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Dear authors and readers!
Dear colleagues!

In the preface, we traditionally inform authors and readers about the most important achievements of
the Eurasian Physical Technical Journal at the moment.

In this aspect, it can be noted that Eurasian Physical Technical Journal is included in List 1 of the
updated List of scientific publications recommended by the Committee for Quality Assurance in Science and
Higher Education of the Ministry of Science and Higher Education of the Republic of Kazakhstan for
publishing the main results of scientific work in 4 scientific areas: physical sciences (physics and
astronomy), materials science, energy, engineering (technical sciences), Order No. 603 dated July 12, 2024.
This fact attracted the attention of many scientists and doctoral students, and number of people wishing to
publish has increased. We hope that this will lead to an increase in the number of readers and, accordingly,
will have a positive effect on the growth of citations. Moreover, the articles published in the journal are
prepared based on the results of the most modern research on current problems of technical physics.

This issue presents 15 papers to the readers’ attention, 12 works are devoted to solving problems of
traditional Journal sections, and 3 papers are offered as a Special Issu. These 3 articles have been prepared as
extended versions of papers recommended by the organizing committee of the 7th International Conference
on Engineering Sciences and Technology on April 6-18, 2024 in Luxor, Egypt.

The chairman of the organizing committee, Professor Dr. Gamal Abouelmagd (Minia University,
Egypt) noted that the aim of the conference is to bring together leading academic scientists and researchers to
exchange information, experience and research results on all aspects of specialized and interdisciplinary
fields. The scientific program of ICEST2024 focuses on current achievements in the field of research,
production and use of engineering sciences with a special emphasis on their role in maintaining the academic
level in the field of engineering and applied sciences, as well as their impact on expanding the frontiers of
science. In total, more than 300 participants took part in the conference.

The Guest Editors of the special issue are Professor A.L. Kozlovsky (Institute of Nuclear Physics,
National Nuclear Center of the Republic of Kazakhstan, Almaty) and Professor, Dr. Nouby M. Ghazaly,
General Conference Secretary (Head of the International Foundation for Sciences and Development (IFSDL)
and EI Minya High Institute for Engineering and Technology, Egypt.

Let's move on to a brief description of the issue's contents.

The Materials Science section presents new original results on the study of the properties of various
materials. The article by scientists from Orenburg (Russia) shows unique results of a study of
"conformational changes in generally neutral polyampholytic and uniformly charged macrochains,
polypeptides adsorbed on the surface of a longitudinally polarized gold nanorod in the form of a cylinder
with spherical ends." Authors from Tashkent (Uzbekistan) and Baku (Azerbaijan) proposed the results of
complex modeling of recombination processes in symmetric and asymmetric p-n junctions under various
conditions. The results of joint studies by Kazakh and Ukrainian scientists on the corrosion behavior of
NZ30K magnesium alloys showed that "NZ30K alloy doped with 0.1 wt.% silver can be used as a structural
material for the manufacture of biodegradable implants.”

In the “Energy” section, readers are offered two articles that examine various nuclear energy issues, the
solution of which is of great practical importance both for energy and for maintaining a safe environmental
situation. The article by scientists from the Institute of Nuclear Physics of Uzbekistan Academy of Sciences
devoted to identifying the service life of the VVR-SM research reactor, determined “the electrical
conductivity and thermal conductivity of low-ash medium-grain graphite in the masonry of the thermal
column in the range of measurement temperatures corresponding to the conditions of normal operation of the
reactor.” The article by Kazakh scientists examined “the thermal state of the active zone of the IVG.1M
research reactor under various operating modes. “The relevance of these studies is associated with the
determination of the thermal characteristics of the active zone of the 1VG.1M research reactor with low-
enriched uranium fuel under nominal and design operating modes.”

The Engineering section offers solutions to current problems of automation of modern technologies and
control and monitoring systems. In the article by authors from Tomsk (Russia) during the processes of
synthesis of hydroxyapatite under the influence of ultraviolet radiation and ultrasound, established a decrease
in the size of solar particles of hydroxyapatite to 4 microns. In general, “the use of ultraviolet transition at the
development stage led to an increase in the content of hydroxyapatite in products.”
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As a result of modeling the "plastic-deformation state of the contact surface during friction," the authors
from Zaporizhzhia (Ukraine) developed and proposed a method for calculating the surface strength and
deployment of tribo-units, which "links the quality parameters of the state of the point (friction coefficient,
shape factor) with the thermomechanical parameters of the process."

The authors of the article from Almaty "dedicated to the analysis of experimentally obtained
fluctuations caused by a laser beam in the sight in a photodiode (signal receiver) due to its impact not only at
the atomic level, but also on the scale of clusters of nanoparticle molecules." The authors received unique
and practically important results that "the gas concentration is measured in the fluctuation-dissipative
direction.

The article by Ukrainian and Kazakh researchers provides an assessment of the "resistance of heat-
resistant yttrium-containing sealing coatings to mechanical destruction during turning of cutting paths."
Based on the results of tribotechnical tests, "changes in the nature of the dynamic coefficient of friction
during the testing period and the value of the energy intensity of material wear" were established.

The article by authors from Astana scientific centers presents "a scientific and technical justification for
the parameters of a radar device that allows detecting and visualizing prohibited items using microwave
electromagnetic radiation." A model of a multi-static scheme for measuring waves reflected from an object
based on a holographic method has been developed. The work by Karaganda authors investigated "properties
of lanthanum ferrite perovskite synthesized by the hydrothermal method". Lanthanum ferrite was chosen as
the object of study due to its high activity under the influence of visible light. It is shown that "increasing the
annealing time leads to an improvement in the crystal structure, an increase in the size of crystallites and a
higher level of oxygen saturation."

The articles in the Special Issue section are devoted to solving topical problems in various engineering
technologies. The article by authors from Iraq and Egypt examines the influence of environmental pollution
on the behavior of drive tribology, in particular, the influence of humidity and quartz sand on the friction
coefficient of a wind turbine braking system. The second article in this section is also devoted to solving the
problem of the presence of surface defects, which can be the reason for their potential to serve as stress
concentrators. Based on modeling, the important role of "non-stationary temperature fields in balancing the
mechanical and physical aspects of the finishing process"” is shown. The aim of the finite element study by
the authors of the last article in the issue "is to study the influence of the radius of the unloading groove and
taper with a gradual change in shaft diameter on the stress concentration factors. It is shown that a decrease
in the taper angle has a significant effect on reducing the values of the stress concentration factors."

There is no doubt that the presented research results will be of interest to scientists, teachers,
researchers, doctoral students and undergraduates.

I would especially like to express my deep gratitude to our reviewers for their objective and qualified
examination of the materials, which contributed to ensuring the quality of the articles.

We will be glad to see you among our readers and authors of the next issues.
Best regards,

Editor-in-chief, professor Sakipova Saule E.
September, 2024
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CONFORMATIONAL STRUCTURE OF POLYAMPHOLYTES AND
POLYELECTROLYTES ON THE SURFACE OF A LONGITUDINALLY
POLARIZED GOLD SPHEROCYLINDER

Kucherenko M.G., Kruchinin N.Yu.*, Neyasov P.P.

Center of Laser and Informational Biophysics, Orenburg State University, Orenburg, Russia
*Corresponding author: *kruchinin_56@mail.ru

Abstract. Conformational changes in generally neutral polyampholytic, as well as uniformly charged
macrochains, polypeptides adsorbed on the surface of a longitudinally polarized gold spherocylinder—a
cylindrical nanorod with spherical ends—were studied. An analytical model of the equilibrium structure of
adsorbed macrochains on the surface of a polarized spherocylinder is presented, highlighting the entropy and
field factors of the radial-angular distribution of link density. In the course of molecular dynamics simulation, the
radial distributions of the density of polypeptide atoms in the central cylindrical part of the nanorod, as well as on
its terminal hemispheres, were calculated. In addition, the distributions of the linear density of polypeptide atoms
along the axis of the nanorod were calculated. A dumbbell-shaped polyampholyte edge was formed on the surface
of the polarized nanorod, dense in the extended central cylindrical part and loose at the ends of the nanorod.
There was also a shift of the macromolecular edge from the units of a uniformly charged polypeptide to the
oppositely charged end of the nanorod, on which this polyelectrolyte edge swelled.

Keywords: gold nanorod, polarized nanoparticle, polyampholyte, polyelectrolyte, conformational structure,
molecular dynamics

1. Introduction

Currently, gold nanorods or nanospheroids that form conjugates with biopolymers are widely used in
the creation of functional elements of various chemical sensors based on the effects of Forster energy
transfer between nanoobjects connected by a macrochain and giant Raman scattering, as well as in the
creation of nanostructured materials with embedded gold nanoparticles [1-13]. Of great interest in this case is
the control of the characteristics of such nanosystems by changing the conformational structure of the
adsorbed macrochain under the influence of an external electric field. In this case, it is necessary to use
polyelectrolyte macromolecules that contain charged units, or polyampholytes, with electric dipole moments
of monomers or unit fragments in their structure as such macrochains.

Previously, the authors in a number of works [14-22] studied electrically induced changes in the
conformational structure of generally neutral polyampholytes or uniformly charged polyelectrolyte
macrochains on the surface of a cylindrical gold nanowire transversely polarized in an external electric field,
as well as an elongated or oblate gold nanospheroid polarized along the major axis. However, when creating
such hybrid nanosystems, rather short cylindrical gold nanorods, the ends of which are spherical or
spheroidal surfaces, are often used [1-13]. Such nanorods in some cases can be approximately considered as
elongated nanospheroids with the length of the major axis equal to the length of the nanorod and the length
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of the minor semi-axes equal to the radius of the nanorod. However, in the case of longitudinal polarization
of such a nanorod in an external electric field, the distribution of induced charges on its surface will differ
significantly from the distribution of induced charges on the surface of an elongated metal nanospheroid
polarized along the major axis. On the surface of the cylindrical part of a metal nanorod, if it is longitudinally
polarized, the surface density of induced electric charges will be zero, and all induced charges will be
concentrated only at its ends. In particular, if the ends of the nanorod have a spherical surface shape, then the
charges induced by the external electric field will be distributed according to the cosine law between the
direction of the electric field and the normal to the surface [23]. This distribution of surface charges will have
a significant impact on the conformational structure of polyelectrolytes adsorbed on the surface, which will
vary significantly depending on the strength of the external polarizing electric field.

On the other hand, as was shown in [22], the formed conformational structure of the edge will also be
influenced by the curvature of the adsorbing surface of the nanoparticle through the entropy factor. The
radial distribution of the density of uncharged chain links on the cylindrical section of the particle has a
different character than the similar distribution at the surface of the nanosphere.

Thus, the goal of this work is to study the conformational structure of generally neutral polyampholyte
and uniformly charged polyelectrolyte macrochains on the surface of a longitudinally polarized cylindrical
gold nanorod with spherical ends.

2. Mathematical model of the conformational structure of polyampholyte and
polyelectrolyte chains on the surface of a spherocylinder polarized in an electric field

In [19, 22], the formation of an openwork structure of a polyampholyte macrochain (edge) adsorbed on
the surface of nanoparticles of various shapes (spheres, spheroids, cylinders) was considered on the basis of a
generalized model of an ideal Gaussian chain interacting with an adsorbent particle through two potential
fields: van- der Waals V(r) and electric, arising in addition to V(r) as a result of polarization of the
nanoparticle by an external field of intensity Eo.

The configuration function y(r) of an ideal Gaussian macrochain (i.e. a chain without bulk inter-link
interactions) in the potential van der Waals field V(r) of the adsorbent surface satisfies an equation that is
isomorphic to the stationary Schrodinger equation [24]:

2Ly (1) =V (-2 () &

Here, in (1) ao is the length of the chain link, KT is the thermal energy at temperature T of the system,
and ¢ is a constant with the dimension of energy (eigenvalue of the Grosberg-Khokhlov operator). Surfaces
of constant density of monomer units of a polymer reflect the geometry of the adsorbing boundary, therefore,
to write equation (1) in the case of a spherocylinder, cylindrical and spherical coordinate systems were used
simultaneously, with each section of the composite particle having its own. The conformational function
w(r), depending on the radius vector r of the unit, found by solving equation (1), makes it possible to take
into account the entropy aspects of the formation of various conformations of the adsorbed macrochain.
Thus, the spatial distribution of the local density of chain links n(r) is determined by the square of the
conformational function corresponding to the minimum eigenvalue eo: no(r) = wo?(r) [24]. In the case of a
quasi-stationary electric field of strength E(t), one can consider quasi-equilibrium conformations of a
macromolecule adsorbed on a nanoparticle, as was done, for example, in [20].

The energy of the additional (in addition to V(r)) interaction of the electric field of a nanoparticle with a
separate link, or a group of polyampholyte links with a characteristic electric dipole moment p of a separate
selected segment (a single link or a group of links) can be written in the form

© (r) = ©
Vo (N =—pVe™(r)- )
For a polyelectrolyte carrying a charge q on an individual chain link, the additional interaction energy

V() =a-0(r). @)
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The resulting equilibrium spatial distribution of the density n(r) of macrochain units of a polyampholyte
or polyelectrolyte adsorbed by a polarized nanoparticle in the approximation of the independent action of
entropy and force factors [22] can be represented by the Boltzmann exponent:

V@ (r

n(r) =2(r)exp| —zaD | ©
KT

The entropy factor wo?(r) in (3) contains information about the linear memory of the polymer, as well as

the features of the curvature of the surface of the adsorbing nanoparticle and its Van de Waals potential V/(r).

The second, Boltzmann factor for the potential field Vp(a)) (r), reflects the result of the action of the quasi-

static field (2) or (27) within the framework of the independent links model. The role of this factor in the
formation of macrochain conformations during its adsorption on a polarized elongated spheroidal
nanoparticle in an external field was studied by us earlier in [19].

To determine the entropy factor we?(r) for a spherocylinder in (3), as in the case of a compressed
spheroid [22], the solution to equation (3) can be represented by a simple analytical expression obtained for a
composite figure of a circular cylinder with two hemispheres (“stubs” of radius R=b=c, where b and c are the
minor semi-axes of the prolate spheroid).

Previously, in [14, 16], the radial dependences of the concentration of units were determined for
cylindrical and spherical nanoparticles with s-functional well simulating the attraction of units of a polymer
molecule to the surface of the nanoparticle.

Then, for the cylindrical part of a composite model nanoparticle with radius R=b=c, i.e. in the region
—L/2<z<L/2 (L - length of the cylindrical part) the solution of equation (1) with a potential in the form
of a delta-functional well and a solid wall

_|-es(r-r), r>R %)
V(r)_{vw(r)zoo, r=R

can be written in the form

v, =A[Io<qr)—l<o(qr>%} R<r<r, )

_ @) 1R )
‘”"‘AKf’(qr)[Ko(qro) Ko<qR)j f<r<

where lo and Kq are the Bessel functions of the imaginary argument of the zero order of the first and second
kind, respectively, A is a constant, and the parameter q is found from the solution of the transcendental
equation:

- £ S5

The solution to Grosberg-Khokhlov equation (1) [24] with the delta-functional potential (4) of attraction

at radius ro and the repulsive wall v (r) =V, (R) —ad(r —r,), where a - depth of well, on the surface of the
nanoparticle for a spherical nanoparticle of radius R has the form (A=const)

_ Al le(@r)  1,(aR) Ky,(qr)
l//.(r)—A{ R I } R<r<r,

l,(ar)  1,@R) } Ky, (ar)
Kyp(ar) Kyp@Rr)| ~r

: ()

I, <Ir <o

w,(r)= A|:

where the parameter g is the root of the equation
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— ) ;
6ar, = Iy, (ar) Ky, (ar,) — K, (ar) Kyz(qR)'

Spherically symmetric functions (7) are represented through the Bessel functions li2(gr) and Ku(qr)
the imaginary argument with index 1/2. Using (7), it is easy to represent the conformational functions on the
surfaces of two stub hemispheres L/2<z<L/2+R and —L/2—-R<z<-L/2, similar to how it was done
for a compressed spheroid in [22].

Then the spatial distribution (3) of the density n(r) of macrochain units adsorbed by a polarized
nanoparticle takes the form

n(r) = {z//f(r, 2 R<r<t }exp{—v—p((e‘;)(r)}' (3)

wh(r,z), r,<r<o KT

The entropy factor 2 (r) in the form of the square of conformational functions (5) or (7) is used to

describe the density of units in different sections of the spherocylinder: two hemispheres or a central
cylindrical insert.

Approximation of the electric field of a spherocylinder by a prolate spheroid

The characteristics of the electric field of a spherocylinder can be described with acceptable accuracy
by replacing a cylinder with two spherical ends of a radius R=b=c with an elongated spheroid with similar
geometric parameters (Fig. 1). Then the semimajor axis of the spheroid automatically determines the length
L of the cylindrical part of the figure: a=R+L/2>b. The potential of the resulting field outside a conducting
spheroid polarized in an alternating external uniform field parallel to its major axis a with the vector Eg
oriented along the x axis can be written in the following form [23]:

(D(e):—EOXx
© 2 2 : 9)
x{l—{ [e(@)— &) (1-e%) In 1+&/1a% +e 2 }}

> _ dyE+ (10)

(& +2a%)
@y =—Ex=-Eén———==-Eyn :
° ° T afa? —p? 12 Ja? _p?

Here, to describe the field of charged and polarized axisymmetric ellipsoidal bodies (ellipsoids of
revolution, for which semi-axes b=c) ellipsoidal coordinates are used §1=(r1+r2)2/4—a2,

n,=(r,—r,)°* /1 4—a*, o, where are the focal radii and the eccentricity of the prolate spheroid e=+1-b?/a’.
For points on the surface of a spheroid &=0.

E,V/cm
4x10°

3x108

2x 108
1x108

~4=20 2 4 0
X, nm
a) b)
Fig.1. Spherocylinder and its approximation by an elongated spheroid (a), distribution of electric field strength outside
the spheroid (b).
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In an alternating electric field that varies harmoniously with frequency w, the metal nanoparticle is
characterized by a dielectric constant ¢(w). In (9), the frequency dispersion of the dielectric constant ¢(w) of
a metal in the form of a Drude-Lorentz is taken into account [23]. The dielectric constant of the external
medium £© is assumed to be constant.

In the model presented above, as in [19, 22], the adsorption van der Waals potential V(r) of the surface
of an uncharged spheroidal nanoparticle can be specified by a combination (4) of the simplest model
potentials “solid wall — delta functional well”.

3. Simulation results

Based on expressions (2 — 10), calculations were made of the field characteristics in the vicinity of a
gold spherocylinder (total length 10 nm, radius of the cylindrical part and two hemispheres 2 nm) and the
density of units of a macrochain of a polyelectrolyte or polyampholyte type adsorbed on it. The magnitude of
the charge of the link or its dipole moment, the strength of the polarizing field, as well as the depth and
position of the van der Waals well were varied, along with the temperature, the dimensions of the links and
the lengths of the semi-axes of the spherocylinder.

Figure 1a shows the approximation of a spherocylinder by an elongated spheroid. And Figure 1b shows
a picture of the field strength of an elongated polarized spheroid. It is more convenient to calculate the field
characteristics by imagining the nanoparticle in the form of an elongated spheroid, so formulas (9) and (10)
were used for this.

In Fig. 2 shows the concentration distributions of polyelectrolyte units near the surface of an uncharged
polarized nanorod with hemispherical ends for different values and signs of charge g of the chain link: -0.1|e|
(Fig. 2a and 2d), 0 (Fig. 2b and 2e), 0.1e| (Figure 2c and 2f) taking into account the entropy factor wo?(r) and

Boltzmann factor factors W(r):exp[—vrf(e(;)(r)/kT] based on formula (3”). Simulation parameters: a

=5nm, b=c=2nm (radius of the cylinder and hemispheres), a=5-10"° eV-nm (potential well depth), ap=0.5 nm
(link length), temperature T=300 K, Eq=106 V/cm. The figure shows that for a macrochain with neutral links
(Figs. 2b and 2e), monomers on the surface of a spherocylinder polarized in an external electric field are
distributed uniformly throughout, since the macromolecule is not sensitive to the effect of an electric field.
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Fig.2. Distribution of the concentration of polyelectrolyte units near the surface of a polarized nanorod for different
values and signs of the unit charge: -0.1le| (a, d), 0 (b, ), 0.1]¢e| (c, f). Figures d, e, f show the angular distributions of
unit concentrations from the center of the nanoparticle (angle 0 degrees is the direction along the external electric field
strength vector, and angle 180 degrees is in the opposite direction).
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And when the sign of the polyelectrolyte link charge changes, a mirror image of displaced monomers is
observed on the surface of the spherocylinder (Figs. 2a and 2c), as well as the corresponding curves of the
distributed concentration of the units in different directions (Figs. 2d and 2f).

When the localization radius ro—the position of the delta-functional van der Waals well—changed from
re=2.3 nm to ro=2.7 nm, the radial-angular density distributions (3) changed noticeably both at the end
sections of the nanoparticle and in the region of the cylindrical section.

Thus, the contribution of the van der Waals interaction, represented by the delta function, is felt when
the radius of its action zone changes. The parameter «, which determines the effective depth of the van der
Waals well, manifests itself in a similar way. Temperature T and the length of the macrochain link ao are
included in (1) in the form of a product, therefore the influence of these parameters on the distribution
picture should be considered together. Analysis of the calculated curves showed that an increase in the
parameter aoT levels out the difference in the amplitudes of the radial distributions at different ends of the
spherocylinder

Figure 3 shows the pattern of changes in polyelectrolyte links on the surface of a spherocylinder at
different values of the external electric field. It is evident that with an increase in the electric field strength
from Eo=10° V/cm (Fig. 3a) to Eo=3 10° V/cm (Fig. 3c), a significant shift of the macrochain monomers to
the oppositely charged end of the nanoparticle is observed. This is clearly seen in the graphs of the angular
distributions of the link concentration (Fig. 3, d-f). At the lowest value of the external electric field strength
(Fig. 3d) in any direction from the center of the nanoparticle, the peaks of the monomer concentration
distributions are at the same level. And as the external electric field strength increases (Fig. 3, e and f), the
peaks of the link concentration become lower and lower, the larger the angle.
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Fig.3. Distribution of the concentration of polyelectrolyte units (unit charge g=0.1le|) at different values of the
polarizing field strength Eo: 10° V/cm (a, d), 108 V/ecm (b, €), 3 10 VV/ecm (c, f). Figures d, e, and f show the angular
distributions of unit concentrations from the center of the nanoparticle.

The degree of elongation of the nanoparticle (Fig. 4) also significantly affects the distribution of
monomer density: it, as expected, has the least pronounced angular dependence for a sphere, and a more
pronounced one for a nanoparticle with a relatively large cylindrical part. With a proportional change in the
radii of the cylinder and hemispheres, the angular dependences appear more noticeable for nanoparticles with
a large radius. In Figure 4d, corresponding to the sphere (Fig. 4a), the smallest difference between the curves
of the monomer concentration distributions in opposite directions is observed. With increasing elongation of
the spherocylinder (Fig. 4, b and e) and even stronger elongation (Fig. 4, ¢ and f), an increasingly greater
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difference is observed between the curves of the angular distributions of the monomer concentration in the
lower half of the spherocylinder (angles from 90 to 180 degrees) and the upper (angles from 0 to 90 degrees).
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Fig.4. Distribution of the concentration of polyelectrolyte units (unit charge g=0.1le|) for different lengths of the
cylindrical part of the nanorod b=c=2 nm: a=2 nm (a, d), a=5 nm (b, e), a=10 nm (c, f). Figures d, e, and f show the
angular distributions of unit concentrations from the center of the nanoparticle.

In Fig. 5 shows the distribution of the concentration of polyampholyte units in a longitudinal electric
field of different strengths Eo, taking into account entropy and field factors together in the presence of a
dipole moment at link p of the macrochain. Both factors (entropy and Boltzmann) are taken into account
together in expression (3°), the reference point is at the center of the nanoparticle, on its axis. Values of
modeling parameters used in the calculation, Eo=10°-3 10° V/cm, a=5 nm, b=c=2 nm, a=5-10% eV-:nm,
ro=R+0.5 nm, R=b=c (radius of the cylinder and both hemispheres), a;=0.5 nm (link length), T=300 K.
Significant differences are observed in the angular dependences of the distribution of polyampholyte units
from the case of polyelectrolyte. Firstly, there is a symmetry of the angular density distribution associated
with the free reorientation of the dipole p of the chain link in the field. Secondly, the lowest density of units
is formed in the middle section passing through the origin at the center of the nanoparticle. The shift in the
van der Waals well localization zone is not as noticeable as in the case of a polyelectrolyte. The same applies
to the parameter of the effective depth of the van der Waals well. An increase in the agT (1) parameter leads
to a leveling of the amplitudes of the radial distributions for different angles — as in the case of a
polyelectrolyte. In a weak electric field, the anisotropy of the distribution is not pronounced, and the radial
dependence of the density is entirely formed by the van der Waals field. However, in a field of E; = 3 10°
V/cm, a strong shift in the density of the chain monomers to both ends of the nanoparticle is observed.
Stretching the spherocylinder, that is, lengthening its cylindrical part, leads to an increase in the degree of
anisotropy in the distribution.

A change in the radius ro of the delta-functional well localization from ro=2.3 nm to ro=2.7 nm leads to
a noticeable change in the radial-angular distributions of the polyampholyte density (3) both at the end
sections, i.e. in the region of hemispheres and in the region of the cylindrical section. The contribution of the
van der Waals interaction to the pattern of link distribution should be recognized as significant, because it is
transformed when the parameter a, which determines the effective depth of the van der Waals well, changes.
The product of temperature and the length of the macrochain link aoT affects the difference in the amplitudes
of the radial distributions in the cylindrical part and at the ends of the spherocylinder.
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Fig.5. Concentration distribution of polyampholyte units (unit dipole moment 5 D) in a longitudinal electric field of
strength Eo: 10° V/cm (a, d), 108 V/em (b, e) 3 10 V/em (c, f). Figures ¢, d show the angular distributions of unit

concentrations from the center of the nanoparticle.
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A relative increase in the length of the cylindrical part of the spherocylinder (Fig. 6) leads to the effect
of depletion of the density of links in the central zone and enrichment of the density at the ends. A
proportional change in the radii and length of the central part of the sphero-cylinder does not lead to the same
noticeable effect of redistribution of monomer density, but gives a smoother differentiation.
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Fig.6. Distribution of the concentration of polyampholyte units (unit dipole moment 5 D) for different lengths of the

cylindrical part of the nanorod b=c=2 nm: a=2 nm (a, d), a=5 nm (b, e) a=10 nm (c, f). Figures d, e and f show the
angular distributions of unit concentrations from the center of the nanoparticle.

% 0.

* 16.8

« 337
+ 61.8

* 900

+ 118.2
5 1463

163.2
180.0

10 i M My
5 0.8
IS ]
=0 1 06
N :
-5 ] 0.4
| 0.2
10 N |
4202 4 0
X, nm
c)
i .0
" o ?D
08
! + 14.0
£0.6 { . 520
£04 ) * 900
] ~ 1280
02} 3
j\;&. = 166.0
b £ 6 8 10 12- 1780
f,nm 180.0
f)



14 Eurasian Physical Technical Journal, 2024, 21, 3(49) ISSN 1811-1165; e-ISSN 2413-2179

4. Initial data for molecular dynamics simulation, features of its implementation and
processing

Molecular dynamics (MD) simulation of polypeptides on the surface of a gold nanorod was carried out
using the NAMD 2.14 software package [25]. A model of a gold nanorod was obtained by cutting out a gold
crystal: the central part of a cylindrical nanorod with a length of about 6 nm and a radius of 1.5 nm, and two
hemispheres with a radius of 1.5 nm were located at the ends. During the MD simulation, the atoms of the
nanorod remained fixed.

Three generally neutral polyampholytic polypeptides were considered:

1) polypeptide P1, consisting of 600 amino acid residues with 480 Ala (A) units with evenly distributed
60 Asp units (D, charge -1¢) and 60 Arg units (R, charge +1e) — (A2DAsRA?)e0;

2) polypeptide P2, consisting of 980 amino acid residues with 784 Ala units with evenly distributed 49
pairs of Asp units and 49 pairs of Arg units— (AsR2AsD2A4)49;

3) polypeptide P3, consisting of 988 amino acid residues with 880 Ala units with evenly distributed 27
pairs of Asp units and 27 pairs of Arg units— Ag(AsD2A16R2As)27As.

Three uniformly negatively charged polypeptides consisting of 800 amino acid residues were also
considered:

4) polypeptide P4 (total macrochain charge -40¢e), consisting of 760 Ala units with 40 Asp units evenly
distributed— (AloDAg)4o;

5) polypeptide P5 (total macrochain charge -80e), consisting of 720 Ala units with 80 Asp units evenly
distributed— (AsDA4)so;

6) polypeptide P6 (total macrochain charge -160e), consisting of 640 Ala units with 160 Asp units
evenly distributed— (A2DA:)1so.

For polypeptides, the CHARMM36 force field was used [26-27]. Noncovalent interactions with a gold
nanospheroid were described by the Lennard-Jones potential parameterized in [28], which is widely used in
studying the adsorption of molecules on the surface of a gold nanoparticle [29-33]. The van der Waals
potential was cut off at 1.2 nm using a smoothing function between 1.0 and 1.2 nm. Electrostatic interactions
were calculated directly at a distance of 1.2 nm, and at a larger distance the particle-mesh Ewald method
(PME) [34] was used with a grid step of 0.11 nm. The entire nanosystem was placed in a cube with 24 nm
edges filled with TIP3P water molecules [35]. To control the obtaining of equilibrium conformations, the
change in the root mean square distance between polypeptide atoms in different conformations (RMSD) was
monitored. MD simulation was carried out at a constant temperature at 900 K with a subsequent decrease to
300 K. The length of the time trajectory reached 20 ns.

To obtain starting conformations, MD simulation of generally neutral polyampholytic polypeptides (P1-
P3) was performed on the neutral surface of a gold nanorod, and to obtain starting conformations of
negatively charged polypeptides (numbered P4-P5), MD simulation was performed on the positively charged
surface of gold nanorod, in which each surface atom had a partial charge equal to +0.1e. In all cases,
conformational structures were obtained in which the macrochain completely enveloped the nanorod. Three
starting conformations were obtained for each polypeptide considered, which were used as starting ones in
modeling on the surface of a longitudinally polarized nanorod.

In the case of longitudinal polarization, the cylindrical part of the metal nanorod remains neutral.
Therefore, the local electric field was set through a change in the charges of atoms on the surface of spherical
hemispheres located at the ends of the nanorod, where the induced charges were distributed according to the
cosine law between the normal to the surface and the direction of the electric field, codirectional with the
axis of the nanorod [23]. The following values of the induced dipole moment of the longitudinally polarized
nanorod were obtained: po2s = 11.5, pos = 23, and p1.o~ 46 kDa. At these values of the dipole moment of the
nanorod, the atoms at the pole of its positively charged hemisphere had partial charges: +0.25e, +0.5e and
+1e, respectively.

Based on the results of MD simulation for all obtained conformations, the radial distributions of the
average density of polypeptide atoms on the surface of the terminal hemispheres of the nanorod and in the
middle of the central cylindrical part in a layer 2 nm wide relative to the nanorod axis, as well as the
distributions of the linear density of polypeptide atoms along the nanorod axis, were calculated.
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5. Results of MD simulation

5.1 Conformational structure of polyampholytic polypeptides on the surface of a
longitudinally polarized spherocylinder

Figure 7a shows the conformational structure of polyampholytic polypeptide P2 obtained from MD
simulations on the surface of an unpolarized gold nanorod. It can be seen that the macromolecular chain
completely envelops the gold nanorod. Similar conformations have been obtained for other polyampholytic
polypeptides. Figure 8 (curves 1) shows the radial distributions of the density of polypeptide atoms at the end
of the simulation on the surface of a non-polarized neutral nanoparticle. Both in the terminal spherical part
(Fig. 8a) of the nanorod and in its central cylindrical part (Fig. 2b), a characteristic distribution of the density
of polypeptide atoms with a peak near the surface is formed.

Fig.7. Conformational structure of polypeptide P2 after MD simulation on an unpolarized (a) and polarized (b) gold
nanorod with a dipole moment of pgs, as well as the conformation of polypeptide P3 (c) on a nanorod polarized with a
dipole moment of p1o (the dipole moment is directed from below - up, the blue tube is the Ala links, the Asp links are

shown in red, and the Arg links are white).
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Fig.8. Radial distributions of the atomic density of polypeptides P2 (a) and P3 (c) in the region of the upper (Fig. 7)
terminal hemisphere (a) of the gold nanorod, as well as in the central region of the cylindrical part of the nanorod (b) at
the end of MD simulation at different values of the dipole moment of the nanorod: 1 — 0, 2 - po.2s, 3- pPos, 4 - P1o.

As the dipole moment of the longitudinally polarized nanorod increased, the conformational structure of
the adsorbed polyampholyte macromolecules changed significantly (Figs. 7b and 7¢). At the ends of the gold
nanorod, due to the induced electric charges, repulsion of similarly charged units occurred in relation to the
surface charge of the terminal hemispheres from the nanorod. This led to elongation of the loops of the
polyampholyte macrochain and swelling of the polyampholyte edge at the ends of the nanorod. The radial
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distributions of the atomic density of polyampholytic polypeptides obtained at the end of the MD simulation
on the surface of a longitudinally polarized nanorod (Fig. 8a) show that as the dipole moment of the nanorod
increases, there is a significant decrease in the radial distribution curves of the polypeptide atoms in the
terminal spherical region of the nanorod. This decrease in the density of macrochain atoms indicates that the
macromolecular edge at the ends of the nanorod swells significantly.

In addition, despite the fact that the central cylindrical part of the nanorod remained neutral, some of the
charged units are displaced from it to the charged terminal hemispheres due to the rearrangement of the
conformational structure of the polyampholyte at the ends of the longitudinally polarized nanorod. Therefore,
in the central cylindrical part of the nanorod, a slight decrease in the radial distribution curves of the atomic
density of polyampholytic polypeptides is observed as the dipole moment of the nanorod increases (Fig. 8b).

5.2 Conformational structure of uniformly charged polypeptides on the surface of a
longitudinally polarized spherocylinder

In the case of MD simulation of uniformly charged polypeptides, as the dipole moment of the gold
nanorod increased, the macrochain units gradually shifted towards the oppositely charged end of the
nanorod. Figure 9a shows that when the dipole moment of the nanorod is equal to po.2s, the lower negatively
charged end of the nanorod is partially exposed, which in the starting conformation was completely
enveloped by the P5 polypeptide. With a further increase in the dipole moment to pos, the lower terminal
hemisphere of the nanorod turned out to be completely exposed (Fig. 9b), and at p1o the macrochain shifted
even higher towards the positively charged end of the nanorod (Fig. 9c). Moreover, due to the fact that the
central cylindrical part of the nanorod is neutral, the displacement of the charged macrochain after exposure
of the lower terminal hemisphere is very weak. Most of the cylindrical part turns out to be covered with
macrochain links, in contrast to the case of a polarized elongated gold nanospheroid [19, 21]. This
displacement is caused by the displacement of the charged links of the macrochain to the oppositely charged
terminal hemisphere, and this is prevented by the van der Waals forces of attraction to the cylindrical part
and forces of an entropic nature [24].

This can be seen in the distributions of the linear density of atoms of the P5 polypeptide (Fig. 10a)
along the axis of the nanorod depending on the value of its dipole moment. It can be seen that the greater the
value of the dipole moment of the gold nanorod, the stronger the shift of the profile in the positive direction
of the z axis, which coincides with the direction of the dipole moment of the nanorod.

Fig.9. Conformations of polypeptide P5 at the end of MD simulation on the surface of a longitudinally polarized gold
nanorod (the dipole moment is directed upward) at different values of the dipole moment of the nanorod: po.s (a), Pos
(b), p.1.o (c) (blue tube - Ala links, Asp links are shown in red).

In addition, in the upper (Fig. 9) positively charged spherical part of the nanorod, as its dipole moment
increases, the macromolecular edge of the negatively charged macromolecule swells. This can be seen in the
graphs of the radial distributions of the density of atoms of the P5 polypeptide (Fig. 10b) depending on the
value of the dipole moment of the nanorod. As the dipole moment of the nanorod increases, a decrease in the
radial density distribution curves of a uniformly charged polypeptide is observed (Fig. 10).
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This swelling of the edge is due to the fact that as the dipole moment of the nanorod increases, an
increasingly greater electrical charge is induced at its positive end, which leads to a displacement of the
negative amino acid residues of the polypeptide there.
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Fig.10. Distributions of the linear density of atoms of polypeptide P5 (a) along the axis of the nanorod, as well as radial
distributions of the density of atoms of polypeptide P5 (b) in the region of the upper (Fig. 9) terminal hemisphere at the
end of MD simulation at different values of the dipole moment of the nanorod: 1 — 0, 2 - po.2s, 3- Pos, 4 - P1o.

Negative charged amino acid residues Asp gradually fills most of the surface of the terminal positively
charged hemisphere, displacing the neutral amino acid residues Ala located between them in the macrochain.
And this leads to the formation of macrochain loops, which are formed only by fragments of neutral units, in
contrast to the loops of polyampholytic polypeptides (Fig. 7b and 7c).

6. Conclusion

Thus, the work presents an analytical version of the mathematical model of the conformational structure
of a polyampholyte and polyelectrolyte macromolecule formed on an elongated nanospheroid in a
longitudinal electric field with approximation of the spherocylinder by an elongated spheroid when
calculating the characteristics of the resulting field. This model, which takes into account the separated
Boltzmann and entropy factors in the density distribution of units, makes it possible to describe the
conformational changes of a polymer chain adsorbed on the surface of a cylindrical nanorod with spherical
ends in an external electric field without a significant loss of accuracy using simpler expressions than those
previously obtained in [18-19] for an elongated nanospheroid. Calculations of radial-angular distributions of
unit density based on the proposed model showed significant differences in the response of the distributions
to the action of an external electric field polarizing the spherocylinder for polyelectrolytes and
polyampholytes. The independent molecular dynamics simulation carried out in the work, in turn, showed
that on the surface of a longitudinally polarized gold nanorod, consisting of a central cylindrical part and
terminal hemispherical parts, significant conformational changes occur in both generally neutral
polyampholyte and uniformly charged macrochains.

Upon adsorption of polyampholyte macromolecules, a dumbbell-shaped macromolecular edge is
formed, loose at the ends of the longitudinally polarized nanorod and dense in its central cylindrical part,
which is generally similar to the polyampholyte edge on the surface of an elongated spheroidal gold
nanoparticle polarized along the major axis. But at the same time, the dumbbell-shaped polyampholyte edge
on the surface of a longitudinally polarized nanorod has clearer shapes associated with a clear division into a
neutral uncharged cylindrical region and charged terminal hemispheres, in contrast to an elongated polarized
gold nanospheroid [21], where the surface density of induced charges was equal to zero only at the equator.

In the case of uniformly negatively charged polypeptides adsorbed on the surface of a longitudinally
polarized nanorod, the macromolecular edge gradually shifted to the positively charged hemisphere of the
nanorod, swelling there due to the high concentration of charged units on the surface. But in contrast to an
elongated spheroidal gold nanoparticle [19, 21], polarized along the major axis, most of the macrochain links
remained on the extended neutral cylindrical part of the longitudinally polarized nanorod.

Thus, such control of the shape of the macromolecular edge of polyelectrolyte macromolecules on the
surface of a gold nanorod polarized in the longitudinal direction under the influence of an external electric
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field can find application in creating and improving the characteristics of sensitive elements of measuring
nanoelectronics and nanomaterials, as well as in creating nanoprobes with controlled characteristics for
biomedical applications.
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Abstract. In this paper, we investigate the effects of doping and temperature (at 300 K and 400 K) on the
characteristics of Silicon (Si) and Gallium Arsenide (GaAs) p-n and p-i-n homojunction structures, utilizing
doping concentrations of p*= n*=2-70" and p=n=10%% cm® through numerical calculation and modeling.
Furthermore, we have analyzed three different cases: A) p-n, B) p*-n, and C) p-n*, to examine their influence on
the distributions of space charge, potential, electric field, minority charge carriers, and the 1-U curve at 300 K. It
can be seen from the results that in case A, the recombination process is not observed at a lower voltage in the
symmetrical p-n junction compared to than case B and C asymmetrical p-n junction. The voltage-temperature
characteristics of the prepared samples were then measured at a temperature of 300K. I-U curve at 300 K.
Calibration of the Si p-n homojunction structures is performed using experimental data to validate the proposed
model. With the help of this constructed complex model, the influence of various geometrical changes, such as the
radial p-n transition, on electrophysical properties will be examined in our next work.

Keywords: Space charge density, doping concentration, modeling, calibration, optimization.

1. Introduction

In today's world, there is a growing demand for electronic devices that are integral to our daily lives.
This surge in demand underscores the necessity for semiconductor electronic devices, prompting extensive
scientific exploration in this field. Despite this demand, the outcomes of both theoretical and practical
scientific investigations often fall short of meeting expectations.

Over five decades ago, scientific research delved into the initial p-n junction structures [1], yet several
issues remain unresolved. Subsequent studies have theoretically examined the charge distribution within
these junctions [2], though temperature variations have not been fully explored. Recombination mechanisms
have been inferred solely from volt-ampere characteristics, neglecting by coordinate distribution of
recombination rates [3]. Various devices, including solar cells [4], thermos sensors [5], diodes [6], and
transistors [7], utilize p-n junction structures, while p-i-n junctions prove more effective for photodiodes and
LEDs.

The characteristics and performance of p-i-n and p-n junction diodes are intricately tied to carrier
behavior within the junction formed at the interface between p-type and n-type materials. These junctions
serve as fundamental building blocks for various devices, with analysis techniques applicable to broader
electronic problems. The kinetic processes of electrons and holes at p-n and p-i-n junctions are elucidated
through two mechanisms: drift-diffusion and recombination-generation. The ideality factor, theoretically
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ranging from 1 to 2, distinguishes between these mechanisms [8]. However, experimental data often indicate
ideality factors exceeding 2 [9]. This study aims to explore the relationship between forward voltage and the
ideality factor across different thicknesses of the i-layer. By modeling and analyzing the electrophysical
properties of these junctions, semiconductor electronic devices can operate optimally with minimal energy
consumption. Furthermore, such modeling enables understanding of quantum effects as semiconductor
devices scale down from micro to nanoscale, facilitating analysis of external influences on optimal
operational modes. Utilizing software platforms such as Synopsys Centaurus Device [10], Keysight ADS
[11], SPICE [12], COMSOL Multiphysics [13], MATLAB [14], SCAPS1D [15], Numerical [16], and others
addresses this need, facilitating comprehensive modeling of semiconductor electronic devices.

In this work, we study and simulate semiconductor p-n and p-i-n junctions based on GaAs and Si. Our
research aims to understand the mechanisms that control current transport and the physical distribution of
electrons within these junctions. Building upon these considerations, this work model p-n and p-i-n junction
structures based on Si and GaAs under different forward voltages, doping concentrations, and temperatures.
Section 2 discusses material and geometrical parameters, along with methodologies employed. Section 3
presents our model's results, and Section 4 summarizes our findings

2. Experimental measurements vs. device simulations
2.1 Theory and material parameters

The current mechanism in p-n or p-i-n junction semiconductor structures often involves the use of five
fundamental expressions. These expressions play a decisive role in determining the distribution of the
electric field and potential, which are derived from the Poisson equation (1). To perform this analysis, it is
important to establish the charge distribution, usually represented by the concentration distribution.

dE(x) _ d’e(x) _ q
=— =2 (p-n+N,-N 1
dX dX2 880 (p D A) ( )

From this expression, by substituting the electric field and potential distributions found when solving
the differential equation into expressions (2) and (3), we derive expression (4) for the relationship between
current and voltage for an ideal diode.

on 1

E = Gnet,n - Rnet,n + a : A‘Jn (2a)
op 1
E:Gnet,p - Rnet,p _E'A‘]p (Zb)

Equations (2a) and (2b), which detail the behavior of excess carriers within a semiconductor
volume for electrons and holes, respectively, arising from phenomena such as generation,
recombination, drift, and diffusion, are referred to as continuity equations.

J. =J

n n,dri
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The transport equations for electrons and holes in semiconductors can be formulated to include both
diffusion and drift terms, represented as equations (3a) and (3b) respectively.

qU p-n
7 ) D (4)

Where Jo represents the saturation current, m denotes the ideality factor. m=1 corresponds to the drift-
diffusion current loading mechanism at the source, while m=2 signifies the generation-recombination current
carrier mechanism. (4) We can observe the expression values in figures 4 and 5.

