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The Effect of Detonation Spraying Mode
on the Structure and Tribological Properties of WC—-Co Coatings

The article presents the results of research into the structure and tribological testing of WC-Co detonation
coatings with a barrel filling volume of 64 % and 74 %. X-ray diffraction analysis of the WC-Co coating re-
vealed that undesirable Co and W,C peaks disappear after detonation spraying. Morphological analysis
showed that with 64 % and 74 % detonation barrel filling, the coatings had a dense structure with a thickness
of 136 um and 161 um, respectively. EDS mapping showed a uniform distribution of elements. Tribological
tests of the coating revealed that the friction coefficient of the samples ranged from 0.48 to 0.53 for 74 % and
0.55-0.57 for 64 %. Based on the results obtained, the optimal technological regime for obtaining wear-
resistant WC-Co coatings by detonation spraying was established.

Keywords: detonation spraying, WC-Co coatings, tribology, coatings, microstructure.

*Corresponding author: Bolatov, Sanzhar, sanzharbolatov94@gmail.com

Introduction

Nowadays WC-Co based coatings are widely used to improve wear resistance, as well as corrosion and
erosion resistance of engineering components, including valves, drill bits and downhole tool components
used in the mining, oil and gas industries [1]. Due to their excellent wear resistance and mechanical stability,
WC-Co coatings are commonly used for steel rolls, zinc bath rolls, corrugated rolls, pump housings, impel-
ler shafts, compressor stators, and aircraft flap guides. Additionally, these coatings find application in cams
and expansion joints operating under severe service conditions [2].

It has been established that the wear resistance of WC—Co coatings is significantly affected by various
factors, such as the morphology, chemical and phase composition of the initial powder, the size and distribu-
tion of WC particles, and spraying parameters [3-4]. During thermal spraying of WC—Co, undesirable phe-
nomena associated with the decomposition of carbide phases can occur. As a result, the content of the solid
WC phase decreases, and decomposition products such as W,C, metallic W, and amorphous or
nanocrystalline Co-WC phases are formed instead. Therefore, to obtain hard alloys with high mechanical
properties, it is necessary to minimize the decomposition of the WC phase.

6 Bulletin of the Karaganda University
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Despite the widespread use of WC—Co coatings, numerous studies have shown that thermal spraying re-
sults in decarburization of WC particles. As noted by Ahmed et al. in their review, high temperatures and
prolonged exposure of particles to the flame zone lead to the formation of W,C, metallic W, and n-phases
(M¢C and M,C). This complicates the coating microstructure and reduces its mechanical properties [5].

Detonation spraying represents a very promising direction in the field of thermal spray technology, of-
fering a viable solution for the production of high-quality wear-resistant coatings. Research by Du et al.
showed that even at high oxygen-fuel ratios, the degree of WC decarburization remains low, allowing for the
production of coatings with high density and strength [6]. This contrasts with plasma spraying methods,
where WC decomposition is significantly more pronounced.

Yuan et al. showed that the introduction of submicron WC particles into the spray boundaries promotes
the formation of a stronger interlayer structure, significantly increasing the wear resistance of HVOF coat-
ings. WC—Co [7]. However, this type of spraying can lead to partial decomposition of the WC carbide phase,
resulting in the formation of undesirable phases such as W,C and metallic W.

The aim of this article is to study the influence of detonation spraying modes on the structure and phase
composition of WC—Co coatings.

Materials and methods of research

WC-Co based coatings, low-alloy structural steel of grade 20 was selected as the substrate material.
Samples were manufactured with dimensions of 50x50x7 mm. Before coating application, the substrate sur-
faces were ground on all six sides using MIRKA 1000-grit sandpaper to ensure a uniform and smooth sur-
face. The samples were then sandblasted to improve the adhesion of the applied coating. After sandblasting,
the samples were washed in an ultrasonic bath filled with 90 % alcohol to remove sand particles from the
sprayed surface. The nominal particle size of the WC—Co powder ranged from 30 to 45 um. The coatings
were applied using a CCDS 2000 detonation complex (Russia). WC—Co coatings were obtained by filling the
cylinder with explosive gas to 64 % and 74 %, respectively. The distance between the barrel of the detona-
tion gun and the sample was 150 mm, and the number of shots reached up to 50 times per sample.

A SEM 3200 scanning electron microscope (China) equipped with an energy-dispersive spectrometer
was used to study the microstructure of the coating cross-section. X-ray diffraction (XRD) analysis was per-
formed using an X'PertPRO diffractometer with Cu-Ka radiation (A=1.54 A) at 40 kV and 30 mA to identify
phases in the coatings and WC—-Co powder. Diffraction patterns were collected over a 26 range from 20° to
90° with a step size of 0.02° and a counting time of 0.5 seconds per step. The data were analyzed using
HighScore software.

To study the tribological properties of WC—Co coatings produced by detonation spraying, a TRB3
tribometer was used in various tribology modes. All coatings were tested in the following modes: distance
100 m, speed 5 cm/s and 10 cm/s, trace radius 3 mm, and load 10 N and 15 N.

The volumetric wear of the samples was determined by Formula (1) as follows [8]:

v [mm? | M

v F-s| N'-m

where V — volume of wear material [mm®]; F, — normal force applied to the sample [N]; s — friction
path [m].

Results and discussion

X-ray diffraction analysis was used to study the phase composition of the powder and coatings. Figure 1
presents the results of X-ray diffraction analysis of the detonation coatings and powder. The diffraction pat-
terns identified the main peaks corresponding to the WC phase in both the original powder and the sprayed
coatings. The powder also contains weak reflections belonging to metallic cobalt, indicating the presence of
a binder phase. After detonation spraying, the Co peaks virtually disappear, indicating a redistribution of the
binder cobalt or its partial dissolution in the carbide matrix during high-temperature exposure.

Compared to the original powder, the WC peaks in the coatings are somewhat broadened and less in-
tense, which is due to a decrease in the average crystallite size and an increase in structural imperfections due
to the rapid cooling of the molten particles. The absence of W,C and metallic W phases indicates that no
thermal decomposition of the WC occurred under the selected conditions, and therefore, the spraying process
occurred under optimal conditions in terms of temperature and particle residence time in the plasma.

“Physics” Series. 2026, 31, 1(121) 7
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Figure 1. Diffraction pattern of detonation coatings and WC—-Co powder

A comparison of coatings obtained with different barrel filling volumes (64 % and 74 %) shows that
with increasing filling volume; the intensity and clarity of the WC peaks decrease slightly. This indicates an
increase in thermal load, leading to partial recrystallization and the formation of internal stresses in the coat-
ing. With a smaller filling volume (64 %), the structure is closer to the original, with more pronounced WC
peaks, confirming the preservation of the phase composition and minimization of thermal stress.

Figure 2 shows a cross-section of the WC-Co coating at a filling volume of the barrel of the CCDS
2000 detonation complex.

Thickness: 136.12+8.16 pm
Porosity: 2.37£0.21%

Figure 2. Cross-sectional morphology of WC—Co detonation coatings with a barrel filling volume of 64 %

The cross-sectional morphology of the WC—Co coating, produced by detonation spraying at a barrel fill
volume of 64 %, reveals the formation of a dense structure with a uniform thickness of approximately 136
pm. The BSE image clearly shows a distinct substrate—coating boundary, free of microcracks and defects,
indicating high adhesion. EDS mapping reveals a uniform distribution of tungsten, carbon, and cobalt
throughout the coating. This structure indicates stable detonation spraying and effective fusion of WC-Co
particles, ensuring the formation of a dense and uniform protective layer.

The cross-sectional morphology of the WC—Co detonation coating at a barrel fill volume of 74 %
demonstrates the formation of a denser and more uniform layer compared to the 64 % regime (Fig. 3). The
coating thickness increases to ~161 um, while porosity decreases, indicating more complete melting and
compaction of the particles under conditions of increased barrel fill volume. The BSE image shows a uni-
form lamellar structure without pronounced defects, and the interface between the substrate and the coating
remains smooth and well-welded. EDS mapping results confirm a uniform distribution of the main ele-
ments — W, C, and Co — throughout the coating volume, without localized zones of WC enrichment or
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degradation. The absence of Fe diffusion into the coating layer indicates the absence of overheating and a
stable thermal regime. Overall, the coating obtained at a barrel fill volume of 74 % is characterized by high
density, good adhesion, and an optimal microstructure for operation under conditions of intense wear.

WC-C; coating
(filling volume 74%)

Co-Ka

Thickness: 161.01+12.88 pm
Porosity: 1.96+0.17 %

——|EEa GE —
SErTil |

Figure 3. Cross-sectional morphology of WC—Co detonation coatings with a barrel filling volume of 74 %

Figure 4 shows the results of tribological tests of WC-Co detonation coatings at barrel fill volumes of
64 % and 74 %. Both coatings were tested in four different modes.

086

0,5+

0.4 - [——F=10N, v= 10 cm/s
F=15N, v= 10 cm/s
F=15 N, v=5cm/s

-F=10N,v=5cm/s |

0.3 4
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Ox axis — friction path, m; Oy axis — friction coefficient

Figure 4. Results of tribological tests of WC—Co detonation coatings
with a barrel filling volume of 64 % (a) and 74 % (b)

The friction coefficient versus friction path curve (Figure 2) shows that the coating obtained at a 64 %
fill volume (left) exhibits more pronounced instability of the friction coefficient and an increased level of
oscillations, especially at low speed (5 cm/s) and a load of 10 N, where the coefficient reaches maximum
values of ~0.47-0.52. This indicates a less dense structure and increased sensitivity to local surface
microroughness. At the same time, the coating at 74 % fill volume (right) exhibits more stable behavior: the
amplitude of friction oscillations is noticeably lower, and the average friction coefficient for all load and
speed modes remains in the range of 0.47-0.49 without sharp jumps. This stability is explained by the higher
density and lower porosity of the coating, which reduces the likelihood of local deformation and promotes
the formation of a more uniform contact pair. Thus, increasing the barrel filling volume to 74 % improves
the wear resistance and friction stability of the WC—Co coating due to a denser and more uniform structure.

Table 1 presents the results of tribological tests of WC—Co detonation coatings with a filling volume of
64 % and 74 %. The test parameters varied from 10 N to 15 N load and from 5 cm/s to 10 cm/s sliding speed.
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Table 1
Results of tribological tests

Sample Test parameters CoF Wear intensity, W, x10~*, mm?/(m-N) V, mm?®
F=10 N, v=5 cm/s 0.468 7.546 4.0044
F=10 N, v=10cm/s 0.475 12.7 6.7431

| 0, !
WC-Co64% F=15N, v=5 cm/s 0.471 6.908 6.1104
F=15N, v=10 cm/s 0.528 7.511 5.9800
F=10 N, v=5 cm/s 0.486 8.327 4.4188
F=10 N, v=10cm/s 0.473 7.154 3.7968

| 0, !
WC-Co 74 % F=15N, v=5 cm/s 0.490 7.194 5.7262
F=15N, v=10 cm/s 0.477 4.162 3.3135

The tabulated data show how friction loading parameters affect the tribological properties of WC-Co
coatings produced with different barrel fill volumes. For a coating with a 64 % fill volume, the friction coef-
ficient ranges from 0.468 to 0.528, accompanied by relatively high wear intensity (6.908—
12.7x10* mm?*/(m-N)) and increased worn surface volume (4.004—6.743 mm?®). Increasing the barrel filling
volume to 74 % results in a comparable friction coefficient (0.473-0.490), but significantly reduces the wear
intensity to 4.162-8.327x10* mm?/(m-N) and the wear volume to 3.313-5.726 mm®. Thus, increasing the
filling volume to 74 % results in a denser, more wear-resistant coating structure, leading to a significant re-
duction in wear volume and area under similar friction conditions.

Conclusion

Based on the results obtained, the following findings and conclusions were made:

— The cross-sectional morphology of the WC—Co coating at 64 % and 74 % barrel fill rates demonstrate
a uniform and dense structure. It is evident that the coating thickness at 74 % (~161 um) is greater than at
64 % (~136 um). The SEM image clearly shows a distinct substrate—coating boundary, free of microcracks
and defects, indicating good adhesion. EDS mapping demonstrates that the elements confirm a uniform dis-
tribution of the main elements — W, C, and Co throughout the coating, without localized zones of WC en-
richment or degradation.

— X-ray diffraction analysis of detonation coatings and WC—-Co powder revealed the presence of prima-
ry peaks corresponding to the WC phase in both the original powder and the coatings. The absence of W,C
and metallic W phases indicates that no thermal decomposition of WC occurred under the selected condi-
tions, and, therefore, the spraying process occurred under optimal conditions for temperature and particle
residence time in the plasma.

Tribological testing revealed that the friction coefficient in all conditions was approximately 0.5. This
demonstrates the wear-resistant properties of WC—Co coatings. However, the coatings obtained at 74 % bar-
rel fill demonstrated a more stable friction coefficient-distance curve.

Thus, the obtained data show that detonation coatings obtained at 74 % barrel filling have a denser
structure and improved tribological characteristics compared to coatings obtained at 64 %.
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K.b. Carnonnuna, JI.I'. Cynto6aesa, /I.b. byiiTkeHoB,
A.b. Hobnonnuna, C.JI. bonatos, J[.K. Capxanos

JMeTonanusibIK OYpKy pexuminiH WC-Co kaObIHIaPbIHBIH
KYPbLIBIMbI ME€H TPHOOJIOTHSIIBIK KacHeTTepine acepi

Makanana OKmaHabl TONTHIPY Kenemi 64 % xone 74 % OGonatbin WC—Co AeTOHAIMSIBIK KaObIHIAPBIHBIH
KYPBUIBIMBI MEH TPUOOJIOTHSUIBIK CHIHAKTApBIHBIH 3epTTey HoTiKenepi kenTipinreH. WC—Co kaOBIHBIHBIH
peHTreHmiK aupaKIMsIIbIK Talfaybl ICTOHAMSIBIK OypkymeH keitin karbiMceiz Co xoHe W,C
HIBIHIAPBIHBIH KONBLUIATHIHBIH KOPCETTi. MOP(OIOTHUSITBIK Tanaay KOPCeTKeHIeH, NeTOHAIMSIIBIK OKITAHHBIH
64 % xoHe 74 % TONTHIPHUTYBIMEH YKaObIHAAp COHKeCiHIIe KalbIHABIFBI 136 MkM sxone 161 MkM 6oiaThIH
TBIFBI3 KYpbUIbIMFa He Oomnmel. DJIC-HBI KapTara TYCIpy SJIEMEHTTEPIiH OipKeNKi TapadyblH KOPCETTi.
KanramaHbIH TpHOOIOTHSIIBIK, CBIHAKTAPHI YATLIEpAiH Yiikenic koddduumenti 74 % ymin 0,48-nen 0,53-xe
neiiin xaHe 64 % ymin 0,55-0,57 apanerpiHaa OOIFaHBIH KOPCETTI. AJBIHFAH HOTIDKENIEpre CYHEeHe OTHIPHII,
JETOHAMSUIBIK OYpKy apkKpUIbl To3yra TesimMai WC—Co xaObIHIApBIH aXyIblH OHTAMIBI TEXHOJOTHSUIBIK
PEXKMMI aHBIKTAJIIbL.

Kinm coe30ep. neronammsisik Oypky, WC—Co xaOsiHAapbl, TpHOOIOTHS, Ka0bIHAAP, MUKPOKYPBUTBIM

K.b. Carnonnuna, JI.I'. Cynto6aesa, /I.b. byiiTkeHoB,
A.b. Hobuonnuna, C. 1. bonatos, JI.K. CapxaHnoB

Bunsinne pexuMa 1eTOHAIIHOHHOTO HANIBLICHUSA
HA CTPYKTYPY M TpuOOI0rnyecKkue cBoiictea nokpbiTuii WC-Co

B craTthe mpencraBieHB! pe3ynbTaTHl MCCIEIOBAHUS CTPYKTYPHI M TPHUOOIOTHYECKHE HCIBITAHHS IETOHA-
1oHHBIX TOKpBITHH WC—Co npu o6beme 3amonaerus ctBona 64 % u 74 %. PerrrenonudpakmoHHbIi aHa-
3 nokpeituii WC—Co BBISBIII, UTO TIOCTE ACTOHAIMOHHOTO HANBUICHHS MCYE3aI0T HEeXKeIaTeNbHbIE ITHKI
Co u W,C. Mopdonornieckuii aHaau3 mokasai, 4yTo IMPpH 3aM0JHSHUH JETOHAIHOHHOTO cTBoMa 64 % u 74 %
MOKPBITHS HMMENU IUIOTHYIO CTPYKTYpy ¢ ToiamuHOH 136 MxM u 161 MM coorBercTtBeHHO. JDJIC-
KapTHPOBaHHUE MOKa3aJ0 paBHOMEpPHOE pacrpeneieHue 3i1eMeHToB. [1o pe3ynprataM TPHOOIOTHYECKHX HC-
NBITAaHUH TOKPBITHH BBIIBICHO, YTO KO3 QHIMEHT TpeHus obpasuoB Bapbuposancs ot 0,48 mo 0,53 mms
74 % wu ot 0,55-0,57 nmst 64 %. Ha ocHOBe NMOyYeHHBIX pe3yNbTaTOB OBUT YCTAaHOBIECH ONTUMAIBHBIA TeX-
HOJIOTHYECKUH PeXuM JUIs HOJTydeHUsT H3HOCOCTOWKOro mokpeitis WC-Co MeTonoM JeTOHAIMOHHOTO Ha-
MBUICHUSL.

Knioueswie crosa: neronarmonHoe HanbuieHHe, WC-Co MOKPEITHS, TPUOOJIOTHSI, TOKPBITUS, MUKPOCTPYKTY-
pa
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Molecular Study of Cadmium Sulfide and Graphene Oxide Interfaces
for Photocatalytic Water Splitting Using Sunlight

This study presents a molecular-level investigation of the interaction between cadmium sulfide (CdS) and
graphene oxide (GO) for photocatalytic water-splitting applications. Density functional theory (DFT) calcula-
tions were carried out using the LC-oPBE functional and LANL2DZ basis set in the implicit water model
(IEFPCM) to optimize the geometry and study the interface properties. The optimized CdS structure exhibits
a stable tetrahedral Cd-S configuration, whereas the CdS-GO composite exhibits strong interfacial bonding
through Cd-O and S-O interactions supported by charge redistribution across the interface. Reduction density
gradient (RDG) and non-covalent interaction (NCI) analyses reveal the presence of significant weak interac-
tions, including van der Waals forces, hydrogen bonding, and Cd-O coordination, which stabilize the compo-
site. The visualization of the blue regions in the NCI and RDG plots indicates attractive non-covalent forces
that strengthen electronic coupling and charge transfer between CdS and GO. These results confirm that GO
acts as an efficient electron acceptor, suppresses the recombination of photogenerated carriers, and enhances
photocatalytic efficiency. The combined structural and electronic insights from this work highlight the crucial
role of non-covalent interactions in regulating photocatalytic performance. The results of the study provide
valuable theoretical guidance for the design of stable and efficient CdS-GO-based nanostructures for sustain-
able hydrogen energy production via solar-powered water splitting.

Keywords: Cadmium sulfide, graphene oxide, photocatalysis, water splitting, hydrogen energy

*Corresponding author: Aldongarov, Anuar, enu-2010@yandex.kz

Introduction

The increasing global demand for clean and sustainable energy has accelerated research into renewable
sources capable of reducing dependence on fossil fuels while minimizing environmental impact. Among var-
ious renewable energy technologies, photocatalytic water splitting has emerged as a promising method for
hydrogen production, providing a clean and efficient way to directly convert solar energy into chemical
fuels [1]. In this context, the development of efficient, stable, and cost-effective photocatalysts remains one
of the most pressing issues in increasing solar-powered hydrogen production.

Cadmium sulfide (CdS) has been extensively studied as a visible-light responsive semiconductor
photocatalyst because of its narrow band gap (=2.4 €V) and strong absorption in the visible spectrum. These
features allow CdS to effectively utilize sunlight for water splitting processes [2, 3]. However, its practical
implementation is limited by two major limitations: (i) the rapid recombination of photogenerated electron-
hole pairs, which significantly reduces the photocatalytic efficiency, and (ii) photocorrosion upon continuous
irradiation, which compromises structural stability. Therefore, measures to improve charge separation and
reduce photocorrosion are essential for improving the overall performance of CdS-based photocatalysts. To
overcome these limitations, the combination of CdS with graphene oxide (GO) has attracted considerable
interest. GO has a two-dimensional layered structure, a large specific surface area, and excellent electrical
conductivity, which allows it to serve as an efficient electron acceptor and carrier [4, 5]. When combined
with CdS, GO facilitates the migration of photogenerated electrons from CdS to the conductive surface, re-
duces electron-hole recombination, and extends the lifetime of charge carriers. Moreover, the oxygen-
containing functional groups on the GO surfaces provide effective anchoring sites for CdS nanoparticles,
leading to strong interfacial bonding and enhanced structural stability.
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Understanding the molecular structure of CdS-GO interactions is crucial for the rational optimization of
photocatalytic systems. Electronic coupling, charge transport channels, and surface functional groups signifi-
cantly affect the efficiency of photocatalytic processes. Although numerous experimental studies that have
revealed enhanced activity in CdS-GO composites, a complete theoretical understanding of their interfacial
electronic structures, charge localization, and bonding properties remains limited [6, 7]. Consequently, mo-
lecular-level studies combining quantum chemistry and density functional theory (DFT) methodologies are
needed to uncover the fundamental mechanisms governing charge transport and photocatalytic effects.

This study focuses on the molecular-level study of CdS-GO interfaces for photocatalytic water splitting
applications. We use DFT calculations to investigate the geometric, electrical, and interfacial properties of
CdS nanostructures with different morphologies (rod-like and cluster-type) in the presence of water mole-
cules. The results of the study demonstrate the importance of interfacial charge redistribution, orbital hybrid-
ization, and water interactions in determining photocatalytic efficiency. These studies not only improve our
understanding of CdS-GO interactions at the atomic level but also provide useful guidance for the rational
design of next-generation photocatalysts for sustainable hydrogen energy production.

Methodology

All guantum chemistry calculations were performed with Gaussian 16 software package, and structural
visualization and analysis were performed with GaussView 6. To accurately describe the electronic charac-
teristics of the cadmium-containing systems, the LANL2DZ effective nuclear potential basis set was used,
which provides a reliable balance between computational efficiency and accuracy for heavy atoms [8-10].
The long-range corrected LC-oPBE functional was chosen to better describe the electronic excitation and
charge transfer behavior in photocatalytic systems.

The self-consistent reaction field (SCRF) method was used in conjunction with the integral equation
formalism polarizable continuum model (IEFPCM) to model the aqueous photocatalytic environment, with
water as the solvent. Geometry optimizations were performed in an aqueous solution state to account for the
effects of solvent polarization and stabilization on the electronic structure. Initially, a pure CdS nanostructure
was optimized in aqueous solution to achieve a stable geometry and to determine its frontier molecular orbit-
als, charge distribution, and electrical properties. Subsequently, a composite model of CdS and graphene ox-
ide (CdS-GO) was constructed by anchoring graphene oxide to the CdS surface. This model was also opti-
mized using the same solution conditions to ensure a fair comparison between the isolated and composite
systems.

Post-optimization studies, including molecular orbital (MO) visualization, electron density difference
(EDD) mapping, and charge transport evaluation, were performed using the Multiwfn software. These stud-
ies provided detailed information about the electrical interactions, interfacial charge redistribution, and
photocatalytic efficiency of the CdS-GO system in aqueous media.

While this cluster-based DFT study provides valuable atomic-scale insights into CdS-GO interfacial
stability, charge redistribution, and non-covalent interactions supporting reduced recombination, it has inher-
ent limitations. Molecular cluster models optimized in Gaussian 16 (LC-PBE/LANL2DZ/IEFPCM) excel at
local bonding and frontier orbital analysis but underestimate bandgaps (~2.4 eV predicted vs. experimental
2.4-2.7 eV for CdS) and cannot generate density of states (DOS/PDQOS), band structure diagrams, or explicit
excitation dynamics, which require periodic DFT treatments for extended semiconductor systems. Conse-
guently, detailed electron-transfer pathways and illumination effects remain qualitative inferences from elec-
tron density differences and NCI plots. Future investigations will utilize periodic DFT codes (e.g., VASP
with HSEOQ6 functionals) on slab models to quantify band alignment, DOS contributions from CdS/GO orbit-
als, and time-dependent charge carrier dynamics, fully elucidating the photocatalytic mechanism for water
splitting.

This cluster-based DFT investigation (Gaussian 16, LC-PBE/LANL2DZ/IEFPCM) successfully opti-
mized CdS and CdS-GO cluster models exceeding 100 atoms, revealing key interfacial Cd-O/S-O bonding
and non-covalent interactions via RDG/NCI analyses. However, the large system size rendered frequency
calculations computationally intractable, precluding accurate Gibbs free energy changes (AG) for interface
formation and binding energy quantifications. Work function determinations similarly demand periodic
treatments to establish Fermi level alignments. While frontier orbital shifts qualitatively indicate favorable
charge separation, these energetic metrics remain unavailable from molecular cluster approaches. Future
work employing periodic DFT codes (e.g., VASP/Quantum ESPRESSO with HSEQ6 functionals) on opti-
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mized slab supercells will compute binding energies, AG_interface, work functions (®), DOS/PDQOS, and
band alignments to comprehensively validate the photocatalytic enhancement mechanism.

Results and Discussion

Figure 1 presents the optimized geometries of (a) cadmium sulfide (CdS) and (b) CdS-graphene oxide
(GO) obtained from DFT calculations using the LC-oPBE functional and LANL2DZ basis set within the
implicit agueous environment. The optimized CdS nanostructure exhibits a well-defined tetrahedral coordi-
nation between the cadmium and sulfur atoms, maintaining bond lengths consistent with experimental data
(=2.52 A). This geometry provides a stable electronic configuration suitable for visible light absorption.
When CdS is combined with GO, a significant structural rearrangement occurs at the interface. Oxygen-
containing groups (hydroxyl and epoxide) on the GO surface establish weak interactions with the surface Cd
and S atoms, forming Cd-O and S-O bonds, which increase the interface stability.

The CdS nanoparticles are attached to the GO sheet by electrostatic attraction and partial orbital over-
lap, which ensures efficient charge exchange between the two components. In addition, the slight distortions
in the Cd-S bond angles near the interface indicate the redistribution of electron density due to hybridization
with the m-conjugated network of GO. Overall, the optimized CdS—-GO structure exhibits improved interfa-
cial bonding and stability compared to pure CdS. This structural configuration provides an excellent envi-
ronment for the separation of photogenerated charge carriers, supporting the potential of the CdS—-GO com-
posite as an efficient photocatalyst for solar-powered water splitting applications.
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Figure 1. Optimized structures of (a) cadmium sulfide (CdS),
(b) graphene oxide bonded to cadmium sulfide (CdS—-GO)

Figure 2 shows the reduced density gradient (RDG) isosurfaces of (a) pure CdS and (b) implicit water
CdS-GO composite. RDG analysis serves as a powerful tool for visualizing and distinguishing weak non-
covalent interactions such as van der Waals forces, hydrogen bonding, and steric repulsion based on electron
density and its gradient. In the CdS system, the RDG map mainly shows green regions between Cd and S
atoms, which correspond to weak van der Waals type interactions and indicate the uniformity and density of
the crystal structure. However, when CdS is bound to GO, the RDG isosurface shows new blue and light
green regions located at the CdS—GO interface. The blue regions represent attractive interactions such as hy-
drogen bonding between hydroxyl or epoxy oxygen atoms on GO and surface sulfur atoms on CdS.

