changes in the values of temperature differences
between the front and back sides of ceramics subjected to heat resistance tests does not differ significantly
from the results of thermal insulation tests in the case of the original samples, from which it can be
concluded that the impact of oxidation processes caused by sudden changes in temperature does not have a
significant negative impact on the stability of ceramics and the preservation of the stability of thermal
insulation properties.

Figure 4 demonstrates the results of a comparative analysis of the AT values before and after testing the
samples, reflecting the influence of high-temperature oxidation processes caused by thermal shock exposure
on the preservation of thermal insulation characteristics. The obtained data showed that the thermal shock
effect on the studied samples results in minor differences in the AT values, from the analysis of which it can
be concluded that the observed processes of thermal oxidation and softening do not have a significant effect
on the loss of thermal insulation characteristics, and in some cases lead to a slight increase in the difference
AT, which may be due to a change in the thermophysical parameters of ceramics caused by oxidation.
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Fig.4. Results of comparative analysis of AT values before and after testing ceramic samples for thermal
resistance to thermal shock exposure in the amount of 10 consecutive cycles

Determination of shielding characteristics reflecting the prospects of using the obtained
multicomponent ceramics as protective shielding materials, allowing to reduce the negative impact of
gamma radiation. As a source of gamma quanta, a Cs**’ source, allowing the generation of gamma quanta
with an energy of about 662 keV, which is characterized by the dominance of Compton scattering processes
during the interaction of gamma quanta with materials, was used. The calculation was conducted by the
assessment of changes in the intensity values of the registered gamma quanta without a protective shield and
with a protective shield, on the basis of which the linear and mass absorption coefficients (LAC and MAC)
and the thickness of the half-layer at which gamma quanta are absorbed (HVL) were estimated. The results
of the experimentally determined values are given in Table 1.
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According to the data presented, a change in the ratio of components in the composition of composite
ceramics with the addition of ZrO, to the composition, followed by the formation of the ZrCeO, phase, leads
to a growth in the shielding characteristics of LAC and MAC, an elevation in which indicates an increase in
the shielding efficiency, and, as a consequence, a decrease in the negative effects of exposure to ionizing
radiation. At the same time, the shielding efficiency growth due to the change in phase composition indicates
a positive effect of modification not only on the strength and thermal insulation properties, but also on the
shielding ability of ceramics. It is important to highlight that the order of magnitude of LAC, MAC and HVL
itself indicates a fairly high shielding efficiency, since for most of the composite materials under
consideration, the LAC value is usually about 0.2 — 0.5 cm™.

Table 1. Parameters of shielding characteristics depending on the ratio of components in the composition of
ceramics

Shielding Concentration of ZrO, in ceramics, M

parameter 0.0 0.05 0.10 0.15 0.20 0.25

LAC, cm™ 0.65+0.04 0.66+0.07 0.67+0.05 0.68+0.03 0.71£0.03 0.72+0.05
MAC, szlg 0.096+0.009 0.097+£0.004 | 0.098+0.005 | 0.101+£0.006 | 0.108+0.005 | 0.109+0.007

HVL, cm 1.041+0.014 1.037+£0.012 | 1.032+0.016 | 1.029+0.017 | 0.965+0.015 | 0.0964+0.012

