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Abstract: The main purpose of this work is to study the effect of substitution of zinc oxide for
bismuth oxide in the composition of (1—x)ZnO-0.25A1,03-0.25WO3-xBi; O3 ceramics, as well as the
accompanying processes of phase transformations and their influence on the optical and strength
properties of ceramics. The use of these oxide compounds as materials for creating shielding coatings
or ceramics is due to the combination of their structural, optical, and strength properties, which
make it possible to compete with traditional protective glasses based on rare earth oxide compounds.
Interest in these types of ceramics is due to their potential for use as basic materials for shielding
ionizing radiation as well as for use as radiation-resistant coatings. The main research methods were X-
ray diffractometry to determine the phase composition of ceramics; scanning electron microscopy and
energy dispersive analysis to determine the morphological features and isotropy of the distribution
of elements in the structure; and UV-V is spectroscopy to determine the optical properties of ceramics.
During the studies, it was found that an increase in the Bi;O3 concentration leads to the formation
of new phase inclusions in the form of orthorhombic Bi;WOg and Bi;W,Og phases, the appearance
of which leads to an increase in the density of ceramics and a change in the dislocation density. An
analysis of the strength properties, in particular, hardness and crack resistance, showed that a change
in the phase composition of ceramics with an increase in the Bi; O3 concentration leads to a significant
strengthening of the ceramics, which is due to the effect of the presence of interfacial boundaries as
well as an increase in the dislocation density.

Keywords: protective ceramics; doping; strength properties; absorption; shielding; phase transformations

1. Introduction

The general concept of protection against ionizing radiation, as well as its negative
impact, implies the creation and use of such protective materials that are able to absorb
ionizing radiation with maximum efficiency and minimize the impact of radiation on the
environment or living organisms [1-3]. Conventional protection methods used almost uni-
versally include the use of shielding protective materials, such as lead, taped glass, concrete
or borated polymer [4,5]. All of these materials have very good shielding characteristics
and have performed reasonably well in many industries that use ionizing radiation or
sources of ionizing radiation [6-8].

However, despite the widespread use of traditional protective shielding materials, an
increase in the widespread use of ionizing radiation sources, including as energy sources,
requires radically new solutions and materials in this direction [9,10].

Over the past few years, research has been actively conducted in this direction, as-
sociated with both the theoretical and practical development of compositions of new
types of protective materials based on oxide compounds of refractory and rare earth
elements [11-15]. Interest in these types of compounds is due to the combination of their
physicochemical, strength, optical, and absorbing properties, the variation of which makes
it possible to obtain materials with different shielding efficiencies. A great contribution to
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this direction was made by the scientific group led by Sayyed M.L., which in a number of
works showed a high level of promise for the use of multicomponent oxide ceramics and
glasses as protective shielding materials [16-20]. At the same time, according to a number
of authors, the search for the optimal compositions of protective materials is still far from
complete due to the large number of possible variations as well as the expansion of the
range of practical applications of ionizing radiation.

Glasses and ceramics based on ZnO, WO3, and Al,O3 compounds, which are of
interest due to their physicochemical, structural, optical, and absorption properties, have
been some of the promising materials for shielding in the past few years [21-23]. A feature
of these compounds is the presence of the formation of structures of the type of complex
oxides of ZnWOy and ZnAl,Oy, the formation of which leads to an increase in the absorbing
and shielding ability of materials as well as their strength characteristics. For example,
it was shown in [21] that the obtained structures based on compounds of the ZnO-WO3-
LayO3-Al; O3 type have a high thermal stability depending on the degree of crystallization.
In [22], it was shown that the partial replacement of zinc and lead oxides with the WO3
compound leads to an increase in the absorbing capacity of glass ceramics. The processes
of glass formation, as well as the stability of structural properties for structures containing
zinc oxide, were studied in detail in [23]. Unlike telluride or lead glasses or ceramics,
developments in the field of creating glass ceramics based on ZnO, WOs3, Al;O3 compounds
have a number of significant advantages. These advantages primarily consist of optical
and absorption characteristics as well as higher strength properties. At the same time, the
cost of the initial components for the manufacture of glass ceramics based on ZnO, WOs,
and Al,Os is significantly lower than that of telluride or lead glasses, for which the cost of
rare earth oxide compounds is much higher.