These interactions play an important role in stabilizing the composite and improving the interfacial
charge transport. In addition, the weak red regions indicate weak steric repulsion due to atomic proximity at
the bonding sites. The presence of multiple types of interactions confirms the synergistic nature of the CdS—
GO hybrid system, where both physical adsorption and weak chemical bonding contribute to strong interfa-
cial adhesion. Thus, the RDG analysis provides clear evidence of non-covalent stabilization and effective
charge redistribution at the CdS—-GO interface, which are important factors in enhancing the photocatalytic
performance.

“Physics” Series. 2026, 31, 1(121) 15



Zh.Y. Baitassova, |.S. Irgibaeva et al.

RDG (a.u)
RDG (a.u)

-0.04
003}
-0.02
-0.01
0.02
0.03 |
0.04
0.0

o =
e 9
o

-0.05
-0.04
-0.03 | -
-0.02
-0.01

o b o o @ -4 w
e o © © <9 2 =
o o (=] (=] o OI
sign(Ap)p (a.u.) sign(A)p (a.u.)

Figure 2. Radial density gradient (a) cadmium sulfide, (b) graphene oxide bonded to cadmium sulfide

Figure 3 shows the non-covalent interaction (NCI) plots of (a) CdS and (b) CdS—GO composite. The
NCI analysis complements the RDG results by providing quantitative and visual insights into the strength
and nature of the intermolecular interactions. For pure CdS, the NCI surfaces mainly show green isosurfaces,
indicating weak van der Waals forces within the Cd-S framework. These interactions maintain the structural
integrity of the semiconductor lattice but contribute minimally to charge delocalization. When the CdS-GO
interface is formed, the NCI plot shows prominent blue and cyan regions at the interface between the CdS
and GO layers.

Figure 3. Bonding representation of (a) cadmium sulfide, (b) graphene oxide bonded to cadmium sulfide

The blue regions correspond mainly to strong attractive interactions arising from Cd-O coordination
and hydrogen bonding between the GO oxygen functions and the CdS surface atoms. The cyan and light
green regions represent weak dispersion forces that further enhance the interfacial adhesion. Such multiple
non-covalent interactions promote efficient electronic coupling, facilitating the rapid migration of electrons
from the CdS to the GO surface. This interfacial charge exchange effectively reduces electron—hole recombi-
nation and improves the photocatalytic efficiency under visible light. The NCI results confirm that the CdS—
GO system achieves an optimal balance between stability and electronic coupling through a combination of
weak and moderately strong non-covalent forces, making it a promising material for solar-driven hydrogen
evolution.

The optimized structures together with the reduced density gradient (RDG) and non-covalent interac-
tion (NCI) analyses provide a comprehensive understanding of the interfacial behavior between CdS and
graphene oxide (GO) in aqueous media. Figure 1 shows that pure CdS exhibits a well-ordered tetrahedral
Cd-S network that conforms to a typical wurtzite-like configuration. Although this structure maintains elec-
tronic stability, it remains prone to rapid electron-hole recombination during photocatalytic reactions. When
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CdS interacts with GO, the optimized CdS-GO structure exhibits pronounced Cd-O and S-O bonds at the
interface, indicating the formation of chemical and non-covalent bonding regions. Oxygen-containing groups
on the GO surface, including hydroxyl and epoxy functions, facilitate the strong attachment of CdS nanopar-
ticles, which improves interfacial stability and efficient charge migration pathways.

As shown in Figure 2, RDG analysis provides visual evidence of weak non-covalent interactions that
contribute to interfacial stabilization. In pure CdS, the green RDG isosurfaces mainly reflect weak van der
Waals forces within the Cd-S framework. However, the CdS-GO composite exhibits a combination of blue
and light green regions localized at the interface, confirming the coexistence of attractive (hydrogen bonding
and Cd-O interactions) and dispersive forces. These interactions effectively reduce electron-hole recombina-
tion by creating energetically favorable pathways for electron transfer from CdS to the conductive GO sur-
face. The blue regions near the interface represent charge delocalization regions, which play a particularly
important role in enhancing photocatalytic efficiency.

The NCI plots in Fig. 3, which complement the RDG results, further illustrate the nature and distribu-
tion of weak interactions. While pure CdS exhibits uniform van der Waals contacts in its lattice, the CdS-GO
system exhibits intense blue and cyan isosurfaces at the interface, indicating strong attractive non-covalent
forces. The overlap of these regions with the Cd-O and S-O bond sites indicates significant orbital hybridiza-
tion and interfacial charge coupling. The combined effect of hydrogen bonding, Cd—O coordination, and dis-
persion interactions ensures the structural integrity of the composite and facilitates charge separation and
transport upon illumination.

A comparison of Figures 1-3 clearly demonstrates that the integration of CdS with GO not only chang-
es the geometric arrangement but also significantly improves the interfacial electronic coupling. The syner-
gistic interaction between CdS and GO, as demonstrated by RDG and NCI analyses, leads to efficient charge
redistribution and reduced recombination losses. Consequently, the CdS-GO interface acts as an effective
heterojunction, enhancing structural stability, high electron mobility, and photocatalytic potential for water
splitting under solar irradiation.

Table 1 summarizes experimental data from literature on CdS-GO (and closely related) composites, fo-
cusing on bandgap tuning, photocurrent enhancement, and H, evolution where available. Pure CdS typically
shows ~2.4-2.7 eV bandgap, reduced in composites due to interfacial effects mirroring our DFT findings of
charge redistribution and Cd-O/S-O bonding. Photocurrent densities improve markedly with GO (e.g.,
6.01 mA/cm? vs. 4.40 without), supporting our predicted electron transfer to GO suppressing recombination.
Limited direct H, rates for CdS-GO were found, but analogous systems confirm viability; our electronic lev-
els align with these trends, affirming the heterojunction's photocatalytic potential. This comparison has been
added post-Results section with discussion [11-15].

Table 1
Comparison of our work with experimental work
Photocurrent
Study Composite Experimental Bandgap (eV) Density Notes
(mA/cm?)
N/A (cluster based DFT calculation, not .
This work (DFT) | CdS-GO | periodic DFT for correct band gap cal- N/A LC'.PII‘D’E/LAN.LZDZ’ mteéfa-
culation) cial narrowing expecte
Irfan et al. (2025) |CdS/MoS,- Solvothermal; ternary structure
[11] GO Reduced vs. CdS N/A bandgap reduction
Lietal. (2015) CdS-based (2.7 (pure CdS); decreases with additives N/A UV-Vis; Zn doping effect
[12] analogous to GO
. 6.01 (GO-
Tachlt[)igla etal. c dg/?'l 0 N/A CdS); 4.40 |Photocurrent increase with GO
2 (CdS only)
Khaoula et al. . DFT validation; small gap in
(2024) [14] CdS/GO 0.16 (110 dir.) N/A certain orientations
Patil et al. (2023) Cd_S-GO Decreases with GO content N/A Ultrasonic spray; improved
[15] films optics

Although the present study is theoretical in nature, the obtained results are in strong agreement with ex-
perimental observations reported for CdS-GO composites. In particular, the formation of Cd-O interfacial
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bonds identified in the optimized structures and charge density difference maps provides a direct explanation
for the XPS binding energy shifts toward higher Cd 3d energies commonly observed after GO incorporation,
which are typically attributed to Cd-O coordination. The enhanced electronic coupling between CdS and
graphene oxide, evidenced by orbital hybridization and interfacial charge redistribution, is consistent with
experimentally reported red-shifts and absorption edge broadening in UV—-Vis spectra of CdS-GO compo-
sites. Such optical changes originate from the modification of the electronic structure and improved charge-
transfer pathways at the heterointerface [11-15]. Moreover, the strong suppression of electron—hole recom-
bination predicted by the NCI and RDG analyses offers a molecular-level explanation for the pronounced
photoluminescence (PL) quenching frequently observed in CdS-GO systems. The calculated electron trans-
fer from CdS to GO confirms the role of graphene oxide as an efficient electron acceptor, which prolongs
charge carrier lifetimes and enhances photocatalytic activity [16—20]. The present DFT-based analysis pro-
vides a coherent theoretical framework that rationalizes key experimental signatures—including XPS shifts,
optical absorption changes, and PL quenching—thereby reinforcing the experimental relevance and predic-
tive capability of the proposed CdS-GO interface model.

A major limitation of pristine CdS photocatalysts is their susceptibility to photocorrosion under pro-
longed illumination, which originates from the accumulation of photogenerated charge carriers and subse-
quent oxidation of sulfide ions. The incorporation of graphene oxide plays a critical stabilizing role by modi-
fying the interfacial electronic structure and facilitating efficient charge separation.

In the present study, the formation of Cd-O interfacial bonds and the pronounced charge transfer from
CdS to GO, as revealed by charge density difference, RDG, and NCI analyses, indicate the existence of
strong electronic coupling at the heterointerface. This coupling enables GO to act as an effective electron
reservoir, rapidly extracting photogenerated electrons from CdS and thereby suppressing surface redox reac-
tions responsible for photocorrosion.

Experimental studies have consistently reported enhanced photostability of CdS—-GO composites com-
pared to bare CdS, with reduced sulfur oxidation and prolonged catalytic activity under visible-light irradia-
tion. The theoretical results obtained here provide a molecular-level explanation for these observations,
demonstrating that interfacial charge delocalization and non-covalent stabilization significantly mitigate deg-
radation pathways.

Therefore, beyond improving charge transport and photocatalytic efficiency, the CdS—-GO interface also
contributes to structural and chemical stability, making this composite system more suitable for long-term
solar-driven water-splitting applications.

Conclusion

In this work, density functional theory (DFT) was used to investigate the interfacial interactions, charge
redistribution, and stability of cadmium sulfide (CdS) and graphene oxide (GO) composites in the context of
photocatalytic water splitting. The optimized geometries showed that pure CdS exhibits a strong tetrahedral
configuration with uniform Cd-S bonds, while the CdS-GO composite exhibits distinct Cd-O and S-O bonds
in the interfacial bonding, confirming the formation of strong interfacial bonds. This structural rearrangement
improves both mechanical stability and electronic coupling between the semiconductor and the carbon sup-
port.

Reduced density gradient (RDG) and non-covalent interaction (NCI) analyses provided insight into the
nature of the bonding at the CdS-GO surface. The blue and green isosurfaces identified in these analyses cor-
respond to attractive non-covalent forces such as hydrogen bonding and van der Waals interactions, respec-
tively. These interactions not only stabilize the heterojunction but also serve as conductors for electron
transport through the interfacial bond. The observed charge redistribution indicates that electrons preferen-
tially transfer from CdS to GO, which allows for efficient separation of photogenerated electron-hole pairs
and reduced recombination losses.

Such favorable electronic interactions directly contribute to the improvement of photocatalytic perfor-
mance under visible light irradiation. GO acts as a conductive bridge, promoting electron transport and ex-
tending the lifetime of photogenerated carriers. Thus, the synergy between CdS and GO results in an opti-
mized hybrid structure capable of efficiently converting solar energy into chemical energy.

Overall, the study demonstrates that interface engineering through non-covalent interactions plays a
crucial role in determining the photocatalytic behavior of semiconductor-graphene composites. The research
results provide a fundamental understanding of the mechanisms governing charge transfer and stabilization,
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providing a solid theoretical basis for the rational design of advanced CdS-GO-based photocatalysts for sus-
tainable hydrogen production and other solar energy applications.
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JK.bl. baiitacosa, 1.C. Uprubaesa, A.M. Acuinb0ekoBa,
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KyH coyneciMen cyabl (pOTOKATAIMTHKAIBIK bIIBIPATYFA apHAJIFaH
KaaMuii cyabpuai MeH rpadgen okcuai nHTepdeiicTepinin
MOJIEKYJIAJIBIK 3epTTeryi

Makanana (hOTOKaTAINTHKAIBIK Cyasl Oeiry KommaHOamapsl yurH kagMuii cymsdumi (CdS) meH rpaden
okcuninig (GO) e3apa opeKeTTeCyiHiH MOJEKyJIalblK IEHTeHaeri 3epTreyl YCHIHBUIFaH. | eoMeTpHsHBI
OHTaWIAaHIBIPY JKoHE HHTEP(HEHUCTIK KaCHEeTTep i 3epTTey YIUiH THIFBI3ABIK (QyHKIMOHAIABIK Teopuscs! (DFT)
ecenteynepi uMmmuuuTTi ¢y Mmozneni (IEFPCM) iminnmeri LC-oPBE ¢ynkumonanasix sxone LANL2DZ
0a3anbIK JKUBIHTBIFBl MaiiaNaHbUIIBl XKoHE Kypriziani. OHraimangpippuirad CdS KyphUIBIMBI TYPaKThI
terpasapiik Cd-S koudurypauusicein kepcereni, an CdS-GO kommnosuti uHTepdeiic OOMBIHIIA 3apsaAThI
KaliTa GenymeH koinay kepcerinerin Cd-O xoHe S-O e3apa apekerTecyiepi apKbUIbl KyIITi HHTepdeHcTiK
OailimaHbICTEl  KepceTeni. ThIFBIBABIKTEIH ToMeHzAeyl rpamaueHti (RDG) jkoHe KOBalICGHTTI eMmec e3apa
apekertecy (NCI) tampaynapsl KOMIO3UTTI TYpaKTaHABIPATHIH BaH-/ep-Baanbc kynirepi, cyTekTik OaiinaHbIc
soHe Cd-O koopAMHAIMACH! CUSKTHI alTapibIKTall aJICi3 e3apa oapekerTecynepaiy 6ap exeHid kepcereni. NCI
skoHe RDG kapTanapbiHaars! KoK aiiMakTapablH Bu3yanuzanusicsl CdS sxone GO apacklHAAFBI JJICKTPOHIIBIK
0alTaHBICTHI JKOHE 3apsi ajJMAacyblH KYMICHTETiH TapThIMIBI KOBAJCHTTI eMec KymTephai kepceredi. by
HoTwkenep GO THIMAI DIEKTPOH AKLENTOPBl PETIHAE OpEeKeT eTeTiHiH, (OTOreHepauusIaHFaH
TachIMAJIAyIIbUIAPABIH ~ PEKOMOMHAIMACHIH ~ OacaThIHBIH — KOHE  (DOTOKATAJMTHUKAIBIK — THIMIUTIKTI
apTTHIPATBHIHBIH pacTaiifsl. OCBl JKYMBICTAH abIHFAaH KYPBUIBIMIBIK JXKOHE SIEKTPOHIBIK TYCIHIKTEPIiH
OipiKKeH HOTIKeNepi (OTOKATATN3aTOPIBIH KYMBICHIH PETTEYIeri KOBAIEHTTI eMec e3apa dpeKeTTeCyIep i
HeTi3ri peiiH Kepcereni. 3epTTey HOTIKeNlepl KYH DHEpPTUSACHIMEH XYMBIC ICTEHTIH cynpl 06y apKbLIBI
TYPaKTHl CyTeTi SHEPIUACHIH OHIIpY YIIH TypakTsl skoHe THiMAI CdS-GO HeriziHaeri HAaHOKYPBUIBIMIAP B!
ykobanayra apHaJIFaH KYH/IBI TEOPHSUIBIK HYCKAYIIBIK Oepei.

Kinm ce30ep: xanmuii cynbuni, rpader okcui, GoToKaTaus, Cy bIAbIPaTy, CyTeK YHEPTHACH

K.Bbl. baiitacosa, 1.C. Uprubdaesa, A.M. Acuinb0ekoBa,
I'.E. CarsinasikoBa, C.H. IInckyHoB, A.A. AnnoHrapos

MouiekysipHoe ucciaeaoBanue narepgeicos cyabduaa kaamus
U OKcu/a rpadena 1 GoToKaTAIUTHYECKOT0 pacilenieHus: BOAbl
C HCIO0JIb30BAHUEM COJTHEYHOI'0 CBEeTa

B nmannoit pabote mpencraBieHO HCCIeOBaHNE Ha MOJEKYISIPHOM YPOBHE B3aWMOAEHCTBHS Cynbhuma Kai-
must (CdS) u oxcuna rpadena (GO) st GOTOKATATUTUIECKOTO paciieruieHus Boabl. PacdeTs! Teopun QpyHK-
ronana wiotHoctd (DFT) npoBoaumuck ¢ ucnons3oBanueM ¢yrkiponana LC-oPBE u 6asucHoro Habopa
LANL2DZ B nesHoii monenu Boabl (IEFPCM) ans ontumuszanuu reoMeTpuu U U3y4eHHsi CBOHCTB UHTEP-
¢eiica. OnTumuznpoBanHas ctpykrypa CdS neMOHCTpHpyeT CTaOHIBHYIO TETPadAPUIECKyI0 KOH(DUTypaIHio
Cd-S, Torna kak komno3ut CdS-GO aeMOHCTpUPYET MpOUHbIe HHTEP(HENCHBIE CBSI3H MTOCPEACTBOM B3anMO-
neiicteuid Cd-O u S-O, monaepKuBaeMBbIX IepepacpeieieHIeM 3apsaa yepe3 HaTepdeiic. AHaM3 rpaJneH-
Ta wiotHocTH BocctaHoBneHus (RDG) u HekoBanentHoro B3amMopekctsust (NCI) BbIsBuI Hanuaue 3HaTH-
TENBHBIX CAOBIX B3aMMOJECHCTBUIL, BKIIIOUas ciuibl BaH-nep-Baansca, BomopoaHble CBSI3M U KOOPIUHAINIO
Cd-O, xoTopble CTaOMIM3UPYIOT KOMIIO3UT. Busyanusaius cuHux obiacreii Ha rpadukax NCI u RDG yka-
3bIBACT HA HEKOBAJICHTHBIC CUJIBI IIPUTSIKEHUSA, KOTOPHIC YCUIIMBAIOT DJIEKTPOHHOE BSaHMOﬂeﬁCTBHe U nepe-
Hoc 3apsza mexay CdS u GO. Dtu pesynpTaThl HOATBEpkAAIOT, yTo GO nelicTByeT kak 3pdeKTHBHBIA ak-
LIENTOP JIEKTPOHOB, MOJABIAET PEKOMOMHAIMIO (POTOreHEepHPOBAHHBIX HOCHTENeH 1 MOBbIIaeT 3¢ (HeKTHB-
HOCTb (bOTOKaTaHHTI/IquKOFO npouecca. COBOKyHHOCTb CTPYKTYPHBIX U 3JICKTPOHHBIX JaHHBIX, ITOJTYUYCHHBIX
B XOJIe JaHHOW paboTHI, MOAYEPKHUBAET PEIIAIONIYI0 POJIb HEKOBAJIEHTHBIX B3aHMOAEHCTBHI B pPeryIHpoBa-
HUN (OTOKATATHTHYECKUX XapaKTePUCTUK. Pe3ynbTaTsl MCCleIOBaHMS JAIOT IEHHOE TEOPETHIECKOe PyKO-
BOJICTBO IJISI pa3pabOTKH CTaOMIBHEIX B 3P ()EeKTHBHBIX HAHOCTPYKTYp Ha ocHoBe CdS-GO st ycroianBoro
MPON3BOJICTBA BOAOPOA I[yTeM PACIIEIUICHUS BOJIBI C IIOMOIIBIO COTHEYHOH YHEPTHN.

Knouegvie ciosa: cynbbun kaamusi, okcug rpadena, GoTokaTtanus, paciieluieHue BOIbI, BOJAOPOAHAS dHEP-
reTuKa
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Incorporating TiO, Nanoparticles to Enhance Corrosion Resistance,
Cytocompatibility of PEO Calcium—Phosphate Coatings on Titanium

Titanium and its alloys are widely used in biomedical implants due to their favorable mechanical properties
and corrosion resistance; however, their natural surface lacks sufficient bioactivity. Micro-arc oxidation is a
promising approach to producing bioactive coatings, and the incorporation of nanoparticles such as TiO, may
further improve their functionality. This study aimed to determine the optimal TiO, nanoparticle
concentration in the micro-arc oxidation electrolyte that ensures coating stability and biological safety.
Calcium—phosphate coatings were fabricated on commercially pure titanium using micro-arc oxidation with
two TiO, concentrations: 0.5 wt.% (MAO 1) and 1 wt.% (MAO 2). Surface morphology, porosity, and phase
composition were analyzed by scanning electron microscopy, energy-dispersive spectroscopy, and X-ray
diffraction. Corrosion resistance was evaluated via potentiodynamic polarization in NaCl and Ringer’s
solutions, while biocompatibility was assessed in vitro using HOS human osteosarcoma cells and MTT
assays. Increasing the TiO, content to 1 % decreased coating porosity (13.7 % vs. 26.3 % for MAO 1),
enhanced corrosion protection, and reduced the friction coefficient compared to bare titanium. However,
MAO 2 exhibited high cytotoxicity (81 % cell death) and partial structural degradation in the biological
medium. MAO 1 maintained integrity and showed no toxic effects (3 % cell death). These results suggest that
0.5% TiO, is the optimal concentration, providing a balance between corrosion resistance, mechanical
stability, and biocompatibility, supporting the development of safer implant coatings.

Keywords: micro-arc oxidation; titanium; TiO, nanoparticles; corrosion; biocompatibility; cytotoxicity

*Corresponding author: Serikbaikyzy, Ainur, ainura.serikbaikyzy@gmail.com

Introduction

Titanium and its alloys are among the most widely used materials in modern medicine due to their high
corrosion resistance, low density, favorable mechanical properties, and good bioinertness under physiologi-
cal conditions [1, 2]. However, the natural surface of titanium has several limitations, such as low wear re-
sistance and limited osseointegration [3, 4]. These factors drive the search for effective surface modification
methods capable of improving the functional characteristics of titanium implants [5].

Various technologies are employed for the surface modification of titanium implants, including anodic
oxidation, plasma spraying, sol-gel methods, laser texturing, ion implantation, and others [6-9]. These ap-
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proaches allow the formation of oxide or bioactive layers that enhance cell adhesion and improve the corro-
sion resistance of the material. However, they also have several limitations, including poor coating adhesion
to the substrate, insufficient porosity that slows down the osseointegration process, and challenges in the
controlled incorporation of functional elements into the layer composition [10, 11]. Micro-arc oxidation
(MADO) is one of the most promising methods for producing bioactive coatings on titanium [12, 13]. During
MAO, a multilayered oxide film with a well-developed porous structure forms on the surface, increasing the
contact area with biological tissues and enhancing osseointegration [14]. The additional incorporation of na-
noparticles of various elements (Ag, Zn, Cu, TiO,, CeO,, etc.) into the coating can impart antibacterial,
osteogenic, and photocatalytic properties [15-17], making MAO a versatile tool for the development of med-
ical implants.

Particular attention has been given to TiO, nanoparticles, which are widely used due to their
bioinertness, photocatalytic activity, and ability to enhance the corrosion and mechanical resistance of coat-
ings [18-20]. However, growing evidence indicates potential toxicological risks associated with the migra-
tion of TiO, nanoparticles from coatings into biological environments. In vivo and in vitro studies have
demonstrated that nanoparticles can penetrate tissues and organs, accumulate in the liver, kidneys, and brain,
and cause oxidative stress, cell membrane damage, and apoptosis [21-24]. These effects depend on the con-
centration, size, and degree of nanoparticle aggregation, as well as the stability of the coating in physiologi-
cal media.

Recent review and experimental studies have confirmed the promising potential of MAQO coatings while
highlighting the need for precise control over the composition and dosage of incorporated ions. For instance,
electrochemical modification of titanium with Zn, Cu, Ag, Sr, and Ce ions via MAO has been shown to en-
hance osteogenic, angiogenic, and antibacterial properties. However, systematic reviews emphasize the risk
of uncontrolled ion release and coating instability during long-term exposure to physiological environments
[25-29].

In vitro studies on cell cultures further underline the dose-dependent nature of TiO, toxicity: high nano-
particle concentrations can induce oxidative stress, DNA damage, and cell cycle disruptions, particularly in
three-dimensional models that mimic in vivo conditions. This highlights the increased cellular sensitivity to
nanoparticle dosage and morphology and underscores the need for a comprehensive analysis of both the
physicochemical and biological properties of such coatings [30, 31].

Despite the widespread use of TiO,-modified coatings in implantology, the mechanisms underlying
their potential cytotoxicity at different nanoparticle concentrations remain unclear. A comprehensive study,
combining physicochemical characterization and biological testing, is required to assess coating stability and
safety for living cells.

The aim of this work is to provide a systematic evaluation of the influence of TiO, nanoparticle concen-
tration in the MAO electrolyte on the morphology, phase composition, corrosion resistance, and cytotoxicity
of calcium—phosphate coatings formed on titanium. The findings of this study are expected to help define
optimal MAO processing conditions that ensure a balance between mechanical and corrosion stability and
biological safety, which is essential for the development of next-generation implantable medical devices.

Materials and methods of experiments

Commercially pure titanium (grade VT1-0) samples with dimensions of 10x10x3 mm were used in this
study. Prior to treatment, the sample surfaces were subjected to mechanical grinding, ultrasonic cleaning in
ethanol, rinsing with deionized water, and sandblasting to remove the native oxide layer and level the sur-
face. Calcium—phosphate coatings were produced by micro-arc oxidation (MAQO) in an aqueous electrolyte
containing 30 % phosphoric acid (HsPO,), 60 g L™ hydroxyapatite (HA), and 90 g L™" calcium carbonate
(CaCOg3). To investigate the effect of TiO, nanoparticle concentration, two electrolyte compositions were
prepared, containing 0.5 % and 1 % TiO, nanoparticles, respectively. Samples obtained under these condi-
tions are hereafter designated as MAO 1 (0.5 % TiO,) and MAO 2 (1% TiO,). In addition to the TiO,-
containing coatings, a control PEO coating was prepared in the same calcium—phosphate electrolyte without
TiO, nanoparticles (denoted MAO 0) to provide a reference for comparison of the morphological and physi-
cochemical properties. We used commercial titanium (IV) oxide nanopowder (anatase phase) purchased
from Aldrich (catalogue No. 637254-50G, Lot No. MKCNO0838). According to the manufacturer’s specifica-
tions, the particles have an average size of <25 nm, a purity of 99.7 %, and the crystalline phase is anatase.
The base electrolyte for micro-arc oxidation was a calcium—phosphate solution consisting of 30 % H3;PO,,
60 g L' hydroxyapatite, and 90 g L™' CaCO,. For the MAO 1 and MAO 2 samples, this same calcium—
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phosphate electrolyte was used, with the only difference being the addition of 0.5 wt.% or 1 wt.% of the TiO,
nanopowder described above. The MAO process was performed using a KP-HI-F-40A600V pulsed power
supply under the following parameters: voltage — 300 V, processing time — 600 s, frequency — 200 Hz,
duty cycle — 15 %, and current density — 0.23-0.35 A/cm?. After treatment, the samples were rinsed with
deionized water and dried at room temperature.