A comparative analysis of the gamma radiation shielding efficiency was carried out using a number of
literature data taken from works [27-31]. The choice of compositions of protective shielding materials is
based on close ratios of components of the obtained samples, as well as their variations, which allowed the
authors the estimation of the shielding efficiency. The results are shown in Figure 5; for comparison, the
values of the LAC were selected in the case of shielding gamma quanta with energies of 662 keV, which are
characterized by the dominance of Compton scattering in the mechanisms of interaction of gamma quanta
with the shielding material. The comparison of the shielding efficiency was performed by comparison of the
values of the LAC, which reflects the efficiency of gamma quanta absorption during shielding, while the
choice of this value makes it possible to compare the efficiency without reference to density (the value of
which, according to the results of these studies, varies within the range of 3.5 — 4.5 g/cm? which is
significantly lower than the density of lead ~11.34 g/cm®). The general appearance of the obtained
comparison data shows that the shielding efficiency directly depends on the composition and quantity of
components in the shielding glasses, in particular, the key role in increasing the efficiency is played by heavy
oxide compounds (Bi,Os;, WOs, Nd,O; et.al.), alongside compounds with rare earth elements, the addition of
which makes it possible to increase the absorption capacity of the shielding materials. Moreover, the
observed values, as well as their dependences of the LAC on the composition of the shielding materials, are
in good agreement with the results presented in the relatively recently published mini-review of Recep
Kurtulus [32], which indicates that the use of heavy oxide components allows for an increase in shielding
efficiency, while eliminating lead or its oxide in the composition of glass, the addition of which allows for an
increase in the density of shielding materials above 5 — 5.5 g/cm®. The systematization provided in the work
of Recep Kurtulus allows us to identify the most promising composites in this area, as well as to determine
the role and potential applicability of various composite glasses and ceramics as shielding protective
materials. The results of the comparative analysis of the values of the LAC obtained for the studied x(TeO, —
CeO, — WO3 — ZnO — Bi,03) — xZrO, ceramics showed a significant superiority over other types of
composite glasses considered as shielding protective coatings, which in turn is due to the presence of both
heavy oxides such as Bi,O3, WO; in the composition of the glasses, and the difference in the charge state of
the selected elements, which makes it possible to obtain sufficiently high values of Z. determining the
shielding efficiency for the selected energies (in this case, the addition of heavy components and ZrO, to the
composition leads to the value of Z.s ~ 45 — 47). In this case, the high value of Z in the region of gamma
guanta energies, characteristic of the dominance of interaction mechanisms of the photoelectric effect type,
allows for the effective absorption of low-energy gamma quanta, which in turn allows for the use of
sufficiently thin layers of protective materials for shielding, which in the case of protecting microelectronic
devices plays a very important role in determination of the mass and overall dimensions. In the energy range
from 0.1 to 1 MeV, for which the dominant effect in the interaction mechanisms is Compton scattering, the
influence of Z on the absorption capacity is most pronounced, since the absorption efficiency is directly
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proportional to the value of Z.s. Thus, a large value of Zg for the synthesized ceramics provides a high
absorption capacity, significantly different from a number of borate and telluride glasses selected for
comparison. In the case of high-energy gamma quanta, the greatest contribution to the shielding efficiency is
made by the density of the material and its thickness, which, together with high Z. values, makes it possible
to significantly increase the prospects for using composite ceramics.
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Fig.5. Comparative analysis of shielding properties
a) results of a comparative analysis of the LAC taken from literature data with the results of the studies conducted;
b) results of the evaluation of the shielding efficiency in comparison with the LAC for lead

Figure 5b demonstrates the results of a comparative analysis of the shielding efficiency, determined on
the basis of the measured LAC values in terms of the shielding efficiency of lead, which is a reference
shielding material with the highest efficiency among the currently known protective shielding materials. In
this case, the high efficiency of lead is primarily due to its high density, which leads to the maximum
absorption of emitted gamma quanta. The results of the comparative analysis revealed that the efficiency of
the obtained composite ceramics is about 60 — 65 % of the efficiency of lead, which is 1.5 — 2.0 times higher
than the efficiency of the composite glasses and glass-like ceramics selected for comparison. This difference
is primarily due to the difference in the density of the ceramics under consideration, as well as the Z values,
which play a very important role in determination of the absorption and shielding capacity.

Figure 6 shows the results of a comparative analysis reflecting changes in the strength (hardness and
resistance to three-point bending), heat-insulating and shielding characteristics of the studied ceramics when
modified with ZrO,, the addition of which leads to a change in the phase composition of the ceramics due to
the formation of the substitution phase ZrCeO,.
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studied composite ceramics with the addition of ZrO,, reflecting the effectiveness of alteration of properties in
comparison with non-stabilized ceramics
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According to the data presented, the change in phase composition due to the addition of ZrO, to the
ceramics makes it possible to significantly increase the strength and mechanical properties, the increase of
which is from 10 to 43 — 44 % depending on the concentration of the stabilizing additive in the composition.
At the same time, the maximum achievement of efficiency is observed in thermal insulation characteristics,
the growth of which is about 2.5 times compared to unmodified ceramics. In the case of assessment of the
shielding characteristics, a change in the phase composition leads to an increase in the shielding efficiency,
however, the increase in efficiency in the case of a change in the ratio of components in the composition is
not as clearly expressed as in the case of strength and thermal parameters, and is no more than 10 — 12 %
compared to unmodified ceramics. Such a difference between changes in the effectiveness of hardening and
shielding is primarily due to the fact that hardening and thermal insulation growth is associated with the
formation of impurity inclusions in the composition, which provide dispersion hardening due to size effects
and the appearance of new inclusions, increasing the number of grain boundaries, restraining the spread of
microcracks and oxidation processes.

