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Dear authors and readers!
Dear colleagues!

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

Thanks to our authors and the qualified work of the editorial board members, the journal continues to be
indexed in the Scopus database in all four scientific areas with a max percentile 27% on the Engineering
direction. These indicators were achieved thanks to the objective and highly qualified examination of materials
by our reviewers, which guarantees the quality of published in the Eurasian Physical Technical Journal articles.
According to the Scimago Journal & Country Rank (SJR) website, as of March 2025, the journal's Hirsch
index is 7, the journal is in the Q3 quartile in the Engineering area.

An analysis of the website's statistical indicators shows that the period of consideration of articles from
the moment of receiving materials on the site until the official publication date in 2024 was from 3 to 6 months
(an average of 127 days). There are quite a lot of people wishing to be published, and despite the fact that
almost 60% of articles are rejected, a queue is created for authors. But at the same time, the number of citations
of articles published in the journal does not increase sufficiently. Therefore, it is very encouraging that on
March 5, 2025, the CiteScore Tracker indicator reached a value of 1.2 for the first time, the value of which
directly depends on the number of citations of articles published in the Eurasian Physical Technical Journal.

This first issue of 2025 contains 14 articles, 5 of which are co-authored by highly rated authors with high
Hirsch index. Let's move on to a description of the contents of this issue.

The Materials Science section presents new original results on the study of material properties under
various external influences. In particular, readers will be interested in the results of the assessment of the
«destruction processes of the strength and thermal parameters of two-phase lithium-containing ceramics
subjected to high-dose irradiation with protons, the effect of which simulates the processes of hydrogen
swelling». The Kazakh authors found that «in the case of two-phase ceramics, an increase in the stability of
maintaining strength properties is observed under long-term temperature changes».

Astana researchers have analyzed the «processes of elastic scattering of a nuclear system from the point
of view of the microscopic theory of energy near the Coulomb barrier». The results obtained «allow us to more
accurately determine nuclear properties and improve the saturation characteristics of the nuclear environmenty.
In an article by Almaty scientific centers researchers, «the effect of different concentrations of polyethylene
terephthalate filler on the strength, rupture, and relative elongation at rupture of polyimide films under uniaxial
tension™ was studied. It was determined that for all types of samples, the initial mechanical load causes a sharp
increase in relative elongation, which «is explained by the rotation of globules and the alignment of matrix
macromolecules into elongated chains along the direction of the load». Buketov University employees together
with a Tomsk scientist, used in their research» a method of two-sided two-stage anodization to obtain films of
anodic aluminum oxide with periodic and regularly located pores». As a result, absorption and reflection
spectra of a porous film of anodized aluminum were obtained, where «the maximum value of the refractive
index is observed in the short-wave and long-wave regions of the spectrumy.

The Energy section contains articles on environmental aspects of energy, both for power plants using
alternative energy sources and for improving the efficiency of power units and assessing potential safety
threats. The work by authors from Tashkent takes into account the specific features of the arid climate of
Uzbekistan. The «efficiency of photothermal devices of various capacities with a new type of cooling systems
that does not require constant use of water was studied. As a result of joint research by authors from Tomsk
and Astana, the «dependence of the efficiency of a single-loop power unit with a helium reactor and a hydrogen
module on the degree of regeneration™ was determined. It was shown that «a gas-cooled reactor with a turbine
and compressor allows the use of a thermodynamic cycle» with high efficiency. Research by authors from
Indonesia shows that «biogas as a dual-fuel fuel can improve engine performance while reducing harmful
emissions, making it a sustainable energy alternativey.
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The article by the authors from the Kurchatov Research Center presents the development of a «portable
coaxial HPGe detector in combination with FRAM software for determining uranium enrichment under
shielding and without it». The results of gamma spectrometric measurements of fuel rod samples with low
uranium content showed that this method provides a reliable and rapid enrichment assessment with low error».

The Engineering section articles examine practically important technical developments and solutions to
current problems in the automation of modern technologies, control and monitoring systems. In the article,
authors from Russia and Egypt developed a «thermoelectric method for monitoring the value of contact
connection transition resistance» to detect faulty contact connections in an electrical network» ... with
resistance exceeding the values specified in regulatory documents. Authors from Temirtau studied the
composition and properties of road marking coatings that have «high weather resistance, in particular,
resistance to temperature changes, moisture resistance, and good anti-corrosion properties». The developed
road marking coatings are clearly visible at any time of day and night, and can be used "to protect exposed
steel structures».

The Karaganda Saginov Technical University scientists’ article is devoted to the analysis of the study of
changes in «some physical and structural properties of melts under certain parameters of ultrasonic treatment"
causing acoustic cavitation of liquid metal. Ultrasonic treatment is "an effective method of dynamic impact on
liquid and crystallizing metal». The possibility of implementing various mechanisms of structural changes in
the same melt in different temperature ranges is shown. In the last article of this section, the authors also
studied the properties of ceramics based on beryllium oxide (BeO), also formed using ultrasound. Such
ceramics showed more intense sintering, less shrinkage and a lower sintering temperature compared to
ceramics obtained without ultrasound. It is shown that the rheological properties of the thermoplastic slip
change with ultrasonic activation, which improves the properties of castings.

The Physics and Astronomy section presents the results of a study of the physical characteristics of
macroscopic processes in the galaxy to microscopic processes of photoluminescence as a result of electron
recombination. The first article in this section examines the variability processes of active galactic nuclei,
which play a key role in understanding the physical processes in their central regions. The authors conducted
an "analysis of the photometric and spectral variability of two Seyfert galaxies, MRK 6 and MRK 1040, based
on archival and modern observations». This made it possible to estimate the "velocity dispersions and the
corresponding velocities along the line of sight, which may indicate the outflow of matter from the central
regions of galaxies. In the second article, the "photoluminescence spectra of indium antimonide at a certain
concentration consisting of two lines, the maxima of which shift toward higher energies with increasing
concentration are investigated. The authors found that the short-wavelength emission line of doped n-type
indium antimonide crystals is due to the recombination of electrons located at the Fermi level with holes at the
top of the valence band.

We hope the presented articles will be of interest to scientists, teachers, doctoral and master's students.
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.

We also invite authors and readers to visit our Facebook (https://www.facebook.com/groups/
1103109540750967/members), where announcements and news about the Eurasian Physical Technical Journal
are posted, and write your opinions and wishes.

With respect and best wishes for health and well-being to our authors and readers,

Editor-in-Chief, Professor Sakipova S.E.
March, 2025


https://www.facebook.com/groups/%201103109540750967/members
https://www.facebook.com/groups/%201103109540750967/members
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STUDY OF THE EFFECT OF THE COMPONENT RATIO VARIATION
IN TWO-PHASE CERAMICS ON THE RESISTANCE
TO HIGH-DOSE PROTON IRRADIATION SIMULATING
THE EFFECTS OF HYDROGEN SWELLING

Kozlovskiy A.L.3%, Kenzhina I.E.?34, Tolenova A.%, Askerbekov S.1?

1-Satbayev University, Aimaty, Kazakhstan
2The Institute of Nuclear Physics, Almaty, Kazakhstan
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Abstract. The paper presents the evaluation results of the destruction processes of the strength and thermal
parameters two-phase lithium-containing ceramics subjected to high-dose irradiation with protons, the impact of
which simulates the processes of hydrogen swelling. Interest in this research topic is primarily due to the
possibilities of determining the influence of variation in the ratio of two components of lithium meta zirconate and
lithium orthosilicate on maintaining stability and resistance to radiation damage, and diffusion processes
associated with post-radiation isothermal annealing of samples, typical for simulation of desorption processes.
During the conducted studies of the effect of the component ratio variation in two-phase ceramics on resistance to
radiation-induced softening processes and reduction in crack resistance, it was determined that, unlike single-
component ceramics, the combination of two phases in the composition leads not only to an elevation in the initial
strength parameters, but also to a softening resistance growth due to the presence of interphase boundaries. In the
case of testing the studied ceramics to thermal impact processes (thermal resistance tests), it was found that in the
case of two-phase ceramics, a rise in the stability of maintaining strength properties to long-term temperature
changes is observed.

Keywords: hydrogen swelling; breeders; two-phase ceramics; high-dose irradiation; lithium meta zirconate; lithium
orthosilicate.

1. Introduction

The use of alternative energy sources, including nuclear and thermonuclear energy, is the most
promising way to solve global problems associated with the increase in global demand for energy
consumption, as well as reducing the negative impact on the environment associated with the depletion of
fossil resources, as well as the need to reduce the amount of harmful emissions that lead to the threat of
global warming [1]. In the case of using nuclear energy to solve these problems, great emphasis is placed on
the development of concepts for the use of new types of nuclear reactors, which consist of increasing the
power and service life by changing the concept of nuclear fuel, as well as the use of materials capable of
withstanding high temperatures [2]. When considering thermonuclear energy as an alternative energy source,
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much attention is paid to the use of the D-T fuel cycle, which includes the use of deuterium and tritium as the
basis of thermonuclear fuel, the use of which allows for the production of large amounts of energy, as well as
the almost complete absence of nuclear waste.

The concept of obtaining tritium to maintain the fuel D-T cycle in thermonuclear reactors is to produce
tritium in a blanket containing lithium, the use of which is due to the possibility of obtaining tritium as a
result of nuclear reactions of lithium with neutrons, the fission products of which are tritium and helium [3].
At the same time, for stable maintenance of the D-T cycle in a thermonuclear reactor, it is necessary that the
tritium production coefficient in the blanket be greater than 1, which imposes a definition of the condition for
ceramic materials of lithium-containing ceramics, the key one of which is a high lithium content in the
composition. One of the most suitable types of ceramics containing a large amount of tritium are lithium
orthosilicate ceramics (LisSiOa), which, due to their structure, contain much more lithium than other types of
ceramics, such as lithium titanate (Li,TiOs), lithium aluminate (LiAlO,) or lithium metazirconate (Li2ZrOs).
Also, an important role in the selection of blanket materials is played by their thermophysical properties,
which determine the mechanisms for transforming the energy of incident fast neutrons into thermal energy,
thereby reducing the risk of overheating effects, as well as reducing energy costs for plasma containment
using electromagnetic forces [4-6]. It is important to highlight that the ceramic materials of the blanket, in
addition to the above properties, must have sufficiently high indicators of resistance to destruction during the
radiation damage accumulation, which is caused by both the impact of neutrons and fission products of
nuclear reactions in the form of helium and hydrogen, the accumulation of which occurs in the near-surface
layers of the blanket, due to the high mobility of these elements, alongside an increase in their diffusion at
high temperatures, the maintenance of which is required by operating conditions, as well as the need to
initialize the desorption processes of the formed tritium in the ceramics.

In view of this, in recent years, much attention has been paid to developments in the field of creating
ceramic materials used as tritium breeders for blankets of thermonuclear reactors, the use of which will solve
the problem of producing tritium, which is necessary to maintain thermonuclear reactions [7,8]. At the same
time, the most intensive research in this area is aimed at finding optimal compositions of lithium-containing
ceramics with high rates of chemical inertness and stability to mechanical impacts, high density of lithium in
the composition, radiation resistance and resistance to the radiation damage accumulation caused by neutron
irradiation, as well as the influence of nuclear reaction products in the form of helium and hydrogen. The
most promising types of lithium-containing ceramics are considered to be two-phase ceramics with different
phase contents [8], core-shell structures [9,10] or composite ceramics, which are substitution or interstitial
solid solutions [11]. Among these types of lithium-containing ceramics, the most promising are two-phase
ceramics obtained by various synthesis methods, such as sol-gel or hydrothermal methods [12], rolling
methods [13], mechanochemical solid-phase synthesis combined with thermal annealing of samples [14,15].
Interest in them is due to the possibility of combining the properties of various components of lithium-
containing ceramics, as well as the formation of interphase or dispersion strengthening effects arising due to
size effects [16], as well as variations in the ratio of phases in the composition [17]. At the same time, despite
a fairly large number of existing works in this area, interest in such studies does not subside, and the annual
number of scientific publications on the topic of research related to the development of technology for
obtaining lithium-containing ceramics, as well as the study of the processes of their interaction with ionizing
radiation, including neutron, proton and alpha particles, only increases, which indicates the high significance
of such studies due to the need to solve the problem of tritium production.

The main idea of this study is to determine the influence of variation in the ratio of lithium meta
zirconate and orthosilicate components on the resistance to radiation damage associated with hydrogenation
processes in the near-surface layer.

At the same time, the effect of the component ratio variation on resistance to hydrogenation processes
was assessed by measuring the trends of hardness reduction, crack resistance and cracking under mechanical
action, as well as the degradation kinetics of ceramics subjected to hydrogenation and subsequent thermal
action, simulating thermal aging processes. In this case, long-term high-temperature heating initiates the
processes of implanted hydrogen diffusion, which leads to its agglomeration in voids, thereby increasing the
deformation distortion of the crystalline structure, which has a negative effect on the strength properties of
ceramics. Also, the presented results of experimental work related to determining the influence of irradiation
temperature on the degree of change in strength parameters caused by thermal expansion of the crystalline
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structure and more pronounced diffusion made it possible to establish the influence of variation in the ratio
of components in two-phase ceramics on resistance to degradation.

The novelty of this study lies in determining the prospects for using two-component lithium-containing
ceramics as blanket materials for tritium breeding, with the main emphasis in the study being placed on
assessing the influence of hydrogenation processes on changes in the strength characteristics of ceramics.

2. Material and methods of research

Five types of ceramics were selected as objects for conducting studies related to determining the effect
of varying the ratio of lithium orthosilicate and lithium metazirconate components on the resistance to
hydrogen swelling and destruction of the surface layer under high-dose irradiation. Two of them are single-
phase ceramics based on lithium metazirconate (Li>ZrOs) and lithium orthosilicate (LisSiOs), as well as three
types of two-phase ceramics obtained by varying the ratio of xLi>ZrOsz — (1-x)Li4SiO4 components at x equal
to 0.75, 0.5 and 0.25 M. Moreover, in the work [18], published earlier by our research group, a detailed
analysis and characterization of the strength and thermal physical parameters of these types of ceramics in
the initial state with variations in the ratio of powder components was carried out, according to which it was
determined that the most optimal compositions with the highest indicators of hardness, resistance to cracking
under single compression, and crack resistance are two-phase ceramics with an equal ratio of components in
the composition. At the same time, test trials of the radiation resistance of these ceramics to the accumulation
of structural damage associated with high-temperature irradiation with He?* ions showed that two-phase
ceramics are more resistant to radiation damage caused by the accumulation of implanted helium in the
surface layers, while single-phase ceramics have fairly low stability indicators of strength and thermal
physical parameters to radiation damage [18]. Table 1 reveals the parameters of the strength and thermal
characteristics of the studied ceramics obtained in [18], which were used as reference data for a comparative
analysis of changes associated with the accumulation of radiation damage with variations in irradiation
fluence. According to the data presented, an alteration in the ratio of components (1-x)Li>ZrOz — XLi4SiO4 in
the composition of ceramics leads to a change in the strength parameters, up to an equal ratio of components.
At the same time, the dominance of LisSiO4 in the composition of ceramics at concentrations above 0.5 M
leads to a decrease in the strength parameters relative to the maximum values obtained for ceramics with an
equal ratio of components in the composition. It is important to note that in the case of single-component
ceramics, the strength indicators for Li,ZrOs; ceramics are higher than for LisSiO4, which in turn indicates a
higher resistance to external influences of lithium metazirconate in comparison with lithium orthosilicate,
which was also confirmed by irradiating samples with He?* ions [18]. According to the studies cited, the
highest resistance to external influences under single compression and three-point bending are found in
ceramics with an equal ratio of components in the composition, for which the increase in resistance is about
10 %. Such alterations in this case can be explained both by the effect of the presence of interphase
boundaries and by dispersion strengthening, the presence of which is due to changes in the size of grains and
the density of their packing, as shown in Figure 1. The morphological characteristics of the studied ceramics
were measured using the scanning electron microscopy method, performed using a Phenom™ ProX
microscope (Thermo Fisher Scientific, Eindhoven, Netherlands).

Table 1. Parameters of hardness, resistance to single compression, crack resistance, thermal conductivity coefficient

Paramater (1-x) Li2ZrOs — XLisSiO4 ceramics
0 0.25 0.5 0.75 1
Hardness, HV 75247 761+6 795+8 775+6 685+7
Crush load, N 44.5+1.4 48.7+1.8 51.6+1.7 47.2+1.3 34.5£1.6
Crack resistance, MPaxm?? 1.65+0.14 1.71£0.09 1.94+0.11 1.82+0.12 1.67+0.13
Thermal conductivity, W/(mxK) 1.75+0.13 1.81+0.11 1.97+0.08 1.94+0.14 1.73+£0.12

The influence of variation in the ratio of components in two-phase ceramics on resistance to hydrogen
embrittlement and related processes of degradation of strength and thermal parameters was determined by
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simulation of the processes of implanted hydrogen accumulation due to irradiation with protons with an
energy of 1 MeV and various irradiation fluences from 10% to 10'® cm=. These fluences, according to the
presented method of converting fluence into the value of atomic displacements (dpa) [19, 20], which is a
universal parameter used to compare the values of radiation damage caused by different types of ionizing
radiation, correspond to the range of 0.04 — 40 dpa, which, when converted to neutron flux, is about 10 —
102 neutron/cm? (for neutrons with an energy of more than 0.1 MeV).

The study of the mechanisms responsible for the reduction of the strength parameters (hardness,
resistance to cracking, crack resistance) was carried out using standard methods for determining hardness by
the indentation method, single compression of samples to determine resistance to crack formation, and
determination of resistance to three-point bending to determine the value of crack resistance. Methods for
assessing changes in strength characteristics used for lithium-containing ceramics are presented in [5].

LizZrO3 0.75 LizZI’Og —-0.25 Li4SiO4 0.5 LizZl’O3 -05 Li4SiO4

0.25 Li2ZrO3z — 0.75 LisSiO4 LisSiO4

Fig. 1. Assessment results of the morphological features of the studied ceramics contingent upon the ratio of
components in the composition, reflecting the influence of their variation on dimensional factors, as well as the
possibility of forming the effect of dispersion hardening

In this case, the change in the ratio of components in the composition of two-phase ceramics leads to
the formation of a structure containing both rhomboid grains of Li»ZrOs and spherical grains characteristic of
LiaSiO4, which have larger sizes. The observed strengthening effects in this case are due to the influence of
the presence of interphase boundaries, which arise due to differences in grain sizes, as well as the formation
of a structure of the type of larger grains of LisSiO4, surrounded by a finely dispersed fraction of Li»ZrOs.

The thermal conductivity coefficient was measured by determining changes in the stationary heat flow
using a universal thermal conductivity meter KIT-800 (KB Teplofon, Moscow, Russia).

The influence of the accumulated dose of proton irradiation on resistance to high-temperature effects
(non-thermal resistance tests) was determined by rapidly heating the samples to a temperature of 1000 °C
(heating rate 50 °C/min), holding for 1 hour at this temperature and abrupt cooling by removing the samples
from the muffle furnace into the air. As a result of these manipulations with the samples, the effect of sharp
temperature changes typical of emergency situations arising in critical situations during the operation of
ceramic samples during abnormal situations is simulated. The number of tests was about 10 consecutive
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cycles, which made it possible to evaluate the degradation resistance of samples in the initial state and
irradiated with fluences of 10% and 10 proton/cm?. The results of these experiments made it possible to
establish not only the kinetics of sample destruction under conditions characteristic of extreme situations
during operation, but also to establish the effect of variation in the component ratio on the resistance of
ceramics to thermal effects. All experimental work was carried out in several parallels in order to determine
measurement errors and standard deviation, as well as the convergence of results. The experiments carried
out allowed us to exclude factors that could have a negative impact on the project results, as well as to
exclude inaccuracies in the data presented.

3. Results and discussion

The key parameters for using lithium-containing ceramics for tritium multiplication, in addition to the
efficiency of multiplication and subsequent desorption of tritium, are their resistance to degradation of
strength properties, the change of which can make significant adjustments to the service life. In this case,
deterioration of resistance to external influences due to the accumulation of structural damage and defective
inclusions, which in most cases are agglomerations of point defects and oxygen vacancies in the damaged
layer, can lead to deterioration of tritium desorption processes, as well as their destruction due to loss of
stability to external mechanical effects associated with compression of samples during thermal expansion.
Also, an important role in determining the potential of application is played by the thermophysical
parameters of the studied ceramics, the deterioration of which is caused, as a rule, by the processes of
accumulation of disordered areas, creating additional barriers for phonon heat exchange mechanisms. In
some cases, one of the factors that allows increasing the resistance of ceramics to external influences, as well
as radiation damage, is the creation of interphase boundaries, due to the variation of the phase ratio, as well
as the effect of dispersion strengthening, which occurs when the grain sizes decrease, and, as a consequence,
the dislocation density increases. The combination of these factors allows not only to increase the
mechanical properties of ceramics, as shown in Table 1, but also to increase resistance to external influences
associated with the accumulation of structural damage resulting from the accumulation of the damage dose
during irradiation.

Figure 2 demonstrates the assessment results of the change in the strength characteristics (hardness,
resistance to cracking and crack resistance) of the studied ceramics depending on the irradiation fluence
(recalculated for the value of atomic displacements). The general form of the presented dependencies reflects
the degradation of the strength properties of the studied ceramics, as well as the influence of the variation in
the ratio of components in the composition of two-phase ceramics on resistance to softening associated with
the accumulation of structural damage. It should be noted that the measurements were carried out on a series
of samples, which made it possible to establish the measurement error, as well as the values of the standard
deviation, the values of which indicate the repeatability of the changes observed during irradiation, which
also confirms the fact of the stability of the technological process for manufacturing ceramics according to
the proposed production method.

As can be seen from the presented dependences of the change in strength properties on the magnitude of
atomic displacements, the observed trends of changes indicate a difference in the trends of degradation of
strength properties caused by the effect of accumulation of structural damage caused by proton irradiation
and, as a consequence, a change in the magnitude of atomic displacements in the damaged layer. At
irradiation fluences corresponding to the value of atomic displacements up to 1 dpa, the changes in the
strength parameters are minimal and are within the permissible measurement errors, which indicates a high
resistance of ceramics to softening at low irradiation doses (less than 1 dpa corresponds to a fluence range
from 10%° to 5x10® proton/cm?). In this case, small changes in the strength parameters are due to the
cumulative effect of structural distortions that appear during high-dose irradiation. While at low fluences, the
resulting point and vacancy defects are able to relax, which leads to the formation of isolated structurally
distorted areas in the damaged layer, the dimensions (in particular, the diameter and length), as shown in
[21,22], directly depend on the type of interacting particles, as well as their energy. In the case of protons
used for these experiments, due to their nature, the damaged areas have a large extended shape (more than 20
um in size) and a diameter of less than 1 nm, which leads to their isolation from each other even in the case
of sufficiently high irradiation fluences.

At the same time, according to a number of studies [23], the main structural defects in lithium-
containing ceramics are E-centers associated with the formation of oxygen vacancies, while at high
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irradiation fluences (in atomic displacement values above 1-5 dpa), the accumulation of radiolysis products,
i.e. complex defects associated with physicochemical processes, begins in the structure. In this regard, small
changes in strength parameters at irradiation fluences below 5x10'¢ proton/cm? may be due to the effects of
small structural changes caused by the formation of vacancy defects, the accumulation of which, together
with the products of physicochemical radiolysis processes, leads to the formation of complex defects, the
presence of which has a more significant negative effect on the change in strength parameters, expressed in a
change in the trends of hardness reduction, the value of maximum pressure under single compression and
crack resistance determined in three-point bending tests. In this case, it can be noted that the critical
irradiation fluences, upon reaching which a change in the trends of changes in strength parameters is
observed, is a value of about 10" proton/cm?. It is also important to reflect the fact that changes in the ratio
of components in the composition of ceramics lead to a change in the trends of degradation of strength
properties, which in turn indicates a positive dynamic of the effect of variation in the phase composition of
ceramics on strengthening and an increase in resistance to radiation-induced destruction processes in
comparison with single-phase ceramics.
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Fig. 2. Assessment results of changes in the strength parameters of (1-x)Li.ZrOsz — XLi4SiO4 ceramics subjected to
proton irradiation: a) results of changes in the hardness of ceramics depending on the value of atomic displacements;
b) results of the maximum pressure that ceramics can withstand during a single compression depending on the value of
atomic displacements; c) results of changes in the crack resistance value determined by the three-point bending method
depending on the value of atomic displacements

It is noteworthy that the critical irradiation fluence of the order of 10 proton/cm?, at which a nearly
exponential nature of the decrease in the trends of strength parameters is observed, is in good agreement with
a number of works related to the study of the processes of swelling of the near-surface layer of ceramics
subjected to helium irradiation [24,25]. The similarity of the observed changes in this case can be explained
by the fact that in both cases, at high irradiation fluences, agglomeration of implanted helium and hydrogen
occurs in pores and voids due to diffusion processes and weak solubility of these types of ions, which in turn
leads to the formation of gas-filled bubbles in the near-surface damaged layer, the deformation expansion of
which leads to the destruction of the near-surface layer. In this case, as was shown in the work [26], the
evolution of the processes of accumulation of products of nuclear reactions in the form of tritium, helium,
hydrogen and their isotopes is accompanied by filling of voids in lithium-containing ceramics, with
subsequent release of gas from these voids, which can be accompanied by deformation opening of these
voids, as well as partial embrittlement of the surface layer. In this case, it can be concluded that the main
observed changes in the reduction of strength parameters, as in the case of helium accumulation in the
surface layer, are associated with the processes of deformation embrittlement caused by the effects of
diffusion and agglomeration of hydrogen in voids with a subsequent increase in the deformation of the
crystalline structure. It should also be noted that the observed differences in the trends of reduction in
strength properties are primarily associated with a change in the ratio of components in the composition of
ceramics, from which it follows that the formation of two-phase ceramics, especially in which the LisSiO4
content is 0.25 and 0.5 M, leads to an elevation in resistance to softening caused by high-dose irradiation. In
this case, the observed effect of growth in resistance to softening caused by the accumulation of structural
distortions, and in the case of high doses of irradiation of the products of physical and chemical processes of
radiolysis, is due to the presence of interphase boundaries, as well as dispersion hardening associated with
changes in grain sizes (and, as a consequence, dislocation density). The observed effect of dislocation
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hardening associated with an increase in the resistance of ceramics to radiation damage caused by high-dose
irradiation is in good agreement with the results of works [27, 28].

Figure 3 illustrates the dependences of the change in the softening factors of the parameters under
study, caused by the influence of the destruction of the crystal structure, as well as the accumulation of
structural damage caused by proton irradiation. The data presented in Figures 3a-c were obtained by
comparative analysis of the values of the strength parameters of the irradiated samples with the values
obtained for the samples in the initial state. In this case, the values of the softening factors are given in
percentage terms, reflecting the dependence of the degradation of strength properties with the accumulation
of structural damage in the samples under study. The general form of the observed changes in the softening
factors indicates a two-factor effect of both the irradiation fluence (in this case, the magnitude of atomic
displacements caused by irradiation) and the ratio of components on the stability of two-phase ceramics. In
the case of a change in the irradiation fluence, and as a consequence, the magnitude of atomic displacements
in the damaged layer, an exponential growth of the softening factors is observed, indicating a negative effect
of accumulated structural damage on the strength parameters, which are most pronounced when the
magnitude of atomic displacements exceeds 5 dpa. When this threshold value of atomic displacements is
reached, in the case of single-phase (Li»ZrOs; and LisSiO4) ceramics, a sharp increase in changes in the
softening factors is observed. At the same time, comparing the observed changes, it can be concluded that
the degradation of strength properties has a similar order of magnitude (the differences are less than 1 %),
from which it follows that the accumulation of deformation distortions affects both the degree of resistance
to external influences and a decrease in crack resistance, due to the formation of defective inclusions that
create additional deformation stresses in the structure of the damaged layer. It should be noted that in the
case of two-phase ceramics, the use of an equal ratio of Li»ZrOs and Li,SiO4 components in the composition
results in more than twofold increase in the resistance of strength parameters to degradation, according to the
dependences presented in Figures 2 and 3. Such changes associated with the increase in the resistance of
two-phase ceramics to the softening effect under high-dose irradiation can be explained by the presence of
interphase boundaries, the change in the concentration of which, together with dispersion hardening (caused
by size effects) leads to the creation of additional obstacles in the form of dislocations at grain boundaries,
restraining diffusion processes. The observed effects of increasing resistance to high-dose irradiation,
causing an increase in resistance to external influences due to the presence of interphase boundaries, are in
good agreement with the results of [29,30]. It should also be noted that an increase in the concentration of the
Li,SiO4 component to more than 0.5 M in the composition results in the hardening efficiency reduction, as in
the case of lower concentrations of LisSiOs (less than 0.5 M), from which it follows that the optimal ratio of
the components is 0.5 M LisSiO4 and 0.5 M Li»ZrOs. According to the presented data for this type of
ceramics, the maximum decrease in the strength parameters at an irradiation fluence of 108 protons/cm? is no
more than 10% of the initial value, while for single-phase ceramics the degree of softening at the maximum
fluence is more than 20 %. At the same time, the general analysis of strength parameters indicates that the
key role in determining the strength characteristics is played by the content of the Li»ZrO; phase, a change in
the concentration of which causes deterioration in strength properties due to lower strength indicators of
LisSiOs..
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ceramics during three-point bending tests.
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It should be noted that LisSiO4 has a higher percentage of tritium yield among all lithium-containing
ceramics under consideration [31,32], which makes it possible to conclude that the use of an equal ratio of
components in two-phase ceramics makes it possible to establish a balance between the tritium production
efficiency, as well as resistance to destructive changes in strength parameters as a result of high-dose
irradiation. Figure 4 reveals the assessment results of changes in the thermal conductivity coefficient of the
studied ceramics depending on the value of atomic displacements, obtained for different types of ceramics, in
the case of variation in the ratio of components. The general form of the observed changes in the thermal
conductivity coefficient contingent upon the value of atomic displacements has a similar trend, which is the
case of the observed changes in the strength parameters, however, the nature of the changes, especially with
high-dose irradiation, has a smaller order of magnitude (approximately, the changes in the thermal
conductivity coefficient are two times lower than the changes in the strength parameters, see the comparison
of the results presented in Figures 3a-c and 4b).
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Fig. 4. a) Results of changes in the thermal conductivity coefficient of the studied ceramics depending on the value of
atomic displacements; b) Evaluation of changes in thermal conductivity reflecting thermal conductivity degradation
associated with disordering.

Moreover, as in the case of strength parameters, a change in the ratio of components in the composition
of two-phase ceramics leads to an elevation in resistance to degradation of the thermal conductivity
coefficient. Analysis of the observed changes in the thermal conductivity coefficient in comparison with the
value of atomic displacements indicates that the most significant changes are observed when the value of
atomic displacements exceeds 1 dpa, which corresponds to the effect of the emergence of complex defects in
the structure of the products of physicochemical radiolysis processes. From which it follows that the
formation of disordered regions and the accumulation of complex defects greatly affect the decrease in the
rate of heat transfer due to phonon mechanisms, while an increase in the concentration of point and vacancy
defects at low irradiation fluences does not seriously affect the change in thermophysical parameters. It
should also be noted that the highest resistance to a decrease in thermal physical parameters is exhibited by
0.5 M LisSiO4 - 0.5 M Li2ZrOs ceramics, for which the decrease in the thermal conductivity coefficient at
maximum irradiation fluence is less than 4 %, while for single-phase ceramics the degradation of the thermal
conductivity coefficient is more than 10 % compared to the initial value. Such a difference in degradation
values, as in the case of a change in strength parameters, is due to the effects of increasing radiation
resistance due to the presence of two phases in the composition, which in turn restrain the processes of
radiation embrittlement and softening due to the presence of a large number of grain boundaries that restrain
the diffusion of structural defects, thereby preventing them from agglomerating into larger clusters or filling
voids. Accordingly, interphase boundaries and increased dislocation density caused by fine grain sizes
positively influence not only the strengthening mechanisms, but also the stability of thermophysical
properties under degrading conditions.

Figure 5 illustrates the results of changes in the strength parameters of the studied ceramics contingent
upon the number of heat resistance test cycles, which reflect the resistance of the samples to temperature
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changes, as well as the effect of the accumulated radiation dose (in units of atomic displacements) on the
stability to softening caused by thermal effects. The data are presented for three series of samples in the
initial (non-irradiated) state, as well as those irradiated with fluences of 10'¢ and 10® proton/cm?. The choice
of these samples as objects of study for assessment of their resistance to thermal effects (sudden temperature
changes) was based on the need to determine the influence of the value of structural damage at which the
onset of a decrease in strength parameters is observed (at a fluence of 10 proton/cm?) and in the case when
the degradation of strength properties is maximum in a given experiment (at a fluence of 108 proton/cm?).

The general appearance of the observed changes in hardness values (the graphs show the values of
hardness changes after thermal testing with the initial values) indicates a destructive nature associated with
thermal exposure, initiating the formation of metastable states in the composition of the samples, associated
both with oxidation processes due to thermal exposure and with diffusion processes of implanted hydrogen
and oxygen vacancies, the presence of which is due to the destructive effect of irradiation (in the case of
irradiated samples), and in the case of initial samples, thermal expansion of the crystal lattice, initiating
processes of migration of defects and vacancies in the structure.
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Fig. 5. Test results of ceramics for heat resistance of the studied ceramics, reflecting the change in the hardness of the
samples depending on the number of test cycles: a) test results of ceramics in the initial state; b) test results of ceramics
irradiated with a fluence of 10% ion/cm?; c) test results of ceramics irradiated with a fluence of 108 ion/cm?

At the same time, the general analysis of the observed changes indicates that the thermal effect affects
both the initial samples (non-irradiated) for which the maximum reduction after 20 cycles is about 4 — 5 % in
the case of single-component ceramics, and 0.5 — 2 % in the case of two-phase ceramics, and the irradiated
samples. Moreover, a change in the concentration of defects in the structure (in the case of a change in the
irradiation fluence) results in more pronounced changes, indicating an intensification of the destruction
processes due to temperature differences during thermal exposure. It should be noted that for two-phase
ceramics, especially for samples with an equal ratio of components, the value of hardness changes after 10
test cycles is more than 3.5 — 4 times lower than for single-component ceramics, which indicates high
resistance of these ceramics to external influences, including thermal expansion and oxidation, which causes
a significant decrease in the rate of destruction. At the same time, in contrast to single-component ceramics,
for which an intensive decrease in hardness is observed after 5 — 6 cycles, for two-component ceramics the
most significant changes are observed after 7 — 8 cycles, which indicates not only higher resistance to
external influences, but also a slowdown in degradation processes with long-term temperature changes.

One of the key factors influencing the assessment of the applicability of two-phase lithium-containing
ceramics for tritium multiplication is their resistance not only to radiation damage, but also to temperature
effects during irradiation. To test the studied ceramics for the resistance of strength characteristics to
irradiation at various temperatures, the range of which was selected relative to the proposed operating
regulations, the studied samples were irradiated with a fluence of 108 proton/cm?. In this case, irradiation
was carried out at various temperatures, the range of which was from 300 to 1000 K. The results of the
comparative analysis of the trends in the reduction of strength parameters depending on the irradiation
temperature are presented in Figure 6 in the form of dependencies of the change in hardness parameters, the
value of the maximum pressure under single compression and crack resistance of the studied samples
depending on the irradiation temperature.

The general form of the presented dependencies indicates a negative effect of increasing the irradiation
temperature on the stability of strength parameters in comparison with the initial values of strength
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indicators. At the same time, the downward trend is observed for all the studied types of ceramics, however,
the dynamics of the decrease depending on the irradiation temperature at the same irradiation fluence for the
studied single-phase ceramics in comparison with two-phase ones is more pronounced. Similar changes, as
in the case of the presented dependences of the degradation of strength and thermal parameters under
irradiation with fluence variation, indicate a positive effect of the influence of the presence of interphase
boundaries and dispersion hardening caused by a change in grain size on the degradation resistance growth
of ceramics exposed to irradiation.
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Fig. 6. Results of changes in the values of hardness (a), the value of the maximum pressure under single compression

(b), crack resistance (c) of the studied ceramics subjected to proton irradiation with a fluence of 10 proton/cm?, with

variations in the irradiation temperature (the graphs also show the values of the strength parameters in the initial state
for the purpose of a visual comparison of changes with variations in the irradiation temperature)

Figure 7 illustrates the results of a comparative analysis of changes in softening factors (changes in
hardness, resistance to cracking under single compression, and crack resistance) depending on the irradiation
temperature for all the samples under study. The data are presented to identify the influence of temperature
exposure on the degree of softening, as well as to determine the most stable ceramics to high-temperature
irradiation. The analysis of strength parameter variations across different types of ceramics indicates that
two-phase ceramics, especially those with an equal component ratio, demonstrate greater resistance to
strength degradation compared to single-phase ceramics.
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Fig. 7. Results of changes in the softening factors of the main strength parameters of the samples depending on the
irradiation temperature: a) results of changes in the hardness of ceramics, characterizing the softening of the
surface layer; b) results of changes in the resistance of ceramics to single compression of ceramic samples;

c) results of changes in the crack resistance of ceramics during three-point bending tests

Sample

As can be seen from the presented data on changes in the strength parameters of the studied ceramics,
an increase in the irradiation temperature at one value of the accumulated fluence leads to an increase in the
degradation of the strength parameters, with the most significant changes observed at high irradiation
temperatures of about 700 — 1000 K. Such observed effects are caused by several factors, the combination of
which leads to an acceleration of the degradation of the near-surface damaged layer, thereby reducing the
strength indicators. Firstly, when the irradiation temperature varies, effects arise related to the temperature
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impact both on the crystal structure of the target and on the defects formed as a result of the interaction of
incident particles with the electron and nuclear subsystems of the target. In this case, the thermal impact on
the crystal structure of the target leads to the occurrence of effects related to the thermal expansion of the
crystal structure (a rise in the volumetric and linear coefficients of thermal expansion), changes in the
amplitude of thermal vibrations of atoms, which together results in greater mobility of atoms in the crystal
structure of the ceramics.

The result of such changes may be effects associated with the migration of point and vacancy defects
caused by thermal exposure, as well as lower resistance to external effects, which, during collisions of
incident particles, due to the transfer of kinetic energy and its subsequent transformation into thermal energy,
may lead to the formation of a greater number of defects than in the case of irradiation at room temperature.
These results are confirmed by a direct dependence of the change in the values of degradation of strength
parameters with an increase in the irradiation temperature, in the case of the same fluence values. In this
case, the observed changes have an identical trend for all the studied types of ceramics with variations in the
irradiation temperature with a difference only in the order of magnitude of the degree of degradation.

An elevation in the concentration of defective inclusions in the composition of the damaged layer
initiates the growth of metastable highly deformed areas, which in turn leads to a decrease in resistance to
mechanical impacts and a more pronounced decrease in crack resistance. Secondly, changing the irradiation
temperature helps to accelerate the migration of implanted hydrogen, which, together with the formed
oxygen vacancies, can lead to more intensive diffusion processes deep into the damaged layer, thereby
increasing the thickness of the damaged layer, which has lower strength parameters, which also helps to
accelerate the destruction processes and reduce strength properties.

It should also be noted that at high temperatures the process of agglomeration of small gas-filled
cavities into larger ones is initiated due to migration and diffusion processes, which leads to an increase in
the volume of these cavities due to their unification [33,34], and as a consequence, the initiation of processes
of deformation distortion of the surface layer due to the creation of tensile deformation stresses caused by the
pressure of gas-filled cavities on the crystalline structure of ceramics. It should be noted that for two-phase
ceramics, the presence of interphase boundaries leads to the inhibition of these processes, which is clearly
demonstrated in less pronounced changes in strength parameters, the difference of which, in comparison with
single-component samples, is more than a two-fold growth in resistance to destruction at high irradiation
temperatures. In the case of single-component ceramics, an increase in the irradiation temperature above 700
K results in more than 1.5-fold increase in the degree of destructive reduction in strength parameters in
comparison with similar changes observed during irradiation of samples at room temperature (300 K), which
indicates a negative impact of temperature exposure on the resistance of ceramics to radiation damage, and
also imposes restrictions on the possibilities of using these ceramics in the case of high-temperature radiation
exposure with high doses of damage.

4. Conclusion

Analyzing the obtained results of the dependences of the change in the strength and thermal physical
parameters of the studied (1-x)Li>ZrOs; — XLisSiO4 ceramics depending on the fluence of proton irradiation,
the use of which is due to the processes of modeling the effects of hydrogenation, alongside the
accumulation of products of the physicochemical processes of radiolysis that occur during high-dose
irradiation, the following conclusions can be made.

The use of proton irradiation for modeling hydrogenation processes in the case of lithium-containing
ceramics allows us to estimate the kinetics of changes in strength and thermal parameters depending on the
dose of accumulated structural damage, which have different character of changes caused by variations in
irradiation fluence. At low irradiation fluences, structural changes are caused by the formation of point
defects and oxygen vacancies, to which, according to the presented data, the studied ceramics have fairly
good resistance indicators, especially two-phase ceramics. At fluences above 107 proton/cm?, at which the
initialization of physical and chemical processes of radiolysis occurs, an exponential decrease in strength
parameters is observed, which is most pronounced for single-component ceramics.

According to the data presented, it was established that the formation of two-phase ceramics leads to a
rise in radiation damage accumulation resistance during high-dose irradiation with protons, the accumulation
of which results in acceleration of destructive embrittlement and softening processes (reduction of strength
parameters). In the case of two-phase ceramics in which the Li»ZrOs content is 0.75 and 0.5 M, the growth in
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resistance to destructive embrittlement and softening processes is more than two times compared to single-
component ceramics. The results of heat resistance tests revealed that in the case of two-phase ceramics, an
elevation in the number of test cycles has a lesser destructive effect on the reduction in hardness, the change
of which is caused by oxidation processes that occur as a result of sudden temperature changes, as well as
emerging metastable states, most pronounced for samples irradiated with fluences of 108 proton/cm?.

Analysis of the irradiation temperature effect of the studied samples of (1-x)Li2ZrOs — XLisSiO4
ceramics revealed that the presence of two phases in the samples results in suppression of the softening
effects caused by the combination of thermal expansion of the crystal structure, as well as accelerated
migration of defects in the samples. The increase in resistance in this case is due to higher resistance values
of lithium metazirconate to thermal expansion, which, together with the presence of interphase boundaries,
creates additional obstacles to softening of the samples due to the suppression of migration processes at the
grain boundaries.
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ANALYSIS OF THE EFFECT OF THE B3Y-FETAL POTENTIAL ON
ENERGY NEAR THE COULOMB BARRIER FOR THE °Be+'2C SYSTEM
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Abstract. The experimental data of the elastic scattering process of the °Be+'2C nuclear system were
analyzed from the point of view of microscopic theory in energy near the Coulomb barrier. The new Botswana 3-
Yukawa -Fetal potential, created in a variational approach with lower-order constraints on two body matrices,
was first used for the °Be+*2C system as a real part of the optical potential. In the double folding model, density-
dependent parameters were introduced into the nucleon density distribution formula, and they were applied to the
Botswana 3-Yukawa - Fetal and Michigan 3-Yukawa - Paris potentials based on effective nucleon-nucleon
interactions. As a result, modified real microfolding potentials were created. The results of a semi-microscopic
analysis calculated on the basis of new microfolding potentials were presented. The uniqueness of the research
lies in the calculation of density-dependent parameters based on the incompressibility coefficient, which
characterizes the saturation properties of the nuclear medium. The equations of state of the elastic scattering
process were formulated at the saturation density (po=0.17 fm3), determined from the density dependence of the
nuclear binding energy. The analysis results allow for a more accurate determination of nuclear properties and
enhance the saturation properties of the nuclear medium. The efficiency of the new real potential was determined
from a microscopic perspective, and the optimal parameters of the optical potential were found.

