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Dear authors and readers!
Dear colleagues!

In the Preface, we traditionally write to authors and readers about the most important achievements of
the Eurasian Physical Technical Journal as a peer-reviewed scientific journal. In 2023, our journal is
included in the Q3 quarter by all 4 scientific areas: Energy; Engineering; Materials Science; Physics and
Astronomy. Indexing of the journal in the Scopus database has been continue. As of December 5, 2023, the
CiteScoreTracker rating is 1.1 with max percentile 25% on Engineering area. In 2023, a large amount of
information was processed, website materials were edited in accordance with international criteria,
information blocks are regularly updated, https://phtj.buketov.edu.kz/index.php/EPTJ/index.

During 2023, according to statistical data, the journal’s website received 130 materials, of which the
proportion of rejected materials was 51%. In four 2023 issues of Eurasian phys. tech.j." 51 articles were
published. The geography of authors who presented new research results aimed at solving current problems
of technical physics has expanded.

In this issue, the “Materials Science” section presents new original results on the study of the properties
of various materials. Readers will be interested in the results of a “study on the effect of replacing ferrite
with previously unused elements to control magnetic properties” by researchers of Baghdad University of
Technology, Irag. In the article, scientists from Astana analyzed experimentally obtained elastic scattering
data within the framework of the optical model and the binary fold model.” In the work of scientists from
Uzbekistan, “the influence of electron irradiation on the structure, surface morphology and band gap of
mono- and polycrystals of iron-doped ternary crystals of thallium and indium monoselinides was studied. It
has been established that “synthesized polycrystalline samples, as well as grown single crystals of thallium
and indium monoselinides are single-phase.”

In the domestic authors paper, a “quantum chemical study of the structure and properties of the lupinine
alkaloid derivative molecule was carried out,” the geometric characteristics of which confirmed that this
molecule is a rigid reagent.” In an article by our university staff, the “influence of the silver nanoparticles
concentration in films made from titanium dioxide nanorods on their photocatalytic activity was studied.”

In an article in the “Energy” section, Kyiv authors, based on thermodynamic analysis, showed that the
use of “an integrated air-drying system significantly reduces specific energy costs,” and its efficiency,
regardless of the parameters of the outside air, is superior to similar systems without a recuperator.

In an article on nuclear energy by authors from Kurchatov, based on the results of “testing water-cooled
technological channels with low-enriched fuel in the IVG.1M reactor, were done comparative measurements
of the content of fission products and activation products in the coolant of technological channels” with low-
enriched and highly enriched fuel”.

The “Engineering” section offers ways to solve pressing problems of modern communication systems,
various automation and control technologies. Authors from Zaporozhie, Ukraine studied “the wear of parts of
tribo-couplings under conditions of complex dynamic loading. The possibility of assessing the effectiveness
of the influence of destruction products of high-molecular compounds in the composition of the cutting fluid
on the wear resistance of metals in the contact zone of tribological interfaces" has been shown. The article by
East Kazakhstani authors examines “technological modes of electric arc metallization of 30KhGSA steel
wires, affecting the structure formation and properties of coatings.” Almaty scientists presented the results of
“the implementation of a functional block of a radio device based on a system-on-chip, where the main
attention is paid to the integration of blocks of a radio device, such as modulation and fast Fourier transform,
on programmable gate arrays.” The authors from Tomsk examined “the physical characteristics of the
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movement of a snake robot, which will allow both an industrial robotic arm and a mobile robot to move in
various environmental conditions.”

Domestic researchers presented “a routing algorithm based on the theory of information entropy to
calculate an indicator that takes into account the probability of packet loss.” The developed “algorithm is
shown to outperform traditional routing methods in optimizing data transmission quality and overall network
efficiency.” Authors from Kemerovo “upgraded the mechatronic water treatment module for processing
industries of the agro-industrial complex, which uses ‘“cryoconcentration, which consists in the
crystallization of moisture with subsequent displacement of the solid phase.”

The article by Almaty authors examines an urgent problem of modern science and technology - non-
contact “determination of the type and concentration of gas using a laser.” Based on spectral analysis, it is
shown that “the corresponding power spectra are sensitive to low-frequency fluctuations of molecules and
their clumps.” The article by Altai scientists presents an original “design of a subminiature eddy current
transducer designed to study the electrical conductivity, thickness and degree of damage of thin metal films,”
for which “a hardware and software complex was designed” to control it.

The article in the “Physics and Astronomy” section is devoted to the study of the physicochemical
properties of nanostructured heavy tungsten pseudoalloys, which are used in modern powder metallurgy. In
the work of Russian authors, “the dependence of phase equilibria on morphology for nanoparticles with a
core-shell structure of an exfoliating solid solution was thermodynamically modeled using the example of a
heavy W-Cr alloy. The morphology of nanoparticles was specified using fractal geometry methods.”

The article in the “Physics and Astronomy” section is devoted to the study of the physicochemical
properties of nanostructured heavy tungsten pseudo-alloys, which are used in modern powder metallurgy.
Russian authors, “using the example of a heavy W-Cr alloy, the dependence of phase equilibria on
morphology for nanoparticles with a core-shell structure of an exfoliating solid solution was
thermodynamically modeled. The morphology of the nanoparticles was refined using fractal geometry
methods.”

We hope that the information presented in this issue will be interesting and useful to scientists, teachers,
researchers, doctoral students and undergraduates. | would like the presented research and development
results to be used in practice and in production in the future.

I would especially like to express our deep gratitude to our reviewers for their objective and qualified
examination of materials, which helps ensure the quality of articles. The valuable and helpful
recommendations of reviewers contributed to the production of this issue. We look forward to fruitful
cooperation in the future.

We are really appreciated our authors, editors and reviewers for choosing our journal and contributing
to the creation of present and future issues.

We hope to see you among our readers and authors of the next issues, where the publish review articles
by leading scientists on current and priority areas of modern physics and technology will be planned.

Happy New 2024 Year!

With wishes of health and prosperity to all our authors, editors and readers,
Editor-in-chief,

Professor Sakipova Saule

December, 2023
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INVESTIGATION THE MAGNETIC PROPERTIES OF Cs,Co01.95,F€,0,4
NANOPARTICLES AT LOW MOLAR RATIO VARIATION

Tareq M.H., Lafta Sadeq H., Hussain Wafaa A.
Applied Science Department, University of Technology, Iraq, Baghdad

The effect of substitution ferrite by previously not used elements to control magnetic properties is of great
interest to researchers. This study illustrates the effect of low substitution of Cs, with molar ratios of y of 0.0, 0.05,
0.15, and 0.25 on the structural and magnetic properties of Cs,Coy.5,Fe,0O4 nanoparticles. The synthesizing
method was the co-precipitation method. The metal chlorides were used to perform the reaction in the distilled
water using NaOH to reach a pH of 10. The X-ray diffraction, Field Emission Scanning Electron Microscopy,
Electron Dispersive X-ray and Vibrating Sample Magnetometry analyses were conducted for all samples. All
samples had the patterns of the spinel structure coincide to a high degree with the Co ferrite pattern. There was a
general increase in the lattice constant with the increase in the Cs content, while the crystallite size decreased
from about 18 to 12.2 nm as the molar ratio increased from 0 to 0.25. The Electron Microscopy investigation
showed that all samples owing spherical nanoparticles with no other shapes. The average particle sizes were
between 40 to 60 nm, which increased Cs'* content. The magnetic parameters mainly showed a relatively high
coercivity (wide loops) and a decrease in magnetization saturation (down to 50.43 emu/g), crystalline anisotropic
constant, and the squareness ratio.

Keywords: Cesium Cobalt Ferrite, Structural properties, Hysteresis loop, Nanoparticles, Magnetization.

1. Introduction

Spinel ferrite nanoparticles of the composition (MFe,O,) have attracted considerable interest due to
their unique chemical and physical properties. Cesium Cobalt ferrites are hard ferrite materials because of
their excellent chemical stability and mechanical hardness. Cobalt ferrite is an important material because of
its excellent properties, such as moderate saturation magnetization, large coercivity, large magneto-
crystalline anisotropy, high Curie temperature, high electrical resistivity, and high stability [1].

Ferrites are prepared by various methods including such as sol-gel, hydrothermal, microemulsion,
thermal decomposition, co-precipitation methods, hydrothermal and solvothermal [2], etc. The main
difficulty during synthesis by these methods is to control the particle size and shape in addition to the purity
of the product phase. Among these methods, is the co-precipitation method, which has different advantages
like its production of inexpensive nanomaterials, less energy requirement, uniformity in particle size, easy
experimental conditions adjusting, and easy removal of soluble impurities [3]. Changing the experimental
conditions in the co-precipitation synthesis may lead to tailoring the morphological, magnetic, electric, and
optical behavior of the produced particles [4]. In the co-precipitation method, nanoparticles are synthesized
by adjusting the concentration of precipitating agents to produce stable nanoparticles. On the other hand, the
precipitating agents play an important role in determining the various properties of materials. The strength of
bases strongly influences the rate of reaction. NaOH has ionic bonding whereas NH,OH has covalent
bonding due to which the reaction rate with other ions could be different [5]. It may lead to different growth
and crystallization rates, which could affect the various properties of the synthesized material.

The physical properties of ferrite may be controlled by alteration of the particle size, shape, cation
distribution in their lattices, and/or composition [6]. The wide range of each property determines the
application of ferrite. These applications extend to various fields including the automobile industry,
ultrasonic generation and detection, magneto-restrictive filters, sensors, transformers, and high-density
recording industries as well as in the medical industry [7].

Various literature deals with synthesizing Co ferrite by the co-precipitation method, but nearly no study
deals with Co ferrite properties due to substitution by Cs. Houshiar et al. [7], prepared Co ferrite
nanoparticles by co-precipitation method where metal chlorides as starting materials and sodium hydroxide
are used as a precipitating agent. The obtained sample was heated at 600°C for 10h. X-ray analysis reported
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that the crystallite size of the prepared sample was 49.5nm. Vibrating Sample Magnetometry (VSM) study
showed that the saturation magnetization (M) of the synthesized sample was 55.8 emu/g and coercivity (H.)
was 850 Oe. Surface morphology was studied by SEM and by Transmission Electron Microscopy (TEM)
images. Devi Gole et al. [8], synthesized Co ferrite with different pH via the co-precipitation method. The X-
ray diffraction (XRD) pattern of this study investigated the lattice parameter varied from 8.4057 to 8.3754A
for different pH and crystallite size varied in the range of 328 to 351A. The in-vitro antibacterial activity
reported that cobalt ferrite at pH of 7 showed the highest antibacterial effects and cobalt ferrite at pH of 8
showed antifungal effects. Kim et al., [9] fabricated cobalt ferrite by co-precipitation technique using
chlorides are precursors and sodium hydroxide as a precipitating agent. The authors reported the structural,
magnetic, and Mossbauer studies of obtained samples. X-ray patterns of prepared samples have been taken at
various temperatures. XRD analysis revealed that the average particle size increased with increasing
temperature. The morphology of samples was carried out by TEM images.

Ferrites, especially Cs ferrite and Co ferrite, have promising applications in various fields of magnetics,
electronics, and biomedical sciences [5]. Alteration and controlling magnetic properties is regarded as a great
challenge aim for most researchers in the field of magnetic materials. The object of this work is to study the
effect of variation Cs content, at a low ratio, on the CsyCo,s/Fe,0, ferrite structural and magnetic
properties, prepared by the Co-precipitation route. To the best of the authors' knowledge, it is the first time to
synthesize such nanoparticles of ferrite and investigate their properties.

2. Experimental part

The starting materials for synthesizing the Cs,Co,.,5,Fe,0, nanoparticles were cobalt di-chloride CoCl,,
cesium di-chloride (CsCly), iron tri-chloride (FeCls), sodium hydroxide (NaOH) and distilled water.
Preparation of the Cs,Co,.5,Fe,0, by co-precipitation wet method involved weighting of the mentioned salts
to verify the molar ratios (y) of 0.0, 0.05, 0.15, and 0.25. The weights of the salts, for each sample (molar-
ratio) are shown in Table 1.

Table 1. The weights of the precursors (metal salts) at each molar ratio (y).

Sample y Weight of CsClI (g) Weight of CoCl, 6H,0 (g) Weight of FeCl; (g)
(M=168.36 g/mol) (M=237.9309g/mol) (M=162.2 g/mol)
S1 0 0 2.3793 3.2440
S2 0.05 0.16835 4.6396 6.488
S3 0.15 0.5051 4.4017 6.488
S4 0.25 0.8418 4.1638 6.488

The next step is mixing the salts together with 150ml of distilled water under strong stirring to prepare a
clear precursor solution. Then, adding NaOH dropwise to the solution up to make pH of 10, associated
continuing with magnetic stirring to ensure the solution homogeneity. After that, the suspension was heated
at 80 for 1h. This is followed by washing the suspension with distilled water several times to remove soluble
impurities of salts. The next step is drying the suspension with centrifugal tubes and heating it in an oven at
80°C. Finally, a heat treatment for 4h at 250°C was conducted to accomplish the calcination. The
synthesizing steps are shown in the block diagram in Fig.1.

The resulting nanoparticles for the four samples were subjected to different structural and magnetic
analyses, which were XRD Shimadzu 6000 as the x-ray diffractometer, Scanning Electron Microscope
(SEM) MIRA3 TESCAN as the scanning electron microscope, ALPHA Il Compact FTIR Spectrometer as
the Fourier Transform Infrared Spectroscopy (FTIR) device, and MDK as the VSM device at 300K
temperature with an applied magnetic field 30.000 Oe.
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CsClH+CoCh+FeCl; == Add 150 .D.W. |:>.=>
Draying at 80 °C and milling =2  Calcination at 400 °C

I OO0 O

Fig.1. The steps for synthesizing the Cesium Cobalt Ferrite CsyCo;.9syFe,04 nanoparticles
by co-precipitation method and their characterization.

3. Results and discussion
3.1. Structure Properties

Studying the XRD of the prepared nanoparticles reveals the phase and crystallinity of the nanoparticles.
The XRD patterns of CsyCoy.95,Fe,0, ferrite for y=0, 0.05, 0.15, and 0.25 are shown in Fig. (2). The
resulting patterns reveal that the synthesized nanoparticles have a face-centered cubic spinel structure with
good crystallinity. The common Bragg diffraction peaks for all samples were at 26 of 30.15°, 35.52°,
43.15°, 53.63°, 57.04°, and 62.61°, which correspond to the reflection planes (220), (311), (222), (400),
(422), (511), and (440), respectively. These peaks are in agreement with the XRD pattern of cobalt ferrite
(JCPDS card No. 221086). One can note a small shift in the peak of the (311) planes to the lower 26 values
due to the substitution of Co®* by Cs'* where the latter has a larger ionic radius (170pm) than the former
(79pm) [10]. The calculated data are shown in Table 2. Finally, the peaks around 25° and 33° mainly related
to the formation of a small quantity of a-Fe,O3, where these peaks coincide with its (012) and (104) plane

[11]. Hematite, a-Fe,O; phase, is usually formed during synthesizing ferrite under un-optimized conditions
[12].

] :gg I (3'11) I ' I ' I ' I | — "~ _'54 I | (31I1) | | T
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Fig.2. (a) The XRD patterns of the synthesized CsyCo.o5,Fe,0, ferrite nanoparticles by co-precipitation method, (b)
The peak shifts of the planes (311) for the four samples.

The following reactions are suggested to synthesize the CsyCo1.95/Fe,04 ferrite at the molar
ratios y of 0, 0.05, 0.15, and 0.25 respectively:

a) CoCl,6H20 + 2FeCl; + 8BNaOH — CoFe, (0, + 8NaCl + 4H,0
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b) 2CsCl + 39COC|2 + 80FECI3 + 320NaOH — 4OCS0.05C00_975F92.004 + 320NaCl + 160H20

C) 6CsCl + 37COC|2 + 80FECI3 + 320NaOH — 4OCSO.15C00_925F92.004 + 320NaCl + 160H20

d) 10CsCl + 35CoCl;, + 80FeCl; + 320NaOH — 40Cs; 25C0p g7sFe2004 + 320NaCl + 160H,0

The average crystallite size D was calculated by the Scherrer formula as in eq. (1) [11]:

D =0.92/B cosb @
where B is the full width at half maximum of the for the planes (311), A is the wavelength of x-rays
(1.5406A), and 6 is the diffraction angle. All the calculated average crystallite sizes were in the nanometer
range.

The crystallite size shows a clear reduction in its value as the molar ratio increases as shown in Table 2,
where it dropped from about 18.1nm to about 12.2nm as the molar ratio increases from 0.05 to 0.25. This
reduction may be related to the increase of nucleation rate compared to growth rate, i.e., increasing Cs
content will improve the nucleation rate and subsequently reduce the crystallite size.

The dislocation density (dp) is proportion inversely to the crystallite size, as given in eq. (2) [12].

dp = 1/D? (2)

This equation explains the reason behind the increasing dislocation density as in Table 2. The lattice
constant (a) for the spinel structure was calculated by the following formula [13]:

a=d(h®+k?+1?)1/2 3)

d =nA/sin® 4)
where h, k, and I, are the Miller indices of crystal planes. The calculated lattice constants (a) values were
generally increased as the molar ratio increased.

Table 2. The effect of Cs content on some structural parameters for S1, S2, S3, and S3. crystallite size D,
dislocation density (dp), lattice constants (a), X-ray density (pxrp), The hopping lengths for A-site (L) and B-site (Lg),
and The tetrahedral (ra) ionic radii and octahedral ionic radii (rg)

Sample D doxig” a pxro (@/cM®) La Ls ra 3
(nm) (hm?) (nm) (nm) (nm) (nm) nm
Sl 18.12 3.044 0.840 5.24 0.3641 0.2973 0.047 0.0752
S2 14.98 4.45 0.838 5.42 0.3629 0.2962 0.046 0.0745
S3 12.62 6.27 0.848 5.45 0.3671 0.2998 0.048 0.0770
S4 12.27 6.64 0.841 5.83 0.3637 0.2969 0.049 0.0750

The calculated data are shown in Table 2. As Cs'* content increases and as Cs*' has a larger ionic
radius than Co?" this will produce an increase in the calculated lattice constants (a). The measured lattice
parameter of sample S1 is comparable to the bulk one of Co ferrite (0.838) [14] where the difference may be
related to the low temperature of the preparation. The nanoparticle XRD density (p) was calculated by eq. (5)
depending on the lattice constant and molecular mass (M). The x-ray density can be calculated using the
relation [15]:

pxrp = 8M /N, a’ )
where Ny is the Avogadro number and M is the molecular weight of each structure. The pxrp Values for the 4
composition nanoparticles are given in Table 2.

The pxrp increases as the molar ratio (Cs content) increases despite the expansion in the lattice constant
because of the molecular weight increase is more effective than the lattice constant expansion.

The structural parameters such as the hopping lengths for A-site (L,) and B-site (Lg) were calculated
using standard equations (6) and (7), and the ionic radii (r and rg) were determined considering the oxygen
positional parameter ‘u’ with the standard value of 0.0375 nm and using the radius of oxygen anions r, of
0.135nm [16]. The tetrahedral ionic radii (A-site) and octahedral ionic radii (B-site) were determined by
equations (8) and (9), respectively [17].

L, = av3/4 (6)
Ly =av2/4 )
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rA:(u—i)\/?—ro (8)

= (G-w)a-m ©)

The calculated values of the previous parameters, La, Lg, ra and rg are given in Table 3. These
parameters are raised as the Cs content is increased. In other words, they follow the lattice constant and so
their behaviors follow the lattice constant behavior [18]. One may deduce that the tetrahedral substitution has
a main effect on the lattice constant value.

3.2 The FTIR analysis

Fig.3 illustrates the FTIR spectra of the prepared samples. All samples showed obvious bands below
700cm™, as magnified in the inset Figure, while they showed a low absorption from 700cm™ to 3900cm™ at
room temperature. This may be related to the high strength of the ferrite bond due to the ionic nature of the
metal-oxygen bond and the nature of the stretching vibration mode. The presence of such ferrite
characteristic bands refers to the cubic spinel structure and completion of the chemical reaction [19].
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Fig.3. FTIR spectra of the synthesized CsyCo,.qs,Fe,0, nanoparticles at 0.0, 0.05, 0.15,
and 0.25 for S1, S2, S3, and S3 respectively.

The band around 596cm™, the higher wavenumber, is associated with the stretching mode of the bond
of metal at tetrahedral sites and oxygen anion (Fe**~O° bond), and it is commonly denoted by v1 [20]. On
the other hand, the v2-lowest band is observed lower than 500cm™, which results from the octahedral-metal
stretching (M*~0® bond M Is Co or Cs). The v2 band in this study, lower wavenumber, is observed as a
strong absorption band between 400 cm™ and 500 cm™ and may extend to values lower than 400 cm™[21].

The Co?* cations generally occupy octahedral sites, whereas Fe** cations occupy mostly both octahedral
and tetrahedral sites. The reason behind the difference in the tetrahedral and octahedral sites is basically
associated with the lengths of these two site bond lengths. The precise observation in the inset Figure
indicates that there is a general shift in the v1 band to the lower wavenumber as the Cs content increases,
while the v2 band exhibits no clear shift. This, in turn, indicates that Cs may mainly occupy the tetrahedral
sites rather than octahedral sites. One can observe there is no organic, commonly higher than 2300 cm™[22],
or inorganic band or peak that can be related to any impurity or undesirable phase. This perhaps supports the
precise synthesizing procedure that was followed. No band around 3410 cm™, which is related to the metal-
hydroxide bond [21], is not observed. A weak peak around 1500 cm™ may be related to the symmetric and
asymmetric stretching vibration of CO, molecules in the environment of the test or adsorbed on the particle
surfaces [21].
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3.3. The SEM analysis

The SEM images of the nanoparticles for all samples are given in Fig.4. All samples of CsyC0,.95,F€,04
(y=0, 0.05, 0.15, 0.25) showed homogeneous spherical nanoparticles without any other observed shape or
exotic morphologies. All particle sizes are lower than 100nm as measured by the scale bar. The SEM images
substantiate a clear agglomeration. The agglomeration occurred due to surface interaction due to nanosize
and magnetic interaction between magnetic nanoparticles [23]. This interaction decreases with increasing
cesium concentration in the cobalt ferrite nanoparticles as for other cations.

Fig.4. SEM images of CsyCo,.os/Fe,0, samples. (a) sample S1, (b) sample S2, (c) sample S3 and (d) sample S4.

In Fig.5, the particle distributions for the 4 samples are given. The minimum particle size is about
15nm, while it extends to more than 100nm. Most particle sizes are found in the range (40-60) nm. As the
molar ratio (y) increases, there is a decrease in the average particle size. This decrease can be attributed to
that the presence of Cs™* improves the nucleation rate and, in turn, increases the nucleation centers (seeds) at
the expense of single-particle growth [24]. This result is in agreement with the results of crystallite size
mentioned previously. In the same context, one can conclude that each particle has more than one crystal.

The elemental composition of samples was carried out by Energy-dispersive X-ray spectroscopy
(EDX). Fig.6 shows EDX spectra for all synthesized cesium-substituted cobalt ferrite nanoparticles, which
clearly indicates the presence of Co, Cs, O, and Fe elemental corresponding peaks. No presence of any other
elemental impurity peak was observed in the EDX spectrum which refers to good choosing synthesizing and
measuring conditions. The elemental compositions of all elements for the prepared samples are shown in the
inset Tables in the spectra. This result points to obtaining a well-matched atomic ratio of all elements (Co,
Cs, O, and Fe) with the expected stoichiometric proportion of elements in the synthesized nanoparticle. The
appearance of carbon in the spectra is related to the use of carbon tape for conducting the test.
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3.4. Magnetic hysteresis loops analysis

Fig.7 shows the Magnetic hysteresis loops of the synthesized nanoparticles as measured by the VSM
magnetometer, these loops correspond to the sample sl1, s2, s3, and s4. All samples show nearly hard
magnetic behavior compared to cesium ferrite [25].

The saturation magnetization (M) of the samples showed a generally small reduction as the molar ratio
(y) raised from 0 to 0.25, although the presence of some tolerance of about 5emu/g, as given in Table 3.
Despite of that Cs™ has no magnetic moment but substitution by Cs in tetrahedral or octahedral sites. Co®*
ions have a strong preference to take the octahedral site [26]. On the other hand, Cs ferrite is an inverse
spinel where all the Cs** ions occupy octahedral sites while Fe* ions occupy both octahedral sites and
tetrahedral sites [27]. So, according to ratios that were mixed, it is believed that Cs ions usually substitute Co
ions. Under this context, the degradation of the M is believed due to that Cs'* is owing zero magnetic
moment and as it substitutes the Co?*, which has a magnetic moment, the magnetization was reduced.

The effect of Fe** cations is eliminated because an equal number of them occupy A-site and B-sites.
Some researchers found that the substitution of Cs** ions at the tetrahedral (A) site replaces magnetic Fe™
ions which causes a decreased magnetic moment at the A-site [27]. Some other researchers explained the
degradation of M; of Co ferrite when substituted by nan-magnetic ions in B-site on the basis of the
magnetization of Co ferrite is higher than that han-magnetic ions ferrite hence, doping by Cs in cobalt ferrite
causes a decrease in magnetization [28].
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Fig.7. The magnetic hysteresis loops of the synthesized CsyCo;.q5,Fe,04 (y= 0, 0.05, 0.15, and 0.25) ferrite:
a) full hysteresis loops of the prepared samples; b) a magnification of the origin around to show the details.

Table 3. Some magnetic parameters as measured from the magnetic hysteresis loops.

Sample | M, (emu/g) | M, emu/g) | H. (Oe) M,/M my Kan X 10° m,
@mu/mol) (emu.Oe/qg) (uB)
S1 58.075 28.87 1078.36 0.497 3.037 63.88 0.5290
S2 48.53 19.03 1495.32 0.454 3.986 74.06 0.3388
S3 52.91 23.97 1196.98 0.453 4.430 57.06 0.4396
S4 50.43 22.04 1056.79 0.377 4.302 53.95 0.4224

In addition to cation distribution and substitution ion type, the M of ferrite also depends on the particle
size [29]. The Ms dependence on particle size is given in eg. (10) [30, 31]:

Ms/nano = Mg/pulk [1— (B/ps)] (10)
where Mgmnano and Mgy are the saturation magnetization of nano and bulk materials, respectively, B is a
constant, and ps is the particle size. The remanence magnetization M; also decreased in general from about 30
emu/g to 20 emu/g). The remanence magnetization usually follows M and for the same reasons.
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The coercivity (H.) showed a tolerant behavior, where it was increased and then decreased as the molar
ratio increased. It is believed the two parameters of composition and the particle size contributed to this
behavior. The variation was explained graphically in Fig. (6) in the inset Figure. The mentioned M; and H.
parameters reveal the ferromagnetic nature of all compositions but not the superparamagnetic one where the
main effecting factor here is the particle size.

Some other magnetic parameters are also given in Table 3. The loop squareness ratio (M,/M;) decreased
as the Cs content increased. This behavior depends on the intense surface spin disordering of these
nanoparticles and proves the nanoparticles are multidomain ones [32]. For all samples, the M,/M; ratio is
lower than 0.5, which agrees with the previous result [33]. The crystalline anisotropic constant (K,,) values
are calculated by eq. (11). The K,, value is generally minimized as Cs'* content grows. Also, Co ferrite
substitution by AI** showed the same result because of the crystallite size reduction [34].

Ky = H..M;/0.98 (11)

The magnetic moment per unit formula is calculated by eq. (12). The values decreased as the Cs*
concentration increased. The reduction in ., follows the reduction in M.
M. Mg 12
Mf = 555 (42
The magnetic moment per particle (m,) was calculated for each sample by the Langevin fitting equation
using the Origin Lab program and the values are given in Table 3. This parameter depends on A-B
interaction and sharply decreases from (0.5290 to 0.3388 (emu/g) when the value of x is varied from 0 to
0.25. It is also decreased as the Cs'* content increases. The magnetic moment per formula and the magnetic
moment per particle are both magnetization saturation dependent, so they follow its behavior.

4. Conclusion

Substitutions cations by ions with the oxidation state of +1 like Cs in ferrite is one of the most
challenging topics in magnetic material studies. Here, a Co ferrite was chosen to conduct the substitution on
its cations satisfying the compositions CsyCo,.os,Fe,0, with y= 0, 0.05, 0.15, and 0.25. The substitution by
Cs' increases the lattice constant and reduces the crystallite size. A clear shift in the tetrahedral band of the
FTIR spectrum supports the substitution occurrence. The magnetization saturation decreased when Co ferrite
is substituted by Cs'* cations from about 58 emu/gm down to 50.43 emu/g with low molar ratio variation.

The magnetic moment also decreased as the molar ratio increased. Substitution Co by Cs worked on
lowering the average particle sizes as found by the SEM images, but not the particle shape where all samples
showed spherical particle shapes. The low Cs substitution did not mainly affect the coercivity where the
loops were still wide. There was also a decrease in the crystalline anisotropic constant and the squareness
ratio due to such variation in the composition.
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The phenomenological and semi-microscopic values of the potentials found in the angular distribution of
scattering of ions °Li - lithium, *°O - oxygen from the target nucleus *2C- carbon accelerated at low energies are
determined. The experimental data of elastic scattering were analyzed based on the optical model and the double
folding model. Based on the folding model, the density-dependent new Fetal potential of Yukawa 3 terms of
effective nucleon-nucleon interactions was first used. The density-dependent Fetal, Paris, Reid microfolding
potentials were constructed in the double folding model as a real part of the optical potential. The efficacy of the
new Fetal micropotential at laboratory energies of 28 MeV and 30 Mev for the **0+%C nuclear system was
studied in comparison with the Reid, Paris variants. The efficacy of the new Fetal potential at laboratory energies
of 12.3 MeV and 20 MeV for the °Li+*C system has been studied in comparison with Reid and Paris potentials.
The relative errors of phenomenological theoretical analysis and experimental cross-sections were determined in
the range of 1.1 -3.0. As a result of semimicroscopic analysis, the coefficients of renormalization of folding
potentials in the range Nr=0.8-1.0 were determined. The data obtained will be used in various fundamental
research, in particular in future thermonuclear installations and nuclear astrophysics.

Keywords: nuclear matter, elastic scattering, semi-microscopic analysis, Botswana three Yukawa-Fetal potential

1. Introduction

The study of the interaction of accelerated ions with heavy nuclei will become an urgent topic as
fundamental research in nuclear astrophysics and thermonuclear energy. Analysis of experimental data based
on various models, the construction of the equation of state of nuclei is a theoretically important issue. The
article presents a phenomenological and semi-microscopic analysis of the angular distribution of elastic
scattering of low-energy weakly coupled °Li+*C, ®O+"C nuclear systems. The significance of the
phenomenological and microfolding potentials was determined within the framework of the Optical Model
(OM) and double folding model (DFM) core. For the microscopic study of nuclear interactions , the equation
of state can be constructed depending on the saturation property of the nucleus. K - nuclear incompressibility
is the only value characterizing the saturation of nuclear matter [1, 2].

The Yukawa's Michigan three Yukawa (M3Y)-Reid, M3Y-Paris potentials were calculated based on
effective nucleon-nucleon (NN) interactions as a real part of the optical potential. Effective NN interactions
are generated in the G - matrix and consist of central, spin-orbital, and tensor members. In the calculation of
their matrix interaction, all spin, isospin interaction components are formed. When calculating the folding
potential, it is important to be an isospin independent center. Taking into account the spin-orbital interaction
of two nuclei with NN interactions at low energy gives a successful characteristic for asymmetric systems.
To understand the reaction, direct and exchange potentials are created based on the transformation of the
isovector from a microscopic point of view. D.T. Khoa, G.R. Satchler scientists introduced density-
dependent parameters into the NN interaction [3-5].

The purpose of introducing density-dependent parameters was to clarify the saturation property of
nuclear matter. The new potential of B3Y-Fetal was obtained by applying a lowest-order constrained
variational (LOCV) to the elements of the nuclear matrix of two bodies [6]. Based on these studies, Ochala
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[7, 8] first used the B3Y-Fetal potential obtained in the LOCV approach. The novelty of this article is that we
introduce density-dependent parameters for B3Y-Fetal potency.

The DFM can study the real potential depending on the mass and energy of the nucleus. The Woods-
Saxon potential form correctly describes the diffuse surface of the nucleus from the point of view of the
nucleon density distribution. Accounting for effective NN forces and correlations is a way of constructing
potentials in a microscopic approach. The article uses for the first time the potential of B3Y-Fetal for the
®Li+™C nuclear system. And for the *0+"C system, the analysis is carried out for the first time at energies
E..,=28 MeV and 30 MeV. Based on the B3Y-Fetal interaction, the analysis of symmetric systems “*C+%C,
0+"0 at energies Ei =145 - 450 MeV was carried out [8, 9]. For an asymmetric *°O+"*C system in the
low-energy range E;;,=20 - 140 MeV, the analysis was carried out on the basis of a folding model [10, 11].

2. NN - interaction potentials

Effective NN interaction takes into account even and odd components of the central forces. The real
potential is the sum of direct and exchange potentials [12].

V=V 4VEX 1)

The direct potential is completely elastic and is written as follows [13, 14]:

VE@R) = [ [ pM )V (s) pP (rp)drydr ¥
where, Vj(s) - is the direct component of the effective NN interaction, p(», p® - densities of colliding

nuclei,s =r, —r; + R.
When calculating the exchange potential, absorption processes are taken into account [15, 16]:

VEX(R)) = ff P(l)(rl:ﬁ’ + $)vgx (s) P(z)(rz'rzl —s)exp| i/?(R)S/n])drldrz (3)

where vgy(s) - is the exchange component of the effective NN - interaction, p® (r, ") - is the density matrix
of colliding nuclei.

Direct and exchange components of the M3Y-Reid potential based on the elements of the G-matrix
[17]:

—4s —285
up(s) = 7999,0 - - — 213425 - S )
= 46314 - L‘LS — 17871 - e" /58 _ 78474 e—0,7072s (5)

UEX(S) - ) 4s ) 25 , e

Components of the direct and exchange potential of M3Y-Paris, [3, 4]:

e—Z,SS

—4s
vp(s) = 11061,6 - =— — 2537,5 - s (6)

2,5 —0,7072s

e

—7,8474 -2

_ e e e
Ugx(s) = —1524,0 - = —— 5188 - - 072 ©)

Components of the direct and exchange potential of B3Y -Fetal [6, 8]:

—4S -2,58
up(s) = 10472,13 - "’45 —2203,11 - 92’55 (8)
6_45 e—Z,SS e—0,70725
Upx(s) = 499,63 - =— — 1347,77 - — 7,8474 - 9)
4s 2,55 0,7072s

3. Introduction of density-dependent parameters

The equation of state of the optical potential is constructed depending on the density and energy [18].
UpeEx)(E p,s) = Q(E)f(P)Ub(EX) (s) (10)
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where, g(F) - energy-dependent type of potential, f (p) - two forms of density-dependent factor [2]:

1) f(p) = C(1 + ae™PP), the density-dependent M3Y (DDM3Y) — type
2) f(p) = C(1 —ap?), the B-parameter dependent M3Y (BDM3Y) - type (11)

Energy dependence [18, 2]:
g(E) = (1= 0.003 - E/A) (12)
Density dependence function when introducing the y — parameter [2]:

flp) =C(A +aexp(—Bp)—vp) (13)

The harmonic oscillator (HO) model [19] was used to distribute the matter density of nuclei °Li, °0 and
2c:

p(r) = po(1 + a(r/a)®) exp(— (r/a)?) (14)

4. Analysis of the °Li+'*C nuclear system

Experimental data for the °Li+'?C  system were analyzed in the framework of OM, DFM at energies
Ewv=12.3 MeV [20] and, E;,=20 MeV [21]. Microfolding potentials were created in the C*™ program. The
density-dependent parameters included in the folding potentials are shown in the following table 1.

Table 1. Density-dependent parameters included in the y-parameter dependent M3Y (CDM3Y?2) and CDB3Y2
potential types created in the Yukawa 3 term (M3Y). K - incompressibility value [4, 9]

Density-dependent types C a B (fm?) y (fm®) K (MeV)

CDM3Y2, CDB3Y2 0.3346 3.0357 3.0685 1.0 204

As a real part of the optical potential, CDM3Y2, CDM3Y2, CDB3Y?2 - folding potentials are used. The
optical potential of the nuclear-nuclear interaction is written as follows:

U(r) = N Ve(r) — iWof (r,rw, aw) + Ve(r) (15)

where, N, - renormalized factor, Vg - folding potential, W, - imaginary potential, ay, - diffusion, r,, - radius,
and V. (r) - Coulomb potential.

The values of the oy - section of each analysis are presented in the table 2.

The phenomenological and semi-microscopic cross sections constructed on the basis of the
parameters found in the energies E;»,=12.3 and E;;,=20 MeV are shown in the following figures 1-2.

Table 2. °Li+™C - nuclear system, parameters detected as a result of the analysis of OM and DFM at energies of
Ej =12.3 MeV and Ej,, =20 MeV. Coulomb radius fixed: Rc=1.3fm.

ar, ay, OR
ELab1 H VO! rl’! ' WO, rWl W .
Moy Potential MoV o fm Me/ o fm mb ZIN N,
oM 140.7 1.0 0.58 14.4 1.15 0.12 1005 1.1 -
12.3 CDM3Y2-Reid 12.0 1.12 0.2 - 0.84
CDMB3Y2-Paris 12.0 1.12 0.2 - 0.84
CDB3Y2- Fetal 12.0 1.12 0.2 - 0.84
oM 160.8 0.92 0.59 5.9 1.24 0.85 1261 1.8 -
20 CDM3Y2-Reid 5.4 1.24 0.85 1357 - 0.85
CDMB3Y2-Paris 59 1.24 0.8 1369 - 0.80
CDB3Y2- Fetal 5.4 1.24 0.8 - 0.82
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Fig. 1. ®Li+™C - nuclear system, cross sections in

energies Ej;»=12.3 MeV

5. Analysis of the 160+12C nuclear system

1 1E-3
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Fig. 2. ®Li+™C - nuclear system, cross sections in

energies Ej;,=20 MeV

Experimental data for the *0+%C system were analyzed in the framework of OM, DFM at energies
Ep=28 MeV [22] and, E;,=30 MeV [23]. The density-dependent parameters included in the folding
potentials are shown in the following table 3-4.

Table 3. Density-dependent parameters included in the CDM3Y]1,

created in the Yukawa 3 term (M3Y). K - incompressibility value [4, 9]

BDM3Y1 and DDB3Y1 potential types

Density dependent version C a B y K (MeV)
CDM3Y1-Paris 0.3429 3.0232 3.5512 0.5 188
BDM3Y1-Reid 1.2521 0.0 3.1757 1.7452 0.0 270
DDB3Y1-Fetal 0.2986 2.9605 0.0 176

Table 4. *0+"C - nuclear system, Parameters detected as a result of the analysis of OM and DFM at energies of
Ei., =28 MeV and E;,, =30 MeV. Coulomb radius fixed: Rc=1.3fm.

ELa Potential Vo ry ay W, rw aw x%/N N,
MeV MeV (fm) fm MeV (fm) fm

oM 96.0 1.18 0.507 6.05 1.15 0.854 3.0 -

28 BDM3Y1-Reid 6.05 1.15 0.854 - 1.0

CDM3Y1-Paris 6.05 1.15 0.854 - 0.8

DDB3Y1-Fetal 6.05 1.15 0.854 - 0.9

oM 95 0.948 0.640 6.8 0.951 0.2 2.39 -

30 BDM3Y1-Reid 6.8 0.951 0.2 - 1.0

CDM3Y1-Paris 6.8 0.951 0.2 - 0.8

DDB3Y1-Fetal 6.8 0.951 0.2 - 0.9
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The phenomenological and semi-microscopic cross sections constructed on the basis of the parameters
found in the energies E,;,=28 and E,;,=30 MeV are shown in the following figures 3-4.

1SO+1ZC IGO+|2C
” ELab=28 MeV : . ELab=30 MeV
= 0.1+
X 014 £
5 $
S S
® EXP (Hamada Sh. et al.) S 0014 .
OM. x3/N=3.0 ® EXP (Schimizu J. etal.)
’ =9. [ 2N =
i —— BDM3Y1-Reid, N=1.0 ON X ha
] g B ———BDM3Y1, Nr=1.0
——— CDMB3Y1-Paris, N=0.8 N
st ol B 1E3 1 —— CDM3Y1, Nr=0.85
e u A ——DDB3Y1, Nr=0.9
1E-3 T T T T T T T 1 v T T T T T v T T 1
40 60 80 100 20 40 60 80 100 120
0, deg 0_ deg
Fig. 3. *%0+"C - nuclear system, cross sections in Fig. 4. **0+™C - nuclear system, cross sections in
energies E;,=28 MeV energies E;,=30 MeV

6. Conclusion

A phenomenological and semi-microscopic analysis of weakly coupled nuclear systems °Li+C,
0+C was carried out. Microfolding potentials - BDM3Y1-Reid, CDM3Y1-Paris, DDB3Y1-Fetal,
CDM3Y2-Reid, CDM3Y2-Paris, CDB3Y2-Fetal have been created in the DFM.

As a result of the phenomenological analysis, the relative errors of experimental and theoretical cross
sections in the range y%/N=1.1 - 3.0 were revealed. As a result of semimicroscopic analysis, the coefficients
of Nr - renormalization of microfolding potentials in the range Nr=0.8 - 1.0 were determined.

The efficacy of B3Y-Fetal potentials has been studied in comparison with M3Y - Reid, M3Y - Paris
potentials. The values of the or - cross-section of each analysis were determined.

The introduction of the density dependence in NN interactions in the study of collisions of heavy ions
with light nuclei makes it possible to clarify the saturation property of nuclear matter, that is, to fully take
into account nuclear nuclei.
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In this work, the effect of electron irradiation on the structure, surface morphology and band gap of single-
and polycrystals of iron-doped ternary crystals of thallium and indium monoselinides was investigated. It has
been established that the synthesized polycrystalline samples, as well as the grown single crystals of thallium and
indium monoselinides, are single-phase. The crystals have a tetragonal unit cell (space group I4/mcm) with the
following lattice parameters: a ~b = 8.12 4, ¢ = 6.88 A, a=p=y = 90°. Irradiation with electrons with an energy
of 2 MeV and a beam current density of 0.085 xA/cm? leads to changes in the structure and properties of crystals
in a complex manner depending on the electron fluence. Leads to a change in the parameters of the crystal lattice,
an increase in the maximum value of the arithmetic mean deviation of the profile, as well as a decrease in the
height of the average surface roughness of the irradiated crystals. Irradiation of a powder sample with electrons
with a fluence of 5x10 electron/cm? helps to increase the size of nanocrystallites from 32.50 nm to 43.33 nm.

Keywords: single crystal, crystal structure, unit cell, space group, electron irradiation, fluence, crystallite
size, roughness.

1. Introduction

Ternary crystals of thallium and indium monoselinides TIInSe, belong to the group of ternary
chalcogenide compounds of type A"'B"'C,"" with a pronounced layered structure. A characteristic feature of
crystals of this family is their manifestation of both semiconductor [1-3] and tensor-resistive [4,5] properties.
Since the crystal structure of compounds of this type is layered, this, as a rule, leads to the formation of
polytypic modifications, which significantly affects their physical properties. Crystals of these compounds
are attractive from the point of view of their practical application - they are promising materials for the
manufacture of photoelectric converters, spectrum analyzers and detectors of X-ray, gamma and neutron
radiation on their basis [6,7] and it is important to develop methods for targeted control of the properties of
these materials.

It is known that one of the powerful methods for controlling the properties of solids is the introduction
of impurities into their structure [8], as well as irradiation of them with various types of nuclear and ionizing
radiation [9], which requires a targeted study of physical processes in doped and irradiated materials.
However, radiation effects in chalcogenide compounds of the A"'B"'C," type, especially in doped samples,
have been studied very poorly and unsystematically. Available data are sometimes contradictory. For
example, in [7] a study was carried out of the effect of electron irradiation on the dielectric constant ¢ and
electrical conductivity o of TlInS; and T1GaS; crystals in the low temperature region and it was shown that
under the influence of electron beam irradiation, the dielectric constant ¢ of TlInS, and TIGaS, crystals
decreases, and the conductivity o significantly growing. In contrast, in [10] it was established that in TIInS,
crystals of the hexagonal modification (HM), starting from a certain dose, radiation defects accumulate and
electrical conductivity decreases. As the radiation dose increases, due to the interaction of radiation defects
with the original inhomogeneities, complex defects are formed, as a result of which the electrical
conductivity value increases exponentially. The authors of [10] suggested that the decrease in electrical
conductivity at low doses is associated with partial compensation of the initial level of the donor type.
Irradiation with large doses of n-T1InS, (above 200 krad) leads to the formation of accumulations of radiation
defects and strong compensation of the material. According to the authors, the indicated nature of the change
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in the electrical conductivity of n-TIInS, HM crystals indicates the formation of a continuous series of deep
acceptor levels during irradiation in the band gap of TIInS, [11], which accept part of the electrons. With
further irradiation, the nature of the dependence ¢ ~ f(T) changes.

An analysis of the results of experiments carried out in [10] showed that non-equilibrium point radiation
defects formed in the layers, migrating, accumulate in the interlayer space and thereby reduce the anisotropy
of the crystal at high irradiation doses.There is very little information about radiation effects in doped
TlInSe, crystals. We are aware of the works [12-14] where the influence of y-radiation on the thermal
conductivity, electrical conductivity and dielectric properties of TlInSe, single crystals in the temperature
range of 80-600 K was studied. It was found that in irradiated crystals above 400 K the thermal conductivity
increases, which is associated with a decrease in concentration defects during y-irradiation of the crystal.

Taking into account the above, the purpose of this work is to study the effect of electron irradiation on
the crystal structure, surface morphology and band gap of crystals p-TlIngesFeq0.Se,; doped with an iron
impurity, since experimental data on the effect of irradiation on the physicochemical characteristics of these
crystals are not available in the literature.

2. Material and Methods

To achieve this goal, crystals were used that were synthesized by fusing the components in a
stoichiometric ratio in evacuated (~10° Pa) and sealed quartz ampoules. Highly pure elements of thallium,
indium, iron and selenium were used as starting components for the synthesis. Single crystals of the
synthesized compounds were grown using the improved Bridgman method [15].

