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Abstract. The aim of this study is to determine the thermal exposure effect on
the destruction processes of of near-surface layers of ceramics based on lithium
metazirconate associated with the diffusion of implanted helium, alongside to
determine the effect of the magnesium oxide dopant in low concentrations on
restraining diffusion mechanisms during high-temperature irradiation. Interest
in this type of ceramics is primarily due to the possibility of expanding the types
of lithium-containing ceramics for the production and accumulation of tritium,
as well as an increase in stability to degradation processes characteristic of high-
temperature operating modes, alongside the accumulation of fission products
of nuclear reactions of neutrons with lithium in the form of helium. According
to studies carried out using the depth nanoindentation method (measurements
along the trajectory of ion movement on a side cleavage), it was found that an
elevation in the irradiation temperature leads to a rise in the thickness of the
damaged layer, the alteration in which is due to the effects of helium diffusion
into depth due to thermal effects. The softening of the near-surface layer during
high-temperature irradiation is due to structural changes associated with
a growth in deformation distortion of the crystal structure and its swelling,
which is most pronounced during high-dose irradiation. At the same time,
alterations in the structural features of lithium metazirconate due to the dopant
concentration growth during the synthesis of lithium-containing ceramics leads
not only to an increase in resistance to softening of the damaged layer, but also
to a reduction in the thickness of the diffusion layer in ceramics under high-
temperature irradiation.
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damage; helium swelling
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Study of thermally induced diffusion mechanisms of implanted helium in the near-surface layers of ceramics based
on lithium metazirconate

1. Introduction

Current trends in the development of alternative energy sources in order to reduce the
dependence of the energy sector on fossil fuels cannot be considered without nuclear, hydrogen
and, in the near future, thermonuclear energy [1-3]. Moreover, while development trends in
nuclear energy are aimed at finding opportunities to enhance the efficiency of nuclear fuel
burnup, and to increase the temperature of the core, the main efforts in hydrogen energy are
aimed at finding technological solutions to reduce the cost of energy production by reducing
the operating temperatures of fuel cells or simplifying hydrogen production processes, in
thermonuclear energy, in addition to finding solutions to problems associated with plasma
confinement, research aimed at finding ways to produce tritium plays an important role [4,5]. In
this case, tritium is one of the key types of fuel for thermonuclear power plants, and the methods
available today for its production do not allow us to fully meet the needs for its volumes.

One of the solutions to the problem of tritium production in thermonuclear energy is the use
of lithium-containing ceramics as blankets for the propagation of tritium, which is an essential
fuel for maintaining thermonuclear reactions [6,7]. The technology of using lithium-containing
ceramics for tritium propagation is based on the nuclear reaction of lithium with a neutron
(Li(n,t)He), which results in the formation of tritium and helium (He) as a fission product, the
accumulation of which also occurs in the blanket material [8,9]. At the same time, the existing
technical groundwork in the field of producing lithium-containing ceramics opens up wide
opportunities for varying the compositions of ceramics by using various compounds, the
variation of which causes changes in the structural, strength and thermophysical parameters
[10-13]. Among the fairly large number of variations in the compositions of lithium-containing
ceramics, lithium metazirconate hasrecently been distinguished, which has fairly high resistance
to external influences, such as mechanical pressure, thermal expansion, etc., and also has good
compatibility with other types of structural materials [14-16].

Deformation processes in the near-surface layer are usually caused by the accumulation
of nuclear reaction products in the form of helium and hydrogen, which accumulate in pores
and voids, thereby creating additional deformation distortions in the structure. It should also
be noted that migrating helium, due to its mobility and low solubility, is capable of forming
clusters together with oxygen vacancies, which also contributes to a growth in the deformation
of the crystalline structure of the near-surface layer. At the same time, according to a number of
fundamental works [17-19], aimed at studying the mechanisms of gas swelling of near-surface
layers in steels and alloys (traditional structural materials in nuclear energy), temperature
exposure contributes to the acceleration of helium diffusion processes in the near-surface
layer [11], which results in more pronounced agglomeration into bubbles, and as a result, an
elevation in the destruction effect. In the case of ceramic materials, these effects have not been
fully studied, which opens up opportunities for their detailing, in particular, the need to study
the effects of destruction that occur during the simultaneous impact of high temperatures and
radiation damage on the near-surface layer of ceramic materials exposed to irradiation. The
key differences between such effects in steels and alloys and ceramics consist in the structural
features of the ceramics, and in most cases, the dielectric nature of the ceramics, which leads to
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the need to consider ionization effects associated with the redistribution of electron density, as
well as the subsequent athermal effects and the emergence of metastable states following these
changes [20,21].

The aim of this study is to determine the effect of magnesium oxide addition in small
concentrations (0.01 - 0.05 M) to the composition of ceramics based on lithium metazirconate
(Li,Zr0,) on the resistance to the accumulation of deformation distortions and softening
(decrease in hardness) of the near-surface layer of ceramics when irradiated with He?* ions. At
the same time, the emphasis in the study of radiation damage is on determination of the influence
of irradiation temperature on diffusion processes caused by the high mobility of He?* ions in
the near-surface layer [11]. Conducting such studies is aimed at expanding the understanding
of the mechanisms of degradation of near-surface layers of ceramics, which during operation
are subject to external influences (mechanical, thermal effects during heating), alongside due
to the high mobility of nuclear reaction products n(Li,t)He, accumulation of helium, tritium and
hydrogen in the near-surface layer, which results in destabilization of the structure and, as a
consequence, softening. The choice of Li,ZrO, ceramics with the addition of a low concentration
of MgO as objects of study is due to the possibility of modification of the properties of lithium
metazirconate, without the formation of impurity phases in the composition in the form of a
MglLi, rO, substitution phase, which contributes to the preservation of the structural motif of
the Li,ZrO, phase, with changed parameters, as well as heightened resistance to destruction.

2. Materials and methods

Ceramics based on lithium metazirconate with the addition of magnesium oxide in low
concentrations were chosen as objects of study. The ceramics were obtained using solid-phase
grinding technology and subsequent thermal sintering. Grinding was carried out in a planetary
mill PULVERISETTE 6 classic line, at a grinding speed of 400 rpm for 30 minutes. After grinding,
the main purpose of which was to obtain a mixture of homogeneous composition, the resulting
powders were pressed into tablets with a diameter of 10 mm and a thickness of 1 mm, which
were subsequently subjected to thermal annealing for 8 hours at a temperature of 1300 °C.
A RUS-universal muffle furnace was used to sinter the samples. To obtain ceramics based on
lithium metazirconate, LiC10,x3H,0, ZrO powders were used in a molar ratio of 1 to 1, which,
under the selected synthesis conditions, made it possible to obtain ceramics with a monoclinic
Li,ZrO, phase (see data presented in Figure 1). MgO was added to the ceramic composition at
the grinding stage in molar fractions 0of 0.01, 0.03 and 0.05 M. The choice of these concentrations
is based on the results of [22], in which it was revealed that the MgO dopant concentration
growth above 0.1 M results in the formation of two-phase ceramics, in which, under the selected
thermal annealing conditions, the formation of a tetragonal MgLi,ZrO, phase occurs, the
formation of which leads to an alteration in strength characteristics. In this case, the use of low
MgO concentrations results in the formation of single-phase ceramics, and the main structural
changes are associated with the effect of partial substitution of zirconium by magnesium, which
results in the crystal lattice parameters and volume reduction, the data of which are presented
in the table on an inset 1b. Such changes in parameters are due to the difference in the ionic
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radii of Mg (74 pm) and Zr** (79 pm) (see the inset in Figure 1, reflecting the change in the
position of the reflection associated with the substitution effect, as well as the parameter data
in Inset 1b).
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Figure 1. a) Results of X-ray diffraction of the studied Li,ZrO, ceramics depending
on the MgO concentration (the inset shows a comparison of the alteration in the position
of the reflection at 20 = 42.7°, reflecting the substitution effect of zirconium by magnesium);
b) Data on crystal lattice parameters depending on variations in MgO concentration during
the manufacture of ceramics

Simulation of helium accumulation processes in the near-surface layer of ceramics with a
thickness of about 300-500 nm was carried out by irradiating the samples under study with
He?*ions at the DC - 60 accelerator (Institute of Nuclear Physics of the Ministry of Energy of
the Republic of Kazakhstan), the use of which, as was shown in the works [23,24], allows one
to simulate the near-surface layer degradation processes in a wide range of irradiation fluences
and, as a consequence, atomic displacement values. Irradiation was carried out at fluences from
10% to 108 cm?, which, according to estimates, corresponds to about 30 dpa at the maximum
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irradiation fluence (see evaluation data presented in Figure 2). The samples were irradiated
at different temperatures, the particle flux density was about 40 pA. Temperature control was
performed using a special target holder that allowed maintaining a constant target temperature
during irradiation.

As can be seen from the presented calculated data, the value of atomic displacements of the
order of 30 dpa can be achieved at an irradiation fluence of 10'® cm?, while the maximum of this
value is observed at a depth of about 250-300 nm, with a maximum ion travel depth of about
500 nm. It should be noted that due to the high resistance to external influences of the selected
ceramics, as well as the low ion flux density, the effect of possible sputtering under ion exposure
was excluded in the process of simulation of the helium ion accumulation in the near-surface
layer. Figure 2b demonstrates the estimation results of the value of ionization energy losses of
incident ions during interaction with the crystal structure of the target, according to which, over
most of the path length, the main contribution to changes is made by ionization losses during
interaction with electron shells (ionization effects), and at a depth above 250 nm, ionization
losses associated with collisions with nuclei play a role, which leads to the formation of primary
knocked out atoms in the structure if the transferred energy exceeds the binding energy.
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a) b)

Figure 2. Simulation results of the interaction of incident He2+ ions with a near-surface layer
of ceramics: a) evaluation results of the distribution of atomic displacements (dpa) in the near-
surface layer in depth depending on the irradiation fluence; b) results of the distribution of
changes in ionization losses during interaction with electrons (dE/dxelectron) and nuclei (dE/
dxnuclear)

The irradiation temperatures were chosen to be 300, 500, 700 and 1000 K, which made it
possible to evaluate the influence of thermal effects caused by alterations in the amplitude of
thermal vibrations of atoms in the crystal lattice, as well as acceleration of the diffusion processes
of implanted He? ions in the near-surface layer, which can lead to both more pronounced
agglomeration of helium in voids with a subsequent rise in deformation distortions, and an
elevation in the penetration depth of He?* ions due to diffusion deep into the sample [25,26].

12 N21(150)/ 2025 A.H. I'ymures amvindazor Eypasua yammuix ynueepcumeminity XABAPIIBICHI.
DQusura. ACmpoHOMUsL cepusicol
ISSN: 2616-6836. eISSN: 2663-1296



Study of thermally induced diffusion mechanisms of implanted helium in the near-surface layers of ceramics based
on lithium metazirconate

The effect of irradiation and changes in irradiation conditions (temperature variations) on the
structural characteristics of ceramics was determined by assessing changes in the volumetric
swelling value (AV=V_ . - Vprisﬁne), which was determined by calculating the crystal lattice
volumes in the initial state (for non-irradiated samples) and after accumulation of a certain
radiation dose. In this case, the value of AV(dpa) reflects the destructive swelling of the
crystal lattice, caused by both deformation mechanisms associated with the accumulation of
structural distortions caused by irradiation, and the introduction of He?* ions into voids, which
is accompanied by the formation of gas-filled inclusions in the near-surface layer.

The irradiation effect on the mechanisms of softening (decrease in the hardness of the near-
surface layer) contingent upon the value of atomic displacements and irradiation temperature
was determined by the nanoindentation method. When determining the hardness values of the
samples, the number of measurements at a given depth was at least 10 points. In this case, the
measurements were carried out taking into account the need to avoid overlapping traces from
the indenter during measurement, which can lead to large deviations. The measurement error
was determined by calculating the standard deviation of the hardness value in the average value
obtained during the measurements. To assess the mechanisms of diffusion of implanted He?
ions in the damaged layer, as well as the restraining factors caused by the structural features of
doped ceramics, measurements on side cleavages with a step of 50 nm were carried out, which
made it possible to evaluate the hardness degradation in depth, the characteristic ion travel
depth in ceramics, alongside the diffusion of ions to a depth exceeding 500 nm (the maximum
depth of travel of He?* ions in ceramics, according to SRIM Pro 2013 calculations presented in
Figure 2a).

The study of the kinetics of changes in the thermophysical parameters of the studied
ceramic samples contingent upon the dopant concentration, as well as in the case of variations
in irradiation conditions and irradiation fluence, was carried out by determining changes in
the thermal conductivity coefficient of ceramics using the longitudinal heat flow method
implemented on the KIT-800 universal thermal conductivity meter.

3. Results and discussion

Figure 3 illustrates the determination results of the volumetric swelling of the damaged
ceramic layer crystal structure depending on the value of atomic displacements (dpa), calculated
based on simulation using the SRIM Pro 2013 program code, as well as irradiation temperature.
The overall appearance of the presented data on the change in the AV(dpa) value indicates
the negative effect of the structural damage accumulation on the crystalline structure of the
irradiated layer, expressed in deformation distortion and a rise in volumetric tensile stresses
in the damaged layer. At the same time, consideration of these dependencies should be carried
out in two contexts: depending on the phase composition of the ceramics, more precisely in
determining the influence of the MgO dopant concentration on the change in the AV(dpa) value;
depending on the irradiation temperature, a change in which causes thermal effects associated
with volumetric broadening and the influence of thermal vibrations on the structural disorder
degree.
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During analysis of the obtained dependences AV(dpa) on the structural features of ceramics,
the change of which is due to variations in the dopant concentration, it can be concluded
that the MgO dopant concentration growth, leading to structural ordering of the crystal
lattice, results in elevation of resistance to volumetric tensile deformation, the alteration of
which is observed in the case of variations in irradiation fluence. In this case, for modified
ceramics, the dopant concentration growth, as is clearly seen from the data presented in
Figure 3, leads to less pronounced changes in the crystal lattice volume associated with the
accumulation of structural distortions and the concentration of implanted ions. This behavior
of the AV(dpa) value in the case of a change in the dopant concentration can be explained
by the structural ordering effects associated with the partial substitution of zirconium by
magnesium, which, according to X-ray diffraction analysis data, results in structural ordering
growth due to the crystal lattice parameters and volume reduction, as well as a reduction in
the concentration of structural and vacancy defects in ceramics. During irradiation, especially
at high temperatures, the concentration of initial defects and vacancies in the ceramic
composition plays a key role in determination of the degradation kinetics of the damaged layer
structure and its swelling rate. It should be noted that in this case, the absence of impurity
inclusions in the composition of the synthesized ceramics eliminates the effect of interfacial
hardening characteristic of two-phase lithium-containing ceramics [27-29], and the elevation
in resistance to destructive swelling in this case is due to structural ordering caused by
substitution effects. It should also be noted that when analyzing the obtained dependences
AV(dpa) in the case of high irradiation temperatures (700 - 1000 K) a change in the dopant
concentration in the ceramic composition has a more significant effect on the resistance to
volumetric swelling in comparison with Li,ZrO, ceramics obtained without the addition of a
dopant. In the case of irradiation temperatures of 700 - 1000 K, the addition of 0.03 - 0.05
M MgO dopant to the composition of Li,ZrO, ceramics leads to a decline in the AV(dpa) value
of the order of 26 - 35 % in comparison with a similar value obtained for unmodified Li,ZrO,
ceramics. It is important to highlight that the elevation in resistance to volumetric swelling
is nonlinear and is most pronounced at high irradiation fluences (1017 - 1018 cm™), which
indicates the cumulative effect of structural distortions, most pronounced at high irradiation
doses, for which deformation distortions are caused not only by the accumulation of point
and vacancy defects, alongside the clusters formed by them, but also by the formation of
gas-filled inclusions, the appearance of which in the damaged layer structure is associated
with the implanted helium concentration growth. In this case, more pronounced changes
in the AV(dpa) value, especially for samples irradiated at high temperatures, are due to a
combination of two effects: the accumulation of structural distortions and the high mobility
of implanted helium, the accelerated diffusion of which at high temperatures contributes to
the filling of voids with their subsequent deformation stretching [11,30]. The containment
of these effects is clearly demonstrated by the presented AV(dpa) dependences for modified
ceramic samples.
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Figure 3. Results of alterations in the AV value, reflecting the volumetric change
in the structural parameters of the crystalline structure of the damaged layer as a result of
variations in irradiation conditions (fluence and irradiation temperature): a) 300 K; b) 500 K;
c) 700 K; d) 1000 K

Figures 4 - 7 demonstrate the assessment results of changes in the hardness values of the
studied samples by depth, reflecting the effect of irradiation fluence, irradiation temperature,
and dopant concentration at its variation on the strength properties and diffusion processes
caused by theimplanted helium migration. The overall appearance of the presented dependences
indicates the cumulative effect of softening, expressed both in the hardness value reduction
with an irradiation fluence growth, and in a change in the trend of hardness degradation by
depth, reflecting the diffusion of implanted ions to the surface (in the case of low irradiation
fluences) and deep into the damaged layer, to a depth exceeding the ion travel depth in the
material (this boundary is reflected by the red dotted line in Figures 4 - 7). At the same time,
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the diffusion of implanted helium ions is most pronounced for high-dose irradiation of samples
at an irradiation temperature growth, which clearly reflects the fact of the presence of the effect
of migration of implanted helium ions deep into the samples, indicating the destructive nature
that accompanies these processes. Analysis of the profiles of changes in hardness by depth in
the case of high-temperature irradiation for unmodified Li,ZrO, ceramics revealed an increase
in the depth of the layer in which lower hardness values are observed, and it was determined
that the most pronounced changes were observed for samples irradiated at a temperature of
1000 K. Comparing the depth profiles of hardness, it can be concluded that the implanted helium
diffusion is most pronounced when atomic displacements reach values of the order of 1 - 3 dpa
(at a fluence above 107 cm2), which can be explained by the effects of structural deformation
distortion, as well as the formation of gas-filled inclusions with implanted helium, which at
high temperatures agglomerate into larger formations, amplifying deformation distortion by
stretching the crystalline and chemical bonds of the crystal lattice [31,32]. At the same time,
modification of the structure of ceramics by increasing the MgO dopant concentration leads
to a reduction in the overall trend of changes in hardness by depth both at low irradiation
temperatures and at high temperatures, for which the diffusion of implanted helium ions
is more pronounced. It should also be noted that minor deviations in hardness values can
be explained by local structural defects, the presence of which can have a slight increase in
softening resistance. According to the obtained data on the change in the values of volumetric
swelling of the surface layer when comparing them in the case of variation in the irradiation
temperature, it can be concluded that an increase in the irradiation temperature leads to a
more intensive increase in the difference AV. At the same time, the growth of this value in the
case of the original unmodified ceramics indicates destabilization of the crystal structure due
to its disordering caused by the effect of thermal expansion, as well as accelerated diffusion of
implanted ions in the damaged layer. The addition of the stabilizing additive MgO, as can be seen
from the presented data, leads to an increase in resistance to volumetric swelling caused by the
accumulation of helium in the pores with a subsequent increase in gas-filled inclusions due to
the accumulation of helium.
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Figure 4. Change in the hardness of Li,ZrO, ceramics by depth in the case of irradiation
at different temperatures: a) at irradiation temperature of 300 K; b) at irradiation temperature
of 500 K; c) at irradiation temperature of 700 K; d) at irradiation temperature of 1000 K

According to the data presented in Figure 5, when comparing trends in changes in hardness
of the studied unmodified ceramics and with the addition of 0.01 M MgQO, it is clear that the
decline in hardness is less pronounced both at an irradiation temperature of 300 K and at
higher temperatures. This behavior of trends in hardness degradation by depth indicates a
positive effect of the dopant on the resistance of ceramics to deformation distortions caused by

exposure to irradiation.
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Figure 5. Change in the hardness of Li2Zr03 ceramics with the addition of the 0.01 M MgO
dopant by depth in the case of irradiation at different temperatures: a) at irradiation
temperature of 300 K; b) at irradiation temperature of 500 K; c) at irradiation temperature

of 700 K; d) at irradiation temperature of 1000 K

Similar changes in trends in the degradation of hardness values with depth, reflecting an
increase in the resistance of ceramics to strain softening in comparison with unmodified
ceramics, are also observed for ceramics with a dopant concentration of 0.03 M. It should be
noted that an elevation in the dopant concentration results in resistance growth, and, as can
be seen from the data presented, a decrease in the effect of helium ion diffusion deep into the
sample at high irradiation temperatures, which indicates a limiting factor due to the structural
features of the modified ceramics.
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Analysis of the dependences of the values of change in hardness by depth for samples of
Li,ZrO, ceramics with the addition of 0.05 M MgO dopant indicates that an elevation in the
dopant concentration in the ceramic composition leads to a rise in the softening resistance of
the near-surface layer, and a reduction in the thickness of the damaged softened layer both in
the case of temperatures of 300 - 500 K, and a slight excess of the maximum path length of He?*
ions in the case of irradiation at a temperature of 700 K. The results obtained indicate fairly high
stability of Li,ZrO, ceramics with the addition of 0.05 M MgO dopant to the deformation-induced
disordering of the near-surfacelayer,alongside the inhibition of the diffusion ofimplanted helium
deep into the sample, which was observed under similar irradiation conditions for unmodified
ceramic samples. It should also be noted that the observed alterations in the hardness values
of ceramic samples irradiated at a temperature of 1000 K, which exceed the maximum ion
travel depth of the order of 100 - 150 nm (in the case of maximum irradiation fluence), are
significantly less than the observed changes under similar irradiation conditions for unmodified
ceramics and modified ones but with a lower dopant concentration (0.01 - 0.03 M).

Figure 8 illustrates the assessment results of the softening degree AHV= HVpristine -
HVirradiated, reflecting the near-surface layer hardness degradation depending on the value of
atomicdisplacements. The data are calculated ata depth of the order of 250 - 300 nm, corresponding
to the maximum value of atomic displacements, according to the calculated data of SRIM Pro.
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Figure 8. Results of a comparative analysis of the softening degree (AHV= HVpristine -
HVirradiated) of the ceramics under study contingent upon the value of atomic displacements
with variations in irradiation temperature: a) at irradiation temperature of 300 K; b) at
irradiation temperature of 500 K; c) at irradiation temperature of 700 K; d) at irradiation
temperature of 1000 K
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According to the presented dependences of changes in the AHV value, it is clear that the
addition of the MgO dopant to the composition of Li,ZrO,ceramics leads to an increase in
resistance to destructive softening, which is most manifested under high-dose irradiation
(about 30 dpa). It should be noted that for doped samples, an irradiation temperature growth,
as can be seen from the data presented, leads to an elevation in the difference in the softening
values, which indicates higher rates of resistance of modified ceramics to thermally induced
processes of degradation and softening associated with the processes of diffusion of implanted
helium ions in the near-surface layer. This effect is most clearly manifested for samples with a
dopant concentration of 0.05 M, for which the difference in AHV values under high-temperature
irradiation (700 - 1000 K) in comparison with unmodified ceramics is about 67 - 68 %, which
indicates a higher resistance of ceramics to softening. Moreover, in the case of unmodified Li,ZrO,
ceramics, the most significant changes, close to the critical parameters of degradation of strength
parameters, are observed under high-temperature irradiation (700 - 1000 K), for which the
maximum value of AHV is more than 15 - 18 %, which exceeds the critical permissible value of
areduction in hardness of 10 %. In turn, doping with MgO results in AHV value reduction under
high-temperature irradiation, and the AHV value itself for samples with a dopant concentration
of 0.03 - 0.05 M at an atomic displacement of about 30 dpa is no more than 5 - 8 %, which is
below the critical permissible value of hardness reduction. The observed effect of hardening
and heightened resistance to radiation-strain softening of modified ceramics in the context
of variations in dopant concentration reflects a direct relationship between the degradation
resistance and the structural ordering degree, changes in which are due to substitution effects
at dopant concentration growth. In this case, modification of MgO lithium ceramics leads to a
rise not only in resistance to volumetric deformation swelling (see data in Figure 3), but also
in an elevation in the resistance of ceramics to softening under high-dose high-temperature
irradiation, as well as a decrease in the effect of diffusion of implanted helium ions deep into the
sample (see data on changes in hardness values with depth, presented in Figures 4-7).

Figure 9 reveals the assessment results of the change in the thermal conductivity coefficient
of the ceramics under study, reflecting the change in thermophysical parameters and their
relationship with the accumulation of structural distortions caused by irradiation. The data are
presented in the form of dependencies for each type of ceramics under study with variations
in the temperature at which irradiation was carried out, in order to reflect the influence of
temperature on the destructive change in thermophysical properties. It is important to highlight
that in the initial (non-irradiated state) the addition of a dopant to the composition of Li,ZrO,
ceramics results in the thermal conductivity coefficient growth, which is due to the structural
ordering effects, as well as the properties of the MgO dopant, which determine an increase in
thermal conductivity and heat transfer due to the higher thermal conductivity of the dopant.
As is evident from the data presented, in the case of Li,ZrO, ceramics, the thermal conductivity
coefficient is about 1.734 W/(mxK), while the addition of the MgO dopant results in the thermal
conductivity coefficient growth to 1.746, 1.801 and 1.943 W/(mxK) for dopant concentrations
0f 0.01, 0.03 and 0.05 M, respectively. In the case of irradiation of the studied Li,ZrO, ceramic
samples without addition of MgO to the composition at temperatures of 300 - 500 K, the most
significant alterations in the thermal conductivity coefficient are observed when the radiation
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dose accumulates above 1 dpa, for which, according to the assessment of changes in the ATCC
value, the thermal conductivity reduction is more than 1.5 %, and a further radiation dose
elevation results in reduction of ATCC to 2-4 %. For high-temperature irradiation, the decrease
in thermal conductivity values at the maximum irradiation dose is about 7 - 8 %, which is more
than 2 times higher than similar changes during irradiation at lower temperatures, and also
indicates the negative impact of temperature exposure on the decrease in the thermophysical
parameters of the ceramics under study. For Li2ZrO3 ceramic samples with the addition of
the MgO dopant, it was found that an increase in the dopant concentration leads not only to a
rise in the initial thermal conductivity values, but also to less pronounced changes in the value
of ATCC both in the case of low irradiation temperatures (300 and 500 K) and during high-
temperature irradiation, for which the maximum change in the ATCC value is of the order of 4 -
6 %. This difference in alterations in the thermal conductivity coefficient of the ceramics under
study, associated with the addition, as well as variations in the MgO dopant concentration, is
due to several factors. Firstly, as was established using the X-ray diffraction analysis, a dopant
concentration growth in the composition of the ceramics results in structural ordering and, as
a consequence, compaction of the ceramics, and the possible partial substitution of zirconium
by magnesium in the crystal lattice of the Li,ZrO, phase contributes to a rise in resistance to
thermal expansion associated with the temperature effect on the samples during irradiation.
Secondly, the elevation in resistance to volumetric swelling (see data in Figure 3) in the case of
modified ceramics indicates that the concentration of defective inclusions in the damaged layer
structure, and areas of disorder, causing volumetric-strain distortion of the crystal structure
is significantly less, which, as a consequence, results in greater stability of the thermophysical
parameters of the ceramics under study under high-dose irradiation. It should also be noted
that modification of Li,ZrO, ceramics by changing the dopant concentration, leading to an
elevation in the initial thermal conductivity values, provides higher heat transfer due to phonon
heat transfer mechanisms, due to a reduction in structural defects, which are scattering centers
for thermal phonons.
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Figure 9. Results of changes in the thermal conductivity coefficient of the studied Li,Zr0O,
ceramics contingent upon alterations in irradiation conditions (the value of atomic
displacements and temperature) with variations in the MgO dopant concentration: a) without
dopant; b) at a concentration of 0.01 M; c) at a concentration of 0.03 M; d) at a concentration of

Figure 10 demonstrates the dependence of the change in thermal conductivity coefficient
on volumetric swelling (ATCC(VS)), reflecting the connection between destructive volumetric
swelling of ceramics and degradation of thermal conductivity, the change of which is associated
with structural changes. The data are presented in the form of dependences ATCC(VS) obtained
for each type of ceramic under study when the irradiation temperature changes, which reflect
the influence of variations in irradiation conditions on both destructive swelling and thermal
conductivity reduction, expressed as a comparison of the thermal conductivity coefficient
values of the ceramics under study in the initial and irradiated states.
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Figure 10. Results of a comparative analysis of ATCC(VS) for the ceramics under study:
a) without dopant; b) at a concentration of 0.01 M; c) at a concentration of 0.03 M;
d) at a concentration of 0.05 M

The presented dependences ATCC(VS) have a direct correlation with each other and reflect
the relationship between the volumetric deformation of the crystal structure, caused by the
accumulation of structural distortions and areas of disorder in the damaged layer and the
degradation of the thermophysical parameters of the ceramics under study, the mechanisms
of change during phonon heat transfer have a direct correlation with the density of structural
defects. According to the data presented, the most pronounced changes in thermal conductivity
are observed for samples irradiated at high temperatures (700 - 1000 K), for which the
accumulation of structural distortions is associated not only with effects caused by the
mechanisms of interaction of incidentions with the crystal structure and implantation processes,
but also with thermal expansion caused by an alteration in the amplitude of thermal vibrations
of atoms in the crystal lattice, an elevation in which promotes their mobility, alongside the
migration of point and vacancy defects in the structure. Moreover, the substitution of zirconium
by magnesium with a rise in the dopant concentration in the composition of ceramics, which
causes a growth in the structural ordering degree (changes in the crystal lattice parameters and
volume), helps to restrain the effects of structural disorder, which are most pronounced during
high-temperature irradiation.

4. Conclusion

During the experiments carried out related to the assessment of the diffusion mechanisms
of implanted helium in the near-surface layers of lithium-containing ceramics, the following
results were obtained:

1. During determination of the effect of variations in the phase composition of ceramics
on resistance to deformation volumetric swelling, carried out by analyzing the AV(dpa)
dependences, it was found that the stability of ceramics is affected not only by structural
changes caused by variations in the dopant concentration in the composition, but also by the
temperature effect, causing an elevation in deformation distortions associated with thermal
effects and accelerated diffusion of implanted He?" ions.
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2.Ithas been established that with irradiation temperature growth in the case of Li,ZrO,with
high-dose irradiation, a more intense reduction in the hardness of the near-surface layer is
observed at the depth of maximum atomic displacements (depth of the order of 200 - 250
nm), which indicates an adverse effect of irradiation temperature on the stability of strength
properties. At the same time, the irradiation temperature growth leads not only to more
pronounced changes in hardness values, but also to arise in the damaged layer thickness, which
indicates the occurrence of diffusion processes associated with the migration of implanted He?*
ions into the depth, which results in deformation distortion of the near-surface layer and, as a
consequence, its softening.

3. During assessment of changes in the thermophysical parameters of the studied ceramics
exposed to irradiation with He?* ions, it was established that the irradiation temperature growth
during high-dose irradiation (about 3 - 30 dpa) has a negative effect on a decline in the thermal
conductivity coefficient, indicating an increase in heat losses in irradiated samples. Moreover,
it should be noted that for doped samples, less pronounced trends in thermal conductivity
degradation are observed, which indicate a direct relationship between destructive volumetric
swelling and a reduction in the thermal conductivity of ceramics.

Based on the research carried out, and conclusions drawn from the results of experiments and
analysis of the obtained dependencies, we can draw a general conclusion about the prospects of
using the MgO dopantinlow concentrations not only to stabilize the strength and thermophysical
parameters of Li,ZrO, ceramics, but also to enhance degradation resistance of properties under
high-dose irradiation, alongside the accumulation of helium in the near-surface layer, large
concentrations of which contribute to destructive embrittlement and softening of ceramics.
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Angarna. 3epTTey[iH MaKcaTbl - >XOFapbl TeMIlepaTypaJiblK, CayJieJleHy Ke3iHJe eHJipiireH
renuiiy, auddysuscbiMeH 6aiaHBICTBl JUTHH MeTa-LMPKOHAThl HerisiHAeri kepaMuKaJap/blH,
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aJIaThIH 9cepiH 6arasay. MyH1all TUNITEr] KepaMUKaFa KbI3bIFYIIbLIBIK, €H aJIbIMEeH, TPUTUN] OHIipYy
’KOHe KMHAKTay YIIiH JUTHUN KypaMblHJaFbl KepaMUKaJapAblH TYpJiepiH KeHeWTy MYMKiHAiriMes,
COH/Ial-aK >XOFaphbl TeMIepaTypasblK NaiiflajaHy peXuMAepiHe ToH JAerpafalUsijiblK IpolecTepre
TYPaKTbIIBIFbIH apTThIPyMEH KoHEe HEUTPOHJAPAbIH JUTUNMEH SPOJIbIK pPeaKLUsAChl HITHXKeCIHAe
nai/ia 60/1aThIH reiui Tapi3ai 6eJ1iHy eHIMepiH ) KMHAKTayMeH OailaHbICThl. HAaHOMHAEeHTAIM 9/1iCiH
naiijiasaHbin (MOHAAPAbIH KO3FaJbIC TPAeKTOPHUSIChl OOMBbIMEH KdHe OYHipJiK »KapblibiC 6OUBIHIIA
TepeH/JIiriH eJillley apKbLIbl) KYPTi3iireH 3epTTey/iepre CaiMKec, COyJieJieHy TeMIepaTypaChIHbIH,
»KOFapbliaybl 3aKbIMJAHFaH KabaTTblH KaJbIHJBIFbIHBIH, apTyblHa oKeJIeTiHi aHBbIKTalJbl, OyJ
e3repic reJuijiH TepMUSIBIK acepsep ecebiHeH imike Kapal auddysussaHybiMeH GalJaHBICTHI.
2Kofapsl TeMnepaTypasblK coy/eseHy Ke3iHae 6eTKi KabaTThIH OepiKTiriHiH TeMeHAeyi KpUCTaNAbIK
KYPBUIBIMHBIH, JlepopMalUsablK, OypMajlaHyblHbIH, apTybl oHe OHbIH iciHyiMeH 6alJaHbICThI
KYpPbLIBIMABIK 63repicTepre HerisfesreH, OyJ acipece >KOFapbl [03ajbl CayJejieHy >KaFAalbIHJa
alikplH 6Gailikasnajbl. CHHTe3 Ke3iHZe JUTUH KypaMbIHAAFbl KepaMHKaJapfa KOCbIMIIA 3aTThbIH
KOHI[€HTPALUSCHIH apTThIPY apKbLJIbl TUTHUHN MeTa-IUPKOHATBIHBIH KYPbIJIBIMABIK epeKllIeNiKTepiHiH
e3repyi 3aKpIMJaHFaH KabaTThbIH 6epiKTiK KOFa/ITyFa TO3IMAIIriH apTThIPbIN KaHa KOMMak, }KoFaphbl
TeMIlepaTypasblK Cay/esieHy Ke3iHJe KepaMuKajapaafbl AUOPY3USANBIK KAOATThIH KaJbIHJbIFbIH
asalTyfa Aa aKeJseni.
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U3yyeHue TepMUYECKHU - HHAYIUPOBAHHBIX AP Py31MOHHBIX MEXAaHU3MOB
UMIUIAHTUPOBAHHOTO reJivs B IPUNIOBEPXHOCTHBIX C/I0SIX KEPAMUK Ha OCHOBE MeTallUpPKOHaTa
JIUTHUA

AnHoTanus. llenp AaHHOTO UCC/e[OBAaHUsA 3aKJKYaeTCs B ONpeJe/leHUH BJIUSHUA TepMHUYeCKOro
BO3JeMICTBUSI HA NpOLECcChl JAeCTPYKLHUM IPUIIOBEPXHOCTHBIX CJ0€B KepaMUK Ha OCHOBe
MeTallMpKOHAaTa JINTHS, CBA3aHHBIX ¢ AU Py3uell MMIIIAaHTHPOBAHHOTO r'eJikd, a TaKXKe ollpeJieJieHue
BJUSIHUSA [JIONIAHTA OKCHMJA MarHus B MaJblX KOHLEHTpaLUUsX Ha clepxuBaHUue AUGPY3HOHHBIX
MEeXaHM3MOB IIPU BBICOKOTEMIIEPATYpPHOM O0OJIyieHHU. MHTepec K JAaHHOTO THUIA KepaMHKaM
00yCJIOBJIEH B NEPBYI0 OYyepe/ib BO3SMOXXHOCTBIO paCUIMpPeHHUsl THUIIOB JUTHUHCOJEpPKalUX KepaMHUK
JLJ1s1 IPOM3BO/CTBA U HAKOIJIEHUSI TPUTHUS, a TAKKe yBeJIMYeHUeM CTabUIbHOCTU K JerpaJlalluOHHbIM
IpoIeccaM, XapaKTepHBIM /IJIs1 BBICOKOTEMIIepaTyPHbIX PeKUMOB 3KCIVIyaTal My, a TAK:Ke HAKOIJIEHU A
IPOJYKTOB JleJIeHUS 1lePHbIX peaK M HEUTPOHOB C INTHEM B BU/Je resusd. CoryiacHO NpoBeJleHHbIM
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MCCJIeIOBAaHUSAM C NMpPHMEHEHWEeM MeToJ|a HaHOWHJEHTHPOBaHHUSI MO Ty6HHe (M3MepeHUH B/0/Ib
TPaeKTOPUH JBIKEHHS HOHOB HAa 60KOBOM CKOJIe) ObLJIO YCTAHOBJIEHO, UYTO YBEJIMUEHHE TEMIIEPATYPHI
06JIy4eHUS] TPUBOJAUT K YBEJUYEHHUIO TOJIIIMHbI MOBPEXZEHHOrO CJI0s, HW3MeHeHHe KOTOpOoH
o6ycioBsieHo 3dpdekTamu qudPy3un resus Briayodb 3a cUeT TepMUdeckux 3¢ deKToB. PazynpouHeHue
MPUIIOBEPXHOCTHOTO CJIOSI MPH BBICOKOTEMIIEPATYPHOM OO6JIYYEHUH OOYCJIOBJIEHO CTPYKTYPHBIMH
W3MEHEHHUSIMH, CBSI3aHHBIMH C yBeJUYeHHEM JeHOPMALMOHHOIO0 MCKaXKEHUS KPUCTAJIUYECKON
CTPYKTYPBbI U €€ paciyxaHHsi, KOTOpOe HanuboJiee BEIPAXKEHO MPH BbICOKOA03HOM 06J1y4yeHu . [Ipy 3TOM
M3MEHEHHs CTPYKTYPHBIX 0CO6EHHOCTEH MeTal[MpKOHATa JIMTHSA 3a CUET YBeJIMUEeHHUsI KOHIIEHTPaluu
JIONIaHTa IPU CUHTE3€e IUTUHCOepKalUX KepaMUK, TPUBOAUT He TOJIbKO K YBEJTMYEHUI0 YCTOUUNBOCTH
K pas3ynpoYHEHHIO MOBPEXAEHHOTO CJIOs, HO M YMEHbIIEHUIO TOJIHUHbI AUPPY3UOHHOTO CJIOSI B
KepaMHKax MPU BLICOKOTEMIIEPATYPHOM 00JTYYEHUH.

KinioueBble cioBa: nudoysus resus; JUTUHCOJepKallle KepaMUKH; 6GJIAHKETbI; paJHaldOHHbIE
MOBPEXAEHUsI; TeJIMEBOE paclyXxaHHe
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Abstract. Cathode materials are crucial for the efficient operation of solid oxide
fuel cell (SOFC), serving as a key component for the oxygen reduction reaction
(ORR). Cobalt-containing cathode have shown good performance in terms of
electronic conductivity and ORR kinetics. However, they suffer from significant
drawbacks, including high cost, and instability at high operating temperatures
of SOFC. Thus, there is an increasing need to investigate cobalt-free alternatives
that can overcome these challenges. In this study, cobalt-free Ba, Sr Ti Zr ,0,
(BSTZ0,BSTZ25,and BSTZ50;x=0,0.25,0.5) cathode materials were synthesized
via traditional solid-state reaction techniques. The synthesized samples were
characterized using X-ray diffraction (XRD), scanning electron microscopy
(SEM), to analyse their structural properties, and surface morphology. Electrical
conductivity of the synthesised materials measured in air revealed promising
results, with BSTZ0, BSTZ25, and BSTZ50 exhibiting activation energy (E ) of
0.25 eV, 0.45 eV, and 0.48 eV, respectively. X-ray diffraction analysis confirmed
that all compositions crystallize in the tetragonal P4/mmm space group.
Findings from this investigation indicate that the synthesized Sr-doped Ba,
Sr Ti  Zr ,0, . materials exhibit favourable electrical conductivity, and are
promising candidates for SOFC cathode.
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Effect of strontium doping on structural and electrical conductivity of BaTi, zZr, ,0, . cathode materials

for solid oxide fuel cell

1. Introduction

The development of solid oxide fuel cell (SOFC) represents a significant advancement in
energy conversion technologies. This is primarily due to their high efficiency and flexibility in
using various fuels. SOFC is a clean and sustainable means of energy generation when hydrogen
is used as the fuel source [1]. Thus, addressing the environmental concerns associated with
fossil fuel resources. Among the critical components of SOFC, the cathode plays a vital role
in determining the overall cell performance. Cathode material must exhibit high electrical
conductivity, chemical stability, and favourable reaction kinetics for the oxygen reduction
reaction (ORR) [2-4]. Recent studies focused on enhancing the properties of cathode materials
through various doping strategies. The incorporation of strontium (Sr) into barium titanate
(BaTiO,) has gained a lot of attention. Strontium doping has been shown to improve the
dielectric properties and electrical conductivity of these materials, making them more suitable
for high-temperature applications [5-9]. Barium titanate (BaTiO,) is a well-known perovskite
oxide that exhibits excellent ferroelectric and dielectric properties, which can be further
optimized through the substitution of Sr ions. The introduction of Sr into the BaTiO, lattice
modifies the structural characteristics, electrical conductivity, and thermal stability [10,11].
Several studies have revealed that Sr-doped barium titanate (BST) ceramics can achieve a high
dielectric constant with a low dissipation factor [11-14]. Furthermore, the incorporation of Zr
into BaTiO, matrix, as in BaTi , Zr,0, has been reported to enhance the ionic conductivity,
which is crucial for the efficient operation of SOFC [15,16]. Figure 1 illustrates a typical SOFC,
and its various components.

Load

Fuel in —l 17 Oxidant in

H,| 2 0,
Positive ion
——

or

Negative ion

H,0

Depleted fuel and product gases out Q_I | Depleted oxidant and product gases out

Anode I Cathode
Electrolyte

Figure 1. Typical SOFC and its various components [17].

In this study, structural and electrical properties of cobalt-free Ba, SrxTi  Zr .0, , (BSTZO,
BSTZ25, and BSTZ50; x = 0, 0.25, 0.5) were investigated. These materials can help overcome
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the high costs associated with cobalt-containing cathode materials in SOFC [18,19]. Optimizing
its properties through controlled doping can lead to improved performance metrics, such as
enhanced electrical conductivity and thermal stability [20,21]. Additionally, the ratio of doping
and the resultant microstructural characteristics can significantly affect the electrochemical
performance of the cathode, necessitating a thorough investigation [22-24]. Cobalt-containing
cathode materials have been reported to have poor linear thermal elongation, thus resulting
in compatibility issues with commonly used electrolytes (yttria-stabilized zirconia and
gadolinium-doped ceria). Cobalt-free BSTZ0, BSTZ25, and BSTZ50 were synthesized and
investigated as potential cathode materials for SOFC in the present study. The influence of Sr
doping on BaTi ,Zr ,0, . series was studied. Key parameters, such as electrical conductivity and

0.2 3-8
activation energy, were analyzed and compared with existing cobalt-free cathode materials.

2. Experimental

Cobalt-free Ba,_Sr Ti  Zr .0, (BSTZ0,BSTZ25,and BSTZ50;x =0, 0.25, 0.5) was synthesised
via solid state reaction techniques, and analysed as potential cathode materials for SOFC.
Stoichiometric amounts of the precursors of SrCO,, BaCO,, Zr0O,, and Ti,0, were weighed and
thoroughly mixed using an agate mortar and pestle for 2 hours under ethanol as a grinding
medium to ensure homogeneity. The resulting mixture was dried and calcined at 1000 °C for
10 hours in air, followed by intermediate grinding. This was carried out to ensure complete
reaction and phase formation. The calcined powders were pressed into pellets using a uniaxial
press under a pressure of 5 MPa, with polyvinyl alcohol (PVA) as a binder. BSTZ0, BSTZ25, and
BSTZ50 ellets were sintered at 1200 °C for 10 hours in air, followed by natural cooling to room
temperature.

The phase purity and crystal structure of the synthesized BSTZ0, BSTZ25, and BSTZ50
samples were analysed using X-ray diffraction (Bruker D8 Advance) at a 20 range of 20 to 80°
with a step size of 0.02°. Chekcell was used to confirm the phase composition, and lattice cell
parameters [25,26]. Microstructure of the sintered samples was examined using a scanning
electron microscope (SEM). Energy-dispersive X-ray spectroscopy (EDS) was performed to
verify the elemental distribution within the samples. The electrical conductivity of BSTZO0,
BSTZ25, and BSTZ50 samples was measured using a DC four-probe technique. Platinum paste
was coated on both sides of the sintered pellets to act as current collectors, followed by heating
at 900 °C for 1 hour to ensure good contact. The electrical conductivity measurements were
conducted in air over a temperature range of 400 to 1000 °C.

3. Results and discussion

3.1. Structural investigations of Ba, Sr Ti Zr ,0, . (BSTZ0, BSTZ25, and BSTZ50;
x =0, 0.25, 0.5)

Figure 2 shows the XRD analysis of BSTZ0, BSTZ25, and BSTZ50 powders at room
temperature. XRD pattern of the synthesized cathode material confirms its crystalline nature
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and phase purity. Diffraction peaks were indexed via chekcell to a tetragonal structure, with the
P4/mm-123 space group. Obtained peak positions confirm with reference pattern PDF-01-089-
821 (P4/mmm-123). The sharp and intense peaks observed in the diffraction pattern indicate
high crystallinity in the material. This property is desirable for solid oxide SOFC applications,
as it enhances ionic and electronic conductivity. Table 1 gives the lattice cell parameters for all
compositions. The absence of additional peaks indicates the successful doping of Sr into the

crystal lattice of BaTi Zr ,0, ,, maintaining the structural integrity of the parent lattice [27].

BSZT0 PDF-01-089-8213
BSZT2S PDF-01-089-8213
BSZT50 PDF-01-089-8213

Intensity (a.u)

20 30 40 50 60 70 80

2Theta (degree)

Figure 2. XRD diffraction pattern of BSTZ0, BSTZ25, and BSTZ50.

Table 1. Lattice cell parameters for all compositions

Composition Space group Cell parameters Cell Volume
BSZTO Tetragonal-P4/mmm a=4.00186 A, 63.96 A3
(123) c=3.99347 A
BSZT25 Tetragonal-P4/mmm a=4.00678 A, 64.39 A3
(123) c=3.99347 A
BSZT50 Tetragonal-P4/mmm a=3.94470 A, 61.77 A3
(123) c=3.96985 A

3.2. SEM-EDS Analysis

Surface morphology and elemental composition of BSTZ0, BSTZ25, and BSTZ50 cathode materials
were examined using scanning electron microscopy (SEM) coupled with energy-dispersive X-ray
spectroscopy (EDS). SEM micrographs of all compositions revealed a porous microstructure with
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uniformly distributed particles. Figure 3 shows the SEM analysis of the synthesised samples. BSTZ0
exhibited slightly larger grain sizes compared to BSTZ25, and BSTZ50, suggesting that the incorporation
of Sr influenced the sintering behaviour. All the samples showed good porosity, ensuring efficient charge
transport [28,29]. EDS spectra confirmed the presence of all the expected elements (Ba, Sr, Ti, Zr, and
0) in each composition. The SEM-EDS analysis confirms that BSTZ0, BSTZ25, and BSTZ50 cathode
materials exhibit the desired morphological and compositional characteristics, making them suitable
candidates for SOFC applications. 0-KA, Ba-LA, and Sr-L in the EDS profile refer to specific characteristic
X-ray emissions from the elements present in the sample. Figure 4 illustrates the EDS investigation of the
synthesised cathode materials.

2024/04/18 10:11 N D8.0 x5.0k

TM30309867 2024/04/17 15:48 N D9.1 x5.0k 2024/04/18 11:32 N D80 x50k  20um

Figure 3. SEM analysis for: (a) BSTZ0, (b) BSTZ25, and (c) BSTZ50.
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20.3% 18.1%

Figure 4. EDS investigation showing elemental distribution of BSZT25.
Electrical Conductivity

The electrical conductivity of BSZTO0, BSZT25, and BSZT50 was investigated in air, at a
temperature of 600 to 1000 °C. Temperature dependence of the conductivity can be calculated
in accordance with Equation 1 [18,28]:
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The symbol “o” represent the electrical conductivity in Equation 1, o, is the pre-exponential
factor, E is the activation energy, K, is the Boltzmann constant, and T'is the absolute temperature.
Arrhenius plots (Figure 5) for BSZTO, BSZT25, and BSZT50 revealed distinct activation energy
values of 0.25 eV, 0.45 eV, and 0.48 eV, respectively. These values indicate the influence of
strontium doping on the electrical conduction mechanism [31-33]. BSZTO exhibited the lowest
activation energy (E =0.2eV), suggesting superior electronic conductivity compared to the doped
samples. This could be attributed to the higher intrinsic mobility of charge carriers in the undoped
composition. For BSZT25 (E =0.45eV), and BSZT50 (E =0.48 eV) the increased activation energies
imply a stronger dependence of conductivity on temperature. This behaviour is likely associated
with the enhanced ionic conduction pathways and defect chemistry introduced by strontium
doping [34-36]. Doped samples exhibited a balance between ionic and electronic conduction,
which is desirable for SOFC cathode materials. At high temperatures (> 700 °C), all compositions
demonstrated sufficient electrical conductivity to meet the requirements for SOFC cathodes
(o > 0.1 S/cm). However, BSZTO showed the highest conductivity over the entire temperature
range, while BSZT50 exhibited the lowest, reflecting the trade-off between electronic and ionic
conduction mechanisms. Findings from this study suggest that strontium doping modifies the
conduction pathways and energy barriers for charge transport. Thus, the optimal composition
may depend on the operating temperature and specific SOFC design requirements. Further
studies on long-term stability and compatibility with electrolytes are needed to fully assess their
applicability. Table 2 gives an overview of the E obtained in this study with those reported in
related literature on cobalt-free cathode materials development for SOFC.
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Figure 5. Arrhenius plots of electrical conductivity of BSZT0, BSZT25, and BSZT50
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Table 2. Comparison of the activation energy obtained in this study with related literature.

Composition Temperature (°C) E (eV) Ref.

BSZTO 600 -1000 0.25 This study

BSZT25 600 -1000 0.45 This study

BSZT50 600 -1000 0.48 This study
(NdolgLaM)2(Niol74Cu0.21A10.05)04+8 100 -400 0.12 [37]
NdO.SSrO.5Mn0.5Cr0.503_(S 400 - 600 0.21 [20]

4. Conclusion

Effect of strontium doping on the structural and electrical properties of BaTi ,Zr .0,
cobalt-free cathode materials was investigated in this study. Strontium substitution into
the BaTi  Zr ,0, ; lattice was confirmed through structural analysis, revealing slight lattice
distortions without compromising phase stability. These modifications played a crucial role in
enhancing the materials' electrical properties. Eelectrical conductivity of undoped BSZTO0 and
strontium-doped BSZT25 and BSZT50 was investigated in air, with activation energies of 0.25
eV, 0.45 eV, and 0.48 eV, respectively. While BSZTO exhibited the highest conductivity due to
superior electronic conduction, the doped compositions demonstrated a favourable balance
between ionic and electronic conduction, crucial for SOFC performance. All samples surpassed
the conductivity threshold required for SOFC cathodes at high operating temperatures. Results
of this study highlight Sr-doped BaTi  Zr .0, , as potential cobalt-free cathode materials for
SOFCapplications. Thus, offering an environmentally and economically viable alternative. Future
studies are needed to understand the long-term stability and electrochemical performance in

practical SOFC configurations.
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KaTTbl OKCHATI OTBIH 3/IeMeHTTepiHe apHasiFaH BaTi Zr ,0, . KaToATbI MaTepuaiJapAbIH

KYPBLIBIMbI MEH 3JIEKTP OTKI3riluTiriHe CTpOHLMI KOCNAaCbIHbIH, dcepi

Angarna. KatoaTbl MaTepuasjlap OTTETiHIH TOTBIKChI3ZaHy peakiusacbkiHblH, (ORR) Heri3ri
KOMIIOHEHTI peTiH/ie KbI3MET eTeTiH KATTbl OKCUJATI OTbIH yAIBIFbIHBIH (SOFC) Tuimai xymbic
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icreyi yuiiH eTe MaHbI3bl. KypambiHZa KoGanbT 6ap KaToj 3JeKTPOH/bIK eTki3rimTik nmeH ORR
KHHETHKAaChl 60UBIHIIA KaKChl OHIMIJIIK KepceTTi. /lereHMeH, oJlapAblH alTapJbIKTail KeMIITiKTepi
6ap, COHbIH iliH/e »OFapbl KYHbI >kaHe xofapbl SOFC KyMbICc TeMIepaTypachbiH/la TYPaKChI3/bIK.
Ocplnalila, ocbl MacesieslepAi 1iellle aJaTblH KOGAJbTChI3 OajJaMaslapAbl 3epTTey KaXKeTTilIri apThll
Kesiesii. Bys1 )kymbIcTa K0GabTChI3 KaTOATHI MaTepuaigap Ba, Sr Ti  Zr 0, . (BSTZ0, BSTZ25 »xaHe
BSTZ50; x = 0, 0.25, 0.5) mocTyp./i KaTThl pa3ablK peaKklus aficTepiMeH cuHTe3ae /1i. CHHTe3/1e/IreH
y/risiep onapAblH KYPbLIBIMABIK KacueTTepi MeH 6eTiHiH MOpP(OSOTUSACHIH TalAay YUIiH PEHTTeH/iK
audpakiusa (XRD) koHe ckaHepJieylli 3/IeKTPOHAbI MUKpockonusaMmeH (SEM) cumatrtanabl. Ayaza
6JILIEHIeH CHUHTEe3JeJITeH MaTepUaJfapAblH 3JIEKTP OTKI3lIITIr NepclneKTUBalbl HITUXKeJep
kepceTTi: BSTZ0, BSTZ25 xoane BSTZ50 coaiikecinme 0,25 3B, 0,45 3B xoaHe 0,48 3B akTuBTeHy
aHeprusinapbiH (Ea) kepcetTi. PenTrenzik AudpakuusaiblK Taagay 6apJ/blK, KOMIO3ULUsAAapAblH P4/
mmmm TeTparoHaJb/Abl KEHICTiK TOOBIH/A KPUCTa/lAaHATbIHbIH pacTabl. Bys 3epTTey/iH HoTHXKelepi
cuHTes/eired Sr-Kocnasnanfan BaTi  Zr .0, . MaTeprasapbIHbIH KaKChl 3JIEKTPOTKI3TIIITIKKE He
koHe SOFC kaTozbIHa TepcreKTHUBAJbI YMITKepJiep eKeHiH KepceTe[|.

Tyuinai cesaep: anektp etkisrimtik; SOFC; kaToaThl MaTepuanaap; kobanbrcbis; ORR
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Jocanan Tyueky Jlunk, ladoHe BE1410, BpyHeti-/lapyccaaam;
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BiiMsiHMe JIerMpoBaHUsA CTPOHLIMEM HA CTPYKTYPY U 3/IeKTPONPOBOJHOCTh KaTOAHBIX
marepuasioB BaTi, Zr ,0, . A1 TBEPAOOKCHAHBIX TON/IMBHbBIX 3/IEMEHTOB
AHHoTanusA. KaTogHble MaTepuasibl HMMeEIOT pellarllee 3HadyeHUue AJs1 3¢PeKTUBHOU pPaboOThI
TBEPAOOKCUAHOrO TOIIMBHOrO 3jeMeHTa (SOFC), ciayka KJHO4YEBbIM KOMIIOHEHTOM peaKI[UU
BoccTaHoBJieHUs1 kucaopoga (ORR). KobanbTcofeprkalyii KaToA nokasas Xopoliue XapaKTepUCTUKHU
C TOYKH 3peHUs 3J1eKTPOHHOU NpoBoAMMOCTHU U KMHeTUKU ORR. OjHaKo OHM UMEIT CylLieCTBEHHbIe
HeJJOCTaTKHM, B TOM 4YMCJIe BBICOKYI0O CTOMMOCTb M HeCTAaOWUJbHOCTb HPU BBICOKMX pPabo4yux
temnepatypax SOFC. TakuMm o6pasoM, cyllecTByeT pacTyliass HOTPeOGHOCTb B HCCAES0BaHUU
aJbTepHATUB, He coZeprKalluxX KoOalbT, KOTOpble MOI'YT PELIMTb 3TU NpobJeMbl. B janHON pa6oTe
6e3K00aJIbTOBbIE KaTO/[Hble MaTepUaJibl Bal_XerTiO'ngO'ZO}S (BSTZ0, BSTZ25 u BSTZ50; x = 0, 0,25,
0,5) 6B CHHTE3UPOBaHbI TPAJULIMOHHBIMU MeTOJaMU TBepA0dasHbIX peakluil. CHHTe3MpOBaHHbIE
006pa3ibl OBLIM OXapaKTepU30BaHbl MeTOAAMU PeHTTeHOBCKoM gudpakiuu (PPA), ckaHupyoliei
3/1IeKTpOHHON Mukpockonuu (COM) ansa aHaiu3a HX CTPYKTYPHBIX CBOWMCTB M MOpPQOJIOruu
[OBEPXHOCTHU. JJIEKTPONPOBOAHOCTh CHHTE3UPOBAHHBIX MaTepHasioB, M3MepeHHasl Ha BO3AyXe,
nokasaJjia MHoroo6eniawiiue pe3yabraTbl: BSTZ0, BSTZ25 u BSTZ50 nokasasu sHepruio akKTUBalUU
(Ea) 0,25 3B, 0,45 3B 11 0,48 3B cooTBETCTBEHHO. PEHTTeHOCTPYKTYPHBIN aHa/IU3 TOATBEPAHII, YTO BCE
COCTaBbl KPUCTA/JIM3YIOTCA B TeTparoHaJbHOW NpPOCTPAHCTBEHHOW rpynne P4/mmm. Pe3yabTaThl
9TOr0 MCC/Ie/J0BAHUS I0KA3bIBAIOT, YTO CHHTE3UPOBaHHble MaTepuassl BaTijZr .0, ,, jernpoBaHHble
Sr, 06/1aal0T XOpoIlel 3JIeKTPONPOBOJHOCTbIO U ABJSAITCA NMePCIeKTUBHBIMU KaHAWAATaMU g

katoga SOFC.
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AHHOTanMs. MTHBapuaHTbl TEH30POB YIPYTOCTH 3aKJIIOYAIOT B cebe BaXKHEMU-
HvMe MeXaHU4eCKue CBOMCTBA MaTepraJsioB, 3pPpeKTUBHO 06006111as1 ¥ paclInupsist
TpPaJMLIMOHHOE NOHATHUE «KECTKOCTH NPYKUHbI» Ha 3HAYUTEJILHO 60Jiee CJ10XK-
Hble, MHO'OMEpPHbIE CUCTEMBI. B OT/IMUME OT MPOCTHIX MPYKUH, [/l€ )KECTKOCTh
XapaKTepu3yeTcss OAHOW KOHCTAHTOM, TEH30Pbl YIPYTrOCTH MO3BOJISIIOT ONHU-
CbIBaThb CJIOKHbIe B3aMMO/IEMCTBUSI B MaTepuaax ¢ aHU30TPONHBIMU CBOM-
CTBaMH, BKJII0OYasi MaTepUaJsbl C pa3/IMYHbIMU TUIIAMU CHMMETPUU. ITH UHBA-
PHUAHTHI SBJSAIOTCA MOLUIHBIM UHCTPYMEHTOM JJis aHa/l3a U KJacCuPpUKaLuu
MeXaHUYeCKUX CBOMCTB, TaK KaK OHU MO3BOJISIIOT YYUTHIBATh KaK JIMHENHbIE,
TaK U HeJIMHEeWHble peaKllMy MaTeprasioB Ha BHELIHUE BO3ieHCcTBUS. B paMkax
JIAaHHOU CTaTbHW Mbl UCII0JIb3yeM 06061eHHOEe NpecTaBaeHue KeqbBUHa A5
napamMeTpH3alMyi TeH30pa HANPs>KEHUH, YTO CyIeCTBEHHO yIPOIAeT U Jiea-
eT 6oJsiee HAIVIIAHBIM MPOLEeCC ONpe/ie/ieHUs BJAUSHUS Pa3IMYHbIX GAaKTOPOB
Ha TeH30p YNpyrocTy. B paMmkax uccie0BaHUS Mbl BBIYUCIsieM UHBAPUAHThI
aHU30TPOIHOTO TeH30pa yNPYrocTH, MPUHMUMAsi BO BHUMaHUe BpalllaTeJIbHYIO
CUMMeTpHUI0, 33/laBaeMyto rpynnoi SO(3). B pesysibTaTe aHa/in3a Mbl BbISIBU-
1 18 He3aBUCUMBIX HHBAPHUAHTOB, CpeJid KOTOPbIX 5 HHBAPUAHTOB NEPBOrO
NOps/AKa, 0COOEHHO aKTyabHBbIX JJisI U30TPOIMHBIX MaTepUaIOB, U 13 UHBapU-
aHTOB 060Jiee BbICOKOTO MOPsAAKA. ITU pe3yibTaThl I04€PKUBAIOT BaXKHOCTb U
CJIO’KHOCTb MCCJIeJOBAaHUSI aHU30TPOIHBIX MAaTEPUAJIOB U OTKPBIBAIOT HOBbIE
NepCreKTUBBI AJIs UX MEXaHUYeCKON UHTepIpeTaluu U KJacCuPUKaLUU.
Kiwo4yeBble c/10Ba: aHW30TPOINMs], UHBAPUAHTbl TEH30pa, KOJMYeCTBEHHas
CUMMeTpUS, IMHEeHHas yIpyrocTh, npejcTaBieHne KeabBruHa
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06 onpedeseHuU UHBAPUAHMO8 MPEXMEPHO20 MEH30pd Ynpy2ocmu 8 AHU30MPONHbIX cpedax

BBeaeHue

[Iponecc BbISIBJIEHUSI MHBAPUAHTOB fIBJISIETCS BaXKHBIM 1IarOM B U3YYE€HUU MeXaHHUYeCKUX
CBOWCTB MaTepPHaJIOB, TOCKOJIbKY IT03BOJISIET ONMUCHIBATh UX TOBEJIeHHE C BBICOKOU CTENEeHbIO
TOYHOCTH.

[Ipu aHa/IM3e TUNOB MaTepUasioB, JJisl KOTOPbIX XapaKTepHbI JJaHHble UHBAPUAHTHI, MBI
COCpe0TOYMN/IM BHUMaHUe Ha U30TPONHbIX MaTepHasiax. ITO pellleHHe ObII0 MPUHSATO C LieJIbI0
IPOJEMOHCTPHUPOBATh MOTEHI[MA/l WHBAPHUAHTOB B 33flayax KJjacCuPUKALMUK MaTepUasoB,
YTO MOKa3aJio UX BbICOKYI0 3¢GPEeKTUBHOCTh B JJaHHOW 06s1acTU. M30TpoIHbIe MaTepUalbl,
6sarofapsi CBOed CHUMMETPHH, CAYXKAT OTJIMYHOM MOJeJsbl0 JJis HadyaJlbHOrO aHan3a
WHBApUAHTOB, U BbIsIBJIEHHbIE pe3y/bTaThl NOATBEPKJAIOT 3HAYMMOCTb UHBAPUAHTOB JJIs
NOHUMAaHMUS UX MeXaHUYECKUX XapaKTEPUCTUK.

MHTepecHbIM HampaBJieHUEM JJisl OYAYIIUX MCCIe[JOBaHUU sBJsieTCs pa3paboTka GoJee
IJIyOOKOM MeXaHUYeCKOW HHTeprnpeTaldy 3TUX WHBAPUAHTOB, UTO IMO3BOJIUT HE TOJIbKO
Jiydille TIOHSATh UX CYTh, HO ¥ 3aBepPIIUTh KJacCUPHUKAIMIO MaTepUaioB HAa UX ocHOBe. bosiee
JleTaJibHOe HM3y4YyeHHe aHU30TPONHBbIX MAaTEpPHUaIOB, a TaKXKe CUCTEM C 6oJiee CJI0XKHBIMHU
CBOMCTBAaMHU TaKXXe MpeJACTaBJisieT 3HAYMTEJbHbIM HayuyHbIA UHTEpEeC, TaK KaK 3TO MOXET
IPHUBECTH K HOBBIM OTKPBITHUSAM B 006/1aCTU MEXaHUKH MaTepUaJioB.

B MoHorpaduu [1] npeacTraB/ieHbl MHBapUAHTHbIE COOTHOILIEHHS, KOTOpPbIE OMUCHIBAIOT
BHYTPEHHIOI0 CUMMETPHUIO PA3JIMYHBIX aHU30TPONHBIX CpeJi. ABTOP J0KasaJ, YTO JaHHbIe
COOTHOIIIEHUS] TPUMEHUMBI K YPABHEHUSIM YIIPYTHUX U 3JIEKTPOMArHUTHBIX BOJIH B Pa3JIMYHbIX
TUNAX KPUCTAJIOB, & TaKXe OTPAKAKT O0OIIHe XapaKTePUCTUKH pelleHUW ypaBHEHUU
JIBIDKEHHUS.

OnpeseneHue 3TUX HWHBAapUAHTOB WIpaeT KJ/OYEBYH pOJb B MexaHHUKe, OCOOEHHO
IpY PEKOHCTPYKIMU TreoMeTpUYEeCKUX XapaKTepUCTUK MaTepuasna. Paja uccnejoBaTesent
[2;3;4;5;6;7] npenoKuIu MeTOAbl AJis HaXOXJeHWs WHBAapUaHTOB TeH30pa YNpPYyrocTU B
TPEXMEPHOM IMPOCTPAHCTBE, OJJHAKO UX pabOThl 3a4aCTyl0 He ObLIM HalpaBJieHbl HA SBHOE
BbIsIBJIEHHE BCEX HE3aBUCUMbIX UHBAPHUAHTOB.

B mnpepbiayumieid cratbe [8] Mbl paccMoTpesi BpaileHue rpynmnbl SO(3), 4yTo Agajo
BO3MOXXHOCTb B HaCTOsIL[el paboTe onpese/MTh BOCEMHA/|LIaTh HE3aBUCUMbIX MHBAPUAHTOB
B Z1IeKapTOBOW CUCTEMe KOOPAUHAT. ITU UHBAPUAHTHI ObLJIU OATBEPXKAEHDBI KaK I7106a/IbHBbIE,
YTO NOAYEePKUBAET UX YHUBEPCAJIbHbIM XapaKTep B KOHTEKCTE pa3JIMYHbIX CUCTEM KOOPJUHAT.

B ogaHHOW pa6oTe Mbl CTaBUM IepeJ; COOOW 3ajlauyy BbIUMCIEHUS HWHBAPUAHTOB
AHU3O0TPOIHOTO TeH30pa YNPYroCcTH C YYeTOM BpallaTeJbHOW CHMMETPHH, OlNpesesisieMou
rpynnoit SO(3). Y4yeT 3TOW CUMMETpPUHM M03BOJIsseT 6oJiee TOYHO OINMCHIBATH CJIOKHbIE
MexaHW4YeCKHe CBOMCTBA MaTepHuasioB, 0COOEHHO TeX, KOTOpble 00/1a/jlal0T aHU30TPONHOU
CTPYKTypoul. MccaejoBaHMe MHBAPUAHTOB, CBS3aHHBIX C TAKMMH TEeH30pPaMH, OTKPbIBaeT
NyTb K 60Jiee [y60KOMY NOHMMaHUIO IOBeleHUsI MaTepHasoB IPY BO3/1eICTBUU pa3IMYHbIX
Harpy3okK, YTO BaXKHO /IJisl MTPOTHO3MPOBAHUSI UX PeaKIMU Ha BHEIHUe BO3/eHCcTBUSA. ITO, B
CBOIO O4Yepe/ib, MO3BOJIUT Jly4yllle MOHATh, KAK MaTepUasibl BelyT cebs M0/ HaNpsKEHUSMHY,
JebopMalsiMU U APYTUMU BO3€ICTBUSIMHU, YTO MOXKET O0KA3aThCsl [T0JIE3HBIM /1J11 pa3pabOoTKHU
HOBBIX MaTepHasIOB C yAy4lIEHHBIMU MeXaHUYECKUMU XapaKTepPUCTUKAMU U MOBbIILIEHHOU
YCTOMYUBOCTBIO K lepopMaLiHsiM.
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MaTepPlaJIbI U MeTOoAbl

B pa6orte [8, cTp. 85] 3 3akoHa 'yka v npefcTaByieHns KeJibBUHA Mbl IOJY4YUJIH CJIeAYIOLHE
COOTHOLIEHUS:

S1+sS S1—S S .
(51 = =2+ =—2c0s20 + -=sin20
2 2 V2
S1+S S1—S S .
s, =2—=2—-2"2¢0s20 —-=5in20
2 2 V2
[ —
{ S3 = S3 (1)

S, = 54,086 — sssinf
S¢ = 5,45inf + sscosH

| S6 = _T; (51 — 52)sin26 + s¢cos286

,Z[aJIee Mbl HCIOJIb30OBaJIM CcJieAylouiyMe IlapaMeTpbl B CTapOI;'I H Hp606p330BaHHOI>'I
OPTOTOHAJIbHBIX CUCTEMAX KOOPAHWHAT:

S1+S, §51—S83
) k -

P="5 NG @
,_strst o _ stost
~T TR

[lo aHasoruu c npexacraBjeHueM KesbBUHA Mbl IOJIOKUJIH, YTO CU=CU,k1. YyuThiBag
nepecTaHOBKH, BblNlOJIHEHHBIE B (1), mepenucanu C cornacHo 3akoHy ['yka:

s =Ce (3)

rie S — TeH30p HanpsbkeHuH, C — yrpyrocTtsb, e - TeH30p Aedopmanuii. U3 ypaBHeHusd (2)
MbI BbIBEJIU:

C*=P1 CP (4)
rae:
1 1
/ﬁﬁoooo\
L 2000 0
4|7z | 5)
P=P =0 0 1 0 0 0
0 0 010 0
0 0 0 0 1 0
0 0 0 0 0 1

To/ly4u/IM HOBBIH TEH30p YNPYrOCTH, KOTOPBIA MbI 3anucanu C* rae € = C* ¢ CV‘I.J.:CI.].*. B
JlaJibHel1IeM 6y/ieM MCNO0JIb30BaTh YNPOILEeHHY0 GOpMy TeH30pa yIpPyrocTH, peCcTaBJeHHY0
3/1eCb.
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JTa cokpaljeHHass popMa IoMoraeT HaM yIPOCTUTDb pacyeT, U Mbl M0J1y4aeM:

& :( 20C1Ra0 R§GC17”9>
159CsRy9  15C3Tg

(6)

Kak MoxxHO 3aMeTuTb, TeH30p C paszesisieTcs Ha MIEeCThb I'PYII COIVIACHO KJacCudUKaALUU
Tunra [9]. [Ipu aHanu3e JaHHBIX OH BbIIBUJI, YTO UHBAPHUAHThI HEKOTOPBIX FPYII BKJIKOYAIOT
KOMITOHEHTbI, CBSI3aHHbIe C pa3JndHbiMU rpynnamu Ck aasa k=1,2,3,...,6. [[puMeyaTesibHO, UYTO
Jpyrue uccjaefoBaTeJu UCIO0JIb30BaJM aHAJOTUYHOE pa3JoXKeHue, peaJoxkeHHoe TUHIOM,
HO GopMyIMpPOBaIU IPe0OPaA30BaAHUS SIBHO, A HE B MATPUYHOU dpopMe.

B craTtbe nAJid BBIABJIEHUA M J0KasaTesJbCTBa CylleCTBOBAHUA HWHBApPUAHTOB TeH30pa
yIpPyroCTH UCMIOJIb30BAJICS METO/, OCHOBAaHHbIM HA PACCMOTPEHUH BpallaTeJIbHOM CHAMMETPUHU
rpynnsl SO(3). [IpuMmeHeHue 06061 eHHOTO NIpeAcTaBaeHus KeslbBMHA T03BOJIMJIO YIIPOCTUTh
napaMeTpHU3alUI0 TeH30pa HaNpsKeHUH U 00JIeTYUTh aHA/IU3 WHBApUAHTOB. MeToauka
BKJIIOYaJIa pa3J/ioKeHHWe TeH30pa YIPYrocTU Ha HeNpUBOJHWMble KOMIIOHEHTBbI, YTO JaJio
BO3MOXXHOCTb UJIEHTUOUIUPOBATh 18 HE3aBUCHMBbIX MHBAapUaHTOB. [lJis1 J0Ka3aTe/bCTBA UX
CYyll,eCTBOBaHUs ObLJIM UCHOJIb30BAaHbl METO/bl MHBAPUAHTHOW TEOPHUH, ONMUpAIOLIAecs Ha
npezcTtaBaeHus rpynnbl SO(3), 4TO NO3BOJIMJIO MOATBEPAUTD UX IVI06AJIbHBIN XapaKTep.

B cieaytoueM pasgesie onpeaesdM MHBApPUAHThI /I8 KaXKA0T0 U3 3TUX Npeobpa3oBaHUU
110 OT/EeJbHOCTH. [lJ1s1 Kaxkaoro koMmmnoHeHTa C' iMeeTcs ecTh HE3aBUCUMbIX MHBAPUAHTOB,
YTO [O3BOJIUT O0JIee AeTAJbHO U3YYUTh UX CTPYKTYPY U B3aUMOCBSI3U.

Pe3y/sbTaThl M 06CYKIEHHE

WuBapuanTtsi C.'