Keywords: microscopic analysis, elastic scattering, double folding model, B3Y-Fetal.
1. Introduction

Accurate determination of the depth of the potential of the interaction of a °Be ion accelerated at low
energy with light nuclei, the calculation of the contribution of the cluster transition mechanism is important
in nuclear astrophysics. The study of the interaction of radioactive °Be ion radiation with light nuclei in
nuclear power plants is an urgent problem in the energy sector. In a reactor, the neutron source controlling
the chain reaction is beryllium mixed with an alpha emitter. Alpha particles formed as a result of decay lead
to the release of neutrons from beryllium when it turns into a C - core.

It is known from Rutherford's experience that the study of experimental data on elastic scattering at
energies close to the Coulomb barrier is the main way to obtain information about the structure of the
nucleus. Analysis of compound particle scattering in low-energy nuclei is an important source of information
about the properties of the inter-nuclear potential [1]. The formation of the experimental cross-section in the
process of elastic scattering was explained in the optical model by the fact that the real part of the optical
potential (OP) depends on potential scattering, and the imaginary part as absorption depends on the
mechanisms of cluster transition. In recent years, microscopically, the description of a real part of an op in
the context of a form of local density based on effective nucleon-nucleon (NN) forces has given correct
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results [2-5]. The Michigan 3-Yukawa (M3Y) potential of effective NN interactions can be improved based
on the density-dependent form of nucleon distribution proposed by Dao T. Khoa [6-8]. The traditional M3Y-
Reid, M3Y-Paris potentials defined in the tensor correlation calculation of Yukawa matrix elements have
been in use for many years [7-9]. Recently, a new B3Y-Fetal potential was developed, calculated on the
basis of a low-order limited variation approach [10]. This was a new step in the position of microscopic
theory. Botswana 3-Yukawa (B3Y)-Fetal potential Ochala I., Fiase J.O. scientists have successfully used in
symmitric 180+!2C, 12C+'2C systems and found that M3Y interaction is very similar in many channels [11-
12]. In double folding model (DFM), a real part of the OP is created and density-dependent parameters are
entered. In the overlapping region of the nucleons of the colliding nuclei, the central part of the effective NN
interaction accumulates, which makes it possible to characterize the properties of the nucleus. The equations
of state created in this central region depend on the density of the nucleus, the saturation property of the
medium.

We conducted a comparative study in order to increase the saturation property of the medium by
applying the potentials B3Y-Fetal, M3Y-Paris to the *Be+'?C system. From this, the results of a semi-
microscopic analysis of experimental data of elastic scattering at energies of Ejs»=13 MeV, Ex,=17.3 MeV,
Ei.p=20 MeV near the Coulomb barrier were presented. Modified folding potentials in the form of CDM3Y 2-
Paris and CDB3Y2-Fetal were tested. The results of the analysis are used in nuclear astrophysics in
describing the initial nucleosynthesis and hydrostatic combustion of stars and as a way to know exactly the
rate of nuclear reactions, to construct the nuclear state equations of a complex compound.

2. Calculation of the K - incompressibility factor depending on the saturation property
of the nucleus

To increase the saturation property of nuclear matter, the equilibrium condition of the density-
dependent specific bond energy is sufficient. To satisfy this saturation condition, calculated density —
dependent parameters that depend on K - incompressibility must be introduced into the effective M3Y
interaction. In particular, it is necessary to construct equations of state at value po=0,17 ¢m of the saturation
density of nuclear matter.

Specific binding energy of density-dependent infinite nuclear matter [13]:

25,2
3h kg
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2 (p) =251 F() 2 () + [ (k)P0 (1) d®r) )

where m - is the nucleon mass, Jo - volume integral, j, (x) - Bessel spherical function, p - nucleon density, ke

- Fermi pulse.
From the equilibrium saturation condition of the binding energy of the nucleus [13]:
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follows:

3n%k:  plp z
€= —om T C—B(p3) @)

Density-dependent parameters and saturation density [13]:

C—_ 2hZkE

(4)

2
smjpp(1--ple)p3)

_G-3) 1
Bl = oosp) oo

()



Eurasian Physical Technical Journal, 2025, 22, 1(51) Materials science 21

Po= e (6)

ﬁz(l.inzpjz'ﬁa

The nuclear incompressibility factor is calculated by the following equation [13]:

IRZKE

+5],CA(e)p>?] ()

sm P=po

=]

The following figure shows a curve of dependence of the specific binding energy of the nucleus on the
density of nucleons. The saturation density point corresponds to the value p=0,17 fm™.
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Fig.1. Saturation point of the density dependence of the binding energy of the nucleus [14]

3. Interaction on effective NN forces M3Y-Paris and B3Y-Fetal potentials

The interaction of M3Y is the sum of the U? (R) - direct and UZ*¥ (R) - exchange potentials by effective
NN forces.

U(R) = UP(R) + U (R) (8)
Direct potential [15, 16]:
v (R) = [[ p@ (7,)u,(3) p@ (7, dF, i, ©)

where v, (§) - direct component of effective interaction, p*) (7,), p‘® (7,) - nucleon density of colliding
nuclei, s - effective NN interaction distance. s =1, — 1, + R
Exchange potential [16, 17]:

US(R) = [[ p D (F, 7y + B)vgg (8) p@(Fy, Ty — §) expl ik (R)E /] dF, dF, (10)

where v (5) - effective NN interaction exchange component, p1) (¥, 7,), p'® (7,7, — §) - density
matrix of colliding nuclei.

For the calculation of potentials, it is important to clearly take into account the transition effects of NN -
interaction [13]:

Upex) = 1/16 (3vgg + 3vgg + ugg * vg,) (11)

where (v5g, vig ), (V5. U5, ) - triplet and singlet components of central forces.



22 Eurasian Physical Technical Journal, 2025, 22, 1(51) ISSN 1811-1165; e-ISSN 2413-2179

Direct and exchange components based on the G-matrix element of the M3Y-Paris potential [18]:

Up (s) = 11061,6 "2 — 25375 PCED (12)
5 =1
vp () = —1524,0 20 — 518, § WECE2D _ 75474 TELSTTED (13)
2,58 0,7072s

B3Y-Fetal radial form of the isoscalar portion of interaction [10]:

up (5) = 10472,13 %225 _ 903,11 =20 (14)
.05
Ux(s) = 499,63 T — 1347,77 ZEE230 7 5474 SR LTTE) (15)
2,58 0,7072s

4. The theoretical basis of semi-microscopic analysis

When analyzing experimental data of elastic scattering within the framework of an optical model (OM), the
Woods-Saxon form of potential was used.

U(r) = [1 + E;tp( )] iw, [1 + exp (r R“’)] + V(1) (16)

where Vo, Wy, av, aw, Ry, Rw are real, imaginery potentials, diffusion, radius, ¥z () is the Coulomb potential.
In a semi-microscopic analysis, the optical potential of the interacting nuclei is calculated by the
following formula [7]:

U(r) = N.[up(s) + vge ()] — iWo f (7, Ty, @) + V(1) (7)

where vy, (s), vg(s) — direct and exchange components of interaction potential, N,. — renormalization factor.
W,, 1y, ay- — imaginary potential, radius, diffusion, V- (r) — Coulomb potential.

The direct and exchange components of the real potential are calculated on the basis of DFM, resulting
in the folding potential.

Up (8) +vgx(s) = Ve (r) (18)

For the imaginary part of the optical potential, we use the woods-Saxon form factor in volumetric form.

U(r) = N,V (r) = i, [1 + exp () + e () (19)

V. (r) - Coulomb potential [16],

2% (3 ") For R=R,
Ve(R) = ZzzRZz fe (20)
% For R =R,
M3Y-Paris and B3Y-Fetal potentials are density and energy dependent.
VpExy(E. p.5) = F(E, p)g(E)vpEx)(S), (21)

A formfactor proposed based on the density-dependent parameters [19]
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F(p) = C[1 +aexp(—fp

the energy-dependent factor g(E) is expressed as [7]:

g(E) = 1 — 0.003(E/A)

)—vp"]

(22)

(23)

The nuclear matter density distribution was calculated in the harmonic-oscillator model [20, 2]:

p(r) = po(1+a(r/a)®) exp(— (r/a)?)

(24)

where po=0,17 fm™, o (alfa) and a are charge density distribution parameters. For the °Be core, 0=1.77 fm,
a=0.631 fm, and for the *2C core, a. =1.687 fm, a=1.067 fm [20].

Table 1. Density-dependent parameters [8, 14].

Density dependence C a B (fm3) Y (fmd) K (MeV)
CDM3Y2-Paris
CDB3Y?2-Fetal 0.3346 3.0357 3.0685 1.0 204
CDB3Y3-Fetal 0.2985 3.4528 2.6388 15 217

5. Discussion of results

At energies of Ej2=13.0 MeV, E;»=17.3 MeV, Ex=20.0 MeV near the Coulomb barrier for the °Be+'2C
system, the density-dependent CDM3Y2-Paris, CDB3Y2-Fetal and CDB3Y3-Fetal folding potentials were built
on the basis of the DFM model. From the picture, the depth of the CDB3Y2-Fetal and CDB3Y 3-Fetal
potentials was more sensitive than that of the CDM3Y2-Paris version. Theoretical calculations of semi-
microscopic analysis were performed on the basis of the FRESCO code [21]. The following figure shows the
results of a semi-microscopic analysis of experimental sections of elastic scattering for the °Be+!2C system.

0
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Fig.2. The depth of the generated real DF potentials for the °Be+!2C system at:
a) Eiap = 13.0 MeV and b) Eja = 20.0 MeV energies

Theoretical cross-sections at an energy of E =13 MeV described the experimental cross-section in the
range of up to 90°, as can be seen from the images. This is because at low energies close to the Coulomb
barrier, the scattering process prevails over the absorption process. Therefore, the share of the imaginary
potential is small. And to characterize the increase in the Section at large angles after 90°, it is necessary to
take into account the proportion of the cluster transition. The following figures show the dependence of the
normalized scattering cross-section (do/dorun) ON the scattering angle (6cm) in the center-of-mass system for
the °Be+2C nuclear system at incident energies of E =13.0 MeV, EL4=17.3 MeV, and E_4=20.0 MeV.




24 Eurasian Physical Technical Journal, 2025, 22, 1(51) ISSN 1811-1165; e-ISSN 2413-2179

. °Be+"’C system, p=0.17 fm™
E.,=13 MeV
0,1
bﬁ
2 ® EXP (RA.Oliveira)
° OM, x’/N=0.4
0,01 4 ———— CDM3Y2-Paris, x*/N=9.2, Nr=1.0
] ——— CDB3Y2-Fetal, x’/N=8.9, Nr=1.0
——— CDB3Y3-Fetal, x*/N=7.8, Nr=1.0
1E-3 ¥ T T T ¥ T g T ¥ T
0 20 40 60 80 100

0, deg
Fig.3. The result of the analysis at energy E_ =13 MeV

°*Be+'*C system, p=0.17 fm”
E_=17.3 MeV

0.1
H
©
S
<}
© 0,014
] ® EXP, (RA.Oliveira)
OM, X*/N=0.5
—— CDM3Y2-Paris, x*/N=18.4, Nr=0.98

1B ——— CDB3Y2-Fetal, X/N=14.2, Nr=1.0
] ——— CDB3Y3-Fetal, X’/N=13.3, Nr=1.0

T v T T T T T v T T 1
20 40 60 80 100 120

0, deg
Fig.4. The result of the analysis at energy E =17.3 MeV

1 °Be+'*C system, p=0.17 fm™
E E_,=20 MeV
0,1+
: ]
©
o i
B J
o
0,01 4 ® EXP, (L.Jarczyk)
i OM, X*/N=0.7
] ~— CDM3Y2-Paris, x2/N=18.4, Nr=0.87
4 CDB3Y2-Fetal, x’/N=13.7, Nr=0.9
1E-3 ——— CDB3Y3-Fetal, X’/N=12.4, Nr=1.0
- T T T T T T T T T T T T T T T
0 20 40 60 80 100 120 140
0., deg

Fig.5. The result of the analysis at energy E_a,=20 MeV
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The optical model (OM) potential parameters presented in Table 2 were calculated using equation (16),
while the semi-microscopic model (DFOM) parameters were calculated using equation (17). The
calculations were performed based on the FRESCO code.

Table 2. The values of the optimal parameters of the elastic scattering Section at energies E =13.0 MeV,
ELap=17.3 MeV, EL4=20.0 MeV for the °Be+2C system are shown in the following table.

WS parameters and types of Parameters of the imaginary
E, Model DF potential potential WS OR, ?IN
MeV Vo, Iy, av, Nr Wo, I'w, aw, mb
MeV fm fm MeV fm fm
oM 65.8 1.69 0.12 - 5.36 1.74 1.19 2211 0.4
DFOM CDMB3Y2-Paris 1.0 5.36 1.88 0.9 2037 9.25
13.0 DFOM CDB3Y2- Fetal 1.0 5.36 1.88 0.9 2134 8.9
DFOM CDB3Y3- Fetal 1.0 5.36 1.88 0.9 2129 7.8
OM 28.5 1.28 0.62 - 5.6 1.49 0.19 1088 0,5
173 DFOM CDM3Y2-Pari 0.98 55 1.45 0.9 1508 18.4
DFOM CDB3Y2- Fetal 1.0 5.5 1.45 0.9 1492 14.2
DFOM CDB3Y3- Fetal 1.0 5.5 1.45 0.9 1501 13.3
OM 154.7 1.06 0.17 - 10.6 0.78 1.48 1352 0.7
DF CDM3Y?2-Paris 0.87 6.59 1.44 0.63 1151 19.8
200 DF CDB3Y2-Fetal 0.9 6.59 1.44 0.63 1163 19.8
DF CDB3Y2-Fetal 1.0 6.59 1.44 0.63 1158 19.8

The Nr - factor of semi-microscopic analysis was determined close to 1.0. From this you can see the
good result of the new CDB3Y2-Fetal, CDB3Y3-Fetal folding potentials, which is created as a real potential.
As a relative error of experimental and theoretical sections, the values of the y2/N — parameter did not exceed
20 percent. Weak values of Wo - imaginary potential 1 indicate the opacity of the optical potential to be
determined for system °Be+2C. The fact that the values of the Wo, rw, aw — Woods-Saxon parameters are
unchanged in different models again proves the truthfulness of the real potential. The dependence of the or -
cross section on the beam energy is preserved in all models (OM, DFOM). The CDB3Y2-FetaL CDB3Y 3-
Fetal folding potentials created at an energy close to the Coulomb barrier were investigated relative to the
CDMB3Y2-Paris variant.

6. Conclusion

For the °Be+*C system, a new B3Y-Fetal potential based on variational calculations was used for the
first time in a semi-microscopic analysis. Studying the effectiveness of the new B3Y-Fetal potential was
important from the point of view of applying the theoretical breakthrough. At the energy close to the
Coulomb barrier, the real part of the optical potential shows dominance in the mechanism of elastic
scattering cross-section formation. The CDM3Y2-Paris, CDB3Y2-Fetal and CDB3Y3-Fetal folding
potentials were established, elastic scattering sections and optimal parameters were determined. Were able to
describe the experimental data on the basis of K - incompressibility dependent parameters calculated for the
actual density of p,=0.17 fm= - in accordance with the saturation condition of nuclear matter. So we were
able to increase the saturation property of the nuclear medium.

The result of the work makes it possible to determine the interaction characteristics of heavy ions up to
a very small inter-core distance. The results obtained are used in nuclear astrophysics for model calculations
of nuclear reactions.
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Abstract. This study focuses on analyzing the influence of varying concentrations of polyethylene
terephthalate filler on both the tensile strength and elongation at break properties of polyimide films when
subjected to uniaxial tension, aiming to determine how polyethylene terephthalate filler impacts the mechanical
performance and durability of these films under stress. The mechanical behavior of polyimide films and their
homogeneous composites with polyethylene terephthalate under uniaxial tension were investigated. The samples
were prepared by mechanically mixing polyimide varnish solutions with polyethylene terephthalate, which serves
as a reinforcing filler. The results demonstrate that, for all sample types, an initial mechanical load until induces
a sharp ~3% increase in relative elongation, attributed to the rotation of globules and alignment of matrix
macromolecules into extended chains along the load direction. The additive dependence of viscosity observed in
the study further supports that no chemical bonds are formed between the polyimide and polyethylene
terephthalate macromolecules, and that no conformational changes take place within the composite.

Keywords: polyimide, polyethylene terephthalate, filler, uniaxial tension, IR spectroscopy, viscometry.
1. Introduction

The mechanical properties of polymers and polymer-based materials, such as chain flexibility,
crystallinity, and intermolecular interactions, play a key role in determining their overall characteristics.
These factors directly affect essential mechanical parameters, including deformation behavior and tensile
strength [1-5]. In polyimides, the arrangement of macromolecular chains is governed by the imide groups
within the aromatic backbone, contributing to a specific degree of crystallinity [6-8]. Disordered segments
contribute to the amorphous phase, leading to a strong dependence between the polymer's properties and its
structural organization. The mobility of chain segments, especially under external forces, also plays a
significant role in determining mechanical behavior [9].

It is well known that polymers undergo chemical reactions under mechanical stress, leading to the
disruption of structural order and affecting the extend, to which this order is preserved. Under mechanical
impact, chemical bonds within the main polymer chain can break, resulting in mechanical degradation [10-
13]. Among all polymers, polyimides exhibit the highest thermal stability, enduring temperatures up to 673
K while retaining flexibility even at liquid nitrogen temperatures [14]. This remarkable property is attributed
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to the presence of lone electron pairs on the heteroatom in the ring (nitrogen) and highly electronegative
atoms (oxygen in carbonyl groups) [15]. At room temperature, polyimides exhibit high tensile strength (150—
180 MPa) with an elongation at break of 70-90%, along with excellent electrical insulation, chemical
resistance, and fire resistance [16].

The mechanical properties of polymer composite materials are largely determined by both the type and
concentration of the filler [17-20]. According to [21], when fillers are introduced into a polymer solution
through uniform mixing, they become evenly distributed within the polymer matrix, forming a molecular-
level dispersion. This principle was fundamental in selecting fillers for the present study.

Different fillers influence the polymer matrix in distinct ways, affecting its physicochemical properties.
Both the nature and content of the fillers significantly impact the strength and flexibility of polymer
composites [22-27]. Research indicates that tensile strength is closely linked to factors such as cross-link
density, crystallization tendency, filler characteristics, and the initial molecular weight of the polymer [18,
28]. However, the role of fillers in shaping the physico-mechanical properties of polymer composite
materials (PCMs) and the mechanical and functional behavior of newly engineered polymer-based products
remains insufficiently explored. A deeper understanding of these effects is critical for enhancing the
durability of technological systems and optimizing industrial processes aimed at fine-tuning material
properties.

The objective of this study is to investigate the effect of polyethylene terephthalate (PT) filler
concentration on the tensile strength and elongation at break of polyimide films under uniaxial tension. The
results of this study highlight the practical significance of incorporating polyethylene terephthalate fillers
into polyimide composites, providing valuable insights for future material development.

2. Materials and methods

Polyimide (PI) films and their homogeneous compositions with polyethylene terephthalate (PT) filler
were selected as the primary objects of study. The matrix polymer used was polyimide, a well-known
member of the family of cyclolinear heterocyclic polymers. Polyimides belong to the class of rigid-chain,
heat-resistant polymers with a high glass transition temperature, typically ranging from 600 to 800 K. Their
macromolecular structure includes periodically repeating bulky polar groups (—O—CsHs—), which enhance
intermolecular interactions—a key characteristic of rigid-chain polymers. These polar groups are integral
components of the macromolecular structural unit, as shown in Fig. 1 [29].

S0

Fig.1. Structural Unit of a Polyimide Macromolecule [29]
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The distinctive molecular architecture and strong intermolecular forces give polyimides exceptional
thermal stability, making them highly suitable for demanding applications in high-temperature environments.
Additionally, they exhibit resistance to radiation and weak acids, along with excellent electrical insulation
properties [30]. Besides these advantages, polyimides maintain strong mechanical performance, retaining
their strength across a wide temperature range.

2.1. Synthesis of the Polymer Composite

Composite samples were synthesized by mechanically mixing polyimide varnish with solutions
containing various concentrations of fillers. The polyimide varnish used was a polyamic acid solution in
dimethylformamide, produced by "Estrocom™ (Russia).

A systematic approach was applied in the preparation of composite films: first, the mass of the filler
corresponding to the desired concentration was measured. The mixture of polyimide varnish and polyester
resin in a specific ratio was placed in a three-neck flask, where an inert gas atmosphere was maintained over
the solution to prevent oxidation. The mixture was continuously stirred while gradually heating to 170°C.



30 Eurasian Physical Technical Journal, 2025, 22, 1(51) ISSN 1811-1165; e-ISSN 2413-2179

The resulting viscous solution was then diluted with m-cresol to a concentration of 7%, followed by the
introduction of the calculated amount of filler. Stirring continued for another two hours at 170°C to ensure
homogeneity. The prepared composite mixture was poured onto a clean glass substrate, and the films were
carefully spread and dried in a muffle furnace at 100°C. The resulting films were cut into parallelepiped-
shaped samples, each with a working area of 50x50 mm. The thickness of pure polyimide films was 35 um,
while the thickness of composite films ranged from 40 to 140 um.

As the reinforcing filler, polyethylene terephthalate (PT, also known as lavsan) with the chemical
formula (C,oHg0.,). Was selected. PT is a synthetic polymer containing a terephthalate group in its molecular
structure. The structural unit of the polyethylene terephthalate macromolecule is shown in Figure 2 [31]. PT
contains polar -O—CO- groups, which are evenly distributed along the polymer chain. These groups enhance
intermolecular interactions, contributing to increased rigidity of the material. Compared to polyimide
macromolecules, PT molecules exhibit a higher degree of structural crystallinity. The synthesized composite
material contained PT fillers at concentrations of 0.25 wt.%, 0.50 wt.%, 2.00 wt.%, 5.00 wt.%, 10.00 wt.%,
15.00 wt.%, and 20.00 wt.%.

O O

AN

C C—O0—CH,—CH,—O

n
Fig.2. Structural unit of the polyethylene terephthalate (PT) macromolecule [31].

2.2 Samples Characterisation

Mechanical tests of the composite films were conducted using an Instron 5982 tensile testing machine
(Instron, USA, manufactured in 2018) at a crosshead displacement speed of 0.05 mm/min [32]. The samples
were secured using specialized clamps that ensured stable attachment to the machine's sliding mechanisms
[32]. Mechanical loading was applied in a uniaxial tensile mode until the samples reached complete failure.
All experiments were conducted under controlled conditions, with a constant load at a temperature of
2042°C and a relative humidity of 454+5%. The measurement error for both force and film deformation was
within £0.5% of the recorded values. The study of mechanical properties followed GOST R 50583-93
(Russia) and ASTM D 3039/D 3039M - 00 (USA) standards.

The effect of the filler on changes in the polymer matrix's macromolecular structure was analyzed
through FTIR spectroscopy, intrinsic viscosity measurements, and surface microphotography of the samples.

FTIR spectra of the samples were recorded using a Jasco IR-810 spectrophotometer (Japan) under
standard conditions (204+2°C) within the wavenumber range of 400—4000 cm™'.

Intrinsic viscosity of the polyimide solutions in m-cresol was measured using an Ubbelohde viscometer
(Cannon Instrument Company, USA, model 2020), operating in a kinematic viscosity range of 6.0 to 30
m?s. The viscosity was determined at 20°C with a solution concentration of 0.5 dL/g.

Surface microphotographs of the samples were taken using a Jeol-ARM100F microscope (Japan) at
200x magnification. The visualization was performed on thin films cast from 7% m-cresol solutions,
allowing for a detailed representation of the morphology of the synthesized composites.

3. Results and discussion

The results of experiments illustrating the change in relative elongation of the pure polyimide film
without filler under various mechanical loads are presented in Fig. 3 (curve 1). Initially, in the applied load
range o = 0 to 1 MPa, there is a slight increase in relative elongation, up to about 3%. This can be explained
by the development of elastic deformation, during which the globules and macromolecules inside the
polymer rearrange into stretched chains in the direction of the applied load. As the load increases from 1
MPa to 40 MPa, the relative elongation (&) of the polyimide film gradually increases. In this load range, the
macromolecular chains straighten, aligning and stretching along the flow direction of the polymer matrix,
forming fibrous structures. This behavior aligns with previous studies [29-31]. When the applied load
exceeds 40 MPa, molecular bonds within the polyimide—particularly those between benzene rings—begin
to break, resulting in structural degradation of the polymer. This process leads to a notable increase in
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relative elongation, ultimately causing film rupture at a stress level of approximately or = 70 MPa, with a
corresponding relative elongation of er ~ 45%. The addition of 2 mass.% PT filler to the polyimide matrix
significantly modifies the film's plasticity and mechanical properties. Like pure polyimide, the composite
material demonstrates a linear increase in relative elongation in the load range from 1 MPa to 40 MPa (Fig.
3, curve 2). However, the elongation degree of the composite is noticeably higher. At an applied load of 40
MPa, the composite reaches a relative elongation of 30%, which is 26% better compared to the pure
polyimide film (Fig. 3, curve 1).

100 +

80

0 20 40 60 80
o, MPa

Fig. 3. The dependence of relative elongation () on mechanical load (o) for pure polyimide film (curve 1) and
polyimide composites with PT filler (curve 2), measured at room temperature.

At loads exceeding 40 MPa, the relative elongation of the polyimide composite (PCM) sharply
increases, ultimately leading to failure. Notably, the composite material demonstrates superior mechanical
characteristics compared to pure polyimide: the strength limit of the composite reaches 80 MPa, and the
ultimate elongation reaches 110% (Fig. 3, curve 2).

This improved mechanical behavior of the PCM can be explained by the molecular structure of the PT
filler. PT macromolecules have regularly spaced polar groups (—-O—CO-) along the polymer chain, which
enhance intermolecular interactions both within the polyimide matrix and between polyimide and PT
molecules. These interactions increase the rigidity and plasticity of the composite, leading to the observed
improvement in both tensile strength and elongation at break.

Increasing the PT filler concentration to 5 mass.% results in a further significant increase in the
plasticity of the composite material, with relative elongation (g) reaching 250% without any noticeable
changes in tensile strength. A distinctive feature of the ¢ = (o) dependence in this case is that it reflects the
behavior observed in pure polyimide films (see Fig. 3, curve 1). This indicates that the primary mechanisms
determining the mechanical properties of this composite material remain the same as those of pure
polyimide, despite the presence of the filler. However, the increased plasticity of the polyimide composite
with PT filler is primarily due to the reinforcing effect of the filler, which strengthens the intermolecular
interactions within the matrix and between the polyimide macromolecules and the filler.

Figure 4 shows the concentration-dependent changes in the plastic and strength properties of polyimide
composite materials (PCM) containing PT filler. Changes in the physical-mechanical properties of the
composite can be explained by the formation of boundary layers between the polyimide matrix and the PT
filler molecules. Adding 0.5 mass.% PT to the polyimide matrix leads to a significant increase in both
plasticity (Ao = 45%) and tensile strength (Ac = 20 MPa) compared to pure polyimide. For the composite
material with 2 mass.% PT filler, the elongation at break (er) reaches approximately 78%, compared to ~37%
for pure polyimide (C = 0 mass.%), with a corresponding strength limit Acr ~ 72 MPa (Fig.4).

Increasing the PT filler concentration to 5 mass.% leads to a noticeable improvement in the plasticity of
the composite: the elongation at break (er) reaches 250% (Fig. 4a), while the tensile strength remains stable
around 75 MPa (Fig. 4b). This stabilization suggests that the reinforcing effect of PT is most pronounced in
improving the plastic properties of the material without significantly altering its strength beyond a certain
filler concentration.
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Fig.4. a) Effect of PT filler concentration (C) on elongation at break (g) of polyimide composite materials at room
temperature. b) Effect of PT filler concentration (C) on tensile strength (o) of polyimide composite materials at room
temperature.

The observed additive viscosity dependence on the filler concentration suggests the absence of chemical
bonding between the polyimide (PI) and PT macromolecules, as well as significant conformational changes
(Fig. 5). As the PT concentration increases, the polyimide composite film acquires a more porous structure.

Figures 6 (a, b) show microphotographs demonstrating the microscopic structure of polyimide
composite films with PT filler concentrations of 1 wt.% (a) and 10 wt.% (b). In the composite with 10 wt.%
PT (Fig. 6b), the pore sizes are noticeably larger, reaching 40 nm, compared to the composite with 1 wt.%
PT (Fig. 6a). At PT concentrations above 10-12.5 wt.%, thermodynamic incompatibility between the
polymers becomes evident, leading to the formation of opaque film samples.
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Fig.5. Change in the relative viscosity of polyimide composite material as a function of PT filler concentration (C):
Line 1 —5wt.% PT; Line 2 — 10 wt.% PT; Line 3 — 15 wt.% PT; Line 4 — 20 wt.% PT; Line 5 — 25 wt.% PT; Line 6 —
30 wt.% PT.

To further verify the results of viscosimetric studies, infrared (IR) spectroscopic investigations were
conducted on the composite materials (Figures 7 and 8). The influence of the PT filler and uniaxial
mechanical load on the molecular configuration of the polyimide film after deformation was studied. The
following maxima in the IR spectrum of the polyimide film after rupture were identified: 446.5; 492.5;
525.6; 605.7; 659.9; 728.3; 797.5; 835.8; 872.9; 950.3; 1008.2; 1065.5; 1107.5; 1161.7; 1252.4; 1297.5;
1378.8; 1508.2; 1626.0; 1721.6; 1771.1; 1899.0; 2028.1; 2578.8; 2950.7; 3053.0; and 3466.3 cm™'.

The peak at 3466.3 cm™ corresponds to the stretching vibrations of hydroxyl (OH) groups, indicating
that during film rupture, atomic interactions weaken, leading to the formation of OH bonds as individual
molecular bonds break. Additionally, the peak at 1297.5 cm™ is associated with secondary, weak
deformation vibrations of the OH group. After rupture, the intensity of this peak decreases, reflecting the
weakening of these bonds as a result of material failure.
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Fig.6. Microscopic structure of polyimide composite films with PT filler content:
a) 1 wt.% and b) 10 wt.%.

The presence of hydroxyl groups in the polyimide macromolecule is further confirmed by the
appearance of absorption bands corresponding to C—O stretching vibrations at 950.3, 1008.2, 1161.7, and
1508.2 cm™ [37]. Deformation vibrations of Car—H bonds in the aromatic ring, observed in the 600-900
cm' range, reveal structural changes after rupture: the peak at 728.3 cm™ indicates bond weakening, while
peaks at 797.5 and 872.9 cm™' suggest enhanced bonding. The peak at 797.5 cm™ corresponds to m-
displaced deformation vibrations of Car—H bonds.
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Fig.7. IR spectrum of polyimide film after film rupture

Film rupture also leads to the formation of new Car—H bonds, as evidenced by the emergence of a peak
at 835.8 cm™' (m-displaced deformation vibrations), as well as peaks at 3053.0 cm™ and its overtone at
1899.0 cm™. The presence of these deformation vibrations in the Car—H bonds and aromatic ring after
rupture suggests that some polyimide macromolecular bonds break, while others either weaken or strengthen.
Film stretching weakens atomic bonds, and its rupture results in macromolecular chain shortening, leading to
the formation of discrete structural units. Consequently, Car—H bonds strengthen, increasing their bond
energy [31].

Fig. 8 shows the IR spectrum of polyimide containing 2 wt.% of PT filler, subjected to tensile stress
until rupture. The following maxima were observed: 412.4, 439.2, 491.1, 523.3, 601.9, 636.3, 658.8, 700.0,
727.9, 797.6, 836.3, 879.1, 892.8, 920.1, 946.1, 1001.7, 1062.2, 1107.9, 1296.2, 1361.5, 1513.5, 1727.9,
1770.1, 1896.6, 2030.4, 2272.6, 2321.7, 2361.8, 2436.1, 2578.7, 2876.2, 2953.1, 3050.9, 3110.5, and 3587.0
cm™'. The influence of the PT filler on the polyimide matrix manifests in the deformation processes (Figs. 4
and 5) and the resulting changes in the IR spectra of the deformed films (Figs. 7 and 8). Specifically, in the
range of 400-1700 cm™, an increase in spectral intensity by up to 40% is observed, while in the range of
1700-3500 cm™, the increase is approximately 70% compared to the spectra of deformed pure polyimide
films. These intensity changes occur without any noticeable shifts in the previously existing absorption
bands, suggesting that the PT filler induces structural modifications within the polyimide matrix [33, 34].
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Fig.8. IR spectrum of polyimide film containing 2 wt.% PT filler, not subjected to deformation

The bands corresponding to the deformation vibrations of the C,—H bonds in the range of 600—900 cm™
in the polyimide composite material (PCM) change significantly after stretching. The low-intensity peak at
727.9 cm™ indicates a weak bond, while the increased intensity of the peaks at 797.5 and 874.1 cm™
suggests an increase in the strength of the bond. The peak at 797.5 cm™ is associated with m-disubstituted
deformation vibrations of the C.—H bonds [14].

The rupture of the polyimide composite leads to the formation of new Ca—H bonds. The peak at 835.3
cm™ in the broken film corresponds to m-disubstituted deformation vibrations of the Ca—H bonds, as well as
the peak at 3053.9 cm™ and its overtone at 1895.6 cm™'.

4. Conclusions

The study results indicate that the addition of a polyethylene terephthalate filler significantly affects the
physicochemical interactions between polyimide macromolecules, leading to noticeable changes in the
composite material's mechanical properties:

— The PT filler at a concentration of 0.5 wt.% increases the plasticity of polyimide by As = 45% and
the tensile strength by Ac =20 MPa compared to the maximum changes of Ae = 37% and Ac ~ 72 MPa for
pure polyimide.

— Ata concentration of 2 wt.%, the PT filler enhances the tensile strength of the polyimide composite
by 46% and increases its plasticity by a factor of 2.8. This concentration promotes structural organization
within the polyimide matrix, resulting in a 40% increase in IR absorption intensity in the 400-1700 cm™
range and a 70% increase in the 1700-3500 cm™! range compared to pure polyimide. The improvement in
mechanical properties is associated with the filling of the polymer matrix pores with the PT filler, which
stabilizes the molecular chains and strengthens the polyimide structure with a flexible framework.

— The introduction of higher concentrations of PT (up to 10 wt.%) increases the porosity of the
composite, reaching 40 nm. However, when the PT filler concentration exceeds 10-12.5 wt.%,
thermodynamic incompatibility between the polymers becomes evident, leading to a decrease in
compatibility. The additive dependence of viscosity on filler concentration indicates that no new bonds are
formed or significant conformational changes occur between polyimide and PT macromolecules, as no new
absorption bands or shifts in the IR spectra are observed.

— The observed additive viscosity dependence further confirms that no chemical bonds are formed
between polyimide and PT macromolecules, and no conformational changes occur within the composite.
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Abstract. Anodic aluminum oxide films are widely used to obtain many types of organic and inorganic
nanomaterials and are of practical importance in studying the optical properties of nanomaterials synthesized
from them. This work presents a method of two-sided and two-stage anodization for obtaining anodic aluminum
oxide films with periodic and regularly spaced pores. The method of anodic oxidation of aluminum in solutions of
acidic electrolytes makes it possible to quite easily vary the parameters of the porous structure of Al,Os. Oxalic
acid was used as an electrolyte for “soft” anodizing of the aluminum plate, and ethyl alcohol and a solution of
orthophosphoric acid and chromic anhydride were used to pre-clean and polish the aluminum plate. Anodization
was carried out at low temperatures, as a result of which it was possible to obtain an aluminum oxide film with a
high degree of ordering of pores, the sizes of which ranged from 60 to 110 nm, and the distance between the pores
was in the range of 13-27 nm. Absorption and reflection spectra of a porous film of anodized aluminum were
obtained, where good absorption of the films is observed in the short-wavelength region of the spectrum, and the
maximum value of the refractive index is observed in the short- and long-wavelength regions of the spectrum.

Keywords: Transparent anodic aluminum oxide films, double-sided anodizing, porous membranes, anodizing at
low temperatures, barrier layer.

1. Introduction

Inorganic membranes, including dense membranes (honporous) and microporous membranes, due to
their good thermal and chemical stability, are one of the promising materials for the separation of gaseous H»
[1-3]. During the last 30 years, many studies have been successfully conducted by various research groups to
improve membrane transport/separation properties by modifying porous inorganic membranes using
chemical vapor deposition (CVD), sol-gel and other methods [4, 5].

Anodic aluminum oxide (AAO) films with periodic and regularly spaced pores have a wide range of
applications [6]. AAO is used to obtain many types of organic and inorganic nanomaterials, which are
widely used in optics [7], energy storage [8], sensors [9], molecular sieves for gas separation [10], surface-
enhanced Raman scattering [11], ion current rectification [12], biological antibacterial treatment [13], food
industry [14] and many other areas. By changing the experimental conditions and preparation processes, it is
possible to obtain AAO films with different porous structures [15]. Transparent AAO films are of practical


mailto:erkesh_zhan@mail.ru

38 Eurasian Physical Technical Journal, 2025, 22, 1(51) ISSN 1811-1165; e-ISSN 2413-2179

importance in studying the optical properties of nanomaterials synthesized from them. Transparent AAO
films with barrier layers separated from aluminum substrates have nonlinear diode-type current-voltage
characteristics and ion rectification properties and are used in biosensing, bioseparation, nanofluidic
electronics, etc. [16]. This paper presents the results of the development of technology and studying the
properties of anodized aluminum oxide (AAO) films.

2. Experimental part

Films of porous aluminum oxide were prepared by two-sided and two-stage anodization. A 0.3 M
solution of oxalic acid was used as an electrolyte.

To begin with, aluminum plates of 99.99% purity, 3.5x3.5 ¢cm in size and 0.5 mm thick were prepared.
Aluminum plates were pre-annealed in a muffle furnace at 500°C for 6 hours. Afterwards, the plate surface
was cleaned with ethyl alcohol to degrease it. An important characteristic of metallic aluminum that affects
the process of ordering of the porous structure is the roughness of its surface. The aluminum surface was
leveled by electrochemical polishing in a pulsed mode. For electrochemical polishing of the aluminum
surface, an electrolyte was used, which has the following composition: CrOs (185 g/l) and HsPO4 (1480 g/l).
The solution was poured into a heat-resistant container and placed on a magnetic stirrer at a temperature of
80 °C. An aluminum plate (of the same composition and larger in area) was attached to the negative
electrode and an aluminum plate for polishing to the positive electrode, then the aluminum plate was lowered
into the solution with a special device and polished for 40 min. The aluminum plate was subjected to
electrochemical polishing in a pulsed mode at a maximum voltage of 20 V, current - 11 A, pulse duration - 3
s, interval between pulses - 40 s, number of pulses - 40 pcs. The quality control of electrochemical polishing
was assessed by the appearance of the aluminum surface.

A solution of oxalic acid (COOH), with a concentration of 0.3 M was prepared for anodizing
aluminum. The electrolyte was poured into a special container, as shown in Figure 1. Two platinum wires
were used as a negative electrode. An aluminum plate was placed between the platinum wires and connected
to the positive electrode. A stirrer was attached to the container lid to ensure uniform anodization. This entire
structure was placed in a refrigerator to ensure anodic oxidation at a temperature of 0 °C.

(T

Fig.1. Installation for anodizing aluminum:
1 — power source, 2 — electrochemical cell, 3 — refrigeration chamber, 4 — magnetic stirrer.

The first anodizing stage was carried out at a voltage of 40 V. Then the plate was subjected to
electrochemical etching in a solution of orthophosphoric acid (35 mi/l) and chromic anhydride (20 g/l) at
60°C for 15 min. After removing the oxide film, the second stage was carried out according to the same
conditions as the first. The resulting transparent aluminum oxide film was washed in deionized water.
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The absorption and reflection spectra of the anodic aluminum oxide film were measured on an
AvaSpec-ULS2048CL-EVO spectrometer (Avantes). Graphs were built using the obtained data in the
OriginPro application.

3. Results and discussion

Due to the fact that ordering of the structure occurs during film growth, the upper side of the membrane
is characterized by a chaotic arrangement of pores. To obtain films with an ordered structure throughout the
entire volume, two-stage anodization of the films was carried out. The method of anodic oxidation of
aluminum in solutions of acidic electrolytes makes it possible to quite easily vary the parameters (pore
diameter, distance between pores, film thickness) of the Al,O3 porous structure. The production of aluminum
oxide layers was carried out under conditions of “soft” anodization using a two-sided method. The thickness
of the films obtained by this method is directly proportional to the duration of electrochemical oxidation, and
the rate of formation of the oxide layer varies from 2 to 5 pm/h. It should be noted that the temperature of the
electrolyte is the most important parameter, since at a constant acid concentration it determines the rate of
dissolution of the oxide layer at the oxide/electrolyte interface. After preliminary surface preparation, the
first anodic oxidation of aluminum was carried out in a solution of 0.3 M (COOH),. After this, subsequent
(second) anodic oxidation was carried out under the same conditions as during the first oxidation. In this
case, it is possible to obtain an aluminum oxide film with a high degree of pore ordering. Figure 2 shows a
chronoamperogram of the process of obtaining anodized aluminum films using a two-stage method.

20 T T T T
18
16 - —— First anodizing stage |
Second anodizing stage
14 1 1
E 12 7
= 10 1
81 \\ 1
o \ ]
4- \ |
2 T '
i "I (|5 é ll() 1'2 1I4 1l6 1I8 210 2.2 24
t, hour

Fig.2. Chronoamperogram of the first and second stages of anodization.

In Figures 3 (a) and (b) are shown SEM images of one of the surfaces of a transparent alumina film.
The pictures show a typical ordered porous structure. The size of the ordered pores varies in the range of 60—
110 nm, as shown in Figure 3 (d). The distance between the pores was in the range of 13-27 nm. The SEM
image of the transverse cleavage of the transparent AAO film is shown in the same Figure 3 ¢. The film
thickness is about 291 um. The transverse cleavage is divided into upper and lower layers, separated by a
barrier layer whose size is on the order of 14 nm (Figure 3 b).