At the same time, much attention has recently been paid to research related to various
methods of modifying zinc-containing glass ceramics, the main purpose of which is to
increase both the resistance of these ceramics to external influences and the shielding
characteristics. In most cases, the doping of glasses to ceramics leads to an acceleration
of the phase formation or glass transition processes, which makes it possible to lower
the sintering or fusion temperature, as well as increasing strength and hardness. As a
rule, BipO3 or Y,0j3 are used for such purposes, which are very promising compounds
for these purposes.

The aim of this work is to study the effect of the phase composition of synthesized
ceramics based on (1—x)Zn0O-0.25A1,03-0.25W0O3—xBi, O3 compounds and their variations,
as well as establishing the dependence of the effect of the phase composition on the optical
and strength characteristics of ceramics.

Interest in these ceramics is due to the prospect of using them as protective materials
for shielding gamma, electron and neutron radiation, as well as the creation of alternative
materials in the field of protective materials. In turn, the substitution of ZnO with a
Bi, O3 dopant will increase the density of ceramics, as well as increasing the rate of phase
formation processes, and increase resistance to mechanical stress.

The relevance of this study consists in the creation of new types of shielding protective
ceramics that can compete with telluride and lead glasses, which are one of the candidate
protective materials. The use of new types of shielding materials will expand the range of
their practical application, as well as increasing the effectiveness of protection against the
negative effects of ionizing radiation.

2. Experimental Part

The synthesis of ceramics of the (1—x)ZnO-0.25A1,03-0.25W0O3-xBi; O3 type was
carried out using the method of mechanochemical synthesis by grinding oxide compounds
in a given molar ratio in a planetary mill and subsequent thermal annealing in a muffle
furnace at a temperature of 1100 °C for 5 h. The samples were obtained by the standard
method of sintering and subsequent air quenching when removing the samples from
the furnace.
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The elemental composition was measured, and the surface of the samples was mapped
using the energy dispersive analysis method implemented using an Oxford Instruments
(Bruker, Berlin, Germany) detection system built into a Hitachi TM3030 scanning electron
microscope (Hitachi, Tokyo, Japan).

Table 1 presents data on the composition and content of the initial oxide compounds
used for the synthesis of (1—x)Zn0O-0.25A1,03-0.25W0O3—xBi;O3 ceramics as well as a
brief designation of the samples for a more convenient interpretation of the obtained
dependences. The variation of the oxide components was carried out by replacing zinc
oxide with bismuth oxide in the range of 0-0.25 mol. The choice of this variation is due to the
properties of BiO3, which make it possible to accelerate the processes of phase formation
during thermal sintering, as well as increasing the strength characteristics of glasses.

Table 1. Data on the compositions of ceramics used for synthesis.

(1—X)ZHO—O.ZSAIZO3—0.25WO3—XBigO3

Sample
Zn0O, mol Al,0O3, mol WO3, mol Bi; O3, mol

ZnAIWBiO-0 0.5 0.25 0.25 -

ZnAIWBiO-1 0.45 0.25 0.25 0.05
ZnAIWBiO-2 0.40 0.25 0.25 0.10
ZnAIWBiO-3 0.35 0.25 0.25 0.15
ZnAIWBiO-4 0.30 0.25 0.25 0.20
ZnAIWBiO-5 0.25 0.25 0.25 0.25

To assess the phase composition of the obtained ceramic samples depending on the
composition and ratio of the components, the X-ray diffraction method was used, which
was implemented on a D8 Advance Eco X-ray diffractometer (Bruker, Berlin, Germany).
Diffraction patterns were obtained with Bragg—Brentano geometry in the angular range of
20 = 20-80°. A Cu-kA tube was used to generate X-rays with a wavelength of 1.54 A. The
detection of reflected X-rays was carried out using an Single-Shot Detector (SSD) detector.

The optical properties of the obtained ceramic samples were studied using the UV-V is
spectroscopy method by taking the transmission and absorption spectra in the wavelength
range of 300-1000 nm and their subsequent processing. The spectra were obtained using a
Specord-250 UV spectrophotometer (Jena Analytic, Berlin, Germany). The spectra were
taken with a step of 0.1 nm and a spectrum acquisition rate of 1 nm/s.

