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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. Thanks to our authors and to the qualified work of
editorial board members, the Journal indexing in the Scopus database continues.

Since 2022 Eurasian Physical Technical Journal is included in the quartile Q3 on four scientific areas:
Energy; Engineering; Materials Science; Physics and Astronomy. As of March 5, 2023, CiteScoreTracker
score is 1.1 (max % 25 in Engineering). The value of this indicator directly depends on the number of
citations of articles published in our journal.

Statistical data shows that over the past 5 years, 249 articles by authors have been published in the
Eurasian Physical Technical Journal, of which 114 articles are by foreign authors from 23 countries. The
number of articles by highly cited authors is gradually increasing. In 2023, out of 51 articles published, 17
(32%) articles were co-authored by highly rated authors. And in this first issue of 2024, 10 articles were
submitted for publication by co-authors with Hirsh index more than 10, which is 71% of the total number of
articles. We hope that this will help increase citations.

In September 2024, a special issue of the Eurasian Physical Technical Journal is planned with the
publication of selected papers from the 7th International Conference on Engineering Science and
Technology, ICEST2024, which will be held April 16-18, 2024 in Luxor, Egypt - https://ifsdl.org
/icest2024/. In accordance with the preliminary agreement, the guest editor from the conference organizers
will be professor, Dr. Nouby M. Ghazaly (South Valley University, Qena, Egypt). From the Kazakh side as a
guest editor of the special issue, Dr. A.L. Kozlovskiy (Institute of Nuclear Physics, Almaty), was invited.

In this issue, the format of articles has been changed in accordance with the updated rules of the
Committee for Quality Assurance in Science and Higher Education of the Ministry of Science and Higher
Education of the Republic of Kazakhstan. The new format takes into account recommendations to indicate

- type of publication (Research Article, Review, Essay);

- dates of receipt of materials, examination or approval, acceptance and online publication of articles
(Received, Revised, Accepted, Published online) -

- contribution of each author in the preparation of the article according to the application of CRediT
(Contributor Roles Taxonomy);

- data of the authors according to the ORCID iD database.

CRediT (Contributor Role Taxonomy) was introduced by Elsevier to recognize the individual authors
contributions and to facilitate collaboration by accurately describing each author's diverse contributions to a
published work. CRediT applications are provided by authors during the application process. The
corresponding author is responsible for the accuracy of the descriptions and their approval by all authors.
Information for authors will be updated on the website in the coming days.

As for the actual content of this issue, the section “Materials Science” presents new original results on
the study of the properties of various materials. Readers will be interested in the results of the study by
Russian authors of “correlations in the surface topography of amorphous hydrogenated silicon using the
methods of average mutual information and two-dimensional fluctuation analysis by identifying its structural
components using the scale-space technique.” Relevant in terms of practical application are the results of a
study of “structural and strength degradation of ceramic fuel cells, which have great potential for the
production of hydrogen using electrolysis methods.” Researchers from Uzbekistan have discovered “the
possibility of transforming a metal or superconducting system into a diclectric based on the
metal/superconductor-dielectric transition mechanism in doped cuprates by studying the formation of
polarons and the localization of doped charge carriers (holes) in them.” The “real temperature of the
superconducting transition in these materials” has been determined.

Researchers from Temirtau have established the mechanism for the formation of micro- and
macrostructural inhomogeneities in the cortical zone of ingots and their transformation into surface defects
during the processes of heating, plastic deformation and rolling. In the work of our university employees, it
was established that “corrosion of products made of martensitic stainless steel X17 in sea water occurs due to
incomplete oxidation of chromium atoms in cells on the surface of the products.” Employees of the Institute
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of Molecular Nanophotonics have studied at the nano-level “the influence of the plasmonic effect of metal
nanoparticles on electron transfer from the dyes eosin and rhodamine B to TiO2,” which leads “to an
increase in the efficiency of sensitization of the semiconductor by the molecules of the dyes under study.”

In the “Energy” section, readers are offered two articles that discuss the environmental aspects of
energy. The article by East Kazakhstan researchers the results of a “comparative analysis of existing methods
for simulating residual energy release in corium, which are used in various experimental facilities that study
the operation of passive protection systems during severe accidents with reactor meltdowns at nuclear power
plants" are presented. In second article “the possibilities of improving the quality of Ekibastuz coal through
the use of “dry enrichment” technology, which makes it possible to reduce the harmful impact on the
environment are discussed.

The “Engineering” section offers ways to solve pressing problems of automation of modern
technologies and management and control systems. The article by Altai authors considers the possibility of
“using the eddy current non-destructive testing method for measuring the electrical conductivity of thin
metal films” using the example of copper films “obtained by vapor deposition in a vacuum.” In the article by
authors from Tomsk, “the influence of a two-phase flow on the ignition of a fuel pellet” is considered, a
“model of the process of ignition and ejection of a pellet” is proposed, and the ignition time of the end
surface of the grain is estimated for various particle sizes.

As a result of joint research by authors from Tomsk and Egypt, “simulation of a multipoint contact in
the thermoelectric measurement method” was carried out in the NI LabVIEW package.” The model was
verified using three types of thermocouples in various combinations connected in parallel.” The joint work of
Kazakh authors with a Tomsk scientist on the implementation of a system for uninterrupted monitoring of
quarry operation in order to ensure safety made it possible to develop a “software and hardware complex for
monitoring the stability of quarry sides using optical fiber.” The following article by authors from Tomsk
presents the results of numerical modeling of the process of extrusion of high-viscosity pastes using a piston
dispenser. The resulting solution “for a highly viscous suspension of terpineol and silver particle powder will
allow you to control the paste extrusion process.” As a result of joint research by authors from Tomsk and
Egypt, “simulation of a multipoint contact in the thermoelectric measurement method” was carried out in the
NI LabVIEW package.” The model was verified using three types of thermocouples in various combinations
connected in parallel.” The joint work of Kazakh authors with a Tomsk scientist on the implementation of a
system for uninterrupted monitoring of quarry operation in order to ensure safety made it possible to develop
a “software and hardware complex for monitoring the stability of quarry sides using optical fiber.” The next
article of Tomsk authors the results of numerical modeling of the process of extrusion of high-viscosity
pastes using a piston dispenser are presented. The resulting solution “for a highly viscous suspension of
terpineol and silver particle powder will allow you to control the paste extrusion process.”

In the “Physics and Astronomy” section, an article by authors from Nigeria and Malaysia the solution of
the Schrodinger equation using the Nikiforov-Uvarov functional analysis method according to Hultén, taking
into account the screened Kratzer potential is shown. The energy equation was derived by the authors to
determine the thermodynamic properties of diatomic molecules at various temperatures.

We hope 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, in which it is planned to
publish articles by leading scientists on the most relevant and priority areas of modern physics and
technology.

Best regards,
Editor-in-chief, professor Saule E. Sakipova
March, 2024
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STUDY OF CORRELATIONS IN THE RELIEF OF COMPLEX SURFACES
USING THE EXAMPLE OF AMORPHOUS HYDROGENATED SILICON

Rybina N.V.*, Rybin N.B., Litvinov V.G.

Ryazan State Radio Engineering University named after V.F. Utkin, Ryazan, Russia
*Corresponding author: pgnv@mail.ru

Abstract. The results of a study of correlations in the surface relief of amorphous hydrogenated silicon using
the methods of average mutual information and two-dimensional detrended fluctuation analysis by identifying its
structural components using the scale-space technique are presented. The experimental samples were model and
real surfaces of amorphous hydrogenated silicon. The model surface was formed by superimposing the surfaces
"Stochastic fractal”, "Particles" and "Gaussian noise". The values of the scaling index were obtained from the
dependences of the fluctuation function on the scale, as well as the values of the average mutual information and
the maximum mutual information were calculated. A comparative analysis of the correlation dependencies of the
model and the real surfaces of amorphous hydrogenated silicon has shown that the model surface "Particles" is
closest to the surface structure of the experimental sample in terms of its characteristics. It was found that
particles with dimensions of 6510 nm are present in the surface structure of the experimental sample.

Keywords: amorphous hydrogenated silicon, surface, relief, information-correlation characteristics, mutual
information, fluctuation analysis, scale-space.

1. Introduction

Currently, materials with complex structures (composite, nanocrystalline, disordered, porous, etc.) are
becoming increasingly popular in various fields of science and technology. Therefore, there is a need for
special methods for studying the structure of such materials. As is known, in disordered materials there is no
long-range order in the arrangement of atoms, therefore, to study the features of their structure, methods
different from those used for ordered materials (for example, crystalline) are required. Most disordered
materials are characterized by short- and medium-range order in the arrangement of atoms. The average
order is determined by the interaction of lone pair electrons, van der Waals interaction, and is formed by
atoms that are partly included in the second coordination sphere and coordination spheres of higher orders
[1]. It is believed that the average order is manifested in the presence of clusters at a distance of about 10 nm.
Consequently, average order can characterize the correlations of various structural elements in disordered
materials. For example, the average order in amorphous hydrogenated silicon (a-Si:H) determines the order
in the arrangement of silicon tetrahedra; in nanocrystalline a-Si:H, the average order determines the ordering
of nanosized inclusions in the amorphous matrix. It was shown in [2] that with the formation of
nanocrystalline silicon inclusions or (Si:H»)n chains, structural ordering of the amorphous matrix occurs.

The study of correlations in the surface topography of disordered materials helps to identify structural
features at the average order level. Knowledge of the structural features allows connecting the properties of
the resulting materials with the technological regimes for their production. To study correlations, it is
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necessary to obtain primary information about the material in the form of data on the surface topography.
Data on surface relief can be used to study the average order in the structure of disordered materials in cases
where the relief is closest to the structure of the material in the bulk. The validity of using data on surface
relief is associated with the theorem of F. Takens. According to the embedding method of F. Takens [3], any
signal from the system contains information about all processes within it. Consequently, for disordered
materials based on the surface topography, it is possible to study correlations [4] in the structure at the level
of average order.

To study correlations in the surface topography of disordered materials, methods of average mutual
information (AMI) [5] and two-dimensional detrended fluctuation analysis (2D DFA) were developed. The
AMI method allows characterizing the structure of the material as a whole, and not individual elements of
the structure, as is done by traditional methods based mainly on the calculation of statistical parameters
(averaged roughness values, porosity, average grain size, etc.). The 2D DFA method allows identifying the
type of correlations in the structure, as well as find correlation vectors, i.e. the scales at which the orderliness
of the surface relief is manifested.

Since disordered material has a complex structure, it is also advisable to apply the scale-space technique
[6]. The scale-space technique allows decomposing the surface relief into several structural components and
study correlation properties for each subsurface. The use of AMI, 2D DFA and scale-space methods in
combination makes it possible to study the complex structure of materials, in which both chaotic and
harmonic components are present.

The purpose of this work is to study correlations in the surface topography of amorphous hydrogenated
silicon using AMI and 2D DFA methods by identifying its structural components using the scale-space
technique.

2. Description of the technique
The technique for studying surface relief correlations is as follows.

2.1. Scale-space technique

To study, it is necessary to have a surface height matrix, which is a square image, at each point of which
with coordinates (x,y) the value of its height f{x,y) is stored. For any continuously differentiable and
integrable mapping f: R? - R there is a set L: R? X R, — R, which we will call the scale representation of
the image f, defined as:

L(x, Y G) = f(xl Y, U) * g(x, i G) = f(f,n)ERz f(x - S(:y - U)g(f; n; O')dfdn, (1)
x24y2
where g: R? X R, — R — Gaussian convolution kernel on the extended plane g(x,y; o) = % e_z_ay, c>0.

The result of the convolution L(x,y;0) is a scale representation of the surface f(x,y) with a scale factor
o. The geometric meaning of convolving a surface f(x,y) with a Gaussian kernel is to smooth the surface
with a certain scale parameter c. In this case, the value o is related to the result of the operation L(x,y;0) in
such a way that all details are removed from the original image, the linear dimensions of which do not
exceed the value Vo, in other words, two local extrema will be mutually destroyed (annihilated) or one will
absorb another if the distance between them is less than Vo. This allows, on the one hand, to get rid of the
noise of the source material (or significantly weaken it), and on the other hand, to leave the relief elements of
the linear dimension that is necessary at the current stage of processing.

Thus, the decomposition of the surface image according to scales ¢ is the result of differentiation with
respect to the second derivative. The most recent image is the most smoothed and should be visually very
different from the original. However, it usually contains some features that cannot be seen in images close to
the original one. For example, this way can get rid of various noises. In other words, one surface can contain
many subsurfaces, the properties of which can be compared with simple models.

When studying complex surfaces that contain both harmonic and chaotic components, it is advisable to
isolate their frequency characteristics. Moreover, the presence of a number of surfaces with different levels
of detail (smoothing scales) can provide more information about the structure compared to analyzing only
the original image. A large number of surface details correspond to the presence of a high-frequency
component in the selected structure; a smaller number of details (smoothed surface) correspond to a low-
frequency component.
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2.2 2D DFA method

The 2D DFA method was descripted in [7]. For the height matrix H(x,y) the cumulative surface Y(x,y) is
calculated:

Y(x'Y) = ;Cl=1 an;lH(x'y)' (2)

The cumulative surface is divided into MxN; disjoint square segments of size sxs, with M~=M/s and

Ny#=NI/s. In each segment, a surface of the type Y,,.(x,y)=Y({/1+x,[2+y) is formed, for 1<x,y<s, where /1=(u-1)s
and [2=(w-1)s, where u, w are numbers segments.

In each surface Y,(x,y) a first-order polynomial trend function is calculated:

YuwC,y) =a-x+b 3)
or Yy y(x,y) =a-y+b. 4)
The remainder function is calculated:
su,w(x: y) = Yu,w (x: y) - Yu,w (x: y)- ®)
The local RMS fluctuation function is calculated, bearing in mind that (g, ,, (x,y)) = 0:
1

FGuw) = 2Ty By )2 ©)
The full root-mean-square fluctuation function is calculated:

1
F(S) = 3 Zuts Tty F s, w). %)

For wide ranges of values s, the dependence is valid F(s)~s”.

In general, by plotting the dependence of F on s on a double logarithmic scale, a scaling index
characterizing the type of correlations in the structure can be calculated from the tangent of the slope angle,
and a correlation vector showing the scale of manifestation of these correlations can be calculated from the
inflection of the fluctuation function.

2.3 AMI method

Mutual information [5] is defined as the amount of information that becomes known about the value of
a random function at point 4 when its value becomes known at point B. If D is the domain of definition, Z is
the domain of a random function, Py is the probability distribution density at point X (as a function on Z), Pxy
is the joint distribution density at points X and Y (as a function on Z»), then the mutual information /,5(z1,22)
for a pair of known and predicted values is calculated according to the following formula:

Pap(21,23)
Lip(21,2;) = log, [#Z;BZ(ZZZ) ' "

AMI is defined as the average expected value of mutual information for a given pair of points by
integrating over Z*:

IAB) = [[,. P, (21,2) log, [ 2222 | g ©)

Pa(z1)-Pp(z)] ™
For practical tasks, so-called "convolutions" (transformed AMI functions) are calculated:

1(dy,dy)
IS(S) = @S(dydz)zs MS;(;) d(dl)d(dZ)f (10)

where di, d> are generalized parameters of points in the space D? (di corresponds to two coordinates xi, y1,
and d> — x2, »2). For each value of parameter s integration is carried out over all pairs of points that this
convolution maps to a new space Sp, I is the average mutual information between points characterized by
parameter s, and Mg, is a measure of the new space Sp displayed by the selected convolution by parameter s
in space D

Ultimately, the AMI graph is a surface in a Cartesian coordinate system, the AMI values for any vector
are in the range from 0 to 1. The criterion for the presence of correlation between the points of the sample
under study is the presence of maxima on the AMI distribution graph.

The AMI method allows calculating directly the AMI value (Wor), which characterizes the degree of
ordering of the structure, and the value of maximum mutual information (MMI, Wic), which shows the
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spread of data (the number of points of different heights). Knowing the value of the MMI and the number of
identical elements in the structure, it is possible to calculate the information capacity of the structure (relief).

The analysis of the results obtained using the scale-space, 2D DFA and AMI methods is carried out
taking into account the criteria for determining the structural complexity of the surface of solid-state
materials, classification of the values of a, Wor and Wic [8].

At 0.5<0<2, long-range or non-power correlations may be present in the system. In particular, o=1 is
characteristic of flicker noise (1/f noise) and regular fractal, a=1.5 - for Brownian noise. The value a=2 is
characteristic of strictly ordered structures.

For the cases of Wor<0.02, there is a low orderliness of the structure, 0.02< Wor <0.1 — average
orderliness of the structure, Wor>0.1 — high orderliness of the structure.

For the cases of Wic<0.5, there is a low information capacity and entropy of the structure, 0.5<W¥c <0.7 —
average information capacity and entropy of the structure, Wic>0.7 — high information capacity and entropy
of the structure.

3. Investigation of correlations in a-Si:H surface relief

To study correlations in the relief of the a-Si:H surface, a model surface was synthesized, and an
experimental a-Si:H sample was selected. The model surface was created based on the presence of several
components in the a-Si:H structure. Firstly, amorphous silicon has fractal properties [9]. Secondly, there is an
average order in amorphous silicon [2, 10], which is manifested in the presence of clusters on the surface.
And thirdly, amorphous silicon is a disordered material, so there must be a chaotic component in its
structure. Based on these considerations, the model surface a-Si:H was created by superimposing three initial
model surfaces on each other: "Stochastic fractal", "Particles", "Gaussian noise" (Fig. 1).

Fractal

Addition

Fig. 1. Obtaining a model surface a-Si:H from the components "Stochastic fractal”, "Particles", "Gaussian noise"

The experimental sample a-Si:H obtained by the glow discharge method of silane-containing mixtures
was also used in the work. The frequency of the exciting generator was 13.56 MHz, the discharge power was
maintained at 200 watts, a mixture of silane and hydrogen (10 % SiH4+90 % H) was used as the supplied
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gas. The substrate was n-type epitaxial silicon doped with antimony. The substrate temperature was 170 °C,
the film thickness a-Si:H — 3 microns. The surface images of the experimental sample were obtained using
an atomic force microscope (AFM) NTegra Aura in semi-contact mode (the diameter of the cantilever probe
was 30 nm, the scan size was 5x5 microns). Enlarged for better visualization, a specific AFM image of the a-
Si:H film in in three-dimensional representation is shown in Fig. 2.

Fig. 2. The surface relief of the experimental sample a-Si:H (the dimensions of the presented area are 2.5%2.5 microns)

The initial model surfaces and the image of the surface of the experimental sample a-Si:H were
investigated by 2D DFA and AMI methods. Graphs of the dependence of the fluctuation function F on the
spatial scale s are shown in Fig. 3. It can be seen from the graphs that the model surfaces "Particles" and
"Addition", as well as the surface of the sample a-Si:H have similar dependencies. On the one hand, it can be
concluded that the structure of the surface of the experimental sample is close to the structure of the model
surface of the "Particle", that is, it contains randomly arranged particles of different diameters. On the other
hand, on the scales Igs = 2.2-2.5, the type of dependence F(s) of the experimental sample is similar to the
addition of the dependencies "Stochastic fractal" and "Gaussian noise".

Table 1 shows the values of the scaling index o calculated from the dependencies F(s) (Fig. 3) up to the
first inflection of the fluctuation function, as well as the values of AMI (Wor) and MMII (Wic) obtained from
the distribution of mutual information.
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Fig. 3. Dependence of the fluctuation function F on the scale s

According to Table 1, it can be seen that the values of Wic fall into various categories of information
capacity [8]: the "Stochastic fractal" surface refers to structures with high information capacity (Wic>0.7), the
surface of the experimental sample — with low information capacity (¥1c<0.5), and the surfaces "Particles",
"Gaussian noise" and "Addition" — with average information capacity (0.5<W¥ic<0.7). The value of the
information capacity of the surface of the experimental sample is closest to the Wic surface "Addition". By
the value of Wor, the "Stochastic fractal" surface falls into the category of [8] structures with average
ordering (0.02<Wor<0.1), and the rest — with low ordering. In this case, the value of the degree of ordering at
the surface of the experimental sample is closest to the value Wor of the surface "Particles" than the surface
"Addition". This can be attributed to the peculiarities of obtaining an image of the surface of the
experimental sample. Since AFM was used, the surface image is a "convolution" of the probe and therefore
the chaotic component is suppressed to some extent.
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Therefore, to study correlations in the surface relief of disordered materials, it is advisable to use data
obtained not only by AFM, but also by scanning electron microscopy (SEM). This conclusion is also
confirmed by the results of calculating the scaling index, since the value of a at the surface of the
experimental sample is very close to the value of a for strictly periodic signals (o=2), while for other surfaces
the values of a are lower.

Table 1. Information and correlation characteristics of the studied surfaces.

Surface Yic Wor a

Stochastic fractal 0.73 0.034 1.91
Particles 0.60 0.008 1.72
Gaussian noise 0.54 0.002 0.50
Addition 0.51 0.006 1.50
Experimental sample 0.46 0.013 1.98

Fig. 4 shows the results of the study of surface images using the scale-space technique, namely the
dependencies of F(s) at different smoothing scales n for the experimental sample (Fig. 4, a) and the
"Addition" surface (Fig. 4, b).
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a
Fig. 4. F(s) dependences at different smoothing scales n for the experimental sample (a) and the "Addition" surface (b)

At large smoothing scales (72, 144 in Fig. 4), where high-frequency components of surfaces are
manifested, there are practically no inflections on the dependencies F(s). This means that no harmonic
components have been detected in the structure. The scaling index a has values of 0.6 and 0.55 for the
experimental sample and the "Addition" surface, respectively. Such a value of a is close to the surface of
"Gaussian noise". Thus, at large smoothing scales, the noise component prevails.

On the average smoothing scales (50), areas close to linear were approximated on the dependencies
F(s), as a result of which an inflection of the function on a spatial scale of the order lgs = 1.18 was revealed.
The presence of an inflection indicates that there is a harmonic component in the surface structure. To
determine the period, use the formula, x = (b*10Igs)/a where b is the image size in microns (in this case 1.5
microns), a is the image size in pixels (in this case 350 dots). The period of the harmonic component was 65
+ 10 nm. A similar inflection was found on the dependence F(s) for the surface "Particles" (Fig. 5). Thus,
particles with characteristic dimensions of 65+ 10 nm are present in the structure of the surface of the
experimental sample.

On small smoothing scales (2 in Fig. 4), where low-frequency components of surfaces are manifested,
several inflections are observed on the dependencies F(s) in the range of spatial scales lgs = 1,8-2,5. The
values of the spatial scales corresponding to these inflections were 320 +10, 580410 and 76010 nm for the
experimental sample; for the "Addition" surface — 380+10 and 900+ 10 nm.

On the one hand, such scale values can be explained by the frequency of repetition of particles, for
example, 380 nm /65 nm = 6, 900 nm / 65 nm =~ 14, taking into account the error associated with the initial




12 Eurasian Physical Technical Journal, 2024, 21, 1(47) ISSN 1811-1165; e-ISSN 2413-2179

image resolution and the calculation method. On the other hand, the appearance of additional inflections in
the dependence of the fluctuation function may be associated with fractal properties.
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Fig. 5. Example of determining the correlation vector by the inflection of the fluctuation function for the model surface
"Particles"

4. Conclusion

In this work, the use of the scale-space technique allowed identifying the structural components of the
surface relief of amorphous hydrogenated silicon and investigating information-correlation characteristics at
each structural level. The selection of low-frequency components allows studying the features of the
harmonic components of the structure. The isolation of high-frequency components allows studying the
features of chaotic components of the structure.

A comparative analysis of the information-correlation characteristics of the model surfaces and the
experimental sample of amorphous hydrogenated silicon showed that the model surface "Particles" is closest
to the structure of the experimental sample surface in its characteristics. This may be due to the peculiarities
of obtaining an image of the surface by atomic force microscopy.

The study of the information-correlation characteristics of the a-Si:H film surface showed that the a-
Si:H structure at different spatial scales exhibits the properties of all surface components used in the
"Addition" model surface. Thus, any complex surface using the methods of AMI, 2D DFA, scale-space can
be studied by decomposing into simpler components.
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STUDY OF THE INFLUENCE OF THE ACCUMULATED DOSE OF
DAMAGE IN THE NEAR-SURFACE LAYER ON RESISTANCE TO
EXTERNAL INFLUENCES ASSOCIATED WITH CORROSION
PROCESSES DURING HIGH-TEMPERATURE ANNEALING
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Laboratory of Solid State Physics, Institute of Nuclear Physics, Almaty, Kazakhstan
2 Engineering Profile Laboratory, L.N. Gumilyov Eurasian National University, Astana, Kazakhstan
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Abstract. Investigating the challenges associated with the structural and strength degradation of ceramic
fuel cells, which hold significant potential for hydrogen production through electrolysis methods, is a current
focus of research. Understanding the degradation processes and their occurrence rate is crucial in the assessment
of the efficacy of these ceramics for applications in alternative energy production, specifically in the realm of
hydrogen energy. The aim of this study is to ascertain the impact of doping ceramics with aluminum nitride
NiALOs, irradiated with protons with a dose of approximately 50 dpa, on resistance to high-temperature
degradation, and associated corrosive processes of oxidation and swelling, as well as migration processes of
implanted hydrogen. Three types of ceramics were selected as objects for study: NiAlbOs ceramics, NiAl,O4
ceramics stabilized with 0.05 M AIN, NiAl>O4 ceramics stabilized with 0.15 M AIN, that are distinguished by the
formation of impurity phases in Al;O3Ns, with an orthorhombic type of crystal lattice. As a result of high-
temperature tests, it was observed that NiAl,O4 ceramics, when stabilized, exhibit reduced susceptibility to
destructive alterations in strength characteristics, primarily attributed to the deformation distortion of the crystal
structure caused by its swelling. These processes are associated with an augmentation in the thermal expansion of
the crystal structure, manifested in the deformation swelling of the crystal lattice volume.

Keywords: ceramic fuel cells, radiation embrittiement, high-temperature aging, degradation, swelling, reduction in
strength parameters.

1. Introduction

Addressing challenges in energy production is a crucial criterion for the sustainable development of any
country's economy. Exploring alternative energy sources, such as nuclear or hydrogen energy, stands as a
cornerstone in the development of the energy sector. The growing interest in alternative energy sources and
the diversification of production methods primarily stem from the necessity to diminish the energy sector's
reliance on fossil resources, including hydrocarbons [1-3]. The use of new sources of energy, including
alternative sources, will in the short term reduce the amount of natural resources consumed for energy
production, as well as the pressure on the environment, by reducing harmful emissions from the burning of
fossil energy resources for energy production. In this connection, considerable emphasis in research is
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directed towards hydrogen energy, particularly focusing on methodologies for hydrogen production through
electrolysis or steam reforming [4,5].

The growing interest in ceramic fuel cells within the realm of hydrogen energy primarily stems from the
potential to broaden sustainable approaches for hydrogen production and reduce its production costs. This
reduction in cost is pivotal for the advancement of green technologies, serving as an alternative means to
diminish hydrocarbon dependence within the energy sector [6,7]. Concurrently, study of degradation
processes in fuel cells, linked to their operational procedures such as oxidation at elevated temperatures,
represents a crucial research area. This exploration not only evaluates the suitability of ceramics in fuel cells
but also contributes fundamental insights into the degradation mechanisms. Simulation of operational
conditions, especially the elevated temperatures typical of fuel cells, enables an assessment of the
degradation mechanisms in ceramic fuel cells. In scenarios involving gas-filled bubbles containing
accumulated hydrogen, this simulation aids in understanding the kinetics of their migration and gauging their
influence on changes in strength properties [8,9]. It is acknowledged that the high mobility and ability of
hydrogen to aggregate within voids and pores can accelerate degradation processes when exposed to external
factors, such as high-temperature heating. The high-temperature corrosion processes are instigated not only
by the accelerated mobility of accumulated hydrogen in the near-surface layer of ceramic fuel cells, but also
the processes of oxygen penetration through pores and microcracks [10-13]. Which results in destruction
because of the accumulation of deformation distortions and stresses in cavities filled with hydrogen, as well
as the crystalline structure into which oxygen is introduced. Moreover, an elevation in deformation
distortions and stresses occurs both due to the expansion of the crystal lattice during the introduction of
oxygen into nodes and interstices, and an elevation in gas-filled bubbles due to their merging or a growth in
volume during the accelerated migration of hydrogen near these cavities [14,15].

Based on the above, the key aim of this article is to investigate the processes of high-temperature
degradation of NiAl,Os-based ceramics stabilized with aluminum nitride, alongside to determine the
influence of accumulated structural damage linked to the accumulation of hydrogen in the surface layer of
ceramics on the degradation rate of the strength properties of ceramics.

2. Materials and methods

The objects of investigation were ceramic samples exhibiting a NiAlO4 spinel structure, synthesized
through mechanochemical solid-phase methods using NiO and AlO3; compounds in a stoichiometric ratio of
1:3 M, followed by annealing at a temperature of 1500°C. Doping of NiAl,O4 ceramics in order to increase
their resistance to external influences was carried out with aluminum nitride (AIN) with different molar
ratios of 0.05 and 0.15 M, which were also annealed at a temperature of 1500°C. The specimens underwent
grinding using a Pulverisette 6 planetary mill (Fritsch, Berlin, Germany), followed by thermal annealing
conducted in a Nabertherm LHT 04/18 muffle furnace. (Nabertherm GnbH, Lilienthal, Germany). The
choice of AIN dopant concentrations was determined by the possibility of obtaining ceramics exhibiting a
significant structural ordering degree (exceeding 95% at a dopant concentration of 0.05 M) and ceramics
containing impurity inclusions in the form of Al;O3;Ng impurity phases, characterized by an orthorhombic
crystal lattice. A detailed study of the structural features of NiAl,O4 ceramics depending on the AIN
stabilizing additive concentration was presented in the work [16]. The samples were irradiated at the UKP-
2.1 accelerator (Institute of Nuclear Physics of the Ministry of Energy of the Republic of Kazakhstan,
Almaty, Kazakhstan) with protons with an energy of 1.5 MeV and a fluence of 5x10'5 ion/cm? (which,
according to SRIM Pro 2013 calculations, corresponds to a displacement value of about 50 dpa).

To determine the degradation mechanisms characteristic of high-temperature corrosion processes of
ceramic fuel cells exposed to proton irradiation with accumulated structural distortions caused by high-dose
irradiation (about 50 dpa), the following experiments were carried out. The studied ceramic samples after
irradiation were subjected to thermal heating in a muffle furnace for 500 hours at temperatures of 500, 600
and 700°C. The choice of the annealing temperature range (500 — 700°C) is due to the possibility of
modeling the main operating modes of ceramic fuel cells during hydrogen production under conditions as
close as possible to real ones. The choice of research objects subjected to irradiation is based on the ability to
ascertain operational conditions and the accompanying structural deformations that manifest in samples with
high concentrations of deformation distortions attributed to hydrogen accumulation.

Determination of the resistance of ceramics to high-temperature heating and corrosion processes was
assessed by measuring hardness before and after testing. At the same time, measurements were performed
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both on initial samples that were not exposed to irradiation, and after high-dose irradiation with protons with
a dose of about 50 dpa. Determined values of changes in hardness and resistance to single compression made
it possible to estimate the rate of degradation of ceramics as a result of high-temperature exposure, as well as
to estimate the contribution of accumulated radiation damage to the degree of disorder of the surface layer.
The hardness measurement was carried out using the indentation method, which was implemented using a
Duroline M1 microhardness tester (Metkon, Bursa, Turkey). A Vickers pyramid was used for indentation;
the load on the indenter was about 100 N. At the same time, the measurements were carried out taking into
account the possible propagation of cracks at the indentation sites, which could affect the following results,
in order to avoid such an influence, each subsequent measurement was performed at a distance of at least 20
um from the previous indentation. Determination of resistance to single compression was carried out on a
testing machine LFM-L 10kH (Walter + Bai AG, Loningen, Switzerland) by compressing samples in special
holders at a constant speed of 0.1 mm/min. Determination of crack resistance was carried out by comparing
alterations in the maximum pressure that ceramics can withstand during compression before and after
external influences (proton irradiation and high-temperature aging).

3. Results and discussion

Figure 1 reveals data on variations in the hardness and cracking resistance of ceramic specimens before
and after irradiation. The data were acquired through sequential testing of samples to assess the consistency
of the properties of the synthesized ceramics and their resistance to external influences, with the aim of
eliminating any artifactual effects stemming from irradiation. As indicated by the presented data, the
inclusion of a stabilizing additive like aluminum nitride results in an increase in hardness and resistance to
cracking under single compression. Additionally, similar to irradiated samples, it contributes to enhanced
resistance to softening linked with the accumulation of structural distortions and deformations in the surface
layer. The growth in resistance to radiation-induced softening for stabilized ceramics can be explained by the
effects associated with the formation of inclusions in the form of impurity phases (for an additive
concentration of 0.15 M), and in the case of lower concentrations of the stabilizing additive by a higher
structural ordering degree of the ceramics’ crystal structure. Moreover, analysis of variations in hardness and
resistance to single compression indicates an almost identical trend of enhancing stability of the ceramics’
strength properties as concentration of the stabilizing additive grows. The maximum reduction in strength
characteristics is observed for unstabilized NiAl,O4 ceramics, for which high-dose irradiation results in a
decline in strength characteristics by more than 15 — 16 %, while the addition of a stabilizing additive at
concentrations of 0.05 and 0.15 M results in a more than twofold and fivefold increase in the stability of the
strength characteristics of ceramics. The significant improvement in the resistance to strength property
destruction observed in stabilized ceramics with a dopant concentration of 0.15 M is primarily linked to the
emergence of inclusions in the shape of an impurity phase, Al;O3Ng. As demonstrated in work [16], these
inclusions fill the intergranular space in the form of a fine fraction, thereby enhancing degradation resistance.
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Fig.1. Irradiation effect on variations in strength parameters: a) variation in hardness; b) variation in the compressive
force that the ceramic can withstand during a single impact
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The observed softening for irradiated samples stems from the accumulation of deformation distortions
of the crystal structure, alongside the formation of gas-filled inclusions in the pores, a growth in the
concentration of which, alongside their combination into larger agglomerates, results in deformation of the
near-surface damaged layer, as a consequence of a rise in internal pressure in the gas-filled cavities. The
alteration in the deformation values of the crystal structure as a result of irradiation can be assessed by
calculating the volumetric swelling of the crystal lattice, the value of which characterizes the deformation
distortion of the damaged layer structure, alongside the effects related to the accumulation of distorting
factors and residual tensile stresses. The assessment results are demonstrated in Figure 2 as a diagram
reflecting percentage of the crystal lattice’ volumetric alteration (swelling) in comparison with the initial
values of the crystal lattice volume of ceramic samples.
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Fig.2. Results of volumetric swelling of the crystal lattice of NiAl,O4 ceramics subjected to irradiation

In accordance with the data acquired, presented in Figure 2, the incorporation of a stabilizing additive
results in an elevation in the swelling resistance of ceramics, which, as a consequence, leads to a rise in
resistance to destruction of strength characteristics. Moreover, more pronounced changes in elevated
swelling resistance were observed for NiAl,Os4 ceramics stabilized with 0.15 M AIN, for which the
emergence of inclusions as Al;O3Ng grains was observed. The enhanced swelling resistance is explained by
the presence of interphase boundaries, alongside a higher dislocation density, the alteration in which is
associated with the appearance of impurity inclusions. Figures 3 and 4 reveals the results of a comparative
analysis of changes in strength properties (reduction in hardness and change in resistance to cracking under
single compression) of ceramics under varying conditions of high-temperature exposure (temperature
change).
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Fig.3. Assessment results of variations in strength characteristics of initial ceramics after 500 hours of high temperature
exposure: a) change in hardness; b) change in crack resistance
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The tests were executed during 500 hours of annealing in a muffle furnace at various temperatures. The
samples were subjected to strength properties measurements afterwards. The overall trend in the changes to
the strength properties of ceramics suggests the detrimental impact of high-temperature corrosion on the
stability of these characteristics, particularly evident at elevated temperatures (600 — 700°C). However, the
data obtained indicates that the addition of the stabilizing additive AIN to the ceramic composition leads to
an enhanced resistance to high-temperature degradation, manifested in a reduction of more than 2-3 times in
the value of changes in strength characteristics. Additionally, it is noteworthy that a comparable pattern is
evident not solely in the initial ceramics, where the decline in strength characteristics is primarily attributable
to corrosion processes and alterations in the amplitude of thermal vibrations of atoms at the nodes of the
crystal lattice, resulting in its destruction. The corrosion processes, in the case of prolonged high-temperature
degradation, are prompted by the penetration of oxygen into the ceramics, thereby amplifying the
deformation distortion of the structure and generating distorted areas that contribute to the destabilization of
strength properties.
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Fig.4. Assessment results of variations in strength characteristics of irradiated ceramics after 500 hours of high
temperature exposure: a) change in hardness; b) change in crack resistance

More pronounced degradation of the strength characteristics of irradiated ceramics, in addition to
deformation distortions associated with corrosion processes, is also due to the presence of gas-filled cavities
that distort the crystalline structure (the presence of these inclusions is indirectly explained by the
deformation swelling of the crystal lattice, which is caused by high-dose irradiation, as well as the very
nature of hydrogen, associated with its poor solubility). Moreover, the addition of stabilizing additives also
results in a reduction in destructive alterations in ceramics’ strength properties, which in turn indicates the
positive effect of incorporation of aluminum nitride to the ceramics’ composition, and the very trend of
alterations in strength characteristics depending on the stabilizing additive concentration in comparison with
similar changes for non-irradiated samples indicates the same mechanisms of destruction of ceramics caused
by high temperature exposure. Figure 5 demonstates the alteration results of the structural swelling value of
the crystal lattice of ceramics under diverse thermal exposure conditions (variations in annealing
temperature).

These variations delineate the processes of structural degradation in ceramics linked to deformation
distortions induced by thermal influences (volumetric thermal expansion of the crystal structure).
Additionally, they represent degradation processes associated with corrosion and oxygen penetration. In the
case of irradiated samples, these processes also involve migration, resulting in the agglomeration of
implanted hydrogen due to heightened mobility.

Analyzing the obtained dependences of the crystal lattice swelling value of ceramics in the initial and
irradiated states, the subsequent deductions can be made. The exposure temperature growth leads to a rise in
the structural deformation of the crystal lattice, which indicates the influence of changes in the amplitude of
thermal vibrations and the mobility of vacancy defects in the ceramics’ structure (for non-irradiated
samples), the combined effects of which lead to deformation swelling of the structure, most pronounced at
temperatures of 600 - 700°C.
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Fig.5. Assessment results of the crystal lattice swelling value of ceramics after 500 hours of high-temperature exposure:
a) non-irradiated ceramics; b) irradiated ceramics

In this case, analysis of variations in the crystal lattice swelling value for irradiated unstabilized
NiAl;O4 ceramics implies that irradiation temperature rise from 500 to 700°C leads to a more than a 7-fold
crystal lattice volume growth, which indicates the following. For irradiated unstabilized NiAl,O4 ceramics, in
which the concentration of implanted hydrogen can reach the order of several atomic percent (according to
estimated calculations of modeling the hydrogen accumulation processes in the damaged layer). Subjected to
temperature, implanted hydrogen, given its mobility, can accelerate agglomeration processes, consequently
augmenting the volume of gas-filled regions. This phenomenon is widely recognized in metals and alloys
during post-irradiation annealing of defects, leading to an elevation in bubbles through their agglomeration.
At the same time, for stabilized NiAl,O4 ceramics, the presence of impurity phases results in the creation of
additional barriers to implanted hydrogen in the form of grain boundaries and interphase boundaries, which
leads to difficulty in its migration, and as a result, even at high temperatures, little effect on destruction
processes.

4. Conclusion

The paper presents the assessment results of the effect of doping NiAl,O4 ceramics with aluminum
nitride on the high-temperature degradation resistance under conditions closely aligned with the actual
operating conditions of these ceramics when used as anode materials for solid oxide fuel cells. During
determination of the effect of high-dose proton irradiation on variations in the strength properties of NiAl>O4
ceramics, it was discovered that the stabilizing additive concentration growth results in an enhanced
resistance of the near-surface layer of ceramics to softening processes, alongside swelling of the crystal
structure due to deformation distortions. During high-temperature tests in the case of varying exposure
temperatures, it was found that a rise in the concentration of the stabilizing additive results in a rise in
resistance to degradation processes, which are caused by changes in the amplitude of thermal vibrations of
atoms, alongside corrosion processes associated with the crystal lattice deformation distortion and swelling.
In conclusion, the addition of the stabilizing additive AIN to NiAl:O4 ceramics is quite effective, which is
not only due to a rise in strength characteristics (increased hardness and resistance to single compression) but
also enhanced resistance to destructive changes in strength performance as a result of long-term high
temperature exposure. Moreover, for irradiated samples, the NiAl,O4 ceramics without stabilization exhibit
the lowest resistance to high-temperature corrosion, with a degradation of strength properties exceeding 15 —
18 %. Testing for resistance to high-temperature corrosion at different exposure temperatures revealed that
elevation in the temperature from 500 to 700°C accelerates the degradation processes.
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Abstract. A new approach to the metal/superconductor-insulator transition in doped cuprates by studying
the polaron formation and localization of doped charge carriers (holes) in them and the possibility of
transforming a metallic or superconducting system into an insulator was developed. A more suitable criterion for
such a phase transition by comparing the bandwidth (or Fermi energy) of large polarons with their binding
energies in the cuprates was derived. The possibility of the metal/superconductor-insulator transition and phase
separation in doped cuprates resulting in the formation of competing metallic/superconducting and insulating
phases in underdoped, optimally doped and even in overdoped high-T. cuprates was predicted. Then the possible
detrimental and beneficial effects of the different disorders (e.g. polaron formation and charge-density-wave
transition) and the coexisting insulating and superconducting phases on the critical temperature T, of the
superconducting transition of underdoped and optimally doped cuprates was examined. The actual
superconducting transition temperature T, in these materials using the theory of Bose-liquid superconductivity,
and not the Bardeen-Cooper-Schrieffer-like theory of Fermi-liquid superconductivity, which is incapable of
predicting the relevant value of T, in high-T, cuprates was determined. We find that the suppressing of the
polaronic and charge-density-wave effects in optimally doped cuprates results in the enhancement of T,, while
some lattice defects (e.g., anion vacancies) in the cuprates may strongly affect, on T, and enhance high-T,
superconductivity in them.

Keywords: polaron formation and charge density waves, metal/superconductor-insulator transition, cuprates,
Bose-liquid superconductivity, different disorders, suppression and enhancement of high-T,. superconductivity.

1. Introduction

The Mott-Hubbard model is considered appropriate for explaining the metal-insulator transition in
undoped cuprates, which are charge-transfer type insulators [1, 2], but not in doped cuprates [2, 3]. Doped
cuprates are unique insulators, metals, and superconductors in the intermediate doping regime because they
are substantially more complicated systems [1, 2, 4]. The intriguing insulating, metallic, and superconducting
properties are particularly seen in underdoped and optimally doped cuprates. These properties cannot be
explained by the theories of the Mott and Anderson metal-insulator transitions [1] or the Fermi-liquid
superconductivity theory proposed by Bardeen-Cooper-Schrieffer (BCS) [5]. As a result, as the physics of
these novel superconducting materials have advanced, so too has interest in the characteristic metal-insulator
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and superconductor-insulator transitions in doped cuprates [1-3, 6-8]. It is anticipated that numerous
deviations in the superconducting behaviors of high-temperature cuprates noted in underdoped and optimally
doped regions are intricately linked to transitions between metal/superconductor and insulator states, phase
separation, and the coexistence of competing superconducting and insulating phases [6-11]. The physics of
these high-T, materials has advanced significantly (refer to Refs. [1,4,7,12]), but our knowledge of the
strange properties of underdoped and optimally doped cuprates in their superconducting state, as well as the
distinctive metal/superconductor-insulator transitions in doped cuprates, remains very incomplete. In
particular, yet unanswered concerns include the development of competing metallic/superconducting and
insulating phases in underdoped and optimally doped cuprates, as well as the causes of the suppression and
amplification of high-T, superconductivity in these substances.

Here, we investigate the effects of the metal/superconductor-insulator transitions in doped cuprates,
which are fueled by strong electron-phonon interactions and polaronic formation at the self-trapping of
doped charge carriers on high-T, superconductivity in both optimally and underdoped cuprates. A more
relevant criterion for such transitions in doped cuprates, which occur in the doping range from underdoped to
overdoped regime and are accompanied by the phase separation into the competing metallic/superconducting
and insulating phases was derived. The critical temperature of the superconducting transition T, in
underdoped and optimally doped cuprates using the theory of Bose-liquid superconductivity and the reasons
of the suppression and enhancement of high-T,. superconductivity in them was determined. The competing
superconducting and insulating phases strongly affect on T, especially in underdoped cuprates was found.
We investigate the possible detrimental and beneficial effects of different disorders (e.g. the polaron
formation or charge-density-wave (CDW)) transition and the radiation defects on the superconducting
properties (i.e. critical values of the superconducting transition temperatures T,) of high-T, cuprates and
show that the suppression of the polaronic and CDW effects are accompanied by increasing of T,, while
radiation-induced defects (e.g. anion vacancies) in these materials may also strongly affect on T, and
enhance high-T, superconductivity.

2. Materials and research methods

The quasi-free holes carriers introduced to the polar cuprate materials by doping are self-trapped
spontaneously at their strong interactions with lattice vibrations and therefore, these doped hole carriers are
dressed by the local lattice distortions and become large polarons with effective masses m,, ~ (2 — 3)m,
[13,14] (where m, is the free electron mass). At low doping levels, such polaronic carriers are localized and
immobile. When the doping level increases towards underdoped region, the ordering of large polarons results
in the formation of their superlattice and a narrow energy band. In doped cuprates the width of the polaronic
band increases with increasing the doping level and is sufficiently broadened in underdoped cuprates in
which the polaronic transport becomes metallic. The width of such a polaronic band is determined by using
the tight-binding method. One can expect that when the doping level increases up to a certain underdoping
regime, a doped cuprate material may undergo a phase transition from an insulator to a metallic state. Below
T, such a metal-insulator transition occurs as a superconductor-insulator transition.

