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Preface 3

Dear authors and readers!
Dear Colleagues!

As usual, we inform you about the achievements of the peer-reviewed scientific journal Eurasian Physical
Technical Journal, which is indexed in the Scopus database. The main page of the site provides information
about the dynamics of the CiteScoreTracker indicator, which is gradually increasing. As of March 5, 2023,
this indicator is 1.1 (https://phtj.buketov.edu.kz/index.php/EPTJ/index).

At the beginning of the year, a long-term plan for the development of the journal for the coming year was
drawn up. All planned activities are aimed at strengthening the positions achieved and further expanding the
prevalence of published materials in international databases. We will regularly inform you about all stages of
implementation.

In the first issue of 2023, in the Materials Science section, readers are offered articles on the results of
studying the properties of a wide variety of materials at the micro and nano levels. As a result of studies
carried out on the basis of the Institute of Nuclear Physics (Almaty, Kazakhstan), an assessment was made
of the influence of the processes of "formation of radiation damage in the form of point defects and their
accumulation in the near-surface layer during irradiation with Xe22+ heavy ions on the change in the
thermophysical properties of ceramics.” Features of "phase and structural transformations in lithium-
titanium ferrites depending on time, heating and cooling rates", as well as the temperature of liquid-phase
sintering during thermal and radiation-thermal heating, were studied by Russian scientists from Tomsk.

Important practical results are presented in the joint work of Kazakh authors and a researcher from
Kazan on the study of "the effect of molybdenum disulfide nanoparticles on the electron transport layer of
zinc oxide of a polymer solar cell." Ukrainian researchers found that "boriding and boron cementation of
the surface of steel 45 leads to the absence of adhesion with the surfaces of steels of some grades under
certain conditions of normal pressure." It was also found that "with the transition to contact through a grease
lubricant, there is an ambiguous nature of the manifestation of the rate of change of the piezoelectric
coefficient.” Authors from Eastern Kazakhstan presented the results of experiments on obtaining calcium-
phosphate coatings on substrates made of titanium grade VT1-0 by plasma electrolytic oxidation. It has been
shown that the addition of titanium oxide nanoparticles to the electrolyte can affect the structure, as well as
the strength of the resulting coatings.

Acrticles from the Energy section are devoted to solving problems of the efficiency of thermal installations.
For example, in a joint paper by authors from Kazakhstan, Russia, and Iraq, the effective efficiency of a dryer
was considered using the effect in conjunction with the use of a heat flux source. The work of our university
authors also studies the problems of analysis efficiency based on modeling the dynamics of heat and mass
transfer processes under impulsive actions using the method of group consideration of arguments.

The first article in the Engineering section is devoted to predicting the heat-shielding and mechanical
properties of composite materials based on porous fillers. On the basis of numerical calculations, the authors
showed the feasibility of using multilayer composite materials based on porous fillers in load-bearing and
enclosing structures of shell and plate types. The second article of the section considers an algorithm for
approximating and searching for the maximum power generated on board a spacecraft for fast charging of
secondary sources of electrical energy in cases of shading of solar panels or failure of photocells/elements.

The work of Almaty authors presents the results of studies aimed at studying the nature of cosmic rays,
in particular, "Extensive Atmospheric Showers". Based on the results of studies of the biological protection of
the high-flux research reactor PIK at the Kurchatov Institute, the authors propose a variant of modifying the
protection of the hadron calorimeter to protect it from the influence of fast neutrons arising outside its working
volume.
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We hope that the presented research results will be of interest and will be useful for scientists, teachers,
researchers, doctoral students and undergraduates.

Since 2023, Professor Svetlana Kushpil, Leading Researcher for the Heavy lon Group, Institute of
Nuclear Physics of the Czech Academy of Sciences, Rzhesh, Czech Republic, has been invited to work as a
member of the editorial board of the Eurasian Physical Technical Journal. Professor Svetlana Kushpil is a
graduate of the Joint Institute for Nuclear Research: Dubna, Russia. There she has almost 10 years of
experience and Moscow State University, Moscow. Now she is leading researcher at the aforementioned large
European research center. The significance of scientific research and the scientometric indicators of Professor
S. Kushpil are impressive. According to the Scopus database she has Hirsch index 80. We hope that the work
of professor Svetlana Kushpil will contribute to the expansion of scientific ties, which will undoubtedly
improve the quality of published materials and a wider readership.

We will be glad to see you among our readers and authors of the next issues, where articles on topical
and priority areas of modern physics and technology will be published.

Best wishes,
editor-in-chief, professor Sakipova S.E.
March 2023
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STUDY OF THE INFLUENCE OF RADIATION-INDUCED DAMAGE
ACCUMULATION DURING THE INTERACTION OF HEAVY Xe?* IONS
ON CHANGES IN THE THERMOPHYSICAL PARAMETERS OF
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The aim of this paper is to evaluate the influence of the processes of radiation-induced damage formation in
the form of point defects, dislocations and vacancies, as well as their accumulation and the formation of locally
disordered regions in the near-surface layer of zirconia ceramics under irradiation with heavy Xe®* ions with an
energy of 230 MeV, on the change in the thermophysical properties of ceramics. The choice of the ion type for
irradiation is due to the possibilities of modeling radiation damage processes comparable to the impact of
uranium nuclei fission fragments during nuclear reactions in nuclear fuel. The choice of materials for irradiation
in the form of ZrO, ceramics is due to the prospects for their use as the main material for inert matrices of
dispersed nuclear fuel for new generation reactors. This choice is due to the physicochemical, thermophysical and
strength properties of ZrO, ceramics, which are more resistant than other types of oxide ceramics. During
research, it was found that the formation of isolated locally heterogeneous regions at low irradiation fluences
does not lead to significant changes in the thermophysical properties of the damaged ceramic layer. However,
polymorphic transformations of the t-ZrO, — ¢-ZrO; type, which occur at irradiation fluences above 10*2 ion/cm?,
lead to a decrease in thermal conductivity and the appearance of heat losses associated with the disruption of the
phonon heat transfer mechanisms in the damaged layer.

Keywords: zirconia ceramics, radiation defects, thermophysical properties, radiation damage, heavy ions,
dispersed nuclear fuel

Introduction

One of the important areas of research in modern materials science is the study of the resistance of
ceramic materials to various types of radiation exposure [1-3]. Interest in this area of research consists in the
need to expand the database, as well as gain new knowledge about the processes of formation, further
interaction and accumulation of radiation damage in ceramics - one of the promising materials for nuclear
energy. It should be noted that in ceramic materials, in contrast to metals and alloys, the processes of
accumulation and further evolution of radiation damage have significant differences, as well as a pronounced
relationship with the dielectric nature of ceramics [4,5]. These differences primarily consist in the processes
of accumulation of radiation-induced damage and defects, which, due to the dielectric nature of ceramics, are
limited in the damaged volume of the material and have low mobility. Such a difference in comparison with
metals and alloys leads to the likelihood of the formation of so-called latent tracks or amorphous regions in
some types of ceramics, and can also lead to the initialization of polymorphic or phase transformations [6-8].
These types of structural changes in the case of prolonged irradiation, and as a result, the accumulation of
defects, can have a significant negative effect on the strength and thermal parameters. At the same time, if in
the case of strength properties, small changes in the damaged volume can be ignored, since they have an
insignificant effect on the stability of ceramics, then in the case of thermophysical parameters, everything is
more serious. Any loss of thermal conductivity of materials must be taken into account, since a decrease in
heat removal from the system will not allow all the generated heat to be removed, which can lead to the
appearance of areas of local overheating of the reactor core. In the case of dispersed nuclear fuel, which is
based on the technology of placing fissile material in an inert matrix based on ceramics, these effects are the
most dangerous. The appearance of local areas of overheating in a dispersed fuel can lead to an acceleration
of its destruction processes, which will lead to negative consequences, and for some types of oxide ceramics,
the appearance of such areas can lead to an acceleration of structural disorder processes [9-11].
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One of the promising materials in this direction is zirconium dioxide, the combination of properties of
which makes it one of the promising materials for use as a basis for inert matrices of dispersed nuclear fuel.
However, despite all the prospects, these ceramics have a number of disadvantages, primarily associated with
the processes of polymorphic transformations, which can be initiated either as a result of mechanical impacts
or during the accumulation of radiation damage [7,12-14]. In this regard, during evaluation of the
applicability of these ceramics as materials for inert matrices of dispersed nuclear fuel, it is necessary to take
into account the probability of occurrence of polymorphic transformation processes that can lead to a change
in the properties of ceramics. Based on this, the main goal of this work is to study the effect of irradiation
with heavy ions, and the processes of polymorphic transformations caused by them, on the change in the
heat-conducting properties of ceramics, as well as to determine the dynamics of changes in the value of heat
losses.

1. Experimental part

Polycrystalline two-phase ceramics based on zirconium dioxide (ZrO,) with the dominant tetragonal
phase of the P42/nmc(137) spatial syngony were chosen as the objects of study. The content of this phase is
more than 80 %. The samples were irradiated at a DC — 60 heavy ion accelerator (Institute of Nuclear
Physics, Astana, Kazakhstan). Heavy Xe?** ions with a total ion energy of 230 MeV (1.75 MeV/nucleon)
were chosen as projectile ions. Irradiation was carried out at room temperature, which was maintained by
placing the target on a special water-cooled target holder. Irradiation fluences were chosen from 10° to 10
ion/cm?, while the range of 10! — 10 ion/cm? was performed with a small step to determine most accurately
the stage of formation of overlapping regions of locally disordered regions in the structure of the damaged
layer, the appearance of which has a significant effect on the processes of structural disorder and
polymorphic transformations of the t-ZrO, — ¢-ZrO; type. The polymorphic transformation processes of the
t-ZrO, — c¢- ZrO; type, accompanied by rearrangement of the crystal structure and displacement of the
tetragonal phase with subsequent dominance of the cubic phase, according to the data of [7,13,14], occur in
the fluence range of 10*2-10*® ion/cm? and are accompanied by structural changes.

To determine the thermophysical parameters, a standard method for measuring the longitudinal heat
flux was used, which makes it possible to determine the change in the thermal conductivity coefficient and
the amount of heat loss that occurs when the properties of the material subjected to irradiation change. For
the measurement, a KIT-800 thermal conductivity device (Teplofon, Moscow, Russia) was used, which
makes it possible to determine changes in the thermal conductivity coefficient in the range from 100 to
800°C. For measurements, samples were used before and after irradiation, with geometric dimensions of 8 x
8 mm and a thickness of 50 um. Based on the measured values of the thermal conductivity coefficient, the
value of heat losses was calculated, reflecting changes in thermophysical parameters in samples subjected to
irradiation.

2. Results and discussion

As shown in several works [7,12-14], irradiation of ceramics with irradiation fluences above 10'? — 103
ion/cm? with heavy ZrO; ions leads to the initialization of polymorphic transformations of the t-ZrO, — c-
ZrO; type, which consist in a change in the phase composition and subsequent deformation of the crystal
lattice, as well as the accumulation of radiation-induced damage. In this case, as is known, the polymorphic
transformation processes are associated with a destructive change in volume as a result of the transformation
of a tetragonal structure into a cubic one, accompanied by a change in volume and density. A change in
density during the action of deformation distortions leads to the appearance of porous inclusions, which have
a negative impact not only on the structural properties, but also on the thermophysical parameters. So, for
example, as was shown in [15], the change in the thermophysical properties of ceramics is greatly influenced
by the grain size and porosity, which can change both under varying conditions and the choice of the method
for obtaining ceramics, and in the case of external influences. At the same time, the occurrence of
heterogeneities in the composition of ceramics also plays a very important role in the change in thermal
conductivity, as well as the occurrence of heat losses in ceramics [15].

According to the assessment of the phase composition of ZrO, ceramics in the initial state, these
ceramics are a mixture of two phases: the dominant tetragonal ZrO; phase with the P42/nmc(137) spatial
system and the cubic ZrO, phase with the Fm-3m(225) spatial system. The ratio of tetragonal (t-ZrO-) and
cubic (c-ZrOy) phases is close to 4:1 (80%:20%). At the same time, the structural ordering degree in the
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initial state of ceramics is more than 97 %, which indicates a low content of amorphous or disordered
inclusions, the presence of which is due to the ceramics manufacturing technology.

According to the data on changes in the phase composition depending on the irradiation fluence, the
following was established. In the range of irradiation fluences of 10%° — 102 ion/cm?, no changes in the ratio
of the t-ZrO;, and c-ZrO, phases were observed, which indicates that the polymorphic transformation
processes do not occur at these fluences. This absence of polymorphic transformations in this range of
irradiation fluences can be explained as follows. At irradiation fluences below 102 ion/cm?, the interaction of
incident ions with the ceramic structure occurs in local isolated regions along the ion motion trajectory in the
material. Moreover, the diameter of these areas, according to the calculated estimates, is no more than 5 — 10
nm, which, at low irradiation fluences, indicates a low probability of the formation of overlapping of these
damaged areas from two incident ions or the hit of two ions in one place sequentially. In this case, structural
changes occur in locally isolated regions, and the accumulation of defective inclusions occurs very slowly in
view of the fact that most of the defects formed in these regions annihilate among themselves in very short
time intervals. During analysis of the structural changes and swelling of the crystal lattice volume depending
on the irradiation fluence presented in Figure 1, it can be seen that at given irradiation fluences (10%° — 10
ion/cm?), the main changes occur when the fluence increases above 5 x 10 ion/cm?, for which the
probability of overlapping local defective regions approaches 1, and the average distance between isolated
regions becomes less than 50 — 100 nm.
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Fig.1. Results of deformation contributions in the damaged layer in ZrO, ceramics under heavy ion irradiation

As can be seen from the data presented, the main changes in the crystal structure deformation occur at
fluences above 10* ion/cm?, for which, according to the phase analysis, the initialization of the polymorphic
transformation processes of the t-ZrO, — c¢-ZrO; type is observed, which ends with the complete
displacement of the tetragonal phase and the dominance of the cubic phase. At the same time, according to
the assessment of deformation contributions, polymorphic transformations of t-ZrO, — ¢-ZrO; lead to a
sharp increase in volumetric swelling, which is due to destructive changes associated with phase
transformations. It should also be noted that at fluences above 10** ion/cm?, there is a noticeable decrease in
the rate of swelling and destructive deformation of the crystal structure in the damaged layer, which may be
due to the effects of saturation of the damaged layer with defects at high irradiation fluences.

As is known, deformation distortions and changes in the crystal lattice volume led to a change in the
density and an increase in the porosity of ceramics. At the same time, according to the data presented in
Figure 1, the processes of polymorphic transformations lead to a sharp increase in volumetric swelling
associated with destructive distortion of the crystal lattice during the transformation of the tetragonal phase
into a cubic one. Figure 2 shows the dependences of changes in the density and porosity of ceramics,
calculated on the basis of volumetric changes in the crystal lattice with increasing fluence. The general view
of the presented results in Figure 2 characterizes the change in the damaged layer associated with its
deformation, change in density and the formation of porous inclusions. At the same time, according to the
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data presented, the main changes in density and, as a consequence, the formation of porous inclusions, occur
during the initialization of the polymorphic transformation processes, accompanied by the transformation of
the tetragonal phase into a cubic one, followed by a destructive increase in the crystal lattice volume. At the
same time, it should be noted that at high irradiation fluences of 10! — 10'* ions/cm?, a decrease in changes
in density destruction is observed, which indicates the effect of accumulation of radiation distortions and
their influence on structural changes, which was also noted when interpreting the data on changes in
deformation contributions.

A change in the density and porosity of ceramics, as well as its deformation, should affect the change in
thermophysical parameters, the change of which is very important in assessing the applicability of these
ceramics as structural materials for the nuclear industry. At the same time, volumetric changes in the
damaged layer can have a different effect on the mechanism of heat transfer, since, unlike metals, for
dielectric ceramics, the main mechanisms of heat transfer are phonon mechanisms. Figure 3 shows the
dependence of the change in the thermal conductivity coefficient (Ker) on the irradiation fluence, which
characterizes the change in the thermophysical properties of ceramics exposed to irradiation with heavy ions.
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Fig.2. Results of changes in the density and porosity of ZrO, ceramics depending on the irradiation fluence
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The general view of the presented changes in the thermal conductivity coefficient has several distinct
areas that depend on the irradiation fluence and structural changes associated with the accumulation of
radiation damage. At low irradiation fluences (below 102 ion/cm?), practically no changes in Kes are
observed, which indicates that structural distortions resulting from the formation of locally isolated regions
of structural damage along the ion trajectory in the surface layer do not affect the heat transfer mechanisms
associated with phonon heat transfer. At the same time, an increase in deformation distortions at fluences
above 5 x 10 ion/cm? leads to a slight decrease in the thermal conductivity coefficient, fitting into the
measurement error, which indicates that deformation distortions resulting from the occurrence of areas of
overlap of local defective fractions create obstacles to heat transfer in the form of highly disordered
inclusions.

The polymorphic transformation processes of the t-ZrO, — ¢-ZrO, type, which occur at fluences above
10'2 ion/cm?, lead to a sharp drop in thermal conductivity, which indicates a change in the heat transfer
mechanisms, as well as a decrease in thermophysical parameters. A further increase in the irradiation
fluence, which leads to a destructive change in the volume of the crystal lattice and the density of ceramics,
leads to a decrease in thermal conductivity, as well as an increase in heat losses. Figure 4 shows dependences
of the change in the value of heat losses on the porosity of ceramics, which increases as a result of
polymorphic transformations and destructive changes in structural parameters.
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Fig.4. Results of a comparative analysis of changes in the value of heat losses from the porosity of ceramics subjected
to irradiation

As can be seen from the data presented, an increase in the porosity of ceramics above 2% leads to an
increase in heat losses, while the change in the value of heat losses due to porosity is not linear and has a
pronounced increase at maximum irradiation fluences. Such a change in the value of heat losses at maximum
irradiation fluences (5x10* — 10 ion/cm?) can be due to the fact that, at these fluences, highly defective
regions with a highly disordered structure and amorphous-like inclusions are formed, the appearance of
which has a negative effect on the heat transfer mechanisms. Figure 5 shows the dependences of the change
in the thermal conductivity and thermal diffusivity on the density of ceramics, which changes as a result of
the damaged layer destruction.

As can be seen from the data presented, a decrease in the density of ceramics associated with processes
of destructive volume change, as well as processes of polymorphic transformations, leads to a loss of thermal
conductivity and a decrease in thermal diffusivity, which affects the thermophysical properties of ceramics.
At the same time, the maximum decrease in values is more than 25 % of the initial value, which indicates the
destructive effect radiation exposure on the mechanisms of heat transfer and heat transfer.
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Conclusion

The paper presents the results of estimating the change in thermophysical parameters in ZrO, ceramics
subjected to irradiation with heavy Xe?* ions in the range of irradiation fluences corresponding to the
formation of single local defect regions and the overlapping of locally heterogeneous regions causing
polymorphic transformation processes of the t-ZrO, — ¢-ZrO; type. During the studies, it was found that the
main contribution to the structural disorder of the damaged layer of ceramics at fluences above 10*? ion/cm?
is made by volumetric swelling associated with a destructive change in the structure during polymorphic
transformations. According to the assessment of changes in thermophysical parameters, it was found that the
main changes associated with an increase in heat losses occur during the initialization of polymorphic
transformation processes. At the same time, deformation processes at low irradiation fluences do not have a
significant effect on the decrease in thermal conductivity. An analysis of the change in thermophysical
parameters depending on the change in structural properties and porosity showed that the main contribution
to the decrease in thermal conductivity and thermal diffusivity is made by a decrease in the density of
ceramics, and the associated change in porosity.
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STUDY OF THE INITIAL MAGNETIC PERMEABILITY OF LiTiZnMn
FERRITES OBTAINED BY LIQUID-PHASE SINTERING UNDER
RADIATION-THERMAL AND THERMAL CONDITIONS
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The measuring the temperature dependence of the initial permeability was used to study the features of
phase and structural transformations in lithium-titanium ferrites as a function of time, heating and cooling rates,
and the temperature of liquid-phase sintering under thermal and radiation-thermal heating. Ferrite was
synthesized from powder mixture by solid-phase synthesis. A low-melting additive bismuth dioxide was used to
obtain the ferrite ceramics by liquid-phase sintering. RT sintering was carried out by heating the samples with a
pulsed (1.5-2.0) MeV electron beam. It was established that the additive leads to a less defective state of sintered
ferrites, while the action of radiation enhances this effect in the early stages of sintering. The regularities of the
influence of the heating and cooling rates of compacted samples on the change in the initial magnetic
permeability of sintered ferrites are established.

Keywords: lithium ferrite, liquid-phase sintering, electron beam, high temperature, heating and cooling rates, initial
magnetic permeability.

Introduction

The fundamental requirements for ferrite materials production are their good electromagnetic
characteristics, which depend on the chemical composition of the reagents and ferrite technology. The main
operation of the ferrites production by ceramics technology is the extremely long sintering of compacted
samples molded from synthesized powders.

The operations used to activate the sintering of ferrites, including the two-stage introduction of various
components, the addition of ferrite powders of the same composition to the samples, the presence of a liquid
phase, forced sintering, the application of ultrasound to the sintering process [1-4], are accompanied by an
increased probability of impurity phases entering the product composition, worsening the chemical and
structural homogeneity of the material and, accordingly, the electromagnetic properties. At the same time, it
is not always possible to reduce the content of impurity phases by selecting the sintering temperature regime,
especially in the case of thermally unstable compounds, such as lithium ferrispinels.

In recent years, the impact of ionizing radiation fluxes has been developed in the production and
modification of materials. In this case, the fundamental phenomenon of a multiple increase in the process of
synthesis of multicomponent powder materials [5-13] and sintering [14—24] under radiation-thermal (RT)
conditions was discovered. The processes of lithium-titanium ferrites sintering have been most fully studied
under such specific conditions of the combined action of high temperatures and intense electron flows [25—
29]. Here, the regularities in compaction of ferrites have been established and a multiple increase in the rate
of lithium-titanium ferrites sintering has been shown in [30, 31].

The ultimate goal of any technology for the ferrites production is to achieve a given level of operational
properties, including the main functional magnetic characteristics. Therefore, the influence of various factors
on the formation of the ferrites magnetic characteristics under RT sintering is of particular interest.

From this point of view, data on phase transformations in ferrites during RT sintering are important. In
the case of obtaining lithium ferrites, the complexity of the X-ray phase analysis is due to the overlap of the
main reflections from the LiFesOs, LiFeO,, FesOs phases, which can form during synthesis or sintering.
Therefore, the method of measuring the temperature dependence of the initial permeability is promising for
studying the features of phase transformations in lithium ferrite ceramics.

For this purpose, in [32], the radiation contribution to the ferrite electromagnetic parameters formation
was established from a comparison of the temperature dependences of the initial permeability (u;) of lithium
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ferrites obtained by RT and thermal (T) solid-phase sintering. Since the technology of liquid-phase sintering
is widely used in ferrites production, the next stage of our work is to study the same patterns in the presence
of a liquid-phase component in ferrites under the same RT and T conditions. In addition, in order to establish
the effects of low-melting additive, the obtained data on liquid-phase sintering of lithium ferrites were
compared with the data obtained during solid-phase sintering. Since, before the pressing stage, a solution of
polyvinyl alcohol (PVA) and a low-melting additive of bismuth oxide (Bi»Os) were introduced into the
composition of ferrite powders, the influence of cooling and heating modes of ferrites during sintering on the
temperature dependence of p; of samples was studied.

1. Experimental part

1.1 Materials

In this work, experimental samples of lithium-titanium ferrite were prepared according to the following
proven technological stages. Ferrites are synthesized from a mechanical mixture of oxides and carbonates
containing (in wt %): Fe,O3 — 59.8; Li.CO3 — 11.2; TiO, — 18.7; ZnO — 7.6; MnCOs — 2.7. After weighing
the above components, they were ground together and wet mixed by a vibrating mill for 1 hour using
distilled water, which was added to the powder in a weight ratio of 1:2. The milled mixture was dried at
80 °C for 24 h and then passed through a 0.7 sieve. The distilled water was introduced into the resulting
powder in an amount of 10 wt% of the powder, and it was briquetted. The briquettes were heated in thermal
furnaces at a rate of 200 °C/h to 900 °C, kept at this temperature for 6 hours, and cooled to room
temperature. After that, they were crushed, sieved through a 0.9 sieve and mixed by a vibrating mill for 45
min. A low-melting additive in the form of a suspension based on Bi,Os; (0.22 wt %) dissolved in
concentrated nitric acid was added to the powder and homogenized by milling in a ball mill for 4 h. Then, a
10% solution of polyvinyl alcohol (PVA) was added to the synthesized ferrite in an amount of 12 wt. % of
the ferrite powder, and the thus prepared powder was alternately rubbed through 0.7 and 0.45 sieves. Press
samples were made by cold one-sided pressing in the toroidal form with an outer diameter of 18 mm, an
inner diameter of 14 mm, and a height of 2 mm. The pressing pressure is selected, as a rule, experimentally
for each specific ferrite composition according to the established dependence of the bulk density p of the
samples on the pressing pressure. In this work, a pressing pressure of 130 MPa and a holding time of the
samples under this pressure of 1 min were used.

1.2 Characterization techniques

RT-sintering was carried out by heating the samples with a pulsed (1.5-2.0) MeV electron beam using
an ILU-6 accelerator. The beam current in the pulse was (0.5-0.9) A, the duration of the irradiation pulse
was 500 s, the pulse repetition rate was (5-50) Hz, and the heating rate of the samples was 1000 °C/min.
The samples were placed in a cell, which was a box made of lightweight chamotte with a bottom wall
thickness of 15 mm. From the side of the electron beam, the cell was covered with a radiation-transparent
protector with a mass thickness of 0.1 g/cm. The temperature was measured using a thermocouple located in
a control sample that was placed in close proximity to the sintered ferrite samples.

Thermal sintering of the samples was carried out using a chamber electric furnace. For this, the samples
were placed in a preheated furnace, which ensured a heating rate comparable to that of an electron beam. The
cell design and temperature control technique are similar to those used in RT sintering. Both modes of
sintering were carried out in air. Based on the analysis of literature data on methods for measuring the initial
magnetic permeability (i), a method based on measuring the inductance of ring cores in an alternating
magnetic field was used [33]. On samples sintered in different modes, a single-layer winding was evenly
distributed around the perimeter of the core. The measurement of w was carried out using a standard
inductance meter at a frequency of 1 MHz when the sample cooled down from a temperature obviously
higher than the Curie temperature (about 350 °C). From the temperature dependence of the inductance, the
temperature dependence of ;i was determined by the equation [32, 33].

2. Results and discussion

Figure 1 shows the temperature dependences of p; for the samples sintered at 1373 K under thermal and
radiation-thermal conditions. Qualitatively, these dependences are identical to similar ones for solid-phase
sintered (that is, without Bi»Os) samples presented in [32], since they are based on the same magnetization
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processes. It can be seen from Fig. 1 that the values of pi at the maxima of the curves exceed the
corresponding values of i in the samples sintered without the addition of Bi,Os. This is especially evident
during sintering in the T mode, as well as in the early stages of sintering in the RT mode.
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Fig.1. Temperature dependence of initial permeability of the ferrite samples sintered at 1373 K
for different times by T (2) and RT (b) method

The dependences of the maximum value (from the temperature dependence) of the initial permeability,
Wi max, OF ferrite on the duration of sintering are shown in Figure 2. When sintering in the RT mode, the rate of
increase in imax at the beginning of sintering significantly exceeds the growth rate pimax for samples sintered
in the T mode. When the sintering time is more than 20 min, the growth rates wimax are equalized for both
types of sintering. Since the value of pimax IS inversely proportional to the integral defectiveness of ferrite
samples, it can be concluded that the sintering of samples with the addition of Bi,O3 leads to a more defect-
free state in ferrite. In this case, the action of radiation at RT heating enhances this effect in the early stages
of sintering.
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Fig.2. Dependence of the maximum value of the initial permeability of ferrite (from the temperature dependence) on the
duration of sintering at 1373 K via T (curve 1) u RT (curve 2) modes

Considering that the early stages of liquid-phase sintering are caused by such processes as the
dissolution of a solid in the contact zone, the dissolution of protrusions and irregularities of particles, and the
rearrangement of particles [34], it should be assumed that under radiation heating, these processes are
intensified. This conclusion is consistent with the results obtained from the study of the kinetics of liquid-
phase compaction of powder materials under the action of an electron beam and presented in [35].