Also, in the case of assessment of thermal insulation characteristics, the increase in efficiency is
associated with a decrease in the thermal conductivity of ceramics due to impurity inclusions, which reduces
the rate of heat exchange due to impurity inclusions, and therefore, inhibits heat transfer processes. In the
case of shielding parameters, the main contribution is made by a change in the density of the material, which
changes insignificantly with variations in the phase composition, which results in small changes in the
shielding characteristics depending on the concentration of the component ratio. However, when compared
with other samples of similar composite ceramics, as well as when recalculating the shielding characteristics
in comparison with the parameters of lead, we can conclude that the absorption of gamma quanta and the
containment of their negative impact are quite effective. Thus, it can be concluded that the proposed
compositions of composite ceramics, as well as their modification due to the formation of inclusions in the
form of the ZrCeO, phase, can constitute significant competition in the field of shielding and heat-insulating
materials, which have great potential for use in extreme conditions.

4. Conclusion

In conclusion, we can summarize the main results of the experimental work carried out, reflecting the
prospects for using composite multicomponent 1-x(TeO, — CeO, — WO; — ZnO — Bi,03) — XZrO, ceramics as
shielding and heat-insulating materials. During examination of the X-ray phase analysis of the studied
ceramic samples, it was found that the addition of a stabilizing additive in the form of ZrO, leads to the
formation of a substitution phase of the ZrCeQ, type with a monoclinic crystal lattice type, the appearance of
which in the composition of ceramics leads to an elevation in strength characteristics, alongside an increase
in resistance to thermal effects and efficiency during their use as heat-insulating and shielding materials.
According to the conducted experimental works aimed at study of resistance to thermal effects, it was found
that the addition of ZrO, to the composition of composite ceramics leads to an increase not only in strength
properties (hardness and bending strength), but also in resistance to high-temperature corrosion caused by
cyclic tests.

In the case of tests to determine the effectiveness of thermal insulation characteristics, it was found that
reduction in the thermal conductivity properties of ceramics during the formation of a new phase of ZrCeO,
in the composition of ceramics leads to an increase in thermal insulation characteristics, as well as an
increase in the retention of resistance to long-term temperature effects.

During determination of the shielding characteristics of the studied ceramics, it was found that the
obtained ceramic samples have a high shielding capacity, amounting to about 60 — 70 % of the shielding
efficiency of lead, which is 1.5 — 2 times higher than similar composite ceramics.

Conflict of interest statement.
The authors declare that they have no conflict of interest in relation to this research, whether financial, personal,
authorship or otherwise, that could affect the research and its results presented in this paper.

CRediT author statement

Kozlovskiy A.L., Borgekov D.B., Moldabayeva G.Zh., Burkhanov B.Zh.: Conceptualization, Data Curation, Writing
Original Draft; Methodology, Investigation; Tleulessova I.K., Zhumazhanova A.T., Khametova A.A.: Writing Review &
Editing, Supervision. The final manuscript was read and approved by all authors.



34 Eurasian Physical Technical Journal, 2025, 22, 3(53) Materials science

Funding
This research was funded by the Committee of Science of the Ministry of Science and Higher Education of the
Republic of Kazakhstan (No. BR21882390).