The surface morphology and elemental composition of the coatings were analyzed using a Tescan scan-
ning electron microscope equipped with an energy-dispersive spectroscopy (EDS) detector. Phase composi-
tion was determined by X-ray diffraction (X’Pert PRO, PANalytical, Almelo, The Netherlands). Porosity and
average pore size were quantified based on SEM images using the ImageJ software.

Corrosion resistance was evaluated by potentiodynamic polarization using a CS350M potentiostat-
galvanostat (Corrtest Instruments) with a flat-type corrosion cell (model CS936) in a standard three-electrode
configuration. The working electrode was a coated or uncoated sample with an exposed area of 1 cm?. A sat-
urated Ag/AgCI electrode served as the reference, and a platinum mesh was used as the counter electrode.
Tests were conducted in two media: 3.5 wt.% NaCl and Ringer’s solution at 25 °C. Prior to polarization, the
open-circuit potential (OCP) was stabilized for 30 min. The potential sweep was carried out from —0.25 V to
0.00 V versus Ag/AgCI at a scan rate of 0.5 mV/s. The open surface porosity and pore size were quantified
from plan-view SEM micrographs in ImageJ. After scale calibration images were segmented (Otsu thresh-
old) with watershed separation; edge-touching features and objects < 2 um were excluded. For each condi-
tion, 5 random fields of view were analyzed; the results are reported as mean + SD. Static water contact an-
gles were measured using a goniometer SDA-100 contact goniometer (Qchaida, Dongguan, China, sessile-
drop method (3 uL), at 23 + 1 °C.

Tribological tests were performed using an Anton Paar TRB3 tribometer in a ball-on-disk configuration
in Ringer’s solution. As the counterbody, we used a 6 mm silicon—nitride (SizN4) ceramic ball, supplied with
the instrument, with an applied load of 2 N and a sliding distance of 100 m. The friction coefficient was rec-
orded in real time. SisN, was chosen because it is chemically inert and does not corrode in Ringer’s solution,
allowing the tribological response of the coating itself to be evaluated without interference from the
counterbody.

For cytotoxicity evaluation, 10 samples were prepared (5 from each coating group). The study was car-
ried out using the HOS human osteosarcoma cell line in accordance with 1SO 10993-5 [32]. The cell concen-
tration was 10° cells/mL in culture medium (90 % DMEM, 10 % FBS, antibiotics, and L-glutamine). Sam-
ples were incubated with the cell culture for 24 h at 37 °C, 5 % CO,, and 100 % humidity. A culture without
samples served as the control. After incubation, samples were removed, and 0.5 % MTT solution (NeoFroxx,
Germany) was added and incubated for an additional 4 h, followed by dissolution of the formazan crystals in
10 % dodecyl sulfate in 0.01 M HCI. Optical density was measured using a Multiskan FC spectrophotometer
(Thermo Fisher Scientific, China) at 540 nm with a 630 nm reference. The cytotoxicity index (Cl, %) was
calculated using the following formula:

Cl (%) = (K—-0)/ Kx100 % Q)
where K is the absorbance of the control and O is the absorbance of the sample. Samples were considered
non-cytotoxic when CI < 30 %. Macro- and microscopic images of the surfaces before and after the experi-
ments were taken using a Canon Power Shot A630 digital camera and an ADF 1350 inverted metallographic
microscope after staining fixed cells with a mixture of Azure Il and eosin. Statistical analysis was performed
in RStudio (R) using the Shapiro-Wilk test (with Royston’s correction), Welch’s ANOVA, the Brunner-
Munzel test, and Games-Howell multiple comparisons, with a significance level of p < 0.05. Prior to cell
contact, specimens were rinsed 3x with deionized water (and PBS), then air-dried; after MAO, all samples
were rinsed and dried as described.

Results of the research

Surface Morphology of MAO Coatings

Figure 1 presents the surface morphology of the coatings produced in electrolytes with different TiO,
nanoparticle contents. The MAO 0 surface, obtained without nanoparticle addition, exhibits the typical mi-
cro-arc oxidation (MAO) morphology: a porous layer with rounded discharge craters of various sizes and
relatively smooth, dense pore walls. When 0.5 wt.% TiO, nanoparticles are introduced into the electrolyte
(MAO 1, Figure 1b), the coating retains the characteristic MAO structure but shows a slightly denser ar-
rangement of pores and more uniform pore distribution. Increasing the nanoparticle concentration to 1 wt.%
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produces a surface with reduced total open porosity and partial closure of some discharge channels; the large
craters remain but their number is lower, indicating a more compact oxide layer. XRD analysis confirms the
presence of TiO, signals in both MAO 1 and MAO 2 coatings, demonstrating that the TiO, nanoparticles
become incorporated into the MAO layer during plasma-electrolytic oxidation. The amount of incorporated
TiO, increases with the nanoparticle content in the electrolyte, but no qualitative difference in the type of
incorporated phase is observed. Thus, the main effect of increasing TiO, concentration is a denser, less po-
rous microstructure with a higher level of TiO, incorporation, which can influence the subsequent corrosion
resistance and biological response.
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(a) MAO 0 — coating formed in the calcium—phosphate electrolyte without TiO, nanoparticles,
(b) MAO 1 — coating formed with 0.5 wt.% TiO,, (c) MAO 2 — coating formed with 1 wt.% TiO,

Figure 1. Surface SEM images of the coatings

Phase Composition
Figure 2 presents the X-ray diffraction (XRD) patterns of the untreated titanium surface and the MAO
coatings produced with different TiO, nanoparticle concentrations.
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Figure 2. X-ray diffraction patterns of initial titanium and coatings containing TiO,

For the uncoated titanium substrate, characteristic diffraction peaks of a-Ti are observed at 20 = 35°,
38°, 40°, 53°, and 63°, corresponding to the hexagonal close-packed crystal structure of metallic titanium.
After MAO treatment, additional diffraction peaks appear for both coating types (MAO 1 and MAO 2),
which can be attributed to titanium dioxide phases. Distinct peaks of anatase TiO, are detected at approxi-
mately 20 = 25°, 37°, 48°, and 55°, while rutile peaks are observed to a lesser extent near 20 ~ 27°. This in-
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dicates the formation of an oxide film with a mixed polymorphic composition. Increasing the TiO, nanopar-
ticle concentration in the electrolyte (MAO 2) results in a higher intensity of both anatase and rutile peaks
compared to MAO 1, suggesting a greater amount of crystalline TiO, phases in the coating [33, 34]. The me-
tallic titanium peaks remain visible, which is attributed to partial penetration of the X-ray beam through the
porous coating layer to the underlying substrate. Thus, a higher TiO, nanoparticle content promotes the for-
mation of a coating with enhanced crystallinity and enrichment in the anatase and rutile phases.

Porosity and Pore Size

In aqueous electrolytes, such particles can form loose agglomerates of several hundred nanometers,
which is typical for unmodified TiO, suspensions in near-neutral or weakly alkaline solutions [35]. During
micro-arc oxidation, the local plasma micro-discharges reach transient temperatures of 2000-10,000 K, but
the residence time of individual nanoparticles in the discharge channel is extremely short (micro- to millisec-
onds) and rapid quenching occurs [36]. Numerous studies have shown that TiO, nanoparticles do not melt
completely; instead, they become partially sintered and are incorporated into the growing calcium—
phosphate/TiO, oxide layer as crystalline anatase/rutile phases [37]. Our own XRD and EDS analyses (Fig-
ures 2 and 12) confirm the presence of anatase and rutile peaks in the final coating, demonstrating that TiO,
nanoparticles survive the MAO process and are embedded within the oxide matrix rather than being dis-
solved or lost.
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Figure 3. Porosity and average pore size of MAO coatings formed with different TiO, nanoparticle concentrations

Figure 3 presents the porosity and average pore-size values of the coatings. For the MAO 1 sample, the
total open surface porosity is 26.3 %, with an average pore size of 22.4 um. Increasing the TiO, nanoparticle
concentration to 1 % (MAO 2) reduces the open porosity to 13.7 %, while the mean pore size decreases only
slightly to 19.7 um. SEM observations (Fig. 1) show that a few large discharge craters remain visible on
MAO 2, but their areal density is lower, so that the overall mean pore diameter is marginally smaller. The
reduction in open porosity is attributed to a more intense micro-arc oxidation process and the consequent
densification of the oxide layer, which leads to partial closure of discharge channels [38—40]. Although high
porosity can facilitate osseointegration by increasing the surface area available for cell attachment, excessive
porosity may compromise corrosion resistance and mechanical strength. Thus, a TiO, nanoparticle concen-
tration of 1 % promotes the formation of a denser coating with potentially improved structural stability while
maintaining the characteristic MAO surface morphology.

Coating Thickness (Cross-Sectional SEM)

Cross-sectional SEM micrographs (Fig. 4) reveal the typical duplex MAO structure with a porous outer
layer and a dense inner barrier layer. The coating thickness, determined from three independent measure-
ments on each sample, is about 72+8 pm for MAO 1 and about 12345 pm for MAO 2. Although no statisti-
cal analysis was performed, these values clearly indicate that the coating obtained with 1 wt.% TiO, is mark-
edly thicker than the one produced with 0.5 wt.% TiO,. The increase in thickness can be attributed to the
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higher density and energy of micro-discharges in the electrolyte with a larger amount of TiO, nanoparticles,
which accelerates oxide growth and promotes the formation of a thicker porous layer.

substrate substrate

20kV X250 100pm 0001 1177 35Pa

Figure 4. SEM cross-section images of MAO coatings: (a) MAO 1, (b) MAO 2

20kV X250 100pm 0001 1177 35Pa

A similar increase in coating thickness with a higher TiO, content in the electrolyte was also noted in
the works [41, 42], where it was shown that TiO, nanoparticles increase the conductivity of the electrolyte,
enhance the energy of microdischarges and accelerate the growth of the oxide layer.

Surface Roughness

The surface roughness (Ra) values obtained from contact profilometry shown in Figure 5. The untreated
titanium surface exhibits an average roughness of 3.55+1.5 um, which reflects the initial sand-blasted prepa-
ration. The TiO,-free MAO coating (MAQO 0) shows a comparable Ra of 3.96+1.2 um, indicating that the
micro-arc oxidation process without nanoparticle additives does not substantially change the macro-scale
roughness. In contrast, incorporation of TiO, nanoparticles leads to a slight but measurable decrease:
MAO 1 — 3.054+0.4 ym and MAO 2 — 2.984+0.7 um. This trend is consistent with the SEM observations
(Figure 1), where the coatings containing nanoparticles display partial closure of large discharge channels
and a denser surface. A lower Ra can improve the uniformity of cell attachment while maintaining the char-
acteristic porous microstructure required for osseointegration.
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Initial MAO 0 MAO 1 MAO 2
Figure 5. Surface roughness profiles of the tested samples

Corrosion Behavior

The anodic polarization curves (Fig. 6) demonstrate clear differences in the corrosion behavior of bare
titanium and MAO-coated samples. In 3.5 wt.% NaCl solution (Figure 6a), the corrosion current density
(Icorr) of untreated titanium is 1.48x107> A cm 2, whereas MAO 1 and MAO 2 show markedly lower values
of 3.50x10°° A cm™ and 8.89x10°° A cm?, respectively. Both coatings also exhibit a positive shift of the
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corrosion potential, indicating a slowdown of anodic dissolution processes. Among them, the MAO 2 coating
provides the most pronounced improvement in the chloride medium. In Ringer’s solution (Figure 6b), the
absolute Icorr values for all samples are lower, reflecting the formation of a protective passive TiO, film
promoted by the calcium- and phosphate-containing ions of the medium: 2.27x10° A cm > for bare titanium,
9.68x107 A cm* for MAO 1, and 1.13x10 A cm > for MAO 2. Owing to this strong spontaneous pas-
sivation, the untreated titanium shows a slightly lower Icorr than the MAO coatings. This effect is well
known for titanium in simulated body fluids and represents a temporary passivation phenomenon rather than
superior long-term protection. Importantly, in the more aggressive chloride environment (NaCl), the MAO
coatings, particularly MAO 2, still provide markedly better protection than bare titanium. The superior corro-
sion performance of MAO 2 compared with MAO 1 can be attributed to its lower open porosity (13.7 % vs.
26.3 %), which limits the penetration of aggressive ions, and to the higher crystallinity of the oxide layer
with an increased content of stable TiO, phases [43, 44].
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Figure 6. Polarization curves of the samples: (a) in 3.5 wt.% NaCl solution; (b) in Ringer’s solution

Tribological Performance
Figure 7 shows the evolution of the friction coefficient (i) during ball-on-disk sliding in Ringer’s solution.
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Figure 7. Tribological test results

All samples display an initial running-in stage with a rapid rise in p, followed by a quasi-steady regime.
The untreated titanium and the MAO 0 coating (formed without TiO, nanoparticles) exhibit the highest
steady-state friction coefficients, stabilizing at about 0.55-0.60 and 0.50-0.55, respectively. For the TiO,-
containing coatings the friction levels are lower overall: MAO 1 reaches approximately 0.46-0.50, while
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MAO 2 remains in the range 0.38-0.42 throughout the test. It should be noted that, at longer sliding distanc-
es, the p value of MAO 1 slightly exceeds that of the untreated reference, which we have now stated explicit-
ly; this reflects the combined effect of its relatively high open porosity and the formation of a stable
tribolayer rather than any measurement artifact. The progressive reduction of p from MAO 0 to MAO 2 cor-
relates with the decrease in open surface porosity and the more compact microstructure (Fig. 3), which favor
better retention of the lubricating medium and reduce adhesive interactions with the SisN, counterbody.
Thus, the incorporation of TiO, nanoparticles, particularly at 1 wt.%, results in coatings with improved
tribological behavior compared to both untreated titanium and MAO 0.

In the revised manuscript, Figure 8 presents SEM micrographs of the wear tracks formed after
tribological tests in Ringer’s solution. The width of the wear scars is approximately 1.2-1.4 mm for all coat-
ings. The MAO 0 surface shows a relatively rough track with visible micro-grooves, typical of abrasive
wear. In contrast, MAO 1 and MAO 2 coatings exhibit smoother tracks without signs of delamination, indi-
cating that the oxide layer remained stable under sliding conditions. The MAO 2 sample demonstrates a
slightly more compact and uniform wear zone, which correlates with its denser surface structure and lower
friction coefficient.

X35 500um 0001 1380 35Pa

15kV X35 500pm 0001 1280 35Pa X35 500pm 0001 1280 35Pa

Figure 8. SEM images of wear tracks on the coatings after tribological testing in Ringer’s solution:
(a) MAO; (b) MAO 1; (c) MAO 2

Wettability (Water Contact Angle)

Figure 9 shows the static water contact angles of the investigated surfaces. The untreated titanium ex-
hibits a contact angle of 68.0°, corresponding to a weakly hydrophilic surface. After micro-arc oxidation
without TiO, (MAO 0) the contact angle decreases to 52.0°, and further to 47.2° for MAO 1 (0.5 wt.% TiO),
indicating a more pronounced hydrophilic character. This trend correlates with the higher surface porosity
and the moderately rough topography revealed by SEM and profilometry (Table 1), which favor the capillary
penetration of water and thus enhance wetting. For MAO 2 (1 wt.% TiO,), the contact angle slightly increas-
es to 60.3°, remaining within the hydrophilic range (<90°). The small rise compared with MAO 1 can be re-
lated to the lower open porosity (13.7 % vs. 26.3 %) and the denser outer layer, which reduce the capillary
effect despite similar Ra values. Overall, all coatings remain hydrophilic, a surface property known to be
beneficial for early cell adhesion and subsequent osseointegration of implant materials [45]. All coatings re-
main hydrophilic (<90°), which is favorable for early cell adhesion.
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Figure 9. Water contact angle images of the tested surfaces: (a) initial, (b) MAO 0, (¢) MAO 1, (d) MAO 2

Cytotoxicity and Surface Stability in Cell Culture

In this study, dark-field light microscopy was employed to assess the microrelief of the coating surfaces
before and after thermal sterilization, as well as to analyze the uniformity and structural changes induced by
technological treatments. Reflective dark-field microscopy of the samples (Fig. 10) revealed a pronounced
microrelief typical of calcium—phosphate coatings formed by the micro-arc oxidation process, consisting of
bright spherulitic structures and darker surface depressions.

Figure 10. Microscopic appearance of the sample surfaces before dry-heat sterilization (dark-field light microscopy),
magnification x500; (a) sample No. 31 from the MAO 1 group; (b) sample No. 21 from the MAO 2 group

After sterilization at 160 °C for 60 min (prior to contact with the liquid cell culture), no additional sur-
face integrity changes (such as cracks or delamination of structural elements) were observed. However, when
the sterile samples were placed in the cell suspension, yellowing of the culture medium was noticeable in the
MAO 2 group (Fig. 11). Only sample No. 25 displayed a medium color similar to that of the control group
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(cells without samples, K1 for comparison) and the MAO 1 test group (sample No. 35 for comparison). In
addition, a white amorphous, flake-like precipitate formed at the bottom of the test tubes containing samples
No. 21-24 (MAO 2 group), which was absent in the control tubes and in tubes containing samples No. 25
and No. 35. Synthetic cell culture media have their own buffering systems that protect against pH fluctua-
tions. The yellowing observed in group 2 indicates acidification of the medium caused by chemical products
released from the samples (e.g., detachment of structural coating elements or residual products of the micro-
arc oxidation process that were not fully removed during sample preparation). pH fluctuations of +1 unit
from the neutral range (7.0-7.4) indicate that the sample did not pass sanitary-chemical suitability tests for
potential implant use. Therefore, samples from the MAO 2 group may subsequently demonstrate excessive
cytotoxicity in the MTT assay.

Figure 11. Change in the color of the culture medium immediately
after adding samples from the MAO 2 group (Nos. 21-24)

In this context, it should be noted that after contact with the cell culture, coating defects were observed
on both sides of the MAO 2 samples, particularly along the edges, which may indicate partial dissolution of
the coating and precipitation of its components into the medium (Fig. 10). In the MAQO 1 group, this effect
was much less pronounced. Edge defects of MAQ coatings have been reported in the literature in cases of
excessive coating dissolution and are presumably associated with “stress concentrators.” The condition of a
normal distribution of sample characteristics was not met; therefore, a nonparametric test was used to com-
pare the results between the MAO 1 and MAO 2 groups. Verification according to Section 2.1.1 of the PI
guidelines (Table 1) showed that the median cytotoxicity index (CI) in the MAO 2 group significantly ex-
ceeded the 30 % in vitro cytotoxicity threshold recommended by 1SO 10993-5, reaching 81 % cell death
compared to the control. In contrast, the MAO 1 group had a median CI of 3 % (Table 2), indicating the non-
cytotoxic nature of the samples in this group. Statistically significant differences (p<0.001) in the median CI
values were identified between the two groups (Table 3).

Table 1
Verification of MTT test results for the normal distribution of variables in the studied samples

Group Shapiro-Wilk Test with Normal Distribl_Jtion
Royston’s Correction Law of the Variable

MAO 1 SW=0.94,p=0.13 yes

MAOQ 2 SW =0.66, p <0.001 no

Table 2
Intergroup comparison of MTT test results in the studied samples

Grou Cytotoxicity Index Values, Pairwise Comparison,
P % of Control, Me (Q1; Q3) Brunner—Munzel Test
MAO 1 3(=2;10) Brunner—Munzel Test
) Statistic = 17.63
MAO 2 81 (76; 84) 0 < 0.001
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Thus, the MAO 2 group samples exhibit a significant cytotoxic effect (>30 % relative to control) on the
in vitro culture of HOS human osteosarcoma cells under direct short-term contact for 24 h. The results pre-
sented in Tables 3 and 4 indicate that the cytotoxic effect in the MAO 1 group varies around zero. Notably,
sample No. 32 demonstrates statistically significant differences from the other samples in this group, show-
ing a cytoprotective effect (enhanced cell viability).

Table 3
Intragroup comparison of MTT test results among samples within the MAO 1 group
Group Cytotoxicity Index Values, Multiple Comparison, Pairwise Comparison,
% of Control (X + SD) Welch’s ANOVA Games—Howell Test
Sample 31 10+7 Pa1-32 = 0.0067*
Sample 32 —15.80 £8.82 P31 33 =0.99
Sample 33 8.80+7.19 P31 34 =0.28
Sample 34 —0.2+7.82 P3135 = 0.99
F=7.21 P32-33 = 0.0091*
p = 0.0054* P32-34 = 0.099
P32_35 = 0.0095
Sample 35 8.6+7.16 Das 24 = 0.39
P33-35 = 0.99
P3s35 = 0.41
* n — sample size (number of measurement replicates); the intragroup distribution of the variable was consistent with normality
according to the Shapiro—Wilk test with Royston’s correction.

In turn, with the exception of sample No. 25 (CI = 11.8 %), the remaining four samples showed CI val-
ues in the range of 77.0 %-90.8 % (Table 4), which is 2.5-3 times higher than the threshold level recom-
mended by ISO 10993-5 (not exceeding 30 %).

Table 4
Intragroup comparison of MTT test results among samples within the MAO 2 group
Group n Cytotoxicity Index Values, % of |Multiple Comparison, Welch’s|Pairwise Comparison, Games—
Control (X = SD) ANOVA Howell Test
Sample 21 5 80.60 + 1.67 D100 < 0.001%*
Sample 22 5 90.80 + 0.84 P2103 = 0.042*
Sample 23 5 84 +£1.23 P2124 = 0.071
Sample24 | 5 77 +1.87 P21-25 < 0.001*
F=201.47 P23 < 0.001%
p< 0.001* P22-24 < 0.001*
*
sample25 | 5 11.80+6.61 Ezzj ) 8:881 "
P23-25 < 0.001*
P2s25 < 0.001*
* n — sample size (number of measurement replicates); the intragroup distribution of the variable was consistent with normality
according to the Shapiro—Wilk test with Royston’s correction.

Microscopic imaging of the sample surfaces after Azure lIl/eosin staining was used to visualize HOS
cells adhered to the coatings (Fig. 12). Because of the irregular microrelief and variable depth of the MAO
surface it was not possible to obtain sharply focused micrographs at all sites, even at low magnification
(x200). Nevertheless, representative low-magnification images of the MAO 1 group (Fig. 12a) show multi-
ple scattered stained areas corresponding in size to individual cells. Examination of several fields of view at
higher magnification (x500) confirmed the presence of cell nuclei-like structures in these stained regions
(Fig. 12b). For the MAO 2 group (Fig. 12c), stained elements were also found, but in repeated fields the
overall number of attached cells was lower than on MAO 1, even though the single representative image
shows two stained spots. The lower apparent count in the selected micrographs should therefore be interpret-
ed qualitatively; the conclusion of higher cell adhesion on MAO 1 is based on observation of multiple areas
rather than only the frames shown.
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(a) MAO 1 No. 33, dark-field, x200: numerous stained regions corresponding in size to individual cells are visible
across the surface; (b) MAO 1, bright-field, x500: single stained element showing a cell-nucleus-like structure;
(c) MAO 2 No. 22, dark-field, x500: representative view with two stained elements

Figure 12. Microscopic appearance of sample surfaces after 24 h contact with HOS cells and Azure I1/eosin staining

Figure 12 presents the SEM results of the samples after cytotoxicity testing. For the MAO 1 group sam-
ples (Fig. 12a, b), the surface largely retains its original coating structure with minimal signs of degradation.
The morphology remains relatively stable, with individual areas showing adhered cellular elements, confirm-
ing the low cytotoxicity of the coating and its ability to support cell adhesion. No significant dissolution or
delamination of the coating was observed. In contrast, the MAO 2 group samples (Fig. 12c, d) exhibit more
pronounced coating degradation, including localized dissolution, the appearance of microcracks, and areas
where structural elements have delaminated. Some regions display residual decomposition products of the
coating, likely released into the culture medium, correlating with the color change observed at the early stag-
es of the experiment (Fig. 11). Such surface alterations indicate coating instability and potential release of
particles or ions that may cause toxic effects on cells [46-50].

The higher cytotoxicity observed for the MAO 2 coating containing 1 wt.% TiO, may be related to sev-
eral factors. First, a higher TiO, concentration can alter the electrolyte chemistry during coating growth and
subsequently affect the surface stability in the biological medium. Partial leaching of Ti and P ions and local
pH fluctuations may occur, leading to unfavorable conditions for cell viability. In addition, the increased dis-
charge energy and the formation of a thicker, more porous layer can promote partial structural degradation
and enhanced release of reaction products into the culture medium. Similar effects were reported by other
authors for oxide coatings obtained at high nanoparticle concentrations.

EDS elemental mapping and spectra (Fig. 13) confirm the presence of titanium, calcium, phosphorus,
oxygen, and trace amounts of carbon in both coatings. In the MAO 1 sample (non-cytotoxic coating), the
distribution of calcium and phosphorus remains relatively uniform across the surface, and the overall compo-
sition shows minimal changes after contact with the cell culture. This indicates good chemical stability of the
coating and low release of degradation products into the surrounding medium, correlating with the absence
of cytotoxic effects. In contrast, the MAO 2 sample exhibits decreased phosphorus and calcium signals ac-
companied by an increased titanium and oxygen contribution, suggesting partial dissolution of the calcium—
phosphate layer and exposure of the underlying titanium oxide phase. These compositional changes are con-
sistent with the previously observed yellowing of the culture medium and the higher cytotoxicity index
(>30 %). Thus, coatings formed with 0.5 % TiO, nanoparticles (MAO 1) demonstrate better chemical stabil-
ity and biocompatibility compared to coatings formed with 1 % TiO, (MAO 2).
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Figure 13. EDS analysis of MAO coatings after cytotoxicity testing: (a) MAO 1; (b) MAO 2

Table 5 summarizes the elemental composition of the coatings obtained from EDS mapping. Both coat-
ings consist primarily of oxygen, phosphorus, and calcium, confirming the formation of a calcium-
phosphate-titania layer. The titanium content is about 10.17 wt.% in MAO 1 and 7.24 wt.% in MAO 2, indi-
cating that TiO, nanoparticles are successfully incorporated into the oxide layer. The slightly lower Ti con-
tent at 1 wt.% TiO, addition is consistent with the thicker Ca—P-rich outer layer and agrees with the XRD
identification of anatase and rutile phases. These EDS results, together with the XRD and SEM analyses,
confirm the presence and stable incorporation of TiO, nanoparticles in the MAO coatings.

Table 5
Elemental composition (EDS, weight %) of the MAO coatings

Element MAO 1| Weight,% |Element MAO 2| Weight, %
0 38.24 0 41.72
P 30.12 P 23.68
Ti 10.17 Ti 7.24
Ca 15.31 Ca 20.18
C 6.16 C 7.18

The observed differences between coatings produced with 0.5 and 1 wt.% TiO, nanoparticles can be
explained by the influence of nanoparticle concentration on the micro-arc discharge behavior and the kinetics
of oxide growth. TiO, nanoparticles in the electrolyte act as additional charge carriers and heterogeneous
nucleation sites, which modify the breakdown voltage and increase the density and energy of micro-
discharges [51]. At a higher nanoparticle content (1 wt.%), the higher discharge energy promotes more in-
tense local melting and resolidification of the oxide, leading to partial closure of discharge channels and for-
mation of a denser, more crystalline TiO,-containing layer. Conversely, at 0.5 wt.%, the lower concentration
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of particles results in a more open, highly porous structure with larger areal density of discharge craters. The-
se microstructural changes directly affect the corrosion behavior, tribological performance, and cytotoxicity
of the coatings.