The absorption spectrum of a porous anodized aluminum film is shown in Figure 4. Anodized
aluminum films are practically opaque in the spectral range of 400-700 nm. The observed good absorption of
anodized aluminum films A<400 nm in the short-wavelength region of the spectrum with the maximum at
380 nm corresponds to an interband transition from the valence band to the bottom of the conduction band.
This region corresponds to transitions from final states of the valence band to broadened states of the
conduction band in aluminum oxide [17]. In the long-wavelength part of the absorption spectrum of films at
A>450 nm, a broad band with a maximum at 570 nm is observed, which may be associated with light
scattering in porous structures.

The diffuse reflectance coefficient of films is 27% at A<400 and decreases as the wavelength of light
increases. In the spectral range 470-700 nm it is 10%.
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Fig.3. (a) SEM image of the surface of an aluminum oxide film; (b) SEM image of a transverse cleavage of a
transparent AAO film; (c) size of a transverse cleavage; (d) histogram of pore size distribution.
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Fig.4. Absorption spectrum of a porous film of anodized aluminum.

The diffuse reflectance coefficient of films is 27% at 430 nm and decreases as the wavelength of light
increases (Figure 5a). Such pronounced peaks are observed in thin AAO films, the thickness of which is
comparable to the wavelength [18]. The appearance of such a peak in a thick AAO film is apparently
associated with the presence of a barrier layer in the center of the oxide structure. In the range of 550-850
nm, the reflection is on average no more than 10%. The optical constants of thin films of anodized aluminum
(k — extinction coefficient and n — refractive index) were determined according to the method [3]. As
expected, the extinction coefficient given in Figure 5b for the resulting structure generally follows the
absorption spectrum corrected for the reflection and refractive index.
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Fig.5. (a) Reflection spectrum; (b) dependence of the extinction coefficient on the wavelength; (c) dependence of
the refractive index on the wavelength of anodized aluminum films.

The refractive index is one of the fundamental properties of an optical material, since it is closely
related to the electronic polarization of ions and the local field within the material. The Figure 5 ¢ shows that
the maximum value of the refractive index (n=1.82) is observed in the short-wavelength A=412 nm and
gradually decreases in the long-wave part of the spectrum. These results are in good agreement with data

obtained by other authors [19-21].

4. Conclusion

Using the method of two-sided and two-stage anodization, AAO films with periodic and regularly
spaced pores were obtained. Anodization was carried out in oxalic acid at a voltage of 40 V at low
temperatures. The aluminum plate was subjected to electrochemical polishing in orthophosphoric acid. As a
result, an aluminum oxide film with a high degree of pore ordering was obtained, which is confirmed by the
surface patterns of the transparent aluminum oxide film. The absorption and reflection spectra of a porous
film of anodized aluminum were obtained. The ability to regulate the time of first and secondary anodization
allows precise control of the thickness of the transparent AAO film, and the prepared film is a two-sided
porous layer separated by a barrier layer, with subsequent use as molecular sieves in ion transport for
photocatalytic reactions and hydrogen fuel cells. The proposed method is very easy to operate and does not
require complex preparation processes. The advantage of the method we propose is that we have obtained a
two-stage anodizing technology with through channels with adjustable dimensions formed towards each
other. This method will allow the production of membranes and various types of filters for various
applications. The results of the proposed solutions will allow developing technologies related to the
development of new types of nanomaterials used as hydrogen fuel cells, which will expand the range of

technologies in the field of “green energy”.
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Abstract. The article studies the efficiency of photovoltaic thermal of different capacities with a new type of
cooling system designed for an arid dry climate. There are presented the results obtained on a 1 kW photovoltaic
thermal device. To begin with, the article presents the efficiency of photovoltaic thermal based on 60 W and 180 W
photovoltaic batteries and the results obtained on a 1 kW photovoltaic thermal. Several factors should be taken into
account when using renewable energy sources in extremely dry regions of our republic including extremely high
temperatures. At such high temperatures (40°C and above in the shade) the efficiency of photovoltaic batteries
decreases, some of the energy we need is lost. In order to decrease these losses, it is important that water is not
constantly needed to cool the photovoltaic thermal. The new type of cooling system that we offer has no analogues
in the world. In further scientific research, the goal is to further improve new type of cooling system and transfer it
to work in an autonomous manner.

Keywords: photovoltaic thermal device, new type of cooling system, collector, reflector.
1. Introduction

Modern industrial-scale monocrystalline and polycrystalline silicon solar cells have a flat construction
and an absorption coefficient of 95 %, while their efficiency factor ranges between 18 and 20 %. In solar cells,
about 80 % of the absorbed radiation energy is primarily spent on heating the element, which negatively affects
its performance. When solar cells are placed on the surface of a heat collector absorber and ideal heat exchange
is achieved, the overall efficiency of the system increases significantly [1].

Scientists at the Institute of Physics and Technology are conducting a series of scientific studies to
improve the efficiency of photovoltaic-thermal (PV/T) batteries. In particular, the efficiency of photovoltaic-
thermal (PV/T) batteries is being investigated using thermal collectors. For arid and water-scarce climates, an
efficient, low-power, autonomous, and portable photothermal system helps supply rural households with the
necessary electrical energy and partial hot water, reducing economic costs. The implementation of this system
relies on a newly developed heat collector-integrated photo-thermal, a radiator, a pump, a water storage tank,
a controller, an inverter, and a mobile supporting structure [2].
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In the newly developed cooling system, water is used as the working fluid for cooling PV/Ts, and
experimental studies are conducted to analyze the results. It is determined that the PV/Ts we developed
produced 50-60 % more power than conventional photovoltaic panels [3]. In this study, a new cooling system
has been introduced, utilizing water as the working fluid to improve the efficiency of PV/Ts.

PV/Ts systems generate both electrical and thermal energy simultaneously, increasing overall efficiency
while minimizing environmental impact [4-6]. In arid and water-scarce climates, researchers are addressing
cooling challenges by exploring heat transfer fluids with significantly improved thermal conductivity [7-10].
Advanced materials such as nanofluids are widely used by researchers worldwide to enhance heat transfer
rates and improve the efficiency of photovoltaic systems, including PV/Ts [11-14]. Innovative designs of
thermal collectors optimize heat dissipation from photovoltaic cells, which is crucial to preventing overheating
and reducing efficiency losses.

2. Materials and methods.

The methods of cooling PV/Ts are very diverse, and many scientists are conducting research in this
direction. Some studies have found that PV/Ts cannot be used in extremely dry areas, and a constant amount
of water is needed to cool the PV/Ts. Considering these shortcomings, the PV/T with new type of cooling
system (NTCS) has been created. The photovoltaic thermal device (PV/TBD) with NTCS is designed for use
in extremely dry areas without water, self-cooling and providing electricity and hot water without of efficiency.
The parts that make up the PV/TBD with NTCS perform the following tasks.

- a new type of heat collector ensures reduction of energy losses of the photo-thermal,;

- the radiator serves to cool the hot water collected in the heat collector;

- the fan is installed above the radiator and serves to increase the efficiency of the radiator with the help
of wind;

- the pump passes the heated water through the radiator in the new type of collector, and ensures that the
cooled water enters the collector and circulates the water;

- the water tank is used for storing hot water and for good operation of the pump;

- mobile construction.

Placing and switching together the radiator, fan, pump, water storage tank, controller and inverter in the
PV/T, and ensuring that the portable structure performs the function of mechanical protection when moving
them from one place to another.

The new type of PV/T cooling system is based on the principle of the cooling system of internal
combustion engines, and cooling is provided by the circulation of water through the radiator. The heat
accumulated in the rear part of the PV/T is transferred to the water in the collector, and the heated water is
transferred to the cooling radiator using a pump. This process continues continuously. And the liquid that has
passed through the cooling radiator is returned to the collector. A fan is installed on it for better cooling of the
liquid that has passed through the cooling radiator. The pump and fan in the cooling system of this device are
low-power and do not negatively affect the energy produced by the PV/T.

Figures 1 and 2 show the front and rear views of the P\V/TBD made on the basis of a 60 W PV. Figure 2
shows the components of PV/TBD: 1) photothermal, 2) accumulator battery, 3) inverter, 4) controller.

e ———,———— = T

Fig.1. Fig. 1. Front view of the device with PV/T. Fig.2. Rear view of the device with PV/T.
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Table 1 shows the characteristics of photovoltaic cells with different capacities and the equipment of the
new type of cooling system.

Figures 3 and 4 show the front and rear views of the PV/TBD made on the basis of the 180W PV. Figure
4 shows the components of PV/TBD with a new type of cooling system: 1) controller, 2) amperemeter, 3)
inverter, 4) radiator, 5) fan, 6) Accumulator battery, 7) reserve water storage (capacity 20 liters), 8) pump, 9)
Electronic thermometer 10) switch.

Table 1. Physical and technical characteristics of different power photothermal devices with a new type of cooling
system.

Name PVIT1 PVIT 2 PVIT 3
Maximum power of PV, ITmax 60 W, 1 pc. 180 W, 1 pc. 350 W, 2 pc.
Efficiency factor of PV, 5 19.9% 19.9% 19.9%
The operating voltage of the PV, ¥, | 216 V 22.80V 22,3
Short circuit current of PV, Uy 3.53A 10.34A 8.6 A
Fill factor of the VAC of PV, ff 0,71-0,73 0,71-0,73 0,71-0,73
Reflection coefficient of the reflector gs_, width 67, | 0,5, width 145, height 60, | 0,5, width 180, height 80,
N . eight54,2pc. | 2 pc. 2 pc.
R, size in cm, pieces.
Water capacity of the polycarbonate | 3 | 101 7x2=141
heat collector
The radiator is made of which | Aluminium, Aluminium, width 30, | Aluminium, width 30,
material, size in sm width 15, height | height 60 height 60, 2 pc.
15
Fan power W, pc. 3,6,1pc. 3,6,5pc. 3,6,12 pc.
Pump power, W 5 5 60
BB, A/h 20, 1 pc. 65, 1 pc. 200, 2 pc.
Inverter, W 300, 300 3000
Controller, A 10 20 -

Fig. 3. Front view of the new type of PV/TBD. Fig. 4. Rear view of the new type of PV/TBD.

Figures 5 and 6 show the external view of a large capacity PV/TBD with a new type of cooling system.
A large-capacity PV/TBD with a new type of cooling system was created to meet the needs of rural residents
for electricity and hot water.
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Fig. 5. Front view of a 1LkW PV/TBD with a new type  Fig. 6. Rear view of a 1kW PV/TBD with a new
of cooling system. type of cooling system.

3. Results and analysis

This paper presents the power efficiency of PV/TBDs with NTCS based on 60 W and 180 W PVs. These
results were obtained in May and June, respectively. On September 7, 2024, experimental tests were carried
out at the high-power PV/TBD with NTCS at the Helio polygon of the Institute of Physics and Technology.
Figure 7 shows the time variation of the power values of 60 W PV based on PV/T. The black line of PV1 is
the maximum power that the 60 W PV can deliver. The PV/T red line is the power results obtained on a typical
60 W PV. It can be seen from Figures 7 and 8 that due to external influences, PV cannot reach the values
indicated in the nominal data. The PV/T blue line shows the power values of a PV/T based on a 60 W PV with
NTCS. Reflectors are installed on the side of the PV/T, aiming to increase the solar radiation flux density.
Since the short-circuit current (SCC) is directly proportional to the solar radiation current density (SRCD), the
SCC of the PV/T is increased [15]. At 10:20, two reflectors were installed on the sides of the PV/T and the
NTCS was launched. As a result, the power of the PV/T increased from 46 W to 69 W, as shown in Figure 7.
When the solar radiation current density (SRCD) reaches its maximum value, the power of the PV/T reaches
84 W.

The power values of PV/T are always below the PV1 line, that is, they never reach the maximum value.
60 W and 180 W PV-based PV/Ts require 9.6 W and 24 W of additional power to power the NTCS for cooling,
respectively. It was mentioned above that the additional useful power provided by PV/T is 2-3 times greater
than these powers. Figure 8 shows the time variation of power values of PV/T and PV. It can be seen from
Figure 8 that the power values of PV are below the black line of PV1, that is, they have reached values smaller
than the maximum power of PV. To increase the efficiency, it is necessary to increase the SCC with the help
of reflectors to the PV/T, to prevent a sharp decrease in the operating voltage (OV) with the help of NTCS.
Figure 8 shows that the power of PV/T reaches values greater than the maximum power of PV. Solar radiation
is absorbed in the surface area of the solar cell. The greater the amount of Sunlight absorbed, that is, in the
broad wavelength range of radiation, the greater the efficiency of the element [16-17]. The SCC increase of
PV/T using reflectors is shown in Fig. 9. The increase of SRCD through the reflectors also causes an increase
in heat in the rear part of the PV/T.

A sharp increase in SRCD leads to an increase in temperature in the back of the PV/T. This causes a
decrease in OV, because the parameter most dependent on temperature change is OV. This phenomenon is
explained as follows. A solar cell (SC) based on crystalline silicon decreases OV by 0.002 V (0.4 %/degree)
at a temperature of 1 degree above 25° C (certification AM 1 reference temperature). Heating of SC on an open
sunny day (in the summer months) can reduce OV by 0.07 - 0.09 V. This is the main reason why SC has
reduced the efficiency factor (EF). The temperature reduction of the voltage obtained from the SC has been
observed in scientific research [18]. A new type of self-cooling, i.e., a new type of cooling system was used to
prevent the reduction of the OV of the PV/T. Figure 10 shows the increase in OV of PV/T.

Figures 9 and 10 show the change of PV/T SCC and OV over time. Results started at 10:00 a.m. At 12:00,
reflectors were installed on the side of the PV/T. Figure 9 shows that the value of SCC has been increased
from 15 A to 22 A. Through reflectors, the SCC has been increased to 50%. Figure 10 shows the decrease of
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PV/T OV under the influence of heat. OV values of PV/T have been increased since 12:00 when the new type
of cooling system was put into operation. PV/T’s OV was 44 V at 11:40 a.m., and 46.5 V at 12:00 p.m. when

the new cooling system was put into operation.
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Fig. 7. Power values of 60 W PV based on PV/T with
NTCS and 60 W PVB depending on time.
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Fig. 9. Time variation of PV/T TB SCC per 1 KW power. Fig. 10. Time variation of PV/T OV per 1 kW power.

Figure 11 compares the power values of PV/T with the maximum values of PV. Figure 11 shows that the
power of PV/T is greater than the maximum power of PV up to 152 W. 100 W of additional energy is required
to power the new type of cooling system. Our proposed PV/TBD provides additional useful energy along with
providing energy to NTCS. Since the results are received in September, the efficiency of PV/T is slightly less.
Because in Based on this, in the summer months, the efficiency of PV/Ts with large capacity NTCS reaches
even greater values. The decrease in SRCD is shown in Figure 12. this month, SRCD is slightly lower than in
the summer months.

Figure 12 shows the values of SRCD. At 11:40 a.m. SRCD was increased by reflectors to PV/T. That is,
up to 30% increase in radiation has been achieved. But these increased values were smaller than AM 1.
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4. Conclusion

In this research work, it was found that the efficiency of PV/TBDs with NTCS based on 60 W and 180W
PV was increased to 50% and 30%, respectively. And a new type of cooling system was tested to improve the
efficiency of high-power PV/Ts. The experiments showed that the SCC of PV/T was up to 50%, and a sharp
decrease in the values of OV was prevented. With a large-capacity new type cooling system, PV/TBD can
provide electricity and hot water for rural residents and extremely dry areas. The PV/TBD we offer provides
power to water pumps and similar equipment. This device can be used to get up to 100 I of hot water for
household needs of villagers. In further scientific research, it was aimed to develop new, more convenient and
more efficient versions of PV/TBDs with a new type of cooling system with a large capacity.

The power consumption of the water pump and fan in the new PV/T cooling system is 5 W and 0.36 W,
respectively. Under natural conditions, a 60 W PV generates 40-50 W, while a 180 W PV produces 110-140
W. In contrast, PV/Ts with the same power ratings generate 70-80 W and 170-190 W, respectively. Thus, the
useful energy output of PV/Ts is several times greater than the energy consumed by the new cooling system.
Further scientific research aims to evaluate the efficiency of the cooling system’s working fluid by testing
nanofluids alongside water.
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THE EFFICIENCY DEPENDANCE OF A SINGLE-CIRCUIT POWER

UNIT WITH A HELIUM-COOLED REACTOR AND A HYDROGEN
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Abstract. The most attractive single-circuit scheme of the power unit was chosen. Helium at the outlet of the
reactor core enters the steam generator, where it gives part of the heat to generate highly superheated steam for
the electrolysis plant. Next, helium operates in a closed gas turbine cycle with heat recovery. A gas-cooled reactor
with a turbine and compressor allows the use of a thermodynamic cycle with high efficiency. A series of design
calculations of the regenerator for various degrees of regeneration have been performed. A series of assessments
of the effect on the real resistance of the regenerator from the high- and low-pressure sides have been carried out.
The thermal scheme of energy production is calculated in accordance with a series of design calculations of the
regenerator.

Keywords: reactor, helium, gas-turbine installation, regenerator, hydraulic resistance, aerodynamics resistance.
1. Introduction

In recent years, there has been a significant development in gas turbine construction worldwide, in
particular, the expansion of their application areas, an increase in energy efficiency parameters, and the
improvement of units and circuits in order to increase efficiency and take into account compliance with
environmental requirements [1 - 4]. Studies have been conducted that include coupling a high-temperature
gas-cooled nuclear reactor with a closed-cycle helium gas turbine energy conversion system [1]. In [2] the
accumulated experience from the operation of helium gas turbine units and associated test facilities is
considered in order to determine the conditions and factors for more efficient and safe operation. It has been
established that a helium turbine with liquid characteristics allows operation between normal temperatures of
the exhaust gas of the upper turbine and temperatures of liquid hydrogen [3]. The results of a study of coupling
a high-temperature gas-cooled nuclear reactor with solid oxide electrolyzers for large-scale hydrogen
production are shown in [4]. The combined system can achieve sufficiently high efficiency values.

A single-circuit power unit with a helium-cooled reactor and a hydrogen module is being created on the
basis of a closed gas turbine unit (GTU), in which the use of regeneration is a necessary condition for achieving
a sufficiently high efficiency. The temperature of the exhaust gases after the turbine is high and when working
on a simple Brighton cycle, a large amount of heat is released into the environment. In a regenerative cycle,
part of the heat can be returned to the cycle by transferring it from the helium spent in the turbine to the helium
compressed in the compressor before it enters the nuclear reactor. The degree of regeneration (o) can vary in
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a certain range, the value of which is determined by the values of the helium temperature at the outlet of the
turbine and at the outlet of the compressor, which, in turn, depend on the degree of pressure increase in the
compressor. According to [5] "there are 2 types of GTU regenerator designs: plate and tubular. Regenerator
heat exchangers must meet the following requirements: be compact and durable enough to be used in cycles
with a high degree of compression, have a high coefficient of heat transfer on the gas side, ease of manufacture,
and low cost of these heat exchangers. Tubular heating surfaces have been most fully studied and presented,
the advantages of which include: the possibility of use at high pressures, simpler layout, reliability, ease of
manufacture and maintenance. Tubular regenerators have tube boards, housings, and other parts that
sometimes exceed the weight of the active part of the heating surface in terms of their weight and dimensions.
Reducing the diameter of the tubes, which is a significant factor affecting the reduction of the dimensions of
the heat exchanger, is possible only up to the known practically permissible limits. In order to increase the
efficiency of tubular heating surfaces, transverse and longitudinal fins are used [6 — 13].

The purpose of this study is to determine the maximum efficiency of the heat exchange process of the
unit, taking into account the degree of regeneration and the hydrodynamic characteristics of the regenerator.
In this case, preference is given to the design of a tubular counter-current heat exchanger with transverse
finning of heat exchange pipes, due to the widespread use of these devices, compactness and ease of
maintenance.

2. Main part
2.1 Theoretical approach

In the considered single-circuit installation, the working fluid of the GTU and the coolant of the reactor
is helium, which operates in a closed gas turbine cycle with heat regeneration (Fig. 1). The regenerator is a
helium-helium countercurrent tubular heat exchanger, the blocks designations in it are shown in Fig. 1. Part of
the heat obtained in the reactor core; helium is given in the steam generator to generate highly superheated
steam for the electrolysis installation of the hydrogen module. The supply and removal of heat in the apparatus
(reactor, steam generator, regenerator, cooler) occurs in isobaric processes with some pressure losses; the
processes of expansion and compression of helium in the turbine and compressor are adiabatic in nature.

To study the parameters of the installation in a wide range of changes in the initial parameters, the method
of calculating the thermal circuit of the GTU was used, implemented in the form of a model and a program in
the Excel and COOLPROP spreadsheet package. The model is based on the equations of energy balances and
patterns of adiabatic processes of expansion and compression of helium gas using relative internal efficiencies
to account for non-isotropy in real processes. The reliability of the model and calculation method was checked
by manual calculations, the calculation error did not exceed 2.5%.
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Fig.1. Diagram of a closed nuclear power plant with heat recovery and a hydrogen complex [9]:
1 —reactor, 2 — steam generator, 3 — turbine, 4 — compressor, 5 — generator, 6 — electric generator,
7 — cooler, 8 — electrolyzer.
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Regenerator resistance values are calculated for different values of the regeneration degree. Calculation
results of the regenerator resistance coefficient on the degree of regeneration are shown on Fig.2. Further,
according to the previously used algorithm [6] variant calculations of the thermal circuit were carried out taking
into account the increase in regenerator resistance with increasing c.

As an assumption, it is assumed that when the degree of regeneration changes, only the resistance of the
regenerator changes, and the resistance of the other elements (core, steam generator, compressor-gas turbine
tract, heat exchanger-cooler, nozzles and pipelines) remain unchanged and can be excluded from consideration.
With an increase in the degree of regeneration, the value of the heat transfer surface of the regenerator increases
not linearly, but much faster. The deeper the regeneration, the larger the surface is required to transfer heat to
the unit. Therefore, the degree of regeneration has a limited value, determined by a technical and economic
analysis, which will have to be performed in the future.

301
2,51
201

" 51
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Fig.2. Dependence of the regenerator resistance coefficient on the degree of regeneration &, o

The paper [10] the results of a calculated assessment of the dependence of the characteristics of a
hydrogen complex HTU on changes in the resistance of the regenerator based on its hyperbolic dependence
on the degree of regeneration were presented [11]. In this paper, the aim is to establish the effect of the
hydraulic resistance of the regenerator on the efficiency of the installation based on the design calculation of
the regenerator. For various values of the degree of regeneration, the main characteristics of a shell-and-tube
regenerative heat exchanger are calculated, such as the heat transfer coefficient, the heat exchange surface
area, the length of heat exchange tubes, the diameter of the pipe board, and hydraulic resistance. There are
main parameters in theoretical process are presented in Table 1.

Table 1. GTU’s indicators for theoretical process

No. - gpl 4 Pe G. kals Hr, Hy, N, dn. % Efficienc
MPa kJ/xg kJ/xg MW y
1 0.4 0.01 096 | 69.12 | 62.96 1315 25.16 -24.13 0.210
2 0.5 0.015 | 0.955 | 68.76 | 67.57 1299 26.01 -26.72 0.220
3 0.6 0.0225 | 0.9475 | 68.22 | 72.90 1276 26.43 -30.74 0.238
4 0.7 0.035 | 0.935 | 6732 | 79.16 1236 59 25.68 -37.74 0.259
5 0.8 0.06 0.91 65.52 | 86.586 1154 21.26 -52.63 0.284
6 0.85 0.068 090 | 6492 | 90.84 1068 14.77 -68.52 0.297

Note: A; — coefficient of losses along the high-pressure path, p. — pressure in front of the turbine, G — coolant
consumption, Hr — heat transfer on the turbine, Hx — heat transfer on the compressor, N, — electrical power, 4y —
relative efficiency difference, Efficiency — efficiency coefficient, when determining the values, an algorithm was
used in [6].
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2.2 Real approach

When designing the device, in order to increase the efficiency of the heat exchange process in gas-gas
media, annular finning was used, (Fig. 3). Below schematically shows the transverse and longitudinal sections
of the heat exchange tube bundle with characteristics values (diameters, lengths, etc.) that were used in the
calculations.

Figure 4 shows a model of the movement of the coolant and working fluid in the regenerator. The heated
medium is high-pressure helium in the tubes at a temperature of T, and the heating medium is hot helium from
the turbine at a temperature of T4 (Tg >Tq). Exhaust temperatures are indicated by Tt (at the exit from the
intertubular space) and Te (before entering the reactor).
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Fig.3. Characteristics of the fins of the heat exchange bundle of pipes: Si1, S»— the distance between the tube centers;
D — diameter of the ribs, U — the distance between adjacent edges, h — edge height
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Fig. 4. Model of the movement of the coolant and the working fluid in the regenerator.

Calculations were carried out using Excel spreadsheets and the COOLPROP module for thermophysical
parameters of gases. The initial data are assumed to be the same as in [11]: the temperature of helium at the
inlet to the gas turbine is 1123 K; the temperature of helium at the outlet of the reactor is 1223 K, at the inlet
to the turbine is 1123 K; the pressure of helium at the inlet to the compressor is assumed to be 3.0 MPa; the
degree of pressure increase is 2.4. Calculations were carried out for the thermal power of the reactor is equal
to 200 MW. Parameters of steam generated for the electrolysis plant of the hydrogen module: pressure 1 MPa,
temperature 800°C. The range of changes in the degree of regeneration: from 0.7 to 0.9 in accordance with the
results of the work [11]. For clear understanding (red — theory, blue — reality).
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Having obtained the values of pressure resistances in design calculations and having constructed the
dependence of pressure losses on the degree of regeneration, it is worth noting that the nature of the dependence
has been preserved (hyperbolic), which indicates the correctness of the calculations. However, the real
resistances turned out to be slightly lower than those accepted in the theoretical approach. Figure 5-7
demonstrate parameters which reflect the real influence of aerodynamic resistance on cycle performance
indicators. In the real cycle, the temperature of point e is lower due to pressure losses in the tube space of the
regenerator. Since the temperature behind the reactor is constant, the AT of the reactor increases.
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Fig.5. Dependence of the pressure loss value on the degree of regeneration
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Fig.7. The dependence of the temperature difference on the degree of regeneration
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3. Results and discussion

Evaluation the aerodynamic resistance let recalculate main parameters for scheme (Fig. 1). As for the
comparison it can be state with certainty that resistance in the theoretical process turned out to be higher, which
significantly affected the efficiency of the cycle. This is due to the low resistance along the low-pressure path
and low flow rates of heating helium at the inlet to the regenerator. The main results are in table 2 below.

Table 2. GTU’s and regenerator indicators for real process

No. o Eff C;oe ney Oree MW | AT K | G, kg/s anis Aj%a I, m D, m &
1 0.70 28 120 121 77 5 0.02 6.9 4.15 2.4
2 0.80 29 150 82 84 5 0.03 11.7 4.44 3.7
3 0.85 25 168 69 98 5 0.09 18.8 4.63 5.8
4 0.90 17 186 49 112 5 0.13 32.0 4.84 9.3

As for the efficiency (Fig. 9) of the cycle itself, the area of an acceptable degree of regeneration lies in
the range from 0,7 to 0,8, since after a value of 0,9 we get superhigh resistance and high speeds, which
negatively affects the efficiency of the cycle as a whole. With an optimal degree of regeneration, the
consumption reaches a value of 98 kg/s (Fig. 8).
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Fig.8. Dependence of the coolant flow rate on the degree Fig.9. Dependence of the efficiency of the GTU of the
of regeneration real cycle on the degree of regeneration

4. Conclusion

Summing up the work done, it should be noted that the purpose of the study has been achieved. 2 series
of design calculations were carried out for the regenerator and the GTU circuit. The highest efficiency turned
out to be equal to 29% with a degree of regeneration of 0.8, while the resistance along two pressure paths was
0.03 MPa at a coolant velocity of 5 m/s. As the resistance AP increases, the heating in the reactor and
regenerator decreases, which is associated with a deterioration in the heat exchange process due to energy
losses to overcome the resistance. The efficiency of the unit has a maximum with a degree of regeneration of
0.9 — which is the boundary value. With higher degrees of regeneration, we have large dimensions of the
regenerator and high resistance values, which negatively affects the investment and efficiency of the device.
The decisions made in the development of the power unit are justified: the parameter level is the temperature
of the coolant Te=530°C, T,=950°C and the working fluid T.=850°C, p.=6.81 MPa, taking into account the
process of high-temperature electrolysis T,=800°C. The optimal controlled parameters of the thermal circuit
have been established: ¢=2.4 (degree of pressure increase in the compressor), 0=0.8-0.9 (degree of
regeneration). An analysis of the effect of the degree of regeneration on the resistance of the regenerator was
carried out, during which a hyperbolic dependence ¢=f{o) was obtained.
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APPLICATION OF A COAXIAL HPGe DETECTOR AND

FRAM CODE FOR DETERMINING THE ENRICHMENT
OF SHIELDED URANIUM SAMPLES
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Abstract. The determination of uranium enrichment is a critical aspect of nuclear material control, essential for
assessing potential safety threats and detecting unauthorized material transfers. Gamma spectrometry using a High-
Purity Germanium detector offers a non-destructive method for isotope ratio analysis. However, standard equipment
often lacks precision, particularly when samples are shielded. This study aims to evaluate the capability of a portable
coaxial High-Purity Germanium detector in conjunction with the FRAM software for determining uranium enrichment
under both shielded and unshielded conditions. To achieve this goal, a series of gamma spectrometric measurements was
performed on fuel rod samples with low uranium content. The results demonstrated that the method provides reliable and
rapid enrichment estimation with an error margin of up to 10%, which is particularly significant for nuclear forensics,
where timely and accurate isotope analysis is crucial.

Keywords: nuclear forensics, uranium enrichment, shielded source, gamma spectrometry, coaxial High-Purity
Germanium detector, FRAM software.

1. Introduction

Determining the isotope ratio of uranium (enrichment) is one of the key characteristics of nuclear
materials, requiring prompt and accurate assessment. Such evaluations are essential for decision-making
regarding whether the material poses a threat to national security and for identifying instances of unauthorized
material transfers. In cases where the threat is directly associated with nuclear materials, such as enriched
uranium compounds, the National Nuclear Center of the Republic of Kazakhstan (NNC RK) can provide
substantial technical support through preliminary analysis of material characteristics using gamma
spectrometry. It is well known that equipment used during initial inspections often lacks sufficient precision
to determine the isotope ratio (e.g., the degree of enrichment or uranium type). A solution to this issue could
be a non-standard gamma spectrometry method requiring the use of a high-sensitivity detector based on High-
Purity Germanium (HPGe), which provides high resolution [1-3].

The NNC RK laboratory staff has extensive experience using a coaxial HPGe detector in various studies.
This detector has been employed for neutron activation analysis and for measuring gamma-emitting
radionuclides, such as fission and activation products, in the coolant of the IVG.1M reactor. These studies have
effectively determined the composition and concentrations of radionuclides in various samples [4-6].

Gamma spectrometry is a non-destructive analytical method that can be used to measure the enrichment
of nuclear materials and obtain rapid and satisfactory results on the isotopic composition of uranium or
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plutonium in unknown samples. This is particularly important in nuclear forensics, where prompt provision of
data on the isotopic composition of nuclear materials is required. When nuclear material is placed in a
protective container (e.g., active samples or spent nuclear fuel), gamma lines in the low-energy range (90-100
keV) may not be detected by the detector. Namely, this range of photon energies is used to determine uranium
enrichment by the multigroup analysis of uranium (MGAU) method. Under such conditions, calculation
algorithms using the MGAU code [7] become ineffective for enrichment assessment. To solve this problem, it
is advisable to use a coaxial HPGe detector in combination with the FRAM code for spectral analysis. A feature
of the coaxial HPGe detector compared to the planar detector is a higher efficiency of photon registration in
the high energy range of 1.2 MeV. In our work, a coaxial HPGe detector was used in tandem with the FRAM
program to determine uranium enrichment. The FRAM code, unlike the MGAU program, uses gamma lines
with energies in the range from 121 to 1001 keV to determine uranium enrichment, which can penetrate steel
shielding up to 10 mm thick [8,9].

This study aimed to investigate the feasibility of applying gamma spectrometry to determine the
enrichment of uranium samples, both unshielded and shielded with steel of varying thickness, using a portable
coaxial HPGe detector and the FRAM software.

2. Methodology and equipment

To determine the enrichment of 2*°U, eight segments of fuel rods from water-cooled technological
channels with low-enriched uranium (WCTC-LEU) of the IVG.1M reactor were provided. These WCTC-LEU
fuel rods, measuring 49 to 60 mm in length, are hereinafter referred to as "samples." The samples are spiral
rods with a two-blade profile, consisting of a metallurgically bonded cladding and a fuel core. The fuel core
comprises a zirconium alloy E110 matrix with evenly distributed uranium filaments enriched to 19.75% in
25U, The appearance of the WCTC-LEU sample is shown in Figure 1.

The declared uranium enrichment in 2°U is 19.75%, while the ?*°U content in the sample is 2.18% by
mass, equivalent to 0.23 g. Such low uranium content complicates the enrichment determination process due
to reduced gamma radiation activity, which decreases the intensity of the detectable lines, making accurate
isotopic analysis challenging. To minimize errors and improve measurement accuracy, various measurement
geometries were employed to assess the effects of shielding and the distance between the sample and the
detector. The parameters of these measurements are summarized in Table 1.

a)
Fig.1. The appearance of the WCTC-LEU fuel rod sample (a) and cross-sectional view of the WCTC-LEU fuel
rod (b).

The research methodology involved measuring the gamma spectra of the sample in four different
geometries. In three geometries, the distance from the sample to the detector cap was fixed at 16 mm. The
difference between these geometries was as follows: the first measurement was conducted without shielding;
the second used a steel shield with a thickness of 2.5 mm; and the third used a steel shield with a thickness of
8 mm. In the fourth geometry, the sample was placed directly on the detector cap. The measurement duration
was adjusted so that the peak area at energy E = 1001 keV was approximately 4.3-10° counts for all
measurements (statistical uncertainty was estimated at 1.6 —1.8%). The shield for the second geometry
consisted of a steel plate measuring 90x30x2.5 mm, and for the third geometry, a steel plate measuring
80x40x8 mm. Additionally, background measurements were conducted in the laboratory, and no uranium
isotope peaks were detected in the background spectrum.



Eurasian Physical Technical Journal, 2025, 22, 1(51)

Energy 61

Table 1. Measurement Parameters

Measurement Shield Dimensions,
Distance Detector- Shield Thickness, .
Geometry Exposure Time, s LengthxWidth,
Sample, mm mm )

Number Thickness, mm
1 16 - 5000 -
2 16 2,5 5500 90%30x%2,5
3 16 8 7500 80x40x8,0
4 0 - 2200 -

Spectrometric studies were conducted using the GC1518 coaxial germanium semiconductor detector,
which has a gamma radiation detection efficiency of 15% and an energy resolution of 1.8 keV at 1332 keV.
The measurements were carried out using the DSA-LX pulse analyzer with an 8182-channel scale. The
amplification of the channel was set to 0.125 keV/channel. The energy calibration of the gamma spectrometer
was performed using the Eu-152 calibration source. The measurement process and the geometry of the sample
placement, both without shielding and with shielding, are shown in Figures 2a and 2b, respectively.

a) 0)
Fig.2. Geometry of sample measurement without shielding (a) and with a 2.5 mm thick shield (b).

The spectra of the samples were processed using the FRAM code. Unlike the MGAU code, the FRAM
code offers several different algorithms for result processing, which can be configured through an editable
parameter file. The FRAM package includes a recommended set of input parameters, which vary depending
on the enrichment of the sample. These parameters include specific settings for analyzing low-enriched
uranium (enrichment less than 40% for **U) and highly enriched uranium (enrichment greater than 10% for
250) [8-10].

Table 2. Standard Parameter Sets Embedded in the FRAM Code.

Parameter name
ULEU_PInr_060-250
UHEU_PInr_060-250
ULEU_Cx_120-1001
UHEU_Cx_120-1001

Description
U Only, Enrichment <40%, 0.075 keV/ch, Planar detector
U Only, Enrichment >10%, 0.075 keV/ch, Planar detector
2351 < 40% or high thorium background, 0.125 keV/ch, Coaxial detector
25U > 10%, 0.125 keV/ch, Coaxial detector

For the analysis of the spectra, the parameter ULEU_Cx_120-1001 was used, which is oriented for low-
enriched uranium and utilizes energy peaks in the range from 121 keV to 1001 keV for a coaxial detector type.

For each measurement geometry, 18 spectra were recorded. The results of processing those spectra were
subjected to statistical analysis. For each data set obtained, the mean enrichment value (Enr) was calculated
using formula (1), and the standard deviation (SD) was calculated using formula (2):
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Enr= Ezn: Enr, @
n i=1
1 @ 12
SD:[Z(Enri—Enr)zj ) )
n-1

where n is the number of measurements; Enr is the enrichment value obtained from the i-th spectrum.
3. Results of the study

As a result of gamma spectrometric measurements of the sample, 72 spectra were obtained (18 for each
of the four measurement geometries) and processed using the FRAM code. The average enrichment values of
25U in the sample (Enr) and the standard deviation (SD) for the unshielded sample at a distance of 16 mm
from the detector were 20.1% and 1.8%, respectively. For the shielded sample with a 2.5 mm thick screen,
these values were 20.3% and 1.2%. For the shielded sample with an 8 mm thick screen, the values were 19.65%
and 1.21%. For the unshielded sample placed directly on the detector cap, the enrichment values were 20.4%
and 0.8%. Table 3 presents the statistical distributions of the results for determining the enrichment of U for
both unshielded and shielded samples.

Table 3. Results of Statistical Analysis.

Unshielded sample Shielded sample, d=2.5 mm
Interval
. Number of ) Number of
No. Enrichment % by mass Enrichment % by mass
Measurements Measurements

1 17.10 £ 0.63 1 18.44 £0.45 2
2 18.36 £ 0.63 5 19.34£0.45 5
3 19.62 £ 0.63 5 20.24 £ 0.45 5
4 20.88 £ 0.63 1 21.14£0.45 2
5 22.15+0.63 6 22.04 £0.45 4
Shielded sample, d=8 mm Unshielded sample on cap

1 18.15+£0.45 3 18.94+£0.30 2
2 19.05 £ 0.45 5 19.55+£0.30 5
3 19.95+ 045 5 20.16 £ 0.30 2
4 20.85 +0.45 3 20.77 £0.30 5
5 21.75+045 2 21.38+£0.30 4

When constructing histograms of statistical distributions, consisting of five intervals, the interval width
was calculated using the formula (3):

W= Enryax — ENrpin

5

The values for the first and subsequent intervals were calculated using formulas (4) and (5):

Enry = Enrpin + =

Enr;

2

Enri_1+w
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The statistical distributions of the 2*U enrichment results for the FRAM code are also presented in
histograms shown in Figure 3. The point with the error interval on the abscissa axis corresponds to the average
enrichment value (Enr) and the standard deviation (SD) obtained from formulas (1) and (2).

The spectra of the sample were analyzed to study the ability of shielding materials to attenuate gamma
radiation intensity at various energies. The exposure time for the measurements was selected such that the area
of the 1001 keV peak was approximately 4.4-10° impulses. Table 4 shows the results of measuring the peak
areas of gamma radiation at different energies (121, 143, 163, 185.7, 205, and 1001 keV) in four different
geometries and exposure times. Analysis of the data in the table highlights the property of the absorbing screens
to attenuate the low-energy part of the gamma spectrum more significantly, as well as the ability of the coaxial
detector to efficiently register high-energy gamma quanta from uranium-238 at 1001 keV, which penetrate
well through shielding materials. This makes the coaxial detector especially effective for analyzing samples
with a high-energy component in the gamma spectrum and those shielded by steel screens.

5 The results of analysis (samlpe without shild) The results of analysis (samlpe with shild 2.5 mm)
12 1
Results Results
10 Enr,.,.=(20,1+ 1,8) »10  Enr,...=(20,3+1,2)
g (Enrdecl h Enrmeas)/Enrdecl =18% ‘g (Enrdecl - Enrmeas)/Enrdecl =27%
£ 8 §s
g i ] 2 l @ —
26 d . g6
o £
*§ 4 § 4
2
0 0
17.10 18.36 Enric1h9n.16e2nt’ . 208 22.15 18.44 19.34 Emiczh?f:nt’ 5 MM 22.04
a) b)
The results of analysis (samlpe with shild 8 mm) b The results (samlpe on cover without shild)
12 | |
Results Results
10 Enr,,,. = (19.65 £ 1,21) L0 Enr,=(20.39£0,84)
E (Enrdecl - Enrmeas)/Enrdecl =05% ;é_; 3 (Enrdecl - Enrmeas)/Enrdecl =32%
£ £
: l | H—@ |
26 g6
2 £
54 54
£, £2
3 z
0 0
18.15 19.05 19.95 20.85 21.75 18.94 19.55 . 20.16 . 20.77 21.38
Enrichment, % Enrichment, %
c) d)
Fig.3. Statistical distribution of the results of the determination of 2**U enrichment in the unshielded sample
(a), the shielded sample with 2.5 mm steel (b) and 8 mm steel (c), and the sample placed on the detector lid (d).
Table 4. Results of Peak Area Measurements for Various Energies, Geometries, and Exposure Times.
Measurement Energy, keV
Conditions 121 143 163 185.7 205 1001
\(’tv_'tzhzc(’)‘g Ss)h'e'd 2 74(4)E+04 | 3.72(6)E+05 | 1.87(14)E+05 | 2.10(2)E+06 | 1.78(4)E+05 | 4.44(9)E+03
}’t\ftsg%‘g :)h'e'd 3.19(6)E+04 | 4.17(8)E+05 | 2.04(8)E+05 | 2.26(3)E+06 | 1.89(6)E+05 | 4.39(7)E+03
22";%53 mm 2.10(6)E+04 | 3.10(7)E+05 | 1.61(7)E+05 | 1.86(2)E+06 | 1.59(5)E+05 | 4.40(7)E+03
22'%%3'3 mm 8.30(26)E+03 | 1.59(7)E+05 | 9.34(7)E+04 | 1.19(2)E+06 | 1.08(4)E+05 | 4.27(5)E+03
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4. Discussion of results

For the FRAM code, the algorithm used for processing results was focused on low-enriched uranium,
utilizing energy peaks in the range from 121 keV to 1001 keV for the coaxial detector type. It is important to
note that when measuring a shielded nuclear material source, longer exposure times are required to achieve
the necessary statistical accuracy of the full absorption peak area.

The study obtained statistical distributions of **U enrichment results for both unshielded and shielded
samples. The distributions were divided into five intervals based on enrichment values. During the result
processing, varying numbers of measurements fell into each interval, which were subsequently presented in
histograms. These intervals allow for evaluating the distribution of enrichment results and how closely they
align with the declared enrichment value of 19.75%.