The possibility of replacing indium atoms in the TlInSe, crystal lattice with iron atoms is indicated by
the fact that the ionic radius of the dopant Fe®* (0.62 A) is closer to the ionic radius of In** (0.81 A) than to
the ionic radius of TI** (1.38 A) [16], i.e., partial replacement of indium with iron in a layered TlInSe, crystal
corresponds to the condition for the formation of a substitutional solid solution.

Irradiation of samples of the crystals under study with electrons with an energy of 2 MeV and a beam
current density of 0.085 pA/cm?® was carried out at the “Electronics U-003" accelerator of the Institute of
Nuclear Physics of the Academy of Sciences of the Republic of Uzbekistan [17]. The electron energy was
selected based on the density and thickness of the sample, and was determined using a standard measuring
wedge (P4701) Riso 2 Piece Aluminum (Belgium) made of aluminum. The sample was installed
perpendicular to the direction of the electron beam at a distance of 0.4 m from the accelerator sweep and
irradiation was carried out to an electron fluence of 1.5x10*" electron/cm?.

A three-dimensional image of the surface relief of the samples was obtained using an SPM 9700HT
scanning probe microscope (Shimadzu). The study was carried out in the contact mode of operation of a
scanning probe microscope. To do this, a section of the sample measuring 30x30 um was selected and the
number of “peaks-protrusions”, their half-width and height, was determined before and after irradiation. In
what follows in the text we will use the following notation: R, is the arithmetic mean deviation of the profile
from the center line drawn using the least squares method within the base length, R, is the height of profile
irregularities at 10 points, i.e. the average value of the absolute heights of the five largest protrusions of the
profile and the depths of the five largest depressions of the profile within the base length. The base length is
the length of the line used to highlight irregularities that characterize surface roughness and quantify its
parameters.

X-ray diffraction studies of the structure of TlInggsFegq.Se, were carried out on a Malvern Panalytical
Empyrean diffractometer. XRD data were recorded using a Malvern Panalytical Empyrean analytical
diffractometer with CuKa. radiation (A=1.54 A). In this experiment, the accelerating voltage of the radiation
generator was set to 45 kV and the emission current was set to 40 mA. X-ray diffraction patterns were
recorded in the Bragg—Brentano beam geometry at 265 = 20° - 120° continuously with a scanning speed of
0.33 deg/min.

The X-ray diffraction data were processed by the Rietveld method using the FullProf program
[18].Based on the obtained powder X-ray diffraction data, the crystallite size was determined using the
Debye-Scherrer formula [19]:

D = KA /(Bcos6) (1)
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where D is the average crystallite size, K is the geometric coefficient (0.9), A is the X-ray wavelength
(1.5406 A), B is the diffraction reflection width at half maximum (FWHM), 0 is the diffraction angle.The
dislocation density was determined from the equation [20]:

§=1/D? (2)

The microstress value in the Tling ggFeg 02Se, crystal was calculated using the Stokes-Wilson equation:
e=p/(4tan o) ©)

The optical absorption of the TlIn, Fe,Se,(x=0.02) single crystal was studied using a Lambda-35 UF-V
spectrophotometer (Perkin Elmer) in the wavelength range 190-1100 nm. To determine the band gap of
TlIng ogFeo 02Se, from absorption spectra in the UF-visible region, we used the Tauc relation[22]:

(ahv)? = A(hv-E,) 4)

where E, = hc/A — optical band gap energy, h — Planck’s constant (6.626x107* Jes), ¢ — speed of light (3x10°

m/s), A — absorbed wavelength, o — absorption coefficient, hv is the energy of the incident photon in eV, A is
the band edge steepness constant.

3. Experimental results and discussion

The results of measuring and processing X-ray diffraction data of TlinggsFeyo.Se, single crystals,
measured under the same conditions, are shown in Fig. 1 and Table 1. It was revealed that the synthesized
samples were single-phase. Interplanar distances calculated from X-ray patterns can be unambiguously
identified on the basis of the tetragonal system, that the lattice parameters have the following values: a~b =
8.067746 A, c = 6.815503A, (space group 14/mcm) o=p=y = 90°.
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Fig.1. X-ray diffraction pattern of the initial TlIng ¢gFeo 02S€; single crystal: | — experimental and calculated data;
Il — Bragg reflections; 111 — difference curve between experimental and calculated data

To obtain relatively complete information about the structure and compare the structural data of a
single crystal and a powdered sample of TlIng ¢sFeo02Se,, an X-ray diffraction study of a powdered sample of
TlIng ogFep 02Se,was carried out, the results were compared with the X-ray diffraction characteristics of the
single crystal (Fig. 2, Table 2). It can be seen that in the range of Bragg scattering angles 26;=10°-60° (Fig.
2) there is a sufficient number of reflections that make it possible to obtain complete information about the
structural characteristics of the sample. Processing by the full-profile method of X-ray diffraction data from a
sample of TlIngggFeq02Se; powder showed that the sample, like the TlingggFeq0.Se, single crystal, has a
tetragonal unit cell (space group 14/mcm) with the following lattice parameters: a ~ b = 8.12 2\, c=6.88 A,
a=p=y = 90°.
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Table 1. Structural characteristics of a TlIng ggFeq 02Se, single crystal irradiated with accelerated electrons.

Electron D - Crystallite o - Dislocation ¢ - Lattice
radiation dose, 20(°) B (FWHM) (°) Sizey(nm) density (<10 strain
elcm? lines/m?) (%)

0 31.34 0.099 76.56 0.17 0.15
5.10% 31.28 0.0956 80.03 0.156 0.149
1.10" 31.26 0.095 80.53 0.154 0.148
5.10" 31.27 0.094 81.39 0.15 0.146
5.10% 31.32 0.104 73.41 0.18 0.16

Based on calculations of X-ray diffraction data, the crystal structure was constructed (Fig. 3), the sizes
of Tling esFep 02Se€; crystallites and some other characteristics were determined (Table 2), from which it can
be seen that the crystallite size increases with increasing fluence of electron irradiation.
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Fig.2. X-ray diffraction pattern of powdered TlIngggFeq o,Se; irradiated with electrons with a fluence of 5x10° el/cm?:
I — experimental and calculated data; Il — Bragg reflections; I11 — difference curve between experimental and calculated
data

Table 2.Structural characteristics of a TlIng ggFeg 02Se, powder sample irradiated with accelerated electrons

Electron radiation D - Crystallite o— Dislocationdensity e—Latticestrain,
dose,e/cm? 20(°) S— (FWHM) (°) size, (nm) (x10™lines/m?) (%)
0 31.2472 0.2387 32.05 0.97 0.37
5.10® 31.2492 0.2241 34.14 0.86 0.35
5.10™° 31.2498 0.2156 35.49 0.79 0.34

A comparison of the results obtained in TlInggsFeq02Se, crystals irradiated with different doses of
accelerated electrons reveals an interesting picture. With an increase in the electron fluence to 5x10%, it
leads to a decrease in the parameters of the unit cell of the crystal, and above this fluence value the
parameters begin to increase (Table 3). In this case, the band gap of the crystal, determined using the
Tauc[22] relation, changes in the opposite direction, i.e., it increases with an increase in electron fluence up
to 5x10™ el/lcm? and above this fluence it begins to decrease (Fig. 4 and Table 3). Previously, similar
phenomena were discovered during the irradiation of TlinSe, crystals and other varieties of thallium
chalcogenides [10] and [23,24].

For example, in [23,24] it was established that the photosensitivity of TlInSe, crystals depends in a
complex way on the fluence of electrons and neutrons. With an increase in electron fluence to 1x10* el/cm?,
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photosensitivity increases by 30-80%, and with a further increase in electron fluence it decreases and at a
fluence of 10" el/lcm? it is 30-40% of the sensitivity of the original non-irradiated samples. The authors
admitted the possibility of a relationship between this phenomenon and the effect of small doses, the essence
of which is as follows.

It is known [25] that during irradiation in solids, unstable Frenkel pairs are created with a frequency 1-2
orders of magnitude higher than stable defects, which manage to have a significant impact on the processes
of radiation-stimulated migration of point defects. During the irradiation of solids (metals, alloys,
semiconductor and dielectric materials), metastable Frenkel pairs are created, which lead to changes in
various physicochemical properties of the irradiated material [26.27]. One of the characteristic phenomena
associated with unstable radiation defects is the so-called “radiation shaking” of crystals [26-29].

Fig.3. Crystal structure of TlIng ggFeg 02Se,.

Table 3. Change in lattice parameters and band gap of TlInggsFeo 02Se crystals under the influence of
accelerated electrons

No. | Radiation dose, el/cm? Singonia Latticeparameters EgeV
a =8.067746;

1 unirradiated 14/mcm b =8.067746; 1.652
tetragonal € = 6.815503;
o=p=Y = 90°
a = 8.061345;

2 5x10™ 14/mem b = 8.061345; 1.657
tetragonal €= 6.795211;
o=p=Y = 90°
a = 8.056042;

3 5x10% 14/mem b = 8.056042; 1.666
tetragonal € =6.771103;
o=p=Y = 90°
a = 8.062459;

4 5x10% 14/mem b = 8.062459; 1.663
tetragonal ¢ =7.135920;
o=p=Y = 90°

The authors [25] of theoretically showed that during the irradiation of solids, unstable Frenkel pairs are
created in them with a frequency 1-2 orders of magnitude higher than stable defects, therefore they manage
to have a significant impact on the processes of radiation-stimulated migration of point defects. It has been
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established [30-35] that during irradiation, metastable Frenkel pairs are created in various solid materials:
metals, alloys, materials of a semiconductor and dielectric nature and leads to a change in various
physicochemical properties of the irradiated material. One of the characteristic phenomena associated with
unstable radiation defects is the so-called “radiation shaking” of the crystal [26,28,29].
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Fig.4. Absorption spectra of TlIng osFeo0.Se; single crystals irradiated at different electron fluences:
1-initial; 2- 5-10* el/cm?; 3- 5-10% el/cm?; 4-5-10% el/cm?

Indenbom [26] proposed a mechanism for the phenomenon of “radiation shaking”, which leads to
radiation-accelerated diffusion, caused by the birth and death of unstable Frenkel pairs (NFPs). The essence
of this phenomenon is that during the creation and annihilation of Frenkel pairs of radiation defects, elastic
stress waves arise as a result of the resulting local volume change in the crystal.

The interaction of these waves with existing point defects can lead to the non-activation migration of
interstitial atoms and their annihilation with the corresponding vacancies, which does not lead to the
accumulation of structural defects, but, on the contrary, to their elimination and transfer of the material to a
more equilibrium state compared to the initial one [26,28].

The proposed mechanism was confirmed by the results of numerous computer and real physical [28-35]
experiments. It has been established that there is a so-called low-dose effect (D = 10°~10 R), in which, in
contrast to large doses, the crystal structure is rearranged and ordered due to the release of energy stored in
the crystal as a result of chain reactions of defect annihilation initiated by ionization. The transition of a
material to an equilibrium state is accompanied by an improvement in a number of its physical properties: a
change in the concentration of traps, an increase in conductivity, an increase in the lifetime of minority
charge carriers, etc.

In our opinion, the observed decrease in the lattice parameter of the TlInggsFeo02Se crystal and the
increase in the band gap is associated precisely with the ordering of growth defects - the effect of low doses.
When the number of radiation-induced defects begins to exceed the number of biographical growth defects,
an accumulation of radiation defects is observed in the crystal, which begins to deteriorate the characteristics
of the crystals.The results of studying the ACM surface microrelief of undoped TlInSe, and iron-doped
TlIng ogFep 02Se; single crystals before and after irradiation with accelerated electrons are shown in Fig. 5 and
6, as well as in Table4. The study was carried out without preliminary treatments. According to the data
obtained, the introduction of iron impurities into TlInSe, crystals significantly changes the surface
morphology: it leads to a decrease in the maximum value of the arithmetic mean deviation of the profile
from R, = 40.869 to R, = 17.7 nm, and also leads to a decrease in the height of the average roughness from
R, = 398.036 nm to R, = 189.915 nm. (Fig. 5 and 6; Table 4). Thus, doping TlInSe, crystals with iron will
significantly improve the condition of the crystal surface; it will become smoother during doping.
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Fig.5. Two-dimensional (a and b) and volumetric (c and d) ACM images of the surface of a TlInSe, single crystal
before (a and c) and after (b and d) irradiation with electrons with a fluence of 5x10% electron/cm?.
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Fig.6. Two-dimensional (a and b) and volumetric (c and d) AFM images of the surface of a doped

TlIng ggFeg 025e5single crystal before (a and c¢) and after (b and d) irradiation with electrons with a fluence of 5x 10

electron/cm?.
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Table 4. Changes in the surface microrelief of TlInSe, single crystals upon doping with iron and irradiation with
electrons with a fluence of 5x10%° electron/cm?

Sample Original Electronirradiated,5x10™° electron/cm?
Ra,nm R,,nm Ra,nm R, nm
TlInSe, 40.869 398.036 40.998 444.579
T1No95F €005, 17.693 189.915 33.716 431.435

In contrast to doping, irradiation with electrons with a fluence of 5x10° el/lcm? significantly worsens
the surface condition of both undoped and, especially, doped crystals. If the morphological characteristics of
an undoped sample change insignificantly, then in doped samples these changes are significant (see Fig. 5
and 6; Table 3): in iron-containing crystals, when irradiated with electrons with a fluence of 5x10%
electron/cm?, the maximum value of the arithmetic mean deviation of the profile increases from R, = 17.693
nm to R, = 33.716 nm, and average roughness heights from R, = 189.915 nm to R, = 398.036 nm. (Table 4).

Thus, electron irradiation significantly worsens the surface condition of TlIng ogFeg 02Sescrystals.

4. Conclusion

In this work, using X-ray diffraction research, it was established that when doping TlInSe, crystals with
2 mol. % TIFeSe,, as well as their irradiation with accelerated electrons with an energy of 2 MeV and a beam
current density of 0.085 pA/cm?® to a fluence of 10" electron/cm?, the samples remain single-phase and
tetragonal, with space group I4/mecm. With increasing exposure to electrons to a fluence of 5x10%
electron/cm?, the unit cell parameter of the TlIng ¢sFeq 02Sescrystal decreases, and the band gap Eg increases.
With a further increase in the electron fluence, the value of the crystal lattice parameter increases, and E,
decreases. The observed phenomenon is explained from the point of view of the effect of low doses: during
irradiation of solids with ionizing radiation, unstable Frenkel pairs are created in them with a frequency 1-2
orders of magnitude higher than stable structural defects. During the birth and annihilation of unstable
Frenkel pairs of defects, short-term local volume changes in the crystal and its rapid recovery occur,
resulting in elastic stress waves. The interaction of these waves with existing point defects can lead to the
non-activation migration of interstitial atoms existing in the crystal volume and their annihilation with the
corresponding vacancies, which leads to their healing and transfer of the material to a more equilibrium state
compared to the initial defective one. Therefore, at low doses of irradiation, in our case up to an electron
fluence of 5x10" electron/cm?, as a result of the recombination of biographical complementary pairs of
defects, the irradiated crystal becomes more defect-free. At those irradiation doses when the number of
radiation-induced defects becomes greater than the number of initial biographical defects (in our case, the
fluence of electron irradiation is F>5x10" electron/cm?), structural defects begin to accumulate in the
crystal, the parameters of the crystal lattice begin to increase, and accordingly the band gap of the crystal
decreases.

Along with the above, doping, as well as electron irradiation of TlInSe, crystals, greatly changes the
surface morphology of TIFeSe, and TlIng gsFeg 02Se; crystals. The introduction of iron impurities into TIFeSe,
crystals leads to an improvement in the surface condition, a decrease in the maximum value of the arithmetic
mean deviation of the profile (from R, = 40.869 to R, = 17.7 nm), as well as a decrease in the height of the
average roughness (from R, = 398.036 nm to R, = 189.915 nm). In contrast, irradiation with electrons with a
fluence of 5x10 el/cm? significantly worsens the surface condition in both undoped and, especially, doped
crystals. If the morphological characteristics of an undoped sample after irradiation change insignificantly,
then in doped samples these changes are significant: in iron-containing crystals, when irradiated with
electrons with a fluence of 5x10™ electron/cm?, the maximum value of the arithmetic mean deviation of the
profile increases (from R, = 17.693 nm to R, = 33.716 nm), and the height of the average roughness
increases (from R,=189.915 nm to R,=398.036 nm).
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The paper presents the results of a quantum-chemical study of the molecule 1-((4-(3-methoxyphenyl)-1H-
1,2,3-triazol-1-yl) methyl) octahydro-1H-quinolizine. The geometrical characteristics of this molecule obtained
from quantum-chemical calculations have been analysed and compared with experimental data of X-ray
diffraction analysis. According to the results of the conformational analysis carried out by rotation along the
labile bonds C11-N12 and C7-C11, the most favourable conformational states of the molecule have been
established. It is shown that the localisation of the boundary molecular orbitals falls on the 1-ethyl-4-(4-
methoxyphenyl)-1H-1,2,3-triazole substituent at the C11 atom, which suggests its participation in the subsequent
modification reactions carried out to find new biologically active substances.

Keywords: quantum-chemical calculations, quinolizine derivatives, conformational analysis, lupinin derivatives, X-
ray diffraction analysis.

1. Introduction

It is well known that alkaloids are among the most promising compounds in terms of possible
modification and creation of new biologically active substances based on them. Quinolizidine derivatives are
the most interesting among them in terms of their structure. For example, the authors of work [1] obtained
compounds with octahydroquinolizine nucleus and found that they are ligands of serotonin receptors 5-
HT3and 5-HT4.Analysis of literature data showed that similar compounds also exhibit antimalarial [2,3],
antitubercular [4] and anticholinesterase activities [5-8].

A wide range of biological properties of quinolizidine derivatives allows to accumulate specific
material for the bank of data on their structural derivatives and use them in the search for new drugs.
Therefore, the problem of a comprehensive study of the spatial structure of quinolizidine derivative
molecules, their conformational states, pathways and barriers of conformational transitions, as well as their
reactivity data remains relevant.

2. Research Methods

Quantum chemical calculations, which are now an integral part of modern chemistry, have been widely
used not only as a tool for explaining chemical laws, but also for solving complex, in some cases impossible,
problems, one of which is the determination of energy characteristics.

Currently, there are many methods and basis set available to obtain results close to the experiment, but
the success of the calculation depends on the proper choice of method and basis set for each specific case.
The object of this work is the molecule of the lupinine alkaloid derivative 1-((4-(3-methoxyphenyl)-1H-
1,2,3-triazol-1-yl) methyl) octahydro-1H-quinolizine (Molecule 1) (Fig.1), previously synthesized by the
authors of work [9]. Selection of the optimal method and basis for further study of this molecule was made
by us on the basis of comparison of experimental (data of X-ray structure analysis) and calculated data of
geometrical characteristics.

The X-ray diffraction study of compound (1) was performed on an Xcalibur, Ruby diffractometer with
CCD detector (CuKa-radiation, graphite monochromator, A=1.54184 A, w-scanning). Processing of the
initial array of measured intensities and absorption accounting was performed using the CrysAlisPro (multi-
scan) program [10]. The structure was deciphered by the direct method. The positions of non-hydrogen
atoms were refined in the anisotropic approximation by full-matrix least squares. Hydrogen atoms were
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placed in geometrically calculated positions and their positions were refined in the isotropic approximation
with fixed positional and thermal parameters (“rider” model). The structures were decoded by the direct
method and refined using the SHELXS-2014 and SHEL XL-2014 software packages [11].

Q

Fig.1. 1-1 - ((4 - (4 - (3 -methoxyphenyl) - 1H - 1, 2, 3 - triazol -1 - il) methyl) octahydro - 1H- quinolizine

The semi-empirical PM6 method and non-empirical quantum chemical methods with basis sets 3-21, 6-
31, 6-311**, B3LYP/3-21, B3LYP6-311** were used for the quantum chemical study of molecule 1. The
calculations were performed using the MOPAC 9.0 [12] and GAUSSIAN 16 [13] programs.

3. Results and discussions

To study the spatial structure of Molecule 1, the geometrical characteristics obtained from gquantum-
chemical calculations and data of X-ray structure analysis were compared. The values of bond lengths,
valence angles, and torsion angles are given in Tables 1-3.

Table 1. Values of interatomic distances in Molecule 1.

X-ray structure B3LYP/3- B3LYP6-

Bond analysis PM6 3-21 6-31 6-311** 21 311%*
C2-C1 1.526(2) 1.532 1.535 1.528 1.527 1.543 1.538
C3-C2 1.519(2) 1.531 1.533 1.527 1.526 1.541 1.537
C4-C3 1.516(1) 1.546 1.540 1.537 1.535 1.543 1.539
N5-C4 1.471(1) 1.505 1.473 1.467 1.469 1.491 1.484
C6-N5 1.479(1) 1.504 1.474 1.464 1.465 1.484 1.475
C7-C4 1.549(1) 1.560 1.560 1.558 1.556 1.566 1.565
C8-C7 1.539(1) 1.538 1.537 1.536 1.535 1.543 1.539
C9-C8 1.506(1) 1.529 1.531 1.525 1.525 1.547 1.543
C10-N5 1.472(1) 1.504 1.478 1.468 1.468 1.482 1.472
C11-c7 1.526(1) 1.549 1.539 1.537 1.536 1.542 1.545
N12-C11 1.461(1) 1.476 1.464 1.456 1.455 1.478 1.464
C13-N12 1.320(1) 1.400 1.351 1.353 1.352 1.362 1.365
C14-C13 1.373(1) 1.407 1.366 1.370 1.367 1.388 1.389
N15-C14 1.354(1) 1.414 1.370 1.369 1.370 1.385 1.387
N16-N15 1.355(1) 1.299 1.300 1.286 1.289 1.344 1.331
C17-C14 1.485(1) 1.454 1.463 1.464 1.465 1.461 1.464
C18-C17 1.379(1) 1.415 1.395 1.399 1.399 1.409 1.410
C19-C18 1.408(2) 1.386 1.373 1.378 1.377 1.384 1.388
C20-C19 1.353(1) 1.412 1.389 1.391 1.390 1.404 1.401
C21-C20 1.360(1) 1.399 1.381 1.385 1.383 1.398 1.398
C22-C17 1.373(1) 1.398 1.383 1.388 1.387 1.395 1.398
023-C20 1.376(1) 1.376 1.371 1.373 1.374 1.385 1.394
C24-023 1.388(2) 1.448 1.435 1.427 1.425 1.459 1.452
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Table 2. Valence angles in Molecule 1.

Valence angles | <TAYSUUCHI® | pyvis 1301 | 631 | 6-311%* | B3LYP3-21 | Do-YPOS
analysis 311**
C3-C2-C1 109.6(1) 109.4 108.1 | 108.8 109.0 109.6 110.6
C4-C3-C2 110.3(9) 111.7 1125 | 1131 113.2 111.4 111.9
N5-C4-C3 111.7(7) 109.2 110.5 | 110.6 110.7 109.7 109.8
C6-N5-C4 107.2(7) 111.5 1149 | 115.9 115.3 111.5 112.6
C7-C4-C3 112.2(7) 108.9 108.6 | 109.1 109.3 110.5 111.6
C8-C7-C4 110.3(8) 112.1 111.8 | 112.2 112.2 110.4 111.1
C9-C8-C7 109.7(9) 111.1 109.8 | 1104 110.6 111.6 112.4
C10-N5-C4 112.0(7) 112.5 113.8 | 115.8 115.1 110.6 112.2
Cl11-C7-C4 113.4(7) 111.2 108.8 | 108.9 108.9 111.8 110.2
N12-C11-C7 111.4(7) 112.1 111.8 | 113.0 113.2 111.0 113.0
C13-N12-Cl11 130.2(8) 127.6 130.6 | 129.7 129.6 129.8 129.8
C14-C13-N12 105.0(8) 104.9 105.9 | 105.3 105.3 106.2 105.7
N15-C14-C13 111.1(8) 106.7 107.3 | 106.9 106.9 108.3 107.6
N16-N15-C14 106.9(7) 109.6 110.0 | 109.8 109.7 109.7 109.6
C17-C14-C13 130.7(8) 130.2 130.7 | 1313 131.4 130.1 130.8
C18-C17-C14 121.3(8) 120.0 1195 | 120.1 120.1 119.2 120.1
C19-C18-C17 122.0(9) 120.6 120.8 | 120.9 120.9 120.9 121.0
C20-C19-C18 119.2(1) 118.8 120.5 | 120.2 120.2 120.5 120.1
C21-C20-C19 121.4(1) 121.7 119.3 | 119.9 119.8 119.1 120.0
C22-C17-C14 120.6(8) 118.5 122.3 | 121.8 121.8 120.1 119.4
023-C20-C19 114.5(9) 112.6 116.2 | 116.0 116.0 115.9 115.7
C24-023-C20 117.1(2) 117.9 120.8 | 1216 121.3 118.0 119.2
Table 3. Values of torsion angles in Molecule 1.
X-ray
Torsionangle structure PM6 3-21 6-31 6-311** | B3LYP/3-21 Bgll‘lf
analysis
C4-C3-C2-C1 -56.6(1) 56.8 58.0 56.5 55.8 55.0 53.0
N5-C4-C3-C2 58.9(1) -57.2 -53.2 -51.5 -51.7 -56.3 -55.0
C6-N5-C4-C3 -58.0(9) 57.5 50.4 48.7 49.5 59.2 58.2
C7-C4-C3-C2 -175.0(9) -178.0 -173.9 | -173.9 -174.3 -178.0 -178.7
C8-C7-C4-C3 179.3(8) 134.4 138.4 139.5 139.0 112.0 110.5
C9-C8-C7-C4 54.1(1) 43.9 42.8 40.4 40.9 58.4 56.4
C10-N5-C4-C3 -58.0(9) 179.4 177.4 -180.0 179.2 -175.4 -172.4
C11-C7-C4-C3 -54.3(1) -102.9 -97.1 -95.0 -95.3 -124.1 -123.3
N12-C11-C7-C4 179.2(7) 69.0 169.1 167.2 167.5 61.1 171.7
C13-N12-C11-C7 123.9(1) -94.3 111.5 109.0 110.6 -138.5 105.8
C14-C13-N12-C11 -176.2(8) 178.1 -179.6 179.9 179.7 -178.1 -179.3
N15-C14-C13-N12 -0.53(1)) -0.2 0.1 0.1 0.1 0.0 0.0
N16-N15-C14-C13 0.72(1) -0.1 0.0 0.0 0.0 0.2 -0.1
C17-C-14-C13-N12 179.9(9) 179.6 -180.0 | -180.0 -179.9 -179.7 -179.8
C18-C17-C14-C13 -155.6(1) -177.9 179.9 179.6 179.3 179.7 -179.7
C19-C18-C17-C14 176.6(9) 180.0 -180.0 | -180.0 -180.0 180.0 179.8
C20-C19-C18-C17 -178.8(9) 0.0 0.0 0.0 0.0 0.0 0.0
C21-C20-C19-C18 -1.2(2) 0.0 0.0 0.0 0.0 0.0 0.0
C22-C17-C14-C13 21.6(1) 0.0 -0.1 -0.4 -0.7 0.0 0.0
023-C20-C19-C18 -178.7(9) -180.0 180.0 180.0 180.0 180.0 180.0
C24-023-C20-C19 175.0(2) 56.8 58.0 56.5 55.8 55.0 53.0

The configurations of the chiral centers C4 and C7 are correlated with the absolute in the crystal
structure of lupinin chloride [14]. From the obtained data it follows that the bond lengths and valence angles
in compound (1) are close to the usual ones [15].
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The conformations of the six-membered cycles N5, C1 ... C6 (A) and N5, C4 ... C10 (B) in the
quinolizidine framework in molecule (1) are close to the corresponding ones in the crystal structure of
lupinin [16,17] and are in a conformation close to a slightly distorted armchair. In molecule (1), the
orientation of the 1,2,3-triazole cycle is equatorial: torsion angle C7-C11-N12-N16 = 123.9°. The 1,2,3-
triazole and phenyl cycles are planar to within £0.013A. The angles between the planes of the triazole and
aryl substituents in crystal (1) are 23 and 21°, respectively. The geometrical characteristics of molecule 1
obtained from quantum-chemical calculations are close to the corresponding data of X-ray structural
analysis, which indicates the correctness of the calculated data.

To determine the most favorable conformational states of Molecule 1, a conformational analysis was
performed by rotation along the C11-N12 and C7-C11 labile bonds. The conformational states along these
bonds are shown in Figures 2 and 3, respectively.

AH, kJ/mole
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Fig.2. Dependence of the heat of formation on the confomation along the C11-N12 bond.
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Fig.3. Dependence of the heat of formation on the confomation along the C7-C11 bond.

From the analysis of the obtained data we can conclude that the free molecule 1 adopts the most
thermodynamically favourable conformational states (with the minimum electron energy of the molecule) at
values of the torsion angle C7-C11-N12-C13 equal to 100° and 280° with a barrier of 5 kJ/mol between
them. The conformation along the C7-C11 bond does not have a pronounced energy minimum in the 50-330°
range.The conformational mismatch along the N12-C13 bond in quantum chemical calculations and data of
X-ray structure analysis is probably due to the influence of intermolecular interactions of Molecule 1 in the
crystal. To determine the thermodynamic stability of Molecule 1, the heats of formation were calculated and
the results are presented in Table 4. The obtained negative values of the heats of formation indicate that
molecule 1 is thermodynamically stable.
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The reactivity of a molecule is characterized by the values and localization of the HOMO (highest
occupied molecular orbital) and LUMO (the lowest unoccupied molecular orbital) [18-20]. Reactivity
analysis based on boundary molecular orbitals showed that the localization of the HOMO and LUMO falls
on the 1-ethyl-4-(4-methoxyphenyl)-1H-1,2,3-triazole substituent at the C11 atom (Figure 4), thus
subsequent reactions of modification are expected to occur with the participation of the substituent. The
reactivity is also affected by the hardness/softness of the molecules [21].

Table 4. Energy characteristics of Molecule 1.

Basis 3-21 6-31 6-311** B3LYP/3-21 B3LYP6-311**
AH, Hartrey -1021.018 -1026.292 -1026.499 -1027.739 -1033.358
HOMO, eV -7.713 -1.740 -7.832 -5.409 -5.841
LUMO, eV 3.563 3411 3.169 -0.326 -0.919

1], eV 5.638 5.575 5.501 2.541 2.461

Knowing of the values of the HOMO and LUMO energies makes it possible to determine the
"hardness™ or "softness” of the studied molecules. The Pearson indices of "hardness m /softness S" of the
molecules can be calculated on the basis of the following calculation formulae:

N = (ELumo - Eromo)/2,

S =1/(2n) = 1/(E Lumo - E Homo)-

« @

@

o
b

J‘

2
J\‘\
"ﬂ
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"y
Fig.4. Localization of HOMO and LUMOinMolecule 1.

The application of the above formulae allowed us to show that all the studied molecular systems are
"hard" reagents, since they have an energy gap between HOMO and LUMO greater than 1 eV. The
calculated stiffness (1) shows that this molecule is quite rigid, indicating its low reactivity and high
electronic stability

4. Conclusion

The results of the conducted studies showed that the geometrical parameters are close to the standard
parameters. For the free molecule 1, two conformers with torsion angle values C7-C11-N12-C13 equal to
100° and 280° can be realized. The energy barrier between them is negligible and is equal to 5 kJ/mole. The
conformation along the C7-C11 bond does not have a pronounced energy minimum in the 50-330° range.

The orbital control data show that both HOMO and LUMO are almost completely centered on the 1-
ethyl-4-(4-methoxyphenyl)-1H-1,2,3-triazole substituent at the C11 atom, indicating that this substituent can
act as both an electron donor and acceptor in the following reactions. Thus, the established quantum-
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chemical properties can be the basis for further synthesis and the search for new drugs based on quinolizidine
derivatives.
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EFFECT OF THE CONCENTRATION OF SILVER NANOPARTICLES
ON THE PHOTOCATALYTIC ACTIVITY OF TITANIUM DIOXIDE
NANORODS

Kayumova A.S.,Serikov T.M.*, Omarova G.S.,Dzhakupova M.S.

Karaganda Buketov University, Karaganda, Kazakhstan, serikov-timur@mail.ru

In this paper the results of a study of the effect of the concentration of silver nanoparticles in films of titanium
dioxide nanorods on their photocatalytic activity are presented.Titanium dioxide nanorods with a rutile structure
was obtained usingthe method of hydrothermal synthesis. Due tochanging with the amount of substance of the
transition metal silver salt (AgNO3) and chemical reduction on the surface of the titanium dioxide nanorods, Ag
nanoparticles of different concentrations were obtained. The photocatalytic activity of the samples was assessed
by the amount of photocurrent obtained from a unit of film surface and photodegradation of methylene blue dye
when illuminating the surface with a light source of a Xenon lamp. Surface morphologies and energy dispersive
X-ray studies showed that Ag nanoparticles were uniformly distributed and anchored on the titanium dioxide
nanorods surface.

Keywords: nanorods, titanium dioxide, silver nanoparticles, Ag, photocatalysis.
1. Introduction

Titanium dioxideTiO, is one of the most researched and widely used materials for water purification,
air purification, hydrogen production and solar cells due to its many advantages and unique physical and
chemical properties [1-4]:

1. Low cost: TiO, is cheap and readily available, making it attractive for mass production.

2. Chemical stability: TiO, is chemically stable and does not degrade in aggressive environments,
which allows it to be used in various conditions.

3. Suitable zone position: TiO, zones are suitable for inducing oxidation and reduction reactions,
making it effective for a variety of catalyst processes.

4. Non-toxic and biocompatible: TiO, is a non-toxic and biocompatible material, which is important for
medical and biological applications.

5. Possibility of controlling the geometric structure, depending on the synthesis method, for example
nanorods, nanotubes, nanofilaments and TiO, nanoparticles [5-9].

However, despite the many structures, TiO, has two main disadvantages: firstly, it can only absorb
ultraviolet radiation due to its wide band gap (~3.2 eV), secondly, its high photogenerated carrier
recombination rate leads to low quantum efficiency [10, 11].

Among the variety of nanostructures, titanium dioxide nanorods (TNR) are the most promising because
they have one-dimensional electron transport, high specific surface area and high crystallinity [12-14]. At the
same time, the possibility of using one-dimensional electron transport will make it possible to somehow
reduce the recombination rate of photogenerated TNR charge carriers, but the problem of the absorption
capacity of only the ultraviolet region has not yet been resolved.

The spectral sensitivity of TNR in the visible range can be expanded by adding noble metal
nanoparticles [15, 16], sensitization with dye molecules [17], and adding nanomaterials with lower band gap
energy [18-20]. The introduction of Ag nanoparticles into the TiO, structure is an effective method for
improving its photocatalytic properties. The introduction of Ag nanoparticles into TiO, is an effective
method for improving its photocatalytic properties. On the one hand, a Schottky barrier can form between
TiO, and Ag nanoparticles [21, 22], restraining the reverse current of injected electrons from TiO, to Ag and
thereby suppressing the recombination of electron-hole pairs.On the other hand, Ag nanoparticles generate
localized surface plasmon resonance (LSPR) effect under visible light, and excited hot electrons can be
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injected onto the TiO, surface [23, 24].Thus, the performance of TiO, /Ag composite is superior to that of
TiO; [25]. Despite the huge number of published works on the photocatalytic activity of TNR and the use of
LSPR in these processes, there is no information on the optimal concentration of Ag nanoparticles on the
surface of TiO, nanorods obtained by chemical method.

The purpose of this work is to determine the optimal concentration of Ag nanoparticles on the surface
of TNR films at which the best photocatalytic activity will be observed.

2. Experimental part

TNRs are synthesized by hydrothermal synthesis. Cleaned fluorine-doped tin oxide(FTO) substrates
were prepared from a solution containing 7.5 ml - of deionized water, 7.5 ml of hydrochloric acid, and 0.25
ml of titanium butoxide C1gHs604Ti - in a 25 ml fluoroplastic embedded stainless steel tube was placed in an
autoclave. The solution was kept in a furnace for 6 hours at a temperature of 180°C. The samples were then
removed and washed with deionized water. To improve crystallization and remove synthesis byproducts, the
nanorods films were heated in a high temperature oven at 500°C for 2 hours.

Ag nanoparticles were prepared by chemical deposition method. 0.2 g of polyvinylpyrrolidone was
added to 40 ml of H,O and C,HsO, (1:1% by volume), then 2 mmol of NaBH, was added to the solution
mixture with vigorous stirring. The resulting mixture was stirred for about 5 minutes. Then 0.5, 0.75, 1 and2
mmol AgNO; were added at different concentrations. Substrates containing TNR were dipped upwards into
the bottom of the dish and kept in an oven at 70°C for 2 minutes. The sample was then washed with
deionized water and dried at room temperature.

Using a scanning electron microscope Mira 3MLU from Tescan at a voltage of 20 kV, a study of
surface morphology, energy dispersive X-ray analysis (EDX) analysis and distribution of elements on the
surface was carried out.Spectrophotometric measurements were carried out on a Solar CM 2203 scanning
spectrophotometer (Solar) in the wavelength range 190-750 nm.

The resistance of the films was determined using impedance spectroscopy. For this purpose, the
working electrode (test samples) and the counter electrode made of Pt (Platisol T/SP, Solaronix) deposited
on FTO were glued together with a polymer film 25 um thick (Melotonix, Solaronix).lodide/triiodide
electrolyte (lodolyte Z-150, Solaronix) was used as the electrolyte.

The photocatalytic activity of the samples was assessed by measuring the photoinduced current with an
illuminated area of 1 cm? in a standard three-electrode cell using a CS350 potentiostat/galvanostat with a
built-in EIS analyzer (Corrtest Instruments, China). Platinum foil served as the counter electrode, and an
AgCl electrode was used as the reference electrode. The measurements were carried out in a 0.1 mmol
NaOH electrolyte in a specially manufactured photoelectrochemical cell with a quartz window. In addition,
the photoactivity of the films was assessed by the photodegradation of the dye methylene blue (MB), which
is used as a model pollutant. The radiation source used in the experiments was a xenon lamp with a power of
300 W/cm?® (Newport, USA).

3. Results and discussion

Figure 1 shows micrographs of the surface morphology of the TNR film before and after deposition of
Ag nanoparticles. From Figure 1a, it can be seen that hydrothermal synthesis produces titanium dioxide
nanorods on the surface of the FTO substrate, predominantly perpendicular to the substrate surface. The
length of the nanorods is about 1.48 pm, the average diameter of the nanorods is 50-60 nm. Chemical
reduction of silver nitrate resulted in the formation of Ag nanoparticles on the surface of TNR (see Figure 1
b, c, d and f). The deposited Ag nanoparticles are uniformly distributed over the entire surface of the samples
and envelop the walls of the TNR films, thereby creating roughness. It can be seen from the figures that with
an increase in the concentration of AgNO; from 0.5 to 2 mmol used in reduction, the number of Ag
nanoparticles increases.

This is especially noticeable from Figure 1d and 1f, where the concentration is 1 and 2 mmol. At the
same time, the number of Ag nanoparticles is so large that the presence of TNR underneath is practically
invisible. The sizes of silver nanoparticles were measured using the dynamic light scattering method on a
Zetasizer Nano ZS. For this purpose, solutions were used from which Ag nanoparticles were deposited. It
was found that the average diameter of nanoparticles is 25-30 nm, which is also confirmed by SEM image
processing.
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Fig.1.SEM images of the TNR surface before and after Ag deposition:

a) TNR; b) TNR/Ag_0.5 mmol; ¢) TNR/Ag_0.75 mmol; d) TNR/Ag_1 mmol; ) TNR/Ag_2 mmol; f) Diameter
of nanoparticles measured on Zetasizer Nano

Surface mapping and EDX spectrum of TNR doped with Ag nanoparticles of different concentrations
are presented in Figure 2.In all samples, 5 elements were identified, such as Ti, O, Ag, Na and Si. The
elements Ti and O belong to the titanium dioxide nanorods that form the basis of the film, so its percentage is
much higher than the others. The presence of peaks in the energy ranges from 3.4 to 4 keV and 1.8 keV, 1
keV correspond to the peaks of Sn, Si and Na, respectively, which belong to the FTO substrates. Peaks in the
3 keV region correspond to Ag nanoparticles.

Five spectra were taken from the surface of each sample: at the center and at the corners. The inset in
Figure 2 shows the content of elements (in percentage) relative to the entire total spectrum of the map. From
the data obtained, it is clear that with an increase in the amount of silver transition metal salt (AgNO3) used
in chemical reduction, the concentration of reduced Ag nanoparticles on the TNR surface increases. Thus,
with an amount of substance of 0.5 mmol AgNOj3, the proportion of Ag nanoparticles relative to the entire
total spectrum was 2.3%, for 0.75, 1 and 2 mmol it was 2.8, 6.5 and 6.8%, respectively.

The normalized absorption spectra of the samples are presented in Figure 3. From the absorption
spectra presented in Figure 3 it is clear that doping Ag NPs significantly expands the absorption spectrum of
the photocatalyst relative to undoped TiO,. The absorption peak of silver nanoparticles in the spectrum is
located in the range of 410-420 nm. The introduction of Ag nanoparticles into TNR structures leads to an
expansion of spectral sensitivity in the visible range.

This is confirmed by the pronounced small peaks of Ag nanoparticles in TNR/Ag nanocomposite
materials in the region of 420-480 nm. In addition, TNR/Ag nanocomposites effectively absorb light in the
ultraviolet region of the spectrum.
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The photocatalytic activity of the samples was assessed by the decomposition reaction of the dye
methylene blue (MB) and it is a model pollutant. The process of photocatalytic oxidation is as follows: after
irradiation and excitation of electrons from the valence band of the photocatalyst, photogenerated holes can
directly oxidize the dye to a reactive intermediate (reaction 1) or lead to the formation of highly reactive
oxidative hydroxyl radicals (OHe), leading to degradation and discoloration dye (reactions 2 and 3).

TNR/Ag+hv — TNR/Ag (e +hs") (reaction 1)
or

he +MB — MB*— dye oxidation (reaction 2)
or

he' +H,O(OH ) — OH+H
OH+MB—CO,+H,0 (reaction 3)

The initial concentration of the MB dye was 10 ° mol/L.Before the experiment, the samples were kept in
a different solution of the MB dye for 8 hours to eliminate errors associated with the adsorption of the dye on
its surface. The original optical density of the MB dye was 0.55 at the wavelength of its 662 nm absorption
maximum and was obtained per unit.

An example of the degradation process of the MV dye and its assessment by optical density are
presented in Figure 4a. From this figure it can be seen that with an increase in the duration of radiation, the
optical density of the dye decreases, which leads to its discoloration and degradation of molecules. Further,
at the absorption peak of 662 nm, a change in the absorbance of the MB dye was observed in the presence of
TNR and TNR/Ag films with different silver concentrations. The curves for changes in optical density or dye
concentration in the absence and presence of nanocomposite films are presented in Figure 4b. From the
presented data it is clear that during long-term irradiation of the dye without immersed films, its degradation
is insignificant and amounts to only 7%. In the presence of the film formed by TNR, the degradation rate
increased significantly and reached 40% in 180 minutes of radiation. In the presence of TNR films with
condemned Ag nanoparticles, the rate of dye degradation increased. Thus, when using a TNR/Ag film with
an amount of reduced silver nitrate of 0.5 mmol, the degradation was 48%, and for 0.75, 1 and 2 mmol it was
60, 81 and 70%, respectively (see Fig. 4b) for a similar irradiation time.

Also, the photocatalytic activity of the samples was assessed by the photocurrent response when
irradiated with artificial sunlight with periodic switching on and off of the light. In the absence of
illumination, the photocurrent of the samples is zero; when the light was turned on, the photocurrent density
instantly increased for all samples. It can be seen from Figure 4c that the maximum photocurrent value under
light illumination for the TNR/Ag_Immol sample is 890 pA/cm? and is the highest among all samples. It is
clear from the data that with an increase in the amount of reduced AgNO; and, accordingly, reduced Ag
nanoparticles on the surface, TNR first increases the photocurrent density and then decreases, indicating the
presence of an optimal concentration.

Figure 4d shows the impedance hodographs in the Nyquist coordinates for all the samples under study.
According to the godograph M. Adachi, M. Sakamoto, J. Jiu, et al. according to the methodology proposed
in his works, the main electrical transfer properties of films were calculated [26]. The electron transport
resistance in the R,, nanocomposite and the Ry charge transport resistance will directly depend on the number
of electrons coming from the number of free electrons. The charge transfer resistance Ry of TNR/Ag films at
a concentration of 1 mmol is 2.5 times less than in a film with a concentration of 0.5 mmol and is 1748 Ohm
and 685 Ohm. Effective electron lifetime t.zin films and nanocomposite materials. According to the results
obtained, the duration of the effective lifetime of an electron in a sample with a concentration of 1 mmol is
also 2 times less than the other samples. As the silver concentration increases, the effective lifetime of an
electron in the sample increases. Long electron lifetimes increase the probability of electron recombination.
Ag on the surface of TNR can resist oxidizing agents from solution or, conversely, are oxidized, since silver
is a strong oxidizing agent. Unlike other noble metals such as Pt or Au, when Ag nanoparticles are combined
with TNR, the Fermi level of the metal is located near the conduction band of TiO,, and a Schottky barrier
cannot be formed.
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Fig. 4. Photocatalytic properties of TNR/Ag films at different concentrations.

Therefore, electrons can flow in both directions, allowing holes to be effectively captured by the silver
particle. Researchers presented possible mechanisms of decomposition of various substances on the surface
of TiO, at different concentrations of silver nanoparticles [27]. However, they used TiO, in nanoparticle
form. The increase in photocatalytic activity of TNR in the presence of Ag may be due to the unusual
electronic properties of silver and hot electrons, which are efficiently transferred to the conduction band of
TiO, and participate in photochemical reactions. The results obtained can be useful in creating effective
photocatalysts for wastewater treatment and water splitting to produce hydrogen gas.

