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Dear authors and readers!
Dear colleagues!

In Preface, we traditionally inform the authors and readers about the important achievements
and status of the Eurasian Physical Technical Journal, that published by the E. A. Buketov
Karaganda University. On the eve of the preparation and release of the current issue, a historic
event occurred: by Decree No. 1399-D of the President of the Republic of Kazakhstan, K.-Zh.
Tokayev, dated August 12, 2025, our university was granted the status of a National University.

It is no coincidence and symbolic that this event takes place in the year of the 100th
anniversary of the birth of Academician Buketov E.A., the first rector who stood at the origins of
the university's founding and development. Being granted the status of a national university is a
well-deserved recognition of the many years of work by the entire university staff aimed at
improving the quality of education and research. At the same time, it is a great responsibility,
requiring further efforts to strengthen international competitiveness and make a significant
contribution to the development of our Kazakhstan.

Since 2015, the university has been included in the QS World Universities Rankings and QS
Asia. In the international Webometrics ranking, the university is among the top ten universities in
the Republic of Kazakhstan. The university enrolls over 14,000 undergraduate, graduate, and
doctoral students. Around 200 educational programs are offered across 12 faculties.

The Eurasian Physical Technical Journal, in which authors from over 50 countries publish
original research articles on current issues in modern technical physics, also contributes to the
development and growth of the university, facilitating the expansion and strengthening of
international scientific collaboration. We hope and are confident that achieving national university
status will open up new opportunities for implementing innovative programs, conducting cutting-
edge research, and training competitive specialists.

This issue contains 17 articles. The Materials Science section discusses the challenges and
prospects of nanotechnology for the production of new materials, nanocatalysts for carbon nanotube
growth, and multicomponent chromium coatings; the creation of new semiconductors based on
rare-earth and transition metal oxides; and the synthesis of silver nanoparticles.

In the Energy section, the authors propose solutions to problems related to optimizing heat
transfer processes in the cooling system; replacing various components without compromising the
nuclear safety of the VVVR-SM reactor; spectroscopic diagnostics of the temperature and electron
density in the plasma of a Zn-Al alloy; and an analysis of the possibilities of changing the thermal
and geometric parameters for the operation of a small-scale biogas plant.

The Engineering section addresses a wide range of issues in payload optimization for
nanosatellites, development of universal control systems for nano-class spacecraft, enhancing the
durability of robotic manipulators using composite materials in harsh climates, modeling dynamic
systems to study language competition and the evolution of language bias in structured agent
populations, and analysis of the design modeling of a Wien bridge oscillator circuit.

The Physics and Astronomy section presents the results of an analysis of spectral observations
of a number of Main Belt asteroids, the Apollo family asteroid 30825, and the rare asteroid Lick,
with the aim of determining their taxonomic types; a new design for an energy analyzer based on an
axisymmetric inhomogeneous field is proposed; the results of a numerical analysis and control of
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the chaotic dynamics of Lorenz systems using the Visual Basic for Applications package are also
shown.

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.

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

Editor-in-Chief, Professor Sakipova S.E.
September, 2025
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ANNEALING-INDUCED MORPHOLOGICAL EVOLUTION OF IRON
NANOCATALYSTS FOR CARBON NANOTUBE GROWTH

Ismatov A.A.Y, Romanitan C.%", Ashurov Kh.B., Adilov M.M.%, Rahimov A.A.}

! Institute of lon-plasma and laser technologies, Tashkent, Uzbekistan,
2 National Institute for Research and Development in Microtechnologies, Voluntari, Romania
*Corresponding author: asgarismatov878@gmail.com

Abstract. The synthesis of iron nanocatalysts on silicon substrates via the Electron Beam Physical Vapor
Deposition method has garnered significant attention due to its catalytic uses. The influence of annealing
temperature (500°C, 550°C, and 600°C) on the structural and morphological characteristics of Fe nanocatalysts
and their use in the growth of carbon nanotubes via Chemical Vapor Deposition is investigated in this study.
Atomic Force Microscopy and Scanning Electron Microscopy measurements reveal that an increase in the
annealing temperature reduces the average nanocluster size, and annealing at 600°C yields nanoclusters with an
average size of approximately 30 nm; hence, they are more effective as catalysts. Raman spectroscopy proved that
carbon nanotube growth was only observed on the 600°C-annealed substrate, and it exhibits a high Ip/lg ratio
(<1), indicating high crystallinity and low defect concentration. The absence of Radial Breathing Mode peaks
represents additional evidence that the synthesized carbon nanotubes are multi-walled. These findings indicate
that nanocluster size and distribution must be controlled with high accuracy using Electron Beam Physical Vapor
Deposition and thermal treatment in order to maximize Fe nanocatalysts for carbon nanotubes growth.

Keywords: Iron nanocatalysts, Carbon nanotube, Physical Vapor Deposition, Chemical Vapor Deposition, Raman
spectroscopy, Atomic Force Microscopy, Scanning Electron Microscopy.

1. Introduction

In recent years, metallic nanomaterials have gained widespread popularity due to their physical,
chemical, and catalytic properties which make them ideal for use in green chemistry, waste reduction, and
environmental remediation [1- 3]. Iron (Fe) nanocatalysts are especially interesting due to the abundancy and
low cost of iron, its favorable magnetic characteristics, and versatile reactivity [4,5]. Fe nanocatalysts have
numerous applications in chemical synthesis, conversion of renewable energy, and even in cleaning up the
environment [6]. Moreover, their involvement in the formation of carbon nanotubes (CNTSs) has created a
need to refine their synthesis and control their morphology, in order to increase catalytic activity [7]
alongside these developments. Central to interest in Fe nanocatalysts is their application in the production of
carbon nanotubes. Myriad approaches have been devised for the preparation of Fe nanocatalysts. The most
common methods of chemical synthesis include: chemical reduction [8, 9], sol-gel technique [10], thermal
evaporation [11], and sputter deposition [12]. Unfortunately, these techniques present important limitation
related to the control over the particle size distribution, surface agglomeration, and contamination. It is clear
that these features hamper the full potential of the synthesized nanomaterials thus being hampered their
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effectiveness [13]. As response to these issues, Electron Beam Physical Vapor Deposition (EB-PVD) has
been found to be a highly effective method due to its capacity to function under high vacuum conditions,
thereby maintaining low levels of contamination and enabling deposition of very uniform and pure
nanostructures [14]. The intrinsic control over deposition parameters of EB-PVD, such as the evaporation
rate, substrate temperature or beam current enables the fine adjustment of catalyst morphology, which is a
critical factor in optimizing the ensuing catalytic activity and CNT growth [15]. It was demonstrated the
possibility to achieve high-purity films and nanostructures by using a ultraclean environment, thus
minimizing the formation of defects and contaminants, and the same time promoting fast deposition with less
material loss [16]. EB-PVD has also succeeded in optimizing the size and distribution of metallic
nanocatalysts, which is essential for high surface area and active site requirements in applications [17]. It has
been recently reported that alteration of the annealing conditions following deposition can impose severe
changes in the morphology of Fe nanocatalysts, thus further enhancing their catalytic activity for CNT
growth [18]. For instance, the reduction in particle size and enhancement in particle uniformity by annealing
have been attributed to increased catalytic activity and enhanced crystallinity of CNTs [19]. The current
state-of-the-art in CNT synthesis places higher priority on the construction of solid and scalable catalyst
preparation methods that can form catalysts of suitable size, distribution, and purity [20]. Despite many
physical and chemical methods being tried out, the EB-PVD method is unique in its ability to offer the best
balance between controllability and efficiency, especially with the inclusion of subsequent thermal
treatments [21]. This mixture not only improves the physical characteristics of the catalyst but also CNT
guality and yield in Chemical Vapor Deposition (CVD) conditions [22]. Further, advances in in-situ
characterization technigques have also enabled enhanced understanding of nanocatalyst structural evolution
on annealing and CNT growth, thus enabling improved process optimization [23]. Despite these
advancements, reproducibility of catalyst performance and elucidation of detailed mechanism underlying
morphological evolution during the annealing process remains challenging. Numerous works have reported
differences in various schemes of annealing and their implications on the character of catalyst, but
relationship of deposition parameters with annealing treatment and the resulted synthesis efficiency of CNT
remains unclear [24]. Filling this gap is a crucial step for the advancement of the nanocatalyst design field
and for the broader application of CNTSs in electronics, sensors, and energy storage [25].

In this paper, we report the optimization and synthesis of Fe nanocatalysts via EB-PVD followed by
different annealing temperatures (500°C, 550°C, and 600°C). The novelty of our contribution is the rigorous
investigation of the annealing-driven morphological evolution and its immediate impact on the growth of
CNTs using CVD. With accurate tuning of annealing parameters, we demonstrate a critical temperature for
which the nanocatalysts exhibit an ideal size distribution and geometric configuration beneficial for effective
nucleation of CNTs. Our experimental outcomes, confirmed with Atomic Force Microscopy (AFM),
Scanning Electron Microscopy (SEM), and Raman spectroscopy, reveal that only substrates annealed at
600°C exhibit the properties of the requisite nanoparticles and improved quality CNT growth [26]. This
study not only offers a deeper understanding of the inherent mechanisms that control the development of
nanocatalysts but also offers a pragmatic route to the synthesis of next-generation catalysts for new
applications of CNTs [27].

2. Instrumentals Part

Figure 1 illustrates the setup of an EB-PVD system used for the deposition of Fe nanocatalysts on a
silicon substrate. In this configuration, the core components include a vacuum chamber, an electron beam
source, and pumping systems to maintain high vacuum conditions essential for precise deposition. The main
components and their functions are as follows:

1. Electron Beam Source and Control Panel: The electron beam source is powered by a high-voltage
supply, controlled through an interface that allows users to adjust the output voltage in kilovolts (kV). This
high-voltage electron beam vaporizes the iron target material, creating a vapor that deposits on the silicon
substrate within the vacuum chamber. The control panel includes switches for turning the high voltage (HV)
on and off.

2. Vacuum Chamber: The deposition process occurs in the vacuum chamber, which isolates the
deposition environment from atmospheric contaminants. Maintaining a high vacuum is crucial for creating
uniform nanostructures, as it allows for a controlled deposition process with minimal interference from air
particles.
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3. Turbomolecular Pump: This pump creates and maintains the high vacuum required for EB-PVD by
removing air and other gases from the chamber. It plays a critical role in ensuring that the vaporized material
travels directly to the substrate without unwanted reactions or scattering.

4. Asynchronous Rotary Pump: Positioned before the turbomolecular pump, this pump performs initial
evacuation, creating a lower vacuum that facilitates the turbomolecular pump's operation. Together, these
pumps ensure a clean and stable vacuum environment essential for high-quality nanocatalyst deposition.

5. Cooling Water Lines: Cooling water flows through the system to prevent overheating, which can
damage components or alter deposition parameters. This water flow is vital for maintaining temperature
stability in both the electron beam source and the pumping system.

Substrate
vacuum

holder with
chamber H\ / x/ s
8 N\ substrate

N E===
Yol s
o’ [ 7 G
Cruc |b15 = U 4 h\l ) fﬂamcm
Hlectron beam controller S \\'\| '/;J ;
H“““m M / mﬂ
e ee o al|le o
° @ ) turbomolecular
HVON //pump
m]
%L § HV OFF - —
Voltage BV @ o _'
¥ -
water
/ —
rotary vane l u,

pump

Fig.1. Schematic diagrams’ setup of EB-PVD system.

The EB-PVD system operates under high-vacuum conditions, with a chamber pressure of 10-° torr and
an applied electron beam voltage of 10 kV, thus providing the precise and stable environment necessary for
nanocatalyst deposition. This controlled environment allows a fine-tuning nanocatalyst properties, such as
size and morphology, to enhance catalytic performance.

3. Experiment

Silicon wafers (KEC-001, 100, n-type) were sequentially cleaned in three stages, as schematically
shown in Figure 2. To form a deposited buffer layer (DBL) on the obtained substrates, an oxide layer was
grown using the Thermal Oxidation method. The DBL thickness was controlled by temperature and grown to
various thicknesses over a period of 2-5 hours [28]. The substrates were cut into 2 x 1 cm pieces, with two
samples taken from each (one directly for CVD after PVD, and the other for analytical characterization).

The prepared substrates were placed in an EB-PVD instrument, where a high-vacuum environment (2—4
x 10™ ¢ Torr) was achieved. Iron material, placed in a crucible, was deposited onto the substrate surface for
3 seconds using a cathode filament operated at 10 kV and a current of 30-35 A. During the deposition
process, the wafers were maintained at room temperature.

After deposition, under the same vacuum conditions, the iron-coated substrates were annealed at three
different temperatures: 500°C, 550°C, and 600°C, each for 30 minutes. Upon completion of the annealing
process, the substrates were allowed to cool to room temperature under vacuum before the chamber was
opened. A portion of the obtained substrates was immediately transferred to the CVD system.
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Fig.2. Fe nanocatalyst formation and CNT synthesis via CVD.

The CVD process was also conducted under vacuum conditions. To prevent oxidation of the Fe
nanocatalysts' surface, the substrates were reduced in a hydrogen atmosphere at temperatures ranging from
400°C to 500°C for 45 minutes. Subsequently, Ar was introduced as a carrier gas, and an ethanol mixture
was supplied as the carbon source into the quartz tube. Regardless of their annealing temperature, both sets
of substrates underwent CNT synthesis at 500°C for 1 hour, followed by natural cooling to room
temperature.

4. Characterization Techniques

The AFM micrographs were obtained with the equipment NT-MDT Next Solver, operated in semi-
contact mode to minimize tip—sample interaction. The scans were performed at a frequency of 1 Hz with a
resolution of 300 x 300 pixels, under ambient conditions. This setup enabled precise visualization of the
surface morphology and height variations of the catalyst nanoparticles. SEM imaging was conducted using a
Thermo Fisher Scientific Apreo 2S LoVac system, operated in low vacuum mode. The system provided a
lateral resolution of up to 500 nm, which allowed clear observation of the nanocatalysts' size distribution,
surface coverage, and structural uniformity. Raman spectra were acquired using a Renishaw inVia Raman
microscope equipped with a 785 nm excitation laser. The measurements were taken in backscattering
configuration under ambient conditions. The system offered a spectral resolution better than 1 cm™ !,
enabling detailed analysis of the D, G, and 2D bands of CNTSs to assess their degree of graphitization and
structural defects.

5. Results and discussion

Figure 3 presents AFM images on 3 X 3 um? of iron nanoclusters annealed at 500°C and 550°C. .One
can observe the presence of almost spherical grains distributed on the surface. The size analysis of the
nanoclusters revealed that the average diameter of the particles annealed at 500°C was 250 nm (Figure 3a),
while those annealed at 550°C exhibited an average diameter of 170 nm (Figure 3b). Only spherical Fe
grains can be observed on the surface, without any features on the surface, indicating the absence of CNT
growth. This can be attributed to the excessively large size of the nanoclusters, which prevents them from
functioning effectively as nanocatalysts. Although carbon atoms adhered to the surface of the nanoclusters,
no structured CNT growth was detected.

SEM imaging of iron nanoclusters on substrates annealed at 600°C (Figure 4) demonstrated a
significant reduction in particle diameter compared to the samples annealed at the two lower temperatures.
The minimum, maximum, and average diameters of the nanoparticles were determined to be 7 nm, 115 nm,
and 30 nm, respectively, with a standard deviation (o) of 15 nm.

This phenomenon indicates that the nanoparticles have reached the critical size required for their
functionality as nanocatalysts. Additionally, their geometric shape closely resembles that of droplets (Figure
4a). The particle size distribution derived from SEM analysis indicates that the Fe nanocatalysts have an
average diameter of approximately 30 nm. The histogram was constructed using ImageJ software, which
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enabled accurate measurement and statistical analysis of nanoparticle dimensions. The distribution shows
that the most frequently occurring particle sizes lie within the 15-25 nm range, which is close to the
calculated mean. The data exhibits a positively skewed (right-skewed), log-normal distribution, commonly
encountered in nanostructure synthesis.

a) b)
Fig.3. AFM images of Fe nanoclusters annealed at 500°C (a) and 550°C (b).

0 20 60 80 100 120
Diameater

a)
Fig.4. (a) SEM image and (b) diameter distribution of Fe nanoparticles annealed at 600°C.

This suggests a high population of small particles, while larger particles are comparatively rare,
indicating a polydisperse system. Such non-uniformity in particle size can significantly affect their catalytic
behavior during CNT growth (Figure 4b). Furthermore, the appearance of a small number of particles in the
80-100 nm range may be attributed to agglomeration or sintering phenomena occurring during deposition or
annealing processes. This confirms that 600°C represents the threshold temperature at which the iron thin
film transforms into catalytically active nanoparticles.

EDX analysis further confirmed that the elemental composition of the substrate is uniformly distributed
across the surface, as depicted in Figure 5a, b, and c. The absence of foreign elements in the sample serves as
evidence of the high precision and purity maintained during the nanocatalyst preparation process.

Additionally, Figure 5d illustrates the percentage composition of the elements, providing insight into
their relative abundance within the overall sample.

Raman spectroscopy (785 nm laser) analysis conducted after the CVD process confirmed that no CNT
growth occurred on the surfaces of the substrates annealed at 500°C and 550°C. However, CNT formation
was observed on the 600°C-annealed substrate after CVD at 500°C (Figure 6).

The Raman spectrum displayed a dominant G band at 1582 cm™ ' compared to the D band at 1326
cm™ '. The intensity ratio of D to G (Ip/lg) corresponded to 0,56 , indicating high crystallinity and low
defectiveness in the CNTs. Compared to the MWCNTs grown in [29], the obtained results indicate
significantly higher quality. According to the best Raman analysis results of MWCNTS synthesized by Miura
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et al., the Ip/lg ratio was found to be 1,11. Our results suggest an approximately twofold improvement in
Io/lg over them, a finding that complements rather than contradicts their contributions. The smaller this ratio,

the more ordered and high-quality the nanotubes are. If the intensity ratio of the D peak to the G peak is less
than 0,5, it indicates highly ordered and high-quality nanotubes.

a)

Fe K series

Powered by Tru-Q#®

Tum

C) d)
Fig.5. EDX analysis of nanoparticles annealed at 600°C: (a), (b), (c), and (d).

o
(o]
w
S
.
=
‘@ ©
= o
Q ™
= }
| 1
I
1
JI ‘ ;'l [ .
. ‘J,vﬂu,-‘_‘f\ / ‘»"/'L«,‘"" M ‘f"“‘.\,,)"h" » ‘-V.‘_‘-,‘“a-J Iv,\__‘,";,‘ A, \u.-)-,,,.,n,_.,'.f,v\ﬂk}jlz e
T T T T T T T T T T T T T l
0 500 1000 1500 2000 2500 3000 3500

Raman shift (cm™)

Fig.6. Raman spectrum of CNTs grown on Fe nanoparticles annealing at 600 °C.
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If this ratio falls within the range of 0,5 to 1, it suggests the presence of some defects; however, the
nanotubes remain structurally viable. Furthermore, the absence of RBM peaks in the 100-400 cm™ ! range
confirmed that the synthesized CNTs were multi-walled rather than single-walled.

6. Conclusion

In the present study, Fe nanocatalysts were successfully grown on Si substrates by means of Electron
Beam Physical Vapor Deposition (EB-PVD) and subsequently subjected to annealing at various
temperatures (500, 550, and 600 °C). The variation of annealing temperature was investigated for optimizing
the structural and morphological characteristics of Fe nanoclusters to be used as catalysts in the growth of
carbon nanotubes (CNTs). From Atomic Force Microscopy (AFM) and Scanning Electron Microscopy
(SEM) investigations, it is confirmed that the higher annealing temperature attributed to the decrease in
nanocluster size, with the most favorable size distribution at 600° ranging from 7-115 nm (average 30 nm).
Raman spectra show CNTs only after annealing at 600°C with an ID/IG of 0.56, a value associated with high
crystallinity and low defect levels. Taken together with prior studies under the same conditions, these data
point to an approximate twofold reduction in ID/IG, implying enhanced structural quality. Based on the
SEM-derived size distribution of the nanoparticles, the samples are consistent with multi-walled carbon
nanotubes. In addition, the absence of Radial Breathing Mode peaks further elaborated this conclusion.

The iron nanocatalysts obtained in this study have great potential for various advanced fields such as
nanoelectronics, nanomedicine, energy storage and conversion, environmental remediation, and sensor
technologies, where precise control over nanoparticle size is crucial for optimizing performance; therefore,
the method developed here, which enables fine-tuning of nanocluster dimensions, represents a highly
valuable approach that not only advances these fields but also provides evidence that controlling the
nanocatalyst size and distribution can optimize their use in carbon nanotube synthesis, with the EB-PVD
technique under appropriate annealing conditions offering an effective way to produce high-quality
nanocatalysts possessing uniform morphology and enhanced catalytic efficiency, while further refinement of
deposition and annealing parameters is expected to enable even more precise control over nanostructure
formation and catalytic performance, and in addition, exploring other catalyst materials and substrate
modifications may open new avenues for improving processes related to CNT synthesis.
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Abstract. The purpose of our research is to obtain wear-resistant chrome coatings on carbon steels under
non-stationary temperature conditions using functionally active powder mixtures, which allows reducing the
chemical-thermal treatment time from 6-8 hours to 1 hour. The scientific novelty of the work lies in the original
use of thermodynamic analysis to determine the composition of the gas phase formed during chemical-thermal
treatment with functionally active charges, which made it possible to optimize the concentration of ammonium
compounds for boron-alloyed chrome surface and predict its physical and mechanical characteristics. The
practical significance of the developed technology is to increase the wear resistance of chrome coatings on steels
with a ferrite-pearlite structure, which ensures their effective use under dynamic and impact loads. The proposed
method opens up new opportunities for the creation of highly effective protective coatings for industrial
applications. Optical microscopy (Neophot-32) and scanning electron microscopy (REM-106i) were used to study
the microstructure and phase composition of the coatings. Tribotechnical tests were carried out on friction
installations SMT-1 and MT-5. The composition of the gas medium formed during the chemical heat treatment
was determined by thermodynamic modeling, and the optimization of the component composition of the charge
materials was carried out using the methods of mathematical planning of experiments with the optimization
criterion in the form of wear resistance of the boron-alloyed chrome surface. As a result, it was found that the
addition of boron-containing components and ammonium gas transport reagents to the powder charge
composition contributes to the generation of gaseous compounds and condensed phases. The proposed
functionally active mixtures ensure the formation of protective chromium layers up to 150 um thick within 15-60
minutes.

Keywords: carbon steel, chromium plating, alloying, boron, protective coating, charge, thermodynamics, wear
resistance.

1. Introduction

Modern materials science focuses on improving the performance of steels by applying chrome coatings,

including boron-alloyed ones. One of the most promising methods is laser alloying of steel surfaces with
chromium and boron, which produces coatings with high microhardness and corrosion resistance. Studies
have shown that the use of a mixture of chromium and boron in different proportions during laser treatment
contributes to the formation of coatings with a microhardness of 900 HV0.05 to 1300 HV0.005, depending
on the laser treatment parameters [1]

Another approach involves the use of diffusion saturation of steel with boron and chromium. In

particular, the study of the effect of chromium as a diffusion additive during boronizing of AISI 4140 steel
showed that the formation of mixed boride phases, such as FeCrB, contributes to a significant increase in the
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corrosion resistance of the coating. Evaluation by electrochemical impedance spectroscopy confirmed the
improvement of the corrosion characteristics of boron-chromated samples compared to boron-only samples
[2,3]. Boron is one of the most effective elements for increasing the hardness and wear resistance of steels. It
forms solid boride phases (e.g., Fe,B) that have high microhardness (up to 2000 HV) and excellent resistance
to abrasive wear. Boron alloying is usually carried out using thermodiffusion methods such as boronizing in
powder media or electrolytic boronizing. The resulting boride layers are characterized by considerable
thickness (up to 150-200 microns) and high adhesion to the base metal [4,5].

Chrome plating is a classic method of applying protective coatings that provide high wear and corrosion
resistance. Chrome coatings can be produced by electroplating or chemical deposition methods. The main
advantages of chrome layers are high hardness (up to 1000-1200 HV), excellent corrosion resistance due to
the formation of passive oxide films Cr, O3 , and the ability to self-heal in case of surface damage [6,7].

The combination of boron and chrome plating is a promising area for creating multilayer coatings that
combine the high wear resistance of boride layers with the corrosion resistance of chrome plated coatings.
Such coatings are often called “hybrid” or “multifunctional”. Galvanic chrome plating is carried out in baths
with chromic acid electrolytes, where the cathodic process is controlled by the deposition of metallic
chromium. Process parameters such as temperature, electrolyte concentration and current density have a
significant impact on the quality of the coating [8].

Researches [9] have shown that the application of a chromium layer on a boron surface significantly
reduces the porosity of boride layers, which increases their corrosion resistance. The authors also noted that
the optimal thickness of the chromium coating is 20-30 microns, which ensures maximum adhesion to the
boride layer and a minimum number of defects. Hybrid coatings demonstrate high resistance to adhesive
wear and contact fatigue. Research [10] found that the combination of boron and chromium plating provides
a synergistic effect that significantly improves the wear and corrosion resistance of steels. The authors
emphasized the importance of controlling process parameters to reduce internal stresses in coatings.

The use of electron beam surfacing of boron on chromium-nickel steels can increase their resistance to
water-jet wear. The formation of a coating with densely arranged borides, mainly Fe, B, increases the water-
abrasive strength of steel by 1.5-2 times [11]. It is also worth noting that laser remelting of diffusion boron-
chromium layers on 145Cr6 tool steel leads to the formation of zones with eutectic structures of boron and
chromium, which improves the microhardness and wear resistance of surface layers [12].

Despite their numerous advantages, combined coatings have a number of problems that require further
research. One of the key tasks is to control the porosity of boride layers before applying chromium, as
excessive porosity can adversely affect the performance of the coating. In addition, an important aspect is to
ensure the adhesion of the chrome coating to the boride layer, as strong adhesion between the layers is the
key to the durability and reliability of the combined coating. Another issue that requires attention is the
optimization of process parameters to reduce internal stresses in the coatings, which can lead to deformation
or material failure during operation. Thus, overcoming these difficulties is an important step towards creating
effective and reliable combined coatings.

The application of chrome coatings on boron-alloyed steels is a promising area for improving the
service characteristics of steels. Hybrid coatings combine high wear resistance, corrosion resistance and
mechanical strength, making them suitable for use in high-stress and aggressive environments. Further
technology improvements and optimization of process parameters will expand the scope of such coatings.
Increasing the durability and performance of steel materials is possible through the application of hard
coatings that serve as protective layers. Such coatings modify the surface characteristics of the base material,
giving it increased chemical resistance, increased hardness and reduced wear rates. Traditional methods of
surface hardening are often characterized by significant energy consumption and process duration, which
limits their practical application. In this context, the development of innovative chemical-thermal treatment
technologies that allow controlling the composition and structure of protective coatings, providing the
required performance parameters while minimizing the formation time, is a relevant area for Ukraine
[13,14]. Particular attention is drawn to coatings formed under non-stationary thermal conditions, which
exhibit high functionality due to the complex interaction of gas-phase deposition mechanisms and intense
diffusion mass transfer. The formation of such coatings is based on the synergistic combination of two key
processes: the formation of a film structure induced by gas-phase reactions and the formation of wide
transient diffusion zones characteristic of diffusion saturation methods. This approach makes it possible to
obtain materials with improved physical and chemical characteristics that exceed those of traditional
coatings, which makes them promising for use under high mechanical loads [15].
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2. Materials and methods of research

For the formation of protective coatings on samples from 45 and 40X steels we using functionally
active (FA) powder mixtures included such components as chromium component (CC), boron, aluminum
oxide, aluminum, ammonium fluoride, and ammonium iodine. The choice of the optimal powder fraction
was based on preliminary experimental studies, which showed that particle sizes in the range of 100-120 um
are most effective for obtaining wear-resistant coatings and ensuring maximum completeness of chemical
reactions. This range provides an optimal balance between the activity of the reagents and their
processability for diffusion processes.

The process of forming protective coatings using functionally active charges was carried out on a
specially designed experimental and industrial installation. The design of this unit was developed to meet
modern requirements for process accuracy and safety. The unit integrates reaction equipment, a system for
monitoring and controlling key process parameters (temperature, pressure and time), as well as a
comprehensive gas cleaning system that ensures process safety and environmental friendliness. This
approach made it possible to obtain coatings with high performance characteristics while minimizing the
negative impact on the environment [16].

The evaluation of structural and phase changes in titanium-doped chrome coatings was carried out
using optical and electron microscopy methods. A Neophot-32 optical microscope and a REM-106i scanning
electron microscope were used to visualize the microstructure. To contrast the microstructure of the coatings
obtained on the basis of steels, a 3% ethanol solution of picric acid in ethyl alcohol was used [17]. This
method provided a clear visualization of the morphological features of the coatings, which made it possible
to conduct a detailed analysis of their structure and identify characteristic defects.

X-ray structural analysis was used to analyze the phase composition of the diffusion zone on samples
measuring 25x10x5 mm. To study the phase composition of the coatings, a DRO-3M X-ray machine was
used in conjunction with a computer complex running the ARFA program. The tube emitted radiation with
copper and cobalt anodes. The detector rotation speed was 1 deg/min in the angle range 26 = 15-163°.

Wear resistance testing on the SMT-1 friction machine under conditions of limiting sliding friction with
lubrication using automotive tractor oil according to the roller-block scheme, at a counterbody (roller)
rotation speed of 500 rpm. The counter body was made of U8A steel with subsequent hardening and low
tempering to a hardness of 61...63 HRC. The load on the sample was: P = 500 H.

Thermodynamic modeling of chemical transformations in the process of obtaining chrome coatings
using functionally active charges included the calculation of the equilibrium composition of reaction
products using the TERRA software package. This made it possible to predict possible phase transitions and
assess the effect of temperature conditions on the formation of coatings [18,19]. To optimize the composition
of powdered functionally active charges that allow obtaining the required coating thickness and high wear
resistance, mathematical experiment planning methods were used. The study used a 3-factor, 3-level
compositional asymmetric plan of the second order, which allowed us to systematically assess the effect of
key parameters such as temperature, process duration, and reagent concentration on the characteristics of the
resulting coatings [20]. This comprehensive approach to the study and optimization of coating formation
processes not only improved their quality but also significantly reduced the time and cost of their
manufacture, which is an important factor for industrial applications. In addition, the analysis of the results
confirmed the possibility of obtaining coatings with improved physical and mechanical characteristics, which
makes them promising for use under high mechanical and corrosion loads.

3. Results and discussion

Thermodynamic modeling of chemical processes entails a comprehensive assessment of the equilibrium
state of a system that is treated as a quasi-isolated material domain. Within this framework, the system’s
interaction with the external environment is constrained to energy and heat exchange only. The
determination of thermodynamic equilibrium for arbitrary multi-component systems involves calculating the
state variables and equilibrium parameters by minimizing the Gibbs free energy (G) under isobaric-
isothermal conditions or, alternatively, by maximizing the system's entropy (S). This method takes into
account the full set of potentially stable chemical species present in the system, providing a highly accurate
prediction of the system’s chemical and phase composition under specific thermodynamic constraints.
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In scenarios characterized by non-stationary temperature regimes, the kinetic behavior of chemical
transformations is governed by both the thermal gradient and the diffusion mechanisms present within the
system. It is generally assumed that during the thermal ramp-up phase, diffusion limitations in the gas phase
are negligible, and the temporal rate of temperature change remains lower than that of gas-phase chemical
reactions. This condition enables the presumption that a quasi-equilibrium composition is achieved at each
discrete temperature interval. By performing calculations of equilibrium product distributions across a
spectrum of temperatures, it becomes feasible to monitor the evolving chemical profile of the system, which
is particularly advantageous in analyzing complex reaction pathways involving multiple intermediate steps
influenced by both thermodynamics and kinetics.

However, the feasibility of utilizing combustion synthesis techniques in practical applications is
constrained by the presence of threshold temperatures required for stable propagation of the combustion
wave. These boundaries define the minimum thermal conditions necessary for reaction initiation and
sustained front advancement. Failure to meet these thresholds can result in partial reaction inhibition or
uncontrolled front propagation, thereby compromising process reliability. Consequently, precise
identification of critical temperature limits and strategic optimization of operational parameters are essential
to ensure both the functional efficiency and the thermal safety of combustion-based synthesis methods.
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Fig.1. Content of condensed products (a) and gaseous chromium compounds (b) in the reactor for the Cr-B system

Thermodynamic modeling, combined with the analysis of kinetic mechanisms, serves as a powerful tool
for not only forecasting the outcomes of chemical reactions but also for optimizing the process parameters of
synthesis technologies. This predictive capability is particularly valuable in the design and development of
advanced materials, as it enables a substantial reduction in both the duration and financial investment
typically associated with experimental research. Furthermore, the approach provides a reliable means of
accurately estimating the physicochemical properties of final products, thereby facilitating more efficient
process control and quality assurance. Unlike conventional combustion synthesis, which is constrained by
the need for strict control over thermal conditions to ensure stable reaction propagation, thermally-induced
spontaneous combustion offers enhanced flexibility in process adjustment. Specifically, the intentional
dilution of the reactive powder mixture with inert additives—up to 45-50 wt.%—allows for effective
modulation of the peak process temperature, thereby tailoring it to meet the requirements of particular
technological applications.

As the system temperature increases, there is a notable shift in the product distribution, characterized by
a rising fraction of gaseous products alongside the concurrent release of condensed species. Within the
temperature interval of 400-1600 K, a progressive decline in the condensed phase content is observed. This
phenomenon is largely attributed to the thermal evaporation of auxiliary materials or carriers integrated into
the reactive system. Notably, when the temperature exceeds 800 K, a series of decomposition reactions are
initiated, resulting in the evolution of secondary gaseous products and a pronounced increase in the overall
molecular count of the gas phase (fig 1, 2). A thermodynamic system is conceptually defined as a physically
bounded region of matter that exchanges only heat and mechanical work with its surroundings. Employing
modern thermodynamic simulation techniques enables a rigorous, quantitative prediction of the behavior of
complex heterogeneous, multi-phase, and multi-component systems across broad temperature and pressure
ranges. Such models incorporate the influence of chemical equilibria and phase transitions, making them
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indispensable for detailed thermochemical assessments. These methods significantly improve the efficiency
of high-temperature process design, assist in the evaluation of interaction outcomes, and substantially
decrease the dependence on repetitive empirical experimentation.
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Fig.2. Content of gaseous aluminum (a) and boron (b) compounds for the system Cr-B

Equilibrium calculations for arbitrary systems—encompassing all relevant thermodynamic parameters,
physical properties, and the complete chemical and phase composition—are typically performed by
minimizing the Gibbs free energy (at constant pressure and temperature) or by maximizing the system’s
entropy. This comprehensive approach ensures highly accurate forecasts of system behavior under prescribed
environmental conditions. At temperatures exceeding 800 K, the relative amount of condensed phase
products becomes nearly constant, which suggests that within the temperature range of 800-1600 K,
chemical transformations occur without a significant change in the total molecular count of the system. This
behavior is indicative of reaction mechanisms that predominantly involve condensed-phase dynamics, such
as decomposition, disproportionation, and solid—substrate-mediated exchange reactions. These types of
processes typically proceed without introducing additional gaseous species into the system, thereby
maintaining molecular balance.
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Fig. 3. Diffraction pattern of a sample made of 45 steel (a) and 40X (b) with a protective chromium coating
doped with boron

Such transformations often represent fundamental pathways for the chemical transport of elements
within reactive media, especially in high-temperature powder metallurgy and self-propagating synthesis
systems. The stabilization of the condensed phase in this regime also implies that the system has reached a
thermodynamically favorable configuration, where the nature of chemical bonding and the structural stability
of intermediate or final solid products become the dominant factors influencing phase evolution. Depending
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on the amount of boron and ammonium gas transport agents, gaseous compounds (AlH, AlH, , AIF AlF; ,
Al, F6, AIHF, AlH, F, All, All, , All; , Al; l¢ , Cr, Cr, , CrH, CrOH, CrF, CrF, , CrF3 , Crl, Crl, , Crl3 ,
BH, BH, , BH;, BOH, HBO, , BF, BF,, BF;, BHF BI, Bl, ) and condensed phases (Al(c), B(c), Al203(c),
All; (c), AIN(c), Cr(c)).

The task of the mathematical planning of the experiment was to study the effect of the technological
mode of processing and the composition of functionally active charges on the wear resistance of protective
coatings in order to optimize the mode of thermal spontaneous combustion and select the optimal
composition of the powder charge.

Table 1. Experiment planning matrix

Characteristic Factors

CC %, wit. B %, wt. Al %, wt.
Code X3 X5 X1
Basic level 20 12 17
Variation interval 5 4 5
The lower level 15 8 12
The upper level 25 16 22

Wear parameter (Al) was evaluated by measuring the mass loss of a steel 50 specimen, upon which the
coating was deposited under process conditions defined by a peak temperature tp = 1100°C and an
isothermal holding time z = 30 min. The selection of both the baseline values and the variation intervals of
the technological parameters was guided by empirical data, which established that the inclusion of less than
10 wt.% of chromium does not yield coatings with the requisite mechanical and physical performance.
Consequently, the threshold value of chromium content was set to ensure structural integrity and
functionality of the protective layer.

By analyzing the evolution of characteristic temperature values during processing under non-isothermal
conditions, the optimal proportion of the chromium-containing component was empirically determined.
Additionally, aluminum oxide (Al,O;) was employed as an inert ballast phase to ensure a stoichiometric
completion of the powdered functional mixture. This approach guarantees the reproducibility and thermal
stability of the coating formation process by maintaining a controlled heat balance and phase distribution.

As a result of the conducted investigations, a regression model was derived that quantitatively describes
the influence of technological parameters and charge composition on the resulting structural, mechanical,
and service properties of the coatings. The empirical model is expressed by the following equation:

Al =72,711-0,4X; - 1,1X, - 0,1X5 + 0,1111X,° + 5,6111X,% - 5,3889X5? - 5,5X, X5 + 0,25X, X3

This expression enables a detailed evaluation of the contribution of individual factors and their mutual
interactions to the overall wear resistance and performance of the coating. The inclusion of quadratic terms
and cross-factor interaction components significantly enhances the fidelity of the model by capturing
nonlinearities inherent in real thermochemical systems.

The effectiveness of thermodynamic and statistical modeling for predictive analysis and optimization is
thus convincingly demonstrated. This methodology facilitates the rational design of novel functional coatings
by minimizing experimental effort and expediting process development. To visualize the influence of each
factor on wear resistance, a set of three-dimensional response surface plots was constructed (fig. 4), enabling
intuitive analysis and informed decision-making in material selection and process tuning.

Drawing upon comprehensive thermodynamic assessments and phase composition analyses of boron-
enriched chromium-based protective layers, a detailed physicochemical model has been developed to
describe the formation mechanism of such coatings under conditions of thermal self-propagating combustion
of functionally active charges.

Stage 1. The process initiates with a steady temperature rise, during which the steel substrate is
subjected to thermal exposure. As the temperature surpasses threshold values, the decomposition of volatile
gas transport agents—specifically ammonium fluoride (NH,;F) and ammonium iodine (NH,41)—is triggered.
This decomposition results in the generation of chemically active species that will subsequently contribute to
halide-mediated transport processes.
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Stage 2. A self-sustaining combustion reaction of the functional powder blend is ignited, releasing a
substantial amount of thermal energy. This exothermic reaction causes further elevation of the system
temperature and leads to the formation of a halide-rich gaseous phase. The primary gaseous products at this
stage include chromium and aluminum halides such as CrF, CrF,, Cri,4, All, All,, Alls, and volatile boron
species like BFs. These volatile halides serve as key agents in transporting the coating-forming elements
toward the substrate.

Stage 3. The generated thermal energy begins to dissipate, primarily through conduction into the steel
substrate, causing the local temperature to decrease toward the designed steady-state value. Under these
thermal conditions, the formation of a chromium-, aluminum-, and boron-doped a-solid solution initiates,
serving as the structural basis for the protective layer.

.«.I'lD“‘g/cm2

Fig.4. Influence of boron and aluminum content on the wear resistance of coatings

Stage 4. This stage is characterized by active interdiffusion processes. Thermally activated atoms of Cr,
Al and B, begin to diffuse into the iron matrix of the steel component. As a result, a multicomponent solid
solution enriched with these elements is formed, along with complex alloyed intermetallic phases A
continuous and directed diffusion flux is established, promoting the development of thick, uniform coatings.
Compared to conventional isothermal processes, coatings formed under transient thermal regimes exhibit
significantly increased thickness. This is attributed to the fine-grained, submicron-block microstructure of
austenite that forms under rapid heating. The austenitic matrix, developed under non-equilibrium conditions,
features a high dislocation density localized at grain boundaries and a branched intergranular structure,
enhancing the material's diffusion responsiveness. This stage is the most prolonged, extending up to 60
minutes, during which the bulk of the coating is synthesized.

Stage 5. In the final stage, the system undergoes cooling, and the temperature of the functionally active
charge drops. As a consequence, the diffusion fluxes weaken, and the rate of coating formation diminishes.
The protective layer solidifies with a stabilized phase composition comprising: (Fe,Cr)x(C,B)s,
(Fe,Cr);(C,B)s, (Fe,Cr,Al)B, (Fe,Cr,Al),B. Metallographic and X-ray spectral analysis of boron-doped
chrome protective coatings obtained on 45 and 40X steel samples (fig. 5) showed that the following phases
were formed on the surface: (Fe,Cr)3(C,B)s, (Fe,Cr)-(C,B)s, (Fe,Cr,Al)B (Fe,Cr,Al),B, and zones of a-solid
solution of Cr, Al, B in Fe. Boron-modified chromium-based protective coatings deposited on steel grade 45
have gained substantial relevance in tribological applications due to their pronounced ability to reduce
friction and significantly enhance resistance to wear. These coatings are especially valued in engineering
systems subjected to intense mechanical contact, where surface durability and lubrication retention are
crucial. As such, a key aspect of current research lies in assessing the wear resistance of steel 45 substrates
following surface modification with boron-containing chromium coatings.

Experimental investigations conducted under dry sliding friction conditions using the SMT-1 tribometer
revealed a pronounced enhancement in wear resistance when coatings were synthesized via thermal self-
propagating modes using functionally active powder mixtures. Specifically, the coatings formed under
dynamic temperature regimes demonstrated wear resistance approximately 1,4-1,6 times greater than their
counterparts fabricated using conventional isothermal processes (fig. 6). This performance enhancement is
attributed primarily to the superior microhardness of the thermally activated coatings.
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WD=19.3mm 20.00kV_~ X200 200um
a) b)
Fig. 5. Boron-alloyed, chromium coatings on steel 40X(a) and 45 (b) (tp - 1050 °C, T =30 min).
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Quantitatively, the microhardness values (measured under a 100 g load) for boron-doped coatings
produced under steady-state thermal conditions were observed in the range of H100 = 15,000-15,500 MPa.
In contrast, coatings formed under non-isothermal conditions utilizing exothermically reactive powder
blends exhibited significantly higher microhardness, reaching values between H100 = 16,500-17,500 MPa.
This substantial increase in surface hardness is one of the main factors contributing to the improved wear
performance of the coatings. The increase in microhardness for coatings obtained using functionally active
mixtures is due to an increase in the amount of chromium, aluminum, and boron alloying elements by 5-11%
compared to known coatings obtained under isothermal conditions.

It is important to note, however, that although a clear trend correlating increased surface hardness with
enhanced wear resistance exists, the relationship is not strictly linear. The wear behavior of metallic
materials is inherently complex and influenced by numerous interacting variables, including contact
pressure, sliding velocity, lubrication conditions, and surface topography. As a result, microhardness alone
cannot fully account for all variations in wear behavior.

From a mechanistic perspective, wear under sliding friction conditions predominantly involves elastic
and plastic deformation of the surface layer, along with subsurface fatigue processes that eventually lead to
material removal. These processes manifest through microcrack initiation, propagation, and detachment of
surface fragments. In contrast, when subjected to impact-dynamic loading, different wear mechanisms
dominate, including brittle fracture, chipping, shearing of individual particles, and localized plastic
deformation. These distinctions underscore the necessity of tailoring coating composition and structure to the
specific mechanical and tribological demands of the intended application.

120

W functionalhy
active 20 4
mixtures

B lsothermal
conditions

40% 45

Fig.6. Comparative tribological tests on steel 40X and 45.
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Consequently, the choice of coating technique and regime must be guided by a comprehensive
understanding of the interaction between the operational environment and the mechanical behavior of the
surface layer. The demonstrated ability of thermally generated boron-alloyed chromium coatings to resist
wear under severe conditions positions this approach as highly promising for extending the service life of
components in high-load, high-friction environments. Thus, the use of functionally active charges for the
formation of boron-doped chromium coatings is a promising direction for improving the wear resistance of
steel materials. The obtained results confirm the possibility of a significant improvement in the performance
characteristics of steel 45 by optimizing the technological parameters and composition of coatings.

4. Conclusions

As a result of the research, the influence of boron alloying on the wear resistance of chrome coatings
obtained using functionally active charges was determined. The effectiveness of the developed technology
for applying multicomponent chrome coatings has been confirmed by both experimental and theoretical
methods. The coatings formed under non-stationary temperature conditions demonstrated high characteristics
in terms of wear resistance and thermal stability. A significant improvement in physical and mechanical
properties was achieved on steel samples with a carbon content of 0.5% compared to traditional coatings,
which was manifested in a reduction in wear under impact and dynamic loading. The amount of alloying
compounds also depends on the initial composition of the material. Calculations of the thermodynamic
equilibrium of reaction products and kinetic laws confirmed the possibility of forming coatings with
specified properties at different temperature conditions. In the powdered, functionally active charge, gaseous
compounds are formed (AIH, AlH, , AIF AlF, , Al, F6, AIHF, AlH, F, All, All, , All; , Al, 1l , Cr, Cr, ,
CrH, CrOH, CrF, CrF, , CrF3 , Crl, Crl, , Crlz , BH, BH, , BH;, BOH, HBO, , BF, BF,, BF; BHF BI,
BIl, ) and condensed phases (Al(c), B(c), Al203(c), All; (c), AIN(c), Cr(c)). The modeling showed that the
selected powder mixtures and technological parameters ensure the effective formation of protective layers.
Metallographic analysis confirmed the high quality and homogeneity of the coatings, their good adhesion to
the steel base, and resistance to cracks and defects. According to the results of metallographic and X-ray
spectral analysis, it was found that the following phases are formed on the surface of the chrome coatings of
boron-doped coatings: (Fe,Cr), 5 Cs, (Fe,Cr); C;, Fes Al, (Fe,Cr,Al), B, as well as zones of a-solid
solution of Cr, Al, B in Fe. During tests under sliding friction conditions on the friction machine SMT-1, it
was found that the wear resistance of coatings obtained using functionally active charges was 1.9-2.1 times
higher than that of coatings formed under isothermal conditions. A comparative analysis of wear resistance
during tests on the friction machine MT-5 (under shock-dynamic loading) revealed that coatings obtained
using functionally active charges have a 1.4-1.6 times lower wear than coatings obtained under isothermal
conditions.
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Abstract. The paper presents the comparative analysis results of the shielding characteristics of
multicomponent ceramics obtained by mixing TeO,, CeO,, WOz, ZnO, Bi,O; and ZrO, oxides in various molar
ratios, enabling acquisition of ceramics with a variable phase composition. According to the results of X-ray
phase analysis, the addition of ZrO, to the composition of composite ceramics leads to the formation of a
monoclinic substitution phase ZrCeO,. The contribution growth of the latter results in strength properties growth
due to a change in the concentration of interphase boundaries in the composition of ceramics. During the tests
conducted for resistance to thermal effects capable of leading to destabilization of the crystalline structure, it was
established that an increase in the contribution of ZrO, in the composition of ceramics leads to an increase in
resistance to thermally induced softening processes, and an increase in the stress resistance of ceramics during
tests for thermal shock effects. During determination of the shielding characteristics of the studied ceramics, it
was found that the formation of a stabilizing ZrCeO, phase in the composition of multicomponent ceramics leads
to an elevation in the shielding efficiency, as well as the stability of the preservation of shielding characteristics as
a result of long-term thermal effects and thermal shock tests. Moreover, the greatest increase in the efficiency of
the measured parameters is observed in the case of assessment of thermal insulation characteristics. The increase
in the latter is more than 2.5 times compared to non-stabilized ceramics, which do not contain inclusions in the
form of the ZrCeO, phase.

Keywords: composite multicomponent ceramics, shielding materials, thermal shock exposure, stabilization, doping
1. Introduction

Interest in the creation of highly effective shielding materials is primarily due to the need to reduce the
negative impact of ionizing radiation on living organisms and microelectronic devices, as well as the search
for alternative materials to replace traditional lead and tungsten protective shields, which are highly effective
in shielding, but have a number of disadvantages, including toxicity during prolonged contact (for lead) and
high cost of manufacture (for tungsten). In recent years, much attention in this area of research has been paid
to assessment of the possibilities of creation of shielding protective materials based on composite ceramics.
Its concept includes combination of the properties of various oxide compounds, variation of the ratio of
which makes it possible to obtain various materials that have high strength indicators, resistance to external
influences [1-3], including aggressive environments, and have high shielding characteristics comparable to



Eurasian Physical Technical Journal, 2025, 22, 3(53) ISSN 1811-1165; e-ISSN 2413-2179 25

those of lead. Interest in composite multicomponent ceramics and amorphous-like glasses is primarily due to
the possibility of the material density reduction by variation of the components in the composition while
maintaining high shielding efficiency indicators, with the possibility of bringing the parameters to values
close to the shielding parameters of lead. In most cases, the density of composite multicomponent ceramics
is about 3 — 5 g/cm®, while the density of lead is about 11.3 g/cm®. The reduction of density by more than 2 —
2.5 times compared to lead while maintaining high values of shielding characteristics, as well as the non-
toxicity of ceramics in contrast to lead, allows their consideration as one of the key parameters in the field of
shielding protective materials applicable in the medical sector, aerospace and energy industries [4,5]. It
should also be noted that interest in composite ceramics in the field of protection of microelectronic devices
is due to the need to reduce weight and overall dimensions, which play a very important role in spacecraft,
for which any kilogram of weight when launched into orbit requires a large amount of fuel resources. In
addition to shielding characteristics, recently much attention in the creation of composite multi-component
shielding ceramics or glasses has been paid to their strength and heat-insulating parameters. These values
determine their applicability in extreme operating conditions, including high mechanical loads, long-term
mechanical friction, thermal effects and sudden changes in operating temperature conditions [6,7]. Elevation
of strength characteristics, as well as resistance to external influences, along with high shielding
characteristics, is one of the key areas of research, for the implementation of which methods of doping with
high-strength components are used. The addition of these to the composition of ceramics or glasses can
initiate the formation of inclusions that have a reinforcing effect, the occurrence of which increases
resistance to external influences [8,9]. This effect is based on the possibility of filling the intergranular space
with impurity inclusions in the form of new phases, which leads to the creation of interphase boundaries that
prevent the spread of microcracks under external influences, as well as inhibition of oxidation processes
caused by the diffusion of oxygen into the sample under high-temperature exposure. In this case, the choice
of stabilizing components is usually based not only on the possibilities of alteration of the strength
characteristics, but also enhancement of the shielding efficiency due to changes in the overall value of Z
[10-13], which plays a very important role in determination of the shielding characteristics, especially in the
case of shielding gamma quanta with energies up to 1 MeV, which are the most common type of gamma
guanta, and also have high penetrating power [14-16].

The main aim of this study is to determine the prospects for using composite 1- x(TeO, — CeO, — WO;
— Zn0O — Bi,03) — xZrO, ceramics as shielding materials by comparative analysis of shielding efficiency
depending on the variation of the ratio of components in the composition, as well as to determine the
influence of external influences on maintenance of the stability of shielding and thermal insulation
characteristics [17,18]. At the same time, much attention in the work is paid to assessment of the prospects
for using these composite ceramics not only as shielding materials, but also as high-strength thermal barrier
coatings, interest in which is due to the field of heat-resistant materials used in extreme conditions. The
combination of the obtained results made it possible to evaluate both the prospects for using the proposed
composite ceramics as protective materials and to expand the general understanding of the variation of phase
composition in composite ceramics due to the observed phase transformations caused by changes in the ratio
of components [19,20].

2. Material and Methods

The variation of components in the ceramics was carried out by addition of ZrO, to the five-component
mixture in a molar fraction from 0.05 M to 0.25 M. In this case, all the initial oxides were purchased from
Sigma-Aldrich (St. Louis, Missouri, USA), the chemical purity of the oxide powders was about 99.95 %.
The synthesis of x(TeO, — CeO, — WO; — ZnO - Bi,0O3) — xZrO, ceramics was carried out by
mechanochemical solid-phase milling of oxide components in different molar fractions, the variation of
which is due to the addition of ZrO, to the composite during mixing. Grinding for the purpose of obtaining a
uniform distribution of all components in the volume was carried out using a PULVERISETTE 6 classic line
planetary mill (Fritsch, Berlin, Germany), the grinding speed was about 250 rpm, the grinding time was 30
minutes. After grinding, the samples were removed from the grinding cup (tungsten carbide), divided into
equal parts and annealed in a muffle furnace at a temperature of about 1000 °C (the heating rate until the
final set temperature was reached was 20 °C/min). Annealing was carried out for 5 hours, after which the
samples cooled together with the furnace for 24 hours until the furnace chamber had completely cooled.
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After sintering, the obtained powders were subjected to a phase composition study, the changes of
which in this case were due to a variation in the ratio of components in the composition of ceramics when
ZrO, was added to them. The study of phase changes that occurred as a result of thermal sintering was
carried out using the X-ray phase analysis method, performed using a D8 Advance ECO X-ray
diffractometer (Bruker, Germany). To assess the phase composition, the Diffrac EVA v.4.2 software was
used, the application of which made it possible to determine with high accuracy (at least 0.1 wt. %) changes
in the phase ratio in the composition, the establishment of which was carried out using the method of
comparative analysis of the observed diffraction reflections with the data of the card values taken from the
PDF-2 (2016) database. Tests of heat resistance (resistance of ceramics to thermal shock effects), including a
sharp change in the temperature of impact on the samples studied, were carried out according to the standard
method. It consisted of rapid heating (heating rate 50 °C/min) of the samples to a given temperature of 1000
°C, 1300 °C and 1500 °C, holding at this temperature for 30 minutes and then quickly removing it into the
air, which leads to the creation of a sharp temperature gradient. To determine the effect of thermal shock
effects on ceramic samples, as well as to establish the relationship between the addition of ZrO, to the
composition on resistance to high-temperature degradation, measurements of the hardness and bending
strength of the samples under study were carried out before and after a specified number of cyclic tests. The
number of test cycles was at least 10, which made it possible to evaluate the resistance of ceramics to high-
temperature degradation, as well as to determine its effect on the softening degree of ceramics. Experimental
work was also carried out to identify the effect of high-temperature degradation on the preservation of
thermal insulation properties, which included testing samples when heated on one side and assessing the
thermal insulation temperature parameters by calculating the temperature difference on both sides. These
experiments were carried out at a test temperature of 1500 °C, and the temperature difference was controlled
using thermocouples.

The shielding performance of the ceramic samples was evaluated using a Cs**" gamma source
(E, = 662 keV) and a detector placed 10 cm from the source. From the measured intensity changes with and
without the ceramic shielding, the linear and mass attenuation coefficients as well as the half-value layer
thickness were determined.

3. Results and discussion

One of the important criteria playing a key role in determination of the applicability potential of
composite ceramics is their phase composition, the change of which directly depends on the conditions of
ceramic synthesis. In most cases, during production of telluride composite materials, the phase composition
is represented by an amorphous nature, caused by the melt of tellurium oxide, the content of which plays a
very important role in determination of the shielding parameters. Moreover, in the case of addition of cerium
dioxide and tungsten oxide to the composition of composite glasses, the melting point of which is
significantly higher, as a rule, the phase composition of composite telluride materials is represented by a
mixture of different phases, the variation of the weight contributions of which determines the key role both
in the shielding characteristics and in the strength parameters.

The circular diagrams (see Figure 1) show the X-ray phase analysis of the studied x(TeO, — CeO, —
WO; — Zn0 - Bi,03) — xZr0O, ceramics with varying component ratios, reflecting the role of adding ZrO, in
the phase formation processes in ceramics during thermal sintering. According to the presented X-ray phase
analysis data, the dominant phase in the composition of composite ceramics is the cubic phase CeO,, the
weight contribution of which varies from 61 to 40.5 wt. % depending on the concentration of ZrO,, the
addition of which, as is evident from these changes in weight contributions, leads to the formation of the
monoclinic ZrCeO, phase with a subsequent increase in the share of its weight contribution. The samples
also contain inclusions in the form of the orthorhombic ZnTeO; phase, the monoclinic phase of zinc
tungstate (ZnWOQO,), and the monoclinic Bi,Te,Oy; phase, associated with phase transformations of oxides
during their thermal sintering. The formation of the ZrCeO, phase when ZrO, is added to the composite
ceramics is due to the processes of cationic substitution of zirconium by cerium, which leads to the formation
of a substitution solid solution phase, while the selected conditions of thermal annealing at a temperature of
1000 °C do not allow the initiation of polymorphic transformation processes in ZrO,, which also maintains
the stability of the crystal structure. Thus, it is possible to make a general conclusion that the selected
conditions of thermal sintering of ceramics at a temperature of 1000 °C do not lead to amorphization or
vitrification of the crystalline structure. Also, the observed phase changes are associated with the processes
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of structural transformations caused by the formation of the substitution ZrCeQO, phase, with the addition of
ZrO, with a monoclinic type of crystal lattice. Its change occurs due to the partial substitution of zirconium
cations (Zr*") by cerium cations (Ce*"), as a result of which there is an increase in this phase in the
composition of ceramics, and a decrease in the weight contribution of the CeO, phase due to its partial
transformation.
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Fig.1. Results of X-ray phase analysis of the studied x(TeO, — CeO, — WO;3 — ZnO — Bi,03) — XZrO, ceramics
at varying ZrO, concentration

At the same time, the weight contributions of ZnTeO3;, ZnWOQO, and Bi,Te;O4; in the composition of
ceramics remain almost unchanged, and small variations in their weight contributions are due to the degree
of manifestation of their diffraction reflexes on diffraction patterns, which affects the determination of the
weight contribution. The formation of the zinc tungstate phase (ZnWQ,) in the composition of composite
ceramics can contribute to an increase in the stability of both strength parameters and the accumulation of
radiation damage, since it is known that tungstates have fairly high resistance to radiation exposure. In turn,
the content of this phase in the composition of composite ceramics is stable regardless of the concentration of
the ZrO, dopant, from which it can be concluded that the addition of a stabilizing dopant does not have a
significant effect on its formation. Similar trends of small variations in weight contributions are also
observed for the ZnTeO; and Bi,Te,O1; phases, from which it can be concluded that the substitution
processes occur in cerium dioxide. Some of the important parameters influencing the determination of the
applicability potential of composite ceramics as protective or heat-insulating materials are their strength
characteristics (hardness, bending strength), as well as maintenance of their stability under external
influences, including a sharp change in temperature, the variation of which leads to the initialization of
oxidation processes of the near-surface layer, leading to softening and destruction with subsequent
embrittlement. In this case, determination of the resistance to external influences, including high-temperature
ones, allows assessment of the possibilities of using composite ceramics during their operation in extreme
conditions, the impact of which can result in destabilization of properties [21,22].