References

1. Al-Buriahi M.S., Olarinoye 1.0., Yilmaz E., Caliskan F., Sriwunkum C. (2025) Evaluation of the structural and
radiation transmission parameters of recycled borosilicate waste glass system: An effective material for nuclear
shielding. Annals of Nuclear Energy, 213, 111136. https://doi.org/10.1016/j.anucene.2024.111136

2. Alrowaily AW., Almugrin A.H., Sayyed M.l., Albarzan B. (2025) Understanding radiation shielding
performance through a comparative study of half value layer in novel and preexisting silicate glasses. Nuclear
Engineering and Technology, 57(3), 103268. https://doi.org/10.1016/j.net.2024.10.030

3. Sayyed M.I., Hamad M.K., Mhareb M.H.A. (2025) Radiation shielding properties for a borosilicate glass: Role
of varying PbO. Optical Materials, 159, 116602. https://doi.org/10.1016/j.0ptmat.2024.116602

4. Zhang M., Wang K., Cao Z., Yang S., Han Y., Lv H., Jia J. (2025) Environment-friendly glass with high
refractive index and radiation resistance. Ceramics International, 51(2), 1978-1987.
https://doi.org/10.1016/j.ceramint.2024.11.172

5. Zughbi A., Kharita M.H., Shehada A.M. (2017) Determining optical and radiation characteristics of cathode ray
tubes' glass to be reused as radiation shielding glass. Radiation Physics and  Chemistry, 136, 71-74.
https://doi.org/10.1016/j.radphyschem.2017.02.035

6. Sayyed M.l., Kaky K.M., Sakar E., Akbaba U., Taki M.M., Agar O. (2019) Gamma radiation shielding
investigations  for  selected germanate  glasses. Journal ~ of  Non-Crystalline  Solids, 512,  33-40.
https://doi.org/10.1016/j.jnoncrysol.2019.02.014

7. Madbouly A.M., Alazab H.A., Borham E., Ezz-EIDin F.M. (2021) Study of gamma radiation dosimeter and
radiation  shielding  parameters of commercial window glass. Applied  Physics A, 127, 1-14.
https://doi.org/10.1007/s00339-021-04889-9

8. Shamshad L., Rooh G., Limkitjaroenporn P., Srisittipokakun N., Chaiphaksa W., Kim H. J., Kaewkhao J.
(2017) A comparative study of gadolinium based oxide and oxyfluoride glasses as low energy radiation shielding
materials. Progress in Nuclear Energy, 97, 53-59. https://doi.org/10.1016/j.pnucene.2016.12.014

9. Sayyed M.I., Mhareb M.H.A., Alajerami Y.S.M., Mahmoud K.A., Imheidat M.A., Alshahri F., Al-Abdullah T.
(2021) Optical and radiation shielding features for a new series of borate glass samples. Optik, 239, 166790.
https://doi.org/10.1016/j.ijle0.2021.166790

10. Marltan W., Rao P.V., Klement R., Galusek D., Sayyed M. I., Tekin H.O., Veeraiah N. (2019) Spectroscopic
and thermal analysis of lead-free multipurpose radiation shielding glasses. Ceramics International, 45(5), 5332-5338.
https://doi.org/10.1016/j.ceramint.2018.11.231

11. Wu Y., Wang Z. (2024) Progress in ionizing radiation shielding materials. Advanced Engineering
Materials, 26(21), 2400855. https://doi.org/10.1002/adem.202400855

12. Mhareb M.H.A., Sayyed M.I., Hashim S., Alshammari M., Alhugail S., Aldoukhi H., Khandaker M.U. (2022)
Radiation shielding features for a new glass system based on tellurite oxide. Radiation Physics and Chemistry, 200,
110094. https://doi.org/10.1016/j.radphyschem.2022.110094

13. Saeed A., El Shazly R.M., Elbashar Y.H., EL-AZM A.A., Comsan M.N. H., EI-Okr M. M., Kansouh W.A.
(2021) Glass Materials in Nuclear Technology for Gamma Ray and Neutron Radiation Shielding: a Review. Nonlinear
Optics, Quantum Optics: Concepts in Modern Optics, 53, 107-159. Available at:
https://www.researchgate.net/publication/376409782

14. Kilicoglu O., Akman F., Ogul H., Agar O., Kara U. (2023) Nuclear radiation shielding performance of
borosilicate glasses: Numerical simulations and theoretical analyses. Radiation Physics and Chemistry, 204, 110676.
https://doi.org/10.1016/j.radphyschem.2022.110676