'Rt
Tpancdopmanus (6) gaer Ham C,'=R*,.C, R, 4T0 MOXKHO paccMaTpUBaTh KaK MUHUATIOPY

npeo6pa3oBaHUsI MAaTpUllbl 6x6 C'. 3aTeM Mbl OLIEHWIM UHBAPUAHThI C 10 CPaBHEHUIO C UX TOH

)Ke BesinuvHoU B C. 3anuuieM:
' C11 Ch)
C{ =
( @ (7)

C,, - ckasisp, q, — BEKTOp U a, — MaTpula 2x2.
BrlurciieHUs Aal0T cleyrole UHBApUAHThI:
- Koappunuenrt C
- JlinHa KBaZpaTa
2 (2 ~2
q 1_C 12+C 13
Cnen a, IpUBOAUT K yMEHbLIEHUIO MaTPULbI 110 C '

tr(a,)=C,+C,,

JleTepMHUHaHT a,
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det(a ) Y

22 33 23

CymMa JiByX KBaZipaTOB JJIMHbI L’ faeT a4 a:

2 —(2 2 2
L 1_C 22+C 33 +2C 23
I
- [lerepmunanT C',

<

% v v v

det[c,l )=C CZZ C33 ZC 13 C23 C11 6223 - CZZ 6213

v

3

ﬁ<

1z

WuBapuanTel C',
ro_ ot ~
Tpancdopmanus (6) gaet Ham C',=r', C, r,. TakuM e 06pa3oM Mbl OLEHU/IM HHBaPUaHThI C
110 CPAaBHEHHUIO C UX TOU Ke BeJM4rMHOM B C.

3anuieM:
, as 4qs
= (g c.)
3 “es (8)
c

s — CKauisp, q,— BEKTOD U a, - MaTpuua 2x2.
BeluucieHus JaloT ciefyroliie MHBAapUAHThI:
- Koappunuent C

- JlinHa KBaZpaTa

2 _(2 <2
q3_C +C56

46

- Cniest a, IPUBOAIUT K yMEHbIIEHUIO MaTPUILbI 10 C',

tr(a,)=C,,+C

55

- [leTepMHUHAHT a,

det(aJ 44 55 C245
- CymMa /IByX KBaZipaTOB AJIMHbI L, faeT A a,:
L23 = C244 * C255 * 2C245

- lerepmuHanT C',

det(c',)=C,C..C_-2C,CC, -C,C -C C -C C°

44 55 T 66 46 ~56 ~45 44 ~ 56 55 7 46 66 ~ 45

I
- UuBapuanTsl (',
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ITo nopobuw, C*,=r', C*, R,

3anuuieM: €Y
(. )

2= .
Cie Q§2) (9)

< o
C,, - ckanAp, q° - BeKTOpbI ¥ a, MaTpuLa 2X2.
BbIYKC/IEHUS AAIOT CAeAyIole HHBAPUAHThI:
- Koappunuenr C,

- [lnvHa KBagpara

(qz(l))Z = CZz4+CZ15
J1vHa KBajpaTta
(2)312 = (2 =2
(qzz ) =C 26+C 36

- [leTepMUHAHT a,

-C,. C

25 734

det(a,) =

24 35

CymMa JiByX KBaZipaTOB JJIMHbI L, faeT asid a,
2 (2 <2 2 (2
L 3'CZ4+C25+ C34+635

I
- [lerepmunant C',

det(C ) C14( - C C5) + 15 (CZ6C 24 36) CIG( 24 35 25 C34)

25 36

Takum o6pa3oM, HailZieHbl Bce 18 MHBapUAHTOB.
0630p MHBAapHUAHTOB

Mcronb3ysi cooTHouenue (4), Mbl 3aMeHseM KO3QOUIMEHTEI (; [0 X BBIPAKEHHSM, YTO
JlaeT HaM CJieyIole HHBAPUAHTHI:

1
L = E(Cll + 2C; + Cy3)

1
2 = E(Cn — 2C13 + Cyp) + Cge
I3 = (33
Iy = Cyy + Css

1
Is = ﬁ(cm + Cz3)
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[ =20,1,=0,1,=90, \/2 I, = @, - unBapuaHTbl TuHra. I, MOXKHO paccMaTpPUBaTh Kak
KOMOMHALMIO IBYX BbIpaskeHUr TruHra @ ..

115 = C33C14C55 + 2634_C35C145 - C44C§5 - C55C324' - 63364?5
L = 2 (Cra — Co0)? + 2 (Ci5 — Ca5)% + Cis + C

1
Li; = ﬁ [C56(Cl4- - 624) - C46(C15 - Czs)]

Lig = C36(C15Co4 — C14Cy5) + C56(C14Cr3 — C13C34)
+C46(C13C25 — C15C23)

CTOUT OTMETHUTH, YTO MHBAPHUAHThI MOKHO KOMOMHUPOBATh, YTOOBI MOJYyYUTh COCTaBHBIE
VHBApPHaHTbI. ITO OATBEPK/AaeT CylLeCTBOBAaHME BOCEMHA/ILIaTU UHBAPUAHTOB. B cieayomem
pasjiesie paccCMOTpeHbl UX POPMBbI /i1 U30TPOINHBIX MaTepHUaioB, TAKUX KaK BOJIOKHUCThIE
KOMIIO3UThbI, KOTOPbIe MOXXHO CYATATh U30TPONHBIMU B ONIpe/ieJIEHHBIX YCI0BHUSX.

du3nyecKui CMBIC/I: U30TPOIHbIN C/Iy4au

MaTepuaJibl H30TPOMNHBI, Korja B TeHsope ynpyrocru [10] €, =C, =C,, C,,=C, =C,,and C,=C =C .

OcTtanbHble KO3PDULIMEHTDI C,.j: 0.
1

Mbl MOXXeM BH/IETb, UTO 3 (I,—1,) ¥ I, coorBeTcTBYWT Ko3pduuueHTam Jlame
COOTBETCTBEHHO A U . ITUX IBYX MHBAPUAHTOB JOCTATOYHO ISl KJacCU(PUKALMA U30TPONHbBIX
MaTepUaJsoB.

JTO J0Ka3blBaeT, YTO 3TH BOCEMHAJlaTb HWHBAPHUAHTOB MOXHO MCIOJb30BaTh [Jis
KJaccupUuKalMu MaTepuasioB, oka 6a3a 297 He CTaHET MOJIE3HOM.

3aK/Io4YeHUue

B naHHOM pa6oTe MbI paccMoTpeJiy BpaleHue rpynnsl SO(3), 4To M03BOJIMJIO HaM BBIIBUTh
BOCEMHA/IlaTh HE3aBUCUMbIX MHBAPUAHTOB B JIeKapTOBOM CHUCTeMe KOOpJAUHAT U J0Ka3aTh
UX CyllleCTBOBaHHeE KaK IJ100aJbHbIX UHBAPUAHTOB. UHBapHaHThI IEpBOT0 NOPAJKa, a TaKXKe
HEKOTOpble KBaJpaTH4YHble WHBApPWAHTbl BTOPOro MNOpAAKA, ObLIM TaKKe OOHApYKeHBI
JIPyTUMHU UCCe[0BaTeNAMU, TAKUMU KakK [4;5;8;11;12]. B paMmkax Hallero uccjaeloBaHUs Mbl
COCpel0TOUYU/IMCh Ha U30TPOIIHOM C/1y4yae, YTOObl IPOAEMOHCTPUPOBATD, YTO ITU MUHBAPHUAHTHI
MOTYT OBbITb N10JIE3HBI JJI KJIaCCUPUKALMK PA3/JIMYHbIX TUIIOB MaTepHUaJIOB, paHee B paboTax
[13;14] 661111 pacCMOTpPEHbI TOXOXKHE UCC/Ie[J0BaHUS BaHU30TPOIHbIX C/ydasx. B fanbHeieM
OyZeT MHTepeCHO POBECTH MeXaHUUYECKYI0 MHTepIpeTal o 3TUX NHBAapUAaHTOB.

BbisiB/IeHHble MHBApUaHThl NpPEACTABJAT COO0M BAaXXHBIM MHCTPYMEHT AJi aHa/lu3a
MexaHU4YeCKUX CBOMCTB MaTepHasioB, HO UX GU3nvecKass UHTepIpeTanus TpedbyeT JalbHEUINX
ucciaejoBaHUM. B 4yacTHOCTH, MoJie3HO OyJeT NPOBECTU aHA/IM3 CBA3M HWHBApUAHTOB C
OCHOBHBIMHU XapaKTepPUCTUKAMU YIIPYTUX MaTepUa/IOB, TAKUMU KaK KeCTKOCTb, IPOYHOCTb U
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ZfledpopManoHHble cBoMcTBa. KpoMe Toro, He06x0AMMO UcCie0BaTh 1I0BeJleHHe NHBAaPUAHTOB
IpY pas3/IMYHBbIX BHELIHUX BO3JEWCTBUAX, BKJIIOYAasd TepMOMexaHHW4YeCKHe Harpy3kd H
3JIEKTPOMArHUTHbIE M0JIS, YTO MO3BOJMT PaCIIUPUTh UX NPHMEHEHHEe B UHXXEHEpPHbIX U
TEXHOJIOTMYeCKHX 3a/ia4ax.

MHBapuaHTbI TEH30POB YIIPYTOCTH 0COOEHHO BaXKHbI /1J151 ONMCAHUS MEXaHUYeCKUX CBOMCTB
aHU30TPOIHBIX MaTepHUaJIoOB, TAKUX KaK:

KoMnosuTHble MaTepHaJibl, HaIpUMep, yIJeNJacTUKA U KepaMU4eCKre MaTPULbl, KOTOpble
06J1aZ1al0T HaNlpaBJIEHHOM IPOYHOCTHIO U KECTKOCTBIO.

[eosrornyeckre Nopo/ibl, BKJIKYas CJIaHIbl U MeTaMopdHUUiecKre 060pa30BaHUs, UMeIHe
BbIpa>KEHHYI0 aHU30TPOINUI0 MeXaHUYeCKUX CBOMCTB.

Kpucranindeckue MaTeprasabl C HU3KOM CUMMeETpPUEH, TaKMe KaK MOHOKPUCTAJlJIbl KpeM-
HUA WK canpupa, Ie yrpyrue CBOMCTBA pa3/IMYHbl B pa3HbIX HallpaBJIeHUSX.

Buosiornyeckue TKaHU, HalpUMep, KOCTHble CTPYKTYpPbl, KOTOpPble JEMOHCTPUPYIOT Hall-
paBJIEHHYIO )KeCTKOCTb U YCTOMYMBOCTB K Harpy3KaM.

[IpyuMeHeHVe MHBAPHUAHTOB JJI1 TAKUX MaTepPHUaJIOB [TI03BOJIUT JIy4lle KJacCUPULUPOBATh
MX MexXaHW4YeCKHe CBOMCTBA U NPOrHO3UPOBATh N0OBeJleHHe N0/, pa3JIMYHbIMH Harpy3KaMH.

Bkiaa aBTOpOB

H.A. Ucnynog, A.Kagbip PaxuMyH - aHa/IM3 U MaTeMaTUYeCKHE pacyeThbl, POPMyIHPOBKA
KJIIDYEBBIX LieJied U 3a/ay.
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AHU3OTPONTHIK OpTaJapAarsbl YII e/IIeM/Ai cepiiMJiliK TeH30pbIHbIH UHBAPUAHTTAPbIH
AHBIKTAy TypaJibl

Avpaatna. CepniMAuiK TeH30pJapblHbIH HWHBAapUaHTTapbl MaTepUalAapAblH, €H  MaHbI3/bl
MeXaHUKaJIbIK KaCUeTTepiH MHKAICY/ISALUsIan/bl, «cepinmnesi KaTThUIbIK» AICTYPJli TYKbIPbIMJaMachlH
dJeKaia KypAei, Ken eJileMAi )kyHhesiepre TUIMAI Typ/e KajlNblaai /bl )KoHe KeHelTeai. KaTaHAbIFbI
6ip KOHCTaHTaMeH CHUIATTaJaTblH KapanailbiM cepinnesep/ieH alblpMallbLIbIFbI, CepHiMAiIIK
TeH30pJapbl aHU3OTPONTHI KacueTTepi 6ap MaTepHaljaplarbl, COHbIH IlliHJAEe CUMMETPUSHBIH
apTypJii TUNTepi 6ap MaTepuaijapfarbl KypAeJi apeKeTTecy/nepAi cumaTTayFa MyMKiHIIK Gepefi.
Bys1 MHBapuaHTTap MeXaHUKaJbIK KAacUeTTepZi TaJjjay *KoHe >KiKTey YIUiH KyaTTbl KypaJ 00Jibll
TabbLIa/Ibl, 6UTKEHI 0JIap MaTepHaAAP/blH, CHIPTKbI 9CepJiepre ChI3BIKTBIK K9HE ChI3BIKTBIK eMec
peakLUsAJapbIH ecenke ajqyFa MyMKiHAik 6epefi. Bys Makasa/ia KepHey TeH30PbIH TapaMeTpJiey YiliH
*KasnbliaMa KeJqbBUH KePiHICIH KoJiJJaHAMBI3, 0J1 UKEM/IIK TEeH30pbIHA 3PTYpJi (akToOpJap/blH,
dcepiH aHbIKTAy MPOLIECiH alTap/IbIKTal XeHinieTe i *koHe KepHekKi eTeni. 3epTTey 6apbicbiHga SO(3)
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TOOBIMEH OepiJireH alHa/lly CUMMETPUSIChIH eCKepe OThIPbII, aHU30TPONTHI CEPHiM/iTiK TEH30PbIHbIH,
VHBapUaHTTapbIH ecenTelMis. Tanay HoTHxeciH/e 6i3 18 TayeJici3 UHBapUAHTThI aHbIKTAAbIK, OHbIH
imringe 5 GipiHwi peTTi HMHBapUaHT, acipece U30TPONTHI MaTepHaNAAPFa KATBICTHI oHe 13 »KoFaphl
peTTi NMHBapHuaHT. byJsl HOTHMXKeJlep aHU30TPONTHI MaTepHUalfapAbl 3epTTeY/iH MaHbI3AbLIBIFbl MeH
KYpZeJIiJIiriH KepceTe/i XKaHe 0J1ap/blH MeXaHUKaJIblK HHTepIpeTanusCbl MEH KJIaCCUPUKALUACBIHBIH,
»KaHa NepcleKTUBaJapbiH allajbl.

Ty#iH ce3aep: aHU30TPONUS], TEH30P UHBAPUAHTTApPhHI, CAHAbIK CHUMMETPHUS, ChI3bIKTBIK, UKEMJLIK,
KesibBUH KepiHici.

N. Ispulov?, A. Qadir Rahimoon?, A. Kissabekova**, A. Zhumabekov?, G. Alpyssova*,
L. Yeltinova?
INJSC «Toraighyrov University», Pavlodar, Kazakhstan
2Sukkur IBA University, Sukkur, Pakistan
3NJSC «Margulan University», Pavlodar, Kazakhstan
*Karaganda Buketov University, Karaganda, Kazakhstan
*Correspondence: kissabekovaa@gmail.com

On determining invariants of a three-dimensional elasticity tensor in anisotropic media

Abstract. Invariants of elasticity tensors embody the most important mechanical properties of
materials, effectively generalizing and extending the traditional concept of "spring stiffness" to much
more complex, multidimensional systems. Unlike simple springs, where the stiffness is characterized
by a single constant, elasticity tensors allow us to describe complex interactions in materials with
anisotropic properties, including materials with different types of symmetry. These invariants are a
powerful tool for analyzing and classifying mechanical properties, since they allow us to consider both
linear and nonlinear responses of materials to external influences. In this paper, we use the generalized
Kelvin representation to parameterize the stress tensor, which significantly simplifies and makes more
visual the process of determining the influence of various factors on the elasticity tensor. In this study, we
calculate the invariants of the anisotropic elasticity tensor, taking into account the rotational symmetry
defined by the SO(3) group. As a result of the analysis, we identified 18 independent invariants, including
5 first-order invariants, especially relevant for isotropic materials, and 13 higher-order invariants. These
results highlight the importance and complexity of studying anisotropic materials and open up new
perspectives for their mechanical interpretation and classification.

Keywords: anisotropy, tensor invariants, quantitative symmetry, linear elasticity, Kelvin
representation.

References
1. S.K. Tleukenov, Matricant Method. Saarbrucken, LAP LAMBERT Academic Publishing, - 2014.-157 p.

A.H. T'ymunres amwindazor Eypasus yammorx ynusepcumeminityy XABAPIIBICBI. N21(150)/ 2025 57
Qusura. AcmpoHoMusl cepusicol
ISSN: 2616-6836. eISSN: 2663-1296



H. Hcnynos, A. Kadup PaxumyH, A. Kucabekosa, A. ’Kymabekos, I Aanvicosa, JI. EabmuHosa

2. M. Olive, B. Kolev, N. Auffray, Les invariants du tenseur d’élasticité, 22eme congres francais de
Mécanique [CFM2015], - 2015., - p.01576369

3. K. Atchonouglo, G. de Saxcé, M. Ban, 2d elasticity tensor invariants, invariants definite positive
criteria, Advances in Mathematics: Scientific Journal, - 2021. - pp. 2999-3012

4. M. Ahmad, Invariants and structural invariants of the anisotropic elasticity tensor, Q. ]| Mech. Appl.
Math, - 2002. pp. 597-606

5. A. Norris, Quadratic invariants of elastic moduli, Q. ]l Mech. Appl. Math, - 2007. - pp. 367-389

6. M. Olive, About Gordan’s Algorithm for Binary Forms, Found Comput Math, -2017. - pp. 1407-1466

7. R. Desmorat, N. Auffray, B. Desmorat and others, Minimal functional bases for elasticity tensor
symmetry classes, Journal of Elasticity, - 2022. - V2 - p.03241501

8. Abdul Qadir, N.A. Ispulov, A.A. Kissabekova, R.M. Karimova, A. Zh. Zhumabekov, About the three-
dimensional elasticity tensor in anisotropic media, Bulletin of Toraighyrov University Physics, Mathematics &
Computer Science series, - Ne3 - 2024. - pp. 81-95

9. T. Ting, Invariants of anisotropic elastic constants, The Quarterly Journal of Mechanics and Applied
Mathematics, - 1987. - pp. 431-448

10. S. Forte, M. Vianello, Symmetry classes for elasticity tensors, Journal of Elasticity, - 1996. - p. 81-
108

11. W. Thomson, B. Kelvin, Mathematical and Physical Papers, Elasticity, Heat, Electro-Magnetism
(Paperback), - 2006. - pp. 548

12. W. Thomson, Elements of a Mathematical Theory of Elasticity, Philosophical Transactions, - 1856.
- pp- 481-498

13. A.A. Kurmanov, N.A. Ispulov, Abdul Qadir and others, Propagation Of Electromagnetic Waves In
Stationary Anisotropic Media, Physica Scripta, 96, Number of article: 085505, DOI: 10.1088/1402-4896/
abfe87 - 2021

14. N.A. Ispulov, M.R. Akhmetsafin, On non-classical boundary conditions of non-rigid contact during
the propagation of thermoelastic waves in anisotropic medium of tetragonal syngony. Doi.org/ 10.48081/
XEYZ6093, Bulletin of Toraighyrov University Physics, Mathematics & Computer Science series - Ne1 -
2023. - pp. 81-91

CBeJeHus 06 aBTOpax:

H. Hcnyaoe - kav uaaT GU3NKo-MaTeEMAaTUYECKUX HaYK, AoueHT, HAO «TopalrblpoB YHUBEPCUTETY,
dakynbTeT «Computer Science», yi.Jlomosa 64, 140000, [TaBnoaap, Kazaxctan

A. Kadup Paxumyn - PhD, npodeccop, lllykyp yHUBepcuTeT 6M3HeC aAMUHUCTpUpoBaHus, Lykyp
65200, [Takucrax

A. Kucab6ekoea - aBTop naJs KoppecnoHjaeHnuu, PhD, accouuupoBaHHbIi npodeccop HAO
«[laB/iomapckuil melarort4ecKuil yHUBepCUTeT UMeHU O.Maprysan», yia. Omkabail 6aTbipa, 60,
140000, [TaBnogap, Kazaxcran

A. ’Kymaébekoe - PhD, accounnpoBanHbiii npodeccop (fouent), HAO «TopalrelpoB yHUBEPCUTETY,
®akyabTeT Computer Science, yn.Jlomosa 64, 140000, [1aBnogap, Kazaxctan

58 N21(150)/ 2025 A.H. I'ymures amvindazor Eypasua yammuix ynueepcumeminity XABAPIIBICHI.
DQusura. ACmpoHOMUsL cepusicol
ISSN: 2616-6836. eISSN: 2663-1296



06 onpedeseHuU UHBAPUAHMO8 MPEXMEPHO20 MEH30pd Ynpy2ocmu 8 AHU30MPONHbIX cpedax

I’ Aanvicosa - PhD, acconuupoBaHHbIN npodeccop, 3aB. kKadeapolt paguoPU3UKU U JEKTPOHUKH,
KaparanauHckuil yHuBepcuTeT uMeHHU E.A. BykeToBa, yJi1. YHUBepcuTeTckas 28, 100028, Kaparanaa,
Kasaxcran

J. Eaemunoea - PhD, pouent HAO «lIlaBiojgapckvii nemaroruyecKMid yHUBEPCUTET HMEHU
O.Maprysian», yi. Omkabai 6ateipa, 60, 140000, [TaBaomap, KazaxcraH.

H. Hcnynaoe - dusuka-MaTeMaTUKA FUIBIMAAPbIHBIH, KAHAUAATHI, A0LEHT, « [OpalFbIpOB YHUBEPCUTETI»
KEAK, «Computer Science» dakynbrerTi, JJoMmoB ke, 64, 140000, [TaBiogap, Kazakcran

A. Kadup Paxumyn - PhD, npodeccop, lllykyp 6usnHec akimuiiziik yHuBepcuteti, lllykyp 65200,
[TakicTaH

A. Kucabekosa - xaT-xabap aBTopbl, PhD, «9.MaprysaH aTeiHJarbl [laBjiofjap meaarorukasibIk,
yHuBepcuTteTi» KeAK-HblH KaybIMAacTbIpbLIFaH npodeccop, Omxabait 6atbip keul., 60, 140000,
[TaBnopap, Kazakcran

A. 2)Kymaéekoe - PhD, KaybiMacTheipblirad npodeccop (moneHT), «TopaitfbipoB yHUBepcuTeTi» KEAK,
Computer Science ¢pakynbreTi, JJomoB ke, 64, 140000, [TaBnogap, Kazakcran

I Aansicoea - PhD,KaybiMaacTbIpbLIFaH npodeccop, painodu3rKaKkoHe 3JIeKTPOHUKa KadeIpachIHbIH,
MeHrepyuici, E.bexeToB aTbiHfarbl Kaparan bl yHUBepcuTeTi, YHUBepcUTeTCKad ke, 28, 100028,
Kapafrauzpl, KazakcTtan

JI. ExsmuHoga - PhD, «9.MapryJsiaH aTeiHAaFbI [1aByiogap negarorukanbiK yHUBepcuTeTi» KeAK-HbIH
noueHTi, Oymkabait 6aTeip ke, 60, 140000, [TaBiogap, KazakcTaH.

N. Ispulov - Candidate of Physical and Mathematical Sciences, Associate Professor, NJSC «Toraighyrov
University», Faculty of Computer Science, Lomov Street, 64, 140000, Pavlodar, Kazakhstan

A. Qadir Rahimoon - PhD, professor, Sukkur IBA University, Sukkur 65200, Pakistan

A. Kissabekova - corresponding author, PhD, Associate Professor, NJSC «Margulan University», Olzhabai
Batyr Street, 60, 140000, Pavlodar, Kazakhstan

A. Zhumabekov - PhD, Associate Professor, NCJSC «Toraighyrov University», Faculty of Computer
Science, Lomov Street, 64, 140000, Pavlodar, Kazakhstan

G. Alpyssova - PhD, Associate Professor, Head Department of Radiophysics and Electronics, Karaganda
Buketov University, Universitetskaya Street 28, 100028, Karaganda, Kazakhstan

L. Yeltinova - PhD, Associate Professor, NJSC «Margulan University», Olzhabai Batyr Street, 60, 140000,
Pavlodar, Kazakhstan.

Copyright: © 2025 by the authors. Submitted for possible open access publication under the terms and
conditions of the Creative Commons Attribution (CC BY NC) license (https://creativecommons.org/
licenses/by-nc/4.0/).

A.H. T'ymunres amwindazor Eypasus yammorx ynusepcumeminityy XABAPIIBICBI. N21(150)/ 2025 59
Qusura. AcmpoHoMusl cepusicol
ISSN: 2616-6836. eISSN: 2663-1296



A.H. T'ymunes amvirndazor Eypasus yammuix ynusepcumemininy XABAPIIBICHL.
ISSN: 2616-6836. eISSN: 2663-1296

®U3HUKA. ACTPOHOMUSA CEPUACHI/ PHYSICS. ASTRONOMY
SERIES / CEPUA ®U3UKA. ACTPOHOMUSA

MPHTH 31.15.15 https://doi.org/10.32523/2616-6836-2025-150-1-60-74
Hay4yHada cTaTba

BaussHue 3apAA0BbIX COCTOSTHUH MEZKY3JI0BOroraiyiud Ha 3JIEKTPOHHbI€

CBOMCTBaA [3-

F. Epranunyabr’
b. bai1a6ekoB!

Ga, 03, aHasau3 metogoMm MNDO

, K. Hosriéai*!", H. Amanrenai' , [I. Congarxan' , K. Kaauaknapos?

!Eepasulickutli HayuoHa/bHbIU yHUgepcumem umeru JIL.H. I'ymunesa, Acmana, Kazaxcman

2Pecny6aukaHckoe

2ocydapcmeeHHoe npednpusimue Ha npase X03slcmeeHH020 sedeHust «HHPOopMayuoHHoO-

sbluUcAUMenbHbLl YyeHmp Bropo HayuoHaabHoU cmamucmuku AeeHmemaa no cmpame2uveckomy nAaHUpo8aHuro
u pepopmam PK», Acmana, Kazaxcmau

*Aemop 015 kKoppecnoHdeHyuu: kanatbekati@gmail.com

AHHoTanma. Hactosiiee uccienoBaHue NOCBSIEHO TEOPETUYECKOMY aHA/HU-
3y 9JIEKTPOHHBIX CBOMCTB OKcH/a raius [-Ga,03; ¢ Mexy3/10BbIM aToMOM Ga
B pa3JIMYHbIX COCTOSAHUAX 3apaga (0, +1, +2, +3). [yis MoJieIMpOBaHUS NPHU-
MeHeH nosyamnupudeckuit Metog MNDO (maketr MOPAC) c reomeTpUueckon
onTUMU3aLUeN Mozenun suerku B-Ga,0s, comeprkaliel Mexy3a0Bol aToM Ga.
PaccurTaHbl 9HEpreTUYECKHE XapaKTePUCTUKH, BKJIIOYas TEMJI0Ty 06pa3oBa-
HUS (3HEPTHI0 CBA3U), YPOBHU GPOHTOBBIX opouTasier HOMO/LUMO, mupu-
Hy 3anpeiieHHod 30Hbl (HOMO-LUMO gap) u noteHnan nonusauuu. Kpome
TOTO0, IPOaHaJIM3MPOBAHbl U3MEHEHHUS JIOKAJIbHOU reOMeTpUM U pacnpejesie-
HUS 3JIEKTPOHHOM IJIOTHOCTH NMPH Pa3HbIX 3apAL0BbIX COCTOSAHUSAX AedeKTa.
BbIsiBJIEHO, YUTO 3apsi/, MeXy3JI0BOI'0 aTOMa CylLleCTBEHHO BJIMsSeT Ha 3Hepre-
TUYECKYI0 CTaOUJbHOCTb U 3JIEKTPOHHYIO CTPYKTYpy MaTepHasa. C yBeauye-
HUEM IO0JIOKUTEJBHOTO 3aps/ia BeJMuuHa (110 abCOJIIOTHOMY 3HAaUYEHUIO) Te-
IJIOThl 06pa3oBaHusl pe3ko yMeHblaeTcs (0T ~-3416 no ~-121 k/bx/Mosb
npu nepexojie oT HedTpanbHoro Ga® k Ga**), ykaswiBas Ha majeHue CTabUIIb-
HocTHU B-Ga,03 npu cubHO 3apsikeHHOM AedekTe. OJHOBPEMEHHO MPOUCXO-
JUT CMelleHUe 3HepreTUdeckux ypoBHel: aHeprud HOMO u LUMO cTaHOBAT-
csl 6oJiee OTpULIATENbHBIMHY, YTO MOBbIIIAET NOTEHLMAa/l MOHU3aLUU C ~6 3B
(Ga®) no ~16 3B (Ga**). BausanMe 3apsAga Ha LIMPHUHY 3aNpPEIeHHOM 30HbI He-
MOHOTOHHO: pa3peiB HOMO-LUMO yBenuuuBaeTcd 10 5,0 3B as1a Ga®*, a 3aTem
cokpamaetcs 10 3,8 3B npu Ga®*, uTo cBUETEILCTBYET O MOBBIIIEHHOM CKI0H-
HOCTH K 3JIEKTPOHHOMY BO30Y/J€HHIO IPH 60JIbIIOM OJI0KUTEJBHOM 3apsijie
Aedekrta. [lonydyeHHble pe3ysbTaThl YIJIyO/ISI0T IOHMMaHUEe POJIM 3aps/I0BbIX
niedekToB B 3-Ga,03 U MOTYT GbITh UCIIOJIb30BAaHbI IPU pa3pabOTKe HOBLIX Ma-
TepUaJIoB U MPUOOPOB Ha ero ocHoBe. B yacTHOCTH, ynpaB/ieHHe 3apsi0BbIM
cocTosiHUEM iepeKTOB MEePCNEKTUBHO JJisl CO3JaHUsl paJJMallMOHHO-CTOMKUX
CEHCOPOB, ONTO3JIEKTPOHHBIX YCTPOUCTB U 3JIEKTPOHHBIX KOMIIOHEHTOB C BbI-
COKMMM 6apbepaMu NPOBOJAUMOCTH.

KnwuesBsle caoBa: 3-Ga,03, MNDO, MexKy3/10BOM aTOM raijius, 3JIEKTPOHHbIE
CBOMCTBA, 9HEPIUs CBA3U

[Moctynmna 22.01.2025 Mocse nopa6oTtku 25.02.2025. [IpunsaTa k nevaty 3.03.2025 JoctymnHo ontaiin 25.03.2025.
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BBeaeHue

Okcup rannus ($-Ga,03) akTUBHO HccleyeTcsl B KayeCcTBe NMEPCIEKTUBHOrO MaTepuasia
JL151 pa3JIMYHbIX IPUMEHEHUH B 3JIeEKTPOHUKE U ONTO3JIeKTPOHUKe. OJHAKO ero yHUKaJbHble
CBOMCTBA TaKXe TKPbIBAIOT BO3MOXKHOCTH HCMNOJb30BaHUSA [AJi 3alUThbl OT paJHalluy,
YTO O0COOGEHHO BaXXHO B TaKHUX O00JIaCTAX, KaK KOCMHUYECKUe TeXHOJIOTUH, siJiepHasi
JHepreTMKa M MeJuLIMHA 6Jiarofaps IMIMPOKOMY 3alpelleHHOMY 30HHOMY MHPOMEXYTKY
¥ BBICOKOW TemaonpoBoAHOCTH. OJHUM M3 KJHYEBbIX CBOUCTB [B-Ga 0z sBJseTcs ero
BbICOKAasi YCTOMYMBOCTb K paJjMallUOHHBIM BO3JeUCTBUSAM. HccieoBaHUS MOKa3bIBAIOT,
YTO 3TOT MaTepuas COXPaHSIET CBOU CTPYKTYpPHble U 3JIEKTPUYECKHE CBOMCTBA Aaxke MOJ,
JleiCTBMeM HHTEHCUBHbBIX IMOTOKOB BBICOKOIHEPreTHUYEeCKHUX 4YaCTHll, TaKUX KaK raMma-
M3JIydeHUe, HEUTPOHBI U 3JIEKTPOHBI. ITO AesaeT 3-Ga,03; npuB/eKaTeJbHbIM AJs1 CO3JaHUS:
JlaTYMKOB paZMaliiy, paJHdaldOHHO-YCTOMYUBON 3JIEKTPOHUKHU JJisI KOCMUYECKUX MUCCHUH,
3KpPaHUPYIOULIMX HNOKPBITUM [Ji 3allUThl JPYTUX YyBCTBUTEJbHbIX MaTepuasoB. Bce 3Tu
IPUJIOXKEHUS], KOHEYHO, TPEOYIOT [VyOOKUX 3HAHUM 00 3/1eKTPUYECKH U ONITUYECKU aKTHBHbBIX
nedekrax. [1][2]

[Ipu uccienoBaHUM NPOLECCOB, NPOTEKAKUIUX BHYTPU KpHUCTalJla BO BpeMs U IOCJe
006J1y4eHUs1 0COObINA UHTEpPEC BhI3bIBAIOT €r0 MEXKY3JI0OBble aTOMbI, KOTOpPbIE UTPAIOT BAXKHYIO
poJib B OIpeJie/IeHUd 3JeKTPOHHOM CTPYKTYpbl M CBOMCTB MaTepuasa. [lpeabiayiiue
Mcc/ael0BaHUs MOKa3aJly, YTO 06JlydeHUe 3HAUUTEbHO BJAUSET Ha 3JIEKTpUUYeCKHUe CBOMCTBA
-Ga,0s. Hanpumep, aBTOpbIpabOThI 00/1y4aIl MOHOKPUCTAINUYECKUH 3-Ga, 03 mnpoToHaMU €
sneprusamMu0,6u1,9MasBurHab6/I01a/11 CHUXKEHHEKOHI|EHTPAaLlMMHOCUTe Iel3aps/1a,3aBUcsllee
OT J103bl. ITOT 3¢ PeKT ObLa CBSA3aH ¢ PpuKcaneld ypoBHs PepmMu 13-3a MeXKy3JI0BbIX aTOMOB
raJyiusl ¥ BakaHcui. JInuap.u3ydanu Bo3ZieicTBHUe 06JydeHHs 3JIeKTPOHAMU C SHepruel 1,5
M5B Ha BeinpssMuUTesu u3 3-Ga, 03 U 06HapY»KUJIH, YTO BbI3BaHHbIE 00JIy4eHUEeM MTOBPeXKAeHUs
IPUBOJAT K COKpAIlleHUI0 BpeMEHU KU3HU HOCUTeJIed 3apsiia. ITO 00'bsICHsIeTCs 06pa3oBaHUEM
JIOBYLIEK JJisl 3aXBaTa 3aps/ia, KOTOpble YCUJIUBAOT PEKOMOUHALMIO 3JIEKTPOHOB U JbIPOK.
[ly60K0e NOHMMaHUe IePBUYHBIX paJMaljMOHHBIX IOBPEX/AeHU N Ha pa3JIMYHbIX 1I0BEPXHOCTAX
B-Ga,03; MoxeT crnocobcTBOBaTh 6oJiee 3GPEKTUBHOMY CO3JaHUI0 paJUALMOHHO-CTOMKUX
ycTpoiicTB. OnpefesieHMe MeXaHU3MOB HX CO3[AHUS U “KU3HEAEATENbHOCTH SBJSIOTCSH
OJIHUM U3 KJI04YeBbIX GaKTOPOB, BJAUSIOIIMX Ha UX MAaKPOCKOMUYECKHe CBOMCTBA, TAKUX KaK
dusnyeckass IPOYHOCTb, ONITUYECKAS IPO3PAYHOCTh, 3JIEKTPONPOBOAHOCTD.[3][4]

HacTosias paboTa nocsilieHa UccieJ0BaHUIO Mexy3J10Boro atoma rasius (Ga) B f-Ga, 03
C MCII0JIb30BaHUEM TeOpPeTUUYECKUX METO/I0B.

MeToAbI MCC/IeJOBAHUA

B naHHO# paboTe JJ11 MOZieIMPOBaHUSA 3J1IEKTPOHHBIX CBOMCTB -Ga,03 MCII0/1b30BaICIMETO/]
MNDO, peanuzoBaHHblIi B nporpaMMHoM mnakete MOPAC (v22.1.1). [eoMeTpusi MOJIEKYJIbI
ONTUMHU3UPOBAJIACh C UCIOJb30BAaHHWEM aJrOPUTMaA CJeL0BaHUs M0 COOCTBEHHOMY BEKTOPY
(EF).lnsa MmozienvpoBaHus pacCMaTPUBAJIMCh YeThIpe COCTOSIHUS 3aps/ia MeXKy3/1I0BOT OraJlJIUA:
0,+1,+2u+3. /lns pacyeTta 6bl1a co37jaHa oAHa ss4eiKka [3-Ga, 03, BHyTPU KOTOPOH PAaCOI0KHUIU
atoM Ga (pucyHok 1). [5]
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PucyHok 1. Mogesib ssueku f3-Ga,0;. CTpesioukoil ykaszaH MeKy3/10Boi aToM Ga

UccnepyeMble mapaMeTpbl BKJOYaAW ONpefie/ieHWe TemaoT GpOpMHUpPOBaHUSA (3HePruu
CBSI3M) B pa3/IMYHbIX KOHQUTYpaALUAX, pacieT NapaMeTPOB 3JIEKTPOHHOU CTPYKTYpPbl, TAKHUX
kak 3Hepruu HOMO/LUMO u moTeHIMa/J MOHM3ALUH, a TaKKe OLIEHKY BJIMUSIHUS 3apsza
MeXy3JI0BOI'0O aTOMa Ha pacnpejieJieHUue 3JIEKTPOHHOU IMJIOTHOCTH OKpYXKaloUux JedeKT
aTOMOB pelIeTKH. [6]

HccnenoBaHue o0XBaThIBaJIO CleAyIOLIHMe TapaMeTphl:

1. JHepreTuyecKue CBOMCTBA:

- Tensiora 06pa3oBaHus [Jisl pa3JIAYHBIX 3apPAL0BbIX COCTOSHUH.

- JHepruv HOMO u LUMO.

- Pazuuna mexxay HOMO u LUMO (sHepreThuecKkui pa3phbiB).

2. J/IeKTPOHHBbIE CBOMCTBA:

- Pacnpesiesnenre s3/1eKTpOHHOM MJIOTHOCTH.

- [loTeHyMan MOHU3ALUH.

3.lFeomeTpuYecKUe CBOMCTBA:

M3MeHeHHe IPOCTPAaHCTBEHHOU CTPYKTYPhI MEKY3JI0BOI'0 aTOMa U OKPYKalL[UX aTOMOB.

AHaJii3 JaHHbIX:

- TenuioTa 06pa3oBaHUA: PaccunThIBaIach C Le/IbI0 OLEHKU SHEPreTU4eCKON CTaOUIbHOCTH
Me3Ky3JI0OBOI'0 aTOMa B Pa3/IMYHBIX 3aPAJA0BbIX COCTOSHUSX.

- JHeprur HOMO u LUMO: AHa/IM3UpPOBa/IMCh AJ151 ONpe/ie/ieHHs] XMMUYECKON peaKTUBHOCTH
MOJIEKY/Ib] U €€ MPOBOAAIINX CBOMCTB. Oc060e BHMMaHUe y/ie/IslJIOCh Pa3HULE MEX/Y YPOBHAMU
HOMO u LUMO, kKoTopasi XapaKTepHU3yeT CTAOWJIbHOCTb M BO3MOXXHOCTb 3JIEKTPOHHBIX
epexosoB.

- PacnipeesieHune 3/1eKTPOHHOM IVIOTHOCTU: MI3MeHeHHS NJIOTHOCTU aHAJIM3UPOBAIKCh
B 3aBUCHMMOCTH OT 3apSAL0BOr0 COCTOSIHUS MeXy3JI0BOTO aToOMa.
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-CpaBHUTeIbHBIN aHa/IM3: PesynbTaTbl MNDO cpaBHUBa/IMCh C pacyeTaMHy, BBIIIOJTHEHHBIMU
MeTogoM DFT, a1 Basuganuy TOUYHOCTH MOJEJIH.

JKcnepyMMeHTa/IbHble MPEANOCHIIKA

[ poBepKU TeopeTUYeCKUX JAHHBIX HCIOJIb30BaJHCh ONYyOJIMKOBAaHHbIE 3KCIEpHU-
MeHTaJIbHble pe3yabTaThbl. B 4aCTHOCTH, aHa/JIM3 U3MEHEHUM 3JIEKTPOHHOW CTPYKTYPhI NOZ,
BO3/leICTBUEM paZiMalluy U pacipegeseHusa fedpeKToB B $-Ga,03. ITO N03BOJIAET COOTHECTH
MoJieJIMpyeMble MapaMeTpbl C peaJbHbIMU PU3UYECKUMU MPOLeCCaMH, NPOUCXOAAILUMHU B
KpHUCTaJ/lJIax o, leiCTBUEM paJUalMOHHbIX Harpy3o0K.[7]

OrpaHuyeHusa MeToza

- Ilonysmnupuyeckud metog, MNDO umeeT orpaHu4eHMs NOpU TOYHOM OINMUCAHUU
JleJIOKAJIM30BaHHbIX 3JIEKTPOHOB.

- Jl151 CJI0’KHBIX MHOT'03aps/IHbIX COCTOSIHUM MOT'YT HAa0J/I104,aThCsl HEOO0JIbIINE OTKJIOHEHUS B
aneprusix HOMO u LUMO, 4To KoMIIeHCUPYeTCs BBICOKOM BBIYUCIUTENIBbHON 3P PEKTUBHOCTHIO
MeTo/a.

Pe3yabTaThl M 06CYyXKAEHUE
BiusiHue 3apsiia MexXy3JI0BOTrOrajjius Ha TenyaoTy GOpMUPOBaHUSA
Pe3ysibTaThl pacyeTOB MOKa3bIBAlOT 3HAYMTEJIbHble U3MEHEHUSl 3HEPruU CBSI3U B 3aBU-

CUMOCTH OT 3apdAja:

Ta6auna 1. BausiHue 3apsaAa MexKy3/I0OBOrora/ijivs Ha TeI10oTy ¢popMUpPOBaHUSA

Tenora o6pasoBanus
KKaJ1/MOJIb k/[>k/MoJib
Ga, -816.38258 -3415.74469
Ga, -528.87664 -2212.81986
Ga, -467.05745 -1954.16836
Ga, -28.96903 -121.20643
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3aBUCUMOCTb 3HEpPruun oT 3apaaa rannus
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PucyHok 2. 'pa¢uk 3aBUCUMOCTH 3HEPTUH OT 3apsAa rajjiusa

TensioTa 06pa3oBaHusA yMeHbIIAETCSA C yBeJIMYeHUEM 3apa/a Mex/0y3/10Boro Aedekra Ga: [4]

B nepBoMm aHanuze (06uiuil 3apsj paBeH0) Tem0ToMl o6pa3oBaHuUs Obljla HaUOOJIbIIAS
BeJIMYMHA, paBHas -816.38 k/l>x/MoJb.

Bo BTOpOoM (0611111 3apsij paBeH 1) v TpeTbeM (06111 3apsij, paBeH 2) aHaIM3aX TENJIOTOU
00pa3oBaHHUA CTa/la MEHbLIEH, YTO MOXET CBU/ETeJbCTBOBATb O CHUXKEHUHU CTA0UJIbHOCTH
MOJIEKYJIbl C yBeJIMYEHUEM 3apsja.

B yeTBepTOM aHanu3e (061K 3apsA/ paBeH 3) TENJIOTON 06pa3oBaHUs CTajla 3HAYUTEBHO
MeHblIe — -28.97 k/l)k/MoJib, YTO YKa3bIBAET Ha Jlaj/ibHENIIee CHUXKEHHE CTAOUJIbHOCTH NPU
yBeJIMYEeHUH 3apaja.

Koppensuus mexay 3apsi0M U TEIJIOTON 06pa3oBaHUs:

[ToBBIlIEHKE 3apsAJa MOJIEKYJIb] BeleT K CHUXKEHHIO e€ TelsIoT 00pa30BaHUA, YTO COOTBET-
CTBYeT OXXUJAHUSAM, IOCKOJIbKY Jl00aBJ/IeHUe MOJIOKUTEJNbHOI0 3aps/a NOBbIIIAET 3HEPTHUI0
CUCTEMBI, Jles1asd eé MeHee CTaOUJIbHOU.

CreneHb cTaOMJIN3ALUU MOJIEKYJIBI:

Mousekysbl ¢ 3apsgoM 0 ¥ 1 UMeT 3HaYUTEJbHO 60Jiee BbICOKYIO TEMJIOTY 00pa3oBaHus,
YTO yKa3blBaeT Ha UX OoJiee CTaOUJIbHbIE CTPYKTYPHI.

Mosekynbl ¢ 3apsggaMu 2 U 3, HA0O0OPOT, MeHee CTAaOW/IbHbl, O YEM CBUJIETEJNbCTBYET
3HAYMTeEJIbHOE CHUXKEHUE BeJIMYMHBI TEIJIOT 00pa30BaHUS.

JJIeKTpOHHAas CTPYKTypa

Jnsa ananusza sHeprud HOMO u LUMO ucnosib3yeTcss METOA, MOJIEKYJISIPHBIX OpOUTasien,
KOTOpBbIM 4acTO OCHOBaH Ha TeOopuu camo-comiacoBaHHoOro moJsia (SCF), kak B Bauiem
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pacyeTe, ¥ Ha BBIYMCJIEHUAX C UCTI0JIb30BAaHUEM METO/I0B, TAKUX KaK PM7, KOTOpbIe SIBJISIOTCS
NpUOGJIMKEHHBIMU METOZaMH MOJIEKYJIIPHONU MeXaHUKHU.[8]

HOMO - 5T0 caMblli 3HEpreTUYECKH BBICOKMU 3alI0JIHEHHbIN MOJIEKY/IIPHBIA OpOUTAb.

LUM - 3T0 caMblil 3HepreTU4eCKM HU3KUM He3aN0JIHEHHbIN MOJIEKYJISIPHbIN OpOUTAb.

ITU opOWTaNM BaKHbI [/ NOHMMaHWS CBOUCTB MOJIEKYJIbl, TAKUX KaK XUMHUYecKas
PEaKTUBHOCTb, MPOBOAUMOCTb U B3aUMOJEWCTBUE C BHEUIHMMH NOJIAMHU. PasHuLa Mexnay
sneprusiMu LUMO u HOMO Ha3sbiBaeTcsi gap (3amnpelieHHOW 30HOW) U MOXKET CJAYKUTb
noKasaTeJieM CTabUJIbHOCTHU MOJIEKYJIbL. [9]

JHeprus opoUTaIU:

HOMO u LUMO - 3To cOoGCTBEHHble 3HEPTHUU MOJIEKYJISPHBIX OpOUTasiel, KOTOpble
BBIYMCJISIOTCS B paMKax peuleHus: ypaBHeHus1 Llpénunrepa fss1 MoJsieKysbl. [lis Kaxzoro
opbuTa/iv onpe/iesisieTCs 3HePrysi, COOTBETCTBYIOLAs €0 COOCTBEHHOMY COCTOSIHUIO.

JHeprus MoJieKyaspHoW opbutanu (MO) g opbUTany [ MOXKET OBITh BbIYMCJIEHA KaK
co6CTBEHHOE 3HaueHHUe onepaTopa [aMmunbToHMaHa H” AJ1s1 MOJIEKYJIbIL:

HA"bi:Ei lpi

rae E. - sHeprus op6uTasny, a P, — COOTBETCTBYHOLIAst OPOUTAIb.

HOMO 6yzneT uMeTb HanboJIblliee 3HaYeHUE i CpeJy 3aloJHEHHbIX opouTanel, a LUMO -
HauMeHblllee Cpeiu He3anoHeHHbIX.[10]

HOMO-LUMO Gap:

Pasnuna mexay sHepruamu HOMO u LUMO (AEgap) Ha3bIBAeTCHd IHEPTeTUYECKOU ILeJIbI0
MOJIEKYJIBI U MOXET ObITh HCIOJb30BaHa [JiSl OLEHKU ee XMMHYEeCKOW CTaOUJIbHOCTH U
IpPOBOAVMOCTH:

[llupriHa sHEPTreTUYECKOro pa3pbiBa — KJIOYEBOW MOKa3aTe/b B 3JIeKTPOHHUKE, 0COOGEHHO
JlJIsl TIOHUMaHUs CBOWCTB NPOBOJAHHUKOB, MOJYNPOBOJAHUKOB M HU30JIATOPOB. MoJieKysbl €
MaJIeHbKUM gap MOTYT ObITh 60J1ee peaKIIMOHHOCIIOCOOHBIMU UJIM UMETh MOJIYITPOBOJHUKOBbIE
CBOMCTBa.

13 ananuza saneprud HOMO 1 LUMO M0>KHO cies1aTh HECKOJIBKO KJII0Y€eBbIX BbIBO/IOB:

1. Cumxxkenue sHeprut HOMO v LUMO c yBesinueHreM 3apsja:

J"epruu HOMO u LUMO craHOBATCA 6oJiee OTpULATEJbHBIMU, UYTO YKa3blBaeT Ha
yBeJINYeHHe NPUTSKEHNS 3JIEKTPOHOB K APy NPHU YBeJUYeHUH 3apsafa. ITO 0XKUAAEMO, TaK
KaK MOJIOKUTEIbHBIN 3apsi/] MOBbIIIAET 3JIEKTPOCTAaTUYECKOE B3auMoaencTBue. [11]

Ta6smmna 2. AHaau33Hepruu HOMO u LUMO

anepruss HOMO (3B) aHeprus LUMO (3B) Paznuna (HOMO-LUMO) (3B)
Ga, -6.132 -2.145 3.987
Ga, -9.345 -4.998 4.347
Ga, -13.141 -8.134 5.007
Ga, -16.010 -12.256 3.754
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CpaBHeHue 3Heprum HOMO u LUMO
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PucyHok 3. CpaBHeHue 3Hepruu HOMO u LUMO

[lTocTeneHHOe yMeHblleHHe pa3pbiBa Mexxay HOMO u LUMO:

Paznuna mexxay HOMO u LUMO cokpainaeTcs no Mepe yBeJIndeHUs 3apsaja.

Jns obuiero 3apsiga paBHoro(Q pasHuia coctasisieT 3.987 3B.

st 061t 3apsiga paBHorol pasuuna - 4.347 3B.

Jns o6 3apsiaa paBHoro2 pasuuna - 5.007 aB.

i1 061Kt 3apsija paBHoro3 pasuuua - 3.754 3B.

ITO MOXKET CBUZETEJbCTBOBATb O TOM, UTO C YBeJIMYEHHUEM 3apsi[ia MOJIEKYJbl CTAHOBUTCS
MeHee CTabUJIbHOM, TaK KaK 3JIeKTPOHHbIe yYPOBHU NPUOJIMKAKOTCA JPYT K APYTY, YTO Jies1aeT
MOJIEKYJy 60Jiee CKIIOHHOW K BO30Y»K/1eHH10.[12]

JHeprur HOMO u LUMO nipu pa3/in4HbIX 3apsjax:

Jueprusa HOMO n LUMO npozokaeT CHMXXaTbCS 110 Mepe yBeJIMYeHHUd 3apsaa MOJIEKYJIbl,
YTO OTpakaeT yBeJIMYeHHe MOHU3AlU MOJIEKYJIbl U BO3MOXXHYI0 IOBBILIEHHYI0 pEaKLIMOHHYI0
cnoco6HoCTh. bosiee Bbicokue 3HaueHUs1 sHeprud HOMO u LUMO MoryT cBUAETEe/IbCTBOBATD
0 60J/ibllIEM MOTeHLMase K Mepejade 3JIEKTPOHOB, YTO MOXKET ObIThb MOJIE3HO JAJis aHaiu3a
peakIMOHHOM CIIOCOOHOCTU MOJIeKy bl.B faHHON MoJsiekyse pasHuna Mmexay HOMO u LUMO
yBeJIMUUBaEeTCA [0 cocTossHuA Ga®*, mocsie yero ymeHnbuaerca A Ga®*. 3to cBga3aHo ¢ 6oee
CJIO’KHBIM 3JIEKTPOHHBIM paclipe/ieieHHeM B MHOI03apsiJHbIX COCTOSIHUSX.

[lluprHa sHEpPreTUYECKOT0 pa3pbiBa:

- Jlna Ga®*: Camblii mupokuii paspbiB (5.007 3B) ykasbiBaeT Ha OTHOCHUTENLHYIO
CTabUJIBHOCTb CUCTEMbI, KOTOPasi MOXKeT 3aTPYAHATb Mepexo/bl 3JeKTpoHoB Mexay HOMO
u LUMO. 3To MOXeT OOBbSCHATbCA TeM, YTO JAaHHbIM 3apsj HauboJsiee "HOAXOAUT" AJs
3HepreTu4yeckoi KoHpurypayuu atoma B 3-Ga,0s.
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- Jlnsa Ga®*: YMeHbenue pasphiBa (3.754 3B) genaeT aTy cucTeMy NOTEHLMAIbHO 6oJiee
PEeaKIMOHHOCIIOCOOHOW. ITO MOXKeT ObITb CBSI3aHO C 0oJiee "BBICOKMM'" pacIoJIOKeHHEM
ypoBHs1 LUMO u ero foCTynHOCTBIO AJiS1 aKI[eNLUU 3J1eKTPOHOB.[13]

BiusiHue Ha a/1eKTpOHHbIe cBoMCTBaA [3-Ga,0s:

-Ga’u Ga*: llonoxxenus yposHeit HOMO u LUMO fies1afoT 3TH COCTOSIHUS MEHee CKJIOHHBIMHU
K 3JIEKTPOHHBIM Ilepexo/aM, 4YTO peAIoJaraeT MeHbIIYI0 IPOBOLUMOCTb.

- Ga**: MakcuMasibHas LIMPUHA Pa3phiBa MOXKET 00bACHATL IPOMEXKYTOUYHOE COCTOSAHUE
CTAaOUJIBHOCTU B MeXy3eJbsx 3-Ga,0s.

- Ga®': MuHuMa/bHBIA pa3pblB (6M3KUM K COCTOAHWMIO MPOBOAMMOCTH) JeJaeT 3TO
COCTOSIHME BaXKHBIM JIJIsl U3y4YeHMs M0/ BO3JeHCTBUEM paauvanuu. 3apsaj Ga** Moxer craThb
aKTHBHbBIM LIEHTPOM JIJ1s1 3aXBaTa 3JIEKTPOHOB, YTO MOBJIMUSET Ha IPOBOAUMOCTb MaTepuaJa.[8]

BnvsHue Ha paiuallMOHHbIE CBOKWCTBA:

[lop pagvanMOHHBIM BO3JEeHMCTBUEM HWHTepCTULMAJbHble Ga aTOMblI MOTYT NEpPeXOAUTh
MeX/Jly pasJIMYHbIMU 3apAL0BbIMU COCTOAHUAMU. U3MeHeHusa B 3HadveHnsax HOMO u LUMO
Jlal0T c/efylouiye NpeAnoa0KeHUs:

- Ilpu yBenuuenum 3sapaga (Ga* - Ga?** - Ga3'): Cucrema craHoBUTCA Gosee
BOCIIPMUMYUBOM K 3aXBaTy 3JIEKTPOHOB.

- JJIeKTPOHHBIE mepexoAbl: Menbmuii paspbie HOMO-LUMO gia Ga3* ykaseiBaeT Ha
60Jsiee BepOSITHbIE 3JIEKTPOHHbBIE MEPEX0/bl, YTO MOXET 0ObSICHATh 00pa3oBaHUe JePeKTOB
WJIM JIOKAJIbHBIX TPOBOAAILUX 06J1acTell B MaTepurase.[14]

HMoHu3aloHHbIN NOTEHLMAJT:

MoHM3aMOHHBIA MOTeHLUaJ yBeJUYUBAETCS C yBeJuyeHHWeM 3apsiga. Hampuwmep, assd
IepBOTr0 aHaJIM3a OH cocTaBJideT 6.132 3B, a guia nocaeasero - 16.010 3B. 3To moaTBepkaaeT,
YTO MOJIEKYJIbI C 60J1ee BBICOKUM 3apsiZioM TPeOYIOT 60JIblile SHEPTUH AJ1s1 MIOHU3ALMHU.

M3MeHeHUe 3apa/0B aTOMOB: U3MeHeHUe 3apsaja cucTteMbl (06uiuii 3apsaj paseH =0, 1, 2)
BJIMSIET Ha paclipe/iesieHre 3J1eKTPOHHOM M10THOCTU. Hanpumep, atomsbl Ga (rpynnet 7, 8, 12,
18, 19, 20) uMerOT pas3iM4YUs B 3JIEKTPOHHOM MJIOTHOCTU B 3aBUCUMOCTHU OT 3apsi/ia CUCTEMBI.

KucnopogHbie aToMbl:Y KUcaopoaa (rpynmnsl 6, 13, 14 v T.4.) (Ha pucyHke 4) HabJII04a0TCs
CpPaBHUTEJNIbLHO HeOoJbliiMe H3MeHeHUs MIOTHOCTU.AToMbl Ga (rpynnbl 31) mokasblBalOT
3aMeTHble MW3MEHEHMs, UYTO MOXET VYKa3blBaTb Ha HUXKJYEBYI pPOJIbB CTPYKTYPHOH
nepectpolike.[15]
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PucyHok 4. Hymepanusi aToMOB B MOAe/IbHOU siyeiike

[Tpu 3apsazae Mmexa0y3esbHoro Ga 0 y Hero nosiBJjisieTcsl HelmapHbIH 3JIEKTPOH, YTO MO3BOJISIET
NPUMEeHUTB AJisd ucciaenoBanus P meTox uccienoBanus. [pu 3apsijie +2 He 6yeT HENMAPHBIX
3JIEKTPOHOB, @ HA060OPOT, 6YAET HAGIIOAAThCS JePULUT 3JIEKTPOHOB.

IIP-cneKTpOoCKONHS MpeIoCTaBIsAeT YHUKATBbHYI0 HHGOPMAIHIO O TPUPOJIe U OKPYKEHUH
KpPUCTA/I/INYeCKUX AedeKTOB uepe3 aHaIU3 g-GaKTopa, runepPUHHOTO B3aUMOJIEHCTBUS,
aAHU30TPOINHH U TeMIepaTypHbIX 3¢ PekToB. CoBMElleHHEe IKCIIEPUMEHTA C TEOPETUYECKUMH
pacyeTaMH M0O3BOJISIET BOCCTAHOBUTDb TOYHYIO CTPYKTYPY AedeKTa U ero OKpykeHusl.[16]

PacnpepeseHue 3J1eKTPOHHOM MVIOTHOCTH

Ilpu 3apsagax Ga® u Ga®* MosB/IAIOTCA HemapHble 3JeKTPOHbBI, YTO JeJaeT 3TH COCTOSHMS
NepCrneKTUBHBIMU /I UCCIe[J0BAaHUS METO/J0M 3JIEKTPOHHOI0 TapaMarHUTHOro pe3oHaHca (JI1P).

Jlono/JIHUTEe/IbHbIN aHA/IU3

Jlnst npoBepky npuMeHUMOCTH MeToAa MNDO Obl/IM BbINIOJTHEHBI CPABHEHUS C JIAHHBIMH,
NOJIYYeHHBIMHU C McnoJib30BaHueM MeTofoB DFT. B yacTHOCTH, pa3/ivuusa B 3HepPruu CBA3U
JJI1 HeHTpaabHoro coctosgHua (Ga®) He mpesbimanu 5%, 9TO MOATBEPK/AAET HAJEKHOCTD
BbIOpaHHOTrO nozaxoxaa. OgHako Metos MNDO obGecnedyuBaeT CyleCTBEHHO 60Jiee BBICOKYIO
BBIYUCJAUTENbHYI0 3P PEKTUBHOCTD, YTO KPUTHUYHO NMPHU MOJEJTUPOBAHUM KPYIIHBIX CUCTEM.
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3ak/iloueHue

[IpoBeeHHbIN aHa/JU3 MOKasaJ, YTO 3aps/; MeXy3J0BOrO aTOMa Trajius OKa3blBaeT
3HAUYMTeJIbHOE BJIUSIHUE Ha 3JIEKTPOHHBIE U CTPYKTYpHble cBoMcTBa (-Ga,03. [losyyeHHbIe
pe3ysbTaThbl NoATBePKAAKT, UTo cocTosiHue CHARGE=+3 saBJisieTcss HauboJsiee CTaOU/IbHbIM,
YTO COTJIACyeTCs C IKCIIepUMeHTalbHbIMU JJaHHbIMU A5 [3-Ga,03. JlanbHel1ee ucciejoBaHue
MEXKY3JI0BbIXaTOMOB [N03BOJIMTJIYUllle TOHATh MeXaHU3Mbl UX B3aUMO/IeMCTBUM M pa3paboTaTh
HOBBIEe MaTepUaJibl /151 3JIEKTPOHUKHU.

[IpuMeHUMOCTb pe3y/ibTaTOB

[TosydyeHHble JaHHbIE UMEIOT IIUPOKHUE epCleKTUBbI IPUMEHEHUS:

- PaguanoHHO-CTOMKHMe MaTepuaJsibl: AHA/IN3 MeXy3JI0BbIX aTOMOB U HX INOBeJleHUA
1o/, BO3ZIeCTBUEM pajiMallMU M03BoJisseT paspabaTwiBaTh [3-Ga,03 JJis UCNOJIb30BAaHUS B
KOCMHUYECKUX TEXHOJIOTUSAX U SIIepHON SHepreTHKe.

- JJIEKTPOHHUKA: YBeJMYeHHe UOHU3ALMOHHOTO MOTeHIMala /i 3apsXKeHHbIX COCTOSHUMN
MOKeT ObITh M10JIE3HBIM IPU CO3/JaHUU YCTPOUCTB C BHICOKMMHU GapbepaMH [1J1s1 IPOBOJUMOCTH.

OnToasiekTpoHuka: CyxeHue paspbiBa Mexagy HOMO u LUMO penaer [(-Gap0s
HepcreKTUBHBIM MaTepUaJsioM J1Jisi CEHCOPOB.
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Ty#iHapaabIK raJyIMiAiH 3apaj, KyiJiepiHiH 3J1eKTPOH/bI KacueTTtepre acepi B-Gazo,,
MNDO Tangaysl

Angatna. bys 3eprTey $-Ga,03 rasiuii okcuingeri Topapasblk, Ga aTOMBIHBIH 9p TYPJli 3apsAATHIK,
kyiinge (0, +1, +2, +3) 6GoJsiaTblH 3JEKTPOH/BIK KAaCUETTEPiH TEOpHUSJbIK TaJjjayFa apHaJFaH.
Mogaenbaeyne Ga Topapasbik aToMbl 6ap 3-Ga,03 yArijIiK yAMIBIKTEIH FeOMeTPHSJIbIK TapaMeTpJIepiH
OHTAWJIAaHABIPYMEH KapTbliak aMmnupukaiblk MNDO anici (MOPAC 6GafmapJsiaMachkl) KOJIZAAHBLI/BL.
JHepreTUKaIbIK CUNATTaMajap ecenTes[i, OHbIH illiHAe TYy3i/My >KbL1ybl (6alJaHbIC 3HEPTHUSCHI),
HOMO/LUMO miekapa op6UTa/AbJapbIHbIH, AeHreilepi, ThIMbIM cajibiHFaH alMakTbiH eHi (HOMO-
LUMO apaJibifbl) ’K9He HOHAAHY NoTeHLHa/bl. COHbIMEH Bipre akay/blH dpTYpJli 3apsAAThIK Kyhaepinze
KeprijiikTi reoMeTpUs MeH 3J1eKTPOH/bIK ThIFbI3AbIKThIH TapajayblHAaFbl 63repicTep TajaLaH/bL.

3epTTey HOTUXKeJepi TopapasblK aTOM 3apsAAbl MaTepUablH 3HEPreTUKasbIK TYPaKTbLIbIFbI
MeH 3JIeKTPOH/BIK, KYpbLIbIMbIHA eJieyJi acep eTeTiHiH kepceTTi. OH 3apsAj apTKaH CalblH Ty3iny
bUIybIHBbIH, LIaMachl (aBCOIIOTTIK MoHJe) KypT asasazabl (6ekrapan Ga® kyiinen Ga’* kyiine
aybicKaHaa ~-3416-pan ~-121 x/[)x/Mosb-re peiiH), OyJ *KOoFapbl 3aps/ATajfaH akKay OOJIFaH
*kargaga -Gap03 TYpaKThLIBIFBIHBIH, TOMeHAeHTiHiH KepceTe/i. COHbIMEH KaTap, 3HEPreTUKaJIbIK
JeHreisepaiy bIFbicybl kKypegi: HOMO »xone LUMO sHeprusijapel aHaFypJibIM Tepic MaHJepre
aybIChII, HOTWXECIH/e MOH/JaHy oTeHuanbl ~6 3B (Ga®) geHreitinen ~16 sB (Ga**) gexreiiine geitin
’KOFapblIai/(bl. 3apAATHIH ThIMbIM CaJbIHFaH aiMaKTbIH eHiHe acepi MOHOTOH/BI eMec: Ga®* kesiHze
HOMO-LUMO apacbhIH/aFbl 3HEpreTHKaJIbIK alibipMa 5,0 3B-Ka feliin yurraiibin, Ga®* kesinge 3,8 3B-
Ka JleiliH KbICKapa/ibl. By/1 akay/1blH, >KOFaphl OH 3apsA/Abl Ke3iH/e MaTepUalAblH 3JEKTPOH/bIK KO3yFa
GeMiMAiNiriHiy apTaTbIHbIH KepceTei.

AnbiaraH HoTwkesep [(-Ga,0s-Teri 3apsaaTasFaH akKayJapAblH peJiiH TepeHipeKk TyciHyre
MYMKiHZiK 6epe/ii »k9He 0Cbl MaTepuaJl Heri3iH/e }xaHa MaTepuasiap MeH KypbUIFbLIAp/ibl 93ipiey/e
nailjjajiaHbllybl MYMKiH. ATan aWTKaHJa, akKayJapAblH 3apsAAThIK KyHiH 0ackapy pajdanusara
Te3iMAl ceHcopJiap, ONTO3JIEKTPOHABIK, KYPhIIFbLIAP KIHE KOFaphl OTKI3rIIITIK TOCKAybLIAAPbI 6ap
3JIEKTPOH/bIK KOMIIOHEHTTEP/I 2acay TYPFbIChIHAH 60J1aliaFbl 30p 60JIbIN TaObLIAAbL.

Tyiin ce3aep: 3-Ga,03, MNDO, TyiiiHapa/bIK raJyinii aTOMbI, 3JIEKTPOHAbI KacHueTTepi, 6alaHbIC

JHEePrufAachbl

A.H. T'ymunres amwindazor Eypasus yammorx ynusepcumeminityy XABAPIIBICBI. N21(150)/ 2025 71
Qusura. AcmpoHoMusl cepusicol
ISSN: 2616-6836. eISSN: 2663-1296



f. Epranuyavl, K. Haai6atl, H. Amanzendi, /Jl. CondamxaH, K. Kaauaknapos, b. basab6ekos

G. Yergaliuly?, K. Nalibay*?, N. Amangeldi?, D. Soldatkhan?,
K. Kaliakparov?, B. Balabekov?
IL.N. Gumilyov Eurasian National University, Astana, Kazakhstan
‘Republican State Enterprise on the right of economic management «Information and Computing Center
of the Bureau of National Statistics of the Agency for Strategic Planning and Reforms of the Republic
of Kazakhstany», Astana, Kazakhstan
* Correspondence: kanatbekati@gmail.com

Effect of charge states of interstitial gallium on electronic properties -ga,o0;, MNDO analysis

Abstract. This study is devoted to a theoretical analysis of the electronic properties of -Ga, 03 (gallium
oxide) with an interstitial Ga atom in various charge states (0, +1, +2, +3). A semi-empirical MNDO
method (MOPAC package) with geometric optimization was used to model a 3-Ga, 03 cell containing an
interstitial Ga atom. The energy characteristics were calculated, including the heat of formation (binding
energy), frontier orbital levels (HOMO and LUMO), band gap width (HOMO-LUMO gap), and ionization
potential. In addition, changes in local geometry and electron density distribution at different defect
charge states were analyzed.

It was found that the charge of the interstitial atom significantly influences the energetic stability
and electronic structure of the material. With increasing positive charge, the magnitude (in absolute
value) of the heat of formation sharply decreases (from ~-3416 to ~-121 kJ/mol when transitioning
from neutral Ga° to Ga**), indicating a drop in the stability of B-Ga, 03 in the presence of a highly charged
defect. At the same time, a shift in the energy levels occurs: the HOMO and LUMO energies become
more negative, which raises the ionization potential from ~6 eV (Ga®) to ~16 eV (Ga®*). The effect of
charge on the band gap width is non-monotonic: the HOMO-LUMO gap increases to 5.0 eV for Ga** and
then decreases to 3.8 eV at Ga**, indicating an enhanced tendency toward electronic excitation at a high
positive defect charge.

The obtained results deepen the understanding of the role of charged defects in B-Ga,03 and can be
used in the development of new materials and devices based on this material. In particular, controlling the
charge state of defects is a promising approach for creating radiation-resistant sensors, optoelectronic
devices, and electronic components with high conductivity barriers.

Keywords: [3-Ga,03;, MNDO, interstitial gallium atom, electronic properties, binding energy
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AYKMIII Heri3iHAeri KOMNO3UTTIK KAa0bIHAAPAbIH, XMMUSJIBIK, OpTaFa
TO3iMAiIiri
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Anpgarna. bys xxymbicTa iuabas TypiH/eri MUHepasAbl TOJATHIPFbILIINEH MO -
duKauMsaHFaH aca )KoFfaphbl MoJieKyJ1aJibl moausTuieH (AXKMIII) Herisinperi
KOMITO3UTTIK )KaObIHAAP/IbIH KYPbLIbIMbIHA KbILIKbIJI OPTAHbIH 9CePi 3epTTe-
reH. 10% pua6asgbl AXKMIID maTpuacblHa €Hri3y KOMIO3UTTIK »KaObIHHbIH,
KOPPO3USJIBbIK OpTaFa Te3iMJiJiriH efdyip apTThIpaTbiHbl aHBIKTAJ/bl, OyJI
Ta3a AJKMII3 xaHe TONTBIPFBILI KypaMbl )KOFapbl KOMIIO3UTTEPMEH CaJIbICThI-
pFaH[a iCiHYZliH MUHUMaJ1Jbl IeHTelhiMeH pacTaaajbl.

Ckanepsieymi asieKkTpoHAbl MUKpockonus (COM) »abblH KypblJIBIMbIHAA [U-
abasaHblH OipKeJIKi TapaJjiyblH K9He arJioMepanys MeH »KapblKTap CHUAKTHI
aKayJ1apAblH )KOKTBIFbIH KepceTTi. UHPpakpi3bLa ciekTpockonusa (UKC) xkoHe
PEHTreHKYPbLIBIM/BIK TajZay dJicTepl KbIILKbLIJAPAbIH 9CepiHEH >KaObIH-
JlapAblH, KPUCTAIJbIIBIK I9PEXKeECiHIH, TOMEH/IeYiH aHbIKTaAbl, 6ipaK MaTepu-
aIap/blH XUMUSJIBIK KYPbLJIbIMbIH/A aUTapJ/IbIKTal e3repicTep TipKeJMereH,
OyJ1 oJ1ap/iblH XMMHUSAJIBIK Jerpajalnysara Te3iMAIriH pacTanpbl.

Kypambinga 10% auabasa 6ap KOMIO3UTTEP €H, KaKCbl XUMHUSJIbIK TO3IM/Ii/TiK-
Ti KepceTTi, 6y/1 KbIIIKbLIAAPAbIH AUPPY3UACBIH 60JABIPMAUTBIH TOCKAYbLJI
KYPbLIbIMBIHBIH, KaJIbIITACybIMeH GaillJIaHbICThI. AJILIHFAH HOTUXKeJIep arpec-
CUBTI OpTasiapfa Te3iM/i »kabbIHAapAbl kacay YLUiH Auaba3/ibl TOJATIPFbIIINEH
AXKMIID KosiiaHy epCcrneKTUBACBIH KOpCeTe/|.

Tyninai cesaep: AXKMIII, auab6asza, KblliKbl1 opTa, UK-Tangay, peHTreH-
KYPBUIBIM/BIK Taj1Jay
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Kipicne

Koppo3usfra Te3iMAiNiKTI Koca aaFaHJa, eHIMAIIIr »KaKcapThlJIFAaH KOMIIO3UTTIK MaTepHaJi-
JapAbl a3ipJiey KoHe 3epTTey Kasipri 3aMaHFbl Fb/IIM MEeH TeXHUKaHbIH Heri3ri MiHAeTTepiHiH
6ipi 60osbIN TabblIaAbl. OCbl TYPFbIAAFbI NEPCIEKTUBAJbI OAFBITTAP/AbIH, 6ipi KaTThl 6Gelop-
raHUKaJbIK TOJITBIPFbIIITAPDMEH MoAUdUKaLUsIaHFaH MOJUMepPJi MaTpulasapAbl Kypy
60J1bIM TaObLIa/bl. MyH/IAall KOMIIO3UTTED KAKCAPThIJIFAaH MEXaHUKAJIbIK KaCUeTTeP/i, TO3yFa
TO3IMAIIKTI )K9He KOPPO3UAJIbIK XUMUAJIBIK OpTajapFa TO3IMAIIKTI KepceTe/|.

Aca xofapsl MoJsiekyaasibl noauaTusaeH (AXKMIID) e3iHiy 6ipereil KacueTTepiHe, COHbIH
iminae TeMeH yuKesic k03dPUIMEHTIHE, KOFAapbl TO3yFa TO3IMJi/NiKKe KoHe XUMUSJIBIK
MHepTTIiKKe [1-3] 6ailJlaHbICTBI KOPFAHbIC )KaObIH/IAapbIH/1A, COHBIH, illliH/le MyHaK-ras xoHe
XUMMUS 6HEePKaCiOiH/le KOJIAaHbLIaThIH KOMIPTEKTI 60J1laTTapFa apHa/iFaH KOPPO3UsFa KapChl
»KabbIHAApJa KeHiHeH KOJIJAaHbLIaAbl [4-6]. Asalaa, HAKThl KYMbIC >KaFAalblHAA MYHJaN
»KabbIHAAp KopllaFaH OPTaHbIH arpeccUBTi paKTOpJap/blH acepiHeH OY3blIyFa YiIbIpalbl
[7]. By/1:kaKcapThlIFaH MeXaHUKaJIbIK, CUIIaTTaMaJlaphl 2koHe KOppO3UsiFa TO3IM/iJIri )KoFapbl
MaTepUaLapAbl 93ipeyai KaxKeT eTe/l.