Figure 2 demonstrates the assessment results of changes in the values of hardness and bending strength
determined during cyclic tests for heat resistance. The obtained dependences of changes in strength
characteristics reflect the rate of degradation under high-temperature effects associated with temperature
differences that initiate oxidation processes of samples due to a sharp change in the temperature gradient.
The overall trend of the observed alterations in strength characteristics indicates a reduction in strength
characteristics upon reaching a certain number of test cycles, from which it follows that oxidation processes
have a cumulative effect associated with an increase in stress effects when the temperature of the sample
changes. It should be noted that the addition of ZrO, to the composition of composite ceramics slows down
the processes of destruction of strength characteristics, which can be due to the following factors. In the case
of a sharp change in temperature, the resulting temperature gradient between the surface and internal layers
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that are heated due to the effect of heating, the formation of thermal stresses occurs. At the same time, the
presence of interphase boundaries can lead to uneven heating of samples due to low thermal conductivity
coefficients, as well as differences in thermal expansion coefficients. The occurrence of thermal stresses in
the near-surface layer with a sharp change in the exposure temperature (with rapid cooling) can lead to the
formation of intergranular cracks, as well as extended intragranular cracks that arise along weakly bonded
boundaries or defective inclusions, the presence of which is due to phase transformation processes.
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Fig.2. Results of cyclic tests of composite ceramics, reflecting changes in strength properties under thermal shock
exposure: a) results of changes in hardness; b) results of changes in bending strength

In this case, the emerging local redistribution of deformation stresses, the presence of which is
associated with the processes of phase formation during sintering of ceramic samples, together with thermal
stresses formed during a sharp change in the temperature gradient can lead to destabilization of the phase
composition of ceramics. This is associated both with a change in the density of dislocations and microcracks
in the near-surface layer, and the emergence of a gradient in the density of defects between the near-surface
layer and the deep layers, which were subjected to less heating due to the low thermal conductivity of the
samples. The formation of such a defect density gradient in combination with the generation of microcracks
in the near-surface layer leads to destabilization of the surface, which in turn leads to a decrease in hardness
and bending strength. In this case, effects associated with the formation of cavities in the damaged layer can
also be observed, the occurrence of which occurs due to the deformation effect on the crystalline structure, as
well as partial expulsion or destruction of individual grains from the near-surface layer, which in turn leads
to surface erosion during long-term heat resistance tests. In the case of the formation of the ZrCeO,
substitution phase in the composition of composite ceramics, the increase in the contribution of which,
according to the presented measurement results, leads to an increase in the strength characteristics of the
samples in the initial state (the observed change in hardness and bending strength with an increase in the
weight contribution of the ZrCeO, substitution phase in the composition varies from 10 to 50 % compared to
undoped ceramics). Such changes in the strength characteristics indicate that the change in the phase
composition due to a change in the concentration of the ZrO, dopant (and, consequently, the weight
contribution of the ZrCeO, substitution phase) about the positive dynamics of hardening of ceramics to
external mechanical effects. In this case, the hardening mechanism is associated with the effects of the
interphase (intergrain) boundaries contribution growth, which leads to an increase in the concentration of
grain boundaries that prevent the propagation of microcracks and chips under external influences. This is
evidenced by the change in the values of the difference in hardness and bending strength obtained by
comparing these values after a certain number of cycles with the initial value. Formation of inclusions in the
form of ZrCeO, with an increase in the concentration of the stabilizing additive allows to significantly
increase both the resistance to external influences and to increase the strength parameters, which is a fairly
significant indicator in the field of expanding the potential for the use of composite ceramics. Moreover, the
obtained results of the resistance enhancement are in good agreement with the results of a number of works
[23-26], in which an increase in the strength parameters was achieved by formation of a size effect in the
structure, as well as alteration of the phase composition of the ceramics. According to the data presented, in
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the case of unmodified composite ceramics, the difference in hardness and bending strength values,
reflecting the degree of softening (degradation of strength properties), is about 5.4 ~ 5.5 %. At the same time,
the addition of ZrO, to the ceramics, leading to the formation of the ZrCeO, phase in a small amount (within
10 wt. %), leads to a rise in the initial values of hardness and bending strength, but the softening degree
changes insignificantly compared to unmodified ceramics (the difference is less than 10 %). An elevation in
the weight contribution of ZrCeO, in the composition of composite ceramics above 10 % leads to a
significant growth in the initial values of the strength parameters, as well as an increase in the degree of
resistance to thermal shock effects, which consists in a decrease in the softening degree of less than 4.0 %,
and in the case of a weight contribution of ZrCeO, phase of about 20 — 23 %, the observed change is more
than 2 times less than in the case of unmodified ceramics. At the same time, the values of hardness and
bending strength for these ceramics are also quite high compared to unmodified ceramics. Thus, it can be
concluded that the formation of the ZrCeO, phase in the structure of ceramics results in emergence of
additional interphase boundaries that restrain the effect of thermal expansion, and as a result, increases
resistance to softening under thermal influence. It should also be noted that one of the factors restraining
softening processes is the thermophysical properties, the change of which allows restraining high-
temperature expansion processes. The decrease in the thermal conductivity of ceramics, caused by a change
in the phase composition, expressed in the composite ceramics’ thermal conductivity coefficient reduction
from 26 W/(mxK) to 16 — 12 W/(mxK) leads to a slowdown in heat transfer processes, and therefore, an
increase in thermal insulation due to the inhibition of phonon heat exchange mechanisms. As a result, the
observed change in the softening degree can be explained by the fact that the restraint of heat exchange
processes results in less pronounced destruction processes in the case of temperature differences.

Figure 3 shows the results of experimental work reflecting the change in temperature on the front and
back side of ceramic samples and showing the thermal insulation properties of ceramics. These experiments
were aimed at identifying the effect of variation in the phase composition of composite ceramics on the
change in thermal insulation properties, as well as assessing the applicability of composite ceramics as
thermal insulation materials capable of operating in extreme conditions.
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Fig.3. The assessment results of changes in temperature values on the front and back sides of the sample,
reflecting the results of thermal insulation of ceramics depending on the holding time at high temperatures: a)
ceramics in the initial state; b) ceramics after testing for thermal resistance to thermal shock exposure.

The measurements were carried out by heating one of the sides (designated as the front side) with
recording the surface temperature using a thermocouple and measuring the temperature on the back side of
the samples, the difference between which (AT) determines the value of thermal insulation. Moreover, in the
case of heating, the temperature difference was measured after stabilization of the surface temperature in a
given temperature mode and recording stable temperature values on the back side. The time for stabilization
of the temperature difference during heating of the samples was about 30 — 60 minutes. The total time of
testing for thermal insulation and maintaining thermal insulation properties was 24 hours, with control
temperature measurements taken every half hour on the front and back sides of the samples. According to the
data presented, it is evident that in the case of non-stabilized composite ceramics, the temperature difference
AT is about 175 °C, while after about 20 hours of cyclic testing, a decrease in the difference AT between the
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front and back sides is observed. This means that with prolonged thermal exposure, the thermal insulation
properties of the ceramics are lost. According to the analysis of the obtained experimental data, the addition
of ZrO, to the composition leads to significant changes in the thermal insulation parameters, which are
expressed both in the overall increase in the difference AT and in the increase in the stability of maintaining
the temperature difference during long-term thermal exposure. At the same time, the AT value growth has a
direct relationship with the change in the phase ratio in the composition of composite ceramics, due to the
increase in the contribution of the monoclinic phase ZrCeO,, formed as a result of the addition of ZrO, to the
composition. The AT value growth in this case is due to a decrease in the thermal conductivity of ceramics,
which in turn leads to a slowdown in the heat transfer mechanisms and, therefore, a reduction in heat transfer
and heating of ceramic samples. The maximum AT value for the studied ceramics in which the weight
contribution of the ZrCeO, phase is about 22 — 23 wt. % is equal to more than 475 °C, which is more than
2.5 times greater than the AT value established for unmodified ceramics. Such changes make it possible to
consider modified composite ceramics as high-strength heat-insulating materials capable of withstanding
both mechanical loads and temperature changes, as well as long-term high-temperature exposure. Figure 3b
also reveals the assessment results of the change in the heat-insulating properties of ceramics after testing for
heat resistance under thermal shock effects, reflecting the effect of high-temperature degradation on the heat-
insulating properties of ceramics. The general trend of changes in the values of temperature differences
between the front and back sides of ceramics subjected to heat resistance tests does not differ significantly
from the results of thermal insulation tests in the case of the original samples, from which it can be
concluded that the impact of oxidation processes caused by sudden changes in temperature does not have a
significant negative impact on the stability of ceramics and the preservation of the stability of thermal
insulation properties.

Figure 4 demonstrates the results of a comparative analysis of the AT values before and after testing the
samples, reflecting the influence of high-temperature oxidation processes caused by thermal shock exposure
on the preservation of thermal insulation characteristics. The obtained data showed that the thermal shock
effect on the studied samples results in minor differences in the AT values, from the analysis of which it can
be concluded that the observed processes of thermal oxidation and softening do not have a significant effect
on the loss of thermal insulation characteristics, and in some cases lead to a slight increase in the difference
AT, which may be due to a change in the thermophysical parameters of ceramics caused by oxidation.
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Fig.4. Results of comparative analysis of AT values before and after testing ceramic samples for thermal
resistance to thermal shock exposure in the amount of 10 consecutive cycles

Determination of shielding characteristics reflecting the prospects of using the obtained
multicomponent ceramics as protective shielding materials, allowing to reduce the negative impact of
gamma radiation. As a source of gamma quanta, a Cs**’ source, allowing the generation of gamma quanta
with an energy of about 662 keV, which is characterized by the dominance of Compton scattering processes
during the interaction of gamma quanta with materials, was used. The calculation was conducted by the
assessment of changes in the intensity values of the registered gamma quanta without a protective shield and
with a protective shield, on the basis of which the linear and mass absorption coefficients (LAC and MAC)
and the thickness of the half-layer at which gamma quanta are absorbed (HVL) were estimated. The results
of the experimentally determined values are given in Table 1.
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According to the data presented, a change in the ratio of components in the composition of composite
ceramics with the addition of ZrO, to the composition, followed by the formation of the ZrCeO, phase, leads
to a growth in the shielding characteristics of LAC and MAC, an elevation in which indicates an increase in
the shielding efficiency, and, as a consequence, a decrease in the negative effects of exposure to ionizing
radiation. At the same time, the shielding efficiency growth due to the change in phase composition indicates
a positive effect of modification not only on the strength and thermal insulation properties, but also on the
shielding ability of ceramics. It is important to highlight that the order of magnitude of LAC, MAC and HVL
itself indicates a fairly high shielding efficiency, since for most of the composite materials under
consideration, the LAC value is usually about 0.2 — 0.5 cm™.

Table 1. Parameters of shielding characteristics depending on the ratio of components in the composition of
ceramics

Shielding Concentration of ZrO, in ceramics, M

parameter 0.0 0.05 0.10 0.15 0.20 0.25

LAC, cm™ 0.65+0.04 0.66+0.07 0.67+0.05 0.68+0.03 0.71+0.03 0.72+0.05
MAC, szlg 0.096+0.009 0.097+£0.004 | 0.098+0.005 | 0.101+£0.006 | 0.108+0.005 | 0.109+0.007

HVL, cm 1.041+0.014 1.037+£0.012 | 1.032+0.016 | 1.029+0.017 | 0.965+0.015 | 0.0964+0.012

A comparative analysis of the gamma radiation shielding efficiency was carried out using a number of
literature data taken from works [27-31]. The choice of compositions of protective shielding materials is
based on close ratios of components of the obtained samples, as well as their variations, which allowed the
authors the estimation of the shielding efficiency. The results are shown in Figure 5; for comparison, the
values of the LAC were selected in the case of shielding gamma quanta with energies of 662 keV, which are
characterized by the dominance of Compton scattering in the mechanisms of interaction of gamma quanta
with the shielding material. The comparison of the shielding efficiency was performed by comparison of the
values of the LAC, which reflects the efficiency of gamma quanta absorption during shielding, while the
choice of this value makes it possible to compare the efficiency without reference to density (the value of
which, according to the results of these studies, varies within the range of 3.5 — 4.5 g/cm? which is
significantly lower than the density of lead ~11.34 g/cm®). The general appearance of the obtained
comparison data shows that the shielding efficiency directly depends on the composition and quantity of
components in the shielding glasses, in particular, the key role in increasing the efficiency is played by heavy
oxide compounds (Bi,Os;, WOs, Nd,O; et.al.), alongside compounds with rare earth elements, the addition of
which makes it possible to increase the absorption capacity of the shielding materials. Moreover, the
observed values, as well as their dependences of the LAC on the composition of the shielding materials, are
in good agreement with the results presented in the relatively recently published mini-review of Recep
Kurtulus [32], which indicates that the use of heavy oxide components allows for an increase in shielding
efficiency, while eliminating lead or its oxide in the composition of glass, the addition of which allows for an
increase in the density of shielding materials above 5 — 5.5 g/cm®. The systematization provided in the work
of Recep Kurtulus allows us to identify the most promising composites in this area, as well as to determine
the role and potential applicability of various composite glasses and ceramics as shielding protective
materials. The results of the comparative analysis of the values of the LAC obtained for the studied x(TeO, —
CeO, — WO;3 — ZnO — Bi,03) — xZrO, ceramics showed a significant superiority over other types of
composite glasses considered as shielding protective coatings, which in turn is due to the presence of both
heavy oxides such as Bi,O3, WO; in the composition of the glasses, and the difference in the charge state of
the selected elements, which makes it possible to obtain sufficiently high values of Z. determining the
shielding efficiency for the selected energies (in this case, the addition of heavy components and ZrO, to the
composition leads to the value of Z.s ~ 45 — 47). In this case, the high value of Z in the region of gamma
guanta energies, characteristic of the dominance of interaction mechanisms of the photoelectric effect type,
allows for the effective absorption of low-energy gamma quanta, which in turn allows for the use of
sufficiently thin layers of protective materials for shielding, which in the case of protecting microelectronic
devices plays a very important role in determination of the mass and overall dimensions. In the energy range
from 0.1 to 1 MeV, for which the dominant effect in the interaction mechanisms is Compton scattering, the
influence of Z on the absorption capacity is most pronounced, since the absorption efficiency is directly
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proportional to the value of Z.s. Thus, a large value of Zg for the synthesized ceramics provides a high
absorption capacity, significantly different from a number of borate and telluride glasses selected for
comparison. In the case of high-energy gamma quanta, the greatest contribution to the shielding efficiency is
made by the density of the material and its thickness, which, together with high Z. values, makes it possible
to significantly increase the prospects for using composite ceramics.
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Fig.5. Comparative analysis of shielding properties
a) results of a comparative analysis of the LAC taken from literature data with the results of the studies conducted,;
b) results of the evaluation of the shielding efficiency in comparison with the LAC for lead

Figure 5b demonstrates the results of a comparative analysis of the shielding efficiency, determined on
the basis of the measured LAC values in terms of the shielding efficiency of lead, which is a reference
shielding material with the highest efficiency among the currently known protective shielding materials. In
this case, the high efficiency of lead is primarily due to its high density, which leads to the maximum
absorption of emitted gamma quanta. The results of the comparative analysis revealed that the efficiency of
the obtained composite ceramics is about 60 — 65 % of the efficiency of lead, which is 1.5 — 2.0 times higher
than the efficiency of the composite glasses and glass-like ceramics selected for comparison. This difference
is primarily due to the difference in the density of the ceramics under consideration, as well as the Z values,
which play a very important role in determination of the absorption and shielding capacity.

Figure 6 shows the results of a comparative analysis reflecting changes in the strength (hardness and
resistance to three-point bending), heat-insulating and shielding characteristics of the studied ceramics when
modified with ZrO,, the addition of which leads to a change in the phase composition of the ceramics due to
the formation of the substitution phase ZrCeO,.
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Fig.6. Results of comparative analysis of changes in strength, heat-insulating and shielding characteristics of the
studied composite ceramics with the addition of ZrO,, reflecting the effectiveness of alteration of properties in
comparison with non-stabilized ceramics
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According to the data presented, the change in phase composition due to the addition of ZrO, to the
ceramics makes it possible to significantly increase the strength and mechanical properties, the increase of
which is from 10 to 43 — 44 % depending on the concentration of the stabilizing additive in the composition.
At the same time, the maximum achievement of efficiency is observed in thermal insulation characteristics,
the growth of which is about 2.5 times compared to unmodified ceramics. In the case of assessment of the
shielding characteristics, a change in the phase composition leads to an increase in the shielding efficiency,
however, the increase in efficiency in the case of a change in the ratio of components in the composition is
not as clearly expressed as in the case of strength and thermal parameters, and is no more than 10 — 12 %
compared to unmodified ceramics. Such a difference between changes in the effectiveness of hardening and
shielding is primarily due to the fact that hardening and thermal insulation growth is associated with the
formation of impurity inclusions in the composition, which provide dispersion hardening due to size effects
and the appearance of new inclusions, increasing the number of grain boundaries, restraining the spread of
microcracks and oxidation processes.

Also, in the case of assessment of thermal insulation characteristics, the increase in efficiency is
associated with a decrease in the thermal conductivity of ceramics due to impurity inclusions, which reduces
the rate of heat exchange due to impurity inclusions, and therefore, inhibits heat transfer processes. In the
case of shielding parameters, the main contribution is made by a change in the density of the material, which
changes insignificantly with variations in the phase composition, which results in small changes in the
shielding characteristics depending on the concentration of the component ratio. However, when compared
with other samples of similar composite ceramics, as well as when recalculating the shielding characteristics
in comparison with the parameters of lead, we can conclude that the absorption of gamma quanta and the
containment of their negative impact are quite effective. Thus, it can be concluded that the proposed
compositions of composite ceramics, as well as their modification due to the formation of inclusions in the
form of the ZrCeO, phase, can constitute significant competition in the field of shielding and heat-insulating
materials, which have great potential for use in extreme conditions.

4. Conclusion

In conclusion, we can summarize the main results of the experimental work carried out, reflecting the
prospects for using composite multicomponent 1-x(TeO, — CeO, — WO; — ZnO — Bi,03) — XZrO, ceramics as
shielding and heat-insulating materials. During examination of the X-ray phase analysis of the studied
ceramic samples, it was found that the addition of a stabilizing additive in the form of ZrO, leads to the
formation of a substitution phase of the ZrCeO, type with a monoclinic crystal lattice type, the appearance of
which in the composition of ceramics leads to an elevation in strength characteristics, alongside an increase
in resistance to thermal effects and efficiency during their use as heat-insulating and shielding materials.
According to the conducted experimental works aimed at study of resistance to thermal effects, it was found
that the addition of ZrO, to the composition of composite ceramics leads to an increase not only in strength
properties (hardness and bending strength), but also in resistance to high-temperature corrosion caused by
cyclic tests.

In the case of tests to determine the effectiveness of thermal insulation characteristics, it was found that
reduction in the thermal conductivity properties of ceramics during the formation of a new phase of ZrCeO,
in the composition of ceramics leads to an increase in thermal insulation characteristics, as well as an
increase in the retention of resistance to long-term temperature effects.

During determination of the shielding characteristics of the studied ceramics, it was found that the
obtained ceramic samples have a high shielding capacity, amounting to about 60 — 70 % of the shielding
efficiency of lead, which is 1.5 — 2 times higher than similar composite ceramics.
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Abstract. The study focuses on the investigation of a new compound that combines the properties of
manganites and zirconates, paving the way for the development of highly efficient functional materials. The
compound was synthesized through the interaction of lanthanum oxide, zirconium oxide, manganese oxide, and
sodium carbonate at temperatures ranging from 800 to 1200 °C and studied using X-ray analysis methods,
including the determination of cubic lattice parameters. The analysis of the temperature dependence of heat
capacity revealed second-order phase transitions, based on which equations describing its variations were
derived. Thermodynamic characteristics such as entropy and enthalpy were calculated. Electrophysical
measurements confirmed the semiconductor nature of the material within a specific temperature range and
revealed high values of dielectric permittivity, surpassing those of reference materials.

Keywords: manganite, lanthanum, zirconium, sodium, heat capacity, thermodynamic functions, electrophysics.
1. Introduction

Due to their magnetoresistance (MS) and colossal magnetoresistance (CMS) properties, manganites can
be utilized in compact devices that respond to magnetic field variations and serve as temperature sensors and
other applications [1]. Manganites can also have semiconductor, ferroelectric, para-, ferro-, and
antiferromagnetic characteristics with high RAM values [1-5]. Zirconium dioxide-based compounds are
extensively utilized in contemporary technologies as solid electrolytes for various electrochemical
applications. Their popularity stems from exceptional properties such as high ionic conductivity, excellent
chemical resistance, low thermal conductivity, and superior mechanical and optical characteristics [5-8].

The effect of adding Er,0; on the electrical conductivity of c-ZrO, was studied by analyzing the
impedance spectra of undoped and various amounts of cubic zirconium dioxide doped with Er,O; (c-ZrOy).
Doped c-ZrO, powders and powders containing 1-15 wt.% Er,O3; were prepared using a colloidal method.
Subsequently, the doped powders were granulated under a pressure of 200 MPa. Additionally, undoped and
Er,0s-doped samples of ¢-ZrO, were sintered at 1500 °C for 1 hour. The electrical conductivity of the
samples was measured using an impedance analyzer in the frequency range of 100 Hz to 13 MHz within a
temperature range of 300-800 °C. The results indicate that the electrical conductivity increases with an
increase in the test temperature. Adding 1 wt.% Er,03; to ¢-ZrO, led to an increase in grain interior, grain
boundary, and overall conductivity. The distortion caused by the incorporation of Er®* cations into the ¢-ZrO,
lattice results in an increased concentration of oxygen vacancies in c-ZrO, [9].
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The article [10] investigates the temperature dependencies of the thermal conductivity of cubic single
crystals of ZrO, stabilized with yttrium oxide ranging from 8 to 40 mol.% within the temperature range of
50-300 K. The cubic crystals (ZrO,);—, (Y.03)y, Where x = 0.08-0.40, were grown using directional melt
crystallization in a cold container. For x = 0.08-0.15, the thermal conductivity values are similar, and the
increase in thermal conductivity with temperature is negligible. These crystals exhibit the lowest thermal
conductivity within the studied concentration range. When the temperature changes from 50 to 300K, the
thermal conductivity values vary from approximately 1.2-1.4 to around 2.4 W/(m-K). The differences in
thermal conductivity for these compositions are noticeable only at 50 K, where the thermal conductivity of
12YSZ and 15YSZ crystals is slightly higher than that of 8YSZ, 10YSZ, and 14YSZ. The thermal
conductivity of 20YSZ crystals is higher than that of crystals with yttrium oxide content in the range of x =
0.08 to 0.15, with minimal variation in conductivity over the temperature range of 50 to 300K.

Reference [11] provides a review of the thermodynamic properties of complex oxides of lanthanides
and zirconium Ln, Zr, O, (Ln = La, Pr, Sm, Eu, Gd), as well as solid solutions of Ln, Oz -2ZrO, (Lnh =
Tbh, Ho, Er, Tm). The heat capacity of Ln, Zr, O, samples, characterized using methods such as X-ray
phase and elemental analysis, scanning electron microscopy, adiabatic and differential scanning calorimetry,
is investigated. Based on the smoothed heat capacity values, the temperature dependencies of
thermodynamic functions-including entropy, enthalpy changes, and reduced Gibbs energy-were determined
over a broad temperature range. A comparative analysis of available thermodynamic data is presented, and
recommended values are proposed. The contribution of low-temperature magnetic transitions for
Ln, Zr, O, compounds (Ln = Pr, Nd, Sm, Gd) is taken into account, and the influence of the Schottky
anomaly on the heat capacity of lanthanide compounds is explored. In study [12], the influence of the
synthesis method on the microstructure of the resulting powders and ceramics of La; ¢5Cag 052,075 (LCZ)
was established. In the above-mentioned and other literary sources, manganites and zirconates act as separate
compounds. The article presents for the first time the compound LaNa,ZrMnQOg, as combined from
lanthanum (I11), zirconium (IV), manganese (IlI) and sodium carbonate oxides to study its promising
multifunctional properties.

2. Experimental technique

To synthesize the zircon-manganite LaNa, ZrMnO¢ , the selected starting materials included
lanthanum (I11) oxide ("os.ch." grade), zirconium (1V) oxide, manganese (I11) oxide, and sodium carbonate
("ch.d.a." grade). Before use, these materials were dehydrated at 400 °C, then thoroughly mixed and finely
ground in an agate mortar. The resulting mixture was annealed in an alund crucible within a SNOL furnace
under the following conditions: initially at 600 °C for 10 hours, then at 800 °C for 10 hours, followed by
1000 °C and 1200 °C for 20 hours each. After each annealing stage, the mixture was cooled to room
temperature, remixed, reground, and reheated. To prevent the formation of nonequilibrium or metastable
phases at high temperatures, a final low-temperature annealing step was performed at 400 °C for 10 hours,
ensuring the stability of the phase at lower temperatures [8].

The equilibrium composition of the compound was examined using X-ray phase analysis performed on
a DRON-2.0 diffractometer. The analysis utilized CuK, radiation, filtered with a Ni filter, under the
following conditions: U = 30 kV, J = 10 mA, pulse counter scale set at 1000 imp/s. The counter rotation
speed was set to 2 degrees per minute, with a time constant (t) of 5 seconds. Measurements were conducted
over a 20 angle range of 10° to 90°, and the intensity of the diffraction maxima was evaluated on a 100-point
scale.

The microstructural analysis of the compound was carried out using a scanning electron microscope
(SEM) (Figures 1, 2). SEM image of the synthesized LaNa,ZrMnOg at 20,000x magnification, showing
agglomerated particles with irregular morphology and rough surface texture. Measurement conditions: WD =
10.75 mm, HV =20.00 kV, HFW = 20.7 pm. Scale bar: 5 pm.

SEM image of the synthesized LaNa,ZrMnOg at 2400x magnification, showing agglomerated particles
with irregular morphology and rough surface texture. Measurement conditions: WD = 10.77 mm, HV =
20.00 kV, HFW = 173 pm. Scale bar: 50 um.

Taken together, both images complement each other: one provides insight into the micromorphology,
while the other allows for the assessment of macroscopic particle distribution and agglomeration. This
combination is valuable for a comprehensive interpretation of the material’s structure, particularly when
discussing its functional properties such as ionic conductivity, catalytic activity, or magnetic behavior.
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Fig. 1. Microstructure of LaNa, ZrMnOg at a scale of 5 um.

mag O HY

10.7689 mm 2400 x  20.00kV 173 ym

Fig. 2. Microstructure of LaNa, ZrMnQOg at a scale of 50 pum.

The isobaric heat capacity of LaNa,ZrMnOg was investigated over the temperature range of 298-673 K
using an IT-S-400 calorimeter. This instrument operates on the comparative principle of a dynamic
calorimeter equipped with a heat meter. The measurement system allows temperature assessments at fixed
intervals of 25 °C, utilizing a DC potentiometer and an integrated switch.

The volumetric heat capacity measurement range exceeds 1-10° J/K-m?®, and the total measurement
process, including experimental data processing, does not exceed 2.5 hours. The IT-S-400 calorimeter
provides measurement accuracy within £10% [8]. The device was calibrated by determining the thermal
conductivity of the K heat meter, which represents an experimentally determined calorimeter constant [13—
15]. For this purpose, experiments were performed using a copper sample and an empty ampoule. The
thermal conductivity of the heat meter was calculated using the following formula [15]:

Kr=Crevm/ ( T;.cop. - T_h.o)a (1)

where Ciey . is the total heat capacity of the copper sample, J/(mol-K); thcop. IS the average delay time on the
heat meter in experiments with the copper sample, s; and t,° is the average delay time in experiments with
an empty ampoule, s.

The total heat capacity of the copper sample was determined using the following formula [15]:

Crev.m = Cm * Mrey, (2)
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where Cp, is the tabulated specific heat capacity of copper, J/(mol-K), and m, is the mass of the copper
sample, kg.
The specific heat capacity of the substance was determined using the following formula [15]:

Cspec.= Kr /mo(Th. - Toh.)a (3)

where K is the thermal conductivity of the heat meter, J/K; m, is the mass of the test substance, g; 1, is
the temperature delay time on the heat meter, s; and t°, is the temperature delay time on the heat meter in
experiments with an empty ampoule, s.

The molar heat capacity was obtained from the specific heat capacity by accounting for the molar mass.
At each temperature, five parallel experiments were conducted, and the results were averaged and analyzed
using mathematical statistical methods [15].

At each temperature, the standard deviation (5_ ) for the averaged values of the specific heat capacity
was estimated according to [14, 15]:

where n is the number of experiments, C; is the measured value of the specific heat capacity, J/(g-K); C,
J/(g-K) is the arithmetic mean of the measured specific heat capacity values.

For the averaged values of the molar heat capacity, the random error component was calculated
according to [14, 15] using the following formula:

- 5t
A= 6" -100, ®)

o

where A - represents the random error component in percentage (%), and t(J is Student's coefficient. For n =
5, the value of t[J is 2.75 at a 95% confidence interval (p = 0.95) [15].

The functionality of the device was validated by measuring the heat capacity of a-Al, O3
(qualification "ch.d.a." in accordance with TU 6.09-426-75). Both during calibration and verification,
repeated (parallel) measurements were conducted over the temperature range of 173-673K in 25K
increments. At each temperature step, five parallel measurements were performed, and the results were
averaged and analyzed using mathematical statistical methods [15]. To ensure the reliability of the a-Al,O;
heat capacity measurements, the obtained data were compared with recent literature values [16] (Table 1).

Table 1. Comparison of the measured heat capacity of a-Al, O3 , used to verify the calorimeter's performance,
with literature data [16].

T K C, °(T), J/(mol-K) T K C, °(T), J/(mol'K)

’ Our results By [16] ’ Our results By [16]
180 44.50 43.83 400 94.12 95.21
230 64.86 61.18 450 100.26 101.8
250 70.37 67.08 500 105.47 106.1
280 77.07 74.82 550 110.09 109.7
300 76.31 79.41 600 114.29 112.5
350 86.49 88.86 650 118.20 114.9

As shown in the data presented in Table 1, our results on the temperature dependence of the heat
capacity of a-Al, Oz within the range of 173-673K are in satisfactory agreement with the findings from
[16], remaining within the accuracy limits of the 1T-S-400 calorimeter. For ease of comparison, between our
experimentally obtained heat capacity values for a-Al,O5 and the data from [16], we recalculated our results
into intervals of 10 and 50 K using the equations C<, ~ f(T), derived from the experimental data. This
adjustment was necessary because the data in [16] are presented in 10 and 50 K increments, while our
measurements were conducted at AT = 25 K. It is worth noting that the actual errors in our experimental heat
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capacity data, determined using formulas (4, 5), are significantly smaller than the maximum device accuracy,
being less than 10%. The same device was also employed for investigating the heat capacities of several

compounds, as described in [17-21].
Tables 2 and 3, along with Figure 3, present the results obtained from the calorimetric studies and

thermodynamic calculations.

Table 2. Experimentally determined heat capacity values for LaNa,ZrMnOg

T,K Cot O, Coot A, T, K Cot 0, Gt A,
J(gK) J/(mol-K) J(g'K) J/(mol'K)
298.15|  0.5657 +0.0105 242 + 12 498 0.5777 + 0.0140 247 + 17
323 0.7219 + 0.0097 308 + 11 523 0.6315 + 0.0170 270 + 20
348 0.7830 + 0.0103 334+12 548 0.2791 + 0.0080 119+9
373 0.8567 + 0.0111 366 + 13 573 0.3513 + 0.0082 150 + 10
398 0.9552 + 0.0113 408 + 13 598 0.3916 + 0.0102 167 + 12
423 0.7697 + 0.0163 329+ 19 623 0.4264 + 0.0087 182 +10
448 0.5649 + 0.0055 241+6 648 0.4740 + 0.0102 202 + 12
473 0.4338 + 0.0077 185+ 9 673 0.5089 + 0.0088 217+ 10
S
Q
&
N
&
]
300
¢
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00

323 423 523 623 T K

Fig. 3. Temperature dependence of the heat capacity of LaNa,ZrMnOs.
- experimental data, e - calculated data

The electrophysical properties of LaNa, ZrMnOg were investigated in [22] by measuring its electrical
capacitance using an LCR-781, operating at a frequency of 1 kHz within a temperature range of 293-483K.
According to the device specifications, the measurement accuracy for electrophysical characteristics is
+0.05% [23]. For the measurements, a plane-parallel disk-shaped sample was prepared with a diameter of 10
mm and a thickness of 5-6 mm, incorporating a binder additive. The sample was pressed under a pressure of
20 kg/cm? and subsequently annealed in a silite furnace at 673 K for 6 hours. After annealing, the disk was
ground on both sides to ensure uniformity.

The dielectric constant was calculated based on the electrical capacity of the sample. The relationship
between electrical induction and the electric field strength was analyzed using the Sawyer-Tower scheme.
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Table 3. Thermodynamic functions of LaNa,ZrMnOg

T, K | C(M*A, S°(M+ A, H°(T)-H°(298.15) + A, (M) + A,
J/(mol-K) J/(mol-K) J/mol J/(mol-K)
298 242 + 13 238+ 7 — 238+ 20
300 248 + 13 240+ 20 490 + 30 238+ 20
325 313+ 17 262 + 22 7540 + 400 239+ 20
350 358 + 19 287 + 24 15960 + 850 242 + 20
375 389 + 21 313+ 26 25330 + 1350 246 + 20
400 409 + 22 339 + 28 35320 + 1880 251 +21
425 328 + 17 361+30 44450 + 2370 256 + 21
450 254 + 14 378 +31 51710 + 2760 263 + 22
475 179+ 10 389 + 32 57120 + 3040 269 + 22
500 231+ 12 400 + 33 62370 + 3320 275+ 23
525 273+ 15 412 + 34 68670 + 3660 282 + 23
550 107+ 6 421+ 35 73220 + 3900 288 + 24
575 144 £ 8 427 + 36 76540 + 4080 294 + 24
600 164 +9 433 + 36 80390 + 4280 299 + 25
625 184 + 10 440 + 37 84740 + 4510 305+ 25
650 202+ 11 448 + 37 89560 + 4770 310+ 26
675 219+ 12 456 + 38 94810 + 5050 315+ 26

To validate the accuracy and reliability of the obtained data, the dielectric constant of barium titanate, a
standard substance, was measured within the temperature range of 293-483 K at a frequency of 1 kHz.

The measured dielectric constant of BaTiO3 at 293 K and 1 kHz was found to be 1296, which aligns
satisfactorily with the recommended value of 1400 + 250 [24-26]. It is worth mentioning that the
electrophysical characteristics of similar manganites were also investigated using this device in studies [27,
28]. Figure 4 and Table 4 below present the results of the electrophysical studies.
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Fig. 4. Temperature dependencies of Ige (a) and IgR (b) for LaNa, ZrMnO,s (measured at a frequency of 1 kHz)
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Table 4. The variation of electrical capacity (C), electrical resistance (R), and dielectric constant (g) of
LaNa,ZrMnQg within the temperature range of 293-483 K at a frequency of 1 kHz

T,K R, Om £ Ige IgR
293 148300 17819 4.25 5.17
303 121700 23188 4.37 5.09
313 96810 31849 4.50 4.99
323 69950 49343 4.69 4.84
333 53210 70768 4.85 4.73
343 35290 120019 5.08 4.55
353 22790 206349 5.31 4.36
363 14810 353176 5.55 4.17
373 9324 612617 5.79 3.97
383 6425 965360 5.98 3.81
393 4298 1561193 6.19 3.63
403 3008 2395941 6.38 3.48
413 2384 3208176 6.51 3.38
423 3474 2212127 6.34 3.54
433 9190 592580 5.77 3.96
443 23470 197557 5.30 4.37
453 35280 124671 5.10 4.55
463 46460 97860 4.99 4.67
473 52110 95612 4.98 4.72
483 51390 117508 5.07 4.71

3. Results and discussion

By analyzing the X-ray diffraction data of LaNa, ZrMnOg using the method described in [29], it was
revealed that this zircono-manganite crystallizes with a cubic symmetry. The corresponding lattice
parameters are as follows: a = 16.85 + 0.02 A; V° = 4785.46 + 0.02 A% Z = 6; VC%em cen = 795.58 + 0.02 A%
Pxray. = 5.35 glem?®; and ppica, = 5.30 % 0.04 g/cm?® [30].

The pycnometric density was determined according to [31]. Toluene was used as an indifferent liquid.

Based on the calorimetric studies presented in Fig. 3 and Table 2, LaNa,ZrMnQg exhibits distinct
anomalies in its heat capacity at temperatures of approximately 300 K and 523 K. These discontinuities in
the heat capacity curve (C 9, ~ f(T)) likely indicate second-order phase transitions. Such transitions may be
influenced by factors such as Schottky effects, variations in magnetoresistance, electrical resistance, and
permittivity, potentially associated with Curie and Néel points [32, 33], as well as other contributing
phenomena [34]. Considering the temperatures at which these phase transitions occur, the equations
describing the temperature dependence of the heat capacity of LaNa,ZrMnOg have been derived and are
expressed as the following polynomials (J/(mol-K)):

C%a = (1235 + 66) — (1169.6 + 62.3)-10°T — (572.5 + 30.5)-10°T? (298-398 K), (6)
C% = (1589 + 85) — (2968.7 + 158.2)-10°T (398-473 K), (7
C% = — (619 + 33) +(1688.4 + 90.0)-10°T (623-673 K). (8)
C%a = (3418 £ 182) — (6020.0 + 320.9)-10°T (523-548 K), 9)
C%s = (104 £ 5.6) — (333.9+ 17.8)-10°T — (502.8 £ 26.8)- 10°T* (548 — 673 K), (10

Due to the limitations of the calorimeter's technical specifications, the standard entropy of
LaNa, ZrMnOs was determined by estimating ionic entropy increments: La** (40.4), Na* (34.6), Zr* *
(23.6), Mn** (34.7), and O*~ (11.7) J/(mol-K) [35].
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These values were applied according to the following scheme:

S$°(298.15) LaNa,ZrMnO; = S'(298.15) La** + 25'(298.15) Na* +
+5'(298.15) Zr*" + $'(298.15) Mn** + 65/(298.15) O, (11)

where S'(298.15) — entropic increments of ions entropic increments of ions.

The standard entropy of LaNa,ZrMnQOg, calculated according to scheme (11) is 238 + 7 J/(mol-K). The
standard heat capacity of LaNa, ZrMnO, was determined using an independent method based on ionic
increments of heat capacity [35]. The input values for C',(298.15) were as follows: La** =29.3, Na* = 26.8,
Zr* * =229, Mn** =25.0,and O*" = 16.7 J/(mol-K). The calculated heat capacity was found to be 231.0
J/(mol-K), which aligns well with the experimental result of 242 + 12 J/(mol-K), showing a deviation of only
4.8%.

Using experimental heat capacity data and the calculated standard entropy values at 25 K increments,
the temperature dependencies of C(7) and the thermodynamic functions S°(T), H°(T) - H°(298.15), and
@ (T) were determined. The activation energy of electrical conductivity (AE) was determined by utilizing
the following approach: Experimental values of temperature (T) and resistance (R) were plotted as a dot
chart with markers. An exponential trend line was then added to the graph to verify that the experimental

data aligns with a function of the form:
AE

Ryn = Roe2kT. (12)

Using the least squares method and linear regression, we will construct a dot diagram of the dependence
of IgR,, or 10%T based on experimental data. Next, we add a linear trend line or create a system of
equations: Igy = a + bx, e y = Ig R, x = 10%/T (Figure 5).

We obtain for LaNa,ZrMnQOg in the range 293-413 K the dependence IgR~f(1/T) (Figure 4a), which is

described by the equation:

y= —12139+ == (13)

and let's compare it with the shape:
lgR,= ;‘—i T + IgR, (14)

then % = 1932K, IgRy=-1.2139 from where:

9. .10~23
ABa = 222200 — = 0.333 el (15)
1.6:10

where k = 1.38-10% JTx-K™ — Boltzmann's constant, e = 1.6-10"° KL — elementary charge.
The band gap width (AE,) of the test substance was calculated using the formula:

AE, = _2kTiT, , Ri (16)

T 0.43(T,-T,) YRy’
where k - Boltzmann's constant, equal to 8.617302-10° eV. K, R, — resistance at Ty, R, - resistance at T,.

AE, = 2:0.000086173-293-413 517 _ 0.44 V. (17)
0.43(413-293) 4.71

The LaNa,ZrMnOg compound in the range of 293-413 K has a band gap of 0.44 eV. The activation
energy shows how much energy is required to transfer charge carriers (electrons or holes) in a material A
value of 0.333 eV indicates that at room temperature (293 K) and above, the LaNa,ZrMnOg material has a
moderate energy required to activate conduction. This value helps to understand how easily a material can
conduct electric current when heated. The band gap width determines the energy gap between the valence
and conductive zones in the material. A value of 0.44 eV indicates that LaNa,ZrMnQg is a semiconductor
with a narrow band gap. Materials with these characteristics can be used in a variety of applications,
including thermal sensors and devices operating at low temperatures.
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Fig. 5. Linear dependence of Ig R ~ 10%/T in the range - 293-413 K a

Electrophysical studies reveal that the material demonstrates semiconductor conductivity within the
temperature range of 293-413 K. Beyond this range, from 413 to 473 K, it transitions to metallic
conductivity. The dielectric constant of this zircono-manganite at 293 K and a frequency of 1 kHz is 14 times
higher than that of the standard BaTiO; (1296), and 54 times higher at 483 K (BaTiOsz;, £ = 2159)
(LaNa,ZrMnQOg, € = 117508). At the transition temperature of 413 K, where the material shifts from
semiconductor to metallic conductivity, the highest value of € is observed at 3208176. This remarkable value
surpasses the dielectric constant of the reference material BaTiO; at the same temperature (1626) by an
impressive factor of 1973, highlighting the material's exceptional dielectric properties in this range.

The conduction mechanism for La and Zr in LaNa,ZrMnQsg.

When La and Zr atoms are partially replaced, lanthanum and zirconium atoms can interact with other
elements in the crystal lattice, creating unique energy levels. In this case, the conduction mechanism may
look like this. La and Zr atoms have different charge states that affect the conductivity of the material. For
example, the La atom may be in the La*" state, and the Zr atom in the Zr** state. La and Zr atoms can create
acceptor levels inside the band gap. These levels will be close to the valence band and separated by an
energy gap that determines the activation energy.

When the bonds between atoms are heated and weakened, new covalent bonds can form. An electron
can move from one atom to another, forming additional covalent bonds. Such a transition requires energy
AE,, which can be significantly less than the energy AE required for the transition of an electron into the
conduction band.

When an electron leaves an atom and moves to another, the atom from which the electron left forms a
hole. In the case of substitution of La and Zr atoms, they can serve as acceptors, and the holes they create
will be located inside the band gap.

When an external electric field is applied, the holes in the valence band move due to the abrupt
transition of electrons. This leads to p-type conductivity, in which holes are the main charge carriers. Thus,
with partial substitution of La and Zr atoms, a conduction mechanism associated with the formation of
acceptor levels and hole conduction is possible. The above studies show that this compound is of interest for
semiconductor technology and as a RAM material.

4. Conclusions

1. LaNa,ZrMnOQg zircono-manganites, which crystallizes in cubic syngony, were synthesized for the
first time by high-temperature synthesis.

2. The temperature dependence of the heat capacity of LaNa,ZrMnQOg was investigated using dynamic
calorimetry over the temperature range of 298-673 K.

3. It was found that the C¢, ~ f(T) curve exhibits anomalous jumps in heat capacity at 398 K and 523
K, likely corresponding to second-order phase transitions, which indicate the presence of valuable
physicochemical properties.



45 Eurasian Physical Technical Journal, 2025, 22, 3(53) ISSN 1811-1165; e-ISSN 2413-2179

4. Taking into account the phase transition temperatures, the equations describing the temperature
dependence of heat capacity have been calculated.

5. Fundamental values have been determined, including the experimental standard heat capacity and
the calculated standard entropy of LaNa, ZrMnQg .

6. Based on the experimental C,(7) data and the estimated S°(298.15) values at 25 K intervals, the
temperature dependence of C%(7) and the thermodynamic functions S°(T), H°(T) - H°(298.15), and ®*(T)
were calculated.

7. The band gap and activation energies of LaNa,ZrMnOg conductivity are calculated and it is
established that this semiconductor can be classified as a p- type semiconductor.

8. Electrophysical studies have shown that LaNa,ZrMnOQgs is of interest for semiconductor technology
with high RAM values.

9. The research results are valuable for the targeted synthesis of similar compounds with tailored
properties, physicochemical modeling of processes involving the studied compound, and applications in the
chemistry and technology of semiconductor materials. Additionally, the obtained data serve as source
information for uploading fundamental thermodynamic constants into databases.

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

CRediT author statement

Turdiyev M.T., Kasenov B.K., Nukhuly A.: conceptualization, methodology, writing — review and editing; Bekturganov
Zh.S., Kasenova Sh.B.: formal analysis, writing — original draft preparation; Sagintaeva Zh.l., Kuanyshbekov E.E.:
investigation, writing — original draft preparation. The final manuscript was read and approved by all authors.

References

1 Karpasyuk V.K., Smirnov A.M., Badelin A.G. (2015) Features of constructing magnetic field sensors based
on the colossal magnetoresistance effect. Caspian Journal: Management and High Technologies, 4, 291 — 297. [in
Russian]. Available at: https://hi-tech.asu-edu.ru/files/4(32)/291-297.pdf

2 Menglei Li, Hengxin Tan, Wenhui Duan (2020) Hexagonal rare-earth manganites and ferrites: a review of
improper ferroelectricity, magnetoelectric coupling, and unusual domain walls. Phys. Chem. Chem. Phys., 22, 14415 —
14432. https://doi.org/10.1039/DOCP02195D

3 Yang Shen, Ce-Wen Nan. (2023) High thermal conductivity dielectric polymers show record high capacitive
performance at high temperatures. National Science Review, 10 (11), nwad224. https://doi.org/10.1093/nsr/nwad224

4 Chabushkin A.N., Lyapin A.A., Ryabochkina P.A., Antipov O.L., Artemov S.A., Lomonova E.E. (2018) CW
and Q-switched 2 m solid-state laser on ZrO,—Y,03;-HO crystals pumped by a Tm fiber laser. Laser Phys, 28 (3),
035803. https://doi.org/10.1088/1555-6611/aa962f

5  Zhirenkina N.V. (2022) Technology of Powder Synthesis Based on Zirconium Dioxide for the Production of
High-Density Ceramics. 2.6.14. Technology of Silicate and Refractory Nonmetallic Materials. Dissertation for the
Degree of Candidate of Technical Sciences. Yekaterinburg, 159.

6  Arachi Y., Sakai H., Yamamoto O., Takeda Y., Imanishai N. (1999) Electrical conductivity of the ZrO,—
Ln,0O3 (Ln=lanthanides) system. Solid State lonics, 121, 1-4, 133 —139. https://doi.org/10.1016/s0167-2738(98)00540-2

7 Borik M.A, Bublik V.T., Kulebyakin A.V., Lomonova E.E., Milovich F.O., Myzina V.A., Osiko V.V,
Tabachkova N.Y. (2014) Phase composition, structure and mechanical properties of PSZ (partially stabilized zirconia)
crystals as a function of stabilizing impurity content. Alloys and Compounds, 586, 231 - 235.
https://doi.org/10.1016/j.jallcom.2013.01.126

8 Zadorozhnaya O.Y., Napochatov Y.K., Agarkova E.A., Tiunova O.V. (2020) Layered sold-electrolyte
membranes based on zirconia: production technology. Russian Journal of Electrochemistry, 56 (2), 124 — 131.
https://doi.org/10.1134/S1023193520020123

9  Aktas B., Tekeli S., Kucuktuvek M. (2014) Electrical Conductivity of Er,O3-Doped c-ZrO, Ceramics. J. of
Materi Eng and Perform, 23, 349-355. https://doi.org/10.1007/s11665-013-0750-5

10 Borik M.A., Volkova T.V., Kulebyakin A.V., Kuritsyna I.E., Lomonova E.E., Myzina V.A., Milovich F.O.,
Ryabochkina P.A., Tabachkova N.Yu., Zentsova A.l., Popov P.A. (2020) Thermal Conductivity of Cubic ZrO, Single
Crystals Stabilized with Yttrium Oxide. Physics of the Solid State, 62, 1, 235 — 239. https://doi.org/10.1134/
51063783420010072



https://hi-tech.asu-edu.ru/files/4(32)/291-297.pdf
https://pubs.rsc.org/en/results?searchtext=Author%3AMenglei%20Li
https://pubs.rsc.org/en/results?searchtext=Author%3AHengxin%20Tan
https://pubs.rsc.org/en/results?searchtext=Author%3AWenhui%20Duan
https://doi.org/10.1039/D0CP02195D
javascript:;
javascript:;
https://doi.org/10.1093/nsr/nwad224
https://doi.org/10.1088/1555-6611/aa962f
https://doi.org/10.1016/s0167-2738(98)00540-2
https://doi.org/10.1016/j.jallcom.2013.01.126
https://www.elibrary.ru/contents.asp?id=43228683
https://doi.org/10.1134/S1023193520020123
https://doi.org/10.1007/s11665-013-0750-5
https://link.springer.com/article/10.1134/S1063783420010072#auth-M__A_-Borik-Aff1
https://link.springer.com/article/10.1134/S1063783420010072#auth-T__V_-Volkova-Aff2
https://link.springer.com/article/10.1134/S1063783420010072#auth-A__V_-Kulebyakin-Aff1
https://link.springer.com/article/10.1134/S1063783420010072#auth-I__E_-Kuritsyna-Aff3
https://link.springer.com/article/10.1134/S1063783420010072#auth-E__E_-Lomonova-Aff1
https://link.springer.com/article/10.1134/S1063783420010072#auth-V__A_-Myzina-Aff1
https://link.springer.com/article/10.1134/S1063783420010072#auth-F__O_-Milovich-Aff4
https://link.springer.com/article/10.1134/S1063783420010072#auth-P__A_-Ryabochkina-Aff2
https://link.springer.com/article/10.1134/S1063783420010072#auth-N__Yu_-Tabachkova-Aff1-Aff4
https://link.springer.com/article/10.1134/S1063783420010072#auth-A__I_-Zentsova-Aff5
https://link.springer.com/article/10.1134/S1063783420010072#auth-P__A_-Popov-Aff5
https://link.springer.com/journal/11451
https://doi.org/10.1134/%20s1063783420010072
https://doi.org/10.1134/%20s1063783420010072

Eurasian Physical Technical Journal, 2025, 22, 3(53) Materials science 46

11 Guskov V.N. Gavrichev K.S. Gagarin P.G., Guskov A.V. (2019) Thermodynamic Functions of Complex
Zirconia Based Lanthanide Oxides-Pyrochlores Ln,Zr,O; (Ln = La, Pr, Sm, Eu, Gd) and Fluorites Ln,05-2ZrO, (Ln =
Tb, Ho, Er, Tm). Russ. J. Inorg. Chem, 64, 10, 1265 - 1281. https://doi.org/10.1134/S0036023619100048

12 Stroeva A.Yu., Vorotnikov V.A., Bervitskaya O.S., Ichetovkina V.A., Ichetovkin Z.N., Duvakin A.M.,
Ananchenko B.A., Kuzmin A.V. (2024) The effect of synthesis technique on the microstructure of doped lanthanum
zirconate materials. Electrochemical Energetics, 24, 4, 185 - 190. [in Russian]. https://doi.org/10.18500/1608-4039-
2024-24-4-185-190

13 Proshkin S. (2018) Multipurpose calorimeter to measure thermophysical properties ARPN Journal of
Engineering and Applied Sciences, 2018, 13, 5, 1827 — 1832.

14 Bychinskii V.A., Tupitsyn A.A., Mukhetdinova A.V., Chudnenko K.V., Fomichev S.V., Krenev V.A. (2013)
Estimation of the heat capacity of individual substances on the basis of experimental enthalpy increments. Russian
Journal of Inorganic Chemistry, 58(9), 1079 — 1084. https://doi.org/10.1134/s0036023613090040

15 Rustembekov K.T., Sharipova Z.M., Dyusekeeva A.T. (2012) Thermochemistry of selenates of some s- d-
elements. Journal of international Scientific Publications: Materials, Methods & Technologies, 6, 286 - 295. Available
at: https://www.scientific-publications.net/download/materials-methods-and-technologies-2012-2.pdf

16 Bodryakov V.Yu., Bykov A.A. (2015) Correlation characteristics of the temperature coefficient of
volumetric expansion and heat capacity of corundum. Glass and ceramics, 2, 30. [in Russian].
https://doi.org/10.1007/s10717-015-9726-2

17 Kassenov B.K., Kassenova Sh.B., Sagintaeva Zh.l., Kuanyshbekov E.E., Turtubaeva M.O. (2020)
Calorimetric Research into the Heat Capacity of Novel Nano-sized Cobalt(Nickelite)-Cuprate-Manganites of
LaBaMe""CuMnOg (Me'"'= Co, Ni) and their Thermodynamic Properties. Eurasian Chemico-Technological Journal, 22,
27 — 33. https://doi.org/10.18321/ectj927

18 Rustembekov K.T., Kasymova M.S., Kaikenov D.A., Fomin V.N., Aldabergenova S.K., Toybek A.A. (2019)
Calorimetry of new double dysprosium tellurite. Bulletin of Karaganda university. Chemistry series, 93, 1, 60 — 65.
https://doi.org/10.31489/2019¢ch1/60-65

19 Kasenova Sh.B., Sagintaeva Zh.l., Kasenov B.K., Ermaganbetov K.T., Kuanyshbekov E.E., Seisenova A.A.,
Smagulova D.l. (2013) Calorimetry and thermodynamic properties of nanostructured cuprate-manganite of lanthanum
and strontium LaSr,CuMnQOg. News of NAS RK. Chemical sciences series, 401, 5, 85 - 89. [in Russian]. Available at:
https://nauka.kz/page.php?page_id=964&new&page=7845

20 Kasenov B.K., Kasenova Sh. B., Sagintaeva Zh.l., Kuanyshbekov E.E., Nuhuly A. Heat capacity of the new
nano-size cobalt-cuprato-manganite LalLi,CoCuMnQg in the interval of 298.15-673 K and its thermodynamic
properties. Applied solid state Chemistry, 2018, 5 (4), 82-85. https://doi.org/10.18572/2619-0141-2018-4-5-82-85

21 Rustembekov K., Dyusekeyeva A., Sharipova Z., Amanzhan A. (2012) Syntesis and thermochemistry of new
metal-mixed  tellurites.  Chemical  Bulletin  of Kazakh  National  University, 65(1), 170-174.
https://doi.org/10.15328/chemb_2012 1170-174

22 Kasenov B., Kasenova S., Sagintaeva Z., Kuanyshbekov E., Bekturganov Z., Zeynidenov A. (2022)
Electrophysical properties of new nanostuctured copper-zinc manganite of lanthanum and magnesium. Eurasian
Physical Technical Journal, 2022, 19(2(40), 42—47. https://doi.org/10.31489/2022N02/42-47

23 Operation Manual. RLC meter (LCR-781). Moscow: PriST CJSC, 2012, 3 [in Russian]. Available at:
https://prist.ru/upload/iblock/5a9/zv6bz0pv1ojishdghyqzf8jwi26uaizw/Izmeritel-LCR_78200 5-mod._.pdf

24 Al Jaafari F.M.D., Korotkov L.N., Tolstykh N.A., Emelianov N.A., Pankova M.A., Popov S.V. (2023)
Dielectric properties of mixed BaTiO3—SrTiO5; nanocomposites. Bulletin of the Russian Academy of Sciences: Physics,
87,9, 1302 - 1307. https://doi.org/10.3103/S1062873823703197

25 Dikov R.V. (2022) Study of the Electrophysical Properties of Ferroelectric Piezo-Ceramics Based on Barium
Titanate. Dissertation for the Degree of Candidate of Physical and Mathematical Sciences. 1.3.5. Physical Electronics.
Volgograd, 128. [in Russian]. Available at:
https://www.vstu.ru/upload/iblock/67e/67e5be44aa5e9d2ed1fecbb761609f3a.pdf

26 Wang JJ.,, Meng F.Y., Ma X.Q., Xu M.X., Chen L.Q. (2010) Lattice, elastic, polarization, and
electrostrictive properties of BaTiOz from first-principles J. Appl. Phys. 108, 034107. https://doi.org/10.1063/1.3462441

27 Mataev M., Madiyarova A., Patrin G., Abdraimova M., Nurbekova M. Durmenbayeva Zh. (2024) Synthesis
of New Complex Ferrite LigsMnFe;s0,: Chemical-Physical and Electrophysical Research, Materials, 17, 3754.
https://doi.org/10.3390/mal7153754

28 Kasenov B.K., Kasenova Sh.B., Sagintaeva Zh.l., Kuanyshbekov E.E., Mukhtar A.A. (2022)
Thermodynamic and Electrophysics of New LaCaCuZnMnOg Copper — Zinc Manganite of Lanthanum and Calcium.
High Temperature, 60, 4, 474 - 478. https://doi.org/10.1134/S0018151X22020225

29 Guo G., Goldfeder J., Lan L., Ray A., Hanming Yang A., Chen B., J. L. Billinge S., Lipson H. (2024)
Towards end-to-end structure determination from x-ray diffraction data using deep learning. npj Comput Mater, 10,
209. https://doi.org/10.1038/s41524-024-01401-8



https://doi.org/10.1134/S0036023619100048
https://doi.org/10.18500/1608-4039-2024-24-4-185-190
https://doi.org/10.18500/1608-4039-2024-24-4-185-190
https://www.researchgate.net/journal/Russian-Journal-of-Inorganic-Chemistry-1531-8613?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIn19
https://www.researchgate.net/journal/Russian-Journal-of-Inorganic-Chemistry-1531-8613?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIn19
https://doi.org/10.1134/s0036023613090040
https://www.scientific-publications.net/download/materials-methods-and-technologies-2012-2.pdf
https://doi.org/10.1007/s10717-015-9726-2
https://doi.org/10.18321/ectj927
https://doi.org/10.31489/2019ch1/60-65
https://nauka.kz/page.php?page_id=964&new&page=7845
https://doi.org/10.18572/2619-0141-2018-4-5-82-85
https://doi.org/10.15328/chemb_2012_1170-174
https://doi.org/10.31489/2022No2/42-47
https://prist.ru/upload/iblock/5a9/zv6bz0pv1oji5hdghyqzf8jwi26uaizw/Izmeritel-LCR_78200_5-mod._.pdf
https://www.elibrary.ru/item.asp?id=59757629
https://www.elibrary.ru/contents.asp?id=59757628
https://doi.org/10.3103/S1062873823703197
https://www.vstu.ru/upload/iblock/67e/67e5be44aa5e9d2ed1fecbb761609f3a.pdf
https://doi.org/10.1063/1.3462441
https://doi.org/10.3390/ma17153754
https://doi.org/10.1134/S0018151X22020225
https://www.nature.com/articles/s41524-024-01401-8#auth-Aniv-Ray-Aff1
https://www.nature.com/articles/s41524-024-01401-8#auth-Albert_Hanming-Yang-Aff1
https://www.nature.com/articles/s41524-024-01401-8#auth-Boyuan-Chen-Aff3
https://www.nature.com/articles/s41524-024-01401-8#auth-Simon_J__L_-Billinge-Aff2
https://www.nature.com/articles/s41524-024-01401-8#auth-Hod-Lipson-Aff4
https://doi.org/10.1038/s41524-024-01401-8

47 Eurasian Physical Technical Journal, 2025, 22, 3(53) ISSN 1811-1165; e-ISSN 2413-2179

30 Turdiyev M.T., Kasenov B.K., Nukhuly A., Stoev M., Sagintaeva Zh.l., Kasenova Sh.B., Kuanyshbekov E.E.
(2024) New zircon-manganites of lanthanum and alkali metals. Chemical Bulletin of Kazakh National University, 111,
1-2, 23 - 27. https://doi.org/10.15328/ch1372

31 Viana, M,. Jouannin P., Pontier C., Chulia D. (2002) About pycnometric density measurements. Talanta,
57(3), 583 — 593. https://doi.org/10.1016/S0039-9140(02)00058-9

32 Hemminger W., Hohne G. (1984) Calorimetry: Fundamentals and Practice. Weinheim: Verlag Chemie, 310

p.