Figure 3 shows the differential temperature dependences of p; near the Curie temperature for samples
containing Bi»Os. These samples contain two magnetic phases, which correspond to the maxima of the decay
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rate dui/dT at temperatures of 537 K and 548 K. In the early stages of sintering (up to 15 min), the low-
temperature magnetic phase dominates in the T mode, and the high-temperature one dominates in the RT
mode. At a sintering time of t = 30 min, the phase ratio is equalized for both sintering modes, and at T > 60
min, the high-temperature phase predominates regardless of the mode.
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Fig.3. Differential temperature dependence of the initial permeability near the Curie temperature for samples sintered at
1373 K for 15 (a), 30 (b) and 60 (c) min via T and RT modes

From these results, the peculiarity of homogenization of LiTiZnMn ferrite in the presence of Bi.Os is
concluded: the rate of chemical homogenization is higher compared to RT homogenization, and at t> 60
min, the phase compositions are equalized. At the nonisothermal stage of sintering and in the isothermal
mode up to T ~ 15 min, the rate of RT homogenization remains high. To increase the sintering rate and
intensify phase transformations in ceramic technology, elevated firing temperatures are used. But, as noted
above, this method is not suitable for lithium ferrites because of their low thermal stability. In order to verify
this position, the temperature dependences of ; and dw/dT were measured for the samples sintered at a
temperature of 1473 K. Figure 4 and Figure 5 show these dependencies.
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Fig.4. Temperature dependence of the initial permeability of the ferrite sintered at 1473 K for different sintering times

It is clearly recorded that the temperature dependences of w; become flatter, with poorly pronounced
temperature maxima. In addition, the maximum values of pimax Sharply decrease in comparison with the
curves in Fig. 3. In this case, the degree of relative decrease in pimax iNCreases with increasing duration of
isothermal sintering. This behavior of the curves indicates an increased defectiveness of the samples sintered
at 1473 K and competing processes of healing microstructure defects (pores, phase inclusions, etc.) as well
as the formation of new defects due to the decomposition of ferrite. That is, as sintering progresses, the
resulting defectiveness decreases (since imax increases), but due to deferritization, the rate of its decrease is
reduced, despite the higher temperature. At the beginning of isothermal exposure, when the degree of
decomposition is low, and the rate of void healing is high, there is a sharp decrease in the total defectiveness
and, accordingly, a sharp increase in Wi max t0 @ level characteristic of sintering at 1373 K.



16 ISSN 1811-1165 (Print); 2413-2179 (Online) Eurasian Physical Technical Joumal, 2023, V0l.20, No.1 (43)

Simultaneously with these processes, homogenization of the magnetic phases occurs. It can be seen
from Figure 5 that by the beginning of the isothermal stage of sintering, two phases are present in the sample.
Then the transition width narrows (1~ 5 min) and after 15 min only the high-temperature phase remains,
which remains until the limiting (t = 120 min) sintering time. Considering that phase homogenization is
associated with diffusion transitions of atoms, the observed increase in the rate of this process with
increasing temperature should be recognized as natural. A feature of the crystal chemistry of lithium-
containing ferrites is the ordered arrangement of Li* and Fe** ions in octahedral positions in the (110)
direction. Upon slow cooling to a temperature of 750 °C, the structure is ordered. Such a state of ferrite is
characterized by a lattice parameter a = 8.329 A (in disordered ferrite a = 8.332 A).
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Fig.5. Differential temperature dependence of the initial permeability near the Curie temperature for samples sintered at
1373 K for 0, 5 min (a) and 15, 120 min (b) via T mode

It has been established that the magnetic anisotropy constant k of "disordered” ferrite exceeds in
absolute value k "ordered" ferrite. The ordering of the ferrite structure also reduces the magnetostriction
constant As, but does not affect the saturation magnetization Ms (since the cation distribution does not change
in this case). By adjusting the cooling mode of sintered ferrite, one can influence the magnetic permeability
of products. In this regard, the relationship between the cooling conditions of the samples and their initial
magnetic permeability was studied.

Methodically, the cooling temperature range was divided into two parts: the first part included
temperatures from 1370 K (sintering temperature) to 1030 K (cationic freezing temperature); the second is
from 1030 K to 530 K (the lower limit of temperature control). Changing the duration of cooling in the first
section created different degrees of cationic ordering. At such high temperatures, the samples are quite
plastic, and there is no accumulation of thermoelastic stresses (at high cooling rates). And vice versa, when
the cooling rate changes only in the second section, the degree of cationic ordering remains constant. The
value of thermoelastic stresses can change, since the plasticity of the material at low temperatures is low.

Figure 6a shows the temperature dependences of p; at different cooling rates in the high-temperature
section. It can be seen that with a decrease in the cooling rate, ui monotonically increases, which indicates
the importance of the relationship between the cationic ordering and the value of pimax as well as a slight
change in the stoichiometry of the composition at the cooling stage. In contrast to high-temperature cooling,
low-temperature variations in the rate of temperature decrease do not lead to noticeable changes in the values
of wi. As follows from Figure 6b, changes in the cooling rate within 4.1-125 K/min in the temperature range
1030-530 K do not lead to a difference in the temperature dependences of p;. Probably, the quenching
stresses arising during thermal cooling are insignificant in comparison with the elastic fields created by the
coalescence of grains with different crystallographic orientations, as well as various kinds of inclusions in
the grain material.

The direct dependences of pimax ON the cooling rate are shown in Figure 7. The specificity of radiation
heating of sintered products lies, as is known, in the volumetric nature of heat release. The question arises:
do the processes of removal of the technological binder (PVA) and spreading of the liquid phase (Bi2Os)
over the array of grains of the resulting ferrite have time to complete in a short heating time (~2.5 min). The
incompleteness of these processes leads to a deterioration in the quality of products.
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The temperature dependences of i were studied both on the rate of heating of press samples during
their sintering and on the isothermal exposures during their heating. For this, the isothermal sintering was
carried out at 1373 K for 60 min.
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Fig.6. Temperature dependence of the initial permeability of ferrite with Bi»Os sintered via RT mode at 1373 K for 2 h:
(a) — high-temperature cooling during sintering at rates of 68 K/min (curve 1); 5.7 K/min (curve 2); 2.8 K/min (curve
3); (b) —low-temperature cooling at a rate of 4.1 K/min (*); 2.5 K/min (0); 125 K/min (H)
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Fig.7. Dependence of i max ON the cooling rate: high-temperature cooling section (curve 1); low-temperature cooling
section (curve 2)

The cooling rate was constant and amounted to 25 K/min. The results of pimax Mmeasurements (Fig. 8)
indicate that a change in the rate of radiative heating by two orders of magnitude of pressed samples does not
cause changes in the value of L max.
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Fig.8. Dependence of i max ON the radiative heating rate of pressed samples up to a sintering temperature of 1373 K

In addition, isothermal exposures were carried out at characteristic points at the PVA removal
temperature (673 K) and at the melting point of the Bi»O; additive (1093 K). The exposure time was varied
within 10-60 min, the sample heating rate between the characteristic temperatures was 450 K/min. The
results showed that the presence of isothermal exposures does not affect the nature of the temperature
dependence of p;i and the value of Wi max.

Conclusion

The scientific significance of the results is determined by the data on the initial magnetic permeability,
as well as the relationship of this characteristic with phase changes in ferrite sintered under conditions of
electron beam heating. It was shown that the presence of a low-melting additive Bi,O3 leads to a more
defect-free state of the ferrite. This effect is enhanced by the action of radiation at the early stages of ferrite
sintering by an electron beam. It was established for the first time that a change in the rate of radiative
heating by two orders of magnitude and isothermal holding at the temperature of removal of polyvinyl
alcohol (673 K) and melting of Bi»Os (1093 K) do not affect the phase composition of the LiTiZnMn ferrite.
Low-temperature variations in the cooling rate after sintering of the compacts do not lead to noticeable
changes in the initial permeability. A decrease in the cooling rate in the high-temperature sintering region is
accompanied by a monotonic increase in the initial permeability.
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In this work, the effect of molybdenum disulfide nanoparticles on the properties zinc oxide electron transport
layer of organic solar cells is studied. molybdenum disulfide nanoparticles were obtained by laser ablation of
MoS2 powder in isopropyl alcohol. To form composite films, nanoparticles were added to a sol—gel zinc oxide
solution with different concentrations. According to scanning electron microscope study, as the concentration of
nanoparticles in the film increases, the thickness of the molybdenum disulfide layer on the zinc oxide surface
changes. molybdenum disulfide nanoparticles in the film structure gradually fill the bulk and surface voids in zinc
oxide. However, when the concentration exceeds 1%, holes and voids are formed in the film. The absorption
spectra of composite films showed that as the concentration of nanoparticles in the film increases, the absorption
intensity enhances due to the increase of the overall thickness. At the same time, zinc oxide optical band gap width
does not change, which means the molybdenum disulfide nanoparticles do not affect the electronic structure of
zinc oxide. It was shown that the observed changes in the volt-ampere characteristic of organic solar cells with
composite films electron transport layer composite films was associated with the influence of molybdenum
disulfide nanoparticles on electron transport in organic solar cells. According to impedance spectroscopy study, it
was found that molybdenum disulfide nanoparticles at concentration below critical value increases the lifetime of
charge carriers and the diffusion coefficient in composite film.

Keywords: zinc oxide, molybdenum disulfide, composite film, surface morphology, optical and impedance
spectroscopy.

Introduction

In inverted organic solar cells (OSCs), ZnQO is used as electron transport layer (ETL) because of its high
electron mobility, high visible light transmittance, stability in air and possibility to control electrical and
optical properties. One of the reasons of the low power conversion efficiency of OSCs is the presence of bulk
and surface defects in the ETL based on ZnO. Defects intensify the charge recombination, impede the charge
transfer and reduce the efficiency of electron collection at electrodes [1]. To solve this problem, a number of
researchers propose to use interfacial layers between the ZnO and the photoactive layer. For example, a two-
layer ETL with conjugated polyelectrolyte was used [1], ZnO was doped with perylene bisimides [2-4],
aluminum [5-7], fullerene derivatives [8,9] and Sn [10], which leads to the decrease in the electron work
function, and to the improvement in electron transport in ZnO due to the decrease in the defect density.

Two-dimensional transition metal dichalcogenides (2D TMDs) can be also combined with ETL. The
band gap, physical and chemical properties of 2D TMDs can be easily tuned by developing varies van der
Waals structures in combination with other materials. In these materials, due to the special single-layer
structure, the unshared pairs of electrons in the atoms of S and Se can provide rapid transport and as result
increase the mobility of charge carriers. Graphene-like 2D materials have great potential and are alternatives
to traditional hole transport layer (HTL) and ETL materials for organic solar cell (OSC), Fig.1. J.-M. Yun et
al. [11] showed the possibility to use transition metal dichalcogenide nanosheets as HTL and ETL layers in
direct and inverted OSCs. However, nanosheets can not form a continuous layer, so they developed hybrid
composite structures based on them. The authors of the work [1] reported that the increase of MoS2
nanosheet density in ZnO up to 0.5 wt.% led to the decrease in the interfacial resistance and the suppression
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of the leakage current in devices, and as a result, power conversion efficiencies (PCE) boosted from 8.8% to
10.1%.

In our work to suppress bulk and surface defects in ZnO ETL, we doped ZnO ETL with MoS2
nanoparticles. MoS2 nanoparticles were added in ZnO solution and then composite ETLs were deposited.
The effect of M0S2 nanoparticles on electron transport mechanisms in OSCs was studied in detail.

2D TM Ds
Motal loctrode (A) | Metal Electrode (AL Ag) |
ETL (PFN, Ca, Zn0, Ti0,, :ﬁ “Y ? ‘Y ‘S o o\ HTL (CuSCN, MoOs)
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Fig. 1. Schematic diagram showing both the direct (left) and inverted OPVs structure. In the center the structure of
various 2D TMDs are shown, and the blue arrows show the various layers in which TMDs were added [1].

WSe,

1. Experimental part. Methods and materials

At first the FTO covered glass substrates were rigorously cleaned [12].The preparation of ZnO:MoS2
solution had the following steps: firstly, 98.7 mg of Zn5(OH)8CI2 (pure 99.9% Sigma Aldrich) was
dissolved in 1 ml of isoproponol (pure 99.9% Sigma Aldrich), then 75 ul of monoethanolamine (Sigma
Aldrich) was added to the solution, after that, the solution was stirred at 60 °C for 2 hours, and then kept for
24 hours at room temperature, finally MoS2 nanoparticles were added to the solution with different
concentrations. MoS2 nanoparticles were obtained by laser ablation of MoS2 powder by the second
harmonic of a solid-state Nd:YAG laser (SOLAR LQ).

After, ZnO:MoS2 solution was spin-coated on clean FTO glass substrates by spin-coating techniques at
the rotation speed of 4000 rpm. SPIN150i SPS was used for the spin-coating. Then the film was preheated in
air at temperature of 200 °C for 15 minutes and immediately annealed at the temperature of 450 °C for one
hour to form crystalline structure. Further, P3HT:IC60MA chlorobenzene solution (P3HT and IC60MA is
pure 97% from Sigma Aldrich) with the ratio of 1:0.8 was spin-coated on ZnO:MoS2/FTO glass substrate to
form the photoactive layer and annealed in air at a temperature of 140 °C for 10 minutes. Before creating
inverted structure solar cells, P3HT:IC60MA solution was filtered using a syringe filter with a pore diameter
of 0.45 microns. The rotation speed of the centrifuge was 2000 rpm, the rotation time at this speed was at
least 30 seconds. After thermal annealing, a part of the photoactive layer was removed to provide access to
the electrode on the surface of the FTO. Further, PEDOT:PSS solution was spin-coated to the substrates to
form HTL [13]. Finally, silver electrodes was sputtered on PEDOT:PSS layer surface by thermal deposition
(CY-1700x-spc-2 evaporator). The residual pressure in the working volume during operation did not exceed
10" Pa. The tantalum boat was used as a silver vaporizer. The current flowing through the boat during the
spraying process varied in the range of 60-65 A [14].

2. Results and discussion

Morphology of ZnO:Mo0S2 nanocomposite ETLs was studied by a MIRA 3 LMU scanning electron
microscope (TESCAN). In Fig.2 the surface morphologies and cross-sections of ZnO:MoS2 nanocomposite
films with different concentrations of MoS2 nanoparticles are presented. As the concentration of
nanoparticles increases, the thickness of the MoS2 layer changes. The morphology of the surface of
composite films becomes smoother (Figure 2 a, b, ¢, d, e). The addition of MoS2 nanoparticles to ZnO
enhances the generation and transport of charge in the mixture under study. This leads to an increase in the
efficiency of solar energy conversion. A more efficient process of transporting charge carriers in the studied
systems. It is worth noting that samples of nanocomposite films demonstrate various photoelectric and
electrophysical characteristics.

These results indicate that MoS2 nanoparticles in the film structure gradually fill the bulk and surface
voids in ZnO [15]. When nanoparticles are added in concentrations above 1%, holes and voids are formed in
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the film (Fig.2f). Obviously, in this case, a uniform film is not formed. The guantitative content of MoS2
nanoparticles in ZnO was determined based on EDX analysis (Fig. 3). The composition of the composite
film includes elements such as Mo, S, Zn and O (Table 1). As the concentration of nanoparticles increases,
so does the concentration of related elements.

3) b) ©)

B crexp 2
Bec% o

Zn

Fig.3. EDX analysis

Absorption spectra of ZnO and ZnO:MoS2 is shown in Fig. 4. As can be seen from the figure, as the
concentration of nanoparticles in the film increases, the absorption of the film increases, which is associated
with a change in the overall thickness. Using the Tauc graph, it was found that the values of the optical band
gap width do not change, which indicates that the addition of MoS2 does not affect the electronic structure of
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Zn0. The figure shows that the absorption spectrum of Zn0O:MoS2 of the film is located in the range of 320-
400 nm with peaks at 360 nm. When adding MoS2 nanoparticles, an increase in the optical density is

observed.

Table 1. Elemental composition of ZnO:MoS2 composite films (Atomic percentages)

Weight % Mo, weight % S, Zn, O,
weight % weight % weight %
0.2 0,7 0,1 53,5 45,6
0.4 1,6 0,8 54,4 43,2
0.6 2,1 2,0 53,6 42,3
0.8 3,7 2,5 51,9 41,8
1 47 2,7 51,9 40,7
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Fig. 4. Absorption spectra and Tauc plots (the inset) of ZnO:MoS2 composite films

In order to determine the effect of MoS2 nanoparticles on electron transport, a polymer solar cell with
an inverted structure was assembled in a polymer solar cell. Upon photoexcitation of the photoactive layer
P3HT:IC60MA, an electron-hole pair is formed, which then at the interface ZnO:MoS2/P3HT:IC60MA and
P3HT:IC60MA/PEDOT:PSS decay into free charge carriers (Fig. 5). Electrons are injected into the ETL
layer of ZnO:Mo0S2, and a hole is injected into the HTL layer of PEDOT:PSS.

Energy (eV)
£

IC60MA X P3HT

b)

Fig.5 (a) Energy level diagram of ZnO:MoS2 and (b) chemical structures of BHJ compounds

Samples of solar cells were prepared for the study of photovoltaic measurements, such as voltage
characteristics and impedance spectra FTO/ZnO:MoS2/P3HT:IC60MA/PEDOT:PSS/Ag. Figure 6b shows
that the addition of MoS2 nanoparticles affects the parameters of the VAC cells. For example, the filling
factor of the composite cell 08% MoS2 in ZnO was FF = 0.42, and the value of the short-circuit current
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density is equal to Ji = 10.5 mA/cm?2 The maximum value of the increase in the VAC parameters is
observed for the composite cell 08% MoS2 in ZnO, so the short-circuit current density increased by 3 times,
the efficiency value was 2.6%.
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Fig.6. a) the architecture of the inverted PSC b) J-V characteristics of inverted solar cells

As the concentration of MoS2 increases to 0.8%, an increase in the parameters of the VAC is observed.
A further increase in the MoS2 concentration leads to a decrease in the values of the VAC parameters. The
obtained data correlate with the results of the morphology of the surface of composite films. 1% MoS2 in
Zn0 this sample has the lowest value of the fill factor and the lowest value of the maximum voltage. The
inverted composite cell with added MoS2 nanoparticles has a low no-load voltage (Uoc = 0.30 V) among all
the samples obtained. At the same time, this sample shows the lowest efficiency value among
nanocomposites, equal to 0.5%.

Table 2. Photovoltaic characteristics of organic solar cells.

Sample Uoe (V) | Jsc(MA/CM?) | Umax(V) | Jmax(MA/cm?) FF PCE %
Zn0O 0.4 5.7 0.24 3.37 0.35 0.7
0.2% MoS2 04 6.6 0.25 4.4 0.35 0.9
0.4% MoS2 0.4 8.6 0.30 5.2 0.37 1.3
0.6% MoS2 05 10.2 0.35 6.5 0.42 2.1
0.8% MoS2 0.6 10.5 0.39 6.9 0.42 2.6
1% MoS2 0.3 4.7 0.21 2.7 0.33 0.5

The observed changes in the IV curve are associated with the effect of MoS2 nanoparticles on electron
transport in OSCs. To study in detail the effect of MoS2 nanoparticles on the kinetics of electron transport
and recombination in OSCs, the impedance spectra of OSCs were measured. Fitting and analysis of spectrum
parameters were carried out using the ElS-analyzer software package. With the using of this software, the
values of capacity C and the values of R; and R, were calculated. The analysis of the impedance
measurement results was carried out according to the diffusion-recombination model.

Fig. 7b shows the measured impedance spectra (points) of OSCs. The impedance spectra are described
by an equivalent electrical circuit shown in the inset of Fig. 6a, where R; is the equivalent resistance of the
external electrodes (Rero + Rznowmoesz + PEDOT:PSS +Ag), R.C is characterized by the photoactive
layer/Zn0O:MoS2 interface.

Since the films were obtained under the same conditions, the observed changes are associated with a
change in the photoactive layer/ZnO:MoS2 interface. The greater the R, the lower the recombination rate at
the phase interface. As can be seen from Table 3, an increase in the concentration of M0S2 nanoparticles
also leads to a decrease in recombination resistance, which indicates an increase in recombination processes.
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Fig.7. Impedance spectra of PSCs

Table 3 shows the obtained values of R; R, and C. As can be seen from Table 3, the value of R;
represents the total resistance of the external electrodes and adjacent ETL and HTL layers. Since all
functional layers except ZnO are in the cells under ZnO:MoS2 were obtained under the same conditions, the
observed changes in R are associated with a change in the resistance of ZnO:MoS2 films. R1 has a minimum
value at the cell with the maximum concentration of MoS2. R, the resistance characterizing electron
recombination at the photoactive layer/ZnO:MoS2 interface, varies depending on the concentration of MoS2
nanoparticles.

Table 3. The value of the electrophysical parameters of ZnO:MoS2 composite films

R, R2, Ri/R2 Teff, Keff, Dett,

Sample (ohm) (ohm) (ms) (sh (em?c?)
Zn0O 47 737 15.7 24 404 1.1-10°
0.2% MoS2 27 383 14.1 2.6 373 1.9-107
0.4% MoS2 30 449 14.9 3.1 319 2.6-107
0.6% MoS2 30 432 14.4 3.7 264 3.5-107
0.8% MoS2 16 178 11.1 8.6 115 4.1-107
1% MoS2 37 569 15.4 2.6 372 1.4-10°6

After photoexcitation, electrons from the photoactive layer are injected into ZnO:MoS2 and diffuse to
the external electrode. At the same time, the reverse process occurs - the recombination of an electron with a
hole into a photoactive layer. Usually, recombination occurs through surface defect levels in ZnO.
Impedance spectroscopy also allows us to calculate the time constant T = RC, which characterizes the
lifetime of charge carriers in ZnO:MoS2. It follows from the fitting data of the impedance spectra that t has
the maximum value for ZnO:MoS2 with a concentration of 0.8% nanoparticles. The impedance analysis data
is correlated with the VAC data. OSCs with ZnO:Mo0S2 0.8% of nanoparticles form ETL films with
improved conductivity and less structural defects. A sharp deterioration in the photovoltaic parameters of
OSCs with ZnO over 0.8% of the MoS2 nanoparticle may be due to a infringement of the integrity of the
film, which causes holes and voids to form in the film, through which current leakage occurs.

Conclusions
In this paper, the effect of MoS2 nanoparticles on the morphology, optical and electric properties of

ZnO electron transport layer of polymer solar cells is investigated. In the absorption spectra of ZnO:MoS2
composite films, an increase in the absorption intensity is observed. An increase in the absorption of the film
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is associated with a change in the overall thickness. At the same time, the nanoparticles do not affect the
electronic structure of ZnO. It is shown that the addition of MoS2 nanoparticles has an effect on the
photoelectric and electrophysical parameters of the film in the polymer solar cell. It has been shown that the
changes in the IV characteristic of OSCs based on ZnO:MoS; ETL are associated with the influence of
MoS2 nanoparticles on electron transport. It was found that MoS2 nanoparticles at a concentration of 0.8%
increase the lifetime of charge carriers and the diffusion coefficient in composite ETL ZnO:MoS2 and also
the maximum value of the increase in the parameters of the VAC is observed for the composite cell 0.8%. As
a result, the short-circuit current density increased by 3 times, the efficiency value was 2.6%.
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In this work, the regularities of the change in the shear strength of the adhesive bond to and the
piezoelectric coefficient f§ in the metal systems "I12Kh2N4 (45KhN2MFA) - steel 45 + B", "12Kh2N4
(45KhN2MFA) - steel 45 + VS" were obtained during physical modeling of the shear of surfaces of small-sized
samples and changes in dynamic viscosity environment of their interaction with the use of additional equipment
of the SMTs-2 friction machine. It has been established that boriding and boron carburizing of the surface of
steel 45 leads to the absence of adhesion to the surfaces of steels 12Kh2N4 and 45KhN2MFA in certain ranges
of normal pressures, at which 10> 0 and the dynamic viscosity of liquid and grease. It was found that the
parameter o When lubricating surfaces is determined to a greater extent for the system "12X2H4 - steel 45", and
partially for borating steel 45 and low values of dynamic viscosity u = 0.027 Paes. With an increase in the
dynamic viscosity of the liquid phase of the lubricant in the "12X2H4 - steel 45" system, there is a tendency to an
increase in the value of t0. It was found that the absence of modification of steel 45 with boron and boron
carbide predetermines the independence of the piezoelectric coefficient from the viscosity of the liquid lubricant
and the shear rate. Boriding and boron carburizing steel 45 predetermines an increase in the piezoelectric
coefficient by an average of 1.6 times with an increase in dynamic viscosity from 0.027 Pass to 0.19 Paes at a
shear rate of 10.16+0.8. At shear rate = 5.08+0.6 mm/s, the piezoelectric coefficient is relatively constant in the
systems under study. With the transition to contact through a grease lubricant, there is an ambiguous
manifestation of the rate of change of the piezoelectric coefficient.

Keywords: piezo coefficient, dynamic viscosity, lubricant, shear rate, tangential strength

Introduction

Forecasting the resource of mechanisms of mechanical engineering objects presupposes the presence of
certain initial data. In this case, the main quantity is the wear rate of the surfaces of materials, which is
determined both experimentally and theoretically. So, for example, when calculating the service life of a gear
pair, it is necessary to know not only the geometric parameters of the engagement, but also the parameters of
the adhesion properties and fatigue of the contacting surfaces. This is especially important when measures
are proposed to modify the working surfaces to improve the physical and mechanical properties of metals.
The existing structural alloy steels 12Kh2H4, 45KhH2MFA, high-quality carbon steel 45 are widely used for
the manufacture of a wide range of mechanical engineering parts, including gears, gear shafts of gear drives
for various purposes. Undoubtedly, the presence of numerical values of the parameters of the adhesion
properties of the listed jointly working metals will determine the accuracy of the calculations performed, and
the possible surface modification of one of them will expand the information on the nature of its influence on
the manifestation of these parameters. Based on the above, the establishment of regularities in the
manifestation of the parameters of adhesion properties in systems of structural metals seems to be an urgent
scientific and fundamental task considered in tribology.

1. Review of previous publications, setting the goal of the work

The technology of surface modification of steel 45 by boriding and boron cementation is proposed,
which predetermines the change in both the phase composition of the surface structures and their hardness
[1-3]. Boriding of steel refers to the saturation of steel with the element boron. After such saturation, the
surface layer with a size of about 0.3 mm becomes hardened with a hardness of 18000-20000 HV. The
industry uses boron in solid, liquid and gaseous states. The disadvantage of the method is the fragility of the
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surface layer, which can break off after impact. Boron cementation of steel is the process of simultaneously
saturating its surface with elements of boron and carbon. This process is carried out at a temperature of about
1200 K using boron carbide. As a result of boron cementation, the hardness increases by 1.2-1.4 times and
relative wear resistance in comparison with the carburizing process.

In [4], the regularities of the change in the shear strength of the adhesive bond t0 and the piezoelectric
coefficient B in the metal systems "steel 45 - 40X", "steel 45 + B - 40X", "steel 45 + BC - 40X" were
obtained during physical modeling of the shear between small samples in the environment of lubricants |-
20A, Wolf 10W-40, TAD-17i, Litol-24 with distinctive dynamic viscosities using additional equipment of
the SMTs-2 friction machine. At the same time, the features of the manifestation of the parameters of the
adhesion bond depending on the shear rate have been established. The results obtained are typical for
systems of materials in which alloyed structural steel 40X is a constant element. This steel has one alloying
element chromium, which predetermines the amount of surface energy, due to a greater extent to the
chemical element - iron.

Steels 12Kh2N4, 45KhN2MFA can be alternative steel 40Kh structural metals, for example, as
discussed above, for the manufacture of gears. Moreover, they have a different content of chemical elements,
and, accordingly, surface energy (surface tension [5, 6]), which will affect the formation of adhesive
interaction in contact with steel 45 when it is modified with boron and boron carbide. Moreover, the hardness
of steels 12Kh2N4, 45KhN2MFA is less than steel 40Kh. From this, it is evident that it is necessary to
perform not only an assessment of the manifestation of adhesion parameters in systems of metals with steels
12Kh2N4, 456KhN2MFA, but also to establish their change depending on the decrease in the hardness of one
of the elements of the friction pair, in this case it is a direct pair.

The aim of the work is to establish the regularities of changes in the parameters of the adhesive bond in
the systems of materials "steel 45 — 45KhN2MFA", "steel 45 + B - 45KhH2MFA", "steel 45 + VS -
45KhH2MFA", "steel 45 - 12Kh2H4", "steel 45 + B - 12Kh2H4 "," steel 45 + BC - 12Kh2H4 "in the
physical modeling of the shift between small-sized samples in the environment of lubricants with distinctive
dynamic viscosities using additional equipment of the SMTs-2 friction machine. Based on the above, this
work seems to be a continuation of the complex of studies begun in [3, 4, 7].

2. Research methodology

The parameters of the adhesive bond were evaluated using an SMTs-2 friction machine with additional
equipment in accordance with the procedure described in [7]. In this case, movable samples - disks were
made of steels 12Kh2N4, 45KhN2MFA, and fixed pads in the form of triangular-shaped segments of steel 45
with surface modification with boron and boron carbide, i.e. the same samples were used as in [4]. To
estimate the pressure in the contact zone and the tangential shear strength, we used the average values of the
contour areas, which were determined from the indentations. The modeling of the manifestation of the
properties of the lubricating medium was carried out using the same lubricants as in [4]. The following
lubricants were applied to the surface of the samples:

- industrial oil I-20A (GOST 20799-88), dynamic viscosity at 40 °C p = 0.027 Pass;

- transmission oil TAD-17i (GOST 23652-79), dynamic viscosity at 50 °C p = 0.106 Pass;

- semi-synthetic motor oil Wolf 10W-40 API SL/SF, dynamic viscosity at 40 °C u=0.19 Paes;

- Litol-24 grease (GOST 21150-2017), dynamic viscosity at 50 °C p = 8 Pass.

This choice of lubricants determined, firstly, different values of the dynamic viscosity for the liquid
state of aggregation of the lubricating medium, and secondly, the presence of a consistent medium. This
makes it possible to take into account the possible contact interaction of the surfaces of the teeth of gears of
various gears, for example, in mechanical drives of machine tools, transmission units for cars and tractors,
gearboxes of hand-held power tools, etc.

To assess the parameters of adhesion without lubricant, the surfaces were thoroughly degreased with
gasoline "Kalosha".