To find the electric field, we integrate the expression (1) and obtain the electric field expression under
the following conditions. (5a) and (5d) represent the quasi-neutral (QNR) fields in p-type and n-type regions,
respectively, where the field is zero. (5b) and (5¢) denote the depleted fields in p-type and n-type regions,
respectively, where the electric field behaves like a linear function of distance. The four fields are depicted in
Figs. 2 a), b), c), and d), respectively, with varying values

3= 3, (exp(
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E(-0<x<X,)=0 (5a)
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Where is € permittivity dielectric constant, which is e=11.9 for Si, e=13 for GaAs, the electric field
helps in separating the majority carriers injected into the opposite semiconductor regions due to diffusion or
drift. Electrons move towards the positively charged region (p-type) and holes move towards the negatively
charged region (n-type). The magnitude and distribution of the electric field affect the rate of carrier
recombination and hence the current flow across the junction. Understanding the electric field helps in
analyzing the current-voltage characteristics and overall performance of semiconductor devices like diodes
and transistors. In optoelectronic devices like photodiodes and solar cells, the electric field assists in the
separation of photo-generated electron-hole pairs, contributing to the device's efficiency. Electro field
distribution together with the injection process is also important.

Injection of majority carriers (electrons from the n-type region and holes from the p-type region) across
the junction occurs when the p-n junction is under forward bias. Injection affects the behavior of the p-n
junction diode. Under forward bias, injection leads to a reduction in the width of the depletion region,
facilitating the movement of majority carriers and allowing current to flow easily. In contrast, under reverse
bias, injection is suppressed, and the depletion region widens, preventing significant current flow. Injection
in a p-n junction is essential for controlling current flow, determining device characteristics, influencing
carrier recombination, and enabling the operation of various semiconductor devices, particularly diodes and
optoelectronic devices. The change in concentration of electrons on the p-side and holes on the n-side the
guasi-neutral (QNR) fields expressed aS'

An, (x) =n,(x)-n, —npo[exp( pn) exp(*

) X< =X, (6a)

0 —X

Ap, (X) = P, (X) = Pro = pno[eXp( Y- )-exp(—") %, > X (6b)
P

Where L, Lp are diffusion Iength electron and holes respectively, To calculate the various

junction parameters it is important to define some concentration terms. On the p-side, let Na be the

concentration of the acceptors. If n; is the carrier concentration, then the electron and hole concentrations on
2

the p side are defined as p,,(—X, <x<0)=N,, n,(-X, <x<0)=N—'. Similarly, on the n-side, with
A

donor concentration of Np the electron and hole concentration are as we move across the device is shown in

Figure 3.

2
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D

An (x)=n,(x)=n,, _ND[exp( pn) -1 x=-x, (7a)
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2.2 Device simulations

For the chosen model, geometric dimensions of a=10 uym, b=8 pum, and c=6 um were selected. The
following distinctions are made within the electrophysical models: the gap width varies with temperature
[17], and the mobility of electrons and holes changes with temperature and concentration [18]. Additionally,
Shockley-Read-Hall (SRH) recombination also varies with temperature and doping concentration [19].



24 Eurasian Physical Technical Journal, 2024, 21, 3(49) ISSN 1811-1165; e-ISSN 2413-2179

} ("rjl n

Fig. 1. This schematic depicts a 2D cross-section of our model planar p-n junction. The light grey area signifies
the depletion region, while the dark grey area represents the quasi-neutral (QNR) fields in the p-type and n-type regions,
respectively, based on both Si and GaAs materials.

The electric field distribution in this chosen model is illustrated in Figure 2, while the minority charge
carriers are depicted in Figure 3. Additionally, the I-U characteristics are presented in Figures 4 and 5. The
current-voltage 1-U characteristic was studied at a voltage of +1 V for Si and +1.5 V for GaAs when the
selected model was appropriately connected. The voltage supplied from the external source equals the p-n
junction voltage. In this model, doping concentration is selected in three cases as follows: A) p-n, B) p*-n,
and C) p-n*. After establishing the mathematical framework to describe a physical or engineering problem,
such as through calculation geometry, the next step involves discretizing the problem domain into smaller
elements using a finite-element grid. These elements break down the area of interest into manageable parts,
often referred to as finite elements, with specific properties and behaviors. Each finite element grid node
represents a point within the problem domain where the solution to the problem is evaluated or
approximated. The solution typically involves determining scalar or vector fields, which represent physical
guantities or properties of interest, at these nodes. Interpolation methods play a crucial role in finite-element
analysis, allowing the estimation of values not only at the grid nodes but also at any point within the
computational domain. This means that the behavior of the investigated function can be approximated or
extrapolated at arbitrary locations, providing a comprehensive understanding of the system's behavior
beyond the discrete grid points.

2.3 Experimental measurements

To calibrate and verify the theoretical and modeling analytical data presented above, an experimental
sample was taken. In this case, an epitaxial layer of n-type silicon doped with Boron with a thickness of 30
um and a concentration of 5-10* cm is placed on a p-type silicon substrate doped with Phosphorus with a
thickness of 280 um and a concentration of 3-10® cm grown and prepared based on the resulting silicon p-n
structure. The experimental sample was prepared by depositing an aluminum layer on the contacts using the
thermal sputtering method under vacuum conditions. The voltage-temperature characteristics of the prepared
samples were then measured at a temperature of 300K. I-U curve at 300 K. Calibration of the Si p-n
homojunction structures is performed using experimental data to validate the proposed model. The current-
voltage characteristics of the sample were measured using current sources b5-46M and B5-47M, with a
voltage step of 0.05 V during the experiment. Voltage was measured with a universal voltmeter 11[301-1, and
current with a universal electronic device I1]300. The results of the experiment and the model are depicted in
Fig. 4, where the 1-U curve was concurrently measured for the GaAs material in this model.

3. Results and discussion
3.1 Distributions by distance

The electric field is a crucial parameter in various applications. Studying the dependence of field
distribution on external parameters is essential because the field and potential distributions play significant
roles in thermal sensors and photosensors. It can be observed from the second picture that the electric field is
zero in both the p-type and n-type quasi-neutral regions (QNRS), as indicated by equations (5a) and (5d)
respectively. In three cases as follows: A) p-n, B) p*-n, and C) p-n*, According to expressions (5a) and (5d),
the depleted fields in p-type and n-type regions behave as linear functions of the electric field distance.
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Fig.2. Electric field E(x) across a p-n junction a) 300 K b) 400 K based on GaAs, d)300 K ¢) 400 K based on Si.

The diffusion of minority charge carriers is called the injection process, and this injection depends on
various external factors. Figure 3 shows the distance distribution of injected minor charge carriers. Adjusting
the values of these fields alters the configurations shown in Figures 2 and 3. Moreover, at elevated
temperatures, the field diminishes, reflecting characteristics specific to Si and GaAs. In Figure 3, it is evident
that there is a close correspondence between the theoretical (7a), 7b) predictions and the outcomes generated
by our model. This alignment highlights the robustness and accuracy of our model in capturing the
underlying principles elucidated by the theoretical framework. It is assumed to be derived using the same
process for electron density in p-QNR. Minority holes density in n-QNR, Minority electron density in p-
QNR. Minority charge density dependent on voltage both Si and GaAs. The potential barrier is 0.82V for Si
and 1.27V for GaAs.

3.2 Current-voltage characteristics

In this section, we delve into the classification and VAX results yielded by our innovative new model.
Figure 4 shows a) the experiment and our new model in one graph for calibration, and b) VAX when our
new model is used on GaAs material. Results can be seen to match with high accuracy.

The analysis of Figure 5 reveals qualitative homogeneity but quantitative disparities in the current
transfer mechanism between cases A) and C), while case B) displays noticeable deviations in both qualitative
and quantitative traits. Specifically, in case B), the drift-diffusion mechanism remains consistent up to the
specified direct switching voltage for both Si and GaAs materials.

Figure 4 illustrates the semi-log current-voltage (I-V) characteristics for a p-n junction based on GaAs
(a) and Si (b) materials, showcasing different forward voltage scenarios: A) p-n, B) p*-n, and C) p-n*.

In Figure 5a, it's evident that for cases A) and B), recombination predominates from a voltage delay of
0.2 V10 0.9 V in GaAs. Subsequently, from 0.9 V to 1.2 V, the drift-diffusion mechanism takes precedence.
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Beyond 1.2 V, series resistance values and high injection processes are observable, explained by
recombination, where minority charge carriers migrate from the emitter to the base region. Furthermore,
Figure 5 illustrates that GaAs exhibit higher series resistance and demonstrate more pronounced injection
phenomena at higher voltages compared to Si material. At low voltages, the slope often reflects the
recombination mechanism. This is because, at lower forward biases, recombination within the depletion
region or through defect states may dominate the current. At high voltages, the slope typically represents the
drift-diffusion mechanism. Here, the current is mainly driven by the drift and diffusion of carriers across the
junction, and the exponential behavior of the I-V curve is more apparent. In Figures 5a) and b), if the slopes
at low and high voltages differ, it suggests a transition from one dominant mechanism to another as the
applied voltage increases. This transition can be key in understanding the behavior of the junction under
different electrical conditions.

4. Conclusion

In summary, the electric field in a p-n junction plays a fundamental role in its operation, influencing
carrier transport, device characteristics, and overall device performance. Our new model has been
successfully calibrated with experimental results, revealing that the electric field value is inversely
proportional to temperature in both Si and GaAs materials. in this paper demonstrates a strong alignment
between the theory and our model. In figure 3 demonstrates a strong alignment between the theory and our
model by minority charge density. When analyzing the 1-U curve in these three cases A) p-n, B) p*-n, and C)
p-n*, it was shown that in cases A) the correct connection from the recombination mechanism to the drift-
diffusion mechanism prevails in Si and GaAs, respectively, at the values of 0-1 Volt and 0-1.5 Volt.
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Abstract. The corrosion behaviour of magnesium alloys NZ30K and NZ30K alloyed with 0.1 wt.% silver in
Ringer's Locke solution has been studied, since their components are not toxic to the human body and do not cause
clinical complications in the treatment of bone fractures, and silver has antibacterial properties inherent in antibiotics.
It has been found that the Ecor potential of the silver-alloyed NZ30K sample was -1.57V during the first 100 seconds of
testing, but then it intensively shifted to the positive side to -1.54V within 512 seconds at a rate of 0.051 mV/s, which
decreased to 0.014 mV/s after the next 1000 seconds, and a stationary value of the potential Eor on the sample has been
recorded. The sample to uniform general corrosion has been subjected, and the improvement of its potential Ecor during
its corrosion study was due to the most intense selective dissolution of magnesium, which has the most negative value of
the standard potential among the alloy components, and the enrichment of its surface with Zn, Nd, Zr, Ag, which have a
positive value of the standard potential. This trend contributed to a decrease in the rate of general corrosion and made
it impossible to develop local corrosion. The NZ30K alloy alloyed with 0.1 wt.% silver is recommended for further
potentiodynamic and volumetric corrosion studies to justify its selection as a structural material for the production of
biodegradable implants in osteosynthesis.

Keywords: bioimplant, magnesium alloy NZ30K alloyed with silver, local corrosion, osteosynthesis

1. Introduction

The controlled corrosion behaviour of magnesium alloys supports the development of advanced
biodegradable implants for surgical treatment in traumatology [1]. Magnesium is a very reactive metal and
corrodes rapidly in body fluids because it is unable to form self-protective oxide films [2]. Magnesium alloys
in the state of supply have low mechanical characteristics, which makes it impossible to produce
biodegradable implants for surgery. Currently, two approaches are used to improve the mechanical, physical,
chemical, and biological properties of magnesium implants, including various methods of magnesium
alloying [3-5] and grinding the microstructure to ultrafine or nanoscale grain [6-8].


https://aues.edu.kz/post/one?id=2020&index_page=1
mailto:akmaral@physics.kz

30 Eurasian Physical Technical Journal, 2024, 21, 3(49) ISSN 1811-1165; e-ISSN 2413-2179

Al, Ca, Cu, Fe, Li, Mn, Ni, Sr, Y, Zn, Zr are most commonly used to alloy Mg, and rare earth elements
are used to modify its structure [9,10]. Aluminium-containing alloys are most commonly used in the
production of biodegradable implants because they have excellent casting properties, high strength, and good
relative elongation [11]. However, the corrosion products of this alloy contain AlO,; oxide, which can
contribute to Alzheimer's disease, muscle breakdown, and reduced osteosynthesis [12]. The magnesium alloy
NZ30K, unlike Al-containing alloys based on Al-Ca, Al-Zn, and Al-Li [13], does not have such
disadvantages. In addition, the mechanical properties of NZ30K magnesium alloy have high performance for
the production of biodegradable implants, since their yield strength (140 MPa) [14] is higher than that of
tubular bones (120 MPa) [15]. At the same time, the alloying of NZ30K alloy with silver in the amount of
0.1 wt. % increased its temporary tensile strength (o) by 8.6 and relative elongation by 63.9% [16]. In
addition, it has antibacterial properties characteristic of antibiotics [17], but long-term (6 weeks) corrosion
tests of samples in a solution of helofusin (an artificial blood substitute) contributed to its reduction by
22.9% [16]. At the same time, after prolonged corrosion tests of the alloy, this figure was 205 MPa [16],
which is significantly higher than the strength of tubular bones [15], and the presence of silver in the alloy
gives it antibacterial properties [17]. If the corrosion test results of silver-alloyed NZ30K alloy are
satisfactory, it can be recommended for the manufacture of biodegradable implants and clinical testing.
Therefore, we studied the corrosion behaviour of this alloy in Ringer-Locke solution.

2. Research materials and methods

We studied samples of magnesium alloys NZ30K and NZ30K alloyed with silver in the amount of 0.1
wt.% smelted in an induction crucible furnace and subjected to aging [16]. The diameter of the samples was
12 and the length was 30 mm. Their chemical composition by the X-ray spectral method at the installation
INKA ENERGY 350 has been determined (Table 1).

Table 1. Chemical composition of the studied samples.

Content of chemical elements, wt. %
Alloy Mg Zn Zr Nd Ag
NZ30K 95.67 0.67 0.89 2.77 -
NZ30K + Ag 95.57 0.69 0.86 2.79 0.09

Corrosion tests of the samples in a Ringer-Locke solution (an aqueous solution of bi-distilled water with
the following chemicals, in mg/l: NaCl — 9; NaHCO3; CaCly; KCl1 no 0,2; CsH1,06 — 1) at a temperature of
20+1°C has been carried out. The establishment of a stationary value of the corrosion potential Ecor On the
tested samples on the PN-2MK-10A potentiostat in automatic mode has been recorded. The surface of
corrosion damage on the samples after their testing in Ringer Locke's solution using an optical microscope
MMR-2P has been examined.

3. Research results and discussion

According to the results of the corrosion test of the NZ30K alloy sample (Table 1) in a Ringer-Locke
solution at 20°C, it has been found that its corrosion potential Ecor Slowly shifted to the positive side from -
1.579 to -1.576V during 1400 seconds of testing (Fig. 1, curve 1). Thus, the rate of this process was 0.0021
mV/s. Most likely, this trend is due to the formation of a magnesium hydroxide precipitate coating on the
alloy surface. After 1400 seconds of exposure of the sample to the test solution, a shift of the potential Ecor in
the negative direction by about 2 mV within 100 seconds and a shift of its value in the opposite direction
with the same intensity have been observed. After that, during 200 seconds of testing, the steady-state value
of this potential at -1.575 V has been recorded (Fig. 1, curve 1). The characteristic small fluctuation of the
potential Ec,r during the establishment of its steady-state value is most likely due to the delamination of the
magnesium hydroxide precipitate coating on the surface of the sample in the vicinity of corrosion ulcers and
other corrosion damage formed near intermetallic compounds, which were identified in [16]. This is
consistent with the data from [18-20] on the nucleation and growth of pitting in the vicinity of inclusions in
passivated steels and alloys.
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Fig.1. Dependence between the corrosion potential Ecor of NZ30K alloy (1) and NZ30K alloy alloyed with 0.1 wt. %
silver (2) on the time of corrosion tests (1) of the sample in Ringer-Locke solution at a temperature of 20° C.

It has been found that the sample subjected the greatest corrosion damage in the peripheral areas, i.e., in
the places of the greatest plastic deformation of the alloy and the number of microdefects on its surface
associated with the casting technology (Fig. 2, a).

a)
Fig.2. Corrosion damage on the end surface of NZ30K alloy (a) and silver alloyed NZ30K (b) samples after corrosion
tests in Ringer-Locke solution.

These places are most often the focus of the origin and growth of local corrosion damage in chloride-
containing media, such as Ringer-Locke solution. In particular, it has been found that the area of local
corrosion damage on the end surface of the cylindrical specimen was 8.78 mm2, which is 17.5% of the area
of the end surface of the cylindrical specimen (Table 2).

Table 2. Area of corrosion damage on the end surfaces of the tested samples

No. Sample Corrosion damage area, mm? | % of the end surface area of the sample
1 NZ30K alloy 8.78 17.5
2 NZ30K alloy additionally alloyed 8.12 16.24

with Ag

Note: total end surface area of the sample is 50.24 mm?2.
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About 90% of the local corrosion damage at the intersection of the cylindrical and flat surfaces of the
sample has been recorded. In general, its cylindrical surface to intense local corrosion in the form of pitting
and deep corrosion ulcers has been subjected (Fig. 3, a). This type of corrosion damage is typical for
passivated steels and alloys in chloride-containing media [20]. Zirconium and zinc contribute to the
formation of a dense oxide film on the surface of the magnesium alloy NZ30K, which can be locally
damaged by chloride ions in the vicinity of intermetallic inclusions found in the alloy [16]. Such areas on the
surface of steels and alloys are the most likely centres of pitting nucleation and growth observed on the
surface of the NZ30K alloy sample (Fig. 3, a). Summarizing the above, it can be noted that NZ30K alloy
under intensive pitting in a Ringer-Locke solution with active hydrogen release, so it cannot be used for the
production of biodegradable implants without improving its resistance to local corrosion. Alloying NZ30K
alloy with silver in the amount of 0.1 wt.% significantly changed its corrosion behaviour.

a) b)

Fig.3. Corrosion damage on the cylindrical surface of NZ30K alloy (a) and silver-alloyed NZ30K (b) samples after
corrosion tests in Ringer-Locke solution.

In particular, according to the results of a corrosion study of a sample made of NZ30K alloy alloyed
with Ag in Ringer-Locke solution, it has been found that its corrosion potential E... after immersion in the
solution was ~ -1.57 V (Fig. 1, curve 2) and remained practically unchanged for 100 seconds (points 1-4 of
Table 3).

However, in the interval from 100 to 612 seconds of testing, it shifted intensively to the positive side to
-1.54432 V (point 20 of Table 3). Thus, it turns out that the rate of shift of the potential Ecor in the positive
direction was 0.051 mV/s. Then, in the interval from 612 to 1620 seconds, it decreased to 0.014 mV/s, and
from 1620 to 1800 seconds of testing, the sample recorded a stationary value of the potential Ecor ~ -1.52 V.
It turns out that the steady-state value of the potential Ecor 0f the NZ30K alloy alloyed with Ag was set from -
1.5696 (point 1) to -1.52716 V (point 40 of Table 3) within 1800 seconds.

The characteristic features of establishing the stationary value of the potential Ec.r of the NZ30K alloy
alloyed with Ag in Ringer-Locke solution are due to the different intensity of dissolution of its components,
which formed the microrelief of the sample surface after its corrosion test (Fig. 2, b). In (Fig. 2, b), we
observed etched areas of metal in the form of irregularly shaped black spots up to 500 um in size, which is
characteristic of corrosion destruction of micro volumes of metal in the vicinity of inclusions at the
intersection with alloy grain boundaries [20, 21] and multidirectional curved lines, which is inherent in the
local selective dissolution of metals by grain boundaries in alloys and steels. It should be noted that the area
of corrosion damage on the end surfaces of the silver-alloyed NZ30K sample is 7.8% smaller than that of the
MZ30K sample (Table 2). It is obvious that secondary phases, grain size, and structure affect the corrosion
rate [22, 23]. In particular, works [24, 25] found that the larger the mean austenite grain diameter of the
studied steels and alloys, the less likely they are to intersect with inclusions in the vicinity of which pitting
occurs and develops, which under certain conditions can turn into corrosion ulcers.
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Table 3. Corrosion potentials Ecor of NZ30K alloy alloyed with Ag depending on the sample holding time () in
Ringer-Locke solution

No. of points T, Ecor, V No. of points 1,8 Ecor, V
1 4 -1.5696 21 852 -1.53792
2 36 -1.57024 22 884 -1.53952
3 68 -1.57024 23 948 -1.5392
4 100 -1.56704 24 980 -1.53888
5 132 -1.56896 25 1012 -1.53888
6 164 -1.56448 26 1044 -1.53824
7 196 -1.56416 27 1108 -1.53696
8 228 -1.56224 28 1140 -1.53664
9 260 -1.56064 29 1204 -1.53664
10 292 -1.55872 30 1236 -1.53664
11 324 -1.55648 31 1300 -1.53536
12 356 -1.5536 32 1332 -1.5344
13 388 -1.55424 33 1364 -1.5328
14 420 -1.55488 34 1492 -1.53088
15 452 -1.55552 35 1556 -1.53184
16 484 -1.55328 36 1588 -1.5312
17 516 -1.54976 37 1620 -1.53024
18 548 -1.54816 38 1716 -1.52928
19 580 -1.54688 39 1748 -1.52864
20 612 -1.54432 40 1800 -1.52768

Secondary phases, inclusions, and grain size of Ag alloy NZ30K alloy alloyed with Ag are primarily
caused by magnesium alloying with zinc, zirconium, neodymium, and silver (Table 1). Due to their low
solubility in Mg, the metastable supersaturated solid solution can decompose naturally, forming fine
inclusions in magnesium grains. They can block the increase in grain size [26]. In particular, work [16]
found that alloying NZ30K alloy with silver in the amount of 0.1 wt.% contributed to a 4-fold reduction in
the mean grain diameter. This may contribute to reduce the rate of general corrosion, but increase the
likelihood of pitting in chloride-containing media [27]. It is also known [28], that alloying elements of
magnesium alloys can create a micro-galvanic effect between the Mg matrix and various inclusions and
secondary phases. They play the role of cathodes, in the vicinity of which a solid magnesium solution
selectively dissolves [29]. In particular, the formation of pitting in the vicinity of the secondary phases
AlMg, AlMgFe, Mgi7 Al or Mgz Cu in [30] has been observed. This is consistent with the data of [18-20,
24, 25, 31] for chromium-nickel steels and alloys.

It should be noted that the sample from the NZ30K alloy of alloyed Ag 612 s after its immersion in the
test solution had a potential Ecr =-1.544V (point 20 of Table 3), which corresponds to a change in the
intensity of selective dissolution of metals from the sample surface and its enrichment with silver (the place
of a rapid change in the potential Ecor Fig. 1, curve 2). This may be one of the reasons for the rapid, almost 5-
fold decrease in the rate of shift of its potential Ecor to the positive side. After 1620 s of studying the alloy in
the Ringer-Locke solution, the sample reached a stationary value of the potential Ecor =-1.53 V (point 37 of
Table 3), which most likely corresponds to the process of maximum saturation of the sample surface with
silver and the formation of a stable double electric layer on it.

Summarizing the above, it can be noted that the NZ30K alloy alloyed with silver in the amount of
0.1 wt.% was subjected mainly to general corrosion (Fig. 3, b), because no local corrosion damage was
found on the sample cylindrical surface, which is typical for the NZ30K alloy sample (Fig. 3, a). Therefore,
it is promising for the production of biodegradable implants, provided that the results of electrochemical,
volumetric, and clinical studies are positive.
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4. Conclusions

According to the results of corrosion studies, it has been found that the steady-state value of the
corrosion potential Ecor of the NZ30K alloy sample has been formed from 1.579 to -1.575V during 1800
seconds of testing in the Ringer-Locke solution, and its surface to intense pitting and ulcer corrosion has
been subjected with intense hydrogen release at the cathodic areas of the sample. The most intense hydrogen
emission on the surface of the sample after its immersion in the test solution at the most negative value of
Ecor has been visually recorded. It has been found that Ec.r of the sample made of NZ30K alloy alloyed with
0.1 wt.% silver during the first 100 seconds in the solution was ~ 1.57V, then during 500 seconds of testing it
shifted to the positive side at a rate of 0.051 mV/s, but in the test interval from 612 to 1620 seconds it
decreased to 0.014 mV/s, and after 1800 seconds a stationary value of this potential at ~ -1.53V has been
established. The sample was mainly subjected to uniform general corrosion with varying intensity until the
steady-state value of Ecor has been established, and its ennoblement was most likely due to the most intense
selective dissolution of Mg from the sample surface and its enrichment with silver, zirconium, and
neodymium. This alloy is recommended for further research as a structural material for the production of
biodegradable implants.
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DETERMINATION OF THE ELEMENTAL COMPOSITION
AND CHANGES IN THERMAL AND ELECTRICAL CONDUCTIVITY
OF “HANFORD” AND LOW-ASH MEDIUM-GRAINED GRAPHITE’S
GRADE GRAPHITES DEPENDING ON THE FAST NEUTRONS FLUENCE
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Abstract. Studying the properties of graphite recovered from operating nuclear reactors is vital for predicting
the properties and integrity of graphite as part of assessing the continued operation and life extension of nuclear
reactors. The purpose of the study is to determine the electrical conductivity and thermal conductivity of low-ash
medium-grained graphite’s grade graphite in the thermal column masonry of the VVR-SM research reactor in the
measurement temperature range corresponding to the conditions of normal operation of the reactor to determine
the service life. In this work, the change in thermal conductivity and electrical conductivity of GMZ graphite was
studied, as well as for comparison of Hanford grade graphite depending on the fluence of fast neutrons and the
measurement temperature. The dependence of electrical conductivity and thermal conductivity on dose and
temperature has been established. It has been shown that the greater the neutron fluence, the more both the thermal
conductivity and electrical conductivity of the material decreases. The service life of the thermal column has been
determined.

Keywords: thermal conductivity, electrical conductivity, low-ash medium-grained graphite’s, “Hanford” grade
graphite, fast neutrons, fluence, dose.

1. Introduction

The development of nuclear technology is moving in the direction of increasing energy and heat intensity,
the intensity of radiation exposure on individual structural elements of nuclear reactors, which puts forward
increased demands on the materials used. Especially for high-temperature gas-cooled reactors (HTGR) and
thermonuclear reactors (TNR). Among others, carbon-graphite materials are increasingly used in nuclear
technology, not only as a masonry material, but also for structural elements. For example, for claddings and
matrices of spherical fuel elements, coatings of microfuel elements in HTGR, screens in nuclear reactors, etc.
Naturally, depending on the operating conditions (neutron fluence, irradiation intensity and temperature), the
requirements for materials for these installations differ significantly from the usual requirements for nuclear
graphite [1].

The works [2-7] investigated the properties of graphite materials for a high-temperature gas-cooled
reactor, such as the electronic structure and properties of composites based on the carbon isotope, the durability
of reactor graphites, and the thermal conductivity of graphite. Natural carbon has two stable isotopes - *2C
(98.892%) and **C (1.108%). There are also four radioactive isotopes (*°C, *'C, **C and **C), of which only
the 14C isotope is long-lived with a half-life of 5730 years. The neutron absorption cross sections in the reaction
with carbon nuclei are less than 4.5 microbarns for high-purity graphite [8]. Most of the collisions of neutrons
with carbon nuclei in this case occur via the elastic scattering mechanism. The latter circumstance determined


mailto:baytel@inp.uz

38 Eurasian Physical Technical Journal, 2024, Vol.21, No.3(49) ISSN 1811-1165; e-ISSN 2413 - 2179

the effective use of graphite as a moderator. In particular, for a nuclear reactor operating on enriched uranium,
graphite, as a moderator, is second in efficiency to beryllium and heavy water. In this case, high-purity graphite
is used, where the total impurity content does not exceed 1x1073%.

Graphite serves as a key material for heat dissipation in electronic devices and nuclear engineering due
to its remarkable thermal properties [1]. Thermal expansion and conductivity of graphite have always been the
main scientific parameters in the field of carbon materials. Therefore, great attention is paid to theoretical and
experimental research in this area. It is known that neutron irradiation noticeably reduces the electrical and
thermal conductivity of graphite materials [9]. When nuclear graphite is annealed, Wigner energy is released
[10]. The thermal conductivity values of individual grades of graphite vary greatly from each other, this is the
result of different production processes leading to differences in the microstructure of the final product [11].

Studying the properties of graphite recovered from operating nuclear reactors is vital for predicting the
properties and integrity of graphite as part of assessing continued operation and life extension of a nuclear
plant [12]. Reactors have limited space available for monitoring structural materials, so size-constrained
samples require reliable and efficient measurement methods.

2. Materials and experimental methods

Graphite samples taken from the “residual” graphite stockpile from the construction of the B reactor in the
1940s (the first graphite reactor at the Hanford site) were prepared and represent first-generation nuclear reactor
graphite. Samples of “Hanford” grade graphite, representing a cylinder with a diameter d=¢12 mm and a height
h=19 mm, weighing 4.79 g, from which samples for irradiation with a diameter d=@12 mm and a height
h=3.4 mm, weighing 0.6 g were prepared.

Samples of GMZ (low-ash medium-grained graphite’s) grade graphite with a diameter d=¢16 mm and a
height h=3.64 mm, weighing 1.3 g, as well as a prism type, a=8.18 mm, b=7.95 mm, L=59.1 mm, m=6.3 g were
prepared. GMZ grade graphite is characterized by high density (>1.8 kg/m®) and electrical conductivity, low
porosity (7%) and gas permeability. It is heat- and wear-resistant, chemically inert. Graphite hardness — 52 Shore,
ash content <0.1%, grain size <10 microns.

The samples were placed in the vertical channels of the VVVR-SM research reactor of the Institute of Nuclear
Physics of Academy of Sciences, Republic of Uzbekistan (INP AS RU) with a modified loading scheme at 10
MW power for irradiation with fast neutrons. Vertical channels 1-5 and 1-3 were used in the reactor core, where
the fast neutron flux density (En>0.8 MeV) in the channels was 1.19x10* n/(cm?xs) and 9.72x10%2 n/(cm?xs),
respectively.

The temperature in the channel was maintained at about 318 K. The heat released due to radiation heating
was removed by circulating primary circuit water at a volumetric rate of 1250 m%hour. Measurements of the
thermal conductivity coefficient in the original samples and those irradiated with various doses were carried out
using the dynamic calorimeter method on an IT-A-400 installation in the temperature range from 290 K to 490 K.

The value of the thermal conductivity coefficient was calculated from the results of measuring the thickness,
cross-sectional area of disk samples and the temperature difference in the sample and the heat meter, using the
relationship [13,14]:

h
gzKT.i 1)

Ny 'S(1+ o) ’
where nqand ng are, respectively, the temperature differential in the heat-meter rod and the sample, respectively;
h and S are, respectively, the height and area of the transverse cross section of the sample; Ky is the thermal

conductivity of the heat-meter rod; and o . is the correction for the specific heat of the sample.

A chemically pure copper sample was used as a thermal conductivity standard when determining the
thermal conductivity of the heat meter Ky. The above formula did not take into account the influence of the
specific contact thermal resistance Py, the relative contribution of which to the total thermal resistance of the
sample and the heat meter rod is negligibly small. The thermal conductivity coefficient was determined with
an error of no more than 10%.

The electrical resistance of graphite samples was measured using a four-probe compensation method at a
current of 1 mA [15,16] in the temperature range from 290 K to 490 K. Electrical resistivity p was determined
from the relation:
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where U and Ue are the voltage drop across the measured and reference samples, Re: is the resistance of the
reference coil, equal to 0.01 Ohm, S and L are the cross section and length of the sample, respectively.
Electrical conductivity coefficients were determined with an error of no more than 10%.

3. Results of experiments and calculations

Solid (piece) and powder of the GMZ grade graphite were prepared to determine the impurity composition
of the sample. Figure 1 shows an electronic image of the GMZ grade graphite surface and its elemental
composition using an EVO MAZ10 scanning electron microscope.

Table 1 shows the percentage of impurities of GMZ grade graphite obtained using an EVO MA10
scanning electron microscope.

[l_lll||§1111l||||||||||||||||||||||||||||_|'|"|111}1||||||||||||||||

2 4 6 8 10 =V

100 pm

a) graphite surface image b) elemental composition of GMZ grade graphite
Fig. 1. Electronic image of the GMZ grade graphite surface and elemental composition.

Table 1. Content of impurities of GMZ grade graphite

Element Type of line Conditional Weight, % = Accuracy Weight, % = Standard name
concentration
C K series 241 98.39 0.25 C Vit
o] K series 0.02 1.51 0.24 SiO,
Si K series 0.00 0.11 0.05 SiO;
Sum: 100.00

Figure 1 shows areas with different contrasts, which indicate the presence of impurity elements such as
oxygen and silicon and others in the graphite matrix. To test the assumption, the content of impurity elements
in the samples was determined using the technique of instrumental neutron activation analysis of elements.
The content of impurity elements in the samples was determined.

To measure the samples, a gamma spectrometer with a GC-1820 semiconductor detector and an
InSpector-2000 multichannel analyzer with Genie-2000 software (CANBERRA USA) was used. To calculate
the concentration of impurity elements, IAEA standards with certified contents of elements in soil and bottom
sediments were used. Table 2 shows the results of determining the content of impurity elements in the GMZ
grade of graphite, obtained by instrumental neutron activation analysis.
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Table 2. Content of impurity elements in GMZ grade graphite.

Element | Concentration, C £ Concentration, C £ Element | Concentration, C £ Concentration, C +
AC, ppm (ng/g) AC, ppm (ug/g)) AC, ppm (ng/g) AC, ppm (ng/g)
Graphite piece Graphite powder Graphite piece Graphite powder
As (2.96 + 0.09) E-02 (1.24 + 0.07) E-01 Nd (7.52 +0.83) E-01 (1.26 +0.23)
Ba (7.48 £ 0.60) (1.50 + 0.27) E+01 Ni (8.60 + 1.03) E-01 (2.73 £ 0.63)
Br (4.16 + 0.40) E-02 (3.65 + 0.13) E-01 Rb (533+0.69) E-02 | (3.88+0.39) E-01
Ce (1.59 +0.13) (2.33+0.19) Sh (8.90 + 0.71) E-03 (1.02 + 0.09) E-01
Co (1.79 + 0.20) E-02 (1.69 + 0.19) E-01 Sc (2.83 + 0.11) E-01 (4.12 + 0.16) E-01
Cr (8.28 + 0.75) E-02 (5.40 £ 0.38) Se (3.96 + 0.59) E-03 (2.10 + 0.76) E-02
Cs (8.25 + 1.32) E-03 (2.25 + 0.36) E-02 Sm (7.53 + 0.45) E-02 (1.48 + 0.10) E-01
Eu (1.42 + 0.12) E-02 (2.01 +0.17) E-02 Sr (3.10 £ 0.43) (5.10 £ 0.72)
Fe (5.30 + 0.27) E-04 (4.51 +0.17) E-02 Ta (2.14 + 0.30) E-03 (5.76 + 0.98) E-03
Hf (8.23 + 1.25) E-03 (2.35 +0.53) E-02 Th (2.60 + 0.26) E-02 (4.03 + 0.13) E-02
K (9.69 + 1.98) (6.51 + 1.33) E+01 Th (2.92 + 0.23) E-02 (5.55 + 0.78) E-02
La (7.79 + 0.62) E-01 (1.23 £ 0.10) U (5.71 + 0.79) E-02 (1.22 + 0.11) E-01
Lu (1.31 £ 0.09) E-02 (2.36 + 0.33) E-02 w (3.60 + 0.40) E-02 (9.17 + 0.73) E-01
Mn (1.66 + 0.22) E-01 (5.14 + 0.41) Yb (7.92 + 0.46) E-03 (1.78 + 0.24) E-02
Mo (1.56 + 0.14) E-01 (4.18 + 0.67) E-01 Zn (5.79+0.87) E-01 | (1.02+0.15) E+01
Na (2.39 £ 0.25) (3.19 + 0.21) E+01

Figure 2 shows electron images of the “Hanford”
using an EVO MAU10 scanning electron microscope.

EHT = 15.00 kv

WD = 85mm Photo No. = 17432

Signal A =NTS BSD

Date :22 Jun 2022
Time 13:19:15

Table 3 shows the percentages of impurities in “Hanford” grade graphite obtained using an EVO MA10
scanning electron microscope.
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Fig. 2. Electron image of the “Hanford” grade graphite surface and its elemental composition.
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Table 3. Impurity content in “Hanford” grade graphite.

Element Type of line Conditional Weight, % Accuracy Weight, % Standard name
concentration
C K series 3.75 98.32 0.29 C Vit
] K series 0.03 1.68 0.29 SiO;
Sum: 100.00

The content of impurity elements in the samples was determined using the technique of instrumental
neutron activation analysis of elements. We used a CANBERRA semiconductor gamma spectrometer with
Genie-2000 software, an AB204-S/FACT Mettler Toledo analytical balance, and a VM5101 VESTA
laboratory balance to measure the samples. IAEA standards with certified contents of elements in soil and
bottom sediments were also used. Table 4 shows the results of determining the content of impurity elements
in the “Hanford” grade graphite.

Table 4. Content of impurity elements in the “Hanford” grade graphite (1 ppm =1 ug/g)

“Hanford” grade graphite (KSO/CSO)
Concentration, ppm
Element Minimal Maximal

Al 0.3 0.5
B 2.8 3
Ba 2.6 2.6
Ca 135 210
Cr 0.3 1.1
Cu 0.2 0.6
Fe 2.8 5.6
Li 0.2 0.3
Ni 0.3 2.5
S 31 33
Si 1.3 6
Sr 3.1 4
Ti 7.5 8.2
Vv 11 12
Zn 5.4 160

Table 5 shows the results of the electrical conductivity measurements of GMZ grade graphite, non-
irradiated and irradiated with a neutron fluence of 1.59x10% n/cm?, depending on temperature.

Table 5. Electrical conductivity of GMZ grade graphite, non-irradiated and irradiated with a neutron fluence of
1.59x10%° n/cm?, depending on temperature.

K Non-irradiated p, Ohmxm Irradiated p, Ohmxm
298 11.4-10° 31.7-10°®
323 11.2-10°® 31.5-10C
348 11-10°® 31.3-10°
373 10.8-10°¢ 31-10°®
398 10.7-10 30.6:10°®
423 10.5-10°® 30.1-10®
448 10.3-10°¢ 29.7-10°

Figures 3 and 4 show the results of the thermal conductivity measurements of GMZ and “Hanford” grade
graphite’s irradiated with a fluence of 3.17x10% n/cm?, depending on the sample temperature. The temperature
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dependence of the graphite thermal conductivity should be determined by the dependence of carrier mobility
on temperature. The periodicity of the crystal lattice potential in the samples, disrupted by thermal vibrations,
is additionally disrupted by randomly distributed impurity atoms. This leads to additional scattering of charge
carriers and a decrease in their mobility. As a result, the thermal conductivity of graphite, depending on the
neutron fluence, decreases. As can be seen from Figure 3, at a temperature of 298 K, the thermal conductivity
of GMZ grade graphite with a 3.17x10° n/cm? neutron fluence decreases by about 22% relative to the non-

irradiated sample.
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Fig.3. Thermal conductivity A(T) of GMZ grade graphite samples before and after irradiation with 3.17x10% n/cm?
neutrons fluence, depending on the sample temperature. 1 — non-irradiated sample; 2 - irradiated sample.
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Fig. 4. Dependence of thermal conductivity M(T) of “Hanford” grade graphite samples before and after irradiation with
3.19x10% n/cm? neutrons fluence, depending on the sample temperature. 1 — Non-irradiated sample; 2 - irradiated
sample.

Figure 4 shows that the thermal conductivity of “Hanford” grade graphite at a temperature of 298 K with
a 3.17x10* n/cm? neutron fluence decreases by about 20%, relative to the non-irradiated sample. In this case,
a decrease in thermal conductivity was observed depending on the temperature of the sample in the range from
298 K to 423 K. The resistivity value of GMZ grade graphite at room temperature before irradiation was
1.14x107" Ohmxm. The resistivity value of GMZ grade graphite as a result of irradiation increased by 2.78
times and amounted to 3.17x107 Ohmxm. The increase in resistivity is due to the formation of defects as a
result of irradiation of samples with fast neutrons in the VVVR-SM reactor core.

In this case, a decrease in resistivity was observed depending on the increase in sample temperature in
the range from 298 K to 423 K. This is due to an increase in the mobility of charge carriers with increasing
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temperature. An increase in resistivity, as well as a decrease in thermal conductivity of G347A graphite at high
fluence, was also noted in the work [17].

4. Conclusion

Thus, the analysis of the obtained experimental results made it possible to establish that the electrical and
thermal conductivity of graphite varies with both temperature and irradiation dose. In this case, with increasing
neutron fluence, the deviation from the linear dependence and, accordingly, the rate of decrease in the electrical
and thermal conductivity of graphite decreases with temperature. It is known that at low fluences (<108 n/cm?),
the electrical and thermal conductivity of graphite increases due to radiation annealing. At high doses of
radiation, the accumulation of radiation defects, vacancies and their small complexes occurs, due to this the
electrical and thermal conductivity of graphite decreases. Fluence >10? n/cm? is the critical fluence of
neutrons, which begins to graphite swelling, thermal conductivity decreases tens of times.
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Abstract. The relevance of the study is related to the determination of the thermal characteristics of the
IVG.1M research reactor core with the low enriched uranium fuel under the nominal and design operating modes.
The thermal technological condition of the IVG.1M research reactor during the start-up are determined by the
readings of the temperature, pressure and coolant flow sensors of the information and measuring system. The
indirect methods including the computer simulating ones are used to determine the temperature of the core
structural materials and the distribution of the coolant temperature by the height of the fuel assembly. The research
has been carried out using the method of the finite element analysis using the ANSYS Fluent software package. The
study goal was to verify the adequacy of the calculation methodology and obtain the calculated data on the
temperature distribution in the fuel assembly in the reactor power range from the nominal to design one. The article
presents a description of the IVG.1M reactor, the research methodology, computer model, simulation results and
the comparison of the calculated data with the experimental ones. The study scientific novelty consists in
determining the temperature conditions of the fuel rods during the reactor operation at various levels of the design
capacity with a conservative approach to the cooling conditions. The significance of the research results lies in the
fact that a computer model can be used to determine the characteristics of the IVG.1M reactor core under the
reactor various operating modes and to analyze the thermohydraulic processes in the fuel assembly.

Keywords: IVG.1M RR, fuel rod, temperature field, computer simulation, fuel assembly, thermophysical calculation.

1. Introduction

The IVG.1M research reactor (RR) is a heterogeneous thermal neutron nuclear reactor with a light-water
coolant. It is possible to conduct the scientific research on the safety of the peaceful atomic energy use at the
reactor, including: studying on the radiation material science, testing the structural materials of the nuclear
technology, practicing the operating modes of the fuel assemblies (FA), studying the emergency situations. In
2023 the reactor core was transferred from the highly enriched uranium fuel (HEU) to the low enriched
uranium fuel (LEU) in order to reduce the risks of the proliferation of the fissile materials [1]. During the
conversion, the neutronics and thermal characteristics of the reactor were improved, which was confirmed in
a series of the power starts-up. To date, scientific research has been resumed.

The IVG.1M research reactor core is a set of water-cooled technological channels (WCTC) with the fuel
assemblies (FA). The maximum design capacity of the reactor core consisting of 30 WCTC is estimated at 60
MW, while at the moment the research starts-up are carried out at a capacity of no more than 10 MW. The
limitations on the realized capacity are related to the configuration of the cooling system, which has restrictions
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on the coolant specified flow rate. The reactor cooling system upgrading is a relevant task and requires the
comprehensive study.

Throughout the entire life cycle of the IVG.1M research reactor the engineering and technical staff
collects, processes, systematizes and analyzes the operational information. The calculation and methodological
base created on the basis of many-year experience, which is a complex of methods, procedures and software,
allows ensuring the safe operation and research at the reactor. New computational and experimental techniques
are being developed on an ongoing basis to control the parameters of the nuclear reactor and conduct the
research at a high technological level. The reactor is equipped with the information and measurement system,
which records, displays and archives the sensor readings during the start-up. The reactor thermal parameters
are recorded with a frequency of 10 Hz by the resistance thermometers, pressure, level and flow sensors [2].
The coolant parameters are recorded at the inlet and outlet to the reactor core, therefore, the determination of
the temperature distribution of the water and structural materials in the core is carried out by the indirect
methods, including the computer simulation. The computer simulating methods have also been successfully
applied to analyze the safety of conducting the reactor experiments at the IVG.1M reactor [3], determining the
core neutronics and thermophysical characteristics [4-7], analyzing the hydraulic and thermophysical
processes in the reactor FA [8-10]. When simulating the neutronics and thermohydraulic processes of the
reactor core, each model had its drawbacks and assumptions.

