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Dear authors and readers!
Dear Colleagues!

In accordance with the requirements since 2022, the acceptance and preparation of articles for
publication in the Eurasian Physical Technical Journ is carried out online through an updated interactive site
such as OJS — https://phtj.buketov.edu.kz/index.php/EPTJ/index The site has all the necessary instructions

for authors and a convenient way to search for information for readers.

The Eurasian Physical Technical Journal is continued to be indexed in the Scopus database. As of June
6, 2022, the Cite Score Tracker is 0.9, but percentile on the Energy has decreased from 23% to 18%
compared to 2021. We are proud that at the results of 2021 on the analytical SJR platform, the Eurasian
phys. tech. j. has an H-index 4! Moreover, on the Energy and Engineering, journal is included in the Q3
quartile -
https://www.scimagojr.com/journalrank.php?category=2101 &area=2100&country=KZ&openaccess=true &type
These indicators were achieved thanks to our authors, who provided in their articles the results of scientific

research on topical problems of technical physics, and thanks to the work of editors, experts and reviewers,
who contributed to improving the quality of articles.

Some important events

12th International Scientific Conference “Chaos and Structures in Nonlinear Systems. Theory and
Experiment” was held in June 2022. More than 130 scientists, teachers, doctoral students and undergraduates
from universities and research centers of Kazakhstan, Russia, USA, Ukraine, Poland, Uzbekistan, etc. took
part in the conference. Reports were presented with the results of research on topical issues of physics,
nanotechnology, thermal physics, energy, fractal engineering, radio-electronics, astrophysics, etc. Under the
leadership of the board chairman - Rector of the "Toraighyrov University", professor Sadykov E.T.
organizers provided comfortable conditions for discussion meetings in university and for relaxing of
participants on the magnificent Zhasybay lake in Bayanaul.

The 12th conference was timed to coincide with the celebration of the 80th anniversary of Professor
Zhanabaev Z.Zh., who from the beginning is its initiator and organizer. The 25-year history of the
conference is a clear confirmation of the correctness his choice of the nonlinear systems physics ideology to
the understanding and describtion of many physical and technical phenomena study results using modern
apparatus of the information analysis.

On the eve of his anniversary, professor Zhanabaev Z.Zh. came up with new important results in the
study of the physics of exciton formations in nanoelectronics, in neuro-dynamics: an equation was obtained
for the fractal evolution of a physical quantity; the possibility of describing the energy of excitons and the
action potential of neurons in the form of a fractal measure is shown; an experimentally confirmed theory of
the nanostructured semiconductors electrical properties had been constructed, ect.

Professor Zhanabaev Z. developed the theory of self-affine fractals, successfully applied his theory in
digital processing and filtering of gravitational waves. He used it own method of recognition and
identification of voices and images in the creation of a radio engineering generator of dynamic chaos with
phase control. The peculiarity of this generator that it can implement interleaved, ultra-wideband signals with
fractal properties, which allows it to be effectively used in information security, in wireless multichannel
communication technology.

Professor Zhanabaev Z.Zh. successfully carries out work on the preparation of scientific and
pedagogical personnel of the highest qualification. Under his leadership, 9 PhD theses, 3 doctoral
dissertations, 13 doctoral PhD dissertations of international level and more than a hundred undergraduates
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were defended. Among more than 300 publications of Professor Zhanabaev Z.Zh. has 10 patents, including a
patent for its own model of a fractal antenna called ZhF-antenna for a nanosatellite.

Zeinulla Zhanabayevich's creative activity and devotion to science, as a teacher and as a remarkable
scientist, have been noted many times at the highest level. In honor of the 80th anniversary for an invaluable
contribution to the training and education of highly qualified specialists and for outstanding services in the
development of physics science, professor Zhanabaev Z.Zh. is awarded the highest university award - is
awarded the "Al-Farabi Big Gold Medal"!

Professor Zhanabaev Z.Zh. has been actively working in the editorial board of the journal since its
foundation (since 2003). He analyzes each article very carefully, and his objective opinion, as a rule, is
correct and decisive. We congratulate Zeinulla Zhanabayevich and wish you good health, creative ideas and
great success, personal happiness and inexhaustible enthusiasm!

You know that the composition of the editorial board of the Eurasian Physical Technical Journal is
constantly updated. In this issue, we are pleased to introduce a new member of the editorial board - a
scientist - astrophysicist, doctor of physical and mathematical sciences, professor Miroshnichenko Anatoly
Sergeevich.

In 1983, Anatoly Sergeevich graduated from Leningrad State University with a degree in astronomy. In
2008 he defended his doctoral dissertation at the Special Astrophysical Observatory of the Russian Academy
of Sciences. He has extensive experience working in well-known scientific centers such as the Pulkovo
Observatory (St. Petersburg, Russia), the University of Toledo (Ohio, USA), the Institute of Radio
Astronomy. Max Planck (Bonn, Germany), University of North Carolina at Greensboro (North Carolina,
USA).

Miroshnichenko A.S. is a professor at the Department of Physics and Astronomy at the University of
North Carolina at Greensboro, USA, has an h-index according to SCOPUS 24, according to WoS - 25.
Scientific interests are related to the study of stars of early spectral classes (Be and Ble]), circumstellar
shells, binary systems, fundamental parameters of stars, etc.

Professor Miroshnichenko A.S. is the supervisor of PhD applicants. He conducts research on joint
projects with the Pulkovo Observatory, al-Farabi Kazakh National University, National Autonomous
University of Mexico, Institute named after V.G. Fesenkov, Almaty, Kazakhstan, etc. There is no doubt that
the work of Professor Miroshnichenko A.S. as a member of the editorial board will contribute to the
expansion of scientific relations between scientists, which will improve the quality and further development
of our journal.

In this issue, we bring to the attention of readers interesting articles with the latest results of research
aimed at solving modern topical problems in physics and technology of physics.

We hope that the proposed scientific articles will interest our readers.

And we will be glad to see you among our authors of the next issues.

Best regards,
ch. editor, prof. Saule Sakipova
June, 2022
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X-RAY PHASE AND MICROSTRUCTURAL ANALYSIS OF HARDENING
COATINGS OBTAINED BY SELF-PROPAGATING HIGH-TEMPERATURE
SYNTHESIS IN COMBINATION WITH HEATING OF A MIXTURE
OF Al + B,03; BASED ON HIGH-FREQUENCY CURRENT TREATMENT
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Voinash S.A.°, Sokolova V.A.%, Orekhovskaya A.A.™

! Altay State Agrarian University, Barnaul, Russia
2 Altai State University, Barnaul, Russia
3Seifullin Kazakh Agro Technical University NJSC, Nur-Sultan, Kazakhstan,
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The paper describes the results of studies of hardening boride coatings obtained during the implementation
of the process of self-propagating high-temperature synthesis. These coatings were composite materials based on
aluminum oxide and boron. The obtained coatings were subjected to X-ray phase and microstructural analysis,
which showed the main components of the resulting compositions and made it possible to assess the thickness and
structure of the coating-base metal transition area. The different content of silicon and iron makes it possible to
assess the occurrence of surface chemical and metallurgical processes during self-propagating high-temperature
synthesis when heating of the base mixture samples on high-frequency current treatment. The expediency of using
high-frequency current treatment in combination with the process of self-propagating high-temperature synthesis
for better-quality spattering of the hardening coating is shown. The appearance of two areas in the coating with
different thickness and structure of the coating is established.

Keywords: steel hardening, microstructure analysis, self-propagating high-temperature synthesis, coatings, high-
frequency currents.

Introduction

An increase in the strength of steels and alloys can be obtained by creating ideal structures through
targeted process exposure. According to the operating conditions, many products should have high surface
hardness and strength, and a ductile core. This combination of properties is achieved by surface plasma or
laser hardening of 65G steel. As is known, instead of the widely used 65G steel, manufacturers in the last 3-
5 years have been increasingly using boron-containing 30MnB5 steel for the manufacture of working
machine bodies (mainly for the working machine bodies), and tungsten-containing 5-6XB2C steel is
recommended to replace the said steel in cutting elements (blades). At the same time, oxides which
significantly reduce the wear resistance of cutting tools made of high-speed steel, are generated on the
working surfaces of these materials in the process of cutting in the high-temperature areas (up to 620-
630°C). To increase the wear resistance of the tool, various methods of hardening are used, including the
application of protective coatings [1-3]. To strengthen the cutting edge of the parts under study using modern
technologies, methods of applying various hard, wear-resistant, and functional coatings are widely used, e.g.
flame, arc, laser and plasma weld surfacing, induction (HFC) weld surfacing, creation of bimetallic elements
on the cutting edge using cladding, etc.

Self-propagating high-temperature synthesis (SHS) of solid chemical compounds is a new technological
process for obtaining hardening coatings, which is based on carrying out an exothermic chemical reaction of
the interaction of initial reagents in the form of combustion [1-2]. As a result of this process, a layer with
very good properties, such as high microhardness, good wear resistance, and corrosion resistance, can be
obtained [4-7]. Due to the acicular microstructure, the borated layer is characterized by good adhesion to the
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steel substrate. However, despite these multiple advantages, the borated layers are rather brittle. This
disadvantage can manifest itself in the form of chips and peeling from the substrate [4]. At the same time,
there are many methods for increasing the strength and stability of such layers [8-11]. One of such methods
is heating using HFC during the formation of a diffusion borated layer [7,8]. Therefore, a layer is obtained
with a changed microstructure and new properties, such as high hardness, strength, wear resistance, and
corrosion resistance [12]. However, most of the currently known methods of borating steel (furnace, gas, or
electrolytic) are long-lasting, labor-intensive, non-automated, and poorly integrated into the process schemes
of modern production. A significant intensification of borating occurs during high-speed HFC heating of the
steel surface under a layer of a special borated charge material [13, 14].

It is assumed that conducting a combined process of applying a functional coating on the surface of
steel parts with the joint implementation of SHS, HFC heating, and the method of high-speed HFC borating,
which we are developing, is capable of providing better characteristics of the obtained boride coatings and
achieving a significant increase in the strength of the steel part. Carrying out studies of SHS processes in the
basic model system and its modified versions is required to establish the laws of initiation and combustion of
a charge material of various compositions, as well as to control this process with the possibility of further
obtaining high-quality hardening boride coatings on the surface of a steel part with a thickness of at least
150-200 microns and to develop a prototype of the existing technology.

In addition, it is required to experimentally test the possibility of obtaining such coatings on hardening
HFC installations, which make up the main equipment fleet of operating agricultural machine-building
enterprises. Theoretically, such a possibility is predicted since the maximum temperature reached on such
installations on the surface of the part Ty, = 850-950'C (due to the limited power of the generators, the
element base used6 and the design specifics of the inductors), which is insufficient for the implementation of
the high-speed HFC borating process (Tpor = 1150-1250°C), can be increased due to the heat released during
the combustion of the exothermic Al+B,0O; mixture.

To obtain a qualitative result and a sufficient amount of experimental data, it is required to perform
work on the study of the main characteristics of SHS processes in a model system suitable for obtaining
hardening, mainly boride coatings (study of the conditions for initiation of SHS and the stability of the
process, determination of the combustion rate, the maximum temperature of the process, thermal structure
combustion waves, structure and phase product composition, etc.).

1. Materials and Methods

A high-temperature redox reaction in the B,O;+Al system was chosen as a model system for the
implementation and study of SHS processes. The chemical interaction of the components in this system can
be described by the following stoichiometric equation:

B,0; + 2A1 = 2B + ALO;, AH,<0 (1)

As a result of the chemical interaction in the B,O;+Al system, a component is generated, which, during
HFC heating in the presence of the P-0.66 borate flux, can interact with the steel surface of the part, thus
forming boride wear-resistant and hardening compounds in the Fe-B system of various compositions.

The B,0;+Al model system is sensitive to moisture content, which is caused by the interaction of boric
anhydride with water and the generation of metaboric acid, and, after that, orthoboric acid:

B203 + 3H20 = 2H3BO3

Therefore, before preparing the initial charge material, it is required to dehydrate thoroughly the
available boric anhydride or to have a freshly synthesized product. For dehydration, the available boric
anhydride was crushed and placed in a stainless steel tray, which was closed with a perforated lid capable of
passing vapors of crystallization and chemically bound water. The tray was installed in a SNOL-type muffle
furnace heated to 120-150'C for 1-2 hours. During this time, all crystallization water escaped from boric
anhydride. After that, the temperature in the furnace rose to 750-800°C and upon reaching it, boric anhydride
was soaked for another 1-2 hours. During this time, almost all chemically bound water escaped from the
product. After the end of calcination and cooling, the tray was removed from the muffle, where the resulting
glassy mass was recovered from it. The resulting product was crushed in a jaw crusher and then ground in a
ball mill. After sieving, a powder of dehydrated boric anhydride of the required fractional composition was
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obtained. To prepare experimental samples for studying the main parameters of SHS processes in the model
system, the following method was used: a small amount of the initial charge material was moistened with
alcohol or alcohol-acetone mixture to a mushy state and thoroughly mixed. A 10 mL disposable injection
syringe with a cut-off bottom was filled with the resulting wet mixture; the syringe was placed with its open
part on filter paper and the mass was tapped; the plunger was inserted and loaded for 2-3 sec without
removing the syringe from the paper. Then, raising the syringe, the resulting cylindrical sample was carefully
pushed out onto paper and dried in the air until the smell of alcohol disappeared. The final drying of the
sample took 2-3 hours.

The previously obtained dried cylindrical sample was placed on a ceramic support. 4-5 turns of a
nichrome coil connected to the laboratory transformer were placed on its upper base and the coil was pressed
to the end of the cylinder so that the turns were 1/3 immersed in the charge material, after which the current
was passed along the spiral, gradually increasing the voltage on the autotransformer. mAs soon as a stable
combustion zone was initiated at the end of the sample, the current from the coil was turned off and the
propagation of the SHS front was monitored. If the case of the need for the study of the SHS process during
high-speed HFC heating, a dried cylindrical sample was placed on the surface of a steel plate with
dimensions of 20*50*5 mm, which was in turn placed in a single-loop inductor connected to an HFC
generator. The generator was turned on and the steel was heated until the onset of SHS on the lower base of
the sample. As soon as a stable combustion zone is initiated at the end of the sample, the inductor current is
switched off and the propagation of the SHS front is monitored. For the study, prepared samples of the basic
composition in the form of molded cylinders (No.1, 3) with a diameter of 10 mm and a length of 20-30 mm,
as well as in the form of a powder (No. 2), were used.

The SHS process was initiated in all cases by high-frequency heating of samples installed on the surface
of steel plates with dimensions of 10-20*30-50 mm and thicknesses of 3-6 mm, made of structural alloyed
steels of domestic (65G) and imported (S355) production. The molded cylindrical specimens were freely
installed on horizontally fixed plates, after which they were heated using HFC until the occurrence of the
SHS process, which was visually registered (bright flash) and further until the plate material reached a
temperature of 1,100-1,200'C (white-yellow heat). The powder of the basic composition was moistened with
alcohol to a mushy consistency and freely applied to a previously prepared (cleaned) plate with a layer of 2-3
mm thick, and then dried. The SHS process and HFC heating of the powder sample (coating) were initiated
similarly to the molded samples.

2. Experimental Results

Combustion products of cylindrical molded and powder samples are black, easily crumbling sinter close
to the original sample in dimensions and shape. Combustion products are weakly bound to the steel
substrate. In the places where the base composition is applied on steel plates, after its combustion, surface
changes associated with the formation of coatings and the melting of the base metal are visible. The
combustion products of the basic composition obtained during the SHS process were subjected to X-ray
phase analysis (XPA) using a powder method on a Shimadzu XRD 6000 diffractometer (equipment of the
GOSNITI Nanocenter, Moscow). According to the results of the XPA of the charge material, the diffraction
patterns shown in Fig. 1 were obtained. Fig. 1 shows that the diffraction patterns of all three samples
coincide; therefore, the composition was determined only for one of them. The determination was carried out
by the computer program of the device by comparing the most intense peaks and their groups with the built-
in database. The results of determining the composition of the SHS products in the base mixture during HFC
heating are shown in Fig. 2. As follows from the data in Fig. 2, the SHS products of the samples contain
aluminum oxide, aluminum nitride, and boron (identified by the operator as zirconium boride) as the main
components, which confirms the occurrence of the SHS process in the basic composition according to
reaction equation 1. It should also be noted that it is difficult to identify the phase composition of the
products by the selected method of physicochemical analysis since the main reflexes of the main phases
coincide. Only the Al,O; and AIN phases are reliably identified.

The generation of a significant amount of aluminum nitride, AIN, is explained by the occurrence at a
high SHS temperature of the interaction reaction of a part of the initial aluminum with nitrogen in the air
according to the following scheme:

2Al + N, = 2AIN
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Figure 2.a shows a diffractogram of one of the studied samples (Raw Data) with a reflection of the
observed reflexes (Peak Data, Figure 2.b) and Miller indices. The diffraction peaks of Al,O; from the ICDD
database (Card Data, Fig. 2.d) are also presented. Entry Data (Fig. 2.c) shows a comparison of the observed
reflexes of the test sample with the database, Different colors of reflexes on the Entry Data graph show the
coincidence of peaks with different substances in the database: Al,0Os, AIN, ZrB, Li,P,0,+2H,0.
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Fig.1. Diffraction patterns of combustion products of samples No.1-3
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Fig.2. An example of decoding the diffraction pattern of SHS products of sample No.1

This should be taken into account when calculating the composition of the modified mixture for the
future coating technology, increasing the aluminum in content. The low reliability of the determination of
boron in the SHS products of the base mixture may be associated with its release under the reaction
conditions in the amorphous state, possible partial burnout by the reaction

4B* + 302 = 2B203,

As well as diffusion and interaction with the surface of the steel part with the generation of target
products, iron borides, iron carbo borides, and Fe-B, Fe-B-C eutectics.

These processes should also be taken into account when calculating the composition of the modified
mixture by introducing various fluxes and additives. Samples for the study were prepared from steel plates
with surface changes in the places of application of the base mixture, which had appeared after the SHS
process during HFC heating. The structure of the samples in the areas of surface changes (presumably
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formed coatings) and borated layer thickness was studied and determined. Figures 3-6 show the results of the
study of the structure of the coating obtained in the SHS process during the high-frequency heating of sample
No.1 mounted on a plate made of S355 steel at various magnifications.

As follows from Fig. 3, when the SHS process is carried out during HFC heating of the cylindrical
sample No.1, which is molded from the base mixture, at the place of its installation on the surface of a plate
made of S355 steel, the formation of a coating with a complex structure of the transition area, which contains
several components and porosity, is indeed observed. The thickness of the resulting coating ranges from 150
to 250 microns. The complex structure of the coating-base metal transition area, multi component nature, and
porosity of the resulting coating are clearly visible at higher magnification in polarized light (see Fig. 4).

Fig. 3. Microstructure of the coating obtained on S355 Fig. 4. Microstructure of the coating obtained on S355
steel in the SHS process during HFC heating of sample steel in the SHS process during HFC heating of sample
No.1 (general view, x100 magnification). No.1 (transition area, x500 magnification).

Structures similar to those observed above were obtained also on S355 steel and in the SHS-process
during high-frequency heating of sample No.3, which was placed on the surface of the steel plate, with the
only difference that their thickness was 70-100 microns. A decrease in the thickness of the coatings formed
in the SHS process during high-frequency heating of sample No.3 is explained by its lower height (volume,
mass), as a result of which a smaller amount of surface-active products generated during combustion is
observed. The coatings obtained in the SHS process during HFC heating of sample No.2 (sheath) have a
completely different structure (Fig. 5, 6).

Fig. 5. Microstructure of the coating obtained on S355 Fig. 6. Microstructure of the coating obtained on S355
steel in the SHS process during HFC heating of sample steel in the SHS process during HFC heating of sample
No.2 (section 1, coverage, x500 magnification). No.2 (section 2, coverage, x500 magnification).

Fig. 5-6 clearly show two areas (zones) with different thicknesses and structures of the coating are
formed in the coating formed in the SHS process during HFC heating of sample No.2 with a thickness of 2-3
mm, of the base composition applied to the surface of S355 steel. The central coverage area (section 1) is
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formed in the place that was subjected to the strongest HFC heating of a steel plate coated with a sheath from
the base composition; the peripheral coating area (section 2) is formed along the edges of the boundaries of
sheath application, in the areas subjected to the lowest heating. The obtained images show that the
microstructure of the coating of the periphery area is similar to the microstructure of the coating obtained in
the SHS process during high-frequency heating of samples Nos.l1, 3 (see Fig. 6, section 2). The
microstructure and composition of the coating of the central area differ from the previously obtained coatings
(see Fig. 5, section 1). The coating of area No.l has a minor thickness (50-70 microns) and a structure
characteristic of boride phases is noticeable, i.e. closed dark carbide regions, light interlayers of iron-boride
and iron-carbo-boride eutectic.

The study of macrophotographs (50) of the grinding of reinforcing coatings allows the morphology of
their most typical areas to identify the main structures (characteristic phases) that make up the coating and
determine their characteristics. In all coatings modified with boron, its spherical inclusions are found, the
hardness of which reaches values of 1620-1970 HV. Also, in all coatings, regions (phases) are detected,
represented by fine eutectic of the Fe-C-B system, the hardness of which exceeds the value of the
unmodified boron phases by 1.2-1.5 times, reaches 1080-1110 HV.

The common features of modified coatings are the melting of their boundary with the base metal, and in
non-modified ones - the presence of dendritic regions (phases) with a hardness reduced to 500-700 HV. The
main material on all samples has a microhardness of 400-450 HV. Table 1. provides summary information
on the characteristic phases of reinforcing coatings obtained on 65G steel, HDPE surfacing by various
methods and from various charge materials.

Table 1. Description of characteristic phases of coatings and their properties

Method, Coating Structure type, morphology Microhardness, HV
charge phases
Sample 1 1 Fine-dispersed boride eutectic, weakly delimited gray areas with 1080-1100
inclusions of octahedral fused and crushed carbides
2 Melted ledeburite-like eutectic, dark and gray with a fine structure 640-660
3 Structureless spherical inclusions with a clear boundary 1900-2000
4 Dendritic structures, columnar, even and branched light formations on 500-700
the border with the base metal
5 Boride eutectic, light areas on the border with the base metal 900-1000
6 Weakly delimited light areas with needle inclusions 800-900
Sample 2 1 Weakly delimited gray areas with needle inclusions 900-950
2 Fused boride eutectic, light areas on the border with the base metal 850-900
3 Structureless spherical inclusions with a clear boundary, cracks 1600-1700
4 Boride eutectic, light areas on the border with pores and inclusions of 1000-1100
boron carbide
Sample 3 1 Boride eutectic, the main type of structure in the deposited layer 700-750
2 Dendritic structures, columnar, even and branched light formations on 500-550
the border with the base metal
3 Weakly delimited gray areas with octahedral and needle inclusions 900-1000
Needle-like structures in a gray field between dendrites 700-750

The chemical composition of the coatings obtained on various samples was studied using a portable X-
ray fluorescence spectrometer NITON (equipment of the GOSNITI Nanocenter, Moscow). The chemical
element boron belongs to the "lungs" and is not determined by the X-ray fluorescence method. The results
of the study of the chemical composition of the coatings are presented in Table 2.

Conclusion

Therefore, it can be concluded that a significant content of aluminum in the form of oxide is observed in
all coatings. The different contents of silicon and iron indicate the passage of surface chemical and
metallurgical processes in the implementation of SHS processes during high-frequency heating of samples of
the base mixture on the surface of S355 steel, as well as segregation and redistribution of steel components
on the surface.
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Table 2. Chemical composition of charge coatings.

Element Content of the element, %
Sample 1 Sample 2 Sample 3
Al 65.52+3.27 69.40+£3.20 35.65+2.50
Si 13.68+1.75 19.23£2.66 25.1742.60
Fe 16.13£2.66 6.39+1.09 7.60+1.26
Cu 1.41+0.32 3.45+0.73 2.09+0.41
Pb 2.88+0.68 1.47+0.35 4.55+0.97

The resulting coatings are composite materials based on aluminum oxide, SHS products in the base
mixture, generated through SHS with boron, but due to the high content of aluminum oxide and the
occurrence of side reactions, they have a porous inhomogeneous structure, insufficient thickness, and low
hardness. The use of HFC heating significantly improves the microstructure of the obtained coatings and
provides a better-quality spattering of the coating on the steel part. Obtaining more homogeneous, extended,
and harder coatings is possible only when modifying the base mixture, i.e. increasing the aluminum content
therein, introducing fluxes, and adjusting the fractional and chemical composition of the powder material.
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The article is devoted to the study of the properties of lithium zirconate ceramics obtained by solid-phase
synthesis. The choice of lithium zirconate ceramics as objects of study is due to the great prospects for their use as
materials for tritium propagation. Results of a study of the influence of the LiO/ZrOy/Li,ZrO; — LiO/Li,ZrO; —
Li,ZrOj; type phase transformations in ceramics, depending on the annealing temperature, on the strength and
thermophysical parameters of ceramics are obtained. During the studies, it was found that the change in hardness
and crack resistance are directly dependent on the phase composition and concentration of impurity phases in the
composition of ceramics. It has been determined that the displacement of lithium oxide and zirconium dioxide
impurity phases leads to an increase in hardness and an increase in resistance to cracking under single
compression. It has been established that at annealing temperatures above 900°C, the change in strength and
thermophysical parameters is minimal. At the same time, a change in the phase composition of the
LiO/ZrOy/LiyZrO; — Li,ZrOj; type ceramics leads to an increase in the thermal conductivity coefficient by (15-
20)%.

Keywords: lithium-containing ceramics, phase transformations, hardness, thermal conductivity, nuclear materials

Introduction

In recent years, much attention has been paid to the study of new types of lithium-containing ceramics,
as well as their thermophysical and mechanical properties. The interest in these studies is due to the great
demand for tritium, which is one of the alternative energy sources, the accumulation of which is required to
maintain the efficiency of thermonuclear fusion and the operation of thermonuclear reactors, including
TOKAMAK or ITER [1-3]. As is known, traditional methods for producing tritium today cannot meet the
demand for it, which requires additional research in ways to obtain it [4,5]. One such way is to reproduce the
classical nuclear reaction of the °Li + n — He + T type, which makes it possible to obtain tritium from
lithium, with its subsequent accumulation to support thermonuclear fusion. At the same time, as shown in a
number of scientific papers [6-10], the tritium production is usually accompanied by the release of helium
and other products of nuclear reactions, which leads to the material degradation, as well as a decrease in its
resistance to external influences and a deterioration in strength properties.

In this regard, when developing a technology for creating lithium-containing ceramics, much attention
should be paid to studying the effect of the phase composition on the strength and thermal properties of
ceramics, since these parameters play a very important role in determining the performance of ceramics
during their operation [11-15]. As is known, the phase composition of ceramics, as well as the presence of
impurities in the composition of ceramics, can have both a positive and a negative effect on the strength
properties of ceramics, including the resistance to compression and external pressure. In turn, the presence of
impurities can have a significant effect on heat transfer in the material, thereby reducing the efficiency of
heat removal from ceramics and the occurrence of overheating [16-18].

Based on the foregoing, the purpose of this work is to study the effect of the phase composition of
Li,ZrO; ceramics obtained by solid-phase synthesis and annealed at different annealing temperatures in the
range from 600 to 1100°C on the strength and thermophysical parameters of ceramics. This work is part of a
cycle of works devoted to the study of the Li,ZrO; ceramic properties and evaluation of the possibility of
their use as blanket materials for tritium propagation, which is one of the promising research areas in modern
energy [18-20]. Li,ZrO; ceramics were chosen as objects of study, which, as was shown earlier in [18-20],
are highly resistant to radiation damage.
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Experimental part

Synthesis of Li,ZrO; ceramics was carried out by the method of solid-phase synthesis with further
thermal annealing of the resulting mixtures in a muffle furnace (RusUniversal, Russia) at temperatures of
600-1100°C. LiClO4-3H,0 and ZrO, powders (Sigma Aldrich Saint Louis, Missouri, USA), whose chemical
purity was 99.95 %, were used as initial components. As a result of thermal annealing in the temperature
range of 600-1100°C, it was found that with an increase in the annealing temperature, phase transformations
of the following type LiO/ZrO,/Li,ZrO; — LiO/Li,ZrO; — Li,ZrO; are observed [19]. At the same time, at
an annealing temperature above 900°C, the structure of ceramics is single-phase Li,ZrO; ceramics with a
monoclinic structure type.

Study of strength properties was carried out using the indentation method, which was implemented
using a LECO LM 700 microhardness tester (LECO Corporation, USA). A Vickers pyramid was used as an
indenter, with an indenter load of 10 N. Determination of resistance to single compression was carried out by
testing the compression of samples in a press with a compression rate of 0.1 mm/min. Thermal conductive
characteristics were evaluated using formula (1), which makes it possible to determine the value of the
thermal conductivity coefficient.

A= L )

tcl _t62 ,

where ¢ is the heat flux density, W/m?; t.; and ¢, are sample temperatures on both sides, K; 6 is the sample
thickness.

Results and discussion

One of the important conditions for the applicability of lithium-containing ceramics as blanket materials
for tritium propagation is their mechanical strength and resistance to external mechanical influences that may
occur during operation, as well as due to a change in the material volume, which can lead to additional
pressure and deformation. As a rule, the strength properties of materials are determined by measuring the
hardness indices by indentation methods, and the difference in values may reflect the processes of hardening
or softening of materials. At the same time, several factors affect the hardness of the material, including
density, phase composition, and dislocation concentration play an important role in these characteristics. The
combination of these factors can have a very significant effect on the strength characteristics of ceramics.
Figure 1 shows the results of changes in the microhardness of Li,ZrOsceramics depending on the phase
composition of the ceramics.
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Fig.1. Results of measuring the Li,ZrO; ceramic microhardness depending on the phase composition of ceramics

As can be seen from the presented data, an increase in the annealing temperature, which leads to a
change in the phase composition of the ceramics, leads to an increase in the hardness indices, which indicates
the effect of strengthening the ceramics associated with a change in the crystal structure of the samples under
study. At the same time, in the case of specimens containing LiO and ZrO, impurity phases in the
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composition of ceramics, the hardness values are rather low compared to pure ceramics. The displacement of
impurity inclusions from the composition of ceramics, as well as an increase in the structural ordering
degree, leads to an increase in the strength and hardness of ceramics. However, it should be noted that the
complete displacement of impurity phases from Li,ZrO; ceramics at annealing temperatures of 1000-1100°C
does not lead to a significant increase in strength, which may be evidence of the saturation effect of ceramic
consolidation, which does not lead to serious hardening and is associated only with a change in the
concentration of point structural defects.

Figure 2 shows the results of changes in the resistance of ceramics to cracking under single
compression, which characterizes the properties of ceramics to external pressures. As can be seen from the
data presented, a change in the phase composition of ceramics leads not only to an increase in hardness, but
also to an increase in crack resistance. At the same time, the change in crack resistance has a similar trend
with changes in the hardening and hardness of ceramic samples.

However, if the displacement of impurity phases from the ceramic structure leads to the strengthening
of ceramics by 10-12 %, in the case of resistance to cracking of these data, the effect of displacement of
impurity phases leads to an increase in resistance by 40-60 %. At the same time, an increase in the annealing
temperature from 900 to 1100°C does not lead to large changes, which indicates that the main effect in
hardening is associated with a change in the phase composition of ceramics, while for single-phase ceramics
obtained at temperatures of 1000-1100°C the change in strength characteristics is insignificant.
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Fig.2. Results of change in the resistance to single compression of ceramics

Figure 3 presents the results of a comparative analysis of changes in the ceramic hardening and
consolidation trends associated with a change in density values, which was determined using the X-ray
diffraction method by analyzing data on changes in the crystal lattice volume. The general form of changes
indicates a significant difference in trends, associated with a difference in changes in the measured values. In
the case of changes in the consolidation value, the trend of changes depending on temperature is close to
linear, which indicates that the main contribution to consolidation is made by structural ordering caused by a
change in the defect structure, as well as partial annihilation of defects as a result of thermal annealing.

In the case of hardening of ceramics, the trend of changes in this value is non-linear and has a
pronounced dependence on the phase composition of ceramics, which is reflected in the following facts. The
presence of impurity phases in ceramics obtained at an annealing temperature of 600°C leads to the fact that
the values of hardness and stability are quite small, which indicates a low resistance to external influences.
Displacement of impurity phases with an increase in the annealing temperature leads to a sharp increase in
strength and hardness, which is reflected in a change in the trend. However, complete displacement of
impurity phases at annealing temperatures of 1000-1100°C, accompanied by structure ordering, does not lead
to significant changes in strength characteristics.

One of the factors that make it possible to explain this nature of changes in strength properties, in
addition to the phase composition and its changes depending on the annealing temperature, is changes in the
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dislocation density of ceramics due to changes in the grain size. Figure 4 shows the results of changes in the
dislocation density of ceramics depending on the annealing temperature.
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Fig.3. Results of a comparative analysis of changes in the ceramic hardening and consolidation trends
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Fig.4. Results of changes in the density of ceramics depending on the annealing temperature

As can be seen from the data presented, the change in dislocation density has a similar trend to changes
in strength characteristics and a pronounced nature associated with changes in the phase composition of
ceramics. At the same time, the displacement of impurity phases leads to a decrease in the grain size, which
in turn leads to an increase in the dislocation density, the changes of which have an inverse quadratic
dependence on the grain size. In the case typical for ceramics obtained at a temperature of 1000-1100°C, for
which no changes in size were observed, the dislocation density values are also practically unchanged. Thus,
we can conclude that the hardening of ceramics is related to the dislocation density, as well as the phase
composition of ceramics. As is known, at certain values of the dislocation density, the effects of hardening of
materials are observed, as well as an increase in the resistance to destruction under external influences,
which is an important factor for materials subjected to mechanical stress, as well as deformation processes.

An important factor determining applicability of ceramics as breeder materials in combination with the
mechanical and strength properties of ceramics is their thermophysical characteristics, which characterize the
ability to remove heat from the system. At the same time, it is necessary that the materials retain their heat-
conducting characteristics over a wide temperature range. Figure 5 shows the results of changes in the
thermal conductivity coefficient depending on the heating temperature in the range from 400 to 800°C.

As can be seen from the data presented, a change in the phase composition leads to a sharp increase in
the thermal conductivity of ceramics, which is due to a decrease in deformation contributions and cavities



Materials science. 17

that prevent heat transfer. At the same time, it should be noted that the thermal conductivity of ceramics is
maintained over the entire measured temperature range, which indicates the stability of heat transfer. It
should also be noted that the structural ordering observed for samples annealed at a temperature of 1000-
1100°C does not lead to a significant change in the thermal conductivity, which, as in the case of strength
properties, indicates that the change in thermophysical parameters is more related to the phase composition
of ceramics, as well as impurity inclusions in the form of LiO and ZrO, phases, the displacement and phase
transformation of which at annealing temperatures above 800°C leads to an increase in thermal conductivity
by 15-20 %. Figure 6 shows results of the dependence of ceramics porosity change and average thermal
conductivity value. The porosity value was determined by evaluating changes in the ceramic density
depending on the annealing temperature.
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The general trend of changes in the thermal conductivity has a strongly pronounced dependence on the
phase composition, as mentioned above. Thus, in the presence of impurity inclusions in the structure, the
thermal conductivity is significantly small, which, in addition to the influence of the presence of impurity
phases, can also be due to structural distortions that occur during the formation of a complex crystal
structure. At the same time, the displacement of impurity inclusions leads to an increase in thermal
conductivity, as well as a significant change in porosity, in view of its decrease due to structural ordering.
However, the complete displacement of impurity phases from the structure of ceramics does not lead to a
significant change in thermal conductivity, the change in which in the annealing temperature range of 900-
1100°C does not exceed 1.0-1.5%. At the same time, structural ordering has a significant effect on the
ceramic porosity, and a decrease in its value by more than 2.5-3 times compared with the same value for
ceramics annealed at a temperature of 600-700°C.
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Conclusion

Thus, it can be concluded from the experimental work carried out that the structural ordering and phase
transformations associated with the displacement of impurity inclusions in Li,ZrO; ceramics have a
significant effect on the strength and thermophysical parameters of ceramics. At the same time, the greatest
contribution to changes in the strength and thermophysical properties of ceramics is made by phase
transformations associated with the formation of an ordered Li,ZrO; phase in the structure of ceramics. In
the case of complete formation of the Li,ZrO; phase and further structural ordering, not at high annealing
temperatures above 1000°C, does not lead to significant changes in the thermophysical and strength
properties. In the case of the complete formation of the Li,ZrO; phase and further structural ordering at high
annealing temperatures above 1000°C, it does not lead to significant changes in the thermophysical and
strength properties.
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Gold nanowires with polyelectrolytes adsorbed on their surface are widely used in various biomedical
research. In this work, for the first time, conformational changes in polyelectrolytes on the surface of a gold
nanowire transversely polarized in an external electric field were considered. The properties of a specially
created analytical model of conformational rearrangements of a Gaussian macromolecular chain adsorbed on the
surface of a cylindrical metal nanowire in an external electric field transverse to the axis of the nanowire were
investigated. Conformational changes of uniformly charged polypeptides on the surface of a transversely
polarized gold nanowire have been studied using molecular dynamics simulation. On the basis of the analytical
model and the results of molecular dynamics simulation, the spatial distributions of the density of polyelectrolyte
units on the surface of the nanowire were constructed. With an increase in the strength of the external electric
field, an asymmetric stretching of the polyelectrolyte fringe in the direction of the dipole moment of the
transversely polarized nanowire was observed.