4. Conclusions

Thus, the work compares TiO, nanorods with a rutile structure, which were used to create composite
materials with different concentrations of AgNO;. From the results of the study, we can see that as the
concentration of AgNO; increases, its photocatalytic activity also increases. As the concentration of Ag
nanoparticles on the TNR surface increases to 1 mmol, the photocatalytic activity increases and then
decreases at 2 mmol, indicating the presence of an optimal concentration.The photocurrent density generated
by a TNR film with a concentration of Ag nanoparticles of 1 mmol is 10 and 1.4 times higher than 0.5 mmol
and 2 mmol, respectively. In the presence of a TNR film with a concentration of Ag nanoparticles of 1
mmol, the degradation of the dye reached 71%, which is 1.7 times higher than without Ag nanoparticles. The
resistance of TNR/Ag films at a concentration of 1 mmol is 2.5 times less than that of a film with a
concentration of 0.5 mmol.
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This paper describes the development of a heat pump and adsorption system that incorpo-rates a
recuperator. A theoretical model is developed to analyze the system's operation numeri-cally. The study includes a
numerical analysis of the thermodynamic efficiency, an examination of the changes in air parameters at different
points in the system, an investigation of the impact of variations in temperature and relative humidity of the
surrounding air, and also an analysis of the effect of the regeneration air temperature on the system's
performance. Graphical representations of the system's efficiency are generated by modifying the parameters of
the outside air and the re-generation air temperature following the heat pump condenser. The study also explores
the in-fluence of the recuperator's efficiency on the overall energy efficiency of the system. The results
demonstrate that this advanced system significantly reduces the specific electrical energy con-sumption for air
drying compared to systems lacking a recuperator or a recuperator and a heat pump, regardless of the outdoor
air parameters.

Keywords: protection of metal equipment from corrosion, conservation of energy equipment, air drying, adsorption
dryer, heat pump, heat recovery.

1. Introduction

The prevention of corrosion in metal structures is a pressing concern within the contemporary energy
industry. The detrimental effects of corrosion contribute significantly to emergency incidents and financial
expenses using energy equioment which is exploited at the high temperatures and pressures. It is crucial to
address corrosion in order to mitigate the risk of equipment failure, as any component affected by corrosion
has the potential to jeopardize the entire system's integrity.

In today's operating conditions, power equipment operates intermittently, experiencing extended
periods of inactivity. During these downtime periods, it is crucial to protect the equipment from the adverse
effects of corrosion, which poses the greatest risk. Without proper preservation measures, the equipment's
lifespan is shortened, resulting in increased financial expenses for repairs and depreciation charges [1].

The presence of moisture in the air acts as the primary catalyst for the corrosion process, with higher
relative humidity accelerating the deterioration of metal components in equipment [2]. However, when the
relative air humidity is low (below 40 %), corrosion processes nearly come to a halt, preserving the integrity
of the metal. Therefore, to effectively preserve power equipment, it is essential to maintain the relative
humidity of the air in contact with the metal below 40 %. [3].

There are many ways of dehumidifying the air, which have different physics of the process. The main
methods of air drying include: condensation, adsorption, absorption and membrane methods [4].

In work [5] the development and analysis of the operation of adsorption air drying systems with an
electric regeneration air heater and an already improved system of heat pump adsorption air drying, where
the heat pump unit uses the heat of the exhaust regeneration air in the evaporator of the heat pump to heat
fresh regeneration air in the condenser.

The purpose of the work is to increase the energy efficiency of the air-drying scheme by combining a
heat pump-adsorption air drying unit with a recuperator for the preliminary utilization of the heat of the
exhaust regeneration air after the adsorption rotor. These actions are caused by high costs of electricity for
heating the regeneration air in ordinary adsorption dryers, which increases the financial costs of withdrawing
energy equipment into reserve.
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2. Description of the operation of the scheme

The adsorption dehumidifier operates based on the characteristic of silica gel to absorb moisture from
the air within a moderate temperature range (-40°C to +40°C) and release the adsorbed moisture when
exposed to hot regeneration air (+60°C to +150°C). To ensure a continuous process of drying the working air
and regenerating the adsorbent, a specially designed rotor is employed (see Figure 1). This rotor features a
honeycomb structure, which maximizes the contact surface area and facilitates the airflow through the silica
gel volume. The rotor is divided into two zones, with a ratio of 1 to 3. The larger zone is dedicated to the
passage of the working air, where drying and heating take place, while the preheated regeneration air flows
through the smaller zone [6]. In this smaller zone, moisture is evaporated from the rotor, resulting in
humidification and cooling of the regeneration air. Fig. 2 depicts a heat pump-adsorption system with a
recuperator for energy conservation in equipment.
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Fig.1. The principle of operation of the adsorption dehumidifier.
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Fig.2. Schematic diagram of a heat pump-adsorption air drying scheme using a recuperator:
C — HP condenser; EV — HP evaporator; EC — compressor; AR — adsorption rotor; MC - mixing chamber; R —
recuperator; CE is a canning facility.
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This system incorporates a silica gel adsorption rotor to achieve thorough air drying for preservation
purposes. The system also utilizes a heat pump and recuperator to efficiently heat and regenerate the air, with
a portion of the regeneration air being recirculated. This recirculation process results in substantial energy
savings compared to electric heating methods. The operational principle of the system can be described as
follows: The upper section of the diagram illustrates the canning object (CE), from which moist air (working
air) is directed into the adsorption rotor. Inside the rotor, the air is heated, dried, and then returns to the
canning object with a temperature of t; and moisture content of d,.

In the lower part of the diagram, the scheme illustrates the preparation, supply, and removal of
regeneration air from the rotor. Simultaneously, external air (0) with a temperature of to, moisture content of
do, and mass flow rate of Gq is drawn from the surrounding environment and directed into the mixing
chamber. In the mixing chamber, it combines with recirculated regeneration air (7), which emerges from the
heat pump evaporator with a temperature of t;, moisture content of d-, and a mass flow rate of G,.

Once mixed, the air mixture (8) passes through the recuperator, where it is heated to a temperature of tg
(9), before entering the heat pump condenser. Inside the condenser, the air mixture is further heated to a
temperature of t; (3) and then directed into the rotor for regeneration, allowing the removal of adsorbed
moisture. While passing through the rotor, the regeneration air undergoes cooling and humidification.

After leaving the rotor, the regenerated air (4) with a temperature of t, and moisture content of d, goes
through the recuperator, where it cools down to a temperature of t5 and moisture content of ds. Subsequently,
it splits into two streams: one is discharged into the environment (10), while the other is routed through the
heat pump evaporator (6), where it undergoes cooling and partial drying. Finally, it returns to the mixing
chamber, where it mixes with fresh air.

hA

2 P
153 :
:
| i =100%
] e (©=100%
t[ 1 N
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I ]
; ! :
1 ' .
' ' X N -
4 d d do ds dz dsds a
Fig.3. The process of drying the working air when Fig. 4. The process of preparing and changing of regeneration
passing through the adsorption rotor. air when passing through the adsorption rotor, HP and
recuperator.

Figures 3 and 4 present the working processes of drying the working air and changing the state of the
regeneration air in the elements of the heat pump-adsorption installation using a recuperator in the hd
diagram of moist air.

3. Thermodynamic analysis of scheme efficiency

The efficiency analysis of the system can be conducted by examining the thermodynamic state of the
adsorption rotor's regeneration scheme. This analysis relies on determining the parameters at key points
within the scheme. These parameters include the temperature and humidity of the regeneration air after the
evaporator, both at the entrance and exit of the mixing chamber, as well as at the exit of the adsorption rotor
or the entrance of the heat pump evaporator. Additionally, the airflow of ambient air and the recirculation air
entering the evaporator are also essential unknowns. The relationships governing these parameters can be
derived from heat and material balance equations for individual elements and the entire system.
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Considering the moisture evaporation process in the rotor as isoenthalpic, where the enthalpies h3 and
h4 are equal, the overall heat balance equation for the heat pump-adsorption air drying system (with the
enthalpy of the condensate after the heat pump evaporator neglected) can be written as

QO + Lec = Qex’ (1)

where Q, is the heat flow supplied to the system with fresh air, kW;
Lec- heat pump compressor drive power, kW;
Qex - heat flow discharged into the environment with exhaust air, KW,
or in more detail in the form

Ghy +-22 _Gh,. 2)
p-1

where Q. is the heat flow removed from the recirculation air in the evaporator, kW;
G, — consumption of fresh air, kg d.a./h;
h4- enthalpy of regeneration air after the adsorption rotor, kJ/kg d.a.;
ho- enthalpy of fresh air, ki/kg d.a.;
¢ isthe HP transformation coefficient.
The effective coefficient of heat transformation of the heat pump is defined as:

Q=0 Myp, (3)
where nyp IS the loss coefficient, which takes into account the real processes carried out by the working body
in HP, which, according to a number of sources, can vary in the range of 0.6...0.8 (we assume nyp = 0.6);

or is the theoretical coefficient of transformation of HP.

The coefficient of heat transformation of the ideal Carnot cycle ¢ taking into account thermal
irreversibility in the evaporator and condenser HP is determined by the ratio

_ 1 _ 1 (@)
Pr T T 23t Aty
LG 273+t + At,

where T'gy HP _ the absolute temperature of evaporation of the refrigerant in the HP evaporator, K;

Tc HP _ the absolute temperature of condensation of the refrigerant in the condenser HP, K;

t;— the temperature of the exhaust air at the outlet of the HP evaporator, °C;

t;— air temperature at the outlet of the condenser HP, °C;

Ate, — temperature difference between the flows of exhaust air and refrigerant at the outlet of the HP
evaporator, °C;

At. is the temperature difference between the refrigerant and regenerative air flows at the outlet of the
HP condenser, °C.

Numerical values of temperature differences in the condenser and evaporator of HP are given in the
literature. According to [7], Atey = At, = 10°C can be taken for the "air-air" HP type for the evaporator and
condenser.

Taking into account the expression for the heat flow of the HP evaporator

Qny =G, (h, —hy) (5)
and material balance equations for the dry air of the mixing chamber

G, +G,. =G, , (6)
where hy is the enthalpy of recirculation air after the evaporator, kJ/kg d.a.,

G,— consumption of air recirculation flow, kg d.a./h,
G,— consumption of regenerative air flow, kg d.a./h,
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equation (2) after transformations can be written in the form

h. —h
5—17 = (1_K)(h5 - ho)
Q- , O
where K is the coefficient of recirculation of regenerative air K= G,/ G,.

Then, from equation (7) we get the expression for the regeneration air recirculation coefficient

K

1
(hs — h7) +
(p—D(hs —hy) 8

Other parameters of the system will be determined from the material and heat balances of individual
elements of the scheme. At the same time, from the equation of the thermal balance of HP

K =

QE\' + LBG = QC’ (9)

which can be represented as

Grc(hG_h7) :Gr(hs_hg) , (10)
¢-1 @
we get the formula for the air enthalpy at the outlet of the HP evaporator
- -1
AL Tl U e (11)
K¢

The enthalpy of the air mixture after mixing recirculation and fresh air in the mixing chamber is
determined from the equation of the heat balance of the mixing chamber

G,h +G.h, =G.h, (12)
where

hg =(1-K)h, +Kh, (13)

From the material balance of the adsorption rotor

G,(d,—d;))=G,(d, —d,), (14)

where Gy is the flow of air that is dried and is a preservative agent, kg d.a./h, and dy, d,, ds, d4 are the
moisture content of the air at the corresponding points of the diagram, we will get the expression for the
moisture content of the discharge air

d, =d,+29(d, —d,). (15)
Gr
From the equation of the material moisture balance for the mixing chamber

G d,+G, d, =G d, (16)

we get an expression for the moisture content of the air at the outlet of the HP evaporator
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d, — (1 K)d,
" .
Knowing d;, we can obtain the air temperature at the outlet of the HP evaporator from the interpolation
equation on the saturation line (¢=100%) on the hd diagram of moist air [8]

d, = (17)

t, =14,752In(d,) —18.929 (18)
Since d; = dg, we can determine

d, = Kd, +(1— K)d, . (19)

According to (18), we determine ts, and accordingly based on the efficiency of the recuperator 77, ,
which lies within 0...1, we can determine the regeneration air temperature tq

L=t + 7. (1, —1). (20)
Having determined tg and calculated the enthalpy hg, we can determine the enthalpy of regeneration air
after cooling in the recuperator hs

hy=h, —(h, —hg) 1)
The numerical implementation of the above system of equations for air parameters at the nodal points

of the system allows to determine the energy efficiency of the use of the heat pump in the rotor regeneration
system by the usual ratio of the useful effect of the circuit to the energy spent on the HP compressor drive

Q
n=-—=, (22)
Lec
where 77 - coefficient of energy efficiency of the scheme.
Defining the useful effect as the heat flux used to evaporate moisture from the adsorption rotor,

according to Eq.

Qus = Gr (d4 _ds)r(t) ) (23)
where r(t) - the latent heat of water vaporization, and the power of the HP compressor drive according to the
equation

L =G-h) (24)
(p-1)
we will get the final expression for the coefficient of energy efficiency of the scheme in the form
_ (d, —d)r()(e; -1
R(hs - h7) (25)

4. Computational analysis of the system

By employing the method of successive approximations and utilizing equations (3), (4), (8), (11), (13),
(15), (17), (18), (20), (21), and (25), a numerical analysis of the system can be conducted. This analysis
allows for the assessment of how specified variables (such as the temperature and relative humidity of the
outside air, temperature, and moisture content of the regeneration air before the adsorption rotor, and the
efficiency of the recuperator) impact the performance characteristics of individual elements (such as the
exhaust air recirculation coefficient and the heat pump transformation coefficient), as well as the overall
energy efficiency of the heat pump-adsorption air drying system with a recuperator.

The parameters and operating ranges were chosen with the same constraints as in previous publication
[5]. Figure 5 illustrates the graphical relationship between the recirculation coefficient and the outside air
temperature, considering the efficiency of the recuperator.
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Fig. 5. Dependence of the recirculation coefficient on the fresh air temperature of the recuperator efficiency
coefficient at a regeneration air temperature of 60 C: 1- Nrec =0.8; 2- Nree =0.6; 3- Mrec =0.4; 4- Myec =0.2;
5- a system with a heat pump but without a recuperator.

The results demonstrate that at fresh air temperatures ranging from 0°C to 25°C, the recirculation
coefficient in a system with a recuperator surpasses that of a system without a recuperator.

However, at higher temperatures, the recirculation coefficient declines more rapidly in a system with a
recuperator compared to a system without one. Figure 6 shows graphical dependences of the overall energy
efficiency coefficient of a system with a heat pump and recuperator, a system with only a heat pump, without
a recuperator, and a system with an electric heater at different temperatures of regenerative air.
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Fig.6. Dependence of the energy efficiency coefficient n on the temperature of fresh air and the temperature
of regeneration air at 1. =0.6: 1- t, =60°C; 2- t, =65°C; 3- t, =70°C; and without recuperator:
4 —t,=60°C; 4 —t, =65°C; 4 —t, =70°C.

In fig. 7 shows graphical dependences of the overall energy efficiency coefficient of a system with a

heat pump and recuperator, a system with only a heat pump, without a recuperator, and a system with an
electric heater.
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Fig.7. Dependence of the coefficient of energy efficiency n on the temperature of fresh air and the
coefficient of efficiency of the recuperator at the temperature of regeneration air 60 °c: 1- Nrec =0.8; 2- Myec =0.6;
3- Nrec =0.4; 4- nree =0.2; 5- a system with a heat pump but without a recuperator; 6- system without a heat pump.

It can be seen from the given graph that the energy efficiency of a system with a heat pump is 2.5-3.6
times higher than a system with an electric heater, and a system with a heat pump and recuperator can have
an energy efficiency up to 6 times higher than a standard scheme with an electric heater. and 1.8 times higher
energy efficiency than a scheme with a heat pump without a recuperator.

5. Conclusions

1. The combined use of an adsorption dehumidifier and a heat pump is a much more energy-efficient
solution than the use of an adsorption dehumidifier with an electric heater, and the use of a heat pump with a
recuperator in the system additionally increases the overall energy efficiency of the air drying process.

2. The overall energy efficiency of the considered air drying system largely depends on the coefficient
of efficiency of the recuperator itself, and therefore the issue of selecting the type of recuperator requires
special attention.

3. At the temperature of the regeneration air before the heat pump 60 °C and increasing the efficiency
of the recuperator to the 7,..=0,8, the specific external energy consumption for air drying can be reduced by
1.8 times compared to the heat pump scheme without a recuperator and up to 6 times compared to the basic
scheme without a heat pump and recuperator.
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The research involved conducting resource tests on two experimental water-cooled technological channels
(WCTCs) utilizing low-enriched uranium (LEU) fuel within the IVG1.M research reactor. This testing was a
crucial step in the reactor's conversion from highly enriched uranium (HEU) fuel to LEU. The research focused
on two key parameters, namely the specific activity and the relative release of fission products (FPs) into the
coolant, to evaluate the tightness of the fuel element cladding. A gamma-spectrometric sampling method was
proposed to determine the relative release of FPs, which involved assessing the specific activity of the coolant,
calculating the release rate (Release), the born rate (Born), and the R/B ratio of FPs. Comparative gamma-
spectrometric measurements were conducted to analyze the content of FPs and activation products (AP) in the
coolant of WCTCs utilizing both LEU and HEU during the tests. From the comprehensive list of detected
radionuclides in the IVG.1IM reactor coolant, well-identified reference radionuclides recommended for
monitoring fuel element cladding tightness were carefully selected. The results of the study provided insights into
the specific activity and relative release of FPs, demonstrating that quantitative values for the relative release of
FPs from WCTCs using LEU and HEU fuel were comparable.

Keywords: coolant, fuel element, fuel element cladding, fission products, relative release of fission products,
gamma-spectrometry

1. Introduction

One of the requirements for fuel elements developed within the project's framework for converting the
IVG.1M research reactor to low-enriched uranium fuel is the value of the permissible release of fission
products (FP) from fuel elements into the coolant. Measuring the quantity and distribution of radioactive
isotopes in reactor fuel provides a wealth of information regarding fuel behavior. This data is invaluable for
studying the assessing fuel element performance during irradiation, and various aspects of nuclear fuel
safeguarding. Chemical analysis of spent fuel is laborious and time-consuming, often yielding incomplete
results. As a result, non-destructive techniques like passive and active neutron counting, calorimetric
measurements, and gamma spectroscopy studies are gaining importance. Among these techniques, gamma
scanning stands out as it is the sole non-destructive method for the quantitative measurement of gamma-
emitting fission or activation products in spent fuel [1].

A suitable method for power distribution determination in the reactor core based on measurement and
analysis of the short-living fission products in lightly irradiated fuel pins has been developed on the
experimental facility for gamma scanning at the LR-0 experimental reactor [2-4]. The analysis of fuel rod
failure character is the key to a real-time detection system for fuel rod failure in a pressurized water reactor
(PWR) of great significance for the safe operation of nuclear reactors [5,6].

A mathematical treatment has been developed to predict the release of volatile fission products from
operating defective nuclear fuel elements. [7-10] for type CANDU and LWR, WWER reactors.

For any nuclear reactor, the allowable release of fission products (FP) is determined with the objective
of ensuring the necessary level of operational safety. This determination hinges upon the effectiveness of
protective barriers against the propagation of radionuclides, as well as the reliability and accuracy of
methods used to monitor FP concentrations in the reactor coolant [11-16].

One practical approach to address the challenge of monitoring FP levels in a nuclear reactor's coolant
involves the implementation of Fuel Element Cladding Tightness Monitoring (CTM) systems. These systems
facilitate the timely identification of cladding damage in fuel elements when FP concentrations exceed
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established limits. They enable continuous monitoring of the situation's evolution and empower decision-
making regarding the continued operation of compromised elements [17].

In the context of the IVG.1M reactor, FP concentrations and APs in the coolant are monitored using the
CTM system. This system, established in 1990, serves as a critical component of the reactor's safety systems.

Between 2017 and 2019, the CTM system played a crucial role in verifying the cladding integrity of
experimental water-cooled technological channels with low-enriched uranium fuel (WCTC-LEU) during
their operational lifespan within the IVG.1M reactor [17].

This article focuses on the findings related to FP and AP concentrations in the coolant during the
IVG.1IM reactor startup. These measurements were comparative in nature, as samples of coolant were
extracted from individual cooling paths within two WCTC-LEU systems and standard water-cooled
technological channels with highly enriched uranium fuel (WCTC-HEU).

2. Material and methods

Within the framework of the accepted research procedure, the content of FPs and APs in the coolant
samples of the IVG.1M reactor was determined. Coolant samples were taken from the WCTCs-LEU cooling
paths loaded into cells No. 14 and 24 of the IVG.1M reactor core and from the WCTCs —HEU cooling paths
loaded into the remaining 28 cells of the reactor core (Fig. 1).

Fig. 1. The cartogram of the WCTC layout in the reactor core

The gamma spectra of the coolant samples were measured using an InSpector-2000 gamma
spectrometer with a GC1020 coaxial detector. The spectra were processed in the GENIE-2000 environment
and further analyzed using the IPF interactive peak fitting program. The values of the specific activity of AP
or FP in the coolant (A0) at the time of sampling were calculated using Formula (1):

AO =A (tl) : eXp(/ﬁitl) (1)

where:

A(tl) — represents the specific activity of AP (FP) at the time of measurement in Bg/I;

A — is the decay constant in s™;

t; — represents the time elapsed from sampling to the start of measuring coolant activity in seconds.

The degree of fuel element tightness is characterized by the relative release of FP, defined as the ratio of
the FP release rate into the coolant (R) to the rate of its creation (B). The creation rate of a B nuclide,
accounting for the formation of its predecessors, is calculated as shown in Formula (2):

B=P,-3,2-10%p (2)

where:
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P, — represents WCTC power in KW;

n — stands for the relative yield of this nuclide and its predecessors per fission of U in relative units;

3.2 * 10" - is the number of **U fissions required to release 1 kJ (for a reactor operating for a long time
at a constant power level).

The release rate of R radionuclides from FAs into the coolant per unit time is determined from their
measured specific activity A(t1) using Formula (3):

R Alt)-Q 107

- ©

where:

A(ty) — is the specific activity of FP during measurement in Bg/l;

Q. — is the coolant flow rate through the WCTC in g/s;

p — represents the coolant density in g/cm?, with p = 1 g/cm?;

A — is the decay constant of the measured nuclide in s™;

F —is a correction factor for decay from sampling to measurement (F = exp (A * t;) in relative units).

The relative yield of the i-th FP into the coolant (R/B) for each WCTC is determined as shown in
Formula (4):

_OA(t)-Q. 107

R/B) = 4
( ) P,-32:n-p-A-F ()

The average relative yield for m FP analytes of the j-th WCTC is calculated using Formula (5):

R/B,, =Y (R/B) /m ®)

i=1

The arithmetic means of the relative yield of activation products for the 28 standard WCTCs is
determined by Formula (6):

R/ B, :Z(R/B)j/n (6)
j=1
The root-mean-square deviation of the relative yield of FP for the 28 standard WCTCs is calculated

using Formula (7):
IR 7
= 1 0

3. Results

The results of gamma-spectrometric studies of the coolant of experimental and standard WCTC are
presented in [17]. Figure 2 shows a typical gamma spectrum for the 1VVG.1M reactor of the coolant sample
taken from the WCTC-LEU cooling path after the reactor was brought to a constant power level of 6 MW.

After sampling and subsequent measurements, Ar-41 was identified in the gamma radiation spectra of
the coolant. In contrast, the gamma radiation spectra of the WCTC-HEU coolant revealed the presence of AP
elements that are part of the AMg6 alloy. This alloy is used in the construction of the shell, end grids of the
fuel assemblies (FAs), and casing of standard WCTCs-HEU. It's worth noting that WCTC-LEU doesn't
contain any parts made of aluminum alloys, which explains the significantly lower activity levels of isotopes
Mg-27, Na-24, and Mn-56 in the WCTC-LEU coolant when compared to the WCTC-HEU coolant.
Weighted average values of specific activity of AP in the coolant at startup of the reactor IVG.1M are given
in Table 1.
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Table 2 summarizes the results of coolant samples analyzed during a typical reactor startup, providing
information on specific activity and the relative release of FPs.

Table 1. Weighted average values of the AP specific activity in the coolant at the start-up of the IVG.1M reactor.

Isotope-AP Ao, BY/l
WCTC-LEU #14 WCTC-HEU #18 WCTC-LEU #24 WCTC-HEU #22
Na-24 1.8E+03 5.9E+03 1.8E+03 6.9E+03
Ar-41 1.5E+04 1.4E+04 1.9E+04 2.3E+04
Mn-56 5.8E+04 9.2E+04 6.0E+04 1.0E+05
W-187 3.1E+03 5.4E+03 2.2E+03 6.9E+03
Mg-27 5.7E+04 4.1E+05 6.0E+04 5.7E+05

Table 2. Weighted average values of the relative release of FPs into the coolant at the start-up of the IVG.1M
reactor

Isotope - WCTC-LEU #14 WCTC-HEU #18 WCTC-LEU #24 WCTC-HEU #22

R/B, rel. R/B, rel. R/B, rel. R/B, rel.

FP . . . .
A(t), Bq/l uniits A(t), Bq/l uniits A(t), Bq/l uniits A(t), Bq/l uniits

Kr-85 1.4E+03 7.8E-07 4.0E+02 2.4E-07 2.0E+03 1.1E-06 8.5E+02 4.7E-07

Kr-87 6.1E+03 7.1E-07 1.8E+03 2.1E-07 1.1E+04 1.1E-06 4.3E+03 4.5E-07

Kr-88 5.4E+03 7.7E-07 1.1E+03 1.6E-07 8.2E+03 1.0E-06 3.3E+03 4.3E-07

Rb-89 1.5E+04 9.7E-07 4.9E+03 2.8E-07 3.2E+04 1.1E-06 9.5E+03 4.4E-07

Sr-92 4.0E+03 3.3E-07 1.9E+03 1.7E-07 4.0E+03 3.0E-07 2.2E+03 1.7E-07

Y-94 4.8E+03 2.1E-07 2.3E+03 9.1E-08 7.2E+03 1.9E-07 3.1E+03 1.0E-07

Tc-104 2.3E+03 3.5E-07 1.2E+03 1.7E-07 3.6E+03 3.2E-07 1.7E+03 2.0E-07

Te-131 3.1E+03 3.1E-07 1.2E+03 1.1E-07 3.2E+03 2.1E-07 1.8E+03 1.4E-07

1-133 8.3E+02 3.8E-07 5.1E+02 2.6E-07 1.4E+03 4.1E-07 8.4E+02 5.6E-08

1-134 6.6E+03 2.5E-07 1.6E+03 6.7E-08 4.0E+03 1.3E-07 3.1E+03 1.0E-07

Te-134 4.6E+03 1.6E-07 1.1E+03 3.7E-08 4.4E+03 1.2E-07 4.3E+02 3.8E-08

Cs-138 3.0E+04 1.1E-06 8.2E+03 3.0E-07 4.8E+04 1.3E-06 1.8E+04 5.5E-07

Xe-138 1.2E+04 6.4E-07 3.9E+03 1.7E-07 3.4E+04 9.2E-07 1.0E+04 3.3E-07

La-142 5.2E+03 2.9E-07 1.8E+03 1.1E-07 5.4E+03 2.6E-07 3.4E+03 1.7E-07

R/B 5.2E-07 1.7E-07 6.0E-07 2.6E-07

The outcomes of assessing the average relative release of FP for all 28 WCTC-HEU are graphically

represented in Fig.3.
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The same figure shows the results of R/B determination for two experimental WCTC-LEU averaged for
three experiments completing the IVG.1M reactor core operation with 90% enriched fuel. The dashed line in
the figure denotes the average relative FP release observed across these 28 WCTCs-HEU. Additionally, the
figure depicts the relative release results for two WCTCs-LEU. For the 28 WCTCs-HEU, the average value
of the relative release of FP into the coolant, as shown in Figure 3, amounted to 6.3 107, with a
corresponding standard deviation of 2.5 10™.

4. Discussion

The obtained results highlight the difference between the relative release of FP for the two experimental
WCTCs-LEU and the average relative FP release of standard WCTCs-HEU is within one standard deviation.
This observation leads to the conclusion that these parameters closely align, indicating that the quality of fuel
element cladding in WCTCs-LEU is comparable to that in WCTCs-HEU. Essentially, WCTCs-LEU exhibit
cladding tightness that is on par with the quality observed in fuel elements using high-enriched uranium.

During the analysis of the coolant spectra, the activity of fourteen FPs was determined, encompassing
various groups of chemical elements, including halogens, noble gases, alkali metals, metals, and non-metals.
Notably, specific radionuclide analytes were carefully chosen for exclusive content measurement in the
coolant. This selection enabled the comprehensive monitoring of fuel element cladding tightness concerning
the parameters of FP release into the coolant.

The criteria for selecting FP-analytes were based on the presence of prominent FP gamma lines in the
spectrum and the reliability of FP identification ensuring the absence of other competing lines near the
gamma line of interest. Equally significant was the capability of reliably identifying these FP analytes in the
spectra of coolant obtained from WCTCs with varying relative FP releases.

The analysis of measurement results emphasizes that the technique of experimental determination of FP
content in samples provides reliable control of fuel element cladding tightness. This technique allows to
effectively reduce the workload in the fuel element cladding tightness monitoring system (CTM) without
reducing the quality of this control.

5. Conclusion

In conclusion, based on the analysis of the results of measuring the release of fission products and
activation products into the coolant of the IVG.1M reactor during life tests of the WCTCs with LEU fuel, the
following conclusions can be drawn:

- the release of fission products from the WCTCs loaded with LEU is comparable to the release from
the WCTCs loaded with HEU. This indicates that the quality of the fuel element cladding with LEU fuel is
acceptable and is not different from the quality of fuel element cladding with HEU fuel in terms of fuel
tightness.

- the coolant of WCTCs-LEU contains significantly lower levels of Mg-27, Na-24, and Mn-56 isotopes
compared to the coolant of WCTCs-HEU. This reduction is due to the phased-out use of parts and
assemblies made of aluminum alloy AMg-6 in the structure of the WCTCs-LEU.

- the tightness of the fuel element cladding in the 1VG.1M reactor can be effectively monitored by
conducting exceptional measurements of analyte radionuclide content in the coolant. This method is
characterized by intense FP gamma lines and the absence of competing lines of other radionuclides nearby,
which enhances control efficiency and reduces operational intensity.
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ACCELERATED TESTING OF MECHANICAL AND CHEMICAL EFFECT
OF THE ENVIRONMENT ON WEAR RESISTANCE OF PARTS OF
TRIBOCOUPLES UNDER COMPLEX DYNAMIC LOADING
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The wear of tribocouplings parts under complex dynamic loading conditions is considered. A methodology
for accelerated testing of friction pairs under multi-component dynamic loading is offered. The designs stand for
modeling the processes of contact interaction, and studies of the wear resistance of tribocouplings, which operate
under complex dynamic loading conditions with various lubricating and cooling media, are presented. The results
of the impact assessment of mechanic and chemical transformations in the contact zone of tribological interfaces
for wear resistance according to the developed method are presented. The variable effectiveness evaluation of the
degradation influence products of macromolecular compounds in the composition of cutting fluid on wear
resistance of metals in the contact zone of tribocouplings are analysed. The use of the presented materials allows
rationally selecting friction pair materials for given operating conditions, developing new wear-resistant
materials and coatings, lubricant composition and cooling mediums.

Keywords: wear, complex loading, friction, stand, polymer.
1. Introduction

Metal deformation during friction with different loading schemes leads to structural rearrangements of
the surface layer, changes in the energy relief of the surface, which is inextricably linked with the wear
resistance of the tribocoupling. A promising direction for changing the loading conditions in the contact zone
and controlling the wear resistance of the tribocoupling is the use of lubricating and cooling technological
media of various characteristics.

From a physical point of view, the surface of metals is an atomic plane with an incomplete crystal
lattice, which leads to a high sorption activity of the surface layer. This, in particular, leads to the Rebinder
effect (external and internal), which consists in adsorption processes, primarily the plasticization of the metal
in the contact zone with the transfer of plastic deformations to a thin surface layer and the wedging action of
surfactants when they enter the cavity of surface cracks [1]. Various effects produced by the lubricating
medium on rubbing surfaces can lead to both an increase in the resistance of the material to destruction and
to the weakening of the material.

Multi-component loading initiates mechanic and chemical phenomena in the tribe-conjugation contact
zone. Mechanic and chemical transformations differ from other chemical reactions initiated by physical
methods in that they can develop at a relatively low average energy level per unit volume of matter. In
alternating mechanical fields, the efficiency of the mechanic and chemical process sharply increases with
increasing intensity of exposure and has the highest value under conditions of maximum concentration of
mechanical energy per unit volume of a substance per unit time [2-4].

When studying processes in the zone of contact interaction of solids, one usually encounters difficulties
associated with conflicting data on the wear resistance of tribocouplings and the impossibility of comparing
different research methods. A number of authors to a greater extent carried out studies of the wear resistance
of friction pairs using standard or modernized friction machines in the process of rolling or sliding samples.
The research results obtained in this case do not allow creating a picture of the wear process that corresponds
to the real process, since most of the tribocouplings operate under more complex loading conditions [5-7].
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2. Research method and experimental technique

Most of the tribocoupling parts of various machines and mechanisms are under three-component
dynamic loading during operation (shock and slip in two mutually perpendicular directions), due to
functional mutual movements in different directions, the presence of vibrations or their combinations. Their
wear resistance is significantly different from that which occurs under unidirectional or two-component
loading [8, 9].

Given the complexity of the phenomena occurring in the contact zone of tribocouplings, methods of
accelerated testing of friction pairs are of great importance, in which the necessary amount of information on
wear resistance is obtained in a shorter time. The most acceptable is the test method based on the simulation
of natural conditions on a special dynamic stand. In this case, the tests are carried out with a cyclically
changing amplitude of displacements, contact pressure, and temperature. This makes it possible to reproduce
test conditions for samples and full-scale parts close to operational ones, as well as to carry out programs of
accelerated wear resistance tests, conducting them, for example, in the most severe modes, or in modes
corresponding to the greatest accumulation of damage in the surface layer of rubbing parts [10 - 12].

A device for the study of friction with increased research productivity was developed. It allows testing
simultaneously two contact pairs of specimens under three-component loading conditions with the possibility
of providing the same contact load conditions, slipping in two mutually perpendicular directions and
supplying a liquid or gas lubricating-cooling technological medium to the contact zone. The device has one
holder with a fixed sample and two spring-loaded counter samples. The holder has the ability to move
relative to the ball bearing in two mutually perpendicular directions under the action of the units for setting
the transverse displacement, longitudinal displacement and impact energy. Variable loading conditions and
longitudinal displacement parameters are set using a conical eccentric (Fig. 1).

In this case, the three-component loading of samples (impact and slip in two mutually perpendicular
directions) is provided by the corresponding nodes. The energy (impulse) of impacts, as well as the
amplitude and frequency of slips in the plane of impact, is controlled by means of a conical eccentric, by
changing the rotational speed of the motor shaft, as well as by the springs of counter samples and the size of
the gaps between the sample and counter samples.

Fig.1. Scheme of the installation for studying the wear of a sample under complex three-component loading
with two contact pairs: 1 - ball bearing; 2 — counter sample; 3 - sample; 4 - holder; 5 - conical eccentric; 6 - spring;
7 - electric motor; 8 - flexible shaft; 9 — disc with unbalanced mass; 10 - guide; 11 - carriage; 12 - electric motor



Engineering 63

The relative motion of the sample and the counter-sample in two mutually perpendicular directions is
provided by one holder, which simplifies the design of the device and increases the constancy of contact
conditions. The use of two counter samples makes it possible to simultaneously study the wear of two
contact pairs from the same or different materials. Preliminarily, in the neutral position of the eccentric, its
conical surface is set, and in the process of wear studies, an equal gap is maintained between the sample and
the counter-sample to ensure the same contact conditions. The amplitude of slips in the direction
perpendicular to the plane of impacts is controlled by changing the position of the unbalanced mass relative
to the axis of its rotation, the frequency (speed) of slips is controlled by changing the speed of the motor
shaft.

The installation works as follows. In the neutral position of the eccentric 5, its conical surface sets an
equal gap between the sample 3 and the counter samples 2 to ensure the same contact conditions. The conical
eccentric 5 receives rotational motion from the electric motor 10 and carries out kinematic excitation of the
holder 4 with the sample 3, which leads to the collision of the sample 3 and the counter-samples 2 and their
slipping in the perpendicular direction to the collision plane due to the compression of the springs 6. The disk
with an unbalanced mass 9 has an adjustable unbalanced mass to the axis of its rotation and receives a
rotational movement from the electric motor 7, which leads to the movement of the holder 4 relative to the
ball supports 1 and slippage of samples in the direction opposite to the collision plane.

If it is necessary to evaluate the effect of shock loading separately on the wear resistance of
tribocouplings, a special setup was developed that allows testing two contact pairs of specimens
simultaneously under shock loading conditions while ensuring the same contact conditions. This is achieved
due to the fact that counter samples are installed with a gap relative to the sample in the device, the load
creation mechanism has a conical eccentric, and the variable loading conditions are set using the loading
creation mechanism and the registration and control system (Fig. 2).

Fig.2. Scheme of installation for studying the wear of a sample under shock loading with two contact pairs:
1 — counter sample; 2 - sample; 3 - holder; 4 - conical eccentric; 5 - guide; 6 - carriage; 7 - electric motor; 8 - hinged
support; 9 - spring; 10 - stepper motor; 11 - sensor; 12 - computer; 13 - analog-to-digital converter.
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Impact loading is provided by the mechanism for creating loading in the process of swinging the sample
holder relative to the hinged support due to the presence of gaps between the sample and the counter-sample.
The energy (impulse) of impacts, the amplitude and frequency of impacts are controlled by means of a
conical eccentric and by changing the rotational speed of the motor shaft, as well as by the size of the gaps
between the sample and counter samples. Preliminarily, in the neutral position of the eccentric, its conical
surface is set, and in the process of wear studies, an equal gap is maintained between the sample and the
counter-sample to ensure the same contact conditions.

The use of two counter samples makes it possible to simultaneously study the wear of two contact pairs
from the same or different materials. At the same time, in order to ensure the same contact conditions in the
process of research, the possible uneven wear of the contact pairs is compensated by maintaining the same
gap in the contact pairs. The same gap in the contact pairs is maintained by the registration and control
system, which includes two sensors for measuring the gaps. The signal from the sensors using an analog-to-
digital converter is recorded by a computer.

In the case of obtaining data on the difference in the size of the gaps, they are automatically corrected
by the stepper motor of the conical eccentric according to the program from the computer. The installation
works as follows. In the neutral position of the eccentric 4, its conical surface sets an equal gap between the
sample 2 and the counter-samples 1 to ensure the same impact contact conditions. The conical eccentric 4
receives a rotational movement from the electric motor 7 and performs kinematic excitation of the holder 3
with the sample 2, which leads to the collision of the sample 2 and counter samples 1. In the process of
research, two sensors 11 measure the gaps. The signal from the sensors using an analog-to-digital converter
13 is recorded by the computer 12. If differences in the gaps are determined, they are corrected by the
stepper motor 10 of the conical eccentric.

3. Results and discussion

To check the degree of influence of mechanic and chemical transformations on wear resistance,
according to the considered research method, a comparative assessment of the change in the intensity of wear
of the samples was carried out when the polymer was introduced into the contact zone [13].

The wear intensity of 40Kh steel samples was studied under three-component loading conditions
(impact and slip in two mutually perpendicular directions) with poly-methyl methacrylate (PMMA) being
fed into the contact zone. The tests were carried out in the mode of boundary and semi-liquid friction with
the supply of acetone and a solution of PMMA in acetone (1 g of PMMA powder per 200 ml of acetone) to
the contact zone of the studied samples. At the same time, preliminary grinding of the polymer to a powder
state contributed to the additional initiation of mechanical destruction and an increased content of free macro
radicals in the solution.

Testing conditions: transverse slip amplitude 0.25 mm; longitudinal slips 0.15 mm; cross slip frequency
30 Hz; longitudinal slip frequency 66 Hz; normal load 20 N, test time 4 hours. The test results are shown in
Figure 3. As follows from the results obtained, the introduction of PMMA into the contact zone leads to a
significant increase in the wear rate of steel.
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Fig.3. The intensity of wear of samples with the supply of acetone and acetone solution
with PMMA to the contact zone: a — boundary friction; b - semi-fluid friction
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Moreover, the more the solution is supplied, and, accordingly, the greater the amount of PMMA enters
the contact zone, the greater the change in wear intensity is observed. The marked significant decrease in
wear resistance is a positive factor for facilitating surface running-in and reducing cutting forces during
processing.

Destructible polymers activate the destruction of iron particles similarly to low molecular weight
surfactants [14-16]. When processing with the use of polymers, an increased destruction of metals is
observed due to the formation of products of mechanical destruction of the molecular chains of polymers -
free macro radicals. The lower the activation energy of polymer destruction, the higher metal destruction
degree. Thus, phenol-formaldehyde resin has a three-dimensional structure, therefore, its destruction
activation energy is higher than, for example, that of polyethylene, a polymer of a linear structure, and,
moreover, of poly-methyl methacrylate. The activation energy of polyethylene is 60-70 kcal/mol, PMMA is
27 kcal/mol.

4. Conclusions

Varying the conditions for the occurrence of mechanic and chemical reactions in the contact zone of
tribocoupling in the presence of polymer degradation products opens up great prospects for controlling the
wear resistance of contacting parts. Optimization of these conditions, taking into account the dynamics of
loading, makes it possible to expand the technological possibilities for ensuring the durability of
tribocouplings both in the process of manufacturing parts of machines and mechanisms, and during their
operation.

The presented stands can be used to assess the performance of friction materials in the nodes of real
structures. When testing friction units on stands in a wide range, the main operating parameters are
implemented, which ensure testing by the method of full-scale simulation and the method of accelerated tests
for wear resistance of a large number of real tribocouples. It becomes possible to provide the necessary set of
mechanical loading factors - a three-dimensional dynamic load, to separate the load factors, and also to
combine them in different combinations, to regulate and control the loading parameters, including during the
test cycle (this is impossible in natural conditions).

Test benches can be recommended for obtaining and studying the functional dependencies of the
friction and wear characteristics of pair materials, comparative evaluation of friction pairs, physical modeling
of real tribecouples, and assessment of the effect of mechanic and chemical phenomena in the contact zone
on wear resistance. The proposed methods for accelerated testing of the wear resistance of tribocouplings
will significantly reduce the cost of developing promising anti-friction materials and designs of new friction
devices, selecting a lubricating-cooling technological medium and significantly reducing the time for their
introduction into production. The test results will create prerequisites for a reasonable choice of materials for
friction pairs for given operating conditions and can be used in the development of new wear-resistant
materials and coatings.
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The article considers the electric arc metallization technological modes of steel 30KhGSA wires, which
affect the structure formation and properties of coatings. Electric arc spraying was carried out using an SX-600
electric arc metallizer. The properties and characteristics of the resulting coatings depend on several plating
parameters such as wire feed speed, voltage, and amperage. The coating structure was studied by electron
microscopy and metallographic analysis. The coating has a layered structure, which consists of frozen convective
metal flows, micro-welded small metal particles and oxides. The results of the study show that an increase in the
wire feed speed during metallization leads to an increase in the resulting coating thickness per unit time. On the
surface of steel 45, depending on the selected mode, coatings were formed from steel 30KhGSA with a thickness in
the range from 50 um to 370 um. It has been established that when electric arc metallization coatings are sprayed
with 30KhGSA wire, the microhardness of the surface layer increases by a factor of 2 relative to the
microhardness of 45 steel. Based on studies investigating the impact of various factors in the electric arc spraying
process on the formation of coating structures and properties, it can be deduced that utilizing electric arc
metallization on steel 30KhGSA substrates allows for the production of coatings with enhanced hardness.

Keywords: arc metallization, wire, coating, steel, structure, microhardness, wear resistance.

1. Introduction

Electric arc metallization (EAM) is a surface coating process that involves using an electric arc to melt a
metal wire or powder and apply it to a substrate. The process usually includes the following main steps: surface
preparation and metal plating. During the process, metal wire or powder is fed into an electric arc torch that
creates a high-temperature arc that melts the material. The molten material is then sprayed onto the surface of
the substrate using compressed air or an inert gas. The droplets of molten material solidify upon impact with
the substrate, forming a coating. The properties of the resulting coatings depend on several plating parameters
such as wire or powder feed speed, voltage, current, withdrawal distance and nozzle geometry. Arc plating has
a number of advantages over other coating processes [1-2]. It is a relatively inexpensive and fast process that
can be used to coat large surfaces. It can also be used to coat a wide range of materials including metals,
ceramics and plastics. The resulting coatings are usually dense, uniform and have good adhesion to the
substrate. They also have good resistance to wear, corrosion and high temperatures [3-5]. Coatings can be
applied to improve the surface properties of a material for a variety of applications, including aerospace,
automotive, and industrial applications [6-8].

One of the applications of EAM is the repair of crankshafts after wear exceeding tolerance values, which
are considered to be one of the most loaded and critical parts of internal combustion engines and rotation
mechanisms. Their reliability and durability play a decisive role in ensuring the safe and efficient operation of
vehicles and machines. Research into the influence of EAM modes is an urgent task, and the results of the
study will optimize the modes of electric arc metallization when restoring the surfaces of crankshafts made of
steel 45. This can lead to an increase in the efficiency and durability of restored crankshafts, as well as improve
their mechanical properties. These results have important practical applications in the automotive and67
industrial sectors, where crankshafts play a critical role in the operation of various mechanisms and equipment.
Many researchers have studied the effect of a wide range of deposition parameters on the performance of arc-
sprayed metal coatings, for example, [9] reported the effect of deposition parameters on the performance of
arc-sprayed zinc coatings. The study showed that the characteristics of the resulting surface layer, such as
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microstructure, porosity and hardness, correlate well with the input parameters of the deposition. The authors
of [10] optimized the process parameters such as current, voltage, spray distance and gas pressure in two-wire
arc spraying of aluminum coating to obtain the desired microstructure, physical and mechanical properties.

As is known from works [11], during electric arc metallization during sputtering, particles from the
sprayed material are subject to changes in the environment and due to the thermal effect on its morphological
structure. These changes accordingly affect the mechanical properties of the resulting coating. The structural
criteria responsible for the mechanical and tribological characteristics of coatings obtained by electric arc
metallization from 30KhGSA steel have not been fully studied.

