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Quantum Chemical Study of the Structure and Properties
of a Quinolysine Alkaloid Derivative Molecule

Derivatives of quinolisidine alkaloids obtained from plants of the genus Lupinus and Anabasis is one of such
important compounds from the point of view of searching for new biologically active substances. The pres-
ence of the primary alcoholic group allows obtaining various modifications of lupinin derivatives. The task of
complex study of the spatial structure of quinolisidine derivatives molecules, pathways and obstacles of their
conformational transitions, conformational states, and reactivity data remains relevant. Therefore, in contin-
uation of the study of the conformational states of these derivatives, quantum-chemical calculations of the
molecule 1-((4-(4-(m-tolyl)-1H-1,2,3-triazol-1-yl)methyl)octahydro-1H-quinolysine were performed. Geo-
metrical properties of this molecule, obtained as a result of quantum chemical calculations, were analyzed and
compared with experimental data of X-ray diffraction analysis. According to the results of the conformational
analysis, conducted by rotating along the labile C12-C13 and C10-N2 bonds, the most favorable conforma-
tional states of the molecule were determined. It was shown that the localization of the boundary molecular
orbitals falls on the 1-ethyl-4-(m-tolyl)-1H-1,2,3-triazole substituent at C12 and C10 atoms, which suggests
its participation in the subsequent modification reactions carried out in the search for new biologically active
substances.

Keywords: quantum chemical calculations, alkaloids, computer modeling, quinolysine derivative, conforma-
tional analysis, thermodynamic stability, lupinine derivatives, X-ray structure analysis

Introduction

Among various lupinine derivatives, compounds with biological activities that are not specific for com-
pounds of this class (antispasmodic, antiarrhythmic, hepatoprotective, analgesic, cholinergic, insecticidal,
antioxidant, etc.) are regularly encountered. This has attracted the attention of many researchers to study
comprehensively and also to design more complex structures of these derivatives to study the structure-
activity relationship.

One of the most effective methods for studying complex systems is computer modeling. Computer
modeling methods are aimed at solving various problems and consist in performing a series of computational
experiments on a computer. The purpose of these experiments is to analyze, interpret, and compare the re-
sults of the modeling with the specific behavior of the object under study. If necessary, the model is refined
on the basis of the data obtained.

6 BecTtHuk KaparaHavHckoro yHuBepcuteTa



Quantum chemical study of the structure ...

Molecular modeling is the process of creating a computer model of an object by transferring its spatial
coordinates. Information about the initial geometry can be obtained in several ways: by extracting data from
the X-ray diffraction database, by searching libraries for standard geometries, or by building structural mod-
els using various software tools.

The activity of a molecule in chemical reactions depends mainly on its composition, structure and ener-
gy properties. The prediction of reaction centers of organic molecules is an important and urgent task. Using
modern quantum chemical methods, chemists can design experimental studies and carry out targeted synthe-
sis of important chemical products.

Research Methods

The object of work is the molecule of lupinine alkaloid derivative 1-((4-(m-tolyl)-1H-1,2,3-triazol-1-
yl)methyl)octahydro-1H-quinolysine (molecule 1) (Fig. 1) synthesized earlier by the authors [1].

Figure 1. 3D structure of ((4-(m-tolyl)-1H-1,2,3-triazol-1-yl)methyl)octahydro-1H-quinolysine (1)

Nowadays, there is a sufficient number of free and commercial quantum chemistry programs, such as
GAMESS, NWChem, HyperChem, VASP, Quantum Espresso, CRYSTAL, etc., for calculating organic
molecules [2-3].

For the quantum-chemical study of molecule 1 we used the non-empirical DFT B3LYP density func-
tional method using the valence-splitting basis set 3-21. To take into account the possibility of displacement
of the electron density distribution center from the nucleus (polarization of atomic orbitals), we included a
d-type polarization function in the basis set. The use of polarization basis functions allows us to correctly
describe the energy and geometrical characteristics of organic compounds, including those with heteroatoms,
which are present in the molecule under study.

The optimization of the geometry of molecule 1 was performed using the keywords Opt+freg. Opt —
means that it is necessary to optimize the configuration of the molecule, i.e. during the optimization process,
according to the applied method of extremum search, the program will change the bond lengths and valence
angles of the studied structure until a stationary point — the most stable state of the molecule — is found.
The keyword Freg was used by us to calculate the thermodynamic properties of molecules, as well as to de-
termine the type of the stationary point (minimum or saddle point).

To find the most favorable conformational states, we used the keyword Scan, with opt=(modredundant,
maxcycles=1000) selected in the problem section, and the corresponding dihedral angle after the coordinates
by a blank line labeled with the letter D and the four atom numbers of that angle. We used modredundant for
incomplete optimization.

Results and discussions

The first step of study was to optimize the geometry of Molecule 1 — to find the minimum of total en-
ergy in all geometrical parameters.

In the course of studying the spatial structure of Molecule 1, we compared its geometric properties with
X-ray diffraction (XRD) data, as well as with the data of the molecule 1-((4-(4-(3-methoxyphenyl)-1H-1,2,3-

Cepusa «dusukar». 2025, 30, 1(117) 7
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triazol-1-yl)methyl)octahydro-1H-quinolysine (Molecule 2) [4], which has a similar structure and has been
studied by us previously [5].

The geometric properties of Molecules I and 2 obtained from quantum chemical calculations are close
to the corresponding XRD data, which indicates the correctness of the calculated data. The values of the tor-
sion angles are given in Table 1.

Table 1
Values of torsional angles in Molecules 1 and 2
Molecule 1 Molecule 2
Torsional angles
XRD B3LyP 3/21 XRD B3LyP 3/21
CI-N1-C5-C4 59.2(1) 53.4 —58.0(9) 59.2
C9-N1-C5-C4 176.8(1) 175.2 —176.6(9) -175.4
C11-N2-C10-C6 -120.8(1) -129.9 124(1) —138.5
C10-N2-C11-C12 177.1(1) -179.5 -176.2(8) -178.1
N3-N4-C12-Cl11 0.0(1) 0.2 0(1) 0.2
C2-C3-C4-C5 57.0(2) 57.3 =57(1) 55.0
C3-C4-C5-N1 —58.2(1) —54.8 59(1) —56.3
C3-C4-C5-C6 177.5(1) -176.8 —175.009) -178.0
C4-C5-C6-C7 179.4(1) -177.0 179.3(8) 112.0
C4-C5-C6-C10 55.2(1) 60.0 =54(1) -124.1
C5-C6-C7-C8 —54.0(1) —56.9 54(1) 58.4
C5-C6-C10-N2 175.9(1) 168.4 179.2(7) 61.1
N2-C11-C12-N4 0.7(1) 0.1 —0(1)) 0.0
N2-C11-C12-C13 -179.8(1) -179.9 178.1(9) -179.7
C11-C12-C13-C18 151.6(1) 179.9 160(1) 179.7

The difference in the values of the torsion angles C4-C5-C6-C7, C4-C5-C6-C10 and C5-C6-C10-N2
can be explained by the fact that all the quantum chemical calculations are carried out in the liquid phase of
the molecules, whereas the XRD data are obtained in the solid state. Therefore, molecule 2 adopts an ener-
getically more favourable conformation upon crystallization.

To determine the most favorable conformational states of Molecule 1, conformational analysis was per-
formed by rotating around the labile C12-C13 (Fig. 2) and C10-N2 (Fig. 3) bonds.

Torsion angles by connection

-953,398
6 26 46 66 86 106 126 146 166 186 206 226 246 266 276 296 316 336 356

-953,4
-953,402
-953,404

-953,406

Thermal education

-953,408
-953,41
-953,412

-953,414

Figure 2. Dependence of the total energy of Molecule I on the rotation along the C12-C13 bond
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Quantum chemical study of the structure ...

Torsion angles by connection
-953,4
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Figure 3. Dependence of the total energy of Molecule 1 on the rotation along the C10-N2 bond

From the analysis of the obtained data we can conclude that the most thermodynamically favorable
(having the minimum electron energy of the molecule) conformational states of the free Molecule 1 takes at
the values of the torsional angle C11-C12-C13-C14 355° and 176° and at values of the torsional angle C6-
C10-N2-C11 71° and 221° (-953.41HF) —2502 kJ/mol. The conformation along the C12-C13 and C10-N2
bonds has an energy minimum in the range of -2502 kJ/mol.

It is believed that the reactivity of a molecule depends on its boundary molecular orbitals (MOs): the
highest occupied and the lowest free orbitals (HBMOs and LFMOs) [6]. One of the most important proper-
ties of the MOs is the boundary electron density, i.e. the electron density on the individual atoms of the mol-
ecule involved in the reaction. According to this theory, a reaction between molecules is most likely to occur
when there is a maximum overlap of boundary MOs. This process results in a charge transfer from the high-
est occupied orbital of the donor (gives) to the lowest free orbital of the acceptor (receives).

It is known that the reactivity of a molecule is characterized by the values and localization of HBMOs
(highest occupied molecular orbital) and LFMOs (lowest free molecular orbital) [7]. The energy characteris-
tics and localization of MBOs (molecular boundary orbitals) have therefore been calculated.

4

Figure 4. Localization of MBOs in molecule 1
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Figure 4 shows that the localization of MBOs in molecule 1 falls on the substituent — 1-((4-(m-tolyl)-
1H-1,2,3-triazol-1-yl)methyl. Therefore, it can be assumed that further reactions of synthesis of new deriva-
tives of molecule 1 will take place with participation of this substituent.

The “hardness” or “softness” of the studied molecules can be estimated from the values of HBMO and
LFMO energies (Table 2). The “hardness n/softness” of molecules according to the Pearson criterion can be
calculated on the basis of the formula 1 = (LFMO — HBMO)/2, and then S =1/(2n) = 1/(LFMO — HBMO).
The application of these formulas implies that the studied molecular systems are “rigid” reactants, since they
have an energy gap of more than 1 eV between LFMO and HBMO [8]. The calculated rigidity (I]) indicates
that this molecule is quite rigid, which in turn indicates its low reactivity and high electronic stability. Suffi-
cient thermodynamic stability is indicated by the value of heat of formation also presented in Table 2.

Table 2
The energy properties of Molecule 1

Basis B3LYP/3-21
AH, hartree, eV —953.413251
HBMO, eV -9.2326
LFMO, eV -8.6188
1, eV -3.6951
Conclusion

Thus, as a result of quantum chemical calculations performed by density functional theory methods
B3LYP/6-21G*:

— geometrical parameters of conformational states of molecule 1 with values of torsional angles C11-
C12-C13-C14 355° and 176°, and C6-C10-N2-C11 90° and 230° were determined;

— a satisfactory agreement between the computational-theoretical and experimental structural data is
shown;

— the studied molecule was found to exhibit low reactivity and high electronic stability.

These calculations will allow further modelling of the chemical properties of molecules for the subse-
quent synthesis and search for new drugs based on quinolizidine derivatives.
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XHUHOJTU3UH AJTKAJTOUATHI TYBIH/IbI M0OJIEKYJIACBIHBIH KYPbLIbIMBI
MeH KacHeTTepPiH KBAHTTBHIK XHMHUSUIBIK 3€pTTEy

Lupinus xoHe Anabasis TyKbIMAac eCIMIUKTEPJICH AJIbIHFAaH XHHOIU3UANH ANIKAJIOUITAPBIHBIH TYbIH/ABUIAPbI
JKaHa OHMOJIOTMSUIBIK OENCEeHAl 3aTTapAbl i3/ley TYPFBICHIHAH MaHBI3IbI KOCBUIBICTapAbIH Oipi. Bactanksr
CIUPTTIK TOOBIHBIH OOJyBI JIyITMHUH TYBIHABUIAPHIHBIH OPTYPIIi MOAU(HKANNUIAPBIH alyFa MYMKIHIIK Oe-
peni. XHHOMN3UINH TYBIHBUIAPBIHBIH MOJICKYJIJIAPBIHBIH KeHICTIKTIK KYPBUIBIMBIH, OJApABIH KOH(pOpMAaru-
SIBIK ~ AyBICYJNapbIHBIH KOJIAAphl MEH KeJepriulepiH, KOH(QOPMAIVSIIBIK KyHIep MEH peaKIUsUIbIK
KaOINMeTTiNIriH KeleHai 3eprrey Minzeri maHb3abl. COHABIKTaH, Oy TYBIHIBUIAPIBIH KOH()OPMALHSIIBIK,
KYHiH 3eprreyni kairacTeipa OThIpbI, 1-((4-(m-tommm)—1H-1,2,3-tpua3zon-1-uwi)mermwn)okraruapo—1 H-
XMHOJIM3UH MOJICKYJIaChIHA KBAaHTTBIK-XUMHUSIIBIK ecenTeyiep xyprisinai. KBaHTThIK-XUMHSUIIBIK ecenTeyep
HOTI)KECIHIE aJblHFaH OyJl MOJICKYJIAQHBIH TE€OMETPHSUIBIK CHIIATTaMaylapbl TAIAAHBIN, PEHTTEHAIK
KYPBUIBIMIBIK TaJJayAblH OSKCIEPUMEHTTIK MamimerrepiMen cansicThipburran. C12-C13 sxome C10-N2
nabunbai OaiaHbicTapsl OOMBIMEH aifHally apKbLIbI JKYPTi3iireH KOH(MOPMAIMSUIBIK TaJAy HOTIDKENepi
OoMbIHIIA MOJIEKYJIaHBIH €H THIMII KOH(OPMAamMsUIBIK Kyiuepi asbIKTangsl. lllexapaiblk MoJeKyJaibIK
opOutansaapasiy Jokamm3anusicsl C12 sxone C10 arompmapsapars! 1-9Tuin-4-(u-tommn)-1H-1,2,3-tprazon
QIMACTBIPFBIIBIHA OOJATHIHABIFEI KOPCETLIreH, OYJI OHBIH JXaHa OMOJIOTHSUIBIK OJICEHI 3aTTapisbl i31ey
YLLIH )KYPri3iieTin KeiHiHri MoAn(UKaIus peakysiapbiHa KaTbICYbIH OODKaN/IbI.

Kinm coe30ep: KBaHTTBIK XUMHSIBIK €CENTEyJep, alKIOUITap, KOMIIBIOTEPIIK MOACNbICY, XUHOIU3MH
TYBIHIBICHI, KOH(GOPMALMSIBIK Tallay, TEPMOJMHAMHMKAIBIK TYPAKTBUIBIK, JIYNHHWUH TYBIHABLIAPHI,
PEHTTeHAIK KYPhUIBIMIBIK Taaay

K.b. Kon6anuna, A.C. MaxmyroBa, /[.M. Typasioekos,
M.B. Cmupnos, H.X. UGpaes

KBaHTOBO-XxMMHYecKOe HCC/IeJOBAHUE CTPYKTYPbI U CBOICTB
MOJIEKYJIbI POU3BOIHOT0 XMHOJM3HHOBOI0 AJIKAJION/IA

IIpon3BogHbIe XUHOIM3UANHOBBIX aJIKAJIOHOB, MOTyYeHHBIE U3 pacTeHui poaa Lupinus u Anabasis, ¢ TOUKA
3pEeHUs MONCKA HOBBIX OMOJIOTHYECKH AaKTHBHBIX BEIIECTB, SBIISIOTCS BAKHBIMU cOoeAMHeHWsMH. Hammuane
TIEPBUYHON CIMPTOBOM T'PYyMNIBI MO3BOJSET IOMYYaTh pa3sIMYHble MOJU(MUKAIMK ITPOM3BOIHBIX JTyINHHUHA.
AXTyanbHOH ocTaeTcs 3ajada KOMIUIEKCHOTO M3YYeHHUS MPOCTPAHCTBEHHOH CTPYKTYpPBI MOJIEKYJI IIPOU3BOI-
HBIX XUHOJM3UANHA, a TAKXKe ITyTel M MPEeMITCTBUH UX KOH()OPMAIIMOHHBIX NIEPEXOJ0B U COCTOSHHH, Ompe-
JETSIEMbIX PEaKIMOHHON CIOCOOHOCTBIO. B mponomkenne n3ydeHuss KOHPOPMAMOHHBIX COCTOSHUH 3THUX
MPOM3BOAHBIX OBUIM HPOBENCHBl KBAaHTOBO-XMMHUYECKHE pacueTbl MoJyeKyisl 1-((4-(m-tomun)-1H-1,2,3-
TpHuazoi-1-min)merun)okraruapo—1 H-xunonusuna. ['eomerpuueckne XapakTEpUCTHKU JaHHOW MOJICKYJIBI,
MOJy4YEHHbIE B pe3ybTaTe KBAHTOBO-XUMHYECKUX PACUETOB, IPOAHATU3UPOBAHbBI U COMOCTABIEHBI C dKCIIe-
PHMEHTAJIBHBIMH JAHHBIMH PEHTTEHOCTPYKTYpHOTO aHanu3a. I1o pe3ynpraTaM KOH(GOPMAMOHHOTO aHAJIH3a,
OCYIIECTBICHHOTO MyTeM BpamieHus BAoJb Ja0mwibHBIX cBsizeid C12-C13 u C10-N2, ObuUIM yCTaHOBIICHBI
Hanbosiee cTaGHIIbHEIE KOH()OPMAIIMOHHBIE COCTOSHUS MOJIeKyJIsl. [oka3aHo, 9TO JTOKaIM3alys TPaHUIHBIX
MOJIEKYJSIPHBIX opOuTanelt mpuxomurcs Ha 1-3THin-4-(m-tommn)-1H-1,2,3-TpHa3onoBelii 3aMecTHTENb TIPH
atomax C12 u C10, uro mpeamosiaraet €ro yyactie B MOCIECAYIOIINX PeaKuusax MOIUPHKALUK, TPOBOAUMBIX
U1 TIOUCKA HOBBIX OMOJIOTHYECKH aKTHBHBIX BEIIECTB.

Kniouesvie cnosa: KBaHTOBO-XUMUYECKUE PACUETHI, AJIKaJIOH/Ibl, KOMIIBIOTEPHOE MOAEIUPOBAHUE, TPOU3BOI-
HO€ KBHHOJIM3MHA, KOH(GOPMALMOHHBIN aHAIIN3, TEPMOJAMHAMHUYECKAs] CTA0MIBHOCTD, TPOU3BOIHbIC JTyTIUHHU-
Ha, PEHTT€HOBCKUH CTPYKTYPHBIH aHAIH3
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Exploration of p-Ga,0O; Ceramics Synthesized via Solid-State Method

B-Ga,0; ceramic was synthesized using the solid-state method, a well-established technique for creating ce-
ramic materials with controlled composition and structure. The process began by pressing gallium oxide
(Ga,05) powder into a unified form, ensuring even distribution and compactness of the material. This pressed
form was then subjected to annealing at 1400 °C for 10 hours, a critical step facilitating the formation of a
stable and crystalline f-Ga,O3 phase. Energy dispersive X-ray analysis (EDS) was employed to investigate
the elemental composition of the synthesized B-Ga,O;ceramic. The analysis confirmed that the material
closely adhered to the ideal stoichiometric ratio of oxygen to gallium (O/Ga) at 3:2, ensuring the purity and
consistency of the ceramic. The optical properties of the f-Ga,O; ceramics were thoroughly studied. Surface
morphology analysis and elemental composition measurements were complemented by the recording of pho-
toluminescence excitation and transmission spectra at successive wavelengths ranging from 200 to 800 nm.
These spectra provided valuable insights into the material’s electronic and optical behavior. Both the synthe-
sized f-Ga,Ozceramic and commercial $-Ga,O; crystals exhibited distinct photoluminescence peaks in the
blue (~2.7 eV) and ultraviolet (3.3, 3.4, 3.8 eV) spectral ranges.

Keywords: synthesis, B-Ga,O; ceramics, photoluminescence, annealing, stoichiometric ratios, morphology,
elemental composition, point defects

Introduction

Gallium oxide (Ga,0;) stands out due to its broad bandgap, significant breakdown electric field, and
unmatched thermal and chemical robustness [1, 2]. These attributes position it as a premier material for high-
power electronic devices, UV LEDs, and gas sensors. Moreover, its resilience to radiation damage, bandgap,
and thermal stability hint at its potential in advanced scintillators and phosphors. Its luminescence is
enhanced through doping with rare-earth ions or other luminescent agents.

Ga,0; encompasses five recognized phases: a, 3, v, 0, and € [3, 4]. The B-phase garners the most atten-
tion, being the most stable and noted for its superb electrical and optical characteristics. Specifically,
B-Ga,O; possesses a vast bandgap of 4.9 eV [5] and an impressive breakdown field, approximately 8 MV/cm
[6]. Such attributes hint at its capability to surpass silicon carbide (SiC) and gallium nitride (GaN) in power
applications.

Notably, B-Ga,0O; has displayed commendable scintillation properties [7, 8]. It emerges as a prime can-
didate for several applications, with its broad bandgap reducing self-absorption, thus augmenting light out-
put. Its thermal fortitude and radiation resistance also make it apt for challenging settings. The enhanced
photoelectric absorption and Compton scattering properties of B-Ga,0Os, attributed to its high atomic number
and density, amplify its scintillation efficacy.

For bulk p-Ga,0Os crystal growth, a slew of techniques is available, including casting [9], EFG [10],
Czochralski [11, 12], Bridgman [13], Pulsed laser deposition [14], and hydrothermal methods [15]. The EFG
method is lauded for its prowess in yielding sizable, top-tier f-Ga,Os crystals [16]. However, the final crys-
tal’s quality can vary based on temperature, extraction rate, and starting material.

In terms of crafting ceramic Ga,0;, processes such as solid-state reactions [17], sol-gel techniques [18],
and spark plasma sintering [19] can be harnessed. While these avenues facilitate various shapes and dimen-
sions, they sometimes fail to deliver the desired electronic crystallographic purity.

Adding to the methods above, novel research has spotlighted remarkable outcomes in manufacturing re-
fractory ceramics, especially magnesium fluoride (MgF,) and yttrium-aluminum-garnet (YAG) ceramics,
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using a potent electron beam [20-23]. Such breakthroughs have increased enthusiasm for honing this emer-
gent synthesis technique for refractory substances using an influential electron beam.

Solid-phase synthesis offers significant advantages for producing oxide materials, including high-purity
products, simplified purification, and enhanced reaction efficiency. This method is scalable, environmentally
friendly, and allows for precise control over stoichiometry, crucial for creating complex oxides with specific
properties. Direct combination of metal powders or oxides at high temperatures eliminates the need for sol-
vents, simplifying the synthesis process and reducing environmental impact. Solid-phase synthesis is versa-
tile and capable of producing a wide range of oxides — simple, mixed, and doped — by selecting appropri-
ate precursors and conditions. Its simplicity, scalability, and alignment with green chemistry principles make
it an attractive choice for materials science research and industrial applications, ensuring phase-pure oxide
materials are essential for catalysis, electronics, and materials science sectors.

Experimental

The synthesis of B-Ga,0; ceramics was meticulously carried out employing a solid-state method, utiliz-
ing an initial f-Ga,0; powder that boasted an exceptionally high purity level of 99.999 %. This high-purity
powder was methodically pressed into tablets under a substantial pressure of 2 tons, achieving a uniform di-
ameter of 1 cm for each tablet. Figure 1 shows a pressed f-Ga,O; ceramic. Subsequently, these compacted
tablets were subjected to a rigorous annealing process within the confines of a high-temperature furnace. The
annealing procedure was conducted for an extended duration of 10 hours, at a significantly high temperature
of 1400 °C, ensuring the tablets were placed in an alundum crucible to withstand the high-temperature condi-
tions. Following the annealing phase, the ceramic segments were allowed to gradually return to ambient
temperature, a crucial step to prevent thermal shock and ensure structural integrity. Once cooled, these seg-
ments were then meticulously segmented and subjected to a thorough analysis to assess their structural and
compositional attributes. This careful and precise synthesis process is aimed at achieving optimal ceramic
properties through controlled high-temperature treatment and subsequent detailed examination of the result-
ing ceramic segments.

it

10

Figure 1. p-Ga,0; ceramics

The surface morphology of the crafted ceramic samples was inspected using a Hitachi TM3030 scan-
ning electron microscope, paired with a BrukerXFlash MIN SVE energy dispersive system (or energy-
dispersive spectroscopy, EDS), set at an acceleration voltage of 15 kV. This was integral for the composi-
tional analysis of B-Ga,0;. To further comprehend the ceramics’ electronic and optical characteristics, exci-
tation and PL emission spectra were logged in a wavelength span between 200 and 800 nm. These measure-
ments were conducted using a CM-2203 spectrofluorimeter at room temperature. For a more comprehensive
interpretation, the data from these newly synthesized samples were juxtaposed with equivalent metrics ob-
tained from commercially available unintentional doped (UID) B-Ga,O; crystals with a (-201) orientation,
sourced from Tamura Corp., Japan.
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Results and Discussion

Luminescence spectra of sintered and commercial f-Ga,0; ceramic

Figure 2(a, b) showcases the photoluminescence spectra of both newly synthesized ceramics and com-
mercial crystals upon excitation at 4.9 eV. Through the application of Gaussian approximation, we were able
to delineate three separate components within these spectra. These identified components are characterized
by peaks that correspond to blue luminescence, observed at approximately 2.7 eV, and UV luminescence,
noted at energy levels of 3.3, 3.4, and 3.8 eV, as illustrated in Figure 2(a). A comparative analysis of the
spectra from both the synthesized ceramics and the commercial crystals reveals a striking similarity in their
overall profiles. However, a discernible variation is observed in the luminescence peak of the synthesized
ceramics, which manifests at a slightly diminished energy level, around 3 eV, as indicated in Figure 2(a).
This downward shift in energy suggests the presence of structural distortions and defects within the crystal
lattice of the synthesized ceramics. These structural anomalies are implicated in the modification of electron-
ic properties, thereby rendering them distinct from those observed in commercial crystals. The observed re-
duction in luminescence intensity can be attributed to two primary factors: a decrease in the levels of oxygen
vacancies (VO) and the entrapment of electrons, which are essential for luminescence, by specific defect
sites or traps within the crystal structure.

- synthesized 3-Ga,O .
y P-Ga;0s (a) | commercial B-Ga,0, (b)
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Figure 2. f-Ga,0; ceramics synthesized under a powerful electron beam

Surface morphology and elemental composition

The equipment utilized facilitated the examination of three-dimensional samples with shadow and vol-
ume contrast, achieving a resolution as precise as 30 nm. As depicted in Figure 3, the standard SEM images
of the crafted B-Ga,O; ceramic surfaces span an area of roughly 0.016 mm” (a), and the magnified image of
the powdered sample is 1000 times its original size (b). The derived ceramic exhibits a unified surface struc-
ture, signifying the total elimination of powder granules or other defects, culminating in a solidified phase.
The primary gallium oxide powder comprises particles ranging from 1 to 15 um, as shown in Figure 35.

The composition of the synthesized p-Ga,O; ceramic is meticulously aligned with the ideal stoichio-
metric ratio of oxygen to gallium (O/Ga) of 3/2, a proportion that is critical for achieving desired material
properties and is comprehensively documented in Table [24]. This precise compositional alignment mirrors
the stoichiometric design principles established in prior studies of f-Ga,O; nanowires [25, 26], underscoring
the reproducibility and precision of the synthesis process. Notably, post-annealing treatments have been ob-
served to significantly alter the O/Ga ratio, leading to a notable reduction in gallium content alongside an
increase in oxygen levels. This shift towards a higher oxygen content is attributable to the environmental ox-
ygen influx and the subsequent reduction in vacancy concentrations within the crystal lattice, a phenomenon
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consistent with behaviors observed in other crystalline oxide systems [27-38]. Such alterations in stoichiom-
etry highlight the dynamic nature of the material’s composition, influenced by thermal treatments. Moreover,
the initial stoichiometry of the gallium oxide powder used in the synthesis process closely mirrors that of the
annealed ceramic samples, indicating a high fidelity in the transference of stoichiometric ratios from the
starting materials to the final ceramic product. This observation reinforces the importance of precise starting
material composition for achieving the desired characteristics in the annealed ceramics.