Conclusion

This study demonstrated that the incorporation of TiO, nanoparticles into the electrolyte during micro-
arc oxidation significantly affects the morphology, phase composition, and functional characteristics of cal-
cium—phosphate coatings formed on titanium. Both coatings exhibited a typical duplex structure with a po-
rous outer layer and a dense inner barrier layer. Increasing the TiO, content from 0.5 wt.% to 1 wt.% resulted
in a thicker coating (from 7248 pm to 12345 um) and a higher proportion of anatase and rutile phases, which
influenced the mechanical and electrochemical performance.

The coating produced with 0.5 wt.% TiO, (MAO 1) demonstrated a uniform microstructure, improved
corrosion resistance, and the absence of cytotoxic effects, making it the most balanced composition in terms
of protective and biological performance. In contrast, the coating with 1 wt.% TiO, (MAO 2) exhibited par-
tial degradation and elevated cytotoxicity, likely caused by pH changes and ion release into the biological
medium.

The developed coatings show strong potential for application on biomedical titanium implants, particu-
larly for orthopedic and dental devices, where corrosion stability, surface bioactivity, and cell compatibility
are critical. The MAO 1 coating, in particular, may serve as a bioactive and corrosion-resistant layer that en-
hances implant longevity and integration with bone tissue.

Future research will focus on long-term in vitro and in vivo testing to evaluate the coatings’ osteogenic
properties and biological stability, as well as on optimizing the MAQO parameters and electrolyte composition
to achieve an improved balance between coating thickness, porosity, and bioactivity. Additional attention
will be given to ion-leaching behavior, mechanical fatigue resistance, and coating adhesion under dynamic
physiological conditions to ensure the reliability of these coatings in real biomedical applications.
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A.b. Keneco6ekos, A.)K. Xacymran, H. MykraHoBa,
Hapsin baitbkan, E. AxmeroBa, A. CepikOailKbpI3bl

Turanparel PEO-kanbsuuii-gocparsl ka0bIHIAPBIHBIH
KOPPO3MAFa TO3IMALIITiH, HUTOYHIeCIMAITITIH KIHe OaKTepusAFa Kapchl
KacueTTepiH apTThipy YIIiH TiO, HaHOO6/IIIEeKTEPiH eHri3y

TuTan >koHE OHBIH KOPBITHAJAPHI KOJIAMIBI MEXaHWKAJIBIK KAaCHETTepiHe XKOHE KOPPO3WsFa Te3IMIUIriHe
GaiiIaHBICTEl OMOMEAMIMHATIBIK MMIUIAHTAalMsUIapia KeHIHEH KOJIAHBIIAAbI, JeTeHMEH, OJapIblH TaOHFH
OeTiHIe JKeTKUTIKTI OMOOeNceHIUTiK IeH OaKTepHsra Kapchl KacHeTTepi >KOK. MUKpOTOFalbIK TOTHIFY
OMOaKTUBTI >KaObIHOApAbl OHIIPYAIH TNepCHeKTHBadbl Tocimi skoHe TiO, CHAKTBI HaHOO®IIIEKTEepIiH
KOCBUILYBI OJIap/iblH (QyHKIMOHAIABIFBIH OZIaH dpi XKaKcapTybl MYMKIiH. Bys 3epTrey >kaOblH TYpaKTBUIBIFBI
MEH OHONOTHAJIBIK KayilCi3AIKTI KaMTaMachl3 €TETiH MHKPOIOFAJbIK TOTHIFY 3jiekrpomuTiHgeri TiO;
HaHOO®JIIIIEKTePiHIH OHTAIIBI KOHLIEHTPALMAICHIH aHbIKTayFa OarbpiTTanFad. Kanpimii-¢pochaTTsl xaOeiHAAp
eki TiO, KOHIIEHTpanusICEl 0ap MUKPOJIOFAIBIK TOTBHIFY apKbUIbI KOMMEPIHSIIBIK Ta3a TUTAHA JaHbIHAAIIIbL:
0,5 % macca (MAO 1) xone 1% macca (MAO 2). BertiH MOp(hOJIOTHsICH, KEYEeKTUIIri oHe (a3aiblK
KYpaMbl CKaHEepJIeyIlli 3JIEKTPOHABIK MUKPOCKOIHS, SHEPTUs-JUCIEPCHSIIBIK CIIEKTPOCKOIHUS JKOHE PEHTIeH
coynenepiniH AuGPaKOUACH  apKeUlbl  TangaHnasl.  Kopposwsra tesimmimik  NaCl xone Punrep
epiTiHALIepiHaeri MOTCHINOANHAMUKAIBIK TONSpU3alisd apKbulbl OaranmaHibl, an Owuoyinecimaimik HOS
azaM ocreocapkoma skacymanapsl MeH MTT rtammaynapbl apkbUibl in Vitro apkeuisl Oaramadgsl. TiO,
Ma3MyHbIH | %-Fa yiFailTy aObIHHBIH KeyekTinirin remenaerti (MAO 1 yuiin 13,7 %-ra Kapest 26,3 %),
KOppO3UsiIaH KOPFayAbl JKaKCapTThl JKOHE jKajaH THTAaHMEH CaJbICThIpFaHAa YiHkenmic KoddduuueHTiH
temeH1eTTi. JlereiMen MAQO 2 GHOJIOTHSIIBIK OpTajia KOFaphl IUTOTOKCHKAIBIK (81 % sxacyia emimi) xkoHe
imiHapa KypbUIBIMABIK JerpafanusHbl kepceTTi. MAO 1 TyTacTBIFBIH CakTall, YBITTHI aCepiepiH KepceTneni
(3 % »xacyma euimi). Byt motmxkenep TiO, 0,5 %-HiH KOppo3usira TO3IMILTIK, MEXaHUKAIBIK TYPAKTHUIBIK
JKOHE OWOYHIeCIMIUTIK apachIHOarbl Tele-TeHIIKTI KaMTaMachl3 eTe OTBIPBIN, Kayilci3 HMIUIAHT
JKaOBIHIAPBIHBIH JAMYBIH KOJIIAHTEIH OHTAWIIBl KOHIIEHTPAIHS €KEHIH KOpCeTe .

Kinm ce30ep: MHKPOIOFalbIK TOTHIFY, THTaH, 110, HaHOOeJIIEKTEpi, KOppO3us, OHOYIeciMaiTiK,
LMUTOTOKCHKAJIBIK

A.B. Kenecoeko, A. K. XKacymnan, H. MykraHnosa,
Hapsin baitbkan, E. AxmetoBa, A. CepikOaiiKbI3bl

Bkirouenne Hanouactun TiOQ, 11 NoOBbIIEHUS] KOPPO3UOHHOM
CTOMKOCTH, HIUTOCOBMECTUMOCTH U AHTHOAKTEPUAJIbHBIX CBOIICTB
II20-kanbumnii-gpochaTHbIX NOKPHITHI HA TUTAHE

TuTaH # €ro CIIaBbl NIMPOKO MCHONB3YIOTCSA B OHOMEINIIMHCKUX MMIDIAHTATaX Ojaromapsi CBOMM Onarompu-
STHBIM MEXaHHIECKHM CBOMCTBAM M KOPPO3MOHHOM cToMKocTH. OJHAKO MX HaTHBHAs MOBEPXHOCTH HE 001a-
JlaeT JOCTaTOYHOH OMOAKTHBHOCTBHIO U aHTHOAKTEPUATIBHBIMH CBOMCTBaMHU. MHKPOIYrOBOE OKCHUAMPOBAHHE
SIBJIICTCS TIEPCTICKTUBHBIM METOJIOM IIOJIy4eHHUs] OMOAaKTHBHBIX MOKPHITHH, 8 BKIIOYEHHE HAHOYACTHUII, TAKHX
kak TiOp, MOXKET IOMOJHUTENBHO MOBBICUTh UX (QYHKIIMOHAIBHOCTH. LIebi0 TaHHOTO HMCCIIeIOBaHUs OBLIO
OIpe/IeNiCHNe ONTHMAJbHON KOHIEHTpauu HanodacTHl TiO, B 3JE€KTPOJIUTE AJsI MHKPOAYTOBOTO OKCHIM-
poBaHUs, oOecTieunBaromel cTabMIBHOCTD TIOKPHITHS B OHONIOTHYEcKyI0 Oe30macHOCTh. [1okperTust n3 doc-
(haTa KaIbIMs OBUTH ITOJyYEHbI HA TEXHHWIECKH YUCTOM THTaHE METOJIOM MUKPOJYTOBOTO OKCHANPOBAHHS C
nByms koHneHTpamusamu TiO,: 0,5 mac.% (MAO 1) u 1 mac.% (MAO 2). Mopdosnoruro HoBepxHOCTH, I10-
pHCTOCTH U (ha30BBIil COCTAB AaHATM3UPOBAIHN METOAAMH CKaHUPYIOMIEH IEKTPOHHONH MUKPOCKOITHH, SHEPTO-
JMCTIEPCHOHHON CIIEKTPOCKONINH M PEHTTeHOBCKOH mudpakimy. Koppo3noHHYI0 CTOMKOCTD OLCHUBATIH Me-
TOJOM TOTEHIIMOANHAMUYECKON Mosipusauu B pactBopax NaCl u Punrepa, a GMOCOBMECTHMOCTH — iN
Vitro ¢ ucronb3oBaHKEM KIETOK ocTeocapkoMsl udenoBeka HOS u MTT-tecta. YBenuueHue couepKaHus
TiO, Ha 1 % ymeHbIIaao mopucTocTh NOKphITHs (26,3 % npotus 13,7 % must MAO 1), ynydinano 3aiury ot
KOPPO3UH U CHIDKAJO KOA(POUIMEHT TPEHHS MO CPABHEHUIO ¢ YUCTHIM TUTaHOM. OnHako MAO 2 mponeMoH-
CTPHUPOBAJT BHICOKYIO IUTOTOKCHYHOCTH (81 % Trmbenu KIeTOK) M YacTHYHYI0 CTPYKTYPHYIO JETpajaliio B
6nonormuecknx cperax. MAO 1 coxpaHsT CBOIO LIEIOCTHOCTh U HE OKa3bIBall TOKCHUYecKoro neicTsust (3 %
rudeny KIeTOK). DTH pe3ysIbTaThl CBUACTENILCTBYIOT 0 ToM, 4To 0,5 % TiO, sBisieTcsi ONTHMANbHON KOHICH-
Tpamuel s pa3paboTKi 0e30TacHBIX MOKPHITUIT A MMIUIAHTAaTOB, obecnednBas OanaHc MEXIy KOppo3H-
OHHOM CTOHMKOCTBIO, MEXaHUYECKOM CTA0MIBHOCTHIO B OHOCOBMECTHMOCTBIO.

Kniouesvie cnosa: MUKpOIyroBoe OKCHAMPOBaHHE, THUTaH, HaHodacTHUbl Ti0,, Kopposus, OGHOCOBMECTH-
MOCTb, IHTOTOKCHYHOCTb
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Evaluation of Relativistic Plasma Dispersion Functions
Using Downward Recursion and Analytical Relations

The Dnestrovskii functions provide a powerful framework for understanding wave propagation, attenuation
and instabilities in plasmas where relativistic effects dominate, as relativistic plasma dispersion functions. To
calculate the Dnestrovskii functions for a wide range of parameter values, effective analytical and downward
recurrence formulae are proposed in this study. These formulae allow users to make efficient calculations
specific to high-energy or relativistic plasmas. Because the recurrence formulas are simple, calculating time
and accuracy are improved, and the formulas are easy to use. The results obtained using the new analytical
and downward recurrence formulae agree well with published results and those obtained using numerical cal-
culation methods for a wide range of parameters.

Keywords: Dnestrovskii functions, downward recurrence relations, relativistic plasma dispersion functions,
plasma physics
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Introduction

Relativistic plasma dispersion functions (PDFs) are essential for the study of wave propagation and in-
stabilities in high-energy plasmas. They generalize non-relativistic plasma theory to account for relativistic
effects, which are critical in environments where particles approach the speed of light. These functions are
highly applicable in astrophysics, fusion research and intense laser-plasma interactions [1-5]. The PDFs, of-
ten referred to as Dnestrovskii functions, are particularly applicable to high-energy or relativistic plasmas
[3]. These functions are critical for analyzing the behavior of wave propagation, damping and instabilities in
plasmas where particle velocities approach a significant fraction of the speed of light. The Dnestrovskii func-
tions provide a way of describing the relativistic effects on the plasma response to electromagnetic fields and
waves [1-20].

The Dnestrovskii functions are typically defined by integrals involving the relativistic particle distribu-
tion function and the wave-particle interaction terms. Although closed-form analytical expressions are rare,
these functions are essential for solving wave dispersion relations in relativistic plasmas, growth rates for
instabilities in both thermal and non-thermal plasmas, energy transfer between particles and waves (e.g., for
Landau and cyclotron damping in relativistic plasmas) [7—10].

High energy environments such as pulsar magnetospheres, relativistic jets and accretion disks around
black holes all involve relativistic plasmas where Dnestrovskii functions are used to describe the behavior of
waves and instabilities. In some fusion devices, especially in advanced scenarios involving high-energy par-
ticle beams, relativistic effects become important and Dnestrovskii functions are used to analyze plasma sta-
bility and wave-particle interactions. These functions extend classical plasma theory into the relativistic re-
gime, making them essential for the analysis of high-energy plasmas in both astrophysical and laboratory
contexts [3, 4]. Numerous studies have been proposed for the evaluation of Dnestrovskii functions. These
studies are widely used in applied sciences.

Dnestrovskii functions play a crucial role in describing weakly relativistic, magnetised and thermal
plasmas [3, 4].These functions, together with the Shkarofsky functions, are particularly important for waves
with small wave numbers that are perpendicular to the magnetic field [3]. Robinson [3, 5] has made an ex-
tensive study of these plasma dispersion functions, providing series expansions, asymptotic series, recurrence
relations, integral forms and approximations.An approach to relativistic quantum plasmas, including limit
cases, using covariant Wigner functions has been presented in [6]. Matroli has developed a numerical meth-
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od for the calculation of the weakly relativistic VVlasov dielectric dyad in magnetised thermal plasmas [7].
Another study investigated processes and equilibria in relativistic thermal plasmas, including the effects of
magnetic fields on thermal, Comptonised synchrotron emission and pair equilibria [8]. The equilibria of rela-
tivistic thermal plasmas have been studied, taking into account electron-positron creation and annihilation,
and photons produced in the plasma [9]. Krivenski provided a simple and exact expression for the weakly
relativistic plasma dispersion functions in terms of the Z-function to study the absorption and emission prop-
erties of a magnetized plasma [10]. The physical properties of a finite thermal plasma as a function of tem-
perature, proton optical depth and proton density or radius were studied in [11]. A new representation of the
dielectric tensor elements introduced in magnetized plasmas, including for the weakly relativistic case [12].
In addition, Robinson introduced a more general class of plasma dispersion functions for waves with arbi-
trary perpendicular wave numbers [3]. Xiao (1988) developed a formalism to evaluate the growth rate of
electromagnetic R-mode waves in a relativistic magnetized plasma, showing that relativistic corrections re-
duce the wave growth rate compared to the non-relativistic approximation [13]. New results, presented by
Robinson, on functions governing wave properties in non-relativistic and weakly relativistic plasmas [14].
Melrose extended this work by defining generalized Trubnikov functions for unmagnetized plasmas, deriv-
ing recursion relations to generate expressions in terms of the relativistic plasma dispersion function T(z, p)
introduced by Godfrey et al. in 1975 [15]. Exact and moderately relativistic plasma dispersion functions for
weakly relativistic, magnetized, thermal plasmas are presented in [16]. A closed set of Lorentz covariant flu-
id equations for relativistic magnetized plasmas, allowing for anisotropy and heat flow, derived by Hazeltine
(2002). Analytical approaches to thermodynamic functions of dense, fully ionized, non-ideal electron-ion
plasmas, including weakly relativistic and magnetized cases, are reviewed in [17]. Lyutikov discussed mi-
crophysical processes in magnetically dominated relativistic astrophysical plasmas, but does not mention
Dnestrovskii functions [18]. The electrostatic dispersion relation in a magnetized plasma using a weakly rela-
tivistic quantum kinetic model based on the Dirac equation derived in [19]. A comprehensive review of
guantum Kinetic theory for modelling plasmas, including weakly relativistic, magnetized and thermal plas-
mas, given in [20]. The relaxation characteristics in dense plasmas have been studied from the effective po-
tentials using the Coulomb logarithm in [21]. Mamedov not only derived upward and downward
Dnestrovskii recurrence formulas, but also developed an effective formula for Dnestrovskii functions using
the binomial expansion theorem, expressing them in terms of binomial coefficients and incomplete gamma
functions [4]. While in most cases the relativistic plasma dispersion function does not have a simple closed-
form expression, it can be computed numerically by integrating the relativistic particle distribution over ve-
locity space, considering the appropriate relativistic dynamics. The evaluation of Dnestrovskii functions can
be challenging due to their complexity and dependence on relativistic effects. These functions generally lack
simple closed-form solutions, so a variety of analytical approximations, numerical integration and special-
ized computational methods are used to evaluate them.

In this study, the Dnestrovskii function is calculated using the downward recurrence relations and ana-
Iytical formula. The new analytic formula for the Dnestrovskii function is obtained by the use of the expo-
nential-integral function. The results obtained according to the downward recurrence relation and the analyt-
ical formula obtained are evaluated and compared with those found in the literature. It is seen that the pro-
posed method is suitable in terms of time and accuracy of the calculations.

Recurrence and analytical relations for the Dnestrovskii functions

The Dnestrovskii functions for the integer and non-integer values of q and z are defined as follows

[5],

1 poxier
ﬁ(z):mj0 TR (1)
q+}/ J_-[ z+x )dx 2

In the literature there is also a series representation of the Dnestrovskii functions in the following
form [3],

. = 7'T'(1
F( )—Zq eFl q Z%ﬂq;) (3)
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In case the value of z is real and positive, the following equation can be obtained [3],

© (1-9)Z
)=

= j+1

(4)

In this study an analytical formula for the Dnestrovskii function is given using the exponential integral
equation, which is given as follows,

F,(2)=€E,(2)T'(a) (5)
where E, (z) is an exponential integral function which is defined as follows [22],

eth

Eq(z):jf ot (6)

Note that the Dnestrovskii functions satisfy the following downward recurrence relations for an integer
order and for a non-integer value, respectively,

[1 aF,.(2)] (7)

Py (2 [ ~(a+ %)F,5, ()] ®)

The upward recurrence relations of the Dnestrovskii functlon for an integer and a non-integer value are
obtained using Eq. (7) and Eq. (8) as follows,

1
Fq+1(z)=a(1_2|:q(z)) (9)
1-zF ) 10
Q+/ q + }/ ( q+}/ ( )
In the case that g = 0, the Eq. (1) and Eq. (2) take on the following form, respectively,
1
Fo(2)=7 (11)
T ;
F%(z)z\/;e Erfe(vz)  [Arg(2)]<n (12)
For the special case q =1, Eq. (9) and Eq. (10) take the following forms
-t
:jZert:ezEl(z) |Arg(z)|<n (13)
Ry, (2)=2(1-mze'Erfe(Vz) (14)

where El(z) is the g =1 case of the exponential integral function given in equation (6) and is defined as
follows [21],

E.(2)=], —dt (15)
and in Eq. (14) Erfc(z) is referred to as the complementary error function, which is defined in [21] as,

Erfc(z e Udt (16)

Results and discussion

In this study, the calculation of the Dnestrovskii function is carried out using the analytical formula and
the downward recurrence relation. In addition, the results of the calculation with the formulas proposed in
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the literature by means of approximate methods are compared with the results obtained in the present study.
New approximations have been proposed for the calculation of the Dnestrovskii functions that arise from the
propagation of waves and from instabilities in high energy plasmas. Based on the downward recurrence rela-
tions and new formula obtained in this study (Eqg. (5)), a program was developed to compute the Dnestrovskii
functions using the Mathematica 10 programming language. Furthermore, the results of our calculations are
compared with numerical and theoretical models from the literature. Given a sufficiently high value for g, it

is possible to select any initial value. As mentioned above, all values for Fq+y (z) and F, (z) functions have
2

the same order, so we can use Eg. (10-13) as the starting point for the backwards calculation. It should also
be noted that this study represents the first time in the literature that the results of calculating Eg. (2) and the
downward recurrence relations are presented comparatively.

The precision of the calculation results and their accuracy are listed in Table 1, in accordance with

(Eq. (5)), downward (Eg. (7)) and upward (Eg. (9)) recurrence formulas (for F, (z)), the serial representa-

tion of the Dnestrovskii function (Eq. (3-4)), Mamedov’s formula [4] and the Mathematica numerical inte-
gration method (Eq. (1)) for arbitrary integer and non-integer values of the q and z parameters. Table 2
shows the calculation results for arbitrary integer and non-integer values of the downward (Eq. (8)) and up-

ward (Eqg. (10)) recurrence formulas (for FH/(Z)) and the numerical integration method of (Eq. (2)) for
2

arbitrary integer and non-integer values of the parameters g and z. As can be seen from Table 1, the Eq. (5)
gives results that are in good agreement and high precision with Eq. (1) for all positive and real values of g
and z. On the other hand, according to the calculations, it is easy to see from the table that Eq. (7) does not
give results for values of g<z, while Eq. (9) gives results compatible with the Eq. (1). Similarly, while Eq.

(7) gives results compatible with the Eq. (1) for values of q>z, Eq. (9) does not give results for these values
of g and z. Furthermore, this table shows that for values of q<z, Eq. (3) and Eq. (4) yield no results
whatsoever. In the case where q is about ten times larger than z, all of the equations, except for Eq. (7),

give results that agree with the Eq. (1). As can be seen in Table 1, Eq. (3) and Eg. (4), which are the serial
representations of the Dnestrovskii function, provide computational results only for some limited values of
g and z. The same trend is observed for the downward Eq. (7) and upward Eqg. (9) recurrence relations of

the Dnestrovskii function as well. The empty cells in Table 1 and Table 2 are left blank because the corre-
sponding formulae fail to give correct results for the given values of q and z. It should also be noted that in

the evaluation of the calculation results obtained in Table 2, the downward recurrence formula Eq. (7)
demonstrates improved calculation accuracy when the upper limit (N) is chosen between 50 and 100. At the-
se N values, the results obtained from the downward recurrence formula are closer to the values obtained
from the Mathematica numerical integration results.

Table 2 compares the calculated results for non-integer g and z values of Eqg. (8) and Eq. (10) recur-

rence formulae with the Mathematica numerical integration equation (Eq. (2)) calculations. According to the
calculation results shown in Table 2, in cases where z is smaller than q, Eq. (8) gives no result. Eq. (8)

gives a result when z is greater than eight times q, but does not give a result for z > q values where this

condition is not satisfied. In cases where the value of z is greater than 20 times the value of g, the downward
recurrence formula Eq. (8) shows optimal performance when initiated at N = 50. Under these conditions, the
results obtained from Eqg. (8) are more consistent with the results obtained from the Mathematica numerical
integral equation Eq. (2).The calculation results were evaluated for the values of q and z where both equa-
tions yield valid outputs. In these cases, the results obtained with both equations are in good agreement with
the results obtained with the Mathematica numerical integral equation.
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Table 2

The comparative values of the relativistic Dnestrovskii functions
by using downward recurrence relations, Fq+V (z) for N =100
2

Mathematica numerical

z q Eq. (10) Eq. (8) integration results (Eq.(2))
65,2 5,5 0.01415945096631 0.01415945956818 0.01415946020549
31,2 1,5 0.03062168076122 - 0.03062168043606
90,6 1,5 0.01074417463866 0.01074417463694 0.01074417401793
90,6 7,5 0.01019403295080 0.01020148444383 0.01020148477889
90,6 | 12,5 - 0.00971055000316 0.00971055061711
90,6 | 355 - - 0.00794775825821

1,1 35,5 0.02806487203395 - 0.02806487252910
2,9 72,5 0.01343373410043 - 0.01343373434772
4,3 12,5 0.06219097218131 - 0.06219097408672
48,6 | 125 0.01643361558159 - 0.01642020642880
99,4 8,5 0.00944895864996 0.00927449889396 0.00927449887642
19,7 | 275 0.02144651625463 - 0.02144651245955
9,7 46,5 0.01805778324645 - 0.01805778305634
0,7 46,5 0.02163777350948 - 0.02163777340892
9,7 4,5 0.07188671251409 - 0.07188671200669
79,3 4,5 0.01194065842446 0.01194065842945 0.01194065838736
37,5 4,5 0.02386796432871 - 0.02386796430175
83,9 7,5 0.01095520717832 0.01095055813507 0.01095055849122
91,3 | 275 - - 0.00843373526493
62,4 | 835 - - 0.00688084291229
62,4 3,5 0.01518640814421 0.01518640814399 0.01518640803752
47,1 | 135 - - 0.01656101572075
47,1 6,5 0.01869768084745 0.01865405371751 0.01869769133608
2,7 10,5 0.08003592842445 - 0.08044447582587
2,7 38,5 0.02483322536828 - 0.02483322945412
75,1 3,5 0.01272968856100 0.01272968865274 0.01272968861057
57 2,5 0.01659481082540 0.01659481082595 0.01659480990599

Figure 1 shows the graph of the data plotted against each other from the calculated results obtained us-
ing the Eqg. (5) and the Mathematica numerical integration method for arbitrary g and z values. As can be

seen from the graph, the results of the calculations obtained from the two methods are in good correlation

with each other.
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Figure 1. Correlation between Eqg. (5) and Mathematica numerical integration results
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Figure 2 shows 2D scatter plot that the calculation results of Eq. (5) and results of Mathematica numeri-
cal integration method are in a very good agreement. The ratio of the two sets of data to each other is cen-
tered around 1, as can be seen in the Figure 1.
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Figure 2. Comparison of the results obtained using the Eq. (5) and the Mathematica numerical integration method
as a function of the parameter z for ¢ =5.8and N =100

Conclusion

The results obtained using the new formula (Eq. (5)), proposed in this study and downward recurrence
formula (Eqg. (7 & 8)), which allows the Dnestrovskii function to be calculated with high precision, agree
very well with those obtained using the Mathematica numerical integration method. The accuracy of the pro-
posed approaches for evaluating Dnestrovskii functions has been verified through comparison with other ex-
isting methods, demonstrating high consistency. These formulas, Eq. (5) and Eqg. (7&8), provide a powerful
computational framework for understanding wave propagation, damping and instabilities in plasmas where
relativistic effects dominate. The performance of the Eq. (5) is better than previous ones and the formulas are
easy to use.

The proposed analytical and recurrence formulas are particularly beneficial for specific plasma physics
problems including: (i) wave-particle interaction calculations in fusion plasma heating scenarios, such as
electron cyclotron resonance heating and radio-frequency wave absorption in tokamaks; (ii) dispersion rela-
tion analysis in astrophysical relativistic plasmas, including pulsar magnetospheres, relativistic jets, and ac-
cretion disk environments; and (iii) stability analysis and wave propagation studies in high-intensity laser-
plasma interactions where weakly relativistic effects become significant. These methods provide computa-
tionally efficient alternatives to direct numerical integration, enabling faster parameter space exploration in
plasma simulations.