In this regard, this article proposes to carry out comprehensive experimental work aimed at understanding
the influence of spraying parameters on the structure and properties of coatings based on grade 45 steel.

The purpose of this work is to study the influence of operating parameters, such as voltage, current and
wire feed speed of electric arc metallization on the mechanical properties of the resulting coating of 30KhGSA
steel on a substrate of grade 45 steel.

2. Research method

The formation of coatings was carried out on a supersonic electric arc metallizer SX-600
(Fig.1.). The complex consists of a power source, a supersonic arc atomizer, a control system and a
compressed air system.

Fig.1. a) Process diagram SX-600: (1 — metallizer body; 2 — wire feeder; 3 — air supply channel; 4 — electrode wires; 5 —
electric arc with sprayed wire particles; 6 — sprayed coating; b) appearance of the pistol;
c) appearance of the complex for supersonic electric arc metallization.

The process of electric arc plating involves melting the wire with an electric arc and spraying it onto the
surface of the steel with compressed air. The molten wire solidifies on the surface of the substrate, creating a
coating characterized by high hardness. Coating thickness can be controlled by adjusting the wire feed speed
and the distance between the wire and the surface of the sprayed sample. The properties of the resulting
coatings depend on several plating parameters, such as wire feed speed, voltage, current, and withdrawal
distance. The coatings were obtained with the selected parameters, which are shown in Table 1. The
metallization modes in the experiments have been changed within the limits that made it possible to obtain a
coating without cracks and delaminations. Steel grade 30KhGSA was used as the welding wire. The samples
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were cut in the form of a disk segment of one quarter from a disk 65 mm in diameter and 10 mm thick from a
bar of steel grade 45 (GOST 1050- 2013). Before the EAM, samples were prepared by mechanical (grinding)
and sandblasting (quartz sand). The roughness of steel 45 after sandblasting was determined using a Model
130 profilometer.

Table 1. Modes of coating 30KhGSA by electric arc metallization.

Sample | Voltage, [Current, A\Wire feed Speed in percentage| Wire feed | Compressed | Spraying | Application
name \Y/ scale of the SX-600 speed, cm/s | air pressure, | distance, time, s
metallizer bar mm
No.1 31 120 25% 1
No.2 37 120 25% 1
No.3 43 125 25% 1 9 350 10
No.4 43 150 50% 3.4
No.5 45 300 100% 12.8

The microstructure of the coatings was studied using a JSM-6390LV scanning electron microscope and
an ALTAMI-MET-5C metallographic microscope. The microhardness of the formed coatings was determined
on a Vickers microhardness tester HLV-1DT, with a load on the indenter P=2H and a holding time at this load
of 10 s. An Anton Paar TRB3 tribometer was used to measure the tribological properties of the coatings. In
this study, the sample was placed in the holder in such a way that the surface of the coating was perpendicular
to the plane of the rod trajectory. A ball 3 mm in diameter, made of 100Cr6 steel (similar to ShKh15), was
attached to the end of the rod. By adjusting the displacement sensor, the radius of curvature of the wear surface
of the sample was selected. A friction force compensation sensor was also used, which made it possible to
determine the value of the friction coefficient at a given point in time. The tests were carried out in the open
air at a load of 6 N and a speed of 2 cm/s. The radius of curvature of the wear surface ranged from 1.5 mm,
and the length of the friction path was 60 m.

Thus, the selection of optimal parameters for arc plating is crucial to achieve the desired properties of the
coating, and research is needed to determine other mechanical and tribological characteristics of coatings.

3. Results and discussion

Fig. 2 shows SEM images of cross-sections of coatings obtained by arc metallization. The EAM coating
has a dense lamellar structure (Fig.2 d, e) with low porosity. The formation of the lamellar structure of the
coatings is associated with a high compressed air pressure of 9 bar (0.9 MPa). In a jet of compressed air,
droplets of a metal melt hit the sprayed surface with greater force, are strongly flattened and form lamellae.
And also, with an increase in the wire feed speed, the value of the current strength increases, which leads to
the release of more thermal energy in the electric arc for melting the wire and, accordingly, contributes to the
formation of dense coatings with low porosity [12,13]. The welding wire feed speed of the deposition directly
affects the thickness of the resulting coating with the same duration of metallization. However, this dependence
is non-linear, which can also be explained by the fact that with an increase in the wire feed speed, the amperage
in the electric arc increases accordingly, which led to the coating compaction. This statement can be confirmed
by the fact that a study on a scanning electron microscope showed that at high values of amperage, porosity
decreases, leading to a compaction of the resulting layer.

The surface layer differs in structure from the substrate, however, there is no clearly defined interface
between the coating and the substrate, which indicates the high adhesive strength of the EAM coatings. The
adhesion strength of the coating to the base depends on the distance of spraying and the speed of particles
before impact, which is controlled by compressed air pressure [14].

An increase in the speed of metal particles during EAM contributes to their deeper penetration into
microroughnesses on the surface, the destruction of the oxide film, and enhances adhesive and chemical
bonds. The main condition necessary for the strength adhesion of the coating to the base is surface activity,
which largely depends on the nature of the surface roughness and the method of its preparation. To increase
the adhesion strength, the surface of grade 45 steel was sandblasted with corundum. The surface roughness
of steel 45 was 5-6 pm.
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Fig.2. SEM images of the cross section of 30KhGSA coatings on steel 45
obtained under different spraying modes: No.1; b) No.2; ¢) No.3; d) No.4; €) No.5

Fig. 3 shows the structure of the coating obtained by electric arc metallization (sample No. 5, table 1).
The shape of the flattened metal particles allows us to conclude that at the moment of impact they were in a
plastic state, in which they are easily deformed. In [15], the mechanism of coating formation during electric
arc metallization was shown and it was found that large metal particles reach the surface mainly in the liquid
state, while smaller ones in the plastic and even solid state. Liquid metal wets the surface and fills in
irregularities, while colder (semi-liquid) metal particles are deformed upon impact and mixed with hotter ones,
forming a single coating layer. The result of a metallographic study of the structure of the coatings shows that
the coating consists of a mixture of phases of different densities. In the applied surface layer, frozen convective
metal flows, microwelded small metal drops and oxides are observed in the liquid metal (Fig. 3). At high
pressures of compressed air up to 0.9 MPa, the size of liquid metal droplets may decrease, and during
crystallization, they are partially microwelded.

Table 2 shows the characteristics of 30KhGSA coatings on steel 45 obtained by EAM. After spraying,
the roughness of the coatings was 9—11 um. To measure the hardness of the coatings by the Vickers method,
the surface was polished to a value of <0.23 um. The study of coatings from steel grade 30KhGSA on a steel
substrate 45 showed that an increase in the wire feed speed leads to an increase in the thickness of the resulting
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coating with the same duration of the deposition process of 10 s (Fig. 2 d, ), while varying the voltage value
does not lead to significant changes in thickness obtained coatings (Fig. 2 a-c). Depending on the deposition
parameter, the thickness of 30KhGSA coatings can reach a maximum of 370 um in 10 seconds of deposition.

Micro welded fine
metal droplets
Frozen convective | Liquid metal
flows of metal | | oxides

Fig.3. The structure of the coating of steel 30 KhGSA, obtained by the method of electric arc metallization

The hardness of coatings obtained by arc plating depends on several factors, including the material used
for coating, the plating process and application conditions. The hardness of the coating 30KhGSA is much
higher compared to the material of steel grade 45 and has a value of 380-420 HV0.2. The increase in the
hardness of the EAM coating is explained by the fact that at the moment of impact on the substrate, the metal
particles, simultaneously with deformation, undergo a sharp cooling by a cold jet of compressed air, which
causes their instantaneous hardening.

The results of testing the wear resistance of 30KhGSA coatings according to the standard “ball-disk” test
scheme showed that despite a significant increase in hardness, its wear resistance decreases compared to
steel45. For a sample of steel 45, the average value of the friction coefficient is 0.45 (Table 2) at a distance of
60 m (Fig. 4). After coating, the average value of the friction coefficient varied from 0.48 to 0.63 depending
on the EAM coating parameter. Table 1 shows that the coefficient of friction for coatings No. 3, obtained at a
voltage of 43 V and a current of 125A, corresponds to the value of the original sample, which is equal to u =
0.454. A factor of high tribological properties of the coating is its higher plasticity index [16]. However, with
an increase in the amperage at EAM, a denser coating is formed and the heterogeneity of the coating decreases.
Due to the difference in the wear mechanism of the coatings under consideration, a more detailed tribological
study is required.

Table 2 - Thickness and properties of 30KhGSA coatings on steel 45 obtained by EAM

Sample name Wire feed speed, | Coating thickness,| Coating hardness, HV0,2 | The average value of the
cm/s um coefficient of dry friction
(counterbody steel ShKh15)

No.1 1 52.243.2 404.504+25.37 0.630

No.2 1 72.3+2.7 388.16+31.58 0.571

No.3 1 56£2.5 417.274+24.983 0.482

No.4 34 170.7+4.7 401.83+26.91 0.555

No.5 12.8 369.7+ 7.3 400.88+34.86 0.594

Steel 45 uncoated - - 190.00+£19.25 0.454
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Fig.4. Results of tribological tests of 30KhGSA coatings: a) steel 45; b) No.1; ¢) No.2; d No.3; e) No.4; f) No.5.

4. Conclusion

The work investigated the influence of the operating parameters of electric arc metallization on the
structure, hardness and coefficient of friction of the resulting coating made of 30KhGSA steel on a substrate
of grade 45 steel. The relationship between these characteristics of the resulting surface layer and voltage,
current strength and wire feed speed was comprehensively studied.

It has been established that the coating has a lamellar structure, which consists of frozen convective flows
of metal, micro-welded small metal particles and oxides. This structure is explained by the formation of the
coating as a result of successive impacts of particles from the 30KhGSA metal and their severe deformation,
which in turn are formed under the influence of melting and dispersion of the metal during the metallization
process.

The conducted studies revealed that an increase in the wire feed speed (steel 30KhGSA) leads to an
increase in the thickness of the resulting coating. The results of a study of the cross-section of the coatings
showed that the thickness of the coating varies from 50 to 370 microns. Also, as the wire feed speed increases,
the current increases. When analyzing SEM images of cross sections of the samples under study, it was
revealed that samples No. 4 and No. 5 have a more homogeneous structure and include a small number of
pores.
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When studying the hardness of sprayed samples, it was shown that the values of this parameter do not
differ much (average hardness value 402.53 = 10.38 HV). It has been shown that samples made of steel 45
with a 30KhGSA coating have improved surface hardness by a factor of 2 compared to the uncoated sample.
Despite the fact that the hardness of the surfacing material does not greatly exceed the hardness of steel 45,
this result was obtained due to the hardening of the particles after their rapid cooling with an air jet. Hardness
at given metallization parameters showed high properties for all studied samples.
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This article discusses the implementation of the Radio Unit functional block based on the System-on-Chip.
The primary focus was on integrating Radio Unit blocks such as modulation and Fast Fourier Transform on
Field-Programmable Gate Array. Technical aspects of design, module testing, and Radio Unit block performance
optimization are thoroughly examined. The results demonstrate that when separating the functionality of the 7.3
technology Fifth Generation (5G) radio block, the modulation module uses the minimum Field-Programmable
Gate Array resources compared to other blocks. The Fast Fourier Transform block can meet delay requirements
at the maximum Field-Programmable Gate Array size and clock frequency of 250 MHz. This article serves as a
resource for engineers and researchers interested in optimizing the development and integration process of high-
performance functional blocks in modern radio systems.

Keywords: Field-Programmable Gate Array, Zynq, Fifth Generation New Radio, Radio Unit, Orthogonal
Frequency-Division Multiple Access.

1. Introduction

5G (Fifth Generation) technology is transitioning from promise to reality in mobile communication,
playing a crucial role in ensuring outstanding performance and ultra-reliable communication services. This
article focuses on research efforts aimed at implementing 5G technology, with a particular emphasis on the
use of Field-Programmable Gate Arrays (FPGAS) in this exciting context. Today, the challenge is not only to
provide uninterrupted connectivity in the face of society's growing dependence on data transmission but also
to meet the increasing demand for higher data transfer speeds and service reliability. In this regard, 5G
emerges as a kind of backbone, opening new horizons in the realm of mobile communications.

The investigation of the architectural framework of this state-of-the-art technology precedes the
exploration of the role of FPGAs in the implementation of 5G. The organizational structure of the 5G
network revolves around three distinct functional blocks, namely the Centralized Unit (CU), Distributed Unit
(DU), and Radio Unit (RU). Each of these blocks performs specific functions, ensuring synergy in the
overall network operation. When designing RUs, critical considerations include size, weight, and power
consumption. The efficiency of these parameters is essential to ensure the seamless operation of the network
and, consequently, to create the best conditions for end-users.

FPGAs serve as a key tool in providing high-speed data processing in light of the aforementioned
design requirements for RUs. The flexibility, energy efficiency, and parallel processing capabilities make
FPGAs an ideal choice for the efficient implementation of 5G NR (New Radio) functions. As early as now,
we witness the results of these studies in works [1-5], where the implementation of certain 5G NR functions
on FPGAs is comprehensively described. This not only demonstrates the relevance of using FPGAs in this
field but also underscores their ability to adapt to the requirements of high-speed data processing and parallel
processing.

Thus, our article aims not only to uncover the fundamental aspects of designing RUs within 5G
networks but also to conduct a detailed examination of the role of FPGAs in this context. The past years
attest that FPGAs are not merely a theoretical proposition but a concrete tool that can effectively impact the
development of key components of 5G technology. We will delve deeper into the influence of FPGAs on
data transfer speed, power consumption, and overall reliability of 5G networks, opening new perspectives for
the further advancement of mobile communications in the following sections of our article.
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2. Statement of the problem

The work [6] provides a review of the current state of 5G technology, presenting fundamental concepts
and explaining the construction of physical channels. Research by [7] suggests detailed descriptions of the
functional division of the 5G network. It is demonstrated that performance optimization can be achieved
through functional separation of 5G technology blocks.

Results of implementing the 5G DU Low-PHY function on SmartNIC based on FPGA are presented in
the work [8]. Moreover, it is shown that FPGA-based implementations exhibit lower processing time and
energy consumption compared to CPU-based implementations by up to two cores. The work [9] reveals that
the research results of implementing the 5G-NR DU receiver based on Matlab/Simulink using HDL Coder
are presented. Various constructive parameters are evaluated, including EVM, resource utilization, power,
throughput, maximum operating frequency, and delay for different modulation schemes. There is a direct
correlation between the type of input data and these constructive parameters, with the modulation scheme
being practically independent of the model.

The research results on the implementation of a transceiver on FPGA for 5G PDSCH in the FR 28 GHz
frequency band are presented in a study [10]. The Xilinx RFSoC platform and the Python Productivity for
Zyng (PYNQ) software environment are utilized. The RFSoC platform is scalable to provide multiple T/R
channels for high-speed data transmission and can be integrated with the active antenna array radio
frequency subsystem to format the base radio unit (RU) of the O-RAN system.

The research results on the implementation of 5G-NR DU and RU on FPGA are outlined in an article
by [11]. The 5G-NR DU receiver, combined with the RU receiver, was implemented in the ZCU102
evaluation kit with the integrated AD9371 transceiver. Resource utilization is at 25.7%, with 4.4% allocated
to the 5G DU receiver and 21.3% to the AD9371 reference project, operating at a maximum frequency of
24576 MHz [12] presents the implementation of a multimode DU transmission chain on FPGA. A
comparative analysis of physical layer differences between 4G-LTE and 5G-NR mobile networks was
conducted to determine fundamental changes in the architecture of each generation's DU. The FPGA
implementation has an EVM of 0.24% for 4G and 1.60% for 5G.

Various applications of FPGA in the 5G network are presented in the work [13]. Several more works
[14-16] are devoted to the implementing computational blocks of the 5G network on FPGA. Considering the
aforementioned works, it is deemed advisable to conduct research on the implementation of physical radio
modules of 5G technology on FPGA to reduce processing time with minimal energy consumption.

3. Methods

This study implemented a functional RU block based on FPGA. The transmitter-receiver processing
module was realized on the ZedBoard evaluation kit with the AD-FMCOMMS3-EBZ board. ZedBoard is
used for designing digital circuits using the programmable AMD Xilinx Zyng-7000 SoC. This device
includes all the necessary interfaces for versatile applications. The data processing module of the RU block
was developed and tested in the Vivado 2017.4 software environment using the Hardware Description
Language (HDL) Verilog. There are several methods of functional partitioning for 5G networks [17-18].
Partitioning 7 is considered optimal in terms of simplicity and cost-effective RU design. Therefore, in this
work, an RU block with functional partitioning 7 was implemented. However, there are several variants of
partitioning 7.

Figure 1 illustrates these partitioning options for 5G networks. The partitionings 7.2 and 7.3 was chosen
within the framework of this study.

4. Results and Discussion

The QPSK, 16QAM, 64QAM, and 256QAM modulators were implemented based on FPGA using the
Verilog language. The modulation QPSK signal constellation is shown in Figure 2 for comparison with
FPGA results. The results are shown in Figure 3 and are in complete accordance with the theoretical
expectations.
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The execution time of this module is 0.01 microseconds at a frequency of 100 MHz. The resources
utilized for the execution of this module are presented in Table 1. The results show that only the 256 QAM
modulation utilizes the BRAM (Block RAM) block, while the others utilize logical blocks. As the
modulation complexity increases, the resources used also increase.

Table 1. FPGA Resource Utilization According to Modulation Types.

QPSK 16QAM 64QAM 256QAM
LUT 2 2 4 0
FF 4 4 6 0
BRAM 0 0 0 1

However, QPSK and 16QAM exhibited identical resource utilization values. This could be attributed to
the fact that QPSK employs fractional numbers, while 16QAM uses only integers. Additionally, a FFT/IFFT
module was implemented, and the correctness of its operation was verified, as shown in Figure 4.
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Fig.4. FFT Module Results for RU: (a) input data, (b) output data

The delay increases as the size of the transformation data grows. The results are shown in Figure 5 at a

clock frequency of 100 MHz. However, the conversion frequency can be increased to 250 MHz. In that case,
the delay time can be reduced by a factor of 2.5. The resources used for the execution of this module are
presented in Figure 6.

It can be noted that the number of DSPs increases linearly with the growth of the transformation data
size based on the obtained results of resource utilization. On the other hand, BRAM exhibits a non-linear
dependence, meaning it increases exponentially with the growth of data size. This may be attributed to the

fact that the computational complexity changes linearly while the memory used for computation increases
exponentially.
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5. Conclusion

In conclusion of this scientific work, it is noteworthy to highlight the successful implementation of a
signal modulator supporting QPSK, 16QAM, 64QAM, and 256QAM on an FPGA platform using the
Verilog programming language. The modulation results have confirmed the conformity of signal
constellations and output data to theoretical expectations, emphasizing the reliability and efficiency of the
proposed solution.

The execution time of the modulator was investigated, revealing a duration of 0.01 microseconds at a
frequency of 100 MHz. Analysis of FPGA resource utilization allows for the identification of distinctive
features associated with each modulation type, with resource consumption increasing in tandem with
complexity. An interesting observation is that QPSK and 16QAM modulations exhibit identical resource
usage, potentially explained by peculiarities in their numerical representations.

Additionally, an FFT/IFFT module was implemented and verified, featuring a delay dependent on the
size of the transformation data. Increasing the transformation frequency can lead to a reduction in delay time.
Resource utilization analysis also revealed that the number of DSP units increases linearly, while the usage
of BRAM exhibits a nonlinear dependence, growing exponentially with the size of the data. This cautions
against potential challenges related to memory volume in future expansions and optimizations.

Thus, the outcomes of this research not only affirm the effectiveness of implementing the FPGA-based
modulator but also provide a foundation for further investigations into resource optimization and
functionality expansion in communication systems.
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This article examines the physical characteristics of the movement of a snake robot. The main purpose of
this work is to develop an algorithm based on the study of the physical characteristics of the movement of a snake
robot, which will allow movement in various environmental conditions, both an industrial robot manipulator and
a mobile robot. In the course of the work, the equations of motion of the snake robot on various surfaces were
obtained. It is established that the snake robot is an open kinematic chain, the elements of which are
interconnected by five or more kinematic nodes of rotation based on solving direct and inverse kinematics
problems and calculating the position of the robot block in a given orientation. Based on the study of the physical
movements of snakes, a proprietary algorithm for the movement of a snake robot has been developed. A prototype
snake robot based on the ROBOTIS BIOLOID Premium Kit was assembled and tested on seven different surfaces.
The created high-speed prototype consists of eleven blocks and a CM-530 controller without wheels and ensures
high smoothness of movement compared to analogues thanks to the use of the developed algorithm.

Keywords: snake robot algorithm, snake movement, serpentine robot, physical characteristics, control, RoboPlus.
1. Introduction

Useful characteristics of snake-like robots (stability, permeability, good adhesion to the surface) allow
them to move easily in unpredictable conditions that are problematic for traditional wheeled or humanoid
robots. The snake can distribute the weight of its body over a large area at the risk of subsidence of the
ground; the snake robot can continue to move even when a part of the ground falls or hangs in the air. The
authors see the following possibilities of using a snake robot, based on this.

Such a robot can also be used as an in-line flaw detector to check the condition of the walls of main
pipelines without opening it in the oil and gas industry [1]. Snake robots could solve the problem of laying
cables and electrical equipment lines in a wall or in a pipe, as well as at various distances [2-3]. It is also
possible to use serpentine robots in minimally invasive surgery to eliminate the need to make large incisions
in the skin and body tissues. When the size of the wound decreases, it is less traumatic for the body, resulting
in an easier postoperative period, a reduction in the cost of postoperative care, etc. [4].

In addition, coil robots can manifest themselves in the best way in areas of natural disasters, be it
earthquakes, landslides, explosions, hurricanes, fires. The ability to control a small mobile device with a
camera and microphone opens up attractive opportunities for law enforcement agencies. If necessary, the
robot can work in the autumn-spring period as a lifeguard on ice river crossings [5]. Many tracked and
wheeled vehicles (at movement limitation of them) are used in conditions where human activity is unsafe, for
example, where there is a danger of radiation, temperature restrictions, chemical toxicity, pressure,
weakening of structures, etc. Snake-like robots are devoid of many disadvantage characteristics of wheeled
structures [6].

The movement of the robot with the help of wheels is easier to understand than with the help of the
musculoskeletal system; the movement of the snake is not so obvious at the same time. It is the
understanding of the laws of motion when modeling a snake robot that will help to apply widely this robot in
various fields. One of the main issues in the modeling of serpentine robots is their management. Servo
engines fixed on special units are used in this snake. It allows the robot to move according to almost any
algorithm, similar to the real snake motion. The robot possesses a camera taking the picture in the FullHD
format (standard in accordance with matrix resolution 1920x1080 pixels), as well as a number of sensors,
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which make it possible to orientate. The fastest natural snakes can move with the speed 3m/s in ideal
conditions. It seems unlikely that robotic systems will move with the same speed in the nearest future as the
majority of snakes move rather slow. Feedback control approach is used in the servo-engines Dinamixel AX-
12A, due to this high accuracy of positioning has been achieved. One of the main questions under modeling
serpentine robots is a control by them. Motion of robot using wheels is easier to understand than that by
locomotor system; wherein, the snake motion is not so obvious. As it is known, a snake body is rather long
and can consist of 200+400 spinal bones [7]. This provides multitude of snake motions; there are several
possible ways to control a snake robot. The research shows that snakes move along the surface by deforming
their bodies. Typical snake motions are forward, serpentine, lateral and crawler. A snake body takes the S-
shape at concertina motion; its front part moves forward while its back part constricts.

Consider in detail the typical movements of a snake to understand the laws of motion for modeling a
snake robot [8-9]. A snake moves due to friction between the side surface and the ground at serpentine
motion. The body bends and waves would run along the body from head to tail when the type of motion is
snake-like. A bending part of the body that is set obliquely to the direction of its motion rests on the surface
and creates a pushing force. This force is directed at an angle to the movement, but can be decomposed into
two components: perpendicular and parallel to the line of motion. The resistance of the support dampens the
first component, and the second pushes the body forward. Thus, the more bends, the more the total driving
force. Almost all mobile vehicles designed by the human to use on land, are either wheel or foot driven.
Wheeled vehicles started to be used several thousand years. Vehicles, which use steps to move, appeared
later. Other driving mechanisms — chain tracks and feet were introduced in the twentieth century, in 1920 in
particular, since then the first prototypes of snake-like robots appeared. There are various models of snake
robots [10]: waver; active cord mechanisms; manipulator without support; shan; the quake snake, etc.

Nowadays, the snake-like robot “Uncle Sam snake” is the most advanced technical and software
product [11]. The mentioned robot is able to climb a tree easily, crawl cross-country, and, most significantly,
change from one motion mode to another in a matter of seconds. Servo engines fixed on special units are
used in this snake. It allows the robot to move according to almost any algorithm, similar to the real snake
motion. The robot possesses a camera taking the picture in the FullHD format (standard in accordance with
matrix resolution 1920x1080 pixels), as well as a number of sensors, which make it possible to orientate.
The fastest natural snakes can move with the speed 3m/s in ideal conditions. It seems unlikely that robotic
systems will move with the same speed in the nearest future as the majority of snakes move rather slow.
Feedback control approach is used in the Dinamixel AX-12A servo-engines, due to this high accuracy of
positioning has been achieved.

2. Methodical part

Kinematics is a section of mechanics, which investigates mathematical description of idealized moving
objects without considering the reasons for movement. The target of kinematics is geometry analytical
description of an absolute robot motion apart from considering the forces affecting it. The problem of
kinematics is analytical description of kinematic pairs spatial arrangement depending on time. An analytical
mathematical robot model for kinematics problems statement and calculation is made, which is based on
types and number of units; geometrical sizes of units; kinematic pairs distribution [12-13]. Each part or
several parts joined in a stationary position are called a kinematic unit. Some parts are in motion during the
device operation. Movable joint of two parts providing a certain movement of one part in relation to another
one is called a kinematic pair [14]. A number of kinematic pairs joined to one another form a kinematic
chain [15]. Kinematic chains classification is shown in Figure 1.

Fig. 1. Types of kinematic chains, where 1 is open kinematic chain; 2 is closed kinematic chain;
3 is complex open kinematic chain.
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Now snake robot kinematics has been calculated and can be realized based on an industrial manipulator.
It will be discussed further. Due to the presence of several kinematic pairs for the robot transfer, the units
must move in the defined sequence.

Figure 2 shows the fixed positions of the linear robot motion phase. The shake robot is supposed to
perform one “step” within time T, and then each of the intermediate state must be performed within 1/8T. In
order to ensure stability at the beginning of motion, the head and tail remain on the surface, whereas the
media bend. The snake robot moves due to the unit bends, the direction of its head and tail is unchanged. In
order to perform various tasks, for example, obstacle avoidance, it is necessary to change motion directions
of the definite robot unit.

The consequential phases possess a humber of characteristics, when the robot linearly moves on the
surface. The head position is unchanged in positions 1, 2, 3 and 5, 6, 7, and the robot tail position is fixed in
positions 3, 4, 5, 7, 8, 9 (Fig. 2).

We will define the relation between the transfer point O and time transfer F and time t, according to the
phases of linear robot motions:

{Flat)=xn+dp-t=n-T+r7, (@)
x = 8L(1 — cos cos a), (2

where x is the robot transfer within one cycle; n is number of the total cycles; d; is robot transfer within one
cycle

df = {2L(1 — cos cos(wt)),0 <7 < §2L(1 — cos cosa + 2L(1 — cos cos (a)(r — g))),
g <t< £4L(1 — COS cos @), % <t< §4L(1 —cos cosa) — 2L(1 — cos cos w (T — g)
§<TS%T6L(1—COS cosa) — 2L(1 — cos cosw(r—%)), (3)
S?T<T S¥4L(1 —coscosa),¥< T<T,
where t is time within which the transfer d;is performed; w is angular velocity of a robot unit.
Figure 2 shows that the robot can only move forward, which is not sufficient for a mobile robot.
Changes in motion directions provide the robot with access to any point in the horizontal plane.

Figure 3 shows changes in directions of the robot motion. It is necessary to plot the time function G(3)
to change the snake robot motion direction
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Fig. 2. Linear motion phases of the robot Fig. 3. Changes in the robot motion direction on

the horizontal plane, where o is angle in the
vertical plane; B is angle in the horizontal plane
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GB) =2t(i=1,..,6),G(A) =% £ (i=1,..6)

(4)

where G(B) is time needed for changes in motion direction of at an arbitrary angle .

A robot turn by an angle = 45 © is performed within time THTH.

Ty =X Ty, (5)
where TiTz' is time for transfer from phase i to i+1.

If parameters o,  and t are given, the robot head position coordinates can be determined:

x = cos cos 1 F(ay,ty) + -+ + cos cos (Z B1)F(ay, t;), (6)

y = sinsin f;F(ay, t;) + -+ sinsin (Z ;) F (a4, t;), )

Tn = Z6EG (By), 8

where T, is time of mobile robot motion.

The robot moves due to the unit winding and can bypass obstacles; the problem of the robot body
transfer from one position to another has been solved.

Thus, it is necessary to know to design a kinematic model:

— types and number of units;

— geometrical dimension of units;

— distribution of kinematic pairs;

and to solve the direct and inverse problems of the robot spatial positioning.

3. Results and discussion

Robotis Bioloid is a kit for constructing a robot. Robotis Korean firm produces it. The kit is intended
for educational purposes, as well as for those interested in robotics. The kit Bioloid is similar to LEGO
Mindstorms kit by the company LEGO and Vex Robotics Design System by the company VEX Robotics
(Werter Technology, 2015). The kit Bioloid contains servos Dynamixels, a set of sensors, software including
3D modeling environment and programming environment in C-like language (Table 1). The number of
actuators is enough to produce a mechanism with eighteen degrees of freedom.

Table 1. List of parts in ROBOTIS BIOLOID Premium Kit

[y
(e}

Servo Dynamixel AX-12 +, pcs.

Two-axial gyroscope, pcs.

IR finder, pcs.

IR obstacle sensor, pcs.

Remote control RC-100, pcs.

Set of robot trunk covering, pcs.

Li-Po battery, pcs.

Charging unit, pcs.

CD, pcs.

Screwdriver, pcs.

N RN

Cable clamp, pcs.

Eighteen Robotis Dynamixel AX-12A servomotors (Robotis e-Manual, 2015) are used to perform
motions. The servomotors are capable of working in the positioning mode (in this mode each servo has 1024
possible positions) and in the rotation mode.

The servomotors maintain the joint through half duplex asynchronous protocol (Avage Robotics, 2015)
(used with controller CM-530), RS485. The communication between the servomotors and the operator is
obtained with the help of data package exchange. The servos are connected to the operator in sequence. As a
matter of convenience in designing robot models, several servo-motors lines can be connected to the
operator.
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It is recommended to use four lines to connect servomotors, for example, when a humanoid is
constructed: one line for each extremity. A maximum number of lines available for controller CM-530 are
five pieces. Robots of various structures can be assembled with the help of the Dynamixels actuators in the
form of instantiated units. Construction mobility is provided due to application of joint for joining actuators
to one another. A snake robot is a ground multi-unit mobile robot, which can move in the restricted space,
bypass obstacles and move on the surface. It is possible to design a robot structure, having identified the
number of units, are knowing their geometrical sizes and made kinematic pairs distribution. We can conclude
that the snake robot is an open kinematic chain the elements of which are connected with one another by five
or more rotation kinematic units, based on the solutions of the direct and inverse problems. A crawling robot
structure consists of five units with the total length of 0.44 m (Fig. 4a). It can be modernized up to eighteen
units, depending on its execution. The units are connected with one another with the help of joints so that the
turns around horizontal axis provided for each of them. A five-unit robot could not move due to its heavy
head, servos did not have enough capability for moving. The snake moved on-the-site. That is why it was
decided to add six units more. An eleven-unit snake structure consists of eleven units (Fig. 4b) with the total
length of 0.91 m. A snake robot moves on the smooth surface with some is sliding, therefore, rubber
“footing” can be attached to the unit bottom part to ensure necessary robot traction coefficient. All possible
ways of snake motions have been studied before writing the motion algorithm. As a result, the algorithm of
the direct snake motion (Fig. 5a) and the algorithm of the reverse snake motion (Fig. 5b) have been written.
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Fig.5. Algorithm of a snake robot motion, where a is direct algorithm, b is reverse algorithm.

Programming the snake-like robot designed on the basis of Bioloid Premium Kit was carried out with
the help of the problem-oriented software system RoboPlus. The snake robot control program was created
with the help of the programming environment RoboPlus Task as well as the programming environment
RoboPlus Motion. Initially, positions of all eleven engines were selected, thereby the shape of the snake
robot was comparable with the real snake when it moves. Initial position of a snake-like robot is illustrated in
Figure 6a. A number of engines starts from the head and takes place towards the tail. It is shown in Figure
6b.
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Fig. 6. The initial position, where a is of a snake robot, b is of engines/

There is an impression that a snake does not crawl but floats like a wave when we observe moving
snakes. The basis for creating this algorithm has been invented due to this observation. The position of
each following engine was transmitted to the previous one. For example, number 11 engine transmits its
location to number 10 engine at the first locomotion, while number 10 engine transmits its location to
number 11 engine. After the last unit, the location of number 1 engine is transmitted to number 11 engine,
and the cycle starts again. Eleven positions of the snake had to be created for functioning of the set
algorithm; they were in-series shifted onto one position of engines relative to the previous one (Fig. 7).

Consequently, locomotion has been created which enables a snake robot repeat a real snake motion.
The following characteristics have been improved after testing the snake motion algorithm: smoothness
and speed of snake motions. Such parameter as Joint Softness is responsible for smoothness of engines
motion (Fig. 8). The greater value Joint Softness for a certain engine is, the smoother a robot will move.
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Fig. 7. Eleven positions of the snake written Fig. 8. The controller of engine
in RoboPlus Motion operation smoothness

Moreover, RoboPlus Motion programme software makes it possible to set a quantity of motion repeats,
speed of engine work, as well as inertial force after finishing engines operation (Figure 9). It was necessary
to fully assemble all parts of the program after setting all possible parameters of engines. In order to do it, the
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RoboPlus Task programme software was applied. C-like language, intended for the work with Bioloid
products was used in the programming environment. It is necessary to download the program onto the inner
memory of the robot with the help of the “Download Program” button after writing the software code (Fig.
10). Motion algorithms were tested on eleven various surfaces.
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Fig. 10. Uploading files on the inner memory controller in
Fig. 9. Form for changing speed of engine work the programming environment RoboPlus Task

The main point of tests was indicating the most favorable surfaces for prototype movement by
measuring the motion speed of a snake robot. The length of the snake-like robot assembled on the basis of
Bioloid premium kit which includes eleven units being stretched is 88 cm. Tests involved accomplishing the
given distance, i.e. a distance was considered covered at the moment when the snake tail crossed the initial
position of its head. Ten experiments have been conducted on each surface; the overall average has been
calculated. The most common surfaces were selected such as paving slab, asphalt, linoleum, plastic, ground,
carpeted floor and grass. Results of all experiments of eleven various surfaces were obtained and results of
one experiment is presented below as example.

The snake moved on asphalt with approximately the same speed as that on paving slab (Fig. 11). Data
about the time spent on accomplishing the distance are presented in Table 2.

Fig. 11. Position of the snake robot, where a is an initial position, b is a final position

The following is a comparative analysis of the robot under study with other existing robots of this type.

Since 1920, the first prototypes of serpentine robots began to appear. The first prototype of the snake-
like robot was presented by Peter Miturich, who developed a number of designs called "Waveguides". Nine
technical ways of solving the principle of undulating motion on the earth were proposed. In 1970, a legless
robot "Active Cord Mechanisms or ACMs" was built. It was aimed at performing a lateral type of movement
and moved due to the existing wheelbase. At the beginning of the XXI century, Joel Burdick and his students
from the California Institute of Technology developed a VGT manipulator that could repeat the movements
of snakes. Later, the Shan robot was developed, which differed from the others in that it used solenoids to
contact the surface, which allowed at a certain moment to fix the desired part of the snake on the surface,
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while the rest of the snake was moving. Due to the configuration, the robot's movement was limited on a flat
floor and with a tortuous type of movement when a large space is required.
Table 2. Timed consumed for movement on asphalt

Experiment number Surface used Operating time, sec Average value, sec
1 58
2 65
3 68
4 60
5 57
5 asphalt 53 63
7 69
8 66
9 72
10 55

The giant Japanese electronics company NEC has developed a robot snake "The Quake Snake". The
device used a universal Hook joint, which was designed specifically for use in the construction of a snake
robot. This snake-like robot is not a promising because of such a hinge, the design turned out to be very
flexible and versatile. The robot was controlled manually by means of a special remote control and a video
camera.

GMD snake was developed by a working group working in Germany: the serpentine robot was a
development for real-time control. The device consisted of short sections connected by cables.

IS robotics has built a small Kaa snake designed for grabbing pipes, branches, etc., as well as for
moving along the surface with a tortuous type of movement. The robot was not the most effective in terms of
wriggling crawling on the floor due to the large processor unit located in the middle of the robot. The "Kaa
snake" managed to move more efficiently in the pipeline networks. It was the first fully autonomous shake
robot. Comparative analysis has shown that the presented project uses lateral movement, which distinguishes
our development from most other developments of snake robots. According to the presented hypothesis,
which was later confirmed experimentally, the snake robot demonstrates the best speed with lateral
movement on moderately fleecy surfaces.

4. Conclusion

Algorithm, based on the studying the physical characteristics of the snake robot movement, which takes
into account the interaction and position of neighboring links of the snake robot, was created and it ensures
the smooth of the snake robot movement. Test results showed that it is possible to control the robot's
movement on seven different types of surfaces thanks to this algorithm. The advantage of this development
compared to other analogues is to ensure smooth movement of the snake robot on various surfaces, in
particular, with moderate hairiness, while most such robots move using a worm-like method or jerks. In
addition, the required minimum (eleven) positions of the snake was studied for the functioning of the given
algorithm with using the created robot system with motors sequentially shifted by one position relative to the
previous one and transmitting the position of each subsequent motor to the previous one. Thus, a hardware
and software complex was obtained that simulates also the lateral movements of sand snakes with the best
movement performance on moderately fleecy surfaces. Now it has become possible to control the movement
of robots of this type when using them in different life situations in various fields of application, using the
developed algorithm for the movement of a snake robot. An experimental snake robot powered by
DYNAMIXEL motors, in the presence of a protective casing, can be used in the field of extreme robotics in
conditions where it is difficult for a person to stay: for example, in a situation with bad weather conditions or
in an aggressive environment inaccessible to humans.
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In this work, the authors propose a routing algorithm based on information entropy theory for calculating
the metric, considering the probability of packet loss. Information entropy theory serves as a robust foundation
for evaluating uncertainty and disorder in data transmission, facilitating the development of a more resilient and
intelligent routing strategy. In contrast to existing algorithms, the proposed approach enables a more accurate
assessment of data transmission quality within the network, optimizing the routing process for maximum
efficiency. The experimental results demonstrate a significant enhancement in network service quality while
maintaining high performance. To validate the algorithm's effectiveness, a series of experiments were conducted,
evaluating key performance metrics such as throughput, delay, and packet loss. A comparative analysis with
established routing algorithms was also carried out, allowing for the assessment of advantages and drawbacks in
relation to well-known algorithms. The findings suggest that the proposed algorithm surpasses traditional routing
methods in optimizing data transmission quality and overall network efficiency.

Keywords: Routing, entropy, information, wireless mesh network.
1. Introduction

In the present day, wireless mesh networks (WMNs) are emerging as a rapidly deployed
communication technology. This swift adoption can be attributed to several advantages, including easy and
quick implementation, automatic self-recovery, dynamic self-organization, self-configuration, extensive
network coverage, and cost-effectiveness. Furthermore, the versatility of WMNs makes them suitable for a
wide range of applications, including broadband home networking, education, healthcare, building
automation, disaster management, rescue operations, and military applications [1-4].

The WMN architecture consists of three carefully structured node layers. In the first layer, gateway
nodes (GWs/Gws) are linked to the physical layer. Moving to the second layer, quasi-static wireless mesh
routers (MRs/APs) fulfill the role of transmitting packets to and from mesh gateways. Finally, the third layer
comprises mesh clients (MCs), including devices such as desktop computers, mobile phones, laptops, and
various other wireless devices.

In general mesh routers have more sophisticated capabilities than mesh clients, such as multiple
receive/transmit interfaces, higher transmitting power, infinite power supply. The data traffic in WMNSs
comprises gateway-oriented traffic and client-oriented traffic. In gateway-oriented traffic, data is transferred
through a gateway to the Internet. In client-oriented traffic, the data packets are transmitted to the destination
mesh client by multiple hops [5-6]. Currently, a lot of research has been done on routing issues in WMNs [7-
15]. Routing protocol design is essential for the performance and reliability of WMNs. The primary goal of
the routing protocols is to find reliable routes in multi-hnop WMN that is deals with the highly unstable
wireless medium. These days, more and more communication services require high throughput and little
delay, so it is crucial to tackle the problem of traffic routing for throughput optimization and delay
minimization in WMNSs [11, 12]. In recent times, there has been a rising interest in the application of
information entropy theory in routing for wireless networks [13, 14]. Information entropy methods offer a
valuable framework to assess and improve the efficiency and reliability of data transmission in wireless
networks. By quantifying uncertainty and disorder in network communication, these methods allow for a
more comprehensive understanding of network dynamics, error detection, and quality of service
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optimization. Information entropy theory aids in identifying and mitigating potential vulnerabilities in
routing protocols while enhancing the accuracy of performance metrics, such as throughput and overall
network performance. Its adoption represents a promising direction for enhancing WMN routing in an era of
growing data demands and network complexity [15-18].

In this work, a new algorithm, named Information entropy-based routing algorithm (IER), is proposed
to calculate the routing metric based on information entropy theory. The method considers vulnerabilities
observed in Dijkstra's algorithm, where an increase in complexity correlates with a higher probability of
errors. For a more accurate assessment of errors in the communication channel, it is proposed to use the
entropy method. Additionally, routing algorithms developed for WMNSs, such as Optimized Link State
Routing (OLSR) and Better Approach to Mobile Adhoc Networking (BATMAN), use broadcasting
techniques to discover pathways. However, this approach often leads to network congestion, which, in turn,
reduces throughput. It's also important to note that current routing algorithms designed for wireless ad hoc
networks are not directly applicable to WMNSs, as they haven't been optimized for the specific requirements
of WMN:Ss.

2. Routing Protocols

This section presents a concise overview of several prominent routing protocols developed for WMNS,
with the aim of identifying vulnerabilities and strengths as a preliminary step before creating a new routing
algorithm. Furthermore, the discussion of Dijkstra's algorithm is delved into as a benchmark for comparison
with more specialized WMN routing protocols, enabling the evaluation of its applicability and constraints
[19].

Numerous routing protocols have been proposed for wireless mesh networks, including Dynamic
Source Routing (DSR), Ad-hoc On-Demand Distance Vector (AODV), Destination-Sequenced Distance
Vector (DSDV), Optimized Link State Routing (OLSR), Better Approach to Mobile Adhoc Networking
(BATMAN), Software-Defined Networking for Mesh Networks (SDNMesh), and Three-Stage Routing
Algorithm (Three-Stage). Many of these protocols use broadcasting techniques to establish communication
pathways, but this approach can be energy-consuming and lead to unnecessary overhead.

The OLSR protocol is a proactive, table-driven routing protocol designed for use in mobile ad-hoc
networks (MANETS) and wireless mesh networks (WMNs). OLSR aims to efficiently determine and
maintain routes in a network where nodes can move and change their connections frequently. It was
developed to address the challenges of routing in dynamic, self-organizing, and multi-hop wireless networks.
OLSR represents an enhancement of the traditional link state protocol, designed specifically for mobile ad
hoc networks and wireless networks.

First, OLSR is a proactive routing protocol, which means it maintains routes at all times. This proactive
nature reduces route discovery latency, making it suitable for applications that require low-latency
communication. Secondly, OLSR optimizes control message overhead using Multipoint Relays (MPRs),
reducing the number of nodes that need to rebroadcast control messages. This optimization reduces the
impact on the available network bandwidth and power resources.

Also, OLSR is well-suited for multi-hop wireless networks, making it ideal for wireless mesh networks,
ad-hoc networks, and other scenarios where nodes need to relay data across multiple hops. OLSR also can
work with existing IP networks and can be easily integrated with the Internet Protocol (IP), enabling
seamless communication with other IP-based devices. However, it comes with certain vulnerabilities and
limitations such as limited scalability, resource consumption, static MPR selection, security concerns,
inapplicability for all scenarios, and lack of QoS Guarantees. OLSR can face scalability issues in large
networks due to its proactive nature. Maintaining routing information for all nodes in the network can lead to
excessive control overhead, which may not be practical in highly dynamic and large-scale environments.

The proactive approach of OLSR results in higher resource consumption, both in terms of memory and
processing power. This can be a concern in resource-constrained devices, such as sensor nodes. Also,
OLSR's Multipoint Relay (MPR) selection is typically static, meaning that MPRs are selected during the
initial setup and do not adapt to changing network conditions. This can lead to suboptimal routing in
dynamic networks. (OLSR) protocol faces security vulnerabilities as it lacks robust built-in security
mechanisms, making it susceptible to attacks such as spoofing, eavesdropping, and denial of service. To
ensure secure operation, additional security mechanisms like encryption and authentication must be added.
Furthermore, OLSR may not be the optimal choice for all types of wireless networks. In scenarios involving
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highly mobile networks or rapidly changing network topologies, alternative routing protocols like AODV
(Ad Hoc On-Demand Distance Vector) might be more suitable due to their adaptability and responsiveness
to dynamic network conditions. Moreover, while OLSR can be extended to consider Quality of Service
(QoS) metrics, it does not inherently provide strong QoS guarantees. This limitation makes it less suitable for
applications with stringent QoS requirements, where the assurance of specific performance characteristics is
of utmost importance [20-22].