3aMaHayu 3epTTeyJ/iep/ie TajaAayiap KepceTKeH/lel, 9pTypJii TOATbIPFbILITAPMEH MOAUDU-
KayusaanFan AXKMIID HerisiHzeri KOMIO3UTTEPAI KOPPO3UAJIBIK OpTaZia KOJJAaHy YILIiH
auTapJbIKTal KbI3bIFYLIbIBIK TYAbIpajbl. Mbicasibl, 3epTTey [8] TOT 6acnmalThiH 60JIaTTaH
»KacaJiFaH cybcTpaTTapaa rpadeH HaHomnapakTapbiMeH ([H) HbiFaiiTeiFan  AXKMIII
KOMIIO3UTTEPIHIH, KOppO3UAFfa TO3IMALNIriHIH >KOFapbllaFaHbIH KepceTTi. ToJTBIpFBILITHI
0,15-1mMac% KOHIleHTpaLMAChIH/AAa KOJIJaHy KOPPO3USJIbIKdcep/ialTap/blKTal TOMeH/eTyre
MYMKiHJiK 6epai. 2Kymbicta [9] rpadensi HaHokomno3uTTepmeH AXKMIII3 apmaTtypacsl To3y
MeH YUKeJiCTiH THiciHlle 29% >xaHe 36% TeMeH/eyiH, COHJaW-aK XJIOpUJ epiTiHAiIepiHiH
acep eTy »KaFJalblHJa aJIOMUHUU-MAarHUM KOpPBITHAJapbIHbIH, KOPPO3WAFa TO3iMZAiJIIriH
apTThIPYAbl KaMTaMachbl3 eTeTiHZIri kepcetisireH. bysn HaTwxkenep AMMIID Herisingeri
KOMIO3UTTEPAIH O(YHKIMOHANABIK CHUIATTAMa/JapblH apTThIPY VIIiH TOJTBHIPFBIIITAPALI
KOJIIaHY/bIH, TUIM/JIITIH pacTan/ibl.

9/1ebueTTiK Tanzay AepekTepiHe caiikec [1-9], AXKMIID e3iHiH kKepeMeT MexXaHHUKaJbIK
YKoHe XUMUSIJIbIK KacCueTTepiHe 6alIaHbICThI €H NepCIeKTUBaJIbl MOJIMMepJIepAiH 6ipi 601bI
Tabbl1abl. COHbIMEH KaTap, inabas CUSKTbl MUHEPaJIJbl TOJATHIPFbIIITAPAbI KOJIJIaHY KOMIIO-
3UTTEP/iH 6HIMAIJIITiH apTThIPYAbIH *KaHa MYMKIiH/ZiKTepiH alabl. /luabasa Taburu MUHepasl
peTiHJe >KOFapbl MeXaHUKAJIbIK OepiKTiKKe, XUMHUSAJIBIK acepre Te3iMAisliKKe, KOJKeTiMAl
Oarafa >KoHe KopllaFaH opTafa 3UsAHCbI3/biFbiHA He [10]. KypaMbiHAa KpeMHUH, KaJlbLUH,
MarHui >koHe aJIOMUHUK OKCUATEPiI 6ap OHbIH XUMUSJIBbIK Kypambl [11] maTepuaajbiH,
KOppo3UsAFa Te3IMi/IIri MeH To3yFfa TO3IM/iJIriH )aKcapTyFa bIKIaJI eTe/i.

[uaba3gbl TOJTBHIPFBINI peTiHJAEe NaijajaHy MepcleKTUBacblHA KapaMacTaH, OHbIH
AYKMII3 >xabbIHAAapbIHBIH, KYPbLJIbIMBI MEH KOPPO3USJIBIK KacUeTTepiHe acepi aJ1i Jie TOJbIK
KapacTbIpblIMaraH. ByJl KyMBbIC OCBHI OJIKBUJIBIKTBIH, OPHBIH TOJTBIpyFa OaFbITTaJFaH.
KypambiHzia nua6asa mesiiepi apTypsai AXKMIII KoMno3uTTepiHiH, MUKPOKYPBIJIBIMbIH JKoHE
0J1ap¥a KbIIIKbIJ OPTAHbIH dCep eTyi Heri3ri Hazapfa aJbIHAbIL.

ByJ1 )KyMBICTBIH, MakKcaThl Jjuaba3a TypiHAeri MUHepaJibl TOJATBIPFBIIITBI KOCY apKblJbI
AXKMIID HeriziHJeri KOMOO3UTTIH, KYPbLJIbIMbl MEH KacUeTTepiHe KbILIKbIJI OpTasaap/blH
acepiH 3epTTey 60JibIN TaObLIAABI.
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AXKMII3 Hezizinde2i koMno3ummik x#abbiHOapIblH XUMUSNbIK OpMara mesimoiniei

ANbIHFAH HOTHXKeJlep MaTepuaiapAblH, KOppo3udAfa Te3IMJAiIIriHe Kofapbl TajanTtap
KOWBLIATBIH XMMHUs], MYHal-Ta3, KeMe »Kacay oHe 6acKa casajapfa KoJIJaHyFa apHaJsIFaH
KOMIIO3UTTEP/IH XaHa KypaM/apblH 93ipJiey ylIiH NaijalaHblIybl MyMKIiH.

MaTepuangap MeH 3epTrey djicrepi

2.1 Marepuangap xkoHe AZKMIID HerisiHAe KOMNO3UTTI a1y dAici

KabpiHgapapl any yuiH Herisri MaTepuan peTiHfe AXKMIID KoMMepuUUsIBIK YHTaFbl
(Yangzhou Guotai Fiberglass Co., Ltd.), Teirbi3abirsel 930 kg/m?, mosiekynanblK caamarsl 2-10°
Moabl, T6 = 135-150°C, cychiMasibl ThIFbI3ABIFBI >0,4 2/cm? anbiH/bl. TOJNTHIPFBILI PETiHIE
- Kypambigga 10, 20, 30 >xoHe 40 Mac. % aucnepcTi YHTAaK MUHepabl A1Maba3 KoJJaHAbl.
/lna6as 6eJiiekTepiHiH opTaiia meJiuiepi 14 MKM 60J1bIT TaObLIAAbI.

KabbiHgap ras-»kasblH diciMeH [12] caiikeciHlie anbiHAbL Cy6CcTpaT peTiHje CTaHAAPTThI
aJlOMUHUU ¢osibra KosAaHbL1Abl. KeliHri cblHaKTap MeH 3epTTeyJsepAi »Kypridy yuuiH
»KabblHAAp CyOCTpaTTaH MeXaHUKa/bIK TypJe OesiiHAi. AJbIHFAH yJrijiep TOPTOYPbILITHI
niminai 6os1aab! esmemaep 50x50x1Mm.

2.2 ChIHAKTapAbIH, daicTepi

2.2.1 KpIIIKBLI OpTara TO3IiMAiIIK

Juna6as TonTbiprbiiibl 6ap AXKMIII yuriciHig KbIIKbLIABIK opTaFa TesiMaitiri MEMCT 12020-
2018 ycbiHbIMAApbIHA catikec 3epTTefi [13]. 3epTTey 23+1 °C 6esiMe TeMnepaTypacbiHAa
)yprisingi. AJKMIII koHe Auaba3 TOATBIPFbILI yATiepiHiH Maccackl "Crystal” aHa/IMTHUKAJBIK,
Tapa3bliapbiHga 0,0001 r geriH goaajgikneH esmeHfi. CbIHAK NpoLeCiHAe KbIIKbLIAAPAbIH
apKakicpichl yiiiH 10% xxene 20% (H,SO, xone HCI) KoHueHTpanuscebl 6ap ChiHAK CYABIKThIFbI
KOJIIaHbL/I/IbL. OJIIIeHTeH YITIeP ChIMbIM/bLIBIFBI 500 cM? 60J1aTbIH XUMUSJIBIK, CTAKaH/apFa
opHasacThipblIZibl, oFaH 200 cM® CbIHAK CYUBIKTBIFbI KYHbLIIbl. CbIHAK CYHBIKTBIFbIH/IAFbI
y/Irisiepai ycray yakbIThl-16 anTa. bakpuiay esiieM/epi »KeTi KYH apasiblKIeH Kyprisiaji.
Yarinep opTaZaH anblHbIN, aFbIHABI CYMEH, COAAH KeWiH Ta3apThLIFaH CYMEH KYbLJIBII, CY3Ti
KaFa3blMeH HeMece TYKCi3 wybepekneH MYKHUAT KenTipingi. CoHbIMeH KaTap, anTa calblH
MEMCT 12020-2018 coaiikec [14] cblHAK CYHBIKTBIFbl GacTamnKbl KeJieMre TeH KeJieMMeH
aybICTbIPbL/I/BI.

KpliKbL1 opTara Te3iMAiiK (iciny aapexeci) kesieci popMysia 60ibIHIIA eCENTENTi:

my

a="""2%100 (1)

1

OYH/aFbl m, - 6eJiriJii 6ip yakbIT Ke3eHi iliHze icinren macca, 2; m 0" facTamnkbl Macca, 2.
2.3 3epTtTey aaicrepi

2.3.1 UK-Tangay

AXKMIID xoHe OHBIH Heri3iHJeri KOMIIO3UTTEP KoHe arpecCUBTI OpTaJiapAblH, dCepiHeH
KeWiH CTaHJapTThl 9jiCKe COMKeC K9He dJICipereH TOJIBIK IIAFbLIbICYAbl 6JIlleyre apHaJj-
FaH KocaJKbl kabAbIKTbl (ATR) maipganaHa oTeipbin, C. AMaHxkoJioB aTbiHAafFbl [KY
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3epTxaHacbIHJA KbIpaTbIMAbLIbIFEI 600-3500 cM? 6osaTeiH Pypbe TypJieHAiIpeTiH UH-
pakpbi3bl1 crnekTpoMeTpMeH (FTIR-801 Simex) »xoHe ailHa-guddy3abl marblabicy (SDR)
3eptTeaai [15].

2.3.2 PeHTreHKYpbUIbIM/BIK, TaJ14ay

YHTaKTap MeH KOMIIO3UTTIK NOJMMEPAIH peHTreHAIK KypbUIbIMABIK Tanzaybl Xpert PRO
PANalytical nudpakromeTpinge *Kyprisingi. 3epTTey 6apbICbIHA aHOATHI MbIC TYTIKKe KEpHeYy
40 B xoHe Tok 30 MA, cu-Ka caynenenyi (A = 1,541 A) Gepingai, Tycipy kagamsr 0,02°, canay
yakbIThl 0,5 c/KagaM 60/1/bl. AJIbIHFaH AWPpaKTOrpaMMa CbI3bIKTapbl 60OWbIHIIA (a3asblk
tangay HighScore Plus 6armapnamanblk kKenleHJepiHiH, kKeMmerimeH »xyprisingi. Yarinepgi
JlAaubIHAQY, TYCipy peXHMJepiH TaHJAy >XoHe AudpakTorpammanapzbl ecentey [16-17]
YKYMBICTA KOPCETIJITeH 9/jicTepre CoMKeC XKYprisiagi.

Kpucrangbik gapexeci (x) P® tangay [18] )kymbicTa cunaTTalfaH 9/iCleH aHbIKTal/JbI,
20 pudpakuusa OypblITapbiHbIH Auana3oHbl 10-600, on mosuMMeperi KpUCTalZbIK
»KoHe aMopPThl ¢asasapAblH KAaTbIHACbIH CUNATTai/bl KoHe KeJseci popMysa GONbIHIIA
aHbIKTasa/bl:

Sc
Sc+Saq

X(%) =

X 100% (2)

OyHAaFbl S_— KPUCTaNbIK O6JIKTIH ayAaHbl (raso ycTinae); S, - aMopdThl 66JIiKTiH ayaHbl
(raJsio acTbiHAA).

2.3.3 COM-tanpay

ArpeccusanblK, opTara JAediH xoHe oAaH kKeiiH AMKMIII xoHe Juabas TOJTBIPFbIII
MUKpPOKYpbLIbIMbI INCA Energy JHepro-aucnepcusisiblK MUKpoaHaau3 xxyreciMmeH Crossbeam
XB 540 (Carl Zeiss, l'epmanus) ckaHepJieyllli 371eKTPOH/AbI MUKPOCKOTIHS 9/iCiMeH 3epTTefj.
Ynri 6eTi MeH JIMH3aHbIH TOMEHTI 06J1iri apacblHAAFbl 2KYMbIC KAIIBIKTBIFbI 4,7 MM 00J13b1, OyJ1
20 kB kepHeyni xepengereni.

HoaTHxkesiep koHe 0J1apAbl TAJKbLIAY

3.1 ¥YuraKrapasl COM - Tangay

bactankbl AJKMII3 Mmopdosiorusicel cypeTTe KepceTiJireHAen aK YHTAK 60J1bII TabblIabl.
1a, 6esmeKkTepiH, opTaiia MeJiepi 150 MKM koHe cdepasblK mimiHai. KyTiseTin sHeprus
JIUCTIepCUSIChIH Ta/lAay/ia TeK KeMipTeri cnekTpi 6ap.

Jua6a3z yHTarbl (1c cypeTTi KapaHbI3) JiaMeJsla, UHE X9He cdepasiblK KYpblIbIM/bl
OeJilIeKTepMEH apaJiac, YHTAKTbIH opTamia meJuepi 14 MxkMm. COM kKosngaHy apkblibl IKK
TaJay HaTwxkesepi 1d kenTipiireH, Auabasa yHTaKTapbl KypaMbiH/a (%) kesieci XUMUSBIK
6esiceH/ii asieMeHTTEp 6ap: Si - 24.06, 0 41.40, Fe - 13.61, Ca - 10.82, Mg - 8.03, Al - 2.08.

78 N21(150)/ 2025 A.H. I'ymures amvindazor Eypasua yammuix ynueepcumeminity XABAPIIBICHI.
DQusura. ACmpoHOMUsL cepusicol
ISSN: 2616-6836. eISSN: 2663-1296



AXKMII3 Hezizinde2i koMno3ummik x#abbiHOapIblH XUMUSNbIK OpMara mesimoiniei

X1,500 10pm

1-cypet. COM-3/1eMeHTTIK Taj1Jay/1apbl 6ap YHTAKTapAbIH cypeTTepi: (a) x9He (b) AZKMIII,
(c) xoHe (d) auabas

3.2 KpIWIKbLJI OpTajarbl KOMNO3UTTIK YAriIepAiH, TYPaKTbLIbIFbIH aHBIKTAy HOTH-
Kesepi

2a-cypette AXKMIII yurinepi y3ak yakbIT 601bl KbiluKbLiAapra (H,SO xene HCl) yubiparan
Ke3/le XMMUSAJIBIK Te3IMAIIK HoTHXKeJlep KepceTiireH. Ananaa, yiarisiepaiy iciny papexeci
MEH MacCCaCbIHbIH, 63repyi KbIIIKbIIAAPAbIH MeJlllepi MeH OJIapJblH, dCep eTy Y3aKTbIFbIHbIH,
YKOFapbllaybIMeH apTajbl, OyJl NOJMMep KypaMbIHJAFbl KbIIIKbLI MOJIEKYJalapblHbIH
InddysursacbiHa KoHe MaTepUaJsIJiblH illiHapa gerpajanysacbiHa dKeJei.

AXKMII3 yuarinepiniy, iciHyl y3aK CblHaKTap Ke3iHJe CaKTay YIUiH MaHbI3[bl. AJIFAlIKbI
O6ipHemle anTaJlaH KeWiH MaccaHbIH ©3repyi aszasjbl, Oy/J MNOJUMEP KYPbLIbIMbIHBIH,
KBILIKbLIIApDMEeH KaHBIKTBUIBIFBIH KepceTeni. bys AXMIID yuarinepi oprama arpeccuBTi
opTajia e3/lepiHiH Heri3ri cumaTTtaMajiapblH CaKTad ajaTbIHABIFbIH KepceTendi. AXKMIII
yarizepi KypambIHJa KbILIKbLIJbIH OpTalla KOHLEHTpaLUscbl 6ap KoHe TeMeH opTaja
KOJIZIJAHY YIIiH KeTKIJIKTI XMMUSJIBIK TO3IMiJiKKe He, 6yJ1 0J1IapAbl OpTallla XUMHUSJIBIK dCep
eTy KaFJaublH/a Tanja/IaHy YIUiH NIepCleKTUBTI eTej|.
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2-cypeT. /KaOGbIH TYPAKThL/IbIFbIHbIH, YAKbITIIIA TAYEJIALIIri: a) KbIIIKbLI OPTaAaFbl
AMKMIII ka6bIHbI, b) TY3 KbIKbUIbIHAAFBI AUA0A3AbIH, 9P TYPJIi NalbI3AbIK KYpaMbl
6ap AJKMIII KOMNO3UTTIK »KAOBIHBI

2b-cypeTTeH aAuab6a3 kKocbuiFaH AXKMIII) koMno3unuysaablK KabblHAApbl Taza AXKMIID
»KaObIHAApbIMEH CaJIbICTBIPFaH/A TY3 KbIIIKbLIbIHA XUMUSJIbIK TO3IMAIMIKTIH »OFapbl-
JlaFaHbIH KepceTe/i. ToJATBIPFBIITHI KOCYy KbIIKbIJI MOJEKYyJaJapblHbIH eHyiHe KoJ Oep-
MEeHNTIH TOCKaybll KYpPbLIBIMBIH KYpPY apKblibl KaObIHHBIH, iCIHy JapeKeciH TeMeHJeTe/i.
Ananpa, TOATBIPFBIL KypPaMbIHBIH, KOFapblJlaybIMEH XUMUSAJIBIK TO3IMAIIIKTIH HallapJaybl
6aliKaJsiafibl, 6yJ MOJIMMEP MAaTPHULIACBIHBIH TYTACTbIFbIHbIH, OY3blIybIMeH 6aUaHbICTHI.

Juabasabiy, 10% peHreiinge »kabblH eH, »KaKcbl TO3IMATIKTI kepceTeni (iciHy gapexeci
0,00598 r), 6y TOJNTBHIPFBILITBIH, OipKeJIKi TapaJjiyblHa >XoHe TOCKAybll KacUeTTepiHiH
YKOFapbllayblHa OalsaHbICThl. [Jlna6asgblH, 20%-Fa JeliH >KofapbliayblMeH >XaObIHHBIH
XUMMUSJIBIK, TO3IMAIIr KoFapbl GOJIbIN KajaZbl, ajaijla MaTpULaJaFbl MoJieKyJaapasblk
GaiJlaHbICTAPAbIH, 6acTankbl Oy3blayblHA OaiaHbICThI iciHy aeHreui 0,01564 r jgelin
aptazbl. 30% koHe 40% KaHT Auaba3blHAA XUMUSJIBIK TO3IMAIIK KypT TeMeHaenai (iciny
neHreii covikecinuie 0,0329 r xxoHe 0,058 r Kypai/ibl). By kabblH KypblJIbIMbIH/A aKay/iap
TYAbIPATbIH, KEYEeKTIJIKTI apTThIpaTbIH 9He KbILWKbIJIJbIH TepeHipeK eHyiHe MYMKIHJIK
O6epeTiH TOJNTHIPFBIIITBIH APTHIK MeJillepiHe 6ail/IaHbICTHI.

[nab6a3 uvHepTTi OelopraHUKaJbIK MaTepuhasa 6osia OThIpbin, a3 MeJilepze (10-20%)
KbILIKbUJIZIbIH, €HYiH KWbIHAATaTblH (QU3UKaJbIK TOCKAybLI >Kacay apKbljibl >XaObIHHBIH,
XUMUANBIK, Te3iMainirin aptTeipagbl. XKorapel Mesepae (30-40%) awmabas mnosmMep
MaTpHULLAChIH 6y3a/ibl, 6YJI *KabbIHHbIH, iCiHYiHIH, KOFapblJayblHa XoHe KbIILKbIJIAbIH dCepiHe
TO3IMAIIIKTIH TOMeHAeyiHe aKeJle/|.

['padukTe ToMeH guaba3 bl xkadbbiHAap (10% xaHe 20%) 16 anTasnbIK CbIHAKTap/a TYPaKThI
iciHy KepceTKillTepiH caKTalTbIHbIH KepceTeji, Oy/ oJlapAblH Y3aK Mep3iMJi XUMUSIbIK
Te3iMAinirin kepceteai. Ocblnaiia, KypaMbiiaa 10-20% umerinae aua6aser 6ap AXKMIII
»KaObIHAapbl OpTalla arpecCUBTI OpTa »KaFAalbIHAA COTTI KOJIJAaHbLIYbl MYMKIiH.
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3.3 UK tanpay HoTHXKeJ1epi

3-cyperte UK-cnektpockonus aficimen AXKMIII HeriziHzeri KOMNO3ULUSIBIK, KaObIH-
JlapAbiH, 6eTiH 3epTTey HoTHXKeJsepi keartipinreH. UK cnekrtpsepinge 2915 cm?, 2844 cm!
ke3ingeri C-H TonTapbiHbIH AedopMauUsabIK TepoesicTepi »koHe 1560 cMm™ kesinaeri C-H
TOOBIHBIH, BaJIEHTTiK TepbesicTepi kepiHeAi [19]. CoHpal-aK, Kap60oHUAI GYHKLMOHAIbI
tonTap/abl 1248 cm'-ze 6aiikayra 6oJazbl, an 721 cM ! mbiHbl C=C Koc 6aiiJIaHbICBIH KOPCETEe],
YKOFapblJla KOpCeTIITeH >XOJIaKTap >KyMbIcTa KepceTinrenzei 6actankbl AXMIII cinipy
»KoJ1aKTapbiHa TaH [20].

—_— AMMNO3 — AMNINS XHMUANLIE SCEpOEH KERiH

—  AWMN3+10mactk 05 —— AKMIS+10mac. 6 XHMHANLIK 2cepaeH kel ii

2915 “ICHZ

CiHipy (caneicT. Bipnik)

797 732

T T
3500 3000 2500 2000 1500 1000

TONKbIHOLIK CaH, (CM_1)

3-cypeTt. Taza A’KMIIJ asibIHFaH x9He 10 malbI3AbIK AMa6a3 TOJThIPFBINIbI 6ap YArijIepAiH,
HK-cneKkTpJiepi: KbIIIKbIJ OpTaFa 9cep eTKeHre AediH )KoHe 0JaH KeiliH

1476 cm™ GesrineHreH ciHipy >xoJsiarbl AJKMII3 KypbLibIMbIH cunaTtTaTbiH C-C Gaia-
HbICTAPbIHBIH XKYThUIY IbIHbI 00JIBIN TaObLIabL 1248 cM™ fuana3oHbIH/A OpHATACKAH KYThLIYy
mbIHAapk [21] calikec C = O TonTapbIHbIH BaJIEHTTIK TepOeIicTEPiH KepceTe aia/ibl.

XUMUSAIBIK 6HJley/leH KehiH cnekTpge 1036 cM™ ciHipy »KoJsiaFbIHBIH, makjga 6oJybl C-0
TOObIHA (KapOOHMJ TOObI) TOH O6aWaHbICTApAbIH Maija 60JybIMeH OalJIaHbICThlL. byu
’KOJIAK, MaTepHasJblH 6eTKi KabaTbiHbIH (AXKMIIJ3) eHjgey mnporleciHfe KoJAaHbLIATbIH
peareHTTepMeH 63apa dpeKeTTecyi HOTHKeCiH/ e naiaa 6oJ1aabl, HoTHXKeciHAe C-0 6ail1aHbIChI
6ap GyHKIMOHA/ABI TONTap manaa 6osazbl. C-Cl 6aiiaHbIcTapbIiHA COMKeC KeJieTiH 797 cm™
HIbIHBbIHBIH, Nakaa 6osybl AXKMIID MeH x/10p 6ap opTa apacblHJaFbl peaKLUsSHbIH CalJapbl
60.s1ybl MYMKiH, o1 yJiriHi HCl epiTiHZiciMeH XUMUSAIBIK 6HJley CIEeKTp/leH KeliH nanaa 601a/bl.

AJKMIID yariziepi MeH OHBIH HeTi3iHAeri KOMIO3UTTEpPAiH aJjibiHFaH UK-cnekTpJsiepiHe
CoMKeC, XMMHUSIJIbIKaCepAeH KelliHarpeccuBTi OpTaa cClieKTpJiep/e aMaJsibl e3repicTep 60J1a bl
JleTeH KOpBbITBIH/ABI XKacayFa 6oJaabl. Anaiijia, yariiepAid Kypamjac 6eJikTepi apacblHAaFbl
Herisri 6aiJyaHbIC e3repicci3 Kajjbl, Oy Herisri WbIHAApPAbIH OPBbIH aybICThIPYbIHbIH
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6osiMayblHa GaisiaHbIcTbl. Bys AXKMIID >xoHe OHbIH, Heri3iHJeri KOMIO3UTTEP arpeccUBTi
OpTaHbIH dCepiHeH aluTapJ/IbIKTaM Aerpajanyara yliblpaMaraHblH KepceTe/i.

3.4 PeHTreHKYpPbUIBIMABIK TAaJ14ay HITHXKeJ1epi

4 cypetTe KypambiHJa 10 Mac.% 6ap Mab6a3 TOAThIPFbILIBI 6ap Taza AYKMIII »xeHe AYKMIID
KOMIIO3UT YJITUIEPiHIH KBIIIKbII OPTaMeH 9peKeTTeCKEHTe JieHiH XoHe OJJaH KeUiHIl peHTreH/iK
JAUdpaKuusAIbIK yarici KenTipisireH. PeHTreHorpaMmMazia eki KapKbpiHAbl peduekc (110) 260
=21,76° xane (200) 24,15° 6arikanaabl oaap AXKMIII KypblIbIMBIHBIH OPTOPOMOUSIJIBIK, TOPFa
ve [22] kpucTtangpl 6eJiirin cunattanbl. Kypzesi xuMusiblK KypaMblHa 6aliJIaHbICThI 1Uaba3
HIbIHJapbl TOMEH KapKbIHAbLIbIKKA He. [luabasablH eH KapKbiHAbI pedaekcTtepi (004), (420)
*koHe (111) colikecinie 12,49°, 25,11° )koHe 27,91° audpakius OyphllITapbiHAa 6aliKaaaibl.

XUMMUSIBIK 9CepieH KeliH yariiepAiH AudpaKuUsIbIK CbI3bIKTapbIHbIH, KaPKbIH/bIJIbIF b
6ipiamMa TeMeHeNTiHI 6aliKaiabl.

_,./AA&_‘,_@Q
i
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4-cypet. Taza AZJKMIID xoHe KypambiHga 10 mac. % 6ap Aua6as TOJATHIPFINIBI 6ap
AXKMIIJ xoMno3uTi yjariziepidig 6acTankbl KyiliHje »K9He KbIIIKbLI OpTaFa ylibIpaFaHHAH
KeHiHri peHTreHiK Taaaay

PenTrenogudpakusablK, AepeKkTepAi TaaAaylaH XUMUSJIbIK acepre AeuiHri (5-cypeTke
KapaHbI3), Taza AXKMII3 yariciHig, KpUCTanAbLIBIK Aapexeci 67% KypauTbIHbI aHBIKTAJ/Ibl,
an AXKMIID Herisingeri komnosut yuwid 10 mMac.% MesiuepiHZie Ara6a3 TOJTHIPFbIILbIH
KpUCTaNbLIBbIK Aopexeci 60% Kypahjbl. XUMUSIBIK acepAeH Kedin AXKMIII >xoHe OHbIH,
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HeTi3iH/Jeri KOMIO3UTTEH a/IblHFaH YJTIEpAiH, KPpUCTaNbl/IbIK MalbI3bl TOMEHAEU/ I KoHe
colikeciHie 52 xxaHe 49% Kypaiabl. Kpikpuigap AXKMIII 6eTinae MOHAAPAbIH, TYHABIPbLIYbIH
TYAbIPybl MYMKIiH, OyJ MaTepUablH KPUCTAJIJbLIBbIK [IpeXKeCiH TOMeHJEeTeTiH O6eTki
KaObIKllIa/lapAblH HeMece LIeTiHJAiep/iH Maija 60/yblHa 9Kesayi MyMKiH. [23,24] 6esriai
O60JIFaHAAM, paAualUsIbIK-XUMUSJIBIK dCepJsepAiH HOTHXKECiHe MOJIMMEpP/iH KPUCTAJIAbIK
Jlopexkeci auTapJibIKTakl TOMeH/leyi MYMKiH.

XUMUANBIK acepre aeniH XUMUANBIK 3CepAEH KeliH

70

Kpuctanapinbik, %
= N w ey u (o))
o o o o o o

o

HAKMMS mAMXNI+06

5-cypet. Kypambinga 10 mac. % aua6a3 ToJATBHIPFbILI 6ap Ta3a AOCIIK xkoHe
AOCIIK KOMIO3MT y/IrijiepiHiH 6acTanKbl KydiHAe »KoHe KbIIIKbIJI OpTaFra yilbIpaFaHHAH
KeHiHri KpucTaabl/IbIFb]

3.5 COM-Tanaay HoTHKeJIepi

AXKMIII xoHe KypambiHZa 10 Mac.% aua6a3 6ap KOMIO3UTTIK yJrijiepAiH 6acTamnkbl
KYHiH/Je *oHe arpecCcUBTI OpTaFa yulblpaFaHHaH KelliH MOp(OI0TUAJIBIK ahblpMallbIJIBIKTAp
C3M cypetTepidge kepceTisireH (6 a, b - cypet). Kepin oTbipFaHbIMbI3fial, KypaMmbl 10
Mac. % 60/1aTbIH KOMIO3ULMSAJBIK YJrizep yuiiH Auabas3a TOJTBIPFbIL GeJIIeKTePiHiH
arJioMepanuschiHbIH 6esrisepi koK, /lnaba3 6eswmexktepi AXKMII3 MaTpunacbinga 6ipkesiki
6eJ1iHe/ji, OHbIH, KYPbLJIbIMbIHA TOJIBIFBIMEH OipiKTIpi/JireH XKoHe yJrijiepe ceHiM/li ycTana/ibl.
Bys1 MopQo/1oTHANBIK epeKIlesiKTep XUMUSJIBIK, dcepJiepre Te3iM/li 6epik KYypbIJIbIMHBIH,
KaJIbIIITaCyblHA BIKIAJ e€TEeTIH TOJITBIPFBIL IeH NOoJUMep MaTpPHULAChl apacblHAAFbl ©3apa
9pEeKeTTEeCY/liH »KOFaphl JleHTeHiH KepceTe/i.

Jlnabasza GeJlieKTepi KapblKTap MeH akayJapblH Naija 60Jly OpTa/blFbl eMec eKeHiH
ecKkepy MaHbI3/ibl. 6 c,d - cypeTTepAe KOMIIO3UT KOMIIOHEHTTepi apacblHAAFbl KaKChI
a/ire3usiHbl KepceTe/i, OyJ arpecCUBTI opTaja YArijiep/iH 6epiKTiriH apTThipy/ia Lielyi peJi
aTKapajpbl.

Jlnabas ToaTbhipFhiiibl 6ap AXKMIII yarisiepiHiy, 6eTiH/Je arpecCUBTI opTa acep eTKEHHEH
KeliH mamasibl e3repicTep 6OalKasiazabl. [lonMMep MaTpULLACBIHBIH, Y3[iKCi3 KypblJIbIMbI
caKTaJsa/ibl, 6yJ1 OHbIH MOPOJIOTUSJIBIK TYPAKThIIBIFbIH pacTai/bl. KypblIbIMHBIH CAaKTalybIH
XUMUSAIBIK MHEPTTIJIIKIIEH KOHE arPeCcCUBTI areHTTepAiH AudPy3usicbiHA KeAepri KeaTipeTiH
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AXKMIII »koFapbl MOJIEKYJIA/BIK CaJIMaFbIMeH TYCiHAipyre 60/1a/1bl. ByJsl HOTHXKeJsiep 9/1e0HUeTTe
KeJITipiJireH MaJsiMeTTepre calikec Kesefi [25], onga AXKMIII-HiH XUMUSIBIK Aerpajanysara
JKOFaphbl TO3IM/IIIrT KepceTireH.

6-cypeT. COM - cypeTTepi: 6acTanksl Ky# yarigepisin, (a) AZKMIII xkoHe (b) AZKMIII 10mac.%
JANa6a3-TOJTHIPFBIIINEH »K9He KbIIIKbIJ OPTAaHbIH dcepiHeH KeiiHri (c) AJKMIII xoHe
(d) A’KMII3 10mac.% Ara6as3-ToAThIPFbII MOP(OJIOTUACHI

PeHTreHaik KypbuibIMABIK Tangay (XRD) »xoHe uHOpakbi3bl1 crnektpockonusa (MK)
HOTHXKeJlepi KbIIIKbII/bIK OPTaFa 9Cep eTKEHHEH KeliH KOMIO3UTTIH KPUCTaJIJbIK J9pexeci
MeH XUMMAJBIK KypbLJIbIMBIHAA MUHUMAaJbl e3repicTepZi KepceTTi. bys MaTepuasnbly,
MOJIEKYJIA/IBIK YWBbIMbIH/IA aWTapJ/bIKTall e3repicTepAiH >KOKTbIFbIH KepceTe/i, OyJl OHBIH
XUMMUSJIBIK TO3IM/IIrIH TaFbl 6ip peT KepceTen,.

TeIFbI3AbIFI KOFapbl nosinaTuaeH (HDPE) Hemece mosunponusien (PP) cusakTbl 6acka
NoJIMMepJiepre Heri3ZeJireH yKcac MaTepUasilapMeH CaJibICThipMasbl Tajzay AXMIID
y/risiepi To3yFfa Te3iM/Iiiri *koFaphl KoHe PeaKTUBTI/IIri TOMeH 60JIFAaHAbIKTAaH KbIIIKbIJIFA
Te3iMAiiri 60MbIHIIA OoJlap/laH achlll TyceTiHiH kepceTefi. Mbicasbl, noaunponuaeH (I111)
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KOMIIO3UTTEPiHe OaFbITTA/IFAH 3epTTeysep/ie KbIIKbLIAbIK OPTAaHbIH €Ki allTalbIK 9cepiHeH
KeliH MUKPOKpeKTep/liH naiaa 60J1ybl 2koHEe MEXaHUKaJIbIK OHIM/IJTIKTiH TOMeH/1eyi 6alKaJiAbl
[26,27].

CoHbIMEH KaTap, KOMIIO3UTTIH KacUeTTepiHe TOJITBIPFBILITHIH MeJILIEpPi MeH KOHLEHTpa-
LUSICBIHBIH, dCepiH aXbIpaTyFa 60sazbl. [28,29] corikec TOJNTBIPFbILI G6JIILEKTEPiHIH, MeJIIepiH
HaHOMETPJIIK Auana3oHFa JeUliH a3aluTy HeMece oJlapAblH KypaMblH 15%-Fa fieliiH apTThIpy
Y/ATiHIH TBHIFbI3/IbIFbl MEH 6GepiKTiriH apTThIpybl MYMKiH. AJlaiiia, TONTBIPFBIIITHIH apThIK
MeJiliepi arsioMepanusifa aKesefli, OyJl MaTepuas/iblH, OipKeJKiNiriH TemeHJeTeli >XoHe
»KapbIKTap naijja 601y bIKTUMaJI|bIFbIH apTThIPabl.

AXKMIII-HiH arpeccuBTI opTara »KOFapbl TO3IMAIIIr OHbl XMMUS, MyHaW-ra3, KeMe kacay
»KoHe 6acKa casiasiapja KoJlJJaHy YlIiH Tamallla TaH/Aay »Kacaiabl. /[uabasbsl 6ap KOMIO3UTTEP
3KCTpeMaJi/ibl KaFAanaap/ia XXyMbIC iCTeHTiH KOppO3UsiFa KapcChl )KabbIHAAP/IbI YKacayFa yaie
6epeni.

KOpBIThIHABI

Ochbliaiiia, 6ipKaTap 3KCIePUMEHTTIK 9icTep/iH KeMeriMeH KbIIKblI opTaHbiH, AXKMIII
MUKPOKYPBLIbIMbIHA *K9HE OHbIH, HeTi3iHJe Auaba3 TypiHAaeri MUHepasa bl TOJTbHIPFbIIINEH
KOMIIO3ULUAJBIK yJrijsiepre acepi 3eptrenai. Kypambinga 10 aua6asel 6ap taza AXKMIID
koHe AXKMIID koMMmo3uT yJrijiepi KbIIIKbIJI OpTaFa €H, »XaKCbl TO3IMJiJIKKe HMe eKeHJIri
aHbIKTanabl. Hotrmxkenep AXKMIID xxoHe OHBIH HeTi3iHJeri KOMIO3UTTEP arpecCUBTI OPTaHbIH
9CepiHeH bIJbIpaMalTbIHbIH KepceTe/i >KoHe 3epTTeJIeTiH MaTepuas[iblH KbIIIKbLIJApFa
TOMEH PeaKTHUBTIJIIriH KepceTei. Anaiifia, 1uabas/bliH, KoFapbliaybiMeH AYKMIID koMno3uT
KbILIKbL/IbIK OPTAaHbIH dcepiHe Te3imMiiri 6ipuiama TeMeHaenai. bysa komnosutteri AXKMIII
MaTpULAJbIK MaTepUAJIbIHbIH, YJIECIHIH TOMeH/ieyiHe OallJIaHbICTbI CUSKTHI.

CoHpali-aK, arpeccUBTI OpTaFa yuiblparaHHaH KeWiH Taza AJKMIII kpucrangblibirsl 67-a€H
52%-ra pewin, an 10% auab6a3 ToaTeipreibl 6ap AXKMIII komnosuTi yuwid 60-TaH 49%-fa
JleriH TeMeHAeUTiHI aHbIKTaaAbl. AJKMIID yurinepi MeH OHBIH Heri3iH/eri KOMIO3UTTEP/AIH
UK-cneKTpoCcKOnMAChl arpecCUBTI OPTaHbIH XUMHUSAJIBIK 9CepiHeH Heri3ri WbIHAAp/bIH, eJeyiii
e3repicTepiH HeMece BIFbICYJIapblH aHbIKTafaH KOK. bys AXKMIID xoHe OHBIH HerisiHzeri
KOMIIO3UTTEP XUMHUAJBIK OPTAHBIH 9CEPIHEH aWTapJIbIKTaW Jerpajanusfa ylulbipaMaFraHblH
KepceTe/li. Yri 6eTiHAe KepiHeTiH aKayJapAblH 60/Maybl COHbIMEH KaTap KOMIO3UIHSAJIBIK
MaTepHuasJiblH MUKPOKYPBLIbIMbI KbIIIKbIJI OpTaFa YIlbIpaFaH Ke3/le auTapJ/blKTal XUMUSJIbIK
Jlerpajialara HeMece KOpPpO3UsSFa YIIbIpaMaWTBhIHBIH KepceTeni. bi3fiH oUbIMBI3LIA, KOFaphl
opTtama Te3iMAiniKTiH apkacbiHaa AXKMIID »xoHe OHBIH, AuUabas/bl TOJTBHIPFBIII KOMIIO-
3UTTepiHJieri KYpbLIbIM/bIK 63repicTep 6acka moJuMepJiepre KaparaH/ia a3 Japexe/e OpblH
asia/ibl, OyJ1 OHbI arPEeCCUBTI OpTajia KOJIIaHyFa TapThIM/bI €Te/I.
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XuMH4YecKas CTONKOCTbh KOMIO3UTHBIX NOKPLITUI Ha ocHOBe CBMIIJ

AHHoOTanusA. B faHHON paboTe MCC/eL0BAaHO BJMSIHUE KUCIOU CpeZibl HA CTPYKTYPY KOMIIO3UTHBIX
NOKPBITHM Ha OCHOBE CBEPXBBICOKOMOJIEKY/ISIPHOTO MOJUITUIEHA, MOAUPUIIMPOBAHHOI0 MUHEPAJIb-
HbIM HaloOJIHUTEJEM B BUJe AWaba3za. YcTaHOBJIeHO, 4To BBeAeHue 10 mac.% guabasa B MaTpUIy
CBEPXBBICOKOMOJIEKY/IIPHOTO MOJIM3TU/IEHA 3HAYMTE/JbHO MOBbIIIAET YCTOMYUBOCTh KOMIIO3UTHOTO
NOKPBITHUS K KOPPO3UOHHOU Cpejie, YTO NOATBEPXAAETCS MUHHMAaJbHbIM YPOBHEM HabyXaHUs IO
CpaBHEHMUIO C YUCTBIM CBEPXBBICOKOMOJIEKYJISIPHBIM MOJU3THUIEHOM U KOMIIO3UTaMHU C 60Jiee BICOKUM
coJiep>kaHHueM HaIOoJIHUTEJIs.

CkaHupylouas 3JieKTPOHHAsT MHUKPOCKONHWS IOKa3ajla paBHOMEpHOe pacnpejeseHde Juabaza B
CTPYKTYype MOKPBbITHUS M OTCYTCTBUEe AedeKTOB, TaKHMX KaK arjioMepalusi U TpelluHbL. MeTomaMu
MHOpPaAKPaCHOM CIIEKTPOCKOINHU U PEHTIeHOCTPYKTYPHOI'0 aHa/IM3a YCTAaHOBJIEHO CHHUKEHHE CTENeHU
KPUCTA/VIMYHOCTH TMOKPBITUH T0J BO3/JEHWCTBHUEM KHCJOT, OJJHAKO 3HAYUTEJNbHbIX U3MEHEHUH B
UX XHUMHUYECKOUW CTPYKType He 3adUKCHPOBAHO, YTO MOJATBEPXK/JIAET YCTOMYHMBOCTH MaTEpPUAJIOB K
XUMUYEeCKOH Aerpajaluu.
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KomnosuTsl, cozepxawue 10 Mac.% juabasa, NPOAEMOHCTPUPOBaJMU HAUIYUIIYI0 XUMHUYECKYIO
CTOMKOCTb, UTO CBSI3aHO C GOPMUPOBAHUEM GAPbEPHOU CTPYKTYpHI, NPeNaTCTBywOed Audpdy3un
KUCI0T. [losydyeHHble pe3y/bTaThl NOATBEPXKAAIOT IEePCNEKTUBHOCTb MCNOJb30BaHUA CBepX-
BBICOKOMOJIEKYJIAPHOTO MOJIM3THUJIEHA C JMab6a30BbIM HAIMOJHUTENEM [/ CO3JaHUsl NOKPBITHUH,
YCTOMYUBBIX K arPECCUBHBIM Cpe/iaM.
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Chemical resistance of composite coatings based on UHMWPE

Abstract. This study investigates the effect of an acidic environment on the structure of composite
coatings based on ultrahigh molecular weight polyethylene modified with a mineral filler in the form of
diabase. It has been established that the introduction of 10 wt.% diabase into the ultrahigh molecular
weight polyethylene matrix significantly enhances the composite coating's resistance to a corrosive
environment, as evidenced by the minimal swelling level compared to pure ultrahigh molecular weight
polyethylene and composites with a higher filler content.

Scanning electron microscopy revealed a uniform distribution of diabase within the coating structure
and the absence of defects such as agglomeration and cracks. Infrared spectroscopy and X-ray diffraction
analysis demonstrated a decrease in the crystallinity of the coatings under acid exposure; however, no
significant changes in their chemical structure were detected, confirming the materials' resistance to
chemical degradation.

Composites containing 10 wt.% diabase demonstrated the best chemical resistance, which is attributed
to the formation of a barrier structure that prevents acid diffusion. The obtained results confirm the
feasibility of using ultrahigh molecular weight polyethylene with a diabase filler for the development of
coatings resistant to aggressive environments.

Keywords: UHMWPE, diabase, acidic environment, IR analysis, X-ray diffraction analysis
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7Koraprbl KbICBIM KaFJaibIHAAa MaTepUa1AapAbIH COPOLUAIBIK,
KaCUeTTepiH )KOoFapsl TeMIepaTrypaja Tajajaay ajicreMeci

K.K. Bekmbip3a', K.A. Kyrep6ekoB' ', A.M. Ka6bimieB' ', M.M. Ky6eHoBa' ",
A.A. BapaTtoBa'! -, H.K. Aiigap6ekoB*!

1Quzuka-mexHUKaAbIK FolablMdapbl uHcmumymol, JLH.I'ymuaes amuviHdaFsl Eypasusi yaimmuiK yHugepcumenmi,
Acmana 010008, Kazakcmat

*Xam aamacyra apHaarad asmop: nursultanaidarbeckov@yandex.kz

Anpgarna. MakasiaZia MaTepuaJap/blH KeH CIEKTPiHiH COPOLUSIBIK KACUET-
TepiH 3epTTey YUIiH KOFapbl TeMIlepaTypaJibl }KOFapbl KbICbIM/JbI KeJeMIiK
tangaynbl (HPVA apici) kongany aaictemeci kenrtipinren. HPVA agici aptyp-
JIi ra3fiapibly, (cyTeri, KeMipKbIIIKbII ra3bl, HEMece KeMipCcyTeK KocrnaJaphl)
a/icopOIHsAChl MeH JeCOPOIUACHIH KaJbINThI )XoHE 3KCTpeMaJsi/ibl XKaFjaaap-
bl KAMTHUTBIH 9PTYpJii TeMIlepaTypa MeH KbIChIM peXUuM/JepiHze 1aJ1 eJille-
yre MYMKiHAiK Oepe/ii, OyJ CyTeKTi caKkTay, KEMipKbILIKbII Fa3blH YCTAY KoHE
6H/ley, XUMHUAJIBIK, peaKLusaJdap/ibl KaTaJlU3/ey CUAKThI lepcreKTUBaJbI cajla-
JlapJia KOJJJaHbLJIaThbIH MaTepuaajapAbl 6afajnay yuiiH eTe MaHbI3gbl. HPVA
d/IiCIH KOJIIaHy COPOLUAJIBIK CBIMBIMABLIBIK TYpaJibl CAHABIK AepeKTep/i, COH-
Jlali-aK ras MoJieKyJiaJlapblHbIH MaTepUaiapAblH 6eTiMeH oHe illKi Keyek-
TepiMeH e3apa apeKeTTeCy KMHEeTHUKaChl TypaJibl HaKThl JiepeKTepre »*aKblH
»KaFJaljiapZa MaJliMeTTep anyFa MyMKiH/Zik 6epeai. Makanaga HPVA apicre-
MeCiHiH MaHbI3/[lbl Ke3eHJepi erKel-Terkeusi KapacTbIpblIajbl: Y/TCiJep/i
3KCIEPUMEHTTIK Tajjayfa JaWblHJAay MeH KOoca aJliblH-aJla ra3CbI3ZaHibIpy
»KoHe bLJIFaJI/Ibl KeTipy MpoLeci, 2kab/ibIKThI >KOFapbl TEMIIEPATypa MeH KbICbIM
»KaF/laliblH eCKepe OThIPbIN OarnTay KoHe KaJubpJiey, COHbIMEH KaTap KeyeKTi
KYPBbUIBIMHBIH, HETI3Ti MapaMeTpJiepiH aHbIKTayFa MYMKiH/iK 6epeTiH Jepek-
Tep/li eHJley aJroputm/iepi (Keyek KeJsieMi, osap/iblH, MeJIlIepiHiH, Tapasyhl,
COpOLUANBIK KabisneTi). AJIbIHFaH HOTH:KeJlep »KaHa »KoFapbl TUIMAI COpOEHT-
TepAi, KaTaJUu3aTopJapAbl )KoHe SHEpPrusl peCcypCTapblH CaKTayfa apHaJiFaH
HaHOKYPBIJIBIM/ bl MaTepUaAapAbl 93ipJey/ie NpakTUKAJIbIK MaHbI3/blJIbIKKA
ve 60J1a/ibl, 3KOJIOTHUSJIBIK Ta3a )XoHE YHEM/Ii TEXHOJIOTHUSIAP/bl KYPY MYMKIiH-
JIKTepiH oiaH 9pi KeHEeUTe/|.

TyHiHAi ce3aep: *KoFapbl KbICBIMAbI KOJIEM/IIK TaJ/lay, COPOLUSIBIK KaCUeT-
Tep, aAcopo1 M U30TepMasiaphl, ra3cbi3JaHAbIpy NPOLECI.
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KK. Bekmuip3a, K.A. Kymepb6ekos, A.M. Kabviwes, M.M. Ky6eHosa, A.A. Bapamosa, H.K. Atidap6ekog

Kipicne

['a3 oHe CyWbIK opTasiapAbl 66J1y MeH Ta3apTy/AblH 3aMaHayHd 3/jicTepi ajcopbuus MeH
abcopbLUaHBI KAMTUTBIH COpPOLUS MpoLecTepiH KeHiHeH KoJiAaHaAbl. Exi KyOblabicTa 6ip
¢dasaHbIH 6acka MoJieKyJiaJapbiH CiHipy KabisieTiHe Heri3/esreH, 6ipak oJiap aFbIH MeXaHHU3Mi
MeH COpOEeHT NeH copbaTThIH 63apa dpeKeTTeCy CUIlaThl 00MbIHIIA epeKlIeeHe/li. AfcopoLus
- pu3UKa/NbIK HeMece XHMHUSJIBIK 63apa 9peKeTTecy apKblibl ¢asasblK llekapa OesiriHae
- KaTThbl JieHeHiH HeMece CYWBbIKTBIKTbIH, OeTiHJe MoJieKy/ajap/blH, HeMece UOHJAAP/bIH,
YKUHAKTaJIy mpoleci. IFHU ra3fjapAbiH, aJcopOLUsChl KeYeKTi KaTThl 3aTTap MEH JUCIEpPCTi
YHTaKTapAblH KYPbIJIBIMbIH CUIIATTay YIUiH KeHiHEH KOJIAAHBLIAThIH 9/iC 60JbIN TaObLIaAbI.
An abcopOUUSAHBIH, aICOPOIMAIaH albIPMallbLIbIFb], )KYThIJIATBIH 32T MOJIEKYJaJapblHbIH
CYMBIKTBIK HeMece KATTbl MaTepuas 00JICbIH, (pasasiblK lLiekapa 6eJiriHiH iliKi kesjeMiHe
eHyiMeH cumaTTajaabl. Abcopbuus KesiHJe copbaT epiriiiTik neH auddy3us 3aHgapbiHa
calikec abcopOeHT KeJieMiHe TapaJaZbl, a1 KeHobip kaFAanaap/ia 01 XMMUSJIbIK peakusaaapra
TYCIII, TYPaKThl KOCBIJIBICTAP TY3€e/|.

KeyekTi KypblibIMAap/bl, MeTaJJIOPraHUKaJblK KaHKa KocblibicTapblH (MOF) »xkaHe
KeMipTeKTi aZcopbeHTTepAi Koca aslfaHja, rasfap/bl CaKTay >XoHe copOlusaaay VIUiH
KOJIIAHBLJIATBIH 3aMaHayd MaTepuasjap 3HepreTUKa, KOplUuaraH OpTaHbl KOpFay >KoHe
XUMUs ©HEPKICibiH/eri e3eKTi Macesiesiepi 1ielny/ie epeKile opbiH anaabl. CyTEKTi cakTay
TUIMAIITIH apTThIPYFa, KOMIPKBIIIKbLI ra3blH YCTAyFa XoHe KaTaJUTUKAJIBIK NpoLecTepAi
»KaKcapTyFa OaFbITTa/JiFaH TEXHOJIOTUSJIAP/bl JAMBITY TeMIlepaTypa MeH KbICbIM OOMWbIHIIA
e3repeTiH KaFjaiapAa aTa/faH MaTepUaaAap/blH, COPOLUSJIBIK CUMIaTTaMalapblH erKem-
TerKeMJli 3epTTeyre CypaHbICTbIH apTybIMeH KaTap »ypezi [1].

Myngaii MaTtepuanapAblH QYHKLUOHAI/JBIK dJeyeTi MeH NaljanaHy THUIMZAIIriH
O6afasiay YVIIiH HOTHXKeJep/iH >KOFapbl [A9JIJIri MeH KaWTallaHYblH KaMTaMachl3 eTeTiH
3KCIIePUMEHTTIK dJicTepAi KoJaHy KaxeT. bys aznicTep copOUUANBIK KacueTTep/i 0JiapAbl
NPaKTUKaJIbIK KOJIAAHY/[bIH HAaKThbl CLleHapuilJiepiHe MYMKIHJITiHIIEe »KaKblH Kafjanaapza
3epTTeyre O6afFbITTasybl Kepek [2]. Byn THICTI TeXHOJOTHUAJBIK NpoLecTepAe OHIMAiIIK
IIeH TYPAKTBUIBIKTBIH, »OFapbl KepCeTKilTepiHe KOJI »KeTKi3y VIUiH [epcrneKTUBaJbl
MaTepuasjap/bl aHbIKTAY KoHEe 0JIapAblH KaCUeTTepiH OHTaW/IaHABbIPY YIIiH KaXKeT.

MaTtepuangap/iblH COpOIHUANBIK KacHeTTepiH 3epTTeyAiH eH [A3J >KoHe KeHiHeH
KOJIJJ@aHBbLJIAThIH d/licTepiHiH 6ipi >koFapbl KbIcbIMABI KesieMik Tanaay (HPVA - High-Pressure
Volumetric Analysis). By aaic razgapably, afcopO6IUscbl MEH AeCOPOLMsCH MpolecTepiH
TeMIepaTypa MeH KbICBIMHbIH, KeH, AMana30HbIH/A 3epTTeyre MyMKiH/iK 6epe/i, 6y/1 HAKTbI
nanjajaHy opTajapblHA MYMKIHJITiIHIIE >XaKbIH »afjaWjapAbl MoJeJsibJeyre MYMKIiHJIK
6epeni [3, 4].

HPVA oapiciniy Herisri nmpuHuunTepi 3epTTeseTiH MaTepuha/IMeH aJAcOpOLMsAIaHAThIH
HeMece JecopOLUsiIaHaTbIH ra3 KeJIeEMiHiH U30TEpPMUSLJIBIK, KoHe N300apJibIK, eJileM/iepiHe
Heri3genreH. MyHaal eJsieM[iK HapaMeTpJsep Oy TacuiAi apTypJii MaTepuaaAap/blH,
a/iIcopOLMANBbIK CcANAaTTaMallapblH aHbIKTAayFa apHaJiFaH aMbebanm KypaJsiFa alHaJAblpajbl.
HPVA Ko/ajaHy cOpOUMSIBIK ChIMBIMABLIBIK, aJCOPOLMSHBbIH KHHETHUKAJIbIK aclekTinepi,
COHJlal-aK, rasjap/iblH OeTiMeH 9He MaTepUaJAap/blH ilIKi KypblAbIMAApbIMeH 63apa
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dpeKeTTeCy NPOLEeCTEPiIH CUNATTANTBIH TEPMOJUHAMUKAJIBIK [IapaMeTpJiep TypaJsibl KelleH/Ji
MaJIiMeTTep a/ly/ibl KaMTaMachl3 eTei. MyH/jail HoTHKeJiep cCOpOLMS MeXaHU3M/epiH TyCiHyAe
memymi peJ aTKapazbl XoHe MaTepuaJJapAblH KaCUeTTepiH apTypJi casanapza, COHBIH,
iliHge rasgapZbl CaKTay, KOMIpKbILIKbIJI Ta3blH YCTay, COHAAU-aK KaTaJUTHKAJIbIK KoHe
3KOJIOTUSJIBIK, MPOLECTEpP/Ee THUIM/I KOJIJJaHy YILIIH OHTaWMJaHAbIPYAbIH MYMKIH KOJIAAapbIH
aHbIKTayFa MYMKIiH/iK 6epepi.

HPVA opici coHbIMeH KaTap MaTepUaJ[apAblH KeyeKTi KYpbLJIbIMbIH €rKeh-Terxeusi
3epTTeyre KeH MyMKiHJiKkTep 6epefi. O KeyeKTep/iH »aJllbl KeJeMi, KeyeKTep/iH MeJilepi
60MBbIHILIA Tapalybl }KoHe aJlllbl COPOL U KabileTi CUSAKTbI Heri3ri napamMeTpJiep/i aHbIKTayFa
MYMKiH/JiK 6epefi. Bys1 cunaTTaMasap MaTepuaJ//iblH 9/1eyeTTi KOJIAaHy cajajapblH barajay
YIIiH eTe MaHbI3/bl, COHbIH, illiHAe ra3fap/bl CaKTay, OJIApAbIH CEJEeKTHUBTI aJ[COPOLUCHI
HeMece KaTaJM3aTopJap YILUiH TacbIMalJaylibl peTiHzAe NanujalaHy.

HPVA apiciMeH »ypri3ijireH 3epTTeysiep MaTepUaIJapAblH COPOLUSIbIK KacUeTTepiH
cumaTTan KaHa KOMMaM, OoJlapAblH, KYpPbUIBIMJBIK epeKllesiKTepiH TYCIHyJAI TepeHAeTyre
MYMKIHJiK 6epeTiH KyH/bl iepeKTepAi YCbIHA/bl. ByJ1 KypbhLIBIM/ABIK aclleKTijiep 63 Ke3eriHje
9PTYPJli TEXHOJIOTHSJIBIK, MpOLieCTEpPAEri MaTepua/liblH, OHIMAJIIriHEe auTapJbIKTah acep
eteni. Ocbuiaiimia, HPVA apici MaTepuangapzblH QyHKLMOHAJI/bIK, CUIATTaMaJjapbliH
OHTaWJIaH/JbIPY/blH, COHJAW-aK 3aMaHayud OHEPKICINTIK >KoHe FbLIbIMU MIHAETTEPAIH
TaJlalTapblHA COMKeC KeJIeTiH »KaHa IlelliMaepAi o3ipJseyiH MaHbI3[lbl Kypasibl OOJIBII
Tabbl1a/bl. COHbBIMEH KaTap COpOLUSJIBIK MaTepyalJapAbl KellleH/i cunaTTay YIliH TeMeH
KbICBIM/Ibl MAaHOMETPUSAIbIK aHanusatopJsap (BET apici), rpaBUMeTpUs/IbIK aHaJIU3aTOpJIap
(Dynamic Vapor Sorption analyzer) »koHe kasopuMeTpusiablK KoHZAbIpFbuiap (Differential
Scanning Calorimetry) cusiKTbl 6a/1amMa diicTep Jie KOJIAaHbLIaAbI.

Micromeritics ASAP CUSKTBI TOMeH KbICBIMIbl MAaHOMETPHUSAJBIK aHaJu3aTopJlap ras
ajficopbuysachkl M30TepMaJjiapblHA Heri3fieJireH MaTepuaJlapAblH MeHIIIKTi 6eTi MeH
KEeYeKTUIiriH aHbIKTay YIUiH KeHiHeH KoJiaHbliajbl. HPVA MaTepuanpap/iblH cOpOLUSIBIK
cumaTTaMajapblH, KeH ayKbIM/Ibl KbICbIMJA 3epTTeyre MYMKiHZAiK Oepeni, an BET
aHaJIM3aTopJiapbl HETi3iHeH a/IcOpOeHTTEeP/iH MEHUIIKTI 6€Ti MEH MUKPOKEYEKTi KypblJIbIMbIH
erKer-TerKeui Taaaay yuliH KoJ1JaHblIabl.

JlMHaMUKa/NbIK THUITEri TPaBUMETPUAJNBIK aHa/IW3aTopJap rasziblH, KbICbIMbIHA
HeMece bUIFa/AblIbIFbIHA O6alJIaHbICThI YJTiHIH MaccacblHbIH 63repyiH eJweifi. bys agic
Y/Iri MaccacblHbIH 11aMaJlibl ©3repicTepiHe >XOfapbl ce3iMTa/lJbIKKa He, COHJBIKTaH OyJI
KYPbLIFbLIAP bUIFANAAHABIPY, Oy COPOLIMSCHI )XoHE OpPraHUKaJbIK KOCHLIbICTAFbl 3aTTAP/AbI
3epTTeyre KoJauJbl.

KasopumeTpusbIK d9JiicTep COPOLMAHDIH, KbLIy 9CEPiH eJilieyre MyMKiHZik 6epeai. HPVA
COpOLHMAHBIH, CaHABIK NapaMeTpJiepiH aHbIKTaWAbl, ajl KaJOPUMETPHUS aLCOPOLUA >KbLIYbI
TypaJibl MaJliMeTTep 6epy apKblibl 3epTTEY/li TOJBIKThIPAbI.

Bys Makanaza yariniepZii JalblHAAYAbIH HETIi3Ti Ke3eHAepiH, eJiliey KYPTi3yAi, *kabAbIKTbI
Ka/aubpJieyai, COHAAW-aK aJblHFaH 3KCIIEPUMEHTTIK JepeKTepli eHJey MeH TYCIHAipyAi
KaMTUTbIH HPVA KosiiaHy ajicTeMeciHiH TOJIBIK cullaTTaMmachl GepiireH. MaTepuanjapabl
a/IibIH-a/1a Al bIHAAY/IaH 6acTal HOTHXKeJIep/ii erkel-TermKe Wi TanfayFa AediHri agicteMenik
TACIJAIH 6apJ/bIK acneKTijiepiHe epeklle Ha3ap ayAapbliajbl. bys KeyeKTi KypblabIMAapZbl
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YKOHEe 0JIap/blH COPOLMAJIBIK CUIlaTTaMaapblH 3epTTey yiuiH HPVA aziciHiH MyMKiHAiKTEpiH
»KaH-KaKThl OaFasiayFa MYMKiHAiK 6epeni [5].

KapacThIpbLIbII OTBIPFAH 9iCTeMe 3epTTeyIlijiepre MaTeprUanJapAblH KYPblIbIMAbIK )KoHe
bYHKIIMOHANABIK KaCUeTTePiH TepeH KoHe 00'beKTUBTI 6aFasiay YUIiH KaOXKeTTi KypaaJapAbl
ycoiHaAbl [6]. HoTukesep copOUUANBIK 6HIMJIIIT KaKcapThIJIFaH >KaHA >KOFapbl THIMAI
MaTepHua/iapAbl 93ipJiey ylUIiH MaHbI3/1bl MOHTE He, OYJI acipece 6HEPKACINTiK KoJ1JaHbanapra
KaTbICThl. ATan alTKaH/a, ra3/ibl CaKTay, CEJIEKTUBTI a/cOpOLMs MpolecTepi xKoHe TOTEeHIIe
»KaFJalaap/a »KyMbIC icTey CUSKTBI cajlajiap »K0Fapbl COPOLUSIBIK, CBIABIMABLIBIKTBI ChIPTKbI
acepJsiepre Te3iMAijiKneH OipiKTipeTiH MaTepualJapAbl KaxeT eTeji. O/licTeMeHiH, erkei-
Terxeusl TajJaybl 2KoHe YCbIHBIJIFaH Taciigep Ka3ipri 3eprreynepae HPVA Kosigany aseyeTiHn
KEeHEMNTY apKbl/Ibl OCbl MaceJiesiepAi Leulyre bIKNaa eTe/i.

2. HPVA xyMbIC icTey npuHI M

2.1. ) Ka6AbIKTBIH, CHIIaTTaMacChl.

Korapsl TemnepaTypasibl }KOFapbl KbICBIM/bI KOJIEMIK aHA/IM3aTOP, CTaTUKAJIbIK KeJIeM/JiK
aaic Herizinge cyteri (H2), metan (CH4) xaHe keMipKbIlKpL1 ra3bl (CO2) cUAKTBI ra3fapabl
KOJIJJaHa OTBIPBIII, 3KOFapbl KbICBIM/IbI a/ICOPOLIMS M30TepMaJiapblH ajyFfa apHajfaH. by azic
3epTTey KaMepacblHAa OPHAJIACThIPbIJIFAH 3€PTTEJIETiH yJrire 6e/irisiras kesiemid (afcop6TUB)
MeJlllepJienl eHri3yre Heri3genreH. AfcopOuusiiaHaTblH ra3 OeH 3epTTesieTiH yJri 6eTi
apacbIHAAFbl Tele-TeHJiKKe >KeTKEHHEH KeWiH COHFbI Tele-TeHAiK KbIChbIMbI »Ka3blia/bl. Ocbl
MaJliMeTTep HeTi3iH/e yJ/irire aJicopb1UsiJIaHFaH ra3/iblH MeJllepi ecenTtesie/i.

[Ipouieiypa asiiblH ajia 6eJiriieHreH MakCMMaJiibl MOHTEe KeTKeHTe JieliH 6epiireH KbICbIM
apaJblKTapblHAA KaWTasaHa/Jbl. AJCcOpOLvsaHFaH Tra3/blH KeJieMiH XoHe ColKec Tele-
TeHJIK KbICBIMBIH Oi/iZjipeTiH aJbIHFaH Tele-TeHJIK HYKTeJiepi ajcop6Lus M30TepMachliH
KYPY YILUiH KOJIZaHbLIa/ibl.

Kofapel eHIMAIIK NeH eJilley A3JINH KaMTaMachl3 eTy YIUiH ra3zbl MeJillepJiey KoHe
Y/Iri KaMepachlHAAFbl KbICBIMbI OaKbliaay VIIiH KeKe JaTYUKTep KoJiJaHbliajbl. MyHan
TEeXHUKaJ/IbIK IIelliM JepeKTepAiH »Xofapbl CeHIMJAIIriHe >X9He u30TepMasiapAbl Kypy
JlaJ1JliriHe KOJI )KeTKi3yre MyMKIiH/iK 6epei.

HPVA cepusceiHa exki Heri3ri mogenp kipeai: HPVA-100 »xone HPVA-200. Bipinwi mozens,
HPVA-100, makcuMasnbl KbicbiMbl 100 6apfa JieliH XXyMbIC icTeyre apHaJ/ifaH, 6yJs 6ipkaTap
CTaH/JApPTThl aJCOPOLIMS K9HE ra3/ibl CaKTay 3epTTeyJepiHe kapaMmbl. Exinuii Mogenb 200
6apfa JefiHri KbICbIM/Ia KYMBIC icTel/i, OyJ1 y/AbTpa »KOFapbl KbIChIM KaFJalbIH/A >KYMbIC
icTeyre apHasifaH MaTepuajap/ibl TajjayFa MyMKiHAik 6epegi. Eki aHanusatop na 6esek
rascbI3IaH/ibIpy NOPTBHIMEH XKabAbIKTaJIFaH, OyJI eJilley aJblH/a YTieri KaablK blIFaja MeH
yllia KOMIOHEHTTEPAI MYKUAT TasaJial, WbIFapblll TacTayFa MYMKIHJIK 6epeJi, ocbliaia
HOTHXKeJIepZiH *XOFaphl A3JIAIr MeH KauTaJlaHyblH KaMTaMachl3 eTe/i.

HPVA aHanu3aTopbiHJA CbhIHAaKTapAbl OacTamMac OYpbIH VJrifieri bUIFaiAbl TasaJjayfa
MYMKIiH/ZiK 6epeTiH 66JieK ra3cbi3laH/bIpy MOPThIHA OpHaIACTbIpblIaAbl. KipikTipinreH nemn
TeMmnepaTypaHbl 500°C aeiiH cakTal aynafpbl, XKblJIYAbI A3J 6acKapy MyMKiH/iriHe ue. [lemTiy,
6afaapJsiaMaliaHaThIH XKYMbBIC PEXKUMIi TepMUSJIBIK 6HJey NPOLEeCiH y/rijiepi AalblHAAY/bIH,
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HaKThl TaJlanTapblHAa OeMiMaeyre MyMKiHAIK OepeTiH caTbLIbl KbI3JbIPY (ramp) >xoHe
6eJiriJieHreH TeMnepaTtypaja ycray (soak) pyHKUUsAIapbIH KAMTU/BI.

L ?

[A)
HIGH PRESSURE X
TRANSDUCER
LOW PRESSURE )
TRANSDUCER T
DEGAS
FURNACE
THERMOSTAT
BATH

a) 6)

1 - cypeT. a) HPVA KOHABIPFBICBIHBIH, CbI36achl; 6) HPVA aHa/1M3aTOPBIHBIH, KaJ/INbl KepiHici

KosizaHyIBIHBIH KayilCi3/irin KaMmTaMachl3 eTy MakcaTbiHAa HPVA ananuszaTopsl xkyrene
ra3 MeJillepiHiH IIEKTeH ThIC KebOelin KeTKeH arganaa H2Z peHreitiHiH »kofapblLiayblH
aHbIKTayFa apHaJ/IFaH CyTeri ceHcopbIMeH abJblKTajfaH. CeHCOp iCKe KOCbLIFaH Ke3je
KOPFaHBIC ’KyHeci KypbUIFbIHBI KayillCi3 pexxuMre Kos/bl, KyaTTbl aBTOMATThI Typ/e eulipesi
»KoHe 6apJIbIK KJanaHJap *abbliaabl. MyH/1al Ken AeHTeli KOpFaHbIC XKyHeci Tayekeaaepai
asalTapbl )KoHe XKabAbIKThI KAYiIlCi3 nanAaiaHyibl KAMTaMachl3 eTe/.

HPVA aHa/nu3aTOpbIHBIH CTaHAAPTTbl TYpZeri KOHQUrypauusicblHa BaKyyMJbIK
MaHOMETPIiJIi COpFbI, TYPaKThl TEMIEpPATypaZa yCTaJaTblH ra3 KoJuieKTopsl (agette 40 °C),
eKi KbIChIM JaTuuri, yari kamepacsl, PID - perTerimi 6ap rascei3janiblpy nelli, COHAal-aK
TEPMOCTAaTTaJIFaH BaHHaFa KOChLJIATbIH TEPMUSJIBIK KOHTeHHep Kipefi (1-cypeT). CoHbIMeH
KaTap, KYpblIFbl )KUBIHTbIFbIHA AHadparMasblK THEKTI KJaanaHAapbIMeH a6/ bIKTaJFaH TOT
6acnalTbhIH 60J1aTTaH YKacaJiFaH 3epTTeJIeTiH yJ/rire apHa/iFaH eKi UJUHAPJI YCTaFbII Kipei.

HPVA aHa/n3aTOpBIHBIH, KYHeIiK CXeMaCbIHbIH, Heri3ri KOMIIOHEHTTepi KapananbIM KoHe
KYPBbUIFbIHBIH, OaFaapJsiaMasiblK UHTepdeiciHge KoJ keTimai. Oy KaxkeT 6oJiFaH »Karaanza
KJanaHJapAbl KOJIMeH OacKapy VIIiH MaijalaHbllybl MYMKiH, OyJ 3KCIEpUMEHTTEpP
6apbIChIH/A KOCbIMIIIA UKEM/IiJIIK N1eH 6aKblaay/ibl KAMTaMachI3 eTe/i.
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Backapy 3/1eMeHTTepi )koHe KOCKbIIITap

=
=

2 - cypet. TemnepaTypaHbl 6acKapyFa apHa/jJiFaH uHTepgeiic

Ilewmiy memnepamypacul: 6ackapy yxaHe kepcemy. [lelrTiy, imiHzeri aFbIMAaFbl TeMIepa-
TypaHbl llesibcuii mikasacbl 60MbIHIIA KepceTei. bepinreH TeMnepaTypaHblH MaHIH apTThIPY
HeMece a3alTy apKblJbl [19J1 peTTey MYMKIHZAIT KapacTbIpbLIFaH.

Yarini Tangayra TasceisgaHABIpY
apHAJIFaH NOPT nopThHI
TemnepaTypaabik
0AKBLIAHATBIH
BLIBIC Hew

3 - cyper. YJirire apHa/ifaH Kamepa

TemnepaTypaHnbl 6akKbliay >xydeci 6ap blbIC (COCy[]) 3KCIEPUMEHT OapbICbIHAA YJTIiHIH
TYpPaKTbl TeMIlepaTypacblH yCTall TypyFa apHaJifaH, OyJl >XKarJalJapblH TYPaKTbIIbIFbIH
KaMTaMachI3 eTe/li >koHe [19J1, KalTaJlaHaThIH HOTHXKeJiepre KoJI )KeTKi3yre MyMKiH/ik 6epeji.
Bys1 TemnepaTypaHbl 6aKbliay >KyHeci dKCIIepMMeHTTe MaHbI3/bl peJsl aTKapa/bl, 6WTKeHi
OJ1 YJTriHI JypbIC TeMmepaTypa JUana3oHbIHJA YCTaW[Abl, ra3/blH aJCcopOLuscbl HeMece
JlecopOLMACh]l bapbICbIHA 9CeP €Tyl MYMKIH ChIPTKbI TepbesticTep/i a3alnTazbl.

Tasgay mopThl 3KCIEPUMEHT KYPri3y YIUiH Heri3ri apHa peTiHze KbI3MeT eTe/i, 0J1 apKbIJbl
yJirire ras »KeTKisizieni >koHe ajcopOLus HeMece Jecopbuus AepeKTepi »kasbliajbl. by
apHalbl 6alJIaHBICTBIPFBILL ra3 6epy MpoLeciH 6acKapyFa MYMKiH/iK 6epe/ii >koHe a/lcOpOeHT
IeH ajcopbaT apachlHJAarbl TYPaKThl ©3apa apeKeTTecyAl KaMTaMachbl3 eTeAi, 6ys apTypi
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KbICBIM/Iap M€eH TeMIlepaTypasap/a *KYThblJIFaH HeMece WbIFapblIFaH ra3 KeJieMiH J9J1 eJiliey
YLLIiH MaHbI3/bl.

[a3chi3fgaHiblpy MOPTHI YJCiIHI Tajjayfa ajAblH ajla JadlblHAAyFa apHaJfaH MopT.
JKCIIepUMEHTTI OpbIHAAY aJJbIHJA Y/l OCbl MOPT apKbLIbl Ta3apTy MpPOLECiHEH eTenj,
OyJl 3KCIIEpUMEHT HOTUKeJIepiHiH JaJ/iriHe acep eTyi MYMKiH Ka/l/IblK bLJIFajJ MeH yIla
KochnaJjiapZpbl TasajlayFa MyMKiHJiK 6epepni. JlalbIHABIKTBIH OYJ Ke3eHi YJTiHiH Ta3aJsblfblH
»KoHe TaJijay Ke3iH/e aJIbIHFAaH MaJliMeTTepAiH AYPBICTLIFbIH KAMTAMacChI3 €Ty YILIiH KaXKeT.

