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KOHOEHCALUMUANAHFAH KYUOIH ®U3UKACHI
OPU3SNKA KOHOEHCUPOBAHHOI'O COCTOAHUA
PHYSICS OF THE CONDENSED MATTER

DOI 10.31489/2022PH4/6-13

UDC 535.37

D. Temirbayeva*!, N. lorayev?, E. Seliverstova®, M. Kudinova?, A. Ishchenko?

IInstitute of Molecular Nanophotonics, Buketov University, Karaganda, Kazakhsta
2Institute of Organic Chemistry, NAS of Ukraine, Kyiv, Ukraine
(*E-mail: dilara.temirbayeva@gmail.com)

Plasmon effect on triplet-singlet energy transfer in the dye-doped
Langmuir-Blodgett films

The effect of silver plasmonic nanoparticles on triplet-singlet energy transfer in the donor-acceptor pair of or-
ganic dyes was studied. Layered dye films were prepared on the surface of glass and island silver films using
the Langmuir-Blodgett method. Amphiphilic analogs of Rose bengal and polymethine dye were used as do-
nor and acceptor of energy. A polymer monolayer was deposited between monolayers of donor and acceptor
molecules to exclude the competing triplet-triplet energy transfer. The spectra of delayed fluorescence and
phosphorescence of donor-acceptor films and the delayed luminescence lifetime of donor in these films have
been measured. It is shown that a threefold increase in the fluorescence intensity and a twofold increase in the
donor phosphorescence intensity are observed on silver island films. The successful triplet-singlet energy
transfer is evidenced by both the quenching of donor centers and appearance of sensitized delayed fluores-
cence of the acceptor with the duration close to the donor triplet lifetime. In the presence of silver nanoparti-
cles, in addition to enhancement in the intensity of the donor emission, an increase in the efficiency of triplet-
singlet energy transfer was observed. The obtained results can be used in various optical devices.

Keywords: Rose bengal; polymethine dye; silver island film; plasmon; delayed fluorescence; phosphores-
cence; triplet-singlet energy transfer; Langmuir-Blodgett films.

Introduction

Intermolecular energy transfer is one of the main processes in various applications of photonics [1, 2],
optics, optoelectronics [3, 4, 5] and photovoltaics [6, 7]. The electron excitation energy transfer between
molecules is one of the possible ways to influence the rate of photochemical reactions. The mechanism, the
theoretical description of which was first proposed by Forster in the 1940s, allows distances up to 10 nm to
be measured and it is based on the nonradiative dipole-dipole interaction of the giving and receiving
molecules [8].

The triplet-singlet energy transfer was predicted by Forster [8] and confirmed by Ermolaev and Svesh-
nikova [9], who discovered this type of energy transfer using several phosphorescent donors and fluorescent
acceptors in solid media. Thus, it was experimentally shown that Forster's theory can be applied to donor-
acceptor pairs undergoing triplet-singlet energy transfer [9, 10].

The triplet-singlet energy transfer is widely used to obtain high-efficiency fluorescent organic light-
emitting devices [3, 11, 12], to create biochemical and biophysical sensors [12], and can be used as a method
to increase the rate of light emission from excited triplet states [13]. In [11], the authors used nonradiative
energy transfer to increase the efficiency of a fluorescent red organic light-emitting device in four times. The
triplet-singlet energy transfer is used in a new emitter concept for organic light-emitting diodes (OLEDS)
called as thermally activated delayed fluorescence (TADF) [12, 14]. In [15], simultaneous and efficient ener-
gy transfer from both donating singlet and triplet states of a single photoluminescent molecular species was
demonstrated, showing that cooperation between these two exciton transfer channels is possible.

6 BecTHuk KaparaHguHckoro yHnsepcuteTta



Plasmon effect on triplet-singlet...

At present, there are few publications devoted to the study of the effect of plasmonic nanoparticles on
the triplet-singlet energy transfer. In [16], a decrease in the efficiency of triplet-singlet energy transfer on the
surface of a silver island film was observed. And in [17], the influence of the plasmon effect of Ag nanopar-
ticles (NPs) on singlet-singlet (S-S) and triplet-singlet (T-S) energy transfer in the same donor—acceptor pair
of organic molecules was studied, and it was shown that the plasmon effect affects both S-S and T-S energy
transfer.

In this work, the Langmuir-Blodgett (LB) technology was used to obtain structured films. The LB
method is a useful and well-established tool for the fabrication of ultrathin films. The composition and thick-
ness of such films can be precisely controlled at the molecular level. In addition, the orientation of fluores-
cent probes to the metal surface is fixed and the probes are in a monolayer, which is favorable for studies of
metal-enhanced processes [18-20].

In the present work, we studied the effect of plasmonic nanoparticles on the T-S energy transfer in
langmuir films in a pair of Rose bengal and polymethine dye. In contrast to [17], where the donor and accep-
tor molecules are arranged randomly, in the present work, the molecules are arranged structured using the
Langmuir—Blodgett technology.

Experimental

Amphiphilic analogs of the dyes of Rose Bengal (RB) and indotricarbocyanine (PD) [21] were used as
an energy donor (D) and acceptor (A), respectively. The structural formulas are shown in Fig. 1.

: ()

I _ \
CisHsy Clo, CisHs7

cCoor

N "00H
~

CigHz;
C

Figure 1. Structural formulas: a) RB; b) PD; ¢c) PDOAM

Silver island films (SiFs) were prepared by magnetron sputtering, as described in [20]. After silver dep-
osition, the films were annealed at a temperature of 240°C in a muffle furnace for 30 minutes. MIRA 3LMU
scanning electron microscope (SEM, Tescan) was used for the studying of morphology and structure of the
films. As shown by SEM (Fig. 2a), clusters of Ag particles with a radius of 40-50 nm are formed after an-
nealing. The absorption spectrum of the SiF has a maximum at a wavelength of 435 nm (Fig. 2b).

Samples were prepared using the Langmuir-Blodgett (LB) method in a KSV Nima trough. In LB films,
the distance between molecules can be changed up to their direct contact. The subphase was deionized water
purified with AquaMax water purification system.

To prepare the samples, the dyes were dissolved in chloroform and mixed in the required ratios with the
amphiphilic polymer poly (N,N-dialyl-N-octadecylamine-alt-maleic acid) (PDOAM) [21]. A mixed solution
of amphiphilic polyampholyte and a dye makes it possible to obtain more stable and condensed films on the
water surface. The relative concentration of dyes was 20 and 80 mol% for RB and PD, respectively. Transfer
of monolayers to solid substrates was carried out according to the Z-type with the vertically method at a sur-
face pressure of 1=35 mN/m for RB, 7=30 mN/m for PD. The n—A isotherm of PD is shown in Fig. 3. A pol-

Cepus «dunsukay Ne 4(108)/2022 7



D. Temirbayeva, N. Ibrayev et al.

ymer monolayer was deposited between the acceptor and donor monolayers (Fig. 2¢). The polymer provides
a distance between the donor and the acceptor of more than 2 nm. This makes it possible to eliminate the
competing triplet-triplet energy transfer as an additional channel for energy transfer from the donor to the
acceptor. Polymer monolayers were transferred to the substrate at a surface pressure of 7=35 mN/m in a Z-
type. It is known that a certain distance from the surface of plasmonic NPs is required to obtain the maxi-
mum effect [20, 22]. Therefore, in this work, several samples were prepared with different distances from the
SiF surface (Fig. 2c). In one case, donor molecules were deposited directly onto the SiF surface; in the other
case, three monolayers of PDOAM were deposited between SiF and donor molecules. In total, 3 RB mono-

0,39
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Figure 2. SEM image (a) and absorption spectrum (b) of SiF, and schemes of multilayer samples (c)
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Figure 3. Surface pressure-area (m—A) compression isotherm of PD

The absorption spectra of the samples were measured using a Cary 300 spectrophotometer (Agilent
Technologies). The emission spectra and lifetime were performed on a Cary Eclipse spectrometer (Agilent
Technologies). Delayed fluorescence (DF) and phosphorescence measurements were carried out using a cry-
ostat OptistatDN (Oxford Instruments). Phosphorescence mode: delay time = 0.1 ms; gate time = 0.5 ms.
The DF and phosphorescence lifetimes were determined using the Cary Eclipse software using the following
equation:

I(t) = lo exp(-kt),
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where, lo, I(t) — luminescence intensity at zero and arbitrary times, respectively; k=1/z — is the rate constant
of the luminescence decay calculated from the graph plotted in the coordinates In(lo/l) versus t.
The energy transfer efficiency (Eer) was estimated according to equation [23-25]:

ot 2]

where <TD>, <TOD>— average fluorescence lifetime of RB in donor-acceptor and donor films, respectively.

The energy transfer rates in the presence of plasmonic NPs (ké’}) and without them (K, kgr E) were
estimated according to the following formulas) [17, 23-24]:

|
E= kET and E,f} — kET + klgT

pt
Top + Ker Top +Ker ++Kgr

where Eg is the energy transfer efficiency in the presence of plasmon NPs.

Results and Discussion

The normalized absorption and luminescence spectra of RB and PD in the LB films are shown in Fig. 4.
When excited in the absorption bands of RB, the fluorescence spectrum of RB has a maximum at a wave-

length of ﬂfr'm =562 nm. The DF and phosphorescence spectra of RB at room temperature have a maximum

approximately at 565 nm and 695 nm, respectively. The absorption spectrum maximum of PD is exhibits at
755 nm, and the fluorescence spectrum — at 785 nm. The absorption and fluorescence spectra have a univer-
sal shape characteristic of dyes of the polymethine series [26-27]. The overlap integral of the phosphores-
cence spectrum of RB and absorption of PD is equal to 1 =2.87-102Mcm?[17].

The optical density of the dye LB film on glass at the absorption band maximum is about ~0.006 for RB
and ~0.01 for PD. It is difficult to estimate the optical density of LB films on the SiF surface due to the ef-
fects of light scattering by Ag islands.

0,8+

r:u[l/l

0.4

0,2

R e e e e )
500 550 600 650 700 750 800 850
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Figure 4. Normalized absorption (1, 4) and fluorescence (2, 5) spectra of RB (1, 2), PD (4, 5) films and delayed fluores-
cence (2”) and phosphorescence (3) spectrum of RB

The fluorescence spectra of the LB films of the donor and the donor-acceptor pair on a glass substrate
and on the SiF with a polymer are shown in Figure 5. The fluorescence intensity of the donor increased in
1.8 times directly on the SiF, and in 2.8 times on the SiF coated with three polymer monolayers compared
with the control sample on the glass. In the presence of an acceptor, the intensity of the donor decreased, and
a sensitized fluorescence of the acceptor appeared in the range of 700-800 nm. When the acceptor is excited
with a wavelength of Aexc=530 nm in the absence of donor molecules, no radiation is detected. These data
indicate that energy transfer proceeds from excited singlet RB molecules to unexcited acceptor molecules.
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The influence of the SiF on the singlet-singlet energy transfer by the inductive—resonant mechanism was
considered in previous works [17, 18, 25].

r T T T T T T T T 1
350 600 030 700 750 800
Wavelength, nm

Figure 5. Fluorescence spectra of donor films (1, 2) and donor-acceptor films (3, 4) at Aexc=530 nm on glass (1, 3), SiFs
(2, 4) and SiFs coated with polymer monolayers (3)

The results of measurements of DF and phosphorescence of deoxygenated films of a donor and a donor-
acceptor pair on glass and SiFs are shown in Figure 6a. When RB films on glass were photoexcited at
dexc=532 nm, the maximum of the DF band of dye is recorded at approximately Amax=565 nm, and the phos-
phorescence maximum at Amax=695 nm. The lifetimes of phosphorescence and DF of RB are practically the
same and equal to 0.3 ms.
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Figure 6. Spectra of DF and phosphorescence (a) and phosphorescence decay kinetics (b) of donor (1, 2, 3) and donor-
acceptor films (4, 5, 6) at Aexc=530 nm on glass (1, 4), on SiFs (2, 5) and SiFs coated with polymer monolayers (3, 6)

In the presence of an acceptor, quenching of the intensity of both DF and donor phosphorescence is ob-
served, and the donor lifetime was decreased to 0.22 ms (Figure 6b). When a pure PD film was excited at
Aexc=532 nm, no radiation was registered. Because of the great overlapping of the sensitized luminescence of
PD with the long-wavelength wing of the donor band, acceptor luminescence lifetimes, were recorded taking
into account the donor phosphorescence contribution. The lifetime of acceptor in this case was equal to ~0.1
ms.

The observed quenching of the delayed luminescence RB and the sensitized luminescence of PD indi-
cate the T-S energy transfer from triplet donor molecules to acceptor molecules in the ground electronic
state.

In the presence of silver NPs, the intensity of DF and phosphorescence was increased almost 1.6 times
directly on the SiFs and 1.9 times on the SiFs coated with three polymer monolayers. In this case, the dura-
tion of the luminescence is slightly reduced. In the presence of an acceptor, a similar spectrum is observed on
SiFs, as on glass (Table 1).
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Table 1

Intensity of DF and phosphorescence of donor (D), sensitized luminescence of acceptor, phosphorescence lifetime
of donor 7h" (Arg=695 nm), TS energy transfer rate in the presence (k/ ) and without SiF (K, ) in donor-

acceptor (DA) films, Aecx=530 nm

S DF Ph A Ph 1 kISEl L4 ke

amples I ., ru 15, ru. I, ,ru T, MS stop "ETE ki st |1
ET

On glass substrates

D 1.2 5.9 - 0.295 - -

DA 0.1 0.34 0.3 0.220 1.13-10° -

On SIF

D 1.9 9.2 - 0.230 - -

DA 0.1 0.35 0.3 0.165 1.32:10° 1.17

On SIF with polymer

D 2.1 11.2 - 0.240 - -

DA 0.1 0.35 0.3 0.178 1.2-10° 1.06

In the presence of Ag NPs, an increase in the rate of spin-forbidden energy transfer is observed. For a
sample in which donor molecules were located directly on the SiF, the rate of T—S energy transfer increases
by almost 1.2 times. Even though at 6-8 nm from the SiF, the maximum intensity of the donor radiation was
observed, the rate of T-S energy transfer from the energy donor to the acceptor is lower. This can be ex-
plained by the fact that molecules located far from the SiF are less affected by the plasmon field.

Conclusions

The effect of plasmonic silver NPs on the T-S energy transfer in a donor—acceptor pair in planar
nanostructures has been studied. Ag island films exhibit a threefold increase in the fluorescence intensity and
a twofold increase in the phosphorescence intensity of the energy donor. An increase in the T-S energy
transfer efficiency was registered recorded in the plasmon field of Ag NPs. In this case, the maximum
growth in the rate of T-S energy transfer was observed for a sample deposited directly on the SiF surface.
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Bosinran Jlearmiop-biomxxeTT KaObIpIAKTAPbIHAAFbI
TPHUIVIET-CHHIVIETTIK 3HEPrus TaChIMAJ/IaybIHA IJIA3MOH dcepi

Makanazia OpraHuKaibIK OOSFBIIITAPABIH JJOHOP-aKLENTOpP KYOBIHAAFbl TPUIIET-CHHIJIETTIK DHEPTHs Tachl-
MaJljayblHa TIa3MOH/IBIK KyMic HaHOOeIIeKkTepiHiy acepi 3epTTenreH. JIeHrMop-biokeTT TeXHOIOTHUsIChIH
KOJIZIaHa OTBIPBIN, INBIHBI TOCEMeJepi MEH KyMiC apaiiblK KaObIpIIakTapbiHa OeTiHe KadaTThl OOSFBIII
KaObIpIIAKTaphl AailbIHAAIIB. DHEPIUsl JOHOPBI XKOHE aKLENTOPbI peTiHAe OSHTalAbIH KbI3FBUIT )KOHE MOJIHU-
METHUH/IIK OOSFBIITAPBIHBIH aM(puUIBAl aHANOTTaphl MalJaNaHbUINBL. bocekenec TPHUILIET-TPHILIETTIK
SHEPTHSHBIH TaChIMAIAYbIH 00JbIpMay YIIiH JOHOPJIBIK )KOHE aKIIENTOPIIBIK MOJICKYJIaTap/IblH MOHOKabat-
Tapsl apachlHIa TOJIMMEP MOHOKA0AThl OpPHANACTHIPBUIALL J(OHOP-aKIENnTOpJbIK KaObIpHIaKTapAblH Oa-
siynaHFaH QiyopecueHnus xaHe (hochopecleHIHs CIeKTPIepi kHe 0Chl KaObIpIIaKTaparbl JOHOPABIH y3aK
Mep3iMAi JTIOMUHECICHIMACBIHBIH OMip CYPY Y3aKTBIFbI efmieHai. Kymic kaOwIpIiakTapblHAa ITOHOPIBIH
(TyopecleHIMACBIHBIH KapKbIHABUIBIFBI YII ece jkoHe (ocOpecleHIMs KapKbIHABLIIBIFB €Ki ece apTybl
GaiikaaThIHBl KOpceTireH. TPHILIET-CHHITICT SHEPTHs TaChIMAJaHybl JOHOp COyJNeJCHYiHIH olyiMeH ae,
JIOHOPJIBIK TPUILIETTEP/IIH OMiIp CYPY Y3aKThIFbIHA )KaKbIH CEHCHOMITM3alMsUIaHFaH aKIeNTOPbIH OasynaHFaH
(hryopecteHIMSHBIH Taliaa 00iybIMeH nie nanenaeneni. Kymic HaHoOemmekTepi O0FaH Karaaiia SHEprus
JIOHOP KapKbIHIBUIBIFBIH apTTHIPYbIHAH 0acKa, TPHILIET-CHHIVIETTIK 3JIEKTPOHABIK SHEPIus TachMaiaay d¢-
(eKTUBTINIrHIH )KOFapbuIaybl OaiiKanapl. AJBIHFaH HOTIIKEIEP/l opTYpIli ONTHKAJIBIK KYPhUIFbUIApAa KOJI-
naHyra 0oJafpl.
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Kinm coe30ep: GeHranibly KbI3FBUITHI, MTOJMMETUHIIK OOSFBIII, KYMIC apajablK KaObIpIIarsl, I1a3MoH, Oa-
syidaHFaH QuayopecueHuus, QochopecieHuns, TPUILUICT-CHHICTTIK JHEeprusi TachiManaay, JleHrmrop-
BromxeTt KabbIpIIaKTaps.

. Temup6baesa, H. U6paes, E. CenuepcroBa, M. Kyaunosa, A. UieHko

Bausinue miiasMoHHOTro 3¢ ¢geKra Ha TPUILIET-CHHIJVIETHBIN NePeHOoC JHEPIruM B
OKpPAalIeHHBIX IUIeHKaX JleHrmwopa—baomxxkerT

HccnenoBaHo BiIMsSHME IUIA3MOHHBIX HAHOYACTHI cepedpa Ha TPHUILUIET-CHHIJIETHBIA ITepPeHOC SHEPTUH B 10-
HOPHO-aKLENTOPHOH Mmape opraHnueckux kpacureneil. [lo texnomoruu Jlenrmiopa-bnomxerT OblIH MpUro-
TOBJIEHBI CIIOUCTBIE TJIEHKHM KpacuTeleill Ha MOBEPXHOCTH CTEKIa U OCTPOBKOBBLIX IUIEHOK cepebpa. B kaue-
CTBE JIOHOpPA U aKLENTOpa SHEPrHH ObUIM MCIOIb30BAaHBI aM(pU(HUIbHEIE aHAIOTH OCHIaJIbCKOTO PO30BOTO U
MONUMETHHOBOTO KpacuTens. MexIy MOHOCIOSIMH MOJIEKYJ JOHOPa M akKIenTopa ObUT HAHECEH MOHOCION
HoJMMepa JUIsl UCKITIOUYEHNST KOHKYPHPYIOIIETO TPHUIUICT-TPHILIETHOTO NepeHoca YHepruu. M3MepeHs! criek-
TPBI 3aMeJUIeHHOH (iryopecueHnny, GochopecneHnny JOHOPHO-aKIETOPHBIX IUICHOK W BPeMsl )KU3HH JUTH-
TENIPHOW JIIOMMHECHIEHIMH JOHOpPAa B 3TUX IUIEHKaxX. [lokazaHo, 94TO Ha OCTPOBKOBBIX IUIEHKax cepebpa
HaOJIfo1aeTCs TPEXKPAaTHOE YBEIMYEHHE MHTCHCHBHOCTH ()IyOPECHEHIMN U ABYXKpaTHOE yBEIMYECHUE WH-
TeHcHBHOCTH (hocdopecueHmu goHOpa. OO YCIEITHOM TPUIUIET-CHHIIIETHOM MIEPEHOCE SHEPTUU CBUICTENb-
CTBYET KaK TYIICHHE JJOHOPHBIX IIEHTPOB, TaK W MOSBICHNE CCHCHOMIN30BaHHON 3aMeATIEHHON (TyopecIieH-
I[UX aKLENTOpa ¢ JUIUTENHOCTHIO, OJIM3KOHM KO BPEMEHH JKH3HU TPHUILIETOB JOHOpa. B mpucyTcTBHM HaHOYaA-
cThll cepedpa, TOMHMO YCHJICHHS WHTEHCHBHOCTH M3IYYEHUsS IOHOpA, HaOMogaeTcs pocT 3G PEKTUBHOCTH
TPHUILIET-CUHIJIETHOTO MEpeHoca 3IeKTPOHHO sHepruu. [1oydeHHbIe pe3ynbTaThl MOTYT OBITh UCIIOIB30Ba-
HBI B PA3IMYHBIX ONTHYECKUX YCTPOHCTBAX.

Knroueegvie criosa: GeHranbCKuii po30BbIi, TOJUMETHHOBBII KpacHTe b, OCTPOBKOBAsI IICHKA cepebpa, rmas-
MOH, 3aMe/iicHHas (ayopecteHnus, (ocdopecieHiys, TPUIICT-CUHIJICTHBI MEPEHOC SHEPTUH, IUICHKU
Jlenrmiopa-bnomxert.

Cepus «dunsukay Ne 4(108)/2022 13



DOI 10.31489/2022PH4/14-21

UDC 541.145

T.M. Serikov, P.A. Zhanbirbayeva, A.S. Baltabekov, A.B. Kuanyshbekova

Karaganda University of the name of academician E.A. Buketov, Kazakhstan
(*e-mail: serikov-timur@mail.ru)

Photocatalytic activity of the T1O2/Ag/rGO nanocomposite

The paper presents the results of a study of the photocatalytic activity of films formed by titanium dioxide
nanorods doped with silver nanoparticles and reduced graphene oxide. The obtained nanocomposite materials
were studied by optical spectroscopy, scanning electron microscopy, X-ray diffractometry, and Raman spec-
troscopy. The photocatalytic activity of the samples was evaluated by generating a photocurrent when the sur-
face was illuminated by a modulated light source of a xenon lamp. In addition, the photocatalytic activity of
the samples was evaluated by the degradation of the methylene blue dye, which is a model. It was found that
the introduction of silver nanoparticles and reduced graphene oxide into the pores of films made of titanium
dioxide nanorods leads to an increase in the spectral sensitivity of the sample in the region of 400-500 nm.
The increased sensitivity of the sample to visible light leads to an increase in photocurrent generation and is
2.3 times higher than that of the original sample. Degradation of the methylene blue dye after 100 minutes of
irradiation in the presence of a TiO2/Ag/rGO sample was 19 %. This is 3 times higher than in TiO2 nanorods
films and 2.3 times higher than TiO2/Ag films. The results of the conducted studies have shown that the im-
provement of photocatalytic activity is associated with a decrease in film resistance, an expansion of spectral
sensitivity and an increase in the surface area of the nanorods.

Keywords: titanium dioxide nanorods, silver nanoparticles, reduced graphene oxide, photocatalysis
Introduction

Recently, semiconductors based on metal oxides with high photosensitivity and excellent physicochem-
ical properties have attracted wide attention due to their widespread use for environmental restoration and
solar energy conversion [1-3]. As one of the promising semiconductors, TiO, nanostructures have been ex-
tensively investigated for photocatalysis and photocatalytic splitting of water, due to availability, low cost
and good stability [4]. The most commonly used structures in photocatalysis are titanium dioxide nanoparti-
cles, but they have a significant disadvantage associated with the implementation of 3—dimensional electron
transport. In addition, when films are made from nanoparticles, unformed contacts between them affect the
possibility of electron transfer from one nanoparticle to another [5]. One-dimensional nanostructures, such as
titanium dioxide nanorods, may have a number of advantages over nanoparticles. For example, in nanorods,
electron transport is carried out in one direction — along the walls. This can lead to a decrease in the electron
travel time from the charge generation centers to the current-removing electrodes [6]. Despite the advantages
of TiO, (TNR) nanorods over nanoparticles, the wide band gap (~ 3.0-3.2 eV) and the rapid recombination
of photogenerated electron-hole pairs in TiO; still limit its widespread use in photocatalysis. Increasing the
sensitivity of TiO; in the visible region of the spectrum and reducing the recombination rate can be achieved
by adding nanoparticles of noble metals, such as silver and carbon nanostructures, such as graphene. It has
been reported that alloying with noble metals is an effective way to improve the optical and photoelectro-
chemical properties of the TiO; photocatalyst.

LF of noble metals with surface plasmon resonance (SPR) not only contributes to the genera-
tion of electron-hole pairs by electromagnetic fields, but also increase light scattering in order to
capture most of the light for bonded semiconductors [7-10]. Numerous successful systems have
been created using TiO2 in combination with various noble metals, and represent great potential
for electrochemistry and photocatalysis.

Graphene with a two-dimensional planar structure has many advantages, such as high electron mobility,
ease of solution synthesis, unique optical, thermal and mechanical properties, with a wide range of applica-
tions from photocatalysis, electrochemical detection, transparent electrodes to lithium-ion batteries. Gra-
phene in its pure form is rarely used in photocatalysis, as it is hydrophobic. Therefore, it is more convenient
to use graphene oxides, for example, reduced graphene oxide (rGO), since it forms stable dispersions in wa-
ter. It is noteworthy that nanocomposite photocatalysts based on reduced graphene oxide (rGO) can quickly
transfer electrons and prolong the lifetime of charge carriers, which leads to an increase in quantum efficien-
cy. Graphene or its derivatives can also significantly improve the adsorption capacity of the target molecule

14 BecTHuk KaparaHguHckoro yHnBepcuTeTa



Photocatalytic activity of the TIO2/Ag/rGO...

due to its large specific surface area. In addition, due to the adjustable band gap and high transparency, the
light intensity practically does not change before it reaches the surface of the catalyst.

Thus, the creation of a triple hybrid system combining noble metal, TiO, and nanolists (rGO) to im-
prove the photocatalytic characteristics of the photocatalyst and the study of their mechanisms of action is a
very urgent task.

The aim of this work is to synthesize and study the photocatalytic activity of a nanocomposite material,
which consists of a film of titanium dioxide nanorods doped with silver nanoparticles and reduced graphene
oxide deposited on their surface.

Experimental

Films formed by TiO, nanorods were obtained on FTO substrates (7 ohms/cm?, Sigma-Aldrich) by hy-
drothermal synthesis in a sealed autoclave with a volume of 50 with a solution content containing 15 ml of
deionized water (H20), 15 ml of hydrochloric acid (HCI) (36.5-38.0 %, Sigma—Aldrich) and 0.25 ml of tita-
nium butylate C1sHzsO4Ti (titanium butoxide, 97 %, Sigma—Aldrich) at a temperature of 180°C and a synthe-
sis duration of 18 hours. Then the samples were calcined at a temperature of 500 °C for 2 hours. Silver nano-
particles were recovered on the surface of TiO2 nanorods in a solution containing 0.2 g of polyvinylpyrroli-
done (PVP, molecular weight 40,000), 40 ml of deionized water and ethylene glycol, with the addition of 2
mmol NaBH.. Then the film from the nanorods was immersed to the bottom of the vessel with the rods up
and kept in an oven at a temperature of 70 °C for 1 hour, removed and dried at room temperature. rGO
(99 %, Cheaptubes) was deposited on the surface of a film made of titanium dioxide nanorods containing
silver nanoparticles from a phosphate solution (0.5 g/l) by electrochemical method using a standard three-
electrode system. After 5 minutes of deposition, the films were removed and washed several times with de-
ionized water. The deposition time is optimal, at which the maximum photocatalytic activity of the samples
is observed [11, 12].

The phase composition of the samples was studied by X-ray diffraction using an automatic powder dif-
fractometer STOE STADI-P (STOE & Cie GmbH) in the angle range 2 © 5-80°. X-ray images were analyzed
using the PDF-2 powder database, as well as the standard WinXPow software package. The morphology of
the surface was studied using a MIRA 3LMU scanning electron microscope (Tescan, Czech Republic). The
optical density of all samples was recorded on a CM 2203 spectrofluorimeter (Solar, Belarus). Raman spec-
tra were studied using a Confotec MR520 microscope (Sol Instruments), laser wavelength A=532 nm. The
photocatalytic activity of the samples was evaluated by measuring the magnitude of the photoinduced current
with an illuminated area of 1 cm? in a standard three-electrode cell using a CS350 potentiostat/galvanostat
with a built-in EIS analyzer (Corrtest Instruments, China) in an electrolyte of 0.1 M NaOH. In addition, the
photoactivity of the films was evaluated by photodegradation of the methylene blue (MV) dye. A xenon
lamp with a power of 300 W/cm? (Newport, USA) served as a laboratory light source. The surface area of
the samples was estimated by the number of adsorbed dye molecules as follows: an aqueous solution of
methylene blue dye with a concentration of 10 — ® mol/l was poured into three containers with a volume of
25 ml. Then, the films were lowered into the solutions for 20 hours. At the same time, the optical density of
the dye was determined every 1 hour and the concentration of adsorbed molecules was calculated by the
formula

_N,CV

C (1-D,/D,)

where Na is the Avogadro constant, C' is the concentration of dye molecules in the solution, V is the
volume of the solution, S is the area of the adsorbent, D1 and D2 are the optical densities of the solution be-
fore and after sorption. The active surface of the films was calculated from the calculation of the area of one
molecule of methylene blue 130 A2.

Results and Discussion

Figure 1 shows SEM images of TiO; nanorods (a), TiO, nanorods with the addition of silver nanoparti-
cles (b) and deposited sheets of reduced graphene oxide (c).
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Figure 1. SEM images TNR (a), TNR/Ag (b), TNR/Ag/rGO (c)

Figure 1a shows that TNRS is formed on the surface of the FTO substrate as a result of hydrothermal
synthesis. As a result of image processing, it was found that the diameter of the nanorods varies from 100 to
180 nm. TiO; nanorods are mainly located perpendicular to the substrate surface and have a length of about
4.1 microns. As a result of the chemical reduction of silver nitrate, silver nanoparticles are formed on the sur-
face of the nanorods. The diameter of silver nanoparticles varies from 20 to 40 nm. In addition, the sizes of
silver nanoparticles were confirmed by the method of dynamic light scattering on Zeta Seizer (Malvern)
(Figure 2b). Electrochemical deposition of rGO on the surface of TNT/Ag films leads to the formation of
rGO sheets on its surface. Figure 1c shows that graphene oxide sheets partially envelop the surface of the
rods.

Figure 2a shows the spectrum of maps of the presence of chemical elements in the TNR/Ag/rGO sam-
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Figure 2. EDX analysis of TNR/Ag/rGO (a) and size distribution of silver nanoparticles determined on Zeta Seizer

According to the results of studies of the elemental composition of the TNR/Ag/rGO sample,
it was shown that 4 elements were identified in the samples, such as Ti, O, Ag and C. The ele-
ments Ti and O belong to titanium dioxide, which form the basis of the film, therefore its percent-
age ratio is significantly greater than the rest and amounts to 50 and 32 % respectively. The pres-
ence of Ag (10 %) and C (8 %) is a confirmation of the formation of silver and nanoparticles on
the surface of the semiconductor film.
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Figure 3 shows the mapping of chemical elements on the TNR/Ag/rGO surface.
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Figure 3. Mapping of chemical elements on the TNR/Ag/rGO surface

It can be seen from the presented data that Ag is evenly distributed over the entire surface and excludes
aggregation of nanoparticles.

Figure 4 shows the X-ray diffraction of the studied samples. It was found that the films formed by TNR
belong to the tetragonal modification of rutile (JCPDS, No. 21-1276), which is characterized by reflexes in
the 27.4°, 36.1°, 41.3°, 54.4°, 62.9° and 69.9°. When silver nanoparticles are deposited, four additional peaks
appear on the X-ray at 38.11°, 44.27°, 64.42° and 77.47° corresponding to the lattice planes (111), (200),
(220) and (311) (JCPDS No. 07-0783). There was no registration of peaks corresponding to graphene in our
experiments, due to the low detection limit.
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Figure 4. X-ray diffraction patterns of TNR, TNR/Ag, and TNR/Ag/rGO samples

Figure 5 shows the Raman spectra of TR, TNR/Ag and TNR/Ag/rGO. For TNR, intense three combina-
tionally active optical phonon modes 144, 445 and 610 cm-1 are observed, which belong to the B1g, Eg, Alg
modes.
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Figure 5. Raman spectra (a) and absorption spectra (b) of TR, TNR/Ag and TNR/Ag/rGO samples

The addition of silver nanoparticles to the structure of titanium dioxide nanorods does not lead to the
appearance of new bands, since metals are not combinationally active. However, we observed a 2-fold de-
crease in the intensity of the bands compared to the original sample, which may be due to the partial block-
ing of the surface of the nanorods by silver nanoparticles, preventing excitation by laser radiation. With the
deposition of rGO, the peaks of raman scattering from the nanorods noticeably decreased, while peaks of
raman scattering of light from rGO appear in the region of 1350, 1590 cm, which characterize the degree of
graphene defectiveness.

Figure 5b shows the normalized absorption spectra of nanostructured films. The absorption of TiO na-
norods is in the ultraviolet region, the edge of the spectrum is in the region of 380-400 nm. The introduction
of Ag nanoparticles leads to a change in the absorption spectrum and is characterized by the presence of a
small shoulder in the region of 420-430 nm. Obviously, this is due to the absorption capacity of Ag nanopar-
ticles in this area. It can be seen from the insertion of Figure 4b that the maximum absorption spectrum of Ag
nanoparticles is in the region of 410-430 nm. The TNR/Ag/go nanocomposite material allows to absorb
much more light in the visible region of the spectrum compared to pure titanium dioxide and with doped Ag
nanoparticles. The edge of the absorption band of the nanocomposite is shifted relative to the TiO2 band,
which indicates a decrease in the band gap of the composite material.