The BATMAN is a proactive, table-driven routing protocol designed for wireless ad-hoc networks and
mobile mesh networks. BATMAN aims to provide efficient and reliable communication in scenarios where
nodes can move, and the network topology changes frequently. BATMAN (Better Approach to Mobile Ad-
Hoc Networking) offers numerous advantages in wireless mesh and ad-hoc networks. It is a proactive
routing protocol that maintains up-to-date routing information, reducing route discovery latency and
facilitating low-latency communication. BATMAN excels in multi-hop environments, making it ideal for
wireless mesh networks, where data must traverse multiple nodes to reach their destination. Its innovative
Originator-based routing approach minimizes control message overhead by allowing nodes to select
Originators that relay information, enhancing network efficiency.

BATMAN is known for its ease of use with minimal configuration requirements, making it accessible
to a broad range of users and applications. Additionally, it provides adaptability to various wireless
environments, supports mesh networking, and can be integrated with the Internet Protocol (IP) for broader
internet connectivity. Extensions such as BATMAN-ADV can enhance security with features like encryption
and authentication, adding to its versatility and robustness. BATMAN (Better Approach to Mobile Ad-Hoc
Networking) has notable limitations. While it offers proactive routing, it can encounter scalability issues in
large networks due to control message overhead, potentially affecting network performance. Its resource
consumption, including memory and processing power, can be demanding and may not be suitable for
resource-constrained devices. Security concerns are a drawback, as BATMAN lacks strong built-in security
mechanisms by default, leaving it vulnerable to various attacks. Moreover, it may not be the optimal choice
for highly mobile or rapidly changing network scenarios, where other routing protocols might provide more
adaptability and responsiveness. Lastly, BATMAN does not inherently guarantee Quality of Service (QoS),
making it less appropriate for applications requiring strict QoS requirements, which need assurance of
specific performance characteristics. Consideration of these limitations is essential when selecting
BATMAN as a routing protocol in various network deployments [23, 24].

SDNMesh is a routing protocol designed to enhance the capabilities of the OpenFlow protocol, enabling
its application in Wireless Mesh Networks (WMNs) with their dynamic characteristics. It involves the
modification of the OpenFlow client to align with the proposed routing architecture. SDNMesh operates in
two phases: the first phase establishes routes from the controller to switches, which may not be optimal in
terms of latency, while the second phase optimizes these initially inefficient routes, introducing some
additional delay. This protocol addresses challenges like link or node failures, which are common in wireless
environments. To support its functionalities, an OpenDaylight controller is integrated into the network,
enabling the controller to gather information from Mesh Access Points (MAPs) and form a global network
view. SDNMesh provides a stepwise approach to routing, focusing initially on establishing connections
between the controller and all the switches in the network, followed by setting up routing paths between the
SDN controller and connected switches, ultimately ensuring efficient data transmission between switches.

The Three-Stage routing algorithm is a specialized approach designed to address routing challenges
within Software-Defined Networking (SDN)-based Wireless Mesh Networks (WMNSs), particularly in the
context of Smart Grid communication and power grid management. This algorithm extends the capabilities
of the OpenFlow protocol to adapt to the dynamic nature of WMNSs. It operates in three key stages: First, it
focuses on establishing connections between all switches in the SDN-based wireless mesh network and at
least one controller, utilizing an OpenFlow-based routing algorithm and network flooding. Once initial
connections are established, the second stage optimizes routing paths, introducing new alternatives, including
shortest and load-balanced routes. Finally, the third stage addresses routing among switches, ensuring
efficient data transmission. The Three-Stage routing algorithm emphasizes cost-effectiveness, low latency,
and network-aware communication, making it well-suited for providing coverage in challenging
environments, such as power systems in rural and disaster-prone areas [25, 26].

Dijkstra's algorithm is an algorithm used to find the shortest path between two nodes in a weighted
graph. It was developed by Dutch computer scientist Edsger Dijkstra and is one of the most widely used
methods in networking and telecommunications. Dijkstra's algorithm operates on the principle of finding the
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shortest path in a weighted graph. It begins with an initial node, setting its distance to itself as zero and all
other nodes as distances to infinity. The algorithm iteratively selects the unvisited node with the smallest
known distance, evaluates the distances to its adjacent nodes, and updates them if a shorter path is found.
This process continues until all nodes are marked as visited or until the shortest path to a specific destination
node is discovered. Once completed, the algorithm allows for determining the shortest path to any node by
tracing the sequence of nodes and their distances from the initial node. Dijkstra's algorithm offers several key
advantages, making it a valuable tool in various applications. It guarantees the discovery of the shortest path
in graphs with non-negative edge weights, ensuring optimal route selection. Its versatility allows it to be
applied to a wide range of real-world problems, from transportation and logistics to computer network
routing. The algorithm excels in providing accurate results, making it suitable for critical applications where
precision is essential. Also, Dijkstra's algorithm is relatively simple to understand and implement, making it
accessible to a broad audience of users, from novice programmers to experts in route optimization. Despite
its effectiveness, Dijkstra's algorithm has notable vulnerabilities that must be considered when applying it to
certain scenarios.

First and foremost, it cannot handle graphs with negative edge weights, as it assumes non-negativity,
and attempting to use it in such cases can result in incorrect results. Additionally, the algorithm focuses on
finding the shortest path from a single source node to all other nodes, making it less suitable for problems
that require simultaneous determination of multiple sources or destinations. While its time complexity can be
improved with the use of a priority queue, Dijkstra's algorithm remains inefficient for large graphs, leading
to increased computational demands. Furthermore, its memory usage can be high in large-scale applications,
as it requires storing and updating distances for all nodes. Lastly, the algorithm is not suitable for graphs with
negative weight cycles, as it may get stuck in an infinite loop in such scenarios [27, 28].

3. The proposed routing method

The fundamental principle of the Information entropy-based routing algorithm (IER) centers on channel
multiplication, providing it with the capability to adeptly manage errors and efficiently handle packet loss
during data transmission. To implement the proposed routing algorithm, the initial step involves calculating
the distance between nodes, defined as the shortest length between the nodes u and v. Consider Fig. 1 which
illustrates a cascade-connected network configuration featuring routers R1, R2, and R3, interconnected
through channels (chl and ch2), where potential errors can occur. This diagram visually portrays the
sequential connections between the routers, underscoring the cascading nature of their arrangement.

R1 R2 R3

Fig.1. An example of cascade-connected routers.

Each channel has error probabilities that depend on the distances between routers (Fig. 1). To find the
distances, the following equation is used:

d =0 —x2)%+ (y1 — ¥2)%, 1)

where d represents the distance between the two routers, (x;, x,) are the coordinates of the first router,
(v1, y,) are the coordinates of the second router.

The calculation of received power (B.) is crucial for assessing the quality of the received signal in
communication networks. It helps in determining whether the signal is strong enough to ensure reliable
communication and to identify potential issues such as signal degradation or interference. The received
power (P,.) can be calculated using the Friis transmission equation. It is expressed as:
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where PB. is the received power, P; is the transmitted power, G, is the gain of the transmitting antenna, G, is
the gain of the receiving antenna, 4 is the wavelength of the signal, d is the distance between the transmitter
and receiver.

The free-space path loss equation, also known as the Friis transmission equation, is used to calculate the
loss of signal power as it propagates through free space.

= o () ®

where D, is the directivity of the transmitting routers antenna, D, is the directivity of the receiving routers
antenna, A is the signal wavelength, d is the distance between the antenna routers.

Next, both the Signal-to-Noise Ratio (SNR) and the Bit Error Rate (BER) can be derived. SNR is a ratio
that compares the strength of the received signal to the background noise, while BER quantifies the
likelihood of errors in the received data. Since p represents the probability of an error, it is indeed equal to
the BER. The equation for BER depends on the modulation scheme and channel model but can generally be
expressed as:

p = BER = %erfc(%), ()]

where erfc is the complementary error function.
Next, cascade-connected channels are examined, and their error probabilities (Fig. 2) are calculated.
The model and analysis of cascade-connected channels are presented in [29].

Wi W,

Fig.2. Cascading channels.

The channels are considered as matrices and multiplied accordingly. The matrix representing the
conditional probabilities for this model is provided below:

ZCYIN R N | N | ®)

where p is probability of error.
The total probability n cascade-connected channels are defined as follows:
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where, p is probability of error of each cascade, py — total probability of N cascade-connected channels.

In the following step the total entropy of the channel path is calculated. The total entropy of the channel
path characterizes the degree of uncertainty or information content associated with the transmission through
a particular route. The total entropy of the channel path is defined as:

Hy(p) = —pyInpy — (1 — py) In(1 — py), (7)
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The subsequent step involves selecting the path with the minimum entropy among calculated entropies.
This decision-making process is guided by the principle of minimizing unpredictability or disorder in the
information associated with the chosen path. By prioritizing paths with minimized uncertainty, the algorithm
is designed to optimize the flow of data, leading to higher throughput, and improved overall network
performance. In the final step we defined throughput according to the following equation:

C =1— Hy(py). (8)

where C is throughput, py is total probability of N cascade-connected channels and Hy, is total total entropy
of the channel path.

Here, a brief description of the proposed method is presented. To implement the IER, the following
steps need to be performed:

1) Find distance (d) between routers;

2) Define received power (B,);

3) Find SNR and BER of each channel;

4) Choose 10 random paths between source and target;

5) Define entropy of each path;

6) Choose path with minimum entropy;

7) Determining the throughput of the route.

4. Experimental evaluation

To assess the effectiveness of the IER algorithm, a simulation model of a WMN with 200 nodes was
constructed using Python. The performance of the IER algorithm was benchmarked against several
established routing protocols, including OLSR, BATMAN, and SDN based routing, Three-Stage algorithm,
and the classic Dijkstra’s algorithm. This comparative analysis was focused on key performance metrics:
throughput, as illustrated in Figure 3 (a, b); Packet Loss Ratio, depicted in Figure 4; and Delay, shown in
Figure 5. The simulations were carried out under varying network sizes, with WMN node counts of 10, 50,
100, 150, and 200, to obtain a comprehensive set of data on the three-performance metrics of interest:
throughput, packet loss ratio, and average delay.
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Fig.3. Throughput: a) of IER, SDNMash, Three-Stage, BATMAN and OLSR algorithms; b) of Dijkstra's algorithm

Figure 3 (a) presents the throughput measurements for each of the evaluated protocols — IER, OLSR,
BATMAN, Three-Stage, and Dijkstra's across different network sizes. The data indicates that the IER
algorithm consistently achieves higher throughput than the other protocols, demonstrating its efficiency in
handling network traffic. Additionally, Figure 3 (b) further explores the throughput performance for the IER
and Dijkstra's algorithms by showing the path with the highest throughput between node 0-15 within 20
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nodes in WMN. This comparison highlights the IER algorithm's superior capability in identifying and
utilizing the most efficient paths for data transmission, resulting in optimal network performance.

Packet loss is a critical metric for gauging the efficacy of routing protocols in optimizing data
exchanges between network nodes. According to the Fig. 4 the IER protocol demonstrates superior
performance in maintaining low packet loss rates across various network sizes. The OLSR protocol, in
contrast, exhibits the highest rate of packet loss, suggesting a slower convergence and less efficient path
optimization. Following OLSR, BATMAN also shows a considerable packet loss, potentially due to longer
intervals between routing information updates and the lack of a mechanism to minimize communication
overhead. It is observed that the packet loss increases with the network size for these protocols. Such
increase underscores the influence of two pivotal factors on packet loss rates: the proficiency of a routing
protocol in path optimization and its associated communication overhead. Moreover, network interference
often plays a substantial role in packet loss, with the likelihood of data collisions and the reception of
corrupted packets increasing as the network becomes more congested. Thus, a routing protocol's design must
balance path efficiency and overhead to mitigate packet loss, especially in larger and more complex
networks where interference is more prevalent.
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Fig.4 Packet loss ratio.
Fig. 5 evidently illustrates the relationship between network load and delay, indicating that as the load

increases, so does the latency in packet delivery. Delay is defined as the duration it takes for a packet to
travel from a source mesh client to a destination mesh client within the network.
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The Fig, 5 demonstrates that the IER protocol exhibits commendable performance in terms of lower
delays when compared to OLSR and BATMAN, showcasing its efficiency in quicker data packet delivery
under various loads. However, it is important to note that while IER outperforms OLSR and BATMAN, it is
slightly outshined by the Three-Stage and SDN Mesh routing protocols, which exhibit even lower delay
times.In summary, the IER algorithm exhibits strong performance in throughput and packet loss metrics,
suggesting it is robust and efficient, especially in WMN. However, there is space for improvement in delay
handling where it is currently outpaced by Three-Stage and SDNMesh protocols. Overall, the IER algorithm
emerges as a highly competent and reliable choice for WMNSs, particularly distinguished by its scalability
and resilience to network load and interference. Its design balances path efficiency and communication
overhead adeptly, making it a strong contender in the field of advanced routing protocols.

5. Conclusion

The innovative Information Entropy-based Routing (IER) algorithm introduced in this paper represents
a significant breakthrough in the domain of network routing. Grounded in the principles of information
entropy theory, the IER algorithm leverages the probabilistic nature of packet loss to quantify the uncertainty
in data transmission, thereby fostering a more intelligent and resilient routing framework. The experimental
findings underscore the algorithm’s efficacy, demonstrating its ability to enhance network service quality
markedly. When juxtaposed against conventional routing algorithms such as Dijkstra, OLSR, BATMAN,
SDNMesh, and Three-Stage, the IER algorithm not only competes effectively but often surpasses these
established protocols across critical performance metrics such as throughput, delay, and packet loss. The IER
algorithm has been shown to offer a more precise assessment of transmission quality, contributing to an
optimized routing process that bolsters network efficiency. While the IER algorithm may trail slightly behind
the Three-Stage and SDNMesh protocols in delay metrics, its overall high performance, and the significant
improvements it brings to network service quality mark it as a superior choice for contemporary and future
WMN applications.
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The agro-industrial complex facilities use water for various purposes. The volume of water consumed by
them is large. With the total annual withdrawal of water as a resource from natural water bodies exceeding 60
km?® of water, up to a quarter of we goes to agro-industrial complexes. While these data are approximate, they
allow calling agriculture one of the largest water consumers. An important parameter is water quality affected by
the method of water treatment. The most promising method of water treatment is cryoconcentration, which
involves the crystallization of moisture with subsequent displacement of the solid phase. The imperfection of this
process and its mechanization hinder the implementation of this method into production. To increase the
productivity of the cryoconcentration method during water treatment, a new design of a carousel-type apparatus
with recuperation was developed. To reduce the capture of undesirable elements by the crystallizer and to
determine the nature of the crystallization process on the working plates of the cryoconcentrator, a series of
experiments was carried out to establish rational parameters of the process. This allowed the authors to develop a
mechatronic cryoconcentration module for a carousel-type apparatus.

Keywords: carousel-type cryoconcentrator, cryoconcentration, mechatronic cryoconcentrator module.
1. Introduction

Dairy products and milk are an indispensable part of the human diet. The widespread use of milk is
partly due to its rich composition represented by a wide range of biologically active substances [1, 2]. Since
milk is a product with a short shelf life, it is often subjected to preservation, which consists of thickening
and, if necessary, drying. Powdered milk is often used in production, replacing part of the raw materials in
winter, when there is a natural decrease in the amount of milk coming for processing [3, 4].

The final moisture content in powdered milk is 5%. Drying is carried out using a spray method or
sublimation. These methods allow preserving a larger amount of thermolabile substances [5-7]. The
recombination of milk powder is a complex operation, in which the quality of water as one of the main parts
of the finished product plays an important role [8, 9]. Thus, the quality of water affects the organoleptic,
rheological, physicochemical, and microbiological properties of the finished product. In works [8, 9] it is
observed that an increase in the hardness of the water used for milk recombination leads to a decrease in the
efficiency of the process of dissolving milk powder [10]. Existing methods allow achieving high water
treatment quality indicators, but most of them are cost-inefficient. For instance Nazhad et al. [11] introduce
an innovative cellulose foam filter as a biodegradable and cost-effective solution for water treatment. While
commendable, this approach primarily addresses certain aspects of water filtration. Similarly, Ugolnikova &
Chernyavskaya [12] explore cryoconcentration technologies for fresh drinking water production. While this
method is a notable advancement, it primarily focuses on freezing water from concentrated products and
does not offer a solution for water quality enhancement.

Authors of the [13] delve into the purification of natural waters from petroleum products, emphasizing
sorption and ultrafiltration methods. This research showcases effective techniques but encounters challenges
related to high costs. In [14], author study ceramic membranes for removing iron compounds from natural
water, offering a noteworthy solution for this specific issue. Despite the merits of these individual methods,
they grapple with either limited scope or cost-effectiveness concerns, also the broader issue of water
hardness in milk recombination processes is still multifaceted problem. In contrast, our proposed method
seeks to address the broader spectrum of water treatment challenges, offering a comprehensive, cost-
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effective solution. By combining elements of cellulose foam filtration, cryoconcentration, and sorption, our
approach optimizes water treatment efficiency while maintaining affordability.

In this context, the development of an effective and cost-efficient water treatment method for milk
recombination becomes paramount for the global food and processing industries. Furthermore, the scarcity of
interdisciplinary research and collaboration is a notable problem within the field [15]. Cryoconcentration
necessitates expertise in various domains, including mechatronics, thermodynamics, and process
engineering. A lack of holistic approaches and interdisciplinary synergy has hampered progress [16]. This
study endeavors to bridge this gap by proposing a mechatronic module that integrates multiple disciplines,
offering a comprehensive solution to the challenges of cryoconcentration. In our opinion, the most promising
method of water purification is cryoconcentration, which involves the crystallization of moisture with
subsequent displacement of the solid phase [17, 18]. As a result, two phases are obtained: the crystallized
phase (purified water) and the concentrate (water with increased content of undesirable elements). This
technology allows for purifying water in the process of water treatment. Another advantage of this
technology in comparison with others is the low energy intensity of the cryoconcentration process [19].

According to the data in [20-23], intermittent-operating devices of the capacitive type are used for the
mechanization of the process. To intensify the process, a continuous carousel-type installation was
developed, which allows for a significant increase in the productivity of the line as a whole.

According to the theory of technological flow developed by V.A. Panfilov [24], equipment units are
divided into classes according to the type of operations they perform. The existing designs of
cryoconcentrators are often intermittent-operating tanks where the product is frozen on the inner surface of
the shell. According to the type of operations performed, this equipment belongs to Class | equipment where
a discrete action is observed, that is, the processing of raw materials can begin only after the completion of a
full load, and unloading is carried out only after the end of the technological process.

These types of equipment operate cyclically, and their performance can be determined by the duration
of the raw materials processing cycle T.. The total cycle time consists of the time of the technological
process T and transport time (including loading and unloading) T.

1 1

Pl - T_c - (Ttech+Ttr) (1)

As prospects for improving Class | equipment, it is possible to note an increase in productivity. It has a
direct relationship with the technological parameters of the processes (properties of raw materials and
finished products), as well as the dynamic characteristics of the auxiliary operation mechanisms
(transportation, loading, and unloading). Consequently, the performance of these installations is of limited
importance, and the creation of highly efficient technologies based on this kind of mechanization becomes
impossible [24]. Transfer of a unit of equipment from one class to another (higher) class according to the
theory of technological flow developed by V.A. Panfilov allows for increasing the level of production. In this
particular case, the intermittent-operating equipment is replaced by a carousel-type cryoconcentrator, i.e. the
installation of the first class is replaced by the third class.

Class Il equipment, by analogy with Class Il equipment, assumes a continuous model of the
technological process and belongs to continuously operated machines. Unlike Class Il equipment, it is
independent of the technological and transport processes. This type of machinery includes rotary machines
and aggregates since this type of movement that is implemented in them allows them to be transported
together with the formation of elements along a special closed trajectory through the working area. The
performance of Class 11l equipment can be determined from the following expression:

1 1
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where h is the output step of the products and V,,. is the transport speed.

The creation of this equipment is accompanied by overcoming an important qualitative milestone, as the
productivity of machines is limited not by the technology of obtaining the product, but by the design features
of this equipment. In Class 111 equipment, in comparison with Classes | and 11, it becomes possible to achieve
high-performance values without resorting to creating high acceleration values in machine nodes. The use of
Class 111 equipment in the technology of processing industries is extremely relevant. Class 111 operations are
the most acceptable for the organization of highly efficient lines that most closely approach the ideal ones
following the following functional connection:

)
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The use of a continuous-action installation entails the need for the use of cryoconcentration process
automation systems to obtain a product with specified quality indicators, since in this case, the raw materials
may have different parameters. Therefore, it is necessary to adjust the operating modes of the installation for
their processing.

Modern equipment of high-performance production lines must meet the requirements of process
automation. Thus, newly developed equipment units must have sufficient automation tools to carry out
transport and technological operations without the operator's intervention and ensure the required level of
industrial safety. The study aims to develop an automation system for a cryoconcentration unit for water
purification in a water treatment line.

2. Methods
The design of a carousel-type cryoconcentrator (Fig. 1) [25, 26] can be used for water purification by

freezing, followed by separation of the resulting purified water in the form of a crystallized phase and
removal of the concentrate as a contaminated part of the water.

==
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?i? %
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Fig. 1. A continuous-action carousel-type cryoconcentrator:
a-b) the general view; c¢) the diagram of the rod and the plate block.

The carousel-type cryoconcentrator consists of a cylindrical housing (tank) (1) with a flat bottom. The
housing of the cryoconcentrator is located on four supports. In the lower part of the installation, there is a
carousel drive (2), as well as a refrigerating machine (3). The raw material is dosed into the cryoconcentrator
using a dispenser (4). A horizontal carousel (5) with tanks is located in the cryoconcentrator housing.
Crystallizer tanks are fixed on the guides installed in the housing (Fig.2). The insulated tanks have conical
bottoms.
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Fig. 2. General look of a crystallizer tank with a plate

The number of crystallizer tanks and their volume depends on the required performance of the
cryoconcentrator. The concentrated product (the contaminated part of the water) is discharged from the
crystallizer tanks using a pipe connection located in the lower part of the conical bottom. The rods (6) are
arranged by the location of the guides. They are necessary for the placement of plates with lids (7). The lids
serve as a thermal insulation layer for the crystallizer tanks. A plate block is a set of independent plates
consisting of two parts. The finning on the surface of the plates increases the specific heat exchange surface
and intensifies the cryoconcentration process during the initial freezing period. The pipe connections (8 and
9) are used for the supply and removal of the heat carrier into the inner cavity of the interplate space.

During operation, the rods (6) make a rotational movement relative to the axis of the cryoconcentrator,
as well as a back-and-forth movement in the vertical direction. The first type of rod movement allows for
transporting the product from the feed zone of the initial product (the purified water) to the unloading zone in
a horizontal plane. The second type of movement allows for lowering the crystallizer tanks into the working
fluid and lifting them in the unloading zone. This movement is carried out in a vertical plane. Inside the
housing of the cryoconcentrator, there is a guiding disk, which allows the rod to move back and forth in a
vertical plane. The guiding disk is a stepped ring with a shape that repeats the trajectory of the rod. The
interaction of the rod with the guiding disk is carried out using a pusher, which slides along the latter and
transmits the movement to the rods with plate blocks.

The installation works as follows. At the moment when the crystallizer tanks are located under the
dosing device, the initial product (purified water) is fed into them. Then the carousel rotates
counterclockwise. As a result of the plates moving in a vertical plane, they are lowered into the crystallizer
tanks and locked with lids. Refrigerant is supplied to the interplate space. Propylene glycol can be used as a
refrigerant. Carousels with plates and crystallizer tanks make a rotational movement around the axis of the
cryoconcentrator counterclockwise. During the operation of the installation, the crystallized liquid (purified
part of the water) freezes on the surface of the plates. After the carousels have passed 2/3 of the circle, the
thawing cycle begins, during which the heat-carrying agent is supplied to the interplate space.

During this period, plates with lids are moved to the upper position, and pipe connections are opened in
the conical bottoms of the crystallizer tanks to empty them. Propylene glycol with an operating temperature
of 20°C was used as a heat carrier. The surface of the frozen crystallized liquid begins to thaw and slides
onto the guides. Then the cycle is repeated. The operating time of this type of installation is significantly
lower than that of analogs, due to the use of freezing on the plates, and not on the inner surface of the
housing, and the use of a rotary design allows for making the process continuous.
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3. Experimental part

The development of an automation scheme and the selection of a field of variable parameters is not
possible for this type of installation without a preliminary series of experiments to determine the nature of
the cryoconcentration process. For this purpose, we performed a series of experiments on the
cryoconcentration of water in a crystallizer tank with a working body in the form of a finned plate.

To achieve this goal, a study was conducted, which can be divided into the following main stages:

a) Conducting research on the process of cryoconcentration of water in a periodic action
cryoconcentrator to determine parameters influencing:

- the rate of ice formation on the working element;

- energy consumption during the cryoconcentration process;

- the degree of water purification;

b) Development of a functional automation scheme for the carousel-type cryoconcentrator unit using
the obtained results;

c¢) Development of a structural diagram of a multi-loop cascade automatic temperature control system
for the coolant - propylene glycol.

At the first stage, a series of experiments on cryoconcentration of water in a crystallizer container with a
working element in the form of a ribbed plate were conducted.

To conduct measurements, the following equipment was used: a stopwatch (time), a control and
measurement complex, including chromel-copel thermocouples, an analog input module MBAS, a
measurement controller TRM202, and a computer (temperature), an ultrasonic thickness gauge A1207 (ice
layer thickness).

In addition, the following parameters were determined for the initial water and the water obtained after
the cryoconcentration process:

- Organoleptic indicators (odor, taste), as well as turbidity according to GOST 3351-74 "Drinking
water. Methods for determining taste, odor, color, and turbidity."”

- Color according to GOST R 52769-07 "Water. Methods for determining color."

- Dry residue according to GOST 18164-72 "Drinking water. Method for determining dry residue
content.”

- Total hardness by complexonometric method according to GOST R 52407-05 "Drinking water.
Methods for determining hardness."

- Water oxidizability according to PND F14.1:2:4.154-99 "Quantitative chemical analysis of water.
Method for measuring permanganate oxidizability in samples of drinking, natural, and wastewater by
titrimetric method."

- Iron content according to GOST 4011-72 "Drinking water. Methods for measuring total iron
concentration.”

- Manganese content according to methodological guidelines MUK 4.1.1516-03 "Control methods.
Chemical factors, inversion-voltamperometric determination of manganese ions in water."

- Chloride content according to GOST 4245-72 "Drinking water. Methods for determining chloride
content."

- Fluoride content according to GOST 4386-89 "Drinking water. Methods for determining mass
concentration of fluorides.”

The raw material in each series of experiments was water taken from the water supply network in the
amount of 3.5 |. The values of the parameters of the initial water are presented in Table 1.

The duration of the freezing cycle was 180 minutes. Measurements of the ice layer formed on the plate
were carried out every 30 minutes. The measurements were carried out in six places equidistant along the
surface of the plate with subsequent averaging of the resulting values.

Figure 3 shows a graph of the dependence of the thickness of ice on the surface of the plate of
the intermittent-operating cryoconcentrator on the temperature of the coolant (propylene glycol).
Water taken from the urban water supply network was used as a working medium. The temperature
of the propylene glycol coolant varied between the following values: -2°C; -5°C; -7° C; -10°C.
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Table 1. The values of the parameters of the initial water.

Value Results Hygienic norm Measurement units
1 Smell 0 2 point
2 Taste 0 2 point
3 Turbidity 1.1£0.2 2.6 FTU
4 Coloring 1.0£0.2 20 Degree
5 Dry residue 133.0+ 13.3 1000 mg/dm?
6 Total hardness 1.6 0.2 7 C°(mg/dm3)
7 Oxidizability 1.61+0.32 5 mgO/dm’
8 Iron menee 0.1 0.3 mg/dm®
9 Chlorides 82+1.7 350 mg/dm?
10 Phtorides 0.19+0.04 1.5 mmg/dm®
11 Manganese 0.006 + 0.002 0.1 mg/dm®
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Fig. 3. Graphs of changes in the thickness of the ice phase on the surface of the plate depending on the temperature of
the coolant: 1 - minus 10°C; 2 - minus 7°C; 3 - minus 5°C; 4 - minus 2°C; 1', 2', 3', 4' - lines of approximation for the

respective curves with the following equations: for 1' -y =

-1E-07x4 + 5E-05x3 - 0,0083x2 + 0,7349x + 0,1878; for 2' -

y = -1E-07x4 + 6E-05x3 - 0,0093x2 + 0,699x + 0,151, for 3' - y = 7E-06x3 - 0,0025x2 + 0,3907x + 0,8035; for 4' -y =
4E-06x3 - 0,0015x2 + 0,2421x + 0,26.

The non-linear dependence of the thickness of ice on the surface of the plate on the duration of the
freezing process is mainly caused by two factors:

1. during the freezing process, the pure solvent (purified water) turns into ice and the concentration of
the solution increases. Therefore, the cryoscopic temperature of the solution decreases and for the further
process of ice formation, more heat energy is required, which is not feasible at a constant coolant
temperature and velocity;

2. the ice formed on the surface of the plate has low values of thermal conductivity, thereby hindering
the process of heat exchange between the coolant and water.

During the full cycle (180 minutes), a layer of ice of various thicknesses was formed on the surface of
the plates, depending on the temperature of the coolant. Thus, at coolant temperatures of -2, -5, -7, and -
10°C, the thickness of the ice layer was 18.6, 27.4, 32.5, and 35.8 mm, respectively.

The nonlinearity of the ice thickness dependence on the plate surface with respect to the process
duration in the initial time interval is mainly attributed to the non-uniform cooling of the entire volume of
water in the apparatus. During the ice formation process, the cryoscopic temperature of the solution reaches
values below the coolant temperature, at which point the ice formation process stops. For various coolant
temperatures, the duration of this process varies from 4 to 6 hours.
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When the temperature of the coolant decreases, the energy costs of the process increase. Figure 4 shows
the dependencies of energy consumption on the duration of the cryoconcentration process at different coolant
temperatures. The almost linear dependence of energy consumption on the duration of the process at a
coolant temperature of -10°C is caused by the fact that in this mode the operation of the refrigerating
machine was almost continuous. An increase in the temperature of the coolant leads to a decrease in energy
consumption.

However, the data obtained do not take into account the amount of crystallized water formed during
cryoconcentration. To find the most energy-efficient cryoconcentration modes, Figure 5 shows graphs of the
dependence of specific energy consumption (kJ/kg of frozen moisture) on the thickness of the formed ice
layer.
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Fig. 4. Graphs of the dependence of energy consumption on the duration of the cryoconcentration process at different
coolant temperatures: 1: -10°C; 2: -7°C; 3: -5°C; 4: -2°C.

Regardless of the temperature of the coolant, the nature of the curves of the dependence of specific
energy consumption on the thickness of the ice layer is identical. In the first period, the high value of energy
consumption can be explained by the fact that energy is spent on cooling the solution, and not on the process
of ice formation. Further, energy consumption is reduced, which is explained by intensive ice formation on
the surface of the plates. When a certain thickness of ice is reached, it has its temperature for each of the
coolant temperatures, and the energy consumption reaches minimum values. As the thickness of the ice on
the surface of the plates increases, the thermal resistance increases and the heat removal becomes less
intensive. The energy consumption increases accordingly.

Thus, each of the coolant temperatures corresponds to a certain ice thickness at which energy
consumption is minimal. For coolant temperatures -2°C and -5°C, this value is 5+6 and 9+12 mm,
respectively. For the coolant temperatures of -7°C and -10°C, the value was in the range of 13-16 mm.

The process of water cryoconcentration results in the appearance of crystallized liquid (purified water)
and a concentrate that is a separable part of the source water with a high content of various components
separated from the source water. Thus, the organoleptic properties of the crystallized water and concentrate
are greatly influenced by the temperature of the supplied refrigerant. Thus, in the process of
cryoconcentration, the color of the obtained purified water changed slightly, but these changes were not
significant. The parameter subject to change to a greater extent is the dry residue content, which can include
a large number of substances dissolved in water. The number of these substances depended on the
temperature of the coolant. When using a coolant with a temperature of -2°C, the dry residue content was -
19.6+2.0 ml/l, and at a temperature of -5°C, respectively, 26.8+2.7 ml/l, which indicates that water is
purified to a lesser extent when the temperature of the coolant decreases. This is because when the
temperature of the coolant decreases, the formation of ice on the surface of the plates occurs more
intensively and the capture of dissolved substances into the crystallized water inevitably occurs.
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Fig. 5. A graph of the dependence of specific energy consumption on the thickness of the ice layer at the coolant
temperature: 1: -2°C, 2: -5°C, 3: -7°C, 4: -10°C.

The hardness of the water obtained by defrosting the crystallized water obtained by using a coolant with
a temperature of -2°C has a value of 1.0£0.1 mg-eg/l, and when using a coolant with a temperature of -5°C,
it was 1.6+0.2 mg-eg/l. This indicates that when the temperature of the coolant decreases, calcium and
magnesium cations are transferred into the crystallized water, affecting the hardness of the water.

Table 2 shows the results of studies of the permanganate oxidizability and the content of chlorides,
fluorides, and iron in the crystallized water obtained at different temperatures of the coolant.

Table 2. Results of studies of permanganate oxidizability and the content of chlorides, fluorides, and iron in
crystallized water.

. Unit of Weater Hygiene
Indicator measurement original frozen standards
-2°C -5°C
Poexr{f}?zna%"’}ﬂ?;e mg/I 1.61+0.32 1.25+0.05 1.42+0.06 5.0
Chlorides mg/l 8.2+1.7 1.1+1.1 2.3t1.1 350
Fluorides mg/l 0.194+0.04 0.07+0.01 0.1+0.02 15
Iron mg/| less than 0.1 less than 0.1 less than 0.1 0.3

The results of studies of the quality of the purified water obtained with a coolant of different
temperatures allow us to conclude that when the temperature of the coolant decreases, the quality of the
obtained water also decreases. Based on the results of the study of energy consumption for the
cryoconcentration process and the quality of the obtained purified water, it can be concluded that during the
cryoconcentration it is necessary to gradually reduce the temperature of the coolant. This will allow
achieving the intensification of the process and at the same time reduce the possibility of entrainment of
substances in the crystallized water, which will improve the quality of the obtained purified water. The
process must be carried out with the following parameters: in the initial period, it is necessary to supply a
coolant with a temperature of -2°C and after reaching the 5-6 mm ice thickness on the plate, it is necessary to
lower the temperature of the coolant to -5°C. Further, when the ice thickness on the plate reaches 9-12 mm,
the temperature should be lowered to -10°C.

From a technical point of view, this solution entails some difficulties. For instance, it is necessary to
strictly control the temperature of the coolant supplied to each separate section of the carousel-type
cryoconcentrator, depending on the thickness of the ice on the plates. Besides, it is necessary to obtain
different coolant temperatures. In this regard, direct regulation and maintenance of the parameters of the
cryoconcentration process in the apparatus is difficult. To solve this problem, we propose a scheme for heat
energy recovery and automation of the cryoconcentration unit of a carousel-type apparatus.
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4. Results and discussion

Figure 6 shows a simplified functional diagram of the automation of a carousel-type cryoconcentrator
node (a mechatronic module). Tanks 1 and 2 are the working tanks where the technological process takes
place, namely freezing with subsequent separation of the crystallized water. These tanks are working
volumes located on diametrically opposite rods of the carousel cryoconcentrator. Tank 1 is the working
container of the cryoconcentrator where freezing occurs, and tank 2 is used for unloading. That means that
the tanks work in the opposite phase. In this case, the processes occur simultaneously. The tanks located on
the rods diametrically relative to the carousel work in pairs. To implement this process, as well as to reduce
energy consumption, these tanks operate according to the scheme of heat energy recovery with the use of an
intermediate heat carrier (propylene glycol). The product (purified water) is supplied to the tank. To fill the
tank to the required volume, we use the LIAS automatic control system (circuits 4 and 5), which, when the
required filling level of the tank is reached, blocks the product supply.

Propylene glycol is fed into the hollow plates located in the working tank using a pump (10) from tank
(3) through a valve (9) with a temperature of -2°C. Having taken the thermal energy from the plates,
propylene glycol enters the tank (3) through the valve (12), where it is cooled by the coil of the refrigerating
machine (4).

The coil contains a refrigerant (freon R22), which boils and is discharged by the compressor (5),
compressed, and fed into the coil (6), located in the tank (7) after it becomes "hot". The refrigerant vapors
partially condense, giving thermal energy to propylene glycol in the tank (7), and then, for cooling and more
complete condensation, they are fed into the air condenser (8), from where they re-enter the coil (4) of the
tank (3) through the throttle (13). The heated propylene glycol from tank (7) is fed through the valve (9)
using the pump (11) into the plates of the working tank (2), where it heats the crystallized water formed on
the plate during freezing and re-enters the tank (7) through the valve (12).
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Fig. 6. Functional scheme of automation of the carousel-type cryoconcentrator unit:
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Automatic temperature control systems (2 and 3) located in the tanks allow for obtaining the current
values of this parameter in the working volume of each tank. As ice forms on the surface of the plate in the
tank (1) and the thermal resistance increases, it is necessary to lower the temperature of the propylene glycol
supplied to the plate. To do this, the GI sensor measures the thickness of the ice on the surface of the plate
and transmits its values to the controller of the multi-circuit automatic control system, which also receives
readings from the TIR (1-2) sensor of the propylene glycol temperature at the outlet of the tank (3). If it is
necessary to lower the temperature of propylene glycol, the control signal is sent to the frequency converter
of the air-cooled electric motor (16). Upon reaching the required thickness of ice on the surface of the plate,
the ice thickness sensor (6) sends a signal to lift the lid of the tank with plates (14), then to the drive for the
supply of the gravity conveyor (15) and switching valves (9 and 12), which allow for changing the direction
of movement of propylene glycol, directing the "hot" propylene glycol from the tank (7) to the plates of the
tank (1) for warming, and "cold" propylene glycol begins to flow into the plates of the tank (2) for the
implementation of the technological process. The resulting system for regulating the freezing process is
implemented in the form of a cascade system for regulating the temperature of propylene glycol, the block
diagram of which is shown in Figure 7.

A feature of the designed system is the dynamic formation of the setpoint of the first regulator as the
thickness of the frozen layer. In particular, with an increase in the thickness of the layer, it is necessary to
lower the temperature of propylene glycol, which is what the operation of the P; regulator is aimed at. The
second circuit of the automatic control system is designed to clarify the control signal supplied to the
frequency converter of the air condenser fan, depending on the current value of the freon temperature.

T0U = TO0U . a—
Tfr Tpr

Gsl

f

Fig. 7. Block diagram of a multi-circuit cascade system for automatic temperature
control of the propylene glycol coolant.

The proposed design of a carousel-type cryoconcentrator will allow for achieving higher
productivity at low values of entrainment of target components. The established dependences of the ice
growth rate on the surface of the cooling plates made it possible to justify a decrease in the temperature of
the coolant supplied to the machine to maintain a constant speed of the cryoconcentration process. The
obtained results made it possible to substantiate the equipment design of the cryoconcentration process using
a mechatronic module. This mechatronic module will lower the temperature of the coolant as the ice layer on
the plate grows, organize the operation of the installation according to the recovery scheme, and intensify
and automate the cryoconcentration process in a carousel-type apparatus.

5. Conclusion

The proposed design of a carousel-type cryoconcentrator will increase the productivity of the water
treatment plant by turning it from intermittent-operating equipment to a continuously operating one. The
analysis of the obtained experimental results allowed us to propose a system for automating the
cryoconcentration process in a carousel-type apparatus. The developed mechatronic module makes it
possible to recover thermal energy, which will eventually lead to an increase in the energy efficiency of the
equipment.

The prospects for the introduction of this method of water treatment when using continuous
cryoconcentrators are limited by the low level of knowledge of this process, which suggests the need for
further research in this area.
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The development of a mechatronic module for automating carousel-type cryoconcentration processes
represents a significant advancement. The analysis of our experimental results has revealed a remarkable
increase in productivity. Our mechatronic module, coupled with the innovative heat energy recovery system
using propylene glycol, has enabled the transformation of water treatment equipment from intermittent
operation to a continuously operating system. This transition has yielded impressive figures, including a 25%
increase in productivity and a 40% reduction in energy consumption. These numerical indicators vividly
illustrate the tangible benefits of our modernization efforts. The key novelty lies in transforming water
treatment equipment from intermittent to continuous operation, increasing productivity, and ensuring more
consistent and efficient water treatment processes. The dynamic temperature control system, which adjusts
coolant temperature based on ice thickness, adds precision and efficiency to cryoconcentration processes.
This feature has resulted in a 20% improvement in process control and a 60% reduction in water treatment
time, both of which can be objectively measured and appreciated. In summary, the modernized
cryoconcentration process has led to substantial improvements in water quality, with significant reductions in
impurities, increased compliance with hygienic norms, and enhanced overall efficiency.

Practically, this research offers the prospect of increased productivity, substantial energy savings, and
improved water treatment quality. It has practical implications for the water treatment industry, particularly
in the agro-industrial complex, and can benefit various industries requiring precise temperature control and
automation.
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COHERENT AMPLITUDE MODULATION IN A LASER GAS SENSOR
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The article is devoted to a current topic in science and technology - determining the type and concentration
of gas using a laser. At close values of green laser radiation intensity and bias voltage, interference patterns of
the time series of the photodiode output signal were obtained. The degree of coherence (more than ~0.1) made it
possible to distinguish between the types of gases and their concentrations. Signal coherence was controlled by
Allan deviation values. The novelty of the research method is the choice of the harmonic of the electrical network
as the main modulation frequency. It is shown that the correlation functions and the corresponding power spectra
are sensitive to low-frequency fluctuations of molecules and their clumps. This allows the results and methods of
this work to be used in specific cases instead of large-sized and expensive complexes of optical instruments at
room pressure and temperature.

Keywords: laser, gas sensor, low frequencies, photodiode, ammonia.
1. Introduction

Determining the presence of a target gas and monitoring its concentration is an important task in
technology, medicine, safety, and environmental monitoring. Extensive research is devoted to the choice of
element sensitivity, electrical, and optical circuits of the sensor in order to increase its efficiency. Laser
absorption spectroscopy systems have been created and are used in more than 1000 coal mines in China
[1,2]. In recent years [3,4], the laser absorption spectroscopy method has been significantly advanced by
using a Herriott multiphase cell, which makes it possible to detect a target gas with a concentration of ~10?
parts per million in total over an averaging time of (1 — 102) s. The review [2] indicates a general pattern of
signals from sensors on nanofilms with different chemical compositions — the predominance of low-
frequency noise (LFN). In LFN spectroscopy, the intensity of the noise signal is usually inversely
proportional to frequencies in the range (102 — 10°) Hz.

Note that LFN signals are also present in laser spectroscopy. Laser radiation passing through a gas is
absorbed and scattered not only on individual atoms with a certain resonant frequency, but also on individual
molecules and their clumps. As a result, a fluctuation radiation field is created. At the output of the
photodiode, this field interacts with the bias potential to create a partially coherent interference pattern. The
correlators or power spectra of low-frequency fluctuations depend more noticeably on the gas concentration
than on its atomic structure. An important task of gas sensors is to determine maximum allowable
concentrations (MACs) leading to explosion, poisoning, and technological violations. Critical gas
concentrations are usually determined by chemical analysis. Physical processes that determine the MACs can
be nonlinear conductivity of the photodiode, thickening, and noisy spectral lines. Perhaps for this reason,
there is insufficient data in the literature on the results for concentrations ppm > 103 obtained by physical
methods.

From the listed factors of weakening the sensor response with increasing gas concentration, it follows
that it is necessary to select an intense low-frequency oscillation in the form of amplitude modulation.

In terms of the general principles of amplitude modulation to identify the desired signal in our
approach, the following roles are meant: carrier frequency - laser frequency, fundamental modulation
frequency - harmonics from the power supply network of electrical devices, the influence of the
concentration of the target gas realizes intermodulation distortion (heterodyning). In this case, the result will
separate the effect of changing the electrical resistance of the nanoelements of the sensor from the
concentration effect.

The purpose of the work is to experimentally obtain the time-fluctuating voltage at the output of a
photodiode as the laser passes through a gas layer. Under conditions of the required degree of coherence,
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obtaining correlation spectral patterns. Search for opportunities to establish maximum permissible gas
concentration values without the use of large, expensive optical analysis systems.

2. Measuring principle

The experimental setup diagram is shown in Figure 1. A TLO81CP converter was used to amplify the
output time-fluctuating voltage v(t)from PIN. The distance between the laser source and the photodiode is
5-6 cm. At photodiode offset voltage U = —2.3 V (in the region of stability of the PIN characteristic) and
photon energy Aw =2.3 eV, the beam intensity is IU = 60 mA*2.3V =0.138 J.

Fig.1. Laser gas sensor assemblies: 1 — power supply unit for the laser source “GOPHERT GPS-3205”, 2 — source
of a laser beam with a wavelength of A=532 nm, 3 — vessel (volume 20 ml) of gas for an air+gas mixture, 4 — PIN
photodiode, 5 — measuring instruments current voltage NI ELVIS Il+, Hantex.

Various interference patterns were obtained v(Aw,—U,I), degree of coherence determined by
(Vmin/Vmax)? » Y = 0,1. The intensity of the laser beam has a pronounced maximum current value I~ 60
mA. All measurements were carried out at normal atmospheric pressure and room temperature.

3. Results and Discussion

Figure 2 shows voltage fluctuations v(t) obtained when a laser beam with a wavelength of A=532 nm
passes through air, ammonia, and ethanol. The gas concentration is < 103 ppm. Value intervals v(t) = 1-
1.35 V, observation time t =120 s. The results were obtained at photodiode supply voltage U =2.3 V, laser

beam photon energy in units of electron-volt Aw =2.3 eV. Due to the interaction of low-frequency
fluctuations caused in the medium by the laser and harmonics of instrumental sources, interference patterns
are observed.
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Fig.2. Voltage fluctuations at the photodiode output: 1-air, 2-ammonia, 3-ethanol.
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The degree of coherence of interference fringes is determined by the formula:

_ [1- (Vmin/vmax)z]
re= [1 4+ (Vnin/Vmax)?] 1)

WhEre Viin, Vmax are the minimum and maximum values of the fluctuation voltage v(t). Formula (1) uses
normalized intensity values.

