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The Influence of Al:O3; Nanoparticles on Electron Transport
in a Polymer Solar Cell

The effect of Al2O3 nanoparticles on the electron transport of SnO2-based electron transport layer (ETL) in
polymer solar cells was studied. Comprehensive studies of the morphology, optical, electrophysical and pho-
toelectric properties of the composite films were carried out. It was found that doping SnO2 films with A12O3
nanoparticles leads to a decrease in the surface roughness of the composite films. According to the absorption
spectra, it was shown that an increase in the concentration of Al>Os nanoparticles in SnO: films leads to a de-
crease in the optical bandgap. Analysis of the impedance spectra showed that there is a critical concentration
of Al2Os3 nanoparticles at which the maximum improvement in the electrotransport characteristics of SnO2
films is observed. At high Al203 concentrations (over 15 %), a decrease in electron mobility and an increase
in recombination in the studied composite film are observed. Photovoltaic measurements have demonstrated
that the highest efficiency of 2.8 % polymer solar cells is achieved at an optimal concentration of Al2O3 na-
noparticles equal to 15 %. Further increase in the content of Al2O3 nanoparticles leads to a decrease in the ef-
ficiency of polymer solar cells. Since localized negative charges in Al2O3 nanoparticles create a local electric
field, they screen the recombination of minority charge carriers in ETL SnOz. This suppresses the leakage
current in devices. Therefore, it is important to investigate the charge transfer mechanism in SnO2:ALO3 films
and evaluate their potential for application in polymer solar cells.

Keywords: SnOz, Al203, morphology, absorption, band gap, Bode plots, impedance, current-voltage charac-
teristics

HCorresponding author: Assel K. Mussabekova, assel50193@gmail.com

Introduction

The demand for transparent conductive oxides (TCO) materials that combine high optical transparency
and good electrical conductivity is growing rapidly due to the development of optoelectronic technologies.
Such materials are in demand in thin-film solar cells [1], charge storage devices [2], flat-panel displays [3],
gas sensors [4] and other applications. The most studied TCOs are films based on TiO», ZnO, SnO; and oth-
ers, research that has been ongoing for over 40 years. These materials are wide-bandgap n-type semiconduc-
tors. Among the known n-type TCOs, the best characteristics are demonstrated by In,O3:Sn, SnO:F and
ZnO:Al composites [5], which have a transparency above 90 % and a specific resistance of about
10~* Ohm-cm [6, 7].

6 BecTHuk KaparaHouHckoro yHusepcuTeTa



The Influence of Al2O3 Nanoparticles ...

SnO; and its composite materials are widely known for their pronounced structural and optical proper-
ties when scaled down to the nanoscale. The efficiency of devices based on them is largely determined by the
electrical and optical properties of transparent electrodes, as well as the technology of their production [8]. It
is known that the degree of improvement of these properties depends significantly on the chemical composi-
tion, particle size and specific surface area of SnOs.

One of the major challenges in obtaining high-performance SnO;-based organic solar cells (OSCs) is
the presence of defects such as oxygen vacancy [9] and other surface-related defects [10, 11]. These can lead
to poor charge transport and low power conversion efficiency (PCE) in devices [12]. In addition, oxygen-
induced degradation of the photoactive layer can occur in the metal oxide layer, allowing atmospheric oxy-
gen to diffuse into the cell, resulting in an increase in defects that adversely affect the performance of the
device [13]. Minimizing defects and reducing carrier recombination in the SnO, film by passivating the
ETL/photoactive layer interface is critical in the fabrication of high-performance OSCs.

Wau et al. reported that the defect states of ZnO were suppressed by modifying its surface with an ul-
trathin Al layer, which could be partially oxidized to AlOx [14]. It is known that the ultrathin Al,Os film is an
effective surface passivation method in silicon-based solar cells by utilizing its unique ability to form a layer
without point defects [15]. It not only provides good chemical passivation by reducing the defect density at
the interface through the hydrogen passivation associated with the deposition process, but also leads to a de-
crease in the minority carrier concentration near the interface due to the built-in electric field, which is called
field effect passivation [16, 17]. In this case, the negative charges localized in the Al,O3 layer create a local
electric field that screens the recombination of minority carriers [18]. Moreover, it is reported that the Al,Os
layer can also suppress the leakage current in the device, which turns out to be another advantage of Al,Os
passivation [19]. Currently, Al,O; composites are at the threshold of commercial solar cell production and
large-scale photovoltaic cell production [20], while there are rare reports of their use for OSC passivation.
Thus, the use of Al,Os may have potential applications in the field of photovoltaics.

Despite the studies conducted on the synthesis of SnO; films doped with Al,Os [21], their electro-
transport properties are still poorly understood. Therefore, it is important to study the charge transfer mecha-
nism in such films and evaluate their potential for use in optoelectronic devices. This paper presents the re-
sults of a study of the effect of Al,O3; nanoparticles on electron transport in ETL SnO; polymer solar cells.

Experimental

Thin films preparation

The preparation of FTO substrates was carried out according to the procedure detailed in reference [22].
Composite films based on SnO, were obtained by the sol-gel method. The scheme for preparing composite
films is shown in Figure 1. The initial reagents were SnCl, (99.9 %, Sigma Aldrich) in an amount of 2.25 g
and AICl; (99.9 %, Sigma Aldrich) in an amount corresponding to Al,O3 concentrations of 5 % (0.0667 g),
10 % (0.1334 g), 15 % (0.2001 g), 20 % (0.2268 g) and 25 % (0.33335 g). SnCl, and Al,O3 were dissolved in
1 ml of ethyl alcohol (99.9 %, Sigma Aldrich).

- 0
Precursor ' Annealing T=500C © Sn0O;

—— v —_— Hi ¢ ALO,
"’v

Spin-coating

Figure 1. Scheme for preparing SnO:Al,O3 composite films

Afterwards, the prepared solutions were continuously stirred at 80 °C for 2 hours, followed by 24 hours
at room temperature to complete the reactions and composition. Then, the obtained solution was applied to
the surface of the substrates by centrifugation (on a SPIN150i centrifuge, Semiconductor Production System)
at a rotation speed of 4000 rpm. The rotation time of the centrifuge at this rotation speed was 30 seconds.
The obtained films were thermally annealed in air at a temperature of 500 °C for 1 hour.

To assemble the FTO/Sn0::Al,O3/P3HT:PCBM/PEDOT:PSS/AgOSC, the photoactive material
P3HT:PCBM was dissolved in chlorobenzene and stirred for 24 hours at room temperature. The photoactive
layer was applied by centrifugation at a rotation speed of 2000 rpm on the FTO substrate, previously

Cepus «®usukax. 2025, 30, 3(119) 7
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deposited with the SnO,:ALL,Os film. Afterwards, the obtained film was annealed in air at a temperature of
140 °C. The hole-transport layer of PEDOT:PSS was applied to the surface of the photoactive layer at a
substrate rotation speed of 3000 rpm, after which the substrate was annealed at a temperature of 120 °C. At
the final stage of OSC assembly, a silver electrode was applied to the surface of the hole-transport layer by
vacuum-thermal deposition.

Analysis methods

Film surface morphology images were obtained using a MIRA 3LMU (TESCAN) electron microscope.
A Co sample (9905-17, Micro-Analysis Consultants Ltd Unit 19, Edison Road, St Ives Cambridgeshire
PE27 3 LF U.K.) was used as a standard for EDX analysis. The surface topography of the samples was stud-
ied using a JSPM—5400 atomic force microscope manufactured by JEOL Ltd. Probes manufactured by NT-
MDT were used for scanning. Scanning was performed in a semi-contact mode with resonance frequency
parameters of 140-390 kHz, cantilever stiffness of 3.1-37.6 N/m, and probe rounding radius of 10 nm; the
scanning speed was 10 pm/s. Surface morphology parameters were calculated using the WinspmlI Data Pro-
cessing software package manufactured by JEOL Ltd.

The absorption spectra of the films were measured using the Avantes universal spectrometric complex
based on the AvaSpec-ULS2048CL-EVO spectrometer and the AvaLight-DHc deuterium-halogen combined
light source with a spectral emission range of 2002500 nm.

The current-voltage characteristics of the solar cells were measured using the PVIV-1A setup (Newport.
Canada). The Sol3A solar energy simulator (class AAA, Newport. Canada) with a radiation intensity of
100 mW/cm? was used as a light source.

The impedance spectra were measured using a P-45X potentiostat-galvanostat (Elins, Russia) with an
additional FRA-24M frequency analyzer module installed to measure the electrophysical characteristics on
alternating current.

Results and Discussion

Surface morphology

Figure 2 shows scanning electron microscope (SEM) images of the surface morphology of SnO, and
Sn0,:ALLOs (25 %) films, as well as a cross-section of the films. Analysis of the SEM images demonstrates
the presence of micro-holes on the surface of the SnO> films, which is typical for thin-film structures [23].
Comparison of SnO,:Al,Os films with different concentrations of Al,O; shows that the addition of 25 %
AL O3 to SnO; leads to the formation of a more uniform surface structure: the films become smoother and
fine-grained, indicating a change in morphology when doped with Al,O3 nanoparticles.

Cross-section images of the studied films demonstrate that the film thickness increases with the addition
of Al,Oj3 nanoparticles to SnO; from 79.69 nm to 93.73 nm.

Figure 2. SEM images of the morphology of films and cross-section of SnO2, SnO2:ALO3 (25 %).
Inset shows EDX spectra

8 BecTHuk KaparaHouHckoro yHuBepcuTeTa
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Figure 3 shows atomic force microscope (AFM) images of SnO, and SnO:Al,03 (25 %) films. The root
mean square roughness (RMS) values for SnO; and SnO:Al,03 (25 %) films are 2.4 and 1.83, respectively.

b)

Figure 3. AFM images of SnO; and SnO,:AL,O3 (25 %) films

From the analysis of the surface morphology it follows that the addition of Al,Os helps to reduce the
roughness of the films. This phenomenon can be explained by the fact that Al,Os helps to reduce and fill the
micro-holes present on the surface of SnO films, thereby improving the texture and increasing the
homogeneity of the surface.

Optical properties

Figure 4a shows the absorption spectra of SnO; films and SnO,:Al,O3 composite films with different
concentrations of Al,O3; nanoparticles (5 %, 10 %, 15 %, 20 %, 25 %). It follows from the analysis of the
spectra that all the studied samples have a relatively high absorption coefficient in the region of A<600 nm,
the value of which increases with an increase in the content of Al,O3; nanoparticles. In addition, the graph
shows the wavelength of the optical absorption edge, determined by the method of linear extrapolation of the
steeply increasing section of the spectrum. The dependence of the absorption edge position on the concentra-
tion of Al,Os nanoparticles is presented in Table 1. The optical absorption edge corresponds to the energy
threshold of the interband transition and reflects the fundamental width of the band gap [24].
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Figure 4. Absorption and Tauc plot of SnO» and SnO,:A1,03 (5 %, 10 %, 15 %, 20 %, 25 %)

With increasing concentration of AlxOs, a regular shift of the absorption edge to the region of longer
wavelengths is observed, which indicates a change in the optical width of the forbidden material. In particu-
lar, for the SnO; film, the wavelength of the absorption edge is 320 nm, whereas for films with A1,O3 nano-
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particles in concentrations of 5 %, 10 %, 15 %, 20 % and 25 %, this parameter increases to 419 nm, 451 nm,
482 nm, 498 nm and 506 nm.

Table 1
Optical parameters of SnO:z and SnO2:Al2O3 (5 %, 10 %, 15 %, 20 %, 25 %)
Samples hedge, N | Dy, optical density | Optical band gap (eV)
SnO» 320 0.37 2.83
5 % Sn02:AlLO3 419 0.41 2.33
10 % Sn0,:Al,03 451 0.44 2.24
15 % Sn0,:ALO3 482 0.47 2.12
20 % Sn0,:ALO3 498 0.51 1.98
25 % Sn0,:AlL 05 506 0.56 1.87

Figure 46 shows the dependence of the optical band gap on the concentration of Al,O3; nanoparticles in
SnO; and SnO;:Al,Os thin films with a content of 5 %, 10 %, 15 %, 20 % and 25 %. The optical band gap
values of the films were calculated using the Tauc plot method [25]. The change in the optical band gap al-
lows characterizing the electrical properties of the material, since it is directly related to the energy differ-
ence between the valence band and the conduction band. According to the data presented in Table 1, an in-
crease in the concentration of Al,Os nanoparticles leads to a consistent decrease in the optical band gap: for
the SnO; film it is 2.83 eV, while for the composite films it decreases to 1.87 eV with an increase in the con-
centration of Al,O3 nanoparticles. It should be noted that reducing the optical band gap improves the transi-
tion of electrons from the valence band to the conduction band, resulting in an increase in the conductivity of
the material [26].

Photoelectrical characterizations

Figure 5 shows the current-voltage characteristics of polymer solar cells with the
FTO/Sn0,:Al,Os/P3HT:PCBM/PEDOT:PSS/Ag structure with ETL based on SnO, with different contents
of Al>O; nanoparticles. The current-voltage characteristics parameters are given in Table 2. Upon photoexci-
tation of the photoactive P3HT:PCBM layer, an electron—hole pair is formed, which then disintegrates into
free charge carriers at the SnO»/P3HT:PCBM and P3HT:PCBM/PEDOT:PSS interface. As a result, electrons
are injected into the ETL layer of SnO,, and holes into the hole transport layer (HTL) of PEDOT:PSS
(Fig. 5b). As a result of this process, a photocurrent will flow in the circuit under study. Al,O3 nanoparticles
in the ETL serve to block the process of reverse electron transfer from SnO, to the PCBM acceptor. Addition
of AlbO; nanoparticles to a concentration of 15 % in the SnO; film promotes an increase in the short-circuit
current density by 32 %. A further increase in the concentration of Al,O; nanoparticles leads to a decrease in
the short-circuit current density. The efficiency of the cell with SnO, was 1.9 %, while it increased to 2.8 %
with the addition of Al,O; nanoparticles at a concentration of 15 %.
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Figure 5. Current-voltage characteristics of SnO> and SnO,:Al,O03 (5 %, 10 %, 15 %, 20 %, 25 %)

The increase in short-circuit current and cell efficiency with the addition of Al,Os nanoparticles is asso-
ciated with an increase in the concentration of free charge carriers in the composite film [27]. Additionally,
ALOs nanoparticles reduce the number of surface defects, which decreases the probability of electron-hole
recombination.
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The decrease in efficiency with an increase in the content of Al,O3; nanoparticles above 15 % is obvi-
ously associated with the formation of structural and interphase defects that contribute to an increase in the
recombination of charge carriers [28].

Table 2
Current-voltage parameters of SnO: and Sn02:ALO3 (5 %, 10 %, 15 %, 20 %, 25 %)
Samples U, (V) Jse (MA/cm?) Unax(V) Jmax (MA/cm?) FF PCE %

SnO; 0.65+0.01 7.65+0.05 0.41+0.01 4.4+0.05 0.37 1.9+0.05
5 % Sn0,:A,0; 0.7+0.01 7.55+0.05 0.43+0.01 4.6+0.05 0.38 2+0.05
10 % Sn0,:Al,O3 0.72+0.01 8 +£0.05 0.46+0.01 4.9£0.05 0.39 2.3£0.05
15 % Sn0,:Al,O3 0.734£0.01 8.1+0.05 0.51+0.01 5.4+0.05 0.46 2.8+£0.05
20 % Sn0,:AlLO; 0.6440.01 6.55+0.05 0.37+0.01 3.9+0.05 0.35 1.5+0.05
25 % Sn0,:AlLOs 0.61+0.01 5.9+0.05 0.38+0.01 4.1+0.05 0.43 1.6+0.05

To investigate the effect of Al,O3; nanoparticles on the electron transport of SnO, in polymer solar cells,
electrical impedance spectra were measured (Fig. 6a).

100
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Figure 6. Impedance spectra and Bode plot SnO; and Sn0,:A1,03 (5 %, 10 %, 15 %, 20 %, 25 %)

Figure 6(a) shows the impedance plots of the organic solar «cells with the
FTO/Sn0,:Al,O3/P3HT:PCBM/PEDOT:PSS/Ag structure. The electrical parameters were calculated based
on the spectral data (Table 3) using the equivalent electrical circuit shown in the inset of Figure 6(a).

In this scheme, R, denotes the equivalent resistance of the external electrodes (including Rero,
RSn02:A1:0s, PEDOT:PSS and Ag), and R, reflects the resistance associated with electron transfer at the
interfaces between the P3HT:PCBM/SnO,:Al,O3; and P3HT:PCBM/PEDQOT:PSS layers. Table 3 shows the
electrophysical parameters of the FTO/SnO,:Al/P3HT:PCBM/PEDOT:PSS/Ag structure. The organic solar
cell is a multilayer structure. Since the photoactive layer and the electrodes were deposited under the same
conditions, the R,, value is almost the same in all cases. Its slight change with an increase in the Al,O;
concentration is associated with an insignificant change in the film thickness. Changes in the R, value
indicate the influence of the P3HT:PCBM/ETL interface on the electron transfer process. A decrease in R,
indicates an improvement in electron transport at the interface. As can be seen from Table 1, the cells with
ETL with a concentration of Al,O3 nanoparticles of 15 % have the lowest resistance R, which indicates the
formation of a film with improved conductivity and a lower degree of defectiveness. However, with an
increase in the concentration of Al,O; nanoparticles above 15 %, an increase in recombination at the
P3HT:PCBM/Sn0;:Al,05 interface is observed, which is associated with the formation of structural and
interphase defects.

The mobility of charge carriers is one of the most important electrotransport parameters of thin films.
There are a number of methods for its experimental determination [29], but each of them is characterized by
certain limitations and disadvantages [30]. In this work, we used the impedance spectroscopy method to de-
termine the conditional mobility of charge carriers 4, in the studied samples described in detail in [31].
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The diffusion coefficient Dn was determined by the following formula:

L2
Dnzr—D. @)

Where L is the film thickness, tD is the effective time of charge passage through the OSC. The value of
the conditional hole mobility p was determined by the formula:

_e*Dn
" k *T '

2

Where e is the electron charge, ks is the Boltzmann constant, 7 is the temperature.

As can be seen from Table 1, the conditional electron mobility increases and has a maximum value for
OSC with ETL based on SnO; with a concentration of Al,O3 nanoparticles equal to 15 %. The minimum val-
ue of the conditional electron mobility in OSC is observed for OSC with ETL based on SnO; with Al>O; na-
noparticles with a concentration of 25 %. Obviously, the observed decrease in the values of the conditional
electron mobility in OSC with exceeding the concentration of Al>O3; nanoparticles of 15 % is explained by
the different degrees of probability of electron scattering on defects formed at the P3HT:PCBM/SnO,:Al,O;
interface.

Figure 6(b) shows the Bode plot analysis, which allows estimating the carrier lifetime in OSC [32]. As
can be seen from Figure 6(b), the phase angle maximum for the cell (with 15 % Al,O3 nanoparticles in ETL)
is shifted to lower frequencies compared to pure SnO»-based ETL, indicating a longer carrier lifetime. This
indicates a more effective suppression of charge recombination. Thus, the data clearly demonstrates the im-
portance of the spatial separation of electron transport channels achieved by the incorporation of Al,Os na-
noparticles.

Table 3
Impedance parameters of SnOz and Sn02:ALO3 (5 %, 10 %, 15 %, 20 %, 25 %)

Samples R, (Ohm) Ry, (Ohm) C, (pF) ™, (pS) Dy, (cm?, Y |y, (ecm?V, s
SnO, 68 11107 2.2517E-08 153 39.74 1.5
5 % Sn02:AlL0;3 72 6247 1.8231E-08 131 46.35 1.8

10 % SnO,:AL,O3 81 4219 1.4762E-07 119 50.9 2

15 % SnO,:ALLO3 87 2694 1.0923E-07 95 64 2.5
20 % Sn0O,:ALLO3 64 31328 3.103E-08 198 30.64 1.2
25 % Sn0,:ALLO3 59 33105 3.719E-08 219 27.73 1.1

Thus, the conducted study demonstrates how the use of Al,O3; nanoparticles in ETL affects the efficien-
cy of polymer solar cells. The obtained data can be applied in the development of optoelectronic devices,
including integrated circuits, microelectronic optical systems, as well as organic photoconverters, sensors
and light-emitting diodes (OLEDs).

Conclusions

Composite SnO, films with different contents of Al,Os; nanoparticles were obtained by the sol-gel
method. The effect of Al,O3 nanoparticles on the surface morphology of the films was studied using scan-
ning electron microscopy and atomic force microscopy. It is shown that the addition of Al,O3 nanoparticles
to SnO; promotes the formation of a more uniform and smooth surface. This may be due to the improvement
of film formation conditions and a decrease in grain size due to the introduction of Al,Os nanoparticles,
which affect the growth of crystals in the film. The results of measuring the absorption spectra showed that
an increase in the concentration of Al,O; nanoparticles in the structure leads to a gradual decrease in the
width of the optical bandgap of the material from 2.33 eV to 1.87 eV. This decrease indicates a change in the
electronic structure, probably associated with the formation of new energy sublevels resulting from the inter-
action of Al,Os nanoparticles with the SnO,matrix. Impedance spectroscopy revealed a reduction in recom-
bination and an increase in charge carrier mobility at an Al,O3; nanoparticle concentration of 15 %, which
contributes to the improvement of the material’s transport properties. However, at high concentrations of
Al>,O3 nanoparticles (over 15 %), the opposite effect is observed — increased recombination and decreased
mobility, which is associated with the formation of interphase defects that disrupt the continuity of the con-
ductive paths. Photoelectric measurements showed that the maximum efficiency of solar cells was 2.5 % at
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the optimal concentration of Al,Os;. With a further increase in the content of Al,Os nanoparticles (over
15 %), a decrease in efficiency is observed. This can be explained by an increase in the density of defects
that impair the collection and transport of charges.
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ALO3; HaHOOe/IIIeKTePiHiH MOJIMMepJIi KYH 3J1eMeHTiHaeri
3JIEeKTPOHAAPAbI TACBIMAJIAAYFA dcepi

IMosmumepai kyH aneMenTTepinae SnO2 HeriziH/e ajbIHFaH 3IeKTPoH TackiMaiayisl KabateiHa (ETL) Al2O3
HaHOOOIIIEKTepiHIH acepi 3eprrenmi. KoMmo3uTTik KaOBIpHIakTapaslH MOP(GOIOTHSIBIK, ONTHKAIBIK,
NEKTPOPU3NKAIBIK KOHE (OTOIIEKTPNIK KACHETTEpiHIH KemleHai 3eprreyiepi kyprizimmi. SnO2
KaOplpmakrapeiHa Al2O3 HaHOOOMNIIEKTepiH KOCYy apKbUIBI KOMIIO3HMTTIK KaObIpmrakrap OeTiHiH Kexip-
OY/BIPIIBIFBIHBIH TOMeHeyl aHbIKTanasl. JKyTbury crekrpiepi apkpiisl SnO:z kaOblpmaxrapeiaaa AlOs
HAaHOOOJIIIEKTePiHIH KOHLEHTPAUMACHIH apTThIPy ONTHKAIbIK THIHbIM caly alMarbl €HiHIH a3arOblHa aJIbII
KeJeTiHi alKpIHmaamel. MMmemaHc coekTpiepid Ttammay apkeiibl SnQO: kaOwiprmakrapeiaga  Al2Os
HaHOOOJIIEKTePiHIH EKTPOHAAP/bl TAChIMAIAYIbIH XKOFAPhl CHIIATTaMalapbl aHBIKTAIATHIH KPUTHUKAJIBIK
KOHIIGHTpauuschl 0ap eKeHi KepceTinmi. 3epTTeneTiH KOMMO3WTTIK  KaOwipruakrapasiH — AlO;
HAHOOOIIIIEKTEPIiHIH  YKOFaphbl KoHNeHTpamusiceiHna (15 %-man  korapsl) NIEKTPOHIAPIBIH
KO3FAJIFBIIITHIFBIHBIH TOMEHJIEYl JKoHE PEKOMOWHAIMSCHIHBIH JKOFaphlIaybl Oaiikamampl. DoToanmekTpiik
eJIIeyJiep apKbUIBI €H JKoFapsl mainansl acep koapdurmenti (ITOK) 2,8 % momimMepiti KyH 21eMeHTTepiHIH
Al2O3 HaHOOGMNIIEKTEePIHIH OHTAWIBI KOHIEHTpausachl 15 % ekeHin kepcerTi. Al2O3 HaHOOOMIIICKTEPiHIH
KOHIICHTPALMSICHIHBIH OJIaH Opi apTybl MOJMMEpi KYH aneMmeHTTepiHiH [IOK-HIH TemeHaeyiHe okemeni.
AlO3; HaHOOemIIEKTEpiHAETI JIOKANMM3ALSUIAHFAH  Tepic  3apsAATap  KEPrilikTi  3JIEeKTp  epicCiH
TyabIpaTeIHABIKTaH, omap SnO: ETL-ga Herisri emec 3apsa TackIMalJayIIbUIApABIH PEeKOMOMHAIMSACHIH
9KpaHAaiinel. byn  KypbUIFBIIapAarbl  TOKTHIH — arblnl  KeTyiH Texedmi. CoHupeiktan — SnO2:Al03
KaOBIpIIaKTapbIHAAFbl  3apsATHl  TaChIMAJAY MEXaHU3MIH 3epTTey JKOHE OJapIblH IOJHMMepIi KYH
3JIEMEHTTEpiH/Ie KOJIIaHy MTOTeHIHANBIH Oaraiay MaHbI3bL.

Kinm co30ep: SnO2, Al2O3, Mopdonorus, KyThlTy, THIHBIM caly aiMarbIHBIH eHi, boxe rpaduri, nmnenanc,
BOJIBT-aMIIEPJIiK CHIIaTTaMasap
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A.K. Mycab6ekoBa, A.K. Aitmyxanos, A.K. 3eiinuaeHoB,
A K. 3uar, K.T. A6npaxman, A.M. Anekcees

Bausinue Hanovyactun Al;O3 Ha 3J1eKTPOHHBIN TPAHCTIOPT
B I0JIUMEPHOM COJIHEYHOM 3JIeMEeHTe

N3ydeno Bmustane Hanowactur] Al2Os Ha anexrponnsii Tpancnopt (ETL) Ha ocHOoBe SnO2 B mommMepHBIX
COJIHEYHBIX 9JieMeHTaX. [IpoBefeH KOMIUICKCHBI HCClIeoBaHUs MOPQOIOTHYECKHX, ONTHYECKHX U
NMEKTPOPHU3NIECKUX U (POTOIECKTPUIESCKHX CBOHCTB KOMIIO3UTHBIX IUICHOK. BBIJIO BBIABIEHO, YTO JAONHUPO-
Banne HaHowactuiamu AlOs miaeHok SnO; NPUBOANT K YMEHBLICHHIO MIEPOXOBATOCTH IMOBEPXHOCTH
KOMITO3UTHBIX IUICHOK. [10 TaHHBIM CHEKTPOB IMOTJIOIICHHUS ITOKAa3aHO, YTO YBEJIMUCHNE KOHIICHTPAlH HaHO-
gactur] Al203 B tiieHkax SnO2 IPHBOIUT K YMEHBIICHHIO ONTHIECKOH MIMPUHBI 3alpEeNIEHHON 30HBI. AHAIN3
CIICKTPOB HMIICIAHCA I0Ka3ajJ, YTO CYLIECTBYET KPHUTHYECKas KOHLEHTpauus HaHouacTul AlOs mnpu
KOTOPOH HaOJIF0JAaeTCsl MaKCHMaJIbHOCYTyUIICHHE SJIEKTPOTPAHCIIOPTHBIX XapaKTepHCTHK IUICHOK SnOz.
IMpu BeIcoknx koHmeHTpauax AlO3 (cBemme 15 %) HaGmomaeTcst CHIKEHHE TTOJBIKHOCTH JICKTPOHOB U
YCHIICHHE PEKOMOMHAIIMM B HCCIIEyeMOi KOMITO3UTHOH IieHKe. PDOTOINIEKTpUUECKIE U3MEPEHHs Mpo/ie-
MOHCTPHPOBAJIH, 4TO Haubosbumii Koapduiment nonesznoro aeiictsus (K1) 2,8 % moauMepHbIX ColHEU-
HBIX 3JIEMEHTOB JIOCTHIaeTCs NPH ONTHMAJIbHOW KOHIEHTpauuu HaHouacTul AloO3 paBHoit 15 %. JanbHeit-
mee yBenudeHue conepxanusd HaHouactun Al2Os mpuomut K cHukeHHIo KIIJI moiamMepHBIX COJHEYHBIX
3JeMEHTOB. Tak Kak JIOKaJM30BaHHbIE OTpULIATENIbHBIC 3apsabl B HaHodacTHaX Al2O3 co3paroT JokanpHOe
AIIEKTPUYECKOE TI0JIe, TO OHH PKPAHHPYIOT PEKOMOHHALIMIO HEOCHOBHBIX HocuTelnel 3apsiaa B ETLSnOz. Oto
HOJIaBJIseT YTEUKY TOKa B ycTpoiicTBax. [103TOMy BaXHO MCCIIEIOBATh MEXaHHU3M IIEPEHOCA 3apsiI0B B IIEH-
kax SnO2:Al2O3 1 OIIEHUTH UX OTEHINAT IPIMEHEHHS B IOIMMEPHBIX COTHEYHBIX 3JIEMEHTAX.

Kniouesvie crosa: SnOz, Al2O3, Mopdonorus, moriomieHne, MHUPHHA 3alpenieHHol 30HEI, rpadux borne,
UMIIEJaHC, BOJILT-AMIICPHBIC XapaKTEPUCTUKU
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Development and Characterization of Nanostructured
Ni—Sc¢SZ Composite Anodes for Solid Oxide Fuel Cells

A thorough investigation was carried out on nickel-based anode composites with scandia-stabilized zirconia
(Ni/ScSZ), fabricated using ceramic processing techniques from powders with varying particle sizes. The
study emphasizes the role of initial component morphology and their ratios on sintering behavior, electrical
conductivity, and polarization resistance under solid oxide fuel cell (SOFC) operating conditions. Samples in-
corporating nano-, submicron-, and micron-sized particles were comparatively analyzed to determine the
most favorable parameters for constructing a percolative conductive network and reducing polarization loss-
es. Experimental data obtained through dilatometry, electrical measurements, and electrochemical impedance
spectroscopy confirmed that the use of nanoscale constituents leads to the formation of a dense and uniform
microstructure with well-distributed porosity. Such features enhance both thermal stability and electrochemi-
cal performance. The findings highlight the potential of Ni/ScSZ-based materials as a viable alternative to
conventional Ni/YSZ anodes, owing to their improved ionic conductivity and enhanced resistance to degrada-
tion, thus contributing to the advancement of more durable and efficient SOFC technologies.

Keywords: solid oxide fuel cell (SOFC), Ni/ScSZ composite anode, nanopowder dispersion, polarization re-
sistance, triple-phase boundary, electrical conductivity, sintering kinetics, activation energy, impedance spec-
troscopy, fabrication method
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Introduction

Solid oxide fuel cells (SOFCs) utilizing yttria-stabilized zirconia (YSZ) as the electrolyte represent one
of the most promising technologies for converting chemical energy of fuels into electricity, owing to their
high efficiency and environmental benefits. Currently, nickel-YSZ cermet (Ni/YSZ) is widely employed as
the anode material in such systems due to its excellent electrocatalytic activity in hydrogen and syngas oxi-
dation reactions [1, 2]. However, the stable and efficient operation of SOFCs with this type of anode typical-
ly requires elevated temperatures (above 800 °C), which imposes limitations on the selection of compatible
materials for other cell components and increases the demands on the thermal and chemical durability of the
overall structure [3, 4].

