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Effect of synthesis duration on heat and charge
transport in polycrystalline CuCr,,Mg,O,

Magnesium-doped polycrystalline ceramic samples of cooper chromite (1) have been prepared by solid phase
synthesis. Phase composition and crystal structure of synthesis have been investigated by X-ray diffraction.
Microstructure of samples has been investigated by scanning electron microscopy. Thermal conductivity and
electrical conductivity have been measured in the temperature range 78<T<320 K. Significant reduction of
thermal conductivity with an increase of synthesis duration have been observed. This effect was explained by
formation of small amount of MgCr,0O,4 and Cr,0Oz and CuO crystallites operating as effective phonon scatters.
Formation of the MgCr,0, phase is observed in X-ray diffraction patterns and SEM images of the samples
with Mg content higher than 3 at. %. Formation of a small amount of Cr,O3 or CuO phase could be due to
deviation of precursor’s content from stoichiometry. Obtained results open a perspective of thermoelectric
figure of merit enhancement for copper chromite-based material.

Keywords: p-type semiconductors, thermal conductivity, electrical conductivity, copper chromite (1).

Introduction

Copper chromite (1) is an attractive material due to the unusual composition of its properties. It is
known as quasi two dimensional frustrated magnetic and multiferroic [1, 2]. Simultaneously it is a p-type
semiconductor partially transparent for visible light [3]. It makes it perspective material for optoelectronic
devices [4, 5]. One of the key issues is its low conductivity compared to the best-known n-type transparent
semiconductors such as zinc oxide or indium tin oxide [6, 7]. It has been shown however that conductivity of
copper chromite (I) can be increased several orders of magnitude by doping with group Il elements [8-11].
The mechanism of electron transport and conductivity enhancement by doping is still a subject of research.
The variety of different factors that could affect electron transport makes its investigation relatively difficult.
In particular observations of features in the temperature dependence of conductivity near magnetic (ferroe-
lectric) transition points to the influence of the ordering of magnetic ions on hole transport [8-11]. Most of-
ten copper chromite (1) is synthesized in the form of polycrystalline ceramic or thin films. Polycrystalline
ceramic of magnesium doped copper chromite (I) is usually obtained by heating the mixture of copper,
chromium and magnesium oxides in an oxygen-poor atmosphere for a few tens of hours [9-11]. Such mate-
rial exhibits up to several hundred microvolts per kelvin Seebeck coefficient together with relatively large
conductivity at room temperature [9, 10]. Therefore its conductivity and Seebeck coefficient are investigated
for understanding electron transport and for possible application as thermoelectric material at elevated tem-
peratures [9, 10]. Ceramic material consists of connected crystallites. Electron transport in polycrystalline
ceramic of magnesium-doped copper chromite (1) is affected by point defects such as oxygen vacancies, do-

6 BecTHuk KaparaHguHckoro yHnsepcuteTta
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pant atoms, contacts between crystallites, fraction of empty space, incorporation of crystallites of other phas-
es. Thermal conductivity of such material is more determined by contacts between crystallites, presence of
other phases and fraction of other phases and is less affected by point defects. Therefore measurement and
analysis of both heat and electric conductivity could help to separate factors determining electron and heat
transport. There is a lack of thermal conductivity measurements in the available literature dedicated to poly-
crystalline copper chromite (1) doped with magnesium.

In the present work, we report the results of the investigation of temperature dependencies of thermal
and electrical conductivity of polycrystalline copper chromite doped with magnesium synthesized during a
different time. Longer synthesis led to an increase in the density of the material. The main objective is to
study the effect of synthesis duration on a microstructure, the phase composition, thermal and electron
transport.

Experimental

Polycrystalline Mg doped copper chromite samples have been synthesized by solid phase method from
a mixture of CuO, Cr,03, and MgO. This mixture has been obtained by thermolysis of nitrates in a liquid
phase solution in NH;NO3. Reaction and details of nitrate thermolysis are presented in [12]. According to X-
ray diffraction data, obtained mixtures were amorphous. The mixtures were annealed at 500-600 °C to dis-
solve the rest of the nitrates. Small traces of CuO have been detected by X-ray diffraction after this anneal-
ing. Then mixtures have been pressed in tablets and annealed for 24 hours or 48 hours at 1080 °C in argon
flow for the final formation of Mg-doped copper chromite (1) and cooled to room temperature. Table 1 pre-
sents the composition and density of obtained samples.

Table 1
Mg content, duration of annealing and density p of some samples, p,is the density of CuCrQO, single crystal

Mg content, at. % Duration of annealing, hours p, g/em® p/po
03 24 2,73(3) 49

' 48 2,97(2) 53

0.6 24 2,85(5) 51

' 48 3,12(3) 56

13 24 3,60(3) 64

' 48 4,05(3) 72

40 24 3,84(5) 69

' 48 4,11(4) 73

Crystal structure and phase composition of obtained tablets have been characterized by X-ray diffrac-
tion. Only the delafossite phase has been detected in the samples with Mg content below 3 at. %. For larger
Mg content small fraction of the spinel phase of MgCr,O, has been detected. Lattice parameters of
delafossite phase vary monotonously with Mg content as shown in Figure 1.

2,980 - 17,115 4
. ¢ 17,110 2
2,978 4 '
¢ 17,105 4
it 2,976 1
p < 17,000 4.0
2,974 4 b [
17,095 A ¢
2,972 4
17,09 §
2,970 +—r— T e pp—p—r——— | 17,0394 — T T —r
0 1 2 3 4 0 1 2 3 B
Mg, at. % Mg, %
* OTKUr 24 vaca omkur 48 yacos * OTXUI 24 yaca omkur 48 vyacos

Figure 1. Dependence of lattice parameters on Mg content: a) parameter a; b) parameter ¢
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Dependence of lattice parameters on Mg content confirms incorporation of Mg in delafossite crystalline
lattice. No significant dependence of lattice parameters on the duration of synthesis has been observed. Den-
sity of all samples increases with an increase in Mg content and duration of annealing.

Microstructure of synthesized samples was studied by electron microscopy. Figures 2 and 3 illustrate
some characteristic SEM images.

Signal A= SE2 Date :20 Nov 2020 Signal A = SE2 Date :20 Nov 2020
WD= 11mm Photo No. = 1520  Time 18:01:28 Photo No. = 1632 Time :19:27.01

Figure 2. SEM images of the samples annealed 24 hours with
different magnesium content: a) 0.6 at. %; b) 1.3 at %.

{3 h y
2pm Signal A = SE2 Date :20 Nov 2020 = 5 Signal A = SE2 Date 20 Nov 2020
Mag= 500KX = Photo No. = 1513 Time :18:45.55 - = Photo No. = 1511 Time :18:37:59

Figure 3. SEM images of the samples with 4 at. % Mg content and
different duration of syntesis a) 24 hours; b) 48 hours.

Crystallites in the samples with larger Mg content look better connected. Fraction of empty space de-
creases with an increase in Mg content under an observed increase in density. A similar tendency was ob-
served with an increase of annealing duration. Fraction of empty space in the samples annealed at 48 hours is
smaller than in the samples annealed at 24 hours. Connection of crystallites looks better in the samples an-
nealed at 48 hours. For the samples with 4 at. % Mg formation of micrometer size MgCr,0, crystallites is
seen in the SEM image (insert in Figure 3b).

For the measurement of thermal conductivity and Seebeck coefficient samples with a rectangular shape
and typical dimensions of 2x2x5 mm have been prepared. Conductivity was measured by the 4-probe meth-
od at constant current. For the measurement of thermal conductivity, one end sample was connected in series
with the copper wire with known thermal conductivity and dimensions. Another end of the sample was
brought into thermal contact with the heater while the other end of the copper wire was brought into thermal
contact with the heat drain. Temperature differences have been measured by thermocouples between 2 points
at the sample and 2 points at the copper wire separated by known distance in steady-state conditions. Then
thermal conductivity was calculated from the ratio of temperature differences.
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Results and Discussion

Figure 4 demonstrates examples of temperature dependencies of thermal conductivity. For the samples
with Mg content below 1.3 at % an enhancement of thermal conductivity was observed with an increase in
Mg content. However, thermal conductivity of the sample with 4 at. % Mg is smaller than heat conductivity
of the sample with 1.3 at. %. An increase of annealing duration from 24 to 48 hours leads to thermal conduc-
tivity reduction for the samples with Mg content from 0.6 to 1.3 at. %.
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Figure 4. Temperature dependencies of thermal conductivity: a) for samples annealed
24 hours with different Mg content: 1 — 0.3 at. %; 2 — 0.6 at. %; 3 — 1.3 at. %; 4 — 4 at. %;
b) for samples with 1.3 at. % Mg content with different duration of annealing: 1- 24 hours; 2 — 48 hours

Temperature dependencies of conductivity of investigated samples are shown in Figure 5.
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Figure 5. Temperature dependencies of conductivity:
a) for samples annealed 24 hours with different Mg content: 1 — 0.3 at. %; 2 — 0.6 at. %; 3 — 1.3 at. %;
b) for samples with 0.6 at. % Mg content with different duration of annealing: 1- 24 hours; 2 — 48 hours

Several orders of magnitude conductivity enhancement have been observed for an increase of Mg con-
tent from 0.3 ar % to 4 at. %. Activation energy of conductivity decreases several times with the same in-
crease of magnesium content. Enhancement of annealing duration from 24 hours to 48 hours leads to a small
decrease of conductivity at room temperature and higher temperatures. At lower temperatures conductivity
of the samples annealed at 48 hours is larger than the conductivity of the samples annealed at 24 hours.

Enhancement of conductivity on Mg content could be one origin of observed variation of the density
and microstructure of the polycrystalline ceramic copper chromite (I). Enhancement of conductivity with Mg
content could lead to an enhancement of the mobility of ions. This, in turn, could lead to a reduction of the
fraction of empty space and improvement of the connection between crystallites.

Enhancement of thermal conductivity with an increase of Mg content from 0.3 to 1.3 at. % can be ex-
plained by improvement of connection between crystallites. Smaller thermal conductivity of the sample with
4 at. % Mg content compared to thermal conductivity of the sample with 1.3 at. % Mg can be explained by
formation of MgCr,0, crystallites operating as effective scatterers of phonons. This suggests the stronger
effect of phonon scattering by these crystallites compared to the improvement of connection between crystal-
lites. Reduction of thermal conductivity with an increase in synthesis duration is in contradiction with an ob-
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served improvement of connection between crystallites. This points to the formation of effective phonon
scatterers, These scatterers could be small crystallites of copper and chromium oxides formed due to devia-
tion of stoichiometry in the mixture of precursors. Other possible phonon scatters are oxygen vacancies
formed during annealing in oxygen deficit atmosphere.

The most probable mechanism of electron transport in polycrystalline copper chromite (1) is the ther-
mally activated hopping of holes [13]. The value of hopping conductivity is essentially determined by energy
dependence of the density of localized states and the value of the density of states near Fermi energy. Densi-
ty of localized states depends in particular on the energy disorder originating from randomly distributed
charged defects and their complexes. Variation of conductivity during annealing from 24 hours to 48 hours
can be explained by formation of oxygen vacancies. Obtained results also show relatively small contribution
of contacts between crystallites to resistivity of material. Relatively small variation of conductivity with an
increase of annealing time together with noticeable reduction of thermal conductivity can be useful for im-
provement of thermoelectric properties of polycrystalline copper chromite (1) and other materials synthesized
in similar way.

Conclusions

The effect of synthesis duration thermal conductivity and conductivity have been studied for Mg-doped
polycrystalline copper chromite (I). Electron microscopy shows that longer synthesis leads to the improve-
ment of connection between crystallites and increase of the density of material. Effect of synthesis duration
from 24 to 48 hours on conductivity is relatively small. This shows that conductivity is not essentially lim-
ited by contacts between crystallites. Significant reduction of thermal conductivity has been observed for
enhancement of synthesis duration from 24 to 48 hours for material with Mg content from 0.6 to 4 at. %.
This points to the formation of effective phonon scatter and can be used for improvement of thermoelectric
properties of Mg-doped copper chromite (1) and polycrystalline materials synthesized in similar way.
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B.A. Kyns06aunnckuit, B.I'. Kyrun, U.E. Kopcakos,
E.E. Kynpusnos, X.T. UcmaunnoB

Cunre3 y3akThirbinbiH CUCK, ,Mg,O,
NMOJTUKPUCTAJBIHAAFBI KbLTY 2KIHE 3apsijl ajMacy yaepicine acepi

Marnnit kocburFaH MbIC (I) XpOMUTIHIH NOJMKPHCTANIB KePaMUKAIbIK YITLIEpi KaTThl (a3alblK CHHTE3
apKpUTBl anbHAbl. CHHTE3[IH (a3anblk KypaMbl MEH KPHUCTAJIBIK KYPBUIBIMBI PEHTIEHIIK IH(PAKIMSIIBIK
Tangay apkeuibl 3epTrengi. CkaHepieynr 3JeKTPOHIBl MHKPOCKON apKbUIBI YATLIEPIiH MUKPOKYPBUIBIMBL
aHbIKTaNABL JKBUTYOTKI3TIITIK MeH 3nekTpeTkisrimTik 78<T<320 K temneparypa auana3oHBIHAA ©IICHI.
CuHTe3 Y3aKTHIFBIHBIH YJIFAIOBIMEH JKBUTy OTKI3TILITIKTIH adTapiblkTaili TemeHzaeyi Oaiikanmran. bynm ocep
MgCr,04, Cr,03 sxone CuO KpUCTAUTUTTEPiHIH a3 MeIIepae Ty3ilyiMeH TYCIHIipiieai )KoHe oJap THIMI
(OHOH/IBIK IMIAIIBIPATKBIII PETiHIE SpeKeT kacaymsl Oombin Tabsutansl. MgCr,O4 dazaceHbly TY3UTyi Mg
Memmepi 3 ar-%. XKoFapsl YATiIepAiH peHTreHorpammanapsl MeH COM keckinzepinne Oaiikamanpl. Cr,Og
HeMece CuO (a3achHBIH a3 MOJIIEPIHiH TY31Iyl IpeKypcopiiap KypaMbIHBIH CTEXHOMETPHUSIaH aybITKYbIMEH
GaitIaHBICTEl OOJTYBl MYMKIH. AJIBIHFAH HOTHIKENIEP MBIC XPOMHT HETi3iHIerl MaTepHalablH TepPMOAJIEKTPIIIK
KACHETiH apTThIPY NEPCIIEKTHBACKHIH aIlla/Ibl.

Kinm ce30ep. TepMORIEKTPIIIK THIMALTIK, MBIC XPOMHTI, CHHTE3 Y3aKTBIFbI, )KBUTyOTKI3TIITIH TOMEHACYI.

B.A. Kyne6aunackuii, B.I'. Kyrun, 1.E. Kopcakos,
E.E. Kynpussos, XK.T. UcmaunoB

BiusiHue Mpoao/sKNTEIbHOCTH CHHTE3a HA MePeHoC TeIia | 3apsjaa
B nojmkpucrammuecknx CuCr,,Mg,O,

MeTtonoM TBepA0(A3HOTO CHHTE3a MOTyYeHbI OIMKPUCTATIINYECKHE KepaMUUECKIe 00pasiibl XpOMUTA MEH
(I), nerupoBaHHBIC MarHueM. MeTOJOM PEHTTEHOCTPYKTYPHOTO aHajin3a HCCIIef0BaHbl (ha3oBbIi COCTaB M
KpUCTAINYECKas CTPYKTypa CHHTe3a. MHUKpOCTPYKTypa 00pa3sloB HCCIEZIOBaHA METOIOM CKaHHPYHOIIeH
JNEKTPOHHOW MHKPOCKONHUH. TerIonpoBOIHOCTh M AJIEKTPOIPOBOJAHOCTE U3MEPSUINCh B MHTEpBAjle TeMIIe-
paryp 78<T<320 K. Habnroanoch 3HauMTENIbHOE CHIDKEHUE TETUIONPOBOAHOCTH C YBEITMYCHHEM NPOIODKHU-
TEIBHOCTH CHUHTE3a. DTOT 3(¢deKT Obl1 00bsICHEH 00pa3oBaHHEM HEOONBIIOr0 KOJMYECTBA KPHCTAIIUTOB
MgCr,0O4 u Cr,O3 u CuO, neiictByronmx kak 3¢ ¢eKTuBHBIE paccenBaTeny GoHOHOB. OOpa3oBaHue (a3l
MgCr,0, Habmonaercst Ha peHTreHorpaMMax 1 COM-u300pakeHHUsAX 00pas3IoB ¢ coaepkanneM Mg Oornee 3
aT. %. O6pazoBanue Hebompmoro komnaectsa (assl Cr,Oz mm CuO MoxkeT OBITH CBA3aHO C OTKIOHEHHEM
CoZiepKaHMsl TIPeKypcopa OT CTeXHOMETpHHU. [1onydeHHbIe Pe3ysbTaThl OTKPHIBAIOT MEPCIIEKTUBY ITOBBIIIIC-
HHS TEPMOAJIEKTPpHUIECKOi 3 (HeKTHBHOCTH MaTepHata Ha OCHOBE XPOMHTA ME/IH.

Knrouesvle cnosa: TCPMOIJICKTPUICCKasd S(bd)eKTI/IBHOCTL, XpOMUT MEOU, IPOAOJIKUTECIIBHOCTh CUHTE3a, CHHU-
KEHUEC TCIJIONMPOBOJHOCTHU.
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Optical and Electrical Transport Properties of the ZnO:CdO Composite Film

In this work, zinc oxide films and composite ZnO:CdO films with cadmium oxide concentrations of 3 ul, 5
ul, 7 ul, 10 pl, and 12 pl were obtained by spin-coating on FTO. The films were annealed in the atmosphere
under the same temperature conditions of 450°C. The morphology of ZnO:CdO composite films was studied
by the SEM method and an electron-dispersion analysis of the concentration of the studied substance was car-
ried out. The influence of the surface morphology of the composite film with an increase in the CdO concen-
tration from 3 ul to 12 ul on the optical and electrotransport properties of the ZnO:CdO composite film was
studied. The optical absorption spectra of composite films of zinc oxide and cadmium were measured. A
Tauc plot is presented to determine the band gap of a ZnO:CdO composite film. It has been established that
an increase in the CdO concentration on the ZnO surface leads to a decrease in the optical band gap. The ob-
served decrease in the optical band gap of the film with increasing CdO is due to the small band gap of CdO.
The method of impedance spectroscopy was used to study the main electrophysical characteristics, in particu-
lar, the dynamics of charge carrier transfer in nanocomposite films based on ZnO:CdO. It has been estab-
lished that the CdO layer on the ZnO surface contributes to a decrease in the resistance value of the composite
film Ry, an increase in the charge recombination resistance parameter R at the interface, and an increase in
the efficiency of electron injection.

Keywords: ZnO, CdO, composite, morphology, electron transport layer, absorption, structural layer,
impedance spectroscopy.

Introduction

The transformation of the demand for electricity is one of the possible cases, which in the short term
may take place in the case of a rapidly growing value on true energy. Among the various photovoltaic con-
verters that currently exist, organic solar cells are of great interest among various international scientific
groups. The efficiency level of organic solar cells (OSC) already exceeds 14% due to the search for new ma-
terials, the improvement of existing materials and the optimization of the active layer morphology [1-6]. The
inverted structure is widely used in organic photoconverters due to its good stability and efficient phase sepa-
ration [7-9]. The electron transport layer (ETL) in the inverted structure plays an important role in the per-
formance of organic solar cells. The ETL layer can not only enhance electron extraction and reduce charge
recombination, but also affect the morphology of the photoactive layer.

ETL layers based on metal oxides have attracted great attention because of their high transparency in
the visible region of the spectrum, as well as their ability to change energy levels and electrical properties by
doping or chemical modification [10]. Among the known metal oxides used in OSC is ZnO [11-14] and
TiO, [15]. However, ETL layers based on ZnO and TiO, have relatively low charge carrier mobility and
photoactivity in the visible spectral range. One way to increase the photoactivity of oxide semiconductors is
to dope them with another semiconductor with a narrow band gap. This will increase the sensitivity of the
composite system in the visible range of the spectrum and reduce the efficiency of charge recombination. As
such a semiconductor, CdO, which is an n-type oxide semiconductor with a narrow band gap, can be used
(2.16-2.6 eV). The purpose of this work is to increase the photoactivity of oxide semiconductors.

In this regard, in this work, ZnO:CdO composite structures are obtained and the optical and electrical
transport properties of composite films are studied.