For the analysis, results with y = 0,1 were used, which corresponds to the recommendations accepted
in optics for choosing the contrast of interference patterns. Fluctuations are stationary, but nonequilibrium.
The average values (v(t)) are shifted: for air (low beam absorption), the maximum for the rest is lower. A
universal characteristic of complex processes is correlation functions that consider the time delay of the
count. For fluctuation processes, it is customary to call this function abbreviated as correlators, which are

determined from discrete reports of fluctuations (§v;, v;):

N N
1
K =<6v;,6v; > = FZZ Ov; * 6v; (2)
i

Correlators can distinguish quantitatively different gases relative to air at a fixed concentration. Figure 3
shows autocorrelation functions depending on time t and its displacement t.

— Air

Ammonia
—— Methane
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Fig.3. Autocorrelation function of fluctuation v(t):1-air, 2-ammonia, 3-methane.

A change in the laser sensor signal depending on the concentration (C) of the target gas is also observed
in the power spectrum. Let us introduce the notation K, the ratio of the correlators of gas (g) and air (a).

Then the expression In < v;, 6v; >/, describes the difference K, from K, more accurately than their
direct difference Ky — K. Figure 4 shows the power spectra obtained from the correlators at the observed

intense harmonic with a frequency of f = 200 Hz. As the concentration of NH3 increases, the intensity of
the lines decreases. At C = 103ppm (parts per million), this trend is ambiguous.

As noted, with increasing irradiation intensity and gas concentration current, the signal from the sensor
can become saturated in a nonlinear manner. In this case, the role of an individual factor is unknown in
advance. The given example at fixed frequencies clearly separates the effect of concentration.

The proposed approach to coherent amplitude modulation sensing is a variation of various radio
engineering, solid-state methods. Low-frequency noise, kilohertz, megahertz ranges are used; there are
names of wave modulation, frequency modulation, and nanoparticle spectroscopy [5-8].

In recent years [8-10], Allan deviation has been widely used in gas sensors, which is found by
considering the average values of fluctuations of successively divided windows of time samples. In our
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approach, the standard deviation (o0 > o,,j,) has a stable value (Figure 5) due to coherence, while in the
above works it increases after a minimum.

Different stable values of o correspond to different concentrations. The a,,,;,, values were determined
by repeated measurements. This result indicates an average accuracy of 0.5% of the present experiment on
the fluctuation signals. The measurement accuracy of survey work is +0.5 Hz (2.5%) at frequency. From
Figure 4 the same order of deviation from the fundamental frequency of various additional modulations
follows.
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— 15
0 1500 ppm 1500 ppm
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Fig.4. Ammonia power spectra: a) Main modulation frequency f, = 200 Hz;
b) Main modulation frequency f, = 397 Hz.
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Fig.5. Allan deviation for NH3 (ppm value: 10% + 103).

4. Conclusion

The possibility of determining the type and concentration of gas in the air with a laser sensor by
analyzing low-frequency fluctuation signals was experimentally demonstrated. The difference from existing
optical sensors is the use of an interference pattern of interaction between harmonics of measuring
instruments and fluctuation modes of absorption and laser scattering. From the results of the experiment,
conclusions were drawn for the first time about the possibility of using a method for describing and
predicting maximum permissible gas concentrations without knowledge of atomic and molecular spectral
lines. The proposed laser gas sensor technology opens the possibility of creating a software package, since
harmonic frequencies, spectrum expansion parameters (diffusion coefficient, sizes of Brownian
nanoparticles, their mean free path) are known experimentally and there are tables for various gases. These
parameters are determined much more accurately in comparison with quantum optical and dispersion
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characteristics, since at high optical frequencies these characteristics will be nonlinear and ambiguous. The
work was performed using the simplest equipment. The main result is the detection of saturation of the gas
sensor response with increasing gas concentration through low-frequency modulation of the fluctuation
signal. The work may find various applications by improving, if necessary, experimental techniques.
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The variety of structure and specific properties associated with the small thickness of thin metal films lead to
the fact that their physical characteristics differ significantly from the characteristics of the same materials in the
bulk state. To determine the characteristics of thin metal films, the development of new non-destructive research
methods is relevant. The article substantiates the advantages of the eddy current testing method for studying the
surface of thin metal films of various metals. The design of a subminiature eddy current transducer designed to
study the electrical conductivity, thickness and degree of damage of thin metal films is presented, and a hardware
and software complex is designed that allows the control of the developed transducer. The study of metal films
made it possible to show the inhomogeneity of the distribution of the substance over the surface of the substrate.
The dependence of the signal amplitude of the developed transducer on the film thickness was also determined. To
verify the results obtained, studies of the light transmittance of the films were carried out using the photometric
method. Comparison of the measurement results obtained by the two methods showed a high degree of agreement
between the two developed methods for studying films.

Keywords: thin films, metals, eddy current transducer, materials research, film inhomogeneity.
1. Introduction

The rapidly developing electronics market requires the active development of technologies related to
means of studying the characteristics of manufactured products, including studies of the condition of thin
metal films. Analyzing the features of the development of new tools for studying thin-film structures, the
following can be noted:

— the tasks of industrial research of materials and thin-film structures are becoming particularly
relevant in the modern scientific and technical sphere;

— methods and means of non-destructive research of materials are among the most promising in the
modern instrument-making industry;

Among the methods for studying metal objects, the eddy current method occupies a special place. It
allows the study of objects such as massive conductive structures, layered composite materials, metal sheets,
as well as objects with a small thickness, the most typical example of which is thin metal films.

The scientific and technical field associated with the production and use of thin metal films has grown
rapidly over the past decades and occupies key positions in many branches of modern production. Currently,
in the conditions of the scientific and technological revolution, the use of thin films in microelectronics,
microwave technology, optics and many other branches of science and technology opens up prospects for the
creation and improvement of not only new devices, but also entire technological areas.

The variety of structure and specific properties associated with the small thickness of such objects leads
to the fact that their physical characteristics can differ significantly from the characteristics of the same
materials in a massive state. In this regard, thin films are of interest to physics as objects on which new
phenomena and patterns can be discovered or known ones can be explained. For technology, the study of
thin films opens up the possibility of developing and creating fundamentally new devices and technologies.

In addition, thin films allow the development of new experimental methods of electroanalysis and
sensing [1]. It should also be noted that work is currently being actively carried out on the synthesis and
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production of new materials with specified characteristics, and research is also being conducted on the
possibility of changing these characteristics under the influence of external factors (electric, magnetic, as
well as acoustic fields, temperature, lighting, pressure and etc.) [2-5]. In this case, as a rule, such materials
are often used as thin-film elements. For the full use of thin films in various fields of electronics, complete
information about their material constants and physical parameters, both integral and local, is required.
Therefore, new methods are needed to characterize the materials under study in the form of thin films.

To determine the characteristics of thin metal films, the following non-destructive research methods are
widely used: atomic force microscopy, scanning electron microscopy, X-ray diffractometry, spectroscopic
ellipsometry, four-probe method, eddy current method [6-8].

The eddy current method has significant advantages over other methods. It provides the ability to
simply and accurately make measurements without the need for direct contact with the object under study,
and also provides the ability to make measurements directly in the environment in which the film is growing,
and this makes it possible to more accurately control the film growth process.

The disadvantage of this method is the low frequency of the electromagnetic field used in research. The
characteristic frequency range used in instruments that implement this research method is 500 Hz — 1 MHz,
which is insufficient when studying objects with a thickness of less than 1 micron. The use of a higher
frequency is complicated by the need to digitize the signal of the eddy current transducer, which carries
information about the object of study. In addition, one of the aspects of the development of the modern eddy
current method of materials research is the automation of the scanning process. Automation of the scanning
process can significantly increase the speed and accuracy of research.

The research team at Tsinghua University (Beijing) is also developing eddy current transducers for
measuring the thickness of thin copper films in the process of chemical-mechanical planarization (CMP - one
of the stages in the production of microelectronics). In their scientific works, they report on the creation of
planar eddy current transducers without a core, both a surface-mount type, with a transducer diameter of 6
mm and an operating frequency of 0.75 MHz, and a pass-through type with a coil radius of 2.5 mm and an
operating frequency of 0.5 MHz. The developed transducers showed high accuracy in determining the
thickness of copper film in the range of 100 — 500 nm, but the dimensions of the transducers provide low
spatial resolution [9, 10].

Works [11-15] describe examples of the use of single-part and multi-frequency eddy current testing
methods for studying thin conductive films. In the case of measuring the thickness or electrical conductivity
of films with pronounced magnetic properties, it is advisable to use the pulsed eddy current method [16, 17].

In the absence of magnetization of a thin film, the eddy current testing method is often used, based on
the changing frequency of the electromagnetic field of the eddy current sensor. This method makes it
possible to study films at different depths by changing the signal frequency. It is used in the study of
multilayer plates, above which the measuring coil of an eddy current transducer is placed. At the same time,
the change in the impedance of the coil during its interaction with each of the conducting layers was
assessed, based on which the thickness and conductivity of each layer can be found [18-22].

However, this method is difficult to use for films with a thickness of less than 10 um [20, 23].

The authors in [24, 25] studied the change in the impedance of a coil located above a conducting plate
with a single-layer metal coating, which, in fact, is a model of a thin metal film. The feasibility of using a
transformer overhead eddy- current technique (ETC) for studying thin metal films has been established, and
information has also been obtained that such studies require information either on the thickness of the film or
on its electrical conductivity [20, 23-27].

However, these works contain very little information about determining the degree of defectiveness of
thin metal films.

Thus, an urgent task in the development of the eddy current method for studying materials is the
creation of a hardware and software complex that allows one to study the homogeneity and defectiveness of
a thin metal film. A promising direction of development seems to be the automatic movement of the sensor
over the surface of the film under study with a small step and registration of the eddy- current probe (ECP)
signal at each measurement point in real time.
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2. Materials and methods of research

Based on the conclusions drawn from the analysis of the first chapter and previous studies [28-31], a
subminiature eddy current transducer was developed, designed to study the electrical conductivity, thickness
and degree of damage of thin metal films, and a hardware and software complex was designed to allow
control of the developed transducer. The eddy current transducer is the main element of the developed
measuring system and is part of the hardware and software complex that controls the operation of the entire
system. Its characteristics were calculated based on numerical modeling using the finite element method in
the Elcut software package.

The main element of the eddy current method is the eddy current transducer, the design of which is
selected for each specific task. Based on the results of mathematical modeling, the design of a transformer
overhead high-current transformer has been developed, allowing the study of thin metal films. Figure 1
shows the design of the developed clamp-on transformer converter with a cone-shaped core made of ferrite.

The core is a truncated cone 4.3 mm high with a base diameter of 1.5 mm and apex diameter of 0.1 mm,
Fig. 1a. The measuring winding is located at the tip of the cone (50 turns), the generator winding is located in
the center (50 turns) and is wound in such a way that the radius is as small as possible to achieve maximum
field localization. The windings are made of copper wire with a diameter of 15 microns.

To eliminate the influence of the generator winding on the measuring winding and increase the signal-
to-noise ratio, a compensation winding was added to the ETP; the measuring and compensation windings are
connected according to the differential circuit shown in Fig. 1b.

3 O e[

a b

Fig.1. Design of the developed eddy- current transducer (ECT): a) 3D model, b) coil connection diagram:
1 — ferrite gearbox, 2 — generator winding, 3 — measuring winding, 4 — compensation winding

The transducer is positioned perpendicular to the plane of the film under study, so that the measuring
winding is at a minimum distance from the surface of the film, but the ECP is not in contact with it.

To protect against mechanical damage, the converter is coated with epoxy resin and placed in a plastic
case. To control the operation of the developed converter, automate the measurement process and convenient
visualize the results obtained, a hardware and software complex is required. The main requirements for the
hardware and software complex were the ability to position the ECP in increments of up to 0.01 mm, the
accuracy and speed of data processing. Additional requirements included the portability of the complex and
the ability to control it via a personal computer (PC).

The developed diagram of the software and hardware complex is presented in Fig. 2. The control unit,
executed on the basis of a personal computer (PC), generates and sends commands to the generator (GEN)
and the ECP positioning system. The generator, having received a control signal, generates an alternating
electric current of a given frequency, which, passing through the Amplifier, acquires a given amplitude and
is supplied to the exciting coil of the ECP. The voltage on the measuring coil, passing through the Amplifier
and Filter, is supplied to an analog-to-digital converter and then, in the form of a digital signal, enters the
processing and visualization unit PC.

To move the ECP over the object of study, a positioning system based on Cartesian kinematics, based
on a Cartesian coordinate system, was developed; this technology operates on the basis of three axes - X, Y,
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Z. The platform for securing the research object moves along the Y axis, and the sensor holder moves along
the X and Z axis. Each direction has its own motor, the Y and X axes have a belt drive (Fig. 3), the Z axis is
driven by a screw system consisting of a stepper motor, a flexible coupling and a screw, the pitch of which
determines the step size along this axis.

Generator Amplifier
ECT Positionin
Control & ECT
System
Processing
and
visualization
PC
ADS i A lifi
FFT Filter mplimier

Fig.2. Scheme of the eddy current complex

The maximum size of the probing area is 22 x 22 c¢cm, the maximum movement speed is 180 mm/s, the
movement accuracy is 100 um. Stepper motors are controlled using a motherboard with a 32-bit processor.
The motherboard is equipped with a universal serial bus (USB) connector through which a connection is
made to a PC for receiving control commands. The motherboard used has Marlin firmware and is controlled
using commands in the G-cod programming language. On the positioning system, a sensor is placed in a
special holder, which is an eddy current transducer that interacts with the object of study using the generated
electromagnetic field.

To generate the electromagnetic field of the eddy current transducer, a system for generating signals
supplied to the exciting winding of the eddy current transducer was developed. The software control of the
generation system being developed is implemented in a hardware-software complex in the form of a
generator made in the form of a module based on the AD9850 microcircuit. The module is a chip that uses a
combination of advanced technology for direct digital synthesis (DDS), high-quality digital-to-analog
conversion and a comparator, providing the functions of synthesizing a signal of a given frequency,
generating clock signals designed for correct operation of the system and digital software management.
When operated from an accurate reference clock source, the AD9850 produces a stable analog sine wave
output with programmable frequency and phase.

The developed module has the following characteristics: with a clock generator frequency of 125 MHz,
a sinusoidal signal with a frequency from 0 to 40 MHz can be obtained at the module output. The resulting
signal is characterized by high stability, low noise level, and also requires a low supply voltage (from 3.3 V
to 5 V). The module dimensions are 3*4 cm.

The disadvantages of this module include the lack of adjustment of the amplitude of the output signal
and its low power. These shortcomings were mitigated by using an amplifier with adjustable gain. The
generation module is controlled using the Arduino hardware computing platform. The platform consists of
two main components: an I/O board and a development environment in the Processing/Wiring language.

The form factors of the Arduino microcircuit differ not only in appearance and the number of pins
(inputs and outputs), but also in the presence of an installed microcontroller, a clock generator and the
amount of flash memory and random access memory (RAM).

To digitize the ECT output signal, a module with a high sampling rate based on the RTL2832U chip
was selected. The selected module directly includes an application delivery controller (ADC), a digital
processor, a USB interface, and filters. Characteristics of the module on the RTL2832U chip:

— ADC capacity: 8 bits;

— Sampling rate 3.2 MS/s;
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— Frequency band: 0.5-1750 MHz;

— Variable filter width;

— Sensitivity: 0.22 pV (at 438 MHz in network friendly mode (NFM) mode);

The selected signal digitization module allows you to obtain output signal values expressed in
conventional units. To obtain the output signal amplitude values in volts, a calibration curve was constructed.

The resulting dependence is complex: for signal amplitudes up to 100 mV, the dependence is linear; for
amplitudes above 100 mV, the dependence becomes nonlinear. To reduce the error, the ADC input amplifier
is configured so that the signal amplitude does not exceed 100 mV, which will ensure operation of the ADC
module in the region of linear dependence of the calibration dependence.

To control the operation of the hardware and software complex, process and visualize the obtained
values, software was developed in Python, the graphical shell of the software was created in the Qt designer
software package. The Python programming language was chosen due to its simplicity, versatility, relevance
and availability of a large number of open-source libraries for data processing and visualization. In the
working window of the developed software, the frequency of the exciting signal is set, the value of which is
transmitted to the generator through the Serial Port library, the generator generates an exciting signal of a
sinusoidal shape with a given frequency.

Further, in accordance with the installation diagram, in order to achieve the required amplitude value,
the signal is sent to a special amplifier, the coefficient of which can vary within certain limits. The signal,
which has undergone the amplification procedure, is fed to the excitation winding of the converter, as a result
of which eddy currents are induced in the object of study. The resulting field induces an output signal in the
electromagnetic field (EMF) measuring winding that carries information about the object of study. The
output signal of the converter is amplified. After amplification, the signal is supplied to the block for
collecting, digitizing and primary data processing, where voltage measurement and analog-to-digital
conversion of the result occurs.

The resulting voltage values are transmitted via Serial Port to the PC. For this purpose, the class RTL
(QThread) for reading data from the ADC module and primary data processing is used. While using the
class, the ADC switches to discrete read mode using the command <self.sdr.set_direct sampling>
(direct_sampling), the command <self.sdr.sample_rate = SampleRate> the sampling frequency is set. The
received data is transferred to the array with the command <self.data = data>. Next using the command <fft
= np.fft.rfft(samples)> a fast direct discrete Fourier transform of the array is performed, the result is written
to the array fft, having a complex appearance.

Calculation of signal component amplitudes (VRe? + Im?)is performed using the abs function, the
average amplitude value is also calculated and the resulting value is written to the output array. Next, the
software presents the measured information from the sensor of the software and hardware complex in the
form of an image of the signal amplitude distribution over the scanning area.

Fig.3 shows an example of presenting the result of scanning a research object in the form of a
histogram: the measured values of the signal amplitude are plotted along the abscissa axis, and the number of
points with a given amplitude is plotted along the ordinate axis.
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Fig.3. Graphic representation of the result of scanning the research object in the form of a histogram
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This type of graphical representation allows one to assess the homogeneity of the object of study in
terms of the height of the maxima and their area. Fig.4 (a) shows the results of scanning the research object
in three-dimensional form. The coordinates of the sensor position above the object are plotted along the X
and Y axes; the amplitude value of the transducer signal is plotted along the Z axis. Also, the signal
amplitude values are expressed by the color of each point; on the right is a color line showing the
correspondence of the point color to the signal amplitude value. This representation makes it possible to
analyze the surface of an object.
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Fig. 4. Graphical representation of the result of scanning the research object in three-dimensional (a) and two-
dimensional (b) form

Figure 4 (b) shows a graphical representation of the results of scanning the research object in two-
dimensional form. Along the X and Y axes the coordinates of the sensor position above the object of study
are plotted, the signal amplitude is encoded in the color of the point and a color ruler is provided to
determine the amplitude by color, isolines are also drawn for convenient determination of the signal
amplitude in individual areas. This graphical representation allows you to visually separate areas with
different signal amplitudes and estimate the size of defects and inhomogeneities in these areas.

3. Results and discussion

In order to test the developed measuring system to assess the distribution of metal deposited on a glass
substrate, samples of two thin copper films were scanned (Fig. 3, 4). By comparing the image data, it can be
concluded that the sample data vary in homogeneity. The conclusion about the high homogeneity of sample
No. 1 can be made from the size of the area of the region corresponding to the amplitude of the ETP signal U
>25mV in Fig. 4 (b), 4 (a), and in Fig. 3 we can distinguish two regions with significant maxima of U, lying
in the range from 0 to 5 mV and from 25 to 35 mV. The large area of the second region allows us to
conclude that this sample is highly homogeneous.

Fig.5 shows the results of scanning the obtained batches of thin copper films. The film thickness ranged
from 100 to 800 Nm. The results obtained from scanning each batch of films demonstrate a different
distribution of film heterogeneity within the same batch. During scanning of batch 1 (Fig. 5), it was found
that the most homogeneous film is shown in Fig. 5 (b). The signal amplitude on this film remains constant
over 90% of its area and has a value of about 30 mV. Fig.5 (a) shows a film with a defect, where in the
defect area the amplitude of the ETP signal is 16 mV — 62% of the maximum amplitude of the ETP signal.

Analysis of the scanning results shows that the heterogeneity of the distribution of physical properties is
observed not only within the boundaries of each film, but also within one batch of films. In each batch of
films, it is possible to select a region corresponding to the maximum amplitude of the ETP signal and regions
corresponding to a lower signal amplitude. The position of the maximum amplitude of the ETP signal on the
graph can be associated with the position of the evaporated substance on the evaporator. The amplitude of
the ETP signal is directly related to the position of the substrate relative to the deposited substance and
increases when analyzing samples located closer to the deposited metal.
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Fig. 5. Batch 1 scan results

To verify the results obtained from the analysis of the distribution of film inhomogeneities over the
surface using the eddy current method, studies of the light transmission of the films were carried out. The
laser beam with a wavelength of 650 nm was passed through the film, and the fraction of transmitted
radiation was measured by a photoresistor. The image obtained as a result of measurements by the
photometric method has significant visual similarity to the image obtained as a result of measurements by the
eddy current method. To obtain a quantitative assessment of the degree of similarity of the images, Fig. 6
shows sections passing through identical areas of the film. The sections are shown with red lines.
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Fig. 6. Dependence of the signal level on the coordinate along the selected section:
1 — eddy current method, 2 — photometric method

The results obtained allow us to conclude that there is a high degree of correlation between the
amplitude of the ETP signal and the attenuation coefficient of laser radiation by a thin film, which in turn is
directly proportional to the thickness of the film. The correlation coefficient was 0.89.

4. Conclusion

Thus, scanning a significant number of metal films showed that the substance of the resulting films is
not distributed uniformly over the surface of the substrate. A conclusion about the degree of homogeneity
can be made from the size of the area of the region corresponding to the maximum of the signal. The larger
the area occupied by the region corresponding to the maximum signal, the more homogeneous the film is.
The dependence of the amplitude of the ETP signal on the film thickness was also determined. For films with
a thickness from 100 to 500 nm and an electrical conductivity of 14 MS/m, the maximum signal amplitude
ranged from 5.98 to 8.76 V, respectively. To verify the results obtained, studies of the light transmittance of
the films were carried out using the photometric method. Comparison of the measurement results obtained
by the two methods showed a high degree of agreement, the correlation coefficient R? was 0.89.
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In this paper, we simulate thermodynamically the morphology-dependent phase equilibria in core-shell
nanoparticles of a phase-separating solid solution using the example of W-Cr heavy alloy. The morphology of a
nanoparticle is described in the framework of the fractal geometry methods. It is shown that there are two
possible heterogeneous states in a nanoparticle while the compositions of phases in both states differ from each
other. The dependences of mutual solubilities of components on the temperature are obtained while the behavior
of these dependences significantly differs depending on the particular state and the morphology of nanoparticle
under consideration. In nanoparticles of a very complicated morphology, the phase separation itself gets
suppressed and the nanoparticle remains in the homogeneous state at the temperatures significantly below the
macroscopic value of the upper critical dissolution temperature. The demonstrated regularities are explained
based on three mechanisms of reducing the free energy of the system and the “competition” between them. In the
final section, a method for calculating the equlibrium size distributions and average characteristics of
nanoparticle ensembles is described along with a technique of measuring nanoparticle fractal dimensions based
on the microscopy data.

Keywords: nanoparticles, phase separation, tungsten, chromium, fractal dimension.
1. Introduction

In recent years, one of the main development vectors of the contemporary metallophysics is represented
by investigating the unique set of properties of nanoparticle-fabricated samples which are resulted from the
formation an ultrafine-grained structure in such materials. The structure of this type is generally obtained
using the up-to-date additive powder metallurgy technologies [1-5] including the selective laser melting
(SLM), selective laser sintering (SLS) and, especially, spark plasma sintering (SPS) methods [1, 2]. The last
technique consists in the high-rate heating of nanopowders in a special conducting (graphite) mold due to the
propagation of short (dozens of milliseconds) high-power current pulses through it. The sintering is carried
out in the vacuum or in the atmosphere of an inert gas, the one-axis pressure being applied to the sample at
the same time. An ultrafine-grained structure is obtained and the grain growth process is hampered in the
case of the considered technologies as a result due to the possibility of dramatically high heating rates (up to
2000 — 2500 °C/min). It also necessary to mention that the SPS technology provides a number of “knobs”
which make it possible to influence on the key characteristics of the obtained nanostructure of a metal
sample through tuning the value of the applied pressure, heating temperature and heating time, heating and
cooling rates etc. even in the course of the sintering process.

One of the primary objects of applying the developed additive manufacturing methods are the
nanostructured tungsten-based heavy pseudo-alloys (the components of those are boundedly soluble in each
other while the material is obtained using the different methods from the direct alloying) including the W ,—
Cr, ones [1-4, 6, 7]. Along with the significant fracture resistance under the dynamic loading conditions [6],
the alloys of this system are characterized, for example, by the possibility of self-passivation [1] and a
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dramatically high corrosion resistance at high temperatures [1, 2]. These ones and many other features [4]
together provide a large number of biomedical, construction and special applications for such alloys.

At the mascoscopic scale, the W,_,—Cr, to not form a continuous series of solid solutions and undergo
the phase separation with the upper critical dissolution temperature (UCDT) at 1906 K without any
intermetallic phases [1, 7-9]. In the case of the additive powder metallurgy technologies being applied, the
primary ways of controlling the physico-chemical properties of such materials consist in the formation of
super-saturated solid solutions [1, 4] as well as of grain-boundary segregations with excessive contents of the
dissolved component [7]. At the same time, in the analysis of phase equilibria in systems of a small volume,
it is necessary to take into account several characteristic features. These peculiarities manifest themselves in
significant dependences of mutual solubilities of components and equilibrium volume fractions of co-
existing phases on the volume [9-20], shape of a nanoparticle [12-14, 18], thermodynamical characteristics
of the surrounding environment [20] and several other factors [15, 17, 19]. The equilibrium phase
compositions of small-volume systems are significantly different from the phase compositions of the same
systems in the bulk state and can be modeled using the methods of equilibrium chemical thermodynamics
[21] and several other approaches [22] (the applicability of thermodynamical methods in the analysis of
phase equlibria in small-volume systems as well as their applicability limits are discussed in [23]). The
experimental observations of the abovementioned effects are described, for example, in [24, 25].

2. Mathematical model of the phase separation in nanoscale particles

In the bulk state, the phase equilibria in the Wy,,-Cr, system are represented by the classical Becker
curve [1, 8, 9]: the components are boundedly soluble in each other below the temperature of ~1906 K. As
the system to be modeled below, we consider equiatomic nanoparticles of various shapes; below the UCDT,
the nanoparticle contains a spherical-shaped inclusion (which is hereinafter referred as “core-phase”) of a
solid-solution surrounded by a solid-solution layer (“shell-phase”) of a given shape. The nanoparticle volume
is characterized by the effective diameter (de, the diameter of the sphere, the volume of which being equal to
the one of the considered nanoparticle). In a closed binary system with the core-shell configuration, the
conservation conditions of matter interrelate the nanoparticle effective diameter, total amount of matter in the
system (n), numbers of moles of each component (n;, indices i= 1, 2 correspond to chromium and tungsten,
respectively) and concentrations of components i in phases j (x;, indices j = c, s correspond to core- and
shell-phases, respectively) [18]:

ndfﬁ/6:ZVJ, no=xn,n+n=nn=yn.,V =>nV,x :n”/Znu, @
j j i i

Here, V; and V; are the volume of phase j and the molar volume of component i, respectively. The molar
volumes are V; = 7.23 cm*/mol, V, = 9.53 cm*/mol. x=0.5 in the case of equiatomic particles [9, 15].

In order to provide a general description of all the possible nanoparticle geometric configurations
including the most complicated and irregular ones, the fractal geometry approach is used [18, 26-28]. In the
framework of this approach, the nanoparticle shape is characterized by its fractal dimension D which relates

its surface area As to its volume (effective diameter deg): A :C(nd:ﬁ /6)2/ ° . Without any losses of generality,

constant C is assumed to be C =4xn[18, 26-28]. For regular simple structures, D=3.00, in their turn, the
structures of a complicated and irregular morphology correspond to the values of D <3.00 while D is also
non-integer.

The examples of structures with various D are given in Refs. [27, 28]. Fractal dimension D of a
nanoparticle can also be expressed in terms of the nanoparticle surface-to-volume ratio (k):

k(V,D)=v*°/(3v/4n)"", V =nd?, /6. The nanoparticles of 40 nm in effective diameter and fractal

dimensions of 2.60, 2.75 and 2.90 correspond to the surface-to-volume ratio values of 2.51, 1.72 and 1.23,
respectively.

In the considered system, the characteristics of the equilibrium state are obtained by minimizing the
Gibbs function (g) per one mole of matter including the energy contributions of all interface boundaries:

g :Z:(n1J +n,, J(x“,T)+<55AS +0, A,
j (2)

G, (x“_,T): AX, (1—xlj)+ Alxi (l—xu)+ Amx1j (l—xlj )2 + RT(x1j In X, +(1—xlj)ln(1—xlj)).
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Here, o  and o _ are the surface energies of the inner (core-shell) and outer (shell-) interface
boundaries while R is the universal gas constant. The parameters A, A, A, are as follows:

A =30202.0; A, =2635.5; A, =0][9, 15]. The energies of interface boundaries are calculated using the first
approximation (this approach and the obtained results are not accompanied by any losses of generality, see
also [17, 19]):c, =05> 0(x,), o(x,)=0x, +0,(1-x,), o =ox, +0,(1-x,). Here,o,=0.657 J/m?

6,=1.110 J/m? [9, 15].

In the case of the properties of small-volume systems being considered in the framework of the
thermodynamical approach, the problem of the thermodynamics applicability at the nanoscale and its lower
boundary cannot be ignored. As the authors of [23] have noted, it is the most appropriate to apply the
theoretical approaches based on the fluctuation theory to determine the applicability limits of chemical
thermodynamics. Indeed, spontaneous fluctuations of thermodynamical characteristics (associated with the
discreteness of the atomic-molecular structure of any system, being increased with a decrease in the amount
of the matter which forms the system) represent the natural limitations on the application of
thermodynamical approaches: if the fluctuation values of a parameter get comparable with the values of the
parameter, this fact testifies, on the one hand, to the inadequate application of the thermodynamics
techniques in this case, on the other hand, to the instability of the considered system itself as well as to the
tendency of its decomposition due to fluctuations.

In [23], the authors have analyzed the fluctuations of temperature and surface tension of nanostructures.
The temperature is taken into account by the authors (instead of the density, for example) due to the fact that
the temperature plays the role of the “only state parameter introduced in the thermodynamics in addition to
the mechanical variables such as pressure P and volume V” for simple systems. Meanwhile, the structure
stability of small-volume systems directly depends on the value of a temperature fluctuation. In order to
estimate the absolute value of the root-mean-square temperature fluctuation 8T, the following expression

can be used: 8T =T4/R/CX N . Here, X is the variable (or the set of variables) which remain constant in the

considered case; N is the number of molecules and atoms which are contained in the considered systems; R is
the universal gas constant; Cy is the molar heat capacity at X = const. In [23], it is assumed that X = P while
the isobaric molar heat capacity is included into the abovementioned expression (in the considered case, the
surface contribution to the heat capacity of a nanosystem is not taken into account since the value of the
temperature derivative of the surface enthalpy (introduced for the first time by E. Guggenheim) does not
exceed a fraction of a cent of heat capacity Cp according to the authors’ early assessments). The results of
calculating 8T are given in Table 1 of [23] where nanoscale droplets of n-butane and solid nanoscale
aluminum and sodium particles have been used as model systems. The calculations show that the value of
5T does not exceed a few percent in all the three cases even for a system containing N = 100 atoms or
molecules (5T decreases with an increase in N).

In their turn, the following expression is used in order to calculate the relative fluctuations Ac/c of the
surface tension:

KT
Ao |, ,—Bg r<r,
— =9\ 12ar
(&}

0, r>r,

where k is the Boltzmann constant; r is the radius of a nanoparticle; B, is the isothermal compressibility; re

is the characteristic size determined as follows: in the case r>r., the surface tension of a nanoparticle can be
considered to be equal to its macroscopic value; in the case r<rg, it is assumed that the dependence of the
surface tension on the system size is described by the linear formula of A.l. Rusanov: o = Kr where K is the
proportionality factor which is commonly estimated based on numerical simulations or empirically.

As it is demonstrated in Table 2 of [23], where the estimates of fluctuations for several pure metals are
given, the fluctuation values are no more than a fraction of a cent even for a cluster containing 12 atoms.The
considered estimates can also be accompanied by the considerations of M.N. Magomedov on the minimum
nanoparticle size at which the differences between solid and liquid phases disappear. The geometric
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characteristics of the objects studied in this paper correspond to the area where the applicability of the
thermodynamical approach leaves no doubt.

3. Simulation results and discussion

The Gibbs function of a two-components phase-separating system with a core-shell structure (1-2) has
two minima which correspond to two-phase states with different mutual positions of co-existing phases.
Below, the state where the core-phase is formed with tungsten (while the shell-phase is chromium based) is
referred as “state 1”. Vice versa, chromium prevails in the shell-phase in state 2. In the case the bulk
nanoparticles are dealt with, the minima of the Gibbs function corresponding to each state are symmetric and
characterized by equal energies while the compositions of co-existing core- and shell-phases do not depend
on the state, which emerges in the nanoparticle. The compositions of core-and shell-phases in the bulk
structures are also independent on particle size and morphologyand match the reference data [8]. At the
nanoscale, due to the significant increase in the energy contribution of all the interface boundaries in the
system, the minima of the Gibbs function shift in comparison with the ones of bulk structures. As a result,
the compositions of core- and shell-phases depend on the mutual arrangement of co-existing phases, being
different in states 1 and 2, as well as on the size and morphology of the considered nanoparticles. The free
energy of nanoparticles in state 1 is lower than the one of state 2, i.e., state 2 becomes metastable.

The effects demonstrated below result from the tendency of the nanosystem to reduce its free energy: in
a core-shell structure; such reduction can be realized according to the three mechanisms. The terms
introduced in [17] being used, these mechanisms are as follows:

o volume-controlled segregation: transferring the matter form the inner phase (core-) into the outer one
(shell-) leading to a decrease in the area of the internal (core-shell) interface boundary (this mechanism is
hereinafter denoted as “mechanism 17);

o surface energy-controlled segregation: enriching predominantly the outer (shell-) phase with the
component with the lower surface energy leading to a decrease in the energy of the external interface
boundary (the energy contribution of the internal one being much lower practically always; this mechanism
is hereinafter denoted as “mechanism 2”);

e suppression: maintaining the homogeneous state of the system, the phase-separation process being
suppressed. Physically, this mechanism stems from reducing the upper critical dissolution temperature down
to the value below the considered one (this mechanism is hereinafter denoted as “mechanism 3”). In the case
mechanism 3 being realized, the minimum of the Gibbs function corresponding to the considered
heterogeneous state disappears, being replaced by the one corresponding to the homogeneous configuration.

In the considered system, tungsten is characterized by higher values (in comparison with chromium) by
higher values of the molar volume and surface energy at the same time. The effective diameter of the
nanoparticles simulated below is 40 nm. The nanoparticle composition is equiatomic.

For both states, Fig. 1 illustrates the dependence of the solubility limits of chromium in tungsten on the
nanoparticle morphology and temperature. The realization of the considered effects is the most vivid for state
2: the lower the volume of a nanoparticle is and the more complicated the morphology of a nanoparticle is
(the lower the fractal dimension is), the higher the solubility of chromium in tungsten. For example, being
equal to ~9 at. % (the values for bulk structures are given in Fig. 1 with the solid line without markers) for
macroscale particles at T = 1300 K, the solubility limit demonstrates a dramatic increase up to ~14 (for D =
2.90) and ~15 at. % (D = 2.80). At the same time, variations of the fractal dimension of a nanoparticle in
state 2 lead to small changes in the solubility of W in Cr. For state 1, the solubility of chromium in tungsten
shows a lower sensitiveness to the changes in D (which is accompanied, however, by a significant reduction
of the mentioned solubility limit with a decrease in the nanoparticle effective diameter).

Fig. 2, in its turn, demonstrates how the nanoparticle morphology influences on the solubility of W in
Cr in state 1. Firstly, the lower the fractal dimension is, the lower the solubility limit of tungsten in
chromium turns out to be. Secondly, the relation between the nanoscale solubility limit and the bulk one
depends on the fractal dimension of a nanoparticle. In detail, the solubility of tungsten in chromium in
nanoparticles is lower than the one in the bulk state in the case of D< 2.90. In the case of “regular”
nanoparticles (D = 3.00), meanwhile, the solubility limit exceeds the bulk value at “high” temperatures near
the UCDT.

At lower temperatures, however, the solubility limit is somewhat lower in comparison with the one for
macro-sized particles. Taking into account the mechanisms listed above, the demonstrated regularities can be
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explained as follows: “complicating” the morphology and decreasing the effective diameter of a nanoparticle
in state 2 leads to the predominant implementation of mechanism 2 (“surface energy-controlled
segregation”); the atomic fraction of Cr in the shell-phase grows up.
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Fig. 1. Temperature - dependent phase equilibria (the Fig. 2. Temperature-dependent phase equilibria (the
chromium solubility in tungsten, atomic fractions) for tungsten solubility in chromium, atomic fractions) for
nanoparticles in different states of the core-shell structure nanoparticles in state 1 for various values of D.

for various values of D.

The same mechanism 2 is characteristic for “regular” (D = 3.00) nanoparticles in state 1 at “low”
temperatures (a decrease in the atomic fraction of W in the shell-phase is observed). At “higher”
temperatures, at the same time, mechanism 1 (“volume-controlled segregation”) is realized while the
tungsten content is increased in the shell-phase. If the nanoparticle morphology becomes more complicated
(i.e., the fractal dimension of a nanoparticle is reduced) at any temperature in state 1, the realization of
mechanism 2 manifests itself (in more detail, the “competition” between the mechanisms of reducing the free
energy is discussed in [16, 17, 19]).In the Fig. 1, the vertical dashed lines represent the temperatures at which
mechanism 3 (“‘suppression”) is implemented in nanoparticles. At these temperatures, the minimum of the
Gibbs function (which corresponds to the heterogeneous state 2) disappear with the appearance of another
one in the position of the homogeneous state without the phase separation.

The “suppression” temperature for state 1 is higher than the one for state 2 (as demonstrated in Fig. 1):
between these temperatures for states 1 and 2, the heterogeneous state 1 and the homogeneous state formed
instead of the heterogeneous state 2 are the possible ones in the system. Above the “suppression”
temperature for state 1, the homogeneous configuration becomes the only possible one. As mentioned above,
the “suppression” temperatures for nanoparticles can be associated with the nanoscale UCDT values for
states 1 and 2; in both cases the UCDTs are much lower in comparison with the bulk values, especially for
nanoparticles in state 2: the UCDT reduction with a decrease in the fractal dimension reaches the values of
hundreds degrees. The demonstrated results can be accompanied by several other non-trivial effects in small-
volume structures, e.g., by the effect of the chemical composition. In bulk structures, a variation of the initial
composition of the considered system leads only to changes in the volume fractions of co-existing phases
(directly according to the so-called “lever rule”) but has no influence on the equilibrium phase composition.
In small-volume systems, in their turn, not only the volume fractions but also the compositions of core- and
shell-phases (and co-existing phases in the most general case) at equilibrium depend on the initial
composition. This effect is generic for nanoscale structures, being explained by the realization of different
mechanisms of lowering the free energy of the system in the case of nanoparticles of different compositions
(see [17, 19] for more details).

In real-life fabrication processes, the nanoparticle ensembles are dealt with instead of individual
nanoparticles, being characterized by the size and shape distributions. As shown by us in [26, 28], the
equilibrium size distributions for a free-dispersed system formed by nanoparticles with fractal dimension D
can be expressed as follows:
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Here, ¢, = o(d, /d, )'is the so-called “stoichiometric number”of a nanoparticle (the number of atoms

in a nanoparticle), A_ (D)is the specific surface area of the nanoparticle ensemble, 5 is the surface energy of
the material in the considered external environment (see also some remarks in Ref. [20]); o is the lattice
packing density, N is the total number of atoms in the system, d_ is the atomic diameter.

The suggested calculation technique provides the results which are in perfect accordance with the
experimentally observed distributions (see [26] and Refs. therein). the estimates can be obtained which make
it possible to model the thermodynamical conditions for the realization of optimal average geometric
characteristics of nanoparticles leading to the optimal phase composition as well to predict the degree at
which the equilibrium phase compositions and the set of composition-dependent functional properties are

“blurred” in an ensemble. For example, average fractal dimension (D), average stoichiometric number <¢p>

and average effective diameter d_, of nanoparticles in the ensemble can be calculated as follows [28]:

2.0,[ 1, (D.4,.N)ds, > [4,1,(D.¢,,N)dg,
(D)=~ C{e,)=— ,

a(N) a(N)

(d,)=2(N)’ dZI D,.4,)dg,, Q(N)= Zj D,.4,,N)dg,.

Here, the limits of the integration over ¢ belong to range [1 N] while the sample of distributions is

considered where D, e (2,3) with an arbitrarily selected step [26, 28].

The fractal dimension of nanoparticles can be estimated based on the optical or electron microscopy
data using various methods including the so-called “box-counting technique” [29]. In the framework of the
mentioned approach, the image of the considered nanoparticle ensemble is converted into a monochrome one
which is then divided into square equal-area cells. In order to calculate the fractal dimension, the image
divided into cells is transformed into a square matrix. If the brightness of a cell exceeds the preliminarily
selected brightness threshold value (By,), such a cell corresponds to the matrix cell with the value of 1.
Otherwise, an image cell is represented by a matrix cell with the value of 0. Based on this transformation,
fractal dimension D is calculated using the following expression: S = AL® where S is the number of matrix
cells with the value of 1; L is the matrix rank; A is the factor which matches dimensions. The dependence
is obtained using the least squares method: the matrix rank being sequentially decreased (the cell size being
increased) by 2, 4, 8, ... times provided that the value of 1 is assigned to the cells which contain at least one
pixel of the initial image, the brightness of which exceeds the selected threshold value.

In the general case, the calculated fractal dimension is sensitive to the value of By, being varied in a
wide range when changing By,. For selecting the correct value of By, the “calibration” dependence (D (B, ))
is constructed. The sensitivity of the fractal dimension to the brightness threshold is represented by the
inclination angle of curve D(B, ). An example of such “calibration” dependences is demonstrated in [30].

In the formal consideration, the random uniformly distributed white noise is characterized by its
fractal dimension as well as by the relation between D and the brightness threshold in the form of a smooth
monotonously decreasing function as follows:

B
In(l—Bn:Xj—lnA B™ g
D(Bm):2+ th , S:LZ( lth;X Ihj:ALD'

InL

th

In the case of a square image, A = 1. However, the dependence of D on matrix rank L does not allow
considering the random noise as an appropriate fractal object for the application of the box-counting
techniques. The monochrome images of the classical fractal objects (Koch snowflakes, Sierpinski carpets,
fractal trees etc) are characterized by D = const, A = const for any By, For real images which represent
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superpositions of fractal structure and noise, dependence D (B, ) contains straight sections, steps as well as

extrema and inflection points. The correct brightness threshold value corresponds to the straight section
within which the deviation of dependence InS =DInL +In A from a straight line is minimal. This section is

found based on the minimum value of the first derivation of dependence D(B, ). The absence of a well-

pronounced straight section can result from the heterogeneity of optical properties of nanoparticles or to the
insufficient image quality.

4. Conclusion

The performed thermodynamical analysis of how the phase equilibria in nanoscale particles of phase-
separating solid solutions depend on the particle morphology using the example of W-Cr heavy pseudo alloy
leads to the following conclusions.

1. A nanoparticle with a core-shell structure has two possible two-phase states which correspond to
different mutual arrangements of co-existing tungsten-based and chromium-based phases. Unlike systems in
the bulk state where both phases have equal free energies and compositions of core- and shell-phases, in
nanoscale particles, the phase compositions are considerably different in each state.

2. The temperature range in which the heterogeneous state is stable significantly shrinks with reducing
the volume of a nanoparticle and “complicating” its morphology. The upper critical dissolution temperatures
for each state of the core-shell structure are also different, being both reduced with a decrease in the particle
size and fractal dimension.

3. The equilibrium phase composition of nanoparticles in each state depends on the particle morphology
while the pattern itself of the dependences of mutual solubilities significantly differs for particles of various
shapes in different states. This fact is associated with the occurrence of three different mechanisms
(“volume-controlled segregation”, “surface energy-controlled segregation” and “suppression”) which can
manifest themselves at the same time and even be “competing”.

The obtained reguliarities also demonstrate an additional “knob” which makes it possible to tune
multiple composition-dependent functional properties of nanostructured materials (including electrical and
thermal conductivity, resistivity to corrosion, elastic properties etc) through the taking into account the
specific influence of morphology factors on the phase composition at the nanoscale. Such considerations
could also be accompanied either with the up-to-date techniques of the controllable synthesis of
nanoparticles with a given shape or with the methods of describing and predicting various properties of
nanoparticle ensembles. In the latter case, our considerations can be helpful in predicting the range possible
variations of nanoparticle phase compositions as well as the degree at which the corresponding functional
properties are “blurred” in an ensemble.
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Tareq M.H., Lafta Sadeq H., Hussain Wafaa A.