3
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Figure 3. SEM images of synthesized ceramics and the initial Ga,0; powder

Table
Elemental analysis of the powder sample and synthesized f-Ga,O; ceramics (in At. %)
Atom Synthesized B-Ga,O; | Pristine powder B-Ga,O3
Ga 33.2 334
0) 66.8 66.6
O/Ga ratio 2.0 1.99
Conclusions

The spectral, surface morphology and elemental composition of 3-Ga,O; ceramics derived from a pow-
dered sample under the influence of a potent solid-state synthesis method have been investigated. These at-
tributes were further compared to the properties of commercial crystals utilized in solar-blind photodetector
and scintillator manufacturing. The spectral characteristics of the created ceramics closely mirror those of
commercial crystals. When excited in the primary absorption band, the variance in luminescence spectra be-
tween the crafted ceramics and commercial crystals can be attributed to lingering distortions and flaws. The-
se irregularities are notably diminished after further annealing. Post-annealing, UV luminescence remains a
predominant component of the entire spectrum, but blue luminescence diminishes. This reduction is attribut-
ed to the partial annealing of oxygen vacancies and the trapping of luminescent electrons by specific sites.
Moreover, the annealing process enhances the Ga/O ratio, giving it an edge over commercial crystals.

The solid-state synthesis method paves the way for the more rapid and cost-efficient creation of
B-Ga,0; ceramics, negating the necessity for supplementary equipment or interventions. This method is an
effective strategy for generating doped and pure refractory ceramics with elevated melting thresholds.
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A. bakpitkeiel, XK. T. Kapunbaes, S1. CyunkoBa, A.b. YcenHos,

T.O. Kexkerai, H.K. Myca6ek, A.H. IToros

Katrsl neHe anicimen cunresaenred f-Ga,0; kepaMuKachbiH 3epTTEy

B-GayO3; kepaMHKambIK KypaMbl MEH KYPBUIBIMBI OaKbUIAHATHIH KEPAMHKAJIBIK MaTepHalapAbl jKacayIblH
JKaKChl KaJIBINITACKAaH ofici KaTThl KYH ofici apKpuibl cuHTe3zey. IIporiecc MarepuanasH OipKemKi Tapamysl
MEH BIKIIAMIBUTBIFBIH KaMTaMachi3 eTeTiH ramuii okcuai (Ga,O;) YHTaFblH OipTyTac MIllliHTe MpecTey
apkpUIEl Gacranansl. Conmal keitin Oy npecrenred nimid 1400 °C Temneparypana 10 carat GoifbI skackITyFa
YIOBIpAas], Oy TYpakThl skoHe Kpuctaias! -Ga,0; ¢a3zachHBIH TY3UTYiH KEHUIIETETIH MaHBI3IB KaJaM.
Cunresnenren  [-GayO; KepaMHKachIHBIH ~ 2JIEMEHTTIK KYpPaMbIH 3epTTey YIIH HSHEPreTHKAaJBIK
nucnepcrsuibiK pertrenik tanaay (EDS) konnansniasl. Tangay MaTepraniblH KepaMUKaHBIH Ta3aJIbIFbl MEH
KOHCUCTEHIIMACBIH KaMTaMachl3 €Te OTBHIPBIN, OTTeri MeH ramwmiinig (O/Ga) MiHCI3 CTeXHOMETPHSUIBIK
apakaTbIHackIHA 3:2 coiikec KeneTiHiH pactanpl. -Ga,O; KepaMHUKaCHIHBIH ONTHKANBIK KaCHEeTTepl MYKUAT
3eprrengi. bertik MopdonorusHsl Tangay xKoHe 3IeMEHTTIK Kypamasl emmey 200-zeH 800 HM-re meifinri
JIOMEKTi TONKBIH Y3BIHABIFBIHAA (POTOJIOMUHECHCHIMSHBIH KO3ybl MEH OTKi3y CIIEKTpJEpiH TipKeyMeH
TOJIBIKTHIPBULIBL. Byl criekTpiiep MaTepuaiblH JIeKTPOHIBIK )KOHE ONTHKAIBIK KaCHETTepi Typabl KYHIBI
Tycinikrep Oepeni. Cunresnenred f-Ga,0; KepaMUKAIBIK koHE KOMMepIHSIIBIK [3-Ga,O3; KpHCTanaapbl KOk
(~2,7 3B) xane ynprpaky:iri (3,3, 3,4, 3,8 aB) crexrpiik quanasongapaa GOTOIIOMUHECIEHIMSHBIH alKbIH
LIBIHIAPBIH KOPCETTI.

Kinm ce30ep: cunres, P-Ga,0; kepamuka, (OTOIIOMHUHECLUEHLHNS, KYHIIpy, CTEXHOMETPHUSUIIBIK KaThIHAC,
MopdoJiorus, 3EMEHTTIK KypaM, HYKTEIiK aKayJjap
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A. bakbiTkbzbl, K. T. Kapun6aes, f. CyunkoBa, A.b. Yceunos,

T.A. Kokeraii, H.K. Myca6ex, A.H. IToro

HUccaenoBanue kepamuku B-Ga,0;, CHHTE3UPOBAHHOM TBEPAOTEIbHBIM METOAOM

Kepamuka B-Ga,O; Obl1a CHHTE3HpPOBaHA C HCIIOIb30BAHUEM TBEPAOTEILHOTO METO/Ia, XOPOIIO 3apEeKOMEH-
JIOBABIIETo ceOsl B CO3MAHUN KePAMHUUECKUX MATEPHAIOB ¢ KOHTPOINPYEMBIM COCTaBOM H CTPYKTypoH. IIpo-
Lecc Havajcs ¢ IpeccoBaHus mopomka okcuna rawms (Ga,O;3) B equHyto GopMy, 4TO 00eCIeyrIo paBHO-
MEpHOE pacrpezeieHre 1 KOMIIAKTHOCTh MaTepHana. 3aTteM IpeccoBaHHas opma ObLTa IOABEPrHYTa OTXKH-
ry npu 1400 C B Teuenue 10 4yacoB, 4TO SIBISETCS BaKHBIM ILIAroM, CIIOCOOCTBYIOIIMM OOpa30BaHUIO CTa-
OWIbHOM M KpucTammyeckoil dassl B-Ga,0;. [ uccienoBaHus 3JIEMEHTHOTO COCTaBa CHHTE3UPOBAHHOMN
kepaMuki [3-Ga,O; ObUT HCIOTB30BaH SHEPTOANCIIEPCUOHHBIN peHTreHoBCckmid aHanmn3 (EDS), koTopslii moa-
TBEpAWI, YTO MaTepuai OJIM30K K UIeaTbHOMY CTEXHOMETPHIECKOMY COOTHOLICHHIO KHCIOPOJa K TaUIHIo
(O/Ga) B 3:2, 9T0 OOecneynBaeT YUCTOTY U OJHOPOTHOCTH KepaMUKH. ONTHYECKHE CBOWCTBA KEpaMuKH [3-
Ga,O; ObUIM TIMATENFHO M3YYEeHBL. AHAIN3 MOP(OIOTHH MOBEPXHOCTH M M3MEPEHHS 3JIEMEHTHOTO COCTaBa
OBUIH JOTIONHEHBI PETHCTpaIieil CIeKTPOB BO3OYKAEHHS M MPOITYyCKaHUs (HOTOTIOMHHECICHIIN HA ITOCIIe-
JIOBaTeNIbHBIX JUIMHAX BOJH B Anamna3zone oT 200 no 800 HM. DTH CHEKTPBI NPEIOCTABIIN LIEHHYIO HH(pOpMa-
L0 00 ANIEKTPOHHBIX M ONITUYECKHUX CBOicTBax Marepuaia. Kak cuHTe3upoBanHas kepamuka B-Ga,Os, Tak u
KoMMepueckue Kpuctamibl B-Ga,Oz moka3aan OTYETINBbIC MUKH (POTOTIOMHHECICHIINY B CHHEM (~2,7 5B) n
yinbTpaduoneroBoM (3,3, 3,4, 3,8 3B) ciekTpanbHBIX AUana3oHax.

Kniouesvie cnosa: cunres, kepamuka -Ga,03, GOTONOMUHECIIEHIINSA, OTXKHUT, CTEXHOMETPHYECKHE COOTHO-
HICHHs, MOP(HOJIOTHS, STTEMEHTHBII COCTaB, TOUEUHBIE Te(EKTHI
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Morphological Investigation of Li Thin Film Deposited on LiPON
Solid Electrolyte and the Influence of Interlayers on It

All-solid-state thin-film lithium metal batteries (ASSTFBs) hold great promise for next-generation energy
storage due to their long cycle life, stability across a wide temperature range, and low self-discharge, making
them ideal for applications in wearable devices, medical implants, and IoT systems. Achieving uniform lithi-
um (Li) deposition on lithium phosphorus oxynitride (LiPON) solid electrolytes is a critical challenge for ad-
vancing ASSTFBs. This study evaluates the role of various interlayers in improving film uniformity and ad-
hesion and compares thermal evaporation (TE) and magnetron sputtering (MS) methods for depositing Li
films on LiPON. Initial TE trials revealed discontinuous, droplet-like Li particles with poor interconnection
and adhesion on the LiPON surface. To address these issues, metallic interlayers (Sn, Al, Ag, Au, Pt) and
metal oxides (ZnO, Al,O;) were explored. Among these, Pt demonstrated the most promising results, forming
a lithophilic alloy that improved particle connectivity and interface uniformity. MS produced more consistent
Li films compared to TE, attributed to its better-controlled deposition rate and reduced thermal effects. How-
ever, MS requires precautions due to Li's reactivity and potential system contamination. The findings empha-
size the importance of interlayer selection and deposition method optimization in achieving dense, uniform Li
films. This work contributes to the development of high-performance, reliable microbatteries for advanced
energy storage applications. Future studies will focus on refining deposition parameters and evaluating elec-
trochemical performance to further enhance battery efficiency and stability.

Keywords: lithium, LiPON, thin film, solid electrolyte, thermal evaporation, magnetron sputtering, all-solid-
state lithium metal microbattery

Introduction

Lithium-ion batteries (LiBs) have become a leading energy storage technology, widely utilized in elec-
tric vehicles, power tools, and portable devices due to their high energy and power density. As the demand
for microscale devices, such as medical apparatus, grows, advancements in LiBs have extended to energy
storage microsystems using thin-film technology. Thin-film
electrodes enable the reduction of inactive components, ensur-
ing sufficient electrical conductivity, improved cycling stabil-
ity, and enhanced power density, making them ideal for minia-
turized applications [1-3].

Rechargeable lithium-metal batteries (LMBs), which use
metallic lithium (Li) as an anode or operate as anode-free sys-
tems, have emerged as promising alternatives to conventional
LiBs with graphite anodes. The advantages of LMBs include a
high theoretical capacity (3860 mAh g '), low negative poten-
tial (—3.04 V), low density (0.59 g cm), and high electrical
conductivity, along with the potential to eliminate inactive
components in the negative electrode [4-6]. However, chal-
lenges such as dendritic Li growth, safety risks due to short
circuits, and the formation of dead Li layers resulting from side
reactions have hindered their practical application.

The cycling performance of Li-metal anodes is highly dependent on the electrolyte. Solid electrolytes,
particularly lithium phosphorus oxynitride (LiPON), offer advantages such as high ionic conductivity, chem-

substrate
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ical stability, and compatibility with thin-film systems. These properties enable the development of safer,
longer-lasting, and more compact Li-ion microbatteries [7]. However, challenges persist at the Li-LiPON
interface, including poor adhesion, high interfacial resistance, and the formation of dendrites, all of which
need to be addressed to unlock the potential of LMBs for practical applications [8, 9].

Thermal evaporation (TE) is a common method for depositing Li thin films due to its simplicity and ap-
plicability in various industries. This process involves heating a source material under high vacuum until it
sublimes, condensing onto a substrate as a thin film [10]. Despite its advantages, TE often results in
nonuniform Li films with low surface coverage, posing challenges for achieving consistent morphology and
adhesion.

A critical issue limiting the performance of solid-state LMBs is the lithiophobic nature of solid electro-
lytes like LiPON. This results in poor wettability, space charge layer formation, interfacial resistance, and
dendritic growth. Enhancing lithiophilicity is essential for improving Li deposition and overall battery per-
formance. Approaches to achieving better lithiophilicity include modifying surface energy, introducing al-
loying additives (e.g., Sn, In, Mg), or applying coatings like Al,O;, ZnO, Au, or Al, which improve physical
contact and chemical compatibility between Li and the electrolyte [11-20].

In this study, we aimed to achieve uniform and consistent Li deposition on LiPON solid electrolytes us-
ing TE. To address the limitations of TE, we explored various interlayers, including metals (Ag, Au, Al, Sn,
Pt) and metal oxides (AI203, ZnO), to improve lithiophilicity and adhesion. Additionally, magnetron sput-
tering (MS) was investigated as an alternative technique, which demonstrated superior uniformity and con-
tact at the Li-LiPON interface without requiring interlayers.

Experimental

The deposition of Li was performed mainly by TE, utilizing a resistive heating technique involving high
electric current and low voltage, in a COVAP Physical Vapor Deposition (PVD) chamber (Angstrom Engi-
neering), maintaining a high vacuum of around 10~° mbar, integrated with a glove box filled with argon (Ar)
with H,O concentrations below 0.1 ppm and O, levels below 0.1 ppm.

For the process of depositing a thin layer of lithium onto a silicon wafer, Li metal chips (99.9 %, MTI
Corp.) were placed in a tantalum evaporation boat. For evaporation of metals, pure pieces of Ag, Au, Sn
(Angstrom Engineering, 99.9 %) were placed on Al,O; coated tungsten boat and Al pieces on graphite coat-
ed boat (Angstrom Engineering). The system, with a maximum power output of 2000 W, allocated approxi-
mately 12 % of this power for the evaporation of the Li metal, and 25-30 % for Al, Ag, Au, Sn metals. The
deposition rate for all metals was approximately 1 A s

The thickness of film was monitored using quartz crystal microbalance (QCM) sensors operating at
6 MHz frequencies and controlled by an SQC-310 controller (Inficon). This setup allowed for adjustments to
deposition rate, additional heating settings, and the final film thickness. The substrate, mounted on a holder,
rotated at a speed of 50 rpm, and a shutter was employed to protect the substrate until the desired deposition
rate of 1A s was achieved. Once the required rate was reached, the shutter opened giving a start to the depo-
sition. For all samples, the optimized thickness of 10 nm was chosen due to the quicker lithium diffu-
sion [21].

To deposit oxides, targets of Al,O3, ZnO (Kurt J. Lesker 99.99 %), Pt (Angstrom Engineering, 99.99 %)
and Li (home-made) were used in a magnetron sputtering (MS) system (Nexdep, Angstrom Engineering). To
prepare a Li target, 10-15 pieces of Li chips were melted in a 2-inch copper mold at 350 °C for 3040
minutes, after which it was left to cool and harden. The whole process was carried out inside a glove box.
The sputtering chamber was evacuated down to 2x10 ° mTorr by a turbo vacuum pump. Argon gas was in-
troduced into the chamber, and pressure was balanced to 5 mTorr. The target was cleaned by a 10 min
presputtering before the substrate shutter was opened to eliminate oxide layer and other contaminations on
the target surface. The lithium depositing rate was calculated to be 0.39 A s ™' by QCM sensor at a power of
1.78 W em ™~

To analyze the sample morphology, the ZEISS Crossbeam 540 model Scanning Electron Micro-
scope (SEM) was used. The SEM images were acquired with an accelerating voltage of 3 kV and a variable
working distance spanning from 3.5 to 4 mm.

Results and Discussion
Initially, passing all the optimization steps of thin-film electrodes and coming to the point of their inte-

gration into microcells, unexpected topological challenges with the formed Li film on LiPON solid were
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faced and it was decided to explore this phenomenon deeper. In Figure 1 a, b, the SEM images of the bare Li
film thermally evaporated on the surface of LiPON can be seen, which demonstrates non-uniformly distrib-
uted, island-shaped lithium droplet-like particles on the electrolyte surface, lacking interconnection, poten-
tially resulting in poor adhesion. The observed configuration may give rise to the formation of space charge
layers between lithium and the electrolyte [22, 23]. This spatially discontinuous distribution of Li particles
elevates concerns about the overall coherence and effectiveness of the electrode-electrolyte interface, empha-
sizing the importance of addressing adhesion issues for enhanced electrochemical performance in the studied
microsystem.

The poor deposition of evaporated lithium onto LiPON can be attributed to its compositional complexi-
ty, morphology and the deposition parameters. LiPON surfaces may have different chemical compositions
and surface energies, which can affect the adhesion and nucleation of evaporated lithium atoms. The pres-
ence of phosphorus, oxygen, and nitrogen species on the LiPON surface may interact unfavorably with lithi-
um atoms, leading to non-uniform deposition. The surface morphology of LiPON may also not provide suit-
able sites for the nucleation and growth of lithium atoms. Irregularities or roughness on the LiPON surface
can hinder the formation of a continuous and uniform lithium film. However, from all the SEM imag-
es (Fig. 1), it can be seen that the sputtered LiPON is well deposited and uniform. Next, the electrochemical
properties, such as ion conductivity and stability, may not be compatible with the deposition of evaporated Li.
Chemical reactions or diffusion limitations within the LiPON material may inhibit the deposition process. Fi-
nally, the temperature and pressure conditions during the deposition process can significantly influence the be-
havior of evaporated Li and its interaction with LiPON [24]. Here, we should mention that the conditions were
optimized to achieve the lowest possible deposition rate since at higher one, the morphology was even worse.

500 nm

a, b — Li-LiPON; ¢, d — Li-Sn-LiPON; e, f— Li-Al-LiPON
Figure 1. The cross-sectional and top-view SEM images of the samples

With the goal to improve the uniformity of the evaporated Li onto LiPON interface, we explored the
application of various metals, including Sn, Al, Ag, Pt, and Au, as well as some metal oxides like Al,0; and
ZnO0 as intermediary layers between Li and the LiPON solid electrolyte.

Firstly, as an interlayer, Sn metal was investigated due to the better adhesion, faster Li ions diffusion as
well as immediate alloying reaction with Li, which is supposed to result in the dense Li-Sn interlayer for-
mation [25-27]. A 10 nm thick Sn film was evaporated on the LiPON substrate. The obtained re-
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sults (Fig. 1 ¢, d) exhibited a lack of uniformity, showing the surface with an island-shaped structure that
lacked proper interconnection between particles, as illustrated in Figure 1 d. Furthermore, a detailed exami-
nation of the cross-sectional image (Fig. 1 ¢) revealed the presence of noticeable voids within the particles.
These observations suggest the existing challenges in achieving a homogeneous structure and effective inter-
particle contact, emphasizing the complexity involved in optimizing the electrode-electrolyte interface for
improved performance in Li-Sn-LiPON system.

Similarly, hoping to get ionically conductive Li-Al alloy that serves as an interfacial layer when Al is
added [28], Al was evaporated on LiPON. The resulting structure is prominently illustrated in Figure 1 ¢, f.
Notably, the Li-Al-LiPON samples exhibit a denser configuration in contrast to those with above-mentioned
Sn. A discernible improvement is observed in the connectivity of particles, indicating a more cohesive ar-
rangement without the presence of large clusters. The enhanced connectivity of particles is indicative of a
potentially improved electrode-electrolyte interface. It may promote efficient ion transport and minimize im-
pedance at the interface. However, unevenly distributed bumps and cracks are still visible on the surface of
the thin lithium film.

The subsequent metal, Ag, has the lowest electrical contact resistance and the maximum electrical con-
ductivity when compared to other metals. This can prevent the production of lithium dendrites and encour-
ages more uniform plating of lithium ions [29]. From Figure 2 a, b, the examination of the images reveals a
surface characterized by enhanced smoothness and a more uniform distribution of the deposited layer. Addi-
tionally, there is an observable reduction in the size of the particles compared to previous instances with oth-
er metals. The distinct improvements in surface smoothness and homogeneity, coupled with the reduction in
particle size, highlight the favorable impact of Ag as an intermediary layer in the Li and LiPON interface.
These characteristics are indicative of a more controlled and refined deposition process, underscoring the
potential of silver to contribute to the development of a highly uniform and well-structured electrode-
electrolyte interface.

500 nm

Figure 2. The cross-sectional and top-view SEM images
of the samples with Ag (a, b), Au (¢, d), Pt (e, f) interlayers
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Next, the Au was tested, as it has been already reported for maintaining a stable Li deposition [30]. The
results obtained from this investigation (Fig. 2 ¢, d) indicate that the application of gold as an intermediary
layer also yielded notably superior characteristics. A discernible enhancement in the wettability of Li was
observed, accompanied by a more even and flattened surface in comparison to preceding samples. The supe-
rior characteristics exhibited by the Au-deposited samples suggest a positive influence on the overall homo-
geneity of the Li layer. The improved wettability is particularly noteworthy, as it underscores the effective-
ness of gold as an intermediary material in facilitating a more uniform and well-adhered Li film evaporated
on the LiPON solid electrolyte.

Consequently, Pt was incorporated as the interlayer to assess its potential impact (Fig. 2 e, f) on mor-
phology of evaporated Li film. The desired uniformity in the deposition process was achieved by this metal
since it might alloy with Li metal in electrochemical systems [31]. As it can be seen from the cross-sectional
image (Fig. 2 e), the interface of the Li on LiPON is more improved, particles are well connected and form
dense thin film with the uniform thickness. The additional particles can be noted on the top surface of Li
which might be attributed to non-uniformly deposited Li on top of alloy layer.

Pt and Li have Gibbs free energies that are less than zero, which means that they could combine to pro-
duce LiPt, alloy. The creation of a three-dimensional framework also facilitates the plating and stripping of
Li ions and keeps the volume of Li metal from expansion. By forming a LiPt, alloy, the 10 nm thin Pt the
surface of electrolyte changes from lithiophobic to lithiophilic. In literature, for the garnet surface, the LiPt,
alloy layer increases the wettability of the Li—electrolyte contact, favorable Li transport across the inter-
face [32].

Further, the impact of incorporating an inorganic metal oxide interlayer was systematically investigated.
The ZnO layer can effectively lower the interface impedance and enhance solid electrolyte compatibility
with metallic Li [33]. To achieve this, a 10 nm thick ZnO layer was meticulously deposited through RF MS,
strategically positioned between the lithium phosphorus oxynitride (LIPON) and lithium (Li) layers. The
outcome of this investigation (Fig. 3 a, b) revealed notable enhancements, particularly in the uniformity of Li
deposition, accompanied by a discernible increase in particle density.

The addition of the ZnO layer yielded a more homogeneous deposition of lithium, evident in the ob-
served uniformity across the substrate. The resultant particles exhibited a denser configuration, which is a
favorable characteristic for enhancing the overall performance of the battery system. However, a closer ex-
amination of cross-sectional images unveiled the formation of knots on the surface. This observation sug-
gests the possibility of side reactions occurring during the deposition process, impacting the uniformity of
the film.

S R @u— X3! A"
500nm ., A
= ~LIBON |

Figure 3. The cross-sectional and top-view SEM images of the samples
with ZnO (a, b), Al,O; (¢, d) interlayers
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Another metal oxide implemented as an interface layer was Al,Os, which was previously applied with
ionic liquid electrolyte and was reported for better stability and lithiophilicity [34]. As a result of the investi-
gation (Fig. 3 ¢, d), the homogeneous deposition of Li was achieved. As it can be seen from the SEM image,
Li on Al-LiPON formed the dense structure with the interconnected particles. This can be explained by the
good adhesive properties and chemical inactivity of alumina towards different materials, including Li. Some
roughness on the Li thin film surface can be observed; however, it is within acceptable limits.

The advantage of TE compared to MS is its high deposition rate. But as our above-mentioned experi-
mental results have shown, the evaporated Li films are not always uniform, which are very crucial for
mcrobattery. To compare TE and MS, the Li thin films were sputtered on LiPON surface using MS. Fig-
ure 4 a, b shows the top and cross-sectional SEM image of the obtained Li thin film. As can be seen, the sur-
face of the resulting film is uniform as usual for other MS materials, which is an advantage of the magnetron.

Figure 4. The cross-sectional (a) and top-view (b) SEM images of Li-LiPON sample

This can be probably explained by the better-controlled deposition rate of MS. The rate fluctuates ex-
tensively during TE. Even though the thickness of Li is measured after stabilization, the evaporation rate af-
ter several tens of minutes slowly decreases from 1-1.5 A s to 0.45 A s™ [35]. Among the other possible
reasons of uniform morphology by MS are the better directionality of deposition which is controlled using
magnetic fields, ensuring that Li atoms or ions are deposited evenly onto the substrate, and reduced heating
effects on substrate, minimizing thermal effects and promoting uniformity.

Magnetron sputtering systems are more commonly used equipment, but precautions must be taken
when sputtering Li due to its tendency to form deposits within the work chamber and react with other system
components such as targets and walls. This can degrade system performance and lifespan, causing electrical
shorts, increased electrical resistance, and potential plasma instabilities due to Li's unique properties, includ-
ing high reactivity and low ionization potential. In contrast, evaporation of Li poses a lower risk of damage
because the process occurs in a deep vacuum with negligibly low gas impurities, minimizing the potential for
reactions with Li.

The results obtained offer a comprehensive investigation into the challenges faced during the integra-
tion of thin-film electrodes into microcells, particularly concerning the deposition of Li onto LiPON solid
electrolytes using TE. This study highlights the intricate influence of interlayers on the lithium deposition
process, stressing the need for a thorough understanding of both the beneficial and potentially adverse effects
of various materials. Addressing the non-uniform distribution of Li particles on the LiPON surface can be
achieved by switching to the MS technique with proper handling and equipment maintenance.

Conclusion

This study highlights key challenges and solutions for lithium (Li) deposition on LiPON solid electro-
lytes in all-solid-state thin-film lithium microbatteries. Initial thermal evaporation (TE) of Li produced dis-
continuous, droplet-like particles on LiPON, resulting in poor adhesion. Interlayers of Sn, Al, Ag, Au, and Pt
were evaluated to improve uniformity, with Pt achieving the best results due to the formation of a lithophilic
alloy that enhanced particle connectivity and adhesion. Metal oxides like ZnO and Al,O; also improved Li
film density, though minor surface irregularities remained.