33 Goldenfeld N. Lectures on Phase Transitions and the Renormalization Group. CRC Press, Taylor & Francis
Group, 1992. eBook published 2018. 420 p. https://doi.org/10.1201/9780429493492

34 Xue Y., Shen Z., Wu Z., Song C. (2023) Thickness dependence of the critical temperature and magnetic
coupling in multilayer Cr, Sn, Teg . Physical Review B., 108, 064416. https://doi.org/10.1103/PhysRevB.108.064416

35 Melchakova O.V., Zaitseva P.V., Mayorova A.V., Kulikova T.V., Pechishcheva N.V., Shunyaev K.Yu.
(2019) Calculation of the Thermodynamic Properties of Metal Perrhenates and Their Use in Modeling Sample
Preparation for Chemical Analysis. Analytics and Control, 23, 4, 570 - 579.
https://doi.org/10.15826/analitika.2019.23.4.015 [in Russian].

AUTHORS’ INFORMATION

Turdiyev, Myktybek Tolkynbayuly — PhD student, Master, L.N. Gumilyov Eurasian National University, Astana,
Kazakhstan, https://orcid.org/0009-0007-0187-6804; turdiev.miktibek@gmail.com

Kasenov, Bulat Kunurovich — Doctor of chemical sciences, Professor, Head of the Laboratory of thermochemical
processes, Abishev Chemical-Metallurgical Institute, Karaganda, Kazakhstan; https://doi.org/0000-0001-9394-0592;
kasenov1946@mail.ru

Nukhuly, Altynbek — Doctor of chemical sciences, Professor, L.N. Gumilyov Eurasian National University, Astana,
Kazakhstan,; https://doi.org/0000-0001-5006-879X; nukhuly@mail.ru

Bekturganov, Zhanaly Sultanovich — Doctor of chemical sciences, Professor, Department of radiophysics and
electronics, E.A. Buketov Karaganda University, Karaganda, Kazakhstan; https://doi.org/0000-0002-6487-7835;
zhbekturganov@gmail.com

Kasenova, Shuga Bulatovna — Doctor of chemical sciences, Professor, Chief researcher, Laboratory of
thermochemical processes, Abishev Chemical-Metallurgical Institute, Karaganda, Kazakhstan; https:/doi.org/0000-0001-
9755-7478; kasenovashuga@mail.ru

Sagintaeva, Zhenisgul Imangalievna — Candidate of chemical sciences, Associate Professor, Leading Researcher,
Laboratory of thermochemical processes, Abishev Chemical-Metallurgical Institute, Karaganda, Kazakhstan;
https://doi.org/0000-0001-8655-356X; kai_sagintaeva@mail.ru

Kuanyshbekov, Erbolat Ermekovich — Master (Eng.), Senior Researcher, Laboratory of thermochemical processes,
Abishev  Chemical-Metallurgical ~ Institute, Karaganda,  Kazakhstan; https://doi.org/0000-0001-9172-9566,
mr.ero1986@mail.ru



https://doi.org/10.15328/cb1372
https://www.sciencedirect.com/author/7003589138/dominique-chulia
https://www.sciencedirect.com/journal/talanta
file:///C:/Users/offic/Downloads/57(3),
https://doi.org/10.1016/S0039-9140(02)00058-9
https://doi.org/10.1201/9780429493492
https://doi.org/10.1103/PhysRevB.108.064416
https://doi.org/10.15826/analitika.2019.23.4.015
https://orcid.org/0009-0007-0187-6804
mailto:turdiev.miktibek@gmail.com
https://doi.org/0000-0001-9394-0592
mailto:kasenov1946@mail.ru
https://doi.org/0000-0001-5006-879Х
mailto:nukhuly@mail.ru
https://doi.org/0000-0002-6487-7835
mailto:zhbekturganov@gmail.com
https://doi.org/0000-0001-9755-7478
https://doi.org/0000-0001-9755-7478
mailto:kasenovashuga@mail.ru
https://doi.org/0000-0001-8655-356X
mailto:kai_sagintaeva@mail.ru
https://orcid.org/0000-0001-9172-9566
mailto:mr.ero1986@mail.ru

Eurasian Physical Technical Journal, 2025, 22, 3(53) Materials science 48

EURASIAN PHYSICAL TECHNICAL JOURNAL
&= <)

v/ BUKETOV v (¥
=Y N 2025, Volume 22, No. 3 (53)

\~" ol 79 /
%Q Qj 9‘§I https://doi.org/10.31489/2025N3/48-54 ‘
_—
Received: 16/02/2025 Revised: 12/08/2025 Accepted: 25/09/2025 Published online: 30/09/2025
Research Article : Open Access under the CC BY -NC-ND 4.0 license
UDC 535.37

SYNTHESIS OF SILVER NANOPARTICLES AND THEIR INFLUENCE ON
THE FLUORESCENCE AND ABSORPTION OF ANTHRACENE

Yusupova Zh.B.

Institute of Molecular Nanophotonics, Karaganda Buketov University, Karaganda, Kazakhstan
Corresponding author: yusupova-zh@mail.ru

Abstract. The synthesis process of island silver films was investigated, with a focus on the role of solution
pH as a key parameter for successful film formation. It was determined that the optimal pH for effective synthesis
is 8. The results of particle distribution analysis by Feret diameter, performed using the ImageJ software, are also
presented. The distribution histogram confirmed that the chemically deposited film is of high quality. The
developed synthesis method enables the fabrication of silver nanoparticle films with tailored properties. The
influence of the synthesized silver films on the luminescent properties of anthracene was studied, highlighting
their potential applications in photonics and sensor technologies.

Keywords: island films, silver nanoparticles, anthracene, pH, ImageJ.
1. Introduction

In recent years, there has been rapid development in research devoted to localized surface plasmon
resonance (LSPR) of metallic nanoparticles (NPs), which has contributed to the emergence of advanced
analytical techniques and technological solutions [1]. When interacting with a light source, NPs made of
metals such as silver, gold, copper, or aluminum exhibit collective oscillations of free electrons, leading to a
significant enhancement of the electromagnetic field in their vicinity. It has been reported that the electric
field intensity near such nanoparticles can increase by a factor of up to 10* [2]. Fluorophore or analyte
molecules located in close proximity to these NPs experience intense external influence, which accelerates
photocatalytic reactions [3], enhances luminescence, and facilitates surface-enhanced Raman scattering
(SERS) [4, 5].

Plasmon-enhanced fluorescence is a well-studied phenomenon. Research shows that the fluorescence of
dye molecules can either be enhanced or quenched depending on the distance between the nanoparticles and
the emitting species, as well as their mutual dipole orientation. This effect finds applications in devices based
on the control of radiative processes. The LSPR of metallic nanoparticles influences the relaxation dynamics
of photoexcited emitters through the Purcell effect [6, 7] and also contributes to the reduction of the lasing
threshold in dye-based lasers. Plasmonic effects are employed in the development of materials with tailored
optical properties, in sensing technologies, and in optoelectronic devices [8, 9].

Particular interest lies in the influence of plasmons on long-lived luminescence processes associated
with spin effects. Long-lived triplet states are crucial for fundamental processes and have significant
practical relevance. For instance, prolonged emission of molecular probes is used in bioimaging to improve
the signal-to-noise ratio. Triplet states are also utilized in photosynthetic systems for the generation of singlet
oxygen, which is essential in photodynamic therapy, antibacterial treatments, and in the treatment of skin and
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respiratory diseases. Moreover, triplet states of organic compounds find applications in OLED technologies,
solar cells, and transistors [10, 11].

This article presents the results of silver nanoparticle film synthesis, surface analysis, and measurement
data demonstrating the positive effect of plasmonic enhancement on the luminescent properties of
anthracene.

2. Experimental section and measurements details

Anthracene was selected as the luminescent molecule and was purchased from Sigma-Aldrich. For the
synthesis of silver island films, the following reagents were used: AgNO3; , NaOH, NH, OH, D-glucose, and
polyvinyl alcohol (PVA), all of analytical grade (Sigma-Aldrich). Ultrapure water obtained using the Smart
S15 UVF system (Drawell) was used for sample preparation.

A
_:E;{r ' \I' I -:[IHZ I -:iet- I 5CI-:= i _‘SIIZ- I 6DIE I
wavelength, nm
a) b)
Fig. 1. Molecular structure (a) of the studied compound and the absorption spectrum (b) of the silver island film

(SIF).

The chemical deposition procedure used for the fabrication of silver island films (SIFs) was based on
the method described in [12]. The synthesis involves several key steps (fig. 2):

sepa;;ic]rg;)ffrs;;:’er reduction of silver
P AgNO; particles

Fig. 2. Key steps of synthesis process

When the synthesis is carried out correctly, it is assumed that the process can be controlled. Key factors
that influence the process include the pH of the solution and the amount of reducing agent.

A 5% sodium hydroxide (NaOH) solution is added to the silver nitrate (AgNO; ) solution (process 1),
resulting in the formation of a brown precipitate — silver oxide (Ag, O).

2AgNO, +2NaOH = Ag,0 | +2NaNO, + H,0 1)

Next, ammonium hydroxide (NH, OH) was added to the solution (process 2), dissolving the silver
precipitates and forming an ammonia complex. A 25% solution of ammonium hydroxide was used for the
synthesis. Previous studies have shown a relationship between the size of silver nanoparticles and the
concentration of ammonia, as well as the pH of the medium during the reduction process.

When ammonium hydroxide was introduced into the silver nitrate solution, the pH initially reached 10,
indicating an alkaline environment typical for ammonia solutions. However, over time, the pH gradually
decreased to 8 and continued to lower, suggesting the release of ammonium ions (NH, * ) and their reaction
with water. This may indicate a weakening of the buffer capacity of the solution, affecting the pH
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stabilization during synthesis. The decrease in pH accelerates the synthesis of silver nanoparticles and
facilitates the formation of high-quality silver films. The possible reason for the acceleration of the reaction
is the optimal conditions for the silver-ammonia complex and more efficient reduction of silver at pH 8 [13].
Furthermore, continuous mechanical stirring on a magnetic stirrer might have enhanced the contact between
the components and accelerated the chemical reactions, which could also have contributed to the further
reduction of pH.

Ag,0 +4NH ,OH — 2[Ag(NH,), JOH +3H,0 )

The transparent solution is placed in a cooling bath to cool down to a temperature of -5°C. This step is
necessary to ensure that the synthesis of silver nanoparticles occurs slowly until the temperature rises to
30°C. Under these conditions, the reduction of silver nanoparticles proceeds gradually and uniformly. Once
the solution reaches the low temperature, the substrates are immersed, and glucose is added (process 3),
which aids in the reduction of silver.

2|(NH,),0H +C,H,,0, — 2Ag 4 +4NH, + C,H,,0, + H,0] @3)

After the addition of glucose, the pH level remained at 8, which is an ideal condition for synthesis. The
solution was then heated to 30°C. Once the temperature reached 14-16°C, the solution began to change color
from transparent to golden-yellow. At temperatures between 18-19°C, the solution turned dark green. At this
stage, the films obtained had an optical density of 0.3-0.5. If the temperature was allowed to rise to 21-25°C,
the film would compact further, and the optical density would increase to 0.4-0.8. After the synthesis was
completed, the subsequent steps were carried out according to the procedure described in the literature [12].
This study refined the key stages of the synthesis, particularly the conditions for the reduction of silver
nanoparticles. The annealing was performed at 200°C for 90 minutes.

Figure 3 presents images of silver nanoparticles, the absorption spectrum, and the particle size
distribution histogram based on Feret's method. The SEM image was obtained using a Helios 5 CX scanning
electron microscope. According to the data from the scanning electron microscope, the average particle size
was found to be 9530 nm. These films are characterized by the presence of an absorption band in the visible
region of the spectrum (see Figure 2). The polymer coatings with an anthracene concentration of 1x10~ 3
mol/l were applied using the drop-casting method.

Feret Distribution

300x246 pixels, RGB, 288K

<)
Fig. 3. Histogram (a), SEM image (b), and 3D image of the particles (c).

For further investigation of the film surface, the ImageJ software was used to analyze the images
obtained via scanning electron microscopy (SEM). The program provided data on the distribution of particles
based on Feret's diameters. However, it is important to note that while ImageJ effectively analyzes SEM
images, the results may depend on the size and orientation of the particles, which can affect their visibility
and measurement accuracy. Therefore, SEM remains the primary method for detailed observation and
analysis of particle structure.

In the process of analyzing 521 particles found in an image measuring 16 x 11.40 pm, the following
results were obtained: for each particle, the Feret diameter (the largest distance between two points on the
outer boundary of the particle) was measured. The minimum Feret value was 0.00737 um, and the maximum
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was 0.669 um, indicating a wide range of particle sizes. The average particle diameter was 0.165 um, and the
standard deviation was 0.122 pum, suggesting significant variability in particle sizes. The modal value for the
particles was 0.00737 um, which represents the most frequently occurring size.

The histogram of particle distribution showed that 364 particles have a size corresponding to the bin of
0.00737 pum (the most frequent value), 124 particles correspond to the bin of 0.228 pum, 10 particles
correspond to the bin of 0.448 um, and fewer than 10 particles have a size around 0.669 um. The bin size in
the histogram was 0.220 um, which defines the resolution of the histogram and allows for the assessment of
the distribution of particle sizes.

The program determines the particle sizes in pixels/microns, which is incorrect to directly compare
these units with the actual particle sizes in the film. A total of 521 particles were involved in the analysis,
and the program determined that 73% showed smaller sizes, 25% showed medium sizes, and 2% showed
large sizes. Based on the obtained results, it can be concluded that 73% of the particles correspond to the
average size of 95430 nm, which indicates the high quality of the synthesis process.

Additionally, the 3D image (fig.2, (c)) was generated based on SEM images using the ImageJ software,
which allows surface topography visualization. Specifically, the "3D Surface Plot" module was used to
create a volumetric reconstruction based on the brightness contrast of the image.

Particles with a diameter in the range of 50-100 nm are considered high-quality for various applications
such as sensors, catalysts, and optical materials. According to research, particle size within this range is
optimal for achieving high performance in these areas due to their enhanced optical, chemical, and catalytic
properties. Silver particles with sizes ranging from 50-150 nm can effectively interact with the surrounding
environment, especially in the context of plasmonic resonance. This interaction leads to fluorescence
enhancement, which is particularly important for the application of nanoparticles in photonics and other
optical devices [14, 15].

The absorption spectra of the samples were recorded using a Cary-300 spectrophotometer (Agilent
Technologies). Fluorescent and long-lived luminescent spectra were recorded using an Eclipse
spectrofluorometer (Agilent Technologies). In the case of long-lived luminescence, the spectra were
recorded with a delay of 300 us after the pulse from the xenon lamp.

Fluorescence decay kinetics measurements were conducted using the time-correlated single-photon
counting (TCSPC) method with an FLS1000 spectrometer (Edinburgh Instruments). Excitation was
performed with a laser at a wavelength of 375 nm and a pulse duration of 120 ps. The fluorescence lifetime
analysis was performed using Fluoracle software (Edinburgh Instruments). For the registration of long-lived
luminescence decay kinetics, the FLS1000 spectrometer was also used. The sample was excited at 362 nm
using an Nd:YAG laser system LQ529, equipped with an optical parametric generator LP604 and a second-
harmonic generator LG350 (SolarLS). To prevent contact with oxygen, the samples were vacuumed in an
Optistat DN-V cryostat (Oxford Instruments). All measurements were carried out at a temperature of 293 K.

3. Results and Discussion

The absorption spectrum of silver nanoparticles (Figure 4, curve 3) in the film shows a broad band with
maxima at 368 and 444 nm, which coincides well with the absorption and fluorescence spectra of anthracene
(Figure 4, curves 1, 2). This indicates that the conditions for the manifestation of plasmon resonance in the
photonics of lumophore molecules are met [16-18]. The absorption maxima of anthracene occur at 362 nm,
and the fluorescence maxima occur at 404 nm.

Ilustration 5 shows the influence of silver nanoparticles on the optical properties of anthracene. The
silver nanoparticles contributed to a 1.2-fold increase in the absorption intensity of anthracene, and the
fluorescence intensity of anthracene increased by 2.5 times. An increase in the electric field intensity near the
surface during the excitation of surface plasmons leads to an increase in the intensity of fluorescence spectra
[19].

Figure 6 shows the fluorescence decay Kinetics of anthracene (1) and in the presence of silver
nanoparticles (2). The presence of silver nanoparticles increased the fluorescence intensity and also
shortened the fluorescence lifetime by a factor of 1.3. In silver island films, an increase in the decay rate of
fast fluorescence of molecules is often observed [20, 21]. The reason for this phenomenon lies in the
interaction between the electrons of silver particles and the fluorophore molecule.
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Fig. 4. Absorption and fluorescence spectra of anthracene (C = 10~ * mol/L in ethanol) and the absorption
spectrum of the silver nanoparticle film.
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Fig. 5. Influence of silver nanoparticles on the absorption spectra (1,2) and fluorescence spectra (3,4) of
anthracene in PVB films (C = 10~ 3, 4% PVB). Curves 1 and 3 represent anthracene films on quartz substrates;
curves 2 and 4 represent anthracene on the surface of silver nanoparticles
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Fig. 6. Kinetics of fast fluorescence of anthracene (1) and in the presence of silver nanoparticles (2)

The process of transition between the excited and ground states of the fluorescent molecule is
accelerated, which leads to a reduction in the fluorescence lifetime, an increase in its quantum yield, and a
rise in the proportion of non-radiative processes in the transitions from the excited state [20-23].
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The spectral characteristics of anthracene on quartz and in the presence of silver nanoparticles are
summarized in Table 1. It can be seen that silver island films enhance the fluorescence intensity and
influence the excited-state lifetime.

Table 1. Spectral data of anthracene in the presence of silver nanoparticles

D Aex (NM) Iy Aem (NM) z(ns)
Anthracene on Q 0,26 362 37 404 4,7
Anthracene on SIF 0,31 362 94 404 3,7

As can be seen from Table 1, the optical density (D) of anthracene on silver island films (SIF)
shows a slight increase compared to quartz, rising from 0.26 to 0.31, indicating enhanced absorption
properties. More significantly, the fluorescence intensity (I5) increases by approximately 2.5 times,
demonstrating a strong enhancement of emission in the presence of silver nanoparticles.
Concurrently, the fluorescence lifetime (t) decreases from 4.7 ns to 3.7 ns, an approximately 1.3-
fold reduction, which suggests an acceleration of radiative decay processes. This phenomenon,
known as plasmon—fluorophore coupling, arises from the interaction between the localized surface
plasmons of silver nanoparticles and anthracene fluorophores, resulting in enhanced emission
intensity and reduced fluorescence lifetime. These results underline the important role of silver
nanoparticles in modifying the photophysical properties of anthracene, with potential applications in
sensing and optoelectronic devices [8, 9].

4. Conclusions

As a result of the conducted research, island silver films were synthesized using the reduction
method in a silver nitrate solution. Special attention was given to the role of the solution pH as a
key parameter influencing the nanoparticle synthesis process. The use of ammonium hydroxide
helped stabilize the pH at a level optimal for the formation of silver nanoparticles. The particle
distribution histogram by Feret, obtained using the ImageJ program, showed that the film
synthesized by the chemical deposition method was relatively homogeneous, with the majority of
particles having an average size of silver nanoparticles.

The study of the influence of the synthesized island silver films on the luminescent properties
of anthracene showed that the presence of silver nanoparticles leads to a significant increase in the
fluorescence intensity of anthracene by 2.5 times. This enhancement is associated with the plasmon
resonance effect and the intensification of the electric field near the surface of the nanoparticles.
The lifetime of the excited state of anthracene molecules near silver nanoparticles is reduced by 1.3
times, confirming the impact of the plasmon effect on the transition between excited and ground
states.The obtained results demonstrate that silver nanoparticles can effectively modify the
fluorescence of anthracene molecules, opening up prospects for further research in the fields of
photonics, sensor technologies, and biomedicine.

This study emphasizes the importance of optimizing nanoparticle synthesis conditions and their
interaction with fluorophore molecules, which could form the basis for the development of new
materials with enhanced optical characteristics.
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Abstract. Studies of heat transfer in cooling systems with natural material coatings have been carried out.
The phenomenon of flame spin detonation was observed at an oxidizer excess ratio below unity, with the spraying
process being intensified up to sixfold. The coatings demonstrated high reliability compared to other accelerated
systems. The maximum specific heat fluxes on the coating range from 2 to 20x10° W/m? with oscillation
frequencies reaching 200 Hz. The overheating range of the coating was (20-75) K. The granulometric
composition of the materials was obtained, and the hydrodynamic operating modes of the burners were selected.
A model was developed for the interaction of a supersonic detonation gas jet of the thermal tool acting normally
to the coating. The experimentally determined heat transfer coefficients were found to be 5—6 times higher than
those predicted by laminar theory, and several times lower than those predicted by turbulent heat transfer laws.
The particle flight time, powder diameter, as well as the ultimate compressive and tensile stresses of the coating
were determined. The main practical application of the research is thermal protection through cooling with
natural coatings (quartzites, granites, teschenites, marbles, tuffs) for highly forced and high-intensity structures in
the fields of energy, metallurgy, and mechanical engineering. The primary industrial implementation of the
research is the use of a thermal tool for spraying, processing of rocks, drilling, and cutting of reinforced concrete
structures during modernization and reconstruction of enterprises.

Keywords: heat and mass transfer, coatings, thermal tools, combustion chamber, nozzles, detonation torch.
1. Introduction

In recent decades, the problem of protection against high temperatures has become increasingly
important, especially in the context of the development of aviation, space technology, energy and other
industries where exposure to extreme temperatures is inevitable. In the context of these technological
processes, it is necessary to use materials that not only effectively protect against overheating, but also have
high resilience, durability and environmental friendliness. The main difference of the performed work is the
focus on natural mineral coatings such as quartzites [1], granites [2-3], tuffs [4] and marbles [5] in the
context of creating porous cooling systems [6]. The authors consider not only well-known technologies, but
also propose innovative solutions based on the application of supersonic detonation jets for sputtering.

One of the main equipment in both power and heat engineering is turbine units — steam [7] or gas
turbines [8]. Today, the task of improving the efficiency of combined energy production [9], as well as
cooling the turbine combustion chamber using various coolants to increase the coefficient of performance
(CoP) of machines and cycles [10—11], remains relevant. The works [12-14] consider heat transfer in
homogeneous and inhomogeneous coatings, in special wicks to increase the extraction g. Many authors
describe studies of the influence of porous coating parameters such as thickness [15-17], porosity and size of
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particles from which the structure is made [18], geometry of the structure [19] on boiling processes. There
are studies on the influence of external conditions on the boiling intensity, system pressure [20] and surface
orientation [21-22], including studies of special coatings of different designs. However, all the listed papers
[1-5, 10-22] do not consider the action of capillary and mass forces (AP,, APg+cap), and there is no connection
between the bubble dynamics and the boiling curve in a porous medium. Combined cooling systems
including powder spraying and capillary-porous structures with fluid boiling, including the use of jet
methods of coolant supply with boiling on the cooling (heating) surface, that is, taking into account the speed
and underheating of the flow, are not considered.

We introduce cooling elements for various thermal power units (choice of geometry and material of
apparatuses, supply and type of energy). The application area of the new system is presented [23], which
requires further research of new cooling systems with coatings made of natural materials.

2. Experimental study of the process of application of coatings by spraying

Burners for spraying natural materials have supersonic spin detonation jets [24]. Further development
of powder spraying processes is required to create cooling of combustion chambers and increase the
efficiency of the elements. Special design of supersonic nozzles with shortened diffuser part is used to carry
out detonation mode of thermal tool operation. The cooling system of burners is very effective and allows
increasing the resource of combustion chambers (from 100-150 to 500-600 hours).

2.1. Coating spraying tool (see Fig. 1) allows for fire spraying by supersonic detonation high-
temperature jet. The powder was mineral particles (granite). The coatings were applied to the metal surface
at temperatures up to 2500-3500 °C and flow velocity up to 2500 m/s.

Fig.1. Unit for 1 an automated line. The combustion chamber is cooled by coatings 2 (granite); 3 — housing.

2.2. Conditions for conducting the experiment. A burner power supply circuit was assembled
for conducting an experiment with a thermal tool (see Fig. 2): 1 — collector; 2 — pressure gauge; 3 — collector
shut-off valve; 4 — oxygen intake shut-off valve; 5 — ramp reducer; 6 — oxygen cylinder; 7 — air cylinder; 8 —
manifold pressure regulator; 9 — three-way valve; 10 — shut-off valve, 11 — water sump; 12 — water hose; 13
— air cylinder; 14 — kerosene cylinder; 15 — shut-off valve; 16 — kerosene sump; 17 — kerosene hose; 18 —
plug; 19 — thermal tool; 20 — oxygen hose; 21, 25 — shut-off valves and command reducers; 22, 26 — check
valves, 23, 27 — filters; 24 — reactive hose.

Fig.2. Displacing power supply circuit of thermal tool.
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The heat flows ¢ of the burner jet was measured by a sensor made of a copper cylinder, to which the
heat flow of the burner jet is connected from one end, and from the other — the end of the cylinder is cooled
by a heat pipe. Side surface of the cylinder is thermally insulated with ceramics based on zirconium dioxide.
Two chromel-alumel thermocouples are placed in the cylinder. The cylinder was attached to a stationary
cooled barrier (coating) having an area larger than the jet braking spot area and cooled by a heat pipe. To
determine the specific heat flows ¢ on the jet axis and in the braking spot (on the coating) along the radius r,
the flow rate G, pressure P and temperature 7 of the cooler were measured in order to consolidate the heat
balance. Flow rate, fuel and cooler pressure, and in-chamber pressure were also measured [23].

2.3. Samples of natural materials

The sample materials are made of natural mineral media, shown in Fig. 3. Stresses and deformations in
the samples were studied, and three copper spirals were used as an energy source. The specific heat fluxes
were (0.25+4.2) x10°® W/m?.

Granite

Sample Ne1 6x 1073 12x 1073 Crystalline rock formed from
magma inside the earth's
crust. It has characteristic
large crystals and has high

; strength and resistance to
Granite - =
Sample Ne2 6x 1073 12x1073 wear.
Tuff = o
Sampllle Ne3 6x1072 12x 1073 Porous rock formed from
sediments that contain small
fragments of rocks and
minerals. Light and porous.
Sam'I]‘Jlll:fN% 6x1073 12 x 1073
Metamorphic rock formed
from limestone under the
Marble g -3 influence of high pressure and
Sample N25 LR 210 temperature. It has

characteristic patterns and
textures.

Fig.3. Natural materials
3. Results of the experiment in application of coatings by spraying
Fig. 4 shows the structure of the jet flowing from a rocket-type burner (thermal tool). The phenomenon

of spin detonation of a supersonic high-temperature multiphase jet has been recorded. The jet is designed for
spraying a coating on a metal substrate with the strongest mineral media (powders of granite).

Fig.4. Jet outflow from the nozzle of a thermal tool (see Fig. 1) for spraying:
1 — strong flame swelling due to spin detonation of a supersonic high-temperature jet.
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The flame is of an original shape, strongly inflated. The excess oxidant ratio is o < 1, the oxidant is
additionally applied to the barrier and intensifies the particle spraying process by 2-6 times. The particles in

powder form come from the hopper, ejected by a jet. The phenomenon of spin detonation of a supersonic
high-temperature jet is presented in Fig. 5. The structure of the flooded jet is recorded.

Fig.5. Spin detonation phenomenon of a supersonic high-temperature jet: 1 — spin detonation

Fig. 6 shows granite particles obtained by array processing with a thermal tool: G,yy, = 15 m*/h, Gyer=
10 kg/h, Pyyy= 1.4 = 1.5 MPa, d,; = 4x10° m, a,,, = 0.8, T, = 2780 K, W, = 2410 m/s. For spraying the
powder onto a metal substrate (stainless steel), the particles were selected by size: 0.1x107 m (2.9%);

0.25%107 m (3.8%); 0.5%107 m (7.1%) for spraying them in the form of powder on a heat exchange metal
surface.

Fig.6. Granulometric composition of the «husk» obtained by processing Kurdai granite
with a kerosene-oxygen burner.

3.1. Method of fuel combustion

Afterburning of fuel (kerosene, gasoline) is performed on a barrier (coating). Oxidizer excess
coefficient a < 1, burner nozzle - shortened, combustion process - detonation. The afterburning process can
be intensified up to two to six times. Maximum specific fluxes on the barrier: from (2 to 20)x10% W/m? (see
Fig. 7). Application mode - without powder melting.

| At (Oxygen)

Olygen
/J.
<
JOlveen
| Alr (Oxygen)

Fig.7. Detonation after-burning of fuel (kerosene) on the coating surface
made of natural material (granite) and a stainless-steel substrate.
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The afterburning scheme was constructed by observing the process using optical methods (holography
[23], laser LG-38 [6], and high-speed filming SKS-1M [24]). For the gas pressure in the burner combustion
chamber of 0.5 MPa (on the coating the gas pressure will be approximately the same), the frequency of
pressure fluctuation in the chamber is =~ (500+600) Hz, and on the coating (obstacle) is reduced to 200 Hz.

Control of the length of the burner jet flowing out of the nozzle. The dimensionless jet length Z = ri

n

(see Table 1). For the maximum value of the heat transfer coefficient from the jet to the coating for one of
the modes we take a; = 1000 W/(m?*xK).

Table 1. Dependence of “/a Lonz

“/a1 0.8 1 0.7 0.4 0.3
z 0 10+30 40 50 60

For P.. = 1 MPa, z = (0+0.16) m, T = (3500+850) °C, Ty, = 3000 °C — braking temperature (on the
coating), tj = 300 °C — temperature at the end of the free jet, r, = 3x10~ m, rj = 10x10” m (jet radius).

Adjustment of the jet angle to the coating. In Table 2, the following is accepted: ogq0 = 1000
W/(m**K); Tsy = 3500 °C; tj = 300 °C; P, = 1 MPa.
Table 2. Dependence of “/acoo on Z.
a/agoo 1 1.1 1 0.8 0.5 0.35 0.3 0.25
p, deg. 90 80-175 60 50 30 20 10 0

Characteristics of thermal tools and parameters of sprayed powders of mineral media. Dependences of
thermal loads for natural mineral media are presented in Fig. 8 and Fig. 9 for granite. Temporal dependences
of ultimate thermal loads and thermomechanical stresses depending on particle size distribution were
investigated by us in [24].
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Fig.8. Limit ranges of thermal loads for granite coating

For the range of flight time of granite powder particles ¢ = (5+9)x1072 s, the thicknesses of coatings
were in the interval - 6 = (0.2+0.5)x10° m, powder diameter - d = (20-100)x10° m. The ultimate tensile
stresses, MPa, respectively for granite coatings were - 21. Fig. 9 shows the dependence g = f'(J, ), presented
in Fig. 8, in the range ¢ = (0.25...0.75)x107 W/m?.

The dependences in Fig. 8, 9 have experimental confirmation [23]. The heat fluxes ¢ of the burner jet
were measured by a copper cylinder sensor, the process time 7 and the size of the detached particle J were
measured by a high-speed movie camera SKS-1M [24]. The value of heat flows ¢ can be reduced by one
order when switching to another type of burner: benzo (kerosene) - air burners. Such burners are used for
application of coating by spraying mineral medium with a lower strength value than that of granite, for
example, teschenite, porphyrite or marble. The limiting ranges of thermal loads are presented in Section 4.
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Fig.9. Limit ranges of thermal loads for granite coating ¢ = (9, 7).
3.2. Regulation of the power and type of burners.

For kerosene-oxygen burners of a thermal tool, we have the following characteristics: oxygen
consumption Gy, for pressure Py, = 1.2+1.5 MPa, m*h — 15+18; kerosene consumption Gy, for pressure
Pyer = 1.3+1.5 MPa, kg/h — 10+12; nozzle critical diameter is dp;, 10° m — 4+5; combustion chamber

diameter is d. ., 10° m — 14. Gas-dynamic parameters of jets at the outlet of the nozzle are summarized in
Table 3.

Table 3. Gas-dynamic parameters of jets at the outlet of the nozzle.

a P..=15MPa
Ty, K W, m/s
0.7 2670 2420
0.8 2780 2410
0.9 2830 2400
1 2810 2320

Fig. 10 shows the technique and technology of thermal tool operation with d,; = (4+5)x10° m, d. . =
14x10° m to granite impact surface. The flame structure, jet spreading radius (braking spot), the distance
from the nozzle edge (outlet part) of the burner to the coating are visible. Removal of cooling water from the
impact surface in the form of jets is carried out for technological reasons of applying a protective coating.

Fig. 10. Position of the torch to the granite processing surface, 1 - structure of the torch.

The protective shield is designed to protect the worker-operator of the thermal tool. Specific heat flows
q on the coating surface were (5+12) MW/m? for r = 0 and | = (4+12)x10"2 m; (2+5) MW/m? for r = 4x10°?
mand [ = (4+12)x102 m.
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Distribution of ¢ (7): ¢ (¥) = gmax X exp (-1000 x 7%), W/m?. For a more powerful burner with d,; =
6x10° m, d. .. = 18%107 m: G,y for Py, = 1.8 MPa, m*/h — 30+55; Gyep for P, = (1.8-2) MPa, kg/h —
14+18, we have ¢ (- = 0) = (6+13) MW/m_.

4. Comparison of the results with existing data on the theme

Let us make a comparative evaluation of the coatings studied in this work (see Fig. 11) with other
cooling systems. The studied thermal characteristics of coatings made of natural material are related to high-

intensity cooling systems. The comparison shows the advantages of boiling in bulk, thin films and in heat
pipes.
g, Wim?
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Fig. 11. Comparative evaluation of thermal load dependence on surface superheating

Fig. 11 shows the dependence of the thermal load on the wall superheat relative to the water vapor
temperature (areas 1 - 4) (P = 0.1 MPa) [6], the designations in Fig. 11 are summarized in Table 4. As can be
seen from Fig. 11, high g are achieved in the case of the jet coolant supply, since in the jet braking zone
there is high turbulence (intense pulsations), very thin boundary layer, negative pressure gradient dP/dx and
active vapor film collapse.

Table 4. Comparative evaluation.

No. o References to the authors' comparative
Denomination Lo
Area scientific papers
1 Scope of work of thin-film evaporators [11].
2 Scope of work of heat pipes with mesh wicks [10], [12], [13], [14].
3 High-volume boiling on uncoated surfaces [12], [13], [14], [15], [16], [17], [18], [19].
4 Researched mesh capillary-porous cooling system [6].
5 Shaded area - application of intensifiers in a porous system [24].
Thermal load limit areas for natural mineral medium with
6 . . [23].
no surface melting for quartz coatings
Thermal load limit areas for natural mineral medium with . .
7 . . . See Fig. 8 and Fig. 9.
no surface melting for granite coatings
Thermal load limit areas for natural mineral medium with
8 . . . [26].
no surface melting for teschenite coatings

The thermal protection of CPCs (capillary porous coatings) is improved due to structural temperature
gradients. Synthesis of powders of mineral media produced in the foci of elliptical cylinders, or due to
impact processes and structural detonation, gives undeniable advantages in the creation of coatings with
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gradient nanostructure. Such materials have high mechanical properties, combining the synergistic
advantages of strength and plasticity, strain hardening, increased resistance to cracking, fracture and fatigue.
Structural thermal gradients create thermal stress and strain gradients.

5. A model of interaction of an axisymmetric supersonic detonation jet of gases of a
thermal instrument according to standards with the surface of a capillary-porous coating

Let us consider the interaction of the supersonic jet of the thermal tool (see Fig. 5 and Fig. 7) with the
obstacle in the braking zone (the vicinity of the critical point) (see Fig. 10). The jet is located orthogonally
(perpendicularly) to the coating surface. Let us write down for «standard conditions» the heat transfer
equation [25] in the laminar boundary layer in the longitudinal flow of the plate:

x:Kl\/Rex3vPT, (1)
where Re,, = W, - % , W = W,. Local heat transfer during longitudinal flow around the plate in a

turbulent boundary layer [26]:
Nu, = K, - Re2® - pr043, (2)
where Ty, = const; 10° < Re,, < 107. In the formula (1) K; = 0.323; in the formula (2) K, = 0.0296.
The thermo-physical properties of gas are assumed at an average temperature between T, and T;; more
often in models, the temperature of the undisturbed flow T, or Ty is selected as the determining
temperature;

Pr =2 Prandtl number; Nu, — Nusselt number;
« X
Nu, = a, T
Let us rewrite the number Nu, and the criterion Re, in a form which is more convenient for analysis.
The Reynolds Criterion:
_ Po Wo-x
Rex N Hx
The Nusselt number:
q(x) - x
Ay (Tas=Tst)’
Then we calculate the temperature Tag,:

Nu, =

Tag = Tre, K, 3)
where T, is the recovery temperature equal to:

, we
Tt =T, + 1" op K; 4)

T}, — the thermodynamic temperature of an undisturbed flow (this is the temperature that a thermometer

moving with the flow at the same speed with it would show). For Pr = 1:
2

Toco = Tio + 7 ZVCV;DO K, (5)

Tag: — the temperature of the coating itself or the adiabatic temperature of the wall (the temperature of
an ideally insulated, non-radiating solid surface, streamlined by a gas flow with internal heat sources or with
the release of heat due to energy dissipation). When Pr < 1, Tag < Tpeo-

Recovery factor:

_ Tag—Ty

N Tooo—To (6)
For laminar layers:
r =+Pr. (7)
The thermodynamic temperature is Ty, equal to:

ad

Braking temperature:
Toew = Too - [1 4+ E22 o TR 9)
The recovery temperature is equal to:
Tm=Tw-[1+ D MZ] K, (10)

C
where K = =£.
c9
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5.1. Calculation of specific heat flows q;

The heat flow of the gas streamlined by the high-speed flow is defined as:

qsc = a - (Tag — Ts), W/m®. (11)
If # 1, then
Tag = Tre, 12
st T
and q5; = @ * (Treo — Tgt), W/m?,
If =1, then
Tas = Toeo, (13)

and q5; = @ (T — Tst), W/m?,
For a detonation supersonic flame, we conducted experiments using a micro-nozzle for measuring total
and static pressures and a heat flow sensor for measuring q(x), a,, M, and poW, in a spraying jet. Mach

numbers M = % = 2.3. The degree of non-calculation of outflow n, = ﬁ—e = 0.8. The number Re, was
b

calculated based on the parameters of the gas at the nozzle edge (index «a»):
Re, = M, where Re = 1x10% [ = di= 3.

Va a

When a supersonic jet of the thermal tool interacts with an obstacle in the deceleration zone (near the
critical point), a combined effect takes place: high turbulence intensity, negative pressure gradient, and wave
structures that generate turbulence (pulsations), causing flow separation from the wall. Such a jet belongs to
the impact type and affects the mechanism of heat transfer at the stagnation point of the coating. It increases
turbulence (pulsations), and in the case of a boiling cooling system, destroys vapor conglomerates.

In the vicinity of the critical point (on the coating), a laminar flow regime is assumed, since the
Reynolds number Re, is not high and a negative pressure gradient is present. However, the Nusselt number
Nu, is found to be 5-6 times higher than that predicted by laminar theory (formula (1)). This may indicate a
detonation effect of turbulent pulsations penetrating the laminar boundary layer from the outer flow. At Re,
> 4x10°, the points lie below the curve corresponding to the turbulent boundary layer (10° < Re,, < 107) for
subsonic flows.

Thus, for the «standard conditions» of heat exchange, K; = 0.323 and K, = 0.0296. In case of a
detonation supersonic wave, we have for Re, < 4x10°, K{ = (5+6)xK; and for 10° > Re, > 4x10° K; =
0.95%K,.

6. Conclusions

1. Effective coating deposition from various natural materials is achieved through the use of a
detonation burner. The main coating parameters have been determined.

2. The cooling system demonstrated high efficiency up to the critical state of the combustion chamber
metals and nozzles.

3. A model was developed for the interaction of an axisymmetric supersonic detonation gas jet of the
thermal tool acting normally to the coating. The experimentally obtained heat transfer coefficients were
found to be 5-6 times higher than those predicted by laminar theory and several times lower than those
predicted by turbulent heat transfer laws.

4. The developed surfaces in the form of coatings and mesh structures provide a positive effect due to
the advantages of combined manufacturing technologies, enabling an increase in dissipated thermal loads.

5. A comparative evaluation of the coatings demonstrated their advantages over traditional cooling
systems.
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DETERMINATION OF THE ENERGY RELEASE DISTRIBUTION
AND TEMPERATURE IN THE IRT-4M NUCLEAR FUEL WHEN
CHANGING THE CONFIGURATION OF THE CONTROL AND
PROTECTION SYSTEM CHANNELS IN THE WWR-SM REACTOR

Baytelesov S.A., Tadjibaev D.P., Fayziyev T.B., Kungurov F.R., Alikulov Sh.A.

Institute of Nuclear Physics of Uzbekistan Academy of Sciences, Tashkent, Uzbekistan
*Corresponding author: baytel@inp.uz

Abstract. The objective of this work is to determine the temperature distribution in the IRT-4M type fuel
assembly with fuel 19.75% enriched in **U in the core of the WWR-SM reactor for the case of a square tube with
rounded edges and a round hole in the center and the case of a round tube. In the case of installing a round tube
inside the fuel assembly instead of a square tube with rounded edges and a round hole in the center, the volume of
water in this space increases. On the one hand, this leads to improved heat removal, since the volume of cooling
water increases, and on the other hand, an increase in the volume of water leads to an increase in thermal
neutrons on this side of the fuel element, and this, in turn, leads to an increase in energy release. To determine
these changes, we performed neutron-physical and thermal-hydraulic calculations for a channel with a square
tube with rounded edges and a round hole in the center and for a round tube. It has been determined that
replacing a square tube with rounded edges and a round hole in the center with a round tube as a guide for
installing a compensating control rod will not affect the nuclear safety of the WWR-SM reactor operation.

Keywords: fuel assembly, neutron-physical, thermal-hydraulic calculation, horizontal and vertical
channels, reactor core, burnup.

1. Introduction

The results of neutron-physics and thermal-hydraulic calculations of a nuclear reactor core are among
the key parameters that determine the nuclear safety of its operation. When developing new fuel, as well as
when modifying the reactor core configuration or the geometry of structural elements, comprehensive
neutron-physics and thermal-hydraulic calculations are a mandatory stage [1-6]. In global practice,
continuous efforts are being made to improve the design of reactor cores for both research and power
reactors. These efforts are accompanied by detailed calculations and analyses of neutron-physical and
thermal-technical characteristics. Such studies are aimed at increasing fuel utilization efficiency, enhancing
safety features, and expanding the application capabilities of reactors for both scientific and applied
purposes.

In this study, neutron-physics and thermal-hydraulic calculations of the reactor core of the WWR-SM
research reactor at the Institute of Nuclear Physics of the Academy of Sciences of the Republic of
Uzbekistan (INP AS RUz) are presented. The calculations were carried out for a configuration loaded with
24 fuel assemblies (FAs) of the IRT-4M type containing low-enriched uranium (19.75% >*°U).

The reactor core uses six-tube IRT-4M type FAs. These assemblies contain fuel elements (FE) in the
form of coaxial square-section tubular plates with a wall thickness of 1.6 mm and a length of 600 mm. The
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cladding of the fuel elements is made of SAV-1 alloy with a thickness of 0.45 mm (minimum 0.3 mm).
Inside the six-tube FAs, either control and protection system (CPS) rods or experimental channels with
diameters of 24-26 mm are installed. Using the REBUS computational code, the axial distribution of power
density was determined for each fuel element in the most power-intensive FA. For this purpose, the height of
the assembly was conditionally divided into 15 sections.

Thermal-physics calculations of research reactors uses a mathematical model of the type [7], and
include the determination of temperature fields, heat fluxes, and other parameters related to heat transfer in
the reactor core and auxiliary systems. These calculations are essential to ensure safe and efficient operation,
as well as to optimize the reactor design and operating conditions [8]. The main objectives of thermal-
hydraulic analysis are:

— to determine the distribution of heat fluxes and temperatures within the reactor core;

— to establish the maximum fuel temperature in order to confirm the absence of a melting risk in the
most heavily loaded fuel elements; to evaluate the safety margin to the onset of critical heat flux.

All thermal-hydraulic parameters (heat fluxes, temperatures, coolant characteristics) were calculated
both for average values over the reactor core and for the most heavily loaded fuel elements. For spatial
resolution, calculations were performed at 15 points along the fuel assembly height — from the bottom (0
mm) to the top (600 mm) with a step of 40 mm. The distribution of thermal power in the reactor core was
analyzed both for all loaded FAs and for individual elements within each assembly. Knowledge of the
thermal loads acting on the FAs and their components is a prerequisite for the safe operation of research
reactors.

Thus, the purpose of this study is to determine the distribution of temperature and power generation in
IRT-4M type fuel assemblies with uranium enrichment of 19.75% 23U in the WWR-SM reactor core in
order to justify thermal-technical reliability and safe operation.

2. Calculation of energy release in the WWR-SM reactor core
2.1 WWR-SM Reactor

The WWR-SM research reactor at INP AS RUz uses water as both moderator and coolant, with a
primary circuit flow rate of 1250 m*h and maximum core temperature of 50°C. The reactor's maximum
thermal power is 10 MW. The facility supports various research activities using horizontal and vertical
neutron beam channels.

The reactor features:

— 9 horizontal channels for heavy nucleus fission physics, neutron physics, solid-state physics, and
materials structure research, including a thermal column [9]

— 32 vertical channels for radioisotope production and other applied research tasks.

6-tube fuel assembly (6-tube FA)

o

8-tube fuel assembly (8-tube FA)

6-tube FA with control rod drive mechanism
(CRDM) or safety rod mechanism

Beryllium reflector block with Be plug (0 44
mm)

O

2
24

Horizontal dry channel

9th dry irradiation channel

Beryllium reflector block with channel (& 60
mm)

Segmented Be reflector block with channel (@
44 mm)

Beryllium reflector block with channel (@ 44
mm)

Automatic regulator mechanism in beryllium
reflector block

CpOE!

Fig. 1. Horizontal cross-section of the WWR-SM reactor core. Lateral beryllium displacer
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2.2 Neutron-Physics Calculations of the WWR-SM Reactor Core Loaded with 24 IRT-4M
Fuel Assemblies

The calculation of power distribution and fuel burnup for the FAs was performed using the two-
dimensional two-group code IRT-2D [10], developed by researchers at the Kurchatov Institute (Russia). The
calculations were carried out under the condition of complete withdrawal of all control rods from the reactor
core. Figure 2 shows the power distribution for the core configuration with 24 IRT-4M FAs, as calculated by
the IRT-2D code [11].

Fig.2. Thermal power distribution (%) for the 24-FA core configuration.

The calculations assumed that all 24 FAs in the core are of the six-tube type, with all control rods fully
withdrawn from the core. This is because the control rod drive mechanisms can only be inserted into six-tube
FAs. As seen in Figure 2, the most power-intensive FA with 6.212% power generation is located in the
central part of the reactor core. Using the REBUS computational code developed at the Argonne National
Laboratory in the United States, the axial distribution of power density was determined for each fuel element
in the most power-intensive FA. For this purpose, the height of the assembly was conditionally divided into
15 sections. The axial power density distribution was determined for each six-tube fuel rod (FR) [12]. Figure
3 presents the axial power density distribution for each fuel rod in the most power-intensive FA (6.21%)).

[ —e—6(outery) —=—5 4 3 —x—2 —e—1(nner |
3,500E+03
/’ ﬂ"-\
3,000E+03 / = = +~
/'/ \'\-\.\\\
2,500E+03 = el e —— >
2,000E+03 =)

— \
1,500E+03 g \\
1,000E+03 E ~

=

@

(=]
5,000E+02 ;

[=]

o
0,000E+00

0

IS

8 12 16 20 24 28 32 36 40 44 48 52 56 60
Axial [ecm]

Fig.3. Axial power density distribution along the height of each fuel rod.

As shown in Figure 3, the minimum power density occurs in the inner fuel rod. Replacing the oval-
square tube with a circular one alters the power density distribution in the inner tube, which may lead to
increased temperatures.
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Figure 4 presents:

(a) Horizontal cross-section of the IRT-4M fuel assembly with an oval-square central tube
(b) Cross-section with a circular central tube

Modified flow areas for water passage in the central part of the FA are highlighted in blue.

a) b)
Fig.4. Horizontal cross-section of IRT-4M - 6-tube fuel assembly with oval-square central tube for control and safety
rods fuel assembly: (a) with oval-square central tube and (b) with circular central tube.

The area calculations were performed using the following formulas:
S= Ssquare(a) —4 Ssquare(r) + Scircle

Ssquare(a) = a? ﬂ r\
B

Ssquare(r) = r? r
Scircle = nr?

S=a?>—-4r*+nr?
S=a*—- (@4 —-n)r?

For the inner sixth fuel rod (FR): Radius: 2.9 mm ey e
Rounded-square cross-sectional area: 1010.38 mm? \ r r/
For the oval-square tube: Radius: 2.45 mm [ : |
Rounded-square cross-sectional area: 778.84 mm? ' a '
Central flow channel characteristics: Radius: 14 mm, Area: 615.44

mm?

Area difference compared to oval-square configuration: 163.4 mm?

The replacement of oval-square tubes with circular tubes within the fuel assembly (FA) increases the
water volume in this region. This modification provides dual effects:

1. Enhanced heat removal due to greater coolant volume

2. Increased thermal neutron flux density near the fuel rod (FR), leading to:

— Higher power density

— Subsequent temperature elevation
Analysis Methodology:

— Computational study of power density redistribution following oval-square to circular channel

conversion
— Axial power distribution analysis with 15 axial segments (4 cm each) along the FR height
— Complete results documented in Table
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There are fresh fuel assemblies in the central parts of the core, and burnt-out fuel assemblies are on the
periphery (Figure 1). The calculation of energy release and burnup in the fuel assembly was carried out using
the two-dimensional and two-group program IRT-2D [10], developed by the National Research Center
(NRC) "Kurchatov Institute", Russia. The table shows the results of calculations for reactor operation at
10 MW power. In case of installation of a round tube inside the FA instead of a square tube with rounded
edges and a round hole in the center, the volume of water in this space increases. On the one hand, this leads
to improvement of heat removal, since the volume of cooling water increases, and on the other hand, the
increase in the volume of water leads to an increase in thermal neutrons on this side of the fuel element, and
this, in turn, leads to an increase in energy release.

To take these changes into account, we calculated the energy release when replacing the channel with a
square tube with rounded edges and a round hole in the center with a round tube. The energy release
distribution by the height of the FE was calculated. For this, the FE was divided by height into 15 parts, each
part having a length of 4 cm. The results of the calculations are presented in Table 1. As can be seen from
Table 1, when replacing a square tube with rounded edges and a round hole in the center with a round tube,
the energy release in the FA increases by an average of 5.5%.

Table 1. Energy release distribution by the height of the internal FE (60 cm is the upper part of the fuel element).

Height of FE, cm Round tube, kW Round hole, kW The difference, %
60 2.79 2.60 6.81
56 2.96 2.76 6.76
52 3.61 3.45 4.43
48 4.39 4.19 4.56
44 4.97 4.74 4.63
40 5.59 5.33 4.65
36 6.17 5.87 4.86
32 6.6 6.27 5.00
28 7.03 6.66 5.26
24 7.24 6.83 5.66
20 7.13 6.73 5.61
16 6.73 6.37 5.35
12 6.01 5.65 5.99
8 5.12 4.81 6.05
4 4.69 4.40 6.18

Total 81.03 76.46 5.64

*Are given here: 1- Energy release in the center of FA with round tube, 2- Energy release in the center of FA with
square tube with rounded edges and a round hole in the center, 3- The difference in energy output between square and
round pipes.

3. Thermohydraulic calculations

For thermal hydraulic calculations, the ASTRA code [13] developed by NRC “Kurchatov Institute”,
Russia, was used. Thermophysical parameters for calculations were taken from [13,14].

The thermal hydraulic calculations were performed for two cases: 1 — the case with a square tube with
rounded edges and a round hole in the center and 2 — the case with a round tube.

Figure 5 shows a diagram of one side of the outer fuel element of the IRT-4M type fuel assembly.
Water passes through the gaps in the fuel assembly from top to bottom.

The following notations are used in the figure:

TW1 - outer channel coolant temperature, °C

T1 - outer coolant/clad interface temperature, °C

TO1 - outer clad/fuel meat interface temperature, °C

TM - maximum fuel meat temperature, °C
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TO2 - inner clad/fuel meat interface temperature, °C
T2 - inner clad/coolant interface temperature, °C
TW?2 - inner channel coolant temperature, °C

All dimensions are given in millimeters.

11 TOl TO2 T2

Clad
Clad

0.45 1.85 . . X W 0.45
Fig.5. Schematic diagram of the fuel element side.

Table 2 shows the most heat-stressed side of the fuel element in cell 4-5 of the core, where a square
tube with rounded edges and a round hole in the center is located in the center of the FA.

Table 2. Results of calculations using the ASTRA code of the most heat-stressed side of the fuel element in cell 4-
5 of the cores, in the center of the FA, where there is a square tube with rounded edges and a round hole in the center.

TWI Tl TO1 ™ TO2 T2 TW2 QF1 QF2 SC1 SC2
45.0 54.6 54.8 55.0 54.9 54.9 45.0 91. 85. 7.54 7.28
45.8 57.7 58.1 58.3 58.1 58.1 45.2 116. 112. 5.72 5.55
46.7 62.3 62.8 63.0 62.8 62.8 45.5 154. 153. 4.27 4.15
48.0 66.2 66.7 67.0 66.7 66.7 46.0 183. 187. 3.52 3.43
49.5 69.9 70.5 70.8 70.5 70.5 46.4 210. 221. 3.02 2.95
51.1 72.9 73.6 73.9 73.6 73.6 47.0 228. 247. 2.70 2.65
52.9 75.3 76.1 76.4 76.0 76.0 47.6 237. 266. 2.49 2.45
54.6 75.4 76.1 76.4 76.0 76.0 48.2 221. 261. 2.47 2.45
56.2 73.4 74.0 74.2 73.8 73.8 48.8 183. 233. 2.61 2.61
57.5 70.8 71.2 71.4 71.1 71.1 49.3 139. 201. 2.84 2.86
58.6 70.8 71.2 71.3 71.0 71.0 49.8 128. 197. 2.83 2.87

The following designations are used:

QF1 - outer surface heat flow, kW/m*m

QF?2 - inner surface heat flow, kW/m*m

SC1 - ONB margin on temperature for outer surface
SC2 - ONB margin on temperature for inner surface

Table 3 shows the most heat-stressed side of the fuel element in cell 4-5 of the core, where a round tube
is located in the center of the FA. Table 4 shows the most heat-stressed parts of all 6 FEs of the FA. As can
be seen from the table, when replacing a square tube with rounded edges and a round hole in the center with
a round tube, the water temperature increases by about 2%.
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Table 3. Results of calculations using the ASTRA code for the most heat-stressed side of the FE in cell 4-5 of the
core, in the center of the FA where a round tube is located.