To reduce the operating temperature and enhance the durability of anodes, intensive research is being
conducted to improve their catalytic and transport properties. Key strategies include tailoring the microstruc-
ture of anode materials and replacing the conventional YSZ electrolyte with solid electrolytes exhibiting
higher ionic conductivity [5, 6]. Among the most promising alternatives is scandia-stabilized zirconia
(ScSZ), which demonstrates oxygen ion conductivity that is two to three times higher than that of YSZ. In-
corporating ScSZ into the anode cermet enhances the electrochemical performance by extending the active
triple-phase boundary and reducing the tendency for carbon deposition during the operation with hydrocar-
bon fuels [7, 8].

This issue is particularly critical for cermet-based anodes employing scandia-stabilized zirconia (ScSZ),
which lacks intrinsic electronic conductivity. In such systems, the electrochemical performance strongly de-
pends on the quality of the interface between the electronic and ionic phases. When the chemical composi-
tion is fixed, the functional characteristics of the anode can be significantly enhanced by introducing
nanostructured components. These materials increase the density of active triple-phase boundaries, facilitate
charge transfer, and reduce polarization losses. Another promising strategy involves engineered macrostruc-
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turing of the electrode architecture to optimize gas diffusion pathways and ensure long-term stability under
extended operation [9-13].

Accordingly, the objective of this study is to develop and characterize nanostructured Ni-ScSZ compo-
site anodes and to evaluate how particle size and phase ratio influence the microstructure, electrical conduc-
tivity, polarization resistance, and sintering kinetics of anodes intended for solid oxide fuel cells (SOFCs).
The findings aim to identify optimal processing conditions for fabricating high-performance anodes and con-
structing a model fuel cell with elevated specific power output.

Materials and methods

Initial powders

Initial powders of NiO and ScSZ with nano- and submicron-scale particle sizes were employed in this
study, differing in both chemical nature and synthesis technique. Nanopowders of NiO (Ni-n) and ScSZ
(ScSZ-n, containing 10.5 mol% Sc,Os3) were synthesized by the methods of wire electrical explosion [14]
and laser evaporation [15], respectively. These synthesis routes are known to produce materials with high
surface reactivity and a dense population of electrochemically active sites.

As submicron materials, a commercial NiO powder from the Ural Chemical Reagents Plant (Ni-m) and
thermally treated ScSZ-n powder were used. The ScSZ-n powder was calcined at 1000 °C for 4 hours and
then manually ground to obtain submicron-sized ScSZ (ScSZ-m). These materials exhibited lower specific
surface areas (2.7 and 8.4 m?%/g, respectively) and significantly larger particle sizes-up to 325 nm for Ni-m
and 125 nm for ScSZ-m—suggesting pronounced aggregation and crystallite growth during the heat treat-
ment process.

Table 1 summarizes the nomenclature and key physicochemical properties of the precursor powders
used for the fabrication of the anode composites. The table includes chemical composition, specific surface
area determined by the Brunauer—Emmett—Teller (BET) method (Sger), equivalent particle diameter calcu-
lated from BET data (dger), and theoretical density (Vieor). Analysis of these data reveals that the nanopow-
ders Ni-n and ScSZ-n exhibit significantly higher surface areas (14.3 and 81.5 m?/g, respectively) and small-
er equivalent particle sizes (56 and 13 nm, respectively) compared to their submicron counterparts, Ni-m and
ScSZ-m. These characteristics confirm their nanoscale nature, reflecting a high degree of dispersion and a
developed surface morphology that favors enhanced phase interaction in the composite anodes. In contrast,
the submicron powders show signs of particle agglomeration and growth, particularly in the case of Ni-m
(dser = 325 nm), which may adversely affect mass transport and reduce the density of electrochemically ac-
tive regions in the final electrode structure. Despite these morphological and textural differences, the theoret-
ical density remains constant for powders of identical chemical composition, as it is an intrinsic property of
the bulk material.

Table 1
Nomenclature and properties of the initial powders
Designation Composition a B (fm®)  |Vatheor, g/smy
Ni-n NiO 14.3 56 6.80
Ni-m NiO 2.7 325 6.80
ScSZ-n Z10.815¢0.1901.905 81.5 13 5.67
ScSZ-m Z10.815¢0.1901.905 8.4 125 5.67

Figure 1 presents the morphology of the four powders studied, as observed using transmission electron
microscopy (TEM) performed on a Jeol JEM-2100 instrument. Analysis of the micrographs in Figure 1 re-
vealed that the ScSZ-n nanopowder (Fig. 1a) consists of uniformly distributed, near-spherical particles with
a low degree of agglomeration. The particles appear well-dispersed, indicating the high efficiency of the la-
ser evaporation technique employed in their synthesis.

In contrast, the ScSZ-m powder (Fig. 15), obtained through calcination followed by mechanical grind-
ing, exhibits irregularly shaped aggregates with a clumped morphology, indicating a strong tendency for par-
ticle agglomeration after thermal treatment.

The NiO nanopowder (Ni-n), shown in Figure 1c¢, consists of nearly spherical particles with minimal
aggregation; the majority of the particles fall within the expected size range of 50—60 nm.
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Figure 1. Microstructure of ScSZ and NiO powders with different particle sizes,
obtained by transmission electron microscopy (Jeol JEM-2100): (a) ScSZ-n; (b) ScSZ-m; (c) Ni-n; (d) Ni-m

Meanwhile, the submicron NiO powder (Ni-m) presented in Figure 1d reveals a pronounced bimodal
particle size distribution: along with fine fractions (~200 nm), large, well-faceted crystallites up to 1-1.5 pm
are also observed. Such morphology may adversely affect the homogeneity and electrical conductivity of the
resulting anode composites.

Sample preparation

Three types of samples were prepared from the synthesized composite powders for studying sintering
kinetics, electrical conductivity, and polarization resistance. To investigate sintering behavior, disk-shaped
specimens with a diameter of 8 mm and a thickness of approximately 2 mm were fabricated using magnetic
impulse pressing, achieving a relative density of 0.65-0.68. The sintering measurements were conducted in
air within a temperature range of 20—1500 °C using a Dil 402C dilatometer.

To measure electrical conductivity, the composite powders were statically pressed into rectangular bars
measuring 3x2x30 mm, with a relative density of 0.65. The optimal mass and pressing pressure were select-
ed to ensure sample reproducibility. The Ni-n/ScSZ-n and Ni-n/ScSZ-m composites were sintered at
1200 °C, while the Ni-m/ScSZ-m composition was sintered at 1400 °C, with a dwell time of 4 hours in each
case. After sintering, platinum probes with a diameter of 0.2 mm were attached to the samples. The speci-
mens were then reduced in a hydrogen atmosphere at 900 °C for 1 hour. Electrical measurements were car-
ried out using the four-probe DC method in humidified hydrogen (3 % H,O) in the temperature range of
700-900 °C in 50 °C increments using a Solartron SI-1260/1287 system. The density of the reduced samples
was determined by hydrostatic weighing.

Polarization resistance of the anodes was measured using impedance spectroscopy on symmetrical cells
with a solid-state ScSZ electrolyte in the form of a disk. The electrolyte was fabricated from a green tape
composed of 87.2 wt.% ScSZ-n, 10 wt.% polyvinyl butyral (PVB), and 2.8 wt.% triethylene glycol di-
methacrylate (TEGDMA). Circular disks with a diameter of 15 mm were cut from the tape, uniaxially
pressed at 300 MPa, and sintered at 1250 °C for 4 hours. The resulting dense electrolyte pellets had a diame-
ter of approximately 12 mm and a thickness of about 0.3 mm. Anode layers were applied by a painting tech-
nique using an ink composed of isopropanol, 82.1 wt.% Ni/ScSZ powder, 14 wt.% PVB, and 3.9 wt.%
TEGDMA. The thickness of the deposited layers ranged from 20 to 30 pm. Firing of the anode layers was
carried out in air at 1200 °C for Ni-n/ScSZ-n, 1250 °C for Ni-n/ScSZ-m, and 1300 °C for Ni-m/ScSZ-m
composites, with a uniform dwell time of 4 hours. Prior to measurements, the electrodes were reduced in a
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hydrogen atmosphere at 900 °C for 1 hour. Impedance measurements were performed in the frequency range
from 0.1 Hz to 1 MHz, with an input signal amplitude of 10 mV, in the temperature range of 700-900 °C
with 50 °C increments.

Results and discussion

Sintering kinetics

Figure 2 presents the temperature-dependent relative shrinkage curves for the initial powders and the
composite materials derived from them.

0,00
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-0,05} ,
= = Ni-n
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—o— 30Ni-n/70ScSZ-n
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Figure 2. Linear shrinkage curves of compacted samples made from the initial powders
and their corresponding composite materials

Analysis of the data reveals that samples prepared from nanoscale NiO (Ni-n) and ScSZ (ScSZ-n) pow-
ders complete the sintering process at temperatures below 1200 °C, with a divergence of no more than 2.5 %
between their respective shrinkage curves. In contrast, samples formed from submicron powders (Ni-m and
ScSZ-m) exhibit a shift in the onset of intensive shrinkage by 200-250 °C toward higher temperatures. Fur-
thermore, the divergence between their shrinkage curves at 1200 °C reaches 5.4 %.

Composites incorporating the nanosized NiO component (Ni-n), specifically 30Ni-n/70ScSZ-n,
50Ni-n/50ScSZ-n, 30Ni-n/70ScSZ-m, and 50Ni-n/50ScSZ-m, exhibit a shift in the sintering temperature
range to higher values—by approximately 50—80 °C-compared to their individual constituents. It was found
that increasing the volume fraction of NiO in the composite leads to a higher sintering temperature and a re-
duction in total shrinkage. For Ni-n/ScSZ-n composites containing 30 and 50 vol.% Ni, the mismatch in
shrinkage with the ScSZ-n electrolyte was approximately 3 % and 4.5 %, respectively. Similar trends were
observed in the Ni-n/ScSZ-m and Ni-m/ScSZ-m systems, although the effect was less pronounced in the
Ni-n/ScSZ-m series. This is likely attributed to the slower sintering kinetics of the coarser ScSZ-m powder,
which plays a dominant role in the overall densification behavior of the composite.

Electrical conductivity of cermet composites

Figure 3 presents the dependence of electrical conductivity on the nickel volume fraction for three types
of Ni/ScSZ anode composites measured at 900 °C. Analysis of these curves reveals several important in-
sights into the nature of charge transport and the structural characteristics of the studied materials. According
to the data presented in Figure 3, a sharp increase in electrical conductivity is observed when the nickel con-
tent exceeds 30 vol.%. This phenomenon is attributed to reaching the percolation threshold, beyond which a
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continuous electron-conducting network formed by metallic nickel is established throughout the material.
Below this threshold, conductivity is predominantly ionic in nature, governed solely by the solid electrolyte
ScSZ.

10 —r——7FT—"7T"—""TT—T—TTT7— 110
-0~ B Ni-n/ScSZ-n
== @ Ni-n/ScSZ-m
10° A A Ni-m/ScSZ-m - 100
-
10° 490
g,
& 10 —H80 2
S 2"
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Figure 3. Electrical conductivity of three types of Ni/ScSZ anode composites at 900 °C
as a function of nickel volume content (cross symbols indicate the relative density of the samples
after reduction in hydrogen—right axis)

A comparative analysis of the three types of composites—Ni-n/ScSZ-n, Ni-n/ScSZ-m, and Ni-m/ScSZ-
m-reveals distinct features in the transition from ionic to electronic conductivity (Fig. 3). In the Ni-n/ScSZ-n
composite, this transition occurs more abruptly and is shifted toward higher nickel concentrations (~35
vol.%), which is likely due to the mismatch in particle sizes between the Ni-n nanoparticles (ABET = 56 nm)
and the nano-sized ScSZ electrolyte (ABET = 13 nm). During composite preparation, the smaller ScSZ parti-
cles tend to envelop the larger Ni particles, thereby hindering the formation of continuous electronic path-
ways.

In the Ni-n/ScSZ-m composite, which incorporates nanostructured nickel (Ni-n) and submicron-sized
electrolyte (ScSZ-m), the transition to electronic conductivity appears more gradual (Fig. 3). This behavior
may be attributed to the lower surface area of ScSZ-m, which results in less extensive coverage of Ni parti-
cles and, consequently, an earlier formation of a continuous electronic network. Such morphological charac-
teristics promote a more uniform distribution of nickel and improved interparticle contact, reflected in a
steady increase in overall conductivity.

For the Ni-m/ScSZ-m composite, composed of submicron components, the conductivity increases more
gradually, with the transition from ionic to electronic conduction occurring near 30 vol.% Ni. This behavior
is attributed to the lower active surface area and coarser structure of the powders, which hinder the formation
of continuous conductive pathways. Additionally, the increase in NiO content leads to a reduction in the
sample density due to its reduction to metallic Ni—an effect associated with a significant volumetric expan-
sion (~41 %) during the reduction process [16].

Figure 3 also presents the values of relative density after reduction (indicated by cross-marked symbols
on the right axis). It can be observed that an increase in Ni content leads to a decrease in density due to in-
creased porosity, which also affects the overall conductivity behavior.

Polarization resistance

Figure 4 displays the temperature-dependent electrical conductivity of various anode composites based
on nanoscale nickel (Ni-n) and submicron electrolyte ScSZ-m. In part (a) of the figure, it is evident that the
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conductivity of the 30Ni-n/70ScSZ-m and 40Ni-n/60ScSZ-m composites decreases with increasing tempera-
ture, indicating the predominance of metallic (electronic) conduction.
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Figure 4. Temperature dependences of conductivity for composite mixtures: a) 40Ni-n/60ScSZ-m, 30Ni-n/70ScSZ-m,
b) 20Ni-n/80ScSZ-m, 10Ni-n/90ScSZ-m, ScSZ-m

Such behavior is characteristic of composites containing more than 30 vol.% of nickel, where a contin-
uous electronically conductive network is formed.

Part (b) of Figure 4 displays the conductivity behavior of compositions with lower nickel content — 10
and 20 vol.%. These composites exhibit an increase in conductivity with rising temperature, indicating an
ionic conduction mechanism, which is characteristic of the ScSZ-based electrolyte matrix. The pure ScSZ
composition, without any Ni addition, serves as a reference sample and shows the lowest conductivity values
across the entire temperature range, further confirming its purely ionic conductivity nature.

The analysis of the impedance spectra presented in Figure 5 highlights the influence of the gas atmos-
phere on the impedance response of a symmetric cell featuring a S0Ni-n/50ScSZ-m anode composition at
900 °C. The impedance plots are shown in the complex plane format (Re(Z), -Im(Z)), with the real part of
the impedance (Ohm) on the x-axis and the negative imaginary component (Ohm) on the y-axis, oriented
downward—consistent with the standard representation of Nyquist plots.

Figure 5 presents three impedance spectra corresponding to different gas compositions: 100 %, 50 %,
and 25 % hydrogen diluted with argon.

Each spectrum exhibits the shape of two overlapping semicircles, with each arc representing a distinct
electrochemical process occurring at the anode. The high-frequency arc, located on the left side of the
Nyquist plot, is associated with charge transfer across the electrode—electrolyte interface and is characterized
by the resistance Ry-nr. In contrast, the low-frequency arc on the right side is attributed to diffusion and sur-
face-related phenomena such as hydrogen adsorption, transport, and electrochemical conversion. This arc is
described by the resistance Ry-rr.

The equivalent circuit shown in the inset of Figure 5 consists of a series resistance Rs (ohmic re-
sistance) and two parallel RC elements (or constant phase elements, CPEs), representing the polarization re-
sistances Ry.ur and Ry.rF.
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Figure 5. Impedance spectra of the SO0Ni-n/50ScSZ-m electrode measured at 900 °C in hydrogen atmospheres
of varying concentration (inset—equivalent circuit diagram)

The duplication of these resistances in the model stems from the symmetrical configuration of the cell,
where identical anodes on both sides contribute equally to the overall impedance.

Analysis of the arc shapes and sizes indicates that as hydrogen concentration decreases, the most signif-
icant changes occur in the low-frequency region: the radius of the low-frequency arc (Ry.Lr) increases mark-
edly when transitioning from 100 % to 25 % H,. This trend reflects a deterioration in surface activity and
increased difficulty of hydrogen diffusion, particularly along the triple-phase boundary. Thus, lowering the
hydrogen partial pressure reduces the efficiency of the anodic processes, as evidenced by the rise in polariza-
tion resistance. Meanwhile, the high-frequency component (R..ur), associated with charge transfer across the
anode/electrolyte interface, remains virtually unchanged, indicating stable interfacial contact and minimal
influence of gas composition on this mechanism [17].

Thus, the total polarization resistance of the anode (R = Ry-ur + Ry-1r) increases with decreasing hydro-
gen concentration, primarily due to the rise in Ry-rr. These findings confirm the high sensitivity of the
50Ni-n/50ScSZ-m composite to the composition of the reducing atmosphere and emphasize the critical role
of gas environment control in the operation of SOFC anodes.

Figure 6 illustrates the temperature-dependent behavior of the total polarization resistance of Ni/ScSZ
anode composites, as well as its high-frequency and low-frequency components.

Analysis of the data shows that the high-frequency contribution (Ry.ur) exhibits typical thermally acti-
vated behavior and follows an Arrhenius-type dependence. This indicates that charge transfer across the in-
terface between the ionically and electronically conductive phases is an energetically driven process. The
observed trend reflects temperature-sensitive kinetics and underscores the effectiveness of interfacial interac-
tions near the triple-phase boundary.
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Figure 6. Temperature dependence of the polarization resistance of Ni/ScSZ composite anodes:
(a) total polarization resistance as a function of temperature; (b) temperature dependence of the high-frequency
component; (¢) temperature dependence of the low-frequency component

Analysis of graph (b) in Figure 6, which illustrates the temperature dependence of the high-frequency
component of polarization resistance (Rnq.ur), clearly highlights the effect of particle size on charge transfer
efficiency at the electrode—electrolyte interface. The lowest resistance values (ranging from 0.2 to
0.3 Ohm-cm? at 900 °C) were observed for the anode composed of nano-sized nickel and nano-structured
electrolyte (SONi-n/50ScSZ-n). The second-best performance was demonstrated by the anode based on nano-
nickel and submicron electrolyte (50Ni-n/50ScSZ-m), which exhibited a slightly higher resistance in the
range of 0.4-0.6 Ohm-cm?. Despite the reduced dispersion of one phase, the composite based on nano-nickel
and submicron electrolyte still maintains favorable electrochemical performance, underscoring the predomi-
nant role of the metallic component’s dispersion. The highest Ry.ur values (approximately 0.8—1.0 Ohm-cm?)
were observed for the anode entirely composed of submicron powders (50Ni-m/50ScSZ-m). This increased
resistance is attributed to the less developed microstructure and the limited number of effective contacts be-
tween the conducting and ionic phases, resulting in a lower density of active triple-phase boundaries. All the
presented curves follow an Arrhenius-type trend, confirming the thermally activated nature of the high-
frequency process and its sensitivity to temperature. Part (c) of Figure 6 presents the temperature dependence
of the low-frequency component of the polarization resistance (R..rr), which is primarily associated with
surface and diffusion-related processes. Unlike the high-frequency contribution, the temperature dependence
of Ryir is relatively weak. The resistance values remain nearly constant, averaging around
0.3 +0.2 Ohm-cm?. This indicates that mass transport and adsorption phenomena at the anode surface are not
significantly influenced by temperature within the studied range. The similarity of R values across all an-
ode types can be attributed to their comparable porosity (~55+ 10 %), as confirmed by water absorption
measurements.

Figure 7 presents SEM images of fracture cross-sections of symmetrical cells with an “electrode—
electrolyte—electrode” architecture, incorporating different types of anodes: 50Ni-n/50ScSZ-n,
40Ni-n/60ScSZ-m, and 40Ni-m/60ScSZ-m.
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Figure 7. SEM images of fracture cross-sections of “electrode—electrolyte—electrode” structures
with different types of electrodes: (a) electrode type—50Ni-n/50ScSZ-n; (b) electrode type—40Ni-n/60ScSZ-m;
(c) electrode type—40Ni-m/60ScSZ-m

The analysis of these micrographs shows that, in all samples, the solid electrolyte layer is densely sin-
tered and free of visible structural defects such as cracks or voids, indicating high sintering quality. The elec-
trodes are firmly bonded to the electrolyte, with clearly defined interfaces and no signs of delamination or
poor adhesion, confirming the mechanical integrity and suitability of the fabricated composite structures for
high-temperature SOFC operation.

Furthermore, a strong visual cohesion between the electrode and electrolyte is evident, with no detecta-
ble separation or interface discontinuity—an essential criterion for maintaining long-term electrochemical
stability under thermal cycling conditions. In all three cases, the porosity within the electrode layer appears
uniformly distributed, with pore sizes predominantly in the submicron range. This morphology is beneficial
for gas permeability and enhances the effective area of the triple-phase boundary, which is critical for effi-
cient electrochemical reactions in SOFC anodes.

Additionally, the interface between the nickel-based anode and the electrolyte was examined using en-
ergy-dispersive spectroscopy (EDS), the results of which confirmed a homogeneous distribution of nickel
within the near-surface region and the absence of diffusion zones depleted in conductive phases (Fig. 8).
This effect was particularly evident in the anodes containing nanostructured nickel (50Ni-n/50Sc¢SZ-n and
40Ni-n/60ScSZ-m), where the high dispersity of the metallic phase ensured closer phase contact and a higher
density of conductive pathways.

Figure 8 presents the results of energy-dispersive spectroscopy (EDS) conducted at the electrode—
electrolyte interface for symmetrical cells incorporating different types of anodes: 50Ni-n/50ScSZ-n,
40Ni-n/60ScSZ-m, and 40Ni-m/60ScSZ-m.
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Figure 8. EDS analysis of Ni distribution at the electrode—electrolyte interface for different electrode types:
(a) electrode type—50Ni-n/50ScSZ-n; (b) electrode type—40Ni-n/60ScSZ-m;
(c) electrode type—40Ni-m/60ScSZ-m

The data in Figure 8 reveal that the degree of continuity and uniformity in nickel distribution across the
electrode—electrolyte interface varies depending on the morphology and dispersity of the composite constitu-
ents. In particular, the sample with the 40Ni-n/60ScSZ-m composition (Fig. 85) demonstrates the most uni-
form and compact contact with the electrolyte. This is attributed to the synergistic effect of nanostructured
nickel and submicron-scale ScSZ, which promotes the development of an extended three-phase boundary.
The presence of a high density of triple-phase contact points (Ni-ScSZ—gas) in this configuration facilitates
enhanced charge transfer and more efficient initiation of electrochemical reactions.

The 50Ni-n/50ScSZ-n sample (Fig. 8a), despite containing nanostructured components in both phases,
exhibits a less continuous interfacial contact. This may be attributed to an imbalance in particle size distribu-
tion and potential phase overlap during suspension mixing, which could hinder the formation of a well-
integrated composite structure.

The composite 40Ni-m/60ScSZ-m (Fig. 8¢), composed of submicron powders, exhibits the sparsest dis-
tribution of nickel at the electrode—electrolyte interface, indicating a lower density of effective active zones.
Accordingly, based on the composition and dispersity of the components, a trend can be established in the
increasing density of the interfacial contact zone—and, consequently, the concentration of active triple-phase
boundaries—as follows: m—m < n—n < n—m. These findings align well with previously obtained polarization
resistance data, where samples with more developed interfacial microstructures displayed lower Rn values,
thereby confirming the critical role of microstructural architecture in determining anode performance effi-
ciency.

Figure 9 presents the concentration-dependent behavior of the total polarization resistance (Rn) for four
different types of Ni/ScSZ-based anodes: Ni-n/ScSZ-n, Ni-n/ScSZ-m, Ni-m/ScSZ-m, and Ni-n/ScSZ-n-film,
measured at 800 °C and 900 °C. The analysis of these trends provides insight into the influence of both the
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dispersion of the component powders and the method of anode structure formation on the electrochemical
performance of the composites.
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Figure 9. Dependence of the total polarization resistance Rn of three types of composite anodes
on Ni content in the composite at 800 and 900 °C

The most significant reduction in polarization resistance is achieved when nanostructured nickel is
combined with a submicron electrolyte (Ni-n/ScSZ-m), particularly at a Ni content of approximately
40 vol.%, where a distinct minimum in Rn is observed. This improvement is attributed to the formation of an
optimal triple-phase boundary and a more efficient distribution of conductive pathways. A similar minimum
is also evident for Ni-m/ScSZ-m anodes; however, their polarization resistance values are higher due to a
lower active surface area and a coarser microstructure. These findings are consistent with the results reported
in [18], which examined a Ni/YSZ anode prepared via co-precipitation.

The Ni-n/ScSZ-n anode exhibits the lowest polarization resistance at 900 °C (~0.56 Ohm-cm?), with on-
ly a slight increase to ~0.9 Ohm-cm? when the temperature is reduced to 800 °C, indicating excellent thermal
stability. The Ni-n/50ScSZ-n-film anode, prepared via tape casting and co-sintering, also shows consistently
low polarization resistance across the investigated temperature range. At 800 °C, its resistance is approxi-
mately 0.85 Ohm-cm?, decreasing to around 0.75 Ohm-cm? at 900 °C, which is characteristic of thermally
activated charge transfer processes. Despite its denser structure and lower porosity compared to samples fab-
ricated via screen-printing, the film-based anode maintains high electrochemical performance. This high-
lights the effectiveness of interface formation during the casting process, as well as the presence of a suffi-
ciently developed triple-phase boundary that supports favorable conditions for electrochemical reactions.

Table 2 summarizes the activation energy (E,) values for Ni/ScSZ anode composites with varying parti-
cle size distributions at nickel volume concentrations of 30 %, 40 %, and 50 %. Analysis of the data reveals a
pronounced impact of microstructural parameters on the kinetics of electrode processes. For the Ni-n/ScSZ-n
composition—where both components are nanostructured—the activation energy reaches 65.5+ 5.1 kJ/mol,
which is significantly higher compared to the other formulations. This value notably exceeds the typical acti-
vation energy associated with surface reactions, suggesting a more complex or energy-intensive charge trans-
fer mechanism in this microstructure.

OHni + Hxi > H2Oni+ NI (D

This surface reaction exhibits an activation energy of 42.7 kJ/mol and is likely the dominant contributor
to the polarization resistance observed in the electrodes studied in this work. It represents a model anodic
electrochemical process in solid oxide fuel cells (SOFCs), describing the surface interaction between ad-
sorbed hydroxyl (OH) and hydrogen (H) species on the nickel surface, leading to the formation of water and
the concomitant reduction of nickel. This reaction can be considered a simplified depiction of one of the el-
ementary steps involved in the electrochemical oxidation of hydrogen at the anode.
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Table 2
Activation energy of the electrode process
Composite Type Eq4, kJ/mol
Ni/ScSZ Cni =30 vol.% Cni =40 vol.% Cni =50 vol.%
n/n - 36.549.8 65.5+5.1
n/m 33.3+2.8 43.3+4.9 42.944.6
m/m 32.1+4.8 48.9+2.8 44.446.8
n/n-film - — 40.0+6.0

This increase in the activation energy barrier is likely associated with the specific microstructural fea-
tures of the composite formed during bulk pressing and sintering. In particular, excessive overlapping of the
ScSZ-n nanoparticles—lacking electronic conductivity—may reduce the effectiveness of the interfacial con-
tact between phases, thereby hindering charge transfer across the triple-phase boundaries.

Support for this microstructural influence hypothesis comes from the results obtained for the
Ni-n/ScSZ-n-film sample, fabricated using a lamination technique. Despite having an identical chemical
composition and particle dispersion, this film-type anode exhibited a significantly lower activation energy of
40.0 £6.0 kJ/mol compared to its bulk-pressed counterpart. This observation underscores the critical im-
portance of controlled microstructure formation, which enables more favorable conditions for interfacial in-
teraction and efficient charge transfer between phases.

An analysis of the impedance spectra for cells with 50Ni-n/50ScSZ-n electrodes, based on the data pre-
sented in Figure 10, highlights the influence of electrode fabrication techniques on the electrochemical char-
acteristics of the cells.
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Figurel0. Impedance spectra of cells with S0Ni-n/50ScSZ-n electrodes:
(1)—-cells with electrodes applied by painting; (2)—cells with electrodes applied by co-sintering

The spectra allow for a comparison between two types of electrodes prepared by different methods: the
first sample (curve 1) was produced using the traditional ink-based painting technique to apply the anode
layer, while the second (curve 2) involved co-sintering of pre-formed film laminates.

The impedance spectra shown in Figure 10 provide insight into the effect of electrode fabrication meth-
ods on the polarization behavior of the anodes. A comparison of the two samples, represented by curves (1)
and (2), reveals that the second electrode (curve 2) exhibits a lower high-frequency component of the polari-
zation resistance (R..ur), indicating more efficient charge transfer at the electrode—electrolyte interface. This
reduction in resistance is likely attributed to the formation of a denser and more uniform interface achieved
through the co-sintering method, which reduces defects commonly associated with electrodes applied via
painting techniques.

At the same time, the low-frequency component (R,..r) shown in Figure 10, which is associated with
diffusion processes within the porous anode structure, is higher for the second sample. This is likely due to
reduced porosity, which limits the transport of gaseous species. Nevertheless, the total polarization resistance
of the anode corresponding to curve (2) remains comparable to or even lower than that of the anode fabricat-
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ed by the conventional painting method. These findings highlight the potential of alternative electrode fabri-
cation techniques for enhancing the electrochemical performance of solid oxide fuel cells (SOFCs) [19, 20].

Conclusion

This study presents a comprehensive investigation into the effects of particle size distribution and
volume ratio of components in Ni/ScSZ-based cermet composites—comprising nickel and scandia-stabilized
zirconia (Sc20s-stabilized ZrO;)—on their sintering behavior, electrical properties, and electrochemical
performance as anodes for solid oxide fuel cells (SOFCs). The composites were synthesized using nano- and
submicron-sized powders of NiO and ScSZ (10.5 mol% Sc»03), with particle sizes ranging from 20 to
330nm. Three types of composites differing in phase dispersity were examined: “nano—nano”, ‘“nano—
micro”, and “micro—micro”, with the nickel volume fraction varied between 10 and 50 vol%.

It was established that the percolation threshold, marking the transition from purely ionic to mixed
ionic-electronic conductivity, is influenced by the particle size ratio of the composite constituents: for the
“nano—nano” system, the threshold occurs at approximately 35 vol% Ni, while in other systems it is reached
around 30 vol%. The lowest polarization resistance (\~0.55 Q-cm? at 900 °C) was observed in anodes
containing about 40 vol% nickel, attributed to the optimal development of the triple-phase boundary. The
incorporation of nanoscale components—either one or both phases-led to a significant enhancement in the
electrochemical performance of the anodes compared to their submicron counterparts.