Figure 6a shows the dependence of the density of the generated current when the surface is illuminated
by a light source and when it is turned off. The samples demonstrate excellent stability over the time period
presented. When the surface is illuminated, the current density instantly reaches its maximum. From the data
obtained, it can be seen that sensitization of the surface of the nanorods by Ag and rGO nanoparticles leads
to an increase in photocurrent, as for TNR. Thus, for TNR/Ag/rGO, the photocurrent density is 2.3 and 1.3
times higher than TN and TNR/Ag, respectively.
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Figure 6. Photocurrent density (a), degradation of the dye MV (b) and the dependence of the optical density of the dye
on the sorption time (c) for TNR, TNR/Ag and TNR/Ag/rGO

The photocatalytic activity of the samples was studied by observing the discoloration of the heterocy-
clic dye MV under the action of UV radiation. The photodegradation curves of MG are shown in Figure 6b,
where CO is the initial concentration, and C is the dye concentration at the time of measurement. MV itself
shows almost no self-decomposition during prolonged irradiation. In contrast, MB demonstrates a clearly
positive degradation process in the presence of TR, TNR/Ag and TNR/Ag/rGO nanocomposite. The degra-
dation of MV after 100 min of irradiation in the presence of a TNR/Ag/rGO sample was 19 %, which is 3
times higher than in TNR and 2.3 times higher than TNR/Ag. It is obvious that the nanocomposite
TNR/Ag/rGO exhibits a significant increase in photocatalytic activity than individually. Next, the active sur-
face area of the samples was estimated. To do this, the samples were kept in a container with a dye with a
known concentration for 20 hours. At the same time, the optical density of the dye was measured at certain
intervals (Figure 6¢). It can be seen from the figure that after 5 hours of sorption, the change in the optical
density of the dye is insignificant, which indicates their saturation. Thus, it was found that 36.18*1014 were
sorbed in TNR films, and 44.66*1014 and 49.37*1014 molecule/cm? respectively were sorbed in TNR/Ag
and TNR/Ag/rGO. If we take into account, that the area occupied by 1 MV dye molecule is 130 A2, then the
active surface area for TNR will be 4.7%1017 A2, for TNR/Ag 5.8*1017 A2 and for TNR/Ag/rGO 6.4*1017
A2. The results obtained indicate that the addition of Ag and rGO nanoparticles leads to an increase in the
active surface area of the nanorods.

Conclusion

Thus, the influence of Ag nanoparticles and rGO impurities on the structural, optical, structural and
photocatalytic properties of films formed by TiO, nanorods has been studied. The formation of Ag nanopar-
ticles with a cubic structure and gan layers on the TNR surface is confirmed by the presence of reflexes on
X-ray and sRaman spectra, respectively. Measurements of the optical characteristics of the synthesized mate-
rial showed that the absorption spectrum of the TNR/Ag/rGO and TNR/Ag nanocomposite is shifted to the
long-wavelength region relative to the absorption spectrum of TNR, possibly as a result of changes in the
band gap of the semiconductor and the absorption capacity of Ag. The synthesized TNR/Ag/rGO nanocom-
posite showed a significant increase in photocatalytic activity with respect to the degradation of MV under
the action of UV light and generation of photocurrent. In the presence of TNR/Ag/rGO film, MG degrada-
tion was 19 %, which is 3 times higher than in TNR and 2.3 times higher than TNR/Ag. The increase in pho-
tocatalytic activity is associated with an expansion of spectral sensitivity and an increase in the active surface
area of the samples.
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T.M. Cepuxos, [1.A. Kanbupbaera, A.C. bantabexos, A.b. Kyansimbekosa

T102/Ag/rGO HaHOKOMIO3UTIHIH (POTOKATAIUTHKAIBIK 0eJICeHIiTiri

Makanaza KyMic HaHOOOIIIEKTEPIMEH JXOHE TOTBIKCHI3JAHABIPBUIFAH rpa)eH OKCUAI TYHABIPBUIFAH TUTAaH
IUOKCHUJII HAHOO3EKIIENepiHeH TY3UITeH KaObIpIIaKTapAblH (OTOKATATUTHKAIBIK OCNCEHIUNTH 3epTTey
HOTIDKENEpl KeNTIpiireH. AJNBIHFAaH HaHOKOMITO3UTTIK MaTepHaIap ONTHKAIBIK CIIEKTPOCKOMHS, CKaHEp-
JeyIi SNeKTPOH/IBI MHKPOCKOMHMS, PEHTIeHAIK THU(PAKTOMETPHS JKoHE PaMaH CIEKTPOCKOMMSCHI apKbLIbI
3epTTengi. YrinepaiH (GOTOKaTAINTHKAJIBIK OeNCeHUTIrT OeTiHe KCEHOH IMaMBIHBIH MOIYJILIUsIaHFaH XKa-
PBIK K©3IMEH jKapbIKTaHABIPBUIFAH Ke3Jeri pOTOTOKTHIH reHepanusiceiHal Oarananasl. COHbIMEH KaTap YIIri-
niepaiH (HOTOKATATUTHKAJIBIK OCICEHITIT MBICA PETiHE KOJAAHBIIFAH METHIICH KOK OOSFBIIIBIHBIH BIIbIPA-
yBI apKbUIBl OarananraH. TUTaH IMOKCHII HaHOO3EKIIeNepiHeH Ty3elIreH KaObIpIIakTapIblH KeyeKTepiHe Ky-
Mic HaHOO®JIIIEKTePiH JKoHEe TOTHIKCHI3NAaHABIPbUTFaH TpadeH okcuiH eHrizy 400-500 HM alimarbIHAa YIITi-
HiH CHEKTPIIK Ce3iMTaJIBIFBIHBIH JKOFaphUIAYbIHA OKEJICTiHI aHBIKTaNAbl. YJTiHIH KepiHy OOJBICBIHIA Ka-
PBIKKa Ce3IMTaJIbIFbIHBIH KOFapbLIaybl (JOTOTOK I'eHEPALHSCHIHBIH KOFapbhlIayblHA OKeJe/l skoHe 6acTarKbl
yiirire Kaparanaa 2,3 ece jxorapbl ekeni kepcerinai. TiO2/Ag/rGO yuricinig kateicybiver 100 MHHYT coyite-
JICHyZIeH KeiliH MeTHIIeH KoK OOSFBINTHIH bIAbIpaysl 19 % xypansl. byn TiO2 HaHOTOPIBI KaOBIpIIaKTapbIHA
Kaparanna 3 ece xoHe TiO2/Ag KaOwIpinakrapbiHa Kaparania 2,3 ece xorapbl. JKyprisinren seprreynepin
HOTHXKeNepi (POTOKATATUTUKANIBIK OCICEHIUTIKTIH KaKcapybl KaObIpIIaKTap/IbIH KeIepriCiHiH TOMEHICYIMEH,
CHEKTPJIIK Ce3IMTAIBIKTBIH KCHEIOIMEH KOHE KaOBIPIIAKTApAsIH OCTiHIH VJIFAIOBIMCH OaiIaHBICTBI €KEHIH
KOPCETiNIi.

Kinm coe30ep: THTaH AMOKCHUIIHIH HAaHOO3EKIIeepi, KyMic HAHOOOIIIEKTePi, TOTHIKCHI3IaH IbIPbUTFaH rpadeH
OKCHJII, (hOTOKATAITU3.

20 BecTHuk KaparaHgmMHCKOro yHusepcureTa



Photocatalytic activity of the TIO2/Ag/rGO...

T.M. Cepuxos, I1.A. XXanbupbaena, A.C. banrabekos, A.b. KyansimbekoBa

doToKaTAINTHYECKAS] AKTHBHOCTHL HaHOKoMmo3uTa T102/Ag/rGO

B cratke mpencraBieHbl pe3yabTaThl HCCIENOBaHUS (DOTOKATATUTHYECKON aKTUBHOCTH IUICHOK, 00pa3oBaH-
HBIX HAHOCTEPXKHSAMHU TUOKCHJIA TUTAaHA, OMUPOBAHHBIX HAHOYACTHUIIAMH cepedpa U BOCCTAHOBJICHHOTO OK-
cuna rpadena. [lomydeHHbBIC HAHOKOMIIO3UTHEIC MaTEPUAIBl HCCIICAOBAHBI METOJJAMH ONTHYECKOH CIIEKTPO-
CKOIIUY, CKAHUPYIOIICH JJICKTPOHHOW MHKPOCKONHH, PEHTTCHOBCKOW JU(PAKTOMETPUH, paMaH-
CHEKTPOCKONUH. DOTOKATAIUTHUECKYI0 AKTUBHOCTH OOpa3LOB OIEHMBAJIM O TeHepauuu (POTOTOKa mpu
OCBEIICHHH OBEPXHOCTH MOIYJIMPOBAHHBIM HCTOYHHKOM CBETa KCEHOHOBOH Jamibel. Kpome Toro, oToka-
TaIUTHYECKask aKTHBHOCTH 00pa3IoB ObUIa OLICHEHA 10 Aerpajallii KpacuTelsl METHICHOBOTO T0JIy0oro, Ko-
TOPBIN SIBIAETCS MOAETBHBIM. Y CTAaHOBJICHO, YTO BHEIPEHHE B MOPHI IJICHOK M3 HAHOCTEPXKHEH AMOKCHIA
TUTaHA HAHOYACTHI] cepedpa U BOCCTAHOBICHHOT'O OKCHJIA TpadeHa MPUBOJUT K IMOBBIIICHAO CIICKTPATBHOM
9yBCTBHUTENHHOCTH 00pa3ia B oonactu 400—-500 uM. [1oBbIIIeHHAs: 9yBCTBUTEIBHOCTh 00pasiia K BHIHMOMY
CBETy NPUBOANT K POCTY TeHepanuy (GOTOTOKa M B 2,3 pasa BbINIe, YeM y HCXOJHOTO obpasma. [lerpamganus
KpacuTelsl METHIICHOBOTO roiryooro nocie 100 muu oGiydenus B mpucyrctBun obpasua TiO2/Ag/rGO co-
craBuna 19 %. 310 B 3 pasa Belllle, 4eM B IUIEHKaX W3 HaHocTepxkHed TiO2 u 2,3 pasa Bblle, YeM IUICHKAX
TiO2/Ag. Pe3yabTaThl MPOBEICHHBIX HCCIEI0BAHMIA MIOKA3aIIH, YTO yAydlleHHe (GOTOKATATHTHIECKON aKTHB-
HOCTH CBSI3aHO C MOHM)KEHHEM CONPOTHBIICHUS IJICHKU, PACHIMPEHUEM CIEKTPaJIbHOW YyBCTBUTEIBHOCTU H
POCTOM BEJIMYHHBI IUTOLTA 1 TOBEPXHOCTH HAHOCTEPIKHEH.

Kriouegvie cno6a. HAHOCTEP)KHU JUOKCUJIA THTAHA, HAHOYACTHULBI cepeOpa, BOCCTAaHOBICHHBIH OKCcUN Tpade-
Ha, (poToKaTAIHN3.
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Formation of TiN coatings by air plasma spraying

Titanium nitride (TiN) coatings were obtained on the surface of 12Kh18N10T steel by air plasma spraying
(APS) of TiN powders using an arc plasmatron made by the authors. The plasmatron has a node of circular
input and gas-dynamic focusing of the powder and the output apertures of the nozzle-anode are made in the
form of rectangular narrowing-expanding channels (N0.34334 RK: IPC HO5H 1/42). A study of operation
modes of a plasmatron for spraying of powder coatings was carried out. The structural-phase state, micro-
hardness and wear resistance of TiN coatings were systematically investigated. The optimum APS operating
mode for deposition of TiN powder was determined: current 250 A, voltage 68 V, argon gas flow 34 L/min,
spraying distance 150 mm. To reduce the oxidation of TiN powder in the APS process, a method of creating a
nitrogen environment at the outlet of the anode nozzle, nitrogen flow rate 2.3 bar was used. The results of
structural analysis showed that TiN is the main phase of the coating. The mechanism of formation of TiN
structures was characterized by analyzing SEM results of TiN coating surface morphology and TiN droplets
sprayed on the surface of the sample. The results showed that the TiN(1) coating has better wear resistance
than the TiN(2) and TiN(3) coatings. The cross-sectional and longitudinal microhardness of the TiN coating
was investigated. The highest cross-sectional hardness of TiN coating is 1250 HV0.1, which is in accordance
with mode 1.

Keywords: plasmatron, air plasma spraying, TiN, wear resistance, SEM analysis, anode nozzle.

Introduction

In recent years in all industrially developed countries technologies of creation of wear-resistant materi-
als based on nitrides and methods of coating from them are intensively developed. Titanium nitride (TiN) has
excellent wear resistance, erosion resistance, heat resistance and low friction coefficient [1-3], so it is widely
used in some areas as the solid, wear-resistant coatings. The choice of methods for applying TiN coatings is
determined by the geometric parameters of the coated parts and products, their design and technological fea-
tures, conditions of future operation, as well as the required thickness of the functional protective coating
[4,5]. The only factor uniting all the available methods is thermal influence in the process of applying a pro-
tective coating, necessary for formation of a stable adhesive bond of coating with a substrate.

The following coating deposition methods are currently most widely used in industry [6-9]: detonation
spraying; high velocity oxide-fuel spraying (HVOF); air plasma spraying. Each of the above methods has its
own advantages and disadvantages determining its effective area of application, but the first two methods
can be implemented only in the presence of special chambers and gas communications. Moreover, their ap-
plication is also limited by energy problems arising during heating of large-sized parts, since the required
density and adhesion are achieved by the subsequent heat treatment of the formed layer. Therefore, one of
the most economical and easy-to-implement methods of applying TiN coatings is the air plasma spraying
method, which allows to form and melt the coating in one operation.

The essence of air plasma spraying is that powder particles pass through a zone of ionized gas (plasma)
formed by an electric gas discharge, are melted and deposited on the substrate surface heated in the contact
zone in the course of coating formation [10, 11]. The main element of technological equipment is a plasma
torch that combines the functions of a plasma source and atomizer of disperse material. Plasma-forming gas
(argon, nitrogen, air) passes through the electric arc zone, is ionized and exits through the nozzle of the
plasma gun in the form of a plasma jet (flow). A significant disadvantage of this technology so far is the low
thermal and overall efficiency of the process, amounting to only 3-8 %, which is an urgent problem of air-
plasma spraying. In most technological processes of plasma treatment of materials, electric arc linear plas-
matrons are most commonly used, which, compared to plasmatrons of other circuits, have a simple design, a
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relatively long life of electrodes, the possibility of controlling the discharge power not only by changing the
arc current, but also by changing the voltage at the arc.
Thus, the purpose of this study is to obtain wear-resistant nitride coatings by air plasma spraying.

Technology

Depending on the set tasks, an experimental air plasma spraying installation designed for surface treat-
ment with plasma and application of powder coatings at atmospheric pressure was developed for protective
coatings application.

The installation includes power supply, control panel, switching module with start-up unit, dispenser
and autonomous plasma torch cooling unit. The installation is equipped with a plasma torch, which can be
used in both manual and mechanized versions.

Fig. 1 shows schematically the installation for powder coatings, showing: plasmatron 1 which consists
of anode 2, cathode 3, interelectrode ceramic insert 4, tubes 5 for feeding plasma gas — argon 6, tubes 7 for
feeding inert gas — nitrogen 8 and sprayed powder 9, fittings for inlet 10 and outlet 11 of cooling fluid 12,
powder batcher 13, power supply 14, off-line unit of water cooling 15.

The installation works as follows. Before starting work, the cooling system is switched on. Distilled wa-
ter is used to cool the plasmatron, which enters the cavity of the anode assembly housing through a fitting
and then the heated water is discharged through a fitting. The coolant is in circulating mode and the tempera-
ture of the coolant is automatically regulated by an autonomous water cooling module. Then the plasma-
forming gas-argon is fed through the radial feed tube of the cathode assembly, to the discharge area of the
plasmatron. When voltage is applied to the electrodes, an electric arc occurs between the nozzle-anode and
the cathode and the plasma-forming gas — argon is ionized and exits the nozzle-anode at high speed, forming
a plasma stream. Then the metering device is connected and through the inert gas channel the powder to be
sprayed is fed into the plasma stream.

A 15
r | 12

Figure 1. Schematic diagram of a powder coating installation

Plasmatron (Figure 2) is a thermal plasma generator of DC coaxial design with tungsten cathode with
diameter of 5 mm, embedded in the copper rod in the center, and all-welded nozzle anode of copper, which
has a radiator profile, which will allow to disassemble and assemble the plasmatron during repair work with-
out deteriorating its quality. The key element of the plasmatron design is a node of annular input and gas-
dynamic focusing of the powder, as well as the outlet holes of the nozzle-anode are made in the form of rec-
tangular tapering-expanding channels. This design scheme provides input of the sprayed powder into the axi-
al high-temperature and high-speed part of the plasma flow, which significantly increases the efficiency of
heating and acceleration of particles and sputtering productivity [12]. The lifetime of the plasma torch is
more than 200 hours, the cathode is replaced after 50 hours of operation. The plasma torch is capable of sta-
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tionary operation with various media, primarily with oxidizing media. AC electric arc plasmatron operates in
argon (nitrogen, air, gels) with a maximum power of up to 34 kW at a low pressure of about 0.01 MPa.

oscillator
© @

1uF 40V 1aF 40V

L

plasma torch power supply

D

1 — cathode, 2 — insulator, 3 — cooling connector, 4 — anode
Figure 2. Scheme of connection of the plasma torch to the power supply

Materials and Methods

Stainless steel 12Kh18N10T (0.12 % C, 18 %Cr, 10 %Ni, Ti) was used as a substrate material. To im-
prove the adhesion between the coating and the substrate, the flat surface of a 50x50x4 mm steel sample was
cleaned in acetone and sandblasted before spraying. TiN powder with a dispersion of 15-40 um was used for
coating spraying (Figure 3).

TiN (020)

200

-TiN(111)

TiN (022)

40 60
20 (degree)

El N Ti
AT% 23.29 76.36 0.35

Spectrum

Spectrum 1

Wt% 8.17 91.59 0.24
Snectrum’s AT% 28.51 71.08 0.41
WT% 10.78 88.93 0.29
AT% 12.05 87.58 0.37
Spactrum 2 WT% 3.88 95.88 0.24

Figure 3. Structure-phase states of sprayed titanium nitride powder

An air-plasma system was used for the experiment, the design of which is shown in Figure 1. First, the
substrate was preheated to 250 °C using a plasma jet, which was controlled by a HT-819 pyrometer. Then,
TiN coatings were applied to the substrate using a plasma torch. The surface morphology was studied by
scanning electron microscopy on a JSM-6390 scanning electron microscope with an energy dispersive spec-
trometer (EDS).

The microhardness of the samples was measured by a diamond indenter on the device Metolab 502
(Russia) in accordance with GOST 9450-76 [13], at a load of 100 g and exposure time of 10 s. The samples
were tested for abrasive wear on the experimental stand (Figure 4) against soft stationary abrasive particles
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by the scheme "rotating roller — flat surface" in accordance with GOST 23.208-79, which corresponds to the
American standard ASTM C 6568 [14].

Measurements of corrosion resistance were carried out on potentiostat-galvanostat "P-150", using a
three-electrode connection scheme to the electrochemical cell using a chlorosilver reference electrode and an
auxiliary platinum electrode. For corrosion resistance tests, a 3 % NaCl solution in distilled water was used
as an aggressive medium. Measurements were carried out at ambient temperature 20+2 °C.

stream
abrasive
rubber roller particles

.

sample b
sample holder * P :F

Figure 4. The experimental test stand for testing of samples abrasive wear according to the “rotating roller—flat surface”
scheme

The formation of a dense homogeneous coating layer is influenced not only by the spraying parameters,
but also by the quality of the powder. In addition, the main quality parameters of air plasma spraying, which
include hardness, layer thickness and wear resistance, depend on several factors: spraying distance, current
strength, voltage, gas pressure. Among these factors, electric current and working gas (Ar) pressure play an
important role. In this regard, for the spraying modes the corresponding technological parameters listed in
Table 1 were selected.

Table 1
Modes of air plasma spraying
. - Gas flow i Processing | Coating
Sample Spraying dis rate Ar, Gas flow Cur time, s thickness, Voltage, V
tance, mm . rate N, bar | rent, A
Itr/min um

TiN(1) 150 35 2.4 250 60 ~70 68

TiN(2) 150 35 2.7 350 60

TiN(3) 150 35 3 450 60

Results and Discussion

The microstructure of the cross-sectional microslip is shown in Figure 5. The cross-sectional microslip
shows porosity in the applied layer, probably having a diffusion character. The microstructure of 20 um thick
TiN(1) coating is characterized by high density, low porosity, smooth boundary with the substrate. The vol-
ume fraction of the pores formed at large distances from each other is 0.13 % of the surface area of the coat-
ing. There are also very small pores formed, apparently, as a result of degassing of the molten material of the
particles during their crystallization.

Fig. 5 b, ¢ shows the microstructure of TiN(2) and TiN(3) coatings, which is characterized by the pres-
ence of porosity throughout the thickness, the pores have an irregular shape and sizes from a few microns to
10 um. The porosity of the TiN coating is 2.96 % and 8.04 % at 75 and 200 pm thickness, respectively. The
coating section at the border with the substrate is characterized by a more uniform structure. The structure
with few pores should be attributed to the gas that exists between the tiny liquid droplets and does not have
time to be released during coating formation, which seems to contribute to the formation of small character-
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istic micro-cracks in the thick coating structures seen in Figure 5 b, c. Therefore, to this day, the problem of

reducing pores and cracks, as well as improving the structure of coatings remains an urgent task that requires
thorough research.
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Figure 5. SEM images of cross-sectional morphology of TiN coating

From the mapping data in Figure 6 we can also conclude that the distribution of the main components
(Ti, N, Cr, Ni, O and Fe) is uniform throughout the thickness of the coatings and in the substrate. In accord-
ance with the data on the distribution of elements in the surface layer obtained both in the mapping mode and
in the point mode (Figure 6), the layer consists of pronounced spectra of Ti and N, demonstrating the con-

trasting composition of TiN coatings. According to this, it can be assumed that the predominant phase in this
area is TiN.

a)TiN(1); b) TiIN(2); C)TIN(3)
Figure 6. Cross-section morphology and corresponding EDS maps of coating samples
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The study of the structure was supplemented by microhardness measurements along the entire cross
section of the coating. Figure 7 shows the results of microhardness measurements of TiN coatings of differ-
ent modes. All coatings in general are characterized by high microhardness. Similar results were obtained in
[15, 16]. The dependence of microhardness on an arrangement of measuring points on height of a layer is not
found. The comparatively high hardness is observed on the surface of the coating processed by mode 1, has
value 1250 HV,1. This may be due to the low content of pores and cracks in the structure of the sample
TiN(2).
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Figure 7. Results of the microhardness of TiN coatings obtained by the APS method

An abrasion test was performed to evaluate the wear resistance of the coatings. The abrasion results in
terms of mass loss and relative wear resistance for the coatings are shown in Figure 8. It can be seen that
there was little difference in the resistance against abrasive wear of the samples. The best material among all
the coatings studied was TiN(1), which showed a higher abrasion resistance compared to the coatings ob-
tained by the TiN(2) and TiN(3) modes, by about 83-87 %.
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Figure 8. Results of mass loss and relative wear resistance of coatings

According to the thermodynamics of corrosion, a higher intrinsic corrosion potential can lead to
greater resistance to the electrochemical reaction, indicating a stronger ability to resist the addition
and loss of electrons, as well as better corrosion resistance of the material. Generally, based on corro-
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sion kinetics, the lower the intrinsic corrosion current density, the higher the corrosion resistance [17,
18]. Figure 9 shows that the corrosion resistance of TiN(1) coatings is better than that of TiN(2) and
TiN(3) coatings. In the coatings obtained by TiN(2) and TiN(3) modes the corrosion rate Rcorr
=0.905 cm/year and Rcorr =0.486 cm/year respectively is higher than that of TiN(1) coating with val-
ue Rcorr=0.078 cm/year (Table 2). It was determined that the corrosion resistance reaches the highest
value when spraying under the regime TiN(1).

0

= TiN 1
e TiN 2
=—TiN 3

-5

T T T T T T T T T T T T T T T T T
2000 -1500 -1000 -500 O 500 1000 1500 2000
E (mV)

Figure 9. Polarization curves of coatings obtained by the APS method

Table 2
Correlation table of obtained results
Sample Microhardness, Abrasive tests Corrosion tests
HV0.1/10 _ _
Weight loss, g Wear resistance m, g I, cm Reorr
coefficient cm/year
TiN1 1250 0.035 2.08 0.317 0.078 0.078
TiN 2 1183 0.040 1.87 3.556 0.905 0.905
TiN 3 1205 0.042 1.73 1.910 0.486 0.486
Conclusion

This article presents the results of research work on obtaining coatings from titanium nitride by air
plasma spraying, as well as an analysis of the evaluation of microhardness values, corrosion and abrasion
characteristics. The received results allow to draw the following conclusions. It is established that the use of
inert gas at the APS of thin-film coatings from titanium nitride allows to change the chemical composition of
the coating and its structure. Under optimal gas pressure conditions of deposition, thin film coatings of stoi-
chiometric composition with improved antifriction properties are formed. At nitrogen pressure equal to 2.3
bar (mode 1), the wear resistance coefficient of the formed coatings decreases practically 1.5 times compared
to its value for modes 2 and 3. Increasing nitrogen pressure up to 3 bar causes the formation of a porous coat-
ing structure with a developed surface relief and, as a consequence, leads to a deterioration of the coatings'
tribological properties.

It was determined that the value of microhardness increased and amounted to 1250 HV, .1, which appar-
ently contributed to a decrease in wear of TiN coatings in the realized friction conditions.
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It was revealed that the application of TiN coatings improves the corrosion resistance of stainless steel
12X18H10T; in particular the corrosion rate is reduced, indicating that the coating has good stability and ex-
cellent protection.

Thus, the conducted studies have shown the prospects and feasibility of using the APS technology to
improve the wear resistance of stainless steel 12Kh18N10T.
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A.b. Kenecoexos, b.K. Paxamunos, JL.F. XKypeposa, I'.K. Yassipxanosa, E.E. Kam6apos

Aya-masMaibIK Oypky apKbLibl TiN ka0bIHIAPBIH KAJBINTACTBIPY

Turan Hutpuai (TiN) xabemmapsr 12X 18H10T Gonateiasiy 6etine TiN yHTaKTaphlH aya-Iuta3ManblK, OypKy
(AIIB) oniciMeH, ©3iMi3 a3ipJiereH JOFAIBIK INIa3MOTPOHA aJIbIHIBL. ATaJlFaH IUIa3MOTPOH 1A CaKWHAJIbI €HTi-
3y JKOHE YHTaKTHlI T'a30JHMHAMHUKAJBIK (Gokycray Topalsl Oap, coHmaii-aK canrama-aHOATHIH LIBIFY TECIKTepi
TIKOYPHIIITHI KOHYCTHIK-KeHeHeTiH apHanap Typinae opeaanrad (Ne 34334 KP: MIIK HOSH 1/42). ¥urak-
THI >kaObIHAApABI OYPKY YIIiH IUIa3MOTPOHHBIH JKYMBIC peXKUMIepiHe 3epTrey Kyprizinai. TiN sxaObiHIapsI-
HBIH KYPBUIBIMIBIK-(ha3ablK Kyili, MUKPOKATTBUIBIFBI KOHE TO3YFa TO3IMIUIIr xyherni Typae 3eprrenni. TiN
’KaOBIHBIH aJTy YIIIH aya-IuTa3ManblK OYPKYAiH OHTAMUIIBI pEKUMI aHBIKTaNAbl: Tok 250 A, kepHey 68 B, apron
Ta3bIHBIH IIBIFBIHBI 34 J1/MUH, OYpKY KalbIKTBIFbI 150 MM. Aya-ma3mansik Oypky npouecinae TiN yHTaFbI-
HBIH TOTHIFYBIH a3alTy YIIIH CalTaMaHbIH — aHOJTHIH MIBIFBICEIHAA a30TTHl OPTAaHBI KYPY SAiCi KOJIIAaHbLI-
IIbI, 30T WIBIFBIHEL 2,3 Gap Gonpbl. Kypeumeimasik Tamgay Hotiokenepi TiN »xaObiHHBIH Herisri ¢azacer TiN
ekeHiH kopceTTi. TiN KypbUIbIMIapbIHbEIH T3y Mexann3Mi TiN KaObIHBIHBIH GeTKi MOP(OIIOTHACHIH JKOHE
yiri Getine mamsiparad TiN tammsuiapsis COM tangaysiver cumartangsl. Hotmkenep TiN(1) sxaObIHEI-
HbIH TiN(2) xone TiN(3) xaObiHIapbIHa KaparaHaa TO3yFa TO3IMILTIr XKaKchl eKeHiH kepceTTi. TiN jka0bl-
HBIHBIH KOJIJCHEH KoHE OOMIBIK KUMajapbhIHBIH MUKPOKATTBUIBIFEI 3epTTesai. TiN jkaObIHBIHBIH KOJIICHEH
KHMACBIHBIH €H )KOFapbl KarTeuibFbl 1250 HVo 1 kepcerti. TiN sxabpimbin Konmany 12X18H10T Tot 6acmaii-
THIH OOJATTHIH KOPPO3USFa TOIIMIUIITIH )KaKCapTaThIHBI aHBIKTAJJIBI, aTall alTKAHIa KOPPO3US JKbUIIaMIbl-
FBI TOMEHAEI T, OYJT )KaOBIHHBIH )KaKChI TYPAaKTBUIBIFBI MEH TaMallla KOpFaHbICH 0ap eKeHiH KepceTe .

Kinm ce30ep: mna3MoTpoH, aya-Tuia3Mansik 0Ypky, TiN, To3yFa Te3iMIiTiK.

A.b. Kenecoexos, b.K. Paxagunos, JI.I'. XXypeposa, I'".K. Yassipxanona, E.E. Kambapos

(I)opanOBa}me TiN HOKprTHﬁ ME€TOA0M BO3AYIIHO-TIVIA3SMEHHOI'0 HAITBIJICHU S

Toxpertust u3 Hutpuaa turana (TiN) Opum mosydeHs! Ha nmoBepxHocTd cranu 12X18H10T meromom Bo3-
JYIIHO-TUIA3MEHHOTO HaIbUIeHUs MopomkoB TiN ¢ IMOMOIIBIO JYroBOTo IUIa3MOTPOHA COOCTBEHHOI pa3pa-
60Tku. [T1a3MOTPOH MMeeT y3el KOJBLEBOro BBOAA M Ta30AMHAMHYECKON (POKYCHPOBKHU MOPOILKA, a TAKKE
BBIXOJHBIE OTBEPCTHS COILIA-aHOJA BBIIOJNHEHB! B BHAE NPSIMOYTONBHBIX CCYKAIOIIMXCS-PACIIUPSIIOIINXCS
kaHanoB (Ne 34334 PK: MIIK HOSH 1/42). IIpoBeneHO McciegoBaHue pPeKUMOB PaOOTHI IIa3MOTPOHA IS
HaNbUICHHS MTOPOLIKOBBIX HOKPHITHH. CHCTEMaTHYECKH HCCIIEI0BaHbI CTPYKTYPHO-(a30BOE COCTOSHUE, MUK-
POTBEPAOCTh M M3HOCOCTOMKOCTH MOKpHITHH TiN. Ompernenen ontumanbHblid peskum BITH mns HaneceHust
nopomika TiN: Tok 250 A, Hanpspkenue 68 B, pacxox rasza apros 34 yi/MuH, TUCTaHIMS HanbuleHUs 150 MM.
Jnst cHmxenns okucnenus nopomika TiN B nponecce APS ObUT HCTIONB30BaH CIOCO0 CO3aHMs a30THOM cpe-
JIbl Ha BBIXOJIE U3 COIUIa-aHOJa, pacxoa azora — 2,3 6ap. Pe3ynbTaThl CTPYKTYpHOTO aHajIM3a IoKa3ajid, 4To
TiN siBsieTcss OCHOBHO#M (a30ii mokpbITHs. Mexanusm ¢opmupoBanus TiN cTpyKTyp ObLIT OXapaKTepH30BaH
nyTteM aHanu3a COM pesynbraToB Mopdonoruu noBepxHocty nokpeitus TiN u kanens TiN, pacnbuieHHBIX
Ha MOBEPXHOCTH oOpasmna. Pe3ynpraTel mokaszamu, uro nokpsitie TiN (1) obmamaer mydmieli H3HOCOCTOMKO-
cTBIO, YeM monydeHHbIe TIo peskumaM TiN (2) u TiN (3). Mccnenoana Obliia MEKPOTBEPIOCTh TTOIIEPEYHOTO
1 TIpo0IBbHOTO cedeHnit mokpeiTs TiN. Haubonbimas TBepaocTs momepeyHoro cedeHus mokpoeitust TiN co-
craBmita 1250 HV 0.1, 4ro cooTBeTCTBYET pekumy 1.

Knrouesvle cnosa: miasMoTpoH, BO3AYIIHO-TUIa3MeHHOE HambuieHne, TiN, u3HOCOCTOMKOCTD, aHanmu3 COM,
COILIO-aHO/I.
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Investigation of the Characteristics of Materials with the Ruddlesden-Popper
Structure for Solid Oxide Fuel Cells

This article presents the results of a study of the characteristics of materials based on lanthanum nickelate
LazNi1-xCoxOa+s5 (0<x<0.3) and Pr2NiOa+s. Their crystal structure and interaction with YSZ and GDC electro-
lyte materials at 900 °C are analyzed. The thermal expansion coefficients are determined and the temperature
dependences of the conductivities are studied. The polarization resistance of these materials in contact with
the electrolyte material YSZ is also measured. As a result of the study, the following cathode materials were
investigated: LazNi1-xCoxO4 (0< X <0.3), Pr2NiOa. In this case, the influence of low concentrations of Co on
the characteristics of lanthanum nickelate was studied for the first time. Materials based on lanthanum
nickelate and praseodymium nickelate were characterized by a structure of the KaNiF4 type (Ruddlesden-
Popper phases) with rhombic symmetry. A study of the thermal expansion of cathode materials showed that
all the studied materials are characterized by higher CTEs than YSZ and GDC electrolytes. Based on the
studies performed, cathode materials were chosen for the formation of composites with GDC electrolyte:
LazNiO4, LazNiosC00204, Pr2NiO4. A study of the sintering kinetics and CTE of composites showed that
their thermal characteristics are much closer to those of electrolytes than those of pure cathode materials.

Key words: SOFC, cathode materials, conductivity, thermal expansion coefficient, nanopowders.

Introduction

Solid oxide fuel cells (SOFCs) are promising electrochemical devices that directly convert the chemical
energy of a fuel into electrical and thermal energy. The main advantages of SOFC are the high theoretical
efficiency of energy conversion (up to 60 % when using only electric power and up to 90 % when using
combined electric and thermal energy) and environmental friendliness. In this regard, scientific and techno-
logical issues related to the creation of SOFC are widely studied. At the same time, an important task re-
mains to increase the specific power of the cells, which directly depends on their internal resistance, which
consists of the ohmic resistance of the electrolyte layers and electrodes, as well as polarization losses due to
electrochemical processes on the electrodes. Thus, to reduce the internal resistance of SOFC, it is desirable to
reduce both of these components.

One of the possible solutions to this problem is the creation of a hon-porous cathode-electrolyte struc-
ture instead of the generally accepted one — porous cathode — dense electrolyte. In this case, the layer of
cathode material, as well as the electrolyte, will prevent the mixing of fuel and oxidizing gases, which will
reduce the thickness of the electrolyte layer and, consequently, its contribution to the internal resistance of
SOFC.

Research methodology

Source materials

The initial nanosized powders of Zros:Y0.1602:5 (YSZ) and Ceo73Gdo27035 (GDC) electrolyte materials
were obtained by laser evaporation [1].

Cathode materials, both with a perovskite structure based on praseodymium ferro-cobaltite, and with a
Ruddlesden-Popper structure based on lanthanum nickelate and Pr2NiO4, were fabricated by the method of
self-propagating high-temperature synthesis (SHS). The synthesis process was based on a variant of the Pec-
cini method described in [2]. The reagents used were Pr(NOs)s (analytical grade), Fe(NOs)s (analytical
grade), Co(NO3), (chemically pure), La,Os (chemically pure), NiO (analytical grade), and SrCOs; (analytical
grade). Stoichiometric mixtures of reagents were dissolved in a 0.1 N HNO3 solution until a homogeneous
solution was obtained, which was evaporated to wet salts. As a combustible organic substance, a twofold
volume of ethylene glycol HOCH,CH,OH (chemically pure) was used, which was both a solvent and a rea-
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gent. The reaction mixture was heated until the development of the SHS process. The reaction products were
remixed and annealed step by step to remove residual organic phases at temperatures of 400, 700, and
900 °C with holding for 6 hours for each temperature. The final stage of processing was annealing at
1100 °C for 30 min.