TWI T1 TO1 ™ TO2 T2 TW2 QFl1 QF2 SCl1 SC2
45.0 56.0 56.4 56.5 56.4 56.4 45.0 106 99 6.57 6.35
45.8 58.5 58.8 59.0 58.9 58.9 453 122 119 5.42 5.26
46.9 63.1 63.6 63.8 63.6 63.6 45.6 162 160 4.09 3.98
48.2 67.2 67.7 68.0 67.7 67.7 46.0 191 196 3.37 3.29
49.7 71.1 71.7 72.0 71.7 71.7 46.5 220 233 2.89 2.83
514 74.3 75.0 75.4 75.0 75.0 47.1 241 260 2.58 2.53
533 77.0 77.8 78.1 77.7 71.7 47.8 251 282 2.37 233
55.2 77.0 77.8 78.1 71.7 71.7 48.4 233 277 2.35 2.33
56.8 75.1 75.7 75.9 75.5 75.5 49.0 194 248 248 2.48
58.2 72.2 72.6 72.8 72.5 72.5 49.6 148 214 2.70 2.73
59.4 72.3 72.7 72.9 72.6 72.6 50.1 137 210 2.67 2.71

Table 4. Results of calculations using the ASTRA code for the most heat-stressed parts of all 6 FEs of the FA

# of FE Round tube, Square tube with rounded edges and a round hole in the Difference in thermal
tube °C center, °C stress, %
1 78.7 77 2.16
2 78.4 76.6 2.30
3 78.5 76.7 2.29
4 78.7 77 2.16
5 79 77.3 2.15
6 77.8 76.1 2.19

According to the performed calculations, the cladding surface temperatures are significantly lower than
the values at which cladding damage may occur, and even lower than the temperature at which vapor
bubbles begin to form in the coolant (124 °C, see [15]).

For IRT-4M nuclear fuel, the onset of nucleate boiling (ONB) safety factor according to the Bergles—
Rohsenow correlation [16] should not be less than 1.3. According to the calculation results, when replacing
the square tube with a circular one, this factor exceeds 2 for both the outer and inner surfaces.

In the case of installing a circular tube inside the fuel assembly instead of a square tube with rounded
edges and a central circular hole, the volume of water in this region increases. On the one hand, this
enhances heat removal due to the larger amount of coolant. On the other hand, the increased water volume
leads to a higher fraction of thermal neutrons near the fuel rod surface, which in turn results in an increase in
power generation. Calculations show that the power in the fuel elements rises by approximately 2%.

4. Conclusion

The performed neutron-physics and thermal-hydraulic calculations of the WWR-SM research reactor
core with a loading of 24 IRT-4M type fuel assemblies containing low-enriched uranium (19.75% #*°U)
made it possible to obtain the axial power density distribution for each fuel element and to determine the
key thermal-technical parameters. It was shown that the maximum values of fuel temperature and heat flux
in the most power-intensive fuel elements do not exceed the permissible design limits, thereby confirming
the existence of sufficient margins for nuclear safety and thermal reliability. The calculation results confirm
the correctness of the chosen reactor core configuration and applied design solutions. The obtained data can
be used for optimizing reactor operating regimes, improving fuel utilization efficiency, as well as for
further analysis of the feasibility of introducing new fuel types and conducting experimental studies in the
reactor core.
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Thus, the conducted study provides scientifically substantiated confirmation of the safe and reliable
operation of the WWR-SM reactor with IRT-4M type fuel assemblies and forms the basis for further work
aimed at improving its fuel cycle and design characteristics.
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OPTICAL SPECTROSCOPIC DIAGNOSIS OF ELECTRON
TEMPERATURE AND DENSITY FOR ZN-AL ALLOY PLASMA:
EFFECT OF LASER ENERGY ON PLASMA PARAMETERS
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Abstract: In this study, the properties of plasma produced from zinc and aluminum alloy were investigated
using laser spectroscopy techniques. The alloy was locally manufactured and consisted of 20 to 80 percent zinc
and aluminum, respectively. Neodymium-doped Yttrium Aluminum Garnet (Nd:YAG) laser with a fundamental
wavelength of 1064 nm was used with a variable laser energy from 500 to 900 mJ In order to study the behavior
of plasma and determine its general properties such as electron density and temperature. Boltzmann plot method
was employed to ascertain the temperature of the electrons, in addition to using Stark expansion method to
calculate the electron density. Based on these two basic parameters, the rest of the additional plasma parameters
were calculated and determined. The results obtained from this study showed that there is a clear effect of laser
energy on the plasma parameters, as the temperature and electron density increased significantly with the
increase in laser energy, as these parameters gradually increased with the increase of laser energy. The maximum
value of the electron temperature was 0.918 eV at 900 MJ, while the electron temperature was 0.537 eV at 500
mJ. On the other hand, the results showed an increase in both the Debye number and plasma frequency at high
laser energies, while the Debye length showed a clear decrease at high power. The main purpose of this study is
to contribute to a deeper understanding of the properties of plasma and how laser power affects these properties,
which opens the way for many applications, including engraving and marking on metals and many industrial and
technological applications.

Keywords: Zn-Al Alloy, Optical spectroscopy of plasma (OES), Plasma properties and parameters.
1. Introduction

The analytical technique known as laser-induced plasma spectroscopy is well-established. used to
determine samples' elemental compositions at a very high speed. This method can be categorized as a form
of atomic emission spectroscopy, which is typically employed to examine materials, regardless of whether
they are solid, liquid, or gaseous [1]. There are many uses for Laser-Induced Breakdown Spectroscopy
(LIBS), an emission spectroscopic method for characterizing the elements in materials. When the surface of
a sample is ablated by a high-intensity laser pulse, a plasma plume is created. The ablated mass of the
substance falls between nanograms and micrograms [2]. The irradiation settings have a direct impact on the
rapidly developing properties of the laser-generated plasma., which are transient by nature. These factors
include the laser's wavelength, the duration of its pulse, the intensity of the laser incident on the target's
surface, and the ambient pressure [3].To summarize, a high-intensity laser pulse targets a tiny area of the
sample surface to excite the optical sample, which is then evaluated [4]. Recent years have seen a great deal
of research on optical emission from laser-generated plasmas, and the sample target's interaction with the
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laser was utilized to determine the atomic and ionic line emission [5]. The study of the generated emissions
will contribute greatly to the identification of the elements using the spectrometer. The process of diagnosing
the plasma is done by calculating its main parameters such as its temperature and electron density. On the
other hand, there is a clear effect of the target material and the parameters of the laser used [6, 7]. The
Boltzmann plot equation which is stated as follows, is one of the best methods for determining The local
thermodynamic equilibrium's electron temperature, In contrast, one of the most popular approaches for the
Optical spectroscopy of plasma (OES) in this study is the ratio approach [8].

iji | _
n lhcilujgjl keT Lr(B)+1n lU(T) (1)

Here, I;; is the emission line intensity, A; the wavelength, gj the statistical weight of the upper level, Aji
the transition probability, E; the excitation energy, kg Boltzmann’s constant, and Te the electron temperature.
The Stark expansion method is used to determine the electron density using the equation below: [9].

ne = (M) @

2w

Here, A is the full width at half maximum (FWHM) of the spectral line, ne the electron density, and w
the Stark broadening parameter. The line w, Nr=10!7 cm™, which theoretically represents the whole width of
the Stark parameter, is represented by Full Width at Half Maximum (FWHM), which expresses the width at
mid-intensity. The plasma frequency is adjusted so that electric fields are produced whenever its semi-neutral
equilibrium is disturbed. Given that it solely depends on the plasma's density, this frequency is a very basic
plasma factor. The plasma frequency can be computed using the formula below, which is inherently rather
high due to the mince's small size [10]

One of the crucial factors is the Plasma frequency (fp) that are calculated in diagnostic processes, as the
turbulent processes that occur lead to a disturbance of the quasi-equilibrium state in the plasma. The
frequency is influenced by the density of plasma., can be calculated using the equation below [11].

_ |e?n,

fo= Jam, )

Here, fp is the plasma frequency, ne the electron density, e the electron charge, €0 the
permittivity of free space, and me the electron mass.

The main characteristic of plasma that is calculated is the Debye length (AD), which represents the
distance at which the plasma is protected from the effects of the external electric field. The Debye length is
inversely related to the electron density and is expressed mathematically using the equation below [12].

Ap = /(Ejl“—e‘f) = 7430 *\/Z: (4)

Here, AD is the Debye length, 7e the electron temperature, €0 the permittivity of free space, kB
Boltzmann’s constant, ne the electron density, and e the electron charge.

Comparing the system dimension to this basic prerequisite for plasma existence (AD < < <L), the
Debye length should be relatively tiny. The second need for plasma existence (Debye number (ND)>>>1),
which depends as follows on the electron temperature and density [13-15]

Np = 7.3, (5)

Here, ND is the Debye number, ne the electron density, AD the Debye length, and V' the plasma
volume. The primary goal of this research is to investigate the effect of laser beam energy on the behavior
of induced plasma produced from zinc and aluminum alloys in order to provide a deeper and more
comprehensive understanding of how laser energy interacts with different materials, which could open up
great horizons in many industrial and technological applications, especially those applications that include
this type of process.

2. Experimental section

2.1 Preparing Zinc-aluminum alloy

A locally produced zinc-aluminum alloy with a purity of (99.99%) was prepared using a gas smelting
method. This alloy consists of 80% zinc and 20% aluminum. The zinc was melted at a temperature of 550°C,

after which aluminum was added in lumps, and the mixture was mixed using a diffusion method. The gas
smelting method offers many advantages, as it provides better control over the temperature of the elements,
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which helps in pouring the alloy evenly and accurately. In addition, it is cost-effective compared to other
methods, and it provides a cleaner environment and is less polluted than traditional fuels. A square sample of
the alloy, measuring (2 x 2 cm) and 3 mm thick, was positioned 10 cm away from the laser lens after that to
get it ready for the procedure of ablation. Figure 1 shows the alloy used in the study.

Fig 1: Cross section of zinc aluminum alloy

2.2 Configuring the laser-induced spectroscopy system

In this study, plasma was generated by a pulsed Nd:YAG laser operating at 6 Hz and a wavelength of
1064 nm. A target surface, placed 10 cm away, was illuminated by the beam at a 45° angle. This beam
ionized and vaporized the material, creating plasma above the surface. This experiment was conducted at
atmospheric pressure with pulse rates ranging from 15 to 30 pulses. Wavelength spectra were then obtained
by placing a Sarwat (S3000)-UV-NIR spectrometer 1 cm from the target surface of the sample, as shown in
Figure 2. These spectra were recorded for all laser energies used, ranging from 500 to 900 mJ, and compared
with the National Institute of Standards and Technology (NIST) data shown in Table 1. This technique was
used to determine the plasma parameters of the alloys used.

i s Nl Yag LASER
BTN L T PO NN e

SpectraPro Program — Laser beam
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— i &

Optical spectrometer

Optical Fiber B2 — Mctal stand

Fig 2: Basic components of an induced laser spectroscopy system

Table 1: Basic parameters of Zn-Al Alloy plasma

Element Intensity ) (nm) giALi (S1) Ex (eV)
397.63 226.3462 8.80E+07 5.568835
628.51 236.7052 5.58E+08 3.816692
ALI 6530.41 308.2151 4.50E+08 6.192025
7586.39 394.40058 8.72E+07 7.737027
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3. Results and Discussion

The spectra in Figure 3 clearly show the increase in emission line intensities with increasing laser
energy. The most pronounced variations were observed at the Al I line (394.40 nm) and the Zn I line (636.23
nm), which exhibit systematic intensity enhancement as the laser fluence increases. These lines were
therefore selected as representative indicators of the effect of laser energy on plasma emission.

The above data shows that the emission lines of the spectrum increase with increasing laser power. The
main reason for this is that as the power increases, the ablation of the metal (target) increases, resulting in
increased plasma emission. More than one emission line was recorded for the alloying elements. The highest
peak for aluminum was at a wavelength of 394.400 nm, while the highest peak for zinc was at a wavelength
of 636.23 nm. Emissions from nitrogen and oxygen gases were also recorded. The nitrogen peak reached
480.0 nm, while the oxygen peak was recorded at 435.45 nm [16].
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Fig.3. Laser-Induced Plasma Emission Spectra on an Al-Zn Alloy Target at Various Laser Energies

The variation of spectral line intensities with laser energy does not follow a strictly linear trend.
This non-linearity can be explained by self-absorption of emitted radiation at higher plasma
densities, plasma shielding effects that reduce the effective laser energy reaching the target, and
enhanced collisional processes (electron—ion and electron—neutral) which modify the population of
excited states. These combined mechanisms result in deviations from linear behavior for some
spectral lines.

According to Equation 1, the Electron temperature (Te) in the zinc-aluminum alloy plasma in this study
was determined using the Boltzmann diagram method. Considering the existence of thermodynamic
equilibrium, the slope of the curve drawn between Ln(Ajilji‘gjAji) and energy is the criterion for applying
the Boltzmann diagram method. Four atomic lines of aluminum (Al I) were used, all in the same atomic
transition state. The temperature was calculated by taking the reciprocal of the slope (—I’kBT). The R2
criterion is an indicator of the degree of agreement of the result, also known as the statistical coefficient, and
its value always ranges from 0 to 1, with the best result being close to 1. Figure 4 shows the Boltzmann
correlation diagram.

The findings indicated that the temperature of electrons is directly related to the laser beam energy, with
a gradual increase observed at all laser energies used. This is because as the laser energy increases, more
energy is transferred to the electrons [17]. The higher the energy, the greater the amount of energy
transferred, and consequently, the mobility of these electrons increases, leading to an increase in their
temperature. The temperature at an energy of 500 millijoules was found to be 0.537 electron volts, while at a
temperature of 900 millijoules, it was 0.918 electron volts. The electron temperature (Te) shows an almost
linear increase with laser energy.
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This behavior can be explained by the direct coupling of the laser pulse with the plasma electrons. As
the laser fluence increases, a larger number of free electrons are generated and these absorb the incident
radiation mainly through inverse Bremsstrahlung and collisional excitation, converting the laser energy into
electron thermal energy.
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Fig 4. Zn-Al alloy plasma's Boltzmann plot was determined using a range of laser intensities.

Under the present experimental conditions, the rate of this energy transfer is approximately proportional
to the laser energy, which results in the observed near-linear dependence. The figure 5 shows the electron
temperature of a zinc-aluminum alloy in electron volts and kelvins.
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Fig 5. Electron temperature of zn-al alloy in electron volts and kelvin at varying laser intensities (500-900 mJ).

The Stark broadening method was used to calculate the Electron density (ne). This method is based on measuring
he amplitude of the spectral lines and calculating the width at the midpoint of the intensity. The laser-induced emission
spectrum of zinc and aluminum alloys exhibits broad lines, as shown in Figure 6.
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These lines are primarily affected by their high amplitude. This is caused by collisions between charged particles
and the emitting atoms. Equation (2) was used to calculate the electron density based on the spectral line width. The AL
spectral emission line at 394.400 nm was used to calculate the electron density for the various energies used. The results
obtained showed that the electron density is directly affected by the laser beam energy, showing a clear increase at
higher energies. The maximum electron density at a laser energy of 500 mJ was 5.4*10'7 (cm™), while the highest
density at a laser energy of 900 mJ was 9.61*10'7 (cm™). This demonstrates that when laser intensity increases, the
electron density rises noticeably.
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Fig.6. The Zn-Al alloy spectrum's full width at half maximum (FWHM) at 356-364 nm
at various laser energy levels (Lorentzian Fitting).

To more accurately describe the properties of the zinc-aluminum plasma, Laser beam energy's impact
on other plasma properties were examined. It was found that increasing the energy directly and significantly
affects these other fundamental parameters, such as the (AD), (fp), and (Np). Equations 3, 4, and 5 were used
to obtain the data shown in Table 2, which indicate that the plasma frequency fp and Np will increase
significantly When the laser's energy increases. This is due to the fact that frequency and density are directly
correlated, and the number of collisions increases at higher energies due to the increased amount of energy
transferred from the laser beam to the resulting plasma. The peak plasma frequency was recorded at an
energy of 500 mJ, while the peak frequency was recorded at an energy of 900 mJ. These findings also
revealed a noteworthy increase in Nd with increasing laser beam energy. This is because that higher laser
energy leads to increased interaction with the sample, resulting in the formation of more particles as a result
of this interaction. On the other hand, increasing laser energy leads to a decrease in AD. This is because
higher laser energy causes increased movement of plasma particles due to the greater energy they gain. This
movement will cause the distance between the particles to decrease. The greater the energy, the more
interactions between the particles increase, and the closer they become. In other words, the Debye length
depends on the temperature of the electrons. Since increasing laser energy leads to an increase in the
temperature of the electrons, this will in turn lead to a decrease in the Debye length [18].

Table 2: Features of the Zn-Al alloy plasma produced at various laser energies using a 1064 nm laser

E (ml]) Te (eV) ne *10 7 (cm™) f, * 10712 (Hz) Ap*10° (cm) Ng *10°
500 0.537 5.49 6.7 2.0 0913
600 0.768 6.74 7.4 1.8 1.409
700 0.844 8.62 8.3 1.6 1.435
800 0.889 9.51 8.8 1.4 1.476
900 0.918 9.61 8.9 1.3 1.540

Figure 7 illustrates how laser power significantly affects the electron temperature and density. We
observe that the Te gradually increases from 0.537 to 0.918 eV with increasing laser intensity. The results
also show that the electron density increases from 5.49 to 9.61 with increasing laser power. The main reason
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for this increase is the increase in laser pulse energy, which significantly affects the emission lines' intensity.
This, in turn, affects the increase in these parameters.

Figure 8 shows the frequency of plasma rises and the Debye length decreases with increasing laser
intensity. The frequency values range from 6.7 * 10'2 to 8.9 * 10'? Hz, and 500-900 mJ is the laser power
range. Equation 3 states that since the frequency and density are directly related, the frequency increase is
natural. Equation 4 asserts that the relationship between the Debye length and the electron density is inverse.
and decreases as the laser power increases. Its values are between 1.5 * 10° ¢m-3 and 2 * 10°. These results
are consistent with the results of Maryam and Khadem (2021) [1].
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Fig.7. Zn-Al alloy's Te and Ne differences as a function Fig.8. Zn-Al alloy's fp and AD differences with laser
of laser power at various energy levels power at various energy levels

Figure 9 shows the clear increase in the number of particles in the Debye sphere in relation to laser
intensity. This can be explained by the fact that increasing the laser power will have a significant effect on
the particles that make up the plasma, making them move at a faster speed, which increases their interactions
in the medium.
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Fig. 9. Zn-Al alloy plasma's Debye number at varying laser energies

That is, the distances that the particles penetrate will be larger, meaning that the number of ionized
atoms will become greater, and thus additional quantities of charged particles (electrons or ions) will be
released. these results are consistent with [19].

4. Conclusion

This study focused on optical spectroscopy (OES) to characterize the plasma properties generated using
a 1064 nm Nd:YAG laser from locally manufactured zinc-aluminum alloys with fabrication percentages
ranging from 20% to 80%. The primary objective was to determine the basic plasma parameters, such as
electron density and electron temperature, and to study the effect of laser beam energy on these properties
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and the emissions associated with plasma formation. The Boltzmann diagram and Stark expansion were used
to calculate both the electron density and temperature. The results showed that the highest value was
obtained at 900 mJ, with the electron temperature reaching 0.918 eV, compared to 0.537 eV at 500 mJ. The
results also showed that increasing laser power significantly affects secondary plasma properties, such as the
Debye length, plasma frequency, and Debye number. Both the plasma frequency and Debye number increase
with increasing energy, while the Debye length decreases with increasing energy. Thus, it is clear that the
laser power plays a crucial role in controlling the plasma properties and parameters in locally manufactured
Zn—Al alloys.
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Abstract. This article is devoted to the issues of justification of thermal-technical and geometric parameters
for small-scale biogas devices. The growing demand for sustainable and renewable energy resources has
increased the importance of biogas technologies, particularly at the small-scale level for rural and agricultural
applications. However, the efficiency and stability of biogas production largely depend on the thermal-technical
conditions of the digester and the optimization of its geometric parameters. The purpose of this study is to analyze
the effect of substituting thermal-technical and geometric parameters on the performance of a small-scale biogas
plant. The research object is a laboratory-scale biogas digester with adjustable design features.
Methodologically, the work is based on mathematical modeling, computational analysis, and experimental
validation of heat transfer and mass balance processes inside the digester. From the results of the resulting study,
it can be seen that the methods of determining the optimal geometric dimensions (diameter and length) of the
bioreactor structure and reducing heat losses have been analyzed. Mathematical modeling methods have been
used to calculate the optimal reactor diameter for various thermal insulation thicknesses and biomass dosing, and
the optimal diameter for a 30 m* bioreactor is 2800 mm, while the length is 4900 mm, the proportion of biomass
in the reactor volume is expressed by the central sector angle.

Keywords: biogas plant, thermal parameters, reactor insulation, fermentation process, biomass, anaerobic
conditions, energy efficiency.

1. Introduction

In recent decades, many countries around the world have been carrying out large-scale and long-term
reforms in both the economic and social spheres, with the primary objective of increasing overall energy
efficiency, ensuring sustainable use of resources, and at the same time improving the ecological balance as
well as the epidemiological situation of the environment in which people live. Within these processes,
special attention is being given to encouraging and supporting the widespread use of renewable energy
source (RES)-based technologies and devices in different branches of the national economy, since this
direction is recognized as one of the most important priorities of modern state policy.

Biomass is one such RES, encompassing organic materials such as agricultural, livestock, and poultry
waste, as well as other biological products. Following solar, wind, hydro, and geothermal energy, bioenergy
derived from biomass is ranked as the fifth most efficient RES. Approximately 170 billion tons of primary
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biological mass are accumulated annually on the Earth’s surface, with nearly the same amount of biomass
being reprocessed and utilized for various purposes [1,2]. Harnessing biomass for energy production presents
a complex challenge from the perspective of ecological sustainability and efficiency. The development and
implementation of novel devices and technologies that minimize environmental impact, maximize energy
output while utilizing resources most effectively, are of paramount importance [3]. Currently, various
digester designs are employed worldwide to generate biogas through the anaerobic digestion of biomass.
However, most of these digesters possess large volumes, leading to high energy consumption. The
widespread adoption of such systems is limited under the conditions prevalent in our Republic.

This article is dedicated to the development of small-scale, energy-efficient biogas digesters based on
renewable energy sources, designed for individual consumers. Research is focused on improving the design
of the digester, enhancing operational productivity, optimizing thermotechnical parameters, and modeling
heat transfer processes within the digester. The objective is to develop an energy-efficient design of a
metered biogas digester, which ensures the effective anaerobic fermentation process through the regulated
processing of organic waste under anaerobic conditions, and to optimize its key energy parameters. This
constitutes an important and topical task in the field.

The development of small-scale biogas plants has attracted significant attention in recent years due to
their potential to improve energy self-sufficiency in rural areas while contributing to environmental
sustainability. Previous studies have demonstrated that the efficiency of biogas production is strongly
dependent on the thermal stability of the digester and the optimization of its structural parameters. For
instance, Yan et al. [1] investigated energy conversion from food waste and highlighted the decisive role of
operating conditions and reactor configuration in maximizing gas yield. Tagne et al. [2] emphasized the
challenges of biogas technology implementation in agricultural regions of China and Africa, pointing out that
economic viability and simplified designs are critical factors for adoption. A number of engineering-focused
works, such as those by Conti et al. [3] and Vesvikar et al. [4], revealed that optimization of geometric
parameters, particularly reactor diameter and length, significantly reduces heat loss and enhances
fermentation uniformity. Schmidt et al. [6] and Rojas et al. [7] highlighted the importance of substrate
composition and mixing, which are also closely linked to thermal management and microbial activity in the
anaerobic digestion process. Despite these contributions, most published studies have concentrated either on
large-scale industrial digesters or on specific substrate-related issues, while the adaptation of design
parameters for compact digesters suitable for small farms and household applications remains underexplored.
In this context, the present study addresses a clear research gap by providing a systematic methodology for
determining the optimal thermal and geometric characteristics of a 30 m* small-scale reactor, considering
both insulation thickness and the proportion of liquid and gas phases.

Unlike the work of Yan et al. [1], which focused primarily on the conversion efficiency of organic
waste through supercritical processes, the present study concentrates on classical anaerobic digestion with an
emphasis on engineering optimization. Compared to Tagne et al. [2], who investigated socioeconomic
perspectives of biogas adoption, our work provides a more technical and quantitative analysis of digester
design. The modeling approaches of Conti et al. [3] and Vesvikar et al. [4] relied heavily on computational
fluid dynamics and flow visualization, whereas this study proposes an analytical framework for determining
optimal reactor dimensions supported by experimental validation. Similarly, while Schmidt et al. [6] and
Rojas et al. [7] examined operational parameters such as trace elements, mixing, and substrate preparation,
the originality of this work lies in minimizing heat losses through the combined optimization of insulation
thickness and geometric design. Therefore, the novelty of the present research consists in developing a
straightforward yet practical method for improving the thermal efficiency of small-scale digesters. This
approach not only provides theoretical insight but also offers direct applicability to household and farm-scale
biogas systems, which makes it a valuable contribution to the sustainable energy sector.

2. Experimental research results

Biogas plants consist of equipment designed to process organic matter under anaerobic conditions,
producing biogas and organic fertilizers. The reactor, typically a horizontal or vertical cylindrical vessel,
serves as the core component where organic material is processed. Maintaining a consistent temperature
inside the reactor is critical—for instance, 35-37°C for mesophilic operation—throughout the fermentation
period [1-4].Processing livestock waste in biogas plants requires thermal energy to sustain the desired
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operating temperature. The energy demand depends on multiple factors, making it essential to minimize
reactor heat loss through optimized design parameters.

To reduce heat loss, the reactor’s geometric parameters must be carefully justified. In the reactor’s heat
balance, heat loss primarily occurs through the heat exchange surface with the external environment [5—8].

Q = kFAt (1)

where, k is the heat transfer coefficient, W/(m?-K); F is the surface area of the heat transfer (loss) surface,
m?; At is the temperature difference between the inside of the reactor and the outside air, °C;

During the fermentation process, the reactor is not completely filled and two media can be distinguished
according to its volume: liquid (biomass to be fermented) and biogas formed during the decomposition of
biomass. In this case, the heat balance equation for an unfilled reactor can be written as follows:

Qg = (ksFs + kgFy)At (2)
where, kg — heat transfer coefficient from biomass to the external environment, Vt/(m?-K); F, — surface area
of heat transfer through biomass to the external environment, m?; kg4 — heat transfer coefficient from biogas
to the external environment, W/(m?-K); F; — surface area of heat transfer through biogas to the external
environment, m?;

In this equation, the first term represents the heat loss from the biomass, and the second from the gas
phase. The temperature difference At for biomass and biogas is assumed to be the same. In this case, the heat
transfer coefficient through the reactor wall can be expressed as follows [9,10]:

T 3)

ay

The heat transfer coefficient for the biomass-filled part of the reactor is a; = 350 W /(m? - K), for the

gas part — a; = 8,7 W/(m? - K). a, = 23 W/(m? - K) —is the heat transfer coefficient from the reactor wall
to the external environment, and the same value is obtained for both cases [4].

The bioreactor is made of chromium-molybdenum steel with a thickness of §; = 5 mm a thermal
conductivity coefficient 1; = 37,7 W/(m-K) and a thermal conductivity coefficient of the external
insulation material (glass wool) A;; = 0,05W/(m - K) .Figure 1 shows the values of the heat transfer
coefficient for the liquid and gas phases inside the reactor at different thicknesses of the external insulation
layer.

3. Analysis of insulation thickness and heat loss reduction

Figure 1 demonstrates that with an external insulation layer thickness of 5 sm, the heat transfer
coefficient to the external environment stabilizes across both phases (liquid and gaseous) and remains
constant even with further increases in insulation thickness. This indicates that 5 sm is the optimal insulation
thickness for the reactor, as additional layers do not yield further reductions in heat loss.

To enhance thermal efficiency, minimizing heat loss requires a holistic approach:

— Optimizing insulation thickness (with 5 cm being the cost-effective threshold).

— Reducing the heat-conducting surface area, since excessive insulation entails diminishing returns and
added material costs.

Thus, reactor design should balance insulation efficacy with economic feasibility by considering
both insulation thickness and surface area reduction strategies.

Then it is necessary to reduce the heat transfer surface to choose the optimal option. The optimal
diameter can be chosen when the value representing the heat losses in a reactor with a horizontal location is
minimal. The surface bounded by the liquid (biomass) part of the reactor is equal to the sum of the 2 side
segments and segments and the front surfaces represented by the cylinder length, which can be expressed as
[10-12]:

Fs =2 Fseg1+ Foraa “)

Depending on the degree of saturation of the reactor with biomass, the segment surface formed on the
side of the cylinder can be written as
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Fig. 1. Dependence of the heat transfer coefficient of the outer insulation layer for the liquid and gas phases
inside the reactor.

B
Freg1 =2 (8 = sin(8)) = 2 (Z£ — sin (Z£)) 5)
At the biomass saturation level, we represent the front surface as follows:
D -B-D
Foar =2 L="E2 (6)
For the non-fluid occupied part of the reactor i.e. for the biogas part both (4)-(6) expressions are
appropriate-the sector arc is represented by the retracted angle (y = 2w — E) it is written as
B
D 2n———)-D
Fy =2+Fsego t Foraz, Foraz =v5 L= ( 3;30) L
D? . D? . . .
Frega = 5 (y = sin(y)) = - (2m — 17 = sin (2~ 10)). ()
Putting the expressions (4)-(7) in Equation (2) we obtain
D? . D D? . D
Q= ks [ (B = sin(B) + B3 L] At + kg [5- (v = sin()) +y 5 L ¢ ®)
For the liquid biomass in the cylinder and the total volume of the cylinder, we can write:
2
G=2@-sin@) L V="2L V=2 -sing) L V="20L V=V4Y, O
From this
. 8V, 4v 2 VS
B —sin(B) = B L=—. B—sin(p) == (10)
— - ”_Vg
—sin(y) = D2 o L=—: —sin(y) = (11)

Taking into account that by putting the expressmns (8) and (9) in the expression (10), D = 2R, we
obtain

Q= ks |[ZER2 + | At + kg [”V9R2+y —|at (12)

To find the optimal radius, we examine this function to the extremum-that is, taking the derivative by
radius from the amount of heat lost to zero:

dQ _ 27V, 2 g 2 _

2 = (ks [ZR? + p =] At + kg [Z2R? +y 2] At} = 0 (11)
After s1mphﬁcations we can write the optimal radlus as:

3| (Bks+ykg)V?

Rope. = \’(VSRS+nggg)4n2 (12)

The proportion of biomass in the reactor volume was represented by the central sector angle-f =
2w,y = 0; 90 % in the full state; § = 1,8m,y = 0,2m; 80 % full state,y § = 1,6m, y = 0,4m; 70 % in the
full state, § = 1,4m, y = 0,6m in the full state, and hokazo.

Taking into account the above, we determine the optimal diameter of a 30 m? hajm reactor for an
insulation coating of different thickness (Figure 4). For thermophilic and mesophilic modes on the basis of
this diameter, we calculate the thermal loads depending on the insulation layer by formulas (3), (8) (figure
2,3).

2V
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Fig. 2. Dependence of the thermal load on insulation thickness at a reactor volume of 30 m? (thermophilic mode). The
curves demonstrate that increasing the insulation thickness beyond 50 mm does not significantly reduce thermal losses,
confirming that this value is the practical optimum.
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Fig. 3. Thermal load variation with insulation thickness at different biomass filling ratios in a 30 m?® digester
(mesophilic mode). The graph highlights the effect of biomass distribution on energy demand and underlines the
importance of insulation optimization for energy-efficient operation.
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Fig. 4. Relationship between the optimal reactor diameter and insulation thickness for a 30 m* digester. The
analysis shows that an average diameter of 2800 mm ensures minimal heat loss under different biomass load conditions.

4. Conclusion

Based on the findings of this study, optimizing the thermal and geometric parameters is essential for
enhancing the efficiency of small-scale biogas plants. The main outcomes include:
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— Optimal insulation thickness: 50 mm for the reactor wall, which minimizes heat loss while avoiding
unnecessary material costs.

— Reactor dimensions: For a 30 m? bioreactor, the ideal diameter is 2800 mm and the length 4900 mm,
ensuring a balance between heat retention and structural efficiency.

These parameters significantly improve energy efficiency and can be directly applied to the design and
optimization of compact biogas plants.

— In addition to the immediate engineering benefits, the results of this research open several promising
directions for application:

— Rural and household energy supply: The proposed methodology can be directly implemented in
farm-scale or domestic digesters, helping to reduce reliance on traditional fossil fuels.

— Economic feasibility: Optimized designs with reduced thermal losses lower operational costs,
increasing the competitiveness of small-scale biogas technology.

— Environmental impact: Improved reactor efficiency contributes to better utilization of organic waste
streams, reducing greenhouse gas emissions and promoting sustainable agricultural practices.

— Scalability and adaptation: The analytical approach developed in this work can be adapted to other
digester sizes and operational conditions, providing a flexible tool for engineers and policymakers.

Thus, the present study not only provides a practical framework for improving the technical
performance of biogas digesters but also highlights the potential of optimized small-scale systems to play a
significant role in advancing renewable energy adoption, particularly in rural and resource-constrained
environments.
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Abstract. Despite the harsh environmental conditions, such as strong winds, radiation exposure and
frequent forest fires, pose serious challenges for the reliable operation of robotic systems. Despite growing
interest in robotics for disaster relief and hazardous operations, the durability of additively manufactured
components under such stresses remains insufficiently explored. This study investigates the use of composite
materials and additive manufacturing techniques to improve the performance of robotic manipulators in harsh
conditions. A modular rover equipped with a robotic arm made entirely of composite elements was developed and
tested. The research focused on evaluating the structural reliability of PETG plastic and carbon fiber in terms of
thermal exposure, static load, and radiation resistance. The study also presented a gesture-controlled interface
for remote control and produced a functional prototype. The results of the study provide new insights into
material selection and design strategies for sustainable robotic systems, contributing to the development of
sustainable robotics in harsh environmental conditions.

Keywords: Computer-Aided Design, Printed Circuit Board, Computer-Aided Manufacturing, Computer-Aided
Engineering, Telecommunications Relay Service, Fused Deposition Modeling.

1. Introduction

Robotic systems are increasingly being used in hazardous and extreme conditions, including disaster
zones, forest fire areas and regions with elevated radiation levels. Applications range from nuclear waste
cleanup to firefighting support and contaminated site investigation. However, one of the main challenges is
ensuring the durability of robotic components manufactured using additive manufacturing technologies.
Polymers commonly used in 3D printing, such as PLA or ABS, have limitations when exposed to high
temperatures or ionizing radiation [1-3]. Consequently, the search for suitable materials and design solutions
for robust robotic manipulators remains an open question for research.

Kazakhstan is a unique testing ground for such technologies. The eastern regions of the country, which
were severely affected by more than 460 nuclear tests during the Soviet era, are still exposed to high levels
of radiation. In addition, large-scale forest fires in 2023, more than 116,000 hectares of forest were
destroyed, highlight the urgent need for robotic systems capable of operating in extreme natural conditions.
These challenges make the development of robust, affordable and adaptable robotic solutions particularly
relevant at both the regional and global levels.
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This study investigates the possibility of integrating composite materials and additive manufacturing to
increase the strength of robotic manipulators designed to operate in conditions of radiation exposure and high
temperatures. PETG was chosen as the polymer due to its superior resistance to gamma radiation compared
to PLA, ABS and carbon composites were chosen for their high thermal stability and mechanical strength [4-
6].

The novelty of this work lies in the combination of mechanical and thermal modeling with prototype
development, which bridges the gap between material characteristics and functional robot design. Specific
objectives:

— To evaluate the resistance of selected materials printed on a 3D printer of static and thermal loads;

— To design and assemble a modular robotic manipulator integrated with a gesture control interface;

— To manufacture and test a functional prototype suitable for use in hazardous environments

By addressing these challenges, this research contributes to the growing body of knowledge on
sustainable robotic systems and provides practical insights for the use of composite based robotic
manipulators in extreme operating conditions.

2. Methods
2.1 CAD and Simulation Framework

Autodesk Fusion was used as the primary platform for design and simulation to evaluate the strength of
potential materials under mechanical and thermal loads. This software combined CAD, CAM and CAE tools,
enabling iterative development from geometry design to mechanical validation.

The analysis focused on the servo motor mount, gripper and structural joints of the robotic arm, as these
areas are subject to the highest static and thermal loads during operation. CAD models were created with
parametric constraints, allowing for rapid changes to geometry and material properties during optimization.

Static Structural Analysis. Static structural analysis was performed to evaluate the ability of key
components of the robotic arm, specifically the servo motor mount and gripper claws, to withstand
operational loads under stationary conditions. In Fusion 360, the material properties (modulus of elasticity,
yield strength and safety factor) were determined for PLA, ABS, ASA and PETG, which are among the most
common polymers used in fused deposition modeling (FDM). As shown in Figure 1, boundary conditions
were assigned to the locations of bolts and screws of the main platform of robotic arm, and forces up to
1000N were applied to simulate gripping and torque transmission loads. Fusion 360 generated a finite
element mesh and calculated stress and displacement fields to identify the area’s most susceptible to failure.

Fig.1. Boundary conditions

As can be seen in Figure 2, PLA plastic (a) demonstrated the highest safety factor under static loading
of 1000 Newtons (the minimum result is about 0.5) than PET plastic (b), which has a result of about 0.44.
Although PLA appeared to be more robust under static conditions, this did not account for thermal or
radiation effects, which are critical for the intended application of the robotic arm. Therefore, additional
analyses were required.

Thermal Stress Analysis. Thermal simulations were performed taking into account the effects of
elevated ambient temperatures, which can exceed 200°C in forest fire conditions. The main focus was again
on the servomotor mountings and structural connections, as these components are subjected to both thermal
and mechanical stresses during operation.
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Material parameters such as thermal conductivity, thermal expansion coefficient and heat capacity were
included in the model. Boundary conditions simulated heat transfer from the motor housing and convection
from the surrounding air.

Simutztions

a) PLA

Fig.2. Difference of PLA and PET plastics

Combining Static and Thermal Analysis. In many cases, robotic components experience both
mechanical and thermal loads simultaneously. Coupled thermal and structural analysis to evaluate the
combined effects of these loads were performed. This analysis provides a more realistic assessment of
component performance and helps identify potential failure modes. As shown in Figure 3, after a load of 100
newtons on the servo torque sides, and an ambient temperature of 200°C, ASA plastic (c) achieved the best
result with a minimum safety factor of 0.183 with minimal critical zones, while PETG plastic (d) reached a
comparable level 0.175 at significantly lower material cost. PLA shower only moderate resistance 0.15, with
a larger vulnerable region, and ABS performed worst 0.099, failing in most of the tested areas.
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Fig.3. a) PLA, b) ABS, ¢) ASA and d) PETG under thermal stress conditions

These results confirmed that PETG represents a practical compromise, although not the strongest
material in static testing, it provides sufficient load-bearing capacity and acceptable thermal resistance, while
also being cost-effective and well suited for additive manufacturing.
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3. lteration and Optimization

The simulation results served as the basis for iterative improvements to the robotic arm design. Based
on an analysis of static and thermal loads, the CAD geometry was adjusted to reinforce vulnerable areas such
as servo mounts and grippers. Wall thickness, rib placement, and fill density were modified to maintain a
safety factor above 0.15 under combined mechanical and thermal loads while minimizing material
consumption and overall weight. Fusion 360 generative design tools were used to explore alternative
configurations, providing geometry suggestions that balanced stiffness and mass efficiency. Several
iterations demonstrated that even minor changes in rib geometry and layer orientation could reduce peak
stress concentrations by more than 10% while remaining printable within standard fused deposition modeling
parameters.

Thus, the iterative process not only improved the reliability of individual components, but also
confirmed the choice of PETG as the primary polymer for the prototype. Although PLA demonstrated
excellent static strength, its reduced heat resistance and brittleness under cyclic temperature changes limited
its practical applicability. PETG, reinforced with optimized geometric shapes, provided the best compromise
between strength, manufacturability and cost-effectiveness.

4. Academic Context

The suitability of components printed on a 3D printer for use in harsh conditions is determined both by
internal properties of the materials used and by the external factors to which they are exposed. Previous
studies show that polymers commonly used in FDM technology exhibit significant differences in their
response to extreme conditions. For example, ABS is often preferred over PLA because of its comparatively
higher resistance to radiation. However, PETG has been shown to outperform both ABS and PLA, retaining
greater mechanical strength and plasticity after exposure to high-intensity gamma radiation [7-8]. These
results indicate that PETG is a promising candidate for use in robotics in radiation-exposed environments.

In addition to radiation resistance, thermal stability is a critical factor for robotic systems designed to
operate at elevated temperatures, such as those encountered in forest fires. Carbon composite materials have
been extensively studied for their mechanical and thermal properties. Their high strength-to-weight ratio
makes them attractive for use in lightweight structures, and their fire resistance is due to the formation of a
protective carbon layer that reduces the heat release rate to a constant value of approximately 60 kW/m2 [9-
10]. As a result, carbon fiber-reinforced composited can withstand temperatures exceeding 2000°C, ensuring
structural integrity even under extreme thermal conditions [11].

Along with material characteristics, the choice of control strategy plays a decisive role in the
effectiveness of robotic systems operating in complex environments. Traditional joystick interfaces are still
widely used due to their reliability and simplicity, but they often lack flexibility and intuitiveness. Therefore,
gesture-based control methods are attracting increasing interest. Such systems use cameras or sensor gloves
to capture hand movements and translate them into corresponding robot actions [12]. A particularly
promising approach is the use of strain-resistant sensors (TSR), which function by detecting changes in
electrical resistance when bent [13]. These sensors provide continuous feedback corresponding to finger
movements and are therefore well suited for intuitive human-robot interaction. For example, as shown in
Figure 4 and Table 1, the resistance of a flexible sensor increases from approximately 30k Ohms in the
straight position to approximately 70-80 Ohms when bent at 120° [14].

Overall, the analyzed studies show that PETG has superior radiation resistance, carbon composites
provide exceptional thermal stability, and gesture-based TRS interfaces improve operator interaction with
robotic systems. These considerations form the scientific basis for the present study, in which elastic
materials and advanced control strategies are integrated into the design of a robotic manipulator intended for
operation in extreme conditions.

5. Assemble

3D parts. The assembly of the manipulator began with the design of the end effector, which is a critical
component for interacting with the environment. Various gripper concepts were evaluated, including angular
jaw grippers, finger-based grippers, and parallel jaw grippers. Although angular and finger grippers have
advantages when working with non-standard or fragile objects, their complexity and reduced gripping force
did not meet the project’s goal of developing on affordable and reliable prototype.
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L2 Table 1: Angle versus Resistance

#6l i Angle [degrees] Resistance [kQ]
=) 0 31.23
g 60 15 35.98
£ 30 43.24
£ sl I 45 49.16
60 55.64
40 - 75 62.31
90 69.85
158 251 398 631 100 105 74.28
Angle in degrees 120 80.62

Fig.4. Dependence of the volt-ampere characteristics of
a resistor on the degree of its bending.

For this reason, a parallel gripper with toothed jaws was selected as the most suitable configuration,
combining simplicity, versatility and reliability. The jaws were designed with a double gear transmission
connected to a servomotor, which ensured synchronized movement in opposite directions. This design
ensured constant gripping force and improved contact with objects, as shown in figure 5. The manipulator
design was based on a three-coordinate system to provide sufficient freedom for practical tasks while
maintaining the compactness of the overall design. Servo motors were used as drives because of their low
cost, ease of control and compatibility with the proposed gesture-based interface. The base of the
manipulator was designed as a large bearing with an internal cavity for electronic components, driven by a
stepper motor to provide rotation. The design philosophy emphasized the balance between functionality and
manufacturability, enabling the manipulator to be manufactured using additive technologies and assembled
from readily available components.

Fig.5. Crab type robotic arm

6. Electronics

The electronic subsystem was developed to ensure smooth interaction between the gesture-controlled
glove and the robotic manipulator. As shown in Figure 6 (a), the glove is equipped with several sensors and
microcontrollers that record the user’s actions and transmit control commands via wireless communication.

2) b
Fig.6. a) Prototype of robotic glove and b) mainboard made on a breadboard



96 Eurasian Physical Technical Journal, 2025, Vol.22, No.3(53) ISSN 1811-1165; e-ISSN 2413 - 2179

The glove’s central processors are an Arduino Nano Rev3, which collects and processes raw data from
the sensors and then transmits control signals via an HC-05 Bluetooth module. This wireless connection
provides a reliable link between the glove and the manipulator, ensuring real-time responsiveness. Two
MPU6050 inertial measurement units (IMUs) were built into the glove to collect acceleration and angular
velocity data, allowing for accurate tracking of hand orientation. In parallel, three flexible sensors were
installed along the fingers to measure bending angles, providing information about grip strength and finger
position. Together, these sensors enabled intuitive control of the manipulator’s joints and gripper using
gestures. Initially, a breadboard was used for prototyping and rapid component integration, as shown in
Figure 6 (b).

The sequence of operations included collecting signals from the sensors, analog-to-digital conversion
using Arduino, filtering and processing the data, and then transmitting it to the manipulator control board,
schematic view of the robotic glove is presented in Fig.7.

Fig.7. Schematic view of robotic glove

This represents a prototype of the electronics designed to control the manipulator. The board integrates
key components that facilitate interaction between the controlling device (the glove mentioned earlier) and
the mechanical parts of the manipulator, as shown in Figure 8.

atic view of robotic manipulator

Fig.8. Schematic view of robotic manipulator

Key components and their functions include the Arduino Uno, which acts as the "brain" of the system,
processing data from other components and sending commands to the manipulator's actuators:
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— the Bluetooth module, which provides wireless communication between the controlling device
(glove) and the manipulator, allowing commands from the glove to be transmitted to the Arduino Uno;

— the A4988 driver, designed to control stepper motors, likely used for controlling the manipulator's
servos to ensure precise positioning;

— the PCA9685, a 16-channel 12-bit servo/PWM driver, used to control servos, providing smooth
movement of the manipulator's joints; six servos, which are the actuators of the manipulator, driven by the
PCA9685 driver to move the joints and grasp objects; and the breadboard, which is used for temporarily
connecting components and facilitating the assembly and testing of the prototype.

The operation principle involves receiving commands through the Bluetooth module, which sends
commands from the controlling device (glove) to the Arduino Uno. The Arduino Uno processes these
commands to determine the necessary actions for the manipulator. It then sends signals to the PCA9685
driver, which controls the servos. The servos move the manipulator's joints, performing the required actions.
The system is designed to control a manipulator with multiple degrees of freedom, allowing commands from
the glove to control the position of each joint and the gripping force, enabling the manipulator to perform
various tasks such as grasping and moving objects.

The integration of these components enabled the manipulator to respond to user gestures with several
degrees of the freedom, converting natural hand movements into robot actions. This architecture not only
demonstrated the possibility of gesture control in inexpensive robotic systems, but also laid the foundation
for further adaptation of the system to harsh operating conditions, which is in line with the overall research
goal of developing fault-tolerant robotic technologies.

7. Testing

The testing phase focused on verifying the power requirements and operational stability of the
manipulator under various load conditions. Since the manipulator uses multiple servo motors for drive,
ensuring sufficient power supply was identified as a critical step in system integration. Insufficient current
supply can lead to voltage drops, uneven torque distribution or servo malfunction, which can affect the
reliability of the robotic arm in practical applications.

Initial experiments involved powering the system form nickel batteries with a total output of 5V.
Current consumption was measured for different numbers of active servomotors, as shown in Figure 9 (a)
and summarized in Table 2. The results showed that as the number of connected servos increased, the
batteries could not provide sufficient current, resulting in significant voltage drops. These drops were
particularly noticeable in the first servo drives in the chain, which consumed disproportionately high
currents. To overcome this limitation, the system was reconfigured using a regulated power supply and,
alternatively, lithium-ion batteries with higher output power. Under these conditions, the current supply was
significantly improved, and no voltage drops were observed on the servo drives. The stabilized results are
shown in Figure 9 (b) and Table 3, which demonstrate a stable current distribution.

Table 2: Current Measurements for Different Numbers of Servo Drives without power supply.

Number of Servo Drives Average Current [mA] Maximum Current [mA] Minimum Current [mA]
1 78.53 122.77 58.34
2 156.12 238.56 117.63
3 234.87 357.43 176.54
4 312.45 475.89 233.78
5 413.76 593.12 307.25
6 405.34 599.29 306.45

Table 3. Current Measurements for Different Numbers of Servo Drives with power supply.

Number of Servo Drives Average Current [mA] Maximum Current [mA] Minimum Current [mA]
1 82.23 127.45 63.97
2 160.87 24531 120.15
3 238.54 363.78 183.66
4 315.46 482.89 237.43
5 392.57 597.22 295.88
6 470.68 715.33 355.49
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Fig.9.

a) Current vs Number of Servo Drives without power supply and b) Current vs Number of Servo Drives with
power supply, where —e— is Average Current, —e— Maximum Current, —e— Minimum Current.

After ensuring a stable power supply, the manipulator successfully processed input signals from the
gesture-controlled glove and converted them into coordinated servo movements. The prototype robotic arm
in working condition is shown in Figure 10. These results confirmed the feasibility of the proposed electronic

and mechanical integration and reinforced the importance of reliable power management for ensuring
reliable operation.

Fig.10. Robotic arm

This testing phase laid the foundation for future developments in which the manipulator will be
integrated with a mobile rover platform designed to operate in extreme conditions. This improvement will

expand the capabilities of the system, allowing it to be used in hazardous situations such as search and rescue
operations or disaster relief.

8. Conclusion

This study examined the problem of developing robotic manipulators capable of operating in extreme
environmental conditions, such as those found in Kazakhstan, where high radiation exposure and frequent
fires create significant obstacles for traditional robotic systems. The aim of the study was to evaluate the

characteristics of materials under radiation, thermal and static loads, as well as to use the data obtained in the
design and manufacture of a functional manipulator prototype.
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The results of modeling and analysis of materials revealed the advantages of both PETG plastic and
carbon composite materials. PETG demonstrated good plasticity and strength retention under simulated
radiation exposure, making it a promising material for the manufacture of radiation-resistant components.
Similarly, carbon composites demonstrated high thermal stability, forming a protective char layer when
exposed to elevated temperatures, confirming their suitability for use in fire-hazardous environments.
Simulation of static and thermal loads confirmed the mechanical acceptability of these materials, assembly
and testing of the prototype confirmed the possibility of integrating gesture control electronics and
mechanical design.

Although experimental testing of radiation and fire resistance was not conducted as part of the current
project, the combination of simulation and prototyping results has created a solid foundation for future
experimental research. The results obtained underscore the need to continue this work through controlled
tests for exposure to radiation and high temperatures, as well as long-term assessment of strength under
operating conditions.

In terms of practical results, the successful manufacture and testing of a gesture-controlled robotic arm
demonstrated the potential for integrating composite materials, additive manufacturing, and intuitive control
systems. This serves as proof of concept for the broader goal of developing mobile robotic platforms capable
of performing tasks in hazardous environments, such as disaster relief and contaminated site investigation.

The present work is limited to simulation and protype-level validation. Direct experimental validation
under radiation and fire exposure is essential and will form the next stage of this research.

In conclusion, this study contributes to the field of sustainable robotics by demonstrating how material
selection, CAD simulation and low-cost electronic integration can collectively contribute to improving the
design of robotic manipulators for harsh operating conditions. Despite limitations in experimentally verifying
environmental resistance, the results provide practical insights and open avenues for further research. Future
work should focus on experimental testing of materials under radiation and fire conditions, optimization of
control systems, and development of a rover platform to extend the applicability of the manipulator in real-
world extreme scenarios.
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Abstract. Universal modular onboard control system OBCARM G2 NANO has been developed for 3U-12U
nano-class spacecraft designed for communications, Earth remote sensing, or the Internet of Things. OBCARM
G2 NANO consists of interface and processor modules on separate printed circuit boards. The Zynq Ultra scale+
SoC-based processor mod-ule provides ARM TMS470-based module telemetry control support and necessary
peripherals, including 500 MB DDR4 RAM for the CPU, 125 MB RAM for the programmable logic gate array
field-programmable gate array 125 MB QSPI Flash for flight software storing, and 128 GB eMMC Flash as
ROM. Interface module contains onboard control system modules power lines, interfaces of the control system and
payload data transmitter and receiver, as well as drivers that provide con-version and buffering of payload data.
The OBCARM G2 NANO uses QNX RTOS for flight software, and a high-performance AXI bus for interaction
between the processor system and field-programmable gate array. CAN bus is used to ensure spacecraft
subsystems operation in a single network. The dimensions of the OBCARM G2 NANO mechanical equipment,
including a set of temperature monitoring sensors and a thermal bridge for removing excess heat from hot spots,
are 95 mm x 95 mm x 35 mm.

Keywords: on-board control comple, field-programmable gate array, processor, interface module, CubeSat.
1. Introduction

Today, the capabilities of small satellites and miniaturized payloads have increased significantly, along
with the emergence of new business models based on large-scale low-orbit constellations composed of
inexpensive, mass-produced spacecraft (SC). Small satellites typically require lower development and launch
costs, making them more accessible to a wide range of organizations and countries. This accessibility has
attracted the interest of both commercial companies and academic institutions, allowing them to contribute to
space research.

These favorable factors allow all countries to actively participate in SC development and operation.
Potential of CubeSats is widely used to accelerate scientific and technological progress in emerging market
economies and developing countries. Analytical studies and forecasts indicate that at least 2,000 nano-class
SC will be launched into space between 2023 and 2027 [1,2]. OBC, electrical power system (EPS), attitude
and orbit control system (AOCS) and communication system are satellite platform fundamental components.
At the same time, the choice of onboard control system (OBC) is critical, as it governs the operation of all
systems of the SC and payload. When developing OBCARM G2 NANO, the objective was to create a high-
performance, compact, versatile OBC capable of meeting the requirements of both low Earth orbit (LEO)
communication satellites and CubeSat format remote sensing satellites. The design was based on a previous
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version of the NANO model [3,4]. The OBCARM model was modernized taking into account the following
requirements:

— development object miniaturization in accordance with the requirements and trends in the spacecraft
and electronic systems design principles development [4];

— form factor and mechanical components unification, in accordance with the established standards of
the global space community [5];

— increased performance by using field programmable gate arrays (FPGA) in addition to the central
processing unit (CPU), either as a standalone unit or as part of a system-on-chip [6-9];

— modeling of operational processes at all stages of development to identify errors before board
production, in accordance with industry-specific guidelines [10].

2. OBCARM G2 NANO Architecture

OBCARM G2 NANO consists of two modules - interface and processor, presented on separate printed
circuit boards. Processor module (PM) contains the central processor responsible for executing onboard
software (FSW), a service node that performs the functions of monitoring and controlling the module, RAM
and ROM memory chips, as well as an FPGA for task-specific functionality. Processor module has a
connector for interfacing with a radio module used for transmitting payload information and SC telemetry.
Interface module includes power distribution across OBCARM G2 NANO modules, as well as a set of
interfaces of various standards for communication with the satellite components.

OBCARM G2 NANO modular structure was chosen to achieve a unified and flexible OBC.
Commercial OBCs are usually presented as a single solid module containing both external interfaces and
processing units, with the possibility of purchasing additional mechanical equipment or a carrier board.
However, such designs offer limited flexibility, and any modification or turnkey production significantly
increase financial and project costs. Selected processor module based on a 16-layer printed circuit board [3]
underwent minimal changes. Main changes were made to the software and FPGA configurations. Processor
module is connected to the interface board via two 150-pin connectors and allows duplicating the control of
AOCS.
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Fig.1. OBC general block-diagram

Interface module is designed on a 6-layer printed circuit board. In case of changes in project
requirements or integration into other platforms, OBCARM G2 NANO can be redesigned through the
interface module, ensuringits versatility. Unlike most similar solutions on the market, OBCARM G2 NANO
offers significantly higher computing power. General, block diagram of the OBCARM G2 NANO is shown
in Figure 1. The processor module is based on the Zynq UltraScale+ EG series chip. Computing segment of
the ZU9EG chipset combines 4 ARM Cortex™-A53 processors with a frequency up to 1.3 GHz to support
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L2 cache, as well as 2 Cortex-R5 processors with a frequency up to 533 MHz. XCZU9EG-2FFVB11561
microcircuit supports 32-bit or 64-bit DDR4, LPDDR4, DDR3, DDR3L memory, with high-speed interfaces
such as PCIE Gen2, USB3.0, SATA 3.1, DisplayPort. as well as USB2.0, Gigabit Ethernet, SD / SDIO, 12C,
CAN, UART, GPIO. The authors of the work [11,12] showed that Zynq UltraScale+ of the EG series are
reliable in operation and implementation of fault mitigation systems. Radiation tolerance test of processors
built on crystals of this series showed good results [13,14]. FPGA segment contains an array of
programmable logic blocks, digital signal processing (DSP) and internal RAM. FPGA configurability allows
flexible configuration of required intellectual property (IP) blocks within the system on a chip without
affecting the hardware of processor module. For service node functions implementation microcontroller
TMS 470 is used, which is resistant to external factors [15] and performs the following functions:

— Operating current, voltage and temperature of hot spots of the OBCARM G2 NANO monitoring. To
ensure these tasks, 12 channels of the microcontroller with ADC for data collection are used;

— OBC components and CPU power supply power-on switching sequence control, ensuring correct
initialization and eliminating a number of possible failures;

— CPU power activation, redundant hardware delay and voltage converter enable circuit, which is
triggered if TMS is not enabled during platform initialization;

— CPU watchdog timer generates a pulse every minute and, in the event of a malfunction, the service
controller will take action according to the embedded algorithms and fault Detection, isolation, and recovery
(FDIR) actions;

— restoring the operation of OBCARM G2 NANO and its reconfiguration in case of emergency
situations;

— CPU software image loading control;

— providing emergency telemetry.

Processor module uses 4 DDR4 Micron DDR4 MT40A512M16GE memory chips connected to the
processor segment (PS), which are combined into a common 64-bit data bus with a capacity of 4 GB. One
DDR4 MT40A256M16LY chip with a capacity of 512 MB is connected to the FPGA lines. DDR4 SDRAM
on the PS and programmable logic (PL) side maximum operating speed is 1200 MHz (data transfer rate 2400
Mbit/s).

For non-volatile memory, a 128 GB eMMC Flash is used (two 64 GB chips connected in parallel),
along with two 64 MB QSPI Flash chips for storing the boot image. The main interfaces of the processor
module are 4 ERM8-075-08.0-S-DV-K-TR board-to-board connectors, two of which are located on the front
side, two on the back. The front side is used for connection to the interface module, and the back side is
intended for connection to the radio module with the corresponding pins. Interface module converts and
buffers signal and power interfaces of processor module. Interface module uses 4 five-pin connectors for
connection to external systems. List of interfaces is given in Table 1.