Magnetron sputtering (MS) provided a more consistent Li film than TE, benefiting from controlled
deposition and reduced thermal effects. These findings underline the importance of selecting interlayers and
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deposition methods carefully to optimize Li films for microbatteries. Further refinement of these parameters
will support the development of high-performance, stable energy storage for applications from portable elec-

tronics to electric vehicles.
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LiPON KaTThbl 3/1eKTPOJIUTiHE TYHABIPBLIFaH KYKa JUTHH IVIEHKACHIH
7KIHE OFaH apaJIbIK Ka0aTTapAbIH dcepiH MOP(OIOTUsIIBIK 3epTTey

Toublk KaTThl KyHIeri jkyKa rieHKa bl JuTuil akkymyssitopiaapsl (TK)XKITIIA) y3ak Kel3MeT eTy Mep3iMiHe,
OpTYpJIi Temmeparypajarbl TYPAaKThUIBIKKA KOHE ©3iH-631 pa3psATayAblH TOMEH AeHreiliHe OaliaHbBICThI
9HEPTrHs CaKTay KYpbUIFbUIAPBIHBIH Keneci OybIHBI YIIIH YJIKEH djeyeTke ue. by onapisl kutore GonaThiH
KYPBUIFbLIap/a, UMIUIAaHTALMSIAHATBIH aclanTtap/a jKoHe MHTCPHET 3aTTapbl )KyielnepiHae KojgaHyFa eTe
BIHFAlNBl eteni. Anaiima, meramn jgutuidi MeH LiPON CHSKTBI KAaTTBl 3JEKTPONUT apachlHIAFBI TYPAaKTHI
UHTepENCTI KYpy Y/IKeH KUBIHIABIK TyAbIpanbl. Ce6e6i LiPON-HBIH ToMeH TUTHHQIIBIUITT KapCHUTBIKTEI
apTTHIPBIN, MOHAAPABIH THIMII TachIMAIAaHybIH Texkelai. Ocbl 3epTTey OapbIChIHAA JUTHIIIH OipKenki
Ty3inyiH xakcapty makcatbiHaa LiPON GeriiH JUTHHGUIBIUINH OKCHTIK )KOHE METaUT apaiblK KabarTap
apKbUIBl apTTHIPY KapacTelpsuiabl. Tonsik COM-tangay HoTmkecinae Pt sxone Au mMetanmapbl JUTHIAIH
OipKeJIKi JKoHE JKaKChl OailaHbICyblH KaMTaMachl3 €TeTiH YHIIECIMALTIKTIH XKOFapbl eKeHiH kepceTTi, an ZnO
sxkoHe AlLO; okcuaTepi TYHIBIPY KOHCHCTEHIMSCHIH akcapTTel. byn motmxenep TKOKITIA sxylenepinme
(haza apasbIK Keaepriiepai TOMEeHIeTY KoHe JNTHIIIH OipKelKi TY3UIyiH jkakcapTy MYMKIHAITIH KepceTim,
KAaTTHI JISHeJli MUKpoOaTapesiap bl KeHEHTIreH KOIIaHyFa JKOJI alajbl.

Kinm ce30ep: matuit, LIPON, xyKa mieHKa, KaTThl JJIEKTPOJIUT, TEPMISIIBIK OyJlaHy, MarHEeTPOHIBI OYpKY,
TOJIBIK KATThI KYH/IET] JKyKa IuIeHKanbl TuThit akkymymstopaapsl (TKXKILTA).

A. CepukkassieBa, M. Eramkynos, E. PaiibiMOekoB,
b. Y3ak6aitynsl, K. bakenos, A. MykaHoBa

Mopddoaornyeckoe uccijie10BaHue TOHKOU IVICHKH JIUTHS, 0CAKICHHOMN
Ha TBepAbIi 2J1eKTPouT LiPON, 1 BiusiHMe NIPOMEKYTOYHBIX CJI0OEB

[lonHOCTBIO TBEPIOTENBbHBIE TOHKOIUIEHOUHBIE JIMTHEBbIE akKyMysaTopsl (IITTJIA) obnamaror GompmmM mo-
TEHIMAJIOM IS CIIEYIONIEro MOKOJIEeHNsI HAaKOMUTeNel SHepruy Onaroaapst JUIMTEIbHOMY CPOKY CITyXKOBI, CTa-
OGUIIBHOCTH TIPH PA3NNYHBIX TEMIIEPaTypax U HU3KOMY YPOBHIO CaMOpaspsijia, 4To JenaeT UX MAeaTbHBIMH Il
NPHMEHEHHs B HOCHMBIX YCTpOICTBaX, MMIUIAHTUPYEMBIX IMPHOOpax M CHCTeMax HMHTepHeT-Bemel. OgHako
CO3/1aHNe CTaOWILHOTO MHTepdelica MeXIy METAUINYECKUM JIMTHEM M TBEPIBIM JJIEKTPOJIUTOM, TaKHM Kak
tdochopoxennutpun mmtust (LIPON), npencrapiser 3HaYNTENIbHBIE TPYIHOCTH, CBS3aHHbBIE C €r0 HU3KOHM JIH-
THE(HITFHOCTEI0. DTO YBEJIMUYHBAET CONPOTHBICHUE U MPENATCTBYET 3pHEeKTHBHOMY IIepeHOCY MOHOB. B naH-
HOM HCCIIeJJOBAHUN M3y4eHO YIydllleHue uTuedibHocTH noBepxHocT LiPON ¢ HOMOIIBIO OKCHTHBIX B Me-
TaJUTMIECKNX MPOMEXYTOUHBIX CIIOEB, HANPABICHHOE HA MOBBIIIEHHE PABHOMEPHOCTH OCaXIeHHsS JIHUTHS. [le-
TanpHBI COM-aHanu3 moKa3all, YTo0 MeTalIbl, Takue Kak Pt u Au, 0071a1ai0T BBICOKOH COBMECTHMOCTBIO, CIIO-
co0cTBYsI 6oJIee paBHOMEPHOMY U MPOYHOMY OCKIEHHIO JTUTHA, B TO BpeMs kak ZnO u Al,O; obecrieunBaroT
YIy4IIEHHYIO KOHCHUCTEHTHOCTh OcakaeHus. [lomydeHHble pe3ynbTaThl JEMOHCTPUPYIOT BOSMOKHOCTD CHIDKE-
HHSI M&K(a3HOTO CONPOTHBIICHNS U MOBBILIEHHsT paBHOMepHOCTH ocaxaeHnst mutust B [ITTJIA, uro oTKpbIBaeT
MYTh JUIs PaCIIMPEHHOTO IPUMEHEHHS TBEPIOTENBHBIX MUKpobaTapeit.

Knioueswie cnosa: mutui, pochopokcurutpun mutust (LiIPON), ToHKas 1ieHKa, TBEpIbIH 3JIEKTPOJIMT, Tep-
MHYECKOE MCIapeHHe, MarHeTPOHHOE PACIIBbUICHHE, ITOJTHOCTHIO TBEPIOTEIbHbIE TOHKOIUICHOUHBIE JIUTHEBBIE
akkymyssitopsl (ITTTJIA).
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Introduction of a New B3Y-Fetal Potential in the Semimicroscopic Analysis
of the >N + *’Al Nuclear System

The experimental data analysis of the low-energy elastic scattering process in the "N+*’Al nuclear system
used a new microscopic approach. In the microscopic analysis, new B3Y-Fetal potentials, calculated using
the variational method with lower-order constraints (LOCV) in two-body matrices, were applied. Based on
the double folding model (DFM), the CDM3Y2-Paris, CDB3Y2-Fetal, and CDB3Y3-Fetal microfolding po-
tentials were constructed by adjusting density-dependent parameters C, a, B, and y. These density-dependent
parameters were introduced based on the effective nucleon-nucleon (NN) interaction and the form factor of
the nucleon density distribution of the colliding '*N and *’Al nuclei. The uniqueness of the analysis lies in the
fact that the introduced density-dependent parameters were calculated using the optimal value of the K —
compressibility factor, which characterizes the saturation properties of the nuclear medium. The optimal pa-
rameter sets for the optical and folding potentials were determined from the results of the optical model (OM)
and DFM analyses. The theoretical cross-sections of elastic scattering obtained from phenomenological and
microscopic analyses were found to describe the experimental data well. In the semi-microscopic analysis,
the effectiveness of the B3Y-Fetal folding potential was determined. Based on the analysis of the experi-
mental data of elastic scattering, it was concluded that the saturation properties of nuclear matter can be de-
termined more accurately. The low-energy elastic scattering reaction in the '"N-+*’Al nuclear system is im-
portant for studying the properties of materials and nuclear fuels. This study of the nuclear process contrib-
utes to the development of future nuclear materials and energy technologies.

Keywords: microscopic analysis, elastic scattering, double folding model, B3Y-Fetal potential, nucleon densi-
ty distribution.

Introduction

Studying the processes occurring during nuclear collisions helps to obtain valuable information about
nuclear forces and their behavior, understand nuclear reaction mechanisms, and the structure of complex nu-
clei. Research on "N+*’Al nuclear systems has been actively conducted in recent years from both fundamen-
tal and applied science perspectives. Such studies make it possible to determine the energy levels and states
of nuclei, which is important for the theoretical modeling of nuclear interactions.

Studying reactions between light elements such as "N and *’Al helps to understand nucleosynthesis
processes and model the evolution of stars, which is important for nuclear astrophysics. In nuclear energy,
processes involving light nuclei like nitrogen and aluminum under thermonuclear synthesis conditions are
considered as a potential future energy source. Understanding the effect of thermonuclear reaction products
and fast neutrons on the high-energy characteristics of materials containing the *’Al nucleus is one of the key
aspects. Analyzing the ’N+*'Al reaction aids in the development of radiation detectors and monitoring de-
vices for nuclear reactors. Thus, the "N+>’Al system has a wide range of practical applications in nuclear
energy, from fundamental research to technology and safety.

In addition to obtaining important information about nuclear structure and reaction mechanisms through
the analysis of the elastic scattering process, it is possible to enhance the saturation properties of the nuclear
medium. The saturation point of the binding energy density dependence, K — nuclear incompressibility, is
directly related to the nuclear binding energy [1]. The approach to constructing the equation of state of a nu-
cleus based on the overlap of nucleon densities of interacting nuclei is performed through a microscopic
method. Constructing an effective NN-interaction potential dependent on nucleon density enables the calcu-
lation of the saturation properties of nuclear matter [2]. The novelty of this work lies in investigating the effi-
ciency of using the effective NN-interaction B3Y-Fetal potential with density-dependent parameters C, a, 3,
v. The effective NN-interaction B3Y-Fetal potential of Fiase, incorporating these density-dependent parame-
ters, was recently obtained based on calculating nuclear matrix elements of two-body interactions using the
LOCYV method [3-6].

Cepus «®usukax. 2025, 30, 1(117) 29



D. Soldatkhan, B. Mauyey et al.

From this, an analysis was carried out on the basis of density — dependent parameters calculated at the
value po=0.17 fm~> of the actual density determined at the saturation point. The density-dependent
a-parameters are determined in the effective NN-interaction formula in the DFM formula [7].

ti(”NN):Ci[l"'O‘ipi/(;)(Sp(f))}VéK (rNN)’ (1)

where V. (r ) is the potential of singlet and triplet states.

In the articles Dao Khoa, 2 types of F(p) — density-dependent form factor are proposed [8, 9]. The
article identified density-dependent parameters C, o, B, Y — at optimal values of the K-incompressibility
factor and analyzed in a wide energy range [9-12].

The folding model allows modification of the density-dependent form factor of nucleon distributions
taking into account the ideas of microscopic theory. Therefore, the properties of nuclear matter can be
described more clearly using effective NN-interaction. No such analysis has been done for system "N+*’Al.
In our upcoming work [13, 14], analyses were made using the new B3Y-Fetal potential that resulted in
global dependencies.

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

To increase the saturation property of nuclear matter, the equilibrium condition of the density-
dependent specific bond energy is sufficient. We apply density-dependent parameters calculated for the
equilibrium condition to the effective NN-interaction M3Y potential. In particular, it is necessary to
construct the equations of state at the value po=0.17 fm of the saturation density of nuclear matter.
Specific binding energy of density-dependent infinite nuclear matter [4, 8]:

€ _3h2k; P n 2 Ex 3
g(p)—W—FF(p)E(JD [ o™ (r)d r), @)
where m is the mass of the nucleon; Jp is the integral obtained by volume from the direct part of the
A 3il(x
interaction j, (x) :% — Bessel spherical function (z=1), p is the density of the nucleons, kr is the

Fermi momentum.
From the equilibrium saturation condition of the binding energy of the nucleus:

272
de _Ik; +£(1—§B(8)p2/3j=0. 3)
dp Smp 2 3

Based on the density-dependent parameters from Equations (4) and (3), the ¢ — bond energy formula
is written as follows:

3k, pJ, 23
e=—=—+—2C(1-B(e . 4
10m 2 ( B( )p ) @
Density-dependent ¢, B — parameters and p, — actual (saturation) density [4]:
20k,
C=- s (5)
SmJDp[l —53(8)p3 J
(3-3p) 1
Ble)= =5 (6)
( ) (9 _Sp) p5/3
10me

a ) a .57‘52p)2/3
The nuclear incompressibility factor is calculated by the following equation [4]:
213
K, = 3Nk +5J,CB(g)p™"” . (8)
Sm P=Po

The saturation density point (py=0.17 fm ) defined according to the specific binding energy of the
nucleus using the B3Y-Fetal interactionand shown in Figure 1 [4].
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Figure 1. Saturation point of the core binding energy density dependence [4]

NN-interaction on effective forces M3Y-Paris and B3Y-Fetal potentials
The interaction potential for effective NN forces consists of the sum of the U” (R) — direct and

U (R) — exchange potentials.

U(R)=U"(R)+U™(R). ©)
Double integrated direct potential on the distribution of nucleons of beam and target nuclei [15, 16]:
U”(R)=[[p" (r)v,(s)p" (1, )drer, . (10)

where v, (E ) — direct component of effective interaction; p(i) (r,) — nucleon density of colliding nuclei;

s — effective NN-interaction distance, s=r, —7 + R.
Double integrated Exchange potential on the distribution of nucleons of beam and target nuclei [16, 17]:

U= (R) = [[p" (7 + 5 )ope (5)p (70 5 = 5 )exp| ik (R)$ /m | i, . (11)

-

where v, (§) — effective NN-interaction exchange component, p(i) (F,7") — density matrix of colliding
nuclei.

Matrix in singlet, triplet states of nucleon interaction (Hartree Fock) calculation for coefficients direct
and transition components [18]:

Vp(ze) =1/ 16(305; +305; £905, £ U5, ), (12)
where the triplet and singlet components of the central forces are even (UCTE,U;E) and odd (U”TO, Ugo) [19].

Direct and exchange components based on the G-matrix element of the M3Y-Paris potential [20].

v, (5)=11061.6PH) _ 9537 5EXP2.55) (13)

S 2.5s

exp(—4s) 5188 exp(—2.5s) 78474 exp(—0.7072s) ‘ (14)
4s 2.5s 0.7072s
The direct and transition components based on the G-matrix element of the B3Y-Fetal potential is given
in the radial form of the isoscalar part [6, 14]:

v, (5)=-1524.0

exp(—4s) exp(—2.5s)

v, (5)=10472.13 ~2203.11 =23 15

o(5) 4s 2.5s ()

Oy (5)=499.63 3R 1347 77 SXPELI5) g g7, XP(0.70725) (16)
4s 2.55 0.7072s
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The theory of semi-microscopic analysis

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

U(r) =V |:1+exp[r_RV ﬂ—iWo |:1+ exp[ﬂﬂ +V. (r) , (17)
a, Ay

where V,, Wy, ay, aw, Ry, Ry are real, imaginery potentials, diffusion, radius, V. (r) is the Coulomb

potential.
In a semi-microscopic analysis, we replace the real part of the op with the V. (r) — folding potential:

U(r)=N, [V, (r)+ Ve (r)]-iW, |:1+exp[r;fW H+ v.(r), (18)

where N is a re-rationing factor of the folding potential.
The folding potential of an effective NN-interaction [17]:

Ve =9 () (1) 8y (s)d*rid’r; (19)
where 3, is the effective NN-interaction potential; pi(r1) and p,(r») is the distribution of the matter density

of the beam and target nuclei, respectively.
V.(r) — the Coulomb potential is defined as follows:

2 2
ﬂ[ —R—} For R<R.

Ve(R)= 2R Re (20)

Z,Z,e’
L1228 For R>R,
R
For the "N-core, the harmonic-oscillator model was selected as the distribution of the density of mat-

ter [21]:

p(r)=p0(l+a(r/a)2)exp(—(r/a)z), (21)
where @ = 1.756 fm, a = 1.29 fm [22].
For the *’Al core, the two-parameter Fermi modelwas selected as the distribution of the density of

matter [21]:
r—c
p(r)zpo/(l+exp[ . D, (22)
where ¢ =3.07 fm, z=0.519 fm [22].

Dependence function of direct and exchange potentials [8].
UD(EX)(p’r):g(E)f(p)U'D(EX)(r)’ (23)

where g(E ) — energy dependent type; p — density of the overlapping medium of nucleons of nuclei;

r is the distance between the interacting nucleons.
In the process of elastic scattering, there is a re-distribution of energy between the colliding nuclei.
Energy dependent type [13].

g(E)=1-0.003(E/4). (24)

A type proposed by Dao Khoa of introducing density-dependent C, a, f — parameters to the effective
NN-interaction [6]:

1) f(p)=C(1+ae™), the DDM3Y-type, (25)
2) f(p)=C(1-0p"),  the BDM3Y-type. (26)

Based on this f(p) — density-dependent form factor, you can enter density-dependent parameters for
the correct values of K-incompressibility [8, 13]. ¥ — parameter dependent formula [6, 13]:

f(p)=C(1+aexp(-Bp)—7vp). 27)
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Table 1
Density-dependent modified microfolding potentials [6, 22]
Density dependence C o B (fm’) y (fm’) K (MeV)
CDM3Y2-Paris
CDB3Y2-Fetal 0.3346 3.0357 3.0685 1.0 204
CDB3Y3-Fetal 0.2985 3.4528 2.6388 1.5 217

Discussion of results

At energies Ep,= 33 MeV, E =48 MeV, E =62 MeV, E =70 MeV [23], for the nuclear system
N+*"Al, phenomenolic and semi-microscopic analyses of experimental data of elastic scattering were

performed.

The analysis used density-dependent CDM3Y2-Paris, CDB3Y2-Fetal and CDB3Y3-Fetal folding
potentials. All OM and DFM calculations were carried out on the basis of using the Fresco Code [24]. The
following figure shows the result of the OM and DFM analyzes and shown in Figures 2—-5.

*N+*’Al, OM and OM+DF analysis
E_=33 MeV (E__=21.1 MeV)

*N+*’Al, OM and OM+DF analysis
E,,=48 MeV (E_, =30.8 MeV)

® EXP (F.W. Prosser)
—— OM, X*/N=0.1
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E =70 MeV (E_, =44.9 MeV)
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Figure 2. Results of the analysis of OM and DFM Figure 3.
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Figure 4. Results of the analysis of ohms and DFM
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Microfolding potentials CDM3Y2-Paris, CDB3Y2-Fetal, CDB3Y3-Fetal were used in the OM+DF
analysis. The N, — re-rationing factor was determined at intervals of 0.8—1.2.

The values of the optimal parameters for theoretical analysis are shown in Table 2. There is an energy
dependence of the characteristics of the parameters.

Table 2
Parameters of OM and DFM analysis for '’N+*’Al system
g Type of real potential Imaginary potential parameter (WS) -
(MeV) Model Vo Ry av Ng W, Fw aw (m‘;)) YIN
(MeV) | (fm) (fm) (MeV) (fm) (fm)

OM 280.0 0.97 0.5 — 4.6 1.2 1.15 1093 12

33 | OM+DF CDM3Y2-Paris 0.8 4.6 1.2 1.15 1085 —
OM+DF CDB3Y2-Fetal 0.9 4.6 1.2 1.17 1055 —
OM-+DF CDB3Y3-Fetal 1.0 4.6 1.2 1.17 1055 -

OM 2408 | 1.13 | 05 - 24.9 137 0.2 1552 0.1

43 | OM:DF CDM3Y2-Paris 0.8 24.9 1.37 0.2 1602 -
OM-+DF CDB3Y2-Fetal 0.9 24.9 1.37 0.2 1570 -
OM-+DF CDB3Y3-Fetal 0.8 24.9 1.37 0.2 1554 -

OM 2799 | 1.04 | 047 - 4.6 1.24 1.17 1834 0.1

6 | OM:DF CDM3Y2-Paris 1.0 4.6 1.24 1.17 1848 -
OM+DF CDB3Y2-Fetal 0.9 4.6 1.24 1.17 1782 -
OM+DF CDB3Y3-Fetal 12 4.6 1.24 1.17 1820 -

OM 2408 | 1.13 | 05 - 24.9 137 0.2 1904 0.5

20 | _OM+DF CDM3Y2-Paris 0.85 24.9 1.37 0.2 1894 -
OM-+DF CDB3Y2-Fetal 0.9 24.9 1.37 0.2 1885 -
OM-+DF CDB3Y3-Fetal 1.0 24.9 1.37 0.2 1910 -

Conclusion

+ A semi-microscopic analysis was carried out for the N+’Al system using the new B3Y-Fetal
potential calculated on the basis of LOCV.

* Density-dependent parameters C, a, B, y were introduced into the new B3Y-Fetal potential, and the
CDM3Y2-Paris, CDB3Y2-Fetal, and CDB3Y3-Fetal folding potentials were created. Theoretical elastic
scattering cross sections have been determined for the "N+°’Al system.

« The efficiency of the microscopic CDB3Y -Fetal potential was determined for the ""N+*’Al system.
The accuracy of the analysis of OM was determined in the range of y/N=0.1-1.8. The reordering
coefficient of semi-microscopic analysis was determined at the interval N,= 0.8—1.2.

* Density-dependent study of the B3Y-Fetal potential, created on the basis of LOCV made it possible to
clarify the saturation property of nuclear matter, to fully take into account nuclear forces.
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. Connarxan, b. Mayeii, A.A. bapatoa, K.M. MaxaHoB

BN +27A1 SIAPOJIBIK KYHEHi 'KapThlIail MUKPOCKONUSIVIBIK TAJI1ay
ke3iHge :;kaHa B3Y-Fetal noreHumnasbIiH eHrizy

N+7Al sponblk KyleHiH TOMeH SHEprusiarbl CEpHiMIi IAIBIPAY NPOLECIHIH HSKCIEPUMEHTTIK
JIepeKTepiH Tajjnay/a >KaHa MHUKPOCKONMSUIBIK TACUT KOJNAAHBUIABL MUKPOCKONMSIIBIK Tajjayaa eKi JeHe
MaTpUIACHIHa TOMEHT1 peTTi mekreynepi 6ap Bapuanusiblk Tacinge (LOCV) ecentenren sxana B3Y-Fetal
MOTEHIHANIApkI Maiaananbubl. Exinik ¢ponauar Moxens (DFM) Herizinae TeiFbI3AbIKKA Toyenai C, a, B, y —
napaMerpiepni perrey apkbuiel CDM3Y2-Paris, CDB3Y2-Fetal xome CDB3Y3-Fetal mukpodonnuar
MOTEHIUAAAPE] KYPBUIABL. THIFBI3ABIKKA TOYENIl MmapaMeTpiiep THIMII HYyKIOH-HYKIoHABIK (NN) e3zapa
opekerTecyi Herisinge cokreFsickan °N sxome Al sSAponapIblH HYKIOHIAP THIFbI3ABIFBIHEIH TAPaTyBIHBIH
tdhopm-dakropsr OoitpiHITa eHTi3inai. TanmayaplH epeKIenTi eHTi31UITeH ThHIFBI3IBIKKA TOYEN Il mapaMeTpIiep
SIIPOJIBIK OPTAaHBIH KAHBIKTBUIBIK KACHETIH CUNATTAUTBIH K — CBHIFBUIMAYIIBUIBIK (DAKTOPBIHBIH OHTAWIIBI
MoHiHJe ecenTeiared. OnTukanslk moaenb (OM) sxone DFM rtannmaynap HOTHXKECIHIC ONTHKAIBIK JKOHE
(ONIUHT NOTEHIMAIAPABIH OHTAIIBI MapaMeTpiiep J>KUBIHTBIFBI TaObuiabl. (EHOMEHOJIOTHSUIBIK JKIHE
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MHUKPOCKOIMSJIBIK Talay HOTWKEJEepiHIe CepHiMIi HIAIIbIpayAblH TCOPUSUIBIK KAMaJapbl SKCIEPUMEHTTIK
JepeKTepai JKaKChl cHmaTTail annbl. JKapTelaili MHKpPOCKOMMSUIBIK Tanmayaa B3Y-Fetal donauar
MOTCHIUAIABIH THIMIUITT aHBIKTanapl. CepmiMali MIAIBIpayAblH SKCHEPHUMEHTTIK ICPEKTEpiH Taimay
HETI31HE SIPOJIBIK MATCPHSIHBIH KAHBIKTBUIBIK KACHETIH IONIIPEK aHbIKTayFa OOJambl METeH KOPBITHIHIBI
xacanasl. PN + 27Al SIPOJIBIK JKYWEHIH TOMEH 3HEPrHsIarbl CEpPIiMII IAIbIpay peakiMschl MaTepHanigap
MEH SIPOJIBIK OTBIHAAPIBIH KACHETTEPIH 3€PTTEY YIIiH MaHbI3Ibl. BYJT SIIPOJIBIK MPOIECIH 3ePTTEY JKYMBICHI
Ooarak sApOJbIK MaTepHaIIap MEH SHEPTeTHKAIBIK TCXHOJOTHUSHBIH JJAMYybIHA YJIeC KOCAbI.

Kinm ce30ep: MHKPOCKONMSUIBIK Tajay, CEpIiMAlI IHambipay, ekunik ¢oiamuar moneni, B3Y-Fetal
HOTEHLMAIIBI, HYKJIOHAAP THIFBI3/IBIFBIHBIH Tapalybl

. Connarxan, b. Mayeii, A.A. baparosa, K.M. MaxaHoB

Beenenue HoBoro morenuunana B3Y-Fetal
MPH MOJYKOMHUKPOCKONMUYECKOM aHAJIM3e AAEPHOM CUCTEMBbI BN + 274l

B sxcnepuMeHTanbHOM aHaIU3€ MPoLEecca YIPYTroro paccesiHusl Ha sIepHOH cucTeMe BN+ 77Al NIpU HU3KUX
SHEPIrUsAX OBUT IPHMEHEH HOBBIMH MHKPOCKONMYECKHH MeToJ. B MHKpOCKOIMYEecKOM aHanM3e HCHONB30Ba-
Jmch HOBBIe noTeHnuansl B3Y-Fetal, paccunrannsle B BapHallHOHHOM METOJE C OTPAaHWYCHHMSMH HH3IIErO
nopsaka B asyxtenesoit matpune (LOCV). Ha ocnoBe Monenu nBoitHoro ¢onauara (M/IP) 6sui moctpoe-
HBI MuKpodorauHr noreHmansl CDM3Y2-Paris, CDB3Y2-Fetal 1 CDB3Y3-Fetal. Ot nmoteHmans! 65uti
HOJIy4eHBI IyTeM HACTPOMKM IUIOTHOCTHBIX mapamerpoB C, o, B, y. 3aBHCHMbIC OT IUIOTHOCTH IapaMeTphl
BBOJIWJIUCH C Y4eTOM 3 PEKTHBHOIO B3aNMOJCHCTBHS HYKIOH-HYKIOHHOCTH (NN) yepe3 popm-dakrop pac-
TIpE/ICTICHHS IOTHOCTH HYKJIOHOB B CTONKHYBIIHXCA siapax N u 2’Al. OcoGEHHOCTI0 HCCIEI0BAHHS SBIIS-
eTcsl pacueT BBEJEHHBIX IUIOTHOCTHBIX NapaMeTPOB MPU ONTHMAIbHOM 3HAUE€HHH CKUMaeMocTH — K, omu-
CBIBAIOIIIEM HACBHIIICHNE SACPHOTO BellecTBa. Pe3ynpraTel aHanmm3a ontideckoit monemu (OM) u M moka-
3aM ONTHMAJIbHEIE 3HAYEHHS IapaMeTPOB ONTHYECKHX M (OJIHHT NOTEHIHAJIOB. TeopeTnueckue CeUeHuUst
YIIPYTOTO PaccestHus, MOTydeHHBIE B ()EHOMEHOIOTHYECKOM M MHUKPOCKOIIMYECKOM aHaJIH3aX, XOPOIIOo CO-
TJIACYIOTS C HKCIICPHMEHTAIBHBIMI JAHHBIMH. B ITOIyMHKPOCKOIIMYECKOM aHalu3e OblIa ompeneneHa 3¢-
(exTuBHOCTH (onauHr noteHnuana B3Y-Fetal. Ha ocHoBe aHanmm3a sKcIeprIMEHTAIBHBIX JaHHBIX YIIPYToTo
paccesHHsS MOXKHO CJIENaTh BBIBOJ O BO3MOXKHOCTU 00j€e TOYHOTO OMpEJeNeHHs HACBHILAIOUIMX CBOHCTB
SIIEPHON MaTepuu. YIIPYroe paccesHue Ha siIepHON CUCTEME BN+7AL MPU HU3KUX DHEPTUsiX BaXKHO IS UC-
CJIe/IOBAHUS CBOWCTB MAaTEpHAOB U SAEPHOTO TOILTHBA. DTO HUCCIIE0BAHUE AJIEPHOTO TpoIiecca CocoOCTBY-
eT AanbHeHIIeMy Pa3BUTHIO SAEPHBIX MAaTEPUAIOB U SHEPTETUUECKUX TEXHONOTHH.