Characteristics of source materials

The specific surface of the synthesized powders was determined by low-temperature nitrogen vapor
sorption by the BET method on an automatic analyzer TriStar 3000. The measurement results are presented
in Table 1.

The morphology of the obtained powders was studied by electron microscopy using a JEOL JEM 2100
transmission electron microscope and LEO 982 and JEOL JSM-6390LA scanning electron microscopes.

Figure 1 shows micrographs of the initial YSZ and GDC solid electrolyte powders. The particles of
YSZ powder obtained by laser evaporation have a shape close to spherical. GDC powder particles are closer
in shape to cubes rounded along the edges. At the same time, microscopy confirms the estimate of the aver-
age particle size of powders made on the basis of Sger: about 15 nm for YSZ and 25 nm for GDC.

Micrographs of powders of cathode materials are shown in Figure 2. Powder particles obtained by SHS
are irregularly shaped agglomerates. The average particle sizes determined by the BET method (Table 1)
correlate with microscopy data.

Table 1
Nomenclature and characteristics of initial powders
Designation Chemical composition Sger, Mg | dger, Nm Structure
Electrolyte materials
YSZ Zr0.84Y0,1602-5 48.1 21.0 Fluorite
GDC Ce0,73Gd0,2302-5 34.2 24.3 Fluorite
Cathode materials
LN La;NiO4 2.71 320 Ruddlesden Popper
LNC-10 LazNip.9C00.104 2.45 350 Ruddlesden Popper
LNC-20 LazNio.sC00.204 3.05 270 Ruddlesden Popper
LNC-30 LazNip.7C00.304 244 340 Ruddlesden Popper
PN PraNiO4 1.71 490 Ruddlesden Popper

The phase composition of powders of electrolyte materials was determined by X-ray phase analysis per-
formed on a D8 DISCOVER diffractometer using copper radiation (Cu K12 A = 1.542 A) with a graphite
monochromator using a diffracted beam. Processing was performed using the TOPAS 3 program with the
Rietveld algorithm for refinement of structural parameters. When estimating the average crystallite size, we
used the correction factor K (in the Scherer formula) = 0.89. The phase composition of the cathode materials
during synthesis was monitored using a Shimadzu XRD-7000 S X-ray diffractometer. The X-ray patterns
were processed using the FULLPROF program.

‘s

; a) : )
Figure 1. Micrographs of the initial powders of solid electrolytes (a) YSZ and b) GDC
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Powders of electrolyte materials YSZ and GDC are single-phase and are solid solutions with space
group Fm-3m. The cubic lattice parameters a were 5.143 and 5.424 A for YSZ and GDC, respectively. X-ray
phase analysis of powders of cathode materials showed that they are mostly single-phase, but there are traces
(less than 2 %) of unidentified secondary phases. Perovskite cathode materials based on praseodymium fer-
rocobaltite had a rhombic structure after the synthesis procedure, while materials based on lanthanum
nickelate and praseodymium nickelate were characterized by a structure of the KuNiF4 type.

Study of the structure and interaction with electrolytes.

Disk samples 15 mm in diameter were made from the initial powders to study the structure of dense ce-
ramics. The powders were pressed on a uniaxial hydrostatic press PG30 UHLA4. Sintered at 1400 °C for 10
hours.

Samples for studying the chemical interaction between cathode and electrolyte materials were prepared
according to the following procedure. The required powders were mixed in a weight ratio of 1:1. They were
filled with isopropyl alcohol and sonicated with a UZG8-0.4/22 disperser for 10 min. This procedure makes
it possible to “break up” the agglomerates formed in nanosized powders and ensure a uniform distribution of
the powders throughout the suspension. Further mixing was carried out using a gravity mixer for 2 days.
YSZ balls were added to the slurry as interfering bodies. The resulting mixtures were dried with constant
stirring using an RH B S000 (IKA) magnetic stirrer. The resulting mixtures were compacted using a uniaxial
press into discs 10 mm in diameter and ~2 mm high. Then the disk samples were sintered at a certain tem-
perature (Tables 3, 4) with an exposure of 5 hours.

20kV  X8,000 2um 1141 BES 20kV  X10,000 1pm 1141 BES

i

20kV  X10,000 1um 1141 BES A% X100 1 1130 5F1
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20kV  X10,000 1pm 11 41 BES

€)

Figure 2. Micrographs of initial powders of cathode materials: a) PrFeqsC00.203, b) Pro.7SrosFeosCoo.20s3,
C) Pro_7SI’o_3Feo,5C00_503, d) LazNiO4, e) LazNio_8C00,204, f) PeriO4

The phase composition of samples of cathode materials and mixtures was determined by X-ray phase
analysis performed on a diffractometer. Processing was performed using the TOPAS 3 program with the
Rietveld algorithm for refinement of structural parameters.

Study of the coefficient of thermal expansion

The measurement of the linear expansion of cathode materials was carried out on samples in the form of
bars with characteristic dimensions of 4 x 4 x 9.5 mm, which were preliminarily sintered to densities close to
theoretical (1400 °C, holding for 10 h).

Determination of the thermal expansion coefficient (TEC) of the samples was carried out in an air at-
mosphere in the temperature range of 20-1200 °C. The measurements were performed on a Dil 402C dila-
tometer. The heating rate was 5 °C per minute.

Conductivity study

To measure the conductivity, powders of cathode materials were pressed into rectangular bars with
Characteristic dimensions of 3x2x30 mm. The samples were compacted using a PG30 UHL4 press. The re-
sulting compacts were sintered in an air atmosphere. The sintering temperature of the samples is
1400 °C. The holding time was 10 h.

The density of sintered samples was determined by hydrostatic weighing.

Probes made of platinum wire with a diameter of 0.2 mm were deposited on the sintered samples. To
ensure good electrical contact between the probes and the sample, the probes were smeared with platinum
paste, which was baked at 1000 °C for 1 h.

Conductivity was measured in air by a 4-probe method at direct current in the temperature range of 20—
950 °C using a Solartron S1-1260/1287 impedance meter. The measurements were carried out in the poten-
tiodynamic mode (Umax = 0.1 V).

Study of polarization resistance

The determination of the polarization resistance of cathode materials in contact with the YSZ electro-
lyte was performed on symmetrical samples.

Disk samples of YSZ carrier electrolyte were obtained by uniaxial pressing using a PG30 UHL4 press
and subsequent sintering at a temperature of 1200 °C with a holding time of 6 hours. The characteristic di-
mensions of the resulting disk samples are: diameter, 12 mm; thickness, 1 mm. The density of the disk sam-
ples was at least 98 % of the theoretical density (yxrp vsz=5.92 g/cmq).

The electrodes under study were applied symmetrically on both sides of the YSZ disk samples by stain-
ing. The electrode diameter was 8 mm. To apply the electrodes, cathode pastes were prepared by mixing the
initial cathode powders (90 wt.%) and rosin (10 wt.%) as a binder. The solvent was isopropy! alcohol. The
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sintering temperatures of the electrodes varied from 900 to 1100 °C with an exposure of 1 hour. The thick-
ness of the electrode layers was about 0.1 mm.

Symmetrical samples prepared as described above (Figure 3) for measuring the polarization resistance
were placed in a measuring cell, in which they were clamped between platinum grids (Figure 4). Each grid
has two probes (potential and current) made of platinum wire 0.5 mm in diameter. The measuring cell was
placed in a tubular furnace, which allows you to set the temperature of the samples in the range of 20—
900 °C.

Platinum wire

Platinum grid

— Electrolyte
Electrode

Figure 3. Appearance of the sample for Figure 4. Diagram of a measuring cell for studying the polarization
research. resistance of cathodes.

The impedance spectra were recorded at a voltage of 15 mV in the frequency range of 1 MHz-0.1 Hz
using a Solartron SI-1260/1287. The measurements were carried out in stagnant air in the temperature range
of 850-650 °C.

The resulting impedance spectra were calculated using the equivalent circuit shown in Figure 5 using
the ZView program. Where R; corresponds to the so-called series resistance, which includes the ohmic re-
sistance of the electrolyte, probes. The resistance R corresponds to the polarization resistance of the elec-
trodes under study. Taking into account the fact that there are two identical electrodes in the measured sys-
tem, the polarization resistance R, was determined as half of R..

R,

\
/1

CPE

Figure 5. Equivalent circuit for calculating impedance spectra.

Experimental results

Crystal structure
On Figure 6 X-ray diffraction patterns of samples of cathode materials based on lanthanum nickelate
and praseodymium nickelate sintered at 1400 °C are presented. Table 2 shows their crystallographic data.
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Figure 6. X-ray diffraction patterns of materials La;Ni1.xC0xOas, and ProNiO..

All samples have a structure of the KuNiF4 type. In this case, the main type of symmetry of solid solu-
tions is rhombic Fmmm. However, the LNC samples with 20 and 30 % Co also contain about 10 % of the
tetragonal structure of the P4/m type, as well as trace structures symmetry of which can be identified as
F4/mmm and R-3cH for LNC-20 and LNC-30, respectively. The PN material contains a sufficiently large
amount of the structure with the P42/ncmZ symmetry corresponding to the formula PraNiOa., i.e. containing
an excess amount of oxygen.

Table 2
Crystallographic data of LazNi1-«CoxO4 and Pr2NiOs+s compositions.
Material |Space group |a, A | b, A lc A [Reference
This work
LN 100 % Fmmm 5.465(3) 5.489(3) 12.679(7)
LNC-10 100 % Fmmm 5.469(3) 5.487(3) 12.639(5)
L NC-20 88 % Fmmm 5.491(5) 5.466(5) 12.637(9)
12 % P4/m 11.149(9) 3.986(4)
L NC-30 91 % Fmmm 5.492(3) 5.473(3) 12.595(6)
9 % P4/m 11.147(7) 3.883(4)
PN 69 % Fmmm 5.482(3) 5.391(3) 12.433(5)
31 % P42/ncmZ 5.452(3) 12.438(8)
Literature data
LaoNiOgss Fmmm 5.4499 5.4574 12.6724 [3]
La;Co041 5.543 5.493 12.684 [4]
The X-ray density determined for the LN composition is 6.995 g/cm?.
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Figure 7. Ideal structure of Ruddlesden-Popper phases.

It is known from the literature [4-6] that in the high-temperature region La;MOa+s materials are charac-
terized by the tetragonal structure 14/mmm. In this state, the MOg¢ octahedra are perfectly aligned along the ¢
axis (Figure 7). As the temperature decreases, the structure is deformed, which is expressed in the coopera-
tive deviation of the octahedra from the ¢ axis, leading to the rhombic structure Fmmm. The transition tem-
perature from Fmmm to 14/mmm for the La;NiOa+s material is estimated at about 425 °C in [5] and about
200 °C in [6]. Whereas for the La,C00O4:+5 material, the transition temperature to the 14/mmm structure is
about 580 °C [4]. The literature data on the parameters of elementary cells given in Table 2 are close to the
values obtained in our study.

As can be seen from Table 2 with an increase in the content of cobalt in the composition of lanthanum
nickelate, there is a slight increase in the parameter a, and a decrease in the parameters b and c. These data
correlate with the data of [7], where the compositions La;Ni1-«C0xOas+s Were also obtained by the Peccini
method, but the symmetry of the solid solutions was determined as F4/mmm. Thus, the introduction of cobalt
leads to structural distortions. Moreover, the data obtained, together with the dependence of 4 on the cobalt
content [8], allow us to state that the c-parameter is strongly related to the electronic state of cobalt ions.
Thus, it was suggested in [9] that the decrease in ¢ is due to the replacement of the high-spin Ni?* ion
(r=0.69 A at CN=6) by a much smaller low-spin Co®" ion (ri=0.545 A at CN=6).

In addition, a decrease in the ¢ parameter with the introduction of Co can also be interpreted as an in-
crease in the “thickness” of the rock salt layer along this direction [10]. Thus, this increase can be expected
to lead to an improvement in the mobility of oxide ions in the ab plane.

Chemical interaction with electrolytes.

On Figure 8 shows X-ray diffraction patterns for mixtures of Ruddlesden-Popper electrolyte and cath-
ode materials that were sintered at 900 °C for 5 hours. For comparison, in Figure 8 also shows separate X-ray
diffraction patterns of electrolyte (YSZ and GDC) and cathode (LN, LNC-30 and PN) cathode materials. The
results of the analysis of X-ray phase data are summarized in Table 3.

The data in Table 3 confirm the well-established opinion that the CeO»-based electrolyte is more chem-
ically Table to interaction with cathode materials than the ZrO-based electrolyte [11, 12]. Literature data
also confirm rather high chemical activity of La;NiO4 towards YSZ, and Pr2NiO4 towards both YSZ and
GDC [13-15]. For example, in [14], secondary phases La,Zr,07, LasNi,O7 were found in a mixture of lan-
thanum nickelate and YSZ after 2 h exposure at 900°C. Whereas no interaction was found with the GDC
electrolyte under the same conditions [14]. Exposure for 24 hours at 900 °C of a mixture of ProNiO4 and

38 BecTHuk KaparaHgmMHCKOro yHusepcureTa



Investigation of the Characteristics of...

GDC led to the formation of PrsNizO1 and PrgO11, while in a mixture with YSZ, Pr,Zr,O; was additionally
formed at a similar exposure [15].

It is also believed that an increase in the content of cobalt in the composition of the cathode material in-
creases its chemical activity with respect to the electrolyte material [12, 16]. Data on the interaction of LN
and LNC-20 with GDC electrolyte confirm this pattern. However, it is unexpected that the introduction of
Co into the composition of lanthanum nickelate seems to reduce the chemical activity with respect to the
YSZ electrolyte (lower content of the secondary phase according to XRD data). The reasons for this behavior
are currently unclear and require further research.
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Figure 8. X-ray diffraction patterns of mix-
tures of YSZ and GDC electrolyte materials
with cathode materials a) LazNiOs,
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Table 3
Interaction of materials based on LazNiO4 and Pr2NiO4 with electrolytes
Designation Cathode material Electrolyte Tsintering, °C | Interaction
LN: YSZ LazNiO4 YSZ 900 41 % secondary phase
LN: GDC LaaNiO4 GDC 900 No
LNC-30: YSZ LazNio.7C00.304 YSZ 900 12 % secondary phase
LNC-30: GDC LazNio.7C00.304 GDC 900 8 % secondary phase
PN: YSZ PraNiO4 YSZ 900 38 % secondary phase
PN: GDC PraNiO4 GDC 900 37 % secondary phase

Cepus «dunsukay Ne 4(108)/2022 39



K.A. Kuterbekov, K.Zh. Bekmyrza et al.

Thermal expansion

On Figure 9 shows the results of measuring the linear expansion of the studied cathode materials in the
temperature range of 20-1200 °C.

In the literature, the values of the coefficient of thermal expansion (CTE) averaged over the entire temperature
range are usually given. For example, the CTE of La;NiOsss is 13.0x10° K (20-1000 °C) [3]. However, on the curves
of linear expansion obtained by us, a not very obvious inflection is observed in the region of 850 °C. Therefore, the
CTE of the studied samples was calculated both for the entire temperature range (201200 °C) and separately for the
low temperature (200850 °C) and high temperature (850-1200 °C) regions. The calculation results, together with the
coefficients of determination R?, are summarized in Table 4. It can be seen that the approximation consisting of two
linear regions describes the experimental data better.
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Figure 9. Temperature dependence of the change in the dimensions of samples of cathode materials.

Table 4
Calculation of CTE for various temperature ranges
Compound 200-850 °C 850-1200 °C 20-1200 °C
P TEC (x10%), K*! R? TEC (x10%), K*! R? TEC (x10%), K* R?

LN 13.89 0.99999 |16.29 0.99822 [14.39 0.99863
LNC-10 15.19 0.99992 |16.81 0.99953 |15.45 0.99932
LNC-20 15.72 0.99997 |17.45 0.99901 |15.93 0.99927
LNC-30 16.49 0.99993 |17.51 0.99941 |16.35 0.99978
PN 13.82 0.99991 |16.50 0.99956 |14.48 0.99788

Figure 10 shows the dependence of the change in CTE LazNi1.xC0x0a+s (x=0, 0.1, 0.2, 0.3) on the cobalt
content for low- and high-temperature sections. It can be seen that with an increase in the content of cobalt in
the composition of lanthanum nickelate, the CTE increases both in the low-temperature (20-800 °C) and
high-temperature (800-1200 °C) regions. At the same time, in the low-temperature region, the introduction
of cobalt has a stronger effect on the CTE of lanthanum nickelate than in the high-temperature region. Thus,
from the point of view of CTE, LN and PN are the most suitable cathode materials with the Ruddlesden-
Popper structure for YSZ and GDC electrolytes.
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Figure 10. CTE of LazNi1-«CoxOa+s Samples calculated for two temperature ranges 200-850 and 850-1200 °C
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Conductivity

Figure 11 presents data on the total conductivity of the studied materials. It can be seen that a maximum
is observed in the temperature dependences of the conductivity. According to [6], this behavior does not ap-
ply to the insulator-metal transition, but is due to the fact that at temperatures below 250 °C the chemical
composition of La;NiOa+s is stable and the change in conductivity reflects the behavior of the semiconductor
type, that is, thermally activated Arrhenius-type conductivity. At higher temperatures, the materials lose
some oxygen, which leads to a decrease in the M3+ content and, accordingly, a decrease in charge carrier
densities and, consequently, a decrease in conductivity. Thus, competing phenomena (thermal activation and
a decrease in the number of charge carriers) determine the presence of a maximum in the temperature de-
pendence of the conductivity.
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Figure 11. Temperature dependences of the conductivity of the studied materials:
a) — the entire temperature range, b) — high temperature range (500-850 °C).

If we compare the obtained data on the conductivity for the La:NiO, material with the literature data [6,
9], it turns out that the value of the maximum conductivity is close — 80-90 S/cm. However, the tempera-
ture at which the maximum conductivity is reached differs significantly: in our study it is about 400 °C,
while in [6, 9] it is about 650 °C.

It was shown in [9] that the conductivity of LasNi1«CoxOass, (x=0.1, 0.5, 1) decreases with increasing
cobalt content. This was explained by the fact that in layered systems of the K;NiF4 type, the B-O-B bond is
mainly responsible for the electrical properties [17]. Exchange interactions along the ¢ axis are much weaker
and occur through two oxygen ions. Consequently, with the introduction of cobalt, the Ni(Co)-O bond length
increases, which leads to a weakening of the B-O covalent interaction and, consequently, to a decrease in
electronic conductivity.

However, our study shows a different picture. If at x=0.1 the conductivity of La;Ni1xC0xOa+s decreases
compared to La;NiOass, its value is 65 S/cm at 700 °C, which is close to the data of [9] — about 45 S/cm at
700 °C. Then at x=0.2 and 0.3, although there is a decrease in conductivity in the low-temperature region
(which can be explained by the reason described above), in the high-temperature region, the conductivity
increases. Most likely, this phenomenon is associated with the presence of a secondary phase observed in the
LNC-20 and LNC-30 samples (section 2.1).

Figure 11 shows that PN has a higher conductivity compared to materials based on lanthanum nickelate
in the temperature range of 20-800 °C. The obtained values of the conductivity PN and its temperature de-
pendence correlate with the literature data [3, 18-19].

Thus, from the point of view of conductivity, the most suitable materials for a non-porous cathode are
PN and LNC-20.
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Polarization resistance.

On Figure 12 shows the impedance spectrum of a sample with LNC-10 electrodes. The shape of the
spectrum is typical for all studied compositions and measurement temperatures, except for the sample with
LNC-30 electrodes sintered to YSZ at 900 °C. For this sample, it was impossible to distinguish the compo-
nents Rel-ta and Rn in the spectrum, so its polarization resistance is not discussed further. The method for
calculating the polarization resistance of cathodes is described in Section 1.6.
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Figure 12. Impedance spectrum of a symmetrical sample with LNC-10 electrodes taken at 850 °C.
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Figure 13. Temperature dependences of the polarization resistance of cathode materials sintered at 900 and 1000 °C.
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Figure 13 shows the temperature dependences of the polarization resistance of the investigated
cathodes. It can be seen that the electrodes sintered at 1000 °C are characterized by a lower polari-
zation resistance than the electrodes sintered at 900 °C. Most likely, this is due to the formation of a
better electrode-electrolyte contact. At the same time, LN and PN materials are characterized by the
lowest polarization resistance. The introduction of Co into the composition of lanthanum nickelate
leads to an increase in the polarization resistance of the cathode, however, this dependence is not
linear.

| b | by | :
5 |- La,Ni, ,Co O, -
- 850°C -
4 Electrode sintering temperature B
i —{1—900°C 7
3 —0O—1000°C -

Rfl’ Ohm*cm?

Figure 14. Dependence of polarization resistance of La;Ni;.xC0xOa+5 cathodes sintered to YSZ electrolyte at 900 and
1000 °C on cobalt content (x).

Figure 14 shows the dependence of the polarization resistance of LazNi1-«C0xOa+5 cathodes on the cobalt
content (x). It can be seen that the dependence is complex and non-linear. This is explained by the fact that
the introduction of cobalt affects two characteristics of the material at once: conductivity and sintering kinet-
ics. In the course of work on this project in 2018, it was shown that an increase in the content of Co in the
composition of lanthanum nickelate leads to a shift in the shrinkage curve to a high-temperature region.
Thus, the contact of the cathode material with the YSZ electrolyte formed at the same temperature should
deteriorate with increasing Co in the LNC composition. On the other hand, according to the literature data
[10, 20], the introduction of cobalt into the composition of La>NiO,4 should lead to an increase in the oxygen
diffusion coefficient and, thus, to a decrease in the polarization resistance. As shown above (see paragraph
2.4), the addition of 10 mol. % Co leads to a decrease in conductivity, which also affects the polarization re-
sistance. While the conductivity of LNC-20 at high temperatures is higher than LN. However, the adhesion
of the cathode to the YSZ electrolyte adversely affects the polarization resistance. Consequently, the "con-
frontation" of two factors (conductivity and sintering Kinetics) causes a local minimum of polarization re-
sistance at a content of 20 mol.% Co in the composition of La;NiOa+s.

Table 5 summarizes the data on the polarization resistance of the studied cathode materials with the
Ruddlesden-Popper structure at 800 °C, and also presents the literature data. The Table shows data on elec-
trodes baked at 1000 °C. As mentioned earlier, solid electrolytes based on CeO2 are more chemically inert to
interaction with cathode materials than YSZ. Therefore, in the literature, the polarization resistance of cath-
odes with the KzNiF, structure is studied mainly in contact with electrolytes based on CeQO,. As can be seen
from Table 5, the polarization resistances of our cathodes in contact with the YSZ electrolyte are comparable
with the literature data, in which the polarization of the cathodes was studied in contact with the CeO,-based
electrolyte.
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Table 5

Polarization resistances of electrodes with the Ruddlesden-Popper structure at 800 °C.

Electrode Electrolyte Ry, Ohm*cm? Reference
LayNiOass YSZ 0.9 this work
LazNig,9C00,104+5 YSZ 3.0 this work
LazNigsC00,20445 YSZ 2.4 this work
LazNio,7C00,30445 YSZ 5.2 this work
ProNiOgss YSZ 0.8 this work
LazNiOuays SmDC 0.2 [21]
LayNip,9C00,104+5 GDC 3.0 [7]

Thus, the LN and PN materials have the highest catalytic activity among the studied ones.
Conclusions

As a result of the study, the following cathode materials were investigated: La;Ni1-«C0xOs (0< X <0.3),
PraNiQOa. In this case, the influence of low concentrations of Co on the characteristics of lanthanum nickelate
was studied for the first time. Materials based on lanthanum nickelate and praseodymium nickelate were
characterized by a structure of the K;NiF,4 type (Ruddlesden-Popper phases) with rhombic symmetry. Rud-
dlesden-Popper materials have been shown to be chemically compatible with ZrossYo16025 (YSZ) and
Ce0.73Gdo 27025 (GDC) (GDC) electrolyte materials.

A study of the thermal expansion of cathode materials showed that all the studied materials are charac-
terized by higher CTEs than YSZ and GDC electrolytes. Based on the studies performed, cathode materials
were chosen for the formation of composites with GDC electrolyte: La;NiOs, La:NiosC00204, PraNiOs. A
study of the sintering kinetics and CTE of composites showed that their thermal characteristics are much
closer to those of electrolytes than those of pure cathode materials.
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K.A. Kyrep6exos, K.)K. bekmpip3a, A.M. KaOsiiues,
M.M. Ky6enosa, H.K. Aiinap6exos, C.A. HypkeHnos

KatTbl okcnari oThIH 3J1eMeHTTEePiHe apHaaraH Paaiecnen-Ilonnep
KYPBUIBIMBI 0ap MaTepHAJIAPAbIH CUNIATTAMAJIAPbIH 3€PTTEY

Maxkanana LazNi1-xCoxOa+s (0<x<0.3) xone PraNiOs+s aHTaH HUKeNaThl HETI3iHIErT MaTepuaiiapablH CH-
narTamajapblH 3epTTey HoTIKelepi KenripinreH. OnapablH KPUCTAABIK KYPBUIBIMBI JkoHE ysz jxoHe GDC
3MEKTPOJIUTTIK MaTepHaimapbiMeH e3apa apekertecyi 900 °C temmepatypana tanganasl. CoHOa-ak, ysz
JJIEKTPOJIUTTIK MaTepUabIMEH OalIaHBICTa OCHl MaTepPHAINAPABIH MOSPU3ANMSIIBIK KEIEPTici eIIeH .
LazNi1-xCoxO4 (0< x <0.3), Pr2NiO4 karon Marepuannapsl 3eprrenreH. byn sxarnaiina Co-HbIH TOMEH KOH-
HEeHTPANMSICBIHBIH JTaHTaH HUKEIATHIHBIH CHIIATTaMallapblHA oCcepl alFalll PeT KapacThIpbUIFaH. JlaHTaH HE-
KeNaThl MEH MPa3e0[rM HHKENAThlHA Heri3menreH marepuanmap pomOTeik cummerpusimed KoNiFs tumri
(Panncnen-ITonmep dasacel) KypblUIbIMBIMEH cunattanabl. Papicaen-Ilonmep KypbsulbIMBI 6ap Matepuaniap
Zr0.84Y 016025 (YSZ) xone Ce0.73G00.2702-5 (GDC) 37eKTPONUTTIK MaTepHalIapMEH XUMHSUIBIK YilsieciMIi
eKeHAIri kepcetinren. Katoarsl MaTepuanmapAblH TEPMHSUIBIK KEHEIOIH 3epTTey OapIiblK 3epTTeNeTiH Mare-
puangap YSZ xone GDC nsnektponutrepine Kaparanna sxorapsl TKK-MeH cumarTanaTbiHbl JoNeNICHTeH.
XKyprizinren 3eprreynep Herizinne GDC anexTponuti 6ap KOMIIO3UTTEPAl KAJBIITACTHIPY YIIiH KeJeci Ka-
ToxThl Mateprannap Tapnangel: LazNiOs, LazNio.sC00.204, Pr2NiOs. KoMmosurTepain arnmoMepanus KHHETH-
kacel MeH TKK 3epTreyi — omapasiH TepMUSUIBIK CHIIaTTaMallapbl Ta3a KaTOATHI MaTepHaiapra KaparaHaa
JIEKTPONIUTTEPIIH CHITaTTaMallapblHA eoYip )KaKbIH €KeHIH KOPCETT.

Kinm ce30ep: KOOD, xatoATsl MaTepHainap, OTKI3TILITIK, TeMIepaTypaiblk KeHero KoadduimenTi, HaHO
YHTaKTap.
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K.A. Kyrepo6ekos, K. XK. bekmpip3a, A.M. Ka0Osiies,
M.M. Ky6enona, H.K. Aiinap6ekos, C.A. HypkeHoB

HccnenoBanne xapakTepucTHK MaTepHaJIoB co cTpykTypoii Papaicaena-Ilonnepa
1Sl TBEPIOOKCHIHBIX TOIJIMBHBIX 3J1€eMEHTOB

B craTbe npeacTaBiIeHb! pe3ysIbTaThl HCCIEIOBAHNS XapaKTePUCTUK MaTepHaIoB Ha OCHOBE HUKENATa JIaHTa-
Ha La2Nil-xCox04+5 (0<x<0,3) u Pr2NiO4+3. [Ipoananu3npoBaHbl UX KpHUCTAJUIMYECKasi CTPYKTypa M B3a-
UMOJIEHCTBHE ¢ 3MeKTposMTHRIMHA Matepuanamu YSZ um GDC mpu 900 °C. Onpenenensl ko3()UIHESHTH
TEPMHUYECKOTO PACIIMPEHHS U MCCIIeIOBAaHEl TeMIIepaTypHbIe 3aBHCHMOCTH IIPOBOANMOCTEH. A Takxke n3Me-
PEHO TIOJSIPH3AIIIOHHOE CONPOTHBIICHHE NAaHHBIX MAaTepHalIOB B KOHTAKTE C HJIEKTPOJIUTHBIM MaTePHAIOM
YSZ. Beun wuccienoBansl chneaytomue karogusie mMarepuanbl: LazNiixCoxOs (0<x <0,3), Pr2NiOs. Ilpu
5TOM BIIEpBbIE OBLIO M3y4EHO BIMSHUE MajblX KOHIEHTpauuid CO Ha XapaKTEepHCTHKH HHKENaTa JIaHTaHa.
Martepuansl Ha OCHOBE HMKeNaTa JaHTaHA M HHUKeJlaTa Mpa3eoJuMa XapaKTepU30BaJMCh CTPYKTYpOH THIA
K2NiFs (dassr Pagmncaena-Ilonmepa) ¢ pomOudeckoit cummerpueil. Bpimo mokasaHo, 9To MaTepHaibl co
cTpykTypoit Pajyuicnena-Tlonnepa XHMHYECKH COBMECTHMBI € 3JIEKTPOIMTHBIMU MaTepuainamMu Zro.s4Y0.1602-5
(YSZ) u Ceo.73Gdo.2702-s (GDC). UccnenoBanne TepMHYECKOTO PACIIMPEHHS KATOAHBIX MAaTEPHATIOB ITOKa3a-
JI0, YTO BCE HCCIEAyeMble MaTepHaibl XapakTepuiyrorcs Oosiee BeIcOkuMH KTP, gem snextpommtsl YSZ u
GDC. Ha ocHOBaHMHK NTPOBEAEHHBIX HCCIIEAOBAaHHUI OBUTH BHIOPAaHBI KaTOXHBIE MaTepHaIBl JUIT GOpMHPOBa-
Hust KoMrIo3uToB ¢ dnekrpomuToM GDC: LazNiOs, LazNiosC00204, PraNiOs. HccnenoBanue KUHETHKH CIie-
kaHusg 1 KTP KOMIIO3UTOB 1OKa3aj0, YTO UX TEPMUUYECKHE XapaKTEPUCTHKU 3HAUUTEIBHO ONIKE K XapaKTe-
PHCTHKAM 3JIEKTPOJIUTOB, YeM Y YHCTHIX KaTOJHBIX MAaTCPHAIIOB.

Kniouesvie cnosa: TOTD, kaTogHbIE MaTepHaIbl, IPOBOJUMOCTE, KO3()(UIIMEHT TeMIIEpaTyPHOTO pacIIupe-
HM$1, HAHOTIOPOLIKH.
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Development of the wiring diagram of the device based on the LoRa module RAK3172

The paper presents the results of the development of circuitry of electronic device for the acquisition and
transmission of telemetry data. The purpose of this work is to design and develop circuitry of the device for
data acquisition using LoRa technology. The integrated end-to-end design environment Altium Designer was
used to develop the electronic part of the device. The STM32F407VGT6 series microcontroller was used as
the central control unit. A LoRa RAK3172 radio module is provided in the circuit for receiving and transmit-
ting data. Unlike previous series, this module is equipped with a UART interface, which greatly simplifies the
process of designing and writing a program for control. In this article the relevance of developing device with
the use of LoRa-technology is considered. The theoretical basis of LoRa-modulation is briefly considered.
The main section presents the results of the circuit design of the device, in particular, the inclusion diagram of
the module and the control microcontroller. The information presented in the paper reflects only that part of
the developed device, which is related to LoRa technology. In general, this work is part of a much larger pro-
ject, which involves the use of GSM, Wi-Fi, RFID technology. Circuit of power supply is designed for 220
volt AC voltage with further transformation to +12V.

Keywords: LoRa module, STM32 microcontroller, LFM modulation, electric circuit, modulation, gateway,
design, circuitry, development, Altium Designer, radio channel.

Introduction

In the context of global digitalization, Internet of Things (10T) technologies are gaining momentum [1-
3]. New types of LPWAN (Low Power Wide Area Networks) have emerged to effectively solve the
problems associated with energy consumption. Technologies that enable the connection of autonomous de-
vices to the WAN appeared in 2015-2016 and are now rapidly gaining popularity [4]. The most polar among
such technologies are LoRa, SIGFOX, NB-10T, Weightless P, etc. In most of the published papers [5] it is
noted that the use of LoRaWAN protocol in various industries and housing and communal services (HCS)
has good prospects.

A module operating in the frequency range 868/433 MHz is embedded in each meter. These are the
unlicensed frequencies used by the LoRa standard. LoRa (Long Range) modulation technology is a
modulation method that provides a significantly greater communication range (coverage area) than other
competing methods. The method is based on spread spectrum modulation and a variation of linear frequency
modulation (Chirp Spread Spectrum, CSS) with integrated Forward Error Correction (FEC).

An important element of the system is the base station (gateway), the purpose of which is to collect
readings from meters and transmit them over the Internet to the data collection server for further processing
and analysis. Theoretically, in a city environment, the base station can cover a zone with a radius of up to 15
km. In practice, the coverage radius is about 2-3 km.
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All of the meters from nearby houses that are within its range transmit data to it via radio channel. The
base station transmits the received information to the data collection server, where it is further processed
under the control of the software.

Application of LoRa technology makes it possible to assemble a variety of devices into a single system:
security devices, lighting lamps, metering devices for resource consumption (heat, electricity, water, gas),
vehicle sensors (which are used to control movement and fuel consumption), etc.

Thus, fundamentally new solutions in the field of communication services, monitoring, telematics,
telemechanics, dispatching, Smart House, Smart City systems, etc. are created.

In the basis of the considered technology LoRa signals are oscillations with linear frequency modula-
tion (LFM-modulation), the frequency of these oscillations can both linearly increase and linearly decrease.
LFM signals are complex signals with a basis much larger than unity, respectively, their correlation function
will be sufficiently narrow compared to the simple signals [5]. Mathematical description can be expressed by

formula (1):
S= A*cos*(Z;z[f *t1+mTt2D 1)

here fi is the lower frequency (frequency at which the LFM oscillation begins); m is the signal
frequency change rate, determined by the formula:

m=—-o )

where BW is the signal spectrum width (125, 250 and 500 kHz);
Ts — duration of one LFM oscillation:

ZSF

T ==
S BW

()

here SF (Spreading Factor) — spectrum expansion factor, it takes the following values SF = 7...12. It
determines the bit depth of the data symbol (in bits) transmitted during Ts, and also affects the signal base.
Increase SF greatly increases noise immunity of the transmitted message up to transfer at a negative
signal/noise ratio, but at the same time increases the transfer time. The signal base is calculated by the
formula

B =BW *T, = 2°F (4)

According to [6] the coded information symbol defines the frequency by the value of which the LFM
oscillation is shifted. That is, the frequency with which LFM oscillation generation begins is determined by
the value of the information symbol in decimal notation system (5):

df = K )
TS

here k is the current value of the information symbol.
At time Ts — To (6) the LFM oscillation reaches the maximum frequency, after which the generation of
a new LFM oscillation begins from the lower frequency f i1and stops when it reaches the frequency df. The
duration of the new LFM oscillation is T o:
k

= Bw ©

In general, according to [7], the modulated oscillation is described by the expression (7):
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Despite the presence of a large number of publications, currently there are no publications devoted di-
rectly to the development of devices based on LoRa-module. The review has shown [1-4] that practically all
available developments are based on the application of ready-made modular solutions. Mainly based on the
Arduino platform.