Kipikripisiren mnew vyiariHi Tanzayfa JaWblHAQy Ke3iHJe KaXeTTi TeMIepaTypaHbl
cakTaupl. Bys y/aridi KaxeTTi fleHreire gediH KbI3bIpyFa *KkoHe OHbI JAUbIHABIKTbIH 6apJIbIK,
Ke3eHiHJe TYpaKThl Kyl/le ycTayFa MyMKiH/ik 6epeni. bys Temneparypa pexxumi yirini Tasza
»KOHEe IKCIIePUMEHT MapaMeTpJiepiHe bIHFAMJIbI eTil, YITiHI afgcopb1yMs MpoleciH/ie oaH api
eJilleyre MYMKIH/ITIHILIE KOJIAlJIbl eTe/i.

& HPVA System - S/N: DEMO o | & =

Calibration |
GBremvws Tomm |
| Manual Control |

HPVA System Software
Cv:mfn;ul-a}t"fg:]l Xg g i |Change Data Dmu"y‘

Calibration v4.0.1
Adsorption v4.0.1 | Configure Hardware ‘
Copyright (c) 2011

Particulate Systems | ue'p ‘
All Rights Reserved | Exit ‘

4 - cypeTt. HPVA 6araap/iamacbIiHbIH, HHTep@eiiciH BUsyaamusanusjiay

Herisri masip HPVA »xyleciHiH 6aFnapiaMasblK KacaKTaMacblHbIH, 6apJiblK, HEri3ri MyMKiH-
JliIKTepiHe KOJI »KeTKi3yre MyMKiHZiK Oepepni, 6ys maljajaHyllblFa Tajljay napaMeTpJiepiH
peTTeyzAeH 6acTamn JepeKkTepAi 6aKbliayFa KoHe eHJeyre JeHliHri aKcnepUMeHTTIH 6apJbIK
Ke3eHJlepiH Oackapyra MYMKiHAik Oepeni. bys Ma3ip apkblLibl KaxKeTTi Kypaajap MeH
pexxumjiepre, COHbIH, illiHJe TeMIlepaTypaHbl 0acKapyfa, KbICBIMJbl peTTeyre, YJTiHi
rascbI3laH/bIpy¥Fa XaHe acopo1 s MeH AecopOLUsl U30TEPMalapblH KypyFa *KoHe TalayFa
apHajfaH QyHKLUMsIIapFa OHaW eTyre 6oJsazbl. Herisri MasipaiH UHTYUTUBTI uHTepdelci
3KCIepUMEHT NPOLECIH XKeHiJAeTe i »KoHe KyWeHiH 6apJiblK MYMKiH/[iIKTepiHe bIHFaWU/Ibl KOJI
KeTiMALTIKTI KaMTaMachki3 eTeni, 6ys1 HPVA ToxipubeciH MyMKiH/iriHIIe THIM/I XKoHe A9J1
eTeji.

Kanub6psey (Calibration) - ky¥eHiH KOJIJIEKTOPbIHBIH KOJIEMiH peTTeyre }KoHe KaJuopJieyre
apHasiraH QyHKIUA. Bys MyMKiHZiKKe TeK pYKcaT eTi/ireH TeEXHUKAJbIK KOoJ4ay MaMaH/apbl
KOJI »KeTKi3e asia/ibl, 6yJI )Kyiie napaMeTpJiepiHiH Kayincisziri MeH aasairine keninjik 6epeai.

Ancopbuus (Adsorption) - TeMnepaTypa MeH KbICbIM CUSIKTbI 9KCIIEPUMEHT IapaMeTpJiepiH
OpHaTyfa >X9He 3KCIIEPUMEHTTI TikeseW »Kypridyre MyMKiHZiK GepeTiH MojAysb. MyHza
omnepaTop HaKThI a/lcOpOLMs AepeKTEPIH aly YIIiH KaXKeTTi LapTTap/bl eHri3e ana/bl.
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KosimeH 6ackapy (Manual Control) - skpaH/ja acrian cxeMacblH KOPCETE OThIPbII, BU3yaJIIbl
MHTepdelc apKblLIbl XKYyHeHi KoJIMeH OacKapyfFa MYMKiHAik Oepezi. Bysn pexum xeke
onepanusiJiap/bl )Kypridyre HeMece *YHeHi JUarHoCTUKaJayFa bIHFAUJIbI.

JepexTep kaTasorbid e3repTy (Change Data Directory) - skcnepuUMeHT JepeKTepi caKTa-
JIAThIH KaTaJIOT'Thl TAHJAyFa HeMece e3repTyre MyMKiH/iK 6epeTiH ¢pyHKLUs. OJ1 onepaTop/ibIH
TaJlalTapblHA COUKeEC epeKTePAi YUbIMAACTBIPYFa XKoHE KYPblIbIMJAyFa KOMeKTece/.

KababikTh! Kyiire kenTipy (Configure Hardware) — aHa/iM3aTOp/blH )XyMbICbIHA dCep eTeTiH
napaMeTpJiepAi peTTeyre apHajfaH Kypaa. OJ1 apKblibl KYPBIJIFbIHBIH KYMbBICbIH HaKThI
Ka)KeTTiJIIKTepre HeMece 3KCIEPUMEHTTIH epeKllesikTepiHe 6elimM/ey ylliH KyHeHiH Heri3ri
napaMeTpJiepiH e3repTyre 60Jajbl.

Anbikrama (Help) - HPVA xyiieci yiuiH erxeii-Tereisi onepaTop HyCKayJIbIFbIHA KOJI KET-
Ki3yZi KkaMTamaceI3 eTeZi. OnepaTop KypbIJIFbIHBIH KYMbICHI MeH KOHQUTYPALUSACHI Typasibl
KaXXeTTi aKmapaTThl KbLIZiaM i3/ley YilIiH 6eTOesrijiep MeH Ma3MyH KeCTeCiH maijaJjiaHa
asiajibl.

Ieiry (Exit) - HPVA 6afmapsiaMasiblK »KacaKTaMacblH asiKTau/ibl KoHe Oaf[apJ/iaMaHbI
»kabajbl.

3. JKcnepuMMeHTKe YJITiHI JaWbIHAQY NpoLeAypachl

JKCIIepUMeHT KYpri3y yLiH YJriHI JaublHAAQY 3KCIIEPUMEHTTIK JepeKTep/iH bIKTHUMaJl
OypMaJsiaHybIH OOJIZibIpMay YIIiH KaXKeT Ta3a oHe KYpFaK LUJIUHJPJI YCTAFbIIITHI AYPbIC
KeJsieMJie TaHJAayZaH 6acTanaabl. MaHbI3/1bl Ke3€H-aHaJIMTUKAJIbIK Tapa3bliapAbl AaUbIHAAY,
oJ1apZbl KaJubpJiey koHe HeJIiK MaH/e TypaKTaH/AbIpY, OyJ KeWiHTi eJilieysepAiH KOFaphbl
J9JILIIriH KaMTaMacbI3 eTesi. CofaH KeliH 3KCIepMMeHT OapbIChbIHAA OaKbliay MaHi peTiHze
nai/jasaHblIaThIH 60C UJIUH/PJII YCTAaFbILITHIH MacCachl aHbIKTAIa/Ibl.

boc nuIMHAPAIH MaccacblH aHbIKTaJIFAaHHAH KEWiH Tapa3blJaH aJIbIHbIN TAaCTaJazbl KoHe
Y/ITiHIH KOFaJyblH OOJI/IbIDMANTBIH K9HE YCTAFBIUIThIH OipKeJsiKi TOJTBHIPbLIYbIHA bIKMIAJ
eTeTiH LIYHKbIP OpPHAThLIAa/bl. YJITiHI IIYHKbIPFa aKblpbIHAAN cebesien Kocagbl (5 —cypeT (a)),
O6yJs1 60C OpbIHAAP/bIH NaiJja 60JybIH 60JABIPMANbI )XKoHEe MaTepUa/blH UIUHAD iiHae
6ipkeJiKi Tapa/lyblH KAMTaMachI3 eTeji.

CopaH KeMiH eJileyiH >KOfapbl [O2JJIMH KaMTaMacbl3 €Ty YIIIH Tapa3blHbl KaWTa
6afaHasiay npoueci xyprisisiezi. OcblAaH KeliH GUIMHAPAIH Maccachkl yJAriMeH Koca eJllleHir,
6ekiTiseni. Y/Ari TOATBIPBUIFAH LWJAMHAPAIH Maccacbl MeH 60C LUJUHAPAIH Maccackl
apachlHAaFbl aMblpMallbl/IbIK aHbIKTalabl. AJIbIHFAaH M3H 3KCIIEPUMEHTTIK NapaMeTpJiepai
KoHUrypanusay Kelinze KoaJaHblaa/bl.

m,—-m =m (1)

MYHJIaFbl m_, - YJTi UMJIMHAPIHIH Maccacel (sample+holder); m, - yaricis UUIMHAPAIH
Maccacsl (holder); m_- yiriHiH maccacel (sample).

Bys1 npoueaypasiap peTTIIrH KaTaH, caKTay eJilley HOTHXKeJIepiHiH »KoFfaphbl A3JIAIrT MeH
KalTaJlaHyblH KAMTaMachI3 eTe OThIPHIII, bIKTHMaJl KaTeJiKTepAi a3aluTyFa MyMKIiH/iK 6epefi.
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3epTTey TaxipubeciHiH HOTHXKeCiHJe asibIHFaH JepeKTep/iH AYpbICThIFbIHA Keminzik 6epe
OTBIPBIN, MaTepUaIAapAblH aJCOpOLUSIBIK KACUETTEPIH TalAayFa CeHIM/ kaFAal Kacai/ibl.

Ta3cvi3daHdbipy npoyeci.

BipiHwi ke3eHperi Herisri KaZjam yJri ycTafbllll LUJUHAPAI KypacThlpyJaH GacTasajbl.
Os1 ywin ¢uabTpJi cakuHa (gasket) uunnHipre opHatbLiazbl (5 -cypetT (9)), cofaH KeHiH
YCTaFBILITHIH }KOFap¥Fbl 66Jiiri nuauHapre 6ekitizeai (5 -cypet (6)). bBailsiaHbICTBIpyLIBI FaliKa
b6acTankpbl 6eKiTisireHre Aeid KoJiMeH Oypasiafibl.

JKCrepuMeHTTepre apHaJfaH QUJIbTPJi CAKWUHAHbIH €Ki Typi 6ap: Cy3riMeH >koHe Cy3ricis.
Cysrizii TBIFBI3JAFbILITAP YCAK YHTAKTAapPMEH KYMBIC iCTey YIIiH YChIHbLIA/lbl, ©UTKEHI 0JIap
OeJIIeKTep/liH, Y/ITi/leH WbIFbII KeTYiHe XK0J1 6epMeni xoHe Aa1ipek HoTHxe 6epefi. Cy3ricis
TBIFbI3JAFbILITAP MaTepUaaAapAblH 6acKka TypJiepiH Tajjay YILUiH XeTKiJIIKTI TaHjay 60J1blI
Tabbly1a/ibl, MYH/A CY3TiHiH 60JIMaybl lepeKTePAiH AYPBhICThIFbIHA 9CEP eTNIEN .

Bal/1aHbICTBIPFBILITHIH, CEHIMAIIITIH KAMTaMachl3 eTy 9He YJTIep/iH bIKTUMaJl WbIFbII
KeTYiHiH a/JJblH ajly YIUiH eki 6ypaHJa/bl KiAT KosgaHbliagbl (5 —cypet (B)). KinTTepain,
KeMeriMeH KOCbLIbIC KOcbIMIIA 1/8 aliHa/bIMFa Oypblaa/ibl, OYJ1 KOMIOHEHTTEP/IH, ThIFbI3
OpHaJlacyblHa KeniiAik 6epefi. bys Tacin rascei3ganaplpy npouecinje yariiepAis LUAuHAD
ilIiHZle HbIK OpHAJIaCyblH KAMTaMachl3 eTeli >KoHe KeWiHTri KaWTaJlaHAaTbhIH eJilleysephiH
JAYPBICTBIFbIH KAMTAMAaChI3 eTe/.

Kesieci ke3eH nelTiy TepMonapa CbIMZaphbl YJTi CaJbIHATBIH KaMepaHbIH, iliHAeri TUiCTI
KOCKbIIITapFa KOCblIabl. Byl skcnepyUMeHT GapbICblHJA TeMIlepaTypaHbl [aJ1 OaKbliayFa
»K9He OipKa/IbIIThI leHrei/ie ycTan TypyFa MYMKiHZiK 6epefi.

JaviblHAa/IFaH Y/TiHI NelTiH KpI3JbIpy OeJiiMiHe caJsl KeJibey eTin opHa/JacThIpbLIaAbI,
6y opHaTyabl keHingeteni (5 -cypet (r)). Yari ycraFblll rascbI3flaHAbIPy MOPThIHA
KOCBLJIa/bl, YJITIHIH HBIK OpPHAJIaCyblH KAMTAMacChI3 €TY YIUiH ThIFbI3JaFbILI CAKMHAHBIH AYPbIC
OpHATBIJIFaHbIHA KO3 KEeTKi3y Kepek.

Yari ycraFpin LWIMHAP OPHATbUIFAaHHAH KeWiH ra3cbl3/laH/blpy MOPThIHA OekiTineni. [akika
OacTamnkbl OeKiTiireHre JleliH KOJIMEH KaTauThLIabl, COJIaH KEWiH COHFbI KaTaWUTYy YIUiH eKi
O6ypaHAasbl KT KoJJaHblia/bl. by kaFpaia nopTThl 3aKbIM/ay/laH HeMece KOCBLIbICTBIH,
JNebopMalyscbiHA 9Keyi MYMKIiH IIaMaJiaH ThIC KYII cay/laH ayJsak 60J1y Kepek.

5 - cypeT. l'a3chI3AaHABIPY NPOLECiHIH OPBIHAAJIY PETTIJIIri: a) 3epTTe/IeTiH Y/IriHi DUJIMHApre
cebeJien cajy npoueci; 3) GuabTpJii cakrHa (gasket) BUINHAPre OpHAJACTHIPY; 6) YCTAFBIIITHI
LUWINHAPre 6eKiTy; B) 6ypaHAa/ibl KIJITIIeH 6aiJIaHbICThI KATAWTY; I') AalbIHAAIFaH Y/TiHI
nemkKe OpHAJIACThIPy
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TeMnepaTypaHbl KYpbIIFbIHBIH, aJIIbIHFbI )KaFbIH/]A OpHAJIaCKaH TeMIepaTypaHbl 6acKapy
uHTepdelicingeri (*) TyldMeHi 6acy apKblibl, COJAH KeHiH TeMIlepaTypaHbl >KOFapbLIaTy
TyHMeciH 6acy kepek. KaxkeTTi fleHreire »xeTKeHIle MoH/lep/i peTTeJlin, coiaH KeiliH TyiMeHi
6ocaty kepek. [lemTi KpI3blpy mpoueci 6acTajblll oHe OeJIriJieHreH TeMIlepaTypara
laMaMeH 15 MUHYTTaH KeliH xeTezi.

Kyieni 6aFnapiaMasblKkacaKTaMa apKblLibl 6acKapy YILiH KeJieci 9peKeTTep OpbIH/Aa/1a/1bl:

- Bargapsiama unTepdeiicingie )KyieHiH cbi3backl 6ap TepeseHi auy yuiH «Manual Control»
ONLIMACHI TaHAAJIa/bl.

- 10 k1anaHbIHbIH CYpPETiHIH TYHMeCiH eKi peT 6acblia/ibl. OCbl/JaH KEWiH KJanaH 6eJrimeci
TYCiH >KacCbl/IFa 63repTe/i, 6y/1 OHbIH alllblJIFAHbIH Oi1ipe/i.

- BakyymablK mnpoinecti 6acTtay YIIiH ras3cbi3/laHAbIpYy HOPTbIHbIH >KOFAapFbl *KaFbIHAA
OpHaJIaCKaH »KacblJ1 TYCTeTr] KJ1anaH 6asy albliajbl.

Yarini BaKyyM/bIK KyWie/ie MaTepUaslJblH CUIaTTaMalapblHA COMKEC YChIHBIJIFaH yaKbITKA
KaJaablpy Kepek. [ascel3faHiblpy Mpoleci afgKTaJfaHHaH KeWiH, onepalusiHbl asgKTay
YUIH ra3cbI3ZJaHAbIpy NOPTHIHBIH, KOFAapPFbl KaFbIHAAFbl KaCblJl TYCTeri KJallaH aKbIpbIH
»kabbL1aabl. «Manual Control» cxemachl Tepe3decine 10 kaanaHabl )kaby Kepek. OcbllaH KeliH
OHbIH, UHAWKATOPbl COTTI >KaObLIFaHbIH KOpPCETETiH capbl Tycke e3repefi. Kontposiepai
naii/jasiaHblll MEITiH TeMIlepaTypacblH 66JIMe TeMIepaTypacblHa JieiliH TOMeH/IeTiM, YITiHiH
TOJIBIFbIMEH CYbITBIJIFAHBIH KYTy KaKeT. YJ/ri 6esiMe TeMIepaTypacblHa >KETKEHHEH KeWiH
YJ/ITi YCTaFbIIIThI ra3CbI3JaH/AbIpy MOPTHIHAH aJIbIIl TACTAy KEPEK.

YAari ycTaFpllibIH a/blll TaCTaFaHHAH KeWiH, TBIFbI3JAFblll CaKUHAHbIH ra3CcbI3JaHAbIPY
NOPTBHIHAA KaslyblH KaZaranay Kepek. CofaH KeHliH OHBIH JIaCTaHYbIH OOJIZbIpMay >KoHE
»KYMEeHIH ThIFbI3/|bIFbIH CAKTay YILUiH NOPTTHI Kaby Kepek.

Ya2i kamepacwit Kocy jcaHe akcnepumeHmmi 6anmay npoyedypachbl.

['a3chI3/laHibIPY MOPTHIHBIH, KOFApFbl KaFbIHJAFbl TaKaHbl Oypan ajbll, TYTIK IeH
KJlamaHMeH Oipre y/ri kamepacblH any KaxeT. KamepaHbl Tasfay NOpPTbIHA aJblll KeJlin
»KOHe railkaHbl aKbIpbIH KaTaWTy KepekK. bargapiamanslk kacaKkraMazgarbl «Manual Control»
Tepe3eciH ayblll, «Adsorption» Tepe3eciH amambi3. Kosiga 6ap yarijsiepi naijaiaHy »koHe
KaXKeT 60JIFaH YKaF/Aai/ja 9KCIIepUMEHT napaMeTpJiepiH eHey yiuiH «Recall Template» Tyiimeci
KOJILaHbLJIa/Ibl.

JkcnepumeHm napamemp.JiepiH 6anmay: IKCIEPUMEHT U eHTUPUKATOPHI, ONepaTop
UAEeHTUPUKATOPBI, Y/TiHIH ca/iMaFbl )KoHE OHbIH aTaybl CUSIKTbI KAXKETTI JlepeKTep/li eHTri3eMis3.
Ouiey nmapameTpJiepide eTy yuliH «Edit» TepeseciHaei 6aTbipMa apKbljibl 6TEMI3.

- JKCIepUMEHT XOCHapblHa cavikec aficopbuus (Adsorption) xxaHe fecopouus (Desorption)
YLIiH KbICBIM Ke3eHJepi.

- JKCIepUMeHT TeMIlepaTypachl, KopllaraH TeMnepaTtypa (Ambient) »koHe yJriHi ycray
YaKbIThI.

- YariHi welrapy yakbIThl (TopTin 60oibiHIA 10 MUHYT, TaJanTapFa 6aiaHbICTbl 63repTy
MYMKIHZiri 6ap) ocbl IapTTap OpHAThLIA/bL.
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[laiganaHaThiH ra3 yuliH AypbIC NOPT TaHAAJIFAaHbIHA KO3 »KETKIi3iM, KAXKeTTi ra3/bl KoHe
THICTI ra3 NopThIH TaHAalWMbI3. «Measure FS» onuusiceiH 6esrisien, TeMnepaTypaHbl 6acKkapy
dJlici TaHAasaAbl. bapsblK onuusiap/bl OpHaTKAaHHAH KeWiH Herisri Tepesere opaJjy YIliH
«OK» TyiiMecin 6acambi3. PaliabIK KaJabIIThl KeHWiHipeK Tafbl Jja MaijjajiaHy MakKcaTbIH/a
bipereli aTayMeH caKTaFaH >KeH.

HPVA KypblLiFbiCbIHZA azcopb6uysa mpoueci »KydeZeri ra3 KbICbIMBbIH Ke3eH-Ke3eHiMeH
apTThIPY apKblJbl XKy3€ere acblpblia/ibl, OYJ 9pTypJi KaFAaisiapa copbiydsi U30TepMachlH
Kypyfa MyMKiHJik G6epezi. bipiHii ke3eHzae ras gosasay KaMepacblHa OepijiireH 6acTankpl
KbICbIMFa JlediH eHrizisiesi (Mbicasbl, 1 6ap), cogaH KeWiH KJjamaHAbl allly apKbLabl OJ YT
OpHaJIaCThIPBbLIFAaH KaMepara Tycegi. Tene-TeH ik KyHi OpHaFaH CalblH KbICBIMHBIH, 63repyi
TipKeJieZli, OHBbIH, HeTri3iHJe CiHipiJireH ras/blH KeJsieMi ecenTeJsiefi. Opi Kapauh KbICbIM
JloriekTi Typae apTagbl (Mbicasbl, 5, 10, 20, 50, 100 6ap »«oHe olaH »KOFaPhbI) KoHe MpPolecc
KalTaslaHazbl, Oys1 OepijireH KbICbIM AMaNa3oHbIH/A aJCOPOIHUANBIK U30TEPMaHbl KYpPYAbl
KaMTaMachl3 eTe/.

HPVA KypbLaFbICBIHAFBI JecopOLUs MpoLeci yari kaMepacblHAaFbl KbICBIM/AbI 6ipTiHAen
TOMEH/IeTY apKbLJIbl KY3€re acblpblia/ibl, 0Y/1 MaTepUaAblH OYPbIH aJCOPOLUsIaHFaH ra3/bl
HIBbIFApy KabiseTiH 6aFasayFa MYMKiHAik 6epesi. By nponecc copOb1isiHbIH KaU ThIM/bLJIBbIFbIH,
COpOEHTTIH pereHepalysChIH XXoHe AeCOpPOLMs KUHETUKACBIH 3epTTEeY YIliH 6Te MaHbI3/bl.

KbicbIM/Ibl TEMEH/ETY apKbLJIbl U30TEPMHUSJIBIK JeCOPOIUS XKyle/le dp KbICbIM Ke3eHiH/ie
Tene-TeHJIK KYWJi TipKeyMeH KaTap, KbICbIMHBIH [A9UeKTI TeMeHJeyi Ke3iHe 6eJiiHeTiH
ras/ibIH KeJieMiH caH/IbIK, 6aFasiayFa MYMKiHZik 6epeai (Mbicasbl, 100 - 50 - 20> 10> 5 -
1 6ap). AnblHFaH MaJliMeTTep O6JIIHTeH ra3 MeJillepiHiH KbICbIMFa TAyeJJIi/IiriH KepceTeTiH
JlecopOoLMANBIK U30TepMaHbl Kypy YILIIH KoJAaHbuiazbl. [lecopOUUsIbIK cUnaTTaMallapbl
TaJJlay COPOEHTTiH KeYEeKTi KYpblJIbIMbIH/AAFbI bIKTUMaJI KallUJIJISIPJBIK dCcepJiepAi KepceTeTiH
rucTepe3rc KyObLIbICTApbIH OaFasjiayAbl, COHJAAW-aK KAaWTbIMCBI3 aJicOpOLMs MpOLEeCcTePiH
aHBIKTayFa )oHe COpOLUsAJIbIK MaTepUal/blH pereHepalus AapexeciH 6aranayra MyMKIHJIK
6epeTiH KaJIJIbIK, COPOLUSJIBIK ChIMBIMABLIBIKTbI aHBIKTAY/1bl KAMTH/IbI.

Jkcnepumenmmiy 6acmasybl.

['a3 xesiniepin gavbiHgay: KaxkeT rasgapasl resuit (He): 3,5 Bap (wbiFbic KbicbiMbl 150
Bap); cyteri (Hz): 120 Bap (wbirbic KbicbiMbl 200 Bap) akcnepuMeHT nmapaMeTpJiepi 60MbIHILIA
6amnka KeJTipisiezi.

JkcnepuMeHTTiH 6actay yumiH «Run Experiment» 6aTblpMacblH 6acy apKblibl Ky3ere
acbIpbLIaZibl. JKCIIEPUMEHT OacTajJiFaHHAH KeWiH TaJjay MOpPThIH/A KacCbLl KJanaH/bl 6asay
awmambi3. 2Kyiie 6apJiblK OepijireH Ti3beKkTepAi aBTOMATThI TYp/le OPbIHAANbI. DJKCIEPUMEHT
asKTaJiFaHHAH KeWiH 3KpaH/la 3KCIEPUMEHTTIK Ta/llay[blH COTTi afgKTaJFaHbIH PacTaUTbIH
«Stating Done» xabanamaJibIK Tepe3eci naijja 6oJazpbl.
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6 - cypeT. JKCllepuMEeHT GapbIChIH 6aKbl/IayFa apHaJIFaH HHTepdeiic

Hamubsicenepdi eHoey sxcaHe ecen dcacay.

Tanpay HoTMKesiepi sKCepHMeEHT OapbICbIH/A KOMIBIOTEP 3KpaHbIHJAA HAKThl YaKbIT
peXXuMiH/le KepceTisiei, 6y eJiliey 6apbIChIH XKe/ies1 baKbliayFa MYMKIH/AiK 6epei. Opi Kapan
Ta/l/jay JKoHe Ky)KaTTay YILUiH JAepeKTep/i KYpbLIFbIHbIH OaffapJiaMasblK, KacaKTaMacblHZa
6epinren Microsoft® Excel MakpoCbIHBIH KeMeriMeH erKeul-TerKeuJi 3epTTeyre >XoHe
3KcnopTTayFa 6oJsiafbl. by HaTwxKesepAi eHJAeyAiH bIHFAUJBLIBIFBIH K9He 6ackKa TaJjijay
KypaJsljapbIMeH UHTerpanuaHbl KAMTaMachI3 eTei.

HPVA KypbIJFBICBIHBIH, K6eMeriMeH aJjIblHFaH 3KCIIepUMEHTTIK JepeKTepAi eHJey yIUiH
3epTTeJieTiH MaTepuaaJap/blH COPOLUSAJIbIK KacUeTTepiH CaH/bIK CUIIaTTayFa MYMKIHJIK
GepeTiH KJIacCUKaJbIK afcopoIUs MoJle/ibiepi KOJI/TaHbLIa/lbl.

Jleurmwop Mogeni 6ipTekTi 6eTTeri MOHOKAOATThl aJACOPOLMAHBI CUMNATTAy YIIiH
KOJIJaHblIa/bl, OyJl OesiceHAl OpTasbIKTapAblH IIEeKTeyJi CaHbIH XoHe aJcopOlvsiaHFaH
MoJIeKyJlajlap apacblHAaFbl 63apa apeKeTTeCyAiH 60/1MayblH 60/KaUbI.

BpyHnayap-dmMeTT-Tesiiep (BET) Mogeni kem KabaTTbl afcopOLusiHbl Oarajay oHe
MaTepua//iblH MEHIIiKTI OeTiH aHbIKTay YLIiH KOJJaHbLIaJbl, OyJ Me30MOpaJbIK
KYPbLIBIMJAPAbI 3epTTey Ke3iH/e 6Te MaHbI3/bIIIbBIKKA He.

JyounuH-PaagymkeBuu (DR) Mogeni keyekTi KypblIbIM MeH COPOLMUSJIBIK 3HEPTHSHBI
O6afrajlayFa MYMKIiHJiK OepeTiH copOuusi NMOTeHLMaJbl TEOPHUSCbIHA HeEri3JeJreH MHUKpO-
nopaJsiapZlaFbl a,COpOLUAHbBI TalAay YIIiH NaijalaHbLI/bI.

Tanpay askranraHHaH KeiliH «Done» 6aTblpMachlH 6acy apKblibl 3KCIIEDUMEHT Tepe3eci
abbiaapl. Kymbic ycreningeri HPVA Macro ¢ansbiHa eTin, auly apKpLibl Tajjay
HOTWXKeJIepiH asyFa 6oJiabl. AlIbLIFAaH KOJjJaHOaZla KaslaFaH ecell TYpPiH TaHJaml, TaHZay
KaTaJIoTblHaH U30TepMaJiap TypaJibl ecenTi kepyre 60s1aabl (7-cypet). [1aiija 6os1FaH Tepe3ene
JlalbIH/IbIK, Ke3eHiH/le »a3bUIFaH YJTiHiH caJMarbiH eHrisin, «OK» Tyiimecid 6acbiHpI3. OcbliaH
KeWiH Herisri ecen TypJepi kepceTineni, Mbicanbl: Isotherm Run 1 - u3oTepMasiap TypaJibl
MasimetTep (7-cypet (a)). Langmuir Fit Run 1 - JlaHrMIOp Mo/JiesliHe Heri3fienreH Tajajay
HaTHkeJiepi (7-cypet (9)). ®ain mazipiH maigananbin ecenti Excel popmaTeiHzaa cakTay
npoueci opblHAaNybl KaxeT. CakTasfaH ¢aiigbl Macro KosazaHb6al, TaHJalfaH KaTaJlorTa
Kepyre oHe eHJeyre 60Jajbl.
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4. HPVA xy#eciMeH )XYMBICThI asKTay

KypbLIFBIHBI KYTY pexxuMiHe Koo apKblibl HPVA 6affapiaMachiH :kabaMbl3, KOMIbIOTEPA]
COH/ipim, )KyHeHiH KyaTbIH ellipy kepek (conblH iminge HPVA I, copfbl, komnpeccop xkaHe [SO
KOHTpOJLJIEePi), y/Iri KaMepachl MeH YCTaFbILITHI aXKbIPaThIHbI3, 3€PTTEY YJ/ITICiH KalTa eJiller,
OHBbIH, MacCacblH KauTa a3y Kepek, COJaH KeHiH ra3cbl3laH/bIpy KoHe Tajiay NopTTapblH
KOpPFaHbIC raliKaJlapbIMeH >K9He a3 KJanaHJapblH KabaMbl3.

Toxipube asgkKrasraHHaH KeWiH, kenTipy mkadbiH 110°C peiiH anablH ana KbI3AbIPHII,
Y/ri canblHFaH UWIMHAPJI Tasajay npoueciH 6actaMbi3. LunuHApAi 5 rpaMM >KyFblll
3aTTaH (MbIcasbl, Alconox) 500 M1 XKbLJIbI CyFa JalblHAAJFaH epiTiHAIMEH Ta3alaHblI3 KoHE
KYFBILI 3aTThIH TOJIbIK epireHiHe K63 )KeTKi3y KaKeT. YIbTpaAblObICTbIK BAHHAHbI [UJIWHAPAI
TOJIBIFbIMEH a0y YUIIH KEeTKIJIIKTI CyMeH TOJITBIPbIHbI3 9He LWJIUHAPAIH, ilKi 6eJirin
Tasasiay YUIiH y3bIH TAMILYbIP apKbLJIbl CYMeH OYPKill Ta3asalMbl3. YIbTPablObICTbl BAHHAHBI
KOCBIII, [UJIIUHAPAI BICTBIK CyMeH TasaJsall, CyAbl LIUJIMHAP apKblLIbl TaMIUYbIpMEH OTKi3il
»KoHe OyJI MpoLeAypaHbl OipHellle peT KailTasnay Kepek 60J1aZibl (YHTAKThI YJ/TiHI KOJJaHFaH/a
UUJIMHAP/IH, iIIiH TOJBIFBIMEH Ta3apTy MakcaTbiHAa). CosaH KeWiH LUJIAUHADPAI W30MPONUII
CHUPTIMEH IIaWbII, LUJIUHAP/AIH I1UiH CBIFbIIFaH a30TIIEH HEMeCe ayaMeH KYPFaThIIl )KOHE OHBbI
aJAbIH ajla KbI3AbIpbUIFaH KenTipy wkadbiHa canaMbi3. Huaunapai 110 °C temnepatypasa
eKi caFaT KpI3/|bIPBIII, COZAH KeliH OHbI O6JIMe TeMIepaTypacbliHa AeWiH CybITaMbl3.

KypbLIFbIHBI TOJIBIKKAH /bl KAyillCi3 MaKcaTTa KOJILaHy YIUiH, KYPbLIFbI callaJibl XKeJ1JeTKill
KyheslepiMeH »KaOJbIKTalFaH >KaKCbl JKeJJeTiIeTiH OesMele MNaWAaJaHyaAybl KaxeT.
KabbIKThIH TYPaKThl )KYMbICbIH KAMTaMachI3 €Ty »KdHe eJIlleyAeri bIKTUMaJl aybITKy/1ap/bl
a3alTy ylliH KOpIllaFaH OpTaHbIH TeMIrepaTypachiH 24-25 °C apabIFbIH/A YCTAy YChIHBLIA/IbL.
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5. KOpBITBIHABI

Bys1 »kyMbIcTa MaTepyaiJapAblH, QU3UKA-XUMUSJIBIK KAaCUETTEPIH 3epTTeyre MYMKiHAIK
6epeTiH O0Fapbl KbIChIM >KaFlalbIH/a XKOFapbl TeMIlepaTypasblK TaaAay XKypridy agicreMeci
KeJITipisireH. bys aAicTi KosjaHy yJriJiepZiH TepMUSJIbIK TYPaKTbLIbIFbIH, PEaKTUBTIITIH
YKOHEe KYPbLIBIM/IBbIK ©3repicTepiH 3epTTey YIUiH >XYMbIC MapaMeTpJepiH JdJ KeOeuTyni
KaMTaMachbI3 eTe/li. AJIbIHFaH JlepeKTepAiH ceHiM/iliriHe Kemiik 6epeTiH TeMnepaTypa MeH
KbICbIM JMaNa30HJapblH KOCa aJIiFaH/a, SKCIIEPUMEHTTIH, OHTAW/Ibl KaF[JalJapblH TaHAAyFa
epekKlle Ha3ap ayAapbliajbl.

O3ipJIeHreH d/liC KaTThbl 3JEKTPOJIUTTEDP, KaTalu3aTop/iap *KoHe COpPOEHTTEP CUSKTHI
MaTepHualJapAblH apTYpJi TypJiepiH TajajayFa MYMKiHAIK 6epefi. KosgaHbiaThIH *KabAbIK
eJIIIeY/iH »KOoFaphbl Ce3iMTaJIAbIFbIH KoHe XKbLIJAM KYPETiH NpoLecTepAi Tipkey MYMKIHAITIH
KaMTaMachI3 eTeJii. 9jicTeMe 6aKpliay IKCIIEpUMEHTTEPIHIH cepUsCbIMEH pacTaJ/IFaH »KOFaphbl
eHiMAiKKe He. JKoFapbl KbICBIM/Ibl 3epTTey MaTepralap/blH HaKThl XKyMbIC YKaF/alapblH
MoJiesib/leyre MYMKiH/iK 6epe/ii, 6yJ1 acipece sHepreTHKa MeH XMMUs OHEPKCiOiHEe KAThICThI.

Bysn ajicHaMaHbl KOJIJAHY acipece »KOFapbl TYPAKTBUIBIKTBI, CEJEKTHUBTIIIKTI >KoHe
TUIMIIIIKTI KaXXeT eTeTiH WMHHOBALMUAJIBIK MaTepuasjapibl a3ipyeyre kKatbicTbl. HPVA
COpOLMANBIK MpoOLecTep MeH MaTepua]TaHy OOWbIHIIA 3aMaHayu 3epTTeysep/iH,
MYMKIH/ZIKTepiH KeHeUTeTiH KypaJ peTiH/e 63iHiH MaHbI3/|blJIbIFbIH pacTal/ibl.
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MeToauka BbBICOKOTEMIIEPATYPHOI'O aHAJIU3a COpﬁl.ll/lOHHl:lX CBOJCTB MaTepHUuaJIOB B YCJIOBUAX
BBICOKOTIO JaBJ/ICHUA

AHHOTanusA. B craTbe mNpHBeleHa MeTOJHWKa NPHUMEHEHHUS BBICOKOTEMIIEpaTypHOro 06beMHOTro
aHaJin3a BbICOKOTO AaBjaeHus (MeTos HPVA) s u3ydeHus: COpO6LIMOHHBIX CBOMCTB IIMPOKOTO CIIEKTPa
MaTepuasioB. Metog HPVA no3BosisieT TOUHO U3MepsSTh afCOPOLUI0O U JecOpPOIMI0 PAa3/IMYHbIX ra30B
(BOomopoAa, yryieKUCA0ro rasa, uju yrjeBoJLopoAHbIX CMecel ) IPYU pa3/IMYHbIX peXXMMaX TeMIlepaTyphl
Y Z1aBJIeHHUA, BKJII0Yasd HOpMaJlbHble U 3KCTpeMaJlbHble YCIO0BHS, YTO UMeeT pellalee 3Ha4eHHe A1
OLIEHKH MaTepHasIoB, UCHOJIb3yeMbIX B MEPCIEKTUBHBIX 00J1ACTSAX, TAKUX KaK XpaHEeHHe BOAOPOa,
yJlaBJMBaHUe U 00pabOTKa YIJIEKHCJOro rasa, a TaKXe KaTaJU3UMpOBaHHe XMMHUYECKUX peaKIUH.
[IpumeHeHue MeTosia HPVA mo3BoJisieT mosiyyaTh KOJIMUeCTBEHHbIE JJaHHbIE O COPOLIMOHHOM EMKOCTH,
a TaK»e JlJaHHbl€ B YCJI0BUAX, 6JIM3KUX K paKTUYECKUM JaHHBIM 0 KHHETHKE B3aUMO/IeICTBUSA MOJIEKYJT
rasa c NIOBepXHOCTbI0 U BHYTPEHHHUMH NOpaMU MaTepHasoB. B cTaTbe nogpo6HO paccMaTpUBaAKOTCA
OCHOBHBIe 3Tanbl MeToAuKKM HPVA: mpoLiecc npeBapuTe/IbHOM Jera3aliuy U ylaJleHus BJIary, BKJI04Yas
NOArOTOBKY U MOJATOTOBKY 00paslioB K 3KCIEPUMEHTAJbHOMY aHa/IU3y, HACTPOMKY M KaJHOGpPOBKY
000pyZl0BaHUsI C Y4eTOM YCJIOBHU BBICOKOM TeMIlepaTypbl M [JaBJieHUs, a TaKXXe aJrOpUTMbl
06paboOTKU JaHHBIX, I03BOJISIIOILME ONPee/IMTh OCHOBHbIE apaMeTpPbl HOPUCTON CTPYKTYpPHI (06beM
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1op, pacnpejiejieHUe UX pa3MepoB, COPOLUOHHAS CIOCOGHOCTH). [loslyueHHbIe pe3yabTaThl UMEIOT
IpaKTUYeCKOe 3HaYeHHe NPHU pa3paboTKe HOBBIX BHICOKO3()PEKTUBHBIX COPOEHTOB, KaTaJlUu3aTOPOB
Y HaHOCTPYKTYPHUPOBAHHBIX MaTepHasIOB JiJIsl XpPaHEHUs] IHEPrOpecypcoB, ellle 60Jibllle PACIIUPSIOT
BO3MO>XHOCTH CO3/IaHUS IKOJIOTUYECKH YUCTBIX U IKOHOMUYHBIX TEXHOJIOTH.

KniouyeBble ci10Ba: BoicokoTeMnepaTypHbIH aHa/lU3 B YCJIOBUSX BBICOKOTO JaBJIeHUS, COPOLIMOHHbIE
CBOMCTBA, U30TEpPMBbI a/1COPOLIMH, Jlera3alus.

K.Zh. Bekmyrza?, K.A. Kuterbekov?, A.M. Kabyshev', M.M. Kubenova?, A.A. Baratova’,
N.K. Aidarbekov*!
!Institute of Physical and Technical Sciences, L.N. Gumilyov Eurasian National University,
Astana 010008, Kazakhstan
*Correspondence: nursultanaidarbeckov@yandex.kz

Methodology for high-temperature analysis of sorption properties of materials
under high-pressure conditions

Abstract. This article presents a methodology for applying high-pressure high-temperature volumetric
analysis (HPVA) to investigate the sorption properties of a wide range of materials. The HPVA method
enables precise measurement of gas adsorption and desorption (e.g., hydrogen, carbon dioxide, or
hydrocarbon mixtures) under various temperature and pressure regimes, including both standard
and extreme conditions. Such measurements are critically important for evaluating materials used in
advanced fields such as hydrogen storage, carbon dioxide capture and processing, and catalytic chemical
reactions. The application of HPVA provides quantitative data on sorption capacity, as well as information
under conditions closely approximating the actual kinetics of gas molecules interacting with the surface
and internal pores of the materials. The article thoroughly examines key stages of the HPVA methodology:
the preliminary degassing and moisture removal process, including the preparation of samples for
experimental analysis; the setup and calibration of equipment under high-temperature and high-
pressure conditions; and the data processing algorithms that make it possible to determine fundamental
parameters of porous structures (pore volume, pore size distribution, sorption capacity). The results
obtained have practical significance for the development of novel high-performance sorbents, catalysts,
and nanostructured materials for energy resource storage, thereby further expanding opportunities for
creating environmentally friendly and economically viable technologies.

Keywords: High-temperature analysis under high pressure, sorption properties, adsorption isotherms,
degassing.

References

1. ].K. Junga, L.G. Kim, S.K. Jeon, K-T. Kim, U.B. Baek, S.H. Nahm, Volumetric analysis technique for
analyzing the transportproperties of hydrogen gasin cylindrical-shaped rubbery polymers, Polymer Testing,
- 2021. - V. 99. - Number of article 107147, https://doi.org/10.1016/j.polymertesting.2021.107147 -
aFblIIBIH TiIHAEr )KypHa1 MaKaJlachbl

2. A.H. Mohd Hafiz, C.E. Snape, L. Stevens, Bed Height of Zeolite Affected CO2 Hydrate Formation Using
High Pressure Volumetric Analyzer, Asian Journal of Chemistry, - 2018. - Vol. 30, No. 10. - P. 2269-2272,
https://doi.org/10.14233 /ajchem.2018.21420 - aFbLIIIbIH TiMiHET] )KYpHa/I MaKaJiachl

108 N21(150)/ 2025 A.H. I'ymures amvindazor Eypasua yammuix ynueepcumeminity XABAPIIBICHI.
DQusura. ACmpoHOMUsL cepusicol
ISSN: 2616-6836. eISSN: 2663-1296



Koraprul Kbicbim scardativiHda mamepuaadapdsblH copbyUsaIbIK KacuemmepiH HoFapsl memnepamypada maaoay
adicmemeci

3. G.V. Olivieri, R.B.Torres, Thermodynamic and spectroscopic study of binary mixtures containing
{dimethyl carbonate (DMC) + alcohols} at T =(288.15-308.15) K and p = (0.1-40) MPa: Experimental
study and modelling, The Journal of Chemical Thermodynamics, - 2019. - Vol.133. - P. 229-260, https://
doi.org/10.1016/j.jct.2019.02.011 - aFbLIIIBIH TiNiHAET] )KYpHaI MaKaJiachl

4. D.B. Hauk, R.B. Torres, ].V. Hallak Dangelo, Measurement and correlation of high-pressure volumetric
properties of binary mixtures of 1-Ethyl-3-methylimidazolium bis (trifluoromethylsulfonyl) imide ([EMIM]
[NTf2]) with alcohols, The Journal of Chemical Thermodynamics, - 2023. - Vol. 185. - Number of article
107122, https://doi.org/10.1016/j.jct.2023.107122 - aFbLILIBIH TiJiHAET] XKYPHAI MaKaIaChI

5. H. Wang, N. Zhang, X. Wang, Densities and viscosities for binary mixtures of dimethyl carbonate with
1-heptanol, 1-octanol, 1-nonanol, and 1-decanol, The Journal of Chemical Thermodynamics, - 2021. Vol.
157. - Number of article 106404, https://doi.org/10.1016/j.jct.2021.106404 - arbuIbIH TiMiHAETI
’KYpHaJl MaKasachbl

6. M. Kroélikowska, M. Wieckowski, M. Skonieczny, P-p-T measurements and derived properties of
series dimethyl — and diethyl phosphate - based ionic liquids, Fluid Phase Equilibria, - 2025. - Vol. 591. -
Number of article 114313, https://doi.org/10.1016/j.fluid.2024.114313 - aFbLIIbIH TiJiHAET XKYpHaI
MaKaJacel

ABTOpJIap Typasibl MAJIIMET:

K.2K. Bekmuip3a - PhD, JLH. I'ymuneB aTbiHAarbl Eypasus yATThIK yHUBepcuTeTi, «TeXHUKaJIBIK
dusuka» kadpeApacbIHbIH KaybIMAACThIpbLIFaH podeccopsl, AcTaHa, KazakcTaH

K.A. Kymepé6ekoe - dusuka-maTeMaTHUKa FbLIBIMAAPbIHBIH A0KTOPHL, JI.H.I'ymuneB ateingarel Eypasus
YJITTBIK, yHUBepcUTeTi, «AApoblK GU3UKa, :KaHa MaTepHUa/Jap KoHe TEXHOJIOTUSIIap» XaJlblKapasblK,
kadepaceIHbIH npodeccopsl, ActaHa, KasakcTaH

A.M. Ka6vtwes - PhD, JL.H. TymuneB aTbiHfarbl Eypa3ust yATThIK yHUBEpPCUTETI, «AponbiK dusnka,
»KaHa MaTepHaJ/fap *oHe TEXHOJIOTUsAIap» XaJIblKapaJ/blK KadeJpacbIHbIH AoLeHTi, AcTaHa, KazakcTaH
M.M. Ky6enoea - PhD, JLH. I'ymuneB aTbiHAaFbl Eypasus yiaTTbIK yHUBepcuteTi, «CTaHAapTTay,
cepTudUKaATTAY KoHe MeTPOJIorus» kadeApacblHbIH OKbITYIIbI-3epTTey1lici, AcTaHa, KazakcTaH

A.A. Bapamosa - PhD, J/L.H.I'ymuneB atbiuAarbl Eypa3us yATTBIK yHUBEPCUTETI, «AqpobiK dU3MKa,
»KaHa MaTepHuaJiap *KoHe TeXHOJIOTUsIIap» XaJblKapasblK KadeapacblHbIH AoLeHTi, AcTaHa, KazakcTran
H.K. Aiidap6ekoe - xaT-xa6ap aBTopbl, PhD, JI.H. 'ymMuseB ateiHjarsl Eypasus yaTThIK yHUBEPCUTETI,
«faposablk GU3MKa, KaHA MaTepUaI[ap *K9He TeXHOJIOTUsap» XaJblKapasblK, KadeapacblHbIH, afa
OKbITylIbICH], AcTaHa, KazakcTaH.

K.2K. Bekmbip3a -PhD,acconuupoBanHbiii npodeccop kadenprl «TexHnueckoit pusuku» EBpasuiickoro
HallMOHaJbHOIo yHUuBepcuTeTa UMeHHU JI. H. 'ymuneBa, Actana, Kazaxcran

K.A. Kymep6ekos - okTop pu3nKo-MaTeMaTUUYECKUX HaYK, podeccop MexaAyHapoJHOH Kadeaphl
«fmepHOM GU3UKH, HOBBIX MAaTEPHAJIOB U TEXHOJIOTUH» EBpa3uiickoro HaIlMoOHaJILHOI'0 YHUBEPCUTETA
umenu JI. H. 'ymunesa, Actana, Kazaxcran

A.M. Ka6vrwes - PhD, foueHT MexayHapogHol kadeaphl «AaepHoit GU3KMKHU, HOBBIX MaTepPUaAJIOB U
TexXHOJIOTUK» EBpasuiickoro HanoHanbHoro yuusepcutera uMenu JI.H. 'ymuneBa, Acrana, Kazaxcran

A.H. T'ymunres amwindazor Eypasus yammorx ynusepcumeminityy XABAPIIBICBI. N21(150)/ 2025 109
Qusura. AcmpoHoMusl cepusicol
ISSN: 2616-6836. eISSN: 2663-1296



KK. Bekmuip3a, K.A. Kymepb6ekos, A.M. Kabviwes, M.M. Ky6eHosa, A.A. Bapamosa, H.K. Atidap6ekog

M.M. Ky6eHoea - PhD, npenojiaBaTenb-uccie/joBatesb Kadpepbl CTaHAAPTHU3AIUY, CEPTUPHUKAIUU U
MeTpoJioruu EBpasuiickoro HauuoHaibHOro yHuBepcutetra uMenu JIL.H. 'ymuneBa, Acrana, Kasaxcran
A.A. Bapamoesa - PhD, fnoneHT MexayHapoaHou kadepbl «daepHoi GU3MKY, HOBBIX MaTepPUAIOB U
TeXHOJIOTUU» EBpa3niicKoro HaquoHalbHOTo yHUBepcuTeTa uMeHu JI. H. 'ymuneBa, ActaHa, Kazaxcran
H.K. Aiidap6ekoe - aBTOp )i KoppecnoHaeHIuy, PhD, cTapmuii npenofaBaTesib MeX/yHapoaHON
kade pbl «daepHON PU3UKH, HOBBIX MaTepUaJiOB U TEXHOJIOrHi» EBpasuiickoro HalMoOHaJIbHOIO
yHuBepcuteTa uMeHHu JI. H. 'ymuneBa, Actana, KazaxcraH.

K.Zh. Bekmyrza - PhD, associate professor of the Department of «Technical Physics» of the L. N. Gumilyov
Eurasian National University, Astana, Kazakhstan

KA. Kuterbekov - Doctor of Physical and Mathematical Sciences, Professor of the International
Department of «Nuclear Physics, New Materials and Technologies» of the L.N. Gumilyov Eurasian
National University, Astana, Kazakhstan

A.M. Kabyshev - PhD, associate professor of the International Department of «Nuclear Physics, New
Materials and Technologies» of the L. N. Gumilyov Eurasian National University, Astana, Kazakhstan
M.M. Kubenova - PhD, researcher-teacher of the Department of «Standardization, Certification and
Metrology» of the L. N. Gumilyov Eurasian National University, Astana, Kazakhstan

A.A. Baratova - PhD, associate professor of the International Department of «Nuclear Physics, New
Materials and Technologies» of the L. N. Gumilyov Eurasian National University, Astana, Kazakhstan
N.K. Aidarbekov - corresponding author, PhD, Senior Lecturer at the International Department of
«Nuclear Physics, New Materials and Technologies» of the L.N. Gumilyov Eurasian National University,
Astana, Kazakhstan.

Copyright: © 2025 by the authors. Submitted for possible open access publication under the terms and
conditions of the Creative Commons Attribution (CC BY NC) license (https://creativecommons.org/
licenses/by-nc/4.0/).

110 N21(150)/ 2025 A.H. I'ymures amvindazor Eypasua yammuix ynueepcumeminity XABAPIIBICHI.

DQusura. ACmpoHOMUsL cepusicol
ISSN: 2616-6836. eISSN: 2663-1296



A.H. T'ymunes amvirndazor Eypasus yammuix ynusepcumemininy XABAPIIBICHL.
ISSN: 2616-6836. eISSN: 2663-1296

®U3HUKA. ACTPOHOMMUSA CEPUACHI/ PHYSICS. ASTRONOMY
SERIES / CEPUA ®U3UKA. ACTPOHOMUSA

MPHTH 29.15.29, 29.03.47 https://doi.org/10.32523/2616-6836-2025-150-1-111-126
Hay4yHada cTaTba

[lepcieKTHBEI MCCJIeJOBaHUSA TPOUHOTO AeJIeHUA ajep
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AHHOTanma. B ctaTbe 06CyX/1al0TCs UCCIEeJOBaHUS PEeIKUX MEXaHU3MOB Jie-
JIEHUS s/iep, TAaKUX KaK TPOMHOE U YeTBEPHOE JieJIEHU e, BO3HUKAIOIME KaK IPU
CIIOHTAHHOM, TaK Y MPHU BbIHYK/IEHHOM JleJieHUU HelTpoHamu. Hama rpynna
paHee NpoBeJia SKCIIEPUMEHTBI 110 U3YYEHUIO TPOMHOTO U YETBEPHOTO CIIOH-
TaHHOTO JieJieHus1 usotomna 2°2Cf. Cieaytonyii aTan — UccaeJoBaHUe TPOUHOTO
JleJIeHUs IPU BbIHY>KJ€HHOM JleJIeHU HEUTPOHaMH.

[loaroToBJieHbI 3TAMBI JJ11 NIPOBEAEHUA UCCIeJOBAHUNA TPOUHOTO eJIeHUS M0/}
HEWTPOHHBIM BO3/IEUCTBUEM, BKJIIOYAsl CO3JJaHUE SKCIIePUMEHTa/IbHOM yCTa-
HOBKU U pa3pabOTKy METOAUK pPerucTpauud 4actul,. TecToBble U3MepeHUs
OCyLeCTBJSAJIMCh Ha peakTope BBP-K B AsiMaThl. JKCliep¥MeHThI C MUILEHBIO
Z39Py asiu LleHHbIe MeTOIMYEeCKH e Pe3yJIbTAThl, OKa3bIBalOI[e 3HAYUTEJTbHOE
BJIUSIHME HA TOYHOCTb NOCJAEYIOIIMX UCCAe0BaHHM. BbIBOAbI 3KCIIepUMEHTA
NOATBEPK/AIOT HEOOXOAMMOCTb MEPECMOTPA TEXHUUECKUX PElleHUN A [0-
CTHKEHU S BbICOKUX CTAaHAAPTOB TOYHOCTU U HAZ|€KHOCTH UCCJIeJOBAHUH.
KiroueBble cj10Ba: JiesieHue 9/1pa, TeJIeCKOMYeCKUN NeTeKTop, JIeTKHe 3aps-
»KEHHbI€ YaCTHUIbl, TO3UIJMOHHO-4YYBCTBUTEJbHbI KPEMHHUEBBIN J€TEKTOP
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1. BBeaenue

B HacTosillee BpeMsi BO MHOTUX JIabOpaTOpPUSAX MO BCEMY MHUPY aKTHBHO MPOBOJASATCS
vcclieJOBaHUS peJIKUX MO/, eJieHUs s/iep, BK/4yasd TPOMHbIe U YeTBepHble JeseHus [1-3].
JTOT pacTyIIMK UHTEPeC 06'bSICHAETCA TEM, UTO MyTEM U3yYeHUsI JIETKUX 3apSKEHHbIX YaCTHL,
06pasyoIIMXCs B MOMEHT pa3pbiBa, MOXKHO MOJYYUTh LieHHY0 HHOpMaL U0 0 KOHPUTrypauu
JleJIsIecss CUCTeMbl B 3TOT KPUTUUYECKHU MOMEHT. AHa/lUu3 TaKUX 4YaCTUL, PeJOCTaBJsEeT
YHUKaJbHYI0 BO3MOXXHOCTb 0oJsiee IJIyOOKO MOHATH AMHAMUKY Ipoliecca JAesieHus Szep,
BKJ/IIOYAsl MeXaHW3Mbl, KOTOpbIe JieXKaT B OCHOBe 00pa30BaHUSA pa3/IMYHbIX PparMeHTOB.
M3y4yeHue JleTKUX 3apSKEHHBIX YaCTUL, HE TOJIbKO TOMOTaeT B MIOHUMaHUU CaMOTro mpolecca
JleJIeHUS1, HO ¥ OTKPbIBaeT HOBble TOPU30HTHI JJ15 UCCJIeJOBaHUSA QyHIaMeHTa/IbHbIX 3aKOHOB
afepHod ¢usuku. Hanpumep, Takue uccie0BaHUS MOTYT CIIOCOOCTBOBATh ONpeeseHUI0
YCJIO0BUH, IPU KOTOPBIX BO3MOXXHO 00pa3oBaHHe HECTAOUJIbHBIX U30TOINOB U 60Jiee CI0XKHBIX
dparMeHTOB, YTO UMeeT 3Ha4eHUe KaK /1Jis TeopeTUYeCcKoil GU3NKH, TaK U AJi1 IPaKTUYEeCKUX
NPUJIOKEHU N, TAKUX KaK fiZlepHas SJHepreTUKa U 6€30MacHOCTb.

JleneHue aToOMHOrO si/ipa ¢ 06pa3oBaHUeM JIETKOU 3apskeHHOU yacTulbl (JI3Y) Ha3bIBaeTcs
TpouHbIM. [Ipu TpoitHOM JesieHuH B ocHOBHOM (90%) o6pasytorca anbda-yacTulibl. Kpome
TOro, HauboJiee pacIpoOCTPaHEHHbIMU TPOMHBIMHU YaCTHULLAMU SIBJSIOTCA U30TONBI BOAOPOAA:
IPOTOHBI, IEUTPOHBI U TPUTOHBI, KOTOpble cOCTaBAAT 1%, 0.5% u 6% COOTBETCTBEHHO OT
obuiero Bbixoza JI3Y. B kauecTBe TPOMHBIX YACTUL, TaKXe HAOGJIOAAITCA M30TONbI JUTHS,
6epuJIMs, 60pa U yriaepoaa. JHepPryst TPOHHbIX anibda-yactul gocturaet 10-40 M3B, a ux npober
B Bo3ayxe npeBbliiiaeT 10 cM, 4To 06yc/1aB/IMBaeT X Ha3BaHUe JJIMHHONPOOEXHBIX [4, 5].

CnenyeT NmoAYEpPKHYTb, YTO TPOWHOE JeJ/ieHHWe 3HepreTUYeCcKUud Jake 6oJiee BBIFOJHO,
yeM OMHaApHOE JeJieHUe, YTO BUJHO W3 KPUBOM 3aBUCUMOCTH CpeJHeN 3HEpruu CBSI3U Ha
HYKJIOH B fi/ipe OT MaccoBOro yucJja A. B felicTBUTe/IbHOCTH, 0611ee SHeproBblJieieHUe NPU
TpoiHOM AesieHuH Ha 10-15 M3B Bbillie, yeM npu 6MHapHOM. TeM He MeHee, TPONHOE JieJieHue
IPOUCXOAUT ropaszio pexe (BeposiTHOCTb MpuMepHO 31073 0T 06bIYHOT0 GUHAPHOTO JleJIEHHS)
¥3-3a HU3KOW BEPOSITHOCTH 00pa30BaHUsI HEOOX0AMMOKW HauyalbHOU AedopManyu g4pa.

JleneHue siipa Ha YeThbIpe U 60Jiee 0CKOJIKA CTAHOBUTCS MEHEeEe BBITOJHBIM C 3HEPreTUYeCKOH
TOYKH 3pEHUs1 N0 CpPaBHEHHIO C GMHApHBIM JeseHHeM. OJHAKO C yBeJHMYeHHEM 3HEpPruu
BO30YXK/JIEHUSI HCXOJHOTO fiZjpa BEPOSATHOCTb TaKOr0 'MHOTOOCKOJIOYHOTO" [eJieHUs
Bo3pacTtaeT. HecMoTpss Ha 3TO, 4yeTBepHOe JeJieHHe HabJlOJaeTcs KpalHe peziKo, C
BEPOSATHOCTBHIO 0KoJsio 107-10°. M0XXHO BBIJIEJIMTh JABa BHJlJa YETBEPHOTO JieJieHUs Sizep:
VMCTHHHOE, KOTZla BCe YeTblpe MOSBJAIIIMECS JIeTKUEe U TshKeJible YacTULbl BbLIETAIOT B
Y3KOM HHTepBaJie BpEMEeHHU MOPsAJKA HECKOJIbKUX f/lepHbIX BpeMeH (~10%' cek), U mceBzo
YyeTBEPHOE, KOT/la MPOUCXOAUT TPOMHOE JieJleHUe siJipa C BblieToM HecTabusbHou JI3Y [5, 6].
M3BecTHBIN NpHUMep HeCTaOUJIbHOM TPOWHOM YacTHllbl — °Be ¢ BpeMeHeM KU3HM mopsiaka 10716
cek JJis pacnaja ®Be—(a+a). Cnoco6oM oTAe/IeHHs] UCTHUHHBIX YeTBEePHbIX (a+a) COGBITUM
OT COOBITUHM U3 MOC/Ie[0BaTEeJIbHOTO pacnaja bepesins Ha (a+a) sBJIsSeTCS aHaJIu3 YIJIOBbIX
KOppeJsiiui Mexay AByMsd anbda yacTunamu [7]. B nceBzo yeTBepHOM JiesieHUH JiBe abda-
YacTHULbl NONAAAI0T B IeTEKTOP 10/, 0YeHb MaJIbIM YIJIOM.

Hama uccienoBaTtesibckas rpynna HalesleHa Ha MpoBeJieHHe KOMILJIEKCHOTO UCCJie,0BaHUS
peiKUX MOJ JieJieHUs siiep, KOTopoe Oy/eT OXBaTblBaTb KaK CIOHTAHHOE JeJieHue, TaK U
BbIHYK/IEHHOE JleJieHUe s/iep, BbI3BAaHHOe HEWTpPOHaMHU. B JJaHHOM KOHTeKCTe yxe Oblia
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poBe/ieHa paboTa 110 U3yYEeHHUI0 TPOHHOI'0 U YeTBEPHOT0 CIIOHTAHHOTIO JleJieHHs u3oTomna 2>2Cf
B JlabopaTopuu HEUTPOHHOU GU3MKU OO6bEeJUHEHHOI0 UHCTUTYTA S/lePHbBIX UCCJIeJ0BaHUN
(OUAN), roe vcnosb30BaIMCh COBpPEeMEHHblE MO3UIMOHHO-YYBCTBUTE/bHbIE MUKCEJbHbIE
fetektopbl Timepix. B pesynabraTe 3TOro wHcciefoBaHWS ObLIM NOJYYEHbl JaHHbIE O
BbIXOZIAaX M JHEPreTUYeCKUX pacnpefieieHUsX JIETKUX 3apsSDKEHHBbIX YacTUL, KOTOPbIE,
KaK O0)KHJaeTCsl, 3HAYMTEJbHO PACIIUPAT CyLIeCTBYIOIIME 3HAaHWA O MpoLeccax AeJIeHUs
anep. PesyabraTbl paboThl CKOpO OyAyT ONMYyOJMKOBAaHbI B BBICOKOPEUTUHIOBBIX Hay4YHbBIX
»KypHaJiax, YTO No[YePKHUBAET UX 3HAYUMOCTb. B JaHHOM paboTe TaKk»Ke Mpe/CTaB/leHbl UTOTH
NOArOTOBUTE/IbHBIX 3TAINOB, CBA3aHHBIX C HCCJEeJOBaHHWEM TPOMHOIO JeJieHUs djep MNOoJ,
BO3/IeICTBUEM HEWTPOHOB. [l 3TOro ObLIa padpaboTaHa U CO3JaHa 3KCIEpUMeHTaJbHas
YCTAHOBKA, a TakXe OblJIa 0TpaboTaHA MeTOJUKA PETUCTPAlMU U UJIeHTUPUKALUMU JIETKUX
3apsXKeHHbIX 4YacTUl,. /[oNOJHUTENbHO ObLJIO NMPOBEJEHO TeCTOBOe H3MepeHHe Ha NepBOM
KaHaJie peaktopa BBP-K, koTopsiii pacnosioxxeH B UHCTUTyTe siiepHOM GU3KMKU B AJIMAThI.

2. IlocTaHOBKA 3KCIIEpUMEHTA

Jlna npoBeieHUSA NOJIHOLEHHOTO 3KCIIEPUMEHTa 0 UCCAeJLOBAHUI0 TPOWHOIO JesleHUd
Aa/ep 1oJ, BO3elCTBUEeM HEUTPOHOB CHavasla He0OX04UMO ObIJIO BBINOJHUTH MeTOAUYECKHE
pa6oTel. CieoBajso NMpPOBEpPUTh, KaK BeAyT CeOSA JEeTEeKTOpbl B YCJOBUAX INy4Ka, Kakuhe
bOHOBBIE YCJI0BUS CYLECTBYIOT, @ TAKXXe YBUZETh, PETUCTPUPYEM JIK Mbl IPOAYKThI JleJIeHUS
OT MuIlleHH Z°Pu.

TecToBble H3MepeHUA NPOBOJUJIKWCH Ha IEPBOM T[OPU30HTAJbLHOM KaHalsle MCCeL0-
BaTesibckoro peaktopa BBP-K [8]. HeWTpoHHBIN Ny4yOK U3 3TOTO KaHaja CHavasla NpOXOJUJI
Yyepe3 MOHOKPHUCTA/IMYECKUI candUpoBbId GUABTP A1 GUABTPALMU ObICTPbIX HEUTPOHOB
U ramMMa-jy4yeu. 3aTeM HEHWTPOHBI NPOXOAUJN Yepe3 NEePBUYHYI0 CUCTEMY KOJUIMMALUU U
dopmupoBaucs B ny4ok pasmMepom 200x200 MM?, KOTOpBIM MO BaKyyMHON Tpy6Ge momas
B 3KCIIepUMEHTaJbHbIM 3aJj. [IJIOTHOCTh NOTOKAa HEWTPOHOB HA BBIXOJE BAKYYMHOIO
HelTpoHOBOAA cocTaBjsiia (7.1+£0.5)-106 TemnoBbix ¥ (2.9+0.2)-10° GbICTPbIX HEHTPOHOB.
[Tocse HEUTPOHOBO/IA UCII0JIL30BAJICA €1lje OJMH KOJIJIMUMATOpP U3 60pUPOBAHHOTO [NOJUITUIEHA
¥ KagMus, OPMHUPOBABLIMH y40K pasMepoM 20x20 MM2,

Uccnepyemoit MuiieHbto 6bl1a 239Pu, HaHeceHHass Ha 06e CTOPOHBI KPYIVION alyHA0BOU
NOJJIOKKM fuaMeTpoM 20 MM M TOJNIIMHOM 55 MKr/cM?. To/IMHA KaXA0T0 CJI0S IJIyTOHUS
cocTaJisiia 45 MKr/cM?. MulleHb 6blja yCTaHOBJIEHA MO/, YIJIOM 45 rpa/lycoB OTHOCUTEJILHO
HanpasJeHUs NaJarlero ny4yka HeMTPOHOB.

B neTeKTOpHyI0 4acTb YCTaHOBKM Bxofuau Tpu AE-E Teseckoma Ha OCHOBe MOJIyIpo-
BOJHUKOBBIX KPEMHMEBBIX [eTeKTOPOB, MO3BOJAKLHAE HWIAeHTUPULHUPOBATb U HU3MEPHUTH
3Hepruu JI3Y TpoMHOro U YeTBEpPHOro AeseHus. JlaHHbIA MeTO/, OCHOBAaH Ha OJJHOBPEMEHHOM
M3MepeHUH y/ieJIbHBIX I0Tepb 3HEPIUHU 3apsKeHHOM YacTulbl B BeljecTBe dE/dx v ee mosiHOM
KMHeTH4YecKou 3Hepruu E. B kadecTtBe AE-fieTeKTOpa NPUMEHATCA TOHKUE KpeMHHUEBble
JleTeKTophI mioimazbio 10x10 Mm% u TomuHoM 15 u 140 MKM, a B KayecTBe E - nuKcesbHbIE
KpeMHHUeBble feTeKTopbl Timepix [9] muomaabio 14x14 Mm? u Toamuuor 300 u 600 MKM.
Jetexktop Timepix COCTOUT U3 ABYX OCHOBHBIX KOMIIOHEHTOB: YyBCTBUTEJbHOI'O CEHCOpA U
yuna Timepix. B ceHcope 3apsi>keHHas YacTUILA OCTABJISIET CJIe/| B BUZ,e CBOOOAHBIX HOCUTEJEN
3apA/ia, KOJIMYeCTBO KOTOPBIX NPONOPLMOHAJBHO 3HEPTHH, BbIJEJAeMON B CeHcope. JTH
3apsAbl YCUIMBAIOTCA B yune Timepix, rje npoucxoJUT UX aHAIU3, OLMPPOBKA U Nepeaada
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Ha [IK. Timepix coctouT U3 65536 He3aBUCUMBIX MUKCeJIEN, PACIOJIOKEHHbIX B MaTpUIle
256x256. Pazamep kaxa0ro nukcesiss coctaBjaseT 55x55 MKM, U KaJblil U3 HUX BKJIOYAET
YCUJIUTEJb, JUCKPUMUHATOP C peryJupyeMblM MNOPOTOM M CYETYUK CUrHasoB. OJHUM U3
KJIIOUEBBIX IPEMMYLIECTB [leTEKTOPA SABJISIETCS TO, YTO 03BOJISIET TOYHO BU3YaJIM3UPOBATh, B
KaKUX MMEHHO MUKCeJAX OblJI 3aperuCTPUPOBaH CUTHAJL.

11321 ThI e TEKTOPOB OT OCKOJIKOB IeJIeHUSA U 0T asibda-4acTULLeCTECTBEHHOTI 0 pacnaja
239Pu mepeJ; TeJeCKOTIaMHM ObLIM MOMELIEHbI aJlOMUHHEBbIE GOJIbTU TOJLUMHON 27 MKM.
TakuM 06pa3oM, TesreCKOIbl PETUCTPUPYIOT TOJNBKO JJIMHONPOOEKHBIE JIETKUE 3apsKeHHble
YacTULbI OT peJJKUX MO/, JeJIeHUU. JHepreTuiecKkre CIeKTPbl YaCTHUL, NOJy4yaeTcs MyTeM
CYMMHUPOBaHUs oUGPOBAHHBIX CUTHAJIOB OT AeTeKTopoB AE u E, c yueToM notepu anepruu
B aJIlOMUHHEBOHN (oJibre, pacCYHUTaHHBIA C MOMOILbI0 KOMIbIOTEPHON NporpaMmbl SRIM
[10]. lIporpammublii makeT SRIM (Stopping Power and Range of lons into Matter), ucnosib3ys
N0JIHOe KBAaHTOBO-MEXaHUWYeCKOe OMHCAaHUe CTOJKHOBEHHWU HOHOB U aTOMOB, NO3BOJISIET
onpesesaTh TOPMO3HYI0 CIOCOOHOCTD BelleCcTBa U AJIMHbI IPO6eroB MOHOB (C 9Hepruei Ha
HYKJIOH B Auana3oHe 10 3B + 2 I'3B).

dnexkTpoHuka [nnas1 TeseckonoB AE-E 6asupyerca nHa ycrpoiictBe FITPix COMBO,
pa3pabotaHHOM TexHuyeckuM yHuBepcuTeToM [lparu (Yexus) [11, 12]. Bca Heobxogumas
3JIEKTPOHHUKA, BKJII0Yash KOMIAapaTop, YCUIUTENb U AUCKPUMUHATOP, UHTErPUPOBAaHa B 3TO
YCTPOMCTBO, YTO JeJslaeT ero NOpTaTUBHBIM U KOMNAKTHBIM. FITPix MoxeT ucnosib3oBaThbcs
KaK cuuThIBalollee ycTpoicTBo Timepix (B TOM 4yuc/ie AJ1s1 MOJIy4YeHUs] UMITY/IbCOB C 0OpaTHOM
CTOPOHBI) UJIM KaK [POCTOe CHEKTPOMETPHUUECKOE YCTPOUCTBO — Spectrig, Nnpy NoJKJII04eHUH
BHELIHero JeTeKkTopa, Hampumep, AE-gertekTopa. Bcs a/1eKTpoHHMKa NOAKJ/IOYAETCA K
KoMIbloTepy yepe3 USB, BkJito4yasa ynpaB/ieHUE JAeTeKToOpaMu. Takxke NMpeJycMOTpPeHA LIKMHA
CUHXPOHHU3AlMHU [IJIs1 YIIPABJ€HUsl CUTHAJIOM 3allyCKa U CUTHAJIOM «3aHSATO», YTO MO3BOJISIET
3¢PeKkTUBHO PUIBTPOBATH HENMAPHbIE COOBITHUS BO BpeMsl U3MepeHUs1 coBnaaeHui [13]. Ha
pucyHke 1 usobpakeH ¢poto AE-E Teseckomna co CiUThbIBalOIEN 3/1EKTPOHHUKOM.

PucyHnok 1. a) Jetektop Timepix: 1 - nUKcebHBIN CEHCOP AETEKTOPA,
2 - miaTta c asekTpouukoi FITPix; b) AE-E Tesieckon Ha ocHoBe Timepix JgeTekTopa:
3 - cuuThIBaw1IEee yCTPOUCTBO Spectrig asisa AE aetekropa; c) AE-E Teseckon ¢ LIMHOA
CUHXPOHM3alUU: 4 - JIaTa C 3JIEKTPOHUKOM /11 CAHXPOHM3aL M1
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UccnenyemMast MullleHb, eTEKTOPHI U BCA 3JIEKTPOHHKA 3aKJIHOYEHbl B BAKYYMHYI0 KaMepy
13 HepxkaBewlel cTaiu. Pasmepsl kaMepbl - 425x300x300 mMm. Kamepa 6bls1a oTKayeHa 10
naBsieHus 0.1 m6ap.