Keywords: metal nanowire, polyelectrolyte, conformational changes, molecular dynamics

Introduction

Plasmonic nanorods and nanowires with polymer molecules adsorbed on their surface are widely used
for biological nanoprobes based on the effect of surface-enhanced Raman scattering, as well as for creating
various chemical sensors [1-7]. In this case, of particular interest is the control of conformational changes in
adsorbed macrochains under the influence of an external electric field in order to create similar nanoprobes
and sensors with controlled characteristics [8—14].

Previously, the authors studied electrically induced conformational changes in macromolecular chains
on the surface of gold nanoobjects of spherical [15—17] and cylindrical [18-20] shapes, as well as on the
surface of gold prolate nanospheroids [21-23] and the flat surface of a gold crystal. It was shown that under
the influence of both a static external electric field and microwave electromagnetic radiation, the
conformational structure of polyelectrolyte chains adsorbed on the surface of metal nanoobjects changes
significantly, and at the same time depends on the shape of the nanoobject. At the same time, it is of interest
to study conformational changes in polyelectrolytes with a uniform distribution of charges of the same sign
along the entire macrochain on the surface of a metal cylindrical nanowire or nanorod polarized in the
transverse direction in a static electric field, which was not disclosed in previously published works [18-20].

Therefore, the purpose of this work is to study the conformational changes of uniformly charged
polyelectrolytes on the surface of a metal nanowire transversely polarized in an external electric field. For
this, two approaches will be used: a statistical description of the macromolecular fringe layer and molecular
dynamics (MD) simulation.

1 Formation of a macromolecular fringe layer on the surface of a cylindrical nanowire: a
mathematical model

1.1 Mathematical model of formation of the fringe layer of a polyelectrolyte
macromolecular chain on the surface of a transversely polarized nanowire

A change in the conformations of macrochains of a polyelectrolyte adsorbed on a nanowire can be
carried out by an external electric field that polarizes the conductor. In the simplest model, polymer
molecules are represented as ideal Gaussian chains, but the attraction of links to the surface of the adsorbent
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is taken into account. The intensity of the quasi-static field outside the cylinder of radius R, i.e. when ¥ > R
and placed in the field Eo has the form [24] (n,, ny are the unit vectors of the Cartesian coordinate

system)
g(w)—¢, R

—2[(1—25in2(p)-nx+sin2(p-ny]. (1)

E (r,p)=En_+E,
(r)=En, Ogl(a))+.92 r

The adsorption potential of the surface of a circular nanowire in the case of van der Waals adsorption
can be effectively represented by a combination of the simplest model potentials “solid wall—-delta functional

well”: Vi (r) =V, (R) —od(r — 1) [18]. When a nanowire is placed in a uniform electric field, its
potential becomes dependent on the angular variable ¢ in the cross-sectional plane as a result of conductor

polarization. Then the potential of the total field in the space outside the nanowire with the polarized
component E (7) can be written as the sum

V() =Vi(r) +V,(r,0) =V,,(R) —ad(r —1y) —eEyrcos o +V,(r,¢) » 2)

where
&(@)-& R2eE. SO5P 3)
g(w)+e¢, O

V,(r,) =—eEyrcosep +

— the energy of interaction of a polyelectrolyte unit carrying a charge e with the primary external electric
field and the polarization field of the wire. The dielectric constants sl(co),ez in (3) characterize the
nanowire metal and the environment, respectively.

To study the spatial structure of the macrochain, a conformational function W(I’) is introduced that
satisfies a Schrodinger-type differential equation [25]

2
%Vzw(r) =[V(r) - elp(r), (4)

where a is the size of the chain link; 7 is the temperature of the colloidal solution. In the case of a sufficiently
weak external field, potential (3) can be taken into account in the framework of perturbation theory. Equation
(4) with potential (2) contains an angular variable, so it should be written in the form

akr|1e o 1 ¢
——r—+—— |y =[V{I)-c¢cly). 5
5 Larrar rza(ﬁ}//() [V(r)-ely(r) )
Solution (5) can be represented as w(r)=F(r)®, (), where ®, (¢) is the eigenfunction of the
projection operator of the quantum orbital angular momentum with integer m: @, (@) =1/~/27 exp(img) .

For the radial function F (7) (5), we obtain the equation [19]

- _F}F,“(r) =lV(r)-¢,1F,(r). ©

Here in (6) the radial potential V(r)=V,(r)+V,(r), and V,(r) is defined by the relation
V,(r,p)=V,(r)®,(¢), or

V,(r,p)= —l:l - a’(a))(ﬁj :lrEO cos
r



Materials science. 21

G078 poop
g(w)+s, 0

cos@

V,(r,p)=—eE rcose+

The equation for the function F (7) without taking into account the polarization part V, () of the
potential is obtained from (5), and can be written in the form

p 1, m’ 6
ES(n+—F, (r)—r—sz(r)=W[V](r)—€m]Fm(r)- (7
In the absence of a potential V] (r) =V, (R)—ad(r —r,), equation (7) is the Bessel equation for

cylindrical functions Z (&) . Thus, the solution to (7) are the Bessel functions of the imaginary argument

m

6 . . . o .
1,(q,r) u K, (q,7), E=q,7 q, =— 2‘ch . Then, as solutions of equation (4) with a certain index m in the
a

field V(r) =V,(r), decaying at infinity, we can write the following expressions
F'(rn=A1,I(q,r)+B,K,k(q,r), R<r<r, @)
F,f(r)=Cme(qmr), A <r<ow

The constants A,, B, and C, are found from the following boundary conditions and conjugation

conditions that the functions  (r) must satisfy

6a
l//1(R)=O’ V/I(;?))zl/lll(rz))’ ‘//1'1(’%)_‘//1’(’?)):_%‘//11(’6) ©)
The last equation in (9) allows us to determine the only discrete level of the spectrum &, for each
integer index m [19]. For m =0, we arrive at the problem with circular symmetry of the distribution density
n(r) =y (r) of links, which we have already studied earlier in a number of papers.
In the general case of an arbitrary index m, to determine the parameters ¢, and &, it is necessary to use

the equation

d

i), - LE )., = -2
r " dr 0

and from the other two equalities (9) there are relations between the constants Am and two other constants

B and C,.
Then solutions (8) take the form

Fi(r)=A,1,.q,r) —MKm (g, |, R<r<r
Km (q"'lR)
(1D
1 I R
FH:I (r) = AYn [ - (qmr()) - - (qm ) }KWI (qmr)’ r() < r < o0
Km (qmro) Km (qu)
Substituting (11) into (10) we obtain the general transcendental equation for the eigenvalues ¢,
2
a’kT Im( mR)
= 1,(q,1)K,,(q,1)- K2(g,m)~22n=" (12)

6ar, K, (q,R)
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It was shown in [19] that the functions (11) with m=0 and m=1 are especially important for constructing
the first-order perturbation theory. In this case, the density n(r, ¢) = Wz(r, ¢) of links of the adsorbed
macrochain will still be determined by functions (8) or (11) with index m=0, and eigenvalues &. The first-

order corrections to the eigenvalue &, when perturbations V2 (r, (p) = —eEOr CosQ@ + VP(I’, (p) are taken

into account, are equal to zero for states (8) or (11) [19]. However, the correct use of the Rayleigh-
Schrodinger perturbation theory requires taking into account states (11) with m=1 to clarify the basic states

E)I (r), E)H (7) in the field of a polarized nanowire.

1.2 Calculations based on the conformational model of an adsorbed Gaussian chain on
the surface of a transversely polarized nanowire

Based on the results of calculations using formulas (1)—(12), spatial distributions of the density of
polyelectrolyte units on the surface of a transversely polarized metal nanowire were constructed. All link
density distributions are presented normalized to the value of the local density maximum.
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Fig. 1. Spatial distributions of the density of polyelectrolyte units on the surface of a transversely polarized
nanowire at different external electric field strengths E, (directed along the x axis): 10* (a, d, 2), 10° (b, e, h), 10°
V/em (c, f, i). Other parameters: e’= - 0.1 |e|, R=1.5 nm, ;=2 nm, a=5-10" eV-nm, 7=300 K, @ =0.5 nm.

Figure 1 shows the spatial distributions of the density of polyelectrolyte units at different external
electric field strengths E,: 10* (Fig. 1a, 1d and 1g), 10’ (Fig. 1b, le and 1h) and 10° V/cm (Fig. Ic, 1f and 1i).
In this case, the following parameters were set in expressions (1-14): link charge e’= - 0.1 |e|, nanowire
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radius R=1.5 nm, location of the potential well from the nanowire axis ry=2 nm, potential well depth o=5- 10°
eV-nm, temperature 7=300 K and link size a=0.5 nm. As can be seen from Figures 1a—1c, with an increase in
the strength of the electric field directed from left to right, the links of the polyelectrolyte macrochain are
shifted to the right positively charged region of the transversely polarized metal nanowire. At a low electric
field strength, the polyelectrolyte almost uniformly envelops the nanowire (Figs. 1a, 1d, and 1g). At the same
time, the higher the electric field strength, the stronger the differences in the density of polyelectrolyte units
over the cross section of the nanowire (Fig. 1d-1f) for fields of different strengths, and the more the edge of
the macrochain shifted to the positively charged region of the polarized nanowire.
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Fig. 2. Spatial distributions of the density of polyelectrolyte units on the surface of a transversely polarized
nanowire at different charges of its unit e: - 0.05 (a, d), - 0.1 (b, e), - 0.15 |e| (c, f) Other parameters: R=1.5 nm, ry=2
nm, a=5-10" eV-nm, 7=300 K, a =0.5 nm, E0=105 V/cm (directed along the axis x).

Figure 2 shows the spatial distributions of the density of the polyelectrolyte units for different values of
the charge of the polyelectrolyte unit: - 0,05 |e| (Fig. 2a and 2d), - 0.1 |e| (Fig. 2b and 2e) and - 0.15 |e| (Fig.
2c and 2f) and a constant value of the external electric field E)=10° V/cm. The following parameters were
used in expressions (1)-(12): R=1.5 nm, ry=2 nm, , a=5-10" eV-nm, 7=300 K, ¢=0.5 nm. It can be seen that
as the charge of the polyelectrolyte link increases, the fragments of the macromolecule in the cross section of
the nanowire are increasingly shifted towards the positively charged pole. At the same time, the density of
macrochain links in the positively and negatively charged regions of the transversely polarized nanowire
differs the more, the greater the absolute value of the charge of the polyelectrolyte link (Fig. 2d-e). This is
due to the fact that with an increase in the absolute value of the macrochain charge, the electrostatic forces of
interaction between the macromolecule and the polarized nanowire increase at a constant potential well
depth a, which leads to a displacement of the edge of the charged polyelectrolyte into the oppositely charged
region of the nanowire.

In addition, when modeling on the basis of expressions (1)—(12), the influence of variations of other
theory parameters on the structural rearrangement of the fringe of a polyelectrolyte molecule adsorbed on the
surface of a transversely polarized nanowire was estimated. Figure 3 shows the spatial distributions of the
density of polyelectrolyte units at different temperatures: 250 (Fig. 3a), 300 (Fig. 3b) and 350 K (Fig. 3c)
with unchanged parameters: ¢’=- 0.1 |e|, R=1.5 nm, ry=2 nm, =510 eV-nm, £,=105 V/cm, a =0.5 nm. It
can be seen from the figure that, at a constant external electric field strength, an increase in the temperature
of the colloid leads to the fact that the polyelectrolyte units move freely over the surface of the nanowire and
the macrochain uniformly envelops the nanowire. This is due to the fact that the kinetic energy of the
macrochain links exceeds the potential barriers caused by attraction to the surface of the nanowire. The same
effect takes place when the depth of the potential well a decreases. Thus, when the depth of the potential
well decreases from 6-107 eV-nm to 410~ eV-nm and the values of the parameters in expressions (1)-(12)
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equal to e’=-0.1 |e|, R= 1.5 nm, ry=2 nm, 7=300 K, EO:IO5 V/cm, a =0.5 nm, the fringe around the nanowire
also took a shape similar to the case of high temperature (Fig. 3c), i.e. uniformly enveloping the nanowire.
The same effect was caused by a decrease in the nanowire radius from 1.7 nm to 1.3 nm or an increase in the
link size from 0.45 nm to 0.55 nm with unchanged parameters: e’= -0.1 |e|, a=5-107 eV-nm, 7= 300 K,
Ey=10" V/cm.
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Fig. 3. Spatial distributions of the density of polyelectrolyte units on the surface of a transversely polarized
nanowire at different temperatures 7: 250 (a), 300 (b), 350 K (c) Other parameters: e’=- 0.1 |e|, R =1.5 nm, ry=2
nm, 0=5-10" eV-nm, @ =0.5 nm, E,=10°> V/cm (directed along the axis x).

2 Molecular dynamics simulation

In this work, MD simulation of uniformly charged polypeptides consisting of 800 amino acid residues
was performed on the surface of a cylindrical gold nanowire polarized in the transverse direction in an
external electric field. The model of a gold nanowire was obtained by cutting a cylinder with a radius of 1.5
nm and a length of 15.5 nm from a gold crystal, and its atoms remained fixed during the MD simulation.

The following negatively charged polypeptides have been considered:

1) polypeptide (A;gDAy)40, consisting of 760 Ala units (A, neutral) with uniformly distributed 40 Asp
units (D, charge -1e), the total macrochain charge was -40¢;

2) polypeptide (AsDA,)go, consisting of 720 Ala units with 80 Asp units uniformly distributed (total
macrochain charge -80e);

3) polypeptide (A,DA,) 40, consisting of 640 Ala units with 160 Asp units uniformly distributed (total
macrochain charge -160e).

MD simulation was performed using the NAMD 2.13 software package [25]. For polypeptides, the
CHARMM?22 force field was used [27]. Non-covalent interactions with a gold nanowire were described by
the Lennard-Jones potential parameterized in [28]. The Van der Waals potential was cut off at a distance of
1.2 nm using a smoothing function between 1.0 and 1.2 nm. Electrostatic interactions were calculated
directly at a distance of 1.2 nm, and at greater distances, we used Ewald’s particle—mesh approach (PME)
[29] with a grid step of 0.11 nm. The entire nanosystem was placed in a cube with 24 nm edges filled with
TIP3P water molecules [30]. To control the obtaining of equilibrium conformations, the change in the root-
mean-square distance between polypeptide atoms in different conformations (RMSD) was monitored. MD
simulation was performed at a constant temperature at 900 K with a subsequent reduction to 300 K.

First, such conformational structures of macrochains were obtained, in which the polypeptide enveloped
the surface of the nanowire. For this purpose, MD simulation of negatively charged polypeptides on the
surface of a positively charged gold nanowire (surface charge density +3.3e/nm°) was carried out. Three
starting conformational structures of each polypeptide were obtained for MD simulation on the surface of a
transversely polarized gold nanowire.

If the external electric field vector is directed transversely with respect to the axis of a cylindrical metal
nanowire, then electric charges will be induced on the surface of the nanowire with a surface density
proportional to the cosine of the angle between the directions of the electric field vectors E and the normal to
the surface [31]:

0'=£cosé’ (13)
2
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Therefore, the local electric field of a nanowire polarized in the transverse direction was set by
assigning partial charges to nanowire atoms located on its surface according to the cosine law (13). The
following values of the induced dipole moment of the nanowire per unit of its length were obtained: 0.75,
1.5, and 3 kD/nm. In this case, on the surface of the nanowire, the maximum value of the induced partial
charge of the atom in the positively charged region of the polarized nanowire was +0.125¢, +0.25¢, and
+0.5¢, respectively.

2.1 MD simulation results

Fig. 4. Polypeptide (A;DAj) 4 in the starting conformation (a), as well as on the surface of a transversely
polarized gold nanowire with a dipole moment (directed upwards): 0.75 (b), 1.5 (c) and 3 (d) kD/nm (the blue tube and
red symbols denote Ala and Asp residues, respectively).

Figure 4a shows the starting conformational structure of the (A,DA));s polypeptide, which was
obtained at the end of MD simulation on a positively charged nanowire, with the macromolecular chain as a
whole uniformly enveloping the nanowire. Figures 4b—4d show that as the dipole moment of the nanowire
increases in the transverse direction, the macromolecular chain shifts more and more to the positively
charged region of the nanowire (in the upper half of the cross section). At the maximum value of the dipole
moment of the nanowire (Fig. 4d), almost all amino acid residues are located in the upper positively charged
region of the nanowire. An exception is the only positively charged N-terminus of the polypeptide, which
remained in the negatively charged region of the nanowire. A similar picture of displacement of negatively
charged macrochain units to the positively charged region of the transversely polarized nanowire was
observed for polypeptides (AjpDAg)s and (AsDAy)so.

Figure 5 shows the average angular dependences of the distribution of atoms of the polypeptide
(A,DA») 160, which were calculated with a step of 10 degrees along the cross section (a negatively charged
pole in the nanowire cross section corresponds to an angle of 180 degrees, and a positively charged pole
corresponds to an angle of 0 degrees). This figure shows that, in the starting conformation (curve 1), a
generally uniform distribution of atoms of uniformly charged polypeptides around the nanowire is observed.
At the value of the dipole moment of the nanowire equal to 0.75 kD/nm, a small part of the polypeptide
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atoms shifted to the positively charged region of the nanowire (curve 2), and already at the value of the
dipole moment of the nanowire equal to 1.5 kD/nm (curve 3), most of the amino acid residues of the
polypeptide shifted to the positively charged region. nanowire area. Similar mean angular distributions of
atoms were also observed for other considered polypeptides.
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Fig. 5. Average angular dependences of the distribution of atoms of the polypeptide (A,DA;);6y On the surface of a
transversely polarized gold nanowire. In the figure, the numbers denote the values of the dipole moment of the
nanowire: 1) — 0, 2) — 0.75, 3) — 1.5 and 4) — 3 kD/nm.
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Fig. 6. Radial dependences of the average density of atoms of the polypeptide (A9DAg)4 (a) and (AsDA4)g (b) on the
surface of the positively charged half of the transversely polarized nanowire at dipole moment values: 1) — 0, 2) — 0.75,
3) — 1.5 and 4 ) — 3 kD/nm. Radial dependences of the average atomic density of polypeptides (AgDAy)4 (c, 1),
(AsDAy)so (c, 2), and (A;DA5) 40 (¢, 3) on the surface of a positively charged region of a transversely polarized gold
nanowire at a dipole moment of 3 kD/nm.
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Figure 6 shows the radial dependences of the average density of polypeptide atoms on the surface of a
positively charged region of a transversely polarized nanowire for various values of its dipole moment. It can
be seen that as the dipole moment of the transversely polarized nanowire increases (Figs. 6a and 6b), the
density of polypeptide atoms near the surface decreases more and more. This is due to the fact that when
similarly charged units are displaced to the upper region and, accordingly, their number increases there, the
polyelectrolyte fringe swells due to bulk interactions between macromolecule units. It is also seen in Fig. 3c
that at the maximum value of the dipole moment of the nanowire considered for the polypeptide (A yDAg)49
with the lowest density of charged units per macrochain length unit, the curve of the radial dependence of the
density of polypeptide atoms is significantly lower than for the other two polypeptides. This is due to the fact
that with an increase in the number of charged units per unit length of the polypeptide, the force of
electrostatic attraction between the positively charged region of the transversely polarized nanowire and the
negatively charged polypeptide increases.

Conclusion

Based on the expressions of the analytical model for the formation of a macromolecular fringe layer on
the surface of a cylindrical metal nanowire, the conformational changes in the uniformly charged
polyelectrolyte adsorbed on it under the action of a transversely directed external electric field were
calculated. As the strength of the external electric field increased, an asymmetric stretching of the
polyelectrolyte fringe was observed in the direction of the dipole moment of the transversely polarized
nanowire. In this case, the links of the macrochain of the charged polyelectrolyte shifted to the oppositely
charged pole along the cross section of the nanowire, and the like-charged pole became exposed relative to
the charged macromolecule. An increase in the macrochain charge per unit of its length at a constant strength
of the external transverse electric field led to an ever greater displacement of the polyelectrolyte fringe into
the oppositely charged region of the transversely polarized nanowire. The influence of other parameters
included in the obtained expressions of the mathematical model on changes in the polymer fringe of the
adsorbed polyelectrolyte of the transversely polarized nanowire was evaluated. An increase in temperature, a
decrease in the depth of the potential well, a decrease in the nanowire radius, and an increase in the link size
led to the fact that the asymmetry of the pattern for the polyelectrolyte fringe disappeared and the
macromolecular chain uniformly enveloped the transversely polarized nanowire.

The obtained picture of the density distribution of macrochain units is in qualitative agreement with the
conformational structures of uniformly charged polypeptides adsorbed on a gold, transversely polarized
nanowire, which appear as a result of the performed MD simulation. In the case of MD simulation, the
asymmetric stretching of the polypeptide fringe in the direction of the dipole moment of the transversely
polarized nanowire also occurred. In this case, the higher the value of the dipole moment of the gold
nanowire and the greater the number of charged amino acid residues of the same sign per unit length of the
polypeptide, the stronger the macrochain shifted to the oppositely charged region of the transversely
polarized nanowire. In this region of the nanowire, the macromolecular fringe gradually swelled due to bulk
interactions between the charged units of the macromolecule.

The asymmetric stretching of the polyelectrolyte fringe with an increase in the strength of the external
electric field is due to its effect on the charged links of the macrochain. Under the influence of an external
force, which leads to a decrease in the possible conformations of the macrochain, elastic forces arise that
prevent such a rearrangement of the macromolecule and are of an entropic nature [25]. As the possible
conformations of a macromolecule decrease, its conformational entropy also decreases. With an increase in
the strength of the external electric field, the forces acting on the charged macrochain increase, which begins
to shift to the oppositely charged region of the transversely polarized nanowire. In this case, the elastic
forces, which are of an entropic nature, prevent this and tend to return the shape of such a fringe that evenly
envelops the nanowire. In MD simulation, in addition to the entropy factor, the shape of the polyelectrolyte
fringe on the surface of the transversely polarized nanowire is also affected by the force factor associated
with volumetric interactions of macromolecule units with each other.

Such a rearrangement of the conformational structure of adsorbed uniformly charged macromolecules
adsorbed on the surface of a metal nanowire, which occurs under the influence of an external, transversely
directed electric field, can find practical application in the creation of new or modification of existing
bionanoprobes and sensors that based on the effect of surface-enhanced Raman scattering and are sensitive to
exposure to an external electric field.
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We can also note further prospects for such studies of conformational changes in adsorbed
polyelectrolytes on the surfaces of gold nanoparticles. Of great interest, in addition to spherical [15—-17] and
cylindrical [18—20] nanoobjects, is the study of conformational rearrangements on the surface of spheroidal
gold nanoparticles with different anisotropy in order to obtain nanosystems with tunable plasmon
characteristics. On the surface of a prolate [21-23] or oblate spheroidal nanoparticle, both charged and
polarized along the rotation axis, the distribution of electric charges differs significantly from the cases of
charge distribution on the surface of polarized spherical or cylindrical nanoobjects. Such an inhomogeneous
distribution of charges on the surface will lead to the fact that on the surface of both charged and placed in a
static or alternating electric field nanospheroids, the polyelectrolyte fringe will have a unique shape,
depending on the ratio between the lengths of the major and minor axes of the nanospheroids.
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The structural and optical properties of dots based on graphene oxide (GO) obtained by laser ablation
method with various energy densities of radiation were studied. It was shown that after laser ablation, the average
lateral size of GO sheets was decreased from 1280—1900 nm to 230+£95 nm and 110+42 nm for samples prepared
at a laser radiation with energy density of E~15 and 21 mJ/em’, respectively. Raman spectroscopy data showed
that after ablation, the 1/l ratio decreased from 1.04 to 0.97, indicating an increase in the number of sp*-
hybridized domains in GO after ablation. A change in the energy density has practically no effect on a change in
its functionalization, as well as the ordering of sp*> domains inside a GO sheet. The optical density of GO
dispersions and the intensity of their fluorescence depend on the ablation conditions. For non-ablated dispersions
along with the luminescence band at 450 nm, additional band appears in the spectrum with a maximum at about
600 nm. After ablation the distribution of particles becomes more uniform, as evidenced by both the change in the
shape of the GO luminescence band and the constancy of the fluorescence lifetime upon registration at different
wavelength.

Keywords: graphene oxide, graphene dots, laser ablation, structure, optical properties.

Introduction

Laser ablation in a liquid is a reliable and simple method for the preparation of nanosized objects and
nanoparticles [1-3], carbon and graphene dots [4]. It is known that, under the influence of laser radiation, a
laser-induced breakdown occurs on the surface of the sample in a liquid. As a result, shock waves are
formed, and the resulting plasma expands and cools. Then the cavitation bubble expands and collapses,
releasing a large amount of energy and breaking the substance into smaller fragments [5]. The properties of
the resulting nanomaterials depend on the parameters of laser radiation (wavelength, energy and pulse
duration, exposure time) and the properties of the ablated dispersion [6].

Currently, this method is a good alternative for the preparation of graphene luminescent dots. By
changing the radiation characteristics during laser ablation, it is possible to obtain graphene dots of various
shapes and sizes, which exhibit unusual photoluminescence associated with a circular polygonal shape and
corresponding edge effects [7]. In particular, the laser ablation method was used in Ref. [8] to obtain
graphene oxide (GO) nanostructures. It was shown that during the ablation process, nanostructures of various
shapes are formed: ribbons, flakes, and quantum dots with simultaneous photoreduction of graphene oxide.
Graphene oxide dots exhibit blue photoluminescence. By changing the ablation time, it is possible to achieve
different fluorescence quantum yields of graphene dots [9, 10]. It is known that the power of laser radiation
directly affects the mechanism of material ablation. For example, it was shown in Refs. [11-14] that at high
laser radiation energy densities (>10 J/cm?), the ablation mechanism changes from melting to explosive
boiling or fragmentation, which do not lead to the formation of nanoparticles.

The aim of the present work is studying of the effect of laser pulse energy density on the properties of
GO in aqueous dispersions. This will open up possibilities for controlling the optical and luminescent
properties of graphene dots by changing the conditions for their synthesis. Graphene and carbon dots [15]
can be used in various fields, such as energy storage [16], photovoltaics [17], photoelectrochemical [18] and
photocatalytic [19—22] generation of hydrogen/hydrocarbon fuels, and photocatalysis of organic pollution
[23]. In addition, their high photostability and biocompatibility make them a good alternative to conventional
semiconductor quantum dots.
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1. Experimental part

To prepare and study dispersions of graphene oxide the method and equipment described in Refs. [9,
10] were used. Briefly, single layer graphene oxide (GO, Cheaptubes) [24] was dispersed in deionized water
(AquaMax) by sonication for 30 min. The solution was then centrifuged at 6000 rpm for 1 hour. The height
of the ablated liquid was equal to 0.8 cm. During laser ablation, the dispersion was continuously stirred. The
Nd:YAG laser with A4,,=532 nm, =10 nm and pulse energy density equal to E~15 and 21 mJ/cm® was
chosen as the radiation source. Previous studies have shown that after 20 min of ablation, GO is reduced and
graphitized, which leads to an increase in the average crystallite size of sp” carbon domains and a decrease in
the number of GO layers in the obtained particles [9]. Based on this, the ablation time was chosen equal to
30 minutes.

According to data obtained with a Zetasizer Nano S90 analyzer (Malvern), the particle size of GO was
estimated. To study the particle morphology, the dispersion was spreaded onto the surface of silicon wafers.
The images were registered with a scanning electron microscope Mira-3 LMU (Tescan). The Raman spectra
of the prepared samples were recorded using a Confotec MR520 (3D Scanning Raman Confocal Microscope,
Sol Instruments) with laser excitation at a wavelength of 532 nm. Absorption spectra were measured on a
Cary-300 spectrometer (Agilent). Fluorescence was recorded using an Eclipse (Agilent) spectrofluorimeter.
Fluorescence decay kinetics of graphene dots were measured by using TCSPC (time-correlated single photon
counting) system (Becker&Hickl) at excitation wavelength A= 375 nm. All measurements were carried out
at room temperature in 1 cm quartz cells.

2. Results and discussion

Measurements of the particle size of graphene oxide by dynamic light scattering showed that, before
ablation in solution, about half of the particles are larger than 1 pm (1280-1900 nm). After ablation at 15
mJ/cm?, the average particle size was noticeably decreased from 1575 nm to 230+95 nm. An increase in the
ablation power leads to a further decrease in the particle size of graphene oxide to 110+42 nm (Fig. 1).
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Fig. 1. Size distribution of GO after ablation at various laser radiation energy densities

SEM studies have shown (Fig. 2) that on the substrates GO dispersion forms a film consisting of both
single-layer and multi-layer GO sheets. In multilayer particles, graphene oxide is prone to the formation of
folds and wrinkles.
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Fig. 2. SEM images of GO before and after ablation at various laser radiation energy densities
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After laser processing, smaller particles are visualized on SEM images. At an energy density of 21
J/em® the size of particles is smaller and they are uniformly distributed over the surface. The SEM data
correlate well with the results obtained by dynamic light scattering, showing that the size distribution of
graphene dots decreases with changing in the E from 15 to 21 mJ/cm’.

It can be seen from the Raman spectroscopy data (table 1) that the maximum of the G-band of GO is
shifted to higher frequencies compared to the band for graphene, which indicates the presence of C=0 bonds
in the structure of the GO sheet [25]. At the same time, the Ip/Ig ratio decreased markedly from 1.04 to 0.97
after ablation of the GO dispersion. A change in the radiation energy density has almost no effect on the
change in its functionalization, as well as the ordering of the sp® domains inside the GO sheet.

Table 1. Position and intensity Raman bands of GO in dispersion after ablation at different laser radiation energy
densities

E, mJ/cm” D, cm’ I, ru. G, cm’ I ru. Ip/lg 2D, cm’! I ru. Ip/Ig

Before ablation - 1360 18895 1602 18109 1.04 2734 11249 0.62
Afier ablation 15 1360 42482 1602 43738 0.97 2740 24413 0.56
21 1368 26100 1602 27140 0.96 2740 15906 0.59

Studies of the optical properties of graphene dots showed (Fig. 3) that an increase in the energy density
of laser radiation leads to a slight increase in the optical density (D) of GO at the maximum of the absorption
band (~228 nm, Fig. 3a). It should be noted that, compared with the optical density of solutions before
ablation, the value of D increased by almost 80%, which indicates an increase in the number of absorbing
particles.

However, such an increase leads to the effect of self-quenching of the GO luminescence [26], which is
clearly seen in Fig. 3b. Along with the luminescence band at 450 nm, additional band appears in the
spectrum in the form of a shoulder with a maximum at about 600 nm. After laser treatment of the GO
dispersion, the shape of the fluorescence spectrum changes and exhibits only one maximum at 490 nm. As it
was shown by the recorded excitation spectra, the deformation of the GO luminescence band in dispersions
before ablation is associated with the presence of several luminescence centers, because the curve shows
maxima at 340 and 370 nm.

@ D (b) ) I, ru.

N aretaeres
\\ 200 300 400
A, nm

T v T T T 4 T T
300 450 600 750 400 500 660 700 8(])0
A, NM A, nm

Fig. 3. Absorption (a) and fluorescence (b) spectra of GO before and after ablation at different laser energy
densities E, mJ/em? 1-0;2—15; 3 — 2. Fluorescence spectra were recorded at A.,=320 nm — 1, 3, 5; A, =350 nm — 2,
4, 6. On the inset: excitation spectra of GO before ablation at A,,=480 nm.

Figure 3b shows that as the excitation wavelength increases, the GO fluorescence spectra shift
bathochromically and have different intensities. This may be due to the luminescence of various centers or
the localization of electron-hole pairs in isolated sp” clusters in the sp’ matrix. After ablation, the particles
become more uniform both in size and composition. In this case the shape of the band does not change upon
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the changing in the power density of laser irradiation, and the intensity of the fluorescence GO is only on
10% higher for dots, prepared at 21 mJ/cm® compared to 15 J/cm’.

The lifetimes estimated from the fluorescence decay kinetics are presented in table 2. The decay
kinetics can be described with using a biexponential equation with different contributions from the first and
second components.

However, as can be seen from the data, the presence of a long-lived component has almost no effect on
<t> the average GO fluorescence lifetime. At the same time, the fluorescence lifetimes of GO particles after
ablation slightly decreased, however, they are the same when A,., was changed.

Table 1. Fluorescence lifetimes of GO ablated at different laser energy densities

Mo, NM | <T>, ns | Ty, NS | oy, % | Ty, NS | 0y, %
Before ablation
450 0.36 0.26 92 1.55 8
511 0.34 0.30 96 1.40 4
21 ml/cm’
450 0.34 0.26 94 1.57 6
511 0.31 0.28 97 1.18 3
15 mJ/cm’
450 0.32 0.28 92 1.13 8
511 0.32 0.28 97 1.57 3
Conclusion

The studies performed have shown that an increase in the energy density of laser radiation leads to a
decrease in the size of graphene oxide particles after ablation. At the same time, no noticeable changes in the
morphology and structure of the particles were registered.

A slight increase in both the optical density and fluorescence intensity was registered for graphene
oxide dots obtained at 21 mJ/cm’, relative to these parameters recorded for dots that were synthesized at 15
mJ/cm’. In this case, the distribution of particles becomes more uniform, as evidenced by both the change in
the shape of the GO luminescence band and the constancy of the fluorescence lifetime upon registration at
different Ae,.

The results obtained can be used to create organic luminescent materials, in optical nanotechnologies,
as well as in photovoltaics, biophysics, and bioimaging.
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The paper presents the results of a study of the effect of alcohol solvents on the surface structure, optical
and electrical characteristics of a Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate films annealed at a low
atmospheric pressure of 107 millimeters of mercury. It has been found that the modification of the surface of a
polymer film with ethyl and isopropyl alcohols leads to a change in the surface morphology, optical and electrical
transport properties of the polymer. It is shown that when the Poly(3,4-ethylenedioxythiophene) polystyrene
sulfonate film is modified with alcohol solvents, the absorption spectra show a decrease in the absorption of the
polystyrene sulfonate aromatic fragment. It is shown that the structural features of the Poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate surface morphology affect the electrical transport parameters of
films, such as the resistance of the Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate film, the charge carrier
transfer resistance at the Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate/electrode interface, the effective
extraction rate, and the effective time of flight of charge carriers. The optimal technological parameters for the
production of films have been determined, at which the electrical transport properties of Poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate films annealed at low atmospheric pressure increase.

Keywords: PEDOT:PSS, Izopropanol, Ethanol, low atmospheric pressure, surface morphology, optical
spectroscopy, impedance spectroscopy

Introduction

PEDOT:PSS is traditionally used as a hole transport layer in organic solar cells (OSC) due to
its high transparency in the visible light range, good film formation during dissolution, and high
work function [1,2]. The properties of the PEDOT:PSS layer can definitely affect the performance
of the OSC. It can be used as a potential alternative to both traditional solid substrate electrodes
such as conductive electrode (ITO, FTO) and metal electrodes (Au, Pt, Cu, etc.) [3-4].

However, defects of microstructure in the PEDOT:PSS film morphology can lead to inefficient
hole transport within the PEDOT:PSS layer [5-8], causing unbalanced charge carrier transport,
which ultimately results in low FF and high current leakage [9-12]. Thus, the uniformity of the
PEDOT:PSS layer is important for PSC performance.

Currently, there are several methods for improving the electrical and optical properties of a
PEDOT:PSS film: post-processing, doping and creating composites [5]. One of the main ways to
improve the conductivity of PEDOT:PSS is the addition of organic solvents, including alcohol ones
[13—17]. It is known that solvents affect the conductivity and structure of the film [18, 19],
however, in the works of the authors, due attention is not paid to the processes of generation and
transport of charge carriers in films of the modified PEDOT:PSS.