3. Results and discussion
3.1. Localization of doped charge carriers and metal/superconductor-insulator
transitions in underdoped and optimally doped cuprates

We now develop a new approach and obtain the relevant criterion for the metal/superconductor-
insulator transition in doped cuprates. It is natural to assume that the transition of a hole carrier from the
localized (polaronic) state to a delocalized itinerant (metallic) state becomes possible when the kinetic
energy (or Fermi energy &f) of hole polarons is larger than their binding energy E,.

Using the relation (1) and Eq. (2) in Ref. [15], we can determine the critical doping level n = n. (n is
the density of large polarons) corresponding to the metal/superconductor-insulator transition in the cuprates
from the expression

_ 1 [2mpEp 3/2
Ne = 3m2 [ h? ]

e
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Then the relevant criterion for the metal/superconductor-insulator transition in doped cuprates can be

written as

n
XZ X, =—=

1 3/2
ng 3m2h3n, [2 p ]

mEp

, 2
where n, = 1/V, is the concentration of lattice atoms or CuQO, molecules, V, is the volume per CuO:
formula unit in the cuprate materials.

This newly established criteria for the metal/superconductor-insulator transitions enables us to forecast
the likelihood of achieving such phase transitions in underdoped and optimally doped cuprates, driven by the
strong electron-phonon interactions and polaronic formation. Firstly, we investigate whether the new
metal/superconductor-insulator transitions are possible in these cuprate materials. We consider the effects of
both the variation of €., and the large ionicity of the cuprates n = €,,/&y < 1 (where &, and &, are the static
and high frequency dielectric constants, respectively).

Now we calculate the critical doping levels x. for metal/superconductor-insulator transitions in La- and
Y-based high-T, cuprates La>.SriCuQOy (LSCO) and YBa:Cu3O7.s (YBCO). In so doing, we taking the
calculated values of E,, ~ 0.078 — 0.2 eV at &, = 2.5 — 4.0 and n = 0.04 [16] and the observed values of
my, = (2 —3)m, [17]. The values of V; can be determined approximately as V, ~ 190 A? in LSCO and
V, = 100 A’ in YBCO, so that the values of n, are equal roughly to 0.53-10%2¢cm™3 (in LSCO) and
1022cm™3 (in YBCO). For LSCO using the values of parameters m,, = 2.2m,, E, = 0.078 — 0.2 eV and
ng ~ 0.53-10%2cm™3, we find the values of critical doping for metal/superconductor-insulating transitions
X, = 0.060 — 0.249 in this system. Then, we use the other values of parameters m, = 2.8m,, E, =
0.078 —0.2eV and n, =~ 10*2cm™3 for YBCO, we obtain the values of critical doping for
metal/superconductor-insulating transitions x, = 0.046 — 0.189 in this cuprate material. Further, the
variations of x, with decreasing ., in LSCO and YBCO are shown in Figs.1 and 2 for n = 0.04.
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Fig.1. The variation of x, with decreasing &,, in LSCO Fig.2. The variation of x, with decreasing &,, in YBCO
forn = 0.04. forn = 0.04.

The above presented theoretical results for metal/superconductor-insulator transitions agree well with
experimental data on the same transitions in underdoped and optimally doped cuprates [9,11,18-20].
Particularly, our novel and significantly results show that in YBCO the metal/superconductor-insulator
transitions and phase separation into competing metallic/superconducting-insulating phases occurs in the
doping range 0.05 < x < 0.19 in accordance with experimental observations [9,11]. As a result, the
metallic/superconducting and insulating phases will compete with each other in underdoped and optimally
doped high-T,. cuprates.

3.2. Possible effects of the competitions between the insulating and superconducting
phases on high-T . superconductivity in underdoped and optimally doped cuprates

Based on the given information, it can be inferred that the insulating and metallic or superconducting
phases compete in underdoped and optimally doped cuprates, where the non-superconducting (i.e. immobile)
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and superconducting hole carriers below T, reside in carrier-poor (insulating) and carrier-rich
(superconducting) domains, respectively. We argue that the hole carriers residing in an adequately broadened
polaronic band may become mobile and their Cooper pairing would occur in momentum (k-) space and leads
to the formation of polaronic (i.e. tightly-bound) Cooper pairs above T,, which behave like Bose particles
and condense into a superfluid state below T,.. Actually, such preformed Cooper pairs would exist in doped
high-T, cuprates at ep~&4 (Where &, is the energy of the attractive interaction among two polaronic carriers).
Since the pairing interaction mechanism between large polarons in the energy range {—&4, &4} is much
stronger than in the usual BCS model [5]. In the present case the pair Hamiltonian of the strongly interacting
polaronic Fermi gas can be diagonalized by the Bogoliubov transformation of Fermi operators. Then, we use
the model interpolaron interaction potential [21] and get the following BCS-like gap equation for
determining the onset temperature T of the Cooper pairing of polarons:
1 €a dé¢

[ - le+azm) “
— = | ——tanh~———,
N 2kgT

where & = e(k) — &F is the energy of large polarons measured from their Fermi energy & €(k) is the kinetic
energy of these polarons; A = D(&g)Vy is the BCS-like coupling constant, D(gg) is the density of states on
the Fermi surface, Vi =V, — V¢, Ve = Vi /[1 + D(ep)Vc In(ec /€a)]] is the screened Coulomb interaction
between two fermions, V, and V. are the interfermion attractive interaction potential and Coulomb
interaction potential appropriate to the cutoff energies &- and g4, respectively, Ar(T) is the BCS-like gap.

At T - T energy gap Ap(T) in the excitation spectrum of an interacting Fermi-gas of polarons tends to
zero. When g4 > kgT™, Eq. (5) gives

kpT* =~ 1.134¢4exp [—1/AF].
(6)

The underdoped and optimally doped cuprates have low Fermi energies & =~ (0.1 — 0.3)eV [22]. For
these materials we can take 4 = Ej, + hw,, where hw, is the energy of optical phonons. By taking Az =~ 0.4
and g4 ~ 0.15eV (assuming that E;, =~ 0.1 eV and hw, = 0.05 eV) for underdoped cuprates, we find, T* =~
162K > T, (possible values of T, for underdoped cuprates YBa,Cu;0,_s and Bi,Si,CaCu,0g.s
accordingly will be less than 90 K and 100 K) fully consistent with the results of the experiments for T* in
such high-T, cuprates [23, 24]. If the preformed polaronic Cooper pairs in high-T, cuprates behave like
bosons, then their transition to superconducting state is not described by BCS-like theories of Fermi-liquid
superconductivity. For these cuprate materials, the BCS-like theory becomes ineligible for the determination
of T,. Only the alternative Bose-liquid theory for superconductivity [21] might be adequate for describing the
high-T,superconductivity in underdoped and optimally doped cuprates. According this theory, T, in the weak
interboson coupling is determinated from the relation

T, = Tggc [1 +cyp /kBTBEc/fB] (7)

where y; is the interboson coupling constant, Tgz. = 3.31h? pg/ 3 /2kgmyg is the Bose-Einstein condensation

temperature of an ideal Bose gas of polaronic Cooper pairs, pg is the density of the attracting bosons, mg =
2m,, is the mass of bosonic Cooper pairs, kg is the Boltzmann constant, & is the characteristic thickness of

the condensation layer including the attracting bosonic Cooper pairs, ¢ = 73/2/3.918, y5 « 1.

According to the above proposed microscopic picture of the superconductor-insulator transition and
evolution of competing superconducting and insulating phases, the insulating regions in underdoped cuprates
are gradually narrowed with increasing doping and would persist as small islands in optimally doped
cuprates and finally disappear above the doping level x = 0.19. This more realistic image shows that only
Cooper pairs residing in metallic regions condense in a Bose superfluid below T, and are involved in high-T,
superconductivity, while the other Cooper pairs progressively become localized in carrier-poor regions due
to transition from a superconducting phase to an insulating phase and therefore, they become immobile and
non-superconducting. In high-T, cuprates, T, determined from the expression (7) reaches the maximum
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T™* at some optimal doping close to overdoped (OD) regime when the insulating regions disappear at this
doping level. However, at doping levels x < 0.16 the critical temperature T, becomes less than T.*** and is
ascertained based on the expression

T, = —— T, (8)

- 1+f ¢

where f; = V;/Vs is the fraction of the insulating phase, V; is the volume of the insulating regions in the
cuprates, Vs is the volume of the superconducting regions of these materials.

The variation of the ratio T, /T/"** in high-T, cuprates with insulating volume fraction f; is shown in
Fig.3.

0,84

T/T™

0,24

0,04

' T T Y v T
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Fig.3. — The variation of T, /T;*** in high-T. cuprates with increasing f;.

Now, we use the expression (7) and can estimate the value of T/"** in optimally doped YBCO.
Assuming that mp = 4m,,yp = 0.25, kpTppc/&; = 0.15 and pp = 6-10%cm™3, we find Tpge =
112.3 K and T/"** ~ 92 K for optimally doped YBCO. For the underdoped (UD) system YBCO (x <
0.14), we can take f; = 0.25. Then we obtain T, = T/"**/1.25 ~ 74 K, which is in agreement with the
experimental information for YBCO [25]. In YBCO the insulating volume fraction f; is small enough at x >
0.15 and 7. changes little between xy;p = 0.15 and xyp = 0.16. The experimental observations in YBCO
confirm the predicted behaviour of T, [25]. If we assume that the ratio V;/V; in underdoped LSCO is of order
0.2 at x S 0.13, then we obtain T, =~ 0.83T/"** ~ 32K which agrees well with experimental results (e.g., at
x=0.13 the value of T, is about 32K Ref. [23]). In underdoped and optimally doped cuprates, some part of
metallic/superconducting regions goes over to insulating state at the doping level x < 0.16.

Therefore, a marked suppression of superconductivity will occur in underdoped cuprates due to more
stronger polaronic effect and due to an increase of the insulating volume fraction at the expense of the
volume of superconducting regions. The experimental findings depicted in Ref. [17] give evidence that the
polaronic effect weakens with increasing doping towards overdoped regime. This means that
superconductivity is strongly enhanced in optimally doped regime due to the weakening of the polaronic
effect and the decreasing of the mass m,, of polarons entering the expression (7).

The strong electron-phonon coupling in the cuprates also results in the formation of the CDWs which
hinder high-T, superconductivity in underdoped cuprates. Since the formation of CDWs is also accompanied
by a lattice distortion [26] and is similar to the polaron formation. Further, the irradiation-induced disorders
(i.e. lattice defects) in the cuprates may strongly affect on T, and enhance superconductivity, since the anion
vacancy-enhanced Coulomb repulsion hinders the polaron formation. Actually, it has been found
experimentally that disorder created in the cuprate superconductor La;s7sBag.i2sCuQy by proton irradiation
increases the superconducting critical temperature T, by 50 % while suppressing the CDW state [26].
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4. Conclusions

The possibilities of metal/superconductor-insulator transitions, which are caused by the strong electron-
phonon interactions and polaronic formation were studied. This process is accompanied by phase separation
into the competing metallic/superconducting and insulating phases in underdoped and optimally doped
cuprates. We have argued that the strong hole-lattice interactions in doped cuprates result in the formation of
large polarons and the localization of doped hole carriers transforming a metallic or superconducting system
into an insulator. We have found that the metal/superconductor-insulator transitions in doped cuprates occur
in the doping range from underdoped to overdoped regime (0.05 < x < 0.19) and are accompanied by the
phase separation and formation of competing superconducting and insulating phases in underdoped,
optimally doped and even overdoped high-T, cupretes. In so doing, we have established that in doped
cuprates the metal/superconducting-insulator transitions occur at low doping levels (x < 0.05 — 0.06) for
&» = 3.5 and n = 0.04, but such phase transitions take place at high doping levels (x =~ 0.19 — 0.25) for
£» S 2.5 and n = 0.04. We have predicted the possible detrimental and beneficial effects of the different
disorders (e.g. polarons and CDWs) and the evolution of the competing insulating and superconducting
phases on T, in underdoped and optimally doped cuprates. We have determined T, in these unconventional
superconductors using the theory of Bose-liquid superconductivity. Unlike the BCS-like theories of Fermi-
liquid superconductivity, this alternative theory of unconventional superconductivity is capable of predicting
the actual T, in underdoped and optimally doped cuprates. We conclude that the suppressing of the polaronic
and CDW effects is accompanied by enhancement of high-T, cuprate superconductivity, while some lattice
defects (e.g. anion vacancies) in the cuprates may also affect on T, and strongly enhance high-T,
superconductivity in them.
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Abstract. This study aimed to elucidate the formation mechanisms of micro-macrostructural heterogeneities
in the ingot's cortical zone and their transformation into surface defects during heating, plastic deformation, and
rolling processes. The methodology and results of studying the macro- and microstructural and chemical
heterogeneities of ingots and finished rolled sheets are presented. A comparative method of structural-
concentration analysis of metal at the end-to-end metallurgical processing stage of ingot - slab - rolled sheets was
developed. The technique utilizes metallographic methods to study the structure and perform qualitative analysis
of non-metallic inclusions. The research findings indicate that the quality of the rolled sheet surface is
predominantly determined by the physical heterogeneity of the ingot's crust zone, while the internal defects in thin
rolled sheets are largely influenced by the contamination of the metal with non-metallic inclusions. A novel
mechanism is proposed for the transformation of defects in the casting cortical zone into surface and internal
defects in rolled sheets. This study contributes to a deeper understanding of the formation and transformation of
defects during metal processing, enabling the development of strategies for improving the quality of rolled sheets.
Additionally, the study highlights the importance of controlling the physical heterogeneity of the ingot's crust zone
and minimizing non-metallic inclusion contamination to achieve high-quality rolled sheets.

Keywords: ingot, macro - and micro-inhomogeneity, slab, rolled sheet metal, defect, structure
1. Introduction

In the competitiveness of thin-sheet rolled products, a special role is given to the radical improvement
and stabilization of the quality of the rolled products produced. Its practical solution largely depends on the
quality of the steel ingot. During the formation of an ingot, all types of macro-inheterogeneity greatly
develop: physical, structural and chemical. This significantly degrades the quality of cast and rolled metal.
This problem is especially acute in the production of sheet metal. The waste-free production of thin sheet
metal is inextricably linked with the quality of the metal produced, i.e., the presence of “hidden” internal
defects in the structure of castings, which in subsequent processing can lead to both direct losses of metal in
the form of trim (head or end) and to losses of metal at the final stage of end-to-end technology.

An analysis of the technical literature [1-10] showed that despite a large number of studies on the
quality of thin-sheet rolled products, the results are ambiguous and contradictory. There is no consensus on
the source and causes of the formation of surface defects in rolled sheet metal. This is because the
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morphological characteristics of the defects in the steelmaking and rolling origins may be similar since all
the defects are elongated in the direction of deformation and have similar characteristics and shapes in the
transverse direction. In addition, the metallographic method for determining the causes of the formation of
surface defects is applicable for metals that have experienced one high-temperature heating, while in
practice, the metal undergoes 2-3 high-temperature heating cycles.

However, there is a proven connection between the structural transformation of macro- and micro
inhomogeneity in the ingot and surface defects in the rolled sheets.

2. Research methodology

To study the nature and sources of surface defects in rolled sheets, a comparative method of structural-
concentration analysis of metals during the end-to-end metallurgical process of ingot slab-sheet metals was
developed based on the metallographic method of studying the structure and qualitative analysis of
nonmetallic inclusions. To study chemical heterogeneity and contamination with nonmetallic inclusions,
characteristic ingots were isolated. Oxygen cutters were used to cut axial plates parallel to the wide edge
120-150 mm above the axial plane. In the machine shop it was planned to an axial plane, sanded, and then
sulfur prints were made on photographic paper after etching the surface of the axial template with a sulfuric
acid solution.

The contents of the elements [C], [Mn], [Si], [S], [P], [Al], and [N] were determined by chemical
methods. Metal contamination with nonmetallic inclusions was determined by electrolytic deposition and the
LT metallographic method. To study the macrostructure of the cortical zone of the ingot, a corner template
was cut out at 5 levels along the height of the ingot, corresponding to 5, 25, 50, 75 and 95% of the height
from the head of the ingot. The cut templates were planned, polished and etched in a sulfuric acid solution to
remove sulfur. To study the causes of defects, samples were taken to determine the presence of nonmetallic
inclusions and the chemical composition of the metal along the boundaries of the defects. Thin sections were
cut from the selected samples to study the microstructure and contamination of the steel with nonmetallic
inclusions, as well as from the samples to determine the number of nonmetallic inclusions. The chemical
composition of the phases and structural components was determined by the local microprobe method on a
Samesa micro analyzer.

In general, the scheme for determining the nature and origin of surface defects included the following
steps:

- study of the topography of defects on the surface of rolled sheets;

- metallographic examination of the steel microstructure in the defective areas;

Determination of the composition and nature of nonmetallic inclusions, both in the defect zone and in
the volume of “healthy” metal;

- analysis of the technological parameters of smelting out-of-furnace processing, steel casting and metal
rolling at the rolling stage;

- Study of the structure of the cortical layer of the ingot and identification of structural heterogeneity
using macroanalysis methods.

- Study of the influence of high-temperature heating on the behavior of inclusions and gas bubbles
located in the crustal layer of the ingot.

3. Research results

Metallographic analysis of the microstructure of samples of cold-rolled steel sheets in arcas where
surface defects appear allows us to identify 3 main types of characteristic structures:

1 — coarse films (Fig.1, a), affecting a significant area of metal in the subsurface layers with a specific
type of nonmetallic inclusion in the form of globules of iron oxides (wustite) and pinpoint oxide rash (Fig.1,
b)

2 — areas of bubbles filled with iron oxides such as wustite (Fig. 1, ¢), which often form films on the
surface of the sheet during rolling (Fig. 1, d);

3 — Group accumulation of oxide nonmetallic inclusions with complex compositions (Fig. 2, a, b).

Figure 1 shows a point chemical analysis of nonmetallic inclusions from the clusters, where it is clear
that the inclusions correspond to oxides of the SiO>—MnO-FeO system. The nonmetallic inclusions
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identified in places with defects in cold-rolled sheets are brittlely destroyed manganese silicates and have the
following chemical composition: 12-18% SiO up to 58% MnO, and up to 10% FeO.

Another type of characteristic steel microstructure in areas with surface defects is revealed by the
accumulation of iron oxides of the wustite type (Fig. 3 a, b) between the cavities of pores and discontinuities
(gray in the microphotograph: wustite inclusions, dark pores and discontinuities).

Table 1. Chemical composition of the inclusions

Oxides content,% by weight

Si0, MnO FeO AlLO; CaO MgO

11.52 58.20 19.15 0.68 0.32 0.11

. -.-.- - A

c d
Fig.1. Microstructure of cold-rolled steel 08 KPs in place manifestations of the defect:
a), b) inclusions of iron oxides near the film defect (x400); c - rolled out bubble, sq. section along the thickness of the
sheet (x 630); g - the same, grinding along the surface of the sheet (x 500)
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Fig.2. Microstructure of steel at the location of the defect:
a, b - nonmetallic inclusions in a cold-rolled sheet along the surface of the sheet (x 400);

Microprobe point analysis of areas of nonmetallic inclusions confirmed the presence of 91.61% FeO
and 2.50% MnO. The analysis revealed that the following types of surface defects formed in the cold-rolled
sheets: lis large films; 2 is a small captivity; 3 are a rolled out oxidized bubbles; and 4 are coarse
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nonmetallic inclusions. In almost 1-3 groups of defects, the main nonmetallic phase is iron oxides, the
content of which is 90% or more.

Fig.3. Accumulation of iron oxides at defects on the surface cold-rolled steel sheets grade 08 PS:
a) an increase 125 times; b) an increase of 80 times.

A comparative structural-concentration analysis of metal in cold-rolled steel at the site of a defect in the
base metal and the cortical zone of the ingot before and after high-temperature heating revealed the
morphological signs of structural heterogeneity (Fig. 4). The differences are only in terms of shape,
distribution of inclusions and concentration of FeO in wiistite. An increase in the FeO content from 80-85%
to 87-93% indicates the oxidation of subcortical bubbles and micropores during the oxidative heating of
ingots in the cells of heating wells.
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Fig.4. Microstructure of a gas bubble in a cold-rolled product (a) and the cortical zone of the ingot (b)

To determine the moment of formation of these defects, the macro- and microstructure of the near-
surface zones of the ingot and slab were studied. A detailed macro- and microstructural analysis of the
structure of the surface zones of the ingots indicated unsatisfactory conditions in the crustal layer of the ingot
surface. The steel crust zone has an increased content of gas bubbles (subcortical, pores, and shells), which
are often oxidized along the inner walls of bubbles or bubbles filled with metal but with an oxide shell
composed of ~ 85% FeO and up to 7% MnO (Fig. 5). The surface crust of the metal is loose, porous and
contaminated with nonmetallic inclusions in the form of iron oxides such as wiistite, products of secondary
oxidation during casting, and slag particles (Fig. 6).

4. Discussion of the research results

Figure 1 shows SEM images of synthesized ceramics depending on the annealing temperature, which
reflect the kinetics of changes in the morphological features of the samples under study. during low-
temperature annealing indicates the presence of several phases in the structure of ceramics.

A comparative analysis of defects in cold-rolled steel showed that defects originating from steelmaking
accounted for 62 to 84% of all surface defects (Table 2). The results of metallographic studies show that 90%
of the surface defects in cold-rolled sheets are represented by a nonmetallic oxide phase consisting of iron
and manganese oxides.
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Fig.5. Microstructure of the ingot corner templates: a) x 50; b) x100; ¢) x 500; g) x200;

a), b) are gas bubbles in the cortical zone of the ingot; c), d) are bubbles filled with metal with an oxide shell.

[

Fig.6. Accumulation of nonmetallic inclusions in a boiling crust: a) x100; b) x630; c), d) x400;
a) oxidized pores; b) slag inclusions in the interaxial sections of the square 3; ¢) 50% of the top of the ingot, iron oxides
in the interaxial areas of the film type; d) slag inclusions.

Table 2. Classification of defects in cold-rolled sheets

Classification defects pl. No. 380520 pl. No. 180521 pl. No. 0180654 08 Average
08KP 08 KP PS values
peal bubble, % 48.3 45.8 66.0 56.6
captivity from n/inclusions, % 37.9 45.8 22.6 32.1
ingot film, % 10.3 - 1.9 3.8
other, % 34 8.3 9.4 7.5
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A high proportion of surface defects in the film from oxide nonmetallic inclusions (33-38%) and a
rolled bubble filled with the oxide phase FeO-MnO indicate their nucleation at the crystallization front in a
two-phase zone enriched in manganese, oxygen, carbon, sulfur and phosphorus. Oxidation of manganese
occurs at all horizons of the forming ingot, including in the zone of predominant gas release, and the
formation of the oxide phase from FeO and MnO occurs both at the crystallization front in the interdendritic
sections of the liquid-steel solid surface phase boundary and on the forming outer surface of the bubble CO.

The oxide liquid phase of FeO and MnO, which envelops the CO bubble upon separation, is carried
away from the crystallization zone to the head part of the ingot, as evidenced by the appearance of slag foam
(ingot slag) on the metal mirror in the mold during boiling. As a result of the movement of bubbles, a
specific circulation of the melt occurs at the crystallization front, which promotes the drawing of liquids and
their oxidation products after the bubbles and the formation of micro-discontinuous materials and channels
filled with an oxide slag phase, mainly FeO and MnO, or metal however, an oxide rim is present along the
inner surface of the discontinuity, which was recorded during metallographic analysis. The presence of pores
filled with oxides is explained by the much lower values of interfacial tension at the oxide phase-metal
boundary than at the gas-metal boundary; therefore, it is easier for an oxide phase nucleus (inclusion of
oxides - FeO and MnO) to arise in a liquid metal than a gas nucleus.

The contamination of the cortical zone of the ingot with oxide nonmetallic inclusions formed both on
the surface of the CO bubbles and in the interdendritic space was influenced by the intensity of the metal
boiling in the mold. With increasing boiling time, first, the thickness of the two-phase zone, which is
enriched in liquates and the products of their interaction with oxygen, decreases, and second, intensive
leaching of the resulting slag oxide phases into the head part of the ingot occurs.

The intensity of gas formation is determined by the degree of oxidation of the steel by the time it enters
the mold, the liquid mobility of the metal, the solidification rate and casting temperature, as well as the
chemical composition (oxygen, carbon, manganese content). The main reason for the deterioration of the
bottom part of the ingot was boiling (“swelling”) of the metal due to the formation of numerous small CO
bubbles covered with a ferromanganese oxide film. The viscous oxide film prevents the free release of CO
from the metal, which leads to foaming of the metal. The foamed slag-metal layer rises up wards and, due to
the large cooling effect of the cold walls of the mold, settles on its walls to form a frozen “shirt”. The high
oxidative potential of the atmosphere in the cavity of the mold, due to the injection of air by a jet of metal,
leads to oxidation of the surface of the “splash” frozen on the walls of the mold.

The main share of defects is of steelmaking origin and is determined by three factors:

a - small thickness, porosity and low gas density of the crust layer of the ingot;

b - the formation of internal (hidden) films from splashes (splashes) of metal in the mold during casting;

¢ - Contamination of the metal in the cortical zone of the ingot with oxide nonmetallic inclusions.

In rolled sheets, this manifests itself in the presence of nonmetallic inclusions of iron and manganese
oxides or complex ferromanganese silicates in defective areas of the surface and subsurface layers of the
sheets.

The following mechanism is proposed for the transformation of microdefects in the ingot into
continuity defects in rolled sheets. When boiling steel ingots with microdefects in the structure of the crustal
zone in the cells of heating wells are heated, further oxidation of the “hidden” film, subcrustal bubbles, and
microporosity occurs, which leads to a change in the quantitative composition of oxide inclusions, i.e., to
increase the FeO content from 34-85% to 91-94%. In addition, diffusion nucleation of oxide satellite
inclusions in the form of an oxide rash occurs and the area of the defective metal increases (Fig. 7).

The source of oxygen for the diffusion oxidation of macro- and micro-discontinuities and the nucleation
of new satellite oxide phases in the crust zone of the ingot are the oxidizing furnace atmosphere, as well as
the oxide phase in the form of a “hidden” film, oxide nonmetallic inclusions, and scale on the surface of the
heating ingot. Point quantitative analysis showed that the content of total oxygen in the “hidden” film is 23-
31%, which may well serve as an additional oxidizing agent for internal diffusion oxidation of the metal.

When rolling an ingot, the shape changes, and the distribution of microdefects increases. In the surface
zones of the steel ingot, accumulations of inclusions are found in the form of films along the interaxial areas
of the dendrites (Fig. 8, a).

Coarse defects in the ingot located close to the surface, already at the first rolling stage, roll out onto the
surface of the slab and give rise to defects in the form of honeycomb tears and films or after a fire cleaning
machine, where a 4-6 mm layer of the metal surface is removed, revealing internal defects in the ingot (Fig.
9a,b).
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Fig.7. The nature of the distribution of nonmetallic phases after high-temperature heating of steel grade 08 KP:

a) general view of the area of the hidden oxide film in the bottom part of the ingot (95% level from the top), heating
time 2 hours; b) the same, the nature of the distribution of secondary (diffusion) oxides; c¢) oxidation around a slag
inclusion and a bubble filled with scrap metal at the metal-oxide film interface (holding time during heating for 2
hours); d) oxidation of the cortical zone of the ingot through the tubules and micropores with a holding time of 4 hours
(75% of the top).

&

Fig.8. Microstructure of steel at the site of surface defects in cold-rolled sheets:
a)rolled out of an oxidized bubble in the surface layer (along the thickness of the sheet) (x 630); b) the same,
polished section on the surface of the sheet (x630); ¢) and d) films in the surface layer of the sheet, 08 KP (x 500);
e) coarse inclusions and delamination in the surface layer of the sheet, 08 KP (x125).
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g
Fig.9. Mechanism of transformation of ingot defects into surface defects in sheet metal:
a), b) formation of captivity and rags in the first stage; c), d), ) formation of a film and a rolled bubble on a hot-
rolled product; f), g) formation of a rolled bubble and film on cold-rolled sheet metal

As the layer of healthy metal above the defect thins during subsequent rolling stages, due to the unequal
plasticity of the steel matrix and inclusions, the layers reach the surface of the strip and form defects such as
rolled bubbles and films; for example, when the slab is heated in methodical furnaces and rolled in a hot mill
line (Fig. 9 ¢, d, e) or during cold-rolled rolling and temper training (Fig. 9 f, g). Large inclusions in the form
of oxide films, which are formed mainly in the bottom part of the ingot, form rough defects on the surface of
the sheets, usually with peeling or scanlines.

Thus, the results of the experiments make it possible to reveal the nature of nonmetallic inclusions
contaminating the surface zones of the ingot to clarify the sources and causes of the formation of the main
types of defects in rolled sheets:

1 The main share of surface defects in thin-sheet cold-rolled steel is of steelmaking origin (62-84%) and
is determined by three factors:

a — the presence of a thin and loose outer cortical layer on the ingot, damaged by subcortical bubbles,
pores, and tubules due to the high oxidation potential of the steel;

b - the presence of an internal (“hidden”) film from boiling of the metal in the mold during casting. In
rolled sheets, this manifests itself in the presence of nonmetallic inclusions of iron and manganese oxides or
complex ferromanganese silicates at places with defects in the surface and subsurface layers of the sheets;

¢ — Contamination of the cortical zone of the ingot with oxide nonmetallic inclusions.

2 The identity of the morphological signs of structural heterogeneity in the cortical zone of the ingot
and in the location of the defect in cold-rolled steel was established. The differences lie in the shape and
distribution of inclusions and the concentration of FeO in wustite.

3 An increase in the concentration of FeO in wustite from 80-85% in the cortical zone of the ingot to
87-93% at the site of the defect indicates that a significant part of the defects are formed during the process
of oxidative heating and subsequent hot deformation. During the heating process, oxidation of the internal
cavities of microdefects occurs, as does the formation of additional satellite oxide inclusions in the form of
dispersed oxide rashes and globules of diffusion wustite oxides near areas of large nonmetallic inclusions,
increasing the area affected by defects.

4 The surface defects of cold-rolled sheets are 90% represented by a nonmetallic oxide phase consisting
of iron and manganese oxides. A high proportion of surface defects in the film from oxide nonmetallic
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inclusions (33-38%) and a rolled bubble filled with the oxide phase FeO-MnO indicate their nucleation at
the crystallization front in a two-phase zone enriched in manganese, oxygen, carbon, sulfur and phosphorus.

5 The formation of structural heterogeneity in the form of a “hidden” film in the bottom part of the
ingot is associated with the boiling of the first portions of steel and its crystallization on the surface of the
mold. The boiling of steel is associated with the formation of a large number of small bubbles of CO, which
are covered with a thin slag film of viscous ferromanganese oxides, preventing rupture of the film and the
release of CO from the metal.

6 Coarse defects in the ingot located close to the surface are rolled out onto the surface of the slab in the
form of honeycomb waste and film at the first rolling stage. As the layer of healthy metal above the defect
thins during subsequent rolling stages, due to the unequal ductility of the steel matrix and inclusions, the
metal particles reach the surface of the sheets and form defects such as rolled bubbles and films. Large
inclusions, in the form of oxide films, which are formed mainly in the bottom part of the ingot, form rough
films on the surface of the sheets, usually with peeling or scaliness.

5. Conclusion

Structural-concentration analysis of the metal at the end-to-end process of ingot — rolled steel has
established the identity of the morphological signs of structural heterogeneity in the crustal zone of the ingot
and in the place where the defect of cold-rolled steel appears. The difference lies in the shape, distribution of
inclusions and concentration of FeO in wiistite.

The reasons for microstructural heterogeneity and increased contamination of the cortical zone of the
ingot have been established. 90% of surface defects in cold-rolled sheets are represented by a non-metallic
oxide phase consisting of iron and manganese oxides. A high proportion of surface defects in the film from
oxide non-metallic inclusions and a rolled bubble indicates their origin at the crystallization front in a two-
phase zone enriched in manganese, oxygen, carbon, sulfur and phosphorus.

The heating mode of the metal before hot rolling has a significant influence on the development of
surface defects in rolled sheet metal. During the heating process, oxidation of the internal cavities of
microdefects occurs and the formation of additional oxide inclusions in the form of a dispersed oxide rash.

The nature of the relationship between the type of structure of the cortical zone of the ingot and the
development of defects on the rolled surface and the mechanism of transformation of structural
inhomogeneity of the cortical zone of the ingot into defects on the surface of rolled sheets have been
established. The established patterns made it possible to develop methods for controlling structural and
chemical heterogeneity in the end-to-end steel-rolled process.
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Abstract. The assumption that corrosion of products from X17 martensitic stainless steel in seawater occurs
due to incomplete oxidation of chromium atoms in cells on the surface of the products is made in the presented
work. Incomplete oxidation of chromium atoms occurs in the cells of X17 steel. This is due to the fact that oxygen
molecules at temperatures up to 350 °C not having enough energy for chemical interaction with trivalent
chromium atoms entering the cubic body-centered cells of martensitic stainless steel. There is a significant
decrease in the corrosion rate after placing X17 stainless steel products in 5% iodine solution in ethanol after
pre- treatment of the product surface with active forms of oxygen. The treatment was carried out during 12 hours
with chemically active forms of oxygen (ozone and singlet oxygen) at a temperature of 350 °C. Most of the
chromium atoms on the surface of X17 steel samples were completely oxidized as a result of 12 hours exposure to
highly active forms of oxygen. The density of the oxide passivation layer on the surface of the products increased
significantly as a result of the formation of new bonds CHROMIUM - OXYGEN - CHROMIUM. This resulted in
increased corrosion resistance. The rate of interaction with an alcohol solution containing halogen ions was
reduced by 71% for the samples with the oxide passivation layer compared to samples of untreated X17 steel.

Keywords: carbon steel; seawater; localized corrosion, oxidation, halogens, body-centered cubic structure.
1. Introduction

The big problem of intensive corrosion exists in the operation of metal products. It happens when metal
products are exposed to seawater or marine climate conditions. For example, products made of ordinary
carbon steel are very quickly destroyed even being on the shore under the condition of regular fogs coming
from the sea [1, 2]. The construction steel St3 (steel 3), the analogue of which is produced in the USA under
the brand name A57036. For this reason, stainless steels are commonly used for seawater applications. These
steels are significantly more expensive than conventional carbon steels. In addition, not all stainless steels
are equally well preserved in seawater. X18HIT (steel composition: 18% chromium, 9% nickel, 1%
titanium), X19H9T (steel composition: 19% chromium, 9% nickel, 1% titanium) and X24H9T (steel
composition: 24% chromium, 9% nickel, 1% titanium) steels with chromium content more than 18% and
additionally alloyed with nickel have high corrosion resistance in seawater [3, 4], but these steels are quite
expensive. For instance, a kilogram of X18H10T steel costs 4.2 US dollars (USD). Cheaper stainless steels
with chromium content from 10.5% to 17% chromium (mass percent) [3] are much cheaper than steels with
chromium content over 18% and the presence of other alloying elements. A kilogram of 08X 17T steel costs
2.55 USD. However, these steels are highly corrosive in seawater. Although the corrosion resistance of X17
type steels is much higher than that of ordinary carbon steels [4]. In this regard, the surface of stainless steels
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with mass fraction of chromium less than 18% is often covered with a film of protective coating not sensitive
to seawater. However, the creation of such coatings leads to additional increasing of the cost. The steel is
coated with a layer of chromium, but this is a complex and expensive operation. 1 kilogram of pure
chromium powder costs 130 USD. The development of cheap methods to increase the surface corrosion
resistance of stainless steels with a chromium content of less than 18% is very relevant.

Much attention is constantly paid to the study of metal corrosion processes. This is evidenced by a large
number of new articles [5-10]. Work is underway both to study the corrosion process of carbon steels [5-7]
and martensitic steels [8-10]. The main methods for studying corrosion processes include electrochemical
research methods [5, 6, 10] and electron and optical microscopy [5, 6]. A number of works have proposed
new research methods [6, 7]. The significant role of the tribological characteristics of steels in the corrosion
process was showed in [7]. Despite significant efforts aimed at studying corrosion processes in steels, a large
number of issues remain that require consideration. Models of metal corrosion processes are still being
discussed.

The article [11] shows that corrosion of aluminium in seawater occurs when the surface of products
interacts with negative halogen ions. Seawater is actually a mixture of aqueous solutions of negative halogen
ions. The article concluded that corrosion of aluminium in seawater is due to insufficient oxidation of
aluminium cells on the surface of aluminium products. It was shown that incomplete oxidation of aluminium
cells (42 % of the total number of aluminium atoms in the cells on the surface of the products have no
covalent bond with oxygen atoms) is caused by the lack of energy of oxygen molecules under normal

conditions (T = 0 °C, P = 10° Pa, the concentration of oxygen 19-21% by volume). It was shown that
complete oxidation of aluminium cells leads to the creation of a cell structure in which each aluminium atom
in the cells is chemically bonded to three oxygen atoms. This eliminates the possibility of chemical
interaction of aluminium atoms in such cells with negative halogen ions (i.e. the process of aluminium
corrosion in seawater becomes impossible). The introduction of additional oxygen atoms inside the
aluminium cells mechanically blocks the possibility of ion penetration inside the structure of aluminium
products. In other words, the formed monolithic layer of corundum on the surface of the product is a barrier
to the penetration of halogen ions into aluminium cells with not fully oxidized structure.

For conducting experiments to determine the corrosion rate of aluminium, a 5% solution of iodine in
ethanol was used in [11]. The use of iodine is due to the fact that alcohol solutions of iodine are industrially
produced. They are certified by state standards, they are not expensive, and these iodine solutions are
relatively safe when conducting experiments. The opposite of this, fluorine and bromine solutions are highly
toxic.

In this work, the possibility of increasing the corrosion resistance of stainless martensitic steel products,
on the example of X17 steel, by method of additional surface oxidation is studied.

2. Materials and experimental details

There were 9 atoms in the unit cell model of X17 stainless steel for calculations, which 8 iron atoms
and 1 chromium atom were present. Chromium was located in the center of the body-centered cubic lattice.
Experiments were carried out with various samples of untreated and treated X17 stainless steel (16 wt%
chromium content), with samples of untreated and treated St3 structural steel (US analogue A57036), with
samples of treated and untreated chromium with 99.99% purity. All these samples were placed in 5 wt%
iodine in ethanol. Experiments with 2.5 wt% iodine in ethanol and with 2.5 wt% iodine in water-ethanol
mixture (50 wt% water and 50 wt% ethanol) were also carried out.

The mass of the samples before and after placement in the solution was measured on a RADWAG AS
60/220.R2 with electronic scale. The measurements were carried out to an accuracy of ten thousandths of a
gram. There were used samples of X17 stainless steel, stainless steel X19H9T, structural steel St3, pure
chromium and chromium with oxidized surface. The samples and the air entering these samples were
heated to a temperature of 350 °C with simultaneous irradiation of the incoming hot air by ultraviolet
radiation (UVT - ultraviolet treatment) of the DRT-400 lamp. DRT-400 lamp emits ultraviolet radiation in
the range from 220 nm to 340 nm.

Elemental analysis of steel was carried out using an energy dispersive detector (EDX, INCAPentaFET-
x3, Oxford Instruments, England) included in a scanning electron microscope (MIRA 3LMU, TESCAN).
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The surface properties of the films were investigated using a HV1000 hardness tester optical
microscope. Microphotographs were taken at 160x or 400x magnification over the entire area of the
specimen. The average pitting grain size was determined using the ImageJ program.

3. Results of theoretical and experimental research

Under normal conditions, an oxide film consisting of two subsystems is formed on the surface of
stainless martensitic steel: iron oxide subsystem and chromium oxide subsystem with a thickness of 4 nm
(Figure 1) [12]. Taking into account that the length of the face of a body-centered cubic cell of martensitic
steel is 0.3 nm, no more than 13 layers of martensitic steel cells are placed in the passivated layer.

An assumption was made taking for stainless martensitic steels with chromium content from 10.5% to
18% into account the results stated in [11]. It is possible to increase the corrosion resistance of the existing
oxidized layer for these types of the steels. The corrosion resistance of the hardened oxidized layer should
significantly exceed the chemical resistance of the passivated layer on the surface of untreated martensitic
steel. The basis for this assumption is the known fact that the main alloying component of stainless steels
chromium atom can have a variable valence from 2 to 6 [13]. Chromium atoms have mainly valence 3 in
stainless steels with the content of chromium less than 18%, but at the same time some chromium atoms on
the surface of these steels have valence 6 [14]. It is still possible to increase the valence of most of the
chromium atoms on the surface of stainless-steel samples up to 6 under the appropriate energetic influence
on the structure of stainless-steel cells. On each chromium atom two or three additional covalent bonds with
oxygen atoms (limiting valence 6) can appear at access of high-energy forms of oxygen. In this case, these
oxygen atoms form a second covalent bond either with iron atoms or with other chromium atoms in a given
stainless steel cell or in neighboring cells. One possible bonding scheme of trivalent chromium atoms in a
stainless-steel cell located on the surface of the product at chromium content from 11% to 17% is shown in
Figure 1. All atoms of one stainless martensitic steel cell are shown in full. In addition, the interaction of a
chromium atom in a given cell with chromium atoms in neighboring cells is shown schematically. The
interaction of chromium atoms occurs through oxygen bridges.
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Fig.1. Scheme of possible arrangement of chromium and oxygen atoms in the cell structure on the surface of stainless
steel with chromium content from 11 to 18%. Valence of chromium atoms 3.

Theoretical the concentration of 11% chromium at the stainless-steel cell is corresponding to one
chromium atom in each stainless-steel cell with uniform distribution of atoms.

The martensitic steel cell is cubic body-centered and has 9 atoms, one of these atoms in the center of the
cell [14]. Occurrence of chromium oxide films linking neighboring cells with each other as shown in Figure 1
is possible when the chromium atom is localized in the center of the body-centered cubic lattice. It should be
realized that 11% is the average concentration of chromium atoms taking into account all stainless-steel
cells. Whereas in a real alloy, the chromium atom may be absent due to the random distribution of chromium
atoms in some cells. As a result of iron-chromium alloys are a system with unlimited solubility. These alloys
conform to the three Hume-Roseri rules [15, 16]:

1. Close structure of valence shells of atoms of alloy components;

2. The presence of crystal lattices of the same type in the alloy components;

3. The difference in the size of atoms of the alloy components is not more than §%.

The sizes of chromium and iron atoms differ by less than 8 %. The covalent radius of iron is 1.16 A,
chromium is 1.22 A, the metallic radius of chromium is 1.28 A, iron is 1.26 A [17, 18]. In addition, typically,
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chromium has valence 3 in alloys, as do iron atoms. Due to the unlimited solubility of chromium in iron with
an average chromium content of 11-17 % some cells may have two chromium atoms each. For instance, one
chromium atom is located in the center of the cell and the other chromium atom is localized in a node of the
crystal lattice and in some cells, chromium atoms will be completely absent. Cells in which chromium atoms
are completely absent consist only of iron atoms. These cells will be the centers of corrosion and will be the
first to break down when exposed to aggressive media (e.g. seawater). In steel, some cells do not contain a
chromium atom, even theoretically if the chromium concentration is less than 10.5 %. These metals do not
have a protective oxide film. As a result, the corrosion rate of a product made of this steel will be significant.
Theoretically, at least half of the steel cells are missing chromium atoms in X5 steel with 5% chromium
content. There are not enough chromium atoms for half of the cells. The appearance of a continuous oxidized
chromium film on the surface is impossible. The number of cells that by chance may not contain a chromium
atom decreases as the concentration of chromium in stainless steel increases from 11% to 18%. The number
of cells unprotected from corrosion in the chromium oxide film on the surface of chromium-doped steel
decreases. The significant increase in the corrosion resistance of stainless steel at a chromium content of 18
% 1is probably due to the fact that, starting from this concentration, at least one chromium atom is guaranteed
to be contained in each stainless-steel cell. That is, there are no holes in the outer oxidized chromium film on
the surface of the stainless steel product. This is schematically presented in the form of the figures where
white squares represent cells not protected from corrosion, black squares represent cells protected from
corrosion (Figure 2).

a) b) ¢) d)

Fig.2. Schematic representation of corrosion resistance of steel surfaces depending on chromium concentration
(white squares represent cells not protected from corrosion): a) St3 (chromium 0,3 mass % ); b) stainless steel with
11 % chromium content (Large unprotected zones are observed in the structure of the chromium oxide subsystem);

c) stainless steel with 17 % chromium content (Pointed unprotected defects are observed in the structure of the

chromium oxide subsystem); d) stainless steel with 18 % chromium content (significant corrosion reduction is
observed [4]).

Chromium atoms in unit cells of stainless martensitic steel can form additional 2-3 chemical bonds mainly
with chromium atoms located in neighboring cells under the influence of high-energy forms of oxygen. The
transition of chromium atoms from the trivalent state to the hexavalent state is a consequence of this process.
The number of additional bonds of chromium atoms with iron atoms should be insignificant, since iron
atoms always exhibit valence 3. Oxidation of iron atoms in the surface layer occurs already during the
manufacture of the product, and in the surface layers of stainless steel there are no iron atoms capable of
establishing new bonds with chromium atoms.

The establishment of new bonds within the stainless-steel cell will result in the strengthening of the cell
itself. The additional CHROMIUM - OXYGEN - CHROMIUM bonds formed within the stainless-steel cells
will mechanically block the access of halogen ions and protons to the IRON - OXYGEN - IRON bonds.
Protons are the main component causing corrosion in fresh water as opposed to seawater. These protons are
formed in any water by dissociation. In pure water and neutral solutions, the concentration of protons

[H+]=10'7 g-ion/l [19]. The scheme of possible bonds of hexavalent chromium atoms in stainless steel cells
located under the first layer of the product surface at a chromium content of 17% is shown in Figure 3.