Kamm6poBKa JeTeKTOpoB

JeTexkTophl Timepix MOryT GyHKIIMOHUPOBATh B Pa3HbIX peXXUMax: U3MepeHue aMIIMTY/bI,
peXHM CYeTYHMKa M M3MepeHUe BpeMeHH. B JaHHOM 3KcnepuMeHTe MCIO0JIb30BaJICd PEXUM
usMepeHnust aMmuTyAbl (Time Over Threshold - TOT), cxemaTHyecky NoKa3aHHbINA Ha PUCYHKE
2. Korga BBIXOAHOM CHUTHaJ NpeAyCUIUTE s NpeBblIaeT MOPOI, JUCKPUMHUHATODP CO3JaeT
UMIYJIbC, AJIUTETbHOCTb KOTOPOTO COOTBETCTBYET BpEMEHH, KOTJa CUTHAJI BBILIE 3TOT0 IOpOora.
CY4eTYMK OTCJIeXKUBAET KOJIMYECTBO OTCYETOB BCTPOEHHOI'0 r'eHepaTopa B Te MOMEHTHI, Korja
CUTHaJ peBbilaeT NOpor. [loCKo/IbKY LIMpUHA CUTHAJ/Ia HAPSIMYIO CBSI3aHa C ero aMIJInTY/0H,
YKCJIO OTCYETOB, 3APUKCHUPOBAHHBIX B IUKCEJBHOM CYETYMKE, IPONOPLMOHAIBHO aMIJIUTY/ e
Y, CJIeJ0BaTeIbHO, COOPaHHOMY 3apsAy, OCTaBIIeMycsl OT YaCTUIbI B TUKceJe. TaKUM 06pa3oM,
JU11 HAX0X/A,eHUs CBA3U Mex Ay oTcieTaMu ToT v aHepruei E, Bblies11eMo IPU IPOXOXKAEHUU
YacTULbl, TpeOyeTcs 3HepreTUyeckas KaJMbpoBKa.

mpeayCcHINTETh
o E

AUCKPHMEHATOR i
t

1

PucyHok 2. PexxuM usmepenus aMmiautyasl TOT

OTk/MK 65536 He3aBHCUMBIX IUKCe/el eTeKkTopa Timepix He MOXeT O6bITb OZJMHAKOBbIM,
IIOCKOJIBKY KaX[bld IHKCeJb OCHalleH COOCTBEHHBIM IMpefyCU/MTesieM, a NapaMeTphl
ycueHusi BapbupytoTcs. B pexxume ToT 06'beMbl KJ1aCTEPOB OT YACTHUIL, C OJUHAKOBOU 3HEepruen
OyAyT pas/M4yaThCs B 3aBUCUMOCTHU OT IOJIOKEHHUA eTeKTopa. YToObI pelIuTh 3Ty Npo6JieMy,
Heo6X0ZMMO NPOBECTU 3HEPreTUYECKYH KaJMOPOBKY [ KaxJoro nukcess. KaaubpoBka
OblJIa BBINOJIHEHA C MCII0JIb30BaHHEM aJIbTEPHATUBHOIO METO/a C ICTOYHHUKOM -4acTHI] ***Ra
[14]. B oT/inuMe OT CTaHAAPTHOM MOMUKCEJTbHON KaJUOPOBKHY, IZle aHAJU3UPYIOTCSA TOJIBKO
OJlHOTIMKCeJIbHble TPeKH HU3KOIHEepreTHUYeCKUX raMMa- U PEeHTTeHOBCKHUX Jly4el, HOBbIU
MeTO/i OCHOBbIBAETCS Ha OLleHKe pacnpe/ie/ieHus 3apsi/ia B MHOTONUKCEIbHBIX TpeKax ajabda-
yacTul,. boJsiee noapo6Hy0 HHPOPMALUIO O METO/IE MOXKHO HAUTH B [14].
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KanubpoBka AE JeTeKTOpoB Oblja NpoBeJeHa /AJis YCTAaHOBJEHHUS 3aBUCHUMOCTHU
MeX/Jly HOMepOM KaHa/jla aMIUIUTyAHO-LuupoBoro npeobpasosatesnsa (ALIl) u sHepruen
perucTpupyeMoi yacTuibl. B kauecTBe KaJiMOGPOBOYHOI'0 UCTOYHUKA HUCN0JIb30BaJICA albda-
UCTOYHUK “*Ra, B CIeKTpe KOTOPOTO HAGJIIJA/NNCh LIECTh OTYETIMBBIX IMHUN Q-pacnaZjoB B
fuanasoHe 4.5-8 MaB (puc. 3 a). Bo BpeMs uaMepeHui Kax/bli Si-leTeKTOp HAaXOAMJICS Ha
paccToAHUHU 8 CM OT UCTOYHHUKA. B MosiydeHHOM cClleKTpe ObLIM ONpeJeseHbl NUKH, a TaKXKe
yCTAaHOBJIEHA CBSI3b MEXJY HOMEpPOM KaHa/la M COOTBETCTBYHOUIEHM NUKOBOW 3HEpPrUem.
JJ11 MOJArOHKHA TOYeK KaJIMOPOBKMU HCIOJIb30BaJICA INOJMHOM NEepBOM CTeNeHU C JBYyMd
ko3pduneHTaMu (HaKJOH U CMellleHHe), KaK MOKa3aHO Ha pUCyHKe 3 b. U3 pe3ynbTaToB
BU/IHO, YTO BCe JeTEKTOPbl 00eCredyrBaOT XOPOLIYIO IMHEHHOCTD B iMalla30He U3MepeHHbIX
sHeprui. [lonyyeHHas ¢yHKUMs OblIa HMCIOJIb30BaHA /JJis NpeoO6pa3oBaHUs KaHAJOB B
3HEpPrHuIo.

PucyHok 3. a) - CneKTpasibHble IMHMHA HCTOYHHUKA 2?°Ra B BakyyMe. b) - KaJ1uGpoBoYHast
KpHUBasi KpeMHHEBOTO0 JeTeKTopa

OueHoYHbIe pe3y/IbTaThl

239Pu mpeuMy1eCTBEHHO JIeJINTCS M0/ BO3JeUCTBUEM TEIJIOBBIX HEUTPOHOB. Ha pucyHke 4
peJCTaBJIeHO ceyeHue neseHus 2°Pu, mosydyenHoe u3 6ubanoreku ENDF (Evaluated Nuclear
Data File). Ucnosib3ysi XapaKTepUCTUKHU JeJsllelcss MULIEHM U NOTOK HEUTPOHOB, MOXHO
OLIEHHUTb KOJIMYECTBO COOBITUM JlesieHUs 1o Gopmyie:

N;=0-N,-®
rge o - ceyeHue JeneHusd, NO - KosndecTBo Jensdiuxca sgep, @ - NoTOK HEWTPOHOB.
[IprHUMas, YTO BEpPOSATHOCTb TPOWHOTO JiesieHUs cocTaBJsieT 3-10-3 oT 06bIYHOr0 GMHAPHOTO
JleJIeHUsl, Mbl OLleHMBaeM, YTO B CEKYHJY NPOUCXOAUT 7 COOBITUHM TPOWHOTO JeJeHus.

YuuTbiBas TeJIeCHbIM YroJ1 HalluX AeTeKTopoB (*0.5 1), Mbl MOXKEM 0XXKUJATh perucrpanuio 1
COOBbITHA HA TPU TeJieckona B 1.2 CeKyH/BbI.
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EHDF Regquest 23191, 2024-Sep-20.06:17:35
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PucyHok 4. Ceuenue aesienue 23°Pu. l[ipumep us onsaitH 6u6moreku ENDF

Tabaunbl npobera, mosydyeHHble C NoMollbio nporpammbl SRIM, ucnoJsib30Basuch B
KayecTBe BXOJHBIX JAaHHBIX AJI MOJEJUPOBAHUA 3KcrnepuMeHTa. [lockosibKy mporpamMma
SRIM paccyuTbiBaeT TabJULbl AJS JUCKPETHbIX 3HAaYe€HHWU 3Hepruy, OblLIia NpoBeJieHa
MHTEepNoJALMA JaHHbIX 14 onpejeneHusa R u AE f1a 110601 3aiaHHON Ha4a/IbHOM SHEPTUH.
Ta6nubl npoberos 661U cO37aHbl A4 p, d, t, He(4,6,8) BastoMuHueBoU Gposibre U KpeEMHUEBBIX
JleTEeKTOpax, C MHTEepNoJAlMed JaHHBbIX C IOMOILbI0 CIJIAWHOB. B pacyeTax BBOAUJIMCH
TOJILIMHBI BCEX CJI0€B BelleCTB, KOTOPble YacTULA JOJKHA MPOUTH 0 AETeKTOpa, a 3aTeM
[0C/JIeJ0BATe/IbHO PACCYUTBIBAJINCE MOHU3ALMOHHbIE NIOTEPH BO BCeX CJI0AX OT MULIEHU [0
JleTeKTOPOB. JTU JlaHHblE UCIMOJIb30BaJUCh A noctpoeHus AE-E cnektpoB. Pe3ynbraThl
npeJcTaB/eHbl Ha PUCYHKe 5.

PucyHok 5. AE-E crieKTpbl JIerKMx 3aps:KeHHbIX YaCTHUIL OJIy4eHHbIN ¢ TOMOIIbI0 mporpaMMsbl SRIM

A.H. T'ymunres amwindazor Eypasus yammorx ynusepcumeminityy XABAPIIBICBI. N21(150)/ 2025 117
Qusura. AcmpoHoMusl cepusicol
ISSN: 2616-6836. eISSN: 2663-1296



A. Bepukos, C. Hypyes, I. Axmados, K. Mendu6aes, b. Myxamemyawi, K. Kosaavuyk, T. Koadvibaes, 0. Konay,
K. Hazapos, /l. Anumos, b. Cadvikos, A. TemupoicaHos

3. [IpeaBapuTe/bHbIE Pe3y/IbTAaThl U 06CYKAEHMS

B xone mpoBeZleHHOTO TECTOBOrO MY4YKOBOTO HM3MepeHMs, KoTopoe AJjuaocbk 10 4acos,
ObI/IM TOJIYYEHbI LieHHble MEeTOJUYEeCKUe pe3y/bTaThl, CIOCOOHbIE CYLIeCTBEHHO MOBJIUATH
Ha OyAylMe MOoJHOILEHHbIe SKCIIEPUMEHTHI C My4YKoM. KitoueBbIMU pe3y/ibTaTaMU sIBJSIIOTCS
caenytoiive GakThbl.

Bo-nepBbIX, Tak KakK MepBblii TOPU30HTAJbHbIM KaHa/ll MCCIe[0BaTeJbCKOrO0 peakTopa
BBP-K o6ecneunBaeT npsiMoil 0630p aKTHBHOW 30HBI, B [Ty4YKe NPUCYTCTBOBA/IM 3HAUUTEIbHOE
KOJIMYECTBO raMMa-KBaHTOB. JTU raMMa-KBaHTbI CO3JaJli MHOXKECTBO (OHOBBIX COOBITHUU B
TeJIeCKONax, YTO 3aTPYAHUIIO TOYHOCTb M3MepeHU. Ha pucyHke 6 npe/icTaB/ieHbl TPEKU YaCTHUI],
3aperucTpupoBaHHble 3a 1 ceKyHAy feTeKkTopoM Timepix. U3 prcyHKa BUHO [jBa TUIA YACTHILL:
JIOBOJIBHO peJKO BCTpevaroluecs O60JblLIKE, IOYTH KPYIJible TPEKU (Ha3blBaeMble KallJISIMM),
BbI3BaHHbIE y/JapaMM O-4acTHI, U 4YacTO BCTpevawlliuecss AJHWHHbIE, OObIYHO H30THYTblE
(«uepBeobpa3Hbie») cyie/bl, BbI3BaHHbIE BICOKOIHEPTreTUYECKUMHU raMMa-KBaHTaMU.

Pa3simyus B Tpekax CBsI3aHbl C OCOOEHHOCTSIMHM B3aWMOJEUCTBHUS JIETKUX 3apsKeHHbIX
YacTUl U TaMMa-KBAaHTOB C KpPEMHHUEBBIM CEHCOpPOM. TsKesible 4YacTHIbl, TaKHe Kak
O-4aCTHLbl, 006/1aZJal0T CUJIbHBIM UOHU3UPYIOIIUM 3P PEKTOM, OBICTPO TEPAIOT CBOIO IHEPTHUI0
Y, CJleloBaTeJbHO, UMEIOT KOPOTKHUM CpeJHUM JIMHEeNHbIN npober. [eHepaliys cB060aTMMOBAHbBIX
3JIEKTPOHOB Y JABIPOK MPOUCXOAUT GJIM3KO K BepxHel MOBEPXHOCTH KPEMHUEBOI'O CeHCopa
(TonuuHa 300 MKM), IocJie 4ero cBOOOHbIE 3apsiJbl ABUXKYTCA K a71eKTpoAaM. [Ipu ABrkeHUH
JIbIPOK K HMPKHEMY KaTOJly OHM 3a c4eT JUPPy3uU MPOHUKAIOT B COCEIHUE NMUKCEJH, U TPEK
BBIMVIIAUT KaK KPyTJasl «KarJs».

BbicokoaHepreTHyeckue raMMma-KBaHThI CO3/]al0T BHYTPH CEHCOpPA COBEPILIEHHO HHbIE
TPEeKU MO CPaBHEHUIO C O-4acTULAMHU. ['aMMa-u3/iyyeHHe MOXKET BbI3bIBaThb HMOHHU3AIUIO0
aTOMOB KpeMHHU$, B3aUMO/IEMCTBYS C 3JIEKTPOHAMU, YTO IPUBOAUT K BBIOUBAHUIO 3JIEKTPOHOB
M3 aTOMOB W 00pa30BaHWI0O UOHOB. B TO e BpeMsl 3/JIeKTPOH, CTaJKHUBASACh C APYTUMHU
YacTULAMHM, MOXeT CJIy4YalHO OTKJOHATBCA OT CBOEro MepBOHAYa/JbHOTO HalpaBJeHMd,
BbI3bIBasl MOSIBJIEHHE CMTHAJIa B HECKOJIbKUX COCEJJHUX MUKCesX. B pesysbTaTe nosydaeTcs
VMCKpUBJIEHHAsl TPAEKTOPHS.
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PucyHok 6. Tpeku yacTuL, 3aperucTpupoBaHHbIe JeTeKTopoM Timepix
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B cBsI3U € 3TUM, 6bLJIO MPEAJIOKEHO YCOBEPIIEHCTBOBATDh 3alUTY AETEKTOPOB OT raMMa-
KBaHTOB. 3BeCcTHO, 4TO 3pPeKTUBHOM 3aLUTOUN OT raMMa-U3JiydeHus SBJISIOTCS MaTepUasbl
C BBICOKMM aTOMHbIM HOMEPOM U BbICOKOM IJIOTHOCTBI, TaKMe KaK CBUHEL, WJIHU CTaJb.
3P deKTUBHOCTD 3aLMThI yBEJIUYMBAETCS C yBEJIMUEHUEM TOJIIIMHBI 3alIUTHOrO MaTepHaJa.
KpaTHocTh ocjabjieHUs1 U 3Heprus raMMma-usjaydyeHUssT B 3aBHCUMOCTH OT TOJIIIUHBI
CBUHII0BOM 3aL{UThl MOTYT ObITh paCCYMTAHBI 10 U3BECTHOM TabsuLe [15]. lyiga MUHUMU3an MU
perucTpanuy raMmMa-KBaHTOB TeJIeCKONIaMH, ObLJI0O PEKOMEH/J0BAHO YCTAHOBUTD 6apbephbl U3
CBUHIIOBBIX KUPIUYEN MeX/1y KaJIMUEBBIM KOJJIMMAaTOPOM U BaKYyMHOM KaMepou. ITOT 1ar
SIBJISIETCSI HEOOXOAUMbIM JIJIs1 CHUXKEHH S YPOBHS GOHA U MOBbIIIEHUS KAa4eCTBA JaHHbIX, UYTO B
CBOI0 04yepe/ib NOTPeb0BaJIo NepecMOTpPa CyLeCTBYIOLIEeN CUCTEMbI 3aILUTHI.

Bo-BTOpbiX, B T[JlaBe 2 ObLIO OTMEYEHO, YTO KOMIIAKTHOCTb U MOPTATHUBHOCTH
TeJIECKOIIMYECKOT0 JleTeKTopa Oblja JOCTUTHYTa 6Jilarofaps UHTerpanyu Bcel 3JIeKTPOHUKHU
B OJJHOM KOMIIAKTHOM CIEKTPOMETPUYECKOM CUMTBIBAIOILEM YCTPONCTBE. JTO HE TOJIBKO
ob6JsieryaeT UCHOJIb30BaHUE U HACTPOMKY 0OOpPyAOBaHUS, HO U MO3BOJISIET YIPABAATb BCEMU
TpeMsl TeJieCKomaMu C Momollbio ofHoro USB-kabesisi, MOAK/IIOUYEHHOTO K KOMIBIOTEPY.
OfHako B 3KCIIepHMEHTE, MOCKOJbKY paboyee MeCTO IKCIEPUMEHTATOPOB HAaXOAUTCA 3a
OMOJIOTUYECKON 3alllMTOMN, MPUXOJUTCS HCIOJIb30BaTh AJUHHbIM USB-kabesb. B Hamiem
ciaydae, favHa ucnosabzyemoro USB-kabens coctaBuia 20 MeTpoB. TeCTOBBINA 3KCIEPUMEHT
1oKasaJi, YTo Takou AJuHHbIN USB-kabesib He 06ecrieuMBaeT HaJlIeXKHOU MepeJjladyl CUTHAJIOB.
[Ipy BbICOKOM Harpy3ke W O60JbIIMX OObeMax mNepesaBaeMoi LUbpoBoW HHOpMaALUU
HaOJII0/Ja/IMCh YacThle OUIMOKH, a TakXke ciay4dau, korga USB noak/touyeHue "BbiOpacbiBaio”,
YyTO TpebOBaJO Iepe3arpy3ku Bcel cucTeMbl. XOTb NpPUMeHsICA cnenyanabHblil USB-
KabeJsib C MOBTOPUTEJISIMU KaXK/ible 5 METPOB C OT/AeJIbHbIM MUTAaHHUEM KabeJisi, IpoOJieMbl C
Ha/Ie?)KHOCTDIO Mlepeiauu OCTaBUJIA IPOCTPAHCTBO JJIf YAydIleHUH.

Hcnosib3oBaHWe B OyAylleM CBUHIIOBOM 3alUThl JOJKHO CYLIeCTBEHHO YMEHBIIUTD
00beM nepenaBaeMod 1UbpoBOoM MHPOPMALUKW U YCTPAHUTb 3THUX MpobseM. Kpome Toro,
B JaHHOW paboTe Mbl MpejJiaraeM JIONOJHUTEJNbHO COKpaTUTh AJyuHy USB-kabens g0
15 MeTpoB M MCNOJIb30BaTh elle OAHY OT/JeJbHYI JIMHHWIO NUTAaHUA [AJig obecredyeHUs
CTabU/JbHOTO (QYHKIUOHUPOBAHUS cucTeMbl. Takve H3MeHEHHUs NOMOTyT 3HAYUTEJbHO
YMEHbUIMTb KOJIMYECTBO OIIMOOK U IOBBICUTH 0011110 HaZEXKHOCTh U 3P PEeKTUBHOCTb PabOThI
TeJIECKOTUYECKUX JIeTEKTOPOB B OYAYIIEM.

Takum 06pa3oM, MOXKHO IOABECTHU UTOT, YTO Pe3y/IbTAThl IyYKOBOI'0 U3MepPEeHHS He TOJIbKO
OTKPbIBAIOT HOBbIE METO/bl Pa6OThI, HO U TPEOYIOT MEPECMOTPA ps/ia TEXHUUECKUX PEIIeHUH,
YTO B KOHEUHOM UTOTe MPUBEJET K 60Jiee BLICOKMM CTAaHAAapTaM TOYHOCTH M HAJeXHOCTHU B
IpOBeJleHUN U3MEePEeHUN.

4. 3aK/Il04eHue

B 3ak/i0o4yeHHe, Halle UCCAeOBaHUE PeJKUX MO/, JeJieHUs f/ep, BKJYas TPOUHOE U
YeTBEpPHOE CIIOHTAaHHOE JieJieHne u3oTona 2°2Cf, mpesocTaBu/io BakHble JJaHHbIE O BbIXO/JaX U
3HepreTUYECKUX pacrpejeieHUsX JJeTKUX 3apsP)KeHHbIX YaCTUL, YTO 3HAYUTEJbHO YIIyO/iseT
Hallle NMOHMMaHHWe sJiepHbIX npoueccoB. [l 6osiee raybokKoro aHaivsa OyJeT I0JIE3HO
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CPaBHUTD 3THU Pe3y/bTaThbl C JJTAHHBIMU BbIHYK/IEHHOTO JieJIeHUs1 HEUTPOHAaMHU. B 3Tol cBSI3U
3alJIAHUPOBAH 3KCIIEPUMEHT MO JesieHUI0 2*Pu ¢ TemyjoBbIMH HEHUTPOHAMHU Ha peakTope
BBP-K.

B pgaHHON cTaTbe Mbl OLEHUJIHM BO3MOXHOCTb IpPOBELEHHUS] HUCCIeJ0BAaHUW TPOMWHOTO
JleJieHUs siep Ha TOpU30HTa/IbHOM KaHasie N21 peakTopa BBP-K. 3T0 C/I0KHBIN 3KCIIEPUMEHT,
Ha TOYHOCTb KOTOPOIO BJIUSIIOT MHOXXeCTBO (pAaKTOPOB, TAKUX KaK NapaMeTpbl YCTAaHOBKH,
YCJIOBUSI IKCIIEPUMEHTA Y XapaKTEPUCTUKU UCHOJIb3YEMbIX AETEKTOPOB, POHOBbIE YCA0BUS,
cucTteMa cbopa v 06pabOoTKHU JaHHBIX U.T.J. TecToBble U3MepeHHUs Ha peakTope BBP-K BoisiBUIN
Ba)KHble MP06JIeMBbI, CBSI3aHHbIE C raMMa-QOHOBbIMHU COOBITUSMU U HAZJ€XKHOCTbIO Nlepe/jaiu
curHajoB 4epe3 ajvHHble USB-kabenu. B pesysnbraTe OblLIM NpeAJioKeHbl KOHKPETHbIE
TeXHUYeCKUe yJy4dlleHus, HalpaBJeHHble Ha CHKeHUe QOoHa U yBeJM4eHHe CTabUIbHOCTHU
cucteMbl. TakuM 006pa3oM, pe3y/IbTaThl HALLlETO UCCIe;,0BAaHUS TOATBEPKAAIOT HEOOXOAMMOCTh
nepecMoTpa CyLeCTBYOLUX NOAX0A0B U NIPeACTAaBISAIT COO0M LIar K MOBbIILIEHUI0 TOUHOCTH
Y HaZIeX)KHOCTH OyAyLIUX S9KCIIEPUMEHTOB.

PaboThl OyayT NpoAo/KeHbI B paMKaxX LIMKJIA MCCJIe[J0BaHUN, KOTOPbIN Oy/leT BKJIOYATh
KaK MeToJu4ecKHe acnekThl (Kak B JaHHOW paboTe), Tak U GU3rUUecKue pe3yabTaThl. B aToMm
roZly Mbl IJIaHUPYeM MOJIYYUTh MepBble COEKTPbl OT TPOMHBIX JIETKUX 3apsXKEHHBIX YacTHUILI,
YTO CTAaHET BaXXHBIM L1aroM B pa3BUTUH JAHHOU HAyYHOU 06JIaCTH.
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BsiarogapHOCTh, KOHQJIMKT UHTEPECOB

JlaHHoe wuccienoBaHue ¢uHaHcUpyeTcsd KomuTeToM Hayku MHUHHUCTEpCTBA HAyKd U
BbIcLIero obpasoBaHus Pecny6simku Kazaxctad (rpanT N2 BR21881930). ABTOpHI BbIpaKatoT
MCKpPEHHIOI 6J1aro/lapHOCTb BCell KOMaH/ie, o6ecrneyrnBarolleil 6e30nacHy0 U 3 PpeKTHBHYIO
3KCIIyaTallMI0 MCCIeoBaTeJbCKOro peakropa BBP-K.

ABTOpBI 3asIBJSIIOT 00 OTCYTCTBUM KOHQJIMKTA HHTEPECOB, UMEWIIEro OTHOLIEHHE K
COZIEP>KaHUIO JAHHOM CTaThH.
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BBP-K peakTopbIHbIH N2 1 K6J/iAeHeH, apHacbIHAA YUITIK SIAPOJILIK 66JIiHyi 3epTTEey
nepcneKTUuBajapsbl.

Anparna. Makaniazia e3/iirineH (CIIOHTaH/Ibl) XK9HEe HEUTPOHbI UHAYKUUSIAaHFAH 66JliHy/le 60/1aThIH
VIITIK ’K9He TOPTTIK GeJIiHy CHUAKTbI CUPEK Ke3JleCeTiH AAPOJIbIK 06JIiHy MeXaHU3M/EepiH 3epTTey
TaJIKbl1aHa/bl. bi3fiH Ton ockbiFaH Jeitid 252Cf U30TONBIHBIH YIITIK )K9HE TOPTTIK 63AiriHeH 66JiHyiH
3epTTey GOMbIHIIA TIHKipHUbesep KyprisreH 6osaThiH. Keseci ke3eH - HEUTPOHABIK UHAYKIUAIBIK
6eJliHyMeH YIUTiK 66JiHy/i 3epTTey.

JKCIEepUMEHTTIK KOHJbIPFbIHBI KYpY KoHe 6eJillleKTepAi Tipkey aJicTepiH a3ipJieyai Koca ajFaH/a,
HEeUTpPOH acepiHeH yWITIK OeJiiHy GOWbIHIIA 3epTTey/ep KYprizy kesenzepi gadbiHAangbl. TecTTik
eJiieysep AsmMatbigarbl BBP-K  peakTopbiHaa »xyprisisigi. 239Pu HbicaHacbIMEH »KYyprisijireH
3KCIIEpUMEHTTeP KeliHri 3epTTeyaep/iH AaJ/1iriHe esieyli acep eTeTiH KYH/bl 3/jicTeMeJIiK HOTHXeJlep
OGepai. IKCIEepUMEHTTIH KOPBITBIH/JbLIAPbI 3epTTEYIep/iH, KOFapbl [O9JIJIK JKoHe CeHiMAaiaik
CTaHAAPTTapbIHA KETY YIiH TEXHUKAJIBIK LIelliMAep/ii KaliTa Kapay/blH KaXXeTTUIIiriH pacTanapl.
Tyiin ce3gep: fAxaposiblk 6eJiiHy, TeleCKONUSJIbIK [ eTeKTOp, KEeHiJ 3apsi/TajJFaH OeJilleKTep,
N03WILUsFa ce3iMTal KpeMHUHN JeTeKTOPbI

D. Berikov*'?, S. Nuruyev?**, G. Ahmadov?3, K. Mendibayev'?, B. Mukhametuly'?, K. Kovalchuk?,
T. Zholdybayev?, Yu. Kopatch?, K. Nazarov'?, D. Alimov?, B. Sadykov?, A. Temirzhanov'*®
I[nstitute of nuclear physics, Almaty, Kazakhstan
?Joint Institute for Nuclear Research, Dubna, Russia
3Institute of Radiation Problems, Baku, Azerbaijan
*Khazar University, Baku, Azerbaijan
SSatbayev University, Almaty, Kazakhstan
*Correspondence: daniyar.berikov@gmail.com

The prospects of studying ternary nuclear fission in horizontal channel No.
1 of the VVR-K reactor.

Abstract. The article discusses the study of rare nuclear fission mechanisms, such as ternary and
quaternary fission, which occur during both spontaneous and induced fission by neutrons. Our group
previously conducted experiments to investigate the ternary and quaternary spontaneous fission of the
isotope 252Cf. The next stage is to study ternary fission during induced fission by neutrons.
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Steps have been prepared for conducting research on ternary fission under neutron irradiation,
including the creation of an experimental setup and the development of particle detection methods.
Test measurements were carried out at the VVR-K reactor in Almaty. Experiments with the 239Pu
target provided valuable methodological results that significantly impact the accuracy of subsequent
studies. The conclusions of the experiment confirm the need to revise technical solutions to achieve high
standards of accuracy and reliability in research.

Keywords: Nuclear fission, telescopic detector, light charged particles, position-sensitive silicon detector
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Anparna. Kasipri asieMze onTHKaJIbIK CEHCOpJIAp KOFaphbl Ce3iMTasIIbIKKA,
JDJIIKKe >XKoHe CbIPTKbI acepJsiepre Te3iMJijliriHe 6aliaHbICThl 6Jlley TeX-
HOJIOTUsJIapbIH/Ja Kebipek KoJijaHblIaAbl. By 3epTTey/iH MakcaTbl apTypJi
cajlajJlap/ia KoHe FbUJIBIMHU 3epTTeyJepie AepopMalus MeH TeMIlepaTypaHbl
6aKpliay YUIiH ONTUKAJBIK CEHCOpJIap/bl ai/lajlaHy MyMKIHAIKTepiH Tanjay
©oJibIn TabbLIaAbL. 2KYMBICTAa ONTHUKAJIBIK CEHCOPJIApAbl KOJIAAHY apKbLIbl 6J1-
11ey TeXHOJIOTUsJIapblH JaMbITy MeH KeTI1Jipy/iH Herisri 6aFbITTapbl Kapa-
CTBIPBIJIFaH.

3epTTey ajicTeMeci Bparr Topsaapbl 6ap TaJUIBIKThI-ONTUKAJIBIK AATYUKTEPAI
TOXKIpHUOeIiK CbIHAYAbl, COHAAN-AK )XYKTEMEHIH, KOFapbliaybl MeH TeMIlepaTy-
PaHBbIH aybITKYbI KaFlalbIH/A 0JIap/bIH )KYMBICBIH MOoJe/bleyal KaMmTubl. He-
ri3ri HoTUXKesiepre eJilley A3JAITH Taa[ay, JaTYMKTEPAiH CbIPTKbI 83repicrtepre
ce3iMTaJIAbIFbIH OaFasiay »KoHe oJlap/iblH OepiKTIriH aHbIKTay Kipesi.

AJIbIHFaH fiepeKTep ONTUKAJIBIK CEHCOPJIap/bIH XKOFaphbl A2JIAIK I1eH CeHiMiiK-
Ti KaMTaMachl3 eTeTiH JdCTYpJli eJI1ley )KyHeslepiH TUIM/i a/IMacTblpa aJlaTbIHbIH
KepceTe/i. 3epTTey/iH NpaKTUKaJbIK MaHbI3AbLIbIFbl KYPbLIbIMAAP/bIH, 3HEP-
reTUKaJblK 00beKTIJIep/iH KoHe MeAULMHAJbBIK KYPbUIFbLIAP/bIH, Xal-KyHiH
OaKpliay YIUIH ONTHUKAJIBIK CEeHCOpJapAbl KOJZAHy OOWBIHINA YCBIHbICTapAbl
KypyZa xKaTbIp. 2KyMbICTBIH, TUIMAIJIITT MEeH CEeHIMIIIITIH apTThIpyFa KeMeKTece
OTBIpBIII, 8J1LIeY TEXHOJIOIMAJIAPbIHbIH, JaMybIHA YJIKEH YJec Kocabl.

Ty#iH ce3aep: ONTHUKa/BIK ceHcopJap, AepopMalUsAHbI eJilley, TeMIepa-
TypaHbl eJilley, TaJlUbIKTbI-ONTUKAJIBIK TEXHOJOrusaJap, bparr TopJapsl,
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1. Kipicne

3aMaHay| TEXHOJIOTHUSIJIBIK POTPECC XaFAalbIH/la HAKThI YaKbIT pexXUMiHze JedopMaLus
MeH TeMIlepaTypaHbl THIM/i eJilleyre KabijleTTi MOHUTOPUHT XXyHeJlepiH JaMbITyFa epeKllie
KeHin Oesinefi. Bys mapameTpJsiep KelipJsiep, FUMapaTTap, KyOblpJap CHUSAKTbl 9pTypJi
KYPBUIBIMJAPAbIH, Kayillci3Airi MeH y3aK Mep3iMAiIIriH KaMTaMmacbl3 eTy/Je, COHJAaW-ak
MeAWIIMHAJBIK Ka0AbIKTapAbl AUAarHOCTHKaJAyAa LIelylli peJ aTKapazabl. KoJi/JaHbICTaFbI
eJIlIey 9/iCTEPiHiH, illiH/e ONTUKAJBIK CEHCOpJIap epeKIle TaHbIMaJIJIbIKKa he 60J1azibl, 0J1ap
6ipkaTap cunaTTamMaJsiap/ia, COHbIH, illliH/ie )KOFaphl Ce3iMTaNAbIKTA, A3JIIIKTE, )KUHAKbLJIbIKTA
»KoHe ChIPTKbI dcepJiepre Te3iMainikTe acbin Tyceai [1].

TaHpasFaH TaKbIPBINTHIH 63€KTI/Ir MaHbI3Abl aUMaKTapAaFrbl 00beKTiJIepAiH KaFJalblH
6aKbliay YILUiH CEHIM/i XoHe [1aJ1 eJIlley KyhesiepiHe KaXKeTTiIIKTiH apTyblHa 6alJIaHbICTBI.
OnTuKanbIK CEHCOpJIap/Abl JaMbITyAaFbl eJ1eyJli )KeTiCTIKTepre KapaMacTaH, 0JIapZAbl KelleH a1
6aKbliay YlIiH, acipece TOTeHIle XXYKTeMe KaFAalblH/Aa Naija/laHy/ bl )KeTKIJIIKCi3 3epTTey
Maceseci 6ap. Ocbliaiilia, 3epTTeyNepAiH Kelijiri TeMnepaTypa HeMece KbICbIM/bl eJIley
CUSIKTBI JKeKe chlaTTaMajlapAbl TajJayfa OaFbITTa/IFaH, 6ipaK ONTHUKaJbIK CEeHCOpJapAbl
ken QyHKLMANBI 6aKbliay yHesepiHe GipikTipyre »keTKiJsikci3 keHin 6esiHesni. Bys Macesne
JIDJIIpEK KoHe TYPaKThI eJlIeMep/i KaMTaMachl3 eTe aJlaThIH KaHa TaClJiAep MeH ajicTepai
azipJieyai Tasan etefi [2].

ByJ1 3epTTey 06beKTici ONTUKaAIBIK TaJLIBIKThl TEXHOJIOTUAJIApAbl Mal/la/laHaTbIH ONTHU-
KaJIbIK, CeHCopJIap 00JIbIN Tabbl1a/ibl. 3epTTey NMoHi JedpopMalvs MeH TeMIepaTypaHbl eJilIey
YIIiH OChl ceHcCOpJiapAbl KOJJaHy aAicTepi MeH aAicTepi 60sibin TabbLiaAbl. KyMbICTBIH
MaKcaThbl 9PTYPJii KYMBbIC KafFAalapblHAa ONTUKAJBIK CEHCOpJApAbl KOJJAHYAbIH, TUIMAI
dJiicTepiH a3ipJiey >xoHe Heri3zey OoJsblll Tabbuiazbl. Ocbl MakcaTKa >KeTy VIIIH KeJeci
MiHZEeTTep aHbIKTaJIAbI:

Jedbopmanys MeH TeMnepaTypaHbl eJLeYiH KOJ14aHbICTaFbl TEXHOJIOTUSJIAPbIHA TaJlAay
KYprisy.

Bparr Top/siapbIMeH abAbIKTa/IFaH ONTUKAJBIK CEHCOPJIapAblH CUIaTTaMaJlapblH 3ePTTEY.

JKorapbl KykTeMe >KaFJalblHJa AATYUKTEpPAl CbhlHAY VIUIH TXKipHUOesiK KOHAbIPFbIHbI
a3ipuiey.

OHepKacinTe oHe FbhIJIbIMU 3epTTeYJepAe ONTUKABIK CEHCOpJIap/Abl KOJIJaHy GOMbIHILIA
YCBIHBICTAp/bl TY>KbIPbIM/1AY.

3epTTey dAicTeMeci 3KCIepUMEHTTIK XoHe TeOPHUAJBIK TaCilJep KUBbIHTBIFbIHA Heris-
JleJITeH. JKCIIePUMEHTTIK 3epTTeysiep 9pTypJii Karfanaap[a ONTHUKAJIBbIK CEHCOpJapAbl Chl-
Hay/Jbl KAMTU/bI, a1 TEOPUAJBIK TaJl[ay TeMIlepaTypa MeH MeXaHHUKaJbIK XYKTeMeJepAiH,
e3repyi KesiH/e oJapAblH 6HIMAIIrH MoAeabeyai KaMTU/bI.

9/1e6UeTTi LI0J1y OChl TaKbIpPbIN OOMBIHIIA ipreJi }koHe 3aMaHayy 3epTTeyJiep ONTUKABIK,
CEHCOpJIap/iblH, apThIKIIbLIBIKTApbl TYpaJibl JlepeKTepAiH alTapJ/blKTal KesieMiH GepeTiHiH
kepceTe/i. Mbicasbl, CMUT x9He T.6. (2020) xkaHe Liu & Zhang (2022) os1apAblH )k0Fapbl J2Airi
MEH3JIEKTPOMarHUTTIKKeieprijiepre 6epiKTirid erxken-rerkeusicunarranabl. COHbIMEH 6ipre
00 beKTisIep/iH, al-KYHiH 6aKpliay YUIiH ceHcopJap/bl KellleH i naijasaHyibl 3epTTeyAeri
OJIKbLJIBIKTAp OZlaH api 3epTTeyAi KaxeT eTefi. KenTtereH aBTopsiap aBTOMaTTaH/bIpblJIFaH
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G6akbliay KyHhesiepiHe ONTHKAJbIK CeHCOpJapAbl 6ipikTipyre 6arbITTa/IFaH *KaHa dAicTepAi
a3ipJsiey KaxKeTTisirin atan etegi [3].

3epTTeyAiH runoTesachl Bparr Topsapbl 6ap ONTUKAMBIK JAaTYUKTEPAl KoJJaHy AedopMaLus
MEeH TeMIlepaTypaHbl eJILIeY/iH AdJ/14irl MeH CEHIMAIIriH auTap/bIKTal apTThIpyFa MYMKIH/IK
6epefi, oapblH 9pTYPJii eHJipic xKaFAaiiapbiHa 6eliM/ieyiH KaMTaMachl3 eTe/|.

3epTTey/iH NpaKTHUKaJbIK MaHbI3/1bLIbIFb] 93ipJIEHTeH dAicTepAi KemipJiep, MyHal KyobIp-
JIaphl )K9He YIlIaK KYpPblJIbIM/Iapbl CUSKTBI MaHbI3/[bl 00 bEKTiNIEP/IiH, KaF/JalibIH 6aKbLIAY YIIiH
naujajaHy MyMKiHZIriH/e )aTbIp. 2KYMBICTBIH, TEOPHUSAJIBIK, yJIeCi O TUKAJIBIK CEHCOPJIap/bIH,
cuMaTTaMaJsapbl *K9He oJiapZbl >KOFapbl KYKTeMe KafFJalblHJa KOJIJAAHY Typasbl OinimMAi
KeHEeWUTY 00JIbIN TabbLIaAbl. 3epTTeY HITUKeJiepi KOJAAaHbICTaFbl 6J111ey TEXHOJI0TUsapblH
KeTIJipin KaHa KoMMaK, oJlapAbl NalAa/laHy/bIH *KaHa KOKXXUEeKTEPiH allajbl.

2. 9aicremeci

3epTTey aaicTteMeci AepopMaLUsl MeH TeMIlepaTypaHbl eJlley yiliH Bperr TopJsiapsl 6ap
ONTHKAJBIK CEHCOpJIap/bl Nalla/iaHy MyMKIiH/IKTepiH 3epTTeyre, COHZlali-aK oJ1apAbl 6aKbliay
KyHeJsiepiHe GipiKTipy TacisifepiH a3ipJieyre 6aFbITTa/IFaH. 3epTTeY/liH Heri3ri MaTepuanapbl
Bperr TopJsiapbl 6ap TaJIIbIKTbI-ONTUKAJIBIK CeHCOpJiap 60Ji/ibl, 0JIap KapbIKThIH, OeJriii
6ip TOJKbIH Y3bIHJBIFbIH KOPCETY VIUIH ONTHUKaJbIK TaJIIbIKTbIH ©3eriHje Ty3iJeTiH
Mep3iMAi KypblibIMAap 6oJibll Tabblaajbl [4]. Bysl ceHcopsiap TeMnepaTypaHblH 63repyiHe
YKOHEe MeXaHHUKaJIbIK, dcepJsepre eTe cesiMmTaJ, 6yJ1 oapAbl 191 eJilley TalcblpMasaphl YUIiH
tanTbipMac etei. Konganbiiran ceHcopsap 1500-1600 HM Juanas3oHbIHAA LIAFbLIbICKAH
’KapblK, TOJIKbIHBIHBIH, Y3bIHJBIFbIMEH, KYMbIC TeMIepaTypacblHblH -40-taH +250 °C-ka
JlefiHri Auana3oHbIMeH 9He 1 MUKpOHFa JeMiHri JedopMalusHbl aHbIKTAy A3JiAiriMeH
cunatTangbl. COHbIMEH KaTap, 3epTTey ONTHUKAJ/bIK CHTHaJAApAbl a3y YIIiH CHeKTpJIiK
a”Hasu3aTopJapAbl, AedopMalUAIbIK KYKTeMeJepAi xacay YIIiH MeXaHUKaJ/bIK CTEHATEPAl
’KOHe TeMIlepaTypaHblH, ©3TepyiH MoJesibJiey VIUIH TEepMHUSAJBbIK LUK KaMepasaapblH
naianangpl [5]. JlepekTepAi eHAey VIIiH nNaijajlaHblIaTblH OaFjapJ/aMalblK Kypas
curHaazbl tanagay yuwid MATLAB xoHe onTHUKaJIbIK IpoLecTi MozesbAey yuiH OptiSystem
KyHeciH KaMTHApbl. la-cypeTTe KepceTiireH/iel Aipis iaMacbIHbIH 60J/KaJ/1/ibl MOHI lIaMaMeH
30 6osabl. 1-cypeTTe kepceTiireH p(t) cUrHanZapbiHbIH CIEKTPJIIK ThIFbI3/bIFbl €CenTeAi
(2-cypeT). AnbiHFaH TayenjinikTepaeH (2-cypet) 6ipiHiui xkaFfaiija (Tayenainik a, 1-cyper)
CUTHa/NAbIH OipiHWi rapMoHuKacel 6acbiM 60s4bl [6]. EkiHwWi (smax,2) >xoHe YyiHIIi
(smax,3) rapMoOHHKaJlap/iblH MaKCUMaJ[bl CHEKTPJiK ThIFbI3/IbIFbl OipiHIIiZeH (smax,1)
coliKkeciHIle maMaMeH 11 xxoHe 14 ece a3 6osbl. Exinui »xafpaiia (Teyenginik b, 11-cyper)
eKiHLIi rapMOHMKa 6acbiM 60JiAbl, OHJAa smax,1 *koHe smax,3 1,5 »koHe smax,2-AeH 3 ece a3
6osabl. YiiiHii xarganga (c Toyeaninik, 1-cypeT) smax,2 *koHe smax,3 2 koHe smax,1-7eH
16 ece a3 60/bl. fIFHM, a/NbIHFAH TaXKipUOeJiK JAepeKTep ChI3bIKTBIK TepbesicTep Ke3liHze
TaJIIUBIKThI BparT TOpbIHAH WAFbIIBICKAH paalus TYAbIpaTblH CUTHA/IJAPAbIH aHbIKTAJIFaH
culaTTaMaJblK epeKIlesiKTepiH pacTajbl [7].
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1-cypeT. OpTYPJii TOJIKBIH Y3bIHABIKTAPbIH/A YAaKbIT 60MbIHIIA TaJWIBIKTbI Bp3rT TopsiMeH
IIaFbLJIBICKAH C3yJiesIeHY KyaThIHbIH, TOye I iIiri

3epTTey MaceJieci ADCTYpJi eJilley dAiCTepiMEH Ca/bICThbIpFaH/a 6aKbljiay KyWeJsiepiHje
ONTHUKaJBIK Bragg TopJibl ceHcopJiapblH Nal/la/laHy/IblH, apThIKUIbLIBIKTAPbIH aHBIKTAY 00J1/Ibl.
Anfa KOWbLIFaH TMNoTe3a MYH/1al CeHcopJiap/ibl NaiAasany JedpopMaliysi MeH TeMIlepaTypaHbl
eJILIEYAIH KOFapbl JdJ1/liriHe, COHJAW-aK 3JIeKTPOMAarHUTTIK KeJepri MeH [ipiJl CUAKTHI
CBIPTKbI paKTOp/IapFa TO3IMAIIKTI KaMTaMachl3 eTyre MyMKiH/AiK 6epeJi gen 6o/nKanabl [8].
3eptTey GipHelle ke3eHre 6GeJiiH/i. BipiHlli Ke3eH/Je ONTUKAJBIK CEHCOpJapAbl NakaanaHy
caJlacblH/IaFbl ©3€KTi Mpo6JieMasiap MeH OJIKbLJIBIKTAP/ibl aHbIKTAY VIIiH 6ap a/ebueTTepre
TaazAay XKyprisiigi. EKiHIi Ke3eHe TalllbIKThI-ONTUKAJIBIK XXyHeleH, MeXaHUKaJIbIK, CbIHAK,
KOH/bIPFBICbIHAH >XOHE KblJIy KaMepacblHAaH TYPATbIH TAKIpUOEJIiK KOHJABbIPFbI 93ipJieH .
YiwiHmi Ke3eH AaTYUKTePAl dPTYpPJii KYMBIC KaFauaapblH/a, COHBIH, ilIiHJe 3KCTpeMaJl/ibl
TeMIlepaTypa MeH MeXaHUKaJIbIK KYKTeMeJiep/ie CblHAy YIIiH 3KCIIepUMEHTTEPAI KaMThI/bI.
KOpBITBIH/bI Ke3eH 3KCIIEPUMEHTTIK MaJliMeTTep/i 6HJeyre *XoHe Ta/ljayFa apHaJ/l/ibl, OFaH
MaTeMaTUKaJbIK MOJleJibJlep/ii KYpy *KoHe CTaTUCTUKAJBIK TaaAay KipAi [9].
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2-cypet. CurHa/1apAblH, CHEKTPJIiK ThIFbI3AbIFbI, TOJKbIH MiINiHi

3epTTey oAicTepiHe 3KCIEPUMEHTTIK, aHAJIUTUKAJIBIK X9He MaTeMaTHKaJIbIK Taciajep
Kip/li. JKCIEPUMEHTTIK 9iicTep apTypJii paKkTOpIapAbIH dCepiHEH ONTHUKAJIBIK CEHCOPJIap/bIH,
OHIMAIIriH TekcepysieH TypAbl. Ockl MakcaTTa 6OacKapblIaTbIH KYKTeMeJsep/i »Kacayfa
»KoHe ONTHKAJIbIK CUTHaJIJlaFbl 63repicTepi »KoFaphl J2JI/IiKIIeH Ka3yFa MYMKiH/iK 6epeTiH
apHaiibl 93ipJieHreH KOH/AbIPFbl MakaasaHbuibl [10]. JkcnepUMeHT GapbIChIH/A aJibIHFaH
MaJIIMeTTep/i eHJey KoHe TYCIHAIpY YIUIiH aHaJIMTHUKAJBIK dJicTep KOJAAHbLIAbL. Mbicasbl,
febopmMalysiapMeH TeMIIepaTypaHblHe3repyiHe 6aillaHbICTbI LIAFbIJIFAHKaPbIKTbIH TOJKbIH
Y3BbIH/BIFbIHBIH, 63Tepyi COeKTpPJIiK TaJlJayAblH KeMeriMeH TangaH/bl [11]. MaTeMaTuKaabIK
MOJieJIb/Iey dPTYPJIi )KYMbIC >KaFJallJlapblHAAFbl CEHCOPJIap/iblH dPEKETIH 60/Kay Y1LiH COHFbBI
3JIeMEeHTTep 9AICTepiH KOJIAaHy apKbl/Ibl OpbIHAAAbL. OJIlIey JaJIAIrH )KaKCcapTy YLIIiH Ly MeH
aptedakTisiep/i a3alTyFa MYMKIiH/ZiK OepeTiH CUTHa/Jbl Cy3y aJropuTMAepi Ko1JaHbLIAbI.
e-HiH TapaJ/ly TUCTOrpaMMachl TOPT TOJIKbIH Y3bIH/bIFbI KaFAalbIH/a )KOFapblJa CUllaTTa/IFaH
dJlic apkbLiabl ecentesi (3-cypet). HoTuxeciH/ie e-HbIH Tapaiybl aCHMMETPHUsLJIbl 60J1/bl, 6YJI
TaJIIIBIKTbIH Uiy nai/ja 60J1ybIMeH TYCiHAIpia/i, 6y/1 e-HbIH HeJiAiK MoHiHe FBG ke3inge FBG-
HiH 60cC (IFHH, TycipiJiMereH) KyiiHe KaTbICThbI xKeTKeH/ie, FBG KpIcbLiybIHa 0J1 6epmeni [12].
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9JicTeMeHiH >XaHaJ/IbIFbl ONTHUKAJIbIK CEHCOpJIapAblH, CUIIaTTaMa/lapblH 3epTTeyre >KoHe
oslap/ibl OaKplLIay »KyMesiepiHe OipikTipyre keuleH/i Ke3KapacTa »aTblp [13]. AsblHFaH
HOTHXKeJIep CeHCOpJIap/blH KOFaphl ce3iMTa/IZibIFbl MeH CeHIMJIIIriH pacTazpl, OyJ1 oJapAbl
HaKTbl YaKbIT peXUMiH/le 0O0beKTiepAiH KYWiH 6akbliay/blH MePCIEeKTUBaJbl KypaJblHa
aliHanAbIpaZbl. KYMBICTBIH, MPAKTHUKAJIbIK MaHbI3AbUIBIFBl KeIipJep, KyOblpsjap XKoHe
FUMapaTTap CUAKTbl MaHbI3/lbl OODBEKTiJIepAiH TeXHUKaJbIK >KaFJalblH Oakpliay YIIiH
YCBIHBUJIFAH 9/1iCTepAi KOJIIaHy MYMKIH/IriHie )KaTbIp [ 14]. O3ipJieHreH Taciigep MeuIMHala
$U3HOJIOTUSJIBIK KOPCETKILITEP/Ii 9.1 6J11IeY YILiH )KoHe TaKipUubeJlik )Karjaiaap/bl 6aKbliay
YIUIH FBUIBIMHU 3epTTeyJiepZe Je KOJJAaHbLIybl MyMKiH. Ocbllailla, YCBIHBUIFAH dfjicTeMe
9PTYPJii KOJIJaHy cajlajlapblH/IaFbl ONTHUKAJbIK CEHCOPJIAPAbIH TUIM/Ii/Iiri MeH aM6e6anThIFbIH
kepceTei [15].

JacTypai 3/71eKTpJiiK TeH30pOMeTpJiepMeH CaJIbICThIPFAaH/a, ONTUKAJIBIK TeH30MeTpJep
kepceTei [16]:

XKorapsl gangik - esiey Katesiktepi 1 MKke ToMeH (MUKpoAedopMalusiiap), aja 3JeKTPJIiK
JATYUKTEPAiH Ad//4iri 5-10 MKE 1eKTereH.

Tesimpainik - kanubpaeyai KaxkeT ernecteH 20 XKblJ1ZJaH acTaM KbI3MET €Ty Mep3iMi.

ArpeccuBTi OpTaza )KYMbIC iCTey MyMKIH/IT] - KOPpO3UAFa XKoHe blJIFaJIFa YIIbIpaMalbl.

OnTukaablK, TeMIlepaTypa CeHCOpJlapbl 3HepreTUKaJa, MyHal-ra3 eHepKacibiHJe koHe
MeJMLMHAAa KoJgaHbuiaapl. OnapAbl naigasaHy AdCTypJi TepMomnapJsap AdJAIrIH »KoFal-
TaTbIH XKOFaphbl TeMIlepaTypa »KafalbIH/a acipece KyYH/b.

O.1ey aficTepiH ca/bICTBIPMaJbl Ta1JAdy MbIHAJIApAbl KepceTeai [17]:

Bparr TopJiapbiHa Heri3ze/reH OnTUKaJbIK ceHcopJsap mamaMeH +0,1°C gasnjikke ve, an
TepMoxxynTap +1°C KoFapbl eMec Ja/14IKTI KaMTaMachl3 eTe/l.
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NHTepdepoMeTpus/IbIK 9icTep TeMIlepaTypaHblH 63repyid 0,01 © C-Ka geliHri gafikneH
»KasyFa MYMKIiH/ik 6epe/i, OyJ1 19CTypJIi ceHcop/iapAblH YKcac napaMeTpJ/iepiHeH auTapJ/ibIKTan
aceln Tycezi [18].

OnTuKa/NbIK KepHey MeH TeMIlepaTypa CEeHCOpJiapbl »XKOFapbl AJJIKTI, CeHIMIIMIIKTI
»KOHEe KOJIAWChI3 KYMBIC KaFJanjapblHa Te3iMAIIKTI kepceTeai. [JacTypai afictepMeH ca-
JIBICTBIPFaHJA oOJiap [JaJlipeK oHe TYpaKThl HaTWXesep Oepeni, Oy osiapAbl MaHbI3[bl
cajiajlap MeH FblIbIM/Ia TallTbIpMac eTeAi [19]. MyHai TexHOI0TUsAIApAbIH 60J1alllaFbl UHTET-
pauUsiJIaHFaH CEHCOPJIBIK >XKyuesepAl AaMbITyAA KoHe JepeKTepAi eHJey VIUIH »KacaH/bl
WHTEJUIEKTTI naijasanyja, 6y oJapAblH THIM/IIITT MeH ceHiMAiIIriH oiaH api apTThIpyFa
MYMKIiHZiK 6epe/i.

3. HoTm:Kesiep MeH mikipTaJac

YcbIHBLIFAH 3epTTey/iH KOPbITBIHABICHI dPTYpPJii KYMBIC KaFAalapbiHaa gedopmanus
MeH TeMIlepaTypaHbl eJilliey yiiiH bperr TopJsiapbl 6ap oNTHKaJbIK CEHCOpJap/Abl NakaalaHy
MYMKIiH/IKTepiH 3epTTey O0MbIHIIA OPbIHAAJIFAH )KYMbICTAPAbl KOPBITBIHABLIANWABL. 3epTTEy
CEHCOp cullaTTaMaJslapblH KellleH/|i 6aFasiayzbl, oJapAbl MOHUTOPUHT KyWesiepiHe GipikTipy
dJicTepiH a3ipJieyai KoHe eJiley AJIAINH XKaKCapTaTblH ONTUKAJBIK CUTHAJIAbLI TaAAay/AblH,
»KaHa TOCLIepiH YChIHYABI KAMTH/bL JKCIIEPUMEHTTIK HOTHKeJIep IKCTpeMaslZibl TeMIIepaTypa,
MeXaHUKaJbIK KYKTeMeJlep xKoHe TepOeJiic CUSIKThI 9PTYpJli CbIPTKbI paKTOPJIapAbIH dCepiHeH
OINTUKAJIBIK CEHCOPJIAPAbIH, KOFapbl Ce3iMTa/IAblFbl MEeH CEeHIMZAIIri Typasbl THIIOTEe3aHbl
pacTtazabl. AnblHFaH JepekTep Bparr TopJsapbl 6ap onTHKaJbIK CeHCopJiap AJCTYpJli eJiliey
dJlicTepiHeH, acipece *abAbIKTBIH A9JIJIirh MeH TYpPaKThLIbIFbIHA KOWBLJIATBIH TaJalTap/blH,
YKOFapbliaybl KaFAalblH/Aa apThIKUIBLIBIKTbI KOPCETETIHIH allTyFa MYMKIH/iK 6epefi.

Ocbl 3epTTeyAiH HOTHXKeJepiH 6acKa »KYMbICTApMEH CaJIbICThIPY YCbIHBLIFAH TACI
JlepeKTepAiH CeHIMAIIri MeH KauTaJaHybIHbIH »KOFapbl J9peeCiH KaMTaMachbl3 eTeTiHiH
KepceTTi. 7KeKe CeHCOpJIbIK CUIIaTTaMaIappbl Ta/lJdyMeH LeKTeJIreH albIHFbI 3epTTeyJepaeH
alblpMallblIbIFbI, OYJ1 2KYMbIC OaKblIay XKylesepiHe ceHcopJiapApl OipiKTipy aicTepiH TecTiney,
MOJieJIb/Iey *KoHe 33ipJsiey/i KaMTHUTbIH KelleH/i LiemiM/i yCbIHaAbl. MbIcajibl, OYPBIHFbI
3epTTeyJiepZe OITHUKAJbIK CEHCOpJIapAblH TeMIlepaTypasblK CUIIaTTaMaJapblHA Hasap
ayJlapbliFaH 60Jica, 6yJ 3epTTey TeMIlepaTypa MeH MeXaHUKaJIbIK )KYKTeMeHiH, 6ipikTipiiren
»KaFJlaiblHJa OJIapAblH, MiHe3-KYJKbIH KaH-)KaKTbl 3epTTeyre OarbITTajlfaH. HaTuxkenep
COHbIMEH KaTap KemipJiep, FUMapaTTap >KoHe KyObIpJjap CUSKTbl MaHbI3/[bl UHQPAKYPHLJIbIM
00beKTi/IepiHiH XaFaiiblH 6aKblay YIUiH ONTHUKAJbIK CEHCOpJIap/bl NaiAalaHy MYMKIH/ITIH
pacTai/ibl, 0yJ1 oJ1ap/ibl GHEPKICINTE KOJIAAHYABIH XKaHa epCeKTUBaIapbIH allajbl.

Bys 3epTTeyniH MaHbI3Abl KOPBITBIHABICHI eJIeMAEPAiH AdJIrH auTapJblKTal >Kak-
capTyFa MyMKiH/JiKk 6epreH CUrHa/iap/bl CIEKTPJIIK Tal/1ay )KoHe QUIbTpPJIey aiTOPUTMAEPiH
naijjajaHy CUSKTBl JepeKTepAi eHJeyAiH »aHa JaJicTepiH »kacay Oo0Jibll Tabbliaajbl. By
dJlicTep 1y MeH OypMaJiayAbl OGapblHIIA a3alTyAbl KaMTaMachbi3 eTefi, OyJ1 OYpPbIH OCHI
cajsiafiarbl MaHbI3Abl Macese 6osabl. CoHbiMeH Katap, OptiSystem >xoHe MATLAB cUSAKTBI
3aMaHayu OafAapJsiaMalblK KypaJjJapAbl NaiJiajaHa OTBIPBIN, ONTHUKAJbIK HpOLecTepAi
MOJieJIb/IEY *KYMbIC XKaF[allapbIHbIH, KEH ayKbIMbIH/I[a CEHCOpJIAp/blH, dpeKeTiH GoJ/pKayFa
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MYMKIHJIK 6epAi. JKCIepUMEeHTTIK MaJjliMeTTepAi TaiAay CbIpTKbl GaKTOpJIap/blH dcepiHeH
IIaFbIJIFAH KapbIKThIH TOJIKbIH Y3bIH/bIFbIHbIH 63repyi TeOPUAJIBIK ecenTeyiepre A3J1 COUKec
KeJIeTiHIH pacTaibl, Oy/1 YChIHBIIFAH 9ICTEPAIH AYPBICTBIFBIH Jajejeli. bys HoTmxkenep
TaJIIBIKThl ONTHKA CaJjlacblHJaFbl 3aMaHayd TpeHATepre CoMKec KeJsell koHe Oakbliay
TallCblpMaJslapblH/ia ONITUKAJIBIK, CEHCOPJIapAb! Nali/jalaHy dJIeyeTiH pacTanuibl.

KopeITBIHABLIAN KeJie, XKYprisiyireH 3eptrey bparr Topsapbl 6ap ONTHKaJBIK CEHCOp-
JIapJblH, KOFapbl TUIM/i/IriH pacTan KaHa KoWMai, oJ1apAbl KOJIJJaHy/IbIH *KaHa OaFbITTapbIH
aHBbIKTaFaHbIH aTall 6TKeH »6H. JKyMbICTbIH IPAaKTUKAJIbIK, MaHbI3/|bL/IBIFbI 93ipJIeHI'eH 9icTepAl
HaKThbl YaKbIT peXXKUMiH/le 06'beKTiIep/iH TEXHUKAJBIK KaFJalblH 6aKblIay/JblH MOHUTOPUHT
KyHeJsiepiH/Zle eHri3y MyMKIHZIriHe. AJIbIHFAaH HOTHXKeJlep ONTUKAJIBIK CEHCOopJIap HerisiHze
aBTOMaTTaH/ABIPbIIFAH JKyWeJsepZi oa3ipJeyni, oJapAblH (QYHKLIUOHANABIFBIH KeHeUTYAl
YK9He dpTYpJi eHAipic »kaFaaliapbiHa 6ediMenyli Koca ajJfaH/ia, O/laH api 3epTTeynepAiH
nepcreKTUBasapblH awajbl. Ocbliaia, 6yJ 3epTTey MOHUTOPUHI TEXHOJIOTUSJIAPbIHbIH
JlaMyblHa eJleyJi yJiec KocaZbl >XoHe ONTHUKa/bIK eJilleMJep cajJdacblHAarbl OJaH api
a3ipJsieMeJiep/iH FhIJIBIMU HETi3/1epiH HbIFaUTabl.
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OnTuYecKue AATYMKH B U3MEPHUTE/ILHON TEXHUKE: IPUMEeHeHHe AJIs1 KOHTpoJA Jedopmanuu u
TeMnepaTypsbl

AHHOTanusA. B coBpeMeHHOM MHUpe ONTHYECKHE AAaTYUKU HAXOJAAT Bce GoJiblliee NMpPUMeHeHHe
B U3MEPHUTEJNbHbIX TEXHOJIOTHUAX OJarojapsd CBOed BBICOKOW YYBCTBUTEJNbHOCTH, TOYHOCTH U
YCTOMYMBOCTH K BHEIIHUM BO3JlecTBUAM. llesbl0 JaHHOTO WCCJeJOBaHUSL SIBJSIETCS aHAJU3
BO3MO)XHOCTEH MCMOJb30BaHUS ONTHYECKUX AATYUKOB JJIsI KOHTPOJISA AepopMalvu U TeMIepaTyphl
B Pas3JIMYHBIX OTPAC/IAX MPOMBIIIJIEHHOCTH W HAy4YHbIX HUCC/Ae[0BaHUsAX. B pa6oTe paccMoTpeHbI
OCHOBHbI€ HallpaBJIEHUSI PA3BUTH S U COBEPILIEHCTBOBAHU S TEXHOJIOTMM N3MEPEHUH C UCII0JIb30BAHUEM
ONTHUYECKUX JAaTYUKOB.

MeTomosiorusi McC/lefOBaHUS BKJIIOYAET 3KCIEPUMEHTAJIbHYI0 IPOBEPKY BOJIOKOHHO-ONITHYECKUX
JNIAaTYUKOB C pelnieTkaMu bparra, a Takke MoJieJIMpOBaHHE UX PabOThl B YCJIOBHUSAX IMOBBIIMIEHHBIX
Harpy30K M TeMIIepaTypHbIX KoJsiebaHui. OCHOBHbIE pe3yJbTaTbl BKJIOYAIOT aHaJIW3 TOYHOCTHU
HM3MePEeHUH, Ol[eHKY YyBCTBUTEJBHOCTH JaTYUKOB K BHEIIHUM U3MEeHEHHUSM U OI[eHKY UX Ha/Ie?KHOCTH.
[losiyyeHHble [aHHBbIE IOKA3bIBAIOT, YTO OMNTHUYECKHE JATYUKU MOTYT 3PEeKTHUBHO 3aMEHHUTH
TpaJUIIMOHHbIE CUCTEMbI U3MepeHHs, 00eCriedrBast BLICOKYIO0 TOUHOCTb U HAJIeXKHOCTh. [IpakTuyeckas
3HAYUMOCTb UCCJIE/IOBAHUSA 3aK/II0YAETCS B CO3/JAHMH PEKOMeH/JalM i M0 MCI0JIb30BaHUI0 OITHY eCKUX
JIaTYUKOB /IJ11 KOHTPOJISA COCTOSHUSA KOHCTPYKITUHA, 00 bEKTOB IHEPTETUKHU U MeIUITUHCKUX TPUGOPOB.
OH BHOCHUT 3HAYUTEJIbHbIN BKJIa/| B PA3BUTHE U3MEPUTEJNbHBIX TEXHOJIOTHH, CIOCO6CTBYS MOBBINIEHUIO
3$PEeKTUBHOCTH U HAJIEXKHOCTH PabOThI.

Kinio4yeBble cji0Ba: onTHYecKHWe [JaTYUMKH, U3MepeHHe JedopMalnuy, U3MepeHHe TeMIepaTyphl,
BOJIOKOHHO-ONITHYECKHE TEXHOJIOTUH, pelleTKU bBparra, MOHUTOPHUHI COCTOSIHHSI KOHCTPYKLHH,
M3MepUTETbHbIE TEXHOJIOTUU
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Optical sensors in measurement technology: applications for deformation and temperature
control

Annotation. In the modern world, optical sensors are increasingly used in measurement technology
due to their high sensitivity, accuracy, and resistance to external influences. The purpose of this study
is to analyze the possibilities of using optical sensors for deformation and temperature control in
various industries and scientific research. The work considers the main directions of development and
improvement of measurement technologies using optical sensors.

The research methodology includes experimental testing of fiber-optic sensors with Bragg gratings,
as well as modeling their operation under conditions of increased load and temperature fluctuations.
The main results include analysis of measurement accuracy, assessment of the sensitivity of sensors to
external changes, and determination of their durability.

The data obtained show that optical sensors can effectively replace traditional measurement systems,
providing high accuracy and reliability. The practical significance of the study lies in the development
of recommendations for the use of optical sensors for monitoring the condition of structures, energy
facilities, and medical devices. It makes a significant contribution to the development of measurement
technologies, helping to increase the efficiency and reliability of work.

Keywords: optical sensors, deformation measurement, temperature measurement, fiber-optic
technologies, Bragg gratings, structural health monitoring, measurement technologies
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FeibiMu MaKasia

CamapuiiMeH 6eJICeHAIpi/ireH uepui OKCUAi YHTaKTapbl MEH XKYKa
Y/16ipJiepiHiH KYPbUIBIMABIK, >)KoHe MOP G 0JIOrMsUIBIK, KACUETTEPiH 3epTTey

0. lllankap!", B.E. ’/Kakun6aes?", /I.K. EckepmecoB® ', B.JK. CeiiToB*
A.K. Tycyn6ekoBa® , 3.K. MyceHoBa® ', Y. A. Mypar6ekoBa® , JK.K.Asimn6exkoBa’ ,
C.A. Ila3bL16€eK®

!BusbHioc yHusepcumemi, BuavHioc, Jlumea

2Akademuk 0.Kyambekos amuiHdaFrbl Xanavikmap docmuiFsbl yHugepcumemi, llvimkenm, Kazakcmat

3/1. Cepik6aee amuiHdaryi LbiFbic Kazakcman mexHUKavik yHusepcumemi, Ockemen, Kazakcmat
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Anparna. KaTTbl okcuATI oTbIH 3seMeHTTepi (SOFC) yuiin kypambl 26% ca-
MapuiiMeH 6esiceH/ipinireH nepuit okcuai (SDC) yHTaKTapbl MeH KyKa yJa6ip-
JiepiH Tanzan 3epTTey KapacTbipbliagbl. SDC yHTaKTapbl MeH KyKa YJ/0ip-
JiepiH padblHJAyJla [MIMUUH-HUTPATThIH >kaHybl (CB), 6ipre Tynabipy (CP)
»K9He CyJibl 30J1b-TeJib (SG) azicTepi KoJAAaHbLIAAbI )KOHEe aJIbIHFaH yJrijepai
TaJZay dJlicTepi cumaTTaJfaH. AJbIHFaH 6apJiblK yHTaKTap 200-geH 1000°C
rpaZycKa JieliH KbI3/JbIpbl/IbIl, CaMapuiMeH OesiCeH/ipilreH Lepun/iH Kpu-
CTaJIAbIK KYPBLJIBIMBI aca >KOfapbl TeMmepaTypaZa JaMUTBIHbIH KepceTesi.
KpI3bIpblIFaH YHTAKTAp/AbIH TOP MapaMeTpi MeH KPUCTAJJIUT eJilieMi KbI3-
JbIPY TeMIlepaTypacbIHbIH, KOFapblJlaybIMeH YJIKeHeTiHIH KepceTe/i )KoHe Top
napameTpi TeOpUsJIbIK MaHJlepA€EH KOFapbl 60/1a/ibl. JKCIEPUMEHT HITHXKe-
Jiepi )KyKa y/16ipJepAiH KpUCTA/JIUTTEPiHIH opTalla eJileMi KaJbIHAbIFbIHbIH
YKOFapblJlaybIMeH 6CEeTiHIH auKbIHAaAbl. KoJilaHbLIaThIH CUHTE3/iH, iiHae CB
dJlici 6ipre TYH/ZbIPY M€eH 30JIb-T€JIb 9/IiCTEPIMEH Ca/IbICTbIPFaH/Aa )KaKCbl HOTHU-
XeJiepre e Jien caHanazbl. Si0, TeceHilliHe TYHAbIPbUIFaH XYKa y/6ipiepin,
TOp NapaMeTPiHiH 3KCIIepUMEHTTIK MaH/lepi TeOpUAIbIK MOHHEH »KOFaphbl 60.1-
Abl. Ka/IbIHABIFbI JKOFapblIaFaH caibiH Si0, TeceHilliHe TYHAbIPbIIFaH )YKa
y/16ipJiepAiH, KpUCTANIMTIHIH, OopTalla eJieMi apTa/ibl. ATOMABIK, KYIITIK MU-
KPOCKOI HaTHU:KeJlepi )KyKa yJ/10ipJiepiiH 6eTiHiH KeJjip-0yAbIpJIbIFbIHbIH OpTa-
11a MaH/Eepi KaJbIHABIFbIHbIH, »K0FapblJIaybIMeH 6CeTiHAIriH KepceTTi. TuicTi
6afmapJsiaMaliblK, »KacaKTaMaHbl KOJIZJaHa OTBIPbIN OeTTiH opTalla KeJip-0y-
ZbIpablFbl (Rs), opTama kBaZpaTThIK KeAip-6yabipabiebl (Rq), akcuecci (Rku),
acumMeTpuscel (Rsk) cunatranzpl.

Ty#iH ce3aep: 30/b-resib, 6ipre TYHABIPY, IJIMUH-HUTPATTHIH aHYbI, XKYKa
yJ16ip, caMapuiiMeH GeJiceH/IipiaireH 1iepuid OKCU/Ii, KATThI OKCU/TI OThIH 3JIEMEHTI
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CamaputimeH 6esaceHdipineeH Yyepull okcudi yHmaKmapbsl MeH Hyka yA6ipaepiHiy KypblablMOblK HcaHe
MOpP0o102UsAbIK KacuemmepiH sepmmey

1. Kipicne

OTbIH 3/IEMEHTTEpPiHIH TEeXHOJIOruAJapbl COHFbl €Ki OHXbUIJBIKTA 3epTTeyllijiep MeH
OHEpKCINTiH Ha3apblH aygap/bl. OTbIH 3/71eMeHTTepi KOMipKbIIKbLI Ta3blHbIH, KahaHAbIK
LIbIFAPbIH/BLIAPBIHbIH, LleliMAepiHiH 6ipi 6osa anazbl. [1] MasiMeTTepi GOWMBbIHIIG, KOJIK
CEKTOPbl KOMIPKBILIKbLI ra3blHbIH XahaH/AbIK LIbIFApbIH/bLIApbIHAA aMaMeH 23% yrecke
ve a30T INeH KYKipT OKCUATEPIH LibIFapazbl, OyJ XaJbIKTbIH JeHCay/bIFbIHA Tepic acep eTef,.
JlaCTypJii 3/1eKTP 3HEPTUACBHIH OHZIPY )KoHe TacbIMaJ/1Zjay HOTUKeCIH/e KOMIPKbILIKbIJ a3bIHbIH
IIbIFAPbIH/BLIAPBI KJIUMATThIH 63repyiHiH Heri3ri ce6enTtepi 6oJibin caHanabl [2]. XKorapsl
TeMIlepaTypaJibl OThIH 3JIeMeHTTepiHe KOChIMIIA IPoLelypa KaXKeT eMeC, BUTKeHI 0J1ap »KOFaphbl
TeMIepaTypaZa OTbIHHBIH, «illKi 66JIiKTepiH TypJieHAipyAi» xKy3ere acblpa anazpbl [3-10].

KaTTbl okcuaTi 0TbIH asieMeHTTepi (KOO3) (SOFC) - XUMUSIBIK SHEPTUSHBI 3JIEKTP 3HEPTHUSCHI
MeH bLJIyFa allHa/IZibIpaTbIH OTbIH 3JleMeHTTepiHiH 6ip Typi. KOO3J 6acka oTbIH 3/1eMeHTTepi
apacblHJIa €H >KOFapbl XXYMbIC TeMIlepaTypacblHa HWe 00Jiblll caHajlaZbl. TeMnepaTypaHbIH,
600°C-1000°C apasnbiFbl 6ipHelle OTbIH TYPiHiH al/blH-aJla 6HJAEYCi3 KOoJAaHyFa MYMKiHAIK
6epeni.OcbiHal )KOFapbl TEMIIEPATypPaMeH »KYMBbICICTeY YIIiH 3/IEKTPOJIUT KYKA KEPAMUKAJIbIK,
HeTi3/ieri KaTThl MeTaJ/lJ1 OKCU/i, KebiHece OTTeri MOHJAPbIHbIH 6TKI3Tilli 60/1bIN TabblJIAThIH
UTTPUNA MEeH UPKOHHUM KOpbITNAChl NaiaasanbLiagbl [11,12]. OnapablH apThIKIIbIIBIKTAPbI
peTiHZe yJbTpa Ta3a, HOJILIK LIbIFapblHAbLIAPFa KaKblH, »KOFapbl camaJbl, CeHIMAI KyarT,
»KOFapbl OTbIH TUIMAi/Iri 60J1Ca, al1 KEMILIIKTepi 2K0Fapbl )KYMbIC TeMIIepaTypachl y3aFbIpak
iCKe KOCY yaKbITbIHA )KoHEe MeXaHUKaJIbIK [IEH XUMUSIJIBIK YHJIECIMIJIIK MacesiesiepiHe 9KeJe|.
Kypampac 6esiikTep peTiHze Mai/ajaHblIAaThIH MaTepuaajap TEPMUSJBIK CbIHAKTAH 6Texi
YKOHE TeXHOJIOTUSChI XKeTiJIMereH, KYKipTKe opTallia Te36eyulijiiri MeH cajblCTbIpMasbl TYpZe
KbIMOAT 60JibIN Tabbl1aAbI [13-15].