It was found that the percolation threshold, which governs the transition from ionic to mixed conductiv-
ity, strongly depends on the particle size ratio of the composite components. For the “nano-—nano” systems,
this threshold is reached at approximately 35 vol% Ni, whereas in other types of composites it occurs near 30
vol%. The lowest polarization resistance (\~0.55 Q-cm? at 900 °C) was observed for anodes containing
around 40 vol% Ni, which correlates with the optimal development of the triple-phase boundary. Incorporat-
ing nanostructured components—either partially or entirely—led to a marked improvement in the electro-
chemical performance of the anodes compared to those composed of submicron powders.

These results validate the effectiveness of an integrated strategy for optimizing the morphology and
phase composition of Ni/ScSZ-based anodes and highlight the practical potential of such composites for use
in high-performance, energy-efficient solid oxide fuel cell technologies.
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KatTbl OKcHATHI OTHIH 3j1eMeHTTepi YiliH Ni—-ScSZ HaHOKYPbLIBIMAbI
KOMIIO3UTTIH AaHOATAPBIH J3ipJiey :KIHe CUNATTay

Makanasa HHKENb JKOHE CKaHIUM OKCHIIMEH TYPaKTaHABIPbUFaH IHpKoHWi muokcunaine (Ni/ScSZ)
HETi3/Ie/I'eH aHO/Thl KOMITO3UTTEP KaCHETTePiHiH JKaH-)KaKThl 3epTTelyi ychiHbUIFaH. KoMmnosurrep apTypi
JUCTIEPCTIK YHTAKTapJaH KePaMUKaIbIK TEXHOJNOTHS apKbUIbl JaifblHAangsl. 3epTrey OapbIChIHIA
KOMIIOHEHTTEPIH MOpPGOIOrUsACHl MEH OJapAblH KeJeMIIK KaThIHACBIHBIH KbI3IbIPFaHIA ThIFbI3ANY,
ANEKTPOTKI3TIMITIK JKOHE MOJAPU3ALMUIBIK KeAeprire ocepi KapacTelpbuiasl. HaHo-, CyOMHKpPOH- jKoHE
MHKpoesmemai Oeimiektepi 0ap yiriep caibICTBIpMaibl TYpAe 3epTTENiN, THIMII OTKI3TilTIK TOp
KYPBUTYbIH KOHE KeAepriiepii a3alTaTblH OHTAMIBI MapaMeTpiiep aHbIKTALIbl. JHIaTOMETpHs, NEKTPIIiK
eJILIeYJIep JKOHE MMIICHAAHCTBIK CIEKTPOCKOIHS HOTHKeNepi OOMbIHIINA, HAHOJUCTIEPCTIK KOMITOHEHTTEp/]
KOJIIaHy OIpTEKTi KYpbUIBIM MEH JKAaKChl TapaThUIFaH KEYEKTUTIK KAJBIITACTBIPBII, KbUTYJIBIK TYPAKTBUIBIK
MEH 3JEKTPOXUMUSIIBIK THIMIUTIKTI apTThipaabl. Ni/ScSZ Herizingeri marepuanmap noctypm Ni/YSZ
aQHOZATAPBIHBIH OpHBIHA KOJJAaHyFa KapamIsl, ce0ebi oiap KOFapbl MOHOTKI3TIIITIKKE JKOHE Jerpaaiusra
Te3IMILTIKKe He. By omapabl xorapsl THIMII koHe y3ak Kei3MeT ereTiH KOOD xyiienepiH nambITyFa
0oJamIarel 30p eTemi.

Kinm ce30ep: xatrtel okcuarsl oThiH 31eMeHTI (KOOD), Ni/YSZ aHoxmpl, HaHOKYpaM, MOJSIPHU3ALMSIIBIK
Kezlepri, ym asanbl mekapa, OSJIeKTPOTKI3TIINTIK, THIFBI3AANTY KHHETHKACHI, OEJICEHIIpY SHEepTHsCHI,
HMIICHJACTHIK CIIEKTPOCKOMHS, TaWBIHIAITY 9/ici
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Pa3paboTka u XapaKTepuCTHKA HAHOCTPYKTYPHPOBAHHBIX
KOMIIO3UTHBIX aHOAO0B Ni-ScSZ 1715 TBepA0OKCHAHBIX TOIJIMBHBIX 3JIEMECHTOB

B cratse mpeacTaBiIeHO BCECTOPOHHEE HCCIIEIOBAaHNE aHOMHBIX KOMIIO3UTOB Ha OCHOBE HUKEIS U CTaOWMIN-
3MPOBAHHOTO OKCHA ITMPKOHUS ¢ pobaBkoi okcuaa ckanaus (Ni/ScSZ), moydeHHBIX METOIOM KepaMuue-
CKOM TEXHOJOTHMM W3 MOPOIIKOB C pa3iMYHON AucrepcHOCThI0. OCHOBHOE BHHMAHHE YACICHO BIHMSHHIO
MOP(OJIOTUH UCXOTHBIX KOMIOHEHTOB M MX COOTHOLICHHH Ha MPOIECCHl CIIEKaHUs, YIEKTPHUYECKYIO IPOBO-
JIMMOCTh M CONPOTHUBIICHUE MOJSIPU3ALMK B YCIOBHUSX PabOTHI TBEPIOOKCHUIHBIX TOIUIMBHBIX 3JIEMEHTOB
(TOTD). B xoxe nccneqoBaHus CpaBHUBAIHNCH 00pA3Ibl, COACPIKAIINE HAHO-, CYOMHKPO- M MHUKPOYACTHIIBL, C
LETbI0 OTpeeTeHHs ONTUMANBHBIX [apaMeTpoB, obecreunBaromux (opMupoBanne 3(GGHEeKTuBHON MPOBO-
IIe CeTH W CHIDKEeHHE moTepb. COrlacHO NaHHBIM JHIATOMETPHH, U3MEPEHHH IPOBOAMMOCTH M HMIIE-
JTAHCHOW CIIEKTPOCKOIIMH, HCIONb30BaHHE HAHOKOMIIOHEHTOB CIIOCOOCTBYEeT 00pa30BaHHMIO OZHOPOIHOHN u
IUIOTHOH MHUKPOCTPYKTYPHI C PAaBHOMEPHOH MOPHUCTOCTHIO, YTO 00ECIIeUNBACT BHICOKYIO TEPMHUUCCKYIO CTa-
OWIBHOCTh U YJIyYLICHHBIC ICKTPOXUMUYECKHE XapaKTEPUCTHKH. YCTaHOBIEHO, 4TO KOoMmo3uThl Ni/ScSZ
MOT'YT CTaTh MEPCICKTUBHON 3aMEHOM TPaAMIMOHHBIM aHoJaM Ha ocHoBe Ni/YSZ Gnaromaps jyuinei HOH-
HOH MPOBOANMOCTH M yCTOWYMBOCTHU K JIETPaJaliK, YTO JIeJaeT UX IPUBICKATSIbHBIMH JUI pa3paboTKu 60-
Jiee TONTOBEYHBIX U A3 dexTuBHbIX cuctem TOTD.

Kniouesvie crosa: TBeprookcuanslil TorumBHEI 21eMeHT (TOTD), anox Ni/ScSZ, HaHOTIOPOIIKH, COIPOTUB-
JICHHE MOJIpH3alliy, TpolHas (a3Has TpaHHLa, IEKTPUYECKas MPOBOIMMOCTb, KHHETHKA CIICKaHHs, YHEpP-
TUs aKTUBAIUH, HMIIEJAHCHAS CIIEKTPOCKOIIHSI, METOI ITOTyYCHHUS
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Effect of HVOF spraying parameters on the structural-phase composition
and mechanical properties of ZrCN coating

The article presents the results of a study on the influence of HVOF spraying parameters on the phase compo-
sition, mechanical properties, and adhesion characteristics of zirconium carbonitride (ZrCN) coatings. X-ray
diffraction analysis of the ZrCN coatings revealed the presence of ZrCN, ZrC, ZrN, ZrO, Fe, and FeN phases,
indicating a complex coating structure and possible oxidation and elemental diffusion processes. The for-
mation of ZrC and ZrN is attributed to the thermal decomposition of ZrCN powder during the coating pro-
cess, while the presence of the oxide phase ZrO is explained by the use of an oxygen-containing gas mixture
during HVOF spraying. The microhardness of the ZrCN coatings reaches values in the range of 1500—
1800 HV, depending on the spraying parameters. Adhesion test results showed that the maximum coating
bond strength under tensile load was 7.49 MPa. Optimal coating characteristics were achieved at the follow-
ing spraying parameters: substrate distance of 3540 cm, propane pressure of 1.7 bar, air pressure of 2.6 bar,
and oxygen pressure of 2.8 bar. These conditions allow the formation of a dense, wear-resistant coating struc-
ture with enhanced performance characteristics.

Keywords: HVOF, microhardness, adhesion, structure, phase composition, ZrCN coating, X-ray diffraction

M Corresponding author: Kambarbekov, Sardor, sardor.kambarbekov@mail.ru

Introduction

Currently, ensuring high wear resistance and durability of cutting tools of technological equipment is
one of the key tasks in mechanical engineering and metalworking. Cutting tools and parts operating under
conditions of intensive wear and high mechanical loads require the use of wear-resistant protective coat-
ings [1]. Both physical and chemical deposition methods are actively used to form protective and functional
coatings. Physical processing methods include physical vapor deposition, plasma spraying, and magnetron
sputtering, which provide dense, wear-resistant coatings with high adhesion to the substrate [2—6]. Addition-
ally, to increase wear resistance and corrosion resistance of materials, sol-gel technologies and laser coating
methods are actively used, ensuring control over the composition and structure of the formed layers [7, 8].
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Among the above methods, the most promising is the HVOF technology, which allows obtaining
nanostructured coatings. HVOF technology has become widespread in many industries due to its flexibility
and cost-effectiveness in obtaining high-quality coatings [9—11]. The physical and mechanical properties of
HVOF sprayed coatings largely depend on the nano- or microstructure of the coating, which in turn largely
depends on the physical and chemical state of the particles at the point of impact on the substrate, such as
speed, temperature, degree of melting and oxidizer content [12—14]. In particular, coatings that can withstand
wear, high mechanical loads and chemically aggressive influences are of particular importance. In this re-
gard, ZrCN coatings demonstrate excellent characteristics under such conditions [15, 16]. It has been proven
that ZrCN-based ceramics have high thermal stability and resistance to physical and chemical environments,
which makes them an excellent candidate for protective coatings of cutting tools and metal parts operating in
extreme conditions [17—19]. It was found that the grains of ZrN/ZrCN coatings were denser, finer and more
compact than those of Zr/ZrN coatings. Accordingly, higher values of hardness, modulus and H/E were
demonstrated by ZrN/ZrCN coatings [20].

The aim of this study is to investigate the influence of HVOF spraying mode parameters on the phase
composition and mechanical properties of ZrCN coating.

Materials and methods

The ZrCN coatings were deposited using the HVOF method on a Termika-3 system [21], which is
equipped with a control panel that allows precise adjustment of the gas supply pressures. Figure 1 presents
both a visual and schematic illustration of the equipment used. As the pressure increases, the gas components
are mixed inside the chamber, after which the powder material with a metered feed enters the burner, where
it is transported by compressed air supplied by the compressor.

Figure 1. External view and structural diagram of the HVOF spraying system: /—torch; 2— powder feeder;
3—gas control panel; 4—compressor; 5—gas cylinder (C3Hg); 6—gas cylinder (O;); and 7—=chiller

At the outlet of the burner, the powder particles enter the flame zone, where they are heated to a state
that ensures their plastic deformation. Then the molten particles are directed to the pre-prepared surface of
the substrate, forming a uniform protective coating. The ZrCN powder with a particle size range of 20—
100 um exhibits an irregular polyhedral fragmented morphology, which is known to have lower flowability
compared to spherical particles. The main spraying parameters are given in Table 1. Steel grade 65G [22],
which belongs to the group of high-carbon, alloyed steels, was used as a substrate.

Table 1

Coating application parameters

Ne Distance Propane Air Pressure Oxygen Powder
Sample a 2.6 bar
Sample b 35-40 cm 1.7 bar 2.8 bar 2.8 bar ZrCN
Sample ¢ 3 bar
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Table 2 shows the chemical composition of 65G steel. Before spraying, the substrate surface was me-
chanically processed (grinded) to remove oxide films, and then sandblasted to improve coating adhesion.

Table 2
Chemical composition of steel 65G [22]
Steelerade Mass fraction of elements, %
£ Carbon Silicon Manganese Chromium
65G 0.62-0.70 0.17-0.37 0.90-1.20 0.25

The phase composition of the obtained ZrCN-based coatings was studied using an X'Pert PRO X-ray
digraphometer with Cu-Ko radiation (A = 1.5406 A), a voltage of 40 kV and a current of 30 mA. The scan-
ning angle range was from 20.01° to 89.99° with a step of 0.02° and a data accumulation time of 2 s. The
diffraction patterns were processed using High Score Plus software.

Microhardness was investigated using the Vickers method in accordance with GOST 9450-76 on the
HLV-1DT microhardness tester. A diamond tetrahedral pyramid with angles of 136° was used as an indenter
in the study. During the measurement, a load of HVs was applied to the surface of the sample, and the in-
denter was held for 10 seconds. Then the diagonal dimensions of the input traces (d1 and d2) were deter-
mined with accuracy [24].

To study the adhesive properties of the coatings, tests were carried out in accordance with ASTM
D4541-22. Using an Elcometer 510 hydraulic adhesion meter (Elcometer Instruments, Manchester, UK). The
strength of the adhesive coatings was determined under the following conditions: hold time 0.50 s; target
speed 1.00 MPa/s; backing size 20 mm.

Results and discussion

To study the phase composition of the ZrCN powder intended for spraying, X-ray phase analysis was
carried out, the diffraction pattern of which is shown in Figure 2. It can be seen from the figure that the pres-
ence of the ZrCN peak next to the ZrC, ZrN peaks indicates its partial preservation [23] and confirms its de-
composition with the formation of zirconium nitride. Zirconium carbonitride combines high hardness with
good plasticity, which contributes to the increased resistance of the material to the formation and propagation
of cracks.

«Zr,CN BZIC =ZIN  #Z0, powder
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Figure 2. X-ray diffraction pattern of ZrCN powder

X-ray diffraction patterns of three coating samples are shown in Figure 3. The study of the phase com-
position of the sprayed coatings by the HVOF method showed the presence of the following phases: ZrCN,
ZrC, ZrN, ZrO, Fe and FeN. The X-ray diffraction results confirmed that ZrC;.«Nx crystallizes in a face-
centered cubic (FCC) structure, and its diffraction peak is located between the control peaks of ZrC and ZrN,
which indicates complete mutual solubility of these phases [24], the parameters of the ZrCN crystal lattice
are cubic system, space group Fm-3m. Compared to titanium and hafnium carbonitrides, ZrCN has greater
plasticity, which has a positive effect on the crack resistance of ceramics made on its basis [25]. In
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works [26, 27], high values of hardness and critical intensity factors were revealed. In addition to high hard-
ness, an important advantage of the coating is its relatively high thermal conductivity, which reduces the risk
of thermal damage [28]. The formation of ZrC and ZrN phases is associated with thermal decomposition of
ZrCN powder. Addition of large amounts of oxygen to the ZrN structure can distort its crystal structure, in-
troduce defects and promote the formation of an amorphous structure. A decrease in grain size and an in-
crease in the lattice constant are associated with the presence of oxygen in the coatings. These effects will
manifest themselves as a broadening of peaks in X-ray diffraction patterns [29]. Many nitrides such as ZrN
crystallize in sodium chloride type structures, and in an ideal perfect crystal first order Raman scattering is
forbidden. However, it is known that deposited coatings contain vacancies which cause distortion of the
structure [30], and as a consequence the Raman spectrum consists of broadened bands due to disorder and
second order processes.
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Figure 3. X-ray diffraction pattern after ZrCN coating HVOF modes:
sample a distance 35—40 cm, fuel pressure 1.7 bar, air pressure 2.6 bar, oxygen pressure 2.8 bar;
sample b 35-40 cm, fuel pressure 1.7 bar, air pressure 2.8 bar, oxygen pressure 2.8 bar
and sample ¢ 35-40 cm, fuel pressure 1.7 bar, air pressure 3 bar, oxygen pressure 2.8 bar

It is known [31] that zirconium oxide can be found in mainly different phases: tetragonal ZrO,, mono-
clinic ZrO; and cubic ZrO,. Usually pure t-ZrO; in the tetragonal phase exists if Y>3 yttrium oxide is pre-
sent in the coatings [32]. HVOF promotes the formation of a mixture of ¢c-ZrO» and t-ZrO,, but if the cooling
is very fast, more of the cubic phase remains. The formation of the ZrO phase, which possesses a similar cu-
bic lattice structure with the space group Fm-3m, is attributed to the use of an oxygen—propane mixture as
the oxidizing environment during high-velocity oxy-fuel spraying. This led to an active interaction of ZrCN
with oxygen and a partial loss of carbon. Excess carbon released during the decomposition of ZrCN diffused
into the metal matrix, promoting the formation of carbide (ZrC) and oxide (ZrO) phases. All samples exhibit
low Zr/(C+N) ratio, 0.3<Zr/(C+N)<0.6, which suggests the presence of an additional amorphous phase, most
likely amorphous C or CNx. Indeed, these phases were also observed in the TiCN system [33]. The Fe phase
was detected at an angle of 44.62°, its main parameters are: cubic system, space group—Im-3m. In addition,
the FeN phase, space group P-3m1, with a cubic lattice was identified. At the same time, the main lines of
this phase coincide in positions with the shifted lines of the (ZrC)(ZrN) type phases with cubic lattice param-
eters mentioned earlier. The peaks of the phase lines in sample 3 at angles of 38.76° have characteristic
broadenings, indicating the presence of phases of transformed compositions. The microhardness of the coat-
ings and the substrate is an important parameter determining their mechanical properties and performance
characteristics. Figure 4 shows the obtained microhardness values for the substrate and ZrCN coatings. The
initial microhardness values of the substrate are 400—500 HV, which corresponds to the typical characteris-
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tics of hardened steel 65G. This indicates a relatively low hardness of the base material compared to the ap-
plied coatings and emphasizes the need to use protective layers to improve wear resistance.
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Figure 4. Microhardness values of 65G steel. HVOF modes:
sample a distance 35-40 cm, fuel pressure 1.7 bar, air pressure 2.6 bar, oxygen pressure 2.8 bar;
sample b 35-40 cm, fuel pressure 1.7 bar, air pressure 2.8 bar, oxygen pressure 2.8 bar
and sample ¢ 35—40 cm, fuel pressure 1.7 bar, air pressure 3 bar, oxygen pressure 2.8 bar

After deposition of ZrCN coatings, a significant increase in microhardness is observed, with values var-
ying depending on the sample. Sample a shows an increase in microhardness to 1600 HV, indicating the
formation of a dense coating with a good degree of particle compaction. Sample b reaches a maximum hard-
ness of 1800 HV, which can be associated with the optimal particle size of the coating, uniform phase distri-
bution and minimal porosity. Sample ¢ shows microhardness in the range of 1500-1600 HV, which is slight-
ly lower than the second sample, but still indicates high coating strength. A smooth change in microhardness
is observed at the coating-base interface, indicating possible diffusion of alloying elements and temperature
effects during the spraying process.

Coating adhesion tests were carried out using the pull-off method in accordance with GOST 32299-
2013 (ISO 4624: 2002) at a temperature of 20+5 °C no earlier than three days after coating application. To
improve the adhesive bond, the coating surface at the gluing point of the “mushroom” was treated with sand-
paper, provided and degreased with ethyl alcohol. The adhesive was applied according to the manufacturer’s
instructions. Epoxy Adhesive 2214 was applied in an even layer to the surface of the “mushroom”, then the
“mushroom” was pressed against the coating and kept until the adhesive hardened, ensuring the centering of
the surfaces to be glued. If necessary, excess glue was removed. Using a cutting tool (annular cutter), the
coating was cut to the metal around the “mushroom”. Saw cuts were made across the entire coating thickness
until the metal appeared, with the cut width being at least 1 mm. Tests were conducted at least 24 hours after
gluing the “mushrooms”. To measure adhesion, the “mushroom” was placed in a special adhesion meter de-
vice. The adhesion meter’s stop mechanism was hooked onto the “mushroom” and by pressing the handle, a
normal tear-off force was applied, the value of which was recorded on the device scale. It should be noted
that non-compliance of the coating with the operating conditions of its application (e.g., climatic conditions),
insufficient quality of surface preparation and other violations of the application technology lead not only to
a decrease in its efficiency and reliability, but also to defective coating.

In Figure 5, the final result was a maximum bond strength at break of 7.49 MPa per square centimeter.
But even with such a break, the surface of the sample was not damaged. In sample b, we can see distinct
places that were attached to the “mushrooms” and it is clear that the surface of the sample was not deformed
during the break. When breaking, it was obvious that we only tore off the adhesive, not the surface of the
sample. With such indicators, the surface of the sample was not affected in any way and no visual defor-
mations were visible.
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Statistics Statistics Statistics

# Readings 1| |# Readings 1| |# Readings 1
Mean 2.750 MPa| |Mean 7.490 MPa| |Mean 4.240 MPa
Maximum 2.75 MPa| [Maximum 7.49 MPa| |[Maximum 4.24 MPa
Minimum 2.75 MPa| |[Minimum 7.49 MPa| |(Minimum 4.24 MPa
Standard Deviation (c) Standard Deviation (o) Standard Deviation (o)

Mean + 36 Mean + 36 Mean + 36

Mean — 30 Mean — 30 Mean — 30

Coefficient of Variation Coefficient of Variation Coefficient of Variation

# Readings < Limit 1 (100.0 %)| |# Readings < Limit 1 (100.0 %)| |# Readings < Limit 1 (100.0 %)

Sample a

Sample b

Sample ¢

Figure 5. Image of the sample surface and the results obtained after the adhesion test

Conclusion

This research paper presents the results of structural-phase, microhardness and adhesion of ZrCN coat-
ings applied by the HVOF method on 65G steel. The study showed that ZrCN coatings applied by the HVOF
method form a complex phase structure including ZrCN, ZrC, ZrN, ZrO phases. The best formation of ZrCN
and ZrC phases is achieved at moderate values of atmospheric pressure, which minimizes oxidation and in-
creases the coating density. Sample (b) demonstrates the most favorable phase composition, which confirms
its best mechanical properties, such as high hardness, wear resistance and chemical resistance. ZrCN-based
coatings have significantly higher microhardness compared to the substrate, which is largely due to the for-
mation of ZrC, ZrN. Sample (b) demonstrates the greatest strength, having a microhardness of 1800 HV,
which makes it the most suitable for use under high loads. In addition, the maximum adhesion at adhesion
failure is 7.49 MPa per square centimeter, which shows that sample (b) of the coating has high adhesion and
has a layered structure characteristic of thermal spraying. The results obtained confirm that HVOF spraying
can form coatings with high wear resistance and heat resistance, ensuring reliable operation under extreme
conditions.
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II.P. Kyp6aun6ekoB, A. Kuzaros, H. Mycaxas,
IT1.A. Canmaxmeros, C.X. Kambap6ekos, b. Kannap

HVOF 6ypky napamerpiepinin ZrCN ka0bIHAaPbIHBIH KYPbLIBIMABIK-(ha3aabIK
KYPAMbIHA KOHE MEeXaHUKAJBIK KacueTTepiHe acepi

Makanana HVOF Oypky mnapamerprepiniH uupkonuii kapOonutpuai (ZrCN) xaObIHBIHBIH (ha3ajblK
KYPaMblHa, MEXaHHMKAJbIK KaCHETTCPIHE JKOHE a[re3UsUIbIK CHUIaTTaMallapblHa 9CEPiH 3epTTey HOTHXKeNepi
6epinren. ZrCN >xaOBIHIAPBIHBIH PEHTreHAIK Andpaknusuislk Tanaaysl ZrCN, ZrC, ZrN, ZrO, Fe xone FeN
(hazanapbIHBIH OOJIYBIH aHBIKTAbI, OYJI Kyp/esi xaOblH KYPhUIBIMBIH JKOHE 3JIEMEHTTEPAIH BIKTHMAJ TOTHIFY
skoHe muddy3msbIK nmponectepin kepcereni. ZrC xone ZrN Ty3imyi xaby mponecinge ZrCN yYHTarbIHBIH
TepMUSUIBIK, BIABIpaybIMeH OainaHbIcTh, an ZrO okcun ¢asaceHBH maifga 6omysr HVOF mramry kesinnme
OTTeri KOCMAachl KOJJaHbUIFaHbIMEH TyciHaipineni. ZrCN xaObIHAAPBIHBIH MHUKPOKATTBUIBIFBL OYPKY
napamerpiepine Oaiinanbictsl 1500—-1800 HV nuamna3oHbsIHIaFsl MOHIEpTe jKeTedi. AQre3us ChIHAYIapbIHBIH
HOTIDKENepl y3ily Ke3iHze jkaObIHHBIH MakcuMmaiipl OaiinaHbic Gepikriri 7,49 MIla GonraHbIH KOpPCETTi.
OHraiinel cumarraManapra kejeci OYpKy mapaMeTpiiepi apKbUIbI KOJI JKeTKi3inmi: cyOcrpaTka aeifiHri
KaIBIKTEIK 3540 cMm, mpomaH KeICEIMEI 1,7 Oap, aya — 2,6 6ap, orreri 2,8 Gap. benrinenren maprtrap
OHIMJIUTIK KAaCHeTTepl JKaKcapTBUIFAH TBIFBI3, TO3yFa Te3IMAI KaObIH KYPBUIBIMBIH KaJIBIITACTHIPyFa
MYMKIHIIK Gepei.

Kinm ce30ep: HVOF, MHKpOKAaTTBUIBIK, aare3usi, KypbUIbIM, (a3anblk Kypambl, ZrCN >xaObIHZApEL,
PEHTreHAIK AndpaKuus

III.P. Kyp6an6ekon, A. Kuzatos, H. Mycaxas,
IT.A. Cannaxmetos, C.X. Kambap6ekos, b. Kanmgap

Bausinue napamerpos HanblieHuss HVOF Ha cTpykTypHO-(pa3oBblii cocTaB
U MeXaHUYeCKHe CBOMCTBA NOKPbITHI ZrCN

B crathe mpencTaBieHbl pe3yNbTaTHl MCCIEIOBAHUS BIUSHUS MapaMETPOB  BBICOKOCKOPOCTHOTO
razoruiamenHoro HanbuleHus (HVOF) Ha ¢a3oBrelit cocTa, MexaHH4eCKHe CBOMCTBA U air€3MOHHBIE XapaK-
TEPUCTHKU TOKPHITHS KapOoHUTpuAa UpkoHMsA (ZrCN). PeHTreHOCTpyKTYpHBIH aHann3 MOKpeITHA ZrCN
BersaBI npucyteTBue ZrCN, ZrC, ZrN, ZrO, Fe u FeN ¢a3, 4To cBUAETENHCTBYET O CIIOXKHOH CTPYKTYype
MOKPBITUSI ¥ BO3MOXKHBIX IIpolieccax OKUcIeHus n anddysun snementos. Gopmuposanue ZrC u ZrN cBsiza-
HO C TEPMUYECKNM pasiioxkeHHeM ropoirka ZrCN B mmponecce HOJIydYeHHs MOKPHITHS, a 00pa3oBaHUe OKCUJI-
HOH (a3l ZrO oOwsicHsiercst TeM, yro npu HVOF HambuieHHn ucnoss3oBaack cMech KHCIOpoaa. Mukpo-
TBepaocTh ZrCN MOKpbITUH JocTUraeT 3HaueHui B quanasone 1500-1800 HV B 3aBucumocTtH 0T mapamer-
POB HambUIeHHs. Pe3yabTaThl HCTIBITAHUN HA aATe3MI0 MOKA3aJd, YTO MaKCHMasbHas MPOYHOCTD CIETUICHUS
MOKPBITUS PH pa3pbiBe coctaBuna 7,49 MIla. OnTumanbHble XapaKTepUCTUKH JOCTUTHYTHI PH MTapaMeTpax
HambUICHUS: paccTosHue a0 nomnoxku 35-40 cm, nmasmeHwe mpomana 1,7 Gap, Bo3myxa — 2,6 0Oap,
kuciopoga 2,8 Oap. YCTaHOBIEHHBIE YCJIOBHS IO3BOJSIIOT C(HOPMHUPOBATH IUIOTHYIO, HM3HOCOCTOHKYIO
CTPYKTYPY HOKDBITHS C YJIy4YIICHHBIMU SKCILTyaTallMOHHBIMHU CBOMCTBAMH.

Knioueswie ciosa: HVOF, MUKpOTBEPIOCTE, afre3us, CTPYKTypa, (ha3oBslii cocTas, MOkpsIThs ZrCN, peHTre-
HOBCKasl TU(paKIys.
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Investigation of the Influence of Modes of Intensive Plastic Deformation
on the Process of Grain Refinement of Titanium Alloy Ti-13Nb-13Zr
at Equal-Channel Angular Pressing and Subsequent Rotary Forging Compression

Ultrafine-grained materials are currently of great interest due to their excellent mechanical and functional
properties. One of the most effective methods to obtain such materials with a unique combination of micro-
structure and properties is intense plastic deformation (IPD). This paper deals with the development of an ef-
ficient IPD method for Ti-13Nb-13Zr titanium alloy based on a combined approach involving equal channel
angular pressing (ECAP) and subsequent rotational forging compression (“RFC”). Ti-13Nb-13Zr titanium al-
loy was pressed at different temperatures using an equal channel angular pressing (ECAP) process through a
channel angle of 130° for several passes, followed by rotational forging compression (“RFC”). Microstructur-
al analysis showed that the application of combined processing (RCUP + RFC) transformed the coarse-
grained (CQG) structure into an ultrafine-grained structure (UFGS). In addition, the results of mechanical tests
indicate that the application of combined processing method significantly increases the hardness and modulus
of elasticity of titanium alloy Ti-13Nb-13Zr. These changes in the complex of properties allow us to consider
this alloy as a highly effective alternative to traditional metallic materials used in biomedical implantology.

Keywords: Intense plastic deformation, ultrafine-grained structure, equal-channel angular pressing, rotary
forging compression, titanium alloys.
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Introduction

In recent decades, there has been a steady increase in interest in the use of titanium alloys in medicine,
particularly in orthopedics, traumatology, dentistry and cardiac surgery. This is due to the unique properties
of titanium and its alloys, such as high corrosion resistance, excellent biocompatibility, low specific weight,
and a favorable combination of strength and elastic properties [1]. However, with the ever-increasing re-
quirements for the durability and reliability of medical devices, especially implants, the need to improve the
mechanical properties of materials without compromising their biocompatibility becomes obvious. There-
fore, it is highly desirable to develop new materials for implants made of titanium and titanium alloys with
higher tensile strength and elasticity modulus equivalent to the bone elasticity modulus.

One of the most urgent and promising directions in the field of improving the performance characteris-
tics of titanium alloys is the formation of ultrafine grain structure (“UFGS”). Reduction of the average grain
size to submicron level (less than 1 micron) provides a significant increase in strength, hardness and fatigue
resistance due to intensification of the grain boundary hardening mechanism [2]. The strength of metallic
materials increases with decreasing grain size, which is well known as the Hall-Petch relationship [3]. Grain
refinement can induce hardening without the addition of any alloying elements and can potentially achieve
the desired strength. Intense plastic deformation (IPD) is known as a new method to produce UMP structures
and a large number of studies have been conducted on IPD and UMP structures. Equi-channel angular press-
ing, multilayer torsion, rotary forging and others are commonly used to fabricate IPD [4].