A significant increase in the density of CHROMIUM-OXYGEN bonds inside stainless steel cells is
observed when comparing Figures 1 and 3. The chromium in the hexavalent state is located in the inside
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stainless-steel cells. That is, the probability of passage of a proton or a halogen ion through a cell having in
its structure six bonds of CHROMIUM-OXYGEN is much less than through a cell having only three bonds
of CHROMIUM - OXYGEN. The creation of mechanical obstacles occurs for the passage of halogen ions
inside the stainless-steel cell structure. Also, the chemical resistance of the cells will increase significantly,
since it is known that the CHROMIUM - OXYGEN bond has great chemical resistance. The possibility of
breaking the bond of CHROMIUM -OXYGEN bond by protons and negative halogen ions (fluorine) has
been calculated by quantum chemical method of PM3 (Parametric Method 3). This method is specifically
designed to take into account the parameters of oxygen and halogens [20, 21]. The calculation showed that
protons and negative halogen ions cannot break the bond of CHROMIUM-OXYGEN. The calculation
showed that protons and halogen ions are trapped by the chromium atom in physical traps, which is
consistent with experimental data on the strong saturation of chromium with hydrogen. It is also known that
the surface of pure chromium or oxidized chromium at room temperatures does not interact with aqueous
solutions of negative halogen ions, nor does metallic chromium interact with pure water, i.e. with the proton
[22], which is formed in any water because of dissociation.
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Fig.3. Scheme of possible arrangement of chromium and oxygen atoms in the cell structure.
2 layers of stainless steel surface with chromium content from 12 to 18%. Valence of chromium 6.

Summarizing the above, it can be stated that the transition of most of the chromium atoms on the
surface of stainless martensitic steel from the trivalent state to the hexavalent state due to the formation of
three new chromium-oxygen bonds should occur in the presence of active oxygen forms. The formation of
additional three new chromium-oxygen bonds in each cell should significantly increase the corrosion
resistance in seawater of stainless martensitic steels with chromium content less than 18% (having cubic
body-centered lattice).

Experiments were conducted to test the hypothesis that increasing the number of OXYGEN-
CHROMIUM bonds in the cells on the surface of stainless martensitic steel will result in a significant
increase in corrosion resistance. The purpose of the experiments was to determine the corrosion rate on the
surface of X17 stainless martensitic steel with 16% chromium content of 5% in iodine solution in ethanol.
Two phenomena should be registered simultaneously when increasing the number of OXYGEN -
CHROMIUM bonds. An increase in the percentage of oxygen on the surface of stainless steel and a decrease
in the corrosion rate. A sample of untreated X17 steel was placed for 96 hours in an alcoholic iodine solution

under normal conditions (T= 0 °C, P= 10° Pa, oxygen concentration 19-21% by volume). The sample was
completely immersed in alcoholic iodine solution, with air above it. The lid of the vessel was hermetically
sealed.

The percentage composition of the steels is shown in Figures 4, a-c. Micrographs of the X17 steel
specimen were taken before placing it in a container of iodine solution (Figure 5, a). The specimen was
polished to a shiny condition. Directional roughness is clearly visible for this specimen.

A similar experiment was performed with a sample of the world's most melted carbon steel St3
(A57036) with a chromium content of 0.3% or less. Also, a sample of X19H9T stainless steel was placed in
a 5% alcoholic iodine solution for 96 hours (Figure 4, b). We used X19NOT stainless steel as a benchmark
of corrosion resistance to compare the investigated stainless-steel samples with insufficient chromium
content. The experiment showed that after 96 hours in 5% iodine solution in ethanol, the reference sample
of stainless steel X18H9T with high chromium content lost 0.39% of the initial mass (was 0.39924 g,
became 0.39770 g).
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At the same time, the sample of X17 stainless steel with insufficiently high chromium content and
complete absence of nickel lost 1.96% of the initial mass (was 0.57722 g, became 0.56589 g). That is, the
corrosion rate is more than 5 times greater in X17 stainless steel with insufficiently high chromium content
than in X19HOT stainless steel with more than 18% chromium content and 9% nickel content. The presence
of pitting was detected in a micrograph at 400x magnification in a sample of X17 steel after being in a 5%
alcoholic iodine solution for 96 hours (Figure 5, b). The average grain size of pitting is 1.1 um.
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Fig.4. Energy-dispersive X-ray spectra: a) Percentage content of elements in untreated X17 stainless steel;
b) Percentage content of elements in X19NOT stainless steel; ¢) Component composition of X17 steel after
complex 6- hours treatment with air heated to 350 °C and UVT.
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A sample of structural steel St3 (A57036) lost 25% of its weight during 96 hours in a 5% iodine
solution in ethanol. St3 contains no less than 98% iron and no more than 0.3% chromium. It was found that
even not very high quality X17 stainless steel (which has no nickel and molybdenum in its composition)
corrodes in halogen solutions 12 times slower than the most common carbon structural steels. The
experiment was conducted to clarify how the interaction of negative halogen ions with the surface of X17
stainless steel leads to corrosion of this steel. The comparative effect of alcoholic iodine solutions on X17
stainless steel samples was studied in the experiment. 5% and 2.5% iodine solutions in ethanol were used.
One sample of X17 steel was placed in pure ethyl alcohol. Additionally, one sample was placed in 2.5 %
aqueous-alcohol iodine solution. Distilled water and ethyl alcohol were in equal volume doses.

c) d)
Fig.5. Surface microphotographs of X17 steel samples on HV1000 optical microscope:

a) untreated steel at 160x magnification (directional roughness is clearly visible); b) 400x magnification of the steel
surface after 96 hours in 5% alcoholic iodine solution (pitting is clearly visible); ¢) sample at 160x magnification after 6
hours UVT treatment at 350 °C; d) at 400x magnification after 96 hours in iodine solution (sample was previously
subjected to 24 hours with UVT at 350 °C.

The experiment showed that corrosion of stainless steel is completely absent for the X17 steel sample
after placement in pure ethyl alcohol. It was also found that the corrosion rate was 4.7 times higher than that
in 2.5% iodine alcohol solution and 8.4 times higher than that in 2.5% iodine water- alcohol solution after
being 96 hours in 5% iodine alcohol solution. These results revealed a clear dependence of the corrosion rate
of X17 stainless steel on the concentration of halogen ions. The higher the concentration of halogen ions is
the higher the corrosion rate. It was also found that protons slow down the corrosion process of stainless
martensitic steel. Protons always formed in water by dissociation [19]. It is very likely that protons in
seawater reduce the corrosion rate due to electrostatic interaction with negative halogen ions.
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Samples of X17 steel were exposed to high-energy forms of oxygen in order to create on the surface of
this stainless steel a monolithic oxide layer in which all chromium atoms are in the hexavalent state. Ozone
O; and singlet oxygen 'O, are significantly more chemically active than molecular oxygen >0, in the ground
triplet state [23]. The high-energy molecules of singlet oxygen 'O, and ozone O; were assumed to
additionally activate the three valences of chromium atoms. Chromium atoms have six valence orbital’s at
3d5 4sl energy levels. Chromium atoms are normally trivalent in the normal state, but with three more
valence orbital’s they are capable of making three more chemical bonds.

Thus, an oxide layer of light brown colour was formed on the samples of treated X17 stainless steel as a
result of 6 hours exposure. The oxide layer at 12 hours treatment was much darker. At the same time, no
increase in the mass of the samples was recorded. It indicated that the oxide layer is very thin. The oxide
layer has sufficient mechanical strength. Component composition analysis showed 400% increase in the
oxygen content on the surface of the sample subjected to 6 hours treatment (Figure 4, ¢). The oxygen content
on the surface of the X17 stainless steel sample treated for 6 hours increased 5 times from 0.7% to 3.5%
(Figure 4, a and c). It was visually determined that as a result of exposure to high-energy forms of oxygen,
the surface roughness disappeared (Figure 5, a). The steel surface became almost homogeneous (Figure 5, ¢).

Further, the treated samples of X17 steel (6 and 12 hours of treatment) were placed for 96 hours in 5%
iodine solution in ethanol. This solution simulating the effect of sea water is a very aggressive environment
capable of completely dissolving aluminium foil within 24 hours, according to the article [11]. The sample
subjected to 6 hours pretreatment with reactive oxygen species lost 1.36 % of mass in 96 hours (was 0.50902
g, became 0.50206 g, mass loss 0.007 g). As a result, the oxide film on the surface of the sample has largely
dissolved, discoloured, but still retains some structure and covers 30% of the sample surface. The experiment
showed that 6 hours treatment of the surface of X17 steel with reactive oxygen species significantly
improved the corrosion resistance of the surface of X17 steel. The mass loss due to corrosion decreased by
30% from 1.96% from the untreated surface of X17 steel to 1.36% from the 6 hours treated surface.

The sample of X17 steel subjected to 12 hours pretreatment for 96 hours of being in 5% iodine solution
lost 0.57% of mass. This is comparable to the mass loss of high-alloy steel X19H9T (0.4%). Oxide on the
surface of X17 steel covers 80% of the sample after being in 5% iodine solution in ethanol for 96 hours. At
the same time, the oxide also discoloured to a light golden shade, as on the sample subjected to a preliminary
6-hours treatment. The oxide is firmly bonded to the surface. The oxygen content on the sample surface at
the 12 hours treatment of the samples with reactive oxygen species was 4 %.

X17 stainless steel samples were treated at 350 °C with reactive oxygen species for 24 hours in order to
further increase the corrosion resistance. As a result, an even darker colour was formed on the surface of the
X17 samples oxide layer (dark brown). These samples practically did not change colour after 96 hours in 5
% alcoholic iodine solution, but deep chips were formed on all samples on the surface covered with oxides
during repeated experiments. Holes passing through the oxide layer and partially entering the structure of the
stainless steel itself were observed. The occurrence of spalling on the surface is attributed to the high stresses
in the oxide layer. Chipping occurs because the volume of fully oxidized stainless steel cells (in which each
chromium atom is bonded to 6 oxygen atoms) is much greater than the volume of stainless steel cells in
which all chromium atoms are in the trivalent state. The Peeling-Bedworth factor for Cr,Os; coatings is 2.02
for trivalent chromium. The Peeling-Bedworth factor will be 2.56 for hexavalent chromium. It is known if
the factor is greater than 2.5 cracks are always formed.

Analyses of the surface of X17 steel treated with reactive oxygen species for 24 hours showed that the
oxygen content on the surface of the samples increased to 5 %. Microphotograph showed the absence of
pitting corrosion on the surface outside the spalling (Figure 5, d). A monolithic oxide layer with increased
chromium valence is formed on the surface of X17 stainless steel during prolonged treatment with active
forms of oxygen. Local damages (spalling) occur due to internal stresses associated with the increase of the
cell volume in this layer. The absence of pitting corrosion outside the chipping shows that the halogen
solution does not have a chemical effect on the formed monolithic oxide layer of chromium with increased
valence.

Analysis of the experiments showed that due to the formation of spalling it makes no sense to subject
the surface of X17 steel to a long treatment, at which the mass fraction of oxygen on the surface reaches 5%
(24 hours of treatment with active forms of oxygen). It is better to limit the surface treatment to a treatment in
which the oxygen level on the surface does not exceed 4 %. Spalling does not occur with 12 hours treatment
and the corrosion rate in seawater is 71% lower.
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4. Discussion of results

It is revealed that the increase in corrosion resistance of X17 steel occurs with an increase in the oxygen
content in the composition of cells on the surface of products from this martensitic steel. The increase in
corrosion resistance of X17 steel may be a consequence of the formation on the surface of additional bonds
such as CHROMIUM - OXYGENE - CHROMIUM, which do not chemically interact with halogen ions.
Additional experiments showed the complete absence of chemical interaction of the fully oxidized surface of
pure chromium with 5 % alcoholic iodine solution. An iridescent film of chromium oxide was formed on the
surface of pure chromium as a result of 12 hours treatment with reactive oxygen species. The analysis of the
composition of the investigated untreated X17 steel showed that there are only two main components in this
steel iron atoms and chromium atoms with a small amount of oxygen (0.7% mass fraction of oxygen in X17
steel, with all oxygen in the surface layer 4 nm thick [4]). The mass fraction of oxygen on the surface
increased to 4% at 12 hours treatment with active forms of oxygen. There was an increase in the oxygen
content of 5.7 times. The corrosion rate of X17 steel at the same time decreased by 71%. All oxygen in this
case is in the form of oxygen bridges either between chromium atoms or between iron atoms. Experiments
conducted with oxidized surface of St3 steel showed an increase in the corrosion rate of St3 steel samples
with oxidized surface compared to samples of unoxidized St3 steel by 2.2% when placed in a 5% alcoholic
iodine solution. The whole surface of the steel samples was covered with Fe(OH); rust. Therefore, the
increase in the number of IRON-OXYGEN-IRON type bonds on the surface comes to increase the corrosion
rate of steel St3. Summarizing the above it is possible to allocate two important facts:

1) Increasing the number of IRON-OXYGEN-IRON bonds accelerates the corrosion process of
products;

2) Increasing the number of CHROMIUM - OXYGEN - CHROMIUM bonds reduce the corrosion
rate of products.

5.7 increases in the number of oxygen bonds with a simultaneous increase in corrosion resistance by 71
% in X17 steel occurred as a result of 12 hours treatment with active forms of oxygen. Considering this, it
can be concluded that most of the oxygen introduced into the surface of X17 steel formed CHROMIUM -
IRON - CHROMIUM bonds. Table 1 shows the data of the experiments performed.

Table 1. Dependence of mass loss on steel grade and surface treatment of specimens.

St3, St3, X17 X17, X17, X19H | Chromi | Chromium
Untreat | UVT, Untreated | UVT, 350 | UVT, 9T um (99.99%)
ed 350 °C, °C, 6350 °C, (99.99 | coated with
12 hours hours 12 hours %) chromium
oxide

Sample weight | 25% 27.2% 1.96% 1.36% 0.57% | 0.39% 0% 0%

loss over 96

hours

Dependence of mass loss is shown for samples of structural steel St3, steel St3 with strongly oxidized
surface, X17 stainless steel without treatment, samples of X17 steel with surface subjected to 6 hours and 12
hours treatment with reactive oxygen species, X19HOT stainless steel, samples of pure chromium, and pure
chromium with pre-oxidized surface. These samples were placed in 5% iodine solution in ethanol for 96
hours.

5. Conclusions

The following conclusions were made from the results of the studies conducted:

1) It has been shown experimentally that one of the most probable causes of failure of products from
martensitic stainless steels with chromium content below 18% in seawater is the interaction of negative
halogen ions with the surface of products from these steels. It was revealed experimentally that with
increasing concentration of halogen ions in solutions in which steel samples were placed. The corrosion rate
of stainless steel increases significantly. The corrosion rate increases 4.7 times in alcoholic solutions when
the concentration of halogen ions increases from 2.5% to 5%. In aqueous-alcoholic solutions, the corrosion
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rate increases 8.4 times when the concentration of iodine is increased from 2.5% to 5%.

2) It was shown that in seawater corrosion of martensitic steel products with chromium content less
than 18% becomes possible due to incomplete oxidation of chromium atoms on the surface of products. It
was shown that the rate of corrosion in seawater X17 stainless steel (chromium content less than 18%,
completely absent in the structure of nickel and molybdenum) can be significantly reduced (by 71%), after
additional oxidation of chromium atoms included in the structure of stainless steel cells. The total oxygen
content on the martensitic steel surface increased from 0.7% to 4%. It is revealed that it is optimal to create
an oxide layer on the surface of X17 stainless steel with oxygen concentration not more than 4%.

3) The research method used in this article allows reducing costs associated with increasing the
corrosion resistance of martensitic stainless steels. This method can be used to increase the corrosion
resistance of non-ferrous metals.
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INFLUENCE OF PLASMON EFFECT ON THE SENSITIZATION
OF TITANIUM DIOXIDE BY DYE MOLECULES
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Institute of Molecular Nanophotonics, Karaganda Buketov University, Karaganda, Kazakhstan
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Abstract. The influence of the plasmon effect of metal nanoparticles on electron transfer from Eosin and
Rhodamine B dyes to TiO: was studied. Spectral-kinetic measurements showed that, compared to SiO., not only
the intensity but also the fluorescence lifetime of both dyes decreases on the TiO: surface, which indicates the
charge transfer from the dye to the semiconductor. In the presence of core@shell (Ag@TiO,) plasmon
nanostructures, an intensification of the fluorescence of both dyes is observed, as well as a decrease in the
duration of the dyes emission. The optimal concentration for which the maximum plasmon effect was recorded is 3
wt% of Ag@TiO,. The plasmon effect also leads to an increase in the efficiency of sensitization of the
semiconductor by molecules of the dyes under study, which is expressed as an increase in the photovoltaic and
charge-transport characteristics of the semiconductor films. The results obtained on the plasmon effect on the
charge transfer process in the dye/semiconductor system can be used in the development of devices for
photovoltaics, photocatalytic, and optoelectronic elements.

Keywords: semiconductor, dye, core@shell nanostructure, plasmon effect, charge transfer, sensitization.
1. Introduction

Solar energy is one of the most widespread energy resources on our planet, which far exceeds the total
needs of Earth [1]. Solar energy can be converted into electrical energy [2,3], obtain an environmentally
friendly and economically profitable fuel — hydrogen, and effectively purify water resources from various
pollutants [4,5]. In photovoltaic elements based on semiconductors and their sensitizers, the main processes
are the absorption of light and its further transformation through photoinduced charge separation at the
semiconductor/dye interface [6-9].

The process of generation and transfer of photoinduced charge carriers between dye molecules and a
semiconductor plays a key role in the efficiency of photovoltaic systems [10-13]. One of the ways to increase
their efficiency is to improve the absorption of light by both a semiconductor and its sensitizer, as well as
creating of conditions for the effective separation of electron-hole pairs in such a system. A promising
strategy for enhanced performance of photovoltaic systems is the integration of plasmon nanoparticles of
metal (NPs) into the working electrode of device. This makes it possible to significantly increase the light-
harvesting characteristics of the sensitizing layers [14-18] without affecting their functionality.

Metal NPs are characterized by strong interaction with incident photons through the excitation of
localized surface plasmon resonance (LSPR), which can facilitate the transfer of energy and/or electrons
from the NPs to both the sensitizer and the semiconductor. After the LSPR excitation, an enhanced
electromagnetic field is formed around the NPs, which affects on the rate of intramolecular transitions of
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sensitizer molecules [19,20]. Currently, a limited number of works are devoted to a comprehensive analysis
of the interaction in the “dye/semiconductor/plasmonic NPs” systems. For example, the method of the model
Hamiltonian was used in Ref. [21], which includes the processes of plasmon-induced energy transfer
(PIRET) and charge-transfer (PICT) processes from the Au NPs to the dye molecules. It was found that
PIRET deforms the dynamics of the wave packets of the excited state of the molecule. It led to the increased
absorption and growth of the electron density in the LUMO orbitals of the dye molecule, which leads to a
10-fold improvement in the separation of charge carriers. A PIRET from plasmonic NPs to dye molecules
was also studied in [22]. It has been shown that PIRET leads to the delayed photoluminescence in metal-
conjugated fluorophores. The observed increase in the fluorescence lifetime in metal-conjugated
fluorophores was confirmed by theoretical calculations. The delayed luminescence of the dye indicates a
longer stay of the molecule in the excited state, which will increase the probability of electron and/or energy
transfer to the semiconductor.

By the authors of [18] the electron injection kinetics from a dye into mesoporous TiO, layers has been
studied. Multistage ultrafast electron injection in the time range of 300-400 fs was shown. The introduction
of Ag NPs led to ultrafast and enhanced electron injection and a decrease in charge recombination dynamics.
In this paper, the concentration dependence of the plasmon effect of Ag NPs on the sensitization process of
TiO, semiconductor films was investigated. The influence of the core@shell (Ag@TiO,) nanostructures
(NSs) on various ways of the enhancement of the efficiency of charge carriers transfer and transport in the
“dye/semiconductor” system is considered.

The choice of the core@shell NSs is due to the fact that often organic dyes and electrolyte is used in
photovoltaic systems to regenerate dye molecules. In the electrolyte plasmonic NPs can degrade or form an
oxide layer on the surface, which reduces the LSPR effect. Core@shell NSs will protect the metal NPs from
oxidation by electrolyte. Also, the presence of a semiconductor shell will avoid the occurrence of
recombination processes between the metal NPs and the dye.

2. Experimental part

To study the dynamics of charge transfer at the “semiconductor/dye” interface, two types of
semiconductors as SiO; (Silufol) and TiO, (Sigma Aldrich) were selected, and Rhodamine B (RB) and Eosin
as dyes. Semiconductor films with an area of 2 cm? were obtained. Next, a 1 mL of dye solution with a
concentration of 10 mol/L was dropped on the surface of SiO, and TiO; films. After that, the samples were
dried at room temperature for 2 hours.

To study charge transfer at the “semiconductor/dye” interface in the plasmon field Ag@TiO, NSs were
synthesized, where the core is the Ag NPs and shell is TiO,. NSs were obtained according to the method of
[23]. In detail, the synthesis of Ag@TiO, NSs was carried out according to the following method. First,
cores were synthesized — Ag NPs. To do this, 0.1 mmol of AgNOs (99.8%, Sigma Aldrich) is added to a
solution of polyvinylpyrolidone (PVP, Sigma Aldrich) in ethylene glycol (0.5 g per 25 mL). Next, the
mixture is heated with intensive stirring at 50°C for 10 minutes, after which the temperature is increased to
120°C and heated for another 30 minutes. During the reaction, the solution turned yellowish-brown, which
indicates the formation of silver NPs. The obtained Ag NPs are separated from ethylene glycol by
centrifugation (8000 rpm, 30 min) and washed several times sequentially with acetone and ethanol. In this
way, the Ag NPs are converted to absolute ethanol, and then a TiO; shell is synthesized around the obtained
Ag NPs. To do this, a solution of titanium tetraisopropoxide (Ti(OCH(CHs),)s, TIPT, Sigma Aldrich) is
added to the solution of plasmonic NPs with intensive stirring. The volume ratio of TIPT and Ag NPs was
equal to 1:10, respectively. The formation of titanium dioxide occurs as a result of the following chemical
reaction [22]:

Ti(OCH(CHj3),)4 + C,HsOH — TiO» + 4(CH3).CHOH

The resulting mixture was shaken for 24 hours on a multifunctional rotator at room temperature in the
dark. The formation of a TiO, shell around the Ag NPs was checked both by changing the size of the metal
NPs before and after the addition of TIPT using dynamic light scattering (Zetasizer Nano ZS analyzer,
Malvern). Measurements showed that the average diameter of the Ag NPs were 267 nm (Figure 1a), and the
Ag@TiO, NSs were 44+18 nm (Figure 1b). That is, the average thickness of the shell is ~9 nm. The
uniformity of the coating of silver NPs with a semiconductor shell was studied using scanning electron
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microscopy (SEM, Mira 3LMU, Tescan). As the SEM studies have shown, the TiO> shell evenly covers the
synthesized silver NPs. The obtained Ag@TiO> NSs have a spherical shape.
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Fig.1. Size distribution (a, b) and absorption (c) spectrum of Ag NPs before shell synthesis (a) and NSs Ag@TiO»
(b), as well as SEM image (d) of Ag@TiO, NSs

The resulting NSs were doped into the semiconductor layers. The concentration of Ag@TiO, NSs in
TiO, paste was equal to 1, 2, 3 or 5 wt%. The samples obtained are designated as TCS-1 (TiO+core@shell,
1wt%), TCS-2, TCS-3 and TCS-5. The registration of the fluorescence lifetime of dyes in the time-correlated
photon counting mode was performed with the Becker&Hickl TCSPC system. The samples were excited by
a femtosecond FX200 laser (SolarLS) with A= 515 nm and pulse duration of t = 150 fs. The fluorescence
lifetime was estimated using the SPC Image software [24] according to the procedure described in [24-26].

Dye-sensitized solar cells (DSSC) were assembled to study the effectiveness of sensitization of titanium
dioxide by excited states of dyes. For this purpose, a working electrode of TiO, or TSC was formed on the
surface of FTO-coated glasses (8 Ohms/cm?, Sigma-Aldrich). Electrochemically deposited Pt was used as
the counter electrode [27]. An iodide/triiodide electrolyte (Iodolyte Z-150, Solaronix) was used as the
electrolyte. The sorption of Eosin or RB was carried out within 24 hours from an ethanol dye solution with a
concentration of 10* mol/L. The DSSC was assembled according to the works of [10, 27-29]. The
photovoltaic parameters of the cells were obtained from the curent-voltage characteristics recorded with solar
radiation simulator CT150AAA (PET Photo Emission Tech.) at AM 1.5. The source power is 100 mW/cm?.
The charge-transport properties of the prepared films were estimated from impedance spectroscopy data in
the frequency range from 1 to 100 MHz using a potentiostat/galvanostat with an integrated EIS analyzer
(CS350, Corrtest Instr.). Based on the data obtained with the using of the equivalent scheme (Figure 2), the
following parameters were evaluated [16, 30]: effective lifetime of charge carriers .5, resistance to the
electron transport in the material Ry(R1) and Ry is the resistance of charge carriers’ transport.

CPE
Fig.2.Equivalent electrical circuit for DSSC analysis.
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3. Results and discussion

The main condition for effective sensitization of a semiconductor by dye molecules is the location of its
LUMO orbital above the bottom of the TiO, conduction band (CB) on the energy scale. As can be seen from
Figure 3, both RB and Eosin satisfy this condition. The values of HOMO/LUMO levels from the Refs.
[31,32] were used to plot the diagram. The CB of SiO is located higher than the LUMO level of RB or Eosin.
Therefore, when the dyes are photoexcited, the charge transfer from the dyes to SiO, will not occur.

. sio, 1500
2 Rhodamine B .
> 34 ) LUMO Eosin 3 1000 -
° TiO, E— -~
3 4 : =
\g CB [
w54 £ 500
HOMO -
-6
74 -VB—. 04
-8 - Time (ns)
a) b)

Fig.3. (a) Energy diagram for the TiO, and dyes; (b) fluorescence decay kinetics of Eosin on the surface
of porous SiO; or TiO; films.

In ethanol solution, the maximum of absorption band of RB exhibits at 545 nm, and the maximum of
fluorescence band is at 565 nm. For Eosin, these parameters are at 525 and 545 nm.

Measurements of the spectral luminescent properties of dyes have shown that in the adsorbed state, the
absorption and fluorescence spectra of RB are bathochromically shifted on the surface of SiO, (~20 nm
compared with the dye solution in ethanol). On the surface of TiO,, the absorption and fluorescence bands of
both dyes undergo to hypsochromic shift (~5 nm compared with the dye solution in ethanol). At the same
time, the fluorescence spectra of the dye are broadened.

The efficiency of charge transfer from dyes to a semiconductor was estimated from the fluorescence
decay kinetics (Figure 3, Table 1). The fluorescence decay kinetics is bi-exponential. It can be seen from the
data that not only the intensity, but also the lifetime of the luminescence of both dyes decreases on the
surface of TiO,. At the same time, the luminescence intensity was decreased by 1.95 times for RB, and by
almost 52 times for Eosin. The average fluorescence lifetime <tg> of RB in the presence of TiO, was
decreased by 4.2 times. Whereas for Eosin, this ratio is equal to 7.1 times.

Table 1. Integral intensity (I) and lifetime (t)* of fluorescence of dyes on the surface of porous SiO; or TiO; films

Sample | I@uw) | <mw>(@s) | 71 (ns) | Ai%) | 1 (ns) | As(%)
RhB
SiO, 128.12 1.55+0.01 0.950+0.01 59.0 2.30+0.01 41
TiO, 65.65 0.37+0.01 0.156+0.01 79.0 0.99+0.01 21
Eosin
Si0, 1705.04 1.49+0.01 0.995+0.01 543 2.09+0.01 45.7
TiO, 32.88 0.21+0.01 0.130+0.01 81.0 0.556+0.01 19.0

*<tp> — average lifetime of fluorescence estimated form the equation <1- > = Z”: At > Where 7 is the lifetime of the i-th
fl it
i=1

component of fluorescence decay, A; is the magnitude (the part of contribution) of i-th component of fluorescence

decay (ZA, =1,0).
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The observed quenching of the fluorescence lifetime indicates the electron transfer from an excited dye
molecule to a semiconductor [31]. In the case of Eosin, charge transfer from the dye to the semiconductor is
carried out more efficiently.

A pure TiO; film, which was not sensitized with a dye, demonstrates a low-intensity signal associated
with scattered radiation. The lifetime of such signal is ~10 ps, which is associated with the instrumental
response function (IRF) of the measuring system. Since the wavelength of the exciting laser does not
coincide in position with the absorption of TiO», the recorded signal can be considered as a background
signal. When the Eosin and Rhodamine were adsorbed into TiO» films without plasmon NSs, the duration of
the recorded signal from the dye was on an order of magnitude longer.

Measurements showed that in the presence of plasmon NSs, an intensification of fast fluorescence of
both RB and Eosin is observed (Table 2). Changes in the fluorescence intensity of the dye registered at
various concentration of core@shell NSs have a nonlinear character with a maximum at 3 wt% for RB and
Eosin. At the same concentrations, the maximum reduction in the fluorescence lifetime of the dye is
observed. A further increase in the content of plasmonic NSs in the film leads to a decrease in the intensity
enhancement of the dyes and the restoration of the luminescence lifetimes to its original value.

Table 2. Effect of Ag@TiO>NSs concentration in TiO> film on the intensity (I) and average fluorescence lifetime
(<ta>) of dyes.

Core@shell concentration(wt%) | 1(@uw) | Itcs/lo | <w>(ns) | <ta Tes>/<TH>
RB

TiO; neat 12.2 - 0.01 -

TiO, 65.7 - 0.370+0.01 -
TCS-1 250.3 3.8 0.367+0.01 0.99
TCS-2 281.6 4.3 0.323+0.01 0.87
TCS-3 329.3 5.0 0.299+0.01 0.80
TCS-5 321.1 4.9 0.327+0.01 0.88

Eosin

TiO; neat 12.2 - 0.01 -

TiO, 32.89 - 0.210+0.01 -
TCS-1 86.7 2.6 0.205+0.01 0.98
TCS-2 124.7 3.8 0.200+0.01 0.95
TCS-3 136.7 4.2 0.190+0.01 0.90
TCS-5 131.2 4.0 0.207+0.01 0.99

The observed increase in the fluorescence intensity of dyes is associated with a plasmon enhancement
of the radiative rate of fluorophore molecules in the near field of plasmon NPs, as shown in Ref. [25,33]. The
decrease in fluorescence enhancement may be result of two factors. The first of them relates to the quenching
of the fluorophore by plasmon NPs through the Forster energy transfer [25,33]. The second channel can be
associated with a plasmon enhancement of the quenching of dye molecules by electron transfer to the CB of
a semiconductor.

——TiO,
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—a&—TCS-2
—<—TCS-3
- —v—TCS-5
€ £ 200-
N L
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N
100+
0.0000 : : : T 0 T T - T T
0.0 0.2 0.4 0.6 0.8 0 200 400 600 800 1000
U, mv Z' (Ohm)
a) b)

Fig.4.The effect of the concentration of the core@shell NSs on the CVC (a) and impedance spectra (b) of DSSCs
sensitized by Eosin.
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To detail these channels, the photovoltaic and charge-transport properties of DSSCs with the addition of
plasmon NSs sensitized by RB or Eosin were estimated. In the absence of plasmon NSs in the TiO; film, the
current density, which is directly related to the number of photogenerated charge carriers in the working
electrode, is equal to 0.0007 A/cm? and 0.00088 A/cm? for Eosin and Rhodamine B, respectively (Figure4,
Table 3).

Table 3. Effect of the concentration of Ag@TiO, NSs in the TiO: film on the photovoltaic and charge-transport
parameters of DSSCs sensitized by RB or Eosin.

Sample | Uw(mV) | Je(A/em? | Efficiency (%) | R(Ohm) | Ry(Ohm) |  te(s)
RB
TiO, 64.00 0.00088 0.0047 15.00 1000 0.36
TCS-1 71.00 0.00089 0.0068 18.00 820 0.27
TCS-2 72.00 0.00100 0.0072 21.00 580 0.24
TCS-3 77.00 0.00110 0.014 23.00 190 0.22
TCS-5 80.00 0.00109 0.0074 26.00 250 0.26
Eosin
TiO, 65.00 0.00070 0.0010 25.00 1008 0.32
TCS-1 72.00 0.00080 0.0018 13.00 900 0.24
TCS-2+ Eosin 81.00 0.00090 0.0027 12.00 810 0.22
TCS-3+ Eosin 87.00 0.00098 0.025 35.00 400 0.18
TCS-5+ Eosin 82.00 0.00110 0.021 8.00 600 0.22

The addition of Ag@TiO, NSs leads to an increase in the values of the short-circuit current density.
This is reflected in the increased efficiency of DSSCs. The maximum increase in the efficiency of solar cells
was recorded at an Ag/TiO» concentration equal to 3 wt% for both dyes. Impedance measurements and
estimation of electrophysical parameters have shown that the resistance and effective lifetime of charge
carriers Ter in the TiO, film decreases under the influence of the plasmon effect of Ag NSs. Thus, the R
resistance of TCS-3+dye films are almost in 2.5 times and 5 times less for Eosin and RB, respectively, than
in TiO,+dye samples. The resistance to electronic transport of films decreased from 1008 to 400 Ohms for
Eosin and from 1000 to 190 Ohms for Rhodamine.

Thus, it can be seen that the addition of core@shell NSs to the volume of the semiconductor leads to a
reduction in the lifetime of charge carriers in the semiconductor, preventing their recombination. This is
reflected in an increase in the efficiency of electron migration and counting from the semiconductor surface,
leading to an increase in the photocurrent density and an increase in efficiency of DSSCs.

4. Conclusions

The plasmon effect of metal nanoparticles on electron transfer to TiO, from Eosin and RB dyes has
been studied. Spectral-kinetic measurements have shown that, compared with SiO,, not only the intensity but
also the duration of fluorescence of both dyes decreases on the surface of TiO,. At the same time, in the case
of Eosin, charge transfer from the dye to the semiconductor is carried out more efficiently. In the presence of
plasmonic NSs, an intensification of fast fluorescence of both dyes is observed, as well as a decreasing in the
luminescence lifetimes. The optimal concentration for which the maximum plasmon effect was recorded is
equal to 3 wt% of Ag/TiO, NSs. The observed increase in the intensity and decrease in the fluorescence
lifetimes of dyes is associated with a plasmonic enhancement in the radiative rate in dyes molecules in the
near field of plasmonic NSs. Measurements of electrophysical parameters have shown that the plasmon
effect also leads to an increase in the efficiency of semiconductor sensitization by molecules of the studied
dyes, which is expressed in an increase in the photovoltaic and charge-transport characteristics of the studied
semiconductor films. Detailed establishment of the ways of exposure of plasmonic NPs on various ways of
sensitization enhancement of the TiO; by dye molecules will be studied in our further research.
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Abstract. It is known that during development of a severe accident at a nuclear power plant, the melting of
core materials and the formation of corium occurs. A feature of corium is the presence of a decay heat, which
contributes a lot to the nature of its interaction with the structural materials of the reactor facility. In this regard,
quite serious requirements are imposed on methods for simulating decay heat in the corium prototype, which
relate to both the uniformity of the volume distribution and its intensity. This paper presents a comparative
analysis of existing methods for decay heat simulation in corium, which are used at various experimental facilities
investigating the operation of passive protection systems in severe accidents with reactor meltdown at nuclear
power plants. By comparing the advantages and disadvantages, a more practical method of decay heat simulation
is determined and ways are proposed to further improve the chosen method to fully simulate the thermal field of a
real corium.

Keywords: nuclear power plant, severe accident, corium, decay heat, simulation

1. Introduction

One of the main directions of the development of nuclear energy safety is the research of the final stage
of a severe accident at a nuclear power plant (NPP) with core meltdown. During the melting of the reactor
core, the so-called corium is formed - a melt of a radioactive mixture of uranium oxide, zirconium,
zirconium oxides and steel components (products of high-temperature interaction of metals with an oxidizing
medium) and other structural elements [1]. A special feature of corium is a large amount of stored energy
and the presence of residual energy release due to the fact that the nuclear fuel contained in the corium
continues to be a source of heat released due to the decay reactions of fission fragments of 2°U nuclei
accumulated during the operation of the reactor, which allows the melt to remain in a liquid state for a long
time and melt the reactor structure with its subsequent release down to the ground and groundwater [2-3].

The contribution of residual energy release to the thermal state of the corium was noted in [4]. This
work examines the influence of the accuracy of determining the residual energy release during neutronics
calculations on the results of thermal calculations. Analysis of the results shows that the amount of power of
the residual energy release affects the value of the maximum temperature. Thus, it was found that a change
in the power of the residual energy release by 5% leads to a significant change in the temperature field,
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which in turn affects the nature of the interaction of the corium with various structural elements. In this
regard, it is obvious that in order to ensure physical modeling conditions that are as close as possible to full-
scale ones, it is necessary to take into account not only the correspondence of the composition of the corium
prototype to the real one, but also the amount of energy release in the melt at a given level. Currently, two
methods of obtaining corium during experiments exists: in-pile and out-of-pile.

In the first case, for research aimed at studying the physical and mechanical properties of corium, the
so-called "model corium” is obtained under in-pile test conditions. The peculiarity of the model corium is
that it is obtained due to the decay heat of nuclear fuel contained in the composition of corium [5].

In the second case, in experiments on physical modeling of processes occurring in severe accidents, the
so-called "prototype corium™ is used, a substitute whose characteristics are close to real corium in most
parameters, but do not create a dose load on personnel (hereinafter corium is understood as prototype
corium) [6]. Since in experiments with prototype corium it is not possible to maintain the temperature of
corium within the specified limits due to radioactive decay, this process is carried out by external energy
supply to the corium melt using various devices. In this regard, the device providing energy input into the
simulator melt should simulate the fission reaction both in magnitude and in the nature of its distribution
through the volume of corium.

The purpose of this work is to conduct a comparative analysis of all existing methods of a decay heat
simulation to determine the optimal way to fully simulate the thermal field of a real corium.

2. Practical methods of a decay heat simulation during various tests with corium

Experiments to study the interaction between corium and various structural elements of a nuclear power
plant began after the accident at the Three Mile Island NPP. At the same time, over the entire period of this
type of research, a number of different experimental installations of different designs and devices have been
created to simulate residual energy release. As an example, we can cite such methods of decay heat
simulation used in experimental installations as methods of direct transmission of electric current through the
melt (DEH) [7], induction heating [8], heating using thermite mixtures [9], indirect electric arc heating [10],
etc.

2.1 Direct electric heating (DEH)

Simulation of a decay heat in corium by direct transmission of electric current (DEH) was used in the
first experiments to study the interaction of the corium with various structural elements. Some examples in
this regard are the series of ACE/MC, MAKE and NEAM SI experiments [11]. These experiments allowed
specialists to obtain a lot of information about the interaction between corium and various types of concrete
used at power plants operating at that time. Figure 1 shows a schematic diagram of the experimental device
when conducting experiments of the NEA-MCCI series.

The method of passing an electric current through the melt is implemented using two opposite walls of
MgO lined with tungsten electrodes. During the experiment, an electric current was conducted through a
central transverse span of electrodes that were in direct contact with the corium melt. The decay heat
compensation system is built in such a way that, as the tungsten electrodes in direct contact with corium fail
and the side walls erode, additional electrodes were exposed to the surface of the corium melt, to which an
electric current is applied, thereby maintaining a homogeneous picture of heating the melt during the
experiment. Thus, such a solution allows maintaining a constant rate of melt heating despite the failure of the
tungsten electrodes and erosion of the side walls of the experimental section in an aggressive corium
environment [12]. The electrical conductivity of the melt is very uncertain and unstable for each experiment
due to changes in composition due to chemical interactions between corium and structural elements. This is
the disadvantage of using this method. After all, during experimental studies the amount of energy injected
into the melt strongly depends on the electrical conductivity of the melt. In this regard, the power distribution
in the melt is unknown with a high degree of accuracy, which significantly affects the accuracy of the results
obtained.

2.2.Induction heating method
A similar issue associated with the uncertainty of the electrical conductivity of corium also exists when

using an alternative method of decay heat simulation - an induction heater. Induction method is the heating
of materials by electric currents that are induced by the alternating magnetic field of the inductor.
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Fig. 1. Schematic diagram of the device used in the NEO-MCCI series experiments

Induction heating, as a method for simulating decay heat, is today the most widely used method when
conducting experimental studies with corium melts, which is implemented in many large-scale and small-
scale experimental installations, among which are such installations as: VULCANO, LAVA-B, VESTA,
VESTA — S, BETA, COMET, COMETA, SICOPS, etc. [13-16]. Figure 2 shows schematic diagrams of
some experimental installations.

In general, the principle of using an induction heater as a simulation method in various installations is
identical. For example, at the LAVA-B and VESTA installations, corium is obtained in an electric melting
induction furnace, which, after reaching the required temperature, is poured into a special experimental
section surrounded by an induction heater, thereby simulating the decay heat in the melt, while the
VULCANO installation differs from previously described installations only in the method of obtaining
corium. The main advantage of induction heating is the non-contact method of transferring energy into the
melt, which:

1) Eliminates the problem of contamination of the melt by foreign substances. For example, in the case
of using electrodes with direct electric heating or thermite mixtures, which will be mentioned below;

2) Provides the possibility of long-term heating of corium in comparison with other methods of
simulating decay heat in the experimental section, since the heating element is not in direct contact with the
aggressive environment of the corium melt.

At the same time, despite the above advantages, installations for induction heating of corium have
relatively low efficiency values. In addition, the efficiency of induction heating depends on many electrical
and geometric parameters of both the inductor and the experimental section, which leads to the need to use
more powerful sources of electricity to achieve the energy release in the melt required by the experimental
conditions [17-18]. Another disadvantage of using an inductor is the pronounced surface skin effect. This
means that most of the energy is released in some surface layer, which, in fact, is a disadvantage of induction
heating as a method of simulating the residual energy release in the corium during experiments. For example,
a situation may arise when, during induction heating, overheating of the surface layer of the melt will be
observed, while the internal layers will not be heated sufficiently or even cooled, given the low thermal
conductivity properties of corium.
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2.3 Heating method using thermite mixtures

Decay heat is a feature of nuclear fuel, which means that under prototype conditions, heat generation is
mainly concentrated in the oxide phase of corium.

This causes difficulties in reproducing such conditions during experimental studies, taking into account
the currently available melt heating technologies. To some point this issue was managed in MOCKA
experiments, where the heat of an aluminothermic exothermic chemical reaction was used to compensate the
decay heat (Fig. 3). Such a chemical reaction releases a fairly large amount of heat, and the temperature of
the mixture can reach 3000 °C.
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Fig. 2. Schematic diagrams of test devices

Fig. 3. MOCKA experimental installation



Eurasian Physical Technical Journal, 2024, 21, 1(47) Energy 61

The advantage of this method, the authors point out, is the fact that during experiments, the heat
released by the thermite reaction and the exothermic reaction of Zr oxidation is mainly deposited in the oxide
phase (approximately 80% of the heating power was invested in the oxide phase and 20% in the metallic
phase), which is not possible achieved using other methods for simulating decay heat. Unfortunately, this
method is not a priority when choosing the most optimal simulation method due to the need to constantly add
large volumes of new portions of thermite mixtures to maintain the simulation of decay heat. These actions
lead to a significant change in the mass and chemical composition of the corium, which affects the nature of
the interaction of the corium with various structural elements and can distort a reliable picture of the
interaction occurring in a real situation.

2.4 Indirect electric arc heating method

Another way to simulate decay heat release, which gives opportunity to the heat release in the required
area of the melt, is the plasmatron method. This method was implemented on the basis of the branch of the
Institute of Atomic Energy of the RSE NNC RK. During a series of INVECOR experiments to study the
interaction of corium with the vessel of a light water reactor at the Lava-B installation, the indirect electric
arc heating method was used, which uses the idea of the electroslag process and was implemented using
closed-type coaxial plasmatrons immersed in the melt. To protect the heating device from corium, the
plasmatrons were placed in special graphite tips. Figure 4 shows a schematic diagram of the experimental
installation “Lava-B” with plasmatron heaters.

\@

Fig. 4. Schematic diagram of the LAVA-B installation with plasmatron heaters

The advantage of indirect electric arc heating, for example, over induction heating or direct electric
heating, is the absence of dependence on the electrically conductive properties of corium, since the transfer
of energy to the melt is not associated with the flow of electric current in the melt. In this regard, the energy
transferred to the melt can be determined with great accuracy.

The disadvantage of this method is the low unit power of plasma torches. In this regard, in order to
achieve the required energy release in the melt, it is necessary to use a sufficient number of plasma torches,
since a large amount of energy is required to maintain the corium simulator in the molten state when it
interacts with various materials. As noted above, to protect plasmatronic heaters, they are placed in a special
graphite tip. However, such graphite tips have a low durability in the aggressive environment of corium. This
means that graphite plasma torch tips can significantly limit the possibilities of conducting an experiment, in
particular regarding the duration of heating of the melt. To increase the service life of graphite tips,
additional measures must be taken. For example, the use of a special zirconium carbide coating on the outer
surface of graphite tips can extend the life of the tips to 2 hours at temperatures above 2500 °C, which fully
satisfies the requirements of many experiments.
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2.5 Ohmic heating method

Another method of decay heat release simulating, which was used in experiments with corium melts, is
the method of electric heating by resistance. This method was used as part of the LIVE experiment on the
installation of the same name (Fig. 5). The use of spiral heaters as in the LIVE installation, at first glance, is
a more optimal way to simulate decay heat. Each heating plane consists of a spiral-shaped heating element,
located in a special cage to ensure proper placement. To ensure uniform volumetric energy release, the
heating system has six heating planes at different heights with fixed distances between them. This
arrangement of the heaters allows one to regulate the uniformity of heating throughout the volume of the
corium melt.

crust detection lance

camera melt pouring

observation heating system

Inner and outer

thermocouples
vessel cooling

Fig. 5. Schematic diagram of the test section of the LIVE installation

However, the maximum permissible temperatures for indirect electric heating by the melt resistance in
the LIVE installation were limited by the thermophysical properties of the spiral heater material, which was
1100 °C. This indicator is significantly lower than the required temperature values when conducting many
experiments using a corium melt [19].