Upon analyzing the results, it is observed that the histogram with the maximum shielding thickness and
exposure time exhibits a normal distribution. The enrichment value in this case most closely matches the
declared value of 19.75%. For other histograms, the distribution is uneven, likely due to an insufficient number
of measurements and short exposure times. Overall, it can be stated that the results of enrichment determination
using the coaxial detector are sufficiently reliable.

The count rate in the peak with energy Ei depends on the shield thickness. As shown in Table 4, gamma
guanta with a "low" energy of 121 keV are attenuated to a greater extent, while gamma quanta with a "high"
energy of 1001 keV are attenuated to a lesser extent. For clarity, the measurement results of the count rate as
a function of steel shield thickness for various gamma-ray energies are presented in Fig. 4.

Count rate in the peak with energy Ei, rel.unit

Shield thickness, cm

Fig.4. Results of count rate measurements as a function of steel screen thickness.

As observed, the count rate in the E=1001 keV peak with a 0.8 cm thick shield decreased by 1.5 times
compared to the unshielded sample, while the count rate in the E=121 keV peak decreased by 5.8 times. This
confirms the advantages of using the FRAM method compared to the MGAU method for samples shielded
with thick materials. It is well-known that the MGAU method analyzes uranium enrichment using the low-
energy region of the gamma spectrum in the range of 90-100 keV.

The measurements, conducted in four different geometries, indicated that the enrichment values
calculated using the FRAM code had a maximum relative deviation of 3.2%. This confirms the method
reliability even with changing measurement conditions such as shielding and detector distance. The use of the
coaxial HPGe detector and the FRAM software code proved to be effective for analyzing uranium samples
under various conditions, including shielding. The average 2*U enrichment value obtained from all
measurements lies within the statistical error and corresponds to the declared value of 19.75%.
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5. Conclusion

Gamma spectrometry measurements were performed to determine the uranium enrichment in both
unshielded and shielded samples with low uranium content. Despite the low uranium content (1.2% of the total
mass of 10.9 g), sufficiently reliable data on the isotopic composition of >**U were obtained.

The measurements carried out in four different geometries, showed that the enrichment values calculated
using the FRAM code had a maximum relative deviation of 3.2%. This confirms the method reliability even
when the measurement conditions, such as shielding and detector distance, change.

The use of the coaxial HPGe detector and the FRAM software code proved effective for analyzing
uranium samples in various conditions, including shielding. The average **U enrichment value, derived from
all measurements, lies within the statistical error and corresponds to the declared value of 19.75%.

In perspective, gamma spectrometry using a coaxial HPGe detector with FRAM software may be an
alternative method in nuclear forensics for determining uranium enrichment, where samples can be shielded
(e.g. in containers with ~10 mm thick steel shielding). It allows for obtaining relatively fast and satisfactory
results on the isotopic composition of uranium, which makes it an effective tool for express analysis.
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Abstract. Global energy needs continue to increase, which have been met by fossil fuels, resulting in significant
environmental damage. Alternative energy such as biogas is an effective solution to reduce the use of fossil fuels because
it has a high auto-ignition temperature (£650°C), making it suitable for use in engines with high compression ratios. This
research aims to evaluate the effect of using biogas in dual-fuel diesel engines on performance and exhaust emissions.
Experiments were carried out on diesel engines with single and dual-fuel, using variations in biogas flow rates of 3, 4,
and 5 I/minute. The research results show that the use of biogas in dual-fuel engines produces higher torque and brake
power values compared to single fuel at flow rates of 3 and 4 I/min. In addition, single-fuel diesel engine exhaust emissions
show the highest values for CO (0.29%) and CO- (5.67%), while dual-fuel engines produce CO (0.27%) and CO; (5.51%).
These findings show that biogas as a dual-fuel can improve engine performance while reducing harmful emissions,
making it a sustainable energy alternative.

Keywords: Biogas, dual-fuel, diesel, performance, exhaust emissions.
1. Introduction

The world's energy needs continue to increase along with human population growth and sustainable
industrial needs. It is estimated that energy demand will increase by 30% until 2040, with most of this need
still being met by fossil fuels [1] . Using of fossil fuels as the main energy source has caused significant
environmental damage, including air pollution and climate change [2], [3]. Exhaust gas emissions from burning
fossil fuels, such as gasoline, diesel, and LPG in internal combustion engines (ICE), contribute greatly to acid
rain, global warming, and increased greenhouse gas concentrations [4], [5]. Diesel engines produce large
amounts of particulate matter (PM) and nitrogen oxides (NOXx) emissions [6]. The most widely used energy
source in the machinery and transportation industry is the use of diesel fuel for diesel engines [7], [8].

To reduce environmental impacts, many countries have adopted policies and regulations that encourage
using renewable energy [9]. In Indonesia, for example, the government has developed various initiatives to
increase the use of renewable energy as part of its commitment to global climate agreements. One promising
alternative energy source is biogas [10]. Biogas is produced from agricultural waste, industrial waste, livestock
waste, and household waste through anaerobic fermentation which produces methane gas (CH4) 50-70%,
Carbon Dioxide (CO,) 25-50%, Hydrogen (H) 1-5%, and Nitrogen (N.) 0.3-3% [11]. The potential for biogas
as a renewable fuel is very large, because it can reduce dependence on fossil fuels and greenhouse gas
emissions.

The use of biogas in diesel engines as a dual-fuel has shown significant potential. Previous research shows
that biogas-diesel mixtures can reduce diesel use by up to 63% and even replace up to 90% of diesel
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consumption [12]. Biogas, with its high auto-ignition temperature (=650°C), is suitable for use in engines with
high compression ratios [13]. However, the use of biogas in diesel engines still faces several obstacles, such
as decreased thermal efficiency and increased exhaust emissions of carbon monoxide (CO) and hydrocarbons
(HC) [14]. On the other hand, the use of biogas can provide economic benefits, including reduced operational
costs and increased energy sustainability. Biogas can be mixed homogeneously with air, allowing better
ignition thanks to its wide flame range [15]. The biogas used should contain more than 50% CH4 and be free
from hydrogen sulfide, water and siloxane to ensure quality and efficiency [16]. The latest innovations in
biogas processing technology and the development of dual-fuel engines continue to be developed to overcome
these obstacles [17].

Various researchers have studied dual-fuel diesel engines by examining parameters such as timing
variation [18], [19], optimization of pilot injection timing [20], and variation of air flow rate into the
combustion chamber. The timing and duration of biogas injection fundamentally affect the combustion
process, as it is related to the volume of biogas fuel entering the combustion chamber during the intake stroke.
In dual-fuel diesel engines, a variable fuel supply is required according to changes in engine load, so a constant
biogas supply can reduce the percentage of biogas substitution as the load increases [21].

Research by Liu et al. (2020) [22] on a dual-fuel diesel engine fuelled by diesel-CNG found that the mass
flow rate of CNG affects the combustion process and emissions produced. In the context of a dual-fuel diesel
engine, the fuel supply parameter is very important for the combustion process, which makes the combustion
more spread and closer to the cylinder wall. This study aims to evaluate the combustion reaction, engine
performance, fuel consumption, and exhaust emission characteristics of a dual-fuel diesel engine fuelled by
diesel-biogas. The results of this study are expected to provide information related to the use of biogas as an
alternative fuel for diesel engines and efforts to reduce environmental damage.

2. Materials and research method
To study the performance and combustion process of a dual-fuel diesel engine, modifications were made

to a single-cylinder diesel engine by adjusting the fuel input to regulate the flow of biogas fuel into the
combustion chamber. The test scheme of a dual-fuel system diesel engine is shown in Figure 1.

s "
Biogas Dhesel
Engine CO & COs
Measurement ;
Sensor
Monitor Ly Flow Rate
filsasuretiott = C::) Dynamometer
Flow rate
Solar
I Data controller
¥
Monitor
—_—]
) lorque & Power
Electric current | CO& CO-

Fig.1. Test Scheme.

2.1. Fuel Characteristics and Fuel Supply Systems

This research uses diesel fuel supplied from PT Pertamina Indonesia. Biogas is produced anaerobically
by using cow dung as raw material in a fixed dome type biogas digester with a capacity of 2 m* which is
accommodated in a biogas storage balloon. Diesel and biogas fuel specifications are shown in Table 1.
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Table 1. Fuel properties [23]

Properties Diesel Biogas
Lower heating value (MJ/kg) 42 20.958*
Density (kg/m?®) 840 1.12*
Auto ignition temperature (°C) 280 650
Stoichiometric air-fuel ratio 14.60 17
Cetane number 49 -
Octane number - 130
Laminar burning velocity (m/s) 0.5 0.2

The study used diesel and biogas fuels, diesel fuel was injected directly into the combustion chamber
using a mechanical injection pump, and biogas fuel was injected into the intake manifold using a gas injector
whose gas volume was controlled by a flow meter with variations of 3 Ipm (B3), 4 Ipm (B4), and 5 Ipm (B5).
The biogas flow rate was kept constant at each variation of flow rate and combustion load at each engine speed.

2.2. Test Machines and Test Procedures

The test used a diesel engine with a single cylinder capacity, four strokes, and direct injection fuel system.
Detailed specifications of the test engine are shown in Table 2. The test engine was modified to accommodate
a dual-fuel system of diesel solar - biogas. Diesel fuel is injected mechanically and biogas is injected using a
pump into the intake manifold to the combustion chamber.

Table 2. Diesel engine specifications

Parameter Mark

Machine capacity 0.296 L

Number of cylinders step Single cylinder four steps
Liner diameter 78mm

Stride length 62mm

Combustion system direct injection

Power factor 1.0

Count output 55 kW

The diesel engine is connected to a dynamometer to measure torque and brake power. The CO, and CO
sensors are connected to the data controller and the results are displayed on the monitor screen. Diesel fuel is
prepared in a measuring cup to measure fuel consumption. Biogas is prepared in a biogas storage balloon with
the addition of a flow meter to measure the flow rate injected into the intake manifold towards the combustion
chamber. Before evaluating engine performance and emission results, the engine is turned on until it reaches
the highest working temperature and engine speed, experiments are carried out at the maximum throttle
position with additional braking load until the specified engine speed is reached (2700, 2600, 2500, 2400,
2300, 2200, 2100, and 2000 rpm). All test equipment is set up and recalibrated to ensure the data obtained is
valid and accountable. Instrument calibration refers to adjusting an instrument to ensure that the measurement
results are in accordance with established standards. This process improves data accuracy and minimizes
measurement errors that may occur due to drift or environmental changes since the last calibration was
performed [24].

3. Results and Discussion

This section discusses the performance of diesel engines, namely fuel combustion reactions, engine
torque, engine power, and specific fuel consumption, as well as exhaust emissions with single fuel and dual-
fuel. The exhaust gas emissions analyzed are CO and CO- emissions.

3.1 Combustion Reaction

Burning fuel in a diesel engine in this study involves a reaction between hydrocarbons (in diesel and
biogas) with oxygen from the air, producing the main products in the form of carbon dioxide (CO-) and water
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(H20), as well as by-products such as carbon monoxide (CO), nitrogen oxides (NOx), and unburned
hydrocarbons (HC). Biogas, with its main content being methane (Chs), mixes easily with air, producing a
more homogeneous fuel-air mixture than diesel. This can increase fuel combustion efficiency, the methane in
biogas helps create a fast initial combustion, thereby increasing the combustion chamber temperature.

Initial reaction of methane combustion:

CH4+20,—CO,+2H,0 (1)

The combustion reaction increases the temperature to help evaporation so that the octadecane in diesel
burns more quickly. Combustion reaction of octadecane in diesel:

2C16H34+490,—32C0O2+34H,0 (2)

This more efficient combustion increases pressure in the cylinder, which translates into higher torque.
The biogas-diesel mixture produces more uniform and intense combustion, increasing the mechanical energy
produced per engine cycle [18]. Thus, increasing the flow of biogas in the fuel mixture directly contributes to
increasing engine torque and power, resulting in more optimal engine performance.

3.2 Brake Torque

Engine performance in brake torque shows an increase in brake torque on diesel-biogas fuel compared to
single diesel fuel. Increasing the biogas flow rate contributed to an increase in brake torgque, with a flow rate
of 5 Ipm (B5) showing the most significant increase. The test results are presented in Figure 2. On single diesel
fuel, brake torque increases with increasing load and decreasing engine speed. At an engine speed of 2700
rpm, the brake torque is initially around 4 Nm, and increases to around 18 Nm at an engine speed of 2000 rpm.
At the B3 biogas flow rate, the brake torque produced is higher than single fuel at engine speeds above 2500
rpm, but slightly lower at engine speeds below 2400 rpm.
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Fig. 2. Brake torque graph at each engine speed.

This indicates that at lower biogas flow rates, combustion may not be optimal at high loads. At the B4
biogas flow rate, the resulting brake torque is consistently higher than single fuel throughout the engine speed
range. Brake torque increases from around 8 Nm at 2700 rpm to around 19 Nm at 2000 rpm. At biogas flow
rate B5, the brake torque produced is the highest compared to all other variations. Brake torque increases from
around 10 Nm at 2700 rpm to around 22 Nm at 2000 rpm. This shows that higher biogas flow rates significantly
improve combustion efficiency and engine performance [14]. This phenomenon can be explained by the fact
that biogas, which has a high methane component, allows more efficient combustion and increased energy
output. However, it is important to note that the optimal biogas flow rate must be adapted to the machine
characteristics and operating conditions to achieve the best performance. The use of dual-fuels not only
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increases brake torque but also shows potential to increase engine thermal efficiency, which could contribute
to reduced fossil fuel consumption and greenhouse gas emissions [25].

3.3 Brake Power

The brake power test results show that the use of biogas can increase brake power compared to diesel
fuel, which is presented in Figure 3. Brake power increases with increasing braking load and decreasing engine
speed. The best biogas flow rate is B5 biogas flow rate, with the highest brake power produced compared to
all other variations.
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Fig. 3. Graph of brake power at each engine speed

Braking power increases from around 2.2 kW at 2700 rpm to around 4.4 kW at 2000 rpm. The addition
of biogas to the combustion chamber produces a more homogeneous biogas-air mixture, increases the
formation of ignition kernels, and improves the combustion of the diesel fuel premix [1]. This can improve the
thermal efficiency and power output of the diesel engine.3.4 Brake Specific Fuel Consumption (BSFC).

The BSFC test results show that the dual-fuel system can reduce BSFC compared to single diesel fuel. A
decrease in BSFC indicates an increase in combustion efficiency, as less fuel is used to produce the same
power. The BSFC test results are presented in Figure 4. BSFC tends to be higher at higher engine speeds and
decreases as the engine speed decreases on single fuel.
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Fig. 4. BSFC graph at each engine revolution.

On dual-fuel, BSFC results at high engine speed (2700-2600 rpm) are higher than with single fuel, but
decrease more significantly at lower engine speed. Higher biogas flow rates (B4 and B5) resulted in lower
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BSFC compared to lower flow rates (B3). This shows that at higher biogas flow rates, combustion is more
effective and fuel efficiency increases [23], [26].

3.5 Exhaust gas emissions

The test results show that the concentration of carbon monoxide (CO) is higher in the combustion
reaction, this can result in a low combustion temperature resulting in incomplete combustion. With the addition
of biogas, the combustion temperature increases because methane can help the combustion reaction run faster
[27]. The CO concentration produced in this study is presented in Figure 5. The use of a diesel-biogas mixture
in a diesel engine has been proven to reduce carbon monoxide (CO) emissions compared to the use of single
diesel. Biogas, especially methane (CH4), mixes more easily with air, producing a more homogeneous mixture
and increasing combustion efficiency. Methane burns faster, increasing the temperature of the combustion
chamber, which facilitates more complete combustion of diesel fuel and reduces CO formation [28]. Test
results show that biogas flow rates of 4 Lpm and 5 Lpm significantly reduce CO emissions. This research is in
line with previous studies, such as Mohsin et al. 2014 [29] and Yoon and lee. 2011 [23], who also found that
blending biogas in diesel engines increased combustion efficiency and reduced CO emissions.
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CO- is the most important gas that causes the greenhouse effect, which is generally produced from
burning fossil fuels for transportation [30]. The results of CO, emissions can be seen in Figure 6, CO, emissions
increase as the load increases, the temperature inside the cylinder increases. CO; increases when using a single
fuel engine as the engine load increases [28]. The difference in CO- content when using single fuel and dual-
fuel diesel-biogas. In the picture, it can be seen that CO- for single fuel reaches 5.67%, while for dual-fuel it
is around 5.51%. The results are due to more complete combustion and reduced fuel consumption.
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This study offers a novelty compared to previous studies examining biogas use in a dual-fuel diesel
system. Several previous studies, such as those conducted by Ambarita (2017) [8] and Barik & Murugan (2014)
[6], showed that biogas can reduce CO emissions and improve engine efficiency. However, this study tested
variations in biogas flow at three levels (3, 4, and 5 Ipm), which has not been widely done before, providing
new insights into the effect of biogas flow on engine performance and exhaust emissions. In addition, this
study measured the reduction in CO emissions in more detail, with results showing a decrease in CO. from
5.67% in single diesel to 5.51% in dual-fuel. These findings indicate that biogas reduces CO emissions and
CO2 and improves engine performance, especially at higher biogas flows, which has not been widely discussed
in previous literature.

Based on the research results, the best proportion for biogas mixture in a dual-fuel diesel system is at a
biogas flow of 5 pm. This flow significantly improves engine torque and braking power compared to 3 and 4
Ipm flows. In addition, using biogas with a flow of 5 Ipm results in better CO and CO» emissions reduction.
Although higher biogas flow improves performance and emission reduction, it is essential to consider
operational cost and efficiency. Therefore, a biogas flow of 5 Ipm is the optimal proportion to balance engine
performance and emissions.

4. Conclusion

The use of biogas as an additional fuel increases the homogeneity of the fuel-air mixture, resulting in
more efficient and complete combustion. The results show an increase in engine torque and power, as well as
a decrease in specific fuel consumption (BSFC). Carbon monoxide (CO) and carbon dioxide (CO2) emissions
are significantly reduced with the use of biogas mixtures. This research shows that biogas-biodiesel blends in
diesel engines reduce emissions due to higher combustion efficiency. Overall, diesel-biogas blends offer an
environmentally friendly and efficient solution for diesel engines.
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Abstract. The article proposes a thermoelectric method for monitoring the contact resistance of contact joints
in power grids. It describes an algorithm to detect faulty contact joints with resistance exceeding the value specified
in regulatory standards. The algorithm is considered using the example of a circuit containing five contact joints
and three electrical installations. The algorithm is based on calculating contact resistance from the measured values
of thermoelectromotive force and flowing current only at the moment the electrical installation is turned on, which
makes it possible to calculate the resistance of the contact through which the electrical installation is connected.
By the number of electrical installations being turned on or off, the numbers of the contact joints that make up the
power supply circuit of this installation are determined.

Keywords: contact joint, power supply network, thermoelectromotive force, algorithm.

1. Introduction

Power grids are integral to any technological process, where electricity is supplied to consumers via
networks of power lines, whose length may reach thousands of kilometers. This creates certain complications
due to conductor connections, which become inevitable. There are two types of connections: detachable and
permanent. Permanent connections include crimping, soldering, and welding. Detachable connections include
twisting, bolted connection, terminal block connection, plug-socket connection, etc. When operating such
connections, malfunctions may occur in the form of high electrical contact resistance (ECR), which is one of
the main causes of fires in electrical installations. The number of fires that occurred as a result of violations of
the rules for operating electrical equipment is steadily increasing. Thus, in Russia, for instance, the number of
fires increased from 41,317 in 2016 to 51,930 in 2021 [1]. The death toll was 2,289 people in 2021 alone, and
the number of injured was 2,545. The material damage caused amounted to over 15 billion Russian Rubles [2].
A similar trend is observed in America, where the number of fires caused by faulty electrical installations in
the residential sector alone increased from 43.5 thousand in 2016 to 48.4 thousand in 2021 [3]. In 2019 alone,
property damage amounted to about $15 billion [4]. One of the causes of fires in electrical installations is the
ignition of contact joints due to increased contact resistance, which leads to excessive heating. The value of
contact resistance is regulated by documents RD 34.45-51.300-97 and PTEEP and should not exceed
0.05 Ohm. For explosive premises, the contact resistance should not exceed 0.03 Ohm. The reasons for high
ECR occurrence have been investigated [5-9], and various methods to reduce it have been proposed and
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developed in recent years [10-15]. However, none of these approaches meet modern requirements for
monitoring contact resistance or allow monitoring during the operation of electrical installations.

2. Problem Specification

To control the ECR value of a contact joint, the authors proposed using the thermoelectric method [16-
19], which consists in the appearance of a thermoEMF signal in contact pairs of dissimilar conductors, due to
an increase in temperature when the load current flows through the contact resistance.

It should be noted that the thermoelectric method has not been used previously to monitor contact
resistance and was proposed by the authors for the first time. The thermoelectric method is traditionally used
to sort finished products by grades of steels and alloys, to testing the quality of heat treatment, to testing the
guality of electron beam welding, to testing plastic deformation and to measure temperature [20-23]. More
recently, it has been used to monitoring the thermal resistance of the contact pair transistor housing-cooling
radiator [24]. Laboratory tests confirmed the feasibility of using the thermoelectric method for real-time
monitoring of contact resistance in live power supply networks [17].

However, the power supply system of even one room contains several contact joints, and the appearance
of a thermoEMF signal in the power supply network does not allow one to unambiguously determine a faulty
contact joint.

It is not economically feasible to use a thermoelectric monitoring device on each contact joints to monitor
its resistance, in addition, as a rule, most contact joints that make up the power supply circuit of an electrical
installation are located in hard-to-reach places: in distribution boxes, in hidden channels of wall panels, etc.,
S0 connecting a contact resistance monitoring device to these contact joints is extremely difficult. A possible
solution to this problem would be to use one thermoelectric monitoring device to monitor a group of contact
joints. The purpose of this study is to develop a method for detecting faulty contact joints among those being
monitored in a power supply network, using one thermoelectric monitoring device. Considering that the
thermoelectric monitoring method is used for the first time to monitor the resistance of a contact joint, there
are currently no methods for detecting faulty contact joints.

3. Problem-Solving Approach

To detect the contact resistance of the contact joints, the moment of switching on and the number of the
electrical installation (loads) are determined by the presence of current flowing through this electrical
installation, the obtained data about the switched-on electrical installation and the amount of flowing current
is transferred to the microcontroller, and the change in thermoEMF is analyzed when each electrical installation
is turned on and off. By the number of the electrical installation being turned on or off, the numbers of the
contact joints that make up the power supply circuit of this installation are determined. For example, consider
the power supply circuit of three electrical installations with a system for monitoring the contact resistance of
the contact joints (Fig. 1).
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Fig.1. Power supply diagram of three electrical installations with a contact resistance monitoring system
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The circuit contains an input panel, a current sensor (CS), contact joints CJ1...CJ5, current detectors
CDL1...CD3, three electrical installations EI1, EI2 and EI3, a thermoEMF signal detection unit, a
microcontroller and a display. The first electrical installation is connected to the input panel through a current
sensor (CS), contact joints CJ1 and CJ3, and a current detector CD1. The second electrical installation is
connected to the input panel through a current sensor (CS), contact joints CJ1, CJ2, and CJ4, and a current
detector CD2. The third electrical installation is connected to the input panel through a current sensor (CS),
contact joints CJ1 and CJ5, and a current detector CD3.

When the first electrical installation is turned on, current flows through the current sensor (CS), contact
joints CJ1 and CJ2, current detector CD1, and the first electrical installation. The thermoEMF signal detection
unit separates the thermoEMF signal from the total signal of the power supply network and transmits it to the
microcontroller. The microcontroller reads this signal only when the first electrical installation starts. The
moment the electrical installation is turned on is determined by the start of current flow detected by the current
detector CD1. The microcontroller also receives data from the current sensor. The microcontroller determines
the current flowing through the first electrical installation by subtracting the current before switching on from
the current after switching on. The resulting value is stored in the memory of the microcontroller. A similar
procedure is carried out when turning off the first electrical installation. Based on the received data on the
current value and thermoEMF, the microcontroller calculates the contact resistance. Since the first electrical
installation is connected to the input panel through two contact joints CJ1 and CJ3, two options are possible:
first - only the current of the first electrical installation flows through the contact joints CJ1, i.e. the second
and third electrical installations are not turned on. In this case, the microcontroller can only calculate the total
resistance of the two contact joints. In the second case, the second or third electrical installation, or both
together, may be turned on. In this case, the resistance of the contact joint CJ1 does not affect the value of
thermoEMF and the microcontroller calculates the resistance of the contact joint CJ3.

When the second electrical installation is turned on, current flows through the current sensor (CS), contact
joints CJ1, CJ2, CJ4, current detector CD2 and the second electrical installation. The thermoEMF signal
detection unit separates the thermoEMF signal from the total signal of the power supply network and transmits
it to the microcontroller. The microcontroller reads this signal only when the second electrical installation
starts. The moment the electrical installation is turned on is determined by the start of current flow detected by
the current detector CD2. The microcontroller also receives data from the current sensor. The microcontroller
determines the current flowing through the second electrical installation by subtracting the current before
switching on from the current after switching on. Considering the fact that the second electrical installation is
connected to the input panel through the contact joints CJ1, CJ2, and CJ4, four options are possible for
calculating the contact resistance. First case: only the second electrical installation is turned on. In this case,
the microcontroller can only calculate the total resistance of the three contact joints. The second case is when
the first electrical installation is turned on. In this case, the total resistance of the contact joints CJ2 and CJ4 is
calculated. The third case is when the third electrical installation is turned on. In this case, the resistance of the
contact joint CJ4 is calculated. Fourth case: the first and third electrical installations are turned on. In this case,
the resistance of the contact joint CJ4 is calculated. The resulting value is stored in the memory of the
microcontroller. A similar procedure is carried out when turning off the second electrical installation.

When the third electrical installation is turned on, current flows through the current sensor (CS), contact
joints CJ1, CJ2, and CJ5, current detector CD3 and the third electrical installation. The thermoEMF signal
detection unit separates the thermoEMF signal from the total signal of the power supply network and transmits
it to the microcontroller. The microcontroller reads this signal only when the third electrical installation starts.
The moment of switching on the third electrical installation is determined by the start of current flow detected
by the current detector CD3. The microcontroller also receives data from the current sensor. The
microcontroller determines the current flowing through the third electrical installation by subtracting the
current before switching on from the current after switching on. Taking into account the fact that the third
electrical installation is connected to the input panel through the contact joints CJ1, CJ2, and CJ5, four options
are possible for calculating the contact resistance. First case: the first and second electrical installations are not
turned on. In this case, the total resistance of the three contact joints CJ1, CJ2 and CJ5 is calculated. Second
case: the first electrical installation is turned on. In this case, the total resistance of the two contact joints CJ2
and CJ5 is calculated. The third case is when the second electrical installation is turned on. In this case, the
resistance of the contact joint CJ5 is calculated. Fourth case: the first and second electrical installations are
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turned on. In this case, the resistance of the contact joint CJ5 is calculated. The resulting value is stored in the
memory of the microcontroller. A similar procedure is carried out when turning off the second electrical
installation. The operating algorithm of the contact joint resistance monitoring system is presented in Fig. 2.

|
Calculate CJ3

R Calculatethe | |
Initialization sum of CJ1+CJ3
CDS? or gj 3 Calculate the sum | |
CD1 Signal? Yes Measurement of lgnal: of CJ1+CJ2+CJ4
gnals Current & ThermoEMF

NO
CD3 Signal?

NO
Measurement of CD1 Sienal?
Yas | L Current & ThermoEMF guals
CD2 Signal?
ignal Yer
NO Calculate the
i 3
sum of CJ2+CJ4 (D3 Signal?
Yes
NO CD3 Signal?

Calculate C]4

Calculate the sum

of CJ1+CJ2+C]5
Measurement of N
ipnal?
Calculate CJ1..CJ5 Current & ThermoEMF (D1 Signal’ _
Resistances CD2 Signal?
Yes

Calculate CJ5

. Calculate the sum of | NO . Yes
2
Save Received Data g2:5 CD2 Signal?

Fig.2. Algorithm of operation of the contact-joint resistance monitoring system

The process of calculating the resistances of contact joints CJ1, CJ2, CJ3, CJ4, and CJ5 from the obtained
data includes solving several equations. When the first electrical installation is turned on and the second and/or
third are turned on, the contact resistance of CJ3 is determined. When the second electrical installation is turned
on and the first and/or third are turned on, the contact resistance of CJ4 is calculated. When the third electrical
installation is turned on and the first and/or second are turned on, the contact resistance of CJ5 is calculated.
For other combinations of switching on electrical installations, the total resistance of several contacts is
calculated, and then the unknown contact resistance is calculated, for example:

ch = (ch + RCJ3)_ RCJ3
RCJ2 :(Rcaz + RCJA)_RCJ4

For a different wiring diagram for electrical installations, the algorithm is written similarly, considering
the presence of specific contact joints. The method for calculating contact resistance was described in detail
by the authors [17], where the following expression was obtained for calculating contact resistance from the
measured values of thermoEMF and current flowing through the contact joint:



80 Eurasian Physical Technical Journal, 2025, 22, 1(51) Engineering

)
R:I—Z12 (1)

where E is the thermoEMF value, S; and S; are the Seebeck coefficients of the contact pair, | is the current
through the contact pair, K is the general heat transfer coefficient, taking into account all its types; S — contact
cooling surface area.

4. Experimental Procedure

A practical test of the algorithm’s operation was carried out on a device prototype (Fig. 3).
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Fig.3. Experimental model of the contact joint resistance monitoring system

The layout contains an input panel, three electrical installations (loads): two incandescent lamps (load 1
with a contact joint in the form of a switch (CJ3)) and two sockets (Cariva 773659 from Legrand) for
connecting an electric kettle and an iron (load 2 (CJ4) and load 3 (CJ5)), a current detector, current sensor
(ACS758LCB-100B from Allegro), microcontroller, thermoEMF signal detection unit, including a divider,
filter and amplifier. Also, two contact joints, CJ1 and CJ2, were artificially introduced in the form of twisting
two conductors made of copper and aluminum to correspond to the structural diagram shown in Fig. 1. To
increase the contact resistance of CJ1, it was placed in a heat chamber and heated at a temperature of 150 °C
for 20 hours. At the same time, an oxide film formed on the surface of the copper conductor and the contact
resistance became about 0.4 Ohm. The measurement was carried out with a Rigol DM3068 multimeter. When
three electrical installations were turned on and off sequentially, the monitoring system detected the first
contact joint CJ1 with a resistance exceeding the permissible value of 0.05 Ohm.

5. Results and Discussion

The presented example, which involves detecting the resistance of contact joints in three electrical
installations connected to the power grid via five contact joints, demonstrates a general approach to developing
an algorithm for detecting a faulty contact joint. For each room, such an algorithm will be unique, in which it
iS necessary to take into account the number of electrical installations, the number of contact joints used to
connect each electrical installation to the input panel, the number of common contact joints for all electrical
installations, the number of common contact joints for several electrical installations. For the system to
accurately detect faulty connections, each installation needs a current alarm to pinpoint switching events. These
events are crucial because they induce thermoEMF changes in the connecting joints. ThermoEMF changes at
other times are likely to be due to switching activity in other installations. Crucially, precise faulty joints
detection requires knowledge of the Seebeck coefficient of the metals used in the contact joints.
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6. Conclusion

The use of the proposed algorithm for detecting a faulty contact joint in the presented example of a power
supply network can be implemented in continuous monitoring of contact joints in the power supply network
of an office building or other separate premises. Timely detection of a faulty contact joint will eliminate failures
in power grids, ensure trouble-free operation of electrical equipment, eliminate the fire hazard of contact joints,
and thereby prevent man-made accidents. The article discusses a general approach to developing an algorithm
for monitoring a faulty contact joint. For a specific power supply network, it is necessary to develop a specified
algorithm for detecting a faulty contact joint based on the approach proposed by the authors.
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CHOICE RATIONALE OF MATERIALS FOR ROAD MARKING IN ORDER
TO DEVELOP ITS PRODUCTION TECHNOLOGY
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Abstract. The article is devoted to the study of coating for road markings. Because road marking coatings are highly
weatherproof, resistant to temperature extremes, moisture resistance, and good anti-corrosion properties, they can be
used to protect exposed steel structures, but their main purpose is to apply road markings. When choosing the type of
materials for marking, it is important to take into account their technical characteristics. It is very important that the
markings are clearly visible at any time of the day. During the day, visibility is affected by the size and brightness of the
markup. This work describes a series of laboratory experiments with samples coated with paints and reveals their
protective properties in contact with water and acid. The highest quality coverage was also identified. Work in this
direction continues. Thus, the authors are currently conducting experiments to develop a polymer coating for the
protection of concrete and concrete products.

Keywords: coating, road markings, corrosion resistance, polymer, polymer coating.

1. Introduction

Everything in the world does not stand still, new technologies are constantly being developed, both in
metallurgy [1- 5], engineering [6 - 8] and construction [9, 10]. One of the main problems is road surfaces and
the durability and wear resistance of road markings. For the first time marking as a method of road traffic
organization was applied in the early X1X century in Great Britain. In Shrewsbury, a row of white stones was
laid on a small width of a bridge, marking the central line. In the XX century (1911) road markings began to
be practiced in the United States of America.In Russia, the use of highway graphics began in 1933, when
"piece-lines" made of nitro paint began to appear on Moscow streets. The first were Teatralnaya square and
exits from Neglinka and Petrovka to Kuznetsky bridge [11, 12].

In the age of high speeds, the main reason for the accelerated pace of development of new technologies
for pavements has been people's need for efficient transportation routes [13]. Infrastructure provision in the
city needs to start with transportation routes. For this reason, special services pay special attention to signage
on roads that are responsible for the safety of all road users. Road markings remain one of the most important
elements in this system. It is used to ensure the regulation of traffic on the road. Road markings remain visible
even in the dark through the use of special paint. The paint allows you to create distinct lines that are visible
to the driver and signal to him how to behave on a particular section of the road [14].

The main functional purpose of quality road markings is to provide effective visual information to
motorists and other road users in various conditions [15-18]. Traffic safety and road capacity depend to a large
extent on the quality and condition of road markings. Road markings occupy a significant place within the
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technical means of traffic organization and are an integral part of the normal optical perception of a modern
highway. Most importantly road markings shall be durable in terms of functionality [19].

The functional durability of road markings does not exceed two years, the cost of marking works is a
significant part of the operational costs of road maintenance, and the time of their implementation is limited to
the warm season of the year, especially in the northern regions of the Republic of Kazakhstan. During marking
works, traffic conditions are significantly deteriorated, traffic safety is reduced, the cost of transportation is
increased, and the environmental situation on adjacent road sections is worsened due to congestion. For these
reasons, the problem of improving the functional durability of road markings is very relevant.

For example, the practical experience of using thermoplastic materials for markings in domestic and some
CIS countries shows that a significant part of the destruction of markings made of thermoplastics is cracking
with subsequent detachment of the material from the road surface. This is largely due to the imperfection or
complete lack of methods for assessing the quality parameters of the materials used for road markings. These
circumstances indicate the relevance of the development and improvement of methods of obtaining, testing
and standardization of requirements for materials used for road markings [20]. The performance of coatings
for road markings has been established through a series of laboratory experiments. An important research
objective is to select the best quality pavement to improve the performance of road markings. Purpose of the
work. Selection and formulation of initial components for road markings. The materials for pavements
currently in existence are summarized in Table 1 [21 - 29].

Table 1. Road marking materials

Name Advantage Disadvantage Note
Paints  [low cost of material per unit area of|availability of non-ecological, flammable
(Figure 1) [marking compared to the use of plastic|organic solvents (up to 60%); lack of light
materials; technological equipment for|fastness and reflective effect (does not
its application, short drying time; the|glow in the dark); rapid abrasion (service
possibility of stencil application of|life is 3-8 months); at the same time, not
complex in configuration marking|suitable for busy federal high ways.
elements; brightness; easy to apply and
use.
Thermo- |does not contain solvents; has much|the need to heat up the material before use|flow properties of thermoplastics
plastics  |greater functional durability than in the|with special devices for infrared heating of|necessary for marking are acquired
(Figure 2) |[case of paints; brightness; layer|asphalt concrete pavements; precise|asa result of melting at 150-220°C.
thickness; ease and speed of application.|compliance with the plastic heating
temperature and time for its melting and
mixing.
Cold-plastics|do not require heating for theirfhigh cost and small number of machines;|they are an alternative to plas-tics;
(Figure 3) |application; as a result of their mixing, ajuse of marking machines with a special|in its original form it is a fluid
material is formed that creates elements|unit for mixing hardener and plastic;|mixture of basic components and a
of horizontal road markings; have alcomplete release of the node from plastic|separately supplied hardener
good prospect of use in various climatic|within a short period of time (30-60
conditions; frost resistant; economical; |minutes).
has high adhesion and homogeneity of
the layer.
Polymer- |high and consistent quality. have not found wide application; the cost|are used on an experimental basis;
tapes is very high and exceeds the cost of cold|careful compliance with the
(Figure 4) plastics. marking technology is required.
Light clearly visible in bright sunlight and|fixed artificial lighting, when the|glass beads with a diameter of
reflectors |dark night, which increases safety in any|significance of retro reflective parameters|(0.05-1.50 mm) are used to give
(cataphotes) |weather; increased service life by 10-|is reduced to a certain extent; precise|the markings retro reflective
(Figures 5, |15% due to the presence of glass beads;|compliance  with ~ the  application|properties.
6) significantly increase the grip of car tires|technology; dependence on weather
with the surface of the highway; does|conditions; long drying time; rapid
not contain organic solvents in contrast|abrasion and high cost; moreover; the
to paint, so it is not flammable and|service life does not exceed 3-9 months.
absolutely safe in terms of the
environment.
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Scientific novelty consists in the fact that in the proposed formulation of road markings there is a polymer
matrix coating consisting of vinyl-n-butyl ether (VBE), which is a low-temperature additive at the molecular
level, that is, provides elasticity of the coating at low temperatures and improves adhesive properties, which
leads to an increase in the service life of road marking compositions. The presence of titanium and zinc metal
oxides in the composition increases the corrosion resistance of these road markings.

The most important characteristics of road markings are the parameters that determine their visibility.
During daylight hours, the visibility of the marking is characterized by its size, contrast of color and brightness
(brightness factor) of the marking and the pavement on which it is applied (GOST R 51256-99), to which is
also normalized the value of the brightness factor (or visibility factor in diffuse daylight and artificial
illumination) depending on the characteristics of the road - its category, the material of the top layer of the
pavement and the color of the marking.

Fig. 3. Cold-useplastic. Fig. 4. Polymertape.

Fig. 5. Glassmarbles. Fig. 6. Glassbeadcoating.
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It is now possible to use "structural” markings consisting of separate fragments or having a certain shape
in the form of a checkerboard, comb, etc. Such markings provide better visibility of the markings at night when
the pavement is wet in the reflected light of vehicle headlights. Another important property of "structural”
markings is that when a vehicle wheel collides with it, the driver receives additional information in the form
of vibration, which allows the driver to take timely action to return to the lane limits. Such markings are very
promising given the country's climatic peculiarities [30].

Table 1 shows that paints and cold plastic are the most popular pavement marking materials for pavement
markings. Their main difference is in the application technology. Paints, road enamels and cold plastics are
applied at ambient temperature. These materials are applied by the so-called "cold method". The paint is
applied to the road surface using a stencil. Road markings developed on the basis of a fluorescent surface and
intended for use as directional, warning and/or side markings on roads, streets, embankments or parking lots
are discussed in [31]. The markings contain a binder material that fluoresces when irradiated with UV(A) light,
and translucent glass granules arranged in the binder material at 50-75% of their size. The size of the glass
granules is 0.4-1.0 mm. Such a road marking material should resist water and tire wear during operation.

The authors of the paper propose a technology for road markings containing basic resins - n-butyl acrylate
and methyl methacrylate, hardener, reactive resin on the basis of acrylic resins, gas pedal of the curing reaction;
in this case the ratio of basic resins and reactive resin is in the range from 1:3 to 3:1. This technology will
expand the possibility of using road markings in climatic conditions with reduced temperatures [32].

After analyzing the existing materials for road markings, the authors of this article offer their own
technology for creating polymer coating for road markings.

2. Materials and Methods

All countries use white paint for permanent markings, so the university's chemistry lab used white
components that were used as pigments. Reflective material (crushed glass) was also incorporated into the
pavement to improve the visibility of the markings.

St.3 steel plates were used as samples (according to GOST 5272-82, in which steel plates are the analog
samples). This underlayment was chosen because of its low porous permeability compared to asphalt-concrete;
if the pavement performs well on steel, the quality performance on asphalt-concrete will be better compared
to the experimental performance. (The porous structure of asphalt-concrete allows for improved adhesion
properties of the proposed material, which in turn will affect performance). Coatings of different compositions
were applied on degreased steel plates; quality control was performed by visual inspection after drying, and
samples were tested in aggressive media such as water/NaCl (10% wt.), water/HCI (10% wt.). [35]

The main component of coatings is varnish (copolymer of methyl methacrylate/vinyl butyl ether,
copolymer of methyl methacrylate/vinyl butyl ether, maleic anhedride ethyl acetate (solvent), adhesion
additives, emulsifying agents), having a liquid or semi-liquid consistency and drying in a thin layer on an
object to form a strong film, well resisting various external physical and chemical influences.

Methyl methacrylate and vinyl butyl ether (copolymer 1) were poured into a three-neck flask. After
loading 100 g of solvent - ethyl acetate. Then dinitrilazoisobutyric acid polymerization initiator was added. To
obtain varnish to coating #1, the components were heated to a temperature of 90 °C, during heating the
components should be stirred constantly for their complete dissolution. Copolymerization occurs at slow
heating to a temperature of 70-80 °C for 1-2 hours. The retention time after heating was 16 hours. [35]

Similarly, the synthesis of copolymer 2 (methyl methacrylate, vinyl butyl ether, maleic anhydride) with
different ratio of initial components was carried out. After dissolution of maleic anhydride, 100 g of solvent,
ethyl acetate, was loaded. Pigment powder was obtained by thoroughly abrasion from 5-40 um using mortar
and pestle. The obtained copolymers were mixed with fillers and crushed glass in order to change their
technological and operational properties. Coating compositions containing pigments, fillers, retroreflective
component and base are given in Table 2. The obtained coatings of different compositions were applied on
degreased steel plates made of St.3 steel (according to GOST 5272-68, in which steel plates are the reference
samples). This substrate was chosen because of its low porous permeability compared to asphalt concrete; if
the coating performs well on steel, the qualitative performance on asphalt concrete will be better compared to
the experimental performance. (The porous structure of asphalt concrete can improve the adhesion properties
of the proposed material, which in turn will affect the performance properties) [34].
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The drying time of the coating on the plates was 24 h. After drying of the coatings, quality control was
carried out by visual method. Samples were weighed on analytical scales before and after coating (Table 3).