Determination of the strength characteristics of the obtained ceramics, in order to
determine the effect of change in the concentration of the components on their hardening,
was carried out using the method of indentation and single compression. The indentation
method was used to determine the hardness of glasses as well as their resistance to softening
and hardening, depending on the phase composition. The single compression method was
applied to determine the resistance to cracking and establish the magnitude of the crack
resistance of glasses depending on the concentration of Bi;O3, as well as the effect of the
phase composition on strengthening.

3. Results and Discussion
3.1. Elemental and Morphological Analysis
Table 2 presents the data on the elemental composition in samples of synthesized ce-

ramics, obtained using the energy-dispersive analysis method and reflecting changes in the
content of elements depending on the concentration of the components used for synthesis.
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Table 2. Elemental composition data.
Concentration, at. %
Sample
Zn, at. % Al, at. % W, at. % Bi, at. % 0O, at. %
ZnAIWBiO-0  43.37 £ 1.45 21.34 £0.93 5.65 + 0.32 - 29.64 £ 1.63

ZnAIWBIiO-1 4123 £1.24 20.74 £0.92 5.74 + 0.45 2.56 £0.21 29.73 £1.35
ZnAIWBiO-2 4022 £1.41 20.38 £ 0.75 6.12 £ 0.51 3.86 £0.13 2942 +£1.23
ZnAIWBiO-3  37.16 £1.42 24.38 +0.86 6.68 £ 0.35 5.15+0.24 25.63 £ 1.24
ZnAIWBiO-4  31.37 £ 091 22.77 £0.92 6.16 + 0.25 9.78 £0.32 29.92 +£1.34
ZnAIWBIiO-5 2126 £0.72 22.33 £ 0.34 7.87 £0.32 19.97 + 0.63 28.57 +1.83

As can be seen from the presented elemental analysis data, in the case of undoped
Bi, O3 ceramics, the ratio of elements Zn:Al:W:O is 43:21:6:30, which indicates that the
heavier tungsten in the synthesis process is approximately 1/10 of the zinc and aluminum
components. The addition of Bi;O3 to the composition of ceramics at low concentrations
leads to an insignificant displacement of zinc due to its substitution, while the ratio of the
Al and W components is within the error. A similar situation is observed for changes in the
oxygen concentration. An increase in the Bi;O3; concentration above 0.15 mol leads to a
sharp decrease in the zinc content in the composition of ceramics, which may be due to the
formation of new phase inclusions associated with the processes of phase transformations
during thermal sintering.

Figure 1 shows the results of the morphological studies of the synthesized ceramics
depending on the Bi;O3 concentration, carried out using the method of scanning electron
microscopy. The morphology was studied on synthesized powders obtained after thermal
annealing. As can be seen from the data presented, the obtained ceramics are cubic or
rhomboid grains, the size of which varies from 5 to 10 pm, with a large number of various
inclusions, the formation of which may be due to the formation of several phases during
mechanochemical grinding and subsequent thermal annealing. At the same time, it should
be noted that an increase in the Bi2O3 concentration, according to the presented data of
morphological studies, leads to the formation of feather-like or dendrite-like inclusions
in large grains, which have significant differences from the basic composition of ceramics.
With an increase in the Bi;O3 concentration, there are more such inclusions, and the grain
structure is close with layers or contains a large number of different veins in the form
of dendrites.

Figure 2 presents the results of a detailed analysis of the mapping of ceramic samples
depending on the concentration of BipO3, which reflect the distribution of elements in the
composition and also allow us to evaluate the composition of newly formed inclusions in
the form of dendrites or feather-like growths.

Figure 1. Cont.
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(f)

Figure 1. SEM images of synthesized ceramics: (a) ZnAIWBiO-0; (b) ZnAIWBiO-1; (c) ZnAIWBiO-2;
(d) ZnAIWBIO-3; (e) ZnAIWBIO-4; f) Zn AIWBiO-5.