Table 1. OBC interfaces configuration.

# Interface Signal type Protocol Quantity Max data rate per 1 interface

1 CAN LVDS(3V3) NSP 4 500 kbits

2 RS-422 Diff.pair(3V3) UART 4 10 Mbits

3 RS-485 Diff.pair(3V3) UART 2 10 Mbits

4 LVDS 1/0 LVDS(3V3) Serial+Clock 32 100 Mbits

5 SERIAL LVDS(3V3) Own 4 1 Mbits
development

6 PPS LVDS(3V3) - 4 1 Hz

7 GTH LVDS(1V2) Serial+Clock 4 6.25 Gbits

8 UART LVCMOS(3V3) Own 4 115.2 kbits
development

9 SPI LVCMOS(3V3) SPI 2 25 Mbits

10 12C LVCMOS(3V3) 12C 2 100 kbits

11 JTAG LVCMOS(3V3) JITAG 2 115.2 kbits

0-+5v
12 PWM output Sv_0v - 3 -
13 Analog Input 0-3.3V - 5 -
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The listed interfaces can be changed depending on the mission without redesigning OBC complex
elements. The functionality of the interfaces is presented in Table 2.
Table 2. Interfaces functionality.

Interface Processor module connection Purpose
1 CAN CPU and SN main and redundant CPU and Service node connection to the main
CAN /O platform data bus

2 RS-422 FPGA configurable I/O Subsystem elements connection, TM/TS

3 RS-485 FPGA configurable I/O Subsystem elements connection, TM/TS

4 LVDS 1/0 FPGA configurable 1/O H1gh-spe§d, r.ehable data connection, focuseq on
communication system and payload connection

5 SERIAL FPGA configurable /O and SN TM/TS Tx/Rx, ground debugging

serial I/O
6 PPS FPGA configurable I/O Synchronization signal
High-speed, reliable data connection, focused on

7 GTH CPU multigigabit transceivers 1/O - .
communication system and payload connection

FPGA configurable I/O and SN .

8 UART serial 1/O Ground debugging

9 SPI CPU main and redundant SPI I/O Additional peripherals connection

10 12C CPU and SN 12C 1/O Redundant data bus

11 JTAG CPU and SN JTAG I/O Ground debugging

12 PWM FPGA configurable 1/0 Magnetorquers (MTQ) control

13 Analog input FPGA configurable 1/O ADC inputs of the interface module for connecting

external analog sensors

3. Functional simulation

Electrical circuit simulations were conducted using LTspice and Altium Designer CAD environments.
Figure 2 presents the results of the MTQ control simulation, Figures 3,4 show signal integrity in Altium
Designer CAD. The main purpose of using LTspice is to simulate the power section and PWM drivers for
MTQ control. This simulation is essential for considering the electrical operating parameters when designing
the printed circuit board (PCB).

Fig. 2. MTQ control simulation in LTSpice:
Green line — MTQ coil output current, blue line — PWM control signal

Signal integrity simulation was performed to evaluate line termination and line coupling. This analysis
was performed after completing the main PCB layout to evaluate performance and reliability, and identify
potential issues before the manufacturing stage. Figure 4 shows the reflected signal amplitude in one of the
output interfaces microstrip lines measured at 30 uV. Based on the data in Figure 3, it can be concluded that
the line has the correct termination and ensuring that the transmitted signal will not experience significant
degradation.
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Fig. 3. Reflected signal values in one of output interface microstrip lines with 30 pV amplitude.

Figure 4 shows crosstalk values between two microstrip lines, where A is the shape and magnitude of
the signal on the active line, B shows the induced signal on the passive line. With an active upper level of 5
V and the highest frequency component of 166 MHz, the value of the induced interference on the adjacent
line does not exceed 2 mV, which is 0.04% of the maximum value and does not pose a threat to the integrity
of the signal. Simulation data allow us to conclude that the OBCARM G2 NANO design is carried out in

accordance with OBC requirements.
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Fig. 4. Crosstalk value between two adjacent microstrip lines:
a) - shape and magnitude of the signal on the active line, b) - shape and magnitude of the signal on the passive line.

4. OBC-Payload interaction

The OBC communicates with payload via three types of signal interfaces:
— Service channel using the RS-422 transmission standard and MODBUS protocol for transmitting

TM/TC,;

— Data link using the LVDS transmission standard and SpaceWire protocol for transmitting image data

from an optical payload.
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— Series of 3.3V logic-level signals transmit basic information about the state of the payload
(power_ok — the state of the payload power supply, ready — readiness to take a photo) and control the main
functions (enable/RST — the backlight and reset signal, trigger — the signal that activates shooting).

Optical payload information is initially saved in its own memory. Upon receiving a command from the
OBC, this data is transferred to the FPGA (programmable logic) portion of the system. Images received on
the FPGA are saved in OBC permanent memory. Then, according to the communication session schedule,
these images are sent to the S-transmitter, which forms a data signal for the ground segment. Data
transmission via the OBC is guided by the project's modular and universal design approach, which ensures
that replacing the payload or transmitter requires only minimal redesign of the overall platform. In addition,
payload and communication system direct connection possibility also remains available. Described
interaction block diagram is shown in Figure 5.

Payload - OBC - Communication simplified
block-diagram

OBC

ocessor system

(QNX RTOS)

Payload ] i l I

——wvos—( 3 —*  ROM Memory
1286Gb

Communication
System

Fig. 5. OBC and payload interaction block-diagram.
5. FPGA architecture

Since the OBC combines a processor system for high-level software operation and programmable logic,
it is necessary to develop an architecture for both systems. It was decided to attribute the FPGA architecture
to the hardware part. Software architecture is described in the corresponding document. FPGA general
architecture design is shown in Figure 6.

Payload Universal Interface Subsystem

NAND Memory #0

Service Platform Subsystem

DDR Memory

VDS TX

LVDS RX

Fig. 6. FPGA general structure block diagram.
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FPGA architecture can be divided into two large independent blocks that interact with the processor
system via internal AXI bus. Processor system containing high-level software, controls the operation of
FPGA blocks where required. Fast and reliable FPGA processes input and output data, removing the
potential load from on-board software.

6. Service platform subsystem

The service platform subsystem is designed to receive and transmit telecommands, telemetry and
control signals to systems located outside the processor. Service platform subsystem is shown in Figure 7. Its
primary components include:

— Service Communication Channel Block: Interfaces with the transceiver, generates compatible
protocols, transmits processor-generated telecommands, and decodes received signals.

— Payload Communication Unit: Acts as a backup channel to the optical payload using the Space
Packet protocol, enabling command transmission.

— GPIO Control Unit: Generates simple digital control signals (e.g., ENABLE, RESET) for peripheral
devices.

— Time Synchronization Unit: Synchronizes onboard time with Global Positioning System (GPS) using
a Pulse-Per-Second (PPS) signal for timing of data exchange.

— PWM Generator: Provides adjustable PWM signals for MTQ control when applicable.

— RS-485 and RS-422 Buffers: Translate signals from legacy interfaces to AXI-compatible formats for

the processor.
e

pppppp

2
3

PPSOUT PLPWM

ssssssssssssssssssss

RS4BSRX  peagsTx  RS42ZRX  Rcaz T

Fig. 7. Service platform subsystem block diagram

7. Universal Interface Subsystem

Universal interface subsystem is designed to form a transmission or reception with minimal redesign
effort. Without changing the main configuration, only two IP blocks are requiring changes when adapting to
different payload types: LVDS receiver and LVDS transmitter. Block diagram is shown in Figure 8.

— MGT transmitter/receiver blocks: are unused in the current implementation, their presence allows
future integration of a custom radio module.

— LVDS Blocks: Handle protocol formation and decomposition, interfacing directly with payloads.
These units are the object of redesign when payload type changes.

— Reception/Transmission Module: Operates using AXI protocol; routes data to/from ROM, RAM, or
directly to communication channels. Includes its own FPGA-based RAM buffer.

— SSD Controller: Manages read/write operations on two NAND eMMC ROM chips.

— DMA and DDR4 Controller: Transfer data between memory and interface blocks with minimal
processor intervention.

DMA, DDR4 controller, and MGT transmitter/receiver blocks are require configuration.
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Data Rx/Tx Module

NAND Memory #0

SSD Controller Unit
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d controller &3

DDR4 Memory
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Fig. 8. Universal interface block diagram
8. Comparison of OBCARM G2 NANO with Existing analogues

During preliminary development, existing onboard computer systems were analyzed for benchmarking.
Key comparisons are listed below:

— SpaceCube v3 Mini [16] uses previous generation memory, DDR3, and also replaces system-on-a-
chip with separate FPGA modules, presented by Kintex Ultrascale and a processor system based on RT
proASIC3. OBC has the ability to be installed into a motherboard, to which other modules of this developer
can be connected. The breadth of use, comparable computing power is negated when it is necessary to obtain
only OBC itself, and the gap in the processor system and FPGA excludes fast data exchange between them.
Moreover, external drivers are still necessary to connect interfaces of different types. Considering all the
parameters, it is an example of an excellently executed OBC technology.

— Many solutions, for example, the one specified in [17] suggest using the Zynq 7000 system-on-a-
chip, which is significantly inferior in performance to the Zynq Ultrascale+, binds AOCS elements control
only to OBC, while the OBCARM G2 NANO has the ability to work with AOCS computer as AOCS signals
repeater. Also, the analog under consideration uses Linux and [2C as the main communication line.

— Sirius OBC [18], a commercial OBC, offers a robust solution with 64 MB of RAM, 50 MHz
processors, and a 5-year orbital life. This OBC handles telemetry and stores payload data, but is not capable
of combining the functions of a platform OBC and AOCS OBC.

— NanoMind A3200 [19], another commercial solution, with a larger amount of memory compared to
[18], as well as the ability to control AOCS elements. NanoMind A3200 has extremely small dimensions, but
will either require additional mechanical equipment for mounting in the platform, or the purchase of a
motherboard for subsystems from the same manufacturer. A comparison brief summary is given in Table 3.

Table 3. Comparison of OBCARM G2 NANO and analogous systems

Parameter OBCARM G2 NANO SpaceCube v3 Mini [16] Sir“[‘lsg(])BC E;‘;&l)"[[iﬁgd]
CPU Zynq Ultrascale+ RT proASIC3 - AVR32 MCU
FPGA Zynq Ultrascale+ Kintex Ultrascale - -

500 MB DDR4 — CPU; .
RAM 125 MB DDR4 - FPGA 2 GB DDR3 - [IJIIC; 64 MB 32 MB
ROM 128 MB QSPI Flash— FSW; 16 I'b NAND Flash — FSW; | 2 I'b Flash- 128 Mb NOR
128 GB NAND Flash - ROM 16 I'b NAND Flash - ROM; | ROM Flash - ROM
Mass 260 g - 130 ¢ 24 ¢
: . 95mm x 95mm x 95mm 95mm x 65mm x 40mm x
Dimensions | 95mm x 95mm x 35mm (motherboard included) 90mmx 17mm | 7.lmm
E?E%%ﬁtti}?n Low Medium Low Low
AOCS
OBC Yes No No Yes
functions
Power 10 W/25 W max. 31 W 1.3 W 3.3 W max
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9. Conclusion

The OBCARM G2 NANO is a versatile and modular onboard computer subsystem suitable for a wide
range of space missions. Its separation of computational and integration components streamlines platform
adaptation and scalability. Using a powerful system-on-a-chip allows execution of complex algorithms for
high-performance platforms while remaining energy efficient for smaller spacecraft.

The project has resulted in a multifunctional, fault-tolerant computing solution with straightforward
integration procedures, extensive computational resources, and a robust software framework. The OBCARM
G2 NANO’s modular and mechanically simple design ensures ease of installation across different satellite
volumes. Although tailored to the CubeSat form factor, its specifications and flexibility make it equally
viable for larger spacecraft platforms.
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Abstract. This article presents the design and optimization of a compact, high-performance optical payload for
Earth observation nanosatellites. The payload is based on a Ritchey-Chrétien telescope with corrective lenses,
providing a ground sample distance (GSD) of 6 meters per pixel from a 600 km orbit while meeting strict constraints
on mass, dimensions, power consumption, and operational conditions in the space environment. The design process,
conducted using Zemax 2024 software, focuses on achieving high image quality within the limitations typical for a
12U CubeSat. The results confirm the feasibility of the project, ensuring a modulation transfer function value
exceeding 0.26 at the Nyquist frequency. Several key performance indicators were evaluated, including the system
modulation transfer function. Once the required parameters were achieved, a lens corrector system was added and
the field angles were optimized. BK7 and Fused Silica were selected as lens materials. The simulation results
confirm that the developed optical payload meets the requirements for use in space conditions, including resistance
to vibration loads during launch vehicle launch.

Keywords: Earth remote sensing, modulation transfer function, payload, nanosatellite, spacecraft.
1. Introduction

The growing demand for Earth remote sensing (ERS) data is driving the development of nanosatellites.
Miniaturization requires the creation of compact and efficient optical payloads capable of delivering high-
quality images while operating under strict constraints on mass, size, and power consumption. This article
presents the design and optimization of such a payload for a CubeSat 12U, aimed at achieving high spatial
resolution (6 m GSD) while meeting the stringent requirements typical of the nanosatellite environment.

12U CubeSats, typically ranging in mass from 10 to 24 kg, face significant resource limitations. Power
generation within these platforms generally ranges within 20-60 Watts, thereby restricting payload capabilities.
In contrast, larger small satellites offer substantially greater power budgets, typically ranging from 150 Watts,
and can reach up to 2000 Watts. This disparity underscores the critical need for efficient power management
and optimized performance in CubeSat payload designs.

Over the past decade, there has been a significant increase in the number of remote sensing satellites
launched by various governments and commercial organizations. This trend reflects the growing demand for
and importance of remote sensing technologies applied in fields such as cartography, agriculture, early warning
systems, and natural resource monitoring [1].
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As an integral part of information technology, ERS plays a key role in providing high-precision and
reliable information products essential for industry, science, and society in the modern information economy.
To meet the demand for high-quality ERS data, it is critical to develop a fully functional and advanced
calibration system, including measurement instruments, measurement methodologies, and a dedicated test site
[2]. Manufacturers of space systems apply various standards and methods to evaluate the performance of Earth
observation (EO) satellite systems. A wide range of metrics is commonly used, with the most well-known
being the modulation transfer function (MTF) [3], absolute signal-to-noise ratio (SNR) [4], and geometric
resolution [5]. Additional approaches include differential SNR [6], frequency-dependent SNR [6], noise-
equivalent change in reflectance (NEAp) [7], and national image interpretability rating scales (NIIRS) for
image quality assessment [2].

Thus, for a precise and comprehensive system analysis, it is necessary to integrate multiple evaluation
metrics. Modern trends in the space industry, such as satellite miniaturization and the development of
constellation missions, impose new requirements on optical systems. Compact and high-performance solutions
are needed to ensure high-quality imaging while operating under strict mass and size constraints. The
development of optical payloads for nanosatellites, such as CubeSats, presents numerous complex engineering
challenges. Existing remote sensing systems provide invaluable information essential for scientific research
and practical Earth-related applications [8]. In particular, multispectral images obtained from satellite systems
play a key role in monitoring climate change and environmental conditions, representing the most common
type of data collected by ERS satellite payloads [9].

The modern satellite systems market is characterized by a shift toward flexible and reconfigurable
solutions, made possible by technological innovations such as embedded processors, active antennas, and
photonic components. Satellite manufacturers are actively developing and exploring various payload
configurations, striving to maximize flexibility through the use of embedded systems. This has led to an
increasing number of possible configurations, requiring careful selection during satellite system design. The
traditional approach to evaluating satellite system performance, based on predefined coverage characteristics
and payload configurations, demands significant resources for implementation and testing. While this approach
ensures high accuracy, it limits design flexibility by requiring the preselection of a limited number of
configurations. This study proposes a software optimization tool that enables rapid parametric assessment of
system throughput, considering different payload architectures [10].

High image quality is a critical requirement for high-precision remote sensing applications. Traditional
design methods often rely on the experience of developers, which does not guarantee an optimal trade-off and
may lead to suboptimal solutions [11]. In the work of Abolghasemi and Abbasi-Moghadam [12], an analysis
and design methodology for an experimental remote sensing payload is presented, along with system
performance results, including signal-to-noise ratio (SNR) and pre-MTF at a spatial resolution of 50 m in three
spectral bands (green, red, and near-infrared). The obtained results demonstrate high image quality, with SNR
> 100 and MTF > 40 for a push-broom scanner at an altitude of 700 km.

The study also describes a systematic approach to the development and performance evaluation of a
multispectral payload, including an analysis of noise components such as photon noise, background noise, cold
shield noise, and electronic noise. System performance was assessed using cascaded MTF, taking into account
the effects of optics, image discretization, and satellite motion. The calculation results are provided for the
SINA-1 satellite.

In study [13] presents the design of an optical telescope for CubeSats. The authors showed that reflector-
based configurations can provide high image quality even within the strict size constraints of the platform.
However, their analysis focused solely on the optical design and did not take into account thermo-mechanical
stability or straylight, which limits the practical applicability of the results.

Similar limitations can be observed in the MeznSat project [14], where a SWIR spectrometer payload
was implemented on a 3U CubeSat. Although the system demonstrated effectiveness for atmospheric
monitoring, the study did not consider the combined impact of thermal and mechanical factors that determine
image stability.

The importance of testing is highlighted in [15], which describes a thermal vacuum campaign on a
CubeSat engineering model. Such experiments are valuable for identifying structural weaknesses, but the
results were not directly linked to specific optical designs. This leaves open the question of how test data can
be systematically integrated into the development of optical payloads.

A more detailed exploration of CubeSat optical instrumentation is presented in the KITSUNE mission
[16]. A focusing mechanism was implemented that achieved image quality with a ground sampling distance
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of several meters. At the same time, the issue of long-term focusing stability under thermal variations and
vibrations remained unresolved, which limits the practical applicability of the results for Earth observation
tasks. A similar conclusion can be drawn from the HIREV project [17], where a camera with a resolution of
up to 3 m was demonstrated. This confirmed the potential of CubeSats for high-resolution Earth observation,
but the study concentrated on imaging performance while leaving aside issues of straylight suppression and
thermo-mechanical optimization.

Thermo-mechanical aspects were addressed in more depth in [18], where mechanical and thermal
analyses of a 12U CubeSat carrying a LIDAR payload were conducted. Nevertheless, the authors did not assess
how the identified deformations affected image quality, again underscoring the fragmented nature of existing
approaches. Another line of research involves the use of phase change materials (PCM) for thermal
stabilization. In [19], it was shown that PCM can smooth temperature peaks and improve the stability of
multispectral payload performance. However, incorporating such solutions into small satellites remains
difficult due to strict mass and volume constraints, as well as the lack of methodologies linking thermal control
to optical performance.

Overall, the literature shows that research on CubeSat optical payloads is active and covers a wide
spectrum of topics — from telescope and spectrometer design to testing campaigns and thermal stabilization
methods. Yet, these efforts remain fragmented: optical systems are often analyzed without considering thermal
effects, testing is performed without connection to specific designs, or stabilization methods are proposed
without addressing straylight suppression. This indicates that the comprehensive problem of ensuring thermo-
mechanical stability and minimizing straylight under the strict mass, size, and power constraints of CubeSats
remains unresolved.

2. Materials and methods. Optical system design

The telescope was designed using Zemax 2024 based on the Ritchey-Chrétien configuration. This design
was chosen for its effectiveness in minimizing spherical aberration and coma, which are critical for achieving
high-quality imaging within the system’s compact constraints. To meet the required spatial resolution of 6 m
at an orbital altitude of 600 km, the optical system was developed with two hyperbolic mirrors and a corrective
lens system. The lens materials selected were BK7 and fused silica. BK7 offers high transparency in the visible
spectrum. Fused silica exhibits similar transparency but also features a wider spectral range, making it suitable
for applications requiring broader wavelength coverage.

The Ritchey-Chrétien telescope design aims to achieve maximum resolving power while maintaining
optimal mass and dimensional characteristics. This system represents a modified Cassegrain configuration,
featuring hyperbolic primary and secondary mirrors, which effectively minimize spherical aberrations and
coma, ensuring a wide field of view with high accuracy. A corrective lens system has been integrated to
compensate for field curvature, which arises when using a flat detector.

As the imaging detector, we employed the CMV12000 CMOS sensor (ams/CMOSIS). The device
provides a resolution of 4096 x 3072 pixels (=12.5 MP) with a 5.5 um pixel pitch, corresponding to an active
area of 22.5 x 16.9 mm (diagonal =~28.1 mm). The architecture is based on a global shutter with an 8T pixel
design and correlated double sampling, which reduces fixed-pattern noise and enables exposure during
readout. The sensor supports 8/10/12-bit quantization and features 64 LVDS outputs at up to 600 Mbit/s per
channel, enabling frame rates of up to ~132 fps at full resolution (12 bit) and ~300 fps in windowed readout
modes.

The typical peak quantum efficiency of the monochrome version is 50-60% around 550 nm, enhanced
further by microlenses that improve the effective fill factor. Key sensitivity parameters include temporal noise
of about 13 e rms, dark current of approximately 70 e”/s at 25 °C, a maximum SNR of =41 dB, and a dynamic
range of ~60 dB. The CMV 12000 is an area-scan sensor without native TDI functionality; its use in push
broom configurations is only possible with external scanning and does not provide charge accumulation along
detector rows.

It is important to note that using classical manufacturing methods for such telescopes with relatively large
apertures would lead to an increase in satellite mass and volume. However, several innovative techniques can
reduce telescope size [20]. For example, the synthetic aperture concept allows for the segmentation of a
monolithic primary mirror into smaller foldable segments, which are deployed after the satellite reaches orbit
[21]. Another emerging technology, based on adaptive optics, enables the realization of a 1.5-meter mirror
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[22]. Recently, a 1.3-meter large-aperture mirror was developed using lightweight space optical components
[23].

3. Results

Calculation of key parameters:
The focal length of the telescope plays an important role in determining the quality and characteristics of
the obtained images. The focal length (f) of the telescope is calculated using the formula:

HA |

f= GSD'’ (1)

where H is the orbit height (600 km), A is the detector pixel size (5.5 um), and GSD is the required ground
sample distance (6 m). The calculation gives a focal length of approximately f~ 550 mm.
The minimum aperture diameter (D) of the telescope is determined by the formula:

Dz%; (2)

where A is the minimum wavelength (450 nm for RGB). The calculation gives a minimum aperture
diameter of approximately 54.9 mm. Considering dimensional constraints (the aperture diameter must fit
within 1U of a CubeSat) and the need to accommodate additional components, the aperture diameter was set
to 85 mm.

The field of view (FoV) of the telescope is calculated using the formula:

FoV = 2 arctanﬂ, ; 3)
2H

where SW is the swath width (30,720 m, calculated based on the detector resolution and GSD). The
calculation gives FoV = 3°.

The telescope's f-number (f#) is calculated as:

f#t=F/ID =6,47 4)

Based on the obtained parameters, the optical system was designed and simulated, with its schematic
shown in Figure 1. The modulation transfer functions (MTF) graph for this system is presented in Figure 2.

—6

Fig.1. Optical diagram of the developed payload:
1 — primary mirror, 2 — secondary mirror, 3 — first lens corrector, 4 — second lens corrector, 5 — third lens
corrector, 6 — detector plane.
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The MTF is a key metric for assessing image quality in optoelectronic imaging systems. MTF is defined
as the spatial frequency response of the system, representing its ability to reproduce sinusoidal test patterns of
varying spatial frequencies. The overall image quality of the system—system MTF—is determined by the
contributions of each of its components, as each element plays a role in shaping the final image.

Image quality is significantly affected by the optical system, the detector, blurring effects, and
atmospheric conditions. According to the technical requirements, the MTF value of the designed telescope
must exceed 0.1 at the Nyquist frequency (91 line pairs/mm). Simulation results have shown that the developed
telescope achieves an optical system MTF value of 0.26 at the Nyquist frequency (Fig. 2).
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Fig.2. Modulation transfer function graph for the developed payload

The mirror segment of the system was designed and optimized independently of the corrective lens
system, with calculations performed solely along the optical axis. This approach minimized the impact of lens
defocusing on image quality. Once the required characteristics of the mirror system were achieved, corrective
lenses were integrated, and additional optimization of the field angles was carried out.

BK?7 and fused silica were selected as the lens materials.

BK?7 provides high transparency in the visible spectral range.

Fused silica offers high transparency over a broader spectral range and exhibits enhanced radiation
resistance.

Two materials were selected for the fabrication of corrective lenses: optical glass BK7 and fused silica.
The choice was based on their optical and mechanical properties. BK7 is characterized by a high refractive
index (ng = 1.5168) and moderate dispersion (vq = 64.17), providing sufficient transparency in the visible range
(330-2100 nm). Fused silica exhibits a lower refractive index (ng = 1.4585) and even lower dispersion (vq =
67.82), while offering a significantly broader transmission range (180-3500 nm) and high thermal stability
(thermal expansion coefficient of 0.55 x 107¢/°C).

Additionally, fused silica has high chemical resistance and is highly resistant to UV radiation and laser
exposure. Thus, the selection of these materials ensures an optimal combination of optical performance and
durability for operation in space conditions.

The Point Spread Function (PSF) is one of the most important characteristics of an optical system,
describing the distribution of light intensity in the image of a point source. PSF analysis allows for the
assessment of image quality, which is determined by factors such as resolution, contrast, and the presence of
aberrations. The graphical representation of the PSF is a scatter diagram that illustrates the distribution of light
intensity in the focal plane depending on the position on the detector.

The shape and size of the scatter spot are directly related to the presence and magnitude of aberrations in
the optical system, as well as diffraction effects. A compact and symmetrical scatter spot indicates high image
quality, whereas a blurred or asymmetrical spot suggests the presence of aberrations and a decrease in image
quality. Analyzing the PSF at various distances from the optical axis (across the field of view) allows for the
evaluation of the uniformity of image quality across the entire frame.
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Figures 3-4 present the PSF for the developed optical system, obtained through Zemax simulations.
Figure 3 illustrates the PSF of the telescope without the corrective lens system, while Figure 4 shows the PSF
with the corrective lens system integrated.
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Fig.3. Ray spot diagram for telescope without a corrective lens system
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Fig.4. Ray spot diagram for telescope with a corrective lens system

Simulation results show that in the absence of corrective lenses (Fig. 3), the telescope forms an almost
perfect image at the center of the field of view; however, a significant increase in spot size and distortion of
its shape is observed toward the edges. The inclusion of a corrective lens system (Fig. 4) leads to a slight
degradation of image quality at the center, characterized by a small increase in spot size. However, this
degradation is minimal compared to the significant improvement in image quality at the periphery of the field
of view, where a substantial reduction in spot size and a more symmetrical shape are observed. This confirms
the effectiveness of the corrective lens system in minimizing aberrations and enhancing image quality across
the entire field of view. The Table 1 summarizes the parameters of the optical payload.

To mitigate direct illumination of the detector via the front aperture of the system and the central aperture
of the primary mirror, the straylight analysis was done, and by its results, the external and internal baffles were
designed and implemented. The effectiveness of these elements was assessed using non-sequential ray tracing
simulations within Zemax OpticStudio. The configuration of the baffles is illustrated in Figure 5.



Eurasian Physical Technical Journal, 2025, 22, 3(53) ISSN 1811-1165; e-ISSN 2413-2179 117

While not providing complete shielding of direct flight paths, this baffle contributes to reducing the
intensity of scattered light originating from external sources outside the primary field of view, thereby
minimizing background stray light, particularly crucial in high-illumination environments.

Table 1. Parameters of optical payload.

# Payload parameters Values

1 Reference Orbit type Sun Synchronous
2 Reference Orbit Altitude 600 km

3 Size 3U

4 Mass <2,0 kg

5 Image size (from reference orbit) 18 km x 24 km

6 GSD (from reference orbit) 6m

7 Onboard memory 128 GB

8 MTF > 0.26

9 Life time 2 years

As an additional way of reduction of straylight, the Acktar foil was applied to the internal surfaces of the
tube. Coating internal parts of the tube by Acktar foil allows to absorb an exceptionally high percentage of
incident light. This greatly reduces the amount of light that can be reflected or scattered within the optical
system.

i 200 mm

Fig. 5. Model of baffle placement within the optical system)
4. Discussion

The optimized optical system achieved the target GSD of 6 meters at an orbital altitude of 600 km. MTF
analysis showed an exceeding of the target value, with an MTF of 0.26 at the Nyquist frequency. Scatter
diagrams confirmed high image quality across the entire field of view. Detailed modeling assessed the
structural stability under various space environment factors.

The presented work demonstrates the feasibility of developing a high-performance optical payload for
nanosatellites capable of capturing high-quality images of Earth. The Ritchey-Chrétien design effectively
balances high performance with constraints on mass, dimensions, and power consumption. Further research
may focus on the application of advanced methods in the development of solutions for the payload electronics
module. The Ritchey-Chrétien design was selected as it provides superior off-axis performance at compact
size of the payload. This design corrects for coma and astigmatism to provide a wide enough, flat field of view
crucial for efficient Earth observation. While the main mission was technology demonstration, obtaining a
GSD of 6 meters enables a range of applications, including the identification of individual agricultural fields,
allowing for precise monitoring of crop health, as well as object recognition of objects of the corresponding
size, such as automobiles and trucks. The MTF analysis revealed a performance exceeding the design goal,
achieving a value of 0.26 at the Nyquist frequency. This ensures the capture of sufficiently detailed images.
The article covers the current status of optical design. The work will be continued with research of methods
for the straylight analysis, mechanical analysis, integration of the sensor and electronics unit to the payload
and integration of the payload to satellite platform.
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5. Conclusion

In this article, the task of designing and optimizing a compact optical payload for a CubeSat 12U
spacecraft was successfully accomplished. The use of a Ritchey-Chrétien telescope with corrective lenses
enabled the creation of a system that effectively minimizes spherical aberration and coma, which is crucial for
ensuring high image sharpness. It was established that even with significant constraints on mass and
dimensions, achieving a high spatial resolution of 6 meters at an orbital altitude of 600 km is possible.

As a result of optimizing the optical design, significant efficiency in the use of photonic components was
achieved, improving system performance while maintaining its compactness. These enhancements open new
prospects for the development of future nanosatellites capable of performing complex remote sensing tasks
with high precision and minimal resource consumption.

Further research and development may include the design of more advanced onboard control and data
processing systems for remote sensing, enhancing the overall functionality and reliability of satellite systems.

Thus, this article highlights the importance of integrating the latest technological advancements in
aerospace engineering and emphasizes the significance of scientific research in space technologies,
contributing to the strengthening of technological independence and the development of the national space
industry.
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A DYNAMICAL SYSTEM APPROACH TO LANGUAGE BIAS EVOLUTION
ON COMPLEX NETWORKS
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Abstract. We propose a dynamical systems model to study language competition and bias evolution in
structured agent populations. Each agent is characterized by a continuous bias variable representing their
linguistic preference, evolving under the combined influence of peer interactions, native language retention, and
external prestige forces. The model incorporates a nonlinear damping mechanism that confines the agent's bias
within a fixed range between negative one and one, and allows for heterogeneous susceptibility and retention
parameters. We analyze the model in its linear regime and perform a stability analysis of the fixed points under
both symmetric and asymmetric network topologies. Simulations on fully connected and small-world networks
reveal diverse dynamical scenarios, including language death, bilingual persistence, and spontaneous population
bifurcation into opposing linguistic groups. The results provide insight into the interplay of social structure,
identity, and external influence in shaping language dynamics.

Keywords: Nonlinear dynamics, complex systems, networks.
1. Introduction

The evolution of languages in a globalized, interconnected society is shaped by complex interactions
between individuals, their cultural identities, and external sociopolitical forces. As some languages grow in
dominance while others face extinction, mathematical modeling offers a powerful framework to understand
the mechanisms driving these dynamics. Previous studies have highlighted mechanisms of language death
[1], bilingual coexistence [2], and the effects of social structure [3—10]. Language dynamics have also been
explored using agent-based models [11], adaptive networks [12], and hybrid learning schemes [5,13]. The
inclusion of prestige effects [1,14], inter-linguistic similarity [2], and stochasticity [13,15] enriches the
modeling landscape. The study of language dynamics offers a compelling application of nonlinear
dynamical systems, a core area in technical and applied physics. Our approach formalizes language bias
evolution using continuous variables and differential equations on complex networks, employing techniques
common in statistical physics, control theory, and systems engineering. Furthermore, the model’s structure—
governed by agent-level dynamics and influenced by network topology—parallels the analysis of
synchronization [16], signal propagation, and collective behavior in engineered and physical systems [17—
21]. This cross-disciplinary perspective aligns with the broader goal of applying physical modeling
paradigms to complex social and technical systems.

In this work, we present a novel model of language bias evolution in agent-based populations,
incorporating network-based peer influence, native language retention, and external prestige effects. The
goal is to identify conditions that lead to outcomes such as language death, bilingualism, or stable language
coexistence.


https://doi.org/10.31489/2025
mailto:eldos.kozhagulov@kaznu.kz

Eurasian Physical Technical Journal, 2025, Vol.22, No.3(53) Engineering 121

2. The Model

We consider a system of agents that speak either language A or language B, or both. Since in reality,
even if people are bilingual, it is quite often that their language competence is not absolute for both
languages. For example, if a person’s native language is A, and at some point in his life, the person learns the
language B, the level of competence is rarely the same as a native level. In this work, we construct a

mathematical model of agents, with a dynamic variable being the “bias” ¢, towards one or the other
language: ¢, =+1 if the person speaks only language A, ¢, =—1 if the person speaks only language B, and

-1< ¢, <+1 if the person is bilingual. If the person perfectly speaks both languages at the same level, the
value of ¢ =0, which means that the person does not have any preference in choosing the language. If the

value of ¢, is positive, then we say that the person is bilingual, but with a preference for language A.

How does this bias change over time? The first and foremost purpose of a human language is
communication with other people, and the bias naturally changes due to the social connections of the person.
If a group of people speaks the same language at the same level, their bias and proficiency level do not

change, hence ¢ =0 for the agents of this group (a dot over a variable denotes derivative over time). But if a

group of people with different levels of language proficiency and bias are connected, for example, a
foreigner with an intermediate level of language proficiency is connected to a group of native speakers, then

there is a natural drive to change the bias ¢, # 0. To model this behavior, we consider a simple diffusive

coupling model
. N

b =(1-60) 2L (4,-.); (1)

J

where f'is the coupling strength, which is an odd function, and ij is the connectivity matrix, i.e., L, =0 if
agents j and & are not connected, and L, =1 if they are connected. Naturally Z,, =0. The term 1-¢ is
added to introduce natural fixed points in the model at values @, ==1 and to dampen the dynamics near

these points, so that the values of the bias remain in the domain ¢, € [—1,1] .

At this point, our model lacks individuality of the agents, such as preference of the native language. Let
us introduce the new term, describing the native language retention

¢k=(1_¢k2) iijf(¢j_¢k)+7/kg(ﬂk_¢k):|’ 2)

where 77, =1 is the native language parameter, and g(?]k —¢k) is the retention function that controls the

bias towards the native language of the individual agent. We assume that people have a natural tendency to
lean towards their native language, due to various reasons, like cultural heritage, historical, philosophical, or

political influence, etc. The parameter y, is the strength of individual agents’ retention. Small values ,

indicate that an agent is easily biased toward the other language, while large values indicate that the agent is
deeply rooted towards its native language, e.g., “zealot” or “patriotism” parameter. It is obvious that the
function g has to be an odd function as well.

Last, but not least, we have to consider the “status” of the language, described in [1]. The idea is that in
reality, different languages have different perceived status of prestige. This factor appears for various natural
reasons, such as the number of people speaking the language, the media influence, the access to information
and education, etc. In our model, we introduce the influence term as

¢k:(1_¢kz) ZN:ijf(¢j_¢k)+7kg(77k_¢k)+ﬂkh(P_¢k) s
3)
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where Pe [+1,-|—1] is the prestige field parameter, and [, is the susceptibility parameter of an individual

agent. Small values S, indicate that an agent is not easily influenced by an external influence, while large

values indicate that the person is easily manipulated by an external influence, e.g., “zombie” parameter. Here
h is also an odd function.

In our model, the bias of an agent depends on three factors: (i) the social network; (ii) the retention
strength of the native language and its “patriotism” parameter; (iii) the prestige factor of the language,
influenced by external sources and the “zombie” parameter of an agent.

3. Linear model

Although, our model is built for arbitrary functions f, g and 4, in this paper we analyze only the linear
case

¢k=(1—¢f){ﬁL/k-(¢_,——¢k)+7k-(nk—¢k)+ﬂk-(P—¢k) : @)

As we will see, even the simplest linear model has rich behavior. Another advantage of a linear model,
is that its stability can be treated analytically.

3.1. Stability analysis

The non-trivial fixed points ¢,: of the model (4) are found as solutions of

N
Zij¢j _(ck + 5, +7k)¢k +rm + B P =0, ®))
J=1

* N _: * * T
where ¢, are the fixed points of all the other equations for agents and ¢, = ZL./k . Writing ¢ = (¢1 ,...,¢N)
=1
the equation (5) can be expressed in the vector form

A¢ =b, (6)
where

b, =y, + B P,

Ajkzé‘jk(ck+ﬂk+7k)_l‘jk’ (7

where 0 & 1s the Kronecker’s delta. Now, the fixed points are obtained as

- -
$=A"b. (8)
To perform the linear stability analysis, we can write the biases as @, (t) =@, +¢, (t) , where ¢, is a

small perturbation, and leave only the linear terms in &, . This procedure yields

de, A2\ =
?z(l—(@) ) Z;L,-k-gj—gk(ck+ﬂk+;/k) ) )
J=
or in the matrix for
¢ _wae, (10)
dt

5
T . . .
where € = (6‘1,. . .,EN) and M is a diagonal matrix

2
diag(M)zl—(¢k) . (11)
In the case of symmetric coupling L, =L, , or an undirected network, the matrix is also symmetric and

strictly diagonally dominant, since
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N
Ay =¢, +ﬂk +7kaAjk = _ij = |Akk| ~ Z|A71‘| ) "
=]

Assuming that L, € [0,1] and S, 20,7, 20, we can say that the matrix A is positive definite, which
means that all its eigenvalues are real and positive. The diagonal matrix M is also positive, since by
definition |¢k| <1. Although we cannot say that —MA it is symmetric, it is similar to a symmetric negative-
definite matrix. This means that all the eigenvalues of the system’s Jacobian are real and negative, which

—

implies global stability of the fixed points ¢* .
For the directed network case L, #L,;, we cannot guarantee that all the eigenvalues are real and

negative, and more complicated dynamics might arise. The special cases are the fixed points ¢,: =+1. In that

case &, =0, which indicates the marginal stability of these points.
3.2. Network topologies

It is obvious that our model crucially depends on the topology of the network connections L - In

general, the elements of the matrix L # can have arbitrary values, not only 0 or 1, and can describe the

connection strength between agents j and k . In this work, we consider only the undirected network cases,
meaning that the connection matrix is symmetric. It is, however, obvious that for arbitrary network
topologies, whether the matrix L o 18 symmetric or not, its diagonal elements should always be zero. As a

measure of the entire network behavior, we will use the mean field bias <¢(t)> defined as

<¢(f)>=%§¢/(f)a (13)

and its standard deviation. Here, we consider a few models that mimic certain real-life scenarios.

3.2.1. Fully connected network

The fully connected network, when all agents are identically connected to all the other agents, is the
simplest connection topology. This simplicity is useful for analytical predictions and benchmarks, despite
being quite unrealistic. However, a fully connected network can be reasonably accurate to model small
communities, when everyone knows each other, or specific corporate networks, when everyone is connected
to the same internal communication network. Usually, such networks produce a very coherent state when all
the agents are aligned together. In such cases, it can be interesting to influence the mean field of the system
by an external field, to see if it is possible to drive the mean field to an opposite polarity.

3.2.2. Small-world network

A small-world network, as introduced by Watts and Strogatz [22], interpolates between regular lattices
and random graphs by introducing a small probability of long-range rewiring. In the context of our work, this
topology captures the balance between local clustering, representing tightly connected communities, and
occasional long-range interactions, such as those enabled by modern communication or migration. The
small-world structure is particularly relevant for modeling realistic social systems, where individuals tend to
interact more frequently within close groups but still maintain weak ties across the broader population. This
heterogeneity can give rise to rich dynamical phenomena, including the formation of linguistic clusters,
polarization, or partial synchronization.

4. Results and discussion

Let us now consider a few typical scenarios that we could model using (4). One of the standard
scenarios is the language death, when the entire population eventually starts to strongly prefer only one of



124 Eurasian Physical Technical Journal, 2025, Vol.22, No0.3(53) ISSN 1811-1165; e-ISSN 2413 - 2179

the languages. To achieve this scenario, we can construct a simple fully connected network of identical
agents, meaning that they have the same native language 7, , and the same susceptibility to the prestige field
B, - Setting the prestige field P to an opposite language, we create a strong influence on the system.

To analyze the final state, we can draw certain thresholds for bias variables that mark danger zones for a
language. This means that when the entire population’s bias enters this zone, with a strong preference for a
specific language, this puts the other language into danger of extinction.

In Figure 1, we have shown a simulation of the dynamics of a mean field <¢k> of N =100 agents for

different values of ¥ .

Mean Field Over Time for Different ~

1.00 F= T : .
0.75 /—’/
0.50 ==~

0.00

Mean (¢;(t))

-0.25

0.50 +
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1.00 +

L L i i i L i L
0 1 2 3 4 5 6 7 8
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Fig. 1. The dynamics of the mean field <¢k> over time for different values of the parameter y .
The simulation is performed for a fully connected network of identical agents, with native language parameters
1, =—1 and prestige susceptibility S, =1.0. The prestige field is set to P = +1, while the initial states of the agents
are uniformly distributed within ¢ =U(—-0.8,-1.0).

We can see that initially, the bias of all agents is strongly in favor of the native language. Exposed to an
external prestige field P, their bias eventually leans towards the opposed language. We can see that if the

patriotism parameter ¥, is small, the original preference for the native language can be overcome, putting it

in danger of extinction. However, the strong patriotism (y, =1.0 in the plot) can result in a bilingual

outcome.

In the next scenario, we model a system initially localized at zero (bilingual bias), but eventually split
the population into two distinct groups (Figure 2). To obtain such a state, we configured a system with half
the population with a native language A(nk = +1) , while the other half with a native language B(nk = —1).

Mean Field Over Time and the Standard Deviation Final Bias Distribution

0.4

0.0

Mean (¢;(t))
Count

0.4 F

Time

Fig. 2. The simulation of the linear system for N =1000 agents. On the left, we can see the evolution of the
mean field (solid line), and although it stays almost unchanged, the standard deviation (shaded area) becomes very
large. On the right, there is a final distribution of the biases, with clear two separate peaks.
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If the initial state of the system is strongly bilingual, then it generally tends to stay that way. In order to
separate the population, we need to tweak the parameters in a specific way. First, in order to diminish the

external influence, we set the zero-prestige field P =0, and a very small susceptibility S, =0.01. Next, we

set the entire population to be very patriotic, with a high value of y, =3.0. Finally, the network topology
was chosen to be a Watts-Strogatz small-world network.

5. Conclusion

In this work, we introduced a dynamical systems model to describe language bias evolution in
populations embedded in social networks. By treating linguistic preference as a continuous variable and
incorporating native identity retention, prestige influence, and agents’ interactions, we developed a
framework capable of capturing a wide range of realistic language dynamics scenarios.

Analytical results from the linearized model provide insight into the stability of fixed points. Numerical
simulations on fully connected and small-world networks further illustrate how the interplay between
topology and parameter heterogeneity governs the long-term outcomes.

This model not only advances the mathematical treatment of language competition but also exemplifies
how methods from applied physics, particularly those related to networked systems and dynamical stability,
can be effectively applied to social phenomena. Future work may extend this framework to incorporate
dynamic networks, agent mobility, or feedback between bias and network structure, offering even deeper
integration with techniques from complex systems and control theory.
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Abstract. A prototype Wien-bridge oscillator was designed and constructed using a single Op-Amp with a diode-
bridge included in the degenerative-feedback path to provide amplitude stabilization of the output oscillations. A circuit
simulator, PSpice version 10.0P was also used to simulate the circuit. The simulated results were compared with those
measured with an oscilloscope for validation, and it had 90% accuracy. The relationships between the operating
temperature and the settling time of the oscillator, as well as the resonant frequency, were investigated and derived.
The resonant frequency of the constructed oscillator is adjustable between 142.86Hz and 16.67KHz. The prototype
circuit in this work that measures this range of frequencies was successfully analyzed, and the investigated effects of
temperature variations on the output signals are presented in section 3. The results of the temperature response to the
output bias voltage, source currents, and total power dissipation of the circuit are also presented. The overall results of
the presented parameters show that the operating temperature of the oscillator (within a temperature limit) has an
unpredictable effect on its output, which could adversely affect the performance of the oscillator where precision is of
great importance.

Keywords: Wien-Bridge Oscillator, Temperature Stability, Resonant Frequency, Transient Response, Circuit
Simulation, PSpice

1. Introduction

An oscillator is an electronic circuit that creates a continuous alternating current waveform output when
supplying power via a direct current input. This work that was developed to promote technical skills in
circuit design and prototyping and to expand the limits of the development of local content in Nigeria
consists of a direct current supply as the only external source of the oscillator. This was achieved by
conversion of the alternating current supplied by the power grid (from the electricity supply company) into
direct current [1]. One could question the need to convert the direct current back into an alternating current
using the oscillator after the initial conversion process. The problem is that the alternating current supplied
by the source companies in Nigeria, Europe and the United Kingdom works with a fixed frequency of 50 Hz
(60 Hz in some other countries), while many devices such as electronic circuits, laboratory devices,
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communication systems and microwave devices require internally generated frequencies in the range from
300 MHz to 1 GHz or higher. It is, therefore, important to have a device that can generate these frequencies.
On the other hand, a Wein-bridge oscillator is an electronic oscillator that generates sinus waves and
uses a two-stage RC amplifier circuit, has a high-quality resonance frequency, low distortion and is useful
when voting. It is an oscillator type that uses a resistance-capacitor network (RC) instead of the conventional
inductor-capacitor swinging circle (LC) to create a sinus-shaped output waveform [2]. The Wein-Bridge, an
alternating current version of the popular wheat stone bridge, is a combination of a standard/parallel RC

network that is balanced at the frequency f, = 1/ onRrc 3] Using the Wein-Bridge as positive feedback,

the frequency-selective network creates an oscillator that works according to the Vienna Bridge principle
with suitable negative feedback (resistance or non-linear network) with suitable negative feedback
(resistance or non-linear network); Wein-Bridge-Oscillator [4].

The use of an operational amplifier in a Vienna Bridge Oscillator is one of the available methods for the
construction of an oscillator. The project therefore aimed to use discrete components to create a prototype
circuit that can measure a large range of frequencies by generating sinus waves, the results of which match
the existing literature and also to examine how the results of the output signals can be influenced by different
operating temperatures. Therefore, the main focus of this work is to simulate and create a prototype circuit
with surgical amp and other discrete components and to examine the effect of temperature changes on the
output of the Wein-Bridge Oscillator. The simulated results using PSPICE are then compared with those
measured with the oscilloscope for validation.

Many RC oscillators, including the Wein-Bridge Oscillator, control the vibration amplitude by
integrating a temperature-sensitive resistance into the negative feedback loop. Thermistors and tungsten
lamps are typically used for this purpose, and some studies on the behavior of the Win lamp were carried out
in a Wein-bridge oscillator and the effects of the temperature on the output of the oscillator [5]. In addition,
[6] presented an RC oscillator that should maintain a stable frequency over a wide temperature range. The
authors used a self-calibration oscillator to achieve +0.4% temperature stability from 55°C to 125°C. This is
a great example of how oscillator design can ensure low distortion even with temperature changes. [7] and
[8] have also done some work on various aspects of Wein-bridge oscillators, including the use of
temperature-sensitive RC networks in the negative feedback loop. They also provided solutions for the
design and operation of Vienna bridge oscillators, taking into account temperature effects and component
selection.

Temperature changes can influence the outcome of a Wein-Bridge oscillator by changing the resistance
of the temperature-sensitive components, which influences the automatic reinforcement and negative
feedback mechanisms. These changes can, in turn, influence the frequency and amplitude of the oscillator
[2]. For example, the resistance of a resistance changes with temperature and influences the resonance
frequency and amplitude of the oscillator. Similarly, the capacity of a capacitor can also vary with the
temperature and influence the resonance frequency and amplitude of the oscillator. This is due to a
temperature-dependent RC time constant and a fixed input frequency to attribute to the middle frequency of
the oscillator. One significant aspect of considering the temperature effects on the output of a Wien-bridge
oscillator is that the circuit’s temperature-dependent properties can be used for measurement purposes in
specific applications like temperature sensors [7, 8].

In summary, the impact of temperature on a Wien-bridge oscillator is mainly associated with the
components used in the circuit, such as resistors, capacitors, and incandescent lamps used for automatic gain
control. These components react to temperature changes in a way that contributes to maintaining the stability
of the oscillator output and the low distortion [8]. However, fluctuating temperatures can affect the
components of the oscillator, in particular the resistance and capacitors, which in turn can affect the outcome
of the oscillator. In view of the fact that extreme temperature fluctuations could possibly affect the
performance of the oscillator, it is recommended to select components based on the temperature range
specified by the manufacturer during the design phase of electronic circuits in order to ensure optimal
performance and longevity [9]. It is, therefore, important to take into account and examine the effects of the
temperature when designing and operating a Wein-bridge oscillator and how these temperature changes
change the output of the oscillator, especially if it is to be used in environments with considerable
temperature fluctuations.

In order to simulate the behavioral properties of the oscillation circuit, the PSPICE simulator was used
to record potential problems in design before the PCB was established. The PSPICE is a circuit simulation
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program that affects a personal simulation program with an integrated circulation [10]. The use of the
PSPICE simulator works for the Wein-ridge oscillator when reaction to each DC input in the operational
amplifier by using models to display the components in the literature. PSPICE was used in [11] to emulate
operational amplifiers in which the distortion of audio signals in a circuit was recognized via a wide
frequency range. [12] also used an interactive ambient design of PSPICE to examine the parameters and
properties of operational amplifier circuits and the various variants of trans-impedance amplifiers with
photodiodes. In particular, an analogous PSPICE macro model technique was presented for the parametric
dependence of the surgical ampere [13], which uses an easy use of internal equations in both time and
frequency domains for non-linear control of voltage and power sources. The macro-model, which made up
the temperature dependencies of the main amplifiers' electrical parameters, resulted in the basis of this work.
The PSPICE simulator is one of the many commercial software programs available for engineers who can
increase the design efficiency, save time and reduce defects and electronic waste. For recent applications of
the PSPICE software in electronic circuit design, see [14]. Also, see [15] for details on other simulation and
modelling techniques of electronic circuits.

Although the first operational amplifiers used complex vacuum tubes [16], they are versatile in their
applications; they can sum, integrate, differentiate, or amplify a signal. These are the reasons they are termed
operational amplifiers [17 - 19].

The pin configuration and circuit symbol of a typical eight-pin dual-in-line package (DIP) of an Op-
Amp used in this project was adopted from [17]. Terminal 8 is unused, and terminals 1 and 5 are of little
importance to this work. The five essential terminals include;

— Inverting input; pin 2: an input signal applied to this terminal appears inverted at the output.

— Non-inverting input; pin 3: signal applied to this terminal appears with the same polarity at the
output.

Other terminals include:
Output; pin 6

— Positive power supply; pin 7
Negative power supply; pin 4.

1.1 Op-amp operating mode and oscillator gain

As an active element, the Op-Amp must be powered by a voltage supply (£V). One practical limitation
worth noting here is that the magnitude of its output voltage cannot exceed |Vec| [20], [21]. In other words,
the output is dependent on and is limited by the magnitude of the power supply voltage. Depending on the
differential input voltage (V;), an Op-Amp can operate in:

Positive saturation mode; V, = V. @8
Linear mode; =V, <V, = G.V; < V. 2)
Negative saturation region; V, = =V, 3)

In this work, it is assumed that Op-Amps operate in the linear mode. Thus, the output voltage of the
oscillator is restricted by equation (1).

Applying the Op-Amp in any electronic circuit design involves configuring the Op-Amp as either an
inverting amplifier with voltage gain;

_Yo_ _&
Gy == 1 )
Or as a non-inverting amplifier with a voltage gain given as [14].
Gy =Vo/Vi= 1+R¢/R; (%)

However, for sustained oscillation, the loop gain of the circuit must satisfy the Barkhausen criterion as
shown in Equation 5, where Ry and R; are resistors in the gain feedback network.

2. Materials and methods

The materials used during the construction of the circuit include electronic components listed in section
3.2, soldering iron, soldering lead, soldering pump, side cutter, picker, digital multi-meter, sandpaper,
technician knife, laser jet printer, 12V mini hand-drill machine, electric iron, copper board, PCB foil, ferric
chloride, as well as plastic Perspex and Uhu-plast adhesive gum for the casing and finishing. The
construction was carried out in stages, which included the power supply, the oscillator circuit, amplitude
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stability, printed circuit board, and finally, the assembling stage. The block diagram of the Wien-bridge
oscillator is shown in Figure 1.

Alternative voltage
source

Battery

A
' CT Triine Rectifier +Ve/ve . |
- Regulators Oscillator
SPDT T
Switch
W E0Hz Oscillators' ofp at
various freq.

Fig.1. Block Diagram of the constructed Oscillator
2.1 Designh methodology

Designing the Wien-bridge oscillator revolves around the operational amplifier (Op-Amp) IC chip [22],
[23]. For this work, an Op-Amp (UA741 model) was used. It is an 8-pin DIP IC with a high input voltage
range, high input impedance, and excellent temperature stability [17]. To determine the frequency of
resonance (f,), equation (6) was employed [24], [25] with a fixed capacitor C = 22nF and a dual-gang
variable resistor R = 50K().

Wo = 1/RC = 2mfy (6)
Thus, f, can be varied for a range of frequencies determined by the variation in R.
Let fomin) be the minimum frequency obtainable for the maximum value of R called Rmax)

1 1
fo(min) = 2R (max)C - Zemesori0izzeio— — 145HzZ (M
The maximum resonance frequency fomax) is obtained when R is minimum (i.e. at Rmin)) thus:
1 1
fo(max) = 27R (min)C - Zmasoezzeio—s — 18-9KHz (®)

Note: Rimax) = 50KQ, Ripiny = 390Q and € = 22nF = 22 * 107°F

From Equation 5, where the amplitude gain is determined, the oscillator was found to produce fine-
tuned oscillation with the chosen value of capacitance, C. To satisfy the Barkhausen criterion and keep the
overall gain of the circuit as 1, the Op-Amp must compensate by providing a gain of 3 or greater [3, 26]. In
other words, the amplifier gain must initially be set to 3 to start oscillation. This was achieved using equation
9, which is critical to maintaining oscillations and keeping the circuit stable at the desired frequency.

R = 2R; 9)

For numerical convenience and design purpose, R; was chosen to be 10K(Q, thus, Ry = 2 * 10K =
20KQ.

Where Ryis the feedback resistor connected from the output to the inverting input of the Op-Amp and R;
is the resistor connected from the inverting input to the ground. The overall circuit is shown in Figure 2.

2.2. Construction steps

The building of the Wien-bridge oscillator involved the assembling of discreet components on a Printed
Circuit Board (PCB), which was prepared before this construction using the method carefully adopted from
[27 - 30]. A summary of the components used for the construction is given below.

Resistors Voltage Regulators Capacitors Diodes
10KQ x 2 (fixed) LM317 1N4007 x 10
1KQ x 1 (fixed) LM137 ?ggFF"éS(vﬁ)’:ezdz fixed) IC
50KQ x 2 (dual-gang variable) Transformer 10 }Ii /35y x 2 (fixed) UA741 Op-amp
220Q x 3 (fixed) 15V/2A (center-taped) b

2500uF/35v x 2 (fixed)




Eurasian Physical Technical Journal, 2025, Vol.22, No.3(53) Engineering 131

The layout of the fabricated circuit is shown in Figure 2.

Fig. 2. Prototype Wien-bridge Oscillator using Op-Amp (Designed with PSPICE)
3. Results and discussion

Simulations were carried out on the Wien-bridge circuit using an equivalent model circuit with 90%
accuracy. The value of the Resistor, R was fixed at 10KQ and the Capacitor, C at 22nF in the modeled
circuit. Measurements were initially made at room temperature, and subsequently at varying operating
temperatures. Meanwhile, software limitations [31-33] placed some restrictions on the number of
components that could be simulated in a single circuit diagram. So, the Wien-bridge was simulated without
the amplitude stability and the power supply sections of the circuit, and these had no significant effects on
the results. The results obtained are presented in the succeeding sections.

3.1. The oscillator output from PSPICE simulation at room temperature

Figure 3 shows the sinusoidal output obtained by simulation with PSPICE at room temperature (27 C).
Here, V.. was set to £10V, and the results of oscillation between t = 0 second and t = 100 milliseconds were
skipped. This was because resultant waveforms within this time interval were found to be unstable and very
low in amplitude.

== Profile: "SCHEMATIC 1-rm temp™ [ C:Wsers\StelifngehDesk
DatesTime run: O1/28/13 Temperature: 27.0
0

1) rm temp (active)

» / .

o

—10v
100ms

W(RS:2)

Date: January 28, 2013 Page 2 Time: 00:40:50

Fig. 3. Oscillator Output Waveform at Room Temperature from PSPICE (V.. =+ 10v)
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3.1.1. The oscillator output from oscilloscope

The image shown in Figure 4 is the output waveform obtained from the oscilloscope screen. It should
be noted that this output was obtained from the complete oscillator circuit.
Figure 5 shows the prototype of the Wein-bridge oscillator.

Sine wave
output
probe

Dualized
DC probe

Frequency Control
knob

Fig. 4: Output Waveform of Wien-bridge Circuit Fig. 5: Prototype Wien-bridge oscillator

3.1.2. Comparison of the PSPICE and oscilloscope outputs

The output waveforms from PSPICE and the measurement from the oscilloscope are shown in Figures 3
and 4, respectively. The output waveform of Figure 3 is seen to have flat amplitudes. This was because the
diode bridge was not included in the circuit during the PSPICE simulation due to software limitations. In
contrast, Figure 4 (output from the oscilloscope) shows a noise-free amplitude-stable waveform. This was
because a diode-bridge was added to the Wien-bridge circuit before this oscilloscope output was obtained.
Otherwise, both Figure 3 and Figure 4 are similar and they represent the desired sine wave outputs.