Table 2. Coating compositions

Component Coating No. 1 Coating No. 2
Glass 209 409
Zinc oxide 60 g 209
Titanium dioxide - 209
Components for varnish:

Methylmethacrylate 100 ml 100 ml
Vinylbutylether 40 ml 40 mi
Ethylacetate/solvent 300 ml

Dinitrilazobisisobutyricacid (DAA) 1449 1g
Dioxane - 200 ml
Maleican hydride - 50g

The purpose and description of the used components included in the polymer coating is given in Table 4.

Table 3. Difference in weight of samples before and after staining, g

Sample weight before staining

Sample weight after staining

M;:=134

M;1=29.94

Mo=14.2

M,=29.41

Table 4. Characteristics of varnish components

Material

Description and purpose

Zinc oxide

Has good optical properties and leads to a reduction in
material consumption; used to save expensive titanium
oxide.

Methylmethacrylate

Complex methyl ester of methacrylic acid; colorless;
oily liquid with aromatic odor; easily evaporated and
flammable.

Vinylbutylether

Used to produce polymer.

Solvent

A mixture of aromatic hydrocarbons with a small
content of naphthenes, paraffins and unsaturated cyclic
hydrocarbons; used for dissolving oils, bitumens,
rubbers, etc.

Dinitrilazobisisobutyricacid (DAA)

Organic substance of nitrogen compounds and nitriles
class; used as an initiator of radical polymerization and
other radical reactions.

Dioxane

Good solvent for mineral and vegetable oils, paints;
hygroscopic and miscible with water.

Maleican hydride

Raw material for the production of polyester resins; is
an important component of varnish [24, 35].

To obtain the varnish for coating No.1, the components (see Table 2) were heated to a temperature of
90°C, during heating the components had to be stirred constantly to dissolve them completely. The settling
time after heating was 16 hours. Pigment powder was obtained by thoroughly abrasion from 5-40 um using

mortar and pestle. [35]
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3. Results and discussion
After drying of samples exposed to aggressive media (10% aqueous solutions of NaCl and HCI) for 10
days, the corrosion resistance of protective coatings was determined by calculating the corrosion severity and

adhesion by the scratch grid method according to GOST 5272-82 (Table 5).
Table 5. Test results

Sampl After 10% aqueous NaCl Corrosion After 10% aqueous HCI solution Corrosion
e solution severity severity
No.1 | After the test, the coating on the 3 After the test, the coating peeled off 2
sample partially peeled off completely
No.2 | After testing, there was only 4 After the test there was a typical 3
slight crumbling of the coating, crumbling of the coating, the coating itself
but the coating itself held tightly even at light contact leaves white prints. It
to the sample and did not peel off should be noted that this coating has a
good adhesion ability

According to Table 5, coating No.2 withstood the effects of aggressive environments, maintaining
continuity, unlike polymer coating No.1 (Figures 7) [24, 35, 36].

b)
Fig. 7. Coating of sample No. 2 after exposure to a - 10% aqueous NaCl solution, b - 10% aqueous HCI solution

On the scanning electron microscope of the German brand "Zeiss" (JSC "Qarmet") the surfaces of the
obtained protective coatings were investigated before and after exposure to aggressive media (Fig. 8-11).

10pm EMT= i50kV  Mag= 1.05KX SignalA=SE! Date :30 May 2023 um EHT= 1.50kV  Mag= 484X  SignalA=SE! Date :30 May 2023 FRRSN
—  Wo=11.52mm Fhoto No. = 2552 Time :16:20.19 I | wo=11.32mm Photo No. = 2553 Time :16:21.02

a b
Fig. 8. Polymer coating No.1 before (a, 1000x) and after (b, 480x) exposure to aggressive medium (10% aqueous
NaCl solution)
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10pm EHT= 150KV  Mag= 1.05KX SignalA=SET Date :30 May 2023 20pm EHT= 187kV  Mag= 788X Signal A= SET Date :30 May 2023 RN
1 wo=r1.520mm Photo No.= 2552 Time :16:20.19 =10.88 mm Photo No. = 2550 Time 9.03:50
a b

Fig. 9.Polymer coating No.1 before (a, 1000x) and after (b, 780x) exposure to aggressive environment (10%
aqueous solution of HCI)

1874V Mag= 105KX SigoalA=
WD = 1088 mm Fhoto No = 2549

a b

Fig. 10. Polymer coating No.2 before (a, 1000x) and after (b, 380x) exposure to aggressive medium (10% aqueous
NaCl solution)

= wo=t1.52mm Photo No. = 2552 Time :16:20:19
a b

Fig. 11. Polymer coating No.2 before (a, 1000x) and after (b, 1000x) exposure to aggressive environment (10%
aqueous HCI solution)

10pm EHT= 150%v  Mag= 105KX SignalA=SE{  Date:30 May 2023 W
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As can be seen from Figures 8-11, the developed coatings No. 1 and No. 2 are homogeneous and solid
before exposure to aggressive media. Similar structure has polymer coating No. 2 after exposure to aggressive
medium of 10% aqueous solution of HCI (Fig. 11a, b). After exposure to 10% aqueous NaCl solution, polymer
coating No.2 has small non-continuities (Fig. 10b). In polymer coating No. 1 after exposure to aggressive
medium already at low magnification microcracks are observed in some places, and the coating itself is
smooth, homogeneous (Fig. 8b and Fig. 9b).

4. Conclusion

Thus, coating No.2 withstood the exposure to aggressive media of 10% NaCl and HCI aqueous solutions
(corrosion score of 3 and 2, respectively), compared to coating No.1 in the same media (corrosion score of 4
and 3, respectively). In this regard, the authors of this work plan to carry out approbation of the obtained results
of the laboratory experiment by experimental-industrial means.

Conducting such research will solve the problem of selection of durable, corrosion-resistant, cheap and
reliable pavement marking coatings, given the large supply of different materials on the market.

Currently, there are no production facilities for the creation of new polymer systems in Kazakhstan.
Creation of such production will allow to receive own protective polymer coatings, solve the problem of
choosing durable, corrosion-resistant, cheap and reliable coating for road markings, guarantees the expansion
of the raw material base of the country, increase import substitution and, thus, increase the competitiveness of
Kazakhstan.
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INVESTIGATION OF SOME PHYSICAL AND STRUCTURAL
PROPERTIES OF MELTS BY ULTRASOUNDS
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Abstract. A modern effective way of influencing molten metal is ultrasonic treatment - a type of dynamic
influence on liquid and crystallizing metal. At certain parameters of the intensity of ultrasonic treatment, which
causes acoustic cavitation of the liquid metal, the refining process actively occurs. Moreover, powerful ultrasound
allows, during the modification process, to introduce various composite elements and refractory alloys into the
metal, acting directly on the crystal lattice. The calculations carried out on the properties of elastic waves make it
possible to identify such features in the behavior of the sound absorption coefficient polytherms, which with
sufficient certainty indicate the absence or presence of structural changes when the melt is heated, and establish
the possibility of implementing various mechanisms of structural changes in the same melt in different temperature
ranges. The conducted studies of elastic wave energy absorption as well as ultrasound velocity allow us to identify
such features in the behavior of sound absorption coefficient polyterms that indicate the absence or presence of
structural changes during melt heating. The comparative analyses make it possible to conclude that there is not a
single mechanism of structural changes The possibility of implementing various mechanisms of structural changes
in the same melt in different temperature ranges is shown.

Keywords: viscous, liquid metals, ultrasound propagation speed, structural changes, melt.
1. Introduction

Ultrasonic melt processing attracts considerable interest from both academic and industrial communities
as a promising route improving melt quality. The significance of this problem is predetermined by the matter
liquid state problem. The application of power ultrasound during liquid to solid transformation is believed to
be an effective way to improve the solidification microstructures and mechanical properties [1]. In fact, the
entire arsenal of modern experimental and theoretical physics is connected to the research of the
physicochemical behavior of melts [2]. Acoustic methods are the most promising among experimental methods
for research of the matter liquid state. They are simple, reliable, highly sensitive to changes of matter structure
and the interatomic interaction. The results of this research make it possible to predict the melts elastic
properties of simple substances and extend it to complex substances.

At present, the electrophysical, thermophysical, thermodynamic and viscous properties of liquid
semimetals and semiconductors based on the electronics industry have been widely studied. However, the
ongoing research in the field of studying these properties is not sufficient to solve the problem of the liquid
semimetals and semiconductor’s structure. It is also impossible to obtain an unambiguous result by only
structural research. In this aspect, it is known that «modern acoustic research methods are a powerful tool for
obtaining information about the structure of melts and semiconductors» [3]. Melts and semiconductors were
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not widely also studied, since the high-temperature acoustic experiments technology with aggressive melts of
semimetals and semiconductors complicated the research process [1-5]. Our research includes: development
liquid semimetals and semiconductor’s structure model; experimental and theoretical studies of the
propagation speed and absorption coefficient of ultrasound temperature dependences in liquid semimetals and
semiconductors; regularities generalization of liquid metals, semimetals and semiconductors structural
properties.

2. Theory of the Method

The conducted studies of elastic wave energy absorption as well as ultrasound velocity allow us to
indicate the absence or presence of structural changes during melt heating.

This work demonstrated the practical importance of acoustic measurements in metal melts. We performed
calculations of ultrasonic treatment of molten systems, investigated the physical and chemical effects of
ultrasound on the structural properties of liquid molten systems. We found that the chemical effect is an
irreversible and permanent change in the atomic weight and atomic-weight distribution due to ultrasound.
Calculations showed that with an increase in the ultrasound intensity, the atomic weight of molten metals
decreases, while the orientation of atoms along the flow direction decreases. Ultrasonic vibration increases the
motion of atoms, a change in the structure of atoms occurs, which makes them more disordered. Ultrasonic
vibration affects the relaxation process of molten metals, resulting in a weakening of the elastic effect.

2.1 The practical value of direct acoustic measurements in liquid metals

A hypothesis about the micro-inhomogeneous structure of liquids arose in connection with Stuart's
research using X-rays in the 1920. Micro-inhomogeneity extends to any melts from alkali metals to
semiconductors. But the hypothesis remained a hypothesis, since there were no interpreted experimental data.
The experiments were performed with a solidification apparatus incorporated with ultrasonic generator. The
propagation of elastic waves is associated with the fundamental properties of material media, including the
mass of particles, their space, the bonds between particles of matter.

Let's consider the Stokes-Kirchhoff formula (1) [7], and transform (1) to (2), (3):

27°F%| 4 X

- X (y-1 1
== {377+CP(7 )} @)
\Y; 4
ﬂf25=27r205S Pl dg m(y-1)|. @)

o)
ﬁ;\lzs =oM,. ©)
R
aT ),

x - 1s the thermal conductivity coefficient, Cv is the heat capacity at constant volume, Cp - is the heat

capacity at constant pressure, v is the kinematic viscosity, 1 _ asis the adiabatic compressibility,
\

=
S
Q1 . . . . . :
CFEE is the melt heat capacity, Na is the Avogadro number, Ma is the atomic mass, Va is the

atomic volume,.
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These indicators, namely, the inertial factor (mass of particles), the spatial factor (volume per particle),
the stiffness factor between particles (compressibility), are sufficient fora general description of elastic waves
absorption and propagation speed [6].

2.2 Algorithm of the method

The obtained equation (3) makes acoustic parameters monitoring in simple substances melts more
accessible. Experimental measurements monitoring by value using reference data [8-12] is shown in Fig.1.

10 _ /Na; K; Rb/
o
S
<
5. ]
>
& /Ga; In; TI/ Tl
Bi
0 - T T T T
0 50 100 150 200 M, m.a.u.

Fig.1. % — M simple substances dependence at crystallization temperatures

We have established the correlation dependence between measurement results 'B; st and the parameter

values M,, where o is a constant value for each group. The bonding factors intragroup similarity not only
observed in condensed bodies, but also diatomic molecules it. Highest value of the dissociation energy is
observed for five electrons in the outer shell, the most rigid bonds exist in diatomic molecules [13].

In the Fig. 1 that the parameter ﬁf\/zs increases from Na to Rb in the alkali metal series is shown. This is

confirmed by the fact that these groups of metals tend to loosen the structure with increasing atomic mass M.

The [)’f\/zs temperature dependence is quite complex. Immediately after melting, there is a decrease in the

absorption coefficient of ultrasonic waves, which increases monotonically with increasing temperature. This
includes the alkali metals and further all other simple metals that are densely packed in the solid state. Such
behavior is natural for all other simple metals and for two-component liquid metal solutions. Metallic melts in
which the polytherms of absorption of ultrasonic waves do not increase with increasing temperature belong to
the second class, containing semimetals and semiconductors, in which significant changes in their structural
properties occur during melting. For example, bismuth, antimony, tellurium are characterized by anomalous
behavior of the polytherms of absorption and propagation velocities, therefore structural changes in them
continue in a certain temperature range after melting. The experimental results are shown in Fig. 2 - 19 for
Ga, Bi, Sb, Ge, Se, Te, GaSb, InSb, Bio,253b0,75, Bio,sSbo,s, Bio,753bo,25,Bi-Sb, Sno,3oT60,7o, SnovsTeovs, Sno,7oTeo,3o”
Sn-Te compounds. The solid lines are the result of the experimental data approximation by the equation

Vs (T)=vy —B(T-T,),

dv, . . . . . . .
,B:d—_lf is the ultrasound propagation speed temperature coefficient, T, is melting point, Vg is

ultrasound propagation speed at T, .
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3. Practical approbation and results

Thus, the acoustic analysis in electron melts experimental measurements shows that the absorption
polytherms and the propagation velocity behavior of ultrasonic waves depends on the semimetals and
semiconductors acoustic properties. This was the reason for separating these melts into an electron melts

separate class. A straight-line relationship between % and M, inertial factor has been established.

Ultrasonic vibrations were introduced into the melt continuously during the entire time of exposure
perpendicular to the surface, which corresponded to the longitudinal scheme of their introduction in relation
to the beam direction and the predominant heat removal from the melt zone. The frequency and intensity of
ultrasonic vibrations are selected depending on the specific melt. At an ultrasound intensity of more than

W L . ) .
105—;, the kinetic energy of collapsing bubbles, concentrated in an extremely small volume, is transformed
m

partly into a force impulse and partly into thermal energy. In liquid, when exposed to ultrasonic vibrations,
electrokinetic phenomena also arise, caused by the directed movement of charged particles, which affect the
diffusion processes and structural properties, in particular the orientation of atoms.

Experimental measurements of the velocity and absorption of ultrasound in liquid were carried out using
ultrasonic Doppler velocimetry. To obtain sufficient Doppler signals, the problems of ultrasonic beam passage
through a channel wall made of stainless steel, acoustic coupling between the transducer and the channel wall,
and wetting of the inner wall surface with liquid metal were studied, respectively. Measuring the sound speed
The DOP3000 allows to measure the sound speed in a liquid by measuring with precision the time that is taken
by an ultrasonic burst to propagate over a define distance.

The DOP3000 Velocimeter

The propagation of elastic waves is associated with the fundamental properties of material media,
including the mass of particles, their space, the bonds between particles of matter. These indicators, namely,
the inertial factor (mass of particles), the spatial factor (volume per particle), the stiffness factor between
particles (compressibility), are sufficient fora general description of elastic waves absorption and propagation
speed [13]. First of all, this is the relationship of the selected factors with the absorption coefficient of ultrasonic
waves. For the occurrence of such observations in the behavior of the melts elastic properties, one can use the
system analysis methods based on the D.l. Mendeleev Periodic phenomenon.

Gallium has a low melting point, is rather easily supercooled and is a convenient object for studying the
structural correspondence of liquids at temperatures above and below the melting point. Fig. 2 show the results
of investigations of the absorption coefficient temperature dependence, ultrasound propagation velocity and fs
theoretical values in liquid gallium at 30, 50, 70 MHz frequencies. For comparison, the data on the ultrasound
velocity in liquid gallium obtained in [14] are given. The results obtained correlate well with those of the
authors [14-16] in Fig. 2.

The polyterm of the ultrasound absorption coefficient in liquid gallium at temperatures 370 K and 545 K
has extrema. This indicates structural changes occurring in liquid gallium and noted in [14]. It should be noted

that such behavior of the %and V; polyterms was not observed in metal melts. The totality of these
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experimental facts indicates the complexity of the structure of liquid gallium. The _Z and Vgpolyterms

2
behavior for liquid gallium is explained by the two-structure liquid model proposed in [14]. The research

results of ultrasound absorption and velocity temperature dependence as well as theoretical values obtained
using the density functional, in bismuth melt from five different melts are presented in Fig. 3 in comparison

with the authors data [17]. It can be seen that even in this case the results of % and Vg measurements correlate
well with the data of other authors. On the polyterm % at temperature T=650K, the extremum of the ultrasonic

absorption coefficient is observed. Fig. 4 shows the results of temperature dependence of ultrasound absorption
and velocity in antimony melt of six different melts in comparison with the authors' data [18]. We used the
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Fig. 4. Absorption coefficient, ultrasonic velocity and compressibility in antimony melt:
1- % data of present work, 2- Vg at f=52.0 MHz, 3 - Vg at f=31.0 MHz and 4- Vg data of [18], 5 - fis

Despite the fact that germanium belongs to the most studied semiconductor substances, interest to it does
not weaken, as germanium serves as a key «type-setting» object, with which the properties and behavior of
complex semiconductor materials are compared [19]. The research results are presented in Fig. 5. In the

interval T, - 1000K there is a pronounced extremum of the absorption value, and at further heating the

ultrasound absorption in liquid germanium noticeably increases as in most liquid metals [19]. The noted
anomalies of absorption polytherms and ultrasound velocity in this case in the period after melting directly
indicate the process of structural rearrangement in the direction of the melt described two-structure cluster
model formation in this paper.

In accordance with this model, the melt near the melting point is a «solution» of two components: atomic
matrix with metallic chemical bonds and larger associations of atoms - clusters, in which the chemical bond
between atoms is realized mainly by covalent type. Obviously, during heating the clusters are disaggregated
and at the same time their content in the total volume of the melt decreases. Both of these processes can lead
to a decrease in the absorption of ultrasonic waves. Further heating of the germanium melts leads to the usual
thermal loosening of its structure, due to which the absorption of ultrasound increases. The study of viscosity,
density and electrical conductivity of selenium and tellurium melts shows features in the behavior of these
properties as heating [14,16,20,21].
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Fig.5. Absorption coefficient, ultrasound velocity and compressibility in liquid germanium:
1- % data of present work, 2 - Vg data of [19], 3 - Ss
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Fig. 6 shows the results of studies of absorption coefficient, ultrasonic velocity and theoretical values of
Ps in liquid selenium at temperatures from the melting point to 700 K. Data from [14,16,20,21] are plotted in
the same figure (curves 3,2,6,5, respectively). The ultrasound velocity data presented in [20,21] correspond to
a frequency of 5 MHz. Nevertheless, the results up to 680 K agree quite satisfactorily. At higher temperatures,

our data show that the V polyterm decreases steeper with temperature. According to the character of the change

in the steepness of the V¢ polytherm, we divided the whole temperature interval of the study into three sections.

dv, dv,

At the first site = =0.975m/s-K, at the second site = =0.675m/s-K ,at the third site

d\_:_s =1.125m/s-K. It is interesting to note that at the temperature T = 580 K in Fig. 6 the steep change in the

temperature dependence of the viscosity coefficient is completed [16] and it is at this temperature that there is

the first kink in the ultrasonic velocity polyterm and a minimum in the % curve.
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Fig.6. Absorption coefficient, ultrasound velocity and compressibility in liquid selenium:
1- % and 4 - Vg data of present work, 2 - % ,3- % ,5- Vs, 6- Vs dataof [14, 20], 7 - fs

Fig.7 shows our results on the elastic properties of the tellurium melt together with the data of [21] on the
absorption (curve 3) and ultrasound velocity (curve 5).

According to the character of the % polytherm, the whole temperature range can be divided into three

sections. In section 1 from the melting point up to about 790 K, the ultrasound absorption decreases with
increasing temperature. A decreasing% polyterm was not found by the authors [20]. It should be noted that
they did not start their measurements from the melting point, but at 45 degrees above the latter. At site Il, a
very slight increase in absorption with temperature is observed and, finally, at site 111, a substantial increase in
absorption commensurate with that in liquid metals [21].

Gallium and indium antimonide compounds are the closest electronic analogues of germanium [14-
16,19]. The melting of GaSh and InSb compounds results in a dramatic change in the near-order structure and
the nature of chemical bonding. Fig. 8 and 9 show the results of ultrasound absorption , in GaSb and InSb

f 2
melt together with the data [22] on the ultrasound propagation velocity Vs and the value of fs. It can be seen
that the polyterm of the absorption coefficient normalized by the square of the carrier frequency 4 , near the
f 2
melting temperature, decreases with temperature and, only after passing through a pronounced minimum (for
GaSh), increases with further heating.
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4. Conclusion

Thus, the conducted studies of elastic wave energy absorption as well as ultrasound velocity allow us to
identify such features in the behavior of sound absorption coefficient polyterms that:
1. With sufficient certainty indicate the absence or presence of structural changes during melt heating.
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2. In comparative analyses make it possible to conclude that there is not a single mechanism of structural
changes.

3. Show the possibility of different mechanisms realization of structural changes in the same melt in
different temperature ranges.

This work demonstrated the practical importance of acoustic measurements in metal melts. We performed
calculations of ultrasonic treatment of molten systems, investigated the physical and chemical effects of
ultrasound on the structural properties of liquid molten systems. We found that the chemical effect is an
irreversible and permanent change in the atomic weight and atomic-weight distribution due to ultrasound.
Calculations showed that with an increase in the ultrasound intensity, the atomic weight of molten metals
decreases, while the orientation of atoms along the flow direction decreases. Atomic orientation is an effect
caused by the excitation of atoms by ultrasound. Ultrasonic waves propagate in a straight line. The wavelength
and intensity of the ultrasonic vibrations determine the resolution and attenuation of the signal. High frequency
of ultrasonic vibrations (short wavelength) is characterized by an improvement in spatial resolution, while the
penetration depth decreases. Low frequency (long wavelength) is characterized by an increase in the wave
depth, but the resolution decreases. Ultrasonic vibration increases the motion of atoms, a change in the structure
of atoms occurs, which makes them more disordered. Ultrasonic vibration affects the relaxation process of
molten metals, resulting in a weakening of the elastic effect. The relaxation process is attributed to the slow

establishment of equilibrium between the atoms of the melts. The % polytherms behavior in the «post-
melting» temperature range is associated with relaxation mechanisms in the high-temperature region, where
viscosity has a maximum value and the ultrasound absorption coefficient is minimal. At higher temperatures,
despite the fact that viscosity has a minimum value, the sound absorption coefficient remains virtually
unchanged. Relaxation occurring in alloys under the action of periodic stresses is a structural relaxation
associated with a change in the average number of nearest neighbors surrounding a given atom. Relaxation is
characterized by diffusion rates.
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Abstract. Beryllium oxide (BeO) ceramics formed with the use of ultrasound exhibit more intense sintering,
lower shrinkage, and a reduced sintering temperature compared to ceramics produced without ultrasound. The
effectiveness of ultrafast sintering is dependent on the cohesion of ceramic agglomeration and the proper
arrangement of particles. Rheological properties thermoplastic slurry changed as a result of ultrasound activation.
These changes are related to dispersion phase processes and mass transfer. Ultrasonic activation also slightly
enhances the properties of the castings. The increase in the density and strength of castings is explained by the
effective reduction of shrinkage under the influence of ultrasound during hardening. That is, compensation for the
deposition of the Ingot is determined by filling with a liquid slurry and its compaction under the influence of
pressure. For ultrasonic injection of thermoplastic beryllium oxide slurry, formulations with a binder content
ranging from 9,5 to 11,7% are recommended. Because these binder compositions are mixed with beryllium powder,
turning into a high-strength slurry, forming ceramics that can withstand large temperatures.

Keywords: ultrasonic activation, beryllium oxide, thermoplastic slurry, molding process, viscous plastic state.

1. Introduction

Beryllium oxide powder is used to prepare thermoplastic slurry which is obtained using standard
technology in serial production from beryllium hydroxide [1]. Beryllium oxide powder has a granulometric
composition by fractions. This composition of BeO powder (Table 1) shows satisfactory casting properties of
the slurry when the mass fraction of the binder changes from w = 9.5 to w = 11.7%. case of an increase in
the finer fractions BeO in the powder composition, the required amount of binder increases. With an increase
in the composition of larger fractions BeO in the powder, the ceramics become stained, which indicates the
presence of micropores and cracks [2]. On the edges of beryllium oxide microcrystals and important physical
and chemical processes occur in the layers, such as adsorption, changes in surface energy, etc. Therefore, the
dispersion of beryllium oxide powder significantly affects the casting process of beryllium ceramics. All types
of ceramic dispersed systems intended for molding are classified as coagulation structures. Coagulation
structures are characterized by contacts between particles that are comparatively weak in terms of interaction
strength. In dispersion systems, boundary layers of considerable extent are recorded. These layers, possessing
specific deformation properties, are responsible for the thixotropic nature of the suspension flow. With regard
to the dispersed system - thermoplastic slurry, the following main features of their structure can be formulated:
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relatively high viscosity of the dispersion medium and low value of its dielectric constant; complex structure
of the dispersion medium, the presence of supramolecular formations and low diffusion mobility of individual
structural elements; weak lyophilic interaction at the phase boundary and absence of dissolution of the solid
phase; significant dependence of the density and viscosity of the dispersion medium on temperature. The slurry
is assumed to have certain rheological properties when studying its deformation behavior. Complete
information in determining the relationship between the rheological properties of the dispersed system and the
intensity of the ultrasonic effect on the slurry was obtained by constructing a complete rheological flow curve
[1-5]. The flow curve allows to describe the viscous plastic and elastic properties of coagulation structures in
the range of changes in these properties under ultrasound exposure.

The physical essence of the use of ultrasonic activation for processing slurry is reduced to the
intensification of physical and chemical processes that facilitate the flow of mass and heat exchange processes
throughout the entire volume, as well as the sound-capillary effect, which actively influences the processes
occurring at the interface between the solid and liquid phases [3, 6-7]. As a result of the action of ultrasound,
a whole series of secondary effects arise, accompanying the propagation of ultrasonic waves in the liquid
slurry, depending on the rheological behavior. The most significant effect is structural destruction, which is
expressed in a sharp decrease in the viscosity of the slurry due to the deep destruction of the coagulation
structures [1-3].

The article [8-9] presents the results of calculations under the influence of ultrasonic vibrations and a
comparison with the results of experimental data, the change in viscosity and ultimate stress depending on the
temperature and duration of ultrasonic treatment.

The volume-phase characteristics of the highly heat-conducting dispersed system change during the
casting process at a temperature of 59—40 °C and the volume of the liquid phase increases. Increasing the
volume of the liquid phase, which gives the slurry the necessary casting properties, does not allow achieving
the desired effect, since during firing the “additional” amount of binder leads to the appearance of structural
defects and deformation of the products. The migration mechanism of shrinkage compensation will work only
in the liquid slurry layer, and at the interface between the liquid and solid phases, incomplete compensation of
internal shrinkage is the cause of internal defects. Complete compensation of internal shrinkage is achieved
using the mechanism of plastic deformation of the hardening layer of slurry in the forming volume of the
casting mold under the action of a pressure gradient arising as a result of ultrasonic vibrations [1-3].

Ultrasonic activation has brought significant changes to thermoplastic slurry casting systems [3-5]. The
intensity of ultrasonic processing allows you to effectively influence the Rheology of the thermoplastic Slurry.
The mechanism of action involves managing the parameters that govern the relationship between the solid and
liquid phases [3-5]. Optimal conditions for the interaction of casting systems were found within a temperature
range of 63 - 68°C and with 7 - 10 minutes of ultrasonic processing [1, 3-5]. Ultrasonic processing with
thermoplastic slurry showed a change in the properties of the microstructure of ceramics. Compared to samples
made without ultrasound, ultrasonic samples have a uniform structure and have higher structural-mechanical
and electrophysical parameters [1, 3-5]. The conducted comparative analysis of the thermal-physical
characteristics of the slurry in the range of phase transformations in combination with experimental data reveals
a detailed method of physicochemical analysis of the solidification depending on the cooling rate and the
change in the position of the crystallization interval of the slurry in the cavity of the casting plant.

At the molding stage, the castability of the slurry depends on its viscosity, and the solidification
temperatures and cooling rates are determined by its thermal conductivity. It has been established that the high
thermal conductivity of beryllium oxide slurry at elevated temperatures is linked to the temperature-dependent
variations in its viscosity and shear stress output. The changes in the structural and mechanical properties of
the beryllium oxide slurry are determined by the relationship between the solid phase and the binder, as well
as the stages of the casting process [1,6].

The article uses mathematical modeling to investigate distributions of velocity and temperature fields
showing the dynamics, to track the change in temperature-phase fields during the solidification process,
calculation and prediction of cooling and solidification of the casting system of ceramic products, necessary
for the study of thermal processes and analysis of the formation of shrinkage defects.
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2. Materials and methods

The movement and heat exchange of the thermoplastic slurry occur in flat configuration. Fig.1 shows a
diagram of a flat forming cavity. The thickness of the flat cavity is 2H = 0,0015 m, width b = 0,03 m, length
L = 0,071 m. the cooling circuit (Fig. 1) consists of two parts. A liquid slurry with an initial temperature of
to = 75°C isintroduced into the cavity. During the casting phase, the thermoplastic slurry undergoes cooling
and hardening through heat exchange. As the slurry solidifies, its density increases. The movement of the
thermoplastic slurry is laminar, with a Reynolds number Re < 1. Due to the high viscosity of the thermoplastic
slurry, the Prandtl number Pr = puc, /A is greater than one.

01

71 mm

02

30 mm

1,5 mm

Fig.1. Diagram of a flat cavity die.

The thermoplastic slurry is a two-phase dispersion system, where the solid phase consists of beryllium
oxide powder, and the liquid phase comprises organic compounds (binders) [1, 5]. The organic compounds are
made up of three components: paraffin (0,82%), wax (0,15%), and oleic acid (0,03%). The beryllium oxide
powder possesses a granulometric composition categorized by fractions (Table 1). The mass fraction of the
organic binders varies between ® = 10% and 11,7% [6,7].

Table 1. Key properties of beryllium oxide powder [1]

Bulk Density p, x 10° kg/m® 0.75
Surface Area per Unit Mass, S x 10°m?/kg 1.72
Fraction, um Fraction, %

G_ranulomfetric Composi_tion by_ParticIe lip4t(_)i'f 223
Size Fractions of Beryllium Oxide ' ' '
41-70 9.6

7.0-9.7 1.7

9.3-125 0.4

12.6 - 15.3 0.3

15.3-18.2 0.1

The composition of BeO powder (Table 1) demonstrates satisfactory flow properties of the slurry when
the mass fraction of the binder ranges from w = 9.5 % to w = 11.7 %. An increase in smaller fractions of BeO
in the powder necessitates a higher binder content. Conversely, an increase in larger BeO fractions in the
powder results in ceramics exhibiting microcracks and defects. Viscoplastic slurry can be classified as a
Bingham liquid, which has a thixotropic nature of the flow of 0.005 — 1200 s, within the limits of a change
in the shear rate [8,9]. The effective molecular viscosity of a liquid p.¢f is defined as [10-12]:
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ty + Toly171, if 7] > 7
o, if |7] < 1

Keff = { 1)

where 7, - yield strength, w, - plastic viscosity coefficient, 7 = u,¢; - S - shear stress tensor, S = ,/2S;; - S;;
. ;. 0U;j T .
- strain rate tensor, S;; = %(% + a_[;]) second principal invariant of the strain rate tensor. The Shvedov—
Jj i
Bingham model is a viscous plastic fluid model that linearly relates the shear stress of a simple viscous liquid
to the viscosity [13 -15]. Ultrasonic treatment affects the rheological properties of the slurry. Experimental
data of plastic viscosity and yield strength for mass fraction w = 11.7% of the slurry after treatment can be

described as follows [1,3-5]:

1, (t) = 293,6259- exp(-0,05816-t), Pa:s @)

7,(t) =11,4+11,41-exp(— (t —70,05)/5,47), Pa 3)

Density of the slurry taking into account the concentration of beryllium oxide powder and organic binder:

p = PBe0’Pbin )

(1-w)ppin+wPBeo’

where w - volume fraction of the binder, p,;, - density of the binder, pg.o - density of BeO. The density of
the binder for w = 11.7% is determined by the formula:

Ppin(t) = 0,852 40,0725 - cos(0,05612 - (t + 273,15) — 16,7361), kg/m® (5)

The density of organic binder in temperature range t = 74 — 52°C  varies from 779.7 kg/m?3 to 901.0
kg/m?3 and at w = 11.7% the density of the slurry increases from 2260 kg/m3 to 2370 kg/m3.

The density of thermoplastic slurry is determined by the content of the solid phase of the studied dispersed
system. The volume content of the solid phase, depending on the composition and temperature, varies in the
liquid slurry 5% by volume and does not exceed 71%. In this case, the increment of the binder density during
the cooling process is 1.20 including due to cooling to 55°C - 1.02, during crystallization 55+40°C-1.03, in a
solid-plastic state below 55°C-1.17. Based on the calculation results and in comparison with the experimental
data presented in the article [5,16-17], it's possible conclude that the effect of ultrasound affects the change in
the density of ceramics and shows the solidification front depending on the casting modes, the structure of the
casting mass and the features of the configuration of the products.

The slurry’s rheological characteristics undergo changes based on temperature variations, and heat release
occurs during phase transitions involving shifts in the material’s state. When the slurry cools, it can lead to
non-uniform temperature distribution, influencing the mold’s rheological properties. Solidification typically
initiates from the walls, while the central portion of the cavity might remain liquid. As a result, slurry may
flow into the cooled areas to compensate for internal volume shrinkage. Full control over the cooling of the
slurry mass during forming products in a molding cavity is of great importance, since the solidification process
inside the mass depends on the temperature distribution. Also, the change in the temperature field at the cooling
process depends on the heat release in the phase transition region and the determination of boundary conditions.
The experimentally established liquidus and solidus temperatures of the slurry make it possible to identify the
nature of the phase distribution at different stages of crystallization and calculate the rate of solid phase release
necessary for studying thermal processes [1,3,6]. The amount of heat released per unit mass during the phase
transition is calculated based on the enthalpy AH in the transition zone [13].

In this phase, the slurry’s heat capacity changes, and the increase in enthalpy can be measured through
the apparent heat capacity method [14-20]. The specific heat capacity of the slurry is calculated by the equation
[14,21]:
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¢, =c,-(1-a)+c alf)+ Hmoc'j—‘f (6)

where C,C, - represent the heat capacities of the slurry in its solid and liquid states, respectively, «(t) =0 for

the solid-state slurry, and «(t) =1 for the liquid-state slurry. Here, t denotes the dimensionless temperature of
the slurry.

For the binder content, the function at w = 11.7% is expressed as follows. This heat capacity method is
advantageous because the transition zone does not need to be predefined; it is instead determined by calculating
the temperature of the slurry [20 - 23]. The thermal conductivity of the slurry is temperature-dependent and
can be calculated using the following formula when the binder content is w = 11.7% [7]:

A=1,6+48exp(—0,017 - t), W/(m-K) @)

The aggregate change of the liquid slurry during the molding process, the transition of the slurry to a
viscous-plastic state is governed by temperature-dependent formulas (2) - (7), which define the properties of
the slurry. Thermal conductivity, heat capacity and melting heat are the main parameters for calculating the
model of the process by injection casting ceramic products [24]. In scientific literature, the data on
thermophysical properties of the dispersed system are limited, and they theoretically confirm that mechanical
failures of the dispersed system structure do not affect thermophysical properties, i.e., the value of c, heat
capacity and A thermal conductivity [5]. The change of thermal conductivity before (1) and after (2) ultrasonic
treatment of the slurry in the temperature range of 20 - 80 °C are given (Fig. 2a).
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Fig.2. The dependence of the thermal conductivity of the slurry on the temperature (a) and
the volume fraction of the binder (b).

With an increase in the content of the binder, the thermal conductivity of the slurry decreases, that this is
natural, given the large difference in the thermal conductivity of the binder. A comparison of the high thermal
conductivity of beryllium oxide with the low thermal conductivity of the the binder indicates that when
considering the slurry as a structured dispersed system, its thermal conductivity depends, first of all, on the
thermal conductivity of the binder, especially free, unsolvated, since the particles of the dispersed phase
practically do not contact each other and cannot have a significant effect on the thermal conductivity of the
system. This phenomenon is clearly visible when considering the dependence of thermal conductivity on the
volume fraction of the binder content in slurry (Fig.2b).

As well as density, the thermal conductivity of slurry in the solid state is higher than in the liquid state,
which is entirely consistent with the idea of higher thermal conductivity of substances [1-5]. With a decrease
in the volume content of the binder below 40%, the thermal conductivity of the slurry begins to increase sharply
due to the increase in the possibility of direct contact between particles [1-5, 26]. In the work [7,16] the results
of studies of heat transfer in suspensions under shear flow are published. It follows from them that for a
viscoelastic dispersed system, the linear dependence of thermal conductivity and heat capacity on temperature
is preserved. This dependence is not observed only more in a homogeneous liquid state of the dispersed phase.
The thermal conductivity coefficient of the casting was determined at a temperature of 20-25°C using the one-
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dimensional heat flow method according to the industry standard (OCT 48-91-7-75) on the IT-02Ts device.
The measurement method is based on comparing heat flows through the sample under study and standards
with known thermal conductivity. The measurement error in this method is known to be +10%.

The heat capacity of beryllium oxide slurry with an increase in temperature and binder content naturally

increases [13]. The graphs show that the heat capacity of the slurry depends only on density and does not
depend on viscosity and shear stress (Fig.3).
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Fig.3. The dependence of the heat capacity of the slurry on the temperature (a) and the volume fraction of the binder (b)

In the structure of the slurry on the surface of solid particles, the adsorbed molecules of liquids
significantly change some physical properties, in particular, the melting point and density increase. The slurry
mass has a higher heat capacity than other liquids, due to the latent heat of phase transition, it can increase the
volume of heat transfer at an equivalent volume flow rate in the mold cavity.

3. Mathematical model

The casting speed is directed vertically downwards along the axis 0X, and there is also a transverse
velocity component due to the addition of liquid slurry from the wall side until the casting has completely
solidified (Fig.1). The mathematical model of the flow process includes equations of motion, continuity and

energy, taking into account the dissipation of kinetic energy, temperature dependence of rheological properties
and heat of crystallization:

ua—u+ va—u——d—p a( ou
p x P 6y_ dx 0y

a
ug) +35,@ +pg

opu | dpv _
ox Ty =0 )
aT 0 ( oT

or or _ 0 (07 ap (3_“)2
pucy o+ pvcy 3~ 3y Aay) + L, (D) +u 3y

Based on the results of the experiments, the thermophysical properties of the thermoplastic beryllium
oxide slurry were found using ultrasonic activation at 30 °C < T < 80 °C, which are described by empirical

formulas (2-7). The pressure gradient in the equation of motion is determined from the condition of
conservation of mass flow rate:

h .
Jy P}t dy =m 9)

The values of velocity and temperature at the inlet section of the cavity are constant, and accordingly all
thermophysical characteristics of the slurry are constant:
Boundary conditions

atx=0: u=uy, v=0, T=T,
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ou oT
atx >0, y=0: 5—@—1]—0. (10)

when the thermoplastic slurry moves, the wall sliding of the solid phase is observed. It is practically known
that a layer of dispersion medium is formed near the wall, along which the dispersed system moves. At the
same time, the condition of adhesion of the slurry mass complied with the wall, but only for its continuous
phase [27-29]. And for the entire casting system, the actual conditions at the cavity wall combine the effects
of internal and boundary friction. At calculating the velocity profile and flow rate, the slurry condition on the
wall is as follows:

—p W@ ou
at x>0, y=h o (‘L’OW + (Mo ay)w>

The heat exchange on the outer wall is determined in accordance with the temperature in the cooling
circuits of the channel. Specifying the water temperatures in the hot, warm and cold circuits Ty, T,, T3,
respectively, there are boundary conditions for the temperature on the outer wall:

MOSx<%—%%:kUh—ﬂ)
m53x<bp4%:knh—n) (11)
m53x<gp%%:kmh—n)

To determine the average mass temperature, the distribution of temperature and longitudinal velocity over
the cross section of a flat cavity is used

puTdA
7. = [purda 12
o | (12)
where dA — cross-sectional area, Ap,,u,,- mass flow. Product of p,,u,, is expresses the average mass flux

density, u,,- average velocity, which is determined by the expression

Uy, = [124 (13)

Heat exchange calculations were considered using the boundary condition of the third kind in the form
of expression (11) for a flat forming cavity. This means that the heat flux density is taken to be proportional to
the difference between the temperatures of the coolant T, and the average mass temperature of the slurry T,,.
In the stationary mode, heat flux density q,, can be represented as

qw = a1 (T, — Ty) = k’(Tw —T)=k(Ty—T) (14)

where k- heat transfer coefficient from the inner surface of the wall to the coolant; k — heat transfer
coefficient from the slurry flowing in the cavity to the cooling liquid; - coefficient of heat transfer from the
slurry flowing in the cavity to the inner surface of the wall.

The coefficients a4, k, k ‘are related by the relation

11 1
Pl Ol_1 + % (15)
For flat forming cavities:

1_de 1
ety (16)

where d, = % - equivalent diameter; s - cavity perimeter; A, - thermal conductivity coefficient of the
wall material; a,- coefficient of heat transfer from the outer surface of the wall to the coolant:
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Numerical methods are used to solve the model of motion and heat transfer of thermoplastic slurry in a
flat cavity [25].

4. Calculation results and discussion

The effect of ultrasonic treatment on the properties of the casting was assessed by changes in apparent
density and mechanical strength. Ultrasonic treatment allows us to obtain castings with a finer grain structure
and apparent density compared to samples obtained without ultrasound. According to experimental data, it is
known that castings with maximum density are obtained with an ultrasound power of 60-80% from N, .,

which corresponds to an ultrasound intensity 0.4 — 1.6 % A decrease of the density of castings at a level

above 60-80% from N,,.x leads to the formation of shrinkage and cracks in castings during the process of
forming their structure [3-4]. The increase in the density of the casting indicates a change in the volume-phase
relationships during the structure formation of the casting under the influence of ultrasound. Considering the
insignificance of the gas phase content in the liquid slurry and equal cooling of the casting in all experiments,
the increase in the density of castings formed with ultrasound is a more effective compensation for shrinkage
during casting hardening. In this case, compensation for shrinkage is achieved both by adding liquid slip and
by deformation compaction during the structure formation of the casting. A comparative analysis of the
structural and mechanical properties of products, with and without the use of ultrasound, showed that castings
with ultrasound had a 7-10% higher apparent density. The universal strength limit for flexible products
obtained using ultrasound exposure is 1.3-1.7 times greater than for products obtained without ultrasound.