Kniouesvie cnosa: MEKPOCKOIIMIECKHI aHAIN3, YIIPYTO€ pacCestHUe, MOJIeIb ABOMHOTO (DOJIIMHTA, MOTESHIHAI
B3Y-Fetal, pactipenienenue mIoTHOCTH HyKJIOHOB
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Influence of a Constant Magnetic Field
and a High-Frequency Electric Field on Plasma

A new method of determining the expression of the averaged high-frequency pressure force (Miller force)
based on the solution of the kinetic equation for the electron distribution function and the method of succes-
sive approximations (separation of slow motions and fast oscillations) is proposed for the case when a high-
frequency electric field and a stationary magnetic field acting simultaneously on weakly inhomogeneous
plasma. Moreover, widely recognized methods of theoretical and mathematical physics, such as averaging
over the period of oscillation of the electric field and integration over the trajectory, have been applied. Colli-
sions between electrons and stationary ions have been considered. The electric field amplitude is considered a
slowly varying function of time and coordinates. The obtained expression allows us to estimate the influence
of collisions of plasma particles on the Miller force, and under limiting conditions it coincides with the
known expressions for the high-frequency pressure force derived from the equation of plasma electrons mo-
tion in high-frequency fields. The calculations neglect the contribution of the magnetic component of the
electromagnetic field, which is applicable to longitudinal electric fields. The results obtained in this article are
primarily of theoretical interest and reveal the interaction of weakly inhomogeneous plasma with a high-
frequency electric field. They can also be used in constructing the kinetic theory of inhomogeneous plasma in
high frequency electromagnetic fields.

Keywords: weakly inhomogeneous plasma, plasma electrons, kinetic equation, averaged force, electric field,
particle collisions, fixed ions, high frequency

Introduction

It is known that in high-frequency electromagnetic fields, particles (specifically, electrons) experience
not only the generalized Lorentz force ﬁo but also an additional force j?M determined by the high-frequency

quasi-potential U, i.e., f,, =-n.grad .U, where n, is the electron concentration. As a result of its action,
the plasma electrons tend to move to the field minimum. The physics of such a phenomenon can be ex-
plained as follows. The electromagnetic field, causing high-frequency oscillations of electrons with velocity
U, creates as if an additional high-frequency pressure P, ~nmv,” (or P,

mass), as a result of which the plasma electrons are displaced from the areas occupied by the field. In oscilla-

~nU,, where m, is the electron

tory motion, the force fM =—grad, P, is directed against the displacement of electrons, so when an electron
is displaced to the right, a return force of greater magnitude acts on it compared to when it is displaced to the
left. The averaged force f),, so called the high-frequency pressure force, or sometimes the quasi-potential

Miller force, do not depend on the particle charge sign. An expression for the studied force, based on the
equation of motion of electrons, was defined in the works of a number of authors [1-4], devoted to the accel-
eration of plasma particles and the confinement of high-temperature plasma by high-frequency electromag-
netic fields. In this article, the expression for the Miller force is derived from the kinetic equation for the
electron distribution function, taking into account electron-ion collisions and the influence of longitudinal,
high-frequency, and inhomogeneous electric fields and stationary magnetic fields on weakly inhomogeneous
magnetically active plasma. This is done using the method of successive approximations (separation of slow
motions and fast oscillations).

In this regard, this article addresses the problem of the impact of high-frequency electric and constant
magnetic fields on weakly inhomogeneous plasma. In particular, the contributions of external fields to the
kinetics of weakly inhomogeneous plasma in the approximation of pair collisions between particles are
evaluated. Expressions for the collision integrals of electrons with electrons and electrons with stationary
ions, as well as for the force of high-frequency pressure, are also determined, taking into account the
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presence of a high-frequency longitudinal electric field and a constant magnetic field. Despite the increased
interest in research in this direction, the question of the mechanisms of plasma behavior in external fields is
far from fully studied and remains open, which makes the topic of the article relevant.

Materials and Methods

Motion of charged particles in electric and magnetic fields based on classical physics concepts, has
been studied in papers [5—8]. These concepts not only remain valid when analyzing the motion of charged
particles under the influence of macroscopic external fields but also form the foundation required for under-
standing processes of particle interaction in plasma — processes involving the microscopic fields of single
particles. When analytically investigating various properties of plasma, one of the common methods is the
kinetic equations approach. Although the Landau, Klimontovich, Lenard-Balescu-Silin, etc. equations have
long been known in kinetic theory, the interest in this area of plasma physics remains unabated. In addition,
widely recognized methods of theoretical and mathematical physics have been applied in plasma research,
such as averaging over the period of oscillation of the electric field and integration over trajectory.

Literature review

The external high-frequency pressure force from the equation of motion is considered in the litera-
ture [1-4] in the case of a plasma without an external magnetic field and homogeneous. In the literature [5—
10], one can become familiar with the interactions between plasma and external fields, kinetic processes, and
electrophysical laws. Additionally, the results of recent years, which have been added to the kinetic theory of
ionized plasma, are analyzed and discussed in references [11-18].

Main part. Experimental
Assume that the plasma, except for the high-frequency field
E =E,(eF,&t)sinoyt (1)
is influenced by an external constant magnetic field EO , oriented along the axis z. The kinetic equation for

the electron distribution function F,, considering the collisions of electrons with ions and effecting external

fields, is written in the form of [9-12]

e % 5% (r), @)
ot or op

F=o £+1[34,]).

where U= p/m, is the electron velocity. The field amplitude EO is considered a slowly varying function of

time ¢ and as per coordinates 7 . The parameter € characterizing the slowness of the amplitude change, ful-
fills the condition €= (VT / oaOL) <<1, where V} is the electron thermal velocity, ®, is the frequency, and L

is typical value of the change F,. When referring to high field frequencies, we assume that during the period
of field oscillation, the electron travels a distance much shorter than its free path length, and thus can be con-
sidered to move in an almost homogeneous field [13-16]. Here /, = Voo, and /=V,v,"; v is the fre-

el

quency of electron-ion collisions. We will assume that the plasma is weakly inhomogeneous, i.e., the func-
tions F, and E do not change much at a distance of the Debye radius r, or the condition (L /v, T)>>1 is
fulfilled, where v, is the average particle velocity.

As known, the collision integral characterizes the change in the particle distribution function due to col-
lisions between them. It has dimensionality F'/¢, where is the F distribution function. The characteristic
time ¢ of change F due to time-of-collisions between particles, i.e. ¢ ~ t. Furthermore, the collision integral

becomes zero when F' coincides with Maxwell distribution function.
Therefore, in (2), the collision integral is determined using the following approximate expression

(t -approximation): Sz, {F,}=-v, (FQ— <FE' >) , here the relation is taken onto account v, ~1/t,. Substi-

tuting (2), we obtain:
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LF=v <F"0>, 3)
R aFO 4
LF = 4)
oer
where
iz =Q—Foi+v
ot op

In the presence of EO a small parameter € the relation can be determined by ¢ =(VT / A(DL) <<1,
where Ao = ((90 - H) is offset frequency; w,, =eB, / m, is the electron cyclotron frequency, ¢ is the light
velocity. Under the condition (®,/®,)<€& we have Aw~w,. Since ﬁ(px,py,pz), F(r r rz) and

xoly

E (EOX,EO) ,E, ) the equations (3) and (4) can be rewritten as:

LE"=v,<F">; (34)
LF'=-8,, (4A)
where, for simplicity, the following notations were used:
PRIV

M M, M,
OF" oF) OF

S, =v, -v, -V, ;
Osr, Oer, Osr,

M, =eE, smoy+p o,;

M, =eE, sinwyt— p.o, ;

M, =eE,_sinmyt.

The approximate solutions to equations (3A) and (4A) can be expressed as:
FO— o0 4 poo. (5)
Fl= O gl (6)

where the first terms on the right-hand sides of (5) and (6) are solutions to the homogeneous equations
LF" =0 and L,F” =0 respectively, expressed by the equality:

_ o, E
FYO =F' =n, (2mm kT,) " exp{-(2m kT, )" [(p, ~—52=2 cos 1)’ +
0 H
e, E, E, 0
+(py_%coscoot)2+(pz—e 0z coscoot)2+( i 2)2><
o — Oy ®, ®y — Oy

2
X(Ey\> + Ey 2)sin® oy + ——t—(p E,, = p, Ey.)sin ot +(2mkT,)v,i1}.
' o — O
The functions F;O(l) and Efm in equations (5) and (6) are solutions to the inhomogeneous equation
(3A) and (4A). Before finding them, consider the following characteristics of the homogeneous equation (2):
dp . ar .
2 =5 @)

L=Fim =
dt dt
The solutions of these characteristic equations relate the values of momentum p,,p ,p. and coordi-

nates 7,,7,,7. of electrons at time ¢ to the values £, £, ,,F,. and R ,R ,R_at the initial time, ¢’ i.e.
P, =B, cosw, (1—1") =B, sinw, (1—1)+ Ne(o,N, E,, + N,E, )
P, =B, sinw, (t—1) =B, cosw, (t—1')+ Ne(o,N,E,, — N;E,, );
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P, =P —ew, 'E, {1 —cosa, (1 - t')} ;

-1

ry =R, —(mw,) PR, {1 —coso, (1- l’)} +(m,o, )71 B, sino, (1—1')+m,"eN, (N4E0y + Nson) ;

-1

=R, —(mo,) B, {l-coso, (t-1)}+(mw, )" B, sinw, (1—1")+m,"eN, (NSEO}, —N4EOX) ;

r,=R. +m B (t—1')~(mw,) " ek, {(t —1')—w, " sinw, (- t’)} ;
N, = (coo2 -0, )71 ;
N, =coso, (1 —t")—cosw, (t—1');
N, =o,sino, (—1")-o, sino, (1—1');
N, =y, {1-cosm,, (1=1')} — 0,0, {1-cosw, (1 -1')};
N, =sino, (1—1')— w0, " sino, (1-1).
When studying kinetic effects in inhomogeneous plasma, it is required to know the perturbed distribu-

tion function of such plasma. One way to find this function is the trajectory integral method, which was first
used in problems of oscillations of homogeneous and inhomogeneous plasma in a magnetic field. Transition-

ing from p to 130 and as well as from 7 to R using the method mentioned above, we determine the desired

solutions F*" and F'" in the form [17]:

1
FeO(l) :J.vei <F;0(0)(t_t',gt’gjé,}3o) >dt'; (®)
0

F'O = —j S, (l —1',et,eR, P, )dz’ . 9)
0

It should be noted that when integrating the integrand exponential functions in (8) and (9), the condi-
tions were taken into account

ek ek ek,
—% < Aw; ¥ < Aw; —% < Aw,

0x Oy 0z

. . . . . . 2
under which these functions were expanded into a series. In this case, only terms were considered ~ E".

Subsequently, by averaging the function F, the following expressions for the Miller force components are
obtained:

2 2
_+w 1 5 2 (emo) 0 op 2 0p 2 n, | e 5E022 .
fX_LT P <F. >dP,=—NSn, ——y (ME, + M,"E,, )—2m€ (CO—O] C;

—~

2 2
+00 R 0 E 2
f,= [T, <F,>dP=-N}n-" ) @ (MOE,> + M,'E, )~ (i) % ¢,

2m, OeR, 2m, | o,

—

f.=|[T"B.<F.>df =-N'n,

o,) 0 ) * OF, 2
eznze) eR. (M30 (on2 + EOy2 )) - 2”7;% Lwio) =-C,,

here

M= %cos[%tm—”j —%{ZQ +r (1 +v,’ (40302 +v, )_1 )Dsin[2nm—”J} ;

@, @,
o 3 Oy 1 5 , ) ) 2\ ) 0y
M =Zcos| 2n— |- =120+>n (1+ve,, (40, +v,?) |Dsin| 2n= |}
2 o, ) 3 2 ®,
o 1 0y 1 1 ) ) 2\ . Oy,
M, =—+cos| 2n—= |- =120+ == (1+v€i (4030 +v, ) )Dsm 2n—= | ¢
2 ®, 3 2 ,
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C = 11 cos 275— w21 2Q+1n v, (40302+vm.2)71Dsin on 2 |l
2 3 2

@,

C, = L) cos 2n— 2|1 2Q+ v, (40)02+ve,.2)7lein 22 (L
2 3 o,

Q:ﬂ[(mo—mf,)zwj} ve,.{(m (DH)sm(2nm—]+v cos(2n—ﬂ(l—D);

0‘)0 (’00
D=1-exp(2nv, /).
In the absence of a constant magnetic field (EO - 0) or under the condition (coH / (00)< ¢ the follow-

ing expression for the force is obtained fM :
2 - 2
- 3n, (e )oE |, 4(v,
R e M AR R (10)
22m,\ o, ) OeR 9\ o,

If we neglect collisions (v, — 0), then from (10) we have fu= —%neng.Ue , where V. is nabla. Thus,

an expression for the quasi-potential Miller force has been derived, taking into account for electron-ion colli-
sions. The obtained expression, in the limiting cases EO — 0 and v, -0 coincides with known expression
for the high-frequency pressure force up to a coefficient of order unity [18].

Conclusion

An expression for the quasi-potential force in the approximation of fixed ions and a strong external field
has been obtained. This expression allows us to estimate the influence of collisions of plasma particles on the
Miller force. The force components have been determined for the case when a high-frequency electric field
and a stationary magnetic field acting simultaneously on weakly inhomogeneous plasma. Thus, this article
introduces a new methodology for determining the expression of the averaged high-frequency pressure force.
The approach is based on solving the kinetic equation and the method of successive approximations while
observing limiting conditions. The motion of charged particles in an electric field is considered based on the
concepts of classical physics, and these concepts retain their validity not only when analyzing the motion of
charged particles under the influence of macroscopic external fields but also form the foundation necessary
for understanding the processes of particle interaction in plasma — processes involving the microscopic
fields of individual particles.

Practical significance of research results. The results of this article can be applied in controlling the
spatial distribution of plasma parameters in external fields and in the mathematical modeling of
inhomogeneous plasma processes. Furthermore, these results can be applied in the theory of electron motion
in high-frequency and constant fields, fluctuations, nonequilibrium processes, the stability of inhomogeneous
plasma, and other collective nonlinear phenomena.
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T. Komrei6aes, A. TarenoB, M. Anuesa, K. JKantneyos

TypakTbl MATHUT OPiCi MeH JKOFaPbI KUUTIKTI JIeKTP OPICiHIH Ma3Mara dcepi

Makanazna anci3 6ipTekci3 ma3Mara 0ipMe3TiIIe JKOFaphl KUUTIKTI JIEKTP Opici MEeH TypaKThl MarHHUT epici
ocep eTKeH Karaail YIIiH OpTallaiaHfaH jKOFaphbl )UUTIKTI KbICBIM KYIIiH (MuuIep KYIIiH) aHbIKTayIbIH THIH
TOCITI YCBIHBUTFAH. ByJT TaCiN 3IeKTpOHAApABIH yiiecTipiM (QyHKIHACHIHA apHAIFaH KMHETHKAJBIK TeHICY/I
Ti30€KTECTIK JKYBIKTay apKbUIbI ILIEIIyre Heri3/enreH. ATairaH KyblKTay OolblHIIA Oasy KO3FaibICTap MEH
KapKbIHIBI TepOemicTep Oenek KapacTolpputafsl. COHbIMEH Oipre, ecemrTeyiep Ke3iHIe TEOPHSUIBIK JKOHE
MaTEMaTHUKANBIK (PU3MKaHBIH >KAIIbIFa OEriTl Tocuijepi, aram aiiTKaHAa CBIPTKbI AiHBIMANBI OPICTIH
neprosl OOWBIHINA OpTallajay >XQHEe TpPAaeKTopHsl OOMBIHINA HHTErpajjay oiicTepi e NaiaanaHbULIbL.
DJeKTpOHIApABIH KO3FaJMaiTEIH HOHJApMEH COKTHIFBICYJIaphl eckepingi. JKorapbl >KHMINIKTI ©picTiH
aMIUTUTYAachl YaKbIT )KOHE KOOpANHATa OONBIHIIIA MapIbIMCHI3 FaHa e3repeTiH Gynkius. [IIsrapein ansiHFaH
OpHEK IUIa3Ma OeJIIEKTepiHIH e3apa COKTHIFBICYIapsl Mmuiuiep KymliHe acepiH Oaramayra MYMKYHZIIK
JKacai/Ipl ykoHe Oenrini Oip mekTeyil mapTrapaa Oyir epHeK IeKTPOHIAPABIH KOFAPhI XKULTIKTI epicTepaeri
KO3FaJIBICHIH CUIATTaWTBIH TEHAEY apKbUIBl aHBIKTAIFaH OeNrini epHeKHeH coiikec kemexi. Ecemreymep
Ke31HE CHIPTKBI AJIEKTPOMArHUTTIK ©PIiCTIH MAarHUTTIK KypaylIbICHl €CKEPUIreH >KOK, OyJl »aFaail sKoFapbl
JKUUTIKTI 3JEKTp OpiCiHiH OOIMIBIK (KymMa) eKEHIITiH aifakTaiifbl. ATanblll OTIAreH OapiiblK HOTHXKEIEP
TEOPUSUIBIK CHUITATTa OOJIFAHIBIKTaH OJIApJBl JKOFAphl JKUUIIKTI DJIEKTPOMArHUTTIK ©picTepliH ocepiHmeri
0ipTeKCi3 IIa3MaHbIH KHHETHKAIIBIK TEOPHSICHIH jkacay GapbIChIHAA KOJIAaHyFa OO0 bl

Kinm co30ep: anci3 6ipTekci3 mia3Ma, Ia3MaiblK 3JIeKTPOHAAp, KHHETHKAIBIK TeHIEY, OpTallaJlaHFaH KYII,
JIEKTp epici, OeIIIEeKTep IiH COKTHIFBICYbI, KO3FaJIMaiTHIH HOHAP, KOFaPBI KHITIK.
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Bo3aelicTBHe MOCTOAHHOT0 MATHATHOTI'O TOJIS
U BBICOKOYACTOTHOI0 3JIEKTPUYECKOI0 MOJIsl HA MJIa3My

B onanHOW paboTe mpemyiokeHa HOBash METOAMKA OIPENCICHHS BBIPAKCHUS YCPEIHCHHOMN  CHIIBI
BBICOKOYACTOTHOTO JaBieHHs (Cuiabl Mmmtepa). DTOT MeTOX OCHOBAaH Ha pEMICHHH KHHETHIECKOTO
ypaBHEHUS Uil (GYHKOUH pacHpefeleHus OSICKTPOHOB M METOAE IIOCIEIOBATENbHBIX IPUONIDKEHUIH
(pa3zmeneHUe MEIUICHHBIX JBIDKCHUH M OBICTPBIX ocIuLinmii). PaccmarpuBaercs cimydaii, korma Ha ci1abo
HEOIHOPOIHYIO TUIa3My OJHOBPEMEHHO JEHCTBYIOT IEKTPHUECKOE MOJIE BEICOKOI YaCTOTHI U CTAlIHOHApHOE
MarHUTHOE ToJie. B mHccnenoBaHWM TakKe NPUMEHEHBI OOIIEH3BECTHBIE METOJbl TEOPETHYECKOH U
MaTeMaTH4ecKOil (M3MKH, Takhe KaK YCpeJHEHHE IO IEPUOAY KOIeOaHMs SIISKTPUYECKOro MOJsl M
WHTETPUPOBAHHME II0 TPACKTOPHUSIM. YUTCHBI CTOJIKHOBEHHS OJIEKTPOHOB C HEMOJBIKHBIMH HOHAMHU.
AMIUTITYyIa DJIEKTPUYECKOTO TIOJIs SIBISIETCS MEICHHO MeHsmomeiics (yHKIMeid 1o BpeMeHH H 110
koopauHataM. [lomydyeHHOE BBIpakKEHHE ITO3BOJISICT OLICHHUTH BIMSHUE CTOJIKHOBEHUH IJIa3MEHHBIX YaCTHI]
Ha CIiIy Mmiepa W MOATBEPANTH, YTO IPH ONPEAETCHHBIX YCIOBHSAX OHO COBIANAcT, C TOYHOCTBIO IO
MOCTOSIHHOM, C W3BECTHBIMH BBIPDAXEHHSMH IS CHJIBI BBEICOKOYAaCTOTHOTO MAABJICHUS, IOJNyYeHHBIMH Ha
OCHOBE ypaBHEHHS [BIDKCHHS 3JIEKTPOHOB IUIa3MblI B BBHICOKOYACTOTHBIX MOJSAX. BO BCeX BBIYMCICHHAX
IpeHeOperaeTcsl BKJIaJOM MarHUTHOM COCTaBIIIOIIEH 3JIEKTPOMAarHUTHOTO MOJIS, YTO BIOJHE CIPAaBEATIMBO
JUIS TIPOZIOJIBHOTO 3MIEKTPUYECKOro Mmojis. Pe3ynbTarsl, MoqyueHHBIE B JaHHOM HCCIIEI0BaHNUH, MPEICTABIISIOT
MpPEK/Ae BCEr0 TEOPETUUECKUI MHTEpeC W PacKpBIBAIOT MEXaHU3MBI B3aUMOJAEHCTBUSA c1ab0 HEOJHOPOAHOM
IUIa3Mbl C BBICOKOYACTOTHBIM 3JeKTpHueckuM mosieM. OHM Takke MOTYT OBITh HCIOJIB30BaHbl IPH
MOCTPOCHUH KHHETUYECKOH TeopuH HEOJHOPOAHOM IUIa3Mbl, HaXoJsmielcds B  BBICOKOYACTOTHBIX
3JIEKTPOMATHUTHBIX ITOJIAX.

Kniouesvie cnosa: ciabo HEOAHOPOJHAasd IUla3Ma, IUIa3MCHHBIC J3JICKTPOHBI, KHMHETUYECKOC YpPaBHCHHEC,
YCpeaHCHHAs CUila, SJICKTPUICCKOEC I10JI€, CTOJIKHOBEHUS YaCTULl, HCIIOJABUKHBIC NOHBI, BBICOKAsA 1aCTOTaA.
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Growing Waves in Semiconductors with Two Energy Minima of the GaAs Type

In two-valley semiconductors of the GaAs type, under the influence of external electric £, and magnetic
fields H, at certain orientations E’O and H, ,» a current oscillation with a specific frequency and growth rate

was obtained. The orientation of the electric £, and magnetic fields H, plays a significant role in the excita-
tion of growing waves in semiconductors of the GaAs type. The frequencies and growth increments are de-
termined when exciting current oscillations in a circuit. The dimensions of the crystal are determined by

L.>>L,, L, L.=L,. If the dimensions of the sample differ from the condition L. >>L,, L,, L, = L,, the grow-

ing waves can fade or grow. And in this case, the frequencies of the oscillation growth and the value of the

(TP L]

electric £, and magnetic H, fields will be different. The values of the magnetic field in the valley “a” are

[T9R1}

strong, i.e. W,Hy >> ¢, and in the valley “b” are weak ,H, >> c. If the magnetic field values in the valleys “a
and “b” are strong, then electromagnetic waves with other frequencies will also be excited. The theory for
other values of the magnetic, electric field and, of course, for other values of the crystal dimensions will show
other values for the frequency and growth increment. When preparing semiconductor devices (generators,
amplifiers, etc.), the dimensions of the sample play a significant role. In this work, analytical expressions for
the electric and magnetic fields for certain sample sizes L,, L,, L. were obtained.

Keywords: unstable waves, fluctuations, Gunn effect, external electric field, semiconductor, magnetic field

Introduction

Among physical effects, one very interesting phenomenon stands out, which was called the Gunn effect,
after the English physicist John Gunn, who discovered it in 1963. It is currently accepted that the Gunn ef-
fect [1] in n-type GaAs is due to the volumetric negative resistance arising as a result of the induced action of
the electron transfer field from the conduction band valley with high carrier mobility to the valley with low
mobility, i.e., it is an effect whose existence was previously predicted by Ridley and Watkins [2] and
Hilsum [3]. The main confirmation of this mechanism is a decrease in the threshold electric field when the
energy gap is placed between the valleys with high and low carrier mobility, caused either by uniform com-
pression [4], or changes in GaP concentration in GaAs-GaP alloys [5]. The various characteristics of the
Gunn effect identified by threshold field researchers are consistent with a two-valley mechanism.

Typical current-voltage characteristics for a plate and a notched sample made from the same ingot
(n=4.6-10" cm™ and p=23750 cm’/V-s) are presented in the Gunn experiment. In both cases, instability
appears or disappears very abruptly, and no hysteresis phenomena were observed with changes in V. The
plate characteristic deviates significantly from the ohmic one, apparently due to a decrease p, with increasing
E. In the case of notched samples, any curvature of the characteristic is masked by the series resistance of the
outer regions.

The measured values of the threshold field E; for plate and notched samples with a thickness of
0.025 cm were almost the same: 2130 £ 100 V/cm for the first and 2440 + 120 V/cm for the second. This
indicates that the instability is primarily a volume effect and is not significantly related to the contacts. How-
ever, the consistently slightly lower value for plates suggests that in plate samples, the domains become af-

fected in the high-field region near the cathode. The value of the threshold speeds 9, , determined either by

the magnitude E, or by the threshold current density J,, is mutually consistent and for the above-mentioned

samples they are 9.15-10° and 9.24-10° cm/s. Such agreement was observed, as a rule, for all samples except
those that were shorter than approximately 0.025 cm.

In an ideal homogeneous sample £, the value should be equal to E_, the field corresponding to the

maximum velocity 3, . In real samples, inhomogeneities in the distribution of impurities can easily lead to
field fluctuations of two to three times, or even more over several microns near the electrodes or within the
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bulk. Therefore, a moderate average field can locally reach a value E_, causing the nucleation of a domain,
the movement of which will then be supported in the average field [6]. Thus, the measured values E,, de-

pending on the degree of field inhomogeneity, can range from E_ to field E , requiring a fully formed do-

main to maintain movement. The instability may be localized in some region of the crystal, although if the
extent of this region is too small, the field distribution will be distorted, forming a new stable configura-

tion [7, 8]. In most samples, due to heterogeneity, the value of £, is lower than the value of E| . A more in-

teresting mechanism for the occurrence of negative differential resistance in the bulk of a semiconductor was
proposed by Ridley and Watkins [2] and independently by Hilsum [3]. These authors drew attention to the
fact that in n-type gallium arsenide, which has two minima (or valleys) in its conduction band, the carrier
mobility in the upper minimum is much lower than in the lower one. For this reason, during field heating of
the electron gas, the electron mobility begins to drop sharply as soon as their energy is sufficient to move to
the upper minimum. This leads to the appearance of negative differential resistance. Since the time constant
in this case is of the order of 10" seconds, the negative resistance is maintained up to very high frequencies.