3. Research results and their discussion

As a result of processing the tribograms of the shear surfaces of a stepwise loaded contact in the
considered systems of materials, statistical data were obtained, which are summarized in tables 1, 2. Analysis
of the data obtained indicates the following. First, the parameter <0 is determined only:
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- in the absence of lubricant for the system "45KhN2MFA - steel 45". In this case, exclusively
boronization of the surface of steel 45 leads to a slight increase in the value of 70 from 3.58 MPa to 5.6 MPag;

- when lubricating surfaces to a greater extent for the system "12Kh2H4 - steel 45" in the absence of
surface modification of steel 45, as well as when it is boriding and low values of dynamic viscosity p = 0.027
Paes. In this case, with an increase in the dynamic viscosity of the liquid phase of the interaction lubricant, a
tendency to an increase in the value of 1o is observed. To a lesser extent, this parameter manifested itself for
the system "45KhN2MFA - steel 45" again with dynamic viscosity p = 0.027 Paes, but without modification
of steel 45. On the whole, the results obtained confirm the thesis given in [5] on the structural sensitivity of
the adhesive parameters. The manifestation of the adhesive interaction parameter t0 in the absence of
lubrication can be explained by the ratio of the hardness of the interacting surfaces. According to the
research conditions, H12Kh2H4 <H45KhH2MFA <H45, and H45 <H45 + B <H45 + BC.

Table 1. Parameters of approximation of experimental data for the system of materials "45KhN2MFA - steel 45
(+ B, + VS)" in the environment of lubricants

Parameter Steel 45 Steel 45+B Steel 45+BC
Lubricant g g S
= ; < = ; < = ; <
SE =T N s |8 |« I
s |2 |5 |2 | |2 |5 |2 | |2 |5 |8
* gz |13 |2 [& |z |3 |2 |8 |2 |3
_ o 7 =011p +358 7=0,05p +5,6 7=0,24p-18,9
Piezo COfolClentﬂ ) r= 0’14p _ 0724 r= 0,38p _ 33’3

012 013 012 {012 | 015 ) 013 | 0,17 | 0,12 | 0,11 | 01 | 0,14 0,15

- - - 024 1021 | 021|017 | 0,14 | 0,14 | 0,16 0,13

Tangential strength 2,02 >0 >0 >0 >0 >0 >0 >0 >0 >0 >0 >0

70, MPa at at at af at at at at at at at p=23

p=23 | p= p=23 | p=30 | p=26 | p=58 | p=38 | p=23 | p=18 | p=52 MPa
MPa | MPa | MPa | MPa | MPa | MPa | MPa | MPa | MPa | MPa

- - - - >0 >0 >0 >0 >0 >0 >0 >0
at at at at at at at at p=88
p=40 | p=48 | p=46 | p=40 | p=24 | p=18 | p=56 MPa
MPa | MPa | MPa | MPa | MPa | MPa | MPa

Note. 1. The upper row of values at a shear rate va = 10.16 + 0.8 mm/s, the lower one at v2 = 5.08 £ 0.6 mm/s.
2. The equation of the form is given for a system without lubricant.

Table 2. Parameters of approximation of experimental data for the system of materials "12Kh2H4 - steel 45 (+ B,
+ BC)" in the environment of lubricants

Parameter Steel 45 Steel 45+B Steel 45+BC
Lubricant
] g —I ! g _I A g _I
Q Q = % = § S Q = LS = § O ) = % ; E
¥ &= 28|58|Y |E=(28|58|Y £S5 5%
Piezo coefficient § r =0,36p —13,44 r=02p-105 r=033p-32,3
- 7=0,2p—-556 7=037p—-338

o1 012,01 015011 018|017 | 01 | 0,18 | 0,16 | 0,18 0,13

- - - - 015 | 015 ] 015 | 0,24 | 0,11 | 0,24 | 0,14 0,12

Tangential strength 8.3 48 | 10,7 | >0at | 1,0 | >0at | >0at | 1,0 | >0at | >0at | >0 at >0 at

7, MPa p=24 p=30 | p=54 p=42 | p=44 | p=60 p=5
MPa MPa | MPa MPa | MPa | MPa MPa

- - - - 1,21 | >0at | 05 | >0at| 0,1 | >0at | >0at >0 at

p=17 p=17 p=62 | p=58 p=38

MPa MPa MPa | MPa MPa

Note. 1. The upper row of values at a shear rate v1 = 10.16 + 0.8 mm/s, the lower one at v2 = 5.08 + 0.6 mm/s. 2. The equation of the
form is given for a system without lubricant.
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From which it follows that in each of the contact options, the parameter 1o is extrapolated back after the
manifestation of plastic, elastic-plastic and elastic deformation of the microprofiles of metal surfaces. Such
interaction can be estimated in accordance with the relaxation theory of adhesion, which considers
deformation processes, the appearance of internal stresses in the thinnest surface layers and their subsequent
relaxation [8]. In this case, the deformable metal layers have different thicknesses with one interface. When
the load is removed during elastic deformation, the dimensions are restored, i.e., there is a sufficiently large
supply of internal mechanical energy in the near-surface layers. From which it follows that such an energy
reserve is capable of forming, among other things, the action of surface forces of adhesive interaction. While
the supply of such energy can be critically maximum only up to a certain value from the point of view of a
possible increase in the surface energy of one of the components of the system. This is exactly what
happened when modifying steel 45 with boron carbide, i.e. it is possible to change the mechanism of
adhesive interaction by the nature of its appearance.

The manifestation of the parameter 1, of adhesive interaction in a lubricating medium can be explained
by a large adsorption decrease in surface strength (Rebinder effect) for a less solid component of the system
of materials, which predetermines the formation of the manifested large adhesion forces with a harder
surface. Those. the less solid surface of the component of the metal systems under study seems to be more
susceptible to penetration of the less viscous liquid phase of the lubricant, which manifested itself for the
system "12Kh2H4 - steel 45". Based on the above, the considered interaction can be estimated in accordance
with the theory of weak boundary layers [8].

In accordance with this theory, "weak" boundary layers with physicochemical properties that differ
from those of the underlying layers are formed in the contact zone. In this case, it is the "weak" layers that
determine the strength of the adhesive bond. In this case, the deformable metal layers have different
thicknesses, but already with two interfaces. The first interface is formed by the elements "body (rotating
disk, material 12Kh2H4, 45KhH2MFA) - a near-surface layer of a lubricant with bulk properties”. The
second surface is "a near-surface layer of a lubricant with bulk properties - a counterbody (fixed block,
material steel 45™). From which it follows that the shear fracture mechanism can be not only cohesive [8],
that is, within the adsorbed and deformed molecules of the lubricant (transition regions), but also mixed,
taking into account the destruction of bonds along the interfaces. The latter is explained by the characteristics
of the microprofiles of the contacting surfaces, which causes uneven deformation of the lubricant molecules
distributed between them.

Second, boriding and boron carburizing of the surface of steel 45 leads to the absence of adhesion to the
surfaces of steels 12Kh2N4 and 45KhN2MFA in certain ranges of normal pressures, at which o> 0. This
range is determined by the upper limit of the mechanical pressure p. In general, the following holds:

- a larger range of pressures is typical for the system "12Kh2H4 - steel 45", which, for example, at a
shear rate of v1 = 10.16 + 0.8 mm/s for liquid lubricant is from 0 to 42 MPa when borated steel 45, and from
0 to 48 MPa with its boron carburizing. For grease, this range is much smaller - from 0 to 17 MPa for
boriding, and from 0 to 5 MPa for boron carburizing. At the same time, a twofold decrease in the shear rate
leads to a decrease in the average range in a liquid medium by 2.5 times during boriding, and an increase in
the range by 1.25 times for a liquid lubricant during boron cementation;

- a smaller range of pressures is typical for the system "45KhN2MFA - steel 45", which, for example, at
a shear rate of v1 = 10.16 + 0.8 mm/s for a liquid lubricant is from 0 to 38 MPa when boriding steel 45, and
from 0 to 31 MPa with its boron carburizing. However, for grease, this range appeared from 0 to 38 MPa for
boriding, and from 0 to 23 MPa for boron carburizing. At the same time, a twofold decrease in the shear rate
leads to an insignificant increase in the average range in a liquid medium during boriding, and its equality for
a liquid lubricant during boron cementation. For grease, the range was preserved within the same boundaries
during boriding as in a liquid medium, and its increase by 3.8 times during boron cementation.

For a more detailed and visual assessment of the dependence of the upper pressure limit on the change
in the dynamic viscosity of the liquid lubricant in accordance with the data of table 1, 2, graphical
dependencies are built, Fig. 1, 2. From Figure 1 it follows that in the material system "45KhN2MFA - steel
45", the change in the dynamic viscosity of the liquid lubricant, starting from 0.11-0.12 Pa = s, predetermines
an increase in the pressure of the beginning of the manifestation of adhesion forces during boron cementation
of steel 45 and the shear rate of 5.08 £ 0.6 mm/s. The same takes place when it is borated and boron-
cemented, but at a shear rate of 10.16 £ 0.8 mm/s. At the same time, the intensity of its growth remains
unchanged. The viscosity in the range from 0.01 to 0.11 Paes does not affect the change in the beginning of
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the manifestation of adhesion between the surfaces during boriding and boron-carburizing steel 45. The
viscosity also does not affect the beginning of the manifestation of adhesion between the surfaces of the

systems under study, even in the absence of modification, steel 45.
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steel 45 when boriding; 2 - with boron carburizing steel 45; 3 - steel 45 without modification.
1 70 1

-~
o
:

D
o

—

w
o

X

S
o

»
=]

w
o

w

=3

A
—

~n

o
N
o

©)

il
o

Contact pressure p, MPa
s
Contact pressure p, MPa

o
o

0 0.05 01 0.15 02 0 0,05 04 015 02
Dynamic viscosity, u, Pa-s Dynamic viscosity, p, Pa-s
a) b)
Fig.2. Influence of dynamic viscosity on the manifestation of adhesion in the system of materials "12Kh2H4 -
steel 45" by pressure in contact: a) - at vz = 5.08 + 0.6 mm/s; b) - at v1 = 10.16 £ 0.8 mm/s;
1 - steel 45 when boriding; 2 - with boron carburizing steel 45

From Figure 2 it follows that in the system of materials "12Kh2H4 - steel 45" only at a shear rate of
10.16 + 0.8 mm/s, a change in viscosity causes a linear increase in the pressure of the beginning of the
manifestation of adhesion forces during boron carburizing of steel 45 throughout the simulated range. The
same effect of viscosity occurs during boriding steel 45, but in the range from 0.11 to 0.2 Pa s, however, the
increase in values occurs with greater intensity.

The obtained and described results on the parameter 1o generally indicate the ambiguity and peculiarity
of the manifestation of adhesion between the studied surfaces of steels, activated for interaction by the
supply of external mechanical energy of high mechanical pressures, excess surface energies due to the
introduction of additional chemical elements during the modification of steel 45 and components of the used
lubricating media. At the same time, it should be noted the effect of a short-term structural change in liquid
lubricants on the contour contact areas during their compression, since the design pressures are sufficiently
high. The pressures in the zone of frictional interaction ranged from 80 MPa to 260 MPa. Due to the
complexity and versatility of the components of these processes and the limited information on their course,
this issue is not discussed in the work and remains open.

Thirdly, the parameter B has a simpler and rather informative calculated manifestation. For a more
visual assessment, graphical approximations of the trends in the change in the piezoelectric coefficient in the
considered systems of materials when modeling the shear rate in the range of dynamic viscosity of liquid
lubricants are shown in Figs. 3, 4. The analysis of the presented dependencies in Fig. 3, 4 indicates the
following. First, the absence of modification of steel 45 with boron and boron carbide predetermines the
independence of the piezoelectric coefficient from the viscosity of the liquid lubricant and the shear rate.
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In the simulated ranges of viscosity and shear rate, the increment of the piezoelectric coefficient values
is zero. The exception is the system "12Kh2H2 - steel 45". For this system of metals with the transition to a
grease lubricant, the rate of increase in the piezoelectric coefficient is 0.0064 (Pa-s)™.

At the same time, the average statistical values of the piezoelectric coefficient are: for the system
"12Kh2H2 - steel 45" in the viscosity range from 0.001 Pa ¢ s to 0.2 Paes § = 0.1 £ 0.003, for the system
"45KhN2MFA - steel 45" =0, 12 + 0.003. From which it seems obvious that the intensity of the increase in
the strength of the adhesive bond in the system "45KhN2MFA - steel 45" is 1.2 times higher.

For the system "12Kh2H2 - steel 45 + B (BC)" with a shift of 5.08 = 0.6 mm/s, the rate of decrease of
the piezoelectric coefficient is 0.005 (Paes)™. From which it follows that modification with boron and boron
carbide predetermines a less intense increase in the strength of the adhesive bond of the investigated metal
surfaces.

Conclusion

The results obtained in the work revealed the features of the manifestation of the adhesive bond
parameters in the investigated metal systems when simulating changes in dynamic viscosity in the range
from 0.027 Paes to 8 Paes.

The constructed graphic patterns and the parameters of their mathematical approximation made it
possible to determine the direction of the processes of adhesive interaction of the surface of 45 steel modified
with boron and boron carbide with steels 12Kh2N2, 45KhN2MFA through lubricating formations compacted
by contact pressure with distinctive gradients of dynamic viscosity.

It has been established that the boriding and boron cementation of steel 45 predetermines the expansion
of the range of working normal pressures in lubricating media, excluding the manifestation of the adhesive
friction component, and in contact with steel 45SKhN2MFA upwards.

The data obtained can be used, firstly, as reference values of the adhesive bond parameters to
substantiate the possibilities of increasing the reliability of the operation of friction pairs during shear, and
secondly, when calculating the service life of a gear pair, in which the gears will be made from the studied
systems of materials.

The direction of further research is proposed to consider the study of the nature of the relationship
between the manifestation of the established parameters 1o and § and the surface energies of the contacting
surfaces of the metal systems under consideration.
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The results of experiments on obtaining calcium-phosphate coatings on substrates of titanium grade VT1-0
by micro-arc oxidation (MAO) are presented. The coatings were obtained by adding different amounts of titanium
oxide nanoparticles to the electrolyte. The microstructure and tribological properties of calcium phosphate
coatings were investigated. In conducted research results have been established and determined optimal modes
and parameters for obtaining calcium phosphate coatings. It is shown that the addition of titanium oxide
nanoparticles to the electrolyte can affect the structure also the strength of the obtained coatings. The research
results led to conclude that such treatment of MAO from titanium alloys is promising to improve their splices with
bone tissue.

Keywords: micro-arc oxidation (MAO), plasma electrolytic oxidation (PEO), nanoparticles, coatings, wear,
titanium.

Introduction

For the date a wide range of developed and tested methods are used to create calcium phosphate (CF)
coatings on metal implants: plasma spraying process, micro-arc oxidation, methods based on crystallization
of coatings from various solutions, detonation-gas spraying method, electrochemical deposition, sol-gel
processes, etc. Each of these methods has its advantages and disadvantages. Among the disadvantages, the
following can be noted: poor adhesion of coatings to the substrate, the inability to regulate their elemental
composition, restrictions in the choice of substrate material for coating formation. Studies have shown that
the use of the micro-arc oxidation (MAO) method, namely the plasma electrolytic oxidation (PEO) method,
provides high adhesion strength between the substrate and the coating [1-3].

The MAO method in aqueous solutions of electrolytes has become widespread in the last decade as a
method of applying bioactive CF coatings to the surface of titanium [4]. The coating formation in a micro-
arc discharge is associated with the course of high-temperature chemical processes in the zone of local
micro-plasma and micro-arc discharges under the influence of an external high voltage source and is
associated with the oxidation of the base material, as well as the transition of the ultrafine phase in the
electrolyte into the coating. The coatings obtained by this method have a good complex of physicochemical
properties: high corrosion resistance, wear resistance, hardness and chemical resistance in aggressive
environments [5].

If evaluate the current state of the scientific or scientific-technological problem being solved, then in the
last decade in the field of biomaterial development there have been directions for creating materials that
ensure the formation of a transition zone between bone and implant [6]. Such area should have a strong
connection with the implant material, also macro- and microstructure suitable for the body, as well as
bioavailability. Structural materials such as stainless steel, cobalt- and titanium-based alloys are widely used
to create artificial implants due to their excellent mechanical properties, however, in some cases they cause
allergic reactions and, as a result, out of order. In addition, a violation of the splices of the surface of the
endoprosthesis with bone tissue leads to its gradual loosening, which requires repeated operations to replace
or strengthen the implant. To increase the bioavailability of these materials, additional coatings are applied to
their surface. Recently, there has been an increased interest in coatings made of CF and hydroxyapatite
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Caio(PO4)s(OH)2 (HA), which significantly increase the adhesion of implants to bone tissue [7]. The solution
of the problem of increasing the bioavailability and osseointegration of implants in orthopedics and surgery
is of very important social importance, since at present the rejection of implants in the postoperative period,
cases requiring repeated implantation operations, the development of allergic reactions, a high probability of
relaxation can lead to a long recovery of the patient. Coating the implant surface close to HA with titanium
oxide nanoparticles provides not only high bioavailability, also develops osseointegration [6].

The purpose of this work is to study the effect of PEO on the microstructure, roughness, tribological
characteristics of calcium phosphate coatings with the addition of titanium oxide nanoparticles.

1. Materials and research methods

Technically pure titanium material VT1-0 which often used in medicine, was used as a substrate.
Samples of technical titanium VT1-0 for research were cut from rods in the state of delivery in the form of
parallelepipeds. Previously, the samples were grinded to remove the oxide film and scratches. Table 1 shows
the chemical composition of technically pure titanium VT1-0. In comparison with other metals used as
implants, pure titanium has a number of advantages: good corrosion resistance due to the formation of a
passive oxide layer on the surface; high bioavailability; bio-inertia; practically non-toxic; low thermal
conductivity; low coefficient of linear expansion; relatively low density compared to steel [8].

Table 1. Chemical composition of technically pure titanium VT1-0 (wt.).

Fe Cc Si N Ti ) H

0.25 0.07 0.1 0.04 99.7 0.2 0.01

To obtain calcium-phosphate coatings by the PEO method, an experimental-industrial MAO installation
was used, which consists of a power source, an electrolytic bath with a cooling system and electrodes. The
pilot-industrial installation for PEO was developed and manufactured in the research and production
company PlasmaScience LLP (Kazakhstan, Ust-Kamenogorsk). Equipped with APS-77300 AC power
supply. This equipment makes it possible to apply calcium phosphate coatings to medical implants, changing
the coating modes on a large scale and thereby allowing for research. By controlling the parameters of the
MAQO, the installation allows to simultaneously cover several products (with a total area of more than 200
cm?) due to high power in one cycle.

APS-77300 power supply unit output power: 3000 VA, voltage: up to 600 V, current: up to 25.2 A.
Wide range of output voltage settings (amplitude, frequency, initial and final phases). Frequency range:
999.9 Hz. Discrete setting of output parameters in increments of 0.01 V / 0.01 Hz. Low harmonic coefficient
(0.5%).

Calcium-phosphate coating was carried out in the anode-potentiostatic mode. The parameters of the
PEO process included the following limits: pulse duration - 100-500 ps, pulse frequency - 50-100 Hz, initial
current density - 0.13-0.35 A/cm?, process duration - 5-20 min, electrical voltage - 50-100 V. The scheme of
the MAO device is shown in Figure 1.

Electrolyte
AC power supply
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Fig. 1 - Scheme of the MAQ device.
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Various acid, salt and alkaline electrolytes can be used for micro-arc machining of titanium and
titanium alloys parts. The most common electrolyte for MAO-titanium is a mixed phosphate-alkaline
electrolyte of the KOH-NasPO, type. In this composition, KOH is an activator that affects the enrichment
capacity, which makes it possible to form a strengthening layer on the oxidized surface in relation to the
nominal amount of the part; this leads to a significant increase in the adhesive strength of the coatings [9].

Three different electrolytes were obtained by adding 500 g of distilled water, 10g of phosphoric acid
HsPO4, 59 of hydroxyapatite Caio(PO4)s(OH)2, 0.5¢/0.75g/1g of titanium oxide TiO.. The parameters of the
MAO process during exploitation include the following limits: pulse duration - 100 ps, pulse frequency - 100
Hz, electrical voltage - 100V, initial current density - 0.15-0.35 A/cm?, process duration - 10min. When
applying a calcium-phosphate coating with titanium oxide nanoparticles, titanium samples attached to the
suspension were immersed in an electrolyte in a bath. The MAO was carried out in the anode mode at AC
voltage of 100V for 10 minutes. As a result of the experiment, local micro-plasma discharges appeared on
the surface of the samples, and a coating was synthesized in their area. To obtain a calcium-phosphate
coating on samples of technical titanium grade VT1- 0, which underwent the PEO process, three different
amounts of titanium oxide were introduced into the electrolyte.

Microstructural analysis was performed on an ALTAMI-MET-5Smicroscope. To improve the image
guality in the microscope, an advanced lighting system with a powerful lamp (12V, 50W) is used as a light
source. The basic equipment of ALTAMI -MET-5S is equipped with a digital USB camera with a resolution
of 3 MP and Altami Studio software.

Tribological friction tests were carried out according to the standard "ball-disc" technique on the Anton
Paar TRB? tribometer (international standards ASTM G 133-95 and ASTM G 99). As a counter wire, a ball
with a diameter of 3.0 mm was used, certified material - Al>Os. The tests were carried out at a load of 1N and
a linear velocity of 2cm/s, a wear curve radius of 3mm, a friction path of 40m. The tribological
characteristics of the modified layer were characterized by the intensity of wear and friction coefficient.

The surface roughness was measured with a model 130 profilometer. The action of the profilometer is
based on the principle of perception of the roughness of the measured surface by the probe of an inductive
sensor - in the process of control by a diamond needle (moving the sensor along the measured surface at a
constant speed), which converts the translation of the sensor into an analog-digital signal and further digital

signal processing.

2. Research results

To find out the effect of electrolytes on the calcium-phosphate coating with titanium oxide
nanoparticles from the MAO process, an electrolyte of three different compositions was prepared (Table 2).
The calcium phosphate coating with titanium oxide nanoparticles was obtained using distilled water,
orthophosphoric acid, hydroxyapatite and three different grams of titanium oxide.

Table 2. Limits of the MAO process for each electrolyte.

Electrolyte 0.5g TiO2 + 5009 dist.water + 0.75¢g TiO, + 500 500g 1g TiO; + 500qg dist.water +
10g H3PO4+ 5g HA: Nol dist.water + 10g H3PO4 + 5g 10g H3PO4+ 5g HA:No3
HA: No2
Frequency (Hz) 100 Hz 100 Hz 100 Hz
Voltage (V) 100 vV 100 vV 100 vV
Impulse (us) 100 ps 100 ps 100 ps
Time (min) 10 min 10 min 10 min

The MAO process affects the structural characteristics and mechanical properties of titanium VT1-0 not
only surface, but also deeply located structural elements. The nature of structural changes and changes in
mechanical characteristics depends on the chemical composition of the alloy [9]. The microstructure,
roughness, and tribological characteristics of VT1-0 titanium with a calcium phosphate coating with the
addition of titanium oxide nanoparticles after the MAO process were studied. Figure 2 shows the initial
microstructure of titanium VT1-0. The initial dimensions of the VT1-0 titanium microstructure were
assumed to be 70pum, 100um and 300um.
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In the initial state (in the state of delivery), titanium grade VT1-0 has a partially recrystallized structure
(Fig. 2), with an average size of the elements of the grain-subgrain mixture d = 4.7um, while the size of the
recrystallized grains in such a material is ~ 10um. As a result of local high-energy exposure, layers were
formed on the surface of the samples, including both matrix elements (oxidized metal) and electrolyte
elements [8]. When the anode current lasts 100 ps, dense uniform oxide coatings are formed in all electrolyte
solutions. The thickness of the oxide coatings was 30-60 pum.

e P

,,_1?‘

Fig. 3. Microstructure of titanium VT1-0 in a calcium phosphate coating with 0.5g of titanium oxide.

The microstructure of the calcium phosphate coating obtained in the presence of 0.75 nanoparticles of
titanium oxide, orthophosphoric acid and hydroxyapatite in the electrolyte is shown in Fig. 4. The study of
the structure of coatings formed during PEO on the surface of titanium with different electrolyte
compositions shows that they have a common nature. In particular, when treated in such electrolytes, a
coating with a developed porous structure and glassy bubbles is formed in the voltage range (Fig. 4.).

c)

Fig. 4. Microstructure of titanium VT1-0 in a calcium phosphate coating with 0.75 g of titanium oxide.

The microstructure of the calcium phosphate coating obtained in the presence of nanoparticles of
titanium oxide 1, orthophosphoric acid and hydroxyapatite in the electrolyte is shown in Fig.5.

Microstructural analysis showed that with this electrolyte composition and the corresponding PEO
treatment mode, titanium dioxide is intensively formed on the surface of titanium samples, forming a
sufficiently dense layer. The results of optical microscopy of calcium-phosphate coatings formed in the
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electrolytes, the composition of which is given above, indicate that at these oxidation stresses they have
small aggregates with a discontinuous loose structure.

At these voltages, developed loose aggregates are formed, similar to a spongy structure, formed by
randomly arranged glassy bubbles. High porosity is observed in all samples. The presence of pores is
favorable for the ingrowth of bone tissue in them and the formation of a stronger connection of the implant
with the bone [4]. In order to confirm and coordinate the obtained optical microscopy data, it is necessary to
additionally conduct scanning electron microscopy studies and X-ray spectral analysis, the results of which
are planned to be published by the authors in the following papers.

<)

Fig. 5. Microstructure of titanium VT1-0 in a calcium phosphate coating with 1g of titanium oxide.

Thus, titanium PEO with the addition of titanium oxide nanoparticles is promising from the point of
view of obtaining biocompatible coatings, the coatings obtained in this case have a developed surface, which
will serve their improved fusion with bone tissue. A positive feature of this processing method is the high
rate of film formation and, accordingly, the low energy intensity of the process [10]. The roughness of the
investigated surface of titanium VT1-0 was measured at small permissible areas, so the baseline lines were
selected considering the parameter of reducing the influence of the undulating state of the surface on the
change in altitude parameters. The contours of the profile were obtained during control using a diamond
needle, and the trace was recorded on a profilogram. Figure 6 shows the roughness of the surface of titanium
VT1-0in its initial state.

Fig. 6. Indicators for measuring the roughness of titanium VT1-0 in the initial state.

The surface roughness of the PEO coating is created by pores and irregularities in the form of
meltdowns, which are formed during micro-plasma breakdown, as shown above (Fig.3-5). As the results of
the study of surface roughness before and after processing have shown, the surface roughness of PEO
coatings changing. Figure 7 shows the roughness of titanium VT1-0 with a calcium phosphate coating after
the MAO process with the addition of 0.5g of titanium oxide nanoparticles to the electrolyte.

by o

R=131 pm

Fig. 7. Indicators for measuring the roughness of titanium VT1-0 in a calcium-phosphate coating with 0.5g of
titanium oxide.
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The roughness of titanium VT1-0 with a calcium phosphate coating obtained by the MAO method with
the addition of 0.75g of titanium oxide nanoparticles to the electrolyte is shown in Figure 8. There is a direct
relationship that determines the characteristics of the treated surface, the higher the class index, the lower the
height of the measured surface and the better the quality of processing.

Fig. 8. Indicators for measuring the roughness of titanium VT1-0 in a calcium-phosphate coating with 0.75¢
of titanium oxide.

Figure 9 shows the roughness of titanium VT1-0 with a calcium phosphate coating after the MAO
process with the addition of 1g of titanium oxide nanoparticles to the electrolyte.

g s

Fig. 9. Measurement values of titanium roughness VT1-0 on a calcium phosphate coating with 1g of titanium oxide.

The arithmetic mean deviation of roughness in the initial state was 0.0589 pm. The arithmetic mean
deviation of titanium VT1-0 in a calcium phosphate coating with the addition of 0.5g of titanium oxide
nanoparticles to the electrolyte after MAO is 1.456 um, with 0.75g of titanium oxide nanoparticles is 1.223
um, with 1g of titanium oxide nanoparticles is 1.253pum.

After the experiment, the value of the arithmetic mean deviation of roughness increased. The correct
use of the method for determining the roughness of surfaces allows to achieve high processing accuracy, and
the particle size allows to significantly improve the quality of the finished product. The smaller the
roughness, the less corrosion and the higher the accuracy of the installation of parts during assembly [11].

During tribological tests, curves of change in the friction coefficient, data on the widths of the wear
tracks were obtained. Coated samples were tested. Fig. 10-12 shows images of the type of wear strip with
measurements of its width of the surfaces of samples with a track and shows the corresponding curves of the
friction coefficients for the VT1-0 alloy with a coating obtained in solutions of electrolytes No.1, 2, 3.
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Fig. 10. Microstructural image of wear marks (a) and profilogram of titanium VT1-0 (b) on a calcium phosphate
coating with 0.5g of titanium oxide as an electrolyte.
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On the curves of the coefficient of friction of coatings, there are zones of tribosystem run-ins, where the
rubbing surfaces adapt to each other and are accompanied by a high degree of wear. The stages are also
visible, which are characterized by stable friction conditions and almost constant and relatively low wear
intensity. There is no sharp change in the coefficient of friction characteristic of the destruction of the
coating. Oxide coatings do not break down and do not wear down to the base. The length of the wear trace of
titanium VT1-0 on a calcium phosphate coating containing 0.5g of titanium oxide nanoparticles in an
electrolyte obtained by the MAO method is 269 um.