ZnAlWBiO-0

ZnAlWBIiO-1

ZnAlWBiO-2

ZnAlIWBIiO-3

ZnAlWBi0O-4

ZnAIWBIiO-5

Figure 2. Maps of the distribution of elements in the composition of ceramics.
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In the case of ZNAIWBiO-0 samples that do not contain a dopant, according to the
presented results of mapping the distribution of elements in the composition, it is isotropic
in volume, with a predominance of zinc and aluminum. The addition of Bi,O3 to the
composition of ceramics, which, according to morphological studies, leads to the formation
of feather-like growths or dendrites, according to mapping data, is associated with the
presence of bismuth as well as a slight presence of tungsten, which may be due to the
formation of structures or phases containing a mixture of these elements. An increase in the
concentration of the Bi;O3 dopant leads to an increase in such inclusions, as evidenced by
the data of both morphological analysis and mapping results. Moreover, it should be noted
that at high concentrations of the BiO3 dopant, a detailed analysis of the morphological
features shows that the grains themselves consist of two types of inclusions, which are an
interstitial solid solution or a matrix of zinc, aluminum and oxygen compounds, with grains
embedded in it, which are structures of the type of complex oxides containing tungsten
and bismuth.

3.2. Phase Analysis

The analysis of the phase composition of the synthesized ceramics was carried out
by comparing the positions of the experimentally obtained diffraction reflections on the
diffraction patterns with the phase data taken from the database (See Figure 3). For
comparison, cards from the PDF-2(2016) database were used, and the choice of the most
suitable cards was based on the coincidence of the position of the lines of the PDF card
with the positions of experimentally obtained diffraction reflections by more than 85-90%,
taking into account structural distortions associated with the processes of phase formation
during the synthesis of ceramics. The general view of the obtained diffraction patterns
indicates a sufficiently high structural ordering degree of the obtained samples, which is
expressed in the form and intensity of diffraction reflections as well as their deviation from
the position of the reference values.

An analysis of the diffraction pattern of the ZnAIWBiO-0 sample, which does not
contain Bi,O3, shows that the main diffraction reflections are characteristic of the cubic
phase of the spinel type ZnAl,O4 and the hexagonal phase of the wurtzite type ZnO,
the content of which is more than 38%. The resulting diffraction pattern also exhibits
diffraction reflections characteristic of the ZnWO, monoclinic phase, the content of which
is at least 22%.

Analysis of the phase composition of the samples under study, based on the obtained
X-ray diffraction patterns, showed that the addition of BipOs to the composition of ceramics
leads to the formation of new phases, which indicates the processes of phase transforma-
tions as a result of thermal sintering. In the case of adding Bi;O3 in a molar content of
0.05 mol, the obtained diffraction patterns show characteristic reflections for the orthorhom-
bic Bi;WOg phase, the content of which is at least 15%. At the same time, the content of
the main ZnAl,O4 and ZnO phases decreases, while the contribution of the ZnWO, phase
somewhat increases (no more than 2%).

Such a change in the phase composition of ceramics upon the addition of Bi;O3 can
be explained by the initialization of phase formation processes associated with thermal
effects. At the same time, due to the properties of BiOs, the phase formation processes,
including the formation of structures similar to complex oxides, proceed more intensively
and displace the hexagonal phase of ZnO. At the same time, analyzing the obtained data
on the crystal lattice parameters, it can be seen that the displacement of the ZnO phase and
an increase in the contribution of the Bi;WOg phase leads to a decrease in the crystal lattice
parameters, which indicates the structural ordering of ceramics.

In the case of a Bi;O3 dopant concentration of 0.15 mol in the composition of ceramics,
the X-ray diffraction patterns reveal no reflections characteristic of the hexagonal ZnO
phase. At the same time, an increase in the Bi;O3 dopant to 0.20 mol, according to X-ray
diffraction data, leads to a decrease in the contribution of the ZnWQO, phase, and in the
case of a BiO3 dopant concentration of 0.25 mol, no reflections characteristic of the ZnWO,
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phase are found. At the same time, X-ray reflections are observed, characteristic of the
Bi,W,Og orthorhombic phase, the formation of which may be due to the substitution of
bismuth ions for zinc ions with a subsequent phase transformation of the ZnWQO, phase
into the Bi;W;Og phase or an increase in the contribution of the Bi,WOg¢ phase. The absence
of the ZnWOy phase for samples with a Bi;O3 dopant concentration of 0.25 mol is due
to the processes of phase transformations associated with the displacement of this phase
from the composition as well as the dominance of the ZnAl,Oy4, Bi,WOg4 and Bi;W,09
phases. Such phase transformations can be caused by a decrease in the zinc concentration,
the decrease of which does not allow the formation of the ZnWOj, phase.