Later, the phenomenon of the occurrence of electrical oscillations associated with the movement of do-
mains in such a semiconductor in a strong electric field was experimentally discovered by Gunn and was
called the Gunn effect [9—13]. Many studies have been conducted. Soviet scientists made a significant con-
tribution to the creation of the Gunn effect theory [9—13]. The generation frequency in a Gunn diode is de-
termined by the domain travel time from the formation site to the corresponding contact. Since the domain is
usually formed near the cathode, this time is equal to the domain travel time through the sample. The domain
velocity is about 10" cm/s, so with a sample thickness of 10 microns, the travel time will be about
10" s, and therefore the generated frequency is about 10'° GHz. However, a slightly different generation
mechanism is possible that allows obtaining higher-frequency oscillations. This mechanism is not directly
related to the domain travel time through the entire sample. Since the domain is not formed instantly, but
over a time of about 10 s, using an external resonator with sufficiently high impedance, it is possible to
prevent its complete formation. As soon as the domain begins to form, it immediately becomes an active el-
ement of the circuit, capable of delivering power to an external load. If the load is large enough (i.e., high),
the voltage on the semiconductor begins to decrease and falls below the threshold value at which the domain
can exist. Then the domain begins to dissipate, and the resistance of the semiconductor decreases. At some
point, the voltage across it becomes higher than the critical value again, and domain formation begins anew,
continuing in this manner. This mode is called the limited space-charge accumulation mode (LSA). The fre-
quency is determined by the characteristics and size of the crystal. Therefore, in this mode, it is much easier
to achieve high generation frequencies than in conventional Gunn diodes.

The discovery of the Gunn effect in 1963 stimulated intensive research of this effect in many countries
around the world. At the same time, many companies began to develop serial samples of high-frequency os-
cillation generators based on this effect, and already in 1966, the company “International Semiconductor”
(USA) released Gunn generators with a generation frequency of 2-3 GHz and a power in continuous mode
of 50-70 mW [9-13].

Essence of Gunn’s effect is that if an electric field is applied to a homogeneous sample made of a spe-
cial material with existing electrical contacts, the magnitude of which exceeds a certain threshold value (the
effect was observed by the discoverer on gallium arsenide and indium phosphide crystals; for the first, the
electric field strength should be 3 kV/cm, and for the second — 6 kV/cm), then current oscillations begin to
be observed in the external electrical circuit. Moreover, it was discovered that the period of these oscillations
is approximately equal to the flight time of electrons from the cathode to the anode, and the oscillation fre-

quency was quite high and was in the microwave range: T, = L/ u,, here: L is the length of the sample; u, is

the drift velocity of electrons [14—-16].

Another option for using the Gunn diode is to create high-speed logic circuits and memory elements
due to its ability to generate pulses in one period of the operating frequency. The response time of such ele-
ments will not exceed several tens of nanoseconds. In addition, the Gunn diode can also be used as a current
stabilizer, which is based on the property of its volt-ampere characteristic, which describes the possibility of
saturation when certain conditions are reached. That is, in other words, a stabilizer based on it can be used as
a means of stabilizing relatively small currents at high frequencies or stabilizing relatively large currents at
low frequencies.
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The advantages of its operation as a stabilizer are the fast time to establish the stabilization mode and
the ability to operate in a very wide range of voltages and currents. Another application of the Gunn diode is
the creation of so-called “neuristors”, which are physical devices that imitate an axon — a long process of a
nerve fiber coming from a nerve cell.

The transformation of electromagnetic energy using semiconductors is of theoretical and practical inter-
est from the point of view of radio engineering. Therefore, the mechanisms responsible for the occurrence of
current oscillations in the image were studied in various experimental and theoretical works. The dependence
of the current density (j) on the external electric field £ of a GaAs semiconductor has the form.

The characteristic features of the dependence of the current density on the external electric field are that
one value of the current density corresponds to several values of the electric field. This characteristic was
obtained by Gunn at Mueller values.

[T 2]

In valleys “a” and “b” the effective mass of electrons has the value
m, =0.072m,, m, =1.2m,, (1)
(m, — mass of a free electron). In GaAs A=0.36eV based on (1) the mobility of electrons in the corre-

sponding valleys satisfies the condition
M, >> 1, @)
In 1963, the English scientist Gunn experimentally [11] discovered in GaAs current oscillations with a
frequency of m~10° Hertz at fields £ ~3-10° V/cm. This effect was called the Gunn effect. Microscopic
theories of the Gunn effect are constructed in several theoretical works. However, the frequency of current
oscillations in calculations and the critical values of the electric field obtained in these theoretical works cor-
respond to the experimental values approximately. In some theoretical works using the Balsman kinetic
equation, the mean free path of charge carriers was calculated, and analytical expressions for the electric
field at which current oscillations begin in two-valley semiconductors of the GaAs type were obtained. The
conductivities in both zones were also calculated in the presence of an external magnetic field. However, in
this theoretical work we calculated the frequencies of current oscillations in two-valley semiconductors tak-
ing into account the time of transitions between two valleys, and we will calculate the values of these times
depending on the size of the GaAs semiconductor. Current oscillations begin at certain values of external
electric and magnetic fields. Theoretical studies of the Gunn effect in an external constant electric and mag-
netic field have not been investigated. Therefore, the excitation of electromagnetic waves in GaAs semicon-
ductors with constant electric and magnetic fields is of great scientific interest. In this theoretical work, we
will calculate the value of the electric and magnetic fields. At the point of the beginning of excitation of elec-
tromagnetic waves in GaAs semiconductors. We calculated the critical values of the electric and magnetic
fields at the point of excitation of the waves. The values of the electric and magnetic fields are needed to
prepare semiconductor devices (generators, amplifiers, etc.) For electric and magnetic fields, we will clean
out the analytical expressions at which the current oscillation begins in the semiconductor. The theoretical
method for studying the Gunn effect is the solution of the equation of continuity of the current flux density in
individual valleys and Maxwell’s equation for alternating electric fields inside the sample.

Main Equations of the Problem

In the Gunn effect experiment in two-valley GaAs semiconductors, the electron concentration # is con-
stant, and therefore,

n,=n"+n,n,=n +n. (3)
The transition between the valleys occurs under the condition
n=-n. )
The transition times between the valleys T, and T,, are determined by the continuity equations
‘,’+divj;=n—‘l’,i’,’+divj,;=n—;’. %)
ot T, Ot T,
Here n, — concentration of electrons after transition from one valley to another; 1, — concentration of

electrons after transition from one valley to another; j' — current density of electrons after transition from

one valley to another; j, — current density of electrons after transition from one valley to another.
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The current flux densities in the presence of an external magnetic field are determined by the following
equations:
ﬁ:u%E+oh[Eﬁ}+cMH{EH};
" - o e (6)
J,=0,E+o0,| EH |+o,,H| EH |.
In (6) the condition is considered eEy/ >>k,T for the electric field (where e is the elementary charge,

E, is the electric field, k, is the Boltzmann constant, 7' is the temperature of the sample). Therefore, there

are no diffusion terms for the current density.
The magnetic field is determined by Maxwell’s equation

o =—crotE 7
ot )

The electrical conductivities 6,,0,,,0,,,0,,0,,,0,, are calculated in [17, 18].

99, 99,

Here o, — electrical conductivity in valley “a”; o,, — Hall electrical conductivity in valley “a”; ©,, —

a

9,

focusing electrical conductivity on valley “a”; 6, — electrical conductivity in valley “b”; &,, — Hall elec-

trical conductivity at valley “b”; ©,, — focusing electrical conductivity on valley “b”.

Theory

By solving the system of equations (5, 6, 7) taking into account (3, 4), we can determine the frequencies
of current oscillations in two-valley GaAs semiconductors. For small values of physical quantities E.H.n,

ie E= EO +E ',[:[ =H ot H ',n=n,+n", frequencies of current oscillations will be determined.
(E' H' n') ~ ei(k#m). (8)
The fluctuation values of the electric and magnetic fields and the concentration of charge carriers when
a current appears inside the sample are small compared to the constant thermodynamic values of the electric
and magnetic fields and the concentration of carriers.
Selecting a coordinate system

E,=iE, ,H,=iH,, .
From (6) we easily obtain
J(:X = (Ga + GZaHOX)E),c _GlancEz B (9)
2 E H
Jo =0,E + 29 (k ~k )E, +o,H, E + =2« ec (f B!k ET); (10)
) ®
2 E _H
Jo, =0, B+ 2k —k )E! +0,H, E + 2o (k !k E!). (11)
® ®

From (6) provided that E zEOx,H =iH,, , the corresponding components of the current density in the

valleys “a” and “b” have the form (10, 11), and in the valleys “b” the corresponding values (9, 10, 11) have
the same form when “a” is replaced by “b”.
In the experiment, the values of current density are measured in different directions. We will write ex-

pressions for the fluctuation current density along the X axis, equating to zero (10, 11) we find £] and E!,
and substituting into (9)
o,0! ~o/o}. J

o
Jax = Ga + GZaHOX + a __a a __a
Glycj2z _GZyGlz

(12)
6,,6. ~G.6) |
Ji =| 0y 0, H,, +———— o | Ex

b b X
GI_VGZZ - GZyGlz
The current densities along the X and Z axes, of course, have certain values, following the experiment,

we consider them equal to zero, i.e. j, = j, =0. Therefore, the values of the corresponding electrical con-

ductivity have the following form
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a,b la bc 202a bCon
o’ =0, +——I\k -k )0, ,,=——k ;
ly a,b ® ( v) ya,b (DHOX
20, . E ¢ o, ck E 20, ,cE
Gg‘h _ G] } hkv _ 2a,box kx,cza , = la,b™~"z""ox _ 2a,b ox ky,
oH, ’ oH, oH,, (13)
a,b 26211 onxc cTla bCkxon 202:1 bCon
Gl;ab:—k +Glab’GZZab % b - - . ky'
o oH, oH,, oH,
From (5) we obtain
(1-ioty, )div ! =(1+iot, )div j, . (14)
Considering, u f,_>c and p,H _<c,and choosing the dimensions of the sample
L =L,L>L,L, (15)
the dispersion equation under the above conditions (15) have the following form:
(I) o'+ (l— - 10112c0x(|)z - 311203x(|)2J033 - (i6(|)i ﬁ+ 31:2103x(|)§ K +
Mb “a b
4 12 18
+4 Ty 0, ¢2 a i3¢¢21 + lewxdﬁ ﬁ + Tzlwxd)a i - i3¢a + lewx(l)i ﬁ}’)xwz +
“a a b l"La (16)

2 24
+(i¢z 4-31, 0,0, —i32¢, H_;Z, - 24T120‘)x¢§ B i2 B ¢§ + 71,0, B _
n

a a My b

4 ¢2 Hy 12112mx¢§]wim—8121mi¢3 Hy —i(ﬁ¢348—12¢; ﬁleq)z K
b My

a b a

H
Here ¢, = Haor o, =ck,_.
c

We can estimate the values of the magnetic and electric fields using the formula

E,=2H, “b \/ﬁ (17)
b
no=10°u, =10*, x=-2.
()

Then the fourth-order dispersion equation with respect to the frequencies of current oscillations has the
following algebraic form

) 3
x4+( ! —%J]x“r 6 (“”] N L 12(“”} CLERT
10, Ty Ty O, \ Ky o, 1, Ty, M, Ty My

2
+ 24—122(ﬁ} x— 81,0, —i48=0
RN

The solution of this equation in the general case (i.e. without assumption is not possible). Therefore, we
will use the conditions and from (18)
we obtain

2 2
¥ —15x,x, — 2% 3 +(2OT“°"X +12“—ng§ +[24+601:12 al ]xo 2 8y, (19)
5 9, T 5

2 20 AN
4x§xl+5xg—Mx§xl+2[L 12“”}c0x1 (24+601:1203Yﬁ] 2y —48=0. (20
5 ' H

(18)

a a

2

a a a a

Then after isolating the real and imaginary parts of equation (18), we obtain the following two equa-
tions (19-20). When obtaining (19-20), we assumed for the transition times from valley “b” to valley “a”
from the condition
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Ty, =35. 1)
From the joint (19-20) the real and imaginary parts of the frequency oscillation are obtained as follows
X = gwr (22)
Substituting (22) into (20), we easily obtain:
3
Y %le(ﬂx (23)

The ratio 2L <<1 , this follows explicitly ©,, <<0,,.
Xo

Comparing (22) and (23), we obtain

1
T _ [ijé l <<1.
T, \27) 2

@ 9

And this indicates that the transition time from valley “a” to valley “b” is less than the transition time

9

from valley “b” to valley “a”.
Thus, the frequency of current oscillations

_ 2
W, = g T 0, 5
the frequency of increase
0 =10
=—1T,0,.
1 12
20

With another value of the solution 7T,,, the frequency and the increment of increase will have a com-
pletely different value.

Discussion

Thus, the conditions for excitation of increasing waves in two-valley semiconductors depend signifi-
cantly on the choice of coordinate systems relative to external electric and magnetic fields. Of course, these
conditions depend on the size of the sample. The obtained analytical formulas for the electric and magnetic
fields correspond to the Gunn experiment. The time of transition from the second valley to the first valley

1 1 e .
T, = = =—" for 1, ~10. The characteristic time of transition from “a” to “6” and from “b” to

50, S5ck. 10cn

“a” in addition to the specified values, other values can be obtained. However, the condition T,, ~T,, is not

violated when obtaining current oscillations in the specified semiconductors. The orientation of the electric
and magnetic fields plays a role in obtaining the corresponding oscillations. Of course, from all possible ori-
entations, it is necessary to choose the orientation for which the required value is less than the value of the
external electric field. This means that the direction of the magnetic and electric fields coincides and is di-
rected along the electric field and the excitation of current oscillations occurs as in the Gunn experiment. To

reduce the electric field, it is necessary to check other orientations E, and H . For the preparation of corre-

sponding devices based on GaAs type semiconductors, it is practically advantageous at lower values of the
external electric field.

Results

Analytical formulas for the purity of excited waves and for the growth increment of these waves are ob-
tained. The dependence of the frequency and the growth increment of the growing wave on the external elec-
tric and magnetic fields is not the only one for obtaining a growing wave in the specified semiconductors.
The obtained forms for the electric and magnetic fields are quite consistent with the Gunn experiment. The
experimental data of the Gunn effect for the electric field are in good agreement with our theoretical studies
for the electric field. However, there are no experimental values of the magnetic field and therefore the val-
ues of the magnetic field obtained by us theoretically were not compared with the experimental data. Numer-
ical estimates of the transition times from valley “a” to valley “b” are of the order of the electron relaxation
time. The value of the transition time from valley “a” to valley “b” and back, depending on the value of the
external electric and magnetic fields may be different. However, in all cases, the transition time from valley
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[T ] 9

“b” to valley “a” is greater than the transition time from valley “a” to valley “b”, i.e. T,, >T,,. This condi-
tion proves that the charge carriers (in this case, electrons) are scattered by the crystal lattice, lose energy and
pass from the outer energy valley to the lower valley. There are no theoretical studies of the Gunn effect in
alternating electric and magnetic fields. For such a theoretical analysis, it is necessary to solve nonlinear dif-
ferential equations, for example, using the mathematical method of Bogolyubov-Metropolsky [18, 19, 20].
Such a study of the Gunn effect leads to the determination of the amplitude of the current oscillation, and, of
course, to determine the amplitude of the emerging waves as a function of time.

The obtained analytical expressions of the electric and magnetic fields for certain sample sizes can be
used in the preparation of semiconductor devices (generators, amplifiers, etc.).
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D.P. l'acanos, I11.I'. Xanunosa, P.K. Mycradaesa

GaAs Tunri exi 3JHepruss MUHUMYMBbI 0ap KapThlIal eTKi3rimrepaeri
ocil KeJie ’KaTKAH TOJKbIHAAP

E

, CBIPTKBI BIEKTPJiK xoHe /{, MarHuT epicrepiHiH ocepineH GaAs THMNOTI €Ki KONIAKThl KapThlIaii

eTkisrimrepae Oenrini 6ip GarbiTTap GolibiHina E, sxoHe M) TOKTHIH TepOenici 6enrini Oip sKuiliKTe sxoHE
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6Cy KapKbIHBIMEH alblHafbl. E, 3IEKTPIK xoHe /), MarHuT epicrepiniH OarbiThl GaAs THMNTI >KapThllai

OTKI3TIIITEPETi 6CY TONKBIHAAPHIH KO3IBIPY KE3iHIe MaHBI3IBI PO aTKapajabl. DICKTPIIIK )KOHE MAarHUTTIK
epicTepiH MOHAEPIH aHBIKTAY YIIiH aHAJHTUKAIBIK OPHEKTEp ajdblHABL Ti30eKTeri TOKTHIH TepOerici Ko3FaH
Ke3[le ©Cy OKHUIKTepi MEH eciHginepi aHbIKTamamel. L,>>L,, L,, L.=L, KpuCTaubH emmemMaepi
aiikpiHpangsl. Erep ynrinig emmemuepi L, >> L,, L,, L, = L, »armaiinan esreme 0oJica, TOJNKBIHIAPABIH 6CYyl
ancipeyi HeMece ©cyi MYMKiH. By perre TepOemicTiH ecy KHUiNiri MeH EO SMEKTPIIK koHe [, MarHuT
epicTepiHiH MoHIEpiH OacKanap amaabl. AJKAaNTarbl MarHUT OPICIHIH MOHIEpi «a» KYIITi, sFHH W,Hy >> ¢,
«by ankabpiHAa anci3, srHu W,Hy >> c. Erep «a» xoHe «b» ajkanTapblHAarkl MarHUT ©PIiCiHIH MaHI KyIITi
6oJica, OH/Ia 3JIEKTPOMArHUTTIK TOJKBIHIAp OacKa XHLTIKTEPMEH Jie KO3Faiaabl. MarHUTTIK, SJIEKTP ©piCiHiH
JKOHE KPUCTAJLI eIIIeMICpiHiH 0acka MOHACPIHIACTI TCOPHS JKUUIIK TICH OCy YIIiH 0acka MOHAEP/i KepceTe .
XKapreutait eTki3rinn KypsuUIFbLIapIs! (reHepaTopiap, KYMeHTKITep kaHe T.0.) JailblHaay Ke3iHae YITiHiH
eemzepi MaHbI3IBI POyl aTkapabl. byl skymbicTa yarinepin 6enrini Oip emmemaepinae Ly, L, L. 31ekTp
JKOHE MAarHUT OPIiCiHIH aHAJMTUKAIIBIK ODHEKTEP1 ABIHIBL.

Kinm ce30ep: TYpaKTBI eMec TOJKBIHAAp, (Quykryamusap, ['aHH 3¢ ¢eKTici, CBIPTKBI 3JEKTPIK epicTep,
JKapThUTail ©TKI3TIMITIK, MATHAT ©picTep

3.P. l'acanos, I1.I". Xanunosa, P.K. Mycragaesa

Hapacrarwuue BOJHBI B IOJYIPOBOAHUKAX
¢ AByMSI MUHUMYMaMu Heprum Tuna GaAs

B 1BYXZOMMHHBIX NOMYyNpoBOAHUKAX Tuna GaAs Mo BIMSHMEM BHELIHETO SJEKTPUYECKOro F, ¥ MarHur-
Horo H, noneii npu onpenenéHHeIX opueHTanusax E, u Hj nomydeHo konebaHue ToKa ¢ onpeaenéHHoi yac-

TOTOH U MHKPEMEHTOM HapacTaHus. OpueHTauMs 3JIEKTpU4IecKoro E, ¥ MarHMTHOrO H mosei urpaer cy-

LIECTBEHHYIO POJIb IPH MpoLecce BO30yKCHHUs HAPACTAIOIINX BOJIH B MOIynpoBoaHukax tuna GaAs. ITomy-
YCHBI aHATUTHICCKUE BRIPAKCHUS JUIS OTIPEICNICHNs] 3HAUCHHUI SJICKTPHYECKOT0 M MAaTHUTHOTO ToJield. Ompe-
JICNICHBI YaCTOTHI M HHKPEMEHTBI HapacTaHUs MPH BO30YKICHUH KoJeOaHuil Toka B menu. PasMepsl Kpucrai-
na onpenenstorcs L, >> Ly, Ly, L, = L,. Ecin pa3mepsl 00pasua OTIMYai0TCs OT ycaosus L, >> L, L,, L, = L,,
TO HapacTas, BOJHBI MOTYT 3aTyXaTh WJIM HapacTarh. [IpyW 3TOM 4acTOTHI HapacTaHHs KOJeOaHWs, a TaKKe
3HAYEHUsl DIEKTPUUECKOTO E‘O W MarHuTHOTO H moned OyayT moy4arsesl APYTUMU. 3HAYCHUST MATHUTHOTO
MOJISL B JIOJIMHE «a» SIBISIETCS CHJIBHBIM, T.€. [, Hy >> ¢, a B oauHe «by» sABIseTcs cnadbM ,Hy >> c¢. Ecim
3HA4YE€HHE MAarHUTHOTO TIOJIS B JIOJMHAX «a» H «b» CTaHOBUTCS CHIIBHBIM, TOTJ]a BOSHUKAIOT 3JICKTPOMArHHT-
HbI€ BOJIHBI C JAPYTUMH 4acTOTaMu. Teopus MpH APYruX 3HAYEHHUSX MArHUTHOIO, SJIEKTPUYECKOTO IOJIs U
pa3MepoB KpUCTalIa MOKaKET Jpyrue NoKazaTedH A 4acTOThl M MHKpeMEeHTa HapacTaHus. [Ipu npuroros-
JICHUH TIOJIyTIPOBOTHUKOBBIX MPHOOPOB (T€HEPaTOPOB, YCHIIUTENEH U T.J.) CYIIECTBEHHYIO POJIb UIPAIOT pas-
Mepsl obpasia. B manHo#t pabote ObLIN MOJTyYeHBI aHATUTUYECKUE BBIPAKEHHS DIIEKTPUUECKOTO M MarHUT-
HOTO NOJIs ITPY ONpPEJIEIEHHbIX pasmMepax obpasuax Ly, Ly, L..

Kniouesvie cnosa: HecTabUbHBIE BOJHBI, (QuykTyarun, >¢dekt ['aHHa, BHEIIHee JIEKTPHIECKOE I10JIe, 110-
JIyIPOBOJHUK, MAarHUTHOE I10JIE
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Influence of Spaying Parameters
on the Property of Detonation Coatings Based on Ta

This paper investigates the influence of sputtering parameters on the properties of tantalum-based detonation
coatings. One of the key parameters in sputtering is the volume of barrel filling, which affects the properties
of the resulting coatings. Tantalum coatings were produced at various levels of barrel filling with explosive
gas, specifically at 50-70% fill levels. The results demonstrated that the roughness of the coatings decreases
as the barrel fill volume increases, leading to coatings with a more homogeneous structure. Additionally, the
tests revealed that coatings produced at 60% fill exhibited superior corrosion resistance compared to the other
samples. Based on these findings, the optimal barrel fill level for explosive gas was determined.

Keywords: detonation spraying, hardness, tantalum, corrosion, structure, coating, tribology

Introduction

Modern industries such as power generation, aviation, aerospace and medical technology are faced with
the need to protect equipment from severe wear and corrosion. Various methods of spraying protective coat-
ings are used to increase the durability of equipment and prevent its premature destruction [1-4].

Tantalum-based coatings have unique properties that allow them to withstand very high temperatures
without losing their mechanical properties [5]. This makes it particularly valuable in industries such as aero-
space, energy and chemicals, where materials are often subjected to extreme temperature conditions. For ex-
ample, in the aerospace industry, tantalum is used in the production of parts for rockets and airplanes, where
high strength and resistance to heat are required [6—8]. In addition, tantalum is characterized by high corro-
sion resistance, which allows it to retain its properties even in aggressive chemical environments. Tantalum-
based coatings also demonstrate exceptional resistance to thermal cycling, which allows them to retain their
characteristics even under abrupt temperature changes. Various sputtering methods are used to produce tan-
talum (Ta) coatings. The most efficient and advanced method is powder detonation sputtering, which has a
number of important advantages over other sputtering technologies such as plasma or arc sputtering [9—11].
The main advantage of the detonation method is the very low porosity of the coating, which ensures high
corrosion resistance even in the most aggressive environments. In addition, due to the high speed and energy
of the process, detonation spraying produces coatings with high adhesion to the base material, which allows
them to retain their properties even under intense mechanical and thermal stresses [12]. Unlike plasma spray-
ing, which is often characterized by high porosity and requires sophisticated equipment for process control,
detonation spraying produces coatings with a dense structure and fewer internal defects. This makes it the
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preferred choice for protecting highly loaded parts such as turbine blades and power heat exchangers. Also in
aviation and aerospace, this method can protect critical structural components from the damaging effects of
extreme temperatures and pressures, making it indispensable for these industries [13].

The parameters of detonation sputtering (DS) significantly affect the properties of the resulting tantalum
coating [14]. One of the important parameters of sputtering is the filling of the barrel with gas mixture. In this
connection, the aim of this work is to study tantalum coatings obtained at different degrees of barrel filling.

Materials, equipment and methods of experiments

Heat-resistant low-alloy steel 12Kh1MF (equivalent to 14MoB63) was chosen as the substrate. The
specimens were ground to obtain an even and smooth surface. After grinding, the specimens were sandblast-
ed. Ta spherical shaped powder with size 1545 pm was used for sputtering (Fig. 1). Detonation atomization
was carried out using a CCDS2000 unit. The modes were alternated depending on the barrel filling vol-
ume (Table). The barrel is filled with gases through a high-precision gas distribution system controlled by a
computer. The process begins by filling the barrel with carrier gas.

Table
Spray mode of detonation spraying
Sample Fuel / oxide ratio littler Stem fill volume, % Spray distance, mm Number of shots
1 1.026 50 150 15
2 1.026 60 150 15
3 1.026 70 150 15

Figure 1. Image of Ta powder

A Tescan Vega 4 scanning electron microscope was used to analyze the powder morphology and
coating structure.

Microhardness measurement was carried out on a METALAB 502 device in accordance with GOST
9450-76. Also tribological tests were carried out on tribometer TRB3 on the basis of standard method
(international standards ASTM G99), based on the scheme “ball disk” (Fig. 2). Sample rotation speed —
3 cm/s, load 10 N, a steel ball 100Cr6 with a diameter of 6 mm was used as a counterweight.

Corrosion resistance was studied on a CS300-galvanostat potentiostat. It was tested at room temperature
(25°C) in a 3.5% NaCl solution over an area of 1 cm’. A three-electrode cell system was used in the
experiment, in which a silver chloride electrode served as a comparison electrode and a platinum electrode
served as an auxiliary electrode. Before each polarization experiment, the sample was exposed to the electrolyte
by immersion in water for 60 min until a stable open circuit potential (PRC) state was found. The corrosion
potential and current density were obtained from the polarization curves by Tafel extrapolation for the four
samples.The potential was scanned from —0.1 to 0.1 in relative to OCP, and the scan rate was 0.5 mV/s. The
tests were repeated three times for each sample, and the results were analyzed using CS Studio 6.

Results and discussion

Figure 2 shows the results of the coating surface roughness measurement. The measurement results
showed that all coatings are characterized by moderate roughness. At 50 % of barrel filling the coating has
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the highest roughness (Ra = 4.26 pum) this is probably due to the fact that the reduction of particle energy
leads to the formation of protrusions and defects on the coating. When the barrel is filled to 60 % the rough-
ness decreases compared to 50 %, indicating a more uniform distribution of material. The lowest value of
roughness among all samples has a coating obtained at 70 % filling of the barrel, because the decrease in par-
ticle energy leads to complete melting of particles, which reduces the roughness.
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Figure 2. Results of roughness measurement

The corrosion resistance of tantalum-based coatings obtained with different barrel fillings was evaluat-
ed by testing with an open area of 1 cm® at room temperature (25 °C) in 3.5 wt% NaCl solution. The
potentiodynamic polarization curves of the three types of coatings applied by detonation sputtering are
shown in Figure 3. To obtain the electrochemical parameters, the Tafel area of both cathodic and anodic
branches was extrapolated, and the point of intersection of these two lines was used to determine the corro-
sion current density (/..) and corrosion potential (E¢qy).