Experimental

To obtain composite films, initial research solutions were preliminarily prepared. For this purpose,
Zns(OH)gCl, (pure 99.9%, Sigma Aldrich) powder with m=48.9 mg was dissolved in VV=0.5 ml of isopropa-
nol. After 20 min, monoethanolamine was added to the resulting solution in an amount of V=36 ul. After the
solution was stirred at a temperature of T=60°C for 2 hours, and then kept for 24 hours at room temperature.
To obtain CdO films, Cd(CH3;COOQ), (pure 99.9%, Borun New Material Technology Co., Ltd) crystallites
weighed m=34.5 mg were dissolved in V=0.5 ml of isopropanol. After the solution was kept for 20 minutes,
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then V = 0.5 ul of monoethanolamine was added to the resulting mixture. After the solution was stirred at a
temperature of T=80°C for 2 hours.

Preparation of substrates for composite films was carried out according to the procedure [16]. The prep-
aration of composite films was carried out as follows: the initial solution for ZnO films (V=30 ul) was ap-
plied to FTO surfaces by centrifugation (model SPIN150i, Semiconductor Production System) at a rotation
speed of 4000 rpm/min. After the films were annealed in an air atmosphere at a temperature of 200°C for 10
min, then a solution for CdO films (V =3 pl, 5 ul, 7 pl, 10 pl, and 12 pl) was applied to the surface of the
resulting film at a rotation speed of 4000 rpm/min, after which the resulting films were annealed at a temper-
ature of 450°C for 50 min [17].

To carry out electrophysical measurements, the surface of the ZnO and ZnO:CdO films were deposited
on an aluminum electrode 120 nm thick by thermal deposition on a CY-1700X-SPC-2 (Zhengzhou CY Sci-
entific Instruments Co., Ltd) setup.

The film morphology was studied on a MIRA 3 LMU (TESCAN) scanning electron microscope. Ele-
mental analysis (EDX analysis) of the samples was carried out using an INCAPentaFET-x3 (Oxford Instru-
ments, England) energy dispersive analyzer. A Co (9905-17, Micro-Analysis Consultants Ltd Unit 19, Edi-
son Road, St lves Cambridgeshire PE27 3LF U.K) sample was used as a standard. The absorption spectra of
the studied samples were measured on an AvaSpec-ULS2048CL-EVO spectrometer (Avantes). The imped-
ance spectra were measured using a P45X potentiostat-galvanostat (Elins) in the impedance mode.

Results and Discussion

Figure 1 shows SEM images of ZnO and ZnO:CdO films. The surface of the ZnO film has a granular struc-
ture with an average grain size of d~12 nm. For the ZnO:CdO composite film, the film surface does not change.

SEM HV: 250 kv wDSO?mm
Det: SE I View field: 0.883 pm
SEM MAG: 313 kx

Figure 1. SEM images and EDX spectra of the films
a) morphology of the ZnO film, b) morphology of the ZnO:CdO composite film

The inset in Fig. 1 shows the EDX spectra of the studied composite films. When a CdO layer is deposit-
ed on a ZnO layer, a change in the redistribution of elements in the quantitative ratio at the surface layer is
observed. According to Table 1, the initial film is enriched with zinc and oxygen; after the deposition of the
CdO layer, an increase in the proportion of cadmium is observed, the amount of oxygen does not change.

Table 1
Elemental composition of ZnO and ZnO:CdO films
No. Films Zn, weight % Cd, weight % O, weight % Zn/Cd ratio

1 ZnO 14.1 - 22.6 -

2 CdO (3 ul) 19.7 1 22.9 19.7
3 CdO (5 ul) 14.1 1.2 22.6 11.7
4 CdO (7 ul) 13.7 1.4 21.9 9.7
5 CdO (10 ul) 13.1 1.5 22.2 8.7
6 CdO (12 ul) 13.1 1.8 22.1 7.2
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Figure 2 represents the absorption spectra of the films. The absorption spectrum is typical of the absorp-
tion spectrum of wide-gap semiconductors. The edge of the fundamental absorption band falls in the near
ultraviolet region, which corresponds to the optical transition of the band gap of oxide semiconductors. It can
be seen from the figure that an increase in the CdO concentration on the surface of the ZnO layer leads to a
threefold increase in the absorption of the composite film.
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Figure 2. Absorption spectra of ZnO and ZnO:CdO films

The inset in Figure 2 shows the Tauc plot for determining the band gap (Eg) of the composite films.
Table 2 lists the values of the film band gap depending on the CdO concentration. It can be seen that an in-
crease in the CdO concentration on the surface leads to a decrease in the optical band gap (Eg) from 2.9 eV
to 2.37 eV. The decrease in the optical band gap of the composite film is due to the fact that CdO is a semi-
conductor with a small band gap.

Table 2
Maximum absorption value of ZnO and ZnO:CdO films
No. Films D, (A=360 nm) bangzgga(leV)
1 Zn0O 0.25 2.9
2 CdO (3 ul) 0.51 2.62
3 CdO (5 ul) 0.52 2.58
4 CdO (7 ul) 0.54 2.54
5 CdO (10 ul) 0.57 2.4
6 CdO (12 ul) 0.59 2.37

Figures 3b and 3c demonstrate the structural layer of a ZnO film and a ZnO:CdO composite, respective-
ly. To determine the mechanisms of transport and recombination of charge carriers, the impedance spectra of
composite films consisting of several layers were measured: a glass substrate coated with a transparent con-
ducting FTO electrode (anode); ZnO:CdO layer; aluminum electrode in Figure 3c. Figure 3d shows the
equivalent electrical circuit that was used to interpret the impedance spectra. The fitting of the impedance
spectra was calculated using the EIS-analyzer software package.

Figure 3a designates the following parameters for obtaining the film hodograph: R;and R, — Ryand Rey
— resistances corresponding; where R,, is the resistance of the Zn0O:CdO nanocomposite layer, R is the
charge carrier recombination resistance at the ZnO:CdO/electrode interface associated with the extraction of
charge carriers from Zn0:CdO, CPE; is the constant phase element, which is the equivalent component of
the electrical circuit that models the behavior double layer but is an imperfect capacitor.

After fitting, the values of the hodograph parameters were determined, characterizing the kinetics of
transport and recombination of charge carriers based on ZnO and ZnO:CdO films. These parameters are giv-
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en in Table 3, where 1. is the effective lifetime of charge carriers, ke is the recombination index character-
izing the recombination rate.
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Figure 3. a) impedance spectra of ZnO and ZnO:CdO, b) structural layer
of ZnO, c) structural layer of ZnO:CdO, d) equivalent electrical circuit

Table 3
The value of the electrophysical parameters of the films
P Ruws Rrec, Teff Kef,
No. Films (Ohm) (Ohm) Riec /Ru (msec) (sec™)
1 Zn0O 73.6 642.4 8.7 0.13 7309
2 CdO (3 ul) 60.2 412 6.8 0.12 8176
3 CdO (5 ul) 38.9 489.4 12.9 0.11 9054
4 CdO (7 ul) 27.3 702.4 25.7 0.08 12882
5 CdO (10 ul) 21.4 706.3 33 0.08 12589
6 CdO (12 ul) 11.9 880.1 73.9 0.06 15848

Table 3 presents the obtained values of Ry, Ry, €tc. It can be seen that the R,, value has the highest val-
ue for the ZnO film. With an increase in the concentration of CdO in ZnO, the resistance R,, of the film de-
creases, which should improve the transport of injected electrons to FTO. R, the resistance characterizing
the recombination of electrons at the ZnO:CdO/electrode interface, varies depending on the CdO concentra-
tion. A slight decrease in the film recombination resistance is compensated by a decrease in the resistance
Rw. The effective lifetime of charge carriers 1. decreases, which indicates an increase in the rate of charge
injection onto the current-collecting electrode. Also, an increase in K is observed, which characterizes the
rate of charge recombination after a complete cycle in the circuit; this indicates a decrease in electron recom-
bination at the ZnO:CdO/electrode interface. Thus, the conducted studies show that the CdO layer on the
ZnO surface contributes to a decrease in the resistance of the composite film, an increase in the resistance of
charge recombination at the interface, and an increase in the efficiency of electron injection.

Conclusions

In this work, ZnO films and a ZnO:CdO composite were obtained by spin-coating on the FTO surface.
The concentration of cadmium in the solution to obtain a layer on the surface of zinc oxide ranged from 3 to
12 pl. The influence of the CdO layer on the ZnO surface on the morphology, optical and electrical proper-
ties of composite films has been studied. Analysis of SEM images showed a change in the redistribution of
elements in a quantitative ratio with the surface layer of the composite film. According to the absorption
spectrum of ZnO:CdO composite films, an increase in the CdO concentration leads to an increase in the opti-
cal absorption of the composite film and a decrease in the optical band gap. The study of impedance spec-
troscopy showed that the CdO layer on the ZnO surface contributes to a decrease in the resistance of the
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composite film, an increase in the resistance of charge recombination at the interface, and an increase in the
efficiency of electron injection.
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O.K. Myca6ekosa, A.K. Tycyn6ekona, A.K. AlimyxaHoB

Zn0O:CdO xoMno3UTTi KAOBIKIIAHBIH ONTHKAJBIK JHE 3JIEKTPOTACBIMAJIIAY KacHeTTepi

Maxkarnazia MBIpBII OKCUAIHIH KaOBIKIIAIAphl MEH KaJMUI OKCHAIHIH KOHIEHTPAIUsICHl 3 MiI, 5 M1, 7 mi, 10
i koHe 12 mir kommosutTik ZnO:CdO xabeikmanaper FTO-ma Spin-coating omici apKbUIBI AllBIHIBL.
Kabpikmamap armocdepama Oipaelt Temmeparypa skarmaiibiHma 450°C xepasipeuigsl. SEM  omicimen
ZnO:CdO  xoMMO3WTTIK  KaOBIKIIAMApBIHBIH ~ MOPQOJIOTHACH  3€PTTENIN,  3epTTENIeTiH  3aTTHIH
KOHIIGHTPALMSICBIHA IEKTPOHIBI-TucHepeTik Tanaay xkyprizingi. CdO xoHueHTparmscs! 3 mi-aeH 12 mi-re
neitin aptkan kesge ZnO:CdO KOMITO3UTTIK KaOBIKIIATAPhIHIA ONTHKAIBIK JKOHE AIIEKTPOTACHIMAJIAY
KaCHETTEpiHiH KOMIO3UTTIK KaOBIKIIACHIHBIH OeTKi MOpQONOrHsichHA acepi 3epTTenii. MBIphII JkoHEe
KaJMUH OKCHJIHIH KOMIIO3UT KaOBIKIIANApPBIHBIH ONTHKAIBIK JKYThUTy crekTpiepi emmenai. ZnO:CdO
KOMITO3UTTIK KaOBIKIIACHIHBIH THIHBIM CaJlbIHFAaH aiMarblH aHblkTay ymiH Tayk rpadwuri (Tauc plot)
kepcerinred. ZnO Oetingeri CdO KOHIEHTPANUSCHIHBIH apPTYBl THIHBIM CAlbIHFaH aifMaKTBIH OITHKAJIBIK
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eHiHIH TeMeHieyiHe akeseTiHi anbikTanasl. CdO apTKaH caifbiH KaObIKIIanapaa 6aKbUIaHBII OTBIPFAH THIHBIM
CaJIbIHFaH alMakKTBIK ONTHUKAIBIK eHiHIH TeMmeHaeyli CdO-HbIH IIaFrblH THIABIM CajbIHFAH aliMarbIMCH
OaiimaHBICTHI. VIMIenaHC CHEKTPOCKOMUS OMiCi apKbUIbI HETi3T1 MEeKTPOPHU3UKANBIK CHIIaTTaMalapibl, aTall
aiitkanma ZnO:CdO HeriziHIeri HAaHOKOMITO3HUTTIK KaOBIKIIATAPAAFbl 3aps] TAaCyNIBIHBIH JAHAMHKACHIH
3epTrey YmiiH KoumaHeuinel. ZnO Oeringeri CdO kabaThl KOMITO3HTTIK KaOBIKIIAaHBIH RW KemepriciHiH
TeMeHzIeyiHe, 0oy IIeKapachIHIarbl 3apsAATapaslH RW pekoMOMHAIMS KeAepriciHiH JKOFaphUIayblHa JKoHE
ANIEKTPOHIBI MHXKEKIMS THIMIUIITIHIH apTybIHA BIKITAN €Te.

Kinm ce30ep: ZnO, CdO, xommo3ur, MOpPQOJIOTHs, SJIEKTPOHABIK TachiMaljay Kabarel, KYTHULY,
KYPBUIBIMIBIK KabaT, HMITeJaHC CIIEKTPOCKOIIHSL.

A K. Mycab6ekoBa, A.K. Tycynbekona, A.K. AitmyxaHos

OnTuyeckne M 3JEKTPOTPAHCIIOPTHBIE CBOMCTBA KOMNO3UTHOM miieHku ZnO:CdO

B cratbe MeromoM Spin-coating Ha FTO Obuin HOSMydYeHBI IUICHKH OKCHAA IMHKA M KOMIIO3UTHBIC IUICHKH
Zn0:CdO c xoHneHTparueil okcuna kaagmust 3 M, 5, 7, 10 1 12 mi. Inerkn oTxurannce Ha atMocdepe mpu
OJIMHAKOBBIX TeMmeparypHbix yciosusax 450°C. Merogom COM uccnenoBaHa MOPQOIOTHS KOMIIO3UTHBIX
wieHok ZnO:CdO, u mpoBe/ieH 3IeKTPOHHO-AUCIIEPCHOHHBIIN aHAN3 KOHIICHTPAINH HCCISIYEMOTrO BELIeCT-
Ba. M3yueHo BnustHME MOP()OIOTHH ITOBEPXHOCTH KOMIIO3UTHOH IUICHKH IPH YBEINYEHUH KOHIICHTPALUH
CdO ¢ 3 Mt 10 12 M1 HA ONITHYECKHE U BIEKTPOTPAHCIIOPTHBIC CBOMCTBA KOMIO3UTHON ieHkn Zn0O:CdO.
IIpoBeneHbI M3MEpEeHUs CIIEKTPOB ONTHYECKOTO ITOTJIONIEHHSI KOMIIO3UTHBIX IUICHOK OKCHIA IMHKA U Kaj-
mus. Ilpusenen rpaduk Tayka (Tauc plot) s ompenesneHus] NIMPUHBI 3alPEIICHHOW 30HBI KOMIIO3UTHOM
wienkn ZnO:CdO. YcraHosieHo, 4to yBenmueHne koHneHTpanun CdO Ha nmoBepxHoctH ZnO NMPUBOAUT K
YMEHBIICHHIO ONITHYECKOH IIMPHHBI 3alpelieHHol 30Hbl. Habmroqaemoe yMeHbIIeHHe ONTHYECKOH IUPHUHBI
3anpenieHHoH 30HbI TUIeHKH ¢ yBenmdeHnem CdO cBsizaHO ¢ Manoi 3anpenieHHol 30001 CdO. MetonoM uM-
MEJAaHCHON CIIEKTPOCKOIHMHU HCCIIEOBAHBI OCHOBHBIE 3NIEKTPOGH3NIECKHE XapaKTEPUCTHKH, B YaCTHOCTH,
IMHAMHKA TTepEeHoca HOCUTENeH 3apsiaa B HAHOKOMIIO3UTHBIX IUIeHKax Ha ocHoBe ZnO:CdO. [loka3aHo, 4To
cioit CdO Ha moBepxHOcTH ZnO CIOCOOCTBYET YMEHBIICHHIO 3HAYEHHS COMPOTHBICHUS KOMIIO3UTHOM
IVICHKH Rw, yBennueHHIo mapameTpa CONpPOTHBICHHS pPeKOMOMHAIMY 3apsoB Rrec Ha rpaHune pasnena u
BO3pacTaHuio 3G (HEKTUBHOCTH HHKEKIHN JIEKTPOHOB.

Knwoueesvie crosa: ZnO, CdO, koMno3ut, MopdoJIorus, 3JIeKTPOHHBIA TPAHCIOPTHBIH CJIOW, HMOTIOIICHHE,
CTPYKTYPHBIH CJIOH, MMITEIaHC-CIIEKTPOCKOTIHSL.
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Influence of the content of aluminum on the structure
of gradient detonation coatings based on NiCr-Al

This paper studies the effects of aluminium content in the composite powder on the structure of detonation
gradient coatings based on NiCr-Al. Gradient coatings were obtained by detonation spraying with a gradual
stepwise decrease in the barrel filling volume with an acetylene-oxygen gas mixture from 50% to 25%. The
elemental and phase composition, microstructure and surface roughness of coatings based on NiCr-Al with
different aluminium content of 15%, 20%, and 30% were investigated. By varying the aluminium content in
the powder composition, coatings with a gradient structure were obtained. The study results showed that the
phase composition of the gradient coating strongly depends on the mass fraction of Al. In the case of an alu-
minium content of 30% in the composition of the composite powder, the formation of aluminium oxide was
detected. It is established that under the same detonation deposition modes, the formation of the gradient
structure of coatings will strongly depend on the aluminium content in the NiCr-Al composition. The study
results showed that the optimal composition of the powder is NiCr — 80% and Al — 20% to obtain NiCr-Al
coatings with a gradient structure.

Keywords: NiCr-Al coatings, gradient coatings, MCrAIX coating, detonation spraying, thermal spraying,
structure, SEM.

Introduction

Currently, the components of power plants are under the influence of high temperatures suffer from
corrosion, oxidation, hot corrosion, etc. This is because the heat-resistant superalloys from which the
components are made cannot provide simultaneous heat resistance and erosion-corrosion resistance.
Therefore, protective coatings with heat resistance and wear resistance are obtained on the surface of
superalloys. Among the heat-resistant protective coatings, the most common is obtaining coatings in the
system MCrAIX (M = Ni, Co or NiCo; X =Y, Ce, Si, Ta) [1]. This is because the coating is heat-resistant
when M and Cr provide wear and heat resistance, and Al resists oxidation of the coating, forming Al,Oz on
the coating surface. Elements such as Y increase the adhesion of the coatings. However, the coatings of this
system still require further improvement. Many Al and Cr elements in the coating composition lead to
cracking of the coating. A small amount of Al causes the insufficient formation of an Al,Oz film on the
coating surface, which prevents oxidation. Therefore, more research is being conducted to improve the
exploitation properties and extend the service life of the MCrAIX coating.

In recent years, research on improving the corrosion resistance of MCrAlY coatings has mainly focused
on modifying MCrAIX coatings using reactive elements by laser treatment and the production of multilayer
and gradient coatings. Reactive elements or their oxides can increase the resistance of MCrAIX coatings to
high-temperature corrosion and oxidation. However, there are conflicting opinions about the effect of the
inclusion of reactive element oxide in the oxidising properties of MCrAIlY coatings [2]. Therefore, more
attention has recently been paid to multilayer and gradient coatings based on MCrAlY. The structure and
chemical composition of multilayer/functional gradient materials are gradually changing to improve their
properties (for example, mechanical, thermal, physical, etc.) [3-5]. Functionally graded coatings have
recently been developed and successfully applied to work at high temperatures and difficult thermal
conditions [4, 6, 7].

Typically, MCrAIX coatings are obtained using the following methods: electron beam physical vapour
deposition (EB-PVD), thermal spraying methods [1,8]. After application, both EB-PVD and thermal
spraying coatings have a relatively thin microstructure. However, a high level of Al is oxidised during
thermal spraying, and, after spraying, Al,O; at the coating boundaries is formed, which protects from the
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oxidation process. Recently, modern heat-resistant gradient coatings have been obtained by thermal spraying.
According to studies by Kim et al. [9] and Choi et al. [10], functional gradient heat-resistant coatings were
obtained using detonation and plasma spraying methods. They were sprayed in the form of multilayer
gradient coatings in thickness. The structural characteristics of the obtained coatings based on the formation
of microcracks during high-temperature operation are investigated and, accordingly, compared with
homogeneous coatings. In another study, a gradient coating of MCrAIX was obtained based on three main
layers: an outer layer, an Al-rich, Cr-rich middle layer, and a standard MCrAIX layer [11]. The functional
gradient coating MCrAlY to hot corrosion has significantly increased compared to the homogeneous coating
MCrAIY.

Our previous work [12] proposed a method for obtaining a gradient coating based on NiCr-Al by
detonation spraying. The peculiarity of this method is to obtain the necessary gradient structure by changing
the barrel filling volume with gas during the coating process, by managing the distribution of NiCr-Al
composite powder from the substrate to the coating surface. That is, forming heat-resistant and wear-resistant
in most particles Ni and Cr on the surface of substrate, and Al gradually increasing on the coating surface
from the substrate to the surface, forming a large number of Al on the surface. This makes it possible to form
a sufficient amount of Al,O3; on the coating surface. In addition, our work [13] compared the structure and
properties with homogeneous and gradient coatings based on NiCr-Al obtained by detonation spraying.