Friction coefficient
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a ' b)
Fig. 11. Microstructural image of wear marks (a) and profilogram of titanium VT1- 0 (b) on a calcium phosphate
coating with 0.75g of titanium oxide as an electrolyte

The length of the wear trace of titanium VT1-0 on a calcium phosphate coating containing 0.75 g of
titanium oxide nanoparticles in an electrolyte obtained by the MAO method is 343 um.

Friction coefficient

\ |
0 5 10

Distance, m
b)
Fig. 12. Microstructural image of wear marks (a) and profilogram of titanium VT1- 0 (a) on a calcium phosphate
coating with 1g of titanium oxide as an electrolyte

The length of the wear trace of titanium VT1-0 on a calcium-phosphate coating containing 1g of
titanium oxide nanoparticles in an electrolyte obtained by the MAO method is 449um. When the length of
the wear marks is longer, the wear resistance becomes worse. After testing, it was found that titanium VT1-0
in a calcium-phosphate coating obtained by adding 0.5g of titanium oxide to the electrolyte has increased
wear resistance. During tribological tests, the process of running in the product/counter body pair occurs, the
rubbing surfaces adapt to each other. Then comes the stage of steady wear, which has the longest duration. It
is characterized by stable friction conditions and almost constant and relatively low wear intensity [12].
During its development, wear gradually increases, which is accompanied by damage to the surface.
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Conclusion

The study of the structure of coatings formed during PEO on the surface of titanium with different
electrolyte compositions showed that they have a common nature. As a result of this MAO mode, a coating
with a developed porous structure and glassy bubbles is formed. The presence of pores is favorable for the
ingrowth of bone tissue in them and the formation of a stronger connection of the implant with the bone.

As the results of the study of surface roughness before and after processing have shown, the surface
roughness of PEO coatings changing. After the experiment, the value of the arithmetic mean deviation of
roughness decreased by 4 times compared to the initial state. After the conducted studies, it was found that
the use of the addition of TiO, nanoparticles to the electrolyte can significantly improve the tribological
characteristics of the oxide layers formed during the MAO of titanium alloys.

Studies of the wear resistance of oxide coatings have shown a significant increase in it compared to the
uncoated sample. The oxide coating obtained in different electrolyte compositions increases wear resistance
compared to the uncoated sample. It is shown that the introduction of titanium oxide nanoparticles into the
electrolyte makes it possible to obtain wear-resistant coatings. This is probably due to the introduction of
titanium oxide into the coating, which is formed under the influence of high temperatures during micro-arc
discharge.

Thus, titanium PEO with the addition of titanium oxide nanoparticles is promising from the point of
view of obtaining biocompatible coatings, the coatings obtained in this case have a developed surface, which
will serve their improved fusion with bone tissue. A positive feature of this processing method is the high
rate of film formation and, accordingly, the low energy intensity of the process.
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One of the most crucial methods for preserving agricultural produce is solar drying. The major focus of this
paper is increasing solar drying systems' effectiveness. The development of new methods and variables that may
have an impact on the functionality of solar dryers aids in enhancing their efficiency. An indirect-type solar dryer
for drying agricultural products is proposed and developed in this study. A dryer consisting of a solar flat plate
air collector, an insulated drying chamber, an auxiliary (electric) heat source, and an electric fan is constructed
to improve the dryer's performance. The dryer's most typical function is to blow hot air at the product, forcing the
water in it to evaporate. The effect of air temperature and velocity on evaporation rate has been studied
experimentally. Tests with three different airflow rates—0.042, 0.0735, and 0.105 m%/s—are conducted. When
there is little or no solar radiation, an auxiliary heater is used to provide sufficient heat. For varying airflow
rates, solar mode and electrical mode were tested experimentally with only one energy source in each mode. The
findings revealed that using a different heat source in addition to solar radiation will allow you to keep the air
temperature in the drying chamber between 32 °C and 42°C. Also, it was found that for the whole drying process
at high air velocities, the temperature had less influence on the dryer's performance.

Keywords: Solar dryer; auxiliary heat source; moisture content; solar air collector; airflow rate, PCB.

Introduction

The solar dryer enters many applications and the most important one is the food applications [1].
Drying is said to be the earliest method of preserving agricultural produce. The moisture content is lowered
to its saturation level using this procedure. A heated air stream is blown across the product, either naturally
or artificially, to create a moisture concentration gradient, causing moisture to move from the product's inside
to its outside. Temperature variations that are above or below the allowed range induce physical and
chemical changes, which eventually degrade the dried product's quality. Because most of the water content is
dehydrated, providing air at a controlled temperature improves their storage life, decreases loss, and lowers
costs of transportation [2-4].

The most crucial parameter that directly affects the drying rate is the temperature within the drying
chamber. The major problem with a traditional solar dryer that doesn't have an auxiliary heat source is that
solar energy is unpredictable. Nevertheless, the temperature threshold of drying air is greatly influenced by
changing weather conditions and the intermittent nature of solar radiation. Hence, the quality of the dried
product diminishes dramatically. As a result, without the presence of another energy source and complete
control over all drying parameters, solar dryers are restricted and worthless.

Auxiliary heat of various forms can be used to augment solar energy and reduce drying time even
further. During the various phases of the drying process, it is frequently beneficial to alter the rate of airflow
passing through the drying system. There's also an auxiliary heating coil for use at night and on wet or
cloudy days. Many different techniques of auxiliary heat have been used as complementary tools in the
literature. Boughali et al. [5] developed a prototype of an energy-efficient indirect active hybrid solar—
electric drier for agricultural goods. Song and Songlin [6] built a hybrid solar dryer that included a heat
storage device and supplementary electricity heating. Mortezapour et al. created a hybrid photovoltaic-
thermal solar dryer [7].
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To ensure a continued drying process and the flexibility to operate the solar dryer under poor weather
conditions, Zoukit et al. [8] employed a solar-gas collector in combination with an auxiliary heat system. By
formatting the operation of a proportional valve, a control system is required to adjust the gas flow in the
injector. Eltief et al. [9] employed a drying chamber, V-groove collectors, two variable-speed centrifugal
fans, and an auxiliary electric heater as part of a solar-assisted drying system.

For rice drying, Zomorodian et al. [10] proposed a rig that included six standard solar air heaters, a
drying chamber with an electrically rotational discharge valve, an auxiliary electric heating channel, and an
air distribution system. During instances of low sunlight, Bennamoun and Belhamri [11] utilized a heater to
dry onions. The most essential criteria that impact the dried product quality are the mass flow rate,
temperature, and humidity of the air [12,13]. The performance of a solar-only dryer and another solar dryer
with an auxiliary heater as a complement to the solar heat is investigated in an experimental study. Khalifa
and Al-Dabagh [14] experimentally studied the effectiveness of a solar drying system that uses two flat plate
collectors, a blower, and a drying chamber was experimentally tested with and without an auxiliary heater to
augment the solar heat, and its performance was compared to that of natural drying. Four distinct airflow
rates are used in the tests, namely 0.0383, 0.05104, 0.0638, and 0.07655 m?/s. The drying time was seen to
have been cut from 56 hr for natural drying to 12—14 hr for sun drying and to 8-9 hr for combined (solar and
auxiliary) drying. As compared to a system that uses only solar energy for drying, it was discovered that the
combined system's efficiency increased by 25-40%. Krokida et al. [15] investigated how air drying of
different plant materials (potato, carrot, pepper, garlic, mushroom, onion, leek, pea, maize, celery, pumpkin,
and tomato) affected the drying kinetics and characteristic sample size. The equilibrium moisture content of
dried goods within the range of 0.10-0.90 water activity at two temperatures (30 and 70 °C) was fitted to the
GAB equation using a first-order reaction kinetics model. The drying sample size and air conditions were
shown to have a significant impact on the model parameters under consideration. In instance, the temperature
rise lowers the equilibrium moisture content of the dehydrated items and raises the drying constant.

During thin-layer drying of figs, Babalis and Belessiotis [16] investigated the effect of drying
circumstances on the moisture diffusivity and drying constants and found that air velocities larger than 2 m/s
had no considerable influence on the drying rate. The air temperature has the greatest impact on the drying
kinetics, according to the findings. Purta and Abed [17] built and tested a solar dryer that consists of three
main components: a drying sun collector, a solar dryer chamber, and a chimney. A fan was fitted at the
chimney outlet to manually expel the hot air outside the solar dryer to boost drying efficiency.

In Basrah province, theoretical and practical research was undertaken by Al-Hilphy et al. [18] for the
vacuum solar dryer, who was locally made to dry salted and unsalted carp fish, and it was compared to
natural sun drying and vacuum electric dryer. It was found that the moisture content of dried fish dried using
a vacuum solar dryer and a vacuum electric dryer were similar, although it was much better than sun-drying.

Ajiwiguna [19] experimented to find the impact of air temperature and velocity on evaporation rate.
According to the findings, the impact of temperature is less important at high air speed. Suherman et al. [20]
investigated the seaweed drying performance of a hybrid solar dryer combined with an auxiliary heater.
Hybrid sun drying and conventional drying were both used to dry the samples. El Ferouali et al. [21]
developed a new hybrid solar-electric dryer in which an electric auxiliary heater was put within the drying
chamber to provide temperature control. Silva et al. [22] used the Photovoltaic PV system to power the
blowers and the electric heater to provide a long-term drying solution. The maize grains were dried from 23
% moisture to 13 % moisture in 8.5 hours, with an average thermal and drying efficiency of 27 % and 6%,
respectively.

Jadallah et al. [23] proposed a developed computational and experimental design of a hybrid PV
Thermal double-pass counterflow system connected with a mixed-mode solar dryer system. The temperature
of the solar cells was reduced by manually pumping air into the Photovoltaic thermal PVT system via a fan-
created by the PV module, hence increasing the PV module's electrical efficiency. The air is passed from the
fan to the PVT solar system, then into the drying chamber, using the forced convection mode.

The majority of previous studies have concentrated on the possibility of improving the solar dryer's
efficiency by utilizing an extra heat source. A backup heater and variable airflow rates are employed to build
an indirect solar dryer for large-scale agricultural drying, with solar mode (energy provided exclusively by
solar energy) and electrical mode (energy provided solely by electrical power) dominated by a control
system. When the temperature and relative humidity in the drying chamber change, the control system
adjusts the amount of auxiliary heating and airflow as needed as a backup to solar energy.
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In the present study, an indirect type solar dryer was proposed and developed to improve the drying
process of agricultural products such as (banana). The dryer consists of a solar air collector, an isolated
drying chamber, an auxiliary (electric) heat source, and an electric fan to drive the hot air according to the
temperature and moisture in the dryer chamber. The most common function of the dryer is to blow hot air
onto the product, forcing the water in it to evaporate. The effect of air temperature and velocity on the
evaporation rate will be studied experimentally. The tests will be conducted at three different air flow rates.
For variable air flow rates, the solar mode and the electric mode were experimentally tested with only one
power supply in each mode.

1. Experimental system setup

The experimental setup includes a flat plate air solar collector and an indirect solar dryer with forced
convection mode, as illustrated in Fig. 1, with external methods, such as a cross-flow cooling fan, for
transporting solar energy in the form of hot air from the solar collector to the drying chamber. Between the
absorber plate and the glass, heated air is transmitted. To optimize solar radiation exposure, the solar
collector is affixed to a support structure that is inclined at a 30° angle to the horizon and faces south. Drying
air enters the chamber directly after leaving the solar collector through a rectangular opening (Air Intake)
with dimensions of (0.7 m X 0.06 m). The underside of the constructed drying chamber is connected to an
electrical heater (220V 4kW, accuracy +2%) acting as an auxiliary source.

The air passes through the trays from the bottom to the top. The drying chamber is made of galvanized
iron plate measuring (1.50 m x 0.87 m x 0.87 m) in dimension. The products are entered through an
insulated door and mounted on the trays inside the drying cabinet. There are three trays, each with a
dimension of 0.85 m % 0.65 m. The trays are made up of Plastic wire mesh having a thickness of 0.004 m
and surrounded by a wooden frame. The sidewalls, bottom, and door of the drying chamber are made of two
layers of steel (2 mm thick) separated by a polyurethane insulating foam layer (5 cm thick).

'\

<— Turbo ventilator

R
L S Drying
/ tray
w_ o w_ w_ Class cover
SO/QI‘
1‘(?0’1;?[1'
(0)
= "
Drying
x ch_amber
8 inlet Insulator
f;’ Absorber
§ Metallic
L support fan
electric fan
. @ @
a) b)

Fig. 1. Experimental set-up: a) photographic image and b) a schematic diagram of the solar dryer.

The distance between the lowest tray and the solar drying chamber's base is 0.40 m, with a gap of 0.15
m between each tray. When the sun goes down, an auxiliary backup heater is employed to assist this system
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to replace solar energy. In both circumstances, the fan continues to function in line with the drying
environment and uniform hot air circulation throughout the chamber. The flow of heated air within the
drying chamber causes the drying process to take place.

2. System implementation procedure

Experiments on drying were carried out in October 2020 from 7:00 a.m. to 5:00 p.m., with solar
radiation as the heat source. The next day, from 5:00 p.m. until 7:00 a.m., a new source was added to the
drying system. The tests were implemented in Baghdad, Iraq (latitude 33.333 and longitude 44.433) on days
with a clear sky on the 21, 22, and 23 October, respectively. For both heating modes, several experiments
were implemented on the systems utilizing varying airflow rates of 0.042, 0.0735, and 0.105 m?%/s. In the
drying experiments, fresh banana slices were used. Banana slices, with a thickness of 4-5 mm, were chosen
for optimal drying.

The reduction in moisture content was calculated by weighing the product sample every hour. The
system must first be brought to steady-state conditions before the tests can begin. As a result, each test run
must be preceded by an operating period of at least 1 hour. The (SM206-SOLAR) solar meter was employed
to measure the global components of solar radiation in real-time. Also, the temperature of the collector inlet
and outlet, the temperature of the absorber plate, the temperature of the exterior glass cover, the temperature
of the drying chamber inlet and outlet, and the temperature of the product were all measured using a Lutron
(TM — 903 A) four-channel temperature data logger.

A TES-1341 hot-wire anemometer relative humidity was used to measure the relative humidity of the
ambient air and the entrance of the drying chamber. The air speed was measured by using wind speed (UNI-
T UT362 anemometer with USB). To acquire the average value of air speed, the air exit speed was measured
at three positions in the exit air throat of the aperture area at the top of the drying chamber. The average
speed could be used in determining the air density and cross-section area of the aperture area and the air
mass flow rate. All specifications of the measuring devices are listed in Table 1.

Table 1. The specifications of measuring instruments

Instrument Accuracy Range Resolution
SM206-SOLAR Solar irradiation meter +5% of reading 1-3999 w/m? (btu) 0.1 W/m?
Lutron (TM — 903 A), 4 channels +(0.5% +1°C) -100 °C to 1300 °C 0.1°C.
temperature data logger
Lutron HT-3007SD 3% reading + 1% RH., 0 | 5%1t0 95 % R.H., 0
Humidity/Temperature Meter to 50°C +0.8°C 0.1%RH., 0.1 degree
TES.-1341 H_(DT—WIRE ANEMOMETER +3% RH 10% to 95% +3%RH
relative humidity
UNI-T UT362 anemometer with USB (+ 3%+5) 2~10m/s | -

3. Analysis of dryer performance

The moisture content is computed using the equation below:

_ Wo—Wgq

M x 100, 1)

o

where M is the moisture content (g water/g dry solid), W, is the initial weight of undried product (g), Wq is
the weight of dry matter in produce (g).

Many factors impact the effectiveness of a flat plate collector, including the collector's size, geographic
location, velocity, humidity, and ambient air temperature, among others. The solar collector's thermal
efficiency is calculated as follows:

_ Mg Cpa (Toc_Tic)

g = Tetpe oo, @
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Here #c is the efficiency of solar collector, ni, is the air mass flow rate (kg/s), Cpais the air specific heat
(kJ/kgK), Toc is the Exit air temperature of collector (°C), Tic iS the input air temperature of collector (°C), Ac
is the area of collector (m?), and | is the global solar radiation (W/m?).

The solar collector's thermal efficiency was determined to be 28% for average solar radiation of 600
W/m? and average input and exit air temperatures of 31°C and 45°C, respectively. The thermal efficiency of
the solar dryer system can be calculated as follows [24].

ng = Sl @3)

Aclt’

The efficiency of the heater is determined as:

py = oo ) @
where 7q is the efficiency of the solar dryer (%),,n is the efficiency of the heater (%), My is the mass of
evaporated water (kg). h is the latent heat of vaporization (kJ/kg), t is the Solar drying time (hour), le is the
electric current (A), and V is the voltage (V).

Understanding the performance parameters of solar dryers requires analyzing them. Depending on the
current circumstances, which are dictated by the partial pressure vapors in the air and as well as the gradient
of the vapor pressure of water contained in the product, a wet product exposed to the air stream may lose or
acquire moisture. Assume that the vapor partial pressure in the air in a sample remains constant, we will
arrive at a situation known as equilibrium moisture content after passing a stream of air through it for a long
enough time (EMC). The EMC is affected by temperature, relative humidity, and the product's nature. These
equilibrium moisture relationships are normally expressed mathematically. The equilibrium moisture content
can be calculated as follows [25]:

%RH = 1- exp(— K, (EMC)"), (5)

where %HR is the equilibrium moisture content, K; and N are constant, and EMC is the equilibrium moisture
content.

3.1 Activity of water

The more water in a product, the better it is for microbial development, which affects shelf stability and
safety. A banana's water activity is estimated to be (0.987-0.964) [26]. The following equation [27] can be
used to calculate the water activity.

EMC
100’

ay = (6)
where ay is the Equation of water activity.

The difference in moisture content between the materials to be dried and the equilibrium moisture
content is usually related to the drying rate. The drying rate is proportional to the change in moisture content
between the items to be dried and the content of equilibrium moisture, according to the following equation

[28]:

Agr =72, (7)
d
where Agr is the Average drying rate (kg/hr), m, is the Moisture mass removed by solar heat (g), and tq is the
Overall drying time (hour). The following equation [29] can be used to calculate the quantity of moisture to
be extracted from the product, my:

m, = m; (M) ®)

1_Mf
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where m; is the initial mass of product to be dried (g), M; is the Initial moisture content on a % wet basis, My
is the final moisture content % wet basis.

4. Results and discussion

Throughout October 2020, several continuing experimental testing on the improved dryer were
conducted. Figures 2 and 3 show the time variation of solar intensity (I), ambient temperature (Ta), inlet
temperature (T;), and outlet temperature (T,) of air from the drying chamber, for three consecutive days on
October 21, 22, and 23, 2020, with three different airflow rates of 0.042, 0.0735, and 0.105 m?s,
respectively. It is clear that all figures are a natural phenomenon and a clear fact based on the weather data at
that location and these days of the year. Temperature changes are exactly related to intensity changes, as seen
in the figures. In addition, there is a large difference in hot air and ambient temperature due to the collector's
capacity to heat the surrounding air.

8

S
8

600

400 -

Solar radiation (W/m?)
~ o
o o
o o

6 7 8 9 10 11 12 13 14 15 16 17 7 8 9 10 11 12 13 14 15 16 17 7 8 9 10 11 12 13 14 15 16 17
21.10.2020 22.10.2020 23.10.2020
Drying time (hr)

Fig. 2. Variation of the intensity of solar radiation (1) versus drying time
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Fig. 3. Ambient temperature (T,), drying chamber inlet air temperature (Ti), drying chamber
outlet air temperature (T,) versus drying time.

Fig. 4 demonstrates the variation of relative humidity with solar drying time for various airflows. It can
be observed that relative humidity decreases as drying time rises, peaking at 13:00, before rising again at
17:00 for all airflows at the end of the sunny hours. It can be seen that the relative humidity is the lowest in
the chamber dryer at airflow of 0.105 m3/s compared to the lowest values for airflows.

The speed of the air may not be sufficient to carry away the moisture from the material surface to the
outside of the drying chamber, so the relative humidity of the air increases at low flow rates. Also, with a
higher airflow of 0.105m?%s, relative humidity is very low in the drier, which is helpful for a faster drying
rate since low humid air has a greater potential to absorb moisture. The most significant criteria for
successful drying are a greater temperature and lower relative humidity.
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Fig. 5 depicts the chamber temperature (T;) as a function of overall drying time (ts) under varied airflow
rates. When applying an additional source (backup heater) to the dryer from 1 a.m. to sunrise at 5:23 a.m.,
the drying chamber temperature dropped slightly as drying time increased due to the low temperature of the
ambient air.

The heater continues to heat the air until 7:30 a.m., after which the heater is shut off and only solar
radiation is used to heat the air flowing over the solar collector's absorber surface. The radiation is low at the
start of the day, gradually increasing until it peaks at midday, and then gradually decreasing until it reaches
its lowest point at sunset. Throughout the day, the temperature rise is determined by the radiation levels. Due
to the absence of solar radiation energy at sunset and the decreased ambient air temperature, a backup heater

is employed once again. The temperature of the chamber decreases as the airflow rates increase in all three
scenarios.
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drying time under variable airflow rates source vs. overall drying time (tq) under variable airflow rates

Fig. 6 shows how larger airflows improve drying system efficiency because more air passes over the
product perimeter, forcing water vapor to evaporate and therefore improving the drying rate. The drying
system'’s efficiency improves as the airflow velocity rises. Fig. 7 depicts the relationship between moisture
content and overall drying time for various airflow speeds. At the beginning of the drying curve, there is a
constant drying rate, followed by a falling rate drying period. It's worth noting that the drying rate remains
constant at the start of the drying curve before rapidly decreasing.
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Fig. 6. Drying system efficiency vs. air flow rate Fig. 7. Moisture content vs. overall drying time under

variable airflow rates

Moisture will be removed by evaporation as air passes over the surface of banana slices, and moisture
will be continuously transported from the inner portion of the slice to the surface in an attempt to maintain
that moisture pool. Nevertheless, the surface moisture pool will eventually disappear. At this point, the dryer
will start a decreasing rate drying period, in which moisture must diffuse from the material's core to the
surface. The amount of water that evaporates steadily reduces over time in the lowest airflow used during
measurements, even though the banana receives considerable heat. The impact of controlling air flow rate on
sun drying time depends on the strength of solar radiation. In light of this, monitoring the dryer's functioning
is made easier by the temperature and humidity measurements.



Energy 49

Conclusions

The performance of the solar dryer including an auxiliary heat source was evaluated in an experimental
investigation with varying airflow speeds. From the results, some conclusions can be drowning as follows:

1. The air temperature in the range of 32-42 °C within the drying chamber may be maintained
throughout the duration of the product drying by using an additional heat source in addition to sun radiation.

2. It's a good idea to use an electric fan and backup heater to improve the dryer's thermal performance.
As a result, the proposed dryer is more effective and practical than the conventional solar dryer in drying and
heating applications.

3. The proposed dryer speeds up the drying process (decrease in drying time) and thus minimizes
humidity and spoilage risk, and increases product quality. This will significantly reflect on the performance
efficiency.

4. Higher air temperatures have a considerable influence on the drying rate in the early stages of drying,
but this effect decreases after around 10-15 hours.

5. Because it inhibits the creation of the stagnant boundary layer air, air velocity has a significant
impact in the early stages of drying. This means that the air around the product will not be saturated,
preventing steam from leaking into the surrounding air.

6. The maximum average drying efficiency was determined to be 35 % at a flow rate of 0.105 m?¥/sec,
with average solar radiation of 600 W/m? and an average ambient temperature of 27.5°C, with a relative
humidity of 35.136 % in the drying chamber.

7. The drying time at varied flow rates of 0.042, 0.0735, 0.105 m®/sec with a moisture content of 0.11
was 17, 14, 11.5 hours during daylight hours, respectively.
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The paper discusses the results of experimental studies of the influence of the degree of
inhomogeneity of a liquid flow on the dynamics of heat and mass transfer processes under pulsed
impacts. High-voltage electric discharges in a liquid medium were used as impulse actions, through
which an electro-hydraulic effect is realized, accompanied by the appearance of shock waves. The
dynamics of the occurring nonlinear, rapidly changing heat and mass transfer processes at high
hydraulic pressures cannot be described using differential equations. The simulation was carried out on
the basis of the method of group consideration of arguments, the advantage of which is the construction
of polynomial dependencies using a small amount of experimental data. The results of constructing
polynomial dependences made it possible to reveal the synergistic effect of the influence of flow
parameters on the dynamics of the impulse pressure amplitude and the intensity of heat transfer.

Keywords: heat and mass transfer, tubular heat exchanger, diffuser, method of group consideration of arguments,
impulse action, electrohydraulic effect, heat transfer rate.

Introduction

The widespread use of electricity and thermal energy leads to the development of methods for
increasing the efficiency of heat exchange processes, which helps to reduce overall energy consumption and
protect the environment. At industrial and energy enterprises and branches of technology, the task of
intensifying the heat transfer process and creating highly efficient heat exchangers is very relevant. The
efficiency of each stage of electricity production is discussed and ways to improve the efficiency of heat
production are proposed [1-7]. It’s known that at the transport enterprises of thermal power engineering and
in many industrial production processes, processes are responsible for heat consumption due to the
movement of the coolant in the form of hot water through pipelines that are limited by parameters and
configuration. To implement specialized technologies, a heterogeneous flow is used, consisting of water-
soluble solutions with gaseous solutions and chemical impurities in the form of components.

At thermal power plants, industrial water is used as a heat carrier, which, before entering the heating
boilers and steam generators, undergoes a 2- or 3-stage purification from impurities. But during operation, a
layer of solid scale deposits is formed on the internal surfaces of tubular heat exchangers, which impair the
efficiency of the heat exchanger by reducing the diameter of the pipeline [3-5]. Thus, after a certain period of
operation, the purified water becomes a non-uniform flow. The degree of heterogeneity associated with the
presence of gaseous and solid impurities can sometimes cause undesirable effects, such as an increase or,
conversely, a decrease in pressure, which leads to a significant change in the intensity of heat transfer. These
factors necessitate the study of the mechanisms of formation of hard scale deposits on the internal surfaces of
tubular heat exchangers, and, accordingly, the development of technologies for removing such deposits.

Among the many methods of treating heat exchange objects from deposits, the most effective method is
the electrohydraulic effect (EHE), in which the conversion of thermal energy into mechanical energy without
intermediate energy conversion takes place [8]. EHE is based on the phenomenon of a strong effect of a
hydraulic wave, accompanied by a high-voltage pulsed development of a discharge in an aqueous medium
[9]. Non-linear, non-stationary, rapidly changing heat transfer processes, in which physical parameters
increase with large gradients, cannot be described using differential features. In practice, semi-empirical
formulas with large numerical constants are used to describe them, but they are valid in a narrow range of
parameters. In this regard, modeling of heat transfer processes in pipes with a two-phase coolant under
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pulsed impacts is still an urgent engineering problem. The development of computer technology and the
creation of new application software packages make it possible to quickly process data and simulate complex
physical processes with great care. In this paper, we consider the results of modeling the parameters of a
pulsed heat transfer process in an inhomogeneous aqueous medium using the method data regression
analysis

1. Method of group consideration of arguments

Method of group consideration of arguments (MGCA) consists in building statistical models using
regression analysis of experimental data and allows you to get the most adequate solutions that are consistent
with the real physical picture [10]. The correct choice of support functions is carried out automatically by the
combinatorial MGCA algorithm. Interpolation is reduced to direct restoration of a polynomial function from
a small number of points (interpolation nodes) determined from the experiment. Based on the universal laws
of the theory of self-organization, MGCA allows you to get the most adequate solutions that are consistent
with the real physical picture. A preliminary model is compiled, which is further refined using single and
multiple forecasts synthesized using the MGCA. The advantage of MGCA is that even when using 6 - 10
points taken from observations, this method allows you to build a model of arbitrarily high complexity.

The selection criterion is the most important parameter that must be set in the design module for the
MGUA. The criterion used is the GCV - Generalized Cross Validation criterion, which is defined as

GCV = Norm. MSE / (1 — KK x k/N)?,
where Norm. MSE is the normalized mean squared error;

KK - criterion coefficient;

N is the number of points in the data file;

k is the number of coefficients to minimize the mean squared error.

Based on the enumeration of various models, a combinatorial MGCA algorithm is determined. On each
MGCA layer, a polynomial of the following form is constructed:

Co + C1-Xa+ Cz -Xo+ C3 -Xa+ Cy X1 -Xo+Cs-X1- X3 +Cs - Xz X3 + C7-X1? + Cg -Xo?+ Cg-X4?,
where Co is a constant, Cy, Co, ... are coefficients, and Xi, Xz, X3 are input variables.

Based on the results of the calculations, a technique for constructing binomial dependencies was
developed that most accurately describes the experimental data on the dependence of the intensity of heat
and mass transfer processes on the frequency of electro-hydro-impulse action in a liquid coolant [11]. Let us
consider the possibility of constructing functional dependences of the impulse pressure and heat transfer
intensity on the parameters of the coolant motion using the method of group consideration of arguments
(MGCA).