Several constraints must be considered when applying these formulas. The downward recurrence rela-
tions (Eg. 7-8) exhibit limited parameter range validity. For integer orders, reliable results require g>z, while
for half-integer orders, z must be approximately 8-20 times larger than g. Outside these ranges, the recur-
rence relations fail and numerical integration becomes necessary. The analytical formula (Eg. 5) demon-
strates broader applicability but still requires careful initialization of the recurrence starting point
(N =50-100) to ensure numerical stability. Additionally, these functions are specifically designed for weakly
relativistic, magnetized thermal plasmas with Maxwellian distributions, and therefore are not applicable to
ultra-relativistic regimes, non-thermal particle distributions, or highly non-equilibrium plasma conditions.
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M.H. bakupun

PeasiTUBHCTIK MJIa3MaHbIH JUCHEPCUSIBIK QYHKUMSJIAPBIH TOMEH KaWTapbIM
PEKyPCHACHI MEH AaHAJIMTHKAJIBIK KAaTBIHACTAP apKbLIbI ecenrtey

JlHecTpoBCKuii QyHKIMSIIAPBI PEISATHBUCTIK acepiep 6ackiM OONaThIH M1a3ManapAarkl TOJIKBIHAAP/IBIH Tapa-
JYBIH, QJICIPEYiH JKOHE TYpPaKCHI3IBIKTAPBIH CHIIATTAy YIIiH THIMZAI TEOPHUSJIBIK HETi3 KOHE PEeNSTHBUCTIK
IJIa3MaHbIH JUCIIEPCHSUTBIK (QYHKIMSUIApBl PEeTiHAe KONAaHbUIaAbl. Byn 3epTreyae mapamerpiepiiH KeH
ayKbIMBI YIIiH JIHECTPOBCKHH (GYHKIMSIAPBIH €CenTeyre apHaifaH THIMIl aHAIMTHKAIBIK ©PHEKTep MeH
TOMEH KaiTapbIM PeKyppeHTTIiK GopMynanap yChIHbUIAABL. ¥ ChIHBUIFaH OPHEKTEP KOFapbl SHEPTUSIIBI JKOHE
PEIATUBHCTIK IUTa3MallapFa TOH ecenTeylepi JKOFaphl THIMAUTIKIEH OpbIHAAyFa MYMKIHOIK Oepexi.
Pexyppentrik ¢opmynanapaslH KapanaifbIMIBUIGIFEL apKAChIHa €CeNTey yaKbITHl MEH JQJIIITi jKaKcapasbl
JKoHe (opMynanap/abl KoyiiaHy keHiamenai. JKaHa aHamMTHKAJBIK jKOHE TOMEH KailTapblM pPEKYppEHTTIK
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(dopMmynanap apkpUIbl ajbIHFAaH HOTIDKENEp HapaMeTpiepAiH KeH aiMarbl YIUiH OypblH >KapHsulaHFaH
HOTIKEJTIEPMEH JKOHE CaHIBIK €CENTey d9AiCTepiMEH allbIHFaH HOTIIKEJICPMEH KaKChl COMKECTIK KepceTei.

Kinm cesoep: JlHecTpoBckuil (pyHKIMSIAPB, TOMEH KaWTapblM PEKYPPEHTTIK KaThIHAcCTap, PEISTUBUCTIK
IUTa3MaHbIH JUCTIEPCHSUTBIK (DYHKIUSUIApHI, Ta3Ma (Gpru3ukacs!

M.H. bakupuu

OueHka peJATHBUCTCKUX JAUCIEPCHOHHBIX (PYHKIM MIa3Mbl
€ HCMOJIb30BAHUEM PEKYPPEHTHBIX (POPMYJI HUCXOAALLET0 THIIA
U AHAJIUTUYECKUX COOTHOLIEHUI

Oyukipn J[HECTPOBCKOTO MPEICTABISIIOT c000# 3 (EeKTHBHBII TEOPETHYESCKHUIA anmapar i OMUCaHUs pac-
MPOCTPAHEHUs] BOJH, 3aTyXaHHUs M Pa3BUTHS HEYCTOIUMBOCTEH B IJIa3Max, IZie JOMHHUDPYIOT PENSITHBUCT-
ckue 3((EeKTHl, U BBICTYIIAIOT B KAYECTBE PEJIITHBUCTCKUX AUCIIEPCHOHHBIX (DYHKIMI I1a3Mbl. B HacTostmeit
paboTe npemToxKeHsl 3Q(HEKTUBHBIE aHATUTUYECKUE BBIPAKECHHUS U PEKYPPEHTHBIE (GOPMYyIIBl HUCXOSIIETO
THUMA JUIs BEMMHUCICHNsT QyHKIMH JIHECTPOBCKOro B IMIMPOKOM JAWana3oHe ImapamMeTpoB. J[aHHBIE BBIpaKEHHs
00ecreYrBaOT BO3MOKHOCTD BEICOKOA()(DEKTUBHBIX BEIYHCIICHUH, XapaKTEePHBIX JUIS BRICOKOIHEPTETHIECKOM
U PEITATHBUCTCKOH Ima3Mel. biaromapst mpocToTe peKyppeHTHBIX (opMyn HOCTHTalOTCS YINy4IIEHHOE BBI-
YHCIUTENBHOE BPEMsI U TOYHOCTH 110 CPABHEHHIO C NMPEABIIYIINMI METOAAMH, a TAKXKe 00eCIIeInBaETCs MPO-
cTOoTa NpuMeHeHus. [loydeHHbIe pe3ynbTaThl Ha OCHOBE IPEUIOKECHHBIX aHAINTHYECKUX BBIPAXKEHUH U pe-
KyppPeHTHBIX (JOpMyN HUCXOAAIIETO THIA HAXOJATCS B XOPOIIEM COTJIACHH KaK C OIMyONMKOBaHHBIMH JaH-
HBIMH, TaK U C PE3yJIbTaTaMH, II0JIyYCHHBIMH C IIOMOIIBI0 YUCICHHBIX METOJIOB, B IIMPOKOM JUana3oHe Ma-
paMeTpoB.

Kniouesvie crosa: pyHkun JJHECTPOBCKOTO, PEKypPPEHTHBIE COOTHOLIEHHST HUCXO/SIIIIETO TUIIA, PEIISITUBHCT-
CKHUE JUCTICPCUOHHBIC (YHKITHH TUIa3Mbl, ((HU3MKa MIa3Mbl
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Designing and Prototyping a Microcontroller Device
for Measuring the Main Parameters of Solar Panels

This article presents the results of prototyping and designing a device for measuring the basic characteristics
of solar panels (photocurrent and voltage) and climatic conditions (temperature and illumination). This device
is being developed to identify potential faults in the solar panel-microinverter system, as well as the causes of
reduced efficiency in converting light energy into electrical energy. As a result of prototyping, a prototype of
the measuring device was assembled using an Arduino Mega 2560 R3 with a W5100 Ethernet module. Cur-
rent is measured by an ACS712 sensor. Voltage is measured via a voltage divider connected to the microcon-
troller's analog-to-digital converter input. OPT4003 light and DS18B20 temperature sensors are used. The
10T device is assembled using a RAK3172 sensor module and INA228, OPT4003, and DS18B20 microcir-
cuits. A power module based on two IRFP460 field-effect transistors was developed to measure the solar
panel's current-voltage characteristics. Software has been written for the developed prototype and the 10T de-
vice.

Keywords: 10T device, Solar panel, failure detection, microcontroller, current-voltage characteristics, operat-
ing algorithm

*ICorresponding author: Ranova, Gulden, guldeshka2812@gmail.com

Introduction

One of the current trends in the development of solar energy is an increase in the proportion of house-
holds using renewable energy sources [1-3]. One of the most popular sources is photovoltaic solar panels.
With the development of this trend, there is a paradigm shift in the design of mini solar power stations. The
use of microinverters to generate maximum solar energy from each individual solar module is increasing, as
opposed to the use of an MPPT (maximum power point tracking) controller inverter, which works with sev-
eral solar modules [4, 5]. Given current trends, further growth in interest in this technology can be expected.

To increase the efficiency of solar energy generation by a solar panel-MPPT controller system, it is
necessary to constantly monitor the parameters of electricity generation in real-time. It is necessary to find
optimal solutions between collecting a large amount of information and analysing it in real time and the min-
imum set of data necessary to increase the efficiency of electricity generation by solar modules.

To address this issue, scientific research is being conducted in the field of improving the electrical cir-
cuit of the MPPT controller [6], algorithms for finding the maximum power point [7, 8], and algorithms for
finding possible malfunctions in solar panels [9-11]. Mathematical modelling of solar panel operation [12,
13] can be used to advance all these stages of improvement. One way to monitor the operation of the solar
panel-MPPT controller system is to constantly monitor the efficiency of solar panel electricity generation.
Usually, the illumination and temperature of the solar panel are monitored, and the current and voltage at the
point of maximum power are determined [9, 14]. By comparing the generated electrical power with the theo-
retical power value obtained from the module’s illumination and temperature data, the efficiency of the solar
panel is predicted [14]. In the last decade, numerous studies have appeared on the use of neural networks to
calculate possible malfunctions of solar panels or their shading [11, 15]. Another option for monitoring the
performance of solar panels is to use the volt-ampere characteristic (VAC) of the solar panel to monitor for
errors in the operation of the solar panel [11, 15].

Currently, MPPT controllers with an error diagnosis function are not commercially available. The sci-
entific community is paying more attention to identifying more promising algorithms for finding the maxi-
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mum power point [16-18]. To find faults and inaccuracies in operation, laboratory equipment [19-21] is
used, which allows the characteristics of solar modules to be measured by simulating possible errors and
problems. Work is also underway to create a device for monitoring solar panel malfunctions based on micro-
controller devices [22] and PLC devices [23].

This paper presents the results of work on a microcontroller device for monitoring the main characteris-
tics of solar panels in order to determine possible causes of malfunctions or reasons for a decrease in the effi-
ciency of electricity generation by solar modules.

Materials and Methods

KZ PV 230 M60 polycrystalline silicon solar modules (from LLP “Astana Solar”, Kazakhstan) were
used.

A typical volt-ampere characteristic of a solar panel is shown in Figure 1, curve 1. An inverter or
microinverter working with a solar panel maintains the operation of the solar panel at the maximum power
point (MPP).

a) b)
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S |scp y L 200 7 2
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6 6 . 4
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3 3
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Figure 1. a) Standard view of the VAC (1) and volt-power characteristic (2) of the KZ PV 230 M60 solar panel
at illumination Ev = 1000 W/m? and temperature T =25 °C: MPP — maximum power point, OCP — open-circuit
point; SCP — short-circuit point. b) Standard view of the VAC (1), VAC of the panel with short circuit
of 20 series-connected elements (2), VAC of the panel under conditions when 2 cells from different parts
of the module are shaded by 50 % of the standard illumination of 1000 W/m? (3), VAC of the panel
under conditions of shading of 1 cell by 25 % of the value of 1000 W/m? (4)

The VAC of a solar panel can be generally described using the formula:

V +R (ESERJI V +R [ESER]I
I = 1,N_ -I,N_|exp PRRZ|-1|- PR, (1)
pv N p p V; AN R [NSERJ
SH
NPAR
where Ipy — photocurrent (A), 1o — diode reverse saturation current (A), | — output current of the solar

panel (A), V — output voltage of the solar panel (V), V+ — thermal voltage of the solar panel elements (V),

A — diode ideality factor, Rs — series resistance of the solar cell (), Rsy — shunt resistance (2), Nsgr —

number of series-connected cells in the module, Npar — number of parallel-connected cells in the module.
The thermal voltage of the solar panel components is determined using the formula below:

v = k(T +273.15) @
q
where, T — ambient temperature (°C), q — electron charge (1.106x10*° C), k — Boltzmann constant
(0.138x1072 J/K).
In the case of the KZ PV 230 M60 panel, which contains 60 series elements and no parallel electrical
circuits, formula 1 can be rewritten:
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=1, -1 | exp| Y ReNsL )| VRN 3)
V; AN, Ry, N

To monitor the efficiency of power generation in a solar panel microinverter system, it is recommended
to measure the voltage and current in the circuit. In operating mode, these are the voltage and current at the
maximum power point (MPP) Upax and Inac. These parameters can be compared with the model parameters
determined by formula (3). To use this formula, it is necessary to measure the solar panel temperature and its
surface irradiance. The main solar panel parameters Ipy, lo, Rs, Rsy, and A from formula 3 can be determined
using the algorithm described in the article [24] from the parameters given in the solar panel technical
specifications: Unge — voltage at Ppax, Imax — current at P, Vo — Open-circuit voltage, Is. — short-circuit
current, a. — temperature coefficient of Iy, p — temperature coefficient of V..

Previously, part of this research group implemented a project to design and manufacture a
microcontroller device for playing musical melody in the presence of a person [25]. The experience gained
during the implementation of this project was used in the work on this microcontroller device.

In the event of significant differences between experimental and theoretical readings, an attempt is
made to determine probable faults based on the U and Inax values. Figure 1a shows the short-circuit and
open-circuit points on the solar panel’s VAC. These values are possible due to an electrical open-circuit or
short circuit between the solar panel and the microinverter (Fig. 1).

There is a possibility that U, and I,a data will be insufficient to identify potential faults and causes of
reduced solar panel output. If U and lys parameters are insufficient to determine potential faults, it is
recommended to measure the solar panel’s VAC. Using the measured and theoretical I-VAC, it is possible to
identify other potential faults and causes of reduced electrical energy generation. Based on the curve's
appearance or the difference in the numerical values between the measured VAC and the reference VAC, it
is possible to identify potential faults or other causes of reduced solar panel electrical energy generation
efficiency (Figure 1b, curves 2-4). In Figure 1b, the curves show the main (black dots) and additional (gray
dots) points of maximum power.

If the observed effects are not included in the list of those entered into the database, a message may be
sent to the operator regarding an unspecified error type.

The block diagram of the prototype and device under development is shown in Figure 2. This module
contains a microcontroller device, a voltage and current measuring device, and temperature and illuminance
meters.

-V

characteristic

Current and Voltage
Solar Panel Sensor

MPPT

Controller

!

t
{Light Sensor] [Temp- Sensoq

Microcontroller Ethernet

Figure 2. Functional diagram of the electrical device for measuring voltage and current
at the maximum power point (Upnax Imax) @and the 1-V curve of the solar panel

LTSpice software was used to verify the functionality of the accepted circuit solutions. The printed cir-
cuit board was designed on the ECAD platform.

Functional requirements for the device — measurement of voltage, current, temperature and I-V curve
of the solar panel.

Power supply — the device must operate independently of power control systems and be charged by a
solar panel or wind turbine.
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Technical requirements for the measuring device:

Measurable value ranges — voltage measurement range from 0 to 38 volts, current range from 0 to
10 amps, temperature range from —40 to +55 °C, illuminance range from 0 to 130,000 lux. The device must
measure the |-V curve of a solar panel with a capacity of up to 240 watts.

Supported battery type (Li,TiO3) for independent power supply. Battery voltage not less than 5 volts.

Operating conditions: operating temperature from —40 to +60 °C. Dust and moisture protection class
IP 65, complete protection against dust and jets from all sides under low pressure. No protection against
overvoltage and overheating.

Supported communication interfaces: 12C, SPI, UART, OneWire, LoRawan 868 Mhz (license-free fre-
guency permitted in Kazakhstan). Device control via LoRawan communication protocol. There are no but-
tons or screens.

Software and hardware requirements: STM32 platform microcontroller, support for firmware updates
via UART and SWD interfaces. All collected data is transmitted to cloud storage via the LoRa wireless
communication protocol, first to the gateway and then to the cloud.

Results and discussion

A prototype of a solar panel performance meter was assembled based on Arduino Mega 2560 R3
(Fig. 3,a). A Wiznet W5100 Ethernet module supporting TCP/UDP protocols was used to connect the
Arduino Mega board to a local network or the Internet. The board is based on the W5100 chip and supports
up to 4 connections at speeds of 10 and 100 Mbit/s. The board contains a micro-SD memory card slot. The
data exchange protocol is SPI.

MPPT Controller + Rel MPPT Controller
=S I clay ="
= — 1 =
§ Solar Panel
Current Sensor EJ

/—" ¥ chasienstio Light Sensor | |Voltage Sensor
Microcontroller Microcontroller
Ethernet Shield - B LoRa
L ATMega2560 Temp. Sensor | STM32ZWLESCCUG

Figure 3. Block diagrams of the prototype (a) and measuring device (b)

The current is measured by an ACS712-20A Hall-effect sensor (maximum 20 A), and the panel voltage
is measured via a divider connected to the microcontroller's ADC input. The Hall-effect sensor with a nomi-
nal sensitivity of 100 mV/A. The sensor output was digitized by a 16-bit ADS1115 ADC. The total current
measurement uncertainty is dominated by the sensor sensitivity tolerance and offset voltage, resulting in an
estimated accuracy of +0.25 A (+2.5 % at 10 A).

The DC voltage was measured via a resistive divider (75 kQ/10 kQ, 2 % tolerance) followed by the
same ADS1115 ADC. The resulting voltage measurement accuracy is approximately £1.1 V, corresponding
to £2.8 % at 40 V. The ADC quantization error is negligible compared to the passive component tolerances.

A high-precision OPT4003-Q1 sensor is used to measure the illumination of the solar panel. It has high
sensitivity and is designed for automotive use (class Q1), which guarantees its performance at low tempera-
tures and under external influences. The device provides factory-calibrated illuminance data with a typical
absolute accuracy of =5 % and a maximum error of =10 % over the specified operating conditions. Since the
sensing element and ADC are integrated within the device, the quantization error is negligible compared to
the sensor’s specified accuracy.

DS18B20 digital temperature sensor was chosen as a reliable and widely used component with a digital
interface, making it ideal for use in cold climates. The sensor provides factory-calibrated temperature read-
ings with a guaranteed accuracy of £0.5 °C in the —10 to +85 °C range and a resolution of 0.0625 °C. Since
the sensing element and ADC are integrated within the device, the quantization error is negligible compared
to the sensor’s specified accuracy.
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The Arduino board collects readings from all sensors and publishes them to the MQTT broker
(Mosquitto). Telegraf subscribes to the relevant topics, receives the data and stores it in InfluxDB and
PostgreSQL. Grafana connects to these databases and displays the data in the form of graphs and dashboards.
More detailed information on the operation of the prototype and the experimental data obtained is given in
[26].

The Arduino board control programme includes the following main modules:

1. Initialisation and interaction with sensors;

2. Collection, averaging, and storage of measurement data.

3. The programme measures the following physical quantities:

— panel electric current;

— panel electrical voltage;

— illuminance level;

—solar module surface temperature.

4. Data transmission via MQTT protocol;

5. Receiving control commands from the server;

6. In case of a request from the server, an algorithm for step-by-step change of electrical load is played
to measure current and voltage from the solar panel in order to build the I-V curve of the solar panel.

One of the key functions of the device is the ability to automatically measure the 1-V curve of the solar
panel. Upon receiving a command from the server, the device performs the following sequence of actions:

— A relay is activated, which connects an electronic load to the panel,;

— The load was adjusted step by step, which made it possible to obtain 50 discrete current values and

50 voltage values;

— The experimental points obtained form the panel’s I-V curve;

— After the measurements are completed, all data is automatically sent to cloud storage via the MQTT

protocol.

The software can be found at [27].

An example of measured |-V characteristics for the KZ PV 230 M60 solar panel is shown in Figure 4.
The I-V curves of the cells are measured under current operating conditions, short-circuit conditions for 20—
40 module cells, and open-circuit conditions for 20-40 module cells. The measurements showed results that
correlated with model representations (Figure 1, b). However, analysis and comparison of theoretical and
experimental data is not the primary goal of this work and will be conducted in future work.
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Figure 4. Measured -V curves of the solar panel under different conditions:
1) 1-V curve of the module at illumination level and temperature (Ev = 430 W/m? and temperature T = 25 °C);
2) with a short circuit of 20 module cells (Ev =395 W/m?, T = 25 °C);
3) with a short circuit of 40 module cells (Ev =395 W/m?, T = 25 °C);
4) with a break in electrical connection with 20 module cells (Ev =370 W/m?, T = 25 °C);
5) with a break in electrical connection with 40 module cells (Ev =370 W/m?, T = 20 °C)
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When designing an embedded 10T system for measuring the electrophysical parameters of a solar panel
(Fig. 3, b), special attention was paid to the selection of components capable of functioning at low tempera-
tures and ensuring stable operation of the device in field conditions. All electronic components used were
selected taking into account climatic and operational requirements, as well as their functional compliance
with the tasks solved within the system.

The RAK3172, an energy-efficient STM32-based module supporting the LoRaWAN protocol, was se-
lected as the central control module. It provides reliable data transmission and has low power consumption,
which is especially important for autonomous power plants. OPT4003 light sensors and DS18B20 tempera-
ture sensors are used. Current and voltage are measured using the INA228, a precision digital measurement
amplifier capable of operating in an extended temperature range and providing high measurement accuracy.
Electrical circuit diagrams are shown in the Figures S1-S4 in the Supplementary materials with a brief de-
scription of their functional purpose.

The device is powered by an LM2596T-5.0 DC-DC (Buck converter, step-down) stabilizer, which pro-
vides a stable output voltage of 5 V even when the input voltage fluctuates. ME6206A33PG linear stabilizer
is used to power peripheral circuits, demonstrating high conversion efficiency and resistance to temperature
fluctuations.

The design of the VAC removal unit is based on two powerful IRFP460 field-effect transistors, which
made it possible to work with the required currents and voltages. To increase reliability and electrical safety,
the system was designed with galvanic isolation from the microcontroller, which eliminated the impact of
high currents on the control electronics. For analog control of the transistor gate voltage, an HA17358B op-
erational amplifier is used, which is designed for precise regulation and is characterized by stable operation
when the temperature changes.

The design uses X7R SMD capacitors, which are characterized by stable electrical parameters over a
wide temperature range. This dielectric class ensures reliable operation of the devices in low temperatures
typical for outdoor use. X7R capacitors maintain their capacitance with minimal deviations during tempera-
ture fluctuations, which is especially important for the operation of analog and power circuits.

The circuit also uses electrolytic capacitors specially selected for operation at sub-zero temperatures.
Components with an extended temperature range are used, ensuring stable operation down to —40 °C and
below, which prevents capacitance degradation and reduces the risk of failure during prolonged exposure to
cold. This selection of passive components increases the reliability of the device and guarantees its resistance
to external climatic influences.

A 3D view of the printed circuit board is shown in Figure 5.

Figure 5. 3D view of the finished printed circuit board

The software for the device was developed in the Arduino IDE environment. This environment was
chosen as the primary one for a number of practical reasons. First, it provides a convenient interface and ac-
cess to a wide range of libraries, which simplifies interaction with microcontrollers. Secondly, and critically,
the firmware pre-installed in the RAK3172 module is officially supported in Arduino IDE. The module is
based on the STM32 architecture and works using the LoRaWAN protocol, so the choice of environment
was actually predetermined [28].

The C language was chosen for writing the programme because it allows you to work effectively with
systems where precise resource management is important. It provides direct access to hardware capabilities
and is considered the primary language for working with microcontrollers.
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The software structure of the device is based on a modular approach. Each block is responsible for a
strictly defined function: interaction with peripheral devices, data collection and pre-processing, information
transfer via the LoRaWAN network, working with an SD card, receiving commands from the server, etc.
This solution simplifies scaling, maintenance, and future functionality expansion.

Initialisation begins with the configuration of all connected sensors. For example, current and voltage
are measured using the INA228 microcircuit, which operates via the I?C interface. During initialisation, con-
figuration parameters are written to its registers. The OPT4003-Q1 light sensor, which also uses the I>C in-
terface, is configured using the same principle. The DS18B20 temperature sensor is connected via the
OneWire bus using the DallasTemperature library.

After initialisation is complete, the system begins to periodically poll the sensors. The values obtained
undergo primary processing: conversion to physical units, filtering, and checking of acceptable value limits.
The data is then packaged into a formatted packet containing timestamps and parameters and transmitted via
the RAK3172 module to the LoRaWAN network. The information is sent to the server via a gateway and
then visualised or stored in a database.

A distinctive feature of the system is its support for feedback. The device not only transmits data, but
can also receive commands from the server. This makes it possible, for example, to start the VAC measure-
ment procedure for a solar panel when necessary. In VAC measurement mode, the device switches to a spe-
cial mode: the output load is regulated by a PWM signal, which is converted into a linear voltage and fed to
the gate of IRFP460 transistors, and the parameters—voltage and current—are measured dynamically. On
the device itself, the VCC measurement command works as follows: the microcontroller switches the relay
to the internal load from the transistors; the microcontroller outputs a PWM signal with a minimum duty cy-
cle of 1 % from the required contact; the integrating chain receives it, and the output is a constant voltage
with a minimum amplitude which is fed to the operational amplifier, and from there to the power transistor;
it opens to the minimum value, loading the panel; the current and voltage are measured; the data is packaged
and sent to the server via the gateway. The process of increasing the opening and recording continues until
the PWM signal is completely filled, which means that we have opened the transistor completely and meas-
ured the VAC graph.

After each measurement, a packet is formed to be sent to the server and sent via LoRa to the gateway
and then to the server.

In the event of a temporary loss of connection to the cloud system, the device switches to local storage
mode. In this case, all data is recorded on a memory card, and as soon as the connection is restored, it is au-
tomatically transferred in sequence. This prevents information loss and maintains the integrity of the data set.

The program code is structured based on functions, macros, and user data types. Each logical block of
the system is implemented separately, which improves readability and ease of maintenance. Working with
sensors, LoRa connection logic, writing to an SD card, processing incoming commands — all of this is sepa-
rated into separate sections of code, which makes it possible to develop the project without affecting its basic
structure.

Thus, the software implemented as part of the work performs a full cycle — from collecting and analys-
ing readings to transmitting them and responding to control signals. The architecture remains flexible, allow-
ing the device to be adapted to new tasks, sensors to be added, and additional algorithms to be implemented
in the future.

Conclusion

Thus, the proposed hardware and software solution provides comprehensive monitoring of key solar
panel parameters — current, voltage, illuminance, and temperature — with data transmission over the net-
work for further storage, processing, and visualisation.

To test the model, a system was assembled on an Arduino Mega 2560 R3 with an Ethernet Shield
W5100, including ACS712 (20 A), a voltage divider, OPT4003 and DS18B20; VACs were measured using a
controlled electronic load. The data was published in Mosquitto, aggregated by Telegraf, and stored in
InfluxDB/PostgreSQL, followed by visualisation in Grafana. The sensors were calibrated against reference
current and voltage sources.

An example of the |-V curves of the KZ PV 230 M60 solar panel is given in the text of the article.

During the course of the work, a full-fledged prototype of an embedded IoT system for monitoring solar
panel parameters was developed, including both hardware and software components. Based on the prototype,
a new device was created that meets all the functional and technical requirements.

“Physics” Series. 2026, 31, 1(121) 55



N.K. Tanasheva, D.A. Afanasyev et al.