The purpose of this work is to develop and design the circuitry of a combined data acquisition device
using LoRa technology.

This paper presents the results of design and development of a combined telemetry data acquisition and
transmission device. In particular, one of the data acquisition-transfer interfaces is a LoRa module
RAK3172. As the control unit used microcontroller series STM32F407XX. The development of the device
circuit was performed in the integrated end-to-end design environment Altium Designer.

Experimental

The developed scheme of the device is designed for use in data collection systems from heat meters.
Currently meters (water, gas, heat and electricity) have either pulse output or interface output. Pulse output is
considered obsolete and has a number of shortcomings. Meters with an interface output are the most promis-
ing, but they are also more complex to implement. Unfortunately, there is no "universal™ approach that pro-
vides zero-modem connection. The fact that counter manufacturers often do not care about minimizing traf-
fic when developing their devices, which is very important for LoRa-technology. This will inevitably lead to
loss of stability of LoRa-network even at its low density. Therefore, in the framework of the implemented
work, we plan to solve these contradictions at the level of the "driver" of the developed device. In this paper,
the primary results related to the circuit design of the device are presented. As the next stages are completed,
we plan to publish additional materials.

Figure 1 shows the wiring diagram of the RAK3172 module. Two interfaces are provided for commu-
nication in this module. A high speed, synchronous SPI interface and a lower speed, two wire UART inter-
face. There are two UART interfaces on board this module. As you can see from the figure, we have used
UART 2 in the schematic.
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The use of the module RAK3172 in this work is due to the fact that it provides the possibility of using
the UART interface. In earlier versions of the module, the use of this interface is not provided, which in turn
affected the volume and complexity of the control program.

Both hardware and software options are available to "reset” the module. In this case the output
"LORA_RST" provides the possibility to reset the microcontroller programmatically. This function will be
used when it is necessary to remotely re-flash or update the control program of the microcontroller.

As noted above, the circuits presented in the paper are part of a more complex combined device circuit.
Accordingly, the component numbers in the circuits are also in through order. For example, the power supply
circuit of the module, as a rule, includes the device protection for power supply and pulse filtering. And as
we can see from this circuit (Figure 1), capacitors C33 and C34 are provided for this purpose. It should also
be noted that the connection to the main components of the circuit is organized using the “Harness”, which
increases the simplicity and at the same time clarity of the connections used in the circuit.

Figure 2 shows the appearance of the circuit, which can be conditionally called "basic". It combines the
inclusion of both LoRa module and other functional units not reflected in this article (GSM, USB, tempera-
ture sensor).
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Figure 1. LoRa module RAK3172 wiring diagram
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Figure 2. Wiring diagram of STM32F405VGT6 microcontroller

This schematic shows the inclusion of the LoRa interface discussed in the article, the programming
node and components to stabilize the microcontroller power.

As can be seen from this figure, two quartz resonators are used in the circuit. One for 32.768 MHz
(ECX-31B), the other for 8 MHz (ABM3-8.000MHZ-D2Y-T). According to the "technical documentation™ it
is recommended to install 12 pF capacitors on the 32.768 MHz resonator. However, at frequencies above 20
MHz quartz resonators are known to operate without interruption and require no additional tuning. In the
case of low frequency resonators, the calculation of the capacitance of the used capacitors is required. In the
"technical documentation” for the ABM3-8.000MHZ-D2Y-T resonator, it is noted that the load capacitance
is determined by the parameters of the external capacitors C.: and C.» and the parasitic capacitance of the
circuit board and connections (Cs). In this case the capacitance value for C.1 and C > recommended by the
manufacturer is 18pF.
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In order to accurately determine the parasitic capacitance of the microcontroller ports and the PCB ca-
pacitance, measurements must be made. To make preliminary calculations, manufacturers recommend as-
suming a Cs value in the range of 3 — 5pF. Manufacturers recommend these values based on requirements
for keeping the quartz resonator as close as possible to the microcontroller's chassis. These Cs values accord-
ingly take into account two specific cases. For shortest possible proximity Cs = 3pF. For the longest possible
distant resonator position Cs = 5pF. The value Cs = 4 corresponds to the average position distance of the
quartz resonator.

Thus, we have the following input data:

CL=18pF, Cs=3pF,Cs=4pF, Cs=5pF

To calculate the capacity of external capacitors (Cr12) including parasitic capacitance, expression (8)
recommended by the manufacturer was used:

— CLl *CLZ

C:L
CLl + CL2

+Cs (8)

It follows that the capacitance of the capacitors must be:

For Cs = 3 pF Cr., =2(C, —Cg)=2(18-3) =30 pF
For Cs = 4 pF Cui, =2(C, —C)=2(18—4) = 28 pF
For Cs =5 pF C.,=2(C -C)=2(18-5)=26pF

At this point, we have pre-included 28 pF capacitors into the circuit.

However, when testing the finished device, additional measurements will be taken to determine the
loading capacity (C.), since the manufacturer's recommended value is given as the maximum possible value.

Figure 3 shows a schematic of the electrical power supply. AC voltage from 220 volt mains is used
as the main power supply. The circuit is provided with protection against electromagnetic interference
and mains voltage ripple. As a converter of alternating voltage CBM70S120 (production Cincon) is
used. Small dimensions (61x57.9x17 mm) allow installing the converter directly on the surface of a
printed circuit board. The circuit node consisting of Schottky diode (D10), p-channel field effect
transistor (VT1) and two resistors (R23 and R24) performs the function of power switch to battery J3.
The logic behind this node is as follows: when there is electrical power at the +Vout output of the U12
converter, the «drain-source» channel of transistor VT1 is closed. The device receives 12 volt electrical
power from the 12_VDD point. In the case where there is no 12 volts at the +Vout output of the U12
converter, the «drain-source» channel of transistor VT1 opens. In this case, the device receives electric
power from the emergency battery pack. However, as noted in the technical documentation of VT1
(Si3493DDV) transistor, the total turn-on and turn-off delay of the «drain-source» junction is less than
200 ns. This allows this transistor to be used as a high-speed switch.
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Results and discussion

To create a network using LORAWAN technologies it is necessary to use a base station for data collec-
tion, called — gateway. The device developed in this work is a kind of "end-device" that directly collects
data from the connected sensors.

The central link in the chain "end-device — gateway — server" is the gateway. The gateway's task is to
receive data from the "end device" and then transmit it to the server for further processing or storage.

As a base station, we use the gateway brand RAK7258. To use this unit as a base station, you need to
register it on the network and attach it to a server. The server can be either private or public. In our case, we

Figure 3. Schematic diagram of the electrical power supply to the device

used "The Things Network™ server. This server is provided for free by the LoRa technology manufacturers
for their customers. After registration on the server, we received a "Key Gateway" key. With the help of this
key we need to connect the "end device" to the base station.

Figure 4 shows the appearance of the registration page on the server.
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Figure 4. Registration on The Things Network server

Conclusion

In the course of the work the wiring diagram for the design of the circuit board and the whole device
based on the wireless LoRa transmitter RAK3172 was developed. The choice of this series was due to the
possibility of using UART interface and easier to implement AT commands.

The device power supply circuitry provides protection against electromagnetic interference and electro-
static discharges. Parameters of used components are calculated with regard to the requirements of GOST
30804.4.4-2013 (2 — degree of rigidity).

Because of limiting values of circuit board stray capacitance Cs = 3pF — 5pF and manufacturer's
recommended load capacitance C. = 18pF the capacitance of external capacitors (C r1,2) is calculated for
8 MHz quartz resonator. However, it should be noted that the manufacturer has recommended limiting
values of Cs. Hence it follows that in the process of making the PCB of the device it is necessary to
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make an additional value of Cs. And if necessary, make an additional calculation of the capacitance of
external capacitors.

To control operation of the developed device and subsequent data collection, we carried out work
on registration of the gateway RAK7258. At the moment, registration has been successfully completed
and an access key from "The Things Network" server has been obtained to connect "end devices" to the
base station.
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K.M. Maxanos, H.b. Kypmananues, C.b. Mycenos, A.K. Hanranos, K.3. Kenxanuena

RAKS3172 LoRa moayJtiHiH Heri3iHae KYpPbUIFbIHBI KOCY CXeMAaChIH d3ipJjey

JKyMbIcTa TENEeMETPHSIIBIK MAIIMETTEPl JKMHAYFa JKOHE TapaTyFa apHAlFaH 3JICKTPOHIBIK KYPBUIFbIHBIH
CXEMAaChIH d3ipJIey HOTIKeNepi KenTipinreH. By »yMbIcThiH MakcaTsl LoRa TeXHOIOTHACHH KOJIIaHa OThI-
PBII, IepeKTepAi )KUHAyFa apHaJIFaH KYPBUIFB CXeMAachIH xobanay jxoHe a3ipiey. KypbUIFbIHBIH dJIEKTPOHIBI
GeutiriH a3ipJiey yiuiH GachlHaH COHbIHA JeiiH jkobanayra MyMKiHaik Oeperin Altium Designer opracs! nai-
nmananbuiabl. Opranslk 6ackapy 6yorsl petinae STM32F407VGT6 cepusiCBIHBIH MUKPOKOHTPOJLIEP] Kojaa-
HbULABL JlepekTepai KaObuiay skoHe Tapary yuriH cxemana LoRa RAK3172 monynin KoinaHy eckepiireH.
AJTFammKel cepusutapMeH caibicTbipranaa, oy monyns UART unTepdeticiMmen sxabnpIkTaFaHIpIKTaH Oacka-
py OarmapramachiH sko0anay jKoHe a3y IpoLecTepi aifTapibIKTai xeHingerinren. Makanaga LoRa texHo-
JIOTHACHIH KOJIAAHATHIH KYPBUIFBUIAPABI 93ipJeyaiH ©3eKTiliri TankeuianFaH. LoRa MOIyISIUACHHBIH Teo-
PYSUTBIK HETi3/1epi KpICKaIa KapacThIpblUIFaH. Herisri OerimMae KypbUIFBIHBIH CXEMAChIH KYPAaCTHIPY HOTHKE-
nepi OepinreH. Aram aifTKaHzIa, MOIYJIBAI JKoHE OacKkapy MHUKPOKOHTPOJUIEPiH Kocy cxeMachl. COHBIMEH Ka-
Tap MakajajJa KenTipiareH akmapat LoRa TexHoyorusceiMeH 0aillaHBICTBIPBUIATEIH KYPBUIFBIHBIH Oip Geuti-
rin raHa kepceteni. XKammsl, 6yt sxkymbic GSM, Wi-Fi, RFID TexHONOTHsIIApbIH KOMAAHYABI KO3CHTIH dM/1e-
Kaiiia ayKbIMIIbI 5k00aHbIH Oeiri 6okl Tabbsitazbl. Kopektenaipy Tisoeri aitapimanst 220 B kepaeyneH ko-
pexTeHaipinin, keitin +12 B-ka TypneHmipinesmi.

Kinm ce30ep: LoRa momymni, STM32 muxpoxorTposmiepi, CXKM MOIyIAIUSICH, 3JEKTp Ti30€ri, MOLYIISIIHS,
LUTI03, TU3aiiH, cxeMa, a3ipiey, Altium Designer, pagroapHa.

K.M. Maxanos, H.b. Kypmananues, C.b. Mycenos, A.K. Hanranos, K.3. Kenxanuesa

Pa3paboTka cxembl noAK/JII0YeHHs yeTpoiicTBa Ha 6a3e LORa moayns RAK3172

B craTbe mpejicTaBiIeHbl pe3yIbTaThl pa3paboTKH CXeMOTEXHUKH JIEKTPOHHOTO YCTPOMCTBA cOopa U Tmepe/ia-
Y JaHHBIX TeleMeTpud. Llenpio maHHOW paboThI SIBISIETCS MPOEKTUPOBAaHHWE W Pa3paboOTKa CXEMBI YCTPOWi-
cTBa uisi cOOpa MaHHBIX C HCMOJb30BaHHEM TexHomornu LORa. Jlnst pa3spaGOTKH 3JIEKTPOHHOM dYacTH
YCTPOMCTBA UCIIONB30BAIACh HHTETPUPOBAHHAS Cpeia CKBO3HOTO npoekTuposanus Altium Designer. B kave-
CTBE LICHTPAILHOTO OJIOKa YMpaBJieHHs NpHUMeHeH MHKpokoHTpoiuep cepun STM32F407VGT6. B cxeme
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npexycmotper Moayns LoRa RAK3172 nns mpuema u mepenayl JaHHBIX. B oTiinune oT mpeapiymux ce-
puii, 3TOT Moaynb ocHaeH uHTepdeiicom UART, 4To 3HAYUTENBHO YHPOLIAET MPOLECC NPOCSKTUPOBAHUS U
HAIMCAaHMS TPOTPaMMBl Ul yIpaBieHUs. B naHHO# paboTe paccMOTpeHa aKTyallbHOCTh Pa3pabOTKH
YCTpOHCTB ¢ wucmonb3oBaHueM LORa-texHomormn. Kpartko wu3ydeHBl TeopeTndeckwe oOcHOBHI LORa-
MOAY/SIIMH. B OCHOBHOM pasjenie IpeACTaBICHBl pPe3yibTaThl CXEMOTEXHHYECKOTO IPOEKTHPOBAHHS
YCTPOWCTBA, B YACTHOCTH, CXE€Ma BKJIFOUCHUSI MOIYJISI U YIPABIISIONIETO MUKPOKOHTpoiuiepa. MHdopmarms,
Hpe/ICTaBICHHAsT aBTOPaMH CTaThH, OTPaKaeT TOJIBKO Ty YacTh pa3padaThIBAEMOr0 yCTPOHCTBA, KOTOpast CBS-
3aHa ¢ TexHosoruer LoRa. B menom, 3ta paboTa sBisieTcs 4acThio ropazao 0ojee KpyMmHOTO MPOEKTa, B KO-
TOPOM MpeJIoJaraeTcst Hernoib3oBanue rexuogoruii GSM, Wi-Fi, RFID. Cxema nuranus paccurTaHa Ha Tie-
pemenHoe HanpsbkeHue 220 B ¢ nocneayronM npeodpaszoanueM B +12 B.

Kniouesvie cnosa: monynp LoRa, muxpoxonTpomiep STM32, moxymsuus JIUM, snekTpuueckas cxema, Mo-
IyJSIAs, TITIO3, TIPOSKTHPOBAHUE, CXEMOTEXHHKA, pa3paboTka, Altium Designer, panuokanait.
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Non-standard analysis in electrical engineering. Transient analysis in
second-order electrical circuits with violation of switching laws

For the first time, the authors proposed the use of the mathematical apparatus of non-standard analysis to
solve certain non-trivial problems of theoretical electrical engineering. It was established that the axiomatics
of non-standard analysis allows to simplify the analysis of transient processes in high-order electric circuits
when the switching laws are violated. It is shown that the application of non-standard analysis methods in
theoretical electrical engineering provides an opportunity to use the traditional classical method of transient
processes analysis of circuits with violation of switching laws. Only by using methods of non-standard analy-
sis, it is possible to strictly prove the fulfillment of the law of energy conservation in such schemes. Also, ex-
amples of solving such tasks are given. It is recommended to expand the scope of application of non-standard
methods of analysis in problems of various branches of science and technology, which use differential calcu-
lus and boundary transitions, and the solution of which is limited or impossible by standard approaches.

Keywords: infinitesimal number, infinitely large number, hyperreal number, non-standard number, standard
number, second-order transition process.

Introduction

In solving various scientific and technical problems, such as calculating derivatives and determining the
coefficients of infinite series in mathematical analysis, DC circuit analysis with ideal reactive elements and
determining the coefficients of ideal reactive four-pole circuits in theoretical electrical engineering, the re-

0
searcher occasionally meets uncertainty like P At the same time, there is a number of problems when using

classical methods that quite often lead to certain complications. In the case of classical mathematical
analysis, derivative calculations sometimes is time-consuming, but generally accepted and does not cause
any problems, then in problems of theoretical electrical engineering, the situation is more complicated. So,
for example, to analyze the steady modes of DC circuits with ideal inductances and capacitances by classical
method, it is necessary to calculate the transient process and obtain the established value based on these re-
sults. If the electrical circuit is relatively simple, then this task does not cause complications. But if a circle
has a significant number of reactive elements, the characteristic equation of the transition process has a large
order, then the solution can be obtained only by numerical methods. Therefore, for such tasks it is proposed
to use ideas and methods of non-standard analysis. It is interesting that the ideas of non-standard analysis
(viz. the direct use of infinitesimal numbers) were the foundation on which Leibniz and Newton intuitively
built the principles of differential and integral calculations. But later, in the works of Cauchy and other math-
ematicians, infinitesimal numbers were "withdrawn from circulation” and the mathematical apparatus of dif-
ferential and integral calculus was based on numerical and functional sequences and limit ratios [1-5]. This
increased the axiomatic rigor of the mathematical apparatus, but unfortunately made it difficult to solve a
certain range of problems.

The revival of the ideas of non-standard analysis took place in the 60s of the last century, when
A. Robinson proposed a new axiomatics of mathematical analysis, which is based on a set of hyperreal num-
bers, containing in addition to the so-called standard (ordinary real), non-standard numbers (infinitely large
and their combinations with ordinary real) numbers [6-8].

In previous works, the problems of DC circuits analysis with ideal reactive elements in steady state [9-
10], as well as the transient analysis with violation of the switching laws in first-order circuits [11]. Methods
of nonstandard analysis are being developed at the present time and are used in different fields of science
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[12-15]. Of interest is the use of nonstandard analysis methods in the problems of identifying the internal
parameters of electrical motors, which in many cases cannot be solved by traditional methods [16-20].

Typically, the energy characteristics of inductors and capacitors are used in conjunction with the laws
of electrical engineering to solve such problems, which greatly complicates the analysis of such circuits, es-
pecially for complex circuits. Therefore, it is important to use the mathematical apparatus of non-standard
analysis, which will use known unified methods to calculate such circuits.

The purpose of this work is to analyze the transients with the violation of the switching laws in the sec-
ond order circuits. The following section summarizes the basic principles of non-standard analysis that are
needed to solve the above electrical problems.

Basic principles of non-standard analysis
Let R be an ordered set of real numbers. The number « will be called infinitesimal number if and only if

Vr e R(a <), Q)
where 7 is an arbitrary real number.

We will call the number 8 = ian infinitely large number. In this case, it is possible to write

Vr € R(B > ). 2

All algebraic operations (addition, subtraction, multiplication, division, squaring, etc.) and theorems
(commutativity, associativity, etc.) can be applied to infinitesimal and large numbers.

We will distinguish between infinitesimal and large numbers of different orders, such as:
- a>a? > a® > ak-infinitesimal numbers of the first, second, third, k-th order;
- B < B? < B3 < B*-infinitely large numbers of the first, second, third, k-th order.

Together with real numbers r € R, infinitesimal and large humbers form an ordered set of hyperreal
numbers * R. It is customary to call real numbers r € R standard or Archimedean in contrast to non-
standard (non-Archimedean) numbers * 7 €x R.

Each non-standard number contains a standard part

*r=r+a, 3)
i.e.

r = st(xr), 4)
in other words, an ordinary real number is a standard part of some non-standard number (obviously, such
numbers quantity can be infinite).

Two standard numbers a and b are called equal if and only if

a—b=0. (5)
Two non-standard numbers * a and * b are called equivalent (or infinitely close to each other) if and only if
*a—*b = q. (6)

The notation = will mean the equivalence of two non-standard numbers.
For standard numbers m and n write some relations that follow from (1 — 6):

1 _pkm_ m_ _ pk

w=BY o =mB, e =mp ()
ma m ma m m _ m
— —_ = — = ;ﬁ

= , = —Q, (8)

na n n n na
ma+n=nmf+n=mpB, ma*+n=nmpk+n=mpk 9)
sina=a,cosa=1,tga = a,ctga = f8 (10)

Here are some examples of usage. These methods in mathematical analysis.

Find, for example, the first derivative of the function y = x°, for which we introduce a substitution dx = a.
dy (x+a)®>—x> x°+5x*a+ 10x3a? + 10x%a3 + 5xa* + a® — x°
dx a - a
= 5x* + 10x3a + 10x%2a? + 5xa® + a* ~ 5x*.

The derivative of the function y = xiz can be found as
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1 1 1 1 x?—x?—-2xa—a?

dy  (x+a)? x> X2y 2xa+a? x?_ x*+2x3%a+ x’a?
dx a B a - a
—2xa — a? —2x—a —2x =2

T xta+2x3a? + x2a3  x* + 2x3a + x2a? x*  x3
Fory = sin x get
dy sin(x+a)—-sinx __Sinx-cosa+sina-cosx—sinx . sinx-1+a-cos x—sinx .
Ix . = . = o ~ COS X.

Lety = cos x. Then
dy cos(x+a)—cosx __ €COSX'COS A—SIinX:Sin a—cosx - cosx-1-sinx-a—cosx - sinx
dx a - a = a = '

Ify =tgx

sm(x+a)_smx Sinx-cosa +sina-cosx sinx
d_)’:cos(x+a) COSX _cosx-cosa—Sinx-sina _coSx _

dx a a
CoSX-Sinx-cosa+ sina -cos*>x —sinxcosx -cosa + sin®>x -sina

~

@ cos?x-cosa—acosx-sinx-sina
a(cos? x + sin? x) cos? x + sin®x 1
acos?x —a%cosx-sinx cos:x—acosx-sinx cos?x
In the case of y = ctgx

cos(x + a)sin(x +a) cosXx cosx-cosa—sinx-sina cosx
d_y= sin(x + a) SINX _sinx-cosa+sina-cosx _sinx _

dx a a
SinXcosx-cosa—sin®x-sina —cosxsinx-cosa —sina - cos®x

=~

asin?x-cosa+asina - cosxsinx
—a(sin? x + cos? x) —(sin®x + cos? x) -1

~

T asin?x+a?cosx-sinx  Sin?x+acosx-sinx  sin?x
In addition, the problems of classical transient analysis in electrical circuits require the direct use of
standard numbers 0 and infinite quantities oo, so we formulate their non-standard interpretation.
The standard number O in non-standard analysis can be considered as an infinitesimal number of infi-
nitely large order, that is 0 = aP  therefore
gz0,0-ﬁwO,e‘ﬁ'ozl,e‘“wl (12)

An infinite quantity oo in a non-standard analysis can be represented as an infinitely large number of infinite-

ly large order, that is 0 =~ B# therefore
fzoo,oo-azoo,e_

B
Before proceeding to the use of the above expressions to solve various applied problems, we will note
that there are no general rules for choosing a parameter that should be equated to an infinitesimal (or infinite-
ly large) number. This choice is made by the researcher depending on the context of a particular task. It
should be borne in mind that in the case of the need to replace infinitesimal numbers of several dissimilar
parameters of one problem, determining the relationship between these numbers is a difficult problem and
sometimes requires additional research.

“txqefxa (12)

Transient analysis in the 2" order circuits with violation of switching laws

Example. Determine the transient voltages at the capacitors and the current in the inductor in the circuit
shown in Fig. 1, a.
Circuit parameters: U = 100 V, r; = 50 Ohm, L; = 100 mH, C, = 100 uF, C5 = 150 uF.
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Figure 1

To ensure the possibility of using the second law of switching, we assume that the branch with capacitance
C, contains a resistor r, = a = 0 (Fig. 1, b).
The initial conditions can be found as
uc,(0+)=U =100V, u.,(0+)=0V,i;(0+) =0A. (13)
Forced components are defined as
Uc,np = U =100V, uc,pnp = U =100V, iy, = 0 A (14)

By the method of input resistance

o+ ——+—— a+——+-—— 15
2"0C,  pCq oC, ' pCq (15

_ r1(050203 p>+(C, +C3)p)+ P'—1(0502C3 p+(C, +C3)p)+ aCyp+1
aC,C3p? +(C, +Cy)p

form a characteristic equation:
aL,C,C3p3 + [ar,C,C5 + L1(C, + C3)]p? + [ (C, + C3) + aCy]p + 1 =0, (16)
or in numerical form
15-107%p3 + [75- 1078 + 25 - 107°]p? + [0.0125 + 15 - 10 *alp + 1 = 0, (17)
This cubic equation has three roots, the first two of which we determine by performing the transformation
15-1070ap3 4+ [75-1078a + 25 - 107¢]p? + [0.0125+ 15 - 10 ®alp + 1 ~
~ 25-107°p% + 0.0125p + 1 = 0, (18)
where p; = —400s?, p, = =100 s™.
The third root is found using the theorem of factorization, according to which expression (17) can be repre-
sented as 15 - 10~ Pa(p — p)(p — p2)(» — p3) = 0.
It follows from this theorem that (—15 - 10~ ap,p,p3) = 1,
1

16667
where p3; = — = — s

15-10~1%ap,p, a
Then

16667

uc, (t) = U + A1ePrt + AyeP2t + AzePst = 100 + A;e 4000 + A,e71000 4+ Ae™ @ ©, (19)

and

duc,(t) 16667

uc, (0) = uc, (t) + aCy =100+ Aje 00t 4 4, o=100t L g™ a © 4
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16667
+10~% (—400A1e—40°f — 1004,e7100F — 227 4 e t) a~ (20)

16667
~ 100 + A, e 1% + 4,100t — 0,666745e «

The current in the inductor is defined as
duc,®) | . duc, ()

16667 16667
ll(t) - CZ dt 3 dt = 10_4 (_4‘00A18_400t - 100A26_100t — p A3€_ a t) +
16667
+1.5 107 (—4004; 7400 — 100457100 + 212 g0~ a ) = (21)

= —0.14,e*9%t — 0.0254,e100¢,

To determine the integration constants it is necessary to substitute the value of the initial moment of
timet = 0, = a4 in expressions (19) and (20) instead of the variable t (the initial moment of time is denot-
ed by a symbol «;, because it differs from resistance in its physical nature r3 = «). Uncertainty arises
e—16667%.

The ratio of infinitesimal numbers a and a4 is impossible to establish purely mathematically, because
they belong to heterogeneous parameters. Let's analyze them from a physical point of view. Recall that a4

this is the starting point of time, and «a this is the active conductivity of the circuit breaker, which we specifi-
cally introduce to fulfill the standard switching laws. Since these values are independent of each other, it is

always possible to choose their value to ensure the condition a; ~ a?. This way it is possible to write
2
_ a1 _ a”
e 16667 « =e 16667 z — 8_16667a ~ 1 (22)

From expressions (19), (20) and (21), taking into account (22) we find the integration constants, for which
we compose a system of equations:

uc,(0+) =100+ A4; + A, + A3 = 0,
uc,(0+) =100 + 4; + A, — 0.666743 = 100, (23)
i1(0+) =—-0.14; — 0.0254, = 0.
Hence A; = 13.333, A, = —53.333, A3 = —60
Thus, the transient voltages on the capacitors
16667

uc,(t) = 100 + 13.333e7%0% — 53.333¢ 7100 — 60e ™ @ b x
~ 100 + 13.333¢ 7400t _ 53 3337100t \/, (24)
_16667,
ucg(t) = 100 + 13.333¢7400t _ 533337100t L 40¢™ a ' =
~ 100 4 13.333¢ 400t _ 53 333100t \/, (25)
and the transient current in inductance
iL(t) = —1.333e 7400t 4 1,333¢100C A (26)

Let now consider what values the voltages on the capacitors and the current in the inductance at the moments
t =0andt = 0, in the real circuit for whichr, = 0 ~ a¥.
As already determined, before switching at t < 0 (in particularatt = 0_) uc, = 100 V, uc, = 0V, i; =

0A.
Atthetime, t = 0, = a4 expressions (24) and (25), taking into account (12), will take the form

16667
uc,(04) = 100 + 13.333e7 %0091 — 53.333¢710091 — Qe 0 " »

~ 100 + 13.333¢ %0091 — 53.333¢7190%1 — 60q ~ 60 V,
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16667
uc,(04) = 100 + 13.333e7%09%1 — 53,333 7100%1 4 407 0 M

~ 100 + 13.333¢~%00%1 — 53.333¢7190%1 4 40q ~ 60V,

and current in inductance
i1(t) = —1.333e7400a1 1 1,333¢710021 » g A,

At the moment of time the t = 0 ~ a,# expression e 166670 becomes uncertain, because time and re-

sistance are heterogeneous parameters, so the exact value of voltages at this time cannot be determined. We
can only know the intervals of their possible values, like that

0 < uc,(0) < 60,
60 < uc,(0) < 100.

Let now consider the energy ratios in a circle. Since before switching (t < 0) the current in the induc-
tor and the voltage on the capacitor C, was zero, the energy was stored only in the capacitor Czand was equal
to

Csug,(0-)  150-1076-1002

w(o.) = .

= 0.75J.

At the first moment of time after switching (¢t = 0,) the energy is already stored in both capacitors and
is equal to

(C3+C2)uc3(0+) 250-107°-602
2 2

w(o,) = = 0.45.

Thus, the energy deficit is AW = 0.75 — 0.45 = 0.3 J.
In traditional electrical engineering textbooks, the presence of this deficiency is explained by the loss of en-
ergy when charging the capacitor, which is turned on, but does not provide any mathematical evidence. Let's
try to prove this within the framework of non-standard analysis.
To do this, first determine the current in the capacitor C,

16667
d (100 + 13.333¢ 799t — 53.333¢ 7100t — 60 @ t)

c,(t) 4
) =C,—2—2 =10 _
i(t) 27 ¢ I
16667
= —0.533e 400t } (0.533¢~100¢ 4 %e_ ' A
Then
* * 100 16667
AW = j i2(0)r,dt = J ( 0.533¢740% +0.533¢ 7100 4 —— ¢ @ ) adt =
0
10000 33333
([ 0.284ae™%%%" + 0.284ae™ %% + —— . e” — 0.568ae 500 — 4t —
16667 16667
0 \_106.6e- (400" )t 4+ 106.6e~(100+ )t
33333
/—3.55 10" e 800t — 142 .10 3qe 7200t — 03¢ @ 4+ 1.136- 10 3qe 500t _|_\
— 4 106.6 (400+16267) B 106.6 (100+16267
\ 400 + 16667 100 + 16667 /

33333 33333

~—03e  « "4+03e  « "= 0.36_33333'0 ~ 0.3J.

The law of energy conservation is fulfilled.
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Conclusions

1. The application of ideas and methods of non-standard analysis in the field of theoretical electrical en-
gineering makes it possible to use the traditional classical method of transient analysis of circuits with viola-
tion of the switching laws.

2. Only using the methods of non-standard analysis, it is possible to strictly prove the implementation of
the energy conservation law in such circuits.

3. In order to expand the scope of non-standard analysis methods, it is necessary to distinguish similar
problems from various fields of science and technology, which use differential calculus and boundary transi-
tions and which solution is limited or impossible by standard approaches.
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C. Kaupis, B. Kyxapuyk, B. Mansspos, B. 'onoztok,
B. Kyuepyk, I1. Kymakos, M. I'pu6oB

DJIeKTPOTEXHUKAIAFBI CTAHAAPTTHI eMecC TaJaay. AybICYy 3aHAbLIBIKTAPBIH 0y3a
OTBIPBIN eKIHIII PEeTTi J1eKTP Ti30eKTepiHgeri eTnei npouecTepai Taaaay

ABTOpIIAp TEOPUSUIBIK 3JEKTPOTEXHUKAHBIH KeHO1p TPUBUAIBABI €MEC MOCENENEPiH ey YUIH TaalayIblH
CTaHJIApTTHl eMeC MaTeMaTHKAJIbIK allapaThlH MaiJaaaHyabl aJFall YCHIHBI OTEIp. CTaHIapTTH eMec Tall-
Jlay aKCHOMAaTHKAachl aybICy 3aHABUIBIKTAPEl OY3BUIFaH Ke3/le JKOFaphl PETTi JMEKTP Ti30eKTepiHieri eTmelni
MPOIIECTEP/Ii TAIIAYIbI )KECHULIETYre MYMKIHIIIK OepeTiHi aHBIKTAIbI. TEeOPHUSITBIK 3JICKTPOTCXHHUKAA CTaH-
JapTTHl eMeC Taay SAICTEepiH KOJJIaHy aybICy 3aHABUIBIKTapBIH Oy3aThIH Ti30EKTepAiH OTIelNi IpoIecTepiH
TalgayAblH JOCTYPJli KJIACCUKAIBIK OMICiH KOJNAaHyFa MYMKIHIIK OepeTiHi kepceriireH. CTaHOapTTHl eMec
Tajay 9MICTEpiH KOJIIaHy apKbUIbl FaHA MYHJall cXeMajlap/a SHEPTUsSHBIH CaKTaly 3aHBIHBIH OPBIHAAIYBIH
nmonernaeyre 6omansl. COHBIMEH Katap, MyHIai ecenTtep/i menry Mbicanaapbl kentipinre. Juddeperuunan-
JIBIK €CENTeyJIep MEH IIeKapalbIK oTyJIep Il KOJIJaHATHIH XKOHE CTAaHAAPTTHI TOCUIAEPMEH LIENIiMi [IIEKTeNIeTiH
HeMece MYMKIH OOJIMaiTBIH FBUIBIM MEH TeXHHUKAHBIH OpPTYPIIi cajalapblHAAFbl eCenTepe CTaHAApTThl eMec
Taziay 9JiCTepiH KONIaHy asChIH KeHEHTY YCHIHBLUIa b

Kinm ce30ep: mekci3 a3 caH, IIEKCi3 YJIKEH CaH, TUIIEPHAKTHI CaH, CTAaHJApPTTHl eMeC caH, CTaHIapTTHI CaH,
eKIHIII PeTTi eTIeNi Mpoweci.