Previously, we studied the effect of modification of the structure of the PEDOT:PSS polymer
with hole conductivity on the optical, electrical transport and photovoltaic properties of an organic
solar cell based on a P3BHT:PC60BM bulk heterojunction [20]. It was shown that thermal treatment
with the addition of isopropyl alcohol to the PEDOT:PSS polymer solution leads to a change in the
structural and optical properties of the films. It has been established that the efficiency of charge
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carrier transfer and the efficiency of a polymer solar cell depend on the structural features of
PEDOT:PSS.

Thus, it can be noted that studies on the effect of structural changes in the PEDOT:PSS
polymer on its morphological, optical and electrical transport parameters remain relevant.

In this work, we will investigate the effect of modification of a conductive PEDOT:PSS
polymer with organic alcohol solvents on the morphological, optical and electrical transport
characteristics of a PEDOT:PSS polymer with hole conductivity annealed at low atmospheric
pressure.

1. Experimental

We used PEDOT:PSS (1%, Ossila Al4083), Izopropanol, Ethanol (pure 99.9% Sigma Aldrich).
To change the surface morphology, the PEDOT:PSS hole-conducting polymer was diluted with a
certain concentration of alcohol (ethyl, isopropyl), placed in a vacuum furnace (YHCHEM,
Shanghai Yuanhuai Industrial Co) and annealed at 120°C for 10 minutes. A comparative analysis of
the modified PEDOT:PSS film was carried out by comparing the structure of the surface
morphology, optical and electrical properties. The structural formulas of the compounds are shown
in Figure 1. The preparation of the substrates was carried out according to the procedure [21].
Before starting the experiments, the PEDOT:PSS solution was filtered through a 0.45 micrometer
filter. PEDOT:PSS films were obtained on the surface of quartz glass by centrifugation (on a

SPIN1501 centrifuge manufactured by Semiconductor Production System) at a rotation speed of
5000 rpm.

PEDOT and PSS chains

Ethanol Izopropanol

NeoeeL
) P, RRAQY

H_Cl:_cl:_OH H_CI—Cl—CI:—H \(). \() H \()\H \(h“ \()\

L L ~ﬂ%ﬂ&vw

PEDOT

Fig. 1. Chemical structure of Ethanol, Izopropanol, PEDOT and PSS

The surface topography of the samples was studied using a high-resolution atomic force
microscope (AFM) JSPM-5400 (JEOL, Japan). The AFM images were processed using a special
modular program for analyzing scanning probe microscopy data (Win SPMII Data-Processing
Software). The surface morphology and roughness of PEDOT:PSS thin films were analyzed from
AFM images. The images of the surface of the PEDOT:PSS films were obtained in the mode of the
semicontact scanning method. The absorption spectra of the studied samples were recorded on an
AvaSpec-ULS2048CL-EVO spectrometer manufactured by Avantes, which records absorption
spectra in the range of 200-1100 nm and has an optical resolution of 0.04 nm. The impedance
spectra were measured using a measuring system P-45X (Elins) with an additionally installed FRA-
24M frequency analyzer module. Fitting and analysis of the spectrum parameters were carried out
using the EIS-analyzer software package, according to the procedure [22].
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2. Results and Discussion

Images of the surface morphology of PEDOT:PSS films with different ratios of ethyl and
isopropyl alcohols are shown in Figure 2. Table 1 shows the roughness values of PEDOT:PSS
films. Figure 2 shows that the PEDOT:PSS film without the addition of alcohols after thermal
annealing has a rather pronounced relief. In this case, the surface morphology has a pronounced
heterogeneity, the surface roughness is 0.64 nm. In a PEDOT:PSS film prepared in ethanol in a
ratio of 80% PEDOT:PSS/20% ethanol, after thermal annealing at a temperature of 120°C, a
decrease in surface roughness to a value of 0.58 nm is observed. A further increase in the
concentration of alcohol in a ratio of 70% PEDOT:PSS/30% ethanol leads to a reduction in the
surface roughness of the film to 0.54 nm. At a ratio of 50% PEDOT:PSS/50% ethanol, the surface
roughness of the film is reduced to a value of 0.45 nm.

500 nm
—

PEDOT:PSS 80% PEDOT:PSS/ 70% PEDOT:PSS/ 50% PEDOT:PSS/
20% ethanol 30% ethanol 50% ethanol

500 nm 500 nm

80% PEDOT:PSS/ 70% PEDOT:PSS/ 50% PEDOT:PSS/
20% isopropanol 30% isopropanol 50% isopropanol

Fig. 2. Surface morphology images of PEDOT:PSS films

For a qualitative analysis of studies, the effect of the ratio of isopropyl alcohol on the
morphology of the PEDOT:PSS polymer was studied. From the obtained results it can be seen that
the roughness of the PEDOT:PSS film in a ratio of 80% PEDOT:PSS/20% isopropanol was 0.54
nm. This value is not very different from the roughness value obtained for ethyl alcohol. At a ratio
of 70% PEDOT:PSS/30% isopropanol, the film roughness also decreases to a value of 0.49 nm.
Increasing the proportion of isopropyl alcohol to 50% in the film resulted in smoothing of the film
surface with a roughness of 0.43 nm. Comparative analysis of changes in surface roughness showed
that in the process of film preparation with the addition of various concentrations of ethyl alcohol,
the surface roughness decreases by 1.4 times, and isopropyl alcohol by 1.5 times.

Table 1. Surface roughness of PEDOT:PSS films with different concentrations of alcohols

Sample R,, nm

PEDOT:PSS 0.64

80% PEDOT:PSS/20% ethanol 0.58
70% PEDOT:PSS/30% ethanol 0.54
50% PEDQOT:PSS/50% ethanol 0.45
80% PEDOT:PSS/20% isopropanol 0.54
70% PEDOT:PSS/30% isopropanol 0.49
50% PEDOT:PSS/50% isopropanol 0.43
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Figure 3 shows the absorption spectra of PEDOT:PSS films with different ratios of ethyl and
isopropyl alcohol, annealed at low atmospheric pressure at 7=120C°. It can be seen from the figure
that the initial PEDOT:PSS film has a maximum at a wavelength of 4; = 214 nm with a spectral
half-width of 10.2 nm. In the absorption spectra of all films, a shoulder A, is observed with a
maximum at 227 nm, which is associated with the absorption of the PSS - poly(styrenesulfonate)
[20,23]. When ethyl alcohol is added to the film during preparation, the positions of the maxima in
the absorption spectra do not change, only a decrease in the optical density values and a decrease in
the half-width are observed (Figure 3a). The value of the maximum at a wavelength of 214 nm
decreased by 1.2 times, and at a wavelength of 227 nm - by 1.6 times.

The absorption spectra of PEDOT:PSS films annealed at 7=120C° with different ratios of
isopropyl alcohol are shown in Figure 3b. A comparison of the shapes and positions of the
absorption spectra maxima of films with isopropyl and ethyl alcohol showed no visible changes.
The half-width of the absorption spectrum remained within the same range as for ethyl alcohol. The
values of the optical density at the absorption maxima decrease. The value of the maximum at a
wavelength of 214 nm decreased by a factor of 1.7, and at a wavelength of 227 nm, by a factor of
2.2. Table 2 lists the characteristics of the absorption spectra of PEDOT:PSS films prepared with
various concentrations of alcohol solvents and annealed at low atmospheric pressure.

064 ——PEDOT:PSS 06 ——PEDOT:PSS
' 80% PEDOT:PSS/20% ethanol ' 80% PEDOT:PSS/20% isopropanol

——70% PEDOT:PSS5/30% ethanal 70% PEDOT:PSS/30% isopropanol
——50% PEDOT:P55/50% ethanol 1 ——50% PEDOT:PS5/50% isopropanol

T 04 S g4

< : i 04

[+ ©

= 2

B g

2 G

§ 0,24 § 024

0,0

0,0

200 250 300
Wavelength [nm]

200 250 300
Wavelength [nm]
a b

Fig. 3. The absorption spectra of PEDOT:PSS/ethanol (a) and PEDOT:PSS/isopropanol (b) films
It should be noted that a comparative analysis of the change in the values of optical density at
the absorption maxima of the films shows that for isopropyl alcohol a greater decrease in absorption

is observed than for ethyl alcohol.

Table 2. Characteristics of absorption spectra of PEDOT:PSS films

Sample Absorption peaks D, D, FWHM. nm
A7, nm Az, nm
PEDOT:PSS 214 227 0.58 0.28 10.2
Ethanol
80% PEDOT:PSS/20% ethanol 214 227 0.55 0.25 9.5
70% PEDOT:PSS/30% ethanol 214 227 0.54 0.21 9.1
50% PEDOT:PSS/50% ethanol 214 227 0.49 0.18 8.5
Isopropanol

80% PEDOT:PSS/20% isopropanol 214 227 0.48 0.22 10.1
70% PEDOT:PSS/30% isopropanol 214 227 0.41 0.16 10.1
50% PEDOT:PSS/50% isopropanol 214 227 0.35 0.13 9.7
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Next, using the method of impedance spectroscopy, we studied the effect of modification of the
PEDOT:PSS structure annealed at low atmospheric pressure with alcohol solvents on the
parameters of charge carrier transport in the cells of the ITO/PEDOT:PSS/ALI structure. The analysis
of the results was carried out according to the diffusion-recombination model with an equivalent
chain, shown in Figure 4a [24]. Here R; is the PEDOT:PSS film resistance, R; is the charge carrier
transfer resistance at the PEDOT:PSS/Al interface, CPE is a constant phase element, is an
equivalent electrical circuit component that simulates the behavior of a double layer, but is an
imperfect capacitor. From the impedance spectra, the main electrical transport parameters were
calculated (Table 3), where: R;, and R, correspond to R; and R», 7. is the effective transit time
through PEDOT:PSS, k. is the effective charge carrier extraction rate from PEDOT:PSS. The
scheme of charge transport in the ITO/PEDOT:PSS/AI cell is shown in Figure 4b.

il
Ri R
<— PEDOT:PSS
CPE s o)
> ITO
Glass
a b

Fig. 4. Equivalent electrical circuit (a) and circuit of charge transport in the cell (b)

The impedance spectra of PEDOT:PSS films with different concentrations of alcohol solvents
annealed at low atmospheric pressure are shown in Figure 5. Table 3 shows the values of the
electrical transport parameters of the films. As can be seen from Table 3, the modification of
PEDOT:PSS with organic solvents affects the transport of charge carriers in PEDOT:PSS. Table 3
shows that cells based on films obtained from solutions with alcohol solvents have better electrical
transport properties compared to the original PEDOT:PSS film. The best transport parameters are
achieved with a maximum concentration of 50% alcohol solvent. The addition of ethanol
significantly reduces the resistance of the PEDOT:PSS (R},) film by a maximum of 1.8 times and the
resistance of the PEDOT:PSS/AI (R.,) interface by a factor of 3.8, which increases the efficiency of
hole transport from ITO to Al through PEDOT:PSS. However, when using isopropyl alcohol, the
decrease in R, and R,,, is more significant: R, decreased by 2.7 times, while R, by 4.2 times
compared to the original PEDOT:PSS.

—e—PEDOT PSS —e—PEDOT:PSS
80% PEDOT:PSS/20% ethanol 80% PEDOT :PS5/20% isopropanol
20000 ~ —w—70% PEDOT-PSS/30% ethanol 20000 ~ 70% PEDOT :PS5/30% isopropanol
—e—50% PEDOT:PSS/50% ethanol —#—50% PEDOT:PSS/50% isopropanol
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Fig.5. The impedance spectra of PEDOT:PSS/ethanol (a) and PEDOT:PSS/isopropanol (b) films
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The values k. and 7.4 characterize the efficiency of carrier extraction with PEDOT:PSS and
the effective charge transit time in PEDOT:PSS. As can be seen from Table 3, the addition of ethyl
and isopropyl alcohol to PEDOT:PSS has a noticeable positive dynamic in k. and 7. However, the
best results are shown by films prepared with the addition of isopropyl alcohol.

Effective charge carrier extraction rate from PEDOT:PSS films obtained from a solution with
isopropyl alcohol increased by more than three times, and the effective transit time decreased
inversely. Holes injected into PEDOT:PSS diffuse to the electrode where they recombine with
electrons. Fast transport of injected holes to the outer electrode is very important, since this reduces
the probability of their reverse recombination. In our case, fast hole transport is provided by
improving the structure of PEDOT:PSS after adding isopropyl alcohol to the initial solution, which
leads to an improvement in the quality of the PEDOT:PSS/ITO interface [20].

Table 3. Electrical transport parameters of PEDOT:PSS films annealed at low atmospheric pressure

Sample R, Q R,., Q kep, s To4, MS
PEDOT:PSS 268.7 48745 157.5 6.4
Ethanol
80% PEDOT:PSS/20% ethanol 248.3 23854 259.4 3.9
70% PEDOT:PSS/30% ethanol 204.7 19887 348.1 2.9
50% PEDOT:PSS/50% ethanol 148.5 12769 425.1 2.4
Isopropanol

80% PEDOT:PSS/20% isopropanol 197.8 21748 357.2 2.8
70% PEDOT:PSS/30% isopropanol 104.2 18374 483.9 2.1
50% PEDOT:PSS/50% isopropanol 98.5 11478 601.8 1.7

Conclusions

An analysis of the experiments showed that the addition of an alcohol solvent affects the
surface structure of PEDOT:PSS films annealed at low atmospheric pressure, which, in turn, affects
the process of charge carrier transport. It has been found that the addition of alcohol to the
PEDOT:PSS polymer leads to a decrease in surface roughness. Upon modification of the
PEDOT:PSS surface, a decrease in the absorption of the PSS aromatic fragment is observed in the
absorption spectra. It is shown that changes in the structure and morphology of the PEDOT:PSS
surface affect the electrical transport parameters of the films. It has been found that the surface of
the PEDOT:PSS film annealed at low atmospheric pressure and modified in isopropyl alcohol has
the lowest resistance parameters R, and R.,; and the highest k. at which, due to the change in the
PEDOT:PSS surface structure, the fastest charge carriers transport is ensured.

Solar cells based on modified PEDOT:PSS films, as a rule, have lower resistance values
compared to the original films, which is due to the faster transport of injected holes to the outer
electrode. Thus, this study showed the possibility of optimizing the electrical transport parameters
of solar cells by modifying the PEDOT:PSS hole-transport layer.The electrical transport
characteristics of the modified PEDOT polymer can be used in the development of organic light-
emitting devices and photoconverters.
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The polycrystalline copper-zinc manganite was synthesized by the solid-phase interaction in the range of
800-1200 °C of oxides of lanthanum (III), copper (Il), zinc (II), manganese (I1I) and magnesium carbonate, thus
its nanostructured particles were first obtained by grinding on the vibrating mill “Retsch” (Germany). The X-ray
investigations determined that the nanostructured manganite is crystallized in the cubic syngony. On the LCR-
7817/827 device (Company «Good Will Instrument Co., Ltd., Taiwany) in the range of 293-483 K at frequencies
equal to 1.5 and 10 kHz, the dielectric constant and electrical resistance were investigated and it was found that
this compound at 293-353 K has the semiconductor conductivity, at 353-373 K - metal and at 373-483 K -
semiconductor conductivity again. The band gap widths were calculated. The permittivity at 483 K reaches
gigantic values at all frequencies. Referring to the above, the objective of this paper is to study the temperature
dependence of the dielectric constant and the electrical resistance of a new nanostructured copper-zinc manganite
of lanthanum and magnesium.

Keywords: copper-zinc manganite, lanthanum, magnesium, nanostructured particles, electron microscopy, X-ray,
electrophysics, semiconductor.

Introduction

Manganites of the rare-earth elements doped with oxides of alkaline-earth metals with effects of the
giant and colossal magnetic resistance can be used in the magnetic field sensors, reading heads for the
magnetic recording of high density and sensors of the moved temperature [1]. In addition, manganites can
have the semiconductor, ferroelectric, radioluminescent and other properties [2-4]. It should also be noted
that recently similar new compounds, based on nickelates of lanthanum and strontium, were obtained. They
have the giant values of the dielectric constant, which are of interest as materials with the high values of
working memory [5]. It should also be noted that these materials are not only promising, but in some cases
used as electrodes for high-temperature fuel cells, catalysts for afterburning exhaust gases, oxygen
membranes, thermistors, sensors [6]. Perovskites, which include oxides of manganese, rare earth and alkaline
earth metals, are also of interest as an anode material for a solid oxide fuel cell [7]. Based on the foregoing,
the study of the physicochemical properties of new analogous compounds has a certain scientific and
practical interest.

1 Experimental technique

The starting materials to synthesize this compound were La,O; (“puriss. spec.”), ZnO, Mn,0;, MgCO;
(qualification (“p.a.”)), their stoichiometric amounts were thoroughly mixed, milled and annealed in the
range of 800-1200 °C for 30 h. The mixture was cooled at 800 °C, 1000 °C and 1200 °C with the repeated
mixing and milling. The low-temperature annealing was made at 400 °C for 10 h [8]. Then, on the vibration
mill “Retsch” (Germany), the polycrystals of the formed alloy were ground to nanostructured particles, their
sizes were determined on MJRA electron microscope, 3LMU Tescan (Fig.1). The X-ray phase analysis of
nanostructured LaMgCuZnMnQOg was performed on a diffractometer DRON-2,0 under conditions: CuK, -
radiation, U = 30 kV, J = 10 mA, rotation speed - 1000 pulses per second, time constant t = 5 sec, angle
interval - 20 from 10 to 90°.

The intensity of diffraction maxima was estimated on 100-point scale. The X-ray patterns were
indicated by the analytical method [9]. The pycnometric density was determined according to [10]. Toluene
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was used as the indifferent liquid. Figure 2 shows the diffractogram of the nanostructured LaMgCuZnMnOg.
Similarly, we synthesized copper-zinc manganites of lanthanum and alkali metals [11].

The study of the electrophysical properties (dielectric constant, electric resistance) was performed by
the measuring of the electric capacity of a sample on LCR-7817/827 device with a basic error of 0.05%
(Company «Good Will Instrument Co., Ltd., Taiwan ») at frequencies of 1, 5 and 10 kHz. The plan-parallel
samples were previous made as discs (diameter - 10 mm, thickness - 1.3 mm) with a binder.

Pressing was performed at pressure of 20 kg/cm’. The resulting discs were baked at temperature of 400
°C in SNOL furnace for 6 h. Further, their thorough double-sided grinding was made. The two-electrode
system was used. The dielectric constant was determined from the electric capacitance. Sawyer-Tower
circuit was used to obtain the dependence between the electric induction and electric field intensity [12].

The value of the dielectric constant (¢) was determined by the formula:

C=¢ye S/, (1)

where gp — is the electrical constant, S — is the area, h — is the thickness of the sample, C — is the
electric capacitance. In its turn € = C-h/gy-¢€; g9 = 8.85- 10712 d/m; S = n-d*/4.

The electrophysical investigations were tested by measuring of the dielectric constant (¢) of the
standard BaTiO; at frequencies of 1 and 5 kHz and 293 K, equal to 1296 and 1220 and which were
satisfactorily with its recommended value of 1400 £+ 250 [12-15].

2 Results and discussion

As can be seen from Fig. 1 the nanostructured LaMgCuZnMnOg is characterized by the following
particle sizes of 122.65, 138.43, 159.34, 162.02 and 214.90 nm. Referring to [16], if a nanoparticle has a
complex shape and structure, then a linear size of a particle as a whole are not studied, but a size of its
structural element is exanimated as characteristic. Such particles, as a rule, are called nanostructured, and
their linear sizes can significantly exceed 100 nm [16].
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Fig. 1. The electron microscopy of the nanostructured LaMgCuZnMnOg

Based on the results of the X-ray investigations, it was determined that the nanostructured
LaMgCuZnMnOj crystallizes in the cubic syngony with the following lattice parameters: a = 13.53 £0.02 A,
V°=12476.81+0.06 A, Z = 4, VCyeccen = 619.20 + 0.02 A°, proeni= 4.52; p pick = 4.50 + 0.01 g/cm’ [8]. The
correctness and reliability of the obtained results were confirmed by the satisfactory agreement of
the experimental and calculated values of 10%/d”, as well as a good coincidence of the X-ray and
picnometer densities.



44 1SSN 1811-1165 (Print); 2413-2179 (Online) Eurasian Physical Technical Joumal, 2022, Vol.19, No.2 (40)

The investigation of the electrophysical properties of LaMgCuZnMnQOg in the range of 293-483 K
showed that its electrical resistance at transition from 293 K to 483 K decreases by 58.5 times (at 1 kHz), by
48 times (at 5 kHz) and by 39.6 times (at 10 kHz). This compound in the range of 293-353 K has the
semiconductor conductivity, at 353-373 K - metallic and at 373-483 K - semiconductor conductivity again.
Calculations of the gap width showed that they in the range of 293-353 K are 0.83 eV, and at 373-483 K -
0.80 eV, and this material can be attributed to the narrow-probe semiconductors. There is also a decrease in
the electrical resistance with an increase in frequency from 1 to 10 kHz. Table and Figure 2 show the results
of measurement of the dielectric constant and electrical resistance of nanostructured LaMgCuZnMnOQOg.
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Fig. 2. Dependence of dielectric constant (a) and electric resistance (b) of LaMgCuZnMnOg
on temperature and frequencies equal to 1 kHz (I), 5 kHz (I) and 10 kHz (III)
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Table 1. The electrical resistance (R) and dielectric constant (g) of LaMgCuZnMnOgs in the range of 293-483 K
and at frequencies equal to 1 kHz (I), 5 kHz (II) and 10 kHz (III)

T,K € lg g R, Ohm lg R,
1 2 3 4 5

1
293 38373 4.58 281200 5.45
303 38907 4.59 235600 5.37
313 69267 4.84 137600 5.14
323 123013 5.09 83160 4.92
333 172773 5.24 60410 4.78
343 249329 5.40 41380 4.62
353 310274 5.49 32830 4.52
363 376458 5.58 31690 4.50
373 543143 5.73 35290 4.55
383 811040 5.91 33360 4.52
393 1418691 6.15 27330 4.44
403 2361222 6.37 22560 4.35
413 5188888 6.72 16940 4.23
423 10868329 7.04 12870 4.11
433 18885890 7.28 10580 4.02
443 36933319 7.57 8201 3.91
453 73942927 7.87 6222 3.79
463 115858793 8.06 5206 3.72
473 178977293 8.25 4701 3.67
483 149764295 8.18 4804 3.68

11
293 3331 3.52 232600 5.37
303 4475 3.65 187400 5.27
313 9882 3.99 114500 5.06
323 19861 4.30 70110 4.85
333 29214 4.47 51900 4.72
343 43594 4.64 35920 4.56
353 56719 4.75 28460 4.45
363 64649 4.81 28960 4.46
373 80017 4.90 33270 4.52
383 111505 5.05 31390 4.50
393 175883 5.25 26230 4.42
403 270971 5.43 21600 4.33
413 510893 5.71 10330 4.01
423 933391 5.97 12410 4.09
433 1436252 6.16 10340 4.01
443 2563820 6.41 8047 3.91
453 4882148 6.69 6130 3.79
463 7374141 6.87 5151 3.71
473 9155421 6.96 4684 3.67
483 5263953 6.72 4804 3.68

111
293 1370 3.14 191800 5.28
303 1991 3.30 153700 5.19
313 4288 3.63 99010 5.00
323 9538 3.98 59400 4.77
333 13006 4.11 47140 4.67
343 20013 4.30 32950 4.52
353 26317 4.42 26410 4.42
363 28552 4.46 27940 4.45
373 32123 4.51 32260 4.51
383 42851 4.63 30270 4.48
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Table continuation

1 2 3 4 5
393 65084 4.81 25080 4.40
403 97125 4.99 20930 4.32
413 178668 5.25 15640 4.19
423 314822 5.50 12020 4.08
433 482378 5.68 9841 3.99
443 801036 5.90 7855 3.90
453 1464248 6.17 6052 3.78
463 2183670 6.34 5095 3.71
473 2500774 6.40 4676 3.67
483 1474252 6.17 4837 3.68

The dependence of the electrical resistance on the reciprocal temperature in the range of 293-343 K is
described by the equation:

IgR=-0,05+ 1573 /T, 2)
and in the range 373-483 K:
1gR=0,35+1575/T, 3)

by the solution of which the activation energies of conduction were calculated, equal to 30.12 kJ/mol (AT =
293-343 K) and 30.16 kJ/mol (AT = 373-483 K), respectively.

The dielectric constant in a small narrow temperature range of 293 K to 483 K increases very rapidly
from 3.8-10% to 1.5-10° (1 kHz), 3.3-10° to 5.3-10° (5 kHz) and 1.4-10° to 1.5-10°. Large values of the
permittivity at 293-483 K can be caused, according to [17], by high dielectric losses. Giant values of
permittivity (e = 10°-10°) for La,s,sSrysNiO, ceramics were established in [5] and they also explain the nature
of this phenomenon in terms of the theory of the Maxwell-Wagner effect, according to which dielectric
losses are large in the region of intermediate frequencies, t .to. the period of oscillations of the electric field
strength was compared with the relaxation time of the surface polarization. In our case, the investigated area
of the object is in the range of 1-10 kHz, which can also be attributed to intermediate frequencies. It should
also be noted that a decrease in values of dielectric constant was observed with the increasing frequency.
These results show that in the indicated narrow temperature range this compound is, in our view, of interest
for microcondensator technology.

Conclusions

The nanostructured copper-zinc manganite of lanthanum and magnesium of LaMgCuZnMnQOg was first
obtained. In the range of 293-483 K and at frequencies equal to 1, 5 and 10 kHz, the electrical resistance and
dielectric constant of the copper-zinc manganite were investigated. It was determined that this compound in
the range of 293-353 K has the semiconductor conductivity, metal conductivity in the range of 353-373 K,
and semiconductor conductivity in the range of 373-483 K. The widths of band gap equal to 0.83 eV (293-
353 K) and 0.80 eV (373-483 K) were calculated. The activation energies of conduction were calculated in
the intervals 293-343 K and 373-483 K, equal to 30.12 and 30.16 kJ/mol, respectively. The dielectric
constant of LaMgCuZnMnOj at a relatively low temperature of 483 K reaches up to 1,5-10° (1 kHz), 5,3-10°
(5 kHz) and 1,5-10° (10 kHz). The research results presented in this paper show that the nanostructured
LaMgCuZnMnOg is of interest for the semiconductor and microcondensator technology.
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DEVELOPMENT AND RESEARCH OF THE TOPOLOGY OF COOLING
BAFFLES FOR BLADES OF THE AXTAL CARBON DIOXIDE TURBINES
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Currently, there is an increase in average annual temperature and climate change across the various
continents. Carbon dioxide emissions from energy facilities contributed to this condition. Implementation of oxy-
fuel cycles is a promising solution for reducing carbon dioxide emissions from the energy sector. To date, the
most efficient oxy-fuel cycle is the Allam cycle. In this cycle supercritical carbon dioxide acts as a working fluid of
the cycle, wherein CO,’s temperature upstream of the turbine is 1,150 °C and the pressure is 30 MPa. Due to the
high temperature of the working fluid, it is necessary to cool first stages of the carbon dioxide turbine. The feature
of considered cooling system in this turbine is that carbon dioxide being used as a refrigerant too. This paper
investigated two topologies of convective cooling systems in the carbon dioxide turbine’s nozzle blade as well as
considers an option for increasing the intensity of heat exchange through the use of helical ribbing in the
cylindrical cooling baffle. Numerical simulation involving the ANSYS software package was performed for two
topologies of the cooling baffles arrangement in the nozzle blade body: configuration 1 - with 17 baffles of 1 mm
diameter, configuration 2 - with three baffles of the blade profile shape. Configuration 1 proved to be more
efficient: the Nusselt number has a value of 117, and average value of the heat transfer coefficient on the
refrigerant side is 6,413 W/m*-K. The effect of using helical ribbing in the cooling cylindrical baffle of the blade
under study was investigated, which enabled to reduce the metal temperature by 54 °C on average and doubled
the heat transfer coefficient.

Keywords: cooling blade, supercritical carbon dioxide, oxy-fuel combustion power cycle, carbon dioxide turbine,
rib turbulators, heat transfer.

Introduction

One of the main causes of global warming and climate change in the world is the burning of fossil fuel
such as oil, coal, gas, to generate electricity [1]. Combustion of various fuels generates the greenhouse gas -
carbon dioxide (CO,). Due to economic growth, the need for electricity increases every year, [2] leading to
higher consumption of natural resources. To curb the rise in average annual temperature and reduce
greenhouse gas emissions, an international agreement has been adopted to limit temperature increase by 2°C
by 2040 [3]. Presently, main processes to reduce the carbon dioxide emissions include: commissioning of
renewable energy sources and cut down the number of power plants operating on fossil fuels; commissioning
of nuclear power plants, implementation of CO, capture procedures. Each of the above processes has its own
disadvantages. For instance, the amount of electricity generated by wind and solar power plants is highly
dependent on external weather conditions [4]. These plants also face problems with integration into power
network [5]. Besides, there are complications with disposal of solar batteries and blades of wind generators.
Nuclear power plants have no harmful effects on climate change, but after operation the fuel must be
disposed of since there is still no technology for complete recycling of the fuel [6]. Decarbonization
technology (CCS) imposes high capital and operating costs on energy facilities [7]. Application of the
oxygen-fuel cycles is an alternative option for reducing CO, emissions [8, 9]. Allam cycle is the most
promising and efficient.

Based on the Brayton cycle, the Allam cycle’s working fluid is the supercritical carbon dioxide. The
Allam cycle power plant consists of compressor, pump, combustion chamber, carbon dioxide turbine and
regenerative heat exchanger. A distinctive feature of this cycle’s combustion chamber is the presence of
three inlet streams: natural gas (fuel), oxygen (oxidizer) and carbon dioxide (maximum temperature limiter).
Another feature of the combustion chamber is zero nitrogen content to prevent generation of NO,. Air
separating unit is used for the generation of oxygen. Downstream of the combustion chamber the combustion
products consisting mainly of CO, at a temperature of 1,150 ° C and a pressure of 30 MPa, enter the turbine
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rotating the electric generator [10]. Downstream of the turbine, the exhausted carbon dioxide enters the
regenerative heat exchanger, and then into the water separator, where the condensed steam is removed. Then,
one portion of the gas is returned to the cycle, and another portion is sent for disposal [11,12]. Thus, no CO,
greenhouse gas emissions take place.

Allam cycle’s carbon dioxide turbine is notable for parameters of working fluid upstream of the first
stage. Pressure of the combustion products corresponds to parameters of steam turbines at supercritical
parameters, and the working fluid temperature is similar to gases at the gas turbine inlet. Due to these
parameters it is necessary to apply additional cooling of the turbine rotor, nozzle and rotating blades of first
stages [13]. The turbine cooling is notable for using CO, as a refrigerant. Unlike air, carbon dioxide has a
higher density (by 35%) and this must be taken into account when designing the turbine cooling system,
because due to the higher density it may be difficult to form a film on the blade wall. Toshiba Company,
being designer of combustion chamber and carbon dioxide turbine of the Allam cycle for blade cooling,
suggests the loop convective cooling circuit without film cooling and with further refrigerant ejection
through the blade periphery [14].

Presently, there are few publicly available studies on carbon dioxide flow in the blade cooling baffles.
Main CO, studies cover the application of various heat exchange intensifiers [15] or analysis of gas dynamic
properties of the working fluid in inter-blade baffles of the carbon dioxide turbine [16]. There are many
papers on the study of various topologies of convective blade cooling systems, but air [17,18]or steam is
considered as a refrigerant [19,20].

There is a large quantity of works related to studying of heat exchange intensifiers. The paper [21]
contains large study of different rib shapes with various installation angles in the baffle. V-rib with 60°
installation angle shows the highest thermal-hydraulic performance. The article [22] compares thermal
hydraulic properties of round, oval, ellipsoid and drop-shaped pins. The drop-shaped pin is the most efficient
under the same conditions. Paper [23] gives a brief overview of commonly used heat transfer intensifiers,
suggesting the use of slots and curved ribs as an alternative to inclined ribs and pins. In the considered
articles on heat exchange intensifiers the studies are conducted in rectangular baffles. Not much work has
been done in circular baffles, although the shape of the cooling baffle may greatly influence the flow of
refrigerant in it. The paper [24] studies ribs installed at right angles in baffle with the circular cross section.
Thanks to the ribbing under review, it was possible to increase the heat transfer coefficient by the flow
transition and increasing the area of heated surface. Similar paper is given in the article [25], only the
configuration with ribs located along the baffle was investigated. Use of ribs in the cooling baffle has
increased the cooling efficiency of the turbine blade. The article [26] studied two baffles: one with oblique
ribs and the other with V-shaped ribs. The average Nusselt number is much higher in the configuration with
V-shaped ribs due to the formation of many vortices, while in the configuration with oblique ribs only one
vortex is formed.

This paper deals with the study of two different topologies for convective cooling of carbon dioxide
turbine blades. Cooling system designs will differ in the location and size of baffles in the blade body. Also,
to increase the intensity of convective heat transfer, a new design of intensifier was developed and tested:
helical ribbing. The study was conducted for a baffle similar to the baffle of the cooled configuration 1 blade.
Carbon dioxide will be used as a refrigerant with parameters corresponding to parameters of the Allam CO,
cycle.

1 Geometry

Two topologies for the arrangement of cooling baffles in the nozzle blade were designed for the study: a
configuration with 17 baffles having diameter of 1 mm spaced 5 mm apart (configuration 1) and a
configuration with three baffles the shape of which is the same as shape of the blade profile (configuration
2). Profile of the C-9015A nozzle set has been selected for accommodation of baffles in the blade body. The
wall thickness between cooling baffles and the outer wall of the blade airfoil is 1 mm in both cases. Basic
geometry, such as chord and blade height, are also equal and shown in Table 1. The cross-sectional area of
the cooling space in the configuration with three baffles is 200 mm?, while in the baffle of 1 mm diameter it
is 13.4 mm®. Schematic designs of both configurations are shown in Figures 1 and 2.

Due to economic growth, the need for electricity increases every year, [2] leading to higher
consumption of natural resources. To curb the rise in average annual temperature and reduce greenhouse gas
emissions, an international agreement has been adopted to limit temperature increase by 2°C by 2040 [3].
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Fig.2. Cross-section of the blade with three baffles under study.

Table 1. Basic geometry of blades under study.

Type of design Diameter of Baffles Number of thi‘cY(?ll(less Profile chord, lilia(li‘i
yp g baffles, mm pitch, mm baffles ’ mm sht,
mm mm
Configuration 1 1 5 17
Configuration 2 - - 3 1 62.5 25

To increase the efficiency of cooling in the configuration 1 blade, the effect of heat transfer
intensification inside the cylindrical baffle was studied. Use of the heat exchange intensifiers results in flow
mixing and transition, thus improving heat transfer from the hot walls of the blade metal to the refrigerant.

To define the increase in cooling efficiency when using intensification in the cylindrical baffle, two
baffle topologies were calculated: smooth baffle and similar baffle with helical ribbing. Dimensions of the
studied baffles correspond to baffles of the configuration 1 blade. Schematic designs of the studied channel
models are shown in Figure 3, and Table 2 shows their basic geometrical characteristics.
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a) sketch of the circular smooth baffle
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b) sketch of the circular baffle with helical ribbing

Fig.3. Geometry of studied baffles.
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Table 2. Geometry parameters of studied baffles.

Parameter Value
Baffle length, mm 25
Baffle diameter, mm 1
Wall thickness, mm 1
Helical ribbing height, mm 0.3
Helical ribbing thickness, mm 0.1
Pitch, mm 1

2 Mesh

The modelling was performed in the coupled formulation. To implement this method, a separate grid
was constructed for each volume element of the model: for the blade body, for the main flow of supercritical
CO,, for the cooling baffles with supercritical CO,. The nozzle blade body grid is entirely made of
tetrahedron-shaped elements. The grid of gas flows is combined: elements of the main flow have a
tetrahedron shape and the near-wall elements are prismatic in shape for more accurate calculation in the
boundary layer zone. Indicator of grid quality in the boundary zone is the y* value, which should be close to
1. For similar conditions at the stage inlet the CO, density is twice higher than air density, at the average. As
a result, height of the first boundary layer in grid near the blade wall of turbine operating on supercritical
carbon dioxide is twice less than for conventional gas turbines with the same y* [16]. To achieve a low y*
value, a grid model with a large number of elements is required. To speed up the calculation and reduce the
number of grid elements at the upper and lower flow boundaries, no additional prismatic boundary layers
which significantly increase the volume of the grid model, were created. Main characteristics of the
calculation model grid with 1 mm diameter baffles and of the computational model with three baffles in the
form of blade profile are presented in Table 3. Figure 4 shows the computational grid of the configuration 1
blade.