During the development process:

— functional and technical requirements for the system were formed, operating conditions and supported
interfaces were defined;

— a selection and justification of components capable of operating in a wide temperature range and en-
suring high measurement accuracy was made;

—the schematic diagram and printed circuit board of the device were designed in the ECAD environ-
ment, component libraries and mounting locations were created in accordance with the technical doc-
umentation;

— individual circuit nodes were simulated in LTspice, which allowed the correctness of the selected cir-
cuit solutions to be confirmed prior to the hardware implementation stage;

— Software was developed in Arduino IDE using the C language, providing data collection from sen-
sors, their pre-processing, transmission via the LoRaWAN protocol, as well as support for local stor-
age of information and execution of control commands from the server.

— Algorithms were implemented to measure the volt-ampere characteristics of the solar panel with sub-
sequent data transmission to the cloud.

— A functional block diagram has been created that reflects the operation of key system nodes.

Thus, the developed device meets the requirements: it operates autonomously from renewable energy
sources, measures the necessary electrical and climatic parameters, is resistant to climatic conditions, and
supports modern communication interfaces and the LoRaWAN protocol, which ensures integration into the
loT infrastructure.

The practical significance of the work lies in the creation of a universal platform for monitoring the
condition of solar panels and wind turbines, which may be in demand in distributed energy systems, scien-
tific research, and educational purposes. The result can be considered as a basis for further modernisation,
adding new sensors and expanding the capabilities of the system depending on the specifics of operation.
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KyH nanesibiepiHiH Heri3ri mapaMeTpJiepiH eJilieyre apHaJfaH
MHKPOKOHTPOJLIEP KYPBLIFBICHIH 7K00aJ1ay K9HE IPOTOTUIITEY

Makanazia KyH naHenbepiHiH ((OTOTOK )kOHE KepHEy) jKoHEe KIMMATTBIK JKaFaaiiap/siH (TemMieparypa MeH
KapBIK) HEri3ri CumaTTaMaiapblH  eJIlIey KYPBUIFBICHIH MPOTOTHIITEY “KOHE JKo0anay HOTHXKENIepi
KEeNTipireH. Bys1 KypbpUIFbI KYH ITaHei-MUKPOMHBEPTOP JKYHECiHIeri MyMKiH aKayJap/bl, COHIal-aK XKapblK
SHEPTHUSACHIH JJIEKTP SHEPrHsACHIHA TYPJCHAIPY THIMIUIITIHIH TOMEHIEYiHEe OKeJNeTiH ceOemnTepi aHBIKTay
MakcatbiHaa d3ipienyne. IIpotorunrey Hotmkecinae W5100 Ethernet moxysi 6ap Arduino Mega 2560 R3
HETI31HJEr] eJey KYpbUIFBICHIHBIH MakeTi skuHanmpl. Tox ACS712 cencopoiMen emmeneni. Kepuey
mukpokonTpointepain ADC kipicine KocklrFaH kepHey Oenrim apkputsl enmengi. Opt4003 sxapbIk xoHe
DS18B20 Temmeparypa ceHcOpiaphl KoijaHbUiansl. MutepHer Tapary kypsumbicel INA228, OPT4003,

“Physics” Series. 2026, 31, 1(121) 57


https://doi.org/10.1016/j.enconman.2018.09.054
https://doi.org/10.3390/technologies13020071
https://doi.org/10.1109/TSTE.2015.2503435
https://github.com/mechanical-beaver/Solar-Panel-Sensor-Polling-System
https://github.com/mechanical-beaver/Solar-Panel-Sensor-Polling-System

N.K. Tanasheva, D.A. Afanasyev et al.

DS18B20 cencopnapsl MeH uuntepinin rak3172 momyni Herisinge Kypacteipbuirad. Ky naneninig Bonbt-
Awmriep cunarramanapbit eney yirin exi irfp460 epic TpaHsucTOpIaphIHA HETI3AENTeH KyaT MOYJI XKacall-
Ipbl. barnapnamanbik jkacakTama 93ipJICHIeH IPOTOTHH IeH VIHTepHeT TapaTy KYPbUIFBICHIHA Ka3bUIFaH.

Kinm co30ep: VInTepHeT TapaTy KYpBUIFBICHI, KYH IIaHEN, aKayJaap/asl aHBIKTay, MAKPOKOHTpoJutep, Bonbt-
Awmriep cumaTTamanapsl, >KYMBIC aJITOPUTMI

H.K. Tanamesa, /I.A. Adanacees, I'.A. Panosa, JI.JI. MuHbKOB,
A.H. [Trocembaena, E.B. llleitnmanep, T.A. Paxumranues, M.K. Kanuackaposa

HpOEKTHpOBaHI/Ie H MPOTOTHINIAPOBAHUE MUKPOKOHTPOJIJIEPHOT'0 yCTPOﬁCTBa
AJISl UIBMEPEHUSTI OCHOBHBLIX MapaMETPOB COJIHCYHBIX naHeJjeu

B crarbe mpencTaBieHsl pe3ynbTaThl MPOTOTUIIMPOBAHNS U IIPOSKTUPOBAHUS YCTPOHCTBA U3MEPEHUSI OCHOB-
HBIX XapaKTEePUCTHK COJTHEYHBIX IaHeeH ((POTOTOK U HANpsHKEHHE) U KIMMAaTHYECKUX YCIOBHH (TeMmepary-
pa ¥ OCBELICHHOCTH). [laHHOE YCTPOHCTBO pa3padaThIBACTCS C LIENBIO ONPEAENICHNS] BO3MOXKHBIX HEHCIIPAB-
HOCTEHl B CHCTEMe «COJIHEYHas! TaHeldb — MHUKPOMHBEPTOPY», a TaKKe NMPUYUH, NPUBOASAIINX K CHIDKCHHUIO
3¢ PEeKTHBHOCTH TpaHC(HOPMALUH CBETOBOH SHEPTHH B JIEKTPHUYECKYIO SHEpruo. B pesynbrare mpoToTHIN-
poBaHHs ObLT COOpaH MakeT M3MEPHTENHFHOro ycTpoiicTBa Ha 6a3ze Arduino Mega 2560 R3 c Ethernet-
monyineM W5100. Tok nsmepsierca garankoM ACS712. HanpsokeHne H3Mepsiiocs 4epe3 JeUTeNb HalpshKe-
HUS, TOAKIIOUEHHBINA K Bxoxy ALl mukpokonTpomiepa. Mcnonb3oBanbl gaTauku ocBemeHHoctn OPT4003
u temmepatypsl DS18B20. l0T-yctpoiictBo coOpano Ha 6aze momyns RAK3172, maTyMkoB U MHKPOCXEM
INA228, OPT4003, DS18B20. [list n3mMepeHus BOJIbT-aMIIEPHBIX XapaKTEPUCTHK COJTHEUHOM MaHeNlu paspa-
6otaH crmioBoi Moxyib Ha 6Gase nByXx mousieBbIx TpanzuctopoB IRFP460. K paspaboraHHOMY HpOTOTHITY M
loT-ycTpoiicTBy HanmcaHo porpaMMHOe 0OecIedeHHe.

Kniouesvie crosa: YCcTpoWCTBO HHTEpHETA BelleH, COJIHEYHas MaHeb, OOHapyXEeHHEe HEeHCIIPAaBHOCTEH, MHK-
POKOHTPOJLIEP, BOJIBT-aMIIEPHBIE XapaKTEPHCTUKH, AITOPHTM PabOTHI
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Non-Standard Analysis in Electrical Engineering.
Complex Circuits with Ideal Reactive Elements

The article presents the application of concepts and methods of non-standard analysis to problems of theoreti-
cal electrical engineering. It is substantiated that standard methods of electrical engineering are not effective
enough, because they are excessively complex or even unsuitable for calculating DC electrical circuits con-
taining ideal inductances and capacitances. This problem arises because for direct current (with zero frequen-
cy) the inductive resistance is zero, and the capacitive resistance goes to infinity. As a result, when using
standard methods to calculate such electrical circuits, it is necessary to solve uncertainty expressions of the

type 0 or 3, which creates difficulties within the framework of traditional mathematical analysis. Given
o0

the above difficulties, it is proposed to replace the classical mathematical analysis with a non-standard one. In
this approach, the frequency of the direct current is considered not as zero, but as an infinitely small value a.
This approach makes it possible to determine the reactance of inductive elements as oL and the reactance of

. 1 . . .
capacitive elements as-—C . This allows to successfully apply all standard methods of theoretical electrical
(04

engineering and avoid the need to work with indefinite expressions. The article provides specific examples of
the analysis of complex direct current circuits with ideal inductances and capacitances.

Keywords: complex direct current circuits, non-standard analysis, electrical engineering, ideal reactive ele-
ment

*Corresponding author: Kucheruk, Vladimir, vladimir.kucheruk@gmail.com

Introduction

Non-standard analysis became widely used in the middle of the last century, which was made possible
by the new axiomatics of mathematical analysis proposed at that time. Nowadays, non-standard analysis
methods are quite often used in various fields of science and technology. When solving various technical and

e . o . 0 o0 C .
scientific problems, in some cases it is necessary to reveal uncertainties of the type 6 or —, which is ex-
0.0]

tremely difficult when using classical methods of analysis [1]. In such cases, it is advisable to use ideas and
methods of non-standard analysis, which consist in the direct use of infinitely small and large numbers [2, 3].
In [4], the axiomatics of mathematical analysis are considered, which is based on the set of hyperreal num-
bers, which contains, in addition to standard numbers, also non-standard (infinitely small, infinitely large,
their combinations with standard numbers) numbers. The use of non-standard analysis methods in identify-
ing the internal parameters of electric motors, which in many cases cannot be implemented using traditional
methods, is promising [5, 6]. Also, non-standard analysis methods can be used for mathematical modeling of
electromechanical objects [7—9], mathematical modeling and calculation of measuring channels of electrical
and non-electrical physical quantities [10-12], calculation of building structures [13, 14], analysis of biologi-
cal [15], chemical [16] processes, as well as in medicine [17, 18]. The use of non-standard analysis in theo-
retical electrical engineering is especially important. Traditionally, calculation methods based on Ohm's and
Kirchhoff's laws are used to analyze DC electrical circuits, but there are a number of tasks for which the use
of these methods is practically impossible. Therefore, it is relevant to use the mathematical apparatus of non-
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standard analysis, which will allow using known unified methods for calculating such circuits. For example,
this applies to the calculation of DC circuits with ideal reactive elements [19], as well as the analysis of tran-
sient processes in second-order electrical circuits with violation of switching laws [20]. This article discusses
the use of non-standard analysis methods for complex circuits with ideal reactive elements.

Formulation of the problem

Calculation of DC circuits is usually carried out using traditional methods based on Ohm's and Kirch-
hoff's laws. However, such standard approaches are unsuitable for certain specific cases, in particular for
complex electrical circuits containing ideal reactive elements. The complexity arises from the fact that at DC
the resistance of an ideal inductance is zero, and the resistance of an ideal capacitance tends to infinity,
which in this case makes it impossible to calculate complex circuits. In some cases, such problems can be
solved by calculating using the energy characteristics of reactive elements, which significantly complicates
the calculations, especially for complex circuits. In view of this, the application of the mathematical appa-
ratus of non-standard analysis, which allows the use of unified methods for calculating such circuits, is rele-
vant and promising. The paper considers non-standard analysis of complex DC circuits with ideal reactive
elements. The aim of the article is to define a class of non-standard electrical engineering problems for the
analysis of complex DC circuits with ideal inductances and capacitances, as well as to extend non-standard
analysis methods to a wider class of problems involving the calculation of complex circuits with ideal in-
ductances and capacitances.

Research results

Let R denote the ordered set of real numbers, and we will call the number o an infinitely small num-
ber if and only if

VreR(oc<r). 1)
An infinitely large number will be called the number = 1 , for this case we can write
(04

vreR(B>T). )

Infinitesimal numbers of the first, second, third, and Kk -th order are defined, respectively, as
a>a’ >0’ >a*, and infinitely large numbers of the first, second, third, and k -th order are defined, respec-
tively, as p<P° <p* <p*.

All the rules of algebra apply to infinitely small and infinitely large numbers, namely addition, subtrac-
tion, multiplication, division, exponentiation, and theorems (commutativity, associativity, etc.). Infinitely
small and infinitely large numbers, together with the real numbers r € R, form an ordered set of hyperreal
numbers *R, the real numbers r eR are called standard or Archimedean in contrast to the non-standard
numbers *r e*R. In the following, the notation ~. Il mean the equivalence of two non-standard numbers.

For standard numbers m and n, the following relations are valid:
mo M ma m ‘ .
—=—, —=—0a, mMma+n=n, ma“+n=n, Sina~a, coSa, =1, 3
no n n n

Not only the set of real numbers, but also the set of complex numbers has the same structure, based on
this we can write:

mo+ jn= jn, mB+ jnmP, M+ jna=m, m+ jnB~ jnp. 4)

Since, in this case, the DC circuit is considered as a sinusoidal current circuit, the cyclic frequency of
which is zero, the symbolic method can be used to solve such a problem, provided that m=o.. Assuming
w=a, for the complex resistance of the inductance we can write

Z ~joL, (%)
and for the complex capacitance resistance
1
Z.~——, 6
Ze ¥ Joc (6)
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As a first example, consider the complex electrical circuit with three ideal inductances, two of which
are magnetically coupled. First, consider the matched connection of ideal inductances, as shown in Fig. 1.

r L;
o—{ =YY
> % l I l
e IS
U h M é
. L L;
o

Figure 1. Electrical circuit with three ideal inductances and magnetic coupling
between two of them (matched switching)

For the given circuit, the equations according to Kirchhoff's laws have the form:
1L,-1,-1,=0,
1L(r+ jobL, + jaM)+ 1, (joL, + jaM )=U ,
Ljol, =1, jab, + 1, jaM .
Let perform equivalent transformations for equation (8).
L(r+job + jaM)+1,(joL, + jaM )= L,r =U .
From expression (10) it follows:

Thus, new equations were obtained in accordance with Kirchhoff's laws:
U

~—1,-1,=0,
r 2 =3

. . U .
L jol, =12j(XL2+TJOLM .

Let’s determine the current 1, from the equation (12) and substitute it into the second equation.

U

-2
r

1y

(%—JjjaLS:uaLﬁ”TjaM.

From these equations it follows

Ejalﬂ—lzjocLS =12j0LL2+EjocM ,
r r

2 (ol - jaM) =1 (jaky + ja, ),

P ol JoM) y (1, —w)
(jaL, + jal,) r(l+L,) "
| _!—l _!_U(LS_M)_U(L2+M)
“r 7 oror(L+L) r(L+L)

L=
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(8)
(9)

(10)

(11)

(12)

(13)

(14)

(15)

(16)

(17)

(18)

(19)
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As an example, let perform numerical calculations of the complex circuit shown in Figure 1 for three
characteristic cases of the ratio between the inductances L, L,,L, and the mutual inductance M , setting the

following parameters: U =30 V, r=10 Ohm, L, =0.2 H, L, =0.1 H, L, =0.12 H.

For the first characteristic case M =0.05 H, i.e. M <L,. As a result of the calculation, we obtain
1,=0.955 A, and 1,=2.045 A.

For the second characteristic case M =0.12H, i.e. M =L,. In this case, all the current flows in the
third coil (1, =3 A), and in the second coil it disappears (1, =0 A).

The most interesting is the third characteristic case, M =0.14 H, L, <M <,/L,L, . Here, the so-called
"false capacitance effect” is observed, when the current in the third coil (1, =3.273 A) exceeds the input cur-

rent, and in the second coil 1, =—0.273 A the current changes its direction.
Let consider the case of counter-switching of inductors (Fig. 2).

r Li
o—/—"J}—"rV"
* I l Is
U I; 11\’ é ’
i % L: L:
o

Figure 2. A circuit with three ideal inductances and magnetic coupling between two of them (counter-switching)

For the given circuit, the equations according to Kirchhoff's laws have the form:

1,=1,-1,=0, (20)
L(r+jalL - jaM)+ 1, (jaL, — jaM)=U, (21)
Ljal, =1, joL, - 1,jaM . (22)
Let perform equivalent transformations for equation (21).
1 (r+jalL, — jaM)+ 1, (jaL, — jaM )= Lir=U . (23)
From expression (23) it follows:
U
== (24)
r
Thus, new equations were obtained in accordance with Kirchhoff's laws:
U
—-L-1,=0, (25)
. . uU.
Ljobs =1, jal, —— jaM.. (26)
Let's determine the current I, from the equation (25) and substitute it into the second equation.
U
U i . U .
(T—JJJOLLGLJOLLZ—TJ&M- (28)

From these equations it follows
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= jab, - Ljab, = L jol, -= joM 29)

UT('OLI_3+jocM)=12(jaL3+j0LL2), (30)
u,. .

L=r(.JaL3+.JaM)=U(L3+M), (31)
(joaby+ jal,)  r(L+L,)

U :E_U(L3+M)_U(L2—M)

L="-L=7 r(L+L) r(L+L) (32)

As an example, let perform numerical calculations of the complex circuit shown in Figure 2 for three
characteristic cases of the ratio between the inductances L, L,,L, and the mutual inductance M , setting the
following parameters: U =30 V, r=10 Ohm, L, =0.2 H, L, =0.1 H, L, =0.12 H.

For the first characteristic case M =0.05 H, i.e. M <L,. As a result of the calculation, we obtain
1,=2.318 A, and 1,=0.682 A.

For the second characteristic case M =0.1 H, i.e. M =L,. In this case, all the current flows in the se-
cond coil (1, =3 A), and in the third coil it disappears (1, =0 A).

The most interesting is the third characteristic case, M =0.14 H, L, <M <,/L,L, . Here, the so-called
“false capacitance effect” is observed, when the current in the second coil (I, =3.545 A) exceeds the input

current, and in the third coil 1, =—0.545 A the current changes its direction.

It should be noted that this task is very difficult to solve without the help of non-standard analysis
methods, and for the next task it is practically impossible.

Let consider the second example, in which we determine the currents in all branches of a complex elec-
trical circuit with ideal inductances and resistors, which is shown in Figure 3.

I
o—i }

I
U

—_—
) L;
111

=),

Figure 3. Complex electrical circuit with ideal inductances and resistors

o

Let the circuit shown in Figure 3 have the following parameters: U =100V, r, =10 Ohm,
r,=200hm, L=02H, L,=015H, L,=01H, L, =0.05H, L, =0.025 H. Let calculate this circuit
using the loop current method. The equations for the loop current method have the form:

luZiy+ 1520, + 152, =U (33)
12y + 1525 + 1525, =0, (34)
132y + 15,25 + 13,25, =0. (39)
Let find the self and common resistances of the contours:
Zy =—joby, Zy=-1,—jals, Z; =—jal,, (36)
Z,, = joby + jols + jolg +1,, (37)
1, = joab, + joL, + jolg +T1,. (38)

Let first consider equation (33), substituting into it expressions for the self and common resistances.

“Physics” Series. 2026, 31, 1(121) 63



S. Katsyv, V. Kukharchuk et al.

_|11(I’1+jOLL1+jOLLZ)+122(—jOLL1)+|_33(—jOLL2)=U : (39)
Since only the coefficient at |, is not infinitely small, we perform equivalent transformations:
_|11(r1 + jal, + jal—z)"’ 1, (—jaL1)+ "33 (_jal-z) ~1,n=U. (40)
From equation (40) it follows
l=1= 2 : (41)
n
Similarly, we perform equivalent transformations for equation (34).
u, . . . . .
?(_JaLl)+122 ( Jaly + jal; + jols + r2)+|_33 (_rz - JaLs) ~hly, 1l =0. (42)
1
From equation (42) we obtain
1, =15, (43)
and
lg=1;-1,=0. (44)
Let perform equivalent transformations for equation (35).
u, . . . . . n!
—(—jOLL2 ) +1y (—I‘2 - J(XLS)+ 1 ( Job, + joL, + jals +1, ) r—l——— +hl;=0. (49)
I, ri(n—r)t,
It is obvious that
1y =1y (46)
Since there is no current in the inductance Ly, the task is significantly simplified, so we can write
U L
[ G YN (47)
(L+L+L+L,)r
U L
=1, = Ltl) 4, (48)
(L+L+L+L,)r

Let’s consider the third example, we will determine in a DC branched circuit with ideal capacitances
(Fig. 4) the voltages on the capacitors C,,C,,C,, the circuit parameters: U =100V, C, =200 pF,

C, =150 yF, C, =100 uF.
o—|
1
e T &

U

Figure 4. Branched circuit with ideal capacitances

Let find the total complex resistance of the circuit
1 1 1
1 joC, joC, 1  (jaC,)(jaC,)
- + = — + == - =
joC, 1 1 jaC,  jaC, + joC,
joC, jaC, (joC,)(joCy)

~
—8X
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1 1 joC, + joC, + jaC, C,+C, +C,
=———+- == . . =- : (49)
jaC,  jaC,+ joC; joC,(joC,+ jaC,) joC,(C,+C;)
then the current flowing through the capacitance C,
UjaC,(C,+C
| =Y UG (GG, (50)
Z. C +C,+C,
The currents flowing through the capacitors C,,C, are found as
1
Ly G _UaG(C,+C) (jeC;) _ UjaCc, 51
o1 1 C+G+C,  jaC,+jaC, C+C,+C,
joC, jaC,
1
Lo jaC, :Ujoccl(C2+C3). (jaCy) _ UjaCC, . (52)
A R 1 C,+C,+C, joaC,+jaC, C,+C,+C,
joC,  jaC,
The voltages on the capacitors are determined by the following expressions:
UjaC,(C,+C U(C,+C
Ug, = lgy — = (€t C) 1 _Y(CC) 57y, (53)
' ' jaC, C,+C,+C, joC, C +C,+C,
T _1 __UjaCC, "1 __ UG _57.143V, (54)
: ?jaC, C +C,+C; joC, C,+C,+C,
U, =1, L - UGG 1 VS, 57143V (55)

" jaC, C,+C,+C, joC, C,+C,+C,
It is obvious that the voltages on the capacitors C,,C, are the same.

Conclusion

1. The article systematizes a specific class of problems in theoretical electrical engineering. These prob-
lems concern the analysis of complex DC electrical circuits containing ideal capacitive and inductive ele-
ments. It is argued that traditional methods of analysis for this class of problems are extremely difficult or
cannot be applied at all. This is due to the emergence of uncertainties caused by the limiting values of
reactances at zero frequency (at DC).

2. To solve the above problems, it is proposed to apply a non-standard analysis, namely, to consider the
frequency of the direct current not as zero, but as an infinitely small value. This approach transforms the
original problem, making it suitable for solution using classical unified methods of theoretical electrical en-
gineering.

3. The proposed approach, based on the use of non-standard analysis, has demonstrated high efficiency
in solving electrical engineering problems on examples of analyzing complex electrical circuits with ideal
reactive elements and contour parameters of various orders of infinitesimality.

4. It is advisable to direct further research to identify similar problems in other branches of science and
technology, where the use of classical methods is limited due to the presence of boundary processes or un-
certain analytical expressions. This will contribute to expanding the scope of application of non-standard
analysis as an effective tool for mathematical modeling.
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DJIeKTPTEXHUKAAAFbI CTAHAAPTTHI eMeC TaJiay.
HNnean peakTuBTi 3J1IeMeHTTEPI 0ap KypaeJi cxemaJsap

Makasaaa TeOpHUsIIbIK IICKTPTEXHUKA MocelelepiHe CTaHAapTThl eMeC TalIay/IblH TYKbIpbIMAaMaapbl MEH
onicTepiH KoymaHy YChIHbLUTFaH. CTaHIapTTHI AIEKTPTEXHUKA 9NicTepl KETKUTIKTI THIMAI eMec, OfTKeHi oap
oTe KYp/eni HeMece TIlTi HeaIbl HHIYKTUBTUIIK ITIeH CHIMBIMIBUIBIKTEI KAMTHTBIH TYPAKThI TOK Ti30eKTepiH
€cernTey YIIiH kapaMchi3. bysr Mocene TypakThl TOK YIIiH (HOJIIK KUUTIKTE) MHAYKTHBTI Kelepri Holre TeH
OOJIFAaHIBIKTAH JKOHE CHIMBIMIBUIBIK KEeIeprici IIeKCi3[AiKKe KeTeTiHAIKTeH TyblHaaiapl. Hormkecinne,
MyHIail 3JeKTp Ti30eKTepiH ecenTeyaiH CTaHJapTThl SAICTEPiH KOJIaHFaH Ke3[e, TUNTeri Oenricizmik

0
OpHEKTEepiH 6 HeMece — JOCTYpl MaTeMaTHUKAIBIK Tajnay LIeHOepiHIe KUBIHABIKTAp TYFhI3aThIH
0
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Non-Standard Analysis in Electrical Engineering ...

Macenenepai memyre Typa kenedi. OCbl KHBIHIBIKTAp/bl €CKePe OTBIPHIN, KJIACCHKAIBIK MaTeMaTHKAIIBIK
aHaJIM3/li CTAaHAAPTTHI €MEC aHATU3Te ayBICTBIPY YCHIHBUIAABL. byl Tocinae TypakThl TOK JKULTIr HONAIK eMec,
0 IIEKCi3 ImaMachl peTiHae KapacThlpbUiagsl. OChl TOCUT HHAYKTUBTI SJIEMEHTTEPIiH PEaKTUBTLIIrH, COHAAN-

aK =< CBHIBIMIBUIBIK DJIEMEHTTEPIiHIH PEaKTHBTUIKTI KeepriCiH aHbIKTayFa MYMKIHIIK Oepeni. By
o

TEOPHSIIBIK JICKTPTEXHUKAHBIH OapIIBIK CTAaHAAPTTHI OICTEPiH COTTI KOJAaHYFa KoHE OeNrici3 epHEeKTepMEH
JKYMBIC iCTey KaXETTUIriH OoJnmplpmayra MYMKiHAIK Oepeni. Makamaga uaeaiansl MHIYKTUBTUIINT MEH
CBHIABIMAIBUIBIFBI Oap KYpesi TYpakThl TOK Ti30EKTepiH TajAayablH HAKThl MbICANaphl KENTIpiiAreH.