C. Kammis, B. Kyxapuyk, B. Maassipos, B. ['onogiox,
B. Kyuepyx, I1. Kynakos, M. I'pu6oB

HecranaapTHbIil aHAJIN3 B 3JIEKTPOTEXHHKE. AHAJIN3 NMePeX0AHbIX MPOLECcCOB B
JIEKTPUYECKHUX LeNsiX BTOPOro MOpsiiKa ¢ HapyllleHHeM 3aKOHOB NepeKJII0YeHnsl

ABTOpBI BIEPBBIC NPEUIOKUIN HCIOIb30BaTh MaTEMaTUYECKUI ammapaT HECTaHAAPTHOIO aHaIM3a JUIA pe-
LIEHUs] HEKOTOPBIX HETPUBUAIBHBIX 33Jja4 TEOPETUYECKON AIEKTPOTEXHUKH. Y CTAHOBIIEHO, UTO aKCHOMATHKa
HECTaHJIapTHOT'O aHalu3a MO3BOJIAET YNPOCTUTh AHAIU3 IEPEXOJHBIX IPOLECCOB B AICKTPUUECKUX LEISIX
BBICOKOT'O TOpsJKa NPH HapyLIEHUH 3aKOHOB IepekmtoyeHus. IlokaszaHo, 4YTO NpUMEHEHUEe HEeCTaHAApPTHBIX
METOJIOB aHaJIN3a B TEOPETUIECKOI AMEKTPOTEXHHUKE JAeT BO3ZMOXKHOCTD HCIONIB30BaTh TPaJUIHOHHBII Kiac-
CHYECKHH METOJ] aHAIIN3a MePeXOHBIX MPOIECCOB LeTeil ¢ HapyIIeHHEeM 3aKOHOB NepeKItoueHus. Tonpko ¢
MOMOII[BI0 METOJIOB HECTAHJAPTHOTO aHAIM3a MOXKHO CTPOTO JOKa3aTh BHINOJHEHHE 3aKOHA COXPAaHEHHS
SHEPruM B TaKUX CXeMax. TaxKe IMPHBEAEHBI MPUMEPH! PEeNIeHNs TaKhX 3a/1ad. PEKOMEHIOBAaHO pacHIUpUTh
001aCTh IPUMEHEHUS HECTaHAAPTHBIX METOJIOB aHalIM3a B 3a7adax Pas3/IMuHbIX OTPaciiel HayKH U TEeXHUKH,
UCTIONB3YIoMKX AnddepeHnnaIbHoe HCUNCICHHE U TPaHUYHbIE TIePeX0/Ibl, PEIICHHEe KOTOPBIX OrPaHUYEHO
WM HEBO3MOXKHO CTaHIAPTHBIMU MOJIXOaMHU.

Kniouesvle cnoga: GECKOHEUHO MaJloe YHMCIO, OECKOHEYHO OOJIBIIIOE YMCIIO, THUNEPICHCTBUTENBHOE YHCIIO,
HECTaHJapTHOE YHUCII0, CTAHJAPTHOE YHCIIO, TEPEXOAHBIH MPOIecC BTOPOTO MOPSIIKa.
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The frequency of current fluctuations in two-valley semiconductors
in an external electric and strong magnetic (uH > c) fields

Boltzmann's kinetic equations have not been used to date to study nonequilibrium phenomena in semiconduc-
tors, and therefore, to obtain analytical expressions for the oscillation frequency inside the semiconductor and
the critical external electric field, it is of theoretical interest. In this theoretical work, the frequency of oscilla-
tions occurring inside a two-valley semiconductor of the GaAs type in an external constant electric field and
in an external strong magnetic field (uH > c, u-mobility of charge carriers, H-magnetic field strength, c-
speed of light) is calculated. It has been proved that the critical values of the external electric field fully corre-
spond to the values of the electric field, which were obtained by the Gunn experiment. It is proved that unsta-
ble waves are excited in GaAs if the crystal dimensions are L, > 4L, and L, < L,,. Analytical expressions
are obtained by theoretical calculation for an external constant magnetic field, when unstable oscillations are
excited inside the sample. It is proved that the growth rate of the excited waves is much less than the wave
propagation frequencyy <« w,. Numerical comparisons of theoretical expressions for the frequency of oscil-
lations are carried out using the data of the Gunn experiment w,~107 = 10° Hz.

Keywords: oscillations, frequency, distribution function, electric field, magnetic field, current-voltage charac-
teristic, multi-line semiconductors, Boltzmann's kinetic equations.

Introduction

In theoretical works [1-4], current oscillations in two-valley semiconductors of the GaAs type in an ex-
ternal electric field, and in external electric and strong magnetic fields are investigated by solving the Boltz-
mann kinetic equation. In these works, the critical values of the electric and magnetic fields were calculated
from the condition

L =0,=0(1)

(j is the current flux density, E is the electric field, g, is the differential conductivity). However, from
condition (1) it is impossible to determine the frequency of the current oscillation. Therefore, it is of great
interest to determine the current fluctuation in the presence of condition (1). In this theoretical work, we will
calculate the frequency of current oscillation and the critical value of the electric and magnetic fields by ap-
plying the Boltzmann kinetic equation.

In [5] a theoretical study was made of the radiation of energy in strong electric and magnetic fields from
two valley semiconductors of the GaAs type, in which the Gunn effect was discovered. It is known that dur-
ing radiation a GaAs sample is in a nonequilibrium (unstable) state. In this theoretical work, the condition for
the emission of energy from two valley semiconductors is theoretically investigated by applying the Boltz-
mann Kinetic equation. Such a theoretical approach is not considered in periodic and theoretical works and is
of scientific interest. The application of the Boltzmann equation proves that the condition of energy emission
from the GaAs sample, (i.e. the frequency of the current oscillation corresponding to the value of the electric
field in this case), fully corresponds to the Gunn experiment.

Theory

Typical examples of the dependence of the current density in a spatially uniform system on the field
strength under conditions when there is a falling section on the current-voltage characteristic are shown in
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Figure 1. The dependence of the current density on the electric field in two-valley semiconductors of the GaAs type is
an N-shaped characteristic.

An essential feature of the characteristic in Figure 1 is that in a certain range of currents j, < j < j,, the
field strength is a multivalued function of the current density. In this current range, the system can be in one
of three spatially homogeneous states. The Gunn effect is associated with an N-shaped characteristic. With
negative differential conductivity, electric charges in the system are distributed unevenly, i.e. spatial regions
with different values of charges appear in the system (i.e., electrical domains appear). One of the mecha-
nisms for the appearance of domains is the Ridley-Watkins-Hillsum mechanism [6, 7]. In electronic gallium
arsenide GaAs, the dispersion law is as follows

gll

v

100] A

Figure 2. Electron energy versus wave vector in GaAs.

Since the energy distance between the minima is relatively large (A= 0,36eV,A> T, T, is the lattice
temperature) under conditions of thermodynamic equilibrium, the presence of upper valleys (minima) practi-
cally does not affect the statistics of electrons.

However, with a sufficiently strong heating of electrons by an electric field, some of them pass into the
upper minimum. The effective mass of electrons in the lower valley m, is much less than the mass of elec-
trons in the upper valley m,,. Therefore, the electron mobilities in the corresponding valleys are related by
the relation

Up >> U (2)

If we designate the concentrations in the valleys n, and ng;, we can write an expression for the current
in the form
J = engqE + enpuy E (3)
n =n,+ n, = const (4)
(we neglect the diffusion current due to eEl > kT, e is the elementary charge, is the electron mean
free path). In works [5-6], without taking into account the intervalley scattering (it is considered small in
comparison with the intravalley one), by solving the Boltzmann equation, more specific conditions for the
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appearance of current oscillations were obtained. In the scientific literature, there are no works devoted to
theoretical studies of the Gunn effect taking into account the intervalley scattering based on the solution of
the Boltzmann kinetic equation. We will theoretically analyze the influence of a strong magnetic field on the
Gunn effect, taking into account the intervalley scattering, and calculate the frequency of the current oscilla-
tion under the above conditions by solving the Boltzmann kinetic equation.

Basic Equations Of The Problem

Under the action of external forces, the state of charge carriers is described by the distribution function
f (E, F), the value that is necessary when considering transport phenomena, f (E, F) is the probability that an
electron with a wave vector k (quasimomentum hE) is located near the point 7. We consider stationary pro-
cesses, then f (E,F) is clearly independent of time. The distribution function is found from the Kinetic
Boltzmann equation. It is known that the distribution function changes under the influence of external factors

and under the influence of collisions with lattice vibrations (phonons) and crystal defects. In the considered
stationary state, the influence of these factors mutually compensate each other.

(Z_{)external * (g_{)coll =0 (5)

In the presence of external electric and magnetic fields, equation (5) has the form [8]
- = > E)
5Vaf + 2 {E + 2 [5H]}Vef = () (6)

coll
Here v = %Vke(ﬁ) is the electron velocity, V; u V. is the gradient in the space of coordinates and wave

vectors.

When solving the problem, we neglect the anisotropy. The fact that no orientation dependence was
found in studies of the Gunn effect on GaAs samples speaks in favor of this assumption. We will assume that
for the lower valley the intervalley scattering prevails over the intravalley one, and for the upper valley, the
intravalley scattering prevails over the intervalley one. Then the Boltzmann equation for the lower valley can

be written in the form
ore or?
+ =0(7
( ot )internal ( ot )intervalley )

And for the upper valley — in the form

arb arvy
| (W)i_nte_ml + (E)_ =0®
Davydov [8] showed that in a strong electric field the distribution function has the form;
f=fo+3;f 9
fo is the equilibrium distribution function, is the momentum of charge carriers. It is clear that you can
write

fo=fe+ SR = 0+ AP (10)
Distribution function £? found from equation (8) in [9]
b
i = Bemoale=" (1) fp = — Tl 5O (1)

Here
wh*pud 3D*mk,T
= 1 =—Db20_(14
by Dzmlz,koT( 3) ap e?n2h8p2u3 (14)

It is clear that for the valley "a" you can write similar formulas (13-14) replacing "a" with "b". [, is the
mean free path, D is the deformation potential, T is the temperature of the lattice, p is the density of the crys-
tal, u is the speed of sound in the crystal.

Let's calculate the total current

J=TJa+]Jp (15)

> 2e OOﬁ 7247
J = s fy B vk (16)
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Davydov [9] showed that in the case of intravalley scattering £ in an external electric and magnetic
field £ has the following form

fb _ _elpmyp afy . E
p Op 1+(elb) H2
P

3D*mZkoT|1+

a, =

e2m2h8p2ul E2+

f* and a, are obtained if we replace "b" with "a" in (17-18). After an easy calculation of the current
density j, and j, from (16) we get:
7 3
> ellgagA g c? 4m? 5= CF(7/ am? /o o ae F(3/ ) (4m2 /2
Ja = 12m2h2m2 {E e212H2 ( g ) [ H] elg H‘; ( g ) + H(EH) H22 (a_a) (19)
After calculating the total current by the formula
_7 = ]_)a +fb (20)

_1
8nc? m/2 E, a /s elaa

;' . a 2 2r(3 -1
]Z 3\/—1—(3/2)1(1[_12 14y~ 3/223/4B {1 + t)/z B + —— 2c 2m H F( / )[1 + ty VA /ZB:I} (21)

Here
-1 _ m m a l -1 - 2
A=tz /2y1=_b,,y=_a,2=_a,t=_b, =Zle agh
Mq mp ap la
Ex\? 2
e=tat? = o~(F) = (1= Bx)° gz = 3D momikel 50y
- - EJ) 'TX T nm2e2n8p2ul

We write (21) in the following form
j=0F + 01[571] + UZE[EE] (23)

K is unit vector in the magnetic field. Comparing (23) with (21), one can easily write the expressions
o + o, 0,,0,. When obtaining an expression for the current density j, (21) we direct the electric field and
the magnetic field H,, as follows
E, = hE,, Hy = hH, (24)
The E, value is obtained from the following condition

5_0(25)

When estimating E2 for GaAs, the value
E2 = 43,84("/5,)” (26)
For all strong electric fields
E » E, (27)
quite satisfied. Now let's calculate the frequency of the current oscillation. When an alternating electric
field E' is excited inside the medium, an alternating magnetic field H' arises, which satisfies Maxwell's equa-
tion
aa—z = —crotE ' (28)
The current density in the presence of electric and magnetic fields has the form
j=0E + al[fﬁ] + Uzﬁ[ﬁﬁ] (29)
Let us direct the external electric and magnetic field as follows
E, = hE,, H, = hH, (30)
(R is the unit vector in z). We find the variable value jy, j,, j, from (29) taking into account (28-30),
then we get

]}'c - (1 #kaz)Eo) E + o [(1 N ckxEo) ZUZCS:EOJCkEyEO) ZEO‘zCkyEoE (31)
(32)
(Ex + Ey) (33)

o ' _ 0'1€sz0) (
Jy = —0,Ex + (a AT E +o1(1+
ZazckyEo

]z’ =(o+ GZ)EZ -
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Equating j, = 0 and j, = 0 to zero, we find E, and E,, from (31-32) and supplying E,, E,, in (33), we

obtain for j, the following expressions
20,ckyE, c ckyzuE, c ckykzuEy E, Ccky ¢ Eo) ZUZCkyﬂ(ﬂ

Jo = oo+ 22 (14 R 4 e - ) +

cuk,ckyEg\ E '
)
When deriving expression (34), we used the conditions of a strong magnetic field uH, > c. Equating
expressions (34) and (21), we obtain the following dispersion equation for determining the frequency of cur-
rent oscillation

. 3 ZazckxEO( ﬂ) 2, 207CkyEq o,ckyEy ¢ Ey Eg _
(0, — 6®)w? + 2200 (1 4 20) 2 4 w + 25 ey ik, (uHO HO+2HO) 0 (35)

w HO

Hy Hy
Here
. snc?m./2a, /* 1 5 ezl,zszal/2 3 ~1,1/
0= S @ = g [ 2B+ e T () + (1+ty12"2p)] (36)

Equating o, = 6 we easily obtain

Hy\2 c?mg *ag v
G -1 s - [ e

Yy

Putting the values of a, ** in (37), we easily obtain

1
0 Y czml/2 /2 Y4
Ho = [aﬁ(%)] 3;1) 8'< u“) (l) /4 (38)

From (38) we get
2
_(_=» Ho\*
EO_(CZ 1/2> ela((p) (39)

Mg

g
=52 r(3/2)] mo%)

Thus, the value of the electric field is obtained during current fluctuations in the above two-valley semi-
conductors of the GaAs type. In [8], it was obtained that taking into account (26)
Ey = E,, = 1500V /s,, (40)
Supplying (40) to (39), it is easy to see that
uHy > ¢
From the solution of the dispersion equation (35), we easily obtain

ch

1
2
" ck,E, iCkZEO (Z;) (41)

2H, Hy

For growing fluctuations

1/,
w= —Cgffo+ ldz;fo(z—;) = wy + iy (42)
From (42) it is seen that in the crystal L, > 4L, (43)
Y K wy

Thus, with the size (43) (L,-can be any), current oscillations (i.e., instability) are excited under an elec-
tric field (39) In the calculation, we direct E, along H,. Of course, any orientation of the electric and mag-
netic fields could be chosen. For other orientations, it is necessary to obtain expressions (21) and (34) in the
same orientations, and then find the vibration frequencies in the same orientations.

Discussion Of The Results

In valley semiconductors of the GaAs type, current oscillations occur under the influence of an external
electric and strong (wH, > c) magnetic field. The frequency of this oscillation w (42) is close to the fre-
quency of the Gunn effect, i.e. wy~107 + 10° Herz. This proves that the application of the Boltzmann
equation is quite valid, although the Boltzmann equation in strong fields is not always applied. By directing
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E, =1E,, E, = JE,, Hy = tHy, H, = JH,, one can carry out a theoretical calculation and determine the criti-
cal value of the electric field (including the magnetic field) and the frequency of current oscillation. Of
course, with such calculations, conditions (43) will most likely change. Theoretical analysis of current fluc-
tuations in multi-valley semiconductors of the GaAs type shows that the sample size at current fluctuations is
significant. This fact was confirmed in the experiment of Gunn. It should be noted that it is necessary to
solve the problem in a non-linear approximation, which requires the solution of partial differential equations.
This problem can be solved only by the asymptotic solution of a differential equation with the Bogolyubov-
Metropolsky method. The conclusion is to obtain an expression for the critical value of the electric field (39)
and for the oscillation frequency (42). They are indicated in the derivation and evaluated numerically using
experimental data.
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I'.M. MamenoBa

ChIpTKBI YJIEKTPJIIK KdHe KYIITIi MAarHUTTIK epicTepaeri (uh>c)
€Ki BAJICHTTI KapThLIAOTKI3rilITepaeri TOKTbIH (JIYKTYauus sKUUIIri

JKapTeutaiieTkisrimTepaeri Tene-TeHci3 KyObUIpICTap bl 3epTTeY YIIIH Ka3ipri yakbITKa neiiH borsiManHbIH
KAHETHUKABIK TEHICYi KOJIAHBIIMAIBI JKOHE KapThUIail OTKI3rilITeri TepOesic )KHULTITiHIH KOHEe KPUTHKAIIBIK
CBIPTKBI JIEKTP OPICiHIH aHATMTHKAIBIK OPHETIH aly TEOPUSUIBIK KbI3BIFYIIBUIBIK TYABIPaAbl. Byl TeopusiibIK
JKYMBICTa CBIPTKBI TYPAKThI AJIEKTP Opici MEH CHIPTKBI KYIITI MarHUT epicTepinie exi xonakTel GaAs TUnTeri
KapTHUIAHOTKI3TINI iIiHe TYBIHAAUTBIH TepOelic uiiiri ecentenrer (WH>>C — 3apsaThl TackIMaiayIbl-
JIapAbIH KO3FaIFBIITHIFb, H — MarHuT epiciHiH KepHeyi, ¢ — KapbIK KbUIIaMIBIFbI). [IIKi 5KOHE CHIPTKBI
Ti30€KTiH KUUTITH KO3ABIPY YIIIH YATiHIH OJIIIeMi aHbIKTaIFaH 00Tybl KaKET eKeHi Tonenaeni. Yori iminge
JKOHE CBIPTKBI Ti30€KTe TYpaKChI3 TepOemicTepAiH maina Ooysl YIIiH YITiHiH Oenrini 6ip Y3BIHABIFB OOTyBI
Kepek. CBIPTKBI 3JIEKTP OPICiHIH KPUTHKAIBIK MOH/AEpi ['aHH ToxipuOeciMeH anbIHFaH 3JIEKTP OpIiCiHiH MOH-
JiepiHe TOJIBIK colikec KeneTiHi aiikpiHaiasl. Erep kpuctangpia emmemi Ly>4Lz, Lx<< Ly 6onca, Typakcsi3
ToJKbIHAap GaAs-/e KO3ABIPbUIATHIHEI IoJIeIICHIeH. TeopHsIIbIK ecenTey apKbUIbl YITiHIH iIIiHAe TYPaKChI3
TepbericTep KO3FaH Ke37e CHIPTKBI TYPAKThl MarHUT OPICIiHIH aHATUTHKAIBIK ©PHET1 alblHAbL. TeOpPHsIIBIK
ecenTeyiep CBIPTKBI TYPaKThl JJEKTp epici MEH CBHIPTKbI MarHuT epici Oip OarbITTa OGaFbITTaNFaH Ke3ae

opbiganansl, srau, Hy =hH,,, E;=hE,, . Ko3ablpaTsiH TOIKBIHHBIH ©CYi TOJKBIHHBIH TapalybIMeH Y<<
(Do caJBICTHIPFaHIA NJCKala a3 eKeHi HaKThUIaHABL. ['aHH TOXIpHUOECIHIH JepeKTepiH Mmaianana OTHIPHII

(00 ~107 +£10° Hz Tep6etic KHUiMriHIH TEOPUATBIK OPHEKTEPIH CAHIBIK CANBICTBIPY JKY3€re achIphUIAbL YT
imiHgeri TepOenicTepai Ko3AbIPY YIIiH CBIPTKBI AJEKTP Opici MEH CBIPTKBI MATHHUT OPICiHIH OAFbIThI MaHbI3IbI
peI aTKapaThIHbl AHBIKTAJFaH.
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Kinm ce30ep: Tepbenic, Uik, Tapany (pyHKIHUICHI, JIEKTP Opici, MarHUT Opici, BOJIBT-aMIIEPIIiK CUITaTTa-
MaCBI, KOII CBI3BIKTHI JKapThlIai eTKi3rimrep, BonpIMaHHBIH KHHETHKAIIBIK TCHACYI.

I'.M. MamenoBa

YacToTa uIyKTyaluii TOka B IBYXBAJEHTHBIX MOJYNPOBOIHUKAX
BO BHELIHHUX JIEKTPUYECKUX U CHIIbHBIX MArHUTHBIX (nh>c) moJsix

Kunernueckue ypaBHeHus bonpiiMaHa 10 HaCTOSIIEr0 BPEMEHH JUISl MCCIICI0BaHNs HEPAaBHOBECHBIX SIBJICHHUI
B TIOJYIPOBOAHMKAX HE UCIIONB30BAHBI U MIOITOMY JULS MOITYYCHHUS aHATUTHYECKUX BBIPAKCHUH JUI 4aCTOTHI
KoJ1e0aHusl BHYTPH MOJYNPOBOAHHUKA M KPUTHYECKOIO BHEIIHETO JIEKTPHYECKOTO MOJIS MPECTABIAIOT TEO-
permdeckuil nHTEpec. B HacTosmel paboTe BBIYHCIACTCS YacTOTa BOSHUKAIOMNX KOJIeOaHUH BHYTPH IBYX-
JOJMHHOTO TOJNYNpoBogHHUKA THIAa GaAs BO BHEIIHEM IOCTOSIHHOM DJIEKTPHYECKOM II0JIE M BO BHEIIHEM
CHJIPHOM MarHMTHOM moje (UH > ¢ — NOJIBMXHOCTb HOCHUTENEH 3apsana; H — HapsHKeHHOCTh MarHUTHO-
TO MOJIS; ¢ — CKOPOCTH CBeTa). Jloka3aHo, 4To pa3Mmep obpasna il Bo30yKIeHHs KoyieOaHUi BHYTPH U BO
BHEILIHEH LENH JOJDKHBI OBITH OIpeieIeHHbIM. [0Ka3aHo, 4TO /Ul HOSBJICHUS HEYCTOHYMBBIX KOeOaHHi
BHYTpH 00paslia M BO BHEIIHEH Iiery o0pasell J0JDKeH UMETh OlpeeeHHYI0 HYy. OnpeieneHo, 4To Kpu-
THYECKHE 3HAYEHUS BHEIIHEro 3JIEKTPUYECKOro IOJIS BIIOJHE COOTBETCTBYIOT 3HAYCHMIO JIEKTPHYECKOTO
HOJIS, KOTOPBIE TTOYYeHBI SKcriepuMeHToM ['anHa. JlokazaHO, YTO HEyCTOHYMBEIE BOJHBEI BO30OYXIAalOTCS B
GaAs, eciu pasmepsl kpuctamia Ly, > 4L,;L, < Ly, LXKLy. TeopeTHueckuM pacieToM IONTY4EHbl aHAIIUTH-
YECKHe BBIPAKECHHS JUIS BHELIHETO MIOCTOSIHHOTO MarHUTHOTO IIOJIsL, TPU BO30Y)KICHUH HEYCTOHYHMBBIX KOJIE-
GaHuii BHyTpH 00pasua. TeopeTHYeCKUue pacuyeThl BHIIOIHEHBI, KOT/Ia BHEIIHEE TOCTOSHHOE DIIEKTPHYECKOEe

IoJe U BHELIHee MarHUTHOE II0JI¢ HamlpaBlIeHbl 0JuHaKoBo, To ectb Hy =hH,,; E, =hE,, . lokasano, uro

WHKPEMEHT HapacTaHus BO30YyXXIaeMbIX BOJH HAMHOTO MEHBIIE, Y€M 4YacTOTa PACIPOCTPAHCHUS BOJIHBI
Y & wy. [IpoBeCHBI YHCICHHBIC CPABHCHUS TCOPETHYCCKUX BBIPAXKCHUI JUIS 4acTOTHI KOJEOaHUI ¢ TOMO-
1IBIO JIAHHBIX SKcriepuMenTa ['anHa ®, ~ 107 +10° Hz. JlokasaHo, 4TO HANpaBleHHE BHENIHETO EKTPHYE-

CKOTO TOJI1 U BHEITHETO0 MArHUTHOTO TIOJIS Ui BO3OYXKACHUs KoJicOaHWH BHYTpU 00pasiia UTPArOT CYIIe-
CTBEHHYIO POJIb.

Kniouesvie cnosa: xonebanus, 4actora, GyHKIMS pacupelereHus, JeKTPHIEeCKoe I0Jie, MarHUTHOE I10JIe,
BOJIbT-aMIIEpHAsl XapaKTEePUCTHKA, MHOTOJIMHEHHBIE MOIYIIPOBOJIHUKH, KHHETHIECKUE ypaBHEHHs bombima-
Ha.
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Resistance evaluation of electrical insulating polymer materials used in flexible cables
to operational impact

The article presents the test results of polymer material properties taking into account the possibility of their
application for flexible cables insulation. The main types of cable constructions and their operation features
are considered. Existing test determination methods of insulation resistance to thermal, mechanical, electrical
and environmental conditions are analyzed. Requirements for laboratory equipment and test conditions are
given. Evaluation criteria of test results are noted. Experimental evaluation was carried out for change degree
in the properties of the main types of electrical insulation materials used currently during the flexible cable
production: polyvinyl chloride compound (PVC), rubber, ethylene propylene rubber (EPR), thermoplastic
elastomer (TPE), fluoropolymer. Tests were carried out under the influence of high and low temperatures,
aggressive environments, ozone, mechanical loads. The main processes that determine the changes in electro-
physical, physical and mechanical properties of the studied materials are described. Resistance of EPR, TPE
and fluoropolymer insulation to a wide range of temperatures, mechanical loads, diesel fuel and transformer
oil are shown. An increased resistance of EPR to ozone was also noted. Rubber and PVVC compound did not
pass the tests under the influence of low and high temperatures, showed “poor" resistance to aggressive envi-
ronments, but passed the mechanical stress tests. Recommendations on tests and application of polymer insu-
lation taking into account the specifics of flexible cables working are presented.

Keywords: flexible cables, insulation, sheath, polyvinyl chloride compound, thermoplastic elastomer, fluoro-
polymer, ethylene propylene rubber, ozone resistance, oil resistance, mechanical strength, tests.

Introduction

Development of power industry, improvement of electrical devices for generation, transmission, distri-
bution and consumption of electrical energy, determines the growing need for cables and wires. Electrical
cables improvement is connected with increase of carrying capacity, application of new polymer materials
for electric insulation, having considerable technological and operational advantages. At the same time, im-
proving the cable products quality is one of the main tasks due to their mass production, versatility of appli-
cation and very high material consumption [1].

The flexible cables are one of the main cable types. These cables are used for installation of various
electronic units and devices; automation, control and management systems; connection to power grids of
mobile mechanisms intended for work in open and underground mines; control of conveyor and lifting
equipment, laying of security and fire alarm systems, etc.

Flexible cables are made with conductors of copper or tinned copper wires. Pure tin or tin-lead alloy is
used as tinning material. Depending on the conditions of the cable application, the conductors can be strand-
ed in a core around a central element of rubber or reinforcing aramid fibers. Some cables types are produced
with parallel laying conductors. The main typical designs are flexible cables with twisted insulated conduc-
tors in the core, with outer jacket (Figure 1 (a)), individual shields over core (Figure 1 (b)), overall shield
(Figure 1 (c)), individual shields over core and common shield (Figure 1 (d)) [2].

As can be seen from Figure |, the insulation and sheath are the common element that protects the design
of flexible cables from external influences. Reliability and service life are determined by the ability of the
polymer material to maintain its integrity and mechanical properties during operation [3].

Rubbers, ethylene propylene rubber, polyvinyl chloride compound (PVC), thermoplastic elastomers
(TPE), cross-linked polyethylene (XLPE), and fluoropolymers are used for insulation and sheath of flexible
cables [4].

Rubbers have high electrical resistance and moisture resistance. One of the main advantages is elastici-
ty, but most rubbers have low ozone resistance [5].

Ethylene propylene rubber is suitable for use in cables with operating voltages up to 35 kV. The chemi-
cal stability of the material, including in relation to ozone and UV radiation, allows to guarantee operation in
harsh conditions of industrial plant, subway tunnels, construction site and mining facilities. An important
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advantage of cables insulated with ethylene propylene rubber is the extended operating temperature range
with a lower permissible temperature of — 60 °C + 90°C [6, 7].

a) 1 — core; 2 — insulation; 3 — cable sheath. b) 1 — core; 2 — inner conductive shield; 3 —
insulation; 4 — outer conductive shield; 5 — metal
shield; 6,8 — grounding wire; 7,9 — grounding
wire insulation; 10 — cable sheath.

c) 1 — core; 2 — insulation; 3 — inner sheath; 4 d) 1 — core; 2 — inner conductive shield; 3 —

— shield; 5 — outer cable sheath. insulation; 4 — outer conductive shield; 5 — metal
shield; 6 — grounding wire; 7 — grounding wire
insulation; 8 — overall shield, 9 — cable sheath.

Figure 1. The main designs of flexible cables

PVC is a colorless, transparent plastic, thermoplastic polymer of vinyl chloride. It is characterized by
chemical resistance to alkalis, acids and solvents, moisture resistance, sufficient flexibility, relative re-
sistance to solar radiation. However, it should be noted that the aging of cable made of PVC is much faster.
Permissible operating temperature of 70 ° C. With further increase in temperature heating begins to release
harmful hydrogen halogen chloride, which is dangerous to humans [8].

Thermoplastic elastomers combine the high elastic properties of rubbers and the ability to melt above
the yield point and be processed by extrusion. The advantages of TPE in comparison with rubbers are as fol-
lows: reduction of material intensity due to lower density, increase in productivity and reduction of labor and
energy costs during processing. The disadvantage as compared to rubbers in terms of application in cables
and wires is an inherent ability of any thermoplastic material to melt at high temperatures. They have a high-
er cost: their formulation cannot be "diluted” with more fillers. In addition, TPEs have insufficient chemical
resistance and heat resistance [9].
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Polyethylene has a high chemical resistance to acids, alkalis and various chemical liquids. However, at
high temperatures PE swells or even dissolves in toluene, benzene, carbon tetrachloride. PE at room tem-
perature is resistant to nitric acid, but at +50 °C is completely destroyed after two days of exposure to this
acid. The mechanical characteristics of PE are related to its molecular weight, degree of branching and crys-
tallinity [10, 11].

Fluorine-containing polymers are characterized by high heat resistance, high electrical insulation prop-
erties, chemical and corrosion resistance. In addition, they have good weather ability and high frost re-
sistance, low friction coefficient, low water absorption and gas permeability, high electrical strength. They
have temperature operation in the range from — 269 °C to + 260 ° C. Fluoropolymers are insoluble or poorly
soluble in many organic solvents, resistant to acids, alkalis, oil products. The disadvantages are high cost,
difficulties in processing in the cable industry [12].

Depending on the purpose and operating conditions, flexible cables must be resistant to a wide range of
operating temperatures, mineral oils and diesel fuels, electrical voltages, mechanical loads and other factors
(Figure 2) [13-15].

Factors affecting flexible cables

| Mechanical loads |1 Temperature | Extemal influencing Electrical loads
factors
Mult:tfuld bEﬂdS ngh tﬂm.pﬂl'atllff: 1 AEEIESSiTE
environments
|| Bends with twisti : ot
ung Low temperature || Solar radiation
|| Crushing load 1 Ozone
L Tensile forces | Flgh humidity
|| Twisting

Figure 2. Factors affecting flexible cables

Thus, the reliability of electrical equipment is generally determined by the quality and reliability of ca-
ble design. At another point, polymer insulation is an element determining the flexible cables reliability dur-
ing operation.

There are several methods to assess the performance flexible cables properties according to criteria:

— mechanical loads (multifold bends, bends with axial torsion, crushing loads, tensile force);

— electrical loads;

— external factors (high, low temperatures).

Determining the methods in formativeness, taking into account the significance for each flexible cables
types, will simplify the task of selecting electrical insulation materials and reduce the time spent on the stage
of preliminary tests.

Overview of flexible cables test methods

A generalized analysis of the test methods for the resistance of flexible cables to the operational effects
is given in Table 1.
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Test methods for flexible cables

Table 1

Type of test

Test method

Evaluation criterion (result)

Multifold bending
resistance [16]

Cable samples are fixed in the clamping device and bent
around the cylinder at an angle of +r/2 with a load creating a
pressing force. Sample length, load weight, number of bending
cycles and rollers diameter should be specified in the technical
documentation for cables.

High voltage test, no cracks
on the insulation and sheath
surface, the number of wire
breaks and metal shields
should not exceed 30 %.

Multifold bendig
resistance trough a
roll system [17]

Tests are carried out on samples with a length of at least 3.5 m,
with the application of current load to the cable at rated alter-
nating voltage with frequency of 50 Hz specified in the norma-
tive document. Cable samples are fixed on a device consisting
of a carriage with exchangeable rollers, a mechanism providing
end-to-end motion, a tensioning device or a set of weights and
clamps limiting the sample movement. Number of bending
cycles, rollers diameter shall be specified in the specifications
for cables.

No current interruption, no
short circuit between con-
ductors, no short circuit be-
tween sample and stand roll-
ers.

Bending resistance
with twisting [18]

Tests are carried out on samples with a length of at least 3.5 m.
Samples of cables are fixed on a device consisting of a clamp
with end-to-end motion, a mechanism ensuring rotation of the
clamp. The test specimen is clamped at one end of the clamp
and a load is hung at the other end. The test cycle consists of
the clamp rotating in full turn, the specimen must be bent along
a given radius at all points alternately contacting with the
clamp as it rotates.

Overvoltage test, visual in-
spection.

Crushing resistance
[19]

The test consists in compressing the sample between the dies.
The dies form, the pressure value on the sample, the mutual
arrangement of dies and the sample between them must be
specified in the regulatory documentation for the cables.

No short circuit between
conductors or between con-
ductors and shield.

Resistance to high
temperature impact
[20]

Tests are carried out on three cable samples coiled in coils with
an inner diameter not exceeding three minimum allowable
bending radius during operation. Time and temperature of tests
should be specified in the normative document on cables.

No cracks on the insulation
and sheath surface, insula-
tion resistance must meet the
requirements of regulatory
and technical documenta-
tion.

Resistance to low
temperature impact
[21]

Depending on the nominal cross section of conductors, the test
procedure is different. For cables with an outer diameter of up
to 12.5 mm, the samples are kept for at least

4 h and wound on a metal rod. The diameter of the rod, the
windings number are chosen depending on the outside cable
diameter. For cable products with a diameter of more than 12.5
mm, the samples are kept in a cold chamber for at least 4 h.
After exposure, the sample must be subjected to three bending
cycles around the rollers in opposite directions at an angle of at
least 90°. The bending cycle shall include right (left) bending,
straightening, left (right) bending and straightening. Rollers
diameter, test temperature shall be specified in the regulatory
documentation for cables.

Over-voltage test, no cracks
on the insulation and sheath
surface.

Resistance to tem-
perature changes
[22]

The tests are carried out by three consecutive cycles on three
samples coiled in coils. Coil diameter, cycles number and test
temperature shall be specified in the specifications of the ca-
bles.

Overvoltage test, no cracks
on the insulation and sheath
surface.

Resistance to solar
radiation [23]

Tests are carried out on three cable samples with a length of at
least 1 m. Samples are placed in the chamber, turn on the ra-
diation source, and then set the temperature in the chamber (in
the shade) 55+2 °C. Exposure time is 5 days.

No cracks on the insulation
and sheath surface.

Ozone resistance
[24]

The samples are placed in a test chamber with an ozone con-
centration of at least 0.0015 % and withstood for at least
180 min. The samples are bent at ambient temperature around

No cracks on the insulation
and sheathing surface.
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Type of test

Test method

Evaluation criterion (result)

a brass, aluminum or wooden rod. The bent samples together
with the rod are kept in the air at ambient temperature without

any additional treatment for 30-45 min before starting the tests.

The samples are then kept in a desiccator for at least 16 h at
(23+£5) °C. Both ends are fixed in the clamping device, stretch
it by (33£2) % and leave in this device.

Oil resistance [25]

Tests are carried out in the environment of industrial oil 1-40A
or 1-50A according to GOST 20799 or diesel fuel. Exposure
time and heating temperature of oil (diesel fuel) must be speci-
fied in technical conditions for specific cable brands.