The goal of the study presented in the article was to verify the adequacy of the chosen calculation method
and obtain the calculated data on the temperature distribution in the fuel assembly of the IVG.1M research
reactor when it operates at nominal and design levels of the realized power. The research was carried out using
the method of the finite element analysis using a three-dimensional computer simulation. The advantage of the
computer simulation used for the study, compared with previously used ones [8-10], is the fact that the twisted
structure of the fuel rod was taken into account when developing the model. The scientific novelty of the
research consists in determining by calculation the temperature modes of the fuel rods operation in the range
of the reactor design power from 10 to 60 MW with a conservative approach to the cooling conditions.

2. Materials and methods

The IVG.1M RR core is equipped with a set of 30 WCTCs, which are located radially along three circles
with the different radii. There are 12 WCTC with the FA height of 800 mm in the first and second rows, along
the diameter of the radius 126 and 163.5 mm. There are 18 WCTCs with a 600 mm height of the fuel part in
the third row along a circumference with a radius of 239 mm. The reflector surrounding the core is made of
beryllium. Ten control drums (CD) with absorbing elements control the reactor and protect it. Each CD is
equipped with a stepper motor that allows turning the drum from 0° to 180°. There is an experimental channel
designed for the installation of the irradiated devices in the core central part. The experimental channel is
surrounded by 12 beryllium reactivity compensation rods. Figure 1 shows the reactor diagram [5].

The fuel part of each of the 30 WCTC contains 468 fuel rods in a tight package. Twelve fillers with a
diameter of 1.6 mm, 24 fillers with a diameter of 2.2 mm and an axial insert with a diameter of 7.4 mm are
used to distance the fuel rods in the fuel assemblies. The fillers and the axial insert are made of E110 alloy.
The fuel rods are in the form of spiral rods made using innovative technology [11]. The fuel rod is a
metallurgically bonded cladding and core. The fuel core of the fuel rod is a matrix made of E110 alloy with
strands of metallic uranium located along the axis. The number of uranium strands is 133, the diameter of the
strand is ~40 pm. The fuel rod cladding is made of E110 zirconium alloy.

Figure 2 shows the diagram of the fuel element with the dimensions [8]. The reactor is cooled using a
single-circuit coolant pumping pattern from a storage tank with a volume of 1,500 m3. Three 4MSK-10 pumps
are used to provide the sufficient coolant flow during the power start-up. The core is cooled as follows. The
water is supplied through four paths to cool the reactor cover, the loop channel, the side reflector and the
interchannel space in the reactor nominal operation mode. In the inter-channel space, the coolant moves
upwards, cooling the outer surfaces of the walls. In the collection chamber under the reactor cover, the water
is collected from the cover cooling paths, the side reflector and the interchannel space and enters the WCTC
for cooling the FA, after which it is drained into a storage tank.
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Fig.1. IVG.1M reactor diagram.
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A three-dimensional model of the IVG.1M reactor FA was constructed in the ANSYS Fluent release
2021R2 software package to conduct the study [12]. The ANSYS Fluent is a universal software analysis system
that implements the finite element method (FEM), which allows solving the stationary and non-stationary
physical problems, including the simulation of the liquid and gas flows, heat transfer and heat exchange

processes [13].
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Fig.2. Fuel rod diagram: 1-core, 2-cladding.

Solving the problem using the numerical methods in the ANSYS Fluent software package includes the

implementation of the basic sequential actions:
- defining the geometry of a computational model;

- splitting the model into a finite number of simple elements;
- setting the material properties required for the calculation;
- setting the initial and boundary conditions of the problem;

- selecting and configuring the solver, performing the calculation;

- analyzing and interpreting the results, performing additional calculations if necessary.
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Figure 3 shows the computer simulation used to conduct the study with a superimposed finite element
grid. The geometry of the computational model was chosen in the following way. The computational model is
the FA elementary cell. The fuel rod fully corresponds to the actual geometric dimensions, taking into account
the twist step of 30 mm. The model height corresponds to the height of the fuel part of the WCTC of 1% and
2" rows in the and is 800 mm. During the construction of the model, it was assumed that the cross-sectional
area for the coolant in the model is 1/468 of the cross-sectional area for the coolant in the WCTC since the fuel
assembly contains 468 fuel rods.

[:] fuel rod core
| fuel rod cladding
coolant

Fig.3. Calculation model of the IVG.1M reactor FA.

The flow section area for the coolant in the WCTC was determined by the formula (1):
$=0.25m-d3— 4685, — 025 -m(n, -d? +n, - d3 + d?) (1)

where:

dois inner diameter of the FA shell, do=66.4 mm;

Swis cross-sectional area of the fuel rod, according to the technical documentation, S,=3.967 mm?;

n; is number of type 1 fillers, n; = 12;

N2 is number of type 2 fillers, n, = 24;

d; is diameter of type 1 fillers, d; = 1.6 mm;

d; is diameter of type 2 fillers, d, = 2.2 mm;

d. is diameter of the axial insert, dc = 7.4 mm.

The boundary conditions set for obtaining the temperature distribution in the FA model are given below:

- the symmetry condition is set on the side faces of the computational model,;

- the coolant flow is determined by the conditions of mass flow inlet into the path and the outflow;

- the initial pressure in the path is assumed to be 1 MPa;

- the energy release profiling by the FA height is set using a text file.

The calculations have been carried out using the average values for the WCTC of 1%t and 2" rows, since
the greatest energy release occurs in these channels, and consequently, the coolant and fuel rods reach the
highest temperature values. The obtained data on the energy release as a result of the neutronics calculations
are used to conduct the study. The energy release for the calculation is set with the assumption that all fuel
rods in the assembly have the same energy release. Figure 4 show the relative energy release profile for the
FAs of the WCTC of 1% and 2" rows per 1 MW of the reactor power [14]. During the calculation, the
thermophysical properties of the materials of the computer model [15, 16] are set depending on the temperature
in the form of a piecewise linear function, while the properties of the fuel rod core are homogenized.
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Fig.4. Profile of relative energy release of the WCTC of 1t and 2™ rows.

A k-¢ Realizable flow model has been chosen to simulate the coolant turbulent flow. The finite element
grid of the model consists of 3,353,802 units and 7,503,831 elements, the solution convergence is achieved by
an iterative process. The temperature at the WCTC outlet is also determined by the energy balance equation
[17] for substantiating the correctness of the calculation model and the selected solver settings (2):

5@ =G Cp (Toue = Ti) @
where:

Q — distribution of the energy release in the fuel rod by the assembly height, W;

G — coolant flow, kg/s;

Cp — water heat capacity at an average temperature in the path, J/(kg x °C);

Tout, Tin — coolant temperature at the FA outlet and inlet, respectively, °C.

3. Results and discussion

As a result of the study, the temperature field distributions for the stationary reactor operation modes have
been obtained. The information on the technological parameters of the IVG.1M reactor, obtained from the
results of power starts-up, was used as initial data for the thermophysical calculations. The problem boundary
conditions were determined in accordance with the water temperature values at the core inlet and the water
flow through the WCTC. The energy release by the FA height was set according to the reactor thermal power
realized in the experiments. Table 1 shows the experimental values of the water flow through the WCTC, the
water temperature at the WCTC inlet and outlet for 10 levels of the stationary reactor power.

Table 1. Comparison of the experimental data with calculated ones.

Parameter Reactor power level*, MW

100 | 1.97 | 291 | 6.07 | 9.08 | 10.21
Water flow for the WCTC of 15t and 2" rows?, kg/s 208 | 208 | 213 | 214 | 213 | 211
\Water temperature at the WCTC inlet?, °C 248 | 174 | 229 | 26.2 | 29.6 | 28.2
\Water temperature at the WCTC outlet?, °C 289 | 251 | 343 | 495 | 640 | 67.3
Water temperature at the FA outlet?, °C 28.7 | 252 | 339 | 493 | 644 | 67.7
Water temperature at the FA outlet®, °C 28.7 | 252 | 341 | 493 | 643 | 67.6
Maximum temperature of the outer surface of the fuel rod cladding?, °C] 29.3 | 26.3 | 35.6 | 52.8 | 69.6 | 73.5
Maximum temperature of the fuel core?, °C 296 | 269 | 365 | 54.7 | 725 | 76.8

texperimental values; 2calculated values by computer modeling; 3calculated values by the energy balance equation.

The table also shows the water temperature values at the WCTC outlet obtained by computer modeling
and the values of the maximum calculated temperatures of the fuel core and the fuel rod surface for the given
stationary power levels. For the comparison, the table shows the values of the calculated temperature at the
FA outlet, calculated using the energy balance formula (2).
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According to the analysis of the data given in Table 1, the value of the standard deviation of the
experimental and calculated (according to the energy balance formula) water temperature at the FA outlet is
~0.31. The value of the standard deviation of the experimental and calculated (by the computer modeling
method) water temperature at the FA outlet is ~0.23. Good consistency of the calculated results with
experimental data allows estimating the adequacy of the calculated model and the chosen calculation method.

Figure 5 shows, as an example, the volumetric distribution of the temperature field obtained as a result
of the calculation with the reactor thermal power at a stationary level of 10.21 MW. Figure 6 shows the
temperature field and the velocity vector field of the model cross-section (10.21 MW) at the height with the
maximum energy release (0.309 m).
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Fig.5. Volumetric distribution of the temperature field of the model.
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Fig.6. Temperature field of the FA model cross-section.

The operational documentation of a WCTC with low enriched fuel contains the information on the limits
of the permissible values of the thermal technical parameters during the operation, however, the cooling modes
of the core for ensuring the safe operation at a power level from 10 to 60 MW are not regulated. At present,
the restrictions on the realized capacity of the IVG.1M research reactor are associated with the complete set of
the cooling system, which can provide a water flow rate of no more than 2.5 kg/s, while the limit of the WCTC
normal operation for a set flow rate is 12 kg/s.

A series of calculations has been carried out to assess the temperature modes of the fuel rods during the
reactor operation at a design capacity of 10 to 60 MW. When setting the boundary conditions, the conservative
cooling conditions were chosen. The water temperature at the FA inlet was assumed to be 55 °C, which is the
limit value of the WCTC normal operation. The water flow for cooling was chosen according to the energy
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balance equation (2) in such a way that the water temperature at the FA outlet was of maximum permissible
value of the WCTC normal operation, equal to 95 °C.

Figure 7 shows the dependence of the calculated values of the water temperature at the FA outlet, the
maximum temperatures of the fuel core and the fuel rod cladding at the reactor operating power at the level
from 10 to 60 MW at the specified coolant flow rates through the WCTC.
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——Flow rate WCTC

Fig.7. Dependence of the fuel rod temperature on the reactor operation power at a set water flow rate.

As Figure 7 shows, the maximum calculated temperature of the fuel core under the specified cooling
conditions does not exceed the limit of the WCTC normal operation equal to 146 °C. The temperature limit of
the WCTC normal operation for the surface of the fuel rod is 110 °C. The maximum calculated surface
temperature of the fuel rod slightly (2 °C) exceeds the limit value of the WCTC normal operation only if the
reactor is operating at a power level of 60 MW and the WCTC water rate is 12 kg/s.

To analyze the calculated results, it is necessary to take into account that the emergency protection settings
of the reactor are set by the personnel according to the appropriate start-up program for each experiment and
under the standard conditions of conducting the experiments at a power level of up to 10 MW for the coolant
temperature values and are 50 °C at the reactor inlet and 95 °C at the outlet.

4. Conclusions

As a result of the computational studies using the three-dimensional computer model of the FA of the
IVG.1M reactor, the temperature distribution of fuel rods and coolant has been determined under the stationary
reactor operating modes at various power levels from 1 to 10 MW. The good consistency of the calculated
results with experimental data has confirmed the adequacy of the calculation model and the chosen calculation
method.

In a series of the calculations, the temperature modes of the operation of the fuel rods have been
determined in the range of the design capacity from 10 to 60 MW with the minimum values of the coolant
flow, providing the coolant temperature within the values of the WCTC normal operation. The calculation
results show that under the set cooling conditions, the temperature modes of the operation of the fuel rods
correspond to the values of the WCTC normal operation.

The computer model can be used for determining the characteristics of the IVG.1M reactor core under
various operating modes, as well as for analyzing the thermohydraulic processes in the FA. The disadvantage
of the model is that the model geometry does not allow determining the radial temperature distribution of the
fuel rods in the FA, and also does not take into account the heat transfer from the WCTC outer surface into the
coolant.
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SYNTHESIS AND CHARACTERIZATION OF HYDROXYAPATITE
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Abstract. Hydroxyapatite has a wide range of possible applications in biomedicine, optics and electronics,
sensors, catalysis and in environmental decontamination. The present study focused on the synthesis of
hydroxyapatite by the wet precipitation method. The influence of drying time on the properties of synthesized
material was investigated. The particle size increases from 80 to 200 um by increasing the drying time from 24
hours to 96 hours. The morphology and properties of hydroxyapatite powders obtained under the action of the
ultraviolet radiation and ultrasonic exposure acting together and individually was studied. The obtained samples
were analyzed using X-ray diffraction, Fourier transform infrared spectroscopy, scanning electron microscope,
Brunauer—Emmett-Teller methods. The results showed that the properties of the obtained hydroxyapatite powders
were highly dependent on the synthesis conditions. Ultrasonic treatment at the synthesis stage led to a decrease in
the size of the resulting hydroxyapatite particles to 4 um. The use of ultraviolet radiation at the stabilization stage
led to an increase in the content of hydroxyapatite in the reaction products.

Keywords: hydroxyapatite, wet precipitation, ultrasound, ultraviolet radiation.

1. Introduction

Hydroxyapatite (HAp) is a calcium phosphate mineral of composition Caio(PO4)s(OH)2, it is widely
known as a biomaterial and used for bone repair and bone regeneration [1-3]. HAP has excellent
biocompatibility and exhibits dielectric and piezoelectric properties [4]. Theoretically, the band gap of HAP
can reach 7.4-7.9 eV, although the values of 3.8-4.5 were observed in the experiments [5,6]. Such values of
the band gap make it possible to use HAp as a dielectric in metal-insulator-semiconductor (MIS) structures,
which presents new opportunities for sensorics and microelectronics. Based on the fact that HAp has a
piezoelectric effect, it is possible to convert some physical influences, such as sound vibrations, touch,
temperature, into an electrical signal. This effect is already being used in such devices as sensors, actuator
devices, transducers, micro power generators in electronics, civil infrastructure systems, biomedical and
automotive applications [7,8]. A number of studies are devoted to the use of HAp in catalytic process: for
catalytic oxidation of organic pollutants and CO [9,10], catalytic reduction of CO, and N.O [11,12], for
environmental remediation [13].

There are a large number of different methods for the synthesis of HAp. Depending on the composition
of the initial substances and the synthesis conditions, the following main methods for obtaining hydroxyapatite
can be distinguished: solid state reactions [14], chemical precipitation [15], hydrothermal synthesis and sol-
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gel process [16]. In addition, microwave irradiation accelerates the synthesis of HAp and produces a high-
purity powder with a small and narrow particle size distribution [17, 18].

Various methods of obtaining hydroxyapatite have their advantages and disadvantages due to the
multifactorial nature of the synthesis process, the need to coordinate such parameters as reaction temperature,
pH, molar ratio of chemicals, etc. to obtain a product with the required properties [19]. Therefore, researchers
are studying the possibility of influencing the reaction mixture to various factors, including ultraviolet (UV)
radiation and ultrasonic (US) exposure, in order to synthesize HAp with desired characteristics. UV irradiation
of the source materials made it possible to carry out the solid-phase synthesis of HAp without the use of heat
treatment [20-21]. It was found that ultrasonic treatment of the initial suspension of calcium hydroxide during
chemical precipitation increases the rate of formation of the hydroxyapatite nanocrystalline phase [22, 23].

The aim of the present work is to study the effect of drying time, ultraviolet radiation and ultrasonic
exposure on the synthesis of hydroxyapatite by the wet precipitation method and the properties of synthesized
material.

2. Materials and methods

The starting materials for the synthesis of HAp were calcium hydroxide Ca(OH),, distilled water,
orthophosphoric acid HsPO4. Figure 1 shows the scheme for obtaining hydroxyapatite, according to which the
process consists of the following stages: preparation of initial solutions — synthesis — stabilization — filtration
and washing — drying. In this synthesis method, by controlling the feed rate of the phosphoric acid solution
and its concentration, it is possible to ensure complete interaction of the initial reagents, which will exclude
the formation of side phosphates or minimize this probability, leading the entire synthesis to the desired result
— calcium hydroxyapatite of stoichiometric composition.

8% solution of orthophosphoric acid and 20% suspension of calcium hydroxide were prepared at the first
stage. The calcium hydroxide suspension was loaded into the reactor at the second stage. A solution of
orthophosphoric acid was added and reacts with calcium hydroxide according to the following reaction with
continuous stirring [24, 25]:

10 Ca (OH); + 6H3P0O4 — Caio(PO4)s(OH), + 18H-0.

Fig.1. Scheme for synthesis of hydroxyapatite.

Synthesis time varied depending on the quantity of reagents used. It took 65 minutes to produce 20 grams
of hydroxyapatite. In order for all reagents to completely react with each other, a stage of stabilization of the
hydroxyapatite solution was introduced. This process was carried out at room temperature. Stabilization should
be carried out in a sealed container to avoid impurities. The solution was infused for a day from the moment
of stopping stirring. As a result, HAp was at the bottom of the vessel, and the liquid phase was at the top. After
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the stabilization stage, the obtained sample was washed with distilled water until a neutral medium was
obtained, which was controlled by a litmus indicator. Then, the resultant suspension was filtered through the
“blue ribbon” filter, as a result of which HAp was separated from the liquid phase. At the stage of drying, HAp
was dried at room temperature until the liquid is completely removed. To study the effect of drying time on
the structure of the material, drying was carried out for 24 hours and 96 hours. To obtain the final product in
the form of a powder, the synthesized material was ground using an agate mortar and pestle.

To study the influence of external factors on the change in the properties of the HAp obtained during the
synthesis, ultrasonic (US) exposure, ultraviolet (UV) irradiation separately at various stages of production, as
well as their combination, were used. The mixture of reagents in the reactor at the stage of synthesis was
exposed to ultrasound at a frequency of 20 kHz for 20 min. At the stabilization stage, the synthesized sample
was irradiated with ultraviolet. The wavelength of ultraviolet radiation was 180 nm. The following
combinations of the experimental conditions have been investigated:

1) wet precipitation without the stabilization stage (standard conditions according to the methodology);

2) US (20 minutes, synthesis stage) and UV (120 minutes, stabilization stage);

3) US (20 minutes, synthesis stage);

4) UV (120 minutes, stabilization stage);

5) wet precipitation including the stabilization stage.

The phase composition of the obtained samples was analyzed by the X-ray diffraction (XRD) method
using a Difray 401 diffractometer (JSC Scientific Instruments, St. Petersburg, Russia). The XRD peaks were
recorded in 20 range of 30-110°, CuKa, A = 1.5405 A. Identification of crystalline phases was achieved by
comparing the recorded diffraction patterns with ICDD PDF2 database; numbers of patterns from database,
that was 11008 and 30747.

The functional groups of the obtained samples were identified by the method of Fourier transform infrared
spectroscopy (FTIR) using a Shimadzu IRPrestige-21 FTIR spectrophotometer (Shimadzu, Kyoto, Japan). The
analysis was performed in the absorption mode in the wavelength range from 400 cm™ to 4000 cm™' with a
resolution of 4 cm™. The surface morphology and microstructure of the obtained samples was studied using a
scanning electron microscope (SEM) TESCAN VEGA 3 SBU (Brno, Czech Republic) with an OXFORD X-
Max 50 energy-dispersive adapter (High Wycombe, UK), operated at 10-20 kV accelerating voltage, specimen
current of 3-12 nA, and a spot diameter of ~2 pm.

The surface area study was carried out using the BET adsorption method with the calculation of pore
diameter using the BJH method [26]. Measurements were performed using a 3P Sync 420A specific surface
area and porosity adsorption analyzer (3P Instruments, Germany). Nitrogen was used as an adsorptive. The
results were processed using built-in software. All samples were pre-dried to remove gases for 10 hours at
200 °C. Based on the results of the analysis, adsorption isotherms were obtained.

3. Research results
3.1 Effect of drying time

Using scanning electron microscopy, the morphology of the samples for drying time of 24 and 96 hours
was analyzed. The SEM images with different magnification are shown in Figure 2. All synthesized particles
are characterized by the form of aggregates and porous structure. With a drying time of 24 hours, the particles
have a size of more than 80 um. With an increase in drying time to 96 hours, the particle size becomes larger
than 200 um, and the faceting becomes more noticeable. Based on the XRD-results shown in Figure 3, it was
revealed that both samples correspond to the crystalline phase of calcium hydroxyapatite and do not contain
additional reflections of other phases. On the XRD pattern of the Sample 1, there is a doubling high for
reflections, which is associated with incomplete crystallization.

3.2 Influence of external factors

FTIR spectra of the samples obtained under the influence of external factors of ultrasonic and ultraviolet
exposure and control samples are shown in Figure 4. Absorption bands related to the phosphate group PO4*
are observed at 470, 567, 603, 962 and 10391080 cm ™' [27]. The absorption bands at 873 and 14211465
cmt is attributed to CO3~ groups [27, 28], the presence of which can be explained by the adsorption of
atmospheric carbon dioxide during sample preparation. The broad absorption band at 3420 cm™! and weak
band at 1640 cm™! are due to the presence of adsorbed water molecules [29].
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The bands appearing at 3571 cm™! corresponds to the hydroxyl bond stretch which is characteristic of
stoichiometric HAp [27]. Comparing the spectra with each other, we can conclude that US exposure (Sample
3) and the combined action of US and UV (Sample 2) does not give particularly noticeable changes. At the
same time, in the case of using only UV radiation (Sample 4), it can be seen that UV radiation has a weak
effect on water, but actively destroys carbon compounds.

b)

d)
Fig.2. SEM images of the HAp samples obtained at different drying time: 24 h (a, b) and 96 h (c, d).
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Fig.3. XRD patterns of the HAp samples obtained at different drying time: 24 h (Sample 1) and 96 h (Sample 2).

Figure 5 shows the XRD patterns of the HAp samples obtained under the influence of US exposure and
UV radiation and of the control samples. According to the XRD data, the highest content of HAp is
characteristic of the sample obtained by exposure to UV radiation only (Sample 4). The lowest content of
hydroxyapatite is typical for the Sample 1, where the wet precipitation method without stabilization stage was

used.
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Fig.5. XRD patterns of the HAp samples obtained under the influence of external factors.

Figure 6 and 7 show the SEM images of the control samples synthesized under conditions without
external influences and the samples under the action of US and UV. The Sample 1 is characterized by the
presence of a greater number of agglomerates with a size of more than 100 um, compared with Sample 5, for
which the particle size is from 100 pm to 15 pm or less (Figure 6). Thus, introduction of the stabilization stage
makes it possible to obtain the particles of smaller sizes without additional use of external factors. The Sample
2 (US+UV) and Sample 3 (US) are characterized by a rounded structure, which was formed as a result of a

decrease in the crystallization rate due to US exposure (Figure 7).



Eurasian Physical Technical Journal, 2024, 21, 3(49) Engineering 59

SEM WV 20.0 kV 3 SEM HV: 20.0 kV wo:1s.00mm |||
View flold: 500 pm View field: 500 ym Det: BSE 100 pm
SEM MAG: 554 x

SEM HV: 20.0 &V WD 1500 mm | | | VEGA2 TESCAN|
View fieid: 100.0 pm Det: SE
SEM MAG: 2.77 kx__ Dateim/diy): 0503722 TPY
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Fig.7. SEM images of the HAp obtained under the influence of external factors: Sample 2 (a), Sample 3 (b),
Sample 4 (c).

These samples are characterized by particle sizes from 4 um to 1 um or less. The Sample 4, obtained
under exposure to UV only, is characterized by a faceted structure, which may be due to the fact that the
crystallization processes were not interfered with by US. In this case, the particle sizes are in the range from
20 um to 2 um or less. The use of ultrasound at the stage of synthesis prevents the formation of bonds between
particles and makes it possible to significantly reduce the size of the obtained particles with a spherical shape,
in contrast to faceted crystallites in the case of ultraviolet irradiation.

Adsorption isotherms with sorption hysteresis were obtained, which are typical for systems with weak
interaction of the adsorbate with the adsorbent, based on the results of the analysis of the specific surface area.
The results are summarized in Table 1. It follows that the considered external influences on the synthesis of
HAp increase the average pore diameter from the analysis of the data obtained, while a significant decrease in
the specific surface area occurs, except for Sample 3. Thus, short-term exposure to ultrasound on a sample of
hydroxyapatite during its synthesis leads to an increase in the specific surface area surface and the increase in
average pore size.

Table 1. Specific surface area and pore size of the HAp samples obtained under the influence of external factors.

Parameters Sample number
1 2 3 4 5
BET surface area (m?/g) 138.280 118.239 157.628 110.235 117.492

Average pore diameter (nm) 9.450 12.076 13.445 15.367 10.390
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4. Conclusion

In this study, hydroxyapatite was obtained by wet precipitation method. A stabilization stage was
introduced into the technological scheme of synthesis, due to which the average particle size of the obtained
hydroxyapatite was reduced to 15 um. The drying time of the obtained hydroxyapatite affects the particle size
of the material. An increase in the duration of drying of hydroxyapatite from 24 to 96 hours led to an increase
in particle size up from 80 um to 200 um and to a more pronounced faceting. It was found that the use of
ultraviolet irradiation at the stabilization stage makes it possible to increase the content of the main product —
hydroxyapatite of stoichiometric composition. The ultrasonic treatment of reagents at the stage of HAp
synthesis for 20 min led to a reduction in the size of the obtained HAp particles with a spherical shape from
15 um to 4 um. In addition, the production of hydroxyapatite under ultrasound exposure resulted in an increase
in the specific surface area of particles by 14% and the average pore size by 42% compared to the wet
precipitation method under standard conditions. The method of hydroxyapatite production considered in this
work allows synthesizing a bulk material, unlike the CVD or PVD methods traditionally used to produce
hydroxyapatite-based coatings [30]. Using the proposed method will allow to create bulk medical products
filled with hydroxyapatite with the required properties.
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MODELING THE PLASTIC DEFORMATION STATE OF THE CONTACT
SURFACE DURING FRICTION
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Abstract. The mechanics of contact destruction of compounds during friction under conditions of complex
thermodynamic loading was researched. The possibility of a mathematical description of complex damage to
friction units and wear intensity is shown, taking into account the peculiarities of the surface layer formation during
contact. A method for calculating the surface strength and durability of tribo-compounds is presented. This allows
us to relate the parameters of the stressed state of a point (friction coefficient, shape factor) with the
thermomechanical parameters of the process. By assessing changes in the friction coefficient and shape parameters,
it becomes possible to determine the yield stress and establish structural transformations corresponding to a given
stress state.

Keywords: friction, load, plasticity theory, deformation, stress, tribocompounds.

1. Introduction

The main vector of modern mechanical engineering development is not only the creation of new
materials, but also the study of their behavior during operation [1-2]. Currently, the results of research in the
field of wear of materials under particularly severe conditions of mechanical and thermal loads, which are
dynamic in nature, do not allow with a high degree of reliability to select (or develop) certain design and
technological measures that are aimed at increasing the durability of products. This is caused, first of all, by
the research conditions, which often do not correspond to the actual operating conditions of tribounits, since
most of the parts of tribounits operate under conditions of complex dynamic loading associated with vibrations
acting in different directions, which affects unstable synergetic processes [3].

The processes of friction and wear, as well as the destruction of surface layers of tribocompounds, are
determined by the dynamic nature of the application of loads in contact, the amplitudes of mutual movements,
creating specific conditions for contact interaction [4]. At the same time, most tribocompounds operate under
conditions of complex three-dimensional dynamic loading: impact and slipping in two mutually perpendicular
directions with exposure to both high and low temperatures. Such loading conditions cause a complex stress
state of the surface layers of contacting pairs [5]. This explains the limited capabilities of the general provisions
of the theory of friction, as well as most of the results of experimental studies.

2. Research methods

The solution of the contact problem of fracture mechanics of tribocompounds, which are operated under
conditions of complex thermomechanical loading, is possible within the framework of assessing the
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heterogeneity of the plastic deformation state, which is the main feature of metal products shaped by pressure
processes. As a result, the metal of the product has different mechanical properties and fatigue resistance.

It is obvious that under contact loading conditions, the near-surface layers of the material are more
damaged than the deep ones. Under repeated loading, fatigue microcracks appear on the surface even in the
absence of contact loads and are located in active sliding planes, in which maximum shear stresses act [6].
Four successive stages of processes in the material can be distinguished in accordance with the characteristics
of deformation and destruction of materials during fatigue: strengthening of the material due to an increase in
the dislocation density in local volumes to a critical value; initiation and development of submicroscopic
cracks; development of microcracks to the size of macrocracks; development and merging of macrocracks
prior to spalling of surface elements.

The accumulation of defects, leading to the formation of microcracks, is determined by the characteristic
features of the main structural elements of the material. Under the action of repeated impulse loads, the initial
structure of the deformed material changes significantly. The subsurface zone (depth from several units to
hundreds of micrometers) is a plastically deformed layer of material with a certain size and orientation of
crystallites. The relationship between mechanical properties and structural parameters given in [7] shows that
the resistance to brittle fracture depends not only on the grain size, but also on the size of the mosaic block.
Moreover, the grain size does not uniquely determine the mechanical properties of the metal. The flow stress
linearly depends on the size of the subgrains - the element of the substructure. A conclusion is made about the
determining influence of the degree of misorientation on the resistance to destruction of the metal.

The need for an analytical solution to the spatial problem of plasticity theory is obvious. In general, the
stressed and deformed state of the metal at each point of the deformation zone is different. This leads to
heterogeneity of the physical and mechanical properties of the metal, ambiguity in determining the power
parameters of the process, and energy consumption. Works have appeared showing the influence of plastic
deformation on structural-phase transformations in metal. In this regard, determining the stress state at each
point of the deformation zone is an urgent problem [8, 9].

3. Results and discussion

As shown by preliminary studies [9-12], complex three-dimensional loading (impact and sliding in two
mutually perpendicular directions) creates conditions for the formation of fragments of the surface layer with
relatively easy passage of dislocations through these crystallites to their boundaries. This helps to reduce the
level of external stresses necessary for the mechanism of rotational plasticity to operate in the analyzed
structures. The result is a surface layer with a more even texture, which is accompanied by increased wear. A
change in the nature of the loading leads to a change in the state of the surface layer and, as a consequence, a
change in the wear resistance of the tribocompounding.

Studies using an electron microscope made it possible to establish that as a result of plastic deformation,
a developed cellular structure is formed in the surface layers, oriented along the direction of friction [13].
Fracture is initiated by cell edges perpendicular to the sliding direction, and the initial crack runs along these
edges. Therefore, with relative sliding of surfaces, the initiation of differently oriented cracks is possible.
Especially in the case of friction with sliding in two mutually perpendicular directions.

In the general case, the formation and growth of microcracks under cyclic loading significantly depends
on both the structural state of the material and the number of loading cycles N. To describe the development
of microstructurally short cracks, the equation presented in [14] is applicable:

db

D _caryia-b), ®

where b — crack depth; Ay — shear strain range; d — characteristic size of a structure element; C and m —
experimentally determined material constants.

From this equation it follows that as a crack grows to grain size, its speed decreases down to zero. At
stresses above the endurance limit, the crack does not stop, but only slows down its growth or may stop for
some time.

Moreover, the nature of the accumulation of deformations under the action of repeated impulsive and
pulse loads is approximately the same [15]. Thus, under impact loading, the dependence of contact deformation
on the number of cycles is nonlinear with three sections: in the first section, the hardening stage (approximately
up to N = 20), contact deformation occurs; in the second section there is a slow accumulation of contact strain
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at an approximately constant rate (up to N = 103 ... 104); in the third section, a significant increase in
deformation and intensive destruction of the surface are observed.

It has been established [6] that wear under impact loading is a nonlinear function of the number of cycles
and normal stress:

W = BN"g™, 2

where B, n, m — coefficients.

In this case, the normal stress ¢ and the maximum contact pressure are determined by the impact force,
which in turn depends on the speed, contact geometry and material properties.

Cyclic stresses lead to fatigue damage, both at the surface and at some depth. The phenomenon of surface
fatigue is a consequence of normal collisions of micro-roughnesses, which lead to the occurrence of tangential
stresses under the roughnesses, acting at a depth of the order of the heights of the protrusions (micrometers).
The maximum shear stress under the protrusion is:

T = (E’/Tcz)(p, ©)

where E' — modulus of elasticity; ¢ — protrusion angle coefficient.

It is obvious that microscopic (second kind) maximum shear stresses can indeed be the cause of the
formation of initial cracks under the surface.

The general case of a diagram of vertical surface and horizontal subsurface cracks under friction with
three-dimensional dynamic loading is shown in Fig.1.

The surface is loaded with normal alternating stress q(z) under impact loading and tangential stresses tx
and ty during reciprocating sliding in two mutually perpendicular directions of the counter-specimen.

The analysis shows that if it is possible to mathematically describe the areas of transition from one zone
of plastic flow of a metal to another, then it becomes possible to analytically solve problems in the theory of
plasticity. In [16-20], an analytical solution to the plane problem of plasticity theory using harmonic functions
was proposed. The spatial problem is solved in stresses [21]. The use of harmonic functions, as further analysis
shows, allows us to analytically obtain a closed solution to the spatial problem, both taking into account the
statistical and kinematic components.

g/z/
kglz/

—
X

Fig.1. Scheme of horizontal and vertical cracks during friction with three-dimensional dynamic loading.

Takes the 1,,=0. In many problems of metal forming, the influence of this component of the stress tensor
is neglected [22, 23]. Hence, in the formulation part of the closed problem of plasticity theory, the system
should contain 14 equations.

Problem formulation

1. Equilibrium equations:

oo, Ort,,

+—%=0,
OX oz
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4. Generalized equilibrium equations:

2 2 2 2
0 Tyz _ 0 Tx — 0 2kl 1_(2-”] y (5)
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3. Connection equations:
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4. Incompressible equation:
& t+éy,+¢,=0 @

5. Continuity equations for strain rates:

2 2 2 2 2

6€X+a{z=6 7/zx, aézy+52§ 57/Zy (8)
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6. Boundary conditions:

7, =k, -Sin(A,®, - 2¢,), 7, =k, -Sin(A,®, - 2a,), 9)

Yu=2P Sln(Bl(Dl - 20‘1)’ Vo2 =2+ 'Sm(Bz(Dz _20‘2)

The use of generalized equilibrium equations (5) allows us to bring the obtained result into conformity
with equations (8). Boundary conditions (9) mathematically describe the transition zones from one section of
the plastic flow of a metal to another, both in stress and strain. The solution of plane problems in analytical
form is presented in [16-20]. To satisfy boundary conditions of the form (9) it is necessary:

7, =k -SinA,®@,, 7, =K, -SinA,®,, (10)
where A; and A; — constants that determine the parameters of the plastic medium; ®; and ®, — unknown
coordinate functions determined by the solution of the problem; ki, k2 — resistance to plastic shear deformation
along the X and Y axes, depending on the coordinates of the deformation zone.

A special feature of solving equations (5), in addition to trigonometric substitution, is the use of
fundamental functions. They are used if the partial differential equation is linear [24-28]. Therefore:

ki =Cys1 - €XP (91', ko =Cgp -€Xp 6"2, (11)
where Cal and ng — constants that determine the dimension of shear resistance in the directions of the X

z _
2

and Y axes; @7 and @ — coordinate unknown functions determined by solving the problem along the same

axes.
It must be borne in mind that 7, = f(x,z), Ty, = f (y, z). Putting the introduced functions (10) and

(112) into (5) we obtain:
Co‘l ‘91';@ + (Bix + Alq)lz ) 2 — ‘91' - (91'2 - A1®1x ) 2 ] SinAlq)l + (12)
+ Cal [2 : (Alq)lx - gl‘z) : (e:l:x + Alq)lz) + (Al(Dlxx - Al(Dlzz )] COSAl(Dl =
=-2-Cy - A, D, -SiNA,®, +2-C_, - 6,,, - CosA, D,

zz

1xz 1xz

Identical brackets (Hix +A1®q,) and (491'2 — A1 D1, ) appear in operators of trigonometric functions

(12). Taking them equal to zero, we get rid of nonlinearity and obtain the Cauchy—Riemann equations, which
turn the equations into an identity. Let's show it. We have
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0, =-AD,, 6,=AD, (13)
gllxx =-A D, gllzz =AD,,, gllxz =ADy, =-A Dy, (14)
From relations (13) and (14) the functions ,91' and A,®, are determined. They are harmonic and satisfy
the Laplace equation, i.e.:
Oley + 017 =0, AD, +AD,, =0 (15)
Similar transformations take place for the second generalized equilibrium equation when substituting (10)
and (11) into (5). We can write:
C.ol6,, + (6, + A,0,,)7 —6;, — (6, - A,®,,)? |- SinA, @, + (16)
+C,, [2 ) (Azq)zy - ‘9;2) : (géy +A,D,,) + (A2q)2yy - Azq)zzz)]' CosA, @, =
=-2-C,,- A,®,, -SinA,®, +2-C_, -6, -CosA,D,
next:
02y =—A®20 07 =As®3y. 17)

Hlyy :_A2®22y’ ‘9222 :A2®2yz' '92yz =A)D9py :_AZ‘DZyy’
szy +9222 =0, A2cD2yy +A2®222 =0

Taking into account (16), (17), certainty appears for the functions (9'2 and A,D,.
Substituting expressions for tangential stresses into equilibrium equations (4), integrating, we obtain
analytical dependences for normal stresses. The components of the stress tensor have the form:
o, =C_, -expb, -CosA,®, +o + f(y,z)+C,, (18)
o, =C,, -exp 0, -CosA,®, +o+ f(x,2)+C,,
c,= —(CGl -exp 8, - CosA,®, +C_, -exp b, - CosAchZ)Jr o+ f(xy)+C;,

z

=C_,-exp6, -SinA,®,, 7,=C_,-expd,-SinA,d,

yz
= Achlx ' 9 + 01'22 = O ' Alq)lxx +Alq)122 :O ’ 92y = _AZCDZZ ' 02

Tx

at 0, =-A D, 0

1y 1xx

Oy +6,, =0, A, @, +A,0,,=0.
The conditions for the existence of the introduced functions and the differential equations that determine
their values are determined. Thus, solutions (18) satisfy the system of equations for the spatial problem in
stresses. It becomes possible to connect the parameters of the stressed state of a point (friction coefficient,
shape factor) with the thermomechanical parameters of the process (degree, rate, and temperature of
deformation). In this case, production factors and loads are directly linked. By setting the parameters of the
stress state, it is possible to determine, using different calculation methods, the thermomechanical parameters
of the process. As an example, for the contact surface of samples of 10HFTBch two—phase steel type, is
calculated the intensity of normal stresses oi from various friction coefficients and shape parameters (stress
state) in the MathCAD program. The ratio of the length of the deformation zone to the height I/h =1 and I/h =
6 is considered. By setting different friction coefficients (0.1; 0.2...0.5), the maximum values of the ci curves

for a point on the contact are obtained (Table 1).

=A,D,,,

y

27z

Table 1. Maximum values of normal stress intensity for various shape parameters and friction coefficients

I’/h Friction coefficient

0.1 0.2 0.3 0.4 0.5
1 1.155 1.31 1.442 1.532 1.564
6 1.286 1.574 1.828 1.997 2.058

Fig.2 shows the change in normal stress intensity values along the length of the deformation zone (along
the X axis). Along the X and Y axes, the stresses g are distributed along a convex curve, which is determined
by the tangential contact stresses 7., and zy,. It has been established that the greater the oi, he higher the yield
strength.
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Fig.2. Change in the intensity of normal stresses along the length of the deformation zone:
a) — I/h=1; b) — 1/h=6.
1-f=0,1;2-=0,2; 3-1=0,3;4-1=0,4; 5-=0,5

Thus, aidepends on the friction coefficient and the shape parameter (stress state), that is, the ratio I/h and
b/h. Analysis of the results of calculating the intensity of normal stresses from the parameters of shape and
friction coefficient shows that it is possible to increase this parameter compared to unhardened metal. There is
an increase in this indicator by 1.13...2.0 times. This means that, based on the Huber—Mises’s hypothesis, the
physical quantity, that is, the yield strength, also increases by 1.13...2.0 times. With an increase in the friction
coefficient and shape parameters, we determine the yield stress, which in this case, through the temperature
factor and recrystallization diagrams, makes it possible to establish structural transformations corresponding
to a given stress state.

4. Conclusion

The presented models confirm the relevance of the mathematical description of complex damage to
friction units. An assessment of the mechanics of contact fracture should be made on the basis of studying the
behavior of surface layers of materials in connection with the peculiarities of thermomechanical loading of
tribocompounds under real operating conditions. The use of harmonic functions allows one to analytically
obtain a closed solution to a spatial problem, both taking into account the statistical and kinematic components.
In turn, the development of methods for calculating surface strength assessment is a necessary prerequisite for
the development of more wear—resistant tribounits.
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SATURATION OF GAS CONCENTRATION SIGNAL
OF THE LASER GAS SENSOR

Zhanabaev Z.Zh., Tileu A.O.*, Duisebayev T.S., Almen D.B.

Al-Farabi Kazakh National University, Aimaty, Kazakhstan
*Corresponding author: tileuayan@gmail.com

Abstract. Nowadays it is possible to determine the type of gas with sufficient accuracy when its concentration
is less than 107° fractions using spectroscopic methods (optical, radio engineering, acoustic). Along with this, the
value of permissible concentrations of explosive, toxic, harmful to technology and ecology gases is practically
important. Known physical experimental studies indicate only a linear dependence of the response of a laser gas
sensor at units < 103. The research methods for units = 103 are based on the processes of combustion, micro-
explosion, structural and phase transformations and are not always applicable in real practical conditions. The
work is devoted to the analysis of experimentally obtained fluctuations caused by a laser beam in a gas in a
photodiode (signal receiver) due to its influence not only at the atomic level, but also on the scale of clusters of
nanoparticle molecules. The gas concentration is estimated by the fluctuation-dissipation ratio. It is shown that the
signal correlator is saturated to a constant value when the quantum (laser photon energy) and thermal (nanoparticle
temperature) factors are comparable with an increase in the concentration of the target gas. The critical values of
the saturation concentration are determined by the equality of these two factors.

Keywords: fluctuation-dissipation, correlator, photodiode, methane, carbon tetrachloride, ammonia.
1. Introduction

Determining the type of different gas and its concentration is an important task of production, medicine,
safety, and environmental monitoring. Extensive studies have been carried out using sensors with different
measurement principles [1-3]. Laser absorption spectroscopy systems have been developed, multi-pass sensors
with lasers of various wavelengths have been developed to obtain spectral absorption lines and transmit
information. The results of laser sensing are usually presented as a linear dependence of the response on the
gas concentration. In practice, it becomes necessary to know the concentration of gas C,, at which the saturation
of the sensor response occurs. Thus, in [1] an experimental rule is indicated at C, ~ 10* ppm (1%) for
methane in a coal mine, sound and light alarms are triggered, and at C, =~ 1,5 % — production is turned off.

Saturation can also be observed in the signals of nanofilm sensors [4]. These facts indicate the need for a
physical analysis of the concentration attenuation of the signal of a commonly used laser gas sensor.

When the laser beam interacts with gas particles, a sensitive element (photodiode), its intensity decreases.
Due to the multiple factors of this process (absorption, reflection, polarization of the beam), the presence of
technical noise of the devices, the output signal will fluctuate. Therefore, for the problem under consideration,
one can choose a general method of statistical physics — the fluctuation-dissipation theorem (FDT). This
method has been used to describe molecular, electromagnetic, and quantum phenomena.
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Special experiments [5] have shown the bifurcation effect of thermal noise on microelectromechanical
systems, the physical content of which is FDT. The possibility of using the fluctuation-dissipation ratio for
modeling the spectrum of a condensed medium is considered in [6].