The Ansys software package was used to study the effect of heat exchange intensification in the
cylindrical baffle. The computational grid is volumetric, unstructured, tetrahedral. Method for designing the
computational grid of models under study is Delaunay. Prismatic boundary layer is modeled on the baffle
walls and on helical ribbing. Figure 5 shows the computational grid of the baffle with helical ribbing.

Table 3. Main characteristics of the studied topologies computational grids.

Parameter - Value " -
Configuration 1 Configuration 2
Number of grid elements, mln. 8,028 7,698
Blade body
Global size of the grid, mm | 0.33 | 0.23
Working fluid flow
Global size of the grid, mm 0.58 | 0.55
Prismatic layer design procedure First Layer Thickness
First prismatic layer thickness, mm 0,017 0,007
Number of prismatic layers 13 14
Growth rate 1.26 1.3
Boundary layer design algorithm Pre
Cooling baffles

Global size of the grid, mm 0.1 I 0.18
Prismatic layer design procedure First Layer Thickness
First prismatic layer thickness, mm 0,006 0,0045
Number of prismatic layers 10 12
Growth rate 1.2 1.28
Boundary layer design algorithm Pre
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Fig.4. Reference Grid of the Configuration 1 blade.

a) Longitudinal Section b) Lateral Section

Fig.5. Reference Grid of the Baffle with Helical Ribbing.

3 Boundary and Physical Conditions

The boundary conditions in use herein are compliant with the fluid parameters of the Allam cycle
carbon dioxide turbine [8]. The full braking pressure and temperature are set for the primary carbon dioxide
flow in the inter-blade baffle while the static pressure is set for the output. The full braking pressure and
temperature are also set for the input cooling baffles while the total coolant consumption is set for the baffle
outputs. In addition to physical parameters of the fluid, the density of the blade material equal to 8050 kg/m”,
the specific heat equal to 573 J/kg'K, and the heating constant equal to 22.1 W/m-K were set. These material
specifications correspond to the nickel-based Alloy 740. For the primary specifications of the boundary
conditions, see Table 4. The periodic boundaries were set for the side surfaces of the primary carbon dioxide
flow. Figure 6 shows the reference model for research of the blade with cooling baffles 1 mm in diameter
under the set boundary conditions. The calculation uses the turbulence model k- SST.
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Fig.6. Boundary Conditions of the Reference Model
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Table 4. Reference Boundary Conditions.

Parameter Value
Primary Flow Input Pressure, MPa 30
Primary Flow Input Temperature, K 1373.15
Primary Flow Output Pressure, MPa 25
Cooling Baffle Input Pressure, MPa 30
Cooling Baffle Input Temperature, K 473.15
Total Coolant Consumption at Cooling Baffle Outputs, kg/sec 0.0224
Primary Flow and Coolant Material S-CO2
Blade Body Material Alloy 740
Turbulence Model SST

The boundary conditions for the mathematical model of the cylindrical baffles on review were selected
in accordance with the carbon dioxide parameters of the Allam cycle carbon dioxide turbine. Carbon dioxide
flow modelling used the Ansys CFX mathematical package. For the boundary conditions of the reference
model, see Table 5. The k- SST was used as the turbulence model. Mean outer wall temperatures were set
for modelling heat and hydrodynamic processes of the baffles on review. The full braking pressure and the
flow temperature were set for the baffle input while the coolant consumption depending on the Reynolds
number was set for the output section. The calculations were conducted within the Re number range from
20000 to 100000 in increments of 20000.

Table 5. Boundary Conditions for Cylindrical Baffle Calculations.

Parameter Value
Fluid CO,
Baffle Input CO2 Temperature, °C 200
Baffle Input Pressure, MPa 30
Wall Temperature, °C 850
Reynolds Number 20000, 40000, 60000, 80000, 100000
Turbulence Model SST

4 Methods

The thermal transmittance value was calculated to analyze the influence of helical ribbing usage in the
cylindrical cooling baffle on the blade metal temperature. The inputs for the analysis were the Ansys CFX
computational flow dynamics results for the cooled configuration 1 blade. To calculate the coolant thermal
transmittance value, the baffle was selected which is located in the immediate proximity of the most heat-
loaded zone while the wall element between two baffles throughout the blade height was selected in the same
zone to calculate the fluid thermal transmittance value.

First, the thermal transmittance values were determined for the coolant and for the hot gasses. After the
thermal transmittance values were determined, the heating constant was determined for the design with
smooth baffles and for the baffle with helical ribbing subject to variations of the thermal transmittance value
directly proportional to the Nusselt number. Finally, we were able to compute the wall temperature resulting
from usage of helical ribbing in cylindrical cooling baffles of the nozzle blade.

5 Results and Discussion

This study provides mathematical modelling of two convective cooling configurations for the nozzle
blade of the carbon dioxide turbine. The least blade metal temperatures are achieved under the topology with
17 cooling baffles 1 mm in diameter. The mean volumetric temperature of the metal is achieved under
configuration 1 and equals 1218 K while in configuration 2, the mean temperature equals 1331 K or 9.5 %
higher than that of configuration 1. The minimum metal temperature in the 17-baffle configuration equals
978 K or 12.2 % lower than that of the three-baffle configuration (Figure 7).

The 17-baffle convective cooling system also demonstrates higher heat exchange intensity versus the
three-baffle configuration. In configuration 1, the Nu value equals 117 while in configuration 2, it equals 68
(42 % lower). The thermal transmittance value is also higher for the topology with cooling baffles 1 mm in
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diameter and it is as high as 6400 W/m>K. In the topology with three cooling baffles, the thermal
transmittance value equals 520 W/m*K or 12.3 times lower versus configuration 1 (Figure 8).

The obtained results are associated primarily with the Reynolds number value of the nozzle blade
cooling baffles. The Nusselt number and the thermal transmittance values are directly proportional to the Re
value of the baffle. The higher the coolant velocity in the cooling baffles is, the higher the Reynolds number
value is. It results into increasing heat exchange intensity and thermal transmittance value.

Ceteris paribus, the topologies of blade convective cooling systems on review have materially different
values of significant baffle dimensions. The clear area of baffles 1 mm in diameter is significantly lower than
the clear area of baffles of the configuration 2 blade. Therefore, subject to the continuity equation and under
the same coolant consumption values, the velocity in the configuration 1 baffles is much higher than in the
three-baffle configuration baffles. For the 17-baffle blade, the coolant velocity equals 4.2 m/sec while it is 15
times lower for the three-baffle blade and equals 0.28 m/sec. The Reynolds number of the carbon dioxide
flow in the configuration 1 cooling baffles equals 23200 while it equals 12850 for the configuration 2 baffles
or 45 % lower versus the first topology. For the three-baffle blade to achieve the same Reynolds number
value in its cooling baffles as the configuration with 17 baffles 1 mm in diameter, the coolant consumption
must be 1.8 times higher.
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Fig.7. Dependency of the Blade Metal Temperature on the Topology

of the Cooling Baffles.
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Fig.8. Dependency of the Nusselt Number and the Thermal Transmittance Values on the Topology of the Blade
Cooling Baffles.

Figure 9 shows metal temperature profiles for significant sections along the blade height such as the
root, middle and peripheral sections. Referring to the figure, it will be seen that it is possible to limit the
influence of high primary carbon dioxide flow temperature on the airfoil interior where the lowest
temperatures for the entire blade volume are achieved for the configuration 1 blade by positioning the
cooling baffles along the blade profile 1 mm away from the profile wall. This topology allows to reduce the
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wall temperature by 100 K on the average for the concavity but not for the back and the leading edge of the
blade where the wall temperature is as high as 1350 K. It is associated with the primary flow velocity along
the blade back exceeding the one along the concavity, which increases the thermal transmittance value on
part of hot gasses. It may also be associated with an insignificantly greater distance between the cooling
baffles and the profile wall on the profile back side in the half-interval zones between the baffles. Decreasing
heat exchange intensity and cooling performance are observed throughout the blade height due to the coolant
heating. To increase the profile convexity cooling performance for the nozzle blade on review with this
cooling baffle positioning configuration, one must reduce the intervals between the cooling baffles along the
back.

Configuration 2 shows high heating of all outer walls of the blade profile. It is possible to reduce the
temperature materially between the root section cooling baffles themselves only. Throughout the blade
height and due to low velocity in the cooling baffles, the coolant heats rapidly and the walls between the
baffles are cooled insignificantly in the middle section already. This cooling system configuration must have
higher coolant consumption to achieve normal flow velocities in the baffles, and the cooling baffle walls may
have heat exchange intensifiers.
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Fig.9. Temperature Profiles.

Circular baffle study results are shown as diagrams of dependency of the Nusselt number (Figure 10)
and linear hydraulic loss ratio (Figure 11) on the Reynolds number. Using helical ribbing allows to increase
the heat exchange intensity by 91% on the average throughout the Reynolds number range on review. The
Nusselt number increases due to the coolant flow turbulence and the increasing heat exchange contact area.
However, using helical ribbing increases the losses associated with the hydraulic loss ratio. In this
connection, as the Reynolds number increases the hydraulic loss ratio of the cylindrical baffle with ribbing
decreases by 10% due to decreasing thickness of the boundary layer. The Re number equals 23240 for the
cooling baffle in the calculations for the configuration 1 blade. At this Reynolds number, the Nusselt number
is 2 times higher for the baffle with helical ribbing, which causes the baffle thermal transmittance value to
increase 2 times as well.
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Using heat exchange intensification in the form of helical ribbing of the cooling baffles of the nozzle
blade on review caused the wall temperature in the most heat loaded area to decrease by 54 °C. It also
allowed to increase the thermal transmittance value by 33%. Due to the increasing thermal transmittance
value, the helical ribbing may be used to reduce the coolant consumption for cooling at the constant blade
metal temperature, which, in its turn, would cause the cycle performance to increase.

Conclusions

The following conclusions may be drawn from the completed studies:

1) The design with 17 baffles 1 mm in diameter ensures more efficient cooling of the blade than the
three-baffle structure. The first topology ensures lower metal temperatures throughout the blade volume.
Design 1 also has higher values of the Nusselt number (42 % higher versus configuration 2) and thermal
transmittance (12 times higher). It is associated with a higher differential velocity of the coolant in the
baffles of the topologies on review and thus with different Reynolds number values for them.

2) For the configuration 2 blade to achieve the similar Reynolds number value for its cooling baffles as
the blade with 17 baffles, the coolant consumption must be 1.8 times higher. Therefore, the configuration
ensures coolant savings, which allows to decrease the carbon dioxide turbine losses materially.

3) The 17-baffle topology clearly demonstrates non-homogeneity of cooling along the blade profile.
This topology ensures much better reduction of the wall concavity temperature versus the back and the
leading edge of the blade. It is associated with a higher primary flow velocity along the back of the profile
versus the concavity, which increases the thermal transmittance value on part of hot gasses. It may also be
associated with an insignificantly greater distance between the cooling baffles and the profile wall on the
profile back side in the half-interval zones between the baffles.

4) The influence of the heat exchange intensification in the form of helical ribbing of the cylindrical
baffle was studied using the computational flow dynamics inputs for the configuration 1 blade. It was
possible to double the Nusselt number and the thermal transmittance values and to reduce the wall
temperature by 54 °C in the most heat-loaded zone.

5) Using helical ribbing in the cylindrical baffle allowed to increase the thermal transmittance value by
33%, which may be used to reduce coolant consumption, which, in its turn, would result into greater cycle
performance.
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Large-scale deployment of the perovskite photovoltaic technology using such high-performance materials as
CH;NH;PbI; may face serious environmental issues in the future. Implementation of perovskite solar cell based
on Sn could be an alternative solution for commercialisation. This paper presents the results of a theoretical study
of a lead-free, environmentally-friendly photovoltaic cell using CH;NH;Snl; as a light-absorbing layer. The
characteristics of a photovoltaic cell based on perovskite were modelled using the SCAPS-1D program. Various
thicknesses of the absorbing layer were analysed, and an optimised device structure is proposed, demonstrating a
high power conversion efficiency of up to 28% at ambient temperature. The analysis of the thicknesses of the
CH;NH;Snl; absorbing layer revealed that at a thickness of 500 nm, performance is demonstrated with an
efficiency of 27.41 %, a fill factor of 85.92 %, a short circuit current density of 32.60 mA/cm® and an open-circuit
voltage of 0.98 V. The obtained numerical results indicate that the CH;NH;Snl; absorbing layer may be a viable
replacement for the standard materials and may form the basis of a highly efficient technology of the
environmentally-friendly perovskite solar cells.

Keywords: lead-free, electron-transport layer, hole-transport layer, absorption layer, SCAPS-1D.

Introduction

With the rapid economic development, the demand for energy is increasing, as evidenced by the studies
of the World Energy Resources, which predicted that the world's oil, gas and coal reserves will be exhausted
in about 100 years. In addition, a growing number of studies have shown that problems such as
environmental pollution and global warming are the consequences of burning fossil fuels [1]. Along with the
problem of the depletion of fossil fuels, pollution and global warming pose significant challenges to the
production of energy [2,3]. Thus, finding an alternative source that will be clean, renewable and sustainable
to replace fossil fuels is an urgent task today. One of the solutions for the production of energy is the
conversion of solar energy as photovoltaics is renewable and pure [4]. Besides, it can be converted into many
other types of energy for various purposes. Compared with other alternative energy sources, such as
hydropower, wind power, bioenergy, geothermal and nuclear power, photovoltaics is available in larger
amounts and is more abundant [5].

A photovoltaic cell is an important energy conversion device that uses solar energy [6,7]. The first solar
cell was manufactured using a single crystal of silicon at Bell Laboratories, which demonstrated an energy
conversion efficiency (PCE) of 6% in 1954 [8]. However, silicon-based photovoltaic cells had their
disadvantages, such as high cost and low PCE, but photovoltaic cells based on perovskite prevent all of these
disadvantages [9]. Perovskite solar cells (PSC) based on organometallic lead halides quickly emerged as the
fourth generation of photovoltaic technology, featuring high PCE [10]. This advantage made them the
strongest competitor of silicon-based photovoltaic cells. To date, the PCE of a photovoltaic converter based
on perovskites has reached ~ 26 % in a laboratory environment [11-13].

Recently, much attention has been paid to planar perovskite structures (n-i-p or p-i-n) due to the
simplicity of the device architecture and, above all, the manufacturability at low temperatures. It allows to
facilitate the use of flexible structures as most flexible substrates, such as poly(ethylene 2,6-naphthalate) and
poly(ethylene terephthalate), are damaged by the high temperature required for a mesoscopic configuration
[14].
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Usually, a perovskite photovoltaic material has the following structure: ABX; where A is an organic
compound CH;NHj; B is Pb or Sn, and Xj is a halide anion (for example, I'). The most widespread perovskite
is CH;NH;PbI;, also referred to as MAPI, or a methylammonium lead triiodide. However, perovskites based
on MAPI are toxic due to the presence of Pb, which may destabilise the further commercialization of this
material [15]. One of the alternative perovskite materials containing tin instead of lead is methylammonium
tin triiodide (CH3NH;Snl; or MASI).

A significant amount of research is being dedicated to developing lead-free PSC, with the tin halide
perovskite being one of the most promising alternatives [16]. Tin is widely distributed in nature and has
similar electronic properties to lead, since it is a member of the same group in the periodic table. In addition,
perovskites based on tin halide have excellent light absorbing properties and high carrier mobilities [17].
Additionally, tin-based perovskites provide a high theoretical PCE due to a smaller band gap than the
equivalent lead-based perovskites [18].

The transport layer plays a vital role in determining the PCE of a photovoltaic cell. The materials used
as the transport layer must fulfil a number of requirements. Firstly, the transport layer must have high
transparency for the charge transfer so that the maximum amount of energy enters the perovskite layer.
Secondly, it is necessary to have such a material in which the electrons are holes moving fast enough to
ensure a rapid charge transfer from one layer to another. It is also necessary to employ a material with good
chemical and physical stability in the environment so that it does not react with the other layers of the
photovoltaic cell. To collect charge carriers efficiently, it is common to use additional layers such as ETL
and HTL. The functional purpose of the ETL is to block holes, collect electrons from the perovskite layer
and then deliver them to the anode. Besides, the ETL must have a high transmittance from ultraviolet to the
visible regions so that all photons passing through this layer are maximally absorbed by the perovskite.
Today, materials used as the ETL include TiO,, SnO,, SiO,, ZnO, etc. In this research, TiO, was taken as the
ETL since it was possible to achieve the maximum PCE by using this material. Similarly, the functional
purpose of the HTL is to block electrons, collect holes from the perovskite layer and then deliver them to the
cathode. In this research, Spiro-OMETAD was used as an HTL as this material is widely used as an HTL
since the emergence of the first solid perovskite. The key issue for polymer photovoltaic cells based on
perovskites is the mobility of the charge carriers. In a photovoltaic cell with a bulk heterojunction, the
electron-to-hole mobility ratio can be controlled by replacing one of the donor or acceptor materials.

It should be noted that the experimental research of photovoltaic cell devices is an expensive and
laborious process. Therefore, it is common in many scientific fields to perform simulations to obtain an
effective structure of a photovoltaic cell. Numerical studies provide opportunities to solve these kinds of
problems and help predict/optimize the performance of the device. In this paper, a photovoltaic cell based on
perovskites will be modelled using the SCAPS-1D program, which is based on the continuity equations for
holes and electrons, as well as the Poisson equation.

Methodology

The simulated photovoltaic cell is shown in Fig. 1 and consists of three main layers: TiO, (electron
transport layer (ETL))/CH;NH;Snl; (perovskite light-absorbing layer)/Spiro-OMeTAD (hole transport layer
(HTL)). It should be noted that recently the numerical analysis in the SCAPS-1D program (version 3.3.09)
has become popular as it has proven its effectiveness in various scientific works [19-22]. SCAPS-1D
operates by solving the Poisson equation and the continuity equation for electrons and holes. The Poisson
equation states:

2z
V) == (p() ~n() + Ny — Ny +p, — ). (1)
where 1 is the electrostatic potential; e is the elementary charge; &, and &,. are the dielectric constant in
vacuum and the relative dielectric constant of a material; p and n are the concentrations of holes and
electrons, respectively; N and N, are the donor and acceptor impurities; p, and p,, are the distributions of
holes and electrons, respectively.

To describe the dependence of electrons and holes, the following continuity equation is used:

hm_G-R )
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where J, and J, are the current density of the electrons and holes; R is the recombination rate; G is the
generation rate.

300541300/nm

500.nm

Fig.1. Initial structure of the simulated solar cell

Drift and diffusion move carriers in semiconductors, which can be represented using the equations:

J=J,+J, @
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dx dx | (5)
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P de ,Upp dx , (6)

where J - is the current density; J, and J, are the current density of the electrons and holes; D, and D, are the

. . . . d d . .
diffusion coefficients for electrons and holes; ﬁ and ﬁ are the concentration gradients for electrons and

holes; n and p - electron and hole concentrations, u, and u, - electron and hole mobilities.

The initial technological and geometric parameters of the simulated solar cell were taken from the
experimental photovoltaic cell and are presented in Table 1 [19-21]. Table 1 shows the parameters of the
semiconductor of each layer as well as the electrical properties of the contacts used in the simulation in this
research.

Results and discussion

It should be noted that the optical-electrical characteristics of an organic photovoltaic cell are more
dependent on the thickness of the perovskite (absorber) layer. When the thickness of the photovoltaic cell
changes, such parameters of the device as short-circuit current, generation and recombination of carriers,
mechanism of charge transfer, etc. change as well. Thus, a thicker perovskite layer absorbs more light and
generates more electron holes. However, it should be noted that in a thicker layer, the recombination rate
increases due to the longer path travelled by the charges, which reduces the PCE of a photovoltaic cell. In
this research, the influence of the thickness of the perovskite layer (CH3;NH;Snl;) on the PCE of a
photovoltaic cell was studied through computer simulation. Numerical research was carried out in the
AM1.5G solar spectrum at a power of P=1000W/m”.
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Table 1. Parameters of solar cells [19-21].

Parameters FTO TiO, CH;NH;Snl; Spiro-OMETAD
Thickness (nm) 500%* 30% 300-1300* 350%*
Band gap (eV) 3.50 3.20 1.30 3.06
Electron affinity (eV) 4.00 4.26 4.17 2.05
Dielectric permittivity 9.0 32.0 8.2 3.0

CB effective density of states (cm™) 2.20x10" 1x10" 1x10" 2.20x10"™
VB effective density of states (cm™) 1.80x10" 1x10" 1x10" 1.80x10"
Electron thermal speed (cm/s) 1x107 1x10’ 1x107 1x10’
Hole thermal speed (cm/s) 1x10’ 1x107 1x10 1x107
Electron mobility (cm”/Vs) 20.0 20.0 1.6 2x10™
Hole mobility (cm”/Vs) 10.0 10.0 1.6 2x10™
Shallow donor density Np, (cm-3) 10" 10" 0 0
Shallow acceptor density N, (cm'3 ) 0 0 1x10" 2x10"
Defect density N, (cm™) 1.0x10" 1.0x10" 2.5x10" 1.0x10"

*in this research

Optimisation of the photovoltaic cell was carried out by changing the thickness of the absorbing layer
CH;NH;Snl; 300 nm, 500 nm, 700 nm, 900 nm, 1100 nm and 1300 nm at a fixed temperature of 300K,
keeping all other parameters and layer thicknesses the same. Considering the complexity of the device and
the large choice of materials for PSC, the use of numerical calculation methods allows obtaining important
information on the main solar characteristics of the modified PSC. Modelling in SCAPS-1D was done using
the parameters shown in Table 1, based on earlier theoretical and experimental works. In this work, the
thicknesses of the transport layers were fixed, and special attention was paid to the perovskite absorbing
layer. Transport layers play an important role in PSC, because they not only carry cations from the absorbing
layer to the electrode, but also act as a separator.

Accordingly, the series resistance of the PSC increases with the increase in the thickness of the charge
transport layer, which leads to charge recombination, as it becomes more difficult for holes and electrons to
reach the anode and cathode, respectively. Thus, the optimal ETL thickness should be as small as possible to
provide good blocking properties at the tops of the layers, resulting in fast electron transfer and low resistive
losses [23]. For HTL, the layer thickness is also of great importance, since the minimum time for the charge
to pass through the layers will increase the main characteristics of the PSC by increasing the conductivity
and reducing the probability of recombination [24—27].

The changes in the thickness of the absorbing layer help determine the best performance of the
photovoltaic cell, which can be a decisive factor. Fig. 2 shows the current-voltage characteristics due to
different thicknesses of the CH;NH;Snl; absorbing layer.
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Fig.2. Current-voltage characteristic of a simulated solar cell FTO/Ti0,/CH;NH;3Snl3/Spiro-OMETAD/Au with
different thicknesses of the absorbing layer
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It should be noted that the short-circuit current for the absorber layer thickness of 1100-1300 nm is the
highest one compared with the other thicknesses. Fig. 3 demonstrates the comparison of the short-circuit

current and open-circuit voltage of a tin-based perovskite cell for the thicknesses ranging from 300 nm to
1300 nm.
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Fig.3. Dependence of the short-circuit current and open-circuit voltage on the thickness

The thickness of the absorber layer plays a significant role in determining the quality and performance
of a thin-film PSC. Fig. 4 depicts the changes in the fill factor and PCE with the various thicknesses of the
absorbing layer. As can be seen from the figure, the PCE increases with the increase in the thickness of the
perovskite layer. However, starting from a thickness of 900 nm, the PCE reaches a plateau and is equal to ~
29%. It can be seen that as the thickness of the perovskite layer increases, a significant increase in PCE and
Jsc is observed. This observation can be explained by an increase in the light absorption in the absorbing
layer. It facilitates the production of excitons and, therefore, leads to an increase in PCE. However, a further
increase in the thickness of the absorber layer to 900 nm leads to higher resistance and higher recombination
rates. At first, it leads to a plateau and then to a decrease in the corresponding parameters.
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Fig.4. Dependence of the fill factor and PCE on the thickness of the absorbing layer

To prove the reliability of the simulated solar cell, a comparison with the other works on PSCs based on
CH;NH;Snl; is shown in Table 2. The analysis of the PCE and the other parameters of the simulated
photovoltaic cells the previous studies demonstrated in combination with the results of this research allows to
conclude that the model used in this research is reliable. Analyzing works [28-31], one can draw some
conclusions regarding the change in the thickness of the absorber layer, in particular, with an increase in the
thickness of the absorber, PCE PSC increases, and one can also notice a tendency towards a decrease in FF.
This can be explained by the fact that in the case of an increase in the thickness of the absorbing layer, the
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energy absorption also increases due to the generation of a larger number of electron-hole pairs. Basically,
the decrease in FF is due to the internal recombination of the PSC, which most likely occurs due to the short
lifetime of charge carriers (electrons and holes), which leads to a short time for the creation of a conduction
band in the PSC.

Table 2. Performance comparison of simulated tin-based PSCs with various device architectures.

Structure Optimized Voo, Vo | Jse, mA/em? FF, % PCE, % Ref.
thickness of
the absorber
layer (nm)
TCO//TiO,/CH3;NH;Snl;/Spiro- 350 0.67 17.60 44.20 5.15 [28]
OMETAD/Anode
FTO/TiO,/CH;NH;Snl;/ Spiro- 350 0.67 16.99 47.67 5.42 [29]
OMeTAD/Au
FTO/TiO,/CH;3;NH;Snl;/ Spiro- 1000 0.91 32.47 65.82 19.51 [30]
OMeTAD/Au
FTO/TiO,/FASnl;/Spiro- 2000 1.81 31.20 33.72 19.08 [31]
OMETAD/Au
FTO/TiO,/CH3NH;3Snl3/Spiro- 1100 0.96 34.99 85.22 28.64 This
OMETAD/Au work

In general, by optimizing the parameters it is possible to achieve a PCE value of ~ 28%, which is an
increased PCE value compared to previous works. The simulation results of this work provide the best
indicators of the main characteristics of the PCE, which can then be used to predict the efficiency of PSC
devices.

Conclusion

In this study, we simulated a lead-free PSC using the structure FTO/TiO,/CH;NH;Snl;/Spiro-
OMETAD/Au by means of the SCAPS-1D simulation kit to investigate the performance limit of the given
perovskite absorber layer. Particularly, the influence of the active layer thickness on the PCE of the
photovoltaic cell was analysed, and the device structure was optimised accordingly. We observe a trade-off
between increasing the short-circuit current by enhancing light absorption for the thicker absorber layer and
minimizing the loss in the open-circuit voltage and fill factor through carrier recombination for the thinner
layer. As a result, this trade-off yields the optimised thickness of the "ideal" perovskite layer free of traps and
defects in the range of 1100-1300 nm. This results in the following maximum output cell parameters: Jsc =
35.17 mA/em?, Voc = 0.96 V, FF = 85.14 %, PCE = 28.64 %. For comparison, the proposed model of a tin-
based PSC with an absorbing layer thickness of 500 nm, which is more standard in terms of fabrication,
demonstrates a PCE of 27.41 %, a short-circuit current density of 32.60 mA/cm?®, an open-circuit voltage of
0.98 V and a FF of 85.92 %. The presented model is intended for further application in the development of
environmentally-friendly and lead-free PSCs.
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Energy-saving technologies are widely used in various technological processes, in particular for
the final drying of plant waste. The purpose of the study is to ensure optimal flow distributions and
making targeted changes in the design of the coolant supply system based on measurements of local
velocities at characteristic points in space, using the methods of hot-wire anemometry. The
measurements were carried out in stages and covered eight modifications of the installation. Based on
the analysis of the data obtained, specific measures were developed to improve the design of the coolant
supply system.

Keywords: coolant supply system, local aerodynamic characteristics

Introduction

Currently energy-saving technologies are widely used in various technological processes, in particular,
in drying processes. One of these technologies is the use of a jet system. Impact jets are often used in
industry to dry, cool or heat a variety of products. Impact drying and cooling is especially common for
continuous sheets such as paper, textiles, and metals. For example, results described in [1] for heat transfer
mechanism of a slit jet impingement, will help to optimize cooling equipment and controlled parameters for
the industrial-scale hot steel strip/plate cooling technology.

Another drying technology using a jet system has been developed at the Institute of Engineering
Thermophysics (IET) of NASU. This technology was used for the secondary processing of waste of the
original product, in particular plant raw materials. The use of dried plant waste as additional products for the
food, pharmaceutical, and tobacco industries is a significant factor in energy saving. In this technology the
final drying of plant raw materials with subsequent technological conditioning is carried out in a single-tier
conveyor drying unit by vertical blowing of the coolant in a thin layer of the processed material.

One of the criteria for ensuring the high quality of the resulting product is the organization of the
optimal flow distribution of the coolant along the entire working line in the presence of a layer of plant raw
materials that is being processed. A significant role in the organization of such a flow distribution is assigned
to the coolant supply system, which in this case was formed by rows of slots through which vertical jets
flow, blowing a conveyor working line. The intensity of the heat and mass transfer process is determined
precisely by the parameters of the coolant supply system (velocity and temperature), as well as by the flow
conditions around the layer of the processed product.

The organization of the optimal coolant flow distribution was carried out using the local approach
adopted at the IET NASU [2]. The main parameters characterizing the flow distribution are the absolute
values of the average velocity and the degree of local velocity field non-uniformity at the characteristic
points of the working zone. The values of these parameters are set based on a preliminary assessment of the
intensity of heat and mass transfer, taking into account the upper velocity limit, which ensures high quality of
the processed material and does not move the material outside the working line. For this installation, the
recommended values are U,,,~0.5-0.8 m/s with a permissible degree of non-uniformity 0.6-1.8.

Despite the fact that the design of the installation is preceded by an aerodynamic calculation of the
coolant supply system, the influence of the structural elements of the installation on the hydrodynamic
structure of the flow is not sufficiently taken into account. As a result, in practice, deviations from the
calculation results are observed.

To study the processes of heat and mass transfer occurring in difficult conditions, typical for various
heat and power equipment, physical modeling is one of the most successful methods [3]. Therefore, to test
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the installation before its commissioning on a full-scale model, pilot tests are carried out on an experimental
model, during which the discovered shortcomings are eliminated.

The article presents the results of a local approach in aerodynamic tests of an experimental model of an
installation for final drying and technological conditioning of plant raw materials, the purpose of which was
to ensure optimal flow distributions based on measurements of local velocities at characteristic points in
space and making targeted changes in the design of the coolant supply system. Taking into account the
obtained experimental data, specific measures were developed to improve the system for supplying the
coolant to the working line. As a result, it was possible to significantly improve the design of the installation
and provide the required flow distribution parameters.

Experimental technique

This section describes the design of a specially made experimental model, which fully reproduces the
operating conditions of the installation in terms of geometric parameters and the air supply system. The main
difference was that the experiments were carried out without heating the coolant (air) and with a fixed
working line. The processed material was located on a horizontal working line in the form of a thin layer and
was blown with vertical air jets. To assess the uniformity of the flow velocity field, the hot-wire method of
measurements was used. Such method is commonly applied to study the structure of complex flows in a
wide range of velocities [4], starting from 0.1 m/s, as was the case in the present setup. The calibrations of
the hot-wire anemometer sensors were carried out in a special low-speed calibration device developed by
IET of NASU. This device allows calibration in the velocity range starting from 0.1 m/s. Simultaneously
with the values of the time-average velocity (U, m/s) the hot-wire method makes it possible to determine the

value of longitudinal pulsations (uif - %), which, as is known [5], has a significant effect on the intensity of

heat and mass transfer processes.

As can be seen from Fig. 1, the original plant material (1) is placed on a fixed working line, which is a
thin metal plate (2) perforated with holes 4 mm in diameter. The working line is blown with vertical air jets
flowing from the system of longitudinal slots (3). The slots were formed using corners (4) with movable
walls (5) fixed in the air distribution box, which made it possible to independently adjust the slot width over
a wide range (from 3 to 14 mm) to ensure the required flow rate through each slot. On the surface of the air
distribution box with an area of 1.5x2 m” 33 rows of slots were placed, the distance between the axes of
which was 59 mm. To improve the mixing of the jets 33 cylindrical rods with a diameter of 8 mm were
placed behind the slots.

Fig. 1. Scheme of air supply to the working line: 1 - plant material; 2 - perforated metal plate; 3 - a
system of longitudinal slots; 4 - corners; 5 - movable walls;

As shown in Fig. 2, the distribution box consisted of two parts: the input and the main one, where the
rows of slots were located. The rows were counted along the flow in the z direction. The beginning of each
row was counted from the main part of the box in the x direction, and the end corresponded to the dead end
zone of the main part. In this case, y was measured behind a specific element (slot, cylinder, or working line)
in the vertical direction, i.e. in the direction of the jets flowing from the slots. Both parts of the box were
confused, which was supposed to provide the necessary amount of air to the periphery, i.e.to the last rows
and to the end of all rows of slots.
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Row number

Fig.2. Location of rows and measurement points

The hot-wire anemometer sensor was installed in a special coordinate device, which allows it to be
moved along the coordinate axes and fixed at a selected point in the measuring space. The non-uniformity of
the flow velocity field was estimated based on the results of measurements at various points in space. For
convenience, the measurement points were chosen above the odd rows. The location of the 41 measurement
points is shown in Fig. 2, where only the odd rows of slots are shown.

Results and Discussion

Analysis of the measurement results using the local approach gave a complete picture of the spatial
non-uniformity of the flow in the entire measuring volume. Based on local flow control, it was possible to
carry out targeted measures to change airflow rates. In total, eight design modifications were tested and
specific measures were developed to improve the coolant supply system.

To assess the non-uniformity of the velocity field, the so-called non-uniformity coefficient k was
introduced, representing the ratio of the local velocity at a given point U to the average velocity U,,,,:

="y, M

where U, were determined from n measurement data:

U =22 Y/ )

To obtain a general idea of the initial non-uniformity of the flow distribution, the measurement results
of modification 1 were used. As can be seen from the analysis of the data presented in Fig. 3, the velocity
field was characterized by a significant non-uniformity.

In the first measuring section, located near the beginning of the rows (x =40 mm), the velocities varied
from 0.343 m/s in the last row to 0.76 m/s in the 17th central row, with the velocity maximum located in the
central row (z =1000 mm). In the second measuring section (x =750 mm) the picture changed qualitatively:
the velocity maxima took place in the first and last rows at a higher velocity level (from 1.1 to 2.3 m/s). In
the last section (x =1460 mm) the velocity maximum took place in the last row (3.56 m/s), while in the first
row the velocity was 1.4 m/s. At the same time, the velocity field non-uniformity along the length of the
rows was much greater, reaching ~10 times in the last row. The average velocity calculated from the results
of measurements at 13 points was U, =1.6 m/s. The difference in velocities on both sides of the central slot
indicated the propagation of the central jet at a certain angle to the working line. It can be caused both by the
design of the slot itself and by the influence of the cylinder installed behind it.
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Fig.3. Velocity distribution in modification 1

Based on the obtained measurements, the following main conclusions were drawn:
— velocity distributions are non-uniform, as evidenced by the change in k& within the same order;

— in general, higher velocities are observed at the periphery (i.e. in the last row and at the end of the
TOWS);

Thus, based on the local approach, it was confirmed that the initial design of the installation does not
satisfy the optimal parameters of the coolant supply system. The obtained experimental data on the non-
uniformity of the velocity field formed the basis for measures to improve the installation. In particular, the
increase in velocities at the periphery (i.e., in the last row and at the end of all rows) was associated, first of
all, with a significant compression of the flow in the confusers of the inlet and main parts of the box. Since
the design of the box could not be changed, it was decided to eliminate this defect by adjusting the width of
the slots. The general trend of this measure is to widen the slots at the beginning of the rows to increase
velocity and narrow them at the end of the rows to decrease it (Table 1).

Table 1. Width of the slots (mm)

Row number 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
x =0 mm 14 14 14 14 14 (9 9 9 9 9 9 9 9 9 9 9
x =750 mm 7 7 7 7 9 9 9 9 9 9 9 9 9 9 9 9
x=1500mm |4 |4 [4 [4 |4 |4 [4 |4 |4 [4 [4 |4 4 4 4 |4
continuation

Row number 17 18 |19 [ 20 [21 [22 [23 (24 (25 [26 [27 [28 [29 [30 |31 [32 |33
x =0 mm 9 9 9 13 (13 |13 |13 |13 |13 |13 |13 (14 |14 |14 |14 |14 | 14
x =750 mm 9 9 9 8 8 7 7 8 8 8 8
x =1500 mm 4 4 4 4 4 4 4 4 4 4 4 4 3 3 3 3 3

Another measure to improve the non-uniformity of the velocity field was the partial covering of the
slots at the ends of the rows.
Based on the measurements, air leaks through the leaky parts of the main box in the area of the first and

last rows ends were also diagnosed and then eliminated.