ZnAIWBIO-5

I W N | DU Y N S

ZnAIWBiO-4

S YN S WU W S G

ZnAIWBIO-3

ZnAIWBIO-2

M

ZnAIWBIO-0

PDF - 00-039-0256 Bi, WO ¢

,‘,“.,, N i B — "l, e S| BT .
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Figure 3. Results of X-ray diffraction of the synthesized ceramics depending on the BiO3 concentration.

Table 3 presents the results of changing the parameters of the crystal lattice, obtained
by analyzing the obtained diffraction patterns. The general trend of changes in the pa-
rameters of the crystal lattice has a pronounced dependence on the change in the dopant
concentration, an increase in which leads to the formation of new phases. The appearance
of new phases is accompanied by structural ordering, which affects the change in the
parameters of the crystal lattice as well as their decrease.
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Table 3. Lattice parameter data.

°

Lattice Parameter, A

Sample ZnO- ZnAl,04—Cubic ZnWO4-Monoclinic Bi; WO~ BiW>09-
Hexagonal Fd-3 m(226) P2/c(13) Orthorhombic Orthorhombic
P3(143) Pbnca(61) Pbn21(38)
mawsos UTBEE s LAEST -
mawsor SRR agees  STATLATINSG essebiim
ZoAWBiO2 27027 a = 80261 s é’: Serar A=Al b= 163165 ]
ZnAIWBIO-3 - a=8.0214 a::g’;f"’[? S oaeac A= bAM b= S ]
mawsos R e
ZATWBIOS5 ) A = 8.0689 i a= 5.4215:0,55L 2=8166.4129, a= 5.39:52,;6 215;.4479,

On the basis of the obtained diffraction patterns as well as the analysis of the phase
composition, the volume contributions of various phases in the composition of ceramics
were determined depending on the Bi;O3 dopant concentration. The results of this analysis
are presented in Figure 4. To determine the phase content, the Rietveld method was used
and the calculation of Formula (1),

R Iphase
Iadmixture + R1 phase ’

)

Vadmixture =

where Iy, is the average integrated intensity of the main phase of the diffraction line,
Ligmixture 1 the average integrated intensity of the additional phase, and R is the structural
coefficient equal to 1.45.

100 - -
Bi,W,0
15% (. Bizwi):
31% | [[]zno
_ 80 39% 35% 45% ° _1znAL0,
o\- 53% [ 1znwo,
.S 34%
© 60 .
€ 24% 2%
g 39%
O 40 ©
@ 2% || 40%
e 23% 36%
o
20 42%
23% 24%
b 11 19% | | 15% | (419
0 T

T T T T T T T T T T
0.00 0.05 0.10 0.15 0.20 0.25
Concentration of Bi,O,, mol

Figure 4. Results of evaluation of the volume contributions of phases to the composition of ceramics.
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The general view of the presented results of changes in the volume fractions of the
contributions of various phases to the composition of ceramics depending on the concen-
tration of Bi;O3 can be characterized by the following scheme of phase transformations:
ZnO/ZnAl O, /ZnWOy — ZnO/ZnAl,O4/ZnWO,/BiyWOg — ZnAl,O4/ZnWO,/Bi WO4
— ZnAlyO4/BiyWOg /BigW,0y. According to this scheme, an increase in the concentration
of the Bi;O3; dopant leads to the formation of orthorhombic phases similar to complex
oxides containing bismuth, which leads to the displacement of the ZnO phase at a Bi;O3
concentration of 0.10 mol, and the subsequent transformation of the ZnWQO, phase into the
Bi;WOg and BiW,Og phases. Such changes in the phase composition lead to a change not
only in the structural parameters, but also in the dislocation density and the appearance of
boundary effects associated with different grains, which are clearly visible when mapping
the obtained samples.

3.3. Analysis of Optical Properties

Figure 5 shows the results of changes in the optical transmission spectra of the studied
glass ceramics depending on the concentration of the BiyO3 dopant. The general view of
the obtained dependences is characterized by a high bandwidth in the region characteristic
of the visible range (400-700 nm) and a slight decrease in the throughput intensity in the
range characteristic of the near IR range (above 750 nm). At the same time, in the region
of 350-400 nm, which is characteristic of the fundamental absorption edge, a shift of the
spectra is observed, which is characteristic of a change in the electronic distribution and
band gap.