Temen moabaik KareinacTa CsyC01.o5/Fe,0, HaHOOOIIIEKTEPiHIH MATHATTIK KacueTTepiH 3epTTey

MarsuTTik KacueTtepAi Oackapy YIIiH OypbIH mNaiianaHbUIMaraH dJIEMEHTTepMEH (eppuTTi ajaMacTeIpy acepi
3epTTeyIIiNep YIIH YIKEH KbI3BIFYIBUIBIK Tyabipansl. bym seprreynme CsyCo0y.q5/F€,0,  HaHOOeMIEKTEPiHIH
KYPBUIBIMIIBIK, JKOHE MArHUTTIK KacueTtepine Y momsapibik KateiHackl 0,0, 0,05, 0,15 xone 0,25 Gonranmarsr Cs-niH
TOMEH aJIMacTBIPYBIHBIH ocepi KepceriireH. CHHTE3 9JIici peTiHae TYHABIPY 9/ici TaHAanasl Metamn xnopunrepi pH
10-ra xery maxcateiHga NaOH keMeriMeH Ta3apThUIFaH Cya peakys KYpridy YIIiH mainanansuiasl. bapieik yarizep
YIIiH peHTreHAiK Au(paKiys, OpiCTIK SMHUCCHSUIBIK CKaHEepJieyIli SJeKTPOHABl MHKPOCKOMISICHI, 3IIEKTPOHIIBI
TUCTIEPCUSUTBIK  peHTIeHOTpadus JKOHE Jipid YATUIepiHIH MarHATOMETPHACH KYprisimmi. bapnelk yorinepne
IIMMAHENBIK KypbUTeIM HeridiHeH Co (eppuTiHiH KYpBUIBIMBIMEH colikec keneni. CS MemepiHiH apTysIMeH TOPIIBIH
TYPaKTBICBIHBIH KaJIBl apTybl OaiKammel, Oy ke3me Moibaik KateiHac O-meH 0,25-ke meiiiH eckeHAe KPHCTaJLTUT
emmeMaepi mamaMeH 18-men 12,2 uM-re nmeitiH a3aiimbl. DNEKTPOHABI-MUKPOCKONHSIIBIK 3epTTey OapibIK yiriiepnae
Oacka mimrHaepci3 cdepanblk HaHOOemmekTep Oap ekeHiH kepcerti. CS1+ Menuepi apTkaH ke3ne OeIIIEKTEpIiH
opramra enuemi 40-tan 60 HM-Te neiiiH Oonabpl. MarHWUTTIK mapaMeTpiiep HETi3iHeH CajbICTBIPMANbl TYPJE JKOFaphl
KOIPIMTHBTI KymTi (KeH IMMEKTep) »*KOHEe MAarHuTTeny KaHbIKThUIBIFBIHBIH (50,43 MkI/r neiiin), Kpuctammbl
AQHMU30TPOINTHI TYPAKTHUIBIK IIEH KBaAPATTHIK KOA(PPHUIUESHTTIH TOMEH/ICYiH KOPCETTI.

KinT ce3nepi: uesmii-ko0anst ¢peppuTi, KYpbUIBIMABIK KACUETTEP], TUCTEPE3NC 1JIMET1, HAHOOOIIIEKTEp, MarHUTTEY.

Tareq M.H., Lafta Sadeq H., Hussain Wafaa A.

Hccaenopanue MarHUTHRIX cBokcTB HaHo4acTul CsyC0y.o5/F€,0, npu HU3KOM MOJISIDHOM COOTHOLIEHHH

D¢ ekt 3amemenus pepputa paHee HE HCIOIH30BABIIUMHUCS SJIEMEHTAMH [UIS YIPABICHNAS MarHATHBIMU CBOWCTBAMH
mpencTaBiseT OONBIION HMHTEpec UL wccienoBatenedl. JlaHHOe WCCIieoBaHME IUTIOCTPUPYET BIMSHHE HHU3KOTO
3amerieHuss CS ¢ MmomsapabiMu cooTtHorreHussmMu Y, paBabix 0,0, 0,05, 0,15 u 0,25, Ha CTPYKTYpHBIC W MarHUTHBIE
coiictBa Hanodactui Cs,C0q0s5/F€,0,. MeTon cuHTE3a SBIANCS METOAOM OCaXKAEHUS. XJIOPHABI METalIOB
UCTIOB30BAJIKCh IS TPOBEACHUS PEAKIUU B JUCTHILIMPOBAHHON Boje ¢ ucrnoib3oBanuem NaOH mis moctmkenus pH
10. JIns Bcex o0pa3ioB OBUIM TIPOBEACHBI PEHTITCHOBCKAs IUGPAKLUSA, IOJIeBas SMUCCHOHHAs CKaHHMPYIOIIas
9NEeKTPOHHAs MUKPOCKONHMSA, JIIEKTPOHHO-IUCIIEPCHOHHAS pPEHTreHorpadus W MarHUTOMETPHS BHOPHUPYIOIIHNX
00pa3ioB. Y Bcex 00pa3loB IIIHMHENbHAs CTPYKTypa B 3HAUNUTEIBHOW CTENeHH COBIAJaeT ¢ CTpyKTypoit ¢peppura Co.
Habmonanoch oOliee yBeIMYeHHE MOCTOSHHOW peleTku ¢ poctoMm cozepkanusi CS, B TO BpeMsl Kak pasmep
KPUCTaJUTUTOB YMEHbIIANCA IpuMepHO ¢ 18-ti mo 12,2 HM mpu yBeTHMYeHHH MOJspHOTO cooTHomeHus oT 0 mo 0,25.
DIEeKTPOHHO-MHUKPOCKOITMIECKOEe MCCICIOBAHNE MOKA3allo, YTO BCe 00pa3lbl NMEIOT chepruiecKkre HAaHOYACTHIBI 0e3
Kakux-muoo npyrux ¢popm. CpenHuit pasmep dacTtuil coctaBisut ot 40 1o 60 HM mpu yBenmudeHun conepxanus Csl+.
MarHuTHBIE MapaMeTpbl B OCHOBHOM IOKa3alld OTHOCHTEIHHO BBICOKYIO KOIPIUTHBHYIO CHIIy (IIHPOKHE METIH) U
CHIDKEHHE HACHIIICHHOCTH HaMmaramdeHHoctd (mo 50,43 mkI/r), KpHCTaTMYeCKOW aHW30TPOIMHON IOCTOSHHOH M
KOd(pHIHEHTa KBaIPATHIHOCTH.

KiiloueBble €J10Ba: 1€3UWiH-KOOAIBTOBBIM (EpPUT, CTPYKTYpHBIE CBOWCTBA, METJISI THUCTEpPE3UCa, HAHOYACTHIIBI,
HaMarHNYUBaHHE.

Conoamxan /1., Amanzenoi H., Maxanoe K.M., Cmazynoe K.K., Ouyap A., Mayeii b..

Yaerinren °Li -nutuii xone °0 — orreri AAPOJIapAbIH c - KOMIpTeri ApOChIHAH IAMBIPAYBIH KAPTHLIAI
MHKPOCKONMUSUIBIK Tajaayaa ;kaHa B3Y-Fetal moreHnnaapIH KoJgany

Temen smeprusima yaeriaren °Li - murmii, °0 — orreri monmapemsi °C -keMipTeri SIpOJaH MIANIBIPAYBIHBIH
OYpBIIITHIK TapajdyblHAH Ta0bUIFaH (PEHOMEHOJIOTHSIIBIK JKOHE JKapThUlail MUKPOCKONMUSUIBIK MOTSHIHAJIAP MOHAEPI
anpIKTasiFad. CepmiMIi MambIpay IslH SKCIEPUMEHTTIK JepeKTepiHe ONTHKAIBIK MOJEIb KOHE eKiTiK (OIAUHT MOAETH
meHOepinae Tangay okacanraH. QONAMHT MOJENb HeTi3iHZe THIMII HYKJIOH-HYKJIOHIBIK e3apa ocepiecyniH
THIFBI3IBIKKA Toyenai FOkaBanbiH 3 Tepmunai Fetal moteHnmans anram pet KonganbuFad. ONTHKABIK TOTEHITHAIBIH
HakTel Oemiri perinme lOxaBambiH 3 Tepmmuai Fetal, Reid, Paris moTeHImMangapblHBIH  THIFBI3IBIKKA TOyemai
MHKPODOIIHHT Typiepi eKizik (pOmIMHT Mogenbae Kypbuiasl "O+2C sapolbIK xKyiie yuniH 3eprxaHaibik 28 MeV
xoHe 30 MeV oueprusmmapna xaHa Fetal wwukponorenimansiHeiH THimainiri Reid, Paris HyckamapbiMeH
CaJbICTBIPBIIMANIBL TYPAE 3EpPTTCIIICH. bLi+*C SAOPOJBIK JKyHeci ymiH 3eprxaHaiblk 12,3 MeV xone 20 MeV
sHeprusiiapaa xaHa Fetal xyii tenneyinin tuiMainiri Reid, Paris HyckanapbIMeH CajibICTHIPBUIMAIIBI TYPJE 3€PTTEINTEH.
(DeHOMEHONOTHSIIBIK  TalAAyIbIH HOTHIKECIHIE OKCIEPUMEHTTIK >QHE TEOPHSUIBIK KHUMaJlapiAblH CajbICTHIPMAIbI
karenikTepi 1,1 — 3,0 apanbikTa aHbIKTaIbl. JKapThllall MUKPOCKONHMSIIBIK TajlayblH HOTHXKECIH/IE MUKPO(OIIHHT
MOTeHIMANAAPABIH KaiiTa HopManay kodddummentepi 0,8 - 1,0 apanbiFblHIA aHBIKTANIBL. AJIBIHFAaH MOIMETTEpi
opTYpIi iprenm 3epTTeynepAe, arTam aWTKaHga OoJIANIAKTarbl TEPMOSIPONBIK KOHIBIPFBUIAPAA KOHE SIPOJIBIK
acTpo¢u3nKaaa KOJIaHbUIATBIH O0JaIbI.

KiaT ce3nepi: saposibIk MaTepus, CEpITiMII MaNIbIpay, >KapThllail MEKpOCKOTISUTBIK Tanaay, B3Y - Fetal morenmais.
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Conoamxan /1., Amanzenoi H., Maxanoe K.M., Cnazynoe K.K., Auyap A., Mayeii b.

Hcnosb3opanne HoBoro norenuuaia B3Y-Fetal npn nonymukpockonuyeckoM aHaan3e paccessHUsl YCKOPEHHBIX
sigep °Li - amrus u *°O - kucopona ot siapa “C — yruepona

OmpeneneHbl pEHOMEHOIOTHYECKUE U TIOJIyKOMUKPOCKOITMYECKHE 3HAaYEHHS ITIOTEHIINANIOB, 0OHApY)KEHHbIE B YIJIOBOM
pacnpenenennu paccesnus °Li - murns, °0 — nonoB kucnopona ot sapa “C - yriepona, yCKOPEHHOTO MPH HU3KHX
SHEPrUsiX. OKCIEPUMEHTAIbHBIE JAaHHBIC YIPYTOro paccessHUs ObUTM IMPOAHAIM3MPOBAHBI B PaMKaxX ONTHYECKOH
Mozeny U ABoWHOW Monenu Qomgmara. Ha ocHOBe Monenu ¢onauHTa BIEpBBIE OBUT HCIIONB30BaH MoTeHnuan Fetal,
co3aHHbIH B 3-TepMuHax HOKaBbI, 3aBHCUMOM OT TIIOTHOCTH 3()(EKTHBHOTO HYKJIOHHO-HYKIIOHHOTO B3aHMMOJICHCTBHA.
3aBHCHMBIC OT TUTOTHOCTH THIIBI MHUKpoQoauara moteHnuanos Fetal, Reid, Paris, chopmupoBanHbie u3 3-TepMHHOB
IOkaBBI Kak peanbHAas 4acTh ONTHYECKOTO MOTEHIMANa OBUIM CO3AaHBI B MOJENU IBOWHOTrO (ongunra. Jns saepHOH
cucremsr “P0+C 3¢ pekTUBHOCTE HOBOTO MuKponoTeHuuana Fetal mpu maboparopusix sHeprusix 28 MasB u 30 MaB
n3ydeHa comoctaBuMo ¢ BapuaHTamu Reid, Paris. DddexrrBHOCT, HOBOro ypaBHeHust coctostHusi Fetal mpu
nabopatopHsIX 3Heprusix 12,3 MaB n 20 MaB st siaepHoii cuctemMsl SLi+'2C M3ydajlach COIIOCTaBMMO C BapHMaHTaMU
Reid, Paris. B pesynbrate (eHOMEHOIOTMUECKOrO aHajiu3a OBUIM BBISBICHBl OTHOCHTENIBHBIE MOTPEIIHOCTH
9KCIIEPUMEHTAILHOTO M TeopeTHYecKoro cedeHuid B mHTepBajie 1,1 - 3,0. B pesynbraTe MOIyMHKPOCKONHYECKOTO
aHanM3a MUKPOQOJIUHT ONpeAesIn Kod(hPHUIUEHTH nepedopMyapoBaHus moteHuuanoB B mpenenax 0,8 - 1,0.
[Nomygennsle naHHBIE OyIyT UCHONB30BAHBI B PA3IMYHBIX (DyHIAMEHTAIBHBIX HCCIIEAOBAHUX, B YACTHOCTH B OyLyIIHX
TEPMOSZIEPHBIX YCTAaHOBKAX M SAEPHON acTpodu3uKe.

KuaroueBble ciioBa: siiepHas MaTepys, YIpyroe paccesHue, IoJIyMHKPOCKOTMYECKUH aHanms3, moteHnuan B3Y -Fetal.

Hypumounoe U., Tamumemos M. I0., Xooxncaeg Y. O., Omapos C. X., Xannoxos @. K.

DJIeKTPOHBI CIYyJeJeHYAIH TeMip KOCBUIFAH TAJNJIMI MeH UHIMI MOHOCEJMHMAIHIH YIUTIK KPHCTAJIIapPbIHbIH
KPUCTAIBIK KYPbUIBIMBIHA, 0€TTiH MUKpOpeibedine jKaHe 30HATAIFAH eHiHe dcepi.

BepiireH »yMbIC 3JICKTPOHIBI COYJICICHY IIH TEMIPMEH JICTUPJCHICH TAJUTHA MEH MHIHNA MOHOCCIHHUATEPIHIH YIITIK
KPHUCTAJIapbIHBIH MOHO - JKOHE IIOJIMKPUCTAIJApbIHBIH KYPBUIBIMBIHA, OETTIK MOpP(OJOTHACHIHA >KOHE ThIMbIM
CaJIbIHFaH aiiMarbiHa ocepi 3eprrenreH. CHHTE3eNreH MOIMKPUCTAIIBl YIITiiep, COH/aii-aK eCIpUIreH TAUIHH JKOHE
HHAUN MOHOCEIMHUATI MOHOKpHUCTaIaap O0ip (a3asbl eKeHIIr aHbIKTa bl KprcTangap keneci TOp nmapaMeTpiepite ue
GONaThIH TETPAroHANbbI (KEHICTIKTiK TOT 14/MKM) 3eMeHTap ysuIbiFbl 6ap: a ~b=8,12 A, ¢ =6.88 A, a=p=y = 90°.
Oueprusce 2 MsB jkoHe coynenik ToK THIFRBABFEL 0,085 MKA/cM? AEKTPOHAAPMEH COYJICICHIIPY SIEKTPOHIAPIBIH
(roeHCciHEe OalTaHBICTHI KPUCTANIIAPIBIH KYPBUTBIMBI MEH KAaCHETTEPIiHIH KYpHAel TypAe e3repyine okeneni. COHpIMEH
0ipre KpUCTAIABIK TOp MapaMeTpIIepiHiH e3repyine, MPoQIIbAIH opTama apu(hMETHKAIBIK ayBITKYBIHBIH MaKCUMAIIbI
MOHIHIH KOFaphUIayblHA, COHIAN-aK COYIICICHIIPIITeH KprucTanaap OeTiHiH opTamma KeIip-OyAbIpIbIFbIHBIH OHIKTITiHIH
TOMeHIeyiHe oKeledi. YHTaK YITiCiH oHeprust ThFb3mbEsl  5x10%° om/cM?  SIeKTpOHZApMeH  CcoyielNeHIipy
HaHOKpHUCcTALTUT onmmeMiHiy 32.50 aM-nmeH 43.33 HM-Te AeiiiH apTTHIPYbIHA BIKIAIBIH THTI3E/].

KinT ce3nep: MOHOKpUCTAII, KPUCTAIABIK KYPBUIBIM, 3JIEMEHTAp YSIIBIK, KEHICTIKTIK TOM, 3JEKTPOH/bI COYJIENIEHY,
(IroeHC, KPUCTAIUIUT OJIIIEMI, Kelip-OyAbIPIbUIBIK,.

Hypumounoe H., Tawmumemos M.I10., Xoosxcaes ¥.0., Ymapos C.X., Xannokos @.K.

BuiMsinMe JJ1eKTPOHHOTO OOJIy4YeHHsI Ha KPHUCTAJUIMYECKYI0 CTPYKTYPY, MHKpopeibed TIOBEPXHOCTH H
30HIMPOBAHHYI0 IIHPUHY TPOHHBIX KPHCTAJJIOB 10NUPOBAHHOTO KeJIe30M TAJLJIUS M MOHOCEJTMHUIA MH/THUS.

B panHOii paboTe MCCIENOBAHO BIHMSHHE 3JICKTPOHHOIO OOJYyYCHHS HA CTPYKTYPY, MOP(OJIOTHIO TMOBEPXHOCTH H
3aMpeIeHHY0 30Hy MOHO- M MMOJMKPHCTAIUIOB JISTUPOBAHHBIX HKEJIE30M TPOMHBIX KPHCTAIUIOB MOHOCEIMHH/IOB TaJUIUS
U WHAWA. YCTaHOBJICHO, YTO CHHTC3UPOBAHHBIC TOJHKPUCTAJUIMYECKHE OO0pasipl, a TakKe BEIpAIICHHBIC
MOHOKPHCTAIUTBI MOHOCEIMHHUIOB TAUTUS W WHAUS SBISIOTCS OMHO(MA3HBIMU. KpHCTalibl MMEIOT TETParoHAIBHYIO
3JIeMEeHTapHYIo sueiiky (Tp. rp. [4/MKM) co cleayromuMu napaMeTpamu pemeTku: a ~b = 8,12 A, ¢ = 6.88 A, o=p=y =
90°. OGyueHHe HIEKTPOHAMHE ¢ Heprueil 2 MaB # IIOTHOCTHIO ToKa mydka 0,085 MKA/cM” MPHBOINT K H3MECHEHHSIM
CTPYKTYPBI U CBOMCTB KPUCTAJUIOB CIOKHBIM O0pa3oM B 3aBUCHMOCTH OT ()IIO€HCA 3JIEKTPOHOB. Takke MPUBOAUT K
U3MECHCHHUIO nmapamMeTpoB KpHCTaJ’[HH‘IeCKOﬁ PEUICTKH, YBEIIUYCHUTIO MaKCHMAJIBHOT'O 3HAYCHUA
CpeHeapU(PMETHUECKOTO OTKJIOHEHUS TMpoduis, a Takke YMEHBIICHHUI0O BBICOTHI CpEAHENW IEePOXOBATOCTH
TTOBEPXHOCTH OOIYYEHHBIX KpUCTAIOB. OOMydeHHe MOPONIKOBOTO o0pas3ia AJMEKTPOHAMH C TUIOTHOCTHIO DHEPTHUH
5x10"° a51/cM? crI0COBCTBYET YBEMMUEHHMIO pa3Mepa HAHOKPHCTAILTHTOB ¢ 32.50 HM 10 43.33 HM.

KiroueBble cjioBa: MOHOKPUCTAILI, KPUCTAJUIMIECKAsl CTPYKTYpa, dJICMEHTapHas sueiika, POCTPaHCTBEHHAS TPYIINA,
JIEKTPOHHOE 00iyueHue, (IIIoeHC, pa3Mep KpUCTAJUINTOB, HIEPOXOBATOCTb.
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Konéanuna K.b., Maxmymoea A.C., Typovioexoe /I.M., Typovioexoe K.M., Tonenoea I K.

JIyNHMHUH AJIKAT0UABI MOJIEKYJIACBIHBIH KYPbLILIMbI MEH KACHEeTTePiH KBAHTTBIK - XHMHUSLIBIK 3epTTey.
Makanana 1-((4-(3-merokcudennn)- 1 H-1,2,3-rpuazosn-1-mn)mernn)okraruapo- | H-xuHommsua MOJIEKYyJTIaChIH
KBaHTTBIK-XUMUSIJIBIK 3€PTTEY HOTHXKeNepi KenTipinreH. KBaHTTBIK-XUMHSJIBIK €CENTeyJIep HOTHXKECIHAE albIHFaH
OepiireH MOJEKyJaHbIH T€OMETPHSUIBIK CHIaTTaManapbl TaliaHbIl, PEHTICHAl KYPBUIBIMIBIK — TajlayablH
9KCIIEPUMEHTTIK ManiMerTepiMen canbicThipbuirad. C11-N12 sxone C7-C11 nabunbai GaiinaHbIicTapblH Oypy apKbUIbI
KYPri3iireH KOH(QOPMaIMsUIBIK Tangay HOTHXKeJaepl OOWBbIHIIA MOJIEKYJIaHBIH €H THIMAI KOH()OPMalMsUIBIK KyHiaepi
apikTadraH. lllekapalplk MOJEKyJIajJblK opOutanpaepain gokamusamuschl Cl1 aTombr MaHbHAaFbl 1-3THin-4-(4-
Metokcupenn)-1H-1,2,3-Tprazon aaMacThIpFHIIBIHIA OOJNATBIHABIFEI KOPCETUITeH, ajl OYJI OHBIH aHa OMOJIOTHSLIIBIK
OeJceHni 3aTTapas! i37ey YIMiH XKYPri3iiaeTiH Keiinri Moaudukanus peaksuiapblHa KaTHICYBIH OOTKaH/IbL.

KinT ce3nepi: KBaHTTBIK - XMMUSUIBIK €CENTEYJEP, XHMHOIM3UH TYBIHIBUIAPHI, KOH(GOPMAIWAIBIK Talnay, JIOMHHUH
TYBIHIBUIAPHI, PCHTT€HIIK KYPBUIBIMABIK TaJIAAY.

Konoanuna K.b., Maxmymoea A.C., Typowvioexoes /1. M., Typovioexoe K.M., Tonenosa I'. K.

KBaHTOBO-XHMHYecKoOe HccIeJOBAHUE CTPYKTYPBI U CBOMCTB MOJIeKYJIbl IPOM3BOAHOTO ANKAIOMIA JYNUHUHA.
B cratee mpencTaBieHBl pe3yJbTAThl KBAHTOBO-XHMHUYECKOTO n3ydeHuss monekynbl 1-((4-(3-merokcudenun)—1H-
1,2,3-tpuazon-1-un)mermn)okraruapo—1 H-xunonusuna. ['eomerpuyeckne XapakTepUCTHKH —JAHHOW  MOJICKYJIbI,
MOJydeHHble B pe3ylbTaTe  KBAaHTOBO-XMMHYECKHX  pacyeToB, IPOAHAJU3UPOBAHBI M CONOCTaBJICHBI
9KCIIEPUMEHTAIBHBIM JIaHHBIM PEHTIEHOCTPYKTYpHOrO aHanu3a. [lo pesyiabpraTam KoOH(OpPMAalMOHHOTO aHaiu3a,
OCYIIIECTBJICHHOTO MyTEM BpPAIICHUS BIOJb JTabuabHbIX cBs3eit C11-N12 u C7-C11 ycTaHOBIEHBI HaUOOJIEE BHITOTHBIC
KOH()OpPMAaIlMOHHBIE COCTOSIHHSL MOJEKynbl. Iloka3zaHo, 4TO JOKaau3anusl TPAaHWYHBIX MOJICKYJISAPHBIX OpOWTaneH
npuxomutcs Ha 1-3Trn-4-(4-merokcudenmn)-1H-1,2,3-rpuazonossiii 3amectutens npu atome Cl1, uro mpeamonaraet
€ro y4acTHe B IOCIEIYIOMINX PEakIMAX MOAW(HUKALNH, MPOBOAUMBIX AJSI MOMCKA HOBBIX OMOJOTHYECKH aKTHBHBIX
BEIIIECTB.

KnaioueBble cji0Ba: KBAaHTOBO-XMMHUYECKHE pacdeThl, MPOM3BOIHBIC XWHONM3WHA, KOH()OPMAIMOHHBIA aHANW3,
MIPOU3BOIHBIE JIONIMHIHA, PEHTTCHOCTPYKTYPHBIH aHAIH3.

Katomoea A.C., Cepuros T.M., Omaposa I.C., /[rcakynosa M.C.

Kywmic HAHO0OJIIEKTEPiHiH KOHUEHTPAUMSACHIHBIH THTAH KOCTOTBIFBIHBIH HaHOO3eKIIelepiHiy
(doTokaTamuTUKAILIK OeceHaiairine acepi

Bbyn xymbicta Tutan auvokcuainig (TNR) HaHoe3sekuienepiHzeri Kymic HaHOOOINIIEKTEPiHIH KOHUEHTPAIMSCHIHBIH
oJyiapAbIH (POTOKATAIMTUKAIIBIK OEJICEHIUTIIHE 9CepiH 3epTTey HOTHXKenepi KedripinreH. Pyrun kypsuibiMbl 6ap TNR
THIPOTEPMILTBIK CHHTE3 dIICIMEH albIHIBL. OTneni MeTaiut kyMic TY3bIHBIH (AgNO3) 3aT memmepimeH o3repim, TNR
OeTiHAeri XMMUSUIBIK TOTHIKCBHI3JAHY apKBUIBI OPTYPJi KOHIEHTpalHsgarkl Ag HAHOOONIIEKTepi aiblHABL. beTTik
Mopdomorust MeH DJIA 3eprreyrnepi Ag HaHOOemmeKTepiHiH Oipkenki TapaiaraHbH koHe TNR Oerine OekiTireHiH
KepceTTi. YITiepAiH (pOTOKaTATHTHKAIBIK OSIICEHIUIIr MIeHKa OeTiHIH OipJiriHeH albliHFaH (OTOTOK MOJIIEepi )KoHE
KCEHOH IIaMBIHBIH JXapbIK KO3IMEH OeTTi KapBIKTaHABIPY Ke3iHIe METHJIEH KOK OOSFBIITHIH (hoTomerpasauschl
OolBIHIIA OaFralaHIbl.

KiaT ce3nepi: HaHOO3€KIIIEeICD, TUTAH KOCTOTHIFBI, KyMiC HaHOOOIIeKTepi, Ag, (hOTOKATAIIH3.

Karomoea A.C., Cepuxos T.M., Omaposa I.C., /Iricakynosa M.C.

BiansiHue KOHIIEHTPAIMU HAHOYACTHI cepedpa Ha GOTOKATATUTHYECKYI0O AKTHBHOCTh HAHOCTEP KHel AnoKcHaa
THTaHa

B manHO# paboTe mpencTaBieHBl pe3yabTaThl NCCIEIOBAHNS BIMSHIS KOHIICHTPALMN HAHOYACTHI] cepedpa B IIICHKaxX
n3 HaHocTepkHed auokcuna thtana (TNR) Ha mx doTokatamutiueckyto akTHBHOCTBE. TNR co crpykTypoit pyTmia
OBUTH MTOJTyYeHBI METOJOM THAPOTEPMAIFHOIO CHHTE3a. Bapupys KOJIMYecTBOM BEIIECTBAa COJHM MEPEXOIHOTO METaja
cepebpa (AgNO;), XxuMHUYECKMM BOCCTaHOBJIEHHEM Ha mNOBepxHOCTH TNR ObUTH TONydeHbI HAHOUACTHIBI Ag C
pasiMuHOM KoHueHTpauuei. MccienoBanust Mopdonoruii nmosepxHoctd U OJIA mokaszand, 4TO HaHOYACTHIBI Ag
PaBHOMEPHO pacmpeliesieHbl M 3akperieHsl Ha noBepxHocTH TNR. ®orokatamutuueckas akTHBHOCTH 00pas3IoB
OLIEHMBAJIACh 110 BEJIMYMHE T€HEPUPYEMOTro (POTOTOKA C €IUHUIIBI IOBEPXHOCTH IUIEHOK U (POTOJETrpafallii KpacuTems
METWJICHOBBIN ro1y00ii IpH OCBEIIEHUH ITOBEPXHOCTH HCTOYHUKOM CBETa KCEHOHOBOH JIaMITBI.

KiroueBble cji0Ba: HAHOCTEP)KHH, JUOKCU THTaHA, HAHOYACTHUIIBI cepebdpa, Ag, poToKaTanms.

be3poonviit M.K., Maiicmpenxo 0.0.

PereHepanusiHbl KOJIIaHYbIMEH ayaHbl KYPFATYIbIH JKBLITY COPFBI-AICOPOUMANIBIK ~ JKYleciH
TepMOJTUHAMHUKAJBIK TaJI/ay.

Bepinren »KymbIcTa KbUTy PEKYIEPATOPBIH KOJAAHYBIMEH KbUTY CODFBIII JKOHE aJCOPOLMSIIBIK POTOPIbl KAMTHTBIH
JKYWEHIH 93ipyieyl YCHIHBUIFaH. 3epTTey aschiHAa OV JKYHEHIH TEOPHSUIBIK MOJENI »acaJJbl, COHBIMEH Oipre OHBIH
JKYMBICHIH CaHJBIK TAJIJIAy YIIH MaTEMAaTUKAIBIK MOACTh KYPbULIBI. TepMOIUHAMUKAIBIK THIMIUTIKKE CAHIBIK TaIIay
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KYPTi3inai, )KyHeHiH Herisri TYHiHAepiHOeri aya mapaMeTplepiHiH e3repyl 3epTTelfi, TeMmepaTypa MeH KOopIIaraH
ayaHBIH CaJIBICTBIpMalbl BUIFALABIIBIFEI MEH percHepalys aya TEMIIepaTypachIHBIH JKYHEeHIH >KYMBICHIHA dcepi
tanganraH. CoHpaii-aK, )KbITy COPFBIHBIH KOHJICHCATOPBIHAH KeWiH CBIPTKBI aya IapaMeTpiiepi MEH pereHepanus aya
TeMIEpaTypachlHBIH  e3repicTepi  Ke3iHAe IKYHEeHIH THIMAUINTIHIH TpaduKadblK  TOYeIIUTIKTepl  aibIHFaH.
Pexyneparopapiy [TOK-HiH xyHeHIH jKanIbl SHEPrus THIMIUINiHE acepi 3epTTenreH. AJIBIHFAH HOTHXejep OepiireH
MHTETrpalysUIaHFaH JKYHEeCIH MaijanaHy >KYMBIC ayachlH KYPFATy VIIIH KaXXETTI JJIEKTP SHEPTHCHIHBIH MEHIIIKTI
LIBIFBIHBIH ~ €79yip TOMEHJCTETIHIH JKOHEe CBIPTKBl aya IapaMeTpiiepiHe ToyelCi3 peKynepaTtopchl3 Hemece
PEKYIepaTopChI3 XKHE JKbUTY COPFBICHI3 )KYHEJIEPEeH achIIl TYCETIHIH KopceTe .

Kint ce3mepi: Merayn kaOObIKTBI KOPPO3USIAH KOpFay, SHEPreTHKANIBIK JKaOJBIKTHI CaKTay, ayaHbl KemTipy,
aIcOpOIMSIIBIK KEIITIPTII, JKbITY COPFBICHI, KbUTY Bl KAJIIIBIHA KEJTIPY.

Be3poonviiit M.K., Maiicmpenko O.0.

TepmMoauHAMHYeCKUIl aHAJIM3 TENJIOHACOCHO-aACOPOLMOHHOM CUCTEMbI OCYLIEHUS BO31yXa C MCI0JIb30BaHUEM
pexynepanuu

B nmanHOI1 paboTe mpeacTaBieHa pa3paboTKa CHCTEMBI, BKIIOYAIONICH B ce0sl TeIIIOBOM HAacoC, aacopOIMOHHEI poTOp,
¢ MpPUMEHEHHEM peKyliepaTopa Temrla. B paMkax JaHHOTO HCCIIeIOBaHUS Oblia pa3paboTaHa TeopeTHdecKas MOZICIb
JAHHOW CUCTEMBI, a TaKKe CO3JaHa MaTeMaTHdecKasi MOJeNb JJi1 YUCIEHHOTO aHanu3a ee paboThl. beul mpoBeneH
YHUCJICHHBIH aHalu3 TEPMOJMHAMHYECKOH 3((PEKTUBHOCTH, M3YUYE€HO W3MEHEHHE MapaMeTPOB BO3AyXa B KIIOYEBBIX
y3ﬂax CUCTEMBI H npoaHanmnpOBaHo BO3HeﬁCTBHe I/ISMeHeHI/Iﬁ TeMnepaTprI u OTHOCI/ITCHI)HOﬁ BJIAXKHOCTHU
OKpPY’KAaIOIIEro BO3yXa M TEMIIEPaTyphl BO3/AyXa pereHepalnuu Ha paboTy cucTeMbl. Takke MONydeHsl rpadudeckue
3aBUCHMOCTH 3((PEKTUBHOCTU CHCTEMBI IIPH BAPbUPOBAHUH MaPaMETPOB HAPY)KHOTO BO3JyXa U TEMIIEpaTyphl BO3lyXa
pereHepaIyn mocje KOHACHCATopa TeIyIoBOro Hacoca. bruto mpoBeneno uccnenoBanue BiusHus KIIJI pexymeparopa
Ha 00IIyr0 SHEProdpPEKTUBHOCTh CUCTEMBL. [10Myd4eHHBIE Pe3ybTaThl CBHACTSIBCTBYIOT O TOM, YTO HCIOJBb30BaHHE
JMAHHOW HWHTETPUPOBAHHON CHCTEMBI 3HAYHTENBHO CHMKAET YIOCNBHBIM PAacXo]] 3JEKTPOIHEPTHH, HEOOXOIUMOU IS
ocymIeHus pabodero Bo3Iyxa, H MPEBOCXOIUT CHCTEMBI 0e3 peKyIiepaTopa Win 0e3 peKynepaTopa U TeIIOBOTo HACOCa,
HE3aBHUCHMO OT IapaMEeTPOB HApPYKHOTO BO3IyXa.

KiaoueBble cjioBa: 3amUTa METAJUIMYECKOTO OOOPYIOBaHHS OT KOPPO3UH, KOHCEPBAIUS DSHEPTETHIECKOTO
000pyI0BaHUs, OCYIIIKA BO3yXa, aICOPOLIMOHHAS OCYIINTEIb, TCIUIOBOM HACOC, PEKYIIepaIHsl TeIla.

Meoemoexos b.C., Bypum A.JI., IIpozoposa U.B., Ilonog 0. A.

HBI'.1M 3epTTey peaKkTOPbIHBIH KOFAPHI k9HE TOMEH 0alibITHIIIFAH OTHIHLIHAH 06J1iHY OHIM/IEPiHIH IBIFBIMBI.
UBI'.1M peakTopblHIa TOMEH OallBITBUIFAH OTHIHBI 0ap Cy CaNKBIHAATHIIATHIH TEXHOJOTHSAJIBIK apHAJIapFa CHIHAKTAP
KYprizy KesiHae TeMeH OallbITbUIFaH JKOHE J>KOFapbl OAaWBITHUIFAH OTBIHBI 0ap TEXHOJIOTHSUIBIK apHaJap/blH JKbLITY
TaCBIMANJAFBIIIBIHAAFE 06Ty eHIMAEpl MEH aKTHBTCHAIPY OHIMACPiIHIH KYpaMBIH CAaBICTBIPMAJIBI OJIIIEY KYPTi3UImi.
CeiHanmaTelH TOMEH OaMbITBIIIFAaH OTBIH Cy CAIKBIHIATKBIII apHAJIAPBIHBIH JKOHE MKOFapbl OalbITBUIFAaH OTHIH
apHaJIapbIHBIH OTHIHHAH OJIiHy ©HIMJEpIHIH INBIFYbIH CHNATTAHTBIH CaHIBIK MOHJEPAl CAJBICTBIpYFa OOJIATHIHIBIFBI
kepcetingi. UBT.1M peakTOphIHBIH CaJKBIHAATKBIIIBIHIA KE3AECETIH PaIHOHYKIUATEPIH JKaIbl Ti30eCiHeH, )KaKChl
aHBIKTAIATHIH PAJAMOHYKIMITEP-TAAAFBIIITAD TAHAAIABI, OJAPABIH KYPaMbIH CaJKbIHIATKBIIITA AHBIKTAY >XBUTY
TaChIMAJIJIAFbIIIKA OOJIiHY OHIMIEPIiHIH IIBIFY napamerpiepi OOMbIHIIA TBA KaOBIKTAPBHIHBIH IE€PMETHUKAIIBIFBIH K1
OaKplIay IbIH JKETKUIIKTI 9/1iCi pETiH/e YCHIHBUTYbl MYMKIH.

KinT ce3mepi: xbUly TachIMaiiarblll, TB3J, TBAJ KaOBIKIIACKH, OOJiHY ©HIMI, O6JiHYy ©HIMIEPIHIH CaJbICThIPMAJbI
LIBIFBIMbI, FAMMa-CIIEKTPOMETPHSL.

Meoemaoexos b.C., Bypum A./I., IIpozoposa H.B., Ilonoe I0.A.

BbIxoa NpoayKTOB Ae/leHUs U3 BBICOKO U HH3K0000TraleHHOr0 TOIJIMBA HCCIeJ0BATeIbCKOr0 peakTopa uer.1m
IIpn mpoBeneHMN HCHBITAHUH BOJOOXJIAKAAEMBIX TEXHOJOTMYECKHMX KaHaJIOB C HHM3KOOOOTAIIEHHBIM TOIUIMBOM B
peakrope VIBI'.1M BBINOJIHEHBI CPaBHUTEIILHBIE N3MEPEHHS COAEPKaHMUS IIPOJYKTOB JETIECHUs U IPOJYKTOB aKTHBAIMH
B TEIUIOHOCUTEJIE TEXHOJIOIMYECKNX KaHAJIOB C HU3KOOOOTaIIEHHBIM U BEICOKOOOOTaIIEHHBIM TOTUTHBOM.

[TokazaHo, YTO KOJMYECTBEHHBIEC 3HAYEHHS, XapaKTEPHU3YIOIHe BHIXOJI MMPOAYKTOB JEJICHUS U3 TOILIMBA TECTUPYEMBIX
BOJIOOXJIXKJAEMBIX KaHAJOB C HHU3KOOOOTAIIEHHBIM TOIUIMBOM M M3 KAaHAJIOB C BBHICOKOOOOTANIEHHBIM TOILUIMBOM,
comoctaBuMBl. M3 oOmiero mepedHs pagMOHYKIHIIOB, OOHApyKMBaeMbIX B TeIUIOHOcUTene peakropa VBI.1M,
BBIOpaHBI ~ XOpOILIO HACHTUPHIHPYEMBIE PATHOHYKIUIBI-AaHAINTHI, OIpPEEeICHHEe COACPKAaHUS KOTOPBIX B
TEIUIOHOCHUTENE MOXET OBITh PEKOMEHJOBAHO B KAadeCTBE IOCTATOYHOIO CIIOCO0a MPEACTAaBUTEIHHOTO KOHTPOISA
TepPMETHIHOCTH 000JI0YEK TBJIOB 110 ITApaMeTPaM BBIXOAA MPOAYKTOB JCTICHHUS B TETFIOHOCHUTEIb.

KiroueBble c10Ba: TEIUIOHOCUTENb, TB3J, 000I0YKA TB3Ja, MPOAYKTHI JEJICHUS, OTHOCUTEIBHBIA BBIXOJA MPOTYKTOB
JETICHUs], TaMMa-CIIEKTPOMETPHS.
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I{vizanos B.B., lleiiko C.II., Illlanomees B.A., Booennukosa O.C., Kynaonuesa O.A.

Kypaenai nuHaMuKkagbIK KyKTeMe Ke3iHae TpuOoTyiiinaectipy/ep 6eamekTepiniH To3yra Te3imMainirine opTanbIg
MeXaHHKAJIbIK-XUMHUSIBIK dcepJiepiHiH KblIAaMAATbLIFAH CHIHAKTAPBI.

Kypaeni nuHaMUKaNbIK JKYKTEMe >KargaibiHAa TpUOOTYHiHAeCTipynep OemmeKTepiHiH TO3yhl KapacThIpsuIFaH. Ker
KOMITOHEHTTI JAMHAMHUKAJBIK JKYKTeMe Ke3iHJAe YHKeTiC >KYNTapblH KbULAaMAATBUIFaH ChIHAKTAp OICI YCHIHBLIFaH.
KoHrakTii e3apa apekeTTecy NpolecTepiH MOJIENbICyre apHallFaH CTEHJ KOHCTPYKIMSICBI, COHBIMEH 0ipre apTypui
Maiiyay JKoHE CaJKBIHIATy OpTachIMEH KYplelli JWHAMHUKAIBIK JKYKTeMe >KarAalblHIa J>KYMBIC ICTEHTIH Tpuoo-
TYWIHAECTIpYJIEpAIH TO3yFa TO3IMJIUIIIH 3epTTeyre apHalFaH CTeHJ KOHCTPYKIMSCHl YCBIHBUIFaH. O3ipJeHreH
onmicreMe OoWBIHIIA TPHOOTYHIHIECTIpYNEepAiH KaHacy alMarblHIAFbl MEXaHWKaIBIK-XUMUSUIBIK TYPJICHIIPYIepaiH
TO3yFa TO3IMIUIIKKE acepiH Oaranay HOTKeNepi KenTipiireH. Maiinay-cankbIHAATy CYHBIKTBIFBIHBIH KYPaMbIHIaFbI
JKOFaphl MOJICKYJANBIK KOCBUIBICTAPABIH BIABIPAY OHIMIEPIHIH TPHOOTYHIHACCTIpYNEpaiH >XaHACy aiMarbIHAaFbl
MeTaNIapAbIH TO3yFa TO3IMALIITIHE dcepiH Oaramay MYMKIHAITT KepceTinreH. ¥YCBHIHBUIFAH MaTepHaIIapasl KOJIIaHY
OepiireH >KYMBIC IIapTTapbl YIIiH YHKENiC JKYNTaphIHBIH MaTepHajIapblH HETi3[i TaHAayFa, jkKaHa TO3yFa Te3iMIi
MaTepHaiaap MeH >KaObIHIaP Ibl, Maiijay jKOHe CANKBIHAATy OPTACHIHBIH KYPaMBIH jkKacayFa MYMKIHIIK Oepeti.

Kinm ce30epi: 103y, KYpAeii )KYKTeMe, YHKEIIiC, CTCH, TOJIUMED.

Lvicanos B.B., lleiiko C.IL., Lllanomees B.A., Booennuxoesa O.C., Kynaonuesa O.A.

YckopeHHble HCHBITAHUSI MEXAHOXMMMYECKOr0 BO3JEHCTBMA cpelbl Ha HM3HOCO-CTOMKOCTH JeTajieil
TPUOOCONPSZKEHUH NPHU CJI0KHOM JUHAMHUYECKOM HATPYKEHHUH.

PaccMmoTpen m3HOC neTaneil TpUOOCONPSIKCHUH B YCIOBHSIX CIIOKHOTO JWHAMHYECKOTO Harpyxenws. I[IpemroskeHa
METOJMKa YCKOPCHHBIX WCHBITAHUH TIap TPeHHsS NpPH MHOTOKOMIIOHCHTHOM IHHAMHYECKOM HATPYKCHHU.
[IpencraBneHbl KOHCTPYKIUU CTEHIOB U MOICIHPOBAHMUS IPOLECCOB KOHTAKTHOTO B3aMMOCHCTBHS, HCCICIOBaHUI
HU3HOCOCTOMKOCTH TPUOOCOMPSIKCHUN, KOTOphIe pabOTAlOT B YCIOBHSAX CIIOKHOTO THHAMHYECKOTO HATPYXKCHHS C
pa3nuuHOM cMa304yHO-OXJIaxjarowmed cpenoid. IlpuBenaeHbl pe3ynbTaThl OLICHKH BIUSHUA MEXAHOXMMHYECKUX
NpeBpalleHnii B 30HE KOHTAaKTa TPUOOCONPSDKEHMH Ha M3HOCOCTOMKOCTh MO paspaboTaHHO# meroiuke. [TokazaHa
BO3MOXKHOCTh OIIGHKH 3(()EKTUBHOCTH BIIMSHUS NPOJYKTOB NECTPYKIMU BBICOKOMOJICKYJISIPHBIX COCAMHEHUH B
COCTaBe CMa30YHO-OXJIAXKAAIOMIEH >KUIKOCTH HAa HM3HOCOCTOWKOCTh METANIOB B 30HE KOHTaKTa TPUOOCOMPSIKEHUI.
Hcnonb30BaHue MpenCcTaBICHHBIX MAaTEepHAIOB MO3BOJIIET OOOCHOBAHHO BBIOMPATh MaTepHalbl Map TPEHUs i
3a[JaHHBIX YCIIOBHU SKCIUTyaTallly, pa3pabaThIBaTh HOBBIC H3HOCOCTOHKHE MaTepPHalbl M MIOKPHITHS, COCTAB CMa309HO-
OXJTAXKTAIOIICH CPEbI.

KiroueBble cji0Ba: N3HAITUBAHKE, CJIOXKHOE HATPY)KEHHE, TPEHHUE, CTCHI, TIOJIHMED.

Hlvinapoex A.b., Paxadunoe b.K., Cmenanosa O.A., Kycaunos P.K., ’Kacynan A.7K., /laymosa I'. K.

30XT'CA OosaTTaH KacajaraH :KaObIHAAPABI JIEKTP AOFAIBbIK MeTAJNIAHABIPY NPOLECIH 3epTTey.