15. Alalawi A., Al-Buriahi M.S., Sayyed M.I., Akyildirim H., Arslan H., Zaid M.H.M., Tongu¢ B.T. (2020)
Influence of lead and zinc oxides on the radiation shielding properties of tellurite glass systems. Ceramics
International, 46(11), 17300-17306. https://doi.org/10.1016/j.ceramint.2020.04.017

16. Singh V.P., Badiger N.M., Kaewkhao J. (2014) Radiation shielding competence of silicate and borate heavy
metal oxide glasses: comparative study. Journal of non-crystalline solids, 404, 167-173.
https://doi.org/10.1016/j.jnoncrysol.2014.08.003

17. Cheewasukhanont W., Limkitjaroenporn P., Kothan S., Kedkaew C., Kaewkhao J. (2020) The effect of
particle size on radiation shielding properties for bismuth borosilicate glass. Radiation Physics and Chemistry, 172,
108791. https://doi.org/10.1016/j.radphyschem.2020.108791

18. Abdelghany Y.A., Kassab M.M., Radwan M.M., Abdel-Latif M.A. (2022) Borotellurite glass system doped
with  ZrO2, potential use for radiation shielding. Progress in Nuclear Energy, 149, 104256.
https://doi.org/10.1016/j.pnucene.2022.104256

19. Imheidat M.A., KhHamad M., Naseer K.A., Sayyed M.l., Dwaikat N., Cornish K., .. Mhareb M.H.A. (2022)
Radiation shielding, mechanical, optical, and structural properties for tellurite glass samples. Optik, 268, 169774.
https://doi.org/10.1016/j.ijle0.2022.169774

20. Temir A., Zhumadilov K.S., Zdorovets M.V., Kozlovskiy A., Trukhanov A.V. (2021) Study of the effect of
doping CeO2 in TeO2-MoO-Bi203 ceramics on the phase composition, optical properties and shielding efficiency of
gamma radiation. Optical Materials, 115, 111037. https://doi.org/10.1016/j.0ptmat.2021.111037




Eurasian Physical Technical Journal, 2025, 22, 3(53) ISSN 1811-1165; e-ISSN 2413-2179 35

21. Alpyssova G.K., Denisov I.P., Bakiyeva Z.K., Kaneva E.V., Domarov E.V., Tussupbekova A.K. (2024)
Dependence of the Radiation Synthesis Efficiency of Ceramics Based on Tungstates on the Flow Power. Bulletin of the
Karaganda University" Physics Series", 11629(4), 9-19. https://doi.org/10.31489/2024ph4/9-19

22. Belli P., Bernabei R., Borovlev Y.A., Cappella F., Caracciolo V., Cerulli R., Shlegel V.N. (2022) Optical,
luminescence, and scintillation properties of advanced ZnWO4 crystal scintillators. Nuclear Instruments and Methods
in Physics Research Section A: Accelerators, Spectrometers, Detectors and Associated Equipment, 1029, 166400.
https://doi.org/10.1016/j.nima.2022.166400

23. Nguyen T. N., Thong H.C., Zhu Z.X., Nie J.K,, Liu Y.X., Xu Z., Wang K. (2021) Hardening effect in lead-
free piezoelectric ceramics. Journal of Materials Research, 36, 996-1014. https://doi.org/10.1557/s43578-020-00016-1

24. Alzahrani J.S., Alrowaili Z.A., Olarinoye 1.0., Sriwunkum C., Kebaili I., Al-Buriahi M.S. (2025) Gamma-
radiation insulating performance of AION-hardened Na20-Bi203-Si02-BaO-Fe203-ZrO2 glasses. Scientific
Reports, 15(1), 6537. https://doi.org/10.1038/s41598-025-90902-7

25. Sayyed M.I. (2025) Modulation of optical, mechanical and radiation shielding characteristics in TeO, -B203-
BaO-CeO, glasses with varying CeO, level. Optical Materials, 158, 116492,
https://doi.org/10.1016/j.0ptmat.2024.116492

26. Almugrin A.H., Sayyed M.I., Elsafi M. (2025) Experimental investigation for radiation shielding performance
of B203-TeO2-Bi203-ZnO-CaO  glass  system.  Annals of Nuclear  Energy, 215,  111276.
https://doi.org/10.1016/j.anucene.2025.111276