The deviation of tensile
strength and elongation at
break before and after expo-
sure does not exceed

40 %.

Resistance to high
air humidity [26]

Tests are carried out on three cable samples with a length of at
least 2 m. Cable samples are placed in the moisture chamber.
Temperature, humidity and holding time shall be specified in
the regulatory document for the cables.

No cracks on the insulation
and sheath surface, insula-
tion resistance must meet the
requirements of regulatory
and technical documenta-
tion.

Determination of
physical and me-
chanical character-
istics after expo-
sure to high and
low temperatures

Measurement of physical and mechanical characteristics is
carried out on samples in the form of double-sided blades. The
number of samples should be at least 5 for each test point.

The change in relative elon-
gation and tensile strength
should be no more / no less
(%), must comply with the
requirements of regulatory
and technical documenta-

[27], [28] tion.

Depending on the purpose of the flexible cables, some or other methods are used in various combina-
tions.

Methodical part

The representatives of the main groups of electrical insulating polymer materials currently used for
manufacture of flexible cables were selected as the test object: rubber, EPR, PVC, polyolefin and urethane
TPE, photopolymer.

The choice of test method is determined by standards recommendations, depending on the type of oper-
ational impact (Table I).

Test conditions and equipment requirements are stipulated in the regulatory and technical documenta-
tion: rollers, cylinders for cable coiling test and cable bending test through a roll system (error of measure-
ments = 0.5 %), equipment for testing cables through a roll system (measurement error of + 10 %), breaking
machines (measurement error of = 0.5 %), climatic chamber of heat/cold (measurement error of + 3 °C) mi-
crometer (measurement error of £ 0,01 mm), microscope (measurement error of + 0,003 mm), high-voltage
tester (measurement error of = 3 %), 0zone resistance tester for rubber and cables (measurement error of
+10 %).

Experimental part

Heat resistance tests

Heat resistance is the ability of materials to maintain performance properties at high temperatures.

Temperature is a common factor affecting all cables. Thermal heating of insulation occurs due to die-
lectric losses when electric current flows through conductors and exposure to external ambient temperature.
Long-term exposure to temperature leads to insulation aging and its gradual degradation with deterioration of
physical, mechanical and electrical properties of the material, which ultimately reduces the service life.

Samples of cables without mechanical damage, cracks, pollutions and defects according to [27, 28]
were selected for testing. Ageing time was 168 h. Test temperature was selected in accordance with the nor-
mative documents for flexible cables.

Evaluation criterion is the change in physical and mechanical characteristics not more than +£20 %. Ag-
ing temperature and evaluation results are shown in Table 2 and Figure 3.
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Table 2
Aging temperature of polymeric materials
Insulation materi- Rubber EPR PVC TPE (polyolefin, Flouropolymers
als urethane)

Aging tempera-

5 80 135 100 100 280
ture, °C

Cold resistance tests

Implementation of programs for the Arctic region development determines the increased demand for
cable products that are resistant to low temperatures.

The cables cold resistance is determined by the choice of electrical insulating polymer materials. It is
the cable insulation fault that determines its breakdown at critically low temperatures. Compound frost re-
sistance is the ability to maintain its performance properties at specified negative temperatures. Frost re-
sistance criteria may be different depending on the requirements related to the conditions of its application.
There are limited reductions of deformability or limited increase of frost resistance, absence of brittleness for
insulation and sheath of cable products. The choice of polymer materials mainly has a significant impact on
the operation efficiency and cable line reliability.

Three samples with a cable length of 1.5 m without mechanical damage, cracks, pollutions and defects
were selected for testing according to [21]. Each sample was wound on a metal rod after 4 hours of staying in
a cold chamber. The test temperature was from -10 to -60 ° C. The coils number was selected based on the
cable product diameter.

M Tensile strength at break

Value change, %

M Relative elongation at break

TFPU
(100%C)

TFO

(100°C) EPR

(135°C) PTFE

{280°C)

Figure 3. Physical and mechanical properties after thermal aging (test temperature indicated)

The evaluation criterion is the absence of cracks on the samples surface (Table 3).

Table 3
Installation bend resistance test results

Temperature, Material

°C EPR PVC Polyolefin TPE Urethane TPE | Rubber Fluoropolymer
-10 + + + + + +

-15 + + + + + +

-30 + + + + + +

-40 + - + + + +

-50 + - + + - +

-60 + - + + - +
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Determination of cable resistance to the low temperature impact was also determined indirectly [27, 28]
by determining the change in physical and mechanical characteristics (Table 4). The exposure time of the
samples in the cold chamber was 4 h. Test temperature was chosen in accordance with the technical guide for
flexible cables. Samples in the form of a double-sided blades were fixed in the tensile machine within the
cold chamber. After the set exposure time, the relative elongation at break 41/ was determined.

Evaluation criterion — the relative elongation must be at least 20 %.

Table 4
Elongation value after low temperature impact
Temperature, Material
°C EPR PVC Polyolefin TPE Urethane TPE Rubber Fluoropolymer
-10 345 % 150 % 230 % 304 % 240 % 295 %
-15 334 % 102 % 210 % 295 % 180 % 289 %
-30 320 % 60 % 198 % 288 % 90 % 270 %
-40 307 % - 156 % 270 % 40 % 268 %
-50 306 % - 121 % 260 % - 268 %
-60 302 % - 120 % 251 % - 267 %

Oil resistance test

Low-voltage cables are operated in conditions where the sheath and insulation are exposed to many fac-
tors simultaneously, including the aggressive environment impact. In production and transportation, liquid
hydrocarbons exposure (diesel fuel (DF) and transformer oil (TO)) is one of the most important aging factors
for low-voltage cables. To a greater extent, the cable service life depends on the sheath ability to withstand
these fluids action.

The polymer materials oil resistance evaluation was carried out according to the results of change in
tensile strength (o,) and change in relative elongation (41/]) after soaking samples in diesel fuel and trans-
former oil. The methodology recommended by [25, 27] was taken as the basis. Ageing time was 1000 hours,
every 50 hours a batch of samples was taken out, and o, u 41/ were determined. Aging time and evaluation
results are shown in Figure 4 and Figure 5.

36
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Figure 4. The tensile strength at break (o,,) as a function of ageing time in diesel fuel and transformer oi, where 1 is

PTFE in DF; 2 is PVC in DF; 3 is EPR in DF; 4 is rubber in DF; 5is TPU in DF; 6 is TPO in DF; 7 isPTFE in TO; 8 is
PVCinTO;9is EPRin TO; 10 is rubber in TO; 11is TPU in TO; 12 is TPO in TO.
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Figure 5. The relative elongation at break (4///) as a function of aging time in diesel fuel and transformer oil, where 1 is
PTFE in DF; 2 is PVC in DF; 3 is EPR in DF; 4 is rubber in DF; 5 is TPU in DF; 6 is TPO in DF; 7 is PTFE in TO; 8 is
PVCinTO;9isEPRINTO; 10
isrubberin TO; 11isTPU Iin TO; 12 is TPO in TO.

Ozone resistance tests

Ozone resistance is the ability of insulating material or insulation to remain in an atmosphere with high
ozone content without damage or significant deterioration of properties [29]. Ozone exposure leads to accel-
erated aging and degradation of rubbers, and to a much lesser extent plastics. Ozone is especially dangerous
for rubber-insulated/sheathed cables used outdoors, as even small ozone concentrations (e.g. after a thunder-
storm) will cause the crack insulation. Because rubber-insulated/sheathed cables are flexible and designed to
be connected to moving electrical equipment (walking excavators, industrial robots, etc.), they are often sub-
jected to bending. Ozone exposure causes the crack insulation at the point of bending, causing the insulation
to break and exposing the conductors.

Rubber and EPR aging were carried out for 8 hours with sample removal at 3, 5, and 8 hours, with an
ozone concentration of 0.015 % according to [24]. At the end of the aging time, physical and mechanical

characteristics were measured and visual inspection was performed. Results of ozone resistance tests of EPR
and rubber are shown in Table 5.

Table 5
Results of ozone resistance tests of EPR and rubber
Aging time (hours) EPR Rubber
Phys!cql and mechanical char- op, MPa Al % op, MPa AL %
acteristics
Aging temperature (150 °C)
0 5,5 348
3 5,9 280 Sample break (after 45 minutes the samples
5 5,9 280 are completely destroyed)
8 5,9 280
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Mechanical load tests

As a rule, flexible cables break down not as a result of electrical loads, but because of dynamic effects.
Therefore, it is important to ensure equal strength of all design elements: core, insulation, shields and protec-
tive sheath under mechanical influences.

Tests are regulated by [17]. Tests are carried out on samples with a length of 5 m under current loading
applied to the cable. Number of bending cycles is 30000. Evaluation criterion: there should be no short cir-
cuit between the conductors, short circuit between the sample and the stand rollers. Tests results for mechan-
ical loads are shown in Table 6.

Table 6
Tests results for mechanical loads
Number of Material
cycles EPR PVC Polyolefin TPE Urethane TPE Rubber Fluoropolymer
30000 + + + + + +

Results and Discussion

1. The existing approach makes it possible to effectively assess the polymer insulation heat re-
sistance both at the stage of cable products manufacturing and during the incoming inspection of materi-
als. After thermal aging all materials showed satisfactory resistance. Change of physical and mechanical
characteristics was not more than 18 %. It is quite admissible, as according to normative and technical
guide of cables with similar electric insulating materials the change of properties by more than + 20 % is
critical.

2. After low temperature exposing to materials (as PVC -30°C, rubber -40°C, thermoplastic elastomers,
EPR and fluoropolymer -60°C) relative elongation change 41// of samples from EPR, TPE and fluoropolymer
is insignificant. At the same time insulation materials from rubber and PVC also have not passed tests at
temperatures from -40 to -60°C in connection with "embrittlement™ of materials.

3. Physical and mechanical properties changing after exposing to aggressive environments fully enough
indicates the ability of the material and the design as a whole, to resist the action of hydrocarbon liquids.
Among the polymers considered, fluoropolymer is the most resistant. Fluoropolymer samples showed
"good" resistance to the action of both diesel fuel and transformer oil. The tensile strength changing at break
o, and relative elongation A41// does not exceed 10 %. Resistance of fluoroplastic to hydrocarbon liquids is
explained by high value of bonding energy "“carbon-fluorine”, by specific structure of polymer macromole-
cules expressed in the fact that fluorine atoms completely "screen™ the carbon skeleton of macromolecules
[30-31]. Samples made by rubber and ethylene propylene rubber, thermoplastic elastomers showed "poor"
resistance to aggressive media. The change of physical and mechanical characteristics was about 37 %.
However, such values are admissible due to the fact that in normative and technical documentation the eval-
uation criterion is the change of physical and mechanical characteristics by not more than 40 %. Samples
from PVC were not passed, as the change in relative elongation was more than 50 %. These materials are
weakly polar. The polymers chemical nature affects the diffusion rate of physically aggressive environment
into them. Weak resistance of samples to penetration of hydrocarbon liquids means that there is a high affini-
ty between the polymer molecules and the aggressive environment (diesel fuel, transformer oil), the measure
of which is the change in free energy. The greater the decrease in free energy during mixing, the more hy-
drocarbon liquid penetrates into the polymer. The dissolution intensity of polar liquids in polar materials sig-
nificantly exceeds the dissolution intensity in non-polar materials [32].

4. The ozone effect on rubber in its destructive power is one of the most aggressive. Ozone aging of
rubber is expressed in the appearance of characteristic cracks on the surface and loss of the original physical
and mechanical characteristics and other properties. The resistance of ethylene propylene rubber is due to the
insignificant content of double bonds.

5. All polymer materials have successfully passed the test for mechanical tests. This approach
makes it possible to evaluate not only the properties of the materials, but also the reliability of the de-
sign as a whole.
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Conclusions

According to the test results, promising materials for insulation and sheath of flexible cables can be
identified:
- EPR, TPE and fluoropolymer for use in flexible cables operating at low and high temperatures, as well
as when exposed to hydrocarbon liquids;
- EPR as insulation and sheath of flexible cables operating under ozone exposure.
The success of the passed tests with all samples confirms the correctness of the preliminary selection.
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A. Jleonos, T. CongareHko

HNxemai kabesibaepre KOJAAHBLIATHIH MOJUMEPJIi 3JIEKTP OKIIAYJIAFBIIT
MaTepHAJIAPAbIH IKCILIyaTAUMSJIBIK dcepJiepre TO3IMALTIrH 0araaay

Makanazia oxmaynay peTiHae HKeMIi Kabenpaepi maianany MyMKIHAITIH ecKepe OTBIPHII, TOJIUMEPITi Ma-
TepUANAApIbIH KaCHETTEPiH 3epTTey HOTmkenepi Oepinren. Kabempmik OYHBIMAapIbIH KYPBUIBIMAAPHIHBIH
HETI3T1 TypJiepi *oHE ONap.IbIH JKYMBIC iCTEy epeKIIeTiKTepi KapacTelpbutraH. OKIaynayasH JKbLTy, MeXa-
HHKAJBIK, JIEKTPIIK JKOHE CBHIPTKBI dcep eTyIi (akTopiapra TOIIMIUITIH TOKIpHOEINiK aHbIKTayAbIH KOJ1a-
HBICTaFBl AICTEpiHe Tajiaay KYPTri3iireH. 3epTXaHaNbIK jKaOIbIKKa KOMBLIATHIH TalalTap JKOHE ChIHAK JKaF-
nainapel cunartanrad. CelHaK HOTIDKeepiH Oaranay KpuTepuisiepi aram eTinreH. Kasipri yakeiTTa MKemi
kaleJp/iep OHAIPICIHAE KOJIAHBIIATHIH AJIEKTP OKIIAyJarblll MaTepuaiapAblH HEri3ri TypiepiHiH KacheT-
TEpiHIH e3repy AJpeXeciH SKCIEePHUMEHTAIIB TYpAE aHBIKTAy JKYPTi3UIAi: MOJMBHHWIXIOPHATI IJIACTHKAT
(IBX-mmactukar), peserke, stuennponuienai pesenke (DI1P), repmoractuk (TIII), dpropmomumep. Coi-
HaKTap >KOFaphbl JKOHE TOMEH TeMIlepaTypanapAblH, arpeCcCHBTI OpTaJapblH, 030HHBIH JKOHE MEXaHHKAIIBIK
JKYKTEMETIEPiH OCEpiHEH JKYPri3iiai. 3epTTeNeTiH MaTepHalIapAblH SIIEKTPOPH3UKANBIK >kKoHEe (u3nka-
MEXaHHUKAJIBIK KACHETTEPiHIH ©3TepyiH aHBIKTAWTBIH Herisri mporectep cumattanran. D[P, TOII xone
(dTopnonMMepITi OKIIaylay TeMIIepaTypaHbIH KeH JHala30HbIHA, MEXaHHMKAJIBIK JKYKTeMeNepre, IHU3eNbaiK
OTBIHFA XKoHE TpaHchopMmaTop MaiibiHa Te3imIi ekeHi kepceTinreH. Conpaii-ak DIIP o30HFa Te3IMAUTITIHIH
JKOFapbUIaybl Oalikanael. PeseHke sxone [IBX-macTukaT TOMEH jKOHE JKOFaphl TeMIlepaTypa SCepiHeH ChI-
HaKTapJaH OTIIe/li, COHBIMEH KaTap arpeccuBTi OpTalapFa «HaIap» KapChUIBIK KOpCeTTi, Oipak, 63 Ke3erinie,
MEXaHHUKAJIBIK dcep Ke3iHJe ChIHaKTapIaH oTTi. MkeMai kabenbaepIiH epeKIeNiKTepiH eCKepe OTHIPHII, 10-
JIMMepIIi OKIIayJIay sl ChIHAY XKoHe KOJJaHy OOMBIHINIA YCHIHBICTAp JKaCaIFaH.

Kinm ce30ep: uxemai kabenb, okuiaynay, ka0bik, [IBX miacTukar, TepMO3IACTOILIACT, (BTOPIIOIHMED, ITH-
JICHIIPOTIMJICH I PE3CHKE, 030HFA TO3IM/ILTIK, Maifra TO3IMIITIK, MEXaHUKAIIBIK OCPIKTIK, CBIHAKTAP.
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A. JIeonos, T. CongaTtenko

OneHka CTOMKOCTH MOJTUMEPHBIX 3J1eKTPOU30JIAIHOHHBIX MATEPHAJIOB,
NPUMeHsAeMbIX B THOKHX Ka0eJfX, K IKCIUIYaTAMOHHBIM BO3/1€iiCTBUAM

B crarbe nmpuBeneHs! pe3ynbTaThl HCCIIEJOBaHUS CBOWCTB MOJIMMEPHBIX MaTepHajIoB C Y4ETOM BO3MOXKHOCTH
NpUMEHEHHsI B KadeCTBE M30JIIMU THOKHX Kabeneil. PaccMOTpeHBI OCHOBHBIE THITBI KOHCTPYKLUH Kabelb-
HBIX M3JeTHMi U 0COOEHHOCTH UX SKCIUTyaTanud. [IpoBeneH aHamM3 CyIIECTBYIOIIMX METOJOB 3KCIIEPUMEH-
TaJIbHOTO OMpENENeHNs CTOMKOCTH N30JSIUH K TEIIOBBIM, MEXaHUUECKUM, 3JIEKTPUUECKUM U BHEIIHHM BO3-
neiictByromuM (aktopam. Omucadbl TpeOoOBaHUs K J1a00paTOpHOMY OOOPYIOBAHUIO M YCIOBUSM MPOBEIC-
HUS HCTBITaHUH. OTMEUeHBI KPUTEPUH OLIEHKH Pe3yJbTaToOB HCHBITaHHH. [IpoBeneHO sKcreprMeHTalbHOe
OIIpE/IeJICHNE CTECTICHN! H3MEHEHHNS CBOMCTB OCHOBHBIX THIIOB 3JIEKTPOU30JIIIHOHHBIX MaTePHAIIOB, IIPUMEHSI-
eMBIX B HACTOsIIEe BpeMs IPH NMPON3BOJICTBE I'MOKHMX KalOeneH: MOJMBHHWIXIOPHIHBIN Iumactukat (IIBX-—
IUTACTHKAT), Pe3nHa, STHiIeHnpomuieHoBas pesuna (OI1P), tepmoanacromnact (TOII), propmommmep. Hcmsr-
TaHUs OBUTH NPOBEIEHHI NIPH BO3EHCTBHH IOBBINICHHBIX W MOHIKEHHBIX TEMIIEPATyp, arpEeCCHBHBIX Cpel,
030Ha, MEXaHUYECKHX HArpy3oK. OIicaHbl OCHOBHbIC MPOLECCHI, ONPEACISIONINE U3MCHEHHUE IEKTPOPH3HU-
YeCcKUX M (PH3HKO-MEXaHHUECKUX CBOWCTB MCCIIEIOBAaHHBIX MaTtepuanos. [lokasano, uro DI1P, TOII u ¢Top-
MONUMEpHAas H30JIIKs 00/1alal0T CTOMKOCTBIO K BO3ASHCTBUIO MIMPOKOTO JUANa30Ha TeMIepaTyp, MEXaHH-
YECKUX Harpy3oK, YCTOIUHBBEI K BO3AEHCTBHIO JU3ENBHOTO TOIUIMBA M TpaHC(HOPMATOPHOrO Macna. Taxxke
OTMeueHa NoBbIIIeHHas ycroiunBocTs DIIP k Bo3gelicTBuio o30Ha. Pesuna u [IBX-mnactukar He nmpouuiu
UCIIBITAaHUS TIPU BO3ACHCTBHU IOHIKEHHBIX W ITIOBBINICHHBIX TEMIIEPATyp, a TaKkKe MOKA3alH «IIOXYIO)
YCTOMYHMBOCTb K BO3JICHCTBUIO arpeCCUBHBIX Cpell, HO, B CBOIO OYEpeb, IIPOLUIN UCTIBITaHUA IIPU MEXaHUYe-
cKkuX Bo3leicTBusAX. CrenaHbl peKOMEHJALUU 110 UCHBITAHUSIM U NPUMEHEHUIO MOJUMEPHOM H30JALMU C
y4eToM crenu(pUKN paboThl THOKHUX KaOemel.

Kniouesvie cnosa: rubkue xabenu, U30IAHA, 000J09Ka, MOTMBUHIIXJIOPUIHBIA IIACTHKAT, TEPMOAIIACTO-
IUIACT, (TOPIONMMED, STHICHIPONMICHOBAs PE3WHA, O30HOCTOMKOCTH, MAaCIOCTOMKOCTb, MEXaHHYeCKas
MPOYHOCTb, UCIIBITAHUS.
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Influence of modification of the cast metal structure by solid phase particles on the
nucleation of crystallization centers and their stability

The inoculation method has wide possibilities for improving the mechanical and operational proper-
ties of cast metal, which makes it possible to create artificial centers of crystallization due to the di-
rect introduction of dispersed refractory particles into the melt. The efficiency of such particles serv-
ing as crystallization centers is due to the presence of an activated transition layer on their surface. In
this regard, it is promising to use complex modification, in which activating additives are introduced
into the melt together with dispersed refractory particles, which form a transition layer with the de-
sired properties on the particles. At the same time, the features of the interaction of particles with ac-
tivating additives have not been sufficiently studied. A theoretical assessment of the influence of dis-
persed particles on the nucleation of crystallization centers and their stability was carried out on the
basis of a study of the phenomena of wetting, adsorption, and dissolution using the relationship be-
tween the critical size of additional nuclei, their wetting angle, and supercooling of the melt. It is
shown that if between the particle and the cladding layer the difference in chemical potentials of the
contacting phases will exist throughout the entire process, and on the surface of the complex it will
have a low value of surface tension, then such a particle will be stable, which takes place during ad-
sorption of a surface-active component from a melt. Therefore, the efficiency of melt heterogeniza-
tion and modification of the cast metal structure is determined by the thermodynamic activity of the
substance of the transition layer to the material of the solid phase particle. The obtained conclusions
make it possible to select the composition of complex modifiers that allow controlling the structure
of castings in the process of their crystallization.

Key words: cast metal, suspension, modification, particles, crystallization, adsorption, wetting, interfacial en-
ergy, structure

Introduction

Of considerable interest for improving the quality of cast metal is the use of the modification method by
creating artificial crystallization centers due to the direct introduction of refractory inoculant particles into
the melt [1-9]. The efficiency of such particles as crystallization centers is characterized by the presence of
an activated transition layer on their surface. Therefore, it is advisable to use complex modification, in which
certain elements are introduced into the melt together with inoculator particles as activating additives (pro-
tectors), with the help of which it is possible to form a transition layer with the desired properties on the par-
ticles [10, 11]. However, the features of the interaction between the inoculant particle and the protector metal
have not been sufficiently studied. This work is devoted to this problem.
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Analysis of the processes of nucleation of crystallization centers and their stability during the complex
modification of foundry metal with particles of dispersed powders

To assess the effect of complex modification of dispersed powder particles on the nucleation of crystal-
lization centers and their stability, the concepts presented by B. Chalmers [12] were used, based on the rela-
tionship between the critical size r* of prenuclei, their wetting angle 6 and supercooling of the melt AT,
shown in the diagram (Figure 1), from which it follows that with a decrease in 8, AT decreases. This provi-
sion can be taken as a working hypothesis when solving the issue of increasing the efficiency of modifying
the structure of steels and alloys using natural and artificial solid-phase substrates (inoculator) activated by
surface-active elements (protector) or intermetallic compounds and heterogenizing the melt as a result of se-
lective adsorption of chemical elements from the alloy.

a7
/‘ﬂ‘
e
_______ Vi
a-=180°
T o
o= 9°
I
a=20°
a r

Figure 1. Conditions for heterogeneous nucleation of crystallization centers with radius r at different contact angles 6

The study of the phenomena of wetting, adsorption, dissolution, and nucleating activity of solid phase
particles was carried out on the model of the structure of a suspension with particles in a metal melt, shown
in Figure 2.

Figure 2. Model of the structure of a particle of a complex modifier in a metal melt: 1 — particle core; 2 — transition
layer; 3 — adsorbed layer; 4 — metal melt

The core of such a complex is a refractory particle of the solid phase 1 with radius ro<r*, the surface of
which is clad with a layer of substance 2 formed by the product of the interaction of the protector metal with
the material of the particle and chemical elements adsorbed from some volume 3 of the melt 4. The boundary
between 3 and 4 However, in volume 3, which is depleted in the content of chemical elements that have re-
acted with the material of the cladding layer, adhesion forces can act on the surface of the particle, forming a
concentration fluctuation [13].
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Wettability in the system solid (s) — liquid (I) — gas (g) is usually considered by the example of the
contact of a flat substrate with a melt drop [14]. If a flat substrate is rolled into a sphere of radius r, then the
wetting conditions — the values of the wetting angle (6) and the values of surface tension (os)) will change,
os Will decrease, and the work of adhesion between the solid and liquid phases WA will increase, since from
the Dupre equation follows:

CFsl = cSlg +ng _WA ' (1)

Wy = Wi+ W™, )

where W5 and W,°™ are the equilibrium and nonequilibrium parts of Wa: W5 = WX + W, |
Here WAX is the energy of cohesion of the liquid and solid phases at a steady state equilibrium of chemical
bonds; WXDW is the energy of the VVan der Waals interaction. As r decreases, the contribution of WXDW to

Wf\ increases. Therefore, in equilibrium systems, the interfacial energy o is the smaller, the smaller the
difference in the structure of the contacting phases.

If there is a chemical interaction between the S and L phases, then a4 will change with time and can be
extremely low [15].

It follows from Dupre's equation (1) that the more intensively the phases interact, the less os1. When the

system approaches equilibrium, when the chemical potentials of the phases are equalized ( ,uis ~ ,uil ), osican

increase due to the action of the transition layer (the effect of A.A. Zhukhovitsky) [16].

This property of the interacting phases ensures the stability of the solid phase in the melt in the case of
the formation of a refractory transition layer with a low diffusion mobility of atoms, which is characteristic
of metallides or intermetallides.

Change o depends on the difference in chemical potentials of the contacting phases Au and is found
by the formula

AO-sl =M A:ul (3)

where M is a constant.
The stability of suspension particles with a transition layer between a solid core and a melt can be esti-
mated by a criterion obtained from formal thermodynamic relations [17]:

K=0,-0,-050,. 4)

The system is considered stable if K>0, i.e. O, >0, -0,50,,. This condition is satisfied when oy is

sufficiently small. If a chemical potential difference Au exists between the particle and the cladding layer
throughout the entire process, then, according to formula (3), Aoy is sufficiently large, and a low value
w ~p’ will occur on the surface of the complex at a3, and such a particle will be stable. This is noted during

the adsorption of some surface-active component from the melt, the transition of one of the components
through the phase boundary, or during partial dissolution of the solid phase. According to the Neumann
equation K = O (cos#-0,5), and considering adhesion to a solid K =W, —(3/2) O, . The boundary between

K>0 and K<0 is até ~ 60°, and the evaluation criterion acquires a positive sign, which is a sign of suspen-
sion stability.

Based on the studies of the mechanism of homogeneous nucleation during steel deoxidation, carried out
by S.I. Popel and M.P. Dokhov [18, 19], and the possibility of using the Gibbs equation instead of the Helm-
holtz function for small volume changes during the formation of a spherical nucleus with a critical size r*,
can be written:
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where ¢ is the interfacial energy; Vo — molar volume of the embryo; 4G is the total change in the free
energy of the system. With a small change in volume, the change in stresses in the old phase can be neglect-
ed, then 4G can be represented by the sum:

AG = AG, +AGg ©)

AGy = — 4LATmI(3Te) is the change in volumetric and surface free energy, where Te is the equilibrium
melting temperature; AT is the difference in melting and crystallization temperatures (supercooling); L is the
volumetric heat of transformation. Then the critical radius of the equilibrium embryo is determined:

r, =20V,T, [(LAT). (7

The calculation of r;‘ according to expression (7), performed by Yu.Z. Babaskin [20], showed that at
AT =320 °C for pure iron r, = 1.3 nm. If a surfactant is introduced into the melt, then the value of o can

decrease, for example, to 10° J/cm? Then the nucleus will reach the critical size at supercooling AT = 160
°C.

A change in the chemical composition of the liquid metal will certainly affect the value of the interfa-
cial energy o, but for transition metal alloys, the general pattern of formation of metal-like compounds
should be preserved due to the similarity in the electronic structure and high values of the adhesion work
WA. Calculations show that the probability of heterogeneous nucleation crystallization centers by carbide
phases in iron-carbon alloys, in accordance with the change in the free energy of formation of compounds,
33 decreases in the following series of chemical elements: Zr - Ti - Ta —- Nb —- Cr - V — Si — Fe [18,
19].

If ready-made nucleation centers are introduced into the melt, for example, particles of ultrafine pow-
ders (UDP) TiC, TiN, TiCN, strong carbide-, nitride- and oxide-forming elements Ti, Cr, Mo, V, Y, Zr, Ta,
and the melt will contain C, N, and O, then the scheme of suspension formation may look like that shown in
Figure 3.
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Figure 3. Schemes of the formation of a suspension with an ultrafine particle (a) and transition layers (1-2) on UDP (b)
and a change in the concentration of the adsorbed element Co and the melting temperature T, in the adsorbed layer (3)
and the volume of the melt (4)
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In this case, the equilibrium constant K. of the reaction of a metal cladding a particle with a non-
metal — carbon C (Me + C = MeC) will be inversely proportional to the product of the activity of the
components:

Ke :]/(aMe'aC)_ (8)

Then, near the interfacial surface, the carbon activity will be close to zero; therefore, the melting
temperature of the alloy T, (Fig. 3b) in melt layer 3 will approach the melting temperature of pure metal
Twme. In this case, concentration supercooling can form in layer 3, which slows down the destruction of the
complex.

Studies of the crystallization of alloys in the concentration and temperature fields are given in [21].
Using the results of these studies, the heterogenization of a metal-carbon-alloying element alloy belonging
to a pseudobinary system can be represented considering local concentration fluctuations in heterophase
complexes. The composition of alloy 4 in subsequent sources (Fig. 3b) will be depleted in the outcome
(component).

Crystallization of an ordinary alloy under non-equilibrium conditions will begin according to a meta-
stable diagram in the temperature range T.-Ts with supercooling AT relative to the equilibrium diagram.
Crystallization of the heterogenized melt will begin according to the metastable diagram with a larger
metastability range than that of the original alloy. At a content of 107 particles in 1 cm?® of the melt, the
spheres of action of adsorption forces can overlap, and to start crystallization, an atom needs to overcome
the sum of the adsorption forces G, and the activation energy of the transition to the solid phase Gu.

But G, and Gy, have opposite signs, so G, compensates G if |G:[>|Gm|, Gm is the change in free energy
during the formation of a solid phase. Then G—Gn=G,, and the atom needs to overcome the energy barrier
G; (potential well) in order to occupy a position in the crystal lattice of the solid phase with a higher level
of free energy. Therefore, the crystallization of such an alloy will begin with a metastability interval ex-
ceeding this value for the original alloy, and may be accompanied by a decrease in density (decompres-
sion). If the impurity concentration Co in the transition layer is close to zero (Fig. 3b), then the cooling
curve should show a plateau due to the precipitation of pure metal, and crystallization will be completed
earlier than in the initial alloy, since clustering and adsorption forces change integral free energy of the
system, and the duration of crystallization of the treated melt will be less than that of the original.

The kinetic law of continuous growth [22] is expressed by the formula
V,=-D,-AH_ AT, /(a-k, -T?) 9)

where Vp is the growth rate; D, — diffusion coefficient in the liquid phase; AH» — molecular
(atomic) heat of fusion; ATk — Kinetic supercooling; a — interplanar distance, which determines the
position of the interfacial boundary. As can be seen, the rate of advancement of the interfacial boundary
linearly depends on supercooling. An increase in kinetic supercooling during melt heterogenization in-
creases the growth rate. The integral characteristic of the crystallization of a heterogenized eutectic al-
loy, in accordance with the hypothesis put forward, can be expressed by the course of the process in the
temperature range with an inflection of the curve within the crystallization range. The low stability of
the crystallization front during directional solidification of a conventional alloy is due to the value of the
equilibrium impurity distribution coefficient kig < 1, which causes the growth of columnar crystals at
high crystallization overcooling (Figure 4a). In a heterogenized alloy, because of modification, concen-
tration supercooling at the crystallization front may be absent, and kinetic supercooling may increase
significantly. The growth of a dendrite in a metal suspension is hampered by a barrier of particles at the
crystallization front, which causes splitting of the stem and separation of the axes. Excess phases are
formed on the substrates in the early stages of solidification and can grow into the dendrite shaft, being
in the metal in the volume of grains, and then the alloy will have a fine-grained structure (Figure 4b).
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Figure 4. Scheme of crystallization of suspensions: a — ordinary alloy; b — modified alloy

The criterion of concentration supercooling, originally obtained by B. Chalmers [12], in the absence of
convective mixing, characterizes the stability of a flat crystallization front:

T_Lz_mi-CO(l—oo) , (10)
Ve o-D,

where T_ is the temperature gradient; mi is the slope of the liquidus line; Co is the impurity concentra-
tion in the melt.

Impurity adsorption on heterophase complexes reduces the concentration of Co in the bulk of the melt,
and the growth rate of Ve with a flat crystallization front, other things being equal, can be increased. In addi-
tion, an increase in the stability of a dispersed thermodynamic system will make it possible to increase the
temperature gradient ahead of the crystallization front without the danger of the nucleation and growth of
crystallization centers in the melt volume remote from the growing solid phase.

Thus, the efficiency of melt heterogenization and modification of the cast metal structure is determined
by the thermodynamic activity of the substance of the transition layer to the material of a solid phase particle,
to an impurity, or to one of the chemical elements that make up the alloy. Since all real metal melts are sus-
pensions to one degree or another, the interaction of solid phase particles with thermodynamically active ad-
ditives of modifiers will inevitably have a positive effect on the kinetics of the nucleation of crystallization
centers.

The performed analysis makes it possible to select the composition of complex modifiers for their suc-
cessful practical use [23].