Nevertheless, most of the existing IPD methods require further optimization in terms of manufacturabil-
ity, reproducibility and scalability for practical application in the medical industry. In addition, it is important
to take into account the influence of deformation parameters on the phase composition, texture and, ultimate-
ly, on the biomechanical properties of the finished products. Thus, the actual scientific task is the develop-
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ment of such a method of IPD, which will make it possible to obtain titanium alloys with UMP structure,
possessing high strength, stability and suitability for the manufacture of medical implants.

Equal channel angular pressing (ECAP) is one of the most effective methods of severe plastic defor-
mation, which is used to obtain ultrafine-grained and nanostructured materials. This process involves repeat-
edly pushing a sample through a system of channels with equal cross-sections connected at a certain angle.
The main advantage of ECAP is the ability to achieve significant plastic deformation without changing the
shape of the specimen, which makes this method attractive for improving the mechanical properties of met-
als and alloys such as strength, ductility and hardness. And also equal channel angular pressing is one of the
most effective methods of intense plastic deformation (IPD), designed to produce ultrafine grained or
nanostructured structure in metals and alloys without changing the external shape of the specimen. One of
the key factors affecting the efficiency of the ECAP process is the geometry of the matrix channels, includ-
ing the joint angle and corner rounding radius. Optimization of these parameters allows minimizing defor-
mation inhomogeneities, reducing friction and lowering pressing forces, which is especially important for
ensuring microstructure uniformity and improving the quality of the processed material.

Currently, scientists have proposed various variants of mechanical and thermomechanical treatments of
Ti-13Nb-13Zr alloy [5]. For example, Majumdar et al. [6] have tried several combinations of hot working,
ST and cooling conditions to optimize the mechanical performance. Park et al. [7] introduced warm cross
rolling to obtain ultrafine grain structure in Ti-13Nb-13Zr alloy. Li et al. [8—12] first proposed to improve the
mechanical properties of this alloy by multi-pass gauge rolling. Recently, he was able to improve this pro-
cess and obtained the lowest Young’s modulus ever reported for Ti-13Nb-13Zr [13]. In [14], the effect of
thermomechanical treatment by equal-channel angular flattening on the structures and phase composition of
Ti-13Nb-13Zr (TNZ) was investigated. In [15] the peculiarities of microstructure evolution and properties of
Ti-13Nb-13Zr alloy under combined processing including ECAP and subsequent rotational forging compres-
sion (RFC) were investigated. Due to RCUP + RFC, the tensile strength increased to 1167.7 MPa and the
elongation was 8.6 %. The excellent mechanical properties were mainly due to hardening by a-phase precipi-
tation, dislocation hardening and grain refinement.

In this regard, the aim of this work is to develop an efficient IPD method for Ti-13Nb-13Zr titanium al-
loy based on a combined approach involving equal-channel angular pressing (ECAP) and subsequent rota-
tional forging compression (RFC).

Materials and methods of experiments

Ti-13Nb-13Zr titanium alloy was chosen as the material for the study. The chemical composition of the
main alloying elements is: 13.0 wt.% Nb, 13 wt.% Zr, 0.086 wt.% O, 0.009 wt.% N, 0.0012 wt.% H, the rest
— Ti. The choice of this alloy is due to its wide application in the production of medical implants due to its
high biocompatibility, corrosion resistance and low modulus of elasticity.

The study of structure and properties of samples after different treatment modes was carried out using
optical and electron microscopy. Surface microstructure and cross-sectional morphology of the coatings were
studied by scanning electron microscopy (SEM) on Vega 4 (Tescan, Czech Republic). Hardness and modu-
lus of elasticity of the samples were measured by the Martens method according to ASTM E 2546 on a hard-
ness tester FISCHERSCOPE HM2000S (“Fischerscope”, Germany), at indenter load F = 245.2mN and dwell
time of 20s. Surface roughness was determined according to GOST 25142-82 using a profilometer model
130 [16].

A combined approach involving equal-channel angular pressing (ECAP) followed by rotational forging
compression (“RFC”) was used to obtain an ultrafine grained (UFQG) structure.

Figure 1 shows the complete simulation of the equal-channel angular pressing process, including the
punch path (a), channel geometry (b, c), finite element mesh (d), Mises stress distribution (e), and force ver-
sus displacement plot (f). The punch motion exhibits linear descent and return, which sets the initial condi-
tions for deformation. The channel geometry and grid structure provide high detail of the calculation in the
stress concentration zones. The stress distribution shows that the maximum stresses are concentrated in the
corners of the channel, confirming the need for shape optimization to reduce peak values (~14x10% N/m?).
The force-displacement plot illustrates the stability of the process with a peak force of ~9x10° N, which is
associated with overcoming the material resistance. This model demonstrates a comprehensive approach to
the analysis of ECAP, which allows us to evaluate the influence of process parameters and suggest optimal
conditions for uniform formation of ultrafine-grained structure.

42 BecTHuk KaparaHouHckoro yHuBepcuTeTa



Investigation of the Influence of Modes ...

]

Figure 1. Modeling of ECAP process: (a) punch trajectory, (b, ¢) channel geometry, (d) finite element mesh,
(e) Mises stress distribution, (f) force dependence on vertical displacement

The computational mesh used is characterized by high density in critical areas, which ensures the accu-
racy of the analysis and allows for a detailed study of the plastic behavior of the material. Thus, this model
serves as an important tool for the study and optimization of the ECAP process, allowing the consideration
of various geometrical and technological parameters. This, in turn, contributes to the improvement of materi-
al characteristics, reduction of production costs and expansion of the application of the ECAP method in in-
dustry.

Based on the theoretical calculations carried out using the finite element method, the design of the ma-
trix for ECAP was developed and optimized. The main design criterion was to ensure uniform distribution of
plastic deformation of the material while minimizing stress concentrations and pressing forces. Calculations
showed that the optimal angle of channel connection is 130 degrees, which provides effective strain redistri-
bution without significant increase in force.

High-strength tool steel of 9XI'CA grade, which has high wear resistance and deformation resistance,
was used for manufacturing the matrix. The design includes an internal channel with an angle of 130 de-
grees, which allows minimizing the friction of the material against the walls and preventing local fractures
during the passage of the sample. The actual design was fabricated with the calculated loads and contact
conditions [17, 18].

This matrix (Fig. 2) is designed for experiments to improve the mechanical properties of the material by
intense plastic deformation.

Ti-13Nb-13Zr

Figure 2. Matrix for ECAP
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The samples were prepared in the form of cylinders with a diameter of 10 mm and a height of 20 mm,
which meets the requirements of a matrix fabricated with a channel angle of 130 degrees.

After equal channel angle pressing (ECAP), the material is subjected to an intermediate heat treatment
to relieve residual stresses and stabilize the structure. This step is critical to prepare the material for the next
processing step, rotational forging compression (RFC) (Fig. 3).

1, 2 —rollers; 3 — spindle; 4 — cage; 5 — strikers; 6 — workpiece
Figure 3. Rotary forging scheme (a) and rotary forging machine ()

RFS complements ECAP by providing additional grain refinement through a complex combination of
rotational and axial deformations, which contributes to microstructure equalization and increased uniformity
of mechanical properties. Figure 4 shows a scheme of stages of combined ECAP and RFS processing with
intermediate heat treatment, where each stage plays a key role in achieving ultrafine grain structure. The first
stage of ECAP provides an intense plastic deformation initiating grain refinement and substructure for-
mation. The material is then subjected to intermediate heat treatment, which relieves residual stresses, acti-
vates recrystallization processes and prepares the material for the next stage. The final stage of RFS (rotary
forging compression) completes the process by creating complex deformation modes to eliminate structural
inhomogeneities and additional grain refinement.

Figure 4. Schematic diagram of stages of combined processing
of ECAP and RFS with intermediate heat treatment
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Table summarizes the combined severe plastic deformation (SPD) regimes applied to titanium, involv-
ing equal-channel angular pressing (ECAP) and rotary forging compression (RFC), with varying numbers of
cycles and processing temperatures. All processing was conducted in air.

Table
Modes of combined severe plastic deformation
Mode Processing Processing Number Processing Processing Number
method temperature (°C) of cycles method temperature (°C) of cycles
Ti 1 ECAP 700 1 - - —
Ti 2 ECAP 700 1 RFC 800 2
Ti 3 ECAP 700 2 RFC 800 3
Ti 4 ECAP Room temperature (25) 1 - - -

Results and Discussions

Room temperature the study of titanium microstructure after intense plastic deformation (IPD) with dif-
ferent number of cycles and application of heat treatment showed a significant influence of processing modes
on the material structure (Fig. 5). In the initial state (@) titanium had a coarse-grained structure without de-
fects. After 2 cycles with heat treatment (b), grain refinement and the beginning of recrystallization were ob-
served, but the structure remained heterogeneous. Three cycles with heat treatment (c¢) promoted the for-
mation of a fine-grained and homogeneous structure, practically devoid of defects. The maximum uniform
ultrafine-grained structure was achieved after 5 cycles with heat treatment (d), which provided material sta-
bility and improved mechanical properties. In the case of 1 cycle without heat treatment (e), significant de-
fects such as microcracks and inhomogeneous structure were found, which limits the strength properties.
Thus, heat treatment after IPD plays a key role in improving the structure and properties of titanium.

Figure 5. Microstructures of titanium alloy samples after various processing modes:
Ti_orig. (a); Ti_1 (b); Ti_2 (¢); Ti_3 (d); Ti_4 (e)
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Figure 6 shows the dependence of hardness (H) and modulus of elasticity (E) of titanium alloy samples
on processing modes. The source material has low hardness and modulus of elasticity. After ECAP pro-
cessing in Ti_1 mode, there is a slight increase in these parameters. A significant increase in hardness and
elastic modulus is observed in the Ti 2 and Ti_3 modes, where combined ECAP + RFC treatment was ap-
plied. The maximum values are reached in the Ti_3 mode, which is associated with an increase in the num-
ber of cycles and more intensive grinding of grains. However, in the Ti_4 mode, when using ECAP at room
temperature, the hardness and modulus of elasticity are significantly reduced, due to insufficient deformation
of the material and a low degree of grain grinding.

Thus, combined ECAP + RFC treatment with an optimal number of cycles demonstrates the greatest ef-
ficiency in improving the mechanical characteristics of a titanium alloy.

3000 T , T T T

—m— H(MPa)

2900 —m— E(MPa)

2800

2700 T

2600

H(MPa)

2500
2400
2300

2200

Wex Ti1 Ti2 Ti3 Ti4

Figure 6. Hardness (H) and modulus of elasticity (E) of the samples

Conclusion

In the course of the study, an effective technology for intensive plastic deformation of Ti-13Nb-13Zr ti-
tanium alloy for medical purposes using equal-channel angular compression (ECAP) and rotational forging
compression (RFC) was developed and experimentally substantiated.

The results of numerical finite element modeling have confirmed the importance of optimizing matrix
geometry for ECAP. It has been shown that the channel connection angle of 130° ensures uniform distribu-
tion of plastic deformation and minimizes peak stresses in the material, which helps to prevent the destruc-
tion of samples during pressing.

The combined treatment, including the sequential use of ECAP and RFC with intermediate heat treat-
ment, made it possible to achieve the formation of an ultra-fine-grained structure of the material and a signif-
icant increase in its mechanical characteristics. Experimental studies of the structure and properties of the
titanium alloy have shown that the best results are achieved after five cycles of combined ECAP + RFC
treatment at a temperature of 700—800 °C. At the same time, the formation of a uniform ultrafine-grained
structure with a minimum number of defects was observed, as well as a significant increase in the hardness
and modulus of elasticity of the material compared with the initial state.

The developed technology of plastic deformation intensification opens up new prospects for the crea-
tion of a new generation of medical implants with improved performance, increased reliability and durabil-
ity. The results obtained can be used to scale the process into industrial production and for further research
aimed at optimizing deformation and heat treatment modes depending on the requirements for specific medi-
cal devices.
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A.b. Kenecoexkos, A. Cepikbaiikbizbl, J. baitbxan, E.E. baranos, JI.C. Kaup6aesa

Kapkbinabl miacTukajabik aegpopmanus pexkumaepidin Ti-13Nb-13Zr tutan
KOPBITHACHIHBIH I9HIH TeH apHAJIbI OYPBIIITHIK MpPecTey KIHe 0aH KeHiHri
alfHAIMAJIBI-COFY ChIFBIM/AY Ke3iHJe YHTAKTAy NMpoleciHe dcepiH 3epTrey

VYaprpaycakrydiporikri (Y¥T) wmarepuammap Kasipri Ke3[e 6©3/A€piHIH >KOFaphl MEXaHUKAIBIK KOHE
(YHKLIMOHAIIBIK KacHeTTepiHe OaillaHbICTBI YJIKEH KBI3BIFYIIBUIBIK TYAbIpYAa. MyHIail MaTepHaiiapasl
epeKIIe MUKPOKYPBUIBIMBEI MEH KacHEeTTep YilleciMiH/Ae alyIblH €H THIMII omicTepiHiH 0ipi — WHTEHCHUBTI
mwiactukanbik aepopmarust (UIT). Ocel sxymbicta Ti-13Nb-13Zr Tutan KocnachiHa apHanrad taimai U1
oniciH a3ipney KapacTelppurraH. byn oxmic TeHapHaumsl OypwiuThK npectey (TBII) jkoHe onmaH KeifiHri
aiiHanManbI-Kbicy COKKbICHIH (AKC) KaMTHTBIH GipiKTipireH Tocinai Koimanyra Herizaenared. Ti-13Nb-13Zr
TUTaH KocmachbiHa OipHerre oTy apkpuibl 130° OypbINITE apHAaH OTETIH TEHApHAJbl OYPBIITHIK HpecTey
(TBI1) mpomeci opTypni TemrepaTypaiapla KYpTi3iimi, oJaH KeifiH aifHanManbl-Kbicy COKKbICE (AKC)
KOJIIaHBUIIBL. MUKpPOKYPBUTBIMABIK Taliay HoTikenepi kepcetkeraend, TBII mer AKC-To GipikTipin eHIey
apkputel Oactamkel ipi TydipmikTi (IT) KypbuleM yibTpaycakTydipmrikke aifHamanasl. COHBIMEH KaTap,
MEXaHHKAJIBIK CHIHAK HOTWKeJepi aramraH OipikripinreH enaey omiciHig Ti-13Nb-13Zr TutaH KOCIachIHBIH
KATTBUIBIFBI MEH CepHIMALTIK MOIYJTiH eAdyip apTThIpaThiHBIH Kepcereni. KaibinTackan KacHeTTep
KellleHiHaeri Oy e3repictep Oy KocnaHbl OMOMETUIMHANBIK MMIUIAHTOJIOTHAAA KOJIAHBUIATBIH IOCTYPII
MeTaJul MaTepHalIapblHa )KOFaphl THIMI OalaMa peTiHae KapacThpyFa MyMKIiH/iK Oepeni.

Kinm co30ep: WHTEHCHBTI IUIACTHKAIBIK AedopMalus, YJIbTPAayCaKTYHipUIKTI KYpBUIBIM, TEHapHAJbI
OYPBIIITHIK TIPECTEY, AHAIMAIBI-KBICY COKKBICHI, THTAH KOPTIATaphI

A.b. Kenecoexkos, A.Cepik6aiikei3bl, Jl.baitxkan, E.E. baranos, JI.C. Kaupbaesa

HccaenoBanne BIAMSHUSA Pe:KUMOB HHTEHCMBHOM IUIaCTHYECKOI 1epopmannu
HA npolecc u3MeJb4eHns 3epHa TUTaHOBOro ciiiaBa Ti-13Nb-13Zr
NMPHU PABHOKAHAJBLHOM YIJIOBOM NPECCOBAHUU
U MOCJIeAYy0IIeM BPAallaTeIbHO-KOBOYHOM CoKATHH

VpTpaMenko3epHICThIE MaTepHalIbl B HACTOSIIIEe BpeMs IPEICTAaBISIIOT OOBIIOI MHTepec Oimaromapst cBoO-
UM TIPEBOCXOJHBIM MEXaHWYEeCKHM U (PyHKIMOHAIBHEIM cBoiicTBaM. OqHNM 13 Hanboiee 3p(heKTUBHEIX Me-
TOJIOB TIOJIy4EHHsI TAKUX MaTepHAIOB C YHUKAIEHBIM COYETAHHEM MHUKPOCTPYKTYPHI M CBOIMCTB SIBISIETCS MH-
TeHcuBHas mactudeckas aepopmanust (UI1J]). B HacTosmeli paboTte paccmaTtpuBaetcst pa3paboTka s dek-
tuBHoro meroga WIIJ mms turanoBoro cmiaBa Ti-13Nb-13Zr, ocHOBaHHOTO Ha MPUMEHEHHH KOMOWHHPO-
BaHHOTO MOJX0/a, BKJIIOYAIOIIEro paBHOKaHaiIbHOe yriaoBoe npeccosanue (PKVYII) u mocnenyromiee Bpama-
tenpHO-KOoBouHOE ckaTre (BKC). Turanossri crumas Ti-13Nb-13Zr noxsepraics mpeccoBaHHIO HPH pa3ind-
HBIX TEMIIEpaTypax C MCIHOJIb30BAaHUEM IIpoliecca paBHOKaHaIbHOro yriosoro mpeccoBanus (PKVYII) uepes
yron kaHana 130° B TedeHHe HECKOJIBKHX IPOXOJOB, C MOCIEAYIOIINM BpPalIaTelIbHO-KOBOYHBIM CHKATHEM
(BKC). MukpocTpyKTypHBI aHaJIN3 MOKa3aj, YTO IpH NPHUMEHEHHH KoMOMHNpoBaHHOH 00padotky (PKVYII
+ BKC) xpynnosepuuctas (K3) cTpykrypa Tpanchopmupyercs B ynbTpaMenkosepHuctyio (YM3) crpykry-
py. Kpome Toro, pe3ynbTaTsl MEXaHHYECKHX MCHBITAaHUI CBHAETEIBCTBYIOT O TOM, YTO IPUMEHEHHe KOMOH-
HHMPOBAHHOTO MeTOa 0OPaOOTKH CYIIECTBEHHO MOBBIMIACT MOKA3aTeNH TBEPAOCTH U MOJYJISl YIPYTOCTH TH-
tanoBoro cruiaBa Ti-13Nb-13Zr. Vka3aHHble M3MEHEHHSI B KOMIUIEKCE CBOICTB MO3BOJISIIOT PaccMaTpuBaTh
JIAHHBII CIJIaB B KauecTBE BbICOKOA((EKTHUBHOH abTEpPHATHBBI TPAJIULMOHHBIM METAUINYECKHM MaTepya-
JIaM, MCTIOJIb3yeMbIM B OMOMEIMIIMHCKOH HMILTaHTOIOTHH.

Kniouesvie cnosa: MHTEHCUBHAS IUTacTHYecKas JedopMarys, yabTpaMenKo3epHUCTast CTPYKTypa, paBHOKa-
HaJIbHOE YTJIOBOE NPECCOBAHNE, BPANIATETFHOE KOBOYHOE C)KATHUE, THTAHOBBIE CIJIABEI
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Transverse and Longitudinal Thermomagnetic Waves in Conducting Media

The excited thermomagnetic wave in anisotropic conducting media is analyzed theoretically at different di-
rections of the gradient of the temperature VT, relative to the wave vector & . It is shown that at k L VT
(transverse wave) and at k I VT (longitudinal wave) the oscillation frequency has different values. In these

two cases, the excited thermomagnetic waves are increasing. The increment of the increase in each case has
different values. It is shown that the values in different directions of electrical conductivity for the excitation
and for the increase of thermomagnetic waves play a major role. Depending on the selected conditions, the

frequency of thermomagnetic waves changes significantly. In both cases (i.e. k LVT and k H@T ), the

choice of coordinate systems does not affect the theoretical calculation at all. The frequency and increment of
thermomagnetic waves do not depend on the choice of coordinate systems. However, the choice of coordinate
systems significantly affects the choice of the direction of the magnetic field and the temperature gradient.
The velocity of hydrodynamic motions of charge carriers turns towards the temperature gradient. The excited
magnetic field upon excitation of charge carriers (electrons) depends very much on the direction of the tem-
perature gradient. The oscillation frequency of excitation of thermomagnetic waves depends linearly on the
value of the temperature gradient. The increment of growth of excited thermomagnetic waves has different
values for different values of the tensor of electrical conductivity of the medium o, . It is stated that if the

wave vector of excited waves and the constant gradient of the temperature are directed at an angle, i.e.
(l;%T =kVT cos a,[lgﬁ T} =kVTsin OL) theoretical calculation of the oscillation frequency and the increment
of growth fails due to the high degree of the dispersion equation relative to the oscillation frequency. This

theory does not consider the electric field created by the redistribution of charge carriers. The theory takes in-
to account that the constant temperature 7, , external field E, and the mean free path of charge carriers sat-

isfy the relation k7, < eE/, k, is a constant. At kT, —~ eE,/ and k,T, > eE,/ a very high temperature is re-

quired, i.e. melting of the medium begins.

Keywords: excitation, frequency, increment, thermomagnetic, dispersion equation, temperature gradient,
wave, wave vector

*Corresponding author: Khalilova, Sh., shahlaganbarova@gmail.com

Introduction

In the work of L.E. Gurevich [1] it was shown that hydrodynamic movements in a nonequilibrium
plasma, in which there is a temperature gradient, lead to the emergence of magnetic fields.

In the same work it was found that plasma with gradient of the temperature VT has oscillatory properties
that are noticeably different from the properties of ordinary plasma. Even in the absence of an external magnet-
ic field and hydrodynamic motions, transverse thermomagnetic waves are possible in it (i.e., k£ L VT, k—
wave vector), in which only the magnetic field oscillates. If there is a constant external magnetic field
H,, then the wave vector of thermomagnetic waves should be perpendicular to it and lie in the plane

(H,, VT ). In addition, the usual Alphen wave splits into two hydrothermomagnetic waves, in which the vec-

tors ¥ and are perpendicular to H'. The spectrum of magnetosonic waves can change noticeably if the propa-
gation speed of thermomagnetic waves is comparable to the speed of sound and the speed of Alphen waves.

If there is a uniform magnetic field in a plasma with gradient of the temperature, then under the influ-
ence of thermomagnetic fields it gradually turns in the direction of the temperature gradient.

Cepus «®usukax. 2025, 30, 3(119) 51



E.R. Hasanov, Sh.G. Khalilova, R.K. Mustafayeva

Research of thermomagnetic waves in homogeneous conducting media (in semiconductors and metals)
was carried out in works [2—11]. However, there is no excitation of thermomagnetic waves in anisotropic
conducting media. In this theoretical work we will analyze some conditions for the excitation of stable ther-
momagnetic waves in anisotropic conducting media without an external magnetic field H, =0 and in the

presence of a constant temperature gradient.

Theory

In the presence of an electric field E , gradient of electron concentration Vr , temperature VT = const

and hydrodynamic movements 17(17 ,t) , the electric current density in a homogeneous medium has the form:

szE*+G'[E*I:[]—Q§T—oc'[§ﬂfl]; (1)
. |VH y
E*=E+u+2@(e>0). )
c e n
. | VA ] . . o
In (2), E is the external electric field, is the electric field created by hydrodynamic motion,
c
TVn | . . . o . .
—— is the electric field created by the electron concentration gradient. Substituting (2) into (1), we obtain
e n
an equation of the form
¥=a [Efc] : 3)
X=E.
From (3) we obtain:
. |VvH L B} , L Vn
E:—[ J_A'[VTH} ¢ rotH- CGZ[rotH,H}l@JrAVT. (4)
c 4no 4no e n
a'c—ac’ 4 . OH'

Here A :g, A=
c c
differential thermoelectric power, A'—coefficient of the Nernst-Ettinghausen effect.
We will investigate some conditions of thermomagnetic waves in anisotropic conducting media and
therefore we will write the electric field in isotropic media

> , TotH'=—], Y =—crotE', o—conductivity coefficient, A —
c t

E=w+ n’[]ﬁ] +n'(JH)H + AZ—T+ N[VT,H]+A"(VT,H)H ; (5)
X
in anisotropic media
r | g v [ Iy aT ’ " r 7
Ey =y E +n, [ JH | +n} (JH)H, + A, Y [VT,H], + A} (VT,H)H,. (6)
k

Here m, is the tensor of the inverse value of the ohmic resistance, A, is the tensor of the differential
thermoelectric power, A}, is the tensor of the Nernst-Ettinghausen coefficient, we will consider in an aniso-
tropic body an external magnetic field H,. Then in (6) the terms containing of ,,n}, A} are equal to zero.

Then for our problem we obtain the following system of equations

El=m,j, + A} I:@TH’J

.

10H"

fOtE' = ———: 7
c Ot ™
rotﬁ':4—nj’+16£.

c c Ot
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Let us assume that all variables have the form of a monochromatic wave

(E',H',j') - ei(k’;’W’) ) (8)
Considering (8) from (7) we obtain:
i’ - w® —ic’k2 Al (= Al (e
E/ =, (kE')K, + Wik g B (VIE')K, - =% (kVT)K;. ©9)
4w 4w w w
Here k —wave vector, (i,k=1,2,3).
Let's write
1, i=k
Ei, = SikE/;76ik = (10)
0, i#k.
Substituting (10) into (9) we obtain:
A
8,k =| A, K,K, +Bn, + uK} a_T E;
w Ox,
2 272 (11)
i’ ilw —ck
il i =ew)
4w 4w
From (11) next dispersion equation is obtained:
|q)ik_6ik|=0; (12)
®; = An, KK, + B, + Ay K, S_T . (13)
Xk

Transverse thermomagnetic waves k 1 VT

At the condition k L VT, a coordinate system can be chosen

kl io’kz :k3 :O’kla_T:O’a_Tioja_T:()
X, ox, [
Having written out (13) by components and expanding the determinant (12), we obtain the following

dispersion equation in the case kLVT.
i(a—b)w +4n(a, —b)w' + [Ziczk2 (b—a)+il6n’n+ 4an/n,2]w3 +
+[4ch2k2n§ +I167 (W My — Wy My + Wy My ) — 6471:3]w2 +
+|:iC4k4 (a - b) +4nc’k’ (w“nzm31 =W Ny MNss3 T Wy My M3 + Wy My M3 — (14)
=W My Ms3 — W NNy ) —il6n’c’k’ (n22 +M;; + 641 w,, )] w+
+Anctk? (n22n33 —MN3oMNa3 ) +ilon’c’k? (wzm33 — Wy Ny ) =0.

N=MN;; TNy + N3 -
From (14) it is easy to see that the general solution is very complicated and therefore we assume the fol-
lowing conditions

WMz = Wi Mass
M22M33 = N3aMoss (15)
N="M; =0y-
Condition (15) is the choice of the environment.
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Substituting (15) into (14) we obtain the following distance equation

4 c*k*(n-
w2+(w”+i—njw—M=0. (16)
n n
From (16)
1 1 v
L aew (]G .
T TI FIC S TH P L H On_ O%u/ ;2000 (17)
2 2 Wi Wi Wi
is obtained.
From (17) it is clear that if <k =2m, % =1
G, 2c’k

12
" TGy, A\
W, ——7—1211021 iw“( (1+l),

Wn

12
w, :—%—anz] +w, (ﬁj (1+i); (18)

Wi

12
W o
WZ:—#—anzl—w“( 2‘] (1+1).

Wi

112
. . . . w, o
From (18) it is clear that w, is decaying wave. A wave with frequency w, = —% +w, ( = J can be

1/2 12
. . e w,
growing if w“[ 21) >2no,, or wl >2n"%c, (G_“J >2n'”?,
11 21

w, >4nc,,. (19)

Conditions (19) are satisfied in a certain anisotropic medium. Thus, at k LVT witha frequency

2 ’
S— O, _l <M :_ckVZTA“
W, 2 2 2

in an anisotropic crystal a purely thermomagnetic wave is excited.

Longitudinal thermomagnetic waves k VT

Given the condition, one can choose the axes so that

bkt k02T 0T T _oT _
Ox, Ox,

Ox Ox

b

i(a—b)w' +4n(a, —b )w' +| 2ic’k* (a—b)+il6n'n + 4mim; |w' +
+[ 4’k (a, —by) +il6m*bn, — 64" |w’ +
+[ic'k* (a—b)+4nc*k* ] +i16m win, —il6m” (N, +My5)— (20)
—64T (wyy +wyy ) [ ATtk (NyyNyy =My ) + 64T (s, — woyws; )+

+ilon’c’k’ (sznsz T WMoy = WasMy, + Wyy; ) =0.
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MN2nM33 = NasNs2s
WinMas = WMoy
W33 = Wy,
Substituting (21) into (20):
—64m'Ww — [il 61N’ k? + 641 (W, + Wy )] W 64T (Wyy Wy, —Wyywyy ) =0

is obtained.
From solution (22):

2
272 2,2
w,+w, .ck W, +W,, . Ck
W, =t ni[( B2+ n] +W22W33_W23W32]
’ 2 8n

is obtained
is N’k® = 4n(wy, +wyy)

1/2 12
Wy, + Wy, 1 ( — )} Wy, + Wy, 1 ( — )
w=—2_3| |4+ —(Jo2+p* +a|| +2—E|1+—(Jo’+p* -] |;
[ 2 P 2 2 P

2

2

Wy + Wiy 1 2

a= ;B= QT =Wy Wy — Wy Wy
( Q 167

Considering (25), analysis of (24) shows that when

(«/ocz +B° —oc)l/2 >1

with a frequency

2

+ 1 "
wo=u{—l+$(\/a2+ﬁz +a) }
an unstable wave is excited and when performing (26) it is required

( 1 Jz S 2(W22W33 _W23W32)

E (sz + Wi )2

Inequality (27) is satisfied if wy;wy, >w,,w,,. Then

( 1 )2 2w, W,
— | >l
l6m (sz + Wsz)

+1.

If w, =w,
2
(L) o1 N3P
2
167 2wy,
or
Wy Wiy >1.
2w222

Then the frequency of the thermomagnetic wave
1 12
W, =w2{—1+$(\/a2+[32 +OL) }

and the growth increment

Cepus «®usukax. 2025, 30, 3(119)

e2y)

(22)

(23)

24)

(25)

(26)

27

(28)

55



E.R. Hasanov, Sh.G. Khalilova, R.K. Mustafayeva

W =w, {—1+%(\/a2 +p? —oc)l/z } (29)

From (28-29) it is clear that w, <w,.
Conclusion

Thus, in anisotropic conducting media, a transverse k LVT and longitudinal & || VT growing ther-
momagnetic wave is excited. The frequencies of these waves w, (/2 LVT ) and w, (lg | ﬁT) are determined
by the conductivities in different directions.

w, (lg \VT ) depends only on the frequency w,, =cALkV,T, and w, (l; LVT ) depends only on the
frequency w,, =cA]kV,T and therefore the values of these frequencies are different. The increment of
growing w, (]E VT ) and w, (lg 1VT ) also depend on different values of the frequency of thermomagnetic

waves. The Nernst-Ettinizhausen coefficient A}, is different in different directions. Of course, studies of
thermomagnetic waves in the presence of an external magnetic field certainly lead to different dependencies
w, (l€ L@T) and w, (%II@T) .