3. Comparative analysis, discussion

To select the optimal method for simulating decay heat in corium when conducting various studies on
experimental installations by comparing the advantages and disadvantages, as well as suggesting possibilities
for their improvement and assessing possible threats when conducting experiments, a SWOT analysis of the
above methods was conducted, which is presented in Table 1. The review of practical methods for decay heat
simulating in corium leads to the conclusion that all existing methods, although used at different
experimental facilities to study the interaction of corium with structural materials, cannot fully simulate the
thermal qualities of real corium.

At the same time, according to the table, induction, electric arc and ohmic heating are considered the
most optimal. It is worth noting that various studies are currently being conducted on the interaction of
corium with structural materials such as steel, concrete, sacrificial and heat-resistant materials, etc. This
means that the choice of method for simulating residual energy release should be determined by the specifics
of experimental research. For example, when studying the interaction of corium with steel, induction heating
cannot be used as a method for simulating decay heat. This is due to the fact that, once exposed to the
electromagnetic field of the inductor, the steel will heat up, thereby distorting the picture of the real
interaction. In this regard, it is recommended to use methods of indirect water energy into the melt such as
ohmic and electric arc heating.

Induction and plasmatron methods for simulating decay heat in the corium in relation to the LAVA-B
installation are discussed in detail in paper [20]. Based on the fulfilled work, the parameters of heating the
melt by each of the methods under consideration were determined, they were compared, the limits of their
applicability for simulating residual energy release were determined, as well as the possibilities for further
use.



Eurasian Physical Technical Journal, 2024, 21, 1(47)

Energy 63

The use of spiral heaters in the LAVA-B installation as in the LIVE installation, at first glance, is a
more optimal method to simulate decay heat. The system for simulating decay heat is a device (Fig. 6),
where each heating plane consists of a spiral-shaped heating element located in a special cage to ensure
correct placement. This arrangement of the heaters allows one to regulate the uniformity of heating
throughout the volume of the corium melt. To ensure uniform volumetric energy release, the heating system
has six heating planes at different heights with fixed distances between them.

Table 1. SWOT analysis of methods for decay heat simulating.

Methods of decay heat Strength Weakness Opportunities Threats
release simulation:
Induction heating Non-contact heating Low efficiency Increasing All

of corium, heating factor, skin effect efficiency by conductive

duration

optimizing the
parameters of the
induction system

materials are
subject to heating

electric arc
method

Indirect
heating

No dependence on
the conductive
properties of corium

Low unit power of
the plasma torch

The possibility of
increasing the
heating efficiency
by using several
plasma torches

Limited heat
transfer area

Direct electric heating The time Dependence of the
High heating limit of the amount of energy
temperature experiment due to Missing injected into

the failure of corium on its
tungsten electrodes electrical
conductivity

Heating method using Changes in the

thermite mixtures High heating Short-term heating Missing physical and

temperature (up to chemical
3000°C) properties of
corium

Ohmic heating (resistive | Provides sufficient Increasing the The threat of

heating)

uniformity of
heating of the melt
throughout the
volume

Low heating
temperature

maximum heating
temperature

due to the use of

refractory materials

melting of the
heater in the active
medium of corium

Fig. 6. Ohmic heater in LIVE experiment

At the same time, the problem of temperature limitation of the use of a spiral heater can be solved by
using more refractory metals as a material for its manufacture. One of the most optimal metals is tungsten,
which has a melting point of over 3000 ° C, which is significantly higher than the operating temperatures
when conducting experiments with corium. In the ANSYS program, an ohmic heater model was built based
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on the parameters of the experimental installation of the LAVA-B melt subreactor trap. The appearance of
the heater, height is 240 mm, diameter is 190 mm, and the wire diameter is 1 mm, is shown in Figures 7 and
8.
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Fig. 8. Type of heater a) in an isometric system, b) in the XZ plane

In further studies, electrical calculations of heaters with different parameters will be carried out, as well
as thermal calculations of corium during the use of this heater in a melt trap at the LAVA-B installation.

4. Conclusion

Five methods of decay heat simulating in corium were considered in this paper. According to the results
of the comparative analysis, it turned out that each of the methods has the following strengths and
weaknesses. The induction method, although it provides long-term heating and is a non-contact heating
method, but due to the low efficiency and skin effect, it cannot provide sufficient compliance with the picture
of the thermal field of real corium. In addition to the listed disadvantages, all conductive materials of the
experimental installation will be heated during the application of this method. The plasmatron method does
not depend on the electrical conductivity of corium, but due to the low unit power of the plasmatron this
method requires the use of several plasmatrons. However, even with the installation of several plasmatrons,
the corium heat transfer area will be limited. During the application of the method of direct transmission of
electric current through the melt, it becomes possible to achieve high temperatures, but the duration of
heating will depend on the duration of operation of the electrodes. The method of heating with thermite
mixtures is described with the same short heating duration. The only advantage of this method is the
achievement of high temperatures, and the main disadvantage is the change in the physical and chemical
properties of corium during the application of this method. Of all the methods considered, ohmic heating is
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the only method that provides a uniform thermal field throughout the entire volume. Moreover, it is possible
to change the nature and intensity of melt heating by using heaters of different shapes and parameters. There
are also prospects for improving the effectiveness of this method through the use of refractory metals.

Taking into account these data and the possibilities of using each of the methods of simulating residual
energy release in experiments with different specifics, it can be concluded that the most optimal of all
existing methods is ohmic heating. The study of the possibility and practicality of using the ohmic heating
method opens up the possibility for further experiments at the LAVA-B installation, which in turn will allow
us to investigate the processes occurring during a severe accident at a nuclear power plant.
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Abstract. This paper discusses the possibility of improving the ekibastuz coal quality through the use of "dry
enrichment™ technology. The experiments and calculations carried out made it possible to determine the optimal
scheme for enrichment of samples of thermal coals from the Ekibastuzsky open-pit mine of "Angrensor-Energo™
LLP. Testing of technical characteristics, such as moisture content, ash content, volatile matter yield and
calculation of energy characteristics of enriched samples of thermal coal was carried out in 3 stages in a coal
chemistry laboratory. As a result, it was found that the energy content of the enriched fuel samples increased to
28.5% of the original. This significantly improved consumer properties by obtaining the maximum yield of high
quality coal concentrate. Consequently, the developed scheme of enrichment allows to significantly reduce the
consumption of electricity, reduce emissions into the atmosphere, reduce the harmful impact on the environment,
and expand the markets for coal.

Keywords: ekibastuz coal, thermal coals, harmful emissions, humidity, ash content, volatile substance, “dry
enrichment" technology

1. Introduction

Global climate change, caused by increasing harmful emissions into the atmosphere, necessitates a
widespread transition from hydrogen energy to the development of technologies for converting renewable
energy sources (RES). According to the Sixth Assessment Report of the International Panel on Climate
Change (IPCC), anthropogenic greenhouse gas (GHG) emissions have reached the highest levels in human
history, which is already having a negative impact on the Earth's climate [1-7]. In the production of
electricity and heat, coal generation retains a dominant position. According to data at the end of 2022 in
Kazakhstan, 68.2% of electricity is generated from coal, 20% from gas, about 8.8% from water energy
conversion, and about 3.0% comes from renewable energy sources [2, 3]. These statistics are due to the
fact that Kazakhstan has huge coal reserves, approximately 34 billion tons. Therefore, to achieve carbon
neutrality by 2060 and reduce GHGs in general, along with strategic plans to increase the share of
renewable energy projects, the development and implementation of “clean coal” technologies is important.

At the state level, voluntary commitments have been made to reduce harmful carbon emissions into the
atmosphere. Kazakhstan has developed a national low-carbon development strategy until 2060, aimed at
reducing the energy intensity of gross domestic product (GDP). “The medium-term goal of the Strategy of
the Republic of Kazakhstan is to reduce GHG emissions by 15% by 2030 relative to the 1990 emissions level
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(unconditional goal) and achieve a reduction of 25%, subject to receiving international support for
decarbonization of the economy (conditional goal)” [3].

The priority in the modern thermal power engineering development is the problem of energy saving due
to the economical use of fuel and energy reserves. Increasing energy consumption with a simultaneous
increase in energy prices and widespread environmental degradation necessitates the development and
implementation of energy efficient technologies to save fuel, materials and labor costs [5-8]. Energy
conservation includes a wide range of interrelated activities and techniques to ensure efficient use of energy.
One of the methods is to clean the walls of pipelines of heat exchange devices from scale, which forms
during long-term operation and worsens the hydrodynamics of the flow and the intensity of heat transfer
processes [5]. To ensure higher combustion efficiency of ekibastuz coal and, accordingly, less harmful
emissions into the atmosphere, it is proposed to use laser ignition of the coal mixture [6]. The “three-stage”
combustion method makes it possible to increase the reactivity of low-grade Ekibastuz coal and to reduce the
content of harmful oxides in combustion products [7]. Energy conservation includes a wide range of
interrelated activities and methods that ensure efficient use of energy.

One of the ways to reduce the volume of harmful emissions into the atmosphere, including greenhouse
gases, from coal combustion is its enrichment [9-12]. The beneficiation process involves refining coal, where
“clean” coal is separated from unnecessary impurities to produce a higher quality fuel. The study of methods
and technologies for the enrichment of thermal coals, a technical analysis of the characteristics of coal from
the Ekibastuz open-pit mine of Angrensor-Energo LLP, made it possible to develop a technology for their
enrichment. The fundamental novelty lies in the use of the dry enrichment method instead of the traditional
averaging of low-grade thermal coals from the ekibastuz coal basin by mixing with high-grade coals.

2. Materials and research method

The developed method of dry enrichment using a combined dry enrichment machine type FGX-12 was
applied at the Ekibastuz open-pit mine for processing KSN grade coals. To develop a scheme for enriching
ekibastuz coal and obtaining the maximum yield of coal concentrate of the required quality, the technical
(working) characteristics of ekibastuz coal were previously determined, such as humidity, ash content,
volatile matter yield, etc. Studying the characteristics of thermal coal from the Ekibastuz open-pit mine of
Angrensor-Energo LLP in the coal chemical laboratory of Gamma LLP in Ekibastuz. The preparation of
thermal coal before the enrichment process was carried out in three stages.

Stage 1: sampling of coal from the surface of the massif (on a stack) of the Ekibastuz open-pit mine. A
coal sample was selected manually from the massif prepared for transportation from each coal unit
composing it. Spot samples taken evenly throughout the entire volume of the batch of raw coal, in the
amount of 32 samples of 5 kg each. each, according to GOST 10742-71, were combined into a common
sample [13-15].

The pooled sample was then thoroughly mixed by hand and divided in half. Thorough mixing of one
part followed by its division into 2 parts was repeated until the final result was obtained in the form of a
sample weighing 10 kg.

Stage 2: processing of the coal sample for laboratory testing.

The coal sample was placed on a baking sheet to dry for 8 hours. The laboratory sample, dried in this
way and cooled in air, is crushed in a crushing machine to a particle size of 0.2 mm to 0.8 mm.

Stage 3: determination of the technical (working) characteristics of coal in the laboratory.

Technology of enrichment of Ekibastuz coal based on the use of a combined dry enrichment machine
type FGX-12. The dry enrichment scheme for Ekibastuz coal is shown in Figure 1.

A detailed description of the structure and parts of the dry enrichment machine type FGX-12 and a
general view are given in [12]. The developed method for processing ekibastuz coal using the dry enrichment
method consists of 3 stages too. At the first stage, coal extracted from the face is cleaned of large pieces of
rock, then transported to a coal receiving funnel with a feeder, where coarse coal is crushed to a fraction of O
- 80 mm. This fraction size is determined by the size of the sieve with holes with a diameter of no more than
80 mm, located under the funnel corner of the receiving area with the feeder. At the second stage, crushed
coal is loaded into the receiving hopper of a combined dry preparation machine.

Then, along a conveyor belt, it enters a gravity sieve, where the process of coal enrichment directly
occurs by separating rock and mineral impurities from the coal with strong air flows and vibration of the
sieve. Strong air currents lift small dust particles upward, which are then sent to the dust collector, and the
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broken rock and middling product, under the influence of vibration and air currents, are directed upward
through the vibrating sieve and fall onto different conveyor belts designed for their output (two separate
outlets).

Coal purified from fine dust, rock and clay with fractions up to 80 mm in size is enriched, as its energy
characteristics are significantly improved. In order to verify this, we will calculate the technical parameters
before and after processing.

Coal preparation to enrichment

!
i v

Separation of large fractions Crushing to fractions of (0.1-0.8) mm in size

!

Loading coal into the Combined Dry Enrichment Machine type FGX-12

Concentrate  |———=—+ Enrichmeni k=== Coalrock

|

Industrial rproduct

Fig.1. Scheme of enrichment of ekibastuz coal using the dry enrichment method using FGX-12

Coal of the 0-80 mm fraction, cleared of fine dust, rock and clay, is enriched, as its quality
characteristics are significantly improved. The dry enrichment method using a combined dry enrichment
machine type FGX-12 was used at the Ekibastuz open-pit mine for processing KSN grade coals.

3. Calculation of coal technical characteristics

The crushed sample was thoroughly mixed and laboratory tests were carried out on its basis and the
following results were obtained. The moisture content of coal of this sample from the Ekibastuz open-pit
mine of Angrensor-Energo LLP was determined. To determine the moisture content of coal from the
Ekibastuz open-pit mine of Angrensor-Energo LLP, the crushed sample was thoroughly mixed and prepared.

100 —-W,
W, =W, +W, ———=, 1
t ex h 100 ( )
where W, is the total amount of moisture; W,, is external moisture per mass fraction of coal; W, is the
moisture of air-dry fuel

External moisture W, per mass fraction of coal was calculated using equation:

=G0,
G

t

W

€

where G, is the mass of the baking sheet with a portion before drying, g; G, is the weight loss of the
sample during drying, g.

The weight of the baking sheet with the attachment is the sum of the mass of the baking sheet (1.6 kg)
plus the weight of the attachment (10 kg), a total of 11.6 kg, or 11600 g. The weight loss of the sample
during drying was 348 g.

Thus, the mass fraction of external moisture is determined as

=38 100 -3%.
11600
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1) To determine the moisture of air-dry fuel (Ad) per mass fraction of coal, we need to determine the
analytical moisture of coal W,, since if a coal sample is dried to a constant mass at room temperature,

external moisture is released, and the sample is brought to an air-dry state (analytical mass ), i.e. the formula
[13]:

W?* =W,

Let us calculate the analytical mass of coal moisture as follows:
m

w?=-—.100.
m

Here the loss of mass of a sample of fuel during drying, measured in grams, is already known to us and
amounts to 348 g; the mass of the fuel sample, also measured in grams, is also known and amounts to 10,000

grams. Therefore, the analytical mass of coal moisture W, and the moisture fraction of air-dry fuel W,

equals to 3.48%. The total moisture of coal can determine using (1):
W?e = ﬂ-loo =3.48%
10000

Having received all the necessary data, the total moisture of coal is determined:

100 —W,,

W, =W
100

ex

+W,

100-3 _ 6.38%

W, =3+3.48-

Thus, the total moisture per mass fraction of coal is 6.37%.
W'=W, +Wa—100 Wey ,
100

where, an analytical moisture W, is calculated within the total concentration of the visible fraction of
coal and moisture 3.48%.

The results obtained showed the same values of total moisture per mass fraction of coal W; and the
working moisture indicator W..

2) To determine the ash content of coal (4%), we burned a fuel sample under laboratory conditions in a
muffle furnace heated to a temperature of 820°C. As a result, a mass of ash (A) was obtained, amounting to
40.5% of the burned sample. The indicator of analytical moisture of coal (Wa) was calculated by us above
and amounted to 3.48%. Thus, the ash content of the coal sample from the Ekibastuz open-pit mine was
41.9%

d _ . 100 — 0
A% =40.5 Tooaas = 41.9%.
This indicator is generally similar to the ash content of coals from other open-pit mines of the ekibastuz
coal basin, which, on average, is 40-45%.
3) The volume of volatile substances released from the sample from the Ekibastuz open-pit mine of
Angrensor-Energo LLP was calculated for the combustible mass of fuel (V “") based on the results of
determination in the analytical sample (V ?). The volume of volatile substances released in the analytical fuel

sample (V ?) was calculated using the formula [13]

Ve =M100—Wa,
M

m
where M, is the mass of released volatile substances, g; M, is the fuel weight, g; Wa is moisture content
in the analytical fuel sample, %.
To determine the yield of volatile substances in practice, we used a high-shaped porcelain crucible No.5
with a lid, weighing 110 g and volume 85 ml. We placed a 1gramm sample of air-dry fuel into the crucible,
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placed the lidded crucible with the fuel sample into the stable temperature zone of a muffle furnace,
preheated to (900 + 5°C), and held it for 7 minutes.

Then the crucible was removed from the furnace, cooled first in air for 5 minutes, and then in a
desiccator to room temperature. After the non-volatile residue cooled down to room temperature, we
weighed it and calculated it using the formula given above. As a result, a yield of volatile substances was
obtained

Ve = O—fs -100 —3.48 = 24.5%

Next, the ash content in the analytical fuel sample ( A* ) is calculated

A2 :%.100,
M

m

where M, is the mass of ash after calcination, g; M, is fuel weight, g.

To do this, the crucible is placed in a sample of air-dry fuel weighing 1 g, where it is installed at the
leading edge of a muffle furnace, preheated to 820°C. The crucible is kept in this position for 30 minutes,
which helps prevent the active release of volatile substances. The crucible is then gradually moved to a
constant temperature zone to avoid fuel flare-ups. The duration of ashing process is 30 minutes. After the set
time has elapsed, the crucible is removed from the furnace and cooled to room temperature. At the end of the
procedure, the crucible with the ash residue is weighed. Thus, the initial data were obtained for calculating

the ash content in the fuel sample M, which, as a result of a laboratory study, amounted to 41.9%, which
was almost identical to the ash content of coal on a dry weight basis

A =%~100 = 41%

Calculation using the standard formula for the volume of volatile substances released per combustible

mass of fuel V * showed 24.1%, it's a slight decrease. The value of this indicator generally corresponds to
similar values of the volume of volatile substances obtained in other quarries of the Ekibastuz coal basin, and
varies from 24 to 26%.

4. Discussion of results

The practical implementation of the dry enrichment scheme for thermal coal using the FGH-12
combined dry enrichment machine at the Ekibastuz open-pit mine was carried out in March 2020. Before the
implementation of this scheme, it was not clear exactly the possibility of dry enrichment of coal from the
KSN arch of the ekibastuz coal mine. Enrichment of KSN grade coal was carried out according to our
proposed model of the ekibastuz coal enrichment scheme using the dry enrichment method using a combined
dry enrichment machine of the FGH-12 type.

The results of the study using this method showed the feasibility of using the installation of a combined
dry enrichment machine FGX-12 at the Ekibastuz open-pit mine of Angrensor-Energo LLP. The results are
presented in Table 1. An improvement in the technical characteristics of coal according to the main
indicators (humidity, ash content, calorific value) of the finished product (concentrate) after processing is
shown.

Tablel. Characteristics of coal and of the finished product before and after enrichment

Basic characteristics before enrichment after enrichment
Moisture, W, 6.37% 4.2%

Ash content, A4 41.9% 37.0%
Specific calorific value, O 13179.6 kJ/kg 16945.2 kJ/kg
Release of volatile substances Vgar 24.5% 24.1%
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Thus, the new technology made it possible to increase the energy content of enriched fuels to 28.5% of
the original, which indicates the effectiveness of the proposed enrichment scheme for ekibastuz coal, which
includes the dry enrichment method using the FGX-12 combined machine.

The obtained indicators confirm the effectiveness of dry enrichment of coals from the Ekibastuz mine.
The proposed enrichment scheme will significantly reduce energy consumption, reduce the harmful impact
on the environment and, as a result, expand coal sales markets. The developed coal enrichment scheme was
tested experimentally on thermal coals of the KSN grade from the Ekibastuz open-pit mine of Angrensor-
Energo LLP. The enrichment results confirmed its effectiveness, as well as the feasibility of installing a
combined dry enrichment machine FGX-12 at the Ekibastuz open-pit mine of Angrensor-Energo LLP to
obtain an enriched product of the required quality (concentrate).

5. Conclusions

An analysis of the quality of ekibastuz coal was carried out. Technical characteristics of ekibastuz coal
(moisture content, ash content, release of volatile substances and calorific value) were determined using the
example of coal from the Ekibastuz open-pit mine of Angrensor-Energo LLP. Thermal coals of the
Ekibastuz basin are characterized as low-caking, high-ash, low-calorie. A technical analysis of a coal sample
from the Ekibastuz open-pit mine was carried out in the coal chemical laboratory of Gamma LLP.

It should be noted that in the experiments, 100 tons of KSN grade coal were taken as the test sample. At
the output after dry enrichment using the FGX-12 combined machine, the concentrate of the required quality
was 35%, middling product is 35%, and coal rock is 30%. The obtained indicators are quite high for this type
of coal, which confirms the possibility of processing difficult-to-enrich coal using the dry enrichment
method. Such results were obtained due to the fact that the pneumatic separation process in the FGX-12
installation occurs in an air flow of constant speed, in which coal particles are suspended and stratified by
density.

Thus, as a result of the enrichment of thermal coal using the dry enrichment method at the FGX-12
installation, the moisture content Wt decreased by 2.17% and amounted to 4.2%. The ash content of Ad also
decreased by 41.9% and amounted to 37.0%; and the heat of combustion (Q;), on the contrary, increased by
3765.6 kJ/kg and amounted to 16945.2 kJ/kg.

This, in turn, helps to improve the consumer properties of coal by obtaining the maximum yield of coal
concentrate of the required quality. This enrichment scheme can significantly reduce energy consumption,
reduce the harmful impact on the environment, and, as a result, expand coal sales markets.
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Abstract. The article considers the possibility of using the eddy current method of non-destructive testing for
the problems of measuring the electrical conductivity of thin metal films. As the object of measurement, we used
copper films of various thicknesses obtained by vacuum vapor deposition. A review of current trends in the use of
copper films in modern industry and science is presented, and an analysis is made of current methods of non-
destructive testing suitable for studying thin copper films. A brief description of the deposition method and the
hardware-software complex for measuring the electrical conductivity of the film is presented. A calibration curve
is presented, which makes it possible to restore the values of the electrical conductivity of the film from the value
of the signal of the eddy current transducer. GaAs samples were selected to construct a calibration curve. The
decision is explained by the proximity of the values of the electrical conductivity of this chemical compound to the
calculated indicators of the obtained thin films. The results of testing films with different characteristics are
presented and the distribution of the electrical conductivity of the films depending on the batch is shown. A series
of practical measurements of thin films demonstrated the existence of a relationship between the mass of the
initial substance that was subjected to deposition and the characteristics of the resulting films. According to
different values of electrical conductivity within the same batch, it was concluded that there is a difference in the
quality of deposition of different films.

Keywords: eddy current transducer, electrical conductivity, thin films, copper, non-destructive testing.
1. Introduction

Currently, in the research environment, there is a rapid development of a direction that studies the
production and application of thin layers of material, the thickness of which is in the range from fractions of
a nanometer (monoatomic layer) to several microns. Many branches of modern production have turned their
eyes towards thin metal films, in view of the prospects that such innovative materials open up. At the
moment, thin films are already being used in a wide range of industries, including microelectronics, optics,
microwave technology, metalworking, high vacuum technology, etc. These circumstances allow us to talk
not only about the improvement of technical characteristics, but also about new technological directions.
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Thin films are characterized by an extreme breadth of the spectrum of possible structures and
properties, the presence of which is determined by the thickness of such materials. In this regard, the
physical properties of thin films can differ significantly from the characteristics of a substance in a bulk state.
These circumstances increase the interest in these materials on the part of scientific research, since they can
be used to discover properties and regularities previously unknown to physics. In practical terms, the study
of thin films is essential in the development of innovative technologies and devices based on them.

At present, the electrical resistance determined by the film thickness is considered to be the key
parameter possessed by thin films. Practical developments allow us to make a conclusion that the regulation
of the electrical conductivity of thin films makes it possible to control their structure. According to the
results of the analysis of modern publications on this topic, the eddy current testing (ECT) is the most
optimal direction for continuous non-destructive testing in terms of ecology, ease of use, as well as
efficiency and productivity. This method is based on the phenomenon of eddy currents, the excitation of
which in the object under study (in this case, in thin metal films capable of conducting electric current)
makes it possible to reveal hidden inconsistencies (Figure 3).

As follows from the provisions that have been developed in modern publications, systems with
overhead and screen transducers demonstrate a stable efficiency of non-destructive testing using ECT.
Researchers focus on such parameters of thin films as specific electrical conductivity, thickness, as well as
the detection of violations of the structure of the substance and damage. The development of special
transducers and the optimization of existing ones will serve as the basis for creating general principles for the
implementation of the necessary control tools.

The use of non-destructive testing methods based on eddy current effects in relation to violations of the
structure of the substance of thin films has some specificity compared to typical test objects, which is
expressed in the breadth of the spectrum of manifestations. The thickness of thin films varies from fractions
of a nanometer to several microns; at the same time, the possible nature of violations of the structure of a
substance is diverse. In modern publications devoted to the problems of eddy current testing, some
conceptual directions can be traced, which can be recognized as common to the entire field of non-
destructive testing, including both the theoretical part and the measuring technique itself. In particular, the
emphasis is on improving measurement accuracy and expanding functionality.

Eddy current non-destructive testing systems have their own specificity, which consists in the need for
constant changes in the design of sensors in accordance with the conditions of a specific task. These
circumstances are due to the fact that the key informative indicator of this approach is the voltage directed to
the measuring winding of the converter. It correlates with the consolidated characteristic of the Po sensor,
which is a function of the nature of the substance, the type and parameters of internal disturbances in the
structure, parameters and structure of the converter, as well as the frequency of the exciting alternating
electromagnetic field. Also, when calculating the electrical characteristics of the sensor, it is necessary to
take into account the defect-sensitive material parameter, the location and parameters of possible violations
of the internal structure of materials, and the locality of the eddy current converter.

Electromagnetic non-destructive testing (NDT) is widely used for the evaluation of conductive
materials [1-3]. One common approach, ECT, employs a system of coils that induces eddy currents in a
conductive sample and subsequently monitors changes in the secondary magnetic field generated by the eddy
currents [2, 4]. Defects in the sample distort the eddy currents, resulting in a change in the magnetic field
detected by the coils. ECT has limitations, including shallow penetration depth, an inability to detect defects
with interfaces parallel to the surface, and the requirement that the probe maintain minimal lift-off from the
test material. Despite these limitations, ECT is widely used for NDT and inspection because of the
advantages offered in terms of cost, portability and ease of interpretation of results. Currently, the practical
utility of ECT is restricted to conductive materials. However, with the growing use of nonconductive
materials in industrial applications that require non-destructive evaluation, there is a need for an approach for
these materials with comparable advantages to ECT.

During ECT testing, the conductive or semiconductive material is excited by a coil with high frequency
alternating currents. Defects including cracks, voids or delamination alter the eddy current distribution
around the defect. ECT have been recently used for the inspection of composision materials [5-7]. For
example, Liang Cheng et al. [8] compared ECPT with ultrasound and flash thermography for the detection of
delamination in composites. However, to date, a quantitative comparison of the damage detection
performance of eddy-current method for composite and metallic materials is still missing [9]
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Copper (Cu) has become widely used as a connection material in very large integrated circuits due to its
low electrical resistance and high resistance to electromigration [10-12]. However, copper can diffuse into
silicon dioxide (Si02) [13—15] and silicon (Si) at temperatures up to 200°C [16], which has a negative effect
on the stability of electronic devices. Recently, many materials have been studied that can be used to create a
thin metal film [17-19], but copper remains the most interesting of them, since it is difficult to form an
intermetallic compound with Cu/Si, which ensures a relatively stable interface between them. When the
thickness of the copper film is reduced to about 600-1000 nm, the measurement of the electrical conductivity
of the copper film becomes relevant, both to control the deposition process and to control the thickness.
Currently, there are several methods for monitoring electrical conductivity, including the four-probe method
(4PP) [20-—22], the optical method [23], and the eddy current method [24]. The 4PP method is a common
method for determining the thickness of a copper film in the semiconductor industry, but it requires contact
of the probes with the sample surface [25]. The optical method uses the principle of interference of a light
beam reflected from the surface and bottom of the film [26]. This method is well suited for transparent film,
but cannot be applied to metal. The eddy current method [27-29] is a non-destructive and non-contact
method with high sensitivity [30-31] that satisfies the requirements for measuring the electrical conductivity
of a copper film.

The current range of scanning devices using the principles of eddy currents has limited application to
the problems of measuring thin films. The thickness of such materials (100 - 500 nm) causes difficulties in
flaw detection and imposes increased requirements on eddy current transducers and other elements of the
scanning system. For example, the operating frequency required for efficient investigation of thin films is in
the range of 1 — 10 MHz [32].

Summing up the intermediate results, we have reason to speak with confidence about the relevance of
this area of research. This publication aims to describe the practice of using the eddy current method of non-
destructive testing in the study of the electrical conductivity of thin metal films. Measurements will be
carried out using the developed setup based on an ultra-compact transducer that uses the principles of eddy
currents and is capable of effectively localizing the electromagnetic field in small areas. According to the
scanning plan, the received signal from the eddy current probe will be subjected to hardware and software
processing aimed at data analysis using special algorithms.

The successful achievement of this goal necessitates addressing a comprehensive set of tasks:

1. Transducer Design: Develop an eddy current transducer optimized for the specific flaw detection
application. This requires selection of the core size and shape, alongside the number and turns of coils within
the core, to effectively focus the electromagnetic field onto the object under investigation.

2. Software-hardware system development: Create a dedicated software and hardware system based on
the designed transducer. This system should perform precise control of the eddy current testing (ECT)
process, encompassing:

* Generation of alternating current with variable frequencies

* Coordinated current within the ECT windings

» Acquisition and clear visualization of the resulting signal

3. Rigorous experimental validation through controlled experiments investigated the electrical
conductivity of representative thin film samples, emphasizing accurate determination of their final values.

2. Materials and methods of research

In scientific research, the method of resistive heating of a substance with subsequent deposition from
the gas phase in vacuum on a glass substrate has proven itself well as a method for obtaining thin films. This
method is characterized by high efficiency, low cost of equipment, safety in operation and small overall
dimensions. Copper, which is widely used in science and technology due to the parameters of its electrical
conductivity, was chosen as the source of the film material. The evaporation of the substance was carried out
in the VUP-5 installation.

The scheme of operation of the vacuum universal post VUP-5 is shown in Figure 1 [33].

On Figure 1 under the symbols are: D1, D2 and D4 is low vacuum pumps, used to remove the main part
of the gas from the chamber, D3 is high vacuum pump - to maintain vacuum by removing gas flowing from
the surfaces, K is valves, K4 is high vacuum valve. WL is working volume, FP is foreline pump, FC is
foreline cylinder, DP is diffusion pump.
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Fig.1. Scheme of work of VUP-5.

Fig.2. Scheme of evaporation and deposition in a vacuum chamber.
1) evaporator, 2) evaporated substance, 3) substrate

The scheme of evaporation of the source of the film material, as well as subsequent deposition, is
shown in Figure 2. The calculated volume of copper is located on a thin tungsten plate, which acts as an
evaporator. An electric current is applied to the plate, as a result of which it is heated to high temperatures
and leads to the evaporation of the source of the film substance. Breaking away from the surface, the
particles of the substance propagate in a vacuum, forming a vapor, which subsequently settles on a glass
substrate. The glass plates used for the substrate had different areas.

Differences in the thickness of the final film is due to the different volume of the substance of the film
source subjected to evaporation. According to the study plan, the amount of copper increased as the lot
number increased. Within the same batch, the film samples also differ in thickness, since they were located
in the chamber at different distances from the center of the evaporator.

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

To control the operation of the developed converter, automate the measurement process and convenient
visualize the results obtained, a hardware and software complex is required.

The developed diagram of the software and hardware complex is presented in Fig. 2.

The control unit, executed on the basis of a personal computer (PC), generates and sends commands to
the generator (GEN) and the VTP positioning system. The generator, having received a control signal,
generates an alternating electric current of a given frequency, which, passing through the Amplifier, acquires
a given amplitude and is supplied to the exciting coil of the VTP.

The voltage on the measuring coil, passing through the Amplifier and Filter, is supplied to an analog-to-
digital converter and then, in the form of a digital signal, enters the processing and visualization unit (PC).
To move the ECP over the object of study, a positioning system based on Cartesian kinematics, based on a
Cartesian coordinate system, was developed; this technology operates on the basis of three axes is X, Y, Z.



78 Eurasian Physical Technical Journal, 2024, Vol.21, No.1(47) ISSN 1811-1165; e-ISSN 2413-2179

Generator Amplifier
ECT Positionin
Control S & ECT
ystem
Processing
and
visualization
PC
ADS Fil 1 Amplifi
FFT ilter mpliner

Fig.3. Scheme of the eddy current complex

The platform for securing the research object moves along the Y axis, and the sensor holder moves
along the X and Z axis. Each direction has its own motor, the Y and X axes have a belt drive, the Z axis is
driven by a screw system consisting of a stepper motor, a flexible coupling and a screw, the pitch of which
determines the step size along this axis. The maximum size of the probing area is 22 x 22 cm, the maximum
movement speed is 180 mm/s, the movement accuracy is 100 um.

3. Results and discussion

To conduct direct measurements of electrical conductivity with the involvement of an eddy current
transducer, a scale was compiled in units of the measured value and equipped with a calibration curve
(Figure 4.). Approximation was carried out using the least squares method. Gallium arsenide GaAs samples
were selected to construct a calibration curve. GaAs samples were cylinders of various sizes, with different
types of conductivity (p, n), mobility (200-2400 cm?/s), carrier concentration (3,75-10'7-3,3-10'® 1/cm?) and
dislocation density (10%-3 10%). The solution is explained by the closeness of the values of the electrical
conductivity of this chemical compound to the calculated values of the obtained thin films. The operating
frequency during direct measurement was 7 MHz, the signal amplitude was 1.45 V. The results obtained are
shown in Table 1.

Table 1. Response amplitude from GaAs.

Electrical conductivity of 0.00138 0.001792 0.071808 0.09984 0.09216 0.11616 0.12144
the standard, MSm

Amplitude, V 0.02125 0.02247 0.08553 0.09716 | 0.09847 | 0.10520 0.10828

To compile a holistic picture of the studied parameters, the results of the responses of the scanning eddy
current system were collected and analyzed when measuring samples of thin films from different batches.
Several batches of films with different materials and thicknesses were obtained using the resistive
evaporation method. The thickness of the films in different batches varied from 100 to 800 nm, which was
achieved by using different amounts of the evaporated material. The substrate dimensions were 23 x 23 mm.
The films had a polycrystalline structure. Figure 5 shows the results of the measurement of the obtained
samples from the first batch. It can be observed how the distribution of the incoming signal from the eddy
current transducer shown in the image is uniform. Thus, we get grounds to speak about the uniformity of the
deposition of the film substance and, accordingly, the quality of the material obtained.




Eurasian Physical Technical Journal, 2024, 21, 1(47) Engineering 79

0,14
. 0,12 -
1 ///
= 01 o
- 7
2 y=1,3131x- 0,0289 PR
.2 0,08 R2=0,979 -
k3 .
5 -~
= 0.,06 z
8 2
— 7
So04 —
= s
‘5 7
O
20,02
M //
7
0 »”
0 0,02 0,04 0,06 0,08 0.1 0,12
Amplitude, V
Fig.4. Calibration curve based on GaAs.
0.25
f\.J‘-W\-'\/\/“V\N\
0.2 / \
0.15
>
=)
) /\’\ / \/\
0.05 V \/
0
0 05 1 15 2 25 3 35

Fig.5. Results of measurements of films from batch No. 1.

Figure 6 shows the results of measuring films from the second batch. The nature of the incoming signal
from the ECP has changed significantly: we can confidently speak of the presence of two regions with
different signal amplitudes. This indicates the existence of some differences in the electrical conductivity of
different regions of the same sample. It is important to note that within the boundaries of these areas, the
signal is largely stable.
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Fig.6. Results of measurements of films from batch No. 2.
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Figure 7 shows the results of measuring films from the third batch of films. Judging by the nature of the
distribution of the signal coming from the transducer, the samples also contain regions with different
electrical conductivity (similar to the picture in the second batch). However, unlike the second batch, even
within the same region, the signal is not stable either, the limits of signal change are quite wide. Thus, the

electrical conductivity varies both in individual areas and throughout the sample.

Figure 8 shows the results of measuring films from the fourth batch of films. The picture demonstrates
the unsystematic nature of the distribution of the signal level from the eddy current transducer. This is
explained by the fact that the electrical conductivity of the samples varies significantly over their entire area
without the possibility of isolating relatively stable regions. This can be explained by a change in the
structure of conductive films and, accordingly, the mechanisms of movement of electric charges that create

an electric current.
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Fig. 7. Results of measurements of films from batch No. 3.
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Fig. 8. Results of measurements of films from batch No. 4.

The results of film measurements are shown in Table 2.

Table 2. Average conductivity by batch.

Sample No. Party 1 (1) Party 1 (2) Party 2 (1) Party 2 (2) Party 3 (1) Party 3 (2) Party 4 (1) Party 4 (2)
Electrical 0,28 0,23 0,084 0,087 0,138 0,22 0,80736 0,22469
conductivity
MSm
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4. Conclusion

Summing up the results of the study, it is necessary to note some key provisions.

1. In particular, it was possible to work out the practical aspects of obtaining thin metal films with
various parameters, including thickness, electrical conductivity, and oxidation resistance. As part of the
study, a VUP-5 vacuum unit was used to create several batches of thin films by resistive deposition.

2. To measure individual parameters of thin metal films, which are of the greatest interest, a special
scanning setup was developed on the basis of an ultra-compact transducer using the principles of eddy
currents.

3. The measuring setup was successfully tested on thin copper films and proved to be effective in
establishing the values of the parameters of interest. The response from the measuring winding, which is part
of the ECT, which is the result of the interaction of the transducer field with the film, has sufficient
information content for subsequent analysis.

4. The method of calibration of the scanning setup using samples with known electrical conductivity
was used in the work. Both high and low electrical conductivity values were included in the system. This
made it possible to build a calibration curve, which can be used as a guide when obtaining the calculated
values of the conductivity of the current film.

5. Analysis of the amplitude values of the input signal, which by their nature are derivatives of the
interaction of the magnetic field of the transducer with the film, carried out taking into account the
calibration curve, makes it possible to draw conclusions regarding the electrical conductivity values of thin
films from different batches.

6. A series of practical measurements of thin films demonstrated the existence of a relationship between
the mass of the initial substance that was subjected to deposition and the characteristics of the resulting films.
This circumstance indicates that the stability of the values of the parameters of the final materials can be
achieved by increasing the accuracy of taking into account the mass of the initial substance.

The scientific and practical significance of the results obtained in the work are as follows:

1. For the first time, a design of an eddy current transducer with characteristics that enables thin metal
film analysis, including detecting and characterizing defects and inhomogeneities with an area of 10,000
um2 and more, as well as determining the coordinates of film boundaries.

2. A dedicated software-hardware system based on the eddy current method was developed to enable
experimental investigation of inhomogeneities and defects in thin metal films with a thickness of 100 nm or
more and a specific conductivity of 14 MS/m.

3. The determined frequency range of the excitation signal of the eddy current transducer is 10-30
MHz, which allows for research of defects in the structure of films with a thickness of 100 nm and more.
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ITS DEPARTURE FROM THE CARTRIDGE CASE
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Abstract. False heat targets play an important role in the safety of aircraft and helicopters. The main task is
to ensure stable ignition of the fuel grain before leaving the cartridge case. In order to optimize this process, it is
important to study the influence of various parameters, such as the size of the gap between the cartridge case and
the cylindrical surface of fuel grain, as well as the size of the particles coming from the initiator and fuel grain.
This article offers a physical and mathematical model of the ignition and departure process of the grain, and
studies the influence of the specified parameters on the ignition time. The ignition times of the grain end surface
for different particle sizes equals v = 1 um and r = 25 um have been estimated, the gap between the cartridge case
and the cylindrical surface of grain ranged from 0.5 mm to 2 mm. The output velocities of the grain from the
cartridge case are obtained for particles equal to 1 um and 25 um and different gap between the cartridge case
and the cylindrical surface of fuel grain.

Keywords: false heat targets, combustion, combustion products, mathematical modeling, muzzle velocity, internal
ballistics

1. Introduction

Systems known as false heat targets play an important role in ensuring promotion of safety of fixed
wing aircraft and helicopters flights on various missions [1]. False heat targets are devices capable of
emitting a large amount of heat during propellant mixture combustion, which prevents detection of the exact
location of the aircraft whose engine temperature is high [2].

False heat targets are similar to the ammunition of signal or illuminating launchers [3] and consist of a
cartridge case filled with solid fuel composition. The successful use of false heat targets requires the stable
ignition of the pyrotechnic composition of the fuel grain before it leaves the cartridge case [4].

In order to achieve full ignition of the end part of the fuel grain while it is in the cartridge case, it is
necessary to identify the influence of various parameters on the ignition process and the grain discharge from
the cartridge case. Within the framework of this task, it is necessary to determine the optimal design
parameters, such as the size of the gap between the cylindrical surfaces of the cartridge case and grain, as
well as the size of the particles coming from the initiating device and the pyrotechnic composition of the fuel
grain. Information about the impact of these parameters on the ignition process is important to minimize the
possibility of false start-ups.

The purpose of this article is to develop a physic-mathematical model of the process of ignition and
departure of the fuel grain from the cartridge, to study the influence of the particle size coming from the
initiating device and the pyrotechnic composition of the grain, the gap between the cartridge case and the
cylindrical surface of fuel grain on the ignition time of the end grain surface.
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2. Physical statement of the problem

The fuel grain 3 in cartridge case 2 is shown in Figure 1. The cartridge case at one end is closed by a
membrane 4, which opens when the shot-start pressure is reached. At the initial time, combustion products
consisting of the initiator gas and inert particles are received from the initiator’s surface 1. Between the grain
surface and the combustion products there is heat exchange due to radiation, particle conduction and
convection of combustion products. When the grain surface reaches the ignition temperature, combustion
products consisting of fuel grain gas and particles enter the cartridge case free volume. At the moment when
boosting pressure is reached on the membrane, the membrane opens. In this case, under the influence of the
dynamic pressure of combustion products flowing from the free volume, the grain begins to move along the
x axis and leaves the cartridge case.

This article considers the research of process within the following assumptions. The combustion
products flow is two-dimensional axisymmetric, the combustion products are a viscous compressible multi-
temperature and multispeed medium [5] consisting of a multi-component gas (air, initiator gas and grain gas)
and particles of the initiator and particles of the grain.

To estimate the time of the grain ignition, the problem of involving the fuel grain surface to the burning
is solved. It is assumed, that the ignition of the surface, i.e. its inclusion in the combustion process, occurs
gradually after the temperature at a given point has reached some critical value. The surface temperature is
usually found either by numerically solving the non-stationary thermal conductivity equation [6, 7] or by
solving the ordinary differential equation [8] obtained by one of the integral methods [9, 10]. This work uses
the second method as less resource-intensive.

2

_1| o

Fig.1. Product appearance: | — initiator, 2 — cartridge case, 3 — fuel grain, 4 — membrane

The process of fuel grain movement in the cartridge case is modeled using the equation of motion and
dynamic mesh technique.

3. Governing equations

The movement of the fuel grain is modelling with the next system of equations:

av, _ 1|, N , | dx
—t=—1|2m dy =T ,—Lt=V, 1
i m g wdy=Twip, ===V (1

With initial conditions: #=0, ¥, =0, X, =x ; rae m, - the mass of grain, p, - the pressure on the left
end of the grain, p - the pressure outside the cartridge case.

The system of equations describing the gas-dynamic processes occurring inside the free volume of the
cartridge case can be written as:

out

U hmr=s ©)
ot

The components of the column-vectors U, F, S are presented in Table 1.
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Table 1. Components of column-vectors of the system of equations (2)

U F S
Continuity \% _ .
equation for gas P Py Ve (1 Zz) (i,
Equation for the 0 i=1
it gas | P.Y p (V Y -D, ffDY.) ’
1 g g7 i€ i _ . .

component (1-z,) W, i=2
Momentum _ 2
equation for gas | Pe Ve P VeV, =Ty, Zng -a,tp

s=1

oa
-p g +
Energy S x 0 . 62
conservation ngg nggHg T, YV, O A, T N N N
equation for gas ;hﬁg Pq D’lE/f ur, ;(ng RSng)
¢, oIp (1 - zz) U,

Continuity :
equation for the 0 oV 0, s=1
particles st : sTs iy, s =2
fraction
Momentum
equation for the v VV -T . —
particles sth P, ¥, Py ViV off s sg P
fraction
Energy
conservation B __oa, 0 -R.V + 0, s=1
equation for the pSHS pSVVHS - TE/]'YS D]S _GS)\E/f,SDT; P ot e w CszzzzmT, s=2
particles st
fraction

Here 7it, =Pty 2 |]5(X —xp) E](T —71) is the mass burning rate of the fuel grain per volume unit, p is

the density, V=U 0 +V [j is the velocity vector, p is the pressure, 0 is the volume fraction, ¥, is the mass
fraction of the i™ gas component, i = 1 is the gas coming from the initiator, i = 2 is the gas coming from the
surface of the burning grain, s = 1 is particles coming from the initiator, s = 2 is particles coming from the
surface of the burning grain, z, is the mass fraction of particles in the grain, p,, is the density of the grain

composition, u,, is the coefficient in the burning law of grain composition, v, is the exponent in the burning

law of grain composition, 5(x—xp) is Dirac delta function, X, is the vector of burning grain surface

position, n (T - T) is the unit function, 7, is the grain surface ignition temperature.

Ideal gas equation:
P =P RT,,

2 2
R= ZRiI/i + [1 - ZYJ& is the gas constant, R, is the gas constant of air.
i=1 i=l

The volume fraction of particles and gas is determined from the relations:

P P,

o=—,0=",a,+a,+a, =1,
10 p20
where p,, is the density of particle material.