In recent decades, numerous articles have been published in leading physics journals devoted to
expanding the formulation and possible applications of FDT from the point of view of nonequilibrium
thermodynamics, the theory of nonlinear response away from equilibrium in shear fluids, bulk media,
nanosystems, and glassy media. In a comprehensive list of modern research in this field, only the study [7]
stands out, as its subject of analysis is distinct from the others discussed above.

The theoretical foundations of further applications of FDT to the optical phenomena of transmission,
absorption, and reflection in media with microscopic structures of various geometries are discussed in [8]. The
response of the medium to fluctuations in the external field is described by the Bose-Einstein distribution over
the frequency  and the field is described by the Greens function, which depends on the coordinates. The
results of the technique of calculating the matrices of the electromagnetic field components are presented. The
results of the fundamental nature of this work show the universal applicability of FDT to phenomena of a wide
spatial and temporal spectral scale.

Following the preceding overview of various studies on laser gas sensors, the primary objective and
novelty of this work are formulated. In well-known studies [1], at a low concentration of the target gas, its
presence is determined with great accuracy by the characteristic atomic spectral absorption lines of the laser
beam. However, as we indicated in the Abstract section, the study of physical phenomena occurring at high
gas concentrations is of great practical importance.

With increasing gas concentration, the intensity of the transmitted radiation decreases over distance
according to the Beer-Lambert law and at a fixed position of the sensor. At the same time, the proportion of
absorption by molecular clots increases, and the power spectrum will be predominantly low-frequency. The
intensity of the beam will be comparable to the thermal background. The mutual influence of these two factors
is taken into account by the FDT formula. Therefore, it is possible to determine the effect of concentration on
the change in the correlation function of fluctuations in the sensor output signal. The comparability of the
energy of the average number of quanta of vibrational or rotational modes with the thermal energy of gas
molecules will lead to saturation, the nonlinear nature of the change in the signal of the laser sensor.

The experiment will use a time-fluctuating signal of a laser beam transmitted through a layer of gas with
different concentrations to a photodiode. At the same time, the conditions of partial coherence of the fluctuation
signal are observed, which are necessary to obtain correlation and spectral characteristics.

2.Theoretical foundations of the experiment

The fluctuation-dissipation ratio (FDR) is written in various forms according to the types of characteristic
variables. We will use the values of the time fluctuations of the output voltage from the photodiode v(t;) =
v;, the energy of the laser photon hw,, the thermal energy of the gas molecules kT (k is the Boltzmann
constant). The generally accepted recording of FDT in statistical physics in spectral form by frequency w [8]:

" hw 17 1 1
(vi,vj)w = ha ((JJ)Cth (Zk_T) = 2ha ((JJ) {E + m} (1)
where a'’(w) is the imaginary part of generalized susceptibility.

The curly bracket expresses the average energy of the oscillator in units of Aw at temperature T. The left
part (1) is equal to the Fourier spectrum of the correlation function (correlator) in frequency w:

Ko(v(®) = ({2 2L T v v ()] = v @

Let us take into account the conditions for completing our task. The concentration of gas C is usually
determined in millionths (ppm) of the mass or volume of air. Therefore, the correlator of the mixture
gas(g)+air(a) K(v(t); g + a) must be attributed to its value for air:

K((t);g + a)/K(v(t);a) (3)

Next, we establish the dependence of expression (3) only on concentration. Therefore, we are looking for
the desired dependence relative to a fixed laser frequency w, or a fixed modulation fundamental frequency
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according to the experimental condition.Then, in the right part of formula (1), the constant value Aa"' (w,) we
can include it in expression (3), which also clearly does not depend on concentration. Let's include a constant
expression in the experimentally determined value of expression (3).

ha' (wy; g+ a)/ha" (wy; a) 4)

Thus, we have eliminated the frequency dependence and will proceed with using the original formula (2)
without the frequency index w. This is possible due to the equality of the integral characteristics in time and
frequency of oscillations.

After that, in the left part of formula (1), we have a dimensionless expression (3) divided by a

dimensionless constant (4). In the right part of formula (1), the number of absorbed coherent photons

cth (zkl;) remains according to the accepted condition «w = wg,. This hyperbolic function in formula (1)

contains an exponent. The ratio of the close values in formula (3) in comparison with the exponent is calculated
more accurately by the natural logarithm:

(K (v(t); g + ) /K (0(£); @)}/ Knax = cth () (5)
The logarithmic multiplier is calculated in a normalized form by dividing by its maximum value modulo
Knax- This takes into account the negative sign in the balance of fluctuation (positive) and dissipation
(negative) energies.
The concentration of gas C is clearly not taken into account in formula (5). The concentration value C,
corresponding to saturation of the sensor signal is determined from the equality of fluctuation coherent
guantum (hw,/2) and dissipation thermal (kT) factors:

C.o = 2kT/hw, (6)

Cio is determined experimentally at constant values of w,, T.

In cases of partial coherence, bifurcations of oscillations C, is the critical value of the onset of saturation
differs from C, , (section 4). The hyperbolic function in (5) decreases at ¢ — 2C, and remains constant, close
to one. To describe the increase in correlations of fluctuations in the right part of formula (5) at ¢ < 2C,, we
use the inverse function th(x) = cth™1(x). Physically, this means that at C < 2C, the fluctuating energy of
the laser photons is absorbed by the gas, at C > 2C, it becomes dissipative, comparable to the thermal energy
of molecules. Taking into account the influence of the gas concentration, we write formula (5) in a scale-
invariant form relative to the maximum of the K,,,, correlator for the case 2C < C,:

ln{K(v(t, C)i g+ a)/K(v(t: C); a)}/Kmax = th(ZC/C*O) (7)
3. Experimental setup

The measurements were carried out using the instruments and devices shown in Figure 1. From the GAS
BALLOON, through the pressure gauge and VALVE, the gas enters a 20 ml vessel, where an air + gas mixture
is formed. The pressure gauge maintains the pressure of the incoming gas equal to atmospheric pressure. A
semiconductor LASER with a wavelength of 532 nm is connected to a POWER SUPPLY source with voltage
and current indicators. The laser beam passes through the gas+air mixture to the PHOTODIODE PIN. The
output signal of the photodiode is fed through the TLO81CP operational amplifier to the NIELVISII+
electronics engineering kit. Fluctuation signals from the measuring complex are processed by COMPUTER.

A Vishay BPW34 silicon P-i-N photodiode was used. The spectral sensitivity line does not coincide with
the laser line. This is according to the statement of our task. We are not looking for atomic spectra, but for
fluctuations from laser power. Among the available small laser sources, the green laser type SD 303 HUONIE
has a higher power of 100 mW than the red laser type FLASH LUK5K 5 mW. In our experiment, the laser
output power was controlled by the power supply; The supply current was 60 mA and the voltage was 1.8 V,
which corresponds to a power (P=1*U) of 100 mW for a green laser.
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Fig.1. Nodes of the laser gas sensor.

4. Results of the experiment and discussion

Stable correlations of the fluctuation signal can be obtained at a degree of coherence of their intensity
y = 0,1, which corresponds to the recommendations adopted in optics for choosing the contrast of partially
coherent interference fringes. In the experiment, the required degree of coherence of fluctuations was achieved
by the condition

where iwgy = 2,3 eV, it’s the photon energy of a laser with a wavelength of 532 nm, U > 1V is the stability
region of the photodiode characteristic.

Figure 2 shows the time series of partially coherent fluctuations v(t) obtained when a laser beam passes
through air (a), through a mixture of air +tammonia at € = 1200 ppm (b). The degrees of coherence of the
interference fringes were determined by the intensity of signal fluctuations

[1- (Umin/vmax)z]
[1+(Ymin/Vmax)?]

y = ©

Where vpin, Vmax are minimum and maximum values of fluctuation voltage, y = 0,2. We use formula (9) to
control the power of laser radiation, which provides a contrasting picture of correlations. For the modulation
pattern, vimin/Vmax 1S Used.

The correlation functions K (v(t)) of the voltage fluctuations of the sensor v(t), are shown in Figure 3.
The dashed approximation lines show the stability of the characteristic for 40 seconds with deviations of 1%
(for clean air), 5% (for a mixture of air+gas). During processing, the data was divided into n=10 windows of
4 seconds each. Figure 3 allows us to estimate the total value of the noise intensity under the experimental
conditions of fluctuations from air and technical instrument noise. The difference in maximum correlations
(variances) is 4%, the standard deviation is 2%. This estimate is comparable to the thermal noise in the purely
coherent mode (about 1%) determined by formula (12).
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Fig.2. Time series of partially coherent fluctuations v(t):a) air, b) air+ammonia, C = 1200 ppm.
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Fig.3. Correlation functions of sensor voltage fluctuations v(t) from air (background noise) and from a mixture with
gas, corresponding to the data in Figure 2.

The relative correlation functions calculated using the left side of formula (5) for gases will be smaller in
magnitude than for air. Figure 4 shows the experimental dependences of the relative values of the K /K4
correlation functions on the concentration of C(ppm) gases selected with varying degrees of symmetry of the
structure of their molecules (methane CH,, carbon tetrachloride CCl,, ammonia NHs) [9].

The ordinate axis shows the values

K/Kinax = I{K((t); g + a)/K(w(t); @)}/ Kinax (10)

Experimental values of K,,,,,, = 0,33 (CH,); 0,11 (CCl,); 0,058 (N H5). The response of the laser sensor
is saturated with an increase in the gas concentration C = C,. Transient (bifurcation) modes C = C, occur near
K = K4, These points in the figures are connected by vertical lines that pass through C,.(CH,) =
(1,2,4) * 10*ppm, C,(CCl,) = 3 « 103ppm, C,(NH3) = 2,5 * 103ppm. Such a pronounced concentration
saturation of the response of a laser gas sensor can be explained and described. The observed and theoretically
described set of (1,2,4) values of C, is explained separately below.

As the gas concentration increases, the absorption of the laser beam increases, and its intensity becomes
comparable to the thermal energy of molecules. The energy of the average number of photons (n) according
to the formula (1) is equal to

E((n)) = hw ((n) + %) (11)

In the symmetric state (n) = 0 and we have the energy of the coherent state of photons. The equality of
the quantum factor at the concentration of photons C,, and the thermal factor is expressed as

C. hwo = 2kT (12)
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Under the conditions of our experiment room temperature T = 300°K, multiplied by the Boltzmann

constant kT = 10~2eV, 1, = 532 nm, from w, = i—” * ¢, h = h/2m is Planck’s constant, c is speed of light,
0

hwy/2 = 1,15 eV have C,, = 1072, inunits of ppm (part per million) C, ,(ppm) = 10° * 1072 = 10* ppm.

In methane (CH,) with a symmetrical arrangement of molecules, saturation of the laser sensor signal occurs

at the highest C, . This value C, ,, equal to 1% of the same order, at which in practice a warning alarm is given

*01
in mines [1].
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Fig.4. Change in correlation functions from the concentration of a) methane b) carbon tetrachloride ¢) ammonia.

With asymmetry ((n) # 0) of the molecular structure, their vibrations will be partially coherent.
Condition (12) will be fulfilled at lower values of C,. This follows from formula (11) if the total energy of the
photon is represented in terms of C,, resulting in saturation of the signal. Denoting (n) = C, and the
corresponding number of coherent photons C, /2, we have

E(C) = Cho(1+3) =2C.hw (13)

From a comparison with E({n) = 0) = C,,hw/2 it follows that C, = C,,/3, indicating that C, is three
times less than for the symmetric case (methane). For example, for gas CCl, C. = C,,/3 = 3,3 * 103 ppm.
The symmetry class NH; is lower than that of CH,, CCl,. This is due to the additional bonds between the
molecules.

In general, the issue boils down to taking into account the correction of the anharmonicity of vibrations

and rotations. Well-known publications [10] indicate the possibility of taking into account the %< a <%

correction to formula (11) instead of % based on the results of quantum mechanical calculations with various

potential barriers for the electron.

We consider it possible to use the correction a of the fluctuation phenomena of the probabilistic
information-entropy measure of self-similarity in the range 0,567 < a < 0,806, corresponding to the chaotic
(to stochastic) regime of the phenomenon [11]. These criteria extend the «golden section» of the dynamic
measure (the Fibonacci number is 0.618) to probabilistic phenomena.
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Let us explain this statement. From the definition of information I = —InP through probability P its self-
similar value (fixed point P(I) = I) is equal to

el =1,I, = 0567 (14)
The average value of information (information entropy H (1)) and its self-similar value I, ; are equal:

H() =—["e 1dl =(I + 1)e~! (15)
(g + Ve v =1, Iy = 0.806 (16)

Formula (15) takes into account that the probability distribution functions, and its density are equal to
e~!, which follows from the probability normalization condition. The criteria I, I, 5 are easily proved by
nonlinear (Feigenbaum-type) maps of dynamic chaos. The Fibonacci criterion of 0.618 follows from (15) when
taking into account the first term of the exponent expansion at I < 1, and at I « 1 the result (14) will be
obtained. In formula (13), instead of 1/2 we substitute the correction @ = 0,806 (according to formula (16)),
and to take into account the concentration we take hw, < n >= hw,C, (n) = 1. Comparing C(NH3)(1 +

0,806) = C(CCL,) (1 + %) we have C(NH;) = 0,83 * 3,3 103 = 2,5 * 103 ppm.

It follows from formula (7) that the graphs of Figure 4 can be constructed in scale-invariant form in the
coordinates th(ZC/C*O)and C, ppm (Figure 5). Such a representation can be useful for establishing possible
variations of the parameters wg, kT, C..
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Fig 5. Experimental dependence of the dissipative factor in formula (7).
CH4(1,2,4), CCL4(3), NH5(5), C., = 10*ppm , values (5,3,1,2,4) according to Figure 4.

In this regard, we note that due to the fluctuation nature of the laser gas sensor signal under consideration,
the measured correlation and dissipation characteristics through hyperbolic functions have harmonic saturation
components. This is noticeable from Figures 4. Therefore, the minimum values of C,, are selected,
corresponding to the nonlinear behavior of the sensor response.

It’s necessary to establish a connection between the minimum C, and the experimental values of C,_,
which differs from C,, for the coherent state of laser photons. Due to the low volume density compared to
the mass density, additional bifurcations with new values of C,, > C, are possible in gases. This case can
significantly occur in the methane in the form C, , > C,, because C, , was determined for the coherent States
of photons with the symmetric arrangement of atoms. When taking into account anharmonism with the
parameter o, we have Cop < Cip

The essence of the additional bifurcation is as follows. In the presence of a fluctuating effect, the
amplitude of the oscillatory process in one period is lower from the equilibrium, in the next it is higher. After
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a period, after 4 pulses modulo, a bifurcation occurs in the form of a burst. In the equilibrium process as a
whole, energy is conserved. This phenomenon in the theory of dynamic chaos is called the period doubling
bifurcation. This bifurcation is a universal phenomenon of nature, it is scale-invariant, described by a
functional equation [12].

In our problem, due to the accepted condition, the saturation of the signal % =1, atconstant wy , T,

C.~w,~ 1. Next, instead of the frequency, it will use C*O‘l, C*B‘l. Scale invariance is manifested at multiple

0

frequencies of wg, which is the fundamental frequency, subharmonics ‘”7 %, ... . Certainly, in accordance

vxln(')d; this in the experiment (Figure 4), the first harmonics can be specified as Cip = 2C,,, Cipy = 4C,, C,y =

Thus, along with the set of values C, , according to the anharmonicity parameter (signal nonlinearity),
there are also bifurcation values C, ,, caused by fluctuations in gas volume. The sensor response — correlator
responds to the joint effects C, , < C,, ,C.p > C,,. Therefore, in the vicinity of C ~ C,, weaker deviations
from linearity of the sensor response relative to its established maximum value are observed when C, , > C,,,.
This symptom of signal saturation is used in practice. As we have pointed out, the methane in mines prevention
and appropriate measures are taken with C,, = 10* ppm (1%) and C, g =15% C,.

Let us establish a relationship between K,,,, and the parameter, which takes into account anharmonicity.
Taking into account the formula (13), we have

C.(1+a) =2

0 (17)

§<a<% or 0,567 < a < 0,806

where C,, the saturation concentration of a purely coherent state. The relative correlation of fluctuations is

2
proportional to the number of interacting pairs of particles <Kmax = (CC“) ) This ratio and formula (17)

*0
summarize experimental and theoretical results.

The above examples of experimental and theoretical estimates show the possibility of a fluctuation-
dissipation approach to determining the saturation concentration of a laser gas signal. At the same time, the
type of symmetry of gas molecules, fluctuation bifurcations and the condition of comparability of the energies
of thermal and quantum perturbations were considered. It is possible to estimate the critical values of the gas
concentration without using optical spectral complexes, that is, complex fundamental methods of molecular
spectroscopy. Concentration-spectral analysis methods in this direction may be useful to replace specific
plasma-photometric, chemiluminescent gas detection methods.

The complexity of the problems and the possibility of continuing in this direction will be indicated by the
example of some modern research. The paper [13] presents the results of a theoretical and experimental study
of the rotational and vibrational spectra of diamond nanocrystals from meteorites. More than 7000 purely
rotational transitions and the first vibrational-rotational states have been detected. Using supercontinuum
lasers, ammonia (NH;) and methane (CH,) can be detected in a photonic fiber at a telecommunication
wavelength [14]. In [15], Raman scattering of a laser beam with a wavelength of 532 nm was used by a multi-
pass ring resonator to detect gases with high sensitivity.

Our results were obtained by time correlation of fluctuations at a fixed point. Note that our new physical
conclusions about the values of the saturation concentration of the sensor signal, taking into account the
nonlinearity due to the anharmonicity of fluctuation bifurcations and the results of repeated measurements
correspond within + 5% of the RMS ratio.

5. Conclusion

In this paper, the possibility of determining the gas concentration values leading to saturation of the
response of a laser gas sensor is shown. The correlation functions of fluctuations in the output voltage of a
photodiode have been experimentally obtained. The fluctuation-dissipation ratio was used to theoretically
describe the experimental results.
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It is shown that the nonlinear response of saturation of the laser sensor signal with an increase in gas
concentration occurs when the energy of absorbed photons in the gas and the thermal energy of molecules are
comparable. The possibility of using universal functional relations of scale invariance to estimate the values
of saturation concentrations of the sensor signal, taking into account the symmetry of the location and the
appearance of bifurcations of the oscillation of gas molecules, is shown. This means that the methods of this
work are applicable to determine both the gas concentration and the type of target gas.

Knowledge of the onset of the nonlinear sensor operation mode is a practical necessity to prevent
disruption of the normal rhythms of life, production, and ecology. In this paper, we have indicated the
possibilities of approaching this problem using simple physical methods without using spectral complexes or
chemical methods. The experimental technique and measurement methods used by us with the addition of
spectral modeling make it possible to create simpler small-sized sensors for the considered problem.
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Abstract. According to the results of tribotechnical tests of coatings made of KNA-82 alloy ligatures with the
addition of yttrium of 0.1%, 0.3%, 0.5%, data were obtained that allowed us to establish the nature of changes in
the dynamic coefficient of friction over the test period and numerous values of the energy intensity of material wear.
The evaluation of coatings formed by the gas-flame and ion-plasma method was based on the following premise.
The maximum resistance to mechanical fracture is determined by the manifestation of a constant minimum value of
the dynamic coefficient of friction. This serves as an indicator of reduced friction force before reaching the fatigue
limit. Another key factor is the number of separated particles produced per unit of integral work during the friction
process. These evaluation parameters are lined up in a row by the number of points from 1 to 4. The maximum score
corresponds to the maximum resistance, i.e., a lower value of the energy intensity of material wear and the minimum
value of the stable friction coefficient. It has been determined that the same coincidence of these parameters
according to the scores is almost at all stages of testing (I-111) was the coating formed by the gas-flame method with
a yttrium concentration of 0.3%-0.5%. The exception was the coating formed by the ion-plasma method with a
yttrium concentration of 0.1% at the fourth stage of testing.

Keywords: sealing coating, ion-plasma method, gas-flame method, mechanical fracture resistance, cutting tracks,
high-temperature loading, yttrium, mechanical stability, gas turbine engines.

1. Introduction

In the current technological environment of industrially countries, especially in the aerospace, energy and
aviation industries, there is a growing need for materials that could provide reliable operation in high
temperatures, aggressive environments: intense gas-erosion and gas-explosive exposures [1,2]. One of the
most important areas of research and development in this context is the creation of heat-resistant sealing
coatings that would be effective in conditions of high-temperature aggressive gas flow and will increase
engine’s efficiency. Among the modern materials that have high thermal endurance and excellent resistance
to abrasive and gas-erosion wear, yttrium-containing coatings occupy a special place. The use of yttrium in
coatings can increase wear resistance, heat resistance, provide reliable adhesion to the substrate material, and
improve mechanical properties [3].

An example of application is the coatings of gas turbines. One of the main parameters in the design of
modern gas turbine engines (GTES) is the efficiency. One of the main directions of improving the engine
design and to reduce gas flow losses and rationalizing fuel consumption is to reduce radial clearances in the
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rotor-stator interface [4]. The control of the size of axial and radial clearances in the GTEs are the focus of
research by many authors, but this problem has not been finally solved. It is quite difficult to ensure the size
of the gap, so there is a need to use sealing coatings. In particular, coatings of the Ni-Co-Cr-Al-Y system [5].

The authors [6] note the prospects of using of rare earth metals in heat-resistant coatings. Active
interaction with impurities — interstitial elements (mainly carbon and oxygen) promote the formation of stable
carbides at the interfaces (phase boundaries, dislocation clusters). Yttrium in appropriate proportions stabilizes
aluminum and chromium oxide films, improves the adhesion of coatings to the substrate material, increases
the thermal stability of alloys, and slows down the coagulation of hardening phases [7-9]. It has been
established that yttrium dissolved in a nickel matrix increases heat resistance [reference]. The introduction of
yttrium in an amount exceeding its solubility limit leads to the precipitation of the phase close to NisY inside
the grain and at the grain boundaries. [10]. The introduction of yttrium also contributes to the formation of
Ni (AlY)20 4 and Y205 oxides on the alloy surface. In the coatings of the Ni-Co-Cr-Al-Y segregation of Y at
the scale-coating interface leads to less cavity formation and, therefore, improves the adhesion of the oxide a-
Al;,O3 oxide scale. However, despite these studies, the experimental results of on the effect of yttrium on the
high-temperature gas-erosion resistance of coatings are currently not sufficient to determine the required
amount of Y to be added, as well as the efficiency of its use [11].

The main objective of the research is to determine the resistance of yttrium-containing coatings formed
from KNA-82 alloy ligatures on small-sized samples using the gas-flame and plasma spray methods to
mechanical destruction during the formation of the insertion tracks. In this case, the cut-in tracks perform a
forcedly modeled wear profile of the material of coatings applied to the surface of the stator of a labyrinthine
gas-dynamic seal, power turbine, etc. In this case, resistance is considered as a generalized quality of a
multiligature material, which, according to the nature of friction and wear observed when the pointed ridges
are cut in, reflects the pattern of destruction of cohesive bonds between the components of the formed powder
coating [12,13].

2. Materials and research method

To conduct the research, the coatings were formed up to 5 mm thick on one side of cubic specimens of
size 15%22x20 from a cylindrical forming work surface. The substrate for the sample was made of nickel alloy
Inconel 600. The coatings tested were KHA-82 (nickel alloyed with silicon, aluminum, and solid lubricants
(graphite and boron nitride) with the addition of 0.1%, 0.3%, and 0.5% yttrium. The coatings were applied by
gas-flame and plasma sputtering methods, Fig. 1 ¢, d. The tribological tests were carried out at the SMC-2 unit
at the modeled temperatures given in the presented stages of the study. Scheme of the rotating disk - fixed pad
is presented in Figure 1a.

The prepared samples were subsequently subjected to

- high-temperature dynamic loading in the environment of a burning iso-octane-propane-butane gas
mixture at a temperature of 950-1220 °C for 5 min., Fig 1, c,

- high-temperature static loading in a furnace at 1100°C for 3 hours, which was considered as a static
high-temperature loading with a limited amount of oxygen as an oxidizing agent;

- high-temperature dynamic loading in the environment of a burning gas iso-octane-propane-butane
mixture at a temperature of 950-1020 °C for 5 min. with modeling of a constant mechanical load, Figl, d.

Based on the above factors of high-temperature loading, the physical modeling of mechanical fracture of
the sample surfaces was carried out in four stages:

- stage 1 - tribotechnical tests at a normal ambient temperature T = 25°C after coating. The test cycle was
5 min. at a constant load;

- stage 2 - tribotechnical tests at a normal ambient temperature of T = 25°C after exposure of the coating
to a high-temperature dynamic load of a burning gas iso-octane-propane-butane mixture at a temperature of
950-1220 °C. The test cycle was 5 min. at constant load;

- stage 3 - tribotechnical tests at an ambient temperature of T = 25°C after exposure of the coating to a
high-temperature static load in an oven at a temperature of 1100 °C. The test cycle is 5 min. at constant load;

- stage 4 - tribotechnical tests in a burning gas iso-octane-propane-butane mixture at a temperature of
950-1020 °C. The test cycle included mechanical loading without a burning gas mixture environment for 1
min, with a burning gas mixture environment for 3 min, and without a burning gas mixture environment for 1
min. The comparison of the resistance of yttrium-containing coatings to wear resistance was carried out relative
to coatings that were not subjected to temperature loading and acted as reference coatings.
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d)
Fig. 1. Elements of methodological support for experimental studies: a) contact of the disk samples with the pad:
1 lower shaft of the SMC-2 friction machine; 2 - thermocouple casing; 3 - holder; 4 - coated sample pad,;
5 - thermocouple casing; 6 - fixing nut; 7 - sample disk with ridges; b) contact of the sample disk with the pad in a
burning gas mixture; c) the surface of the coating formed by the gas-flame method; d) the surface of the coating
formed by the gas-flame method after temperature loading in a burning gas mixture: 1 - cut-in tracks; 2 — coating.

To evaluate the resistance of coatings to wear resistance, we used the components of the methodology for
tribotechnical testing of materials for friction and wear proposed in [14,15], Fig 1, a. The tests were carried
out on the SMC-2 test rig according to the friction scheme "rotating disk with ridges - fixed pad with a coating"
under a static contact load with a force of P = 18.6 N and a disk rotation frequency of n = 300 min without
modeling the temperature state. The radius of the disk was 0.025 m, made of Inconel 617 alloy.

The test time was 5 min. The load during the tests of the samples after exposure to the furnace was P,=18.6
N and P,=3.5 N. A disk with four ridges of a trapezoidal profile with an outer diameter of d = 50 mm was
installed on the lower shaft of the friction machine, Fig 1, a.

The direct parameters of tribotechnical tests were considered:

- weight loss of the coating material Am, g

- friction torque Mt, P-m in the form of tribograms, the value of the scale of the friction recorder field
was Mti=0.18 N-m.

The indirect parameters of tribotechnical tests were considered:

- dynamic friction coefficient p;

- energy intensity of wear of the coating material I, g-J ™.

- friction path I; = 235.5 m

The weight loss of the samples was measured on an electronic balance Radwag AS 220.R2 with an
accuracy of 0.1 mg. The number of samples for each coating was n=3. The arithmetic mean values were used
for analysis. The average standard deviation was ¢ = 0.0055 g.

Am Am

Im ~ ~ =
_ - =N L
N-ly-pg +P-lp-pp+Pl3 3 =1k

»g']_lv (1)

where Am is the average mass wear of the coating, g; W is the average current value of the friction
coefficient during the corresponding test time; li is the average friction path over which the friction coefficient
uj is manifested, m; P is the force of pressing the coated sample against the disk ridges, N.

To estimate the ranges of change in the energy intensity of wear due to the range of changes in the yttrium
content and the predicted expected difference in weight wear, we propose to use the conditional maximum and
minimum wear intensity, which was

_ Amp,y
Mymax ~ A

g J—l , (2)

Tmin
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Ampin .
Mymin — A; ,gJ 1’ (3)
where Ammax, Ammin are the maximum and minimum significant wear of the samples at the research stage, g;
A(t_min), A_(t_max ) are the minimum and maximum values of friction work, J.
The dynamic coefficient of friction (hereinafter referred to as the friction coefficient) was calculated
according to the equation:

p=—t, (4)

The analysis of the wear mechanism of the material of the studied coatings is based on the following
judgment. The frictional interaction of the surfaces of the moving disk ridges with the components of the
coating structures causes

- the action of a tangentially directed friction force, which in this direction loads the cohesive bonds
between the microscopic particles of the coatings, and when repeatedly manifested, causes their fatigue to
resist destruction, which in turn causes their gradual separation and removal from the friction zones. This is
the main cause of coating failures, since during the experiments, active separation of these particles was
observed, but with varying intensity;

- the effect of normal static load, which during the experiment caused the appearance of instantaneous
macro and micro stresses in the surface layers of coatings that did not have time to relax and intensified the
process of separation of microparticles.

Based on the above, the conditions of maximum wear resistance are constant minimum value of the
dynamic friction coefficient, as an evidence of lower friction force before reaching the fatigue limit, and the
number of separated particles that are accounted for the production of a unit of integrated friction force work
[5]. That is, with a lower integral work of friction forces |A: and a greater separation of particles TAm, the
fracture resistance will be lower and the parameter Im will be higher, expression (1). Conversely, with a greater
integrated work of friction forces T At and a smaller separation of particles |Am, the fracture resistance will be
greater and the parameter Im will be smaller.

These parameters, in accordance with the research methodology, were taken into account in the form of
the constructed laws pu=f(t) and the complex parameter Im.

3. Experimental data and results

Based on the results of processing the data from the obtained tribograms, graphical dependences of the
change in the dynamic coefficient of friction over the test time were constructed using the arithmetic mean
values, Fig 2-5,7. The energy intensities of wear of the coatings during the formation of the cut-in tracks are
given in Tables 1-4 and Fig 6.

Results of the research at stage 1.

The analysis of the data obtained regarding the effect of the resistance of the initial coatings to mechanical
destruction indicates the following:

- the minimum value of the weight of the separated particles was Ammin=0.0747 g for the coating formed
by the thermal spray method with a yttrium concentration of 0.5%, the maximum value Amma=0.2629 g was
for the coating formed by the plasma spray method with a yttrium concentration of 0.5%;

- the minimum value of friction work Atmin=1271 J was for the coating formed by the thermal spray
method with a yttrium concentration of 0.5%, the maximum value Atm=8463 J was for the coating formed
by the thermal spray method with a yttrium concentration of 0.3%.

Based on the above, the limit values of stability according to the parameters of expressions (2,3), against
which the stability of the original coatings should be evaluated, were as follows:

- minimum durability corresponds to the maximum conditional energy intensity of wear 1,m,=20.6-10"° g-J%;
- maximum resistance corresponds to the minimum conditional energy intensity of wear 1m=0.8-10" g-J™.

The analysis of the data obtained regarding the manifestation of the resistance of the original coatings
indicates the following. In general, an ambiguous effect of yttrium content, temperature load, and the method
of coating formation on the manifestation of tribotechnical characteristics is noted.

Thus, in the absence of a temperature load (Table 1)

- The plasma spray method of coating formation compared to the thermal spray method causes a decrease
in wear resistance by 1.65 times and 2.6 times with an increase in yttrium concentration from 0% to 0.3%,
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except for a concentration of 0.5%, at which the resistance, on the contrary, increased by 1.5 times;
- the maximum resistance corresponded to the coatings formed with yttrium concentrations of 0.1% and
0.3%, but did not differ significantly from the original coating.

Table 1. Energy intensities of wear of experimental coatings Im-10°, g-J1, obtained at the research stages 1 and 2

Yttrium content Thermal spray method Plasma spray method
Y, %
No heating Heating in a gas No heating Heating in a gas
environment environment
0 3.3 8.16 5.4 7.82
0.1 3.1 8.37 5.03 9.66
0.3 2.79 6.08 7.15 10.13
0.5 5.87 8.13 3.78 11.28

For the assessment by two parameters, i.e., taking into account the friction coefficient, it is proposed to
apply a point scale from 1 to 4. The maximum score corresponds to the maximum stability and the minimum
value of the stable friction coefficient, the patterns of change of which are shown in Fig. 2
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Fig. 2. Dependence of the dynamic coefficient of friction on the time of tribotechnical testing of coatings at
T =25 °C before interaction with a stream of burning gases: a) at thermal spray forming; b) at plasma spray forming;
1 - original coating; 2 - yttrium 0.1%; 3 - yttrium 0.3%; 4 - yttrium 0.5%.

An increase in the coefficient of friction by more than one indicates pathological processes of destruction
of cohesive bonds with the separation of particles. That is, the friction force significantly exceeds the bonding
forces between the coating components.

Thus, in the absence of temperature load, the scores had the following distribution (Table 2).

Table 2. Evaluation of coatings without temperature load

Formation method Parameter Number of points min—max
steadiness
1 2 3 4
Thermal spray Im 0.5 0 0.1 0.3
1 0.3 0 0.1 0.5
Plasma spray Im 0.3 0 0.1 0.5
1 0.5 0.1 0.3 0

From the data in Table 2, it should be assumed that the coating formed by the thermal spray method has
a parameter coincidence of 3 points with yttrium concentration of 0.1%. That is, this coating has the maximum
resistance to mechanical fracture when forming the insertion tracks. For the coating formed by the plasma
spray method, there is no obvious coincidence, but the maximum resistance is close to the same number of
points for concentrations from 0.1% to 0.3%.
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Results of the research at stage 2.

The analysis of the data obtained regarding the resistance of coatings to mechanical destruction at a
temperature of T = 25°C after their heating in a gas environment at a temperature of 950-1220 °C indicates the
following:

- the minimum value of the mass of separated particles was Ammin=0.1802 g for the coating formed by
the thermal spray method with a yttrium concentration of 0.3%, the maximum value Ammax=0.4707 g was for
the coating formed by the plasma spray method with a yttrium concentration of 0.3%;

- the minimum value of friction work Amin=2964.3 J was for the coating formed by the thermal spray
method with a yttrium concentration of 0.3%, the maximum value Amax=4648.1 J was for the coating formed
by the plasma spray method with a yttrium concentration of 0.3%.

Based on the above, the conditional limit values of stability according to the parameters of expression
(2.3) were as follows:

- minimum resistance corresponds to the maximum conditional energy intensity of wear 1m,=15.87-10"° g-J%;
- maximum resistance corresponds to the minimum conditional energy intensity of wear 1m=3.87-10" g-J™.

Thus, in comparison with the ultimate limits of the stability of the original coatings, it can be seen that
the range of stability of the coatings after heating in a gas environment narrowed by 1.65 times, and the stability
decreased in general for both methods of formation, regardless of the yttrium concentration, Table 1. At the
same time, the maximum stability remained for the coating formed by the thermal spray method with a yttrium
content of 0.3%, but compared to the original structure, the stability decreased by 2.18 times. However, as for
the coatings formed by the plasma spray method, the maximum resistance corresponded to the coating without
yttrium. The resistance of the coating with a yttrium concentration of 0.5%, which was the maximum,
decreased by almost 3 times. The nature of the friction coefficient for the coatings formed by the thermal spray
method is shown in Fig, 2 a. The structural-phase transformations that took place caused obvious dispersion
of the mechanical properties of the coatings along the depth, as indicated by the equality of the friction
coefficients for yttrium coatings during the test period from 0 min to 1 min, when p = 0.58-0.67, and from 4
min to 5 min, when p = 0.77, Fig 3, a. But from 1 min to 4 min, the coefficients differed. This implies that
different fracture resistance according to preliminary estimates of the depth of the cut-in tracks was observed
at a distance from the surface of 0.5 mm to 2 mm.
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Fig 3. Dependence of the dynamic coefficient of friction on the time of tribotechnical testing of coatings at T = 25°C
after interaction with a stream of burning gases: a) at thermal spray forming; b) at plasma spray forming; 1 - initial
coating; 2 - yttrium 0.1%; 3 - yttrium 0.3%; 4 - yttrium 0.5%.

For the coatings formed by the plasma method, Fig 3, b, no such distribution was observed. However, for
almost all coatings, the friction coefficient p=1.16 was equal only in the period from 4 min to 5 min of testing,
with the exception of the coating with a yttrium concentration of 0.5%, for which p = 0.87. In this case, the
same susceptibility to fracture processes was characteristic of the coating without yttrium and the coatings with
its concentrations of 0.1% and 0.3%, which occurred from the 2nd min to the 3rd min of the test, Fig 3, b.

The interaction of the coatings with the high-temperature gas environment resulted in the following
distribution of points in assessing their durability (Table 3). The values of the friction coefficients were selected
according to the time of manifestation of obvious differences, i.e., from the 2nd min to the 3rd min of testing,
Fig 3, a, b.
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Table 3. Evaluation of coatings exposed to high-temperature gas loading.

Formation method Parameter Number of points min—max
steadiness
1 2 3 4
Thermal spray Im 0.1 0 0.5 0.3
u 0 0.1 0.5 0.3
Plasma spray Im 0.5 0.3 0.1 0
u 0.1 0 0.3 0.5

From the data in Table 3, it should be assumed that the coating formed by the thermal spray method has
a parameter coincidence of 4 points with a yttrium concentration of 0.3%, i.e., it has the maximum score. Based
on this, this coating has the maximum resistance to mechanical fracture when forming the cut-in tracks. For
the coating formed by the plasma method, there is no obvious coincidence, but the maximum resistance for
concentrations from 0.1% to 0.3% with the same number of points borders on the number of points 3.

Research results at stage 3.

The analysis of the data obtained regarding the manifestation of the resistance of coatings to mechanical
fracture at a temperature of T = 25°C after exposure to a high-temperature static load in an oven at a temperature
of 1100 °C indicates the following:

- the minimum value of the weight of the separated particles was Ammin=0.004 g for the coating formed
by the plasma method without yttrium, the maximum value Amma=0.1331 g was for the coating formed by
the plasma spray method with a yttrium concentration of 0.1%;

the minimum value of friction work Amin =1710.2 J was for the coating formed by the thermal spray
method with a yttrium concentration of 0.3%, the maximum value Awmax=7542.1 J was for the coating formed
by the ionoplasma method with a yttrium concentration of 0.3%.

Based on the above, the limit values of stability according to the parameters of expressions (2,3) were as
follows:

- minimum resistance corresponds to the maximum energy conditional wear intensity Im=7.8-10° g-J*;
- maximum resistance corresponds to the minimum energy conditional wear intensity 1;n,=0.05-10° g-J.

Thus, in comparison with the ultimate limits of resistance relative to the original coatings, it can be seen
that the range of resistance of the coatings after exposure to the furnace narrowed by 2.5 times.

At the same time, the stability has generally increased for both formation methods, regardless of yttrium
concentration. The increase in resistance for coatings formed by the thermal spray method was 6.6 times on
average, and 3.8 times for the ion plasma spray method plasma method, respectively.

Table 4. Energy intensities of wear of experimental coatings Im-10-5, g-J2, obtained at the research stages 1 and 2.

Yttrium Thermal spray method Plasma spray method
content Aging in the furnace Heating after the Aging in the furnace | Heating after the furnace
Y, % furnace
0 0.35 0.35 0.2 1.47
0.1 1.14 1.49 1.76 0.85
0.3 0.43 0.61 0.9 0.79
0.5 0.21 0.37 1.46 0.96

The coatings formed by the thermal spray method retain greater resistance. However, the highest
resistance value was already achieved by the coating with a yttrium concentration of 0.5%. For coatings formed
by the plasma spray method, there is no obvious pattern of increasing resistance, as is the case for gas flame
coatings. A coating with a yttrium concentration of 0.3% has greater resistance. However, it should also be
noted that there is a decrease in the resistance of coatings with yttrium compared to coatings without it. This
is more pronounced for coatings formed by the plasma spray method.

The nature of the friction coefficient, Fig 4, indicates the following. For coatings formed by the thermal
spray method, Fig 4, a, at the beginning of the experiments, a decrease in the friction coefficient is observed,
which is due to the creation of surface structures capable of exerting less shear resistance with fewer separable
wear particles, as indicated by the data in Table 4. However, this tribological state is not maintained in the
subsequent test period, with the exception of the coating with a yttrium content of 0.3%. This indicates that
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the gradients of mechanical properties with depth for coatings with yttrium content of 0.1% and 0.5% are not
the same.
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Fig. 4. Dependence of the dynamic coefficient of friction on the time of tribotechnical testing of coatings at
T = 25°C after exposure to the furnace: a) at thermal spray forming; b) at plasma spray forming; 1 - original coating;
2 - yttrium 0.1%; 3 - yttrium 0.3%; 4 - yttrium 0.5%.

2 —E-3 —e—14

For the coatings formed by the ionoplasma method, Fig 4, b, an increase in the friction coefficient is
observed exclusively for all yttrium-containing coatings, which is due to the creation of surface structures
capable of exerting greater resistance, but with a larger number of separable particles, as indicated by the data
in Table 4. The lowest values of the friction coefficient were observed for the coating with a yttrium content
of 0.5%, for which the wear rate was average between the coatings with a yttrium content of 0.1% and 0.3%.
Again, this indicates the peculiarity of the distribution of gradients of mechanical properties of coatings along
the depth. Thus, in this case, the coating with yttrium content of 0.5% is characterized by a lower resistance to
the destruction of cohesive bonds between the coating components, which actively reduces the shear resistance
and causes a lower friction coefficient. However, this resistance is 1.5 to 1.8 times higher than that of a yttrium-
free coating during the test.

The exposure of the coatings to static high-temperature conditions resulted in the following distribution
of points in the assessment of their durability (Table 5). The values of the friction coefficients were selected
according to the time of manifestation of obvious differences, i.e., from the beginning of the tests to 1 min of
testing, Fig 4, a, b.

Table 5. Evaluation of coatings after exposure to static high-temperature environment.

Formation method Parameter | Number of points min—max steadiness
1 2 3 4
Thermal spray Im 0.1 0.3 0 0.5
u 0 0.1 0.3 0.5
Plasma spray Im 0.1 0.5 0.3 0
u 0.1 0.3 0.5 0

From the data in Table 5, it should be assumed that the coating formed by the thermal spray method has
a parameter coincidence of 4 points with a yttrium concentration of 0.5%, i.e., it has the maximum score. Based
on this, this coating has the maximum resistance to mechanical fracture when forming the cut-in tracks. For
the coating formed by the plasma spray method, there is no obvious coincidence, but the maximum resistance
for concentrations from 0.3% to 0.5% with a point 3.

Research results at stage 4.

The analysis of the data obtained regarding the manifestation of the resistance of coatings to mechanical
fracture at a temperature of T=950-1020°C after exposure to high-temperature static load in an oven at a
temperature of 1100 °C indicates the following:

- the minimum value of the weight of the separated particles was Ammin=0.0131 g for the coating formed
by the thermal spray method with yttrium concentration of 0.5%, the maximum value Amma=0.0832 ¢
occurred for the coating formed by the thermal spray method with a yttrium concentration of 0.1%;
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- the minimum value of friction work Amin =3140.9 J was for the coating formed by the plasma spray
method with a yttrium concentration of 0.1%, the maximum value Amax=6074.7 J was for the coating formed
by the thermal spray method without yttrium.

Based on the above, the limiting values of stability according to the parameters of expressions (2,3) were
as follows:

- minimum resistance corresponds to the maximum energy conditional wear intensity Im=2.64-10° g-J*-
- maximum resistance corresponds to the minimum energy conditional wear intensity 1m,=2.15-10"° g-J™.

Thus, in comparison with the ultimate limits of stability relative to the original coatings, it is clear that
the range of stability of the coatings after exposure to high-temperature loading narrowed by almost 32.5 times.
And compared to the resistance range that occurred at the previous stage, the range narrowed by 15.8 times.
This indicates a significant influence of the high-temperature loading factor on the formation of fracture
resistance when forming the insertion tracks.

At the same time, after repeated high-temperature loading, the resistance for coatings obtained by the
thermal spray method with the addition of yttrium decreased by an average of 1.5 times, and without yttrium
remained almost unchanged (Table 4). The coating with a yttrium concentration of 0.5% was more resistant.
For coatings formed by the thermal spray method, the picture is the opposite, the resistance increased for
coatings with yttrium by an average of 1.25 times. Coatings with a yttrium concentration of 0.5% had greater
resistance (Table 4). The general picture of the trends in the energy intensity of wear of the experimental
coatings is shown in Figure 5.
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Fig. 5. Diagrams of ratios of wear intensities Im-10° of coating materials by stages of research:
A - coating formed by the thermal spray method; B - coating formed by the plasma method; a) without
yttrium; b) yttrium 0.1%; c) yttrium 0.3%; d) yttrium 0.5%.