The main purpose of this work is to study the effect of the mass proportion of alumina composite
powder on the structure and properties of gradient coatings based on NiCr-Al.

Experimental

Heat-resistant steel 12Kh1MF was chosen as the substrate. The chemical composition of steel: 0,15%
C; 0,37% Si; 0,7% Mn, 0,3% P, 1,2% Cr; 0,35% Mo, 0,3% V, 0,2% Cu. To obtain coatings, steel was cut
with a diameter of 50 mm and a thickness of 3 mm and ground with P100 to P1000 SiC grinding paper.
Before obtaining coating, the sample’s surface was sandblasted. NiCr and Al powders (99.99%) were mixed
in various ratios (Table 1) in a PULVERISETTE 23 planetary ball with a frequency of 30 Hz for 2 hours,
and composite powders were prepared.

The coating was obtained on the CCDS 2000 detonation unit [14-15]. Oxygen-acetylene mixtures of
0,/C,H, = 1.856 were used as explosive gas and nitrogen as a carrier gas. Gradient coatings were obtained
by reducing barrel filling volume with gas from 50% to 25%. Our previous work explained the method of
obtaining a gradient coating in detail [12]. Table 1 demonstrates the technological parameters for obtaining
coatings.

Table 1
Technological parameters for obtaining NiCr—Al gradient coatings
Ne Composmog/; Powder, wt 0,/C,H, Barrel Filling Volume,% | Spray Distance, mm| Number of Shots
1 NiCr70AI30 1,856 50-25 250 40
2 NiCr80AI20 1,856 50-25 250 40
3 NiCr85Al15 1,856 50-25 250 40

We determined the phase composition of the sprayed coatings via the X-ray diffraction technique
(XRD) using an X PertPRO diffractometer with Cu-Ka radiation (A = 2.2897 A ) at a voltage of 40 kV and a
current of 30 mA. The diffractograms were decoded using the HighScore program with measurements per-
formed in the range of 26 equal to 200-900 with 0.02 step size and 0.5 s/step counting time. The surface
roughness of the coatings was estimated according to GOST 2789-73 using the Ra parameter by profilometer
model 130. We photographed the surface of the coatings at 5x optical magnification using a metallographic
microscope (Altami MET 5S model). We employed scanning electron microscopy (SEM) using backscat-
tered electrons (BSE) at accelerated voltages of a JSM-6390LV (Jeol, Tokyo, Japan) scanning electron mi-
croscope to study the morphology of sample cross-section [16].

Results and Discussion

Gradient coatings of NiCr-Al of the various mass proportion of aluminium have been successfully
obtained using the CCDS2000 single-dossier detonation unit. The cross-sectional view of the obtained
coatings and coating surface roughness is shown in Figure 1. The cross-sectional surface was pickled to see
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the microstructure of the coating and substrate. According to the microstructure, it can be seen the ferrite-
pearlite structure of the substrate and the wave-like obtained coating on the substrate. The thickness of the
obtained coatings is in the range of 70—116pum. The thickest coating (116pum) was obtained in the mass
proportion of Al 15%. And the coating with the smallest thickness (70 um) Al was obtained with a mass
proportion of 30%. Probably, during detonation spraying, an important content of a soft element in the com-
position of the powder, in our case, Al, is melted and fixed on the surface of the processed material. Particles
of relatively solid elements are driven into the plastic matrix [17, 18]. The surface roughness of the obtained
coating was represented in the average surface roughness according to the parameter Ra. The values of the
average roughness of the coating surfaces are similar. The highest value was obtained in the Al mass
proportion of 30% (Ra=6.06 pum).
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Figure 1. The microstructure results of the cross-section of the gradient coating NiCr-Al and the average
surface roughness obtained with a different content of Al: a) NiCr85AI15, b) NiCr80AI20, ¢) NiCr70AI30
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The X-ray diffraction phase analysis of the obtained gradient coatings NiCr-Al at a different mass
proportion of aluminium (15%, 20%, 30%) is shown in Figure 2. Figure 2 shows that changing the mass
proportion of Al leads to phase changes in the gradient NiCr-Al coatings. When the mass proportion of Al in
the coating was 15% and 20%, the coating consisted of CrNis; and Al phases, and with a mass fraction of Al
of 30%, it could be seen that a new phase of y-Al,O3 appeared.

a) A1) SO,
600 - oAl

A CrMiy

Intensity, (a.u.)

50 60
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Figure 2. The result of the analysis of the X-ray phase structure of the NiCr-Al gradient
coatings at various Al mass proportions: a) NiCr85AI15, b) NiCr80AI20, c¢) NiCr70AI30

Figure 3 represents an SEM image of the cross-section of the NiCr-Al gradient coating with a mass
proportion of Al 15%, maps of the distribution of elements, EDS analysis and the results of the distribution
of elements. The SEM figure of the coating cross-section (a) shows that aluminium spreads from the
substrate to the coating surface, and it can be seen an increase in the amount of aluminium on the coating
surface. Also, it can be sighted in the mapping of aluminium by element distribution maps (b, c) and the
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results of element distribution (e). However, the aluminium mapping (c) shows the uneven distribution of
aluminium. Also noticed is an insufficient distribution of aluminium on the coating surface. Based on these
results, the mass proportion of aluminium in 15% may not be enough to form the required amount of
aluminium on the coating surface.
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Figure 3. Gradient coating NiCr-Al with a mass fraction of NiCr85AI15: cross-sectional picture of the SEM (a), maps
of the distribution of elements (b,c), the results of the analysis of EDS (d) and the distribution of elements (e)

Figure 4 illustrates the SEM image, element distribution maps, EDS analysis and element distribution
results of a cross-section of the NiCr-Al gradient coating obtained at a mass proportion of Al 20%. The SEM
image of the cross-section of the coating (a) shows that aluminium is gradually distributed from the substrate
to the coating surface, and a large amount of aluminium is uniformly formed on the coating surface. The
element distribution map (b) and the aluminium distribution map (c) also see aluminium, which increases
from the substrate to the coating. The analysis of EDS (d) and the distribution of elements (e) results also
confirm this. Based on these results, it can be seen that in the NiCr-Al gradient coating obtained with a 20%
mass proportion of aluminium, the elements were successfully distributed over the structure. The Ni and Cr
elements formed on the substrate surface ensure the wear resistance of the coating, aluminium formed in
large quantities on the coating surface can form a sufficient amount of Al,O; film, which resists oxidation.
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Figure 4. Gradient coating NiCr-Al with a mass fraction of NiCr80AI20: cross-sectional picture of the SEM (a), maps
of the distribution of elements (b,c), the results of the analysis of EDS (d) and the distribution of elements (e)
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Figure 5 shows an SEM image of a cross-section of the NiCr-Al gradient coating with a mass
proportion of Al30%, maps of the distribution of elements, EDS analysis and the results of the distribution of
elements. The SEM figure of the cross-section of the coating (a) shows that aluminium in large quantities
and uneven spreads from the substrate to the coating surface. It can be seen in the mapping of aluminium by
element distribution maps (c) and in the results of element distribution (e).

Element Al Cr, Ni, 0, Total,
Mass%  Mass% Mass%  ©\faqq0, Mass%

Spectrum 222 10.88 27,22 39.70 100,00

001

Spectrum 34,74 8.68 2527 31.31 100,00

Spectruom 2721 1515 37.99 1065 100,00

0.60 0.02 0.04 0.06 0.08 0.10
Distance, mm

Figure 5. Gradient coating NiCr-Al with a mass fraction of NiCr70AI30: cross-sectional picture of the SEM (a), maps
of the distribution of elements (b,c), the results of the analysis of EDS (d) and the distribution of elements (e)

Conclusions

Analyzing the experimental results obtained in the work, we can make the following conclusions:

— NiCr-Al coatings with a different aluminium content of 15%, 20%, and 30% were obtained by deto-
nation spraying. The process of forming the coating structure depending on the composition of the powder
was investigated. The technological mode of detonation spraying was chosen to obtain a gradient structure
by gradually varying the barrel filling volume with an acetylene-oxygen gas mixture from 50% to 25% dur-
ing the NiCr-Al coating process. The obtained results showed that the composite composition of NiCr — 80%
and Al- 20% powder is optimal for the formation of a gradient structure of coatings with a high Al content in
the surface layers of coatings;

— It was found that at 30% Al content in the coatings, aluminium oxides y-Al,Os are formed. The study
results of the elemental composition of coatings by EDS analysis showed a high oxygen content in the com-
position of coatings obtained with the composite composition NiCr70AI30 and are consistent with the results
of X-ray phase analysis.

— The study of the characteristics of coatings showed the dependence of the thickness of coatings on the
composition of the composite powder. With NiCr70AI30, coatings are formed with a relatively minor thick-
ness than NiCr85AI115 and NiCr80AIl20. Probably, during detonation spraying, an important content of a soft
element in the composition of the powder, in our case, Al, is melted and fixed on the surface of the processed
material. Particles of relatively solid elements are driven into the plastic matrix. The study results of the mi-
crostructure of the cross-section of NiCr70AI30 coatings confirm this assumption.
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Amomunnii KypambiabIH NiCr-Al Herizingeri rpaguenTri
AETOHAIMAJIBIK Ka0bIHAAPABIH KYPbLJIBIMBbIHA JCepi

Makanama KOMIO3HMTTIK YHTaK KYpPaMbIHAAFbl aTOMHHHUIIIH Maccanblk yieciniH NiCr-Al Herisinzgeri
JICTOAHAIMSIIBIK TPAIHCHT JKaOBIHIAPBIHBIH KYPBUIBIMBIHA OCepi 3epTTeNai. [ paaveHTTIK >kaObiHIap
OKIaH/BI alleTHICH-OTTEr1 ra3 KOCIachkIMeH TONThIpy KenemiH 50%-man 25%-Fa peitin OipriHzen asaiita
OTBHIPHIN, JCTOHANMSUIBIK OYpKY apkKbuibl anbiHIbL. NiCr-Al HeriziHzeri »aOBIHAAPIBIH DIEMEHTTIK KOHE
(ha3aipIK KypaMbl, MUKPOKYPBUTBIMBI JKoHE O€TiHIH Kemip-OyasIpasirsl 15 %, 20 % sxone 30 % amomMuHHIANIH
OpTYpJi KYypaMbIMEH 3epTTeNai. ¥HTAKThIH KOMITO3HMTTIK KYpPAMBIHIAFbl aTIOMHHHI KYPaMBIH ©3TepTy
o/iCiMeH TPajMeHT KYpBUIBIMBI Oap »aOblHAAp ajbIHABL 3epTTey HOTIIKENepi IpaJueHT IKaOBIHBIHBIH
¢daszanpik Kypambl Al Maccanblk yieciHe KaTThl Toyenai eKeHiH KepceTTi. KOMMO3MTTIK Kypamaarbl
amomunuiiniy  30%  okarmaifblHAa  QMIOMHUHUIE  OKCHAIHIH — TY3UTyl  aHBIKTangpl. J{eTOHAIMSIIBIK
TO3aHIAHIBIPYIbIH Oip/eil pexxuMaepine )xaObIHAAPABIH IPAIUSHTTIK KYPBUTBIMBIH KasbintacTeipy NiCr-Al
KypaMBIHJaFbl ATIOMHHHN KYpaMbIHAH KATTBl OCEp C€TETiHI aHBIKTAFaH. 3epTTey HOTHXKEIEepl TpagreHT
KypbutbIMEI 6ap NiCr-Al sxa6sragapsia any yurs NiCr 80% xone Al 20% yHTarbIHBIH KOMIIO3UTTIK KYPaMbl
OHTAIIIBI €KeHIH KOPCETTI.
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M. Maulet, Zh.B. Sagdoldinaet al.

Kinm co30ep: NiCr-Al xaOblHbI, I'PaIUCHTTI XaObIHIAP, NCTOHAUMSIBIK OYPKY, KYPBUIBIMBI, YHTAKTBIH
KOMITO3HUTTIK KYpaMbl.

M. Mayaner, XK.b. Carnonnuna, b.K. Paxagunos, JI.H. Kakumxanos, H.M. Marazos

Bausinue coaep:xaHusi aTIOMHUHNSI HA CTPYKTYPY I'PaiueHTHBIX
JAeTOHAIMOHHBIX MOKPBITHII Ha ocHOBe NIC-Al

B craTtbe OBUIO M3yUeHO BIMSHUE MACCOBOM JOJNU ANIOMHHHS B COCTaBE KOMIO3HIMOHHOTO TOPOIIKA Ha
CTPYKTYPY IETOAHIMOHHBIX IPaJHEHTHBIX MOKpHITHH Ha ocHOBe NiCr—Al. 'pagneHTHbIe MOKPHITHS OBUIH
MOTy4YeHB! JIETOHAIIMOHHBIM HAIBUICHHEM C MOCTETIEHHBIM CTYNEHYAaThIM YMEHBIICHUHEM 00beMa 3arolHe-
HUSI CTBOJIA Ta30BOI CMeChI0 aneTmieH—Kkuciaopoa ot 50 % 1o 25 %. Beun uccnenoBaHbl 2IeMEHTHEIH 1 da-
30BBIH COCTAaBBI, MUKPOCTPYKTYPa U IIEPOXOBATOCTh MOBEPXHOCTH MOKpbhITHI Ha ocHOBe NiCr—Al ¢ pasueim
comepxanueM amomuHug 15 %, 20 u 30 %. MetonoM BapbHpOBaHUS COAEPXKAHHUS ATIOMUHAS B KOMIIO3H-
IIHOHHOM COCTaBE MOPOIIKA OBUIN MOJYYESHBI IOKPHITHS C TPAAUCHTHONW CTPYKTYpoi. Pe3ynbTarsl nccieno-
BaHUS TTOKa3aJH, 9TO (ha30BBIA COCTAB IPAJUEHTHOIO ITOKPHITUS CHIBHO 3aBHCHT OT MaccoBoi momu Al. B
cllydqae Cofep KaHMs allOMUHMS B COCTaBE KOMIIO3HLHOHHOTO mpopomika 30 % oGHapyxeHO oOpa3oBaHHUE
OKCHJa QIIOMUHHS. YCTaHOBJIEGHO, 4YTO TPH OAWHAKOBBIX pEXHMaxX JETOHAIMOHHOTO HAIBUICHUS
(hopMupOBaHNE TPAJUEHTHOI CTPYKTYPHI MOKPBHITHI CHIBHO 3aBHCHUT OT COJEPKaHUS alFOMUHUS B COCTaBE
NiCr—Al. Pesynbrarel ucieqoBaHus mokaszamd, uto juist nonydeHus NiCr—Al mokpeituii ¢ rpaaueHTHOR
CTPYKTYPOH ONITHMAIIBHBIM SIBJISIETCS KOMITO3UIIMOHHBIH coctas rmopomika NiCr 80 % u Al 20 %.

Knioueswie cnosa: noxpeitust NiCr—Al, rpagueHTHBIE MOKPHITHS, JAETOHAIIMOHHOE HAIbUIEHHUE, CTPYKTYypa,
KOMIIO3UTHBIH COCTaB MOPOIIKA.
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On the issue of a new solution of the materials resistance contact problem
on compression of elastic cylinders in contact with parallel generators

As a result of logarithmic singularity in the plane classical problem of elastically deformable material me-
chanics, it is proved that the reference formula for determining the convergence of two statically compressed
parallel cylinders made of a homogeneous, isotropic, and physically linear material is not applicable. In the
special case of elastic interaction of a cylinder with a half-plane, it is established that the convergence be-
comes equal to infinity. This paradoxical result confirms the inadequacy of Flaman’s model of a simple radial
stress state in determining displacements. Based on this model, it is possible to determine only the stresses in
parallel contacting cylinders, while the calculation of displacements, in this case, is not possible. Based on a
previously developed and mathematically approximated by the authors flat design scheme of Flaman the al-
gorithm exception of conflicts has been proposed. The algorithm is based on the integral Fredholm equation
solution and can be seen as a new fundamental and applied elasticity theory problem, which is of great im-
portance when assessing the contact of refined strength and stiffness of the cylindrical parts of the supporting
structures subject to the general and local deformations (cylindrical rollers, gears, pavements with their seal
steel rollers, etc.).

Keywords: displacement, convergence, cylinder, stress, force, load, compression, contact pressure, half-plane,
uniformity, isotropy, elasticity.

In various branches of modern mechanical engineering and construction, supporting structural elements
in the form of cylindrical caps that interact in contact over a surface of finite dimensions are widely used.
Typical examples of such parts are plain and rolling bearings; supporting parts of bridges, overpasses and
sluice gates; wheels of railway rolling stock, etc. [1-5].

The well-known structurally nonlinear [6-9] theory of small elastic contact deformations of two physi-
cally linear, isotropic, and homogeneous circular cylinders is based on the following assumptions (Figure 1)
[1-3, 10, 11]:

1) theradii R4, R, of cylindrical bodies are large in comparison with the size 2a of the contact area, i.e.,

R, > 2a, R, > 2a, 1)

where a is half the width of the pressure band;
2) the cylinders have strictly parallel longitudinal axes 04, O, and length [ >> 2a and their initial contact
occurs along a straight line which is called the generatrix when the distance between arbitrary points

A1, A, before deformation is expressed by the formulas given in Figure 2 [1, 3, 10-12];
3) within the limits of assumption (1), the contact area can be considered as part of the plane tangent to the
guide (circle) of non-deformable cylinders;
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4) there is no friction between touching surfaces that are supposed to be absolutely smooth.

5) the contacting elements are pressed against each other by two equal in magnitude and oppositely directed
external forces-resultant Q, distributed over a given length [ of the cylinders in the form of a constant
static load

P = % = const )

Figure 1. Design schemes of contacting elstic cylinders with radii R; and R;:
. <
a) the basic model of length I, where: R1>R2;
b) For roller cylindrical rolling bearings at R, > R, [1, 18]

if the equilibrium condition is met [11, 13-21]
a
l-fq(y)dy=P-l=Q, 3)

—-a

where g = q(y) is the reactive boundary voltage approximated by the Hertz elliptic function [11, 12, 14-17,
20-24]

, —aKkyKa, 4
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having an extreme value [1, 11-16, 20-22, 23, 25]

° moa-l '
1 t2 /1 1\ t2- (R +Ry)
N e AL
X3 2 \R, R, 2Ry R,
02‘
X
04
R, _tz (1 1)_t2-(R1—R2)
0, TR, TR/ T TR R,
R, t /
Az
X
Ay xy §
0

Figure 2. Geometry of the contact of two elasticall desormable bodies-cylinders:
. . . . . <
a) to modeling the external interaction according to Fig. 1a (R1>R2);

b) for contacting a cylinder of radius R, with a cylindrical cavity having a radial size R, > R,
Figure 1b

If the cylinders are made of materials that have elastic modulus E;, E,, Poisson’s ratios p;, U,
then the formulas for a, g, and the total kinematic displacement & (convergence of the axes 04, 0,) have
the following form [1, 2, 11, 25]:

. 42 )
=2 Q ) R "R, _ 1 .“1+1 125 ’ (6)
m-l (Ry£Ry) E; E,
-1
_ | @ RifRy) (1-pf 1-43 )
9= 171 "R, 'R, E, E, ’
2:Q [1—u?2 / 2-R 1—-u2 / 2-R
5=29. “1-(ln 1+0,407>+ “2-(ln 2+0,407); (8)
-l E; a E, a

where the "+" sign refers to the main calculation scheme shown in Figures 1, 2, and “-* corresponds to the
model of Figure 1b.

Relations (6)—(8) are used to quantify the load-bearing capacity of cylindrical systems in Figure 1. From
a practical point of view, these are design calculations for the contact strength and stiffness of friction and
gear gears, roller parts of bridge supports, and other critical elements of engineering structures.
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At the same time, it should be noted that the definition of the displacement § at Eq.(8) has significant
mechanical-mathematical incorrectness [2, 10], as in the classic problem of Flaman [1, 10, 12-17, 22, 27, 28]
on the effects of concentrated and distributed force P = const (Figure 1) on an elastic isotropic half-
plane lying in the basis of the Eqg. (8). In Eq. (8) the displacement is calculated relative to a fairly remote
from the contact point. Its position is unknown arbitrary. In Eq. (8) as of such points taken the centers of cur-
vature of 0; and O, (Figures 1, 2) in the hypothetical assumption that the parameter § is determined only by
the total deformations of cylinders [2], excluding contact components, which according to [29], can represent
a significant percentage (30 to 90%) in the overall balance of the elastic displacements of the contacting
parts.