The obtained expressions for frequency, expressions for increment in this theoretical work, are valid for
waves propagating perpendicular to the temperature gradient, when parallel to the temperature gradient the
conditions of excitation of waves in the medium will be different. It is possible to conduct corresponding
experiments based on the results of this theoretical work and apply them to GaAs-type semiconductors. As
for the application of the obtained results, it is necessary to experimentally measure The Nernst-
Ettinizhausen coefficient A}, in anisotropic conducting media. After measuring this coefficient, it is possible

to control significantly the frequencies ®, and ®,. This can lead to an improvement in the preparation of
generators based on these thermomagnetic waves.
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OTKI3rim oprajapaarbl KeJJIeHeH KdHe 00MJIbIK TEPMOMATHUTTIK TOJKBIHIAAPD

Temneparypa rpajueHTiHIH V7T TONKBIHABIK BEKTOPFa k KaThICTBI OPTYpi OarbITTapblHAA aHM3ATPOMNTHI
OTKI3TilI OpTajga KO3ZBIPHUIATBIH TEPMOMArHHMTTIK TOJIKBIHFAa TEOPWSUIBIK Tajmay okyprizimemi. k L VT

(KemIeHeH TOJKBIH) YKOHE k I VT (OOMIIBIK TOJNKBIH) KaFAailapblHAa TEPOEIic KUUIIrT 9pTYpil MOHTE ue
GoylaThIHBI KOpceTireH. bynm eki jkarmaiina na KO3ABIPBUIATHIH TEPMOMArHUTTIK TOJKBIHIAP ApTTHIPYILBI
cumaTtka ue. OpOip JKarmalia TOJNKBIHHBIH KYILICI0 HHKpPEMeHTi opTypii Oonagsl. TepMoMarHMTTIK
TOJIKBIHAP/bIH KO3Ybl MEH KYIICIOIHE aHU30TPONTHI OPTAHBIH OPTYPIIi OaFbITTapbIHAAFBI HICKTPOTKI3TIIITIK
G, MOoHzepi 0acTbl pell aTKapaThlHbI AdenjeHreH. TaHnanFaH mapTrapra OallaHBICTBI TEPMOMArHHUTTIK

TOJIKBIHHBIH JKHMLIIri eneyni typae esrepeni. Exi skarmaiina na (sFHH, & LVT u k VT ), xoopnuHaTTap
JKYHECIH TaHAay TEOPUSUIBIK ecenTeyiepre ocep eTmelmi. TepMOMAarHWTTiK TONKBIHIAPABIH SKHALTI MeH
KYILICIO MHKPEMEHTI KOOp/IMHATTAp KyileciHe Tayeni emec. Anaiina, KOOpAUHATTAp KYHECIH TaHIay MarHUT
epici MeH TeMIepaTypa rpaJueHTi OaFbITBIH TaHIayFa ejeyii ocep ereni. ['MIpOAMHAMHUKAIBIK KO3FaIIbIC
JKBUIJAMJIBIFBL  TEMIlEpaTypa TpajueHTi OaFbIThIHA Kapail OarbITTanaipl. 3apsj] —TackIMalgaylibuiap
(371eKTpOHIap) KO3ABIPBUIFaH Ke3/ie Maiiia 6oaThlH MarHUT ©pici TeMIepaTypa IpaaueHTi OaFbIThIHA KATThI
Toyenai. TepMOMarHuTTIiK TOJNKBIHAAPABIH KO3y TepOelic >KUiiiri TemmepaTypa TPaAuMeHTIHIH IIamMachblHA
CBI3BIKTBI TYpAe Toyeinni. Ko3ablpbuiaThlH TEPMOMAarHUTTIK TOJKBIHAAPABIH KYIICIO MHKPEMEHTI OPTAaHbIH
3IEKTPOTKI3TITIK G, TEH30PbIHBIH OPTYpIi MoHAepiHAe Typuime Oonaxsl. Ko3bIPhIIATEIH TOJIKBIHHBIH

TOJIKBIHIBIK BEKTOPbI MEH TYPAKThl TeMIlepaTtypa IpaJueHTi (lgﬁT:kVT cosa,[lgﬁT}:kVTsina) 6ip-

Oipine Oenrimi Oip OypeIIIeH OAaFBITTANFaH >KaFdaija, TepOeNic KHULTriHe KATBICTBI JUCTICPCHSIIBIK
TEHJACYIIH Jaopexeci OomyblHa OalaHBICTHI TEpPOENIC KHEJIri MEH KYIICK WHKPEMEHTIHIH TEOPHSUIBIK
ecenTeysepi OpbIHIAIMANTBIHIBIFE TOJCNACHICH. By Teopusga 3aps TackIManjaylIbUIap/blH KaiTa
Tapalybl HOTHXKECIHAE mMaiia OoNaThlH 3JEKTp epici ecemke anbiHOaraH. TeopHsaa TeMIIEpaTypaHbIH
TYpakThl MOHI 7;, CBIPTKbI epic £E;, XoHe 3aps] TachIMaIayIIbUIApPIbIH EPKIH JKYPIC Y3BIHIBIFBI
kT, <eEyJ, k, MplHa mapTKa coiikec KeJeTiHi KapactelppurraH. Erep kT, ~eEl xone kT, > eE,/

JKaFIaibIHAa 00JIca, OPTaHBIH OalKy Mpolieci OacTalaTEIHIAN OTe )KOFaphl TEMITEpaTypa KaKeT eTie .

Kinm cesdep: K03y, XHUIIIK, HHKPEMEHT, TEPMOMArHuT, IHUCIIEPCHSIIBIK TEHIEY, TeMIepaTypa TPaJueHTi,
TOJIKBIH, TOJKBIHIBIK BEKTOP

D.P. l'acanos, I11.I'. Xanunosa, P.K. Mycradaena

Honepeqﬂble N NMPOAOJbHBbIC TCPMOMAIHUTHBLIC BOJHBI B IIPOBOAAIIINX Cpeaax

Teoperuueckn aHanmu3upyercs Bo30yxkaaemas TepPMOMAarHWTHasi BOJHA B aHU30TPONHBIX MPOBOJSIINX Cpe-
[ax MpU pa3IMdHOM HANpaBICHWU IpagueHTa Temiepatypbl V7T , OTHOCHUTENBHO BOJHOBOTO BEKTOpa k .
[Mokazano, uto mpu k L VT (nomnepedunas BomHa) u npu k || VT (mpononbHast BOJHA) YacTOTHI KoJeOaHU
HUMEIOT pa3Hble 3HauYeHMs. B 9THX ABYX ciydasx Bo30yIaeMble TEPMOMArHUTHBIC BOJIHBI SBJISIOTCS Hapac-
TarouMMH. HKpEeMEHT HapacTaHHs B KaXKIOM Cliydae UMEIOT pa3Hble 3Ha4ueHHs1. [loka3aHo, 4To 3HAYCHUs B
Pa3sHBIX HANpPaBICHUAX JIEKTPONPOBOJHOCTH G, U1 BO3OYKICHHS M IJI1 HAapacTaHUs TePMOMArHHTHBIX
BOJIH UTPAIOT OCHOBHOM POJib. B 3aBUCHMOCTH OT BBHIOPAHHBIX YCIIOBHIA 3HAYEHHSI YaCTOTHI TEPMOMATHUTHBIX
BOJIH CYIIECTBEHHO MeHsieTcs. B oboux cinyudasx (t.e. £ L VT wu k|| VT ) BbIOOp KOOPIHUHATHBIX CHCTEM CO-
BCEM HE BJIMSIET HA TEOPETHYECKHI pacyér. YacToTa U MHKPEMEHT TEPMOMATrHUTHBIX BOJIH HE 3aBHCAT OT BBI-
0opa KOOpJMHATHBIX cucTeM. OJHAKO BHIOOP KOOPIWHATHOW CHCTEMBI CYIIECTBCHHO BIIMSAET Ha BHIOOD
HAIpaBlICHUss MATHUTHOTO TMOJISI U TpajiieHTa Temreparypbl. CKOpOCTh THIPOANHAMUYECKIX JIBHIKCHHN HO-
cuTesel 3apsiia MOBOPAYMBACTCS B CTOPOHY IpajJMeHTa TeMIeparypbl. Bo30yxknaeMoe MarHuTHOE TIOJIE MPH
B030YX/ICHUH HOCHTENeH 3apsiia (3eKTPOHOB) OYEHb CHJIBHO 3aBHCHUT OT HAIIPABJICHUs TPAJHCHTa TeMIepa-
Typbl. HacTtoTa KonebGaHus BO30YKACHHS TEPMOMATHUTHBIX BOJIH JIMHEHHO 3aBUCHT OT 3HAYEHHs rpagieHTa
Temreparypbl. MTHKpeMeHT HapacTaHus BO30YKIaeMbIX TEPMOMArHUTHBIX BOJIH UMEET Pa3HbIe 3HAYCHUS [IPU
Pa3HBIX 3HAYEHMAX TEH30pa JNIEKTPOHPOBOAHOCTH CPEAbl G, . YTBEPXKIEHO, YTO €CIM BOJHOBOH BEKTOP

BO36y)KI[aeMLIX BOJIH u TTOCTOSTHHBIH TpaJuUCHT TEMIEpPaTypy HampaBJICH mnoa  yriow, T.C.

(lgﬁT =kVT cos (x,[lgﬁT } =kVTsin (1) TEOPEeTHYECKHi PacyéT 4acTOThl KOJeOaHuss U MHKPEMEHT HapacTa-

HUS He yIaéTcs U3-3a BBICOKOW CTENEHH JHCIIEPCHOHHOTO YPaBHEHNs OTHOCHTENILHO YacTOTHI Koebanus. B
3TOI TEOPHU HE YUTEHBI EKTPUUECKOE MOJIe, CO3aBaeMoe IiepepacipeielieHueM Hocureneit 3apsaa. B teo-
pHHM yUTEHBI, YTO ITOCTOSIHHASI TeMIiepatypa I, , BHemHee mojie E,, JuuHa cBOOOJHOTO mpobera HocuTenen
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3apsizia yAOBJIETBOPAOT cooTHomeHuto kT) < ekl , k,-nocrosnnas. Ipu kT, ~eE)] n kT, >eE)] Tpe-

OyeTcst OYCHB BBICOKAs TeMIIepaTypa, T.e. HAUWHACTCS TUIABJICHUE CPE/IbI.

Kniouesvie cnosa: Bo30yxJeHUE, 4aCTOTA, HHKPEMEHT, TEPMOMArHUT, JUCIIEPCHOHHOE YPABHEHHE, TPATUEHT
TeMIIepaTypy, BOJIHA, BOJHOBON BEKTOP

Information about the authors

Hasanov, Eldar — PhD, Associate Professor, Department of Solid State Physics, Baku State Universi-
ty Physics, Leader of Department of Encyclopedia and Terminology, Institute of Physics, Baku, Azerbaijan;
e-mail: egasanov065@gmail.com; ORCID ID: https://orcid.org/0009-0009-6900-6148.

Khalilova, Shahla (contact person) — PhD, Leading researcher of Department of Encyclopedia and
Terminology, Institute of Physics, Teacher of Department of Structure of Matter, Baku State University
Physics, Baku, Azerbaijan; e-mail: shahlaganbarova@gmail.com; ORCID ID: https://orcid.org/0000-0003-
4302-9674.

Mustafayeva, Ruhiyye — PhD, Teacher, Department of Solid State Physics, Baku State University
Physics, Baku, Azerbaijan; e-mail: ruhi-grk@mail.ru; ORCID ID: https://orcid.org/0009-0005-2342-5399.

58 BecTHuk KaparaHouHckoro yHuBepcuTeTa



Article

UDC 537.533
d) https://doi.org/10.31489/2025PH3/59-67

Received: 07.05.2025
Accepted: 30.07.2025

B.K. Rakhadilov?, D.B. Buitkenov>, A.K. Apsezhanova®*,
N.M. Magazov?, M.B. Bayandinova?

!PlasmaScience LLP, Ust-Kamenogorsk, Kazakhstan;
°D. Serikbayev East Kazakhstan Technical University, Ust-Kamenogorsk, Kazakhstan,
3S. Amanzholov East Kazakhstan University, Ust-Kamenogorsk, Kazakhstan

Influence of Wire Type on the Structure and Properties of Coatings
Obtained by Electric Arc Metallization

Electric arc metallization (EAM) is one of the most effective and widely used thermal spraying methods, in
which a protective coating is formed by melting a metal wire with an electric arc and atomising the molten
material with a stream of compressed air. This technology is characterised by high productivity, adjustable
layer thickness, and the versatility of applicable materials. This study presents a comparative analysis of pro-
tective coatings applied to 65G steel using electric arc metallization with both powder and cast wires made of
30KhGSA and 51KhFA alloys. The microstructure of the coatings was examined using a scanning electron
microscope, and the elemental composition was determined using energy dispersive spectroscopy (EDS). The
thickness and porosity of the coating were evaluated using an optical microscope. Microhardness was meas-
ured using Vickers, and surface roughness was evaluated using contact profilometry. Microstructural and
EDS analyses revealed that coatings produced with cored wires exhibit a more homogeneous distribution of
alloying elements, resulting in improved microhardness, reduced porosity. In contrast, coatings obtained with
cast wires showed structural inhomogeneity, leading to increased porosity and decreased mechanical perfor-
mance. Surface roughness measurements indicated that cored wire coatings had higher roughness values, par-
ticularly for 5S1KhFA. The findings analyzed that powder (cored) wire offers superior coating quality.

Keywords: electric arc metallization, cast and powder wire, porosity, steel coating, elemental composition

M Corresponding author: Apsezhanova Akbota, akbotaapsezanova@mail.com

Introduction

Under the operating conditions of agricultural machinery in Kazakhstan, where machine components
are subjected to intense abrasive wear, the task of improving the wear resistance of working elements is of
particular relevance. One of the promising solutions is the formation of protective layers using the electric
arc metallization (EAM) method, which enhances wear resistance and extends the service life of compo-
nents [1].

Electric arc metallization (EAM) is one of the most effective and widely used thermal spraying meth-
ods, in which a protective coating is formed by melting a metal wire with an electric arc and atomising the
molten material with a stream of compressed air [2]. This technology is characterised by high productivity,
adjustable layer thickness, and the versatility of applicable materials, making it particularly relevant in me-
chanical engineering, aviation, shipbuilding, and the oil and gas industries [3, 4]. The process involves the
formation of an arc between two wire electrodes, causing the metal to melt and be deposited onto a pre-
prepared surface in the form of fine particles.

One of the key factors determining the structure and operational characteristics of coatings obtained by
EAM is the choice of wire material [5—7]. The wire used in the EAM process can be made in the form of a
solid (cast) metal rod or in the form of a powder (tubular) shell filled with alloying or hardening powders.
These differences in wire design directly affect the melting characteristics, melt transfer, microstructure for-
mation, and, ultimately, the physical and mechanical properties of the protective layer [8].

Cast wire is a solid metal wire with a uniform chemical composition, suitable for rolling and drawing.
However, its alloying capabilities are limited, which reduces the potential for optimizing the properties of the
coating [9, 10]. In addition, the heterogeneity of melting during spraying can contribute to the formation of
agglomerates, local areas with a deficiency of alloying elements and, as a result, increased porosity and im-
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paired adhesion of the coating to the substrate [11-14]. Powder (tubular) wire, on the other hand, provides
much greater flexibility in forming the required composition [15, 16]. A metal shell filled with a powder
mixture of elements and compounds (including carbides, borides, oxides, etc.) allows coatings with specially
specified properties to be obtained, including increased hardness, wear resistance, and corrosion re-
sistance [17—-19]. The use of powder wires is particularly effective when it is necessary to use difficult-to-
form alloying systems that are not suitable for the manufacture of cast wire.

The chemical composition of the wire plays a decisive role in the formation of the coating structure. Al-
loying elements influence the formation of carbide, boride, and intermetallic phases, which increase hard-
ness, wear resistance, and resistance to stress corrosion cracking. However, to achieve the positive effect of
alloying, it is important not only to have the nominal concentration of elements, but also their uniform distri-
bution throughout the coating. With EAM, coatings obtained from cast wire often show zoning and uneven
distribution of elements, while tubular wire allows for greater chemical uniformity, which is directly related
to improved microhardness, density, and adhesion properties [7].

This study presents a comparative analysis of protective coatings applied to 65G steel using electric arc
metallization with both powder and cast wires made of 30KhGSA and 5S1KhFA alloys. The scientific novelty
of this work lies in the fact that, for the first time, a systematic and direct comparative analysis was conduct-
ed between cast and powder-filled wires of the same steel grades (30KhGSA and 51KhFA) in terms of their
influence on coating structure and performance. The findings are particularly relevant for improving the du-
rability of components used in the harsh, abrasive conditions of Kazakhstan’s agricultural environment.

Materials and methods

65G steel, a high-carbon steel characterized by high hardness and wear resistance, was used as the sub-
strate material for spraying. It is widely used in the manufacture of parts operating under conditions of in-
creased loads and wear, such as cultivator tines, plow blades, and other agricultural machinery components.
The chemical composition of the material is presented in Table 1.

Table 1
Chemical composition of 65G steel substrate, %

Element C Si Mn Ni S P Cr Cu Fe
Content 0.62-0.700.17-0.37 | 0.9-1.2 <0.25 <0.035 <0.035 <0.25 <0.20 basis

The substrate samples were cut from sheet metal measuring 25x10x4 mm. The surface was mechanical-
ly sanded (grain size from P100 to P360) and sandblasted with electrocorundum to create the required
roughness and improve coating adhesion.

Steel wires with a diameter of 1.6 mm of two types—cast and cored—were used as the feedstock mate-
rial for thermal spraying. The chemical composition of the wires corresponds to the steel grades 30KhGSA
and 51KhFA. The selection of wires was based on differences in alloying composition. Detailed chemical
composition data are presented in Table 2. For each composition, both cast and cored wire types were uti-
lized. The wires were procured in ready-made form.

Cast wires were produced using the conventional method of metal melting followed by forming, where-
as cored wires consisted of composite fillers enclosed in a metallic sheath. Figure 1 illustrates the elemental
distribution in the composition of the 5SIKhFA wire used in this study. This selection enabled an objective
comparative analysis of the influence of wire type and chemical composition on the structure and perfor-
mance properties of the resulting coatings.

Table 2
Main grades and chemical composition of sprayed wires, %
Wire name Fe C Si Mn Ni S P Cr Cu Mo As
% % % % % % % % % % %

30KhGSA | basis | 0.28-0.34 | 0.9-1.2 | 0.8-1.1 | t00.3 |t00.025]t00.025| 0.8-1.1 |[t00.3| — -
51KhFA | basis | 0.47-0.55 | 0.15-0.3] 0.3-0.6 | t0 0.25 | t0 0.025 | t0 0.025 | 0.75-1.1 |t0 0.2 | — -
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Figure 1. Cross-sectional view and distribution of elements in cast (a) and powder (b) SIKhFA wires

Electric arc metallization was carried out on a supersonic arc metallization unit SX-600, which included
the following main components: a sprayer, a power source, and a compressor. The process was carried out
under the following technological parameters: the power source voltage was 40 V, which ensured the stabil-
ity of the electric arc and sufficient energy for melting the material. The current was set at 250 A. The wire
feed rate was maintained at 12 cm/s, which ensured a stable supply of material and uniformity of the applied
layer. The distance between the sprayer and the sample surface was 200 mm, which allowed for uniform dis-
tribution of the melt and reduced the thermal impact on the substrate. The working gas (compressed air)
pressure was maintained at 0.7 MPa, ensuring effective particle acceleration and the formation of a dense
coating structure [10]. Spraying was carried out at room temperature for both the samples and the environ-
ment, which minimized thermal impact and maintained the stability of the material structure.

Table 3
Electric arc metallization modes

Parameter Value
Voltage (U), B 40
Current (I), A 250
Wire feed speed, cm/s 12
Distance from nozzle, mm 200
Compressed air pressure, MPa 0.7
Ambient temperature, °C 26

For a comparative analysis of coatings deposited by electric arc metallization using different wires,
modern methods were used to study their structural and phase composition, microstructure, and mechanical
properties [11].

The microstructure of the coatings was studied using a Tescan Vega 4 scanning electron microscope.
The elemental composition was determined using Xplore 30 energy dispersive analysis. The thickness and
porosity of the coatings were measured using an Olympus BX53M optical microscope, and the porosity was
calculated using Metallographic Analysis Software in accordance with ASTM E2109. Microhardness was
measured using the Vickers method (GOST 9450-76, ASTM E384-11) at a load of 0.025 N. Surface rough-
ness was evaluated using a model 130 profilometer (GOST 25142-82).

Results and discussion

Figure 2 shows the typical microstructure of 30KhGSA wire obtained using scanning electron micros-
copy (SEM). This microstructure is typical for coatings obtained by electric arc metallization. Microstructur-
al analysis showed that coatings formed by electric arc metallization have a characteristic layered (lamellar)
structure. This morphology is typical for thermally sprayed coatings and is formed as a result of the sequen-
tial deposition of molten metal particles. During spraying, the particles, upon reaching the substrate surface,
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instantly cool and solidify, forming dense and thin layers. Rapid cooling caused by the contact of hot parti-
cles with a cold base or previously applied layers leads to instant crystallization and contributes to the for-
mation of a strong, homogeneous microstructure. This structure ensures reliable adhesion between layers due
to partial thermal fusion at the melt boundaries. The lamellar structure significantly increases the mechanical
strength of the coating, its resistance to cracking and abrasive wear, and reduces permeability to moisture
and aggressive environments. Thus, the microstructure shown in Figure 1 indicates the high quality of the
coating and confirms the effectiveness of the technological parameters used to form reliable protective coat-
ings based on 30KhGSA wire.

s
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et LN 3 iy
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Figure 2. Layered microstructure of the coating cross section

However, characteristic defects were also identified in the coating structure, including pores, delamina-
tions, and unmelted particles (Fig. 3), the presence of which can significantly affect the performance charac-
teristics of the coatings. Pores typically formed due to air entrapment during spraying or incomplete sintering
of the sprayed particles, especially when the particle temperature or velocity is insufficient. These porous
regions may serve as pathways for the ingress of aggressive media, promoting corrosion and reducing the
sealing properties of the coating [13].

Delaminations were mainly observed at interlayer boundaries and at the coating—substrate interface.
Their presence may indicate violations in the surface pre-treatment process (e.g., inadequate cleaning or in-
sufficient surface roughness), as well as insufficient kinetic energy of the sprayed particles, which fails to
ensure reliable adhesion to the substrate. Such defects significantly reduce coating adhesion and may lead to
its premature failure under mechanical loading.

Unmelted particles present in the structure are typically fragments of wire that did not fully melt during
the arc metallization process. These inclusions can act as stress concentrators and potential initiation sites for
microcracks. Under abrasive or impact loads, they contribute to accelerated wear of the coating, reducing its
strength, hardness, and resistance to failure.
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1 — pores; 2 — delamination; 3 — unmelted particles

Figure 3. Microstructural analysis of the coating with identification of defect areas
in the form of pores, delamination, and unfused particles

To gain a deeper understanding of the influence of wire type on the chemical distribution within the
coating, EDS analysis was performed on cross-sections of samples produced using both cored and cast wires
of 30KhGSA and 51KhFA (Fig. 4). The results of EDS mapping for elements Fe, O, Si, and Mn help explain
the observed differences in microstructure and, consequently, in the performance characteristics of the coat-
ings. Coatings obtained from cored wires of 30KhGSA and 51KhFA exhibit relatively uniform distribution
of alloying elements (Fig. 4b—d); however, the 30KhGSA coating shows a slightly coarser and more hetero-
geneous distribution pattern, whereas the 5S1IKhFA coating demonstrates a more stable and homogeneous
profile.

This partial distinction is reflected in the functional properties: both coatings are characterized by high
microhardness (up to 720 HV), low porosity (4.3—-5.0 %), and good adhesion strength (up to 19.2 MPa), with
the values for 51KhFA appearing slightly more balanced. In contrast, cast wires of 30KhGSA and 51KhFA
exhibit pronounced chemical heterogeneity, including localized depletions, agglomerations and “hot spots”,
indicating non-uniform delivery of alloying elements during spraying. This inhomogeneity results in the for-
mation of structural defects—such as pores, voids, and delaminations—which is further supported by SEM im-
ages showing that void-rich regions coincide with Cr- or Si-depleted areas identified through EDS analysis.
Thus, the chemical inhomogeneity characteristic of cast wires is directly linked to increased porosity (up to
8.2 %), reduced hardness, and weakened adhesion to the substrate, whereas the more uniform (albeit not per-
fectly smooth) elemental distribution in cored wires contributes to improved performance characteristics.

An analysis of the coating characteristics shows the influence of the type and composition of the wire
on the operational characteristics (Table 4). Among the samples studied, powder wire, in particular 5S1KhFA
and 30KhGSA, demonstrated clear advantages in terms of coating density and microstructure uniformity.
Although cast wires produce slightly thicker layers, coatings applied using powder wires have lower porosity
(4.3-5.0 %) and more favorable surface morphology. According to roughness data, powder 51KhFA showed
higher roughness values, which may be due to particle distribution characteristics or localized defects, while
cast wire demonstrated a smoother surface. However, in terms of mechanical strength, Vickers microhard-
ness tests confirmed that powder wire coatings achieve higher hardness (up to 720 HV), especially powder
30KhGSA. These results confirm that, despite minor changes in roughness, powder wire provides superior
coating quality in terms of structural integrity, hardness, and defect reduction, making it more suitable for
applications requiring increased wear resistance.

Cepus «®usukax. 2025, 30, 3(119) 63



B.K. Rakhadilov, D.B. Buitkenov et al.

Muorocaoimoe nsobpaxenne IAC 4

Cu Lal.2

Pl -~ f

TG vecreme

S0

Mnorocaoiimoe wxobpasesme HC 10
- ~ —

a — 30KhGSA cast wire; b — 30KhGSA cored wire; ¢ — 51KhFA cast wire; d — 51KhFA cored wire

Figure 4. EDS mapping of coating cross-sections obtained by arc metallization using different wire types
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Table 4
Comparison of key properties of coatings obtained using different types of wires
Wire Thickness, um Porosity, % Roughness Ra, um Microhardness, HV
30KhGSA (cored) 111.26 43 6.03 720
30KhGSA (cast) 158.92 7.8 6.02 620
51KhFA (cored) 160.84 5.0 7.9 700
51KhFA (cast) 148.83 8.2 6.1 650

In general, differences in the structure and properties of coatings are related to both the chemical com-
position and the method of wire production: powder wire technologies allow for precise dosing of compo-
nents and uniform spraying, while cast wire often contains defects that disrupt the uniformity of the coating.

Conclusion

The studies conducted demonstrated a significant influence of the wire type on the quality of coatings
obtained by the electric arc metallization method. It has been established that 30KhGSA and 51KhFA pow-
der wires provide more uniform coatings with high microhardness (up to 720 HV), reduced porosity (4.3—
5.0 %), and strong adhesion to the substrate (up to 19.2 MPa). This is due to the uniform distribution of al-
loying elements, confirmed by EDS mapping results, as well as the minimization of structural defects—
pores, unfused inclusions, and delamination. At the same time, coatings applied using cast wire were charac-
terized by higher porosity (up to 8.2 %), chemical and structural heterogeneity, and reduced adhesion, which
reduces their performance characteristics.

Thus, powder wires with an optimal chemical composition have a significant advantage in the for-
mation of steel coatings. The data obtained emphasize the importance of rational selection of wire material
and process parameters. In the future, it is planned to expand the range of wire materials under investigation,
optimize spraying modes using mathematical modeling methods, and test coatings under various types of
wear conditions.
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b.K. Paxanunos, /I.b. Byiitkenos, A.K. Oncexxanosa, H.M. Marazos, M.b. basanunosa

DJIEKTP JA0FAJIbI MEeTAIAHABIPY JiCiMeH aJILIHFAH
KaAOBIHIAAPABIH KYPbLIBIMbI MEH KacHeTTePiHe CbIM TYPiHiH dcepi

OnexTp Aofansl Metanaauaspy (M) — Oys1 KopFaHbIII >KaOBIHIAPBIH ATy YLIIH METall CHIMBIH JJICKTp
JIOFacBIMEH epiTil, ajblHFaH OaJKbIMaHbI CHIFBUIFAH aya arblHBIMEH INALIBIPATy apKbUIbl JKY3€re acaTblH,
KEHIHCH KOJIaHBUIATBIH JKOHE THIMAI TEPMIBUIBIK OYpKY omicTepiHiH Oipi. By TexHOmOTHs KOFaphI
OHIMJIUTIKIICH, Ka0aT KaJNbIHABIFBIH PETTEY MYMKIHIITIMEH JKOHE KOJIaHBUIATHIH MaTepHaIIapablH
ombebanTeIFbIMeH epekmreneneni. Makamamga 65 Gomatka 30XT'CA xone 51X®DA KopbITHamapbHAH
JKacallFaH YHTAKTHl JKOHE KyliMa ChIMIAapAbl KOJNJaHy apKbUIBl aJbIHFAH >KaOBIHIApJBIH CaBICTBIPMAIIBI
Tanjaybl ychiHbUIFaH. JKaObIHHBIH MHKPOKYPBUIBIMBI CKaHEPJIIK 3JIE€KTPOHABI MHKPOCKONIIEH 3epPTTENAi, ai
JNMEMEHTTIK Kypambl sHeproauctepcusuislk crnektpockonus (EDS) omiciMen asbikTangsl. KanTamausig
KAJIBIH/IBIFBI MEH KEYEKTUTrl ONTHKAaIBIK MHUKPOCKOMMEH eumeH . Mukpobepiktik Bukkepc omiciMen, ain
OeTki Kemip-OyIbIpibIK KOHTaKTiI mpodunomerpmen Oaramanabl. MHUKpOKypbuibiM koHe EDS Ttanmmayst
YHTaKTHl CBIMMEH AJIBIHFaH ’KaOBIHAAPABIH KOCTAanay 3JIeMEHTTepi OipKelKi TapajFaHbIH, OyJI ©3 Ke3eriHue
MHKPOOEPIKTIKTI apTTBIPHIN, KEYeKTLTIKTI a3aiTaThIHBIH KepceTTi. KyliMa CHIMMEH ajbIHFaH XaObIHAApaa
KYPBUIBIMJIBIK OipKeNKi eMecTik OalfKajbll, KeyeKTUIK apTThl JKoHE MEXaHHMKAJBIK KacHeTTepi Hamrapiamibl.
3epTTey HOTIKEIepi YHTAKTHl CBIMHBIH JKOFaphI Canajbl )KaObIHAAp alyAaFbl apTHIKIIBIIBIKTAPEIH KOPCETTI.