Stress tensor is written as:

_ 2 —
Torj = ey s [(DVJ + DVJT) _ED v; D} )

where j =g isgas, j=s are particles, I is unit tensor.
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Ggp.
P

2 T,

b =R+ [ edT.

T

Gas enthalpy £, =H, —

Particle enthalpy H, =h,

18a
Phase interaction R, =K, (Vs _Vg), where K, = d;“g (1 +0.15 Re;);m).

s

6a A
Heat-exchange rate between phases O, = d” —Nu,, (TS -T g),

s

¢
where Nu , =2+0.6Re,,’Pr,”*, Pr, = SrsMe
S, S g A
4
To close the governing equations (2), the SST mixture turbulence model is used.

The system of transport equations for the turbulence model has the form [11]:

0
a (pmk)-l-D[qpm m ) D[qu[lk)-l-Gk_Yk-l-Sk

ai( w)+0{p,V,0) =00r Ow)+G, -Y, +S,

) €)

where I, and I are the effective diffusivity of & and W, respectively, ¥, and Y, are the dissipation of k
and W due to turbulence, G, is the production of turbulence kinetic energy, G,

w

is the generation of W,

— — p _ k — c ,mp‘t,' — u,i 3
ugﬁ',_,‘ - H,» +|Jt,_; > H,,,- _zuz,m s U‘t,m - pm aa a)\g//,j _)\j +pP—I”tj > De[/‘,i _D[ + pm‘tS,Ct s ,Z:l:az i0 2
2
1< 3 . . 3( m k
=— oV, W, =D oM, S, =km., S,=wm., k ==1—|, o =—L—, v, = :
m p Zl pz() i l"l ; l"l k p T w p T P 2 pm’p P IOV,W m p‘m /pm
D, is the diffusion coefficient of the /™ gas component. Index p is related to near wall cell.
The source terms are: S,, =0, S,,=S,,, S,, =0, S,,= 8, es Sie =8, TpaC,es S =0,
-z,
Sy, =8,,Tpc,, VEULHV .
Initial condition: V, =V =0, p=p,, P, =P,,, P, =0, ¥, =Y, =0.
Boundary condition:
- wall boundary condition OY, =0, U7 =0, 9k =0, wz% ;
on VP
for cartridge case: V, =V, =0;
for fuel grain: V, =V =V, where V, =V, G+00j;
2
.. W
- outflow boundary condition: p=p_, —¢ =0, where ¢ = {pé, } 0 Ij =0, 6—2 =0;
on On on
. . 0
- condition on the axis of symmetry: V, = v, =0, a—¢ =0, where ¢ :{p,U,H,pS,US,HS,p,Yl.,k,(A)} ;
Y
- boundary between the initiator and the free volume of the cartridge case: p,U, = (1 - )E)Tlu01 P,
— —_ — — — —_ — — — 3 2772 — k .
V,=0, p = 2 v,=0, U,=U,, T,=T,=T,,, Y, =1, ¥,=0, k=21U;, 035, where:

m

1=0.05.
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The temperature of the fuel surface is determined from the solution of the ordinary differential equation
obtained by the method of integral ratios by approximating the temperature profile inside the fuel with an
exponential function [12]

drT, q,

W= , 4
dt  Npye (T,-T,,) “)

wn

with initial condition:
T, T

=0 ~ Lwn o

Where qw = qconv + qmd + qcond > qconv = qconv (T _Tw) 4 qmd = S0-0 (T4 _T4) 2 qwnd = psOVscs (Tl _Tw) ’ € iS the

gas emissivity, o, 1S Stefan-Boltzmann constant, ¢, is the heat capacity of the particle substance,
a,,, =0.021Re"*Pr,"“\ / D,,Re=pJV, D,/u,, D, =4S/M is the effective channel diameter, S is the

ef » g mg g 9

channel cross section area, I is the gas-touched channel cross section perimeter.
4. Numerical technique

Layering method (layer generation) was used to simulate the forward movement of the fuel grain in the
cartridge case, which completes the calculation grid layers according to the movement of the grain. The
result is a computational grid consisting of rectangular cells layers of a given size with a constantly changing
number of cells [13]. This type of dynamic mesh is quite simple to implement through user functions in
ANSYS Fluent, the application of which allows one to remesh the grid based on the geometry of the model
(as a result of solving the equation of motion for the grain) in the calculation process [14].

To solve the system of governing equations, a SIMPLE-like method was used, based on a separate
solution of momentum equation for each phase (Phase Coupled SIMPLE) [15]. To approximate the
convective parts of the equation, an implicit upwind difference scheme of first order accuracy was used. The
PRESTO (PREssure STaggering Option) scheme was used to find pressure on cell faces. Numerical methods
for studying viscous gas flows with particles in channels of complex shapes show their effectiveness [16,
17].

5. The discussion of the results

The length of the grain was taken to be 72 mm, the diameter of the initiator was 10 mm, the size of the
gap between the end of the grain and the cartridge case was 2 mm, and the diameter of the cartridge case was
30 mm. The size of the gap between the cylindrical surfaces of the grain and the cartridge case varied from
0.5 mm to 2 mm, the particle sizes equal » = 1 um and » = 25 pm. The membrane boosting pressure was
assumed to be 8 atm.

Calculations were carried out using the following data for the initiator igniter composition:

Pp, =3220 kg/m®, v, =0.408, u, =3.74007 m/(s(Pat), z =0.499, T, =3430K ; for the gas phase:
k=125, R =156.3J/(kg[K); for fuel grain pyrotechnic composition: p, =1800 kg/m’, v, =04,

u02=5[l]0'5m/(sD’aV2), z, =0.681, T,,=2035 K, T.=1100K , A =L77TW/(mX),
¢, =1030 J/(kg[K), for the gas phase: k =1.48, R, =343 J/(kg[X).

For analysis the numerical solution for mesh independence, the ignition time #;; of the grain surface end
part, which opposite the initiator was chosen as the criterion. Calculations were carried out on a sequence of
grids with a step of 1 mm (mesh 1), 0.5 mm (mesh 2) and 0.25 mm (mesh 3). The time step was 10 s. The
height of the gap between the cylindrical surfaces of the grain and the cartridge case was 2 mm, the particle
size was chosen » = 1 um. On grid 1, the ignition time of #;; was 1.3ms, on grid 2 - 1.5ms, on grid 3 - 1.6ms.
Finite-difference mesh 2 was chosen for further calculations.

Figure 2 shows gas flux line for various positions of the grain, obtained for a particle radius of 1 pum and
a cylindrical gap size of 2 mm. It can be noted, that starting from the moment of time t = 5 ms, a vortex zone
is formed between the ends of the cartridge case and the grain, pushed away from the grain end by the
combustion products of the grain. As the fuel grain moves towards the exit from the cartridge case, the
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vortex zone moves in the same direction, to the left of which a stagnation zone is formed. In the central axial
zone of the free volume, a jet flow is formed due to combustion products coming from the initiator.

It will be seen from figure 3, that particles with a radius of 1 pm are carried away by the gas flow and
do not accumulate on the fuel grain end surface, which complicates the process of grain heating. Particles
with a radius of 25 um are characterized by sedimentation and accumulation of particles from the initiator at
the end of the grain, as well as a more intense heating process of the grain end surface compared to smallest
particles.

a)

¢)

-
] 0.01 {m) ] 0.01 {m)
L ee—— L e—
a) b)

Fig.3. Particles trajectory emitted from the initiator at time 5 ms: a) » =1 pm, b) » =25 pm

Figure 4 a shows the effect of the size gap between the cylindrical surface of fuel grain and cartridge
case on the time ignition of the grain end part for the radius of particles » = 1 um. The ignition time of the
surface part grain, which is located opposite the initiator, is practically independent of the size gap. For the
remaining surface part of the grain face, the reducing size gap increases the ignition time. When the radius of
the particles is increased to » = 25 um, (figure 4 b) the effect of the size gap has a slight effect on the ignition
time of the grain end face, while the ignition time with a narrower gap is minimal.
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Time ignition, ms

Calculations show that increasing of the size gap between the cartridge case and the grain cylindrical
part as well as an increasing particle size leads to a decrease in the ignition time of the grain end surface,
which is associated with more favorable heat exchange conditions between the combustion products and the
grain.
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Fig.4. Influence of the gap size between the cylindrical surfaces of the cartridge case and the fuel grain on the ignition
time of the end part of the fuel grain: m — d=2mm, ® — d=1mm, A —=0.5mm, a) » =1 pm, b) r =25

and is set equal to the quasi-static pressure.

increase in the grain launching speed (figure 6).

Pressure, kPa

The speed at which the end surface of the fuel grain is connected to the combustion process, as well as
the free volume in the cartridge case, affect the pressure rise rate in the cartridge case. Figure 5 shows the
dependence of the average pressure in the cartridge case from time for different values of the cylindrical gap
and different particle sizes. After reaching the boosting pressure of the membrane (8 atm), the pressure drops

800

600

400

200

r=1pum

Time, ms

a)

Pressure, kPa

r=25um

Time, ms

b)

Fig.5. Dependence of average volume pressure in the cartridge case on time:
1 - d=2mm, 2 - d=lmm, 3 - =0.5mm, a) =1 um, b) » =25 pm

A reduction of the cylindrical gap and an increasing in particle size leads to fast rising in boosting of
pressure and, consequently, to an earlier removal of the membrane. At the same time, a smaller cylindrical
gap delays the time of the pressure drop in the cartridge case after the membrane removal, which leads to an
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Fig.6. Effect of gap size on grain movement speed: 1 - d=2mm, 2 - d=1mm, 3 - d=0.5mm, a) =1 um, b) » =25 pm

An increasing in particle size in the case of a cylindrical gap of 0.5 mm also leads to an increasing in
the launching speed of the grain from the cartridge case and does not affect the launching speed for a gap of
2 mm. However, for a 1 mm gap, increasing the particle size reduces the grain ejection rate.

6. Conclusions

Under this study, it was found that the size of the gap between the cylindrical surfaces of the cartridge
case and the grain has a significant effect on the ignition process of the end surface of the grain, which is
manifested in the fact that increasing the gap size contributes to increasing the temperature grain end surface,
and, therefore, leads to decreasing time ignition.

Reducing the particle size leads to increasing ignition time of the grain end part. This dependence is
important for designing and creating ignition systems, for example, to achieve certain time characteristics of
ignition of different areas of the grain surface.

Reducing the size gap between the cylindrical surfaces of the fuel grain and the cartridge case, and,
consequently, the free volume in the cartridge case, leads to increasing in the speed at which the grain leaves
the cartridge case.

Obtained results offer the challenge for further research and development in the field of creating more
efficient ignition systems. Improved ignition timing and control of the ignition process can lead to increased
reliability and efficiency of these systems.
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SIMULATION OF MULTIPOINT CONTACT
UNDER THERMOELECTRIC TESTING
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Abstract. The article presents the results of modeling a multipoint contact in the thermoelectric method of
testing. Sources of thermoelectromotive force (thermoEMF) have shown different influences, according to their
type, on the load characteristics of the equivalent source obtained by parallel connection of several
thermocouples as shown in the explanatory figures. The presented model is implemented in the NI LabVIEW
package, which is freely available. The model was verified on three types of thermocouples (copper-constantan,
copper-nichrome, and chromel-alumel), which have been connected in parallel in different quantities. The
calculated load characteristics of the equivalent sources differ from the experimental ones by no more than 6%.
The results of modeling the load characteristics of the equivalent thermoEMF sources obtained by parallel
connection of different quantities of two types of thermocouples are presented. It is shown that in order to obtain
reliable data, it is necessary to provide an equivalent source load of at least 1 kOhm.

Keywords: thermos EMF, equivalent source, parallel connection, multipoint contact, load
characteristics, superposition method.

1. Introduction

Thermoelectric testing is used in many areas of industrial production. One of the undoubted advantages
of the thermoelectric method is the possibility of rapid testing. Another advantage is the simplicity of the
technical implementation of this method, the compactness and autonomy of thermoelectric testing devices,
ease of sample preparation, and intuitive testing procedure, which does not require special training of
personnel. The main application area of the thermoelectric method is testing of metal products: sorting by
steel grade, quality control of heat treatment, decarbonized layer, plastic deformation [1-20]. In scientific
research, the thermoelectric method is used to measure the Seebeck coefficient [21].

A whole lineup of various thermoelectric devices is being produced for thermoelectric testing purposes.
The Taiwanese company ACTTR produces Seebeck coefficient analyzer SETARAM SeebeckPro, the
French company DIRECTINDUSTRY produces Seebeck coefficient and electrical resistance analyzer SR-3
Linseis, the German company NETZSCH produces NETZSCH SBA 458 Nemesis for thermoelectric testing,
the Japanese company ADVENCE-RICO produces ULVAC ZEM-3 for measurement of the Seebeck
coefficient and electrical conductivity, the English company QM-PLUS produces MMR Seebeck System for
measuring the Seebeck coefficient of metals, the Russian company VELMAS produces a thermoelectric
analyzer of metals and alloys TAMIS, and Tomsk Polytechnic University manufactures « THERMO
FITNESS TESTING» for differential thermoelectric testing.
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Despite the wide range of manufactured devices, all of them have disadvantages associated with low
repeatability of test results [21 —22]. This can be attributed to the inhomogeneity of the surface of the tested
sample in terms of chemical and phase composition. It should be noted that the influence of the
heterogeneity of the chemical composition on thermoEMEF is noted in the works of Karzhavin and Sungtaek
[23, 24].

2. Formulation of the problem

To reduce the influence of such factors as inhomogeneity in chemical and phase composition, it was
proposed to use electrodes with a linear or planar contact [25]. In this case, as the authors indicate, a
multipoint contact is obtained. Each contact will be characterized by its own thermoEMF, as a result of
alloyed iron, where carbides appear in the structure. Each point of contact will have different thermoelectric
characteristics in relation to iron. The value of the carbide phase can vary from 5 to 30 % of the surface area
of the sample, depending on the degree of alloying (Fig. 1) [26]. The equivalent thermoEMF will be
determined by the parallel connection of these sources. Their number will depend on the size of the
electrodes and the surface roughness (Fig. 2).

f< A ﬁé "y’ LRI AT
\'ﬁ\/ \('\l \, \ /l \‘;‘ . .‘/
: g g Lk Y,

/

Fig.2. Projection of multi-point contact between the

surfaces of the electrodes and the alloy steel
Fig.1. Carbides in alloy steel.

In this case, the equivalent thermoEMF is measured, which is composed of a parallel connection of
thermoEMF sources with different thermoelectric characteristics: EMF value, internal resistance, power, and
also different contact resistance. One approach to studying this mechanism is to use various types of
thermocouples connected in parallel to simulate the circuit of multipoint contact (Fig. 3) [27-28].

Rir1 Rirz R:rN
E1 E2 EN

e o o Eevs
Rir1 Rjr 2 Rjirn

Fig.3. Equivalent electrical circuit for thermoelectric testing with a multipoint contact, Rjr 1... Rirn— internal
resistances, Ei...Ex — EMF sources, Rjr1... Rjrn— contact resistances, Eevs — equivalent EMF source
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2. Model Development

The model development began with the circuit as a foundation, containing several thermoEMF sources
connected in parallel to a common load (Fig. 4). Such a scheme reflects a multi-point contact, in which a
thermoEMF source appears at each point of contact. In this case, taking into account the inhomogeneity in
the chemical and phase composition of the surface of the tested sample, the characteristics of thermoEMF
sources can be either the same or different.

(&)
Rir1 Rirz RirN
E1 E2 EN Rload
e o o [] <‘/>
Rijr Rjr2 Rjrn

Fig.4. Equivalent circuit multipoint contact of the test sample with the electrode, R;: ... Rirn— internal resistances,
Ei...Ex — EMF sources, Rj1... Rjrn — contact resistances, 4 — ammeter, } — voltmeter

The model algorithm implements the calculation of currents from each thermoEMF source based on the
superposition method. The current flowing through the load from the first EMF source is determined by the
formula:

E
L= : , ()

Rlaad |_I (Riri + Rjri)
(R[rl + Rjrl) + an
Rload + Z(Riri + Rjri)
i=2

where [ is the current of the first thermoEMEF source, £ is the EMF of the first source, Rj;is the internal
resistance of the EMF source under the number 7, R; is the contact resistance of the EMF source under the
number i, and R0 1S the load resistance.

The current flowing through the load from the second EMF source is determined by the formula:
E, : )

Rload |jRirZ + Rjr2) |_| (Riri + Rjri)
i=3

I, =

(RirZ +Rjr2)+ n
Rload + (Rir2 + Rer) + z (Riri + Rjri)
i=3
where /> is the current of the second thermoEMF source and £ is the EMF of the second source.
In general terms, it can be written that the current flowing through the load from the k-th EMF source
will be determined by the formula:

I, = !

k-1 n
Rload [:I_l (Ieiri + Rjri) |:||_| (Riri + Rjri)
(Krk + Rjrk) + 2:—11 l:k-;l
Rload + z(&ri + Rjri) + z(&ri + Rjri)
i=1 izk+1
where I is the current of k-th thermoEMF source and Ey is the EMF of the k-th source.
The total current in the load (/ioad) is the sum of the currents from all thermoEMF sources, it is also the

current of the equivalent source:

Ievs :Ilaad = z]l . (4)
i=1

; €)
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Through the current and internal resistance of an equivalent source, its EMF can be determined:
E, =1,,1IR, , (5)

where R; is the internal resistance of the equivalent thermoEMF source; I..s is the current of the equivalent
thermoEMF source.
The load voltage can be found by Ohm's law:

Uload = Iload [Rload . (6)

Using this technique, it is possible to calculate the load voltage, current and EMF of an equivalent
source when any number of thermoEMF sources are connected in parallel.

3. Software Interface

The software was developed by NI LabVIEW software package. It calculates the load characteristics of
the equivalent thermoEMF source when an unlimited number of parallel thermoelectric sources, that can
have both the same and different characteristics. The obtained characteristics of the equivalent thermoEMF
source can be used for further analysis. The user interface includes five different functional tabs (Figures 5-
6). The "Read" tab is designed to launch a file from the database (Fig. 5). The database contains
experimental data of thermoEMF sources (currents and internal resistances for 11 different values of load
resistance under three different temperature conditions: 100 °C, 200 °C, 300 °C). The "Temp Database" field
specifies a database file for temporary storage of current data that are used in the process of calculating the
load characteristic of an equivalent thermoEMF source. The “Adding New Type” tab is responsible for
adding characteristic data of new thermoEMEF sources to be simulated. The “Edit” tab is intended for editing
the initial values in the database in case of an error. The “Delete” tab is intended for deleting the recently
added 6 columns of experimental data of thermoEMF sources. The Simulate tab is responsible for
calculating and presenting the results. It contains function buttons such as "Temperature" to set the
temperature, and "Number of type X" to select the desired number of thermopower sources to be
investigated.

After adjusting the input data in accordance with the test condition, the program displays the calculated
output data, such as the dependence of the load voltage "VL", load current, internal resistance and equivalent
thermopower on the load resistance "RL" (Fig. 6).

Read | Adding New Type | Edit | Delete | Simulation |

RL Type 0-100-R | Type 0-1001 | Type 0-200 Type 0-200-1| Type 0-300-R | Type 0-300-1] Type 1-100-R | Type 1-100-1] " &
0.0100 0.6865 0.0044 07117 0.0097 0.7048 0.0154 0.1005 0.0318 (
0.0500 3.0789 0.0mo 3108 0.0022 3.0682 0.0035 04362 0.0072 i
0.1000 54532 0.0006 54377 0.0013 5.3900 0.0020 07701 0.0040 i
0.5000 11.7059 0.0003 11.7496 0.0006 11.7102 0.0009 1.6679 0.0016 1
1.0000 14.8458 0.0002 13.0899 0.0005 141828 0.0007 22184 0.0011

3.3000 18,3857 0.0001 18,3930 0.0002 183929 0.0005 27434 0.0006
6.5000 20,0378 0.0001 18,8242 0.000% 20,1806 0.0004 3.0308 0.0004
10,0000 21.52%4 0.0001 21.5709 0.0002 2156831 0.0003 3.0957 0.0003
57.0000 21,6277 0.0000 31,7798 0.0001 21704 0.0001 3.0267 0.0001
100.0000 | 21.7099 0.0000 21.3153 0.0001 211913 0.0001 3.0383 0.0000 ¥
1000.0000 | 21.5446 0.0000 21.9116 0.0000 22.00% 0.0000 3.0673 0.0000 1

1000000001 0.0000 0.0000 01.0000 0.0000 0.0000 0.0000 01.0000 0.0000 ‘Jﬂ
- =

Simulation Database

qn|C:\Usars\|.Jsar\Desktop\h'vﬁr'nt),'\T}'vermocoup\elr’|putDatabase‘csv | =

Temp Database sTop
3[Ca\UserstuseriDesktophinfinibATemporanDatabase.cov | &=

Fig.5. The “Read” tab in the program interface
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Read | Adding New Type | Edit | Delete  Simulation ‘
Tempreture Mumber of Type X
;.
e o |2 i 7 ; P : r ‘
TS €N o O T O - - -
ThemoEMF  Load Voltage | Load Current | Internal Resistance |
Tweo x|
Report
100°C 5 Typed &)
10°c (1 Type 1 5
100°C 11 Type 2 g
'IU_O’C 11 Type 3 5
100°C 1 Type 4 5
100°C 1 Type 5
LR | Tvpe6
10°C 1 Type 7
100°C 1 Type B
100°C 11 Type 9
100°C 1 Type 10
0°c |1 Type 11
i D
| | x| ! 10
] Lo Load Resistance

Fig.6. The “Adding New Type” tab in the program interface

The Add button is used to add new data to previous calculations. The "Simulate" button is used to start
the simulation process. The simulation result is saved in a temporary file, which is indicated on the "Read"
tab. The "Report" field displays the number of thermocouples that were used in the calculations.

4. Model verification

In order to verify the model, a set of experimental data is needed that reflects the electrical
characteristics of typical thermoEMF sources and their combinations. Experimental studies were carried out
on a specially made installation, which comprises a thermal chamber, in which investigated thermocouples
are put, a voltmeter, a variable load, a microcontroller and a personal computer to control all the components
of this installation [12, 29]. The thermocouples that are chosen to emulate experimental sources of
thermoEMF are of types: copper-constantan, copper-nichrome and chromel-alumel. Fig. 7 shows the
experimental characteristics of thermoEMF sources, each experimented individually: copper-nichrome,
chromel-alumel, and copper-constantan.

Uyog (mV

0,01 1 100 10000 R, (€2)

Fig.7. Experimental load characteristics of three thermocouples:
(a) copper-constantan, (b) copper-nichrome, (c) chromel-alumel

The obtained characteristics of the three types of thermocouples were loaded into the developed
simulation program and used to calculate the load characteristics of the equivalent thermoEMF source, which
is composed of various combinations of the experimented thermocouple types. The influence of the copper-
constantan thermocouple on the load characteristic of the equivalent thermoEMF source is presented in
Fig.8.
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Fig.8. Load characteristics of equivalent thermopower sources for various combinations of thermocouples, (a)
experimental results, (b) simulation results. Line No. 1, line No. 2, and line No. 3 indicate combinations of 4:4:4, 1:4:4,
and 0:4:4, respectively. (the first digit in the thermocouple combination corresponds to the copper-constantan
thermocouple, the second to copper-nichrome and the third to chromel-alumel)

Here Fig. 8.a shows the results of experimental studies, and Fig.8. b shows the results of program
simulation. Line No. 1 in the figure indicates a combination of 4:4:4, line No. 2 indicates a combination of
1:4:4, and line No. 3 indicates a combination of 0:4:4.

The combinations indicate the number of thermocouples connected in parallel and their type. The first
digit in the thermocouple combination corresponds to copper-constantan thermocouple, the second to
copper-nichrome and the third to chromel-alumel, so the combination 4:4:4, for instance, means that four
copper-constantan thermocouples, four copper-nichrome thermocouples and four chromel-alumel
thermocouples were connected in parallel. The Fig.8 graphs shows a significant effect of copper-constantan
thermocouple on the load characteristic of the equivalent thermoEMF source. The maximum value of
thermoEMF is 3 mV for four thermocouples, 2.5 mV for one thermocouple and 1.9 mV for no thermocouple.
The calculated values were 3.13 mV, 2.35 mV and 1.98 mV. The maximum deviation of the calculated data
from the experimental ones did not exceed 6 %.

The influence of a chromel-alumel thermocouple on the load characteristic of the equivalent

thermoEMF source is presented in Fig. 9, where Fig. 9.a shows the results of experimental studies, and fig.
9.b shows the results of simulation.

3.5 |Upad 3.5 | Ujpaa
(mV) 1

A
E

3
[

= N
Y N S I
\
= = N
/] — ] (] 9] W
N

3

Rload (Q) 0 Rload (Q)
0.01 1 100 10000 0,01 1 100 10000
a) b)
Fig.9. Load characteristic of an equivalent thermoEMF source for various combinations of thermocouples, (a)
experimental results, (b) simulation results, line No. 1 - combination 4:4:4, line No. 2 - combination 4:4:1, line No. 3 -

combination 4:4:0, (the first digit in the thermocouple combination corresponds to the copper-constantan thermocouple,
the second to copper-nichrome and the third to chromel-alumel)
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By studying the graphs of Fig. 9, we can conclude that chromel-alumel thermocouple has a noticeable
effect on the load characteristic of the equivalent thermoEMF source. The maximum value of thermoEMF is
3 mV for four thermocouples, 2.39 mV for one thermocouple and 2.14 mV for no thermocouple. The
calculated values were 3.13 mV, 2.49 mV and 2.19 mV. The maximum deviation of the calculated data from
the experimental ones did not exceed 4.3 %.

The influence of copper-nichrome thermocouple on the load characteristic of the equivalent
thermoEMEF source is presented in Fig. 10, where Fig. 10.a shows the results of experimental studies, and
figure 10.b shows the results of simulation.

By analyzing the graphs of Fig.10, we can conclude that chromel-alumel thermocouple has a noticeable
effect on the load characteristic of the equivalent thermoEMF source. The maximum value of thermoEMF is
6.47 mV for four thermocouples, 4.89 mV for one thermocouple and 3 mV for no thermocouple. The
calculated values were 6.46 mV, 5.1 mV and 3.15 mV. The maximum deviation of the calculated data from
the experimental ones did not exceed 5 %. As can be seen from Figures 8-10, the model calculates the
characteristics of equivalent thermoEMF sources with an error that does not exceed 6 %, and it can be used
for further theoretical analysis.

7 | Ulpaa 71 Uioaa

¢ | @V N s | @V 3

5 5 2

4 2 4

3 3 1

1

2 2

1 1

0 Rioaa () 0 Ryoaq (©)
0,01 1 100 10000 0.01 1 100 10000

a) b)

Fig.10. Load characteristic of an equivalent thermopower source for various combinations of thermocouples, (a)
experimental results, (b) simulation results, line No. 1 - combination 4:4:4, line No. 2 - combination 4:1:4, line No. 3 -
combination 4:0:4, (the first digit in the thermocouple combination corresponds to the copper-constantan thermocouple,
the second to copper-nichrome and the third to chromel-alumel)

5. Theoretical Studies of Equivalent Thermoelectric Source Characteristics Caused by
Multipoint-Contact Probing

Simulation of theoretical cases is important for studying possible properties that may arise due to the
different characteristics of each thermoelectric source on the surface of the tested object in case of multipoint
contact between the electrodes and the tested object. In other words, the value of thermoEMF of individual
thermoelectric sources can vary over a wide range, which will lead to a change in the characteristics of the
equivalent source.

Two types of thermoEMF sources (thermocouples) were used in the simulation. Their number in
parallel connection is designated X:Y, where X is the number of thermocouples of the first type, and Y is the
number of thermocouples of the second type. For example, the designation 1:1 corresponds to a parallel
connection of one thermocouple of the first type and one thermocouple of the second type, and the
designation 2:6 corresponds to a parallel connection of two thermocouples of the first type and six
thermocouples of the second type. Fig. 11 shows the load characteristics of equivalent sources obtained from
the simulation. In this case, two types of sources were used, differing in the thermoEMF value by 25 %.
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Fig. 11 shows that at a load of more than 100 Q, the deviation of the equivalent thermoEMF is no more
than 12 % for any ratio of two types of thermoEMF sources connected in parallel. For a load of 1 kQ, the
deviation will be no more than 8 %.

Ulaa (mV)

0.01 0.1 1 10 100 1000
——1:1 —e—-12 —e—-1:6 —8—2:6 ——10:20 —e—50:100

Fig.11. Load characteristics of an equivalent thermoEMF source obtained by parallel connection of two types of
thermoEMF sources that differ by 25% (number of connected thermoEMEF sources for the colored lines correspond to
combination scales 1:1, 1:2, 1:6, 2:6, 10:20, 50:100)

Fig. 12 shows the characteristics of the equivalent source, obtained as a result of simulation, for two
types of thermoEMF sources that differ in thermoEMF by 50 and 100 %.

12 Upaa 14  Uloaa
(mV) (mV)
10 12
10
8
8
6 6
4
Ryo.q (Q 4
load ( ) Rload (Q)
2 2
0 0
-1 . . ——11 —e—12 1:3
H _._}:g _._}:2 14 —e—15 —e—16
i . 1520 — i 00 —e—26 ——1020 ——50:100
a) b)

Fig.12. Dependence of the load voltage on the load resistance for an equivalent source obtained by parallel connection
of two types of thermoEMF sources, differing by 50 % (a) and 100 % (b), (number of connected thermoEMF sources
for the colored lines correspond to combination scales 1:1, 1:2, 1:6, 2:6, 10:20, 50:100)

As the number of parallel-connected thermoEMF sources increases, the absolute value of the equivalent
thermoEMF increases. It can also be noted that the load resistance has a strong influence in the range from
0.01 to 50 Ohms on the value of the equivalent thermoEMEF. In the range above 50 Ohms the influence
decreases and at loads above 1 kOhm the differences are insignificant. Fig. 12 shows that at a load of more
than 100 €, the deviation of the equivalent thermoEMEF is no more than 6 % (Figure 12.a) and no more than
20 % (Figure 12.b) for any ratio of two types of thermoEMF sources connected in parallel. For a load of
1 kQ, the deviation will be no more than 7 % (Fig. 12.a) and no more than 18 % (Fig. 12.b).

6. Experimental application

Experimental studies were carried out on the « THERMO FITNESS TESTING» device (Fig. 13.a). For the
study, two grades of steel ShKh15 (Standard: GOST 801) and U8 (Standard: GOST 1435) were taken, from
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which two samples were made for the study. One of the two samples served as a reference, and the other as a
tested steel product. To obtain contact close to a point, the sensor was placed at an angle to both samples, so
that there was only one point of contact (Fig. 13.b). To obtain a planar contact (in our case, a linear contact
was obtained), the contact line of the sensor was placed parallel to one of the surfaces of each sample. The
size of the contact line of the sensor with the samples was 10 mm, which, with the surface roughness of the
sensor and the manufactured samples Rz 100, provided about 50 to 100 contact points.

a) b)

Fig.13. «THERMO FITNESS TESTING» thermoelectric testing device, a — electronics unit with sensor, b —
location of the sensor and samples during testing

The main technical characteristics of the thermoelectric testing device for metals and alloys «THERMO
FITNESS TESTING» are given in Table 1. It should be noted that thermoelectric testing devices are
indicator-type devices.

Table 1. Technical characteristics of the device « THERMO FITNESS TESTING».

No. | Parameter name Unit Value
measurements

1 Supply voltage Volt 220

2 Sensor temperature setting range Degree Celsius 50...170

3 Accuracy of maintaining the set sensor temperature Degree Celsius +5

4 Threshold voltage setting limits during sorting Y% 0,01...0,4

5 ThermoEMF measurement range uv 0...49,99

6 Device readiness time minutes 15

7 Turning on the “Accepted” signal EMF is less than threshold voltage

8 Turning on the “Not accepted” signal EMEF is greater than threshold
voltage

The results of experimental studies using the «THERMO FITNESS TESTING» showed that the
differential thermoEMF fluctuations were +0.42 uV for ShKh15 when implementing a contact close to a
point contact and £0.14 pV for a planar contact. For U8 steel, respectively, =0.31 pV for a point contact and
+0.12 pV for a planar contact. Thus, the conducted studies confirmed the prospects of using electrodes with
planar contact to reduce the influence of inhomogeneity of the chemical composition on the result of
measuring thermoEMF,

7. Conclusion

The conducted studies have shown the importance of taking into account the thermoelectric
characteristics of various chemical compounds that are on the surface of the test object. To obtain high
repeatability of test results, it is necessary to increase the load resistance of an equivalent thermoEMF
source. Under the circumstances of thermoEMF sources with load characteristics differing up to 50 %, the
load resistance should be more than 1 kQ. In this case, the deviation of the maximum thermoEMF value of
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the equivalent source will be no more than 10 % for any number of thermoEMF sources connected in
parallel. With large differences in the load characteristics of different thermoEMF sources (up to 100 %), the
deviation of the maximum thermoEMF value for an equivalent source will be about 20 % for any number of
thermoEMF sources connected in parallel. In addition, to ensure a fluctuation of less than 5%, it is necessary
to have at least 10 points of contact of each electrode of the testing probe with the test sample, and the load
resistance must be equal to or greater than 1 kOhm. However, if the value load resistance is 100 Ohms, then
the number of contact points should be more than 30.

The conducted studies also showed the same nature of the dependence of the voltage on the load for
three different types of thermoEMF sources: copper-constantan, copper-nichrome and chromel-alumel. A
similar nature of the dependence is also observed for equivalent thermoEMF sources formed by various
combinations of these thermocouples.
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Abstract. This article explores solutions to address the issue of implementing a shift monitoring system in
quarries, which is the primary cause of collapsing sides and edges. For guaranteed safety and continuous
monitoring of the quarry's activities, advanced fiber-optic sensors have been integrated. Their design is based on
the use of single-mode optical fibers, which provides the most accurate assessment of displacements in
mountainous terrain up to a distance of 30 km. Extensive laboratory studies have been carried out to deeply
analyze the deformation and shear processes occurring in this geographical area. The results obtained from these
analyses bode well for a significant improvement in quarry performance and a reduction in the likelihood of
emergency situations.

Keywords: fiber-optic sensor, monitoring system, open-pit mining, quarry, safety, mining, optical fiber,
deformation, shear.

1. Introduction

The hardware and software system for controlling the stability of quarry sides using optical fibers is an
innovative system designed to monitor and prevent hazardous situations in quarries and open-pit mines. Here
are the main components and operating principles of such a system: optical sensors, where optical fibers are
placed along the sides of the quarry, as well as inside certain points for direct measurement of displacements
in the rock massifs; measuring devices, where special sensors and instruments read data from optical fibers
and transmit them for processing; software for data analysis and processing, where the complex includes
software algorithms for data processing, their analysis and interpretation; warning system, where the
received data are processed and interpreted; and a warning system. When potentially hazardous situations are
detected, the system can alert operators to take action to prevent accidents; automated control systems, where
in some cases, if serious safety hazards are detected, the system can automatically activate measures to
stabilise the pit sides, such as activating drainage systems or changing the mining regime.

The use of a hardware-software complex for monitoring the stability of the quarry sides using optical
fiber significantly increases the safety of works, prevents possible accidents and provides continuous control
over the condition of the quarry sides. Such systems are becoming increasingly popular in the mining
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industry, where safety plays a key role, and remain relevant and in demand today. Mining in quarries and
open pit mines carries the risk of rockfalls and landslides, which can lead to extremely dangerous situations
for workers and have serious environmental consequences. Optical fiber-based technologies offer effective
solutions for monitoring the stability of quarry slopes. The advantages of using optical fibers in this context
include high accuracy and reliability of signals, resilience and the possibility of remote monitoring. By
installing optical fibers on quarry sides and using appropriate hardware and software, displacements in rock
masses can be continuously monitored, allowing for the timely identification of potentially hazardous areas
and the prevention of accidents. Thus, remains relevant and has great potential for application in the mining
and construction industry, as well as for safety and environmental protection.

The purpose of this research is to develop and implement an integrated system for monitoring and
controlling the stability of quarry sides using optical fiber.

The main objective is to create a hardware and software system capable of continuously and accurately
measuring displacements in rock massifs, as well as warning of possible threats of rockfalls and landslides.
Through the integration of optical fibers, sensors and specialised software, we aim to develop an effective
system capable of ensuring personnel safety, reducing the risk of accidents and minimising environmental
impact in open pit and surface mining environments.

2. Problem statement and literature review

The relevance of the research on the creation of hardware and software complex for controlling the
stability of quarry sides using optical fiber is confirmed by several factors:

1. Safety at work, where mining in quarries is associated with the risk of cave-ins and landslides, which
can lead to serious accidents and loss of human life. The development of technology to continuously monitor
the stability of quarry faces helps to reduce the risk of such accidents.

2. Environmental safety, where rockfalls and landslides in quarries can also cause environmental
pollution, which has a negative impact on the environmental conditions in the region. Effective control of the
stability of quarry sides helps to prevent such environmental disasters.

3. Production efficiency, where controlling the stability of quarry faces is also important in terms of
production efficiency. Preventing rockfalls and landslides avoids temporary production stoppages and
equipment damage.

4. Innovation technologies in the mining industry, where the development of new methods for
monitoring and controlling the extraction of natural resources is an important area for the modern mining
industry. The application of optical fiber to control the stability of quarry sides represents an innovative
approach to this problem. Thus, the research in the field of creating a hardware and software system for
controlling the stability of pit sides using optical fiber remains relevant and in demand in the modern mining
industry, where safety, efficiency and environmental responsibility play a key role.

The novelty of the research in the creation of hardware and software complex for controlling the
stability of quarry sides using optical fiber is manifested in several issues.

1. Integration of optical fiber into a monitoring system, where the ability to use optical fiber to monitor
the stability of quarry sidings represents an innovative approach. Previous methods may have involved the
use of different sensors or transducers, but the use of optical fiber opens up new possibilities for more
accurate and continuous monitoring.

2. High accuracy and reliability, where the use of optical fiber achieves high accuracy and reliability in
measuring strains and stresses in rock masses. This allows operators to obtain more accurate information on
the condition of the quarry faces and take appropriate precautions.

3. Development of specialised software, where specialised software is required to analyse and interpret
data obtained from optical fiber. The development of such software includes consideration of the
peculiarities of optical monitoring systems operation, signal processing algorithms and visualisation of
results. 4. Integration with automated control systems, where the possibility of integrating the data obtained
from the monitoring system with automated control systems of the open pit mine allows to promptly respond
to detected threats and take measures to prevent emergencies. Thus, the novelty of this study lies in the
application of modern optical technologies to create a comprehensive system for monitoring the stability of
quarry sides, which leads to increased efficiency and safety in mining.

Open pit mining, compared to underground mining, typically requires less upfront capital investment,
provides better access to minerals and has a simpler infrastructure that facilitates more efficient production
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management. The main issue is always to improve the efficiency of mineral extraction and ensure the safety
of personnel during mining operations. It is necessary to strive for full recovery of mineral reserves with
minimum stripping works. However, achieving this goal is only possible if the stability of the instrumental
rock mass is ensured. This emphasises the importance of developing methods and technologies aimed at
ensuring the safety and efficiency of stripping operations at open pits. To solve this issue there are various
methods of control, ranging from manual labour up to the use of geotechnical radar and satellite systems of
laser scanning, which quite effectively perform the functions of control of the instrument massif of the
quarry, but have a number of disadvantages, such as high manufacturability and cost, as well as some
dependence on weather conditions, in addition have limitations on use. The rate of development of open pit
mining in Kazakhstan and worldwide is quite high, but there are a number of problems that need to be
solved. One of the problems is the development of effective methods for controlling the stability of rocks in
open pit mines. The analysis of works [1-4] has uncovered a predicament that defies a definitive resolution,
necessitating the implementation of diverse methodologies. To address these prevailing challenges, the
indispensable incorporation of a technology focusing on the advancement of sensors utilizing single-mode
optical fibers becomes imperative. And the main objective of this research is to create sensors that possess a
substantial degree of instability at their sides and edges. This objective has been corroborated by the findings
of various simulation experiments conducted by the authors in [5, 6], who extensively discussed the
advantages and disadvantages of fiber-optic sensors. Currently, there are many approaches available, each of
which has been shown to be effective. However, the main challenge is to develop and implement an
innovative technique using fiber-optic technology that combines all the benefits described in the research [7].

Scientists from various countries are actively working on the problem described above, and are
exploring different approaches to solve it. Some of the proposed methods include the development of
geotechnical radar, the application of geo-scanning methods, as well as the use of fluorometric approach and
other innovative techniques. A comprehensive analysis of existing control methods and tools with a detailed
description of their advantages and disadvantages is quite well researched and described in [8], which
supports the concept proposed in this study. However, the problem of ensuring the stability and safety of
open pit sides is still relevant and requires further improvements and search for new solutions, taking into
account the variety and complexity of mining operations performed at the open pit or open pit mine, as well
as mining and geological conditions [9]. Some innovative methods have limited application due to the high
cost of capital and operating costs, which significantly exceed the cost of traditional instrumental
measurements. Among the existing methods [8] for measuring and controlling the condition of quarry faces,
the most favored are the following: geometric and hydraulic levelling, planning and spatial three-layer
measurement, profile line distance measurement using light meters, profile line slope measurement, special
ground light stone measurement and automated remote information transmission system for determining the
relative displacement of the control point. However, the last method listed above, the automated remote
information transfer system, is the most promising and acceptable to the modern mining industry, which
tends to utilize digital technology. The scientific substantiation of geological support for controlling the
stability of quarry sides allows the development and implementation of observation methods using modern
geodetic equipment and technologies, such as high-precision observations using electronic total stations,
instrumental observations using global navigation satellite systems, automated system « GEOMOS», ground-
based laser scanning and radar interferometry to observe the movement of rocks and the earth's surface.
However, the main drawbacks of existing methods are their dependence on obstacles, susceptibility to radio
interference and the requirement for expensive equipment.

The control of pit wall stability relies mainly on an accurate assessment of the conditions and causes of
deformation. Prediction and monitoring of pit wall stability are key tasks in open pit mining. When
considering the factors affecting pit wall stability, the following should be kept in mind: the type of
disturbance, the activity of the fracture process, its nature and configuration, as well as the type of
deformation and its duration, the parameters of the tool array and the characteristics of the sides. Without
systematic monitoring of these parameters, it is difficult to obtain such information.

One of the promising solutions is the use of fiber-optic technologies in the systems for controlling the
stability of quarry sides. Creation of a digital control system based on a light wave instead of an electrical
signal can partially solve this problem. It will allow not only to save a lot of money when creating a complex
of control of the stability of the pit walls, but also to digitalize separate processes of mining production.
Optical fiber has a number of advantages over traditional instrumental and electrical measurement systems
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such as total stations. It does not require the use of electric current for its operation, has a low signal
attenuation coefficient, is insensitive to electromagnetic interference and is fire safe [9].

The paper [10] describes the research of the physical and mathematical model of the system of
controlling the stability of quarry sides using optical fiber, its physical basis of construction. In addition, it
describes the issues that are related to the development of a system for controlling the stability of quarry
sides using optical fiber. A fiber-optic point sensor is used in a quarry wall stability monitoring system using
optical fiber. This sensor is based on a laboratory specimen that uses a dual Mach-Zehnder interferometer,
which ensures zero drift. It also uses a single-mode optical fiber to control the drift with a change in
sensitivity and has low temperature resistance. In addition, similar works by foreign researchers who also
work with optical fiber and build fiber-optic sensors were analysed.

The research paper [11] discusses a new water pressure sensor, confirming the effectiveness of using
Bragg grating for pressure monitoring. In paper [12] published in 2011, researchers presented a system for
continuous pressure monitoring at roof and slab, where the main loads on the measured masses gradually
shift. The effectiveness of this system was demonstrated in the same work [12] through the evaluation of the
sheathing characteristics to ensure its reliable performance in different geological conditions. [13] provides
information on strain measurements in the underground mining field, wherein measuring strain over an
infinite length aids in correcting the strain field generated by underground operations outside the fault zone.
Field inspection has the advantage of being able to continuously monitor strains under a variety of actions,
including tension, compression and shear, as well as respond to tensile strains due to the ability to detect
localised shear or expansion in volumetric heterogeneities.

In their paper [14], the authors describe the development and testing of a novel quarry safety monitoring
system using Bragg networks. This system offers a number of advantages over traditional monitoring
devices, including accurate and reliable remote monitoring of quarry operations. The researchers, who are
also authors of another paper [15], present test results demonstrating the high deformation characteristics of a
high-strength stainless steel optical fibre. This optical fibex can be connected to a concrete anchor with
uniform deformation, indicating its potential for theoretical and experimental monitoring of quarry
movement. In addition, another research paper [16] addresses the problem of work safety by investigating
the stability conditions of large-sized mining tools. This work presents an innovative analysis method that
combines digital photogrammetry with distributed fibek-optic sensors, unmanned aerial vehicles and
topographic and geotechnical control systems to verify and monitor stability conditions.

The literature review has shown that the existing methods do not fully provide a solution to the problem
of board stability control in terms of their efficiency, ease of operation and energy consumption. It should
also be noted that the cost of some technical means is quite high for mining companies, which leads to the
use of manual labor, which hinders the practical implementation of digital technologies. The human factor
also brings some problems with the accuracy and timeliness of detection of potential rock collapse centers.
The proposed method takes into account all modern peculiarities of science and technology development as
well as the necessity of transition from electronic to optical technologies. Fiber-optic sensors will provide
automatic control of rock displacement with minimum cost of one measurement point and minimum energy
consumption.