2. Experimental data

The relevance of the study of rapidly changing, high-gradient processes associated with the propagation
of shock waves in inhomogeneous media is of great practical interest. This is due to the importance of its
application in a wide variety of technological processes, where the energy of impulse pressure is widely used
for pressing, crushing, destruction of solid deposits on the inner surfaces of pipes of heat exchangers,
pipelines, oil pipelines, etc. [6]. The pulse pressure amplitude reaching ~(108+10° N/m? within ~(104+-107)
s depends on the state of the working medium and on the geometry of the working area where the shock
wave propagates [12-17]. The propagation of the shock wave is fast, the pressure pulses have a duration of
~10* s. The study of the patterns of propagation of wave processes is important for the development of
methods for regulating the intensity of the dynamic impact of shock waves.

The analyzed experiments were carried out in technical water with the presence of solid, conical
reflectors, rigidly fixed in the working area in order to enhance the action of the shock wave accompanying
the discharge in a given direction [6]. In [16] presents the results of an experimental study of methods for
controlling the power of the electrohydraulic effect by varying the degree of heterogeneity of the working
medium and the geometry of the working channel with the same electrical parameters of the discharge. The
possibility of cumulation of impulse pressure by using conical reflectors with a certain degree of
heterogeneity of the working medium has been established.

The control and measuring system of the electro-hydraulic installation makes it possible to observe the
change in pressure pulses by time sweeps of voltage and current. Description of the electro-hydraulic
installation, the device and the principle of measuring pulsed pressure with an amplitude of up to (50-60) bar
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and a signal duration of ~ (0.001+-0.005)s using a piezometric sensor are given in [6, 8-10]. Calibration of the
sensor was carried out in the installed state on the working section of the experimental stand using the
dynamic method. During calibration, the cover of the working area was replaced by a device consisting of a
cylinder and a piston. Using a storage oscilloscope, the electrical signals from the piezometric sensor were
recorded at a given hydraulic force of the piston impact. In the experiments, reflectors with a taper angle 6:
0°, 10°, 30°, 45°, were used, made of a sufficiently strong synthetic material, kapralan. Testing was carried
out repeatedly, the measurement error was 5-7%. The volumetric gas content coefficient ¢ and the angle 6
of cone-shaped reflectors placed in the working area in order to increase the pressure force in a given
direction were used as variables [6]. The degree of volumetric gas content is equal to:
Vg

VgV
were V;, V; - volume of gas and liquid.

As a result of repeated measurements, a nonlinear dependence of the pressure amplitude on the value of
the taper angle was found.

¢:

3. Results and discussion
3.1 Modeling impulse pressure dynamics

Let us consider the results of the analysis of experimental data on the study of the dependence of the
pressure amplitude accompanying a high-voltage electric discharge in an inhomogeneous medium.
Experiments have shown that the magnitude of the amplitude of the pulsed pressure during EHP exposure in
an inhomogeneous aquatic environment depends on the degree of gas content. As a result of the regression
analysis of the experimental data using various selection criteria, polynomial models were constructed that
describe the dependences of the impulse pressure amplitude at various concentrations of the gas phase and
various boundary conditions. To calculate the magnitude of the pulse pressure amplitude based on the
MGCA method, an expression was obtained in the form of binomials:

P =25+ 172¢- 0856+ 0063-9 20000960~ 19250 2+ 52 3+026-¢» 0 - 002 92 + 000031 0 03 1)

The results of modeling the magnitude of the impulse pressure according to this formula with a change
in the degree of gas content of the liquid working medium at different taper angles are shown in Fig.1.

P. N/m? P. N/m?

35,0 35,0

30,0 30,0

25,0 )
250 g .

20,0

00 03 06 09 12 15 18 21
a)o=0°

P. N/m?

35

30 L]

25 /_\._
20

15

10
00 03 06 09 12 1,5 1,8 21

c) 6 = 30°

20,0
15,0

10,0
0,0 03 0,6 09 1,2 15 1,8 2,1

b) 6 = 10°

3)SP. N/m~*

30 ]

[ ]
20
15
@.%
00 03 06 09 12 15 18 21
d) 6 = 45°

10

Fig.1. Dynamics of the impulse pressure amplitude on the degree of gas content:
lines are calculated by MGCA dependences, points are experimental data
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Calculations show that at a volume concentration of carbon dioxide bubbles ¢=0.5%, as a result of the
simultaneous influence of two effects of cumulation and cavitation, the pressure amplitude can increase up to
1.5 times (Fig.1c). Model (1) describes well the behavior of the experimental data for all values of the angles
of the reflectors (the calculation error does not exceed 2+3%) and confirms the possibility of increasing the
pulse pressure at a certain degree of gas content of the working medium.

3.2 Modeling of heat transfer dynamics under electro-hydro-pulse impact

Practice has shown that with a constant pulse action, the nature of the coolant flow changes from
laminar to turbulent, which in turn contributes to mixing and, accordingly, more intense heat transfer.
Analysis of the data showed that the main parameter that determines the degree of heat transfer
intensification is the electric discharge frequency f. The intensity of heat transfer, which is determined by the
thermophysical properties of the heat exchange surface and depends on the regime of the coolant flow,
characterized by the Reynolds criterion. To assess the influence of the main factor - the frequency of the
applied electrical pulses in a wide range of boundary conditions, the nature of the dependence of the average
value of the Nusselt numbers were analyzed.

Nu=oaxa/Al, 2

where o is a heat transfer coefficient, a is a characteristic linear scale, /s is the thermal conductivity of the
pipe walls.

A pulsed electric discharge causes turbulence in the coolant flow with energy-containing large-scale
vortices, the repetition frequency of which determines the nature of the flow and the intensity of heat transfer
from the surface. The mechanism of heat transfer intensification by electrohydraulic action is the
turbulization of the boundary layer. To describe the results of the experiment using the MGCA, the following
dependences for the dimensionless Nusselt number were obtained:

Nu

Nu,
Nu

=0.56+1.19-107°fq — 1.41-10"*q + 0.43-1078q Re — 1.09-107°f2q + 3.01-1078f3q, (3)
=0.56 +1.19-1075fqg — 1.41107*q + 0.51-10"8q Re — 1.05-107%f2q + 3.01-1078f3q,  (4)

*

where: f is a discharge frequency, Hz; g is the heat flux, W/m2; Re is the Reynolds number.

In the experiments, the magnitude of the discharges was maintained constant, equal to the discharges q
= 3393 W/m?, only the discharge frequency f was varied. It can be seen from the graphs (Fig. 2) that model
(3) describes the experimental dependence well at low Reynolds numbers, while model (4) is more suitable
for regimes with Re > 20000. As can be seen from the graphs, the heat transfer dynamics is determined by
the degree of flow turbulence. The difference between the polynomials lies solely in the numerical values of
the coefficients, reflecting the joint synergistic effect of the influence of turbulence intensity on heat transfer.

Nu/Nu*
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Fig.2. Dynamics of the heat transfer from the change in the frequency of discharges f;
line - calculation according to MGCA; points - experimental data.

In general, the nature of the regularity does not change, which confirms the fact that the physics of the
process is the same for all modes. The use of the MGCA method made it possible to quickly and accurately
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process the experimental data of complex nonlinear processes of heat-mass-transfer in inhomogeneous flows
and, at the same time, to detect implicit synergistic effects of the mutual influence of various arguments.

Conclusion

Calculations based on the constructed MGCA model describe well the behavior of the experimental
dependences under various boundary conditions. The calculations performed adequately demonstrate the
behavior of the experimental data for all angles and confirm the possibility of cumulating the impulse
pressure using conical reflectors at a certain degree of heterogeneity of the working medium. The
superimposition of the two effects of cumulation and cavitation leads to an increase in the amplitude by
almost one and a half times at a given volumetric concentration of the gas phase. An analysis of the results of
modeling nonlinear processes shows the advantages of MGCA in building a model of arbitrarily high
complexity when using a small number of observations, for example, 6-10 data. This determines its
applicability for modeling nonlinear heat transfer processes under variable boundary conditions.
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The article is devoted to forecasting of heat-shielding and mechanical properties of composite materials
based on porous fillers. Analytical dependencies for determining the thermal conductivity coefficient of materials
of homogeneous and heterogeneous structure are given. Based on the finite element method, there has been
developed a method for numerical determination of the thermal conductivity coefficient of composite materials
with a variotropic structure. The results of computer studies are in line with the dependences obtained on
analytical models. The expediency of using multilayer composite materials based on porous fillers in load-bearing
and enclosing structures of shell and plate types has been shown.
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Introduction

Concrete retains its leading position in the modern construction due to its vast raw material base, the
ability to control composition and structure, the variety of products, high technical characteristics and
durability. Lightweight concrete is an effective type of composite material that combines mechanical
strength with heat-shielding properties. Development of lightweight concrete technology is associated with
the creation of highly porous fillers of form stability and development of rational structures of the composite
material. Variety of shapes and heterogeneity of the surface of filler’s particles, chemical instability of the
binder stone, defectiveness of the contact zone set the concrete up as one of the complex artificial composite
materials. The structure of concrete, as a composite material, consists of two main components as follows: a
matrix (a binder stone) and a discrete component (filler particles). Regulation of lightweight concrete
properties is achieved by changing filler’s porosity, the content and structure of composite material’s matrix.

To increase the efficiency of lightweight concrete, it is important that structure’s indicators (the size and
nature of filler’s particles distribution, the content of the matrix) provide high heat-shielding properties, the
maximum value of elastic modulus of the composite material without loss of system connectivity [1-3].

The criterion for heat-shielding properties of materials is the coefficient of thermal conductivity, the
values of which are determined instrumentally using devices of various modifications and calculation
methods [4-7]. For many natural and artificial materials, the values of thermal conductivity coefficient were
determined and given in the reference literature. To develop technology and improve the efficiency of
composite materials of a combined structure with balanced mechanical and thermal insulation properties, it is
necessary to predict thermal conductivity at the stage of composite development [8-10]. Therefore,
analytical and numerical methods for determining this characteristic for a composite material are very
relevant. Formulas for calculating the thermal conductivity coefficient of porous concrete are known [11-
15]. The use of newly developed porous granular filler and matrix requires refinement of methodology for
determining the thermal conductivity coefficient of lightweight concrete.

The aim of the work is to study the nature of the change in thermal conductivity and mechanical
properties of a composite material based on granular porous filler by numerical methods.

Previously, authors had carried out numerical studies of the influence of porous filler’s characteristics
on composite material’s strength properties. The paper [4] represents the results obtained using the Lira Sapr
program, which makes it possible to study stress-strain state of systems taking into account the plastic and
brittle deformation mechanisms. The studies made it possible to determine boundary values of filler’s
packing density, to identify critical situations leading to grains flattening. This work is continuation of
research on composite materials.
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1. Object and methods of research

The object of the study was a cementless composite material of a multilayer variotropic structure, made
from molding sands containing various amounts of porous granular filler. Variotropic concrete is
characterized by variable values of density and strength over the section of the moulded product, smooth
transition of layers with structural properties into heat-insulating layers. Instrumental determination of the
thermal conductivity of composite materials of this structure is difficult.

Here are some well-known analytical dependencies for determining the thermal conductivity
coefficient, which are used both for homogeneous porous media and for heterogeneous systems, for example,
concrete with porous granular filler. To calculate thermal conductivity of binary mixtures (Amix), consisting of
continuous matrix (stone binder concrete) with a thermal conductivity coefficient of Ama and discrete
inclusions (concrete filler) with a thermal conductivity coefficient As, it is possible to use the formula of V.I.
Odelevsky [4, 6, 8]. However, for calculation of concrete with high content of filler (for example,a large-
pore structure), this formula is unacceptable.

Calculations by the method of Landau P.F. [4, 8, 16] for mixtures with the number of phases i, which
occupy volumes Vi, provide an error of no more than 14% compared to the experimental data:

1 1
WBmix = Y Vi3, (1)
i

To determine thermal conductivity coefficient of a binary mixture with a matrix volume content Vma
and filler volume content Vs, the Burger formula is used [4, 8, 16], in which C is an empirical coefficient
depending on distribution of phases in the system:
Vet et + CVa1 A4y _

Vit +CVsi

7\‘ =

mix (2)

The need to select the value of the coefficient C for each composition reduces universality of the
formula (2). The value of empirical coefficient can be calculated by comparing the formula (2) with other
mathematical models, for example, with the well-known Maxwell formula [17]:

o Pt + 2y = 2V (e =) 3)
mix — “*mat -
Mot + 2ot + Vit (e =21

The solution of the system of equations (2) and (3) makes it possible to determine the value of the
coefficient C:

Vmixxmat

C=Vyp ———F——.
"™ Vit (st = i) (4)

Using the dependences according to formulas (1), (2) the coefficients of thermal conductivity are
calculated for arbitrary concrete compositions that differ in the content and properties of the components
(Table 1). The values of the coefficient C (Table 1) are determined using equation (4). Analysis of the
calculation results indicates sensitivity of analytical methods to changes in the composition of concrete.
However, the use of calculation methods has limitations. For example, for concretes with a matrix, the
thermal conductivity of which is equal to or less than the thermal conductivity of the filler, the coefficient C
takes values close to zero. This is not typical for real concrete structures.

Wide opportunities for modeling and predicting the properties of composite materials are provided by
computer programs [18-21]. The finite element method implements the solution of stationary and non-
stationary problems of thermal conductivity and thermoelasticity [22, 23]. For a flat system, it is efficient to
use the Agros2D program (University of West Bohemia, Pilsen, Czech Republic), developed for calculating
physical fields of various nature.

Numerical modeling of thermal conductivity was performed on the example of a composite material
with porous granular filler. Two options for the structure of lightweight concrete were considered. The first
option is a regular packing of filler particles of the same diameter, equal to 0.7 cm (Figure 1a). The second
option is filler particles with diameters of 0.7 and 1.0 cm are distributed according to the law of an
equilateral triangle (Figure 2a).
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The method developed for numerical determination of thermal conductivity coefficient for the models
under study is based on the well-known dependence relating the heat flux (q), the temperature of the outer
surface of the layer (tci), the temperature of the inner surface of the layer (tc2), the layer thickness (8) and the
thermal conductivity of the layer (1) [4, 6]:

A (te, -t
q= % (5)
Based on equation (5), the thermal conductivity of the layer is equal to:
q-d
= ——: 6
(te; —tey) ©

Calculation results using the numerical method are shown in Table 1.

Calculations of composite material’s mechanical characteristics were made for the structures of roof
and ceiling under the distributed load P = 10 kN/m?. The accepted value of load corresponds to the normative
indicator of permanent and temporary load for standard prefabricated and monolithic reinforced concrete
structures.

To assess the level of stresses in the model under study, the method recommended by the Construction
Norms and Rules 2.03.01.84 «Concrete and reinforced concrete structures» was used. The bending moment,
M, in the design section can be expressed in terms of the height of the concrete compression zone,
determined by the parameter, o, and the normal bending stresses in the concrete, Ry, and reinforcement, Rsc,
by the formula:

M < 0gRyb52 + RgcAL(5, —a'), ()

where, or is a coefficient equal to 0.4 for lightweight concrete; Ry is design resistance of concrete; b is
design width of the wall section, equal to 1 m; & is the wall thickness of the coffered ceiling; Rsc is design
resistance of the reinforcement, equal to 355 MPa; Agis cross-sectional area of reinforcement of the

compressed belt; a’ is thickness of concrete cover.

For the model under study, the case is accepted when the effect of reinforcement in the compressed
zone is not taken into account. In such a situation, from formula (7) for normal stresses, o, the dependence is
obtained:

Mmax S
orbdg

Ry 8

o=

Table 1. Calculated values of thermal conductivity for concrete of various compositions.

Content of concrete Thermal conductivity Thermal conducttivity of concrete,
components of concrete components, calculated agcordmg to the formulas Coefficient
Number . _ W/(m-°c) Amix, W/(m-°C), C
m\a/tr::tx filler, Vi m;:a:x, filler, Asii Landau | Burger |[Numerical method
1 0.300 0.700 1.90 0.08 0.305 0.491 0.269 1.469
2 0.300 0.700 0.80 0.10 0.220 0.263 0.396 1.412
3 0.300 0.700 0.50 0.08 0.157 0.179 0.189 1.389
4 0.300 0.700 0.20 0.20 0.200 0.200 0.240 0.000
5 0.337 0.673 0.10 0.04 0,058 0.057 0.081 1.288
6 0.500 0.500 0.70 0.07 0.275 0.329 0.329 1.429
7 0.510 0.490 0.80 0.10 0.344 0.397 0.396 1.412
8 0.673 0.337 0.10 0,80 0,200 0.193 0.210 0.305
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a) b)
Fig.1. Model of a composite material with regular packing of granules of the same diameter:
a) layout of filler’s particles; b) temperature fields obtained in the Agros2D program.
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Fig.2. Composite material model with the packing of filler particles of different diameters according to the law of an
equilateral triangle: a) arrangement of filler particles; b) temperature fields obtained in the Agros2D program.

2. Results and discussion

In accordance with the method developed, a flat layer was isolated in the form of a strip of length L
with an aspect ratio L/5>2. A heat flux with intensity of g = 100 W/m? is set on one of the faces of the
computational domain. The temperature T= 0 is set for the other three faces. As a result of the calculation,
the values of the temperature distribution inside the layer and on the active surface of the layer, along which
the heat flux is set, are obtained. Taking into account the given boundary conditions in formula (6), it is
assumed that tc; =T=0.

Numerical calculations showed approximate correspondence between the obtained values of the thermal
conductivity coefficient for both cases at equal values of Vma, Vi and the corresponding thermal
conductivity coefficients of the matrix and filler. Thermal protection layers with a thickness of 0.03 and 0.05
m were considered. The packing densities of the granules were controlled by assigning characteristics of the
binder to some part of the filler. This made it possible to regulate the volume ratio of filler and matrix in the
composite material. Figures 1b and 2b show the temperature fields obtained using the Agros2D program.

In the calculations, the ratio of the filler and matrix in the composite material was controlled by
imparting the properties of the matrix material to some granules. In this way, the volume of the matrix was
increased. It should be noted that the thermal conductivity coefficient of concrete with porous granules is
almost three times lower than for the matrix material.

Numerical methods make it possible to compare the thermal efficiency of using multilayer shells made
of different materials. Multilayer objects of traditional structure and those objects developed using composite
materials with porous granular filler were used as a comparison [3, 24, 25].

The traditional object is represented by a three-layer shell with two outer layers of heavy concrete,
thickness is 8, = 83 = 0.04 m, thermal conductivity is A, = s = 1.7 W/(m-°C); the central layer with a
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thickness of &; = 0.05 — 0.20 m made of mineral wool with A1 = 0.07 W/(m-°C). The object developed is a
20 cm thick five-layer shell made of a composite material with porous granular filler. Separate layers are
made of composite materials with porous granular filler, which have a similar composition and differ in
structure (Figure 3). The outer layers of the object developed have the following fixed parameters: thickness
is 5,*= 8s* = 0.04 m, thermal conductivity of the layers is A*= 0.11 W/(m-°C) and As*= 0.13 W/(m-°C).
The calculated thickness of the central layer (5:*, m) with thermal conductivity of A;*= 0.08 W/(m-°C)
ensures that the thermal resistance of three-layer and five-layer shells is the same (Table 2). Assuming that
the values of thermal resistance on the boundary surfaces of both compared shells are the same, we obtain:
58
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Table 2. Parameters of models of multilayer shells made of materials of various compositions and structures.

Five-layer shell made of composite material Three-layer shell made of heavy concrete and
with variotropic structure mineral wool
Number = < - = < - -
A, o1, A2, o2, A3, 33, > 6, A, 1, A2, 2, > i,
W/(m=°C)| m W/m?°C m [W(m?°)| m m W/(m?°C)| m W/(@m?°C m m

1 0.08 | 0.000 | 0.11 0.04 0.13 0.04 | 0.160 0.07 0.05 1.7 0.04 | 0.130
2 0.08 | 0.000 | 0.11 0.04 0.13 0.04 | 0.160 0.07 0.08 1.7 0.04 | 0.160
3 0.08 | 0.020 | 0.11 0.04 0.13 0.04 | 0.180 0.07 0.10 1.7 0.04 | 0.180
4 0.08 | 0.050 | 0.11 0.04 0.13 0.04 | 0.210 0.07 0.12 1.7 0.04 | 0.200
5 0.08 | 0.085 | 0.11 0.04 0.13 0.04 | 0.245 0.07 0.15 1.7 0.04 | 0.230
6 0.08 | 0.146 | 0.11 0.04 0.13 0.04 | 0.306 0.07 0.20 1.7 0.04 | 0.280
7 0.08 | 0.000 | 0.11 0.04 0.13 0.04 | 0.160 0.07 0.05 1.7 0.04 | 0.130
8 0.08 | 0.056 | 0.11 0.04 0.13 0.04 | 0.216 0.07 0.08 1.7 0.04 | 0.160
9 0.08 | 0.096 | 0.11 0.04 0.13 0.04 | 0.256 0.07 0.10 1.7 0.04 | 0.180
10 0.08 | 0.136 | 0.11 0.04 0.13 0.04 | 0.296 0.07 0.12 1.7 0.04 | 0.200
11 0.08 | 0.196 | 0.11 0.04 0.13 0.04 | 0.356 0.07 0.15 1.7 0.04 | 0.230
12 0.08 | 0.296 | 0.11 0.04 0.13 0.04 | 0.456 0.07 0.20 1.7 0.04 | 0.280
13 0.08 | 0.012 | 0.11 0.00 0.13 0.04 | 0.092 0.07 0.05 1.7 0.04 | 0.130
14 0.08 | 0.046 | 0.11 0.00 0.13 0.04 | 0.126 0.07 0.08 1.7 0.04 | 0.160
15 0.08 | 0.069 | 0.11 0.00 0.13 0.04 | 0.149 0.07 0.10 1.7 0.04 | 0.180
16 0.08 | 0.092 | 0.11 0.00 0.13 0.04 | 0.172 0.07 0.12 1.7 0.04 | 0.200
17 0.08 | 0.126 | 0.11 0.00 0.13 0.04 | 0.206 0.07 0.15 1.7 0.04 | 0.230
18 0.08 | 0.183 | 0.11 0.00 0.13 0.04 | 0.263 0.07 0.20 1.7 0.04 | 0.280
19 0.08 | 0.055| 0.11 0.00 0.13 0.04 | 0.135 0.07 0.05 1.7 0.04 | 0.130
20 0.08 | 0.115 | 0.11 0.00 0.13 0.04 | 0.195 0.07 0.08 1.7 0.04 | 0.160
21 0.08 | 0.155 | 0.11 0.00 0.13 0.04 | 0.235 0.07 0.10 1.7 0.04 | 0.180
22 0.08 | 0.195 | 0.11 0.00 0.13 0.04 | 0.275 0.07 0.12 1.7 0.04 | 0.200
23 0.08 | 0.255 | 0.11 0.00 0.13 0.04 | 0.335 0.07 0.15 1.7 0.04 | 0.230
24 0.08 | 0.355 | 0.11 0.00 0.13 0.04 | 0.435 0.07 0.20 1.7 0.04 | 0.280

For multilayer materials, the balance of heat-shielding and mechanical characteristics is important.
Behavior of the studied materials in shells (Figure 3a) and pan floor (Figure 4) has been considered.

We take the thickness of individual layers 6i* < 0.04 m. From here, we can find the thickness of the
variable central highly porous layer of the five-layer shell, which plays the main role in the thermal
insulation of the five-layer model (Table 2).

Positions 13 — 24 of Table 2 reflect the properties of a five-layer model, in which one of the layers
with the thermal conductivity coefficient of X,*= 0.11 W/(m-°C) has a thickness of &,*= 0. In this case, the
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total thickness of the multilayer shell can be reduced without significant change values of the thermal
conductivity coefficient.
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Fig.3. Five-layer model for the shell: a) shell structure; b) the structure of a five-layer material (1 — central layer;
2 — middle layers; 3 — surface layers).
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Fig.4. Pan floor: 1— heavy layer concrete; 2 — a layer of heat-insulation material; 3 — top protective layer.

Figures 5 and 6 illustrate the efficiency of using composite materials based on granular porous filler in
the various types of floors. In numerical studies, the calculated vertical uniformly distributed load of
P = 10 kN/m? was adopted on the walls of the shell and the pan floor. Strength calculations were performed
by the finite element method in SCAD Office program using a multilayer shell finite element [22, 23].
Calculations confirm the advantages of using multilayer models of composite materials based on granular
porous filler. Calculations show that the shell wall is subjected mainly to normal stresses; bending moments
in the structure are small and can be neglected. Analysis of normal stress isofields (Figure 5a—b) indicates
that the level of normal maximum stresses in a five-layer model made from composite material is three times
lower than for a three-layer model of the same thickness. The level of vertical movements for the models
compared is approximately equivalent and corresponds to the scheme (Figure 5c).

According to the calculations, the wall of the pan floor works in bending. The normal stresses in the
wall are determined by the values of maximum bending moments. The use of a five-layer composite material
in insulating layers (Figure 4) makes it possible to reduce the level of maximum bending moments by 25%;
accordingly, the level of normal stresses will decrease by 25% compared to the three-layer model (Figure 6).

At the same time, vertical displacements are reduced by 20%, which is due to the increased
deformability of the central layer and the violation of uniformity of the wall material made using a soft heat-
insulating layer. To calculate the normal stresses, o, using formula (8) from Figure 6c¢, it is assumed that the
maximum bending moment for a five-layer model of a caisson slab 1 m wide is Mma= 0.04 tm = 0.04-10°
kgm.
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Fig.5. Stress and strain isofields in the shell: a) normal stresses in a three-layer shell with a central layer of mineral
wool; b) normal stresses in a five-layer composite shell; ¢) vertical movements in a three-layer shell.
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Fig.6. Isofields of stresses and deformations in the wall of the pan floor: a) displacement isofields in a five-layer wall
made from a composite material based on porous filler; b) displacement isofields in a three-layer wall based on mineral
wool; ¢) isofields of bending moments in a five-layer wall made from composite material based on porous filler;

d) isofields of bending moments in a three-layer wall based on mineral wool.
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For the situation described in line 14 (Table 2), only one layer with a thickness of 5o = 0.126 — 0.03 =
0.096 m = 9.6 cm is accepted with a margin of safety:
0.04-10°
C=——F——>
0.4-102 9.6
According to building codes, the ultimate resistance of lightweight concrete of strength classes
B2.5 — B12.5 varies from 0.18 to 0.59 MPa. Therefore, the necessary strength of the layer is provided. The
calculated characteristics correspond with the results of experimental studies of composite materials [26].

=0.0108kN/cm? =0.11MPa<R,,.

Conclusion

Results of numerical studies made it possible to determine the nature of the change in heat-shielding
and mechanical properties of multilayer materials and draw the following conclusions.

1. A technique for numerical determination of the thermal conductivity coefficient of a multilayer
composite material with a variotropic structure based on porous granular filler has been developed. The
results obtained correspond to the values obtained with the help of analytical dependencies.

2. The results of computer-aided design obtained for a flat model are in line with the data of an
analytical calculation of composite materials’ thermal conductivity coefficient for three-dimensional models.

3. Behavior of a composite material based on porous granular filler was studied by numerical methods
in a spherical shell and a pan floor wall. The resulting stress and strain’s isofields are comparable to the
corresponding fields for a three-layer model containing dense load-bearing layers of heavy concrete and a
central heat-insulating layer of mineral wool.

4. 1t has been revealed that with the same thermal characteristics and almost the same total thickness,
the level of stresses and deformations in a multilayer shell made of a composite material based on porous
granular filler is significantly lower than in a three-layer model made using heavy concrete. This is due to the
absence of variotropic structure of abrupt change in layers’ stiffness in the composite material, which is
characteristic of a three-layer model of materials of different nature.

5. Computer simulation methods make it possible not only to predict technical characteristics of
multicomponent systems, but also to carry out targeted development of effective composite materials with
the desired properties.
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ALGORITHM FOR FINDING MAXIMUM POWER POINT TRACKING
WHEN SHADOWING OR FAILURE OF SOLAR PANEL PHOTO CELLS
ON SATELLITES USING LOW ORBITS
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Solar cell shading or the failure of several photocells changes the output current-voltage characteristic. This
paper discusses an algorithm for approaching and searching the maximum power generated on board the
spacecraft, which is all-important for fast charging of the secondary sources of electrical energy since the time
spent on the sunny side in low orbits are limited by time. Currently, algorithms for finding maximum power work
in ideal cases, and simple and effective algorithms are needed in cases of solar panel shading or failure of
photocell/cells. In this paper, a simulation of a solar panel in various conditions is carried out. An algorithm for
constructing the output volt ampere characteristics of a solar cell and a solar panel is implemented. Experiments
of various algorithms on real devices have also been carried out.

Keywords: Maximum power point tracking, Python, current, voltage, failure, shadowing effect, power supply
system

Introduction

The number of satellites in low earth orbit is growing every year and will reach 100,000 satellites by
2030 [1]. The size of satellites is decreasing due to the development of technologies in the field of
electronics, but the energy needs of the spacecraft are increasing due to the increase in the flight task. There
is also a growing number of radar satellites that use an active payload and their consumption is much higher
than that of optical spacecraft. Satellites in low orbits have a limited amount of time on the sunny side, so the
challenge is to speed up the charge of the battery while passing through the consecrated part of the satellite's
orbit [2]. The spacecraft power supply system uses two types of charge: direct energy transfer (DET-Direct
Energy Transfer) [3]; maximum power point tracking (MPPT) method [4]. Direct Power Transfer - Without
the usage of converters or regulators, power from the solar panel is sent directly to loads.

To select the optimal power from the solar panel, which depends on various parameters of the satellite,
such as the angle of inclination of the solar panel relative to the sun, the temperature on the solar cells,
efficiency, which is an integral parameter, service life and other criteria, the spacecraft power supply system
uses the method of tracking the maximum power.