The indicated uncertainty (multivariance) in choosing the coordinate of a fixed point when determining
displacements directed perpendicular to the boundary of the half-plane is a consequence of the general loga-
rithmic feature of Flaman’s physical and mathematical model [10, 12, 20, 22]. In this relation, Galin [10]
states that, based on the Flaman solution, it is possible to determine only the stresses in parallel-located con-
tacting cylinders, and the calculation of displacements, in this case, is not possible. Thus, it can be stated that
the estimation of contact stiffness by formula (8) will not adequately characterize the deformed state of the
cylinders. Another negative consequence of the presence of the logarithm (n in Eq. (8) is manifested in its
special case when one of the radii, for example

In this case, we will have a common engineering problem in design calculations about the contact of a
compressible cylinder with an elastically deformable half-plane (Figure 3) [1-5].

Figure 3. Model of pressure of a cylinder of radius R and length 1 on a linearly elastic half-plane

Considering the condition (9) and the equality R, = R, we obtain the final value for linear size a under
Eqg. (6):

a=2

. _ 42 _ 42
Q R_<1 o 1 uz>_ (10)
T[l El E2

Substituting Eq. (10) in Eq. (8) for R, = oo, according to Eqg. (9), leads to the paradoxical answer

)

which contradicts the physical meaning of the contact problem under consideration and confirms the unac-
ceptability of the Flaman mathematical model in determining the displacements & [10, 21].
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The incorrect result (11) also does not correspond to the basic fundamental axisymmetric problem of
Boussinesca [18, 20-22, 23, 24, 28] on a concentrated force directed perpendicular to an elastic half-space,
in which there are no contradictions mentioned above.

Based on the classical interpretation of plane linear-elastic deformation [2, 11-15, 19, 21-23] and the
refined innovative solution of the Flaman problem [30], which includes three stresses (compared to one radi-
al component [12, 13]) and parameter a, in the work [30] a fundamentally new formula for calculation of
displacement

2-P-(1—u2).<a>2

b=V W=~ (12)

of a boundary of the half-plane in the unlimited range
—00 <y < oo, (13)

of variable change has been obtained.
In contrast to the incorrect logarithmic dependence [11-14, 21, 22, 24]
o) 2:P-(1—p?) l li

Vg =7V = ln—, 14
af ar\Y T-FE ly| (14)

containing the distance to an arbitrary point K (Figure 3) and approximating only the relative value of dis-
placements v+ over a closed interval

_lk < y < lk' (15)
in the formula (12) derived in [30] allows us to determine the absolute precipitation of the boundary x = 0

of the half-plane without reference to the parameter [;, over a theoretically infinite interval (13).
The behavior of functions (12) and (14) is illustrated in dimensionless forms

i} mE 2 [a\?
Vg()’) = Vg()’) m = 3 ) (;) ) (16)
n-E l
Vgr(¥) = vgr(y) - 2 lnly_kl (17)

in Figure 4, using data of Table.

Table
Values of functional relations (16), (17), when [}, = 6a.
y 0 ta t2a t4a t6a +8a +10a too
Vg 0 0,6667 0,1667 0,0416 | 0,0186 0,0104 0,0066 0
Vgr 00 3,5836 2,1972 0,8110 0 —0,5751 | —1,0216 —0o0

Cepus «dusukay. Ne 3(107)/2022 29



T. Brim, B. Abdeyev et al.

\\\ P
~1,0216 T+ a
0 y
f—— +
— 0,0066
0,6667
Vg

Axis of symmetry

X

Figure 4. General view of changes in functional dependencies vg, v;f:
V4 (y) is asolid curve according to the new formula (16) [30];
Vg7 () is a dashed line according to Flaman's solution (17) [12-14, 21, 22, 24]

A mechanical system in which a local uniformly distributed stationary force P acts on an elastic iso-
tropic medium (Figures 1, 3) should be considered as an abstract system that does not reflect the actual pos-
sible conditions. However, using the formally idealized mathematical solution (12), we proceed to a real
simulation of the reactive load g = g(y) that occurs between contacting elastically deformable bodies Fig-
ure 1). Therefore, by analogy with the developed theory of calculating the sediment of a belt foundation [30]
and guided by [11, 15-17, 21-24, 31-33], to answer this question, we present the following Fredholm equa-
tion of the first kind [13, 16, 20-22, 31, 32] with an unknown function g (y) under the sign of a certain inte-
gral:

— 18
R, " Ry (18)

2- _s
3'71- E1 E2 N

a’ 1—M%+1—M% [ q(y) - dy 1 (1 1) 2
(t—y)? 2 '
—-a

where g = q(v), q,, a, § are the desired physical and geometric characteristics of the interaction pro cess of
two round cylindrical elements, while meeting the obvious requirements

—a<y<a, q(£a)=0, q(0)=gq,=max (19)

and condition (3) is met;
t is an auxiliary variable that varies within —a < t < a and represents the horizontal coordinate of ar-
bitrary points A4, A, whose mutual vertical displacement depends on the elementary load (Figures 2, 5).

dP = q(y) - dy (20)

30 BecTHuk KaparaHguHckoro yHnsepcuteTta



On the issue of a new solution...

equal to (see (12) and (18))

2-a2_<1—u%+1—u§>.q(y)-dy

dvg = dvg, +dvg, = — =72 (21)

Ey E,

where is the sign "-" for the model
of cylinder pressure
on a concave cylindrical surface
(Figures 1b, 2b)

Figure.5. Basic scheme of contact interaction of cylinders (Figure 1a)
to the interpretation of the integral equation (18)

As noted by the authors of [30], in comparison with the absolutely idealized original (12), in which the
directions of force P and displacement v, > 0 coincide (Figure 4), in formulas (18), (21) the “minus” sign
indicates the opposite effect of the contact pressure g(y) and the kinematic components Vg1, Vgz Within
each cylinder (Figures 1, 5).

Analysis of the conducted theoretical studies allows us to draw the following CONCLUSIONS:

1. The impossibility [10, 11, 21] of using the reference dependency (8) [1, 2, 25] for calculation of the
convergence & of cylinders (Figures 1, 3) due to the logarithmic feature noted in well-known fundamental
mechanical and mathematical works [10, 14, 21] is confirmed and proved.

2. For the same reason (see point 1), the use of the basic Flaman model [11-16, 21-25, 28] for solving
any plane problems of the elasticity theory is proved incorrect (Figure 4), related to the evaluation of contact
stiffness [29] of cylindrical parts of load-bearing structures that are in parallel contact.

3. To completely eliminate the considered contradictions, a linear integral equation (18), which makes it
possible to determine the reaction pressure function q(y) and its extremum q, = max; the half-width a of
the contact site and the total mutual displacement & of points 04, O, (Figures 1, 5) is formulated.
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On the issue of a new solution...

T. bpum, b. A6nees, I'. Mycnumanosa, C. baiirepees, I'. baiizakoBa

IMapananens xacaymbliapMeH KaHACATHIH
cepmiMai HUIMHAPJIEPAIH CHIFBLIYHI TYPAJIbl MaTePAAAPAbIH
Kejeprici 0ail1anbic ece0iHiH KaHA MIeIiMi cyparbIHa

Ceprimai aedopManusiaHaTeiH KAaTThl JICHEHIH MEXaHHWKAHBIH KIACCHKAJBIK eceOiHIH jKa3bIKTaFbl Oenriii
Jorapu@MIiK epeKmenirine 0alaaHbICTHl OIPTEKTi, M30TPONTHI KOHE (H3HKAJIBIK CBHI3BIKTHI MaTepHaIlaH
JKACalFaH CTATUKAJbIK CHIFBUIFAH €Ki Iapaulesib LMIMHAPAIH OJKAaKbIHAAYbIH aHBIKTayFa apHaJIFaH
aHBIKTaMaNBIK (OpMyJIaHBIH KOJJAHBUIMAHTHIHIBIFEI OCBHI XYMbICTa JoneineHmi. LlummHapain sxapTeiiait
JKa3bIKTBIK ITEH CEpIMIl aceplIecyiHiH epeKIle jKarAaiblHaa, PaanyCTapAblH OipeyiHiH Y3BIHABIFBI IIEKCi3
OoyraH  JKarmalblHIA, OKaKBIHIAYABIH IIEKCI3miKKe TeH OOJaTHIHBIFBl aHBIKTaNFaH. JKaKbIHIaybIH
IIEKCI3/IiKKe TeH OOJFaH MapaJgoKCcaIAbl HOTIDKECI MaKasla/ia 3epTTENil OTBIPFaH IPOIEeCTiH (HU3NKaJIbIK XKaHe
MEXaHUKAaJIBIK MaFbIHACBIHA KAapChl KeJeli, COHBIMEH KaTap bIFbICYJAp/bl aHBIKTay/a KapanaiblM paJuallibl
KepHey KyHiHiH ®iaamaH MoneniHiH CoHKecCi3HiriH pacTtaidapl. By Mozenbre Herizzmelninm, TeK Hapauieib
JKaHAcaThlH LIIMHIPJIEpPAEri KepHeylepAl aHbplKTayra Oonanmsl, Oyl »KaFjaiiia OpBIH AayBICTHIpYJIapAbl
ecentey MyMKiH emec. Ocbl MaKaJaHBIH aBTOPJapbl OYPBIH 93ipiIereH jXoHe MAaTeMAaTHKaJbIK *KYbIKTAHTBIH,
YII KepHey Kypampaac Geiri MeH MWIMHAPIIH XKaHacy aiiMarblHBIH €HiH eckepeTiH xammak diamaH ecenrtey
cXeMachl HeTi3iHJe, IelIyre Heri3qeireH KallIbUIBIKTap bl KO0 alTOPUTMIH YCHIHFaH, SIFHU OipiHIN TEKTi
OpearonabM HHTErPATIBIK TEHIEY1, 9pi Kapai cepniMIIiK TeOPHSCHIHBIH JKaHa ipreli—Kosmanbaisl Maceseci
peTiHge KapacThIPBUTYbl MYMKIH, KaIIIBl JKOHE JKEPriIKTi JedopManusiapasl ecKepe OTHIPBHII, OJI JKYK
KOTEprill KYPBUIBIMIAPABIH IHIMHAPIIK OeNIKTEpiHiH >XaHacy OEpIKTIFiH XOHE KATTBUIBIFBIH HAKTHI
Oaranayza YJIKEH MaHbI3Fa Ue (UWIMHAPIIK POJHMKTEP, TiCTI JOHFalIaKTap, 00JaT OUTIKTEpMEH THIFBI3AalFaH
Ke3JIeT1 JKOJ TeceMepi KoHE T.0.).

Kinm ce30ep: XBUDKBITY, KaKblHIAy, LWIMHID, KEpHEY, KYII, >XYKTEME, CBIFbULY, JKAaHAcCy KbICHIMBI,
JKapThUIAil XKa3BIKTHIK, O1pTEKTLTIK, H30TPOIHS, CEPIIMILTIK.

T. bpum, b. AGznees, I'. MycnumanoBa, C. baiirepees, I'. baiizakoBa

K Bonpocy HOBOro penieHusi KOHTAKTHOM 3a1a4M CONPOTUBJIEHUSA
MATepPHAaIOB O CXKATUM YNPYTUX HUJIMHIAPOB,
CONPHUKACAKIIMXCH ¢ NAPALIeIbHBIMHA 00pa3yl0IIUMH

Bcenencreue n3BecTHO# orapumMuueckoit 0COOCHHOCTH B IUIOCKOH KJIACCHUYECKOH 3a/ja4e MEXaHUKH YIpY-
roieopMHUPyEeMOro TBEPIOTO Tejla JoKa3aHa HENMPUMEHHMOCTh CIIPABOYHOW (hOPMYIIBI A OIpE/IeNIeHUs
CONMKEHNUsT IByX CTATUUECKU CXKATBIX MapauleNbHBIX HMIHHAPOB U3 OZHOPOIHOTO, U30TPOIHOTO U (H3nye-
CKH JIMHEHHOTO MaTepuana. B 4acTHOM cirydae ympyroro B3aMMOJESHCTBHUS HWJIMHAPA C MOTYIIOCKOCTBHIO,
KOT/Ia OJJMH U3 PaJNyCOB UMeET OECKOHEUHYIO JUIMHY, YCTAHOBIICHO, YTO M CONMMKEHNE CTAHOBHTCS PaBHBIM
OECKOHEYHOCTH. ODTOT MApaAOKCAIBHBIA pE3ylbTaT IPOTHBOPEUNT HE TOIBKO (DU3UKO-MEXaHHIECKOMY
CMBICITy HCCIIEyeMOT0 TIpoIiecca, HO U MOATBEPKAAeT HeaJeKBaTHOCTh Mojenu dnamaHa 0 MpocTOM pamu-
AJIbHOM HalpsDKEHHOM COCTOSIHUH IIPU OIIpejesieHuH nepeMelieHnid. OCHOBBIBAsICh Ha 9TOI MOAEIH, MOXKHO
OIpeNeNATh TONBKO HaNpsDKEHHs B MapajjielIbHO PACIONI0KEHHBIX KOHTAKTUPYIOUIMX IMINHIpPAaX, B TO Bpe-
Ms KaK pacyeT MepeMeIleHHH B 3TOM cilydae He MpecTaBiseTcs BO3MOXHBbIM. Ha ocHoBe panee paspao-
TaHHOM M MaTeMaTH4YecKU allMpOKCHUMHPOBAHHOM aBTOpPAMHU JAHHOW CTaTbU IUIOCKOW pPacueTHOW CXeMbI
®drnamaHa, yIUTHIBAIOIIEH TPH KOMIOHEHTHI HAINPSDKEHWH M pa3Mep IMUPHHBI IDIOMAKH KOHTAKTa IHINH/-
POB, TIPEIOKEH AITOPUTM HCKIFOUSHUS IPOTUBOPEUNH, 6a3npyIOMUICS Ha PEIICHHH HHTETPAIbHOTO ypaB-
HeHus OpearoasMa MepBoOro pojia, IT0 MOXKET OBITH PACCMOTPEHO B TANTbHEHIIIEM Kak HOBast (pyHIaMeHTaIb-
HO-TIPHKIJIA/IHAS 33/1a9a TEOPHUH YIIPYTOCTH, NMEIOIast OONIIOe 3HAYEeHHE TP YTOYHEHHOH OIeHKe KOHTAKT-
HOH NMPOYHOCTH M XKECTKOCTH LIMIMHIPUYECKUX AETalleil HeCyIUuX KOHCTPYKLMH C y4eToM OOIIUX U MeCT-
HbIX nedopmarmii (IUIMHAPUYECKUX KaTKOB, 3yOUaThIX mepenad, JOPOXHBIX MOKPHITHH P UX YIUIOTHEHHU
CTaJbHBIMU BaJbLIaMH U T.1.).

Kmoueswvie cnosa: NEPEMELICHUE, C6J'lI/I)KeHI/Ie, HWINHAP, HAOPSOKEHUE, CUJIa, Harpy3kKa, Co)kaTue, KOHTaKTHOE
JaBJICHUEC, IMMOJYIIIIOCKOCTh, OTHOPOAHOCTDH, U30TPOITHOCTD, YIIPYT'OCTh.
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Comparison of electrochemical characteristics
of NiCo,0,4 and NiCo,S, nanostructures for supercapacitors

This paper presents the results on the synthesis and study of the properties of NiCo,0, and NiCo0,S,
nanostructures obtained by hydrothermal synthesis for their use as supercapacitor electrodes. A method is
developed for growing a nanostructure from a ternary metal oxide NiCo,0,4 on a nickel substrate. The
structural features of the synthesized NiCo,0, and NiCo,S, nanostructures are studied using X-ray phase
analysis. The obtained samples have a cubic modification NiCo,0, and NiCo,S,. The data on the mor-
phology of the synthesized samples obtained by scanning electron microscopy are presented. The samples
are in the form of nanoneedles and nanowires grown on a nickel substrate. Methods for the synthesis of
NiCo0,0, nanostructures have been studied, optimal conditions for the growth of nanostructures from
NiCo,0,4 have been determined, and a NiCo,0, sulfurization method has been developed to obtain a
NiCo0,0,4 nanostructure. Comparative studies have been carried out on the effects of sulfurization on the
electrochemical characteristics of the obtained electrodes. It is found that, despite the fact that NiCo,0,
oxide nanostructures have a high theoretical capacitance, the replacement of oxygen atoms by sulfur atoms
increases the conductivity of the materials and leads to a further increase in the specific capacitance of the
end electrodes. The maximum Cs obtained specific capacitance for NiCo,S, is 1976 F g* and while for
NiCo,0, it is 413 F g at a scan rate of 5 mV/s. The results of the dependence of the specific capacitance
on the scanning speed during measurements are also presented.

Keywords: supercapacitors, energy storage, metal oxides, electrodes, nanomaterials, NiC0,0,4, NiCo,S4 and
nanostructures.

Introduction

With the growth in electricity consumption, the depletion of natural fossil fuel resources and pollution
of the environment due to carbon dioxide emission, there is a growing global need to develop renewable en-
ergy sources. However, the production of electrical energy from renewable sources requires reliable and effi-
cient storage systems to meet worldwide demand. In recent decades, there has been significant interest in the
development of new technologies to solve energy problems. In this context, significant efforts have been put
into the research and development of more efficient energy storage devices and systems. An example of such
a device is electrochemical energy storage devices such as batteries and supercapacitors, which are promis-
ing due to their high energy density and power. An electrochemical capacitor is a device that stores electrical
energy in an electrical double layer that forms at the interface between an electrolytic solution and an elec-
tronic conductor [1].

Supercapacitors (SCs), a new type of system for energy storage and conversion, are getting a lot of at-
tention. SC can be divided into two categories: electrical double-layer capacitors and pseudocapacitors that
store electrical energy through electrosorption, reduction and oxidation reactions. At present, owing to the
high energy density (approaching 180 W-h-kg™), lithium-ion batteries are widely used in consumer domestic
electronics. However, because of the slow transport of electrons and ions in these batteries, heat generation
and dendrite formation are observed when operating at high power, which can lead to serious safety prob-
lems [2, 3].

Due to their high conductivity and capacitance, ternary metal sulfides are widely used for energy stor-
age. Recently, great interest is being attracted by pseudocapacitors based on cobalt-nickel sulfide NiCo,S,, as
they have low cost, high conductivity, good electrochemical activity, and also exhibit several oxide states
that provide a high redox potential, originating simultaneously from Ni and Co ions in contrast to individual
NiO and Co3;04 [4]. They also show an electronic conductivity about 100 times higher than that of NiCo,0,,
although NiCo,0, has a much better electronic conductivity than NiO and Co,Oy [5]. Various nanostructures
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based on NiCo,S,, such as nanotubes, nanospheres, flower morphology, etc., have been synthesized for the
production of supercapacitors.

Metal oxides represent an alternative as a promising material for manufacturing supercapacitor elec-
trodes since they have a high specific capacitance and relatively low resistance, which simplifies the design
of high energy and high-power supercapacitors [6]. In such materials, the mechanism of charge accumulation
can occur both due to redox processes (Faraday reactions) and a double electric layer. Commonly used metal
oxides are nickel oxide (NiO), ruthenium dioxide (RuO,), manganese oxide (MnQ,), iridium oxide (IrO,),
tungsten oxide (WOs), and cobalt oxide (Cos0,). Ternary metal oxides have advantages over single-
component metal oxides because of the coexistence of a double metal cation, which allows for rich redox
reactions.

In this study, our strategy is to improve electrochemical characteristics of electrodes based on cobalt-
nickel oxide by sulfidization for supercapacitor devices. These electrodes demonstrated a high specific ca-
pacity for NiCo,S, is 1976 F g™ at a scan rate of 5 mV/s compared with NiC0,0,4 (413 F g™). Characteristics
such as the morphology and structure of the material are investigated, and the electrochemical characteristics
of the electrodes are demonstrated.

Experimental

For hydrothermal synthesis, the precursors CoCl, (1.855 g), NiCl, (0.95 g) and urea (0.72 g) were dis-
solved in 60 ml of deionized water and stirred with a magnetic stirrer until a transparent homogeneous pink
solution was formed. Then the solution was transferred to an autoclave, where a piece of nickel foam was
also placed diagonally across the container. The autoclave was hermetically sealed and kept in a furnace at a
temperature of 120°C for 6 hours. After cooling to room temperature, the precursor grown on nickel foam
was washed with deionized water and dried at 50°C for 4 hours. The resulting NiCo,0, product was sul-
fidized through hydrothermal treatment in an autoclave containing 1.8 g of Na,S solution. The temperature
of the furnace was 180°C, the treatment time lasted 8 hours. After cooling to room temperature, the resultant
sample on a nickel substrate was processed in an ultrasonic bath to remove excess powders that did not ad-
here to the substrate. Then the samples were dried at a temperature of 50°C in air.