The next measure to improve the aerodynamic characteristics of the installation was the elimination of
cylindrical rods, which were originally installed to improve the mixing of jets. It should be noted that the
presence of rods in the air supply system:

— generally complicate the air supply system;

— makes it difficult to clean the cracks due to the ingress of plant materials particles into them;

— rods create additional aerodynamic resistance;

— contribute to flow instability and to form the so called “Von Karman” vortex street;

— Lack of strict rules for fixing rods can cause curvature of the flow path.
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Based on the known literature data on jet flows (see, for example, [6] and references to it), a
preliminary calculation of a system of flat jets was carried out for a given blower capacity of 5000 m’/h. The
calculation results showed that the system of flat jets at a distance of about 30 calibers from the exit of the
slot creates a velocity field with a non-uniformity k <2.4 at a maximum velocity of 1.3 m/s. These data on
the absolute value of the velocity and the non-uniformity of the velocity field correspond to the flow
distribution necessary for the reliable operation of the installation. Therefore, it was decided to improve the
design of the air supply system by eliminating cylindrical rods.

To confirm the correctness of this measure, control measurements were carried out behind the slots
above the working line in the absence of cylindrical rods (modification 8). The measurement results are
shown below. In the entire measuring volume (Fig. 4), the velocity field non-uniformity coefficient k
changed by no more than ~1.8 at an average velocity U,,=0.77 m/s. Thus, in modification 8, compared with
the original version 1, a significant improvement in the velocity field was observed both along the rows and
along their length.

Comparative analysis of the obtained results with similar data for the modification in the presence of
rods makes it possible to detect an increase of up to 35% in the average velocity with the same non-
uniformity coefficient. However, this increase in velocity does not move the material from the working line.
Visual observations allow us to conclude that in modification 8 the flow conditions have been achieved,
which ensure high-quality processing of the material. Fragments of plant material move, lift slightly above
the surface of the working line, but practically do not detach from it and are not carried out by the flow into
the surrounding space. The measurement results also showed that in modification 8 there is an increase in the

degree of flow turbulence, reaching at some points u' / y = 52% at an average level of ~30% (Fig. 5).
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As shown in [5], an increase in both the average flow velocity of the coolant and its degree of
turbulence contributes to the intensification of the heat and mass transfer process. This will improve the
quality of the product and reduce the drying time. Thus, based on the use of a local approach to obtain the
optimal distribution of the coolant flow, specific measures were developed to improve the design of the
installation.

Conclusion

The expediency of using a local approach to control the transfer processes in thermal power equipment
for various purposes, developed at the ITTF NASU, was also confirmed during aerodynamic studies of the
coolant supply system in the technology of final drying and technological conditioning of plant materials.
Using hot-wire measurement technique, the values of average velocities and non-uniformity in the
distributions of local velocities, as well as the degree of turbulence at characteristic points of the working
space, were estimated.

The paper considers the results of aerodynamic testing of eight modifications of the installation.
Specific measures are proposed to improve the design of the coolant supply system, namely:

— significant changes have been made to the size of the slots;
at the ends of the rows, the sections of the slots are partially covered;
minimized leakage in the distribution box;
rows of cylindrical rods were eliminated;

As a result of the measures taken it was possible to achieve the optimal values of the average velocity
U, ~0.8 m/s with a coefficient of non-uniformity k =0.6-1.8, which provides the required quality of material
processing without removing fragments of plant material outside the working line.

The introduction of an improved coolant supply system contributes to its productivity while reducing
the time of drying and conditioning processes by intensifying heat and mass transfer because of increasing
the average velocity of the highly turbulent coolant flow. Aerodynamic tests have confirmed the necessity of
carrying out of the finishing experiments on prototypes in full-scale conditions before commissioning a
specific installation. Such experiments make it possible to eliminate the existing shortcomings, work out a
more efficient version of the designs, and ensure the reliability of the installation during operation.
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The problems and prospects of application of non-destructive testing methods for technical diagnostics of
the thermal networks state and various technological objects are discussed. The recording of the temperature
state of thermal processes by using a flow meter is due to its sensitivity to the change of thermophysical
characteristics and the ability to control without the use of an external energy source, etc. The description of the
developed device to measuring of the heat flow using of a thermoelectric heat flow converter of a special design is
shown. A distinctive feature of the device is the heating element that installed on an insulating layer serving as a
support surface. Calibration of the device is proposed to be carried out by replacing the heat flow from the
investigated object with the heat flow released in the heating element when an electric current passes through it.
The developed device can register the changes in the heat flux density in the range of (25-100) W/m2, which
allows it possible to detect the smallest thermal insulation defects.

Keywords: heat flow meter, thermoelectric battery converter, integral sensitivity of heat flow meters, copper-
constantan thermocouple, thermal energy.

Introduction

Energy conservation is one of the priorities of the state policy of Kazakhstan. The strategy
«Kazakhstan-2050» presented a program of socio-economic development of the Republic of Kazakhstan,
aimed at improving energy security. Over the past decade, due to population growth and the rapid industrial
development, energy consumption has increased by more than 2 times. The shortage of energy leads to a
shift in the worse of socio-economic stability and deterioration of the development of the state as a whole.
The main energy problems caused by economic growth, excessive and extremely uneven use of energy
resources, and the energy burden of infrastructure on the environment are related to thermal energy. Heating
and power generation costs account for up to 45% of the total energy produced in the country. At the same
time, more than half of these resources are accounted for by utilities, which are a fundamental component of
the development of the economy and the main factor in ensuring the normal life of citizens [1, 2].

In these conditions, measurements, operational control and regulation of thermal parameters are
essential, among which a significant place is occupied by heat flow, which has become today the same
informative parameter as temperature, pressure, flux, etc. Measurements of heat flows characterizing heat
leaks are carried out by a direct method using contact heat flow meters (HFM) of the «auxiliary wall» type
[3]. Heat flow meters have a number of advantages over other non-destructive testing methods. They are
characterized by high sensitivity to changes in the thermophysical characteristics of the control objects, the
possibility of control without using an external energy source, economy, compactness and simplification of
its operation. In this regard, of particular interest is development and creation of heat flow devices for heat
supply systems are. As the results of numerous studies of thermal insulation of underground heating
networks show, the most effective is the method of non-destructive testing based on a comparison of
calculated and experimental values of the temperature distribution on the ground surface over heating
networks [4-6].

1. Experimental part

Some modifications of heat flow devices are developed in the laboratory «Measurement of
thermophysical quantities» of the Department of Engineering Thermophysics named after professor Zh.S.
Akylbayev of the E.A. Buketov Karaganda University. The distinctive design of the heat flow device is that
it contains a thermoelectric battery converter and a receiving plate, additionally equipped with a temperature-
dependent and heating element. In this case, the thermoelectric battery converter is combined with the
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heating element, and its «active» junctions are combined with the receiving plate, the «passive» junctions are
in thermal contact with the heating element. In one of the modifications, the heat flow meter HFM-1M
comprises a heating element, which performs the function of a receiving plate, a thermal battery, a
thermoelectric battery converter of heat flow, a thermoelectric refrigerator, radiator, an electronic unit for
converting and measuring the signal [7,8].

The developed device for measuring heat flow contains an insulating layer 1, which serves as a
reference surface on which a heating element 2, a thermoelectric battery converter of heat flow 3, a
thermoelectric refrigerator 4, a radiator 5, a measuring unit 6 (figure 1), [9].

W

6

Measuring
unit

Fig.1. Schematic representation of the device for measuring heat flow:
1 - insulation layer; 2 - heating element; 3 - thermoelectric battery converter of heat flow;
4 - thermoelectric refrigerator; 5 - radiator; 6 - measuring unit

The closest in technical essence to the achieved result to the model is a thermoelectric battery of heat
flow converter containing a thermoelectric element battery made of a thermoelectronic wire in the form of a
flat spiral, composed of alternating half-turns, covered with a paired thermoelectrode material, a copper
constantan, spaced to the thickness of the thermobattery, connected to the recording device. This
thermoelectric battery converter of heat flow has high sensitivity, which allows it to be used for measuring
heat fluxes not only high, but also low intensities.

On the insulated reference surface 1, a heating element 2 is installed, that in thermal contact with the
«hot junctions» of the thermoelectric battery converter 3, the «cold junctions» of which are in contact with
the «hot junctions» of the thermoelectric refrigerator 4, and the cold junctions» of the thermoelectric
refrigerator are in contact with the radiator 5, while «hot junctions» are sealed between the heating element 2
and the thermoelectric battery converter 3, and the cold junctions» are in thermal contact with the housing of
the device having an ambient temperature. The output signal from the thermoelectric battery converter of
heat flow 3, the heating element 1 and the thermoelectric refrigerator 4 is transmitted to the measuring unit 6.
The device for measuring the heat flow works as follows. An electric current of such magnitude is passed
through the heating element so that the released power is obviously greater than the possible heat flow from
the object under study. A signal appears at the output of the thermoelectric battery converter. In this case, the
signal at the output of the thermoelectric battery converter will be proportional to the heat flow diverted from
the converter by the thermoelectric refrigerator, and the temperature of the heating element is close to the
temperature of the environment. The device is in working mode.

The device is brought to the object under study in an area where there are no defects. We bring the heat
flow meter to the object under study in the field of the presence of a defect. By changing the signal at the
output of a thermoelectric battery converter, the presence of a defect is judged.
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2. Results and discussion

The principle of operation of the device is based on the substitution of the effect of incident radiation by
the effect of Joule heat released in the calorimetric load when an electric current is passed during calibration.
The role of the calorimetric load is performed by the heating element [10]. In order to calibrate the developed
device for measuring heat flow, studies were conducted with the HFM-1M heat flow meter and the results
are shown in fig. 2 and in table 1.

Table 1. Calibration table

t,’C HFM-1M Device for measuring
&,mV heat flow £, mV
20 0.44 0.76
25 0.80 1.16
30 1.20 1.57
35 1.61 1.98
40 2.02 2.39
45 2.43 2.81
50 2.85 3.22
55 3.26 3.64
60 3.68 4.06
65 3.81 4.52
70 3.94 4.85
gmV g _
5
4
3
2
1
() | T T T I T
20 30 40 50 60 70 t°C

Fig.2. Graph of the dependence of the thermal EMF on temperature changes:
1 - HFM-1M, 2 - device for measuring heat flow.

The data obtained show that the thermal-EMF of the device for measuring heat flow exceeds 1.5 - 2
times. This is due to the fact that the sensitivity of the device the total value of the thermal-EMF in the
thermal battery circuit is N times greater than in the HFM-1M thermoelectric converter, that is, the
sensitivity of the device increases, and the resulting thermal-EMF. This is due to the fact that the sensitive
element in the device for measuring heat flow is made in the form of a spiral of metal wire in an insulating
layer, the non-radiated surface of which is controlled by hot thermal battery junctions. To reduce the
heterogeneity of the zonal sensitivity, the hot junctions of the thermal battery were distributed according to a
special technique. This technique is based on the condition that the total reactions received from each zone of
the sensitive element are equal to each other, i.e. the identity must be fulfilled:

n,U, _ nU,
F, F,

1

(D
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where ny, Upand F, — the number of thermocouples, the reaction from each thermocouple and the area of the
central or zero zone, respectively, a F; - the same parameters of the i-th zone.

The application of condition (1) for the number of thermocouple junctions by zones made it possible to
obtain receivers with zonal sensitivity, the spread of values of which does not exceed 2%. In general, the
sensitive elements are multi-layered: black coating, calorimetric load, heat-sensitive elements, alternating
lacquer and adhesive layers. That is, the sensitive elements are inhomogeneous, both in the direction
perpendicular to the irradiated surface and in parallel. The heterogeneity in the first case is due to the multi-
layered of the sensing element. Knowledge of the temperature profile inside the multi-layer sensitive element
is necessary in determining the error due to the non-equivalence of heat losses in radiant and electric heating.

Conclusion

The objectives of research require the measurement of the heat flux density, the determination of the
parameters of the heat flow and temperature, which vary depending on the degree of damage to the pipeline
from 20 to 100 W/m* temperature from 5 to 20 °C, in case of violation of the thermal insulation structure
between 25 and 35 W/m’, The calculation of all the data to obtain the necessary sensitivity, which ensures
the measurement of these flows with great accuracy, showed that the heat-sensitive element must be made
with a height of 1.5 mm, a diameter of the receiving area of 80 mm from a wire with a cross section of 0.05
mm. In this case, the value of the working coefficient of the converter should be in the range from 4.0 to 12.0
W/(m*mV), and the value of the electrical resistance of the converter should be in the range of 12-20 kOhm.

This type of converter is relatively simple and easy to use, it has small dimensions. It's not selective in a
wide spectral range (from 1.0 to 25.0 um). Moreover, the developed devise has high sensitivity (from 10
W/(m*-mV), and reliably works in harsh operating conditions.
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The ability to use the algorithm synthetic inertia (SI) is one of the most important properties of renewable
energy sources (RES) generating units connected to the network via a power converter (GUPC). Through the use
of SI algorithm there is an opportunity to increase the inertia and damping properties of such plants. The
effectiveness of the SI algorithm depends on the mains frequency input value, which is formed by the phase locked
loop (PLL), which is an integral part of the power converter control system. However, the operation of the PLL
can lead to oscillations with different frequencies when the GUPC is installed in weak electrical networks and,
accordingly, adversely affect the performance of the SI algorithm. The studies have shown that the PLL in the
photovoltaic plant (PV) control system allows to influence the performance of the SI algorithm, but the nature of
this influence depends on the electric network density and can be positive or negative. The influence obtained on
the test EPS is also confirmed for the power system of large-scale.

Keywords: phase locked loop, synthetic inertia, photovoltaic plant, renewable energy sources, electric power
system

Introduction

Currently, there is a trend of ever-increasing energy consumption. Many leading countries are interested
in decarbonization, based on the reduction of traditional generation based on fossil fuels. One of the main
directions of development of the global energy sector is the large-scale introduction of new generation
facilities based on renewable energy sources (RES) [1]. According to the report of the International Energy
Agency [2], the growth of installed RES capacity in 2020 was 280 GW, which is almost 45% more than in
2019, the record growth was also due to an increase of 23% of new photovoltaic installations of almost 135
GW of capacity.

Common to RES facilities is the use of power converters (PC) for connection to the network, which
leads to the absence of direct coupling with the network and, accordingly, a contribution to the overall inertia
of the system. The mentioned features of devices based on power semiconductor technology significantly
change the dynamic properties of electric power systems (EPS) due to the different dynamics of PC
functioning, especially its automatic control system (ACS), in comparison with traditional EPS equipment.
As a result, the continuous growth of the implementation level of RES facilities, which will last until at least
2030 according to the Paris Agreement [3], leads to a significant decrease in the reliability of modern EPS
functioning in normal and especially emergency modes [4-7].

One of the main problems is to ensure the frequency stability of EPS [8, 9]. The emergence of this
problem is associated with the introduction of inertia-free RES facilities, including by replacing conventional
generation, which leads to a decrease in the available power reserve and overall system inertia. This leads to
an increase in the rate of voltage frequency change in the occurrence of power imbalance [10]. As a result, in
power systems with low inertia, the depth of frequency reduction is much greater for a similar perturbation
compared to traditional EPS [11, 12].

In order to ensure the reliable operation of EPS with low inertia and to reduce the negative effects from
the implementation of RES facilities, it is necessary to adapt their ACS to the requirements of conventional
generation as part of EPS [13]. Due to the necessary mass use of frequency control algorithms, developed
solutions must be simple and reliable. Currently, many approaches have been developed to solve this
problem and provide the formation of the so-called synthetic inertia. One such approach, which is applicable
to all dominant types of RES, is the introduction of a synthetic inertia (SI) algorithm into the ACS, as well as
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the correct tuning of the phase locked loop (PLL) [14-16]. The PLL is usually used to measure the network
frequency, due to its simple structure and reliability, the PLL is the most popular and widely used [17].

In addition, during the operation of RES objects, it is necessary to take into account the heterogeneity of
the magnitude of inertia, which leads to different rates of change and, accordingly, the values of frequency
reduction in different parts of the network, which causes serious difficulties in setting up systems of
protection against frequency reduction and increase. The problem of modeling transients in "weak" networks
when implementing RES is worth mentioning separately [16, 18]. Due to the more oscillatory nature of
transients in such networks, quite often there is a situation that after perturbations begin to oscillate with
increasing amplitude, and also the PLL requires more fine-tuning, in contrast to networks with "strong" links
[16]. In this paper [16, 18] it is shown that the coefficients of the PLL, especially in networks with "weak"
links, strongly affect the operation of the power converter.

This paper deals with this issue and is organized as follows. First, the SI algorithm under consideration
is described with the peculiarities of its application and the "underloading" mode of the photovoltaic plant
(PV). Next, the mathematical model of the PV object used and the EPS test scheme are presented. The final
section presents the results of the experiments with a corresponding description. The conclusions on the
performed research are presented in the conclusion.

1. Approach to the implementation of the Sl algorithm and the "deloading” mode PV

One of the main approaches to the formation of synthetic inertia is the use of SI [8, 15] Implementation
of SI is usually considered in relation to wind turbines (WT) [8, 15, 19-21]. This is due to the possibility of
using the stored energy of the rotating wind wheel for a short-term increase in the power output of the WT
during the occurrence of frequency sag in the EPS. At the same time, there are 2 variants of implementation
of the synthetic inertia algorithm: single-loop and double-loop control scheme (Figure 1). The double-circuit
scheme has an obvious advantage over the single-circuit one [22] because it reacts not only in the process of
frequency change, but also at the actual frequency deviation from the set value, thus providing a return to a
higher frequency level after the occurrence of imbalance. Further we will consider the double-circuit circuit.
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Fig. 1. Schematic diagram of the synthetic inertia algorithm: a) single-loop control, b) double-loop control

The double-loop circuit works as follows: when frequency fluctuations occur in the power system, the
WT plant output power control system adds a Pextra frequency response signal to the active power setpoint.
This signal is formed by a two-loop control circuit, including a frequency derivative control circuit df/dt and
a frequency deviation circuit Af. At the same time, the contribution in the formation of Pextra of the first
loop is greatest in the initial stage of the transient process and does not imply the return of the network
frequency to the nominal value. In order to ensure the return of frequency to the acceptable region, the
second circuit is used, which imitates the effect of damped windings in a classical synchronous generator and
provides linear frequency smoothing [23].
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Application of PV for frequency control in emergency modes is possible in two ways. The first way is
to use electric energy storage devices to deliver additional power, the second way is to "deloading" PV in
steady-state mode and to use full power in emergency modes. In [24] it was proved that the first method has
a higher cost, in this connection the widespread and currently main option is the "deloading" mode of PV. In
this case, the use of synthetic inertia in the ACS PV allows the formation of an optimal frequency response
and effective maintenance of stable operation of the EPS as a whole, including at different levels of
illumination. Figure 2 shows the power dependence of the PV DC voltage. The Maximum Power Point
Tracking (MPPT) controller normally changes the DC voltage of the panels to achieve maximum efficiency
(point A1 in Figure 2).

PPVA

P MAX | o o o o= — ———— A j
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Fig. 2. Dependence of power on the DC voltage of the PV.

The Maximum Power Point and the corresponding DC voltage depend on solar insolation, ambient
temperature, and solar cell temperature. There are many MPPT methods [25] to maximize PV power output.
To unload the PV, the PV cell voltage is raised above the MPPT point by AU [26], the output power is
reduced (point A2 in Figure 2) and a power reserve is created that can be used to provide inertial response
and participate in frequency control. In view of the above, the research further uses a scheme that provides
"deloading" of the PV and SI algorithm (Figure 3).
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2. Description of test circuit EPS and the scheme of the PV used

For the research, a three-machine EPS was implemented as shown in Figure 4. The PV is implemented
in bus 5 (Fig. 5), which is connected to the network by means of a static voltage converter (inverter). With a
PV capacity of 25 MW, its share corresponds to 40% of the installed capacity. In the "deloading" mode of
PV, there is a power reserve of 2.5 MW, which is 10% of the installed power [26]. For the presented network
topology (Fig. 4), the following perturbation was carried out: load surge at busbar 3. The load surge allows to
estimate the influence of the SI algorithm on the inertial response of the network.
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Fig. 4. Test three-machine power system.
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Fig. 5. Structural diagram of PV with upgraded ACS

To investigate the influence of the SI algorithm on the frequency stability, 2 variants of circuit-mode
conditions are realized: "strong" and "weak" network. The strong network means that the short circuit ratio
(SCR) of this network is more than 10 o.u. (SCR of "strong" network = 14,36), respectively SCR of weak
network is less than 10 o.u. (SCR of "weak" network = 7,54) [27]. The calculation is made according to
formula (1):

SCR=Smin [ge1. (1)

RES

where, Sy, - is the minimum value of short-circuit power at the RES connection point to the mains without
RES influence, Pggs . is the rated power of RES.

3. Study of the influence of Sl algorithm and PLL settings on EPS frequency stability

For the synthetic inertia algorithm (SI) coefficients were taken according to the analyzed literature: [28,
29] "Kin" differential coefficient we take equal to 2H (Kin=40) [28]. "Kdpoop" proportional coefficient is
calculated according to the formula, relative to the network topology (2) [29].

Kdroop = % =20 [p.u.], (2

where, Pg - power of PES (p.u.), R - equivalent droop coefficient of synchronous generators.
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3.1 Study of the effect of the proportional and differential coefficient of the synthetic
inertia algorithm on the stability of the power system by frequency.

Figure 6 and 7 show the oscillograms of frequency changes when varying the differential coefficient of
the SI algorithm. From Fig. 6 and 7 we can see that increasing the differential coefficient leads to a decrease
in the frequency sag, as is observed the damping of oscillations in both "strong" and "weak" network. The
use of a larger differential coefficient has a positive effect on the transient process during load surge.

The proportional coefficient of the SI algorithm was varied in a similar way, the results are shown in
Figures 8 and 9.
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Fig. 6. Oscillograms of frequency changes when varying the "Kin" coefficient of the SI algorithm
(Kdroop=const=20; SCR network = 14,36)
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Fig. 7. Oscillograms of frequency changes when varying the "Kin" coefficient of the SI algorithm
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(Kin=const=40; SCR network = 7,54)

Figure 8 and 9 show that increasing the proportional coefficient leads to decreasing the frequency sag in
both "strong" and "weak" networks. Increasing the proportional coefficient up to the value of 300 has a
positive effect on the transient process in the "strong" network, a further increase in the coefficient leads to
overshooting, which in turn leads to a decrease in network stability. This process has the same tendency for
the "weak" network. Increasing the coefficients of the SI algorithm has a positive effect on the frequency
stability of the EPS. However, the variation of coefficients should be within acceptable limits, in order to
avoid a negative trend of frequency change, which can lead to an emergency situation and unstable state of
EPS, respectively with the correct adjustment of the SI algorithm it is possible to maintain and improve the
stability of EPS, which is confirmed by the obtained experimental results.

3.2. Study of the influence of the PLL bandwidth on the performance of the Sl algorithm

As mentioned above, the study was conducted for "strong" and "weak" network, changing the PLL
bandwidth in networks with different SCR led to different results. Calculation of the bandwidth of the PLL
was performed according to [30]. The bandwidths for the studies were taken as follows: 0.3 Hz (Ki=0.83;
Kp=1.2), 30 Hz (Ki=8390; Kp=130) and 50 Hz (Ki=20500; Kp=240) and SI algorithm coefficients were
taken Kin=40; Kdpoop=20. Figures 10 and 11 show oscillograms of frequency changes and oscillograms of
signal changes of SI algorithm at different PLL bandwidths in the "strong" and "weak" networks,
respectively.
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Fig. 10. Oscillograms of the transient process in the "strong" network, where: a) frequency change at different
bandwidth of the PLL, b) signal change of the SI algorithm at different bandwidth of the PLL

In a "strong" network, as the bandwidth of the PLL increases, the amount of frequency sag decreases
(Figure 10a). This process occurs due to the fact that the PLL, with the entrainment of the bandwidth,
increases the response speed of the SI algorithm (Figure 10b). In the "weak" network, the opposite picture is
observed (Figure 11a), the PLL, with increasing bandwidth, decreases the response speed of the SI algorithm
(Figure 11b), which leads to an increase in frequency droop.
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Figures 12 and 13 show oscillograms of frequency changes and oscillograms of signal changes of SI
algorithm on the differential channel when the "Ki" factor of the PLL increases in the "strong" network and
"weak" network, respectively.

= T T 10 T
50 KI<2500 FPLL) | I ﬂ; *********************** |
\ e i
L
FLX IS s A :
‘\ = | ]
\ 2 |
198 \ = 6|1
. \ z [l ‘
\ =
£ ”H\”\‘HHH'MMH'\'rwwm,m,”"

s \ . — B 5 I 0 'u (T ;
— e S0 )y ,| |
= \ - | ==y \ \' ) TR

- 2f | — e (| [{LALUAL r
= s A \hmMWHMW““'”' !
= - (M I
" S 1 ‘H‘
| o FiEE— —— u
FUEIS < T
i s | [T T ™ [ W3 1as
I B
494 - ; I
{ |
&) e ;
FURIS S |
W m i 4|
P iy 1 I A L I L
100 130 135 100 105 10 115 120 125 130 135
1, [sec]
a b
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At the moment of perturbation when the "Ki" coefficient of the PLL is larger, a signal of larger
amplitude is generated in the differential channel of the SI algorithm (Fig. 12b), which leads to a smaller
EPS frequency sag (Fig. 12a), in the "weak" network results in the opposite process (Figure 13 a, b). Figures
14 and 15 show oscillograms of frequency changes and oscillograms of signal changes of the SI algorithm on
the differential channel when the "Kp" factor of the PLL increases in the "strong" and "weak" network,
respectively.
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With the increase of "Kp" coefficient in the "strong" network, there is a positive tendency of frequency
change: the level of frequency sag decreases (Figure 14a) due to the fact that the differential channel of SI
algorithm generates a signal of larger amplitude (Figure 14b). With the increase of "Kp" coefficient in the
"weak" network, the trend of frequency change has a negative character (Fig. 15a, b), there is an effect of
overshoot on the second oscillation cycle, which is associated with the intensity of signal generation of
differential channel of SI algorithm. Changing the settings of the PLL in the power converter control system
allows to influence the characteristics of the frequency reduction process, but for the "strong" and "weak"
network a different approach in setting is required.

3.3. A study of the effect of PLL bandwidth on the performance of an Sl algorithm in a
large-scale EPS

The study was conducted on a test power system of large-scale, which contains 177 bus (Figure 16). PV
is being implemented in bus 176. The introduction of PV in this area is justified by suitable climatic
conditions, the area is located near the zone of maximum intensity of solar radiation. The introduction of PV
allows to solve the problems of the deficit energy district, and is one of the possible solutions to improve the
reliability and sustainability of electricity supply. Also, this area is "weak" (SCR<10 o.u.), so in it is
important to consider the identified patterns as in Section 4.2. To investigate the effect of the PLL bandwidth
on the performance of the SI algorithm, load shedding at bus 170 was performed. The connection of the
power district with the rest of the power system is carried out by a two-chain transmission line. The
coefficients of the SI algorithm are calculated similarly to [28, 29], the bandwidths of the PLL are taken as in
Section 4.2. Figure 17 shows the oscillograms of transients in the power system of large-scale.
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Fig. 17. Oscillograms of the transient process in the power system of large-scale where: a) frequency change in bus 176
when operating PV with and without SI algorithm; b) frequency change in bus 176 when varying the bandwidth of PLL;
c) signal changes of SI algorithm when varying the bandwidth of PLL

Obviously, in large-scale EPS, the introduction of PV in general does not have a significant effect on
the transients and does not dramatically reduce the overall inertia, but for a remote power district the
contribution of PV including the SI algorithm and different setting of the PLL can have an impact on the
transients. Figure 17a shows that the use of the SI algorithm has a positive effect on the frequency stability of
the EPS, the frequency sag is reduced. Figure 17b shows that increasing the bandwidth PLL, leads to an
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increase in the frequency sag in the EPS, this process occurs due to the fact that with increasing bandwidth
PLL, decreases the response rate SI algorithm (Figure 17c). The regularities obtained in section 4.2. for the
test EPS are also observed in large-scale EPS.

Conclusion

In the article the influence of SI algorithm on the frequency stability of EPS is investigated. It is noted
that the correct adjustment of the SI algorithm has a significant impact on the dynamic stability of the
network, especially in networks with a predominant fraction of RES. For the EPS test scheme, the results
clearly show the possibility of a positive effect of SI algorithm on the dynamic stability of EPS. It is noted
that varying the coefficients of the SI algorithm affects the transient process.

With a certain adjustment of the SI algorithm it is possible not only to provide the required inertial
response, but also to extend the stability boundaries. It is also worth noting the effect of the PLL on the
performance of the SI algorithm. The results show that changing the bandwidth of the PLL in the ACS PV
allows to influence the process characteristics of both decreasing and increasing the frequency during the
transient process, depending on the network topology. Accordingly, in a "strong" network, as the PLL
bandwidth increases, the frequency sag decreases, while in a "weak" network, the opposite situation is
observed. The same patterns obtained for the "weak" network in the test EPS are also observed in the high-
dimensional EPS. The research proves that the problem of modeling transients in "weak" networks when
implementing RES is relevant. Due to the more oscillatory nature of transients in such networks, quite often
there is a situation that after perturbations begin to oscillate with increasing amplitude, and also the PLL
requires more accurate tuning, in contrast to networks with "strong" links.
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SPECTRAL DEPENDENCIES OF MAGNETOOPTICAL EFFECTS
IN MAGNETIC FLUIDS
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The spectral dependences of the transmittance and optical anisotropy effects in magnetic fluid have been
investigated. It is shown that the refractive index spectra of bulk magnetite known are of little use for the
quantitative and qualitative interpretation of optical effects in magnetic fluids. The transmission, birefringence,
and dichroism spectra are calculated using the known refractive index spectra of magnetite. The best agreement
with the experiment was obtained using the experimental spectra of the complex refractive index of the powder of
magnetite nanoparticles. It is concluded that there is a significant difference in the spectra of the complex
refractive index for bulk and nanosized magnetite.

Keywords: magnetic fluids, optical anisotropy, magnetite, complex refractive index.
Introduction

Magnetic fluids (ferrofluids, magnetic nanofluids) are colloids of nanoparticles of ferro- and
ferrimagnets in various liquid media. To prevent coagulation under the action of van der Waals and magnetic
dipole-dipole interactions, the surface of the particles is coated with molecules of a surfactant. Due to
stabilization, magnetic fluids remain stable for a long time. Such media are unique systems in which the
interaction of particles with an external magnetic field leads to interesting physical effects [1-2]. They were
first developed in the early 1960s at NASA to control the flow of propellant under weightless conditions [3].
Subsequently, magnetic fluids have received a wide range of applications, such as: magnetic fluid dampers,
bearings and seals [4], micromechanical systems [5], non-destructive testing devices [6], microfluidics
devices [7], biosensors for studying cellular toxicity, and systems for treating oncological diseases by the
method of hyperthermia [11], etc. Magnetic fluids under the influence of a magnetic field exhibit some
different optical effects, such as birefringence [12-13], linear and circular dichroism [14], Faraday rotation
and ellipticity [15], changes in the intensity of transmitted, scattered and reflected light [16-17], etc. Due to
these effects, magnetic fluids are used in various magneto-optical devices: optical filters, limiters and gates,
waveguides and fiber-optic modulators, diffraction gratings with a controlled period, optical sensors of
magnetic field, static and dynamic displays, etc. [18]. When studying magneto-optical effects in magnetic
colloids, monochromatic radiation sources, lasers, are usually used. When studying the spectral dependences
of optical effects in magnetic fluids, transmission spectra are mainly studied [19]. The spectra of the effects
of magnetic birefringence and dichroism were studied in [13, 20]. For the theoretical interpretation of optical
effects in magnetic colloids and predicting the properties of magneto-optical devices, accurate data on the
optical properties of colloidal particles and a dispersion medium are required. Such information can be
obtained based on data from studies of the spectra of optical effects.

In this work, we present the results of experimental studies of the spectral dependences of optical
effects in kerosene based magnetic fluids in the visible region. Earlier, in [18], we determined the spectra of
the complex refractive index of magnetic colloids with different concentrations of the solid phase. This work
aims to interpret the spectral dependences of optical effects in magnetic colloids using our data and those
known from the literature on the spectra of the complex refractive index of magnetite.

1 Experimental technique

To study optical effects in magnetic fluids, a setup based on the Ellips-1891 spectral ellipsometer was
used. We measured the ellipsometric parameters in transmitted light, as well as the transmission spectra of
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samples in the wavelength range of 350-1050 nm, in 5 samples of magnetic fluid with volume concentrations
from 0.01% to 1%. All samples were obtained by dilution from the original magnetic fluid with a
concentration of about 10%. For research, the samples were placed in rectangular glass cuvettes with a
thickness of 1 to 5 mm. We investigated the following optical parameters of the samples: transmittance (the
ratio of the intensities of the incident and transmitted light 7=//I;) and, at the same time, optical density (D),
change in optical density under the action of a field (Dy-Dy)/D,, as well as ellipsometric parameters ¥ and A,
determining the state of the polarization ellipse of the transmitted or reflected light. Using A, the main
parameter of birefringence was calculated - the difference between the refractive indices of the extraordinary

and ordinary rays An = m=n,, and according to ¥ data - the dichroism parameter Ak = k—k, - Helmholtz

coils mounted on a sample stage in an ellipsometer were used to create a magnetic field.
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Fig. 1. Transmission spectra of magnetic fluids with different concentrations in a 1 mm thick cuvette.

Also, by the method of ellipsometry in reflected light, a sample of a powder of magnetite nanoparticles
10 nm in size, pressed into a tablet with a diameter of about 13 mm under a pressure of 100 MPa, were
investigated. The density of the compressed nanoparticle powder was 2360 kg/m’, which corresponds to a
volume concentration of about 37%. The nanoparticle powder was obtained by prolonged drying of a
magnetic fluid based on kerosene, which suggests the presence of a certain amount of oleic acid in it. In Fig.
1 shows the transmission spectra of samples of magnetic fluids with different concentrations of the solid
phase. A characteristic feature of the spectra is the presence of a transmission maximum in the 720-750 nm
region, which becomes more pronounced with an increase in the particle concentration.
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Fig 2. Dependences of the optical density of various samples of a magnetic fluid
on the volume concentration of the solid phase
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In Fig. 2 shows the dependences of optical density on concentration at three different wavelengths. We
found that the effect of the magnetic field on the light transmission of the samples is rather weak. For
samples with a concentration of less than 0.5%, within the experimental error, no changes in transparency
were observed upon exposure to a field. The relative change in optical density under the action of the field
did not exceed a few percent (Fig. 3). In Fig. 4 and Fig. 5 show the spectra of the effects of birefringence and
dichroism in a magnetic fluid with a concentration of 0.01%.
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Fig. 3. Spectral dependence of the relative change in the optical density of a sample with a concentration of 1% under
the influence of a constant magnetic field H=200 Oe
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Fig. 4. Birefringence spectrum in a sample with a concentration of 0.01% when exposed to a magnetic field H=50 Oe
and calculation of the real part of optical anisotropy

2 Results and Discussion

The interpretation of the spectral dependences of the transmittance of magnetic colloids with a not too

high concentration of particles can be constructed on the basis of the Bouguer-Lambert law [19], according
to which:

T:IL:exp(—a NL). (1)

ext
0

here G, is the cross -section of light attenuation by an individual particle, N is the number concentration of
particles, L is the light path length. From (1) it follows that the optical density of the medium should be
proportional to the concentration of particles:
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D= 1g(110) =0.430, NL - (2)

The validity of expression (2) for samples with a low concentration is confirmed by Fig. 2, from which it can
be seen that a direct proportionality between the concentration of particles and optical density takes place up
to a concentration of about 0.3-0.4%, and the linear dependence remains for different wavelengths, albeit
with a different slope. With increasing concentration, increasing deviations from the linear dependence are
observed, which can be explained by the effects of multiple scattering of light in dense media. When exposed
to an external field, the colloid acquires optical anisotropy. The simplest anisotropy mechanism is the
orientational ordering of the long axes of nonspherical particles along the direction of the external field [10].
More complex mechanisms of optical anisotropy in a magnetic colloid are associated with the formation of
ordered structures under the action of a field: chains, labyrinths, or quasicrystalline formations of
nanoparticles similar to a photonic crystal [15]. The uniaxial optical anisotropy induced by an external field
can be described by the diagonal refractive index tensor. This leads to the appearance of birefringence in the
colloid and a change in the light extinction. The refractive and extinction indices of light become different

for light polarized along and across the applied field ry # n, and k" # k, , where indices || u L denote the

orientation of the polarization of light with respect to the direction of the optical axis, i.e. direction of the
external field.
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Fig. 5. Dichroism spectrum in a sample with a concentration of 0.01% when exposed to a constant magnetic field
H=50 Oe and calculation of the imaginary part of optical anisotropy.