Solar cells often fail on spacecraft and for this purpose the MPPT search algorithm is needed. For
shading cases, there are currently algorithms (MPPT algorithms for partial shading conditions) such as meta-
heuristics, fuzzy logic based methods, numerical and mathematical application methods, hardware and
modified conventional methods and etc. The onboard computer of the spacecraft is limited in computing
power and the above algorithms require a lot of computing power. The developed algorithm reduces the load
on the onboard computer.

1. Implementation of these algorithms on satellites KazEOSat - 1 and KazEOSat — 2

At the moment, JSC “National Company “Kazakhstan Gharysh Sapary” operates two optical remote
sensing satellites KazEOSat - 1 - high resolution and KazEOSat - 2 - medium resolution, which is part of the
space system of the Republic of Kazakhstan. The KazEOSat - 1 has a power supply system, which is
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implemented using direct energy transfer technology (DET) and the electrical architecture of the spacecraft
is shown in Figure 1. The PCDU is a power control and distribution unit that uses a direct energy transfer
system. The solar array generates energy, which is sent to the PCDU to charge the battery and supplies
subsystems of the spacecraft with power:

- Onboard computer;

- Communication system (S-band and X-band);

- Attitude and orbit control system (reaction wheels, star tracker, GPS module, magnitorque and etc.).

On-Board Computer

hass
Memory

Remote interface Unit

[
S-Band  S-Band m

TRSP TRSP

Fig.1. Electrical architecture of the KazEOSat -1.

The KazEOSat-2 satellite power supply system is shown in Figure 2, this spacecraft has an MPPT

charge system [5]
Solar array E )

Protection

Overvoltage

Fig.2. Electrical architecture of the KazEOSat — 2.

On the satellite KazEOSat - 2, the solar array generates an electric current, which is directed to the
battery charge regulator (BCR), BCR has the MPPT algorithm installed. Further, the current with maximum
power charges the battery and part of the energy is directed to the energy distribution module.

2. MPPT algorithms (methods)

There are numerous MPPT methods available at the moment for locating a spot with the greatest power.
The most popular ones are:
- Perturb and observe method (P-&-O) [6];
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- Incremental conductance method (IC) [7];
- Current sweep method (CS) [8];
- Constant voltage method (CV) [9];

- Temperature method [10].
Currently, satellites use the P-&-O method and the IC Method, since these algorithms are more stable in
finding MPPT. These algorithms have been modeled in Python for a photocell and a solar panel. The

photocell’s electrical circuit is shown in Figure 3 [11 - 12].

Ao

Rsh
1kQ A%

O-»

Rs
100 pQ -

VWWA

Fig.3. The electrical circuit of the photocell.

Id4 Ish

The code is implemented in Python [13] for simulating a solar cell at various incident light intensities

and temperatures in the form of a diagram shown in Figure 4.

Import the particular module
of the pvlib library. Pvlib
python is a community
supported tool that provides a
set of functions and classes for
simulating the performance of

PV module data from
a datasheet

Input solar panel’s
parameters

photovoltaic energy systems

temperature

tput P(V) and
I(V) curve

calcparams_cec

1. Estimates parameters for the CEC single diode
model (SDM) using the SAM SDK.
2. Use the calcparams_cec() function, the input
parameters and self module_parameters to
calculate the medule currents and resistances.
3. Calcuates DC power according to the PVWatts
model.

singlediode

Fig.4. The python code algorithm for solar panels in the form of the diagram

The relationship between current and voltage in proportion to light intensity is seen in Figure 5. Figure
6 is showed the simulation results of the dependence between voltage and current at different temperatures
on a photovoltaic cell. Figure 7 is showed the dependence of the maximum power and voltage on the

different angles.
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Fig.7. Simulation results of dependence of the maximum power and voltage on the different angles
Figure 8 presents the electrical circuit to simulate the solar panel [14 - 15].
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Fig.8. The electrical circuit of the solar panel.

Simulation outcomes are shown in Figure 9, which shows the dependence of current on voltage and
power on voltage. These graphs are obtained by simulating the solar panel, under conditions when all
photocells are working properly. The dependence of current on voltage is shown in Figure 9 a) and Figure 9
b) shows the curve of power on voltage.

Experiments were also carried out with real devices for the implementation of MPPT algorithms. A
power board and a controller that is developed using the high-performance automotive grade microcontroller
(TMS 470) make up the hardware and software complex for optimizing the search and selection of the
greatest output power from the primary sources of satellites.
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Effect of module temperature in the -V curve (800 W/m?) P(V)
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Fig.9. The results of the simulation of the solar panel.

Figure 10 depicts the power board which was made with the help of the CADSTAR software, which is
used to design printed circuit boards. A Gerber file that comprises numerous topological elements was

created for the fabrication of printed circuit boards. Figure 11 shows the TMS 470, which realizes algorithms
to find MPPT.

Fig.10. The power board. Fig.11. The TMS 470.

The MPPT controller measures current, voltage, and battery voltage. The algorithm for determining the
maximum power point then generates a PWM signal to create a duty cycle using the control of MOSFETS
based on the input data. The MPPT controller’s operation is based on locating the solar panel’s maximum
power point. The following factors influence where the maximum power point is located: Environment
temperature; Solar panel lighting.

The power board assembly, TMS 470, electronic load, and power source are all depicted in Figure 12.
On this assembly, all electrical testing has been performed. The results of defining the maximum power of
the assembled devices are shown in Figure 13.

imum Power Pont Tracking _[5755]
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Fig.12. The assembly of controller and Fig.13. The results of the assembled devices.
power boards.
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Used algorithms search for maximum power and charge the spacecraft battery with the appropriate

current and voltage, which is equal to the MPPT. The algorithms find the pick of power when the solar panel
is not shaded or there is no photocell/cells failure.

3. MPPT algorithm for shading or failure of a photocell/cells

The satellite’s solar panel may be obscured by the structure or the solar array elements may fail. Robust
algorithms are needed that work in all cases, including the worst. This article shows a solution for finding the

MPPT when a panel is shaded or a photocell or multiple elements fail. In these cases, the panel has different
current-voltage characteristics, which are shown in Figures 14 and 15.

V) PIV)

Fig.14. The results of shaded or a photocell or multiple elements fail.

1{V)

P(V)
RN
] \ -
[
™
4 \ 15
\
- I| o
2 HI 10
|
3
1 |

Fig.15. The results of shaded or failure of a photocell/cells.

Figure 16 a) corresponds to the results in figure 14. Figure 16 b) corresponds to the results in figure 15.

a) b)

Fig.16. Shaded or failure sectors in the solar panel
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The foregoing algorithms for discovering MPPT start to fail when shading or failure of the
photocell/cells in Figure 14 and 15 occur because numerous maxima arise, and there is no longer a search for
the global maximum that is required for quick secondary source of charging. Nowadays, there are algorithms
for finding MPPT during shading and failure photocell/cells, but they are very difficult to implement and put
a lot of load on the controller when searching [16 - 17]. Figure 17 shows the implementation of the methods
for finding the maximum power in the event of darkening or loss of photocells.

I(V) P(V)

12 4

10 A

4
8 1 =

- B a

3 6

52
2z 44
1 2
51
0 0]
0 1 2 3 4 5 6 0 1 2 3 4 5 6

Fig. 17. MPPT algorithm in case of darkening or loss of an element/elements

The implementation of finding the MPPT in cases of shading or loss of photocells is shown in Figure
18. According to Figure 17, the voltage axis is divided into equal parts by steps that are multiples of the open
circuit voltage of the solar cell or cells linked in series.

‘. Pmax
Il Search

I The end

Fig. 18. Algorithm to find MPPT for worse case

The function will then be recovered using interpolation techniques (such as splines [18], Lagrange
polynomials [19], etc.). The area of each graph segment will be calculated using integration. The largest area
is determined by comparing the areas to one another. The MPPT is established in the region where the
maximum area is established utilizing the P-&-O or IC methods.

Conclusion

In the event of darkening or photoconverter failure, algorithms for determining the MPPT were
examined. The proposed MPPT search algorithm uses minimal mathematical formulas that will not load the
controller's work. And this algorithm can be used on board the spacecraft without taking into account
temperature changes on the solar battery and also the period of active existence. As a result of the analysis of
the literature, it can be concluded that the proposed solution is relevant, optimal and will be used in future
missions on spacecraft, as well as on ground-based solar stations.
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The article presents an overview of modern problems in studies of Extensive Air Showers and works devoted to
their investigation. It is demonstrated that over the past decade convincing evidence of the presence of a neutron
component has been demonstrated. When designing experimental facilities aimed at studying the nature of cosmic rays,
this must be taken into account, since fast neutrons that arise outside the working volume can adversely affect the
interpretation of the obtained data. In particular, if one tries to reveal the nature of penetrating component this effect is
at most importance. Studies of biological shielding for the high flux research reactor PIK reactor at the Kurchatov
Institute have shown that effective shielding from such neutrons can be provided by polyethylene in combination with
borated rubber. At the same time, the use of boron-containing polyethylene does not lead to a significant improvement
in protection, however, it significantly increases its cost. Based on foregoing, a modification of the hadron calorimeter
protection is proposed to improve its protection it from the influence of the fast neutrons.

Keywords: cosmic rays, extensive air showers, high-energy particles, ionization calorimeter, penetrating
component

Introduction

The study of the nature of cosmic rays has a long history, and it can be said that its origins are already
almost one century away from our time. As early as the beginning of the twentieth century, Victor Hess
discovered [1] that natural radioactivity on the Earth's surface is only partially due to radioactive decays of
elements in the soil and surrounding objects. In the course of his experiments with the rise of ionizing
radiation detectors on balloons, he showed that starting from altitudes of more than 1 km, the radiation
background began to increase. Moreover, this background did not depend on the time of day and did not
decrease even during a solar eclipse, and, as Hess correctly suggested, the source of this ionizing radiation
was obviously outside the Earth's atmosphere and was of cosmic origin.

Nowadays, cosmic rays are detected using many different facilities from Cherenkov telescopes such as
H.E.S.S., MAGIC, VERITAS, neutrino detectors of the “Kover-2” type of the Baksan Neutrino Observatory,
and to detectors of high-energy charged particles, incl. hadrons. Despite the fact that studies of cosmic rays
have been going on for more than a century, in this area there are still such unsolved problems as the nature
of the appearance of particles with energies exceeding 101920 eV [2], the origin of a break in the energy
spectrum [3], and the presence of extensive air showers (EASS) of the penetrating component [5, 6].

To approach the solution of the problems listed above, for example, to clarify the nature of the EASs
penetrating component, it is necessary to have data with high fidelity. All known systematic effects should
be excluded or minimized, preferably before the analysis. Therefore, section 3 contains the result of the
investigation at the Kurchatov Institute concerning the biological shielding at the PIK nuclear reactor. It also
proposes modification project for hadron calorimeter in order to reduce the influence of thermal neutrons
which can pose some problems to the data analysis if not excluded.
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1. Review of unsolved problems and attempts of their modern interpretations

There are three problems that are marked as unsolved for today: the maximum energy of cosmic
radiation particles, the energy spectral composition (namely, a sharper cutoff at high energies than the theory
predicts), and the presence of a penetrating component. Let's start by looking at the first of them.

It would seem, as we know, that there are many places in the Universe where nature acts like a natural
laboratory, for example, the magnetic field of magnetars reaches 10!°!! T [7, 8] and charged particles in
such fields can be accelerated to colossal energies. However, since the Universe is isotropically filled with
cosmic microwave background at a temperature of ~3 K, then upon reaching a certain energy threshold,
charged particles will interact, which will lead to their deceleration and, consequently, to energy loss. This
limit was first calculated by G. T. Zatsepin, V. A. Kuzmin [9] and, independently, by Greisen [10]. The
characteristic time of interaction of a proton with a kinetic energy of 102 eV with cosmic microwave
background radiation is estimated at 107 years, which means that when moving at a near-light speed, the
maximum distance that these protons would be able to overcome is 100 million light years or about 30
Megaparsecs, but the main problem is that we do not know the direct sources of such rays. Attempts to
explain this effect are still ongoing [11,12], including with the use of recent observations showing both
anisotropy in the distribution of ultra-high-energy cosmic rays and suggesting that perhaps the highest-
energy component may not consist of protons, but of heavy nuclei for which the Greisen-Zatsepin-Kuzmin
limit has a different meaning.

The second unsolved problem is the presence of a break in the EAS energy spectrum, which was
discovered as early as the middle of the last century [3]. At present, there is no well-established hypothesis
[4] that somehow explains its origin, since there are still discrepancies in the results of experiments, for
example, in the dissertation [13] by O. B. Shchegolev on pages 13-14, it is shown that for an experiment with
a calorimeter KASCADE the so-called "knee" is not observed. And in an article by researchers from the
FIAN, it is analytically shown that if a “kink™ is observed, then it must have precisely an astrophysical nature
[14].

Finally, the presence of the EAS penetrating component also does not have a strong explanation today,
and there are suggestions that increased ionization in the deep layers of the calorimeter can be caused both
by high cross sections for the production of exotic particles containing heavier generations of quarks, such as
charm and strange) [5, 6], and partially explained by the presence of high-energy neutrons in the hadronic
component [16], which also made it possible to explain the presence of delayed signals in external detectors.

The point is that if the energy of the primary particle is sufficiently high, and the axis of the EAS
(extensive atmospheric showers) passes near the detectors, then a large number of evaporation neutrons are
produced, which require some time for thermalization. The penetrating power of fast neutrons through
traditional lead shielding is quite high, and they led to additional delayed detector responses.

2. Scheme of the Hadron-55 facility and evaluation of the effect of fast neutrons
produced in EASs.

The Hadron-55 installation consists of several key components:

1. Two-tier coordinate ionization calorimeter

2. Central shower installation of 30 scintillation detectors

3. Peripheral detectors at distances of 40 and 100 meters from the ionization calorimeter.

The ionization calorimeter is designed to detect charged particles from extensive atmospheric showers
and makes it possible to determine the energy of the primary particle. The central shower facility makes it
possible to determine the moment of arrival of the EAS front and generates a trigger signal to start recording
all subsequent events in the calorimeter. Finally, peripheral detectors also register the EAS arrival moments
and, from the time difference, make it possible to reconstruct the zenith angle, and, consequently, the
direction of arrival of the primary particle. On Fig. 1 shows the design of an ionization calorimeter. More
detailed information about the location of all components of the installation and the principles of operation
can be found in the relevant works [16, 17].

It can be seen that a significant part of the calorimeter is occupied by sheets of lead and iron, which
usually work well as a shield against ionizing radiation, if we are talking about charged particles or gamma
rays. However, it is known that for neutrons, especially for fast neutrons, lead is an extremely poor shield for
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two reasons. First, it is known that, in the general case, the cross section for the interaction of neutrons with
matter decreases with increasing energy. For example, if we turn to the ENDF (Evaluated Nuclear Data File)
database and build graphs for the total cross section for the interaction of fast neutrons with matter, then we
will see the following picture presented in Fig. 2: namely, the interaction cross section for neutrons with
energies on the order of tens of MeV are at the level of units, with a maximum of tens of barns. At the same
time, their kinetic energy is almost millions of times greater than the thermal energy of the substance with
which they interact. Though. we can assume that the neutron hits the target at rest.
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Fig.1. Scheme of the Hadron-55 ionization calorimeter. Image on the left - vertical section of the calorimeter, on the
right - location of scintillation detectors and rows of ionization chambers.

It can be seen that a significant part of the calorimeter is occupied by sheets of lead and iron, which
usually work well as a shield against ionizing radiation, if we are talking about charged particles or gamma
rays. However, it is known that for neutrons, especially for fast neutrons, lead is an extremely poor shield for
two reasons. First, it is known that, in the general case, the cross section for the interaction of neutrons with
matter decreases with increasing energy. For example, if we turn to the ENDF (Evaluated Nuclear Data File)
database and build graphs for the total cross section for the interaction of fast neutrons with matter, then we
will see the following picture presented in Fig. 2: namely, the interaction cross section for neutrons with
energies on the order of tens of MeV are at the level of units, with a maximum of tens of barns. At the same
time, their kinetic energy is almost millions of times greater than the thermal energy of the substance with
which they interact. Though, we can assume that the neutron hits the target at rest.
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If we neglect change in velocity in the act of one collision of a neutron with an atom, which is
performed with good accuracy for heavy atoms such as lead or iron, then if the neutron's the velocity was
equal to v, and during a unit time of flight it experienced m collisions, then, obviously, the free path A will be
is equal to:

A=v/m, @
where v - the neutron’s velocity in collision with an atom;

m — number of collision per unit time.

In a unit time interval, a neutron will travel a path v and “sweep” a volume equal to ov in its motion,
and multiplying by the concentration of atoms per unit volume n, we get the number of collisions per unit
time m:

m = gvn 2
And the mean free path A is then equal to:
1
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Fig.2. a) Dependence of the total interaction cross section for neutrons of different energies; b) differential Cross
section for the interaction of neutrons with an energy of 10 MeV in collisions with lead nuclei

The score obtained by order of magnitude in this way is shown in Table 1. It can be seen that the path
length of ~10 MeV neutrons in lead is on the order of several centimeters. But it must also be taken into
account that this is only the average path length, and most of the neutrons (more than 90%) on average
deviate from the initial direction by an angle of less than 26 degrees, which is shown in Fig. 2b.

Table 1.

Substance p, g/em?® a.m.u n, (10%) c(10MeV) A, cm
Pb 11.3 207.2 3.28 5.2 6
Fe 7.8 55.45 8.52 10.3 1
CH: 1.2 14 5.14 1.01 19
H.0 1 18 3.33 2.34 13

The solid curve is the dependence of the differential cross section on the angle. Even on the logarithmic
plot, ninety percent of the area under the curve is contained within the 0.26° angle interval. That is, fast
neutrons represent a significant difficulty in measurements. However, this is only the first of the problems.
The second is that lead works extremely poorly as a neutron moderator. Indeed, in a frontal elastic collision
of two bodies with equal mass, according to the law of conservation of momentum, the incident body must
stop, and the body at rest must fully acquire its momentum and continue moving.

In the case when the masses of the bodies differ by a factor of 3 or more, and the collisions occur at
arbitrary angles, there is an approximation & that makes it possible to estimate the logarithm of the ratio of
the initial energy Eo to the energy after the collision E [18]:
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4)
That is, for lead (A=207), £&~0.01, which means that about 207/0.01~20-10 collisions are needed before

thermalization. Also, using the simplified formula [18] for the thermalization time 1o for lead, you can get:
2

Ty — a
® _ _ _ _

The situation can also be complicated by the fact that fast neutrons produced outside the calorimeter can
be partially but more effectively slowed down by other materials containing lighter nuclides and give an
additional excess background, which can complicate the interpretation of obtained data.

=5ms

3. Proposal for modification of the protection of the ionization calorimeter

As described below, the neutron background can present a significant problem in measuring the energy
of EAS particles, especially if we are interested in a time interval of ~1 ms. Articles devoted to the study of
the EAS neutron component [19] also provide data indicating the existence of events where an anomalously
high neutron multiplicity (M>1000) is observed. Thus, if the setup is not aimed at studying EAS by detecting
the neutron component, the suppression of the background associated with it is highly desirable.

In 2020, in Nuclear Research Center of Kurchatov Institute research on the effectiveness of biological
protection in the PIK high flux reactor hall from the neutron component has conducted, the results of which
can be applied in this case as well.

Table 2. Comparison of the most effective types of protection against fast and thermal neutrons

Fast neutrons Thermal neutrons Thermal neutrons
Source without Source in Source in
- polyethylene (5 polyethylene (10
N Configuration protection cm). cm).
Detector Configuration
source [ | | Y/
. 3 ‘.’ 3 - ‘-’ Ak
) AN RN
) Polyethylene 5 cm }j- 257.3 +0.16 269.94 4 0.16 183.8 + 0.2
' A 1) €Y) €y
2 Borated polyethylene ate 19.85 + 0.09 18.3 £ 0.08 11.24 £ 0.03
5%, 5 cm. N\ (12.96) (14.75) (16.35)
; Borated rubber + _'-_'- 255.29 +0.16 244.03 +0.16 162 + 0.34
Polyethylene (5 cm) AN (1.01) (1.11) (1.13)
Polyethylene (5 cm) + N\ 4.61+0.03 419 +0.02 2.36 + 0.03
4 yBor{)n rubber ) protection factor protection factor protection factor
N (55.81) (64.42) (77.88)
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A plutonium-beryllium source with a characteristic neutron energy of ~10 MeV was used as a source of
fast neutrons. In order to convert fast neutrons into thermal neutrons, a layer of polyethylene protection with
a thickness of 5 and 10 cm was used. A scintillation detector based on a Nal crystal acted as a thermal
neutron detector. Various materials have been used as protection, such as polyethylene, boron polyethylene
with 5% or 8% boron content, and boron rubber with 20% boron content. The results of the most significant
measurements are shown in Tables 2 and 3. The number without brackets means the count rate of the
detector per second, and the protection factor is indicated in brackets. With an increase in the thickness of the
source protection, the fraction of thermal neutrons increases, therefore, the protection factor against thermal
neutrons increases.

To protect yourself from fast neutrons in the experiment, you must first thermalize them, for which
polyethylene is used. A layer of 5 - 10 cm of polyethylene works quite effectively. It can be seen that borated
rubber itself, despite the large absorption cross section of boron atoms, is unable to provide good protection
not only from fast, but also from thermal neutrons.

Table 3 Evaluation of the effectiveness of borated rubber as a shield against fast neutrons

Fast neutrons Thermal neutrons Thermal neutrons
Source without Source in Source in
Configuration protection polyethylene (5 polyethylene (10
cm). cm).
Source ........
Detector Configuration ‘,5( : ‘;,'( :
. . 22.15 + 0.05 83.52+0.13 107.7 £ 0.2
1 Without protection % S -~ N
P . &) ) )
1.81 £ 0.03 3.81+£0.02 2.73 £ 0.03
2 Borated rubber protection factor protection factor protection factor
(12.24) (21.92) (39.45)

However, when it is used together with ordinary polyethylene, it is possible to obtain good suppression
of the neutron background. Moreover, the rubber should act precisely as an inner layer, and not an outer one.

Conclusion

The study of EAS is an intensively developing branch of physics. In the light of new research, it
becomes obvious that the hadronic component also includes a neutron component. Thus, data analysis
becomes incomplete, so it must be considered when designing experimental setups.

Based on the foregoing, it would be highly desirable to improve the design of the hadron calorimeter by
surrounding it with a neutron shield consisting of a layer of borated rubber and polyethylene, at least along
the perimeter, so that neutrons produced in the immediate vicinity of the setup would not affect the
interpretation of the data obtained. It is also possible to equip the entire complex with additional neutron
detectors, whose design is described, for example, in [21].
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SUMMARIES TYCIHIKTEMEJIEP AHHOTAIIUN

Kosnosckuii A.JI.

Xe22+ aybIp HOHIAPBIHBIH dpeKeTTecy Ke3iHAeri paguanMsiJIbIK 3aKbIMJAHYABIH KHHAKTATYbIHBIH IMPKOHUM
KEePaMHUKACBIHBIH KbLTY(PH3UKAJIBIK NapaMeTpJiepiniH e3repyiHedcepin 3epTrey.

Bepinren MakanaHbIH MakcaThl HYKTENIK akayjap, IUCIOKAlMsIap jkoHe OOC OpBIHAAp TYPIHAETI paaualysuIbIK
3aKbIMJIaHYJIapJIblH Taiia OOy IMpPOLECTEpPiHiH, COHMAi-aK OJapIblH JKHHAKTAIYBIHBIH joHe ZrOz KepaMUKaChIHBIH
OeTKi KaOaThIH/Ia JKEPTiTiKTI PETTENIMEreH aliMaKTapbIH Nakiia 60JybIHbIH 3Hepruschl 230 MaB Gonarein Xe??* aywip
HOH/IapbIMEH COyJICNEHIIPY Ke3iHAe KepaMUKaHbBIH KbUTy QU3HMKAIIBIK KaCHETTEpPiHIH e3repyiHe acepiH Oaranay OOJIbII
TaObutagsl. CoyneneHy YIIH MOHIAPIBIH TYPIH TaHIAy SIPOJIBIK OTHIHIAFBI SAPOJBIK peakuusiap MpoleciHae ypaH
SIIPONApBIHBIH,  O6iHy (parMeHTTEepiHIH OoCepiMEH CalBICTHIPBUIATHIH paTUalMsIBIK 3aKbIMIaHy MPOIECTepiH
MOJIeNbJey MYMKIiHIIKTepiHe OaitmaHpIcThl. ZrO, KepamMuKa TYPIHIETi CoylelleHAiIpyre apHaIFaH MaTepHalgapabl
TaHIay OJIapIbl jkaHa OYBIH peaKkTopiaphl YIIiH AWUCHEPCTi SAPOJIBIK OTHIHHBIH MHEPTTI MAaTPHIATIAaphl YIIiH HETi3ri
MaTepual peTiHAe MaijanaHy NepcreKTHBaNIapbIMeH IapTranFad. byn tagmay ZrO; KepaMHKACBIHBIH (DU3HKaIBIK-
XUMPSIIBIK, JKBUTYO(HM3UKANBIK JKOHE OEpIKTIK KacHeTTepiHe OaillaHBICTHI, OJlap OKCHITI KepaMHUKaHBIH Oacka
TYpJAEpIMEH CabICTRIpFaHga Te3iMai OoibIm TaObUTambl. 3epTTeyiep OaphICHIHIA COYNEICHYMIH Killi (PIIOSHIHSACH
Ke3iH[e OKIIayJaHFaH >KEPriTiKTI OIpTeKCi3 alMaKTapAblH Maiina OoJybl 3aKbIMIAIFAaH KEPAMHUKAIBIK KaOaTThIH
KbUTY QU3HKAJIBIK, KACUETTEPiHIH afTapIbIKTail o3repyiHe oKenMeiTini aHpIKTanasl. Anaiina, 102 non/cm?-neH xorapsl
coyneneHy Quionusuapbiaaa oonatei t-ZrO; — c¢-ZrO, TvnTi NonuMOpdTHl TYypJeHAIpyJiep 3aKpIMaanFaH Kabarra
KBUTYy OTKI3TILITIKTIH KeMyiHe oHe (DOHOHABIK JKbUIy alMacy MeXaHM3MAEpPiHiH Oy3blIyblHa OalJIaHBICTBI JKBLTY
JKOFAIITYJIAPBIHBIH T1ali1a 00JybIHA SKEJIe/I.

Kiar ce3mepi: ZrO; xepaMuKachl, paguanusiblK akayjiap, *KbUTy(BH3UKAIBIK KaCHETTEDP, PaaUaldsIbIK 3aKbIMIAHY,
aybIp HOH/AP, TUCIEPCTI AAPOIIBIK OTHIH.

Kosnosckuii A.JI.

HN3yuyenune BIMSIHUSI HAKOILICHUS] PAJUALMOHHBIX NOBPeKAeHUI NPH B3aUMOJEHCTBUM TSKeJIbIX HOHOB Xe22+
HA H3MeHeHHe Tel10(pu3nYecKnX NapaMeTpoB LMPKOHHEBOI KepaMUKH.

Ilenpro maHHON CTaTBM SIBASETCS OLCHKA BIMSHMS IIPOIECCOB (HOPMHPOBAHUS PATMAIIMOHHO-WHIYIIUPOBAHHBIX
MOBPEXJICHUH B BHJE TOYECUYHBIX AC(EKTOB, MUCIOKAIMH M BAaKaHCHH, a TaKkKe HMX HAKOIUIGHUS M 00pa3oBaHUS
JIOKAJIbHO-Pa3yIopsIIOYEHHBIX 00JacTell B MPUIIOBEPXHOCTHOM ciioe ZrO; KepaMuKax IMpHU OOJyYEHHU TSKEIbIMU
nonamu Xe??* ¢ sueprueit 230 M>B Ha u3MeHeHHe TEIIOPU3MYECKUX CBOHCTB KepaMHK. BbIOOp THNAa HOHOB Ul
o0yueHnsi 00yCIIOBJIEH BO3MOYKHOCTSIMH MOJICIUPOBAHMS IIPOLECCOB PaJUAallMOHHBIX IOBPEXKICHUH CPAaBHUMBIX C
BO3ZICHCTBUEM OCKOJIKOB JEJICHUS SIIEp ypaHa B Mpolecce sASpHBIX peakluil B saepHoM Toruiuee. Boibop Matepuaion
st oOsrydenust B Bune ZrO; kepaMuK 00yCIIOBJIEH NEPCIIEKTHBAMH MX NPHMEHEHHUs B Ka4eCTBE OCHOBHOTO Marepuaia
JUIT MHEPTHBIX MAaTpHIl IHUCIEPCHOTO SIEPHOTO TOIUIMBA ISl PEaKTOpPOB HOBOTO IIOKOJNEHHWS. JlaHHBIH BBIOOD
00ycioBneH (PU3NKO-XUMHYECKUMH, TETIO(GH3MYECKUMH M IIPOYHOCTHBIMHU cBoiicTBaMH ZrO; KepamMHK, KOTOpBIE
oOmamatoT OoJblIel yCTOWYMBOCTBIO, YEM JpyrMe THUIBI OKCHAHBIX KepaMHK. B Xxone wuccrnenoBaHuii ObuTO
YCTAQHOBJICHO, 4YTO (hOpMHpOBaHHE H30JIMPOBAHHBIX JIOKATHHO-HEOJHOPOAHBIX O0ONacTeld IpHM MaubIX (QIIIOeHCax
o0yyeHns1 He MPUBOJNUT K CYIIECTBEHHBIM M3MEHEHUSM TEIUIOQHU3MIECKNX CBOHCTB MOBPEXKIECHHOTO CIIOS KEPaMUK.
Onnako, nonumopdHele npespaienus tina t-ZrO; — ¢-ZrO,, BozHuKaomue npu (uroeHcax obmydeHus Boime 1012
MOH/CM?, IPUBOJIAT K CHUKEHUIO TEIUIONPOBOHOCTH U BOSHUKHOBEHHIO TEMLIOBBIX MOTEPh, CBA3AHHBIX ¢ HAPYIICHHEM
MeXaHU3MOB (DOHOHHOI! Nepeiauu Teria B IOBPEXKICHHOM CJI0€.