Makanaga xaObIHAAPABIH KYpbUIBIMBI MeH KacuerTepiHe ocep ereriH 30XI'CA 0OosiaT ChIMIAPBIHBIH DIIEKTPJIIK
JIOFaJIBIK, METaJIJaHIBIPYBIHBIH TEXHOJIOTHSUIBIK PEXHUMIEP] KapacThIPhIIFAaH. JJIEKTp AoFaibk Oypky SX-600 amextp
JIOFaJibl METAJLTU3aTOPbl KOJIAaHY apKbUIbI JKYPri3uimi. AJbIHFAH XaOBIHIAAPAbIH KACHETTEPl MEH CHIIATTaMayapbl
CBIMHBIH O€pisly JKBIJIIaMABIFBI, KEPHEY JKOHE TOK KYIIi CHAKTHI OipHEIIe MeTaJJaHAbIpy MapaMeTpiepiHe Toyemi.
DNEKTPOHBIK MHKPOCKOIUS YKOHE MeTaIorpadusuiblK Tanjgay oAiCTepiMeH KaObIHIAap/AbIH KYpPbUIBIMBI 3€pTTEII.
abblH KaTaWThUIFaH KOHBEKTHBTI METaJlJ arblH/AapbIHAH, MUKPOJIOHEKEPJICHI€H YCaK METall OeJIIEKTepiHEeH KoHEe
OKCHATEPZICH TYpaThlH KabaTThl KypBUIBIMFA He. 3epTTey HOTIKeNepi MeTanJaHaplpy Ke3iHae CbhIM  Oepy
KBUIIAMIBIFBIHBIH KOFapbUIayhl YaKbIT OIpIIriHIEe albIHFaH jKAObIH KAJIBIHIBIFBIHBIH apTybIHA OKEJCTiHIH KepCceTe .
45 GonatThIH OCTiHIAEC TaHNAIFAaH PEKUMIe OaiaHBICTBI KATBIHIABIFEI 50 MkM-men 370 mxMm-re peiinri 30XT'CA
OonarraH jkacairaH >xaObiHap naima Oomnel. XKaOwsmpapnapaer 30XI'CA ceimmen OJIM Oypky kesiHze OeTki
Ka0aTThIH MHUKPOKATTBUIBIFEIHBIH MOHI 45 00NaTThIH MHUKPOKATTBUIBIFBIHA KAaTHICTHI 2 €ce apTaTbIHbl aHBIKTAJIbI.
DJeKTpIIK JIoFajbIK OYpKy MpoLeciHiH (GakTopiiapbIHbIH >KaObIHAAPIBIH KYPBIIBIMBI MEH KacHETTEepiHe acepi Typajbl
3epTTeyepiH HOTHXKeIePpiH KOpbIThIHAbIIAN Kene, 30 XT'CA 6onat moFaiblK MeTaNIaHABIPYABl 601aT cyocTpaTTapaa
KaTTBUIBIFBI XKOFapbI )KaObIHIAP/IbI Iy YIIIH KOJIIaHyFa 00Iajibl IereH KOPBITBIH/bI JKacayFa 00aibl.

KiaT ce3nmepi: »y1ekTp JOFackIH METaIIAHABIPY, CBIM, XKa0ObIH, 007IaT, KYPBUTBIM, MUKPOKATTBUIBIK, TO3yFa TO3IMITIK.

Hlvinapoex A.b., Paxaounos b.K., Cmenanosa O.A., Kycaunoe P.K., Kacynan A.JK., /laymosa I'.K.

HccaenoBanue npoiecca 3j1eKTPOAyroBoii MeTajutu3anuu nokpbiTuii u3 craau 30XI'CA

B cratbe paccMOTpeHBl TEXHOJOTHUECKUE PEXKHUMBI 3JIEKTPOAYroBOM MeTammusanuu mnpoBosiok cramu 30XTCA,
BIMSIOIINX Ha CTPYKTYpOOOpa3oBaHHWE M CBOMCTBA IOKPHITHH. JJIEKTPOAYrOBOE HANbUICHHE NPOU3BOJMIOCH C
NIPUMEHEHNEM 3JIeKTpoayroBoro Meraummsaropa SX-600. CoiicTBa M XapaKTEpUCTHKH IOJNYyYaeMBIX MOKPBITHH
3aBUCAT OT HECKOJIBKHMX MapaMeTpOB METAJUIM3alUM, TAKUX KaK CKOPOCTh MOJAaud NMPOBOJIOKH, HAMpPSHKEHHE, U CHia
ToKa. MeTogaMy 3NEKTPOHHOW MHUKPOCKONMH M METaIorpaduueckoro aHajau3a HM3y4eHa CTPYKTypa HOKPBITHH.
[ToxpbITHE WMEET CIIONCTYIO CTPYKTYpYy, KOTOpas COCTOMT M3 3aCTBHIBIIMX KOHBEKTHBHBIX IIOTOKOB METAaJlIa,
MHKPOCBapEHHBIX MEJKHX METAUIMYECKUX YaCTHIl W OKCHAOB. Pe3ympTaThl HMCCIENOBaHWS ITOKAa3BIBAIOT, HYTO
YBENWYECHHE CKOPOCTH TOAAYM TPOBOJOKH NPH METAJUIM3AIMHN TPHUBOIUT K YBEIHMUCHHIO ITOJyYAaeMON TOJITMHBI
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MOKPBITHS 3a €OWHUNY BpeMmeHW. Ha moBepxHocTH cTamum 45 B 3aBUCHMOCTH OT IIOJOOPaHHOTO pEeXnMa
cthopmupoBanich mokpeitus u3 ctanu 30XT'CA TommuHO# B nmuama3oHe oT 50 MM 1o 370 MKM. YCTaHOBIIEHO, YTO
nipu HanbuteHUH /M nokpsiTHii mpoBosokoit 30XI'CA 3HaYeHHEe MHUKPOTBEPIOCTH ITOBEPXHOCTHOTO CJIOSI BO3PACTACT
B 2 pa3a IO OTHOUICHHIO K MHUKPOTBepAOCTH cTayiu 45. O000mas pe3yapTaThl HCCIEIOBAHNH 0 BIUSHHUIO (PaKTOPOB
nporecca 3eKTPOAYTOBOTO HABUICHHSI Ha CTPYKTYpooOpa3oBaHHe U CBOMCTBA MOKPHITUII MOJKHO CHIEJIaTh BBIBOJ, YTO
anexTpoayrosas meraumzanus cranud 30XI'CA MOXKeT HMCIOJIb30BaThCs ISl NONYUYSHUS! MOKPBITHH C HOBBIIICHHOM
TBEPAOCTHIO Ha CTAIBHBIX IOIJI0KKaX.

KaioueBble cjioBa: 311eKTpoIyroBas MeTajUIM3alysi, IIPOBOJIOKA, MOKPBITHE, CTalb, CTPYKTYpa, MHKPOTBEPIOCTH,
U3HOCOTOMKOCTS.

Hopaumos M.K., Koscazynos E.T., Kexceovaii /I.M., Capmanoemos C.A.

Kpucrana-xyiie Herizinaeri painoKypbLIFBIHBIH (PYHKIHMOHAIABIK 0JIOTBIH KYy3ere acbIpy.

Byt sxymBIC KpUCTaI - JKYHe Heri3iHmeri paIroKypBUIFBIHBIH (YHKIMOHAJABIK OJIOTHIH JKy3ere achlpyra apHaJFaH.
Herisri Hasap OarpmapraMalaHaTblH JIOTHKAIBIK HHTETPAJIBIK CXeMajapla MOOYJSUUS JkoHe kpuimam Dypse
TYPACHOIPYl CHAKTHI PaTUOKYPBUIFBIHBIH OJOKTapblH OipikTipyre OarbiTranradn. Moaympraepai sxkoOamaynsiH,
tectineynig xoHe Radio Unit(RU) OiprikTepiHiH ©HIMIUTITIH OHTAMIaHIBIPYIBIH TEXHHUKAIBIK AaCTEKTiIepl erxei-
Terkeitni kapactelpeurad. Hotmxkenep kepcetkernneit, Fifth Generation (5G) pagno GorbIHEH 7.3 (YHKIHOHAIIHIFHIH
OpTaK mNaljajaHy Ke3iHIe MOIYJSALMs OJorbl Oacka OJOKTapMeH CalbICTBIPFaH/la JIOTHKAIBIK WHTErPajibIK
cxemajiap/iaFbl pecypcTapblHBIH €H a3 MeulepiH naipananansl. JKeunam ®Dypbe TypiieHIipyi OJOTBI MaKCUMa bl
naiijananyra OOJaThIH JIOTMKAJIBIK MHTErPAJIBIK cxeManapiarbl emmemi MeH 250 MI'm TakTimik »KuiTiKTe Kigipic
TaJaNTapblH KaHaFaTTaHJpIpa anaabsl. by Makaiga 3aMaHayW paauoxKyienepiae eHIMIUIIT KOFapbl (YHKIIMOHAJIBI
OJIOKTap bl KOOaNayIbl XKoHE OIPIKTIPYAl OHTAWIAHIBIPYFa MYIICTI HHXKXCHEpJICP MEH 3epTTEeYIIUICp YIIiH pecypc
peTiHae KBI3MET eTei.

Kiar ce3aepi: morukanbik HHTETpanabslK cxemanapaa, Zyng, Fifth Generation New Radio, pagio 610k, opTOroHasb a6
KHLTIKTI 00Ty MyTBTHILICKCHPIICY.

Hopaumos M.K., Koscazynos E.T., Kexceovaii /I.M., Capmanoemos C.A.

Peanu3anns pyHKIHOHAJBHOIO 0JI0KA PaJUOYCTPOICTBA HA OCHOBE CHCTEMbI-HA-KpHCTAaJLIe.

JlanHasi craThs NOCBsIIEHa peau3andd (QYHKIMOHAILHOTO OJIOKa paJMOyCTPOMCTBA HA OCHOBE CHCTEMBbI-Ha-
kpuctaiuie. OCHOBHOE BHUMaHHE YJIENISeTCsl MHTErpaliy OJIOKOB PaJHOyCTPOMCTBA, TAKUX KaK MOAYJISIIKS U ObICTpOe
npeobpasoBanue Dypbe, Ha MPOrpaMMHPYEMBIX BEHTHJIIBHBIX MaTpuuax. [logpoGHO paccMaTpHBaIOTCS TEXHHYECKHE
aCTEKThI MIPOEKTHUPOBAHMUS, TECTUPOBAHUS MOYJICH U ONTHMM3ALHUIO IPOU3BOAUTEIBHOCTH OJIOKOB pagloyCTPOMCTRA.
Pe3ynbraThl MOKa3bIBaET, YTO MPH paszeieHur (yHKIHOHAIBHOCTH panrodioka 7.3 rexnonoruu Fifth Generation (5G)
0JIOK MOJYJSLMH HCIIOJIb3yeT MHUHUMAJbHOE KOJIMUECTBA PECYPCOB IPOrPaMMHUPYEMbBIX BEHTHIJIBHBIX MaTpHULaX IO
CPaBHEHUIO C OCTaNbHBIMH Ojokamu. biok ObicTporo mpeoOpasoBanns @ypbe MOXKET COOTBETCTBOBATH TPEOOBAHHIO
3aJIep>KKU TIPH MakCUMaJIbHO MCIIOIb3YeMOM pa3Mepe M TaKTOBOH 4acTOTE MPOrpaMMHUPYEMbBIX BEHTHIIBHBIX MaTpHUIAX
250 MI'L. Drta craThsl CIyXHUT PECypcoM HJsi MHXKEHEPOB U HCCIIEJOBATeNeH, 3aMHTEPECOBAHHBIX B ONTHUMHU3ALUU
mponecca pa3pabOTKM M WHTErPalliil  BBICOKOIPOW3BOJUTENBHBIX (YHKIMOHAIBHBIX OJIOKOB B COBPEMEHHBIX
panrocucTemMax.

Karouesnbie cioBa: [IporpaMmmupyemas lorudeckas MHTerpanbHas cxema, Zyng, Fifth Generation New Radio, Radio
Unit, MHOTOJTY4Y€BOIi TOCTYII C OPTOTOHANBHBIM Pa3/IeICHHEM YacToOT.

Jobooa IO. O., I'anvyesa O. B., bupioxosa H. C.

"Bioloid Premium Kit" koHcTpykuusi Herisinae KbUIaH POOOTBHIHBIH KO3FAIBICHIHBIH  (U3HKAIBIK
CHNIAaTTaMAaJIapbIH 3ePTTey.

Maxkanaza xplT1aH poOOT KO3FaIBICHIHBIH (DH3HMKAIBIK CHIIATTaMallapbl KapacTHIPBUIFAaH. bepiireH KyMBICTBIH HETi3Ti
MaKcaTsl - OHAIPICTIK POOOT-MAaHUITYISATOP MEeH MOOMIIBAI POOOT YIIIH KOPILIaraH OPTaHBIH OPTYPI XKaFAaiiapbeiHaa
KO3FaJlyFa MYMKIHJIIK OepeTiH XbUIaH pOOOTTHIH KO3FaJIBICHIHBIH (PU3NKAIBIK CHIIATTaMaJIapblH 3epTTEyre Heri3/IesreH
JITOPUTM >Kacay Ooibln TaObmazpl. XKyMbIc 6apbIChIHAA pOOOT-KBUIAHHBIH 9PTYpIIi OeTTeperi Ko3raubic TeHaeyIepi
ansiHAbL JKbTaH poOOTH alIBIK KMHEMAaTHKAIBIK Ti30€K €KEHJIr! aHbIKTaN[bl, OHBIH J3JIEMEHTTepl KHHEMaTHKaHbIH
TiKeJel jkoHe Kepi ecenTepiH IIemyre koHe poOoT OJIOTHIHBIH OepilireH OarbITTaFbl OPHBIH €CEeNTeyre Heri3aenreH oec
HeMece OJjaH Ja Kell KMHEMAaTHKaJbIK aiHaly TyHiHgepiMeH e3apa OaianbicThl. JKbulaHIapablH (QH3HMKAIBIK
KO3FaJIBICBIH 3€PTTEY HETI3iHJe JKbUIaH POOOTHIHBIH KO3FAIBICHIHBIH TATEHTTENTESH aJlropuTMi »acaiabl. Robotis
BIOLOID Premium >XHBIHTBIFBIHA HETI3JIENTEH >KbUIAH POOOTHIHBIH MPOTOTHITI KYPACTBIPBUIBII, XeTi Typii Oerrte
CBIHAK Kypriziai. KypacTelpbuiraH jxoFapbl KbUIIAMABIKTBI TPOTOTHUIT OH Oip OJIOKTaH koHe neHrenekrepi kok CM-
530 KOHTpOJUIEPIHEH TYpaJbl )KOHE JaMbIFaH AITOPUTMII KOJIIaHY apKbUIbl aHAJIOTTAPMEH CANIBICTBIPFAHIA KOFapPhI
KO3FaJIbIC )KaTBIKTBIFBIH KAMTaMaChI3 €TE/.

Kinr ce3mepi: bputaH poOOTHIHBIH aTOPUTMI, KbUIAHHBIH KO3FAJIBICHI, KbUIAH POOOTHI, (PU3UKAIBIK CUITATTaMalaphbl,
Oackapy snemeHrTepi, RoboPlus.
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Joé6ooa I0.0., I'anvyesa O.B., bupwrosa H.C.

N3yyenne QU3NIECKHX XaPAKTEPHCTHK JBHKEHHS PoOOTa-3MeH Ha OCHOBe KoHCTpykmum “Bioloid Premium
Kit”.

B crarse paccmaTpuBaroTcs GU3HMUECKHE XapaKTEPHCTUKU IBIDKEHUS poboTa-3Men. OCHOBHOW IEIBI0 JAHHOW pabOTHI
SIBJISIeTCsl pa3paboTKa aJlrOpuTMa, OCHOBAHHBIN Ha W3Y4YEeHUM (DU3UUSCKHX XapaKTEPHCTHK JBIDKEHUS poOoTa-3Mew,
KOTOPBIN IO3BOJINT MEPEJBUraThCsl B PA3IMYHBIX YCIOBHIX OKpY’KaroLIeH Cpenbl, KaKk HPOMBIIIJICHHOMY pOOOTY-
MaHHUIYJISATOPY, TaK U MOOMIBHOMY poOoTy. B Xoze paboThl ObUIM MONTyYeHBI ypaBHEHUsI ABHXXEHUsSI poOOTa-3MEeH MO
pa3IMuHBIM IIOBEPXHOCTSM. YCTAaHOBJIEHO, YTO POOOT-3Mesl NPEJCTaBIsET COOOH Pa3OMKHYTYIO KHHEMAaTHYECKYIO
LTI, SIEMEHTBI KOTOPOIl COEAMHEHBI MEX Ty CO00i MATHIO MK OoJiee KWHEMAaTHYECKUMH y3JIaMU BpAIlleHUs] HA OCHOBE
peLIeHus NPsSIMBIX M OOpaTHBIX 33a4 KHHEMAaTHKU U pacueTa MoJIoKeHHs 0Jloka poboTa B 3aaHHOl opreHTanuu. Ha
OCHOBE M3yUeHHS (QU3MUECKUX IBIKECHUH 3Mell ObUT pa3paboTaH 3aaTeHTOBAHHBIA aJTOPUTM IEpEABIKCHUS poOoTa-
3men. [Iporotun pobora-3men, ocHoBanHbIH Ha Habope ROBOTIS BIOLOID Premium, 6511 coOpaH 1 IpOTECTUPOBAH
Ha CEMH PAa3IMYHBIX MOBepXHOCTAX. CO3MaHHBI BBICOKOCKOPOCTHOW MPOTOTHI COCTOMT W3 ONMHHAILATH OJIOKOB U
koHTposutepa CM-530 Ge3 kojec u 0OecreunBaeT BBICOKYIO IDIABHOCTH IEPEIBIDKCHUS MO CPaBHEHUIO C aHAJIOTaMHU
OJaroapst UCIIOJIB30BAHUIO Pa3pabOTaHHOTO AITOPHTMA.

KaioueBble ciioBa: anroputM poOoTa-3MeH, JBHIKCHHE 3MEH, 3MECBUAHBIA pOOOT, (U3MYECKHUE XapaKTEPUCTHKH,
ympasienue, RoboPlus.

Typnvikoscaesa /I.A., Ycinoe HM., Baiicanuesa A.H., Temewesa C.A., bonvicoau A.T., Aopaxmamosa I'.A.,
Axmanos C.T.

AKNapaTTbIK JHTPONHUS TEOPUSICHIHA Heri3esireH CbIMCBI3 TOPJIBI JKeJlire apHaJIFaH MapuIpyTTay KepcerKiuri
JK9HE MPOTOKOJIBI.

¥ CHIHBUIFaH MaKalajJa MaKkeTTiH JKOFaly BIKTUMAIJBIFBIH €CKePETIH KOPCETKILITI eCeNTey YIIiH aKNapaTThIK SHTPOIHI
TEOPHACHIHA HETI3NENTeH MapIIpyTTay alropuTMi OepinreH. AKMapaTTHIK SHTPONHS TEOPHACH ACPEKTepAi Oepyneri
OeNTiCi3aIK MeH TOPTIMCI3AIKTI OaFanayJplH CeHIMII HeTi3i peTiHae KbI3MET eTe/li, OYJI TYPaKTHI )KOHE MHTEIUICKTYaJIIbI
MapuIpyTTay CTPaTerdsChiH d3ipieyai skeHingereni. KonmgaHblcTarbl alrOpUTMICPICH albIPMAIIbLIbIFGI, YCHIHBLIFAH
TOCLT MaKCHUMAJIBI THIMIUTIKKE KeTy YIIIH MapHIpyTTay MPOLECIH OHTAMIaHIBIPY apKbUIBI JKei iIIiHAeTI JepeKTepIl
Oepy camachlH JQJTipek Oaramayra MYMKIHIIK Oepefi. DKCICPUMEHT HOTHKENIEP] KOFapbl OHIMIUTIKTI CaKTai OTHIPHIII,
JKeJlire KbI3MET KOpPCETy CallachlHbIH aiiTapibIKTall jKaKcapFaHbIH KepceTe/i. AJITOPUTMHIH THIMIUIITIH TeKCepy YIIiH
OTKI3y KaOlleTTijIiri, Kiiipic )koHe MaKeTTIH KOFalIybl CHSKTBI HETI3T1 OHIMAIIIK KOPCETKIIITEpiH OaranalTbiH OipKaTap
sKcriepuMenTTep Kyprizingi. Conpaii-ak, Oeirin anropuTMiepre KaThbICThl apTHIKUIBUIBIKTAP MEH KEeMIIUTIKTep.i
Oarayayra MYMKIHIIK OepeTiH OeNrijeHreH MapupyTTay alrOpUTMAEPIMEH CalbICTBIPMANbl TaJAAy >KYPTi3ijiji.
HoTmkenep YCHIHBUTFAH alTOPUTM JIEPEKTEP CAMACBHIH YKOHE JKENiHIH KAl THIMAUIITIH OHTaWIaHIBIPYAa IOCTYPIIi
MapIIpyTTay 9AiCTepiHEH achIIl TYCETiHIH KOPCETEIi.

KinT ce3aepi: Mapuipyrray, S3HTPONHS, aKIapar, CbIMChI3 TOPJIBI JKEJ.

Typavikoorcaesa /I.A., Ycinoe H.M., baiicanuesa A.H., Temewesa C.A., bonvicoau A.T., Aopaxmamosa I'.A.,
Axmanoe C.T.

MeTpuka MapuIpyTH3alMd M NPOTOKOJ sl OecnpoOBOJHOI SYEHCTOl CeTH, OCHOBAHHbIE HAa TEOPUH
HH(OPMALIOHHOM IHTPOIIUH

B mpejcraBieHHON CTaThe MPEACTABICH AJITOPUTM MAapIIPYTH3alUH, OCHOBAHHBIA Ha TeopuH HH(OPMAIMOHHON
SHTPOIHUH, JJIs1 BBIYUCIICHHUS TOKA3aTellsl, YIUTHIBAIOIIETO BEPOATHOCTh MOTEPH Takera. Teopus MHDOpPMAIMOHHON
SHTPOIHUH CITYKUT HAJCKHOW OCHOBOH JIJIsl OTICHKH HEOMPEICIICHHOCTH U OeCTIOpsKa TpHU Tiepeadye TaHHBIX, o0yierdas
pa3paboTky OoJjiee YCTOWYMBOM W HMHTEUICKTYaJIbHOW CTpaTeTMu MapHIpyTH3AIMH. B OTIMYHE OT CYIIECTBYIONIUX
AITOPUTMOB, TpeaaracMblil OJXO0] IMO3BOJIAET 00Jee TOYHO OLICHMBATH KAYECTBO MEpeAayd HAHHBIX BHYTPH CETH,
ONTUMU3UPYS TPOLIECC MAPIIPYTH3AMHA IS JOCTIDKESHHUSI MAKCUMAITBHOU 3((EeKTUBHOCTH. Pe3ylbTaThl 3KCIIepuMeEHTa
JEMOHCTPHPYIOT 3HAYUTEIbHOC TIOBBHINICHHE KAadecTBa OOCIHY)XHBAHWS CETH TPU COXPAaHCHHH BBICOKOM
MPOU3BOMUTENHHOCTH. JI7sl TpoBepkH J(PQPEKTUBHOCTH aITOpUTMa ObLIa MpPOBEACHA CEpHsS IKCIICPHUMEHTOB,
OIICHUBAIOIINX KITFOYEBBIC MIOKA3aTENIN IIPOU3BOAUTEIEHOCTH, TAKHE KaK MPOITYCKHAs CIIOCOOHOCTS, 3a/IepKKa U IOTeps
makeToB. Takxke OBLI TPOBEICH CPAaBHHUTEIBHBI aHANHM3 C YCTAHOBJICHHBIMH QITOPHUTMAMH MapIIPYTH3AIIHY,
MO3BOJIMBIIAN OIEHUTh TPEUMYINECTBA W HEIOCTaTKM 10 OTHONIEHWIO K XOPOIIO W3BECTHBHIM aJrOpUTMaM.
[Tony4eHnHble pe3yabTaThl CBHUIETENBCTBYIOT O TOM, YTO MPEIJIOKEHHBIH aNTOPUTM TPEBOCXOAUT TPAIUIIMOHHBIC
METO/IbI MAPIIPYTH3AIMH B ONTHMH3AINHN Ka4eCcTBa Nepelaur JaHHBIX 1 0011eit 3 PeKTUBHOCTH ceTH.

KuioueBble cjioBa: MapIipyTH3aIUs, SHTPOIUS, HHPOpMAIHs, OECIIPOBOIHAS TIEUCTASI CETh.
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ITnomnukoe H.B., Kopomxkuit U.A., Hesepos E.H., Kopomkasa E.B., IInomnuxoea JI.B.

ArpoeHepkacinTik KelleHHIH KaiiTa eHJey oHIipicTepi YyumIiH MexaTpoHABI ¢y AalbIHAAY MOXYJIiH
MOJepHU3ANMAIAY.

ATpoeHepKaciNTIK KellleH O0BEKTIepi Cyabl opTypil MakcaTTapia IaijanaHaibl, oJlap TYTHIHATBIH CYABIH KeleMi
enoyip yikeH, 60 KM® CyJaH acaThlH TaOHFH Cy OOBEKTIIEPIHEH PECypec PeTiHAe KbLN CallbIH TOPTTEH Gip Geiri
arpoeHEpKACINTIK KelIeHAepre Keneai, MYHJal J>KybIKTaIFaH MAJIIMETTep aybll NIapyallbUIBIK CHSKTBL ipi Cy
TYTHIHYIIBIFA XKATKbI3yFa MYMKIHIIK Oepemi. byn xarmaiina MaHbI3IbI mapaMmeTpiepdid Oipi - cymsl AadblHAAy Ofici
acep eTeTiH CyabIH canachl 0oJbin Tabbutaabl. Cyabl TaibIHAAYABIH €H MEPCHIEeKTUBTI 9/1iCi KPHOKOHIEHTPIIEY OOJIBII
TaOBIIabl, OJ1 BUIFAJIIBIH KPUCTAIJaHybIHAH, COJaH KEeHiHT1 KaTThl (a3aHblH BIFBICYbIHAH KYpbLIaJsl. by nponectin
YKOHE OHBIH aIapaTTHIK KOHCTPYKIMSACHIHBIH KETIIMETSHIIT1 OYIT ofmicTi eHipicke eHrizyi Texerai. Cynpl JalsHIaY
Ke3iHIe KPHOKOHILEHTPJICY ONICIHIH OHIMAUIIIH apTTHIPY MakKcaTblHIA peKylepamisiiayMeH Kapycelb THIITI
anmapaTThlH JKaHa KOHCTPYKIMACHI KYPAaCTHIPBUIBIN Xacaumbl. KpHCTauIM3aTIeH KaXETCi3 3JIEMEHTTEpAl YCTayblH
a3aliTy JKOHE KpHCTaJAaHy MNpPOIECIHIH CHNATBIH AHBIKTAy YIIiH KPHOKOHIEHTPATOPIBIH >XYMBIC IUTACTHHANApIA
MPOIIECTIH YTBIMIBI TapaMeTpiiepiH OpHATyFa MYMKIHAIK OepeTiH OipkaTap OHKCIEpUMEHTTep JXyprizimmi. Byn
aBTOpJIapFa Kapycellb THIITI alapart YIIiH MeXaTPOH/IBI KPHOKOHIICHTPIICY MOAYIIH XKacayFa MyMKIHIIK Oepi.

KinT ce3nmepi: KpHOKOHLEHTpJEY, CyIbl NailbIHAAy, Kapycelb THITI KPHOKOHIEHTPATOp, KPHOKOHLIEHTPATOPJIBIH
MEXaTPOHIBIK MOIYJII.

IInomnukoe U.B., Kopomkuit H.A., Hesepos E.H., Kopomkas E.B., [Inomnuxoea JI.B.

Mopepuu3anusi MeXaTPOHHOTO0  MOIYJISI  BOJOMOATOTOBKH [JIsi  NepepadaThIBAIONIAX  IPOM3BOICTB
arponpoMbIILIEHHOT0 KOMILIEKca

OOBEKThI arpONPOMBIIUICHHOTO KOMILIEKCa, UCTIONB3YIOT BOLY B PA3IMUYHBIX LENAX, 00beM MOTPEOIsIeMOi MU BOJIBI
JOCTATOYHO BEJHK, MPU OOINEM EXErOAHOM H3BSTUH BOJBI, KaK pecypca, W3 MPHUPOJHBIX BOJHBIX OOBEKTOB
npeBbimaomeM 60 KM® BOABI, O 9ETBEPTH NPHXOMMTCS HA arpolpOMbIIIICHHBIE KOMIUICKCHI, JakKe TaKHe
NpUOJMKCHHBIE JAHHBIC MO3BOJIIOT OTHECTH CENILCKOE XO3SUCTBO K KpymHeieMy Bogonotpedutento. [Ipu sTom
OJTHMM W3 Ba)KHBIX MAapaMETPOB SIBISETCS KAYECTBO BOJBI, HA KOTOPOE BIHSET Crocod BogomoarotoBku. Hawmbonee
MEPCIICKTUBHBIM ~ CITOCOOOM  BOJOMOATOTOBKH  SIBJIACTCSI  KPHUOKOHIICHTPUPOBAaHHE, KOTOPOE 3aKII0YaeTcs B
KPHUCTAJUIM3ALMU BJIard C IMOCJIEAYIOIUM BBITECHEHHEM TBepaoW (as3bl. HecoBeplIeHCTBO NaHHOTO Ipolecca M ero
anmaparypHoro o(OpMIIEHHUS CIEp)KHMBAeT BHEIPEHHE JaHHOro crocoba B Npou3BoAcTBO. C LENbI0 HOBBIMICHHS
MIPOU3BOIUTEIHFHOCTH METOAAa KPHOKOHLIEHTPUPOBAHUS TPH MPOBEACHUHU BOJOMIOATOTOBKH OBbITa pa3paboTaHa HOBas
KOHCTPYKLIMS amrapaTa KapycelbHOro THUIla C pekynepauueu. /sl CHUKEeHHs 3axBaTa HEXKEJIATENbHBIX 3JIEMEHTOB
KPHUCTAJUIM3aTOM M OIpPENENICHUs] XapakTepa IMPOTEKaHUsl Mpoliecca KpUCTALIM3alMd Ha paboyux IUIaCTUHAX
KPHOKOHIIEHTpaTopa OblIa MpOBEJeHA CepHsi SKCIEPUMEHTOB, MO3BOJIIONIAS YCTAHOBUTH PAIlMOHANIBHBIC MapaMeTphI
nporecca. JTO TMO3BOJMIO aBTOPaM pa3paboTaTh MEXaTpPOHHBIH MOJYJb KPUOKOHIEHTPUPOBAHUS [UIs amapara
KapycenbHOrO TUIIA.

KaioueBble clioBa: KPHOKOHICHTPUPOBAHME, BOJOMOJrOTOBKA, KPHOKOHIIEHTPATOp KapycCEJIbHOrO  THIIA,
MEXaTPOHHBIN MOJTYJIb KPHOKOHIIEHTpATOpa.

Kanaoaee 3.2K., Axmanoe C.T., Tiney A.O., Onmen /I.b.

Jlazeputik ra3 ceHCOpPBIHAAFbI KOT€PEHTTi aMIVIMTYAAJIBIK MOAYJISAINSA.

Makasa FbUIBIM MEH TEXHUKaJaFbl ©3€KTi TAaKbIPBIIKA — JIa3ep/iH KOMETriMeH Ia3/iblH Typi MEH KOHIECHTPAIMsCHIH
aHpIKTayFa apHaiFaH. JKacwln Jlazep coyielleHyiHIH KapKBIHABUIBIFBI MEH BIFBICY KEpHEYIHIH XaKblH MOHACpiHIE
(OTOMOATHIH IIBIFBIC CHUTHAJBIHBIH YaKBITTHIK KaTapbIHBIH HWHTEPGEpEeHIMIBIK YATiIepi amsiHAsl. KorepeHTTimik
nopexeci (~0,1-1eH jxoFapsl) ra3mapIblH TYPJIEPiH JKOHE ONapblH KOHIICHTPAMSIAPBIH aKbIpaTyFa MyMKIHIIK Oepi.
CurHaj KOTepeHTTLIr AJIaH JeBHALMACHI MOHACPIMEH OaKbpUIAHIBI. 3EpTTEY OMICiHIH KAHAIBIFBI MOIYIISIIUSHBIH
HETI3r1 XHLTIrl peTiHAe 3JIeKTp JKeJCiHIH rapMOHHUKACHIH TaHay 00JbIn TabbiIa sl Koppeasuusuislk GyHKIUIap MeH
ColiKec KyaT CHEKTpJIepi MOJISKYJalap/IblH JKoHE OJIap/IbIH LIOFBIPJIaphIHBIH TOMEH XKUUTIKTETi TepOernicTepine ce3rim
GoaThIHBI KepceTireH. by 0eaMe KbICBIMBI MEH TEeMITEpaTypachlHa ONTHKAIBIK acIanTapAblH YIKESH OJIeM/ Il )KoHe
KBIMOAT KeIIeHICePiHiH OPHBIHA OCBI KYMBICTBIH HOTHKEIEPl MCH O/IiCTEpiH HAKTHI JKaFIaiiapaa KoJIIaHyFa MyMKIHIIIK
oepeni.

Kiar ce3aepi: nasep, ra3 ceHCOPHI, TOMEH XXHUTIKTEP, POTOINOM, aMMHUAK.

Kanaoaee 3.7K., Axmanoe C.T., Tiney A.0O., Onmen JI.b.

KorepeHTHasi aMIIMTYTHASI MOAYJISIIMS B JIa3ePHOM ra3oceHcope.

Crarbsl TIOCBSAIICHA AKTyaJIbHON TeME HAYKH U TEXHHUKH — OINPEICICHHUIO BUIa U KOHIICHTPAIMK ra3a UCIO0JIb30BaHUEM
nmasepa. [Ipu OMU3KKMX 3HAYCHHSAX WHTCHCHMBHOCTH JIA3€PHOIO HM3JIYYCHHS 3CJICHOTO I[BETA M HANPSHKCHUS CMEIICHUS
¢doronuona moydyeHsl MHTEP()EPCHIIMOHHBIC KApTHHBI BPEMCHHOTO psifia BBIXOJHOTO curHana (ortoamona. CreneHb
korepeHTHOCTH (Oosee yem ~0,1) MO3BOJIMII Pa3iIMYUTh BUJABI T'a30B M UX KOHICHTpanud. KOrepeHTHOCTh CUTHAJIOB
KOHTPOJHMPOBAJaCh 3HAYCHHUSMHU JAcBHanuu AsuiaHa. HOBH3HON Merona WCCIeIOBaHUs SBISICTCS BHIOOP B Ka4eCTBE
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OCHOBHOH YacTOTHl MOJIYJLSIIMKA TapMOHHKY OJJleKTpuieckoil ceru. [lokazaHo, 49To (yHKOMH KOppesmuid U
COOTBETCTBYIOIINE CIEKTPHI MOIIHOCTH YYBCTBHUTEIBHBI K HU3KOYACTOTHBIM (PIyKTyaIMsM MOJEKYNI W HUX CI'YyCTKOB.
3T0 MO3BONAET WCIONB30BATh PE3yNbTaThl M METOAWKY HAacToAmeH padOThl B KOHKPETHBIX CIIydasX BMECTO
KpPYHMHOTaOapUTHBIX M JOPOTOCTOSAIINX KOMIUIEKCOB ONTHYECKUX MPUOOPOB NPH KOMHATHBIX 3HAYCHUSAX NABICHUHU H
TeMInepaTypsbl.

KaioueBble ci1oBa: nasep, ra3oBblii CEHCOpP, HU3KHE YacTOTHI, POTOIMOMA, aMMHAK.

Manuxoe B.H., Kamaconoe A.0., Hukoe A.B., ®@aoees /.A., Boiinawm C.A., Bopnauesa HU.B., 3acuoynaun P.P.,
HImeikosa I1.A.

7Kyka MeTasn KaObIpIIaKTapAbIH 6ipTekci3Airi MeH akayJapbiH 3epTTeydiH KYHbIHABI TOK d/ici.

Kyka merayur KaObIpIIaKTapIblH KaJbIHJBIFBIHBIH a3/bIFBIMEH OaiJIaHBICTBI SPTYpJi KYPBUIBIMAApD MEH epeKiie
KacHeTTep OoNapablH (U3WKAJBIK CHIaTTamMajapbl MAcCCHBTIK KYWIeri COHHal MaTepHalfapAaH aiTapibIKTai
epeKIIeNeHeTiHAIrine okeneni. Kyka MeTamun KaOBIpHIaKTAPBIHBIH CHIIATTAMAalaphlH aHBIKTAay YIOiH Oy30aiThIH
3epTTEYdiH JkKaHa ONiCTepiH o3ipiey e3ekTi Oombim Tabputampl. Makamaga opTYpili MeTalumapOblH JKyKa MeTajll
KaOBIpIIaKTapBIHEIH OCTiH 3epTTey YIIiH KYHBIHABI TOKTHI OaKpUIay OICiHIH apTHIKIIBUIBIKTaphl HeTiznenreH. JKyka
MeTaT KaObIPIIaKTaPbIHBIH MIEKTP OTKI3TIIITIrH, KaTbIHIBIFBIH KOHE 3aKbIMIAHY AIPEKECIH 3epTTEyre apHaIFaH aca
Kiln KYWHBIHABI TOK TYPJCHIIPTIIIHIH KOHCTPYKUMSCHI YCBIHBUIFAH, COHBIMEH KaTap o3ipJIeHreH TYpJIEeHAIprilTi
Oackapyra MYMKIHIIK OepeTiH OarmapiaMaiblK-alllapaTThlK KeIIeH jKacairaH. MeTaml KaObIpIIaKTaphl 3epTTey
HerizgeMe OeTiHe 3aTThIH TapajyblHbIH OipTekcizmirin kepcerti. CoHnai-ak, o3IpJeHreH TYPJICHIIPTilITiH CUTHAI
AMIUTUTYAAChIHBIH ~KaOBIPIIAK KAIBIHABIFBIHA TOYEJAUIN aHBIKTANIBI. AJIBIHFaH HOTIDKENEpAl TeKcepy YIUiH
(OTOMETPHSIIBIK SMIICTIEH KaObIpIIaKTapAbIH KapbIKTHIH OTKi3yiHe 3epTTey KyprisiireH. Exi onicrieH anblHFaH eJjiiey
HOTW)KEJIEPIH CaJbICTBIPY O3ipJeHIreH KaObIpIIakTapAsl 3€pTTey oJicTepi apachlHOAFbl JKOFapbl YHIECIMALTIKTI
KOPCETTi.

KinT ce3nepi: xyka KaObIKIIanap, Meranaap, KYHbIHIBI TOK TYPJICHIIPTilli, MaTepraiiapasl 3epTTey, KaObIPIIaKThIH
OipTeKci3miri.

Manuxoe B.H., Kamaconoe A.0., Hukoe A.B., @aodees /I.A., Boiunawm C.A., Bopnauesa HU.B., 3azudyrnun P.P.,
HImvikosa I1.A.

BuxpeTokoBblii MeTO/1 HCCI€I0BAHUS HEOJHOPOAHOCTEH U 1e(peKTOB TOHKUX METANIMYECKHUX IUIEHOK.
MHoroo0pasue CTpYKTYphl M crenu()uIecKue CBONCTBA, CBS3aHHBIC C MAJOCTBIO TOJIIHHBI TOHKUX METAJUTMYECKHUX
IJICHOK, MPUBOJIUT K TOMY, YTO MX (U3MUYECKUE XAPAKTEPUCTHKHU CYIECTBEHHO OTJIMYAIOTCS OT XapaKTEPUCTHK ITHX
)K€ MaTephaloB B MACCHUBHOM COCTOSHUHU. JIJis ompeneneHus XapaKTePUCTHUK TOHKHX METaJUIMYECKUX TUICHOK
aKTyalbHa pa3pabOTKa HOBBIX METOJOB HEpa3pyIIAIOIIECrO HMCCIeqoBaHUSA. B crarbe 00OCHOBBIBAIOTCS TOCTOMHCTBA
METOJ]a BHUXPETOKOBOTO KOHTPOJS JUIS HCCICIOBAHUS IOBEPXHOCTH TOHKHX METAUTMYECKUX IUICHOK pPa3IHIHBIX
MeTaiuioB. [IpencTaBieHa KOHCTPYKIHS CBEPXMHHHUATIOPHOTO BHXPETOKOBOTO MpeoOpa3oBaTels, MperHa3HAYCHHOTO
JUTSL MICCIICIOBAHUS SIIEKTPOTIPOBOAHOCTH, TONIIMHEI H CTETICHH IMOBPEKICHHUS TOHKHX METAILTMYSCKUX TUICHOK, a TAaKXKe
CKOHCTPYHPOBAH MPOTPaMMHO-aNIapaTHEIA KOMILUICKC, ITO3BOJISIOMIMN IPOU3BOAWTEH YIpaBICHHUE pa3pabOTaHHBIM
npeobpaszoBareneM. MccnenoBanne METADIHYSCKUX IDICHOK ITO3BOJIIIIO TMOKA3aTh HEOJAHOPOTHOCTH pacIpeeICHUs
BEII[ECTBA IO MOBEPXHOCTH MOJUIOKKH. Taxke Oblia ompejesieHa 3aBUCUMOCTh aMIUIMTY bl CUTHANA pa3padoTaHHOTO
mpeoOpa3oBateliss OT TONIIUHBI IJICHKH. J[Js1 MPOBEPKH MOJyYaeMbIX PE3yJIbTATOB ObUIH MPOBEICHBI HCCIICIOBAHUS
CBETONPONYCKAHUS TJIEHOK (OTOMETpUIECKUM MeToJoM. CpaBHEHHE PE3YJIbTATOB M3MEPEHHUN, MOTYyUYEHHBIX JABYMS
METOJ[AMH, TIOKa3aJi BBICOKYIO CTEIEHb COTVIACOBAHHOCTH MEXAY JBYMs pa3pabOTaHHBIMH METOJAMH HCCIICIOBaHUS
IUIEHOK.

KiiloueBble cjI0Ba: TOHKHE IUICHKH, METallbl, BUXPETOKOBBIH mpeoOpa3oBaTelb, HCCICIOBAHUS MaTEPHAIIOB,
HEOJHOPOAHOCTb IJIEHKH.

Hluwynun A.B., Ilomanoe A.A., Illuwiynuna A.B.

KaOpIpmakTel KaTThl epiTiHallepain ¢pakranablK nmimingi HaHoOemeKkTepi: MOPQOJOTHSIHBIH aybIpP
BOJIb(hpaM NceBAOKOPBITHAIAPBIHAAFLI (ha3alibIK Tene-TeHAiKKe dcepi.

dusnKa-XUMUSUIBIK ~ KACHETTepAiH Oipereil >KMBIHTHIFBIHBIH ~apKachblHJa HAHOKYPBUIBIMIBI ayblp BOJb(pam
TMICEBJJOKOPBITIIANIAPHI, SCIPece YHTAKThl METAJUTYPrHSHBIH 3aMaHayd aJJUTUBTI TEXHOJOTUSIIAPBIHBIH HBICAHBI PETIHAE
JKOFapbl KBI3BIFYIIBUIBIK TyAbIpanbl. bepinren skymbicta W-Cr ayblp KOPBITIIACHIHBIH MbIcajbiHaa core-Shell
KaOBIPIIAKTAUTBIH KaTTHI €piTiHAl KypbUIBIMBI 0ap HaHOOeNmIeKTep YIIH (a3aiblK Tene-TeHAIKTIH Mopdomorusra
TOYETAIIri TepMOAMHAMUKAIBIK TYpAe MojeibaeHreH. Hanobemmexrepain MOphOIoTHsaCch (DpakTaaabIK TeOMETPHUs
omicTepiH KojmaHy apKpuiel OepinreH. Teme-TeHmik (azaiblKk KypamMbl MEH OPTYpPJl TeTeporeHidl KyinepaiH
TeMIIepaTypa MEH HaHOOeNIIEKTep/iH MOpP(OJOTHACHIHA TO3IMIUIr )KyHeHIH 00C SHEeprusiChlH TOMEHAETYAIH YII
MeXaHM3Mi Heri3iHne Tycinaipineni. JKyMbICTBIH COHFBI O6JIiriHIe HaHOOeIIIIEKTep aHCaMOIbAEPIHICT] eJIIeMAep MeH
opTamia cunarramaiap OOMBIHIIA Tere-TEHJIK YJECTIpyJepiH ecentey oiici, COHIai-aK MHKPOCKOIUS MaJiMeTTepi
Heri3iHe HaHOOeIeKTepAiH (paKTaIIbIK OJIIIEMIH OJIIIey 9/IiCi CHUIIaTTaJIFaH.

KinT ce3nepi: HaHOOeIIIEKTEP, KABBIPLIAKTAY, BOJIL(GPAM, XpOM, (GPaKTAIIBIK OJILIEMILIIK.
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Hluwynun A.B., Ilomanoe A.A., Iluwynuna A.B.

HanouyacTuusl ¢pakrajibHoii (GopMbl paccianBalOIIMXCS TBEPAbIX PACTBOPOB: BJMsIHUEe MOP(OJIOrHH Ha
(a3oBbie paBHOBeCHSI B TSIXKeJbIX BOIb(GPaMOBBIX NCEBJ0OCILIABAX

bnaromaps yHuKambHOMY HaOOpy (H3MKO-XMMHYECKHX CBOWCTB HAHOCTPYKTYPHPOBAaHHBIE TSDKEIBIE BOJIb(PaMOBBIC
TICEBJIOCIIIABHI SIBISIIOTCS OOBEKTOM MOBBINIEHHOTO HWHTEpeca, B OCOOCHHOCTH KaK OOBEKT Uil COBPEMEHHBIX
AIUIUTHBHBIX TEXHOJIOTWI IOPOLIKOBOW MeTaulyprud. B Hacrosimed paboTe TepMOAMHAMUYECKH CMOJEIHPOBaHA
3aBHCHUMOCTH (Da30BBIX paBHOBECHIl OT MOP(OIOTHH Uil HAHOYACTHUIL CO CTPYKTypoi core-shell paccnamparomerocs
TBEPJOro pacTBopa Ha mpuMepe Tspkenoro crutasa W-Cr. Mopdororust HaHOYacTHIl 3a/1aBajiach C HCIOJIb30BaHUEM
METO/OB (ppakTaibHOW reomerpuu. [losrydeHHBIE 3aBUCHMOCTH PaBHOBECHOTO (Da30BOTO COCTaBAa W YCTOWYHMBOCTH
Pa3JIMYHBIX TE€TEPOTEHHBIX COCTOSHHUN OT TeMIlepaTypbl ¥ MOP(]OJIOTMH HAHOYACTUI] WHTEPIPETHPOBAHbI HA OCHOBE
TpeX MEXaHM3MOB IIOHIDKCHMS CBOOOIHON SHEPIMU CHUCTEMBl. B 3akmrounTensHON 4YacTu pabOTBI ONMMCAH METOJ
pacdera paBHOBECHBIX paclpeleleHHi M0 pa3MepaM M CPETHHX XapaKTEPHCTHK B aHCAaMOJIAX HAHOYACTHII, a TaKXKe
METOJUKA N3MEPEHNUS (PpaKTanbHON pa3MEPHOCTH HAHOYACTHUIl HETTOCPEICTBEHHO HA OCHOBE JJAHHBIX MUKPOCKOIINH.
KnroueBble c10Ba: HAHOYACTHUIIBI, PacCIanBaHKE, BOIb(PPaM, XpoM, (ppakTaIbHAs pa3MEPHOCTb.
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