KOO3 asieKTpONIMTIHAE KeJsieCci KpUTepUuJiep: »KOFapbl MOHJBIK, OTKI3TIIITIK IIeH TOMeH
3JIEKTPOH/Ibl OTKI3TiILITIKKE He, XUMHUSJIBbIK TYpPaKTbhl 00JIy X9He >aKChl MeXaHUKaJbIK
KacueTTepre ve, 6acka KOMIOHEHTTEPMEH XUMHUSJIbIK K9He MeXaHUKaJbIK YiaeciMAilikK,
VMOH/bIKKelepriHia3alTy YILIiHKYKa 60/1ybl KEPeK. JJIEKTPOJIUT eKi>KaFbIHAH KEYEKTi 3JIEKTPO/,
MaTepua/ibIMeH KalTaJfaH KPUCTAJIAbIK TOPAbl Kypanuabl. KypblibIMABIK KaFbIHAH MYH/J Al
3JIeMeHTTep TYTIKTep HeMece KaJlak, TaKTajap TYpiHJe >kacayajpbl, OyJ osapAbl eHAipyae
3JIEKTPOH/Ibl OHEPKACINTe KeHiHeH KOJILaHblJIaTbIH TEXHOJIOTUAJIAPAbl KOJILaHyFa MYMKIH/ZIK
6epeni. HoTuxkeciHZe KaTThl OKCU/ATI OTHIH 3JIEMEHTTEPI 6TE XKOFAaphl TeMIIEpAaTypaa >KyMbIC
icTel asia/ibl, COH/ABIKTAH 0J1ap 3JIEKTP XKOHE KbLJTY SHEPTUsChIH OHAipy YIUiH THiMAi [10,16,17].

KatTtbl okcuaTi oTbiH 371eMeHTTepi 800°C-Tan 1000°C-Ka AgeuiHri »KoFapbl TeMIiepaTypaza
YKYMBIC iCTEN aJlaThIH 3JIEKTPOJIUT PeTiH/le UTTPUKMMEH TYPaKTaHAbIPbLIFAH [JUPKOHUUMEH
(UTL) (YSZ) xywmbic ictenai. Byn TemnepaTypasiap 3JIEKTPOJMUTTE MKETKIJIIKTI HOH/BIK,
eTKi3rimTikke ve 60y yumiH KaxeT. OcblFaH KapaMacTaH, OHbIH, 6HJipic KyHbIHa, KOMMep-
UAJaHAbIPyFa KoHe T.0. 0aMJIaHBICTbI 3JIEKTPOJIUT peTiHJe NaijajaHy/blH Kelbip KeM-
winiktepi 6ap [18]. Erep kepaMuKasbIK Heri3zeri oTbiH 3ieMeHTTepiH 6500C-TaH a3 )KyMbIC
icTeyre 60/1aTbIH 60J1Ca, OHJA YAWIBIKTBIH KYpPbLIBICbIH/A dJ1/leKaijla ap3aH MaTepuaiapkbl
KoJllaHyFa 6os1a/bl. JKyMbIC TeMrepaTypacblH a3aWTy, KbI3MeT eTy Mep3iMiH y3apTy MeH
KypaMJac MaTepUalJapAblH TaHJAyblH KeHeWTyre MyMKiHZik Oepezi [18-20]. 3eprreynepae
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Llepy{ HeTi3IHAEerI 3JIEKTPOJIUTTIK MaTepyaaapAbl KOJJaHy apKblLIbl KYMBbIC TeMIIepaTypachl
TOMEHeTi/I/i, Mbica/ibl, caMmapuiiMeH 6esiceHzipinred uepui (SDC), ragosuMHuiiMeH Oe-
cenaipinren uepuit (GDC). Osnap 4000C-tan 8000C-Ka meMiHri )KyMbIC TeMIlepaTypachbiHa
€H, ’KaKCbhl MOH OTKI3rillTiriH KamMmTamaccei3d eTe ajazabl [19]. CamapuiiMeH 6eJsiceHJipiareH
LepUHJiH KyKa KaObIKLIaJapblH 3JEKTPOJUT MaTepuasbl peTiHAe caMapUiJiH apTypi
KypaMbIMeH TaJiiaHbln 3epTTeareH [11,12, 21-28].

2.9aicHaMa

3epTTey HbICaHbl peTiH/Je KypaMblH/a camapuii Mesepi x=0,26 6osatbid Sm, Ce . 0,
(26SDC) camapuiiMeH GeJsiCeHJipiireH LilepUH YHTaFbl YII TYpJli CUHTE3 apKblibl: TJIUIMH-
HUTPATThIH kaHybl (CB), 6ipre TyHAbIpy (CP) *kaHe cysbl 301b-reb (SG) gallbIHAANABL.

Kany cunmesi apkplibl SDC KepaMHUKaJIbIK, YHTAKTapblH ajly YLIIH KaTUOHAAP peTiHAe
LlepUud MeH CaMapUi HUTPATBIHBIH I'eKCaruApaTrTapbl, ajJl OTbIH peTiHJe IVIMUUH HUTPATHI
(6apJiblK, maigasaHblIFaH KocblabicTap Sigma Aldrich caTein anbiHAbl) NadgaaHbLIbL.
AtanraH 6GapJiblK MaTepuhaajap AUCTUJIJEeHreH cyAa Oesiek epiTiireH. llepuid HUTpaThl
rekcaru/ipaTthbl 6ap epiTiHZi KbI3AbIpbLIbII, lIaMaMeH 15 MUHYT apanacTeipbligbl. CamMmapuii
HUTPATBIHBIH reKcarujpaTbl MeH TJIMLUHI 6ap epiTiHAinep 6ipiHwI Kos6afa 15 MUHYTTaH
KeHiH KOCBIJIBIN epiTiH/l KbI3AbIPbLIbIN 15 MUHYTTal apanacTbipblifbl. EpiTiH/iHIH resbre
aiHasybl mwaMameH 200°C Ttemnepatypazga 6aikanzabl. byn reapgiy 270°C Temnepatypasa
YKapblI1ybl HOTHMXKECiIH/E Mak/ia 60/1aThIH COHFbI 6HIM peTiHJle YHTaKTap ajablH/bI [29-31].

Bbipze myHOblpy cuHTe31 mpoueciHAe O6acTamkKpl NpeKypcop/ap peTiHAe KbIMbI3JbIK
KbIKplibl (C,H,0, 2 99.0 %) Men amMmmonuii ruapoxcuai (NH,OH, 25%) tanganapl, an nepui
((NO,),*6H,0, 99%) xene camapuii ((NO,),*6H,0, 99.9%) HuTpaT rekcarugparrapsbi (Sigma
Aldrich) meTann npekypcopJiapsl peTiHze TavAanabl. HuTpatTapabl 6ipHele MJ cy/ia Te3ipek
»KoHe OHaW epiTyre 60J1a/ibl, KEPICiHILle KbIMbI3/IbIK, KbILIKbIIbIHBIH, IPEKYPCOPJIapblH CYHUbIITY
KUBbIH 00JIybl MYMKIH >XoHe HUTpPAaTTapMeH Ca/bICThIPFaH/ia dJ/leKai/ia Kell Cy KaXKeT eTeji.
KpiukKbia epiTiHaicinig pH KaTbiHachI epireH epiTiHAire aMMUakK rUAPOKCU/IH KOCY apKblJbl
petTesji xxoHe 01 8-9 apasiblFbiHAa 60J1ybl KepeK. pH-Thbl KaXXeTTi paljMoHFa KeJTipreHHeH
KeMiH epiTiHJire HUTPAT epiTiHAi/epi TaMIIbLIAThIN KOcbl1abl. lIlyHFbIMa Topi3aec KyHeHi
KOJIZJaHy apKbLIbl epiTiHJI BaKyyM/blK MalldHAaMeH Cy3iJim, COHFbl 6HIM peTiHjAe TyH6a
aJIbIHAbI KoHe MellTe KenTipineni [24, 32, 33].

3o0/1b-2e/1b cuHTE31 Ke3iHje caMapuit okcuai (Sm,0,, AlfaAesar), aMMOHUH LepHi HUTPATBI
((NH,)2Ce(NO,),), mapan kpimkpLibl (C,H,0,) (Sigma Aldrich) »kene aszor Kpimikbiabl (HNO,,
Reachem) kosianbuibl. [Iporecc ke3iHZe aMMOHUU Iiepuil HUTpaAThl TeMnepatypackl 80°C
cyha epitisin, epiTiHAire mapan KbIIIKbLIBIH KOCbUIABL. pPH KaTbIHacbIH caMapui OKCUJI MeH
a30T KbIIKbIIBIH KOCY apKblIbl 6aKblIaH/Abl. Bykia mpoljecc 6apbiChbiHAA YHEMi KbI3/IbIpblia
apasactoeIpsbln oTeIpzbl. EpiTingi 100°C TeMnepaTypaZia apTypJii TYCTI reJibre aiHa/i/Jbl KoHe
OCbIJlaH KeMiH 6apJIblK CUHTE3/e/iIreH YHTAKTap AuaMeTpi 13 MM TyHipiuikTepre MexaHUKaJbIK,
npecTtey apKblibl 6aceLibl, ayaga 1000°C temnepartypaja 5 carat 60ibl kyuaipingi [34- 37].

JJIEKTPOJIUTTIH, )KYKA Y/16ipJiepiH any yiliH 6y ¢pasacbIHbIH 3JIEKTPOH/bI-CayJ/iesi GU3UKaAJIBIK,
TyHAblpy (EB - PVD) agici konganbliagbl. TeceHim peTinge Si0, MaTepuasibl aJbIHbII, XKYKA
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yaA6ipAi any yuiiH TeceHill IIaH MeH JiacTayllbl 3aTTapAaH >XoHe 0OacKa OeJilieKTep/ieH
TasapTbliabl. Osap *KaObIHHBIH, 6HIM/IJITT MeH ceHiMZiJliriHe acep eTeTiHAIKTeH, Ta3aJay
y/10ipJiepAiiH, camacbklH »KaKcapTyFa keMmekTece[i. BipiHuiigeH, Tecenimtep a.y.Taza N.N-
Mumerunnpopmamuzaka (DMF) (C,H NO, Firma Chempur) 6arbipbLiajel xeHe 15 MHHYT
KaiHaTbL1bL CofaH Kein npoueaypa auetonMen (C,H O, Reachem Slovakia) 5 MUHYT 60#bI
KadTanaH/Jpl »koHe a30T (N,) raswiHbIH KeMeriMeH Kentipingi. Tasamay epitinginepinen
TOCEHIIITI any Ke3iHAe aca MYKUAT OOJIFaH X6H, ©UTKeHi OeTiHAe epiTiHAizeri JakTap
KaJybl MyMKiH. BysaHy yuiH 6acTankpl MaTepuas peTiHJe CUHTe3JeJ]reH TyHipuiikrep
naijananbuiaZbl. bacTankel MaTepuas BaKyyMJbIK KaMeparFa CaJsbIHbII, KbI3JbIPbLI/BbL.
KbI3/blpy BaKyyM/JbIK KaMepara OpHaTbIFAH HWHQPaKbI3bLI IIaMMeH »Kyprisingi. XKyka
Y/10ipJiepAiH KaJbIHAbIFbl KBapl, pe30HaTOPbIMEH OacKapbliajbl.

"D8 Discover" pentrenfik audppakromerpi (Bruker AXS, l'epmanusi) XRD MmasimeTTepiHn
TaJay YIUiH naknjananpuibl Yarigep y3aikcis PSD xbpliaM ckaHepsiey TypiMeH CKaHepJIeH ],
o6ysa ckaHepaid 0,02999 kagammen 20°C-tan 100°C-ka aybicyblHa MyMKiHZiK 6epzi. XRD
eseysepi reHeparopibly 40 kB kepHeyimeH xoHe 40 MA TokneH »Xyprisinzgi. Oumey
JlepeKTepiH eHJEeY »KoHe TYCiHAipy YiuiH EVA Search-Match nepekkopbl naaananbuigsl [38-40].

TysinreH xyka ynabipsepre Tangay »kacay yuiH NT-206 aToMABI-KYLITIK MHUKPOCKOIIBI
KoJIZaHbLAAbl. THicTi 6aFAap/iaMablK )KacaKTaMaHbl KOJIJaHa OThIPbIN OEeTTiH KacUeTTepiH:
opTauia KeJip-6yAbIpJbIFbiH (R ), opTaiia KBaJpaTThIK KeAip-6y/ bIp/IbIFbIH (Rq), CBI3bIKTBIH,
KypTo3blH (R, ), CBI3BIKTBIH, KHcCaloblH (R, ) cumattayra 6osafbl. bisgiH xarmaiga Surface
Explorer 6araapJsiaMasiblK )KacaKTaMachl KeCKiHAepAi Ty3eTy YiliH nangananbliabl [11,41,42].

3. HoTmKes1ep »k9He TaJIKblIay

CB xumMusibiK cuHTe3iHiH XRD HoTHXKesiepi 6acKa XMMUSJIbIK CHHTE3IMeH CaibICThIpFaH/1a
KYTiJITEHHEH Je TaMalla 6oJsibl. OUTKeHI TeMeHri TeMmepaTypaHbIH 63iHJAe OacTamkKpl
OpraHUKaJbIK KOChLIbICTAPbIH XKOUbLJIbII, Ta3a ¢pasa 6ariKanaabl. JKaafbi3 KyOThIK KYPbLJIbIM
TOMEH TeMIlepaTypa Ke3iHJe Ty3isie 6actaizpl. [lponeaypa 6GapbICbiHAA KbI3ABIPY/bIH,
9CepiHEH HHUTpATTap MeH KbIIKbLIJAP Tyrejjaed JepJsik OyjaaHbil KeTeZi. la- cypeTTeH
6aliKaFaHbIMbI3lal GapJblK mwbiHAap (111), (200), (220), (311), (400), (331), (422) xoHe
(511) kpuctannorpadusaabIK 6aFaapaapFa coMKec ecenTesreH.
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1-cyper. CB (a), CP (6) xk9He SG (B) XUMHAJIbIK, CHHTE3/JepPMeH aJILIHbII dPTYPJIi TeMNepaTypaja
KbI3AbIpbLIFaH 26 SDC yHTarbIHbIH XRD MastimeTTepi

CP xumusnbIK dJiciMeH JAaWbIHJA/IFAaH XoHe dp TYpJi TeMmIllepaTypaZa KbI3JbIpbLIFaH
YHTAKTapAblH peHTreHorpamMmMachl 16-cypeTTe KesTipijiireH. KpIMbI3JbIK KbIIIKbLIbI LIHKI-
3aTTa aJ1i ie 6ap :xaHe oHbl aJ1i Aie 200°CxoHe 400°C TeMnepaTypajia kepyre 60sa/ibl. COHbIMEH
KaTap, KpUCTaIAbIK KypbuLibiM apaiblK (600 »xoHe 800°C) TemmepaTypaja KaJjblllTaca
6actaipl. llukizaTThiy, XRD TanzayblHaH LWIbIHAAPAbIH, COJ XaKKa Kapau »KbLIXKUTbIHbIH
’KOHe OJIapZAbl aXXblpaTy MYMKIH eMecCTiriH aHblK 0OaillKayra 060s1aibl. MyHBl KbIMBI3/bIK
KbILUIKbIJIBIHBIH, 00JIybIMeH OaliaHbICThIpyFa 6oJiagbl. CP-ze mpouecc KesiHze KbI3JbIpy
60JIMal/ibl, COHABIKTAH OJ1 dJ1i e TOMeH TeMIepaTypaza 6os1a/bl. COHbIMEH KaTap, XUMHUAJIBIK,
Ipolecc KesiHJe HUTpATTAp MeH KbIKbLIAAPAbI CY3y K9He apaJacTbIpy »Kyprisijice ne,
KOJIZJaHBbLJIaThIH MaTepUaiap/blH 6acTanKbl KacUeTTepi 6ipAei caKkTalybl MYMKIiH.

SG XUMUAJIBIK, *KOJIBIMEH CUHTE3/IeJITeH XKoHE dpTYpJii TeMIlepaTypaia Kpi3abipbuiraH SDC- /i,
XRD HaTuxkesepi 1B-cypeTTe OeiiHesieHreH. Kepin oTbipraHbiMbI3gali CP cuHTe3iHe yKcac,
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KbI3/IbIpblJIMAaFaH Ke3/e WbIHAAP aXKblpaThlJIMaKbl )KOHE COJI KaKKa bIFbIcaZibl. COJ1 CUSAAKTHI,
murKi3aTTblH, XRD fgepekTepine calikec 200°C TemnepaTtypaga weiHAap 10-HaH 100 rpagycka
JleriHri 6apJ/bIK AMana3zoH/ga 6osa/bl. Ayaiaa, 6yJ1 WbIHAApAbl aXKbIpaTy MyYMKiH eMec. 400°C-
TaH 6acTan KpUCTaAAbIK KypblIbIM Ty3ine 6actaiigbl. [JerenMeH Tek 800°C TemnepaTypasa
OHBIH, TOJIbIK, KPUCTAJIJIbIK, KYPbLJIbIMbI Oap /el caHayFa 60J1abl.

CuHTe3ep/e opraHMKa/bIK KOCbLIbICTAPAbIH KOJ1JaHblIybIHA OalJIaHbICThl MHOPAKbI3bLII
CIeKTpJiep/e KapboHaT neH 6ukap6oHaT i3gepi 6aikanaabl. bys KaaabsikTap/biH CP xxane SG
CUHTe31 apKbLibl ajblHFaH yiarisiep 200 °C teMnepaTtypaZia KYUAipijareH yariziepae KypaMbIHA
KapOoHU/ 6ap (PYHKLMOHAJI/Jbl TONTApPbIHbIH 00JybIMeH OaisaHbICTbl [43]. Bap/blk yu
cuektpge O-H [44] 6aiinaHbicbiHa )aTaThIH xkoaaKTap 1000°C coHFBI KbI3AbIpyaH KeuiH ic
KY3iH/e XOK, OyJ1 6apJibIK, Cy/1bIH, GU3HUKAJBIK TYP/le JlecopOIUsiaHFaHbIH KepceTe .

26 SDC yHTarbIHbIH KbI3/bIPY TEMIIEpATypacbIiHaH TOp (a,) napamMeTpi TayeJIAi/Iiri )aHe Top
napaMeTpiHiH TeOpUsJIbIK M3HI y3iK CbI3bIKIEH 2a-CypeTTe KepceTijireH. [padukTeH kKepin
OTbIPFaHbIMbI3/lal TOPABIH TYPAKThIChI KbI3/1bIPY TEMIIepATypPaChIHbIH )KOFapblJaaybIMeH OCTI.
Ananya, CB yHTakTapbiHbIH Top napaMeTtpi 400°C TeMmnepartypaza 5,465A feilin TeMeHzeni
»K9He KaJIFaH eKeyiHe calikec 5,47 A neiliH ece 6epi.
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2-cypert. OpTYpJii CHHTe3Aep apKbLIbl ajibIHFAH 26 SDC yHTaKTapbIHbIH, KbI3AbIPY
TeMIepaTypacblHAH TOP MapaMeTpi (a) MeH KPUCTA/JIUT oJ11IeMiHiH, (6) Tayeagiiri

YHTaKTapZblH KbI3[bIpy TeMIlepaTypacblHAaH KPUCTAJJIMT 6OJlIeM/epiHiH, TayeaAisiK
rpaduri 26 cypetTe KeaTipisireH. Kaanbl anfaHza, Y XUMHUSJBIK >KOJMEH >KacaJifaH
6apJiblK YHTAKTap/blH KPUCTAJJIMTIHIH OopTalla MeJulepi ykcac ypgicke ve. SG yHTaKTapbl
KPUCTAJLJIMTIiHIH opTallla eJilieMi KbI3/blpblIMaFaH Ke3/e aMaMeH 13,5 HM 60J1blI, OCblJjaH
KeWiH KpUCTA/UIUTiHIH esieMi 5 HM-re fAeliH TeMeHgen, Temnepatypacekl 400°C kesiHze
TYpakThl 60JsbIn Kauajbl. TemnepaTtypa 600°C ke3iHze cekipic 60J1bl X9He COJ CUSAKTBI 6Cy
JluanasoHbl OepiireH TeMIepaTypaHbIH KajfaH Oesirinzae esrepreH xokK. Os ap6ip 200°C
carvbiH 10 HM-re ocin oTbipAbl. CB yHTaKTapbIHbIH OpTalla KPUCTAJJIMT 6JIlleMiHe KeJleTiH
60JicaK, kepceTkim mamameHd 19,7 uHM 60sab1. OaH KeliH 22 HM-Tre JiediH keTepinin, 600°C
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-Ka Je#iH TeHecTipinin, ocbl TeMnepaTypaZaH 6actan CB yuiiH MaoHJep ece Gepefii KoHe €eH
»KOFapbl MaH I1aMaMeH 35 HM xeTTi. bepinreH Temnepartypa 60oMbIHIIA 6acKa €Ki XUMUSJIbIK
NpoleCTEPMEH CaJIbICThIPFaH/Aa IIaMaJibl albIpMalllbIBIK 6ap *KoHe OyJl albIpMalllbLIbIK,
JlepeKTepAiH ellKaHAal TeMeHAeyci3 ece OGepeTiHAiri 6osibin Tabbuiagbl. CP OGoHbIHIIA
JlabIHJAJIFAaH YHTAKTap/AblH KPUCTA/UIMTIHIH, opTama esimeMi SG CHUHTe3/ereH yHTaKTapfa
yKcac 6osabl, MaHaep 200°C aeitiH TeMeH/iel 6acTa/ibl )KoHe OCbl COTTEH 6acTar 0J1ap COHFbI
TeMIlepaTypara Jieilid ecti. KpuctasanutTiy 6actankspl esiieMi 33 HM-/leH 6acTasibll, HIKMKi3aT
peTiHie SP yHTaKTapbIHbIH OpTallla KpUCTALIUT eJiiieMi SG-AaH mamaMmeH 20 HM yJIKeH 60J1/bl.
ConbiMeH KaTap, CP oaaici 6oMbIHIIA YHTAKTapAblH KPUCTA/UVIMTIHIH opTalia eJjiuieMi 6acka
dAiCcTepAiH, illiHAe eH *KOFapbl 60J1AbI XK9He OyJ1 YPAICTI COHFbI TeMIlepaTypaja KalTaa/ibl.

KpuctannuTTiH ecyiHe TeMIiepaTypa MeH OHbIH CaJIKbIHJATY *KblJ1JaM/AbIFbl aUTapJIbIKTaU
bIKNaJI kacaWgbl. COHbIMEH KaTap KPUCTA/UIMTTIH, 6CYy YpZAiCiHe YIIKbII KOCBIJIbICTAP/bIH,
bI/IbIpaybl KAaTThl 9cep eTejli. AJl 9K30TepPMUSJIbIK 9cep KPUCTa/N[aHy NpOoLeciH 6asyiaThil
KaHa KoMMal, COHbIMEH KaTap TY3iJITeH KPpUCTaIMTTeP/i Ae 6y3aabl. TemnepaTypaHbiH 200-
400 °C guana3oHbIH/ia YIIA KOChLIbICTapblH 6aCTanKbl 3K30TEPMHUSJIBIK blJblpayblHAaH KEUiH
KbI3/IbIPY TeMIlepaTypacbiHbIH, OJaH 9pi KOFapbllaybl 3epTTe/IeTiH 6apJiblK AUaNa30H/JaFbl
KPUCTAJIUTTEP/IiH KAJIBINIThI 6CYiH aHbIKTal/1bl >koHe 600° C-TaH KelliH 6apJibIK, Y1l XKaFgai1a
KPUCTAJJIUT 6Cy MaH/epiHiH 6ipael fepJiik ecyi 6alKaiazibl.

Y TypJi cMHTe3 apKplLibl AaWblHAAAFaH KaiablHAbIFbI 200 HM, 400 HM >xoHe 600 HM
60J1aTbIH caMapuiMeH 6esiceHipiireH nepui okcuAi yaoipiniy (111), (200) »xane (220), (400)
LIaFbLIbICTaphI 3-CypeTTe KepceTiireH. LIIbIHAapAbIH OpHalacybl KeHICTIKTiK Fm-3m TOOBIHbIH
GJII00PUT KypblIbIMbIHA ColiKec Kesiefii. 26 SDC yHTaKTapbIH Oy/1aH/bIpYy apKbL/bl TYHABIPBLIFaH
KPUCTaJIZIbl KypbuUlbiM 6acTankpl Sm , Ce ., 0, . (26SDC) yHTaKTbIH KYPbLIbIMbIH KalTa1ak[bl.
AlTa KeTy Kepek, ININUH-HUTPATTBIH XaHy CUHTe3l apKblibl JaWblHAaIFaH yJricineH XRD-
HiH TeK eKi KepiHeTiH LIblH 6ap *KoHe oJlapApblH eH 6uik wbIHbI (111) kpucTasaorpadUsIbIK
6argapra ve. 26 SDC yuiH KoJsiaiibl 6afaap 6acka CMHTe3 dicTepi yluiH Ae A9 ocbLIai
pactanazabl. COHbIMEH KaTap 6i3 MbIHAP/AbIH KaJIbIHABIFbIHbIH 6CyiMeH »K0FaJia 6acTalThIHbIH
kepeMi3. Anaia, SDC xkyKa y/a16ipJsepi yuriH 6apJ/iblK WbIHAAP/bIH 60J1ybl KXKET eMec.

Kany cuHTe3i apkblibl TYH/bIpbUIFaH XyKa yJab6ipaepain (111), (220) xone (400)
KpHUCTa/LI0rpadusaIbIK baFfapJapblHa colKec KeseTiH 3 wbiHbI (3a- cypeT). bipre TyHAbIpy
CUHTe3i HaTWXKeciHZe maiga 6osaraH SDC 3Kyka yJs6ipsepiHiH KpuCTaaa0rpadUsIbIK
6afrjapJiapblHa coliKec KeJieTiH 8 mibiH 6ap: (111), (200), (220), (311), (400), (331), (422) xxoHe
(511) (36- cypet). An 30/1b-TeJib CUHTE31 apKplibl TYHAbIpbUIFaH SDC »kyKa y/16ip/iepiHe calikec
kesieTiH CB cuHTE3 aaiciMeH casbIcThipFaH/ia TaFbl Oip MbIHFA HMe 6oubin (111), (222), (311)
koHe (400) 6armapsiapbiH kepceTeai (3B- cypeT). bapJiblK rpaduKTep/iiH yKcac TeH/JeHIUsIChl
KaJIbIHJBIFBIHBIH, 6CyiHe Kapad WbIHAApPAbIH HaKTbLJIaHybl OOJbIN caHajaajAbl. YUl TypJi
dJlicTep/ie maiifjla GoJsiFaH KochbIMIIA AudpaKius HIbIHAAPbI KbIMbI3/IbIK, KbIIIKbIJIAAP/bIH,
KaJAbIKTapbl 60Jiybl MYMKiH [45], elTKeHi 6alKasfaH AUpaKLUsl LIbIHAApPbl XaH >XoHe
6acKasiapbl YCbIHFAH Ta3a KbIMbI3/IbIK KbIIIKbLJIbIHA YKcac. SG MmeH CP cuHTe3i apKblibl
cuHTe3nenred 200 HM KasblHAbIKTa aMopdKa *kaKblH ¢asa 6aikKanjbl. [leunHu ajicimeH
anblHFaH GDC (ragosiMHUM Kocnackl 6ap Liepril) yHTaKTapblHa YKCACTBIFbIH KepceTeni [46].
CP apicimen anbiHFaH ynbipAiH 6eTiHAe AUPPAKLUAJIBIK HIAFbLIY KeJieMi MeH KPUCTaJIJbIK
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JIOHJEp/iH eJilieMiHiH apTyblHA COWKeC KaJbIHAbIKKA OaiyaHbIcThl (220) »xoHe (311)
IIBIHapbIHbIH KapKbIHABLIBIFbI Kyliehei. KanbiHabiFbl 400 HM 60os1aTbiH CB ya6ipain (400)

mbIHbI MeH CP ys16ipiHiH (200) mbiH KapKbIHABLIBIKTAPbIHBIH 6T€ TOMEH 60J1ybl KpUCTAJIJJAHY
Jlopexeci a3 60JiFaH Ke3/ie 6alKaaaabl.
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3-cypeT. [IMBUH-HUTpPAaTTap/AbIH, )KaHyhl (a), 6ipre TYHABIPY (6) koHe 30J1b-TeJib (B) CMHTe3Jepi
apKbLIbI JaiibIHAAAFaH Si02 TeceHimiHe TYHABIpbUIFAH 26 SDC xkyKa ya6ipain XRD aepekTepi
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Si0,, AL O, aHe Si TeceHimITepiHe TYHAIPbIJIFAH YII TYPJIi CAHTE3 apKbL/Ibl JJalbIHa/IFaH
KYKa Y/10ipJiepAiH KaJbIHJbIFbIHAH TOP MapaMeTpiHiH TayeJsAisiri xkoHe TOp MapaMeTpiHiH
TEOPUAJIbIK MaHi 4a-cyperTe KepceTiireH. Si0, TeceHimTeH 6acran, KaablHAbiFbl 200 HM
60J1aThIH 6apJIbIK KYKa y/10ipJaepAiH MaHi 6ipjel 60Jbln, 6ipak KeliHipek alblpMallblJIbIK
e3repe 6actazabl. 600 HM Top napametpi CB-zeH falibIHAANFaH KYyKa YJ106ipJiep ylIiH COHFBI
KaJIbIHAbIFbIH/IA (5,5861°X) eH, >KoFapbl MoHre ue 6osiabl. COHbIMEH, TOp MapaMeTpiHiH
3KCMEPHUMEHTTIK M3H/IepiHiH TeOpHUsJIbIK MOHHEH lIaMaJibl alblpMalllblIbIFbl 060JbL. Si
KaTbICThI KacaJIFaH XKyKa YJ/0ipJjiep TOpbIHbIH, NapaMeTpJepi, 6acTankKbl KaJbIHJAbIFbIHJA
6apJibIK JKyKa yJbipsep/iiH TOp mapameTpJiepiHiH MaHJepi TeopHUsJIbIK MOHHEH >KOFApbI
Gonabl (CBxyka ya6ipi yurin 5,434, CP xxyka ya6ipi yirin 5,454 xone SGrxyka ya6ipi 5,44264).
Ocbian keitin CB xoHe CP »kyka y/i6ipJiepiHiH MaHAepi 6acka KaJbIH/JbIKTA »KaKbIHbIPAK
Gonabl. Anaitna, SG xyka y/6ipai Top mapaMmeTpiHiy MoHi 600 HM-ze 5,472A peiiin ecTi.
padukren GakKaraHbIMbI3Jjai, eH »*aKcbl HaTwxesepzae Al,O, TeceHillKe TYH/bIPbLIFaH
»KyKa yJ16ipJii Top nmapaMmeTpJiepi 60Jiabl. TeopHUS/IbIK KoHe 3KCIIePUMEHTTIK MoHAep Keubip
epeKIIeliKTepAi KoclaFaH[a, eTe XaKblH 00JIFaHbl aHbIK, KepceTijiireH. by epekiuesnik CP
KyKa yJ6ipsiepi yuwin 400 HM-ge 5,124 xone 5,57A 601461
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4-cyper. Si0,, Al, O, >kaHe Si TeceHilITepiHe TYHABIPbUIFAH YII TYPJIi CHHTE3 apKbL/IbI
AalibIHAAJIFaH )KYKa Y/I6ip/iepAiH Ka/IbIHAbIFbIHAH TOP NapaMeTpi
(a) MeH KpUCTa//IUT OJ11IeMiHiH, (6) Toyeaaiairi
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Si0,, AL O, aHe Si TeceHimITepiHe TYHAIPbIJIFAH YII TYPJIi CAHTE3 apKbL/Ibl JJalbIHa/IFaH
KYKa YJ10ipJiepAiiH, KaJblHAbIFbIHAH KPUCTA/JIMTTEPAIH oOpTalla eJllleMiHiH, Tayeaainiri 46-
cypetTe KeJtipiiireH. Si0, TeceHilliHe KeseTiH ooJsicak, CP XMMUSAJBIK CHHTE3iH KOCaraH/a,
9p6ip XUMUSIJIBIK CUHTE3/le KPUCTAJJIMT eJieMi ece 6actaigbl. CP »xyKa y/si6ip ke3inzae 36
HM-Te JleiliH ecin xKoHe 6acTanKbl MOHHEH TeMeH TYCTi (12 HM-eH xofapbl ). CB xaHe SG kyKa
y/16ipJiepAiH KpUCTAJIUTiHIH opTallia MeJilepi corikeciHile 36 HM »koHe 30 HM-/1eH 6acTasibln
eKi CUHTe3/jiH Jie ecyiMeH asgKTabl (53 HM xxoHe 40 HM).

['padukTiH opTaHFbl O6JIiriHeH KepiHin Typrangan Si TeceHiminge CB (600 HM-ae 49 HM-Te
JlefiH eCTi) KocnaraH/1a, 6apJiblK XUMUSJBIK CHHTE3/Iep YIIiH KPUCTAJIUT eJ11IeMiHiH opTalia
MoHi TeMeH/ie/li. BacTanKbl KaJbIHAbIFbIHAAFbI 9p06ip CHHTE3/liH MoHi 6ip-6ipiHeH mamMameH 10
HM (CB ywin 55 M, CP yuiin 45 HM »xaHe SG yiiH 36 HM) 6ipzeli aliblpMallbLIbIKKA He 60J1 /bl
bip TankasnapabiFbl KaiblHAbIFbl 400 HM CB >xoHe CP 29 HM-z1e 6ipjeit MaHre e 60161 Si02
TeceHillliHe TyHAbIpbLIFaH CB xyka ya6ipsaepzid 600 HM KaJbIH/JbIKTA TOpP MapaMeTpi MeH
KPUCTAJIJIUT 6JIIIEMIiHIH )KOFapbl 60J1ybl KPUCTaNAAHY/bIH A3PEKECIH KopceTei.

MoH/bIK OTKISrITIK KyKa YJ6ipJepAiH eJlieMi MeH reoMeTpusi CUSIKTbl MHUKPOKYPbI-
JIbIM/IbIK KacUeTTepre, COHbIMEH KaTap CHUHTe3/le/iIreH YJTiHiH TYpaKTbLJIbIFbl MeH OipTek-
TijliriHe 6aianbIcThl [42]. Burcu *aHe T.6. [45] SDC apTyp./i kKoHLeHTpauuscbiH (15, 20, 25
M0J1b%) 3JIEKTPOCHMHUHT d/jiCiMeH CUHTe3/e/li 2KoHe KeyeKTIJMIKTIH >KoFapbliaybl MeEH TOMeH
CiHIprimTiridiy apKacbliHAa /J9H IIeKapachIHbIH KeZeprici »KofapbulaFaHblH aHbIKTa/bL. Si0,
TecCeHiHiliHAe yu TypJi xuMusiibIK djicnieH (CB, CP »xoHe SG) asnbiHFaH KasbIHAbIFbI 200 HM,
400 M xoHe 600 HM XyKa yJGipJiepAiH, aTOMAbIK-KYIITIK MUKpockon AKM-3D keckinzaepi
1-kectene kenTipisireH. Kepin otbipranbiMbi3ail CB »kyKa y/16ipJiep/iiH, 6apJibIFbIHbIH, 6€TTepi
TiKeHJ], 6ipak apTypJii Zmean MaH/epi 6ap: KaabiHAbIFbl 200 HM y1iH 75 HM, KasbIHAbIFbI 400
HM yuiiH 230 HM >koHe KasbIHAbIFbI 600 HM yiuiH 110 HM 60J1a7bl. COHBIMEH KaTap, Ke3-KeJIreH
KaJIbIHABIKTAFbI )KYKa y/10ipJiep/iH 6eTTepiH/e 6ipHellle eH OUiK MIbIHAAPbI 60/1Mai/ibl. BeTTik
MopdosiorusHblH 600 HM KaJIbIHABIKTA KaKCbIpaK, €eKeHiH TOMOJIOTHSJIBbIK, TETICTIKTEH OallKayFa
60J1a/1bI.

1-Kecre. Si0, TeceHiiHe TYHABIPbLIFaH KYKa y/16ipsiepain, AKM 3D keckinaepi

CuHTe3- KanbiHAbIFbI
Aep 200 nm 400 nm 600 nm
CB
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CP

SG

CP XxuMUsJIbIK CUHTE3 OOMBIHIIA aJIbIHFAH KYKa y/106ipJiepre KeseTiH 60JiCaK, KaJbIH/bIFbI
200 HM 60JIaThIH KYKa yJ16ip 6eTiHiH opTalia 6uikTiri mamMameH 70 HM *koHe fuamMeTpi 384 HM
6os1aTbIH GipHellle WbIHAAPbI 60Ja/bl. KanbiHAbIFbl 400 HM 60J1aThIH KYKa Y/a0ipAeH KeliH
6eTiHiH, MopdoJsiorusicel apTypJii 60naabl. bysn 6eTiHae TecikTepaiH 60JyblHA 6AWIAHBICTHI
»KoHe opTamia OWikTiri mamameH 80 HM Kypaugbl. COHbIH/A, KalablHAbIFbI 600 HM >XyKa
y/16ipAiH opTaia 6uiKTiri mamMamMen 115 HM »koHe JuaMeTpi mlaMaMeH 165 HM 60/1aThIH aca
6eiepJii mbIHAAPBI 60J1aAbl. By mbIHAAp OUiK, 6ipak AUaMeTpi Killipek 60JbIN KeJiei.

SG XUMUSIBIK CHHTE3 apKblJIbl aJIbIHFaH XKYKa yJ16ip KaablHAbIFbl 200 HM 60J1aThIH OeTiH/le
optawa 6uikTiri 80 HM *koHe JUaMeTpi maMaMeH 176 HM 60JIaThIH alThI-XKETi A6HEC FaHa
6ap. Anaiijia, 6eTiHiH KaJsiFaH 6eJiri 6ipTekTi Typae KaabinTacazabl. KasbiHabiFbl 400 HM KyKa
y/16ipai oprama 6uikTiri 150 HM xkaHe auaMeTpi 200 HM 60J1aThIH KacTep Kypanabl. 600 HM
»KyKa y/16ipi 6eTi TikeH i TebesepMeH nmakaa 60J1/1bl, 6ipaK TaHKaJapJibIKTall OHbIH OpTalla
6uikTiri 400 HM XyKa yJ16ipMeH 6ipeit 6015l

Si0, Tecenimke TyHAbIpbLIFaH 26SDC ys6ip KaJbIHJbIFbIHAH KyKa yJs6ipsepiniH (Rs)
opTaiia KeJip-0yAbIpJbIFbIHbIH, 6alaHbIChl 5a-cypeTTe kepceTiireH. CP cuHTe3i apKblJbl
»KacasIFaH KyKa yJs6ipJiepAiH opTaua KeaAip-OyAbIpJIbIFbl KaJbIHABIKTBIH apTybIMeH OCETiHi
aHbIK KepiHeZi. Cos cusaKTbl SG CUHTe3/|e/IreH KyKa y/10ipJiep/ie 6ipJieil yp/iic OpbIH aijbl,
6ipak MaH 600 HM KaiblHJbIKTa TeHecTipinai. JlerenMeH SG cuHTe3i yuiH 600 HM-/e KyKa
y/16ip 2KOFapbl KeTePiny/liH OpHbIHA TOMEH/ e 1.

Yn6ipaiH opTaiia KBaJpaTThIK KeAip-OyAbIpabIKThIH (RQ) KanblHABIKKA ToyeJsAisiri
56-cypeTTe 6eiiHesieHreH. CypeTTeH opTaua KBaJapaTThlK (Rq) MaHAepiHiH opTaila kezip-
oyabipabikka (Rs) colikec keseTiHiH, 6ipak aszan alblpMalllblIbIFbl 6ap eKeHiH OalKayFa
6os1abl. Macesien 400 HM-ze CB »kyKa KabbIKIIachl yIiIiH eH *Kofapbl MaH 17,14 HM 6oJica,
aJT OCbIH/IAM KYKa YJ/0ip YIliH opTalia KeAip-0yAbIpJbIK llaMaMeH 13 HM MoHre he 60Jabl.
BeTTik MopdosiorusHbiH 600 HM KaJIbIH/bIKTA KaKChIPaK eKeHiH TOMOJIOTUSJIBIK TeriCTiKTeH
6alikayra 60J1a/ibl.
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5-cyper. Si0, TeceHiiHAeri )KyKa y/16ip KaibiHAbIFbIHAH (R ) opTaina KeAip-6yAbIp/bIK (a) meH
(Rq) opTama KBaJpaTThIK KeAip-0yAbIPJIBIKTHIH, (6) Toyeaaiairi

AcvMMeTpUS KaJbIHABIKTBIH QYHKLUSCHI peTiHAe 6a-CypeTTe KeJTipijreH. AcCMHMMeTpus
OMIKTIKTIiH TapaJyblHbIH OpTalla )Xa3bIKTbIKTaH KOFapbl HEMeCe TOMEH bIFbICYbIH KOpCeTe/,.
By.1 on xoaHe Tepic MaHzep 601ybl MYMKiH. Si0, TOCeHiIliH/e TYH/AbIPbIIFaH XYKa Y/16ipsepin,
aCCUMEPTHUSACBIHBIH, OH, X9He Tepic eKeHi aHbIK KepiHeai. 200 HM xkoHe 600 HM Ka/bIHbIKTA
6apJibIK XUMUSAJBIK CHHTE3/lep 60MbIHIIA Tapaly OHFa bypMaJsiaHfaH. [lerenMeH, CB xxaHne CP
yiid 400 HM Tepic accuMepTus 6ap. By ’KyKa KabblKlIanapAblH 6eTi HerisiHeH aHFapJiapAaH
TYpaTbIHbIH KepceTei. EHkoFapbl accuMepTHs MaHi SGKyKa y16ipiHe THicTi 60J1b1N, MaHi 2,35
TeH 60Js1aab1. CB 2kyKa y/16ip yuiiH 6acka KaJablHJAbIKIEH calbICThIpFaH a 600 HM KasbIHABIKTA
aCCUMMeTPUACHI OpTallla MaH/i KOPCETIN OHBIH, TETICTIriH KOpceTei.

Kyka ynbip KaJbIHJbIFbIHAH OETTiH 3KClecCiHe OGaWIaHBICTBI TAyesJijairi 66-cypeTTte
KepceTi/ireH. JKCLecCc NeH acCMMepTHs NapaMeTpJsiepi GeTTiK TOMOJIOTUSI peTiHJe Kapac-
ThIPbLIA/Ibl. JKCIeCcC OETTiH «aWKbIHJAbIK» HeMece «OTKipJirin» kepcerteji. Jkcuecc MaHi
3-TeH ofaphbl 00Jica, 0J1 ©TKip 6eT 60Jibln caHanabl. CypeTTeH Kepin OTbIpFaHJail 6apJibIK,
KYKa y/16ipsiep/iiH MaHAepi o/1ap/blH OeTiHiH XeTKiNiKTi eTKip ekeHiH kepceTei. EH kil MaH
400 um CP cuHTe3iHjeri »)kyKa ys6ip yiuin 3,86 60J1ca, an eH »oFapbl MaH 19,22 60uibin 400 HM
CP cunTe3inperi ’KyKa y/16ipre ToH 60J1a/1bl.
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4. KOpBITBIHABI

Ko/sijaHblIaThIH Y1II XUMUSJIBIK CHHTE3/iH, ilinge CB afici 6ipre TyHAbIpy MeH 30/1b-T€JIb
aJlicTepiMeH ca/bICThIpFaH/ia MaKChl HaTKesepre ue 6osranbiH XRD nepextepinen, SiO,
TeceHilliHe TYHAbIpbLIFaH CB »xyka yab6ipaepzid 600 HM KaJbIHABIKTA KPUCTaJAAHY/bIH
Jlapexeci MeH 6eTTik MOp(dOJIOrUACbIHAH, a1 aCCUMMETPUSCHI OpTalla MaH/i KOPCETIN OHBIH
TericTirin kepceTteTiHAiriHeH 6ailKayra Oosiaabl. YKaHy/JblH XUMUSAJIBIK Tpoleci Ke3iHae
HUTPATTAp MeH KbILIKbLIAAP/AbIH OyJlaHyblHAa 9KeJIETiH TEPMUSJIBIK 6HJAEY KOJIJaHblIa/bl.
Bapsbik yHTakTap 200-men 1000°C rpaaycka JAeWiH KbI3JbIpbLIaJbl KoHe CaMapUHWMeH
OeJsiceHipinreH UepUHIH KPUCTANABIK KYpbLJIbIMbI aca »XOFapbl TeMIlepaTypaZa [JdaMu
6actaiabl. COHBIKTaH 6acKa MpPeKypCcopJbIK OeJillieKTepAiH 00JyblH a3alTy YIIiH O6apJibIK
yHTaKTap 1000°C Temneparypaza Kyuaipinai. Kel3aplpbliFaH YHTAaKTapAbIH TOP apaMmeTpi
KbI3/IbIPy TEMIIEPATYPAChIHbIH *KOFapblJaybIMeH YJIKeHe/i )KoHe 0J1ap TEOPUSJIbIK MOH/AePAeH
»KOFapbl 6osiafbl. KbI3AbIpblIFaH YHTAKTapAblH KPUCTA/UIUT 6JIIIeMi TeMIepaTypaHbIH
»KOFapblJaybIMeH ecyre 6eiiM 60J1blN Tabblaaibl. YHTAKTAp KbI3/ibIpbliMaFaH ke3je CB yuiin
19,61 1M, CP yuiin 33,49 uMm »kaHe SG yuid 13,25 HM 6acTasiFaH 60Jica, KbI3[bIpblJIFAHHAH COH,
CB ywin 35,41 um, CP ymin 38,97 uM »xoenHe SG yHTaKTaphl yiuid 31,266 HM agkTajjabl Si0,
TOCEHIllliHe TYH/ABbIPbUIFAH KYKa Y/a0ipJiepAiH TOp mapaMeTpiHiH 3KCIIEPpUMEHTTIK MaH/epi
TEOPUSJIBIK MOHHEH >KOFapbl 00J/1/ibl. KaJbIHJBIFbI *KOFapblIaFaH CallbliH Si0, TeceHiliHe
TYH/IbIPbIJIFAH KYKa Y/10ipJepAiH KpUCTAJVIUTiHIH opTalia eJsiieMi aptaabl. AKM HoTHxKesepi
KYKa Y/6ipsiepaiH OeTiHiH KeZip-OyAbIPJBIFbIHBIH OpTalla MOHJEepi KaJbIH/bIFbIHbBIH
YKOFapbllaybIMeH 6CETIHAITIH KepceTez|.

Anrpic aliTy, MyAAeJiep KaKThIFbIChI

ABTopJsiap BusbHIOC yHUBepcuTeTi, XUMHUA XKoHe TeofblIbIMAAp (GaKy/JAbTeTi YKbIMbIHA
(BunbHioc, JIuTBa) FHLIBIMU-3EPTTEY KYMBICTApbIH XKYPri3yre KeMeK GepreHi YLIiH asfbIC
6inaipeni. ABTopsiap on1apZblH MyZJeJiep KaKThIFbIChI )KOK eKeHIH 6asgHAanibl.
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HcciaeaoBanue CTPYKTYPHBIX U MOp(l)OJIOI‘I/I‘-IECKPlX CBOMCTB MNOPOIIKOB U TOHKHX IIVICHOK
dAKTHUBUPOBAHHOI'O CaMapueM OKCH/J4a L epus.

AHHOTanus. B paboTe paccMaTpuBaeTCsl aHaIM3 MOPOIIKOB U TOHKHUX IJIeHOK okcuaa tepus (SDC)
c copepkaHueM 26%, akTUBUPOBAHHOTO caMapueM /i1 TBEPAbIX OKCUAHBIX TONJIMBHBIX 3J1€MEHTOB
(SOFC). npu npUroToB/J€HUH MOPOUIKOB M TOHKUX IJeHOK SDC HCno/ab3yloTcsl METO/bl CKUTaHUS
mMuuH-HUuTpata (CB), coBMmecTHoro ocaxkjeHuss (CP) u BoaHoro 3osib-rensi (SG), NMpUBOAUTCS
ONKMCaHHe aHaJu3a MoJyYeHHbIX 00pa310B. Bce mosiyueHHbIe MOPOIIKY HarpeBawT 10 TeMIepaTyphl
oT 200 mo 1000°C v mosydyeHHble AaHHble MOKa3bIBAIOT, YTO KPUCTAJJIMYECKasd CTPYKTypa Liepus,
aKTHBUPOBAHHOTO caMapueM, pa3BUBaeTCs NpHU 60Jiee BBICOKUX TeMIlepaTypax. [lapaMeTpsl pelieTku
Y pa3Mep KPUCTA/IMTA HArpeThIX MOPOUIKOB YKAa3bIBAIOT HAa yYBeJHW4YEeHHE HarpeBa C MOBBIIIEHUEM
TeMIepaTyphl, a IapaMeTp pelleTKU UMeeT 3HaUYeHHUE Bblllle TEOPETUYECKUX 3HAYEHHU .

Pe3ysbTaThl 3KCIepUMEHTA [OKasald, YTO CpPeAHUN pa3Mep KPUCTA/JIUTOB TOHKHUX ILJIEHOK
YBEJINUUBAETCS C YBEJUYEHHEM ero TOJIIUHbI. Cpeu MUCIO0Jb3yeMbIX METOJIOB CHHTE3a CUMTAETCs,
yTo MeToZ, CB nMeeT syulive pe3ynbTaThl IO CPAaBHEHUIO C METOAAMU COBMECTHOr0 OCAX/JEeHUS U
30Jib-resisl. OOHApPYKEHO, YTO 3KCIepHMeHTaJlbHble 3HAaYeHHUs IapamMeTpa CeTKU TOHKUX IJIEHOK,
ocaxIeHHbIX Ha MaTe (ceTke) SiO,, BbIlle COOTBETCTBYIOUIMX TEOPETHYECKUX 3HaYeHuH. [lokasaHo,
YTO 10 Mepe YBeJUYEHHs TOJIUHBI CPeTHUN pa3Mep KPUCTAIJINTA TOHKUX IJIEHOK, OCAKAEHHBIX Ha
mare Si0,, yBesnunuBaeTrcd. Pe3ysbTaThl, MoJly4yeHHbIE C MOMOIbIO aTOMHO-CHUJIOBOIO MHUKPOCKOIA,
NOKa3aJly, YTO CpeJlHUEe 3HAUYEHUS 1IEPOXOBATOCTU MOBEPXHOCTU TOHKUX MJIEHOK YBEJIUYHUBAIOTCS C
yBeJMYEHUEM HUX TOJNIUHBL. C MOMOIBIO COOTBETCTBYIOIIETO MPOTPAMMHOI0 obGecrnedyeHUs: GbLIU
ONKCAHBI CPE/IHsAs IEPOXOBATOCTb MOBEPXHOCTHU (R ), cpefiHss KBaJpaTU4Has IEPOXOBATOCTb (Rq),
sKcueHTpucurer (R, ), acummetpus (R,).

KiioueBble cj10Ba: 30J1b-TeJlb, COBMECTHOE OCaXK/IeHUE, TOPEHUE IVIUIIUH-HUTPATOB, TOHKAs MJIEHKA,
aKTHBUPOBAHHBINA CaMapHeM Iiepul, TBEPAbIA OKCUJHBIN TONJIMBHbBIN 3J1eMEHT.
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Study of structural and morphological properties of powders and
thin films of samaria doped cerium oxide

Abstract. An analysis of 26% samarium doped ceria (SDC) powders and thin films for solid oxide fuel
cells (SOFCs) is considered. Glycine-nitrate combustion (CB), co-precipitation (CP), and aqueous sol-gel
(SG) methods are used in the preparation of SDC powders and thin films, and methods for analyzing
the obtained samples are described. All obtained powders were heated from 200 to 1000°C degrees ,
showing that the crystal structure of cerium activated by samarium develops at very high temperatures.
It shows that the lattice parameter and crystallite size of the heated powders increase with increasing
heating temperature, and the lattice parameter is higher than the theoretical values.

The results of the experiment revealed that the average size of the crystallites of thin films increases
with the increase in thickness. Among the applied syntheses, the CB method is considered to have
better results compared to co-precipitation and sol-gel methods. The experimental values of the lattice
parameter of the thin films deposited on the SiO, mat were higher than the theoretical value. As the
thickness increases, the average crystallite size of the thin films deposited on the SiO, substrate increases.
The results of the atomic force microscope showed that the average values of the surface roughness of
thin films increase with the increase in thickness. The mean surface roughness (R ), root mean square
roughness (Rq), kurtosis (R, ), skewness (Rsk) were characterized using appropriate software.
Keywords: sol-gel, co-precipitation, glycine-nitrate combustion, thin film, samarium doped ceria, solid
oxide fuel cell
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Abstract. Nuclear fusion's effectiveness relies heavily on managing the
intense power loads that strike the first wall, especially the divertor in plasma-
physical devices. Due to their self-regulating liquid surfaces, liquid metals,
such as lithium and tin, present a promising alternative to solid plasma-facing
materials. A promising candidate is a tin-lithium alloy, which is expected to
combine the beneficial properties of its constituent metals. The present study
investigates tin-lithium alloy's sorption and desorption characteristics when
exposed to hydrogen isotopes under high-thermal stress conditions. Specifically,
experiments were conducted using a Sn73Li27 alloy with adsorption and
thermally stimulated desorption (TDS) techniques employed to characterize its
behavior. The sorption experiments were performed under high-temperature
conditions from 450°C to 600°C and at different values of residual deuterium
pressure in the device volume. The TDS experiments involved measuring the gas
flowsreleased from the tin-lithium alloy into the evacuated chamber under linear
heating conditions. The temperature dependence of the effective deuterium
solubility constant in the alloy was calculated, revealing the complexity of the
interaction mechanisms influenced by experimental conditions. The results
provide insights into the interaction dynamics between the tin-lithium alloy
and hydrogen isotopes, underlining the material’s performance and stability in
high-temperature environments.
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Investigation of tin-lithium alloy behavior in high-temperature hydrogen isotope environments: sorption and
desorption analysis

1. Introduction

The quest for efficient nuclear fusion energy [1,2] hinges on managing the immense thermal
and mechanical stresses experienced by plasma-facing components (PFC). In this context,
understanding how different materials interact with hydrogen isotopes under high-temperature
conditions is crucial [3,4].

Liquid metals [5-9], particularly lithium and tin, offer a promising alternative to traditional
solid PFC [10] due to their self-regulating liquid surfaces [11]. Investigations with pure tin
elements are currently underway [12] and show good prospects for its potential future use
in fusion reactors. Tin's low hydrogenic retention and vapor pressure levels make it a very
promising candidate, particularly when used in a tin-lithium (Sn-Li) alloy. This combination
serves as a hybrid high-low Z material, leveraging the benefits of both tin and lithium: tin's
low fuel retention and lithium's favorable plasma performance and compatibility. However,
the hybrid nature of this alloy poses a challenge: preferential sputtering, which tends to favor
lithium erosion, can alter the bulk properties of the materials. This erosion necessitates periodic
replenishment of lithium to maintain the Li-Sn ratio on the exposed surfaces. These materials
have the potential to enhance the performance and longevity of fusion reactors by mitigating
the severe damage inflicted by high-energy plasma.

Among the various candidates, the Sn-Li alloy [13] stands out for its anticipated synergistic
benefits, combining the advantageous properties of both constituent metals. Recent research
indicates the potential of the Sn-Li alloy [14] as a new liquid metal for protecting in-vessel
components of tokamak reactors from high-energy and high-density particle fluxes [14]. The
main hope for this alloy is related to the low vapor pressure of Sn-Li, which raises the upper-
temperature limit for using the alloy compared to pure lithium (from 450°C to 500°C) [15]
in terms of contamination of the fusion plasma [16,17]. Despite significant advances in fusion
research, there remains a notable gap in experimental data concerning the interaction of tin-
lithium alloys with hydrogen isotopes.

At present, research on the use of Sn-Li alloys as PFC has been conducted on a limited scale
worldwide, and there is limited data from such studies. For example, there are research findings
on the interaction of hydrogen isotopes with liquid tin and tin-lithium alloy, which were
carried out using both computational-theoretical methods [18] and helium plasma exposure in
experimental setups [19]. Additionally, there are data from plasma experiments with Sn-Li alloy
in the liquid phase conducted at the ISTTOK tokamak (Lisbon, Portugal) [20,21] and the TJ-II
stellarator (Barcelona, Spain) [22,23]. At the FTU tokamak (Frascati, Italy) [24], a limiter was
tested with a surface made of a carbon-fiber composite filled with liquid tin.

These foundational studies have paved the way for exploring the behavior of the Sn-Li alloy,
which aims to leverage the strengths of both lithium and tin. It is expected that this alloy will
exhibit favorable hydrogen isotope retention and desorption properties while maintaining
stability under the high temperatures typical of fusion reactors.

Kazakhstaniresearchersalsohave substantial experience in conducting scientific experiments
with Sn-Li alloys, which can be divided into three main areas:
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1) studies on the interaction of Sn-Li alloys with stainless-steel and refractory metals [25-
27];

2) testing of the Sn-Li alloy under radiation exposure, including plasma [28,29]and reactor
irradiation [30];

3) experiments on the interaction of Sn-Li alloys with hydrogen isotopes under thermal
loads, which is the focus of this work.

The purpose of the present study is to fill this gap by investigating the sorption and desorption
characteristics of a Sn,3Li,; alloy when exposed to hydrogen isotopes under high-thermal stress.
Utilizing adsorption and TDS techniques, this research aims to provide a detailed analysis of the
alloy's response to hydrogen isotopes. The findings are expected to offer valuable insights into
the alloy's potential as a plasma-facing material, guiding future research and development efforts
in the field of controlled thermonuclear fusion. By providing empirical data on the behavior of
tin-lithium alloys, this work not only highlights their suitability for fusion applications, but also
informs ongoing debates and research directions in the field.

2. Materials and Methods

To examine the behavior of a tin-lithium alloy under thermal conditions in a deuterium
environment, an Sn-Li alloy was manufactured, with 73% tin and 27% lithium. This specific
ratio was selected based on a review of existing data, which indicated that a composition of 27%
lithium and 73% tin may be optimal for enhancing thermal and physical properties, lowering
the saturated vapor pressure in the liquid phase, and minimizing lithium loss in the alloy during
operation at temperatures above 500°C.

For the alloy fabrication, lithium of grade LE-1 (°Li of natural enrichment with purity of 99.9%)
and tin of grade OVCh (tin purity 99.999%) were used.The alloy fabrication method involves a
step-by-step process of mixing tin and lithium in the temperature range of 250-550°C, which
ensures the achievement of the required composition and the uniformity of the component
distribution. By following the specified stoichiometric ratios and the verified technology, the
Sn,3Li,; alloy was successfully obtained.

During the alloy fabrication process, the proportions of components and temperature
conditions were carefully controlled, which allowed achieving the required composition
homogeneity and even distribution of elements. The characterization of the obtained alloy was
conducted using modern analytical methods, presented in [31].

To investigate the behavior of the Sn,3Li,; tin-lithium alloy in a high-temperature environment
with hydrogen isotopes (deuterium), a portable experimental setup [31]was utilized.

The behavior of the Sn;3Li,; tin-lithium alloy in a high-temperature environment with
hydrogen isotopes was examined using both the adsorption method and thermally stimulated
desorption techniques. The adsorption method focuses on analyzing gas absorption by the
sample under controlled pressure and temperature conditions. In this study, it was employed to
investigate deuterium gas absorption by the liquid tin-lithium alloy, with an absolute pressure
sensor continuously monitoring pressure changes in the chamber. The thermally stimulated
desorption method measures the gas released from the tin-lithium alloy into a vacuum chamber
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during linear heating. Here, it was used to generate time-dependent profiles of hydrogen
(deuterium) isotope release from the Sn,3Li,; alloy as a function of the sample’s temperature,
using the RGA-100 quadrupole mass spectrometer. The experimental results are presented in
the following section

3. Results

Sorption-desorption experiments were conducted with the sample of the Sn;3Li,; alloy
within a temperature range of 450°C to 650°C. The experiments were organized sequentially
to evaluate the sorption and desorption processes of deuterium over the specified temperature
range. This temperature interval was chosen to simulate the operational conditions of the
alloy in a fusion reactor, excluding the critical loads associated with plasma disruptions and
electromagnetic impulses (ELMs).

The experimental procedure comprised two stages: initial saturation of the sample with
deuterium at a specified temperature, followed by a TDS analysis. The saturation temperatures
varied from higher to lower values in 50°C increments.

The summarized data of the sorption and desorption experiments with the sample of the
Sn;3Li,; alloy are presented in Figure 1.
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Figure 1. A series of experiments on deuterium sorption/desorption with a Sn_,Li,, sample:
(a) Sorption series; (b) Desorption series

Details of the experiments are outlined below:

First Series: Saturation was performed at 650°C for 3300 s. By the end of saturation, the
pressure level in the ampoule continued to decrease significantly. During the TDS, a desorption
peak was observed at approximately 845°C, with deuterium release beginning in the range of
300°C to 350°C.

Second Series: Saturation was conducted at 600 °C for 5200 s. The pressure level in the
ampoule also continued to decrease notably by the end of the saturation period. The desorption
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peak was observed at around 875°C (after a hold time of approximately 500 s). Deuterium
release commenced in the range of 350 °C.

Third Series: Saturation took place at 550°C for 8600 s. At the end of the saturation period, the
pressure level in the ampoule continued to decrease slightly. The desorption peak appeared at
the beginning of the maximum temperature plateau, approximately 890 °C. Deuterium release
started in the range of 500°C to 550°C.

Fourth Series: Saturation was performed at 500°C for 5300 s. By the end of the saturation
period, the pressure level in the ampoule had nearly stabilized, with saturation entering a
quasi-equilibrium state after approximately 2000 s. The desorption profile exhibited a broad
superposition of peaks, with gas release occurring between 600°C and 875°C. Deuterium
release began around 500°C.

Fifth Series: Saturation was conducted at 450°C for 2900 s. The pressure level in the
ampoule continued to decrease slightly by the end of saturation, and the saturation reached
a quasi-equilibrium state after approximately 1200 s. The desorption peak was observed at
the maximum temperature plateau, around 855°C (after a hold time of approximately 250 s).
Deuterium release began in the range of 500°C.

During the sorption process at 650°C, the pressure in the ampoule decreased significantly,
indicating that deuterium was primarily dissolved in a free state. Desorption was observed in
the temperature range of 300-350°C, with the main peak recorded at 845°C.

At 600°C, during the sorption process, a steady decrease in pressure was observed, indicating
a change in the ratio of free to bound deuterium concentration. Desorption began at 350°C, with
the main peak recorded at 875°C.

At the end of the saturation stage, the rate of pressure decrease slowed down at 550°C, but
full equilibrium was not reached. Desorption began in the temperature range of 500-550°C,
with the main peak around 890°C.

During the saturation process at 500°C, the pressure stabilized after approximately 2000
seconds, indicating the achievement of equilibrium. Desorption began at 500°C, with the
extended peak observed in the range of 600-875°C.

During the sorption process at 450°C, the pressure stabilized rapidly, indicating that the
alloy absorbed a limited amount of deuterium. Desorption began at 500°C, with the main peak
recorded at 855°C.

The temperature decrease mode was chosen considering the characteristics of the
experimental equipment, which included an external heater and a thermocouple with some
inertia. This approach allowed for more precise temperature control and prevented overheating
of the sample.

4. Discussion

4.1. Analysis of Experiments

The comprehensive and complete analysis of the experiments must include detailed
information such as:

The composition of impurities in deuterium during the saturation experiments.
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The history of pumping, annealing, and preparation of the setup with the sample for
experiments, including the condition between saturation/desorption cycles.

Even with such data, it is impossible to evaluate the complex factors affecting the experiments
(e.g., the degree of sample sputtering during a series, surface contamination of the sample at
different stages of the study, etc.).

Therefore, we will focus on a qualitative assessment of the results using possible mechanisms
of interaction between deuterium and the tin-lithium alloy sample.

Let us assume that at a certain temperature, deuterium can exist in the alloy in two states: as
a so-called "free atom" not trapped (e.g., lithium deuteride form) and as a "trapped deuterium
atom" (located in a trap). A transition of deuterium atoms from one state to another is observed,
with the ratio of equilibrium concentrations of deuterium atoms in both states being determined
by a temperature-dependent constant. Let us further assume that there may be several "traps”
for deuterium in the alloy with different parameters, but for convenience, we will consider one
bound state of deuterium in the alloy:

D+trap—«D-Trap

There will be a shift to the left in the equilibrium expression above for deuterium in the alloy
with increasing temperature. Then, at a qualitative level, the obtained series of experiments can
be explained as follows:

At the highest saturation temperature of 650°C, deuterium dissolved in the alloy is primarily
in a free state. Upon cooling and subsequent heating, a release peak resembling a peak caused
by the migration (transfer) processes of these free atoms is observed.

At a lower saturation temperature of 600°C, deuterium is present in both free form and in
traps. Therefore, the desorption peak is a superposition of the peak caused by the transfer of
free deuterium atoms and the peak caused by the transfer of deuterium released from traps (by
the activation mechanism during heating).

Atan even lower saturation temperature, deuterium is mainly presentin the traps. Accordingly,
the release peak during heating is largely determined by the release of deuterium from the
traps, has a symmetric shape, and is shifted to the right on the temperature scale (compared
to the "diffusion peak"). This is also evidenced by the significant shift of the deuterium release
onset towards higher temperatures.

The fourth cycle of experiments significantly differs from the first three, presumably due
to the influence of surface non-metallic films on the sample. Firstly, changes in the saturation
kinetics are observed: the rapid achievement of equilibrium saturation likely indicates the
closure of the sample surface by such films, and a rapid decrease in the number of sorption
centers is observed accordingly. During desorption, a sharp closure of the surface at 650°C is
also observed, and the deuterium release trend acquires a monotonically decreasing, practically
unanalyzable character.

The last cycle of experiments conducted at the lowest temperature (450°C) was carried
out at significantly lower pressure and short saturation time, which presumably resulted in
the sample's saturation being more than uneven and non-equilibrium compared to other
experimental cycles. The rapid equilibrium pressure change during saturation also indicates
surface saturation closure. At the same time, the type of deuterium desorption appears as a
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superposition of two deuterium release peaks from two different bound states, suggesting that
deuterium is present in two types of traps at 450°C.

4.2. Numerical Modeling of Deuterium Release Processes

Within the proposed interaction mechanism, the temperature dependences of the effective
solubility constant of deuterium in the tin-lithium alloy were initially calculated. The calculation
was based on both sorption and desorption experiments. The integral amount of absorbed
(released) deuterium for each saturation temperature was determined. The results of the
calculations are presented in Figure 2.
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Figure 2. Temperature dependence of the effective solubility constant

As can be seen from Figure 4, there is a good agreement for the solubility values calculated
from different experiments, with a significant deviation from the trend for the solubility
value obtained at 450°C. This is because the sample did not reach equilibrium saturation (as
mentioned earlier). The activation energy of solubility turned out to be positive, indicating that
lithium deuteride formation occurs during saturation (such processes are usually exothermic).

For further analysis of the experimental data, a model was used that considers both diffusion
and deuterium release from traps (i.e., bound states) during heating. Convective mixing-driven
transport was not considered, and thus the diffusion coefficient obtained during modeling is
effective (i.e., qualitatively determining the mobility of free deuterium atoms in the alloy).

Equations for the Diffusion Model in the Presence of Gas Sources in Traps:

aC z

2°C
E = D(t) 'ﬁ-l_kl 'Ctrap'

aC;
# = —k; - Ctrap

A.H. T'ymunres amwindazor Eypasus yammorx ynusepcumeminityy XABAPIIBICBI. N21(150)/ 2025 169
Qusura. AcmpoHoMusl cepusicol
ISSN: 2616-6836. eISSN: 2663-1296



LE. Kenzhina, TV. Kulsartov, Ye.V. Chikhray, Zh.A. Zaurbekova, Yu.V. Ponkratov, A.L. Kozlovskiy, A.B. Yelishenkov,
S.K. Askerbekov, A.U. Tolenova

Where C is the deuterium concentration; Ctmp is the concentration of deuterium sources; k, -
constants of deuterium release from traps.
Moreover,

D(t) =D, - exp (— i—IT)),

Er
ki(t) = kio-exp (— ﬁ)’

Where T - is the sample temperature (K); E,, E, - activation energies of diffusion and
deuterium release from the trap, respectively (k//mol); R - universal gas constant; k, - constants
of deuterium release from the bound state in the sample.

Initially, for the first desorption cycle experiments, diffusion parameters were obtained
based on Equation (1), assuming no deuterium sources Crp=0-

Then, the classical diffusion equation for the initial condition when the diffusant concentration
in the metal C (x, t=0) is known was solved. (This value was obtained based on normalization
relative to the total amount of deuterium in the sample).

As a model approximation, the following boundary conditions were applied that satisfy the

conditions of continuous diffusant pumping:
(x=0, t )=0 (the deuterium flow at the alloy-stainless steel boundary is 0)

C(x=I, t)=0, wherel - sample thickness (desorption from the alloy surface into a vacuum occurs
very quickly).

Modeling was carried out using the finite element method with licensed the COMSOL
Multiphysics program. As initial data in the model, the experimental temperature dependence
on time was also used (it was introduced as a segmented curve where the corresponding sample
temperature was chosen for each time measurement range). An example of the distribution of
free deuterium atoms in the sample obtained during modeling is presented in Figure 3. The
curve closest to the experimental data for deuterium release from the sample is shown in Figure
4. It was obtained for the temperature dependence of the diffusion coefficient:

D =15-10"3 (m?/s)-exp(-110 (kJ/mol)/(R-T)).
[t should be noted that satisfactory agreement between the experimental and model curves

was also achieved when varying the values of the pre-exponential factor Dy in the range of
(2:107** - 107°) m?/s and diffusion activation energies in the range of (100 - 120) kJ/mol.
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Figure 3. Distribution of free deuterium atoms in the sample at 4191 seconds
of the experiment
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Figure 4. Simulation result of deuterium release from the sample during the first desorption
cycle

The modeling of deuterium release for subsequent experiment cycles was conducted using
the calculated deuterium diffusion coefficient and allowed for determining the rate constant of
deuterium release from traps.

K =150 (1/s)-exp(-90 (kJ/mol)/(R-T)).

This constant was used to describe the change in deuterium concentration in the traps (see
Figure 5) and accurately represent the experimental dependencies observed in desorption
experiments (see Figure 6).
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Figure 6. Simulation result of deuterium release from the sample during the third desorption
cycle

As seen from the calculations, the obtained diffusion coefficient values are quite low, and
the transport of deuterium due to diffusion is significantly less (by more than 5 orders of
magnitude) than the transport caused by convective mixing during the heating of the liquid
alloy (here, the average transfer speed through the sample volume can exceed 1 mm/s). Thus,
as expected, the calculated values represent effective constants and can be used for comparative
characterizations of the process kinetics, model selection, and mechanism evaluation, etc.

4.3. Proposed Mechanism
At this stage of analysis, we developed another, more plausible mechanism for the deuterium

release process from the alloy in the experiments conducted. The mechanism is as follows (see
Figure 7):
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D Trap

Figure 7. Mechanism of deuterium release from the sample in the presence of free deuterium
atoms and deuterium release sources from traps, with active convective mixing and deuterium
atom association into molecules throughout the sample volume

After conducting sorption experiments, wehave a lithium-tinalloy with a certai-ninitial
concentration of deuteriumatoms (CD) for the desorption experiments. Deuteriume-xistsin two
forms: "free" (CF) and "bound" (CT), with the total concentration being CD = CF + CT. During
desorption, free deuterium a tomsaretrappedat a much slowerrate comparedtotheir-release
from traps. The high convection rateinthemoltentin-lithiumalloyensures a uniform-deuterium
concentration through outthe sample. Inthis sample, D2 molecules can form from the association
of freed euteriumatoms, and their concentration, which is proportion al to the deuterium flux
from the sample, rapidly reaches the surface and release with out further activation. The refore,
the deuterium flux from the sample is gover ned by the associationrate of free deuteriumatoms,
which follows as Ka=Ka -exp(-E /RT) an Arrhenius-type rateconstant.

Based on the above, we can establish the following differential equations:

For the deuterium flux from the sample: J ,(t)=Ka* C.* (Polanyi-Wigner law)

For the change in the concentration of free deuterium atoms and trapped deuterium atoms:

dCr

F: _Ka*CI%-l'kl'Ctrap

aC,
% = —ky - Ctrap

Initial conditions are defined base don the experimental curve aftercal culating the total
amount of releas eddeuterium. These equations can be effectively solvedusing a recursive
approach to compute the concentration of free deuteriumatom sin the sample. For example, in
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the case with outtraps (first experimental cycle), with a time interval of At, the concentration of
free deuteriumatoms can be calculatedas:

-1

1

i-1

Eq

Cpi = (=—+At=* Z(Kao x e RBTr))
Cro e

Modeling has successfully described the experimental curves and determined the parameters
for the rate constant of the association of free deuterium atoms in the conducted experiments.
The values for Ka0 are in the range of (5000; 33000) m4/(mol-s), and Ea ranges from (105;
133) kJ/mol. Recent studies have provided in-depth evaluations of tin-lithium alloys, shedding
light on their interactions with hydrogen isotopes and implications for fusion reactors.

E. Oyarzabal et al. [32] conducted laboratory experiments to examine the uptake and release
of hydrogen isotopes in liquid lithium. Their study, performed at temperatures of 200°C and
400°C, identified two distinct absorption phases. In the initial phase, hydrogen quickly dissolves
into lithium to form a solution, reaching a saturation point at which a secondary phase begins,
characterized by slower absorption and the likely formation of polycrystalline lithium hydride
(LiH). At 400°C, the absorbed hydrogen percentage reached 1% H/Li, aligning well with
existing literature on the saturation solubility in lithium. At 200°C, the solubility was higher
than previously reported data, suggesting temperature-dependent variations in hydrogen
uptake. The study revealed preferential absorption of deuterium (D,) over hydrogen (H,) in
clean lithium. Interestingly, pre-deuterated samples showed a faster absorption rate for H2,
indicating that previous deuterium absorption alters the surface properties of lithium, possibly
through modifications in the LiD layer. TDS results exhibited desorption peaks at approximately
485°C, significantly lower than the decomposition temperature of LiH. This suggests that
the desorption process is not solely reliant on LiH decomposition but may involve hydrogen
dissolved in lithium or the breakdown of a superficial LiH layer. Dynamic experiments with
samples pre-implanted with H, and D, showed no significant isotope exchange at temperatures
up to 500°C, indicating a high stability of the absorbed isotopes in molten lithium within this
temperature range.