Following [10, 20], birefringence and dichroism in a colloid of single-domain magnetic particles under
the action of an external magnetic field can be described by the expressions:

— 27ZCV
n

27C,
Re(gl—gz)'(b(é,a), Ak = 1%

k n

An Im(g, - g,)-®(¢,0); 3)

where Cy is the volume concentration of particles, g, — g, is the optical anisotropy of the particle, ®(&, 0) is
the orientation function determined by the ratio of the energy of the particle in the magnetic field and the
energy of anisotropy to the thermal energy: & =mH kT and o = KV /kT . In expression (3), only the optical
anisotropy is dependent on the wavelength of light, the formula for the components of which has the form:

~2

2 2
— ny . n, —n; (4)
812 = 2 2 2y’
4r n; + N, (7, —n;)

where N, are demagnetizing factors along the short and long axes of the particle, respectively, ni is the
refractive index of the dispersion medium (kerosene). Fig. 4 and 5 shows the dependencies Re(g, —g,) and
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Im(g, — g,) as a functions of the wavelength calculated for the spectrum of the complex refractive index of the
powder of magnetite nanoparticles. It can be seen that the shape of the dependence is in very good agreement
with the results of birefringence measurements. However, the agreement between the experimental and
calculated curves for dichroism is only qualitative.
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Fig. 6. Spectra of the real part of the refractive index of magnetite, plotted from the known data: 1 — [21], 2 — [22], 3 —
[23], 4 — our data for magnetite nanoparticle powder.
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Fig. 7. Spectra of the imaginary part of the refractive index of magnetite, plotted from the known data: 1 — [21], 2 —
[22], 3 — [23], 4 — our data for magnetite nanoparticle powder.

The key parameter in (3) and (4) is the dependence of the complex refractive index of magnetite on the
wavelength of light 7 (1)=n, (1)-i-k,(1). At least 6 spectral dependences of the complex refractive index for

magnetite are known in the literature [21-23]. Figures 6 and 7 shows some of these dependencies for real and
imaginary parts of refractive index of magnetite. The same graphs show the data obtained by us for the powder
of magnetite nanoparticles by the ellipsometric method. It can be seen from the graphs that the spectra of both
real and imaginary parts differ significantly. The spread in the values of the real part is from 50% in the short-
wavelength part of the visible spectrum to 20% in the near-IR region. The difference in the values of the
imaginary part is about 20%. This shows that it is incorrect to use data on optical parameters obtained for
macroscopic magnetite crystals to interpret the spectra of magneto-optical effects. A comparison of the
experimental and calculated spectra makes it possible to refine the data on the spectral dependence of the real
and imaginary parts of the refractive index of nanosized magnetite.

The spectra of the real and imaginary parts of the refractive index of nanosized magnetite can be used to
calculate the spectral dependences of the transmission of colloids (Fig. 1). For liquids with a low concentration
of particles, to calculate the light extinction, one can use the Rayleigh approximation, which is valid under the
condition x=2na/A<<1. For such particles, the attenuation cross-section can be written in the form [19]:
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m =1 x*(m =1 \m"+27m" +38 || 8 it -1Y
o, =m 4xImi ——| 1+ +§x4 Re . ®)

2| 15\mP+2)  2mP+3 o+ 2
where =17, /7, is the relative complex refractive index of the particle material and the dispersion medium.
In Fig. 8 shows a comparison of the experimental transmission spectrum of a weakly concentrated
magnetic fluid and calculations by formulas (1) and (5), for which different dependences 7, (A1) are used.

Calculations show that reasonable agreement with the experiment can be achieved only when using the
dependence for the powder of magnetite nanoparticles. To take into account the influence of the dispersion
medium of the colloid on the transmission spectra of our samples, we measured the transmission spectra of
kerosene. The results were in glgood agreement with the known data [24].
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Fig. 8. Calculations of the transmission spectra of a magnetic fluid with a concentration of 0.01% (points - experiment,
curve - calculation using the data for powder of magnetite nanoparticles (line 4 on Fig. 6 and Fig. 7).

The transmission spectrum of kerosene does not have any features in the spectral region from 350 to 890
nm. A small absorption band in the near IR region at 890-950 nm is determined by the third overtones of the
stretching vibrations of the methyl -CH; and methylene —CH, groups. It can be assumed that the transmission
spectrum of kerosene does not affect the features of the transmission spectra and spectra of magneto-optical
effects in magnetic colloids. The rest of the literature and the results of our experiment on measuring the
refractive index of a natural magnetite crystal give transmission spectra that differ significantly from the
experimental ones both in the magnitude of the transparency and in the shape of the dependence on the
wavelength.

Conclusions

The results of experimental studies of the spectral dependences of birefringence and transparency in
magnetic colloids allow us to conclude that the known spectra of the refractive index of bulk magnetite are
of little use for quantitative and even qualitative interpretation of optical effects in magnetic fluids based on
magnetite. The best agreement with the experiment is obtained from calculations of the magnitudes of
optical effects using the experimental spectra of the refractive index of a powder of magnetite nanoparticles.
This may indicate that the spectral dependences of the optical parameters of bulk and nanosized magnetite
differ significantly. Especially significant is the difference in the imaginary parts of the refractive index,
which can reach 2-5 times, depending on the wavelength.
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SPECTRAL OBSERVATIONS OF GEOSTATIONARY SATELLITES
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One of the main tasks of the situational awareness system in near-Earth space is to determine the type and
class of observed objects by analyzing its reflection spectra. This paper proposes a methodology and
interpretation of the spectral observational data of geostationary orbit satellites obtained at the Tian Shan
Astronomical Observatory (Kazakhstan) from June-December 2021. 8 geostationary objects, the type and design
features of which are known were selected as observation targets. The selected satellites are stable (no fast
rotation of these objects was detected) and have large reflecting surface areas. An analysis of the obtained
reflection spectra shows the dependence on the phase angle of the object. The studies carried out are especially
relevant for objects in high orbits, where the only currently available methods of detection and study are ground-
based optical photometry and spectroscopy using meter-class telescopes.

Keywords: Optical measurements, geosynchronous Earth orbit, spectroscopy, artificial Earth satellites, orbital
mechanics, observations, material spectra.

Introduction

Despite the rapid development of satellite fleets in low orbit (LEO), the geosynchronous orbit (GSO)
band remains one of the most sought-after resources in near-Earth space, used by most commercial
telecommunications and military satellites, each of which can cost several hundred million dollars.

One of the main tasks of the situational awareness system in near-Earth space is to determine the type
and class of observed objects. One of the methods for obtaining these characteristics is the analysis of
reflection spectra. This task is especially relevant for objects in high orbits, where the only methods of
detection and research currently available are ground-based optical photometry and spectroscopy using
meter-class telescopes (as the most effective tool, given their prevalence, availability, operating costs, etc.).
Spectroscopy methods have a number of advantages over traditional multicolor photometry, since, in
addition to much more information contained in the spectra, it allows one to obtain object brightness
estimates simultaneously in all spectral bands, which is very important for objects in the geostationary zone
[1,3,15]. Most of the objects in the GEO zone are fragments of space debris (uncontrolled objects of artificial
origin), which include upper stages, parts of the fragmentation of the spacecraft, uncontrolled satellites, etc.,
often showing a rapid change in brightness (due to proper rotation). The rate of such a change can be from
fractions of a second to minutes. It becomes clear that it is not possible to determine the color index (as one
of the main indicators of the optical characteristics of the reflective surface) from the brightness values in
different filters obtained by the traditional method of multicolor photometry. In addition, as shown in
[2,11,12], different materials used in the space industry exhibit a variety of changes due to the effects of
outer space conditions, which leads to unique spectral characteristics of each of the materials. This, in turn,
also makes it possible to identify the object and determine its state.

The method of reflection spectroscopy has a number of complexities, the main of which is the inability
to study small-sized objects with low brightness. However, this difficulty can be solved by using an efficient
low-resolution spectrograph equipped with EMCCD in combination with a large aperture instrument, which
is the AZT-20 telescope of the Assy-Turgen observatory. Such a spectrograph was developed and installed at
AZT-20 at the end of 2021, and it is planned to be operational from 2022. To refine the methodology for
analyzing reflectance spectra, selecting the initial class of objects of study, and developing the methodology
for obtaining and preprocessing CCD spectral observation data, it was decided to conduct a series of
observations of selected GSS using the Zeiss-1000 “West” telescope of the Tian Shan Observatory (TShAO),
using low-resolution slit spectrograph.
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1 Observations

The GSO objects with a known type, design features, stable (no fast rotation of these objects was
detected), having large reflective surfaces, which is, the brightness of objects in the V-band is not higher than
magnitude 11 were selected as observational targets. Another criterion was the observational visibility of
these objects at the TShAO observatory. A list of these objects is shown in Table 1.

Table 1. List of objects selected for observations.

NORAD ID Shape Mean cross-sectional area, m?
30793 Box + 2 Pan 13.8
32404 Box + 1 Dish + 2 Pan 458.1
38098 Box + 2 Pan 56.1
39460 Box + 2 Pan 22.2
28899 Box + 1 Dish + 2 Pan 57.2
39728 Box + 2 Pan 17.0
37749 Box + 2 Pan 10.7
29230 Box + 2 Pan 15.9

A series of five spectroscopic observations of satellites of the KazSat constellation and several GSSs
were carried out using the low-resolution spectrograph of the Zeiss-1000 “Western” telescope of the TShAO.
The spectrograph is equipped with a diffraction grating of 300 lines/mm, and a SBIG STT 3200 CCD camera
with a size of 2184X1472 pixels (pixel size 6.8 um) as a detector was used, which made it possible to obtain
spectra in the wavelength range from ~4000 A to ~ 8000 A, with a dispersion of about 3A. To obtain the
optimal signal-to-noise ratio, the mode of averaging the signal over 2X2 pixels (2nd binning) was used, and
the exposure time for different objects was chosen in the range from 60 seconds to 1800 seconds. The
observations were carried out on the following nights: June 29, November 6, 24, 30 and December 1, 2021.

1.1 Preliminary data reduction

Data preprocessing was performed using standard procedures utilizing the Image Reduction and
Analysis Facility (IRAF) package which includes dark frame subtraction, cosmic ray removal, and
wavelength calibration. An example of the reduced spectra is shown in Fig.1.

GEQ spectrum

Spectrum of the night sky
and telluric spectral line:

<«——————  Across the dispersion

Blue region of the spectrum . X Red region of the spectrum
Along the dispersion

Fig. 1. An example of a CCD frame of the GSS spectrum obtained on the Zeiss-1000
“Western” slit spectrograph of TShAO. Range from ~4500A to 7600A
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For wavelength calibration, after each spectrum of the GSO object, the spectra of a standard source - a
He-Ne-Ar lamp - were obtained. Preprocessing is identical for both the GSS spectra and the spectra of
standard stars. To take into account the effect of changes in the air mass during observations, the effect of
flux absorption in each wavelength range (extinction) was taken into account. The resulting GSS reflectance
spectra were obtained by dividing the GSS spectrum by the spectrum of the standard star.

1.2 Reference stars selection

For the task of analyzing the reflection spectra of the GSS, it is important to choose standard stars
whose spectral type is as close as possible to the solar one. Additional criteria are available for observations
on a given night, as well as sufficient brightness of the star to obtain a spectrum with a high signal-to-noise

ratio. The list of standard stars selected according to these criteria is given in Table 2.

Table 2. List of selected standard stars

Standard star RA DEC Sp type V mag
HD 14754/HIP 11106 02"22™56°.65 +08°32°43".65 FO 7.6
HD 11532 01"53™18°.37 +00°22°23".28 G811V 9.7
HD 292561 06"51™33°.73 -00°11°31°°.52 G2V-G3V 10.7
HIP 111063/HD 213199 22M9™585.797 -16°28°07°°.395 G2v C 8.19
HIP 118115/HD 224383 23"57™33.518 -09°38°51°°.070 G3vVC 7.88
TYCHO 4893-1379/HIP 46404/HD 81809 09"27™46°.808 -06°04°17°°.008 GL.5IV-v C 5.42
TYCHO 5338-724/HIP 23831/HD 33093 05"07™24°.963 -12°29°28°.572 GOIV C 597

2 Methodology of spectral data analysis
2.1 Reflectance spectra

Reflectance spectroscopy is a powerful characterization tool that helps with the identification of
micrometeoroid and orbital debris material (collectively referred to by space agencies as MMOD -
Micrometeoroid and orbital debris), especially in the research related to asteroids since the 1970s. In the
1990s, its application expanded to the characterization of materials for orbiting spacecraft [4,13,14]. Ground-
based spectral measurements are valuable references that assist remote optical observations in analyzing the
composition of space debris material, object position and orbital motion. Reflectance spectroscopy has
proven to be a viable tool for providing the aerospace industry with detailed data on the characteristics of
materials commonly used in spacecraft construction, such as iridium aluminum, stainless steel, glass, gold,
various silicone paints, and different types of solar cells [5]. Spectroscopic measurements taken on pieces of
spacecraft materials in the lab can then be compared with spectroscopic or photometric data from orbital
debris taken remotely with telescoping instruments. Research data are stored in the National Aeronautics and
Space Administration (NASA) Johnson Space Center Spectral Database [6].

In the practice of spectral studies, an approximate, but a simpler and more convenient method for
obtaining reflection spectra is widely used, which does not require registration of the spectral distribution of
energy in the solar radiation spectrum at the time of observation. At the same time, despite the obvious
advantages, such a simplified method also has significant disadvantages, most often associated with the low
quality of the resulting reflection spectrum, i.e. the noise. If at the stage of recording the spectrum of an
object, a reduction in the level of statistical noise can be achieved by simply increasing the exposure time,
then the following procedure for dividing the spectral data series to obtain a reflection spectrum introduces
an additional noise component into the final result. The most significant source of the additional noise
component in the reflection spectra is the solar analog stars themselves.
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Fig. 2. Standard spectra: on the left - TYCHO 4893-1379 (HD 81809), TYCHO 5338-724 (HD 33093) and HD 11532
as of December 1, 2021; right - HD 11532, HIP 111063 and HIP 118115 as observed on November 29, 2021.

At least two solar analogue stars from Table 2 were observed every night. Examples of the spectra of
the standard stars obtained on two different nights are shown in Fig.2. As a rule, we calculated the
reflectance spectrum of each object with each standard by dividing its flux by the flux of the solar analog star
observed on the same night in the most similar air mass conditions.

2.2 Smoothing reflectance spectra

A careful search for “ideal” standard stars, which can be considered good spectral analogues of the Sun
[7.8,9], has so far only led to a list of about a dozen stars (magnitudes in the range 4™ - 6™ and spectral type
GOV - G3V). Therefore, the search for methods for minimizing additional noise in the spectra is of current
interest. A fairly effective way to suppress noise in the reflection spectra is their smoothing.

To smooth the reflection spectra, we used a Butterworth filter. The feature of this filter is to effectively
remove unwanted noise from the data in the high-frequency range, while not affecting the data in the low-
frequency region. In other words, the frequency response of this filter is constant over the passband and
drops to zero in the frequency range we deem to be noise.

The Butterworth filter was implemented in the scipy package [10] by the signal . butter method, which
took the filtering degree and the cutoff frequency in units of the Nyquist frequency as parameters. In our
case, the filtering degree was set to 3, and the cutoff frequency was 0.055, which corresponds to smoothing
the spectrum in a window of about 100A band with a spectral resolution of about 3A. Testing with various
cutoff frequencies showed that this was the optimal value and the smoothing result, when this parameter was
chosen in a reasonable range around 0.055, did not change the conclusions.

The smoothing process itself was carried out by the signal.filtfilt method of the scipy package. The
results of the smoothing process are illustrated in Fig. 3-6.

In each panel of the figure, top part, the observations of the geostationary satellite spectra obtained at
different phase angles are shown, below - the reflection spectra obtained for these phase angles. Reflection
spectra are normalized to a wavelength of 0.55 um. The NORAD ID number, the year of launch and the
device owner country are written in the bottom line.
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Fig. 3. Reflective spectra of GSS launched between 2013-2014 with different phase angles []. The left column
shows 39728 and the right column shows 39640 with unnormalized flux (top) and normalized (bottom).
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Fig. 4. Reflective spectra of GSS launched between 2011-2012 with different phase angles []. The left column
shows 38098 and the right column shows 37749 with unnormalized flux (top) and normalized (bottom).
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3 Discussion

It can be seen from Fig. 2 that the normalized fluxes of the selected solar analog standard stars show a
good match. The resulting reflectance spectra were calculated using different standard stars observed on the
same night as the object turned out to be identical in many cases along the course of change.

There is a dependence on the phase angle of the object, but at this stage, due to the limited observational
material, it is impossible to trace the dependence of changes in the reflection spectrum on the lifetime of the
device in orbit.

As a parameter for analyzing the change in the reflection spectrum depending on the phase angle, we
have chosen the slope factor (&) of the reflection spectrum (hereinafter referred to as the “spectrum slope”),
which is determined from the linear approximation of the reflection spectrum as a function of the
wavelength: flux; = a X A + f.

Fig. 7 shows the changes in the spectrum slope of satellites launched at different times. It can be noted
that the reflectance spectra of satellites with a shorter operating time have, in general, a greater spectrum
slope than satellites launched at earlier dates, but this observational material does not allow us to draw an
unambiguous conclusion about the relationship between this parameter and the operating time of the
apparatus. Fig. 8 shows the change in the spectrum slope of the KazSat-1 satellite, currently uncontrolled.
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Fig. 7. Variation of the spectrum slope relative to the phase angle of the object.
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Fig. 8. The change in spectrum slope of KazSat-1 launched in 2006 and is currently uncontrolled.

Conclusion

The conducted studies have shown that the proposed method of observations and interpretation of the
spectral data of the geostationary area is suitable for further research.

The analysis of the results also showed the need to obtain a large number of spectra for GSS of different
configurations (geometry, platforms), for a wide range of phase angles, and different service life (after
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orbital deployment). In addition, it is necessary to expand the studied spectral range into the infrared region
of the spectrum. For future works, it is planned to conduct a comparative analysis of the obtained parameters
of the reflection spectra of GSS with the parameters of the spectra of samples of materials and composites
that are in the public domain. The preliminary result showed the possibility of obtaining the spectral
characteristics of GSO, including uncontrolled spacecraft with rapidly changing illumination conditions
(reflections) using an innovative spectrograph mounted on the AZT-20 telescope, which is planned to be
fully operational in 2022 at the Assy-Turgen observatory.
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USE OF COLLIMATION REGIME OF CHARGED PARTICLE BEAM FOR
EXPAND THE FUNCTIONAL CAPABILITIES OF CORPUSCULAR
OPTICAL SYSTEMS
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The approach for the modeling of corpuscular-optical systems for the analysis of charged particle flows is
considered. For all the methods considered and used earlier, the condition of spatial focusing of the particle beam
was required. However, this strict condition is not always feasible in combination with other requirements. When
a cylindrical electrostatic mirror analyzer is used as the main element, spatial focusing of the beam is
incompatible with focusing in time of flight in terms of energy. In the paper the possibility of using the collimation
regime of charged particle beam is considered, thereby eliminating the need to fulfill the focusing condition.

Keywords: electron spectroscopy, collimation, energy analyzer, corpuscular-optical systems.

Introduction

At present, electron and ion optics have not lost their relevance and continue to develop. The use of
electron spectroscopy methods in microelectronics, diagnostics of materials, processing and control of
surfaces has a significant impact, while these methods are used in solving technological and scientific
problems. For fully solve the problems of studying the surface of a solid body, it is necessary to use a set of
mutually complementary methods. Methods such as X-ray photoelectron spectroscopy (XPS) or electron
spectroscopy for chemical analysis, slow electron diffraction, Auger electron spectroscopy, secondary mass
spectroscopy allow, in combination, to obtain complex information about the chemical, energy state and
structure of the surface of a solid [1-7]. The XPS or ESCA method occupies a special place here [8-10].

Previously, the problems and existing directions for modeling energy analyzers of charged particle
flows were considered. Since the limits of energy change in electron spectroscopy methods lie in the range
from units of keV to eV, electrostatic systems are mainly used as energy analyzers. The choice of electrode
configurations is dictated by the ease of fabrication, small dimensions, and evaluation of the expected
electron-optical characteristics of the device.

Basically, when modeling and calculating corpuscular-optical systems, two directions were used,

arising from the following formula R = AD—L [, where R, AL, D, I" are energy resolution, linear smearing of the

image, linear energy dispersion and coefficient of linear longitudinal magnification, respectively. By varying
these three parameters, problems were solved to achieve certain purposes. The first direction of research was
related to reducing image smearing, that is, improving the quality of focusing a beam of charged particles or
increasing the focusing order. For widely used analyzers of the type of cylindrical and spherical electrostatic
mirrors (CM and SM), the limits and regions of angular focusing were found. For further development of this
direction, it was necessary either to complicate the field-forming electrodes [11-16] or to use additional
elements.

The second direction is associated with an increase in the magnitude of the linear energy dispersion [17,
18]. The basic principle in this case was as follows. An element with increased angular energy dispersion
was used, which was converted into linear dispersion by subsequent cascades in a cylindrical mirror.

Accounting for the coefficient of linear longitudinal magnification in calculations also makes it possible
to improve the quality of beam focusing. When modeling analyzers of charged particle beam, the imposition
of additional conditions can significantly expand the functionality of the systems. Additional conditions are
imposed for each system individually, based on the specific problems for which the device is created.
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In multi-cascade systems used to increase the linear energy dispersion with each cascade, the
aberrational smearing of the image also increases. Accordingly, it is not possible to improve the energy
resolution of the analyzer.

1 Collimating devices based on cylindrical and spherical electrostatic mirrors

One of the functions of electron-optical elements of practical interest is the collimation of charged
particle beams. In corpuscular optics, this problem makes it possible to drastically reduce the intensity loss
during the transport of charged particle beams and is technically realized by using electrostatic lenses and
mirrors. The collimator makes it possible to obtain parallel trajectories of charged particles, which can be
transmitted over long distances and fixed on the detector at any point. According to the perturbation theory
approach, the quality of collimation can be described by the order, the value of which is determined by the

. . .. d"a
number of simultaneously vanishing derivatives da"l

= 0. o and o, are the angles of inclination of the

particle trajectories at the exit from the source and after reflection from the mirror, respectively.

In work [19], the problem of collimating charged particles in SM in the inner reflection regime was
considered. The conditions for collimation in this regime are determined. It is shown that a high quality of
parallelism of trajectories in the beam is achieved under conditions of second-order collimation.

The collimating properties of the SM were studied by the methods of perturbation theory in [20]. The
conditions for collimating charged particle beams in SM with outer reflection of the beam are determined. It
is shown that the second-order collimation regime is also achieved. Charged particle beam coming from a
source and located on the axis of a spherical mirror becomes parallel under certain conditions after outer
reflection from the mirror (Fig.1) [21].

-
-

-

A — point source, 1 — inner spherical electrode, 2 —outer spherical electrode,
3 — trajectories of particles, 4 — parallel beams
Fig.1. The course of trajectories in the spherical mirror at the collimating regime

In Ref. [22], the collimating regime of charged particle beam at a symmetry angle in cylindrical,
spherical, and hyperbolic (HM) electrostatic mirrors were calculated. The system of sequentially located CM
and SM (Figs. 2 and 3), as well as a system of CM and GM in the regime of collimating charged particles at
an angle to the symmetry axis of the system, is considered. It has been determined that the angular energy
dispersion of the system of SM and CM significantly exceeds the angular dispersion of a single SM. This
makes it possible to use it both independently and as an element with a large angular energy spread with its
subsequent transformation into a linear dispersion by means of cylindrical mirrors (Fig. 4). Since, in the
future, in this work, the GM is not used, then the regimes and schemes with this mirror are not presented in
the work.
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(051

Fig.2. The system of CM and SM in the collimating regime of charged particle beam at an angle to the axis, the angular
dispersion in energy is 4.6° per one percent change in the kinetic energy of the particle, the theoretical broadening of the
beam at a path length of 1 m after the collimator is 0.6 mm.

Fig.3. The system of CM and SM in the collimating regime of charged particle beam along the axis, the angular
dispersion in energy is 5.4° per one percent of the change in the kinetic energy of the particle

> |e—

Al

Fig.4. The energy analyzer of charged particle beam
with high energy dispersion in the collimated regime, energy resolution 0.038% in the case of one cascade, with two
stages 0.024% at luminosity 1.665% of 4n
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2 Application of the collimation regime for provide the possibility of carrying out time-
of-flight mass analysis in a system of SM and CM

Let’s show that the condition of spatial focusing of charged particle beam is incompatible with focusing
in time of flight in terms of energy. Let’s consider the time-of-flight properties of the trajectories of charged
particles in the CM. According to [22], the time of flight T of a charged particle with an initial velocity v, in
the section between the points of entrance and exit from the CM field from “n” reflection cascades, is

T:2£\/1+ctg2a n{l—zi—i-ZPG] (1)
v

n

where ¢ is radius of ring source, a is angle of inclination of the trajectory to the symmetry axis of the

. . I /W ro. . .
system, W is particle kinetic energy, p= |—In—sina is reflection parameter of CM,
qv

2
p

2 2
O(p) =e’ J. e " dx, qis particle charge [23].
0
Let's demand the independence of time from the energy in the first approximation with respect to &

0

where € = [24]. It follows from this condition that
0
1-2 —2p*(1+2p0). @)
2n

Since 0 < <1, then all solutions of equation (2) are contained within the boundaries from P=0.5404 (
6 =0) to P=0.4222 (5 =1, n=1). The time-of-flight changes due to the spread in the angle of inclination of
the trajectories are determined by the derivatives of T with respect to a. Differentiating (1) twice with respect
to a, we obtain [24]

2d—T:2ctgcz\/1+ctg205 n{—1+£+2P2(1+2P6’)}, (3
rda 2n

vd’T > ) )

o =2Jl+ctg’a n{—(1+2ctg a)(1—2—n+2P6?)+ @

+ 4P2ctg2a[(1 + 2P6?)(1 +P? ) + Pe]}
If condition (2) is satisfied, then, as follows from Eq. (3):
dl'/da =0.
Thus, in the CM, in the first approximation in ¢ and a, temporal focusing is carried out, both in energy
and in the angle of inclination of the trajectories.

Let us now turn to angular focusing in terms of the opening angle of beam at the source exit. Let’s take
the derivative with respect to the angle a of the axial path function [23]

L=2nctga {1 _9 + 2P0} ®)
2n

and equate it to zero, then we obtain the condition for spatial focusing of charged particles beam in the first
approximation in the divergence angle [24,25]
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1—£+2P0 ©)
ctg’a = 2n 5
2P*(1+2P0)—1+——
2n

When condition (2) is satisfied, when 2P*(1+2P6)—1 —21 , ctg’a — oo and o —0. Consequently,
n

in a CM, the spatial focusing of the beam is incompatible with the time-of-flight- focusing in terms of
energy. If the analyzed beam has an initial angular divergence, then the time-of-flight mass-analysis under
conditions of temporary energy focusing is accompanied by a longitudinal smearing of the beam, which
increases with an increase in the number of cascades “n”.

To avoid increasing smearing of the image at the entrance to the CM, narrow beams collimated at an
angle to the symmetry axis of the CM should be formed; then, even with multiple reflections from the CM,
the longitudinal smearing will be small.

Conclusions

Thus, method is presented that expands the functionality of the CM by implementing the function of
time-of-flight mass analysis with a wide transmission range of charged particle energies. This became
possible by replacing the condition of spatial focusing of the beam, which is impossible in this case, by the
collimation regime. As a collimator placed at the entrance to the CM, the systems shown in Fig. 1 and 2 can
be used.

The trajectories of charged particles beam of the same energy W, collimated at an angle a to the CM
symmetry axis must be identical. The time of flight along these trajectories of charged particles of mass m
must be the same. Since the condition of temporal focusing in energy is satisfied in the CM, then for a
collimated beam of charged particles of mass m, but of a different energy, in the first approximation in g, the
time of flight remains the same. Due to the linear dispersion in energy D, the collimated energy W beam at
the entrance to the slit of the receiving diaphragm will shift along the symmetry axis. This shift is
proportional to D and the energy range € in the particle beam passing through the analyzer. Charged particles
of the same mass but different energies arrive at different parts of the receiving slit at the same time. This
significantly increases the transmission of the analyzer in the time-of-flight mass analysis regime.
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SUMMARIES TYCIHIKTEMEJIEP AHHOTAIIUAN

Hwkoe A.A., Manukoe B.H., Tuxouckun H.J[., I'vnapenko A.A., Pemwes E.IO., Boiinawm C.A., Coxonosa B.A.,
Opexoeckasn A.A.

I'®K werizinmeri Al+B,0; KocmacelH KbBabipymen Oipre OKC omiciMen ajpIHFaH OepikTeHTiH
JKaOBIHIBLIAPIBIH PEHTreH(A3ATBIK KIHE MUKPOKYPBLUIBIMABIK TaJ/Iay bl

Maxkanaga ©7KC mnporeciH icke acblpy Ke3iHze ajblHFaH OepiKTeHTiH OOpHUATI KaOBIHIBUIAPABI 3€PTTEY HOTIIKENIepi
cunartaiFad. by xkaObIHIBUIAp aTFOMHHUN OKCHII MEH OOpFa HETI3ZENreH KOMITO3UIMIIBIK MaTrepHuanmap OOJbII
TaObIIaAbl. AJIBIHFAH KaOBIHABUIAP PEHTTEHAIK (a3anblK >KOHE MHUKPOKYPBUIBIMIBIK TaJaylaH OTTi, HOTHXKECIHIEe
aJIBIHFaH KOMIIO3UIMSIIAPABIH HETi3T1 KypaylIbUIaphl aHBIKTAJBII, XKaOBIHABI-HETI3Ti OTHeN aiMaFbIHBIH KaJIGIHIBIFBI
MEH KYPBUIBIMBIH Oaranayra MYMKiHmIK Oepmi. Kpemuuit MeH TeMipain opTypiai memmepi @K HeriziHmeri 06a3abik
KOCTIaHBIH YATUIEepiH KpI3mplpy kedinge OJXKC mpomectepiH icke achlpy Ke3iHae OCTTIK XUMUSJIBIK KOHE
METaJLTypPTHSUIBIK TTPOLIECTEPIIH KYPYiH Oarayayra MYMKiHIIK Oepmi. bepikTelTiH KaObIHIBIHBI camajibl TO3aHAATY
yurie OXC mporneciMen Oipre 'OK KpB3aplpyasl maiiianaHyIblH OpPBIHIBUIBIFE KepceTiireH. JKaOBIHIAaFBl €Ki
aliMarbIHBIH maiina OOJybl KOPCETUIreH, onap >KaObIHHBIH 9P TYPJ KaJbIHIBIFEI MEH KypbUIbIMbIHAa We YiariHi ['OK
HETi31H/eT KbI3AbIpyMeH Oipre xypetin OXKC nporieci xy3ere achlpy Ke3iH/e maiiaa OoIbl.

KinT ce3nepi: Oonartsl OepikTeHIIpY, MHUKPOKYPBUIBIMIBI TalJay, ©3AIrIHEH TapalaThlH >KOFapbl TEMIIEPaTypajbIK
CHUHTE3, XKaObIHBLIAP, )KOFAPBI KUITIKTI TOKTap.

Hwkoe A.A., Manukoeé B.H., Tuxouckun H. /., I'vnapenko A.A., Pemwes E.FO., Boiinawm C.A., Cokonosa B.A.,
Opexoeckasn A.A.

PentrenoazoBblii ¥ MUKPOCTPYKTYPHBIH aHAJM3 YNPOYHAIIIMX NOKPLITHH, noay4eHHbIx merogom CBC B
coyeTaHum ¢ HarpeBoM cMecu Al+B,0; Ha ocHoBe TDY.

B craree ommcaHBI pe3ynabTAaTHl MCCICIOBAHUN YIIPOUYHSIOMNX OOPHUIHBIX ITOKPHITHHA, MONYYCHHBIX MPH peaTn3aluu
nporiecca CBC. DT MOKPHITHS IPEACTABIBIIN COO0H KOMIIO3UTHEIC MaTepHajbl HA OCHOBE OKCHAA aIOMUHHS U Oopa.
[TosyueHHbIE TOKPHITHS OBLIH MOJBEPTHYTHl PEHTTEHO(])A30BOMY U MHUKPOCTPYKTYPHOMY aHAlIM3Y, KOTOPBIA MOKa3al
OCHOBHBIC KOMITIOHCHTBI MOJYYCHHBIX KOMHOSI/IHI/Iﬁ 1 NO3BOJIMJI OLCHUTH TOJIIUHY U CTPYKTYPY HepeXOI[HOﬁ 30HbI
MOKPBITUE-OCHOBHOM MeTaJul. Pa3nuyHoe cojiepkaHHe KpeMHHsI W Kejle3a TO3BOJSIET OIEHUTh MPOTEKAHHE
MOBEPXHOCTHBIX XUMHUYECKHX M METAUTYPTHYECKUX IMPOIIECCOB MpU ocyliecTBieHun mpoueccoB CBC mpu Harpese
00pa31ioB 6a30Boit cmecu Ha ocHoBe ['DY. [TokazaHa 1enecoo0Opa3HOCTh UCMONb30BaHMs HarpeBa ['@Y B coyeTanum ¢
mporieccom CBC nmnst Gosiee KaueCTBEHHOTO PACHBIICHHUS YNPOYHSAIONIETO MOKPHITHA. lloka3aHo mosiBIEHHE IBYX
oOacTeil B HIOKPBITHH, KOTOPBIE 00pa30BakCh pu ocymecTieHnH mporecca CBC B coueTaHnu ¢ HarpeBoM oOpasma
Ha ocHOBe ['DY ¢ pa3HOM TONIUHON U CTPYKTYPOM MOKPHITHSI.

KiaroueBble ciioBa: YIOpOYHEHWE CTANIH, aHAJIW3 MHKPOCTPYKTYPHI, CaMOpPaCIpOCTPAHSIONIUICS  BBICOKO-
TEeMIEepPaTYPHBIA CHHTE3, TIOKPHITHSI, BLICOKOYaCTOTHEIC TOKH.

Kosznoeckuii A.JI., Abuwes b., Kymaounoe K.I11I., lllnumac /1. U.

JIuTuii HIMPKOHATTHI KepaMUKAaChIHAAFbI (pa3aJibIK NpouecTepain 0epikTik neH TepMopHU3NKaAIBIK KacueTTepre
JcepiH 3epTTEy

Makana KaTThl (pazanblk CHHTE3 OMICIMEH aJIbIHFAaH JIMTHH IIMPKOHATTHI KePaMUKACBIHBIH KAaCHUETTEpiH 3epTreyre
apHanFaH. JIUTHI HUPKOHATTHI KepaMUKAChIH 3€PTTEY HBICAHBI PETIHIE TaHJay OJap/Abl TPUTHWAIH Tapaiybl YILIiH
MaTepHuaniap peTiHae mainananyablH YIKeH nepcrnekTuBaapbiMen OanmanbicThl. LiO/ZrO,/Li,ZrO; — LiO/Li,ZrO;
— Li,ZrO; Tunti kepamMukamarbl (aszaiblK TYPIACHOIPYJIEPIiH KEepaMHUKAHBIH OCpIKTIK KOHE IKBUTY-(PUIUKAIBIK
mapaMeTpiiepiHe ocep eTyiH 3epTTey HOTIDKeNepl aiblHABL. 3epTreyliep OaphICBIHAA KATTBUIBIK TICH KapBIKKa
TO3IMIUTIKTIH e3repyl KepaMHuKa KYpaMbIHAAFbl Kocha (a3ajapbiHbIH (a3ajiblK KypaMmblHA QHE KOHILCHTPAIMSIChIHA
Tikenel Toyennl ekeHi aHbIKTanabl. JINTHH OKCHAI KOHE LUPKOHMI THOKCHII KOCHANBIK (ha3ajlapblHBIH BIFBICYBI
KATTBUIBIKTBIH JKOFApBUIAybIHA KOHE Oip peT CHIFBUIFAH Ke3/I€ JKApPBIKIIAKTHIH Maiga OoyblHA TO3IMAUIIKTIH
KOFapbllayblHa oKeneTiHi aHbIKTaingsl. 900°C-taH jxofapbsl Temreparypana OepiKTIK IIeH TepMO(QH3HKAIBIK
napaMmeTpiepAiH e3repyl MUHIUMAIIBI O0NMaThIHABIFBI aHbIKTANIBL. by xarmaiina LiO/ZrO,/Li,ZrO; — Li,ZrO5 Ttunti
KepaMHKaHBIH (ha3albIK KYPaMBIHBIH €3repyi )KbUTY oTKI3rimTik Ko3ddumentinig 15-20%-Fa apTybIHa oKeNe .