27. Al Huwayz M., Almugrin A.H., Alharbi F.F., Sayyed M.l., Albarzan B. (2025) Unveiling the potential of
Nd203 in optimizing the radiation shielding performance of B203-TiO2-BaO-ZnO-Nd203 glasses. Nuclear
Engineering and Technology, 57(1), 103135. https://doi.org/10.1016/j.net.2024.08.004

28. Ruiz E.L. (2024) Radiation shielding analysis of barium-titanium-borate glasses doped with zinc oxide. Nexus
of Future Materials, 1, 584050. https://doi.org/10.70128/584050

29. Alawaideh S.E.L., Sayyed M.l., Mahmoud K.A., Hanfi M., Imheidat M.A., Kaky K.M., Elsafi M. (2024)
Effect of different metal oxides on the Radiation shielding features of borate glasses. Radiation Physics and Chemistry,
220, 111720. https://doi.org/10.1016/j.radphyschem.2024.111720

30. Alvyanti F.A., Marzuki A., Purwanto H., Lathifah N., Fausta D.E., Rahmawati A.N., Ariyanti S. (2024)
Properties of Gamma Ray Shielding Ho/Nd Codoped Tellurite Glasses. Key Engineering Materials, 993, 25-34.
https://doi.org/10.4028/p-2BIYr2

31. Kurudirek M. (2017) Heavy metal borate glasses: potential use for radiation shielding. Journal of Alloys and
Compounds, 727, 1227-1236. https://doi.org/10.1016/j.jallcom.2017.08.237

32. Kurtulus R. (2024) Recent developments in radiation shielding glass studies: a mini-review on various glass
types. Radiation Physics and Chemistry, 220, 111701. https://doi.org/10.1016/j.radphyschem.2024.111701

AUTHORS’ INFORMATION

Kozlovskiy, Artem Leonidovich — PhD (Phys.), Associate Professor, Head of the Laboratory of Solid-State Physics,
Astana Branch of the Institute of Nuclear Physics Agency of the Republic of Kazakhstan for Atomic Energy, Astana;
Scopus Author ID: 55632118900; https://orcid.org/0000-0001-8832-7443; kozlovskiy.a@inp.kz

Borgekov, Daryn Boranbaevich — PhD (Phys.), Director of the Astana Branch of the Institute of Nuclear Physics
Agency of the Republic of Kazakhstan for Atomic Energy, Astana; Scopus Author ID: 56440218700;
https://orcid.org/0000-0002-9727-0511; d.borgekov@inp.kz

Tleulessova, I.K. — PhD student, Engineer of the Astana Branch of the Institute of Nuclear Physics Agency of the
Republic of Kazakhstan for Atomic Energy, Astana; Scopus Author ID: 56178686600; ORCID iD: https://orcid.org/0009-
0009-6739-6883

Zhumazhanova, Ainash Tyrlybekovna — PhD (Phys.), Senior Researcher of the Astana Branch of the Institute of
Nuclear Physics Agency of the Republic of Kazakhstan for Atomic Energy, Astana; Scopus Author ID: 57090956700;
https://orcid.org/0000-0002-5483-9552; a.zhumazhanova@inp.kz

Moldabayeva, G.Zh — D.Sc. (Tech.), Professor, Department of Chemical Processes and Industrial Ecology, Satbayev
University, Almaty; Scopus Author ID: 55969768100; https://orcid.org/0000-0001-7331-1633;
g.moldabayeva@satbayev.university

Burkhanov, B.Zh - Associate Professor, Ph.D. (Tech.), Agrarian and Technical University named after Zhangir Khan,
Uralsk; Scopus Author ID: 57489799500; https://orcid.org/0000-0001-5407-9859; aruka73@mail.ru

Khametova, Ainagul Aitzhanovna — PhD (Phys.), Engineer of the Astana Branch of the Institute of Nuclear Physics
Agency of the Republic of Kazakhstan for Atomic Energy, Astana; Scopus Author ID: 57731940800;
https://orcid.org/0009-0005-9445-199X; a.khametova@inp.kz