M.]. Baldwin and colleagues [33] took a closer look at the surface chemistry involved in the
recombination of deuterium atoms on molten Li-LiD alloys. They measured the recombination
rate constant across a temperature range of 573-873 K using thermal desorption techniques.
The recombination rate followed an Arrhenius-type temperature dependency, which is
characteristic of surface-limited processes. However, the experimental rates were found to be
significantly lower than theoretical predictions for a clean lithium surface. This discrepancy
is attributed to surface contamination, particularly by oxides, which reduce the availability of
surface sites for recombination. The study highlighted that even minute amounts of surface
contamination could drastically alter the recombination dynamics. Surface oxides, such as Li,0,
appear to create an energy barrier for chemisorption, thus reducing the overall recombination
rate of deuterium. The data aligned reasonably well with the hydrogen release model of Pick and
Sonnenberg when accounting for surface impurities, demonstrating that surface cleanliness is
crucial for controlling hydrogen isotope behavior in liquid lithium systems.
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Richard Schumacher and Alarich Weiss [34] extended the understanding of hydrogen
interactions by investigating the solubility of hydrogen in liquid lithium alloys, specifically Li-
In, Li-Pb, and Li-Sn. Their research explored the behavior of these alloys at various hydrogen
pressures and temperatures, extending up to 1220 K. Hydrogen solubility in the alloys followed
Sieverts' law at low concentrations, indicating that the dissolved hydrogen existed as atoms in
solution. However, strong deviations were observed in certain alloys, indicating potential alloy
decomposition and the formation of hydrides at higher hydrogen concentrations. The study
found that the addition of elements like indium, lead, and tin altered the hydrogen absorption
behavior of lithium, reducing its overall hydrogen solubility. This could be due to changes in the
electronic structure and atomic arrangement within the alloy, affecting how hydrogen atoms
interact with the metal matrix.

Beatriz G. del Rio and colleagues [35] used first-principles molecular dynamics simulations to
explore the behavior of deuterium in liquid Li-Sn alloys. This study is crucial for understanding
the impact of deuterium addition on the alloy properties and its implications for fusion reactor
applications. The simulations showed that when deuterium concentration (\betaf) in the alloy
exceeded 22.5, D, gas bubbles formed. These bubbles caused lithium atoms to segregate towards
them, reducing the overall retention of deuterium within the alloy matrix. Thermodynamic
analyses indicated that for alloys containing less than 82% lithium, most of the added deuterium
would form D, molecules rather than bonding with the alloy. This suggests a tendency towards
the formation of molecular deuterium gas rather than stable hydrides, making the alloy less
prone to isotope retention. Deuterium addition significantly increased the viscosity of the
alloy, a behavior like that observed in pure liquid lithium. This viscosity increase is attributed
to interactions between lithium and deuterium, affecting the alloy's diffusion properties and
potentially influencing its performance in a plasma environment. The tendency of Li-Sn alloys
to form D, gas and limit deuterium retention is promising for their application as PFCs, offering
a pathway to reduce tritium retention in fusion reactors. This characteristic could help maintain
plasma purity and enhance reactor safety by minimizing the accumulation of tritium within the
PFCs. Understanding the changes in diffusivity and viscosity with deuterium addition is vital for
predicting the alloy's behavior under reactor conditions, ensuring that the material properties
remain within acceptable limits during operation.

The collective insights from these studies highlight the nuanced behavior of hydrogen
isotopes in liquid lithium and its alloys. The preferential absorption and complex desorption
kinetics of hydrogen and deuterium in liquid lithium indicate a strong interaction with the metal,
influenced by temperature, surface conditions, and prior isotope exposure. Alloying lithium with
metals like tin reduces hydrogen solubility and promotes the formation of molecular hydrogen,
mitigating the risk of isotope retention.

In the context of fusion reactors:

Pure Liquid Lithium: Offers high hydrogen isotope absorption but also poses challenges in
managing tritium inventory due to hydride formation and strong isotope retention.

Li-Sn Alloys: Show promise in reducing hydrogen isotope retention by facilitating the
formation of molecular hydrogen rather than stable hydrides. These alloys may serve as more
effective plasma-facing materials with reduced tritium retention risks.
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Building on these comprehensive studies, our investigation focuses on the Sn,3Li,; alloy,
evaluating its sorption and desorption behavior in high-temperature hydrogen isotope
environments. By doing so, we aim to contribute to the development of PFCs that combine the
beneficial properties of both tin and lithium, offering reduced retention, thermal stability, and
effective recycling in fusion applications.

5. Conclusion

The present investigation provides a detailed analysis of the sorption and desorption
behavior of the Sn;3Li,; alloy in high-temperature hydrogen isotope environments, focusing
on its interactions with deuterium. The study employed sorption and thermally stimulated
desorption (TDS) techniques over a temperature range of 450°C to 650°C to simulate operational
conditions of plasma-facing materials in fusion reactors.

The results demonstrated that deuterium is present in both free and trapped states within
the alloy, with distinct temperature-dependent release behaviors. At higher saturation
temperatures (e.g., 650°C), deuterium is predominantly in its free atomic state, leading to a
higher and earlier release during desorption. As the saturation temperature de-creased, the
proportion of trapped deuterium increased, resulting in delayed and more complex desorption
peaks due to the activation of release mechanisms from bound states.

The numerical modeling of the desorption process, considering both diffusion and release
from traps, revealed effective diffusion coefficients and rate constants for deuterium release.
The effective diffusion coefficient for deuterium was found to be D = 15-1073 (m?/s)-exp(-110
k]J/mol/(R-T)), with a good match between experimental and simulated data. The analysis
suggests that convective mixing plays a significant role in enhancing deuterium transport within
the liquid alloy, complementing the diffusion-driven release.

These findings are critical for understanding the thermal and hydrogen isotope retention
properties of Sn-Li alloys, particularly in fusion reactor environments, where plasma-facing
materials are subjected to extreme thermal stresses. The Sn;3Li,; alloy exhibited promising
characteristics for use in next-generation fusion reactors, offering a balance of low deuterium
retention and efficient release at elevated temperatures. Future investigations should focus
on further refining alloy compositions and optimizing operational parameters to enhance the
alloy's performance in fusion reactors.

In conclusion, this study advances our understanding of Sn-Li alloy behavior in hydrogen
isotope environments, providing essential data for the development of liquid metal-based
plasma-facing components in fusion energy systems.

Authors’ contributions

LE. Kenzhina - conducting experiments, working out the modes of obtaining alloys,
characterizing samples.

T.V. Kulsartov - conducting experiments, interpreting results of experiments, general
analysis, determining the kinetics of material degradation.

176 N21(150)/ 2025 A.H. I'ymures amvindazor Eypasua yammuix ynueepcumeminity XABAPIIBICHI.
DQusura. ACmpoHOMUsL cepusicol
ISSN: 2616-6836. eISSN: 2663-1296



Investigation of tin-lithium alloy behavior in high-temperature hydrogen isotope environments: sorption and
desorption analysis

Ye.V. Chikhray - conducting experiments, interpreting the obtained data, analyzing the state
of the problem, processing the obtained results.

A.L. Kozlovskiy - conducting experiments, general analysis, determining the kinetics of
material degradation

Zh.A. Zaurbekova - general analysis, determining the kinetics of material degradation.

A.B. Yelishenkov - conducting experiments, general analysis, determining the kinetics of
material degradation.

S.K. Askerbekov - conducting experiments, general analysis, determining the kinetics of
material degradation.

A.U. Tolenova - conducting experiments, general analysis, determining the kinetics of mate-
rial degradation.

Acknowledgment
There search was funded by the Science Committee of the Ministry of Science and Higher
Education of the Republic of Kazakhstan with Program number BR21882237.

References

1. F. Romanelli, Fusion energy, EP] Web Conf, 2020, 246, 00013 - journal paper

2.E. Peluso, E. Pakhomova, M. Gelfusa, New Challenges in Nuclear Fusion Reactors: From Data Analysis
to Materials and Manufacturing, Appl. Sci. 2023, 13, 6240. https://doi.org/10.3390/app13106240 -
journal paper

3. S. Brezinsek et al., Plasma-Wall Interaction Studies within the EUROfusion Consortium: Progress on
Plasma-Facing Components Development and Qualification, Nucl. Fusion2017, 57, 116041. https://doi.
org/10.1088/1741-4326/aa796e - journal paper

4. G. Dose, S. Roccella, F. Romanelli, Engineering of a FGM Interlayer to Reduce the Thermal Stresses
Inside the PFCs, Appl. Sci. 2022, 12, 10215. https://doi.org/10.3390/app122010215 - journal paper

5.M.Bilal, K. Ahmad, M.T. Saleem et al., Recent Progress on Liquid Metal Use as Plasma Facing Component
and Vapor Shielding of High Heat Flux, Rev. Mod. Plasma Phys.2022, 6, 9. https://doi.org/10.1007/
s41614-022-00070-8 - journal paper

6. FL. Tabarés, Present Status of Liquid Metal Research for a Fusion Reactor, Plasma Phys. Control.
Fusion2016, 58, 014014. https://doi.org/10.1088/0741-3335/58/1/014014 - journal paper

7. F.L. Tabarés, E. Oyarzabal, A.B. Martin-Rojo, D. Tafalla, A. de Castro, A. Soleto, Reactor Plasma Facing
Component Designs Based on Liquid Metal Concepts Supported in Porous Systems, Nucl. Fusion2017, 57,
016029. https://doi.org/ 10.1088/0029-5515/57/1/016029 - journal paper

8. D. Alegre et al, Design and Testing of Advanced Liquid Metal Targets for DEMO Divertor: The OLMAT
Project, ]. Fusion Energy2020, 39,411-420. https://doi.org/10.1007 /s10894-020-00254-5 - journal paper

9. T.W. Morgan, A. Vertkov, K. Bystrov, I. Lyublinski, ] W. Genuit, G. Mazzitelli, Power Handling of a Liquid-
Metal Based CPS Structure under High Steady-State Heat and Particle Fluxes, Nucl. Mater. Energy2017, 12,
210-215. https://doi.org/10.1016/j.nme.2017.01.017 - journal paper

10. P.C. Stangeby, E.A. Unterberg, ].W. Davis, T. Abrams, A. Bortolon, I. Bykov, D. Donovan, H.Y. Guo, R.
Kolasinski, A.W. Leonard, J.H. Nichols, D.L. Rudakov, G. Sinclair, D.M. Thomas, ].G. Watkins, Developing

A.H. T'ymunres amwindazor Eypasus yammorx ynusepcumeminityy XABAPIIBICBI. N21(150)/ 2025 177
Qusura. AcmpoHoMusl cepusicol
ISSN: 2616-6836. eISSN: 2663-1296



LE. Kenzhina, TV. Kulsartov, Ye.V. Chikhray, Zh.A. Zaurbekova, Yu.V. Ponkratov, A.L. Kozlovskiy, A.B. Yelishenkov,
S.K. Askerbekov, A.U. Tolenova

Solid-Surface Plasma Facing Components for Pilot Plants and Reactors with Replenishable Wall Claddings
and Continuous Surface Conditioning. Part A: Concepts and Questions, Plasma Phys. Control. Fusion2022,
64, 055018. https://doi.org/10.1088/1361-6587 /ac5a7c - journal paper

11. G.G. van Eden, T.W. Morgan, D.U.B. Aussems, M.A. van den Berg, K. Bystrov, M.C.M. van de Sanden,
Self-Regulated Plasma Heat Flux Mitigation Due to Liquid Sn Vapor Shielding, Phys. Rev. Lett.2016, 116,
135002. https://doi.org/10.1103 /PhysRevLett.116.135002 - journal paper

12. G. Mazzitelli et al., Experiments on the Frascati Tokamak Upgrade with a Liquid Tin Limiter, Nucl.
Fusion2019, 59, 096004. https://doi.org/10.1088/1741-4326/ab1d70 - journal paper

13. M.A. Fltterer, G. Aiello, F. Barbier, L. Giancarli, Y. Poitevin, P. Sardain, ]J. Szczepanski, A. Li Puma, G.
Ruvutuso, G. Vella, On the Use of Tin-Lithium Alloys as Breeder Material for Blankets of Fusion Power Plants,
J. Nucl. Mater.2000, 283-287 (Part 2), 1375-1379. https://doi.org/10.1016/S0022-3115(00)00124-0
- journal paper

14. A. de Castro, C. Moynihan, S. Stemmley, M. Szott, D. Andruczyk, D.N. Ruzic, Exploration of Sn70Li30
Alloy as a Possible Material for Flowing Liquid Metal Plasma Facing Components, Nucl. Mater. Energy2020,
25,100829. https://doi.org/10.1016/j.nme.2020.100829 - journal paper

15. V. PericoliRidolfini, P. Chmielewski, I. Ivanova-Stanik, M. Poradzinski, R. Zagérski, R. Ambrosino,
F. Crisanti, Comparison Between Liquid Lithium and Liquid Tin Targets in Reactor-Relevant Conditions for
DEMO and I-DTT, Phys. Plasmas2020, 27,112506. https://doi.org/10.1063/5.0012743 -journal paper

16. R.A. Anderl, D.D. Jenson, G.F. Kessinger, Vaporization Properties of the Sn-25 at.% Li Alloy, J. Nucl.
Mater.2002, 307-311, Part 1, 739-742. https://doi.org/10.1016/50022-3115(02)00975-3 - journal
paper

17. T.D. Rognlien, M.E. Rensink, Interactions Between Liquid-Wall Vapor and Edge Plasmas, ]. Nucl.
Mater.2001, 290-293, 312-316. https://doi.org/10.1016/S0022-3115(00)00575-4 - journal paper

18. V.P. Krasin, S.I. Soyutstova, Quantitative Evaluation of Thermodynamic Parameters of Li-Sn Alloys
Related to Their Use in Fusion Reactor, ]J. Nucl. Mater.2018, 505, 193-199. https://doi.org/10.1016/].
jnucmat.2018.04.008 - journal paper

19. V. Kvona, E. Oyarzabal, E. Zeothout, A.B. Martin-Rojo, TW. Morgan, E.L. Tabares, Secondary Electron
Emission of Tin and Tin-Lithium under Low Energy Helium Plasma Exposure, Nucl. Mater. Energy2017, 13,
21-27. https://doi.org/10.1016/j.nme.2017.09.005 - journal paper

20.].PS. Lourerio, F.L. Tabares, H. Fernandes, C. Silva, R. Gomes, E. Alves, R. Mateus, T. Pereira, H. Alves,
H. Figueiredo, Behavior of Liquid Li-Sn Alloy as Plasma Facing Material on ISTTOK, Fusion Eng. Des.2017,
117,208-211. https://doi.org/10.1016/j.fusengdes.2016.12.031 - journal paper

21. ].PS. Loureiro, H. Fernandes, F.L. Tabarés, G. Mazzitelli, C. Silva, R. Gomes, E. Alves, R. Mateus, T.
Pereira, H. Figueiredo, H. Alves, Deuterium Retention in Tin (Sn) and Lithium-Tin (Li-Sn) Samples Exposed
to ISTTOK Plasmas, Nucl. Mater. Energy2017, 12, 709-713. https://doi.org/10.1016/j.nme.2016.12.026
- journal paper

22. FL. Tabares, E. Oyarzabal, A.B. Martin-Rojo, D. Tafalla, A. de Costa, F. Medina, M.A. Ochando,
B. Zurro, K. McCarthy, TJ-II Team, Experimental Tests of Li-Sn Alloys as Potential Liquid Metal for the
Divertor Target in a Fusion Reactor, Nucl. Mater. Energy2017, 12, 1368-1373. https://doi.org/10.1016/j.
nme.2016.11.026 - journal paper

23. FL. Tabarés, E. Oyarzabal, D. Tafalla, A.B. Martin-Rojo, M.A. Ochando, F. Medina, K.J. McCarthy, B.
Zurro, B. Lépez-Miranda, 1. Pastor, TJ-1I Team, Generation and Transport of Atomic Lithium During the

178 N21(150)/ 2025 A.H. I'ymures amvindazor Eypasua yammuix ynueepcumeminity XABAPIIBICHI.

DQusura. ACmpoHOMUsL cepusicol
ISSN: 2616-6836. eISSN: 2663-1296



Investigation of tin-lithium alloy behavior in high-temperature hydrogen isotope environments: sorption and
desorption analysis

Exposure of Liquid Metals to Hot Plasmas in TJ-1I, Nucl. Mater. Energy2018, 17, 314-319. https://doi.
org/10.1016/j.nme.2018.11.019 - journal paper

24. A. Vertkov, L. Lyublinski, M. Zharkov, G. Mazzitelli, M.L. Apicella, M. lafrati, Liquid Tin Limiter for
FTU Tokamak, Fusion Eng. Des.2017, 117, 130-134. https://doi.org/10.1016/j.fusengdes.2017.01.041
- journal paper

25. 1. Tazhibayeva, Y. Ponkratov, I. Lyublinsky, Y. Gordienko, A. Vertkov, Y. Tulubayev, K. Samarkhanov,
V. Bochkov, Y. Kozhakhmetov, N. Orazgaliyev, Study of Liquid Tin-Lithium Alloy Interaction with Structural
Materials of Fusion Reactor at High Temperatures, Nucl. Mater. Energy2022, 30, 101152. https://doi.
org/10.1016/j.nme.2022.101152 - journal paper

26.Y.V. Ponkratov, K.K. Samarkhanov, V.V. Baklanov, Y.N. Gordienko, I.E. Kenzhina, V.S. Bochkov, Ye.Yu.
Tulubayev, N.A. Orazgaliyev, E. Saparbek, Investigation of the Interaction of Liquid Tin-Lithium Alloy
with Austenitic Stainless Steel at High Temperatures, Fusion Eng. Des.2023, 191, 113560. https://doi.
org/10.1016/j.fusengdes.2023.113560 - journal paper

27.V.Bochkov, Yu. Ponkratov, Yu. Gordienko, K. Samarkhanov, E. Tulubayev, E. Saparbek, N. Orazgaliyev,
B. Orazymbekov, E. Aryngazy, Experimental Studies on High-Temperature Corrosion Interaction of Tin-
Lithium Alloy with Stainless Steel and Refractory Metals, NNC RK Bulletin2022, (4), 94-100. (In Russ.)
https://doi.org/10.52676/1729-7885-2022-4-94-100 - journal paper

28. Yu.V. Ponkratov, K.K. Samarkhanov, V.V. Baklanov, V.S. Bochkov, I.A. Sokolov, A.Zh. Miniyazov,
T.R. Tulenbergenov, L.E. Kenzhina, M.M. Begentayev, Ye.Yu. Tulubayev, O.S. Bukina, N.A. Orazgaliyev, E.
Saparbek, High-Temperature Test of Tin-Lithium CPS Under Deuterium Plasma Irradiation Conditions, ].
Nucl. Mater.2023, 587, 154754. https://doi.org/10.1016/j.jnucmat.2023.154754 - journal paper

29.V. Bochkov, Y. Ponkratov, Y. Gordienko, K. Samarkhanov, Y. Tulubayev, T. Tulenbergenov, I. Sokolov,
Y. Martynenko, Development of a Methodology for Conducting Experiments with a Sample of Tin-Lithium
Eutectic at a Plasma-Beam Installation, Mater. Today: Proc.2023, 81, Part 3, 1198-1203. https://doi.
org/10.1016/j.matpr.2022.11.431 - journal paper

30. Y. Ponkratov, K. Samarkhanov, Y. Koyanbayev, Y. Baklanova, Y. Gordienko, Y. Tulubayev, Y.
Martynenko, V. Bochkov, R. Sabitova, E. Saparbek, Technique of Reactor Experiments of Tin-Lithium Alloy
Interaction with Hydrogen Isotopes Under Neutron Irradiation Conditions, Fusion Sci. Technol.2024, pp.
1-10. https://doi.org/10.1080/15361055.2024.2388421 - journal paper

31. T. Kulsartov, I. Kenzhina, Yu. Ponkratov, Yu. Gordienko, Zh. Zaurbekova, K. Samarkhanov, S.
Askerbekov, Ye.A. Kenzhin, A.B. Yelishenkov, Investigation of the interaction of deuterium with Sn73Li27
tin-lithium alloy, Nucl. Mater. Energy2024,41, 101825. https://doi.org/10.1016/j.nme.2024.101825 -
journal paper

32. E. Oyarzabal, A.B. Martin-Rojo, EL. Tabarés, Laboratory Experiments of Uptake and Release of
Hydrogen Isotopes in Liquid Lithium, ]. Nucl. Mater.2015, 463, 1173-1176. https://doi.org/10.1016/].
jnucmat.2014.10.088 - journal paper

33. M.J. Baldwin, R.P. Doerner, R. Causey, S.C. Luckhardt, Recombination of Deuterium Atoms on
the Surface of Molten Li-LiD, ]. Nucl. Mater.2002, 306(1), 15-20. https://doi.org/10.1016/S0022-
3115(02)01232-1 - journal paper

34. R. Schumacher, A. Weiss, Hydrogen Solubility in the Liquid Alloys Lithium-Indium, Lithium-
Lead, and Lithium-Tin. Ber. Bunsenges, Phys. Chem.1990, 94(6), 684-691. https://doi.org/10.1002/
bbpc.19900940612 - journal paper

A.H. T'ymunres amwindazor Eypasus yammorx ynusepcumeminityy XABAPIIBICBI. N21(150)/ 2025 179
Qusura. AcmpoHoMusl cepusicol
ISSN: 2616-6836. eISSN: 2663-1296



LE. Kenzhina, TV. Kulsartov, Ye.V. Chikhray, Zh.A. Zaurbekova, Yu.V. Ponkratov, A.L. Kozlovskiy, A.B. Yelishenkov,
S.K. Askerbekov, A.U. Tolenova

35. B.G. del Rio, G. Sai Gautam, E.A. Carter, Deuterium Addition to Liquid Li-Sn Alloys: Implications
for Plasma-Facing Applications, Nucl. Fusion2020, 60, 016025. https://doi.org/10.1088/1741-4326/
ab523c - journal paper

U.E. Kemxxuna**, T.B. Kyabcapros?, E.B. Unxpaii', ’K.A. 3ayp6ekosa’, 10.B. [lonkpaTtos?,
A.J1. Kosnosckuii', A.B. Etmmenkos?, C.K. 9ckep6exon’, A.Y. TosieHoBa®
IK.U. Cam6aes amuiHOarsl Kazak yammulk 3epmmey mexXHUKAAbIK yHUsepcumemi,
Aamamul, KazakcmaH
2«Amom 3Hepzusicol uHcmumymol» guauansl, Kasakceman Pecny6.aukacbiHbiy, ¥Ammolk 0poablK
opmadsnsirsl, Kypuamos, Kazakcmax
*Xam aamacyra apHaaraH agsmop: kenzhina@physics.kz

Korapsl TeMnepaTypaja CyTeK U30TONbI OPTAChIHAAFbI KA/IalbI-TUTHH KOPbITHACHIHBIH,
9peKeTiH 3epTTey: COpOLUA XKIHe JecopouysiaHaau3i

AnpgaTna. backapblIaThIH TePMOSAPOJIBIK CHHTE3/IiH THIMIITITI e/19yip nopexeae GipiHIIi KaObIpFara,
acipece m1asMoU3UKaIbIK KOH/bIPFbLIAP/aFbl AUBEPTOPFA 9CEP €TETIH KaPKbIH/bl IHEPTEeTUKAJBIK,
KYKTeMeJiepZi 6ackapyFa 6ailylaHbICThI. O3iH-631 peTTEeNTIiH CyUbIK OeTiHiH apKacblH/Ja JUTUHN KoHE
KaJlallbl CUSIKTBI CYUBIK MeTajjap MJja3MaFa KapaTblIFaH KaTTbl MaTepuasJiapFa MepcrneKTHUBaJbI
Gasama 6GoJsibll TabbLIaAbl. [lepcnekTUBabl KaHAUJATTAP/AbIH, Oipi OHBIH KypaMblHa KipeTiH
KOMIIOHEHTTEP/iH Naijaibl KacueTTepiH 6ipikTipeTiH Kanalbl-TUTHHN KOPBITHACH! 60JIBIN Tabblaa/bl.
Ocpl 3epTTeyne *KoFapbl TeMIepaTypa >KaffaWblHJa CyTeri W30TONTApbIHBIH dcep eTyi Ke3iHJe
KaJIalbl-INTUH KOPBITIACBIHBIH, COPOIUACH MEH AeCOPOIUAChIHBIH, CUMIaTTaMaJapbl 3epAesieHe.
ATan aWTKaH[a, CyTeri W30TOMNbl OpTachiHAarbl Sn. Li, KOPBITHACHIHBIH 9PEKETiH 3epTTey YIIiH
aicopbuus KoHe TeMIlepaTypalblK-uHAyKIusAaanFaH aecopouusa (TAC) agicTepiH KoJJJaHy apKbLIbl
3KcnepuMeHTTep Kyprizingi. Copbuus 6oibiHIIa3KciepuMeHTTeP 450°C-1eH 600°C-re feliHriKoFapbl
TeMIlepaTypablK:KafFAanaapakoHe KypbLIFbl KeJieMiHe e TepUuil/iiH Ka1 bl K KbICbIMBIHBIH 9P TYPJIi
MoH/lepiH e opbiHAaN bl T/IC 60UBIHIIA IKCTIEPUMEHTTEP KaJIalbl-TUTHH KOPBITIIAChIHAH ChI3bIKTHIK
KbI3/IbIpy KaFAalblHJAa KaMmepajaa OeJsiiHeTiH ras afblHAAPbIH eJlleyAi KaMThblAbl. KopbITnajarbl
JledTepuiiiH, TUIMAI epiriliTik KOHCTaH-TaCbIHBIH TeMIepaTypaFa Toyeajiniri ecemrenni, o6y
ToXKipuOe KaFaliapblHa 6aHJIaHBICTBI ©3apa dPEKETTECY MeXaHU3M/IePiHiH KypAeJilirin opHaTyfa
MyMKiHAik Gepai. HoTukesiep KaslaWbl-IUTUNA KOPBITIIACKI MEH CyTeri M30TONTaphl apachblH/AFbl
©3apa apeKeTTecy AWHAMHUKAChl TypaJibl TYCiHIK Gep/i »koHe MaTepHuasJblH XKOFapbl TEMIIEPATyPaJbl
opTaZarbl 8HIM/IJIITT MEeH TYPaKThIIbIFbIH KOPCETTI.

Ty¥in ce3aep: Kanallbl-MIUTHUN KOpPBITIACKl; AeHATepui; copOIUs; Aecopblivs; CUHTEe3iK peakTop;
IJIa3Mara TYpJIeHJipi/ireH KOMIIOHEHTTep
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HUcciegoBaHuE MOBEAECHUS 0JIOBAHHO-JTUTHEBOTO CIVIaBa B YCJI0BUAX BLICOKOTEMIIEPATYPHOM
cpeAbl C U30TONMAMH BOJ0PO/Ja: aHAIU3 COPOLUH U IeCOPOIUHU

AHHOTanusA. 3¢PeKTUBHOCTD YIPABJISIEMOr0 TEPMOSIAEPHOTO CHHTE3a B 3HAYUTEJNbHOM CTENeHH
3aBUCUT OT yIpaBJeHUs HWHTEHCUBHbIMU 3HEpPreTUYEeCKHMHU HarpyskaMu, BO3/led-CTBYHOIIUMU
Ha MEPBYI0 CTEHKY, 0OCOGEHHO Ha JAWBEPTOp B IJIa3aMoHU3MYECKUX yCTAHOBKaX. bsiaromapsi cBoew
CaMOpPEryJIUPYIOUIeNC KUAKOM TMOBEPXHOCTU >KUJKHE MeTasl/Ibl, TaKhe KaK JIMTUA U O0JIOBO,
NpeACTaBJASIOT COO0M MHOroo6elamilyl0 aJbTepHATUBY TBEPABIM MaTepuajaM, 0OpalleHHbIM K
mias3Me. OAHUM U3 NepPCHeKTUBHBIX KaHAUJATOB SIBJSETCS OJIOBSIHHO-JUTHUEBBINA CIJIaB, KOTOPBIH,
KaK OXXHJaeTcs, OyJeT coueTaTh B cebe MoJie3Hble CBOMCTBA KOMIIOHEHTOB, BXO/SIIMX B €ro coCcTaB. B
HaCTOSILEM UCC/Ie0BAHUN U3Y4YaIOTCs XapaKTEPHUCTUKHU COPOLIMHU U 1eCOpPOLUU 0JIOBSIHHO-JIUTHEBOTO
CIJIaBa MpPU BO3JEUCTBUM Ha HETO U30TONOB BOJOPOJA B YCJOBHUSIX BbICOKMX TEIJIOBBIX Harpy3ok. B
4aCTHOCTH, O6bUIM MPOBEJEHbl IKCIEPUMEHTDI C MCHOJIb30BaHWEM CIuiaBa Sn.Li, ¢ mpuMeHeHHEM
MEeTOJI0B a[CcOopOLUU U TeMIepaTypHO-UHAYUUpoBaHHOU Agecopbuuu (TAC) aAnsA u3ydeHUs1 ero
NOBe/leHUs. JKCIIEPUMEHTHI 110 COPOIIMU BBIMOTHSJINUCH B BBICOKOTEMIIEPATYPHBIX YCI0BUAX OT 450°C
Jno 600°C 1 mpu pasyMYHBbIX 3HAYEHUSIX OCTATOYHOTO AABJEHUS JelTepusi B 00'beMe YCTPOUCTBA.
JkcnepuMeHThl o T/IC BKJIIOYa/JM M3MepeEHHUE Ta30BbIX MOTOKOB, BbIAEJAKIIUXCS U3 OJIOBIHHO-
JIUTUEBOTO CIlJIaBa B OTKAa4aHHYI KaMepy B YCJIOBUSIX JIMHEWHOTro HarpeBa. bblia paccuuTana
TeMIlepaTypHas 3aBUCUMOCTb 3QPEKTUBHOM KOHCTAHTBHI PACTBOPUMOCTHU JAeWTepus B CILIABE,
YTO MO3BOJIMJIO YCTAaHOBUTH CJOXKHOCTb MEXaHU3MOB B3aUMOJEHCTBUS, 3aBUCAILUX OT YCJOBUHI
akcnepuMeHTa. [losiydeHHble pe3y/bTaThl JAOT NPeACTaBAeHUE O JUHAMUKE B3aUMOJEeNCTBUS MEXAY
OJIOBSIHHO-JIUTHEBBIM CIJIABOM U M30TONAaMU BOJOPOJA, a TaKKe NOoAYepPKUBAOT 3 PEKTUBHOCTD U
YCTOUYHUBOCTb MaTepHaJjia B BBICOKOTEMIIEPATYPHBIX CpeiaX.

KitoueBblie coBa: OJI0BIHHO-JIMTUEBBIN CIJIaB; JedTepuil; copbI1ys; Aecopbiiys; TepMo-s1epHbIN
peakTop;naa3Ma-o6palleHHble KOMIOHEHThI
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[IpiMeHeHHe TPEKOBBIX JETEKTOPOB /I U3MEPEHHS aKTUBHOCTH
PaZloHa ¥ TOPOHA B OKPYKaIoOIIel cpe/ie: 0630p METOAOB U Pe3y/IbTATOB
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AHHoOTanMs. B faHHOM cTaThe npecTaB/ieH 0630p NPUMeHEHHs TPEKOBBIX Jie-
TEKTOPOB /Jisl U3MePEeHUSA aKTUBHOCTH PaioHa M TOPOHA B pa3/IMUHBIX Cpeiax.
UccnenoBaHue oxBaThIBaeT KJIOUEBbIe aCIEKThl MeTO/a: MPUHLUIIbI paboThI,
Tunel geTekTopoB (CR-39, LR-115, Radon Eye Plus2, SSNTD), yc/i0BHs 3KCIIO3U-
[IMU U MeTO/bl aHa/IM3a. PaccMOTpeHbl COBpeMEeHHbI€e UCCJIel0BaHus, BKJIIOYa-
Iole 3aMepbl aKTUBHOCTH PaJioHA B XKUJIbIX IOMELeHUX, [IaxTaX, Mellepax,
BO/l€ Y MIOYBE, a TaKXKe BJUSHUE PA3JIMYHbIX F€0J0TUYECKUX U KJIUMATUYECKUX
¢dakTopoB Ha usMepeHus. [lokazaHo, uto CR-39 obs1afjaeT BbICOKOM YyBCTBU-
TeJIbHOCTbIO K HU3KMM KOHLIEHTpAaLUAM paJi0Ha, YTO JieslaeT ero NpeAnodTH-
TeJIbHBIM /1J1Fl IeTaJIbHBIX UCC/IeJOBAaHUW MaJ/IblX YPOBHEU 3arpsAASHeHUs, TOTa
kak LR-115 6osiee a¢pdeKkTUBEH /151 AOJTOCPOYHOTO MOHUTOPHUHTA GJaroja-
psl ero yCTOMYMBOCTU K BHEIIHUM B0o3/elcTBUAM. 0c060e BHUMaHUE YA eJNeHO
BJIMSIHUIO IapaMeTpPOB OKpY»Kaloliel cpesbl (TeMIepaTyphl, BAaXKHOCTH, JjaB-
JIEHUS1) U MeTOJilaM KaJIMOPOBKH HAa TOYHOCTb Pe3y/JbTaTOB. PaccCMOTpeHbI ak-
TyaJIbHble NPO06JiEMbI, CBSI3aHHbIE C UHTEPIpeTal el JaHHbIX, B TOM YHCJIE N0-
IPEeLIHOCTH, 0OYC/I0BJI€HHbIE MeTOJaMU TPaBJIEHUS TPEKOB U BHU3yaau3al U
pesyabraToB. [loguyepkrnBaeTci HEOOXOAMMOCTb CTAaHAAPTHU3ALUU METOAUK
M3MepeHUs U NepcleKTUBbl aBTOMAaTU3aLMM MPOLECCOB aHaIu3a C MCIOJIb-
30BaHMEM LIM(PPOBBIX TEXHOJOTUH. Pe3ysibTaThl pab0Thbl MOTYT ObITh UCIOJIb-
30BaHbl IpU pa3paboTKe CTpaTeruy paJuallMOHHON 6€30MacHOCTH, KOHTPOJIe
YPOBHS Pa/ioHa B XKUJIbIX U IPOMBIIIJIEHHBIX 30HaX, @ TAKXKE B 9KOJIOTUYECKOM
MoHUTOpPHUHTe. [Ipe/i10’keHbl peKOMeHJALMU 110 ONTUMaJbHOMY IPUMEHEHUI0
TPEKOBBIX AE€TEKTOPOB /JIJI51 OLLeHKHU paZMalMOHHBIX PUCKOB U pa3paboTke 60-
Jiee 30 PEeKTUBHBIX METO/0B JleTEKTUPOBAHUA PaJlOHa B Pa3/IMYHBIX Cpe/iax.
KnwueBsble cioBa: PasjoH, TpekoBble JeTekTopbl, CR-39, LR-115, RadonEye
Plus2, SSNTD, kasinbpoBKa JleTeKTOPOB
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IIpumeHeHue mpekogbix demekmopoes 0151 UsMepeHuss akmusHOCmMuU padoHa U MopoHa 8 oKpyxcaioujeli cpede:
0630p Memodo8 u pe3ys1bmamos

1. BBeaenue

PasioH - cynTaeTca Kak paZfMOaKTUBHBIU ra3, KOTOPbIM He B3aUMOJEUCTBYET C APYTUMHU
3JleMEeHTaMM Ha XMMHYeCKOM ypoBHe. OZJHaKO ero nIpUCYyTCTBHEe CIHOCOOHO BJIUATH Ha
du3MUecKre XapaKTEpPUCTUKU OKpyxawueid cpeabl. PagoH (**Rn) 3toT ra3 sBJseTcs
NPOAYKTOM pacmnaza ypaHa (**®U) a ero HauGoJiee 3HAUUMbIH HU30TOI 00J1a/laeT MEPUOLOM
nosiypacnaza 3,825 gus. baarogaps aToMy pajioH ycreBaeT nepeMenaThCs Ha 3HaYUTe/IbHbIe
pacCTOAHUA U HaKaIJIMBATbCA B 3aMKHYTBIX IPOCTPAHCTBAX, TAKMX Kak noMmeuieHus. PasoH
(**Rn) u ero KOPOTKOXMBYIME NPOAYKTHI pacmaza (*'®Po, ?*Pb, **Bi u 2!*Po) B UJBIX
NOMeLeHUAX PaZloH CYATAETCS [VIaBHBIM MCTOYHUKOM 00JIydeHHs HaceJleHHs, CBA3aHHOIO
C eCTeCTBEHHOW paJIM0aKTUBHOCTbIO, obecrneyunBasg nodytu 50% cpegHedl mmio6asibHOM
3 PeKTUBHOMN [,03b] paiMallMOHHOTrO Bo3zencTBUA[1]. UHTepec Kk U3y4eHHIO paZjoHa CBA3aH
Ipex/ie BCero C ero CrnoCOOHOCTbI0 HAaKalJMBaTbCA B MOMeEIEHUSAX U OKa3blBaTb BpeJHOE
BO3/leICTBUE Ha OpraHu3M 4YesioBeKa. [Ipy BJbIXaHHMM 3TOT ra3 U ero pajuoOaKTHUBHbIE
JloyepHUe TPOAYKTBI MOTYT Cepbe3HO IOBpPeJUTb JbIXaTeJbHYH W MHULIEeBapUTEJIbHYIO
cucteMbl. HanbosibieMy pyucKy o/ BepraroTcs OpraHbl bIXaHUS, IOCKOJIbKY paJilMOaKTUBHbIE
4YacTULbl OCeJJal0T B JIETKUX, YBeJHUYUBas BePOSATHOCTb 3abosieBaHUW. VIMEHHO MO3TOMY
paZloH cYuTaeTCd BTOPBIM IOCJe KypeHUs (PaKTOpOM pHUCKa pPa3BUTHUA paka Jierkux [2].
KoH1leHTpanusa pajioHa onpejesseTcss MHOXXeCTBOM GaKTOPOB, Cpefid KOTOPbIX COJepKaHue
pazus B IpyHTe, METEOPOJIOTUYeCKUe YCI0BHUS, a TaK)Ke MHTEHCUBHOCTD €ro Bbl/ieJIeHUs U3
pa3J/IMYHbIX TUNIOB [TOYB M TOPHBIX TOPOJ [3, 4].

YpoBeHb KOHIIEHTpALlMKA paJioHa B NOYBe ONpeJesseTcsa CoJep)KaHueM pajiH, a Takxe
MHTEHCUBHOCTDBIO U3JIy4eHUs], UCXOASILEro OT MOYB U FOpHbIX nopoz [5]. Cpesu MHOXecTBa
baKTOpOB, BAMAKIIUX HA BblJe/IeHHe paJloHa, KJIKYeBYI0 POJib UTpaeT CoZepKaHue pasus
B INOYBe WJIM KOpeHHOU nopoge. OfHAKO ypoBeHb BO3JEeUCTBUSA paJloHA 3HAYUTEJbHO
passiM4yaeTc B 3aBUCMMOCTH OT MeCTOIOJIOXKEHMS, IVIaBHBIM 00pa3oM H3-3a pa3/IMihi B
CKOPOCTH ero BbICBOOOX/AeHUs U3 I'pyHTa. MccieoBaHUS 3TOW CKOPOCTU UMEIOT 60JIbIIOE
3HayeHHe, IOCKOJIbKY OHHA NIOMOTaIOT OINpe/ieJIUTh BKJ/A/, pa3/IMYHbIX MaTEPHUAJIOB B OOLLYIO
KOHIIeHTpalMi0 paZjoHa, GUKCUPYEMYI0 BHYTPHM >KHUJbIX NMoMelleHUW [6-7]. PafloH u ero
JlodepHUe NPOAYKTbl MOTYT BBICBOOOXKJATbCA U3 CTPOUTEJBHBIX MaTepHhasioB, KOTOpPbIe
ABJISIIOTCS OJJHUM M3 UCTOYHUKOB €ro IOCTYIJIEHUS B )KUJIble IOMeleHUs. U3ydeHue CKopocTu
Bbl/leJIeHUs PaZj0Ha U3 PAa3JIMYHBIX CTPOUTEbHBIX MaTEpHUaJIOB UTPaeT BaXKHY0 POJIb B OLleHKe
MX BKJIaJla B OOIIYI0 KOHLIEHTpPALMIO 3TOr0 ra3a BHYTPM 3[aHUN. MccaeoBaHUSA MOKa3aly,
YTO CO BpeMeHeM UHTEeHCUBHOCTD Bbl/ieJIeHUs paJiloHa CHUXKAETCH, YTO CBA3aHO C BO3PacTOM
HOCTpPOMKH [8-9].

Bbicokas KOHLeHTpaLysa paZiloHa B BO3/yXe »HJIbIX U Pab04uX NOMellleHUH NpeCcTaB/sieT
CEepbe3HYK ONACHOCTb [JJI 340pOBbs 4esoBeKa. [IpyM BABIXaHUM PaZOH U NPOAYKTHI €ro
pacnaza ocealoT B JIETKUX, 006Jiydasd TKaHU YU MOBBIIAA PUCK Pa3BUTHUSA paka Jierkux. Ilo
JlaHHbIM BceMUpHO#M opraHusaunuu 3japaBooxpaHeHusi (BO3), pafijoH sBjsieTCS BTOPOW MO
3HaYUMOCTH IPUYUHOMN paKa JIETKUX N10CJIe KYpeHHUs.

llesib JaHHOUW 0G30pPHOM CTATbW — MPOAHAIM3UPOBATh NPUMEHEHHE TPEKOBbIX JeTEKTOPOB
JUI1 OLleHKM aKTUBHOCTHU paJioHa B pa3/JMYHbIX CpeJilaX, CPAaBHUTb pe3y/bTaTbl Pa3HbIX
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McCaeJ0BaHUM, BbIIBUTh GAKTOPbI, BJAUSAIOLME HA TOYHOCTb U3MEPEHUH, U OLleHUTb Mepc-
NEKTHUBbI Pa3BUTHS 3TOTO METOAA.

3a nocsefHUe rofibl ObIJIO pa3paboTaHO MHOXKECTBO METO/O0B /11 OOHApyKeHHUA U KOJIU-
4YeCTBEHHOT0 aHaJIM3a paJloHa U ero JjouepHUX NpoAyKToB. OJHaKO yHHBEpCaJbHOTO METO/A,
HOAXOJSAILEro AJisi BCeX TUIOB U3MepeHUH, He cyliecTByeT. ONTUMabHbII BbIOOP 3aBUCUT
OT Liesiel uccieloBaHus, TpebyeMoil HHOPMALMU U AOCTyNHOro 060pyAoBaHus. Hanpumep,
JUIs1 OLleHKH BO3/IeMCTBUSA paJloHAa Ha HaceJieHHe HeoOXO[MMbl JJIUTelbHble KOMIJIEKCHbIE
u3MepeHUsi B 6OJIbLIMX MaclliTabaX, TOrJJa KakK M3yyeHUe ero KOHLleHTpalMd B IO4YBe B
3aBHCUMOCTU OT 3KOJOTUYECKUX M reodusnyeckux (akTOpOB TpebyeT HenpepbIBHOTO
MOHUTOPHUHTA.

TpekoBble JeTeKTOpbl — 3TO NACCUBHbIE JETEKTOPbI, KOTOpPble PErUCTPUPYIOT ajbda-
YaCTHUILbl, UCIyCKaeMble paJIOHOM U ero J0YepHUMHU NPOAYKTaMH pacnaja (mosoHUit-218
M ToJIOHUH-214). Anbda-yacTUlibl OCTaBJASAKT MHUKPOCKONMYECKHWE TpeKdu (caefbl) B
crieljMaJlbHOM MaTepuasie JeTekTopa. [locse sKcmosuuuu JeTeKTop o6pabaTbhiBaeTcs
XUMHUUYECKUM CIIOCOOOM, U TPEKH CTAHOBATCA BUJAMMBIMM I0J, MUKpPOCKomoM. [ls10THOCTB
TPEeKOB NPONOPLMOHAIbHA KOHLEHTPALUY PaJloHa B BO3/yXe.

2. MaTepua/ibl U METO/bI

B nocsiegnue rogpl 66110 CO3/1aHO MHOXKECTBO METO/0B /iJIS1 BbISIBJIEHUS U KOJIMYE€CTBEHHOT O
aHa/M3a paZioHa ¥ ero Jo4epHUX NpoAyKToB. OJHaKO YHUBePCaJIbHOI0 NOAX0/a, CIOCOOHOTO
yZ0BJIETBOPUTb BCEM TPeOOBAHUAM pas3/IMYHBIX BUJ0OB U3MepPEHUH, He CyliecTByeT. Beibop
HauboJsiee TMOJXOAAILET0 METOJA 3aBUCUT OT KOHKPETHOW HEeO0O0XO0AMMOW HHQOpMalLuy,
THIIA PaJlIOHOBBIX MCCJEeLOBAaHUM U CTOMMOCTH annapartypbl. Hanpumep, g usMepeHus
BO3/IeMCTBUA paZjoHAa Ha HaceJleHHWe HeoOXOAMMO O0JIbIIOe KOJIMYeCTBO [ OJIIOCPOYHBIX
KOMILJIEKCHBIX U3MEpEeHHH, B TO e BpeMs UCCIAeJOBaHHWE 3aBUCHUMOCTH KOHLEHTpALUU
pa/ioHa B OYBE OT 3KOJIOTUYECKUX U reoPpusnyeckux GaKkTOpoB TpebyeT ero HempepbIBHOTO
MOHUTOPHHTA.

KpamkocpouHble usmepenus padoHa

KpaTkocpo4yHble u3MepeHHUs, IPOAO/DKAIMECHd OT HeCKOJIbKUX JIHEH [0 OJHOI0 Mecdla,
0c06eHHO 3¢ PEeKTUBHBI /I CKDUHUHTOBBIX UCCJeJ0OBAaHMM, HalpaBJIeHHbIX Ha BbIsIBJIEHHE
JIOMOB C MOBBILIEHHbIM YPOBHEM PaZi0Ha, a TaKXKe [/l aHa/IM3a reorpapruyecKux Bapyalui
ero KoHueHTpanuu. Korja TakMe KpaTKOCpPOYHble MU3MEpPEHUS UCHOJIb3YITCA [J OLEeHKH
BO3/JIeMCTBUA paJloHa B JKUJIMILAX, HEOOXOAUMMO 0c000e BHMMaHHeE IpU OlpefesleHUU
IpOTOKoOJ1a Bo3eicTBUA. /151 3TOM Llesivn HanboJiee NpUBJIeKaTeJbHbBIMU METOJaMU SIBJISAIOTCS
aKTUBUpPOBaHHbIE YIJIM, 3JIeKTpeTHble MOHHble KaMephl (EIC) u TBepjoTesbHbIE fAflepHbBIE
TpekoBble JeTekTopbl (SSNTD). IlpesnpuHUManuch pas3jidyHble TMONBITKA MOBBICUTh
3QPEeKTUBHOCTb YCTPOWUCTB C aKTUBUPOBAHHBIM YIJIeM, B YACTHOCTU NyTEM MCIO0JIb30BaHUSA
nndPy3roHHOro bapbepa AJisl CHUXKEHUS BJAMSHUS BJAKHOCTH. UTO KacaeTcs 3/1eKTPEeTHBIX
noHHbIX KaMmep (EIC), uX OCHOBHBIM OrpaHHW4YeHHEM fIBJIETCA BbICOKAsA YyBCTBUTEJIBbHOCTD
K raMMa-u3Jly4eHHUI0, KOTOPYI0, OJHAaKO, MOXHO JIETKO MCHPaBUTh JIOOBIMU CpeJCTBaMH,
BKJ/IIOYasA J[ONOJIHUTEJNbHYIO 3JIEKTPETHYH0 HOHHYI0 KaMmepy, 3allyIeHHYI OT paJoHa.
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SSNTD He o6s1agat0oT 3¢ PeKTUBHON YYBCTBUTENBHOCTBIO JJisl KPATKOCPOYHbIX U3MEPEHUH.
JTO orpaHMYeHHEe B OCHOBHOM CBSI3aHO C HeOOJIbLIOW OOBbIYHO YYUTBHIBAEMOW MJIOLIAJBIO.
Jpyroit anbda-TpeKoBbIH JeTEeKTOP, He YYBCTBUTE/IbHBIA K BBIXOAY IJIACTUHbI, U3TOTOBJIEH
Y3 MOoJIMKapboHaT MoxeT 3QPEeKTUBHO UCIOJIb30BaThCSA B Ka4yeCTBE OTKPBITOTO JeTeKTopa,
obecrneyrBas y106CTBO B NIPUMEHEHHUH.

JoazocpouHoe usmepeHue padoHa

Haubosiee focToBepHble JaHHble O BO3JEWCTBUU paZioHA B pas3/IMYHBIX cpejax obec-
NeYUBAIOT J,0JCOCPOYHbIE UHTETPUPYIOILIME U3MEPEHUS, IPOBOAYMBbIE B TeUeHUE Iepruoja [0
oAHOro roja. Yaie Bcero AJid 3TUX Liesied npuMeHsoTcs geTeKTopbl SSNTD u asieKTpeTHbIe
JleTEKTOPBI, KOTOPble MOTYT UCHO0JIb30BAaThCSl KaK B OTKPbITOM BH/le, TAK U B COUYETAHUU C
3aKpbITBIMU IPO6GOOTOOPHUKAMU pasioOHa.

Haubosiee pacnpocTpaHeHHOM KOHQUrypanued 3aKpbITOr0 MPOOOOTOOpPHHUKA SABJISETCS
KaMepa C MOPUCTbIM QUIBTPOM, TaKUM KaK CTEKJOBOJIOKHO, BOJOOTTAJIKMBAaOLIasi TKaHb
WJIM MUKPONOPUCTBIM OyMaKHbIM QUJBTD, a TaKXKe OAHUM WJIU HecKoJAbKMMHU SSNTD. ITu
bunbTphl NpeAHa3HAYeHbl AJIs 3aJlePKKU BHELIHUX J0YEepPHUX NPOAYKTOB paZioHa, OJHAKO
OHU He MO03BOJISAIIOT pa3/inyaTh ra3 TOPOH U BOASHOMU map.

IlaccusHoe u akmueHoe usmepeHue

[laccuBHblE MeTOJbl M3MEpPEHUs] PaJioHa U €ero J0o4YepHUX MNPOAYKTOB OCHOBAHbI Ha
perucTpanuy paJoaKTUBHOIO pacna/a 3TUX BeleCTB..

CyiiecTByeT HECKOJIBKO MOJAXOA0B K KJacCUUKALMU CUCTEM U3MEpeHUsl paJijoHa, pasze-
JAIMAX UX Ha aKTHBHble M TNacCUBHble TUmbl. Huke npejcTraB/ieHa KJaccupuKalus,
N03BOJIsAIOLasA U36eKaTb BO3MOXXHOM My TaHUIbI:

1. AKTUBHbBIE MeTO/ibl U NPUOOPHI

OT60p Npob6 paZjoHa U ero AO0YEPHUX NPOAYKTOB B aKTHBHBIX MeTOJAX OCYLeCTBJISIETCS
NPUHYAUTEJBHO C IPMMEHeHMeM UCTOYHHUKA IMTAHWSA, HAIpUMep HaCOCOB.

2. IlaccuBHble npubopsl U MeToAbl. OT60p Npo6 pajioHA U ero JOYepHUX NPOAYKTOB
OCYLIeCTBJISIETCS 32 CYeT ecTeCTBeHHOU AU dy3uH, 6e3 UCIob30BAHUSA UCTOYHUKOB MUTAHUS.

JlOTIOTHUTENIBHO CHCTEMbI U3MEPEHUS MOTYT KJIacCUPULIMPOBATBCS 10 TUILY IPUMEHSIEMOTO
JleTeKTOopa U3Jy4eHHUs.

- JleTeKTOpbl C OTKJMKOM B peaJbHOM BpEMEHM - YCTPOMCTBa, oObOeclnevyrBaroliyde
MTHOBEHHBIM aHa/IM3 KOHLIEHTPAaLUM paZJoHa, 4alle BCero OCHOBAHbI HAa MCIOJIb30BAaHUHU
CUUHTUJJISALMOHHBIX MaTepHaJsIioB UJIY NOJyIPOBOAHUKOBBIX CEHCOPOB.

- JleTekTopbl 6e3 OTKJHWKA B peajbHOM BpeMEHU - YCTPOWCTBA, HaKalJIMBaKIHe
MHOpMaALMI0 O KOHLEHTpaLUU paZjoHa B TeueHHe ONpeJesIeHHOTO BpeMeHH, TaKHhe KakK
TPEKOBble JEeTEeKTOpPbI, AEeTEeKTOPbl Ha OCHOBE AaKTUBHPOBAHHOTO YIVI1 W 3JIEKTPETHbIE
JleTEKTOPBHI.

Ha npakTuke MOHUTOPHHT paZjoHa U €ro JO04YepHUX MPOAYKTOB MOXET OCYIeCTBAATHCA C
VCII0JIb30BaHWEM Pa3JIMYHbIX KOMOUHALUK aKTUBHbIX UJIY MACCHUBHBIX CUCTEM O0TOOpPaA Mpoo,
a TaK»Ke [IeTEeKTOPOB C OTKJUKOM B peaJIbHOM BpeMeHH UJiK 6e3 Hero.

Cnoco6bl usmepeHust KOHyeHmpayuu padoHa

CywecTByIOT pas3/IMYHble MeTOZbl M3MEepeHUs KOHLEHTPaLuW paZjoHa, NpHUMeHseMble
B pa3HbIX cdpepax. YpoBeHb pajioHa B BO3JyXe BO MHOTOM OIpejessieTcs psAgoM QaKToOpOB,
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rJIaBHbIM 06pa30oM BeHTUJIsALMe. [l/1s1 ero U3MepeHHUs UCNO0Jb3YOTCS pa3M4yHble JeTEKTOPHI,
KOTOpble MOTYT OBbITh NOMelleHbl B CKBakMHy. Cpejyd HUX - TBepAOTeJIbHble fllepHble
TPEKOBbIE JIeTEKTOPHI, a TAKXKe J0YepHHe KOJJIEKTOPbI, TaKHe Kak ajlbda-kapta. Kpome Toro,
IPUMEHAIOTCA 3JIEKTpeTHble JeTeKTOPbl, TEPMOJIIOMUHECLIEHTHbIEe JIOMUHOQOPEI, a TaKXe
TBepOTeJIbHbIe 3JIEKTPOHHbIE JeTEKTOPbI, BK/It04Yast $OTOAHUO/bI U ra30MOIJIOTUTEH.

B uccinenoBaHuAX, BK/IOYEHHBIX B Halll aHAJIU3, UCIOJIb30BaJNCh HECKOJIBKO OCHOBHBIX
THIIa TPEKOBBIX JE€TEKTOPOB.

19 moslydeHUs1 JJOCTOBEPHBIX pe3y/IbTaTOB BAXXKHO COOJIIOAATH ONpejiesieHHble yCI0BUA
3KCIO3ULHH NeTEKTOPOB.

Bpems sKkcno3unyu: 06bIYHO COCTABJIAET OT HECKOJIBKUX HeZleJIb 10 HECKOJIbKUX MECAILIEB,
B 3aBUCHMMOCTH OT 0XKHU/AeMOM KOHLIEHTPAaL U1 PalOHa.

TemnepaTypa: TpekoBble AeTEKTOpPbl YyBCTBUTEJIbHbI K TeMIlepaType, I03TOMYy BaXKHO
Y4YUTBIBATh TeMIIepaTypHbIE YCJI0BUA B IOMELIEHWH, T/ie IPOBOAATCA U3MepPeHu .

By1a>kHOCTB: BbICOKasi BJIQXKHOCTb MOXKET IOBJMATH Ha YyBCTBUTEJbHOCTb JETEKTOPOB,
II03TOMY B HEKOTOPBIX C/Iy4asX UCIOJIb3yIOTCA CllelHaJbHble 3allUTHbIe KOpIyca.

Jlisl mepeBojia IJIOTHOCTH TPEKOB B €[MHUIIbI aKTUBHOCTH pagoHa (Bk/M*) Heobxoauma
KaJMbpoBKa JeTeKTOopoB. KasinbpoBka NpoBOJUTCS B ClleljMa/IbHbIX PaJlOHOBbIX KaMepax C
M3BEeCTHOM KOHIleHTpaLuel pasoHa.

[To/IHOCTBIO MAacCUBHBIE YCTPOUCTBA MOTYT 3G PEKTUBHO UCIIOIb30BAThCA [Jis1 U3MEPEHUS
TOJIbKO paZioHa. B 3TUX ycTpocTBax paZjoH NPOHMKAET 4yepe3 QUJIbTP MJIU MeMOpaHy B
KOpPIyC JeTEeKTOpa, TZe ero M3Jy4YeHHe PerucTpUupyeTcs HeNoCpPeACTBEHHO MaCCUBHBIMU
JleTeKTOpaMHy, QUKCHUPYIOLMMHU Jl04epHUEe IPOAYKTHI pacnaza pasoHa.

Jnsa usmepeHus paZjoHa MOTYT NPUMEHATHCA pa3/IMuYHble TUIBI TACCUBHBIX JeTEKTOPOB,
BKJIIOYas TEPMOJIIOMUHECLIEHTHbIe MaTepHrasbl, 3JIeKTpeTHble yCTPONCTBA U TBEPAOTEJIbHbIE
safepHble TpekoBble AeTekTopbl (SSNTD). B pamkax KpynmHOMaclITaGHbIX HCCAeJOBaHUMN
SSNTD o06s1aal0T HaWJy4YIIMMU XapaKTEPUCTUKAMHU [JI1 MOHUTOPUHra paZloHa U IIMPOKO
MCIOJIb3YIOTCA B INpakTUKe. Haubosiee pacnpocTpaHEHHble TPEKOBbIE JeTeKTOpbl, MpPH-
MeHsleMble /Il perucTpanuy ajbda-4acTHUl, BKJIIOYAT HUTPAT LeJIJII0JI03b] (4Yalle BCero
kpacHbli LR-115), nonukap6oHaTHble MaTepuasbl (Makrofol uin Lexan), a Takxke CR-39. MeTop
JleTEKTUPOBaHus ¢ ucnosb3oBaHueM CR-39 ocHoBaH Ha juddy3nu Bo3ayxa B ep>KaTeib, TAe
asnbda-yacTULbl PUKCUPYIOTCS TBEPAOTENbHbBIM S1/lePHbIM TPEKOBBIM JieTeKTopoM [10].

Memod mpasaeHusi mpekog

MeTo/, TpaB/ieHUs] TPEKOB BIOJIHE MOAXOAWUT JJisl OOHapyKeHUs1 paZjoHa B MOYBEHHOM
rase M3-3a ero He3HaYUTeJbHOr0 GOHA JIOXKHBIX CUTHAJIOB, HU3KOM CTOMMOCTH, IPOYHOCTH U
IpPUPO/bI KaK UHTErPUPYOLLEero u3MepeHus. JleTekTopHas cbopKa HaXOAUTCS B BepTUKaJIbHOM
IIOJIO)KEHMU OKOJIO JIHA OTBEPCTUA Oypa, M ajabda-4acTULbl pacnaja paJioHa NMonafalmT Ha
IJIEHKH JIeTEKTOPa, OCTaBJIASA UX UCIBbITAaHUA Ha paJiMallMOHHOe noBpexgeHue. [Inénku LR-
115 MoryT U3BJIeKaTbCA Yepe3 HeZleJ10 U1K MecAll, B 3aBUCMMOCTH OT YCJIOBUM dKCIIEPUMEHTa.
3aTeM OHM NoJBeprawTcs TpaBaeHUo B pactBope 2,5 N NaOH npu nocTossHHOM TeMnepaType
98 °C B TeueHHe 2 yacoB. B pesysbraTe Ha maéHke GOpMUPYIOTCA albda-TPeKH, KOTOpble
NpPOSABJASIOTCA B BUJE KPYIJIbIX MU KOHUYECKUX NATeH. [IpU JJIUTEe/bHOM TpaBJIEHUU 3TH
cJe/bl IPeBPALAOTCA B CKBO3HbIE OTBEPCTHUSL.
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[ITHA UM OTBEPCTUSI TPEKOB OYAYT MOJICUUTAHbI C IOMOIIbI0 OUHOKYJISIPHOT'O MUKPOCKOIA

- [logcuet TpekoB: MeTo/ nojicyeTa TPEKOB (BPYYHYIO UJIM C TOMOILLbI0 aBBTOMAaTU3UPOBAHHbIX
CUCTEM) TaKXKe MOXET BJIUSATh Ha Pe3y/bTaThl.

KanubpoBKa eTeKTOpOB:

- PagoHoBble kamepbl: Kasim6poBKa AeTEKTOPOB MPOBOAUTCSA B PaJlOHOBBIX KaMepax C
VM3BECTHOM KOHLEHTpalnuerd pazoHa. TOYHOCTb KaJlMOPOBKU MOXKET BJIHUATb HAa TOYHOCTb
VM3MepeHUH.

3. Pe3y/1bTaThI U 0GCYK/eHHe

B 0630p BKJIIOYEHbl MCCI€L0BaHUs, NMOCBSAILEHHbIE U3MEPEHUI0 aKTUBHOCTHU pajJioHa B
Pa3/IMYHBIX YCI0BUSX, BbIIIOJHEHHbIE C UCII0Jb30BaHUEM Pa3HOOOPA3HbIX TUIIOB JIeTEKTOPOB.
OCHOBHOHM 1ieJibl0 ObLJIO CONOCTaBJEHWE J[AUaNa30HOB AKTHUBHOCTU paZloHa, 3aperucr-
PUPOBAHHBIX B >KUJIbIX [NOMELIEHHUSX, JJAOOPATOPHBIX YCIAOBUSAX, a TaKXKe B ClieLUPUIECKUX
cpeflaX, TaKMX KakK Iellepbl WA NOYBEHHbIN ras. [losydyeHHble NaHHbIE AEMOHCTPUPYIOT
3HAYUTeEJIbHYI0 BApUATUBHOCTb KOHIeHTpAaLMi paJioHa, YTO NOAYEPKUBAET BaXKHOCTh BbIOOpa
NOAXOAAILEr0 MeTOAAa MOHUTOPHHTA.

CR-39 aBnasieTca ofHUM U3 HauboOJiee pacCIpPOCTPaHEHHbBIX TUIIOB NACCUBHBIX J1ETEKTOPOB,
IpUMeHsAeMBbIX JJI JOJTOCPOYHOTO MOHUTOPHUHIA paZjoHa. ITOT AETEeKTOpP UCIO0JIb3yeTC B
YCJIOBUSIX C U3MEHSIOIIMMUCH YPOBHSIMU paZioHa, BKJIOYas KUJble MOMeLleHUs, Kaanubpo-
BOYHble KaMepbl U neljepbl. Hanpumep, B uccienoBaHuu Jabbar H.J. u ap. KoHueHTpaunus
pajsoHa coctaBuaa 269,51 Bk/M> B kanM6poBOYHOM KaMepe, TOTAA KaK B KMJIBIX JOMax
Benuko6putanuu [11], no ganubeiM Kouroukla E. u gp. cpeHsst akTUBHOCTB cocTaBuia 20 bk/
m> [12]. UccnepoBanue Mohammademad A. u ap. npoBeséHHoe B 78 qoMax Memxega (Mpan),
BBISIBUJIO JiMaNa3oH KOHIeHTpanuil ot 50 go 376 BK/M3, YTO 3HAYUTEJbHO MpeBhbILIAET
MUpPOBbIe cTaHAapThl [13]. B cnenuduyeckux ycioBUsX, TaKUX Kak Iellepbl, KOHIeHTPaLUs
paZioHa MOxKeT gocTuraTh 1489 Bk/M3, Kak 3T0 nokasaHo B uccaegoBanuu Panlaqui A. u zp.
Ha PuaunnuHax [14].

Jetexktopsl RADUET, kotopble ocHOBaHbl Ha TexHosiorun CR-39, mpumeHnawTca a4
O/IHOBPEMEHHOT0 MOHUTOpPUHTa pagoHa (222Rn) u TopoHa (220Rn). UccinenoBanusa Atangana
B. u Jip. mOKa3a/y, 9TO CpeJHAsA aKTUBHOCTh PaZloHa B MJIbIX ZJOMax cocTasisia 32 Bk/m>
(nuanasoH ot 19 10 62 Bk/M*) [15]. B MHOrokBapTHpPHBIX foMax Jlakku (BaHriazeln) ypoBeHb
pajoHa BapbupoBascsa oT 3 1o 20 Bk/mM3, 4To eMoHCTpUpyeT HU3KKe 3HaYeHMs, Ge30nacHble
aJs 310poBbsl [16]. B To ke Bpems, uccienoBanue F. Omonya Wanjala B IMHAHBIX JjoMax
nepesar OproM (KeHus) BHIABUIIO G0Jiee BBICOKYIO aKTUBHOCTD — 710 72 Bk/m* [17]. RADUET
TaK»Xe WCIO0JIb30BaJICA [Jid U3y4eHUs KOHLeHTpauuu B Melixeje, rae 3aperucCTpUpOBaHbl
sHauenus ot 50 g0 376 Bk/m> [18].

RadonEye, akTUBHBIN [1eTEKTOp /i1 KPAaTKOCPOYHOTO MOHUTOPHHIA, [10Ka3aJ BBICOKYIO
TOYHOCTb B J1JabOpaTOPHBIX yca0BUaX. Hanpumep, B pailoHOBOM KaMepe BesiMko6pUTaHUH, 1O
JaHHbIM 1. Dimitrova. U gp. KoHLeHTpanusa BapbupoBanack ot 400 g0 1800 Bk/m> [19]. 3To
JleMOHCTPUPYeT HaZEXHOCTb YCTPOMCTBA IPU U3MePEeHHUAX B YCJIOBUAX BBICOKHMX YpPOBHEH
papoHa. B uccnengoBanuu Pam W. u ap. B Kanaze 6biTOBBIE fleTeKkTOphl, BKAO4ass RadonEye,
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MCIIO/Ib30BAKCh JJIl OLEHKM TOYHOCTHM Npu KoHueHtpauuu 200 Bk/M> [20]. PesyabraThl
NI0Ka3aJiy, YTO ObITOBbIE yCTPOUCTBA MeHee TOUHBI 10 CPABHEHUIO C NPOdecCHOHaTbHBIMU, HO
OCTaOTCS MOJIE3HBIMU [1J151 0611[eT0 MOHUTOPHHTA.

LR-115, 4yBCTBUTE/NIbHBIM MAaCCUBHBIMA JETEKTOpP, MUCIOJb3yeTCs [Js1 OLEeHKHU paZjoHa B
YKUJIBIX JOMax U IPU Ce30HHbIX Bapuauusax. B nepeBne byanonuranaa (UHaus) ucciesoBanue
G. Suman. ¥ Jp. BLIABUJIO CPEJHIOI aKTUBHOCTh pafioHa 94 Bk/M3, npuuém makcuMasibHbIE
3HaueHMs gocturaau 675 Bk/m> sumoit [21]. Ajay K. u gp. usy4yanu 146 1omMoB B Yaxamnype
(Uupus), Tae cpeHas akTUBHOCTb cocTaBua 29 + 9 Bk/M>. 3To uccieoBaHue 0J4ePKHYIIO0
CBAA3b KOHLEHTPAaL I paZjoHa C BEHTUJISALLMEN U re0JIOTUYEeCKUMU YCI0BUSAMHU [22].

JJIeKTpOCTaTUYECKHE [eTeKTOpPbl TaKXKe HaxXxoAAT MpUMEHEeHUe [JIi MacCOBOTO
MOHUTOPHHIA 6J1aroZjapsi CBoeil MpPoCTOTe U HAZEXHOCTH. Jon Miles B cBoUX HccielOBaHUAX
II0Ka3aJl, YTO aKTUBHOCTb paZjoHA B >KMWJIbIX MOMeEILEHUsAX BapbupoBaiack oT 5 a0 65 bk/
m> [23]. 3Tu ycrpoiicTBa 3QpPEKTHBHO MCKIKYAIOT BAUAHHE pafoHa-220, 94To JeNaeT ux
NPUTOAHBIMU JJiS1 JJIMTEJbHOTO UCI0JIb30BaHUS.

Jpyrue npodeccuoHalibHble AeTEKTOPHI, Takue Kak Radtrak2, Duotrak u RD200M, Takxe
MCIIOJIb30Ba/IMCh JJI1 U3yYeHUsl aKTUBHOCTH pafoHa. B ucciegoBanusax Joan FR. u ap. B
YCJIOBUAX MOGUIBHOM KaMephl C YyDaHUHUTOM aKTMBHOCTb gocturana 3000 Bk/m? [24]. Diego
V. u ap. npuMenssiv RD200M g1 nporHo3MpoBaHys KOHLEHTPALMKM PaJj0Ha B XKUJIbIX JOMaX,
rze 6bLI0 3aperucTpUpoBaHo 3HadeHue 369 Bk/m> [25]. [I[puMeHeHre MAaIIMHHOTO 06yYeHHs
B TAKHUX UCCJI€JOBAaHUSX OTKPbIBAET NEPCIEKTUBBI AJI YIyUllleHUsI METOJL0B MOHUTOPHUHTA.

PI/ICYHOK 1. CpaBHeHne dKTHBHOCTHU paJOHA B pa3HbIX HCC/IEJOBAHUAX

/luanasoHbl aKTUBHOCTH PaZiOHA, 3apeTUCTPUPOBAHHbIE B pa3JIMYHbIX UCCIe0OBAHUAX, Je-
MOHCTPUPYIOT 3HAYUTEbHYI0 BAPUATUBHOCTb:

- MuHUMa/IbHasA 3aperucTpUpOBaHHas aKTUBHOCTh cOCTaBusa 3 Bk/M> B XMJIbIX JOMax
Jakku (baHrsiazeun) npu vcnosib3oBaHuu getekropa RADUET.

- MakcuMasbHas akTMBHOCTB gocturiaa 3000 Bk/M> B akceprMeHTax ¢ UCIO0/Ib30BaHUEM
npodeccroHaJbHBIX JaTYUKOB, TaKUX Kak Radtrak2, B pasjoHoBO KaMepe.

Ta6J'II/ILla 1. CpaBHeHI/Ie 10 YYBCTBUTEJIbHOCTH U AHAIIA30HY I/IBMep(EHI/II‘/'I

Tun gerektopa | YyBcTBUTeNBb- | YyBCTBUTEIB- JuanasoH [IpuMevyanus
HOCTb HOCTb W3MepeHUuin
K pajioHy K TOPOHY (Bx/m?)
CR-39 Cpennsas Bricokas 0,00434-1000 JlonroBpeMeHHbIE
HCC/IeJ0BaHUA
RadonEye Plus2 Bricokas Huskasa 50-1800 TouyHble pe3ynbTaThI
B peaJIbHOM BpeMeHHU
Safety Siren Pro Cpepnsis Hu3zkas Jo 200 Jlyis1 GBITOBOTO
UCII0JIb30BaHUA
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Airthings Wave CpepHsas CpenHss 200-1000 YyBCTBUTEJIEH K U3MEHE-
HUAM BJIQXKHOCTH

RADUET CpenHsas Cpenusas 50-394 [MogxoauT Ass f0OArO0-
CpOYHOTO aHa/IM3a

CpaBHHUTe/NIbHBIA aHA/IM3 JETEKTOPOB paJioHa MokasbiBaeT, UTo RadonEye Plus2 ob6nagaet
Haubo0JblIel 4YyBCTBUTEJNbHOCTbIO U LIHUPOKUM JuanazoHoM usMepeHui (50-1800 b/
M?), YTO JleJIaeT ero ONTHMAaJbHBIM /JIsl TOYHOIO MOHHUTOPUHIA B peajbHOM BpeMeHH. B
cBoto ouepef b, CR-39 neMoHCTpUpYeT BbICOKYH) YYBCTBUTEJIBHOCTb K TOPOHY M CIIOCOOEH
$UKCHpOBaThL CBEPXHMU3KHME KOHIeHTpauuu pagoHa (go 0,00434 Bk/M3), 4To gmesnaeT ero
HauboJiee NOAXOASAIIUM JJIsl J0JITOCPOYHbBIX MCCIeJOBAaHU M.

RADUET uMeeT c6asiaHCUpPOBaHHYI0 YYBCTBUTEJBHOCTb KaK K paZjoHY, TaK U K TOPOHY, a
ero auanasoH usmepenuit (50-394 Bk/M*) nosposseT 3pPeKTHBHO MCIO/b30BaTh €ro B
JlOJITOCPOYHBIX UccaefoBaHuAX. Airthings Wave u Safety Siren Pro siBnsitoTcs feTekTopamMu
cpeJiHell YYBCTBUTEJIbHOCTHU, OPUEHTUPOBAHHBIMU Ha OBITOBOE MCIOJIb30BaHUE, HO Airthings
Wave 4yBCTBUTEJIEH K U3MEHEHHUSAM BJIQKHOCTH, YTO MOXKET MOBJIMATh HA TOYHOCTb U3MEPEHUH.

B 11es10M, BbIGOD ZleTeKTOPA 3aBUCHT OT LieJied UccieJ0BaHUS:

151 HayYHbBIX UCCI€JOBAaHUM U TOYHbIX U3MEPEHUU B pealbHOM BpeMeHHU Jyulle NOAX0AUT
RadonEye Plus2.

151 fOITOBpEMEHHOT0 MOHUTOPHUHTA PaioHa U TOPOHA B Pa3JIMYHbIX YCJIOBUSAX ONITUMAaJIeH
CR-39.

RADUET - yHHUBepcaJIbHbIY BapUaHT AJid U3yYeHUSA KaK paJioHa, TaK U TOPOHA B CpeJiHEM
Jiuana3oHe KOHLIeHTpaLyi.

BertoBbie petekTophl (Airthings Wave u Safety Siren Pro) noaxonsT fJisi moBceJHEBHOTO
MOHUTOPHHTA, HO UX TOYHOCTb HUKE M0 CPABHEHMUIO C MPOPEeCCUOHATbHBIMU YCTPOUCTBAMMH.