Kiar ce3nepi: KypambiHma iuTuii 6ap KepammuKka, (a3anblK TYpPICHYJEP, KATTBUIBIK, JKBUTY OTKI3TILITIK, SAPOIBIK
MaTepHaaap.

Kosznoeckuii A.J1., Abuwes b., Kymaounoe K.I11., Illaumac /1. .

H3yuenne BausHusi mnpoueccoB ¢(a3000pa3oBaHus B JHTHEBBIX KePAMHKAX HAa MNPOYHOCTHbIE W
TemJio(puznyeckue CBOMCTBa

CraThs MOCBAIICHA H3YYCHUIO CBOMCTB KEPaMUK HAa OCHOBE IIMPKOHATA JIUTHS, TIOJIYYCHHBIX METOJOM TBEp0(a3HOTO
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cuHTe3a. BIOOp B KauecTBe 0OBEKTOB MCCIICIOBAHMS KEPAMHUK Ha OCHOBE IUPKOHATA JUTHs OOYCIOBIICH OOJBIIMMH
MEPCIICKTHBAMA HCIIONB30BAHMAS WX B KAdeCTBE MATEpPHAJOB IS PasMHOKCHUS TpUTHSA. IIOIydeHBI pe3yibTaThl
HCCIICIOBaHMS BIUSHUS (Pa30BBIX MpeBpaimieHuii B kepamukax tuna LiO/ZrO,/Li,ZrO; — LiO/Li,ZrO; — Li,ZrO; B
3aBHCHUMOCTH OT TEMIIEpaTypbl OTXKHra Ha MPOYHOCTHBIC M TeIUIoQHU3MYecKre mapaMeTpsl KepaMuK. B xome
MPOBEACHHBIX HUCCICIOBAHUN YCTAHOBIICHO, YTO WM3MCHCHHE TBEPAOCTH M TPCIIUHOCTOWKOCTH HMMEIOT MPSIMYIO
3aBHCHUMOCTh OT (ha30BOTO COCTaBa M KOHIICHTpAIlMM NPHUMECHBIX (a3 B cocTaBe kepamuk. OIpenesneHo, 4To
BBITECHCHHE IPUMECHBIX (a3 OKCUIa JUTHS W JUOKCHUIA IUPKOHWS MPUBOAUT K YBEIUYCHUIO TBEPIOCTH U
MOBBIIICHUIO YCTONYMBOCTU K TPEIIMHOOOPA30BAHUIO TIPU OJHOKPATHOM CXKATHH. Y CTaHOBJCHO, 4YTO MPHU
Temneparypax orxwura Beime 900°C m3MeHeHHe MPOYHOCTHBIX M TEIDIO()HU3NIECKUX MapaMeTpoB MHUHHMaIbHO. [Ipu
9TOM m3MeHeHHe (azoBoro cocraBa Kepamuk tuma LiO/ZrO,/LiyZrO; — Li,ZrO; TpUBOOUT K YBEITUYCHHUIO
KO3 HIHEHTa TeTIONPOoBOIHOCTH Ha 15-20 %.

KiroueBble c10Ba: TUTHI comepKalue KepaMukd, (pa30BbIe MPEBPALICHHUS, TBEPIOCTh, TEIIONPOBOIHOCTD, SACPHBIC
MaTepHabl.

Kyuepenko M.I'., Kpyuunun H.FO., Heacoe I1.11.

CpIPTKBI JIEKTP OpiciHae KoJJeHeH NOJIIPU3ANUSJIAHFAH METAJJI HAHOCHIM OeTiHAeri moJIu3JIeKTPOJTUTTEPAiH
KOHGpOpPMAUMAIBIK 03repicTepiH Moaeabaey

Berinzge amcopOuUMsIaHFaH MOJIMAICKTPOIUTTEPl Oap alThIH HAHOCBHIMAAP dp TYPJi OMOMETUIIMHANBIK 3epTTEYJepae
KEHIHeH KOJIIaHbLIa/(bl. bepiireH ®yMpICTa aJiFall PeT CHIPTKBI AJIEKTP OPICiHAE KOJIACHEH MOJSIpU3alMsIIaHFaH adThIH
HAHOCHIM OETiHZEr! HNOJNMIEKTPOIUTTEPAIH KOH(pOpMaLUsIIBIK e3repicTepi KapacThIpblIFaH. HaHOCHIM OciHe KeijieHeH
CBIPTKBI AJIEKTP OPICIHIETI HIIMHAPIIK METAaUI HaHOCHIM OeTiHe aJCOpOUMSIaHFaH TayCCTHIK MaKpOMOJICKYIAJIbIK
Ti30eKTiH KOHMOPMAIMAIBIK KalTa KYpyJlapIblH apHaibl KYpPacTHIPBUIFAH aHAJUTHKAJIBIK MOJCNIHIH KacHeTTepi
3epTTenreH. MOJIeKyNanblK MUHAMHKA OMICIH KOJIaHA OTHIPHIN, KOJACHEH MNOJIPHU3ANMIIaHFaH ajlThIH HAaHOCHIM
Oerinzmeri OIpTeKTi 3apsAATaiFaH IOJUICITAATEPIIH KOHMOPMAIMAIBIK ©3repicTepi 3epTTeireH. AHAIUTHKAIBIK
MOJIeIb MCH MOJICKYJIaJbl-THHAMHKAIBIK MOJCIBACY HOTIDKEIICPiHIH HETi3iHAEe HAHOCHIM OETIHAETI IMONHAIEKTPOIHUT
OyBIHAAP THIFBI3BIFBIHBIH KEHICTIKTIK Tapalxybl KYpacTHpeUFaH. CHIPTKBI 3JEKTP OpICiHIH KEepHEYIITiHIH apTybIMEH
KOJIICHEH TNOJSpH3alsJlaHFaH HAHOCHIMHBIH JIMNOJNb MOMEHTIHIH OaFbITBIH/A IIOJUDJICKTPOJIUTTI  JKUEKTIH
ACHMMETPHUSUIBIK CO3bUTYbI OalKaJIFaH.

KiaT ce3nmepi: MeTan HAHOCHIMBI, TOJUICKTPOIUT, KOH()OPMAIHSIIBIK ©3repicTep, MOJCKYIaIbIK JTHHAMUKA.

Kyuepenko M.I'., Kpyuunun H.IO., Heacoe I1.11.

MopeaupoBaHue KOHGOPMANMOHHBIX M3MEHEHUIH  MOJMIJIEKTPOJUTOB HA TOBEPXHOCTH TONEPEYHO
NOJISIPH30BAHHOI0 BO BHELIHEM YJIEKTPHYECKOM I0J1€ METAJJINYECKOr0 HAHONPOBO/1A

30510ThIe HAHONPOBOJA C AICOPOUPOBAHHBIMH HAa HMX MOBEPXHOCTH MOJHMAICKTPOJIMTAMH ILIMPOKO HCHOJB3YIOTCS B
pa3IMYHBIX OMOMEIUIMHCKHX HCCIEHOBaHMAX. B jmaHHOW paboTe BIEpBBIE PACCMOTPEHBI KOH(OpPMAIMOHHEIE
W3MEHEHHS TOJIMAJICKTPOIMTOB Ha MOBEPXHOCTH 30JIOTOrO HAHONPOBOJA, MONEPEYHO MOJSIPU30BAHHOTO BO BHEIIHEM
9NIEKTPUYECKOM MoJjie. McclienoBaHbl CBOHCTBA CIICLUAIBHO CO3JAHHOH aHAJMTHYECKOW MOJENH KOH(POPMALHMOHHBIX
HEePeCcTPOeK TayCCOBOH MAaKpOMOJICKYJISIPHOM IIeIM, aJCOpOMpPOBAaHHON Ha IOBEPXHOCTH IMIMHIPUYECKOTO
METaJIM4eCKOT0 HAHONPOBOJA BO BHEIIHEM JJICKTPUYECKOM IIONe, IOHNEepeYHoM K ocu HaHompoBoga. C
HCIIOJIb30BAHUCM MCETOOA MOHeKyHHpHOﬁ JUHAMUKH HCCJIICOIOBAHBI KOH(I)OpMaI_[I/IOHHBIe HU3MEHCHUA OJHOPOJIHO
3apsDKCHHBIX TOJMIIENTH/IOB Ha IMOBEPXHOCTH IONEPEYHO MOJISIPU30BAHHOTO 30JI0TOrO HaHompoBoaa. Ha ocHoBe
aHAJIUTHYCCKOMN MOACIIN u PE3YyIbTAaTOB MOJICKYJIAPHO-AUHAMHWYCCKOT O MOACINPOBAHUA TMOCTPOCHBI
IIPOCTPAHCTBEHHBIC PACIPCACIICHUSA IIJIOTHOCTH 3BCHBLECB ITOJIUMBJICKTPOJIUTA Ha IMOBEPXHOCTU HAHOIIPOBOAA. HpI/I
YBEJIMYCHUN HANPSDKCHHOCTH BHEIIHEro DJIEKTPUYECKOro TMoJs HaONIIoJanoch acUMMETPUYHOE BBITATHBAHHE
TIOJIMAJIEKTPOIMTHOM OIMYIIKK B HANPABJICHHH TUIIOJIEHOTO MOMEHTA MONEPEYHO MMOJSIPH30BAHHOTO HAHONIPOBO/A.
KnroueBble c/ioBa: METAUIMYECKHH HAHONPOBOJ, IOJIHMAJIEKTPOIHT, KOHGOPMAIMOHHbIE M3MEHEHUs, MOJCKYJIpHAsI
JMHAMUKA.

Cenueepcmoesa E.B., Hopaee H.X., Anuxainoaposa 3.7K.

I'padeHHiH KBAHTTBHIK HYKTeJIEpiHiH KacHeTTepiHe J1a3ep YHEPruschl ThIFbI3AbIFbIHBIH dCepi

Op TYPITi SHEPTHS THIFBI3IBIFBIMEH Ja3epIIiK CayeNeHy absaIist apKelIsl asiblHFaH rpadeH okcuainiy (GO) Herizinaeri
HYKTEJEepAiH KYPBUIBIMABIK JKOHE ONTHKANBIK KacueTTepi 3epTrenai. Jlazepiik abmsauusagan KeiiH Ta3epiik coyieaeHy
SHEPIHSCHIHBIH THIFBI3IBIFEI Colikecinme, E~15 sxome 21 Jhi/cM® GoifblHma naiibiagasFan yiritep yuin GO
JKambIpaKIanapelHeIH opTama OyHipaik emmemi 1280 — 1900 am-nen 230 + 95 am-re xoHe 110 + 42 HM-re neitin
TOMEHJICUTIHI KOpCeTireH. PaMaH CIIeKTPOCKONUSCHIHBIH epekTepi abmsamusanan kedin Ip/lg kareiHaceiHbH 1,04-TeH
0,97-re neitin ToMeHereHin KopcerTi, Oy abusuuagan keitin GO-1a sp° FHOPUATENreH JOMEH/Ep CAHBIHBIH apTybIH
kepcereni. KyaTTelH e3repyi OHBIH (YHKIMOHAIM3AUMSACHIHBIH ©3repyiHe, coHmai-ak GO jkanblpakKianapbIHbIH
IIHMETI Sp~-IOMEHACPiHIH peTTenyiHe ic xy3inae acep erneiai. GO MUCTIePCHACHIHBIH ONTHKAIBIK THIFBI3IBIFEI )KOHE
oJslap/bIH (ITyOpeCeHINSCHIHBIH KApKbIHBUIBIFBI a0JIIMs MapTTapblHa OaiylaHbIcThl. AOGIIUsIanOaraH TUCTIEPCHs
yuriH 450 HM IIamMachIHIA JTFOMHHECIICHITUS JKOJIAFBIMEH Oipre crekTpae MakcuMymbl mramameH 600 HM 0OJaThIH
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KOChIMINIa JKOJIaK TMaima Oonanbl. AOnsmusgaH KediH OenmiekTepAiH Tapanybl Oipkenki Oomamer, Oynm GO
JMIOMUHECHCHIINS JWANa30HBIHEIH TIIIIHIHIH e3repyiMeH e, op TYpJl TOJKBIH Y3BIHABIKTAPBIHIA TipKey Ke3iHaeri
(bITyOopecUeHIUSHBIH 6Mip CYPY Y3aKTHIFBIHBIH TYPAKTBUIBIFBIMEH 1€ AAJICIICHE/I.

Kiar ce3nepi: rpaden okcni, rpadeH HYKTEIEpi, a0, KYPBUTBIM, ONITHKAIBIK KACHETTEP.

Cenusepcmoesa E.B., Hbpaes H.X., Anuxaiioapoea J.K.

Buisinue NJI0THOCTH SHEPTHH JIA3ePHOTO H3JIyYeHHsI HA CBOICTBA rPad)eHOBBIX KBAHTOBBIX TOYEK

W3y4eHsl CTPYKTYpHBIC M ONTHYECKHE CBOWCTBA TOUEK Ha ocHOBe okcupia rpadena (GO), noixyueHHBIX IpU aOusun
JIa3epHbIM M3IY4YEHHEM C DPa3IMYHONW IUIOTHOCTBIO SHepruu. [lokasaHo, 4To mocie Jla3epHOil abusluu CpeaHuit
narepaynbHblil pasmep JmctoB GO ymenbmiaetcs ¢ 1280 — 1900 um mo 230495 nm u 110442 uM g oOpasLos,
[IPUTOTOBJICHHBIX NPY INIOTHOCTH 3HEPTUU Ja3epHOTo u3nydenus E~15 u 21 Jlx/cM?, cootBetcTBeHHO. Jlannbie Paman-
CHEKTPOCKOIIH ITOKA3alIH, 9To 1mociie abisiuuu otHomeHue Ip/lg ymensmunocs ¢ 1,04 mo 0,97, 4to cBHIETETBCTBYET O
pocTe uncia Sp>-rHOPHAM3HPOBAHHBIX 10MeHOB B GO mocie abiupoBanus. M3MeHEHNe MOIIHOCTH TPAKTHIECKH He
BIMACT HA H3MEHEHHME ero (DYHKIMOHANM3ALMH, a TAKKE YIOPSIOUCHHOCTh SP°-JOMEHOB BHYTpH mucta GO.
OnTryeckas WIoTHOCTE Aucniepcnit GO 1 MHTEHCUBHOCTD WX (PIIyOPECICHIINN 3aBUCAT OT ycIoBUi abmipoBanus. [l
HEeaOJIMPOBAaHHBIX JIUCIIEPCHI Hapsily C I0JIOCOW JIIOMHHECHEHIMH okojdo 450 HM B CHEKTpe MOsBISETCS
JIOTIOJTHUTENIbHAS 1MOJIoca ¢ MakcuMyMoM okoiio 600 um. [Tocne abisiiuu pacmpeesicHue YacTHI[ CTAHOBHUTCS OoJsiee
PaBHOMEpPHBIM, O 4Ye€M CBUJIETEIBbCTBYET KaKk M3MeHeHue (opMbI Mmojockl JroMuHecteHun GO, Tak ¥ MOCTOSHCTBO
BPEMEHH JKU3HH ()ITyOpECHECHIINH MIPU PETUCTPAIMH HA PAa3HBIX JAJIMHAX BOJIH.

KoaroueBble ciioBa: okcun rpadena, rpadeHOBBIC TOUKH, a0IISIMs, CTPYKTYpa, ONTHYECKHUE CBOWCTBA.

Aitmyxanos A. K., Poxckosa K. C., Hnvacoe b. P., Onapoexosa I'.H., Ceiicemoekosa T.E.

Temen atmocdepanbik KbicbiMaa kyiigipinren PEDOT:PSS nosumepsi Ka0bIpimIaKTapbIHbIH KYPBLIBIM/IBIK,
ONTUKAJBIK K9He J1eKTPPU3NKAIBIK CUIIATTAMAJAPbIHA CIIMPTTIK epiTKimTepain acepi

JKympicta chiHanm Garamackl 107 MmmmMerp GomaThH ToMeH aTMocdepaiblk KbICHIMIA Kyimipimren momu(3,4-
STUIEHANOKCUTHO(EH) MOIUCTHPON CyIb()OHATHIHBIH OCTTIK KYpPBIIBIMBIHA, ONTHKANBIK JKOHE JIEKTPO(DU3NKAIIBIK
cUTaTTaMallapblHa COUPTTIK SPITKIIITEPIiH 9CepiH 3epTTey HOTIKeNepi kepcerinreH. [lommep:i KaObIKIIa OSTiH STHI
JKOHE W3OIMPONIII CIUPTTEpiMEH MoAuUKaIisuiay OeTiHIH MOPQOIOTHSICHHBIH, MOJIUMEPIiH ONTHKAJIBIK >KOHE
3JIEKTPTAChIMANIAYIIBI KACHSTTEPiHIH 63repyiHe OKeJeTiHI aHbIKTanabl. [1omu(3,4-3THIeHIHOKCUTHO(EH) TOTUCTHPOIT
cyib(hoHaTHl KaObIPIIAFBIH CHHUPT EpITKIITEpiMEH MOIU(UKaNUsiIay Ke3iHAe >KYTBUIYy CHEKTPIHAE IOJHUCTHUPOI
Cyb(OHATHIHBIH XOII MICTI ()parMeHTIHIH >KYThUTYBIHBIH TeMeHneyi Oaiikanran. [Tomu(3,4-aTuneHauokcutuodeH)
MOJUCTHPONT CyNb(GOHATEl OETTIK MOP(OJIOTHACHIHBIH KYPBUIBIMIBIK €peKIIeNikTepi KaOblpmakTely — moiu(3,4-
STUIEHANOKCUTHO(EH) MONUCTUPOT CYNb(OHATBI KaOBIpIIAFbIHBIH Keaeprici,  moiu(3,4-3THIIeHJHOKCUTHO(DEH)
MOJINCTHUPOJT CYIb(OHAT /JIEKTPO]I apallbIFbIHAA 3apsi/] TACYIIBIIAPIBIH TachIMaJIaHy Keleprici, 3aps TacylIbuIapabIH
THIMAI KBUIIAMIBIFEL KOHE THIMII Iy YaKBITBI TOPI3Ii 3JCKTPTaChIMAIAyIIbl MapaMeTpiepiHe ocep eTeTiHIri
kepcetinreH. TeMeH aTMochepablK KbIChIMIA KYHAipiareH monu(3,4-3THICHINOKCUTHO(EH) TOTUCTUPOI CYIh(OHATEHI
KaObIpIIaKTapbIHBIH JNMEKTPIIK TachIMaJay KacHeTTepi >KaKcapaThlH KaObIpIIAKTap/Abl alyAblH OHTAMIIBI
TEXHOJIOTHSUIBIK IIapaMeTpIiepi aHbIKTaIIbI.

Kinm ce30epi: PEDOT:PSS, U3onpomnanon, JtaHoi, ToMeH atMoc(epalblK KbICHIM, OETTIK MOP(OIOTHS, ONTHKAIBIK
CHEKTPOCKOIHS, UMIIEJAHCTHIK CIIEKTPOCKOIIHSI.

Aimyxanos A. K., Poxckosa K. C., Hnvacoe b. P., Onapoexosa I. H., Ceitcemoerosa T. E.

BuiMsinMe CIMPTOBBIX PacTBOpPHUTEJEH HAa CTPYKTYpPHbIE, ONTHYECKHE U YIEKTPOpU3HYECKHEe XapaKTePHUCTHKHU
nieHok noanmepa PEDOT:PSS, oTox:KkeHHBIX IPH HU3KOM aTMOC()EPHOM aBJIeHUH

B pabote npencTaBiieHsl pe3yabTaThl HCCIECIOBAHUS BIUAHUS CIIUPTOBBIX PACTBOPHUTEICH HA CTPYKTYPY ITOBEPXHOCTH,
ONTHYECKHE W DIEKTPOPHU3MUECKHE XapaKTepUCTUKH IUIeHOK [lomm(3,4-3THiIeHIMOKCHTHOPEH) TOJUCTUPOI
Cy/Ib()OHATA, OTONIKEHHBIX TIPH HU3KOM aTMOC(epHOM JaBleHn: 10~ MHIUTMMETpPOB PTYTHOrO CTOJI6a. Y CTAHOBIEHO,
4T0 MOJU(UKAIMSA ITOBEPXHOCTH IIOJUMEPHOW IUICHKM STHJIOBBIM M HW30NPONWIOBBIM CIHPTAaMH HPHUBOAUT K
N3MEHEHHIO MOP(]OJIOTHH OBEPXHOCTH, ONTHYECKHUX U 3JIEKTPOTPAHCHIOPTHHIX CBOMCTB nosimmepa. I[lokazaHo, 4yTo npu
Mojupukanmu rieHkd [Tomn(3,4-3TmiieHIMOKCUTHO(DEH) MOTUCTHPOI CyIb(OHATA CIIMPTOBBEIMU PACTBOPHUTEINSIMH, B
CHEKTpax TMOTJIOMIEHUs HaOJofaeTcsi YMEHBIICHHE TIIOTJIONICHUSI apoOMaTHYecKoro (parMeHTa IOJIUCTHPOII
cynbdonata. [TokazaHo, 4TO CTPYKTypHBIE OCOOEHHOCTH MOopdosoruu moBepxHOCcTH [Tomm(3,4-3TruneHAnOKCUTHODEH)
MOJHUCTHPONI CyNb(OHATa OKAa3bIBAIOT BIMSHHE Ha DJIEKTPOTPAHCHOPTHHIC MapamMerphl I[UICHOK, TaKWe Kak
conpoTtuBiieHne TUIeHKH [lomu(3,4-3TUNeHINOKCUTHO(EH) TOJUCTUPONT CYIb(OHATA, COMPOTHUBIECHUE TEpeHOCa
HocuTenell 3apsima Ha rpanmne I[lomu(3,4-3THNeHANOKCUTHO(EH) MOTUCTUPON CcynbhoHAT /31eKTpof, 3¢ddexkTnBHaL
CKOpPOCTh W3BJeueHus] ®u JPGEKTUBHOE BpeMs TMpoJieTa HocHuTened 3apsga. OnpeneneHbl  ONTHMAabHBIC
TEXHOJIOTUYECKHE IapaMeTphl IOJIy4eHHs IUICHOK, IPH KOTOPBIX IOBBIIAIOTCS 3JEKTPOTPAHCIIOPTHBIE CBOMCTBA
wieHok [Tomu(3,4-3TnneHnokcuTnodeH) IMONUCTUPON Cyiab(oHATa, OTOXOIKEHHBIX IPH HHU3KOM aTMOC(EpHOM
JIaBJICHUU.

Knrwoueswie cnosa: PEDOT:PSS, Nzonponanon, OtaHon, HU3K0oe atMoc(epHOe AaBieHne, MOp(oIorusi HOBEPXHOCTH,
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ONITUYECKAA CIICKTPOCKOIINA, UMIICAaHCHAA CIICKTPOCKOITHA.

Kacenos b.K., Kacenosa IILb., Cazvinmaesa K.H., Kyanviumoekos E.E., Bekmypzanoe K.C., 3eitnuoenos A.K.
7Kana HAaHOKYPBUIBIM/IBI MBIC-MBIPBIIITHI JAHTAH MEH MATHUII MAHTAHUTIHIH JIeKTPOPU3NKAIBIK KacHeTTepi
JlanTan (III), meic (II), meipsin (I1), mapranen (I11) xoHe Maranii kapooHats!l okcunaTepinin 800-1200°C apanbIiFbiHaa
aJFalIKbl PET KAaTThl (ha3ajblK e3apa opeKeTTecy 9IiCIMEH MOJIMKPHUCTAIIBI MBIC-MBIPBIIT MaHTaHUTI CHHTE3AEIIi, OHBI
"Retsch" (I'epmanusi) nmipin JOuipMEHIHIE YHTaKTay apKbUIbl OHBIH HAHOKYPBUIBIMIBI OOJIIEKTEepl abIH/IBL.
PenTtreHorpadusubIK 3epTTeyiiep HAaHOKYPBUIBIMABI MAaHTAaHUT KyOTHIK CHHTOHMSAIA KPHUCTAIAAHATHIHBIH AHBIKTAIBI.
LCR (TaiiBanb) KoHABIpFBICEIHAA 1,5 sxoHe 10 KI'11 — Ke TeH xuinikrep ke3inme 293-483 K uHTEepBaNBIHAA TUIICKTPIIK
TYpakTBUIAp MEH AJIEKTP KeIeprici 3epTTedi *xoHe ochbl Kochuibic 293-353 K mHTepBanmbIHIa SKapThUIAl OTKI3TilITi,
353-373 K — merangsik sxoHe 373-483 K-ne kafitamaH apThUIaid ©TKI3TIITI Kepcereni. THIIBIM calblHFaH alfMaKThIH
eHi ecenrenred. 483 K AudaekTpilik TYPaKTHUTBIK VIII )KHITIKTE JIe YIIKEH MOHJAepre *xeTemi. JKorapbiaa alThUIFaHapra
colikec OYJT >KYMBICTBIH MAaKCaThl JKaHa HAHOKYPBUIBIMIBI JIAHTAH MEH MAarHUHIIH MBIC-MBIPBIITH MaHTAaHHUTiHIH
JUBJICKTIPIIK OTIMALIIT MEH 3JICKTPKAPCHUTBIFBIHBIH TEMIIEpaTypara TOYCSIIUIITH 3epTTey OOJIBIN TaObLIAIbI.

Tyiiin ce3/1ep: MBIC-MBIPBIIITH MAHTAHUT, JJAHTAaH, MarHUH, HAHOKYPBIIBIMIIBI OOJIIEKTEp, JIEKTPOH/IbI MUKPOCKOIINS,
peHTreHorpadus, aMeKTpPU3NKa, KapThllai OTKI3riml.

Kacenoe b.K., Kacenosa IILb., Caczunmaeea K. H., Kyanviuobekos E.E., Bekmypzanoe K.C., 3eiinuoenos A.K.
JuiekTpodu3nvecKre CBOHCTBA HOBOI0O HAHOCTPYKTYPUPOBAHHOIO MEAHO-IMHKOBOI0 MAHTaHMTA JAHTAHa M
MAarHus

Metonom TBepaoda3HOTO B3aMMOJACHCTBHS B MHTEpPBAJC 800-1200°C okcuaoB jganrana (III), meau (II), muaka (II),
mapranna (III) u xapOoHaTta MarHWs BIIEPBBIC CHHTE3MPOBAH IMOJHUKPHUCTAIUIMYCCKHA METHO-ITMHKOBBI MaHTaHHT,
HU3MeNbYCHHEM KOTOPOTO Ha BUOpannoHHEIH MenbHUIE «Retschy (I'epMaHus) mMoIydeHbI ero HAHOCTPYKTYPHPOBAaHHBIE
gacTUIpl. PeHTreHorpaMUecKuMH HCCICAOBAHISIMA — yCTAaHOBJICHO, YTO HAHOCTPYKTYPHPOBAHHBIH MAaHTaHUT
KpHucTajuu3yeTcss B Kyoudeckod cunronuu. Ha ycranoBke LCR (TaiiBanb) B mHTepBane 293-483 K mpu uacrorax,
paBHbIX 1,5 u 10 xI'11 uccnenoBaHbl AUAIEKTPHUSCKUE MPOHUIIAEMOCTH M 3JIEKTPOCONPOTUBICHHUS M BBIABICHO, YTO
JlaHHo€ coequHeHue B uHTepBane 293-353 K mposBiseT moaynpoBOIHUKOBYIO, ipu 353-373 K — Meramindeckyro u
mpu 373-483 K — omiATh NOIYNPOBOJHUKOBYKO IPOBOAMMOCTb. PaccuuTaHBl INMPHUHBI 3alpEHICHHOM 30HBI.
HwusnexTpudeckas npoHunaeMocts npu 483 K nocTuraer TUraHTCKMX BeIMYMH NIPH BCeX dYacToTax. B cBs3u ¢
BBILICU3JI0KEHHBIMU 1I€JIb HAcCTOSIEH paboThl HCCIEJOBaHHE TEMIEPATypHOil 3aBHCUMOCTH AMAIIEKTPHYECKOI
MIPOHHUIIAEMOCTH U 3JIEKTPOCOIPOTUBIICHNS HOBOTO HAHOCTPYKTYPHUPOBAHHOTO MEIHO-IMHKOBOTO MaHTaHHTa COCTaBa
JAaHTaHAa W MarHus.

KiroueBble cjioBa: MeTHO-IIMHKOBBI MaHTaHUT, JIAHTAH, MarHui, HAHOCTPYKTYPHUPOBAHHBIC YACTHIIBI, SJICKTPOHHAS
MHUKPOCKOIIHS, PEHTTCHOTpadus, SIEKTPOPH3NK, TOTYIPOBOIHHUK.

Komapoe U.U., Bezepa A.H., bpvizeynoe I1.A., Maxmymoe b.A., Cmupnog A.O.

OchTik KOMIPKBIIIKBLUI TYPOHHAJAPBI KAJNAKIIAIAPBIHBIH CAJKBIHIATY apPHAJAPbLIHBIH TONOJIOTUSICHIH J3ipJiey
JKIHeE 3epTTey

Kazipri yakpiTTa 3HEprHsi CEKTOPbIHAH KOMIpPTEri AMOKCHUJIHIH IIBIFAPbIHIBUIAPBIH a3adTy KOHIHAET MepCIeKTUBTI
LIEIIIM OTTETi-OThIH IMKJJIEPiH eHri3y 0ombin Tadbuiaabl. OTTEri-0ThIH LUK - AJ1aMa IUKIi 00JbI Ta0butaabl. by
MUKJIIE JKYMBIC JICHECI aca CHIHABIK KOMIPKBIIIKGLIT ra3sl Ooubin TabObuianel. TypOunausiH angsiagarel CO, —HiH
temnepatypacsl 1150 °C, anm xpiceiMbl 30 MIla kypaiinel. JXKymbIC OPTachIHBIH JKOFapbl TeMIepaTypachIMEH
OalTaHBICTBI KOMIPKBIIIKBUT TYpOWHAHBIH OacTamkel Ke3CHICpIiH CalKBIHIATy KaxeT. bepiireH TypOWHaHBIH
CANIKBIHIATY JKYHECiHIH epeKIIeNiri - KeMipTeri MUOKCHII CaNKBIHAATKBII pPeTiHAe KOJNTaHbUaabl. Bym xymbicta
KOMIpPKBIIIKGUT TYpOMHACHIHBIH IIYMEK KaJAKITACHIHBIH KOHBEKTHBTI CAIKBIHAATY JKYHEJICepiHIH €Ki TOIOJIOTHSICH
3epTTENreH, COHBIMEH Oipre NIIMHAPIIK CATKBIHAATKBII apHAChHIa OypaHIanbl KaOBIpFanayabl KOJNJaHy apKachlHAa
KBUTyalIMacy KapKbIHIBUIBIFBIH apTTHIPY HYCKachl KapacTeIpbuiraH. ANSYS OarmapiiaMaliblK TaKeTiHiH KOMETiMeH
OIYMEK  KaJTaKIIACHIHBIH ~ JCHECIHAE CAJKBIHIATATHIH  apHANapiblH OPHAJNACYBIHBIH €Ki  TOIOJIOTHUSCHIHBIH
MaTeMaTHKaJIBIK MOJENbLY1 Kyprizinai: 1 — koHpurypamust — nuameTpi 1 Mm 17 apHaMeH, 2-KoHPUTypanus-Kanakma
npoduii mimiHAi ym apHameH. | koHpurypamus THimaipek o6onnsl: HyccensT canbr 117, anm canKbIHAATKBIII KaFbIHAH
KbUTy Oepy kod(durmenTinin oprama MoHi - 6413 Br/M>K. 3epTTeneTin KaqaKIIaHBIH CANKbIHIATKBIII [HTHHAPIIK
apHachIHAa OypaHIanel KaObIpFanayabl KOJIaHYABIH dcepi 3epTTeNTeH, OyJI MeTaul TeMIepaTypachlH opTalia eCemnmneH
54 °C-xa TeMeHJeTyTe XoHe XKbITy O6epy K03 HUIHEeHTIH 2 ece apTTRIpyFa MYMKIHAIK Oep/Ii.

KiaT ce3nepi: calkpHIATATHIH KaJaKiauap, aca KPUTHKAIBIK KOMIPTETi JUOKCHII, OTTET1-OThIH YHEPTeTHKANBIK ITUKJT,
KOMIp KBIIIKbLUT TYPOMHACHI, KAOBIPFaJIBIK TypOyIN3aTOPIIAp, JKBLTY aIMacy

Komapoe U.U., Bezepa A.H., bpvizeynoe I1.A., Maxmymoeg b.A., Cmupnog A.O.
Pa3padoTka u ucciaeq0BaHHE TOMOJIOTHH OXJIAKIAMIINX KAHAJIOB JIOMATOK 0CEBBIX YIIIEKHCIOTHLIX TYPOUH
B Hacrosmiee BpeMs MEPCHCKTHBHBIM PEIICHUEM TI0 COKPAIICHUIO BEIOPOCOB JHOKCHAA YIIEpOoJa OT SHEPTeTUIECKOTO
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CEKTOpa SIBIISETCA BBOJ KHCIOPOIHO-TOIIMBHBIX IMKIOB. Hanbonee KUCIOPOIHO-TOIIMBHBIM IUKJIOM SIBIISIETCS! IIHKJI
Amnama. B manHOM 1ukie pabodnM TEJIOM SIBIISIETCS CBEPXKPUTHUYECKUH THOKcHN yriepona. Temmneparypa CO, mepen
Typbuuoil paBHa 1150 °C, a maBmenme 30 MIla. BermeactBue BBICOKON TemriepaTypsl paboueil cpeabl MOSBIACTCS
HEOOXOANMOCTD OXJIaKACHHUS MEPBBIX CTYINEHEH YITEKHCIOTHOW TypOWHBI. OCOOEHHOCTBIO CHCTEMBI OXIIAXKACHHS
JTAaHHOU TypOWHOM SBJISIETCSI TO, YTO B POJIM XJIQJOTEHTa IPUMEHSIETCs IMOKCU yriieposa. B gaHHoi paboTe npoBeaeHo
HCCJIEJOBAaHKE JIBYX TOIOJIOTHI CUCTEM KOHBEKTHBHOTO OXJIAXKIEHHS COIUIOBOM JIONATKH YIJICKUCIOTHOW TYpOHHBI, a
TaKKE€ pacCMOTPEH BapHaHT YBEJIMYEHHWsS WHTCHCUBHOCTH TeIuiooOMeHa Onaronapss NPHMEHEHHIO BHHTOBOI'O
opeOpeHHs B LMIMHIPUUECKOM OXJIKAAIolleM KaHaie. [IpoBeneHO MareMaTHYecKoe MOJIETHPOBAHHE C ITOMOIIBIO
nporpammHoro nakera ANSYS aByX TOHOJOTHI pacHoNOKEHUS OXJIAXKNAIOIUX KaHAJIOB B TEJIE COTUIOBOW JIOTIATKH:
koH(purypanus 1 — ¢ 17 xananamu quamerpom 1 MM, KOHQUTypalus 2 — ¢ TpeMs KaHainamu B (hopme Ipoduiis JIOMaTKH.
Kondurypammsa 1 okazamace Oomee sddexrtuBHoi: umcino Hyccempra mmeer 3madeHnme 117, a cpemHee 3HaUeHHE
k0> (UIEHTa TEIIOOTAAYM CO CTOPOHBI XJMajareHTa paBHo 6413 Br/M*K. McciemoBaHO BIMSHIE NPHMEHEHHS
BUHTOBOTO OpEOpEHMs B OXJIAXJAIOLIEM IMIMHAPHIECKOM KaHaje HCCIECAYEMOW JIOMATKH, YTO MO3BOJIMIO CHH3HTh
TeMIepaTypy Metaiia B cpegaeM Ha 54 °C u yBennduTh K03 PUIINEHT TerIo0Tauu B 2 pasa.