The presented Tafel diagram (Fig. 2) shows the polarization dependences for coatings obtained at dif-
ferent degrees of filling of the detonation sputtering barrel: 50 %, 60 % and 70 %. In the region of positive
potential displacements (relative to the corrosion potential) there is an increase in the current density, which
is associated with the anodic dissolution of the coating material. The slope of the anodic branch varies with
the degree of filling, indicating different rates of anodic processes. The corrosion potential shifts to a more
negative side with increasing trunk filling degree: For 60 %: a more noble potential (E,,) indicates better
corrosion resistance.

For 50 % and 70 %: the potentials shift towards active values, indicating a decrease in the corrosion re-
sistance of the coating.

10°

06 -05 0.4 -0.3 02 -01 0
E (v

Figure 3. Corrosion test results

Cepus «®usukay. 2025, 30, 1(117) 55



D.N. Kakimzhanov, Z.A. Satbayeva et al.

Figure 4 shows the cross-sectional morphology of the coatings obtained with varying barrel fill. The re-
sults of the study show that all coatings have a characteristic structure for detonation coatings. All coatings
are tightly adhered to the substrate without any cracks and failures and no signs of delamination were ob-
served. When filling the barrel, the coating has visible inhomogeneity, which may be due to insufficient par-
ticle energy during sputtering. And when the barrel is filled, the coating shows a more even surface and sig-
nificantly lower porosity compared to 50 % and 70 %.When the barrel is filled to 70 %, the top layer again
becomes less even, cracks and defects are observed, probably related to excessive particle energy.

Figure 4. SEM images of cross-sectional morphology of tantalum coatings obtained with varying barrel fill

Figure 5 shows the dependence of coating hardness on the degree of barrel filling. Coatings obtained at
70 % of filling have low hardness compared to the rest of the samples. This is probably due to the formation
of cracks or internal stresses due to excessive particle energy, which worsens the mechanical properties. At
60 % barrel filling the coating gives the best result in terms of coating hardness, which confirms the most
favorable conditions for the formation of dense and defects of minimal structure.
1200
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200
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Figure 5. Graph of coating hardness distribution

The tribological study was carried out using the ball-disk method. Figure 6 shows a graph showing the
results of the study of the wear volume and wear coefficient of the coating obtained at different fillings of the
barrel. The results of the study showed that at 50 % fill rate the wear volume and wear coefficient are rela-
tively low. This may be due to insufficient particle energy during sputtering, which leads to the formation of
defects in which reduces the wear resistance of coatings. With the increase in filling percentage, we observe
an increase in wear volume and wear coefficient, which may be due to the improvement in coating properties
such as adhesion and coating density. Perhaps the coating at 60 % fill rate becomes denser and more resistant
to stress, which improves its wear resistance. At 70 % fill rate, the highest volume and wear coefficient is
observed which is probably due to excess particle energy.
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Figure 6. Graph of wear volume dependence on the degree of barrel filling

Conclusion

According to the evaluation and analysis of all the results obtained, the following main conclusions can
be drawn on the present research work:

It was found that an increase in the volume of barrel filling leads to a decrease in the surface roughness
value.

It has been established that at various degrees of barrel filling at detonation spraying coatings provide
an increase in strength properties and hardness of the matrix without significant degradation of the surface.

The highest wear volume and wear rate are observed at a 70% fill rate, which may be attributed to the
increased density of the coating, making it less elastic and more susceptible to microcracks and mechanical
damage.

The results of coating hardness tests showed at optimum spraying mode the hardness increases from
742 HV to 986 HV

It has been established that detonation coating technologies provide, under optimal modes, the for-
mation of wear-resistant and corrosion-resistant tantalum-based coatings.
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JI.H. Kokimxkanos, 3.A. CarbaeBa, M.K. JlayT6ekos,
E.C. Typa6ekoB, P.M. Kyansim6aii, A.C. PycremoB

Tozannanapipy napamMerpJiepinin Ta Herizinaeri
AEeTOHAIMAJIBIK Ka0bIHIAPABIH KacHeTTePiHe dcepi

Makanazia To3aHAaHIBIPY MapaMeTPIICPiHiH TaHTa HEeTi3iHAeT AeTOHAMSIIBIK KaObIHIap/IbIH KacueTTepine
acepi KapacThIpbUIFaH. AJBIHFaH Oypikkiml >kaObIHAApABIH KacHETTepiHe acep eTeTiH MaHBI3/bI
napaMmeTpiaepaiH 0ipi — OKMaHIBl >KapbUIFBIII Ta30€H TONTHIPY Kesiemi. TaHTand KaObIHAAPbl OKIAH[bI
TONTBIPYIBIH OpTYPI AeHreinepinae ansiuapl (50-70 %). Hotwxenep okmaHabl TONTBHIPY KeJeMi yiFaiiraH
caiiblH >KaOBbIHIAPBIH Keaip-OyAbIPIbIFEl TOMEHACHTIHIH KOHE KYPBUIBIMBI OipKesKi OOIaThIHBIH KOPCETTi.
Cemak HoTmKenepi 60% ToNThIpy Ke3iHIe >XaOBIHHBIH Oacka YITiUIEpMEH CaNbICTHIPFaHIAa KOPPO3HSFa
TO3IMAIIri KOFapsl eKeHIH aWKbIHAaABl. 3epTTey HOTIKenepi OOHBIHINA OKIAHIBI KAPBUIFBII Tra30eH
TOJITHIPY/IBIH OHTAWIIBI PEXKUMI aHBIKTAJJIBL.

Kinm ce30ep: KaTaiiTy, IeTOHAIMSUIBIK OYPKY, KaTTBUIBIK, TAHTAJ, KOPPO3US, KYPBUIBIM, KaObIH, TPHOOIOTHS

JI.H. Kakumxanos, 3.A. CarbaeBa, M.K. [layTOekoB,
E.C. Typa6ekos, P.M. Kyanpimo6aii, A.C. PycremoB

Biausinne mapaMeTpoB HANBIJICHUS HA CBOMCTBA
AEeTOHALMOHHBIX MOKPBITUI HA OCHOBe Ta

B crartbe paccMOTpEHO BIMSHHME TapaMeTPOB HAIBUICHHS HA CBOWCTBA AETOHALMOHHBIX OKPBITHH HAa OCHOBE
TaHTana. OJHUM U3 Ba)XHBIX 1aPAMETPOB, BIUAIOLIUM Ha CBOMCTBA MOTy4aeMbIX HOKPBHITUH HAaNbUICHHS, SB-
JseTcst 00BbEM 3aI0JIHEHUS CTBOJIA B3PBIBYATHIM I'a30M. BbUIM MOMyueHBI OKPBITHS M3 TaHTaJla TIPU Pa3HbIX
cTeneHsx 3anonHeHus creona (50-70 %). Pe3ynbraThl moka3any, 4TO MPH yBEIHYEHHN 00BEMA 3aMOTHEHUS
CTBOJIA IIEPOXOBATOCTh MOKPHITHH YMEHBIIAETCS, @ CTPYKTypa CTAHOBUTCS OoJiee OMHOPOJHOH. Pe3ynpraTs
HCCIIeI0BaHMH MOKa3aiy, 4To IpH 60 % 3aIoHeHHs MOKPHITHE UMEET BBICOKYI0 KOPPO3HOHHYIO CTOMKOCTh
[0 CpaBHEHHUIO C Apyrumu obpasmamu. Ilo pesympTaTtaM HccienoBaHHs ObUI OIpeNeréH ONTHMAIBHBIA pe-
KM 3aI0JIHEHHS CTBOJIA B3PBIBYATHIM Ta30M.

Kniouegvie cnosa: ynpouHeHue, IeTOHALMOHHOE HAlbUICHHUE, TBEPIOCTh, TAHTAJ, KOPPO3Hs, CTPYKTYpa, I0-
KpBITHE, TPHOOJIOTHS
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Influence of Climatic Parameters on the Photovoltaic Conversion Efficiency
of a Polycrystalline Solar Panel

The efficiency of electricity generation by solar panels depends on many factors, one of which is the tempera-
ture of the semiconductor layer. An increase in this parameter leads to a decrease in the efficiency of the
module, since the speed of electron movement increases, therefore, the resistance increases. Conversely, the
lower the temperature of the silicon cells, the lower the resistance and the higher the efficiency. However, the
temperature of the silicon cells depends on a number of parameters: wind speeds, insolation, and ambient
temperatures. Therefore, depending on the region and time of year, the same solar module will have different
performance. Based on this, an urgent issue when planning the use of solar panels is the possibility of deter-
mining how much the efficiency of photovoltaic conversion in a particular area will decrease. Therefore, to
study the variability of efficiency indicators, a simulation of the temperature change of the semiconductor
layer of the polycrystalline solar panel KZPV 220 M60 was carried out, taking into account climatic parame-
ters in winter and summer days for three cities of Kazakhstan — Petropavlovsk, Karaganda and Shymkent.
As a result of modeling, it was found that on July 12, solar cells reach their maximum temperature of 64.4 °C
in Shymkent, 49.8 °C in Karaganda and 52.1 °C in Petropavlovsk, while efficiency decreases by 2.7 %, 1.7 %
and 1.8 %, respectively, relative to the efficiency of the solar module under standard conditions (insolation
1000 W/m>, temperature 25 °C, spectrum 4M = 1.5). At the same time, on December 12, T;,,,: in Shymkent
11.5 °C, in Karaganda — 15.8 °C, in Petropavlovsk — 16.7 °C, and efficiency increases by 0.9 %, 2.7 %,
2.8 %, respectively.

Keywords: solar panel, photocells, temperature, wind speed, insolation, efficiency, atmospheric mass, zenith
angle

Introduction

Solar energy has many disadvantages, such as: high cost, dependence on the location of photovoltaic
panels, toxic components of solar cells, dependence of the production of photovoltaic panels on the time of
day, time of year, the presence of rain and cloudy weather, a decrease in the efficiency of the panel with an
increase in its temperature. However, despite all these disadvantages, solar energy is a promising source of
electric energy due to the fact that the technology and composition of solar cells and their efficiency are con-
stantly being improved [1].

The performance of solar panels is not constant. Also photovoltaic conversion efficiency is influenced
by various factors: reflectance, thermodynamic efficiency, and charge carrier separation efficiency, charge
carrier collection efficiency, quality of materials, surface contamination and climatic conditions.

Theoretically, the limit of thermodynamic efficiency, equal to the absolute maximum possible efficien-
cy of converting sunlight into electricity, is about 86 %. This value is an approximation (i.e. the Chambadal-
Novikov efficiency) associated with the Carnot limit and is based on the temperature of the photons emitted
from the surface of the Sun. In contrast, the actual thermodynamic efficiency limit is significantly lower and
is about 33 % in the case of single-compound technology. This means conversion efficiency is no more than
12-21 % for commercial PV panels or up to 24.5 % for high-efficiency single junction cells [2].

Moreover, it is widely known that photovoltaic conversion efficiency is strictly related to the operating
temperature of the cells [3].

For example, in [4] it was found that efficiency decreases by 0.38—0.42 % (i.e., in relative percentage),
and in [5] that electrical power decreases by 0.4—0.5 % for every 1 degree of temperature increase in silicon
cells. The usual simplification is to consider a linear decrease in panel efficiency by 1 % (i.e., in absolute
percentage) every 10 degrees [6]. The temperature of the photovoltaic module (PVM) increases due to the
absorption of solar radiation in the semiconductor layer, and the efficiency of the solar photovoltaic system
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(PVS) decreases when the module is poorly cooled [7]. Thus, the insolation level, air temperature and wind
speed significantly impact the solar panel’s efficiency.

Basically, crystalline silicon FEPs were in the greatest demand on the market. Over time, other designs
have been developed, for example, thin-film, multilayer, transient, cascade, etc. The designs of thin-film SE
worked more efficiently at high temperature, but the efficiency in comparison with crystalline ones turned
out to be almost two times lower (68 %) [8].

During hot summer periods, solar panels heat up to an average of 75 °C, and in equatorial regions to
80-90 °C. Overheating of the solar panel not only reduces its efficiency, but also shortens its service life.
Even in modern solar panels, the problem of overheating has not been solved, for example, gallium arsenide
modules with an efficiency of 46 % at 25 °C lose 20 % of their output at 70 °C, and as much as 30 % at
90 °C [9].

Due to its geographical location, the change of seasons is noticeably pronounced in the territory of Ka-
zakhstan, and there are also differences in climatic conditions in different regions of the country. Therefore,
when designing a photovoltaic system, it is essential to consider the influence of climatic factors characteris-
tic of the area. For example, in winter and summer, solar modules produce different amounts of electricity
due to differences in the length of daylight hours and various degrees of heating of photocells due to differ-
ences in air temperature and wind speed.

Methods and materials

To simulate the variations in operating temperature of solar cells under different conditions, the ANSYS
software was utilized to create a detailed three-dimensional finite element model of the KZPV 220 M60 pol-
yerystalline solar panel (Fig. 1):

Figure 1. 3D model of a polycrystalline solar panel KZPV 220 M60 in ANSY'S software

Main characteristics of the solar module under standard conditions:

— Rated maximum power — 220 W;

— Voltage at maximum power — 29.40 V;

— Current strength at maximum power — 7.5 A;

— Photocells — 60 polycrystalline cells;

— Cell size — 156x156 mm;

— Dimensions — 1.649x992x40 mm.

The climatic parameters of Petropavlovsk, Karaganda and Shymkent were chosen as boundary condi-
tions at noon on one of the hottest days of summer — July 12, 2023, and at noon on one of the coldest days
of winter — December 12, 2023 (Table):

Table
Basic parameters for setting boundary conditions
City Petropavlovsk Karaganda Shymkent
Date 12.07.23 12.12.23 12.07.23 12.12.23 12.07.23 12.12.23
Air temperature, °C 36 -33 35 -28 39 —18
Wind speed, m/s 4 2 5 5 2 1
Insolation, W/m’ 907,86 625 9242 759 9227 833

Although Karaganda is more distant from the equator than Shymkent, the table shows that the insola-
tion level of 12.07.23 in the first city is 1.5 W/m?” higher than in the second. This difference can be explained
by the difference in altitude above sea level — Karaganda is 553 m, Shymkent is 506 m — since the higher
the object is located, the more solar radiation reaches its surface.

Air temperature and wind speed are taken from the source [10].
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The insolation value is calculated based on atmospheric mass. Atmospheric mass is the length of the
path light takes through the atmosphere relative to the shortest possible path (when the Sun is at its zenith).
The formula for calculating atmospheric mass taking into account the curvature and sphericity of the
Earth [11]:

AM = 1 )

cos0 +0.50572(96.07995-0) "’

where 0 is the angle measured from the vertical (zenith angle).
The value of the zenith angle can be calculated from the equation:
cosf = cospcosdcos® +sin@sind, 2)

where ¢ is the geographic latitude of the area, ® is the hour angle (at noon is 0), § is the declination of the
Sun, which can be found from the approximate Cooper equation:

284+n]

365 ©)

where 7 is the serial number of the day of the year, counted from January 1.
The daily intensity of the direct component of sunlight can be determined as a function of atmospheric
mass:

86=23.45 sin(360

(AMo.ons)

1,=1353-0.7 , 4)
where I, is the intensity at the site perpendicular to the Sun's rays in W/m?, 4M is the atmospheric mass,
1353 W/m’ is the solar constant, and 0.7 takes into account the fact that about 70 % of solar radiation arriv-
ing at the boundary of the atmosphere reaches the ground. The indicator 0.678 is an empirical coefficient that
considers atmospheric layers’ heterogeneity.

Diffuse radiation is about 10 % of direct radiation even in a clear sky. Therefore, on a clear day, the to-
tal intensity of radiation incident on the module is equal to:
1,=11-1,. %)
The efficiency of a solar battery under standard conditions (insolation 1000 W/m?, temperature 25 °C,
spectrum AM = 1.5) can be determined by the formula [12]:

N =Py +1000 W/m* + §, (6)
where P, is power under standard conditions, S is area.

Thus, equation (6) states that the efficiency of the KZPV 220 M60 polycrystalline solar panel is 15 %.

However, since it is known that the efficiency of photoelectric conversion decreases with increasing
temperature of the solar module, the efficiency factor taking into account the heating of photocells is calcu-
lated by the formula [13]:

N, =Ny (1-0.0045(7,, —25)), (7
where n , is the panel efficiency, %; n, — solar panel efficiency at a temperature of 25 °C, %; T, — solar

panel surface temperature, °C.
Results and discussions

Modelling of temperature changes and distribution as a result of heating a layer of photocells was car-
ried out for each case separately, considering the boundary conditions corresponding to the climatic factors
characteristic of the regions.

As a result, the values of the maximum temperature reached by the silicon layer when heated on De-
cember 12 and July 12 were obtained (Fig. 2).

Several conclusions can be drawn from the data in Figure 2.

Firstly, the most intense heating of the solar module in summer is observed in the climatic conditions of
Shymkent — 64.4 °C, while in Karaganda and Petropavlovsk — 49.8 °C and 52.1 °C, respectively. The
maximum temperature of the silicon layer in Shymkent is higher than the maximum temperatures in Kara-
ganda and Petropavlovsk — by 14.6 °C and 12.3 °C, respectively. This difference is due to differences in
climatic conditions, namely:

— Ambient temperature: Shymkent (39 °C) > Petropavlovsk (36 °C) > Karaganda (35 °C);

— Wind speed: Karaganda (5 m/s) > Petropavlovsk (4 m/s) > Shymkent (2 m/s);

— Insolation: Karaganda (924.2 W/m?) > Shymkent (510.46 W/m?) > Petropavlovsk (907.86 W/m?).
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Figure 2. Maximum temperature reached by photocells

Thus, the reason for more intense heating of solar cells in Shymkent than in the other two cities is high
air temperatures and insolation levels, which contribute to an increase in the temperature in the silicon layer,
as well as the lowest wind speed, which provides insufficient cooling due to convection.

It can also be noted that the panel heated up more (by 2.3 °C) in Petropavlovsk than in Karaganda, even
though Petropavlovsk is located north of Karaganda and has a lower insolation level. However, this result is
because the module's cooling intensity in the first city is less than in the second since the air temperature in
Petropavlovsk is 1 °C higher, and the wind speed, on the contrary, is 1 m/s less than in Karaganda.

Secondly, similar dynamics can be observed in winter: the panel in Shymkent heated up more than in
the other two cities (up to 11.5 °C), but the difference between the temperature values is much more signifi-
cant than in summer. In this case, the maximum temperature of solar cells in Shymkent is higher than the
maximum temperatures in Karaganda and Petropavlovsk — by 27.3 °C and 28.2 °C, respectively. The re-
sults obtained are associated with more significant differences in the climatic conditions of cities than in the
summer period:

— Ambient temperature: Shymkent (—18 °C) > Karaganda (28 °C) > Petropavlovsk (-33 °C);

— Wind speed: Karaganda (5 m/s) > Petropavlovsk (2 m/s) > Shymkent (1 m/s);

— Insolation: Shymkent (833 W/m?) > Karaganda (759 W/m?®) > Petropavlovsk (625 W/m?).

The difference in insolation and air temperature for Shymkent and Karaganda is 74 W/m” and 10 °C
and for Shymkent and Petropavlovsk — 208 W/m” and 15 °C.

Thus, the reason for the higher temperature of solar cells in Shymkent than in the other two cities, as in
the first case, is the high values of air temperature and insolation level and the lowest wind speed.

It can also be noted that, in contrast to the first case, in Karaganda, the panel heated up more (by 0.9 °C)
than in Petropavlovsk; in other words, in Petropavlovsk, the solar module has the lowest degree of heating
due to the lowest ambient temperatures and insolation.

Let's consider how changing solar cell operating temperature affects photovoltaic conversion efficiency
in both cases. The solar module's efficiency under standard conditions is 15 %; Figure 3 shows the efficiency
values at maximum solar cell temperatures (71,.x) on December 12 and July 12, 2023.

Efficiency, %
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Petropavlovsk Karaganda Shymbent
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Figure 3. Efficiency values at maximum temperature of photocells
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As shown in Figure 3, the efficiency of solar panels on December 12 is higher for all cities compared to
July 12 because, during the winter period, the modules heat up significantly less than in the summer period,
meaning thermal losses in energy production are less pronounced.

As a result, on July 12, when the layer of solar cells reaches the maximum temperature, the efficiency
decreases by 1.8 % in Petropavlovsk, 1.7 % — in Karaganda and 2.7 % — in Shymbkent, that is, the lowest
efficiency corresponds to the city with the highest maximum temperature — Shymbkent.

However, on December 12, the efficiency in all cities on the contrary, increased due to the lower tem-
perature of the solar cells. However, in Shymkent, the efficiency of the module still remains the lowest, as in
the first case — 15.9 %, while in Karaganda and Petropavlovsk — 17.7 % and 17.8 %, respectively.

It can be noted that on December 12, the efficiency of solar panels exceeded the value under standard
conditions and was, on average, 4.3 % higher than on July 12. This is because the efficiency of solar panels
in sunny winter weather is higher than in summer, as, at lower temperatures, electrons in the semiconductor
layer move more slowly, which leads to reduced resistance and, consequently, increased efficiency.

Conclusion

As a result of the simulation, it was found that on July 12, solar cells reached their maximum temperatures
of 64.4 °C in Shymkent, 49.8 °C — in Karaganda and 52.1 °C — in Petropavlovsk, while on December 12, the
values were much lower: in Shymkent — 11.5 °C, in Karaganda — —15.8 °C, in Petropavlovsk — —16.7 °C.

Based on the obtained temperatures, the efficiency values were calculated: on July 12, when the layer of
photocells reaches its maximum temperature, the efficiency decreases by 1.8 % in Petropavlovsk, 1.7 % —
in Karaganda and 2.7 % — in Shymkent, but on December 12, on the contrary, it increases by 2.8 % in Pet-
ropavlovsk, 2.7 % — in Karaganda and only 0.9 % — in Shymkent. The difference in efficiency between the
two dates averages 4.3 %.

Thus, the loss of efficiency in Shymkent due to increasing the temperature of solar cells is greater than
in Karaganda and Petropavlovsk, which is caused by a hotter climate and a higher level of insolation.

The closer to the north and further from the equator, the solar module is located, the less intensely the
solar cells heat up. This happens because as you move away from the equator, the amount of solar radiation
reaching the Earth decreases, that is, the level of insolation, and the climate becomes colder; therefore, the air
temperature decreases. Then, less solar energy reaches the surface of the solar panel, which means less of
this energy is converted into heat due to absorption by silicon cells, and due to the lower ambient tempera-
ture, more efficient cooling occurs due to radiation and convection. At the same time, the lower the operating
temperature of photocells, the greater their efficiency.
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KaumarThiKk mapaMeTpJiepaiH MOJTHMKPUCTAIIAbI KYH MAHeJiHIH
(doTodsekTpIaik TypJeHaipy THiMaLTIriHE dcepi

KyHn GatapestapbIHBIH JICKTP SHEPTUACHIH OHIIPYIiH THIMILTIT KenTereH (GakTopiapra, sFHA oJapIbiH Oipi
JKapThUIAll OTKI3ril KabaTThIH TeMIepaTypachiHa OaillaHbICThI. Bysl mapaMeTpaiH JKOFapblIaybl MOAYJIbIIH
TUIMZIUTTIHIH TOMEHJeYyiHe oKeleli, OfTKeHI MeKTPOHIAPAbIH KO3FalbIC KBULAAM/IBIFBl ©CE/l, COHABIKTaH
KapchUIBIK apTazabl. KepiciHle, Imakmak Tac »acylIalapbIHbIH TeMIEpaTypachl HEFYpJIbIM TeMeH Ooica,
COFYPJIBIM KapChUIBIK a3 0OJa/ibl )KoOHE THUIMILIIr sKoFaphl Oonajpl. Anaiifa, MAKMIaK Tac yKacyllanapblHbIH
TeMIeparypacel Oipkarap mapamerpiepre 0ailaHbICTBI: KENAiH KbUIIAMIbIFbI, HHCOALMS KOHE KOpILIaraH
opTa Temneparypacel. Jlemek, aiitMak IeH >KbUT ME3TLTiHE OalIaHBICTHI 0ip KYH MOAYII OpTYPIIi OHIMALTIKKE
ne Gomanel. OchIFaH CyifeHe OTHIPHIN, KYH OaTapesuiapblH IaijalaHy/bl jKOCHapiayJarsl ©3eKTi Macere
Genrimi Gip aliMakTarbl (OTODJIEKTPIIK TYPIEHAIPYMIH THIMIUIIT KaHIIa TOMEHJCHTIHIH aHBIKTay
MyMKiHziri. COHIBIKTaH THIMALTIK KOPCETKIMITEepiHIH BapHaTHBTUITIH 3epTTey yimuiH Ka3akcTaHHBIH yII
kanmacsl — Ilerponasn, Kaparanns! sxoHe IIIBIMKEHT YIIiH KBICKbI JKOHE Ka3fbl KYHIEPJEri KIMMATTBIK
napamerpiepai eckepe oteipbi, KZPV 220 M60 mnomukpHCTangbl KYH MaHENiHIH jJKapThulail ©TKI3rill
KaOaThIHBIH TEMITEpaTypPachIHbIH 03repyiH MOACNbACY XKYpri3iani. Moaensaey HaTmxkecinae 12 uringene KyH
xacymanapsl IlsivkentTe 64,4 °C-ka, Kaparanneina 49,8 °C-ka xone Ilerpomasima 52,1 °C-xa TeH eH
JKOFaphl TeMITepaTypara >KeTeTiHl aHbIKTaNAbl, Oy perre Tuicinme [1OK 2,7 %-ra, 1,7 %-ra xone 1,8 %-ra
temenaeiini. CoHbIMeH Katap, 12 xkentokcaHma Ty, Lemmkentre —11,5 °C, Kaparangsima —15,8 °C,
[erpomnasnma —16,7 °C, an tuicinmre [TOK 0,9 %, 2,7 %, 2,8 %-ra apTaasl.

Kinm ce30dep: xyH maneni, (OTOPIEMEHTTEp, TEMIEPATypa, >KENIH KbULIaMIBIFBI, HHCOJSIHS, THIMALTIK,
aTMoc(epaiblKk Macca, 3eHUT OYpbILIbI.