Results and Discussion

The phase composition in this work was determined using a MiniFlex Rigaku X-ray diffractometer.
The XRD patterns were acquired by scanning in the range of 20 from 5° to 90° and step size = 0.02°.
The X-ray source was an X-ray tube with a copper anode, CuKa radiation at a wavelength of 1.5418 A,
operating parameters of the tube: voltage 40 kV, current 44 mA. Figure 1 illustrates the XRD data of the
synthesized NiCo0,0,4 and NiCo,S, samples. The results show the formation of nickel-cobalt oxide, which
is characterized by intense peaks at 20 angles of 36.7°, 55.5°, 59.1°, and 65.1°, and these reflections can be
well identified as (311), (422), (511), and (440) reflections from the NiCo,0, phase [7]. In addition, two
intense diffraction peaks at 44.7° and 52.1° are indexed by the (111) and (200) diffraction planes of nickel,
which correspond to the substrate. Figure 1b shows that after sulfurization, the XRD pattern shows distinct
peaks at 31.6°, 38.3°, 50.5°, and 55.3°, which correspond to diffraction on the (311), (400), (511), and
(440) planes that can be attributed to a cubic phase of NiCo,S, (Fig. 1b). However, individual peaks at
21.69°, 31.4°, 38.26°, 50.3°, and 55.4° correspond to the (101), (110), (003), (113), and (300) diffraction
planes characteristic for the NisS, phase (PDF no. 24— 0334). This is because the replacement of Ni at-
oms by Co atoms does not change the crystal structure of NisS,, except for changing the lattice parame-
ters [8].

Figure 2 demonstrates SEM images of samples obtained using a Quanta 200i 3D scanning electron mi-
croscope (FEI Company, USA, 2008). Figure 2a shows typical morphology of three-dimensional (3D) nickel
foam with as synthesized samples. It can be seen (Fig. 2b) that NiCo,0, nanostructures in the form of
nanoneedles uniformly grown on the substrate. Also, the nanoneedles grew at various angles relative to the
substrate. This is caused by the high concentration of the precursor, which affected the growth direction of
the nanoneedles. The diameter of nanoneedles can reach up to 200 nm (Fig. 2c).

Cepusa «dusmka». Ne 3(107)/2022 37



A.A. Markhabayeva, M.B. Baidilda et al.

NiC0284-PDF No-00-020-0782 Cubic

NisPDF No-01-070-0989 Cubic

| I

Intensity, (arb.un.)

a , l l
| R0 OPTReY Y hhl " i
Wy DL Serrt il W WV iV

NiCoZO4—:PDF No-01-073-1702 Cubic

|zo 350 “I !'.o ) E\) I Yo -
20, degrees

Figure 1. XRD pattern of synthesized samples NiC0,0, (a) and NiCo,S, (b)
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Figure 2. SEM images and morphology of NiCo,0, at different magnifications

Figure 3 indicates the surface of the samples after sulfurization, exactly NiCo,S, nanostructures. Figure
3a shows morphology with low magnification, so there are no changes compared to Figure 2a. Figure 3b also
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has no distinguishing features compared to the samples before sulfurization. However, at high magnification
(Figure 3c), there is no initially smooth surface of nanoneedles. Each needle has a nanosized branch, which
increases the specific surface of the samples (Fig. 3d).
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Figure 2. SEM images and morphology of NiCo,S, at different magnifications

The electrochemical properties of the synthesized sample were tested by cyclic voltammetry (CV) and
galvanostatic charge-discharge (GCD) measurements. All measurements of electrochemical characteristics
were carried out using a 3M KOH aqueous electrolyte. In the three-electrode system, the active material in
the form in which it was synthesized was used as the working electrode, while a platinum electrode was used
as the counter electrode, and silver chloride (Ag/AgCl) electrode was used as the reference electrode. The
area of the working electrode is 1x1 cm?. Before measurement, the samples were pressed under a pressure of
3 MPa.

Figure 4 shows the CV (current-voltage) characteristics of the obtained NiCo,0, and NiCo,S, samples,
measured in a three-electrode system at scan rates of 5, 10, 20, and 50 mV/s and a potential range of -0.2 to
0.5 V. The shape of the CV curves indicates that the capacitive characteristics correspond to a material with
a typical pseudocapacitance, the CV characteristic strongly differs from the electric capacitance of a double
layer, which demonstrates a CV shape close to rectangular [9]. Two pairs of observed peaks mainly result
from the Faraday redox reactions Co(II)«>Co(III) and Ni(IT)«<>Ni(III) [10]. The mechanism of charge accu-
mulation by NiCo,S, in an alkaline electrolyte can be explained by the following reactions [11-12]:
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CoS+ OH™ & CoSOH + e~ (1)
CoSOH + OH™ & CoSO + H,0 + e~ (2)
NiS+ OH™ < NiSOH + e~ (3)

with an increase in the scan rate, the anodic and cathodic peaks shift towards more positive and negative po-
tentials, respectively, due to redox reaction that is determined by dynamics of charge transfer in both samples
(Fig. 4a, b) [13].
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Figure 4. Cyclic voltammetry (CV) curves of NiCo,0, (a) and NiCo0,S, (b)
samples measured in a three-electrode system

It is seen from Frigure 5a that NiCo,S, sample has a large area under CV curves compared to that of
NiCo,0,. Specific capacitance C depicted in Figure 5b was calculated from the CV curves at three-electrode
measurements using the following equation (4):

Ci=————$I(V)dV (4)

2mv(Vimax—Vmin)

where C, — specific capacitance, m — mass of deposited material, v — scan rate, Vax-Vmin— potential window,
I(V) — current, the integration is performed for 1 CV cycle. NiCo,S, sample demonstrates high capacitance at
all scan rates as opposed to NiCo,04 sample. The Csvalue considerably increases with decreasing scan rate
since at a low scan rate H* ions diffuse deep inside the electrode. Maximal C; value calculated from CV
curves equals 1976 F'g'1 for NiCo,S,and 413 F'g'1 for NiCo,0,
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Figure 5. Comparative cyclic voltammetry curves of NiCo,0, and NiCo,S, samples measured
at a scan rate of 5 mV/s (a) and dependence of specific capacitance on scan rate (b)
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Conclusions

The paper presents the results of the synthesis of NiCoO, nanostructures for the development of elec-
trochemical energy storage systems. Methods for the synthesis of NiCo,0, nanostructures by the hydrother-
mal method were worked out, followed by the production of NiCo,S, nanostructures by sulfidization. The
main characteristics, such as structure, phase composition and morphology were determined, and compara-
tive studies of the electrochemical characteristics of the electrodes were carried out. It is shown that the
sulfidization of oxides leads to an increase in the conductivity and specific capacitance of the samples. High
capacitance values (1976 F-g™) were obtained, which is the main criterion in the development of energy stor-
age systems. A comparison of the electrochemical properties showed that sulfidization of NiCo,0, samples
with the formation of the NiCo,S, phase increases the electrical conductivity and increases capacitance by
several times.
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A.A. Mapxabaesa, M.b. baitninga, II1.T. HypGounar,
K K. Kanko3oa, P.P. Hemkaesa, X.A. AGaymiuH

CynepkonaencaropJsapra apHaiaran NiCo,0O, sxone NiCo,S,
HAHOKYPbLIBIMIAPABIH 3JIeKTPOXUMHSIBIK KACHETTEPiH CATBICTHIPY

Makamaga cymepKoOHIEHcaTopiapia odiektpon peringe KomgaHsulatelH  NiCo,O4 xome NiCoyS,
HAaHOKYPBUIBIMIAPBIH THIPOTEPMAIIbI S/IICIIEH CHHTE3ey KOHE OJIApAbIH KACHETTEpPiH 3epTTey HOTHXKEeNepi
KepceTiareH. Y okcuai MetangaH typateiH NiCo,O4 HAaHOKYPBUIBIMIAPBIH HUKENIb TOCEHILITE ocipy dfici
onrainanzpl. AnbiaraH NiCo,0O4 HAaHOKYPBUIBIMIAPBIHEIH KYPBUIBIMABIK EpeKIIeTiKTepi peHTreH (a3ajblkK
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ananu30en 3eprrenred. NiCo,0, xoHe NiCo,S, HAHOKYPBUIBIMAAPBIHBIH YITiIEepi KyOThIK MoauduKanusra
e CeKCHAIrl aHBIKTAJAAbl. AJIBIHFaH YATUIEpAiH OeTTik MOp(ONIOrHACH CKaHEpJeyIli 3JIEeKTPOHIBIK
MHUKpPOCKOIHS apKbUIBl 3€pTTETNiHII. YJTriIep HHUKEIb TOCEHINIIHIE ©OCKeH HAHOHMHE >KOHE HAHOTapMakK
mimiagec 6ombn mbIKTEL. NiC0,04 HAHOKYPBUIBIMIAPBIH CHHTE3/ICY JIICI YKOHE OJapbIH OCYiHIH OHTAMIBI
MIapTTaphl aHBIKTAIAB], coHbIMeH KaTtap NiCo,0, HaHOKYpBUIBIMAApEIHAH KYKIpTTey ofici apKeuibl NiCo,S,
HaHOKYPBUIBIMIIAPBIH aly dfici TaraiibiHganpl. KykipTTeyniH 3JIeKTpOXUMISIIBIK CHIIaTTaMallapblHa 9CepiH
Oalikay YIIH caJbICTBIpY JKyMBICTapel okyprizinmi. Hermxecinge, NiCo,0, HaHOKYpBUIBIMIAPHIHBIH
TEOPHSUIBIK MEHIIIKTI CHIMBIMIBUIBIFEI YIKECH OOJIFaHBIHA KapaMacTaH, OTTETi aTOMIApBIH KYKIPT aTOMAapbIHa
aywicTelpy anbiaFaH  NiCo0,S, yirinepaiH MeHIIKTI  ChIMBIMIBUIBIFBIHBIH JKOFapiayblHa OKEJIeTiHMIri
aHpIKTanabl. NiC0,S, 2eKTpOATApHI YIIIH ABIHFAH €H YJIKEH MEHIIIKTI ChIdbIMIbUTBIK Cs 1976 © r! xone
NiC0,0, anexrpoaraps! yuin 413 & r! (5 MB/cex ckanepiey sKbIIIaMIBIFBIHIA aNbIHFan) 607Is. COHBIMEH
KaTap, CKaHepJiey JKbULIaMIbIFbIHA MEHITIKTI CBIHBIMIBUTBIKTBIH TOYCIIUIIT OepiireH.

Kinm  ce3dep:  CymlepKOHACHcCATOpiap, OHEPTUsIHBI — CaKTay, METaUl OKCHUATEPi, DICKTPOATAp,
Hanomarepuanaap, NiCo,04, NiC0,S, sxoHe HAHOKYPBUIBIMIAP.

A.A. Mapxabaesa, M.b. baiininga, [11.T. HypGounar,
K K. Kanko3oBa, P.P. Hemkaesa, X.A. AGaysivH

CpaBHeHHE JIeKTPOXUMHYECKHX XaPAKTEPUCTHK HAHOCTPYKTYPbI
u3 NiC0,0, u NiC0,S, 1151 cynepKoHIeHCATOPOB

B craTbe mpencTaBiIeHBI pPe3yNbTaThl MO CHHTE3y M HCCIIEAOBAHHIO CBOWCTB HAaHOCTPYKTYp NiCo0,0; u
NiC0,S,, MOIyYEeHHBIX METOAOM THIPOTEPMAIBHOIO CHHTE3a JUIA TPUMEHEHUS. MX B KayeCTBE JJICKTPOJIOB
cynepkonaeHcatopoB. OTpaboTaH MeTOZ BBIPALIMBAHUS HAHOCTPYKTYPBI U3 TPOMHOTrO OKCHIA METAIlIOB
NiC0,0, Ha HHKeneBoil moanoXkKe. M3ydeHbl CTPYKTYpHBIE OCOOCHHOCTH CHHTE3UPOBAHHBIX HAHOCTPYKTYD
NiC0,04 u NiC0,S, ¢ momomipio penTreHo()azoBoro aHaiausa. IloydeHHbIe 00pasibl UMEIOT KyOHIECKYIO
moaudukarmo NiCo,O4 1 NiC0,S,. IpuBeneHs! gaHHbIE 10 MOP(OIIOTHH CHHTE3UPOBAHHBIX 00Pa3IoB, MO0-
JIy9eHHBIX METOJIOM CKaHUPYIOIIEH IeKTpOHHOH MUKpockonuy. O6pa3ubl nMeI0T GopMy HAaHOUTOJIKH U Ha-
HOBETKH, BBIPAIllCHHbIC Ha HUKENCBOH MOMIokKe. M3ydeHsl MeTossl cuHTe3a HaHOCTPYKTYp NiCo0,04 u om-
penesieHbl ONTUMANBHBIEC YCIOBUS pocTa HaHOCTPYKTYp u3 NiCo,0,, a Taxke oTpaboTan MeTo[ cyabhummsa-
un NiCo,04 mist momyuenust NiCo,S,; HaHOCTpYKTYpHI. [IpOBeAeHbI CpaBHUTENbHBIC HCCIIEIOBAHUS IO
BIIMSIHUSIM CYNb(HUIN3AINMN HA DIIEKTPOXMMHUUYECKUE XapaKTEPUCTUKH MONYyIeHHBIX 3IIeKTpoaoB. OOHapyxe-
HO, 4TO, HECMOTPS Ha TO, YTO OKCHIHBIE HAHOCTPYKTYpHI U3 NiC0,0,4 NMEIOT BBICOKYIO TEOPETUUECKYIO EM-
KOCTb, 3aMEHa aTOMOB KHCIIOpOJia Ha aTOMBI Cepbl MOBBIIIACT MPOBOAMMOCTh MAaTEpUaoOB W NMPUBOAUT K
JaNbHEIIeMy POCTY YIEIbHOW eMKOCTH KoHeuHbIX 3ekTpoaoB NiC0,S,. MakcumanbHas Cs, moiydeHHas
yenbHast eMkocTs st NiCo,S,, cocrasisier 1976 @ r, u Torna xak mms NiCo,0, ona passa 413 @ r npu
CKOpOCTH cKaHHpoBaHHsA 5 MB/c. Taxke mpencTaBieHBl pe3yabTaThl 3aBHCUMOCTH YIEIBHON €MKOCTH OT
CKOPOCTH CKaHHPOBAHUSI [IPU H3MEPEHHU.

Kuiouegvie  cnosa:  CYNepKOHICHCATOPBI, XpaHEHWE OHEPTHH, OKCHIAbl  METayIoB,  DIEKTPOIBI,
nHanomarepuansl, NiC0,04, NiC0,S4 1 HAHOCTPYKTYPBIL
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Obtaining functional-gradient Ti-HA coatings by detonation spraying

Functional-gradient titanium/hydroxyapatite (TiHA) coatings were obtained using detonation spraying
technology to improve the structure and mechanical properties. To obtain functional-gradient coatings, pulsed
energy sources are best suited, namely, detonation spraying, in which the energy of the explosion of gas
mixtures is used as a source of pulsed action. By controlling the modes of detonation spraying, it is possible
to vary the temperature and rate of coating deposition; accordingly, it is possible to obtain a certain structural-
phase structure of the coatings. The structural-phase state and tribological properties of TiHA detonation
coatings were investigated by modern materials science methods: X-ray phase analysis (XRD), scanning
electron microscopy (SEM), energy dispersive spectroscopy (EDX-mapping), profilometry and ball-disk
wear-resistance test. The results showed that the coatings had a continuously gradient elemental composition
across the cross-section of the coatings with no boundary between the elemental layers of the coatings. The
amount of Ti gradually decreased and the amount of hydroxyapatite gradually increased in the direction from
the substrate to the surface of the coatings, which allows to expand the possibilities of using TiHA-coatings
for bone implants. Since the surface layer is composed of HA, the resulting functional-gradient coating
demonstrates excellent biocompatibility and the ability to create new bone tissue. The excellent mechanical
strength of the functionally graded coatings is ensured by the Ti phase.

Keywords: detonation spraying, functional gradient coatings, microstructure, phase composition, mechanical
properties, hydroxyapatite, titanium, wear resistance, roughness.

Introduction

The development and production of biomaterials for bone replacement are one of the highly technological
sectors of the economy, but the type and quality of implant materials and manufacturing technology currently
available require further improvement. The “bottleneck” is not the medical technology associated with implant
placement in the body, it is the engineering and materials science problems of producing an implant, with a
specific chemical and phase composition and a specific morphological architecture [1]. One of the most prom-
ising solutions to these problems is the various combinations of metallic and non-metallic structures where the
components gradually change in the materials. In particular, functional-gradient materials are new materials for
both orthopaedic and dental applications. Currently, such materials are used for orthopaedic prostheses because
functional-gradient materials can be adapted to reproduce the local properties of the original bone, which helps
to minimise the effects of stress protection [2]. In stomatology, functional-gradient materials are used in dental
crowns to imitate the connection of enamel and dentin of natural teeth and to avoid peeling and delamination
between the layers [3, 4]. Various techniques such as PVD, CVD, and powder metallurgy have been used to
produce functional-gradient materials [5-8]. In addition, functional-gradient materials have also been produced
by gas-thermal spraying [9, 10]. Among the gas-thermal spraying methods, plasma spray technology has been
used to produce various functional-gradient coatings suitable for biomedical applications. These include Ti/HA
systems [11], HA/B-TCP [12], and HA/TiO, [13]. It is important to emphasise that in the widely used plasma
spraying method for the application of coatings a continuous flame or plasma sputtering is used [14, 15]. This
can lead to undesirable overheating or melting of the particles and a significant substrate temperature increase,
which is a major limitation of this method. Pulsed energy sources like detonation spraying, which uses the en-
ergy of an explosion of gas mixtures as a pulse source, are best suited for obtaining functional-gradient coatings
[16]. This technology, which operates in pulsed mode, is better for obtaining functional-gradient coatings. On
one side, it allows for minimising the above-mentioned negative effects. For another, the particle velocity in the
detonation spraying method is much higher than in plasma spraying methods, which positively influences im-
portant coating parameters such as adhesion strength.

Functional-gradient materials are peculiar and promising composite materials whose composi-
tion/components and/or microstructure gradually change in space according to a given profile or sequence,
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along one or more space directions [10, 16-19]. Due to the gradual change in composition and/or microstruc-
ture, the physical and mechanical properties change in space according to the specific requirements for the
prescribed application, which improves the operational characteristics of the material. Hydroxyapatite and Ti
can be combined to create a perfect functional-gradient material. As the surface layer consists of HA, the
resulting functional-gradient coating demonstrates excellent biocompatibility and the ability to create new
bone. The excellent mechanical strength of the functional-gradient coatings is provided by the Ti phase.

There are no studies in the literature aimed at obtaining functional-gradient coatings using the detona-
tion spraying method. Given the above, the purpose of this work is to obtain composite coatings having a
gradient structure by changing the technological parameters of detonation spraying, where the HA ratio is
characterized by a smooth change in the chemical composition, structure, and properties over the thickness
of the coating.

Experimental

Composite HATI coatings with a thickness of about 60 um were applied to a Ti6Al4V substrate using a
CCDS2000 detonation complex (CCDS-2000, developed by Siberian Protective Coating Technologies LLC,
Novosibirsk, Russia), the operation principle of which is described in detail in [20, 21]. Detonation spraying
is performed by feeding combustible and oxidizing gases (propane, oxygen) into the channel in a ratio close
to stoichiometric. The gas mixture is ignited in the channel by an electric spark. The ignition process is com-
pleted by the creation of a detonation wave, in the immediate vicinity of which the powder is injected into
the channel by a dispenser device. During detonation combustion of a mixture of gases, propane and oxygen,
the powder particles are affected by elevated temperatures, pressures and acceleration. The calculated tem-
perature in the channel reaches 3000 K and the pressure is 5 MPa [22, 23]. At the beginning of the process,
the gas powder cloud reaches a velocity of 1500 m/s, and then slightly melted powder particles are moved to
the substrate at a velocity of up to 1000 m/s. Figure 1 demonstrates a general view and a schematic diagram
of the detonation spraying process.
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Figure 1. Computerized detonation complex CCDS2000: general view (a) and schematic diagram of the installation (b):
1 - control computer, 2 - gas distributor, 3 - mixing-ignition chamber, 4 - spark plug,
5 - barrel valve, 6 - fuel line, 7 - oxygen line, 8 - gas valves, 9 - gas supply unit, 10 - breech,
11 - powder dispenser, 12 - workpiece; 13 - manipulator, 14 - muzzle of the barrel
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Ti6AIl4V titanium alloy was used as the substrate material. The sample used to observe the microstruc-
ture was a rectangular size of 30 mm x 30mm x 3 mm. Table 1 presents the composition of the Ti6AI4V
titanium alloy. The samples were sanded (using SiC paper with a grain size from 100 to 2000). Before
coating, the substrates were sandblasted with a grain size of 250-300 microns of aluminium oxide and
treated with an ultrasonic bath.