3.1.3 Results of DC bias point

The results shown in Table 1 were obtained by analyzing the circuit’s response to the basic DC sources,
operating in conjunction with the resistive elements in the circuit at different temperatures. Parameters of
interest (i.e., output bias voltage, source currents, and total power dissipation of the circuit) and how they are
affected by temperature changes are extracted and summarized in Table 1. This result shows that a change in
the operating temperature of the oscillator affects the bias voltage of the oscillator circuit minimally but in an
unpredictable manner. This effect may not be considered significant but could have adverse effects where
precision is of great importance. The results further show that the source currents and total power dissipated
in the circuit remain constant for a wide range of temperatures (-125°C to 200°C) and increase slightly at
temperatures above 200°C.

Table 1. Resuls of DC Bias Point

Temperature (°C) Voltage at output (uV) Source current (mA) Total power dissipation (mW)
v V-

-125.0 -736.9 -1.006 -1.006 18.0
-100.0 -735.7 -1.006 -1.006 18.0
-75.0 -735.0 -1.006 -1.006 18.0
-50.0 -734.8 -1.006 -1.006 18.0
-25.0 -735.2 -1.006 -1.006 18.0

0.0 -735.2 -1.006 -1.006 18.0
25.0 -735.1 -1.006 -1.006 18.0
50.0 -734.8 -1.006 -1.006 18.0
75.0 -734.5 -1.006 -1.006 18.0
100.0 -734.0 -1.006 -1.006 18.1
125.0 -733.5 -1.006 -1.006 18.1
150.0 -732.7 -1.006 -1.006 18.1
175.0 -731.5 -1.006 -1.007 18.2
200.0 -730.0 -1.006 -1.007 18.2
225.0 -729.0 -1.007 -1.008 18.3




Eurasian Physical Technical Journal, 2025, Vol.22, No.3(53) Engineering 133

3.2. Transient Response at Different Temperatures

A transient time analysis was carried out on the circuit with a temperature sweep for a range of
temperatures of -125°C to -300°C. The run time was 600ms and data were recorded from t = 100ms. The
maximum step size was set to 10ps. A summary of the results obtained is shown in Table 2.

Table 2. Temperature Sweep for transient time, t =0 to t = 600ms.

T (°C) t (ms) T (C) t (ms)
-125.0 350.0 100.0 310.0
-100.0 260.0 125.0 320.0
-75.0 300.0 150.0 318.0
-50.0 240.0 175.0 330.0
-25.0 270.0 200.0 340.0
00.0 276.0 225.0 375.0
25.0 280.0 250.0 348.0
50.0 288.0 275.0 376.0
75.0 300.0 300.0 335.0

Table 2 shows that transient time, t (ms) increases for a range of temperatures, T (-50°C to 125°C) and
becomes unpredictable beyond this range. Thus, it was deduced that: if ‘t’ is the amplitude stability time
(settling time) in milliseconds, and ‘T’ is the operating temperature of the oscillator in degrees Celsius, then

txT Provided (-50°'C < T < 125°C) (10)
Then,
t=17T, (11)

where Z is a constant
Equation (11) shows that for a unit time t = 1ms and a unit temperature T = 1°C,

Z =1t/r (ms/°C) (12)
Equation (12) shows how the amplitude stability time is affected by a change in the operating
temperature of the oscillator.

3.3. Results of Resonant Frequency from Fourier Analysis
Fast Fourier analysis was performed for the transient results presented in Table 2 using PSPICE, and the
corresponding resonant frequencies (f,) were recorded in Kilohertz (KHz) against the operating temperatures

(T°C) as shown in Table 3.

Table 3. Resonant Frequencies at Different Temperatures

T(C) 7/, (kHz) T(C) 1, (kHz)
-125.0 0.720 100.0 0.720
-100.0 0.720 125.0 0.718
-75.0 0.720 150.0 0.718
-50.0 0.720 175.0 0.718
-25.0 0.720 200.0 0.718
00.0 0.720 225.0 0.00
25.0 0.720 250.0 0.250
50.0 0.720 275.0 0.275
75.0 0.720 300.0 0.300

Results presented in Table 3 show that the resonant frequency is constant, provided -125°C<T<100°C.
That is
fo=p8 Provided (-125°C<T<100°C), (13)
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where £ is a constant with a unit in kHz.
Comparing Equation (13) and Equation (6), it can be seen that;
1

B = sere (14)
Since R and C are known variables, § can be found from equation (14) as the resonant frequency.

4. Discussions

The DC bias point is crucial for proper circuit operation, particularly in oscillators like the Wien-
Bridge. It determines the amplifier's operating point, affecting linearity and gain. Maintaining a stable bias
point ensures consistent performance across varying temperatures. Table 1 illustrates the Wien-Bridge
oscillator’s thermal stability. The output voltage slightly decreases from -736.9 uV at -125°C to -735.2 pV at
0°C, reflecting minor but significant temperature-induced effects. This change, influenced by the temperature
coefficients of circuit components, demonstrates adequate stability within the design’s limits. However, a
sharper decline to -175 pV at 225°C suggests the need for optimization at extreme temperatures due to
parasitic effects. The source currents (V+ and V-) remain stable (~-1.006 mA) across the temperature range,
ensuring consistent gain and reliable operation. Power dissipation stays nearly constant at 18 mW, with only
a slight increase to 18.3 mW at 225°C, indicating high thermal efficiency. Overall, these results confirm a
robust DC bias design suitable for the oscillator’s intended range.

Transient response data in Table 2 reveal the relationship between temperature and settling time. Within
-50°C to 125°C, settling time exhibits a linear trend, increasing from 240.0 ms to 320.0 ms as temperature
rises. Beyond this range, transient behavior becomes unpredictable, highlighting the circuit’s limitations at
extreme temperatures. This nonlinearity may result from temperature-dependent variations in
transconductance and carrier mobility, impacting active components.

The linear trend in settling times applies between -50°C and 125°C. Beyond this range, transient times
become unstable, with significant variations at extreme temperatures. For instance, the transient time at -
125°C is 350.0 ms, longer than 276.0 ms at 0°C but comparable to 375 ms at 225°C. This unpredictability
suggests interactions among multiple variables, possibly due to active component behavior deviating from
designed conditions or parasitic effects in extreme temperatures. The data show that outside -50°C to 125°C,
the oscillator's response is unreliable. This limitation highlights the need to understand safe operating
conditions and manage thermal impacts effectively. Additionally, Table 2 validates equation (10) only within
the linear range of -50°C to 125°C. Managing thermal conditions remains crucial for wide-temperature
applications.

The resonant frequency of the Wien-Bridge oscillator is governed by its frequency-determining
components, as shown in Table 3. Between -125°C and 100°C, the resonant frequency remains stable at
0.720 kHz. However, it decreases slightly to 0.718 kHz at 150°C and significantly drops beyond 225°C. By
250°C, the frequency plummets to 0.250 kHz, suggesting component degradation or parasitic effects leading
to operational failure. Extreme temperatures affect resistance, capacitance, and active device parameters like
transconductance, preventing oscillations.

In summary, the Wien-Bridge oscillator in the current work demonstrates robust performance and
frequency stability within moderate temperature ranges up to 100°C. Beyond this threshold, temperature-
induced effects degrade stability, and it becomes unpredictable, necessitating design improvements such as
effective heat management strategies, enhanced component selection, or temperature compensation
techniques. These adjustments are critical for extending the functionality of the oscillator in high-
temperature environments and ensuring its reliability under diverse operating conditions.

5. Conclusion

Since temperature variation impacts electronic components, the frequency of oscillation also shifts
slightly due to changes in resistance and capacitance. Therefore, modelling these variations helps predict the
performance of an oscillator circuit under thermal stress. While it is easy to design and build a sine-wave
oscillator, such as the Wien-bridge oscillator, the results obtained have shown that a change in operating
temperature unpredictably affects the bias voltage at the oscillator's output.

Further investigation into the temperature effect has shown that the amplitude stability time (t) and the
resonant frequency (f;) of the oscillator are proportional to the temperature with a given temperature limit.
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The DC bias or operating point results in Table 1 showed that a change in temperature affects the “bias
voltage at the output” of the oscillator. Though this observed effect was minimal, its effect is unpredictable
and could pose a great challenge if not taken into consideration where precision and accuracy are of great
concern in circuit design. The result further showed that the source current and the total power dissipated in
the circuit remained constant except at very high temperatures above 225°C. Similarly, Table 2 gives a
relationship between the operating temperature (T°C) and the stability time t (ms) of the oscillator. For
temperatures greater than 125°C, the settling time becomes unpredictable. Therefore, equation (10) holds
only when the operating temperature, T (°C) lies in the range -50°C—125°C. As shown in Table 3, a change
in the operating temperature of the oscillator also affects the resonant frequency (f;) significantly for T >
100°C.

Finally, in what follows the current work, implementing effective heat control strategies and utilizing
electronic components with minimal temperature sensitivity is recommended to aid in reducing these impacts
observed in the output results of the current work.
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Abstract. Analysis of spectral observations of a number of Main Belt asteroids, the Apollo family asteroid
(NEO) 30825 (1990 TG1), and the rare asteroid 1951 Lick was used to determine their taxonomic types. The
observations were carried out in 2023-2024 at the Assy-Turgen Observatory on the AZT-20 telescope equipped
with a spectrograph using a volume-phase holographic dispersive element with 360 lines per millimeter in low-
resolution mode (R=600). We use the “template” method proposed in (Savelova A.A. et al., 2022) and the visual
albedo values. An analysis was carried out for S-type asteroids (107) Arachne and (482) Petrina and the Apollo
family asteroid (NEO) 30825 (1990 TG1), which have minerals formed under high-temperature conditions, as
well as asteroid (97) Klotho, belonging to the M class, which includes asteroids with an increased metal content.
Class A asteroids are characterized by high albedo and a marked increase in reflectance at longer wavelengths.
These features indicate the presence of high-temperature olivine or mixtures of olivine with metals, mainly iron
and nickel. The presented results show that asteroids (366) Vincentina and (1951) Lick belong to this class. The
analysis showed that the normalized reflectance spectrum of (47) Aglaja corresponds to asteroids of spectral class
B, the main components of the surface of which are probably anhydrous silicates, hydrated clay minerals, organic
polymers, magnetite, and sulfides. According to the authors' results, the normalized reflectance spectrum of
asteroid (718) Erida corresponds to the spectral corridor for the T-class template with an albedo ranging from
0.04 to 0.042.

Keywords: spectrophotometry, asteroids; taxonomic type; reflective spectroscopy;

1. Introduction

Asteroids, as the closest bodies to the Earth, can be considered as possible sources of extraterrestrial
natural resources (Board et al., 2010; Lewis, 1996) [1-2], and as relevant technologies are developing, the
classification of the asteroids according to certain features of the presence of various minerals for their
mining is becoming increasingly in demand). The taxonomic classification of asteroids is a crucial tool in
planetology, Earth protection, resource exploration, and understanding the evolution of the Solar System. It
is employed in both global space security initiatives and fundamental scientific research, particularly as
numerous missions target small celestial bodies. The relevance of asteroid taxonomic classification
encompasses scientific, applied, and strategic dimensions. From a scientific perspective, it enhances our
comprehension of the Solar System's origin and evolution. In applied contexts, accurate determination of
taxonomic type is essential for selecting targets for space missions (e.g., OSIRIS-REx, Hayabusa2,
DESTINY+), given that different types exhibit distinct compositions, densities, surface structures, and
volatile content.
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The observation-based classification of small Solar System bodies has been continuously developed and
updated over the last 40 years. While previous iterations of methodology development followed either the
availability of large observational campaigns or new instrumental capabilities opening up new dimensions of
observation, we see an opportunity to improve, first and foremost, the established methodology.

Taxonomy is the classification of asteroids into categories (classes, taxa) using certain parameters
without any a priori rules. The main goal is to identify groups of asteroids that share similar characteristics of
their surface composition. Classification into taxa is the first step for further studies in comparative
planetology. In the case of asteroids, a precise taxonomic system makes it possible to approach the specific
mineralogy for each of the defined classes. Taxonomic systems of asteroids were originally based on
broadband colors (Chapman et al. 1971), which made it possible to distinguish two separate types of objects
- "S" (rocky) and "C" (carbonaceous). With the increasing amount of information from different types of
observations, new taxonomic classes were identified. Historically, the most widely used taxonomies are
Tholen (1984) [3] and Barucci et al. (1987) [4], which used data from the Eight-Color Asteroid Survey
(Zellner et al. 1985) [5]; Bus & Binzel (2002a) [6], which used SMASSII data, and DeMeo et al. (2009) [7],
which is an extension of the previous taxonomy scheme into the near infrared range of the spectrum.

The Tholen classification (Tholen, 1984) [3] is based on photometric studies and offers a method for
approximating average reflectance spectra for different classes of asteroids, and also determines their
generalized chemical and mineralogical composition. The use of albedo data helped to identify individual
classes in this system, which includes 14 spectral classes. In 2002, S. Bus and R. Binzel proposed an
expanded version of the classification based on data from the SMASS project, which studied the reflectance
spectra of small Main Belt asteroids in the 0.4-1.0 pm wavelength range (Bus and Binzel, 2002) [6]. Unlike
the Tholen method, this approach has a much higher spectral resolution and allows for additional details to
be considered, which led to the development of a new classification. This system, inheriting the principles of
the Tholen classification, expands the number of classes to 24, without taking into account the albedo of
asteroids. The Bus-DeMeo classification, proposed later, expanded the methodology for features detected in
reflectance spectra up to 2.45 pum wavelength (DeMeo et al., 2009) [7].

Another recent classification of asteroids is based on studies using visible and near-infrared
spectrophotometry, as well as on the study of the albedo of these objects (Mahlke et al., 2022) [8]. This
classification seems to be quite complete and justified, while maintaining continuity with respect to the two
previous ones. The paper presents the transition from one classification to another. Dimensionality reduction
and clustering revealed three main complexes: the well-established C- and S-complexes and the restructured
M-complex. Spectral classes for all three classifications (Tholen, Bus-DeMeo, Malkhe) [8] are given on the
internet resource.

In general, three large complexes can be distinguished: asteroids with low-temperature mineralogy, i.e.,
not subjected to significant heating during their evolution, the so-called primitive types, or C-complex (C-
class); high-temperature asteroids - S-complex asteroids (S-class); and the M(X) complex, which includes
asteroids with an increased metal content. The evolution of the X-complex between taxonomies is unclear,
since the visual albedo is unknown. In our opinion, the introduction of visual albedo into the analysis of the
taxonomic type of asteroid is a justified step, since this characteristic indicates the chemical and
mineralogical features of the asteroid's surface.

The obtained results hold both theoretical and practical significance for solar system astrophysics.
Determining the taxonomic type of asteroids is crucial for understanding the evolution of the Solar System,
the composition of celestial bodies, and assessing potential threats from near-Earth objects. This is
particularly relevant for Main Belt asteroids and the Apollo family (Apollo NEOs), especially 30825 (1990
TG1) and the rare asteroid (1951) Lick, which cross Earth's orbit and are of interest for both scientific
research and planetary defense. Apollo asteroids constitute the largest subclass of potentially hazardous
objects by number, and their taxonomy is vital due to their proximity to Earth and the associated collision
risk.

2. Observations

Observations were conducted at the AZT-20 telescope of the Assy-Turgen Observatory using a long-slit
spectrograph. A low-resolution mode (R=600) was employed, achieving a dispersion of 4.25 A per pixel. An
EMCCD operating with a gain factor of 5 was used as the detector. The exposure time was 10 seconds, and
the spectrograph slit width was 9 arcseconds. To calibrate the wavelengths, the spectra of a standard source -
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a He-Ne-Ar lamp - were taken. The spectrum of the asteroids was measured using the differential method by
comparing the fluxes from the object and a standard star. Stars analogous to the Sun (spectral class G) were
used as standards. Analysis is based on reflectivity spectra obtained on 2024-02-22, 2023-11-03, 2023-11-04,
and 2023-11-21 at the Assy-Turgen Observatory and comparison with reflective spectra of these asteroids
based on INASAN observations performed in 2013-2017 and model spectra obtained from Gaia DR
observations. Taxonomic classes were estimated according to the Tholen classification, without taking into
account the albedo of the asteroids.

3. Method of analysis

To analyze the reflectance spectra of asteroids, the “template” method proposed in (Savelova et al.,
2022) [9] was utilized. The authors propose using templates that are the general spectral boundaries of a
taxonomic class, calculated using all normalized reflectance spectra of asteroids of a particular taxonomic
class from the SMASSII database (Bus and Binzel, 2020) [10], including visual albedo in the analysis, since
this characteristic indicates the chemical and mineralogical features of the surface of asteroids. The template
is an area within which the reflectance spectrum of an asteroid belonging to a given taxonomic class is likely
to be located.

Template selection was based on asteroid albedos categorized by class, as established in Tholen's
seminal work (Tholen, 1984) [3]. Asteroids with numbers up to 2000 from the SMASSII database were
selected to compile the database. Based on the SMASS II data, the highest and lowest values of the
normalized intensity were determined depending on the wavelength. (The "spectral corridor" of the
template). For asteroids of class A, 4 spectra were selected, for class B - 5 spectra, for class C - 74 spectra,
for class D - 5 spectra, for class E - 8 spectra, for class F - 7 spectra, for class G - 7 spectra, for class M - 23
spectra, for class P - 11 spectra, for class S - 112 spectra, and for class T - 5 spectra. In this way, data were
selected for 11 taxonomic classes, taking into account the albedo. The correspondence between the
reflectance spectra of the asteroids considered in this work and the templates was checked at wavelengths in
the range of 0.44-0.75 pm.

Table 1-7 presents the designation of the asteroid, date and time of observation, exposure time, and air
mass. Data format: 1 - Date and time in YYMMDD, 2 - Universal Time in hhmmss, 3 and 4 - right ascension
and declination at the time of observation in the J2000, 5 - distance from the observer to the object (in AU), 6
- distance from the Sun to the object (in AU), 7 - solar elongation (in °), 8 - phase angle of the object (in °), 9
- predicted stellar magnitude, 10 - air mass, 11 - exposure time. Columns 3-9 are given according to the
Minor Planet Center at the time of observations. The last row of the table contains information on the
EMCCD mode used during observations.

4. Results and discussion

Reflectance spectra analysis for each asteroid was performed. In the figures below, the area of the
corresponding template of the taxonomic class under consideration to which the asteroid belongs is
highlighted in green, and the reflectance spectra of the asteroid itself, obtained by the authors of this work,
are shown in colored lines. (97) Klotho is a Main Belt asteroid. Its orbital period is 1592.5213 days, and its
rotation period is 35.15 hours. Its geometric albedo is 0.128, its diameter is 100.717 km, and its SMASSII
spectral type is class M (Small-Body Database Lookup - NASA) [11]. Data on the observation conditions are
given in Table 1, and the normalized reflectance spectrum is shown in Figure 1.)

Table 1. Information on observations of (97) Klotho

Date UT R.A. Decl. Delta R Elong | Ph | V™ | Airmass Exp
(ymd) (hms) (h m) () (AU) | (AU) @) ") Time (s)
1 2 3 4 5 6 7 8 9 10 11
97 Klotho
20231103 182443 2333 56.5 -12 48 14 1.437 | 2.188 127.6 | 21.0 | 114 2.637 120
20231103 182646 | 23 3356.5 -12 48 14 1.437 | 2.188 127.6 | 21.0 | 114 2.667 120
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Fig.1. Normalized reflectance spectrum of asteroid (97) Klotho based on FAI observations, green area - spectral
corridor corresponding to the taxonomic class M template in the albedo range from 0.072 to 0.203

The results obtained, taking into account the visual albedo, allow classifying (97) Klotho as an M-class
asteroid, the third most numerous class of asteroids, the composition of which has been studied rather poorly.
It is only known that asteroids of this class have a moderately high albedo (0.1 - 0.2) and contain metals.
Some, but not all of them, consist of nickel and iron, with a small admixture of rocks. These asteroids are
probably the remains of the metal cores of larger planetesimal asteroids, which were destroyed as a result of
mutual collisions in the early stages of the formation of the Solar System. They may be the main source of
metal meteorites. (107) Arachne and (482) Petrina asteroids, according to our results, can be classified as
class S. The information about observations is presented in Table 2, and the normalized reflectance spectra
are shown in Figure 2.

Table 2. The information about observations of (107) Arachne and (482) Petrina

Date uT R.A. Decl. Delta R Elong | Ph | V@™ | Airmass Exp
ymd | (ms) | (hm) 9 law [an | o |0 Time (s)
1 2 3 4 5 6 7 8 9 10 11

407 Arachne
2023 1121 | 162505 | 055452.6 | +302909 1.627 | 2.526 | 149.1 | 11.6 | 13.0 1.640 240
2023 11 21 162913 | 0554524 | +302909 1.627 | 2.526 | 149.1 | 11.6 | 13.0 1.613 240
482 Petrina
2023 1103 | 144726 | 2157533 -08 33 51 2458 | 2921 | 108.0 | 18.9 | 14.2 1.652 120
2023 1103 | 144931 | 2157533 -08 33 51 2.458 | 2921 | 108.0 | 189 | 14.2 1.656
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Fig.2. Normalized reflectance spectra of asteroids (407) Arachne and (482) Petrina based on FAI observations,
green area - spectral corridor corresponding to the taxonomic class S template in the albedo range from 0.082 to 0.244

(407) Arachne is a Main Belt asteroid. Its orbital period is 1552.6650 days, and the rotation period is
22.627 hours. The geometric albedo is 0.0548, the diameter is 95.07 km, the spectral type according to
Tholen is class C, and according to SMASSII its class is Ch (Small-Body Database Lookup NASA) [11].
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(482) Petrina is a Main Belt asteroid. Its orbital period is 1897.5417 days, and its rotation period is
11.7922 hours. Its geometric albedo is 0.246, its diameter is 45.751 km (Small-Body Database Lookup -
NASA) [11]. Similar to INASAN observations, the reflectance spectrum has an increase in the long-
wavelength region and, according to (Shcherbina et al., 2019) [12], corresponds to high-temperature silicate
assemblages and belongs to the Tholen class S. The spectral class S indicates a siliceous (rocky) mineralogy.
They have a relatively high density. About 17% of asteroids belong to this class, making it the second most
common after the carbonaceous C-type.

(718) Erida is a Main Belt asteroid. Its orbital period is 1954.9347 days, and its rotation period is
17.447 hours. Its geometric albedo is 0.042, its diameter is 70.911 km, and its SMASSII spectral type is class
X (Small-Body Database Lookup - NASA) [11]. The information about the observations is given in Table 3,
and the normalized reflectance spectrum is shown in Figure 3.

15
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1,2 ~ max albedo
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) ]
0.9 1
08
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Fig.3. Normalized reflectance spectrum of asteroid (718) Erida based on FAI observations, green area - spectral
corridor corresponding to the taxonomic class T template in the albedo range from 0.04 to 0.042

Table 3. The information about observations of (718) Erida

Date uT R.A. Decl. Delta R Elong | Ph V™ | Airmass Exp
(ymd) | (hms) (hm) () Ay | AU) @) @) Time (s)
1 2 3 4 5 6 7 8 9 10 11
718 Erida
2023 11 03| 171341] 232444.0| -093056 | 2.837 | 3.527 | 1273 12.9 15.5 1.885 240
2023 11 03] 171747] 232444.0| -093056 | 2.837 | 3.527 | 1273 12.9 15.5 1.906 240

According to the Bus-Binzel (SMASS) classification, (718) Erida is an X-type asteroid with featureless
spectra and a wide range of albedo, suggesting a variety of surface compositions. X-type spectra typically
show low curvature or nearly flat spectral regions. According to Tholen, these are asteroids of unknown
composition with dark and moderately red spectra and moderate absorption bands below 0.85 pm.

According to our results, the normalized reflectance spectrum of asteroid (718) Erida falls within a
spectral corridor corresponding to the T-type template with an albedo in the range from 0.04 to 0.042. T-type
asteroids are rare asteroids of the inner Main Belt. They may be related to P- or D-type asteroids, or possibly
highly modified C-type objects. Asteroids of this class were originally thought to be anhydrous, but new
spectroscopic data indicate the presence of hydration features. (Hiroi & Hasegawa, 2003) [13] found that
asteroid 308 Polyxo has spectral characteristics similar to the Tagish Lake meteorite, which contains signs of
hydration. In addition, new spectroscopic observations of T-type asteroids such as (96) Aegle and (570)
Kythera also revealed hydration signatures, confirming the presence of water or hydrated minerals on their
surfaces (Kwon et al., 2022) [14]. Future study of asteroid (718) Erida will be important to study this rare
spectral class and detect signs of hydration.

(47) Aglaja is a Main Belt asteroid with an orbital period of 1787.1149 days, and the rotation period of
13.178 hours. Its geometric albedo is 0.082, the diameter is 168.174 km, the spectral type according to
SMASSII is class B, and according to Tholen it is class C. The information regarding the observations is
given in Table 4, and the normalized reflectance spectrum is shown in Figure 4.
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Table 4. The information about observations of (47) Aglaja

Date UT R.A. Decl. Delta R Elong | Ph | V™ | Airmass Exp
(ymd) (hms) (h m) 9 AU) | (AU) @) @) Time (s)
1 2 3 4 5 6 7 8 9 10 11
47 Aglaja
20231103 |[151112 (2203420 |-132229 | 2.067 2.549 107.7 |[21.8 12.9 1.907 120
20231103 | 151316 |220342.0 |-132228 | 2.067 2.549 107.7 |21.8 12.9 1.903 120
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Fig.4. Normalized reflectance spectrum of asteroid (47) Aglaja based on FAI observations, green area - spectral
corridor corresponding to the taxonomic class B template in the albedo range from 0.066 to 0.129

Results presented in this study indicate that this asteroid is of class B in accordance with SMASSII
classification. Asteroids of this class have a nearly linear spectrum and are distinguished only by spectral tilt.
The main constituents of the surface are probably anhydrous silicates, hydrated clay minerals, organic
polymers, magnetite, and sulfides. (366) Vincentina is a Main Belt asteroid. Its orbital period is 2037.5442
days, and its rotation period is 12.7365 hours. Its geometric albedo is 0.091, its diameter is 86.368 km, and
its SMASSII spectral type is of class A (Small-Body Database Lookup - NASA) [11]. The information
regarding the observations is given in Table 5, and the normalized reflectance spectrum is shown in Figure 5

Table 5. The information about observations of (366) Vincentina

Date uT R.A. Decl. Delta R Elong | Ph | V@™ | Airmass Exp
(ymd) (hms) (hm) () AD) | (AU) @) @) Time (s)
1 2 3 4 5 6 7 8 9 10 11
366
Vincentina
2023 11 03 155150 (2233439 [-070442 |2.411 [2.992 | 116.8 |17.2 |13.9 1.661 120
2023 11 03 155356 (2233439 [-070442 |2.411 [2.992 | 116.8 |17.2 |13.9 1.667 120
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Fig.5. Normalized reflectance spectrum of asteroid (366) Vincentina based on FAI observations, green area -
spectral corridor corresponding to the taxonomic class A template in the albedo range from 0.122 to 0.29
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The obtained results indicate that this asteroid corresponds to the spectral class A according to the
SMASSII classification. This is a rare class of asteroids (since 2005, only 17 asteroids of this class have been
discovered), which are characterized by a fairly high albedo (between 0.17 and 0.35) and a reddish color in
the visible part of the spectrum, which is determined by a significant increase in the reflectivity of asteroids
of this class towards long wavelengths.

Asteroids of this class show strong absorption in the UV region of the spectrum, as well as at
wavelengths of 0.7 and 1.05 um in the IR region, while there are no absorption bands at a wavelength of 2
um, which indicates the presence of high-temperature olivine or a mixture of olivine with metals, mainly iron
and nickel. The discovery of olivine in asteroids is significant, as olivine is typically formed only under high
temperatures, ranging from 1100 °C to 1900 °C. This, in turn, suggests that asteroids of this class are
fragments of intermediate silicate shells from larger asteroids, which, at an early stage in their history, were
in a partially or completely molten state and underwent stratification (differentiation) of magma. Asteroids of
class A predominate mainly in the inner part of the Main Asteroid Belt.

(1951) Lick is a rare type of Mars-crossing asteroid with a diameter of approximately 5.6 kilometers. In
the SMASS taxonomic classification, Lick's spectral corresponds to a rare A-type asteroid (Small-Body
Database Lookup - NASA) [11] with a surface consisting of almost pure olivine (J. de Leon et al., 2004)
[15]. Its orbital period is 598.8541 days. The most recent observation by Michael Lucas in February 2011
yielded a rotation period of 5.317 hours with an amplitude of 0.33 magnitudes (Lucas et al., 2001) [16]

According to three observations made by the infrared astronomical satellite IRAS, the diameter of the
asteroid is 5.57 kilometers and its albedo is 0.09 (Tedesco et al., 2004) [17]. The information regarding the
observations is given in Table 6, and the normalized reflectance spectrum is shown in Figure 6.
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Fig.6. Normalized reflectance spectrum of asteroid (1951) Lick based on FAI observations, green area - spectral
corridor corresponding to the taxonomic class A template in the albedo range from 0.122 to 0.29

Table 6.The information about observations of (1951) Lick

Date UT RA. Decl. Delta R Elong | Ph | V™ | Airmass | Exp Time (s)
(ymd) | (hms) | (hm) () (AU) | (AU) O 10
1 2 3 4 5 6 7 8 9 10 11
1951 (Lick)
2024 02221142710 | 0451 11,4 |+024201 | 0.958 1.471 98.1 [41.7 ] 16.5 1.34 60
2024 02221142824 10451 11,5 |+024203 | 0,958 1,471 98,1 [41,7] 16,5 1.34 60
2024 02 221142958 | 0451 11,5 |+024205 | 0,958 1,471 98,1 [41,7] 16,5 1.35 120
2024 02 221143230 | 0451 11,6 |+024206 | 0,958 1,471 98,1 [41,7] 16,5 1.35 240

It was not possible to figure out a taxonomic class taking into account the albedo using the “template”
method, using observations presented in this study. Based on the visual albedo (1951) Lick fits into the
spectral corridors of classes M (in the albedo range from 0.072 to 0.203) and S (in the albedo range from
0.081 to 0.244), but does not fit into the spectral corridor of templates for these classes at all and has a
significant increase in reflectivity in the visible spectrum, similar to class A asteroids

This increase in reflectivity, the “reddening” of the reflectance spectrum, according to [Brunetto, R., de
Leén, J., & Licandro, J. (2007) [18] was caused by space weathering. The researchers compared the
spectrum of (1951) Lick with laser ablation experiments on silicate olivine to determine the effect of space
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weathering on its surface. The results showed that the asteroid’s surface is heavily weathered, and the
saturation level of weathering is similar to laboratory experiments, indicating an age of the surface of the
order of 107-10® years Figure 7. Observations obtained in this work confirm the large value of the spectral
slope at the level of 1.9 pm™.
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Fig.7. The FAI spectrum of Lick (red) compared with the spectra of San Carlos olivine (blue line)
scaled at 0.55 pm, and the line represents the spectral slope

Apollo 30825 (1990 TG1) is an Apollo-family (NEO) Earth-crossing asteroid with an orbital semi-
major axis greater than Earth's (> 1 AU), but a perihelion distance less than Earth's aphelion (q < 1.017 AU),
and a minimum distance from Earth of 0.06912 AU. The orbital period is 1388 days; the rotation period of
the asteroid is 2.62428 hours. The geometric albedo is 0.262, the diameter is 5.6 + 2.1 km [11]. Its spectral
class S [2] indicates that this is a "rocky" asteroid composed mainly of silicates, iron, and magnesium. The
information regarding the observations is given in Table 7, and the normalized reflectance spectrum is shown
in Figure 8.

Table 7. The information about observations of 30825 (1990 TG1)

Date uT RA. Decl. Delta R Elong | Ph vm Airmass Exp
ymd) | (my) | (hm) 9 L@y ey | o | o Time (s)
1 2 3 4 5 6 7 8 9 10 11
30825 (1990 TG1)
2024 0222 | 150513 (0750472 | -01 5722 0,494 1,407 |140,8 26,4 15,2 1.54 60
2024 0222 | 150621 |07 5047,1 | -01 57 22 0,494 1,407 |140,8 26,4 15,2 1.54 60
2024 0222 | 150812 |07 5046,9 | -01 57 21 0,494 1,407 |140,8 26,4 15,2 1.53 120
2024 0222 | 151032 |07 5046,7 | -01 57 20 0,494 1,407 | 140,8 26,4 15,2 0.52 240
15
14 30825_1990_TG1 Klass S
5 43
'§ 12 max albedo
o
':_-2 1.1
- 1 :
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Fig.8. Normalized reflectance spectrum of asteroid 30825 (1990 TG1) based on FAI observations, green area -
spectral corridor corresponding to the taxonomic class S template in the albedo range from 0.081 to 0.244
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The template analysis shows that the albedo of asteroid 1990 TGl fits into the spectral class A, which
has an albedo range from 0.081 to 0.29. However, its spectrum is more consistent with the S class (Figure 7).
The asteroids are of the silicate type, quite bright (albedo from 0.10 to 0.22). They are rich in metals: iron,
nickel, and magnesium. Their spectrum is enhanced at long wavelengths, similar to the spectrum of iron
meteorites. According to (Benner et al., 2008) [2], asteroid 30825 (1990 TG1) has a circular polarization
ratio (SC/OC) of 0.27 + 0.03, indicating a moderately rough surface on centimeter-to-decimeter scales. The
moderate roughness may be the result of micrometeorite bombardment and other processes, such as space
weathering, that have altered the asteroid's surface over time. These processes include surface color change
(reddening), decreased albedo, and weakening of spectral lines.

5. Conclusion

In this paper, spectral observations of several Main Belt asteroids, the Apollo family asteroid (NEO)
30825 (1990 TG1), and the rare asteroid 1951 Lick were analyzed to determine their taxonomic classes. In
general, the results obtained correspond to the generally accepted large taxonomic classes. Asteroids (107)
Arachne and (482) Petrina can be classified as S-class asteroids with minerals formed under high-
temperature conditions. The Apollo family asteroid (NEO) 30825 (1990 TG1) was also included in this class.
(97) Klotho belongs to the M-class asteroids, which include asteroids with an increased metal content.
Asteroids with a fairly high albedo and a significant increase in reflectivity in the long-wavelength part of the
spectrum of class A include asteroids (366) Vincentina and (1951) Lick, which indicates the presence of
high-temperature olivine or a mixture of olivine with metals, mainly iron and nickel, in their composition.
The normalized reflectance spectrum of (47) Aglaja corresponds to asteroids of the spectral class B, the main
components of the surface of which are possibly anhydrous silicates, hydrated clay minerals, organic
polymers, magnetite, and sulfides. According to results presented in this study, the normalized reflectance
spectrum of asteroid (718) Erida corresponds to the spectral corridor of the template for class T asteroids,
with an albedo range from 0.04 to 0.042. Class T are rare asteroids of the inner part of the Main Belt.
According to the SMASSII classification, without taking into account the albedo, asteroid (718) Erida
belongs to class X.

It should be noted that the "template" method used is empirical: spectral "corridors" are derived
statistically, without direct physical modeling of mineralogy. Its reliability is limited by the relatively low
spectral resolution of the data (R ~ 600) and the uncertainty of albedo measurements, which can reach 20—
30%. Thus, the method is suitable for first-order taxonomic classification but cannot provide an
unambiguous mineralogical interpretation, especially for rare classes such as A and T. These limitations and
the quality of the observational material obtained prevented a definitive conclusion regarding their
classification and taxonomic type. Further observations of the corresponding asteroids with higher resolution
or in the near-infrared range are necessary.
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A NOVEL DESIGN OF AN ENERGY ANALYZER FOR CHARGED
PARTICLES BASED ON A NON-UNIFORM ELECTROSTATIC FIELD
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Abstract. A new design for an energy analyzer based on an axial symmetric non-uniform field has
been proposed. Using the superposition method of a cylindrical field and second-type axially
dodecapole, the electron-optical scheme for the energy analyzer has been developed. Numerical
modeling of the electron-optical scheme of the device was performed, and its analytical characteristics
were obtained. It is shown that the proposed design combines high resolution and effective luminosity.
The results confirm the feasibility of using the developed device for studying charged particle beams in
outer space.

Keywords: energy analyzer, non-uniform field, multipole, modeling, charged particle beams.

1. Introduction

Satellites and spacecraft often encounter systematic effects caused by increased charged particle beams.
These adverse radiation effects include single event upsets, anomalous background, increased radiation
exposure to astronauts, and premature aging of spacecraft components (computers, detectors, etc.). Current
strategies to mitigate these risks include a variety of engineering solutions to address these problems. This
also includes a deep understanding of the physical processes that occur during flight and the impact of the
environment on the entire spacecraft. Therefore, measurements of the ionizing radiation environment in near-
Earth orbit are critical to reducing risks to satellite systems and crewed space missions. Spectrometers began
to be used as the main instrument for space research more than half a century ago. The main analytical
element of a spectrometer is an analyzer. The operation of all analytical devices is based on the use of the
characteristics of charged particle motion in fields created by corresponding electrode systems. One of the
main problems and areas of development in energy and mass spectrometry is related to the improvement of
electrode systems.

Cylindrical mirror type analyzers are widely used in the study of resonance phenomena in gases, in
spectroscopy for chemical analysis, for obtaining spectra of secondary electrons, photoelectrons, and Auger
electrons, as well as in space research. The cylindrical mirror analyzer has become a basic element of various
electron spectrometers manufactured in countries near and far abroad by leading instrument-making
companies [1,2]. Electrostatic analyzers of charged particles, tuned to specific potentials, are classified
according to their geometry: cylindrical, spherical, toroidal, and others. They are used to analyze the energy,
mass, and angular characteristics of charged particle beams in space plasma. There is a relationship between
the geometry of the electrodes that create the electrostatic field and the electron-optical characteristics of the
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analyzers. These regularities must be taken into account when designing electrostatic analyzers for space
experiments.

Modern developments demonstrate a wide range of solutions. In particular, [3] describes a low-energy
particle electron instrument built on board the Arase spacecraft (Exploration of energization and Radiation in
Geospace). The instrument is designed to measure the three-dimensional electron distribution function in the
energy range from 19 eV to 19 keV. The instrument is based on a toroidal top-hat electrostatic energy
analyzer. Results show that the instrument works well in space, and the measurement results are good for
scientific purposes. In [4], an analyser for deep space and interplanetary missions was developed, capable of
registering the flux, composition, and direction of highly penetrating particles in deep space. It is noted that
the analyzer can fill a gap in the observation of galactic cosmic rays in the GeV region and provide accurate
information on the spectrum, composition and timing of energetic particle emission from the Sun. The
authors note its importance for space weather research and radiation safety. In [5], a brief review of three
new instruments designed to measure ion composition in the magnetosphere is presented. The authors
emphasize that monitoring of ion composition in geosynchronous orbit is not currently performed, and it is
an important component for understanding the dynamic space environment in near-Earth space. The focus is
on unique methods of measuring ion composition in detector sections located after the electrostatic analyzer.
The work [6] presents the results of numerical calculations of a high-resolution analyzer based on a confined cylindrical
field designed to study the fluxes of charged particles in outer space. The combination of high energy resolution with
high transmittance, simplicity of construction and compactness make this device very promising for space
technologies.

The miniaturized device developed in [7] is an electrostatic analyzer with improved geometry. The use
of a spiral shape allows to obtain an instrument that is 2.7 times smaller in volume than a conventional
cylindrical electrostatic energy analyzer with a comparable input cross section, while improving the energy
resolution by 10%. The size reduction is the first step towards miniaturization of such instruments for in situ
measurements of space plasma properties. In [8], an instrument was proposed for space plasma physics
research capable of measuring the total ion velocity distribution function as well as the velocity distribution
function for individual particles with mass per charge (m/q). The device consists of a deflecting system, a
toroidal energy per charge (£/q) analyzer, and a hemispherical condenser that serves either as a second stage
E/q analyzer or as a controllable time-of-flight velocity filter. The deflector system maintains a full 360
degrees azimuth tilt angle and allows selection of ions for analysis in the toroidal section. Current research is
focused on improving electrostatic analyzers, including methods for resolving space plasma components [9],
developing a top-hat design with a time gate for measuring low-energy ions 10[], and analytical approaches
to modeling new mass spectrometer designs [11].

In works [12,13], a new approach to solving Laplace's equation for the analytical representation of
circular multipoles is proposed. This new class of axial symmetric Laplace fields is based on the
superposition of a cylindrical field and components of new harmonic functions - circular multipoles.
Although a wide range of potential fields has been developed within the multipole approach, research into
the effect of these fields on charged particle beams remains of practical interest. To date, the most attention
has been paid to analyzers based on hexapole-cylindrical, octupole-cylindrical, and decapole-cylindrical
fields [14-16]. Further research should be aimed at identifying optimal combinations of multipole fields that
reduce aberrations and increase the efficiency of the devices.

Given the growing demands of modern technologies for the study of charged particle beams, the further
development of the theory of energy analyzer focusing is becoming a relevant problem. Of particular
importance is the search for electron-optical systems based on new electrostatic fields or combinations of
known mirror configurations. In particular, it is necessary to investigate the possibilities of correcting
geometric aberrations in deflector energy analyzers by using axial symmetric multipoles. The aim of this
work is to develop and study the design of a charged particle energy analyzer based on the superposition of a
cylindrical field and a circular dodecapole in order to improve its electron-optical characteristics and energy
resolution.

2 Structure of electrostatic multipoles with rotational symmetry

According to [12], the energy analyzer field can be constructed as a superposition of the base field and a
set of circular multipoles coaxial with the base field. In the case of an electrostatic deflection field, this
construction looks as follows:
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g(R,&)=InR+qU, (R,5)+sUs(R,5) + @U,,(R,&) +dU ;. (R,&) +..., (1

where InR is basic cylindrical field, U,.Us,U,

oct?

U,. are circular multipoles (quadrupole, hexapole,

octupole, decapole, etc., ¢,s,0,d, ... are weight coefficients of multipoles, R, & are relative radial and axial

coordinates.
The first-type axially dodecapole is described by the following harmonic function:
uy (p,&)=R° —18R*E* + 24R*E? —%gﬁ, )

The nodal point (2) is located on the symmetry axis &. Figure 1 shows the family of equipotential lines
of the first-type axially dodecapole. The dotted lines in this and subsequent figures denote zero equipotential
lines.

The second-type axially dodecapole is described by the following function:

i, (R.E)=R' R~ 18[lnR + %)R“fz + 24[1nR + %)R%“ —%(lnR +1—61j§6, (3)

Fig. 2 shows the family of equipotentials of the second-type axially dodecapole. A characteristic feature
of this function is the presence of a node point located on the symmetry axis (R=£=0). The construction of
the family of equipotential lines were carried out using Python package. The zero potential lines converging
at the nodes separate regions of opposite sign. As can be seen from Figure 2, unlike the the first-type axially
dodecapole, the structure of the second-type function is much more complex. First, there is an additional
region (shaded in the figure) isolated from the main zero potential line. Second, there is a saddle point S with
coordinate R, in the plane of symmetry. For function (3), this coordinate is R = 0.84648, and the potential at
this point is -0.06131.
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Fig.1. Family of equipotentials of the first-type Fig.2. Family of equipotentials of the second-type axially
axially dodecapole dodecapole

The potential distribution under consideration is defined as a superposition of a logarithmic cylindrical
field and the second-type axially dodecapole. It is described by the following expression:

U(p.&)=wiiy(R.E)+unR (4)

where #InR is potential of an axial symmetric cylindrical field, 4 is coefficient specifying the weight
contribution of the cylindrical field, u, ( p,éj) is potential of the second type axially dodecapole, ® is
weight contribution of the dodecapole.
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Series of Figures 3 and 4 demonstrate families of equipotentials of the total field (4), formed by the
superposition of the second type axially dodecapole and a logarithmic cylindrical field. In the series of Fig.
3, the families of equipotentials of the total field are presented for various positive values of the coefficient pu
(r>0) with a constant weighting factor o=1. At small values of p, the characteristic sectoral structure of the
dodecapole with a pronounced “petal-like” shape of the equipotentials is preserved. The figures illustrate
how, with increasing p, the composite field gradually transforms from the dodecapole case (u=0, Fig. 2) into
a distribution approaching the cylindrical configuration.
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Fig. 3. Family of equipotentials of the total field U (0,¢) = au,, (R,£)+ uInR
for various values of the coefficient p (u>0), a constant weighting factor o=1:

a) p=0.1; b) p=1; ¢) p=2, d) p=5, e) p= 10; f) p= 50; g) p= 100; h) p= 200; i) p= 300.
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In the series of Figures 4, the families of equipotentials of the total field are presented for various
negative values of the coefficient p (u<0) with a constant weighting factor of the dodecapole field m=1. For
negative values of p, the transformation of the composite field occurs in a “mirror-like” manner relative to
the case of positive . At small absolute values of 1, the characteristic dodecapole structure with a clearly
defined “petal-like” form of the equipotentials is preserved. As |u| increases, the cylindrical component

becomes fully dominant, and the configuration of the equipotentials of the composite field approaches that of
a cylindrical distribution.



152 Eurasian Physical Technical Journal, 2025, 22, 3(53) ISSN 1811-1165; e-ISSN 2413-2179

Fig. 4. Family of equipotentials of the composite field U (p,&)=au,, (R,&)+ pInR for various values of the

coefficient p (u<0), a constant weighting factor o=1:
a) p=-0.1; b) p=-1; ¢) p=-2, d) p=-5, e) u=- 10; f) p=-50; g) p=- 100; h) p=- 200; i) u=-300.

Thus, at small values of the coefficient p, which determines the contribution of the cylindrical field, the
total field retains the equipotential structure characteristic of the dodecapole. At larger values of p, the
multipole component is almost completely suppressed, and the structure of the field becomes purely
cylindrical. Therefore, the analysis of the families of equipotentials of the total field demonstrates that
varying the parameter p makes it possible to effectively control the spatial structure of the field.

3. Modeling of the energy analyzer scheme based on an non-uniform electrostatic field

The electrostatic multipole-cylindrical field is formed in the space between two axially symmetric
coaxial electrodes. The inner electrode has a cylindrical shape with radius ro and is kept at zero potential,
while a deflecting potential U is applied to the outer curvilinear electrode, whose profile follows one of the
equipotential lines of the total field. In this study, the primary interest is focused on determining the shape of
the outer deflecting electrode. As a result of analyzing the calculated equipotentials, a configuration was
selected that can be implemented in the form of an outer deflection electrode.
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The results of numerical modeling of the particle energy analyzer, which was designed using the
selected shape of the outer deflection electrode, are presented below. The electron-optical scheme modelled
using the numerical program “Focus”, which is designed for modelling corpuscular optics systems [17].

Figure 5 shows the electron-optical scheme of an energy analyzer based on the superposition of a
cylindrical field and the second type axially dodecapole. The image is shown in the radial » and axial z
planes. The scheme is symmetrical about the central z-axis. The profile of the outer deflecting electrode (2)
coincides with the equipotential of the total field at the selected parameters p = -50, o= 1.

1 — inner cylinder, 2 — outer deflecting electrode, 3 — charged particles, 4 — entrance window, 5 — exit window,
6 — exit diaphragm, 7 — collector, S — source of charged particles
Fig. 5. Electron-optical scheme of the dodecapole - cylindrical mirror energy analyzer

From source S, located at a distance A=2.5 from the analyzer, charged particle beams (3) are emitted,
which enter the field through the entrance window (4) on the inner cylinder (1). Under the action of the
electrostatic field, the charged particle beams are deflected towards the axis. Particles that pass through the
exit window (5) in the inner cylindrical electrode (1) and the limiting exit diaphragm (6) reach the collector
(7), where they are registered. In the “axis-axis” angular focusing regime, the ratio of the analyzer's tuning
energy Ey to the potential V'is E,/V =1.175 eV/V. It follows that by changing the potential V' of the outer

deflection electrode, the energy spectrum £y of charged particles can be scanned sequentially. Table 1 shows
the corpuscular-optical parameters of the particle energy analyzer.

Table 1. Corpuscular-optical parameters of the dodecapole - cylindrical energy analyzer

Parameters | Values
Focusing type «axis- axisy
Focusing order 2
Focusing angle 39°
X focusing coordinate 33.4737
Y focusing coordinate -0.816079
Reflection parameter, P 0.99
Energy dispersion, D 6.9

Fig. 6 shows the instrumental function of a mirror energy analyzer, which, as noted above, provides
second-order angular “axis-axis” focusing. The exit diaphragm with a radius of R;~=0.027r, was placed at the
focal point, where ry is the radius of the inner cylindrical electrode. The optimal angle range was 39°+5°. The
luminosity of the energy analyzer was 11% of 2x, and the relative energy resolution was R=AE/E=0.7%.
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Fig. 6. The instrumental function of a mirror energy analyzer

In comparison with the decapole—cylindrical energy analyzer operating in the “axis—ring” focusing
regime [16] (R = 0.74% at a luminosity of 8.2% of 2x), the proposed mirror analyzer (‘“axis—axis” focusing)
provides a comparable energy resolution of R = 0.7% while achieving a higher luminosity of 11% of 2.

4. Conclusion

The structure of axial symmetric multipole fields, in particular, the axially dodecapole and its
superposition with a logarithmic cylindrical field, has been investigated. The equipotential series of the
investigated field showed that changing the parameter p, which determines the contribution of the cylindrical
field, allows controlling the spatial structure of total field. The selection of the optimal configuration of
equipotentials opens up the possibility of practical implementation of the outer deflecting electrode of the
analyzer. Numerical modeling showed that the proposed design provides the second-order “axis-axis” type
angular focusing. The corpuscular-optical characteristics of the device indicate the high efficiency of the
proposed scheme: the relative energy resolution of about R~0.7% makes it possible to use the device for
high-precision energy analysis, and the luminosity of about 11% of 2, is a significant indicator for compact
mirror systems.

Thus, the use of a superposition of a cylindrical field and a second type axially dodecapole allows the
creation of an energy analyzer with strong focusing capability, high energy resolution, and sufficient
luminosity. The results obtained confirm the promise of the developed design for studying charged particle
beams in outer space.
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NUMERICAL ANALYSIS AND CHAOS CONTROL:
A STUDY OF LORENTZ SYSTEMS WITH VISUAL BASIC FOR
APPLICATION IMPLEMENTATION
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Abstract. The study focuses on the numerical analysis and chaos control of Lorenz systems, leveraging
Visual Basic for Application in Microsoft Excel for modeling and visualization. Chaotic systems, including the
Lorenz attractor, represent a fundamental concept in nonlinear dynamics and chaos theory, characterized by
sensitivity to initial conditions, nonlinearity, and fractal dimensionality. These properties make such systems
valuable for analyzing complex processes in physics, biology, engineering, and economics. The research extends
traditional exploration of the Lorenz attractor by introducing numerical methods such as the four-point Adams
method with adaptive step selection. Classical parameter sets and non-classical modifications are examined.
Additionally, a modified Lorenz system incorporating a supplementary term is analyzed, demonstrating distinct
dynamic behaviors and trajectories. This work highlights the applicability of the developed Visual Basic for
Application-based tools for solving nonlinear differential equations and visualizing complex attractors. The
integration of Adams and Krylov methods enhances computational efficiency and precision. The outcomes align
with previous studies and suggest that the software can address a wide range of applied mathematical and
engineering challenges, including chaos management in dynamic systems. The findings underline the potential of
the Lorenz attractor as a testbed for chaos control methods and numerical analysis techniques, with broader
implications for scientific and practical applications across various disciplines.

Keywords: Lorenz attractor, chaos theory, nonlinear dynamics, numerical analysis, Visual Basic for Application,
Adams method, Krylov method, chaos control, dynamic systems.

1. Introduction

Chaos theory has become an important branch of modern science, bridging mathematics, physics,
climatology and other disciplines. One of the key concepts is the Lorentz strange attractor, first described by
Edward Lorentz in 1963. His work [1] became the basis for the study of dynamical systems where
deterministic equations lead to complex and seemingly random behavior. This theory is of great importance,
from understanding weather changes, to creating complex models in engineering and economics [2]. A
strange Lorenz attractor is a mathematical set characterized by fractional dimensionality, aperiodicity, and
sensitivity to initial conditions [3]. Studies have shown that the systems described by these equations are
predictable in the short term and chaotic over large time intervals. This became the basis for new methods of
numerical modeling, including the use of modern tools such as Visual Basic for Application (VBA) in
Microsoft Excel [4]. In modern science, the use of the term “chaos” is associated with the need to describe
systems that are characterized by outwardly completely random behavior and at the same time have a hidden
order. The extremely urgent scientific problem of chaos management has not been solved yet. The study of
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various methods and laws of suppression of irregular oscillations in nonlinear systems with chaotic dynamics
can be mentioned as the most important among the many existing aspects of its solution [5, 6]. The problem
of controlling nonlinear objects and processes with chaotic dynamics is of great applied importance. This
paper extends the traditional overview of the Lorentz attractor through numerical analysis, application of
VBA for modeling, and discussion of possible approaches to chaos control.

2. Chaos Theory and Nonlinear Dynamics

Chaos theory studies deterministic dynamical systems whose behavior is sensitive to initial conditions,
resulting in phenomena that appear random despite the strict determinism of the system. Key properties of
chaos include:

— Sensitivity to initial conditions: even minimal changes in the starting data can significantly alter the
evolution of the system [1].

— Nonlinearity: in chaotic systems there is a nonlinear dependence between variables, which leads to
complex interactions [7].

— Fractional dimensionality: chaotic attractors tend to have a fractal structure [8].

These properties make chaos theory a fundamental tool for analyzing complex systems in various fields
such as physics, biology, economics and engineering. Nonlinear dynamics, being the foundation of chaos
theory, focuses on the study of the behavior of systems described by nonlinear differential equations,
including phenomena such as bifurcations, aperiodic oscillations and fractal structures. Scientific
developments in this field have contributed to the understanding of chaos mechanisms and the development
of methods for its suppression in engineering and applied problems.

3. Lorenz Model

In 1963, a paper was published in the journal [1] that set the foundations of chaos theory. In this paper,
a nonlinear autonomous system of ordinary differential equations of the first order (dynamical system)
describing the motion of air flows in a flat fluid layer of constant thickness was first obtained from the
system of Navier Stokes equations by decomposing the flow velocity and temperature into Fourier series
with subsequent truncation to the first and second harmonics:

x =s(y —x),
y=T1Xx—Yy—XZ 1
z =xy — bz,

Where s, r and b — are some positive numbers, the parameters of the system.

Usually, studies of the Lorentz system are carried out at s =10, » =28 and b = 8/3 (classical values of the
parameters). In general, chaos theory is a section of mathematics that studies the behavior of deterministic
dynamical systems, where the solutions have a rather complex structure, so it seems that they behave
randomly in time [9]. The dynamical system of differential equations (1) can also arise in the description of
other processes [10-11]. For any solution of the Lorentz system, there exists a moment of time when the
corresponding phase trajectory is immersed in a sphere of fixed radius. Therefore, there exists a limit set -

Lorentz attractors - to which all trajectories of the dynamical system are attracted at £ = @ [12]. Thus, an
attractor determines the behavior of solutions to the system of equations (1) over large time intervals. Due to
the lack of exact methods for solving nonlinear dynamical systems of differential equations of general form,
numerical methods such as, for example, the improved Euler scheme or the Runge-Kutta method are usually
used to analyze the attractor structure.

4. Modeling the Dynamics of the Lorentz System in VBA Microsoft Excel

In our study, numerical integration of the differential equations describing the Lorenz attractor was
performed using a program implementing the four-point Adams method with automatic step selection. The
results of numerical integration are presented in Figs. 1-3. Figures 1-3 show the projections of the trajectories
describing the strange Lorentz attractor on the yx, zx, yz planes, respectively.
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Figures 1-3 demonstrate graphs obtained as a result of numerical integration of the equations describing
the Lorentz attractor with classical parameters. Figures 1-3 demonstrate phase trajectories of the classical
Lorenz system with parameters s=10, =28, 5=8/3. All projections clearly show the characteristic two-petal
structure of the attractor, reflecting the chaotic behavior of the system. The trajectories demonstrate strong
sensitivity to the initial conditions: with a slight change in the initial coordinates, significantly different paths
are formed in the phase space. This confirms the presence of a strange attractor and a complex topology of
the phase region.
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Fig. 1. Graph of the projection of the Lorentz attractor trajectories on the yx plane.
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Fig. 2. Graph of the projection of the Lorentz attractor trajectories on the zx plane.
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Fig. 3. Graph of the projection of the Lorentz attractor trajectories on the yz plane.

Figures 4-6 are phase projections of the trajectories of the Lorenz dynamic system with parameters
s=15, =35, b=10/3 which differ from the classical values and demonstrate an increased intensity of chaotic
modes. The numerical experiment is based on the Adams method with automatic step selection, which
ensures adequate integration accuracy while maintaining computational stability even under conditions of
pronounced sensitivity to the initial conditions. Figure 4 (projection onto the yx plane) demonstrates a more
pronounced stratification of the phase trajectories compared to the classical configuration. The attractor
structure retains its characteristic two-petal shape, but asymmetry and an increase in the oscillation amplitude
are observed. This indicates a shift towards more pronounced nonlinear effects, accompanied by an increase
in the fractal dimension and an increase in the effect of sensitivity to the initial state of the system.
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Fig. 5. Graph of the projection of the Lorentz attractor trajectories on the zx plane when s =15, r =35 and b =10/3.
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Fig. 6. Graph of the projection of the Lorentz attractor trajectories on the yz plane when s =15, r =35 and b =10/3

Figure 5 (projection onto the zx plane) clearly illustrates the spatial decomposition of the phase volume
with the dominance of axially oriented spiral formations. It should be noted that there is a shortcoming in the
notation: the z and x axes are not labeled, which requires correction for an accurate interpretation of the
phase dynamics. Nevertheless, a qualitative analysis of the shape of the trajectories allows us to conclude
that there is a pronounced spatial correlation between the variables for the specified set of parameters.

Figure 6 (projection onto the yz plane) emphasizes the presence of dynamic anisotropy in the system:
the density of trajectories varies depending on the coordinates, which indicates the existence of quasi-stable
regions of the phase space. The shape of the attractor acquires a more elongated structure, characteristic of
systems with enhanced nonlinearity and a variable energy level.