—_— ZnAIWBIO - 0
R ———— ZnAIWBIO — 1
ZnAIWBIO - 2
ZnAIWBIO - 3
3 ZnAIWBIO - 4
8 ZnAIWBIO - 5
[0
ZnAIWBIO - 0 £
— ZnAIWBIO - 1 §
— ZnAIWBIO - 2 T
20 g ZnAIWBIO - 3 ]
/ ZnAIWBIO - 4
ZnAIWBIO - 5 b
400 500 600 700 800 900 1000 350 400 450 500 550 600
Wavelength, nm Wavelength, nm
(a) (b)

Figure 5. Results of the transmission spectra of the studied glasses as a function of the Bi;O3
concentration: (a) transmission spectra; (b) absorption spectra.

It was found that a change in the phase composition of ceramics leads to a slight
decrease in the transmittance in the region characteristic of visible light (400-700 nm) as
well as a shift in the fundamental absorption edge. The decrease in transmission intensity
is no more than 5-7%.

The absorption spectra presented in Figure 5b indicate the formation of additional
absorption bands at 3.65 eV, 3.41 eV, and 3.09 eV, the presence of which is due to a change
in the electron density as well as the formation of additional absorption centers associated
with the processes of phase transformations.

Based on the obtained UV-V is spectra, the band gap values for the studied ceramics
were calculated by constructing Tauc plots. The results of the construction are shown in
Figure 6. The tangential dashed lines determine the value of the band gap, as well as its
change depending on the phase composition of the ceramics and the concentration of the
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dopant. The general form of the changes obtained indicates a shift in the fundamental
absorption edge, which indicates a change in the electron density and band gap of the
obtained ceramics. These changes are due to the processes of phase transformations, which
were established by X-ray phase analysis.

ZnAIWBIO -0
ZnAIWBIO -1
ZnAIWBIO - 2
ZnAIWBIO -3
b ZnAIWBIO - 4
ZnAIWBIO -5

(athv), (eVem™y?

T T T
1.5 2.0 25 3.0 35 4.0 45
Photon energy, eV

Figure 6. Results of Tauc plots that determine the change in the value of the fundamental absorption

edge and the band gap.

Table 4 presents the results of determining the band gap (E;) and the linear refractive
index (n%"c®), which were calculated by analyzing the data obtained in Figure 6 using

Formulas (2) and (3).
a=A(hv — Eg)l/2 2

where A is a constant, and hv is the photon energy.

|:(nopticul)2 _ 1:| B Eg

=1—4/== 3
[(noptical)2 + 2} 20 ®)
Table 4. Band gap and linear refractive index data.

Sample Eg, eV noptical
ZnAIWBiO-0 3.826 2.204
ZnAIWBiO-1 3.539 2.265
ZnAIWBiO-2 3.465 2.281
ZnAIWBiO-3 3.403 2.296
ZnAIWBiO-4 3.338 2.311
ZnAIWBiO-5 3.289 2.323

Analyzing the obtained dependencies of changes in the magnitude of the band gap
and the linear refractive index, we can draw the following conclusions. The displacement
of the ZnO hexagonal phase from the structure leads to a decrease in the band gap, as
well as the formation of three additional absorption bands, the presence of which indicates
changes in the optical absorbing properties of ceramics. At the same time, the formation
of orthorhombic Bi,WOg and Bi,W,Og phases leads to an increase in the refractive index,
which is due to effects associated with a change in the dislocation and defect density in the
ceramic structure.
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3.4. Measurement of Strength Properties

One of the important characteristics for radiation-resistant protective materials is their
resistance to external mechanical influences, including compression, damage or external
impacts, that can lead to the formation of microcracks or chips, which can lead to the
destruction of the protective material and affect its operating conditions. In this case, as is
known, the mechanical strength and resistance to cracking have a pronounced dependence
on the phase composition of the samples, as well as dimensional factors associated with
grain sizes, boundary effects, and dislocation density. These factors, the change of which is
directly related to the processes of phase transformations with a change in the concentration
of the initial components, can have a significant effect on the hardening of ceramics and an
increase in their resistance to external influences.