KaloueBble ciaoBa: ZrO; kepaMukH, paaudalMoHHble nedekThl, TemiopU3NYecKre CBOWMCTBA, paJWalMOHHbBIE
MTOBPEXICHUS, TSKEIJIbIE HOHBI, AUCIIEPCHOE SIIEPHOE TOIIIIHBO.

Cyparcuxos A.IL., Jlvicenko E.H., Manviues A.B.

PaguanusaiabIiK-TEepMUSUIBIK KOHE TEePMUSUIBIK JKaraaiijiapaa cyiblk ¢a3zanbl Kakray JaiciMeH aJIbIHFaH
LiTiZnMn ¢eppurtTepinin 6acTanKbl MArHUTTIK OTIMALTIriH 3epTTey.

bactankpl OTIMIUIIKTIH TeMIepaTypaiblK TOYSJNAUIriH eJuey JUTHH-TUTAaH (eppuTTepinaeri ¢as3aiblK >KoHE
KYPBUIBIMIBIK TYPJICHYJIEPAiH €PEKUICTIKTePiH, KbUIBITY JKOHE CAIKbIHIATY >KbUIJAM/IBIFbIHA, COHOAN-aK TEPMHSUIIBIK
JKOHE PaJUallMsIIBIK TEPMUSUIBIK KbI3IBIPY Ke3iHIer! CyibIK (ha3aliblk KaKray TeMIeparypachiHa OaiIaHbICThI 3epTTey
YIniH maiganasburad. @eppHuT YHTAaK KOCTACBIHAH KAaTTHI (a3anblK CHHTE3 ofmiciMeH cuHTe3menni. CyHbIK (a3ans
KaKTay oJiciMeH (eppuT KepaMHKACBhIH aly YIIiH YKCHUT OaJKUTHIH BUCMYT TUOKCHII KOCTAchl KoJigaHwlabl. KC—
Kakray yiritepai wmmmynscTik  (1,5-2,0) MbdB  oieKTpOHABI IIOKIEH KBI3ABIPY KE3iHIE JKY3€re achIpbUIFaH.
PaguanusuibIK—TepMUSUTBIK,  arjoMeparist YJITUlepai MMITYJIBCTIK 3JeKTpoHIsl coyieMeH (1.5-2.0) MbB keI3gsipy
apKBUIBI XkKy3ere achlpbuiibl. Kocma kakranran (GeppUTTep/IiH akaylbl KyiiHe oKeNeTiHI aHBIKTAJJIbI, all CoyJIeICHYIiH
ocepl KaKTayJbIH aJFallKbl Ke3eHaepiHae Oy acepai kymeiremi. [Ipectenren yiariiepiH KbI3ABIPY KOHE CAKBIHIATY
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KBUIIAMIBIFBIHBIH KaKTaJIFaH (EpPUTTEPAiIH OacTanKbl MAarHUTTIK OTIMIUTITIHIH ©3repyiHe ocep €Ty 3aHIbLIBIKTAPHI
aHBIKTaJIFaH.

Kiar ce3nepi: muruit heppurtepi, CYibIK (a3aiblK KakTay, SIEKTPOHIB MIOKTap, JKOFaphl TEMIIEpaTypaiap, KeI3IBIPY
YKOHE CANIKBIHIATY JKbUIAaMIBIFBI, 0aCTalKbl MATHUTTIK O TIMIILTIK.

Cyparcuros A.IL, Jlvicenxo E.H., Manviues A.B.

HccienoBanue HCXoAHOH MAarHuTHOW mnponunaemoctd d¢eppuroB LiTiZnMn, noay4yeHHBIX MeTOI0M
KUAKO(PAZHOTO CIIeKAHUS, B PAMALHOHHO-TePMUYeCKHX H TEPMHYECKUX YCJIOBHIX.

W3mepenne TemrepaTypHOH 3aBHCUMOCTH HAuYaJbHOM IPOHMUIAEMOCTH OBUIO HCIIOJB30BAHO JUIi HM3Y4EHHS
ocobeHHOCTEH (Pa30BBIX M CTPYKTYpPHBIX NMPEBPAIICHUH B JIMTUH-TUTAHOBHIX ()EPpPUTaX B 3aBUCHMOCTH OT BPEMEHH,
CKOpPOCTEH HarpeBa M OXJ@KACHHS, a TaKKe TEeMIeparypbl >XHIAKO(A3HOTO CIIEKaHHS IPU TEPMHYECKOM U
panualMoHHO-TepMUYECKOM HarpeBe. DeppuT CHHTE3MPOBAIM W3 MOPOIIKOBOH CMECH METOAOM TBEpAO(a3HOTO
cuHresa. s nomydeHus: GeppuUTOBOI KEpaMUKU METOJIOM JKUAKO(DA3HOTO CHEKaHUs MCIOJIB30BajIach JIErKOIIaBKast
nobaBka nuokcun BUcMyTa. KC-criekaHWe OCYIIECTBIUIOCH IPH HarpeBe oOpasnoB wmMiryiascHbBIM (1,5-2,0) M»hB
JIEKTPOHHBIM ITy4YKOM. PasnannoHHO-TEPMUYECKOE CHEKAHNE OCYIIECTBIUIA IyTEM HarpeBa 00pa3oB MMITYIbCHBIM
ANMeKTpOHHBIM IydkoM (1.5-2.0) M»aB. bruto ycranoBneHo, 9To 1006aBKa MPUBOAUT K MEHee NePEKTHOMY COCTOSHUIO
CIEYEHHBIX (DEPPUTOB, B TO BPeMs KaK NEHCTBHE M3IYUCHHUS yCHIMBAET 3TOT 3(P(eKT Ha paHHMX CTaAWSIX CIICKAHMS.
YcTaHOBIIEHBI 3aKOHOMEPHOCTH BIIMSIHUSI CKOPOCTEH HAarpeBa M OXIAXICHHS CIPECCOBAHHBIX 00Pa3lOB HA U3MEHEHHE
HavaJIbHOM MarHUTHOH NMPOHMIIAEMOCTH CIIEYEHHBIX ()EPPHUTOB.

KaioueBble cioBa: nutueBble (GeppuThl, XUAKO(PA3HOE CHEKaHUE, DIICKTPOHHBIC ITy4YKH, BBICOKHE TEMIIEPaTyphl,
CKOPOCTBb Harpe€Ba U OXJIAXKACHU A, Ha4YaJIbHass MarHuTHas1 IpOHUIIACMOCTb.

Aitmyxanos A.K., Ceiicembexosa T.E., 3eiinuoenos A.K., Hnvsacos b.P., Anexceee A.M., Kaxanosa A.M.

Moaubaen aucyabpuai HaHO0eIeKTePiHiH OPraHMKAJIBIK KYH YAIIBIFBIHBIH MBIPBII OKCHAIHIH 3J1€KTPOH/bI
TachbIMaJ1ay Ka0aThIHBIH KacueTTepiHe dcepi.

By sxympicTa MonuOAeH MUCynb(ual HAaHOOONIIEKTEePiHiH MOIUMEpIIi KYH YAIIBIFBIHA MBIPBIIT OKCHII AJIEKTPOH/BI
TackhIMaNay KaOaThIHBIH AJIEKTPOHABI TACBIMAJIBIHA dCEpiH 3ePTTEY HOTIXKeNepi Kenripinren. MomubOaeH aucymbhumi
HaHOOOJIIEKTePi M3OMPOIIII CIIUPTIHIE JTa3epiiK absamus oxiciMeH anbslHAbl. KoMIO3HUTTIK KaOBIpIaKTap sl amy YIiH
HAHOOOJIIEKTePAl MBIPHII OKCHI HETI3Tri KYpayIIBICBIHBIH 30Jb-TENIb EPITIHIICIHE op TYPIi KOHICHTpaIHiga KOocy
apKbUIBI JKy3ere achlppiirad. CkaHeplieylli 3JIEKTPOHABIK MHKPOCKON MAliMeTTepi OOHbIHINA, KaObIpIIaKTaFbl
HaHOOOJIIEKTEeP/IIH KOHIIEHTPALMACHl JKOFapbulaFaH CalWblH MBIPBIII OKCHAl OeTiHieri MomuOneH aucyibduai
KaOaThIHBIH ~ KaJbIHIBIFBl ~ ©3repeTiHi  KepceTireH. KaObIplmiak  KypbUIBIMBIHAAFBI  MONHOAEH  aucyibdumi
HAHOOOJIIIICKTePl MBIPHIII OKCHII KaOATBIHBIH KOJEMIi XKoHE OCTTIK 00C OpBIHIApbl OIPTIHICH TOATHIPAIsl. AJaiina,
KoHIIeHTpalus 1% - JaH acKaH Ke3Je, KaObIpIIaKkTa TecikTep MeH 0oc OopbIHAap maitma Oomansl. HanoOesekrep iy
KOHLIEHTPALMSIChl JKOFapbUlaraH CailblH KOMIIO3UTTIK KaOBIPIIAKTHIH JKYThUIy CIIEKTPJIEPIH oJlley Ke3iHje
KaOBIPIIAKTHIH JKYTBUIYBl >KaJIIbl KaJbIHIBIFBIHBIH ©3repyiHe OalinaHbICTBI €KeHiH Kepyre Oosanmel. by sxarmaiina
ONTHKAIBIK THIABIM CallBIHFAaH aiiMaK €HiHIH MOHJIepl ©3repMeii, SFHH MOJHOIACH ANCYIb(GUAI HAHOOOIIIEKTepi
MBIPBIII OKCHJI 3JIEKTPOHIB! KYPBUIBIMBIHA ocep ernedai. Kommo3uTTi 37eKTpoHIBl TachIMalJayllbl KadaThl
HETi31HJeTi MONUMEpNi KYH YSIIBIFBIHBIH BOJBT-aMICPIIK CHIIATTAMAaNaphlHAH OafiKanFaH e3repicrep MOJHOACH
mucyb(Gual HaHOOOIEKTEPiHiH OPTaHUKAJIBIK KYH YSIIBIKTAPBIHBIH JJIEKTPOHIBI TachIMaigayFa OallaHBICTHI €KeHi
kepceringi. OpraHWKanblK KYH YSIIBIKTAPBIHBIH MMIEJAHC CHEKTPIICPiHIH KOpCceTKilTepiHe CoHKec, MBIPBIII
OKCHAIHAET] CBHIHJBIK KOHUEHTpAlMsi Ke3iHne MoJuOaeH aucyib(uai HaHOOeJIIeKTepi KOMIO3UTTI Kabarra 3apsin
TaChIMAJIJAyIIBIIAP/IBIH OMIp CYPY YaKbIThIH kaHe nuddy3us kodhGUIUEHTIH apTThIPyFa bIKIAN €TEeTIHI aHBIKTaJbI.
Kiar ce3mepi: MbIpbIlT OKCHII, MOJIHOACH AUCYIb(MUII, KOMIIO3UIMSIIBIK KAObIpIIaK, 0eTKi MOP(HOIOTHsI, ONTHKAIBIK
JKOHE MMIIEAAHCTHIK CIIEKTPOCKOIIHSI.

Aitmyxanos A.K., Ceiicembexosa T.E., 3eiinudenoe A.K., Hnvacoe b.P., Anexcees A.M., Kaxanosa A. M.

Bausinne HaHOYACTHL AUCYIb(HUIA MOJHOIEHA HA CBOMCTBA 3JeKTPOHHO-TPAHCIIOPTHOIO C€JI0S1 OKCHAA IUHKA
OPraHUYeCKOro COJHEYHOTr0 JIeMEeHTA.

B pabGote mpeacTaBiieHbl pe3yNbTaThl UCCIACIOBAHUS BIUSHHE HAHOYACTHUI[ MUCYIb(HUI MOTUOICHA HA 3JIEKTPOHHBIN
TPAHCIOPT ANEKTPOHHBIN TPAHCHOPTHOTO CJIOS OKCHJAA IIMHKA MOJMMEPHOTO COJIHEYHOTO AjeMeHTa. HaHouacTHIIBI
mucynbhua MonubaeHa OBUIM ITOJYYEHBI METOJOM JIA3ePHOW aOisaluy MUIICHU W3 IUCYIb(QHI MOIUOICHA B
I/I30l'IpOHI/UIOBOM CHI/IpTe. JIJ'IH nonyquI/m KOMITIO3UTHBIX IIJICHOK HAHOYACTHUIIbI }1063BJ’I${J’II/I B 30JIb—TCJIb paCTBOp
Hpe}lHICCTBCHHI/IKa OKCHa IITMHKa HpI/I paSHBIX KOHHGHTpaHI/IHX. HO JAaHHBIM CCKaHI/IpyIOH_II/Iﬁ aTOMHO-CHJ’IOBOﬁ
MI/IKpOCKOH 6])1.}'[0 IIOKa3aHoO, 4TO 11O Mepe yBeJ’lI/I‘IeHI/Iﬂ KOHL[eHTpaI_II/II/I HAHOYACTHIL B INICHKE MCHSCTCA TOJIIHMHA CJIOA
nucynbGua MonnbIeHa Ha TOBEPXHOCTH OKCHA IMHKA. HaHowacTuips! aucynshua MonnbaeHa B CTPYKType IUICHKH
TAKUM 06pa30M IIOCTCIICHHO 3aIllOJIHAOT OG'I)CMHI)IC nu HOBerHOCTHBIe HyCTOTI:-I B OKCHAC IIMHKA. O]lHaKO HpI/I
MIPEBBIMICHIH KOHIEHTpanmuu cBeIme 1% B IuleHKe 00pa3yroTcs OBIPKM W IMycTOTHL. Ilo m3MepeHHsM CIeKTpOB
MTOTJIOIIEHHST KOMIIO3UTHBIX TUICHOK OBLIO IMOKa3aHO, YTO TI0 MEpe BO3pacTaHHs KOHIICHTPAIMHA HAHOYACTHII B IUICHKE
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BO3pAacTaeT MOTJIOIIEHHE CBS3aHOE C W3MEHEHHMEM oOmield TommuuHbl. [Ipy 3TOM 3Ha4YeHHS LIMPHHBI ONTHYECKOH
3alpeIeHHON 30HBI HE MEHSETCS, YTO 03HAYAET, YTO HAHOYACTHUIIBI JUCYIb(OU MOIHO/ICHA HE BIMSET Ha HJIEKTPOHHYIO
CTPYKTYpY OKCHIa IMHKa. bBbUIO TMOKa3aHO, YTO HAOIIONacMble W3MEHEHHUS BOJIBT-aMIIEPHBIC XapaKTEPUCTHKU
MIOJIMMEPHOT'0 COJIHEYHOI'O 3JIEMEHTA Ha OCHOBE AJIEKTPOHHBIN TPAaHCIOPTHBIA CJIOW KOMIIO3UTHOM IJIEHKH CBSI3aHO C
BIMSHIEM HaHOYACTHI JUCYIb(GHI MOMNOACHA Ha 3JCKTPOHHBIA TPAHCIIOPT B OPIaHMYECKUX COJHEYHBIX sueiikax. 1o
JAHHBIM M3MEPEHHs CIIEKTPOB MMIIEJAHCA OPTaHWYECKON COJHEYHOHN SYEHKH OBIJIO yCTAaHOBICHO, YTO HAHOYACTHIIBI
Iucynb(Gua MonuOIeHa TMPH KPUTHUYECKOM KOHLEHTPALUMHM B OKCHJIC IMHKA CIIOCOOCTBYIOT YBEIWYEHHIO BPEMECHHU
KI3HHU HOCUTENeH 3apsaaa u ko durnmenTa qudQy3nn B KOMIIO3UTHOI IIJICHKE.

KaioueBble ciioBa: OKcuA LWHKA, IUCYIbQHI MONIHOJCHA, KOMIIO3UTHAs IUIEHKa, MOP(OJOTHs IOBEPXHOCTH,
onTUYecKas U UMIEAAaHCHAs CIEKTPOCKOIUS.

Kyouu B.U., Yepnema O.I.

MaiiaayabIH AMHAMHAKAJBIK TYTKBIPJIBIFBI K9HE OHBIH 00J1aT MaTepHaJIapbIH 00pJaybIHa dcepi.

KyMpicTa mIaFbIH emmeMIi YIATUIepAiH OeTTepiHiH BIFBICYBIH (H3UKANBIK Mozaenbaey skoHe CMII-2 yiikermic
MAaIlIMHACHIHBIH KOCHIMINIA KaOABIFBIH KOJJAHYBIMEH OJIApABIH ©3apa OpPEKeTTeCY OpPTACHIHBIH JHHAMHKAIBIK
TYTKBIPJIBIFBIH 03repTy Kesinme «12X2H4(45XH2M®A) - 45+B Gonar», «12X2H4(45XH2M®A) - 45+B Gomnar»
MeTaJUT KYHeNepiHaeTi To aare3wsuIbIK OalIaHBICTHIH BIFBICY OCpiKTITiHIH koHE P mbe3o Kod(pQUIMEeHTIHIH e3repy
3aHIBUIBIKTAPHI ANBIHIBL 45 0omaTThIH OeTiH Oopiay xoHe OopouementTey 12x2H4 sxoHe 45XH2M®A GonaTTapbIHBIH
OeTTepiMeH aare3ussHbIH OCNrili Oip KaJbIIThl KbICHIM THAMA30HBIHAA KOPIHOCYIHE OKENICTIHI aHBIKTAJbI, OVJI Ke37e
JKOHE CYHBIK JKOHE KOHCHCTCHTTI Maiijiay/blH JUHAMUKAIBIK TYTKBIPJBIFE Ke3inae 10>0. berrepai maiinay kesinae To
napametpi «12x2u4 — Oomat 45» Kyifeci yuIiH KeOipek aHBIKTANIAaTBHIHBI, an Oopijay KesiHae Oomat 45 xoHe
JMHAMUKAJIBIK TYTKBIPJIBIKTBIH Kiti MonzAepi p=0,027 I1a-c ke3inae inriHapa aHbIKTaiaas! kepceTired. CyibiK Maiinay
(ha3achIHBIH JHMHAMHKAIBIK TYTKBIPJBIFBIHBIH XKOFapbuiaybiMeH «12x2H4-0omat 45» xyieciHne To MOHIHIH KOFapbliay
TEHJCHIMACH KopiHeni. MoaupukaiusHelH OolMaraH jkarmaiina 45 Oop OomaT skoHe Oop KapOumi 0omar mbe3o
KOX(QQUIUEHTIHIH CYHBIK J>KaFapMalIbIH TYTKBIPIBIFEI MEH BIFBICY JKBUIMAMIBIFBIHAH TOYEJCI3MITiH aJIbIH-ana
anpIkTaiinel. Bopmay oxome Oopomementrey 45 O6omar 10,16+£0,8 BIFFICY JKBUIIAMABIFBIMEH —JIHHAMHKAIBIK
TYTKBIpIBIKTEIH 0,027 IMa-c-tan 0,19 Ila-c-ka meiiiH ecyiMeH mbe30o KO3 UIHMEHTIHIH OopTa ecemmeH 1,6 ece ecyiH
aIIBIH-aNa aHBIKTaWel. bIFeicy sxpmpmamMabirel =5,08 +0,6 mm/c OonFaH Ke3[oe 3epTTENCTiH JKyHenepae Ibe3o
KOX(PHUIHEHTI CaNBICTRIPMAITEI TYpe TYPaKThl 00ansl. KOHCHCTEHTTI Mail MaTepuabl apKbUIBl JKaHACYFa ayBICKAHAA,
B30 KO PHUIHUEHTIHIH 63repy KbUIIAMABIFEIHBIH KOPiHYiHIH O0ip MOHII eMec CHUIaTKa ue OOJaibl.

Kiar ce3mepi: mbhe3o k03D (UIIHMEHTI, AMHAMHKAIBIK TYTKBIPJIBIK, Maillay MaTepUalbl, BIFBICY JKBLIIAMJBIFBI,
TaHTCHIHAJIbI OCPIKTIK.

Kyouu B.U., Yepnema O.I.

JuHamMuyeckasi BA3KOCTh CMAa3KH M ee BJIANsTHUE 110 0PUPOBAHMIO CTAJbLHBIX MATEPUAJIOB.

B paGote nomydeHs 3aKOHOMEPHOCTH U3MEHEHHS CIBUTOBON IPOYHOCTH aJAT€3MOHHON CBA3M To U Mbe30ko3dduinenra
B B cucremax metamioB «12X2H4(45XH2M®A) - crans 45+B», «12X2H4(45XH2M®A) - crans 45+BC» npu
(U3MIeCKOM MOJCIHPOBAaHUH CIBHTa IOBEPXHOCTEH MaiorabapuTHBIX 00pa3loB M W3MEHCHHS IHHAMHYECKOW
BSI3KOCTH CPEIbl X B3aUMOJICHCTBHS C MCIIOJIH30BAHUEM JIOTIOIHUTEIBHOTO 000pyAoBaHMUA MamuHbl TpeHus CMILI-2.
YcTaHOBIIEHO, YTO OOpHUpOBaHHE W OOPOIEMEHTANHs MOBEPXHOCTH CTaib 45 MPUBOIUT K OTCYTCTBUIO TPOSBICHUS
aare3uu ¢ nosepxHoctsMu craneit 12X2H4 u 45XH2M®A B onpeaesieHHbIX AUana3oHax HOPMAIbHBIX JaBICHUH, pu
KOTOpBIX To,>0 M JMHAMHUYECKON BS3KOCTH JKHJIKOW M KOHCUCTEHTHOW CMa3Kd. YCTaHOBIJIEHO, YTO Mapamerp To MpH
CMa3bIBaHUHU MOBEPXHOCTEH B OOJbIIeH Mepe ompeaesiercst A cuctembl «12X2H4 — cranp 45», U yaCTUYHO TPHU
OopupoBaHHM CTaNlb 45 ¥ MaJIBIX 3HAUCHMAX AMHaMuuecko Bsskoctn p=0,027 Ila-c. C yBennueHHeM ITUHAMHYECKOt
BSI3KOCTH KHUIKOH (a3bl cmasku B cucteme «12X2H4 — cramp 45» mpocMaTpUBAETCs TEHACHIUS K YBEIUYCHHUIO
3HAYCHUS To. Y CTAHOBJICHO, YTO OTCYTCTBHE MOAMMDUIMPOBAHUS CTalb 45 O0OpoM u KapOuaoM O0Opa MmpeaonpeaeiseT
HE3aBHCUMOCTb MbE30KOA(MHUIUECHTA OT BSI3KOCTH KHMJKOTO CMa304HOI0 Marepuaja U CKOPOCTH ciBura. bopuposanue
u OOpoIleMeHTalus CTanb 45 TpenonpeneisieT yBelMYeHHe NMbe30KodpQuIueHTa B cpeareM B 1,6 pasa ¢ pocToM

nuHamudeckoi Basxoctu ot 0,027 IMa-c go 0,19 Ila-c npu ckopoctu capura 10,16+0,8. TIpu ckopoctu casura v, =5,08

+0,6MM/C B UCCIIEyeMBIX CHCTEMax Mbe30K0I(PPUIIMEHT OTHOCUTENBHO MocTosiHEH. C Mepexo oM Ha KOHTaKT 4depe3
KOHCHCTEHTHBIM CMa304HBIA marepuajl MMEECT MECTO HeO}IHOSHa‘[HBIﬁ XapaKTep MPOABIICHHUA CKOPOCTU HU3MCECHCHUA
EE30K03 (D PUITHEHTA.

KiaroueBble cioBa: mbe30k03(QUIMECHT, AMHAMHUYECKAsh BA3KOCTh, CMA30YHBIA MaTepHal, CKOPOCTh CJ[BUTA,
TaHTCHINAJbHAS TPOYHOCTb.
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baisican /I.P., Paxaounoe b.K., Anoadepzenosea T.M., baamanosa J1.b., Kypoanoexog I11.P., Byiimkenos /I.b.
TuTtan OeTiHae MIa3MaTBI-)JIEKTPOJIUTTIK TOTBIFY apKbUIBI KaJdbluii-Gocdat :kadbIHABITAPBIH ATy,

BT1-0 mapkamsl THTaHHaH IUIA3ManbIK SJeKTponuTTik ToThIFy (IIDT) apkputel cyOcTparrapma KamsImii-¢ocdar
KaOBIHIBUTAPHIH aily OOWBIHINA SKCIIEPUMEHTTEPIiH HOTIKeNepi YCHIHbUFaH. JKaOBHIBIIAP ANEKTPOIUTKE THUTAH
OKCHIII HAHOOOJIIEKTEePiHiH OpTYpii MeJmepiH KOCYy apKpUIbl anbHael. Kambrmwmii-gocdar >kaObIHIBIIAPBIHBIH
MHUKPOKYPBUTBIMBI MEH TPHOOJOTILSUIBIK KacHeTTepi 3epTTenreH. JKyprisiireH 3epTreynep HOTHKECIHAE KalbITHii-
¢docar >kaOBIHABUIAPBIH ATYABIH OHTAWIBI peXUMICpI MEH IapaMeTpiepi AaHbIKTaAbL. OIEKTPONUTKE THTAH
OKCHIIIHIH HaHOO®JIIEKTepiH KOCYy KYPBUIBIMFA, COHIAif-aK albIHFaH >KaOBIHIBUIAPABIH OCpiKTiriHe ocep eTyniH
MYMKIH/IIT KepceTireH. 3epTTey HaTHKelepl TUTaH KopbiTnaiapbiHad [19T-Hbl cyliek TiHIMeH OipiKTipyal jkakcapTy
YLIH MyH/a#l eHJey1iH Ooariarbl Typajibl KOPBITBIH/ABIFA KENIi.

KinT ce3nepi: miazmansik-3nexTpoiuTTik ToThIFy (I19T), HaHOOeM ek TED, KaObIH, TO3Y, THTAH.

Baisican /I.P., Paxaounoe b.K., Anoabepzenoea T.M., baamanosa JI.b., Kypoanoexog I11.P., Byiimkenos /I.b.
Hoayyenune kaabuuii-pocPaTHLIX NOKPLITHI HAa NOBEPXHOCTH THUTAHA IJIA3MEHHO-3JIEKTPOJIUTHYECKHUM
OKCHAMPOBAHHUEM.

IIpencTaBneHs! pe3ynbTaThl HKCIIEPUMEHTOB IO MOIYyYCHHIO KaNbIHHA-(OochaTHBIX MOKPHITHH HA MOJIOKKAX U3 THTaHA
Mapku BT 1-0 mra3smeHHBIM 35ekTponuTrdeckiM okcunupoBanueM (I120). [TokpeiTus ObLIH TOTyYeHEI ¢ J0OaBICHHEM
B OJIEKTPOJIHUT pa3HOTO KOJIWYECTBA HAHOYACTHI[ OKCHIAa THTAaHA. DbBBUIM HCCIENOBaHBI MHUKPOCTPYKTypa |
TpHOOJIOTHYECKHE CBOMCTBA KaIbIMH-(QOCATHBIX MOKPHITHH. B  pesynaprare MpOBEJCHHBIX HCCIEIOBAHUN
YCTaHOBJICHbI M OIPEJENICHbl ONTUMAJbHBIE PEXKHMMBI W HapaMeTphbl MOJYYEHHs KajbLuii-(oc(haTHBIX MOKPBITHH.
[TokazaHo, 4TO 10OABICHUE B AJIEKTPOJIUT HAHOYACTHIL OKCHJA TUTAHA MOXKET BO3JICHCTBOBATh HA CTPYKTYPY, a TaK¥Ke
Ha MIPOYHOCTH MOJy4yaeMbIX MOKPHITUH. Pe3ynbTaThl HCCIEeTOBaHUN NMPHUBETU K BBIBOY O NMEPCIEKTUBHOCTH MOJO0HOM
00paboTku [190 U3 TUTAHOBBIX CILUIABOB, JUIsl YIIyUIIEHHS MX CPALMBAHUS C KOCTHOH TKaHBIO.

Ki1roueBble c10Ba: Mma3MeHHO-JIEKTposiuTHYecKoe okcuauposanue (I130), HaHOUaCTHIIBI, TOKPBITHE, H3HOC, TUTAH.

Anxaxoepu JI.A., IOpuenxo A.B., Moxammeo 7K. A.-K., Mexmuee A./]., Hewuna E.T.

Aya aFbIHBIHBIH OPTYPJi KbUIIAMABIKTAPBIHAA KOMeEKIII KbLIy Ke3iH naijajaHybIMeH KYH KeNTiprimiHiy
THIMALTICiH apTTHIPY.