Comparison with previously published studies, particularly [13] and [14], demonstrates that even when
utilizing a non-standard computational environment-namely, VBA within Microsoft Excel-and operating
under non-classical parameter regimes, our numerical approach maintains a high degree of agreement with
established results. This consistency not only affirms the correctness of our implementation but also
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highlights the robustness and applicability of the method for investigating complex nonlinear dynamical
systems.

While prior studies [13, 14] introduced modified forms of the Lorenz system and analyzed their chaotic
behavior, fixed points, and stability characteristics using conventional high-level computational platforms
such as MAPLE and MATLAB, the present work extends this line of research along a novel trajectory.
Specifically, we propose a new modification of the Lorenz equations by introducing an additional nonlinear
term into the first equation, which leads to previously undocumented dynamical regimes.

In our formulation, the modified Lorenz system is defined as follows:

x=s(y—x)+yz
y=rx—y—XZ (2)
Z =xy — bz,

where 5,7 and b are positive parameters, and the term yz introduced an additional nonlinear coupling
into the evolution of x.

The results of numerical integration for this modified system are presented in Figure 7-9. These figures
illustrate the significant changes in the topology of the phase space: the attractors become more elongated,
asymmetric, and exhibit increased structural complexity. These qualitative transformations indicate the
emergence of new dynamic modes and validate the sensitivity of the system to structural perturbations. The
transition to these new behaviors is clearly visible across all phase projections, thereby confirming both the
effectiveness of the proposed numerical method and the adequacy of the visualization framework

implemented within the VBA environment.

25 A

20 H
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X
-40 -20 0 20 40 60
Fig. 7. Graph of the projection of the trajectories of the modified Lorentz attractor on the yx planes.

Based on the classical Lorenz model, the study demonstrates that the proposed methods and approaches
lead to results similar to those presented in [13]. Numerical integration of the system of Lorentz differential
equations was performed using a computer program written in VBA language and implementing the four-
point Adams method with automatic selection of the integration step. The Krylov method of successive
convergences was used to find the acceleration points for the Adams method. A VBA program implements
both the Adams method and the Krylov method, ensuring that they work together.

X

-40 -20 0 20 40 60

Fig. 8. Graph of the projection of the trajectories of the modified Lorentz attractor on the zx planes.
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Fig. 9. Graph of the projection of the trajectories of the modified Lorentz attractor on the yz planes.

Typically, acceleration points are defined in regions where the field is weak and trajectories are nearly
straight. These points are calculated using the Krylov method and are subsequently used to implement the
Adams method. When numerically integrating a system of differential equations by the Adams method, the
integration step is automatically selected so as to ensure a given accuracy of calculations [15-17].

5. Conclusion

In this study, a numerical model for analyzing the chaotic dynamics of the Lorenz system was
implemented and tested using the Adams and Krylov methods integrated into a VBA implementation in
Microsoft Excel. The stated goal — studying the behavior of the Lorenz system and developing tools for
controlling its chaotic dynamics — was achieved through numerical modeling and comparative analysis of
various system parameters, including both classical and modified configurations. The Adams method with
automatic step selection allowed us to obtain stable numerical solutions with high accuracy, and the
implementation of the Krylov method contributed to the acceleration of convergence in areas of the phase
space with low dynamics. This is especially important in long-term modeling of complex nonlinear systems,
where the accumulation of numerical errors can significantly affect the result. The phase trajectory graphs
obtained for various sets of parameters demonstrated characteristic signs of chaotic behavior and confirmed
the high sensitivity of the model to the initial conditions, which corresponds to theoretical expectations.

Comparison of the results with published works, where Maple and MATLAB were used, showed the
coincidence of phase portraits, which confirms the correctness of the selected numerical methods and their
implementation in the VBA environment. Despite the use of relatively simple tools, the developed model
demonstrated efficiency and can be used both for educational purposes and for applied research of nonlinear
dynamic systems. Thus, the work contributes to the practical implementation of methods of numerical
analysis and visualization of chaos, and also demonstrates the possibilities of controlling complex dynamics
through the selection of parameters and the use of computational algorithms. A promising direction for
further research is the introduction of additional mechanisms for controlling chaos, including feedback, as
well as expanding the model to other types of nonlinear systems.
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SUMMARIES TYCIHIKTEMEJIEP AHHOTAIIUAN

Hcmamos A.A., Romanitan C., Auiypos X.b. Aounoe M.M., Paxumoe A.A.

Temip HaHOKATAJM3AaTOPJAPLIHBIH AaHHeJAEY AapKbLIbI MOP(OJIOrHsAJIbIK IBOJIONHUACH] >KOHE KOMIpTEKTi
HAHOTYTiKIIedepain ocyi

ONEeKTPOHABI-COyNeNiK  (U3UKANBIK Oy  TYHABIPY  OHici  apKbUIBl  KpeMHHH  CyOCTpaTTapelHIa  TEMip
HAHOKATAJIN3aTOPJIapbIH CHHTE3/IEY OJIapJIblH KaTAIUTHUKAIIBIK KOJIAaHBUTybIHA OaisIaHBICTHI €JieyJli Hazapra ue OOJIbII
oTelp. by 3eprreyme Ke3ApIpein  OocaHmaty —TemmeparypackiHbiH - (500°C, 550°C  xome 600°C) Fe
HAHOKATAJIN3aTOPJIaPbIHBIH KYPBUIBIMIBIK )K9HE MOP(OIOTHUIBIK CHITaTTaMallapbiHa acepi )KoHE oJlap/bl XUMUSUIBIK Oy
(azackiHAa TYHIBIPY 9MICIMEH KOMIPTEKTI HAHOTYTIKLIEIEpHAi ecipy YIIiH KOJJAaHBUTYbl KapacThIPbUIFaH. ATOMIIBIK-
KYIUTIK MHKPOCKOIHS JKOHE CKaHEepJeylIl 3JeKTPOHIbl MHKDPOCKOINUS OICTEPIMEH OJIey KbI3ABIPHIT OOocaHIaTy
TEMIIEpaTypachlHBIH apTybl OpTalla HaHOKJIACTEep OJIIIEeMiH KimnpeWTteTiHiH kepcerTi, aix 600°C-Ta KbI3IBIPHII
Oocannaty kesinze mamamer 30 HM opTamia eimeMIi HaHOKJIACTEpJep ajbIHIbI, COHIBIKTaH OJlap KaTalHu3aTop
peTiHae aHarypieIM THIMAI OO TaOBUTagel. PaMaH CIEKTPOCKOMHACH KOMIPTEKTI HAHOTYTIKIIEIEPHiH ecyl TeK
600°C-Ta KpI3ABIPHINT OOCaHIATHUIFaH CyOcTpaTTa OaiiKalFaHBIH PAcTaAbl JKOHE JKOFaphl KPUCTAIIBUIBIKTEI 9pi TOMEH
aKay KoHIeHTpanusceiH Ounaiperid ID/IG kaTeiHACHIHBIH (<1) yKOFaphel MOHIH KepceTTi. Paguaniel TEIHBIC airy pexXuMi
IIBIHAAPBIHEIH OONMMayhl CHHTE3IENTCH KOMIPTEKTI HAHOTYTIKIICTIEePAiH KONKAOATTHl CKeHIH ONENICHTIH KOCHIMIIA
aifrak OonbIn TaOBUTanBl. By HOTHKenep KOMipTEeKTi HAHOTYTIKIIENEpIiH oCyiH OaphIHIIA THIMII €Ty YIIiH TeMip
HAHOKATAJIN3aTOPJIapPbIHBIH HAaHOKJIACTEp OJILIEeM/epi MEH TapalyblH 3JIEKTPOHIBI-COYJeNiK (QU3UKaIBIK Oy TYHABIPY
QJIiC1 JKOHE JKBUTYJIBIK OHCY apKbLIbI XKOFaphl JOJIKIICH 0aKbliay KaXXeT eKeHIH KopceTeIi.

KinT ce3nepi: Temip HaHOKaTanu3aTOpJaphl, KOMIPTEKTI HAaHOTYTIKIIeNepi, GPU3UKAIBIK Oy TYHIBIPY, XUMHUSIIBIK Oy
TYHZBIPY, PaMaH CIeKTpOCKOIHSCHI, aTOM/IBIK-KYIITIK MUKPOCKOIHS, CKaHEPJIEYILli 3J1€KTPOH (bl MUKPOCKOTIHSI.

Hcemamoes A.A., Romanitan C., Awmypoe X.b. Aounoe M.M., Paxumoe A.A.

AHHEJIMPOBOYHO-UHIECHHPOBAHHAS MOP(OJIOrHuecKas IBOTIONNSA KeJe3HbIX HAHOKATAJIN3ATOPOB, BbI3BAHHAS
OTKHTOM JJIsl POCTA YIJIEPOIHBIX HAHOTPYOOK.

CuHTE3 KeJe3HBIX HAHOKATAJIM3aTOPOB HAa KPEMHHEBBIX ITOJUIOKKAX METOJOM 3JIEKTPOHHO-TYYEBOTO (DH3MIECKOTO
OCaK/ICHUS U3 MapoBOH (a3bl MPHUBICKACT 3HAYUTEIIFHOC BHUIMAHIE OJaroapsi CBOMM KaTaTUTHYECKIM CBOHCTBaM. B
JMaHHOW paboTe wucciemyercs BiusHUe Temreparypel orTxura (500 °C, 550 °C m 600 °C) Ha CTpyKTypHBIE U
MOpQoIOrHyecKre XapakTepHUCTUKH HaHOKATaIM3aTOpoB Fe 1 MX MCHosib30BaHue IPH POCTE YIIIEPOAHBIX HAHOTPYOOK
METOJIOM XHUMHMYECKOTO OCaKACHHS M3 MapoBoil (aswl. V3MepeHHss METOJO0M aTOMHO-CHUIIOBOH MHUKpPOCKONUHU W
CKaHMPYIOILEH HJIEKTPOHHOH MHKPOCKOIIMM II0KA3aJM, 4YTO IIOBBIIICHHUE TEMIIEPaTypbl OTXKHMra IMPHBOIUT K
YMEHBIIICHUIO CPEIHEr0 pa3Mepa HaHOKIacTepoB, U mpu 600 °C GhopMHUPYIOTCS HAHOKIACTEPHI CO CPSIHUM Pa3MEpPOM
okoJ10 ~30 HM, 4TO JenaeT ux Ooinee 3(h(HeKTUBHBIMHU B KaUu€CTBE KaTalnU3aTopoB. PaMaH-clIeKTpOCKONus IoKa3aja, 9To
POCTYTJIEPOAHBIX HAHOTPYOOK HAOJFOMAETCsI TOJNILKO Ha MOJUIOKKE, OTOXOKEHHON mpu 600 °C, u xapakTepu3yercs
BeicokuM oTtHomeHneM ID/IG (<1), 4ro yka3plBaeT Ha BBICOKYIO KPHCTAUIMYHOCTH M HHU3KYIO KOHIICHTPAIHIO
nedexroB. OTCYTCTBHE TMKOB PAJMAIEHOTO JIBIXATEIBHOTO PEKUMA CITY)KUT JOTIOHUATEIFHBIM JOKa3aTeIIECTBOM TOTO,
YTO CHHTE3WPOBAHHEIEC YTIIEPOJHBIX HAHOTPYOOK SIBIITIOTCS MHOTOCTCHHBIMU. [loTydeHHBIE pe3ybTaThl YKa3bIBAIOT Ha
HEOOXOJUMOCTh TOYHOTO KOHTPOJS pa3MEpoOB M paclpelelieHUs] HAaHOKJIACTEPOB C HCIIOIE30BAHHEM DIICKTPOHHO-
JMYy4eBOTO (PU3HIECKOTO OCaXIEHUS M3 MapoBOi (ha3bl M TepMIUYECKON 00paboTku T MakcuMu3aun 3 dekTuBHOCTH
HaHOKaTaIn3aTopoB Fe mpu pocTe yriaepo HpIX HAHOTPYOOK.

KoaioueBble cioBa: JKeie3Hble HAaHOKATaNIW3aTOPBI, YIJIEPOAHBIE HAHOTPYOKH, (HU3MYECKOE OCAKACHHE U3 MapOBOI
(ba3bl, XMMUUECKOE OCaXJIEHWE M3 MapoBOW (ha3bl, paMaHOBCKAsl CIIEKTPOCKOIHS, aTOMHO-CHJIOBash MHKPOCKOINS,
CKaHMPYIOILAsl JJIEKTPOHHAS. MUKPOCKOITHSL.

Cepeoa /I.b., Kpyznak H.B., Cepeoa b.I1.

@OyHKIMOHAIABI-0eICeHAl IMXTATapAbl NalAaTaHy apKbLIbl KONKOMIOHEHTTi XPOM/ABI Ka0bIHABLIAPABI AJTY.
By 3eprreynepin MakcaTbl — KOMIpTEKTI OoJlaTTapaa TYpaKkchl3 TeMIlepaTypallblK JKaFJaiaa To3yFa Te3iMIi XpOMIb
xabbIHap amy. On yiiH (yHKINOHAIABI-AaKTHBTI YHTAK KOCTIAJIAphl KOJIIAHBUIBII, XUMUS-TEPMUSIIBIK OHAEY YaKbIThIH
6-8 cararran 1 caraTka JeHiH KbICKapTyFa MYMKiHAIK Oepeni. JKYMBICTBIH FBUIBIMH JKaHAIBIFBl — (YHKIIHOHAJIbI-
OeinceHnl IMXTalapMeH XKYPri3iieTiH XUMHA-TEPMUSUIBIK OH/IEY Ke3iH/e TY311eTiH ra3 (a3achblHbIH KYpaMbIH aHBIKTAYy
YIOiH TEpMOAWHAMUKAIBIK TangayAbl KOJJIaHyna. bya oiic aMMOHMH KOCBUIBICTApBIHBIH KOHIEHTPaLMsICHIH Oop
apKBIIBI JIETHPJICHTCH XPOMJBI KaObIHIap/ia OHTAMIAaHIBIPYFa JKOHE ONapblH (U3nKa-MeXaHUKaJbIK KacHeTTepiH
Oomkayra MYMKiHAIK Oepai. [lafbIHIanFaH TEXHOIOTHUSHBIH MPAKTUKAIBIK MAaHBI3BI — (QEpPUT-IEPINATTI KYPHIIBIMABI
OomaTTapaa XpoMIbl KaOBIHAAPABIH TO3yFa TO3IMAIIITIH apTTHIpy. Byn omapabl JUHAMHUKANBIK >KOHE COKKBUIBI
KYKTEMelNep J>KarJalblHIa THIMIII MaiifamaHyIsl KaMTaMmachl3 eTeli. ¥CBIHBUIFAH 9JIC OHEPKACINTIK KOJIaHyFa
apHaNFaH aca THWIMAI KOPFAHBIII >KaOBIHABUIAPBIH JKacayFa jkKaHa MYMKiHAIKTep amansl. JKaOBIHABUIAPIBIH
MHUKPOKYPBUIBIMBI MEH (ha3asiblK KYpPaMbIH 3epTTey VIIiH ONTHKaJIbIK MUKpockonus (Neophot-32) »xoHe ckaHepieymli
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anexTponabl Mukpockorusi (REM-1061) xonnmansuinel. TpuborexHukanslk cbiHakrap CMT-1 sxone MT-5 yiikernic
KOHIBIPFBUIAPBIHAA KYPri3inmi. XUMHUS-TEpMUSJIBIK ©HAEY OapbIChlHAA TY31UIETIH Tra3 OpTachIHBIH Kypambl
TEPMOJMHAMUKAIBIK MOJICTIBJICY apKbUIBI aHBIKTANBI, aJl JAiiblH MaTepHalfapIblH KYpaMblH OHTAHIaHIBIPY TO3yFa
TO3IMAUIIK KpuTepniii OOMBIHIIA MaTEeMAaTHKAJBIK JKCIEPUMEHTTEPAl JKOCIapiay OIICTepiMeH iCKe acCBIPBUIIBL
Hotmxecinge, yHTaK MmuxTa KypaMblHa OOpKYpaMIpl KOMIIOHEHTTEP MEH aMMOHHINI T'a3TPaHCIIOPTTHIK, PeareHTITep Al
€Hri3y Tra3 Topi3Ai KOCBUIBICTAp MEH KOHACHCAUMSUIaHFaH (a3anapAblH TY3UIyiHE BIKIANT eTETiHI aHBIKTAJIHI.
¥YcrHBUTFaH QyHKIIMOHANABI-0eTceHal Kocnamap 15-60 MuHyT imriaae KambHABIFB 150 MKM-Te OeHiHTi KOpFaHBIII
XpOMIIBI KabaTTapIblH TY31IyiH KaMTaMachl3 €Tei.

KinT ce3nepi: kemiprekTi 6oxnat, Xpomaay, Jerupiiey, 00p, KOPFaHbIII KaOBIH/BI, IINXTa, TEPMOJUHAMHUKA, TO3YFa
TO3IMIUTIK.

Cepeoa /I.b., Kpyznak H.B., Cepeda b.I1.

IMonyyeHne MHOTOKOMIIOHEHTHBIX XPOMOBBIX NOKPBITHH ¢ HCNI0JIB30BaHNEM (PYHKIIMOHAIBHO AKTHBHBIX IIUXT.
Ilenpro maHHBIX MCCIEIOBAHMHN SBIIAETCA MOIYYEHHE H3HOCOCTOMKIX XPOMUCTBIX TOKPBITHH Ha YTJIEPOJUCTBIX CTAJAX
B HECTAIlMOHAPHBIX TEMIIEPATYPHBIX YCIOBHSX C MCIOJIb30BaHNWEM (PyHKIHMOHAIBHO-aKTHBHBIX MOPOIIKOBBIX CMECEH,
YTO MO3BOJISIET COKPATHTh BpeMs XMMHKO-TepMHUYecKol 00paboTku ¢ 6-8 gacoB mo 1 waca. Hayunas HoBu3HA paboTHI
3aKJIIOYaeTCs] B WCIOJB30BAHUHM TEPMOJMHAMHYECKOTO aHAIW3a Uil ONpPEJENCHUS COCTaBa Ta30BOH  (asbl,
oOpasyromielicst pu XUMUKO-TEPMHYIECKOH 00paboTKe ¢ (yHKIMOHAIBHO AKTUBHBIMH IMIMXTaMH, YTO IO3BOJIHIIO
ONTHMHU3UPOBATh KOHIEHTPAIMIO aMMOHHEBBIX COCIMHEHHH NPH JIETMPOBAaHWM OOpPOM, XPOMOBBIX ITOKPBITHH H
npeAcKa3aTh HMX (PU3MKO-MEXaHMYECKUEe XapaKTepHCTHKH. [IpakTHueckoe 3HAa4YeHUE pa3pabdOTaHHON TEXHOJOTWU
3aKJIF0YaeTCsl B MOBBINICHUH W3HOCOCTOMKOCTH XPOMHCTBIX MOKPBITHI Ha CTANSAX C (eppUT-TNIEPIUTHBIM CTPOCHUEM,
yro obecreunBaeT ux 3(P(eKTHBHOE HMCHONB30BaHUE NPU JUHAMHYECKUMX M YJapHBIX Harpyskax. [lpeanokeHHbIH
METOA OTKPBLIBACT HOBBIC BO3MOXXHOCTHU JJid CO3daHUA BLICOKOB(b(bCKTI/IBHLIX 3alIUTHBIX HOKpLITI/IfI JIIsL
MIPOMBILIICHHOT'O pUMeHeHus1. J[is nccnenoBaHus MUKPOCTPYKTYPBI M (pa30BOro cocraBa IMOKPBHITHH HUCIIOJIb30BAIHCH
ontuyeckass  Mmukpockornus  (Neophot-32) u  ckanupylomas  sjekTpoHHas — Mukpockomust — (REM-106i).
TpuboTexHUUECKNE HCUBITAHUA MPOBOIMINCH Ha TpeHHAx ycraHoBkax CMT-1 m MT-5. CoctaB ra3oBoil cpemsl,
oOpasyromielicss TpH XHMHYECKOH TepMooOpaboTKe, OBUI OmNpeleNeH ¢ IOMONIBI0  TEPMOANHAMHYECKOTO
MOJICTIMPOBAHMS, a ONTHMM3ALMS COCTaBa KOMIIOHEHTOB 3arOTOBOYHBIX MAaTE€pPHANIOB ObLIa MPOBEIEHA C ITOMOIIBIO
METO/I0OB MaTE€MaTHYECKOTO IUIAHWPOBAHMS SKCHEPHMEHTOB C KPUTEPHEM ONTHMHU3AIMU B BUAE HM3HOCOCTOWKOCTH
XPOMOBBIX TIOKPBITHH, JIETHPOBAaHHBIX OopoM. B pesympraTe OBLIO YCTaHOBIEHO, YTO [J00aBICHHWE B COCTaB
MIOPOIIKOBOM IIMXTHI OOPCOIEP)KAIINX KOMIIOHEHTOB M aMMOHHEBBIX T'a30TPAHCIOPTHBIX PEAreHTOB CHOCOOCTBYET
00pa3oBaHUI0 I'a3000pa3HBIX COSIUHEHHH M KOHJEHCUpOBaHHBIX (a3. I[IpemnoxeHHbIe (YHKIMOHAILHO-aKTHBHBIC
cMecHu o0ecrieurnBaloT 00pa3oBaHUE 3AIUTHBIX XPOMOBBIX CJI0€B TOMIMHOHK 10 150 MM B Teyenue 15-60 MuHyT.
KaloueBble cioBa: yriepomucras CTajb, XPOMHUPOBAHHE, JIETUpOBaHHE, OOp, 3alIUTHOE MOKPHITHE, IINXTa,
TEPMOJIMHAMUKA, U3HOCOCTOUKOCTb.

Koznoeckun A.JI., bopeexos /.b., Tnheynecosa H.K., Kymancanosa A.T., Monoabaesa I.K., Bypxanoe b.JK.,
Xamemoga A.A.

Ken koMnoHeHTTi KepaMHKaHbl KOPFAaHBILI IKPAaHAAY KIHE TEPMOTOCKAYBLI MaTepHajiap peTiHae KoJAaHy
THiMaiTirin 6aranay.

Kymeicta TeO,, CeO,, WO3, ZnO, Bi,03, ZrO, okcuarepid apTypiai MOJSIPIBIK KaThIHACTAP/Aa apajiacThIpy apKbLIbI
QIBIHFAH KONl KOMIIOHEHTTI KepaMHUKaHBIH OSKpaHAay CHIIATTaMajapblH CaJbICTHIPMalbl Talliay HOTHXKENepi
KeNTIpUIreH, OJIap/blH BapualMsChl BapuaTHUBTI (a3ajblK KypaMmblHa He KepaMHKaHbl alyFa MYMKIHIIK Oepui.
PenTren ik (asaibik Tauaay HOTHXKEIICPiHE COMKEC KOMITO3UTTIK KepaMUKAHBIH KypaMblHA IUPKOHUIA THOKCUIIH KOCY
ZrCeO, MOHOKJIMH]II aIMacThIpy (pa3achIHBIH KaJIBINTACYbIHA 9KEJIE/i, OHBIH YJIECiHIH apTybl KepaMHKa KYPaMbIHIAFbI
(haza-apaliblK IIeKapaapIsIH KOHICHTPAIMACHIHBIH ©3Tepyl apKpUIbl OEpIKTIK KACHETTEePiHIH KOFaphUIayblHA SKEJeI.
Kpucrannslk KypbUTBIMHBIH TYPaKCHI3IBIFBIHA OKETyl MYMKIH TEPMHSUIBIK dcepiiepre Te3IMIUIIKKE KYpPTi3iireH
TECTLTIK CBIHAKTap OapbIChIHIA KepaMuKa KypambIHIars! ZrO; yIeciHiH YIFalobl TEPMUSUIBIK HHIYKIUSUIaHFaH O0CaHCY
MpoIecTepiHe TO3IMIUTIKTIH apTyblHA, COHOAW - aK TEPMOIIOK OoCcepiH CHIHAY Ke3iHAe KEepPaMHKAaHBIH CTPECCKe
TO3IMUIITIHIH apTyblHA OKEJICTiHI aHBIKTAJIBL. 3EpTTENICTIH KepaMHUKAaHBIH HSKpaHgay CHIIaTTaMalapblH aHBIKTay
kesinge, ZrCeO, TypakTaHIBIPYyIIH (ha3aChIHBIH KO KOMIIOHEHTTI KepaMUKaTaphIHBIH KYPaMbBIHIAFE! TY3UTy SKpaHaay
TUIMAUTITIHIH apTyblHA, COHAAW-aK Y3aK Mep3iMAl TEePMHUSUIBIK ocepiiep MEH TEepMOIIOK CBIHAKTaphl HOTIDKECIHIE
9KpaH/ay CHIAaTTaMalap/blH CaKTaly TYPaKThUIbIFbIHA OKEJIETIHI aHbIKTaJbl. ByJl peTTe ellIeHeTiH napamerpiepIiy
THIMIINITiIHIE eH yikeH ecyi, ZrCeO, daszacel TypiHAEe KOCHIHABUIAPHI XKOK TYPAKTAHABIPBUIFAH KepaMHKaJIapMeH
caJIBICTBIPFaH/Ia 6ciMi 2.5 ecelleH acTaM 0OJaTHIH KBUTY OKIIAyJiay CHITaTTaMalapbiH OaFranay »araaibiHaa Oaikanambl.
KinT ce3nepi: KOMIIO3UTTIK KOIT KOMIIOHEHTTI KepaMHKa, SKpaHAayIlIbl MaTepHaiap, TEPMOIIOK acepi, TYpaKTaHIbIPy,
JIOTHpIIEY.
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Koznoeckun A.JI., bopeexos /.b., Theynecosa H.K., Kymancanosa A.T., Monoabaesa I.JK., Bypxanoe b.JK.,
Xamemosa A.A.

Ouenka 3¢ (peKTHBHOCTH NMPUMEHEHHsI MHOTOKOMIIOHEHTHBIX KEPAMHK B Ka4eCcTBe 3alINTHBIX IKPAHHPYIOIINX
U TepMOOapbePHBIX MATEPHAJIOB.

B pabote npezncTaBieHbl pe3ysbTaThl CPABHUTEIBHOTO aHAIM3a SKPAHUPYIOIINX XapaKTePUCTHK MHOTOKOMIIOHEHTHBIX
KepaMHK, MOJyYCHHBIX MyTeM cMemuBaHug okcunoB TeO,, CeOr, WOs, ZnO, BixOs, ZrO, B pa3auyHBIX MOJIIPHBIX
COOTHOLICHUSAX, BAPbUPOBAHHE KOTOPHIX IIO3BOJMJIO IOJTYyYHTh KEPaMHKH C BapHATHBHBIM (Da30BBIM COCTaBOM.
CormacHo pe3yJibTaTaM pEeHITeHO()A30BOr0 aHalM3a, JOOABICHHE B COCTAB KOMIIO3UTHBIX KEPAaMHK JHOKCHIAA
OUPKOHUS TPUBOIUT K (OPMHUPOBAHHIO MOHOKIHHHON (pa3pl 3amermenus ZrCeQ,, yBenmndeHHe BKIana KOTOPOH
MIPUBOJMT K TOBBIIICHUIO MPOYHOCTHBIX CBOMCTB 32 CUET M3MEHEHUs KOHICHTpPAIMU MeX(pa3HbIX I'PaHUIl B COCTABE
KepaMHK. B Xo/ie mpoBeleHHBIX TECTOBBIX MCIBITAHUH HAa YCTOHYMBOCTH K TEPMUYECKUM BO3/ICHCTBUSM, CIIOCOOHBIM
NIPUBECTH K JECTAOMIM3aLUK KPHCTAJUTMUECKOH CTPYKTYphl OBUIO yCTaHOBIJIEHO, 4TO yBenuueHue Bkiana ZrO; B
COCTaBe KEPaMHUK IPUBOJUT K YBEIWYEHHIO CONPOTHBISEMOCTH K TEPMHUYECKH — HWHIYLHMPOBAHHBIM IpOIleCcCaM
pasynpoyHEHHs, a TaKKe MOBBIIIEHHUIO CTPECCOYCTONYMBOCTH KEPAMHUK MPU HCHBITAaHUAX HA TEPMOIIOKOBOE
Bo3aelicTue. Ilpu ompeneneHnH 3KpaHUPYIONIMX XapaKTEPHCTHK HCCIEAYyEeMbIX KEpaMHUK OBLIO YCTaHOBICHO, 4TO
(opMHUpOBaHKE B COCTaBE MHOTOKOMITOHEHTHBIX KepaMuK cTadminsupytomeit ¢azpr ZrCeO, IpUBOIUT K YBETUICHUIO
3 (EeKTUBHOCTH SKpaHUPOBAHHS, a TAKKE CTAOMIBHOCTH COXPAHCHUs SKPaHHPYIOLIMX XapaKTEPHCTHK B pe3ylbTaTe
JUTUTENBHBIX TEPMUYECKUX BO3JICHCTBUI W TEPMOIIOKOBBIX McnbITanuil. [Ipu 3ToM Haubonbmmid poct 3ddhekTuBHOCTH
U3MEpACMBIX MapaMeTpOB HAOIIOJAeTCsl B CIydae OLCHKU TEIUIOM3OJALMOHHBIX XapaKTePHCTHK, POCT KOTOPBIX
cocraBisier Ooixee 4eM B 2.5 pa3a IO CPaBHEHUIO ¢ HECTaOMIM3UPOBAHHBIMH KEPAMHUKAMH, B COCTaBe KOTOPBIX
OTCYTCTBYIOT BKItO4YeHUs B BUie (azbr ZrCeOs.

KaioueBble ciioBa: KOMIIO3UTHBIE MHOTOKOMIIOHEHTHBIE KEpaMHKH, JKpaHHMpPYIOIIME MaTephajbl, TEPMOIIOKOBOE
BO3/ieiicTBYE, CTaOMIIN3alMs, JONUPOBaHHUE.

Typouee M.T., Kacenoe b.K., Hyxynwt A., bekmypeanoe /K.C., Kacenoesa IILb., Cacunmaesa K.U., Kyanviuoexos
2.9.

Cupek:kep oHe aybICHAJbl MeTANAAPAbIH OKCHUATEpi Heridiwaeri :kaHa :KapThulaili  OTKI3rimITIH
TePMOAMHAMHKAJIBIK KIHEe JJIeKTP(PU3MKAIBIK KacueTTepi

3epTTey JKYMBICHI MaHTaHWTTED MEH LUPKOHATTAPIBIH KacHETTEpiH OIpIKTIPEeTiH XaHa KOCBHUIBICTBI 3EpTTEYyTe
apHanFaH, Oy JKOFapbl THIMZII (YHKIMOHAIIBI MaTepHaiiapipl KacayFa >KOi amazbl. KochIIbIc JaHTaH OKCHII,
OUPKOHUHA OKCHI, MapraHell OKCHAI >XoHe HaTpuii kapOoHaTeiHBIH 800-1200 °C TemmepaTypa apaibIFbIHAAFHI
opeKeTTecyl apKBUIBI CHHTE3IEININ, PEeHTTeHKYPBUIBIMABIK Taugay oOiCTepiMeH, COHBIH imiHAe KyOTBHIK TOp
napaMeTpiIepiH aHbIKTay apKbUIbl 3epTTesfi. JKbUTyCHIHBIMIBUIBIKTBIH TEMIIepaTypara TOYENIUINiH Tanjay eKiHIIl
perTi (azanblK aybICyJIap/bl KOPCETTI )KOHE OHBIH ©3TepICiH CHIATTAHTBIH TEHJAEYJep WIbIFapbUIIbl. JHTPOIHS MEH
SHTAIBNHS CHAKTBI TEPMOJMHAMHUKAIIBIK CHIIATTAMajap ecenTeli. OJeKTpo(U3UKaIbIK eJmeynep Oenrini  Oip
TeMIepaTypa JHuana3oHbIHJAa MaTepUas/iblH KapThUlaldl OTKI3TIIUTIK TaOWFAThIH pacTajbl JKOHE JTAJOHIBIK
MaTepualliapaH achll TYCETiH JUANIEKTPIIK OTIMALTIKTIH KOFapbl MOHJIEPiH KOPCETTI.

KinT ce3nmepi: MaHraHur, jnaHTaH, IMPKOHWH, HATPUH, >KbLIYCBHIABIMIBUIBIK, TEPMOJMHAMMKAIBIK (GYHKIHSIAP,
AMeKTpoU3NKa.

Typouee M.T., Kacenoe b.K., Hyxynwvt A., bekmypeanos K.C., Kacenosa IIL.b., Cacunmaesa 7K.U., Kyanviuoexos
2.9.

TepmoanHaMuyeckne M 3JIEeKTpPoQU3MYEeCKHe CBOWHCTBA HOBOIO IOJYNPOBOJHMKA HA OCHOBE OKCHIOB
peaKo3eMebHBIX H MepeX0JHbIX MeTAIO0B.

HccrnenoBanue MOCBSIICHO U3YyUYEHHIO HOBOTO COEIMHEHHS, COYETAIOIIEr0 CBOMCTBA MAHTAHUTOB M IMPKOHATOB, YTO
OTKPBIBAET MyTh K CO3JAHUIO BBHICOKOA(D(GEKTUBHBIX (YHKIMOHAIBHBIX MaTepuanoB. COeIMHEHHE CHHTE3UPOBAHO
B3aUMO/ICHCTBUEM OKCHJIA JIAHTaHa, OKCHA [IMPKOHHS, OKCHJIa MapraHiia 1 kapOoHata HaTpus IPH TeMIlepaTrypax OT
800 mo 1200 °C u umccrneoBaHO METOJaMH PEHTTEHOCTPYKTYPHOI'O aHaM3a, BKIIOUas OMpeAeNieHHe MapameTpoB
KyOWUYeCKOH pelleTKH. AHajIu3 TEMIIepPaTypHOH 3aBHCHMMOCTH TEIUIOEMKOCTH BBISIBHI (ha30BbIe MEPEXOJbl BTOPOTO
poJia, Ha OCHOBE KOTOPBIX BBIBEIICHBI ypaBHEHHMs, ONMKCHIBAIONIME €€ M3MEHeHHe. PaccunTaHbl TEPMOIUHAMHYECKHE
XapaKTepPUCTUKH, TaKWe KaKk »dHTPONUS W  DHTAIBNHA.  ONEKTpOPU3NYECKHEe M3MEPEeHHs  IOJTBEPIHIN
MIOJTYTIIPOBOTHUKOBYIO IIPUPOJYy MaTepHaja B ONPEAEIEHHOM JMalla30He TEeMIIEpaTyp W BBISBWIM BBICOKHE 3HAYEHHS
JMIICKTPUUECKOH ITPOHNIIAEMOCTH, TPEBOCXOAAIINE 3HAUEHHS ATATIOHHBIX MaTepHaoB.

KnaioueBble cjoBa: MaHraHUT, JIaHTAaH, LUPKOHWH, HATPHH, TEIUIOEMKOCTb, TEpMOJMHAMHUYECKUe (yHKInH,
EKTPO(PU3UKA.

HOcynosa K.b.

Kymic HaHOGO1IeKTEePiHIH CHHTE3] A9He 0J1apAbIH AHTPALCHHIH JIyopecleHIHAChHI MeH CiHipyiHe dcepi.
XKywmpicra epitinainig pH MoHIHIH apan Topi3ai KyMic KaOBIKIIAJIapbIHBIH TY3LIy NpOIEciHe acepi KapacThIPBUIIHI.
3eprrey HoTHXKenepi OOHMBIHINA THIMAI CHHTE3 XKYpridy yiuiH oHrainsl pH moHi 8 ekeHi anblkraymubl. Imagel
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Oarmapnamackl kemeriMmen @Deper nuameTpi OOWBIHIIA OOIIEKTEPIH Tapalybl TalJaHABL. AJIBIHFAH THCTOrpamMma
XUMUSIIBIK JKOJIMEH TYHIBIPBUIFAH KaOBIKIIAHBIH CANachIHBIH JKOFaphl CKCHIH pacTaibl. Y CBIHBUIFAH CHUHTE3 OIiCi
Oepinren KacueTTepi Oap Kymic HaHOOONIIEKTEpiHIH KaOBIKIIANApEIH alyFa MYMKiHAIK Oepexi. CHHTE3IeNTeH KyMic
KaOBIKIIaTapbIHBIH aHTPALlCHHIH JIIOMUHECIIEHTTIK KaCHeTTepiHe ocepi 3epTTeNill, olapaslH (OTOHHKAa MEH CEHCOPIIBIK
TEXHOJIOTHSIIAp A KOJaHy MYMKIHIIT1 KOpCeTii.

Tyitinai ce3mep:: xymic apanira KaObIKIIanapsl, antpaneH, pH, Imagel.

HOcynoea K.b.

CuHTe3 HAHOYACTHUL cepedpa U UX BJIUsIHUE HA (UIyopecleHINI0 U TOTJIoIeHre aHTPaleHa.

B pabore nccienoBan nporecc cHHTE3a OCTPOBKOBBIX CepeOPSHBIX IUIEHOK C aKIEeHTOM Ha BiusHMEe pH pacTBOpa Kak
KJIFOYEBOTO TapaMeTpa YCIEIIHOro (OPMUPOBAaHUS IJIEHKW. YCTAHOBJEHO, YTO ONTHUMAJbHBIM 3HaueHueMm pH s
s¢dexTuBHOrO cuHTe3a sBisiercs 8. Takke mpecTaBlieHbl Pe3yJIbTaThl aHAIM3a PaclpeesIeHUs] YacTHIL 110 AUaMEeTpy
depera, BBIIOIHEHHOTO C HCIOJB30BaHMEM IporpaMMHOro obecredeHus Imagel. ['mcrorpamma pacrpeneneHus
MOATBEPIMIIa BBICOKOE KAadeCTBO XHMHYECKH OCAKISHHOW IUIEHKH. Pa3paboTaHHBIH MeTOX CHHTE3a IIO3BOJISET
W3TOTAaBIMBATh IUIEHKM HAHOYACTHI cepedpa C 3aJaHHBIMH CBOHCTBaMH. M3ydeHO BIHMSHHE CHHTE3MPOBAHHBIX
cepeOpsIHBIX IUIEHOK Ha JIIOMHHECLICHTHBIC CBOICTBAa aHTpaleHA, YTO HOMYEPKUBACT HX IEPCIECKTHBHOCTbH UL
NPUMEHEHHS B POTOHUKE U CCHCOPHBIX TEXHOJIOTUSX.

KuaroueBble ciioBa: 0OCTpOBKOBBIC IUIEHKH, HAHOYACTHIIBI cepebpa, anTpaueH, pH, Imagel.

T'enbau A.A., bonoapues /1. IO.

MunepaJjasl ;ka0bIHABLIAPHI 0ap CANKBIHAATY Kyleci YIIIH KbLTyaJaMacyabl )KajInbLiIay 3epTreyi.

Taburu MarepuanapiaH jKacaufFaH >KaOBIHIBLIAPHI Oap CalKbIHAATy KyHeJepiHIeri »KpulyaiMacy IpolecTepi
TEPMOKYPAIIBIH JCTOHAIMSIIBIK JKAIBIHBIHBIH MapaMeTpiepiHe JXKoHEe TaOWFH MaTepHAIIAPAbIH IKbLITY(HDU3UKAIBIK
KacueTTepiHe OalIaHbICTBI 3epTTeiai. TOTBIFYBIN apThIK KOI(QQUIHEHTI OiplieH KeM OOJIFaH/ia >KaJIbIHHBIH CIUHJIK
JICTOHALIMACHI OaiKaabl, Oy )Karmaiiaa OypKy mporieci 2—6 ecere JeiiiH KapKelHAaH bl JKaObIHIBIIAD 0acKa KYIICHTY
JKYHelepiMeH CcaJbICTBIpFaHga JKOFaphl CEHIMIUTIK KepceTTi. JKaOBIHABIAAFBl MEHIIIKTI XBUTY aFbIHAApBIHBIH €H
KOFapsl MoHEepi (2—20x10° Bt/mM?) apansirsiaaa, an tepoOemnic skuiniri 200 ['m-ke meifin xetti. JKaOBIHABIHBIH apTHIK
KbI3y amamna3ossl (20+75) K xypaxel. Monenbie jkoHE TOXKIPHOENIK Typle TEPMOKYPATAapAbIH TePMOIMHAMHUKAIIBIK
cUTaTTamMalapbl  aHBIKTAIABI, MaTepHANIapIblH  TPAaHYJIOMETPUSUIBIK  KYpaMbl — aNbIHIBI, JKaHAPFBUIAPIBIH
THIPOAMHAMUKAIBIK JKYMBIC PEKUMAEpi (OTBIHABI JKaFy TOCILT, aFbIH Y3BIHABIFBL, aFbIH OYPBHIIIBI) TaHIAJIBI.
TepMOKYpabIH OChTIK CHMMETPHSUIBIK aca-IbIOBICTHIK TCTOHAIMSIIBIK Ta3 aFbIHBIHBIH KaObIHIbIFA HOPMaJb OarbITTa
ocep eTy MoJeml KypbULAbl. DKCIEPUMEHTTIK MaJiMeTTepi OOMBbIHIIA JKbUTyaaMmacy Ko3((duIMeHTTepi JlaMHHApIIbIK
TEOpHUSIMEH aJbIHFaHHaH (5...0) ece >KoFaphl jKoHE TypOYJIeHTTI KbUTyalMacy 3aHBIMEH CalbICTBIpFaHaa OipHele ece
TOMEH €KCHI KOPCETUIi. BeJeKTepiH YIIy YaKbIThl, >KAOBIHIBIHBIH OHTAMJIBI KaJBIHIBIFBI, YHTAKTBIH IHAMETPI,
JKaOBIH/IBIHBIH CHIFBLTY OHE CO3bLTY KE31H/ETI IIEKTI KEPHEYJIepi aHbIKTaIIbI.

Tyiinai ce3aep: >XbUTy- JKOHE MaccalMacy, >XKaObIHABUIAp, TEPMUSIIBIK Kypayijgap, *aHy KaMepachl, HIYMEKTep,
JETOHALIMSUTBIK IIBIPAK.

T'enoau A.A., bonoapues /1. 10.

HcciienoBanue 00001meHns Tenionepeaadn A1 CHCTEMbI 0XJIaKIeHUSI ¢ MUHEPATbHBIMH MOKPBHITHIMU.
[IpoBeneHsI UCCIEIOBaHHUA TEIUIOOOMEHa B CHUCTEMaX OXJAXICHUS C TOKPBITHAMH W3 TPUPOJHBIX MAaTEpHUANOB B
3aBHCHUMOCTH OT ITapaMeTPOB ACTOHAIIMOHHOTO TUNIAMEHH TEPMOHHCTPYMEHTA M TEITO(PH3UIECKUX CBOWCTB IPUPOTHBIX
MaTepuaiioB. 3aUKCUPOBAHO SBJICHHWE CIMHOBOW JCTOHAIMHM IUTAMEHH MPH KO3 QHUIIMEHTe HU30BITKA OKHCIUTEIS
MEHEE SIUHHIIBI, IPU 3TOM IPOIECC HABUICHUS WHTCHCUHUIIMPOBAJICS OT 2 10 6 pa3. [IOKphITHS MOKa3aal BBICOKYHO
HAJICKHOCTh IO CPaBHCHHIO C JAPYTMMH CHCTEMaMH HaJIyBa. MaKCHMaJbHbIC YJC/IbHBIC TEIIOBbIC IOTOKH Ha
HOKPBITUH COCTaBIAOT (0T 2 mo 20%10% Br/m?), yactora konebanuii - mo 200 I'u. Jluana3oH meperpesa IMOKPLITHS
coctasui (20+75) K. Ha Mozenu u sKCcriepuMeHTaIbHO YCTAaHOBIEHBI TEPMOJUHAMHUECKHE XapPAKTEPUCTUKU TETUIOBBIX
HHCTPYMEHTOB, IOJIyYeH TPaHyJOMETPUYCCKANA COCTaB MAaTEPHANIOB, MOJ00pPaHbl THUAPOJAUHAMHYCCKHE PEIKHUMBI
paboTel TOpenmok (Cmoco0 CKWTaHWs TOIUIMBA, JUIMHA CTPYH, YIOJ HakioHa cTpyw). [locTpoeHa wmonens
B3aMMOJICHCTBHSI OCECUMMETPHYHON CBEPX3BYKOBOW JETOHAIIMOHHOW CTPYH ra30B TEPMOMHCTPYMEHTA 10 HOPMAaIH K
MOKPHITUIO, TpHYeM KO3(QOUIMEHTHI TEIUIOOTAAYd MO JaHHBIM JKcnepuMeHTa B (5..60) pa3 BbIle, YeM JaeT
JIAMHHAPHAST TEOPHs, M B HECKOJBKO pa3 HIDKE, YeM JJIA 3aKOHA TypOyJIEHTHOro TeriooOMeHa. OmpeaesieHbl BpeMs
MoJIeTa YaCTHUI[, ONTHMAIIbHAS TOJIIMHA MOKPBITHH, TUAMETP IOPOIIKA, IPENCIbHbIC HANPSIKCHUS COKATUS U
PACTSHKCHUS IOKPBITHSL.

KiroueBble €jI0Ba: TEIUIO- M MacCOOOMEH, MOKPBITHS, TEPMHUCCKHE HHCTPYMEHTBI, Kamepa CropaHus, COIUIA,
JIETOHAITMOHHBIN (aKe.
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baimenecos C. A., Taoxcuooes /1. I1., @auzuee T.b., Kynzypoe @. P., Anuxynoe L. A.

BBP-CM peakTopbIHIaFbl 0acKapy :koHe KOpFay :Kydeci apHaJapbIHBIH KOH(QUIYPAUUsICHIH ©3repTKeH
skaraiina UPT-4M siiposibIK OTHIHBIHAA YHEPTHs 001iHyi MeH TeMIlepaTypaHbIH TAPAJYbIH AaHBIKTAY.

Byn xymbicTeiH MakcaTel — BBP-CM peaktopeinbly Oencenai aiimarsiana 235U Oodisiama 19,75% OaiibITeuran
oteiHBl 0ap VPT-4M tumti xbuty Oenerin xuHakTarsl (JKBJK) TemmeparypaHBIH TapaiyblH €Ki jkarmaiina aHBIKTay:
OpTachHIA MOHIeNeK Teciri Oap, KBIpIaphl JOHIEIEKTCHTeH TOPTOYPHIITHI TYTIKIICH JKOHE IOHIEIEeK TYTIKIICH.
Kelpiapsl TeHTeIeKTeHIeH TOPTOYPHIMTH JXOHE OpTachlHAAa NeHrelek Teciri O0ap TyTikTiH opHbHa JKBXK imine
JOHTeJIeK TYTIK OpHATBUIFAH JKarmaiiia oOChl aiiMaKTarbl Cy KejeMi apranmbl. bip karslHaH, OyJI >KbUTy OepimicTi
JKaKcapTa/bl, OMTKEHI CaJKbIHAATKBIII Cy KeyieMi KoOeiel; eKiHIIl *KaFbIHaH, CYbIH KOJIEMiHIH YJIFaiobl KaHbIHAAFbI
xbuty OenetiH anemeHT (PKBJJI) aliMarbiHa KBUTYJIBIK HEHTpOHIAp aFbIHBIHBIH apTybIHA SKelleni, Oys e3 Ke3eriHje
SHeprust OeiHyAiH apTybiHa ceben Oomaabl. byn e3repictepni aHbIKTay YHIIH TOPTOYPHIUTH TYTIiri Oap apHa MeH
JIOHTreJIeK TYTIri Oap apHara HEHTPOH-(QU3NKANIBIK )KOHE JKBUTY-THAPABIMKAIBIK ecenTeyiep Kyprizinai. Hatmkecinze,
OpTachIH/A JOHreNIeK Teciri 0ap KbIpiapbl JOHIeNeKTEHIeH TOPTOYPHIITH TYTIKTI PEeTTEyill KOMIIEHCATOp acna0bIH
OpHATyFa apHaJIFaH OaFbITTayIIBl PETiHAE KOJIAHBUIATHIH NOHTENeK TYTiKKe aybIcThpy BBP-CM peakTophIHBIH
SITPOJIBIK KAYITICI3iriHe ocep eTIeNTiHI aHBIKTaJIb.

Kiar ce3nepi: xwury Oenerin xunHak (JKBX), HEHTpOH-(HU3UKATBIK JKOHE JKBLTY-THAPABIHKAIBIK €CEITey, KOIACHEH
)KOHE TiK apHAJIApBI, PEaKTOPIBIH OCJICEH i allMaFbl, JKaHy.

baiimenecos C. A., Taoxucuooes /1. I1., @ausues T.b., Kynzypoe @. P., Anuxynoe I1. A.

OnpeneneHue pacnpeneaeHus 3HepProBelieeHUs U TeMIepaTypsl B ssaepHoM Toniiuse UPT-4M npu usMeHeHMH
KOH(UIypanuu KaHAJIOB CHCTeMbl YIPaBJEeHHS M 3alIMThI B peakTope BBP-CM.

Lenpto naHHOW pabOTHI SIBISIETCSl ONpENENIiCHUE paclpesielieHus TeMIeparypsl B TemioBsiaenstoneid coopke (TBC)
tuna UPT-4M ¢ tomuBom oboramenuem 19,75% mo 235U B aktuBHOU 30He peaktopa BBP-CM mist nByX ciydaes: ¢
KBaZIpaTHON TPYOKOH CO CKPYIJICHHBIMH KpasMU M KpPYTJIBIM OTBEPCTHEM B LIEHTPE M C KPYIJoi TpyOkoil. B ciyuae
YCTaHOBKH Kpyrioil TpyOku BHyTpu TBC BMecTO KBaapaTHOIl cO CKPYTJICHHBIMU KpasMH M KPYIJIBIM OTBEPCTHEM
00BEM BOJBI B 3TOM IIPOCTpaHCTBE yBenmduBaeTcsi. C OIHON CTOPOHBI, 3TO MPUBOAMT K YIYUIICHHIO TEIUIOOTBOJA,
MIOCKOJIBKY 00BEM OXJaXITAromeH BOJBI BO3pACTAET, & C JOPYrod CTOPOHBI, yBEIWYEHHE 00beMa BOJBI MPUBOAWUT K
YBEIMUYCHUIO TTOTOKA TEIIOBBIX HEHMTPOHOB B Ipuileraromeii obnactu Terossaestomero nementa (TBOJI), uro, B
CBOIO OYepe.b, BENET K POCTY 3HEPrOBBIACICHUS. [ onpeneneHus 3TuX U3MEHEHNH ObUIN BBITOJHEHBI HEHTPOHHO-
¢du3HYecKne U TEIUIO-THAPABINYECKHE PACUEThI ISl KaHAJIA ¢ KBAAPATHON TPYOKOH M I KaHANA ¢ KPYTJIOH TpyOKOH.
VYcTaHOBIIEHO, 4TO 3aMeHa KBaJIPAaTHON TPYOKH CO CKPYIJICHHBIMHM KpasMd M KpPYTJIBIM OTBEPCTHEM B IICHTPE Ha
KpyIIIylo TpyOKy, HCIOIB3yeMyl0 B KauecTBE HANpaBIAIOMICH M YCTaHOBKM KOMIICHCHPYIOIIETO OpraHa
peryJupOBaHMs, HE MOBIHMSICT Ha SACPHYIO OS30MaCHOCTh dKCIUTyaTalu peakropa BBP-CM.

KaroueBnbie cioBa: temoBsiaeistomas coopka (TBC), HelTpoHHO-(DU3MUECKHH U TEIUIO-THAPABIMYECKUN pacuer,
TOPHU30HTAJIBHBIE U BEPTUKAIbHbIE KaHAIbI, aKTHBHAS 30HAa PEaKTOPa, BEITOPAHHE.

Mocasao, M. X., Aooyramup, M.P.

Zn-Al KopbITHAa IJIA3MACBIHBIH  JIEKTPOHIBIK TEMIEPATypachbl MeEH  TBHIFBI3ABIFBIH  ONTHKAJBIK
CHEKTPOCKOMUSIBIK THATHOCTHKAJIAY: Ja3ep YHEPTUACHIHBIH IJIa3Ma mapaMeTpJiepine acepi

By 3epTreynme MBIPHII TEH aJIOMHHUN KOPBITIACHIHAH AJNBIHFAH IDIa3MaHBIH KACHETTEpl JIa3epilik CHEKTPOCKOIIHS
omicrepiMeH 3eprrenmi. KopeiTha >KeprimikTi eHIipicTe MaWBIHOANFaH XOHE OHBIH KypaMbl coiikecinme 20-80%
MBIPBIII TIeH amoMuHUineH typael. Jlazep sHeprusicel 500-mer 900 wm/lx-re neiiiH OanTamaTblH pEeXUMIE
KOJIJAHBUTFaH, HETi3Ti TOJNKBIH Y3BIHABFEI 1064 HM OomaTelH WUTTpHUii-amoMuHHi rpaHateiHa (YAQG) HeriziHgeri
HEOJMM-JICTHPJICHTCH JIa3ep MalAanaHbUIIbl. Byl MmiasMaHbIH TOpTIOIH 3epTTey >KOHE OHBIH JKANBl KAaCHETTEPiH,
COHBIH INIHJAE OJJIEKTPOH THIFBI3ABIFBI MEH TEMIIEPATYPAChlH AaHBIKTAYy VIINH JKYpPri3iimi. DJIEeKTPpOHIAPIbIH
TEeMIepaTyPaChIH aHBIKTAY YIIiH BosbiiMaH quarpaMmachl 91iCi KOJIAHBUIIBI, a1 3JICKTPOH THIFBI3ABIFBIH €CCITEY YIIIH
Tapk xiktey oaici maimananeuinsl. Ockl €Ki HEri3ri mapaMeTp HerisiHje IIa3MaHbIH KOCBIMIIA CHIAaTTaMalaphbl
€CEeIITEII, aHBIKTAIBI. 3E€PTTeY HOTHXKEJepl Ja3ep PHEPTUACHIHBIH IUIa3Ma MapaMeTpiiepiHe alKbIH oCepiH KOPCETTI:
Ja3ep DHEPTHACHl apTKaH CalblH OJJEKTPOH TEMIIEPaTypachl MEH ThIFBI3OBIFBI  €IJYip apTThl. IJIEKTPOH
TeMIepaTypachlHbIH eH >korapbl MoHI 900 m/[x ke3inge 0,918 3B-ka xerti, an 500 m/Ix xe3inge ox 0,537 3B 6onasl.
ExiHuri »aFplHAH, HOTIXKEIEP KOFApHI Jazep dHeprusuiapeiaaa Jlebail caHbl MEH IUIa3MAabIK JKUUTIKTIH apTKaHBIH, ajl
JKOFaphl Kyar skarmaiibiana JleOall Y3bIHIBIFBIHBIH afKbIH a3alifaHbIH KepceTTi.byn 3epTTeymiH 0acThl MakcaThl —
IUTa3MaHBIH KaCHETTEPiH TEPEHIPEK TYCIHyre ’KOHE Jla3ep KyaThIHBIH OChI KACHETTEpre dCepiH alKbIHIayFa yiec KOcy.
MyHIail HOTHXKEIEep METalIaplbl TpaBiOpaiay MEH TaHOalay CHUSKTHI KONTETeH OHEPKICINTIK JKOHE TEXHOJOTHSIIBIK
KOJIJAaHBICTAPFa JKOJI alllaibl.

Kinr ce3aepi: Zn-Al KopbITHacel, mia3MaHbIH ONTHKAIBIK CIEKTPOCKOMUSCHI, TUTa3Ma KAaCHETTEPi MEH MapaMeTpiiepi.
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Honcaseao M. X., A6oyramup M.P.

OnTuyeckasi CIEKTPOCKONUYECKasi AMATHOCTHKA TeMIepaTyphbl H MJIOTHOCTH 3JeKTPOHOB B IJIa3Me
cmiiaBa Zn-Al: BJMsiHMe 3HEPIruM Ja3epa Ha HapaMeTphl IJIa3Mbl.

B naHHOM HCCreOBaHMM CBOWCTBA IIa3MBl, MOTYYEHHOH M3 IIMHKOBOTO M alFOMHHHEBOTO CIUIABOB, HCCIIEIOBAIINCH C
MTOMOIIIBI0 METOJIOB JIA3ePHOM crieKTpockonuu. CIutaB MeCTHOTO MPOM3BOJCTBA M COCTOST U3 20—80 MpOIeHTOB IWHKA
U ATIOMHHUS COOTBETCTBEHHO. J[I1 M3ydYeHHs MOBEICHMS IUIA3MBl M ONPEACNICHHS €€ OOIIMX CBOMCTB, TaKMX Kak
IUIOTHOCTh 3JIEKTPOHOB WM TEMIEpaTypa, HCIOIb30BAJCS Ja3ep Ha HTTPUi-aTIOMUHHEBOM TIpaHaTe, JETMPOBaHHOM
HEOJMIMOM, C OCHOBHOW JnuHON BonHBI 1064 HM m perymmpyemoil sHeprueil masepa ot 500 mo 900 m/lx. [ms
OTIpEJIeTICHUs] TEMIIEPaTyphl JIEKTPOHOB HCIIOJIB30BAJICS METOJ MOCTPOEHHs auarpamM boibiiMaHa, a ajis pacdera
IUIOTHOCTH 3JIEKTPOHOB HCIIOJIb30BaICS MeToA pasiokeHus Illtapka. Ha ocHOBe 3THX ABYX OCHOBHBIX NapaMeTpOB
OBUTH pacCUHUTaHBI U OIPEAEICHBI OCTAJIbHBIE JOMOIHUTENBHBIE TapaMeTpPhI Ia3Mbl. Pe3yIbTaThl, OJTy4YEeHHBIE B X0
JIAHHOTO MCCJICJIOBAaHUs, IIOKa3alnyd BBIPAKCHHOE BIIMSHHE DSHEPIWU Jlazepa Ha MapaMeTphbl IUIa3Mbl, IOCKOJIBKY
TeMIIepaTypa ¥ IUIOTHOCTh AJIEKTPOHOB 3HAYMTENHHO BO3pAacTald C POCTOM 3HEPIUH Jia3zepa, IpUYeM 3TH IapaMeTphl
MOCTETICHHO YBEIMUYUBAINCH C POCTOM DHEPrHM Ja3epa. MaKCHMalbHOE 3HAUCHHWE OJIICKTPOHHOM TEMIIepaTypbl
cocramio 0,918 »B mpu 900 MJIx, a mpu 500 mx — 0,537 3B. C mpyroii CTOpOHBI, pe3yJbTaThl MOKa3ald
yBenmueHne kak gyucna Jlebas, Tak M IUNTa3MEHHOM YacTOTHI IPH BBICOKMX SHEPTHSX Ja3epa, B TO BpeMs Kak IJIMHA
Jlebast SBHO yMeHbIIANach MPH BEICOKOK MomTHOCTH. OCHOBHAS IENIb JAHHOTO MCCIEIOBAHUS — CIOCOOCTBOBAThH Ooee
ITyOOKOMYy ITOHMMA@HHIO CBOWCTB IUIa3Mbl M BIHMSHHUS MOIIHOCTH Jla3epa Ha O3TH CBOWCTBA, YTO OTKpPBIBAET
BO3MOXKHOCTH JUISI MHOKECTBA MPWJIOKECHUH, BKIIIOYAs TPABUPOBKY M MapKHPOBKY Ha METaJulaX, a TAKXKe Ul MHOTHX
MMPOMBINUICHHBIX U TEXHOJOTHYCCKUX HpHMeHeHHﬁ.