Table 1
Chemical composition of Ti6Al4V alloy (weight percent)
Ti Al \ Fe C 0 N H
88,5-92,5 5,5-6,5 3,5-4,5 <0,25 <0,08 <0,13 <0,05 <0,012

By characterizing the phase composition of the resulting HA coatings deposited at different spraying
parameters, it is possible to determine suitable spraying conditions in DS. Our previous studies showed [24,
25] that by controlling the detonation spraying modes (fuel/oxidizer ratio, spraying distances) it is possible to
control the temperature and speed of the coatings, respectively, which significantly influenced the melting
and decomposition of HA. Preliminary studies of the microstructure, phase composition and chemical
structure of DS HA coatings deposited at different spraying regimes were carried out, and the optimum
spraying conditions for depositing composite HA coatings without a thermally decomposed HA phase were
determined (Table 2).

Table 2
Spraying conditions

Parameters Values
Fuel/oxidiser ratio 1,856
Spraying distance, mm 100

Based on this, Ti-HA composite coatings were obtained at different values of the barrel filling volume
and different exposure times between shots to study the effect of detonation spraying process parameters on
the chemical composition, structure, and properties of the coatings. The volume of the explosive gas mixture
of the detonation gun barrel varied from 30% to 60% and the exposure time between shots varied from 0.25 s
to 1 s. Table 3 shows the modes of production of Ti-HA-based coatings.

Table 3
Technological parameters for obtaining TiHA coatings

Name of the coatings Barrel filling volume, % Time between shots, s Number of shots
TiHA-1 60 1 15
TiHA-2 45 0,5 15
TiHA-3 30 0,25 15

On this basis, Ti-HA-based coatings were obtained at different barrel filling volumes and different
exposure times between shots to obtain coatings having a gradient structure. The HA ratio in these coatings
is characterised by a smooth change in chemical composition, structure, and properties over the thickness of
the coating (Table 4).

Table 4
Technological parameters for obtaining gradient coating
Name Layers Volume of barrel filling, % Time between shots, s Number of shots
Top layer 30 0,25 5
Gradient Middle layer 45 0,5 5
Bottom layer 60 1 5

Angular hydroxyapatite (HA) powder (99.95%, produced by Sigma-Aldrich, Steinheim, Germany) with
a diameter of 5-25 microns and spherical titanium powder (CL42TI) (made by Concept Laser, Germany)
with a diameter of 15-45 microns were used as feedstock. HATi composite powders were obtained by
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mechanically mixing HA powder with Ti powder for 0.5 x using a PULVERISETTE 23 planetary ball mill.
The mass ratio HA toTi for composite powders HA-Ti was 50:50. The phase composition of the coatings
was studied using X-ray diffractometer X'PertPRO (Philips Corporation, Amsterdam, the Netherlands) with
Cu-Ko radiation (A = 1.5405 A), voltage 40 kV and current 30 mA. The diffractograms were interpreted
using HighScore software and measurements were taken in the 26 range of 20°-90° in 0.02 step and 0.5
s/step counting time. The coating structure was analysed by scanning electron microscopy (SEM) using a
MIRA 3 TESCAN microscope. Sliding friction wear was evaluated on a TRB?® tribometer (Anton Paar Srl,
Peseux, Switzerland) using the standard ball-and-disk technique (ASTM G 133-95 and ASTM G99
international standards), where a 6.0 mm diameter ball of SiC coated steel was used as a counterbody, at 6 N
load and 15 cm/s linear speed, 5 mm radius of curvature of wear, 200 m friction path. The surface roughness
of the coatings was evaluated using a profilometer model 130 (OAO Zavod PROTON, Moscow, Russia).

|
R i F
I
i

Figure 2. Experiment a schematic of the TRB® tribometer.

Results and Discussion

Figure 3 shows the diffractograms of the HATi composite coatings. It can be seen that the HATi
composite coatings showed complex phases consisting of HA, Ti, TiO,. HA, Cas(PO,4), (TCP), and CaO
thermal decomposition phases were not detected in any of the coatings. The peak intensities of HA phase
decreased and the peak intensities of Ti and TiO, phases increased with increasing detonation spraying barrel
filling volume. These results showed that the detonation spraying barrel filling volume is strongly influenced
the phase composition. In addition, the diffraction patterns of the HATi composite coatings showed a
decrease in the intensity of the Ti diffraction peaks indicating TiO, formation [26].
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Figure 3. Diffractogram of coating TiHA: a) TiHA-1; b) TiHA-2; ¢) TiHA-3; d) gradient
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Table 5 demonstrates the results of roughness measurements of composite and gradient coatings ob-
tained by the detonation spraying method. The surface of all coatings has heterogeneous structure with pores,
typical layered, wavy arrangement of structural components. The surface roughness of the composite coat-
ings was measured using a model 130 profilometer on a 7 mm length segment on the sample surface. It fol-
lows from the obtained data that the roughness of composite coatings according to Ra parameter changes
from 5.44 to 8.61 um with change of technological parameters of detonation spraying. Comparison of these
dependences allows to conclude that the coatings obtained with increase of detonation spraying barrel filling
volume increase the roughness of coatings surface.

Table 5
Roughness measurement results for composite and gradient coatings
Name Ra(um) Rz (um) Rt (pm) Rg (um) Rv (um)
TiHA-1 8,61 51,1 55,9 10,4 28,1
TiHA-2 6,58 44,3 46,6 8,42 27,6
TiHA-3 5,79 39,3 479 7,40 23,4
Gradient 5,44 39,9 48,5 6,51 22,6

Figure 4 shows a polished cross-section of the gradient coatings obtained by detonation spraying. The
gradient coating consists of plates formed from molten particles during impact, some molten particles and
small cracks. The presence of small cracks is beneficial in relieving thermal stresses during cooling. The to-
tal thickness of gradient coatings is about 60 um. No obvious cracks appear at the interface between the coat-
ing and the substrate, which means that there is excellent adhesion between the coating and the substrate.

SEM HV: 20.0 KV WD: 11.30 mm MIRA3 TESCAN|

View fleld: 91.2 ym Det: SE, BSE
SEM MAG: 3.04 kx

Figure 4. Cross-sectional microstructure of the HATi gradient coating.

EDS scanning light analysis shows that the coatings have a continuous gradient composition across the
entire cross section with no distinguishable interface (Fig. 5 a, b, ¢). The Ca and P concentrations gradually
increase from the substrate to the surface and the Ti concentration gradually decreases. The EDS compari-
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sons for the gradient coating (Fig. 5 e, f) further confirm that the coating conforms to the expected gradient
composition structure.

Ti Kal

Figure 5. Cross-sectional microstructure and EDS analysis of the TiHA gradient coating.

To determine the wear resistance of the coatings, tribological tests were carried out in the ball-and-disk

scheme. Figure 6 represents the friction coefficient of the composite and gradient TiHA coatings. According
to the obtained results of tribological test of detonation coatings, TiHA-1 low friction coefficient values of
0.548 are observed, respectively high wear resistance in sliding friction conditions. However, the effect of
surface roughness on the initial friction of the coatings is relatively higher compared to other coatings. An
increase in barrel filling volume leads to an increase in the coefficient of friction of the coatings.
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Figure 6. Coefficient of friction of composite and gradient coatings
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Conclusions

The functional-gradient TiHA coating was successfully applied to the surface of Ti6Al4V alloy by det-
onation spraying. To obtain functional-gradient coatings, the following detonation spraying process parame-
ters were varied: detonation barrel filling volume with acetylene-propane gas mixture from 60% to 30% and
exposure time between shots from 1 to 0.25 s. A study of the phase composition of the coatings depending
on the technological parameters showed that with increasing volume of barrel filling the content of HA phas-
es in the composition of the coatings decreases, and the intensity of the diffraction peaks of Ti and TiO; in-
creases. The study of the coatings surface morphology showed that the roughness of the coatings by Ra pa-
rameter varies from 5.44 to 8.61 pm with a change in the detonation barrel filling volume from 30% to 60%.
The higher surface roughness and porosity of the outer layer of the functional gradient coating is a favoura-
ble microstructure for bone growth. We can conclude that the functional-gradient coatings obtained by the
detonation spraying method have great potential for use as bioimplantation materials and need further re-
search to reveal its hidden potential.
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JeToHAUAJIBIK OYPKY diciMeH
(pyHKUMOHANABI-TPAAUEHTTI KA0BIHAAPABI ALy

OyHKnroHaNAs TpaaueHTTi THTaH / ruapokcuanaTut (TiHA) >kaObIHBI KYpBUIBIMBIL MEH MEXaHUKAJIBIK
KacHeTTepiH JKaKcapTy VIIIH JEeTOHAUMSJIBIK OYpPKY TEXHOJOTHMACHIH KOJIaHY apKbUIbl — aJIBIHIBL
OYHKIMOHAIABI-TPAJUCHTT] >KaObIHAAPABI aly YVIIIH HMITYJIbCTI JHEPTHsl Ke3lepi €H KOJallibl, aram
aliTKaH[a, ra3 KOCTaJapbIHBIH JKapBUIBIC YHEPTUCHl MUMITYJbCTIK OpEKeT Ke3i peTiHie mNaiiiaaaHblIaThIH
JNETOHAMSUIBIK  OYpKy. JleToHammsutblk OYpKy peXuMAepiH Oackapy apKbUIbl >KaOBIHHBIH TYHZIBIPY
TeMIIepaTypachl MEH XBULIAMIBIFBIH ©3repTyre 0oapl, coiikeciHme sxaObIHaapIbIH OeNTiTl KYPhUIBIMIBIK-
(daszanplK KYpHUIBIMBIH aiyra Oosamsl. TiHA meToHanmsuiblK kaOBIHAAPBIHBIH KYPBUIBIMABIK-(ha3albIK
Kyirepi MeH TpPUOWJIOTHMSUIBIK KacHeTTepi 3aMaHayd MaTepHalTaHy oJiCTepiMEH  aHBIKTaJJbL:
pertreHodasansik tangay (XRD), ckaHepreymni amekTpoHAbl MUKpockomus (SEM), sHeproancnepcusibK
cnekrpockorus  (EDX-kapTanay), mpoQUIbOMETpHS JKOHE «IIap-IHCK» CXeMachl OOWBIHIIA TO3yFa
To3IMIUTITIH chiHAy. HoTmkenep >kxaObIHOApABIH >IEMEHTTIK WHTepdeiciHCi3 KaOBHIApABIH KOIICHEH
KAMachl OOMBIHINA Y3IKCi3 TPAJMEHTTI JJIEMEHTTIK Kypambl Oap ekeHiH kepcerti. Ti memmepi OipriHmen
azaiapl, al TUIPOKCHANATUT MeJmiepi cyOcTpaTraH jkaOblH OeTiHe Kapall OipTiHmen ecti, Oyn cyiiek
uMmIutanTTapbl ymid TiHA jxaOblHIapbelH KONAaHy MYMKIHAITH KeHeHTyre MyMKiHIik Oepexi. berki kabat
HA-nan TypaThIHABIKTaH, ajblHFaH (YHKIMOHAIB! IPAJUCHT JKaOBIHBI KepeMeT OHOXETIMIIUIIK MeH jKaHa
cydiek TiHIH Kkacay KaOinmeTiH kakcapraipl. (DOyHKIHOHANIBI-TPAJMEHT > KaOBIHIAPBIHBIH KOFaphl
MexaHHUKaJIbIK OepikTiri Ti ¢azacsiMeH KaMTaMachI3 eTiIei.

Kinm ce30ep: netoHanmusuibIK OYpKy, (YHKIMOHAIABI TPAIUCHTTI *KaOBIHIAP, MUKPOKYPBUIBIM, (ha3allblk
KypaMbl, MEXaHUKAJIBIK KACHETTEPi, THAPOKCHATIATHUT, TUTAH, TO3YFa TO3IMILIIT, KeAip-OyABIPIIBIFEL.

K.b. Carnonnuna, JI.P. baitxkan, E.E. Kam6apos, K. Topebex

Hony4yenne GpyHKIMOHAIBHO-TPAJAUEHTHBIX
TiHA moxkpbITHii METOIOM 1€ TOHAIIMOHHOTO HANIBLJIEHU S

OyHKIMOHANBHO-TPAIHEHTHbIE  MOKpBITHs — THTan/ruapokcuanatut  (TiHA)  Obum momydeHsl ¢
UCIIOJb30BaHMEM TEXHOJOIMH [JETOHAI[MOHHOTO HANbUICHUS C LEJNbI0 YIY4IIEeHHS CTPYKTYpbl U
MEXaHHYECKUAX CBOUCTB. [ momydeHns: yHKIMOHATBHO-TPAAUEHTHBIX TOKPBITHI JTydIlle BCETO MOIXOISIT
UMIYJIbCHBIE UCTOYHUKH 3HEPTUH, @ UMEHHO JETOHALIMOHHOE HalbUIEHHE, B KOTOPOM B KaueCTBE UCTOYHHKA
UMIYJIbCHOTO JEWCTBUS HUCHOJB3YIOT SHEPrUI0 B3phIBA Ta30BBIX cMecedl. VYmpaBisia pexuMaMu
JIETOHAI[MOHHOTO HAIBUICHUS, MOXHO BapbUpOBaTh TEMIEpaTypy U CKOpPOCTh HAHECEHHUs MOKPBITUH,
COOTBETCTBEHHO, MOYKHO TOJIYYHUTh ONPEACICHHOE CTPYKTYPHO-(a30oBoe cTpoeHHe MOKpbITHi. CTPyKTYpHO-
($hazoBoe COCTOSTHME W TPUOMJIOTMYECKHE CBOMCTBA  JCTOHAI[MOHHBIX MOKpBITHH TiHA wuccienoBaHbl
METOIaMH  COBPEMEHHOr0 MaTepuajoBeieHus: peHTreHodasHoro anammza (XRD), ckanupyromeit
31eKTpoHHOM Mukpockonuu (SEM), sHeproaucnepcuonHoit cnektpockonued (EDX-kaptupoBanue),
NPOQUIOMETPUH U HCHBITAHUEM HA H3HOCOTOHKOCTH IO CXEME «IIap—AUCK». Pe3ynbTaThl mokas3aiu, 4To
MOKPBITHSI UMENN HENPEepbIBHBIA I'PaIUEHTHBIM 3JIEMEHTHBIA COCTaB IO MONEPEYHOMY CEYEHHIO MOKPBITHH
6e3 TpaHHIBI pa3lelia DIEMEHTHBIX CIOB TMOKphITHi. KonmdectBo Ti IMOCTENEHHO YMEHBIIANOCH, a
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KOJIMYECTBO T'MAPOKCHANATHUTA MOCTENEHHO YBEIMYHMBAIOCh MO HAMPABICHHUIO OT MOAJOXKKH K TIOBEPXHOCTH
HOKPBITHH, YTO TIO3BOJSIET PAIUIMPUTh BO3MOXKHOCTH TNpUMEHeHHs TIHA MOKpBITHH &It KOCTHBIX
UMILTaHTaTOB. [10CKOIBKY OBEPXHOCTHBIN CIIOH cOCTOUT U3 HA, moaydeHHOe ()yHKINOHAIBHO-TPaJieHTHOE
MOKpPBITHE IEMOHCTPUPYET OTINYHYI0 OHOCOBMECTHMOCTh M CIIOCOOHOCTBH JUISl CO3JaHMSI HOBOH KOCTHOM
TKaHU. [IpeBocxoaHass MeXaHUIECKask MPOYHOCTH (PYHKIIMOHATIBHO-TPAJUEHTHBIX IIOKPBITHI 00ecIIeunBaeTCs
dasoii Ti.

Kniouesvie cnosa: neToHAIMOHHOE HAIbIIEHHE, (YHKIIMOHAIBHBIC IPaJHEeHTHBIE TIOKPBITHS, MUKPOCTPYKTY-
pa, (a30BEIif COCTAaB, MEXaHUUECKHE CBOIMCTBA, THAPOKCHANATHUT, TUTAH, H3HOCOCTOHKOCTb, IIEPOXOBATOCTb.
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Mechanical and thermal degradation properties of Isotactic
Polypropylene Composites with Cloisite15A and Cloisite20A

This work studies the influence of maleic anhydride grafted polypropylene (PP-g-MA) content on thermal
and mechanical properties of polypropylene (PP) composites with two types of clays, differing modifier den-
sity in the interlayer space, Cloisite15A and Cloisite20A. PP/clay composites are melt blended in presence of
different content of PP-g-MA from 3, 6, 9, and 12 wt.%. It is found that Cloisite15A with a high density of
the modifier promotes the formation of intercalated structures, while Cloisite20A with a low density of the
modifier, predominantly exfoliated nanocomposites are formed. In the first case, the structure tends to be-
come intercalated whilst composites with Cloisite20A favor the formation of predominantly exfoliated struc-
tures. The formation of the nanocomposite is accompanied by a significant increase in thermal stability (50%
weight loss is observed at temperatures of 360°C and 430°C for polypropylene and nanocomposites based on
it, respectively). An analysis of the mechanical properties of nanocomposites generally indicates an increase
in the elastic modulus by 15-20%, and this effect is more pronounced for exfoliated structures, the yield
strength practically does not change and the elongation at break decreases noticeably.

Keywords: polypropylene, clay, composite, polypropylene grafted maleic anhydride, intercalation, exfolia-
tion, oxidation, montmorillonite.

Introduction

Recently conducted researches in polymer science have shown finer dispersed inorganic layered sili-
cates or smectite clays through the organic polymer, increasing its mechanical, thermal, barrier, and fire re-
tardant properties [1-7]. Layered silicates are made up of several hundred thin platelets stacked in orderly
particles or tactoids with dimensions of 8-10 um. Each disk-shaped platelet has a large aspect ratio of ap-
proximately 100-1000 and is easily agglomerated due to the interlayer van der Waals forces. Accordingly,
clay particles should be homogeneously finer dispersed and exfoliated as individual platelets within the pol-
ymer matrices to accomplish the ultimate properties. Moreover, the lower clay content is also essential to
achieve the large contact surface area between the polymer matrix and the fillers and to obtain good disper-
sion by alleviating the clay aggregation [8, 9].

Thermal stability of PP/clay composites was considerably increased as soon as obtained exfoliated
structure [10-16]. The authors concluded that the improvement in the thermal properties was correlated with
lower oxygen permeability resulting from an increased diffusion path for oxygen as well as volatile decom-
position products. PP-g-MA was found the most effective compatibilizer for PP/clay composites in many
articles [17-20]. There are a lot of publications that investigate the effect of different clay modification tech-
niques [21, 22].

Phase diagram of polymer — clay mixture, proposed by Ginzburg et al., revealed that increased length
and density of grafted chains led to improved miscibility of the clay and the polymer, in its turn, proper mis-
cibility contributes to exfoliated structure in the wide range of clay volume ratio. In the case of short surfac-
tant macromolecules, the polymer is not likely to insert space between the clay layers. This causes immisci-
ble equilibrium morphology for major values of the Flory — Huggins parameter and the clay volume ratio.
There is also a limitation to strong interaction between grafted chains and polymer macromolecules [23].

For different surfactant lengths, surfactant coverage and surfactant — matrix enthalpic, Balazs et al. stud-
ied morphological behavior of polymer clay composites by employing their model named self-consistent
field calculation. According to their model, it turned out that a longer organic modifier provides better inter-
calation of polymer macromolecules to penetrate the space between clay platelets. But, the density of surfac-
tant should be reasonable because dense coverage makes intercalation and/or exfoliation impossible [24].

Accordingly, in this paper isotactic PP, PP-g-MA, and two types of clays were chosen in obtaining
composites. This study aims to explore the properties of PP/clay nanocomposites obtained with different
modifier densities between interlayer spaces in the variation of compatibilizer content.
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Experimental:

Materials: Isotactic PP (J-170T) with MFI = (2.16 kg, 230°C) 21 g/10 min was kindly provided by JV
Uz-Kor Gas Chemical LLC. PPMA with 2,5 wt.% maleic anhydride content and MFI = (2,16 kg, 230 °C)
>200 g/min was provided by JV UzAuto CEPLA LLC as a gift. Cloisite15A, (spacing dg;=2,96 nm, dime-
thyl dehydrogenated tallow ammonium conc. 1,25 meg/g), Cloisite20A, (spacing dgp:=2,47 nm, dimethyl
dehydrogenated tallow ammonium conc. 0,95 meg/g) Southern Clay Products, Inc., Gonzales, TX.

Preparation: Components melt blended in Brabender Plastograph (Germany). First PP and PPMA were
introduced into plastograph after getting molten mass clay was introduced and kept for 8 min 150 rpm to
provide better mixing components one another. Next, tensile test samples were prepared by injection-
molding machine Mercator 1971 (Poland). The name of samples and their content ratios are given in Table 1.