The character of the friction coefficient for coatings, Fig 6, indicates the following. The general picture
of the mechanical behavior of coatings, which was described for the identified typological condition at stage
4, is preserved. The exception is due to the change in some numerous values of the friction coefficient and the
pattern of its manifestation over the test time, which is caused, firstly, by the temperature of the interaction
medium, and secondly, by an increase in load, almost 1.8 times.
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Fig. 6. Dependence of the dynamic coefficient of friction on the time of tribotechnical testing of coatings at

T =950-1020°C after exposure to the furnace: a) at thermal spray forming; b) at plasma spray forming; 1 - initial
coating; 2 - yttrium 0.1%; 3 - yttrium 0.3%; 4 - yttrium 0.5%.

For all yttrium-containing gas-flame coatings, there is an increase in the friction coefficient over the test
time, which indicates an increase in the resistance to movement and the manifestation of gradients in the
mechanical properties of their near-surface layers. For all yttrium-containing ion-plasma coatings, a decrease
in the friction coefficient by 1.3-2.6 times is observed, indicating an additional formation of surface structures
capable of exerting less resistance to movement.

Table 6. Evaluation of coatings after exposure to static high-temperature environment.

Formation method Parameter Number of points min—max_stability
1 2 3 4

Thermal spray Im 0.1 0.3 0.5 0
i 0 0.3 0.1 0.5
Plasma spray Im 0 0.5 0.1 0.3

u 0.3 0.5 0.1 0

From the data in Table 6, it should be assumed that the coating formed by the thermal spray method has
a parameter coincidence of 2 points with yttrium concentration of 0.3%, i.e., it has an average score. Based on
this, this coating has an average resistance to mechanical fracture when forming the cut-in tracks. For the
coating formed by the plasma spray method, there is a coincidence of parameters in terms of the number of
points, which is equal to 3 with yttrium concentration of 0.1%, i.e., it also has an average score, but higher
than the gas flame coating.

4. Conclusion

The results of the four-stage experiment indicate the importance of taking into account the influence of
various factors on the mechanical resistance of coatings. The first stage of the study showed that the effect of
yttrium content, high-temperature, and coating formation method on their resistance to mechanical fracture is
ambiguous. A decrease in resistance is observed when using the plasma spray method compared to the thermal
spray method, when there is no temperature load. The second stage confirmed that the coatings obtained by
the thermal spray method have the maximum resistance to mechanical fracture compared to other methods,
but their properties can change after heating. The third stage indicates an increase in the stability of coatings
after exposure to high-temperature loading in a furnace, regardless of yttrium concentration, but a narrowing
of the stability range after such exposure is observed. At the fourth stage, it was confirmed that high-
temperature loading significantly affects the mechanical stability of coatings, and the addition of yttrium can
affect their stability, depending on the method of coating formation and its concentration.

In conclusion, high-temperature loading has a significant impact on the mechanical resistance of coatings,
and this factor should be taken into account when using them in appropriate conditions. The addition of yttrium
can be useful for improving resistance, but the effect of this element depends on the method of coating
formation and its concentration. Thus, the optimal choice of coating formation parameters can only be made
based on a comprehensive analysis of all these factors. To confirm the results, further studies of the
microstructure and phase composition of the coatings will be carried out.
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Abstract. The paper presents a scientific and technical substantiation of the parameters of the radar device, which
allows to detect and visualize forbidden objects by means of electromagnetic radiation of the microwave range. A model
of a multistatic scheme for measuring waves reflected from an object based on the holographic method is developed. A
software complex of simulation modeling of radar device operation has been developed, by means of which
reconstructions of object images for different configurations of sparse sensor subsystems of the radar device have been
obtained. An optimal configuration of the sparse sensor subsystem was selected by the method of peak signal-to-noise
ratio analysis, for which a multi static hologram was modeled and a reconstruction of the metal rod image was generated.
The reconstruction of the metal rod image obtained as a result of simulation modeling has a recognizable contour, which
confirms the prospect of developing an experimental prototype of a radar device for detecting prohibited objects.

Keywords: microwave imaging, holography, multi static array, detection of prohibited items, visualization.

1. Introduction

Places of mass gatherings require special measures to ensure safety. This is due to the fact that mass
events involve large numbers of people, which may be associated with security threats due to unlawful actions
of certain groups of people. To reduce the surprise factor from the use of various types of prohibited items, it
is necessary to use technical systems to detect the presence of prohibited items hidden under clothing or in any
hand-held items, such as bags [1].

Prohibited items to be detected are traditionally made of durable materials that have a high reflection
coefficient for electromagnetic waves: metal, plastic, rubber, ceramics, and others. [2].

The radio wave method of object detection is promising in terms of in formativeness, safety and non-
contact action in the process of scanning various objects. Based on the radio wave method, research is
underway to develop inspection systems that allow remote detection of prohibited objects [3,4].

Currently created means of remote detection and visualization of prohibited items, based on radio waves
have a rather high price, which is one of the factors limiting their widespread use. Based on the above, it can
be stated that the development of an affordable radar device that allows remote detection of hidden prohibited
items is an urgent scientific and technical task that requires research.
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In the presented work, a scientific and technical justification of the parameters of a radar device for the
detection of forbidden objects by means of a holographic method of image acquisition using a multi static
measurement scheme is proposed [5,6].

The concept of radar device application is as follows: the object of inspection is installed at a certain
distance from the sensor subsystem, which is an array of measuring and radiating antennas evenly distributed
in the plane of the sensor subsystem (Figure 1).

a - general view of the arrangement; b - side view; A - aperture size of the sensor subsystem; D - distance from
the base of the sensor subsystem to the reference source; 1 - detection object; 2 - sensor system; 3 - reference source

Fig 1. Location of the detection object in relation to sensor system and reference source.

The reference source is installed opposite the sensor subsystem in such a way as to ensure a high stable
level of the reference signal over the entire measuring plane. Radiators of the sensor subsystem in turn irradiate
the object with electromagnetic wave of the microwave range. As a result of interaction between the wave
reflected from the object and the reference source, a hologram is formed, which is registered by the measuring
antennas of the sensor subsystem [7].

For most prohibited items, the most common place to carry prohibited items is the torso area. It is in this
area that the best authorization should be concentrated. The average height of a person is 1.7 meters, but
occasionally people with a height of about two meters are encountered, so the maximum dimensions of a
person are assumed to be 2 meters.

In [8], studies of spatial resolution depending on aperture parameters and location of the object of
inspection relative to the sensor subsystem were carried out, and rational parameters of the radar device for
human inspection for the presence of prohibited items were scientifically substantiated (Table 1).

Table 1. Rational parameters for inspection of a person up to two meters tall.

Parameter name Minimum value Maximum value
Distance to the object, m L=0,6wMm L=1wm
Aperture size of radiolocation device sensor subsystem, m D=1wm
Height of radiolocation device sensor subsystem center, m J=1wm

The presented location of the sensor subsystem relative to the scanning object allows its inspection with
a resolution in the range from half-length to 0.9 wavelength. One of the main criteria in the process of creating
a radar device for the detection of prohibited items is for the assembly of the system to select according to
certain parameters the necessary components with operating frequency up to 6 GHz and wavelength of 50 mm.

2. Formulation of the problem

The research task of designing a radar device for the detection of prohibited objects is to find its best
configuration that combines a rational ratio between the quality of the received image and the technical
characteristics of its subsystems. The standard approach of designing sensor subsystems is based on the fact
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that the distance between neighboring radiating and measuring antennas should be no more than half a
wavelength of radiation, which provides a high-quality image [9]. However, the design of such a sensor
subsystem is not economically feasible due to the high requirements for the measurement electronics and
computing module.

The main advantage of wave systems based on a multi static sensing scheme is that the reconstruction
algorithm is robust to the aperture sparsity of the sensor subsystem. This means that it is possible to use a
sensor subsystem in image computation where the distance between the emitting and measuring elements of
the sensor subsystem is greater than half the wavelength of the sensing signal.

The use of a sparse sensor subsystem will result in the appearance of systematic noise in the image
reconstruction [10]. However, despite the presence of systematic noise, the image quality can remain at the
required level, sufficient for detection and unambiguous recognition of the forbidden object, at different
coefficients of the sensor subsystem sparse.

In view of the existence of many combinations of parameters and configurations of the radar device, the
task of searching for rational parameters by experimental methods is quite laborious, so in this case the method
of simulation modeling is the most effective [11].

3. Model Development

To analyze the influence of sensor subsystem parameters on the quality of image reconstruction, a spatial
diagram of one transmitter-receiver pair of sensor and reference source subsystems was initially drawn (Figure
2).

A

W

1 - transmitter; 2 - receiver; 3 - reflection point; 4 - reference source;
5 - wave path from the transmitter to the reflection point; 6 - wave path from the reflection point to the receiver; 7 -
wave path from the reference source to the receivers; 8 - measurement plane of reflected signals
Fig 2. Spatial diagram of one pair “transmitter - receiver” sensor subsystem of the radar device.

In the process of forming the simulation area, which is bounded by the cube ABCDEFGH with an edge
equal to 1 m, the sensor system 1 (see Figure 3) was located on the face ABCD. In the center of the EFGH
face there is an object 2 (see Figure 3) of scanning, for which analytical studies with the help of simulation
were performed.

1 2
G' G

A E E
1 - location of the sensor subsystem; 2 - location of the modeling object
Fig 3. Simulation modeling area.
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The flat image of the scanning object for simulation modeling is a two-dimensional array of 256 x 256
points, each of which of the simulation object has two states:

1 - 100% reflection;

2 - 0% reflection.To control the noise level of image reconstruction we will use the peak signal-to-noise
ratio (hereinafter referred to as PSNR) [12]:

PSNR = 20lg (wj , (1)
RMS

where, MAX — maximum value of the reconstruction intensity;

RMS — the standard deviation of the image reconstruction [13].
X-1Y-1

RMS:X—%YZZ(IO(i,j)—I(i,j))Z, )

i=o0 j=0
where, lo(i,j) - image reconstruction obtained by the sensor subsystem with the distance between neighboring
emitters and receivers equal to half wavelength, two-dimensional array;
I(i,j) - image reconstruction obtained by a sparse sensor subsystem with the distance between neighboring
emitters and receivers exceeding half a wavelength, two-dimensional array;
i, j - coordinates of the image point, pixel;
X, Y - length and width of the image reconstruction, pixel.

4. Results of simulation modeling

Using the simulation software package, the influence of the rarefaction coefficients of transmitters and
receivers in the sensor subsystem was investigated of the sensor subsystem of the radiolocation device on the
PSNR of the image reconstruction (Figure 4).

PSNR,dB
30
- e 5
4
2 /

0 10 20 30 40 50 60 70 80 92 100
Number of transmitters

1 - PSNR for 144 receivers; 2 - PSNR for 196 receivers; 3 - PSNR for 256 receivers;
4 - PSNR for 324 receivers; 5 - PSNR for 400 receivers;

Fig 4. Plots of peak signal-to-noise ratio as a function of the number of transmitters in the sensor system.

As a criterion for selecting the configuration of the sensor subsystem we will use the value of peak signal-
to-noise ratio equal to 10 dB. Such peak signal-to-noise ratio will allow to detect, unambiguously recognize
and classify the object as forbidden.

Further parameters of the sensor subsystem are selected based on the principle of minimizing the number
of measurement channels.

As aresult of optimization, a sensor subsystem configuration consisting of 49 emitting and 196 measuring
channels was selected. Simulation modeling was performed for the selected sensor subsystem configuration,
and the contour of a metal rod with a length of 500 mm and a diameter of 20 mm was used as a modeling
object (Figure 5-A). As a result of the simulation, image reconstructions were obtained for a full sensor
subsystem consisting of 1600 emitters and 1600 receivers (Figure 5-B) and a sparse sensor subsystem
consisting of 49 emitters and 196 receivers (Figure 5-C).
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A B C
A - modeling object; B - image reconstruction for sensor subsystem with C

Fig 5. Modeling object and its image reconstruction depending on the number of measurement channels.

5. Conclusions

As a result of this study, the possibility of developing an affordable radar device for detecting hidden
prohibited objects using a sparse sensor subsystem has been confirmed.

For different configurations of sparse sensor subsystems, the simulation modeling of radar device
operation was carried out. Dependences of the peak signal-to-noise ratio depending on the sparse aperture
configuration are obtained.

An optimization strategy based on the requirements of image reconstruction gquality equal to 10 dB and
minimization of the number of measurement channels is formed.

As a result of the optimization, a sensor subsystem consisting of 49 transmitters and 196 receivers is
selected, with:

- aperture equal to 1 m;

- center of the sensor subsystem placed at a height of 1 m;

- distance to the scanning object equal to 1 m.

The reconstruction of the image of the metal rod obtained as a result of simulation modeling has a
recognizable contour, which confirms the possibility of developing an experimental prototype of the radar
device for the detection of prohibited objects, despite the existing noise.
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EFFECT OF ANNEALING DURATION ON PHOTOCATALYTIC
PROPERTIES OF LaFeOs PEROVSKITE
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Abstract. In this paper, the effect of the annealing duration on the photocatalytic properties of lanthanum
ferrite perovskite synthesized by the hydrothermal method is investigated. Lanthanum ferrite was chosen as the
object of study due to its high activity under the influence of visible light. During the experiments, the structural
changes occurring in the material during annealing during 2, 4 and 6 hours were studied. The main attention was
paid to the analysis of the morphology of nanoparticles, phase composition, crystallinity, absorption spectra and
photocatalytic activity. The results show that an increase in the annealing time leads to an improvement in the
crystal structure, an increase in the size of crystallites and a higher level of oxygenation. The optimal annealing
time to achieve maximum photocatalytic activity was determined to be 6 hours. The work confirms the prospects of
using long-term annealing to improve the photocatalytic properties of perovskite-based materials.

Keywords: Lanthanum ferrite, annealing duration, photocatalytic activity.

1. Introduction

Currently, solar energy, as a bright and renewable source, is used as an alternative to fossil fuels [1].
Photocatalysis is a promising environmentally friendly method based on the use of semiconductor
photocatalysts with high chemical and thermal stability. These processes are usually carried out with the
participation of photoinduced charge carriers under mild operating conditions without the addition of
chemicals. This gives photocatalysis an advantage over traditional methods such as biological and
electrocatalytic treatment, which are often accompanied by instability, low mechanical strength, poisoning of
catalysts and corrosion of electrodes [2,3]. The use of solar energy by semiconductor photocatalysts makes it
possible to obtain hydrogen by reducing water, convert CO. into useful chemicals and oxidize various
pollutants [4]. Thus, semiconductor-based photocatalysis is considered as a clean, cost-effective, renewable
and safe technology [5]. Since the first report on photocatalysis using TiO; [6], this area has attracted
considerable attention from scientists around the world. To date, there are many semiconductor photocatalysts,
such as ZnO [7], SnO- [8], BiVOs [9], BIiOCI [10], SrTiOs [11], WOs3 [12], Fe,Os [13], Ta20s [14], BiFeOs
[15], Bi2WOs [16], Cu.0 [17], g-CsN. [18], graphene [19] and carbon nanotubes [20] are actively used in the
photocatalytic production of solar fuels and environmental purification.

Many promising environmentally friendly methods have been developed for photocatalytic disinfection
of water and reduction of CO2 emissions aimed at use in green and renewable energy [21]. During the process
of semiconductor photocatalysis, highly reactive and transient particles are generated on the surface of a
semiconductor material when it is exposed to light with a wavelength corresponding to or exceeding the band
gap of the substance [22]. These particles exhibit a remarkable capacity for oxidation and reduction, enabling
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them to break down pollutants, mitigate CO. emissions, and facilitate the splitting of water [23]. Recently,
materials such as perovskites have garnered significant attention within the realm of photocatalytic research.
Perovskites are crystalline materials with a stable structure of the ABO; type, which exhibits remarkable
flexibility in its composition. This flexibility arises from the capacity to replace ions of rare-earth or alkaline-
earth metals in position A, as well as transition metals in position B. The exceptional properties of perovskites
as photocatalysts stem from their ability to manipulate valence and vacancy states, significantly enhancing
their catalytic capabilities. Moreover, perovskite-based photocatalytic materials boast a narrow bandgap,
enabling more efficient utilization of solar energy compared to other semiconductor-based counterparts [24].

Of particular relevance in this context is the lanthanum ferrite compound, LaFeOs, which exhibits
remarkable photocatalytic properties when exposed to visible light with an energy gap of 2.0 eV [25]. Within
the perovskite structure of LaFeOs, the rare-earth metal ion assumes position A, while the transition metal
cation takes up position B [26].

There are various methods for the synthesis of LaFeOs nanostructures, which are used in the fields of
energy and ecology. These include hydrothermal, solvothermal, sol-gel, microwave, and sonochemical
methods. In this study, the hydrothermal method was employed for the synthesis of LaFeOs, as it has several
advantages. The hydrothermal method enables the material to be produced at relatively low temperatures,
contributing to the formation of high-quality crystalline structures with controlled morphology and a narrow
range of particle sizes. This approach also ensures a high degree of uniformity and purity in the sample, which
is crucial for subsequent investigations of photocatalytic properties.

This work is aimed at studying the effect of annealing duration on the structural and photocatalytic
properties of LaFeO3 synthesized by the hydrothermal method.

2. Experimental part

Synthesis of LaFeOs

During hydrothermal synthesis of LaFeOs: 5 mmol La(NOs); 6H.O and 5 mmol Fe(NOs); 9H,0 is
dissolved in 10 ml of deionized water. Then 10 mmol of citric acid was added to the mixture and continuously
stirred for 2 hours at room temperature. The pH value was adjusted to 9 using ammonium hydroxide, after
which the mixture was stirred for another 1 hour. The resulting solution was transferred to a 50 ml Teflon
autoclave and heated at 180 ° C for 12 hours. The solids were separated by centrifugation, washed with
deionized water and ethanol, dried at 80 °C for 5 hours, and then calcined in air at 800 °C for 2, 4 and 6 hours.

The morphology of nanocomposite materials was studied using the Mira scanning electron microscope
in 3 LMU (Tuscan), which is based on the energy dispersion analysis (EDA) function. The images of Pam,
Pam paintings and Said were obtained using a transmission electron microscope DSR-1400 plus (JEOL) with
an accelerating voltage of 120 kV. The phase composition of the samples was studied using X-ray diffraction
on an XRD analysis diffractometer (Rigaku Ultima 1V). X-ray diffraction analysis was measured using a
Confotec MR520 scanning Raman microscope (SOL Instruments, Belarus). The absorption spectra of the
studied samples were measured on the CM 2203 device (Solar, Belarus). The specific surface area and pore
size of the samples were studied using the ASAP 2460 analyzer. To study the photocatalytic properties, a
single-channel potentiostat, the Corrtest CS 350 galvanostat with an integrated FRA module, was used. The
photocatalytic activity of the samples was assessed by the response of the photocurrent under artificial sunlight
with a 10-second intermittent on/off switch.

3. Results and Discussion

Figure 1 shows images of LaFeO; nanoparticles obtained using a scanning electron microscope (SEM)
synthesized by the hydrothermal method with different annealing durations (2 hours, 4 hours and 6 hours). The
formation of microspheres was observed after 2 hours (Fig. 1 a, b), however, few aggregated nanoparticles
were observed, which proves that the formation of LaFeOs; microspheres occurs due to the process of self-
assembly of nanoparticles [27]. After annealing for 4 hours of LaFeO; (see Figure 1 d, e), a more uniform
particle size distribution is observed, they have a rounded shape and the average size was ~104 nm. The SEM
image for the extended reaction time of LaFeOs_6h in Fig. 1g, h shows microspheres with a smooth surface
and with an average size of ~110 nm. No cavities or defects were found in the microspheres. The particles
have acquired a smoother and more spherical shape, which indicates a further improvement in the crystal
structure.

Also depicted in Figure 1 are energy dispersion analysis spectra showing the constituent elements La, Fe
and O for each sample. The EDA spectrum of LaFeOs_2h (Figure 1c) shows the percentage of elements: La
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— 57%, O — 21.5%, Fe — 21.5%. These data confirm the presence of all the necessary elements in the
composition of LaFeOs. And for the LaFeOs_4h sample, the EDA (Figure 1f) spectrum shows a decrease in
the La content to 54.5%, an increase in the oxygen content to 25.5% and a decrease in the Fe fraction to 19.9%.
This may indicate an improvement in the oxygenation of the structure. As a result of annealing, oxygen atoms
can better integrate into the crystal lattice of LaFeOs, which leads to an increase in the oxygen content relative
to other elements (lanthanum and iron). In the EDA spectra, we see an increase in the percentage of oxygen as
the annealing time increases, which indicates a more complete incorporation of oxygen into the structure of
the material. The EDA spectrum of LaFeO;_6h (Figure 1i) shows a further decrease in the La content to 53.2%,
an increase in the O content to 26%, and the Fe content is 20.8%. These changes show that long waiting
contributed to even more complete oxygenation and crystallization of the material. Oxygenation contributes
to the formation and stabilization of the correct crystal structure of perovskite, in which each atom takes its
place in the lattice. This is important to ensure uniform charge distribution and improve the photocatalytic
properties of the material.

a) d)

LaFeO,_6h

LaFeO, 2h

LaFeO, 4h

La-53.2%
0-26%

La-545%
0-256%
Fe-19.9 %

La-57%
Fe-21.5%
0-215%

Fe-20.8 %

c) f) i)
Fig.1. SEM of LaFeOs perovskite nanoparticles (a,b) LaFeOs_2h, (d,e) LaFeOs_4h, (g,h) LaFeOs_6h and EDA (c)
LaFeOs_2h, (f) LaFeOs_4h, (i) LaFeOs;_6h

Figure 2 shows a series of images obtained using transmission electron microscopy (TEM) and the
elemental composition of LaFeO3 samples after annealing for different time intervals: 2, 4, and 6 hours. After
2 hours of annealing, weakly agglomerated nanoparticles with irregular shapes are visible (Fig. 2 a, b, and ¢).
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a) b)

10 nm

m) n)

Fig.2. TEM of LaFeO; perovskite nanoparticles (a,b,c) LaFeOs_2h, (d,e,f) LaFeOs_4h, (g,h,i) LaFeOs_6h and
elemental composition (j) LaFeOs_2h, (k) LaFeOs_4h, (I) LaFeO3_6h and electron diffraction patterns (m,n)
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The particles appear to be amorphous or poorly crystallized. The particles remain relatively large, but
their boundaries are still blurred, indicating insufficient crystallization. LaFeQOs after annealing for 4 hours, a
higher degree of particle agglomeration is observed, and the particles themselves have become more ordered
compared to samples annealed for 2 hours. The particles become more uniform in size and shape. The
boundaries of the particles are better distinguishable, which indicates a higher degree of crystallization. At
high magnification (Figure 2f), the crystal structure characteristic of perovskite with pronounced atomic planes
is clearly visible. This indicates an improvement in crystallinity compared to samples annealed for 2 hours.
LaFeOs; after 6 hours of annealing, the samples continue to exhibit agglomeration, but the particles become
more compact and less porous (Figure 2 g, h, and i). The particles achieve greater uniformity in size, with clear
boundaries, which indicates an improvement in crystallinity. A clear crystal structure is visible, with well-
defined atomic planes, which confirms a high degree of crystallization during longer annealing. Electron
diffraction patterns are shown in Figure 2m and 2n. The distribution of the elements La, Fe and O in each of
the samples is shown in Figure 2 j, k, I. At all stages of annealing, a relatively uniform distribution of elements
is observed, which confirms the successful formation of LaFeOs phases.

The X-ray diffraction (XRD) graph shown in Figure 3a demonstrates changes in the crystal structure of
Lafeos perovskite at different annealing durations of 2, 4 and 6 hours. LaFeO3 perovskite is characterized by
specific diffraction angles corresponding to its crystallographic planes, such as (101), (121), (220), (202),
(141), (240), (242), (204). After two hours of LaFeOs annealing, diffraction peaks are observed, indicating the
beginning of crystallization of the material. However, these peaks are relatively wide and have low intensity,
which indicates the small size of the crystallites and the presence of structural defects. In this state, the crystals
have not yet fully formed, and a significant part of the material may remain amorphous or not fully crystallized.
Compared to 2-hour annealing, 4-hour annealing results in a noticeable improvement in the crystal structure.
The peaks become narrower and more intense, which indicates an increase in the size of the crystallites and a
decrease in the number of defects. The structure becomes more ordered, and the material undergoes a stage of
active crystallization, with a better distribution of atoms in the lattice. The sample subjected to 6-hour
annealing shows an even higher degree of crystallinity. The peaks on the chart become the narrowest and most
intense among all three samples. This indicates that the material has reached a high level of crystalline ordering,
and the crystallites have grown to significant sizes. Defects in the structure are minimized, and the material
has acquired a stable crystal lattice.
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Fig.3. X-ray diffraction (a) and Raman spectroscopy (b) of LaFeO3 perovskite.

With increasing annealing time, there is a noticeable narrowing of peaks on the XRD graph. This indicates
an increase in the size of crystallites and an improvement in the ordering of atoms in the lattice. The intensity
of the diffraction peaks also increases as the annealing time increases. This is due to the reduction of defects
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and improvement of crystallinity. Two—hour annealing is characterized by the weakest peaks, whereas six-
hour annealing is characterized by the most intense, which indicates a high degree of order in the structure.

As a result of prolonged annealing, the structure of LaFeOs becomes more ordered, which is expressed
in increased intensity and sharpness of peaks. Samples annealed for 4 and 6 hours demonstrate significantly
better crystalline properties compared to two-hour annealing, which indicates that a long heat treatment time
contributes to the formation of a stable and homogeneous crystal lattice.

Figure 3b shows three graphs of Raman spectroscopy demonstrating the dependence of intensity (in
arbitrary units, a.u.) on the Raman shift (in cm™) for samples of LaFeOs (lanthanum ferrite) subjected to heat
treatment for 2, 4 and 6 hours. The main characteristic peaks of LaFeOs3 are observed in the region of 450 cm-
1and 1350 cm™. The annealing duration directly affects the crystal structure of LaFeOs. With increasing
processing time, the material gradually crystallizes, which manifests itself in clearer and more intense peaks
in the Raman spectra. The sample processed for 6 hours shows the highest degree of crystallization, with
pronounced peaks and high intensity. This indicates a more perfect crystal lattice compared to other samples.
LaFeOs treated for 4 hours shows an intermediate degree of crystallization. Peaks are present, but their intensity
and clarity are lower than in the 6-hour sample, indicating a transitional phase. Compared with the rest of the
samples, LaFeOs treated for 2 hours demonstrates the initial stage of crystallization or the presence of a
significant amorphous phase. The peaks are wide and weakly pronounced, which indicates that the material
has not yet reached a high degree of crystallinity. Longer processing leads to an improvement in the crystal
structure, with a transition from an amorphous or polycrystalline phase to a more ordered phase. This can be
seen by the improvement in the intensity and clarity of peaks in the spectrum.

Figure 4 shows a graph of the absorption spectrum for samples of LaFeOs treated for different times: 2,
4 and 6 hours, the absorption peak of lanthanum ferrite is observed at about 300-500 nm. LaFeOs_2h has the
lowest absorption compared to the rest of the samples. LaFeOs_4h shows higher absorption compared to the
2-hour sample, and LaFeOs;_6h also has a pronounced peak in the range of 300-500 nm. With increasing
processing time (from 2 to 6 hours), the absorption of light in the visible range increases. This may indicate an
improvement in the crystal structure or an increase in particle size, which leads to more efficient light
absorption.
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Fig.4. Absorption spectrum of LaFeOs perovskite.

The figure Sa shows the LaFeOs adsorption-desorption isotherm obtained under various heat treatment
conditions (2, 4 and 6 hours) depending on the relative pressure P/Po. All three samples show the presence of
a hysteresis loop, which means the difference between sorption and desorption processes characteristic of
porous materials. Hysteresis indicates the presence of capillary condensation in mesopores. At high pressure
areas (P/Po >0.8) there is a sharp increase in adsorption for all samples, which is associated with pore filling.
The sample with a longer annealing time LaFeOs_6h shows the most pronounced growth, which indicates a
more developed porous structure.
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Fig.5. N2 adsorption—desorption isotherms (a) and pore size distribution curves (b) of LaFeO3 perovskite.

The distribution of the pore volume depending on their diameter is presented for three samples of LaFeOs
subjected to heat treatment for 2, 4 and 6 hours in Figure 5b. This is a three-dimensional diagram that illustrates
how the pore volume changes (along the z axis) at different pore diameters (along the x axis) for each of the
samples. In LaFeOs_2h, the pore volume is relatively small compared to other samples, indicating a less
developed pore system. The greatest development of the porous structure among all three samples is shown by
LaFeOs_6h. In this regard, it was found that an increase in the annealing time leads to an expansion of the pore
distribution and an increase in their volume.

Figure 6 shows the change in current density as a function of time for samples of LaFeOs annealed for 2,
4 and 6 hours. The current density increases with increasing annealing time. The LaFeOs sample annealed for
6 hours shows the highest current density, which suggests that a longer annealing time leads to better

photocatalytic activity.
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Fig.6. Photocurrent density for LaFeOs perovskite.

4. Conclusions

In the course of the study, it was found that the duration of annealing has a significant effect on the
structural and photocatalytic properties of LaFeOs perovskite. The LaFeOs synthesized by the hydrothermal
method demonstrates significant changes in morphology and crystal structure with increasing annealing time.
Morphological changes in the material also have a significant impact on its catalytic properties. The transition
from agglomerated nanoparticles to more uniform and well-formed microspheres with a smooth surface
improves light absorption and interaction with reagents on the surface of the material. Experimental results
have shown that an increase in the duration of annealing leads to an improvement in the crystallinity of the
material, an increase in the size of crystallites and an increase in oxygenation. The improvement of the crystal
structure leads to a better distribution of charges inside the material, which prevents their recombination and
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thereby increases the photocatalytic activity. The highest rates of photocatalytic activity were achieved during
annealing for 6 hours, which is associated with the highest degree of crystallization and improvement of the
structure of the material. This study confirms the importance of controlling the heat treatment time to optimize
the properties of perovskite materials, which opens up new prospects for their use as effective photocatalysts.
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Abstract. Quantitative analysis of the structure of star clusters is crucial for understanding their formation
and evolution. In this article, we explore the application of fractal dimension analysis to study the evolution of star
clusters, also fractal dimension, a concept from fractal geometry, provides a quantitative measure of the complexity
and self-similarity of geometric objects. By considering star clusters as complex networks, we employ the box
covering method to calculate their fractal dimension. Our methodology combines the well-established Minimum
Spanning Tree (MST) and Box-Covering (BC) methods and using these methods, the fractal structure of the clusters
was determined. It was revealed that star clusters disintegrate at a fractal dimension of 1.3 and obey a power law.
It should be noted that the obtained result was compared with the results of the McLuster.

Keywords: Star cluster, Fractal dimension, Box-covering, Star formation effiency.
1. Introduction

A star cluster is a gravitationally bound complex stellar structure with a radius ranging from 0.5 to several
parsecs and a mass ranging from 10° to 107 solar masses [1].

Clusters of stars originate within massive molecular clouds triggered by the gravitational collapse of
dense gas concentrations [2-3]. The influential impact of massive stars comes from various forms of stellar
feedback, such as ionizing radiation, stellar winds, and radiation pressure, which can swiftly dismantle an
entire molecular cloud [4-5]. The ejection of gas occurs at an approximate velocity of 10 km/s on average [6,
7]. Consequently, for star-forming areas with dimensions smaller than 10 pc, gas could be blown within a span
of less than 1 million years. The star formation process is assessed through a quantitative measure known as
the star formation efficiency (SFE), revealing the connection between neutral gas and the law of star formation
[8, 9]. Star Formation Efficiency (SFE) is measured when a gas turns into stars. In nearby areas where star
formation takes place, the SFE is estimated to be less than 30% [2, 10-11]. On a larger galactic scale, the
average SFE is only a few percent [12]. When gas is ejected quickly and star formation efficiency is low, it
can destroy star clusters [13-14]. If a cluster experiences gas expulsion, it will lose both mass and density [14-
17]. Star clusters are direct products of the star formation process within galaxies and exhibit a significantly
brighter nature compared to individual stars. Consequently, star clusters represent essential objects of study in
star formation research [18].
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Most star clusters have a hierarchical structure [19-21]. Quantitative and objective statistical
measurements are used to comprehend the evolution of complex hierarchical structures of star clusters [22].
Additionally, it is important to evaluate the observed clusters using numerical modeling methods. This paper
is aimed at studying the structure of star clusters through the analysis of their fractal dimension, considering
star clusters as a complex network [23]. The primary issue in analyzing the fractality of complex networks lies
in selecting a method for determining the dimension. When assessing the fractal properties of complex
networks, the box-covering method is commonly employed [24]. The goal of this method is to identify the
minimum number of boxes required to cover the entire network. Numerous algorithms have been proposed to
address this challenge [25]. Minimum Spanning Tree (MST) was initially introduced in astronomy by Barrow
et al. (1985) and finds applications in cosmology for the classification of large-scale structures, as well as for
dynamic mass segregation in star clusters [26-31].

In this study, we introduce a novel approach by integrating Box-Covering (BC) and MST methods to
analyze the fractal properties of star clusters across different stages of their evolution. While both methods
have been applied separately in the study of fractal systems, their combination in the context of stellar clusters
is innovative. The BC method is adapted to account for stellar mass loss during evolutionary stages, correlating
this mass change with shifts in the cluster's fractal structure. Additionally, MST, which has traditionally been
used to describe static topological structures, is applied dynamically to track the fragmentation and collapse of
star-forming regions over time. This dual application of BC and MST provides new insights into the evolving
fractal properties of star clusters, offering a deeper understanding of their structural development throughout
their lifecycle.

In Section 2, we present a proposed methodology that explains the process of analyzing the fractal
dimensions of star clusters with varying SFE, considering them as complex networks. In Section 3, we present
and discuss our results, while the main conclusions of our work are outlined in Section 4.

2. Methodology

In this study, we calculated the fractal dimensions of star clusters at various stages of evolution. We ran
simulations of SCs with different SFE, including 0.15, 0.17 and 0.20. The initial mass of the cluster was M =
6000 solar masses and it was simulated on a solar orbit, 8178 pc away from the Galactic center. The density
profile of the initial cluster was modeled on the Plummer model [32]. After the start of the simulation, the
effect of the gas explosion and the gravity of the host galaxy greatly change the shape of the initial cluster (see
APPENDIX Fig. Al). And the lifetime of clusters can vary based on the SFE, so SCs with higher SFEs live
longer [16-17] (also see the Table 1 in APPENDIX 2). We have created a star cluster model with a coefficient
of (lambda) A = 0.05 (1).

=TI
A== )
The Jacobi radius, r; refers to the distance from the center of a cluster at which its gravitational potential

becomes stronger than that of the host galaxy. And, the half-mass radius, 7y, is the radius within which half of
the cluster's total mass is located [12]. Since many stars fly apart into the galaxy's space, the cluster loses its
stars, reducing the r; and the 7y, (red circle in APPENDIX 1 Fig. Al).

Fractal Dimension of star cluster

4 )

Star distribution ~ p MST ————— . BCA — p Fractal dimension
. b ] /1' '?:\I
AL
- =y, : -: 1::} I |
e _..//;"-- A _-.‘:\-.._y’
| ]
N :
- * 3 . /" e 54 ry ot

Fig.1. The flowchart demonstrates the algorithm of this study
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To quantify the fractal dimension of the simulated star clusters, we used the MST and BC methods.

The Minimum Spanning Tree (MST) is a unique network with minimal weight that connects any
distribution of points in space. In this context, the weight of the tree is understood as the sum of the weights
of the edges included in the network. However, in our case, instead of considering the weights of the edges,
we evaluate the distances of stars relative to each other. The MST algorithm should build a network by
connecting stars within a cluster with a minimum total length. The resulting MST represents the basis of the
cluster's connectivity, revealing the underlying hierarchical organization and relationships between the stars
The minimum spanning tree can be used to determine the network topology [32-33]. The next step was to
determine the fractal dimension of the network using the well-known box coverage method [26]. The box
coverage method is widely used to calculate the fractal dimension of complex networks, but its effectiveness
relies on determining the minimum number of boxes needed to cover the entire network. If the distribution of
the number of boxes, N, (1), corresponds to a power law, it indicates that D represents the fractal dimension
of a complex network. The concept of fractal dimension, as a measure of occupancy and complexity within
object space, holds great importance for the study of the reliability of complex networks [33-34].

Ny (Ip)~1,° 2

where [, is the radius of the boxes, N, is the number of boxes.

The discovery of fractal features and self-similarity in star clusters not only opens up a new perspective
for improving our understanding of the internal structure and characteristics of these clusters but also provides
a new basis for explaining the mechanisms underlying their formation, evolutionary processes, and the
coexistence of various characteristics within them.

3. Results and discussion

According to the calculations, it can be asserted that the star cluster has a certain fractal dimension. As
an example, Figure 2 illustrates the results of calculating the fractal dimension for SFE=0.15 at the age of 10
million years. It is evident that the number of boxes decreases rapidly, depending on the radii, and follows a
power law. However, there is a noticeable deviation from the power-law behavior when log(l,) > 3.5. This
flattening suggests that at larger box sizes, the fractal nature of the star cluster begins to break down. In this
case, the deviation is likely due to the fact that, at larger scales, the global structure of the cluster becomes
more coherent and less fragmented, resulting in fewer boxes required to cover the structure.
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Fig.2. Fractal dimension of the cluster with SFE = 0.15 at 10 Myr age.

The main results of our study are illustrated in Figure 3. We compared the fractal dimensions for various
SFE values in the time range of 50-950 million years for a Jacobi radius of 1. At SFE=0.15, the fractal
dimension values exhibit a sharp decrease over time, while at SFE=0.17 and SFE=0.20, the rates of change are
the same. It is evident that the fractal dimension of the star cluster depends on its evolution and undergoes
changes with alterations in its structure.
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Figure 3 shows the dynamics of changes in fractal dimension during the evolution of star clusters. In the
initial stages of young cluster evolution, a consistent increase in fractal dimension is observed, reaching its
peak value after approximately 200 million years. This phenomenon can be explained by a more complex
structure and active cluster formation processes that enhance fractal characteristics. The growth of fractal
dimension observed at later times in Figure 3 reflects the re-structuring of the cluster as new hierarchical
patterns form due to dynamical interactions and external perturbations. As the cluster evolves, mass loss from
stellar evolution (particularly from massive stars) and gravitational interactions between stars lead to the
emergence of new substructures, increasing the fractal dimension. The increase in fractal dimension at 800
million years, for instance, is associated with the formation of subclusters or the merging of previously distinct
structures.

However, after reaching the specified time interval, it becomes evident that the clusters start to lose their
fractal dimension. This phenomenon is attributed to the loss of complexity or organization within the cluster's
structure. It can be triggered by dynamic interactions between stars, leading to a gradual reduction in the
number of stars in the cluster and, ultimately, a decrease in its fractal dimension. In the final stage of their life,
clusters lose their structure and become more dispersed [9]. From Figure 3, it can be noted that when the fractal
dimension of a cluster falls below a certain 'threshold' value of 1.3, the cluster is prone to decay.

Thus, analyzing the dynamics of changes in fractal dimension during the evolution of star clusters allows
us to track the processes that shape and dismantle cluster structures.
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Fig.3. Comparison of fractal dimensions of different SFEs according to the evolution of star cluster formation.

To validate our method, we measured the fractal dimensions of model star clusters generated using the
publicly available code MCLUSTER [35]. We created star clusters with the following fractal dimensions: 1.6,
2, 2.6, and 3. The results are shown in Figure 4 and Table 1. Due to errors and the inherent randomness of the
MCLUSTER model, the fractal dimensions exhibit variations, but the structure in the generated star clusters
follows to the power law. Therefore, we can assert that our method effectively captures the fractal structure in
the distribution of star clusters.

Table 1.
No. Fractal dimension with our methods Fractal dimension with Mcluster
1 1.35 1.6
2 1.44 2
3 1.59 2.6
2 1.70 3
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Fig.4. a) Distribution of a model star cluster constructed using MCLUSTER for fractal dimension D = 1.6;
b) Power law for fractal dimension D = 1.6.

4. Conclusion

In this paper, we used algorithms that had not previously been used in the field of astronomy, specifically
in the study of star clusters: MST and BC. To illustrate the proposed method, we modeled star clusters with
varying initial SFE from birth to decay. We examined the moments of the cluster's life at intervals of 50 million
years and calculated their fractal dimensions within a 1 Jacobi radius. The following conclusions were drawn:

Firstly, a star cluster has a specific fractal dimension and exhibits both fractal and hierarchical structures.

Secondly, the fractal dimension of the star cluster depends on the cluster's structure and varies
significantly throughout its evolution. The importance of fractal dimension increases primarily due to rapid
dynamic relaxation, which leads to a complexity of the structure. Subsequently, it begins to decrease because
of a reduction in the number of stars within the cluster, leading to the structure of the star cluster becoming
more homogeneous and less complex.

Thirdly, when the fractal dimension of a star cluster falls below a certain "threshold" (D~1.3), it tends to
decay. To compare our results, we used the distribution of star clusters generated by the publicly available
code MCLUSTER. Our method was then employed to determine the fractal structure of these clusters.

Our results indicate that our method can serve as an effective tool for studying the structure and topology
of complex clusters.
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Fig.Al. Evolution of the cluster with SFE=0.15 (red circle is a Jacobi radius).

Figure Al shows the evolution of the cluster with an SFE=15% and a time interval of 50 Myr. The red
circle marks the Jacobi radius which decreases as the cluster dissolves.
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APPENDIX 2

Table Al. Statistical analysis of clusters: SFE=0.15, 0.17, 0.20. In Table A1, the Jacobi radius at various stages of
SC's lifetime, along with mass and number of stars within that radius, are shown.

Age SFE=0.15 SFE=0.17 SFE=0.20
(Myr)

Ry (pc) N M (Me) | Ra(pc) N M (Me) | Ra(pc) N Mj (Mo)
0 24.40 10454 6000 24.44 | 10433 6000 2451 10432 6000
50 13.50 2138 998.1 15.19 | 3068 1424.8 16.33 3902 1766.3
150 12.50 1803 793.7 14.44 | 2768 1224.0 15.53 3502 1521.6
250 11.35 1307 591.9 1351 | 2287 1007.4 14.70 3018 1291.3
350 10.55 1002 476.4 13.03 | 1958 898.8 14.21 2675 1161.5
450 9.80 750 383.2 1253 | 1661 799.9 13.65 2304 1034.2
550 8.88 532 283.9 11.94 | 1376 691.6 13.19 2009 9315
650 8.14 356 219.4 10.40 | 1140 601.4 12.71 1712 833.1
750 7.21 211 152.5 10.74 899 503.07 12.08 1390 718.7
850 6.52 137 112.3 10.00 673 406.8 11.58 1150 632.2
950 5.47 75 66.6 9.11 454 307.5 11.01 931 542.9
1000 4.90 51 47.8 8.72 377 269.7 10.83 840 514.6
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Abstract. Major drive train parts for the horizontal wind turbines including the gearbox, generator, and
brake system have very high repair and replacement costs and take a long time to complete. This paper
investigates the impact of environmental air pollution on drivetrain tribology behaviors. Experimental research of
the wind turbine's drive train system is simulated and investigated. The mechanical brake system of wind turbines
is the subject of one case study chosen for this research paper. This research paper is examined how impurities
affect the friction coefficient of the brake on wind turbines. According to the findings, the friction coefficient rises
with each increase in wind turbine shaft speed. Also, it has been discovered that the size of the contaminants'
particles significantly affects the friction coefficient. Furthermore, the findings may offer helpful insights of the
drive train system that as humidity increased from 30 mm? to 90 mm?, the coefficient of friction significantly
decreased.

Keywords: wind turbines; moisture condition; silica sand; friction coefficient.