H.K. Tanamesa, A.A. [Toranosa, JI.JI. MunbkoB, A.C. TycelnOaesa,
A.H. TrocembaeBa, E.K. Mycenona, b.b. Kyrym, A.JK. Tneybeprenosa

Biaunsinne KJIMMaTHYeCKUX MapaMeTPoB HA 3P PEeKTUBHOCTH
(porodnexkTpuyeckoro npeodpa3oBaHus NOJTUKPUCTAININYECCKON COTHEYHOM MaHeJH

D¢ddexTHBHOCTH BBHIPAOOTKH >IEKTPOIHEPTUH COJTHEYHBIMHU OaTapesMH 3aBUCHT OT MHOXKECTBA (haKTOpPOB,
OJHMM U3 KOTOPBIX SIBISIETCS] TEMIIepaTypa IOIyIPOBOJHUKOBOTO CJOS.. YBEIMYEHHE JAHHOTO IapameTpa
npuBoAnT K cHIbkeHuto KITJ] Momyms, Tak Kak BO3pacTaeT CKOPOCTh ABIKEHUSI JJIEKTPOHOB, CIIEI0BATENBHO,
MOBBIIIAETCS CONpoTHBIeHKE. 11 Ha000poT, ueM MEeHbIIe TeMIepaTypa KPEMHEBBIX SUEEK, TEM MEHBIIE CO-
nporusienue u 6ossine KII/1. B cBoro ouepens Temmeparypa KpeMHHEBBIX S9€€K 3aBHCUT OT APYTHX Hapa-
METpPOB: CKOPOCTH BETpa, HHCOJIMN M TEMIIepaTypbl OKpy»xaromei cpexsl. ClieoBaTesbHO, B 3aBHCUMOCTH
OT PernoHa U BPEMEeHHU Tojja OJMH ¥ TOT )K€ COJTHEYHBII MOyJb OyJeT MMEeTh Pa3HYIO POH3BOIUTEILHOCTD.
Hcxonst 3 9T0T0, aKTyaJIbHBIM BOIPOCOM IIPH IUIAHUPOBAHUH NCIIOJIBb30BAHMS CONHEYHBIX OaTapeil sBIseTcs
BO3MOXHOCTB ONpENeNICHHs CHIKEHHUS 3(P(PEKTUBHOCTH (POTOINEKTPUIECKOTO MPeodOpa3oBaHUA B TOW MU
nHOH MecTHOCTH. [lo3aTOMY 1S MiccnenoBanus BapuaTuBHOCTH Mokaszareneit KI1/1 6pu10 mpoBeaeHo Monenu-
pOBaHUE M3MEHEHHS TEMIIEPATyphl MOIYNPOBOAHHUKOBOTO CIIOSI HOJMKPHCTAIMIECKON CONHEYHOW MaHEeNIn
KZPV 220 M60 ¢ y4éToM KIMMAaTHYEeCKUX ITapaMeTPOB B 3UMHUM U JIETHHH Mepuof it TpEX ropoaos Ka-
3axcraHa — [lerponasnoscka, Kaparanzas! n llleiMkenTa. B pesynbrate MogennpoBaHus ObIJIO YCTaHOBJICHO,
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4T0 12 WO COJMHEYHBIE SYCHKHM JOCTUTAIH CBOCH MaKCHMalbHOW TeMmeparypsl, paBHoil 64,4 °C B LLbiM-
keHTe, 49,8 °C B Kaparanne u 52,1 °C B Ilerpomasnoscke, mpu 3toM KIIJ| cHusmmocs Ha 2,7 %, 1,7 % u
1,8 % oTtHOCHTEeNBHO cTaHmapTHOH Temmepatypsl 25 °C. B 1o ke Bpems 12 nexadpst Ty.x B LlpiMkenTe —
11,5 °C, B Kaparanne — munyc 15,8 °C, B IlerponasioBcke — munyc 16,7 °C, a KIIJ] noBbicuiioch Ha
0,9 %, 2,7 %, 2,8 %.

Kniouesvie cnosa: conHeuHas maHenb, (OTOIIEMEHTHI, TeMIepaTypa, CKOPOCTh Berpa, mHcoysiums, KIIJ,
aTMoc(epHas Macca, 3eHUTHBIH yTroJl.
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The Analysis of Structure Change and Tribomechanical Properties
of Alloyed Steel Surfaces Modified by Diffusion Electrolyte-Plasma Boriding Method

Nowadays, one of the key requirements in mechanical engineering when manufacturing parts from
constructional steels is the hardness and wear resistance parameters. One of the relevant solutions to this issue
could be diffusion-electrolytic-plasma boriding, as the steel surface is enriched with boron elements during
treatment, while the core of the part remains in its original state. This study addresses the technological
capabilities of the diffusion-electrolytic-plasma boriding method for steels. The steel 30CrMnSiA was treated
on a diffusion-electrolytic-plasma boriding setup. The treatment duration was 5 and 7 minutes, using a 15 %
sodium carbonate (Na,COs) and 20 % borax (Na,B,0,) aqueous solution as the electrolyte. It was established
that the cross-sectional structure of the steel after diffusion-electrolytic-plasma boriding is characterized by
zoning, with the formation of a modified layer approximately 650 pm thick. As a result of diffusion-
electrolytic-plasma boriding, the microhardness of 30CrMnSiA steel is enhanced by 2.5 to 3 times in
comparison to its original state, due to the formation of hardening phases.

Keywords: diffusion, electrolyte, plasma, boriding, structure, surface modification, surface, borax

Introduction

Traditional steel processing methods have focused on thermal processes such as heating and cooling,
which have been used for a long time. These techniques require heating the metal in a furnace followed by
cooling it in air, water, or oil [1]. However, these processes can be expensive due to the need for specialized
equipment and extended processing times, and they often require large, cumbersome machinery [2]. Recent-
ly, an innovative method of processing steel parts, electrolyte-plasma heat treatment, has emerged that over-
comes many of the limitations of traditional methods [3]. This method can significantly improve the physical
and mechanical properties of steel in a short time — only a few seconds, unlike traditional methods, which
can take hours and days. Electrolyte-plasma hardening is an intricate process that merges physical metallurgy
with electrochemical technologies. It involves heating the sample in cathodic mode, enabling simultaneous
phase transformation and deformation [4].

To improve the strength characteristics of structural and tool steels, a thermocyclic approach known as
thermocyclic electrolytic-plasma treatment is used within the framework of electrolytic-plasma treatment [5].
Unlike other types of heat treatment, this method involves multiple repetitions of the heating and cooling
cycle, which allows to significantly improve the quality of the material and achieve properties that cannot be
obtained with a single heat treatment step. The changes from cycle to cycle are most commonly attributed to
plastic deformation. The efficiency of thermocyclic electrolytic-plasma treatment is mainly influenced by the
interactions between various phases and the structural transformations in alloys caused by microplastic de-
formation and the subsequent recrystallization process. Microplastic deformation boosts the strength of steel,
while recrystallization enhances its ductility [6].
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The effectiveness of electrolyte-plasma thermocyclic treatment is significantly influenced by factors
such as cycle temperatures, the number of cycles, and the rates of heating and cooling [7]. The range of
methods for thermocyclic electrolyte-plasma treatment, which differ in terms of their operational principles
(including complete, partial, or no phase transformations) and energy requirements, which can vary by a fac-
tor of 20 to 50, offers potential for optimizing the process [8]. This highlights the necessity for developing
and implementing more efficient technologies for the hardening of structural and tool steels to enhance prod-
uct quality, operational lifespan, and reduce energy consumption, which is crucial for economic considera-
tions.

Traditional furnace heat treatment methods face a number of restrictions, such as the risk of defor-
mation, warping and cracking, long heating (1 to 20 hours) and cooling cycles, as well as limited automation
and other difficulties.

In mechanical engineering, multi-component chemical heat treatment (CHT) is commonly applied to
improve the surface characteristics of steels and alloys. This process involves either simultaneous or sequen-
tial diffusion of various chemical elements into the surface layers [9]. Techniques like nitriding and
carbonitriding, which are part of CHT, significantly enhance the wear resistance, corrosion resistance, and
other performance attributes of machine parts. However, the full understanding of how nitrided and
carbonitrided layers form, with a combination of desirable properties such as high wear and corrosion re-
sistance, is still incomplete [10]. Conventional chemical-thermal treatments, like nitriding in a gas environ-
ment and carburizing with solid carburizers, have limitations, including challenges in controlling the diffu-
sion-active medium, the need for expensive equipment, and the necessity of multiple heat treatment cycles to
achieve the final desired properties of the product.

A promising approach to enhancing the service life and performance of steel components is chemical-
thermal treatment with electrolyte-plasma action (diffusion saturation). This method is used to introduce
light elements such as nitrogen, boron, and carbon into the surface of materials [11]. Compared to traditional
surface modification techniques, this technology offers several advantages, including faster processing times,
lower costs, and the ability to combine diffusion saturation with hardening in a single technological process.
The results of studies conducted by various scientific groups confirm the significant potential of electrolyte-
plasma treatment of metals and alloys, but the tribological characteristic of this method remains insufficient-
ly studied [12]. It is important to conduct a more detailed analysis of the wear mechanism in steel products
following electrolytic-plasma treatment and examine it under a variety of conditions.

Due to the above, the aim of this paper is to analyze the changes in the structure and tribomechanical
surface properties of alloyed steel before and after diffusion electrolyte-plasma boriding.

Materials and methods

In this research work, samples from 30CrMnSiA alloy steel with the size of 33x30%9 mm were selected
as research objects for diffusion-electrolyte-plasma boriding (DEPB). Before the experiments, the samples
were pre-treated with grinding paper with P2000 grit.

Figure 1 shows a general view of an image of the modernized diffusion-electrolyte-plasma boriding
(DEPB) unit.

1 — anode; 2 — sample; 3 — electrolyte bath; 4 — pump; 5 — power supply; a — sample holder; b — nozzle

Figure 1. Image of the unit for diffusion-electrolyte-plasma boriding
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The unit includes a high-power rectifier that provides direct current with a maximum output of 360 V
and 100 A. The electrodes are composed of a cathode (sample) and an anode, which is shaped like a circular
plate with perforations to ensure the even distribution of the electrolyte. The electrolyte used is an aqueous
solution containing soda ash (Na,COj3) and borax (Na,B,0-) in certain proportions, which is considered op-
timal for the formation of stable plasma [13].

The key factor in the process (DEPB) is the potential difference between the anode and cathode [14].
To determine the value of the potential difference of this process, the volt-ampere characteristics (VAC) of
the anode and cathode were plotted (Fig. 2). The first region (I) region of linear dependence of current and
voltage (U=0-140V i.e. (zone of classical electrolysis) [15]. The second region (II) of electrolyte boiling
followed by vapor formation is characterized by a slow increase in current, which is explained by heating of
the active electrode. Region (III-1V) is the zone of formation of a stable vapor-gas shell (VGS) around the
cathode, which explains the sharp decrease in current. At further voltage increase, the breakdown of the VGS
and the transition of the system to an unstable state occur [16].
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Figure 2. VAC plot of the DEPB process [17]

Experimental studies were carried out in the Research Center “Surface Engineering and Tribology” of
S. Amanzholov East Kazakhstan University (Ust-Kamenogorsk, Kazakhstan). The phase composition of
materials was determined using X'PertPro X-ray diffractometer (Philips, Netherlands). To reveal the
microstructure of the samples we applied chemical etching using 4 % solution of nitric acid (HNOs) in ethyl
alcohol. The microstructure was studied using an Olympus BX53M optical metallographic microscope. The
depth hardness was determined using a Vickers microhardness tester (Metolab 502, RF) equipped with a
diamond indenter and a load cell up to 1000 g.

The values of coefficient of friction were determined on TRB3 tribometer, where rotation speed was
2 cm per second, radius of the track R =2 mm; vertical load: 6 N; a 100Cr6 ball of 6 mm diameter was
selected as a counterbody.

Results and Discussion

The samples underwent treatment for 5 minutes (Ne 1) and 7 minutes (Ne 2) with a DC current applied
at 290 V, which corresponds to a temperature of 1000 °C. Thermocouples placed in predrilled holes on the
surface of the samples were used to monitor their temperature. The experiments were performed in cathode
mode, and the key process parameters are presented in Table 1.

Table 1
Table of DEPB modes
U, v T, °C ¢, min Electrolyte composition
Sample Ne 1 290 1000 5 65 % distilled water, 15 % sodium carbonate (Na,COs)
Sample Ne 2 7 and 20 % borax (Na,B,0,)

Figure 3 shows the microstructure of steel 30CrMnSiA before and after DEPB, the main structure of
steel is martensite with strengthening structure of boride (light needle-like) and cementite (dark along the
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grain boundaries of martensite). The study of steels with martensitic structure revealed their high hard-
ness [18].
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a — microstructure of steel in initial state, magnified in x50; b — microstructure of sample Ne 1 after DEPB,
magnified in x50; ¢ — microstructure of sample Ne 2 after DEPB, magnified in X100

Figure 3. Microstructure of steel 30CrMnSiA before and after DEPB

It has been determined that the cross-sectional structure of 30CrMnSiA steel after DEPB has a zonal
characteristic: 1 zone of the modified layer, which consists of boride and thermal influence zones, and 2 zone
of the matrix — base of the treated material. The analysis of hardness distribution along the thickness of the
modified layer after DEPB is particularly interesting. The study of microhardness along the depth showed
the presence of a harder surface layer and a less hard layer under it, the extent of which is about 600 um. The
graph in Figure 4 shows that the microhardness gradually decreases from the surface to the middle of the
specimen.
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0 200 400 600 800
Depth, pm

a — microhardness of hardened layers; b — microstructure of modified layer
Figure 4. Microhardness of 30CrMnSiA steel by thickness after DEPB (Ne 2)

In the near-surface layers microhardness reaches an average of 960 HV 1, then with a smooth transition
decreases to an average value of 613 HV,; in the heat affected zone. In the initial state, the microhardness of
the steel 1s 280+10.4 HV, ;.

After DEPB steel 30CrMnSiA underwent significant qualitative and quantitative changes in the steel
structure, and, as shown by the studies, the fine structure of steel and phase composition in the near-surface
zone of the modified sample and in the transition zone (at a depth of ~650 um) was significantly different.

As a result of the conducted research, it was found that the material of the near-surface layer is multi-
phase. However, the main component remains a'-phase (o'-Fe). It should be noted that no ferrite and pearlite
grains were found on the sample surface after DEPB (Fig. 4, b).

Figure 5 shows the XRD-results of 30CrMnSiA steel before (Fig. 5 a) and after (Fig. 5 b, ¢) DEPB. In
the initial state, 30CrMnSiA steel consists mainly of a-Fe phase with face-centered cubic lattice (FCC). After
the DEPB process, cementite (Fe;C), boride (Fe,B), iron oxide (Fe,O;) and martensite (a'-Fe) phases are
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found in 30CrMnSiA steel. Martensite is formed in the modified steel layer as a result of rapid cooling dur-
ing the DEPB process. The results of X-ray phase analysis are in agreement with the results of studying the
microstructure of 30CrMnSiAsteel after DEPB.
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Figure 5. XRD of 30CrMnSiA steel before DEPB (a) and after DEPB Ne 1 (samples ) and Ne 2 (¢)

During DEPB, 30CrMnSiA steel is exposed to high temperatures produced by electric current. These
elevated temperatures may cause the austenite (the stable crystalline form of iron) to transform into more
stable phases like martensite and cementite. The structure and properties after DEPB depend primarily on the
temperature and duration of the interaction of the electrolyte with the sample surface and the composition of

the electrolyte.

coefficient of friction, u

T T
40 60
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Figure 6: Histogram of sample friction readings and wear trace after tribological testing

The results of tribological tests of boronized steel showed (Fig. 6) that after DEPB, 30CrMnSiA steel
has a lower coefficient of friction compared to the original sample. Thus, we can assume that after DEPB the
wear resistance of 30CrMnSiA steel increased compared to the original sample.

Table 2
Correlation table of experimental data
Microhardness, Coefficient of friction,
Phase
HVy, 2

Initial Ferrite, perlite 280+10.4 0.89

Sample Ne 1 (5 min) | Cementite, boride, iron oxide and martensite 639.34+16.3 0.68

Sample Ne 2 (7 min) | Cementite, boride, iron oxide and martensite 659.76£16.7 0.76

Table 2 shows the correlation experimental data that were carried out during the study. From the Ta-
ble 2, we can see that after DEPB, 30CrMnSiA steel underwent changes affecting not only its microhardness
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but also its phase structures. According to the XRD results, martensite, cementite, boride and iron oxide
phases are formed on the surface of 30CrMnSiA steel, but the martensite phase (a'-Fe) is the dominant phase
in the steel structure following boriding. Also, after DEPB the wear resistance of the samples changed for the
better. In the histogram in Figure 6 we see that the friction coefficient of the samples after DEPB is less than
that of the original sample.

Conclusions

In this research work, diffusion electrolyte-plasma boriding of 30CrMnSiA steel has been investigated.
According to the results, the diffusion electrolyte plasma boriding (DEPB) method can be considered as an
effective method for steel modification, which allows different types of treatment depending on the
conditions and choice of electrolyte. The DEPB method demonstrates excellent effectiveness in the surface
treatment of steels and offers considerable benefits over traditional heat treatment techniques, including
energy efficiency, shorter treatment times, and improved environmental safety [19].

It was found that the structure of the cross-section of 30CrMnSiA steel after DEPB is conditionally di-
vided into 3 zones: boride layer, heat affected zone, which together will form a modified layer and the base
of the treated material. The structure of the steel cross-section after DEPB is characterized by zonality, with
the formation of a modified layer with a thickness of about 650 pum, containing different phases: a'-Fe-
martensite, Fe;C-cementite. The microhardness of 30CrMnSiA steel after DEPB increases 2.5-3 times com-
pared to the initial state due to the formation of hardening phases.

To improve the DEPB plant, additional modules such as electrolyte plasma polishing, which is a finish-
ing module, were retrofitted. The source for EPB was reassembled. The optimum mode for DEPB was se-
lected, including parameters, electrolyte composition, VAC. A nozzle (Fig. 3, b) was assembled specially for
the modernized DEPB unit.
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JLT. Cymo6aesa, X. Carponauna, JI.P. baitxan, H.E. bepaimyparos, C.Jl. bonaros

¢ dy3usiibIK 3MeKTPOTUTTIK-IUIAa3MAJBIK 00opJaay diiciMeH JeripjeHrex
O0os1aTTapAbIH MOAN(PUKANMSAJIAHFAH OeTTEePiHiH KYPbLIbIMbI MEeH
TPUOOMEXAHUKAJBIK KAaCHETTePiHiH 63repyiH Tajaaay

Kasipri yakpITTa KOHCTPYKIMSUIBIK GosaTTap/ian OeeKkTep xacay Ke3iHae MallliHa jKacay CalaChIH/aFbl eH
©3eKTi Tananrtap/blH Oipi KaTTHUIBIK TIEH TO3yFa TO3IMALUTIK mapaMeTpliepiHin 6omysl. By Macesnere KaTbICThI
THIMII wennMaepain 6ipi AndQy3usIbIK-2IeKTPOIHTTIK-TIIa3MaNbIK Oopray afici 60iybl MyMKiH, ceb6ebi
eHzIey OapbIchiHIa 60NMaTThIH OeTi 60p IMeMeHTTepiMeH KaHBIFaIbl, aj OeJIIeKTiH o3eri 6acTankel KyiliHae
Kamaael. bByn  okymbicta  Gomartapasl  AMGQY3USIIBIK-NEKTPOIUTTIK-IIa3MalbIK — Oopray — SAiCiHiH
TEXHOJIOTHSUIBIK MYMKiHAiKTepi KapacTelpburrad. 30XI'CA Oonartsl eHaey AnGQY3UsIIBIK-JIEKTPOIUTTIK-
1a3MajblK Gopiiay KOHABIPFBICHIHAA JKYPri3indi. OHuey YakbIThl 5 jkoHE 7 MHHYT OOJIIBI, all AJICKTPOIHT
perinne 15 % xamprmapenren coma (Na,CO;) xone 20 % Oypanbiy (Na,B,O;) cymarer epitingici
KOJIIaHbLIIbI. AHBIKTaJFaHIal, G0JaTThIH KOJIICHEH KUMACBIHBIH KYPbUIBIMBI AU(DY3HSIIBIK-3IEKTPOIUTTIK-
a3Majblk OopiayiaH KeifiH 30HaNObIK CHIIATKAa He, al MOAU(UKALHMsIAHFaH KaOaTThIH KaJbIHJIBIFbI
mamamer 650 MrM. JTudGy3usiibIK-2IeKTPONUTTIK-TIa3MalblK Oopray npouecidin HoTmkecinne 30XT'CA
GONaTBIHBIH MHUKPOKATTBUIBIFBl  KaTaiiTy (asanapbiHblH Ty3UlyiHe OalnaHbICThl OacTamksl KyHiMeH
cassICTBIpFanaa 2,53 ece apTasl.

Kinm co30ep: nuddysus, anekTpoaur, miasma, bopnay, KypbuisiM, 6eTTi Mogudukausiay, 6eri, 6ypa

JLT. Cymo6aeBa, XK. Carnonauna, JI.P. Baiixan, H.E. bepaumyparos, C.J[. bonaTos

AHaJIN3 U3MEHEHUS CTPYKTYPbI U TPUOOMEXaHUYECKUX CBOICTB
MO (UIIMPOBAHHBIX MOBEPXHOCTEH JIErHPOBAHHBIX CTaJel
MeToA0M TH((PY3MOHHOT0 I1eKTPOJIUTHO-NJIA3MEHHOT0 0OPUPOBAHUS

B Hacrosilee BpeMms OAHMM M3 aKTyaJbHbIX TpeOoBaHMH B cepe MaIIMHOCTPEHHS IPH H3TOTOBICHUH
JeTajeil U3 KOHCTPYKLHMOHHBIX CTajeil, SBISIOTCS IapaMeTpbl TBEPJOCTH M M3HOCOCTOMKOCTH. OfHHMM M3
penieHuit 5Toif mpoOIeMBl MOKeT cTaTh ] (Hy3nOHHO-IEKTPOIMTHO-TIIIa3MeHHOe GopupoBanue. [1pu Takoi
00paboTKe MOBEPXHOCTh CTAbHOW JETaly HachlllaeTcsi O0poM, B TO BpeMsl KaK CEpAlLeBHHA OCTAeTCs B
HCXO/HOM COCTOSIHMHM. B nmaHHO# paboTe paccMOTpEHBI BOIPOCH TEXHOJIOTHUECKUX BO3MOXKHOCTEH criocoba
1 hy3nOHHO-IIIEKTPOIMTHO-TUIA3MEHHOr0  OopupoBaHust craneil. bBbura mpoBeneHa oOpaborTka crTanm
30XI'CA Ha ycraHoBke Iu(p(y3nOHHO-3IEKTPOIUTHO-TIIA3MEHHOTO OopupoBaHus. [IponomKuTenbHOCT
00pabOTKH cocTaBisia 5 ¥ 7 MUHYT IIPU UCIIOIBb30BAHMH B KAUECTBE HJIEKTPOJIMTA BOAHOTO pacTBopa 15 %
KanpuuHUpOBaHHOHW coabl (Na,CO3) u 20 % Oypsr (Nay,B,0;). YcranoeneHo, uto mocie mudQy3noHHO-
3JIEKTPOJIUTHO-IIIA3MEHHOTO  OOPHPOBAHMUs, CTPYKTYpa IONEPEYHOro CEeYEHMS CTAIM XapaKkTepu3yercs
30HAJILHOCTBIO, C 00pa3oBaHHEM MOAM(UIMPOBAHHOIO CIIOS TONIIMHON okoimo 650 mxM. B pesynbraTe
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oOpazoBanus ynpoyHAOmMX (a3 mociae AuPPY3MOHHO-DICKTPOIUTHO-TINIA3MEHHOTO  OOpPHPOBAHMS,
mukpotBepaocth craan 30XI'CA yBenuuuBaercs B 2,5-3 pasa 1o CpaBHEHHIO ¢ HCXOHBIM COCTOSTHUEM.

Kniouesvie cnosa: muddysns, >IEKTPOIHT, IUIa3MEHHOE, OOpHpOBaHUE, CTPYKTYpa, MOANUQHKAINSI
[IOBEPXHOCTH, IOBEPXHOCTb, Oypa
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Influence of Thermocyclic Electrolyte-Plasma Treatment
on Mechanical Properties of U9 Tool Steel

The article investigates the influence of thermocyclic electrolytic-plasma treatment (EPT) on the mechanical
properties of carbon steel U9 tool steel. U9 steel is often used for manufacturing tools working in conditions
that do not cause edge heating: woodworking tools, assembly tools, gauges of simple shape and reduced ac-
curacy classes. In this work, thermocyclic electrolytic-plasma treatment was used as a method of improving
mechanical properties. This method combines electrochemical reactions and intensive thermal influence,
which allows the formation of surface layers with improved characteristics. As a result of the treatment, U9
steel shows a clear division of the microstructure into three zones: hardened layer, transition layer and base
metal. The hardened layer, located up to a depth of 400 pm, is characterized by a finely dispersed structure
consisting of martensite and bainite with high hardness (1400-1600 HV,.,). This layer provides excellent
wear resistance and resistance to mechanical stress. The transition layer (400—700 pum) serves as a buffer
zone, distributing stresses evenly. It is characterized by a gradual decrease in hardness (800—1200 HV.;) and
a change in structure due to a decrease in martensite content. The base metal, deeper than 700 pm, retains the
original structure with hardness 400-600 HV.;, which ensures its ductility and durability. The results show
that thermocyclic EPT significantly improves the performance properties of U9 steel by creating a functional-
ly gradient structure. The technology is energy efficient and can be widely used in mechanical engineering
and other industries where high mechanical characteristics of materials are required.

Keywords: heat treatment, thermocyclic electrolytic-plasma treatment, electric discharge phenomena, U9 tool
steel, microstructure, micro hardness

Introduction

In conditions when traditional materials in mechanical engineering and equipment manufacturing ex-
haust their capabilities and do not meet the growing requirements of modern technologies, the introduction
of innovative approaches and technologies becomes critical. Development and application of new materials
and processing methods are necessary to improve the performance, strength and durability of assemblies and
mechanisms. One of the key solutions is the modernization of technological processes aimed at improving
the reliability and life of parts. This includes the use of advanced methods such as chemical-thermal treat-
ment, thermocyclic hardening, anodic-spark oxidation and electrolyte-plasma technologies [ 1-6].

Electrolyte-plasma treatment (EPT) is a method that combines electrochemical reactions and thermal
effects, creating optimal conditions for phase transformations and modification of the metal surface layer.
Thanks to the combination of intensive heating and rapid cooling, this process ensures the formation of a
finely dispersed structure including high-strength phases. This significantly improves the mechanical proper-
ties of the material, such as hardness, wear resistance and resistance to fatigue loads. The application of
thermocyclic regimes in EPT promotes the accumulation of structural changes, which is achieved through
multiple phase transformations and regulation of temperature parameters [7].

The choice of thermocyclic treatment parameters, such as temperature, number of cycles, heating and
cooling rates, allows the method to be adapted to the specific requirements of industrial production. This makes
electrolyte-plasma treatment not only highly efficient but also energy-efficient, which is especially important
for modern manufacturing processes. Moreover, the possibility of combining EPT with other treatment and
modification methods opens new horizons for complex improvement of materials performance [8].

The purpose of this study is to investigate the effect of thermocyclic electrolytic-plasma treatment on
the mechanical properties of U9 tool steel. The work is aimed at detailed analysis of changes in microstruc-
ture, hardness and strength characteristics of the material after treatment. The results obtained will make it
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possible to evaluate the potential of this method to improve the reliability and durability of parts used in me-
chanical engineering and equipment manufacturing.

Materials and methods of research

The object of the study was U9 carbon tool steel. The choice of the research material is justified by the
fact that this steel is widely used in mechanical engineering, power engineering and other industries, where
such properties as strength, wear resistance, ability to maintain mechanical characteristics under high loads
are important [9]. U9 carbon tool steel has high hardness, which makes it indispensable in the production of
cutting and measuring tools, as well as elements of stamping systems. Knives, cutters, drills, calipers, files,
punches and dies are made of this steel. Chemical composition of U9 tool steel according to GOST 1435-99
is presented in Table 1.

Table 1
Chemical composition of U9 tool steel

C Si Mn Ni S P Cr Cu V | Mo
0.85-0.94 | 0.17-0.33 | 0.17-0.33 | until 0.25 | until 0.028 | until 0.03 until 0.2 until 0.25 - -

Samples were prepared on a Metapol-2000P surface grinding machine with subsequent polishing using
diamond pastes. At least 5 samples were used for each batch for reliability of measurement results.

The microstructure of the samples was revealed by chemical etching method using 4 % nitric acid solu-
tion (HNO3) in ethyl alcohol. The microstructure of initial and treated steels was studied by optical micros-
copy on Olympus BXS53P microscope in reflected light at light field and scanning electron microscopy
(SEM) on “TESCAN VEGA 4” microscope at magnifications %4000, x10000. The imaging was carried out
in the regimes of secondary and backscattered electrons.