Dynamic viscosity of slurry wu,(t), density p(t), and shear stress 7,(t) the temperature increases as it
decreases. In the second cooling circuit, the water temperature is set at 8, = 40 °C. Through the heat exchange
process between the slurry and the water, the slurry's temperature is reduced to 40 °C (Fig.4 a,b,c), and the
density increases from 2270 kg/m3 to 2370 kg/m3 (Fig.5 a,b,c).

1-1000 2 - 1500 | 3-2000

u=0.18 m/min u= 0,18 mmin [ u=10,18 m'min

X, mm
X, mm

| TEEEEREEEREEEY |

0.5 1 1.5 0 0.5 1 15 0 0.5 1
y, mm | Y, mm | y, mm
a) b) c)
Fig.4 Changing the temperature of the slurry depending on the value of the heat exchange coefficient:
a) k = 1000/ /(m?-°C), b) k = 1500 ]/(m?-°C), ¢) k =2000 J/(m?-°C)

After ultrasound exposure, calculations were made for slurry with rheological properties. The
computation results for the slurry movement in a planar die, given a cavity thickness of 2h = 0.0015 m, a
casting speed of 9 = 0.18 m/min, and an initial temperature of t, = 75°C, are illustrated in figure 4. In the
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initial cooling circuit, the temperature of the water is 8; = 75 °C. The temperature field shows a decrease in
temperature to 72 °C (Fig. 4 a, b, ¢), and the density increases from 2260 kg/m3 to 2270 kg /m3 (Fig.5 a, b,c).

Transitioning from the first to the second region involves a shift from an amorphous state to a viscous-
plastic state, during which the temperature and density fields change, eventually stabilizing to uniform values.
Experimental data [1,6] indicate that an increase in the transition zone between states can lead to shrinkage of
the slurry, the formation of cavities and voids, and a decrease in casting strength. The smaller the transition
zone between states, the less the slurry will shrinkage. Ultrasonic treatment, by improving rheological
properties, results in a reduction in the transition zone and consequently a decrease in the shrinkage of the
beryllium oxide casting.

u=0,18 m/min u=0,18 m/min u= 0,18 m'min
0
p
2370
2360
10 1 2350
2340
2330
20 2320
2310
2300
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30 2280
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Fig.5 Changing the density of the slurry depending on the value of the heat exchange coefficient:
a) k = 1000 J/(m?-°C), b) k = 1500 J/(m?-°C), ¢) k = 2000 J/(m?-°C)

Table 2 presents experimental data on the casting performance and mechanical strength of the cast, as a
function of binder composition and casting speed.

Table 2. The dependence of the strength of ceramics on the velocity of casting in a flat cavity [1].

Mass fraction of | Slurry’s viscosity, Slurry casting Casting velocity, Mechanical
mass Pa*sat T, = 75°C ability, mm mm / min strength of the
casting at bending,
mPa
0.117 4.16 88 165 8.18

The calculation data were obtained at the experimental values of the filling velocity uy = 0.165 m/min
at w = 0.117 in a flat cavity (Fig. 6). In the initial configuration, the cooling water temperature is set at 6;= 75
oC, while in the second configuration it is 6,=59 °C, and in the third configuration, it is 8;= 40 °C. The liquid
slurry flows into the uniform cavity at an initial temperature of to= 75 °C. As depicted in Fig. 4, the transition
between one cooling circuit and the next shows fewer voids. The casting speed ensures a uniform temperature
distribution across the cross-section of the cavity. This even temperature distribution results in uniform
rheological and thermophysical properties of the slurry across its cross-section. Consequently, the shrinkage
of the thermoplastic slurry is consistent, preventing the formation of voids and defects that could compromise
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the strength of the beryllium oxide casting. The slurry solidifies within the molding cavity, indicating that the
beryllium oxide (BeO) ceramic product acquires a structural shape suitable for further processing.

u=0.165 m/min u=0,165 m/min
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Fig.6 The temperature and density field of a Slurry in a flat cavity: up = 0.165 m/min, @ =0,117 %

5. Conclusion

Ultrasonic treatment improves the rheological properties and enhances the fluidity of the thermoplastic
beryllium oxide slurry within the molding cavity. The maximum values of apparent density and mechanical
strength were obtained at an ultrasound intensity of 0.4+1.6 W/ cm?. A further increase in the impact power
leads to a decrease in density due to the formation of porosity in the castings due to an increase in the size of
the cavitation region, the number of newly formed cavitation cavities and the entry of part of the cavitation
region into the cooling zone of the die. The increase in density and strength of castings is an effective
compensation for shrinkage under the influence of ultrasound during pressing. In this case, shrinkage
compensation occurs both according to the classical scheme by feeding with liquid slip, and by means of
deformation compaction under the action of static and radiation pressure.For ultrasonic casting of
thermoplastic slips based on beryllium oxide, it is advisable to use compositions with a binder content of 11.0-
11.7% by weight, since these compositions achieve better shrinkage compensation and, accordingly, a denser
casting.

Through the analysis of experimental data, empirical formulas were developed to relate the plastic
viscosity and the critical shear stress of the slurry to temperature. It was established that the phase transition
of the thermoplastic beryllium oxide slurry occurs within a defined temperature range. The heat generated
during the phase transition was accounted for by considering the increased heat capacity over this temperature
range.

Based on the calculation results, the following main conclusions can be made:

- a mathematical model of the formation of ceramic processes by the hot casting method includes a system
of equations of motion of a non-Newtonian fluid, continuity and energy, taking into account the release of heat
during the state of aggregation changes as the slurry cools in the mold cavity;

- the calculations received distributions of velocity, temperature and rheological properties, showing the
internal structure of the slip in the mold cavity. The change of temperature and density of the slurry depending
on the value of the heat exchange coefficient at a given value of the casting velocity is uniform across the
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cross-section of the mold cavity. This is explained by the fact that the conduction mechanism plays a
predominant role in heat transfer due to the high thermal conductivity of beryllium oxide.The heat of
crystallization released during this process is quickly dissipated due to the high thermal conductivity of
beryllium oxide;

- the density of the slurry mass increases with a change in the state of aggregation, the calculation explains
the mechanism for compensating for volumetric changes during the formation of ceramics by the hot casting
method and is in satisfactory agreement with experiment.

Comparative calculations with experimental results help define the conditions for the hot molding
process, facilitating the production of hardened beryllium oxide ceramics with a uniform structure.
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Abstract. This paper is dedicated to the study of variability in active galactic nuclei, which play a
key role in understanding the physical processes occurring in their central regions. This research
focuses on the analysis of photometric and spectral variability of two Seyfert galaxies, MRK 6 and MRK
1040, based on archival and modern observations. For the first time, the results of photometric
observations of MRK 6 have been processed, with special attention given to the profiles of emission
lines and the identification of additional spectral components that may indicate gas outflows. The
velocity dispersions of each emission-line component have been determined for the studied galaxies. In
some profiles of Ha and Hg, their velocity dispersions and corresponding line-of-sight velocities have
been estimated, which may indicate the outflow of matter from the central regions of the galaxies.

Keywords: active galactic nuclei, Seyfert galaxies, photometry, spectroscopy, light curves, emission lines.

1. Introduction

This work is dedicated to the study of selected Seyfert galaxies from the Markarian list. Spectral and
photometric studies of Seyfert galaxies from the Markarian list have been conducted at Fesenkov
Astrophysical Institute (FAI) for several decades. A significant factor that has increased the efficiency of
studies on active nuclei of poorly studied Seyfert galaxies is the implementation of an innovative spectral
instrument developed at FAI in 2022. This instrument enables the acquisition of spectra from distant, hence
faint and less studied Seyfert galaxies. Due to the large number of Seyfert galaxies discovered to date, both
ground-based and space observatories dedicated to studying Active Galactic Nuclei (AGN) cannot cover all
these Seyfert galaxies with systematic observations, which are crucial due to the unpredictable photometric
and spectral variability of AGNs. Therefore, systematic observations and studies of poorly studied Seyfert
galaxies remain a relevant task.

The paper [1] presents the results of a 22-year study of the galaxy MRK 6 using X-ray data from 2001
to 2022. Changes in the spectral and temporal behavior of the galaxy were detected in both X-ray and optical
ranges. In another study [2], the morphology and kinematics of ionized gas in the galaxy MRK 6 were
investigated, revealing extended filaments of ionized gas. Analysis of the kinematics and ionization state of
gas in these filaments suggests that the hard radiation from the active nucleus illuminates externally accreted
material, which rotates nearly perpendicular to the stellar disk of MRK 6. In the study [3], a new method is
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presented for measuring the radius of the equatorial scattering region in Type 1 active galaxies using the
polarization of broad lines, indicating a scattering region size of approximately 100 light-days in MRK 6.
The kinematics of gas and emission line profiles of Hp in active galaxies were investigated in the study [4].
Observations, exemplified by MRK 6, revealed complex structures, providing an opportunity to search for
close binary supermassive black holes. In the study [5], the analysis of X-ray reverberation in six active
galactic nuclei using Granger causality analysis was conducted. Granger causality delays and their variations
over time were analyzed for each individual light curve. Significant delays correlating with the light curve
were observed in all active galactic nuclei except MRK 1040. It is suggested that the spread of the obtained
delays may be related to the expansion of the corona. It is suggested that in 1Zwl, MRK 704, and MRK
1040, the corona may be more compact. The paper [6] presents the results of high-resolution X-ray
spectroscopy of warm absorption in the galaxy type MRK 1040. The observations were conducted from
2013 to 2014 with a total exposure of 200 ks. The spectrum revealed the presence of warm absorption,
including absorption lines of Ne, Mg, and Si ions, as well as H-like lines of S and Ar. The profiles indicate
low outflow velocities of the absorbing gas, which may suggest possible attenuation of outflowing gas on
large scales in the galaxy MRK 1040. The results from all authors indicate the complexity and diversity of
physical processes occurring in AGNs, contributing to a better understanding of the underlying mechanisms.

2. Photometric and spectral observations

Photometric observations of the studied objects at FAI have been conducted since 2015. The
observations are carried out at the Tien Shan Astronomical Observatory (TShAO) using the Zeiss-1000
"East" telescope with a modified optical system and equipped with an Apogee Alta U9000 CCD camera,
with a field of view of 20'x20'. Spectral observations were conducted using the AZT-20 telescope at the
Assy-Turgen Observatory. This is the largest telescope in Kazakhstan, capable of detecting extremely faint
objects (up to 21-22 stellar magnitudes). Currently, the AZT-20 is equipped with a spectrograph based on
dispersing elements VPHG (Volume Phase Holographic Gratings) using fiber optic technologies. An
electron-multiplying CCD-camera with high-speed image readout at minimal noise level (EMCCD) is used
as the radiation receiver.

2.1 Methodology of photometric and spectral studies

The galaxies Mrk 6 and Mrk 1040 belong to the class of active galactic nuclei of the Narrow-Line
Seyfert 1 galaxies (NLSy1), known as Seyfert galaxies (Table 1). This subclass of galaxies was discovered
by Osterbrock and is characterized by narrow Balmer lines (HB line profile width less than 2000 km/s),
intense Fell lines, and weak forbidden lines [7]. The methodology and processing of photometric
observational data consist of standard operations using calibration Dark and Flat frames. Brightness
measurements are conducted using the differential photometry methods (standard software package
MaximDL Pro6). The stars with known brightness values in the vicinity of the object are selected as the
standard stars (Table 2). To convert the obtained instrumental brightness estimates to the standard B V Rc
system, corresponding transformation equations are applied [8].

Table 1. Seyfert galaxies for the study

Object (2000) §(2000) V]
Mrk 6 (1C450) 06 52 12.33 74 2537.12 14.19
Mrk 1040 (NGC 931) 02 28 14.46 3118 41.46 14.74

Table 2. Properties of standard stars for photometric studies

Object Referent stars
Object B \% R
Mrk 6 (1C450) GSC 04371-00113 15.06 14.44 14.33
Mrk 1040 (NGC 931) Tycho-2323-1484-1 11.47 10.49 10.16
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2.2 Methodology of Spectral Analysis

Accurate measurement of the velocity dispersion of broad components of spectral emission lines and
their distribution plays a key role in estimating the masses of supermassive "black holes" in active galactic
nuclei. Therefore, it is important to have an idea of the most accurate shape of the broad component profile,
especially in the Ha region, where narrow components of the Ha and NII emission lines blend. To describe
the shape of the profile, several separate components are used. However, in this case, the question arises of
an adequate choice of the number of such components. For example, in [9], it is said that to correctly
describe the line profiles, it was necessary to use several Gaussians. At the same time, the authors tried to use
as few of them as possible, but at the same time they tried to ensure an adequate fitting of the observed line
profiles. The criterion for adding additional components was a significant reduction in the root-mean-square
error and 2 during the fitting. This approach is somewhat subjective. The problem of determining the
required number of components in the broad emission lines of Ha or HB can be solved within the concept of
Bayesian analysis:

P(D|0,M)P(O|M) _ L(0)T(0) o)
P(D|M) - z !

P(O|D,M) =

where P(O|D,M) is the posterior (updated, taking into account the new data obtained) information
(conditional probability) for the parameters @, taking into account the data D and the used model M.
P(D|®,M) = L(O) is the likelihood function (how probable the obtained data are, taking into account the
chosen model and the its optimal parameters), P(O|M) = m(©) is the prior (before the experiment,
observations) probability for the parameters of the adopted model M, and P(D|M) = Z is the marginal
likelihood, otherwise called the model evidence, which is the integral over all possible model and parameter
spaces. P(D|M) determines the highest probability among all possible models:

P(DIM)=Z fﬂg L(®)r(6) dO (2)

It is clear that it is often not possible to estimate P(D|M) (since we will need to consider all possible
models and parameters for a given problem), but it can be used to estimate which of the models under
consideration is more probable compared to other models. For the analysis of the spectra of Seyfert galaxies
with the choice of the most probable model among the considered model (for example, in the case of
different number of components in a wide profile), we use the nested sampling method [10], which, in
addition to estimating the reliability of the model, gives us posterior distributions. The latter, in turn, can be
used to estimate the model parameters and their error range:

0; = E[6;] = [ 6; P(6;|D, M)d0; )
P(6yD,M)~ [, ie(0,%6) L(6;) (6;)do; )

To implement the nested sampling method, we use the DYNESTY package [11,12]. As prior
information for each parameter in the model, we use a so-called 'non-informative' approach where the
probability of values for the selected parameter is uniform over a range of accepted values (these constraints
are known from previous studies of Seyfert galaxies). Unfortunately, this significantly increases computation
time. However, in the future, this will allow us to analyze individual galaxies (or specific types of galaxies),
using posterior information as prior for subsequent iterations (e.g., when new observational data is
available). Additionally, in our models, we assume that the amplitudes in the [Olll] doublet are related by
AL5007A/AN4959A = 2.99 [13] and the amplitudes in the [NII] doublet are related by AA6585A/AN6550A =
3.05 [14]. The widths of narrow emission lines are assumed to be identical (in terms of velocity dispersion)
for all lines in the considered range, and the widths of broad profiles are also identical for all components of
the broad emission spectrum. Doppler shifts of the 'red’' and 'blue' components of the broad profile are also
assumed to be identical (in the case of choosing a model with such components). To compensate for possible
errors in wavelength calibration, as well as inaccurate account of redshift, we introduce an additional
parameter for each set of spectral lines. For precise determination of velocity dispersion values, we
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approximated the spectra with composite models. For the Ha region, these models consist of narrow
emission lines of [OI], [SII], [NHI] doublets, and the narrow Ha emission line, along with a broad Ha
component. For the HP region, models include narrow emission lines of the [OIll] doublet and the narrow
Hp emission line, as well as a broad HB component. To complete the analysis, it is necessary to account for
the stellar component of galaxies in both spectral regions. This can be achieved, for example, using the
methodology implemented in the STARLIGHT package [15]. To incorporate the stellar contribution
(continuum spectrum), we additionally included a power-law flux distribution in each composite model. In
addition to approximating observed spectra with composite models to estimate parameters and analyze the
broad components of Ha and Hp, there is also the task of selecting the number of profiles (sub-components)
in the broad Ha and HP profiles, as well as determining the shapes of the narrow emission line profiles. In
our studies, we analyzed the result using both Gaussian profiles and profiles modeled as Voigt functions. The
total number of parameters for the Ha region, using Voigt profiles for narrow components, three sub-
components in the broad component of emission line Ha, and the additional assumptions mentioned earlier,
was 18. For the Hp region, the number of parameters was 14. For the model where all line profiles are
described by Gaussians, the number of parameters was 17 and 13 respectively. Models with fewer broad
emission line components (two or one) had fewer parameters.

3. Results of photometric and spectral analysis of the studied objects

MRK 6 (IC 450) is a Seyfert galaxy of the Syl.0-1.5 class. Redshift z=0.018676+0.000834. The
distance to the galaxy is 79 Mpc. The mass of the galaxy's central body (CB) is, MBH = (1-2)*108 Mc [16].
Active spectral and photometric studies of MRK 6 were carried out between 1990 and 2015 [17-20]. At FAI,
MRK 6 observations in the BVRc photometric system have been carried out since 2016 [21]. Table A
(Appendix) presents the results of photometric studies from November 25, 2019 to February 22, 2024. For
general comparison, the results are presented as light curves (Figure 1) for the galaxy MRK 6 from 2016 to
2024.
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Fig.1. Light curves of MRK6 obtained in 2016-2024.
On the X-axis: Julian date - 2440000, and on the Y-axis: stellar magnitude

There was a unique opportunity to compare archival observational data with contemporary data over an
extended time interval for the galaxy MRK 6. In previous works [22, 23] the digitization process and
analysis of proprietary spectral data from the archive is described. In the spectra of MRK 6 obtained on
February 4, 1976, on the left wing of the Ha line, an additional component is visible, shifted from the line
center by 45 A. Its radial velocity corresponds to 2450 km/s. In the spectra from 2023 and 2024, this detail
appears in the Ha profile as a broad blue wing (Figure 2). Presumably, this additional component is created
by a powerful jet (gas flow) moving towards the observer. Our modeling estimates indicated the radial
velocity of this jet to be 2525243 km/sec (Figure 4). Additionally, a combined profile of the Hy region is
presented (Figure 5), consisting of both narrow emission lines and profiles of the broad component.
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Table 3. The results of processing spectral data for the galaxy MRK®6 obtained in 2023-2024

Emission line of A Continuum flux Line flux Equivalent width
the spectrum of Telescope
Seyfert galaxies A) (ergstcm? A (erg s* cm?) (A)
Mrk6 (16.01.2015)
Ho~+[NII] 6562 1.3E-14 5,562E-12 428
AZT-8
[SH] 6720 1.1E-14 2,44E-13 22
Mrk6 (25.01.2023)
[O1] 6300 6.284E-15 5.344E-14 8.498
Ho+[NII] 6562 9.102E-15 1.042E-12 111.8 AZT-20
[SH] 6720 7.575E-15 1.909E-13 25.32
Mrk6 (16.11.2023)
Ho+[NII] 6562 1.083E-14 8.828E-13 81.98
[SI] 6720 7.035E-15 2.324E-13 33.55
Hp 4861 1.363E-14 1.677E-13 12.31 AZT-20
[Ol1] 4959 1.039E-14 6.074E-13 58.33
[Ol] 5007 1.178E-14 1.801E-12 149.5
Mrk6 (06.02.2024)
[O1] 6300 9.611E-15 1.405E-13 14.62
Ho+[NII] 6562 1.241E-14 3.258E-12 261.1
[SI] 6720 1.229E-14 4.659E-13 38.24
AZT-20
Hp 4861 2.712E-14 3.654E-13 13.49
[OH] 4959 2.678E-14 1.300E-12 48.46
[OH] 5007 2.678E-14 4.003E-12 148.3

MRK 1040 (or NGC 931) is a bright Seyfert 1 spiral galaxy. It has a redshift of z=0.016338+0.000314
and is located at a distance of 340 Mpc. At FAI, photometric observations of MRK 1040 in the BVRc
photometric system have been conducted since 2015 [21]. Table B (Appendix) presents the results of
photometric studies from September 13, 2020, to January 27, 2024. For general comparison, the results are
shown as light curves (Figure 4) for MRK 1040 from 2015 to 2024. The obtained data indicate that the
studied object experiences irregular fluctuations in brightness in all three filters, with amplitudes of
B=0".337, V=0".874, R=0".734.

The above-described spectral analysis methodology was applied to the spectral observations of the
Seyfert galaxies MRK 1040 and MRK 6. Analysis of the spectra of MRK 6 obtained on February 6, 2024,
showed that the model with three components of the broad Ha profile is more statistically significant
compared to models with one or two components (Figure 4, Figure 6).
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Table 4. The results of processing spectral data for the galaxy MRK 1040 obtained in 2023

Emission line of A Continuum flux Line flux Equivalent width
the spectrum of Telescope
Seyfert galaxies &) (ergs* cm? A (erg s cm?) A)

MRK 1040 (20.01.2023)

Ha+[NII] 6562 4.062E-15 7.211E-13 177.6 AZT-20

MRK 1040 (23.01.2023)

Ha+[NII] 6562 4.007E-15 9.080E-13 225.6 AZT-20

MRK 1040 (25.01.2023)

Hp 4861 2.810E-13 1.164E-11 41.42
[Ol111] 4959 3.011E-13 1.664E-12 5.525 AZT-20
[Ol111] 5007 2.891E-13 5.921E-12 20.48

As a result, we obtained the following velocity dispersion values for the narrow lines (NL) FWHM
(NL) = 360%22  (km - s~1) the line-of-sight velocity of the broad profile component 2525%%5 (km -s™1)
and the velocity dispersion across the width of the broad central component of the lines (BL) FWHM (BL,
central) = 1073%28 (km-s~1) and components shifted relative to the central in the red and blue sides
FWHM (BL, blue/red) = 123932 (km - s~1) in the Ho. region.
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residual (Obs. - Dynesty) | Dynesty model - Co
observed 1 DYNESTY
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Fig.5. The result of the model approximation of the broad Hg line spectrum of MRK 6 obtained on AZT-20
06.02.2024

Approximation of the Hp region resulted in the velocity dispersion values for the narrow emission lines
FWHM (NL) = 335%1}¢  (km - s™1), the line-of-sight velocity from the “blue” and “red” components of the
broad profile 475%23 (km - s~1). The velocity dispersion of the broad profile central component Hy FWHM
(BL, central) = 1435%2%% (km - s~1) and the corresponding dispersion of the broad components profile Hp,
shifted to the red and blue regions of the spectrum FWHM (BL, blue/red) = 1084182 (km - s™1).

The analysis of Mrk 1040 spectra obtained on January 21 and 23, 2023, showed that a model with a
single component of the broad Ha profile is more statistically significant than models with more components
(2 or 3) (Figure 6, Figure 7).
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For Ha region approximation of the spectra taken on January 23, 2023, the velocity dispersion value for
the narrow emission lines FWHM (NL) = 149*21 (km-s~1). The velocity dispersion of the central
component of the broad profile Ha FWHM (BL, central) = 1369733 (km - s™1).

For spectral data obtained on January 20, 2023, the approximation of the Ha region resulted in velocity
dispersion value for the narrow emission lines FWHM (NL) = 52%3§ (km - s~1). The velocity dispersion
of the central component of the broad profile Ho FWHM (BL, central) = 29507284 (km - s=1) (Figure 7).

The results of approximation of the Hp region of the spectrum of Mrk1040 obtained on January 25,
2023, indicated that the broad Hp profile was described by a single component (Figure 8). As a result of
approximation the velocity dispersion value for the narrow emission lines FWHM (NL) = 2322 (km -
s™1). The velocity dispersion of the central component of the broad profile Hs FWHM (BL, central) =
1695%23 (km-s™1).

4. Conclusion

The paper presents new photometric and spectral data for galaxies from the Markarian list: Mrk 6 and
Mrk 1040. Different research methods used by different scientists in the field of active galaxy nuclei are
described. All the results obtained by other authors point to the complexity of the physical processes
occurring in the studied objects. In the course of photometric studies of the galaxy Mrk 6, it was found that
the brightness of this object for the period from 2016 to 2024 is unstable. The object reached its maximum
luminosity in early 2017, and then by early 2018, its luminosity decreased by about ~1m. Since then, it has
slowly continued to decrease. Observations of Mrk 1040 in the BVRc photometric system have been
conducted since 2015. The data obtained show that the galaxy Mrk 1040 is subject to irregular light
fluctuations in all three filters. The amplitudes of these oscillations are B=0".337, V=0".874, and R=0™.734.
Interestingly, spectrograms of the active nucleus of the Mrk 6 galaxy obtained on February 4, 1976, on the
left wing of the Ha line showed an additional component displaced from the center of the line by 45
angstroms. Surprisingly, this component was also detected in the modern spectra obtained in 2024. Its radial
velocity is 2450 km/s. Determining the number of components in broad spectral lines is a difficult task
requiring a precise approach and taking into account many factors. Observations of spectra of active galactic
nuclei are often difficult because of the overlap of different components. To adequately model such spectra,
it is necessary to use methods capable of distinguishing and approximating individual components with high
accuracy. Studies show that using several Gaussians to describe broad components of spectral lines can be an
effective approach. However, it is important to keep in mind that the optimal number of components and
their shape should be chosen taking into account the specifics of a particular observation and taking into
account the statistical validity of the model. Methods of analyzing spectral data, such as Bayesian probability
analysis and the nested sampling method, allow not only to determine the optimal number of components,
but also to assess the reliability of the resulting model. This is important to avoid excessive model
complexity or underestimation of the physical processes underlying the observed spectra. To determine the
parameters of the Ha and Hp region models and to analyze the broad components of Ha and Hp, we
recommend using the nested sampling method using the DYNESTY package. As a result of this method, we
extracted narrow components of emission lines from the total spectrum, as well as broad components, the
number of which was determined from an estimate of the relative statistical probability of a particular model.
We determined the velocity dispersions for the components of the emission lines, as well as for the broad
components of Ha and HP where detected, which may indicate the outflow of matter from the central regions
of galaxies.
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Appendix
Table A. B V R magnitudes for the galaxy MRK6 obtained in 2019-2024 Aperture 6”

Date of observations JD-24400000 B \% R
25.11.2019 18812 15,452 14,513 14,109
26.11.2019 18813 15,467 14,53 14,109
28.11.2019 18815 15,502 14,232 14,11
08.02.2020 18887 15,717 14,687 14,264
04.01.2021 19218 15,797 14,726 14,331
16.01.2021 19230 15,79 14,748 14,339
17.02.2021 19262 15,699 14,664 14,268
24.02.2022 19634 15,584 14,665 14,232
07.02.2023 19982 15,657 14,617 14,171
26.02.2023 20001 15,618 14,604 14,175
13.03.2023 20016 15,688 14,628 14,184
21.10.2023 20238 15,895 14,893 14,458
20.12.2023 20298 15,997 14,923 14,484
03.01.2024 20312 15,984 14,928 14,495
22.02.2024 20362 16,002 14,944 14,506

Table B. BV R magnitudes for the galaxy MRK1040 obtained in 2020-2024.Aperture 6,8”

Date of observations JD B \ R
13.09.2020 19105 15,464 14,423 13,705
12.10.2020 19134 15,455 14,397 13,618
14.10.2020 19136 15,448 14,431 13,838
17.10.2020 19139 15,449 14,094 13,287
19.10.2020 19141 15,439 14,512 13,827
19.11.2020 19172 15,395 14,315 13,786
02.01.2021 19216 15,482 14,297 13,687
02.02.2021 19247 15,549 14,374 13,705
31.01.2022 19610 15,705 14,37 13,633
21.02.2022 19631 15,726 14,37 13,634
27.01.2023 19971 15,619 14,22 13,452
01.02.2023 19976 15,66 14,284 13,656
04.10.2023 20221 15,645 14,593 13,881
21.10.2023 20238 15,556 13,955 13,33
02.11.2023 20250 15,696 14,696 13,5
01.12.2023 20279 15,674 14,617 13,961
27.01.2024 20336 15,59 14,52 13,794
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PHOTOLUMINESCENCE SPECTRA OF DOPED N-TYPE INDIUM
ANTIMONIDE CRYSTALS
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M.Kh. Dulaty Taraz University, Taraz, Kazakhstan
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Abstract. This paper presents a detailed study of photoluminescence of doped indium antimonide crystals.
We have conducted a detailed study of photoluminescence of doped n-type indium antimonide crystals in a wide
range of concentrations 1*10° ¢cm3-1.5%10%° cm at temperature 77 K. In this paper, we have for the first time
obtained spectra of photoluminescence of indium antimonide with n > 5*10% cm™ and experimentally
discovered that spectrum of photoluminescence of indium antimonide with n > 8.5*10% c¢m consists of two lines,
maxima of which shift towards higher energies with increasing concentration. It has been established that
shortwave line of doped n-type indium antimonide crystals’ radiation is caused by recombination of electrons,
located at Fermi level, with holes in valence band top. It has been shown that the best agreement between the
experiment and theory in heavily doped crystals is reached by taking into account fluctuations of donor
concentrations, dependence of the band gap on the degree of doping, as well as effective reduction of Fermi
energy with increasing concentration.

Keywords: photoluminescence of crystals, indium antimonide, Fermi level, doping, concentration, fluctuation, hole,
band gap

1. Introduction

Indium antimonide (InSb) is a semiconductor with a narrow direct bandgap, AEo =~ 0.17 eV at ambient
conditions. Therefore, since its discovery in early fifties of twentieth century, InSb has naturally become one
of the major choice materials for infrared (IR)-detecting devices [1].

Moreover, indium antimonide has long been considered a model semiconductor and it was indium
antimonide on which the main theories created for crystals A% B® and their analogues (such as Kane's
formalism) was tested. Interest in indium antimonide is caused not only by the peculiarities of its zone
structure (narrow bandgap width, small effective mass of electrons, high mobility values), but also by the
possibility to obtain single crystals in a very large concentration range (n- 10*2-10%m=3; p - 10'1-10% cm®).
Although indium antimonide is a well-studied semiconductor, there is nevertheless very little work on
photoluminescence studies. Of great scientific and often practical interest are studies of indium antimonide
crystals containing initial concentrations of impurities, i.e., heavily doped crystals. When studying various
physical effects in heavily doped n-type indium antimonide crystals, numerous anomalies have been found
that are related not only to the degree of doping, but also to the grade (i.e., chemical nature) of doping
impurity.

In recent years, scientists have been studying antimonide india according to various characteristics:
Monnens, W., Billiet, N., Binnemans, K., et al. gives the following description: Indium antimonide (InSb) is
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a ll1-V compound semiconductor with a narrow bandgap and a high electron mobility, and is used in various
optoelectronic devices [2]. Electrodeposition represents a low-cost, scalable method for fabricating InSb
films. In the literature, aqueous electrolytes and ionic liquids have commonly been applied. In this work, the
electrodeposition of InSb films and nanowires from a dimethyl sulfoxide (DMSQ)-based electrolyte was
demonstrated. This electrolyte enabled electrodeposition in a broader potential range and at higher
temperatures as compared to aqueous electrolytes. The electrolyte has a lower viscosity than ionic liquids,
therefore exhibiting better mass transport properties for electrodeposition [2]. Muhammad Shafa, Sadaf
Akbar, Lei Gao, Muhammad Fakhar-e-Alam & Zhiming M. Wang his work shows some important features
of the growth of pure indium antimonide nanowires (InSb NWSs) and their potential industrial applications
[3]. Dilek Cakiroglu, Jean-Philippe Perez, Axel Evirgen and others from indium antimonide, photovoltaic
cells were specially developed and manufactured for use in near-field thermophotovoltaic device
demonstrators [4]. Therefore, indium antimonide, due to its specific properties, has long attracted the
attention of researchers.

Unique properties of semiconductor quantum dots of the A3 B® group are of particular interest due to
high mobility of electrons, narrow band gap, and low effective mass of electrons. Manifestation of quantum
size effects of such nanoclusters becomes possible even in the case of comparatively large sizes. Another
advantage of narrow band gap and gapless semiconductors of the A>B® group is the possibility of synthesis
on their basis of quantum dots with variable band gap and their further application in infrared (IR) and
terahertz spectrum ranges. Nanoparticles, obtained by fine and ultrafine grinding of single-crystal plates and
ingots of appropriate macro materials, are widely used in lasers [5, 6]. Besides this, development of
technology to obtain A® B> compounds has shown that transition to creation of the large and very large
integral circuits demands increasing diameter and improving structural perfection of single-crystals used as
substrates [7, 8].

But of particular interest is the study of the photoluminescence spectra of n-type indium antimonide
crystals. And the purpose of this work is to study the photoluminescence spectra of n-type indium
antimonide doped crystals in the concentration range 2*10%cm® - 4.8*10%¥m3® at t=77K.
Photoluminescence of indium antimonide is very weak and difficult to observe. There are few works on the
study of photoluminescence of n-type indium antimonide crystals in the literature. They are mainly devoted
to the study of crystals containing relatively small concentrations of electrons. In heavily doped indium
antimonide crystals n> 5*10'cm there appear “tails” of density of states in band gap, due to strong non-
parabolicity of conduction band at n ~10*cm the Fermi energy becomes of the order of band gap. Based on
indium antimonide they produce sources of coherent radiation, photodetectors in wide spectral range.
Besides this, InSb is used to make laser and tunnel diodes, infrared (IR) filters and magnetic field detectors
[9].

Photoluminescence of indium antimonide was first investigated by Moss using optical excitation at
room temperature in pure crystals. A relatively broad band with an emission maximum of 7-8 um was
detected. The author attributes this line to interzone recombination, since the position of the maximum of the
emission spectrum approximately corresponds to the width of the forbidden zone of pure indium antimonide.
Later, the emission of the p-n junction of indium antimonide was studied using electrical injection. In the
study of photoluminescence of indium antimonide at 200 K, two intrinsic lines with emission maxima hv; =
0.234eV and hv; = 0.200eV, and impurity lines hv; = 0.216eV and hv, = 0.230eV are observed.

2. Materials and research method

From the said above it is clear that most of the works on the study of photoluminescence of indium
antimonide contain information related to pure crystals or to crystals alloyed to concentrations not exceeding
4.8*10' cm3. Therefore, it is of high interest to carry out a detailed study of the photoluminescence of
indium antimonide crystals with concentrations greater than 5*10%" cm3, especially crystals with n > 108 cm-
3, At such concentrations, several remarkable effects related to the degree of alloying and to the chemical
nature of impurities were found. Strongly alloyed crystals of indium antimonide n-type display captivating
value for the study of radiative processes also because of the already strong nonparabolicity of the
conduction zone at n~10'® cm, the Fermi energy becomes the order of the width of the forbidden zone
(~0.22eV). It is also insightful that in strongly doped indium antimonide n-type crystals, the energy of
plasma oscillations on the order of magnitude is close to the width of the forbidden zone.

Studied in detail photoluminescence spectra of n-type indium antimonide single crystals in a wide range
(from 1.2*10%°cm to 1.5*10'%cm®) of carrier concentrations at liquid nitrogen temperature. In the literature
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there are n-type indium antimonide photoluminescence spectra only for concentrations up to n< 5*¥10cm?.
In the studied range of concentration, we have measured about 200 spectra of n-type indium antimonide
photoluminescence [1]. Emission spectrum of indium antimonide with n=5.4*10%® cm™ consists of one line
with maximum hv=244 meV. The line width at half intensity is about 30 meV. The origin of this line was
attributed to radiative direct transition of electrons from conduction band to valence band. Therefore, despite
the widespread use of n-type indium antimonide, the luminescence spectra of doped crystals are not widely
used, so this study is relevant . In this paper a new, not observed by authors [10,11] emission line appears in
the long-wave part of the spectrum, in photoluminescence spectra of n-type indium antimonide, starting from
n> 8.5*10%cm electrons concentration. Thus, with an increase in the concentration of donor impurities,
the main emission consists of two bands, maxima of which shift towards shorter wavelengths with increasing
doping degree. Figure 1 shows the photoluminescence spectra of n-type indium antimonide for some of the
studied crystals of different concentrations at a temperature of 77 K.

Fig.1. Photoluminescence spectra of indium antimonide at T=77 K and different concentrations,
1-98-10cm™3, 2—-2.8-10"®%cm=3, 3 —4.8-10%cm™3

Fig. 2. Dependence of the energy position of the emission line maxima of indium antimonide crystals
on the degree of doping

Figure 2 shows dependence of emission line maxima on doping level. From Figure 3 it can be seen that
distance between two energy lines of emission remains approximately constant (30-40 meV) up to
concentration ~3*10*cm3, and then starts to increase, reaching ~80 meV at maximum concentrations. With
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an increase of donor impurities concentration long-wave wing shifts towards higher spectrum energies. The
integrated intensity of the emission line decreases with increasing electron concentration.

With increasing impurities concentration non-radiative recombination predominates, due to this the
proportion of radiative recombination decreases, therefore the ratio of intensity of longwave and shortwave
bands changes with increasing impurity concentration.

Experimental data can be explained taking into account features of the indium antimonide band
structure: the spectrum of electrons in the conduction band is strongly non-parabolic, me<mu, (me- effective
mass of electrons, mny- effective mass of heavy holes). If we assume that non-equilibrium holes have a lattice
temperature and photoluminescence band is due to vertical transitions from conduction band to valence
subbands, then the maximum of the band should be at an energy of the order of the band gap width ~Eg,
which is not observed in the experiment. Another possibility may be in that effective temperature of non-
equilibrium holes is significantly different from a lattice one and, as a result, there is a sufficient number of
holes in the valence band with a wave vector equal to K (wave vector of electrons at Fermi level). In such a
situation, the maximum of the emission band should be at a significantly higher photon energy than E, (e.g.
at n~10*cmFig. 1 maximum should be at photon energy ~ 2E, which roughly corresponds to experimental
data for this concentration). However, for this we must assume that the effective temperature of the holes:

h2Kp?
2mp

K T~ ~ E, T’:—Z~ 25m9B,m, Ty~ 300K (1)

We can describe a new shortwave part of the spectrum more exactly, if we suggest that it is caused by
recombination of electrons, located at Fermi level, with holes at the top of the valence band, i.e. indirect
transitions take place. The impulse in such a process is transferred from photoexcited holes to a charged
donor. Mean free path of heavy holes [ or inverse value 2rt/l, which determines impulse uncertainty can be
estimated using Brooks-Herring formula scattering on charged impurities:

2 e2H?

1=2

R C)) @)
where £ — energy of a hole, N, — concentration of charged impurities, U = % , Ae — energy transferred by
impurity hole (D(U)z InU. Substituting € ~ K,T , we shall obtain at N, = 10°cm™3,1 = 4 » 10~8cm and
then AK === 1.5%107cm™1. Thus, such processes ensure the transfer of impulse during indirect

transition. Taklng into account the non-parabolicity of the conduction band and neglecting the contribution
of light holes, the expression for the relative intensity of optical transitions I can be written as

&
x-E

I—\/_(1+x) (1+2x)—(1+exp KOT)‘ (3)
&g
where x = hw,‘;—_gg; ep — Fermi energy, £, —band gap width, T-temperature, factor % — determines the
g

3
dependence of the matrix element on energy; vx(1 + x)z(1 + 2x) density of states in the conduction band
x—EE

(1+exp Koig)‘l — Fermi electron energy distribution function. For non-parabolic conduction band &g is:
&g

hKF

= 21+ 5 )V - 1] Kp* = (3n2)?/Pnp?/? 4)

Cz

Figure 3 shows the results of calculation using formula (1) for some studied crystals. It is clear that up
to concentrations ~2*10%¥cm 2 this formula describes shortwave line of emission spectrum well enough.
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Fig. 3. Photoluminescence spectra of n-type indium antimonide 5.8*10%cm at T=77 K,
where solid line - experiment, dotted line — theory

Figures show that with further increase in concentration of donor impurities in crystals (n>*10%¥cm-)
there is a lag observed between experimental maximum and theoretically calculated. This lag is growing
with concentration increase, reaching ~100 meV at n=1.3*10'%cm=. This lag can be explained within the
framework of a model, similar to the one used in paper to describe features of light absorption in heavily
doped germanium.

The reason for the lag in energy of the experimentally observed short-wave peak from the theoretical
prediction is that photoexcited holes are predominantly bound to fluctuations of impurities, which leads to a
lag in the emission maximum from the position of the Fermi level.

Fluctuations in donor concentration lead to the formation of bound hole states. Such fluctuations will
bind predominantly heavy holes. Let us estimate a value of U potential, caused by heterogeneity of donor
distribution: U = e?z/Lx, L — radius of Thomas-Fermi screening, x — dielectric constant (permittivity), z —

deviation of the number of donors from the average. z = \/4/3nL3n . Then = (gnLe“/xz)l/z . For a

degenerate electron gas L = (st/6ne2)1/2 , Where & is calculated with regard to non-parabolicity of the

conduction band. Characteristic wave vector of holes kj . - in such potential is k. = (2my, eV/h2)1/2
where my, , — effective mass of heavy (light) holes. For n = 3 x 10'8cm™3, at E; = 0.22 eV , Ez/E; = 1.1,
U=25meV, ky = (3n%n) /3 ~ 4.5 x 10°cm™1, k), = 5.5 x 106cm™1, k, = 1 x 106cm™1 [12].

These estimates show that maximum may shift towards long-wave side by value of ~25meV and
confirm an assumption that optical transitions into the area of heavy holes are indirect. Figure 4

schematically shows the indium antimonide band structure, position of Fermi level for n = 3 x 108cm=3
and optical transitions.

LN ¢
] 0 =
1 234 5 2h
M1 e - K e

Fig.4. Zone scheme for crystal n =3 x 10¥cm™3
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Long-wave maximum may be caused by direct electrons transitions into the area of light holes.
Presence of such transitions in indium antimonide absorption spectra was noted in the works. As it is clear
from estimate, the root-mean-square fluctuation of the number of donors does not provide the necessary
impulse of light holes, i.e. k, < kr . With increase in concentration of U value donors, kj . increase.
Experimentally this should lead to increased lag of short-wave band maximum position from theoretically
calculated by (1) and its blurring which is observed experimentally .

3. Results and discussion

Taking into account changes of Fermi energy with increasing concentration shifts the theoretically
calculated spectrum towards higher wavelengths, i.e. improves agreement between the experiment and
theory.

From the above we can conclude that to explain shortwave radiation line in doped indium antimonide
crystals it is necessary to consider all causes that lead to shifting radiation lines towards long-wave area:

a) fluctuations of donor’s concentration;

b) floating of holes;

¢) dependence of band gap width on doping degree;

d) effective reduction of Fermi energy in heavily doped crystals.

1. Conducted detailed study of photoluminescence spectra of doped indium antimonide crystals in
(1*10%cm — 1.5*10%°m ) interval of electrons concentration at 77K temperature.