1. Introduction

Recently, the global use of power has tripled, in large part due to economic expansion. While
developed countries like the United States, Japan, and Europe still require more electricity production to
keep up with their higher consumption levels and to satisfy the expanding number of applications, Egypt's
ongoing economic growth has resulted in a significant increase in the demand for electricity. The need for
alternatives to finite fossil fuels and their negative environmental effects has propelled the wind industry's
explosive growth during the last 20 years. A wind turbine design needs to undergo advanced engineering
analysis to further increase the cost effectiveness of wind turbines, both in terms of dependability and the
design of larger turbines as well as overall cost effectiveness. From several angles, it is possible to
examine the cost effectiveness in the wind turbine sector. One of the biggest problems in this industry is
the high maintenance costs and unproductive downtime caused by faults and failures in the functioning
drive train components including bearings, gearboxes, and couplings, as cited by B. Lu et al., 2009 [6] and
K.K. Borum et al., 2006 [12]. Also, many researchers including Alex Alsyouf I. and EI-Thalji I., 2008 [1],
H. Peng et al., 2023 [20] reported that the mechanical reliability of wind turbine-based renewable
electricity generation has unigue challenges when compared to utility-scale fossil fuel-based power. Due
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to the sheer number of turbines and their dispersion, maintenance is a challenging and infrequent
undertaking, and peak loads—due to unstable winds and grid faults as well as challenging environmental
factors like temperature swings and moisture lead to excessive operation. Thus, one of the more difficult
current practical tribological problems is presented by wind turbine systems. The actuators and drivetrain
of the turbine have experienced costly repairs due to contact failures in gear and bearing components.

Maalawi K.Y. and Badr M.A. 2023 [14], Babu B.C., Mohanty K.B. 2010 [4] mentioned that the
primary mechanical parts of the system are housed in the wind turbine's exterior housing, or nacelle. These
components include the power electronics, the generator, bearings, the rotor shaft, the gearbox unit, the
filtering system for lubricants, the mechanical braking mechanism, and the brakes, as shown in Figure 1.
The generator is driven by the high-speed shaft, which receives energy from the main shaft via the
gearbox. The nacelle cover and drivetrain parts are attached to a bedplate, It sits atop of a yaw mechanism
which actively points the rotor toward the wind.

Despite the wide range of wind turbine powertrain types now in use, utility-scale systems typically
fall into one of three groups as described by Q. Sun et al., 2002 [18]. The first idea entails employing two
bearings to support the primary shaft. Radial loads are carried by the bearing closest to the gearbox,
whereas loads axial and radial are carried by the bearing closest to the rotor. The primary shaft therefore
solely sends torque to the gearbox. Torque arms can be added to the gearbox unit to transfer response
torque to the bedplate since the gearbox may direct reaction torque in that direction Randall, R.B. and J.
Antoni 2011 [19], Y. Amirat et al., 2007 [24]. The second idea, referred to as a "three-point suspension"
design, an axial bearing is used to support the primary shaft close to the rotor, while the opposite end of
the shaft can be support by a radial bearing from inside the gearbox. The actual gearbox is supported by
two torque arms and positioned on the bed plate. The gearbox is directly integrated into the nacelle in the
third category of drivetrain. This design incorporates all rotor support bearings into the gearbox, which
also receives all rotor load inputs. Although this design can be viewed as favorable for reducing the weight
of the nacelle., compatibility issues between the gearbox and the other nacelle components may cause
early failure as mentioned by B. Lu et al., 2009 [6], A. Staino, B. Basu 2013[2], Peng Guo and David
Infield 2012 [17].
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Fig.1. A horizontal-axis wind turbine's main part.

The high-speed portion of the powertrain of contemporary wind turbines typically includes a
mechanical brake between the gearbox and the generator. The major function of this mechanical brake,
which is nearly always shaped like a disc brake, is to shut off the rotor when it is shutting down in order to
perform maintenance and repair work. Some turbines use the mechanical brake as a supplementary
braking method in addition to serving as a parking brake so that aerodynamic braking can be used as well.
In order to reduce the size and weight of the brake disc in larger wind turbines, the mechanical brake is
located on the gearbox's high-speed side. The mechanical brake may reduce a gearbox's dependability
because it is mounted on a high-speed shaft. When the vehicle is at rest, the braking loads often collide
with the wind turbulence forces, causing minute oscillatory movements of the gear teeth. As a result of
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these movements, the gear teeth may wear as found in M. Ragheb et al., 2011 [15], Gasch, R. and J. Twele
2012 [8], Serensen, J. D. et al., 2011, Bhutta, et al., 2012 [5].

Howell R, et al., 2010 [10], Nadica Stojanovic, et al., 2022 [16], Zhang et al., 2023 [25] reported that
the cutting and grinding from manufacturing, as well as internally induced wear wrench age, metal oxide
corrosion products, airborne abrasives entering through vents, and mechanical seals are other sources of
contaminated particles. Additionally, to particle pollution, Lubricating and hydraulic fluids also contain
trace amounts of water that dissolve. Depending on the base stock and additions. The saturation level
(maximum dissolved water content) is normally between 300 and 500 ppm. Also, Leung DY and Yang Y
2012 [13], Roman, et al., 2022 [21] showed that the free water, which collects in the system's low points,
is defined as water contamination that exceeds the saturation limit. Depending on the amount, A bout 1 Im
worth of emulsified free water droplets are remained suspended in the oil, giving it a hazy to milky
appearance. Sources of water include liquid water acquired during transit and storage as well as humidity
entering through vents and mechanical seals as mentioned by Roy Saha 2015 [22], Islam, M.R. et al., 2013
[11], G. Yu, et al., 2011 [9], Belhocine and Nouby, 2015 [3], Chellaganesh Durai, et al., 2021 [7].

According to the previously described discussions, fabrication of a new drivetrain test system to
assess the tribology behaviors of wind turbine is conducted. The effect of contaminates on the tribology
behaviors of the wind turbine brake system is studied. The effects of various-sized sand particles as
pollutants is investigated. In additions, the humidity as water spray on the mechanical brake system are
examined under different speeds and several loads.

2. General Description of Bearing Test-rig

As depicted in Figure 2, a sophisticated test apparatus is created to capture precise and trustworthy data
which are utilized to assess gearbox performance by utilizing a variety of signal processing methods. The
major goal of these experimental research is to keep an eye on how an automobile gearbox is performing at
various speeds. A 100 mV/g-sensitivity piezoelectric accelerometer is mounted on the casing to provide
vibration signatures of gearboxes. AC motor of A 7.5 kW power with a variable speed controller and a
maximum speed of 1500 rpm makes up the drive unit. A tachometer S119-LT photo-type with 0.1 rpm
resolution is used to detect the rotational speed directly. The type of bearings used is ball bearings, where
they are positioned between brake assembly and motor, and the brake mechanism is connected to the AC
motor by a mild steel shaft. A control valve-equipped hydraulic braking system is employed in order to
enforce the necessary load and show its value on a pressure gauge.
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Fig.2. Test rig of wind turbine's drive train system
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To collect the vibration information, a magnetic base is used to mount a piezoelectric accelerometer
directly above the gearbox. The accelerometer's output signal is received by the dual channel vibration
analyzer, which saves it as vibration signatures. Using PULSE software and a connection linked to a
computer, the vibration analyzer's recorded data can be retrieved. The data Acquisition System that used is
3560-B Briiel & Kjaer Vibro-Acoustics type. To get reference signatures, the gearbox is tested without any
load. The test rig's vibrations are recorded and confirmed prior to the experiment in order to determine
whether there is a misalignment. To stabilize the vibration, the setup is run for 15 minutes.

3. Results and Discussion

This section defines the drive train system as the electromechanical component of a wind turbine that
transmits mechanical power from the rotor hub to the electric power generator. It consists of shafts, bearings,
gearboxes, shaft couplings, mounts, mechanical brake systems, and other functional components. This
system is crucial to the tribology of wind turbines. The mechanical braking system is chosen so that the
impact of impurities on friction coefficient, a key determinant of tribology behaviors can be studied. The
investigation of the brake system uses actual disc brakes.

The high-speed section of the powertrain of contemporary wind turbines often has a mechanical brake,
which is located between the gearbox and the generator. The main purpose of this mechanical brake during
shutdown is to lock down the rotor so that maintenance and repair work may be done. It nearly always
resembles a disc brake. Several turbines use the mechanical brake in addition to acting as a parking brake so
that aerodynamic braking can be employed as well. The mechanical brake on larger wind turbines is located
on the gearbox's high-speed side to reduce the brake disc's size and weight. Due to its placement on a high-
speed shaft, the mechanical brake may make a gearbox less dependable. At rest, braking loads frequently
clash with wind turbulence forces, causing minute oscillations in the gear teeth.

The experiment involved measuring the coefficient of friction once every second. Averaged over 60
seconds is the coefficient of friction. The friction coefficient varies over time while the testing is continuing
because the metal-to-metal contact causes deformation on the contact surface. The coefficient friction
stabilizes once the machine has been running. Figure 3 show the friction coefficient vs time for a wind shaft
rotating at 1000 rpm and 10 bar of applied pressure. At dry, standard temperature, the friction coefficient is
typically 0.35.
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Fig.3. Variation over time of the friction coefficient at 1000rpm and 10 bar.

3.1 Effect of Silica Sand Particles on Wind Turbine Brake

When braking, both the brake rotor and the brake pads are exposed to weather environmental particles,
which may have an impact on the surface quality of the brake pads in the form of moisture, humidity, or
other impurities. Several vibration experiments are conducted to determine the effect of this particle on the
brake friction coefficient. The effects of various-sized sand particles as pollutants on the mechanical brake
system are examined. As indicated in Figure 4, this experiment used silica sand particles with a size range
between 0 and 300 um that are most frequently found in the weather. There were three different silica sand
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size ranges used: 0-100 pm, 100-200 pum, and 200-300 um. On a brake test apparatus that is vertically
oriented, the experiments are run at various sliding speeds and applied contact forces. The outcome
demonstrates that the silica sand particles had an impact on the disc brake's surface behavior. The disc
brake's silica sand particle friction coefficient results reveal a rougher surface region with several primary
contact plateaus, wear scars, and groove structures with varying levels of roughness and sliding direction.
Figure 4 shows a plot of the impact of tiny silica sand particles at various rotational speeds.
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Fig.4. Effect small particles of silica sand with different rotational speed.
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Fig.5. Effect small particles of silica sand with different brake pressure.

The results reveal that the friction coefficient is discovered to rise with every braking speed.
Additionally, it has been discovered that the size of the particles significantly affects the friction coefficient.
Figure 5 depicts the impact of tiny silica sand particles with various braking pressures on friction coefficient.
The friction coefficient is discovered to rise with applied load. Additionally, it has been discovered that the
particles' sizes significantly influence the friction coefficient, which rises as the load increases.

3.2 Influence of Moisture Condition on Friction Coefficient

As a quick technique to introduce the moisture condition, water was sprayed on the wind turbine
mechanical braking system. This experiment demonstrated how humidity could affect the mechanical
braking mechanism of a wind turbine. As the wind turbine shaft speed grew from 200 rpm to 1000 rpm,
moisture is added to the friction, which significantly increased the coefficient friction. Additionally, it is
demonstrated that as humidity increased at each speed from 30 mm? to 90 mm?3, there is a significant drop in
coefficient friction.

The change in shear rate, which can affect the mechanical characteristics of the mating materials, may
be the cause of the increase in coefficient of friction with an increase in rational speed. At larger shear strain
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rates, these materials' strength increases. However, in the dry test, the friction coefficient likewise increased
when the speed was increased. Figure 6 depicts the impact of humidity on coefficient of friction as a function
of rotational speed. Additionally, Figure 7 illustrates the impact of humidity on various braking pressures.
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Fig.7. Effect humidity with different brake pressure.
4. Conclusions

From the experimental results indicate that humidity and silica sand under the braking speeds and load
have a prominent influence on the wind turbine braking system. In additions, the following inferences can be
made in light of the experimental findings:

1. The outcome demonstrates that the silica sand particles had an effect on the surface behavior of the
wind turbine disc brake.

2. It has been discovered that friction coefficient rises with every wind turbine shaft speed.

3. The friction coefficient is shown to be significantly influenced by the particle size, and when the load
on the wind turbine brake system grows, the friction coefficient also increases.

For each speed of wind turbine, it was demonstrated that as humidity increased from 30 mm? to 90
mm?3, the coefficient of friction significantly decreased.
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NUMERICAL STUDY OF GRADUAL CHANGE IN SHAFT DIAMETER
AND RELIEF GROOVE RADIUS ON STRESS CONCENTRATION FACTOR
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Abstract. The purpose of this work is to investigate the effect of relief groove radius and the taper in gradual
diameter change of shaft on stress concentration factors. Finite element analysis was used to conduct theoretical
research in order to reduce the maximum value of stress in stepped shafts. In comparison based on a straight
shaft without relief groove, the results show the decrease of taper angle has a significant effect in decrease the
values of stress concentration factors. On the other hand, the increase of location of relief grooves from shaft
shoulder tends to increase the stress concentration factors values, especially at high taper angle.

Keywords: stepped shafts, shaft shoulder fillet, relief groove, stress concentration factors (SCF), finite element
analysis (FEA).

1. Introduction

Most machine parts have varying cross sections, and shafts often include steps or shoulders to
accommodate bearings, gears, and other mechanical elements. These changes in cross — sectional geometry
cause local stress concentration and, while it is not practical to eliminate such features, it is necessary to
minimize their effects, given that the degree of stress concentration is a factor in the evaluation of fatigue
strength and fatigue life.

The stress concentration factors (SCF) are based on the nominal stress at the minimum diameter or
width can be defined as the following,

kt _ Omax

Gnom

Where omax is the maximum stress at the root of relief groove obtained from numerical simulation, and Gnom IS
the nominal stress calculated by 6,,,,, = 4F/(md?) for step shaft cross section.

Shoulders, grooves, keyways, and threads all contribute to increased localized high stresses in the parts.
Stress concentration refers to the localization of high stress. The ratio of peak stress in the body to nominal
stress is known as the stress concentration factor (K:). In experimental and analytical researches, Pertson and
Roak presented a lot of data in the form of graphs to evaluated the effect of geometrical discontinuities on
the stress concentration factor (kt) [1].

Amaral Dias et al., presented a method for numerically evaluating stress concentration factors in shafts
when radial bearings are used under three pure load conditions: traction, bending, and torsion. Two designs
of simple fillet bearing shoulder is used in studies. Ansys® software was used to carry out the study. A


https://doi.org/10.31489/2024No3/125-131
mailto:tahany@eng.bsu.edu.eg

126 Eurasian Physical Technical Journal, 2024, Vol.21, No.3(49) ISSN 1811-1165; e-ISSN 2413 - 2179

validation is achieved by comparing data from the literature works. The results showed that, in some case,
simple fillet present low stress concentration factor compared to the standard design, [2]. Finite element
analysis by Solid Works program was used to study a rounded shaft with shoulder fillet. The stress
concentration factors for various fillet radius were investigated under applying tensile load on the round
shaft. The results showed that the error not exceed that 5% between theoretically stress compared to the
maximum stress computed with Solid Works. In addition to, the error deceases with the increase of fillet
radius [3].

The effect of stress concentration on fatigue life were numerically evaluated using finite element
analysis by applying changes in geometric parameters related to the size and location of the relief grooves.
The results showed that the stress concentration reduced by 22.3% compared with that without the relief
grooves. In addition to, using of the relief grooves extends the fatigue life by a factor of more than 3.3 times
compared with the case without relief grooves [4]. Park et al., showed that Stress relief grooves were more
effective than side fillet cutting at reducing stress concentration. The stress concentrations under bending and
torsion loading conditions were lowered by 27.3 % and 18.2 %, respectively, when the radius of the stress
relief groove was increased up to 2.0 mm. According to this study, the stress concentration increased when
the radius of the relief groove was small [5].

Masanobu et al., studied that the effect of stress relief groove design variables such as radius, tangential
angle, and depth on fretting fatigue strength. The results showed that the stress relief groove increases the
fretting fatigue strength under the loading conditions of a bending moment combined with fretting fatigue.[6]

Prajwal et al., investigated the stress concentration and fatigue life of stepped shaft subject to axial
stress. Reduction of stress concentration in the range of 13% and 34% were achieved for d,/d; from 1.08 to
1.22 [7].

Stress concentration factor of stepped shaft subject to twisting moment was investigated, the shaft has
circular-to-square cross-section. Diameter to diagonal ratio (D/d) and radius of fillet to diagonal ratio (r/d)
were studied for different ratios. The results indicated that the maximum shear stress located at the root of
square in the middle location [8]. The results of FEA based on ANSYS program to compute the stress
concentration factor (K;) give a good result. The method can be considered good to produce accurate results
for a wide range of geometry and loading conditions [9].

Stress concentration factor was studied by FEA analysis for keyway as discontinuity on shaft. The
result shows the conformed agreement with theoretical calculations using Peterson equations. Torsion,
bending and axial were applied as loading conditions. The results concluded that the increase of fillet radius
of keyway tends to decrease the stress concentration factor (SCF) [10]. Different shapes and sizes of
notched formed in cylindrical specimen subject to axial load, in order to reduce the effect of stress
concentration. Studies were carried out by ANSY'S software. The results showed notched shape, especially U
shape notch, has a significant effect on stress concentration factor and fatigue life cycles [11].

2. Finite element analysis

The finite element method is a computational procedure for obtaining solutions to a wide range of
engineering problems with complicated geometries that involve stress analysis. All models are studied using
the ANSYS workbench 2019 R1 software. In this work, a round shaft with a constant D/d ratio of 1.5 was
used, the effect of relief groove geometry has been investigated using finite element analysis (FEA). The
different geometric are shown in Figure 1 can be described as the following.

1) The angles of tapered shaft are 5, 10, 15 and 20°

2) Ratio of circular groove shaft diameter (ry/d) are 0.1, 0.15 and 0.2

3) Distance between relief groove and shaft shoulder respect to shaft diameter (L/d) are 0.25, 0.5 and
0.75.

Steel material is used for simulations as an isotropic material with elastic modulus of 207 GPa,
Poisson's ratio of 0.3. Figure 1 illustrates the geometric dimensions of the model used in the study.

1) The greater and lower diameters are (D) and (d) simultaneously,

2) Distance between the shoulder fillet and the circular groove is (L),

3) Applied normal force (F) of 1 kN.
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Fig.1. Geometric parameters of FEA models: a) Stepped shaft with shoulder fillet; b) Stepped shaft without relief
groove; c¢) Stepped shaft with relief groove.

2.1 Mesh convergence

Different FEA models were studied with several different mesh sizes to determine the best mesh size to
meet good results. Figures 2 and 3 show mesh refinement of fillet shoulder and equivalent stress distribution.
8 node elements with size of 0.25 mm along the fillet were applied to achieve high stress level. The relation
between mesh densities on the stress concentration factor can be seen in Figure 4, the results showed that the
stresses are increased by 17% when increasing the number of elements in the model.
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Fig.2. Mesh refinement of shaft model with Fig. 3. Equivalent (von Mises) stress distribution of

shoulder. shaft model with shoulder fillet.
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Fig.4. Stress concentration factor respect to mesh densities.

2.2 Verification of finite element model

ANSYS 2019 R1 is used to carry out FEA analysis. The validation of results obtained was
compared to analytical data from Peterson,[1]. The shaft model has a circumferential groove. The
material model is steel with a yield strength of 304 MPa, a Young's modulus of 207 GPa, and a
Poisson ratio of 0.3 were used as input data in the FEA software.

Based on the results from the previous studies [1] and results from finite element analysis,
Figure 5 illustrates the comparison between the stress concentration factor (SCF) for different ratios
of (r/d) of stepped shaft (D/d) equal to 1.5 It may be noticed that a good agreement between two
results in the range from 0.5 to 0.3.

5

4.5

—— Petrson Reference

-=-- Ansys Results

SCF, (k)
N

L/d

0 0.05 0.1 0.15 0.2 0.25 0.3

Fig.5. Validation of FEA results with the Analytical results given in reference, [1].

3. Results and Discussion

Figure 6 illustrates the effect of tapered shaft angle (6°) on stress concentration factor (SCF).
The first curve shows the (SCF) of tapered shaft without relief groove, and the other is the
percentage of these values relative to step shaft. The results show that the angle of tapered shaft has
a significant effect, lowest values of (SFC) can be achieved at small angle value.
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As seen in Figure 7, The effect of groove location on stress concentration factor (SCF) is investigated.
The increase in the distance ratio (L/d) between the shaft shoulder and relief groove tends to increase the
values of stress concentration factors (SCF) values.
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Fig.7. Effect of groove location of relief groove on (SCF).

The parameter of relief groove radius at different locations on the stress concentration factor (SCF)
were studied. Figure 8, 9 and 10 illustrate the relationship between the stress concentration factor (SCF)
versus the angle of tapered shaft at different ratio of relief groove radius (rg/d). With constant locations of
relief groove (L/d), It is clear that, the tapered shaft angle affects significantly the stress concentration
factors (SCF). Furthermore, the effect of relief groove radius (rg/d) on the values of (SCF) can be clear
observed at angles 15° and 20°.
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Fig.8. Effect of taper angle on (SCF), L/d=0.25
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4. Conclusions

In this study, a numerical model using ANSYS software is developed to study the effect of geometric
parameter such as radius of relief groove (rg) and angle of tapered shaft (8°) on stress concentration factor
(SCF). Based on the results, the following conclusions can be drawn:

1) ANSYS software can be considered as a suitable FEA tool to study the stress concentration factor
(SCF).

2) The angle of tapered shaft (6°) has a significant effect on the values of stress concentration factor
(SCF).

3) The increase of relief groove radius (rg) tends to increase the values stress concentration factor
(SCF).

4) The stress concentration factor (SCF) of tapered stepped shaft is lower than that of a stepped shaft
without a taper by 5-10% at small values of taper angles.
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RESIDUAL - STRESS AND TEMPERATURE FIELDS
IN SURFACE TESTING: FINITE-ELEMENT ANALYSIS
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Abstract. Numerous advancements have been made to treat part surfacing, however, the presence of surface
imperfections resulting from finishing processes has raised concerns about their potential to serve as stress
concentrators. To address this concern, the present study utilized the power of the finite element method and
cutting-edge software applications. The main aim of the study is to evaluate the stress-strain condition of material
surfaces post-finishing, leveraging the comprehensive capabilities offered by these software systems. A significant
component of the investigation centered on the influence of non-stationary temperature fields, as monitored by
dynamic thermoelements, on the stress-strain dynamics within material surfaces. Visualization techniques were
employed to depict the specified field functions, revealing notable variations in temperature distribution. The
findings demonstrated that the standard function identified the highest temperature area within the 3-7-4 node
segment, while the alternative function pinpointed it within the 4-node segment, indicated by the red area. These
outcomes highlight the valuable role of non-stationary temperature fields in balancing the mechanical and
physical aspects of the finishing process. This study contributes significant insights into the post-finishing stress-
strain state of material surfaces, emphasizing the potential advantages of using modern software systems for in-
depth exploration.

Keywords: finite element method, information technology, serendipity finite element, stress-strain state.

1. Introduction

Surface quality plays a crucial role in determining the reliability and durability of equipment parts
during operation. The roughness of air-engine blade surfaces, for instance, serves as a quality criterion for
blade durability, fuel consumption, and engine efficiency [1]. A diamond stylus moving on an investigated
surface is used to determine roughness parameters such as Ra and Rz [2]. Additionally, the quality of surface
processing significantly influences the strength of parts [3]. For instance, imperfections formed during
surface finishing are known to reduce significantly the fatigue strength of parts.

Various technologies are used for part surface treatment, including electric-powered diamond grinding,
belt grinding, creep-feed grinding, polishing, electrochemical treatment, electrolytic plasma polishing, and
ionic plasma hardening [4-6]. To eliminate the adverse influence of technological heredity, finishing
treatment should be applied during the next processing operation to form compressive residual stresses in the
surface layer. Uneven allowance removal leads to considerable instability in the residual stress indicator in
surface layers. The process line for finishing material surfaces consists of units such as machine-tool fleet
with numeric control (for example, grinding machine Metabo6NC-1000 [8] control equipment (measuring
system BLAZER) [8], X-ray diffractometers X stress 3000 G3R [9], laser interferometers, robot
manipulators with goniometers X stress Robot, etc.); and software systems for investigation of physical and
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mechanical components of surface processing. The use of ANSYS software is essential in investigating the
physical and mechanical components of surface processing [1, 6]. In addition, Fused deposition modeling
(FDM) is the most commonly adopted technique in additive manufacturing, as it is useful in the
enhancement of the tensile strength of 0° raster specimens. According to Garg and Bhattacharya [10], Fused
deposition modeling (FDM) is the most commonly adopted technique that is used in additive manufacturing
techniques. Burley et al. [11] conducted an experimental study and addressed the impact of residual stresses
in the near-surface region after the adoption of the plastometry technique. Liu and Guo [12] used a thermo-—
elastic—viscoplastic model using explicit finite element code to develop Abaqus.

The present study focuses on the profound impact of surface finishing on the fatigue strength of
mechanical parts. In particular, the study observes the effectiveness of creep-feed grinding and polishing
techniques in enhancing the fatigue strength of these components. This in-depth analysis emphasizes an
examination of the microgeometry and microstructure of the upper boundary layers of the surface. The
comprehensive insights gained from the study include revealing the complexities of the physical and
mechanical properties of these components facilitated through the use of ANSYS software. This will help in
identifying the optimal operational conditions for both the creep-feed grinding and polishing techniques. In
parallel, it suggests that adopting these techniques could indeed lead to a significant enhancement in the
fatigue strength of components.

The significance of this study lies in its unique contributions, particularly in shedding light on the
transformative role of surface finishing, with specific emphasis on creep-feed grinding and polishing
techniques, in strengthening component fatigue strength. Through these findings, the study enriches the
understanding of the surface finishing process and its far-reaching implications on the mechanical attributes
of components. Beyond this, the study has evolved to offer practical recommendations, aimed at refining the
surface finishing process to enhance the longevity and reliability of equipment components during their
operational lifecycle.

2. Related Work

The finite element method is a mathematical technique used to analyze and investigate the stress-strain
state and field functions of materials based on the theory of elasticity. It is widely used in engineering and
material science research to model and simulate the behavior of complex structures and systems. One
important aspect of the finite element method is the use of finite element approximations, which are
mathematical models used to estimate the behavior of a system. One such approximation is the serendipity
finite element, which is a type of quadrilateral element with nodes at the corners and in the middle of each
side. The serendipity finite element was originally developed to simplify the calculation process by reducing
the number of internal nodes required for accurate modeling. However, the standard functions of serendipity
finite elements have been criticized for their unnatural nodal load distribution, which can result in inaccurate
calculations.

The apparatus of the finite element method [12-13], is used to analyze and investigate the stress-strain
state and field functions based on the theory of elasticity. The mathematical support of the finite element
method serves as an algorithmic basis for the following software systems: Nastran, Ansys, Solid Works, etc.
Lagrangian finite elements have nodes in the middle of the final element. Internal nodes increase the
calculation scope and are not used for assembling finite elements. There are unidentified disadvantages in
serendipity finite elements. The initial goal of creating serendipity finite elements is the ability to convert an
arbitrary quadrilateral into a square and to reduce the calculation scope by removing extra internal nodes.
This curvilinear element appeared in the calculation of structures as a serendipity finite element.

The higher the order of the serendipity finite element, the more accurate the calculation is. A square
finite element combines well with a triangular simplex, forming an effective mesh of the finite element
method. The square cells are convenient within the area, and triangular—in the boundary area during
digitization of a planar area in arbitrary configuration. The basic function plays a key role in the finite
element method; therefore, its physically adequate form is important. A serendipity finite element
interpolates the element boundary function and approximates the nodes inside it. The main drawback of
standard functions of the serendipity finite elements is unnatural nodal load distribution from a single mass
force because loads are negative in corner nodes [13]. These standard functions [14] play a double role in
isoperimetric technology. In Zienkiewicz's [14], standard model, there are no additional degrees of freedom
(df), because it is designed according to hard recipes of matrix algebra within the La-grange interpolation
formula [15].
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The first alternative (physically adequate) model of serendipity finite elements appeared in 1982 due to
the inability to find a rational explanation for unnaturally distributed uniform mass force [14]. Serendipity
finite elements with negative loads at nodes are not suitable for computer testing. Doudkin et al. [16]
presented a three-dimensional solid-state model based on computation. This study also analyzed feed
elements of rods of vibroscreen. According to the results, the strengths of materials varied but their
parameters did not report a change for the bulk materials. A study by Shukla, Murmu, and Deo [17] used
Finite Element Method software for modeling the fracture behavior of plain concrete (PC) and basalt fiber
concrete beams for Mode | (Three-point bending). The findings outlined that the results of the finite element
simulation were favorable and no effect was reported in the fracture energy along with the varying sizes of
specimens. Campaner [18] reported that despite restorative material, the tensile stress magnitude of the
region of the prosthetic connectors was the highest. However, none of the modern software systems (finite
element method oriented) contains alternative functions of the serendipity finite elements. Results of the
constructive theory of serendipity approximations are laid down (as algorithmic functions) in two
information technologies [19], developed based on Turbo Pascal and C#, respectively, and in the automated
subsystem, developed based on Delphi.

2.1 Research Gap

The finite element method is a mathematical technique used to analyze and investigate the stress-strain
state and field functions of materials based on the theory of elasticity. It is widely used in engineering and
material science research to model and simulate the behavior of complex structures and systems. One
important aspect of the finite element method is the use of finite element approximations, which are
mathematical models used to estimate the behavior of a system. One such approximation is the serendipity
finite element, which is a type of quadrilateral element with nodes at the corners and in the middle of each
side. The serendipity finite element was originally developed to simplify the calculation process by reducing
the number of internal nodes required for accurate modeling. However, the standard functions of serendipity
finite elements have been criticized for their unnatural nodal load distribution, which can result in inaccurate
calculations.

3. Materials and Methods
3.1 Field Functions for Residual Stress Prediction

The field functions U(x, y, t) is used for conducting visualization and analysis tests of surfaces or non-
stationary physical tests, which include temperature field and stress field. These field functions are custom-
tailored to the requirements of residual stress prediction and represent a fundamental component of the
present study. Equation 1 summarizes the field functions needed:

U(x'y' t) = ‘{21 Ni *fl(t) (1)

Where: Ni is the standard or alternative basis of the serendipity finite element, t is time, | is node
number, m is the number of nodes of the serendipity finite element, fi(t) is the law of time variation of a
physical quantity (residual stress, temperature, etc.) at the boundary nodes of the serendipity finite element.

The field functions defined by Equation 1 are employed to visualize and analyze non-stationary
temperature fields and stress fields. In particular, they are utilized for the prediction of residual stress in
materials. Through the application of these field functions, the residual stress fields within the material
samples are visualized and analyzed. The functions are integral to this process, and their unique design
allows for the precise identification of regions with residual compressive stress, residual tensile stress,
thermo-elastic stress, and residual stress in our specimens. The field functions are systematically adapted to
the preferred physical quantities in the surface control points. This facilitates the investigation of residual
stress in materials and ensures their direct relevance to our study objectives.

The applicability of these field functions is not confined to material surfaces with linear boundaries.
Through the incorporation of isoperimetric transformation techniques, they can effectively handle surfaces
with curvilinear boundaries, thus extending their utility. The surface area with a curvilinear boundary does
not matter, due to the isoperimetric transformation. The standard and alternative function fields are presented
in the following equations. The standard function [19].

1
N; = 1(1 +x0)(1 +yy),x,y = £1,1,4
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1
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1
N; = 5(1 - x4+ yy),y; =+1,i=57
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N; = 5(1 -y +xx),x; = +1,i = 6,8

The alternative function:
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3.2 Sensitivity Analysis and Optimization

To address the effects of various input parameters on the simulation results and to identify critical
parameters that require control or optimization, the methods incorporate a sensitivity analysis. Furthermore,
optimization techniques are seamlessly integrated to determine optimal design parameters and processing
conditions that lead to the desired stress-strain state within the material surfaces.

A two-dimensional finite model was adopted in the study, and the length of the edge was 20 times
larger than that of the uncut layer to ensure steady-state cutting. The type of element used was a four-node
bilinear, but not all elements in the mesh were placed longer in the horizontal direction to account for intense
compression and shear straining for the movement of the tool from right to left. This shape was selected to
reduce the likelihood of numerical problems that may be encountered due to the distortion of elements.

The detailed algorithm with considerations for temperature fields, stress fields, sensitivity analysis, and
optimization techniques has been provided in Appendix A.

3.3 Validation of Method for Residual Stress Prediction

Tests were conducted on material samples with known residual stress profiles. Residual stress was
measured directly using established techniques. The measurements were then compared to the predictions
generated by the method, calculating performance metrics such as MAE and RMSE. When experimental
validation is not feasible, benchmark data with known residual stress profiles is used. The method was
applied to predict residual stress within the same materials and geometries used in the benchmark data.
Performance was evaluated through metrics and visual comparisons. The method's response to variations in
input parameters was assessed, evaluating its robustness and reliability. The results of both experimental and
numerical validation validated its applicability in scientific studies and practical applications.

4. Results and discussion

The square area of the processed surface area based on serendipity finite element of the first and second
order is presented in Fig. 1 and 2. For a square of the first order (Fig. 1), a visualization and analysis test has
been conducted using the MATLAB software package for a stationary field of residual stress. The values of
residual stress (Gresiqual) N four control nodes were determined by X-ray diffractometer stress 3000 G3R
(second node of the process line) based on the electric-powered diamond grinding. The required range of
computed values of residual stresses are:

Otresidual = 29MPQ, 0zresiguar = 34MPQ, 03resiquat = 42MPa, O4resiquar = 37MPa

The two-dimensional surface of the test stationary field of residual stress is shown in Fig. 3. The field
has a clear gradient, and permanent relief (due to zero curvature), the highest concentration of residual stress
is concentrated at the third node (purple area), and the lowest in the first (green area). In the element
barycenter, the value of the residual stress is ocenter=residual = 34.5 MPa (arithmetic mean), which is
confirmed by a uniform gradient. There are no anomalous areas (vortices) on the field surface.
Recommendations for subsequent finishing are identified from the removal of stresses in the third node area.
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Fig.3. Testing in MATLAB.

A visualization and analysis test has been conducted for a stationary temperature field using dynamic
thermos-elements for a square of the second order. Equation 3 presents the following function:

8
UGoy) = ) Np+T;
i=1

The temperature values in eight control nodes were determined with a contact thermocouple (the second
node of the process line) because of the belt grinding (temperature perturbations at the points of changed
trajectory of the tool moving). The desired range of values: T1=120°C, T2=134°C, T3=147°C, T4=151°C,
T5=125°C, T6=139°C, T7=148°C,
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T8=118°C. Fig. 4 shows the two-dimensional surface of the tested stationary field using the standard
function. The field has a smooth gradient, and saddle-shaped relief (hyperbolic paraboloid). The highest
temperature area is concentrated in the 3-7-4 node segment, whereas the lowest temperature area was shown
in the 5-node segment transitioned into the barycentre (blue area). There are no irregular regions on the field
surface. Therefore, operations should be processed by reducing the high-temperature area in the 3-7-4 node
segment. Fig. 5 shows the two-dimensional surface of the tested stationary field using an alternative
function.

The field has a clear, transient gradient, and wave-like relief (Jacobi function). The highest temperature
area is concentrated in the 4-node segment (red area), whereas the lowest temperature area was in the 2-node
segment (blue area). There are vortexes (localization in the center) on the field surface. Therefore, process
steps should be undertaken by reducing the high-temperature area in the 4-node segment.

oo Gl o Poaee s

i 1.
o
v \

Fig.4. Standard Function Fig.5. Alternative Function.

For the stationary field of residual stress, a square of the first order was used, and a visualization and
analysis test were conducted using MATLAB software. The results showed that the highest concentration of
residual stress was concentrated at the third node, and the lowest in the first. The value of the residual stress
at the element barycenter was determined to be 34.5 MPa, which is confirmed by a uniform gradient. There
were no anomalous areas on the field surface, and recommendations for subsequent finishing were identified
from the removal of stresses in the third node area.

For the stationary temperature field, a square of the second order was used, and two-dimensional
surfaces of the tested stationary field using the standard and alternative functions were analyzed. The results
showed that the highest temperature area was concentrated in the 3-7-4 node segment for the standard
function and in the 4-node segment for the alternative function. The lowest temperature area was shown in
the 5-node segment transitioned into the barycenter for the standard function and in the 2-node segment for
the alternative function. There were no irregular regions on the field surface for the standard function, but
vortexes were present in the center for the alternative function.

Based on these results, the study made recommendations for subsequent finishing operations to reduce
the high-temperature or residual stress areas in the identified node segments. However, it’s worth noting that
the results presented in the study are limited by the specific conditions and materials used in the testing. The
study did not compare the results with other methods or models, and the conclusions drawn are only
applicable to the specific conditions tested.

5. Conclusions

The study has used non-stationary temperature fields with dynamic thermoelements. Two different
function fields were undertaken to establish an application of analysis and visualization of the physical and
mechanical components of the finishing process. Through the application of simulation models and modern
software systems such as MATLAB, the study successfully determined residual stress and temperature
values in various control nodes, offering valuable insights into the effects of finishing on material surfaces.
These findings hold significant implications for the field of material finishing, highlighting the potential for
enhancing the quality and performance of finished materials. While this study provides valuable insights into
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the stress and temperature patterns of material surfaces during finishing, there is still much to be learned and
explored in this field. By continuing to innovate and refine our approaches to analysis and visualization, we
can continue to improve the quality and performance of finished materials, and advance the field of material
science as a whole. The findings of this study have important implications for the field of material finishing.
The use of non-stationary temperature fields with dynamic thermoelements, in combination with the finite
element method and modern software systems such as MATLAB, has demonstrated the potential for analysis
and visualization of the physical and mechanical components of the finishing process. By using simulation
models, the study was able to determine the values of residual stress and temperature in various control
nodes, providing insights into the effects of finishing on material surfaces.

Conflict of interest statement
The author declare that they have no conflict of interest in relation to this research, whether financial, personal,
authorship or otherwise, that could affect the research and its results presented in this paper.

Acknowledgments
The author is very thankful to all the associated personnel in any reference
that contributed / to the purpose of this research.

References

1 Nosov N.V. (2018) Application of quasi-optimal correlation algorithm for surface quality
assessment. Journal of Physics Conference Series, 1096, 012141-012141. DOI: 10.1088/1742-6596/1096/1/012141.

2 Snehashish Chakraverty, Deepti Moyi Sahoo, Nisha Rani Mahato. (2019) Defuzzification. Springer EBooks,
117-127. DOI: 10.1007/978-981-13-7430-2_7.

3 Ortwin Farle, Hill, V., Pdr Ingelstrom, Romanus Dyczij-Edlinger. (2008) Multi-parameter polynomial order
reduction of linear finite element models. Mathematical and Computer Modelling of Dynamical Systems, 14(5), 421—
434. DOI: 10.1080/13873950701844220.

4 Nawijn M., van Tooren M.J.L., Berends J. P. T. J., Arendsen P. (2006) Automated Finite Element Analysis
in a Knowledge Based Engineering Environment. 44th AIAA Aerospace Sciences Meeting and Exhibit.
DOI:10.2514/6.2006-947.

5  Guitart M. (2022) Behind Architectural Filters. DOI: 10.4324/9781003208624.

6  Pavlenko D., Kondratiuk E., Torba Y., Vyshnepolskyi Y., Stepanov D. (2022) Improving the efficiency of
finishing-hardening treatment of gas turbine engine blades. Eastern-European Journal of Enterprise
Technologies, 1(12(115)), 31-37. DOI: 10.15587/1729-4061.2022.252292.

7  Kayabekir A.E., Toklu Y.C., Bekdas G., Nigdeli S.M., Yiicel M., Geem Z.W. (2020) A Novel Hybrid
Harmony Search Approach for the Analysis of Plane Stress Systems via Total Potential Optimization. Appl. Sci., 10(7),
2301. DOI: 10.3390/app10072301.

8 Zobov V.A, Chernousov D.A. (2021) Analysis of the Technology of Automation of Surface Layer Quality
Management during Turning. Russian Metallurgy (Metally), 2021(13), 1814-1820. DOI:10.1134/s003602952113036x.

9 Stern M., Soni M.L. (1976) On the computation of stress intensities at fixed-free corners. International
Journal of Solids and Structures, 12(5), 331-337. DOI: 10.1016/0020-7683(76)90023-8.

10 Machado A., Soares C., Reis B., Bicalho A., Raposo L., Soares P. (2017) Stress-strain Analysis of Premolars
With Non-carious Cervical Lesions: Influence of Restorative Material, Loading Direction and Mechanical
Fatigue. Operative Dentistry, 42(3), 253—-265. DOI: 10.2341/14-195-l.

11 Burley M., Campbell J.E., Reiff-Musgrove R., Dean J., Clyne T.W. (2021) The Effect of Residual Stresses
on Stress—Strain Curves Obtained via Profilometry-Based Inverse Finite Element Method Indentation Plastometry.
Advanced Engineering Materials, 23. DOI1:10.1002/adem.202001478.

12 Liu C.R., Guo Y.B. (2000) Finite element analysis of the effect of sequential cuts and tool—chip friction on
residual stresses in a machined layer. International Journal of Mechanical Sciences, 42(6), 1069-1086.
DOI:10.1016/50020-7403(99)00042-9.

13 Contreras H.(1980) The stochastic finite-element method. Computers & Structures, 12(3), 341-348. DOI:
10.1016/0045-7949(80)90031-0.

14 Zienkiewicz O.C., Morice P.B. (1971) The Finite Element Method in Engineering Science. McGraw-Hill,
London. https://scholar.google.com/scholar_lookup?&title

15 David Miizel S., Bonhin E. P., Guimardes N. M., Guidi E.S. (2020) Application of the Finite Element
Method in the Analysis of Composite Materials: A Review. Polymers, 12(4), 818. DOI: 10.3390/polym12040818.

16 Doudkin M.V., Kim A., Kim V., Mlynczak M., Kustarev G. (2018) Computer Modeling Application for
Analysis of Stress-strain State of Vibroscreen Feed Elements by Finite Elements Method. Proceeding of the Intern.



https://doi.org/10.1088/1742-6596/1096/1/012141
https://doi.org/10.1007/978-981-13-7430-2_7
https://doi.org/10.1080/13873950701844220
https://doi.org/10.2514/6.2006-947
https://doi.org/10.4324/9781003208624
https://doi.org/10.15587/1729-4061.2022.252292
https://doi.org/10.1016/0020-7683(76)90023-8
https://doi.org/10.2341/14-195-l
https://doi.org/10.1002/adem.202001478
https://doi.org/10.1016/s0020-7403(99)00042-9
https://doi.org/10.1016/0045-7949(80)90031-0
https://doi.org/10.1016/0045-7949(80)90031-0

Eurasian Physical Technical Journal, 2024, 21, 3(49) Special Issue 139

Conf. on Computational and Information Technologies in Science, Engineering, and Education, Ust-Kamenogorsk,
Kazakhstan, 82-96. DOI: 10.1007/978-3-030-12203-4_9.

17 Shukla S., Meena Murmu, Deo S.V. (2022) Study on Fracture Parameters of Basalt Fiber Reinforced
Concrete Beam by Using Finite Element Method. Lecture Notes in Civil Engineering, 33-45. DOI:10.1007/978-981-16-
8433-3_5.

18 Campaner L.M., Silveira M.P.M., de Andrade G.S., Borges A.L.S., Bottino M.A., de Oliveira Dal Piva
A.M., Giudice R.L., Ausiello P., Tribst J.P.M. (2021) Influence of Polymeric Restorative Materials on the Stress
Distribution in Posterior Fixed Partial Dentures: 3D Finite Element Analysis. Polymer, 13 (5), 758;
DOI:10.3390/polym13050758.

19 Topchyi D. (2016) The theory of plafales:quadruple role of the basis functions of serendipity finite elements.
Review of the results. Scientific Works of Vinnytsia National Technical University, 2, 1 — 7. https://hal.science/hal-
01429000/document.

AUTHORS’ INFORMATION

Hasan, Nazieh — PhD, Assistant Professor, Mechanical Engineering Department, Zarqa University, Zarga, Jordan;
SCOPUS Author ID: 57201666796; ORCID iD: 0000-0001-8017-5633; nazieh@ymail.com



https://doi.org/10.1007/978-3-030-12203-4_9
https://doi.org/10.1007/978-981-16-8433-3_5
https://doi.org/10.1007/978-981-16-8433-3_5
https://doi.org/10.3390/polym13050758
mailto:nazieh@ymail.com

140 Eurasian Physical Technical Journal, 2024, 21, 3(49) ISSN 1811-1165; e-ISSN 2413-2179

SUMMARIES TYCIHIKTEMEJIEP AHHOTAIIUA

Kyuepenko M.I'., Kpyuunun H.IO., Hesacoe I111.

BoiiabIk noJIApU3alUsJIaHFaH AJITHIH chepouuIHHAPAIH Oertinperi nouamM@oauTTep MeH
MOJIMIJIEKTPOJIUTTEPAIH KOH(POPMAIMAIBIK KYPBLIbIMBI.