Table 1
Name of the obtained samples and their contents
Name of samples PP, % PP-g-MA, % Cloisitel5A, % Cloisite20A,%

PP 100 - - -
PPMA - 100 - -
PP/MA10 90 10 - -
PP/MA20 80 20 - -
15A3 94 3 3 -
15A6 91 6 3 -
15A9 88 9 3 -
15A12 85 12 3 -
20A3 94 3 - 3
20A6 91 6 - 3
20A9 88 9 - 3
20A12 85 12 - 3

XRD measurements

XRD measurements were conducted with Rigaku Miniflex 600 (Japan) in the condition of 40 kV volt-
age, 15 mA current and 0.02° step.

DSC and TGA measurements

Thermal properties of the samples studied by DSC and TGA analysis were conducted simultaneously,
in the range from room temperature to 600°C by Linseis thermal analysis PT1610.

Mechanical analysis

Tensile tests were conducted according to ASTMD 638 in Shimadzu AG-X PLUS (Japan). For measur-
ing tensile module (E), 1 mm/min crosshead speed was chosen until 0,3% deformation, after that crosshead
speed increased immediately to 20 mm/min for further exploring yield stress (o) and deformation ().

MFI measurement

MFI was measured according to ASTMD 1238 using a Zwick extrusion plastometer (Germany) at 230
°C/2,16 kg.

Results and Discussion

Small angle X-ray diffraction

Small angle X-ray (SAXS) diffraction is identical for characterizing clay dispersion in the polymer ma-
trix [25-27]. The basal spacing of the silicate layer (d001) was calculated with Bragg’s law: nA=2dsin6. Fig-
ures 1 and 2 show the SAXS pattern of obtained samples. The difference between these two organically
modified clays is modifier volume and interlayer distance d (which Cloisitel5A has greater than
Cloisite20A) [28]. Cloisites have two main peaks, the second peak at 26=7,2° (d001=1,2 nm) corresponding
to interlayer distance of pure unmodified montmorillonite (MMT), the first peak occurs in 26=2,88° in
Cloisite15A corresponding to intercalation of MMT as a result of modifier penetration during modification
while in Cloisite20A, this peak accounts for in 26=3,68°. SAXS curves in Figures 1 and 2, compare the ef-
fect of PP-g-MA content on the intercalation degree of Cloisite15A and Cloisite20A. There was a considera-
ble difference between the dispersion of clay through the PP matrix. While composites with Cloisite15A
show an intercalated structure, Cloisite20A achieves exfoliation except for 20A3. In the case of Cloisite15A,
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the first peak in 20=2,8° shifts towards small angles about 20=2,3° corresponding to d=38,25A, however,
15A9 has slightly smaller angles than others, indicating all samples’ intercalation. The second peak also de-
creased from 20=7,2° to 20=4,7°. With respect to the intensity of the peaks, the smallest intensity was seen in
both main peaks in 15A9. This reduction in the peak intensity can be interpreted as the formation particular
amount of exfoliated structure as well as intercalated. When it comes to Cloisite20A, except for composite
with 20A3 all had a considerable shift in peaks to lower than 26=2° angle, as a result of exfoliation. The rea-
son for exception 20A3 is the lack of compatibilizer to achieve finer dispersion of clay in the polymer ma-
trix. The occurrence of exfoliation in the composites with Cloisite20A can be proved to shift the first peak
smaller angle in relation to pure Cloisite20A.
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Figure 1. PP and Cloisite15A composites small angle X-ray curves
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Figure 2. PP and Cloisite20A composites small angle X-ray curves MFI

Figure 3 compares MFIs of PP and PP-g-MA blends. PP-g-MA shows more than 200 g/10 min MFI
while PP has 21 g/10 min. The presence of 10 wt. % PP-g-MA in PP/PPMA blends MFI accounts for 56
9/10 min and further addition of PP-g-MA increases MFI to 94 g/10 min. This is due to the low molecular
weight of PP-g-MA and, as shown in a number of works [14, 15, 23, 24], it is oligomeric functionalized PP
that provides favorable conditions for intercalation in the interlayer space and subsequent exfoliation of
MMT particles. For PP and clay systems, MFI decreases as soon as the formation of exfoliated and interca-
lated structures. Our compositions also exhibited such kind of manner (Figure 4). For composites with
Cloisite15A, when the ratio of compatibilizer/filler was 1, MFI is 58,6 g/10 min and as compatibilizer con-
tent increases MFI decreases to 17,5 g/10 min in the 15A9, however, subsequent addition of PP-g-MA caus-
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es slight growth in the 15A12. The initial reduction in MFI is related to the extension of clay particle dimen-
sions as a result of intercalation. When PP-g-MA content reaches saturation point, that is 9 wt.%, additional
PP-g-MA causes to increase in MFI. With regard to composites with Cloisite20A, an optimal amount of
compatibilizer is 6 wt.% and extra compatibilizer by not taking part in intercalation or exfoliation just leads
to the increase in the melt flow. Intercalated centers in the form of physical knots (similar to crosslinking), as
PP-g-MA increases, leads to an increase in the viscosity of the composition, for exfoliated structures (uni-
form distribution of nanoparticles) an extreme viscosity dependence is observed with a minimum at a PP-g-
MA content of 6% wt. For these structures, the contribution of low-viscosity PP-g-MA above 6 wt.% be-

comes noticeable.
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Figure 4. MFI of composites based on Cloisite15A and Cloisite20A.

DSC and TGA measurements

DSC curves for PP and PPMA blends show different oxidation behavior while the melting temperature
of the samples is almost the same. Showing a melting point of 158,5°C, PP stands stable until 220°C, and
subsequent heating causes intensive oxidation. PP-g-MA with a melting point of 160,6°C, is immediately
engaged in oxidation after melting. Their blends indicate thermal behavior corresponding to individual com-
ponents. As PP-g-MA content increases in the blend, oxidation occurs at relatively lower temperatures (Fig-
ure 5). Figure 6 compares DSC curves of composites with Cloisite15A, reflecting differences only in oxida-
tion behavior. In composites with 9 and 12 wt.%, although PPMA leads to oxidation due to intercalation,
engaging in oxidation is reduced. DSC curves of composites with Cloisite20A show distinction in both melt-
ing point and oxidation (Figure 7). 20A3, intercalated composite, has a melting point of 159,1°C and gets
involved in oxidation intensively after melting. However, when PP-g-MA content is increased by 6 wt.% the
composite is stable to oxidation until 188 °C. Due to the penetration of PP-g-MA molecules into the interlay-
er space of filler, this exfoliated composite has a lower melting point temperature, which is 157,9 °C, in this
case. Even though there is exfoliation, the subsequent addition of PP-g-MA again causes more sensitive oxi-
dation behavior and increased melting points, in the compositions with 9 and 12 wt.% of Cloisite20A.
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Figure 5. DSC curves of PP and PP-g-MA blends
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Figure 6. DSC curves of composites with Cloisite15A.
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Figure 7. DSC curves of composites with Cloisite20A

Except for DSC, TGA analyses of obtained samples also were conducted, too. In Figure 8, PP starts
mass loss at 237°C (onset temperature of degradation) while in the case of PP-g-MA accounts for 256°C.
Furthermore, after starting degradation, PP engages in degradation more intensively than PP-g-MA. PP and
PP-g-MA blends show different degradation mechanisms, as increases PP-g-MA content in the blends
degradation curve of the blend tends to become similar to PP-g-MA. However, PP/MA10 and PP/MA20
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blends start degradation at lower temperatures relative to PP. The onset temperature of degradation must
have been between the degradation temperatures of PP and PP-g-MA according to the rule of polymer
additiveness. The reason for this is that PP-g-MA makes PP sensitive toward oxidation, due to its thermal
behavior, during melt processing components, according to the DSC curves in Figure 5. PP-g-MA uptakes
oxygen during melt processing and then this absorbed oxygen leads to degradation by generating free
radicals which cause PP/MAL0 and PP/MA20 blends mass loss in relatively earlier temperatures [9]. With
regard to TGA analysis of composites obtained with Cloisite15A and Cloisite20A, though PP shows superior
thermal stability to oxidation among samples in DSC analysis, thermal degradation properties — mass loss —
of PP are inferior to that of PP/clay nanocomposites (Figure 9). In PP/clay nanocomposites, clay acts as an
excellent insulating barrier that slows the release of gas from decomposition, so the degradation temperature

increases. In general, the presence of clay in the PP tends to the increased thermal stability of the polymer
[29].
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Figure 8. TGA of PP and PPMA blends
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Figure 9. TGA of PP and PP/clay composites

Mechanical measurements

Table 2 presents tensile properties — tensile module (E), yield stress (), and elongation at break (€).
The neat PP itself possesses superior mechanical with the best E and o, while PPMA has good &€ which is
approximately five times more than neat PP. The addition of PP-g-MA to PP makes PP tougher that € in-
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creases and reduces E and o PP tends to become more brittle. In the compositions with Cloisite15A, as PP-g-
MA increases, unlike PP/PP-g-MA blend, E and o also increase; filler content is constant. The reason for this
behavior is the development of nano-dispersed clay particles through the matrix as can be seen from SAXS,
shifting of the peak in dqo; to small angles. In the case of composites with Cloisite20A, a saturation of com-
posite with PP-g-MA occurs when PP-g-MA content is 6 wt.% and further addition of compatibilizer leads
mechanical properties to diminish by causing oxidation of composite in high temperature.

Table 2
Mechanical properties of obtained PP/clay composites.

Sample names E, [MPa] o, [MPa] g, [%]
PP 922468 36,2+1,2 845490
PP/MA10 918+54 36,5+1,2 738493
PP/MA20 770+7 29,9+0,7 984+150
PPMA 713+61 26,2+1,6 697452
15A3 946+61 32,8+0,6 18,542
15A6 960+52 34,5+1,2 17,843,8
15A9 968+49 35,2+0,8 127+18
15A12 1008+41 35,3+1,1 102+29
20A3 100051 35,4+0,8 12,7£2
20A6 1087+19 37,6+0,3 52+7
20A9 1002+52 35,9+0,5 17,3£5
20A12 932+51 35,4+0,4 16,8+3
Conclusions

Studies were carried out on the formation of nanocomposites of isotactic polypropylene with modified
MMT (Cloisite15A, Cloisite20A), differing modifier densities in the interlayer space. To ensure the diffusion
of PP into clays, PP-g-MA (2.5 wt.%) was employed as a compatibilizer, the amount of which is a mixture
with PP-g-MA varied within 3, 6, 9, and 12 wt.%. It was found that MMT with a high density of the modifier
(Cloisite15A) promotes the formation of intercalated structures, while MMT with a low density of the modi-
fier (Cloisite20A), predominantly exfoliated nanocomposites are formed. In the first case, an increase in the
content of PP-g-MA leads to an expansion of the interlayer space (from 30.6 to 39.5 A). In composites with
Cloisite20A, only 3 wt.% content of PP-g-MA shows the formation of mixed intercalated and exfoliated
structures, while subsequent increasing compatibilizer content favors the formation of predominantly exfoli-
ated structures. The observed structures are reflected in the viscosity parameter, nanocomposites intercalated
with an increase in less viscous PPMA due to limitations associated with the intercalation of macromolecules
in the interlayer space and the presence of a specific interaction with the modifier and the clay surface in-
crease markedly (from 65 to 20 g/min), whereas the exfoliation of the structure passes through a minimum in
the region between 6 and 9% by weight of PPMA. The formation of the nanocomposite is accompanied by a
significant increase in thermal stability (50% weight loss is observed at temperatures of 360°C and 430°C for
polypropylene and nanocomposites based on it, respectively). An analysis of the mechanical properties of
nanocomposites generally indicates an increase in the elastic modulus by 15-20% (considering the presence
of low-modulus PP-g-MA), and this effect is more pronounced for exfoliated structures, the yield strength
practically does not change, and the elongation at break decreases significanly. From a practical point of
view, heat-resistance properties of intercalated and exfoliated nanocomposites (with a content of 9-12 wt.%
and 6 wt.% PP-g-MA, respectively) with enhanced characteristics according to the tensile module and
moderate deformability (more than 100%) is interesting.
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K.H. bepaunazapos, E.O. Xak6epaues, H.®. Hopmyponos H.P. Amrypos

Cloisite15A xkone Cloisite20A M30TaKTHKAJIBIK IMOJUIIPONHJICH
KOMIIO3UTTEPiHIH MEXaHUKAJIBIK JKIHE KBbLIYJBIK KacueTrTepi

Maxkanaga marenH anrugpuiiMeH (PP-g-MA) erinren nomumporieH KypambiHbIH —Cloisite]1SA  xone
Cloisite20A unTepCcTUIMATIBI KEHICTIKTETT MOIU(PHUKATOPIBIH THIFBI3IBIFHIMEH €PEKILIEIECHETIH Ca3IbIH eKi Typi
6ap moymmporieH (PP) KOMIO3MIMSIAapBIHBIH TEPMUSUIBIK JKOHE MEXaHMKAJbIK KacHeTTepiHe ocepi
3eprrenred. PP/Gammbik xommosutrepi 3, 6, 9 xone 12 maccamblk % PP-g-MA op Typni KypaMHBIH
KaTBICYBIMEH OalKBITBUIFaH. MoAn(MUKATOPIBIH KOFAphl THIFBI3ABIFEI Oap Cloisite]SA uHTEpKaIHpieHreH
KYpBUIBIMIAPIBIH ~ TY3UIyiHE BIKHal eTeTiHi, an Moxudukatopsl TemeH Cloisite20A  HeriziHeH
KaObIpIIaKTaHFaH  HAaHOKOMITO3UTTEPAl  TY3€TiHI  aHBIKTaNAbl.  bipiHmi  kargaliia — KypbUIBIM
nHTepKanampsianyra Oeitim, an Cloisite20A KoMmo3uTTepi Heri3iHeH KaOBbIpIIaKTaHFaH KYPBUIBIMIAPIBIH
nmaiiaa OoNyblH KoJmaiiapl. HaHOKOMIIO3WTTIH mTaiia OONMybl TEPMUSUIBIK TYPAKTBUIBIKTBIH aNTapiIbIKTai
JKOFapbUIaybiMeH Oipre kypeai (50% canmak OKOFanTy TOJMIPOIMICH SKOHE OHBIH  HETi3iHJeri
HaHOKOMITO3UTTep YIIiH cafikecinme 360°C »xane 430°C Temmepatypana Oalikananer). HanokommosnTrepaig
MEXaHHUKAIbIK KAaCHEeTTEPiH Tajgay, JKajlbl anfaHma, CepmiMAUTK MoxymiHiH 15-20%-ra apTKaHbIH
Kepcereni (ToMeH MoAynbai PPMA GomyslH eckepe OTHIPBIN) koHE OYIT ocep KaOBIpIIaKTaHFaH KYPBUTBIMAAP
YIIiH aKBIHBIPAK, KEPHEY Ke3iH/Ie aKKBIIITHIK MIET1 ic KY3iHAe e3repMelii, all ChIHY Ke3iH/Ie CalIbICTBIPMAITbl
y3apy aiTapibIKTail TOMEHICH .

Kinm co30ep.: MONUNPONUIICH, ca3, KOMIIO3UT, MAIICHH aHTHUAPHUITI €TiIreH MOJUIPONUICH, HHTePKaIaIus,
KaOBIpIIaKTaHy, TOTHIFY, MOHTMOPHJUIOHUT.

K.H. bepaunazapos, 3.0. Xaxb6epaues, H.®. Hopmypoznos H.P. Anrypos

MexanuuyecKkue U TEPMHUYECKHE CBOMCTBA N30TAKTHYECKHUX
noJunponuiaeHoBbIx komno3uTos ¢ Cloisitel5A u Cloisite20A

B cratphe m3ydeHO BIMSHHE CONEpKaHHUS MOJIHMIPOIIIICHA, TIPUBUTOTO MaJeMHOBBIM aHTHApHIoM (PP-g-MA),
Ha TEpMHYECKHE U MEXaHMIECKHe CBOIcTBa Komro3uimii omunporniera (I111) ¢ apyms Tamamu rimH, pas3im-
YAIOIMXCSI INIOTHOCTHIO MoauuKaTopa B MexcinoeBoM mpocrparctse, Cloisite]15A u Cloisite20A. Kommosutsr
[Il/rnyHa cMEeIMBAKCH B pacIuiaBe B IPUCYTCTBUHU pa3indHoro conepxaunus PP-g-MA or 3, 6, 9 u 12 mac.%.
BeisieiieHo, uro Cloisite15A ¢ BBICOKOH IIOTHOCTBIO MOAH(PHKATOPA CIIOCOOCTBYET 00PA30BAHHIO HHTEPKAIH-
POBaHHBIX CTPYKTYp, Toraa kak Cloisite20A ¢ Hu3Ko# MIOTHOCTHIO MOH(pHKaTOpa (HOPMHUPYIOT MPEHMYIIIECT-
BEHHO IKC(OIMPOBaHHBIE HAHOKOMITO3UTHL. B IIepBOM cilydae CTpyKTypa UMeeT TeHICHIHUIO K HHTePKaIMpOoBa-
HHIO, B TO BpeMs Kak koMro3uThl ¢ Cloisite20A crocoOCcTBYIOT 00pa30BaHHIO MPENMYIIECTBEHHO SKC(HOIMpo-
BAaHHBIX CTPYKTYp. POpMHpOBaHHE HAHOKOMIIO3HTA COMPOBOXKIACTCS 3HAYHTENBHBIM YCHICHHEM TEpPMOCTa-
omrsHOCTH (50% TOTepst Beca HabmoxaeTcs mpu Temmneparypax 360 u 430°C st moIMIponuIeHa 1 HAaHOKOM-
MO3MTOB Ha €r0 OCHOBE, COOTBETCTBEHHO). AHAIIN3 MEXaHWYECKUX CBOMCTB HAHOKOMITO3HTOB CBEIUTENBCTBYET,
B LIEJIOM, 00 yBenM4eHnH MOoyits ynpyryctd Ha 15-20 % (c yderom nmpucyTcTBuUs HU3KoMoayabHoro [ITTTIMA),
npudeM 31oT 3(QdekT OGonee BBIpakeH Uil AKCHOMIMHPOBAHHBIX CTPYKTYp, HAMpPSHKEHHE MPH IIpesene
TEKy4eCTH NPAaKTUYECKd He MpETepreBacT W3MEHEHWil, a OTHOCHTENbHOE YIWIMHEHHE INpPU pPa3pyLICHHH
3aMETHO YMEHBILACTCSL.

Kniouesvie cnosa: TMOJMITPOITUIIEH, I'TIMHA, KOMIIO3UT, MMOJUIIPOINUWICH C INPUBUTHIM MAJICMHOBBIM aHTUAPU-
JA0M, HHTCPKAJIAINA, 3KC(1)OJ'II/IaIII/I$I, OKHUCJICHUE, MOHTMOPHUJUIOHUT.
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Improvement of tribological properties of detonation carbosilicide
coatings with subsequent pulsed-plasma treatment

This work considers the results of research of mechanical and tribological properties of surface layer of
TisSiC, coatings after exposure to pulsed-plasma energy flows. Varying of technological parameters of
pulsed-plasma treatment is made by changing the distance of pulse exposure. The analysis of the obtained re-
sults shows that the pulsed-plasma treatment technology makes it possible to improve the properties of Ti-Si-
C based coatings by strengthening the deposited compositions by modifying the structure with an increase in
the number of MAX-phases. It is established that the modification of the structural and phase state of the
near-surface layers of the carbosilicide coatings leads to a change in their mechanical properties: an increase
in the surface microhardness up to 1.8 times, a decrease in the dry friction coefficient by 1.5-2.0 times and an
increase in wear resistance by 2.5 times. Based on the XRD analysis, it is established that the improvement of
mechanical and tribological properties of Ti;SiC, detonation coatings as a result of pulsed-plasma treatment
is associated with phase transformations in the surface layer, in particular with an increase in the TisSiC,
phase content.

Keywords: detonation spraying, pulsed-plasma modification, tribology, phase, microhardness, wear re-
sistance.

Introduction

The structure and properties of Ti-Si-C-based detonation coatings can be regulated with subsequent
heat treatment. The content of Ti3SiC, phases in the coatings can be increased (restored) to some extent
depending on the thermal annealing temperature. The results given in papers [1-4] confirm that increasing
the volume fraction of TisSiC, provides high mechanical and tribological properties of coatings. Thermal
stabilization minimizes the residual deformation and residual stresses but has some disadvantages. For ex-
ample, heat treatment has a considerable time duration and is energy intensive. In addition, there is the
need for design and fabrication of accompanying tooling, as well as high capital costs for the purchase and
installation of large furnaces [5]. There are also disadvantages associated with the weakening of the sub-
strate material.