2. In detail obtained spectra of indium antimonide crystals’ photoluminescence with n >5*10Ycm3
concentrations. For the first time, experimentally discovered that the main radiation of n-type indium
antimonide crystals with n > 8.5*10% cm3 concentrations consist of two lines.

3. It is shown that high-energy doped indium antimonide crystals radiation line is well explained by
electrons recombination at Fermi level with holes at valence band top up to ~ 2 = 1018 cm™ concentrations.

4. It is established that to explain behaviour of shortwave indium antimonide crystals radiation line with
n>2*10%cm it is necessary to consider fluctuations of donor’s concentration, dependence of band gap width
on doping degree, as well as effective reduction of Fermi energy with increasing concentration

5. It is established that the shift of long-wave edge of radiation towards higher energy with increasing
concentration is explained by the influence of impurity concentration fluctuations.

4. Conclusion

As already mentioned above, the long-wave wing of radiation spectrum of doped n-type indium
antimonide crystals with increasing concentration shifts towards higher energy. This effect can be explained
within the framework of a model, which we used to explain the shift of short-wave radiation line towards
long waves, i.e. the model of optimal fluctuation of donor’s concentration. We see that long-wave wing of
radiation should shift towards higher energy with increasing concentration by value U,. It should be noted
that in crystals with n>4*10%cm=2 it is very difficult to precisely determine the position of long-wave edge of
radiation (radiation was registered at the limit of resolution of the equipment used).

The physical causes of long-wave radiation line of doped indium antimonide crystals cannot be direct
optical transitions into the light holes zone, as in this case its spectral position would not depend on
impurities concentration. The dependence of impurity concentration, difference in energy positions of short-
wave and long-wave maxima of the band does not allow to consider long-wave peak a background repetition
of short-wave one. It is possible that long-wave line is caused by recombination of electrons, bound on the
surface, as the above concentration dependences do not contradict such interpretation.
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SUMMARIES TYCIHIKTEMEJIEP AHHOTAIIUHN

Koznoeckuii A.JI., Kensrcuna U.E., Tonenosa A., Ockepoexos A.

Exi ¢a3zansl kepamMukazarsl Kypamaac 0eJiikTepaiH apakaThIHACBIHBIH ©3repyiHiH cyTekTik iciHy ocepin
MO/IeJIbICHTIH sKOFapPBbI 103aJIbI MPOTOHABIK CIyJedeHyre TO3iMAiTiKKe bIKNAJIBIH 3ePTTey

Makanaja CyTeKTiK iCiHy IpOIecTepiH MOJEIIBbICHTIH KOFaphl 103aJIbl TPOTOHBIK CayJIeNICHyTe YIbIparaH eki (a3aisl
JUTUI KypaMmJIpl KepaMUKaHbIH OEpIKTIK JKoHE JKbUTYJIBIK TIapaMeTpliepiHiH Oy3buTy IpolecTepiH Oaranay HOTHKelepi
YCHIHBUIFaH. Byn 3epTTey TakbIpbIObIHA JIereH KBI3BIFYIIBUIBIK, €H aJJIbIMEH, JIMTUH MEeTalMpKOHAaThl MEH JIUTUI
OPTOCHJIMKATBIHBIH €Ki (pazanbl KypaMblHIArbl apaKaThIHACBIHBIH TYPAKTBUIBIK II€H paJualysuIbIK 3aKbIMIaHyFa
TO3IMJIUIIKKE 9CepiH aHBIKTay MYMKIHAIIMEH, COH/aii-aKk aecopOIys npolecTepid MOJEbAeY YIIiH MaHbI3abl OOJIBII
TaOBIIATBIH MTOCTPAIUALIMSIIBIK H30TEPMUSUIBIK, KYHAIpyMeH OaiiaHbICcThl AU GY3USUIIBIK TPOLECTEpPMEH TYCIHAIpLIe .
Exi da3amsr kepaMuKagarsl KypaMmaac OeiKTepIiH apakaThIHACHIHBIH paIualisHBIH dCepiHeH KyMcapy IpoIecTepiHe
JKOHE CHIHYFa TO3IMILUTIKTIH TOMEHICYiHE BIKIAIbl KapacThIPBUIFaH 3epTTeyiiep OaprichiHaa Oip (dazansl kepaMHKaMeH
CaNbICTRIpFaHAa, €Ki (ha3aHBIH YiteciMi OacTamkpl OCpiKTiK mapaMeTpliepiHiH apTyblHa FaHa eMec, COHBIMEH KaTap
(azaapanplK IIeKapalapaslH OOyl eceOiHeH XyMcapy Te3IMIITITIHIH JKOFapblUIayblHA ajbIl KEeJCTiHI aHBIKTAJIHI.
3epTTenreH KepaMUKaHBIH JKBLUTYJIBIK dcepre TO3IMAUTITIHE (TEPMUSIIBIK TO3IMAUTIK CRIHAKTAPHI) KYPTi3UITeH ChIHAKTap
HOTIDKECiHAe eKi (azanpl KepamMmKaga y3aK Mep3iMIi TeMIIepaTypaiblK e3repicrepre OCpiKTiK KacHETTEpiH caKTay
TYPaKThUIBIFBIHBIH JKOFapbUIaFaHbl aHBIKTAJIJIBI.

KinT ce3nep: cyrexTik iciHy, Opuaepiiep, exi (azanbsl KepaMuKa, )KOFapbl JO3aJbl CyJIeNIeHy, JINTUH MEeTallUPKOHATBI,
JINTUA OPTOCUITUKATHI.

Kosznoeckuii A.JL., Kenycuna H.E., Tonenosa A., Ackepoexos A.

HccnenoBanne BIUSIHUSI BADHAIIMH COOTHOIIEHHS] KOMIIOHEHT B IBYX()a3HBIX KEpAMHMKAX HA YCTOHYHUBOCTD K
BBICOKO/103HOMY 00JIy4€HUI0 MPOTOHAMM, MOJASTHPYIOLIUM 3 (PeKThHI BOTOPOTHOTO PACHYXaAHUSI

B crathe mpeacTaBlieHbl PE3yNbTAThl OLEHKH IPOIECCOB Pa3pyLICHUS] MPOYHOCTHBIX M TEIJIOBBIX I[apaMeTpoB
nByx(dasHoll JuTHICOAepIKAIIEH KepaMHKH, MOABEPTIIEiiCS BBHICOKOIO3HOMY OOJIYYEHHIO MPOTOHAMH, BO3ICHCTBHE
KOTOPBIX MOJICIUPYET MPOLECChl BOAOPOJHOTO pacmyxaHusi. MHTepec K JAaHHOW TeMe HCCIeI0BaHHUs OO0YCIIOBIIECH,
MPEXJIe BCETO, BO3MOXKHOCTHIO OMPE/ICICHHS BIUSHHUS U3MEHEHHS COOTHOIICHHS JBYX KOMIIOHEHTOB METAllMPKOHATa
JIUTUSA U opTocmeaTa JINTHUS HaA HO[[L[ep)KaHI/Ie CTa6I/LTII>HOCTI/I nu yCTOﬁ’{HBOCTH K pa[[I/IaL[I/IOHHI)IM HOBpe)K[[eHI/ISIM, a
Takke Ha JU(Qy3HOHHBIE MpPOLECCHl, CBSI3aHHBIE C IMOCTPAJUALMOHHBIM H30TEPMHYECKUM OTXKUIOM 0O0pa3IoB,
XapaKTepHBIC JJISI MOJICIMPOBAHUS MPOIECCOB JecopOIuu. B x0/e MpOoBeACHHBIX HUCCIICAOBAHUN BIMSHUS U3MCHEHUS
COOTHOUICHHSI KOMIIOHEHTOB B JIByX(pa3HON KepamMHKe Ha yCTOHYUBOCTD K PaJHal[HIOHHO-WH/IyIMPOBaHHBIM IIPOIIECCaM
pa3MﬂI“leHI/I$I U CHUKXCHHUIO TpemHHOCTOﬁKOCTH 6])1.]'[0 yCTaHOBHeHO, 4YTO, B OTJIHUYUEC OT OI[HO(I)QBHOIZ KepaMI/IKI/I,
COUYCTaHHuEC ABYX (1)213 B COCTaBE HpI/IBOI[I/IT HC TOJBKO K yBeJ’II/I‘-IeHI/IIO Ha4YaJIbHBIX HpO‘-IHOCTHI)IX napaMeTpOB, HO U K
MOBBIIICHUIO YCTONYMBOCTH K Pa3MSATYEHUIO 33 CUET Hamu4us MexX(as3HbIX rpaHuil. [IpH HCOBITAHUSIX HCCIEIyeMOit
KEpPaMHUKH Ha TEIJIOBOE BO3ACHCTBUE (MCIBITAHHS Ha TEPMOCTOHKOCTH) OBLIO BBIIBICHO, YTO B Ciydae AByX(haszHOU
KEpaMHUKH HaOJI0JaeTCsl IMOBBIMICHHE CTAOMIBHOCTH COXPAHEHUS TMPOYHOCTHBIX CBOWCTB TIPU  JUIMTEIBHBIX
TEMIIEPATYPHBIX U3MEHEHHUSX.

KaioueBble ciioBa: BOJOPOJHOE pacryxaHue, Opuiepsl, JAByxQa3Has KepaMHKa, BBICOKOJO3HOE OOJy4eHHe, JIUTHH
METAMPKOHAT, INTUI OPTOCHIIMKAT.

Conoamxan /., bapamoea A.

*Be+'?C sxyiie ymin KyJOH TOCKAaybLIbI MAHBLIHAAFBI JHeprusaa B3Y-®eran noTeHnuaibIH dcepin Taaaay
°Be+'?C aaposiblK sKkyHeciHiH ceprmiMji INambipay MPOLECIHIH 3KCIEPMMEHTTIK MOIIMETTEPI KYJIOH TOCKAYBLIbI
MaHBIH/AFbl SHEPrUsila MUKPOCKOIMUSUIBIK TEOPHsI TYPFBICHIHAH TaijaHiabl. Exi JeHeliK Marpuiara TOMEHI1 perTi
eKTeyJep KOMBIIFaH BApUAIMAIILIK OiCTe JKacanraH xaHa Botswana 3-Yukawa - Fetal notennuansr *Be+2C xyiteci
YIIiH ONTHKAJBIK MOTEHIMAIBIH HAaKThl OeJiri periHiue ajram peT KojnaHbuiabl. Koc (oimuHr Mojenbae HyKIOH
TBIFBI3/IBIFBIHBIH Tapasly (DOpMyJachlHAa THIFBI3JBIKKA TOyeIli MapaMeTpliep €HTIi3UIAl JKoHE oJjap THIMII HyKJIOH-
HYKJIOH/BIK ©3apa opekeTTecyiepiHe HerizzenreH Botswana 3-Yukawa - Fetal sxone Michigan 3-Yukawa - Paris
MOTeHIMAJIapblHa  KoJmaHbuIabl.  HoTwkecinge wMoaupukauusuiaHFaH HaKThl MHKPO(OJAMHT  MMOTEHIHANAAPEI
xacanapl. JKaHa MUKpPOQONIMHI TOTEHIMAIAAPhl HETi3iHJIE eceNTelreH >KapThulail MHKPOCKOIMSUIBIK —Talaay
HOTWOKEJEPl YCHIHBUIABL. 3ePTTEYAIH epeKIIeIiri THIFbI3IBIKKA TOYEIIi ITapaMeTpiiep SAPOJIBIK OPTaHBIH KaHBIKTBUIBIK
KACHEeTTepiH CHIATTAWTHIH CHIFBUIMAYIIBUIBIK KO3 GHUIMEeHTiHe Heriznemin ecentenreH. Cepmimai Imambipay
MIPOLIECiHIH KYH TeHAeysepi SAPONBIK OaillaHbIC SHEPTUSCHIHBIH THIFBI3ABIKKA TOYENIUTr apKblIbl AHBIKTAJIFaH
(po=0.17 fm™) KaHBIKTBHIIBIK THIFBI3ABIFEIHIA KYPBUIIBL. Tanaay HOTHKeIepi SAPONBIK KACHETTEP I IAITIPEK aHBIKTayFa
JKOHE SIPOJBIK OPTAaHBIH KaHBIKTBUIBIK KACHETIH apTThIpyFa MYMKiHAIK Oepeni. JKaHa (onguHr mOTEHIIMANIBIH
THIMAUIITT MHKPOCKOTHSIIBIK TYPFBIJAH AHBIKTANIBI, COHAAW-aK ONTHKAJIBIK IMOTCHIIMANIABIH OHTAWIBI ImapaMeTrpiepi
TaOBUIBI.

KinT ce3mepi: MUKpOCKOMUSUIBIK TAJJIAY, CEPIIMJI MaNbIpay, Koc donaunr mojaesb, B3Y-Fetal.
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Conoamxan /1., bapamosa A.

Ananus Bausinust B3Y-®eTaJ noTeHIMAIA HA JHEPTHIO BOJIN3HM KyJOHHOTO 0aphepa ias cucremsbl *Be+12C
DKCIEepUMEHTaNbHbIE JaHHbIE HPOLEcca YIPYroro paccesHus saepHoit cucteMsl °Be+?C OblIM IPOaHANIM3HPOBAHBI C
TOYKH 3pEHUS] MUKPOCKOIIMIECKOH TEOPHH NPH YHEPTUH BONM3H KyJIOHHOTO Oapbepa. HoBriit motenman Botswana 3-
Yukawa - Fetal, co3maHHBI B BapHalMOHHOM IIOAXOC C OIPAHWYCHUSMH HH3IICTO MOPSIKA HA IBYyXYaCTHYHBIC
MaTpHIbl, BIEPBbIE ObUT NpUMEHeH s cucteMbl °Be+?C B KadecTBe MEHCTBUTENBHOI YacTH ONTHYECKOTO
noTeHnuana. B Monenn aBoiiHoro ¢onauHra B (OPMYIy paclpeAeieHHs IIOTHOCTH HYKJIOHOB OBIIM BBEICHBI
[mapaMeTphl, 3aBUCALIME OT IUIOTHOCTH, W OHM OBUIM NMPUMEHEHBl K HOoTeHiuanaM Botswana 3-Yukawa - Fetal u
Michigan 3-Yukawa - Paris, ocHOBaHHBIM Ha 3((EKTHBHBIX HYKIOH-HYKIOHHBIX B3aUMOJACHCTBUSIX. B pesysprare
ObUTH CO3/1aHbl MOAM(HUIMPOBAHHBIE peaJbHbIE MHUKPO(DOJIIUHIOBBIE NOTEHIMaNbl. [IpeacraBieHbl pe3yNbTaThl
MOJYMHKPOCKOITHYECKOTO aHaJIM3a, PACCYNTAHHBIE HA OCHOBE HOBBIX MHUKPO(OIIMHIOBBIX HOTEHIHAI0B. OCOOEHHOCTh
HCCIIEJOBAHMS 3aKITI0YaeTCs B TOM, YTO MapaMeTphl, 3aBUCSIIUE OT IUIOTHOCTH, PACCUMTAHBI HA OCHOBE KOA(GHULIMECHTa
HEC)KMMAEMOCTH, KOTOPBIH XapaKTepu3yeT CBOMCTBA HACHIIICHUS SJCPHOM Cpenbl. YpaBHEHHUS COCTOSHHMS IIpoliecca
YIPYToTo paccessHusl OblmM c(OpPMYIHPOBaHBI IPH IUIOTHOCTH HachimieHus (po=0.17 fm™), ompemeneHHo#l uepes
3aBUCHMOCTD SHEPTHH CBSI3M SIEp OT MIOTHOCTH. Pe3ysibTaThl aHamM3a MO3BOIAIOT O0JIee TOYHO ONPENEIUTD SACpPHbIC
CBOHCTBAa W YIYYIIMTh XapakTEPUCTHKU HACBHIIICHUS SAEpHOH cpeapl. DPPEKTHBHOCTH HOBOTO (HOIIUHIOBOTO
MOTEeHIMana ObUIa OINpeZeleHa C MHUKPOCKOIMMYECKOH TOYKM 3PEHMS, a TAaKKe HalIeHbI ONTHMAalbHbBIC MapaMeTphI
ONITHYECKOTO MOTEHINANA.

KaioueBble ci10Ba: MUKPOCKOIIMYIECKHUET aHAIN3, YIIPYTOe paccesiHue, Mofiesb ABoiHoro donaunra, B3Y -Fetal.

Ap-Myxameooea I'.11l., Mypaooe A./l.,, Mykawes K., Ymapoe @.®D., Huanoaesa A.K., Mycaovek I'.K., benucaposa
@.b.

MoamyTnaenTepedTaIATTHIH NOJMHMHUATI IVIAHKTAPABIH MeXaHHKAJIBIK KacHeTTepiHe acepi

Byn 3eprrey noamaTHiieHTEpedTANIAT TONTHIPFBILIBIHBIH SPTYPIIi KOHIEHTPAMAIaPbIHBIH MOJTMUMUATI YIIIpIepain 0ip
OCBTI CO3BUTYy Ke3iHJeri CO3bLIy OepiKTIriHe »oHe Yy3ily Ke3iHAEri CajbICTHIpMajbl y3apyblHa ocepiH Taijayra
OaFrpITTaNFaH. BYJT TONTHIPFBIITHIH JKYKTEME Ke3iHIeri MEeXaHHWKaJBIK KacHeTTepi MeH OepikTiriHe Kajail BIKIaT
eTEeTiHIH aHBIKTay MakKcaT eTijeni. bip ochTi co3pUTy >KarmalblHAAa TOIMHMHUATI YIAIPIEPIOiH JKOHE OJapIblH
MONMATHIICHTepeTaNaTIieH OipTEeKTI KOMIIO3UTTEPIHIH MEXaHUKAIBIK KACHETTEPi 3ePTTENAl. YITIep MOTHUMHLITI JTaK
epITIHAUIEpIH  MOJMMATHICHTepeTaNaTieH  MEXaHMWKANbIK  apajacTblpy  apKplIbl  JaWbIHAANABI,  MYHZA
MOJIMATIIEHTEpe(TaIaT apMaTypalbIK TOJNTHIPFBII PETiHAE KbI3MET aTKapbl. 3epTTey HOTHXKeNepi OapibIK yariiepae
0acTanKpl MEeXaHUKAJIBIK KYKTEMEHIH CaJbICTBIPMAaJIbl Y3apyblH mamMaMeH 3%-Fa KYpT apTyblHa SKEJETiHIH KOpPCeTTi.
Byn kyObuIbIC TOOYyNanap/blH aliHaJybIMEH )KOHE MaTpHlia MakpOMOJIEKYJalapblHbIH JKYKTeMe OarbIThbl OOMBIHINIA
CO3BUTIFaH Ti30exTepre perTenyimMeH TyciHaipineni. TYTKbIPJIBIKTHIH aJJUTUBTI TOYEIUIITIHE CYHEHE OTBIPBII, 3epPTTey
OapbIChIHAA MOJMHMMHJ T€H NONMATUIEHTepedTaIaT MaKpOMOJIEKyJlanapbl apachblHOa XUMMSUIBIK OailaHbIcTap
TY3UIMEHTIHI )KOHE KOMITO3HUT i1iHJe KOHDOPMALMSIIBIK e3repicTep 00IMaiThIHbI aHBIKTAJIJIBI.

Kint ce3nmepi: mnonuumupn, mnonudTHIEHTepedTanaT, TOATHIPFIN, Oip ockTi Kepiny, WK-cnekrpockonus,
BHUCKO3UMETPHSI.

Ap-Myxameooesa L' 11l., Mypaooe A./., Mykawes K., Ymapoe ®@.®D., Hunanoaesa A.K., Mycaovex I'.K., bBenucaposa
@.b.

Bausinue mojudTHIEHTEPedTAIATA HA MEXaHHYeCKHe CBOMCTBA MOJTUUMHAHBIX VIEHOK

B  nanHOM  WCCneOBaHWM — AHAIM3UPYETCS  BIMSAHHE  PA3iIMYHBIX  KOHIEHTPAIMH  HANOJHWTENS W3
MONMATUIIEHTepedTaIaTa Ha MPOYHOCTh Ha Pa3pbiB U OTHOCUTEIHHOE yIUTMHEHHE PH Pa3phIBE MOJIMUMHIHBIX TUIEHOK
IIPU OJHOOCHOM DACTSHKEHHHU C IEJIBI0 OMNPEAETICHUS BIUSHMSA HAIMOJHHUTENS HAa MEXaHHYECKHE XapaKTePUCTHKU U
JIONITOBEYHOCTh 3THX IIJIGHOK II0Jl Harpy3kod. M3ydeHO MexaHHM4YecKoe IOBEIEHHE MONMUMHIHBIX IUIEHOK U WX
OJTHOPOJTHBIX KOMITO3UTOB C TONMATHICHTEpE(TaIaTOM IIPH OJHOOCHOM pacTshKeHUH. OOpasIpl MOATOTOBICHBI IIyTEM
MEXaHHYECKOTO CMEIINBAHHS PACTBOPOB ITOJIMUMHIHOTO JaKa ¢ HOJIMATIIICHTEpe(TaIaToM, BEICTYIAIOIINM B Ka9eCTBE
apPMHPYIOIIETO HAMOJHHUTENS. Pe3yibTaTel MOKa3bIBAIOT, YTO JJISI BCEX THIIOB OOpa3IOB HavajdbHAS MEXaHHUYECKas
Harpy3ka BbI3bIBAET PE3KOE YBEINYEHHE OTHOCHUTEIBHOTO YAJIMHEHHUS MpuMepHO Ha 3%, 4TO OOBSCHSETCS TIOBOPOTOM
r700yJl M BBICTpaWBaHWEM MaKpOMOJIEKYJ MaTpPHUIbI B BHITSHYTHIE LIEIH BJOJNb HANpPaBICHUS HArpy3KH. AJIMTHBHAS
3aBUCHMOCTh BSI3KOCTH, HalOJIojaeMasi B MCCIICAOBAHUH, IOTOJHHUTEIHHO IOATBEPKIAET OTCYTCTBHE XHMHYECKHX
CBSI3CH MEXJy MakpoMOJIEKyJaMH MOJIMUMHIA U TOJUATWICHTepeTaNtaTa, a TakXKe OTCYTCTBHE KOH()OPMAIMOHHBIX
HU3MEHEHUI BHYTPU KOMIIO3HTA.

KiroueBble cjioBa: MOJMUMH/I, TOTMAITIICHTEpETaNAT, HAIOIHUTE, OHOOCHOE pacTskerne, MK-ciekrpockonus,
BHCKO3UMETPHS.
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Kanowvipoaii E.P., Aiimyxanoe A.K., 3einuoenos A.K., I'aoupos P.M., Aveyoes /I.P., Kakanoea A.M.

Exi ke3enai aHoATay apKbLIbI AJILIHFAH KeyeKTi aTIOMHUHUN TOTBIFbIHBIH Ka0bIPIIAKTAPBI

AHOATHI aTIOMUHHMN TOTBIFBI KAaOBIPIIAKTAphl OPTAaHHUKAIBIK XOHE OCHOpraHMKalblK HAHOMAaTEepHAIIAPABIH KOITereH
TYpJIepiH ally YVINIH KEHIHEH KOJaHBUIAAbl JKOHE OJIapJaH CHHTE3ICITeH HaHOMaTepHalAapIblH ONTHKAJBIK
KAaCHETTepiH 3epTTeyle MPaKTUKAJIBIK MaHBI3B Oap. Byi yMbicTa Mep3imMi jKOHE TYPaKTHl KeyeKTepi Oap amroMUHUI
TOTHIFBI KaOBIPIIAKTapEIH Ty YIIiH €Ki )KaKTHI JKOHE €Ki Ke3eHIIK aHOITay o/ici YCHIHBUIFaH. KBIMIKBUT 31eKTPOINTTED
epiTiHAiNepiHAeTi AMIOMUHUHII aHOATHI TOTHIFY 9ici AloOs KeyeKTi KypBUIBIMBIHBIH ITapaMeTpIiepiH OHAl ©3repTyre
MYMKIHIIK Oepeli. ATIOMHUHUN TUTIMIH <OKYMCAKy» aHOJTAY VIINiH 3JICKTPOJUT PETiHAC KbIMBI3IBIK KBIIIKBLIBI, a1 OHBI
aNJIBIH ajla Ta3apTy JKOHE KBUITHIpATy YIIIH 3THJI CHUPTI koHe opTodocdop KBHIIIKBUIBI MEH XPOM aHTHAPHIIHIH
epiTiHAicI KOJIaHBUIABI. AHOATAY TOMEH TeMIIepaTypajia XKYpri3iIin, HOTH)KECIHIE KOFaphl J9pexeni Keyekrepi Oap
AIIOMUHUI TOTBIFBIHBIH KaObIpIIarbiH anyra Ooxnanpl. Keyekrepain emmemi 60-taH 110 HM-re neiiiH, an KeyekTep
apachIHIarbl KAaIBIKTBHIK 13-27 HM apayblFblHa OailiKanaabl. AHONTAJFaH aJIOMUHHHIIH KeyeKTi KaObIpIIarbIHBIH
KYTBUTY ’KOHE IIaFbUTy CIICKTPIIEPI AJIBIHBIM, HOTHKECIH/IE KaOBIPIIAKTHIH JKaKChI KYTBUTY CHEKTP/IH KbICKA TOIKBIH/IBI
aliMarplHAA, ajl CBIHY KOPCETKIIIiHIH MaKCHMaJlAbl MOHI CHEKTPAIH KbICKA TOJKBIHABI JXKOHE Y3BIH TOJIKBIHIBI
aliMaKTapeIHIa OalKaIa bl

Kiar ce3aepi: aHOATHI aNMfOMHHUE TOTHIFBIHBIH KaOBIPIIAKTaphl, ANIOMHUHHNAII €Ki JKaKThl aHONATAay, KEYeKTi
MeMOpaHaap, TOMEH TeMIepaTypaja aHoATay, OereT Kadarsl.

Kanowvipoan E.P., Aiimyxanoe A.K., 3einuoenos A.K., I'aoupos P.M., Aoeyos /I.P., ’Kakanoea A.M.

[1neHKH MOPUCTOro OKCHAA AJTIOMUHHSA, OJTyYEeHHBbIE METOOM ABYXCTAAHHHOTO AaHOAHPOBAHUSA

IInenku AHOAHOI'0 OKCHJa aJIIOMUHUA HIUPOKO HNPUMCEHACMBI IJid IMOJYYCHUSA MHOTHUX BHUIAOB OPraHUYCCKUX U
HCOPTaHUYCCKHUX HaHOMATCpHUAJIOB MW HMCIKOT MNPAKTUYCCKOC 3HAYCHHUC TIIPU HU3YUYCHUHU OINTHYCCKHUX CBOﬁCTB,
CHUHTE3MPOBAaHHBIX U3 HUX HAaHOMaTepHasoB. B nmaHHOW paboTe MpHBEICH METOJ JBYXCTOPOHHETO JNBYXCTaJHIHOTO
AHOMUPOBAaHUA IJId IMOJYUYCHHA IIJICHOK aHOAHOro OKChaa aJIOMUHUA C TMCPUOJUYCCKUMHU U PETYIAPHO
PaCIONIOKEHHBIMH TTOpamMu. MeTo/] aHOJJHOTO OKHUCJICHUS aJFOMUHHS B PACTBOPAX KHCIBIX 3JIEKTPOJIUTOB MO3BOJISIET
JIOCTATOYHO JIETKO BapbUPOBATh MapaMeTpbl MOPUCTOH CTPYKTYpbl AloOz. B KkadecTBe AJIEKTPONMTA AL «MSATKOTOY»
aHO/IMPOBAHUSI TUIACTUHBI AIFOMUHUS ObLJIa MCIIOJIB30BaHA IABENICBast KUCIIOTA, a AJIsl IPEIBAPUTEILHOTO OUHIICHUS 1
MOJUPOBAHUS TLTACTHHBI aTFOMUHHS ObLTH UCIOJB30BaHbI STHIOBBIN CHOHMPT M PacTBOp opTodochopHOil KUCIOTH U
XPOMOBOTO aHTUApUAa. AHOIUPOBAaHHE MNPOBOAWIOCH TPU HU3KUX TEMIEPATypax, B pE3ylbTaTe Yero yIaercs
MOJIYYHUTh TUICHKY OKCHJIA aJJFOMUHHMS C BBICOKOH CTENEHBIO YIOPSI0YEHUS 1O, Pa3Mepbl KOTOPBIX cocTaBin oT 60 10
110 HM, a paccrosiHHUE MEXIY MOpaMH cOCTaBWiIo B mpexaenax 13-—27 uwm. IlosyueHB! CHEKTpHI MOTJIOIIEHUS U
OTpPaXXEHUsI TMOPUCTOH IUICHKH aHOJUPOBAHHOTO AIIOMHMHUS, TA€ HaOJI0JaeTcs XOopollee MOIJIOIIeHHEe IJICHOK
aHO/JIMPOBAHHOTO AJIIOMHHHUSL B KOPOTKOBOJIHOBOM OOJIACTHM CIEKTpa, & MakCHMaJbHOE 3Hauy€HHE I10Ka3aTells
NpeoMIIeHUsI HaOJII0aeTCs B KOPOTKOBOJIHOBOI M JUIMHHOBOJIHOBOM 00JIACTSIX CIIEKTpA.

KaioueBble ciioBa: IUICHKM aHOJHOTO OKCHJIA aJIOMUHHS, JBYXCTOPOHHEE aHOJIUPOBAaHHE ATIOMHHUS, MOPUCTHIC
MeMOpaHbl, aHOJAUPOBAHKE TIPU HU3KUX TEMIIEPATYPax, OapbepHbIil CIIOM.

Typcynoe M.H., Cabupos X., Aruxynoe P.b., Xonoe Y.P., Juumamos M.M.

CychI3, KYpFaK K/JIMMATKa apHAJFaH KaHA CAJKBIHIATY sKyleci 0ap opTypai Kyatrrarbl (OTOTEePMMSIBIK
KYPbLIFbLIAPABIH THIMALIITIH 3epTTey

Makamaga Kyprak KINMaTKa OCHiMIENTeH jKaHa CalKBIHIATy JKyheci Oap opTypii KyaTTarbl (DOTOTEPMHUSLIBIK
OarapesutapAbIH THIMIIIIT] 3epTTeneai. 1 kBT KyaTTeuIbIFbiHA He (OTOTEPMISITBIK OaTapest KYpbUIFBICHIHIA albIHFAH
HOTWXKenep ycbiHbuFaH. AnybiMet, 60 Bt sxone 180 BT KyaTThUIbIFbIHA HETi3[enreH (OTOAIEKTPIIK MOIYJIbICPAiH
TUIMJIUIITT KapacTeIpbUlbi, KeiiH 1 kBT KyaTThUibiFbiHA He (OTOTEpMHUSIIBIK OarapesiaH ajblHFaH HOTHXKENep
Kenripiared. bi3iH pecnyOaMKaMbI3bIH ©T€ KypFaK ailMakTapblH/a jKaHAPTHIIATBIH SHEPIHsl KO3JepiH MaiianaHraH
Ke3zie OipHele akTopiapbl ecKepy KaXKeT, COHbIH IIIiHJIe AKCTpEeMaJI/Ibl )KOFaphl TeMIieparypaiap. MyHai xorapbl
temrieparypanapaa (keieHkeae 40°C jxoHe ofaH KOFapbl) (OTOAIESKTPIIK OaTapesyaplblH THIMAUIITT TOMEHIE,
Ka)KETTI SHEprusl LIBIFbIHFA YIIBIPAiIbl. Byl HIBIFBIHAAPABI a3alTy YUIH (OTOTEPMHSIBIK OaTapesHbl CAJIKBIHAATY
YILIiH TYpaKThl Cy MaijanaHy Ka)KeTTIIriHCI3 )KYMBIC ICTEHTIH )Kyiie 00Jrybl MaHbI3/Ibl. bi3 yChIHFaH jkaHa CaJKBIHAATY
KYHECIHIH aJleM/le aHaJIOTTaphl JKOK. bosamrakrars! FEUIBIME 3€pTTEYJIePiMi3IiH MaKcaThl — JKaHa CAIKbIHIATy XYHeciH
KETUIIIPY 'KOHE OHBI aBTOHOM/IbI PEKUMI'€ KOLIipY.

KinT ce3nep: pororepmusinbik Oatapest, poroanekTpiik Oarapes, xaHa CAIKbIHAATY JKYHeci, KOIEKTop, pediaekTop.

Typcynoe M.H., Cabupoe X., Anuxynoe P.b., Xonoe Y.P., Juumamos M.M.

HccaenoBanue 3(ppeKTHBHOCTH (POTOTEPMUYECKHUX YCTPOIHCTB Pa3INYHON MOLIHOCTH C HOBBIM THIIOM CHCTEMBI
OXJIAJKIeHHUsl, MPeTHA3ZHAYEHHOM VISl CyX0ro 0e3BOJHOI0 KJIUMAaTa 0e3 HCIO0JIb30BaHUS BOABI

B cratee uccnenyrorcs 3hGexTUBHOCTH (HOTOTEIUIOBBIX OaTapeil pasHONH MOITHOCTH C HOBOW CHCTEMOU OXJIaXIACHHS,
pa3paboTaHHO IS 3aCyIIIMBOTO KIMMaTa. [IpencTaBieHs! pe3yabTaThl, IOTyYeHHbIE HAa YCTPOUCTBE (OTO TETUIOBOM
Oarapen MmomHocThi0O 1 kBT. Baawane paccmarpuBaetcst 3(QQekTHBHOCTH (OTOTEIUIOBBIX Oarapeii Ha OCHOBE
¢oroanekTpryeckux MoxayJsieil momHocThio 60 Bt m 180 BT, a 3aTeM mNpHBOASATCS pe3yJbTaThl, IOJyYEHHbIE Ha
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¢dororeroBoit  Oatapee MomHocThio 1 kBT. [lpm ucnonbp3oBaHMHM BO30OHOBJISAEMBIX WCTOYHHKOB OJHEPIHMH B
SKCTPEMAILHO 3aCYLUIMBBIX PETHOHAX HalleH PecHyOIMKH HEoOXOIMMO YUYHTBHIBATh HECKOJBbKO (pakTOpOB, BKIIOYAS
Ype3BBIYAHHO BBICOKHME TemrepaTypbl. [Ipu Takux BbIcOkMX Temmeparypax (40°C u Bbllle B TEHH) CHIIKAeTCS
3¢ PEeKTHBHOCTD (OTOIIEKTPHUECKUX OaTapeil, 9To MPUBOAMT K MOTEPSM HEOOXOAUMOU SHeprur. s CHIDKEHUS ITHX
MOTEPh BaXKHO, YTOOBI [T OXJIAKACHUSA (POTOTEIUIOBOH OaTapen He TPeOOBAIOCH MOCTOSHHOE HCIIONB30BAHHE BOMEI.
[lpemylaraemass HaMM HOBas CHCTeMa OXJIXICHHS HE HMEET AaHaJloroB B MHpe. B jampHeHIIMX HaydHBIX
HCCIICIOBAHUAX LENbIO SBISIETCS COBEPIICHCTBOBAHME HOBOW CHCTEMBI OXJIQKACHHSA W IEpeBoX € Ha aBTOHOMHBIN
pexxuM paboTEHL.

KiroueBble ciaoBa: ¢ororeruoBas O6arapes, GoTornekTpuyeckas 6arapes, HOBas CHCTEMa OXJKICHHUS, KOJJICKTOD,
peduiexop.

Hypvoim K.A., Aumonoea A.M., Caxpinoe K.E., Bopooves A.B., Cmeyoe H.B.

I'enuii peakTopsl sk9He cyTeri MoayJii 6ap 0ip Ti30eKkTi IHepro0IOKTHIH THIMALTITiIHIH pereHepanus Japexecine
TyeJaiIiri

Kyar OnorsIHBIH €H TapThIMABI Oip Ti30eKTi cyidackl TaHIanAbl. PeakTopasiH OenceH/i 30HACHIHBIH IIBIFBICHIHIAFHI
Tenuii Oy reHepaTopblHa TYCeli, OHOa OJ AJEKTPOIH3 KOHIBIPFHICH YIIIiH 6T¢ KbI3FaH Oy IIBIFapy YIIiH KBUTYIBIH Oip
Oemirin Oepexni. ComaH KeliH Tennuid KBUTyIbl KaJIBIHA KENTIPyMEH KaObIK Ta3 TypOWHANBIK IUKIAC KYMBIC ICTCHII.
TypOuHacel MEH KoMIpeccopsl Oap ra30eH CaaKbIHAATBUIFaH peakTop xorapbl [IOK-neH TepMoanHAMUKAIBIK UK
maiimamaHyra MYMKIiHIOIK Oepemi. OpTYpii pereHepamust JIopeXeci YVIIIH pereHepaToOpablH KOHCTPYKTHBTI
ecenTeyepiHiH cepusichl opbIHAaNAbl. JKoFaphl skoHE TOMEH KBICBIMIBI JKaKTaH pPEereHepaTOpAbIH HAKThl KelepriciHe
ocepiH Oarayjay CEpHsCHI JKYPTi3iimi. DHEPTrusiHbl OHIIPYIIH JKbUIy CYJI0achl pereHepaTopAblH KOHCTPYKTOPJIBIK
€CENTEePIHIH CePHUSIChIHA COMKEC €CeNTEITIH I,

KinT ce3nepi: peakrop, renuii, ra3TypOMHAIBIK KOHIBIPFBI, PEreHepaTop, TUIPABINKAIIBIK KeJIepri, a3pOJMHAMUKAIBIK
KeZepri.

Hypoim K. A., Aumonosa A.M., Caxunoe K.E., Bopooves A.B., Cmeyoe H.B.

3aBucumocTb 3PPeKTUBHOCTH OJHOKOHTYPHOIO 3HEProdJ/ioKa ¢ rejijieBbIM PeakTOPOM U BOJOPOJHBIM MOJYJeM
OT CTelleHU pereHepauuu

BriOpana Hamboislee mpuBICKaTelIbHAS OJHOKOHTYPHAs cxema JHeproOioka. ['emmii Ha BBIXOZE W3 aKTHBHOH 30HEI
peakTopa MOCTYNaeT B NaporeHepaTop, IZle OTAAeT 4acTh TeIUla AJIs IOJY4YEHHsI BBICOKOIIEPETpPETOro mapa yis
ANEKTPONM3HON ycTaHOBKH. Jlanee remuii paboTaeT B 3aMKHYTOM Ta30TypOMHHOM NHWKJE C YTHJIH3AIlMECH TeIuia.
l'azooxmaxmaemslii peakTop ¢ TypOMHOM M KOMIIPECCOPOM IT03BOJIIET HCIIOJIB30BaTh TEPMOJMHAMHYECKUH ITUKI C
BoicokuM KIIJI. BbIMOIHEH psijg MPOEKTHBIX PacyeToB pereHeparopa s pa3ludHbIX CTENeHed pereHepalui.
IIpoBeneH psii OICHOK BIUSHHWA Ha peaJbHOE CONPOTHBIEHHE pEreHepaTtopa CO CTOPOHBI BBICOKOTO W HHU3KOTO
JABJICHUSA. TernoBas cxema BI)Ipa6OTKI/I OHECPrun paccyruTaHa B COOTBETCTBHUU C PIAJOM IMPOCKTHBIX PACYETOB
pereHepaTopa.

KiroueBble ci1oBa: peakTop, TeiMid, ra3oTypOMHHas yCTaHOBKA, PEreHepaTop, THAPABINYECKOE COIPOTHBICHHE,
A9POJMHAMHUYECKOE CONPOTUBIICHHUE.

Meoemobexos b.C., Ilonog IO.A., Ilpozoposa U.B., Cabumosa P.P., Ceicanemun A.B.

DKpaHAaJFfaH ypaH YJriciHiH 0adbITBUIYbIH aHBIKTAy YIIiH Koakcuauabl HPGe nerektopnin xome FRAM
KO/IbIH Naiiianany

VYpaHap! OalbITy aHBIKTAMACHl KAYIICI3AIKTIH BIKTUMAI KayiNTepiH Oaranay »oHE MaTepHalIapAbIH PYKCATChI3 OPHBIH
aybICTHIPY/Ibl AHBIKTAY YLIIH KaXET SAPOJIBIK MaTepHaigapibl OakpulayIblH MaHBI3Ibl acleKTici OOJBIN TaObLIa bl
XKorapwl Taza repmanuii (HPGe) nerekTopblH maiiianaHaThlH TaMMa-CIIEKTPOMETPHUS HU30TONTAP/IbIH apaKaThIHACHIH
TanaayabpiH 0y30aiThIH SJTiCiH YCBIHABI, alaiia cTaHAapTThI )Ka0IbIKTa, KeOiHece acipece Yarijepi dKpaHaay Ke3iniae
TONIK JKeTicneni. by 3epTreyaiH MakcaThl - SKpaHaay >KarJaibIHAa KOHE OHCBHI3 YpaHHBIH OaNBITBITYBIH aHBIKTAY
ymie FRAM OGarjmapmamanblK —jkacakTaMackIMeH —yirecimai mopTaTtuBTi  Koakcuannsl HPGe-neTeKTophIHbIH
MYMKIiHIiKTepiH Oaramay. Ocbl MakcaTKa JKeTy YILIIH KypaMblHIa ypaH MeJIepi a3 TBIJIbAEPIiH YIriIepiH ramMma-
CHEKTPMETPHSUIBIK eJIlIey cepusichl kyprisimai. Hotmxeci Oyn omic 10%-ra neifiHri kaTemik mieriMeH OaWbITy.IbI
CEeHIMJII JKOHE XKblIIaM Oaraiay (bl KaMTaMachl3 €TETiHIH KOPCETTi, acipece yaKThIIbI )KOHE J1aJ1 M30TONTHIK TaJiayabIH
MOHI 30p SAPOJIBIK KPUMHUHAIMCTHKA A KOJIAAHY YIIiH MaHBI3/IbI.

KinT ce3nepi: saponblKk KpUMUHAIMCTHKA, YpaHIbl 0albITy, 9KpaHaay ke3i, HPGe koakcuanp! nerekropsl 6ap raMma-
cnexkrpmerpust, FRAM GarnapinaMaisik xkacakrama.