3. Experimental part

The circuit diagram of the pit wall stability sensor based on optical fiber can be explained on the basis
of fundamental physical laws, such as the laws of optics and Hooke's law. The laws of optics and Hooke's
law play a key role in the circuit diagram of the optical fiber-based pit wall stability sensor. The law of
refraction of light (Snellius' law) describes the change in the direction of a light beam when moving from one
medium to another. This law is taken into account when calculating the change in the optical path of light in
an optical fiber when its length changes due to displacements. Law of conservation of energy in optics,
according to this law, the energy of a light beam is conserved during its passage through optical systems.
This is taken into account in determining light intensity and phase in the interference phenomena used to
measure the displacement of an optical fiber. Hooke's law describes the relationship between stress and
displacement in elastic materials. According to this law, stress (tension or compression stress) is proportional
to displacement with a constant coefficient of proportionality called the modulus of elasticity or Young's
modulus. In the context of a pit wall stability sensor, Hooke's law is used to interpret optical fiber
displacement data, which is converted into stresses in rock masses. The measured displacements are used to
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determine the stresses in the rock masses, which allows the level of pit wall stability to be assessed.
Consequently, the laws of optics and Hooke's law provide the fundamental principles for the operation of a
pit wall stability sensor based on optical fibers, allowing to measure displacements and stresses in rock

masses with high accuracy and reliability. The main steps of such a sensor are summarised in Table 1.

Table 1. Basic stages of sensor operation.

Change of optical fiber
length under stress

Measurement of change
using interference

Signal conversion

Data visualisation and
analysis

- a fiber impregnated with
a certain material s
installed along the pit wall

- under the action of
stresses or deformations
occurring in the rock
masses

- the length of the optical
fiber changes, this change
in length leads to a change

- interferometry is used to
measure changes in the
length of an optical fiber

- interference occurs
between reflected light
waves from different parts
of the fiber

- a change in the length of
the fiber causes a change in
the phase of the interfering

- the measured phase
change of the interfering
waves is converted into a
strain or stress value

- signal processing
algorithms are used for this
purpose, which can be
implemented in the
software of the complex

- the obtained data on
deformations and stresses
in rock masses are
displayed on the monitor
for operators

- this allows operators to
monitor the stability of the
pit walls in real time and
take appropriate
precautions

waves, which can be
measured by

in the optical
characteristics of the fiber

Thus, the operating principle of the sensor is based on the use of optical fiber to measure deformations
in rock massifs, as well as on signal processing methods to analyse the obtained data. This allows operators
to effectively monitor the stability of pit sides and prevent dangerous situations.

In this paper, fiber-optic sensors based on a two-way fiber-optic interferometer are considered, which
are simple to fabricate and simple to process signals. All types of fiber-optic sensors have certain
disadvantages, for example, in sensors based on interferometers, a change in sensitivity is observed, as well
as in long measuring channels, the influence of temperature interference and a change in the refractive index
is observed, which leads to a «signal freeze» due to a change in the initial value of the phase of light wave
propagation through the core of optical fibers. The problems described above are more typical of single-
mode optical fibres as they are used to observe objects at distances up to 30 km. Multimode fibres, although
less susceptible to temperature interference, can operate effectively over shorter distances of 500-1000
metres. One of the solutions to completely eliminate the disadvantages of two-way fiber-optic
interferometers is signal processing software using artificial intelligence algorithms. In this paper, it will be
proposed to develop fiber-optic sensors based on the double Mach-Zehnder interferometer principle and
using single-mode optical fiber for strain (shear) monitoring. They will have variable sensitivity and low
sensitivity to temperature changes to minimise drift.

A Mach-Cender dual beam interferometer fiber sensor based on Single Mode optical fiber is proposed
to control the bias change in sensitivity and the effect of zero drift caused by temperature interference. In
order to change the sensitivity of the strain meter, the design was modified. The optical fiber is wound on
two half-discs and can be made of plastic (Figure 1), where 1 is beam source with wavelength 1310-1625
nm, 2 is optical connector, 3 is optical fiber, 4 is movable half-disc, 5 is fixed half-disc, 6 is resilient element
(damper), 7 is movable stand, 8 is fixed half-disc mounting point, 9 is sensor housing, 10 is optical
wattmeter. The obtained results are explained by the inverse relationship between the values of the elasticity
coefficient: the greater the number of turns of the optical fiber, the lower the elasticity coefficient. To really
test the scheme, a laboratory sample of the optical fiber sensor based on the Mach-Cender interferometer was
created (Figure 2). Displacement is performed by tightening the tension sleeves. When moving the ends of
the ferrule in which the optical fibre is inserted, a distance of up to 3 mm can be formed between them; if
necessary, the measuring range can be increased to 100 mm by extending the ferrule. However, there are
limitations associated with the parameters of the ferrule surrounding the ends of the optical fiber and the tube
through which the ferrule moves. To increase the distance between the ends of the fiber, multiple sensors
may be connected in series or a transfer mechanism may be used. As the distance between the ends of the
optical fiber increases, the characteristics of the light, such as its intensity and propagation phase, change,
which is reflected in a change in the shape of the light spot. The greater the separation between the ends of
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the optical fiber, the greater the degree of additional loss and optical power loss. These changes are carefully
recorded by the control hardware and software system and visualised on the screen.

Fig. 2. Laboratory sample of a fiber optic sensor based on a Mach-Zehnder interferometer

In the experiment, the initial conditions were: tension force on optical fiber in 0.5 mm increments for
optical fiber with wavelength 650, 1310, 1550 nm in chamber conditions at air temperature from 22°C to
23°C with relative humidity within 60%. Corning SMF 9/125 um quartz Single Mode fiber (ITU-T
G.652.Standard D) is used as an optical fiber sensor. The optical fiber has a 245 micron thick primary
coating. The interferometer arm contains spools with 2.03km and 2.01km optical fibers respectively,
connected using a standard 20m jumper, with SC connectors on both sides. The power losses passing
through the arms of the fiber-optic sensors were determined using experiments with different boundary
values. Measurements of displacement values of the instrument array were repeatedly carried out,
experimental data were processed by methods of mathematical statistics with the help of computer
programmes. To ensure the accuracy of the obtained results, Student's criterion with a confidence interval of
0.95 will be used. The measures taken will make it possible to achieve high indicators of adequacy,
neutrality, validity in relation to the processes and phenomena under study in order to identify various errors,
according to the recommendations.

The obtained experimental data were processed using the computer programme Wolfram Alpha
(computational knowledge engine), and a graph (Figure 3) of the dependence of the change in the additional
light wave losses as a function of the applied tension force was plotted. Using the computer programme
Wolfram Alpha, mathematical expressions of various approximations were obtained. Experimental
processing of the results was carried out taking into account the minimum value of the Akaike information
criterion, and a second-degree approximation with the coefficient of determination R?>=0.982 was chosen as
the best option. The laboratory sample of the fiber-optic sensor based on the Mach-Zehnder interferometer
demonstrated sufficiently high linearity and accuracy of measurements. After appropriate modification of its
design, it can be successfully applied for control of array deformation. Automated approximations of data for
optical fibers with wavelengths of 650, 1310, 1550 nm using Wolframalpha software were carried out, data
and graphs of dependence of optical fiber loss values were obtained. For example, for a wavelength of 650
nm the dependence graph (Figure 3) of the value of optical fiber losses at step-by-step increase of tension
and data diagnostics is presented.
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Fig. 3. Graph of the dependence of optical losses on the value of the reference point shift

The results of research in the field of creating a hardware and software complex for controlling the
stability of quarry sides using optical fiber are presented as follows.

1. Creation of the prototype of the complex, where the research included the design and construction of
the hardware part of the complex, including optical sensors, measuring devices and data transmission
systems, as well as software for processing and analysing the obtained data.

2- Testing in laboratory conditions, where the prototype of the complex was subjected to testing in
order to assess its efficiency and reliability in real conditions. During the experiments the parameters of
measurement accuracy, stability of the system operation and the ability to react promptly to changes in the
environment were evaluated.

3. Data acquisition and analysis, where the collected data on changes in the stability of the quarry sides
were subjected to analysis using signal processing and statistical analytical methods. This allowed the
identification of the main trends and characteristics of changes in rock masses and the assessment of the
hazard level of certain areas.

4. Conclusions, where the performance of the complex, its advantages and limitations were determined
on the basis of the research results, and recommendations for further improvement of the system were
developed. These conclusions can be used to optimise the processes of controlling the stability of quarry
sides and improve safety at work.

Such research results are important for the mining and construction industry, as they can contribute to
the improvement of technologies for controlling and managing mining processes, as well as reducing the
risks of accidents.

4. Results and discussion

As already mentioned, the fiber-optic system that ensures the safety of open-pit mining consists of three
main parts: a radiation source, a fiber-optic sensor, a device for data processing and information output. The
first two elements are described in detail and studied in the scientific literature. The most important element
is the latter, since the effectiveness of measurements and the reliability of results depend on its operation. It
is necessary to develop a data processing device and use high technologies associated with artificial
intelligence algorithms necessary to output information that meets all modern requirements.

It is noted in the literature that little information about this device has been published, and the
developed software package is not freely available. The more complex the devices for data processing and
information output, as well as its algorithms related to decision-making, the more accurately it provides
measurements and eliminates all errors associated with various interference. For example, in a distributed
fiber-optic system, there may be a significant influence of temperature resistance, which leads to a drop or
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freezing of the signal. Complicating the algorithm of data processing and decision-making is one of the ways
to create efficient devices for processing and extracting data in all respects, but this requires certain
equipment and software, which significantly increases the cost of the monitoring system. In addition to the
costs of creating a monitoring system, the buyer will need to spend money on expensive and long-term
research work. Given the lack of widespread demand and limited use, this creates a fairly high cost of fiber-
optic tracking systems based on fiber-optic technologies, which limits the scope of their application.

Also, a number of technical problems have not been fully solved, which do not allow for their
widespread implementation at mining enterprises. Taking into account the above, work has begun on the
creation of its own hardware and software complex for four measuring channels. So far, the physical number
of channels is limited to four, depending on the limited computing capabilities of the computer and the
performance of the graphics card, as well as the developed algorithms of the program, but in the future their
number will increase to the real needs of the enterprise. An increase in the number of channels leads, first of
all, to an increase in cost due to an increase in the length of fiber-optic control cables, but security issues are
a priority. If there is a production need, the monitoring system can manage several thousand reference
stations at the same time. The appearance of the window of the hardware and software complex is shown in
Figure 4.

Intellectual software based on machine learning algorithms was specially developed for the operation of
fiber-optic sensors. The hardware-software complex can be multi-channel and can simultaneously work with
several fiber-optic sensors, which can be remote from the data processing unit at a distance of up to ten km.
The basis of the hardware-software complex is the use of OpenCV (Open Source Computer Vision Library)
elements. The OpenCV version for Python programming language is used in this complex. The generation
and display of graphs are carried out with the help of Matplotlib library in Python programming language.
Matplotlib allows visualizing data using two-dimensional (2D) graphics, and also supports three-dimensional
(3D) graphics. The interface of the software and hardware complex is implemented using the Tkinter library.
The main window of the programmed, shown in Figure 4, contains the following functional elements: 1 is
background start control block and stop button; 2 is camera settings block; 3 is activity monitoring block; 4
is status and signal indicators block, including motion registration function with time logging capability; 5 is
button to save settings with «Apply» inscription [7,8].
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Fig. 4. The appearance of the hardware and software complex

The hardware-software complex has the ability to analyze various disturbances formed by external
influences on the fiber-optic sensor. For this purpose, special algorithms have been developed that
distinguish changes in the optical wave propagation parameters when the ambient temperature changes, as
well as external vibration effects associated with the technological process [7]. The hardware-software
complex is capable of evaluating the rate of change of the measured parameters and detecting false signals
formed by various disturbances, as well as automatically perform calibration at startup. The rate of amplitude
growth and frequency of influences at occurrence of interferences differs significantly from the parameters
formed at real displacement of rocks that allows to perform machine learning for recognizing interferences
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and real signals. Also, to combat interference hardware-software complex has a number of settings that allow
you to deal with external interference, which ensures the reliability of its work and suitability for practical
use.

5. Conclusions

Based on the principles of physical kinetics, statistical theory and continuum electrodynamics, an
inhouse method was developed. In this work, in accordance with the developed experimental measurement
scheme, the sensitivity of the photodetector is determined by the dynamic range of measurements, which
includes such parameters as the power of the radiation source (laser), the number of measurement channels,
optical power losses of the light pulse propagating along the optical fiber core, losses caused by each
connector (connectors, optical fiber welding points), the optical length of the channel, the level of reflected
power, micro bends of the optical fiber, and the micro bends of the optical fiber. The aim of this approach is
to compare the calculated results with experiment to determine the effect of small deformations of the optical
fiber fabricated sample on the strain sensor readings.

In-house tests have shown that the control complex using a fiber-optic sensor has a sufficiently high
accuracy and linearity of displacement measurement. The control complex equipped with a fiber-optic
sensor has a number of advantages over the existing observation reference stations, which do not have the
ability to automate the process of controlling the displacement of rock faces and timely warn the working
personnel of the danger. An important point is that the proposed control complex with the use of fiber-optic
sensors is fully explosion-proof, as it uses optical fiber through which the light wave propagates. In addition,
it can be noted that the design of the sensor itself is simple enough to ensure low cost of its manufacture and
does not create problems with operation in the cold climate of Kazakhstan. The created control complex
using a fiber-optic sensor can work simultaneously with four such sensors, but in the future their number will
be increased up to 32 for one measuring module, which is quite enough for monitoring the mining zone at
open-pit mines.

The main objective of the project is to address production concerns linked to enhancing mining
operations' safety. Utilizing fiber-optic monitoring systems enables real-time remote monitoring of quarry
stability. Findings from laboratory experiments showcase that the developed fiber-optic sensor exhibits
highly satisfactory linear characteristics and boasts low power consumption when compared to electrical
measuring systems, even at distances ranging from to 30 km. The proposed technical solution is a new stage
in the development of systems for monitoring the geotechnical condition of rocks in open pit mines.
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NUMERICAL MODELING OF THE PROCESS OF EXTRUSION
OF HIGH-VISCOSITY PASTES
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Abstract. This paper provides a theoretical consideration of the process of paste extrusion using a piston
dispenser. The paste is considered as a highly viscous suspension of terpineol and silver particle powder. As a
result of numerical modeling, the distribution of silver particles in a steady paste flow was obtained. The excess
pressure in the piston depending on its speed and the effective width of the track depending on the piston speed
were obtained. Modeling showed that the viscosity of the paste has the greatest influence on the extrusion process.
Application of the obtained dependencies will allow you to control the paste extrusion process.

Keywords: extrusion, piston dispenser, silver paste, viscosity, terpineol.
1. Introduction

The application of additive printing technology allowing manufacturing hybrid integrated circuits and
devices is gaining popularity due to the reduction in the time expenditures on prototyping and obtaining
finished products [1-3]. Studies are being con-ducted in the field of inkjet printing; however, using this
technology allows forming only thin-film elements up to 1 pm thick. The inkjet printing technology
demonstrates the examples of studying the production of RFID tags [4-7], antennas [8-12] of different types:
meander, dual-band, monopole, dipole, ultra-wideband, etc.

Printers that are based on piston, screw and pneumatic extrusion of pastes are used to obtain thick-film
elements [1]. The composition and characteristics of the pastes in-tended for piston and screw extrusion
differ significantly from the inks used for inkjet printing, as well as from the pastes used for screen printing.
The main difference consists in the concentration of solid particles and the material viscosity [2].

The works [13-15] describe the application of piston extrusion of the material used to print microwave
antenna systems. The considered antenna systems operate in the range from 2.5 GHz up to 4.7 GHz. The
frequency losses of the printed antennas are 5.3 dB at a frequency of 2.5 GHz. The geometric dimensions of
the printed antennas are no more than 20x20 mm. A technique used for extracting the frequency electrical
parameters of conductive pastes, on the basis of which microstrip lines were formed by piston extrusion, is
de-scribed in [16]. A thickness increases in the microstrip line led to a decrease in the frequency losses from
12 dB to 6 dB at a frequency of 1 GHz. A printed multilayer conformal X-band antenna array is considered
in [17]. The antenna represents a 32-element X-band superimposed matrix and is manufactured on a surface
having several curvilinear lines. The peak antenna gain exceeds 15 dB at a frequency of 10.4 GHz.

Printing the planar components such as inductor, resistor, capacitor is presented in [18,19]. The printed
inductor consists of 25 turns. The geometric dimensions of the printed inductor are 14x14 m while the line
width is 100 um and the distance between the lines is about 75 um. The measured electrical parameters of
the inductor have an inductance of 5.42 pH, a resistance of 12.7 kOhm and a capacitance of 50 pF.
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Depending on the number of the printed resistor layers, the resistance of the active region varies from 25
Ohms to 650 Ohms. The printed capacitor has a capacity of 322 pF at 1 kHz and a breakdown voltage of
1000 V.

During piston extrusion [3,20], a piston is used to extrude the material being inside the syringe. The
extruded volume and the flowrate of the pastes depend on the piston dis-placement inside the syringe. The
volume of the extruded pastes and the extrusion rating are related to the piston movement speed [21]. The
application of the pastes having different viscosities depends on the power of the drive motor and the
mechanical system.

The formation of the printed films structure requires understanding the process of forming a uniform,
continuous flow of the paste, its exit from the nozzle and distribution over the substrate. The pressure created
in the syringe, the dispenser movement speed and the distance between the nozzle and the substrate influence
the printed films quality. The paste extrusion rating depends on such rheological characteristics as viscosity,
density, wetting, etc. [22]. Ambient temperature or high pulses of pressure, which can change the outflow
rate during the extrusion process, can influence the paste viscosity change.

The dispenser movement rate must be consistent with the linear velocity of the out-flow of the pastes
from the nozzle [23]. An extremely high flow rate, as compared to the movement rate of the dispenser, will
lead to excessive deformations of the formed films and even to film disruptions [21]. Therefore, the
relationship between the movement rate of the dispenser and the linear velocity of the extruded flow, which
is a function of a com-plex extrusion process, is crucial for successful deposition and creation of the desired
films.

Obtaining high-quality prototypes of printed circuit boards by means of the paste extrusion requires
investigating different modes of the printing system operation. This work is devoted to the theoretical study
of the capabilities of the dispenser operation during piston extrusion of the paste, consisting of an organic
binder (terpineol) and a powder (silver particles).

2. Materials and methods

Let us consider the problem of numerical simulation of squeezing a paste consisting of silver and
terpineol particles through a nozzle into the air. Extrusion is carried out in a gravity field using a piston
dispenser. (Fig. 1a). This dispenser has axial symmetry, so numerical modeling was carried out in a
cylindrical coordinate system. Figure 1b shows the calculated area of the inner part of the dispenser and the
air (z, area).
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Fig 1. The computational region corresponding to this dispenser (a) 1 is piston, 2 is syringe, 3 is nozzle.
Computational region of the model corresponding to the area filled with the paste and air (b).
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The left boundary of the calculation area is the axis of symmetry. All other boundaries, with the
exception of the top and bottom ones, are considered as impenetrable walls. At the initial moment of time,
the dispenser is filled with paste, which is squeezed out under the action of a piston moving at a constant
speed along the z axis, i.e. a constant paste speed is set perpendicular to the upper boundary. The lower part
of the z, area is an open boundary that air and paste can leave. The pressure at the lower boundary is equal to
atmospheric pressure. In this case, for a correct description of the extrusion of paste with silver particles,
three-phase medium air/terpineol/silver particles can be considered. Obviously, the case of contact of silver
particles with air is not relevant for our task, therefore we will limit ourselves to a description in which only
contacts between silver particles with terpineol and terpineol with air are assumed. There are also
impermeable walls (syringe surface) where the air/paste/syringe surface area is present.

Let's consider a standard approach to describe our problem based on solving a system of the following
equations:

p‘;fw(v M)y = 0 Q-pI +K) +pg +E, +F, M
?;;+DpV:0 2

LI ~o(1-9) 22 | =
5 TV0o QDEEech o(1 ¢)D¢] 0 G)
3Ca, Iy Vsﬁﬁw(pzwwwz(ﬂﬂ)v—ngj *)

d
. p c vslip

4d, P

ot

where Eq. (1) is the Navier-Stokes equation, where A is the Laplace operator, p is the density, p is the
pressure, ¥ = (v',v?) is the velocity vector field, E, is the volume force corresponding to surface tension,

which characterizes the behavior of the paste at the paste-air interface. This force can be represented in the
following form:

F, =odkn,
where O is the terpineol-air surface tension coefficient, o = 6‘ D(I)‘ QII)(I - ¢] is a smooth approximation of

the Dirac delta function, k is the curvature, 7 is the unit vector of the normal to the interface of the
terpineol-air phases, I is the identity matrix, K is the viscous stress tensor, g is the acceleration of gravity.

A force arises at the air/paste/syringe surface boundary Fy, directed normal to the paste-air surface:
E, =0d(n,,, Gi —cos(0))i,

where 7, is the unit vector of the normal to the surface of the syringe.

wall

The viscous stress tensor in the case of a compressible fluid has the form:
- - 2
K = (v + (%)) -gu(D I,

where [Iv is the velocity gradient (second-order tensor), ( )T indicates the transposition, [ is the dynamic
viscosity coefficient.

The air from the paste differs significantly in density and viscosity, therefore, in expressions (1) and (5),
the viscosity and density are written as:

p=p, +(p, =p)b,

p=p (),
wherep,, I, are the density and viscosity of the air, p,, [, are the density and viscosity of the paste, ¢ isa
level function obeying equation (3), which is zero in the paste area and one in the air [24], where the {
parameter characterizes the maximum speed and the € parameter defines the phase boundary thickness.

The paste velocity V depends on the organic binder velocity v, and the relative velocity of the

dispersed phase particles Vv, as follows:

slip
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Scpc‘_;c + Sdpd (‘_;L + ‘_;’slip)
P, )

where p, =s.p, +s,p,, 5, takes values from 0 to 1 and characterizes the volume fraction of the dispersed

v =

phase particles and s, =1—3s,.

Note that at the initial moment of time, silver particles are surrounded by terpineol, and contact between
silver is undesirable, therefore, numerical modeling considered only those solutions in which there was no
contact between silver particles and air. In this case, the velocity v is the velocity of the paste where it is
present and the velocity of the air where the paste is absent. The velocity field obeys the corresponding
continuity equation Eq. (2). The Eq. (4) describes the behavior of solid particles in a liquid, where Cy is the
coefficient characterizing the balance between viscous resistance and buoyancy forces influencing the
dispersed phase, d; is the effective diameter of the dispersed phase particles (solid particles), ps is the

dispersed phase density, V;,, is the velocity of the dispersed phase particles relatively the organic binder, p.

is the organic binder density.
A number of approximations of the Rayleigh curve are proposed to describe the transition region for the
dd p c

(23}
the transition region is shown by the Schiller-Neumann approximation [26], according to which the
coefficient Cy in the Eq. (4) has the following form:

Reynolds numbers Re = ‘Z-lip‘ that are less than 1000 [25]. The smallest relative error of up to 3 % in

C, = ﬁ(l + 0.15Re°'687)
Re

Numerical simulation of the system (1)-(4) was carried out under the following initial and boundary
conditions:

1. At the initial moment of time (Figure 2a), the dispenser is completely filled with paste (¢ =1), and
the extrusion area is air (¢ =0), while the velocity field is zero.

2. As noted above, at the lower boundary of the free space corresponding to the air, the pressure is
equal to atmospheric, at the upper boundary a constant value of the paste feed rate v,, = const (normal) is

set, which corresponds to a constant piston speed. All other boundaries (except for the axis of symmetry) the
boundary conditions of an impermeable wall correspond, which is written as follows:

:()’

Sy

vl

7 [Eamp -o(1 —¢)E$j =0.

Let us note that the main geometric characteristics of the internal area of the dispenser are a nozzle
diameter of 0.1 mm and a piston diameter of 12 mm.

The paste extrusion was modeled using the COMSOL Multiphysics 6.1 package. In this study, the
physical modules Laminar Flow, Level Set and Phase Transport, as well as the calculation modules Phase
Initialization and Time-Dependent, were used. An approach that is similar to the one applied in the work was
used [26]. The problem was solved using the finite element method, while an appropriate partition was
selected for each of the regions, and a finite element grid was selected for each region taking into account the
proportion of silver particles in the paste s, (Fig. 2b).



118 Eurasian Physical Technical Journal, 2024, Vol.21, No.1(47) ISSN 1811-1165; e-ISSN 2413-2179

35| z, mm Qo 357 z, mm
0.9 e 5 —re—r—
307 07 et =
0.8 =
257 257
0.7 =, mm
20 0.6 20
157 0.5 157]
107 0.4 107
z
571 0.3 57
— r,mm 0.2 | N . ) ) r,mm
0 1 ! 0 0.05 0.10 0.15 0 0 0.05 0.10 0.15
= ! T, b.1 e r, mm
-5 ] T T T o | | | I
0 2 4 6 0 0 2 4 6
a b

Fig. 2 Initial paste distribution in the calculation area (a) and the grid used for calculation (b)

The (1)-(4) system was numerically modeled using the parameters given in Table 1, considering the
influence of surface tension and gravity forces. Table 1 provides the initial physical parameters.

Table 1. Initial parameters for modeling

Parameter Value Reference

Terpineol density p, 930 kg/m? [27]

Silver density ps 10500 kg/m® [28]

Air density p 1.28 kg/m? [29]

Sliver particle size dq 2:10°m [30]

Terpineol dynamic viscosity Q. 0.097 Pa-s [27]

Air dynamic viscosity 1.81-10°Pa-s [29]

Terpineol surface tension 0.033 N/m [27]
Wetting angle at the interface of

. . . /2 [31]

terpineol/air/syringe surface

The dynamic viscosity coefficient p of the paste is of particular interest since it significantly depends on
the shear rate y in the local region of the space (Fig. 2). This dependence is well described by the Carreau’s

model [26]:

o =My t (Mo — Wins )1+ (7”7)2)(”_1)/2 (6)
In this case W, , Ky, A, n are the Carreau’s model parameters determined by the experimental data
approximation.

A rotary viscometer ViscoQC 300 (Anton Paar, Austria, Graz) in the Heli-Plus configuration was used
to determine the dynamic viscosity of the paste; this viscometer allowed obtaining the dependence of the
paste dynamic viscosity on the shear rate. The approximation of this dependence in accordance with the
Carreau’s model Eq. (11) is shown in Fig. 3.

Note that the experimentally obtained dependence (Fig. 3), approximated using the model (6), allows in
the process of modeling the extrusion of paste to calculate the viscosity depending on the shear rate 7,
which is affected by the redistribution of particles during the movement of the paste.

The following parameters correspond to the dependence presented in Fig.3: W, =0.053 MPa,

M, = 0.241 MPa, A=1.151 s, n = 0.324.
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0 5 10 15 20 25
42, 1/s?
Fig. 3. Approximation of the experimentally obtained dependence of the viscosity on the squared shear
velocity with the Carreau’s model Eq. (6)

In the Eq. (5), the concept of the volume fraction of the dispersed phase (silver powder) is used, but in
experiments, the paste is usually prepared by the mass fraction of the silver powder:
- m,
W= (7
m, +m,
where m,, m,_ are the masses of the silver powder and terpineol, respectively.

Knowing the mass fraction of the silver powder allows calculating its volume fraction as follows:
- p.o

M +p,(-o) ®

where pq4, pc are the density of the silver powder and terpineol, respectively.

3. Results and discussion

The Eq. (1)-(4) system was numerically modeled for different values of the mass fraction of the silver
powder Eq. (7) and the piston velocity. Fig. 4a shows the dependences of the volume fraction of the silver
powder and the dependence of the function ¢ on the distance r up to the vertical axis of the dispenser in the
steady-state extrusion mode at a distance of z;= 0.1 mm (Fig. 4b) from the outlet section of the nozzle,
obtained by means of the numerical modeling. Fig. 4b demonstrates the distribution of the function ¢ in the
computational region of the nozzle and below the nozzle when the mass fraction is ® = 0.7.
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Fig. 4. Dependences of the volume fraction of the silver powder and the dependence of the function ¢ on the distance r
up to the vertical axis of the dispenser in the steady-state extrusion mode at a distance of zs=0.1 mm from the outlet
section of the nozzle (a), distribution of the function ¢ in the computational region of the nozzle and below the nozzle
when the mass fraction is ®=0.7; an additional line of the volume fraction level has been drawn ( s4=0.02) (b).



120 Eurasian Physical Technical Journal, 2024, Vol.21, No.1(47) ISSN 1811-1165; e-ISSN 2413-2179

The function ¢ type practically does not depend on the mass fraction of the silver powder present in the
paste; however, the volume fraction distribution of the silver powder varies significantly. At a sufficiently
large interval, when the distance r is increasing, the volume fraction of the dispersed phase remains constant,
but it decreases nonlinearly closer to the edge. An increase in the mass fraction of the silver powder
obviously leads to a significant increase in the cross-sectional area of the printed tracks, which is
proportional to the area under the curves s; shown in Fig. 3b (the effective width of the track at ©=0.7 is 7.
=0.122 mm). The calculations have shown that this dependence is nonlinear, but it is linear in the case of
using the volume fraction instead of the mass fraction, which is related to the mass fraction according to the
Eq. (8). Let us note that in practice the proposed statements are valid for a stable (debugged) technical
process.

Let us consider the dependence of the overpressure (pressure above atmospheric) present on the vertical
axis of the dispenser on the distance up to the nozzle section at the outlet as a characteristic of a stable
process (Fig. 5a). The maximum pressure inside the dispenser was 0.288 MPa. Changing the piston speed
allows obtaining a maximum overpressure that depends on the speed (Fig. 5b).
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Fig. 5. Dependence of the overpressure present on the vertical axis of the dispenser (the mass fraction is ®=0.7) on the
distance to the nozzle section at the outlet (a) and the dependence of the maximum overpressure present in the piston on
its velocity (b).

A linear increase in the overpressure accompanied by a piston speed increase leads to a critical value at
which the piston will not start to deform; but before reaching this value, the stable operation of the
technological process is disrupted because the piston speed increase entails a non-linear increase in the
effective width of the track r. (Fig. 6).
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Fig. 6. Dependence of the effective width of the track 7. on the piston speed when ©=0.7.
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Fig. 6 shows that the nonlinear growth of the effective width of the track begins at a speed exceeding
the value of 1.3-10* mm/s. The calculations were additionally carried out in the case of different surface
tensions and wetting angles, which proved that the wetting angle did not influence significantly the extrusion
process, and the surface tension increase, when other parameters were fixed, led to a strong nonlinearity
depending on r.(u). That is, it is necessary to monitor the terpineol quality when preparing the paste.

According to the numerical modeling results, the effective parameters of the printing system operation
are the following. The distance of the dispenser from the substrate is z; =0.1 mm, the mass fraction of the
silver powder in the paste is ®=0.7, the piston speed is 1.1:10* mm/s, the maximum pressure in the dispenser
1s 0.288 MPa, the effective width of the track is . =0.122 mm.

4. Conclusions

In this work, a numerical simulation of the piston extrusion process was carried out using the example
of terpineol paste and silver particle powder. The main emphasis is placed on obtaining the dependencies for
the basic physical quantities on the control parameters and properties of the paste that characterize the
dispenser operation in the track printing system.

A mathematical model that allows describing the pastes extrusion has been selected. The numerical
modeling has allowed obtaining a set of the parameters of the printing system making the system operation
stable. The dependences of the volume fraction of the silver powder on the distance up to the dispenser
vertical axis in the steady-state extrusion mode have been obtained. The dependence of the overpressure
present on the vertical dispenser axis on the nozzle section distance at the outlet has been studied. The
dependences of the maximum over-pressure present in the piston on its speed and the effective width of the
track on the piston speed have been determined. The numerical modeling has shown that the paste viscosity
influences significantly the extrusion process. An increase in the extrusion speed is shown to increase non-
linearly the printed track width. Based on the mathematical model used in the work, a process for
manufacturing prototypes of printed circuit boards with subsequent sintering will be developed.
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Abstract. The Schrédinger equation is solved by applying the Nikiforov-Uvarov-Functional Analysis method
to the Hulthén plus screened Kratzer Potential. The Greene-Aldrich approximation is employed to determine the
closed form expressions for the energy equation and the wave function. The Hellmann-Feynman theorem was
employed to calculate the energy spectra and expectation values of various quantum states for diatomic molecules
of HCI and LiH. Subsequently, we employed the energy equation that we had previously derived to compute the
partition function, which in turn enabled us to determine the thermodynamic properties associated with the
diatomic molecules. The partition function for the diatomic molecules of H , and LiH was calculated at different

temperatures. The results indicate that the partition function of the two diatomic molecules rose as the
temperature increased. The findings we obtained align with the results documented in the literature.

Keywords: Greene-Aldrich approximation, Bound State; Hellmann-Feynman theorem; Thermodynamic properties.
1. Introduction

The partition function (PF) which is dependent on temperature, enables the investigation of the
thermodynamic properties (TPs) of a system. The partition function, widely employed in molecular physics
and statistical physics, facilitates the computation of various thermodynamic properties such as entropy,
specific heat capacity, mean free energy, and others [1]. To analyze the behavior of non-relativistic particles
in quantum mechanics, including the properties of the system's elementary particles and the mass distribution
of mesons, the Schrodinger equation (SE) needs to be solved [2,3]. Several scholars [4—10] have examined
these solutions, exploring a range of potential functionalities. The utilization of computational methods to
solve the SE is of great significance in understanding the behavior of non-relativistic particles in the realm of
quantum science. Consequently, numerous researchers have recognized the high importance of solving this
equation. Utilizing these techniques is crucial for evaluating the thermodynamic properties of the entire
structure, as well as the mass distribution of mesons and other related phenomena. To analyze the SE with
different potentials, several methods have been employed, such as the asymptotic iteration method (AIM)
[11], the Nikiforov-Uvarov Functional Analysis (NUFA) technique [12], and others [13, 14]. Lately,
theorists have shown increasing interest in examining the energy of bound states in various diatomic
molecules (DMs) using both a lone potential and collective potential functions [15-20]. For example, Inyang
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et al. [21] investigated a small number of DMs by employing the Eckart and Hellmann potential model. In
addition, Obogo et al. [22] examined several dynamical models with a g-deformed Hulthén potential
combined with a quadratic exponential-type potential. Edet and Ikot [23] also analyzed a selected few DMs
with the Deng-Fan (DF) potential. In addition, Edet et al. [24] calculated several diatomic molecules using
the DF plus Eckart potential. We have utilized the Hulthén plus screened Kratzer potential (HSKP) to
investigate the HCI and LiH diatomic molecules through the SE using the newly suggested NUFA method,
taking into consideration the previous research conducted by certain scholars. To analyze the interaction
between two particles, the Hulthén potential (HP) [25] is employed. The application of this concept extends
to diverse fields including condensed matter, nuclear, particle, chemical, atomic, and molecular physics [26,
27]. Conversely, Ikot et al. [28] introduced the screened Kratzer potential (SKP), a model widely employed
in molecular physics and used by several authors in the literature [29, 30]. The goal of this study is to solve
the SE using the HSKP and applying the NUFA method. The purpose is to analyze the energy spectra,
expectation values, and thermodynamic properties of diatomic molecules of HCI and LiH.

Utilizing two potential functions enhances the potential strength (PS) for improved outcomes [31]. The
combined potential is as follows:

~In ~In =91
Ze™ Ze +Zme 0
— 2
™ ’”1 ’,i

V(n)=-125

where Z[ is the PS the HP, s, is the screening parameter. The letter Z, =2Dr, and Z,, =D . In this case,

the equilibrium bond length is 7, , and the dissociation energy is Q .

2. Review of the NUFA Technique

The NUFA technique is a work conducted by Ikot et al. [12] that presents a modern methodology for
resolving a second-order differential equation. It is straightforward and refined. This technique combines the
factorization, parametric NU, and NU approaches.

" f (y) 1 5-1 (y)
1) o ()Y (») ()Y (»)
where 51 (y) and g, (y) are quadratic polynomials, while f, (y) is a linear polynomial. Tezcan and Sever

[32] subsequently presented the parametric formulation of the NU technique as follows:

B =By 1

w;+ 2 _£1y2+{11y_<(111 Y, (y)=0, 3)
y(l_ﬂnl)/) y (1—,3,11)/) [ }

up+

where ,Bl and Qzl (i =110 ) are all parameters. We consider the wave function in the specified form (Eq.
4) due to the presence of two singularities at points y - 0 and y - 1 in the differential equation mentioned
inEq.(3). y -~ 0andy -~ 1.

v, =y"(1-y) f(») )

Equation that results from substituting Eq. (4) into Eq. (3) is as follows:
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Equation (5) can be simplified to a Gauss hypergeometric equation if and only if the subsequent
functions are removed:
A(A-1)+BA-&, =0, (©)

and
¢ _
,B,,v—,B],Bmv+v(v—l)lBH] _,B_1+£H =SBy =0. (7)
I
Thus, it becomes
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Upon resolving equations (6) and (7), equations (9) and (10) are transformed into the following

expressions:

s=1A) 'g’) V(1= B) +4&, ©)
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Equation (8) features a hypergeometric equation in the form of a type
v (1=3) ")+ e, +(a, +5,+1) y | /10 =a,b, £ () =0 (11)
Equations (4), (8), and (11), respectively, are used to obtain the energy equation and the associated
wave equation for the NUFA technique:
2 2
A7 +2A v+£&=ﬂ+—ll_ +1rh£&—1+ L —(ﬁ”—lJ 5._0 (12)
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where p . p,,and p, are given as follows;
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P =By A+v+%—1+\/[%—lj +§—’ (14)

P, =By A+v+%—1—\/(%—lj +,§—’ (15)

p=B+2/ (16)
3.The Schrodinger equation solutions using the HSKP

The SE reads [1]

'y, () |20 _ _1(1+1) ~ -
drlz +|:h2 (En[ V(’ﬂ)) —r2 :|¢/1(l”1)—0, (17)

1

where l//,, (7‘ ) is the Eigen functions, E, is the energy eigenvalues, The system's reduced mass is denoted

by W, the reduced Planck's constant by 7, and the radial distance by -

Equation (17) is solved using the Greene-Aldrich approximation (GAA) [33] in order to get past the
centrifugal barrier. This GAA, which is expressed as follows, is a better approximation to the centrifugal
barrier and is valid for g, <<1,

LRSI /S (18)
r (1 —e ™ )2
Equations. (1) and (18) are substituted into Eq. (17) to obtain Eq. (19).
2 =91 =91 2 =9 2
ay, 2(4) o 2E, | 2z U7, Set 2pz, 9% SAUED |y oy ()
dr; oo (l-e?) w(1-e) (=) (1-e)
Let, y=€ 1 (20)
Equation (20) yields Eq. (21) as
ay,.(r d’ d
;0;2( ) =52y 15,2@) L9 wéy(y) on

Following a number of simplifications and the integration of Egs. (20) and (21) into Eq. (19), we
obtain:

g (), 1=y dp(y),
& (=) A (1-y)

> [‘(“’Z)yz +(2e+n,-1,) y‘(“V)]l//] (»)=0, (22

where

2UE, 2uZ, 2uZ, Uz,
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Combining Egs. (22) and (3) yields the following:
18121811::8111:195:8""719{11 =2e+n, _’711"5111:‘9'"}/} (24)

Equation (24) is inserted into equations (9) and (10) to produce

1
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(26)
Furthermore, the HSKP energy equation is obtained as follows when Eq. (12) is substituted with Eqgs.
(23), (24), (25), and (26).
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2 2
2 2 "
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To obtain the appropriate unnormalized wave function, Eq. (13) is substituted with Eq. (24) and the

result is given as
Ja(e+y) X(l—y)1+ 1+, +y

Y, (y)=N > >

where,
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b

(31
3.1 Special cases of the HSKP

1. We possess the HP described in Equation (32) and its corresponding energy equation as stated in

Equation (33) for the case 7, = 7, =0
Z 6_791’1
V(’/i) = _1_16_191’1 (32)
207 ?
+1+1) =L (1+1
gwi(in) oo | U g 1)
" 2 81 n+il+1

(33)

Equation (33) and Equation (32) of [4] agree.

2. We possess the SKP described in Equation (34) and its corresponding energy equation as stated in
Equation (35) for the case 7, = 0

Z e_191r1 Z e_ﬁlrl
V(”l):_ 11r + 111’/2 (34)
1 1
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The results of Equation (35) and Eq. (29) of [28] agree.
3. When setting 7, =9, = 0 is used, the Kratzer potential (KP) is represented by Equation (36), and

the energy equation for the KP is given by Equation (37).

Z 7
Vi(p)=-20 4 2m 36
(n) e (36)
2 D2 2
— ; 67

2 2
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2 2 h?

Equation (37) and Eq. (46) of [28] are identical,
4.The expectation values of HSKP via the Hellmann-Feynman theorem

The expectation values of different quantum systems are derived by utilizing the Hellmann-Feynman
Theorem (HFT) [5,17,21]. Suppose that the Hamiltonian of a specific quantum system is dependent on a

parameter. Let the eigenvalues and eigenfunctions of the Hamiltonian £ (g;,) be E(gq,) and W(q,),
respectively. The HFT states that

OE,(q,) _ 9H (q,)
3q W.(q,) 3q

¢.(q,) (38)

1 1

The effective Hamiltonian has the following form:
nwd _nd, K 1(1+1)- ze™ 2, Zye

— 7o 2

H=-—"_-—2% .
2pdr” r dry o 241 I-e 4 4

(39)

4.1 Expectation value of (1;7)

The expectation value (EV) of (}’1_2>is obtain when replacing ¢, =/ in Eq. (38) and by taking the

partial derivative (PD) of Eq. (27) with respect to /, then equating the resulting equations yields the EV of
(r?) as:

(=9

1 2Zu 4D r 1
+—+~JF |21+ +| + 28§ BT 4 g4y |—— (21 +1

i | 27 (re1 i)
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4.2 Expectation values for (7) and (p?)
The EV of (T) and (P?) are obtain when replacing g = & in Eq. (38) and by taking the PD of Eq.

2
(39) with respect to 4/, which implies —l(T )= —l(H - V). From the relation T’ =2p_,u , we substitute for
H H

1 1
T in —(T) = ——(H —V)Which yields
U

U
0H (u) 1
W ()| =5, (1) == D) (41)
U
Putting —l<T> =-— <P2> into Eq. (41) yields
U 2u
oH (1) I e
W ()= (W (M) == 5 (P (“2)

The PD of Eq. (27) with respect to U gives
OE, (1) _ 9n’I(1+1)

2

ou 2U
I 4D, 27, 4D, D ]
n+— +\/_ ee | |- s+ e+l +1 43
gy| 2 B R G 0 e e 4 | B
" (3]
n+— +\/F
2
Egs. (41) and (43) must be solved to obtain the EV of (T').
Hence,
2
Ty = I n1(1+1)
2u
LAD,r, 27, 4D, ’
+—+ ee |- L+ e +](l+1 (44)
W9 | D {[” J_( o n*s, B (:9,2)‘12 n’s, ( )} \/F}
47 - 2
G [n +% +JF J
Also, Egs. (42) and (43) must be solved to obtain the EV of (P2} .
Hence,

(P*y=9,1’1(1+1)

| 4D 27 ADr D2
+o+F e ||| To T e (4]
w8’ | Drl {n [ ) B [1912712 w2, )j ﬁ} (45)
o evE .
(n+2+\/f)
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5.Thermodynamic properties

An essential thermodynamic variable that enables the calculation of additional thermal
properties for the system is the partition function (PF). The Boltzmann-Gibbs partition function
reads [1]

)
2B =Y B (46)
n=0 k T
where k,,Aand T are the respective Boltzmann constant, maximum vibrational and the absolute
temperature.
In the classical limit, the PF may be expressed as an integral at high temperatures.
A
Z(B)=[ e dn (47)

0
Further simplification of the energy equation in Eq.(27) is as follows:

E, =0, —Ql[n+A+—anAj (le +le92]

(48)
where

N=0,+200,
p=n+A

32 (1+1
QO —_1 ( )

2u

3*h?

0=
8u

Q2 — ZILIZ] — 4/'1Dere _l(l+1)

M SR

2
A=ly (1+ j 2,uDr
2 2 n’

The maximum vibration principal quantum number is obtained as A =-A+,/0,
Inserting Eq. (48) into (47) and performing the integration with MAPLE software yields the PF

z(B)= jQJ[( @ (erf (Yi/B) 1)+ err (V. /B) +1) (49)
where

Y, =40,0,

-0 [p+%j,A<p<JQ7

%20 p-% a2
v,=J0

Using Eq. (49) other thermodynamic relations are found as follows:
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(a)vibrational mean energy

_0InZ (,3)

U(B)= 33 (50)
(b) Vibrational specific heat capacity
[0’z ( ,8)

(c) Vibrational free energy
F(B)=~k,TInZ (B) (52)
(d)Vibrational entropy

0
S(B)=k,inz(B) —kBﬂ%ﬁ(ﬁ) (53)

6.Results and Discussion

The experimental results from Ref. [1,5], which are shown in Table 1, were applied using Eq. (27),

together with the conversion fic =1973.29 eV A [5]. As shown in Tables 2 and 3, we calculated the energy
spectra of the HSKP for HCI and LiH diatomic molecules. For each vibrational quantum number, it has been
found that, for each of the diatomic molecules, the vibrational energies rise in proportion to the increase in
the rotational quantum number. In addition, the HFT technique was employed to analyze the expectation

value (EV) of <r1'2 > s {T) and/( 132) . The resulting numerical calculations for the selected diatomic
molecules are presented in Tables 2 and 3. The results indicate that the expectation value of < r > decreases
as the vibrational quantum number increases. Additionally, for the chosen diatomic molecules, the
expectation value of (7 and (P?) rise as the rotational quantum number rises for each vibrational quantum

number. Table 4 shows how temperature affects partition function for H> and LiH diatomic molecules. The
partition function of the two diatomic molecules increases with temperature. Engineers can use this
prediction because hydrogen (H) is a vital gas with many industrial and technological uses.

Table 1. Parameters of selected diatomic molecules [1,5]

Molecules D, (eV) a =5(,{*1J r (A) ,u(MeV)
HCI 4.6190309050 1.86770 1.2746 0.09129614886
LiH 2.5152672118 1.12800 1.5956 0.08198284801
H, 4.7446000000 1.94260 0.7416 0.503910

The plots of thermodynamic properties for HCl and LiH molecules are shown in Figure 1 (a—e) as a
function of the thermodynamic parameter (3). As [ is raised, it can be seen in (a) that the PF of the

diatomic molecules decreases. The internal energy of the molecules with B is displayed in (b), as can be
observed. In this instance, when [ is raised, the molecules' internal energy drops. The molecules' specific
heat capacity is seen in (c). Each molecule of specific heat capacity rises as [ is raised. The plot of the free
energy's behavior as a function of £ are shown in (d). For each diatomic molecule, we observed that the free
energy rises with a rise in [ and converges at a particular point. We display a graph of the diatomic
molecules ' entropy as a function of [ as is seen in (e). It has been shown that as [ is raised, each diatomic
molecules entropy reduces.
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Fig.1 (a-e). Thermodynamic properties as a function of thermodynamic beta parameter for HCI and LiH
molecules. Red line (-) represent HCI and blue line (-) represent LiH.