To determine the hardness by depth of the samples we used a hardness micro-measurer Metolab 502
equipped with a four-sided diamond Vickers pyramid with a square base and angle a = 136° between oppo-
site faces at the apex in strict compliance with the requirements of GOST 9450-76 for the Vickers method.
The diamond indenter under the load /= 1N was pressed in perpendicularly and held under the load for 10 s.
The diagonals of the indentation d1, d2 were measured.

The study of electro-discharge phenomena in the “metal-electrolyte” system. Tests were carried out to
determine the values of hydrogen ion activity (pH), as well as the values of the electric potential of electro-
lytes, and the molar concentrations of electrolytes were calculated.

The electrolytes were prepared on the basis of soda ash (Na,CO;) diluted with water (H,O), the equa-
tion reaction is presented in formula (1).

Na,CO, +H,0 - HCO; +2Na" + OH" (1)

As a result of a chemical reaction, a salt solution formed by a strong base and a weak acid gives an al-
kaline reaction (excess OH ions). The end products of the reaction are hydrogen carbonate (carbonic acid),
sodium ions and hydroxide ions.

Two types of electrolyte based on sodium carbonate were prepared to study the properties, with a dif-
ference in its content in solution, namely for the first electrolyte the mass fraction was 15 % (No. 1), for the
second 10 % (No. 2).

For preparation of electrolyte No. 1, 3 kg of Na,CO; and 17 kg of distilled water were used. For electro-
lyte No. 2, 4 kg of Na,CO; and 16 kg of distilled water.

The concentration of electrolytes was determined and experimental work was carried out to measure
pH, specific conductivity and mass concentration of dissolved solute. Measurement of pH was carried out on
laboratory ionometer I-160MI (production of Russia) according to GOST 8.120-99 “State verification
scheme for pH measuring instruments”. The instrument consists of primary measuring transducers — elec-
trode system and temperature sensor (hereinafter — temperature sensor), secondary measuring transducer
(hereinafter — transducer) and a set of accessories for measurements [10]. The general view of the transduc-
er and its design elements are shown in Figure 1.
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1 — Matrix display; 2 — Controls
Figure 1 Converter I-160MI

According to the methodology, before measurements, the electrodes are calibrated in buffer solutions
with different pH values. No. 1 buffer solution pH = 1.65, No. 2 pH = 3.56, No. 3 pH = 9.18. Between each
buffer solution and just before the measurements, the electrodes are cleaned from reagent residues with a
stream of distilled water. Quality control of electrode cleaning from buffer solution residues is performed by
measuring the pH value of distilled water. The pH value on the electrode surface should correspond to a neu-
tral value (about 7) to exclude buffer solution residues. Once the electrodes have been calibrated, direct
measurements are allowed. The electrodes are placed before the measuring part is immersed in the electro-
lyte for an average of 3 minutes. After that the display shows the finished values. Values were obtained for
the initial electrolyte before TEPT, as well as after the 1st, 2nd, 3rd cycles. The results of pH, electrode po-
tential measurements are presented in Table 2.

Calculations of molar concentration of electrolytes were carried out using formula 2. The data were ob-
tained for 50 ml of electrolyte, which subsequently served as samples for the study of pH values, potentials.

m
¢ MxV’ )
where m — mass of sodium carbonate [g]; M — molar mass of sodium carbonate [g/mol]; /' — volume of
solution [1].

Thermocyclic electrolyte-plasma treatment of samples of steel U9 was carried out on the modernized
unit in the Research Center “Surface Engineering and Tribology”. The modernized unit includes several key
modules, which important elements are synchronization unit, microprocessor unit, power supply unit, power
leads unit and control unit (Fig. 2 4). The synchronization unit is responsible for phasing and ensuring cor-
rect communication between the supply network and the thyristors. The microprocessor unit allows the
thermal cycling parameters to be set, operating regimes to be set and the entire system to be automatically
controlled. The power supply unit converts the input voltage to the necessary levels to support the operation
of all other modules. The power output block provides high-power currents for processing steel samples, and
the control block synchronizes the thyristors’ actions by switching them on and off at the right moments.

. i A)

Termocouple 1 (8)
(s Termocou ple 2

Vapor-gas shell - — Sample

_________________________________________

(4) Image of the unit for diffusion-electrolyte-plasma boriding:
1 — anode; 2 — sample; 3 — electrolyte bath; 4 — pump; 5 — power supply;
(B) Scheme of thermocouple placement in the surface layer of the sample

Figure 2. Schematic diagram of the general view of the EPT unit
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During the experimental work, temperature measurements on the sample surface were carried out. For
this purpose, thermocouples made by the method of natural thermal junction were used. Thermocouples were
placed in two layers of the sample at a depth of 1.0 and 2.0 mm from the heated surface, which allowed re-
cording temperature changes at different levels of the material (Fig. 2 B). When calculating the temperature
at the sample surface, it was assumed that the entire heat flux propagates from the surface into the depth of
the material. This assumption allows us to consider the thermal process unidirectional and take into account
the influence of only those factors that are associated with energy transfer to the depth of the sample, without
taking into account possible losses to radiation or convection. This approach simplifies the analysis and al-
lows for a more accurate determination of the surface temperature [7, §].

The essence of the thermocyclicelectrolyte-plasma treatment process is as follows. At low voltages
(150 V), a classical electrochemical process is observed in an electrochemical cell containing an aqueous
electrolyte solution. At higher voltages (300 V), an intensive electrode outgassing begins, leading to the for-
mation of a near-electrode gas-liquid layer. As the voltage increases, the packing density of gas bubbles in
the near-electrode gas-liquid layer increases, and the total cross-sectional area of electrolyte bridges between
them decreases. As a result of Joule heat release, the electrolyte temperature in these bridges reaches the
boiling point. During the transition from bubble boiling to film boiling, a thin (50—100 um) vapor-gas shell
(VGS) consisting of water vapor, activated OH", H" and Na” and CO5> ions, which are part of the electro-
lyte, appears around the product immersed in the electrolyte. The electric field strength in VGS reaches
10*-10° V/em. At a temperature of about 100 °C, such a voltage can cause ionization of vapors, as well as
emission of ions and electrons necessary to maintain a stationary electric discharge. And as a result, electro-
lyte plasma is formed [11]. Sodium carbonate (Na,COs3) solution was used as heating and cooling source.

A hardness tester “METOLAB 502” (GOST 6507-1-2007) was used to test the microhardness by the
Vickers method. The indenter used for measurement was a diamond pyramid with an angle between two fac-
es of 136°. The following regime was chosen to measure hardness by Vickers method: load 0.1 kg, load time
10 sec.

The study of surface microstructure and analysis of morphology of cross sections of coatings were car-
ried out using scanning electron microscopy (SEM) on the equipment VEGA4 TESCAN in D. Serikbayev
East Kazakhstan Technical University.

Results and discussion

The results of tests in the “metal-electrolyte” system are presented in Table 2.

Table 2
Results of electrochemical studies of TEPT electrolytes

1-Electrolyte composition: 2-Electrolyte composition:

Cycle TEPT | 5o, NagCy(t)3 + 85p% water 10 % NaQCyé)g + 90p% water
Specific conductivity I 83000 69000
5, uSm/em 2 63000 43000
’ 3 51860 26400
1 10.759 10.675
Index, pH 2 10.728 10.561
3 10.778 10.620
. 1 -223.6 -231.4
Eieci;r{)]de potential, 3 04 5077
’ 3 -223.6 -229.1
Molar concentration I 0.0047 0.0035
C. mol/L ’ 2 0.0049 0.0036
’ 3 0.0043 0.0031

The initial pH values for electrolyte No. 1, No. 2 were 10.759 and 10.691, respectively. As can be seen
from the data in Table 2, decrease in salt concentration and increase in water content decreases the pH value
of electrolyte. The result of electrode potential measurement for the two electrolytes showed negative value,
namely for electrolyte No. 1 —223.6 and for electrolyte No. 2 —231.4. This is due to the high concentration of
OH’ ions in the electrolyte, which reduce the concentration of hydrogen ions and make the electric potential
relative to the standard hydrogen electrode negative. As the pH value of the solution increases, the electrode
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potential becomes more negative. This is an expected pattern because an increase in pH indicates a decrease
in the concentration of H' ions, which shifts the equilibrium of the electrochemical reaction. According to
the results of electrolyte concentration calculations, a slight change in molar concentrations is observed be-
fore and after several cycles [12—14].

Table 3 presents the results of electrolyte-plasma treatment experiments on U9 steel conducted in sodi-
um carbonate (Na,CO;) solutions with 15 % and 10 % concentration. During the experiments, the effects of
parameters such as voltage, current strength, heating duration and electrolyte concentration on steel surface
temperature, current density and temperature changes of the electrolyte were studied. Using a 15 % Na,COs
solution, the electrolyte temperature was 35-36 °C before heating and reached 39 °C after the third cycle. In
the first cycle, at a voltage of 300 V, a current of 100 A and a heating time of 2 seconds, the steel surface
temperature reached 374 °C at a current density of 33.3 A/cm?. In subsequent cycles, despite short heating
periods (300 V for 1-2 seconds), the surface temperature increased significantly, reaching 800 °C in the se-
cond cycle and 1000 °C in the third cycle. The intermediate voltage reduction to 150 V for 3 seconds helped
to stabilize the process and to distribute the heat evenly, preventing overheating of the steel surface.

For the 10 % Na,CO; solution, similar trends were observed, but with a lower heating intensity. The ini-
tial electrolyte temperature was slightly lower (34.9-36.7 °C) and the current density was 13.3 A/cm?, which
was about 2.5 times lower than that of the 15 % solution. The steel surface temperature reached 350 °C in the
first cycle, 700 °C in the second cycle, and a maximum value of 1200 °C in the third cycle. Increasing the
heating duration (up to 5 seconds at 300 V) combined with intermediate pauses at 150 V provided smoother
surface heating. This makes the 10 % solution suitable for applications where a more gradual and delicate
temperature rise is required without the risk of significant thermal stresses.

Table 3
Parameters of electrolyte-plasma treatment of U9 steel in Na,COj; solutions with different concentrations

Steel Electrolyte T,°C UV | ts| LA Cycle T, °C Steel J, Alem?

before 36.7 300 5 40 13.3

150 5 9 3
after 37.4 300 | 4 | 40 I 350 13.3

150 5 9 3
before 34.9 300 5 1 40 13.3

150 5 9 3

0

10 % Na;CO; after 36.3 300 | 4 | 40 2 700 13.3

150 5 9 3
before 35.6 300 5 40 13.3

150 5 9 3
after 37.3 300 | 4 | 40 3 1200 13.3

Uo 150 5 9 3
before 36 300 | 2 | 100 333

150 3 | 60 20
after 36.6 300 1 | 100 I 374 333

150 3 | 60 20
before 35 300 | 2 | 100 333

150 3 | 60 20

0

15 % Na;CO; after 36.3 300 1 | 100 2 800 33.3
150 3 | 60 20
before 35 300 | 2 | 100 333

150 3 | 60 20
after 39 300 1 | 100 3 1000 333

150 3 | 60 20

Figure 3 shows the results of studies that were conducted to investigate the effect of electrolyte-plasma
treatment on the microstructure and mechanical properties of U9 steels. The linear decrease in hardness with
depth is associated with the appearance of zonal structure after TEPT. The highest hardness was shown by
the samples processed in the mode of 3 cycles for both electrolyte compositions. Also the smallest difference
for 3 cycles showed the samples treated with TEPT using the first electrolyte composition (15 % Na,CO;). In
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further studies the samples hardened in the first electrolyte composition were used. In the dissertation work
the author Z.A. Satbaeva gives similar data on the dependence of microhardness on the depth of hardened
layer for steel U10. In this work, the dependence of hardness decreases with deepening into the hardened
material [15].

1-Electrolyte composition: 15% Na;CO3+85% water

2000 e} cycle
1800 —te] cycle
| cycle
1600
1400
2
=
T 1200
g
& 1000
3
2 800
=
= 600
400
200
0
50 100 150 200 250 300 350 400 450 3500 3550 600 650 700 730 800 850 900 950 1000
Depth of hardened layer, mm
ition: 10% N 0
2-Electrolyte composition: 10% Na;CO3+90% water s cycle 1
1400 —s—cycle 2
1200 ——cycle 3
_ 1000
F
g 800
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‘E 600
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400 W
200
1]

30 100 130 200 230 300 350 400 430 500 550 600 630 TOO 730 300 330 900 930 1000
Depth of hardened layer, mm

Figure 3. Dependence of microhardness of U9 steels on regimes of electrolyte-plasma treatment
and electrolyte concentration

Figure 4 shows the results of electrolyte-plasma treatment of U9 steel in 10 % Na,COs3 solution at re-
gime (cycle) No. 1. The microstructure of the material is clearly divided into three zones: hardened layer,
transition layer and base metal. The hardened layer, located up to a depth of about 400 um, shows a finely
dispersed structure consisting of martensite and bainite, which provides a high hardness of the material at
1400-1600 HVy.4. This layer is formed under the influence of intense heating and rapid cooling, resulting in
phases with high strength. This structure provides a significant increase in the wear resistance of the surface,
making it suitable for high mechanical stresses.

The transition layer, located at a depth of 400 um to 700 pum, is characterized by a gradual change in the
material structure. In this zone there is a decrease in hardness to the level of 800-1200 HV ., which is asso-
ciated with a decrease in thermal effects. Here, pre-eutectoid ferrite is isolated, which forms a mesh along
grain boundaries, and the structure acquires a multigrain character. Slow cooling in this region favors the
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preservation of fine phases, but the martensite content decreases, which leads to a decrease in strength prop-
erties [15, 16]. The transition layer plays an important role as a buffer zone, evenly distributing mechanical
stresses between the hardened zone and the base metal, preventing abrupt changes in material properties.

In the base metal zone, deeper than 700 um, the structure returns to the original structure. Here, an in-
crease in ferrite content is noticeable both at grain boundaries and within them. Microhardness in this zone
decreases significantly to 400—-600 HV,.;, indicating the recovery of properties characteristic of the base
metal. This zone is practically not exposed to heat, and its properties correspond to the initial mechanical
characteristics of the material. The microhardness graph clearly demonstrates a sharp decrease in hardness
with increasing depth, starting from the hardened layer and moving to the base metal.

Thus, electrolyte-plasma treatment of U9 steel forms a high-strength hardened layer with a smooth tran-
sition to the transition zone and the base metal.
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Figure 4. Microstructure and microhardness distribution of U9 steel
after electrolyte-plasma treatment (regime No. 1, 15 % Na,COs)

Figure 5 shows the microstructure of U9 steels after treatment with 15 % electrolyte, in three different
regimes (No. 1, No. 2, No. 3), which allows us to draw conclusions about the influence of thermal conditions
on the formation of structure and mechanical properties of materials. U9 steel, which has high carbon con-
tent, in regime No. 1 shows a microstructure mainly consisting of finely dispersed martensite, which con-
firms its quenched state and provides the highest hardness among all three regimes. In regime No. 2, the
structure includes both martensite and bainite due to the milder cooling conditions. This results in intermedi-
ate properties between the quenched state and the slow cooling state. In regime No. 3, the microstructure of
U0 steel is represented by ferrite and pearlite, which is characteristic of slow cooling. This leads to a signifi-
cant decrease in hardness and return of the material to a state close to the initial.
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Figure 5. Cross-sectional microstructure of U9 steels after EPT in regimes No. 1, No. 2 and No. 3
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To study in detail the structure of U9 steel after electrolyte-plasma treatment, the studies were carried
out using scanning electron microscopy (SEM). The results of the analysis confirmed the presence of clearly
defined three zones, each characterized by unique microstructure and mechanical properties (Fig. 6). The
hardened layer, located at a depth of up to 400 pum, is formed under the influence of intense thermal heating
and rapid cooling, resulting in the formation of finely dispersed phases such as martensite and bainite. This
structure provides high hardness of the material, reaching 1400-1600 HV,.;, which makes it extremely
wear-resistant and suitable for high mechanical stresses. The micrographs obtained under magnification
clearly show that the martensitic structure has a needle-like character, which confirms its high strength and
stiffness. The transition layer, located at a depth of 400 um to 700 pm, shows changes in the microstructure
as it moves away from the hardened zone. In this region, a decrease in thermal stress is observed, leading to a
decrease in martensite content and a gradual increase in the proportion of pre-eutectoid ferrite. Slow cooling
in the transition zone favors the preservation of finely dispersed phases, but the overall strength of the mate-
rial is lower here compared to the hardened layer. The transition layer plays a key role as a buffer zone, pre-
venting abrupt changes in mechanical properties between the high-strength surface and the lower-strength
base metal. The base metal deeper than 700 pm is virtually unaffected by heat during machining. Its struc-
ture reverts to the initial state characteristic of U9 steel and includes ferrite and pearlite. In micrographs, the
base metal is characterized by the presence of large ferrite grains located both along the grain boundaries and
inside the grains. The hardness in this zone is much lower, varying between 400—600 HV,.;, which corre-
sponds to the initial mechanical characteristics of the material. This region retains the ductility and toughness
characteristic of the initial state of the steel and plays an important role in preventing brittleness of the struc-
ture as a whole. Thus, electrolyte-plasma treatment allows the creation of a functionally graded structure
consisting of three zones with different mechanical properties: a high-strength hardened layer, a transition
layer and the base metal. This distribution of properties ensures high operational reliability of the material,
improves its wear resistance and resistance to mechanical loads.
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Hardened layer

Martensite
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Figure 6. Microstructure of different zones of U9 steel after electrolytic-plasma treatment (regime No. 1)
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Conclusion

Thus, according to the results obtained in this article, the following main findings and conclusions were
made:

— the electrode potential becomes more negative as the pH value of the solution increases. According to
the results of electrolyte concentration calculations, a slight change in molar concentrations is observed be-
fore and after several cycles.

— for the 10 % Na,CO; solution, a decrease in heating intensity was observed. The initial electrolyte
temperature was slightly lower (34.9-36.7 °C) and the current density was 13.3 A/cm?, which is about
2.5 times lower than that of the 15 % solution. This makes the 10 % solution suitable for applications where
a more gradual and delicate temperature rise is required without risks of significant thermal stresses.

— electrolytic-plasma treatment of U9 steel in 10 % Na,COs; solution forms a hardened layer (up to
400 pm) with finely dispersed martensite and bainite structure and hardness of 1400—-1600 HV .4, providing
high wear resistance. The transition layer (400—700 pum) serves as a buffer, reducing hardness to 800—
1200 HV,.; and evenly distributing stresses. In the base metal zone (deeper than 700 um), the structure re-
turns to its original structure with a hardness of 400-600 HV,.;. The method creates a strong surface layer
and a smooth transition to the basic material properties.
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JL.T. Cymo6aeBa, J1.b. byititkenos, JI.P. baiixan,
H.E. bepaimyparos, H.C. Paiicos, A.)K. XKymabekos

Y9 KypaaabiK 60JIaTTHIH MEXAHUKAJIBIK KacHeTTepiHe
TEPMOMHUKJIIIIK JIeKTPOJUTTI-IIa3MAJBIK OHIEYIIH dcepi

Makanasa TEpMOIMKIIIK IEKTPOIUTTI-INa3MalbIK eHueymiH (D110) V9 keMmipTekTi KypanablK OONATTHIH
MEXaHUKAJIBIK KAaCHETTEepiHEe ocepi KapacThIpbUFaH. Y9 0GonaThl arail eHICY KypajiJapbl, CliecapiibIK-
MOHTaX/IBIK aclanTap, KapamaibiM MilIiHAI KaIuOpiiep jKoHe JANIIK KIAacTapblH TOMEHICTYIC >KHEKTEpiH
KBI3JBIPMANTHIH JKaFfaiiapaa JKyMBIC ICTEHTIH KypaimapAbl ©HAIpY YINIH KeHiHeH KoimaHsutambel. OcChI
JKYMBICTa MEXaHUKAJIBIK KACHETTEpl JKaKcapTy ofici peTiHAe TEePMOLMKIAIK 3JIEKTPOIUTTI-IIIa3MabIK
OHJIeY MaiiaaHblIAbL. BYJT 9/1ic SMeKTPXUMUSUIBIK peakisIapMeH KapKbIHIbl TEPMHSUIBIK dcepi OipikTipir,
KaKCapTBUIFaH CHIIaTTamanapbl Oap OeTTik KabaTrapiplH maiiga OomyblHa MyMKiHIIK Oepeni. Onzmey
HOTIKeciHIe Y9 GonaTel MUKPOKYPBUIBIMHBIH YII alMakKa aHbIK OeJliHyiH kepceTeni: OepikrenreH kabar,
eTmei KabaT xoHe Herisri Metayut. 400 MKM TepeHAIKTe OpHanacKaH OepiKTeHAIpiIreH Kabar ycakaucneperi
KYpbUIBIMMEH cumartanagbl. O MapTeHCHUT HeH OCHHHUTTeH Typanbl, KaTThUIbIFBI JkoFapbl (1400—
1600 HVy.;). byn kabar jkxorapbl TO3yFa TO3IMIUTIKTI JXOHE MEXaHUKAIbIK JKYKTeMmenepre OepiKTiKTi
Kamramacei3 eremi. 700 MKM TepeHAIKTe OpHAlackaH OTIeNi KabaT KepHeynepni OipKelki TapaTaThlH
Oydepiik aiiMak Kpi3MeTiH aTkapazpl. On KaTTBUIBIKTBIH OipTe-6ipTe TomenaeyimeH (800—1200 HV,.,) xone
MAapTeHCUT KYPaMbIHBIH TOMEHJeyiHe OailllaHbICTHI KYPBUIBIMHBIH ©3repyiMeH cumaTTanaabl. Tepenairi
700 mxMm-1eH acaTteiH Herisri meramn 400-600 HVy.; KaTThUIBIFBIMEH ©3iHIH 0acTamKbl KYpbUIBIMBIH
CaKTalpl, OYJI OHBIH MKEMJUTIITT MEH Y3aK MEp3iMIUINiH KamMTaMachkl3 eTeqi. AJbIHFaH HoTmwkenep D110
TEPMOLMKIAIK (QYHKIMOHAIIB TPAJAUCHT KYPBUIBIMBIH XKacail OTHIPHIN, Y9 GONaThIHBIH JKCIUTyaTalMSIIBIK,
KaCHEeTTepiH alTapbIKTall JKaKCcapTaThIHBIH KOPCETedi. Bysl TEeXHOIOIUsl dHEeprus THIMIIITT TYpFBICBIHAH
YHEMZI KOHE MaIllMHa jkacayJa JKOHEe MaTepHaJapiblH JKOFApbl MEXaHMKAJbIK CHUNATTAMANApbIH KaXeT
eTeTiH Oacka Ja canaigapia KeHiHeH KOIIaHbUTYbl MyMKiH.

Kinm ce30ep: TepMOOH IEY, TEPMOLMKIIIK 3JIEKTPOIUTTI-IUIa3MaIIbIK OHJIEY, SJIEKTDP PaspsaThIK KyObUIbICTAD,
V9 KypanapIK KeMipTeKTi 60J1aThl, MUKPOKYPBUIBIM

JL.T'. Cymo6aeBa, J1.b. byiitkenos, J1.P. baiixkan,
H.E. Bepaumyparos, H.C. Paiicos, A.)X. )Kymabekos

BausiHue TepMOUMKINYECKOH 3JIeKTPOJUTHO-IJIA3MEHHO 00padoTKu
HA MeXaHU4YeCKHe CBOMCTBA HHCTPYMEHTAJbHOM cTaau Y9

B craTbe uccnenyercs BIMSHHE TEPMOLIMKIMYECKON 3JIEKTPOINTHO-IUIa3MeHHOH o0paboTku (DI10) Ha me-
XaHUUYECKHE CBOMCTBA MHCTPYMEHTaIbHOU yriaeponucroi cramu Y9. Cranp V9 mupoko ucnoib3yercss At
W3rOTOBJIEHHS] MHCTPYMEHTOB, PabOTAIONIMX B YCJIOBHUSX, HE BBHI3BIBAIOIIMX Pa30rpeBa KPOMKH, TaKHX Kak
WHCTPYMEHT AJs1 00paboTKU JepeBa, CleCapHO-MOHTAXXHBI MHCTPYMEHT, KaJIHOpBI MPOCTOi (GopMBI U TO-
HIDKEHHBIX KJIACCOB TOYHOCTH. B manHOi# paboTe METOIOM yIydIlIeHHs MEXaHHIECKHX CBOMCTB HUCIIOIb3YeT-
¢Sl TEPMOLMKIIMYECKAs JIEKTPOIUTHO-TUIa3MEHHast 00padoTKa. DTOT METO/ OOBEAMHAET HIEKTPOXUMUIECKIE
peaKuu ¥ MHTEHCHBHOE TEPMHUYECKOE BO3JEHCTBUE, YTO MO3BOJISET (hOPMHUPOBATH MOBEPXHOCTHBIE CIIOH C
yIy4IIEeHHBIMH XapaKTepUCTHKaMu. B pe3ynbTaTe 00paboTky cTans Y9 NeMOHCTPHPYET YETKOE pa3ieleHne
MUKPOCTPYKTYpPbI Ha TPU 30HbBI: YIPOUHEHHBIN CIION, IEPEXOJHbIA CI0H U OCHOBHOHI MeTaJll. Y IPOYHEHHBIH
CJIOH, pacnoyoXeHHbIH 10 riryouHs! 400 MKM, XapaKTepU3yeTCsl MEJIKOMCIIEPCHOI cTpykTypoi. OHa cocTo-
UT U3 MapTeHcuTa u OelHuTa, ¢ BhIcOKoH TBEpAOCTHIO (1400—1600 HVo.q). DTOT cnnoii obecrieunBaet mpe-
BOCXOJIHYI0O M3HOCOCTOMKOCTb U yCTOHYMBOCTb K MEXaHWYECKUM Harpyskam. IlepexonHslii cioii, pacmoso-
JKEHHBIH 110 T1yOnHbl 700 MKM, CitykuT OyQepHOW 30HOH, paBHOMEPHO pactpeneinss HanpsokeHus. OH Xa-
pakTepusyeTcs mocTeneHHbIM cHibkeHrneM TBEpaoctu (800—1200 HVy.1) 1 u3MEeHEHHEM CTPYKTYPHI 32 CUET
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YMEHBIICHHS cofepkaHus MapTeHcuTa. OCHOBHOM MeTtam, riayoxke 700 MKM, COXpaHSET UCXOIHYIO CTPYK-
Typy ¢ tBé€paocthio 400-600 HV,.,, 4To obecneunBaeT ero miacTUHYHOCTb U JOJITOBEYHOCTh. [lomydeHHbIe
Ppe3ysbTaThl TOKa3bIBAIOT, YTO TepMouukandeckas OI10 3HAUUTETBHO YIydIIaeT SKCIUTyaTalluOHHBIC CBOM-
cTBa crtanu Y9, cosnaBas (pyHKIMOHAIBHO TPAJHEHTHYI CTPYKTypy. JlaHHas TexHomorus 3ddekTuBHa ¢
TOYKHU 3PCHHUS SHEPrOIKOHOMHYHOCTH M MOXKET HalTH IIMPOKOE MPUMEHEHHE B MAIIMHOCTPOCHUH U APYTHX
0TpacisiX, TPEOYIOINX BEICOKUX MEXaHHYECKHX XapaKTePUCTHK MaTepPHAJIOB.

Kniouesvie cnosa: TepMooOpabOTKa, TEPMOLMKINYECKAs 3JICKTPOIUTHO-IUIA3MEHHAss 00paboTKa, 3IEKTpo-
pa3psAIHbIe ABIECHUSA, HHCTPYMEHTAlIbHAasl YIJIEPOAUCTas CTalb Y9, MUKPOCTPYKTYpa
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