Meoemoekos b.C., ITonoe 10.A., Cabumosa P.P., IIpo3oposa U.B., Cvicanemun A.B.
Hcnonb3oBanue koakcuaabHoro HPGE perekropa m kona FRAM jas ompenejieHuss oGorameHust
KPaHHPOBAHHOIO 00pa3la ypaHa
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Omnpenenenne o0OOTalIeHUs] ypaHa MpPEICTaBIsieT COOOM BaKHBIA acleKT KOHTPOJIS SACPHBIX MaTepHaIOB,
HEOOXOIMMBIH Ui OLEHKH ITOTCHIHAIBHBIX YIrpo3 0e30macHOCTH M OOHapy)KeHHs HECaHKIHOHHPOBAHHOTO
MepeMeNIeHnsT MaTepruaioB. [aMMa-CIIEKTPOMETPHs C HCIONB30BAaHWEM BBICOKOUMCTOTO TrepManneBoro (HPGe)
JIEeTeKTopa MpelylaraeT Hepa3pylIAloUid METOX aHalu3a COOTHOIICHHS M30TOIOB, OAHAKO CTaHAAPTHOMY
000pyJOBaHUIO YacTO HE XBAaTaeT TOYHOCTH, OCOOCHHO IPH 3KPaHHPOBAHUM 0Opa3noB. Llenb TaHHOTO HCCIeNOBaHUS
— OLCHUTh BO3MOXKHOCTH IOPTaTUBHOIO KoakcuambHoro HPGe-meTekTtopa B COYeTaHMM € HPOrPaMMHBIM
obecnieuerneM FRAM mns onpenenenus odorameHus ypaHa B YCIOBUAX SKpaHUPOBaHUA U O6e3 Hero. [t ocTkeHus
MOCTABJICHHOHN LieNn OBbLIM HMPOBEIEHBI CEPHU TaMMa-CIIEKTPOMETPHUUYECKUX H3MEpPEeHHIl 00pas3lioB TBAJIOB C HU3KUM
coJiep)kaHreM ypaHa. Pe3ysbraTel OKa3aay, 4TO METOZ 00eCHEeYHBACT HAJISKHYIO U OBICTPYIO OLIEHKY OOOTaIlieHHs C
norpemHocTeio 10 10%, 4To 0COOEHHO BaXKHO I NPUMEHEHUS B SIEPHON KPUMUHAJIHCTHKE, IJI€é CBOCBPEMEHHBINH H
TOYHBIH U30TOIMHBIA aHAIN3 UMEET OOJIBIIOE 3HAYCHHUE.

KoaioueBble ci1oBa: sjepHas KpUMHHTUCTHKA, 00OTallleHHe ypaHa, SKpaHUPYOLUHH HCTOYHUK, TaMMa-CIeKTPOMETPHUs
¢ KoakcranbHBIM AetekTopoM HPGe, mporpammuoe obecrieaerne FRAM.

Ridhuan K, Mafruddin, Irawan D., Handono S.D.

KyH 3Heprusicbl MeH 010ra3 Herisinge sKyMbIC iCTeHTiH KOC OTBIHABI AM3eJIbAi KO3FAJTKbIIUITAPAbIH 6HIMAIIriH
apTTHIPY 7KOHE HIBIFAPbIHABLIAPBIH a32iiTy

Fanamapik sHeprusra JereH CypaHbiC YHeMi ecyje, al Oy CYpaHbiC Ka30a OThIHAAphl apKbLIbl KAMTaMachl3 €TUTIMN
KeJe/li, HOTMKECIHIe alTapJIbIKTall SKOJOTUSIIBIK 3HsIH KeNTipinyae. buoras cuskThl Oanama 3HEprusi ke3zepi kazda
OTBIHAAPbIH a3alTyAbIH THIMAI InemrimMi Oouibin TaOblnansl, ce0edi OHBIH O3ITHEH TYTaHy TEeMIIEepaTypachl >KOFaphbl
(mamamen 650°C), OYJ1 OHBI XKOFaphl CHIFBUTY OPEKECIHE ME KO3FAITKBIIITAPAA KOJJAaHyFa KOJNAWibl erenmi. by
3epTTey/AiH MakcaThl — KOC OTBIHIBI [JHU3€bJi KO3FANTKbILTAapAa OWOrasipl KOJJAHYIBIH OHIMIUIK IIeH
HIBIFAPBIHABLIAPFA OCEpiH Oaranay. DKCIEPHUMEHTTED AU3Eibli KO3FAATKBIIITA Oip OTBIHIBI OHE KOC OTBIHIBI
peXUMIEpAE JKYPTi3iimi, OWMOras;bplH IUBIFBIH Menmepi 3, 4 >koHe 5 J/MUH apajbiFbIHAa e3repTiuldi. 3eprrey
HOTH)KENEPlI KOPCETKEH/CH, KOC OTBIH[BI PEKUMJEC OHOras3fpl KOJaHy 3 jkoHe 4 JI/MUH LIBIFBIH MeJIIepiHiae Oip
OTBIH/IBI PEKUMMEH CaJIBICTBIPFAH/IA KOFAPhI aifHATy MOMEHTI MEH Texeriml Kyat 0epeai. COHbIMEH Katap, Oip OTBIH/IbI
IU3eNbIl KO3FaNTKBIITHH MbFapeiHabuiapel CO (0,29%) xoHe CO:2 (5,67%) eH >xoFapbl MoHIEpre ue OOJFaHBI
aHBIKTANIB], a Koc OTBIHABI Ko3ranTkeimra CO (0,27%) xone CO: (5,51%) nerreiinepi Oaiikanmel. bynm HoTmkenep
Ouoraspl KOC OTBIH PETiH/IE Maiiaany KO3FalITKbIIITBIH OHIM/ILUTITIH )KaKCapTyMeH KaTap, 3UsH/IbI IIbIFAPbIHIBLIAP b
azaiiTyra KOMEKTECETIHIH KepceTeZi, Oy OHBI TYypaKThl SHEpPreTHKAIBIK Oanama peTiHAe KapacThlpyFa MYMKIHZIIK
Oepei.

KiaT ce3nepi: Ouoras, KOC OTBIHABIK, TU3€1b, OHIMIUTIK, MIBIFAPBIHABLIAD.

Ridhuan K, Mafruddin, Irawan D., Handono S.D.

IloBbIlIeHNEe TPOU3BOAUTEILHOCTH M CHHMJKEHHE BBIOPOCOB [BYXTOIUIMBHBIX [M3eJbHBIX [BHUraTeJei,
padoTaouuX HA COJTHEYHOI 3HeprumM 1 ouorase.

I'moGanpHBle MOTPEOHOCTH B SHEPIHH NPOJIOJDKAIOT PACTH, U OHH YIOBJIETBOPSIOTCS 33 CYET MCKONAEMOro TOILIUBA,
YTO IPHUBOJMT K 3HAYUTEIBHOMY yHIEpOy Ul OKpY)Karolleld cpeabl. AJBTEpHATHBHAS JHEPrHs, Takas Kak Oworas,
aBisieTcsl 3QGEKTUBHBIM PEICHHEM Ul COKpAILCHHs MCIIONIB30BaHUS MCKOMAEMOro TOIUIMBA, MIOCKOJBKY OHAa MMEET
BBICOKYIO TeMIlepaTypy camoBociuiameneHus (£650 °C), yto menaer ee MPUTrOJHOM T HCIOJIB30BaHUS B IBUTATEISX C
BBICOKOH CTENeHbI0 CkaTus. Llenblo MaHHOTO MCCIIeIOBaHUs SBISSTCS OLICHKA BIMSHHUS HCIOJB30BaHUS OHoraza B
JIBYXTOIUIMBHBIX JIM3EJIbHBIX JIBUTATEIAX Ha IPOWU3BOJUTENHLHOCTh M BBHIOPOCHI BBIXJIONMHBIX Ta30B. DKCIHEPUMEHTHI
MPOBOJIMIIMCH Ha JAM3ENbHBIX JABUTATEINSIX C OJJHUM W JIByMsl BUJaMH TOIUIMBA C MCIIOJIb30BaHUEM M3MEHEHUI pacxoja
Ouoraza 3, 4 u 5 j/MuH. Pe3ynprarThl MccieNOBaHMs IOKA3bIBAIOT, YTO HCIHOJIb30BaHHE OMOTa3za B JBYXTOIUIMBHBIX
JIBUTaTeNsix obecrednBaeT 0oJiee BHICOKHME 3HAYCHUS KPYTSIEr0o MOMEHTa U TOPMO3HOW MOIIHOCTH IO CPaBHEHUIO C
OJTHOTOILTMBHBIMU TIpH pacxoje 3 u 4 ii/mMunH. KpoMe TOro, BHIOPOCH! BBIXJIONHBIX I'a30B OJAHOTOIUIMBHBIX JW3ENIbHBIX
JBUTATENICH MOKa3bIBAOT camble Boicokue 3HaueHust 1t CO (0,29%) u CO; (5,67%), B TO Bpemst KaK JBYXTOIUIMBHBIC
nsuratenn npousoasat CO (0,27%) u COz (5,51%). DTu pe3ynbTaThl HOKa3bIBAIOT, YTO OMOra3 Kak ABYyXTOIUIUBHOE
TOIUIMBO MOXET YJIy4IINTh NMPOM3BOANUTEIHHOCTh JIBUTATENs, OJHOBPEMEHHO CHIJKasi BpeIHbIE BBHIOPOCHI, UTO AeiaeT
€ro YCTOMYMBOM 9HEPreTUUECKOM anbTepHATUBOM.

KaioueBble ciioBa: Onoras, IByXTOIUIMBHBIH, AU3€Nb, IPOM3BOAUTEILHOCTD, BEIOPOCH! BBIXJIOMHBIX Ia30B.

Conoamos A.U., Conoamoes A.A., Kocmuna M.A., A6yrnnauns A.A., bopmaneeuu C.H.

DJIeKTp :KeJiiciHaeri aKkay/bl KOHTAKTTHI KOCBLIBICTAPABI AHBIKTAY aJAropUTMIi

Maxkasazia KOHTaKTThI KOCBUIBICTBIH OTIIENI KEJIEpriciH OaKpuIay YIIiH TEPMOAIIEKTPIIK o4iC YChIHBUIAABI. DIEKTPMEH
KaOIBIKTAY JKEJTICiHAeTi HOPMATHUBTIK KyXKaTTapaa KOpCeTiIreH MOHHEH acaThlH Keleprici 0ap KOHTAKTThI KOCBHUIBICTHI
aHBIKTAy aJTOPUTMI CHIIATTaJIFaH. ANTOPUTM KypaMbIH/Ia Oec KOHTAKTTHI KOCBUIBIC KOHE YII 3JIEKTP KOHABIPFBICH Oap
cyinba HeTi3iHJe KapacTBIPBUIFaH. AJNTOPHTM TEeK JIEKTP KOHABIPFBICHIH KOCY COTiHAE enmieHred TepMusiiblk DKK
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JKOHE OTETIH TOK MoHjepi OOWBIHIIA KOHTAKTTHI KEJIEpTiHi ecenTeyre HeTi3feireH, Oyl TeK KOHIBIPFBI KOCBUIFaH
KOHTaKTTBIH KeJEpriciH ecenteyre MyMKiHAIK Oepeni. KockuiaThlH HeMece a)KbIpaThUIATBIH JJICKTP KOHABIPFHICBIHBIH
HOMIpi apKbIJIbI OCBI KOHIBIPFBIHBIH JIEKTPMEH Ka0IbIKTay Ti30€riH KypalHThIH KOHTAKTThI KOCBUIBICTAPIBIH HOMIpIepi
AHBIKTaa bl

KiaT ce3nepi: KOHTaKTTHI JKanFay, dJEKTPMEH KaOAbIKTay Kyieci, Tepmusislk OKK, anroputm.

Conoamos A.U., Conoamos A.A., Kocmuna M.A., Aoysnnaunv A.A., bopmaneseuu C.H.

AJITOpUTM O00HAPYKEHHSI HEUCIIPABHBIX KOHTAKTHBIX COeJMHEHHMI B 3JIeKTPUYECKOH CeTH.

B crartbe mpemnoxKEH TEPMOIIEKTPUUECKHH METOX MAIsI KOHTPOJI BEIMYUHBI IE€PEXOJHOTO CONPOTHBICHUS
KOHTaKTHOro coequHeHus. ONncaH alropuTM OOHApy’>KeHHS KOHTAaKTHOTO COEIMHEHHS! B CETH 3JEKTPOCHAOXEHHsS C
COMPOTHUBJICHUEM TMPEBBIIAIONIEM 3HAYCHUS YKa3aHHOC B HOPMATUBHBIX JOKYMEHTaX. ANTOPUTM DPACCMOTPEH Ha
IIpUMEpEe CXEMBI, COepKalled IATh KOHTAKTHBIX COCAMHEHMH U TPH 3IEKTPOYyCTAaHOBKH. AJITOPUTM OCHOBAaH Ha
BBIUHCIICHUM KOHTAKTHOTO CONPOTUBIICHUS MO M3MEPEHHBIM 3HadeHusM TepMoD/IC U mpoTekaroIero Toka TOJIbKO B
MOMEHT BKJIIOUEHHUS 3JIEKTPOYCTAHOBKH, YTO IO3BOJISET BBIYHMCIATH CONPOTHUBIEHHE TOJIBKO TOrO KOHTAKTa, 4epes
KOTOpO€ TIOAKIIOYEHA 3JIEKTpPOycTaHOBKa. Ilo HOMepy BKIIOYAaEMOH WM OTKIIOYAaeMOH 3JIEKTPOYCTaHOBKH
OTIPEETISIFOT HOMEPa KOHTAKTHBIX COEANHEHHH, COCTABIISIOIINX I JIEKTPONUTAHHUS 3TOH yCTAHOBKH.

KaioueBble c10Ba: KOHTAaKTHOE COSAMHEHUE, CHCTEMA 3MIeKTpocHa0keH!s, TepMoI/IC, anroputm.

Mepxynoe B.B., Yaveea I.A., Axmemoesa I .E., fxoeneea /].A., Bonokumuna U.E.

7Koa Gesriniepin cajy MmaTepuaJaapbiH TAaHAAYAbl HeTi3ley sKoHe 0J1ap/Abl a1y TeXHOJOTUSChIH J3ipJiey

Makana »xoj OenrijepiHe apHaiFaH >KaObIHIAPIBl 3epTTeyre apHajiraH. JKon OeiriiepiHiH >kKaObIHAAPHI KOFaphI
atMocdepara Te3IMIUTIKKe, TeMIepaTypa aybITKyJapblHa TO3IMIUTIKKE, BUIFAIIbLUIBIK TO3IMIUIIIHE JKOHE IKAKCHI
KOppO3UsiFa Kapchl KacueTTepre ue OOJFaHIBIKTaH, OJapibl amiblKk 00JaT KOHCTPYKUMSJIAPBIH KOpFay YLIIH e
naiinananyra 0ojamael, Oipak oJapibIH HETi3ri MaKcaThl JKOJ OeNriiepiH KojaaHny Ooubin Tadbuianst. XKoa taHOamaps
YILiH MaTepHall TYpPiH TaHJaraH/a, OJap/blH TEXHUKAJIBIK CHUIIATTaMaJIapbIH eCKepy MaHbI3bl. TaHOaHBIH TOYJIIKTIH Ke3
KEJII'eH YaKbIThIHJA JKaKChl KOpiHyl eTe MaHbI3/bl. KyH/i3 TaHOaHBIH KOpiHyiHE OHBIH 6JIIeMIepl MEH JKapbIKTHIFbI
ocep eremi. Byn skympicTa OosSyMeH KamTajdFaH YITUIEpre >KYpPTi3iUIreH 3epTXaHajblK ToXipuOenep CepHscH
CHIIATTAJIBII, OJNIAPABIH CY JKOHE KBIIIKBIIMCH JKaHACKAH Ke3Jeri KOpFaHbIC KacHeTTepi aHbIKTalabl. OChl OaFbITTaFbI
3epTTeyiniep kanracynga. Kasipri yakpITTa aBTOpIap MeTaul eMec MaTepuanmap (OeToH >koHe T.0.) YIIiH HOIHMepi
’KaOBIH acay OOMBIHIIA IKCIICPUMEHTTEP JKYPri3yze.

Kiar ce3nepi: >xon TaHOanapeiHa apHAIFaH Ka0bIH, 3epTXaHAJBIK TOKIPHOEIep CepHsCHl, TO3IMILTIK.

Mepxkynoe B.B., Yaveea I.A., Axmemoea I .E., fkoeneea /].A., Bonokumuna U.E.

O6ocHOBaHNe BHLIOOPA MATEPHAJIOB JIJIsl IOPOKHOI pa3MeTKH C 1eJIbI0 Pa3padoTKH TEXHOJIOTUH UX MOJTyYeHHs
CraThsi TOCBAIIEHA HCCIIEAOBAHUIO MOKPBITHUH AN JOPOXKHBIX pa3MeToK. II0CKONBKY MOKPBITHA IS JAOPOXKHBIX
pa3MeTOK 00JIaJaloT BBICOKOH aTMOC(hEpOCTONKOCTRIO, CTOMKOCTBIO K MepernanaM TeMIIepaTyp, BIArOCTOHMKOCThIO, a
TAaKKE€ XOpPOMIMMU aHTUKOPPO3UOHHBIMU CBOﬁCTBaMH, TO UX MOXKHO HMCIIOJIB30BATh JJId 3alllUThl OTKPBITBIX CTAJIbHBIX
KOHCTPYKIHUH, HO OCHOBHOHM WX IENBIO SBISCTCS HCIOJIB30BAHUE NI HAHECCHHS TOPOXKHBIX pa3sMeTok. [Ipm BeIOOpe
BHJIa MaTEPHAIOB [UIA PA3METKH BAYKHO YUUTHIBATH X TEXHUYECKUE XapaKTepUCTUKUA. OUeHb Ba)KHO, YTOOBI pa3MeTKa
ObLIa XOpOIIIO BHIHA B 000 BpeMs CyTOK. /IHEM Ha BHIUMOCTH BIHUSIOT pa3Mepbl H IPKOCTh pa3MeTKH. B maHHO#
paboTe ommcana cepus TaOOpPaTOPHBIX OMBITOB C 0Opa3lamu, IMOKPHITHIMH KpacKaMH W BBISBICHBI WX 3aIIUTHBIE
CBOICTBA IPU KOHTAKTE C BOJOH M KHCIOTOH. PaboTa B TaHHOM HampaBlIeHHH MIpoaoipKaeTcs. Tak, B HacTosIIee BpeMs
aBTOPBI MPOBOJAT SKCIEPUMEHTHI 110 CO3JAHHIO TTOJMMEPHOTO MOKPHITHA I HEMETAUTHUECKUX M3Ienuil (OCTOHBI 1
T.7.).

KiroueBble cJ10Ba: TIOKPBITHE IS TOPOKHBIX Pa3METOK, CepHs J1a00PaTOPHBIX OMBITOB, CTOMKOCTB.

Kaoscvikenosa C.IIL., Ilaitxoea I'.C., Illanmaxoe C.H.

Bankpivanapabin Keiddip Gpu3nKaabIK KoHe KYPbLIBIMABIK KACHETTEPIH yJIbTapa AbIGbIC AaPKbLIbI 3epTTEY
BankpITBIIFAaH METaJIFa ocep €TyAiH 3aMaHayH THIMIII 9IiCi YIbTPaabIOBICTHIK OHIEY OOJBIN TaOBIIAIBI - CYHBIK KOHE
KpHCTaJIaHATBIH MeTallFa JMHAMUKAIBIK acep eTy Typi. CyHBIK METaJJIblH aKyCTHKAJBIK KaBUTALMACHIH TYAbIPaThIH
YIIBTPaJBIOBICTHIK OHACYIIH KApKBIHIBUIBIFBIHBIH Oenrini Oip mapamerpiepi Ke3iHae TazapTy mpoueci OeiceHni Typae
xypeni. COHBIMEH Katap, KyaTThl yJIbTPaabI0bICTEIK MOAM(DUKALNS TIPOLECIH/IE KPUCTANIBIK TOPFa TiKeJIeH acep eTeTiH
MeTaiFa 9pTYpJli KOMIIO3UTTIK 3JIEMEHTTEp MEH OTKa Te3iMJi KOpBITHanap/pl eHrizyre MyMKiHIik Oepeni. Cepmimai
TOJIKBIH/IAPABIH KacueTTepi OOMBIHINA >KYPTi3UIreH ecenTeyyep MOJUTEPMAEPIiH IbIObIC XyTy KoddduuueHTiHig
TOpTiOiHE OCHIHIAM epeKmIeNiKTepIi aHBIKTayFa MYMKIHZIK Oepemi, ojap >KETKITIKTI CEeHIMAITIKIeH OaJKbIMaHBI
KBI3JIBIPFaH Ke3Jle KYPBUIBIMJIBIK ©3TepiCTEP/iH JKOKTHIFBIH HeMece OOYbIH KOPCETEeIl KOHE OpTYpHl TeMmIeparypa
IUana3oHbIHAa Oip OamKbIMagarbl KYPBUIBIMABIK ©3TepICTEpAiIH 9pTYPJi MEXaHHW3MIEPiH KY3ere acklpy MYMKIHAIriH
6enrineriai. CeprimMai TOIKBIH SHEPTHACHIH JKYTYHI , COH/IAii-aK yIbTPabIOBICTHIK JKBULIAMIBIK OOMBIHIIA KYPri3iareH
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3epTTeyliep OankbIManapsl KbI3JbIpy Ke3iHAe KYPBUIBIMIBIK ©3repicTepAiH >KOKTHIFBIH HeMece OOJyBbIH KOpCEeTeTiH
IBIOBIC KYTY KOX(QQHUIMEHTIHIH MOIUTEPMHUHICPIHIH TOPTIOIHAETI OCHIHOAH EpeKMICTIKTepAl aHBIKTayFa MYMKIHIIK
6epeni. CanpIcTRIpMAaITBI TANAAYIap KYPBUIBIMABIK ©3repicTepaid 0ipTyTac MexaHu3Mi JKOK JereH KOPBITHIHABI )Kacayra
MYMKIHIIK Oepexmi. Op Typii TeMmmepaTypa Iuama3oHbIHAA Oip OalKbIMagarsl KYPBUIBIMIBIK ©3TepiCTepAiH dpTypi
MEeXaHU3MAEPIH Ky3ere acklpy MYMKIHIITi KOPCETUITeH.

KinT ce3nepi: TyTKbIp MeTanna, CYHbIK METalaap, YIbTPaabIObICTEIH Tapaly KbUIIAMIBIFBL, KYPBUIBIMIBIK ©3repicTep,
OanKeIMa.

Kascuxenosa C.IIL, Illauxosa I'.C., lllanmaxos C.H.

HcciienoBanne HeKOTOPBIX (PU3MYECKUX H CTPYKTYPHBIX CBOMCTB PACIIABOB YJIbTPa3ByKOM

CoBpeMeHHBIM 3G (GEKTUBHBIM CIIOCOOOM BO3/ICHCTBHS HA PACIUIABICHHBIA METAJI SBJSICTCS  YJIBTPa3BYKOBas
00paboTKa — BUJA TUHAMUYECKOTO BO3ICHCTBHS HA JKUIKUM M KpUCTATU3YROIUiics Metawt. [Ipu ompeneneHHBIX
napameTpax HHTCHCUBHOCTH yIIbTPa3BYKOBO# 00paOOTKH, BHI3BIBAIOIICH aKyCTHUECKYIO KABUTAIIMIO JKUIKOTO METaILIa,
aKTHBHO TIPOTEKaeT mpouecc padpuHupoBaHus. boiee TOro, MOIIHBIM YIbTPa3ByK IO3BOJSIET B IpoOIecce
MOJU(HUIIMPOBAHUS BBOJUTh B METAILI PA3IMYHbIC KOMIO3UIIMOHHBIC JIEMEHTHI U TYTOIUIABKHE CIUIABbI, BO3ACHCTBYS
HEMOCPEICTBEHHO HA KPUCTAIUINYECKYIO peleTKy. [IpoBejeHHbIe pacueThl CBOMCTB YIPYTHX BOJIH MO3BOJISIIOT BBISIBUTD
Takde OCOOCHHOCTH B TOBEJCHUH MOJUTEPM KOI(D(DHUIMEHTa TIOTNIOMCHHST 3BYKa, KOTOpPbIE C JOCTATOYHOMN
JIOCTOBEPHOCTHIO CBHCTEIHCTBYIOT 00 OTCYTCTBUH MIJIM HAIMYUHU CTPYKTYPHBIX M3MEHEHHI NP HATPEBAHUH PACILIIABa,
nu yCTaHOBI/ITI) BO3MOXHOCTb peanmauml pa3J'II/I‘-IHI)IX MCXAaHU3MOB CprKTypHLIX H3MeHeHHI7[ B OOIHOM H TOM XK€
pacnnaBe B paBJ’II/IIIHI)IX TeMnepaTyprlx avamna3soHax. HpOBeI[eHHI)Ie HUCCIICAOBAHUA IMOTJIOIICHUA 3Hepr1/11/1 pryFI/IX
BOJIH, a TaKX¢C CKOpOCTI/I yﬂpra3ByKa IIO3BOJISIKOT BBIABUTH TaKHEC OCO6€HHOCTI/I B IIOBCIACHUU HOHI/ITepMOB
ko3(h(uLKeHTa TOTJOMIEHHS 3BYKa, KOTOPBIE CBHICTENLCTBYIOT 00 OTCYTCTBHM WM HAJIMYUHM CTPYKTYPHBIX
W3MEHEHHH TIpH HarpeBe paciuiaBa. CpaBHHUTENBHBIH aHaIM3 MO3BOJISIET CHENIaTh BBIBOJ OO OTCYTCTBHUH €IMHOTO
MEXaHM3Ma CTPYKTYpHBIX M3MecHEHMH. Iloka3aHa BO3MOXHOCTb pEaIM3allUd Pa3iIUYHbIX MEXAaHU3MOB CTPYKTYPHBIX
M3MEHEHHI B OJTHOM U TOM K€ PACILIaBE B PA3HBIX TEMIIEPATYPHBIX IHATIa30HAX.

KaioueBble ci10Ba: BsS3KHE METAlUIbl, JKHAKHE METAlUIbl, CKOPOCTh PACIPOCTPAHEHHUS YIbTPa3ByKa, CTPYKTYPHBIE
HU3MCHEHHS, PacIUiaB.

Ecoon K., Cammunoea 3.K., Typanuna /I.E., Mycenosa 3.K.

TepMomiacTUKAJIBIK OepUJLJIMI OKCUAI KePAMMKACHIH KAJIBINTAY Ke3iHJeri :Kbl1y aJIMacy/bIH dCepiH 3epTTey
VYIpTpanbsiObICThl KOJIAaHY apKbUIbl Ty3ineTiH Oepwmid okcuni (BeO) kepammkachl KapKbIHABI arjoMepanusiMeH
CUMATTANaAbl JKOHE YJbTPAAbIOBICCHI3 TY3UITEH KepaMHUKaMeH CallbICTBIpFaH/a, INeryi JKOHE —arjoMeparus
TeMIIepaTypachl TOMEH Oonaibl. YIbTpaablOBICTHIK OHAEY Ke3iHIe KepaMHKaHBIH arioMepalusiaHyblH OeJceHaipyre
BIKNAJ €TETiH 3aTThIH OIPKEJKIUIIriHe >KOHE YHTaKTapJblH THIFBI3 OpHalacyblHa OaiIaHbICTHL. TepMOIIacTHKAaJIbIK
LIJIMKEPJIiH PEOJIOTHACKIHBIH 03repyi YIbTPaJblObICTBIH OeJICeHIIpiayl HOTHKECIHIE Ky3ere acTbl. benceHaipy ke3inae
maiina OOJaThIH e3repicTep MUCHEPCHSIBIK (asa MpolecTepiMeH JKOHE Macca aaMacybIMeH OailIaHbICTHI.
VibTpaABIOBICTBIK OeJICeHAIpY KyiiManapabslH KacueTTepiH Oipmiama jxakcapTaabl. KylManapIblH THIFBI3IBIFEI MEH
OepiKTITiHIH apTybl, KaTal Ke3iHJe YIbTPaabIOBICTHIH OCEpiHeH MIeTYAiH THIMII a3alobIMeH TyciHaipimemi. SIrHU
KYWMaHbBIH LIOTYiH 6Tey CYMbIK NIJIMKEPMEH TOJITHIPY JKOHE KbICHIMHBIH 9CEPiHEH OHBIH THIFBI3IATYBIMEH aHBIKTAJIaIbL.
TepMoIulacTHKAIBIK OSPHILIMA OKCHII IUTMKEPiH YJIbTPaIbIOBICTHIK KYIO YIUiH OailmaHbCcThIpFBIII Kypambl 10,0 HaH
11,7 % neiiari KOMHO3MIMSIAPABl KOJNJAHFAH JKoH. OWTKeHi Oysl OailaHBICTBIPFBIN KYpamMaapbl OepHILIHH
YHTarbIMEH apajiachlll, OepiKTiri >KOFaphl IUTMKepre aiHajbll, YIKSH TeMIepaTypara IIbIAaMIbl KepaMuKa TY3eHIi.
KinT ce3nepi: ynbTpanbiObICTBIK OesiceHipy, OCpHIUTHIA OKCHI, TEPMOILTACTHKAIBIK HIIMKEP, KaJblNTay IMpOoLeci,
TYTKBIPJIBITUIACTUKAIIBIK KYH.

Ecoon K., Cammunoea 3.K., Typanuna /I.E., Mycenoea 3.K.

N3yyenne BJIMSIHMS TeIulonepenayd npu (OPMOBAHHHM TEPMOIUIACTHYHOW KepaMHMKH HA OCHOBE OKCHIA
OepuTUst

Kepamuka w3 okcuga Oepwmmust (BeO), chopmupoBaHHas ¢ UCIONB30BAaHHEM YIBTPa3ByKa, AEMOHCTPHUPYET Ooiee
WHTCHCUBHOE CIICKAHWE, MEHBIIYIO0 YCAaaKy ¥ TOHIKEHHYIO TEMIIEPaTypy CIIEKaHUS MO CPAaBHCHHUIO C KEPaMUKOWM,
MOJYYCHHOW 03 NPUMCHEHHUs YIbTpa3BykKa. D(PQPEKTUBHOCTH CBEPXOBICTPOTO CIIEKAHUS 3aBUCHT OT CILUIOIIHOCTH
KEepaMH4YEeCKOTO arioMepaTa W HPaBIIIEHOTO PACIIONIOKCHHS YacTHIl. PeoJlormueckue CBOICTBA TEPMOILTACTHYHBIX
CyCIICH3U# U3MEHWIUCh B Pe3yJbTaTe yIbTPA3BYKOBON aKTHBAIIMH. DTH W3MCHCHHUS CBSI3aHBI C AUCIEPCHO-(Pa30BbIMU
npoleccaMl M MacCOIlepPeHOCOM. YIIbTpa3BYKOBas aKTHBAlMs TAaKKe HECKOJbKO YIy4YIaeT CBOWCTBA OTJIHMBOK.
VBeandyeHrue niaoTHOCTU U IIPOYHOCTH OTJIMBOK O6’bﬂCHHeTC${ 3q)(beKTI/IBHBIM CHUWXCHHUEM YCAaIaKH IOI BOSHCﬁCTBHeM
YIbTpadByKa IIpU 3aTBEPACBAHUU. To ectb KOMIICHCAIUA OCAaAKH HHIOT OHNPEACTIACTCA 3aIlOJITHCHUEM IKHUIKUM
IJIUKEPOM M €ro YIUIOTHCHHUEM IO HeﬁCTBHeM JaBJICHUS. HJ’[H YIbTPA3BYKOBOI'0O HarHCTaHUA TepMOHJ’[aCTH‘[HOﬁ
CYCTEH3UH OKcHJa OeprIus peKOMEHIYIOTCS COCTaBbI ¢ conepkanueM cBsizytomiero ot 10,0 mo 11,7 %. ITockonbky
TaKkye CBS3YIOIIHE COCTABBI CMEIIMBAIOTCS C OSpMIUTHEBBIM MOPOIIKOM, IPEBPAIIasCh B BBHICOKOMPOYHBIN IIIHKED,
00pa3yronmii KepaMUKy, CHOCOOHYIO BBIICPKUBATH OOJIBIINE TEMIICPATYPHI.
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KaroueBble cioBa: YJIbTpa3dByYKOBasl akKTUBAlUA, OKCHUJ 66pI/IJ'IJ'II/I$I, TepMOHHaCTI/I‘IHbII;’I HIJTUKEP, ITpouecc (bOpMOBaHI/Iﬂ,
BA3KOIIACTHUYHOC COCTOSIHUC.

Hlomwmexosa C.A., lenuctok E.K., Konopamvesa JI.H., Cepeopanckuii A.B., Aimanosa I.K., Akmaii JI.

MRKG6 :kone MRK1040 ranakTukajapbIlHbIH ONTHKAJBIK AWANA30HAAFbI CIEKTPATIK 3koHe ¢oToMeTpaik
3epTTeyJiepi

byn makana saponapsl OelceHl TalaKkTHKaIApAblH aifHBIMAIBUIBIFBIH 3€PTTEYTe apHAIFaH, OJap ©37CPiHiH OPTalbIK
alfMaKTapBIHAA KYPETiH (PU3UKaIBIK IPOLeCTep/Al TYCiHyIe MaHBI3IBI pol aTKapaabl. by zeprrey MRK 6 xorne MRK
1040 exi ceiidepT raaKTHKaIapbIHBIH (HOTOMETPIIIK KSHE CIEKTPIIIK aifHBIMABIIBIFBIH MYPAFaTTHIK JKOHE 3aMaHayd
OakplIaynap Heri3iHne Tannayra OarpiTTasiran. Anram per MRK 6 ramakrukachbiHbIH (POTOMETPIIKK OaKbLIayIapbIHBIH
HOTWOKEJEpl OHJEN I, OHJa SMUCCHSUIBIK CHI3BIKTap/AbIH MPOQMIbJCPIHE XKOHE Ta3 IIbIFapbIHIBUIAPBIHBIH 0ap eKeHiH
KepceTyli MYMKiH KOCHIMIIA CIEKTpJIIK KOMIIOHEHTTEpJi aHBIKTayFa epeKile Ha3ap ayJapbulabl. 3epTTeireH
rajakTUKajgap YLIH 3MHCCHSJIBIK CHI3BIKTApABIH Op0ip KOMIOHEHTIHIH JKbULIAMIBIK IUCIIEPCHSIAPH] aHBIKTAJJIbL.
Keiibip Ho sxone HPB mpodunbaepi yiiH onapablH KbUIAAMABIK AUCIEPCUSIIAPHI )KOHE KOpy cayJeci OOMbIMEH colkec
KBUIIAMIBIKTApBI OarajaH/Ibel, OYI TaTaKTHKaJIapAbIH OPTANbIK aliMaKTapbIHAH 3aTTHIH aFbIIl MIBIFYBIHBIH Oenrici 00Iybl
MYMKiH.

Kint ce3nepi: ramakrtukamapaplH OelceHAl saposiapbl, ceddepT rajsakTUKanapsl, (OTOMETPHS, CIEKTPOCKOIHS,
KAPKBIPAY KUCHIKTAPbI, SMUCCHSIIBIK CHI3BIKTAp.

Hlomwexosa C.A., lenucwk E.K., Konopamwvesa JI1.H., Cepeopanckuii A.B., Aiumanoea I'.K., Axmaii JI.
CnekrtpanbHble U poromerpudeckue ucciaegosanuss MRK6 1 MRK1040 B onTuyeckoM quana3zoHe

CraThsi TOCBSIEHA HM3YYCHHIO H3MEHUYMBOCTH AaKTUBHBIX SJep TaJlaKTHK, KOTOpPbIe HIParOT KIIOYEBYIO pOJb B
MOHMMaHUM (U3UUYECKHUX IPOIECCOB B MX LEHTPAIbHBIX oOnactsx. JlaHHOe HcclieloBaHME HANPaBJICHO HAa aHaJN3
(oTOMETPHYECKOH M CIIEKTPAJIbHON U3MEHYHMBOCTH ABYX ceiideproBekux ranaktuk, MRK 6 u MRK 1040, Ha ocHoBe
apXMBHBIX U COBPEMEHHBIX HaOroieHni. BriepBbie 00padoTansl pe3ynbraTsl poTomerpuueckux Habmoaenuit MRK 6,
rae ocoboe BHUMAHHE YIEICHO MPOQIIIIM 3MUCCHOHHBIX JIMHUH W BBUIIBICHUIO NOMOJIHUTEIBHBIX CIIEKTPAIbHBIX
KOMITOHEHTOB, KOTOPbIE MOTYT CBHAETEIHCTBOBATH O Ta30BBIX BhIOpocax. [l MCCIeoyeMbIX TaJakTHK OIPEAEICHBI
JICIIEPCUN CKOPOCTEH KaXkJOW M3 KOMIIOHEHT 3MUCCHOHHBIX JMHHH. B HexoTopsix mpodmnsax Ho u HP onenens! ux
JIICIIEPCUN CKOPOCTEH M COOTBETCTBYIOLIME CKOPOCTH BJOJNb JIyda 3pEHHS, YTO MOXKET CBHAETEIbCTBOBATH 00
HCTEYEHHH BELIECTBA U3 IIEHTPAIBHBIX 001acTel rajlakTHK.

KnaioueBble ci10Ba: akTHBHBIC sJ[pa TalakTHK, ceiipepToBckhe TagakTUKH, (OTOMETPHsS, CHEKTPOCKOIHS, KPHBBIC
Osiecka, SMUCCHUOHHBIE JIMHUH.

Ezembepouesa C.IL., Kyuwukumbaesa b.7K., Kywepoaesa M.P., Keuxumanosa M.T.

KocnajanFan n-TUNTi HHIAH AHTHMOHHU/I KPUCTAJIAPLIHBIH (OTOJOMUHECHEHIINS CIIEKTPJIepPi

Byt skyMbICTa KOCMAJTaHFaH N-THNTI WHIUH aHTHUMOHHU] KPUCTAJIIAPBIHBIH (HOTOIIOMUHECICHIMSICHIHBIH KaH-KAKThI
3epTTeyl YChiHbUIFaH. KocmajgaHFaH N-THOTI WHAWN aHTHUMOHHUII KPHCTAIIAPBIHBIH (DOTOIFOMHHECICHIIUSCHIH MKaH-
’aKThl 3eprTey 77 K Temmeparypana sxone 1-10% cm3-1,5-10"° cm® ke KOHIICHTpAIUs AUANa30HbIHIA KYPTi3ingi. by
’KyMBICTa n > 5-10%7 e MHIUE AaHTUMOHUIHIH (hOTOMFOMUHECTICHITHSI CIIEKTPIIepl alFall peT albIHABl KOHE N >
8,5-10% cm™® uHaHMIt aHTUMOHHIIHIH (hOTOMFOMUHECTICHITHS CIIEKTPl €Ki CHI3BIKTAH TYPATHIHBI 3KCIIEPUMEHTTIK TYpHe
aHBIKTAIIBI, OJApABIH MaKCHUMyMIAaphl KOHIICHTpPAIMs apTKaH CaibIH JKOFaphl DHEPTUAFa >KaKKa Kapald BIFBICAJIBL.
3epTTey OaphICHIHAA N-THUNTI KOCHAIAHFaH HWHAWA aHTUMOHHUJI KPHUCTAIIAPBIHBIH KBICKA TOJIKBIHIBI COYJICICHY
CBI3BIFBIHBIH  DepMHU  JIeHreiiHAeri 3JeKTPOHIApAbIH BAJCGHTTIK 30HAHBIH JKOFApFbl OeJriHAeri TecikTepMeH
PEKOMOUHAIMSACHIHAH TYBIHAAWTBIHBI aHBIKTANABI. KyIITi KOCHanaHfaH KpHCTAIAapAarbl 3KCIEPUMEHT IEH TEOpHs
apachIHIAaFbl €H JKAKChl COMKECTIKKE IOHOP KOHIICHTPAIMSUIAPBIHBIH ayBITKYBIH, THIBIM CallbIHFaH aiiMaK €HI MEH
KOCTIAJIaHy JIEHTeHiHIH apachlHIaFbl TOYENJUTIKTI, COHMal-aK KOHIEHTpaIus OCKeH cailbiH DepMH SHEPTHICHIHBIH
THIMZII TOMEH/ICY1H eCKepy apKbIIbI KOJ JKeTKi31 .

Kinr ce3nepi: kpuctanmapaslH (QOTONIOMUHECHICHIIUACH, WHAWKW aHTHMOHUAI, {PepMu JeHreili, Kocmnaiay,
KOHIICHTpaIus, QIyKTyanus, TeCiK, THIABIM CAbIHFaH aiiMaK.

Ezembepouesa C.IL., Kyuwikumoaesa b.7K., Kywepoaesa M.P., Keuxumanosea M.T.

CrnekTpsl (OTOTIOMIHECHEHIINT JeTHPOBAHHBIX KPHCTAJJIOB AHTHMOHH/IA HH/IHS N-THIA

B nanHO#i pabore mpencTaBleHO JETaNbHOE MCCIIE0BaHUE (DOTOIIOMHUHECLEHIMHN JIETHPOBAHHBIX KPHCTAJLIOB
aHTHMOHHJA WHIMS n-Thmna. [IpoBeeHo neTampbHOe UccienoBaHrue (OTOTOMUHECHCHIINY JICTHPOBAHHBIX KPUCTAIUIOB
AHTHMOHHM/IA UH/IMS N-THMA B IUPOKOM AuanasoHe koHuentpauuii 1-:10% ¢m3-1,5-10° cm3 npu Temneparype 77 K. B
JIaHHOU paboTe BIEPBbIE MOMY4YEHbI CIEKTPbl (DOTONFOMUHECHEHIMM AHTUMOHMAA MHaus ¢ n > 5-10Y7 cm3 u
SKCIIEPUMEHTANILHO 0OHAPY/KEHO, YTO CHEKTP (POTONIOMUHECIIEHIIME AHTUMOHIA HHAUA ¢ n > 8,5-10% cm® cocTout u3
JIBYX JINHUI, MAKCUMYMBbI KOTOPBIX CMEIIAIOTCSI B CTOPOHY OOJIBILINX SHEPIHH C POCTOM KOHIEHTpALUH. Y CTaHOBJICHO,
4YTO KOPOTKOBOJIHOBAsl JIMHUS HM3JYYECHUs JISTUPOBAHHBIX KPUCTAJUIOB AHTHMOHHWJAA WHIMS N-THIA 00YCIOBJIEHA
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PEKOMOUMHAIIUCH 3IEKTPOHOB, HAXOAANIMXCS Ha ypoBHe Depmu, ¢ ABIPKaMU B BEpPIIMHE BaJICHTHOH 30HEL [lokaszaHo,
YTO HAWIy4Ilee COTIache JKCIIEPHMEHTa C TEOpPHeH B CHIIFHO JETHPOBAHHBIX KPHUCTAJUIAX ITOCTUTACTCS NPH yUeTe
(iryKTyanuii KOHIICHTpALnii TOHOPOB, 3aBUCUMOCTH MIMPHHEI 3alPEIICHHOI 30HBI OT CTEIICHH JICTUPOBAHUS, a TAKXKe
3¢ hEeKTHBHOTO CHIKEHUS dHeprun OepMu ¢ POCTOM KOHIICHTPALINH.

KiioueBble ciaoBa: (QOTOTIOMHHECIICHIIAS KPUCTAUIOB, AHTUMOHHUA WHIWS, ypoBeHb @epmm, JerupoBaHwe,
KOHIICHTpAIus, GIyKTyamus, IeIpKa, 3allpelicHHas 30Ha.