7. Conclusion

The HSKP was used to study the energy eigenvalues and expectation value of LiH and HCI diatomic
molecules. The NUFA methodology and HFT were employed, along with the Greene-Aldrich
approximation. The findings demonstrated a positive correlation between the quantum numbers and the
elevation of energy eigenvalues and expectation value. This suggests that quantum numbers exert a
substantial influence on the energy levels of these molecules. In addition, the PF of the system was
calculated, followed by the determination of other thermodynamic properties. Our findings align with the
results of previous studies. Additional investigation in this field can yield valuable knowledge about diverse
physical systems, encompassing atoms, molecules, and condensed matter systems. We calculated the
partition function for two diatomic molecules (H, and LiH) at different temperatures. With increasing
temperature, the partition function of the two diatomic molecules increases. Because hydrogen (H>) is a vital
gas with many industrial and technological uses, this prediction can help engineers.
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Appendix A

Table 2. Energy spectra and expectation values of the HSKP for HC1 molecule

n ! E,(eV) <r1_2>(A“ ) (T)(eV) (P*)(eV/c)
~22.17032494 14461305900 -1.527357607 -0.2430954250
-22.17022128 0.4934942126 -1.527879485 -0.2365343415
-22.17001432 0.3089006158 -1.528850921 -0.2230060212
~22.16970474 0.2328634781 -1.530131019 -0.2018428796

W W W WD DD NN == = =2, 00 oo
W N — O b WD~ OWUnh WD~ OWLE WIND—~O

-22.16929354
-22.16878209

0.1919356503
0.1661204903

-1.531517495
-1.532756774

-0.1723326932
-0.1339118832

-22.24690799 1.5187697310 -1.512273934 -0.2397598466
-22.24679078 0.5157465898 -1.512585935 -0.2328013301
-22.24655670 0.3200992442 -1.513146168 -0.2185951989
-22.24620649 0.2388704404 -1.513830364 -0.1966640774
-22.24574126 0.1949209917 -1.514459993 -0.1664947819
-22.24516244 0.1672300249 -1.514811074 -0.1276768573
-22.33432382 1.5676664310 -1.499019961 -0.2380244021
-22.33419477 0.5306022009 -1.499146722 -0.2307718818
-22.33393705 0.3274233022 -1.499343883 -0.2160599846
-22.33355145 0.2426244599 -1.499501576 -0.1935463559

-22.33303911
-22.33240157

0.1965821729
0.1675873809

-1.499461878
-1.499026507

-0.1628618456
-0.1237106879

-22.43212310 1.6000110030 -1.487438213 -0.2375700761
-22.43198398 0.5402950041 -1.487400766 -0.2300928725
-22.43198398 0.3320371224 -1.487275955 -0.2149910763
-22.43129039 0.2447983109 -1.486966448 -0.1920208669
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Table 3. Energy spectra and expectation values of the HSKP for LiH molecule

n [ E, (eV) <r1_2>(A=j'2 (r)(eVv) <P2>(eV/c)2
0 0 -9.044861721 0.48384419100 -1.529859845 -2.733360767
0 1 -9.044847651 0.16604146380 -1.531954979 -2.742387859
0 2 -9.044819582 0.10527772010 -1.536098894 -2.751403066
0 3 -9.044777634 0.08115099160 -1.542199980 -2.764720459
0 4 -9.044722014 0.06914333150 -1.550123565 -2.782099026
0 5 -9.044652964 0.06254753050 -1.559695049 -2.803226301
1 0 -9.033844252 0.60792631400 -1.518791268 -2.718030441
1 1 -9.033836790 0.20701468020 -1.520693254 -2.722233863
1 2 -9.033821914 0.12940273500 -1.524454369 -2.730564012
1 3 -9.033799708 0.09790208600 -1.529989917 -2.742869320
1 4 -9.033770284 0.08168807260 -1.537175349 -2.758926885
1 5 -9.033733821 0.07233546910 -1.545849125 -2.778447621
2 0 -9.029306244 0.71587103800 -1.508675050 -2.699926444
2 1 -9.029304880 0.24265837200 -1.510399495 -2.703812140
2 2 -9.029302176 0.15038870280 -1.513808697 -2.711512506
2 3 -9.029298171 0.11247235160 -1.518824211 -2.722887159
2 4 -9.029292928 0.09259811150 -1.525330645 -2.737729591
2 5 -9.029286529 0.08084615000 -1.525330645 -2.755771878
3 0 -9.030892408 0.81001512100 -1.499451470 -2.683419916
3 1 -9.030896786 0.27374373700 -1.501012381 -2.687012953
3 2 -9.030905540 0.16868922100 -1.504097390 -2.694133144
3 3 -9.030918685 0.12517627150 -1.508633721 -2.704650248

Table 4: The partition function of the H , and LiH Diatomic Molecules

T(K) LiH (Our work) LiH [34]

2000 47.3888750 47.38997454
2100 48.3713842 48.37247223
2300 49.3314884 49.33159274
2400 50.2688135 50.26893405
2500 51.1858283 51.18591962
2600 52.9638837 52.96379383
2700 53.8269754 53.82686513
2800 54.6748887 54.67397768
T(K) H, (Our work) H, [34]

300 20.9471874 20.94709840
400 23.3731582 23.37304905
500 25.4964598 25.49634848
600 27.4086363 27.40872531
700 29.1632280 29.16311708
800 30.7934865 30.79338849
900 32.3228778 32.32276890
1000 33.7681845 33.76801939
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SUMMARIES TYCIHIKTEMEJIEP AHHOTAIIUHN

Puvibuna H.B., Pvioun H.b., lumeunos B.I.

AMOpP(THI THAPOreHU3aAUMJIAHFAH KPeMHMIi MbIcAJbIHAA KypAeai OeTTepaiH pejbedinaeri koppeasuusiapabl
3epTTey

Scale-space omicTeMeciHiH KOMETIMEH KYpPBUIBIMABIK KYPayIIbUIAPBIH OKIIAaysay >KOJBIMEH KO0 TPEHIIMEH OopTaiia
e3apa akmapar oiCIMEH JoHe €Ki enmeMAi (IyKTyaluusuIblK Talgay oJiciMeH aMop(Thl THAPOTCHH3AIMUIAHFaH
KPEMHHHIIH OeTTiK peibediHieri KOppessUsHbl 3epTTEy HOTHIKENIEP] YChIHBUIFaH. DKCIIEPUMEHTTIK YJTiiep aMopdTs
THPOTCHU3AIMSIIAHFAH KPEMHUIIIH MOJICIBIIK KOHE HAKTHI OeTTepi 00abIn TabbuInbl. Monenb 6eTi « CTOXaCTHKAIBIK
¢dpakran», «bemmekrep» xoHe «[aycc mrye» OeTTepiH KabaTTacTBIPy apKbUIbl KYpbULABL. DIyKTYyaIsUTBIK
(YHKIUSHBIH MacIiTaObKa TOYCNIUIITIHEH €CeNTeNreH CKEHIMHT KOPCETKIIIiHIH MOHJEpi, COHJai-aKk opralla e3apa
aKmapaTt IeH MaKCHMaJIbl ©3apa aKIMapaTThIH MOHJICPI aHBIKTAIABL. AMOPQOTH TMAPOrCHU3ANUSIIAHFAH KPEMHUIIIH
MOJETBIIK XKOHE HAKThI OCTTEpPiHIH KOPPETSAIUSUIBIK TOYENIUTIKTEPiHIH CaJbICTRIPMANbl TAIIAYbl AKCIEPUMEHTTIK
YATiHIH O€TTiK KYpBUIBIMBIHA «besmek» Monenpaik OeTiHiH cumaTTamMalapbl OOWBIHINA €H KAaKbIH €KeHIH KOPCETTI.
OKCTIEpUMEHTTIK YATiHIH OETKI KYphUIBIMBIH/A emreMepi 65+10 HM 6osaTeIH OmIIIeKTep 0ap eKEHIT] aHBIKTAIIBI.
Kinar ce3nepi:amopdThl ruaporeHU3aNUsTIaHFaH KPeMHUH, OeT, penbedi, aknapaTThIK-KOPPEIALIUSIBIK CHITaTTamMaap,
e3apa aKnapar, QIIyKTyalnusuIbIK Tanaay, scale-space.

Poviouna H.B., Pvioun H.b., /lumeunos B.I.

Hccienosanne  koppenasiuuii B peabede  CIO0KHBIX  NOBEPXHOCTe Ha  mpuMepe  aMopgHOro
THAPOTeHU3UPOBAHHOTO KPeMHUSI

[IpencraBneHsl pe3yabTaThl HCCIIENOBAHUS KOPPEISILUMA B pesibede NOBEPXHOCTH aMOP(HOr0 TUIPpOreHM3NPOBAHHOTO
KPEMHHS METOJaMH CpelHed B3aMMHOW MH(GOPMALUHM U JIBYMEPHOTO (IIyKTYallMOHHOI'O aHaJIM3a C WCKIIOUCHHBIM
TPEH/ZOM IYTEM BBIJCJCHUS €ro CTPYKTYPHBIX COCTaBJIIOIIMX C IIOMOINBIO METOAMKH  scale-space.
OKCIIepUMEHTaIbHBIME ~ Oo0pa3naMu  SBJSUIMCH ~ MOZENbHAasE W peajbHasg  MOBEPXHOCTH  aMOP(HOTO
THIPOTEHU3UPOBAHHOTO KpeMHHA. MopenbHas MOBEPXHOCTH (OPMHPOBAIACH IyTEM HAJIOKEHHUS TOBEPXHOCTEH
«Croxactmueckuii ¢paxram», «Hactumpy» u «l'ayccoB mym». OmnpeneneHsl 3HAYEHUS CKEHIMHTOBOTO TOKA3aTelsd,
paccuMTaHHBIC W3 3aBUCUMOCTEH (DIYKTyallMOHHOW (PYHKIIMK OT MacmTaba, a Takke 3HAa4eHUs CpeJHEeH B3anMMHOM
nHpOpPMAIMA ¥ MaKCHMAallbHOW B3amMHON uH(popmarmu. [IpoBeJeHHBIN CpaBHUTENBHBIN aHAIN3 KOPPEISIIHOHHBIX
3aBUCHMOCTEH MOJENBHOW M peajbHOH IOBEPXHOCTH aMOP(HOro THAPOreHU3MPOBAHHOTO KPEMHHMS IOKa3all, 4YTO
HanOosee OJM3Ka K CTPYKType HMOBEPXHOCTH JKCIEPHMEHTAIBHOTO 00paslia 10 CBOMM XapaKTEePUCTUKaM MOJIeNIbHAs
MOBEPXHOCTh «YacTuipl». bBbIIO BBISBIEHO, YTO B CTPYKType IOBEPXHOCTH JKCIIEPUMEHTAIBHOTO o00pasua
MPUCYTCTBYIOT YaCTHULBI ¢ pazmepamu 65+10 HM.

KnaioueBble cioBa: amop(QHbBI T'MIPOreHU3UPOBAHHBIN KPEMHHH, IOBEPXHOCTb, peibed, HHPOPMAIOHHO-
KOppEIALUOHHBIEC XapaKTEePUCTHKY, B3auMHas nH(opManus, (IryKTyallMOHHbIH aHaIn3, scale-space.

Koznoeckuii A.JI.

/Korappl TemmepaTypaibl KyiIipy Ke3iHae KOppO3MSJIBIK NpouecTepMeH O0aiJIaHBICTBI CHIPTKBI dcepJiepre
Te3iMaiIiKkKe 0eTKi KadaTTarbl 3aKbIMIAHYIbIH *KMHAKTAJIFaH 103aCHIHBIH dCePiH 3epTTey

DNEKTPOIN3 9iCTePiH KOJaHa OTHIPHII, CYyTEKTi OHAIPY YIIiH YIKEH dJIeyeTKE He KEPAMHUKAIBIK OTBIH dJIEMEHTTEPiHIH
KYPBUIBIMIBIK JKOHE OEpiKTIK JerpalallusChIHBIH MOCENeNepiH 3epTTEYNiH ©3€KTi OaFbITTapbhIHBIH Oipi  OOJIBIT
TabBIIaAbI, ce0edi merpamamnus MPOECTEPiH KOHE OJIAPABIH JKYPY JKbUIIAMABIFBIH TYCIHY SHEPTUSHBI aTyIblH Oallama
anictepi (CyTeri SHEpPreTHKachl) cajachlHaa OeplireH KepaMHUKaHbl KOJJAHy QJICYETiH aHBIKTay YIUIH ©Te MaHBI3JIBI.
Byn 3eprreymin Herisri Maxcatsl 50 aromfa BIFBICY J103achlHA M€ INpOTOHIapMeH cayieneHreH NiAlLO4
KEepaMHUKaChIHBIH aJJIOMUHUNA HUTPUAIMEH KOCIIAJIAybIH XKOFaphl TEMIIEpaTypaIbIK AeTpajaliusHbIH TO3IMIUIITIHE KoHEe
OHBIMEH OalJIaHBICTBI TOTBIFY JKOHE ICIHY KOPPO3HUSUIBIK IIPOLIECTEpiHE, COHAAN-aK WMIUIAHTAlUMsUIAaHFaH CYTEKTiH
MUTPaLUSIIBIK MPOLECTEPIHE 9CEPiH aHBIKTAaY OOJBIN TaObUIA/ABL. 3epTTey HBICAHAAPbI PETiHJe KepaMHUKaHbIH YII TYpi
tanganael:  NiALOs kepamukace, 0,05 M AIN Ttypakranaeippurran  NiAlbOs kepamumkace, 0,15 M AIN
typakTanaeipeurad NiAl,Os kepamukacel, omap ymmiH Al;O3Ng-me opTOpoMOTBI KPUCTAIIBIK TOPJBI  KOCIa
(azamapeIHBIH TY3UTyiMeH cumaTtaiagsl. JKorapbl TeMIlepaTypaiblK ChIHAKTapABIH HOTIDKECIHIE TYpaKTaHIBIPBUIFaH
NiAlO4 xepamukachl OEpiKTIK CUTIATTaMaNIapBIHBIH JSCTPYKTUBTI ©3TepyiHe a3 YIIBIPAWTHIHBI aHBIKTAIIBI, OJapIaFbl
esrepicTep €H alAbIMEH, OHBIH ICIHyi HOTIKECIHAEC KPUCTAIABIK KYPBUIBIMHBIH AcGOpMaIMsUIbIK OypManaHybIHA
OaiimaHeIcTEL. Byit skarmaiia coyseleHreH YITiiep KaFaalbIHaa KOFaphl TEMIIEpaTypailblK KOPPO3HsFa €H a3 Te3iMIl
yiri  -typakranasippuiMaran NiAlLOs kepamuikanapsl OoJbIl  TaObUIAABL, ONap YHIH OEpikTIK KacHUETTEepiHIH
nerpaganusacel 15 — 18 % - nmaH acagpl. Ocep €Ty TeMIlepaTypachbIHBIH ©3repyi Ke3iHJe >KOFapbl TeMIIepaTypajbIK
KOppO3usiFa TO3IMILTIKKE JKYPTi3UIreH chlHaKTap OapbicbiHAa Temneparypanbiy 500-nen 700°C-ka IeifiH »Korapbuiaysl
JIECTPYKIMS TIPOLIECTEPIHIH Te3 JKYpPYiHE OKENETiHI aHBIKTaNIbl. BYJIKpHUCTAIIBIK TOp KeJEeMiHIH aehopMalusiIbIK
iciHyiMeH OaiKaJaaThlH KPUCTAJIIBIK KYPbUIBIMHBIH JKbIITYJIBIK YIIFAIOBIHBIH apPTYbIMEH OaiIaHbICThI.
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KinT ce3aepi: kepamHKaJbIK OTBIH DJIEMEHTTEpi, PaJAWALMSUIBIK CHIHFBIIITHIK, JKOFapbl TeMIlepaTypalibl ecKipy,
Jierpaaanys, iciny, OepikTik mapameTpiepiHiH TOMEHAEYI.

Koznoeckuii A.JI.

HccenoBanue BJIMSHHS HAKOIUIEHHOI 103bI MOBpeXKIeHUIl B NMPUNOBEPXHOCTHOM CJ0€ Ha YCTOHYHUBOCTH K
BHELIHMM BO3/eiiCTBUAIM, CBA3AHHBIM C KOPPO3HOHHBIMU MPOIeCCAMM NMPH BHICOKOTEMIIEPATYPHOM OT:KHIe.
Wzydenne mpobieM CTPYyKTYpHOH M HMPOYHOCTHOHM AErpajalui KePaMUYECKHX TOIUIMBHBIX AIIEMEHTOB, 00JIaTafOIIIX
OONBIIMM MMOTEHIIAJIOM JUIS MIPOM3BOJICTBA BOJOPOIA C MPUMEHEHHEM AIICKTPOIHM3HBIX METOIOB SIBISCTCS ONHUM W3
aKTyaJbHBIX HAIpaBIICHUH HCCIEIOBAHMHN, TaK KaK IMOHMMaHHUE MPOIIECCOB JETPaJallid M CKOPOCTH WX MPOTEKAHUS
UMEIOT BechbMa Ba)KHOE 3HAUCHUE JUIS OIPEACICHUs IOTEHIMala INPUMEHEHHMsS JaHHBIX KepaMHK B ol0mactu
aJIBTEPHATHBHBIX CIIOCOOOB MOJTy4YEHHs SHEPTUH (BOIOPOAHON SHepreTrke). OCHOBHOM LIENBI0 JAHHOTO UCCIICA0BaHUS
SIBIISIETCSI OIIPE/CIICHUE BIMSHUS NONMPOBaHMs HUTpHIOM amoMuHusi NiAlOs xepamuk, oONydeHHBIX HNPOTOHAMHU C
J1030i1 nopsiaka 50 cHa, Ha yCTOMYHMBOCTb K BEICOKOTEMIIEPATypHOI Ierpaialii, U CBSI3aHHBIMH C HEHl KOPPO3HOHHBIMU
IpolLeccaMy OKHCIICHUS M paclyXaHHs, a TakKe MUTPALUOHHBIMU IPOLECCaMHM MMILIAHTHPOBAHHOIO Bojopoxaa. B
KadecTBe OOBEKTOB HWCCIENOBaHUsA ObUIM BBHIOpaHbI Tpu THma Kepamuk: NiAlOs kepamuku, NiAl,Os kepamukw,
crabunmsupoBannabie 0.05 M AIN, NiAl,O4 kepamuku, cradbunusupoannabie 0.15 MAIN, s KOTOPBIX XapaKTepHO
dbopmupoBanre mnpuMecHbIX (a3 B Al;O3Ns, ¢ poMOMYECKMM THIIOM KPHUCTAUTMYECKOW pemieTku. B pesynbrate
BBICOKOTEMITEPATYPHBIX HCIBITAHUKA OBIJIO yCTaHOBJIIEHO, 4YTO crabwinsupoBaHHble NiAl,Os kepamMukd MeHee
MTOJIBEPKEHBI TECTPYKTHBHOMY HW3MEHCHHIO MPOYHOCTHBIX XapaKTEPHCTHK, M3MEHEHHE KOTOPHIX OOYCIOBICHO B
MEPBYIO ouepens NehOopMAMOHHBIM MCKa)KEHHEM KPHCTAUTMYECKOW CTPYKTYpPHI B pe3yibTaTe ee pachmyxaHus. llpu
9TOM B Cllydae OOJyYeHHBIX OOpa3lOB, HAUMEHEE YCTOMUYMBBIMM K BBICOKOTEMIIEPATYpPHOW KOPPO3WH SIBISIOTCS
Hecrabmimsuposanubie NiAl,O4 KepaMuky, J1s1 KOTOPBIX Jerpajalis NPOYHOCTHBIX CBOMCTB cocTaBisieT Oosiee 15 —
18 %. B xoxme mpoBeAEHHBIX HUCHBITAHUN Ha YCTOMYMBOCTb K BBICOKOTEMIEPATYpPHOM KOPPO3UU IpPHU BapUalUU
TEMIIEpaTypbl BO3AEHCTBUS OBLIO YCTAHOBJIEHO, 4YTO yBenuueHwe Temneparypsl ¢ 500 nmo 700°C npuBoauT K
YCKOPEHHIO MPOLIECCOB JECTPYKIMH, KOTOPHIE CBS3aHBI C YBEJIMYEHHEM TEIUIOBOTO PACLIMPEHUs] KPUCTAIMYECKON
CTPYKTYPBI, BRIpaXKaroeicst B 1e()OpMaiMOHHOM pacilyXaHuu 00beMa KpUCTAJUINYECKON PeIIeTKH.

KiroueBble cioBa: KepaMHUUeCKHE TOIUIMBHBIC SJIEMEHTHI, PaJHallHOHHOE OXPYITYMBAaHHUE, BBHICOKOTEMIIEPATypPHOE
CTapeHwue, Ierpajaius, paciryXxaHue, CHIKCHHE IIPOYHOCTHBIX TapaMeTPOB.

Kypoanos Y.T., Kymaobaesa I K., /ricymanos C.

Kana MeTann / acKblH OTKI3rilI-IM3JEKTPJIIK aybIcyJapbl k9He O0Jap/AbIH JerupjeH0ereH >koHe OHTAMIbI
JIeTHpJIeHTeH KyNpaTTapAarhbl sKOFapbl TeMIepaTypaibl ACKbIH 6TKI3rilmTikke acepi

Merau/acKblH ~ OTKI3TIII-AWAICKTPUK — NOJAPOHIAPABIH  TY3UIylH JKOHE  OJapJAarbl  JIETUPJCHIeH  3apsn
TachIMaJJayIIbIIapAbH (TECIKTEPAIH) JOKAIN3AMICHIH JKOHE METaJUl HEMEce aCKbIH OTKI3Till )KYHEHI ITUIJIEKTPHUKKE
allHAIBIPY MYMKIHZITIH 3epTTeY apKbUIbI JISTUPJICHI€H KYIIpaTTap/a aybICYbIHBIH JKaHa 9/1iC-Tacia a3ipyeHni. MyHan
(hazanbIK aybICyIbIH HEFYPIIbIM KOJAMIBI KPUTEPHUHl YIIKEH TOJIIPOHIAP/ABIH XKOoJIaK eHiH (Hemece DepMH SHEPTHSICHIH)
OJIapABbIH KyTNpaTTapAarbl OailylaHbIC SHEPTUsUIApBIMEH CAJIBICTBIPY apKbUIbl ajbIHAbI. JIerupseHreH KyrpaTTaplarbl
METaJUI/acKblH OTKI3TIll - JUAJIEKTPJIIK aybicy oHe (a3ayblK BIABIpAY MYMKIHIIN OoJpKaHFaH, HOTHIXKECIHE
JIeTHpJIeHOETeH, OHTAMIIBI JISTUPJICHTeH KOHE TINTI aca JIETUPJICHTeH JKOFaphl TeMIIepaTypalibl Kynparrapaa 6ocekenec
METaJlI/aCKbIH OTKI3TIII jKoHE TUAJISKTPIIiK (azamap maina Oomaapl. Coman KediH opTypii OY3bLTyNIapabiH (MBICAHI,
MOJIAPOHAAPIBIH TY31Iyl KOHE 3apsi THIFBI3BIFBIHBIH TOJIKBIHABIK AyBICYBI) KOHE KaTap OONaTBIH JUIIEKTPIIK JKOHE
acKbIH OTKI3rim (a3ayapaplH JIeTUpJIeHOCTeH >KOHE OHTAWIBI JIETHPJICHTEH KyNpaTTapJblH acKbIH OTKI3TiIITiK
aybICybIHBIH Tc KPHUTHKAJIBIK TEMIIEpAaTypachlHa BIKTHMAal 3HSHIBI JKOHE Naimanel ocepi 3eprrengi. byn
MaTepralAapIarsl aCKbIH OTKI3TIIITIK aybICYBIHBIH Tc HAKTBI TEMIIEPATYPACHI XKOFaphl TEMIIEPATypallbl KyIIpaTTapJaFsl
coiikec Tc Monin Oosokail anmailteiH bapanu-Kynep-llpuddep tunri Pepmu-cyHbIKTBHIK acKbIH OTKI3TIIITIK
TEOPUSCHIH eMec, b03e-CYHBIKTBIKTBIH aCKbIH OTKI3IIIITIK TEOPHSACHIH KOJJaHa OTHIPBIN aHbIKTanabl. OHTaiIbI
JIETHPJICHIeH KyNpaTTapAarbl MOJSPOHMBIK >QHE 3apsii THIFBI3IBIFEI TOJKBIHBIHBIH ocepiiepiH kemyi T —HBIH
JKOFapbllayblHa SKEJICTIHIH JKOHE KylpaTTapaarbl KelOip Top akaynapsl (MbIcasibl, aHHOHABIK Ooc opwiHmap) Te-ra
KaTThI 9CEp €Till, OJIapJaFrbl >KOFapbl TEMIIEPATYPaJIbIK aCKbIH OTKI3TIIITIKTI KYIICHTETIHIH aHBIKTAJI/IBI.

Kinm ce30epi: mONSPOHIAP/BIH JKOHE 3apsil THIFBI3ABIFBl TOJKBIHAAPBIHBIH Ty3lIyi, MeTaul / acKbIH ©TKi3rill-
JIUDJICKTPJIIK aybICy, KympaTTtap, bo3e-CYMBIKTBIK aCKbIH OTKI3TIIITIK, SPTYPJi OY3bUIyJap, JKOFaphl TEMIEpaTypasbl
aCKBIH OTKI3TIMITIKTI 9JICIPETY JKOHE KYIIEHTY.

Kypoanos Y.T., Kymabaesa I K., /ricymanos C.

Hosble MeTan1/cBepXNPOBOAHUK-IMIIEKTPUK TMepexodbl H HUX BJIUAHHE HA BBICOKOTEMIEPATYPHYIO
CBEPXIPOBOAUMOCTb B HeI0JIeTHPOBAHHBIX U ONITHMAJIBHO JIETHPOBAHHBIX KyNpaTax

Pa3pabotan HOBBI MOAXOJ K METaJUI/CBEPXIPOBOIHUK-IMIICKTPUK IEPEXOAy B JICTHPOBAaHHBIX KyIpaTaxX IMyTeM
u3ydeHus 00pa30BaHus MOJSPOHOB U JIOKAIM3AIUKM B HUX JICTHPOBAHHBIX HOCUTEIICH 3apsiia (IBIPOK) U BO3MOXKHOCTH
MIPEeBPALLECHUS METAJUIMYECKON MM CBEPXIPOBOJSIICH CUCTEMBI B IUANEKTPUK. boree moaxoasmuii KpuTepud Takoro
(a3oBoro mepexoya ObLI MOJYYCH MyTEM CPABHCHHMS IIMPHHBI MOJOCKH (Wid dHeprun Depmu) OONBIIMX MOJIIPOHOB C
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UX DHEPTUSMH CBsA3HM B KymparaxX. [Ipeicka3aHa BO3MOXKHOCTh METAJlI/CBEPXIPOBOJIHUK- IMIJICKTPUK IEpexoja U
($a30BOro  pacclioCHWss B JICTHPOBAaHHBIX  KympaTax, MPHBOAANICT0O K 00pa30BaHUIO  KOHKYPUPYIOIIUX
METAJUTMICCKHUX/CBEPXIPOBOANINX H JAHIIICKTPUUYCCKUX (ha3 B HEIOJCTHPOBAHHBIX, ONTUMAIBHO JICTHPOBAHHBIX W
a)kKe B CBEPXJICTHPOBAHHBIX BBICOKOTEMIIEPATYPHBIX KympaTax. 3aTeM OBUIO HCCIEIOBAHO BO3MOXKHOE BPEIHOE H
67aroTBOPHOE BIUSHHE PA3IMYHBIX HapymICHWH (HampuMep, 0Opa30oBaHUS HOJSIPOHOB M IEPEeX0jia BOJHBI 3apsI0BOI
IUIOTHOCTH) M COCYIIECTBYIOIINX IWAJICKTPUICCKUX M CBEPXNIPOBOAANINX (a3 HA KPUTHICCKYIO Temmeparypy 7c
CBEPXIPOBOSMIETO TEpexoa HEeIOJNETHPOBAHHBIX W ONTHMAIBHO JICTHPOBAHHBIX KympaToB. OmpeneneHa peaibHas
TeMIepaTypa CBEpXIPOBOAAIICTO Iepexona 1. B ATHX MaTepHajax C HCIIOJB30BAaHHEM TEOPHUH CBEPXIPOBOINMOCTH
Boze-xuakocty, a He Teopuu cBepxmnpoBoauMocTn Pepmu-xunkoctu tuna bapmuna-Kynepa-lllpuddepa, kotopas He
crocoOHa TpeNcKa3aTh COOTBETCTBYIOLICEC 3HA4YCHHUE 7. B BBICOKOTEMIICPATYPHBIX Kymparax. OOHapyXKeHO, YTO
MOJIABJICHUE MOJIPOHHBIX 3((ekToB u 3(P(PEKTOB BOJHBI 3apsAIOBOW IUIOTHOCTH B ONTUMAJBHO JICTUPOBAHHBIX
KyIpaTax MPUBOJUT K YBEIHYCHHIO T¢, @ HEKOTOPBIC NE(EKThl PEUICTKH (HAIPUMEp, aHHOHHBIC BAKAHCHH) B KyIpaTax
MOTYT CHJIBHO BIIUSTh Ha T U YCUIIMBATh BHICOKOTEMIIEPATYPHYIO CBEPXIIPOBOJUMOCTD B HUX.

KiroueBble ci1oBa: 00pa3oBaHUC MOJSPOHOB W BOJHBI 3aPSIOBOI IUIOTHOCTH, METAJUT/CBEPXIPOBOHUK-THIICKTPUK
nepexo, Kynpatsl, bo3e-KuakocTHasi CBEpXIIPOBOAUMOCTD, pa3InyHble HapylleHus, noaasieHue u ycuiaenue BTCIL

Hopaes U.K., Hopaesa O.T., Kaxynos T.M.

Ky kesinge imki :koHe OeTTik akayiaapablH mnaiga 0oy MeXaHHM3Mi KoHe 0JIapAblH KaHbUITHIP OeTiHiH
aKayJapbIHa aifHATYbI

3epTTeyniH MakcaThl KyWMalapIblH KBIPTBICTHI alMarblHIa MHUKPO- JKOHE MaKpPOKYPBUIBIMABIK OipTeKCI3MIKTepIiH
maiina 0oy MeXaHM3MJEPiH JKOHE ONapIbIH KBI3ABIPY, IUIACTHKANBIK XedopManus >KOHE WIeMIEY INpoLecTepiHae
OeTTik akayjapra aWHalmyblH TYCiHAIpY Oosibinm  TaObutazel. KylimMamap MeH pgaliblH  NPOKAaTTBIH — Makpo,
MUKPOKYPBUIBIMJIBIK QHE XUMHSUIBIK OIpTEKCI3AIKTEpiH 3epTTey 9JicTeMeci MeH HaTwxenepi kepcerinren. Kyiima —
IUIUTA — TPOKAT METAJUTYPIHSUIBIK OHJIEY CaTBICBIHAA METANAbl KYPBUIBIM/IBIK-KOHIICHTPAIMSIIBIK —TaJIay IbIH
CANBICTBIPMAIIBI OIICI 93IpJCHII. OAiCTeME METaUl eMeC KOCHIHIBUIAPABIH KYPBUIBIMBIH JKOHE CalaliblK TaJlIayblH
3epTTEeyre apHajfaH METAUIOTPaUsIbIK OMICTepre HEri3fenreH. 3epTTey HOTHXKENIepl KOPCETKCHICH, MPOoKaT
OeTiHIHCAnachl HETi3iHEH KYWMaHBIH KBIPTHICH aiMarbIHBIH (PU3UKAIBIK OIPTEKCI3NIriMEH, all KYKAIpPOKATTHIH INIKI
aKaynapbl KeOiHece METaIIBIH METaT eMEeCKOCHIHABIIApMEH JIaCTaHyBIMEH aHBIKTaNanasl. KylimMa KeIpThIC aiiMaKTarsl
aKayJappl MPOKAT MapakTapbIHAarel OSTTIK KOHE 1IIKI aKayjapra alHaIABIPYIBIH *KaHa MEXaHW3Mi YCHIHBUIIBL. By
3epTTeY METANIBI OHJICY Ke3iH e aKayJIapAblH Mmaiia 001y KoHe TYPIICHY IMPOIECTepiH TEPEHIPEK TYCIHyTEe BIKIAT €Te/i
JKOHE MPOKATTHIH CalachlH JKaKCapTy CTPaTEeTHsUIAPBIH KacayFa MYMKiHIIK Oepeni. COHBIMEH Kartap, 3epTTey YKOFaphl
camaJbl MPOKaT aily YIIiH KYHMaHbIH KbIPThIC aliMaFbIHBIH (DU3UKAIBIK OipTEKCI3MIriH OaKblIayIbIH KOHE METAILT eMeC
JacTaHyIbl a3aiTyIbIH MaHBI3ABUIBIFBIH KOPCETE 1.

Kiar ce3nmepi: kyiima, Makpo- K0HE MUKPOOIPTEKCI3iK, IUTACTHHA, KAHBUITBIP, aKay, KYPBLUIBIM.

Hopaes U.K., Hopaesa O.T., Kaxynos T.M.

Mexanusm ¢GopMHPOBAHUSI BHYTPEHHHX M IOBEPXHOCTHBIX AedeKTOB NpH JHThe M HX TpaHchopManusi B
Ae(eKThI MOBEPXHOCTH JINCTA

Ienbro mccnenoBanust ObIIIO BEIICHEHHE MEXaHH3MOB 00pa30BaHMs MHKpPO- M MAKPOCTPYKTYPHBIX HEOJHOPOIHOCTEH B
KOPKOBOIl 30HE CIMTKOB M MX TpaHC(opmManuy B MOBEPXHOCTHBIE AE(HEKTHI B IMPOLECCAaX HArpeBa, IUIACTUYECKON
nedopmannu u npoxatku. IlpencTaBieHs! METOAWKA M PE3YNbTAaThl MCCIEAOBAHUS MAaKpO-, MHKPOCTPYKTYPHBIX U
XMMHYECKHX HEOAHOPOAHOCTEH CIMTKOB M TOTOBOTO JIMCTOBOIO MpoKara. Pa3paboTaH CpaBHUTENBHBI METO.
CTPYKTYPHO-KOHLICHTPAL[HIOHHOTO aHaIM3a METaula Ha CKBO3HOM METAJUTypTHYECKOM IEpeiene CIUTOK — CIi0 —
JMCTOBOW MpOKAaT. MeToAnKa OCHOBaHAa Ha ITPOBEACHHM METAIOTPa(QUUECKHX METOJOB H3YUCHUS] CTPYKTYphHI U
KayeCTBEHHOI'0 aHalIM3a HEMETAJNIMYeCKUX BKJIIOUEHHUH. Pe3ynbTaTsl MccienoBaHUN CBUIETEIBCTBYIOT O TOM, UTO
Ka4eCTBO IIOBEPXHOCTH JIMCTOBOTO IpOKaTa MHPEHMYLIECTBEHHO OINpelenseTcss (U3MYECKOH HEOIHOPOJHOCTHIO
KOPKOBOI1 30HBI CIIUTKA, a Ha BHYTPEHHHUE AE(PEKTHl TOHKOJIMCTOBOIO IIPOKATa B 3HAYNTEILHOW CTEHECHU ONPENEIsATCs
3arpsiI3BHEHHOCTh MeTaJlla HEeMETAJUIMYECKMMH BKIIIOYEHMAMH. IIpeanokeH HOBBIM MeXaHM3M TpaHc(hOpMaluu
neeKToB KOPKOBOW  30HBI OTJIIMBKM B MOBEPXHOCTHBIE W BHYTpPEHHHE JAe(EKTHl JHMCTOBOIO TNpokara. JlaHHoe
HCcIeOBaHKUE CIIOCOOCTBYET Oojiee ITyOOKOMY IMOHHMMAHHUIO MPOLECCOB 00pa3oBaHMs M TpaHchopManuu AePeKTOB
pu 00pabOTKE METAIIIOB M MO3BOJISIET Pa3pab0OTaTh CTPATEIHH ITOBBIIICHNS KaueCcTBa JIMCTOBOro Ipokarta. Kpome toro,
B HCCIICAOBAHMHM IOJYEPKUBACTCS BaXHOCTh KOHTPOJIS (M3MYECKOW HEOJHOPONHOCTH 30HBI KOPKH CIHTKA W
MHUHAMH3ALUH 3aTPSI3HEHHSI HEMETAJUTHUECKIMH BKIIOUEHUAMH IS TTOJTYyICHHUS BEICOKOKA4EeCTBEHHOTO MPOKATa.
KaroueBble c10Ba: CINTOK, MAaKpO- ¥ MEKPOHEOAHOPOAHOCTb, CIIsI0, IICTOBOM IPOKAT, Ae(EKT, CTPYKTYpa.

baiikenoe M.HU., Cenvoreaes O.b., I'vuenxo C.A., Agpanacwves /1. A.

TeHi3 cybIHIAFbI MAPTEHCHTTI 00JIATTHIH HYKTEJIK KOPPO3UsICHIHBIH cedeoi

¥YCBIHBUIFAH JKYMbICTa MapTEHCHTTI TOT OacmalTbiH OonartaH >kacanraH X17 OyHbIMIApbIHBIH TEHI3 CyBIHIAFbl
KOppO3WsiChl OHIMIEp OeTiHIeri YALIBIKTapbIHAaFbl XpOM aTOMJIApPBIHBIH TOJBIK TOTBUIMaraHAbIFBIHAH OOJazbl aer
OoipkaHaapl. X17 OoJaTBIHBIH _ YSIUBIKTApBIHAAFEL  XPOM  aTOMJAPBIHBIH _TOJBIK TOTHIFYBl 350°C-ka  jeifiHri
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TeMIepaTypajapAarbl OTTEri MOJCKYJIaJapblHBIH MApPTCHCUTTI TOT OacmalThlH OONATTHIH TEKIIC KOJIEMIiK-
OpTANBIKTAHABIPBUIFAH YAIIBIKTAPBIHBIH KYPaMbIHA KIPETiH YII BAJICHTTI XPOM aTOMIAPBIMEH XHMUSIIBIK OPEKETTECY
YIIiH SHEPTUSHBIH JKETKUTIKCI3AIriHeH TybIHAai bl X 17 TOT OacmaliThiH O0JaTTaH jKacaiFaH OyHBIMIap bl ITAHOIAFbI
HonTerH 5% epitiHniciHe canFaHma OYMBIMHBIH OETiH OTTETiHIH OeNCeHIl TYpJIepiMEH ajIblH ajla ©HICTeHHEH KeWiH
KOPPO3HS KbUTIAMIBIFBIHBIH aUTapIILIKTall TOMEH/IEY1 KOpCeTireH. OHIeY OTTEeTiHIH XUMUSIIBIK OCNICEH Il TYpJiepiMeH
(o30H xoHe cuHTIET oTTeri) 350°C Temmeparypama 12 carat Ooiibl kyprizireH. OTTeTiHIH JKOFapbl OeJCeHI
TypiepiMer 12 caraTThIK ocep eTy HoTwxkeciHae X17 OonarraH >kacanFaH OYHbIMAAp YJTUIEpiHiH OeTiHAeri Xpom
aTOMJApBIHBIH ~ KOMIIIIITT TONBIFBIMEH TOTHIKKAHIBIFBI Kepcerinmi. Kama XPOM - OTTEIT - XPOM
OailTaHBICTAPBIHBIH TY31Ty1 HOTHXKECIHAEC OHIMICPIiH OCTIHIET1 OKCHI MMACCUBTI KAOATHIHBIH THIFBI3ABIFBI alTapIIBIKTAM
octi. by kxoppo3usira Te3IMAUIKTIH JXKOFapbulayblHa okeleni. PeakTuBTi orreri TypiepimMeH engenareH X17 Tor
OacrmaliTbiH OojaTTaH KacayraH OyHbIMaapiblH OETIHIE TaJloreH WOHAApbl Oap CHHMPT epiTIHAICIMEH opeKeTTecy
KBUIIAMJIBIFBI OHIeIMereH X 17 Gonat yirinepiMeH camsicTeiprania 71% TeMeHaereH Kabart naiina 0onaibl.

Kiar ce3mepi: xemipTekTi 00J3aT, TEHI3 Cybl, JIOKAIW3aIMAIAHFAH KOPPO3Ws, TOTBIFY, TaJIOTCHACP, KOJICMJIK-
OPTABIKTAHABIPBUIFAH TCKIIE KYPBUIBIM.

baiikenoe M.H., Cenvorweaes O.b., I'vuenxo C.A., Agpanacwves /1. A.

IIprunHa TOYeUYHOI KOPPO3UM MAPTEHCUTHOM CTAJIM B MOPCKOIi Bo/e

B npencraBieHHol paboTe clelaHo MPEAIOI0KEHUE, YTO KOPPO3UI U3ICTH U3 MAPTCHCUTHOW HEp)KaBEIOMIEH CTaau
X17 B MOpCKO# BOJIc BO3HHMKAET M3-3a HETOJHOT'O OKHCJICHHS aTOMOB XpOMa B siIeHKax HAa TOBEPXHOCTH H3ICIHUH.
HermosiHoe oKuCIIEHWE aTOMOB XpoMa B stueiikax ctaym X 17 MpOrUCXOJUT 10 TPUIMHE TOT'0, YTO Y MOJIEKYJI KHUCJIOpOoaa
npu temnepaTtypax Ao 350°C He XBaTaeT SHEPrUH JUIsl XUMUUYECKOTO B3aUMOJICHUCTBUS C TPEXBAJICHTHBIMH aTOMaMU
XpOoMa BXOJIIMMH B KyOH4ecKrue 00beMHO-IIEHTPUPOBaHHbIC STUEHKY MapTeHCUTHON Hepikasetomel cranu. [TokaszaHo,
YTO MPOUCXOIUT 3HAUUTEIHHOE YMEHBIICHUE CKOPOCTU KOPPO3UM NP PA3MELICHUU U3JeNIU U3 HepiKaBelollel cranu
X17 B 5% pactBope loJa B 3TaHOJIE TIOCIIE MTPEABAPUTEIILHON 00paOOTKH TOBEPXHOCTH M3JICNINI aKTUBHBIMHU (popMaMu
kuciopoaa. O6paboTka MPOM3BOAMIIACH B TEUCHHH 12 4acoB XMMHYECKU-aKTUBHBIMU (opMaMu Kuciopoda (030H U
CUHIJICTHBIH Kkuciopon) npu Temneparype 350 °C. Ilokasano, 4to B pesyibTate 12 YacoBOro BO3JCHUCTBHUS
BBICOKOAKTHBHBIMH (pOpMaMu KHCIIOpoa OOJbIIasi YacTh aTOMOB XpOMa Ha MOBEPXHOCTH 00Pa3IoB M3IEIUI U3 CTalN
X17 Obuta TOJHOCTHIO OKHCIeHa. B pesynbrare oOpa3oBanms HOBBIX cBsizeii XPOM — KUCJIOPOJ] — XPOM
IUIOTHOCTH OKCHIHOTO ITACCHBHPYIOMIETO CJOS Ha IOBEPXHOCTH W3JCNINI 3HAUYMUTEIHHO YBEIUYMWIACH. DTO MPUBEIO K
TIOBBIIIEHUIO KOPPO3HIHOM cToMKocTH. Ha moBepxHOCTH M3Aenui N3 00paboTaHHON aKTUBHBIMHU (hOpMaMK KHUCIOpOIa
HepkaBewoeld ctanmn X17 oOpasoBalicsi CIIOH, Y KOTOPOTO CKOPOCTh B3aWMOJEHUCTBUS CO CITUPTOBBIM PacTBOPOM
coJieprKallleM MOHBI TaJIoreHOB CHIKeHa Ha 71% 1o cpaBHeHUIO ¢ oOpa3uamu HeoOpaboTaHHOH cramy X17.

KaioueBble ciioBa: yriepoaucrasi craib, MOpPCKasi BOJia, JJOKIN30BaHHAsE KOPPO3Us, OKKCIEHHUE, IaJ0TreHbl, 00beMHO-
LEHTPUPOBaHHasl KyOH4yecKas CTpyKTypa.

Omaposa I'.C., Cepukoe T.M., Cenusepcmosa E.B., Ayscanoea A.A., Hopaes H.X.

TuTan AMOKCUIIHIH GOSIFBILI MOJIEKYJIAJAPbIMEH CEHCHOMIM3AIUSICHIHA MJIA3MOHABIK 3¢ deKTiniH dcepi

Do3uH MeH poxamuH b OosrerinrtapeiHaH TiOp-re 3JCKTPOHHBIH TachIMANaHYbIHA METaJUI HaHOOOIIICKTEpPiHIH
Ia3MOHIBIK 3 dexTiciHiH acepi 3epTrenreH. CHeKTpiiK-KUHETHKANBIK onmeynep SiOx-mMeH cambicThipranaa TiO»
OeTiHze €Ki OOSFBINITHIH KapKBIHABUIBIFGI FaHA €MeC, COHBIMEH KaTap (UIyOpeCIeHIVs Y3aKThIFbl J1a TOMEHIACUTIHIH
KOPCETTi, OYJI 3apsIATHIH OOSFBINITAH KapThIIal OTKI3TIIIKe OTyiH KopceTeni. [[1a3MOHIBIK HAHOKYPBUTBIMAAPHI O0JIFaH
xarmaima smpo@kabeikmana (Ag@TiO:) xbutmaM (ITyopeCICHIMAHBIH KAPKBIHABUIBIFBI, COHIAM-aK GOSFBIITADPIBIH
JKapKpIpay Y3aKTBIFBIHBIH KbICKapybl Oaiikananpl. Ag@TiO, HK yimiH MakcuMaiasl IUIa3MOHIBIK 9CEP TipKEJIreH
OHTaibl KOHIEHTpauuss 3 Mac.% Oombim TabOpumamel. I[lmasMOHIBIK 3¢ ¢eKkT COHBIMEH KaTap 3epTTeNleTiH
OOSFBITAPIABIH MOJIEKYJIaJapbl apKbUIBI OTKITIMITIH CEHCUOMIN3ANUACHIHBIH THIMITITIHIH apTyblHA OKenemi, Oy
3epTTENICTIH  JKapThUIall  OTKI3TIMI  KaObIpmaKTapAblH  (OTOBOJBTAMKAIBIK  JKOHE  3apsaTay-TachiMajiay
cHUTIaTTaMaJIapbIHBIH ~ OCYiHEH KopiHemi. AJBIHFaH HOTwKenepAi (oToBoibTamka, (QOTOKATATUTHKAIBIK IKOHE
ONTO3JICKTPOHIBIK DJIEMEHTTEPre apHAIFaH KYPBUIFBUIAP/BI d31pJiey Ke3iH/e maiaananyra 0oapl.