Conclusion

On the basis of the foregoing, it is possible to formulate the basic principles of the crystallization activi-
ty of solid phase particles and the stability of metal suspensions during modification: the particle size of the
solid phase must be commensurate with the critical size of the nucleus of the crystallizing phase; the surface
of the particles of the suspension must be activated by the adsorbed substance, in which the thermodynamic
potential of the interaction of the particle with the non-metal (O, N, C, B, etc.) must be higher than that of the
metal of the solid phase; between the substance of the solid phase and the adsorbed layer, there must be a
chemical interaction with the release of excess energy; the adsorbed layer should heterogenize the melt due
to the increased chemical affinity for one of the chemical elements from the composition of the alloy that
forms the eutectic.
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E.H. Epemun

Katrs! ¢aszannbl 66/1eKTepMeH TOJATBIPBUIFAH METAJLI KYPbLIbIMBIHBIH
MO (PUKANUSICHIHBIH KPUCTAIIAHY OPTAJIBIKTAPBIHBIH KAJBINTACYbIHA
7K9HE 0JIAPABbIH TYPAKTBUIBIFBIHA Jcepi

KyiibuFraH MeTajblH MEXaHHKAIBIK JKOHE MaiiajaHy KacHeTTepiH apTTBIPYABIH KeH MYMKIHAIKTEpi Juc-
HepcTi OTKa Te3iMai OemmekTep/i OankpiMara TiKelel eHri3y apKbUIbl KacaHAbl KPUCTaNJaHy OpTalbIKTa-
PBIH KYpyFa MYMKiHiK OepeTiH Moandukanus aaicine ne. Kpucrangany opranbIKTapbl peTiHIe KbI3MET eTe-
TiH MyHIail OeJIIeKTepIiH THIMALIIN oJapbIH OeTinae OerceHipinreH etneri KabaTThiH OonybIiHa Oaiina-
HBICTBI. JlMCTIepCTi 0TKA TO3iMIi OeIIeKTep KOChUIFaH epiTiHire OeekTep/e KaKeTTi KaCHeTTepre ue oT-
neni kabaT Ty3eTiH OeNCeHIIpUIreH Kocmajiap KOChUIabl, Oy KaFmaiaa KemeHIi TYPIACHIIPYAl KONIaHy
nepcreKTUBTI Oossin TabbITansl. COHBIMEH KaTap, OelmeKTepAiH OelceHMipymli KocnaTapMeH dpeKeTTecy
epeKIIeTiKTepi TONBIK 3epTTenMereH. KpucraigaHy opTalbIKTapbIHBIH Taiiaa OoyblHA KOHE OJap/BIH Op-
HBIKTBUIBIFBIHA JIACIEPCTi OOIIIEKTEP/IiH dCepiH TEOPHSUIBIK Oarajay cyiay, OCKiHHIH KPUTHKAJBIK OJIIIeMi-
He JeHiHri CiHIpy MEH epyi apachbIHAaFbl TOYSIAUTIKTI KOJJIaHy, ONlap/bl Cyjiay OYpbIIIbI jKoHE OalKyIblH
CYBITBUTYBI KYOBUIBICBIH 3€pTTey Heri3iHae xypri3iani. Erep Gemnmiek nen kantama KabaThl apachbIHAAFbl Oaii-
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JaHbIcaThIH (ha3anapAblH XMMHSUIBIK HOTEHIMAIIAPbIHBIH ailbIpMalbUIBIFbl TOJIBIK Ipolecc GapbichiHaa 6ap
6ouica, ai KerieHHiH OeTiHne—OeTTiK Kepilty a3 MoHre ue 6osica oHaa OyHaait Gesniek OpHBIKTH 00JIaabl, 01
OeTTik—OeNceHi KOMIIOHEHTIHIH OankpIMajaH aacopOuus OaphichiHIA OpbiHFa He Oomnansl. COHABIKTAH
OaNKyIBIH TeTepOTreHU3ANMICH JKoHe KYHBUIFaH MeTal(bIH KYPBUIBIMBIH TYPJCHAIPY KarThl (a3a Oemieri
MaTepHablHa 3aTTHIH OTIENI KaOAThIHBIH TePMOINHAMHKAIIBIK OCICCHIUIT apKbUIBl aHBIKTala bl AJBIHFAH
KOPBITBIHABUIAD KYHMaHBIH KYpPBUIBIMBI MEH KPHCTaIJaHy IIPOIECTEepiH OacKapyFra »Ky3ere achIpaThIH Ke-
IIeH i MOAM(HUKATOPIAPABIH KYPaMbIH TaHIayFa MYMKIHIIK Oeperi.

Kinm co3dep: KyWbIIFaH METaJlI, CyCIeH3HA, TYpJCHY, OeleKTep, KpUcTaigany, CiHipy, cynay, ¢asa apa-
JIBIK KyaT Ke3i, KypbUIbIM.

E.H. Epemun

Bausinue moaupuuupoBaHUsA CTPYKTYPHI JUTOT0 META/LIA YACTHLAMHA
TBepAoH (pa3bl HA 3aPOKACHHUE IEHTPOB KPUCTAJIA3AIMUA U UX YCTOMYMBOCTH

IupokuMH BO3MOKHOCTSIMU TOBBIIIEHUS] MEXAaHUUECKUX M AKCIUTyaTal[HOHHBIX CBOWCTB JINTOTO MeTaila
obJyraiaeT MeTo MOUGUINPOBAHHS, TIO3BOJITIONINI CO3/JaBaTh NCKYCCTBEHHbIE [IEHTPHI KPUCTALIM3AIMH 32
CUeT MPSMOTO BBEJCHHS B PacIulaB AUCIIEPCHBIX TYrOIUIABKUX YacTHL. D(P(EeKTHBHOCTh TaKHUX YaCTHI], CIIy-
JKaIMX LEHTpaMU KpUCTaJUTU3anuy, oOyCIIOBIEHAa HAJMYMEM HA UX IOBEPXHOCTH aKTHBHPOBAHHOTO Iepe-
XOJIHOTO CJI0s. B 9TOM OTHOIIEHNH NEePCIEeKTHBHO MCIIOIb30BaTh KOMILIEKCHOE MOIU(UIINPOBaHHE, TIPH KO-
TOPOM B PacIlIaB COBMECTHO C JHUCTIEPCHBIMH TYTOIUIAaBKMMH YaCTHIIAMU BBOASATCS aKTUBHPYIONIHE 100aBKH,
(hopmupyIOIIKe HAa YacTUIAX MIEPEXOAHBIN CIIOH ¢ HYy)KHBIMH CBOMcTBaMH. B TO ke BpeMsi 0cOOEHHOCTH B3a-
MMOJICUCTBUS YaCTHI] C aKTHBUPYIOIIUMHU 100aBKaMH U3y4€HbI HEJOCTaTOUHO. TeopeTnueckas OIieHKa BIIUs-
HUS IUCTIEPCHBIX YAaCTHI] HA 3apOXKICHHE IIEHTPOB KPUCTAIUIM3AIMN M X YCTOMYMBOCTH MPOBEAEHA Ha OCHO-
BaHUH M3YUYCHUS SIBICHUH CMadMBaHMUSA, acOPOIIMN U PACTBOPEHHS C UCIIOIb30BAHIEM 3aBHCHMOCTH MEXIY
KPUTUYECKUM pa3MepoM J03apojblilieli, yIIoM MX CMauyMBaHMS U NepeoxiaxkAeHueM paciuiaBa. [lokasaHo,
YTO €CJIM MEXIY YacTHLEH U IUIaKUPYIOIUM CJIOEM Pa3sHOCTh XMMUYECKUX MMOTEHIMAN0B KOHTAaKTHPYIOIIUX
(a3 Oyner CyliecTBOBaTh Ha MPOTSHKEHUH BCETO IPOIIecca, a Ha IIOBEPXHOCTH KOMIUIEKCA OYeT HMETh HH3-
KO€ 3HaYeHHE MOBEPXHOCTHOTO HATSHKEHHS, TO TaKas yacTHLa OyaeT yCTOWYMBOM, YTO HUMEET MECTO IpH aJl-
copOIMH M3 pacIiaBa MOBEPXHOCTHO-aKTUBHOTO KOMIOHEHTa. [103ToMy 3¢(eKTHBHOCTh reTeporeHu3anuu
pacmaBa ¥ MOJU(UIMPOBAHUS CTPYKTYPHI JIMTOTO METaJlIa OMpeNesieTcss TepMOANHAMUIECKO aKTHBHO-
CTBIO BEIECTBA MEPEXOAHOTO CIOsI K MaTepHaly YacTUIBI TBepAoi (a3bl. [lomydeHHbIe BBIBOIBI MTO3BOISIOT
OCYIIECTBIISITH BEIOOP COCTaBa KOMIIEKCHBIX MOANU(HUKATOPOB, TO3BOISIOIINX YIPABIATh CTPYKTYpOH OTIH-
BOK B IIPOIIECCE UX KPUCTAIUIN3ALHH.

Kniouesvle cnosa: MATOM MeTalll, CyCleH3Hs, MOIU(PHUIMPOBAHNE, YACTUIIBI, KPUCTAIUTU3AIIMS, acopOmus,
cMauyHMBaHUe, Mex(a3Hast SHEPTHsl, CTPYKTYpa.
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Finite element modeling of heat propagation of a complete rod of
constant cross-section

In this paper, the definition of the temperature distribution field for a rod made of heat-resistant alloy E148 is
introduced. The authors consider for the study a complete rod of circular cross-section of radius R, of limited
length L. Studied body is under the influence of a heat flow q from the surface over the entire cross-sectional
area of the left end, and heat exchange with the environment occurs on the cross-sectional area of the right
end. The rod is thermally insulated along the side surface. The authors consider two cases: the first is the heat
flow with intensity q can be set on the area of a small circle with radius r <R, the second is the heat flow can

2
be set on its part, that is, on the area TE(E] . During the study, the authors showed that during the

thermomechanical process, the strength of each section of the load-bearing structural elements is significantly
influenced by the temperature distribution field. The influence of high temperature on the morphology of
heat-resistant alloys is also shown. This leads to the fact that in some parts of the structural elements the
temperature will be acceptable, and in some — critical. As a result, rapid wear of structural elements and loss
of their physical qualities occur. Therefore, mathematical modeling of temperature distribution field for a
body of various configurations is an urgent problem. The article presents a method for constructing a
mathematical model and a corresponding computational algorithm that allows solving a class of problems to
determine the regularities of the temperature distribution field in the elements of rod-shaped structures. To do
this, the authors used the energy-variation principle in combination with the finite element method.

Keywords: mathematical model, complete rod, heat flow, cross-section, functional, heat exchange, thermal
insulation, temperature distribution field.

Introduction

The methodology for building a mathematical model and the problem of developing a heat propagation
process in one-dimensional and multi-dimensional structural elements of complex configuration, made of
heat-resistant alloys is important and relevant.

There are many works devoted to the problem of the effect of thermomechanical process on changing
the structure and composition of the material of any technical unit or structure. From this we can distinguish
the following authors: Segerlind L., Nozdrev V.F., Kudaykulov A.K., Pisarenko G.S., Birger I.A., Panovko
Y.G., Khimushin F.F., Zenkevich O., Critch F., Federov Y.A., Bakulin V.N., Afanasyeva V.V., Oleynikov
A.l., Jordar A., Yakobi A.l. and others. Analyzing the above-mentioned works we encounter some shortcom-
ings. These works take into account influence on body temperature distribution of separate external factors:
either heat insulation, or heat exchange with environment, or heat flow or temperature, etc. Here we devel-
oped a mathematical model of an insulated rod of constant cross-section under the influence of heat flow and
heat exchange with the environment.

A mathematical model of the temperature distribution field of a rod of different configuration in the
simultaneous presence of heat flow, thermal insulation and heat exchange using minimization of the total
heat energy functional can be successfully applied to solve many scientific and applied problems. Basically,
such problems are encountered in the intensive development of modern technological processes in the field
of metal science. The obtained scientific results are confirmed by solving real test problems, which confirms
the high degree of theoretical and practical importance of the topic.

The objects of the research are load-bearing structural elements in the form of a complete rod made of
heat-resistant alloys.

Subject. A full rod of limited length, constant cross-section, completely insulated along the side surface,
a heat flow is set on the small circle cross-sectional area of the left end, and heat exchange to the
environment takes place through the cross-sectional area of the right end.
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The aim and objectives of this paper are to investigate the temperature field distribution based on the
application of the energy principle using finite elements.

The paper presents a method of heat transfer in one-dimensional bodies, with the problem of
temperature distribution over the volume of bodies of various configurations made of heat-resistant alloys
formalized and solved based on minimization of the total heat energy. Numerical solutions of test problems
of steady-state thermal conductivity for one-dimensional structural elements are new approaches for
establishing a pattern of temperature field distribution.

By changing some parameters of the structure of structural elements, such as the radius of the rod cross
section, it will be possible to identify all vulnerable places in the structural elements and protect them from
deformation or fracture. Such predictions and hypotheses greatly reduce the detection of critical temperatures
throughout the body. Therefore, theoretical mathematical modeling of temperature distribution over the
volume of bodies of different configuration can be implemented to solve problems of optimization of
operation modes of main technological units, turbine units and internal combustion engines.

Research methodology

It is known from the general course of thermophysics that the established process of heat distribution in
one-dimensional structural elements is described by the differential equation of the quasi-harmonic form of
the parabolic type [1]:

0 oT

&[Kxxaj"‘Q:O, @

where the following boundary conditions take place:
_ Bt
h=6 [—(sz °c)]' on Sy,

T = Ts(2)
Bt
h=6 [—(sz °C)]' on Sy, (3)
Here isK, — is the heat transfer coefficient of the rod material, the dimension of which is [ w }
em-° C
[(C:_oc)]; Q — internal heat source, the dimension of which is { W }[%] T,. — ambient surface

temperature S, , the dimensionality of which is [‘C];T; — surface temperature S,, which is considered to be a
given and the dimension of which[‘C]; £, — the guide cosines of the considered cross-sectional surface of

the rod; g— a given heat flux on a certain surface of the rod, the dimensionality of which is {Wz} C%] In
cm

addition, if the heat flux is brought to some surface of the rod, it is taken with a minus sign, and if it is

removed from the rod, it is taken with a plus sign; h— is the value of the coefficient of heat exchange of the

cm?° ¢
surrounded by water, soil, sand, ice, etc. In each case, the values of the heat transfer coefficient of the rod
with its environment will be different.

Here it should be noted that the boundary condition (3) cannot simultaneously set q and h. If g is given
on some surface of the rod, then on that surface the value of h will be zero, and vice versa, i.e. where h is
given, then there the value of g=0.

It is known from the course of calculus of variations that the solution of equation (1), which satisfies
boundary conditions (2) and (3) gives a minimum of the following functional:

rod with its environment, the dimensionality of which is {L} [C%] Certain parts of the rod can be

2
_it ay) M1 )? 4)
I_\ﬁlexx(axj 2QT}dV+£‘:qT+2(T Tat) }ds.

Then if we find a function T =T (x), which will give a minimum to the functional (4), then it is a
solution of equation (1) and will simultaneously satisfy boundary conditions (2) and (3).
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This classical theory is applied to a particular applied problem. Consider a complete rod of bounded
length L and divide it into n—1 parts. In this case we have n nodes. Next, for each individual finite element,
taking into account the real conditions, let us write down the functional expressions for each finite element in

detail | ol [2-6]. Let's compose the sum of the functionals

=5, ©

Minimizing the I- functional by the temperature nodal values, we obtain the following solving system
of algebraic equations:

ol

6T1

ol

at, (6)

ol

Ty
Here it should be noted that when integrating over the volume and surface integrals in the expression of
the functionals 1, 1,, ..., | ,_; there are a lot of peculiar problems connected with specificity of structural

elements such as full and gentle rods, variable cross-section, presence of internal cavities in some elements,
presence of heat flows on local surface of elements of internal sources, and also given temperature values in
some nodes. Depending on these data, the number of algebraic equations in system (6) may be less than n.
Therefore, we will show these features on each specific example with corresponding physical and
mathematical comments. In doing so, we will proceed from the real formulation of problems regardless of
their complexity in the sense of physical and mathematical formulation.

Results and Discussion

In order to test this theory, consider a complete rod of limited length L, the cross section of which is a
circle with radius R. This rod is completely insulated along its lateral surface. On the full cross-sectional area
of the left end a heat flux of intensity g is given (though the heat flux can be given on the area of a small
circle of radius r < R). On the cross-sectional area of the right end there is a heat transfer to the environment
(heat transfer can take place on a small area). In this case, the values of the heat transfer coefficient denote
by h, and the values of the ambient temperature denote by T, (Fig. 1) [1, 7-11].

Thermalinsulation

A
—
y

Figurel. Thermally insulated full rod
For convenience, we first discretize the rod in question using three finite elements of equal length
! = g (Fig. 2). This will allow us to perform all calculations manually. It should be noted here that it is not
necessary to discretize the rod with the same element lengths. The length of each element can be different,

iel, =0, #l, etc.
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\
\
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Q

;—€=L/3—J

h, Tat

Figure 2 .Three discrete finite elements.
In the considered problem there is no internal heat source, i.e.Q=0. For the 1st finite element the
expression of the form function is as follows

X2—X

(01()() =
g

X=X

whenx, <X<X,; x —x =
. 1 2’ % 1

) (x) =

1)
The temperature values at any point within the length of the first finite element are determined by the
temperature values of the nodes T, and T, according to the formula

X X=X
1

+ T
1 1
Then the functional expression for the first finite element is as follows [1, 2, 12-16]:

2

1 ot

TS, —j dV + | qTyds,
v 2 ox S,

— X
2
T

T =g (0T, + 0, ()T, = ) (7)

where K g() — is the value of the heat transfer coefficient of the material of the first finite element, S, is
the cross-sectional area of the left end of the rod, which corresponds to the first node. This functional takes
into account the presence of heat flow with intensity g on the cross-sectional area Sl, which corresponds to
the first node. From (7) we define the expression for the temperature gradient within the length of the first
finite element

d_T: d(pl(X)T1+ d¢2(X)T T2 Tl.

5=

dx dx dx ‘y
Then the expression for |, it has the following form
2
- D) @ x
1 0 T2-" K A 72 2

I, = [ | K| —— dV+IqT1dS=—2J(T2—T1) dx +qTy A =

v(® 2 ‘y 51 204 X

DA ,
204

where A =S, is the cross-sectional area of the left end of the rod, where the heat flux with intensity g, A(l)f
is applied, are the values of the cross-sectional area of the first finite element. Thus, for the first finite ele-
ment we have:

D A® ,
= (1, - T +qT A, )

261

Iy
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T,, T, are the nodal temperature values at nodes 1 and 2, respectively. Similarly, let us write the functional

expression for the second (inner) finite element:
2

(ot (2,0
IZZV(Z)E k2 3€_22 dV:"’Z(T(T3—T2)2 , )

But, for the third finite element, the functional expression |3 must be written taking into account the

heat exchange process of the rod with the environment through the cross-sectional area of the right end of the
rod. Where are the values of the heat transfer coefficient h, and the ambient temperature T,;. Then

2
1l @) Ta~Ts h 2
I, = - K E— dv —\T-T ds,
3 V(I3)2 xx[ 3 J +SJ42( at)

where S 4— S the cross-sectional area of the right end of the rod, which corresponds to the fourth node, and

along which there is heat exchange with the environment. After integrating the expression |3we have:

(3,8

Iy = XX—(T 4T3
21,

2 hA4 )
) + _( 4 _Tat) ’
2
(10)
where A, = 34. Thus, for the considered rod, taking into account the specificity and formulation of the

problem, the full expression of the functional will be:

| = I1 + I2 + I3=
1) A 12),) 3,6l
KXZXIA (r,-1,f +arA +—KX2XIA (r,-7,f + KXZXIA (r,-7,f +h%(T4 1 f
1 2 3

Then minimizing the functional | over the nodal values of temperature T, , T2 , T3 u |, and obtain the

following basic system of solving algebraic equations with respect to the desired nodal values of
temperature:

al K(l)A(l)
—=0=>-—2—(T,-T,)+0qA =0
T, I, 2
ol KYAY K2A®
ﬁszli(Tz _Tl)_li(Ts _T2)=0 (11)
2 1 2
ol K2A® KOA®
—=0= (Ts _Tz)_ (T4 _Ts):O
aT, l, 1,
ol KOAR
a?=0:>|7(T4 ~T,)+hA, (T, -T,)=0
4 3

In order to obtain numerical results, let us set specific application problems for the parameters in the
system (15). Assume that the considered rod is homogeneous and of constant cross-section. Then for the
numerical solution we assume the following initial data [1, 2, 17-22]:

w
Kl k2 k@ =100Lm0c} 1 =1, =1, :%:%:5[cm]; R = 2[om]

A=A =AY = A? = AB = 7R? — 47]cm?]
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T

Values of the coefficient of heat exchange with the environment h=6h = 6 [ﬁ]pf the available
heat flow (supply flow) g=-180 q = -180 [;H—TZ],ambient temperatures of the cross section of the right end

(4th node) T :16["C]Tat =16 [ °C]. Now using the system of equations (11) we find the temperature

values at nodes 1,2, 3and 4,ie. T;, T,, T, u T,
Based on the initial data we have:
Kyx -A 10047z
¢ 5

The obtained numerical data are substituted into the system of equations (11) and we obtain the
following system of algebraic equations, relative to the temperature nodal values:

~807(T, —T;) - 7207 =0,

=807,0 A =-180- 47 =-7207, h-Ay Ty =6-47-16=3847

< 807r(T2 - Tl) - 807r(T3 - T2) =0,

807(Ty —T,) - 807 (T, —T,) =0,

807 (T, —Ty) + 247 (T, —16) =0,

By opening the brackets and reducing both parts of the equations, after slight simplifications, we obtain
the following final solving system of algebraic equations:

80T1 - 8OT2 =720
— 80T, +160T, —80T, =0
I 2 3 (12)
- 80T2 + 160T3 - 80T 4= 0
- 80T3 +104T 4= 384
From the first equation of the original system (12) we have:
80T, =80T, +720=T, =T, +9. (13)
Substituting 80T1, into the second equation of the system (12) we find that
T, =Ty +9 (14)

Substituting the found value T2 into the third equation of the system (12) we obtain that

Ty=T, +9 (15)

Finally, substituting the found values into the last equation of the system (12) we find that

80T4 - 80T4 - 720 + 24T4 = 384 . From this we get that

24T, =384+ 720 = T, =%:46 C.

Substituting the value T, into equation (15) we find the temperature in the inner 3rd node

4

T3=T4+9:46+9:55 c.

Substituting T, into equation (14) let's find the temperature in the inner second node

T, =T3+9=55+9=64 °C.
Finally, by substituting the value of T into equation (13), we find the temperature value in the 1st node
on the cross-sectional area of which the heat flux of intensity is given g=-180 q = -180 [C%]

T1:T2+9:64+9:73 C.

Here we consider the first case, which heat flux intensity g is given on the area of a small circle of a rod
with radius r<R.

Cepus «dunsukay. Ne 4(108)/2022 99



B.Z. Kenzhegulov, S.B. Kenzhegulova et al.

Now consider the second case, when the heat flux with intensity q is applied not to the full area of the

2
R
left end, but to a part of it, that is, to the area 72'(_] (Fig. 3) [1-6, 22-23]:
2

Thermal insulation

h, Ty

\ 4

Heat exchange < L
Figure 3. Calculation scheme

At the same time on the remaining cross-sectional area of the left end, i.e. on the
2 (RY 3R’ o men(B) =3 cothere s a h h ith the envi hi=6h =
R _;{j _om 2 mRE-m (E) =—— cm there is a heat exchange with the environment h;=6 h =
2 4
Bt _ Bt . . . ° 3 0
[—(sz °C)]'h1 =6 [—(sz. °c>]’ there is a heat exchange with the environment Tatl =20°C, Ty =16 C.

The area to which the heat flow is brought

— Br d b R2 ”R4 2
q=-180 [m] enote ySllzﬂ- E :Tcm .

Then we denote the remaining cross-sectional areas of the left end of the rod by

2

R 3R 2 2 _

Sip = 7zR2 - ﬂ(—) = cm2.512 = nRZ-“TR = % cm? Over the total area of the right end of the
2 4

rod there is a heat exchange with the environment h=6h = 6 [(CmBTTC)] As in the previous problem, we

discretize the rod in question with length L, using three finite elements lengths of which are respectively

L
ly=ly=lg=— (Fig. 2). Then in the considered problem for the first finite element the expression of the

functional |, instead of (8) will be as follows:
2

2
1 T, -T. h
=1= kU272 ] gy o g qT Sy, + | —1[T—Ta ) ds,, =
12 | S S, 2 b
i 1 11 12
NG 2
—Ki")‘—A(T 1, +qTs St
- 271 T 17 ay )
21, 2
Thus, for the first finite element we have
<Ea® ( ) hySio ’
= Ty S amysyy (T Ty )
1

We leave the functionals for the remaining elements (2-3) the same as (9) and (10):

2
=] : K@(Mj dV:M(T3 —TZ)Z;
212 I, 21,
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1 .0)Ta"Ts 2 h S 2 hay 2
Iy = [ = K| — dV+f—(T—Tat)2dS= (T4 —T3) +—(T4 _Tat)-
[3]2 I3 S2 2I3 2
Vv
The general expressitzr)] of the functional for the full rod is as follows 2. )
1) .1 2 2),(2
A 2 h,S Ko A 2
XX 1712 XX
I:I1+I2+I3: o (TZ_Tl) +qT1811+—2 (Tl—Tatl) +—2I (T3—T2) +
6,9 : 2 =
3) .13
K sl A 2 hA, 2
+ Y (T4—T3) +T(T4 —Tat) .
3

Now minimize the obtained functional 1 (16) by the nodal values of temperature T,, T, T3 u T4 and
obtain the following solving system of algebraic equations:

) A0)
LRSS ¥ G (TZ—T1)+q511+h1512[T1—Ta j=o
an, N 4
) A0 (2) ,(2)
al Ky A Kol A
P XT (Tz ‘Tl)‘ X)l( (Ts ‘T2)= 0 (17)
2 1 2
2) 52) NS
ol Ky A ( ) Kyx A ( )
— = T, -T, )- T,-T,)=0
372 473
oT, 1 I
3] A3)
;% =0= %(T4 —T3)+ hA4(T4 —Tat): 0.
4 3
4r 3r-4
Calculating the wvalues at R=2 cm. We have Sll = 7 =r ; 812 = 2 = 3r;

h -812 =6-37 =18x; h-A4 =6 -4 = 24r.
Substituting the coefficients into the system of equations (17) we obtain
- 807r(T2 - Tl) —1807 + 187z(Tl - 20) =0,

< 807r(T2 - Tl) - 807r(T3 - T2) =0,
807z(T3 - T2) - 807z(T4 - T3) =0,

807r(T4 - T3) + 247z(T4 -16) = 0.
Reducing all terms of the equation by and after a slight simplification we have:

98T, — 80T, =540,
— 80T, +160T, — 80T, =0,
) 1 2 3 (18)
— 80T, + 160T3 - 80T, =0,
—80T5 +104T, =384
From the first equation of the original system:
270 40
T=—t+—T,, (19)
49 49

Substituting the found value T, into the second equation of the system (18) we obtain that
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T2=@+4—9-T3 (20)
58 58 .

Substituting the found T, in the third equation of the system (18) we find

T3=@+5—8-T4 (21)
67 67

Substituting the obtained value T3 into the last equation of the system (18), we find the temperature

value of the 4th node, which corresponds to the cross-sectional surface of the right end of the full rod, where
the heat exchange takes place:

270 58
—-80 —+—-T4 +104T4=384.

67 67
From this we have
47328 o
T, = ~20.33 C,
2328
then substituting T4 in (21) we obtain the temperature values in the 3-node.
270 58 o
T3 =—+—-20.33~2163 C.
67 67
From (20) the value T, will be:
270 49 °
Ty=—++-—-2163~2293 C.
58 58

From (19) we find the temperature value of the first node, which corresponds to the cross section of the
left end of the rod, where part of the area is subjected to heat flow and the right part is subjected to heat
exchange:

270 40 o
T1:—+—-22.93z24.23 C.
49 49

Conclusions

It should be noted that three types of boundary conditions have been set in this problem:

1) The surface of the cross-sectional area of the left end of the full rod is given a heat flux and two cases
are considered:

a) a given heat flux of intensity ¢ can be set on the area of a small circle of radius r<R;

2
R
b) the heat flux can be set on its part, i.e. on the area 7[(_] :
2

2) The lateral surface area along the entire length of the rod is insulated.
The cross-sectional area of the right end is open. It is surrounded by some medium (water, oil, ground,

etc.), temperature of which is T, =16 °C. Values of the coefficient of heat exchange of the rod with this

environment h=6 h = 6 [%] heat transfer coefficienth = 6 [%] and the coefficient of heat
(cm? °C) (cm? °C)

exchange of the rod with the environment T, =16°C is determined experimentally and in all problems

considered by us are considered to be set. Values of heat flux and internal heat source are also set.
As a result, the initial data for both cases are the same, but for the first case, when the heat flux is set on

the area of a small circle of radius r<R the temperature values at the nodal points are as follows: T = 73°C,

T,=64C, T,=55C, T, =46 CT; =73 C.
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2
Now for the second case, when the heat flux is set on its part, that is, on the area z| — | the
2

=2293°C, T,=2163"C,

temperature values at the nodal points are as follows: T, =24.23°C, T 3

1 2

T, = 20.33°Cc T, =73°C.

On the basis of the above-stated, practical significance of the conducted research can be determined.
The proposed computational algorithm can be used to determine the regularities of the temperature distribu-
tion field in rod-type structural elements. Furthermore, the presented method of transferring heat to one-
dimensional bodies based on minimizing integral thermal energy allows formalizing and solving the prob-
lems of temperature distribution over the volume of bodies of various configurations made of heat-resistant
alloys.

References

1 Kenzhegulov, B. (2021). Numerical modeling of multidimensional temperature and one-dimensional nonlinear thermome-
chanical processes in heat-resistant alloys. Atyrau: ASU Press publishing House.

2 Kenzhegulov, B., Shazhdekeyeva, N., Myrzhasheva, A.N., Kabylhamitov, G.T., & Tuleuova, R.U. (2020). Necessary Opti-
mality Conditions for Determining of the Position of the Boundary of Oil Deposit. International Journal of Engineering Research
and Technology, Vol. 13, 1204-1209.

3 Kenzhegulov, B., Kultan, J., Alibiyev, D.B., & Kazhikenova, A.Sh. (2020). Numerical Modelling of Thermomechanical Pro-
cesses in Heat-Resistant Alloys. Bulletin of the University of Karaganda-Physics, 2(98), 101—108.

4 Kenzhegulov, B., Shazhdekeyeva, N., Myrzhasheva, A.N., & Tuleuova, R.U. (2020). A Numerical Method for Determining
the Dependence of the Thermally Stressed State of a Rod on Ambient Temperature with The Simultaneous Presence of Thermal
Processes. PeriodicoTcheQuimica, Vol. 17, 765-780.

5 Kenzhegulov, B., Tuleuova, R., Myrzasheva, A., Shazhdekeyeva, N., & Kabylkhamitov, G. (2021). Mathematical modelling
and development of a computational algorithm for the study of thermo-stressed state of a heat-resistant alloy. Site of journal "Period-
icals of Engineering and Natural Sciences". Retrieved from http://pen.ius.edu.ba/index.php/pen/issue/view/31.

6 Kenzhegulov, B., Shazhdekeyeva, N., Myrzasheva, A., Kabylkhamitov, G., & Tuleuova, R. (2021). Numerical methods for
solving improper problems of filtration theory. Journal of Applied Engineering Science, Vol. 19, Br. 1, 98-108.

7 Li, H.-F., Zhao, J., Cheng, C.-Q., Min, X.-H., Cao, T.-S., & Xu, J. (2018). Prediction of High Temperature Creep Defor-
mation and Rupture Life on HP Heat Resistant Alloy Using Zc Parameter. Journal of Materials Engineering, Vol. 46, No. 3, 112-
116.

8 Meng, B., Yang, K., Wu, J., & Zhang, X. (2019). Preparation Method of High Conductivity and Heat Resistant Aluminum
Alloy. Tezhong Zhuzao Ji Youse Hejin / Special Casting and Nonferrous Alloys, Vol. 39, No. 8, 922-924.

9 Wang, J. (2020). Kinetic and Strength Calculation of Age-Hardening Phases in Heat-Resistant Aluminum Alloys with Silver.
Materials Science Forum, VVol. 993 (pp. 1051-1056).

10 Adaskin, A.M., Kirillov, A.K., & Kutin, A.A. (2020). Improving the Cutting of Heat-Resistant Chromium Alloy. Russian
Engineering Research, VVol. 40, No. 9, 748-750.

11 Min, P.G., Sidorov, V.V., Vadeev, V.E., & Kramer, V.V. (2020). Development of Corrosion and Heat Resistant Nickel Al-
loys and their Production Technology with the Aim of Import Substitution. Power Technology and Engineering, Vol. 54, No. 2, 225-
231

12 Petrushin, N.V., Evgenov, A.G., Zavodov, A.V., & Treninkov, I.A. (2018). Structure and Strength of the ZhS32-VI Heat-
Resistant Nickel Alloy Produced by the Method of Selective Laser Alloying on a Single-Crystal Substrate. Inorganic Materials:
Applied Research, Vol. 9, No. 4, 620-627.

13 Zhang, N., Cheng, R., Dong, H., Liu, W., Zhan, J., Jiang, B. et al. (2019). Application and Research Progress of Strontium in
Heat-resistant Magnesium Alloy. Cailiao Daobao/Materials Reports, Vol. 33, No. 8, 2565-2571.

14 Li, G., Liao, H., Suo, X., Tang, Y., Dixit, U.S., & Petrov, P. (2018). Cr-Induced Morphology Change of Primary Mn-Rich
Phase in Al-Si-Cu-Mn Heat Resistant Aluminum Alloys and Its Contribution to High Temperature Strength. Materials Science and
Engineering A, Vol. 709, 90-96.

15 Quan, G.-Z,, Zhang, K.-K., An, C., Qiu, H.-M., & Xia, Y.-F. (2018). Analysis of Dynamic Recrystallization Behaviors in Re-
sistance Heating Compressions of Heat-Resistant Alloy by Multi-Field and MultiScale Coupling Method. Computational Materials
Science, Vol. 149, 73-83.

16 Xu, X., Jin, X, Liu, Z., Zhang, B., Zhang, R., Zhuang, Y., et al. (2019). Microstructure and Properties of a New Al-Cu-Mg-
Zn-Zr-Ti Heat Resistant Aluminum Alloy. Materials Research Express, Vol. 6, No. 12, article number 1265H8.

17 Facco, A., Couvrat, M., Magné, D., Roussel, M., Guillet, A., & Pareige, C. (2020). Microstructure Influence on Creep Prop-
erties of Heat-Resistant Austenitic Alloys with High Aluminum Content. Materials Science and Engineering A, Vol. 783, article
number 139276.

Cepus «dunsukay. Ne 4(108)/2022 103



B.Z. Kenzhegulov, S.B. Kenzhegulova et al.

18 Kvasnytska, Y.H., Ivaskevych, L.M., Balytskyi, O.I., Maksyuta, L.I., & Myalnitsa, H.P. (2020). High Temperature Salt Cor-

rosion of a Heat-Resistant Nickel Alloy. Materials Science, Vol. 56, No. 3, 432-440.

19 Sustaita-Torres, I.A., Haro-Rodriguez, S., & Colas, R. (2018). Aging of a Low Carbon Heat Resistant Cast Alloy. High Tem-

perature Materials and Processes, Vol. 37, No. 2, 133-139.

20 Patrin, P.V., Karpov, B.V., Aleshchenko, A.S., & Galkin, S.P. (2020). Capability Process Assessment of Radial-

Displacement Rolling of Heat-Resistant Alloy HN73MBTYU. Steel in Translation, Vol. 50, No. 1, 42-45.

21 Fu, Y., Zhuang, Y., Xu, X., Zhang, J., Liu, Z., Zhang, B., et al (2019). Effect of Ti Content and Hot/Cold Extrusion on Mi-
crostructure and Properties of 2219 Heat-Resistant Aluminum Alloy. Materials Research Express, Vol. 6, No. 10, article number
1065F2.

22 Fang, J., Huang, Y., Yu, G., & Hu, Z. (2019). Influence of Cold Deformation on Properties and Static Recrystallization of Al-

Mg-Si-Zr Heat-Resistant Aluminum Alloy. Jinshu Rechuli / Heat Treatment of Metals, Vol. 44, No. 8, 37-40.