KaioueBble ciioBa: cruaB Zn-Al, onTudeckasi CHEKTPOCKOIUSI T1a3Mbl, CBOWCTBA M TApaMeTPhI IIa3MBbl.

Hlapunoe M.3., Masxcumos K. A., Ipeawes L. X., Illooues 3.b., Hap3ynnaesa 3. M.

IlaFrpiH 6M0ra3 KOHABIPFBICHIHBIH KBLIYTEXHUKAJIBIK JKOHE reOMeTPHsIIBIK TapaMeTpJepil aiMacThIpy.

Byn Makana 1marblH OuoOras KOHIBIPFBUIAPBIHBIH JKBUTYTEXHHUKAJIBIK YKOHE I'€OMETPHSUIBIK IapaMeTpiiepiH Heri3aey
Mocesenepine apHaiFaH. TypakTbl jKoHE >KaHApThUIATHIH JHEPTreTHKAIBIK pecypcrapra JIereH Ocill Kelie KaTKaH
CYpaHbIC OMOTa3 TEXHOJIOTHSIIAPBIHBIH MAaHBI3BUIBIFBIH, 3CIPECce aybUIIBIK XKOHE arpapiblKk KolgaHOaIap YImiH [IarblH
MacmtabTa apTTHIpansel. Adjaiima, Owora3 eHHIPICIHIH THIMAUIIT MEH TYpPaKTBUIBIFEI KeOiHece peaKTOpABIH
KBUTYTEXHHUKAJBIK OKYMBIC O KaFfaiapblHA KOHE OHBIH TE€OMETPISUIBIK TapaMeTpiepiH OHTalIaHIbIpyMEH
GaianblcTel. Bysl 3epTTeymiH MakcaThl — JKBUIYTEXHHKANBIK JXKOHE T'€OMETPISUIBIK IapaMeTpiiepAl aaMacThIPYIbIH
IIaFblH OMOTa3 KOHABIPFBICBIHBIH JKYMBICBIHA 9CEpiH Tanjay. 3epTTey HbICAaHbl — KOHCTPYKTHBTIK CHIIATTamMaapbl
peTTeNeTiH 3epTXaHaiblK OMoras peakTopbl. JKYMBICTHIH 9[iCHAMANBIK HETi31H MaTeMaTHKaJbIK MOJEINbILY, ECEeNTey
TaJIAAYbl XKOHE PEAaKTOP ILIHAET] KbUTyaIMacy MEH MaTepHaILAbIK OajlaHC MPOLECTEPIH TIKIPUOEIIK TeKCepy Kypanbl.
3eprrey HoTHXKenepi OOWbIHIIA OMOPEaKTOP KYPHUIBIMBIHBIH OHTaHIIbI T€OMETPHUSUIBIK OJIIeMACPIH (Anamerpi MeH
Y3bIH/IBIFbIH) aHBIKTAY KOHE JKbUIYJIBIK IIBIFBIHIAPABI a3aiTy oJicTepi KapacThIpbUIIbl. MaTeMaTHKAIbIK MOJCIbICY
ozicTepi apKpUIBI SPTYpPJIi HKBUIYOKIIAyJay KaJbIHIbIFBI MEH Ouomacca jao3ajapbl Ke3iH/Ae PeakTOP/bIH OHTailIbI
emmuemzepi ecenrenai. Kenemi 30 M3 GonatbiH Ouopeaktop yiuiH oHrtainbel auamerpi 2800 mwm, an y3siHabirsl — 4900
MM Kypaiel, OyI peTTe peakTop KeJeMiH/eri Onomacca yieci OpTajblK CEKTOP OYPHIIIBI apKBUTH ©PHEKTEIIE/].

KinT ce3pepi: Omoras KOHIBIPFBICHI, XBUTYJIBIK ITapaMeTpiiep, PEaKTOPIBIH >KbUIyOKIIAyJaybl, amIblTy IpOLeEci,
O6romacca, aHa3pOOTHI JKaFJaiinap, SHSPTUS THIMILIITI.

Hlapunoe M.3., Masicumos /K. A., Ipeawes L. X., Illooues 3.b., Hap3yanaesa 3.M.

3amelieHue TeMIOTEXHUYECKUX U TeOMeTPHYECKUX NAPaMeTPOB MaJI0radapuTHOM 0M0ra3oBoii yCTAHOBKH.
JaHHas cTaThd TIOCBSIEHA BOMpPOCaM OOOCHOBAHUS TEIUIOTEXHWYECKMX UM TEOMETPHUECKHX IapaMeTpoB
ManorabapuTHEIX OHMOTa30BBIX YCTAaHOBOK. PacTymuii cmpoc Ha ycTOWYMBBIE M BO30OHOBJISIEMBIE SHEPreTHUECKHE
pecypchl MOBBINIAET 3HAYUMOCTh OMOTa30BBIX TEXHOJIOTHH, OCOOCHHO Ha MajoMaclITaOHOM YpPOBHE JUIS CEJbCKHX U
arpapHbIX npuioxeHuid. OxgHako 3Q(HeKTUBHOCT M CTAaOMIBHOCTh OMOTra30BOTrO MPOM3BOJICTBA BO MHOT'OM 3aBHUCST OT
TEIUIOTEXHUYECKUX YCIIOBHM PabOTHl peakTopa M ONTUMH3AIMHM €Tr0 TeOMETpPHYEeCKHX mapaMmeTpoB. Llems naHHOTO
HCCIICIOBAHMS 3aKII0YaeTCsl B aHAJIM3€ BIMAHUS 3aMEIICHHS TEIUIOTEXHMYECKHX M T€OMETPUYECKHX MapaMeTpoB Ha
paboty ManorabapuTHOW Onora3oBoil ycTaHOBKH. OOBEKTOM HCCIICTOBAHUS SBIAETCS JIaDOpaTOpHBIH OMOTa30BBII
PEaKTOp C PEryJMpyeMbIMH KOHCTPYKTHBHBIMHM XapaKTePHUCTHKaMH. MeETOM0J0rn4ecKOd OCHOBOM padOThI SIBISIFOTCS
MaTeMaTH4ecKoe MOJICIMPOBAHNE, BBIYMCIUTENBHBIN aHaNW3 M OKCIEPUMEHTAJbHAs IpoBepKa MPOLECCOB
TeriooOMeHa M MaTepualibHOTOo OanaHca BHYTpHM peakropa. [lo pesynbraTaM HcclieloBaHHS IIOKa3aHO, YTO ObUIH
MIPOAHATM3UPOBAHBl METOJBl OIpEACIECHHS ONTHMAIbHBIX TE€OMETPHYECKHX pa3MepoB (JuamMeTpa | JJIMHBI)
KOHCTPYKIIMH OHMOpEeaKTopa M CHIDKEHHS TETUIOBBIX MOTeph. C MOMOIIBI0 METOI0B MaTEMATHIECKOTO MOJIEIHPOBAHUS
paccuuTaHbBl ONTHMANIBHBIE Pa3MEPHl PeaKkTopa MPH Pa3IMYHBIX TOJIIMHAX TETJIOW3OJIINN U JO3WPOBKAaX OMOMAcCCHI.
OnTuManbHbI AuaMmeTp it ouopeaktopa o0beéMom 30 M* coctaBmsieT 2800 MM, a mymmHa — 4900 MM, TIPH ATOM JIOJIS
6romaccel B 00bEME peakTopa BEIpaKaeTCsl Yepe3 yroil HEHTPAIEHOTO CEKTOPA.

KiroueBble cioBa: OHorasoBasi yCTaHOBKA, TEIUIOBBIC MapaMETPHI, TETUIOM3OJILUS PEaKTopa, MpoIecc OpOoXKeHHs,
Onomacca, aHadpOOHbBIE YCIOBHSI, SHEPTOIPPEKTUBHOCTD.
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Ackapynwl P., @anzynna T., Abvinkanoe M., Coi30viko6 A.b., Caxanos K.

KaTan kauMMAaTTBIK :KaFjailjlapaa KOMIO3MTTIK MaTepuajiap MeH aJUIMTHUBTI OHAIpic apKbLIbI POOOTTHIK
KOJIJBIH OepiKTiriH apTTHIpY.

KarTel sxenmep, paamamusi ocepi >KOHE JKHi OOJATBIH OpMaH epTTepi CHSAKTHI KaTall KOpIIaFaH OpTa jKarmaiiapbl
PpOOOTTaHIBIPEUIFAH JKYHeNepaiH CeHIMIi XKYMBICHIHA €JIeyili KUBIHABIKTAp TYFHI3aAbl. AIAT calfapblH JKOKO JKOHE
KayinTi opTaza >KYMBIC ICT€yre apHaifaH pOOOTOTEXHHWKara KbBI3BIFYIIBUIBIK apTHII KENe XKaTKAaHbIHA KapaMacTaH,
aITUTHBTI OHIIPIC apKBUIBI JKacajFaH KOMIIOHCHTTEPAIH MYHIal KaFaaiiaapaa TO3IMIUTIr JKeTKITIKTI 3epTTeIMEreH.
Byn 3eprrey poOOTTHI MaHWUMYISATOPJIAPABIH JKCTPEMAalAbl JKarmaiimapia >KYMBIC OHIMAUITIH apTTHIpy YIOiH
KOMIIO3UTTIK MaTepHalfap MEH aIIuTHBTI OHIIPIC TEXHOJOTHSUIAPBIH KOJAAHYIABl KapacTeIpanbl. KoMITO3WUTTiK
9JIEMEHTTEP/JCH TOJBIK JKacalFaH poOOT KOJBIMEH >aOJbIKTalFaH MOAYJIBAIK POBEP 931pJICHII, CHIHAIIBI. 3epTIey
PETG mmacturi MeH KOMIPTEKTi TaJIIBIKTBIH TEPMHSJIBIK 9Cepre, CTaTUKAIBIK JKYKTEMere J>XOHE paaualusFa
TO3IMJUIITT TYPFBICBIHAH KYPBUIBIMIBIK CEHIMALTIrIH Oaranayra Oarbirtanabl. COHBIMEH Karap, KallbIKTaH Oackapyra
apHajJFaH bIM apKbUIbl Oackapy MHTepQeNCl YCHIHBUIBI, (YHKIMOHAIB! MPOTOTHII JKacajabl. 3epTTey HOTIHKeNepi
MaTepualiapasl TaHIay MEH TYPaKThl pOOOTTHIK XKyienepi xobanay cTpaTerusiapbl Typalibl )KaHa TYCiHIKTep Oepeni
XKOHE KaTaJl KOpIIaraH OpTa >KarJaiiapbelHIa J>KYMBIC iCTEll anmaThlH TYpakThl POOOTOTEXHHKAHBI JaMBITyFa YJIec
KOCaIpl.

Kiar ce3nepi: ABToMaTTaHIBIPBUIFAH Xo0anay Kyhenepi, Oacma ratacel, aBTOMATTaHABIPBUIFAH OHIIpIC XKylenepi,
aBTOMATTAH/BIPBUIFAH WMH)KEHEPIIIK Tanjgay >KyiHenepi, TeIeKOMMYHHKAIMSAJIBIK PETPAHCIALMSA KbI3METi, Kabarram
OaJNKBITY dmici.

Ackapynwot P., @aiizynna T., Aovinkanoe M., Coi30vikoe A.b., Caxanoe K.

IoBbIlIeHNEe TOJTOBEYHOCTH POOOTH3HPOBAHHPYKH C HCIOJbH30BAHHMEM KOMIO3UTHBIX MATEPHAJIOB U
aJJINTHBHOTO MPON3BOJCTBA B CYPOBBIX KJIMMATHYECKHX YCIOBHSIX.

HecMmoTpss Ha CypoBbIe YCIIOBHS OKpPY)KAIOIICH Cpelbl, TaKHe KaK CHJIbHBIC BETpPa, pPaJUHallMOHHOC BO3JCHUCTBHE U
YacThIC JICCHBIC TI0XKAPBI, KOTOPHIC CO3IAI0T CEPhE3HBIC TPYTHOCTH IS HANEKHOM pabOThl pOOOTH3NPOBAHHBIX CHCTEM,
yCTOﬁ‘IHBOCTL AAAUTUBHO HU3TIOTOBJICHHBIX KOMIIOHCHTOB B TAaKHUX yCJ'IOBI/IHX OCTaéTCﬂ HEJOCTATOYHO I/ISy‘IeHHOﬁ. B
JIAHHON paboTe MCCIeNyeTCs MCIOJb30BAHUE KOMIO3UTHBIX MATEPUANIOB M TEXHOJOTHI aJIUTHBHOTO MPOM3BOACTBA
JUTs TOBBIMIEHNUS 3()(HEKTUBHOCTH POOOTH3MPOBAHHBIX MAHUITYJISTOPOB B AKCTPEMANBHBIX YCIOBHSX. BT pa3paboTan u
HCIBITAaH MOIYJIbHBIH POBEP, OCHAIMEHHBIH POOOTH3UPOBAHHON PYKOH, MOJHOCTHIO M3TOTOBICHHON M3 KOMITO3UTHBIX
aMeMeHTOB. MccreoBaHue COCpPeOTOUYEHO Ha OICHKE CTPYKTypHOU HanéxkHoctu mactuka PETG u yriepomHoro
BOJIOKHA C TOYKH 3PEHUS TEPMHUYECKOTO BO3/CHCTBUS, CTATHYECKOW HArPY3KH M PajHalHOHHON croikoctH. Takxke
OblIa Npe/CTaBICHA CUCTEMa YIPABICHHS JKECTaMM JJIsl AMCTAHIIMOHHOTO YIPaBJICHUS M co3AaH (DyHKUIMOHAIbHBIN
HpOTOTI/IH. Pe3yHbTaTbI HCCIICOOBAHHUS OAKOT HOBBIC HpeI[CTaBJ'IeHI/IH [0) BLIGOpe MaTepI/IaJ'IOB nu CTpaTeFI/IHX
NPOCKTUPOBAHHUS  yYCTOWYMBBIX  POOOTH3MPOBAHHBIX  CHUCTEM,  CIIOCOOCTBYS ~ pPa3BUTHUIO  POOOTOTEXHHKH,
MIpeJHa3HAYCHHOM /1 pabOThI B CYPOBBIX YCIOBHSX OKPYXAIOLIEH Cpe/Ibl.

KiroueBble c10Ba: aBTOMAaTH3MPOBAHHOE MPOCKTHPOBAHHUE, MEYaTHAs IUIaTa, aBTOMATU3MPOBAHHOE IMPOU3BOJICTBO,
aBTOMaTI/I3I/IpOBaHHOC HpOGKTI/IpOBaHI/Ie, TeHeKOMMyHI/IKaHI/IOHHI)Ie peneﬁHme CJ'Iy)K6I)I, MO}IGHI/IpOBaHHe METOAOM
HaIlIaBJICHUS.

Capcenoaes E., Ocmpeyos K., bakmuioexos K., Mycuna A., blckak O.

Hanoxknace rapbimn annaparrapbiia apuagran OBCARM G2 NANO sM6e0an moay.abaik 0OpPTTHIK O0ackapy
KeLleHi.

OBCARM G2 NANO ombebarm Moxympaik OOpTTHIK Oackapy xyieci 3U—12U HaHOKIACTBI FaphIlll anmmapaTTapbiHa
apuanras. JKyite Oainansic, XKep/i KalbIKTRIKTaH 30HATaY *oHe 3artap uHTepHeT ([0T) MuccusiapbiHIa KOIaHyFa
OeitimaenreH. ApxuTekTypachl UHTepQeiic xoHe Mpoleccop MOIyJblepiHeH Kypanaabl. [Iponeccop monymi Zyng
Ultrascalet+ SoC werizinzne opsiananrad xaHe ARM TMS470 xoHTpoIepiHiH TeJeMeTPUsIChIH OacKapyabl KOJIai bl.
Ot optansik mporeccop yurin 500 Mb DDR4 xenen xaasiMeH, OaraapiiaMaiaHaThIH JOTHKAIBIK MaTpuUIla yimid 125
MB xenen skalnpIMeH, yily OarnapiamalblK jkacakramachlH cakrtayra apHanraH 125 MB QSPI Flash xone 128 I'b
eMMC Flash xanpimen xadnbikranrad. VaTepdeiic Moayi 60pTThIK Oackapy *KyHeciHiH KyaT TapaTy KeliIepiH, ilki
Kyienep nHrepdeiicrepin, naiaansl )KYKTeMEHIH JepeKTepiH Kadbuiaay xoHe Oepy apHalapbl MEH OJap/bl TYPIICHIIpY
xoHe Oydeprney npaiiepnepin kamtuabl. barmapnamansik 6ackapy HakThl yakelTTarbl QNX omnepaunusuiblk skyheci
HeTi3iH/le ICKe achIpbUIafbl, ajl NpoLeccop MeH OaFiapiaMallaHaThIH JIOTMKAJIBIK MaTpUIAa apachIHIAFbl e3apa
opekerTecTik korapbl eHIMIAI AXI mmHacel apKpUIBl KaMTaMachl3 eTiyefi. Fapeln anmaparelHBIH IIIKI KyiHenepin
nuHTerpanusiay yumin OipeiHFaii CAN mumHacel KongaHbUIagsl. MexaHMKalbIK Kypampacrtap 95 X 95 x 35 mm
OJILIEMIH/IE OPBIHJAIIFaH, TEMIlepaTypa CEHCOpJaphl JKOHE aPThIK KBbUTYbl BICTHIK HYKTEJIEPJCH IIBIFAPATHIH JKbLTY
KOIipiMeH TONBIKTHIPBIIFaH.

Kiar ce3mepi: 0opTThIK Oackapy kykeci, OaFmapiaaManaHaThiH JOTHKAIBIK MaTpHIlA, Mpoleccop, nHTepderc Momyi,
CubeSat.
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Capcenoaes E., Ocmpeuyos K., bakmuioexoe K., Mycuna A., blckak A.

YuuBepcaabHblii MoayJabHbIl OopToBoil KomIuiekce ynpaBieHuss OBCARM G2 NANO anas KOCMHYECKHX
annapaTroB HaHOKJacca

Pa3paborana yHuBepcanbHas MonyibHas OoptoBas cuctema ympaieHus OBCARM G2 NANO ans KOCMHYECKHX
anmaparoB HaHoksacca 3U-12U, npenHa3HaueHHBIX IS CBSI3M, TUCTAHIIMOHHOTO 30HIMpPOBaHUA 3eMid U MHTEpHETa
Bemeir. OBCARM G2 NANO cocrout m3 HHTep(EHCHOTO M IPOIECCOPHOTO MOAYJIEH Ha OTHENBbHBIX IEYaTHBIX
mwratax. [Ipomeccopusiii Momyns Ha 6a3e Zynq Ultrascale+ SoC obecrniednBaeT MOANEPKKY YIPABICHUS TeleMeTpueit
Moayns Ha 6aze ARM TMS470 u neoOxonumyro nepudeputo, Bkmovas 500 Mb oneparuBHoit namsitu DDR4 s
LEHTpaJIbHOrO mpoueccopa, 125 Mb onepaTHBHON mamsTH U IporpaMMUpyeMoil jJorudeckoit marpuusl, 125 Mb
QSPI Flash muist xpanenust nonerHoro nporpammuoro obecrieuenust 1 128 I'b eMMC Flash B kauecTBe mocTosHHOTO
3allOMHHAIOIEro ycTpoiicTBa. VHTepdeiicHBII MOIyNb comepHT JMHUM TuTaHus Mmonyied OBC, wmHTepdeiich
CUCTEMBI YIIPaBJICHHS U MepeaaTIuKa/IPUEMHHIKA JaHHBIX TOJIE3HOIM HAarpy3KH, a Takke JpaiBepbl, 0OecreunBaronme
npeoOpa3oBanue u Oyepr3zannio JaHHBIX mose3Hoi Harpy3kin. B OBCARM G2 NANO wucmons3yercst onepanuoHHas
cucreMa peanbHoro BpeMeH:H QNX 1y BRIIOTHEHUS IPOTPaMMHBIX OIleparuii M BRICOKOTIPOW3BOANTENbHAS mrHa AXI
JUIsL B3aUMOJEUCTBUS TPOLIECCOPHOM CHCTEMBI C IPOrPaMMHUPYEMOW JIOTUYECKOM HWHTErpaJibHOM cxemou. Jlist
obecrieueHns pabOTHI MOJACHCTEM KOCMHYECKOTO ammapara B eAnHOW cetn HcmonbdyeTcs mmHa CAN. I'aGaputsl
MexaHndeckoro obopyaosanuss OBCARM G2 NANO, Bxirodas HabOp TaTIUKOB TEMITEPATYPHI M TEIUIOBOW MOCT IS
OTBOZAA U30BITOYHOTO TEIUIA OT TOPSIHUX TOUYEK, COCTABIIAIOT 95 MM X 95 MM X 35 MM.

KaioueBble cioBa: OOpPTOBOIl KOMIUIEKC YIpaBlEHHS, IMpOrpaMMHpyeMasi JIOTHMYecKas MaTpHLa, HpoLeccop,
unrepdeiicHbit Monyib, CubeSat.

Kymasncanos b.P.,, ’Kemnucoaesa A., Kynaxaesa A., Maxanos K., Kymaxncanoe b.C.

KaraHn mekTeyJiepi 6ap HAHOCIYTHUKTEPTe apHAJIFAH ONTHKAJBIK JKYKTeMeHi d3ipJiey skoHe OHTalIaHABIPY.

byn makanaga Jepai KamiblKTaH 30HATAy HAHOCEPIKTEpl YIIIH BIKIIAMJIBI, JKOFApbl OHIMJI ONTUKAJIBIK Maialbl
KYKTEMEHI jkoDanay j>KOHE OHTailaHIplpy KapacThIpbliaibl. [lalimanbl >kykTeMme Ty3eTKill JnH3anapra ue Puun-
KperbeHn TenmeckombiHa HerizmenreH xoHe 600 kM opOuTamaH 6 METPIIK KEHICTIKTIK aXBIpaThIMIBUIBIKTEL (GSD)
KaMTaMachl3 eTeli, COHBIMEH KaTap Macca, rabapurrep, SHEprHs TYTHIHY JXOHE FapbIll OPTACHIHIAFHI JKYMBIC
JKaFaaliTapelHa KaTaH IIeKTeylepre coiikec kememi. Zemax 2024 OGarmapiamMaiblK JKacaKTaMachlH MaiianaHa OTBIPHITT
Ky3ere aceIppurraH skoOamay mporeci 12U CubeSat mmatdopMachiHBIH OIEKTEYNepi asChIHAA >KOFaphl Caraibl
KecKiHAepaAi amyra OarbITTanraH. HoTmxkenep >kOOaHBIH OpPBIHAANATHIHIABIFEIH pacTaiiibl xoHe HalkBHCT XUiMiTiHIE
Monymsius  Oepy (GyHKuusACHIHBIH — 0,26-maH JKOFaphl MOHIH KaMTaMmachl3 eTei. bBipHemie Herisri eHiMIUTiK
KOpCETKILITepi, COHBIH IIIIHIE >XYHENiK MOMYISUMAHBbIH Oepinic (yHkumsicel Oaranmanipl. Kaxerrti mapamerpiepre
JKETKEHHEH KeHiH JIMH3a Ty3eTKill >Kyiieci KOCBUIBIN, ©pic OyphlliTapbl OHTaWIaHABIPHUIABL. JIMH3aNapAbIH
Mmarepuanapsl perinne BK7 xone Fused Silica tanmangsl. Mognenbiey HOTHKEIEP] 93ipJSHIeH ONTUKAIBIK Haiaasbl
JKYKTEME FapblIlll JKarJaiblHAa Maiilagany TajanTapbliHa, COHBIH INIH/E 3bIMBIPAH TACBHIFBIIITHI YIIBIPFaH KE37E MIpiI
KYKTeMellepiHe TO3IM/IITIKKe COUKeC KeJIETiHIH pacTai Ibl.

Kiar ce3mepi: XKepni KammbIKTEIKTaH 30HATAY, MOAYIAIHS TackiMangany ¢yHkuuscel (MTF), maiigamsr ;ykreme, HaHO-
JKepCepiK, FapbIlI alapaTsl.

Kymasncanoe b.P., ’Kemnucoaesa A., Kynaxaesa A., Maxanos K., Kymascanos b.C.

Pa3paboTka u onTUMH3AIUS ONTHYECKOU MOJIe3HOI HATPY3KHU AJIS1 HAHOCIYTHHKOB IPH CTPOTUX OrPaHUYEHHUSIX.
B nanHOW crarbe mpeACTaBIEHBI TNPOSKTHPOBAHHE M ONTHMHU3ALMS KOMIIAKTHOM BBICOKONPOW3BOAMTEILHOM
ONTHUYECKOW MOJIEe3HON HArpy3KH Uil HAHOCIYTHHKOB TUCTAHI[MOHHOTO 30HAMpoBaHMA 3emin. Ilome3Has Harpyska
OCHOBaH& Ha Teneckone Puun-KperbeHa ¢ KOPPEKTHPYIOIIMMH JIHMH3aMH, OOECHeuMBaeT NPOCTPAHCTBEHHOE
paspemienue 6 meTpoB Ha mukcenb (GSD) ¢ opbutel Ha BbicoTe 600 KM, COOTBETCTBYS >KECTKUM OIPAaHUYCHHSIM IO
Macce, rabapuram, SHEpronoTPeOICHUIO U YCIOBHUIM 3KCIUTyaTallud B KoCMHYecKoi cpene. Ilponece mpoexTrupoBaHus,
BBITTOJIHEHHBIH € UCTIOIB30BAaHUEM IPOTrpaMMHOTro obecnedeHns Zemax 2024, opHeHTHPOBaH Ha JOCTH)KEHHE BHICOKOTO
KauecTBa HM300paKeHWIl B paMKax oOrpaHu4YeHuil, xapaktepHbix miust CubeSat 12U. Pesynbrarel MOATBEPXKIAIOT
OCYIIECTBUMOCTbH MPOEKTa, oOecrieunBast 3HadeHue QYHKIMHA MOy iepeHoca Ooree 0,26 Ha yactore HaiikBucra.
OueHNBaINCh HECKOJIBKO KIIFOUEBBIX IOKa3aTeled NMPOM3BOAMUTEIHHOCTH, BKIIOYAs CHCTEMHYIO (YHKIHIO Tepeladn
Monymsnud. [locie mocTikeHnst TpeOyeMbIX MapamMeTpoB OblUia J00aBieHa CHCTEMa JIMH30BBIX KOPPEKTOPOB M
ONTHMU3UPOBAaHBl YIIBl Hons. B kauectBe marepuanoB smH3 Obiim BeiOpanbl BK7 m Fused Silica. PesynbraTst
CUMYJISIIMH TIOATBEPIKJAIOT, YTO pa3paboTaHHas ONTHYECKas IOJe3HAs Harpy3Ka COOTBETCTBYET TPEOOBAHMSAM JIIs
HCTIONB30BaHUS B YCIOBHSAX KOCMOCA, BKJIIOYAs YCTOHYHMBOCTH K BHOpPAIMOHHBIM HAarpy3KaM IIPH 3aIyCKe paKeTHl-
HOCHTEJIS.

KuoueBble cJjioBa. JIUCTaHIIMOHHOTO 30HAMpPOBaHUS 3emiu, QyHKIMH Momyasiuu nepenoca (MTF), momesHas
Harpy3Ka, HAaHOCITyTHHUK, KOCMUYECKHH ammapar.




Eurasian Physical Technical Journal, 2025, 22, 3(53) SUMMARIES 171

baiibonamos E.JK., Hanubaee E./I., Koscazynos E.T.

Kypaeai :xesinepai Tiaaik 0ediMaijiik 3Bo/II0NUSICHIH JUHAMHKAJIBIK KYyleJiep apKbLIbI 3epTTey.

Byn kympIcTa KypBUIBIMIAJFaH areHTTEp MOIMYJSIMACHIHAA T YIIH O9CeKeNecTik MeH TULMIK OeHiMIUTIKTIH
SBOTIOLUSICHIH 3€PTTEYTe apHaIFaH ANHAMHUKAIBIK JKYHeIep MOJCTl YChIHBUIFaH. ©p areHT TUIre KaThICTBl YCTAHBIMBIH
CHUTIATTAaNTBIH Y3imicci3 OeWiMIIMIK aifHBIMANBICHI apKBUIBI CHIATTANAAbl JKOHE Oyl alfHBIMANbl areHTTEpAiH e3apa
opeKeTTecyi, TUIAI CakTay *OHE CHIPTKBI 9JIEyMETTiK OeleNl KYIITepiHiH OipJIeCKeH BIKIMAIBIMEH TaMuasl. Momenbae
areHTTiH OeHiMaimiriH MuHyc Oip MeH Oip apanbIFBIHAA IIEKTEN TYPAaThiH OCHCHI3BIK JeMI(upiey MeXaHH3Mi
KapacThIPBUIFaH, COHIai-aK KaOBUINAFBIIITHIK IIEH TUIAI cakTay HapaMeTpiiepiHiH OpTYPJLUIri, TeTeporeHIiIirl
eckepineni. MoIenpIiH CBI3BIKTHl PEXXHUMIi TAAAHBIN, CHMMETPHSIIBI KOHE ACHMMETPHSIIBI KEJUTK TOIIOJIOTHSIIAP
KarJaiblHIa OPHBIKTBI HYKTEJEPAiH TYPAKTBUIBIFBI 3epTTesie/ii. ToNbIK OalnaHBbICKaH JKOHE «IIAFbIH QJeM» THITI
KEJJIepieri MOJeNbey HOTHXKENEepl opTYpili JAWHAMUKANBIK CLEHApUINIepAl KepceTedi: TUINIH  KOHBUIYHI,
KOCTUIIUTIKTIH CaKTalybl KoHE MOMYJISIUSHBIH KapaMa-Kapchl TULAIK ToNTapra e31irineH Oemninyi. by HoTmxenep Tin
JMHAMUKAChIH KaJBIITACTHIPYJa OJEYMETTIK KYPBUIBIM, TYJIFAJbIK COMKECTIK JKOHE CBHIPTKbI BIKHNAJIAPABIH e3apa
OailyIaHbICHIH TYCIHYTe MYMKIH/IK Oepei.

Kiar ce3nepi: OelichI3bIK TUHAMAKA, KYPACHTL XKYHenep, Kemirep.

bainibonamos E.JK., Hanubaee E./., Koscazynoe E.T.

H3y4yenne 7BOIIONUH SI3BIKOBO aJaANTAIINU B CJI0KHBIX CETHX C HCMOJIb30BAHHEM JHHAMHUYECKHX CeTeii.

B nanHO# paboTe mpeanmaraeTcs MOIENb JHHAMHYECKUX CHUCTEM IS M3YUCHHUS SI3BIKOBOM KOHKYPEHIIMH M SBOIOLIUHI
SI3BIKOBOTO CMEIICHUS B CTPYKTYPHUPOBAHHBIX MOIYJISAIHAX arceHTOB. KakIbIil areHT XapaKTepu3yeTcsl HempephIBHOM
MEPEeMEHHON CMEIIEeHUs, OTpaXkarolleld ero S3bIKOBYIO MPEANOYTUTEIBHOCTh, KOTOpas 3BOJIOIUOHUPYET TIOJ
COBMECTHBIM BIIMSIHAEM B3aUMOJICHCTBUI C OKPYKCHHEM, COXPAHEHHUS POJHOTO s3bIKa M BHENMIHUX (hakTopoB. Mojeb
BKIIFOYACT HEJIMHCHHBI MeXaHW3M JAeMI(GUPOBAHUS, OTPAHUYMBAIOUINIA CMEIICHHE areHTa B (DUKCHPOBAHHOM
JIUana3oHe OT MHUHYC EAMHUIBLI J0 EIUHUIIBl, U JOMYyCKaeT TeTepOTreHHBbIE MapaMeTpbl BOCHPUUMYHBOCTH U
coxpaHeHus. Mbl aHAIM3UPyeM MOJIENb B JIMHEHHOM PEXUME U MPOBOJAUM aHAJHN3 YCTOWYMBOCTH HEMOJBH)KHBIX TOUEK
IpH CHUMMETPUYHBIX W ACUMMETPUYHBIX TOIMOJIOTUAX ceTei. MoJeanpoBaHue HA TMOJHOCTHIO CBS3aHHBIX H
"MaJIOMHPOBEIX" CETAX NEMOHCTPHPYET pa3HOOOpa3HbIC AMHAMUYCCKUE CICHAPHUH, BKIIOYAs WCYC3HOBCHHE SI3BIKA,
COXpaHEHHWe OWIMHTBH3MAa W CIIOHTaHHOE pACHICIUICHWE NOMYJSAIUA Ha IPOTHUBOIIOJIOKHBIC S3BIKOBHIC TPYIIIHL.
[omyuyeHHBIE pe3yNBTATHl MO3BOJIOT TIMy0)Ke MOHATH B3aWMOJCHCTBHE COIMATIBHON CTPYKTYpPHI, UACHTHYHOCTH U
BHEIIHETO BIUSHIS B (POPMUPOBAHUU S3BIKOBOW JHHAMUKH.

KioueBble ¢j10Ba: HEIMHEHHAS TMHAMHUKA, CJI0KHBIE CHCTEMBI, CETH.

Usibe B.E., Iserom B.F., Iwuji P.C., Aigheremhon M.E., Iwuanyanwu I.0., Ushie A.L., Ettah E.E.

Bun kemnipi 6ap renepaTop KOHCTPYKIMSICHIH TaJI1ay: NPOTOTUIITEH TEMIIEPATYPAJIBIK cCUIIATTAMaJIapFa JeifiH.
BuH kemipiHjeri TreHepaTOpAbIH NPOTOTUII Oip ONEpalUsibIK KYMICHTKIII Heri3iHAe JIUOATHI KeIipMeH
KYpacThIPBULABI, OJI Kepi OaiyaHbic Ti30€riHe KOCBHUIBIN, WIBIFBIC TEPOENICTEp aMIUIUTYAAChIH TYPAKTAHABIPY YILiH
asrpIHAAJIFaH Kepi OaitmaneicneH KamTamachi3 eringi. Cynbanbl monenbaey yuin PSPICE 10.0P HyckachiHIarsi
CyI0abIK CUMYJISITOP KOJIIAHBUIIBI. MoJielb/iey HOTHKEIEpl NONAIrIH pacTay YIIiH OCHMIUIOrpadIIeH aJlbIHFaH eJIey
HOTIDKEJEPIMEH CalbICTRIPBUIIB; anairi 90% kypazasl. JKyMbic TemmepaTypackIMeH T€HEpaTOPIbIH OPHBIFY YaKbITHI
apachIHIArbl, COHJAi-aK PE30HAHCTHIK >KUUIIK apachIHIAFbl TOYSJIUIIKTEp 3epTTEN/l )KOHE KOPBITBHII MIBIFapbUIIbI.
JKoGamanraH reHepaTOpIbIH PE30HAHCTHIK kuimiri 142,86 I'm-ten 16,67 x['n-xe meftinri auamazonnma perreneni. Ocbl
KULUTIKTEp IUANa30HBIH OIIIeyTe apHaIFaH cyjI0a MPOTOTHIN COTTI TaJNaHABL, al TeMIIepaTypalbIK TepOermicTepIin
IIBIFBIC CHTHANJAapblHA acepi 3epTTey HoTwkenepi ycbiHbUIFaH. COHOal-ak, IIBIFBIC BIFBICY KEPHEYIHIH, Ke3
TOKTapbIHBIH JKOHE CYJIOAHBIH JKaJIbl BIIBIPANTHIH KyaThIHBIH TEMIEpaTypaliblK TOyeJIiliri kepceriireH. JKammb
HOTH)KEJIEP KOPCETKEHJeH, I'eHepaTOpAbIH KYMBIC TeMIIEpaTypachl (TemIepaTypalblK IUana3oH IIETiHIe) OHBIH
UIBIFBIC CUTHAJIBIHA OOJKAHOAWTHIH ocep ereidi, OyJI MONIIri KOFaphl MaHbI3Fa He JKarmaiiapja TeHepaTop/IblH
cUnaTTamaapbiHa Tepic BIKIaJ €Tyl MYMKIH.

KinT ce3nepi: BuH kemipi 6ap reHepaTop, TeMIlepaTypaiblK TYPaKThIIBIK, PE30HAHCTHIK KUK, aybICIIalbl CUIIATTaMa,
cyibanbl Mmogenbaey, PSPICE.

Usibe B.E., Iserom B.F., Iwuji P.C., Aigheremhon M.E., Iwuanyanwu 1.0., Ushie A.l., Ettah E.E.

AHaIn3 KOHCTPYKIMH reHepaTopa ¢ MocToM BuHa: oT mpoToTHNA 10 TEeMNePaTYPHBIX XapaKTePHCTHK.
[TpoToTun renepatopa Ha MocTy BuHa ObUI CIpOEKTHPOBaH M COOpaH Ha OJHOM OIEPALMOHHOM YCHIIHUTENE C
JMOJHBIM MOCTOM, BKJIIOYEHHBIM B II€NIb OOpaTHOH CBSI3M C BBIPOXJICHHOH OOpaTHOH CBsI3bI0O Al oOecredeHus
cTaOMIM3aIMi aMIUTMTYABl BBIXOJHBIX KojleOaHui. JIJIs MOJAENMPOBAaHUS CXEMBI TaK)KE HMCIIOJIB30BAJICS CUMYISATOP
cxem PSPICE Bepcum 10.0P. Pe3ynpTaTsl MOAETHPOBAHUS CPAaBHUBAINCH C pe3yibTaTaMU H3MEPEHHH,
MTOJIy9€HHBIMH C MTOMOIIBIO OCIiuIIorpada, s MOATBEPKACHUS TOCTOBEPHOCTH PE3yIbTaTOB; TOYHOCTh COCTAaBHIIA
90%. bputn mccnenoBaHBl W BBIBEICHBI 3aBHCHMOCTH MEXAy paboueil TemmepaTypod M BpeMeHEeM YCTaHOBICHHS
reHepaTopa, a TaKkKe pe30HaHCHOM 4yacToToi. Pe3oHaHCHas yacToTa pa3pabOTaHHOI'O TeHepaTopa PeryInpyeTcs B
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nuanazone ot 142,86 'y mo 16,67 k[, [IpoToTHI CXeMBI, UCONB3yEMbIH B TaHHOW padOTe IS U3MEPEHUS ITOTO
JMara3oHa 4acToT, ObLI YCIEIIHO POaHAIN3UPOBAH, MPEICTABICHBI PE3YIbTAThl HCCICIOBAHUS BIUSIHUS KOJIcOaHUI
TeMIIepaTypbl Ha BBIXOJHbIE CUTHAJBI. TaKXke MpeACTaBICHBl PE3YyJIbTAaThl TEMIEPATYPHOU 3aBUCUMOCTH BBIXOJHOTO
HaINpsDKEHUsT CMENICHWs, TOKOB HCTOYHHMKA M OOmmIel paccemBaeMoil MONIHOCTH cXeMbl. OOmue pe3ysbTaThl
MPEACTaBICHHBIX MapaMeTPOB MOKAa3bIBAIOT, YTO pabodas TeMIepaTypa reHeparopa (B Mpeeinax TeMIepaTypHOTO
JIMana3oHa) OKa3bIBAET HEMpeACKa3yeMoe BJIHMSHHE Ha €ro BBIXOAHOW CHTHAJ, YTO MOXET HETaTHMBHO CKa3aThCS HA
XapaKTEePUCTUKAX TeHEpaTopa, IJIe TOYHOCTh NMeeT OOJIBIITOE 3HAUCHHE.

KuioueBble €JjI0Ba: reHEpaTOp ¢ MOCTOM BHHA, TeMIIepaTypHas CTaOMIBHOCTh, pE30HAHCHAS YacTOTa, IMEePEXOTHas
XapaKkTepucTHka, ctuMmynupoBanue cxemsl, PSPICE.

Aitmanosa I' K., Cepeopanckuii A.B., Il]epouna M.II., Kpyzoe M.A.

ACTEpONATAPABIH CHEKTPO(POTOMETPHSIBLIK 3epTTeyi 11 TAKCOHOMUSIIBIK THIITED.

Bac Oenneyzaeri actepouaTapAbH KaTapbiHAarel, AmoiioH ToOsiHAars (AC3) 30825 (1990 TG1) xoHe cupek TUOTEri
(1951) Lick actrepouaTapislH TaKCOHOMHSUIBIK THIITEPiH aHBIKTAy MaKCaThIHAA CIEKTPJIiK OaKpLIaylapblHA Talaay
)kyprizinmi. bakpinaymap 2023-2024 xeiimapsl Accel-Typren obcepBaTopusiceiga A3T-20 TeIeCKONBIHBIH KOJIEMIiK-
(a3aNbIK TONOTPadUANBIK JUCIEPCTi SIEMEHTTi, MIIIMMeTpre 360 CBI3BIKTHI TOp, TMHKcedi 4.25 A mucmepcusmbl,
Oipiamn omaHUHTTe EMCCD XYMBIC peXKHMIHIE, KYIICHTY KO3GhOUIUEHTI 5 kKoHEe DKCIMO3UIUA YakKbIThl 10 CeKyHII,
caHpUIay €HI 9 OYPBIMTHIK CEKYHATa CIIEKTpOTrpadblHIa TOMEHIT aXbIPAaTBIMIBLILIK peskuMinge (R=600) xyprizimmi.
AcTeponuaTapIblH TAKCOHOMUSUIBIK THOTEP] OJNApIBIH IIAFBUTBICY CHEKTpIiiepi OoibIHIIA aHBIKTay KesiHme (CaBenoBa
xoHe Oackamap, 2022) eHOeriHme yChIHBUIFAH "yiriiep" ofici oHE acTepOMITAPABIH OCTKI 3aTHIHBIH XUMHSIIBIK-
MHUHEPAIOTHSUIIBIK CPEKIICTIKTePIiH KOPCETETIH CHUIATTANTBIH BH3YaJAbl alb0em0 MOHAEPI KoymaHbuifbl. JKorapsl
TemrepaTypainsl MuHepajorusicel 0ap S-tunti (107) Arachne xone (482) Petrina actepounrapbiHa xoHe AMNOJUIOH
(NEO) 30825 (1990 TG1) actepounrapsina Tanaay xypriziumi. (97) Klotho orapsr MeTanmbsl acTepouATap bl KAMTHTHIH
M Tunti actepounrapra xkaransl. JKorapbl JKETKUTIKTI anbOelIOMeH KoHE CHEKTPIiH Y3bIH TOJKBIHIBIK OeiriHie
LIAFBUIBICY KaOlNeTiHiH aiftapiblkTaii ecyl 0ap A KiIachlHIAFrbl acTepOMATApFa OJIApbIH KYPaMBIHIA JKOFaphI
TeMIepaTypajbl OJMHBUHACPAIH HEMEce OJIMBUHHIH METalIapMeH, HeTi3iHEH TeMipMeH JKOHEe HUKEIbMEH KOCTackl Oap
actepouarapra (366) Vincentina »xoHe (1951) Lick xaramel. (47) AGLAJA Xypri3iireH Taigay HOpMajaHFaH
IMaFBUIBICY CIIEKTPi aCTEPOUITAPABIH B CIIEKTPIIIK KiTachiHA COMKEC KEIECTIHITH KOPCETTi, OJIapaslH OCTTepiHiH HETi3Ti
KYpayIIblIapeli CyChI3 CHIIMKATTap, TUAPATTAIFAH Ca3 MHHEPAJIAaphl, OPTaHUKAJBIK IIOJUMEpIep, MarHETUTTEP JKOHE
cynbduarep O0Mybl MYMKIiH. ABTOpJapAblH HoTkenaepi OoibiHma (718) Erida acTepouablHBIH HOpMallaHFaH
LIAFBUIBICY CIEKTpi anbdeno auanazonsl 0,04-ten 0,042-re neiiinri T KiIachbIHBIH YATICIHE COMKEC KENETiH CIEKTPIIK
aiiMakka colikec Kelyesi.

KinT ce3nepi: ciekrpodoToMeTpHs, acTeponaTap; TAKCOHOMHSIIBIK TYPi, LIAFBUTY CIIEKTPI.

Aitmanosa I' K., Cepeopanckuii A.B., Il]epouna M.I1., Kpyzoe M.A

CnekTpodoTomMeTpHyeckne uccjaefoBaHus acTeponoB II: TakcoHoMUYecKUe THIBI

[IpoBeneH aHanW3 CIEKTPaIbHBIX HAaONIONEHWH psima acTepomnoB [TaBHOTO Tosica, acTeponaa ceMmeiicTBa ATOIIIOH
(AC3) 30825 (1990 TG1) u actepouna penkoro Tuma (1951) Lick ¢ menpio onpeneneHus MX TAKCOHOMHIESCKHUX THIIOB.
Habmronenus npoBoumuck B 2023-2024 rogsl B odcepBaTtopun Accel-Typrens Ha criektporpade teneckona A3T-20 B
pexxume HU3KOro paspemenus (R=600) ¢ ucmonp3oBaHreM 00beMHO-(a30BOT0 rOJIOTPadUIECKOTO TUCTIEPTUPYIOIIETO
snemMenTa ¢ 360 TMHMAME Ha MM, aucriepcuer 4.25A Ha nmkcens, B MepBOM GMHHHMHIE C MCIIONB30BAHHEM DPEXHMMA
paboter EMCCD c¢ koaddunueHTOM ycHiIeHHsS 5 W BpeMmeHeM 3Kcrmo3unuu 10 cexyHH, OIMpUHA eI 9 YTIOBBIX
cexyHq. IIpu ompeneneHnH TaKCOHOMHYECKOTO THIA aCTEPOMAOB IO UX CIEKTpaM OTPAXKEHMS HCIOIb30BaICS METO]
“mabioHOB”, npeuIokeHHbIN B padore (Casenosa u ap., 2022) u 3HaUeHHs] BU3YalIbHOTO allb0E/I0 - XapaKTepHCTHKA,
yKa3bpIBaONasi Ha XHMHKO-MHUHEPAJOTHYEeCKHe OCOOEHHOCTH IIOBEPXHOCTHOTO BemiecTBa acTtepounoB. IIpoBeneH
ananu3 acrepouioB S-tuma (107) Arachne u (482) Petrina u acreponza cemeiicrsa Anosuion (NEO) 30825 (1990 TG1),
00aiaroInM  BBICOKOTEMIIEpaTypHOi MuHepanorueil. K acrepougam M Tuma, BKIIOYAIOMIKAM B ce0s acTEpOHIbI C
MOBBIIICHHBIM COJepKanneM MmetaiwioB, otHocutcs (97) Klotho. K acteponmam kimacca A ¢ JAOCTaTOYHO BBICOKHUM
amp0eI0 W 3HAYUTENBHBIM POCTOM OTPaKATEIbHOH CIOCOOHOCTH B JIMHHOBOJHOBOW YacTH CIEKTpa, YTO
CBUJICTEINBCTBYET O NPHCYTCTBMM B HX COCTaB€ W3 BBICOKOTEMIEPATYPHBIX OJMBHHOB HWIM CMECH OJIMBHHA C
MeTaJUIaMH, B OCHOBHOM C JKEIIe30M M HUKEJIEeM, OTHECEeHHI acTepousl (366) Vincentina u (1951) Lick. TIpoBeneHHsbIi
aHaIM3 MOKa3aJl, YTO HOPMHPOBAaHHBIA OTpakaTeJbHBINH criekTp (47) Aglaja cOOTBETCTBYET CIIEKTpalbHOMY Kilaccy
acTepousioB B, OCHOBHBIMM COCTaBISIFOIIMMH TTOBEPXHOCTH, KOTOPBIX, BO3MOKHO, SIBJISIIOTCSI O€3BOAHBIC CHIIMKATHI,
THIPAaTUPOBAHHBIE TIMHHUCTBIE MUHEpANbl, OPTaHMYECKHE MOJMMEPHl, MarHeTHTHl M cynsdunsl. Ilo pesympratam
aBTOPOB HOPMHUPOBAHHBIM CHEKTp oTpaxeHus actepouma (718) Erida cooTBeTcTByeT CHEKTpasbHOMY KOPHUAODY,
COOTBETCTBYIOIIEMY I1a0noHy kinacca T ¢ auamazonom ans6eno ot 0,04 mo 0,042.

KiroueBblie cjioBa: criekKTpopOoTOMETpHs, aCTEPOUBI; TAKCOHOMHUYECKUH THII, CIIEKTP OTPAXKCHHUS.
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Kamoaposa K.T., Caynebexoe A.0O., Kacvimos C.C.

DJIeKTPCTATHKAJIBIK OipTekci3 epic Herizinaeri 3Heprusi TaJJarbIITHIH KAHA KOHCTPYKIMACHI

OcChTiK CHMMETPHUTEI OipTeKTI eMec epic HeTi3iHae KYpbUIFaH YHEPTUs TANAAFBIIIBIHBIH JKaHa KOHCTPYKITHSICHI
YCHIHBUIABL. LIMIUHAPIIK epic TeH eKiHII TUNTI JOHTeNeKTiK JOACKAMONbIIH CyIepPIO3UIMACH 9IICiH KOJIIaHyBIMEH
aCTanThIH 3JIEKTPOHIBI-ONTHKAIBIK CYJIOAChl €CENTEeNreH. DJICKTPOHIBI-ONTHUKAIBIK CYJIOaHBIH CaHIBIK MOJACIBACYI
KYPri3ilin, acmanTelH aHAJIUTHKAIBIK CHIATTAMalapbl €CENTENreH. Y CHIHBIIFAH KOHCTPYKIHMS JKOFapbl aKbIpaTy
KaOINMeTTITKIIeH Karap THIMII JKapblK KYIIH KaMTaMachkl3 eTeli. HoTiokenep YCHIHBUIFAH AaclanThIH FapBIIITHIK
KEHICTIKTeT1 3apaaTaiFaH OeJIeKTep aFbIHIapbIH 3ePTTEY YIIiH MEPCIEeKTHBTI €KeHIH KOPCETTi.

Kinm ce30epi: sneprus Tanaarpl, 0ipTeKci3 epic, MyJIbTHIIONb, MOJICIIBACY, 3apsATaIFaH OONIIEKTep aFbIHIapHI.

Kamoaposa K.T., Caynebexoe A.0., Kaceimos C.C.

HoBasi KOHCTPYKIHS YHEPTOAHAIN3ATOPA C YIEKTPOCTATHIECKHMH HEOTHOPOTHBIM MOJIeM

[pemnoskeHa HOBasi KOHCTPYKIIMS SHEProaHATU3aTOPa, MOCTPOCHHOTO Ha OCHOBE OCECUMMETPHYHOTO HEOIHOPOIHOTO
nojst. C MCMONB30BAHUEM METOMA CYMEPIO3UIHH HUIMHAPHYECKOTO MOJsi U KPYroBOTO JOJEKAIOJsi BTOPOTO THIIA
pa3paboTaHa »SJIEKTPOHHO-ONTHYECKas cxema mpubopa. [IpoBeneHO YHUCICHHOE MOJACIUPOBAHUE 3JICKTPOHHO-
ONTHYECKO CXeMbl MPHOOpa U IMOJYyYEHBI €ro aHAIUTHYECKHE XapakTepHCTHKH. [Ioka3aHo, 4TO MpeIokKEeHHAs
KOHCTPYKIIMSI COYETAeT BBICOKYIO Pa3pelIaoNIyI0 CHOCOOHOCTh U A(PQPEKTUBHYIO CBETOCHIY. Pe3yibrarsl
MOJTBEPIKIAIOT [EIECO00Pa3HOCTh MPUMEHEHHsT Pa3pabOTaHHOTO MPUOOpa Ui UCCIESNOBAHUN TTOTOKOB 3apsKEHHBIX
YaCTHIl B KOCMHYECKOM MTPOCTPAHCTBE.

KaioueBble ci1oBa: 3HeproaHaau3aTtop, HEOJHOPOIHOE IOJIe, MYJBTUIIONb, MOJEIHPOBAHHE, MOTOKU 3apsDKEHHBIX
YacTHLI.

Ilyzaesa T.’K., Amanmaesa A., Cnusax-Jlaspoe H.D.

CanpgpIK Tajgay skdHe XaocThl 6ackapy: «Visual Basic for Applications» konnany apkbLibl JlopeHn kyiesepin
3epTTey.

Bbyn xymbicta JlopeHn >KyHenepiHiH XaoCTHIK IMHAMHKACBIH CaHIBIK TalJay >XoHE Oackapy KapacThIPBUIFaH.
Mogpensaey >koHe Bu3yamm3amms ymriH Microsoft Excel opraceramarer Visual Basic for Applications Timi
naiganaseIasl. JIOpEHI] aTTpakTOPhI CHAKTHI XaOCTHIK XKyienep OCHChI3bIK ANHAMUKA MEH Xa0C TEOPHUSICHIHBIH HETi3ri
YFBEIMIApEl 00JbI TaObutaapl. Omap OacTamKel MIApTTapra CE3TIIITITiMEH, OCHCHI3BIKTBUIBIFRIMECH JKOHE (PpaKTaJIIBIK
OJIIEMIUTITIMEH CHIIaTTanaabl. 3epTTeyAe CaHIBIK SAiCTep KOJNAAHBUIIBI: aJallTUBTI KaJaM TaHAAybIMEH TOPT HYKTEIl
Anamc amici kmaccukanbik napamerpiepae (“s=10, r=28, b=8/3") xone moaupukanusianrad Mmouaepae (“s=15, r=35,
b=10/3") 3eprrenai. CoHbIMEH Karap, KOCBIMIIA MyIle eHri3iireH wmoaudukanusutanran JlopeHir kyweci
KapacThIPbUIBIN, aHa JWHAMUKAIBIK pexxumiep kepcerinmi. Kymbeicta VBA Herizinzeri KypajinapablH OeiChI3bIK
nuddepeHIuaNIpIK TEHACYICPAl IICHIYACri JXOHE KypAeTdi aTTPaKTOpJapsl BH3yadH3alMsIayJarbl THIMIILTIT]
kepcetinai. Anamc xoHe KpblioB oicTepiHiH HHTErPAMACH €CENTEPAIH IAIIAIN MEH OPHBIKTBUIBIFBIH aPTTHIPATHIHBI
nonennenni. Hotmxkenep xaoctsl 6ackapy MeH KojaHOallbl ecenTeplie naiijanany yiiH MepcreKTUBaiap allaThlHbIH
KepceTei.

Kiar ce3mep: JlopeHI aTTpakTOpbl, Xaoc TEOPHSCHI, OCHCHI3BIK NWHAMHKA, CaHIBIK Tainmay, Visual Basic for
Applications, Axgamc aaici, KpeiioB omici, XaocTsl 6ackapy, TMHAMUAKAJIBIK XKyHenep.

Llyzaesa T.7K., Amanmaesa A., Cnusax-Jlaspoe H.D.

YucieHHBIH aHAJM3 U yNIpaBJeHHe XaocoM: uccienoBaHue cucrtem Jlopenua ¢ npumenenueM «Visual Basic for
Applications».

B paboTte paccMaTpHBalOTCS YMCICHHBIH aHAINW3 M YIpaBICHHE XaoTW4ecKoil auHamukod cucteM JlopeHma c
ucnonb3oBanuem Visual Basic for Applications B cpeme Microsoft Excel st MojenupoBaHuss U BH3yalH3alldu.
XaoTudeckrue CHCTEMBI, BKIIO4as arTpakrop JlopeHila, mpeacTaBisioT coOoi (pyHIaMEHTANbHYI0 KOHIEIIHIO
HEJIMHEHHON AMHAMHUKK W TEOPHHM Xaoca, XapaKTepU3YIOIIyIOCS YYyBCTBHTEIBHOCTBIO K HAYaJbHBIM YCIIOBHSM,
HEJIMHEHHOCThI0O M (paKkTadbHON pa3sMEepHOCTHIO. B HccieoBaHMM NPHMEHEHBl YHCICHHBIE METOJBI, BKIIIOYAs
YeTBIPEXTOYECUHbIH MeToJ] AjlaMca C aJlallTUBHBIM BBIOOPOM Inara, JJIsl aHaIM3a KJacCHYecKux mnapamerpoB (“s=10,
=28, b=8/3") wm wmoaupunupoBaHHbIXx 3HaueHuit (“s=15, r=35, b=10/3"). Kpome TOro, paccmMorpeHa
MoudumpoBanHas cucremMa JlopeHna ¢ JONOIHUTENEHBIM WIEHOM, JEMOHCTPHPYIOIIAsT HOBBIE PEXXHMBI JMHAMUKH.
PaGora mom4yepKHBaeT IPAKTHYECKYI0 INPUMEHUMOCTh VBA-MHCTpYMEHTOB /Il  pELIEHHs  HEJIMHEHHBIX
i depeHInanbHbIX ypaBHEHUH W BU3yaJM3allMM CIOXKHBIX aTTpakTopoB. PesynbraThl mokaseiBaloT 3¢dexkTHBHOCTD
HWHTETparui MeTo 0B Anamca n KpputoBa A7 MOBBIIIEHNS TOYHOCTH W YCTOWYMBOCTH BBIYUCIICHUH, YTO OTKPHIBAET
MIEPCIEKTUBHI 7Sl HCIIOJIB30BAHMUS B IPUKJIAIHBIX 33/1a4ax YIPaBICHUS Xa0COM.

Knroueeswvie cnosa: arrpaxrop JlopeHia, Teopus xaoca, HeJIMHEHHas JUHAMUKA, YUCICHHBIN aHanu3, Visual Basic for
Applications, meTon Anamca, metoa KpbutoBa, yripaBieHHE Xa0COM, IMHAMHYECKHE CHCTEMBI.