AyYBUIIIApYaIIbUTBIK, OHIMICPIH CaKTayIbIH MAaHBI3IBI ONICTEpiHIH Oipi - KYH coyJeciHAe KenTipy OonbIn TaObLIajIb.
Bepinren makanana KyH KeNTipy JKYHeJepiHIH THIMIUIIIH apTThIpyFa Hazap ayaapbuiraH. KyH KenTiprimTepiHi
JKYMBICBIHA dCep €Tyl MYMKIH KaHa 9JicTep MeH (aKTopyap/pl 93ipiey ONapblH THIMIUIITH apTThIpyFa KOMEKTece .
By 3eprreyze aybuinapyaiibiblK OHIMAEPIH KENTipyre apHaJFaH jKaHamMa KYH KENTIpTilliH d3ipJeHiN YCHIHBUIFaH.
KyH xanmak aya >KMHaFbILIIBIHAH, OKIIAyJIaHFAaH KENTIpy KaMepachlHaH, KOCAIKbI (3JIEKTPIIK) JKbUTy KO3IHEH JKOHE
QNIEKTP KEJNJETKILUIIHEH TYpaTblH KENTIPrill OHBbIH OHIMIUINIH apTThipyFa apHanraH. KenriprimrTiH eH THOTIK
GYHKIMACHL -6HIMII BICTHIK ayaMeH YpJiey, OHIarbl CyIbIH OyjiaHyblHa okeneni. Temmeparypa MeH aya
KBUITAMIBIFBIHBIH OYJIaHy JKbULIaMABIFBIHA dCepi SIKCIEPUMEHTTIK TypAe 3eprrenreH. Ym typiai 0,042, 0,0735 xone
0,105 m%c aya IIBIFBIHAApPBI KE3iHAE CHIHAKTAp XKYPrizinmi. KyH pagumanusacel a3 HeMece MyJieM OoJMaraH Ke3zie
KOMEKIII O KBUIBITKBII SKETKUIKTI JKbUIyAbl KamMTaMachl3 €Ty YIIiH KOJJIaHbUIaJbl. Aya aFbIHBIHBIH QpTYpIi
KBUITAMIBIKTAPHI YIIIH KYH PEKUMI MEH AJIEKTP PEXKHUMI op pPEKUMIE TeK Oip dHEpTus Ko3iMeH 3KCIIEPUMEHTTIK TYpAe
tekcepinmi. Hormwxenep KyH pagmanusaceiHan Oacka XbUly Ke3iH TNalijanaHy KenTipy KaMepachblHAarbl aya
TemnepatypacekiH 32-42 °C apanbsifplHAa yCcTayFa MYMKIHEIK OeperiHiH kepcerri. CoHpaif-ak, OYKiT KemTipy
MPOLIECIH/IE )KOFaphI aya KbUIJaAMIBIFbIH/IA TEMIIEPATYPa KENTIPrillTiH )KYMBICBIHA a3 9CEp €TETiHI aHbIKTANbI.

Kint ce3nepi: KyH kentipriui; KeMmekin >Kblly Ke3i, bUIFAIABIH MeJIIEpi, KyH aya KOJUIEKTOPBI, aya arbIHBIHBIH
KBULIAM/IBIFBI, MOPJIIK TaKIIA.

Anxaxoepu JI.A., IOpuenxo A.B., Moxammeo K. A.-K., Mexmuee A./]., Hewuna E.T.

IoBbimenne 3(PpPeKTUBHOCTH COJTHEYHOH CYNIWJIKH ¢ MCHOJH30BAHHEM BCIOMOraTeJIbHOIr0 HCTOYHMKA TeIuia
MPH Pa3JIHYHBIX CKOPOCTAX BO3AYIIHOI0 MOTOKA.

OmHUM W3 BaKHEHITNX METOMOB COXPAHECHHUS CEIBCKOXO3SIMCTBEHHON MPOIYKIMH SBIIETCS CYyIIKa Ha COJHIIC.
OCHOBHOE BHHMaHHUE B 3TOH CTaThe YACISACTCS MOBBIMICHHIO 3((EKTHBHOCTH COJHEYHBIX CHCTEM CyIIkH. Pa3paboTka
HOBBIX METOAOB M (DaKTOPOB, KOTOPHIC MOTYT HOBIHATH Ha (DYHKIIMOHATHHOCTH COJHEYHBIX CYIIWIOK, MOMOTACT
MTOBBICUTP UX 3(Q(QEKTHBHOCTh. B TaHHOM HCCIIeIOBAaHHUH NPEII0KECHA U pa3padoTaHa CONHEYHAsS CYIIMIIKA HEMPSIMOTO
THNIA I CYIIKH  CEJIbCKOXO3SMCTBEHHON mpoaykiuu. Cymimika, COCTOSANIas H3 COJHEYHOTO  IUIOCKOTO
BO3JIyXOCOOPHHKA, M30JUPOBAHHOW CYNIMILHOW Kamepbl, BCTIOMOTATENhHOTO (AJIEKTPUYECKOT0) MCTOYHUKA TEIUIa W
3J'ICKTqueCKOFO BCHTI/IHHTOpa, npe)IHaaHaqua JJII TIOBBIILICHU S l'IpOI/I3BO}ll/ITeJ'IBHOCTI/I CyH_II/IJ'IKI/I. Han6onee TUIIXYHAA
(GYHKIHS CYyIIMIIKA — 00IyBaTh MPOAYKT TOPSIMM BO3IYXOM, 3aCTaBIISASA BOLY B HEM HCHAPATHCS. DKCIEPUMEHTAIBEHO
I/I3yquO BIINAHUC TeMnepaTprI nu CKOpOCTI/I BO3}IyX8. Ha CKOpOCTB chapeHml. HpOBe)IeHBI UCIIBITAHUA C TpeMH
pasIMYHEIMK pacxogamu Bosxyxa — 0,042, 0,0735 u 0,105 m%/c. Korna coHeYHOro H3IydeHust Majlo MM COBCEM HET,
JUIL 00eCIeYeHUs] JOCTATOYHOTO TeIlla MCHONB3YETCs BCIIOMOTATEeNbHBIN oOorpeBarenb. s pasmuuHBIX CKOpocTeit
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BO3/IyLIHOT'O IOTOKa COJIHEYHBIH PEKUM U DJIEKTPUYECKUN PEKUM OBUIM NPOBEPEHBI 3KCHEPHUMEHTAIBHO TOJIBKO C
OJTHMM MCTOYHHMKOM SHEPIUHU B KAKJIOM peXume. BBIBO/IBI MOKa3ajIH, YTO MCIOJIB30BaHUE JIPYTOT0 NCTOYHHKA TEIlIa B
JOTIOJIHEHHE K COJHEYHOMY H3JTyYCHHIO ITO3BOJIUT IOANCPKMBATH TEMIEPAaTypy BO3AyXa B CYIIMJIBHON Kamepe B
npenenax 32-42 °C. Taxke OBUIO yCTAHOBJICHO, YTO B TEUEHHE BCETO IPOIECCAa CYIIKH IPH BBICOKMX CKOPOCTSX
BO3IyXa TeMIIEPaTypa OKa3bIBacT MEHbIIICE BIUSHUE Ha IPOU3BOJUTEIBHOCTD CYLIHIKH.

KnroueBbie cioBa: CoiHeyHas CyIIMIKA; BCIOMOTATENIBHBIH HCTOYHHUK TEIUIAd; COICP)KaHWE BIATH; COJHEYHBIH
KOJUIEKTOP BO3/yXa; CKOPOCTh BO3AYIIHOTO ITOTOKA, [IeYaTHAs ILIaTa.

Cakunoea C.3., Hlaiimepoenosa K.M., Hycynoekoe b.P., Ocnanosa /I.A., Kymym b.b.

KyObIpabl KbUIy adMAacCTBIPFBIIITAFBI HMMIYJbCTIK COKKBIIAH TYBIHIAFaH JKbLIY JK9HEe Macca ajiMacy
npouecTepiHiH AMHAMHKACHIH MO/eJIbeY.

JKymbIcTa MMITYJIBCTIK 9CepAeri JKbUTy-MaccaaaMacy NpOLECTepiHiH AMHAMUKACHIHA CYHBIK aFbIHBIHBIH OIPTEKTI eMec
JIOpeXKECiHIH acepl Ke3iHAeri HSKCIEePUMEHTTIK 3epTTEyJNEp/iH HOTHKeNepl TalKbulaHaisl. VMmynbeTik acep peTiHae
CYHBIK OpTaJa >XOFapbl BOJBTTHI BJIEKTP Pa3psATapbl KOJJAHBLIABL, OJ apKbUIBL COKKBI TOJKBIHIAPHIHBIH Iaiga
OonybIMeH Oipre SIEKTPrHAPABIMKAIBIK ocep Ky3ere achlpbuiafgbl. JKorapel T'MAPABIMKANBIK KbBICBIMAA OOJaTHIH
CBI3BIKTHIK €MEC, Te3 ©3TepEeTiH JKBLITy-MaccaaMacy MpOLECTepiHiH MTUHAMHUKACHIH IH(QepeHInaNnIpK TeHACYIepIi
KOJIJaHy apKBUIBI CHIIATTAy MYMKiH emec. Moenpiey apryMeHTTepAl TONTACTHIPHIN €CenTey 9iCi HeTi3iHIe JKy3ere
achIPbUIAJIbl, OHBIH APTHIKIIBUIBIFEl JKCIEPUMEHTTIK MAJIMETTEPHiH a3 MOJIIePiH KOJIAaHa OTBIPBIN, ITOJHHOMJIBI
TOYeNAUTIKTEpAl Kypy Oouibin TaObuianbl. [1ONMMHOMIBI TOYyeNAUTIKTEPIl Kypy HOTHXKEJepl arblH IMapameTpiepiHiy
UMITYJIbCTIK KBICHIM aMILIUTYJAChIHBIH AWHAMHUKACHIHA )KOHE JKbUTY Oepy KapKbIHABLIBIFBIHA 9CEPiHIH CHHEPTeTHKAIBIK
3¢ QeKTICIH aHBIKTayFa MYMKIHIK Oepi.

KinT ce3nmepi: xpurymaccaanMacy, KyObIPIIbI JKbLTyaJIMacTBIPFbIL, TU(QY30p, apryMeHTTEpl TONTACTHIPHIN €CenTey
QJIiCl, UMITYJIbCTIK 9Cep, JIEKTPTrHAPABIUKAIBIK 3P dEKT, KbUTyOepy KapKbIHABLIBIFBI.

Cakunoea C.3., Illaiimepoenosa K.M., Hycynoekoe b.P., Ocnanoea /I.A., Kymym b.b.

MopenupoBaHue JMHAMMKH NPOLECCOB TEIVIOMACCOOMeHA B TPy0OUATOM TelI000MeHHHKe NPU HMMIYJbCHBIX
BO3/IeHCTBHSAX.

B pabore oOCyxnaroTcsi pe3yibTaThl SKCHEPUMEHTAIBHBIX HCCICIOBAHWN BIHMSHUS CTETNIEHH HEOIHOPOJHOCTH
XKHUIKOCTHOTO TIOTOKAa Ha JUHAMHKY TEIUIO-MacCOOOMEHHBIX MPOLECCOB MPU MMITYJIbCHBIX BO3JEHCTBHAX. B KadecTBe
UMITyJIbCHBIX BO3AEHCTBUI HCIIOJIB30BATNCH BBHICOKOBOJIBTHBIC JJIEKTPHYECKUE pas3psabl B KHIKOCTHOH cpere,
MOCPEACTBOM KOTOPBIX pPEANU3yeTCs 3JICKTPOTUAPABIMYECKUN S(PQEKT,  CONPOBOKAAIOIINICS BO3ZHUKHOBEHHUEM
YAapHbIX BOJIH. III/IHaMI/IKy MMpOUCXOoAAIIUX npu 9TOM HeﬂHHeﬁHLIX, 6I)ICTpOMeH5HOHII/IXCSI mpoueccoB
TemaoMaccooOMeHa npu BBICOKHX TUAPABINYCCKUX JaBJICHUAX, HCBO3MOXXHO OIIuCaThb C IIOMOIIBIO
i depeHnnanbHbIX ypaBHeHHH. MozenupoBaHue NPOBEACHO Ha OCHOBE METOZA IPYIIIOBOTO Yy4eTa apryMEHTOB,
MIPEUMYIIECTBO KOTOPOTO 3aKJIIOYaeTCsl B IOCTPOCHMM IOJMHOMHAIBHBIX 3aBUCHMOCTEH C HCIIOJIB30BAHHUEM
HEOOJIBIIOr0 KOJIHUYECTBA OKCIICPUMEHTAJIbHBIX JTaHHBIX. Pe3yHI>TaTI)I IMOCTPOCHUSA MOJIMHOMHUAIIBHBIX 3aBUCUMOCTEH
TIO3BOJIMJIM BBISIBUTH CUHEPTeTHYECKUH 3(D(EeKT BIMSHMS ITapaMeTPOB MOTOKAa HAa TMHAMHKY aMIUTUTY (bl HMITYJILCHOTO
JIaBJICHUS] 1 HTHTEHCHUBHOCTh TEIUIOOT/IauH.

KiroueBsle cioBa: TeruioMaccooOMeH, TpyOdaThlii Terio0OMeHHUK, T} Qy30p, METO TPYNIIOBOTO y4eTa apryMEHTOB,
UMITyJIbCHOE BO3JIEHCTBHE, JIEKTPOTHAPABINIECKUH 3P (heKT, THTEHCHUBHOCTh TEIIOOTAAYH.

Mupiok O.A., Oneianux A.1., Axmedoe K.M.

KeyekTi TOATBHIPFBININEH KOMIO3UIHUSIBIK MaTePHAIIbIH KACHETTEPiH KOMIBIOTEPJIIK MO/IeJIbEY.

Makana KeyeKTi TONTBHIPFBILITAP HEri3iHJerl KOMNO3WIMSIBIK MaTepHajapAblH KbUIyJaH KOPFalThIH IKoHE
MeXaHHKaJBbIK KacHeTTepiH Ooipkayra apHajiraH. [ OMOTeH Ii KoHe TeTeporeH 1l KYpbUIbIM/IbI MaTepHalJapbiHbIH JKbLITY
OTKI3TIIITIK KOI(PHUIMESHTTEPIH aHBIKTAYIbIH aHAIUTHKAJIBIK Toyesainikrepi kenripinreH. lllekti anemenTTep oaici
HETi31H/Ie BapHATPONTHl KYPBUIBIMIBI KOMITIO3UIUSIIBIK MaTepHaIIapbIHBIH KBUTy ©TKI3TIMTIK K03()(QUIIMEHTIH CaHIbIK
aHBIKTay ojicTeMeci a3ipieHreH. KoMIbroTepllik 3epTTeyNepliH HOTHKeNepi aHATMTHKAIBIK MOJCTbICpIe allbIHFaH
TOYSJIUTIKTEPMEH  CalbICTBIphUIFaH. KeyekTi TONTBIPFBIIITAp HETi3iHAEri Kem  KabaTThl  KOMITO3HMIIMSUIBIK
MaTepuaapasl KaOBIKTBl JKQHE IUIACTUHAJBI THITI  TIPEK J>KOHE KOpIIAay KOHCTPYKIMSUIApbIHIA KOJJIaHyIbIH
OPBIH/IBLIBIFBI KOPCETIITEH.

KinT ce3mepi: KOMNO3NIMAIBIK MaTepual, KEyeKTi TOJTHIPFBILI, XKbUTYy OTKI3TIIITIK, MEKTI 3JEMEHTTEp Sfici, Ker
Ka0aTThl KaOBIKIIIA.

Muprwk O.A., Oneiinuk A.U., Axmeooe K.M.

KoMnbioTepHoe Moe1MpoBaHKe CBOICTB KOMIIO3MIIMOHHOTO MATEPHAJIa ¢ MOPUCTHIM 3aNOJHUTEJIEM.

Crarps MOCBSIIEHA TPOTHO3UPOBAHUIO TEIJIO3AMIUTHBIX U MEXAaHUYECKUX CBOMCTB KOMIIO3UIIMOHHBIX MAaTEpHUANIOB Ha
OCHOBE TIIOPUCTBIX 3amosHuTened. [IpuBeneHbl aHaNMTHYECKHE 3aBHCUMOCTH ONpeniesieHHs Kod(hHUIUeHTa
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TEIJIONPOBOJHOCTH MaTEpHUaiOB TOMOT€HHOM U TeTeporeHHON CTpyKTyphl. Ha ocHOBe MeToJa KOHEUHBIX 3JIEMEHTOB
pa3paboTaHa METOAMKA YHCICHHOTO OMpPEIeICHUS KO PUIMEHTa TEIUIONPOBOJIHOCTH KOMITO3UIIMOHHBIX MaTCPUAIOB
BapHATPOIHOTO CTPOEHHA. Pe3ynmpTaTl KOMIBIOTEPHBIX HCCICIOBAHWH CONOCTABICHBI C  3aBHCHUMOCTSIMH,
MONyYCHHBIMA Ha AaHaJUTHYeCKHX Mozemsx. IlokazaHa 1elecoo0pa3sHOCTh HCIONB30BAHUS MHOTOCIOMHBIX
KOMIIO3UITMOHHBIX MaTepHaliOB Ha OCHOBE IMOPHUCTHIX 3aNOJHHUTENEH B HECYNIMX M OTPAKTAIOMIAX KOHCTPYKIHSIX
000JI0YEYHOI0 U MIACTHHYATOTO THIIOB.

KiioueBble cjI0Ba: KOMIIO3UIIMOHHBIN MaTepHai, MOPHCTHIA 3alOIHUTEb, TEILUIONPOBOJHOCTh, METOJ KOHEYHBIX
3JICMEHTOB, MHOTOCJIOMHAsS 000JI0UKa.

Covi30vik06 A.b., bakmuioexoe K.C., Meccepne B.E., Komapoe @. @., Ackapynw P., 3unzapunos /l., Mypam A.
Temen opouTasapabl NaiigajaHaTbIH CIYTHUKTEP/ETi KYH 0aTapesijIapbIHBIH (POTOdIEeMEHTTePi KOJIeHKeJIeHTeH
HeMece icTeH IIBIKKAH Ke3/le MAKCHMAJIbI KyaT HYKTeCiH Tady ajaroputmi.

Kyn OartapesmapeiH KeneHKeNley Hemece OipHeme (OTORIEMEHTTepAiH iCT€H IIBIFYHl INBIFBIC TOK-KEpHEY
CHUTIaTTaMachlH e3repTeni. bys KyMbIc Faphiml KeMeciHiH OOPTHIHIA OHIIPIIEeTIH MaKCHMAalAbl KyaTThl JKaKbIHAATY
JKOHE 13[Iey aNrOpPUTMIH KapacThIpaasl, OYJI AJIEKTp SHEPTHACHIHBIH KalTamama Ke3[IepiH KbUIIaM 3apsaTay YIIiH eTe
MaHBI3B, OMTKEeHI TOMEH opOuTanapaa KYH jKaFbiHIa OOy yakbITHI mIekTeyii. Kasipri yakbITTa MakCHMalabl KyaT
i3gey anropwTMIEpi Tamamia OKarmaimapaa OKYMBIC ICTeWIi, anm KyH TaHeJbIepi KOJCHKEICHIeH HeMece
(hOTO3IIEMEHTTEP/3IEMEHTTEp ICTEH IIBIKKAH JKaFAaiia KapamaibIM jKoHE THIMAI alropuTMIEp KakeT. byi sKkymbIcTa
KYH MaHEeiH dpTYpJl jKaFdainapaa Mozensaey xyprizingi. KyH GarapesichIHBIH oHE KYH NaHENiHIH LIBIFBIC BOJBT-
aMIIepJiK CHIaTTaMajJapblH KYpy aJIropuTMi dKy3ere acwipblUinsl. CoHIal-aK, HaKThl KYpBUIFbUIApAa opTYpIi
AITOPUTMAEPTe IKCIIEPUMEHTTEP KYPri3Ui.

KinT ce3nepi: Mmakcumainapl KyaT HyKTeciH Gakpuiay, Python, Tok, kepHey, icTeH HIBIFy, KOJICHKEEY 9Cepi, SEKTPMEH
KabIpIKTay JKYHeci.

Co130vik06 A.b., bakmuibexoe K.C., Meccepne B.E., Komaposé @. @., Ackapynw P., 3uncapunos /1., Mypam A.
AJTOPUTM NMOMCKA TOYKH MAKCHMAJbHOW MOIIHOCTH NPH 3aTeHEHHH WU BbIX0Je U3 CTPOsi ()OTO3IeMEHTOB
COJIHEYHBIX 0aTapeil HA CYTHMKAX, HCIOJIL3YIOLIUX HU3KHE OPOUTHI.

3aTeHeHHe CONHEYHBIX Oarapeil WM BBIXOA M3 CTPOS HECKONBKHX (DOTOIIEMEHTOB H3MEHSCT XapaKTEePUCTUKY
BBIXOZHOTO TOKa-HampsbKeHHUs. B manHON paboTe paccMaTpuBaeTCs alrOPUTM MPUOIIKESHUS U TIOMCKAa MaKCUMaJIbHOM
MOIIHOCTH, I'€HEpUpyeMOol Ha OOpPTy KOCMHYECKOTO ammnapara, YTO OYeHb BaXKHO JUIsl OBICTPOM 3apsaKH BTOPHYHBIX
HCTOYHUKOB 3JICKTPUYECKON IHEPTUH, NMOCKOJIBKY BpeMs NMpeObIBaHMS HA COJTHEYHON CTOpOHE Ha HHU3KUX OpOHTax
OrpaHHYEHO 10 BpeMEHH. B HacTosIee BpeMs aaropuTMbl HOMCKa MaKCUMAJIbHON MOIIHOCTH padOoTaloT B HJCalbHBIX
cllyyasix, a B CIIy4asiX 3aT€HEHUs COJIHEYHBIX MaHeNeH WM BbIX0Ja U3 CTPOsi (POTOIIEMEHTOB/3JIEMEHTOB HEOOXOIUMBI
mpocThie U 3 heKTUBHBIE anropuTMBL. B 1aHHOI paboTe MpoBeIeHO MOJESTUPOBAHNE COTHEYHOH MaHEIH B Pa3IHYHBIX
yCIOBHAX. Peann30BaH aaropuTM IOCTPOEHUS BBIXOTHBIX BOJBT-aMIEPHBIX XapaKTEPHCTHUK COJIHEUHOTO 3JIEMEHTa U
conHeqHOH maHeny. Takxke ObUTH MPOBECHBI 3KCIICPUMEHTHI Pa3JIMUHbIX aJITOPUTMOB Ha PEAJIbHBIX YCTPOIHCTBAX.
KaroueBbie cioBa: OTCleKHBaHHE TOYKM MaKCHMMalbHOW MOIIHOCTH, Python, Tok, HampsbkeHue, otkas, >dgekt
3aTeHEHMs], CUCTEMa HIICKTPOCHAOKEHNSI.

Caowvikos T.X., Heuxkun A.B., Hckakoe b.A., Maxmem X. K., Hosonoockaa O.A.

Ken atmocdepiik HecepJsepai 3epTTeyde memijiMereH Maceiaenepre moay koHe «AJIPOH-55»  ymin
KOH/BIPFBIHBI OHBIH (POHIBIK CHNIATTAMAJIAPBIH KAKCAPTY YIIIH MoAnUKaIMAIAY 5K00aChI.

Makanana keH atMmocdepilik HecepiiepAiH 3epTTey cajachlHAarbl 3aMaHayd Mocelieliepre IOy JKOHE OJap/bl
3epTTeyre apHaJFaH )KYMbICTap KenTipinreH. COHFbI OHXBIIIBIKTA HEHTPOHABIK KYPayIIbICBIHBIH 0ap eKEeH/Ir Typasibl
CeHIMAI JJIeJiep alblHFaHbl JKOHE OYJ Kypayllbl FapbIlITHIK COyJENepAiH TaOUFaThlH 3epTTeyre OarbITTaliFaH
TOXKIPpUOETIK KOHIBIPFBLUIAPIBI K00amay Ke3iHAe eckepiinyi kepek ekeHmiri kepceringi. Conpmai-ak aapOHIBIK
KaJIOpPUMETPiH KOPFAHBICHIH OHBIH )KYMBIC KOJIEMIHEH THIC Maiiia 00JaThIH XKbII1aM HEHTPOHIAPIBIH 9CEpiHEeH KOpFay
YIIiH ©3repTy YCBIHBUIAIBI, OYJI aJblHFAaH MONIMETTEpAi TYCIHIipyre Tepic ocep eTenmi. ATam aliTKaHIa, erep CHETiH
KypayIIbIHbIH TaOWFAaTBIH allyFa THIPbICATBIH OoJicak, oHAa Oy acep €H MaHbI3Ibl OoJbin caHanaipl. KypuatoB
nHetutyThiHAarel [IMK koFapbl aFbIHABI FBUIBIMU-3EPTTEY PEAKTOPHIHBIH OHOJIOTHSUIBIK KOPFAHBICHIH 3€pTTey
MIOJIMATWIICHHIH O0pHI Oap KaydykreH Oipre MyHnai HeWTpOHAapAaH THIMI KOPFaHBICTHl KAMTaMachl3 €T€ aJaThIHBIH
kepcerTi. CoHBIMEH Katap OOpsl Oap MOMMATHIEHAI MaigadaHy KOPFAHBICTBI alTapibIKTal jKaKcapTyFa oKelIMei,
Oipak OHBIH KYHBIH alTapisIKTaif apTTeIpafsl. JKorapsina alTeUFaHIapra CyHeHe OTBHIPHII, aJIpOHABIK KaloOpUMeTpai
KBUIAM HEHTPOHIAPABIH 9CEPIHEH KOPFAY/Ibl apTThIPY YIIIH KOPFAHBICTHIH MOJIU(DHUKAIMSICH YChIHBUIA/IBL.

Kinr ce3mepi: FapbellITBIK cayienep, KeH aTMOcQepiiik Hecepiep, aca >KOFapbl SHEPTUSIIBI OOINIIEKTep, MOHAaHY
KaJIOPUMETPi, €HETiH KYKpayIIIbl.
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Caouvixoe T.X., Ueukun A.B., Hckaxoe b.A., Maxmem X. K., Hoeonoockan O.A.

IIpoext Mopndpukamun ycraHoBku 1iast «AJPOH-55» s yny4ymenus ee (DOHOBBIX XapaKTePHCTHK M 0030p
HepemEéHHbIX 32124 P MCCIeI0BAHUM IIHUPOKUX ATMOC(EePHBIX JIMBHEI.

B craTpe mpencrasiieH 0030p COBpEMEHHBIX Tpo0ieM B obnactu uzydeHus [lnpokux Atmocdepusix JIuBHei u pador,
MOCBSIIEHHBIX UX HCCIEAOBAHUIO. JIeMOHCTpUpYETCS, UTO 3a MOCIEIHEE NECATHIIETHE OBIIM MOMy4IeHB! yOeIUTENbHbIE
CBUJICTENBCTBA HAIMYUS HEHTPOHHOM KOMITOHEHTBI M YTO y4YET 3TOM KOMIIOHEHTHI HEOOXOJMM IPH NMPOESKTUPOBAHUH
9KCTIEPUMEHTAIBHBIX YCTAaHOBOK, HAIPABICHHBIX Ha M3y4YEHHE MPUPOIBI KOCMHYECKHX JIyded. Taxoke Impeamaraercs
BapHaHT MOANWGHKALUK 3alIHUTHl aJPOHHOTO KaJOPUMETPa YTOOBI 3aIIUTHUTH €T0 OT BIUSHHSA OBICTPBIX HEHTPOHOB,
BO3HMKAIOIIMX BHE €ro padbouero o0bémMa, 4To MOXKET HETaTUBHO BJIMATH Ha MHTEPIPETALMIO MOJyYaeMbIX JaHHBIX. B
YaCTHOCTH, €CIIM MOMBITATHCS BBISIBUTH NPUPOJY NMPOHHUKAIOMIEH COCTABISIONICH, TO 3TOT 3(h(eKT nMeeT HauboJbLIee
3HaueHue. lccnenoBaHus OMOJOrMYECKOW 3aIlMTHI BBICOKO MOTOYHOI'O HccienoBaTenbckoro peakropa [IMK B
Kyp4aToBCKOM MHCTHTYTE MMOKa3aiIH, 4TO 3P(PEKTUBHYIO 3alIUTy OT TAKMX HEHTPOHOB MOXKET 00ECIIEYHTh ITOJIUITHIICH
BMecTe ¢ OOpcoJeprKaliM KaydyKoM. B To ke Bpemsl MCIoiIb30BaHue 00pCOoAepIKallero MoIuITHIeHa He IPUBOIUT K
CYLIECTBEHHOMY YJIYYIICHHIO 3aIIUTHI, OJHAKO 3HAYUTEIHHO YAOPOXKAET ero CTOMMOCTb. Ha OCHOBaHMHU M3JI0XKEHHOTO
npeanaraeTcs MoAu(UKAIMS 3alUThl aAPOHHOTO KAJIOPHMETPa JUIS TIOBBIILICHNS €T0 3aIUThI OT BO3ACHCTBUS OBICTPHIX
HEHUTPOHOB.

KnroueBble ci10Ba: KOCMHYECKHE Iy4H, LIMPOKHE aTMOC(EpHBIC IMBHHU, YacTHIBI CBEPXBBICOKHMX OJHEPTHUi,
MOHHU3AaINOHHbIA KaJOPUMETP, MPOHMUKAIOIIAsi KOMIIOHEHTa
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