KnroueBble cioBa: OXJIaXJacMble JIONATKH, CBEPXKPUTHYECKUA AMOKCHUZA YIIIEpOJa, KHCIOPOIHO-TOILTMBHBINA
SHEPreTUYECKHUH IIMKJI, YIIICKUCIOTHAs TypOrHa, peOepHble TypOyIu3aTOphl, TEIIO0OMEH

Omaposa K.b., Epexcen /I.E., Anouapoe A.Y., I'onuxos O., Tokmonoun H.C.

CH;NH;SNI; Heri3zinaeri 3K0J0rusuIbIK Ta3a KYH 2J1eMeHTTePiHiH eHIMALTIriH Mogenbaey

CH;NH;3Pbl;  cuskTel JkoFapsl THIMII Marepuaijapibl MaijanaHa OTBIPBIN, IEPOBCKUTTIK (HOTOINIEKTPIIIK
TCXHOJIOTUSIHBI KEH ayKbIMIa CHAIpy OoJjamiakrta KYpAedi SKOJIOTHSUIBIK —MOCENeNiepre OKelyi MYMKiH.
Kommepuusnanaplpy yuriH Oanama menriM Sn Heri3iHeri MepoBCKUT KyH OarapesichlH eHri3y 0oJbin Tadbuiaasl. by
KYMBICTa KOPFACHIHCHI3, SKOJIOTHAJBIK Ta3a KYH OaTapeschl, SIFHU XapbIKTHI CiHipeTiH Kabar peringe CH;NH;Snl;
KOJIIaHBUTYBIMEH TEOPISUIBIK 3€pTTey HOTIDKenepi KepceTunreH. IlepoBCKHT HeTi3iHAeri KyH OaTapeschIHBIH
cunarramanapei Monensaey SCAPS-1D Oarmapimamackl apKbpDIBI JKy3ere achlpbuiabl. CiHipriol KaOaTTBIH op TYpii
KaJIBIHIBIKTAPHl TAIJAaHIbl JKOHE KOpIIaraH opTa TemrepaTypacbiHma 28%-fa aAeiliH Korapbl KyaTThl TYPJICHAIPY
tuimainirie (PCE) kepceTeTiH OHTaWIaHOBIPBUIFAH KYPBUIFB KYPBUIBIMBL YCHIHBUTABL. Hotmkecinme, CH;NH;Snl;
CiHiprim KaOaTBIHBIH OPTYPJi KAJIBIHIBIFBIH TalaraHHAH KeiiH, 500 HM KaJbIHABIFBIHAA KyaTThl TypieHaipy [1OK-i
27,41 %, TonTeipy K03dduIMEHTI 85,92 % KOHE KBICKA TYMBIKTAITY TOFBIHBIH THIFBI3ABIFEI 32,60 MA/CM® XKOHE aIlIbIK
Tizoekreri kepHey 0,98 B kesinje OHTaibl OHIMIUIIK KOPCETUIreH! aHBIKTAIIBI. AJBIHFAaH CaHIBIK HOTIIKENEep
CH;NH;Snl; ciniprinn kabaThlH NalifanaHy NEPOBCKUT HETI3IiHJAETT SKOJOTMSUIBIK Ta3za KYH OaTapesiChIHBIH JKOFaphl
TUIMJII TEXHOJIOTHSCHIH jKacay YIIiH OajlaMa ajMacThIPFBILI 00JIa aJaThIHBIH KOPCETEIl.

KinTt ce3nepi: KoprachlHCHI3 TEPOBCKMT KyH Oarapesuiapbl, JJIEKTPOHABI-TachIManiay KaOaTbl, TeciK-TachiManjay
Kabartsl, ciHipy kabatel, SCAPS-1D.

Omaposa K.b., Epesxcen /I.E., Anouapoe A.Y., I'onuxos O., Tokmonoun H.C.

MopeanpoBaHue MPOU3BOANTEIBHOCTH IKOJOTHYECKH YUCTHIX COJHEYHBIX d1eMeHToB Ha ocHoBe CH;NH;Snl;
[IInpokomacmiTabHOE BHEAPEHHE IEPOBCKUTHOW (POTORIEKTPUIECKOW TEXHOJOTMH C HCIOJIb30BAaHMEM TAaKHUX
BbIcOK03(ppekTuBHBIX MaTepuanoB, kak CH;NH;Pbl;, B OymyiiemM MOKET CTONKHYTHCS C CEPhE3HBIMH SKOJIOTHIECKUMHU
mpobiemMaMu. AJBTEPHATUBHBIM pEIIEHHEM I KOMMEpPYECKOH pealu3allid MOXET SBJATBCA BHEIpEHHE
MIEPOBCKUTHOIO COJIHEUHOTO dJIeMEHTa Ha ocHOBe Sn. B manHOil pabGore mpencraBiieHbl pe3ybTaThl TEOPETHYECKOTO
HCCIIeIOBaHUs 0€3 CBHHIIOBOTO, SKOJIOTMUECKH YHUCTOTO COJHEYHOro 3jeMeHTa, ¢ ucrojib3oBanuemM CH;NH;Snl; B
Ka4yecTBE CBETONOIJIOLIAIONIETO cI0s. MoAeIpoBaHHe XapaKTepPUCTHK COJTHEYHOTO AJIEMEHTAa Ha OCHOBE NEPOBCKUTA
Ob10 TpoBenieHO ¢ momotnbio mporpaMmbl SCAPS-1D. [Ipoananu3upoBaHbl pa3ludHbIE TOJIIMHBI MOTJIOMIAIOIIETO
ciosi, ¥ ObUIa TIpeJUIOKEeHAa ONTUMHU3UPOBAHHAS CTPYKTypa YCTpOMCTBa, MOKA3BIBAIOIIAs BBICOKYIO 3((EeKTHBHOCTH
npeoOpazoBanus sHepruu (PCE) no 28% mpm temmepaType okpyskaromield cpensl. B pesyiprare, mocie aHammsza
pa3muuHbIX TommuH mornomatomero cios  CH3;NH;Snl;, Oputo  BeIiBIeHO, dro mpu  Tommmae 500 HM
JIEMOHCTPHUPYIOTCS ONTUMaJIbHAs ipon3BoauTesibHOCTE ¢ KITJ[ mpeodpasoBanus moutHoctH 27,41 %, koaddunmenrom
3anonHenus 85,92%, MIOTHOCTh TOKa KOPOTKOIro 3aMbIkaHUs 32,60 MA/cM 1 HanpspkeHue xoisioctoro xoxaa 0,98 B.
Ilomy4yeHHble YUCIEHHBIE PE3YJNbTaThl CBUAETENBCTBYIOT O TOM, 4YTO HCIONB30BaHUE IOTJIOLIAIONMIETO CJIOS
CH;NH;Snl; Moxer OBITh abTepHAaTHBHON 3aMEHOM Ul CO3JaHus BEICOKOA((EKTUBHON TEXHOJIOTHH IKOJIOTHUECKH
YHCTOTO COJTHEYHOTO 3JIEMEHTa Ha OCHOBE IIEPOBCKHUTA.

KiroueBble cj10Ba: OECCBUHIIOBEIE IEPOBCKUTHBIE COTHEYHBIE 3JIEMEHTHI, 3JIEKTPOHHO-TPAHCIIOPTHBINA CIIOH, ABIPOYHO-
TPaHCTIIOPTHBIHN clIo#, mornomaromwii ciaor, SCAPS-1D.

Cynpyn T.T.

KopbITKBI KenTipy NpoueciHiH a3poAnHAMUKAJBIK CHIIATTAMAJIAPbIH KAKCAPTYABbIH KeprimikTi Tociui

DHeprusi YHeMJEHTIH TEXHOJOTHsUIAp P TYPJIi TEXHOJIOTHSUIBIK MPOLECTEp/e, aTall aTKaHAa eCiMIIK KaJJIbIKTapblH
KENTipy YIIIH KeHIHeH KOJJIaHblIa(bl. 3epTTeY/AiH MaKcaThl - aFrbIHJap/bIH OHTAMIIBI TapaTyblH KAMTaMachl3 €Ty KoHE
TEpPMOAHEMOMETPHS 9JIiCIMEH KEHICTIKTIH CHIATTaAMAJIBIK HYKTEJIEepiHJer] KeprilikTi )bULIaMIBIKTHI OJIey HeTi3iHae
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CaJIKBIHIATKBIIMITE Oepy JKYHEeCiHiH KOHCTPYKIMACHIHA MAaKCaTThl ©3repiCTep €HTi3y OOJbIT TaObuIambl. Onmeynep
KE3CH-Ke3eHMEH JKYPTi3UIIl jkoHe KOHIBIPFRIHBIH CETi3 MOIU(HKAIMACHH KAMTBHIIBL. AJBIHFAH MOJIIMETTEpi Tangay
HeTi3iH/Ie XbUTy Oepy JKyHeci KOHCTPYKIMSICBIH KeTUIAIpy OOMBIHIIA HAKTHI IIapaiap >Kacajsl.

KiaT ce3nmepi: jxbuUTy TaCBIMAIIAFBIIITEI 0Py XKyHeci, )KEepPriaiKTi a3poAMHAMHKAIIBIK CUIIaTTaMaap.

Cynpyn T.T.

JlokanbHBI MOAXO0 K YJIYyYIICHHI0 23POIHHAMHYECKUX XapAKTEPUCTHK NMPoLecca OKOHYATEeJIbHON CYIIKH
DHeprocOeperaronye TeXHOJIOTHH IIUPOKO UCIOIBb3YIOTCS B PA3IMYHBIX TEXHOJIOIMYECKUX IIPOIeccax, B YaCTHOCTH
JUIl  JOCYIIMBaHMS PACTHTENBHBIX OTXOHOB. Llenplo wWccienoBaHUs SBISETCS OOECleueHne ONTHMAaIbHOTO
paciipeseneHns TOTOKOB W BHECEHHWE LCJICHANPABICHHBIX HW3MEHCHHH B KOHCTPYKLIHIO CHCTEMBI IIOJa4d
TETUIOHOCHUTENISI Ha OCHOBE M3MEPEHHH JIOKAJIbHBIX CKOPOCTEH B XapaKTEPHBIX TOYKAaX IPOCTPAHCTBA METOJAMH
TEpPMOaHEMOMETPHH. VI3MepeHHs TPOBOAMINCH TTO3TAITHO U OXBATHIN BOCEMb MoanGuKanuii ycraHoBKH. Ha ocHoBe
aHaJIHM3a TOJTyYSHHBIX JaHHBIX OBIIM pa3pabOTaHbl KOHKPETHBIE MEPOIIPUATHS 110 COBEPUIICHCTBOBAHUIO KOHCTPYKIIHU
CUCTEMBI I0JJau TETJIOHOCUTEIIS.

KiroueBble cjioBa: cucTeMa Mojjauu TeMI0OHOCUTENS], MECTHBIE a3POIUHAMUYECKHE XapaKTePHUCTUKU.

Kapaoexosa /I.7K., Kucaberosa I1.0., Kyuepyk B.IO., Mycenosa 3.K., A3amoex LLI.

7KbL1y aFbIHBIH 0J11IeyTre apHAJIFaH KYPbUIFBIHBIH Heri3ri cunarramanapsl

JKyMbIcTa KBLTY JKeNiIepi MeH op TYPJll TEXHOJIOTUSIIBIK 00BEKTLUIEPIiH )KaFJalblH TEXHUKAIBIK JHarHOCTHKAJAY YILiH
OY3bUTMANTBIH OaKbLIay SMICTEPIH KOJIAHy MOCeeepi MEH MepCIeKTUBANIAPBI KapacThIpblia sl. [IIBIFBIH ©IIIerimTiH
KOMETIMEH JKbUTY NPOLECTEPiHiH TeMIIepaTypaiblK KaFIalblH TipKey OHBIH JKbUTY (HM3UKAJBIK CUIIATTAMAJIapBIHBIH
e3repyi ce3iMTaNIBIFBIHA, CHIPTKBI SHEPTUS KO31H MaiigananOail 6ackapy MYMKIHIITiHE JKoHE T.0. OaimaHbICTHL. JKBLTY
aFBIHBIHBIH JKBUTYDJICKTPIIIK TYPJICHOIPTimI Heri3iHme apHalbl KYPBUIBIMBIH MalifalaHy HeTi3iHAe JKBUIY aFbIHBIH
eJIIeyre apHaJFaH KYpPBbUIFBIHBIH CHIIATTaMAachl YCHIHBUFAH. KypBUIFBIHBIH KBI3OBIPFBII 3JIEMEHTI Tipek OeTi peTiHae
KBI3MET €TETiH OKIIAYyJIaFblll KabaTKa OpHATBUIYBl OHBIH epeKIIeriri 0onein TaOeuianbl. KypbUIFBIHBI KamuOpieymi
3ePTTENICTIH OOBEKTIACH JKBUTY aFbIHBIH OJ1 apKBUIBI SJICKTP TOTBl OTKEH Ke3Je KbI3IBIPFBINI 3JIEMEHTiHAe OONHeTiH
KBUTYy aFbIHBIMEH ayBICTBIPY apKBUIBI )KYPri3y YCHIHBUIAIbI. O3IpJIEHIeH KYPBUIFBI )KbLIY aFbIHBIHBIH THIFbI3/IbIFBIHBIH
e3repyin (25-100) Br/M’ nuamasoHeIHIA Tipkeyre MyMKIHAIK Gepemi, aq Oy Kblly OKIIAYIAyIbIH Oy3bLTybIH
aHBIKTayFa MYMKIHIK Oepe/i.

KinT ce3nepi: buty aFbIHBIH OJILETIII, TEPMOAJICKTPIIK Oarapest TYpJICHIIPIilli, JKbUTy aFbIHBIH OJIIETilITepiHIH
MHTETPaJJIbl CE3IMTAJIBIFbI, MBIC-KOHCTAHTaH TEPMOXKYOBI, JKbUTY SHEPTHSCHI.

Kapaoexosa /1.7K., Kucabexosa I1.A., Kyuepyk B.JO., Mycenoea 3.K., A3améex L1I.

OcHOBHBIE XapaKTEPHCTHKH H3MEPHUTEJIS TENJI0BOro MOTOKA

B pabote paccmarpuBaroTcsi MpoOJIeMBbl M INEPCHEKTUBBI NPHUMEHEHUS METOAOB HEPa3pyIIAIOIEero KOHTPOJS Ul
TEXHUYECKOH IMAarHOCTHKH COCTOSHMS TEIUIOBBIX CETEH M pPa3IM4HBIX TEXHOJOTHYECKHX OOBEKTOB. Perumcrparms
TEMIIEPaTYPHOTO COCTOSHHS TETIOBBIX IPOIECCOB € MOMOIIBI0 pacxooMepa 00YCIOBIEHO €ro YyBCTBUTEIBHOCTBIO K
H3MEHEHHIO TeTUIO(PHU3NYECKUX XapaKTEPHCTHK, BO3MOXKHOCTBIO YIIpaBieHHs 0e3 UCTIOIb30BaHHs BHELIHEIO HCTOYHHKA
sHepruu u 1p. [IpuBeneHo omnucanue pa3zpadOTaHHOTO YCTPOWCTBA Uil U3MEPEHHUs] TEIUIOBOrO MOTOKA HA OCHOBE
HCTIONB30BAaHUSI  TEPMOAIEKTPUYECKOTO  MpeoOpa3oBaTesii TEIUIOBOIO MOTOKA  CIEHMUATbHOW  KOHCTPYKIWH.
OTnuuTeNnbHas 0COOEHHOCTh YCTPOWCTBA B TOM, YTO HarpeBaTEIbHBIN IEMEHT YCTAaHOBJIECH Ha M30JSIIMOHHOM CIIOE,
CITy’)KallleM OIOPHON MOBepXHOCThIO. KanuOpoBKy mpubOoOpa mpeiaraertcss MPOBOIUTH IyTEM 3aMEHbI TEIJIOBOTO
MIOTOKa OT HCCIeIyeMoro OOBEKTa TEMJIOBBIM IIOTOKOM, BBIIENSIONIMMCS B HarpeBaTeIbHOM JJEMEHTE IIpH
MIPOXOXICHUH Yepe3 HEero AIIEKTPHUYECKOro Toka. PazpaboTaHHOE ycTpOWCTBO MO3BOJSET PErHCTPUPOBATH M3MEHEHHE
IUIOTHOCTH TEeIUIOBOTO TOTOKA B jauamasoHe (25 -100) BT/M’, 4To MO3BOSET OOHAPYKHTh Maneiiliee HapylIeHHE
TETUION30JISIINH.

KnaioueBble ciaoBa: wn3MepuTens TEIUIOBOTO MOTOKA, TEPMORJICKTPHUYECKUH OarapeiiHplli mpeoOpazoBarels,
UHTErpanbHas 4yBCTBUTEIbHOCTb HM3MEPUTENEH TEIUIOBOIO IMOTOKA, MEJHO-KOHCTAHTAHOBas TepMoIapa, TEIioBas
SHEPIHUs.

Pyonux B.E., Cysopoe A.A., Pazscueun U.A., Pyoan H.FO., Anopeee M.B.

OPp TYPJi THIFBI3ABIKTHI 3JIEKTP KeJiepinaeri CHHTEeTHKAIBIK MHEPIUsI AJITOPUTMIHIH KYMBICBIH 3epTTey
CHHTETHKAJBIK HWHEPIHS alrOpUTMiH KOJJAHY MYMKIHIITT KyaT TYpPJICHIIPTilI apKbUIBI JKeJlire KOCBUIATBIH
YKaHAPTBUIATBIH YHEPTHS KO3/epi HeTi3iHIe TeHepalsUIaiThIH KOHABIPFbUIAPABIH MaHBI3IBI KaCHeTTepiHiH Oipi OobII
TaObu1agpl. CHHTETHKANBIK HWHEPUMSHBI KOJJAHY apKachlHIa MYHIAil KOHABIPFBUIAPIBIH HWHEPLHUSUIBIK JKOHE
neMipupiey KacHeTTepiH apTTblpyra Oosianbl. CHHTETMKANBIK WHEpPUMsS QITOPUTMIHIH  THIMIUIINT  Kyar
TYpJICHIIprinmiHig Oackapy >XyHeciHiH axblpamac Oediri OOJbIN TaOBUIATHIH KHUUTIKTI (pa3ajblK aBTOMATThl TYpAE
OanTay KOHTYPBHIHBIH KOMETIMEH KalbIIITacaThlH JKEJIIHIH KEpHEY JKMUITiHIH Kipic MoHiHe OaiiaHbICTBI. Auaiina,
KMUTIKTI (Da3asblK aBTOMATTHI Typae OanTay Ti30€TiHIH JKYMBIC iCTeyl QJICi3 JJIEKTp JKeJiJiepiHe KyaT TypiIeHIiprimi
OpHATKaH Ke3Jle OpTYpJi JKHMITIKTEri TepOericTepre oKellyi MYMKIH JKOHE COMKECiHIE CHHTETHUKAJIBIK HHEPIHs
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aJTOPUTMIHIH KYMBICBIHA TEpIC ocep €Tyi MyMKiH. 3epTTeyiep KopceTKeHIeH, POTOEKTPIIIK KOHIBIPFBIHBI 0acKapy
KYHeCiHIeT1 KUUTIKTI (a3adblK aBTOMATTHI TypAe OamTay Ti30eri CHHTETHKAJbIK WHEPUUS aJTOPUTMIiHIH KYMBICHIHA
ocep erexi, OipaK OYJ1 ocepiH CHIATHI - SJEKTP JKETICiHIH THIFBI3ABIFEIHA OalTaHBICTHI )KOHE OH HeMece Tepic 0OIybl
MYMKiH. CBIHAKTHI AJIEKTP SHEPTHSA )KYHECIHe albIHFaH 9cep HAKTHI OIIIEMIUTIKTI SHEPTH XKYHeci YIIiH JIe pacTalFaH.
KinTt ce3nmepi: (asayiblk XKHUTIKTI aBTOMATTBl TYpAE PETTEy, CHHTETHKAIBIK HWHEPIHs, (DOTOIIEKTPIIK KOHIBIPFHI,
YKaHAPTHUIATHIH DHEPTHS KO3/Iepi, HJIEKTP SHEPTHUs KyHeci.

Pyonux B.E., Cyeopoe A.A., Pazscusun U.A., Pyban H.JIO., Auopeee M.B.

HcciaenoBanne (GpyHKIUOHUPOBAHHA AJTOPHTMA CHHTETHYECKOH HHEPUMH B 3JIEKTPHYECKHX CeTHAX Pa3HOi
IJIOTHOCTH

B03MOXXHOCTh HCHOJB30BaHUS aNTOPUTMA CHHTETHYECKONW WHEPLUUU SBISETCA OJHUM U3 BaXKHEHIIUX CBOMCTB
TCHEPHUPYIOIINX YCTAHOBOK Ha 0a3e BO30OHOBISIEMBIX MCTOYHHKOB SHEPTHH, MOJKIIOYAEMBIX K CETH UYepe3 CHIOBOH
npeobpaszosarens (I'YCII). brarogaps nmprMeHEHHIO CHHTETHYECKOH WHEPIWH IIOSBIACTCS BO3MOXKHOCTH TOBBICHUTH
WHEPIMOHHBIE H JeMII(UPYIONINE CBOWCTBA TAaKUX YCTaHOBOK. O((PEKTHBHOCTh (HYHKIMOHHPOBAHUS alTOpUTMa
CHHTCTHYECKONH HMHEPLUUH 3aBHCUT OT BXOJHOTO 3HAYCHMS YacTOTHl HANPSDKCHMS CETH, KOTOpoe (opMmupyeTcs c
MIOMOIIBIO0 KOHTYpa (ha30BOW aBTOMOACTPOMKOH YacTOTHI, SBJIAIOLIErOCs] HEOTHEMIIEMON YaCThIO CUCTEMBI YIPABIICHUS
cuioBoro mpeodOpaszoBatens. OnHako (YHKIMOHUPOBAHUE KOHTYpa (a3oBOM aBTOMOJICTPOHKONW YacTOThI MOIXKET
NPUBOAMTh K KoJieOaHMsAM C pa3nuyHOM dactoTtoil mpu ycranoBke ['YCII B cnaOble aieKTpuueckue CeTd W,
COOTBETCTBEHHO, HEraTHBHO CKa3aThCsl HA PabOTOCIOCOOHOCTH ajropuTMa CHHTETHYECKOW MHepuuH. [IpoBeneHHbIE
HCCIIeJOBAHMS TIOKa3alll, YTO KOHTYD (ha30BOH aBTOIOACTPONKON YaCTOTHI B CUCTEME YIIPABICHUS (POTOIIEKTPUIECKON
YCTaHOBKH IMO3BOJISICT BJIMATHL Ha (I)yHKHI/IOHI/IpOBaHI/Ie ajropurma CUHTETHYCCKOM HUHEPpLHHU, HO XapaKTEep ITOI0
BIMSHHUSA 3aBUCHT OT IUIOTHOCTH OJJICKTPHYECKOH CETH M MOXKET OBITh IOJIOKUTENBbHBIM MM OTPHLIATEIHHBIM.
[TomydeHHOE Ha TECTOBOHM 3JIEKTPOIHEPTETHUECKOW CHCTEME BIMSHHE TaKKe IMOATBEP)KACHO AT SHEPTOCHUCTEMBI
peanbHON pa3MEepHOCTH.

KaioueBble ciioBa: ¢a3oBas aBTONOJICTPOHKA YacTOTHI, CHHTETHUYECKash MHEPIHsA, (OTOINIEKTPUUECKAs YCTAaHOBKA,
BO300HOBIISIEMbIE HCTOYHUKH YHEPTHH, IIEKTPOIHEPTeTHUECKAsl CHCTEMA.

Epun K.B., Bugeuapy B.H, benvix C.C.

MarHuTTIiK CYHBIKTBIKTApAaFbl MATHHTTIK-0NTHKAJIBIK dCePJIePAiH CHEKTPIIIK ToyeaiiiKkTepi

MarHuTTiK CYHBIKTBIKTaFbl OTKI3Y ICH ONTHUKAIBIK aHU30TPOIMHUS dCEPICPIHIH CHEKTPIIK TOYENIUTIKTEP 3epPTTENreH.
Kenmemai MarHeTHTTIH CbIHY KOPCETKIIIiHIH Oenrimi CHEeKTpJiepi MAarHMTTIK —CYHBIKTHIKTapAarbl ONTHKAaIBIK
a¢deKTiepi CaHIBIK JKOHE CamalblK TYCIHAIPYre >KapaMChI3 CKCHIIN KOPCETUIreH. DKCIEPUMEHTTIH €H KaKChI
yilneciMi - MarHeTHUTTIH HaHOOOINIIEKTepl YHTAFBIHBIH KEUICH/I ChIHY KOPCETKIIIIHIH KCHEPHUMEHTTIK CIEKTpJIEepiH
KOJIJaHY apKbUTBI anbIHABL. KeneMi oHe HaHOeINIIeM i MATHETUTTIH KeIIeH I CBIHY KOPCETKIIIiHIH CIIeKTpIepiHAeT]
aNTapIIBIKTal aifbIPMAIIIBLUTBIK TYPaJTEl KOPBITHIH/IBI KACAIJIBL.

Kiar ce3mepi: MarHuTTik CYHBIKTHIKTap, ONTUKAIBIK aHH30TPOTIHS, MAaTHETHT, KEIISH T CBIHY KOPCETKIIII.

Epun K.B., Bueuapy B.H, benvix C.C.

CnexTpajbHble 32aBUCHMOCTH MATHUTOONTHYECKHUX 3(peKTOB B MATHUTHBIX JKHIKOCTSX

HccnenoBanbl crieKTpajbHble 3aBUCUMOCTH 3()(EKTOB NPONMYCKAHMS M ONTHYECKOH aHM30TPONMHM B MarHUTHOM
KHUJIKOCTH. [Toka3zaHO, YTO M3BECTHBIE CHEKTPHI MOKA3aTelNsl MPENoOMICHHSI 00BEMHOTO MarHeTHTa MaJIONIPUIOIHBI JUIS
KOJINYECTBEHHOW M KauyeCTBEHHOH HWHTEpHpeTaluu OnTHYeckux 3(p(eKkToB B MarHUTHBIX XHUAKOCTX. Hawmyuriee
coracHe C SKCIEPUMEHTOM ObILIO TOJIyd4eHO IpPHU HCIOJIb30BAaHHUHM 3KCIEPUMEHTAJBHBIX CHEKTPOB KOMILJIEKCHOTO
MoKa3aTelsl MPEJIOMJICHHS IIOpOIIKA HAHOYACTHI[ MarHeTuta. HaiiieHsl CyIIECTBEHHbIE  pa3iIM4Us CIEKTPOB
KOMIUIEKCHOTO [TOKa3aTelIsl IPEIOMIICHHS! 00bEMHOI0 U HAHOPa3MEPHOTO MAarHETHTA.

KnaioueBble ci10Ba: MarHUTHBIE JKHJIKOCTH, ONTHYECKAs aHM30TPOIMs, MAarHETHT, KOMIUIEKCHBIN I10Ka3aTelb
TIPEJIOMIICHHUS.

Cepeopanckuii A.B., Omapos 4.T., Aiimanosa I' K., Kpyeoe M.A., Aknusazoe 4.b.

I'eoTypaKThl aliMaKTa¥FbI CePiKTePAiH CHEKTPIIK 0aKbLIAYJIAPBI

JKep MaHBIHAaFbl Fapbllll KEHICTITiHIH JKaraaiblHaH Xxabapnap Oony oKyileciHiH OacTbl MiHAETTEpiHiH Oipi -
OaKplIIaHATBIH OOBEKTUIEP/AiH KJIACHIH JKOHE THIIH aHBIKTay OOJBINT TaObuIaAbl. Byil cumarramanapiabl ary 9JicTepiHiH
6ipi — MIaFBUIIBIPYIIBI CIIEKTPIIEP i Tajmay OoJbIn TaObuTagsl. bepinreH skymbicta 2021 KBIIABIH IIIAE-KEITOKCAH
apansirbiHaa  Tsaab-lane acTpoHOMISUIBIK oOcepBaTopusackiHAa (KasakcTaH) anblHFAaH TEOTYpaKTHl aiMaKTarbl
anmapaTTapAblH CIEKTPIIiK OaKplIay MAJIIMETTEPiHIH TalAayjIaphl XKoHe 9iCTeMeci YChIHBUTFaH. bakplnayra THII XKoHE
KYpBUIBIMIBIK epekmienikTepi Oenrimi 8 oOBexTici TaHmam anelHABl. TaHmam anslHFaH ammaparTap TYPakTHl,
IIaFBUIIBIPYIIBI  OSTTIH aymaHel ayKeIMabl (Oynm oObekTinmepniH Te3 aifHamymapsl OakpuiaHOaabl). AJBIHFaH
LIaFBULABIPYIIBI  CHIEKTPIICpiH Tanjayiapbl OOBEKTiHIH (a3ayblk OypblmITaH Tayennulirin kepcerti. JKyprisinren
3epTTeyliep acipece jKoFapbl OpOUTaaFbl 0OBEKTIIE YILIH 6Te MaHbI3Ibl, ce0e0l Ka3ipri yakpITTa KO XKETiMII JKalFbI3
AHBIKTAY JKOHE 3epTTEey 9JIiCi - OWI METPJIIK KJIACCTHI TEIECKONTAP bl KOJJJaHybIMEH XKepJieri ONTHUKAIBIK (GOTOMETpHs
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MKOHE CHEKTPOCKOMHS OOJIBIT TaOBIIa bl
Kiar ce3agepi: onTukanblK eimeyniep, >Kepre >KaKblH T€OCHHXPOHIBI OpOWTa, CHEKTPOCKOMINS, >KEpIiH KacaHIbI
cepikTepi, opOUTaIbIK MEXaHHKa, aCTPOHOMUSIIBIK OaKblIayJiap, MaTepHANIBIK CIIEKTPIIEP.

Cepeopanckuii A.B., Omapoe 4.T., Aiimanosa I'. K., Kpyzoe M. A., Aknunzoe U.b.

CunexrpaJjibHble HA0II0IeHUsI CIYTHUKOB re0CTallHOHAPHOM 00J1acTH

OpHON M3 TNIaBHBIX 3a/lad CUCTEMBbl CUTYallMOHHOM OCBEIOMJIEHHOCTH B OKOJIO3EMHOM KOCMHYECKOM HPOCTPAHCTBE
SBISIETCSL ONpEAeJIeHUEe THIIAa M Kilacca HaOMroJaeMblXx 00bekToB. OJHMM M3 METOJOB /S MONYyYSHHS STHX
XapaKTePUCTUK SIBISIETCS aHATU3 OTpaKaTeNbHBIX CIIEKTPOB. B 1maHHOW paboTe mpemiaracTcss METOAWKA H
MHTEPIIPETalys CIIEKTPAILHBIX JaHHBIX HAOJIOJCHMH amnmapaToB IeOCTalMOHApHOH 00JacTH, IMOMYYEeHHBIX Ha TsHB-
[Manckoit actpoHOMmYeckoii obcepBatopun (Kasaxcran) B wuioHe-mexabpe 2021 roma. B kadectBe 0OBEKTOB
HaOIroieHuit BRIOpaHb! 8 00BEKTOB, THUII 1 KOHCTPYKTHUBHBIE OCOOCHHOCTH KOTOPHIX M3BECTHHI. BRIOpaHHBIE ammaparsl
crabuinbHBIe (HE OOHAPYKEHO OBICTPHIX BpAIICHHH 3THX OOBEKTOB), MMEIOT OONBIINME IUIOMAAN OTpakalomen
MOBEPXHOCTH. AHaNW3 IOJyYCHHBIX CIIEKTPOB OTPAKEHHMs, MOKa3bIBaE€T 3aBUCHMOCTh OT (pazoBoro yriia oOBbeKTa.
[TpoBeneHHbIe WcCIEAOBaHUS OCOOEHHO aKTyalbHBI Al OOBEKTOB Ha BBICOKMX OpOWTax, TIE CIUHCTBEHHBIM
JIOCTYITHBIM Ha JaHHBI MOMEHT METOJJOM OOHapyKEHUS M UCCIIEJOBaHHS SIBIISETCS Ha3eMHas ONTHYecKas (OTOMETPHs
U CIIEKTPOCKOIIHUSI C MCIIOJIb30BAaHUEM TEJIECKOIIOB METPOBOTO KJlacca.

KaioueBble ciioBa: ontuueckue M3MEPEHUsl, TEOCHHXPOHHAsI OKOJIO3eMHasi OpOUTa, CIIEKTPOCKOINUSI, HCKYCCTBEHHbIE
CITYTHUKH 3CMJ'II/I, Op6I/ITaJ'ILHa$I MCEXaHHKa, aCTPOHOMUYECKUC Ha6J'IIOILeHI/IH, MaT€pHrabHBIC CIICKTPhI

Caoynebexoe A.0., Kamoaposa K. T.

Kopnyckyaanbl-onTUKAJBIK KyleJepaiH (YHKUMOHAJABIK MYMKIHIIKTepiH KeHeillTy YIIiH 3apsaTajraH
OeJIIeKTep OFbIH KOJJIMMHUPJIEY PeKUMiH KOJJaHy

3apsinTanFad OeJIIEKTepIiH arblHAAPbIH Tajjay YIIIH KOPITyCKYJabl-ONTHKAIBIK JKyHenepal MOIEnbICYyAiH >KaHa
TOCUI KapacThIpbUIFaH. BypbIH KapacThIpBUIFaH JXQHE KOJNJAHBUIFAH OapiblK oAICTep YINIH OemeKTep IIOFBIH
KEHICTIKTIK TOFBICTAy IapTHl MiHAETTi O0AbL. Anatina, Oy KaTaH mapT Oacka TaixantapMeH Oipre opaaiibIM OpBIHAATA
oepmeiini. Herisri sneMeHT peTiHAC UWIMHAPIIK 3JICKTPCTATHUKANBIK alHabl TAJIAFBIIITHIH KOJJAHFAH — Ke3/e,
LIOKTBIH KEHICTIKTIK TOFBICTANYbl JHEeprusi OOWBbIHIIA YINY YaKbITBIHIA TOFBICTayMeH  yiecneitni. JKywmbicra
3apsATanFaH OeJIIIEKTepAiH IIOFBIH KOJUIMMHUpJIEY PEXKUMIH KOJJAHY MYMKIHJIITT KapacThIpbUIFaH, OChUIAMIIA
TOFBICTAY IAPTHIH OPBIHAAY KOKETTUIIrH KOSIbI.

Cayneoekos A.0O., Kamobapoea K.T.

Hcnonb3oBaHue peXxMMa KOJITUMHPOBAHHUS My4YKa 3apsiKeHHBIX YACTHIl JJISl pacliupeHust (PyHKIHOHAJIbHBIX
BO3MOKHOCTeii KOPIMYCKYJISIPHO-ONTHYECKHX CHCTEM.

PaccMoTpeH emie oauH MOAXOA HPH MOJEIHPOBAHWM KOPITYCKYJISIPHO-ONTHYECKHX CHCTEM IJIsi aHalli3a IOTOKOB
3apsDKEHHBIX YacTHI. O0s3aTeNIbHBIM ISl BCEX PACCMOTPEHHBIX U MCIIOIb30BaHHBIX PaHEe METONOB OBLIO BHITOJIHEHHUE
YCIIOBUSI TIPOCTPAHCTBEHHOH (POKYCHpOBKM Mydka dacThll. OJHAKO 3TO CTPOTO€ yCJIOBHE HE BCErja BBHINOJHUMO B
COUYETAaHWHU C JPYTHUMHU TpeOoBaHMAMHU. [Ipy HCIONB30BAaHMM B KadeCTBE OCHOBHOTO 3JIEMEHTAa MMJIMHIPUYECKOTO
3NIEKTPOCTATHYECKOT0  3€pPKaJbHOTO AaHAIN3aTopa IPOCTPAHCTBEHHas (OKYCHPOBKA IIydyKa HECOBMECTUMAa C
(boKycHpOBKOIl BO BpeMeHH IpojieTa IO »Hepruu. B paboTe paccMOTpeHa BO3MOXKHOCTH HCIOJB30BaTh PEXKHUM
KOJUTIMHUPOBAHUS IIydKa 3apsDKEHHBIX YacTHI[, T€M CaMbIM HCKIIOYMB HEOOXOAMMOCTH BBINOJIHEHHS YCIIOBHS
(OKYCHUPOBKH.
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