Kinm ce30ep: 3mekTp NOFaibl MeTalAaHIbIPy, KyiMa »KOHE YHTAaK CBIMIBI, KEyeKTiTiK, OomaT >xaOblH,
ANIEMEHTTIK Kypam

b.K. Paxanunos, JI.b. Byiitkenos, A.K. Oncexxanosa, H.M. Marazos, M.b. basguiunosa

Binsinne THIIA MPOBOJIOKU HA CTPYKTYPY U CBOMCTBA MOKPHITHH,
MOJIyYeHHBIX METO0M JIEKTPOAYTOBOIl MeTAJIN3ALMH

Onextpoxyrosas Meramummsanus (3IM) sBisercss oqHuM U3 Hanboiee Y3GpPEeKTUBHBIX U MINPOKO NpUMEHse-
MBIX METOJIOB TEPMHUUECKOT'0 HAIIBUICHUsS, IPU KOTOPOM 3alllUTHOE MOKPHITHE (popMHpyeTCs 3a CUET IuIaBie-
HUS METaJUINYECKOH MPOBOJIOKU AIEKTPUYECKOH JIyroi M paciblIeHHs paciuiaBa CKaThiM BO3AyXoM. TexHo-
JIOTUS. OTIMYAETCSI BBICOKOH MPON3BOJUTEIBHOCTBIO, PETYIUPYEMOM TONIIMHOM CIIOS U YHHBEPCATbHOCTHIO
MPUMEHSIEMBIX MaTepuanoB. B cTaThe mpeacTaBieHa cpaBHHUTENbHAs! OLEHKA 3aIIUTHBIX MOKPHITHIL, HaHe-
CEHHBIX Ha cTasb 651" METOOM IyroBOW METaJUIM3AIMU C UCTIOIB30BAHNEM TTOPOIIKOBOI M JIUTOM MPOBOJIO-
ku 13 cmiaBoB 30XI'CA u 5S1XDA. MuUKpPOCTPYKTypa HOKPBITUIH HCCIEe0BANIACh C UCIIOIB30BAHUEM CKAHH-
PYIOLIEro 3JEKTPOHHOI'O MUKPOCKOIIA, a JJIEMEHTHBIH COCTaB — METOJIOM 3HEPrOAUCIEPCUOHHON CIIEKTPO-
ckormu (EDS). TommuHa 1 OPUCTOCTH HOKPHITHS ONPEAEISUIUCE C IIOMOLIBI0 ONTHYECKOT0 MUKPOCKOIIA.
MuKpoTBEPIOCTE M3MepsIach o0 Bukkepcy, MIepoXoBaTOCTh MOBEPXHOCTH — C MCIOJIB30BAaHUEM KOHTAKT-
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HOTO TpoduIoMeTpa. AHaIN3 MUKPOCTPYKTypsl 1 EDS mokasai, 94To HOKPHITHS, MOIyYEeHHbIC U3 OPOIIKO-
BOH TPOBOJIOKH, XapaKTepHU3yloTcs Oojiee PaBHOMEPHBIM pacHpefeleHHeM JICTHPYIOINX 3JIeMEHTOB, UTO
obecrieqrBaeT MOBHIIICHHYIO TBEPIOCTD U CHIKAET MOPUCTOCTh. [IOKPHITHSI 13 INTOH IIPOBOJIOKH, HAIIPOTHUB,
JIEMOHCTPUPYIOT CTPYKTYPHYIO HEOAHOPOIHOCTD, IIOBBIIICHHYIO IOPUCTOCTh U YXYALICHHbIC MEXaHUYECKUE
XapaKTePUCTUKU. Y CTaHOBIICHO, YTO MOPOLIKOBasi IPOBOJIOKA oOecreunBaeT 0ojiee BHICOKOE Ka4eCTBO II0-
KPBITHH.

Knrouesvle cnosa: AyroBas METajUuiu3alus, JIMTass U MMOPOIIKOBas IPOBOJIOKA, NOPUCTOCTDL, CTAJIbHOE IMOKPLI-
THC, 3JIEMEHTHBIM COCTaB
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Study of the Influence of Turbulence Models on Hydrodynamic
and Thermal Parameters of Heat Carriers in Calculations of Heat Exchangers

In this paper, the heat exchange processes between a cold (oil) and a highly heated (water) heat carrier in a
“tube-in-tube” type heat exchanger with a parallel flow scheme are studied using semi-empirical turbulence
models: k-o SST, k-¢, and Transition SST. The analysis of the obtained results showed that the k~@ SST
turbulence model was more preferable for the calculation of a heat exchanger with a sufficiently small tube
diameter, because of the effect of the boundary layer in the tube. This turbulence model more pronouncedly
reproduces the laminar-turbulent transition, which is carried out in these processes, where the viscosity of oil
strongly depends on temperature. Finite difference and finite volume methods were chosen for numerical
modelling and calculation of heat exchange processes. The calculations were carried out on the basis of
Computational Fluid Dynamics, using the Ansys Fluent. The RANS equations closed by means of the
gamma-Retheta turbulence model, which takes into account the laminar-turbulent transition and the k-@ SST
model equations, were used for numerical modelling of coolant hydrodynamics. Based on the proposed
turbulence model, the distributions of hydrodynamic and thermal parameters and similarity criteria (Re, Pr,
Nu) of the process along the length of the tube are obtained.

Keywords: heat transfer, numerical calculation, heat exchanger, oil, hydrodynamics, cooling fluids, heat flow,
laminar-turbulent transition, intermittency, heat exchange intensity, viscosity
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Introduction

Fluid dynamics in the innertube space of a heat exchanger is defined by the process’s complexity and is
determined by numerous parameters. Research in works [1, 2] focus on numerical modeling of heat ex-
change in different types of HE. The findings of heat exchanger calculations are utilized to optimize and in-
tensify heat exchange processes [3—5]. In particular, it has been demonstrated that when turbulence develops,
the influence of injected oil viscosity on the hydraulic resistance of the pipeline is greatly reduced.

Unsteady three-dimensional Navier-Stokes equations expressed regarding instantaneous (direct numeri-
cal modelling), average (solution of Reynolds equations), or space-filtered (modeling of massive vortices)
functions explain the unsteady spatial flow of a viscous incompressible fluid. To close the averaged Reyn-
olds or filtered Navier-Stokes equations, the eddy viscosity hypothesis is used.

Works in [6-9] investigate the accuracy of various turbulence models used to close the Reynolds equa-
tions. A comparison of the accuracy of various turbulence models used to close the Reynolds equations is the
subject of further research. Basically, the available calculations use the k—¢, k—o SST (Shear Stress
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Transport) and Transition SST models. The calculations make it possible to achieve a satisfactory agreement
between the results of numerical modeling and the data from industrial experiments. At the same time, the
calculations performed using two-parameter turbulence models do not take into account the laminar-
turbulent transition, which affects the determination of the effective length of the HE [10—13].

This paper presents the results of numerical calculations using various turbulence models: the k—¢
model, including models, that take into account the laminar-turbulent transition (k—® SST, Transition
SST). The calculation results are compared with the results of the distribution of the average mass tempera-
ture of oil and water (cold and hot coolants) along the length of the heat exchanger [10], obtained using the
Log-Mean Temperature Difference (LMTD) method and they are consistent with the literature da-
ta[14; p. 4.1]. A comparative analysis of the obtained results based on these models with data from a physi-
cal experiment and calculations based on semi-empirical dependencies allows us to select an effective turbu-
lence model for use in calculations of direct-flow HE.

Calculation method

Numerical modelling of heat transfer processes was based on finite difference and finite volume meth-
ods. To solve this problem, computational fluid dynamics (CFD) methods were used using the Ansys Fluent
software package, which allows taking into account the effects of turbulence and heat transfer in fluid flows.
The use of CFD methods in the design of HE allows not only to improve the main indicators of their perfor-
mance while ensuring acceptable mechanical reliability, but also to create designs that practically do not
need modification. Thermal and hydrodynamic calculations make it possible to analyze temperature distribu-
tion in various conditions of heat exchange with diffusion and convection processes, to optimize the geome-
try of heat exchangers and to calculate hydraulic resistances.

Closing equations for determining turbulent viscosity, which is calculated using the kinetic energy of
turbulence, the dissipation of turbulence energy, and the intermittency parameter for the above turbulence
models, are commonly used in computational fluid dynamics and in various engineering and scientific appli-
cations. These equations for the above three models are given below. All empirical coefficients used in these
equations are defined in [13].

k—¢& model: the turbulence kinetic energy k& and the dissipation energy of turbulence & are
determined from the following system of equations (1):
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Here £, represents the production term for the momentum thickness Reynolds number; P, and
E, are output and dispersal terms of the intermittency; o, and o, are model constants.
Transition SST model (also known as y—Re,, ), equation (3):
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The given equations of the corresponding turbulence models are used to calculate the heat exchanger of
direct flow type. For example, Figure 1 demonstrates a diagram of an externally insulated Thermal insulation
straight tube-in-tube heat exchanger where two heat transfer fluids flow in parallel in the same direction. The
cold coolant, oil, flows through the inner pipe, while the highly heated heat carrierin the outer pipe is water.

Thermal insulation

oil

oil
[ ——
=)

water water

Figure 1. Schematic diagram of a heat exchanger of direct flow type (parallel flow)

When solving this problem, the following initial parameters for thermal calculation are used. The inner
diameter of the pipe through which the cool heat carrier flows is 12 mm, and its outer diameter is 14 mm.
The inner diameter of the pipe through which the highly heated heat carrier flows is 20 mm. Temperatures of
cool and highly heated heat carriers in the inlet section are 303 K and 423 K. Mass flow rates of cool and
highly heated heat carriers are equal to 0.3814 kg/s and 0.6386 kg/s (the velocity in the inlet section is as-
sumed to be 4 m/s).

The results of calculations agree with the data of numerical modeling and with the results of distribution
of the average mass temperature of oil and water (cold and hot coolants) along the length of the heat ex-
changer, obtained using the finite difference method and based on numerical modeling [11].

Results and Discussion

Figure 2 demonstrates comparative graphs of the change in the temperature of coolants along the tube
of the heat exchanger for three models of turbulence for the direct flow of coolants. Here in the figure and
further for all figures the following designations are introduced: 1 — k£ —o SST model; 2 — k& —¢& model;
3 — Transition SST model. The figure demonstrates that the temperature change curves of the coolants for
all three models are alike, in that the temperature of the highly heated heat carrier declines while the tem-
perature of the cool heat carrier arise throughout the tube.

It can also be noted that for all three turbulence models the temperature differences for both coolants are
more noticeable and closer to the exit from the HE tubes. An analysis of the temperature change graphs also
demonstrates that the graph of the heating temperature of the cold coolant (oil) along the tube for the £ —¢
model is lower compared to the other two models, and the graph of the cooling temperature of the hot coolant is
lower for the Transition SST model, while the intensity of oil heating is higher for the k —®» SST model.

425
420
415
410

405
330
325
320
315
310
305
300

Figure 2. Variation of water (hot) and oil (cold) temperature along the length of the tube in parallel flow for all three
models, the triangular icons correspond to the results of calculations using the LMTD method
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This figure also demonstrates that for the £ —& model, the temperature change for both coolants is line-
ar along the length of the HE tubes.

The differences between the models are explained by sensitivity to viscosity profiles and turbulent en-
ergy distribution.

Figure 3 demonstrates the dissemination of the axial component of the oil velocity in the radial direction
in the cross sections of the pipeline during straight flow for given turbulence models, namely the & — SST,
k —¢ and Transition SST models. Velocity profiles are given at two cross sections of the HE tubes, namely at
1.5 m from the tube inlet and at the outlet, where these cross sections are shown in the figures. For all consid-
ered turbulence models, the velocity profiles have the form of logarithmic distribution. For the flow patterns of
heat carriers in direct flow, the velocity profiles closest to the turbulent flow correspond to the £ —w SST and
Transition SST models, which is natural, since the k—¢ turbulence model more accurately represents the
movement outside the boundary layer, and heat exchange between the heat carriers occurs mainly in the bound-
ary layer. Moreover, such profiles are pronounced in the cross-sections at the outlet of the tube.

Ypar, mic Upar, mic
6.0 6.0

a) in section 1.5m 55} b) at the outlet
55
50
5.0
45

45|
40|

40 35

35 30

25
3.0
20}

25
15

20} 10}

15 I 1 1 1 1 1 0.5 1 1 L 1 1 L
0 1 2 3 4 5 6 y,mm 0 1 2 3 4 5 6 y,mm

Figure 3. Dissemination of the axial component of oil velocity
in different cross sections of the pipeline in the radial direction

The axial velocity component grows from center to wall depending on the model. The £ —® SST mod-
el gives smoother dissemination.

Figure 4a demonstrates a plot of the dependence of the Reynolds number Re on the tube length L in the
case of straight flow for different turbulence models. It can be seen from this figure that the laminar-
turbulent transition is clearly observed also in the straight stream within a distance x = 3-3.2 m for the case
of k—w SST model, and this transition for this model starts at numbers around Re =2300 in the straight
stream. For the other two turbulence models, this effect is weakly pronounced in the straight flow case.

Re,, Ploar
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400 |
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Figure 4. Distribution of Reynolds numbers for a smooth tube along the tube length (a)
and dependence of the oil Prandtl number on temperature (b)
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Figure 45 demonstrates the dependence of the Prandtl number for oil on temperature in cases of straight
flow for turbulence models £ —® SST, k—¢, and Transition SST. From the figures it is clearly seen that for
the scheme of straight flow of coolants, the movement of coolants at moderate temperatures (from 30 to 40
degrees Celsius) the value of Prandtl number has the highest value for the turbulence model k£ —® SST and
the lowest value for the Transition SST model, and for the model k —e& values in between. Taking into ac-
count that the Prandtl number is defined as the ratio of the kinematic viscosity coefficient to the diffusivity of
the medium, we can conclude that near the solid boundary of the tube the viscosity of the medium plays a
significant role, which is expressed in the £ —w SST model.

T..par, K

ar, 2
GwPar; wiim 420

1800

415
1700

1600 410

1500 405

1400
400

1300

395
1200 -

1100 1 1 L 1 A 1
0 1 2 3 4 Lm 3900 1 2 3 4 Lm

Figure 5. Variation of heat flux ¢, along the length of the heat transfer wall (a)
and wall temperature 7, along the length of the heat transfer wall on the oil side (b)

Figure 5a demonstrates the plots of heat flux g, variation along the length of the heat transfer wall of
the coolant motion for the three turbulence regimes. It can be seen from the plots that the behavior of the heat
flux curves is identical for both schemes and for all turbulence models.

At high turbulence (curve 1) the wall temperature is higher along the entire length, which is due to im-
proved heat transfer, while at lower turbulence (curve 3) the wall temperature is lower, indicating less effi-
cient heat transfer. The temperature curves have a smoother and decreasing character along the length of the
tube.

Figure 5b demonstrates modification in the temperature of the 7,, wall along the length of the heat trans-
fer wall from the oil side, where a laminar-turbulent transition is distinguished, this effect is not distin-
guished in the other two turbulence models.

In the case of strong dependence of viscosity on temperature as the coolant is heated, the flow regime
changes from laminar to developed turbulent. In this case, using the local heat transfer coefficient o, the rela-
tionship for the local Nusselt number is valid: Nu=oad, /.

Figure 6a demonstrates that the Nusselt number for the £ —o SST model is larger at the inlet of the HE
tube; this can be explained by the fact that the Nusselt number characterizes the intensity of heat transfer due
to convection, expressed through the heat transfer coefficient of the medium.

Figure 6b demonstrates the distribution of the heat transfer coefficient along the tube length for all three
turbulence models considered. The heat transfer coefficient ¢ was calculated by the known formula through
the heat flux through the wall and the temperature difference between the liquid medium and the solid wall
by the formulaa =g, / (T, -T).

It can be seen from the figure that the laminar-turbulent transition for both flow patterns, i.e., also in the
direct flow, is observed only for the £ —w® SST model.
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Figure 6. Dissemination of heat transfer coefficient along the length of the tube
and difference of number Nu along the length of the tube

From the given figure it is also possible to notice that in the region of the tube length x = 3 m, for both
cases the laminar-turbulent transition of the oil flow regime is visible, while for other two turbulence regimes
the change of Nu number along the tube length is more uniform. The results are compared with laminar re-
gime (Poiseuille formula) and turbulent regime (Blasius and Nikuradze formulae).

Figure 7a demonstrates the curves of variation of overpressure values P, along the length of the tube for
the three turbulence regimes. Here, for all three turbulence modes, there is a drop in the overpressure (hence,
and absolute) pressure along the entire length of the tube. At the exit of the tube, the overpressure approaches
zero, i.e., the absolute pressure approaches the atmospheric pressure value. Here we also observe a signifi-
cant increased pressure for the & —e turbulence model, which is probably explained by the failure to take
into account the influence of the boundary layer in this turbulence model.

The pressure distribution along the tube steadily decreases as expected for steady flow. Figure 7b
demonstrates the variation of the friction coefficient A along the length of the tube for straight flow and coun-
terflow for the three turbulence regimes.

The figure demonstrates that the values of the friction coefficient for the k£ —¢ turbulence are much
higher than the corresponding values for the two turbulence regimes along the length of the tube, which is
most likely a consequence of not taking into account the effect of the boundary layer on the tube wall.

At the same time, the values of A for the £ —& and Transition SST models in the graph lie higher in
both shape and values. It should also be noted here that it is for the & —w SST turbulence model that the
laminar-turbulent transition is pronounced for both schemes and that occurs at a distance of 3-3.5 m from the
beginning of the tube.
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Figure 7. Variation of overpressure P, and friction coefficient A along the length of the tubing
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Conclusion

Based on a numerical analysis of the heat exchanger of the type “tube-in-tube” using £k —® SST, k—¢
and Transition SST various turbulence models the following major results are obtained. For all turbulence
models, a characteristic behavior of the temperature curves is observed: the temperature of the highly heated
heat carrier declines while the temperature of the cool heat carrier rises along the length of the tube. The
k—o SST model demonstrates the greatest heating of the cool heat carrier, while the £ —& model demon-
strates a smoother and more linear behavior of the temperature profile. It follows from Figures 2 and 55 that
the numerical values of the distribution of the mass average temperature of oil along the HE tube and its dis-
tribution along the tube surface are higher for the £ —® SST model, which indicates the effectiveness of us-
ing this model for numerical calculation.

The oil axial velocity profiles have a logarithmic shape for all models and are more pronounced for the
k —o SST and Transition SST models, especially in the outlet sections, indicating a more reliable modelling
of turbulent processes near the wall. The & —& model reflects the boundary layer effect worse, which limits
its applicability in problems with active heat transfer near the wall. The laminar-turbulent transition is most
clearly recorded when using the £k —® SST model, in the range of 3-3.5 m from the tube inlet, which is con-
firmed by changes in the Reynolds number, heat transfer coefficient and friction coefficient.

For all models, the expected decrease in overpressure along the tube is observed. However, the k—¢
model demonstrates higher pressure values, probably due to insufficient consideration of boundary effects.
Numerical values of heat flux through the tube wall appear to be higher for straight flow and heat transfer effi-
ciency (in terms of Nusselt number) at the tube outlet. The Prandtl number for oil is maximized in the & —®
SST model, which is due to the largest contribution of the viscosity of the medium near the tube wall. This em-
phasizes the advantage of this model in modelling heat transfer with strong temperature dependence of viscosity.

Taking into account more accurate description of transient modes, correspondence of numerical simula-
tion results to physical processes in the boundary layer and satisfactory representations of temperature and
hydrodynamic profiles, the £ —® SST turbulence model can be considered as the most acceptable in calcula-
tions of heat exchangers with smooth tube surface in HE. These studies also emphasize the importance of a
properly chosen mesh and the need to calibrate the models depending on specific heat transfer conditions or
other processes.
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A.C. Kyman6aeBa, H.)K. XKoitmi6exos, JI.E. Kypmanosa

TypOys1eHTTIK MoJebAePaiH KbLITY aJIMACTHIPFBILI ANNAPATTAPAbI
ecenrey/eri *KblIy TaAChIMAIAAFbIIITAPABIH TMIPOANHAMHKAJIBIK
JKOHE JKbLIYJIBIK NIapaMeTpJiepiHe dCepiH 3epTTey

Makanana k—@ SST, k—¢ xoHe transition SST TypOyJneHTTiNIrHIH JKapThUlall SMIUPUKAIBIK MOJCIbICPIH
naiiia’ana OTHIPbIN, TiKeleil arblHIap CXeMachl YIIIH «KYOBIPJarbl KYObIP» THIITI XKbLTYy aIMacCThIPFILITAFbI
(CKAA) cybIK (MyHaii) yaHe BICTBIK (CY) JKbUTY alIMacTBIPFBIII apachkiHia 00IaThIH KBUTY aIMacy mporlecTepi
3eprrenni. Tangay HOTHKeNEepi KOPCETKeHACH, TYTIKTIH AHaMETpi oTe a3 JKbULy aJMacTHIPFBILITEI €CeTey
Ke3iHJIe TYTIKTeT] IeKapaiblK KabaTThIH 9CepiH ecKepe OTHIPHII, kA—® SST TypOyIeHTTiLNIK MOJei KONaiist
6omael. By TypOYJEeHTTUTIK MOJEN JIAaMHHAPIIBI-TypOYJICHTTI aybICYIbl alKBIHBIPAK KOPCETEi, OJ OCHI
HpoLecTep/ie KY3ere achIpblIajibl, MYHJa MYHaW/IBIH TYTKBIPJIBIFBI TEMIIEpaTypara eTe Toyeimi. JKeuty
alMacy MpOLECTEPiH CaHABIK MOJENbICY XOHE eceNTey YIIH aKbIpibl ailbIPbIMABI MEH aKbIPibl KeleM
omicrepi tanmanasl. Ecenteyisep ANSYS Fluent Garmapnamanblk KeUIGHIH MaiijajgaHa OTBIPHIN, €CENTey
ruppoauHamukacsl (Computational Fluid Dynamics, CFD) kypannapsiHblH Herizinge xyprizinai. JKeury
AJIMACTBIPFBIIITAP/IBIH THAPOJANHAMUKACHIH CaHJIBIK MOJIEIbACY YIUiH JJAMUHAPIIbI — TypOYJICHTTI aybICy bl
skoHe MozenbIiH k—» SST Tenneyinepin eckeperin gamma-Retheta TypOyneHTTUIIK MoelTiMeH TYHBIKTaIFaH
Peiinonpac Ootibimia oprama Haswse-Ctoke Tennmeynepi (RANS, Reynolds-averaged Navier — Stokes)
KOJIIAHBUIAB.  ¥CHIHBUFAH TypOYyJIEeHTTUNK MOJeNi Heri3iHge TUAPOIUHAMHUKAIBIK JKOHE JKBUILY
nmapaMeTpiepiHiH Tapaiysl, coHnmai-ak JKAA TYTITiHIH Y3BIHIBIFEI OOWBIHINA MPOIECTIH YKCACTHIK
kputepuiinepi (Re, Pr, Nu) ansias!.

Kinm co30ep: xblity Gepy, CaHIBIK €CeNTeY, KbUTY aIMAaCTBIPFBILI, MyHail, THAPOJUHAMHKA, CaTKBIHAATKBIII
CYHBIKTAp, JKbUTYy arblHbI, JIAMUHAPJIBI-TYPOYJICHTTI aybICy, Y3UTICCI3MIK, XKBUTy aaMacy KapKbIHIBUIBIFBI,
TYTKBIPJIBIK

A.C. Kyman6aeBa, H.)K. [Ixkaitun6exos, JI.E. Kypmanosa

HccaenoBanue BIUUSIHUA MOJeJIell TYpOyJIeHTHOCTH
HA THAPOAMHAMHMYECKHE U TEIUIOBbIC MIapaMeTPhbl TEIJIOHOCUTeIel
B pacyeTax TemjJI000MEeHHBIX aNnapaToB

B crarbe mpoBeneHo UccienoBaHNE TEMIIO00OMEHHBIX MPOLECCOB, MPOUCXOIAIINX MEXIY XOJOAHBIM (He(Th)
1 TOpAYNM (BOJA) TETIOHOCUTENAMH B TeriooOMenHoM anmapate (TOA) tuna «tpy0a B TpyOe» A CXEMBI
HPSIMOTOK, C HCIIOJb30BaHHEM IONyIMIHUpHYeckux Mmoneneid TypOynentHoctH k—® SST, k—& u Transition
SST. AHanu3 Moy4eHHBIX Pe3yNbTaToB MOKa3all, YTo MPHU pacuyeTe TeII00OMEHHOTO anmnapara ¢ J0CTaTOYHO
MaJbIM JTHaMeTpoOM TPYOKH OoJiee NpeIoYTUTENBHON OKa3anach Moaens TypOyneHTHOcTH k—@ SST, m3-3a
ydeTa BIUSIHUS IOTPAaHUYHOTO CJIosl B TpyOKe. [laHHAs Mozenb TypOyJIeHTHOCTH OoJiee BBIPaKEHO BOCIPOU3-
BOAWT JIAMUHApHO-TYpOYJIEHTHBIH Iepexo]], KOTOPBII OCYIIECTBISIETCS B JAHHBIX INpoOLEeccax, INe BI3KOCTbH
He()TH CHIIBHO 3aBHCHT OT TeMIepaTypbl. JJJIsi YMCIEHHOTO MOJICIMPOBAHHS U pacyeTa TeII00OMEHHBIX TIpo-
LIecCOB OBbLIM BBIOPaHBI METO/IbI KOHEYHBIX PA3HOCTEH M KOHEYHBIX 00beMOB. PacueTsl MpOBOJMINCE HA OC-
HOBE CPEACTB BeUHCIUTENbHOI ruapoauHamMuku (Computational Fluid Dynamics, CFD), ¢ ucnonb3oBanuem
nporpaMMHoro kommekca Ansys Fluent. [l 4nuCI€HHOrO MOIENMPOBAHUS I'MAPOAUHAMUKH TEILIOHOCHUTE-
Jell MpUMEHSUTHCh ocpelHeHHble 1o PefiHonbiacy ypasHenus Hasee-Ctokca (RANS, Reynolds-averaged
Navier-Stokes), 3aMKHYTBIE TIPH ITOMOIIN MOJENHN TypOyleHTHocTH gamma-Retheta, yuursIBaromeil 1amu-
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HapHO-TYpOYJCHTHBIN niepexon U ypaBHeHus: k—® SST monenu. Ha ocHOBe mpemsioxkeHHO#N Mozenu TypOy-
JICHTHOCTH TIOJyYE€HBI pacIpe/ieieHus MHAPOANHAMHYIECKIX U TEIUIOBBIX MMApaMeTpOB, a TaKkKe KPUTEpPHUEeB
mono6us (Re, Pr, Nu) nmpornecca mo mmae Tpyoku TOA.

Kniouesvle cnosa: Temonepenaya, YUCICHHbBIA pacyueT, TEMJIO0OOMEHHUK, HEQTh, THAPOANHAMUKA, OXJIAXKIa-
FOIIKE JKUAKOCTH, TCIJIOBOM MOTOK, JTAMUHAPHO-TYPOYJICHTHBIN MEPEXo, MepeMekaeMOCTh, HHTEHCUBHOCTh
TerI000MeHa, BA3KOCTh
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On the Analytical Determination of the Seebeck Coefficient
Using the Fermi-Dirac Approximation

The Seebeck coefficient, or thermoelectric power, is a key physical parameter that quantifies the voltage gen-
erated in response to a temperature gradient across a material. Accurate evaluation of this coefficient is essen-
tial in order to optimize the performance of thermoelectric devices. This study proposes a theoretical ap-
proach to the analytical determination of the Seebeck coefficient in semiconductors, based on the Fermi—
Dirac statistical approximation. The model incorporates the temperature dependence of the Fermi level,
which introduces an intrinsic gradient along the thermoelectric structure under non-equilibrium thermal con-
ditions. This framework enables a more precise understanding of the interplay between the carrier distribu-
tion, energy levels, and temperature variation. The analytical expressions obtained here show good agreement
with the results of numerical methods, and offer significant advantages in terms of modeling and designing
high-performance thermoelectric materials. The proposed approach proves to be an efficient and insightful
tool for theoretical investigations and optimization studies in semiconductor thermoelectrics.

Keywords: Seebeck coefficient; thermoelectric power; semiconductor; Fermi—Dirac method
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Introduction

Thermoelectric effects, which are primarily quantified by the Seebeck coefficient, involve direct inter-
conversion between thermal and electrical energy in a material system. The Seebeck effect refers to a phe-
nomenon where a temperature gradient established along a thermoelectric material induces an electric poten-
tial difference, and vice versa, and this forms the foundational principle behind thermoelectric generators and
coolers [1-7]. The efficiency of these energy conversion processes is strongly governed by the magnitude
and behavior of the Seebeck coefficient indifferent materials and temperature regimes.

In semiconductors and complex materials, the Seebeck coefficient is particularly sensitive to micro-
scopic interactions involving charge carriers. These include carrier—carrier, carrier—phonon, and in the case
of magnetic semiconductors, carrier—localized magnetic moment interactions. Such interactions can signifi-
cantly alter the distribution function of carriers, leading to notable changes in the thermoelectric response.
For example, scattering mechanisms impose constraints on the final states that carriers can occupy, often re-
sulting in a reduction of the Seebeck coefficient due to the suppression of entropy transport per carrier [8, 9].

The Seebeck coefficient is not solely a material constant, and is closely associated with the carrier con-
centration, effective mass, and temperature, all of which affect the position and dynamics of the Fermi level.
In degenerate or heavily doped semiconductors in particular, where classical (Boltzmann) statistics become
insufficient, a quantum-statistical approach becomes necessary. The Fermi—Dirac distribution provides a
more accurate description of carrier occupancy in such systems, and is essential in order to capture realistic
transport behavior [10, 11]. The Gaussian density of states (DOS) approximation is also widely used to mod-
el disordered or amorphous semiconductors and organic materials, in which the electronic states are not
sharply defined due to substantial energetic disorder. Unlike crystalline semiconductors, which have well-
defined band structures derived from periodic Bloch states, disordered systems lack long-range structural order.
This absence of periodicity results in localized electronic states with broadened energy levels, due to variations
in the local environment such as structural distortions or fluctuations in molecular orientation [12—14].

In this study, we present an analytical approach for evaluating the Seebeck coefficient in semiconduct-
ing materials within the framework of a Gaussian DOS and the Fermi—Dirac statistical approximation. The
use of the Gaussian approximation for the DOS is physically justified in systems where energetic disorder
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dominates, such as amorphous and organic semiconductors. In these materials, the absence of long-range
order leads to a broadening of the electronic energy levels, which can be effectively modeled by a Gaussian
distribution. This approximation is commonly accepted for disordered systems, including amorphous silicon,
disordered metal oxides, and organic semiconductors, where localized states and site-to-site energy fluctua-
tions govern the charge transport [ 15—18]. To incorporate the temperature dependence of the chemical poten-
tial (Fermi level), we used a numerical method in Mathematica 10.0 that is valid across both non-degenerate
and degenerate regimes. This theoretical framework enables improved insight into the thermoelectric proper-
ties of materials without relying solely on numerical simulations. The analytical results obtained here
demonstrate the reliability and applicability of the proposed method for thermoelectric modeling.