XKanmer Oeiirapan noaMaMQONUTTIH, COHIAH - aK OIpKeNKi 3apsiaTanFaH  MakpoTi3OeKTepiH, OOWIBIK
NOJApU3ALMSIIAHFaH  aNThiH  chepolmMHap - cdepaiblk ymTapsl 0ap LWIMHAPIIK HAHOO3EKIICHIH OeTiHe
azcopOIMsUIaHFaH MOJIMIENTUATEPAIH  KOH(opMauusuiblk e3repicrepi 3eprrensi. baiinaHbicTap THIFBI3IBIFBIHBIH
panuanabl-OypHIITHIK TapaTybIHBIH SHTPOIHUSIIBIK )KOHE ©pICTIK pakTopiapblH 06JIiN KepceTeTiH, NosIpu3alsIaHFal
chepoyHAp OeTiHAET] afacopOLMsIaHFaH MaKpOTI30EKTEPAiH Tele-TeHIIK KYPbUIBIMBIHBIH aHAJTUTHKAIBIK MOJIEI]
YCHIHBUIFAaH. MOJIeKyIaIbIK-THHAMIKAIBIK MOJENBACY Ke3iHIe HAaHOO3CKIICHIH OpTaNBIK IMMIMHAPIIK OeiriHmeri,
COHfal-aK OHBIH INETKi XapThl INApIAPbIHAAFB! MOJIHMIEITH AaTOMAAPHIHBIH THIFBI3ABIFBIHBIH PAaIHANIbl Tapalybl
ecentenreH. COHBIMEH KaTap, MOJHIICITHA ATOMAAPBIHBIH CBHI3BIKTHIK THIFBI3ABIFBIHBIH HAaHO®3EKIIEe Ooci OoibIMeH
Tapanysl ecenrengi. [lomspuzanusiaHFaH HAHOO3EKIICHIH OCTIHAE Y3apThUIFaH OPTANBIK MIUIMHAPIIK OONIKTE THIFBI3
JKOHE HAHOO3CKIe YINTapblHAa OOpIBUIIAK OOJATHIH TaHTENh TOPI3NI MONMHaMQOIHUT JKHeri maina Oomabl.
MaxkpoMOJIeKyTaIblK JKUEKTIH OIpKeNKi 3apsiITajfaH MOJHUICHTHIATIH OyBIHIAPBIHAH OCHI ITOJHAJICKTPOIHUT KHET1
ICIHreH HaHOO3EKIIICHIH KapaMa-KapChl 3apsiITalFaH YIIbIHA aybICYhI Ja OaiKasabl.

Kiar ce3mepi: anThlH HaHOe3eKINe, NOJApU3AIMAIAHFAH HAHOOOIICK, MOJAAM(OINT, TOJUIICKTPOIIUT,
KOH(OPMAaLUSITBIK KYPBUIBIM, MOJICKYJIANIBIK AUHAMUKA.

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

Kondopmanuonnasi crpykrypa mnoauaM@oJiMTOB W MOJHIJICKTPOJHMTOB Ha IOBEPXHOCTH MPOJOJIBLHO
NMOJIAPH30BAHHOIO0 30J10TOT0 c(hepoUIMHAPA.

HccnenoBanbl KOH(GOPMAIMOHHBIE W3MEHCHHS B ILIEJIOM HEHTPAIbHBIX MOMHAM(OIWTHBIX, a TAKXKE PaBHOMEPHO
3apsDKEHHBIX MaKPOLEIISIX, TOJIHUITENTHAAX, a1COPOMPOBAHHBIX Ha TOBEPXHOCTH MPOAOJILHO HOIAPU30BAHHOTO 30JI0TOTO
chepolIHIpa — IIIHHAPHYSCKOTO HAHOCTEPXKHS CO c(hepnuecKMMH KoHIamu. [IpencraBieHa aHaJIUTHYECKas
MO/JIETIb PABHOBECHOH CTPYKTYPHI aICOPOMPOBAHHBIX MaKpOLETIeH Ha IIOBEPXHOCTHU MOJSIPHU30BAaHHOTO c(hEepOLMIINHIpA,
BBIJICIISIONIAsE SHTPOIUIHBIE U TMOJIEBbIe (DaKTOPHI paJnalibHO-YIJIOBOTO paclpelielieHnsl TUIOTHOCTH cBsizell. B xone
MOJIEKYJISIDHO-IMHAMUYECKOTO MOJCIUPOBAHUS PAaCCUUTAHbl paJMalbHbIE PpaCHpeleeHMs] IIOTHOCTH aTOMOB
MOJIMIIENITU/IA B IEHTPAIBHOW HMIIMHPUYECKON YacTH HAaHOCTEPIKHSI, a TAKKe Ha ero KOHIEBBIX nonychepax. Kpome
TOT0, OBIIM PAacCUMTAHbI pacHpeeNeHUs JTUHEHHONW IJIOTHOCTH aTOMOB IOJIMIENTHAA BAOJH OCH HaHOCTep:kHA. Ha
MOBEPXHOCTH TOJSIPU30BAHHOTO HAHOCTEP KHs 00pa3oBajicsi TaHTeIe00pa3Hblid MOMMaM(OIUTHBIN KpaH, MIOTHBIA B
BBITSHYTOH IIEHTPAJIbHOM IIMITMHIPUYIECKON YaCTH U PHIXJIBII Ha KOHIIaX HAHOCTEeP KHA. Takke HaOI0Janoch CMEIIeHIe
MaKpOMOJIEKYJISIPHOTO Kpasi OT 3BEHbEB PABHOMEPHO 3apsKEHHOIO MOJUMENTHAA K MPOTUBOIOIOKHO 3apsSHKEHHOMY
KOHILy HAHOCTEP>KHS, Ha KOTOPOM 3TOT ITOJIM3JIEKTPOJIUTHBIN Kpail Ha0yXal.

KnaioueBble ci10Ba: 30J0TOH HaHOCTEPKEHb, MOJIPU30BaHHAs HAHOYACTHIA, IOIMAMQOINT, MOIUAIEKTPOINT,
KOH()OpMaIMOHHAs CTPYKTYpa, MOJIEKYJIsipHas AMHAMUKA

Ab60dynnaee K.1II. Canaee U.b.

Kocmanay meH TeMmepaTypaHbIH P-n  KdHe Pp-i-n  eTHeJi KYpbUILIMIAPAbIH  3JeKTPOUIHKATBIK
cUnaTTaMajiapbiHa dcepiH OHTAHJIAHABIPY.

Bepinren sxxymbicta p*=n*=2-10'7 xone p=n=10'¢ cM> KOCIaTaPbIHBIH KOHIICHTPAIUSICHIH KOJIaHA OTHIPHIIN, KPEMHHIT
(Si) xone apcenua-ramimii (GaAs) p-n sxoHe P-i-N TOMO-OTIET KYPbUIBIMIAPBIH CHUIIaTTaMalapblHa KOCIajgay MeH
temrieparypanbiy (300 K sxone 400 K temmepaTypa ke3iH/e) acepi CaHIIBIK €CenTey KoHE MOJIENbIEyMEH 3epTTEN/I.
CoHbIMeH KaTap, yII TYpii xargai a) p-n, B) p*-n sxxane C) p-n*, onapasiy 300 K temnepartypazia KeJeMaiK 3apsaAThIH,
NOTCHUMANIBIH, OJEKTP OpiCiHiH, Heri3ri emec 3apsa TachIMalJayllbulapAblH kaHe BoubT-AMmmepain (I-U)
CUMaTTaMajapblHBIH TapalyblHa OCEpiH 3epTTey MakcaThIHAa TaIAaHAbl. AJIBIHFaH HOTIDKENEpAeH A jkarmaiblHIa
pexomOuHanms npoueci B skoHe C jkargainapblHIAarbl aCUMMETPHSJIBIK P-N aybICYJapbIMEH CaJIbICTBIpFaH/Ia
CUMMETPHSIIBI P-N ayBICYBIH/Ia TOMEH KepHey/ie OalikaaMalThIHBIH KopyTre 6onaabl. Conan keitin 300 K temneparypana
JaWbpIHAQIFaH YITUIEpAIH BOJIBT-TEMIIEpaTypalblK CHIIaTTaManapbl eimeHsi. KpemHuit p-N romoaysIiCyiapJblH
KamuOpiieyi YCBHIHBUIFAH MOJENbAI TEeKCcepy YVINiH SKCHEPUMEHTTIK MAIIMETTepAi KOJNaHyBIMEH >Kyprisinai. byn
KEIIeH I MOJIeNbIiH KOMETIMEeH KeJleci )KYMBICTa paHaliibl P-N aybICYBl CUAKTHI OPTYPIIi TEOMETPHUSUIBIK ©3repicTepIin
ANEKTPPUBUKAIBIK KACHETTEepTe acepi 3epTTeme .

Kiar ce3nepi: keaeMaik 3apsATHIH THIFBI3IBIFB, JIETUPIICYII KOCTIaTapAbIH KOHIICHTPALIUSICH, MOJICIBLY, KaInopIey,
OHTaNJIaHABIPY.




Eurasian Physical Technical Journal, 2024, 21, 3(49) SUMMARIES 141

Abodynnaee K.11. Canaee U.b.

OnTuMH3aIMs BIUSHHS JETHPOBAHUS M TeMIEPATypbl HA J1eKTpopU3NYecKre XapaKTePHCTHKH P-n H p-i-n
MePexXoAHBIX CTPYKTYP.

B manHol paboTe mccienoBaHo BiHMsAHHE JernpoBaHus U Temmeparypsl (mpu 300 K u 400 K) ma xapakrepuctuku
KpeMHHEBBIX (Si) u apcenua-rammeBbix (GaAs) p-n u p-i-n TOMOIIEPEXOAHBIX CTPYKTYP, UCIIONIB3YS KOHIIEHTPAITMN
nerupyromux npuMeceit p=n*=2-10"" u p=n=10' cM> mocpeACTBOM UHCIICHHOTO pacdeTa U MojenupoBanus. Kpome
TOTO, MPOAHATU3UPOBAHEI TPH pasiudHble ciayuam: A) p-n, B) p™-n u C) p-n*, 4ro0bl mccaenoBats WX BIHSHUE Ha
paciipeneneHre 00bEMHOTO 3apsa, MOTEHNHANa, 3JIEKTPHUECKOTO MO, HEOCHOBHBIX HOCHTENEH 3apsiia W BOJIBT-
amnepHoit (I-U) xapakrepuctuku mpu 300 K. M3 moimydeHHBIX pe3ynbTaToB BHUAHO, YTO B ciydae A mporecc
peKOMOMHAIMKM HE HaONIOJaeTcsi MPH HHU3KOM HAIPSHKEHWH B CHMMETPUYHOM p-N Iepexojie MO CPaBHEHUIO C
ACHMMETPUYHBIMH p-n nepexonamu B ciydasix B un C. 3arem ObUM M3MEpEHBI BOJIBT-TEMIIEPATypPHbIE XapaKTEPUCTUKH
MIOJIrOTOBJIEHHBIX 00pa3noB npu Temneparype 300 K. KannOpoBka KpeMHHEBBIX p-N TOMOIIEPEX0/10B ObliIa BHIOJIHEHA
C HCIIOJIb30BaHUEM OKCIIEPHMEHTAIBHBIX JaHHBIX JUIS TPOBEPKU MpeayoxkeHHoi Mozaenn. C IOMOIIBIO 3TOH
KOMIUIEKCHOM MoJeNu B Hamieil cienyromeil pabore OyneT MCCIeOBaHO BIMSHUE Pa3IMYHBIX T'€OMETPUYECKHX
M3MEHEeHHH, TaKUX KaK paJualbHBIA p-N MePeXo, Ha AIeKTPo(YU3NIecKre CBONHCTRA.

KaioueBble ci10Ba: IUIOTHOCTH OOBEMHOTO 3apsia, KOHIEHTPALMS JIETHPYIOIIUX IpuUMecel, MOJEIMpOBaHHE,
KannOpPOBKa, ONTUMHU3ALIHS.

I'pewuma B.JI., Hapuecxkuii A.E., /[ocyc A.B., Boinap B.A., Ap-Myxameooea I'1ll., Myxkawes K., beiicen H.O.,
Mycabex I'.K., Hmnanoaesa A.K., 3enene /., Amuuoaes P.O., Kemenvicanosa A.E.

Ocreocunre3 mnpouecinin yari epiriggicinge  kymicnen kKocmajganran H330K xone H330K marnmii
KOPBITHAJIAPBIHBIH KOPPO3USIIBIK JPEKETi.

NZ30K xone 0,1 mac.% Punrep-Jlokk epitingicinaeri kymicrneH kocnananran NZ30K marHuit KopbIThanapblHbIH
KOPPO3USIIBIK OPEKETI 3epTTelfi, cebedi onapablH Kypamaac OeIliKTepi ajaM aF3achlHa Il €MeC XKOHE CyHek
CBIHBIKTapbIH eMJIey/e KIMHUKAIBIK acKbIHyJIap TyAbIPMaiibl, ajl KyMiC aHTHOHMOTHKTEpre TOH OaKTepusiFa KapcChl
kacuertepre ue. Kymic kocmacer 0ap NZ30K yariciHig Ecor moTeHIIMANBI ChIHAKTHIH anFanmikel 100 cekynapiHma -1,57
B GoxraneiMen, keiiid o 0,051 mB/c xbuigamapiknes 512 cexyHn iminae -1,54 B-ka KapKbIHABI OH KaKKa ©3repreHi
aHBIKTaNObI, koHe kemeci 1000 cexynnran keitin 0,014 mB/c nmeitin xemwumi skoHe yirige Ecor MOTEHIMANBIHBIH
CTAIIMOHAPIIBIK MOHI TipKeIai. YIITi OipKeKi ®Kalbl KOPPO3HsFa YIIBIPAIbL, aJl OHBIH KOPPO3HSHBI 3epTTey Ke3iHae Ecor
MIOTEHIMAJIBIHBIH JKaKcapysl KOPBITIIAa KOMIIOHEHTTEP] apachIH/a CH Tepic CTaHIapTThI TIOTEHINAN MOHIHE Me MAaTHUHIH
€H KapKbIHJIBI CEJICKTHUBTI epyiHe JKOHE CTAaHIApTThl MOTEHIMAIABIH OH MOHIHE Me OHbIH OeTiH Zn, Nd, Zr, Ag-mMeH
OalBITYBIMEH OaiimaHBICTHL. ByJ ypaic »aimbl KOppO3Hs KBUIIAMIBIFBIHBIH TOMEHICYIHE BIKIA eTTi KOHE JKePTiTiKTI
KOPPO3USIHBIH JIaMyblH MyMKiH eMec eTTi. 0,1 mac.% kymicnen kocnananran NZ30K KopbITIackl OCTEOCHHTE3 Ke3iH e
OMOJIOTHSUTBIK, BIIBIPANTBIH UMILIAHTTAPbl OHIIPYTe apHaIFaH KYPbUIBIMABIK MaTepHaj peTiHle TaHAayblH Herizziey
YILiH OJIaH opi MOTEHIIMOJUHAMHKAJIBIK JKOHE KOJIEM/IIK KOPPO3HSHBI 3ePTTEY YIIIH YCHIHBUIA/IBI.

KinT ce3nepi: 6uonmmuiant, kymicrien kocriananran NZ30K mMarHuii KOpbITHACKL, )KEPTiIIKTI KOPPO3Hs, OCTEOCHUHTES.

I'pewuma B.JI., Hapueckuiui A.3., Kyc A.B., Buinap B.A., Ap-Myxameooea I'.Ill., Myxawee K., beiicen H.A.,
Mpycaoek I' . K., Hmanoaeea A.K., 3enene /1., Amuuoaee P.A., Kemenvocanosa A.3.

Koppo3uonnoe noBenenne maruueBbix cmiiaBoB H330K u H330K, nerupoBaHHbIX cepeOpoM, B MOeJbHOM
pacTBope mpoIecca OCTeOCHHTE3A.

Uzydeno xoppo3noHHOe moBeneHne mMarHueBbix ciuraBoB NZ30K u nerupoBaHHEIX B pactBope Punrepa-Jlokka 0,1
Mac.% cepedbpa NZ30K, mockonpKy WX KOMIIOHEHTHI HE TOKCHYHBI JJIS OpPraHW3Ma YelIOBeKa M HE BBI3BIBAIOT
KITMHAYECKIX OCIOKHEHHH MIPH JICYCHUHN TIEPEIOMOB KOCTeH, a cepedpo obnagaeT aHTHOAKTepHAIbHBIMH CBOMCTBAMH,
MPUCYIIMMH aHTHOMOTHKAM. Y CTAHOBJICHO, YTO NMoTeHIUal Ecor 00pa3na NZ30K, nerupoBanHoro cepedpom, B TeueHne
nepBeix 100 cekyHa UCTIBITAaHUI cocTaBisut -1,57 B, HO 3aTeM OH MHTEHCUBHO CMENIAJICS B TIOJIOKHUTEILHYIO CTOPOHY
1o -1,54 B B reuenne 512 cexynn co ckopocthio 0,051 MmB/c, kotopas ymensmanach 10 0,014 MB/c mocne cnenyromux
1000 cexyHna, ¥ 3apUKCHPOBAHO CTAIMOHAPHOE 3HAYEHHWE MOTeHIMana Ecor Ha oOpasme. OOpazen ObLT MOABEPTHYT
paBHOMEpHOW o0O0mieil KOoppo3uu, a yIydIIeHHe ero MOoTeHnuana Ecr TpH ero KOppo3HMOHHOM HCCIIEIOBAHHU
00yCIIOBIIEHO HanboJiee UHTEHCUBHBIM CEJICKTUBHBIM PAaCTBOPEHHEM MAarHusl, MMEIOIIEr0 Hanboliee OTPHUIIATeIhbHOE
3HAUEHME CTAH/IAPTHOrO MOTEHIIHANIA CPETd KOMIIOHEHTOB CIUIaBa, U oboraieHuem ero nosepxuoctu Zn, Nd, Zr, Ag,
MMCIOIIUMH TIOJIOXKHUTEIBHOE 3HAUCHHE CTAaHAapPTHOTO IMOTCHIHANA. JTa TCHICHIHWS CII0OCOOCTBOBANlAa CHIKCHHIO
CKOPOCTH 00I1Iel KOPPO3HH U cJielialia HEBO3MOKHBIM pa3BHTHE JIOKaJbHOHM Koppo3un. CrutaB NZ30K, nernpoBaHHbII
0,1 mac.% cepebpa, pPEeKOMEHIyeTCs Ui NATbHEHIINX MOTCHIMOIUHAMHYCCKHX K OOBEMHBIX KOPPO3HOHHBIX
HCCIICIOBAHUI C LENbI0 O0OCHOBAaHUS €ro BHIOOpPAa B KaueCTBE KOHCTPYKIMOHHOTO MaTephalia JJisi HW3TOTOBIICHUS
O6noerpaupyeMbIX HMIUIAHTATOB IIPH OCTEOCHHTE3E.

KaioueBble cioBa: OHOMMILIAHTAT, JIeTHpOBaHHbIH cepeOpom MarHueBbldi criaB NZ30K, nokanbHas Koppo3wus,
OCTEOCHHTE3.
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baimenecoe C.A., Toxcuooes /I./1., Caovikoe U.H., Kynzypoe ®.P., Anuxynoe L. A.

«Hanford» mapkasbl rpaduTTepAiH 3J1eMeHTTIK KypaMbIH JK9He JKbLTY O TKI3riluTiri MeH 3J1eKTp oTKi3rimTirinin
e3repicTepiH KkoHe JKbLIAAM HeHTpoHAAPALIH duiloeHciHe GaiiaHbICTHI KYJIi a3 opTama TyiipuikTi rpagurTi
aHBIKTAY.

JKyMeIc icTen TypraH SOPONBIK peakTopiiapiaH AJBIHFaH TPadUTTIH KaCHETTEPiH 3epTTey SIPOJIBIK PeaKTOpJIapablH
o/1aH opi MaiianaHBUIYBIH JKOHE KBI3MET €Ty Mep3iMiH y3apTyabl Oaranmay mreHOepiHme rpaduTTiH KacHeTTepi MEH
TYTaCTHIFBIH 0OJDKAY YIIiH MaHBI3ABL. 3ePTTEYAIH MaKCaThl KBI3MET €Ty MEP3iMiH aHBIKTAY YIIiH PEaKTOPIBIH KAJBIIITHI
YKYMBIC JKaFIalibIHa COUKEC KEJICTIH OJIIey TeMIIepaTypachiHbIH Anana3onsiHaa VVR-SM 3epTrey peakTOpbIHBIH KbUTY
OaraHBIHBIH KaJaybIHIAFbl KYJi a3 opTalla TYHIPLIKTI rpaguT MapKajibl TpadUTTiH AJEKTP OTKI3MIIITI MEH JKbLIY
OTKI3TIIITIrIH aHbIKTay 00BN TabbuTaabl. GMZ rpaduTiHiH KBUTY ©TKI3TIIUTII MEH 3JIEKTP OTKI3TIIITITIHIH e3repyi,
COH/ali-aKk JKbUIIaM HEHTpOHIapAblH (JIFOEHC NeH eiuey TemreparypacbiHa OaidnanbicThl «Hanford» wmapkaist
rpaduTTi CambICTBIPY YLIIH 3€pTTENi. DJIEKTp OTKI3IIITIK MEeH XbUTy OTKI3TIIITIKTIH /1032 MEH TeMIeparypara
TOYETAINIri aHBIKTaNAbl. HeHTpoHIapIpIH aFbIHBI HEFYPIIBIM Kol 00Jica, MaTepPHAaJIbIH JKbUTY OTKI3TIIITITI e, JIEeKTp
OTKI3TILITIrI Ie COFYPIIBIM TOMEH IEHTiHI kepceTinreH. JKpury GaraHBIHBIH KBI3MET €Ty Mep3iMi aHBIKTaJIIbL.

Kiar ce3nmepi: XpuTy OTKI3TIIITIK, 3JEKTP OTKI3TIIITIK, KYIi a3 oprama TyHiprmikTi rpadurrep, «Hanford» mapxaisr
rpadur, KelU1IaM HelTpoHaap, (iroeHe, 103a.

baiimenecoe C.A., Toorcuovoes /1./1., Caovikoe H.H., Kynzypoe ®.P., Anuxynoe L. A.

OmnpenesieHne 31eMeHTHOTO COCTABA M U3MEHEHMUSI TeIVIONPOBOAHOCTH M 3JIEKTPONPOBOAHOCTH rpaduTOB MapKH
«Hanford» u masi030.16HOT0 cpeHe3epHUCTOr0 rpaduTa B 3aBUCHMOCTH OT (PJIH0eHCa GLICTPBIX HEHTPOHOB.
W3yuyenue cBOWCTB rpadura, M3BICYCHHOTO M3 IEHCTBYIOUIMX SJCPHBIX PEaKTOPOB, UMEET BAXKHOE 3HAUCHHE IS
MIPOTHO3UPOBAHMSI CBOMCTB M IIEJIOCTHOCTH IpaduTa B paMKax OLIEHKH JajbHeHIel SKCIuTyaTaluy U MPOJICHUs CpOoKa
CyxOBbl  SIIEPHBIX ~ peakTopoB. llenblo HcCIeNOBaHUS — SIBIAETCS  OIpENENCHHE JIEKTPONPOBOLHOCTH H
TEMJIONPOBOJHOCTH IpaduTa Mapku Majo30JbHOTO CpPEeIHE3epHHUCTOro TIpadura B KIAJKE TEIIOBOH KOJIOHHBI
uccaenoBarenbckoro peakropa VVR-SM B nmamazone TtemmepaTyp HM3MEpEHHH, COOTBETCTBYIOIIMX YCIIOBHUSIM
HOPMAaJIbHOH 9KCIUTyaTalliH peaKkTopa Ul OIPeeNICHNs CPOKa CITy>KObl. Vccie10BaHO M3MEHEHHE TEIUIONPOBOJHOCTH
U 3NeKTponpoBoaHOCTH rpadura GMZ, a takxke 1uis cpaBHenust rpadura mapku «Hanfordy,B 3aBucumocTs oT Qurroerca
ObICTPBIX HEWTPOHOB W TEMIICpaTypbl M3MEPEHHH. YCTAaHOBIEHAa 3aBUCHMOCTb JJICKTPONPOBOAHOCTH |
TETUIONPOBOIHOCTH OT JIO3bI M TeMIepaTypbl. [lokazaHo, uro yem Gospre (GaroeHC HEHTPOHOB, TEM OOJIBIIIE CHIKAIOTCS
KaK TeILIONPOBOAHOCTH, TAK U AIEKTPOIPOBOJHOCTh MaTepuana. ONpeneneH CpoK CIyKObl TEITIOBOI KOJOHHBI.
KiroueBble c10Ba: TEMIONPOBOAHOCTb, HJIEKTPONPOBOJHOCT, MallO30JbHBIE CPEIHE3ePHHUCTbIE IpaduThl, TpaduT
mapku «Hanfordy, 6eicTprie HeHTpOHBI, (itOeHE, 03a.

Ckaxoe M.K., Mapmuinenxo E.A., Epovioaesa H.K., Axaee A.C., bexmynoun M.K., IIpo3zoposa H.B.

OpTypJi :kyMmbic peskumaepi kedinae UBI'.1M 3epTTey peakTOpPbIHbIH 0esiceH li allMaFbIHBIH KBLIYTEXHUKAIBIK
JKAFAUBbI.

3epTTeynepaiH 03eKTLIIr Maiifanany IbIH HOMIHAJIIBI KOHE KOOAIBIK PEKUMICPIHC TOMEH OalBITRUIFaH YPaH OTHIHBI
6ap VBI.1M 3eprrey peakTOpBIHBIH O€JICEH[I alMarbIHBIH >KbUTy TEXHHKAIbIK CHIIATTaMallapblH aHBIKTAyMEH
OaiimaneicTel. UBI'.1M 3epTTey peakTOPHIHBIH JKBITY TEXHUKANBIK JKaFIAHbIH iCKe KOCY Ke3iH/Ae aKmapaTTHIK-eIIIey
JKYHECIHIH KBUTYy JKETKI3TIIIIHIH TeMIepaTypa, KbICHIM JKOHE IIBIFBIH OCprilTepiHiH KOPCETKIIITepi aHBIKTAHIbI.
Bencenni alMakTBIH KOHCTPYKIMSUIBIK MAaTepHAJIApBIHBIH TEMIIEPATYPachlH AHBIKTAY JKOHE JKbUIYy TapaTyIIbl
KYpacTHIPYAbIH OHMIKTiri OOMBIHINA KBUTY JKETKI3TIMIIHIH TeMIepaTypacslH 0oy YIIiH aHama dJicTep, OHBIH ilIiHAe
KOMIBIOTEPIIIK MOJIENIbACY daicTepi KonmaHbutaasl. 3eprreyiep ANSYS Fluent GarmapiaMaibiK KEHICHIH MadganaHa
OTBIPBII, MIEKTI-JIEMEHTTIK TaJlay SJICIHIH KOMETiIMEH Kypri3uimi. 3epTTeyliepAi KYpri3yJiH MakcaTbhl €CenTikK
OMICTEMEHIH CONKECTITIH TEeKCepy JKOHE PEaKTOpP JKYMBICHIHBIH KyaThIHBIH HOMHHAJIIAH KOOAJbIKKa JCHIHTI
JUaTa30HBIHAA JKBUTY O6JIETIH KUHAKTA TeMIiepaTypaHsl 06y Typaibl ecenTik MajiMerTepai amy Oosasl. Makanana
VBI'.IM peakTOpBIHBIH CHIATTAMAchl, 3EPTTEyJiep JKYPridy oficTeMeci, KOMIBIOTEPJIK MOJENb, MOJCIBACY
HOTIDKEJIEpl KOHE €CeNTIK MOIIMETTepAiH AKCIEPHUMEHTTIK MOIIMETTEpPMEH CalbICTHIPY YCBIHBUIFAH. 3epTTEyIiH
FBUIBIMHM JKaHAQJIBIFBI CAJIKBIHJATy JKarJaijapblHa KOHCEPBAaTHUBTI Ke3Kapac Ke3iHae >XOOaNbIK KyaTThIH OpTYpIi
JICHIr eHJIepiH/Ie PEaKTOP KYMBICHI KE3iH/Ie TBAJIIEP )KYMBICBIHBIH TEMIIEpaTypallblK PeXXUM/IEPiH aliKbIHIay AaH TYPabl.
3epTTey HOTHXKEJIePiHIH MaHBI3AbUTBIFBI KOMIIBIOTEPIIIK MOJIENb PEAKTOP KYMBICBIHBIH apTYpii pexxumaepinae MBI 1M
peakTopablH OelnceH/i aliMarbIHBIH CHIIATTaMaJapblH aHBIKTAy YIIIH JKOHE XbUTy OeJeTiH KypacTbIpyJarbl JKbLIY-
THJPaBIIMKAIIBIK TIPOLIECTEPAl Taay YIIiH Mai1alaHbUTybl MYMKIH.

Kiar ce3nepi: IBI'.1M 3P, TBa11, TEeMIepaTypiibIK epic, KOMIbIOTepik Mozensey, JKBK, xpury ¢pusukansik ecenreme.

Cxaxosé M.K., Mapmuinenxo E.A., Epovioaesa H.K., Axaeé A.C., bexmynoun M.K., IIpo3oposa H.B.
TenjioTexHHYecKOe COCTOSIHME AKTHBHOW 30HBI HcciaeaoBaTenbckoro peakropa MBI.1IM npu pa3inm4HbIX
pexxuMax padoThl.

AKTyalnbHOCTb MCCIEAOBAaHUM CBf3aHA C ONPEACICHUEM TEIUIOTEXHUYECKUX XapaKTEPUCTUK AaKTUBHOM 30HBI
ncciuenoBarenbckoro peakropa VMBI 1M ¢ HH3K000O0TaleHHBIM YPaHOBBIM TOIUIMBOM ITPU HOMHHAJIBHBIX M IIPOEKTHBIX
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peXnuMmax OJKCIUTyaTaluu. TemnoTeXHHYecKoe COCTOSHUE HccieqoBaTensckoro peakropa VBI.IM Bo Bpems
MIPOBEACHUST IYCKOB OMNpPENeNdioT IOKa3aHWs [JaTUUKOB TEMIEpaTyphl, MaBJIE€HHS M pPacxoja TEeIIOHOCHUTENS
nH(pOpPMAMOHHO-U3MEPUTENBHOW cuUCTeMBl.  JIIsl ompelesieHus] TeMIepaTypbl KOHCTPYKLUHOHHBIX MAaTE€pHaJIOB
aKTHBHOH 30HBI U pacTpeeICHIUS TEMIIEPATyPhl TEIUIOHOCUTEINS TI0 BHICOTE TEILIOBBIACIAIONEH COOPKH MPUMEHSIOTCS
KOCBEHHBIE METOIbI, B TOM YHCJIE METO/BI KOMIBIOTEPHOTO MOZeIHpoBaHus. MccaenoBanns MpoBEAeHBI ¢ ITOMOIIBIO
MeTOJa KOHEYHO-3JIEMEHTHOTO aHalW3a C WCIONb30BaHMEeM mnporpamMmHoro komrurekca ANSYS Fluent. Llens
MIPOBEJCHUSI MCCIECIOBAaHUN COCTOSIa B HMPOBEPKE aJCKBATHOCTH PACUYCTHOW METOAMKH U TOIYYEHHH PacUETHBIX
JAHHBIX O PAacIIPEAEICHNH TEMIIEPATYPhl B TEIUIOBBIICIAIONICH COOpKE B IUANla30HE MOIIHOCTH PabOTHI PeakTopa OT
HOMHMHAJIBHOM 10 mNpoeKkTHOW. B crathe mnpencrtaBneHbl omnucaHue peakropa MBI.1M, Meronuka npoBencHus
HCCIICIOBAaHUM, KOMIBIOTEpHas MOJENb, pPe3yJbTaThl MOIEIMPOBAHUS U CPaBHEHHE pPACUETHBIX JAHHBIX C
9KCIIepUMEHTAIbLHBIMU. HayuHast HOBH3HA HMCCIIeIOBaHHS COCTOMT B ONpPEENICHUN TEMIIEPAaTYPHBIX PEXXUMOB PaOOTHI
TBAJIOB IIPY pabOTE peakTopa Ha pa3IMuHbIX YPOBHSIX MPOEKTHOM MOIITHOCTH IPY KOHCEPBATUBHOM ITOJIXO0JI€ K YCIIOBHSAM
OXJIXKJCHUS. 3HAYMMOCTh PE3yJbTaTOB HCCIECJOBAHHS COCTOUT B TOM, YTO KOMIIBIOTEPHAs MOJEIb MOXXET OBITh
UCIIONIb30BaHa JJIsl ONIPEAEIICHUs XapaKTepUCTUK aKTUBHOM 30HBI peaktopa VIBI'.1M npu pa3nuyHbIX peskuMax paboThl
peakTopa M Ul aHaJIN3a TETUIOTHAPABIMYECKHUX MPOLIECCOB B TETIIOBBIACIAIONIEH cOOpKe.

KiiroueBble caosa: WP UBI.IM, T1B31, TemmepaTypHOe TOJ€, KOMIbIOTEpHOE MoaenupoBanue, TBC,
TeTIO(U3NIECKUI pacHerT.

Mocmosuwukos A. B., I'peonee M. E., Pyomun M. A., Hazapenko O. b., /lepuna K. B., I'anvuyesa O. B.,
YabTpaky/arin cayjeneHy MeH YJIbTPaAbIObICTHIHK dcepi Ke3iHgeri THAPOKCUNATUTTIH CHHTe3i KIHe
CHIIATTaMAaChI.

I'mapokcuanaTuT OMOMEIULIMHAA, ONTHKA MEH JJICKTPOHHUKAA, CEHCOpIap/a, KaTali3/e JKoHE KOpILIaraH OpTaHbI
3aJalChI3aHbIPyIa MYMKIH OOJIATBIH KEH ayKbIMJbl KOJJAaHBICTapFa We. bys 3epTrey ruipoKCHanaTUTTI JBIMKBLI
TYHZBIPY 9JiCiMEH cHHTe3/ieyre OarbiTTaiFaH. Kentipy yakbITHIHBIH CHHTE3/EITeH MaTepHablH KacueTTepiHe acepi
seprrenmi. Kentipy yakeIThia 24 caraTtan 96 caraTka JeiiH apTTeipranaa Oemmekrep iy eamemi 80-1en 200 MkM-Te
JIeWiH apTThl. YJIBTPaKYJTiH COyJIeNeHy JKoHE yIbTPaIbIObICTBIK acep Oipliecill jkoHEe KeKe acep eTKEH jKaraainapia
QJIBIHFAH THPOKCHANATHT YHTaKTaPbIHBIH MOP(OJIOTHACH MEH KacHUeTTepi 3epTTenii. AJIBIHFaH YITiIep peHTICH/IK
madpaknusi, HHOPaKeBRbUT Dyphe CIEKTPOCKONMMUACH], CKaHEpJIEYIIl 3JIEKTPOHABI MHKpocKor, bpyHaysp-Ommer—
Temnep omicrepi apkpuIbl TangaHabl. HoTirkenep aiblHFaH THIPOKCHAIATUT YHTAKTapbIHBIH KAacHETTEpi CHHTE3
XKarJainapelHa eTe Tayenni ekeHiH kepcerTi. CHMHTE3 Ke3eHIHIE YIbTPaabIOBICTHIK OHICY HOTIDKECIHIC allbIHFaH
THIPOKCHAMTATUT OONIIEeKTepiHiH Memmepi 4 MKM-Te IeWiH a3aiinel. TypakTaHAbpy Ke3eHIHIEC YIbTPaKYIriH
COyIeNeHY Al KONIaHy peakiusl oHIMIepiHIeTi THAPOKCHATIATHTTIH KOOCIOiHEe OKeIi.

KinT ce3nepi: rugpoxcuanaTur, JpIMKbUI TYHIIBIPY, YIABTPAIBIOBICTHIK, YIBTPAKYIITIH CIyJIEIEeHY.

Mocmosuwukos A.B., I'peonee M.E., Pyomun M.A., Hazapeuko O.b., /lepuna K.B., I'anvyesa O.B.,

CHUHTE3 M XapaKTepUCTHKA FTHIPOKCHIIATHTA NPH BO3AelCTBHM YIbTPA(HOIETOBOT0 U3JIYyYeHUS U
yJAbTpa3ByKa.

I'uapokcmanaTUT UMeeT IIUPOKUIl CHEKTp BO3MOXKHBIX NPUMEHEHHH B OMOMEOUIIMHE, ONTHKE M JJIEKTPOHHKE,
CeHCOpax, KaTalk3e W B JE3aKTHUBAIIMU OKpYyXKarollei cpeabl. HacTosinee uccieqoBaHue ObLJIO COCPEIOTOYEHO Ha
CHHTE3¢ THAPOKCHANIATUTA METOJOM MOKPOTO OCaX/JCHHsI. BbUIO HCClIeIOBAHO BIMSIHUE BPEMEHH CYIIKH Ha CBOMCTBA
CHUHTE3UPOBAHHOTO Martepuana. Pasmep uactui yBenuuuBaeTcs oT 80 10 200 MKM Mpu yBEJIMUEHUH BPEMEHH CYIIKU OT
24 gacoB 0 96 vacoB. beina u3ydeHa MOpQOIOTHS M CBOWCTBA MOPOIIKOB T'MAPOKCHANATHTA, MOMYYEHHBIX MO
JICUCTBUEM yIbTPAPUOIETOBOrO H3IyYEHUS M YIbTPA3BYKOBOTO BO3/EHCTBUS, AEHCTBYIONIMX COBMECTHO U IO
otaenpHoCTH. [lomyueHHbIe 00pa3lpbl ObLIM MPOAHAIU3UPOBAHBI C KCIOJIb30BAHUEM PEHTICHOBCKOH udpakimnu,
uHppakpacHoit Dypbe-CHEKTPOCKONHH, CKAHUPYIOIIEro 3JICKTPOHHOIO MHKPOCKOIA, MeToa0B bpyHayspa—mmera—
Temnepa. Pe3ynsTaThl moKasaim, 4TO CBOMCTBA MOIYYCHHBIX MOPOIIKOB THAPOKCHANIATHTA CHIIBHO 3aBHCAT OT YCIOBHMA
CUHTE3a. YJIbTpa3ByKOBas 00pabOTKa Ha JTale CHHTE3a MPUBEIA K YMEHBIICHHIO pa3Mepa IMOJyYCHHBIX YACTHII
ruapokcuamnatuTa 10 4 M. Mcrmons3oBaHue yJabTPa(hHOIETOBOrO M3JIyUCHHsI HA 3Tale CTAOMIM3alHUU IPUBEIIO K
yBeJTI/IquI/IIO co;lepxcam/m FI/I)IpOKCI/IaHaTI/ITa B HpO}lyKTaX peaKuI/m.

KiiroueBble ¢JI0Ba: THAPOKCHAIATUAT, MOKPOE OCAXKICHUE, YIBTPA3BYK, yIbTPa(HOJCTOBOC U3TyUCHHUE.

Huzanoe B., Lleiixo C., I peuansiit A., Bacunvuenxo T.

Yiikestic ke3injeri :kaHacy OeTiHiH IIaCTHKANBIK-1eOpPMALMAIBIK KYHIH MoaeIbaey.

Kypzmeni TepMonuMHaMHKambIK JKYKTEME J>KarJalblHAa YHKeNc Ke3iHae TYHiHAecyJepliH KOHTaKTiI Oy3bUTYBIHBIH
MEXaHMKachl KapacTelpburraH. JKaHacy Kke3iHZe OeTKi KaOaTTBIH KaJbIITACy EpeKIISNIKTepiH ecKepyiMeH, YHKelic
TYHIHAEPiHIH Kypaeni 3aKbIMIaHyBIH, TO3Y KapKbIHIBUIBIFBIH MaTEeMaTHKAIBIK CHIATTAy MYMKIHIIT KepCeTiireH.
Tpubo-tyitianecynepain 6eTki OepiKTiri MeH TO3IMIUIITIH ecenTey 9ici YCHIHBUIFaH. byl HyKTeHiIH KepHey KYHiHiH
mapameTpiepin (y#kenmic ko3¢ ¢uimenTi, minmriH (GaKTOph) MPOIECTiH TEePMOMEXaHHWKAJBIK IapaMeTpiepiMeH
OalIaHBICTRIPYFa MYMKIHJIIK Oepeni. Yiikenic k03 duimeHTiHiH, NilTiH TapaMeTpiepiHiH e3repyiH O6aranay apKbUIbI
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AKKBIIITHIKTHIH KEPHEYIH aHBIKTay jkoHE OeplireH KepHey jKarJalblHa ColKec KYPbUIBIMIBIK TYPJCHIIpYJIepli OpHATY
MYMKIHZIT1 maiina 6omasl.
Kiar ce3nepi: yiikeric, )xyKTeme, IIIEMILTIK TEOPHSACHI, NedopManus, KepHey, TpHOoTyHiHIeCy.

Huzanoe B., Illleiuxo C., I peuansiii A., Bacunvuenxo T.

MopneaupoBaHnue MIACTHYECKO-1eOPMALIMOHHOIO COCTOSHUS KOHTAKTHON MOBEPXHOCTH MPH TPEHUH.
PaccmoTpeHa MexaHWKa KOHTAKTHOTO pPa3pymICHHS CONPSDKEHHWH TPH  TPEHHH B YCIOBHAX — CIIOKHOTO
TepMOJMHAMHUYECKOT0 HarpykeHus. IlokazaHa BO3MOXKHOCTh MAaTEMAaTUYECKOTO OMNHCAHUA KOMIUIEKCHOTO
MTOBPEK/ICHHS y3JIOB TPCHUS, HHTCHCUBHOCTH M3HALIMBAHUS C YIETOM 0COOCHHOCTE! (hOPMHUPOBAHHS TOBEPXHOCTHOTO
cJod TpU KOHTakTupoBaHuu. [IpencraBieHa MeTOOUKa pacyeTa MOBEPXHOCTHON NPOYHOCTH W JOJITOBEYHOCTH
TpUOOCOMPsHKEHUI. DTO TO3BONSET CBA3aTh MApaMETPhl HAMPSIKEHHOTO COCTOSIHHSA TOYKU (KOI(D(GUIMECHT TpeHus,
¢dakTop GopMbI) C TEpPMOMEXaHHYCCKUMH MapaMeTpaMu mporecca. OIEHKOW H3MEHEHUS KOX(PQPHUIIMCHTa TPEHHUS,
mapaMeTpoB (HOPMBI MOSBISAETCS BO3MOXKHOCTD OIIPEESIICHIS HAIPSDIKCHNS TEKY9IeCTH W YCTAaHOBJICHHE CTPYKTYPHBIX
MIpeBpaIeHIA, COOTBETCTBYIOIINX TaHHOMY HAINPsKEHHOMY COCTOSIHHIO.

KiroueBble cjioBa: TpeHHE, HATPy3Ka, TEOPHS IUIACTHYHOCTH, Ae(opMaIis, HarpspKeHUe, TPUOOCOTPSKEHIS.

Kanabaee 3.7K., Tiney A.0., Ayiicebaes T.C., Onmen /1.b.

JlazepJtik ra3 ceHCOpPbl CUTHAJIBIHBIH KOHIEHTPANMSIBIK KAHBIFYBI.