23 Bao, H.-S., Yang, G., Chen, Z.-Z., & Liu, Z.-D. (2020). Effects of Long-Term Aging on Microstructure and Properties of a

Tungsten Bearing Heat-Resistant Alloy. Journal of Iron and Steel Research International, Vol. 27, No. 4, 477-487.
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KeJsneneH KUMachl TYPAKTHI OIPTYTAC CHIPBIKTHIH Y3bIHA 00 bIHA
JKBLIY TapaJjly epiciH WIEeKTI dJIeMeHTTep daiciMeH miliHaey

Makanana D148 xpityra Te3iMIi KyiiMajaH jKacaifaH CHIPBIKTHIH Y3bIHA OOWBI XKBUTY Tapaly epiCiHiH 3aH-
IBUTBIFBIH aHBIKTAY HET13/I€NTeH. ABTOPJIAp Y3BIHIBIFBI NIEKTEYi L-Te TeH, y3bIHa OOWBI KOJIeHEH KIMaa-
PBIHBIH paguycTapbl R-re TeH neHrenek 0ipTyTac ChIPBIKTHI KapacThIpFaH. 3epTTeyre allbIHFaH JIEHEHIH COJl
JKaK KeJJICHEeH KUMAChIHBIH TOJIBIK OCTiHIH aylaHbIHA ( JKbUTY aFbIHBI TYCIPUITeH, ajl O JKaK KeJJICHEeH KuMa-
CBHIHBIH ayaHBIHAH KOpPILIaFaH OPTaMEH JKbUTY alMacy sKypil >kaTelp. CHIPBIKTHIH OyHip OCTiHIH aymaHBI KbI-
JMyJaH OKIIayJdaHFaH. Makaja aBTOpiaphl €Ki KaFaaiiiel KapacThIpFaH: OipiHIIICI — KBUTY aFbIHBI ( KapKbI-
HBIMCH COJI JKaK ayJaHbIHbIH <R pamuychIMeH OepireH KilllKeHTal NOHTeNeK aylaHblH; eKiHIIICI — KUY

2
aFbIHBI COJI JKaK OCTiHIH ayTaHBIHBIH Oenrini Oip OemiriHe OepisireH, sSIFHH n[— ayIaHBIH. 3epTTey KopceT-
2

KeH/IeH, KbUTyMEXaHUKAIBIK MPOLECTe HETi3r1 KYPBUIFBI JIEMEHTTEPiHIH op O6JiriHIeri bICTHIKKA TO3IMIi-
JIKKE JKBUTY Tapally epiciHiH ocepi MaHpIB Oonansl. COHBIMEH Katap, KOFaphl TEMIEpaTrypa bICTHIKKA TO-
3iMIi KyiiManapIsiH MOP(OJIOTHACHIHA dcep ETETiHMAIr 3epTTeireH. byl KypbUIFbI 3JIeMEHTTEpiHiH Kehoip
GeutikTepiH/ie XKBUTY OTIMII, an Keibip OenikTepiHae KPUTHKAJIBIK JKaFaaiiFa skeTeTiHairin kepcereni. OChIH-
nail KyOBUIBICTApABIH HOTIDKECIHIIE KYPBUIBIMABIK JIEMEHTTEp jKapaMChl3 KyHre (KHpayra) Te3 YIIbIpaiibl
XKoHe (U3MKAIBIK KacueTTepiH jkorantaabl. COHIBIKTaH ap TYpii (opMasiarsl JeHe YIIiH TeMIepaTypaHbIH
Tapaiy epiciH MaTeMaTHKAJIBIK MOIeNbAey (MilIiHaey) 63eKTi Mocene. Makanaa ChIpbIK Topi3aec KYphUIbIM-
IIBIK SJIEMEHTTEP/ET JKBUTy Tapally OpiCiHiH 3aHABUTBIKTAPBIH aHBIKTAYy OAFBITBHIHIA €CENTep IIBIFapy YLIIH
MaTeMaTUKAJIBIK MOAETbBI (MIIiHAL) KYpY dAicTEMEC] )KoHE COHKECTI ecenTey alropTMaepi KentipiireH. by
YIIiH aBTOpJIap YHEPTeTUKAIBIK-BapHUAIMSIIBIK IPHHIAIT HETi31HAE MEKTi AIEMEHTTEp 9IiCiH KOJIIAH IBL.

Kinm co30ep: MaTeMaTHKaIBIK MOAENb (TIIiH) OipTyTac CHIPBIK, JKBUTY aFbIHBI, KOJIJCHEH KUMa, (PYHKIHO-
HaJl, XbIJTy ajIMacy, KbITyJaH OKLIayJay, KbULy Tapay epici.

b.3. Kewxerynos, C.b. Kenxerynona, /[.b. Anu6ues, A.Ill. Kaxxukenosa

KoHeuHO0-3/IeMeHTHOE MOJIeJIMPOBAHHE PACIIPOCTPAHEHUS Teljia
MOJTHOTO CTEP KHS MOCTOSTHHOTO MOTEPEeYHOr0 CedeHUst

B craTtbe BBemeHO ompeneneHHe MONS pPACIpENENICHUs] TEMIIEpaTyphl ULl CTEpKHS, M3TOTOBICHHOTO W3
JKaporpodHoro cruiaBa DM48. ABTopaMu A UCCieNOBaHHUS BBIOpAH IOJHBINH CTEP)KEHb KPYrOBOTO IOTIE-
pedHoro cedeHus paaumyca R orpanmdeHnoi umHEL L. M3ydaemoe Temo HaXOAMTCS O] BO3JEHCTBUEM TeTI-
JIOBOTO TIOTOKA ( CO CTOPOHBI IIOBEPXHOCTH MO BCEH IUIOIMIAIY ITONIEPEYHOTO CEUCHUs JICBOTO KOHIIA, a Ha
IJIOIIAY TOIEPEYHOro CEYEHHs IIPAaBOr0 KOHI[A IPOMCXOTUT TEIJIOOOMEH C OKpYJXKalolled cpenoi.
CrepxeHb TeIION30JHPOBaH M0 OOKOBOM MOBepXxHOCTH. M3ydeHs! ABa ciaydasi: MepBbIi — TEIIOBOH MOTOK
MHTCHCHBHOCTBIO (] MOXKeT OBITh 3aJaH Ha IUIOIIAJX Majoro Kpyra paguycoM r<R; BTOpoil — TemioBoii

2
ITIOTOK MOKET OBITH 3aJJaH Ha €€ 4aCTH, TO €CTh Ha ILIOIaaun TC(— . HpI/I HCCICNA0OBAHUHN aBTOPAMMU IMOKa3a-
2
HO, 4YTO IIpU TEPMOMEXAaHHUYCCKOM IPOLECCE€ Ha MPOYHOCTb KAKAOI'0 YJaCTKa HECYIIUX DJIEMEHTOB KOH-

CTPYKLUU CYLIECTBEHHOE BIMSHUE OKa3bIBACT IOJIC PaclIpelelleHus TeMIepaTyphl. Takke OTMEUeHO BIUs-
HHE BBICOKOIT TemIepaTypbl Ha MOP()OJIOTHIO JKAPOIPOUHBIX CIUTABOB. DTO MPHUBOJUT K TOMY, YTO Ha KaKHX-
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TO yYacTKaX 3JIEMEHTOB KOHCTPYKIHM TeMIlepaTypa OyaeT AOMyCTHMOH, a Ha KaKUX-TO — KPUTHYECKOMH.
Bcneactsue 3Toro nmpoucXoauT ObICTPOE W3HAIIMBAHUE IEMEHTOB KOHCTPYKLHMM M NMOTEPs MX (PU3MYECKUX
kauecTB. IloaToMy MaTemaTHueckoe MOAEIHUPOBAHUE PACTIPEAEIEHHS MO TeMIIepaTyphl Il Tela pasind-
HOH KOH(HUTypaIy ABISETCS aKTyaIbHOH IpoOiieMoil. B craThe mpuBeseHa MeToJuKa OCTPOCHHS MaTeMa-
TUYECKON MOJIENIU U COOTBETCTBYIOIIETO BBIUMCIUTEIBHOIO aIrOPUTMa, IO3BOJIAIOIIUX pellaTh KIacc 3aaad
IO OIPE/ICNICHUIO 3aKOHOMEPHOCTEH OIS PacIpesieNieHHs TeMIIEpaTyp B 2IEMEHTaX KOHCTPYKIMH CTep KHe-
BOro BHJA. [y 3TOro aBTOpHI HCIOIb30BAIU YHEPIeTUYECKO-BaPUAIIIOHHBINA IPUHIUII B COYETAHUU METOJa
KOHEUHBIX JIEMEHTOB.

Kniouesvie cnosa: matemarHmuyeckas MOJENb, MONHBII CTEp)KeHb, TEIUIOBOH MOTOK, MONEPEYHOE CEUeHHE,
(bYHKIMOHAN, TETUIO0OMEH, TEIUIOM30JILNS, [OJIE PACHPECIICHHS TeMIIePaTypBl.
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Some technological aspects of cleaning pipes of heat exchangers from solid scale
deposits

This article discusses possible solutions to one of the problems associated with the low efficiency of existing
thermal power plants. These factors are due to both the depreciation of equipment and the lack of any effec-
tive technologies for intensifying heat and mass transfer processes. The relevance of research topics is also
confirmed by the fact that at the state level it is proposed to legally oblige the subjects of the heat and power
industry to carry out preventive measures aimed at optimizing existing enterprises. The description of the rea-
sons for the occurrence of scale deposits that appear in the in-line cavities is given. Due to the fact that the
thermal conductivity of solid deposits is much less than the thermal conductivity of the metals from which the
heat exchanger tubes are made, they significantly reduce the intensity of the processes and the intensity of
heat transfer. Solid deposits lead to a decrease in the coolant flow rate, an increase in fuel consumption and a
violation of the technological mode of operation of the entire heat exchange unit. The authors analyzed vari-
ous technological aspects of various methods for cleaning heat exchanger tubes from solid scale deposits, on
the basis of which the advantages of the electrohydraulic treatment method are substantiated. A schematic di-
agram of the device is given and a brief description of the method of cleaning the pipes of heat exchangers
from solid scale deposits is given using electro-hydro-pulse action. The results of the application of this tech-
nology for cleaning heat exchange pipes at specific heat and power enterprises are shown, which confirm its
advantages over other cleaning methods, both in terms of processing time and energy costs. The influence of
the degree of purification of heat exchange pipes from solid deposits on the thermophysical parameters and
efficiency of the heat exchanger is considered.

Keywords: heat exchanger, hard scale deposits, pipe cleaning, electro-hydro-impulse treatment, heat ex-
change efficiency.

Introduction

The energy-saving use of heat and power resources, the creation of new efficient ones, as well as the
improvement of existing technical devices, is an important problem of scientific and technological progress.
Heat exchangers are used to implement various thermal processes of heating, cooling, boiling, condensation
and more complex physical processes — evaporation, absorption, heat transfer, etc. Heat exchangers are
widely used in steam generators of nuclear power plants, gas-pipe installations and technological devices of
chemical production, air conditioning systems, refrigeration and transport installations, etc. [1-5].

The development of energy intensity and production volumes requires an increase in the size of heat
exchangers, which necessitates the search for ways to save fuel, materials and labor costs. According to JSC
KOREM company, our “Kazakhstan's thermal power industry operates with a low efficiency [2, 6, 7]. More-
over, the Ministry of Energy has developed a Law obliging the subjects of the heat and power industry to
carry out preventive measures aimed at optimizing existing facilities. The new legislation should ensure the
technological renewal of the industry, the possibility of providing reliable, high-quality services to consum-
ers, the reduction of specific and absolute levels of emissions, etc. The adoption of such measures at the state
level is due to many technical and economic problems of the thermal power industry, such as a high degree
of wear and tear of the main equipment — the national average wear of heating networks is 59 %; low ther-
mal efficiency of existing equipment, high losses of thermal energy in thermal networks, etc. Among them,
the problem of “lack of effective organization and planning of repair work to maintain and restore the main
and auxiliary equipment of CHPPs, boiler houses and heating networks” is highlighted separately. In the
proposed article, the authors consider some aspects of the technology, the application of which can determine
possible ways to solve one of the most urgent problems of the domestic thermal power industry.
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Problem statement and research method

It is known that the heat transfer largely depends on the cleanliness degree of working surfaces, because
the presence of even a thin deposit of in-line deposits sharply worsens the process of heat transfer. Scale de-
posits have low thermal conductivity; they reduce heat transfer, so the heating of heat exchangers with de-
posits takes a longer time and requires more energy. Walls of heat exchange tubes in the presence of scale
are heated to a higher temperature, which leads to a reduction in their service life. Therefore, in recent years,
much attention has been paid to the fight against the occurrence of unwanted deposits in pipes, which not
only reduce the efficiency of the boiler, but also increase fuel consumption [8-11]. Classical methods of deal-
ing with scale are associated with the removal of hardness salts from the feed water (their absorption by var-
ious ion exchangers) or the addition of chemicals, such as phosphates, to the water [12]. These methods are
very expensive, and therefore they are used mainly on large heat exchange devices.

It should be noted that at some technological enterprises, heat exchangers and boilers use pipes made of
expensive metals and their alloys, such as brass, copper, LAMsh, etc., which are difficult to clean. Such
pipes simply have to be cut and removed along with deposits. This is very costly and time consuming due to
the need to stop the operation of the entire heat exchanger. The need to develop and implement an effective
method for cleaning heat exchange pipes, which quickly removes solid deposits without deformation and
rupture of the metal walls of the pipes directly, is an urgent task not only in Kazakhstan, but also in many
CIS countries and far abroad.

Practice shows that the cleaning of heat exchange surfaces from solid deposits using electro-hydro-
pulse (EHP) action is the most effective and environmentally friendly method [13]. In addition to cleaning
heat exchange tubes, EHP technology is widely used in a wide variety of production processes and indus-
tries, for water disinfection, for crushing and grinding mineral ores, for breaking rocks, for demulsifying lig-
uids, for cleaning oil and phosphorus deposits and others [14-18]. At the same time, the physical phenomena
accompanying the processes of interaction between pressure shock waves and macroscopic structures in het-
erogeneous liquids have not been fully studied. This is due to their complexity and diversity, as well as the
impossibility of preliminary calculation of the parameters of the EHP impact, which depend in each particu-
lar case on many factors. In this regard, the authors studied some technological aspects of cleaning the heat
exchanger tubes from solid deposits using EHP action to determine the most optimal parameters and modes
of this method and its effect on the efficiency of the heat exchanger.

The process of formation of scale deposits depends on both the temperature regime of the heat carrier
and the water treatment of the source water. As a rule, industrial water, which always contains various impu-
rities in the form of gas bubbles or dispersed solid particles, is used as a high-quality heat carrier at enterpris-
es, technological installations of the chemical, oil and gas industries. Due to the presence of impurities of
various salts in the process water in the form of fine-grained particles or dissolved substances, scale and solid
deposits form in the heat exchangers during operation [10, 11].

Various impurities contained in water are divided into suspended and dissolved. Suspended substances
consist of sand, clay, particles of organic and mineral origin and are removed from the water by clarification
in mechanical filters. Of the dissolved salts in the water, magnesium chloride Mg Cl», sodium Na Cl, calcium
Ca Cly, calcium sulfate Ca SO4 and magnesium Mg SO4, carbonate and bicarbonate salts of calcium or mag-
nesium Ca SOs, Mg SO3, Ca (HCOs3)2, Mg (HCO3)2, as well as compounds of iron, aluminum, silicon [8, 10].
Calcium and magnesium salts have the greatest scale-forming ability. Scale deposits consist of a mixture of
various chemical elements, the composition and structure of which also depends on the temperature regime
of the coolant.

Numerous boilers, water heaters and other heat exchange devices of small and medium
capacity, as a rule, use network water without special treatment. As a result, there is a rapid
formation of scale deposits on the walls of heat exchangers. This is confirmed by the results of the
analysis of the composition and structure of hard scale deposits formed on the inner surface of the
pipes of heat exchangers of a number of operating thermal power facilities. As part of the research,
the condition of the pipes of such heat exchangers as boilers and condensers of heat power plant
HPP-3 in Karaganda city, the bakery boiler unit E-1/9-1 of Saran city, and others were studied.

The efficiency of cleaning heat exchangers from solid deposits can be ensured by a method based on the
well-known electrohydraulic effect (EHE) by Yutkin L. This has been repeatedly confirmed experimentally,
both by testing the EHP technology in laboratory conditions and directly by the results of cleaning various
heat exchange pipes at operating industrial facilities [13-19].
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Let's consider some technological aspects of cleaning the internal surfaces of heat exchanger tubes from
solid scale deposits using EHP technology. Under EHP action, the destruction source of solid deposits is
powerful impulse pressures at the front of shock waves, which are formed during a high-voltage electric dis-
charge in water. It has been established that, first of all, thicker deposits are destroyed, and for the destruc-
tion of thin-layer deposits, it is required to increase the supplied discharge energy. In addition to the fact that
this causes additional energy costs and can lead to unwanted ruptures of the pipe wall. Electric discharges are
carried out near the cylindrical wall of the pipe. Therefore, it is necessary to take into account multiple re-
flections of pressure waves, which can enhance the effect of the EHP action, and under certain conditions,
and vice versa, reduce it. It is difficult to determine in advance the pressure value at the shock wave front due
to cavitation effects, phase changes in the working fluid, reaction of scale deposits, etc. that occur during
EHP treatment.

To solve this problem, a team of authors proposed a method for removing solid deposits of various
thicknesses that form on the inner surface of pipes, which can be implemented without an additional increase
in the electrical parameters of the discharge [11, 17, 18]. According to the idea of the authors, a cable-
electrode is inserted into the cavity of the cleaned pipe, which is installed in a cone-shaped nozzle made of
durable material. Figure 1 shows a scheme for cleaning the surfaces of heat exchangers from solid scale de-

posits.
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Figure 1. Scheme of the electro-hydro-pulse cleaning method:
1 — wall of the pipe being cleaned, 2 — cable-electrode, 3 — cone-shaped device, 4 — fastening, 5 — destroyed de-
posits, 6 — scale layer being cleaned, 7 — technical water, 8 — electro-hydraulic device (EGD).

The cone-shaped nozzle is made of steel (1.0+-1.5) mm thick. The outer diameter of the cone is smaller
than the inner diameter of the heat exchanger tube being cleaned. During EHE, the shock wave propagates
isotropically, in all directions, and the cone-shaped nozzle orients its movement along a certain solid angle,
and therefore allows increasing the value of the wave pressure along the pipe axis. This phenomenon is asso-
ciated with the cumulating effect, which provides an increase in the pressure of the shock wave in a certain
direction, and, consequently, the effect of energy concentration.

The greatest increase in the pulse pressure amplitude was obtained when using a nozzle with a taper an-
gle a=30°. The shock wave enhanced by the cumulative effect contributes to faster destruction and flaking of
hard and superhard deposits located on the inner surface of the pipe. The periodic action of a powerful shock
wave on the treated surface contributes to the destruction of solid deposits, thereby intensifying the process
of cleaning the internal cavity of the heat exchanger tube. Destroyed and exfoliated sediment particles are
carried away from the working area by the fluid flow. Let us consider examples of the successful application
of the developed technology for cleaning pipes and tube bundles of peak boilers of thermal power plants,
E1/9 steam boilers, etc.

As a result of the cleaning work using the EHP treatment, the heat exchange tubes are completely
cleaned. Along with the cleaning of pipes the pressure testing of pipes and tube bundles was also carried out,
and their suitability for further operation is determined.
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Results and discussion

Treatment of brass pipes using electro-hydro impulse treatment.

Figures 2 and 3 are photographs of pipes sections of the heat exchangers of various diameters d with
hard scale deposits. The solid scale deposits into pipes formed from CHPP-3 (Karaganda city) after operation
during the season (about 6 months). It can be seen that inner surfaces of the pipes are completely cleaned
after electrohydraulic treatment (Fig. 3b). The metal walls are not deformed, which allows them to be used in
the heat exchanger in the future along with new ones.

Figure 2. Samples of heat exchange pipes sections from CHPP-3 after operation during the heating season:
a) — boiler pipe, d=19mm; b) — condenser pipe, d=28mm

a b

Figure 3. Samples of condenser pipes sections from CHPP-3, d =24 mm
a) before processing; b) — completely cleared using the EHI effects.

The significance and practical importance of this technology is that the use of EHP- processing allows
manufacturing enterprises to continue working in a short time with improved indicators of energy efficiency
and economic profitability of equipment. As a result of the work carried out on the cleaning of heat exchange
pipes, a methodology for its application was developed, equipment was created, which was tested and im-
plemented at a number of thermal power facilities.

Treatment of steel pipes of the boiler unit E1/9 using electro-hydro pulse treatment.

The studied steam generator E1/9 worked for 9 months without stopping. Boiler plants of the plant
provide production processes with saturated steam with humidity up to 30 % and at the same time cover all
technological and heating loads. According to the passport data, the productivity of the E1/9 solid fuel steam
generator should be 103 kg of steam per hour. In the E1/9 steam generator, the upper and lower drums are
strictly located on the same vertical axis and are interconnected by tube bundles forming convective heating
surfaces. Seamless pipes made of grade 10 steel are used. The pipe diameter is 51 mm and the wall thickness
is 2.5 mm (Fig. 4).

It can be seen that some pipes after seasonal operation are almost completely filled (“clogged”) with
solid deposits. These solid deposits are characterized by a denser, homogeneous, almost stone structure (Fig.
4a). Previously, pipes with such deposits were processed first using chemical reagents, then cleaned using a
mechanical cutter. But this method does not allow to remove the formed solid scale deposits, as a result of
which the uncleaned pipes used during one season were replaced by new ones. Examination of fragments of
spent pipes showed that in almost 70 % of the pipes of the convective bundle, the solid scale thickness
reaches about 13-15 m (Fig. 4b). When checking the condition of the equipment, burnt pipes were also
found, inside which the scale hardened like a stone.
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Figure 4. Samples of boiler pipes before and after cleaning using EHP — treatment:
with hard deposits before processing; b) partially cleaned after processing, d =51 mm

As part of the experiments, the dependence of the scale mass on the treatment time and the change in
the thermal parameters of the E1/9 boiler as a result of cleaning using the EHP technology were revealed.
Within 5 hours, with the help of EGI technology, 3 rows of 11 convective pipes, 1.1 m to 1.8 m long, were
cleaned. A total of 48 m of convective pipes were processed. The total mass of hard scales after EHP
treatment was determined [17, 19]. After draining the water from the lower drum, scale deposits were
weighed. The total weight of scale deposits from 33 pipes was 83 kg, which is 1.8 kg on average per meter of
pipe. The maximum fragment size was 37 98 mm; the appearance and dimensions of some broken and
removed scale deposits are shown in Figure 4b.

About influence of EHP pipe treatment on heat exchanger efficiency.

In the course of activities during the EHP treatment of the internal cavities of pipes for cleaning from
solid scale deposits, a change in thermophysical characteristics was studied. An analysis of the parameters of
the considered steam generator E1/9 after continuous operation for 9 months showed that the heat removal
decreased to 47 %, while the consumption of solid fuel increased by 1.75 times. Data on the dependence of
the heat transfer of a pipe on the thickness of deposits, which are determined for brass pipes of boilers with a
diameter of 18.8 mm, are obtained (without taking into account the contamination of the outer surface of the
pipes).

The appearance of deposits with a thickness of 3 = 0.5 mm reduces the heat transfer coefficient by
23 %. A further increase in the thickness of the existing scale significantly disrupts the technological mode
of operation of the entire heat exchange unit. The flow rate of the coolant is reduced, which reduces the per-
formance of the heat exchanger.

For example, calculations for the E1/9-1 boiler showed that a scale layer of 1 mm thick entails an in-
crease in fuel consumption by 2.5 %, with a thickness of 4 mm — by 7.5 %, which in practice leads to an
excess consumption of fuel oil by 770 kg/ day.

The thermal conductivity of scale is tens, often hundreds, times less than the thermal conductivity of the
metals from which the heat exchanger tubes are made. The carried out changes showed that even with the
appearance of deposits with a thickness of 3 = 0.5 mm on the inner surface of the pipe, the heat exchange
unit efficiency — m, % decreases (Fig.5). With an increase in scale thickness up to 7 mm on the heat transfer
surface of a brass pipe (d=28 mm), the liquid flow through the pipe decreases by 1.5 times, which leads to a
2-times decrease in the efficiency of the installation. After the cleaning work, commissioning work was car-
ried out, which showed that the efficiency of the boiler E1/9-1 n,% of the boiler reached 68 % at a nominal
value of 75 %. The steam temperature reached 147°C, at the norm of 170°C.
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Figure 5. Dependence of the heat exchanger efficiency on the thickness of deposits.

The difference in efficiency values is due to the fact that some of the worn and burnt pipes were cut out
and removed. These obtained results confirm that the removal of solid scale deposits in pipes contributes to
the intensification of the heat transfer process and, accordingly, to the increase in the heat transfer efficiency
of industrial heat exchangers.

Conclusion

Regular cleaning of pipes from solid scale deposits and the mandatory implementation of preventive
measures against the occurrence of these deposits remain the most pressing problems of thermal power engi-
neering so far. Obtained results have shown the undeniable advantages of cleaning the pipes of the heat ex-
changer and boiler units with the help of EHP technology. The speed of cleaning by this method is much
higher than the productivity of the mechanical method with much lower power consumption. In general, the
use of EHP impact for the destruction and removal of hard scale deposits from the internal cavities of pipes
makes it possible to increase the efficiency of heat exchangers, and for heat and power enterprises to revise
the cost items for major repairs and new purchases of materials. In the future, for a more effective solution to
the problem of cleaning heat exchange pipes, it is necessary to comprehensively study the conditions for the
formation of hard scale deposits, the mechanism and Kinetics of their growth, structure and thermophysical
properties, etc. This will allow not only to develop effective methods for removing scale deposits, but also to
develop effective measures to prevent their formation.
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b.P. Hycyn6ekos, C.E. Cakunoga, J[.A. Ocnanosa, b.b. KyTym,
K.M. Taitmepaenosa, XK.C. BektypraHoB

KbL1y aMacTBIPFBILI KYObIPJIapAbl KATThHI KAKTAPAaH
Ta3apTyAbIH KeHOIpP TEXHOJIOTHSJIBIK acNeKTiaepi

Makanazia *YMBIC iCTETl TYPFaH JXBbUTY YHEPTETUKANBIK KOCITOPBIHAAPAAFbl KOHIBIPFBUIAPIBIH THIMILUTITiHIH
TeMeH/IeyiH OonaplpMayablH OipJeH Oip MocenerepiH MIenTyAiH MYMKIH JKOJIaphl TalKpUIaHFaH. byn dak-
TOpJap >KaOJbIKTHIH TO3YbIHA 7, XBUIy Macca TachIMaJiay MPOLECTepiH apTThIPYIbIH THIMAI TEXHOJIOTHS-
JIapbIHBIH OOJIMayblHA a GaiyIaHBICTBI OOJYBl MYMKIH. 3epTTey TaKbIPHIITAPBIHBIH ©3€KTIIIr HEeri3iHeH XKy-
MBIC iCTelNl TYpFaH KCIOPBIHAAp/AAFhl JKbUTYy SHEPreTHKACH! CAJIaChIHBIH CYOBEKTiNIepiH/e ajIblH ally mapa-
JapbIH JKYpPri3yMeH KaTap, MeMJIEKeTTiK JeHreiie jkoHe 3aH asChlHAA OHTaWIaHIbIpyFa OarbITTAIFaH KY-
MBICTApIbl MiHACTTEY Ke3aemin oThip. CeOebdi, *KbUTy MEH 3JIEKTP SHEPTUSACHIH OHAIPETIH opOip Mekeme,
MEMJICKETIMI3JIeT1 CTPaTeTrHsUIBIK HBbICaH OObI TaObutaabl. COHIBIKTAH Makaiaia KyOBIpilIiyik KaObIpra-
Japja naiiga OoNMaThH MeTiHAEepAiH naiina 6omy cedbenTepiHiH cumaTTaMachl Kentipiared. KaTTel merinmi-
JIEpAiH >KbUTY OTKI3TIIUTITi KBUTYy aJIMACTBIPFBINI KYOBIpJIap KacaJlfaH METaIJIapAblH JKbUTYy O©TKI3TIIITITiHEH
JnieKalia ToMeH OOJFaHIBIKTaH, KBUTYy Oepy MPOIeCTEePiHiH KapKbIHIBUIBIFBIH alTapIIbIKTall a3aiiThIm xKibe-
peni. An colikeciHIe, KaTThl LIOTIHIUIEPAIH Maiina 00Iybl CaJKbIHAATKBILITHIH IIBIFBIHBIH a3alThIN, OTBHIH
IIBIFBIHBIH APTTHIPYFa JKHE OYKIN KbUTY alIMacy KOHABIPFBICHIHBIH TEXHOIOTHSIIBIK PEXKUMIH Oy3yFa SKelei.
ABTopnap 3 3epTTeyiepiHie, JKbUTy aJMacTBIPFBIIITAP KYObIpIapsl KaTThl LIOTIHIUIEPACH Ta3apTyIblH
GipHele aicTepi MEH 9pTYPJIi TEXHOJOTHSIIBIK aCHEKTiIepiHe Talayap Kyprie OTBIPBII, IEKTPOrUAPaB-
JIMKAJIbIK OHJIeY OicCiH maiiganaHy/blH apThIKIIBUIBIKTapbIHA GachIMABIK OepreH. Makajiaia KYpbUIFBIHBIH
HNPHHIUIHATABIK CYJ10achl YCHIHBUIBIIN, JKBUTY aIMaCTBIPFbILI KYOBIPIAPBIH JIEKTPO-THAPO-UMITYIIbCTIK dcep-
Il maiianaHsI, KaTThl KaKTap/laH Ta3ajnay ojliciHe KpICKama curnarrama OepreH. COHBIMEH KaTap, XKbUTy all-
Macy KYOBbIpJIapblH Ta3apTy/IbIH OChl TEXHOJOTHSCHIH HAKTHI XKbLTY SHEPTeTHKAIBIK KOCITIOPBIHAAp/A KOJIIaHy
HOTIKENePi KOPCETIIreH. Al OHACY yaKbIThl OOMBIHIIA [1a, SHEPTHs LIBFBIHAAPHI OOMbBIHINIA J1a Ta3auayIblH
6acka >konJapbIMeH CalbICThIPFaH/a, YChIHBUIFAH JICTIH apTHIKIIBLIBIKTAPBIH KOpyre 0oiaabl. 3epTreyaep-
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e, KbUIy anMacy KyObIpJapblH KaTThl IIOTiHIIEPACH Ta3apTy ASPEKECiHIH KbUTy-(DU3UKAIBIK TapaMeTpiie-
Pl MEH KbLTy aIMacTBIPFBILITHIH THIMIITITIHE acepi e KapacThIPbUIFaH.

Kinm ces3dep: Xpuly aaMacTBIPFBIN, KAaTThl KakTap, MIeriHAUIEp, KyObIpiapIsl Ta3apTy, 3J€KTp-THUIPO-
HMITYJIECTI OHJIEY, XKBUTY alnMacy THIMALIITI.

b.P. Hycyn6exos, C.E. Cakunona, /I.A. Ocnanosa, b.b. Kytym,
K.M. llaitmepaenosa, XK.C. bektypranos

HeKOTOPBle TEXHOJOI'NYECCKHE ACIICKTHI OYUCTKH prﬁ TeNnJ1000MeHHUKOB
OT TBEPAbIX HAKHITHBIX OTJIOKEeHUH

B craTbe 00CYXJEeHbI BO3MOXHBIC IYTH PELICHUS OJHOW M3 NPOOJIEM, CBA3aHHBIX ¢ HU3KOH 3(deKTHBHO-
CTBIO ACHCTBYIOIIMX TEINIO3HEPIeTHYECKUX NMPEANPUATHH. DTH (aKTOPbI 00YCIOBICHBI KaK H3HOIICHHOCTBIO
000pyIOBaHUs, TAK ¥ OTCYTCTBHEM KaKUX-TH00 3((PEKTHBHBIX TEXHOJOTHH IJIsi HHTCHCH(UKALUK TpOLec-
COB TEIIOMACCOINEPEHOCa. AKTYaJIbHOCTh TEMAaTHKH HCCICAOBAaHUH MOATBEPIKAACTCS TAKKE M TEM, 4TO HA
rOCYIapCTBCHHOM YPOBHE IIPEIaracTcsi 3aKOHOAATENIBHO 00513aTh CyObEKThI TEINIO3HEPreTHIECKON 0TPacin
HPOBOJUTH IPOQHIAKTHYECKIE MEPONPHSTHS, HAllPaBICHHbIE HA ONTHMH3AIMIO AEHCTBYIONIUX IIPEIIPHs-
tuii. [IpuBeneHo onucaHue IPUYMH BO3HUKHOBEHHS HAKHUITHBIX OTIIOKEHUH, KOTOPHIE MOSBISIOTCS BO BHYT-
PHUTPYOHBIX HONOCTSIX. Benmencreue Toro, Yro TEIUIONPOBOTHOCTh TBEPABIX OTJIOKEHHH HAMHOTO MEHBINE
TEIIONPOBOAHOCTH METAJUIOB, U3 KOTOPBIX M3TOTOBJICHBI TPYObI TEINIOOOMEHHUKOB, OHH CYIIIECTBEHHO CHH-
JKAIOT HHTEHCHBHOCTH MPOLIECCOB, MHTCHCUBHOCTD TEIIOOTAa4H. Hanuune TBepabIX OTIOKEHUH HIPHUBOIUT K
YMEHBIICHHUIO PAcXo/a TEIUIOHOCUTEIIS, YBEIMYCHHIO PAacXoja TOIUIMBA U HAPYIICHUIO TEXHOJIOTHYECKOTO
pexxuMa paboThl Bcel TEIIIO0OMEHHOI! yCTaHOBKH. ABTOPaMH INPOBEICH aHAIU3 Pa3iIMYHBIX TEXHOJIOTHYE-
CKHX aCIEKTOB Pa3INYHBIX METOJOB OYHCTKH TPYO TEILIOOOMEHHHKOB OT TBEPJBIX HAKUIHBIX OTJIOKCHHI,
Ha OCHOBE KOTOPOTo 0OOCHOBaHBI IIPEUMYIIECTBA METOA NEKTPOruaApaBIndeckoi oopaboTku. [IpuBenena
NPUHIUITHATEHAS CXeMa YCTPOWCTBA, U TaHO KPAaTKOEe OMHMCaHHE METOAa OYHUCTKU TPYO TEII00OMEHHUKOB OT
TBEP/BIX HAKHIHBIX OTIOKEHUH C MOMOIIBIO AJIEKTPOTHUIPOUMITYIBCHOTO Bo3eHcTBus. [TokasaHbl pe3yib-
TaThl NPUMEHEHHS JaHHOW TEXHOJOTHH OYHCTKH TEIUIOOOMEHHBIX TPYO Ha KOHKPETHBIX TEIUIOdHepreTHde-
CKMX TPEINpPHUATHSIX, KOTOPBIC IOJATBEPXKIAIOT €€ MPEUMYIIECTBA 10 CPaBHEHHIO C APYTMMH METOAAaMHU
OYMCTKH KaK MO BpeMEHH 0OpabOTKH, TaK M IO SHEPreTHYECKUM 3aTpaTaM. PacCMOTpPEHO TakKe BIMSHUE
CTETICHH OYNCTKU TEIUIOOOMEHHBIX TPYO OT TBEPIBIX OTIOKEHHH Ha TEIIO(GU3NIECKUE apaMeTphl H 3P Qek-
THBHOCTb TEINIOOOMEHHHKA.

Kniouegvie cnosa: TEINIOOOMEHHUK, TBEpAbIC HAKUIHBIC OTIOXKCHHS, OYHCTKA TPYO, OSJIEKTPOTUAPO-
UMITYJIbCHAs1 00paboTKa, 3P HEeKTHBHOCTH TEIIIOOOMEHA.
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