Proposed Method and Formulae

An analytical formula was proposed in [19-23] for the calculation of the Seebeck coefficient, as pre-
sented below:

j ff(E T)(1- f(E,T)N(E)E , (1)

where o is the electrical conductivity, T is the scattering time, L* = 5(18)2 is the scattering distance (mean

free path), N(E) is the DOS, which can be represented by a Gaussian function, and f(£) is the Fermi—Dirac
distribution function. These quantities are defined as follows [20]:

N, A5

N(E 2
(B)= 7k @
and
SEY= . ®
l+e

where the energy Ej is defined as the center of the Gaussian distribution, Ny is the total concentration of en-
ergetic states, and 9 is the width of the distribution. Substituting Egs. (2) and (3) into Eq. (1) gives the fol-
lowing expression:

e’ N, ]" 1 1 I(E E“T
- - (E-E,))e’ dE 4)
2 / E-E, E- E b
oTkT 27t8’°°1+e i l+e

where o is the conductivity of the material. Eq. (4) can be expressed in the following form:

e’ N,
S=- Y \/7 O(k,0,T,E, . E,), (&)
where
" 1 | 1{5—150]2
O(k,8.T,E,,By) = [ ———| 1-—— |(E—E)e v dE (6)
Tlte KT l+e ¥

Due to the complexity of Eq. (6), the derivation of a closed-form analytical expression is highly chal-
lenging; it is therefore expressed as a sum of simpler integrals, in the following form:

Q(kaSaT:Efan):L(k96aT>E )+M(k d T, f ))—R(k,S,T,Ef,EO)—K(k,S,T,Ef,EO), (7)
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As an be seen from Eq. (5), the determination of the Seebeck coefficient depends on the accurate evalu-
ation of Eqs. (8)—(11). To derive ananalytical expression from Eqgs. (8)—(11), the binomial expansion theorem
and the exponential series expansion are employed, as follows [24, 25]:

: =§(ﬂy’lf—; (12)

i=0

K(k,8,T,E, ,E,)= j (11)

and

]lvim ZN,O(il)m £, (n)x""y" for nonintegernandx > y
(xty) =" (13)
D @& £, (n)x""y" for integer n

where f, (n) are binomial coefficients defined by:

1

Sulm)=—TT74 (1=1). (14)

By substituting Egs. (12) and (13) into Egs. (8)—(10), a general analytical expression for

L(k,5,T, f,E),M(k,S,T,E ,E,) and R(k,9,T, f,E)canbederivedasfollows:
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( 7Eo) Nlrlo;ﬂ( )Xp( KT 25 [fzzsz 5 kT (16)
Ei E; 1 E
R(k,8,T,E,,E))=1 DExp| ——L-—2 S| E,,—,=2 17
( ) lme( ) p[ prabys [f%z SzJ a7
Y (E-E,)E"
H,(k,T,E,)= J.—E/_Ef_a’E (18)
O l4e ¥
—p(b+pq) (b+2pg)”
T(p.q.b)= | g —e * r(b+2pq)Ere| P32 (19)
a7 2Jq
q q
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2 '24q

where the parameters Nand N’ are the upper limits of the summations. The quantities I'(x) and
Erfc(x) are defined as follows:

I'(x)= Tt""e”dt , (21)

Erfe(x) = %Te dr. (22)

Note that the functions K(k,8,7,E,,E,) and H, (k,T,E,) are computed using numerical integration
techniques.
Numerical Results and Discussion

As can be seen from the preceding equations, accurate determination of the Seebeck coefficient S re-
quires evaluation of the integral given in Eq. (5). However, due to the mathematical complexity introduced
by the Gaussian distribution and Fermi—Dirac statistics, obtaining a general closed-form analytical solution
for the integral in Eq. (5) remains a significant challenge. In the present study, Eq. (5) was evaluated both
analytically, using the derived expression in Eq. (7), and numerically, using the Mathematica 10.0 software
package. A numerical integration technique was employed to compute the Seebeck coefficient accurately
over a wide temperature range. Figure shows a graph of the Seebeck coefficient as a function of temperature.
The results obtained from both the analytical formula in Eq. (5) and the numerical calculations are shown on
the graph, which clearly illustrates the temperature-dependent behavior of the Seebeck coefficient; there is-
consistency between the two methods, thus validating the reliability of the proposed approach. In Figure, the
black dashed curve represents the numerically calculated Seebeck coefficient, whereas the red solid curve
depicts the values derived analytically using Eq. (5), and it can be seen that there is good agreement between

them. The calculations were performed based on the parameters in Eq. (6) with values of
2

e=1.602x10"°C, I ~0.864x 10" =, 1 ~107" 5 [24], 6 ~10° Qma N, =107 m>[15]. As shown in
S

Figure, the desired level of precision was achieved when the series was truncated at values for the upper limit
of N=N'=30.

Table presents the partial sums corresponding to progressively increasing upper summation limits N in
Eq. (8). Higher accuracy can be readily achieved by increasing the upper-term limits in the series expansions
of Egs. (10)—(12). The dependence of the Seebeck coefficient on temperature, which arises from the thermal
broadening of the Fermi—Dirac distribution and the temperature-dependent behavior of the density of states,
was systematically analyzed. The results of the numerical simulations show good agreement with the analyt-
ical expression given in Eq. (5), thus validating the accuracy of the proposed approach. These results not on-
ly validate the applicability of the numerical method but also demonstrate that the proposed approach cap-
tures the essential physics governing thermoelectric transport. It also provides a practical framework for fur-
ther theoretical studies or the experimental design of semiconductor-based thermoelectric devices.

80 BecTHuk KaparaHouHckoro yHuBepcuTeTa



On the Analytical Determination of the Seebeck Coefficient ...

Conclusion

In this study, a novel analytical expression for the Seebeck coefficient was derived using the binomial
expansion theorem and the exponential series expansion. As can be seen from Figure and Table, the general
analytical expressions for the Seebeck functions obtained through the applied method exhibit strong con-
sistency with the theoretical framework of the proposed approach. This agreement confirms the validity and
accuracy of the analytical methodology used to derive the Seebeck coefficients.
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Figure. Variation in the S Seebeck coefficient with respect to 7 temperature
(where £, =25 eV, E;=32¢€V, k= 8.617x107° eV-K ™, §=12¢eV)

Table

Convergence of the derived expression for Q(k, 6, T, Ef, Eo) as a function of summation limits NV = N’
(for E, =8.2 eV, E, =4.63¢V, k=8.617x10" eV-K™, 6=1.5¢V)

N Eq. (5)

10 —0.000100960026019
20 —0.000101693247456
30 —0.0001018524517281
40 —0.0001019115964974
50 —0.0001019398713466
60 —0.0001019554937334
70 —0.0001019565058798
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Anam Akkymn

®epMmu-/lUpak KYbIKTAYbIH NAHIATAHBIIT
3ee0ex K03 PUIUEHTIH AHAJTNTHKAJIBIK AHBIKTAYbI

3ecOek k0 HULMEHTI HeMece TEPMOAJIEKTPIIIK KyaT — OyJ1 MaTepHall OOHbIHIIA TeMIepaTypa rpajiueHTiHe
JKayan peTiHze maiina OonaThlH KepHEYIi CaHABIK TYPHAE aHBIKTAMTBIH HEri3ri (pHU3MKaIbIK mapamerp. byn
KOO(GGUIMEHTTI o7 aHBIKTay TEPMOAJIEKTPIIK KYPBUIFBUIAPABIH OHIMIUIIIH OHTAHIaHABIPY YIIIH KaXKeT.
3eprreyne mamamen ®epmu-/{upak omiciHe HerizaenreH KapThulail eTkisrimTepaeri 3eb6ex ko3 GHUIHeHTIH
AQHAINTHKAIBIK aHBIKTAyFa TEOPHSUIBIK TociIgl ycbiHanel. Monens PepMmu aeHrediHiH Temmeparypara
TOYENAUIIriH ecKepesi, Oyl Teme-TeHMIKCI3 JKbUTy JKarAaibIHIa TepPMOUIEKTPIIK KYpPBUIBIM OOMBIMEH iIIki
IPaJMeHTTIH Maiga OoyslHa oKeneai. byl Mozens TachIManAayIIbIHBIH Tapalybl, SHEPTUs JeHrelnepi MeH
TeMIIepaTypaHblH 63repyi apachlHAAFbl ©3apa OalIaHBICTHI JJMIPeK TYCIHyre MYMKIHIIK Oepeni. AJbIHFaH
AQHATIMTUKAIIBIK OPHEKTEP CAHBIK JiCTEPiH HOTMKEIEPIMEH JKaKChl COMKeC Kelnell )KOHEe OHIMIUTIITT JKOFaphl
TEPMODJIEKTPIIIK MaTepHalgapAbl MOJAENBACYMEH XobOanayna apTHIKIIBUIBIKTap Oepeni. ¥ CHIHBUIFAH TOCLI
JKAPTBUIAH OTKI3TIII TEPMOAIEKTPHKA CaJlaChIHIAFBl TEOPUSUIBIK 3epPTTEyJiep MEH OHTAMIaHABIPYABIH THIMII
’KSHE aKMapaTTHIK KYpaJIbl.

Kinm ce30ep: 3eebex koddHUIMEHTI, TEPMOIIIEKTPIIK KyaT, *KapThutaid oTkisrinr, ®epmu-/Iupak Tocini
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Anam Akky1l

006 anaauTHYecKOM onpeneneHun ko3ppunuenrta 3eedexa
¢ HCNoJb30BaHueM npudankenus Pepmu—/Aupaka

Koadpdurment 3eebexa WM TEPMOUISKTPOABIDKYIIAS CHIIA, SBISIETCS BaXKHBIM (PU3MYECKUM MapameTpoM,
KOTOPBIA KOJMYECTBEHHO ONKCHIBACT HANPSDKEHHE, BO3HHUKAIONIEEe B OTBET HAa TEMIEPATYPHBIN IPalUeHT B
Marepuane. TouHoe ompeneneHHe 3Toro kod(¢unueHTa HEOOXOANMO AT ONTHUMU3AIUH XapaKTEePHUCTHK
TEPMORJIEKTPUUECKUX yCTPOICTB. B HacTosIMIIEM HCCIeJOBaHNH NPEUIaraeTcst TCOPETHIECKHi MOIX0 ] K aHa-
JUTHYECKOMY OIpesieNieHuIo ko3 punuenTa 3eebeka B IOMYNPOBOJHAKAX Ha OCHOBE MPUOIIKEHHOTO METO-
na depmu—/lupaka. Mozaenp yuuThIBaeT TEMIEpPaTypHYIO 3aBUCHUMOCTh YpOBHS (DepMmu, 4TO NPHUBOAUT K
BO3HMKHOBEHUIO BHYTPEHHETO I'PaJIMCHTa BIOJb TEPMOIIEKTPUUECKON CTPYKTYpbl B HEPAaBHOBECHBIX TEILIO-
BBIX YCJIOBHAX. DTa MOJENb M03BOJISAET 0O TOYHO NMOHSATh B3aUMOCBSA3b MEX/Y paclpeleleHHeM HOCHTe-
JIel, SHepreTU4eCKUMH YPOBHAMHU U TeMIIEpPaTYypHbIMU M3MeHeHUsAMU. IlosyuyeHHble aHaIUTHYECKUE BbIpa-
KEHUS XOPOLIO COIJIAacyIOTCA C Pe3yJsibTaTaMM YHUCICHHBIX METOAOB U IPEIOCTAaBIAIOT 3HAYUTENbHBIC Ipe-
HMYIIECTBA IIPH MOJCIHPOBAHIN W NMPOSKTHPOBAHUH BBHICOKO3()()EKTUBHEIX TEPMOIICKTPUIESCKUX MaTepHa-
noB. [IpemnoxkeHHsI noaxox sABIseTcs dPPEeKTHBHBIM U MHPOPMATHBHBIM MHCTPYMEHTOM JUIS TEOpETHIe-
CKHX HCCIEIOBAHUH M ONTUMH3AINH B 00JIACTH TEPMOAJIEKTPUKH HOITYTIPOBOIHUKOB.

Knioueswvie crosa: xordpunuenta 3eedexa, TepMOIIESKTPOABIKYIIAS CHJIA, OIYIIPOBOAHUK, MeTon Depmu—
Jupaka
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Investigation of the Influence of Technological Regimes of Thermocyclic
Electrolyte-Plasma Treatment On The Structural-Phase State
and Tribocorrosion Properties of 12Kh1MF Steel

This paper presents the results of a detailed study on the influence of thermocyclic electrolyte-plasma treat-
ment on the structural-phase state, microhardness, and tribocorrosion properties of heat-resistant steel
12Kh1MF. The treatment was carried out using a 10 % Na2CO3 aqueous solution and a voltage of 300/150 V.
It resulted in the formation of a zonal microstructure with a martensitic surface layer up to 600 pum thick. The
structure was divided into zones: hardened, thermal influence, and base material. Microhardness increased by
1.5 times due to martensitic transformation. X-ray analysis confirmed the formation of o'Fe and Fe;C phases.
Tribological tests showed a 10 % reduction in the friction coefficient and a 1.5-2-fold increase in wear re-
sistance. Corrosion tests in a salt fog chamber revealed enhanced protective properties, with mass loss re-
duced and corrosion resistance improved by 10-30 %, depending on the treatment mode. Based on a compre-
hensive analysis, the most effective thermocyclic treatment mode was identified, ensuring an optimal balance
of mechanical strength and corrosion resistance. The findings highlight the high potential of thermocyclic
electrolyte-plasma treatment as a promising method for enhancing the surface properties of steel components
operating in aggressive environments.

Keywords: electrolytic-plasma treatment, heat-resistant structural steel, thermocyclic electrolytic-plasma
treatment, microhardness, low-alloy steel, microstructure, surface strengthening, corrosion testing
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Introduction

Structural steels are materials widely used in power engineering and other industries. They have a num-
ber of characteristics that make them suitable for use in high temperature and pressure environments. In
thermal power plants, they are used to manufacture steam pipes, turbines and other types of parts. However,
with prolonged service life, degradation of the structure occurs, which leads to unstrengthening of the
steel [1]. In such cases for steel hardening the traditional heat treatment is carried out, which is carried out
with volumetric treatment of the entire working surface of the part, but as it is known in working mecha-
nisms the core of the part must remain plastic for proper operation of the entire unit [2]. Therefore, scientists
and engineers develop various methods of hardening, including not only classical heat treatment, but also
additional methods that can modify only the near-surface area of parts without changing its plastic character-
istics. Technologies based on electro-discharge machining processes, such as electrolyte-plasma technologies
for material modification, can be considered as an example of such machining methods [3]. Combining these
methods can increase the strength, wear resistance and heat resistance of structural steels, providing longer
service life in extreme conditions.

Modern research in the field of electrolyte-plasma processing is actively developing, covering both the-
oretical and practical aspects of electrodischarge phenomena, contributing to the creation of highly efficient
and cost-effective methods of materials processing such as electrical discharge machining (EDM) [4, 5],
electrospark machining (ESM) [6], electrolyte-plasma hardening (EPH) [7], and electrolyte-plasma anodic
treatment (EPAT) [7, 5], electrospark machining (ESM) [6], electrolyte-plasma hardening (EPH) [7], electro-
lyte-plasma anodic treatment (EPAO) [8], electrolyte-plasma chemical heat treatment (EPChT) [9] expand-
ing their application in various industrial sectors, including power and mining engineering.
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The study by Garba E., Abdul-Rani A.M., Yunus N.A. [10] and co-authors demonstrates the wide pos-
sibilities of electrical discharge machining (EDM), which is used in such industries as mold and die manu-
facturing, as well as in mechanical engineering, nuclear, aerospace and biomedical industries. According to
the authors’ conclusions, the main advantage of this technology is the high accuracy of manufacturing com-
plex parts. However, EDM has a number of significant disadvantages, including low material removal rate,
poor surface quality, long processing time, high cost, as well as being limited to processing only electrically
conductive materials. These factors limit its application in production.

In the monograph by Korzhyk V., Tyurin Yu. and Kolisnichenko O. [11] the results of theoretical and
experimental studies of dynamic processes of modification of metal surfaces by means of electric current
regulated by means of an electrode with liquid electrolyte were presented. Based on the conducted studies,
integrated hardening technologies were developed and specialized equipment was created, allowing for oxi-
dation, alloying and structural transformation of the surface without affecting the entire volume of the prod-
uct. The use of these technologies significantly improves the physical and mechanical characteristics of ma-
terials, increasing their strength, wear resistance and resistance to fatigue loads under friction and wear con-
ditions.

The studies by Berladir K. and her co-authors consider the process of nitrocarburizing with cyclic heat-
ing in comparison with isothermal nitrocarburizing [12]. The authors found that the use of thermocyclic ni-
trocarburizing in comparison with isothermal nitrocarburizing allows for an increase in resistance to cavita-
tion destruction by 0.6—1.5 times. In addition, the use of chemical-thermocyclic treatment helps to reduce
processing time, reveal the grain structure and improve the mechanical properties of structural steel.

One of the promising technologies in this area is thermocycling electrolytic-plasma treatment (TEPT).
This method combines thermal, electrical and plasma effects on the material in an electrolytic environment,
where active elements contribute to its modification due to the flow of electric current through the environ-
ment to the surface of the material. This approach allows to significantly increase the hardness of the surface
layers. The TEPT process includes cyclic alternation of heating and cooling, which causes significant struc-
tural changes in the material and improves its mechanical properties, facilitating wide application in produc-
tion. Thus, according to the analysis, it was established that technologies based on the processes of electric
discharge phenomena are applicable as an alternative to traditional heat treatment in order to improve the
performance characteristics of a wide class of steels, however, the definition of technological regimes of ca-
thodic electrolytic-plasma treatment with thermocycling has not been studied in detail. Therefore, the aim of
this work is to study the influence of technological regimes of thermocyclic electrolytic-plasma treatment on
the structural-phase state and tribocorrosion properties of 12Kh1MF structural steel.

Materials and methods of research

In this work, 12Kh1MF steel was used as the material for TEPT. This steel is widely used in the power
industry, in particular, it is used to manufacture pipelines, boilers and other elements operating in aggressive
environments. The chemical composition of 12Kh1MF steel according to GOST 20072-74 is given in Table.

Table
Chemical composition of steel grade 12Kh1MF, %
C Si Mn Cr Mo v P S
0.1-0.15 0.17-0.37 0.4-0.7 0.9-1.2 0.25-0.35 0.15-0.03 >0.035 >0.03

Thermocyclic hardening of 12Kh1MF steel samples was performed using an electrolytic plasma treat-
ment unit at the Surface Engineering and Tribology Research Center of the Sarsen Amanzholov East Ka-
zakhstan University. The EPO unit schematically consists of an electrolytic cell and a power source (Figure 1
a, b).
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a — power source; b — electrolytic cell
Figure 1. Schematic representation of the unit for thermocycling electrolytic-plasma treatment

The essence of the process of thermocycling hardening by the method of electrolytic-plasma treatment
is as follows. At low voltage (about 150 V) in the electrolytic cell with an aqueous solution of electrolyte, a
standard electrochemical process occurs. With an increase in voltage to 300 V, intensive gas evolution be-
gins on the electrodes, which leads to the formation of a vapor-gas shell (VGS) near the electrode surface.

The electric field strength in the VGS reaches 10*-10° V/cm. At a temperature of about 100 °C, such a
field initiates the ionization of vapors, as well as the emission of ions and electrons necessary to maintain a
stable electric discharge. As a result, electrolyte plasma is formed. In this process, an aqueous solution of
sodium carbonate (Na,COs3) acts as a medium for heating and cooling.

For thermocyclic electrolytic-plasma heating of 12Kh1MF steel, an aqueous solution of sodium car-
bonate (Na,CO3) with a concentration of 10 % and 15 % (wt. %) was used. Our previous studies have estab-
lished [13, 14] that at higher concentrations of Na,CO3, the electrical conductivity of the electrolyte increas-
es, which leads to intense heating and high current density. A 10 % aqueous solution of Na;COj3 has a low
current density compared to 15 % Na,COs, which ensures smoother heating without the risk of melting the
steel surface, and also ensures effective control of the heating process for various technological tasks. There-
fore, in further experiments, we will use an electrolyte composition with 10 % sodium carbonate and 90 %
distilled water.

During thermocycling (Table 2), when an electric potential of 300 V is applied, the sample surface rap-
idly heats up. When periodically switching between high electric potential (300 V) and low (150 V), a cyclic
change in the heating rate is observed. This regime allows controlling the intensity of the thermal effect,
which helps to increase the duration of heating and form a thick heated layer on the surface of the material.
By alternating supply at a voltage of 300 V and a current of 30 A for 5 seconds, with a decrease to 150 V and
a current of 8 A for 5 seconds, the electrolyte temperature increases to 37 °C. This allows controlling the
heating process, providing different temperature profiles and intensity of thermal effect on the samples.

Table 2
Results of corrosion tests of samples before and after TEPT
Sample Mass beforetesting, g | Mass aftertesting, g | Loss of mass, g | Loss of mass per unit area Am, kg/m?
Initial 9.5391 9.5299 0.0092 0.0191
Cycle No.1 11.2293 11.2198 0.0095 0.0129
Cycle No.2 8.4946 8.4883 0.0063 0.0109
Cycle No.3 7.0022 6.9941 0.0081 0.0152
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Figure 2. Parameters of the thermocycling electrolytic plasma treatment regime

The maximum steel surface temperature reaches 900 °C in the third cycle, with an increase in the elec-
trolyte temperature to 39 °C. In cycles No 1 and Ne 3, the steel surface temperature reaches 800 °C and
850 °C, respectively, with the electrolyte temperature increasing to 36 °C and 37 °C, respectively.

The samples for processing were ground and polished on the Metapol-2000P unit. The microstructure
of the samples was revealed by chemical etching using a 4 % solution of nitric acid (HNO3) in ethyl alcohol.
The microstructure of the original and processed steels was studied on a TESCAN MIRA scanning electron
microscope with a magnification of x60 and %1000.

X-ray phase analysis of the samples to determine the phase composition before and after TEPT was car-
ried out on an Expert Pro unit. Surface analysis was carried out from 10° to 90° with a delay of 0.02 s, in 20
mode.

To determine the hardness of the cross-section of the samples, a METOLAB 502 microhardness tester
was used, equipped with a tetrahedral Vickers diamond pyramid with a square base and an angle of o = 136°
between the opposite faces at the apex in strict compliance with the requirements of GOST 9450-76, im-
posed on the Vickers method. The diamond indenter under a load of /=1 N was pressed perpendicularly
and maintained under load for 10 s.

Tribological tests were carried out on a TRB3 tribometer. At a load of 6 N over a distance of 60 m us-
ing the ball-on-disk method and a speed of 2 cm/s. The radius of the trace was 3 mm (D = 6 mm). A ball
with a diameter of 6 mm made of 100Cr6 (analogous to ShKh15) was used as a counterbody.

Corrosion resistance tests were carried out in a HUD-E808 salt fog chamber according to GOST 34388-
2023. The neutral salt medium was 5 % sodium chloride (NaCl). The study was conducted at a temperature
of 35 °C for 8 hours. Although the actual working conditions of 12Kh1MF steel in steam pipelines typically
involve temperatures of 400-550 °C in a water vapor medium, such laboratory conditions are commonly
used for accelerated corrosion testing. These parameters allow the simulation of long-term surface degrada-
tion processes under controlled and reproducible conditions, providing a comparative evaluation of corrosion
resistance before and after surface treatment.

Quantitative assessment of corrosion was carried out according to GOST 9.908-85. The mass loss per
unit surface area Am, g/m? was calculated using formula (1):

my —m,
Am 5 (1)
where my is the mass of the sample before testing, g; m; is the mass of the sample after testing and removal
of corrosion products, g; S is the surface area of the sample, m?.
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Results and discussion

Figure 3 shows the SEM results of the microstructure of the cross section of 12Kh1MF steel after
treatment in an electrolyte containing an aqueous solution of 10 % Na,COs in three different cycles (No. 1,
No. 2, No. 3), which allows us to draw conclusions about the influence of thermal conditions on the for-
mation of the structure and tribomechanical properties of materials. In the initial state, 12Kh1MF steel has a
ferrite-pearlite structure. After TEPT in different cycles, the structure of 12Kh1MF steel mainly consists of
the martensite phase, which is associated with rapid cooling, which leads to an increase in microhardness and
an improvement in tribocorrosion properties (Table 2, 3).

After TEPT under different conditions, zonal structures are formed in 12Kh1MF steel, which differ in
microstructure and hardness, and are distinguished as the zone of thermocycling quenching, the heat-affected

zone and the original material (Fig. 3).
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Figure 3. SEM image of the cross-section of 12Kh1MF steel after TEPT in cycles No. 1 (a), No. 2 (b) and No. 3 (¢):
1) thermocyclic hardening zone; 2) heat-affected zone; 3) original material

As shown in Figure 3a, the microstructure of 12Kh1MF steel obtained after TEPT in cycle No. 1 is ob-
vious that the zone of thermocycling quenching is characterized by the presence of a martensite microstruc-
ture with a thickness of ~400 um (Fig. 3, a, 1), while the heat-affected zone demonstrates the transition from
martensite to the original state (ferrite-pearlite) (Fig. 3, a, 2, 3). In cycle No. 2, a zone with a thickness of
~500 pm is also visible (Fig. 3, b, 1). The formation of martensite is a consequence of rapid cooling. In the
zone of thermocycling quenching, the martensite structure predominates, and in the heat-affected zone, bain-
ite and ferrite (Fig. 3, b, 2, 3). In cycle No. 3, the martensite microstructure with a thickness of ~600 um in
the zone of thermocycling quenching transforms into bainite, thereby entering the heat-affected zone with a
thickness of ~600 um (Fig. 3, ¢, 1, 2, 3). Thus, the zone of thermocycling quenching under different cyclic
conditions has a thickness of up to 600 pum with a martensitic structure that contributes to the improvement
of the surface microhardness of the material.

Table 3 shows the results of measuring the surface microhardness of steel samples before and after
TEPT. According to the results, it was found that after TEPT, the microhardness increased by ~1.5 times,
which is associated with the formation of a martensitic structure.

Table 3
Results of corrosion tests of samples before and after TEPT
TRB? .
Sample Phasecomposition | Microhardness, HVo. Wear intensity, Corrosionrate,
U 5 mm/year
mm?*N X m

Initial aFe 205430 0.627 0.0004706 0.0024
Cycle No.1 a'Fe, FesC 345+30 0.617 0.0004391 0.0016
Cycle No.2 a'Fe, FesC 365+34 0.596 0.0003047 0.0013
Cycle No.3 o 'Fe, FesC 373+31 0.613 0.0002672 0.0019

In order to identify changes in the structural and phase state, X-ray phase analysis of the surface of
12Kh1MF steel samples was carried out before and after TEPT under different conditions (Fig. 4). Accord-
ing to the presented results of X-ray phase analysis, it was found that in the initial state, the steel has a fer-
rite-pearlite structure (aFe phase) (Fig. 4), and after TEPT, the formation of a martensite phase (o' Fe) with a
strengthening cementite phase (Fes;C) is observed in all samples, which is consistent with the results of SEM
analysis.
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Figure 4. Results of X-ray phase analysis of steel before and after TEPT in different cycles

Figure 5 shows the results of tribological tests of steel samples before and after TEPT, according to
which it was revealed that, compared to the initial state with a value of 0.627, the friction coefficient de-
creased by an average of 10 %, and the wear resistance of 12Kh1MF steels increased by ~1.5-2 times (Ta-
ble 3).
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Figure 5. Tribology results before and after TEPT

The results of corrosion tests of steel before and after treatment are presented in Table 2. According to
the analysis of the mass loss of samples using formula (1), it was found that after testing, the corrosion re-
sistance improved by 10-30 % compared to the original sample. A reduction in mass loss is observed in cy-
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cle Ne 2 when compared to cycles Ne 1 and Ne 3. It is evident that the more moderate regime of cycle Ne 2, in
comparison to cycle Ne 3, serves to reduce the likelihood of residual stresses that have the potential to accel-
erate localised corrosion.

Thus, the results of the studies show that the concentration of the electrolyte and the selected heating
cycles have a significant effect on the properties and structure of steels. The results of the studies and their
analysis are correlated in Table 3.

It has been established that the electrolyte concentration (10 % Na>CO3) in combination with optimal
heating cycles (e.g. No. 2 and No. 3) contributes to an increase in microhardness and improvement of tri-
bocorrosion properties due to stable energy density and controlled heating during TEPT.

Conclusion

On the basis of the obtained results the following deductions and conclusions were made:

— the microstructure of the cross section of steel 12Kh1MF after TEPT has a zonal structure, it was
found that in the electrolyte containing 10 % Na>CO; + 90 % distilled water, is formed thermocyclic hard-
ened layer with a thickness of up to 600 microns, which varies depending on the cycle, structurally consist-
ing of the main phases of martensite (a'Fe) and cementite (FesC), the formation of which contributes to an
increase in microhardness in ~1.5 times.

— According to the results of tribo-corrosion tests of samples before and after TEPT it was revealed that
wear resistance of the samples was increased by ~10 % on average, and corrosion resistance improved by
10— 30 % compared to the original sample.

On the basis of the obtained results the optimal technological regime of thermocyclic electrolyte-plasma
treatment of steel 12Kh1MF was established: electrolyte composition aqueous solution of 10 % sodium car-
bonate at a temperature of 900 °C, 2-3 cycles of treatment at a voltage of 300 V — 150 V and a current of 30
A — 8 A for 5-60 seconds.
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TepMOIUKJ/AIK 3JTeKTPOJUTTI-IIA3MAJIBIK OHAEY TEXHOJIOTHSJIBIK Pe:KUM/IePiHiH
12X1M®@ 6o0J1aTBIHBIH KYPBLIBIMABIK-(a3aJibIK KYiiHe kdHe TPHOOKOPPO3HSJIBIK

KacueTTepiHe dCepiH 3epTTey

XKymsicra 12X1IM® mapkaibl BICTBIKKA TO3IMIi OOJNATTBIH KYPbUIBIMIBIK-(a3aiblK KyHiHe, MHKPOKATTHI-
JIBIFBIHA KOHE TPUOOKOPPO3HSIBIK KACHETTEpiHEe TEPMOLUKIIIK 3IEKTPOIUTTIK-IUIa3MaJIbIK OHICY IiH ocepi
KaH-KakTbl 3eprrenui. Oxuney 300/150 B kepueyne Harpuii kapOoHatbiHbIH (NapCOsz) 10 % cyusl
epitinaiciaae xyprizingi. Hotmkeciane KanbHIBFE 600 MKM-Te JICiiH >KEeTeTiH MapTCHCUTTIK KYPBUIBIMIBI
30HAJIBIK MHUKPOKYPBUIBIM KaJIBINTACTEI. MHKPOKYPBUIBIM YIIBI MbIHA/Iail aiiMakrapra GeNiHIi: TEPMHUSIBIK
LUK KaTalWTy, KbULy ocCep CTeTiH aiMak jkoHe Oacramkpl Marepual. MapTEeHCHTTIK KYpPBUIBIMHBIH
Ty3uIyiHe OailaHBICTHI OOJIATTHIH MUKPOKATTBUIBIK KaOlIeTi 6acTamnkel MaTepHaIMeH calbICThIprania 1,5 ece
ocTi. Penrrennik ¢azansik tannay o'Fe xone FesC dasanapeinblH Ty3UIlyiH aHBIKTaabl. TpHOOIOTHSAIBIK
cbIHaKTap Yiikenic koaddunuentiniy 10% TeMeHIereHiH xoHe To3yfa Te3iMAulriHig 1,5-2 ece apTKaHbIH
kepcerTi. Ty3/bl TYMaH KaMepachIHAAFbl KOPPO3HSUIBIK CHIHAKTAp MaTepPHANIbIH KOPFaHBIC KACHETTEPiHIiH
JKaKcapraHBbIH KOPCETTi: Macca )KOFaNITy a3aiibl XOHE OHJIeY PeXKUMiHE OalIaHbICTBl KOPPO3MAFa TO3IMIUTIK
10-30 %-ra aprrel. XKyprizinren Tammgay HoTibkeciHme omicTiH 12X1M® KOHCTPYKIHMSIIBIK OOJATHIHBIH
OCpIKTIK TIEH KOPPO3MsiFa TOIIMALTIKTIH OHTAMIBI TEHIepiMiH KaMTaMachl3 €TETIH €H THIMII TePMOLUKIIIK
OHJICY PEXKUMI aHBIKTAIB. AJBIHFAH HOTIKENIED TEPMOLMKIAIK 3JIEKTPOIMTTIK-IUIA3MaNbIK OHACYAIH
arpeccuBTi OPTaJia XKYMBIC icTeHTiH Oonat GenmrekTepiHiH OeTKi KacHeTTepiH XKaKcapTy1a THIMAL 9JIiC eKeHIH
JonenieH .