Figure 7 shows the results of changes in the strength characteristics of the synthe-
sized ceramics depending on the Bi;O3 dopant concentration, which reflect the effects of
hardening with a change in the phase composition of the samples under study.

Bi,WOQ¢/Bi,W,04 T T T T T T
E 501 —®— Crush load % 120
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Figure 7. (a) Results of changes in the hardness and hardening of ceramics depending on the
concentration of the BiyO3 dopant; (b) results of the change in the crack resistance value of ceramics
depending on the Bi ;O3 dopant concentration.

Analyzing these changes in hardness, it was found that with the formation of the
Bi;WOg phase in the structure and the partial displacement of the ZnO phase at low
concentrations of the Bi;O3 dopant (no more than 0.05 mol), the strengthening effect is
no more than 3%. At the same time, with an increase in the concentration of the Bi, O3
dopant above 0.10 mol, it was found that the strengthening effect is more than 10-20% and
increases with a change in the phase composition. In turn, the formation of the Bi;WOg
and Bi;W,0Og phases leads to the strengthening of ceramics by a factor of more than 1.5
compared to undoped samples, which indicates a high efficiency of hardening.

During analysis of the data for determination of the crack resistance, the results of
which are presented in Figure 7b, a similar dependence of the change in the crack resistance
value under single compression on the change in the phase composition of the ceramics, as
well as an increase in the contribution of the BiWOg phase, is established. At the same time,
the formation of the Bi;W,Og phase leads to a more than twofold increase in resistance to
cracking and an increase in resistance to the maximum withstand load.

Figure 8 shows the results of changes in the density of ceramics as well as an assess-
ment of the contributions of dislocation density and boundary effects to the strengthening
of ceramics and an increase in resistance to external influences.
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Figure 8. (a) Results of changes in the density of ceramics; (b) Results of ceramic hardening data
depending on the change in dislocation density.

As can be seen from the presented data on the change in density, which was measured
by two methods (X-ray diffraction and the method of Archimedes), a change in the phase
composition leads to an increase in the density of ceramics as well as its compaction,
the maximum value of which is more than 20%. At the same time, it should be noted
that the density measurement data determined by two independent methods are in good
agreement, which indicates a low porosity of the ceramics. The results of hardening have a
pronounced dependence on changes in the dislocation density of ceramics and boundary
effects, the increase in which is associated with a decrease in grain size with a change in
the phase composition of ceramics. At the same time, the greatest strengthening effect is
manifested with an increase in the dislocation density by more than 2-3 times, compared
with the original samples. In this case, it can be said with certainty that a change in the
phase composition of ceramics at high concentrations of the BiO3 dopant leads to the
strengthening of ceramics as well as an increase in their resistance to external influences
and mechanical damage. In the future, these results can be used in the design of protective
coatings and materials based on these compounds.

4. Conclusions

During the studies performed using the method of X-ray phase analysis, the dynamics
of phase transformations was established depending on the Bi;O3 concentration, which
consists in the formation of orthorhombic Bi,WOg and Bi;W,0Og phases, as well as the
displacement of the ZnO phase. The general trend of phase transformations depending
on the Bi;O3; dopant concentration can be written as follows: ZnO/ZnAl,O4/ZnWO,; —
Zn0O/ ZI‘IA1204 / ZnWQOy / Bi2W06 — ZI‘IA1204 / ZnWQOy / Bi2WO6 — Zl‘lA1204 / Bi2W06 /
Bi;W,09. At the same time, it was found that the formation of orthorhombic phases
leads to an increase in the density of ceramics as well as a change in the dislocation
density, which has a significant effect on the change in the strength properties of ceramics.
During determination of the optical characteristics, it was found that a change in the phase
composition of ceramics leads to a decrease in the band gap as well as the formation of
additional absorption bands, which indicates an increase in the absorption capacity of
ceramics. An analysis of the mechanical and strength properties of the samples under study
showed that a change in the phase composition of ceramics leads to a more than 1.5-2-fold
increase in resistance to external influences, which is due to both a change in the density of
ceramics and strengthening effects due to changes in the dislocation density.
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Further studies in this direction will be aimed at studying the effectiveness of the use
of the obtained ceramics as shielding materials and protective coatings against the negative
effects of ionizing radiation.
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