Ta6sauua 2. CpaBHEHHUE 110 IKCIIJIyaTallMOHHBIM XapaKTepPUCTHKAM

Kpurepuit TpekoBble 1eTEKTOPbl | JJIEKTPOHHBIE JIE€TEK- BriTOBBIE AATUMKHU
(CR-39, LR-115) Tophbl (RadonEye) (Airthings)
CTouMoCTb Huskaga CpenHss CpenHsisi/BbICOKas
ToyHOCTB CpenHss Bricokas CpenHss
[ToTpebGHOCTH He TpebyeTcs TpebyeTcs TpebyeTcs
B MUTAaHUU
BpeMeHHas JuHaMUKa Huskas Bricokas CpenHss
[IpocToTa CpenHss Bricokas O4eHb BbICOKAs
B HCIIOJIb30BaHUU

PazivyHble TUNBI AETEKTOPOB pajZjoHAa 006/1a/lal0T CBOUMH NMpPEUMYyIlecTBaMH U OrpaHU-
YeHHUSIMHU B 3aBUCUMOCTHU OT YCJAOBUM 3KCIJIyaTaLlMU U 1ieJied UCI0/Ib30BaHUS.

TpekoBbie aetekTopbl (CR-39, LR-115) 06/1aal0T HU3KOM CTOMMOCTbIO U He TpPeOyIOT
NUTAHUSA, UYTO JeslaeT UX YAOOHBIMH JJil [OJITOBPEMEHHOTO MOHUTOpPUHTa. OJHAKO OHHU

A.H. T'ymunres amwindazor Eypasus yammorx ynusepcumeminityy XABAPIIBICBI. N21(150)/ 2025 193
Qusura. AcmpoHoMusl cepusicol
ISSN: 2616-6836. eISSN: 2663-1296



K.0. Hacunos, K.1l. 2Kymadunos, ’K.A. Baiieasunos, H. HypcyamaHosa, A.U. UsaHHuUkos, B.®. CmenaHeHKo,
M. Xowu, A.M.Andabaesa

UMEIOT CPEeJIHIOI0 TOYHOCTb U HU3KYI0 BPEMEHHYI0 JUHAMHUKY, TAK KaK pe3y/IbTaThl TPEOYIOT
06paboTKU NOC/I€e AJUTENbHOTO ePHO/a IKCIIO3ULUH.

JnexkTpoHHble AeTekTopbl (RadonEye) o6ecneyrBaroT BBICOKYI0 TOYHOCTb U OBICTPYIO
peaklHMI0 Ha M3MeHeHHs] KOHIEHTpaIluu pajZioHa, 4YTO JeJlaeT HUX ONTHUMAJbHBIMU [Jisl
KPaTKOCPOYHBIX U3MEPEHUH U ONePAaTUBHOT0 KOHTPoJIsA. OZJHAKO OHU TPEOYIOT MOCTOSIHHOTO
NUTAHUS U UMEIOT 60Jiee BbICOKYI0 CTOMMOCTD 10 CPABHEHHIO C TPEKOBBIMU JIETEKTOPAMHM.

BeiToBBIE laTyuKU (Airthings) oTiMyalTCs MaKCUMaJIbHOUM MPOCTOTOM B HUCI0JIb30BaHUU
U TOAXOMAT [AJI1 HeNpepbIBHOIO MOHHUTOPWHIA pajJloHa B JOMAIIHUX YycJ0oBUAX. OHU He
TpPeOyT CclelUaJbHON MOJATOTOBKM [AJis paboThl, HO 00/1a/lal0T CpeJlHEH TOYHOCTbIO U
YYBCTBUTEJbHOCTbI0 K BHEIIHUM (QaKTOpaM, TaKUM KaK TeMIlepaTypa W BJIAXKHOCTb. WX
CTOMUMOCTb MOXXET BapbUPOBATbCS OT CpeJHEH JI0 BHICOKOW B 3aBUCHUMOCTH OT MOJENU H
OYHKIIMOHA/IBHOCTH.

Ta6sauua 3. BiivsiHve BHEIIHUX YCI0BUU HAa paboTy 1€ TEKTOPOB

Tun getektopa Biausiaue BausHue Tpe6oBaHus 3aluIIeHHOCTh
BJIQKHOCTH TeMIlepaTypbl K KaJIUOpOBKe OT 3arpsi3HeHU
CR-39 YMepeHHOe HesnauuTesnbHOE He TpebyeTcs YMepeHHas
RadonEye Plus2 Huskoe HesnauuTesnbHOE TpebyeTcs Bricokas
Airthings Wave Bricokoe YMmepeHHoOe MuHuManbHOE Huskas
RADUET YMepeHHOe HesnauuTesbHOE TpebyeTcs CpenHss

TpekoBbie aeTekTopbl (CR-39, RADUET) ycTOHYUBEI K U3MEHEHUSIM BHEIIHUX YCJAOBUM, HO
TPeOyIOT 3alUThI OT 3arpsA3HEHUH.

RadonEye Plus2 Han6oJiee cTabu/ieH NpyU U3MEHEHUHN OKPY>Kalolllel Cpe/ibl, HO HY>K/1aeTcsl
B pery/sipHOH KaJM6poBKe.

Airthings Wave y06€eH B UCII0JIb30BaHU U, HO €70 TOUHOCTb MOXKET CHUKAThCSI IPH BbICOKOU
BJIQ>KHOCTH U 3arpsi3HEHHUH BO3/yXa.

Kak 6b1710 TOKa3aHo B IpeJblAylleM paszesie, pe3yJbTaTbl U3MepeHU aKTUBHOCTH paJloHa
C IOMOLbI0 TPEKOBBIX IeTeKTOPOB MOTYT BapbUPOBATbCA B 3aBUCUMOCTH OT psAjia GaKTOPOB,
TaKHUX KaK THUII IeTEKTOPa, yCJI0BUSA 3KCIO3ULIUH, METO/Ibl aHaJIU3a U KaJIMOPOBKa e TEKTOPOB.

- CR-39 u LR-115: Hamu pe3ysbTaThbl MOKA3bIBAKOT, UTO CpeAHsiss aKTUBHOCTb PafiOHA,
u3MepeHHas ¢ noMmoubio CR-39, 3HauMTeNIbHO HUXKE, YeM U3MepeHHas ¢ nomouibio LR-115.
ITo MOXKeT ObITh CBsI3aHO ¢ TeM, YTo CR-39 06J1aZiaeT 60Jibliiel YyBCTBUTEIbHOCTBIO K PA/IOHY,
yem LR-115.

- Jlpyruve TUIBI AeTEKTOPOB: B HEKOTOPBIX HCCIeLOBAHUAX UCII0Ib30BAIUCH JpyTHe TUIIbL
TPEKOBBIX [EeTEeKTOpPOB, KOTOpble TaKXe MOTyT MMeTb pPa3JIMYHYK 4YBCTBUTEJbHOCTb K
paZioHy.

Bpems skcnosunuu: YeM foibllie BpeMs 9KCIIO3ULMH, TEM O0JIblie TPEKOB 06pa3yeTcd Ha
JleTEKTOpe U TeM Bblllle U3MepeHHas aKTUBHOCTb PaJloHa.
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Temneparypa 1 BjaaxxHOCTb: TeMrepaTypa ¥ BJAQXKHOCTb MOTYT BJIMSITh HA YYBCTBUTENbHOCTD
TPEKOBBIX JeTeKTopoB. Hampumep, BbICOKasi BJIQXKHOCTb MOXKET NPUBECTH K CHIKEHUIO
YYBCTBUTEJTbHOCTH.

MecTo npoBesieHUs: u3MepeHui: KoHIleHTpalysa paZjoHa B BO3/jyxe MOXXeT BapbHPOBATbCS
B 3aBUCHUMOCTH OT MeCTa MPOBe/IeHUSI U3MePEHUH (3KUJible TOMEIEHHUS, IAXThI, HELIEPHI).

IIpeumywecmsa u Hedocmamku mpekogsIX demeKmopos

[Ipenmy1inectsa:

- I[IpocToTa ucnosb3oBaHus: TpekoBble eTEKTOPHI He TPeOYIOT CHelUalbHbIX HAaBbIKOB
WM 060PyI0BaHUA AJ11 NPOBEIEeHUS] U3MEPEHUH.

- KoMnakTHOCTh U NOPTAaTUBHOCTb: TpeKoBble JeTeKTOPbl HebGoJIblIKMe U JIETKHe, YTO
MO3BOJISIET UCIOJIb30BATh UX B TPYAHOOCTYITHBIX MECTAX.

- Huskas croumocTb: TpekoBble e TEKTOPHI ABJISAIOTCS OTHOCUTENbHO HEJJOPOTUM METO/,0M
M3MepeHus paJioHa.

- Jlonrocpo4Hbli MOHUTOPUHTI: TpeKoBble J1eTeKTOPbl MOTYT ObITb 3KCIOHUPOBAHBI B
TedeHUe [IJINTEJbHOTO0 BPEMEHH, YTO MO3BOJISIET MPOBOAUTDH J0JTOCPOYHBIA MOHUTOPHUHT
pajioHa.

HepocraTku:

- YyBCTBUTEJNIBHOCTD K YCJOBUSIM OKpY:Katollel cpesibl: Ha pe3ysibTaTbl U3MepeHUN MOTYT
BJIMSITh TEMIIEPATYPA, BJADBKHOCTD U Ipyrre GaKTOPbl OKPYKAKOIEH Cpebl.

- Heo6xojuMoCTb XMMHUUYeCKO 06paboTKU: TpeKoBble JeTEKTOPhI TPEOYIOT XUMHUYECKOU
06paboTKH (TpaBJsieHUs) [/l HPOSIBJIEHUS TPEKOB.

- OrpaHuyeHHass TOYHOCTb: TOYHOCTb U3MEPEHUH C MOMOILbI0 TPEKOBBIX JETEKTOPOB
MOXXEeT ObITh HH)KE, YeM ¥ HEKOTOPBIX [PYTHUX METO/OB.

4. BeIBOABI

B naHHOM 0630pHOM CcTaTbhe Mbl IPOAaHAJU3UPOBAJIU IPUMEHEHUE TPEKOBBIX JIeTEKTOPOB
JLJ151 OleHKHU aKTHBHOCTHU paZioHa B pa3/IMYHBIX cpeiaX. bbliy paccMoTpeHbl pa3/inyHble TUIIbI
JleTEKTOPOB, YCJA0BUSL IKCIO3ULUM, METO/bl aHaIM3a U QaKTOpbl, BIAUSAOLME HA TOYHOCTb
V3MEpPEHUH.

Pe3ysbTaThl aHa/sM3a MOKa3bIBAIOT, YTO BbIOOpP JeTeKTopa onpejesseTcs 3aJa4aMu
uccienoBanus U ycaoBusaMu usMepeHud. CR-39 u RADUET naunb6osiee 3pdeKTUBHBI A
JI0JITOCPOYHOr0 MOHUTOPHHTA pajioHa B AuanasoHe 10-10 000 Bx/m3 ¢ 4yBCTBUTENBLHOCTBIO
0,5-1 Tpek/cM? Ha 100 Bk-4/M> ¥ IpUMeHAOTCA 11 JOJTOCPOYHOT0 MOHMUTOPHUHTA, TOT/A KaK
RadonEye npeanoutuTtesnieH s 1ab0paTOPHbIX U3MEPEHUH, TaK KaK UMeeT ObICTPbIN OTKJIMK
(10-30 MMH) ¥ BBICOKYIO YyBCTBUTENLHOCTb 0T 10 Bk/M>. Ero TouHocTs cocraBaser +10% npu
KOHI|eHTpanyu Bbiuie 50 Bk/M>, 4To ieJ1aeT ero y106HbIM /151 OIepaTUBHOI0 MOHUTOpHHra. LR-115
OKa3aJICsl 110J1e3HBIM [1J151 U3y4YeHUs CE30HHBIX BapUalMi paJioHa U TOPOHA, 0COOGEHHO B peruoHax
C BBICOKMM PUCKOM 06J1ydeHMs. Ero 4yBCTBUTEIBHOCTb cocTaBasgeT 1-2 Tpeka/cm? Ha 100
Bk-4/M>, a auanason usmepenui - ot 40 g0 5000 Bk/m3. dnekTpocTaTUyeckue AeTeKTOPDI
OCTAIOTCSA MPOCTBIM U HAJlEKHBIM UHCTPYMEHTOM JJis1 IIMPOKOMACIITAOHBIX UCCIeJ0BaHUN
B JKWJIbIX NTOMelleHUsAX. OHU N03BOJISIOT U3MePATh KOHLIEHTPALUIO paZloHa B Juana3oHe 30-
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3000 Bx/M> ¢ TouyHOCTBIO #15% U He TPEGYIOT CJA0XKHOM 06paboTKM JaHHBIX. Tako# moaxos
K BbIOOpPY [EeTEeKTOpPOB MO3BOJIIET MOJYYUTb 0OO0Jiee TOYHble JaHHble O KOHLEHTpaluu
pPaioHa, YTO KpailHe BaXKHO JIJisl OLeHKU 3KOJIOTUYeCKUX PUCKOB M Pa3paboTKH CTpaTerui no
CHU>KEHUIO BO3/|eMCTBUS paZjoHa Ha 3/J0POBbE HaceJIeHHUS.

- TpekoBble AeTeKTOpbl ABJAAKTCH 3PPEKTUBHBIM U JOCTYIHBIM METOJOM H3MepeHUs
aKTUBHOCTH paJloHa.

- UyBCTBUTEJNILHOCTDb JIETEKTOPOB, YCJAOBUS IKCIO3UIUH, METO/bl aHA/IM3a U KaJUOpPOBKa
MOTYT BJIMSTh Ha pe3yJbTaTbl U3MEPEHUH.

- CR-39 u LR-115 saBaswTca HanboJiee pacnpoOCTPaHEHHbIMU TUIIAMHU TPEKOBBIX [JleTEK-
TOpOB, npuyeM CR-39 06b14HO 06/1a1aeT 60JIbLIEN YYBCTBUTENBHOCTBIO K PaJ|OHY.

- TpekoBble 1€TEKTOPBHI MOTYT ObITh UCIOJIb30BaHbI JJisl JOJTOCPOYHOTO MOHUTOPHHTA
paioHa B XKUJIbIX IOMELEeHUAX, Ha pabouuX MecTax, B IOYBE U BOJIE.

[lepcieKTUBBI pa3BUTHA METO/A:

- lloBbimieHue TouyHOCTU: COBEpLIEHCTBOBAHHWE METOJOB aHa/vM3a U pa3paboTKa HOBBIX
MaTepHuaJIoB /Il TPEKOBbIX IeETEKTOPOB MOT'YT NPHUBECTH K MOBBIIIEHUI0 TOYHOCTH U3MEPEHUM.

- ABTOoMaTu3anusa: ABToMaTHU3alus Mpolecca aHa/ld3a TPEKOBBIX JEeTEKTOPOB MOXET
YIPOCTUTDb U YCKOPUTD MPOLECC U3MEPEHUS PaJOHA.

- MuHuartopusanus: Co3jaHue MUHUATIOPHBIX TPEKOBBIX IETEKTOPOB MOXKET PAaCIIUPUTh
06J1aCcTh UX MPHMEHEHHs, HAPUMeD, AJis1 UHAUBU/IyaJIbHOTO MOHUTOPHUHTA.

- HoBple MaTepuansl: UccienoBaHue HOBBIX MaTepUaJsiOB [Jil TPEKOBBIX JeTEKTOPOB
MOXKEeT MPHUBECTU K CO3/IaHUI0 60Jiee YYBCTBUTEbHbBIX U 9O PEKTUBHBIX JIETEKTOPOB.

B 1esioM, TpekoBble 1E€TEKTOPHI SABJISOTCSA NEPCIEKTUBHBIM METOL0M U3MEpPEHUS PAJIOHa,
KOTOPbIN UMeeT 60JIbLIoN MOTEeHIUAJ AJis JaJbHelIero pa3BuTHs.

Bxiiag aBTOpOB

K.0. HacmiioB: HanvcaHue TeKCTa U YTBEPXKAeHe OKOHYATEJIbHOIO0 BapUaHTa CTaTbH JJI
nyo6JMKaluu.

K.II. XKymaau/10B: HanMcaHKWe TeKCTa U KpUTUYECKUH aHaJIU3 ero CoZlep>KaHusl.

7K.A. barrasauHoB: HallMCaHHe — pelleH3UPOBaHUE U PeJJaKTUPOBAHUE.

H. HypcynTtaHoBa, A.M. AHJa6aeB - HaluCaHUe TEKCTa U ero cojiepkaHue KpUTHUYeCKUI
0630p.

B.®. CrenaHeHko, A.. UBaHHMKOB, M. XowmM: HanucaHWe TeKCTa U KPUTHUKA €ro
coZiep>KaHu4.

biarogapHocTu

JlaHHas paboTa BbllloJIHEHA NpYU GUHAHCOBOM NOAAEPKKe 0 MpoeKTy ['paHTOBOrO PrHAH-
cupoBaHUsl MUHHCTepCTBa HayKU W Bbiciuiero o6pasoBaHus Pecny6suku Kasaxcran (MPH
AP19678341, noroBop N2269/23-25 0T 03.08.2023), a TakKe B paMKaxX IpOrpaMMHO-1]eJIEBOT0
duHaHCcUpoBaHUs MUHHCTepPCTBA HAyKH U BhIcliero oopasoBaHus Pecny6sinku Kasaxcran
(MPH BR27101493, pemienre HHC npoTtoko.s 3aceganus Ne8 ot 06.12.2024).
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KaMTU/AbL: XKYMbIC TpUHLUIITEPI, AleTeKkTop TypJiepi (CR-39, LR-115, Radon Eye Plus2, SSNTD), acep ety
KaFlalIapel KoHe Tanzay afictepi. TypFeIH yi-KalapAaFsl, laxTajlapAarbl, YHIipJeperi, CyAaFsl
’K9He TONbIPAKTaFbl PaJIoH GeJICEeH/IIriH eJileyai, COHAAN-aK, eJilleysepre dpTYpJi reoJoTUSJIbIK
’KOHe KJMMATTbhIK (aKTOpJapAblH d9CepiH KaMTUTBIH 3aMaHayd 3epTTeysep KapacTblpbLiajbl. CR-
39 TeMeH paZioH KOHLleHTpaLUsjapblHa }KOFapbl ce3iMTa/bIFbl 6ap ekeHi kepceTinzi, 6yJ1 jacTaHy
JeHTeliHiH TeMeHJIriH erked-Ter>keisi 3epTTey YlIiH apThIKUWIbLIBIK 6epei, aa LR-115 cbIpTKpI
acepJiepre 6epikTiriHe 6ai/IaHBICThI Y3aK Mep3iM/i 6aKblIay YIiliH TUiM/ipek. HoTmxkenep iy na/jirine
KOpluaFaH opTa NapaMeTpJiepiHiH (TeMIlepaTypa, bIIFaJAbLIBIK, KbICbIM) KoHe KaJuopJiey afjicTepiHiH,
acepiHe epekiie Hazap ayjaapbLiaabl. JepekTepi MHTepHpeTanusJayMeH GalJIaHBICThl aFbIM/IAFbI
MaceJiesiep, COHBIH, IIIiHAE >XKOJJAbl O6HJey dJicTepiHeH TybIHJaFaH KaTeJlep >XoHe HITHXeJepAi
BU3ya/lU3alUsIay KapacTblpbliaAbl. OJiiey aficTepiH cTaHJApTTAy KaXKeTTiIiri »koHe LUQPJBIK
TeXHOJIOTUsIJIapAbl NalasaHa OThIPBIN Ta/lfay NpoLecTepiH aBTOMATTaHAbIPY IepcleKTHBaJaphbl
aTtan eTiiAl. JKyMBbICTBIH HOTHKeJiepl pafAualusbIK KaYilCi3[iK CTpaTeruacblH a3ipjey/e, TYpFbIH
»K9He OH/JIIpICTIK ayfaHJap/a paZioH JeHreliH 6aKblIay/ia, COHAAN-aK KOopllaFaH OpTaHbl OaKbliayAa
naijasaHbllybl MyMKiH. Pajuanusaiblk Kayintephi 6arajnay yuIiH »KOJ JeTeKTOpJiapblH OHTaWJIbl
naiijjasiaHy »oHe 9pTypJii opTajapjAa pajoHAbl aHbIKTAy[blH THIMAiI dJicTepiH a3ipsey OGoibIHILIA
YCBIHBICTAp YChIHbLIA/BbI.

Tyiin cespep. PajoH, Tpek nerekrtopJapbl, CR-39, RADUET, LR-115, RadonEye Plus2, SSNTD
JleTeKTOPbIH KaJubpiey.
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Application of track detectors to measure radon and thoron activity in the environment:
areview of methods and results

Abstract. This paper presents an overview of the application of track detectors for measuring radon
and thoron activity in various environments. The study covers the key aspects of the method: operating
principles, detector types (CR-39, LR-115, Radon Eye Plus2, SSNTD), exposure conditions and analysis
methods. Modern studies, including measurements of radon activity in residential premises, mines,
caves, water and soil, as well as the influence of various geological and climatic factors on measurements
are considered. It is shown that CR-39 has high sensitivity to low radon concentrations, which makes
it preferable for detailed studies of low pollution levels, while LR-115 is more effective for long-term
monitoring due to its resistance to external influences. Particular attention is paid to the influence of
environmental parameters (temperature, humidity, pressure) and calibration methods on the accuracy
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ofthe results. Current problems associated with data interpretation, including errors due to track etching
methods and visualization of results are considered. The need for standardization of measurement
methods and prospects for automation of analysis processes using digital technologies are emphasized.
The results of the work can be used in developing radiation safety strategies, monitoring radon levels in
residential and industrial areas, and in environmental monitoring. Recommendations are proposed for
the optimal use of track detectors for assessing radiation risks and developing more effective methods
for detecting radon in various environments.

Keywords: Radon, track detectors, CR-39, RADUET, LR-115, RadonEye Plus2, SSNTD detector calibration.
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AnaaTtna. KaTTel Kydgeri )xykKa IJieHKalbl GOTO3/JEKTPJIIK TEXHOJOTUsIap
9JIeM/IiK 3KOHOMUKAHbIH, 3Heprudara JilereH KaXKeTTiJiKTepiH KaHaraTTaH/bl-
Py YLIIH KYH 3HEPrUsCbIH 3JIEKTP 3HePryusACblHA alHa/IJbIpPy YLIiH Iepclek-
THUBaJIbl 60JbIN TabbL1a/bl. OpraHuKa/blK, KyH OaTapesapbl, OOSFbILITAPbI
6ap KyH 6aTapesijiaphbl XKoHe EPOBCKUT KYH 6aTapesiiapbl CUSIKThI )KaHa KYKa
IJIeHKasIbl KYH OaTapesilapbl oJiap/ibl *KoOasiayarbl TUIMAI Taciigepre aii-
Habl. MyH1al QYyHKIIMOHAJIABI MaTepUaZap oJap/bl KOJJaHy 9AiCTepiHiH
KapanaubIM/bLJIbIFbI KoHE 0JIapZbl K00aJayia eH/ipiCTiK WbIFBIHAAPABIH a3
60J1ybIMEH KaTap SHEPTUsiHbl TYPJEeHAipy TUIMAiIIri KpeMHUU KYH 6aTapes-
JIapbl CUSIKTbI KaJsIbIIITAaCKAH TEXHOJIOTUSIJIADMEH casbICThIpFaHa Oacekere
KabisieTTi 60sybl Kepek. JKyKa MJieHKa/bl TEXHOJIOTUsJIap Kasipri yakbITTa
OipHelle XbLIJbIK 3epTTeysep/ie eHIMJIIKTIH acepJsi ecyiHe GaillJlaHbICTbI
$oTOBO/IBTAaWKAHbI 3epPTTEY/leri Heri3ri 6aFbITTapAblH 6ipi. [lepOBCKUTTI KYH
3JIEMEeHTTEepPI KYPbLIFbLJIAPbIHbIH, Y3aK Mep3iM/i »KYMbIC iCTeyl MeH 3HepreTU-
KaJIbIK TUIMZIJIITIH apTThIPYAbl KAMTAaMachkl3 €Ty YIUiH apTypJai Taciigep KoJi-
JaHbLiabl. KyH 3/ieMeHTTepiHiH OPHBIKTHI XKYMBIC iCTeyi yUIiH KeMipTeri He-
ri3fii a;leMeHTTepMeH KocnaJay TUIM/Ai 60JibIN Tabblaaabl.

KyMbicTa ThIFbI3/IbIK QYHKIMOHAJIbI TEOPUSCHI 9/1iCi )Ka3bIK TOJIKbIHAp Oa3u-
CUH/Ie TICEB/0NOTEHIMaJ d/jiciMeH 6ipiKTipisie OThIpbIN TEOPHUSAJIBIK TYPFbIJAH
BaTiO, GeTiHJleri KeMipTeri KoCacblHbIH, KaTaJUTHUKAJbIK peJii 3epTTeJIreH.
ToIFpI3bIK, QYHKIMOHAIBI TEOPHUSChl HETi3iHJe TeTparoHasb/bl (azasarbl
bapuii TUTaHaTbIHbIH Ta3a XoHe KeMipTeri aToMAapbiMeH KocnasanfaH TiO,
- TepMuHanusaabl (001) GeTiHAeri aToMABIK KOHE MOJIEKY/IAJbIK OTTEriHIiH
azcopbuusaaany mnpoueci 3eprrenji. TiO, - Tepmunanuanel (001) Geringe
KeMIipTeriHiH aicopOLMACHI YILiH eH THIM/Ai opbIHAAp «TiycTi» no3unusaiapbl
60s121b1. Ta3a 6eTTe KeMipTeri YllliH aHbIKTaJIFaH 3HePreTUKaJbIK TUIM/[i OpbIH-
HbIH, MaHbIH/Ia a/iIcCOpOLMsIaHFaH aTOM/JbIK OTTET] Y1IiH a/[copOLus IHEPTUS-
cbl -1,5 3B, an Mosniekynanbik yiiH -2,82 3B 6osab1. KemipTeriMmeH KocnasaHfaH
6eTTe afcopOIMAaHFaH aTOM/IbIK OTTETI YIlliH afcopb61us sHepruscel -0,2 3B,
aJs1 MoJieKyJiaJiblK yiliH -0,4 3B mamara kemigi.

Ty#inai ce3aep: BaTiO,, oTTeri aficopOuMACD], aFalllKbl KaFualap/aH ecerl-
TeyJsiep, rpadeH Tipi3Aec KypblabIMAapMeH KOMOUHaLUsIay
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BaTiO, (001) 6emindeai ommeziniy a0copbyuaaaHybiHa Kemipme2ziH Kocnaaayobly acepin aAFauKbl
KarudasaapdaH 3epmmey

1. Kipicne

Exi HeMece oiaH ia K6l aTOM/IbIK KyKa rpadeH Tapisz/i MaTepuaigap/ bl KOMOUHALUsIAY
apKbLIbl >KacaJfaH KypbLIbIMJAp OacTamnKpl KypbLIbIMJAApAblH KacUeTTepiH e3repTeni
»KOHE >KaHa TMOPHU/ATIK KacueTTepi 6ap MaTepuas naijia 6osa/bl, 6y kel GyHKIUOHAIIbI
MeH HaHOKYpBbUIFbLIApAbl 93ipJiey VIUIH >XaHa MYMKiHZikTep Oepeni. ['padeH »xoHe
HaHOKYpPbLIbIMABI BaTiO, aybicnasibl MeTasJl OKCUATEPIHIH eKi eJilieMAi MJieHKalapblHa
HeTi3/leJiTeH TeTepOKYPbUIbIMAAP >KaJl YAUIbIKTapbl, KBAHTTBIK KOMIBIOTED 3JIEMEHTTEPI,
Li-6aTapesisap, TpaH3uCTOpJap, AAaTYUKTeDP, JATUYUKTEP YIIiH Kenm (PyHKIHOHAIJbl >XKaHa
MaTepHua/iapAbl 93ipJiey YIliH nepcrneKTHUBasbl 60JbII TaOblIa/bl.

JkcnepruMeHTTe [1] aybicnmasibl MeTasll OKCUATEpPiHJe rpadeHMeH KOMOHUHAlUsIAHFAH
KYpbLIbIMJAp/ia KaHa >XoHe MepCHeKTHUBa/ibl MAarHUTTIK, 3JIeKTPOH/AbI K9HE ONTHUKAJbIK
KaCUeTTep/iH Ty3iJIeTiHi aHbIKTaJ[bl.

MyHzail okcuATep/ie aybicliajibl MeTasJjap *KapThlakl TOJATHIPbUIFAH d-OopOUTANbAAPDI
6ap (II) Tom asneMeHTTepi O6oOJibIN TabblaajAbl *K9HE KOPIHETIH »KapblK CIEKTpPiHAe
KYTy Kabineti xofapel. bys maTtepuangapzaa 2 3B-kKa »kakpIH >KoJiaK caHpliaybl 6ap [1].
JlereHMeH, TacbIMa/IJaylIbIHbIH KO3FaJFbIIIThIFbl JK9HEe/HeMece KbI3MEeT eTy Mep3iMi
TOMeH OOJIFAaHJABbIKTAaH, OJIapAblH KYMbIC icTeyi 3aps/i TacbIMa/JlayllbICbIHbIH, TapaJyblHa
6alJIaHbICTHI.

Bapuii TUTAaHATBIHbIH, TEXHOJIOTHUSJIBIK MaHbI3AbIIbIFbIH €CKEpPe OTBIPHIIN, TETPOrOHAJI]
¢dazanbl BaTiO3 (001) 6eTiHiy ab initio szicTepin Ko/iJaHy apKblibl TEOPUSAIBIK TYPFbIJaH
KeMipTeri aToMJapbl KoCHaJlaHFaH Ke3Zle KaTTbl OTbIHJAAp, CyTeri 3HepreTUKacbl MeH
KaTaJIM3/liK PoLecTep/ie KaslblHA KeJly peaklusjaapbl MEH OTTETiHIH 06J1iHYy peaKkUsIaphbl
MaHbI3bl OOJIFAH/bIKTAaH KOMIipTeTiHiH 6apUi THUTaHATbIHbIH, KYPbLIbIM/bIK XoHE 3JIEKT-
POH/IBIK, CUIIaTTaMaJslapblHa 9CePiH KapacTblpy MaHbI3/1bl 60JIbIN Tabblaa/bl.

BsitoepTTiH akcnepuMeHTTIK 3eprTeyinge [2] 3D 6acein wmbiFapbliran xoHe BaTiO,
HaHOOeJIlIeKTepiMEH TOJTBIPbUIFAH KeMipTeri KypblibiMAapbl TeMeH (20 Iy-1 MIm)
»)KoHe MHUKPOTOJIKbIH/AbI (26-37 I'T1) »kuijik auana3oHblHJa 3epTTeai. bys KypblibiMaap
TOMEH JXMUIJMIKTI AuanasoHja (caHTUMeTpre GipHelle 6ipJik) eTe KOFapbl 3JEKTP OTKi3-
rilITIKKEe He >KoHe »KaKCbl MUKPOTOJIKbIH[bI JAuana3oHJarbl JUIJIEKTPJIK KacueTTepal
KepCeTTi. JIeKTPJIiK TacbIMa/iay TEPMUSJIBIK TypAe OesceH/ipisie/ii >koHe apTypJii akayJsiap
apKbLIbl 3JEKTPOHAAP/bIH TachIMa/ZJaHybIMeH 6alaHbICTBl 60Jybl MyMKiH. [paden
okcuzin (GO) KocyablH opTypJi canmak Koapouuuenttepi 6ap BaTiO,-rpaden HaHO-
KOMIIO3UTTEPIHIH CepUsichbl KapanablM THUAPOTEPMUSJIBIK SJAICIIEH CUHTEe3[eJ[i, OHBIH,
GapbIChIH/IA TOTBIKChI3ZAH/bIpblIFaH rpadeH okcuAi »oHe BaTiO, HaHoGesekTepi MeH
rpageH HaHOJIUCTepi apacblHAAFbl ThIFbI3 ¢as3aapasiblK OaWaHbIC aJbIHAbL. AJIbIHFaH
poTokartanuTukanbik 6esacenainik BaTiO,-rpapen kommosutTepiHiy 400 HM TOJKbIH
Y3BbIH/bIFbIH/Ia KOPIHETIH KapbIKIEeH cayJiesieHy Ke3inAe MeTuneH KoKTiH (MB) biabipaybiHa
acepi 3eprreszi xoHe Ta3a BaTiO,-ke KaparaHja »kofapbl ¢OTOKaTaIUTUKAJbIK 6eJICeHiIIK
aHBIKTaJ[bl
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BaTiO, nepoBckuTTEpi

BaTiO, - auasieKTp/iK KOHJEHCaTopJapJaH O6eHChI3bIK  ONTHKAJbIK KypblIFblLIapFa
AeHiH KeH ayKbIM/ibl KoJ1laH6asibl TaHbIMas 3J1eKTpUK. JKyka BaTiO, KabbiKiasapbiHAarbl
JIOMeH KypbLJIbIMbl Heri3iHEH CepHniMJiJiK KOHCTaHTaJapblMeH 9He 3JIeKTPCTPUKLUA
k03dPuUIMeHTTepiMeH aHbIKTalaAbl. JKoFapbl TeMnepaTypaza napasnektpJik BTO Ky6ThIK
KypblibiMAbl. O 125°C TeMeH TeMmnepaTypaja MNapasJ/eKTpJiK KyOTbIK KypblJIbIMHaH
beppoasieKTp/ik TeTparoHanabAbl ¢asafa alHatazbl. 125 xeHe 8 °C TeMmepaTypa
apasiblfblH/ia 6apUil THTAHATBIHbIH, TeTparoHaabAbl ¢gaszackl TypakThl. 8 °C-taH -71 °C-Ka
JlefiiHri TeMnepaTypaZa KypbliblM OopTOpoMOTHI ¢paszaza -71 °C-taH TeMeH TeMnepaTypaja
peppoasieKTpJIiK 6apuit TUTaHaThl pOM603pJiK dpaszaza 601abl. BaTiO, - ThIHbIM ca/IbIHFaH
aliMarhbl YJIKEH XKapThlJal ©TKI3rill, 0J1 TEK KYH CIEeKTPiH/Je YIbTPAaKYJITIH coyesepAi Ky Taabl.

I'paden xoHe KemipTeri Herisgi KypbulbiMJapMeH MoauuKanusaaanrad BaTiO, (001)
60MbIHIIA TEOPUSJBIK 3€PTTEYJIEP Typasibl JEPEKTED XKOK, OipaK KeseMAi KypblibIM [2] xkoHe
6eT (100) ywiH 6ipHellle 3KCIEPUMEHTTIK 3epTTeyJiep 6ap.

Mpeicasbl Ilaynun 3eprreyinge [2] BaTiO, HaHoGeJmeKTepiMeH To/ThIpbliFad 3D 6achlin
IIbIFApbLIFAaH KOeMipTeKTi KypbuibiMaap TeMeH (20 I'y-1 MIn) xoHe MHUKPOTOJIKbIHJbI
nemte (26-37 I'Tu) 3eprrengi. Bys KypblibiMAap TOMEH KUK JUMana3oHbIHAA (I1aMaMeH
6ipHemie C/cM) eTe »KOFapbl 3JIEKTP OTKI3TilITIKKE He XoHe Tamalla MUKPOTOJIKbIH/I
AvanasoH/arbl AU3JIEKTPIIK KacueTtep/i kepcerTi. MyHbiMeH Koca BaTiO, Kocy coHbIMeH
KaTap KOMIIO3WLMSAJIBIK MaTepUalJapAblH AU3JIEKTPIIK WBbIFbIHAAPBIH apTThIpaZbl, COHbIMEH
6ipre guasektTpukTep/iy eTkisrimTiri BaTiO3 koHIleHTpaLuscblHA TayesICi3 601aThIHABIFbIH
KOPCEeTTI.

3eprrey [3], rpadeHHiH apTypsi caiMak Kocy Koapduuuenttepi 6ap BaTiO,-rpaden
HaHOKOMIMO3UTTepiHiH cepuscbl okcufi (GO) KapamallblM T'HMJPOTEPMUSJIBIK TOCIIMEH
CUHTe3/eJ/1/i, OHbIH 6apbIChIH/Aa TOMeH/eTIred rpaden okcuzi xoHe BaTiO, HaHo6e ek Tepi
MeH rpadeH HaHOIJIEHKaJIaphl aJbIHAbL JlalibIHAaIFaH yiriep [4] a/1eKTpOHAbl MUKPOCKOMIUS
(TEM), »xofapbl aXbIpaTbIMJbLJIbIKTaFbl TPAaHCMUCCUSJIBIK 3JIEKTPOHABI MHUKPOCKONHUSA
(HRTEM), pentreH cayJenepiHiy audpakyusacsl (XRD), yapTpakysrin-kepiHeTin (YK-Bu3.)
Anddy3abl IAFBLIBICTBIPY CHEKTPOCKONHUSACH], PEHTreHJiK (OTO3/JeKTPOHABIK CIEKTPO-
ckonus (XPS) »xkoHe ®ypbe TypJseHfipisreH uHopakpi3bl1 (FTIR) cnekTpockonuscel ap-
KblIbl 3epTTesiefi [5-6-7]. AJiblHFaH yJTiHIH $oTOKaTaIUTUKaIbIK Gescenpiniri BaTiO, -
KepiHEeTiH »KapblIK, CoyJ/iesieHyi Ke3iH/le MeTU/IeH KoKiHiH (MB) biabipaybiHa apHa/Fad rpadeH
komnosutTepi | Z 400 HM-ze 3epTTesi xoHe Tasa BaTiO,-TeH koFapbl GOTOKaTaIMTUKAIbIK
beJiceHAiTiKKe He.

BaTiO,-rpa¢peH HaHOKOMIO3UTTEpiHAEr rpadeHHiH peJii opraHUuKasblK 60AFbINI TIPi3Ai
doToceHCcMOUIN3ATOp peTiHAe apekeT eTefi [8-9] .

BostFbiuThiy fgerpaganusiceinga BaTiO, kapTeiad eTKI3rimTi KepiHETiH KapbIKTbIH,
XKYTaTblH ¢oTobesceHaiIirine TypseHipeai. bys peakuusa mexanusmin BaTiO,-rpaden
HaHOKOMIIO3UTTEPIHIH KYH 9HEPTHUAChIH TypJIeHJipyAe KOJIAaHy asiCblH KeHeUTe .
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BaTiO, (001) 6emindeai ommeziniy a0copbyuaaaHybiHa Kemipme2ziH Kocnaaayobly acepin aAFauKbl
KarudasaapdaH 3epmmey

2. Ecenrrey xypri3sy Herisaepi

Kasbik TonKbIHAbI TOT (ThIFbI3AbIK GYHKIHOHAIbI Teopusichkl) ecenteysnepi VASP 5.3.3
[4] 6afmapsiaMmacbIHbIH, KeMeriMeH NpoeKUUsiJIaHFaH KeHeHuTinreH ToJsiKbiH (PAW- Projector
Augmented Wave) nceBgonoteHyanapsl xaHe GGA TypiHzeri anMacy-koppeasuusabik PBE
bynkunoHanabirsl [10-11-12] apkbLibl xkyprisisgi. Herypabsim fasn1 PAW nceBronoreHunpangap
petinge Ba, Ti_pv, O xoaHe C noTeHManAapbl KoAAaHbUIAbL EcenTey Ao 14iriH KaMTaMachbl3 eTeTiH
IICEeB/ONOTEHIIMA/IZAP XKUBIHTBIFBIH KOJAAHABIK. beTTik ecenteysep yiuiH 2x2x1 Mouxopct-Ilak
(Monkhorst-Pack) cxemacbl apkpLibl Bpusioan ailMarbl TaHZanabl [13-14]. XKa3blK TOJIKbIH
HETi3iH/leri KUbIHTBIK Y1liH KUHEeTUKAJIbIK 3HEPTrUSHbIH, 1l1eKTi MaHi 520 3B 601/1b1. TeTparonasii
6eTTiK GipJIiK yAIIBIKTbIH ayAaHbl TEKLIEJIK (KyOTbIK) GipJIiK yALIBIKTaH eKi ece yJIKeH.

1-Kecte. PAW noTeHnuangap cunaTTaMachl

JJ1eMeHT E_.93B BasieHTTIK 3/1eKTpOHAAP CaHbI KoHOUTypalus
Ba 187.210 10 5s26s25p°®
Ti_pv 222.335 12 3p®4st3d®
0 400 6 2s*p*

3. 3epTTey HOTHKeJIepi MeH TaJIKbl1ay

3.1.BaTiO, KypbUIbIMAAPbIH MOZE/IEY KIHE 3€PTTEY

2 Kecrepne apTypJii pyHKIMAIApABI KOJJIaHy apKbLIbl ajblHFaH keseMzik BTO TeTpasgpiik
¢dasacbiHbIH, KacueTTepi kepceTisireH. EcentesireH MaH/ilep COHbIMEH KaTap KOJIJ[aHbICTAFbI
3KCIEPUMEHTTIK >KoHe TeOpUsJIbIK JepeKTepMeH casbICcThipbliaibl. [mopunri PBE ¢yHk-
NUOHANABIFbIH TyTacTall mnaWpaasany optypai PBEO, LDA JyHkuusiiappiMeH aJibIHFaH
IKCIEepUMEHTTIK JepeKTepre caiikec KapacTblpbliaTblH BTO-HBIH KacueTTepiH 6oJnpkayfa
MYMKiHAiK 6epeni. Heri3gi e3repTy HaTuKere auWTapJibIKTall acep eTNEUTiHI KepceTireH.
Atan auWTKaHza, PBE >koHe sKClepMMEHTTIK HOTHXKeJiep apacbhlHJAaFbl »KaKChl KeJsiciMi a
TOPBbIHBIH TYpaKThbIChl, Ti, O aToMAapbIHbIH 66J11eKTiK bIFbIcyaapsl zTi, X0, zo (UAeanapl Ky6
OpBbIHJAPbIHA KATbICThbI) Kepyre 60J1a/bl.

2-Kecte. Heri3ai e3repTy HoTH:Kere aiiTapjblKTail acep eTHelTiHi KepceTiireH. Aram
aiiTkanaa, PBE jxoHe 3KCepUMEHTTIK HITHKeJIep apachbIHAAFBI KaKChl KeJsiciM/i a TOPbIHBIH,
TypakThichl, Ti, O aToMAapbIHbIH, 6e/eK biFbicyaphl zTi, X0, Zzo (MJean Tekule >KaFjaWbIHA
KaTBICThI) Kepyre 60/1abl.

[TapameTpsiep Ocp1 backa TeopusAIbIK }KyMbICTap JKcrnepu-
YKYMBIC MEHT
[17]* | [17]° [17]° [18]° [18]° [19]
KpucTann yasIK,
a(4)
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o (rpazyc) 4,074 | 4,073 4,029 3,966 4,073 4,001 4,004
zTi 89,754 | 89,710 | 89,727 | 89,958 | 89,74 89,87 89,8
X, -0,0070 | -0,0150 | -0,0151 | -0,0080 | -0,0150 | -0,011 | -0,01128
z, 0,0116 | 0,0143 | 0,0129 | 0,0069 | 0,0141 | 0,0133 0,0109
ThIABIM CaJIbIHFAaH alMakK, 0,0071 | 0,0249 | 0,0242 | 0,0109 | 0,0245 | 0,0192 0,0193
E..(eV) 2,5 2,7 4,9 2,2 - 2,3 -
dueprus, AE -0,005 | -0,061 | -0,061 -0,005 -0,060 -0,040 -
(aB)

Opi Kapaii, 6apuii TUTaHaThl ¢asacbliHbIH 6eTi KesieM/i KypblibiMHaH (001) MozenbaeH A
(3-cypeTTi KapaHbI3).

BaTiO, (001) 6eTTepi carikeciHiue kesekTeckeH BaO xoHe TiO,-HiH TypaThIH aiiHa »Ka3bIK-
ThIFbIHA KATbICTbl CUMMeTpHUs/IbI 13 KabaT MJacTUHA/Iap apKblLibl MoJesabaeH/i. Ochl miac-
TUHasap/bIH 6ipi BaTiO, kpucrasbl yuiin BaO 6etiMen agkranabl (1cyperTi KapaHbi3). EkiHmi
niactvHa TiO, macTHHa apbIMeH asgKTanbl (2-CypeTTi KapaHbl3). bys nuiactunanap 6eTiHiH
KaJIbIIIThI Ka3bIKTbIFbl O0MbIHIIA CTOXMOMETPHUSJIBIK eMeC XKOHE CUMMETPHUSIJIbI.

3-Kecre. (a) TiO,- >xane (b) BaO TepMuHanMaA/IaHFaH 6€TTEPiHiH MOAE/IbAIK TaKTalapbIHAATbI
aTOMABIK KabGaTTapAbIH, peTi

a) Ba0.75Ti02.75 6) BaTi0.7502.5
TiO, BaO
BaO Tio,
TiO, La0
BaO Tio,
TiO, BaO
BaO Tio,
TioO, BaO

Yari GeTiHe aZcopOuysiaHFaH KeMipTeri aTOMAApbIHbIH KaTaJUTUKAJIbIK 9CEePiH 3epTTeyai
6actamac OypbIH, aZ,COpOLUsA MPOLECiHIH 63iH 3epTTey Kepek, SFHU KaTaJlu3aTop aTOM/Japhbl
aicopblya/aHaTbIH €H TUIMAI No3ulMsaaapAbl XKoHe OJIapAblH cyO6CcTpaTieH 6ailJjaHbICY
SHEprusilapblH aHbIKTay Kepek. Axcopbuusiany sHeprusicbl C-BaTiO, KypbuibIMAapbIHbIH
TYPAKTbLJIbIFbIH aHBIKTAy >K9He OJIapAblH OeTiHiH KO3Fa/FfbIUITBIFbIH 6aFajiay KpUTepHili
6O0JIBII TaObLIA/bI.
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BaTiO, (001) 6emindeai ommeziniy a0copbyuaaaHybiHa Kemipme2ziH Kocnaaayobly acepin aAFauKbl
KarudasaapdaH 3epmmey

3.2 BaTiO, (001) 6eTinaeri KeMipTeri aTOMBbIHBIH, aACOPGUMACHIH KBAHTTBIK MEXaHU-
KaJIbIK, MOJeJIbJey

Kocnananran BaTiO, (001) 6eTiHiH TYpaKTbUIbIFbIH 3€pTTey YIUiH 6ip KeMipTeri aTOMbI
06eTKi YSAIIBbIKTaFbl 6apJIblK CUMMETPUSJIbI TEH eMeC MO3UIUsAIapFa OpHaJaCTbIpbLIAbL. C
aToMJapbl OpHaJlacaTblH HAKTbl MO3ULMUsAJApP TOMEHJe MYKUAT TaJiKblilaHagbl. Kemipreri
aTOM/AapbIHbIH, KOHI|eHTPALMACbIHBIH, 0JIapAblH aZcopOLUs NpoLeciHe acepiH 3epTTey YIIiH
MOHOKA0AaT *Kaf/laiibl KapacThIPbLIbL AZICOPOIMS SHEPTUsChl MbIHA pOpMyJIaMeH ecenTesefi:

Eadcz(E[C/nﬂachHa] - (E[C] * E[rmacmuya]))/z’ (1)

myHzarbl E[C/mnactuHka] xoHe E[msacTuHka] colikeciHllle 6eTiHJe ajcopOuusiaHFaH
KeminTeri aroMmaapel 6ap BaTiO, miacTUHACBIHBIH, %9HE Ta3a IUIaCTHHAHbIH, XaJlllbl HEpPrus-
CbIHbIH ecenTe/ireH MaH/epi. DopmysaHblH 6eJiMiHAe 2 K03pPUILHEeHTIHIH 60JybI )KOFapbl1a
CUNATTaJIFAaH UHAYKIUSJAaHFAH JUNOJbAIK MOMEHTTIH 9CepiH KO0 YUIiH aJicopOIUsaIaHFaH
KeMipTeriaToM/lapblHbIH MO/Ie/Ib/IiK JIaCTHHAHBIH, €Ki )KaFbIH/1a CAMMETPHUSJ/IbI OpHa/IACybIHA
0Gan/IaHbICTHI.

C MOHOKabaTbIHbIH, 6al/aHbIC 3HEPTHUsAChl GakaHbICKaH oHe 6eiHren BaTiO, xoHe C
KYyHeJiepiHiH »KaJbl 3Heprusiiapbl apachbIHAAFbI AalbIPMAIIbLIBIK, peTiHe ecenTesfi, dopmysa
6oibiHma Tepic Eads meni BaTiO, 6Gerinzeri kemipTek atoMmJapbiMeH aJCcopOlusIaHFaH
Keszieri KoHpurypauusaHbiH, 6esinren BaTiO, xoHe KyMmicneH caybICThIpFaH/Ja aHaFypJibIM
KOJIalJibl eKeHiH kepceTeni [15-16].

BaTiO,-1iy TiO,-men askranaTbid (001) 6eTingeri C aTOMbIHbIH aZICOPOLHUACHI

BaTiO,-tiy TiO,-TepMuHanusiaHFaH GeTiHJe KeMipTeri aToMJapbiH aJcopbuusiaran/a,
6i3 C aToMZapbIHbIH 6€C bIKTUMaJl OPHbIH KapacThIpAbIK: «Ti ycTi», «0 ycTi», «kenip-Ti-O», «O-
kemip 3» cypeTTe (4 cypetTe). Ecentesnren afcopbuusa sHepruscel «Ti ycTi», «O ycTi», «kenip-
Ti-O», «kenip-0-0» catikecinuie -1,10 3B, -1,03 3B, -1,04 3B, -1,65 3B x«aHe -1,02 3B.

Cypert 1. Typakrsl nosunusaap: TiO2-MeH asaKTaaaThIH 6eT - (a) MnO2-MeH agKTaaThIH 6eT
1 - «Mn HOHBIHBIH, YCTiHAE», 2 — «O MOHBI YCcTiHAE», 3 - «Ti-0 Kemipi», 4 - «apaabIK»,
5 - «0-0 kemipi» (b). TycTi mapaap: »kacsl1 ke Ti, Kbi3bL1 O [19, 48 6.]
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Ancop6uusiianfad C aTOMBIHBIH, 3HEpPreTHUKa/bIK TYpPaKTbl OpHbI «O-yCTi» MO3ULUACHI
(1-xecTe), o/1 ylIiH THiIM/Ji aTOMABIK 3apsigTap 6episrex.

Ancop6uusinanfad C aTOMBIHBIH, 3HEPreTHKaJblK TYpaKTbl OpHbl O-yCTi MO3ULUACHI
(1-kecTe), 041 Y1IiH THIMA1 aTOMABIK 3apsiaTap 6epiyireH. «TiycTi» mo3uius 3Heprusicbl 60MbIHIIA
6ackKa ajcopOLHYAbIK Mo3uLMsIapFa >kakKblH. Tuimzi 3apsaartap C ajacopbiuysyiaHFaHHAH
KeWiH 3apsAThIH TacbIMaJlaHybl 60JaThIHBIH KepceTei, oy 0,53e Kypaizbl, 6y osap/blH,
6ailJlaHbICTapbIHbIH, MaHbI3/Ibl KOBAJIEHTTIriH KepceTes.

C apcop6uusceinbig, TiO, (001) 2/1eKTPOHABIK KYPbUIbIMbIHA 9CEPiH TePEeHIpeK TYCiHy YILiH
6i3 coHbIMeH KaTap Ta3a (aAcopOlysiaHFaH KeMipTeri aToMbl 0K) OETTiH 3JIeKTPOH/bIK
KYWIepiHiH, ThIFBI3ABIKTApbIH (3.9-cypeT) »oHe coJs OeTTeri, 6ipak azcopOuUsiIaHFaH
KeMipTeri aToMJapbl 6ap 3JIeKTPOH/bIK KYWJep/liH, ThIFbI3AbIFbIH ecenTe/liK. AJIbIHFaH HO-
THXeslep ajcopbuusiianFaH keMipTeriHig «Ti ycrTi» (l-cypeT) >XoHe «MHTepCTULHAJIABI»
NO3ULMACKHI YIIIH 7-CypeTTe KopCeTiJIreH.

0)

CypeTt 2. AacopouusianraH KeMipTeriHiH, «Ti ycTi» ycTiHeH a) »koHe 6) OyiiipiHeH KepiHici

4-Kecre. (001) TiO, TepmuHanusiaHfaH 6etiHaeri C aToMbl YlIiH ecenTe/reH ajcopouus
3HepPrusiCbIHbIH, MOHepi

Ancopbuusiany EMC, 3B KalllbIKTHIK, A 3apsan, e

OpHBI Ag-0 Ag-Mn Ag 0 Mn

« Ti ycTi» -1.10 3.38 2.59 -0.01 -1.16 1.59

« O ycTi» -1.03 2.50 2.87 -0.08 -1.17 1.61
«Ti-O kenip» -1.04 2.86 2.62 -0.04 -1.18 1.58
«0-0 kemip» -1.02 2.65 2.79 -0.03 -1.18 1.57

C numepi -0.88 3.24 2.98 -0.01 -0.98 1.65
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3.3 (001) BaTiO, 6eTinaeri oTTeriHiH aJcopoLUUACLIHbIH KBAHTTHIK MEXaHUKA/IbIK MO/ ETi.
AAcop6uus Kucaopoja Ha LaMnO, (001) nva MnO,-TepMHHUPOBAaHHOW OBEPXHOCTH

Korapbiga antbuiransan, SOFC-ne orreri BaTiO, kaToJbiHbIH 6eTiHe ajcopbuusIaHabl,
COJlaH KeUiH 3/1IeKTpoIuTKe Gepinesi.

Bys1 Tapayzaa 6i3 MoJieKys1aJblK MYMKIH/ITIH 3epTTelMi3, aFHU O, MOJIEKY/IaCbIHbIH, aTOM-
Jlapfa blAbIpaybIHChI3, COHbIMEH KaTap AMCCOLMATUBTI, T.6. O, MOJIeKy/IacbIHbIH, aTOM/apFa
p1ZbIpaybiMeH, SOFC kaTo/bIHbIH O€TiH/e OTTEriHiH a/cOpOLUsCHI.

BerTik Mozenb ascopbuusananran orreri arombid TiO,-MeH adkranaThin (Ba0,75Ti202,75)
7-)a3bIKThIK CTEXHMOMETPHUSIBIK EMEC CHMMETPHUSAJIBI IJIaCTUHAHBIH, €Ki )KaFbIHA OPHA/IACThIPY
apKblJbl KYpacTbIpbLIAbI (4-KecTe).

Yariniyg 6eTKi ya1IbIFbl 2ax2b KeHeloiHe ue (2-CcypeT), Kocla aTOMAapblHbIH, MUHHUMaJ/Jbl
KOHLeHTpauuAckl 6ip 6eTTik anementke (Ti0,) 12,5% Kypaiabl Bisain ecenteynepimis 0 K
TeMIepaTypara caliKec 60JIFaHABIKTaH, KeJieMi Y1IiH OHTaW/JaHAbIpblIFaH a = 5,56 Ab=561
A mapametpaepi 6ap caiikec TeTparoHaab/bl GipJliK YABIKTBI KOJIJAHABIK,

o O

° OrtreriHi
/ aacopbumanay

O
O\HEOX ” O OpHbI

O o

O

CypeTt 3. ATOMABIK, OTTeriH aacop6uusiay opHbl: TiO2-MeH TepMHUHALUAJIAHFaH GeT:
«Ti ycTi» N03MIMUACBIHbIH, MaHbl

O o

OTTeri aToMZilapbl MeH MoJIeKyJlajaphl YILIiH eH KOJaljbl af,copoLys cauTTapbl 3-CypeTTe
KepceTiireHzen, OeTTIK aTOMAApAblH YCTiHAeri No3uuuaaap >XoHe HWHTepPCTULUaAbI
CalTTaFbl )KOFapbl CHMMETPHUSIJIbI OPbIH 60JIbIN TAaObLIA/IbL.

-1
Egng(O) = 7 [EiﬁZCTI/IHa(O) - ErmaCTHHa - ZE(O)] 2)
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ATOMJBIK, OTTEri aACOpOLMsI/IAaHFaHAA

-1
ESESM (02) = B3 [Eiﬁgcw{ﬂa(oz) - ErmaC'rMHa - ZE(OZ)] (3)

MousekyianablK OTTeriHiH agcop6uusicel. (1) xoHe (2) Tengeynepae E34c ... (0) (0) - eki
»aFbIHaH ajcopbuusaaanrad aToMablK (O) xxane (0,) MosieKy1a/bIK OTTEri afcopoLusaIaHFaH
IJIaCTUHKA 3HEPrusachl Kucaopoaom, E - Taza mjacTMHaHbBIH HETi3Ti KYWHiHiH 3HEPIHsCHI,
E(02) - oKiiaysaHFaH OTTeri aTOMbIHbIH, HETi3T1 KyHiHiH SHEPrUsCh] XKoHe E(©2) _ OKLLIayJIaHFaH
OTTETi MOJIEKYJIaCbIHbIH HETi3Ti KyHiHiH 3HepTrusicbl. MN MOHBIHBIH YCTiH/I€ AaTOM/IbIK OTTETiHIH,
ajzcopbuusacekl 3apsATapAblH KalTa OeJiiHyiHiH ecenTeysepi (4-kecte) ajcopbuusiiaHFaH
OTTeri aTOMbIHBIH, 6€TTiK Mn MOHAApPbIMEH KYLITI XUMUSJIBIK 9PEKeTTeCyiH pacTazbl.

BaTiO,-teri BasieHTTiJIiK aliMaFrbIHbIH, >KOFapFbl 6eJiiri HeriziHeH Ti nMoHAapbiHAAFbl d
KyisiepiHeH Tysineni. EH kakblH OeTTiK HOHJApAaH aJcopOlvsiaHFaH OTTEri aTOMbIHA
6epinreH 3apsaAThiH mwaMackl 0.65 e (eH xakpiH Ti-gad 0,18 e xxaHe eH »KaKblH TOPT OTTETI
rvoHbiHaH 0,16 e, kasiraH 0,28 e 6acKa cynepkJ/eTKalbIK MOHAAP/AaH). AL copO1s HOTHXKeECiHAe
Ti MOHBIHBIH, COHUH C9Ti aWTap/bIKTakl TeMeHAaeWzi. OTTeriHiH aacopbuuscel xkypeTiH Ti
HMOHBbI 63 OPHBIH 63repTe/li KoHe aJicopOlMsiiaHFaH oTTeri 6arbIThiHAA 0,24 A-re aybICca/ibl
(3-cypeT), aJ 6eTTiK oTTeri aToMzapsl MIacTHHara asgan (0,03-0,06 A) eneni. XKorapbiza
KepceTisreH 3apsaAThIH Ti 6eTKi MOHbIHAH afcopb1MaanFad O aTOMbIHA aybICYbl TOJIBIK )KoHE
arbIpMallblJIbIK 3JIEKTPOH/bI ThIFbI3/IbIK KAPTACbIH/[a KOPCETIJITEH.

KemipTek aToMJIapbIHbIH, OTTEri MOJIEKY/JaCbIHbIH, aJCOPOIUSACH], OHBIH, JUCCOIAAIUSCHI
»)KoHe aTOM/bIK OTTEriHiH TOTBIKCbI3[JaHy NpOLieCiHe KaTa/IMTUKAJIBIK 9CepiH aHbIKTay YLIiH
BaTiO, 6etinge TiO, 3epTTe/ii - KOMIPTEKTiIH KaTbICybIMEH OTTETiHIH aJCOPOLUsACHI MEH
JIMCCOLIMALUSICBIH MOZie/ib/iey TePpMUHALMSAFa OYpbIH »KacaiFaH MO/leJb MalJaaHbl1/bl, OH/A
0, mouexkynanapel TiO, TepmuHanusicbinga «O ycringe» ajicopbuusianraH. KeMipTek aToMbI
Y1IiH, )K0Fapbl/ia aJbIHFaH MaJliMeTTepre carkec, Ti0, TepMuHanuscbiHgaFbl 'O HOHBI YCTiHAE"
NO3ULMs 60JIbIN TAaObLIATBIH €H 9HEPreTUKaJIbIK TUIM/i OpbIHAAp TaHAaAAbl [17-18].

BeTingle ajcopbuusiaHFaH KeMipTeri aToMbl OOJIFaH Ke3/le MOJIEKYJIA/NbIK OTTeTi
afcopOLMs 3HEePTrUsAChIHbIH, abcoJtoT mamackl -1.5 3B-geH -2.82 3B-re geitin aptazapbl, 6y
Ti 6eTTik MOHAApPBIHAAFBI 3apsij, MeJilIepiHiH, e3repyiMeH TycCiHJipisneni. ATan aWTKaHZAa,
KeMipTeri aToMbl 3apsiAThIH 6ip 66eJirid Ti 6eTTik MOHJAApbIHAH a/1a/ibl, OYJ Tepic 3apsaATalFaH
azcopbuusianfad 0, MoJieKysiacbl MeH OH 3apsaATaifad Ti HOHJApPbI apachIHAAFbI KYJIOH/bIK
e3apa apeKeTTeCy/iH oFapbliayblHa aKesei. Tepic sapsaTanran ajgcopobuusianrad 0, med Ti
apacbiHJaFbl uTepy acepi O,-Ti KalbIKThIFbIMEH CA/IbICTBIPFaH/ia OJIap/ibIH, apaCbIHAAFbI YIKEH
KallbIKTbIKKA 6ai/IaHbICThI 9JICi3 KepiHei. 3.19-KecTe/leH KocbIMIlla 6eTTe aACcopOLusaaHFaH
OTTeri MoJieKyJ1aCblH/aFbl aTOM/IAp apachlHAAFbl 6alaHbIC Y3bIH/BIFBI 1.28 A-aeﬂ 1.30 A-re
JleliiH eceTiHiH Kepyre 60J1aZbl, 0YJ1 OHBIH 3apAJ KyHiHiH e3repyiHe 6alIaHbICTHI.

Apncopb6uusiianfad oTTeri MoJiekysacbl MeH Ti 6eTTiK MOHBI apacblHJAFbl KallbIKTHIK,
1.89 A-,qu 1.92 A-re JleriH a3gan aprazabl. Kemipreridiyg KaTbicybiMeH O2 MOJIEKY/aCbIHBIH
ajicopb1iys npoleciH/ie 3apsAThIH 6eTiHeH oFaH 6epinred mama 0.38 e Kypaiabl, 6yJ1 Taza 6eT
»KaFJaiblH/la YKCcAac MOHHeEH efdyip acazpbl, oy 0.24 e. 6y acep oHe KOFapbl/la KepceTiJreH
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0, afcop6uus SHEPTUACHIHBIH, Y/IFalOblHA 9KeJe/i. 4-KecTeJie KeaTipiireH MajliMeTTep/eH
ajicopbuysiaHFaH OTTeri MeH KOCbIMIIA KOMipTeriHiH apacblHa 2.47 A KallbIKTBIKTA 9JICi3
MOH/IbIK 6al/IaHbIC Maija 60/1aThIH/bIFbIH KOPYTe 60J1a/bl.

KopbITBIHABI

Bys1 3epTTeyze ThIFbI3/bIK GYHKIIMOHAJbl TEOPUSCHI dJicCi a3bIK TOJKbIHAAD 0a3uciH/e
IICeB/IONOTEeHI[MaJ diciMeH Gipre KoJigaHbLIaAbl. [IceBaonoTeHIMaN dici ken aToMap/aH
TYpaTblH KON 3JIEKTPOHJbl >XYWeHI 3epTTeyAi TeK aToMapasblK e3apa apeKeTTecyre
anTapJbIKTal yJec KOCaTblH 3JIEKTPOHAAPAbI, aTal auTKaHJa ChIPTKbl 3JIEKTPOH/bI
KaObIKllla/lap/ia OpHa/JlaCcKaH BaJIEHTTIK 3JIEKTPOHJAPAbl KAapacTbIpy apKblLIbl XeHJIAEeTyre
MYMKIiHJiK 6epei. KanFaH sneKTpoHAap oapApl sApoMeH 6ipiKTipy apKbljibl KapacTbIpblIa/bl,
HOTHXeCiHZe dafpoaarbl KyJIOH oOpTaJiblFbIHbIH, OpHbIHA BaJIEHTTIK 3JIEKTPOHJApP VILUiH
CaJIbICThIPMaJIbl TYp/le a3 MOTEeHLMaAbl IIYHKbIP 6EpeTiH «ICeBA0aTOM» KapacThIpblaa/ibl,
OYJ1 TOJIKbIHABIK QYHKIUSHBI KYPY YLIiH HETi3Ti »xa3bIK TOJKbIHAAP/AbIH CAaHbIH alTapJIbIKTal
azaiTyfa MyMKiH/iK 6epeji.

TiO,-Tepmunanusibl  TetporoHangi (001) BaTiO, 6eriHgeri KemiprTeri aTOMBIHbBIH
a/IcCOpOIHMACHI YIIiH 3HepreTUKAJbIK, TYPFbIJaH eH, TUIMAl M03UIMsIap aJcopOLUs IHEPTHUChI
-1.8 3B 6osaTbiH "0- yCTi" NO3ULMACHI XoHe ajcopbiusa sHeprusackl 6ap TiO,-TepMuHa//IbI
6eTi-1.65 3B ekenyiri anbiKTanAbl. KeMipTeri KOHLLEeHTPaLUsACHIH apTThIPY IIaFbIH 6ailJIaHbIC
sHeprusyapbl TiO, TepMuHangbl GeTTepiHAe O6alKalaTbIHbl KOPCETIIreH. JHEePTUSAHbIH
mamMaJjiapsl corkecinue -0.31 3B xxaHe -0.88 3B Kypanzsl.

TiO,-TepMUHALMSAIBIK OeTiH/eri KOMipTeri aTOMbIHbIH, AUPPY3UACH SHEPTUACHI 6TE TOMEH
»koHe mamameH -0.41 rpadeH Topiziec cakMHaMapAbIH TY3i/1yiHe aKese .

(001) TiO,-TepMUHALMAIBIK GETIHAETT OTTEriHIH aZCOPOIMSACHI YIIIiH eH THiM/i MO3ULUsIap
Ti voOHBIHBIH, YyCTiHAeri mo3ulys 6OJIbIN TabbLIAAbIl, aTOMABIK OTTEri YIIiH ajcopbuus
3Heprusdcel -0.78 3B, ayn MosieKy1anbIK yiIiH -2.12 3B KeHAiriHe bIKnasa eTTi.

ABTOpJIapAbIH, KOCKAH YJIeci

CaranoBa B.M. - MOTiH a3y >KoHe OHbIH, Ma3MYHBIH CbIHU TYPFbIJJaH Kapay, 3epTTey
HOTHXKeJIEPiH )XUHay, Ta/11ay, 3epTTey }KYMBbIChIH XKYpri3y.

AoyoBa d.Y,, AGyoBa A.Y. - fepeKTep/iH AYPbICTbIFbIHA, MAKaJIaHbIH 0APJIbIK 06JIiIKTEePiHIiH
TYTaCTbIFblHA OalJIaHBICTbl MaceJseJiep/li peTTey, »Kapusjay YIIiH MaKaJlaHblH COHFBI
HYCKACbIH O€eKiTy

bankaaamoBa JI.C. - ned KaJblNTacThIpy, HETi3Ti MakcaTTap MeH Hjes/apAbl AAMBITY,
MaKaJIaHbIH, paciM/esyiHe yJiec.

Kanraraii I.9., UHep6aeB T.M. - 3epTTey/iep KYpri3y, AepeKTep/i *kaHe JaJiegeMenepai
YKUHAy TaJ1[jay KoHe aJIbIHFaH JiepeKTepAi TYCiHAIpY.

KonblK H.O. - 3epTTey HoTHXKe/lepiHe CTaTUCTUKAJBIK Tal[ay )KYprisy.
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UccneaoBaHue BJIUAHUSA JIETHPOBAHMS YIVIEPOJA HA aACOPOLIMI0 KUC/IOPOJa HA IOBEPXHOCTH
BaTiO, (001) c nepBbIX IPUHIUIIOB

AHHOTanusA. TBepAoTe/bHbIE TOHKOIJIEHOYHbIe (OTO3/IEKTPUYECKHE TEXHOJOTUU NEepCHeKTHUBHBI
JlJ1s1 Tpeo6pa30BaHUS COJIHEYHOU 3HEPTUHU B 3JIEKTPUYECKYIO, YTOObI YAOBJETBOPUTh NOTPEOGHOCTU
MHUPOBOM 3KOHOMUKHM B 3Hepruu. HoBble TOHKOINJEHOYHBbIE COJIHEYHbIE 3JIEMEHTBI, TaKUe KakK
OpraHUYecKHe COJIHEYHbIE 3JIEMEHTBI, COJIHEYHbIE 3JIEMEHTBHI C KPACUTEJNSIMU U TNEPOBCKUTHBIE
COJIHEYHbIE 3JIEMEHThI, CTaJd 3QPEKTUBHBIMH MOAXOJAMH K HX HpOeKTUpoBaHHI0. Takue ¢QyHK-
LJMOHa/IbHble MaTepHasbl JOKHbI ObITh KOHKYPEHTOCIOCOOHBIMU 110 CPABHEHUIO C YCTOSBLIMMUCH
TEXHOJIOTUSIMU, TAKUMU KaK KpeMHUEBbIE COJIHEYHbIE 3JIEMEHTHI, B [IONOJIHEHUE K TPOCTOTE METO/I0B
VX NPUMEHEeHHUs U MeHbIleMy KOJWYeCTBY NMPOU3BOACTBEHHBIX 3aTpaT MPHU UX NPOEKTUPOBAHUH, a
TaKKe 3 PEKTUBHOCTU IpeoOpa30BaHUsA IHEPTUHU. TOHKOMNJIEHOYHbIE TEXHOJIOTUU B HACTOS 1 ee BpeMs
SIBJISIIOTCS1 OZAHUM W3 OCHOBHBIX HallpaBJeHUH B McCae[0BaHUSAX GOTO3JIEKTPUYECKOH MJIEeHKH U3-3a
BIEYATJIAIIIEr0 POCTa MPOU3BOAUTENBHOCTH 32 HECKOJIBKO JIeT UCCiejoBaHUN. Pa3iMyHble N0oAX0 bl
ObLIM HCII0JIb30BaHbl AJs1 O6GeclieyeHUs] JOJTOCPOYHON PabGOThl M MOBBIIIEHUS 3HEPreTUYEeCKOH
3QdEeKTUBHOCTU MEPOBCKUTHBIX COJIHEYHBIX 3J€MEHTOB. [l yCTOWYMBOTO (PYHKIMOHUPOBAHUS
COJIHEYHBIX 3JIeMEHTOB HauboJsiee 3QPEKTUBHBIM SIBJSETCS JIETUPOBAaHUE 3JIeMEHTAMU Ha OCHOBeE
yrjiepoja.

B pa6oTe TeopeTHYeCKUH UCCAEAYeTCs KaTaJIUTHYeCcKas poJib yrjiepoja Ha moBepxHocTu BaTiO3
B COYETaHUHU MeToJa Teopuu (QYHKIMOHAIA MJOTHOCTU C METOJOM ICeBAONOTeHIMala B 6a3uce
IJIOCKUX BOJIH. Ha ocHOBe Teopuu ¢yHKILMOHA/A MJIOTHOCTH ObLI HUCCIE0BAaH IMpoLecc aJcopouuu
aTOMapHOI0 U MOJIEKYJISIPHOTO KUCJI0PO/a Ha YMCTOM U flonupoBaHHOM (001) mnoBepXHOCTH TUTaHATa
6apus B TeTparoHasbHOU ¢pasze. Haubosiee adpdeKTUBHBIMU MOJTOKEHUSAMHU AJIS aACOPOLUHU yTiiepoa
Ha TiO, - TepMuHupoBaHHOX (001) moBepxHOCTH ObLIM MOJIOKEHUA «HaJ WOHOM Ti». Ha yucron
NIOBEPXHOCTU 3Heprus ajcop6biuu 6bL1a -0,5 3B g aToMapHOro KucJaopoza, aZicopOupPOBaHHOTO
B6JIM3U 3HepreTudeckd 3¢¢PeKTHBHOrO MecTa, OIpejesleHHOro [Jis yriaepoja, u -2,12 3B pnas
MOJIEKYJISIpHOTO. JIJisi aTOMapHOro KUCJI0PO/a, aZlcCOPOUPOBAHHOI0 HA MOBEPXHOCTH, JIETHPOBAHHOM
yIJIEpOJIOM, SHEPTHUS aJcCOPOLIMU yMeHbIlIMIach Ha -0,2 3B, a /14 MoJiekyisipHOro-Ha -0,4 3B.
Kiouessie cioBa: BaTiO,, afcop6uus KUCI0posia, pacyeThl U3 MEPBbIX PUHIUIIOB, KOMOUHALMH C
rpadeHOBBIMH KUBBIMU CTPYKTYpPaMH
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Study of the effect of carbon impurity on oxygen adsorption on the surface of BaTiO, (001)
from the first principles

Abstract. Solid-state thin-film photovoltaic technologies are promising for converting solar energy
into electrical energy to meet the energy needs of the global economy. New thin-film solar cells such as
organic solar cells, dye-coated solar cells, and perovskite solar cells have become effective approaches
to their design. Such functional materials must be competitive with established technologies such as
silicon solar cells, in addition to the simplicity of their application methods and lower production costs
in their design, as well as energy conversion efficiency. Thin-film technology is currently one of the main
directions in photovoltaic film research due to the impressive performance growth over several years
of research. Various approaches have been used to ensure long-term operation and increase the energy
efficiency of perovskite solar cells. For the sustainable functioning of solar cells, doping of the carbon
base with elements is the most effective.

The paper investigates the catalytic role of a carbon dopant on the surface of BaTiO3 in the theoretical
combination of the density functional theory method with the pseudopotential method in the basis of
plane waves. Based on the theory of the density functional, the process of adsorption of atomic and
molecular oxygen on the TiO_-terminated (001) surface of barium titanate of in the tetragonal phase,
which was pure and doped with carbon atoms, was investigated. The most effective places for carbon
adsorption on the TiO, terminated (001) surface were the positions of the “Ti atop”. On a clean surface,
the adsorption energy was -0.5 eV for atomic oxygen adsorbed near the energy efficient site defined for
carbon, and -2.12 eV for molecular oxygen. For atomic oxygen adsorbed on a carbon-doped surface, the
adsorption energy decreased by -0.2 eV, and for molecular oxygen by -0.4 eV.

Keywords: BaTiO,, oxygen adsorption, first-principle calculations, combinations with graphene living
structures
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