Kinm ce30ep: >IeKTpONMTTI-IUIA3MalbIK ©OHJEY, BICTBIKKA Te3IMJi KYPBUIBIMIBIK 00JaT, TePMOLMKIIIK
9JIEKTPOJHUTTI-IUIa3MalIbIK  OHACY, MHKPOKATTBUIBIK, TOMEH KOCHAlaHFaH 0oyaT, MHKPOKYPBUIbIM, GeTTi
OepikTeHIipY, KOPPO3UsFa ChIHAY

JLT. Cymobaesa, /I.P. baiixan, C./l. bonatos, H.E. bepaimypatos, H.E. bazapos

HccnenoBanue BIANSIHUS TEXHOJOTHYECKHX PeKMMOB TEPMOLIMKJINYECKOM
3JIEKTPOJIMTHO-IIa3MEHHOH 00padOoTKHM HA CTPYKTYPHO-(a30Boe COCTOSIHNE

U TPUOOKOPPO3UOHHBIE cBOMcTBa cTaan 12X1M®D

B nanHOl paboTe BCECTOPOHHE MCCIEIOBAHO BIHMSHUE TEPMOLMKIMYECKOHN 3JIEKTPOJUTHO-TIIIA3MEHHOM 00-
pabOTKH Ha CTPYKTYPHO-(a30BOE COCTOSIHUE, MHKPOTBEPJOCTh U TPHOOKOPPO3HOHHBIE CBOMCTBA JKapOMpPO-
Ho# cranmu Mapku 12X1M®. O6paboTky nposoaumu B 10 % BogHOM pacTBope kapOonara Hatpus (Na,CO3)
npu Hanpsokeruu 300/150 B. B pesynbprate 00pasoBayiack 30HaNbHAS MapTEHCUTHAsE MUKPOCTPYKTYpa TOJ-
muHO# 1o 600 MKkM. MUKpOCTpyKTypa OblIa pa3ieneHa Ha 30HbI HAKOHEUHHKA: pa3jelieHa Ha 30HYy TepMo-
[UKJIMIECKOTO YIPOYHEHNs, 30Hy TEPMHIECKOTO BO3ACHCTBHS U HCXOHBIN MaTepHall. 3a c4eT 00pa3oBaHHs
MapTEHCUTHOU CTPYKTYpBl MHUKPOTBEPJOCTh CTaNM YBEIUUIIACh B 1,5 pa3a 1o cpaBHEHHIO C UCXOAHBIM Ma-
TepuaioM. PeHtrenogasnelii anann3 BeusiBII oOpazoBanue Ga3 o'Fe n FesC. Tpubonorunyeckue uCHbITaHUS
MOKa3aay CHWKeHne koddduimenta Tpenus Ha 10 % u yBenuueHne usHococToiikoctd B 1,5-2 paza. Koppo-
3MOHHBIE HCIIBITAHHSA B KaMepe COJEBOr0 TyMaHa IOKa3allk YJydIIeHHe 3allUTHBIX CBOICTB MaTepuaia:
yYMEHBIIIEHHEe OTEPH MAcChl M MOBBIIIEHNE KOPPO3HOHHOHU cToiKocTH Ha 10-30 % B 3aBUCHMOCTH OT PEXH-
Ma 00paboTku. B pe3ynprare mpoBeeHHOTO aHaiIM3a ObUT ompenesieH Hanbonee 3G (GEKTUBHBINA PEKUM Tep-
MOIMKINYIECKOH 00paboTKH KOHCTPYKIMOHHOHM cTamy 12X1M®, obecrieunBaromyii onTHMaIbHEIA OanaHc
MPOYHOCTH U KOPPO3MOHHOI cTolKocTH. IloiydeHHBIE pe3ysbTaThl JOKa3bIBAIOT, YTO TEPMOIMKIMYECKas
JJIEKTPOJIUTHO-TUIA3MEHHast 00paboTka sBiseTcss 3(P(EKTHBHBIM METOIOM YIIyYIICHUsS ITOBEPXHOCTHBIX
CBOMCTB CTJBHBIX JIeTaJIeH, pabOTAIOMNX B arPECCUBHBIX CpeJiax.
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Kniouesvie cnoga: >MeKTpONUTHO-IIIa3MEHHas 00pabOTKa, KapompodHas KOHCTPYKIHOHHAS CTalb, TEPMO-
IUKIIAIECKas 3JIEKTPOINTHO-IIa3MeHHas 00paboTKa, MUKPOTBEPAOCTh, HU3KOJIETHPOBAHHASL CTAllb, MHKPO-
CTPYKTYpa, yIPOIHEHNE TOBEPXHOCTH, KOPPO3UOHHBIE HCTIBITAHUS
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Control Method of Plasma Burning in Tokamak Fusion Reactor
with Neutron-Free p!'B Fuel via Alpha-Proton-Alpha Avalanche
Reaction Mechanism

This article deals with the problems of neutronic fuels. The characteristic features of plasma burning control
in tokamak fusion reactor with neutron-free p''B fuel via alpha-proton-alpha avalanche reaction are analyzed.
On the basis of the study the author suggests, a model with no dimensions for plasma ignition, where equa-
tions for particle and energy equilibrium are utilized. In this framework p''B fuel are considered. In fact, this
work presents a novel method to control the burning plasma such that we can control the system variations,
the rate of fueling and supplementary power. Applying the simulation equations and we calculate quality fac-
tor for p''B fuel. The neutronic fuels come with two main drawbacks: (i) they generate neutrons that necessi-
tate protection and can harm and activate the reactor’s structure, (ii) the production of tritium involves added
complexity, expense, and the need for radial space for a lithium blanket. It has been demonstrated that the
neutron-free p''B reaction is often regarded as a potential remedy for these issues.

Keywords: plasma, fusion, dynamics, neutron-free, energy, control, avalanche, alpha, proton, fuel

HCorresponding author: Abuzar Shakeri, Abuzar.Shakeri@gmail.com

Introduction

Managing plasma density and temperature within fusion reactors constitutes one of the key challenges
in advancing this technology. The source of instability arises from the fact that, with lower temperatures, fu-
sion heating enhances as plasma temperature rises. To maintain stability at such operational levels in fusion
reactors, a dynamic control system will be crucial. Throughout the years, various techniques for managing
the burn conditions have been explored. Among these studies, three specific forms of actuation have been
identified: (i) deliberate impurities injection, (ii) fueling rate adjustment, and (iii) power of supplemen-
tary [1-3]. Control systems that rely on altering the supplementary power function necessitate functioning at
sub-ignition levels where the supplementary power is active [4-6]. When the plasma temperature increases
due to a positive initial temperature fluctuation, the control system decreases the supplementary power out-
put. Conversely, managing negative initial temperature fluctuations is less complex, primarily depending on
having sufficient heating capacity. Control systems that adjust the fueling rates enable functioning at ignition
levels where supplementary power remains inactive [7-11].

Despite their capability to manage disruptions in starting conditions that result in thermal excursions,
they struggle with disturbances in starting conditions that cause quenching. Intentionally introducing impuri-
ties can effectively amplify radiation losses within the plasma, serving to avert thermal excursions. When
faced with significant positive shifts in the initial temperature, this strategy necessitates a substantial quantity
of impurities. Consequently, once the thermal excursion is regulated, extra supplementary power must be
supplied, which leads to a decrease in Q, to counteract the radiation losses brought about by the impurities
until they are entirely eliminated from the reactor. Previous studies have studied the control of plasma burn-
ing in a tokamak fusion reactor with D*He and DT fuel. However, the innovative design of this work is that
we study the method of controlling the burning of neutron-free p''B plasma through the alpha-proton-alpha
avalanche reaction mechanism.

The main objective of the article is checking the burning plasma stability conditions in fusion reactor
for p!'B fuel. Therefore, the paper is organized as follows. In Section.2 fuel selection consideration is intro-
duced. Section.3, indicates a zero-dimensional burning plasma model. Section.4, indicates the control meth-
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ods. In section.5, we discus on the simulation parameters and results, for selected fuels (p''B). Section.6,
summarizes the conclusions.

Two different fuel combinations, DT and p!'B, are viewed as the most promising options for achieving
functional fusion reactors in the near future.

D+T—>n+ *‘He
p+'"'B—>3%He

Although DT is the most common fuel used for fusion reactor but p!'B fuel is considered in this work
due to the advantages of reduced radioactivity, reduced radiation damage, increased safety and efficiency,
lower cost of electricity and potentially shorter path to commercialization p!'B fuel.

Managed fusion with sophisticated fuels, especially hydrogen-boron-11, stands out as an incredibly
promising energy source. This hydrogen-boron fuel mainly generates energy as charged particles rather than
neutrons, which greatly lowers or could even eradicate induced radioactivity. The principal reaction,
p+""B—3*He, results solely in charged particles. In addition, a secondary reaction, *He+'"' B —>"N+n,

generates neutrons as the alpha particles created by the principal reaction decelerate within the plasma; how-
ever, these neutrons account for just about 0.2 % of the overall fusion energy, with an average energy of only
2.5 MeV.

Zero-dimensional burning plasma model using alpha-proton-alpha avalanche reaction mechanism

As illustrated in Figure 1, the processes involved in the p!'B avalanche reaction that generates a surge
of alpha particles include: [19] (i): an alpha particle produced from the fusion of p!'B strikes a proton that is
stationary in the laboratory setting. (ii): This alpha particle subsequently collides with a second proton in the
surrounding medium, which is also at rest. The resulting energetic proton then engages with one ''B atom in
the environment, which remains stationary. (iii): This leads to the formation of three additional alpha parti-
cles. So that:

(i):p+B" > o, +a, +05;;
(ii): @, +H(restlab) > a; + p'+e

(iii):p’+ ""B(restlab) —> o, + o, + @, +11e.

2.9 MeV

>
>1 MeV Resting 0.6 2.9 MeV
Mev
[ proton a
Protan

2.9 MeV

Figure 1. Exploring the mechanism of the a-p-a avalanche reaction. When an a particle strikes a resting proton,
this proton gains sufficient energy to engage with !'B, resulting in the generation of three o particles

These three o particles can once more generate accelerated protons, leading to an avalanche of a parti-
cles. The equations that describe the coupled nonlinear point kinetics of the p''B fusion reaction, taking into
account the alpha-proton-alpha avalanche process, can be expressed as follows:

In this work, a model with zero dimensions is utilized for the process of plasma ignition, employing the
equations for particle and energy equilibrium [12, 13]. Within this framework, the characteristics of p''B fuel
and its density are evaluated independently, enabling us to identify appropriate isotopic fuels suitable for use
as an actuator. The representation of the model can be illustrated through these equations:

dn

o n,
EZ—T—+3}’anHB<Gv> (1)

o

96 BecTHuk KaparaHouHckoro yHuBepcuTeTa



Control Method of Plasma Burning ...

By M (o) +5 ?
dr T, g \OV) + 11,0,V +9,, @
dn” n,
B=——B _nn, (cv)+S,._, 3
di v, " ()5 ?
dE E
—_— =4 Qanpnllg <GV> - R‘ad + I)aux + ])()hmic s (4)
dt Ty

here o, denotes the elastic cross-section and v, is the proton-alpha relative velocity before the elastic colli-
sion. In the above equations, n,, n,, n,, are the alpha, hydrogen, and boron 11 particle densities respective-

ly, and E signifies energy. T.,,7,,T,, T; are boron 11, hydrogen, alpha, particles along with energy con-

p> o’

finement duration, respectively, that are connected by relationships: t, =k,t;, T, =k,T;, T, =k, T, pa-
rameters of which k,,k, and k,  are listed in the Table 1. The energy confinement duration scaling refer-

enced in this research focuses on ITER9OH-P [14]. The design of the controller does not rely on this scaling,
and the scaling applied is:

,CE — f0‘08211,02R1.6BO.15A;).SK;O.19P70,47 , (5)

fis scaling factor and established by evaluating the relationship between the power required for the L-H tran-
sition and the overall plasma heating power P. In this work, the system operates continuously in H-mode,
and we set f'to 0.85 for our simulation purposes. The quantities R, /, k_, and B remain fixed and are given in

Table 1.

nll . o . . . .
The isotopic number 4, =3y+2(1-y)=y+2 (y= B is boron 11 densities fraction which is

p THig
equal to 2.5 for the 50:50 p''B mixture). P, is radiation loss which approximated as:

Rad = Phrem = AbZeﬁnez T (6)
4 W’ nZ: n,+n, +4n,
Where 4, ,  =5.35x10 ,Z ..:Z = B and n, =n_+n,_ +2n_ refers to
b(p B) /Ke eff - n n e 2 B o

the coefficients associated with bremsstrahlung radiation [15], the effective atomic number, and the density
of electrons respectively. Also, Z, denotes the atomic number of different ions. <csv> is known as fusion re-
activity which is temperature dependent and calculated by:

(ov)=C g g’ exp(—3€%§) F541x1075T 2 x exp(_ﬁ) ,
— C'ZTV—'—C'4T2 +C6T3
1+ C3T + C5T2 + C7T3 ’
£=C, /T3 -

C=1

Where the parameter C, is found in [16]. S, and S, are boron 11 and the hydrogen fueling injection

rates as control inputs, and P, _ is supplementary heating in the fuel of p!'B.

0, denotes a -particles energy, where O, (p”B):2.9MeV for p''B fusion reaction [17]. P, . (Ohmic
power) is given by:
Py =0 ®)
Here:

T3/2 -4 -3/2
n=In x1.03x10*xT"Z,, ©)

Iz, \n
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n is referred to as Spitzer resistivity while j denotes the current density of plasma. In the equation (9), T is

measured in Kelvin [18]. The temperature, the total power of plasma heating P, and the density plasma are
expressed as follows:

_2E

T = 10

3 (10)

P= Pfusion _Prad + Paux + Pohmic (1 1)
n=2n,+2n, +3n, (12)

Where fusion power for p''B fuel is given by:
Pision = Qutyiy (0v) = Qy (1=7) 5, (o) (13)

Such that: Roig =M, g 1s the summation of first and second fuel densities.

Table 1
Parameters of reactor

1) |Plasma volume (m?) V'=1500
2) |Plasma current (MA) 1=24
3) [Minor radius (m) a=3.8
4) |Major radius (m) R=14
5) [Boron 11 (Helium 3) particle confinement constant ki, =2.6
6) |Hydrogen particle confinement k,=3.6
7) |Alpha particle confinement constant k, =17
8) [Magnetic field (T) B=35
9) |Elongation at y, (x,) K, =2.2

The equilibrium numerical values for various densities, ﬁ“B, n ﬁp , energy, E , along with the source

o

of fueling terms S, , S , and the auxiliary (supplementary) heating P

aux

g > are established by solving a set of

nonlinear equations obtained by setting the left side of equations 1-4 to zero. It is important to mention that

in these equations, the variables p = zknT ,7,and T are selected randomly [19].
Lo
n, __ |—
Oz—?—+npn”B <GV> (14)
noo_ = =
0:_?_ﬂ_npn”3<cv>+sp (15)
P
ﬁll —_ I =
Oz—f—B—npn”B<Gv>+S”B (16)
lIB
0= _f_—i_Qaﬁpﬁ”B <Gv>_Frad +paux +Pohmic (17)
E

For arbitrarily values of [_3, ¥, T, equilibrium values 7_, n,, My E, S i S, , P calculated from equations

s & aux

14-17 are shown in Table 2 [20]. Defining the difference from the average values as: Moy — ﬁ“B’ n,=n,—n,,

n,=n,—n, E = E—E , therefore, the equations describing the changes can be formulated as:
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dl’laz_n_a_n_a_'_sa (18)
dt T, T,
dn n n
P=—2L_L_§ +5, (19)
dt T, T,
dn,, Ay, Ny
B———B__B_g +8,, (20)
dt Ty Tig
d_E = _£_£+QQS(X _R'ud +1)uur +Rhmic (2’1)
dt T, Tg "
To simplify S, is written as follows:
S, (E,na,np,n“B)=npn,lBGv=y(l—y)nZ,lBGv (22)

Notice that, <cv> is a function of n, ,n,,n,, E . The starting fluctuations 7, ,7,, 7,, E are compelled to
become zero, and this research is accomplished through the adjustment of the fuel sources (S, and S,) and

the supplemental energy (P, ).

Table 2
Equilibrium point
7 |Temperature 250 keV
B Plasma Beta 93 %
1, |Density of Hydrogen Density 1.2x10"° m™
n  |Total Density 9.44x10"” m™
n, |Density of Alpha particle Density 1.53x10”m™
S, |Hydrogen Fueling Rate 1.30x10"7 m~s™
§“B Boron 11 Fueling Rate 1.60x10"7 m~s™
P, |Supplementary Power 1.80x10° W/m’
P [Net plasma power 1.59x10°W /m’
E |Energy Density 6.7x10°J /m™
Y |Boron 11 Fraction 0.5
Control methods

The controllers operate at sub-ignition and ignition points. Controllers that rely on the modulation of
supplementary power must function at sub-ignition levels, where the supplementary power is not zero. In
contrast, when the controllers adjusted by the fueling rate are utilized, they can operate at ignition points
where the supplementary power is zero. In the following both cases can be considered. First, to stabilize the
energy the following conditions put in equation (21):

chSot - I)rad + })uux + Pohmic = E (23)
g
The equation (21) is satisfied and written as follows:
aE = _E (24)
dt T,

E demonstrates exponential stability as T, is greater than zero. Condition (23) is satisfied by adjusting
the o -heating component O, S_ and the supplementary heating. We can manipulate the o -heating term by
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nllB
n,+n,,

changing the ratio y= in the plasma. Stabilization control is performed in according to the follow-

ing steps:
1) Beginning in equation (23), we set P,

aux

=0, y=v" and to solve this equation for y":

E

Qoty* (l_y*)_R’ad +Pohmic = (2’5)
Tg
E + Prad - Pahmic
* * T
v (1-v")==£ =C
0.1, (o) 26)
. 1FN1-4C

Y =+T 27)

If C<0.25, the two resulting solutions for y* are real and less than 0.5 and would be acceptable. If
C > 0.25, there is no real answer and we are moving on to the second step.

2)If y" =0.5, simply adjusting the y ratio will not satisfy condition (23), thus requiring changes
through heating. To achieve this, the supplementary power is determined as follows:

E 2 * *
IDaux :T__anBGVQonY (1_"{ )_])ohmic +Pra¢1 (28)

E
In accordance with the control aims and prior stages, ideal benchmark values for the energy E and the
fraction of fuel particles y* are established.
According to obtained dynamical equations in above, we choose Lyapunov function as follows:

2 12 222 ~2
KiE™+Ryy" +7,,

29
5 (29)
Where k, =10", k, =10 and the derivative of Lyapunov function V' with simplification is as follows:
. 25‘2 25 kzn 11 Ed) ny, B "y n;
V:_k1 +k2y : sz ——B—SQ+S“B—n“Bw'/ -y ——B——1—2SQ+SD+S.,B +
T Moy k, Tug ? Ty T,
(30)
n,. n
+i g {——B——P—zsa +5S, +SI,B}
Ty, T,
By stabilizing of equation (30):
My oon, -
SP_T_+T_+2S“_S”B_KPnp”B 3D
"B P
Where K, >0. This selection reduces equation (30) to:
2 - ~
N kin HBE(I) n, x - K E® -
V="2| L2 B S48, —n, ¥ +K i,y |- K i, 32
nP11B|: k22 Tig ‘ ’ ! ! nr ! g rn ¢
Finally, we take:
klznpllBEd) n”B . ~ A
SIIB :_k—22+T_+Sa +np“BY _KpnpuBY_KuBY (33)
IIB
kIan“BEd) n, . 5 .
S, Zk—22+t_+Sa —n ¥ =K (1-7) + Ko yd (34)
p
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The results of the calculations are shown in the next section.
Results and Discussion

In the study of nuclear fusion, the Lawson criterion, initially formulated for fusion reactors, serves as a
crucial standard for assessing the circumstances required for a fusion reactor to ignite. Achieving this condi-
tion means that the energy produced from the fusion reactions can effectively heat the plasma enough to keep
its temperature stable despite any losses, all without the need for external energy sources. This criterion can
be expressed as follows:

12T (keV)
o, <Gv>

The results of Lawson criterion calculation for p''B fuel are shown in Figure 2. As seen in Figure 2,
Lawson criterion is true for p!'B fuel.

(35)

nt, 2

x 10

4.2¢ T g :
Ak .
"
y nt
381 i |
e -12T/(Q <o v>)
AN

3.6F ~ - 7
3.4° ; i r

0 100 200 300 400

Time(s)

Figure 2. Lawson criterion for p!'B fuel

The simulation in this work is performed for the initial values E(0)=1.2E, n,(0)=1.27,,
y(O) =.88Y, Mg (O) =.8;7p“3. It has been observed that a controller is capable of adjusting its inputs to

achieve the intended result on the system’s output. A specific kind of control system, where the output does
not affect the input signal’s control actions, is known as an open loop system (Fig. 3). This type of system is
characterized by the absence of measurement or feedback of the output signal or condition for evaluating
against the input signal. Thus, these systems are often labeled as non-feedback systems. Moreover, since an
open loop system lacks feedback to verify if the intended output was reached, it operates on the assumption
that the input’s target was met, as it is unable to rectify any potential errors and cannot adjust for any external
influences on the system.

Figure 3. Open loop state
In the simulation of open loop, the system is first fluctuated, while the actuators (S, P, ,
tain their steady-state values (Table 2) as equations (1-—4) are resolved. The results of the simulation indicate
that in the absence of active control, a thermal deviation arises, causing the system to stray from the intended
equilibrium point. Figure 5 (dotted-black) illustrates the changes in the states over time.
In the open-loop state (Fig. 4), the densities of alpha particles, energy, hydrogen, and boron-11 particles
decrease. The behaviors of total particles density, temperature and 3 for these states (open loop) are shown

in Figures 6(d, e, f). A control system that incorporates one or more feedback paths is known as a Closed

S, ) main-
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Loop System. Closed Loop Control Systems are commonly used in managing processes as well as in elec-
tronic control applications. Feedback systems have part of their output signal fed back to the input for com-
parison with the desired set point condition. The kind of feedback signal may lead to either constructive
feedback or detrimental feedback. Within a closed-loop system, a controller is employed to assess the sys-
tem’s output against the target condition and transform any discrepancies into control actions aimed at mini-
mizing the error and restoring the system’s output to the intended response. Subsequently, closed-loop con-
trol systems utilize feedback to assess the real input to the system and may incorporate multiple feedback
loops.

Input Process Output

Feedback

Figure 4. Close loop state

In a simulation of closed loop, the regulator must adjust fuel and thermal levels to achieve the ideal
equilibrium of the system. Figure 5 (solid-blue) illustrates the progression of the states regarding densities
and energy throughout the simulation, while Figures 6(a, b, ¢) depict the temporal changes in overall particle
density, temperature, and 3 for the closed loop condition. Following a thermal fluctuation, the progression of
densities and energy successfully converges to their target equilibrium levels.

Figure 7 illustrates how the actuator and fuel ratios change over time in a closed-loop state. These Fig-
ures demonstrate the variations in supplementary power, fuel injection rates, and fuel fractions over time to
manage the system’s energy. As shown in Figure 7, in this system supplementary power is nonzero at first
and so system is controlled based on modulation of fueling rate and change of supplementary power (sub-
ignition point).

19 18
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Figure 5. Time evolution of p!''B fuel in open loop states (black-doted),
close loop states (blue-solid) and equilibrium value (red-dashed)
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Figure 8 shows the time evolutions of the fusion, radiation, ohmic and net plasma heating power which
compared with equilibrium values. Fusion and ohmic heating power increases and radiation heating power
decreases over time that as a result the net plasma heating power is close to the equilibrium value after time
.04 s. The quality factor in fusion reactors is defined as:

Pfusion
Q=—— (36)

auxiliary

This factor is shown in Figure 9 and as be seen after time 300 s is close to .13.

4 4
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Figure 8. Fusion, radiation, ohmic, and overall Plasma heating power (shown in blue and solid)
as opposed to their steady-state values (represented in red and dashed).
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Figure 9. Time evolution of quality factor

Conclusions

In order to burning control, the supplementary power is put to zero initially and by changing the fueling
rate and boron 11 fraction, system approaches to control values. Since the supplementary power is zero, sys-
tem operates in ignition point and when the fueling rate approaches to its equilibrium value and the bo-
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ron 11 — hydrogen ratio 50:50 the supplementary power should be added to control the system so this system
operates in sub-ignition point and the system (energy and particles density) is controlled. In the case of p!'B
fuel the system is controlled by adding the supplementary power and since the supplementary power is non-
zero the system operates in sub-ignition point and hydrogen — boron 11 ratio in primary times is equal to
50:50 (Fig. 6) and as a result system (energy and particles density) approaches to its equilibrium values.

Compared to a deuterium-tritium (DT) reactor, the lower neutron flux in a p''B reactor provides signifi-
cant advantages in engineering, safety, and environmental impact, including:

1. There is no risk of structural melting during a loss-of-coolant incident.

2. The first wall does not need to be replaced frequently, which results in increased reactor uptime and
greatly diminished radiation exposure for workers.

3. There is a significant decrease in tritium emissions and concerns regarding radioactive waste.

4. Tritium breeding is unnecessary, eliminating the need for a large lithium blanket and avoiding issues
related to liquid metals.
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Auab(pa-npoToH-ajb(a KOMKIiHI peakuuschbl MEXaHU3Mi APKbLJIbI
HelTpoHChI3 p''B 0ThIHDLI ap TOKAMAK TEPMOSIIPOJILIK PeAKTOPLIHIA
IUIA3MAaHBI KAFyAbl 0aKblIay dAici

Makana HeHTpOH/BIK OTHIH MpobieManapbiHa apHaaFaH. Anb(a-IpoToH-alb(ha KeIKiHI peakuusIChl apKbLIbI
HeWTpoHCH3 p!'B OTBIHBI Gap TOKaMak TEPMOSIPOJIBIK PEAKTOPBIHIA IUIA3MAHBIH JKAHYBIH OGaKbLIAyIbIH
CHUITATTAMAIIBIK EPEKIIENKTepl TaJgaHFaH. 3epTTey HeTi3iHAe aBTopijap OeIIeKTep MEH JHEPrHs Tere-
TEHJITIHIH TeHIeyJiepi KOJIaHbUIaTHIH [UIa3MAaNIbIK TYTaHy eJIIIeM/Iepi )KOK MoJeb i ychiHaabl. Ocbl MOJIETb
menGepinae p''B oreiHel KapacTeipbUtFad. IlbIH MoHIHZE, OYI SKYMBIC JKaHBIN JKATKAH ILIa3MaHbI
GacKapyAblH JKaHa SMICIH YCBIHAJPBI, OCBhUIAMINA JKYHEHIH ©3repyiH, jkaHapMal KYIO XKbULIAMIBIFBIH JKSHE
KOCBIMIIIA KyaTThl Gackapyra Gonaubl. Mogenbaey TeHAey epiH KoJdaHa OThIphIN, p''B OTHIHBIHBIH cama
koo urmenTi ecenrtenmi. HeHTpOHIBIK OTHIHHBIH €Ki Heri3ri kemmrimiri Oap: (i) omap KOprayabl KakeT
€TETIH JKOHE PeaKTOPbIH KYPBUIBIMBIHA 3USH KENTIPETiH jKOHE OeICeHipeTiH HEHTpOHAap bl IIbIFapasl, (ii)
TPUTHI OHIpici KOCBIMIIA KYPICIITIKTI, IIBIFEIHIAPAB KOHE JIMTHHA KaOBIHBI YIIiH paJraiibl KeHICTIKTiH
KaKETTUTIriH Kamtuasl. Helitporceis p!!'B peaknmscel keGiHece 0ChI MOCEENEPIl INEITY IiH JIeyETTi Kypasibl
peTiHIe KapacThIPbUIATBIHBI KOPCETIITEH.

Kinm ce30ep: mina3zma, TepMOSIPONIBIK CHHTE3, IMHAMUKA, HEHTPOHCHI3, SHEprus, Oakpuiay, KOUIKiH, aabda,
MPOTOH, OTBIH

C.H. Xocceitnumornar, M.A. 3apeii, A. [llakepu

Cnoco0 ynpaBJieHUsI TOPEeHUEM IIa3Mbl B TEPMOSIIEPHOM peaKTope
TOKAaMaK Ha 0e3HeldTpoHHOM TouuBe p''B mo Mmexanusmy
ajab(a-npoToH-ajbda JABUHHON peakunu

Cratesl mocBsillieHa IpobiemaM HeHTpoHHoro TorutuBa. IIpoaHanu3upoBaHEl XapaKTepHbIE OCOOEHHOCTH
yNpaBIeHHUs] TOPEHHEM IIa3Mbl B TEPMOSJEPHOM PEAKTOPe TOKaMaK C HCIOJIb30BaHHEM Oe3HEHTpOHHOrO
TorMea p''B mocpencTBOM JIABUHHOM peakiuu anb(a-npoToH-atbda. Ha 0CHOBE NPOBEIEHHOTO HUCCIIENO-
BaHUS aBTOPBI MpeIaraoT 0e3pasMepHy0 MOJETb 3a)KUTaHUs MIa3Mbl, B KOTOPOH HMCMONB3YIOTCS ypaBHe-
HUs PABHOBECHS YACTHII M DHEprud. B pamkax sTodl mMojenu paccmarpusaercs tommeo p''B. B paGore
IIPEJICTaBIICH HOBBI METOJ yIpPABICHUS rOpsAlIed IUIa3MOH, NO3BOJAIOIUI KOHTPOIUPOBATh U3MEHECHUS B
CUCTEME, CKOPOCTb 3alpaBKU TOIUIUBOM U JOIOJIHUTENBHYI0 MOLIHOCTG. IIpHMeHss ypaBHEHUS MOAEIUPO-
BaHusl, ObULT paccunTan Ko3d UIMeHT KauecTBa TomBa p''B. V HEHTPOHHOIO TOMIIMBA ECTH JIBA OCHOBHBIX
HezocTaTka: (i) OHO FeHepUpYeT HEHTPOHBI, KOTOPbIe TPEOYIOT 3alIUThl U MOTYT HOBPEAUTH KOHCTPYKIIHIO
peaKkTopa M aKTUBHPOBATh ee, (ii) MPOM3BOACTBO TPUTHUS CONMPSIKEHO C JIOMOJHUTEIBHOMH CI0XKHOCTBIO, pac-
X0/laMH U HEOOXOIMMOCTBIO B PaJMaTbHOM MPOCTPAHCTBE ISl JUTHEBOro MokpeiTHs. Ilokasano, uro 6e3-
HeHTpoHHas peakuyst p''B yacTo paccMaTpuBaeTcs Kak MOTEHIHATIBHOE PEIIEHHE STHX MPOOIEM.

Knouesvie cnosa: na3zma, TepMOSIIEpHBIN CHHTE3, TUHAMUKA, 0€3 HEWTPOHOB, SHEPTHsl, YIIPaBJICHNUE, JIABH-
Ha, ab(a, IPOTOH, TOTLUTUBO
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