Kinm ces3oep: TypakTbl TOKTBIH KYpZHelNi Ti30eKTepi, CTaHZApPTTHl €MeC TalAay, JIEKTPTEXHHKA, HAeaIbl
PEaKTHBTI JIEMEHT

C.1I. Kangpis, B.B. Kyxapuyk, B.I'. Maassipos, B.1O. Kyuepyk,
[L.H. Kynakos, B.C. ManskoBckas, A.K. Xacenos, J[.K. Kapabekosa

HeCTaH[[apTHbIﬁ AHAJIN3 B JJICKTPOTCXHUKE.
CioxxHbI€ CXeMBI ¢ Ha€AJTbHBIMHU PCAKTHBHBIMH 3JICMCHTAMHA

B craree npezacrasieHo nprMeHeHHe KOHIIETIIUI 1 METOI0B HECTAaHIapTHOTO aHalM3a K rmpoliemMaM Teope-
THUYECKOW DIIEKTpOoTeXHUKU. OOOCHOBAHO, YTO CTAHIAPTHBIE METOBI AIEKTPOTEXHUKH HEJOCTAaTOUHO dPek-
TUBHBI, IIOCKOJIBKY OHHM YPE3MEPHO CIIOXHBI I JaXKe HEMPUTOAHBI JUIA pacueTa 3JIeKTpUYEeCKUX Lenel mo-
CTOSIHHOTO TOKA, COAEPIKAIINX HeanbHble HHIYKTHBHOCTH M €eMKOCTH. DTa IpobiieMa BO3HUKAET U3-3a TOTO,
YTO AT TMOCTOSTHHOTO TOKa (C HYJEBOH 4acTOTON) MHAYKTHBHOE COIIPOTHUBIIECHHE PABHO HYIIO, & EMKOCTHOE
CONPOTHBIEHHE YXOIUT B OECKOHEUHOCTh. B pe3ynbraTe IMpH HCIOIB30BAaHUH CTAHAAPTHBIX METOIOB pacue-

o]
Ta TAKUX BJICKTPUUYCCKUX nenei MPUXOAUTCS PEHIATh BBIPAXKCHUA HCONPEACICHHOCTU THUIIA 6 HiIM — , 4TO
o]

CO3acT TPYAHOCTHU B paMKax TPpaAUIIMOHHOI'O MAaTEMAaTHICCKOI'O aHaI13a. YuauteiBas YKa3aHHbIC TPYAHOCTH,
npemiaracTcsa 3aMCHUTDH KJTACCHUECKHI MaTeMaTUYeCKH aHaIW3 Ha HeCTaHZ[apTHI;Iﬁ. HpI/I TaKOM IIOAXOIC
JacToTa MOCTOSITHHOI'O TOKa pacCMaTpUBACTCA HC KaK HYJICBasA, a Kak OCCKOHEYHO Malasi BeauduHa o. Takoi
MOAXO0/ TTO3BOJIAECT ONIPEACIATH PEAKTUBHOE COINPOTHUBICHUEC WHAYKTHUBHBIX JJICMEHTOB KaK W PCAKTUBHOC

COMPOTUBJIICHUEC EMKOCTHBIX JJIECMEHTOB KaK — _C . DTO MO3BOJISET YCOEIHO MPUMEHATH BCE CTAHOAPTHHIC
o

METO/1bI TeOpeTI/I‘IeCKOﬁ DJICKTPOTCXHUKH U n30exarh HeO6XOI[I/IMOCTI/I pa6OTBI C HCOINPCACICHHBIMU BbIpa-
s)keHussMu. B cratbe NPUBEACHBI KOHKPETHBIEC MPUMEPHI aHaJIn3a CJIOKHBIX L(er[eﬁ IIOCTOSITHHOT'O TOKa C UJA€-
AJIbHBIMU MHAYKTUBHOCTAMHA U €EMKOCTBIO.

Kniouesvie cnoga: clnoxHbIEe IEMH MOCTOSHHOTO TOKA, HECTAHAAPTHBIA aHAIN3, 3MEKTPOTEXHUKA, HCAITbHO-
PEeaKTUBHBIN 2JIEMEHT
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A Study of Structural and Thermal Properties
of a Novel Doped Perovskite-Type Oxide SrFeq¢Cuy3M0g 103 5

In this study, a novel perovskite-type oxide SrFey¢Cugy3Mog:03 5 was synthesized via a conventional solid-
state reaction route and comprehensively characterized using neutron powder diffraction (NPD), scanning
electron microscopy (SEM), and thermal analysis. The application of NPD enabled precise determination of
the atomic structure and differentiation between cations with similar atomic numbers. Rietveld refinement of
the NPD data confirmed the formation of a single-phase cubic perovskite with the space group Pm-3m
(no. 221) and a lattice parameter of a =b = ¢ =3.8997(1) A. SEM images revealed a highly porous, intercon-
nected microstructure with uniform elemental distribution, while thermogravimetric analysis (TGA) demon-
strated a two-step oxygen loss up to 1000 °C, confirming excellent thermal stability. The oxide exhibited a
low thermal conductivity of 1.986 W-m K * at 900 °C, attributed to enhanced phonon scattering induced by
Cu and Mo co-doping and lattice disorder. These findings indicate that controlled B-site co-doping can effec-
tively tailor defect chemistry and phonon transport, resulting in materials with reduced thermal conductivity
and improved structural integrity. Therefore, SrFeysCug3M0g 103 5 Shows great potential for high-temperature
energy conversion applications, including thermoelectric devices and solid oxide fuel cells.

Keywords: perovskite oxide, neutron powder diffraction, Rietveld refinement, solid-state synthesis, scanning
electron microscopy, thermogravimetric analysis, microstructure, oxygen non-stoichiometry, phonon scatter-
ing, thermal conductivity

=Corresponding author: Kabyshev, Asset, kabyshev_am_1@enu.kz

Introduction

Perovskite-type oxides (ABX3) were first identified in the mineral CaTiOs, where A and B are cations
and X is an anion. The perovskite lattice exhibits remarkable compositional flexibility, nearly all transition
metals, lanthanides, and actinides can occupy the B-site, while larger alkali, alkaline-earth, or rare-earth ions
occupy the A-site with twelve-fold oxygen coordination [1]. Doped perovskites with general formulas
AZ*B* 0,3, AMB>'0,, or A*B*0; have been widely studied because of their tunable physical and chemical
properties [2]. Achieving single-phase perovskite oxides often requires high calcination temperatures and
long sintering durations, especially when refractory metal oxides are incorporated [3-5]. Consequently, these
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materials have found broad applications in energy conversion and storage, superconductivity, ferroelectrics,
piezoelectrics, and electrodes, owing to their excellent electrical, magnetic, and pyroelectric properties [6-18].

Neutron powder diffraction (NPD) provides a powerful tool for elucidating the atomic structures of
such materials. Unlike X-ray diffraction, neutron scattering lengths are largely independent of atomic num-
ber, allowing accurate localization of light atoms (e.g., H, Li, O) and differentiation between neighboring
elements or isotopes [19, 20]. As a result, NPD has become increasingly important for investigating ad-
vanced energy materials [21-23].

In thermoelectric and solid-oxide fuel cell (SOFC) applications, low thermal conductivity is desirable to
minimize heat loss and enhance efficiency. While pristine SrTiO3 exhibits relatively high thermal conductivi-
ty, targeted doping at the Sr- or Ti-site can effectively suppress phonon transport [24-29]. For example, La*,
Sm®, and Y** substitutions at the Sr-site, or Nb-doping at the Ti-site, have yielded significant reductions in
thermal conductivity.

Building upon this concept, we developed a co-doped perovskite SrFeqsCuy3M0, 103 5, introducing Cu
and Mo at the B-site to tailor the crystal structure and defect chemistry. Using high-resolution time-of-flight
neutron diffraction, we accurately determined the crystal symmetry and atomic arrangement, confirming a
cubic perovskite phase with space group Pm-3m. Additionally, we investigated its microstructural morphol-
ogy and thermal transport behavior to elucidate the structure—property relationship. The findings demonstrate
that controlled B-site co-doping can effectively lower thermal conductivity without compromising structural
stability, suggesting potential use in high-temperature electrochemical and thermoelectric systems [30].

Materials and methods

Grinding the powder particles mostly with mortar and pestle to homogenize the combination of reac-
tants is referred to in solid-state synthesis [31-35]. Repeated grinding and firing of the compound until it
achieves a single phase is used in this method. Polycrystalline sample of the SrFeqsCuy3M0, 1055 Was syn-
thesized through a solid-state route by using SrCO; (>99.90 %, Aldrich), Fe,O3 (=99.998 %, Aldrich), CuO,
and MoO; (>99.50 %, Aldrich) ceramic powders with the inclusion of ethanol as a dispersing agent, the
powders were manually ground in an agate mortar by a pestle. The hydraulic press was employed to pelletize
the mixed powders, placed in a-Al,Os crucibles, and annealed at elevated temperatures in a box furnace. The
mixture of the powder samples was first annealed at 650 °C for 10 hours. After pelletizing, annealed at
900 °C for 12 hours, then sintered at 1100 °C for 12 hours, with intermediate grinding and pelletizing. The
entire synthesis process was carried out in air.

Prior to neutron powder diffraction, XRD was used to determine the phase structure using a Bruker axs-
D8 Advance diffractometer. At the I1SIS Neutron & Muon Source in the UK, neutron powder diffraction data
were acquired using the Polaris diffractometer (medium-resolution powder diffractometer at a high intensity)
[36, 37]. Utilizing GSAS-II software [38], the time-of-flight (TOF) powder diffraction data were analyzed.
Standard parameters were used in the Rietveld analysis to refine the results, including a shifted Chebyshev
series as background that was initiated by the GSAS software, zero shift, scale factor, profile parameters
(type 3 in GSAS), cell parameters, atomic coordinates, site-occupancy factor (SOF), and atomic displace-
ment factors (ADP).

Scanning electron microscopy (SEM) was used to examine the morphological structure and to evaluate
its porosity. Since the sample was extremely conductive, a coating of carbon was applied to prevent over-
charging. The JSM-7610F (Japan Electron Optics Laboratory Co. Ltd., Japan) was used to capture the pic-
tures of the surface of the pellet, and it gave an outstanding, high-contrast view of the pellet. Netzsch-
Geridtebau GmbH-STA 409 PC Luxx Simultaneous Thermal Analyzer was employed to perform TGA in
order to observe the weight change with rising temperature under flowing N,. SrFeyCug3M0, 1035 powder
weighing 68.342 mg was put in an Al,O3 DSC/TG pan and heated at a rate of 5 °C/min while flowing N, at a
rate of 20 ml/min. Before cooling, an hour of isothermal holding eliminated the absorbed species. To confirm
that all pollutants had completely been desorbed, the procedure was then repeated. Once the desorption pro-
cess was finished, N, flow was used in place of airflow, and the mass change was monitored until equilibri-
um was attained. A Netzsch-DSC 4044F1 was employed to perform differential scanning calorimetry in or-
der to observe the heat flow with rising temperature under a flowing inert atmosphere (Ar). A Netzsch-LFA
467 HT/Hyper Flash was used to determine the thermal conductivity at a rate of 5 °C/min while flowing Ar
at a rate of 20 ml/min.
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Results and discussion

Crystal Structure Analysis

Perovskite oxides offer remarkable compositional flexibility due to the wide range of possible substitu-
tions at both the A and B sites, enabling precise control over oxygen vacancy concentration, redox-active
centers, and physicochemical properties [39, 40]. Fe-doped SrTiO; compositions such as SrTigsFeq ;03 5 and
SrTigeFeq403 5 have demonstrated excellent anode performance for solid oxide fuel cells (SOFCs) when
combined with Cey9Gdy 10,5, as reported by Sungmee et al. [41].

In this study, the X-ray diffraction pattern of SrFeqsCuy3M0g103-5 synthesized via the solid-state route
revealed a single-phase cubic perovskite structure with space group Pm-3m (no. 221). To achieve a deeper
understanding of its crystal structure, neutron powder diffraction (NPD) measurements were carried out at
room temperature (Fig. 1). Rietveld refinement of the NPD data confirmed the single-phase cubic symmetry,
with refined lattice parameters of a = b = ¢ = 3.8997(1) A, consistent with the simple perovskite framework
(allxallxall) where all is the primitive perovskite lattice parameter [42].

The diffraction data were refined using Bank 2 (up to 7 A) of the POLARIS diffractometer. The re-
finement statistics and structural parameters are summarized in Table 1. The obtained low R-factors
(R =2.94 %, Ry, = 4.36 %, and R; = 3.38 %) indicate excellent agreement between the observed and calcu-
lated profiles. The refined atomic positions, isotropic displacement parameters (Uis,), and Wyckoff sites con-
firm a well-ordered cubic structure without secondary phases or superstructure reflections associated with
oXxygen vacancy ordering.
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Figure 1. a) Rietveld refinement profile at room temperature for SrFeq gCug3sM0g 103_.
The original data is represented by a crossline (red), the measured profile data is depicted by a continuous line (green),
and the difference is shown by a bottom line (purple) with a 3D polyhedral representation of SrFeqsCug3M0g 103 5 in it
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Table 1

Rietveld refinement parameters for SriFeqsCug3M0,105 5 at room temperature (space group Pm-3m),

atomic coordinates and isotropic temperature factors (Uis,)

Parameters SrFeqsCugsM0g 105 5
Structure model Cubic
Space group Pm-3m
Volume (A®) 271.5090
R-factors
R; (%) 3.38
R, (%) 2.94
Rup (%) 4.36
Cell parameters
a(A) 3.8997 (1)
b (A) 3.8997 (1)
c(A) 3.8997 (1)
Atomic positions X, Y, Z
Sr (1b) 0.5000, 0.5000, 0.0000
Uieo (A% 0.0176 (1)
Fe (1a) 0.0000, 0.0000, 0.0000
Uieo (A% 0.0045 (2)
Cu (1a) 0.0000, 0.0000, 0. 0.0000
Uieo (A% 0.8000 (2)
Mo (1a) 0.0000, 0.0000, 0. 0.0000
Uieo (A% 0.0183 (1)
O (3d) 0.5000, 0.0000, 0.0000
Uieo (A% 0.0165 (1)

Bond Length Analysis

For an ideal cubic perovskite (ABOs) structure, the bond lengths are given by d, — O = a/ J2 and

d, — O = a/2, where a is the lattice constant. The experimentally refined bond lengths for SrFeqCugsM0y 1035
are listed in Table 2. The average B-O bond length was found to be 1.946 A, in close agreement with the
theoretical value calculated from the lattice constant and Shannon ionic radii [43].

Table 2

Bond distances for cubic SrFeqCug3M0y 105 in (A) (d < 6 A) extracted at room temperature (RT),
based on NPD data

Bond Multiplicity Bond length (A)
Sr—0, x12 2.75233 (3)
Fe O, <6 1.94619 (3)
Cu 0, <6 1.94619 (3)
Mo_O; <6 1.94619 (3)

The absence of additional reflections in the NPD pattern suggests no symmetry reduction or long-range
cation ordering, confirming that oxygen vacancies and cation substitutions do not induce structural distortion
detectable within the resolution of the diffraction data.

The bond lengths obtained from the refinement were very close to the calculated bond lengths. The ex-
perimental bond length (B—-O) for SrFe;sCuy3Moy 103 5 was obtained at 1.9462 A (Table 2). The NPD layout
measured at room temperature was appropriately refined in the space group Pm-3m and the polyhedral repre-
sentation of the crystal structure as shown in Figure 1, displaying no extra peaks that ought to activist a su-
perstructure bobbing up from oxygen vacancies or the long-range ordering of metals, or a reduction in sym-
metry.
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Microstructural Characterization

The microstructure of the sample was examined using scanning electron microscopy (SEM) coupled
with energy-dispersive X-ray spectroscopy (EDX). As shown in Figure 2, the SEM image reveals a porous
and interconnected grain network, consistent with the open morphology typically observed in perovskite ox-
ides synthesized via solid-state routes. The microstructure is composed of micrometer-sized agglomerates
formed by the sintering of irregular nanocrystalline particles.

The presence of Cu?* ions promotes enhanced grain growth and neck formation during sintering, lead-
ing to a partially fused morphology [44, 45]. The average grain size was approximately 1 um, and EDX
analysis confirmed a homogeneous elemental distribution of Sr, Fe, Cu, Mo, and O without detectable impu-
rity phases. This uniformity further supports the single-phase nature of the compound as observed in the
NPD and XRD analyses.

Figure 2. Scanning electron micrographs for SrFey¢Cugy3M0g 1045 pellet using a secondary electron image (SEI)
detector with a low voltage (5.0 kV) with carbon-coated specimen and the associated EDS spectrum
is shown in the inset

Thermal Analysis and Thermal Conductivity

Thermogravimetric analysis (TGA) of SrFeysCuosM0,103_5 revealed a distinct two-stage weight loss
pattern (Fig. 3). A sharp decrease in mass was observed up to 400 °C, similar to the thermal behavior report-
ed by Rattiphorn et al. [44]. This initial weight loss is attributed to the release of physically adsorbed species
and the partial oxidation of transition-metal cations. Between 400 °C and 650 °C, the weight loss proceeded
gradually, corresponding to further oxidation reactions within the lattice and the formation of higher metal
oxides. At elevated temperatures, CuO can partially decompose to Cu,O, contributing to the observed mass
change [45].

Copper-containing mixed oxides are widely recognized for their high oxygen exchange capacity and
enhanced redox reactivity, which improve the performance of composite oxygen carriers and other function-
al materials [46-48]. To maintain an inert environment during the TGA experiment, the analysis was con-
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ducted under a nitrogen-rich atmosphere within a vacuum-sealed chamber. The onset of oxidation near
400 °C confirmed the sample’s reactive oxygen mobility under thermal excitation.
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Figure 3. TGA diagram of SrFeqsCug3sM0g 103 5 on a scale of 20 °C to 950 °C

Differential scanning calorimetry (DSC) measurements (Fig. 4) further revealed a gradual increase in
heat flow between room temperature and 110 °C, associated with the release of surface-bound volatiles. Two
broad endothermic peaks appeared at 914 °C and 949 °C, followed by an endothermic transition near 104 °C,
indicating structural rearrangements and oxygen loss at high temperature.
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Figure 4. DSC diagram of SrFeqgCug3M0g103_5 on a scale of 25 °C to 950 °C

Thermal conduction in oxides primarily arises from phonon transport, governed by the mobility of lat-
tice vibrations. Unlike metals, where free electrons dominate heat transfer, ceramic oxides exhibit inherently
low thermal conductivity due to their predominantly ionic bonding and phonon scattering at grain bounda-
ries. Additional microstructural factors such as porosity and grain interfaces further impede heat transport.

Perovskite-type oxides have, therefore, attracted considerable attention as low-thermal-conductivity ma-
terials with high structural stability at elevated temperatures [49, 50]. The measured thermal conductivity (k)
of SrFeqsCug3M0g 103 5 from room temperature to 900 °C is presented in Figure 5. The oxide exhibited a
value of 1.986Wm'K™' at 900°C, comparable to other complex perovskites such as
Sroglag1(Zro.25SNg 25 Tig25HTo 25) O3 (1.89 WmK™? at 873 K) [51, 52] and significantly lower than undoped
SrTiO; (10 W m™ K™ at 300 K) [53].
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This reduction in k can be attributed to enhanced phonon scattering caused by B-site cation disorder
(Fe, Cu, Mo), oxygen vacancies, and the porous microstructure observed by SEM. These defects disrupt lat-
tice periodicity and inhibit coherent phonon propagation. As summarized in Table 3, SrFeqsCuy3sM0g 1035
demonstrates one of the lowest thermal conductivities among single-phase cubic perovskites, confirming that
Cu/Mo co-doping effectively tunes lattice dynamics without compromising phase stability.

Such a combination of structural stability, oxygen mobility, and low thermal conductivity suggests
strong potential for this material in high-temperature thermoelectric and SOFC applications, where maintain-
ing temperature gradients and minimizing heat loss are essential for improved performance and longevity.
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Figure 5. Thermal conductivity of SrFeqsCuy3M0g 1055 on a scale of 25 °C to 900 °C

Table 3
Comparison of thermal conductivities for SrFeysCu3M0,105_5 and other perovskite structures in the literature
Compositions Temperature Thermal conductivity (Wm 'K ™) Ref.
Sro.0L.20.1(Zr0.255N0.25 T 25Hf0.25) O3 873 K 1.89 [52]
(CaOAZSSr0,25Ba0,25La0,25)TiO3 1073 K 2.5 [54]
SrZrO; 1273 K 2.1 [55]
SrTiO; 300 K 10 [53]
SrFegsCuy3M0g 1055 1173 K 1.986 This work

Compared to other perovskites possessing single-phase cubic structures, SrFeCug3Mo0g104_5 exhibits a
notably low thermal conductivity, as summarized in Table 3. The structural and thermal analyses indicate
that the sample combines high porosity with good phase stability and a controlled degree of oxygen deficien-
cy, which collectively contribute to its favorable thermal behavior. In this composition, the B-site cations
(Fe, Cu, and Mo) occupy corner-shared octahedral sites within the cubic perovskite lattice, forming a well-
defined and symmetrical framework.

The incorporation of Cu into the perovskite matrix not only promotes electronic conductivity but also
modifies the lattice dynamics, enhancing phonon scattering and thereby reducing thermal transport. The re-
sulting microstructure, characterized by a highly porous and interconnected network, facilitates effective
charge mobility while impeding heat conduction. Thermogravimetric analysis revealed weight loss primarily
between 200 °C and 950 °C, corresponding to oxygen release and the formation of thermally stable oxide
phases.

Overall, the combination of single-phase cubic symmetry, controlled oxygen non-stoichiometry, and
low thermal conductivity suggests that SrFeqsCug3M0g103 5 is a promising candidate for high-temperature
thermoelectric and solid oxide fuel cell applications, where materials with low heat transport and stable
structural integrity are essential.

Conclusion
A single-phase cubic perovskite oxide SrFeqsCug3Mo0, 103 5 was successfully synthesized via the solid-
state reaction method and characterized using neutron powder diffraction, scanning electron microscopy, and
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thermal analyses. Rietveld refinement of the neutron diffraction data confirmed that the material crystallizes
in a simple cubic structure with space group Pm-3m and a lattice parameter of a = 3.8997(1) A. The micro-
structural analysis revealed a homogeneous, porous morphology with interconnected grains, while TGA and
DSC results demonstrated thermal stability up to 950 °C with oxygen release occurring in two main stages.

The measured thermal conductivity of 1.986 Wm K™ at 900 °C indicates that Cu and Mo co-doping at
the B-site effectively enhances phonon scattering and reduces heat transport without disrupting the structural
integrity of the perovskite lattice. The combined characteristics of structural stability, controlled oxygen non-
stoichiometry, and low thermal conductivity make SrFeq¢Cuo3M0,103 5 a promising candidate for high-
temperature energy applications such as solid oxide fuel cells and thermoelectric devices.

Future work will focus on correlating electrical conductivity and Seebeck coefficient data with the pre-
sent thermal results to evaluate the overall thermoelectric performance and optimize the dopant concentration
for enhanced functional efficiency.
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A Study of Structural and Thermal Properties ...

. Adposze, A.M. KaGrimieB, A.A. AliMaxaHoBa,
M.C. Pe3za, M.C. Ucnam, K.A. KyrepOekos, A.K. Azan

7Kana nerupienrer nepoBckuT Typinaeri SrFeysCug Moy 105 ;5 okcnaiHin
KYPbLUIBIM/IBIK “K9HE KbLIYJIBIK KACHETTEPIH 3epTTey

JKymbicta »kaHa MepoBCKHT TypiHzmeri SrFepgCuo3M0g 03 5 okcumi KarTbidazanblk peakuus: diciMeH
CHHTE3JICTII, HeHTPOHABIK yHTaK audpaxmuscel (H¥]I), ckanepneymi 31ekTpoHABIK Mukpockonus (COM)
JKOHE JKBUTYJIBIK TaJllay OMICTepi apKbUIBI JKaH-)KakKThl cumartaigsl. HY ][ KonmaHy aTOMOBIK KYPBUIBIMIBI
19T aHBIKTAyFa YKoHE aTOMIBIK HOMipiiepi yKcac KaTHOHAApAbl aKbIpaTyFa MyMKIHIIK Oepai. PutBensn oxici
GoiipiHIIa anbiHFaH HOTIOKEnep Pm-3m (Ne 221) keHicTik TOOBIHA KaTaThIH KYOTHIK Oipda3aibl IepoBCKUT
KYPBUIBIMBIHBIH KaNBIITACYBIH PacTabl, ajl Top mapameTpi a = b = ¢ = 3.8997(1) A 6omuer. COM keckinzepi
OIpTEeKTi >JIEMEHTTIK Tapallybl O0ap *KOFapbl KEyeKTi KoHe e3apa OaillaHbICKaH MUKPOKYPBUIBIMABI KOPCETTI.
TepmorpaBumerpusiblk Tanaay (TTA) 1000 °C peitiH exi caTbUIBl OTTETi JKOFANTYIbl KOpCETTi, Oy
MaTepUANIbIH JKOFaphl JKBUTYJIBIK TYPaKTBUIBIFBIH nonengerai. 900 °C  temmepaTypachlHAa 6JIIEHTeH
KpUTyeTKisrimrik 1.986 Br-m K™ mamacemna Gomsim, Cu xome Mo Gipiecinm Jermpiey HoTHKeciHae
(hoHOHAPABIH LIAIBIPAYBIHBIH apTYBIMEH KSHE TOPABIH OY3bUTyBIMEH TYCIHIIpiNeni. AJIBIHFAH HITHXKENep
B-nosunmsiceiHaarel  GakbUIAaHATBIH JIETHpiey JAe(EeKTTIK XUMHUSHBI JKOHE JKBUIy TachbIMajblH THIMII
perreitTinin kepceTTi. SrFey¢CugsM0g 105 5 xKOFapel TeMIepaTypaiibl SHEPTUs TYPACHIIPTIITEPiHAC, COHBIH
IMIiHAe TEPMOIJIEKTPIIIK KYPBUIFBUIAD MEH KATTHIOKCHUATI OTHIH 3JEMEHTTEepiHJe KOJIaHyFa HEepCHEeKTUBTI
Matepual OOJIBIN TaObUTabL.

Kinm ce30ep: mepOBCKUT THUNTI OKCHI, HEUTPOHIBIK YHTAK AU pakuuscel, PurBensa omici, KaTThI(a3aibk
CHHTE3, CKaHepJIeylll SJEeKTPOHABIK MHKPOCKOIHS, TEPMOIPABUMETPHSUIIBIK Talunay, MHKPOCTPYKTYpa,
OTTETiHIH KaTTBUIBIFBI, (YOHOHIAPABIH MAIIBIPAYHI, )KBUTYOTKI3TIIITIK

. Adpose, A.M. KaGrimieB, A.A. AliMaxaHOBa,
M.C. Pe3za, M.C. Ucnam, K.A. KytepOekos, A.K. Azan

HccnenoBanue CTPYKTYPHBIX H TEIUIOBBIX CBOWCTB HOBOT'O JIETHPOBAHHOTO
okcHaa mepoBcKUTHOro0 THNa SrkFeygCuy3sM0og 105 5

B nannoit pabote okcua SrFegsCuyzM0og 103 5 6bUT cuHTE3MpOBaH MEeTOIOM TBEPA0(DA3HON PEaKIUH U OXa-
paKTepH30BaH C MCHOJIB30BAaHHEM HEHTPOHHOW moporukoBoi audpaxuun (HII/), ckaHupyromei anekTpoH-
HO# Mukpockormmu (COM) u Tepmuyeckoro aHanusa. HeliTpoHHast audpaxuus No3BOJISET HPOBOIMTH Jie-
TaJIbHBIN aHAJIN3 CJIOXKHBIX OKCHJIOB, OCOOCHHO B CITy4asiX, KOTJIa aTOMBbI MMEIOT OJIM3KHE aTOMHBIE HOMepa.
VYTouHenue no Merony PurBenbaa nanaeix HIT/I moaTBepausio mpocTyro KyOU4ecKyro EpOBCKUTHYIO CTPYK-
Typy C TpOCTpaHCTBeHHOW Tpymmoit Pm-3m (Ne221) u mapameTrpamMu JJI€MEHTApHOW SYEHKH
a=b=c=3.8997(1) A. Pesympratel COM MOKa3amM BBEICOKOTIOPHCTYIO M B3aHMOCBA3aHHYIO MHKDPOCTPYK-
Typy, B TO BpeMsi Kak TepMorpaBuMmeTpuieckuii anamu3 (TI'A) BeIABHI IBYXCTYIIEHUATYIO TIOTEPIO KUCIOPO-
nma mo 1000 °C, 9Tto yka3pIBaeT Ha XOPOUIYIO TEPMHUYECKYIO CTaOMIBHOCTh Marepuana. Mi3MepeHHas Teruio-
npoBoHOCT cocraBma 1.986 Br-m * K mpu 900 °C. TTosydeHHBIe pe3ylIbTaThl JeMOHCTPHPYIOT, YTO CO-
JONHMPOBAaHNE MeJIbI0 M MOJIMOAEHOM 3 (HEKTUBHO peryaupyeT Ae(eKThl KPHUCTaUTMYECKON PEETKH U pac-
cesiHie (DOHOHOB, YTO OTKPHIBACT MEPCIIEKTHBHBIE BO3MOXKHOCTH I pa3pabOTKU NEPOBCKUTHBIX OKCHIOB C
MTOHIKEHHOM TEIJIONPOBOAHOCTBIO U1 MMPUMCHEHUSA B obnacTu aﬂbTepHaTI/lBHOl\;I OHEPIr€TUKHU, UX BBICOKOM
TEpPMOMEXaHUIECKOIl COBMECTUMOCTH, YITy4IIICHHOH MPOBOJIMOCTH H IOJITOBEYHOCTH.