KinT ce3nepi: >xapTbhutail ©TKi3ril, OOSFBINI, SIPO-KAObIKIIA HAHOKYPBUIBIMAAPHL, IIa3MOHIBIK d(QQEKT, 3apsiaThl
TacsIMaNIay, CCHCUOMITH3ALIUS.

Omaposa I.C., Cepukoe T.M., Cenusepcmoesa E.B., Ayscanoea A.A., Hopaes H.X.

BimmsiHne mi1asMoHHOr0 3¢ (exkTa HA CCHCHOMIN3ANIO TMOKCHIA TUTAHA MOJIEKYJIAMH KpacuTeJIei

W3ydeHo BnusHUE TUIA3MOHHOTO3(P(PEKTa METANIMUECKUX HAHOYACTHI[ HA TIEPEHOC AJIEKTPOHA OT KPacUTENeH 203HUH U
pomamud b k TiO,. CrekTpaJbHO-KHHETHUECKHE U3MEPESHHS TMOKa3ajH, 4TO M0 cpaBHeHHIO ¢ Si0, Ha MOBEPXHOCTH
TiO, yMmeHbIIAeTCs HE TOJBKO HWHTCHCHBHOCTh, HO W JUIMTEIHHOCTh (IIyOpeCIeHIIMH OOOWX KpacHUTENIeH, dUYTO
CBUJICTENECTBYET O Iepenaue 3apsiza OT KpacuTelns K MOJYMPOBOMHUKY. B MPHCYTCTBUM IIIa3MOHHBIX HaHOCTPYKTYP
sapo@obonouka (Ag@TiO,) HabmromaeTcst WHTEHCHUUKAIMA OBICTPOH (pIyopecleHIuy, a Takke COKpalleHHe
JUTUTEILHOCTH CBeueHUs Kpacutened. ONTHUMaTbHOW KOHIGHTpAIMEeW, Uil KOTOPOW OBLT 3aperncTpUpOBaH
MaKCHMaJIbHBIA Tu1a3MOHHBIH 3¢ dekr sBisercs 3 mMac% Ag@TiO,. Ilnasmonsslid 3ddekT Takxke NPUBOIMT K
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YBEIUYCHUIO I(PPEKTUBHOCTH CCHCHOMIN3AIMK IOJyIPOBOJAHUKA MOJICKYJAMH HCCIICAYEMBIX KPACUTEICH, 4YTO
BBIpaKaeTcsi B pocTte  (OTOBOJIBTAMYECCKMX W 3apS0-TPAHCIOPTHBIX  XAPAKTEPUCTHK  MCCIEIYEMBIX
MOJIYIIPOBOIHUKOBEIX IUICHOK. [loJTyueHHBIC pe3ylbTaThl MOTYT OBITh MCIOJB30BAHBI P Pa3pabOTKE YCTPOHCTB s
(hOTOBONBTAUKH, (POTOKATATUTUYECKUX U ONTOJICKTPOHHBIX AIIEMEHTOB.

KaioueBble cioBa: MOJYNPOBOIHHK, KPACUTENb, HAHOCTPYKTYpa SApO-000JI0YKa, IUIA3MOHHBIH 3(QeKT, mepeHoc
3apsaa, CCHCHOMIN3AIHS

Ckaxoeé M.K., Baknanoe B.B.,Hypnaucosa I'.C.,Axaes A.C., bekmynoun M.K., Toneyoexos K.O.

ATOM 3JIEKTP CTAHIUSACHIHAAFBHI ayBIP amaTTap Ke3iHJe KOPUyMAa KaJABIK J3HEPrus 06qydi MMHTANHUSIAY
dicTepiH canbICTBIPMAJIBI TAJAAY

ATOM 3JICKTp CTAaHLMUSACBHIHAAFBI AybIp amaTThIH JaMy IMpoleciHne OeiceHai aiiMaKk MaTepUANIIapBIHBIH €pyl JKOHE
KOPUYMHBIH maiiia 0oxareiHbl Ocnrini. KOpUyMHBIH EpEKIICHITi-OHBIH PEaKTOp KOHABIPFBICHIHBIH KYPBUIBIMJIBIK
MaTeprallIapbIMEH 03apa 9pEeKeTTeCy CHIIaThiHA eJieyJli YiIec KOcaThlH KaJJIbIK dHeprus OemyaiH 6oiysl. Ocbl cedenrti
KOPUYM TPOTOTHITIHAETI KAJIIBIK dHEPTUs OOJiHYiH MOJENBACY 9dMicTepiHe KOIEMJIIK TapaiayIblH OipKeIKuIiriHe Ie,
OHBIH KapKBIHIBUIBIFBIHA Ja KATBICTHI alTapiBIKTail Tamantap KOWbUTambl. bepiireH ’KyMbICTa KOPHYyMIAFbl KaJIbIK
SHEpTUsl OOJiHYNIH MMHTAIUSIAYIBIH KOJIAHBICTAFbl 9ICTEpiHE CANBICTHIPMAIBI TaJAay KenrTipinreH. bym omictep
aTOM DJIEKTP CTaHIUSACBIHIAFBI PEAKTOPABIH OalKybIMEH ayblp amarrap Ke3iHAe IMMAacCHBTI KOPFAHBIC JKyHelepiHiH
JKYMBICBIH 3€PTTEUTIH OPTYPJi IKCHEPUMEHTTIK KOHIBIPFhIIApIa KOJIJAHBUIAIABI. OICTEPIIH apTHIKIIBUIBIKTAP MEH
KEeMIITIKTEPiH CANBICTHIPY apKbUIBI KAJIIBIK YHEPTUSHB UMHUTAIUIIAY IBIH HEFYPIIBIM MPAKTHKANBIK O/1iCi aHBIKTAIa bl
JKOHE HaKThl KOPHMYMHBIH JKBUTYJIBIK ©PICIH TOJIBIFBIMEH MMUTALMsUIAY YLIIH TaHIAJIFaH SICTI OJaH opi KeTULAipy
JKOJIIAPbI YCHIHBLTAIBI.

Kiar ce3mepi: aToM 3J1eKTp CTAHIMACHL, AYBIP aNaT, KOPUYM, KAIIBIK YHEPTUSHBIH 00JiHY1,MOICIBICY.

Ckaxoeé M.K., baknanoe B.B.,Hypnaucosa I.C.,Axaee A.C., bekmynoun M.K., Toneyoekos K.O.

CpaBHUTEIbHBIN AHATU3 METOJ0B MMHUTAIIMM OCTATOYHOTO YHEPIrOBbIIeJIeHNsI B KOPHYMe BO BpeMsl TSLKeIbIX
aBapuii HA ATOMHBIX JIEKTPOCTAHIUSIIX

W3BecTHO, 4TO B MPOLIECCE PA3BUTHUS TSHKEJIOW aBapHM HA ATOMHBIX JJIEKTPOCTAHLUIX MPOUCXOIUT PACILIABICHHUE
MaTepUalioB aKTHBHOW 30HBI M 00Opa3zoBaHue kopuyma. OCOOCHHOCTHIO KOpHUyMa SIBISETCS HAJIMYME OCTATOYHOI'O
9HEPrOBBIICICHHS, KOTOPOC BHOCUT OINYTHMBIA BKJAJ B XapakTep €ro B3aUMOJCHCTBUS C KOHCTPYKIMOHHBIMHU
MaTepuallaMH PEaKTOPHOM ycTaHOBKH. [0 3TOM mpuYMHE K METOAAM HMMUTAIMU OCTATOYHOTO SHEPTOBBIICIICHUS B
MPOTOTHUIIC KOPUYMa MPEABSIBISIOTCA JOCTATOYHO CEphe3HbIC TPEOOBAaHMWS, KOTOPBIC KACAKOTCS, KAK PAaBHOMEPHOCTH
00BEMHOTO PACHPEJICICHUS, TaK M €0 HMHTCHCUBHOCTU. B naHHOW paboTe NpUBCACH CPABHUTCIBHBIA aHAIU3
CYIICCTBYIOIIUX METOJOB HMMHTAI[MM OCTATOYHOIO SHECPTrOBBIICIICHUS B KOPUYME, KOTOPBIC IPUMCHSIOTCS Ha
PA3IMYHBIX JKCIICPUMEHTANBHBIX YCTAHOBKAX, HCCICAYIONIMX PabOTy MACCHUBHBIX CHCTEM 3allMThI TPHU TSHKEIBIX
aBapusIX C paciulaBICHHEM PEaKTOpa Ha aTOMHBIX AJIEKTPOCTaHIMsIX. [lyTeM cpaBHEHHUS MPEUMYILECTB U HEAOCTATKOB
ompenensiercst Oojiee NPAKTHUYHBIA METOJ| WMHTAIMK OCTAaTOYHOIO JHEPrOBBIACICHUS W MPEJIAraroTcs MyTH
JIANTbHEHILIET0 COBEPIICHCTBOBAHUS BEIOPAHHOTO CIIOC00a [UIsl MOJTHOM UMHUTAIMK TEIUIOBOTO MOJIS PEealibHOTO KOpUyMa.
KaroueBble cjioBa: ATOMHas JJIEKTPOCTAHLMS, TsDKENash aBapHs, KOPHYM, OCTAaTOYHOE JHEProBbIACICHUE,
MOJICITUPOBAHHE

Hlaiimepoenosa K.M., Cakunoe K.E., A6ouposa H.T., Cyneiimenoea C.E.

Kyprak 6aiibITy apiciMen ExiféacTy3 keMipiHiH canacbiH apTTBIPY

Bepinren sxymbicTa «Kyprak OaibITy» TEXHOJIOTHSCHIH Nainanany ecebineH ExiGacTy3 keMipiHiH camachlH apTThIpy
MYMKIHAIKTEpl TajJKpulaHagbl. JKypri3uireH OKCIEpUMEHTTEp MeH ecenteysep «AHrpencop-OHepro» JKIIC
«ExkibacTy3»KabaTTapblHIaFbl SJHEPTeTHKAIBIK KOMIPYITiIepiH OaibITy IbIH OHTAHIIbI CYJI0AChIH aHBIKTayFa MYMKIHJIIK
Oepui. blmranmpuiblk, KyJd, yiinma 3aTTapAblH IIBIFYBl CHSKTBl TEXHUKAJIBIK CHIIATTAMalapibl ChIHAY JKOHE
SHEPTETUKAIBIK KOMIpHiH OaWbITBUIFAH VITIJIEPiHIH JHEPreTUKAIBIK CHITATTAMANIAPBIH €CENTey KOMIpXUMHUS
3epTXaHacblHaa 3 Ke3eHae Kyprizinmi. HoTmwxkecinme OallbITBUIFAH OTHIH YIATUIEPiIHIH dHEPrUS MeJjmepi OacTamksl
oThIHAIKIHEH 28,5% - Ha JeHiH apTKaHbl aHBIKTAIABI. BYJI JKOFaphl camaigbl KeMip KOHIICHTPATHIHBIH MaKCHMAJJIbI
OHIMUIITIH ally apKbUIbl TYTHIHYIIBUIBIK KACHETTEPIH alTapibIKTai jkakcapTThl. JleMek, a3ipiaeHreH OalbITy cysi0achl
9JIEKTP DHEPTUACHIH TYTBIHYABI €Hdyip asalTyra, aTMoc(epara IIBIFApBIHIBUIAPABI TOMEHIETYre, KOpIIaFraH
OpTara3usHIBI 9CepIi a3alTyFa, KOMip HApBIKTAPBIH KEHEHTYTre MYMKIHIIK Oepeti.

Kint ce3nepi: Exibacty3 keMmipi, sHEpreTHKaJbIK KOMIp, 3WSHIbI LIBIFAPBIHABLIAP, BUIFAIABUIBIK, KYJAUIK, YIIna
3aTTap, KKyprak 0aibITy» TEXHOJIOTHSCHI.

Hlaiimepoenosa K.M., Cakunoe K.E., A6ouposa H.T., Cyneiimenoea C.E.

YiaydiieHne Ka4yecTBa IKUOACTY3CKOTO YIJIsl ¢ HCIOJIb30BAHHEM METO/Ia CYX0ro 000raneHust

B nanHO# paboTe 00CYKIAIOTCsI BO3MOXKHOCTH TIOBBIINICHHUS KAa4eCTBA IKUOACTY3CKOIO YIVIS 3a CYET MCIIOJIb30BAHHUS
TEXHOJIOTHH «CYXOro oboraiieHus». [IpoBeeHHbIe IKCIIEPUMEHTBI U PACUEThl O3BOIIIN ONPEACIUTh ONTHMAIbHYIO
cxeMy obOorameHusi o0pa3loB JHEpreTHUeCKWX yried m3 paspesa «Ikmbactysckuity TOO «AHTpeHCOp-DHEProy.
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TecTupoBaHHE TEXHUYCCKUX XAPAKTECPUCTHK, TAKUX KaK BIIAXXHOCTh, 30JIbHOCTh, BBIXOJ| JICTyYUX BEINCCTB M PAacdeT
9HEPreTHYCCKUX XaPAKTCPHCTUK OOOTAlICHHBIX O00pa3Il0B JHEPreTHMYCCKOTO YISl MPOBEACHO B 3 JTama B
YIIIEXUMHUUYECKOH JTaboparopun. B pe3ynprate yCTaHOBIICHO, YTO IHEPTOCOACPKAHUE 00Pa3IOB 0OOTAICHHOTO TOILUIHBA
yBeNMU4IHUIOCh 10 28,5% OT MCXOMHOTO. DTO 3HAYUTEIHHO YIYUIIMIO MOTPEOUTETECKHE CBOMCTBA 3a CUET MONYYCHHUS
MaKCHMaJIbHOTO BBIXOJ[d BBICOKOKAYE€CTBEHHOIO YTOJBHOrO KOHIeHTpara. CrenoBaresibHO, pa3paboTaHHas cxema
oboraieHus: T03BOJISET 3HAYUTEIBHO COKPATUTh MOTPEOJICHUE 3JIEKTPOIHEPTHH, COKPATHTh BBEIOPOCHI B arMocdepy,
YMEHBILHUTh BPEIHOE BO3/ICHCTBIE HA OKPYIKAIOIIYIO CPE/ly, PACIIMPUTH PHIHKH COBITA YIJISL.

KaroueBble cjioBa: 5Kn0ACTy3CKHii yrojib, SJHEPreTUUECKHE YN, BPEIHbIE BHIOPOCHI, BIAXKHOCTh, 30JIbHOCTD, JIETY4IHE
BEILIECTBA, TEXHOJIOTHSI «CyXOro 00OTaIleHHUs.

Manuxoe B.H., Hukoe A.B., Boiinaw C.A., 3azudyanun P.P., Cabumoe JI.C., Bopnauesa H.B., Heanoe A.A.
Ky#ibIHABI TOK 9iciH KOJJaHYbIMEH KYKA KaObIKIIAJAPABbIH OTKI3IIITIrH aBTOMAaTTaAaHABIPLLIFAH 0aKbLIay
Makanaga Kyka MeTaul KaObIKIIaJapAbIH JICKTP OTKI3TILITINH eJiuey ecentepi yumriH Oy30aiThiH OakbLiaybIH
KYHBIHIIBI TOK 9/IICIH KOJIIaHY MYMKIHJIITI KapacTelpbuiFaH. Oniiey oObeKTici peTiHIe BakyyMpiarbl ra3 (aszacpiHaH
TYHZBIPY 9JICIMEH aJIbIHFAH OPTYPJI KAJIBIHABIKTAFbl MBIC KaOBIKIIadapbl KoJaaHbulabl. Kasipri 3aMaHfel @HepKacil
MIEH FBUIBIMIA MBIC KaOBIKIIANAaphIH KOJIAHYIBIH ©3€KTi OarbITTaphlHA IIOTY JKacajbIll, KYKa MBIC KaOBIKIIadapbIH
3epTTeyre xapaMsl Oy30alThIH OAKBIIAYIBIH ©3€KT1 9/icTepiHe Tayaay kacanabl. KaObIKIaHBIH JIEKTP OTKI3TITITiH
eJmeyre apHaimFaH OypKy ofici MeH OaFaapiaMallbIK-ammmapaTThlK KEIIeHHIH KbhICKAIlla CHUIaTTaMachkl OepiireH.
KaObIKIIaHbIH, AJIEKTP OTKI3TIMTIK MOHAEPIH KYUBIHABI TOK TYPJICHIIPTINIiHIH JaObUTBI MOHI OOWBIHIIA KaJIbIHA
KeNTipyre MYMKIHIIK OepeTiH KamuOpiey KUCBHIFBI KenTipireH. KammOprey KHCHIFBIH Kypy ymiH GaAs rammmit
apCeHMIIIHIH YATUIepi anbHAbl. bByn memrim OepiireH XWMHUSIBIK KOCBUIBICTBIH JJIGKTP OTKI3TIITIK MOHIEPiHIH
aNblHFaH »JKyKa KaOBIKIIaJNapAblH €CENTENITeH  KOPCETKIIITEepiHE JKaKbIHIBIFBIMEH —TYCIHAIpiIemi, opTypii
cunaTramaapbl 0ap KaObIKIIAlapbl ChIHAY HOTWIKEJIEPl YCHIHBUIFAH JKOHE MapTHsiFa OaiaHbICThl KaObIKIIaiapablH
JIEKTP OTKI3TIWITITiHIH Tapanybl KepceriireH. JKyka KaObIKIIanapabl MNpPaKTHKAJIbIK ©JIIey Cepusichl Oypkyre
YIIbIparaH 0acTalKpl 3aTTHIH Maccachl MEH aJIbIHFaH KaOBbIKIIanap/IblH CUIIaTTaMallapbl apachlHaarsl OaillaHbICTHIH Oap
EKeHJITH KOpCeTTi. ODJIEKTp OTKI3TIITIrIHIH opTYpial MoHnuepi OoiblHIIa Oip mapTus LIEHOEpiHAE opTYpJi
KaObIKIIaIapAbl OYPKy canachIHbIH allbIPMAIIbUIBIFBI Typaibl KOPBITBIHIBI KaCaIbl.

KiaT ce3nepi: KYHBIHIBI TOK TYPICHIIPTIl, SJIEKTP OTKI3TIMITIK, )KYKa KaOBIKIIamap, MbIC, 0Y30alThIH OaKbLIay.

Manuxoeé B.H., Huxoeé A.B., Boiinaw C.A., 3azudynnun P.P., Cabumos JI.C., Bopnauesa H.B., Heanos A.A.
ABTOMATH3HPOBAHHBI KOHTPOJIb MPOBOAMMOCTH TOHKHX IUIEHOK C HCTIOJIb30BaAHHEM BHXPETOKOBOI0 MeTo/1a

B crathe paccMOTpeHa BO3MOXKHOCTH NMPHMEHEHUs] BUXPETOKOBOIO METOJ[d HepaspyIIalolIero KOHTPOJS A 3a1ad
MU3MEPEHUS DJICKTPOIPOBOIHOCTA TOHKHX METAJUIMYECKUX IUICHOK. B KauecTBe 0OBEKTa M3MEPEHUS UCIOJIb30BAIUCH
MEIHBIC TUICHKU Pa3JIMYHOM TOJIIMHBI, TOJy4YECHHBIC METOJIOM OCAXKICHUS M3 Ta30BOil (a3bl B BakyyMme. [IpeacrasieH
0030p aKTyaJbHBIX HAMpPABICHHUU WCIOJIH30BAHUS MEIHBIX IUICHOK B COBPEMEHHOW MPOMBINUICHHOCTH W HAayKH U
MPOBEJICH aHAJIU3 aKTyaJbHBIX METOJIOB HEPa3pyIIAIOIIECro KOHTPOJIS, PUTOHOTO ISl UCCIICAOBAHHS TOHKHX MEIHBIX
wieHok. [IpencTaBneHO KpaTKOe ONKMCAaHME METOAAa HANBUICHUS H MPOTPAMMHO-aNapaTHOTO KOMIUIEKCA II0
HU3MEPCHHUIO JJICKTPONPOBOJAHOCTH IUICHKU. [IpuBeleHa KalMOpPOBOYHAS KPHBAs, IO3BOJISIONIAS BOCCTAHABJIMBATH
3HAUCHHsl HJIEKTPUYECKOH MPOBOAMMOCTH IUICHKH IO 3HAYCHUIO CHTHajla BHXPETOKOBOrO mpeobpasosarens. Jis
MTOCTPOCHHS KaJUOPOBOYHOW KpWBOW ObUIM OTOOpaHbl 00pasmpl apceHuma rammms GaAs. Pemenwe oOBsICHIETCS
OJM30CTHI0 3HAYCHUH OSJIEKTPOIPOBOMHOCTH JAHHOTO XHMHYECKOIO COCIMHEHHs K PACCUUTAHHBIM IOKA3aTelsiM
MOJYYEHHBIX TOHKHX IUICHOK [IpeicTaBieHbl pe3ysibTaThl TECTUPOBAHHS IUICHOK, HMEIOUIMX Ppa3jInvHbIC
XapaKTEePUCTUKU U TIOKa3aHO pacipeeieHie 3JIeKTPOIPOBOJAHOCTH IUICHOK B 3aBUCHMOCTH OT mapTuu. [IpoBeneHHas
cepusl IPaKTHYECKUX M3MEPEHHH TOHKHX IUICHOK MPOAEMOHCTPHPOBAJA CYLIECTBOBAHUE B3aWMOCBSI3H MEXKIy Maccou
HCXOJHOTO BEIIECTBA, KOTOPOE OBUIO MOJBEPrHYTO HANBUICHUIO W XapaKTCPUCTHKAMHU IOJNYYCHHBIX IUICHOK. Ilo
PA3IMYHBIM 3HAYCHUSIM SJICKTPOIIPOBOIHOCTH B paMKaxX OJHOW MapTWW OBUI CAENAaH BBIBOJ O Pa3HHIC B KaYCCTBE
HATBUICHUS Pa3JIMYHbBIX [UICHOK.

KiroueBble c10Ba: BUXPETOKOBEIH MPeoOpa30BaTellb, INEKTPOIPOBOJHOCTh, TOHKUE TUICHKH, ME/lb, Hepa3pyIIatonui
KOHTPOJTb.

Munwvkoe JIJL., 'umaeea H.P.

Eki ¢pa3aibl aFbIHHBIH OTHIH Ta0J1€TKACHIHBIH TYTAHYBIHA 5KHE OHBIH I'MJIb3a/1aH IIbIFYbIHA Jcepi

XKanraH KbUTyJIBIK MAKCATTap YIIAKTAp MEH TIKYIIAKTAp YIIiH Kayilci3 jkaraai jkacayia MaHbI3/Ibl peJl aTkapaabl. by
peTTe HEeTi3Ti MiHAeT TabNeTKaHBIH THWIb3aJlaH YIIap alAblHAa OHBIH TYPAKTHl TYTaHYbIH KaMTaMachl3 €Ty OOJIbIT
TabbaaAbl. byl mporecTi OHTAWIaHABIPY VIIH op TYPJi THapaMeTpiepliH ocepiH, MbICAllbl, THh3a MEH OTHIH
TaOJIETKACHIHBIH IWIIMHAPIIK O€Ti apachlHIaFbl ANIAKTHIKTBIH OJIIIEMiH, COHIal-aKk WHHUIMATOPp MEH OTBIH
TabieTKachlHaH KeJETiH OeJIIeKTepiH eJIeMICepiH 3epTTey MaHbI3Ibl. bepinreH Makanaza TaOJieTKaHbIH TYTaHY
JKOHE YIIIy MPOIECiHIH (PU3MKa-MaTEeMaTHKAIBIK MOJICII YCHIHBIIFAH, COHBIMEH KaTap aTajfaH mapaMeTpiepIiH TYTaHy
yaKBITBIHA 9CEpi 3ePTTENreH. 7 = | MKM JKOHE r = 25 MKM-Te TCH OOJIICKTEp/iH OPTYpPJIi eNeMaepi YIIiH IoHHIH
KECIKTIK OCTiHIH TyTaHy yakbIThl Oarayianjpl. I1aTpoH ruiib3achkl MeH JIOHHIH IMIMHAPIIIK OeTi apachlHarbl allllaKThIK
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0,5 MM-1eH 2 MM-re aeitiH Kypaipl. ['mib3azaH TaOneTKaHBIH YIIBIN LIBIFY JKBULIAMABIFEL | MKM XoHE 25 MKM
OeJIIeKTep YLIIH JKOHE I'Mib3a MEH jaHapMai TaOJeTKAaCBhIHBIH IIMIMHAPIIK OETi apachlHAAFbl SpPTYpIi caHbUIAyJIap
YILIiH aJbIHIBL.

Kint ce3mepi: »xamraH >KbUIYJBIK MakcaTTap, XaHy, >XaHy 6OHIMJIepi, MaTeMaTHKalbIK MOJENbILY, OacTamKbl
JKBIIJAMIBIK, 1K1 OaJITNCTHKA.

Munwvkoe JLJIL., 'umaesa H.P.

BiansHue aByX(a3Horo noToka Ha 3a’KMraHue Ta0JeTKH TOMINBA U ee BbLIET U3 THJIb3bI

JloxHbIe TETTIOBEIE IIENTH UTPAIOT BAXKHYIO POJIb B CO3TaHUH OC30IACHBIX YCIOBHU IS CAMOJIETOB M BepToJieToB. [Ipn
9TOM OCHOBHOW 3a/1aycii sSBJISIETCS 00ECHeueHUE CTA0MIILHOTO 32)KWT'aHUs TA0JICTKU TOILIMBA MEpPEi €€ BBUICTOM H3
TWIb3bl. JIJI1 ONTUMU3AIMKA 3TOTO IMPOIecca BaKHO U3YYUTh BIIMSHHUC PA3IMYHBIX MMAapaMeTPOB, TAKHX KakK pasMmep
3a30pa MEXIy TMJIb30H M HWIHHIPUIECKOM MOBEPXHOCTBIO TAOJCTKHU TOILIMBA, 4 TAKXKE pa3Mep YacTHIl, TOCTYMAIOLIIX
U3 MHHUIMATOpPAa M TAOJNETKM TOIUIMBA. B IaHHON cTaThe NpeiokeHa (U3UKO-MAaTEeMAaTHYECKas MOIEIb Ipolecca
BOCILIAMCHCHUS U BbUICTa TaOJETKH, a TAKXKE UCCICIOBAHO BIHMSHUAC YKA3aHHBIX MapaMETPOB HA BPEMS 3a)KUTAHHUS.
OIICHEeHBI BpEMCHA 32)KUTaHUsI TOPLIEBOW MOBEPXHOCTH 3€PHA JUIS PA3JIMYHBIX Pa3MEPOB YACTHII, PaBHBIC ¥ = | MKM U r
= 25 MKM. 3a30p MEXIy THIB30H MaTpOHA M IMUIMHIPUICCKOH MOBEPXHOCTHIO 3epHa COCTAaBIN OT 0.5 MM 110 2 MM.
CxopocTH BbUIeTa TaOJIETKH U3 THIIB3HI IIOyYEHBI IS YacTUIl pazMepoM | MKM u 25 MKM U pa3HBIX 3a30pPOB MEKIY
THIIB30H ¥ MUJIHHAPUIECKOH MTOBEPXHOCTHIO TaOJIETKH TOTIIHBA.

KiioueBble cia0Ba: JIOKHBIE TEIJIOBBIE IENH, TOPEHWE, MPOIYKTHl CrOPaHUS, MaTEeMAaTHUIECKOE MOJCIHNpOBAHHE,
HadJaJbHAs CKOPOCTh, BHYTPEHHSS OaJUINCTHKA.

Kocmuna M.A., Conoamos A.H., Conoamos A.A., Abysnnaunp A.A.

TepModaeKTpIIK 0aKbLIAY Ke3iHIe KONl HYKTediK KOHTAKTIHI MofieJIbaey

Makaaja TEpMOIESKTPIIIK dJiic KE3iHAErl Ko HYKTelll KOHTAaKTiHI MoAeibaey HaTwxenepi kenripiared. TepmoOKK
KO3/1epiHiH apTypli TYpJepiHiH OipHEIIe TEPMOXKYIITap bl apaJuIesb KOCY apKbUIbl aJIbIHFaH 3KBUBAIEHTTI TepMOOKK
KO31HiH XYKTeMe CHIIaTTaMachlHa acepi KopceTiireH. ¥ ChIHbIIFaH MoJieb epKiH Ko sketiMai NI LabVIEW naxerinze
Ky3ere achelppurraH. MoJenbli Tekcepy TEepMOXKYNTapAblH YII TYpiHIE J>KY3€re achIpbUIAbI: MBIC\KOHCTaHTaH,
MBIC\HIXPOM JKOHE XPOMENB\AJIIOMENb, OJAp/bIH MMapajlieih KOCBUIFAHXOHE CAaHBl OPTYPJi. AJBIHFAaH 3KBHUBAJCHTTI
KO3[iH €CelTiK KYKTeMe CHIaTTamajapbl 3KCIIEPUMEHTTIK CHMaTTaMmaiapaaH 6% - JaH acmaiasl. TepMoKynTapIsiH
€Ki TYpiHIH op TYpJIi CaHBIH Tapajulellb KOCY apKbUIbl ajblHFaH JSKBUBAICHTTI TepMOOKK Ke3iHiH KyKTeme
cuTIaTTaMallapblH MOJENbACY HoTHxkenepi kenTipinren. CeHiMai MaliMeTTepai aimy ymriH keM nererne | kKOM-HbIH
OasamaJbl KO3iHiH KYKTEeMECIH KAMTaMachl3 €Ty KaKeT eKEH/IIr KOPCETiNTeH.

Kinr ce3nepi: TepmoOKK, skBHBaleHTTI KO3, MapajuieNb >KajFay, KOl HYKTENIKKOHTaKT, XYKTeMe CHIaTTaMachl,
CYTEPIIO3UIIHS dIC.

Kocmuna M.A., Conoamos A.H., Conoamos A.A., Abysnnauns A.A.

MoneaupoBaHie MHOTOTOY€YHOT0 KOHTAKTA NMPH TEPMOJIEKTPHUECKOM KOHTPOJIe

B cratee mpuBeneHBI Pe3yIbTATHI MOJCTHUPOBAHHUS MHOTOTOYEYHOTO KOHTAKTa TPU TEPMODICKTPUIECKOM METOJE.
[lokazaHo BIMAHWE pa3HBIX THIIOB HCTOYHHKOB TepM0oDJ[C Ha HArpy304HyI0 XapaKTEepUCTHKY AKBHBAJICHTHOTO
uctoyHuka TepMoOJIC, nomydyaeMoro 3a c4eT MapajulebHOTO COEJUHEHHUs HecKoibkux Tepmonap. IIpencraBnenHas
Mojenb peanusoBana B nakere NI LabVIEW, naxopsmasics B cBo6oHOM noctyne. Bepudukarus Mojienn nposeeHa
Ha TpeX THUMAX TEPMOIAap: MEAB\KOHCTAHTAH, MCAB\HUXPOM W XPOMENB\aJIIOMENIb, C Pa3HBIM HUX KOJIUYECTBOM,
COEIMHEHHBIX MapajuienbHo. [lodyyeHHblE pacueTHble HArpy304YHbIE XapaKTEPUCTHKH HKBHUBAJIEHTHOIO HMCTOYHHKA
OTIIMYAIOTCSI OT JKCIICPUMEHTANBHBIX He Oonee 6%. I[IpencTaBineHBl pe3yNbTaThl MOJCTUPOBAHMS HATPY30YHBIX
XapaKTepUCTUK KBUBAJEHTHOro McTouHuka TepMoD/[C, moaydaeMoro 3a cueT HapaiiaelbHOrO COCIUHEHUS PAa3HOIo
KOJIMYECTBA IBYX THIOB TepMomap. Iloka3aHo, 94TO IS MOIYYEeHHS JOCTOBEPHBIX NAHHBIX HEOOXOANMO OOECIICYHTH
Harpy3Ky 3KBUBaJICHTHOTO HCTOYHUKA He MeHee 1 kOma.

KuroueBbie ciaoBa: TepMo3/IC, SKBUBAJICHTHBIM MCTOYHHK, MapalljieIbHOE COCAMHEHHE, MHOTOTOYCUHBIH KOHTAKT,
Harpy304Has XapaKTEPHUCTHKA, METOJ CYTIEPIIO3UIIHH.

Maou ILIIIL, Anvkuna A.J]., Mexmuee A./l., Opuenko A.B.

OnTuKajdblK TANMBIKTEI KOJAAHYbIMEH Kapbep OOPTBIHBIH TYPAKTbUIBIFBIH 0OaKblLIayFa apHaJIFaH
farmapiiaMabIK-annapaTThIK KelleH

bepinren wmaxanmama OopTTap MEH JKHEKTEpJiH KyJayblHBbIH Herisri cebebi Oouiblll TaObUIATHIH KapbepiepJeri
aybICBIM/IBIK MOHUTOPHUHI KYHECIH eHri3y Typalsl mienriMaep Kapactelpburran. KapbepaiH Kayinci3miri MeH y3mikcis
OaKplIayblH KaMTaMachl3 €Ty YIIIH TaJIIBIKTHI-ONTHKAIBIK JATYUKTEP KOJMAHbULABL bBys naruukrep Oip peskumii
OIITHKAJIBIK TAJIIIBIKTAP/Abl KOJIaHYBIMEH JKacasraH, Oy Tay MaccuBiiH 30-50 kM paauycTa XbIDKYBIH 1311 Oaranayra
MYMKiHIK 6epeni. Tay MaccuBinze 0oJbln xKaTkaH JedopManusiiap MEH BIFBICY ITPOLIECTEPIH KaH-KAKTHI Tajay YIIiH
JKeTe 3epTXaHANBIK 3epTTeyNep Kyprizinren. Hotmwxkecinne Oy 3epTTeynepain HOTHXKeNIepi KapbepiaepaiH THIMIITITIH
€10Yip apTTHIPYFa JKOHE TOTSHIIIE YKaFIaiIapablH bIKTUMAJIBIFBIH a3alTyFa MYMKIHIIK Oepeti.




Eurasian Physical Technical Journal, 2024, 21, 1(47) SUMMARIES 145

KinT ce3nepi:TanubIKThI-ONTHKANIBIK JaTYHK, OaKbuIay JKYHeci, alllblK Tay-KeH >KYMBICTAPbI, Kapbep, Kayilncizaik, Tay-
KEH OHJIPICi, ONTHKAJIBIK TAILIBIK, 1e()OPMAILHs, BIFBICY.

Maou ILIIIL, Anvkuna A./]., Mexmuee A./l., IOpuenko A.B.

IIporpaMMHO-annapaTHhIi KOMIUIEKC /JJIsi KOHTPOJISI YCTOHYMBOCTH OOPTOB Kapbepa € HCHOJIb30BAHUEM
ONTHYECKOr0 BOJIOKHA

B IIaHHOﬁ CTaThC paCCManHBa}OTCﬂ pemeHm{ 10 BHC}IpeHI/IIO CUCTEMBbI MOHHTOpHHFa CMECHHOCTHU B Kapbepax, KOTOpaH
SBJISICTCS OCHOBHOM NMPUYMHOM 0OpymIeHus: 60pToB M KpoMkH. [[ms obecredenns Oe3omacHOCTH M OecriepeboitHOTO
HaOJIIOIeHNsT 32 paboTON Kaphepa ObLTH NMPUMEHEHBI BOJOKOHHO-ONTHYECKUE JATIYMKHA. DTH JATUYNKH M3TOTOBIICHBI C
UCIIOJIB30BAHUCM OJHOMOIOBBIX ONTHUYCCKHUX BOJIOKOH, YTO ITO3BOJIACT TOYHO OLCHUTH CMCUICHHC FOpHOFO MacCcuBa B
pamuyce 30-50 xm. [{ns BcecTopoHHEero aHanmsa aeOpMalMii M CIBUIOBBIX IPOIECCOB, MPOUCXOMISIIINX B IOPHOM
MacCCHuBC, 6le'Il/l HpOBeD,eHbl TIHIATCJIbHBIC J'Ia60paT0prle HCCIICAOBaHMNs. B KOHCYHOM HTOIC pe3yanaTb1 3TUX
UCCIIEOBAaHUN TO3BOJIST 3HAYMUTEIBHO IOBBICUTH 3()(EKTHBHOCTH PpabOThl KapbepoB M CHU3UTH BEPOSTHOCTH
BO3HUKHOBEHUS aBAPUIHBIX CUTYyalU.

KiroueBble cJjI0Ba: BOJOKOHHO-ONTHYECKHAN MATYHK, CHCTEMa MOHHUTOPHMHIA, OTKPBITHIE TOPHBIC PabOTHI, Kapbep,
0€301MacHOCTb, TOOBIYA, ONTHIECKOE BOJIOKHO, e()OpMaIlsi, CABHT.

Taoupoe P., bopucos A., Tpygpanosa H., Pazumos 3., Apmuwes C.

TYTKBIPJIBIFbI KOFAPBI MACTAJAPABI IKCTPY3USIIAY NPOLECIH CAHIBIK MOJIETb/IeY

Makasaja mopiuieHb/Ii 103aTOp KOMEriMeH MMacTaHbl IKCTPY3Usiiay MPOLECiHEe TEOPHUSUIBIK 10y YChiHbUIFaH. [lacTa-
TEPIUHEO] MEH KyMic OOJIIeKTEepiHIH YHTAFbIHBIH >KOFapbl TYTKBIP CYCHEH3WACHI O0ibI TaObimaabl. CaHIBIK
MOJICNIBJICY HOTHXKECIHJIC MACTAHBIH TYPAKThI aFbIHBIH/IA KyMic OOJIIeKTepiHiH Taparybl aJlbiHFaH. [lopIieHbaeri apThIK
KBICBIM JKOHE TOPIICHD JKbUIIaMIBIFbIHA OaiIaHBICTHI JKOJABIH THIMII CHI ajbiHaIbl. MOJeNbaey 3KCTPY3HS MPOICCiHe
€H YJIKEH ocep MacTaHbIH TYTKBIPJIBIFbI €KCHIH KOPCETTi. AJIBIHFAH TOYCSIIUIIKTEP Il Maiiianany macTaHbl SKCTPY3HsIay
npoueciH 6ackapyra MYMKIHIIK Oepei.

KinT ce3nmepi: sxcTpy3usi, NOpLIEHBAI 103aTOP, KyMiC IACTa, TYTKBIPJIBIK, TEPIIUHEOI.

TaoupoeP., bopucos A., Tpygpanosa H., Pazumos 3., Apmuuyes C.

YucieHHOE MO/1eJIMPOBAHUE MPOLECCa IKCTPY3HH BHICOKOBI3KMX NMACT

B craTbe npencTaBieHo TEOPETHIECKOe pacCMOTPEHHE TIPOLecca SKCTPY3UH MACTHI C MOMOIIBIO IOPLIHEBOTO J103aTOPA.
IMacra mpejacraBisieT COOOH BBHICOKOBS3KYIO CYCIICH3HIO TEpIIMHEOJa W TMOpOLIKa 4acTHil cepebpa. B pesynbrare
YHCJIEHHOTO MOJICTMPOBAHHMS TIOJyYSHO pacipeieieHie 4acTul] cepedpa B yCTAaHOBHBIIEMCSI [TOTOKE HacThl. [TomydeHbl
M30BITOYHOE [ABJICHUEC B MOPIIHE M JI(PQPCKTHBHAs [IUPHUHA JOPOKKH B 3aBUCHMOCTH OT CKOPOCTU IOPIIHS.
MonenupoBaHue TIOKa3ajao, YTO HAaWOOJbIICe BIMSHUE HA IIPOIECC SKCTPY3UU OKAa3bIBACT BSI3KOCTH IIACTHI.
Hcnonp30BaHuE MOMyYEHHBIX 3aBUCIMOCTEH TIO3BOJIAT YIPABIATH MPOIIECCOM SKCTPY3UH MACTEHI.

KiroueBblie ciioBa: 3KCTPY3Hs, OPLTHEBO# 103aTOpP, cepeOpsiHas macTa, BA3KOCTh, TEPIIUHEO.

Inyang, E.P., Ali N., Endut R., Aljunid S.A.

HCL :kone LiH kocatoMabl MoOJIEKYJIAJAPbIHBIH JHEPreTHKAJBIK CHEKTpJepi, KyTijleTiH MoHaepi :KoHe
TePMOANHAMMKAJIBIK KacueTTepi

Ipenunarep TeHmeyi KpartuepsakpaHgairaH MOTCHIHAIABI €CKepe OTBIPBIIXYJNbTeHyc OolbiHma Huxudopos-
YBapoBTHIH (YHKIIMOHAIIBI TAJAAy SAICiH KOJJaHy apKbUThl mernrijemi. [ puH-OaapudTiH )KybIKTaybl SHEPTUS TCHILY1
MEH TOJKBIHABIK (YHKIUS YIIiH TYHBIK TYpIETi OpHEKTEepAl aHBIKTay YIIiH KOJIaHbUIaAbl. XeluMaH-DeitHMaH
teopemackl HCL »xone LiH kocaTtoMawik MoisekymanapbiHbiH (DM) opTypili KBaHTTHIK KYWJIEPiHIH dHEPTETHKAIBIK
CICKTpJIepl MCH MaTEMaTHUKAJBIK KYTIMACPIH €cenTey YIIiH naiganaHpurad. KeliHHeH CTaTUCTUKAIBIK KOCBHIHIBIHEI
ecenTey YIIH OYpBIH alblHFaH JHEPIus TCHICYI KOJJIAHBUIABI, OYJI ©3 Ke3eriHae KOCATOMIBIK MOJICKYJaJapMeH
Oaity1aHbICTHI TE€PMOAUHAMUKAIIBIK, KacueTTep.i aHBIKTayFa MYMKIHJIK Oepui.
KocaromueikmonekynagapmeHLiHymiHCTaTHC THKATBIKKOCBIHABIOPTY pIliTeMIIepaTypaaccentenred. Hotmxkenep exi
KOCaTOMJIbI MOJICKYJIaHbIH CTATHCTUKAJBIK KOCBIHIBICHI TEMICPATYPaHBIH >KOFAphUIAYBIMCH AapPTAHBIH KOPCETE.
ATBIHFaH HOTHXKEJICP 9JICOMETTE CUMATTAIFAH HOTHKEICPMEH COMKEC KEIe/i.

Kinr ce3nepi: ['pua-Onapudrin KybIKTaybl, OalilaHBICKaH, KYH, XeMan-DelfHMaH TeopeMachl, TEPMOIMHAMHUKAIIBIK
KacuerTep.

Inyang, E.P., Ali N., Endut R., Aljunid S.A.

JHepreTuyeckue CHEKTPbl, OXKUJAaeMble 3HAYEHHS W TePMOJAMHAMHYECKHE CBOWCTBAa JBYaTOMHBIX
moJieky1HClu LiH

VYpaBuenue lllpemunrepa permaercs myTeM HNPUMEHEHHs MeTona (YyHKIMOHANBHOro aHanu3a Hukudoposa-YBaposa
mo XrJIBTCHYC y4eToM SKpaHupoBaHHoro norteHimanaKpariepa. [Ipudmmkenue ['puna-Onapuya ucnonb3yeTcs s
OTIPE/ICIICHUS] BBIPAKCHUI B 3aMKHYTOH (opMe Ui ypaBHCHHs dHEpruu M BoiHOBoW (yHkimu. Teopema Xemrmana-
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OeiiHMaHa ObUIa MCHOJIB30BaHA JUIA pacdyeTa YHEPreTHUECKUX CIICKTPOB M MaTEeMaTHYECKUX OXHMAAHUH PasIMYHbBIX
KBaHTOBBIX COCTOSIHUI 1ByxatoMHbIX Mosiekya (DM) HCI u LiH. BnocnencTBun UCToNIb30BaHO ypaBHEHUE YHEPTHH,
KOTOpO€ paHee ObUIO BBIBEJICHO MJIsI pacueTa CTaTUCTHYECKOW CyMMBI, 4YTO, B CBOIO OuYE€peib, MO3BOJIMIIO HaM
OTIPEIEINTh TEPMOJIUHAMHYECKHE CBOICTBA, CBA3aHHBIC C JBYXaTOMHBIMH MojeKynamu. CTaTHCTHUECKas CymMMa Ui
IBYXaTOMHbIX Mosekynl u LiH paccumrana mnpu pasnudHbIX TeMIepaTypax. Pe3ynbTaTel MOKa3bIBAaIOT, 4TO
CTaTHUCTHYECKAs CyMMa [BYX JABYXaTOMHBIX MOJIEKYJ PACTET C MOBBIMICHUEM TeMIepaTypsl. IlomydeHHbIE pe3ysIbTaThl
COTJIACYIOTCS C Pe3yIbTaTaMU, ONIMCAHHBIMHY B JINTEPATYPE.

KiaroueBble cjoBa: mnpuOmmwkenue [puHa-Ongpuya, CBS3aHHOE COCTOSHHE; Teopema XemnmMmaHa-DeliHMaHa;
TEpPMOJUHAMUYECKHE CBONCTBA.