Kasipri yakpITTa CHEKTPOCKOIISIIBIK dAiCTep i (ONTHKANBIK, paJIHOTEXHUKAIBIK, aKyCTHKAJIbIK) KOJIJaHa OTBIPHII, a3
KOHIICHTPAIUSICHI 107 GemikTeH a3 GOIFAH Ke3/1e Ta3/IbIH TYPIH KETKUIIKTI ZONAIKIIeH aHbIKTayFa O0omaasl. COHBIMEH
KaTap TEXHOJOTHMS MEH KOpIIaraH OpTa YIIH JKAPBUIFBINI, YJBI JKOHE 3WAHABI Ta3lapIblH pYKcaT eTUIreH
KOHILIEHTPALMSIAPBIHBIH PAKTHKAIBIK MaHbI3bl 6ap. Jlazepiiik ras JaTuuri peakuusAchHBIH mamackl S 10° GomaTin
OeNTisTi PUBMKAIBIK SKCIEPMMEHTTIK 3ePTTEYJIIEP TEK CHI3BIKTHIK TOyENALTKTI KopceTeni. [llamacer = 103 yutin 3eprrey
onicTepi JkaHy, MUKPOXKapbUIbIC, KYPBUIBIMIBIK KoHE (ha3asibIK TYPJICHIIPY HpOLECTepiHe HETi3ENTeH JKOHE HAKTHI
MPaKTHKAJIBIK JKaFaaiaapia opKalaH Koiganslia 6epmeiiai. JKymbIc Tek aTOMABIK IeHreliie FaHa eMec, COHBIMEH KaTap
HaHOOOJIIIIEK MOJIEKYJIajlapbIHBIH KJIacTepiIepiHiH MaclTaObIHAA Jja acep eTyiHe OailnaHbICThl (OTOANOATAFHI (CHUTHAT
KaOBUIIAFbIII), Ta3laFbl Ja3ep COYJIECIHIH KCHEPUMEHTTIK TYpAe alblHFaH TepOenicTepni Tangayra apHanraH. ['a3
KOHLEHTPALMSIChI (DIyKTyalMs-IuCCUIalnsl KaTbIHACHI apKbUIbl OaranaHaabl. KBaHTTBIK (J1a3epitik ()OTOH SHEPrusiChl)
KOHE TEPMUSUIBIK (HaHOOOINIIEKTepAiH TeMieparypackl) (axkTopiapbl HbICAHANbl a3 KOHIEHTPAlMSCHIHBIH
KOFapbUIaybIMEH CAJIBICTBIPYFa OOJIATBIH Ke3/ie CUTHAJ KOPPEJSTOPBIHBIH TYPAKThl MOHI€ KaHBIFATBIHBI KOPCETIITEH.
KaHbIFy KOHIEHTPAMACBIHBIH KPUTUKAIBIK MOHZEP1 OCHI €Ki (paKTOP/IBIH TEHAITIMEH aHBIKTATIA bl

KinTrik ce3aep: guykryanms-anccnnanus, KOppensTop, GOTOANO, METaH, TETPAXJIOPMETaH, aMMHaK.

Kanaoaes 3.7K., Tuney A.0O., Ayiicebaes T.C., Anomen /1.b.

KonueHTpannonHoe HachIlIeHHe CHIHAJIA JIa3ePHOT0 CeHCopa rasa.

B HacTostIee BpeMs C T0CTATOYHON TOYHOCTBIO MOKHO OTPE/IEINTh BUJI 'a3a PU €ro KOHIeHTpaui Menee 106 nonei
C TIOMOIIBIO CIIEKTPOCKONMYECKHX METOJIOB (ONTHYECKHX, PaJHOTEXHHYECKHX, aKycTHueckux). Hapsmy c stum
MIPAKTUYECKH BaXXHOE 3HAYCHHNE UMEET BEJIMYHHA JOIMYCTHMBIX KOHIIEHTPAIMH B3PhIBOONACHBIX, TOKCHUYHBIX, BPEIHBIX
JUISl TEXHUKU M 3KOJIOTHH ra3oB. V3BecTHble (u3nyueckue dKCHepHMEHTaNbHbIE HCCIIEA0BAHUS YKa3bIBAIOT JIMIIb HA
JIMHEHHYIO 3aBUCMMOCTb OTKJIMKA JIA3€PHOTO Ia30BOTO CeHcopa Tpu eaununax < 103. MeTojbl vccne0BaHus Juis
enunnn = 1030cHOBaHBI Ha Tpolleccax rOpeHHs, MUKPOB3PbIBA, CTPYKTYPHBIX U (pa30BbIX TPEBpalIEHUi U He BCer/a
IIPUMEHNMBI B peaJbHBIX NPaKTHYECKHX yCJIOBHAX. PaboTa mocBsleHa aHANINM3y HKCHEPUMEHTAIBHO IOJTyYeHHBIX
(IryKTyanuii, BbI3BaHHBIX JIa3E€PHBIM JIy4OM B Ta3e B poToanoae (MpUEeMHHIKE CUTHAJA) W3-3a €r0 BIUSIHUS HE TOJIBKO Ha
aTOMHOM YpOBHEe, HO M B MaciTabax KJIacTepoB MOJIEKyJl HaHouacTH. KoHIeHTpauusi ra3a OIICHHMBAaeTcs IO
(ITyKTyalMOHHO-JUCCUIIATUBHOMY OTHOILICHUIO. [loKa3aHo, YTO KOPPENSTOp CHUrHaja HACBIIAETCS A0 MOCTOSIHHOTO
3HAa4YCeHNs, KOTJAa KBAHTOBBIA (PHEPrHsl Ja3epHOro (OTOHA) W TEIUIOBOH (TeMmepaTypa HaHOYACTHI]) (haKTOPEI
COMOCTaBUMBI C POCTOM KOHLEHTpaluM LeiaeBoro rasa. Kpurudeckue 3HaYeHMs KOHIEHTPALUH HACBIEHUS
OTIPEIETISIFOTCS] PABEHCTBOM 3THX JIBYX (PaKTOPOB.

KaioueBble ciioBa: QiykTyanus-1uccunanys, KOppessTop, GoToanoa, MeTaH, TeTpaxJIopMeTaH, aMMHUaK.

Kyouu B.U., @acons E.O., Yepuema 0.0., Epumuuna A.K., Caxunoe H.3.

Kypambinaa wuTTpuii 6ap  TBIFBI3JAFBIN KaOBIHABLIAPABIH BICTBIKKA TO3iMAI Kecy TpaeKTOPUSJIAPBIH
KAJBINTACTBIPY Ke3iHe MeXaHUKAJBIK 0y3blIyFa Te3iMaiiri.

Urtpuit 0,1%, 0,3%, 0,5% xocnaceimen KHA-82  KOpBITIACHIHBIH JIMTATypachlHAH KacaliFaH KaObIHIbLIAP/IbI
TPUOOTEXHUKAIBIK ChIHAY HOTHKeNepi OOMBIHINA CRIHAKTAP Ke3EHIHAE TMHAMUKAIBIK YHKeTiC K03 PHUITMESHTIHIH 63Trepy
CHIIATHIH JKOHE MAaTEPHAJ TO3YBIHBIH YHEPTHS CHINBIMIBUIBIFBIHBIH KONITETeH MOHIEPIH aHBIKTayFa MYMKIH/IIK OepeTiH
MOJTiMETTep anbIHIbl. VOHIBI-TIa3MalbIK SICTICH KaJbINTACKaH XaObIHABUIApABI Oaraiay Kyprizinmi, Oy Oaramay
MEXaHUKaNbIK Oy3bUTyFa MaKCHMAJIbl TO3IMAUIIK TUHAMUKAIBIK YiKelic K03(HUIueHTIHIH TYpakThl MHHHMAJIBI
MOHIHIH 00JTyBIMEH, TO3IMIUTIK IIETiHE JKETKEHTe JICHiH a3 YHKeIic KYIIiHiH OeNrici peTiHe )KOHEe HHTEeTPaIbl YHKETiC
YKYMBICHIHBIH_OIpJIiriH eHAipyre Typa KeJeTiH OeiHreH OeNIeKTep iH caHbIMEH aHBIKTAJIATHIHBIFBIHA HETi31CTeH.
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By 6aranay mapamerpiepi 1-neH 4-ke fAeiiHri Oamiaap caHbl OOMBIHINA KaTapFa OPHAIACTHIPBUIFaH. MaKcHMaJI bl Oat
MaKCHUMaJIIBI TO3IMIUTIKKE COMKeC KeJeIi, SIFHU MaTePHAJIBIH TO3Y CHIHBIMIBUIBIFBIHBIH a3 MOHI )KOHE TYPaKThI YHKEITIC
KOX(PUIUEHTIHIH MUHUMAIIBI MoHI. ChIHAKTapIbIH OapibiK nepiik kedeHaepinae (I-111) ocer mapamerpruepaiy 6amt
OoiiprHIIa Oipaeit coiikec kemyi uTTpuit KoHmeHTpammsicel 0,3% -0,5% OomaTeH ra3 KalblH 9MICIMEH KaJbIITaCKaH
KaOBIHFa W€ eKeHIIri aHbBIKTaumel. ChIHAKTApIBIH TOPTIHIN Ke3eHiHAe WUTTpuil KoHneHtpanusacsl 0,1% OomaTbH
HMOHJBIK-TUIA3MAIBIK 9IICTICH TY3UJITeH jKaOBIH/IBI YIIIiH e3reme OOJIbL.

Kinm ce30epi: THIFBI3AAY KaOBIHIBI, HOHIBI-TUIA3MAINBIK OJIIiC, Ta3 JKAIBIHBI 9[IiCi, MEXaHUKAIBIK CBIHyFa TO3IMIILIIK,
Kecy i371epi, )KOFaphl TeMIepaTypajbIK )KYKTeMe, HTTPHIA, MEXaHUKAJIBIK TO3IMIUTIK, Ta3 TypOUHANBIK KO3FaITKBIIITAP.

Kyouu B.U., @acons E.O., Yepuema 0.0., Epumuuna A.K., Cakunos H.3.

CTOHKOCTH ’KapONPOYHBIX HTTPUH COAEPKAIUX YIJIOTHUTEIBHBIX MOKPBHITHH K MEXaHUIECKOMY Pa3pylIeHUI0
npu GOpMHUPOBAHUM TPAEKTOPHUI pe3aHus.

[To pe3ynpraTam TpUOOTEXHHMYECKUX MCHBITAHWI MOKpbITUI U3 auratypsl ciiaBa KHA-82 ¢ no6askoii urtpust 0,1%,
0,3%, 0,5% mnonyueHbl NaHHBIE, MO3BOJIAIONINE YCTAHOBUTH XapakTep M3MEHEHHs IUHaMu4yeckoro koadduimenra
TPEHHS 3a NMEPHOJ MCIBITAHNH 1 MHOTOYMCIICHHBIC 3HAUEHHS HEPrOEMKOCTH M3HOCa Marepuana. [IpoBeneHa omeHka
MIOKPBITHH, CPOPMUPOBAHHBIX T'a30IIIAMEHHBIM U MOHHO-TIA3MEHHBIM METOZIOM, KOTOPasi OCHOBBIBATIACh Ha TOM, UTO
MaKCHMallbHasi CTOMKOCTh K MEXaHHYECKOMY pa3pyIICHHIO OyAET OIpeneNsiThcs MpPOSBICHAEM ITOCTOSHHOTO
MHUHHAMAJIBHOTO 3HAYEHUs IUHAMHYCCKOTO KOI(QQHIMEHTa TPEHHs, KaK MpH3HAKa MEHBIICH CWIJIBI TPEHUs 10
JOCTH)KEHHS TIpefesia BBIHOCIMBOCTH, W KOJMYECTBOM OTICIUBIIUXCS YaCTHI, HA OO KOTOPBIX NPHXOAWUTCS
IIPOM3BOJICTBO €ANHHIIBI HHTETPAIBHOM paboThI TpeHMs. JlaHHbIE TapaMeTphl OLIEHKH BBICTPOSHBI B PSI IO KOJIMYECTBY
6amioB or 1 mo 4. MakcuManbHOMY Oajly COOTBETCTBYET MAaKCHMAallbHAas CTOMKOCTh, T. €. MCHBIICE 3HAUYCHHE
SHEProeMKOCTH U3HOCA MaTepHalla ¥ MUHUMaJIbHOE 3HaUe€HHE CTa0WIbHOTO KoddduuuenTa tTpeHus. OnpeeneHo, 4To
TaKOE K€ COBIIAJICHUE ITHX NAapaMeTpPOB M0 OajuiaM MpakTHYecKu Ha Beex drtanax ucnsitanuii (I-111) nmeno nokpeirue,
c(hOpMHUPOBAHHOE ra30MJIaAMEHHBIM METOI0M C KoHIleHTpanuei uttpust 0,3%-0,5%. VckimodyeHne COCTaBUIIO MOKPHITHE,
c(hopMUPOBaHHOE HOHHO-TIJIA3MEHHBIM METOJIOM ¢ KoHIeHTpauueit uttpus 0,1% Ha yeTBepTOM 3Tare UCHBITAHUH.
KiroueBble c10Ba: repMeTH3NpyOLee MOKPHITHE, HOHHO-TIIa3MEHHBIN METO/I, Fa30IIaMeHHbII MeTO ], MeXaHHYeCcKast
CTOMKOCTB K pa3pyLICHHUIO, CJEIbl PE3aHMs, BRICOKOTEMIIEpaTypHOE Harpy>KeHHE, UTTPUH, MEXaHHIECKasi CTOHKOCTb,
ra30TypOWHHbIC ABUTATEIH.

Kanmnecoe E.JK., Cmakoea H.C., I'py3un B.B., Tocycoe A.K., Kycynoexoe T.X., ZKanmnecoe K. K.

TeliibIM caJbIHFAH 3aTTapAbl AHBIKTAYFA APHAJIFAH PAAHOJOKALNMSIBIK KYPBUIFBIHBIH TapaMeTpJepiH
FBUIBIMU-TeXHUKAIBIK Herizaey.

Makasaja MHUKPOTOJIKBIH/BI JTHANa30HAaFbl JEKTPMArHUTTIK COyJieNieHyAl NaiajaHa OTBIPBIN, THIMbIM CallbIHFaH
0OBEKTINIep/ll aHbIKTAyFa »JKOHE BHU3yaIM3alMsUIayFa MYMKIHIIK OepeTiH paJHoJIOKALMSUIBIK  KYPBUIFBIHBIH
napaMeTpIiIepiHiH FbUIBIMU-TEXHUKAIBIK Herizgemeci Oepiaren. [onorpadusuiblk omic  HerisiHge 00beKTieH
LIAFBUIBICKAH TOJIKBIHIAPABI OJIICYIiH KON CTAaTHKaJbIK CYJI0ACBIHBIH MAaTeMaTHKaJbIK MOJENI IKacallfbl.
PajnonokauusuiblK KYpbUIFBIHBIH )KYMBICBIH UMHUTALIMSUIBIK MOJIEIIbJICYTe apHAIIFaH OaFapiiaMaliblK KeleH a3ipIiaeH ],
OHBIH KOMETIMEH PaJMOJIOKAIMSIIBIK KYPBUIFBIHBIH CHPEK CEHCOPJIBIK 11K JKYHeJepiHiH apTypiii KOH(UTypanuusiapsl
YIIiH OOBEKTIHIH KECKIHIEPiH KaiTa Kypy aibHAsl. CHTHAJIIBIH [IyFa ¢H JKOFaphl KaTHIHACKIH TaNIay 9JICiH KoJAaHa
OTBIPBIII, CUPEK CEHCOPJIBIK MK )KYHEHIH OHTaiIbl KOHQHUTYPALUSIChI TAHIAJIAbL, OJ1 YIIIH KTl CTaTHKAJIBIK TOJIoTpaMMa
MOJICIBJICH/TI J)KOHE KINIT KECKiHIH KaliTa Kypy >Kacalbl.

KinT ce3nep: MUKPOTOJIKBIH/ABI BU3yalU3alisl, roorpadus, MyJIbTHCTATUKAIBIK MACCHB, THIMBIM CaJIBIHFAH 3aTTapabl
aHBIKTAY, BU3yaJlu3amusl.

Kanmnecoes E.7K., Cmakosa H.C., I'py3un B.B., Tozycoe A.K., Kycynoexoe T.X., Kanmnecoe K. K.
Hay4yHo-TexHn4eckoe 000OCHOBaHHE TIAPAMETPOB PAaJAMOJOKALMOHHOTO YCTPOWCTBA IS OOHAPYKEHHS
3anpelieHHbIX MPeAMETOB.

B crarbe mpencTaBieHO HayYHO-TEXHHYECKOEe OOOCHOBAaHHME MapaMeTPOB PaJMOJIOKAIMOHHOTO MPHOOpa, KOTOPBIi
IIO3BOJISICT 06Hapy>1<1/m) 1 BU3YAJIM3UPOBATH 3AlPCIICHHBIC MPEAMETHI IIPU IMTOMOIIHN 3JICKTPOMArHUTHOIO U3JTYUYCHUSA
CBU-gmnana3zona. Paspaborana maTeMaTHueckash MOAETb MYJIBTHCTATHYECKOW CXEMBI M3MEpPEHHsS OTPaKEHHBIX OT
oObeKkTa BOJH Ha OCHOBE Trosiorpaguyeckoro Meroia. PaspaboTaH mporpaMMHbBIH KOMIUIEKC HMHTALMOHHOTO
MOJIETIMPOBaHMST PabOTHl PaJMOJIOKAIIMOHHOTO mNpubopa. [lomydeHsl PEeKOHCTPYKIMM H300pakeHMH 0OBEeKTa i
pasMuHBIX KOH(QUTYpanuii pa3pekeHHBIX CEHCOPHBIX IOJICHUCTEM PaJHOJIOKALMOHHOro Npubdopa. Meronom aHannza
ITUKOBOI'O COOTHOUIEHHs CHTHajla K MIyMy BbIOpaHa ONTHMalbHass KOH(HIypalys pa3peKeHHOW CEHCOPHOM
MIOJICUCTEMBI, Ui KOTOPOW CMOJEIMpOBaHA MYJbTHCTATHUECKas rojorpaMma M c(GOpPMHUpPOBAaHA PEKOHCTPYKLUS
n300pakeHNsI TA€YHOTO KITI0Ya.

KiroueBble c10Ba: MUKPOBOJIHOBas BH3yaln3alusi, roiorpadus, MyJIbTHCTaTHYECKHH MAacCHB, OOHapy>KeHHUE
3alpCIICHHBIX NIPEAMETOB, BU3yaIn3aIlus.
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Kanoupoaeea I1.A., Barmabekos A.C., Karomosa A.C., Adaméan T.H., Cepukos T.M.

Kyiinipy y3akTeirbinbIH LaFeOs nepoBckuTiHiH GoTOKATATHTHKAIBIK KacHeTTepiHe dcepi.

By xyMmpicTa THIPOTEPMILUIBIK oxicnieH cuHTe3nenreH LaFeOs mepoBCKUTTIH (OTOKAaTaTINTHKANBIK KacCHETTepiHE
KYHIipy Y3aKTHIFBIHBIH dCepi 3epTTeNreH. 3epTTey HeIcaHbl peTinne nanTaH ¢peppuri (LaFeO3) kesre kepiHETIH KapbIK
ocepinzeri OeJIceHIiiri )KoFapsl OOIFaHIBIKTaH TaHAAIIEL. Toxipube OaprickiHIa 2, 4 oHE 6 caFaT iIiHAE KYHIipy
Ke3iHIe MaTepuanga OoNaThIH KYPBUIBIMIBIK e3repictep 3epTrenni. HanoOemmekTepaiH MOpOIOTHACHH, (a3ajblk
KYpaMBbIH, KPHCTAIJBUIBIFBIH, a0COPOIISUTBIK CIIEKTPiH KoHE (POTOKATAINTHKAIBIK OSICeHAUTITIH TangayFra 6acTel Ha3ap
ayaapbuiabl. HoTiokenep kachbITy YakKbITHIHBIH YJIFAObl KPUCTAIABIK KYPBUIBIMHBIH JKaKCapyblHA, KPHCTAJUINTTEP
MOJIIIEPiHiH YIIFaloblHa XKaHE OTTETiHIH JKOFaphl JACHIeiliHe oKeNeTiHIH KopceTeai. Makcumanibsl (POTOKATaTUTHKAIIBIK,
OeJICeH TUTIKKE KOJI KETKI3y YIIIH OHTalIbI KYHIIPY yakbIThI 6 caraT O0JIbIN aHbIKTaIAbL. JKYMBIC IEPOBCKUT HETi31HIET1
MarepuanaapaslH  (OTOKaTANMTHKANBIK KAaCHETTepiH JKakcapTy YIIH y3aK Mep3iMai  KyHOipyal KonjgaHy
MIepPCIIEKTHBAIAPBIH PACTAN/IBL.

Kiar ce3nep: mantan ¢eppurti, KyHAipy Y3aKTBIFbI, (HOTOKATATUTHKAIBIK OCICCHILTIK.

Kanobupoaesa I1.A., banmaoéekos A.C., Katomosa A.C., Aoamébaii T.H., Cepuxos T.M.

BinsiHue Mpog0/LKUTETbHOCTH OTKUATA HA (pOTOKATATUTHYECKHE cBOlicTBa mepoBckuTa LaFeOs

B naHHOi1 paboTe HMcCIeqOBaHO BIHMSHHE MPOJOJDKUTENBFHOCTH OTXKHra Ha (orokaramuruueckue coiictBa LaFeOs
TIEPOBCKUTA, CHHTE3UPOBAHHOTO THAPOTEPMalbHBEIM MeTonoM. ®Deppur nmanrana (LaFeOs) Opun BeIOpaH B KadecTBe
00beKTa UCCIIEOBaHUS U3-32 €r0 BHICOKOW aKTUBHOCTH O BO3JCHCTBHEM BUIMMOTO CBeTa. B Xoze sKcnepuMeHTOB
OBbUTH M3Yy4eHBI CTPYKTYPHBIC U3MEHEHHS1, IPOUCXOJISIIIE B MaTepHalle IIPH OTXKUIe B TeueHHe 2, 4 1 6 yacoB. OCHOBHOE
BHUMaHHE OBLIO y/eNeHO aHaiu3y Mopdosiorun HaHodacTul, (ha3oBOrO COCTaBa, KPUCTAIMYHOCTH, CIIEKTPOB
MOTJIOIEHHS U (OTOKATaJIMTUUECKONH aKTUBHOCTU. Pe3ynbTaThl NMOKa3bIBAIOT, YTO YBEIMYCHHWE BPEMEHH OTIKHIa
NPUBOJMUT K YJIYYIICHUIO KPUCTALIMYECKOW CTPYKTYPBHI, YBEIHUCHUIO pa3Mepa KPUCTAIUTOB U Ooliee BBHICOKOMY
YPOBHIO HACHIIICHUS] KUCIOPOAOM. bBUIO oOmpejieneHo, 4YTO ONTUMAJIbHOE BpEMS OTXKHIa JUIS JIOCTHIXKCHUS
MaKCUMAJIbHOW (POTOKATAJIMTHYCCKON aKTHBHOCTH COCTaBisieT 6 vacoB. PaboTa mMoATBep)KAaeT MEPCIEKTHBHOCTH
UCIIONB30BAHMS JUIMTENBFHOTO OTXKUTa Ul YIy4YIIeHHS (OTOKATAIUTUYECKUX CBOMCTB MaTepHajoB Ha OCHOBE
MIEPOBCKHUTA.

KuaroueBsle ciioBa: GpeppHT TaHTaHa, IPOIOIDKUTEIIBHOCTh OTKHUTa, (POTOKATATUTHICCKAs: aKTHBHOCTB.

Ycinoe H., Axmemoni A., 3aitovin M., Axnunaszosa A., Caxan A., Kanamoaii M., Ll ykipzanueg b.

7Ky11b13 HIOFBIPJIAPBIHBIH (PAKTAIIBIK 0JIIIeMi.

Kynap3aap MOFBIPBIHBIH KYPBUIBIMBIH CAHJIBIK TAJIAAY OJIAPbIH KaJbINTACybl MEH 3BOJIIOLMACHIH TYCIHY YLIIH ©Te
MaHpI3/bl. bepiireH Makanajga KyJIIbI3Aap LIOFBIPHIHBIH ABOJIOUMSCHIH 3€pTTey YIIiH (pakTaniplK emeMaiK
TaJIAAyIblH KOJIJIAHBLIYbIH, COHIal-aK (DpaKkTaIAbIK OJIIIEeMIUIIKTI, TeOMETPHSIIBIK OOBEKTUIEPAIH KYPASIUIri MeH
©31H[IIK YKCACTBIFBIH CaHJBIK Oaraiay/ibl KAMTaMachl3 €TeTiH ()paKTalAbIK TeOMETPHSIaH aJbIHFAH TY)KbIPbIMIaMaHbI
seprrenai. JKyiap3nap KiactepiepiH KypHewdi JKeliep peTiHae KapacThlpa OTBIPBIN, ONApAbIH  (PpaKTaiIbiK
eIIIeMICPiH eCenTey YIIiH boxX-Covering oMiciH KOMAAHBUIABL. Byi oicTe jKaKChl 3epTTENTeH minimum spanning tree
(MST) xxaone box-covering (BC) amicTepiH OipiKTipiii 5KoHE OCHI 9/1iC apKBLIBI KIIaCTEePIIepIiH GpaKTaIIBIK KYPBUTHIMBI
aHbIKTAIAbL. JKyap3nap worsipsl 1.3 dpakTanablk emeMIe bIIbIpar, I9PEeKerTiK 3aHbIHA OarbIHATBIHBI aHBIKTAJIIBL.
AnbiHFaH HOTHOXe McLuster HOTHKeTIepiMEeH CalbICTBIPBUIFAHBIH aTall OTKEH JKOH.

Kiar ce3nep: xyiapI3aap mOFBIPHI, (ppakTaAbIK edimeM, box-covering, sKYJIABI3AapAbIH Maiina 00y THIMILIITI.

Ycunoe H., Axmemanu A., 3aiiovin M., Aknunzoea A., Caxan A., Kanaméai M., Illykupzanues b.

®dpakTanbHas pa3MepHOCTb 3BE3AHBIX CKOILIEHMIA.

KonnuecTBEHHBI aHAIM3 CTPYKTYpPbl 3BE3[HBIX CKOIUICHHH HMEET pellarollee 3HAa4eHHe Ui MOHHUMaHHs HX
(hopMHUpPOBaHUS U 3BONIONHUH. B 3TOll cTathe MBI MCcleayeM NMPUMEHEHHWE aHann3a (paKkTaIbHOW pa3MEepHOCTH IS
M3Y4YEeHHUs] JBOJIOIMHU 3BE3/IHBIX CKOIUICHHI, a Takke (pakTalbHYI0 Pa3MEpHOCTb, KOHLEMIUIO U3 (pakranbHON
TeOMETPHUH, KOTOpasi 00eCIeynBaeT KOJINYECTBEHHYIO OLIEHKY CIIOKHOCTH M CaMOIIOI00MS T€OMETPHUUECKHX OOBEKTOB.
PaccmatpuBasi 3Be3HbIC CKOIUICHHS KaK CIIOXKHBIE CETH, MBI MCIOJb3yeM MeToa DOX-COVering Iuisi BBIYMCICHHUS HX
¢bpaxranbHOU pazMepHOCTH. Hala MeToos10rus coueTaeTt B cebe XOpoIo 3apeKoMeHJ0BaBLIne ceds MeToAbl minimum
spanning tree (MST) u box-covering (BC), u ¢ momMomuiplo 3THX METOJIOB Oblia ONpejescHa GpakTaabHas CTPYKTypa
cKoruleHNH. Bbuto oOHapykeHO, YTO 3BE3HBIC CKOIUICHUS pacnajiaroTcs npu (pakransHoOil pasmepHoctd 1.3
MOJIYUHSIOTCS CTeNIeHHOMY 3aKkoHy. ClieZlyeT OTMETHTh, YTO MOJYYEeHHbIH pe3yIbTaT ObLI COMOCTABIICH C pe3yJIbTaTaMu
McLuster.

KnaroueBble cjoBa: 3Be3MHOE CKOIUICHHE, (pakTanbHas pasMEpPHOCTh, hOX-mOKpbITHE, 3(PHEKTHUBHOCTD
3BE€3/1000pa30BaHUSI.
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Mohammed O.A., Mohammed S.A., Ghazaly N.M.

7Kes TypOMHACBIHBIH Texerim :KyHeciHiH yiikenic ko3(duIUeHTIHe BLIFAIABUIBIK IMEeH KBapl KYMBIHBIH
acepi.

Kennmenen xen TypOWHaNapeIiHAa apHAJIFaH HETI3Ti KETeK OOJMIeKTepi, COHBIH imiHAe Oepiiic KopaOwl, reHepaTop
KOHE TEXKETINI )KYHECiHIH 'KOHEY JKOHE ayBICTBIPY IIBIFBIHIAPHI ©TE JKOFAphl JKOHE ONapbl asgKTayFa KOl YaKbIT
xKyMmcanaapl. bepinreH Makamana KopliaraH OpPTaHBIH JIACTaHYBIHBIH JKETEK TPHOOJIOTHMACHIHBIH JKaFJalbIHa acepi
KapacThIpsIIaabl. JKen TypOWHACHIHBIH JKETeK KyHeci MOJeTIbACH I )KOHEe HKCIIEPIUMEHTTIK 3epTTey XKyprizinmi. JKen
TypOWHAIAPBIHBIH MEXaHUKAJBIK TEXETim JkyHeci Oy 3epTrey JKYMBICH VIIiH TaHZAJFaH TaKbIPHIITHIK
3epTTeyiepaiH OipiHiH TakpIppIOBl O0JbIT TaOBUIaABl. KocmamapaelH kKenm TypOWHACHI TEXKETIIIHIH YHKemic
KoaduumeHTiHe Kanail acep eTeTiHiH 3epTTenreH. Hotmkenepre colikec, yiikenic K03 UIHMEHT] kel TypOHHACH
OUTITiHIH XBUITAMIBIFBIHBIH op0ip jkorapbuiaybiMeH apraabl. CoHpal-ak, jacTaylibl 3aTTapiblH OeJIeKTepiHiH
eJieMi yiikenic koadduuueHTtine aiftapiblkTail acep eTeTiHi aHbIKTanbl. COHBIMEH KaTap, HOTHXKENEP bUIFANIbUIBIK
30 mm-ten 90 mm3-ke seiiH jKOFaphLIaFaH Kesje yHkenic Kod(p(QUIMEHTIH e1oyip TOMEHETETIH KETEK KyHeci
TypaJbl Maianel akmnapar 6epe anajsl.

Kiar ce3nepi: xen TypOMHaIApHI, BUTFAIIBLUIBIK JKaFIalbl, KBapIl KYMBI, Yiikeric kodddunaneHTi.

Mohammed O.A., Mohammed S.A., Ghazaly N.M.

Biusinue BJI2a:KHOCTH M KBapLeBOIo NMecka Ha KO3 (UIUHEeHT TPeHUus TOPMO3HOM CUCTeMbl BETPSIHOM TYpOUHBI.

OCHOBHBIE JeTald TPUBOMA s TOPHU3OHTANBHBIX BETPSHBIX TYpOWH, BKIIOYas KOPOOKY Mepenad, TreHepaTrop
TOPMO3HYIO CHCTEMY, MMCIOT OUYCHb BBICOKHE 3aTpaThl HA PEMOHT W 3aMEHy M TpPeOyIOT MHOTO BPEMEHH It
3aBepuIeHHs. B 3Toll craThe MccieayeTcsi BIMSHUE 3arps3HEHMs] OKpY)Kalolled cpelbl Ha MOBEAEHHE TPUOOJIOrHU
npuBoOAa. MoJenmupyeTcs U UCCIIeyeTcs IKCIIEPUMEHTAIbHOE UCCICA0BAHNE CUCTEMBI NPUBOJIA BETPSHOM TYypOUHBI.
MexaHunueckas TOPMO3HasA CUCTEMA BETPAHBIX Typ6I/IH ABJIACTCA MMPEAMETOM OAHOTO U3 TCMATUYCCKUX I/ICCJ'IGI[OB&HI/Iﬁ,
BI)I6paHHI:IX JJIs1 3TOU I/ICCHe,Z[OBaTeJIbCKOﬁ pa60T1)1. B sTom HCCJICJOBAHUN HU3YYaCTCA, KaK NPHUMCCHU BJIMAIOT Ha
KOX(PUIMEHT TPSHUST TOPMO3a BETPSHBIX TypOuH. CoriacHo pesynbraTaM, Ko3(QHIUeHT TpeHUsT yBEIUUUBACTCS C
KaXIbIM yBEJIMUEHHEM CKOPOCTH BaJsla BETPsIHON TypOHHBL Taroke 0OHapy»X eHO, YTO pa3Mep YacTHUIl 3arpsa3HSIOLINX
BEIIECTB 3HAYUTEIHHO BIISIET HAa KO3 GHUIHEHT TpeHus. Kpome Toro, pe3yabpTaThl MOTYT IaTh MOJC3HYIO HH(OPMAITHIO
0 cUCTeMe IPUBOJA, KOTopas NpU yBedudeHuH BiaxkHocTH ¢ 30 Mm® 10 90 Mm% 3HauMTeNnbHO cHUKAET KO3(h(HUIHUEHT
TPCHUSI.

KiroueBble cjioBa: BETPSHBIC TYPOMHBI, COCTOSTHUE BIAYKHOCTH, KBAPLEBBIA IECOK, KO OUITHEHT TPCHHUS.

Sinossi M.1., Sadak T.W.

Binik aAmameTpiHiH k9He Tycipy OWHBIFBIHBIH PpaAuychIHBIH OipTiHAen e3reprenjaeri KepHeyJep
KOHIIEHTPALHUSICHIHBIH KO3 QUIHEHTIH CAaHABIK 3epTTey.

Byl kyMBICTBIH MakcaTbhl OUTIK JAMaMeTpiHiH OipTiHAen es3repici Ke3iHAeri KepHey KOHLEHTPAlHSICBIHBIH
KO3 PHUIIUECHTTEPIHE KOHYCTBIK KOHE TYCIpY OHBIFBI PAaIUYCTBIH OCEPiH 3epTTey OONbIN TaObLIAIbl. AKBIPIIBI
JJIEMEHTTEP/II TajiJay CaThUIBI OUTIKTEpAeri KepHEeYAiH MaKCHMAJIbl MOHIH TOMEHIETY MAaKCaTBhIHIA TEOPHSIIBIK
3epTTeyJiep XKYPrisy YIIiH KONAaHbUIAbL. Tycipy OMBIFBI OK TY3y OLTIKIICH CaJbICTBIPFaHIA, HOTIXKENEP KOHYCTHIK
OYpBIIITHIH KeMyl KepHeyliep KOHIEHTpAIMICH KO3((GUIMEHTTePiHIH MOHACPIHIH TOMEHJCYiHe alTapibIKTail acep
eTeTiHiH KkepceTTi. EKiHIN jkarblHaH, OUTIKTIH caFachlHa TYCIpeTiH OWBIKTapIBIH OpHATACYBIH YIFalTy, ocipece
KOHYCTBIH YJIKEH OYpBINIBbIH/IA, KEPHEY KOHIIEHTPAIUSICHIHBIH KO3 GUIMEHTTEPIHIH MOH/IEPIH KOFapbUIaTaIbl.

Kiar ce3mepi: catbutel OinmikTep, OUTIK CaFaCHIHBIH  OHBIFBI, TYCIpy OHBIFBI, KEpHEYJEpP KOHIICHTPAUSICHIHBIH
KOX(PHUIHIEHTTEP], aKBIPIIBI AIIEMEHTTEPII TAJ/IAyY.

Sinossi M.1., Sadak T.W.

UucneHHoe Hcc/Iel0BaHNe MOCTENEHHOr0 M3MEHEHMsl AMaMeTpa Bajia M paguyca pa3rpy304yHoil KaHaBKH Ha
KO3(GUIUEHT KOHUEHTPALNU HANIPSKEHUIA.

Lenpto maHHOW pabOTHI SIBISETCS WCCIENOBAHHME BIMSHHUS paanyca pasrpykaromieil KaHaBKM M KOHYCHOCTH IIpH
IIOCTETICHHOM H3MEHEHHMH AMaMeTpa Bajla Ha KO3()(QHUIMEHTH KOHIEHTPAIWW HaNpsDKeHUH. AHaTW3 KOHEYHBIX
JJIEMEHTOB HCIOJIb30BANICA A MPOBEJACHHUS TEOPETUYECKHX MCCIENOBAHUI C LEAbI0 CHUXKEHUS MaKCHMaJIbHOTO
3HAUEHMS HANIPSDKEHHMS B CTYTIEHUYATHIX BaslaX. B cpaBHEHMH ¢ IPSMBIM BaJIoM Oe3 pasrpyKaromieil KaHaBKH pe3yJIbTaThl
MOKa3bIBAIOT, YTO YMEHBIIEHUE yIia KOHYCHOCTH OKa3bIBAa€T 3HAUYMTENBbHOE BIUSHHE HAa CHU)KEHUE 3HAUCHUH
KO3()(pUIMEHTOB KOHIEHTpanuu HanpspkeHnd. C Apyrol CTOpPOHBI, YBEJMUCHHE PACHOJIOKEHHSI Pa3Tpy’Karoliux
KaHaBOK OT 3aIlIe4rKa Bajla UMEET TeHACHIIMIO K YBEINYEHHIO 3HaYeHUH KOA(PPUIIMEHTOB KOHLIEHTPAIIMH HaNPSDKEHNH,
0COOEHHO TPH OOJIBIIIOM yTJIe KOHYCHOCTH.

KiroueBble cJjioBa: CTymeH4YaTble Bajbl, TaJTeNb 3aIlUlEYWKa Bajla, pasTpy304Has KaHaBKa, KO3(HUIMEHTHI
KOHIICHTpalu Hal'[pf{)KeHI/II\/’I, aHaJIn3 ME€TOAO0M KOHCYHBIX 3JICMCHTOB.
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Hasan N.

BerTik chiHay Ke3iHaeri kepHeyjaep MeH TeMIepaTypajapAbiH KaJAbIK opicTepi: aKbIPJabI-3J1eMEeHTTIK TaJaaay.
Bemmekrepain OeTiH OHACY e KONTETEH JKETICTIKTEpPTe KOJI )KETKi31111, Oipak apiey mpolecTepiHeH TybIHIANThIH OeTKi
aKayJapabH OOJybI OJIapJAbIH KepHEY KOHIICHTPATOPHI PETIHIE KBI3MET €Ty MYMKIHIITiHE KaTBICTHI aJlaHIayIITbIIBIK
TYFBI3OBL. Bysl MoceneHi miemry yirH Oyil 3epTTeyle akKbIpJIbl DJIEMEHTTEP OMiCiHIH MYMKIHTIKTEpi JKOHE O3BIK
OarmapiaMalIbIK KoJimaHOanap naigananapl. 3epTTeYAiH HETi3ri MakcaThl - OChI OarmapiiaMablK KyHeaep YChIHATHIH
KeIIeHAi MYMKIHIIKTEepai TaiimamaHa OTBIPHIN, OpJICyJACH KeHiH MarepHaigap OeTTepiHiH KepHeylepi MeH
nedopmanusIapelHbIH KYHiH Oaranay Oosibln TaObUIaAbl. 3epTTEYIiH MaHBI3IbI Kypamaac Oediri AWHaMUKAIIBIK
TEPMORJICMEHTTEPMCH OaKblIAHATHIH CTAIHOHAPIIBIK EMEC TeMIIepaTypa opiCTePiHIH MaTepran OCTTepiHIeri KepHEYIep
MeH nedopMmanusiap AUHAMHUKACHIHA OCepiHe OarbITTanFaH. TeMmmepaTrypaHblH TapalybIHIAFbl €NCyil e3repicTepi
AHBIKTAl OTBIPBIN, KOPCETIIreH Opic (YHKIUUIApPBIH OcHHeNney YIIH BH3yalu3allisuiay OmicTepi KOJIaHBUIIBL.
Hotmxkenep cranmapttel (yHKIMsS 3-7-4 TYyHiH CETMEHTIHAErT €H JXKOFaphl TeMIleparypa ailMarblH aHBIKTaFaHBIH
KepceTTi, an 6armamMa QyHKIIMS OHBI KbI3bUI aifMakIieH OenriieHreH 4 TYHiH CerMEHTIHJEe aHBIKTaIbl. byJ1 HOTHXKeep
opJiey TPOIIECIHIH MEXaHHKAJIBIK JKoHE (DHU3MKAIBIK ACHEKTIICpiH TEHECTIpYAeTi CTAIMOHAPIIBIK eMeC TeMIepaTypa
epicTepiHiH MaHBI3IBI pOJIIH KepceTeli. by 3epTrey opieyAeH KeHiHri wmarepuan OeTTepiHiH KepHeydi
nedopmanusiianFal Ky#diH TYCiHyre aWTapibIKTail yiec Kocaabl, OyJl TEpPEeHIETUIreH 3epTTey VIIiH 3aMaHayH
OarapiaManbIK JKyhenepai naiaanany/bIH oJIeyeTTi apThIKIIbIIBIKTAPBIH KOPCETE 1.

KinT ce3mepi: akpIpiibl 3JeMEHTTEp d/1iCi, aKMAPATTHIK TEXHOJIOTHSLIAP, AJIIK, KEPHEYII - AeopMalUsIaHFaH KYH.

Hasan N.

OcTaTo4HbIe IO/ HANPSIZKEHMIT M TeMIepaTyp NPH UCHBITAHUAX NOBEPXHOCTH: KOHEYHO-3JIEMEHTHbIN aHAIU3.
MHOTroYHCIEHHbIE JTOCTH)KEHUSI OBUTM JIOCTUTHYTHI B 00pa0OTKE IOBEPXHOCTH JeTalieil, OJHAKO HaJMYue
MOBEPXHOCTHBIX J1e()eKTOB, BO3HUKAIOIIUX B PE3YJIbTaTe (YUHHUIIHBIX ITPOLIECCOB, BBI3BAJIO ONACEHHsI OTHOCUTEIBHO X
MOTEHLMAJIBHOW BO3MOYKHOCTH CIIY)KUTh KOHLICHTPAaTOpaMy HanpsbkeHui. J{is pemenus 3Toit npo0ieMbl B HACTOSIIEM
HCCIIEIOBAHUH HCIIONIB30BAIMCh BO3MOXKHOCTM METOJa KOHEYHBIX DSJIEMEHTOB U IEPENOBBIE IMPOrpaMMHEIE
npwiokeHns. OCHOBHas LEJIb MCCIENOBAaHMUS — OLCHUTh COCTOSIHWE HANpsDKEHHH W aedopMaruid MOBEPXHOCTEH
MaTepuaioB 1mocie (UHAIMIHOW 0O0pabOTKM, MCHONB3ysl KOMIUICKCHBIE BO3MOXKHOCTH, TIpPEIJIaracéMble 3THMH
MIPOTPaMMHBIMH ~ CHCTEMaMH. 3HAYUTENbHBII KOMIIOHEHT HCCIICAOBAHUS OBUI COCPENOTOYEH HAa BIMSHUH
HECTAllMOHAPHBIX TEMIEPATYPHBIX IMONEH, OTCIE)KUBAEMBIX JUHAMUYECKAMH TEPMOZJIEMEHTAMH, Ha JHHAMHKY
HanpspKeHuH M AedopManuii BHYTPHM IOBEPXHOCTEH MarepuaioB. MeTobl BU3YyalW3allMy HCIIOJIL30BAINCH IS
0TOOpaKEHHsI YKa3aHHBIX IIOJIEBbIX (DYHKIMI, BBISBISSL 3aMETHbIE HM3MEHEHHWs B pAaCIpEIeNICHUH TeMIIeparyp.
Pe3ynpTaThl moxasanu, 4TO CTaHAApPTHAas (PyHKIMS olpenesnna o6jJacTh caMOW BBICOKOH TeMIIepaTyphl B CEIMEHTE
y370B 3-7-4, B TO BpeMsl KaKk ajabTepHATUBHAS (YHKIIHsI OTpeJieNnia €€ B CErMEeHTe y3II0B 4, 0003HaYeHHOM KpacHOM
0011acThI0. DTH PE3yIbTaThl MOJUEPKUBAIOT BAXKHYIO POJIb HECTAIIMOHAPHBIX TEMIIEPATYPHBIX NOJIEi B OallaHCUPOBKE
MEXaHHYECKHX U (HU3MYECKUX AacIEeKTOB Ipollecca OTIACTKH. DTO MCCIIENOBaHHE BHOCHUT 3HAUMTENBHBIN BKIAJ B
TIOHMMaHHE HaNpsHKEHHO-Ie()OPMUPOBAHHOTO COCTOSHHS TTOBEPXHOCTEH MaTEpHANIOB TIOCIE OTAENKH, MOJUYepKUBAs
MOTEHIMAJIbHBIE TIPEHMYIIECTBA HCIOIB30BAHUS COBPEMEHHBIX MPOTPAMMHBIX CHCTEM JJISI  yIIyOJICHHOTO
HCCIIEIOBAHMS.

KnaioueBble ci10Ba: MeToJ KOHEYHBIX 3JIEMEHTOB, HH(MOPMAIOHHBIE TEXHOJOTWH, TOYHOCTh, HAIPSIKEHHO-
neopMHUPOBaHHOE COCTOSIHUE.




	1_page_49_2024
	2 Contents_49_24
	3_Preface_49_engl
	4_MS_49 EDIT
	5_Energy_49 EDIT_ok
	6_Engineering_49_EDIT_OK
	7_Ph&Astr EDIT_ok
	8_Special Issue
	9_SUMMARIES_49 ok