Kniouesvie cnosa: oxcup MEpPOBCKUTHOTO THUITA, HEHTPOHHAS IOPOIIKOBast AUQpakmus, MeTox Pursenbia,
TBEPAO(DA3HBI CHHTE3, CKAHUPYIOMIAsl 3JIEKTPOHHAS MUKPOCKOIIHS, TEPMOTrPaBUMETPHUECCKUH aHAIIN3, MHK-
POCTPYKTYypa, HECTPOTOCTb 10 KUCTIOPOIY, paccesiHue (POHOHOB, TEIUIONIPOBOIHOCTh
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Image of the Experimental 3D Concentration Field of the Separated Gas
with Specified Thermophysical Properties under Conditions of Mechanical
Equilibrium Instability in an Isothermal Ternary Mixture

Isothermal diffusion and convective mixing in a ternary He—Ar—N, mixture at varying pressures and initial
compositions were examined experimentally by means of the two-flask method. The study was conducted
under strictly controlled laboratory conditions to ensure precise, comparable, and reproducible results across
all experiments. It was found that when the density decreases with height, the mechanical equilibrium of the
mixture can be disturbed, causing gravitational flows and partial convection within the system. Anomalous
transfer of the component with the greatest molecular mass was detected at particular pressures and starting
compositions, pointing to the influence of supplementary convective processes beyond ordinary diffusion.
When the experimental results were plotted in the phase space of the three variables — pressure, initial com-
position, and diffused component concentration — a pronounced wave-like iso-concentration surface
emerged. This surface appeared in regions corresponding to well-developed convective flows. Its formation
correlated with the highest intensity of partial component mixing, highlighting the combined influence of
pressure, composition, and gravitational effects on the mixture’s dynamic equilibrium. These findings provide
insight into the interplay between diffusion and convection in multicomponent gas systems, revealing condi-
tions under which gravitationally induced flows significantly alter component transport and overall mixture
behavior.

Keywords: diffusion, instability, convection, pressure, initial composition, concentration
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Introduction

Modern technologies for material production and the prediction of natural phenomena require a more
accurate interpretation of heat and mass transfer processes in liquid and gaseous media. Complexities in the
description of multicomponent systems are caused by the simultaneous influence of different heat and mass
transfer mechanisms. The control of processes in such systems requires new knowledge about the specifics
of combined mass transfer at different stages of mixing, especially in conditions where equilibrium is
disturbed by gravitational convection [1, 2]. The generalizations presented in review studies [3, 4] on the in-
vestigation of non-isothermal mixing have shown that the emergence of different types of equilibrium insta-
bilities is related to the complex interaction between temperature and concentration gradients. It was also
noted that the transition of the studied system to a thermo-gravitational mixing regime can be realized within
the framework of convective stability theory by determining the critical Rayleigh numbers that define the
transition of the system from a convective state to a mixing regime. Researches of stability of equilibrium
states of binary systems in non-isothermal conditions, carried out on the basis of methods presented in [1-4],
have shown the existence of various specific features of thermal-concentration mixing, associated with the
nature of boundary conditions, interface surfaces and the appearance of combined flows, and so on. These
findings make it possible to systematically refine and apply the obtained information within the context of
the studied problem. For example, the investigation of the mixing of binary mixtures of magnetic fluids in a
non-uniform temperature field has shown that as a result of positive thermo-diffusion, density inversion re-
gions are formed, which under the action of gravity destabilize the equilibrium of the system, causing the
development of convective bursts [5, 6]. The peculiarity of this mixing regime is that the corresponding hy-
drodynamic currents manifest themselves in the so-called subcritical region, i.e., at Rayleigh numbers lower
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than the critical value that defines the transition between regimes, indicating a situation where, at the initial
stage of mixing, the system exhibits a stable state of mechanical equilibrium.

A similar situation can occur in isothermal gas mixtures due to the diversity of diffusion mixing mecha-
nisms. However, for binary mixtures, convective transfer arises within the traditional framework of Ray-
leigh-Taylor gravitational convection [7], which represents the mixing of a denser medium with a less dense
one and corresponds to Rayleigh numbers exceeding the calculated critical value [8]. The opposite direction
of the mixture’s density gradient determines diffusive mixing [9], which is characterized by Rayleigh num-
bers significantly lower than the critical value that marks the onset of convection. Nevertheless, in ternary
gas mixtures isothermal diffusion under certain conditions is capable of causing the appearance of analogs of
convective bursts similar to those noted in [5, 6], with the subsequent development of concentration gravita-
tional convection [9]. Despite the similarity of the effects observed in thermal and isoconcentration convec-
tion, the mechanisms responsible for the formation of inversion layers exhibit distinctive features. These dif-
ferences are associated with the presence of multiple concentration gradients that give rise to specific diffu-
sion regimes [10], which are absent in the thermal diffusion mixing described in [4—6]. One manifestation of
such special diffusion regimes was reported in [11], where significant differences in the diffusion coeffi-
cients of the components lead to a nonlinear concentration distribution in a vertical channel, ultimately re-
sulting in the inversion of the density gradient and the subsequent onset of isothermal gravitational convec-
tive flows. Several other features of diffusion mechanisms that cause concentration-driven gravitational con-
vection are discussed in the review [12]. Among them, it is worth noting experimental results showing that
the loss of system equilibrium stability leads to isothermal concentration gravitational convection accompa-
nied by a synergistic increase in the rate of component mixing [9, 13]. In this case, the mixing intensity ex-
hibits a nonlinear dependence on pressure, initial composition, and several other thermophysical parameters.

Thus, failure to take diffusion into account in multicomponent mass transfer leads to distortion in the
description of concentration fields and their subsequent evolution. The need to take into account the appear-
ance of gravitational convection in gas mixtures due to the violation of the mechanical equilibrium of the
system will allow for a more accurate description of heat and mass transfer in multicomponent mixtures,
which is not always done in diffusion experimental and computational-theoretical studies. This paper pre-
sents experimental results on the study of diffusion and the recording of convective currents caused by the
disturbance of the equilibrium of a ternary mixture of helium, argon, and nitrogen in a wide range of concen-
trations and pressures and at a constant temperature. Based on the obtained experimental data, a quantitative
assessment was made of the degree of mixing of the partial component fluxes in both the diffusive and com-
bined regimes.

Materials and methods
Experiment

Experimental device and experimental procedure

Experimental studies were performed on a device that implements the two-flask method [14], upgraded
to measure the partial concentrations of components not only in diffusion modes, but also in the field of con-
vective transfer using flat and cylindrical channels with different geometric parameters [15]. The schematic
representation of the measuring complex is reproduced in Figure 1.

Linear parameters and dimensions of the measuring device (diffusion cell) correspond to the following val-
ues: volume of the upper bulb V, = (185.0 + 0.5)-10° m>; volume of the lower bulb V, = (186.0 + 0.5)-10° m?;
dimensions of the rectangular vertical channel axbxL = (30.00 + 0.05 x 6.00 + 0.05 x 165 + 0.05)-10° m
(Figure 1b). In all measurements, the temperature was 298 K. Mixing time 300 s.

The features of isothermal mixing were studied by analyzing the concentration and baric dependences
of the ternary system He (1) + Ar (2) — N, (3) at constant temperature. Table 1 presents the mutual diffusion
coefficients as well as some thermophysical characteristics of the miscible components at normal pressure
and temperature T = 298.0 K. In further discussion, we will assume that the numbers in parentheses after the
chemical element determine its numbering in the system under study. The values given before the chemical
elements of the mixture determine the initial composition in mole fractions. It should also be noted that in the
pressure range of 0.1-2.0 MPa and temperature T = 298.0 K, the studied helium — argon — nitrogen mix-
ture can be considered ideal for any initial compositions.

82 Bulletin of the Karaganda University



Image of the Experimental 3D Concentration Field ...

a) Experimental setup scheme b) Diffusion cell

Figure 1. Implementation of the two-column method

Table 1
Some thermophysical properties of the mixture components and coefficients of mutual diffusion of gases

Properties of gases [16]

Gas Molecular weight, 10" kg/mole Density, kg/m® Viscosity, 10 °Pas
Helium He 4.0026 0.16 1.997
Nitrogen N, 28.0134 1.13828 1.775

Argon Ar 39.94 1.6 2.271
Interdiffusion coefficients of gases, Dy- 10™ m*/s [8, 16]
DHe-Ar DHe—Nz DAr-Nz
0.745 0.621 0.230

At the initial stage of the experiment, aimed at studying both diffusive and convective separation of gas
mixtures, the procedure of vacuumization of the internal volumes of the unit, including the main elements of
the diffusion cell: the upper flask (2), the lower flask (3) and the connecting channel (1) is carried out. In the
process of vacuumization the valve (4) remains closed. Further, the upper flask (2) is filled with a gas mix-
ture of helium and argon from the cylinder (5) through open valves (9) and (11) with closed valve (13). The
pressure of the mixture is brought to the experimental value and controlled by the manometer (7), after
which the valves (9) and (11) are closed. The lower flask (3) is filled with nitrogen from the cylinder (6)
through the open system of valves (10) and (12) with the valve (14) closed. The gas is supplied until the re-
quired pressure is reached, monitored by the manometer (8). When the filling of the lower flask is complete,
valves (10) and (12) are closed. When the procedure of pressure equalization in flasks (2) and (3) is complet-
ed, valve (4) is opened and the process of multi-component mixing begins.

Experimental studies were carried out at pressures ranging from 0.15 to 2.55 MPa and temperature
298.0 K. The accuracy of temperature control was 0.1 K, pressure — 0.02 MPa. Determination of compo-
nent concentrations was performed by gas chromatography with relative error not more than 1-3 %. Direct
measurements were carried out for argon and nitrogen, and helium concentration was calculated from the
condition of particle number conservation

> =1
i=1
where ¢; is the concentration of the i-th component. To increase reliability, the results were averaged over

several series of measurements under identical conditions. In all experiments, the upper flask of the diffusion
cell contained a mixture of helium and argon, whereas the lower flask contained nitrogen.
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The method of obtaining the concentration and baric dependence for isolated argon from experimental
data

The intensity of diffusive and convective mixing in ternary gas mixtures was quantitatively evaluated
by comparing experimental concentration data with values calculated from kinetic models assuming diffu-
sion [8]. If the experimental and calculated data coincided within the experimental error, then this type of
displacement was defined as diffusive. In the case of a discrepancy between them of tens or more percent,
we can talk about the manifestation of convective transfer. By applying this approach at different pressures
and initial compositions of the mixture and observing the constancy of all other experimental conditions in
two-dimensional coordinates, it is possible to obtain baric or isoconcentration dependencies that characterize
the corresponding type of mixing. By combining the characteristic dependencies and fixing the pressure, the
initial mixture composition, and the concentration of the component governing the mixing behavior, an
isoconcentration surface can be obtained in the coordinates of pressure, initial composition, and concentra-
tion of the transferred component.

Results and discussion

The main key parameter for understanding the dynamics of mixing and the kinetic transition from the
diffusion regime to the convective one is to record the discrepancy between experimental and calculated
concentrations at a certain value of the variable parameter (pressure, initial mixture composition). Figure 3
illustrates typical dependences of the concentrations of components diffused into the lower (helium and ar-
gon) and upper (nitrogen) flasks of the diffusion cell, respectively. Figure 2a shows that in the 0.68 He(1) +
0.32 Ar(2) — Ny(3) system, in the pressure range of 0.1-1.5 MPa, the coincidence of experimental and calcu-
lated using the Stefan-Maxwell equations [8] concentrations of components is recorded. This type of mixing
can be characterized as diffusion. With an increase in the fraction of argon, the component with the highest
molecular weight in the mixture, a dependence uncharacteristic of diffusion is observed: the mixing intensity
increases with increasing pressure (Figure 2b).
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Figure 2. Concentrations of components at different pressures in a vertical flat channel at T = 298.0 K:

(a) — System 0.66 He + 0.34 Ar — N,. Experimental points 1 — ¢ correspond to argon. Solid line 2 is calculated
assuming diffusion for argon; (b) — System 0.43 He + 0.57 Ar — N,. Experimental points ¢, A correspond to:
1 — argon, 2 — nitrogen. Solid line 3 and dotted line 4 correspond to data calculated assuming diffusion
for argon and nitrogen

For a number of compositions, pressure ranges are noted in which argon has a transport advantage over
other components. This deviation from the classical diffusion concepts, assuming a weakening of mass trans-
fer with increasing pressure, indicates the occurrence of convection due to the violation of mechanical equi-
librium of the ternary system. The range of thermophysical parameters that determines the change in the
“diffusion-convection” modes can be defined within the framework of stability theory [2], extended to the
case of isothermal ternary gas mixtures [9]. However, it cannot be extended to describe combined mass
transfer in the range of parameters significantly exceeding the boundary values for which nonlinear depend-
encies of the intensity of partial mixing of components on pressure are marked in Figure 3b. In this case, the
condition of neutrality of convective perturbations [2] is violated, and the formalism of stability theory leads
to significant quantitative discrepancies between experimental and calculated data.
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Figure 3 shows the baric dependences of ternary mixtures with different argon contents in the mixture.
Further experimental results are given for argon, since convective effects are most pronounced for argon.
This allows us to avoid excessive detailing in the graphs and provide a more visual representation of the ob-
served phenomena. The points correspond to experimental data for different argon contents in the initial
composition of the mixture under study. Solid lines are approximation curves. According to the data obtained
and the results published in [9, 13], an increase in the mixing intensity is observed as the content of the com-
ponent with the highest molecular weight in the mixture increases. Visualization of this type of mixing car-
ried out in [17] showed the presence of complex convective flows with structural formations. It should also
be noted that for some convective regimes, the maximum mixing intensity is fixed.
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Figure 3. Baric dependencies of argon concentrations when mixing in the He + Ar — N, system with different initial
compositions at T=298.0 K. The mixing time is T = 300 s. The points determine the argon content at different pressures
in the initial composition of the mixture expressed in mole fractions and correspond to: € — 0.340; = — 0.420;

—0.516; X —0.570; * — 0.610; » — 0.649; + — 0.697. Solid lines are approximations of experimental data
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Figure 4. Argon concentrations when mixing in the He + Ar — N, system at a given pressure and various
initial compositions of argon in a binary mixture with helium at T = 298.0 K. The mixing time is T = 300 s.
Points at different compositions are determined by a given pressure value in MPa and correspond to:
€ —0.60; m—0.70; A — 0.80; X — 0.90; * — 1.00. Solid lines approximate the experimental data
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Figure 4 shows the isoconcentration lines, a distinct nonlinear dependence is observed: with increasing
content of the component with the highest molecular weight, the intensity of convective mixing increases
significantly. Also, as for the previous case, there are characteristic areas of the initial composition (0.55-
0.65 mole fractions of argon) at which a pronounced nonlinearity of the mixing intensity is recorded. In fig-
ures 3 and 4, a number of characteristic modes of mass transfer can be distinguished:

1 — at concentrations of 0.34 mole fractions of argon and below, we observe a purely diffusive mass
transfer;

2 — at concentrations from 0.34 to 0.61 mole fractions of argon, determining the condition of mixture
density decrease with height, convection and diffusion processes are observed in the system, generating sep-
aration of the mixture into heavy (in terms of density) and light components. At certain pressures and com-
positions, the preferential transfer of argon is observed, which is atypical for diffusion processes;

3 — at concentrations from 0.61 to 0.649 mole fraction of argon in the system under study, the condi-
tion of approximate parity of densities in the upper and lower parts of the channel is realized (approximate
equality of the mixture density gradient to zero). Convective mixing modes continue in the system, but the
signs of nonlinearity of partial mixing are not registered,;

4 — at concentrations from 0.649 to 0.697 mole fractions of argon, the density gradient of the mixture
changes sign, convective and diffusion processes separate the components of the mixture according to the
mechanisms determined by Rayleigh—Taylor convection [7].
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Figure 5. Three-dimensional field of argon concentrations in diffusion and convection modes
in the He + Ar — N, system at T = 298.0 K and various initial compositions and pressures. Mixing time T =300 s

Combining the experimental data presented in Figures 3 and 4, in the coordinates “pressure — initial
composition of the mixture — diffused concentration of the component” and supplementing them with ap-
proximation lines, it is possible to obtain an experimental surface characterizing the concentration field in
both diffusion and convective modes. Figure 5 shows a three-dimensional argon concentration field in the
diffusion regime (up to 0.34 mole fractions of argon in the initial composition of the mixture) and then a ki-
netic transition to a state of gravitational concentration convection with a pronounced nonlinear increase in
the intensity of mass transfer in the pressure range (0.25-0.7) MPa and the initial composition
(0.42-0.57) mole fractions. The experimental values presented allow us to speak about the occurrence of
spatial concentration waves, which occur at certain ratios between mixture composition and pressure leads to
preferential transfer of the most dense component (see Table 1), i.e. argon. Such resonant manifestations sig-
nificantly turbulate convective flows created as a result of instability of the mechanical equilibrium, as can
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be judged by comparing the concentrations of argon during mixing at the diffusion—convection boundary and
in areas where pronounced nonlinearities are present. Moreover, as can be seen from Figure 5, the resulting
concentration wave can be controlled not only by pressure and temperature, but also by the influence of these
two parameters simultaneously.

Conclusion

The conducted studies show that in multicomponent mixtures, the difference in the diffusion coeffi-
cients leads to a violation of the mechanical equilibrium of the mixture and the occurrence of gravitational
concentration convection. Experimental study of the helium + argon — nitrogen system under the condition of
decreasing density of the mixture with altitude has shown that in certain pressure ranges and initial composi-
tion of the mixture there is a nonlinear increase in the mixing intensity for the component with the highest
molecular weight, which is not characteristic of classical diffusion. Representation of this effect in the phase
space of the three measured quantities —“pressure — initial mixture composition — diffused component con-
centration” — showed a non-monotonic, isoconcentration wave-like surface that appears in the region of de-
veloped convective flows. Its emergence corresponds to the highest intensity of partial component mixing.
Control of its displacement in the phase coordinates can be achieved either through individual variations in
pressure and initial mixture composition or by simultaneous adjustment of these parameters.
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B.H. Kocos, C.A. Kpacukos, M.K. AcembaeBa, E. MelipamGexyJibi

HN30TepMUANBIK YHITIK KOCAAAFbI MEXAHUKAJIBIK Tene-TeHIIK TYPAKChI3AbIFbI
JKAFIabIHIA KOPCETIITeH JKbLTY QU3HKAJIBIK KACHeTTepi 6ap 06/1iHreH ra3abiH
TI:xKipuOenik 3D koHeHTpanus OpiciHiH KecKiHi

Wzorepmusineik  quddysust sxoHe He—Ar—N, ymTik ra3 KocmachlHAarbkl KOHBEKTHBTIK apaiacy opTypii
KBICBIMIIAp MCH OacTamkpl Kypamzaap Ke3iHJe TiK jKa3blK KaHAJIMEH >KaJFaHFaH €Ki Kojba oici apKbUIbI
3KCHEPUMEHTTIK Typae 3eprrenmi. 3eprreynep 0,15-ten 2,55 Mlla-Fa neifiHri KpICBIMAAp JHMATa30HBIHA
xkoHe 298,0 K Temmeparypama okyprizinmi. Kochma KOMIOHEHTTEpIHIH KOHICHTPAIMSIIAPBI  Ta3/IbIK
xpomaTtorpadus omiciMeH aHBIKTaNABl. benrimi Oip maprrapma Toxipube OipHelne peT KalTanaHbIN,
OJIIIICHIeH IaMallap/bl OpTalia ajdy apKbUIbl KOMIIOHEHTTEPIiH KOHIEHTPALMSsIAPbIHBIH HAKTHl MOHIEpI
aHBIKTaNABl. KOCIaHBIH THIFBI3ABIFEI OMIKTIK OOMBIHIIA a3asThIH JKaFdainapaa KOMIIOHEHTTEpAiH auddy3us
K03 GUIMEHTTePiHIH opTYpii OOMyBl KyHene THIFBI3ABIKTHIH CTPAaTH(OUKAIMACHIHA OKENETiHI KOPCETiNII.
by e3 keseriHie MeXaHHWKAIBIK TeMe-TCHMIKTIH TYPAKTBUIBIFBIHBIH OY3bUTYybIHA ceOem OOMBIN, IpTYpIi
KapKBIHIUIBIKTaFbl TPABUTAIMSIIBIK aFbIHIAP/BIH Takiga OONYbIH TYBIHAATAIBl. OKCICPUMCEHTTIK TYpJC
Oenrim Oip KbICEIMIap MEH KypamIap Ke3iHAe YIITIK JKy#enepae KOCHaaarbl MOJCKYNalbIK Maccachl ¢H
YJIKEH KOMITOHEHTTIH 0achIM TachIMajlaHybl OaiiKanaThIHEI aHBIKTaNAel. MyHIail apanacy auddysusra ToH
emec. ToxipuOenik HOTWKENEPAI «KBICBIM — KOCIHAHBIH OacTamkbl Kypambl — aupy3usuiaHaTHIH
KOMITOHEHTTIH KOHIIEHTPAMsACHD) aTThl YII OJIICHETIH Imama (as3aiblK KeHICTITiHAE YCBhIHY OapbICBIHAA
TOJIKBIH TOPi3/i M30KOHLIEHTPALMSUIBIK OET aHBIKTANAbl. bysr OeT nJaMbpiFaH KOHBEKTHBTIK aFbIHOAPFa COHKEC
KeJIeTiH KBICHIM MEH KypaM aiiMakrapbiHga maiga 6omamsl. OHBIH KalbIITaCybl MOJIEKYIIANBIK MAaccachl eH
YJIKEH KOMIIOHEHTTIH apajiacy KapKbIHIBUIBIFBIHBIH KOFapbl OOJIyBIMEH, COHMai-aK KbICHIM MEH KYpPaMHBIH
KOCTIaHbIH JMHAMHKAJIBIK TEMe-TCHIITIHE dCePiMEH OalIaHbICTHI.

Kinm ce30ep: nubdy3us, TYpaKChI3AbIK, KOHBEKIIUS, KbICHIM, 0ACTAIKbI KYPaMbl, KOHIICHTPAIHS

B.H. Kocos, C.A. Kpacukos, M.K. AcembaeBa, E. Meiipambexyibl

N300paskenne 3kcniepuMeHTaIbHOr0 3D moJisi KOHIEHTPALMM BbIJIeJIEHHOT0 ra3a
€ 3aJaHHBIMHM TEeIUI0(PU3NYECKMMHU CBOMCTBAMM B YCJIOBHUSX HEYCTONYHUBOCTH
MEXaHMYEeCKOIr0 PaBHOBECUA B H30TEPMHUYECKON TPOHHOU CMeCH

N3orepmuueckas aud@y3us 1 KOHBEKTHBHOE MepeMeNInBaHue B TPOWHOIT razoBoil cmecu He—Ar—N, mpu
pa3IMYHBIX JaBICHHUSAX U Ha4albHBIX COCTaBaX OBUIM YKCIIEPUMEHTAILHO MCCIIEIOBAaHBl METOIOM JBYX KOJIO,
COEIMHEHHBIX BEPTHKAJIbHBIM IUIOCKUM KaHajoM. VccienoBaHus MPOBOAMIMCH B JUANa3oHE JIaBJIEHUH OT
0,15 mo 2,55 MIla u npu Temneparype 298,0 K. KoHIeHTpaIiu KOMIIOHEHTOB ONPEEISUTUCh METOI0M ra30-
Boit xpomarorpadun. [Ipu 3a1aHHBIX YCIOBHSAX OMBIT MMOBTOPSJICS HECKOJBKO Pa3, M ITyTeM YCPEIHEHHS H3-
MepsIEMBIX BEJIMYHH ONPEIe/IOCh KOHKPETHOE 3HaUeHHEe KOHIIEHTPAIMK KOMIIOHeHToB. [Toka3aHo, 4To mpu
YCIIOBHSX, KOT/Ia TNIOTHOCTh CMECH YMEHBIIIAETCS ¢ BBICOTOH, pasnuane KoddduimentoB nupdy3un KomIo-
HEHTOB HPHBOIUT K CTPATH(UKAIMA TUIOTHOCTH B CHCTEME C ITOCIEAYIONIMM HapYIICHHEM yCTOHYHBOCTH
MEXaHUYECKOTO PaBHOBECHUS, KOTOPOE BBI3BIBAET IOSBIECHHE IPAaBUTALMOHHBIX MOTOKOB PAa3IMYHON MHTCH-
CHUBHOCTH. DKCIIEPUMEHTAJIILHO OOHAPY)KEHO, YTO MPHU OIpEAETICHHBIX IAaBICHUSIX M COCTaBaX B TPOMHBIX
CHCTEMax BO3HHMKAET NMPHUOPUTETHBIN MEPEHOC KOMIIOHEHTA ¢ HauOOJIBIINM MOJEKYJISIPHBIM BECOM B CMECH.
Takoe cMmereHust He TUOMYHO UTsl (U dy3un. [Ipu npencraBIeHUH ONBITHBIX PE3yJIbTaTOB B (ha30BOM MpO-
CTPAHCTBE TPEX U3MEPSIEMBIX BETHINH — «IaBJICHHE — HAYaJIbHBII COCTaB CMECH — KOHIIeHTpanus 1uddyH-
JUPYIOLIEro KOMIOHEHTa» — OblIa 0OHapy)XeHa BOTHOOOpa3Has H30KOHICHTPAMOHHAS MOBEPXHOCTh. JTa
MOBEPXHOCTH TIOSIBIISIETCS. B 00JIACTSAX JABJIEHHS U COCTAaBa, COOTBETCTBYIOMNX PAa3BUTHIM KOHBEKTHBHBIM Te-
yenusM. E€ popmupoBanme cBsi3aHO ¢ HanOOJbIIeH NHTCHCHBHOCTHIO ITEPEMEIINBAHIS KOMIIOHEHTa C HaH-
OOJBIINM MOJICKYJISIPHBIM BECOM U BIMSHUEM AABJICHHUS U COCTaBa HAa AUHAMUYECKOE PaBHOBECHE CMECH.

Kuouegvie crosa: nuddysus, HecTaOHUIBHOCTb, KOHBEKIIMS, JaBICHHE, HCXOAHBIA COCTaB, KOHIICHTPALUS
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