Nowadays, methods of surface treatment of products using combined processing technologies are being
intensively developed [6, 7]. Surface modification can be performed by various methods, including machin-
ing with concentrated energy fluxes. Literature analysis of high-energy density treatment methods used for
surface modification of parts shows that they provide multiple increases in the productivity of parts operating
in a wide variety of conditions. Among them, of particular interest is the use of pulsed plasma treatment
methods [8, 9], which are not inferior, and sometimes even superior, to laser, electron-beam, electric dis-
charge, and other treatment methods. Pulsed plasma treatment is a high-performance surface modification
process that is carried out without heating the entire product. It makes it possible to solve the problems of
increasing the wear resistance of a particular surface without changing the structural state of the whole prod-
uct [10]. The advantage is also the possibility of a local impact on the product by pulsed plasma [11].

In this work, the results obtained for the first time on the effect of pulsed plasma treatment (PPT) on the
mechanical and tribological properties of Ti-Si-C-based coatings are presented.

Experimental

Detonation spraying was carried out using the CCDS2000 (Computer-Controlled Detonation Spraying)
installation developed at the Siberian Branch of the Russian Academy of Sciences, Novosibirsk, Russia. The
design and advantages of the barrel of this geometry are described in work [12, 13]. The coatings were ob-
tained at a ratio of O,/C,H, = 1.856, with explosive mixture volumes of 60% and using nitrogen as a carrier
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gas. The coatings were applied at a detonation gun firing rate of 2 rounds per second. The coatings were ap-
plied to U9 low-carbon steel substrates at a distance of 200 mm. Before spraying, the substrates were sand-
blasted for better adhesion of the coatings.

Surface modification of the coatings was carried out by pulsed plasma flow using a plasma generator
“Pulse 6” developed by the E.O. Paton Electric Welding Institute at the National Academy of Sciences
(NAS) of Ukraine [14, 15]. The detonation coatings were processed under the following conditions: capac-
itance of capacitors 960 uF, voltage 3,2 kV, inductance 3x10°2 mH, electrode W, frequency 1.2 Hz, speed
of passage 5 mm/s, electrode recess h=16 mm, number of passes 1. During varying the technological pa-
rameters of the pulsed plasma treatment, the distance of the impacts with pulses was changed from 30 to
50 mm.

X’PertPro (Philips Corporation, Nederland) using CuKa radiation was used for X-ray studies of
coatings. The shooting was carried out in the following modes: tube voltage U=40 kV; tube current 1=20
mA; exposure time 1 s; shooting step 0.02°. The microhardness from the coating’s surface was meas-
ured using the Metolab-502 testing machine (Metolab, Russia) according to GOST 9450-76. The load on
the Vickers pyramid was 200 g. Tribological tests of coatings were carried out on a TRB® tribometer
(Anton Paar Srl, Peseux, Switzerland) according to the “ball-disc” scheme based on ASTM G-99. An
aluminium oxide ball with a diameter of 6 mm was used as a counter body. The samples were tested at a
normal load of 10 N, a wear radius of 5 mm, a sliding speed of 2 m/s™ and a total sliding distance of
100 m. The CSEM Micro Scratch Tester (Neuchatel, Switzerland) was used to study the adhesive char-
acteristics of coatings by the “scratching” method. Scratch testing was performed at a maximum load of
30 N; the rate of change of normal loading on the sample was 29.99 N/min, the speed of movement of
the indenter was 9.63 mm/min, the length of the scratch was 10 mm, the radius of tip curvature was 100
microns. To obtain reliable results, three scratches were applied to the surface of each coated sample.
The roughness (Ra) of the coating surface was measured using a profilometer model 130 (JSC Plant
PROTON, Russia). Coatings testing for abrasive wear are carried out on an abrasive-erosion stand by
ASTM G65 standards, the principles of which are similar to GOST 23.208-79. In abrasive tests of rub-
ber coatings, a disk with a diameter of 50 mm rotating at a speed of 60 rot/min rubs against a stationary
sample. In addition, dry abrasive material is fed to the friction surface. The sample is pressed against the
disk with a force of 130 N; electrocorundum powder with sharp-angled particles of 150...190 microns in
size is fed to the contact surface. The sample testing procedure consists of 3-5 tests, each of which lasts
15 minutes (600 disk revolutions). After each test, the sample is weighed on an analytical balance. The
volume wear is considered, which is determined by dividing the mass loss by the density of the coating
material. In erosion tests, a stream of abrasive particles is applied to the surface of the sample at a given
angle (30° or 90°) by an air jet. The same sand is used as in abrasive tests. Sand consumption is
1.3g/min, particle velocity is 60m/s, air consumption is 0.12 m*/min. 8 tests are done, each lasting 5
minutes. Mass loss is recorded; the results are recorded as a mass loss in 5 minutes. Further, as well as
abrasive tests, the volume loss is determined in 5 minutes.

Results and Discussion

Figure 1 presents diffractograms of Ti-Si-C system coatings before and after different pulsed plasma
treatment distances. The results of the X-ray phase analysis of the coatings show that the phase composi-
tion of the coatings before the PPT consists mainly of TiC and a relatively small fraction of Ti;SiC,. After
PPT, an increase in the intensity of Ti3SiC, peaks is observed as well as the appearance of new reflexes
(101, 102, 112, 204, 1110, 0016) of this phase which indicates an increase in the MAX-phase content.
The change in phase fraction designates a solid-phase transformation during pulsed plasma activation as-
sociated with heating above the melting temperature and cooling of the samples during treatment [16, 17].
The cooling rate of the sample and the crystallization rate of the melt (processed layer) depend on the heat
capacity of the base metal (substrate). In diffractograms of coatings, the carbide and oxide phases: WC
and TiO, are present in small amounts. The samples were treated in an air environment, which caused the
formation of oxide phases. Tungsten carbide is formed due to the consumption of the tungsten electrode
[18].
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Figure 1. Diffractograms of Ti-Si-C-based detonation coatings before and after PPT

Microhardness of coatings after pulsed plasma treatment increases in comparison with an initial sample
in dependence on the distance of treatment (Table 1). The values of microhardness of coatings after PPT ap-
plication at a distance of 50 mm increased up to ~1785 HV (before PPT ~1000 HV) due to more effective
formation of MAX phases.

To assess the resistance of Ti-Si-C coatings to abrasive and erosive wear, tests were carried out on spe-
cial stands. Comparative studies of the coatings’ wear resistance under friction in an abrasive medium
showed that after modification by plasma treatment, coatings provide the greatest wear resistance. Table 1
represents the results of testing for abrasive and erosive wear of coatings before and after pulsed plasma
treatment depending on the distance from the plasmatron. According to the results of determining the mass
losses of the samples after the test, the maximum resistance to all types of wear is provided by the coating
treated at a distance of 50 mm.

Table 1
Abrasive and erosive wear of detonation coatings before and after PPT
Coating Hardness [HV] Abrasive wear [mg] Erosive wear [mg]
TisSIiC, 1000 0.87 0.38
PPT (30 mm) 1180 0.65 0.29
PPT (40 mm) 1250 0.59 0.25
PPT (50 mm) 1785 0.52 0.23

An important characteristic of the parts working surfaces is the friction coefficient and wear resistance.
Tribological properties are determined by the structural-phase state, strength, and surface chemical proper-
ties. Figure 2 demonstrates the curves of wear of coated Ti-Si-C before and after modification by plasma
treatment, depending on the distance from the plasmatron. The experiment shows that after the pulsed-
plasma treatment of the samples, the friction coefficient p decreases. If the value of the friction coefficient in
the initial Ti-Si-C coatings is 0.65, then after the pulse treatment it decreases depending on the distance H
from 0.60up to 0.40. According to the experiments, pulsed plasma treatment leads to an improvement in the
tribological properties of Ti-Si-C coatings. A possible reason for the decrease in the friction coefficient is an
increase in the content of the Ti3SiC, phase on the surface layer of coatings after pulsed plasma treatment.

The analysis of the surface roughness shows that the value of the arithmetic mean deviation of the ini-
tial coating roughness profile was 0.97 mp (Fig. 2). After pulsed-plasma treatment, this value increased at a
distance of 30 mm to 3.75 my, at 40 mm to 3.61 mu and at 50 mm to 3.53 mu. An increase in the surface
roughness compared to the initial sample leads to a decrease in the actual contact area of the interacting bod-
ies, which also causes a decrease in the friction coefficient [19].
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Figure 2. Results of tribological tests of Ti-Si-C coatings before (initial) and after pulsed-plasma treatment

Figure 3 illustrates the results of adhesion and cohesion strength and scratch resistance of Ti-Si-C coat-
ings before and after the PPT. The process of coating failure by indentor scratching can be conventionally
divided into three stages. Coatings before PPT at a load in the range of 12.08 N(Lc;) show monotonic pene-
tration of the indentor into the coating. At a load of 24,38 N(Lc,) the indentor fully sinks into the coating. A
sliding diamond indenter to perform a coating with a coefficient of friction of 0.35. As the load is increased
by 28.92 N (Lc3), the material in front of the indenter is squeezed into knolls and the penetration depth of the
indenter increases. Comparative analysis shows that the coatings after PPT erode but do not delaminate when
scratched, i.e., they fracture due to the cohesive mechanism of plastic deformation and the formation of fa-
tigue cracks in the coating material. As we can see, there is a monotonic penetration of the indentor into the
coating and the first cracks appear (load up to 18.02 N); the coefficient of friction () increases, but the
acoustic emission signal remains unchanged. Subsequently, chevron and diagonal cracks appear at increased
load, which increases the coefficient of friction to a value of 0.3. Under load up to 18-25 N, the amplitude of
the acoustic emission signal increases sharply. Thereafter, with an increase in load reaching 29.88 N, local
abrasion of the coating down to the substrate material occurs.
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Figure 3. Scratch test results of TizSiC, coatings before and after PPT

Conclusions

It is determined that after PPT the intensity of Ti3SiC, peaks increases and new reflexes appear (101,
102, 112, 204, 1110, 0016) which indicates an increase of MAX phase content. Formation of carbide and
oxide phases (WC and TiO,) in small amounts is connected with the evaporation of tungsten electrodes dur-
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ing PPT in air environment. It is shown that before PPT the average coefficient of friction of coatings is
~0.60, after treatment the coefficient of friction decreases and is from 0.55 to 0.40 depending on treatment
distance. The reason for the friction coefficient reduction may be an increase in microhardness and an in-
crease in the content of MAX phases in the composition of the coatings. After PPT at the distance of 50 mm,
the wear resistance of coatings to abrasive and erosive wear increases by 1,5-2,0 times. Thus, when pulsed
plasma is treated with detonation coatings based on Ti-Si-C, a modified layer appears on the surface, which,
in terms of its mechanical and tribological properties, is superior to the original surface.
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K.b. Carnonnuna, b.K. Paxanunos, /I.b. byiitkenos, JI.I'. )Kypeposa, A.b. Kenecoexon

NMnyabcTik—m71a3mManbIK 6HIeYMeH JAeTOHANUSUIBIK Kap0oCWINIUATIK
JKaOBIHAAPABIH TPUOOJIOTHAJIBIK KACHETTEPIH KAKCAPTY

Makasana UMITYJIbCTIK-TIa3MalbIK SHEPIUs aFbIHIApBIHBIH dcepiHeH keilin Ti3SiC2 xaObiHIapbIHBIH OeTKi
KaOaTBIHBIH MEXaHHKAIIBIK-TPHOOJIOTHSUTBIK KACHETTEPIiH 3epTTey HATHXKENepi KapacThIpblIFaH. IMIyIbCTik-
IUTa3MaJTBIK OHACYIIH TEXHOJIOTHSUIBIK MapaMeTpIIepiHiH TYpIIeHyi HMITYIbCTEPIH 9Cep €Ty KAIbIKTHIFBIHBIH
e3repyiHe OalIaHBICTBI XKYPri3iigi. ANBIHFaH HOTHXKEIEPAl Tangay UMITyJIbCTIK-TUIa3MalIBIK OHIEY TeXHOJIO-
rusicel MAX—(azanap caHblH yJIFaiiTa OTHIPbII, KYPBUIBIMBI TYPICHAIPY KOJIBIMEH KOJIIAHBUIFAaH KOMIIO3H-
UsUIapIbl HeIFaita oTeipei, Ti-Si-C sxyiieci Herizine skaObIHAAP/IBIH KACHETTEPiH KaKcapTyFa MyMKiHIIK
OepeTiHiH KyamaHzablpansl. KapOocmmumuari sxaObHAapABIH OeTKi KaGaTTapbIHBIH KYpPBUIBIMABIK-(a3anbik
KYHIH ©3repTy OoJNapAbIH MEXaHUKAJIBIK CHIIATTaMaJIapbIHBIH ©3TepyiHe oKeNeTiHi aHBIKTAIIbl: OeTTiH MHKPO
KaTTBUIBIFBIH 1,8 ecere meiiH apTThIpy, Kyprak yikemic koap¢umuentin 1,5-2,0 ece azaiity »xoHe To3yra
tesimaimikti 2,5 ece aprreipy. XRD Tanmay Herizinae UMIyJIbCTI IUIa3ManblK eHIey HoTwkeciHae Ti3SiC2
JETOHAIMSUIBIK >KaOBIHIapBIHBIH MEXaHUKaJIBIK-TPUOOIOTHSIIBIK KaCHETTEePiHIH jKaKcapybl OeTKi KabaTTarsl
(daszanpik esrepictepmen, aram aitkadma T1i13SiC2  (asachlHBIH YIIFAlOBIMEH OAiIaHBICTBI  E€KCHIIT]
QHBIKTAJIIBL.

Kinm ce30ep: NeTOHAWSIIBIK TO3aHAATy, HWMITYJIBCTI-IUIA3MANBIK MoOIU(UKays, Tpuodomorus, ¢asa,
MHUKPOKATTBUIBIK, TO3YFa TO3IIMILTIK.

K.b. Carnonnuna, b.K. Paxagunos, . b. Byiitkenos, JL.I'. XKypeposa, A.b. Kenecbekon

IHoBbiIeHHE TPUOOJIOTHYECKUX CBOMCTB IeTOHAIIMOHHBIX Kap0O0CHIMIMIHbIX
MOKPBITHH € NMOCJeAY0IIeil HMITYJIbCHO-TIJIA3MeHHOI 00padoTKOM

B cratee paccMOTpeHBI pe3ynbTaThl HCCIEOBAHUS MEXaHHKO-TPHUOOIOTHYECKUX CBOMCTB ITOBEPXHOCTHOTO
ciost mokpeITuit Ti3S1C2 mocne BO3AeHCTBHUS HMITYIIbCHO-TUIA3MEHHBIMI TIOTOKaMH 3Heprun. BapbupoBanue
TEXHOJIOTMYECKUX MapaMeTPOB HMITYJIbCHO-IUIA3MEHHONH 00pabOTKM IMPOU3BOIMIOCH 33 CYET H3MEHEHHS
JMCTaHIMY BO3JCHCTBHS UMITYJIbCaMH. AHAJIN3 TOMYYECHHBIX PE3yJIbTaTOB CBHIETENBCTBYET O TOM, YTO TEX-
HOJIOTHUSI HCITYJIbCHO-TIA3MEHHONW 00pabOTKH MO3BOJISIET YIy4lllaTh CBOMCTBA MOKPHITHII HA OCHOBE CHCTEMBI
Ti-Si—C, ynpouHsisi HAaHECCHHbIC KOMITO3UIIMH MyTeM MOJU(MHIUPOBAHUS CTPYKTYPBI C YBEIHMYCHUEM KOJIH-
yectBa MAX-¢a3. YcraHOBIEHO, YTO MOAM(GUIMPOBAHNE CTPYKTYPHO-()Aa30BOTO COCTOSIHUSI MPUITOBEPXHO-
CTHBIX CJIOEB KapOOCWIMIHUAHBIX MOKPHITHH MPUBOANT K M3MEHEHHIO MX MEXaHHYECKHX XapaKTepUCTHK:
YBEJIMYEHHUIO MUKPOTBEPIOCTH MOBEPXHOCTH 10 1,8 pa3, ymMeHbIeHUIo K03 uireHTa cyxoro tpexus B 1,5—
2,0 pa3a W TOBBIIIEHHUIO M3HOCOCTOWKOCTH Ha 2,5 pas3a. Ha ocHoBanmm XRD-aHamm3a ycTaHOBIEHO, YTO
yIIydIIeHHEe MEXaHUKO-TPUOOJIIOTHYECKHX CBOWCTB JNETOHAIMOHHBIX MOKpbITHii Ti3SiC2 B pesynbrare mM-
MyJIbCHO-TIA3MEHHON 00pabOTKH CBsI3aHO ¢ (ha30BBIMU NPEBPALICHHUSIMH B TIOBEPXHOCTHOM CJIO€, B 4aCTHO-
CTH, C yBelnmdeHneM coaepkanus ¢aser Ti3SiC2.

Kniouesvie cnosa: neTOHAIMOHHOE HAITBUICHHE, UMITYIbCHO-TUIA3MEHHAsT MoAuGUKaIys, Tpudonorus, dasa,
MHUKPOTBEPIOCTb, U3HOCOCTOMKOCTD.
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On nonclassical boundary conditions for the contact of thin interlayers with different
physical and mechanical properties on wave propagation in anisotropic media

Wave processes are intensively studied in various fields of physics: electrodynamics, plasma physics,
radiophysics, acoustics, hydrodynamics, etc. Along with the study of electromagnetic and elastic wave pro-
cesses, the research of patterns of wave propagation of various physical nature in the presence of mutual
transformation are of particular relevance. Wave processes in coupled fields reflect the mutual influence of
elastic, electromagnetic and thermal fields. The coupling of electromagnetic fields to the deformation field
takes place in a medium with piezoelectric, piezomagnetic and magnetostrictive properties. In the paper,
based on the matrix method, the propagation of coupled elastic and electromagnetic waves in media with dif-
ferent physical and mechanical properties is studied. The paper proposes a generalization of non-classical
contact conditions for studying the effect of thin layers with different physical and mechanical properties on
wave processes. A system of differential equations of the 1st order with variable coefficients is constructed,
which describe the propagation of electroelastic waves in anisotropic media of a rhombic system of class 222.
The conditions for nonrigid contact for a thin layer with piezoelectric properties are derived. The possibility
of studying layers with &-shaped properties (3 is the Dirac function) is proved.

Keywords: Maxwell’s equations, anisotropic medium, waves, non-rigid contact, matricant method.

Introduction

Scientific interest in interrelated elastic and electromagnetic wave processes in media with piezoelec-
tric, piezomagnetic, and thermopiezoelectric properties has recently been associated with the prospect of ap-
plication in various fields of science and technology, such as instrumentation, micro and nanoelectronics, and
information technology. It is possible to allocate applications in high-frequency electronics; the use of
multiferroic structures in various kinds of logical elements, memory elements and information processing
devices; autonomous wireless energy sources; sensors of variable and constant fields; creation of new com-
posite materials [1-4].

In [5-11], a theoretical model was proposed that describes the properties of composite layered compo-
sites based on magnetostrictive and piezoelectric materials in the low-frequency range and the region of elec-
tromechanical resonance. The theory is presented and the magnetoelectric effect in multilayer composite ma-
terials based on ferrite-piezoelectrics for samples of various shapes and in a two-layer magnetostrictive-
piezoelectric structure is experimentally investigated. Theoretical research is conducted not only by Russian
scientists, but also by representatives of other countries. For example, in the article [12], the magnetoelectric
effect is studied in magnetostrictive layers. Various experimental methods for measuring the magnetoelectric
effect are considered in [13-15] and an energy source based on magnetostrictive piezoelectric composites
has been designed.

Along with the study of electromagnetic and elastic (acoustic) wave processes, studies of the patterns of
propagation of waves of various physical natures in the presence of mutual transformation are of particular
relevance. Wave processes in coupled fields reflect the mutual influence of elastic, electromagnetic, and
thermal fields. The connection of electromagnetic fields with the deformation field takes place in a medium
with piezoelectric, piezomagnetic, and magnetostrictive properties.

Studies of new physical phenomena and the creation of devices and devices for solid-state electronics
are largely associated with the synthesis of materials with new specified properties, the manufacture of mul-
tifunctional composite materials consisting of two or more separate phases [16-20].
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Research method

Based on the matricant method [21], we study the propagation of coupled elastic and electromagnetic
waves in media with different physical and mechanical properties and the use of these features for practical
purposes; as well as the development of a method for determining the averaged physical and mechanical pa-
rameters of heterostructures in the presence of coupled fields.

Wave processes in elastic anisotropic media, in anisotropic dielectric media, waves in anisotropic
plates, electromagnetic waves in media with a magnetoelectric effect [22—26], waves in liquid crystals [27],
wave propagation in thermoelastic media [28-30], related wave processes in media with piezoelectric and
piezomagnetic effects [31]. On its basis, a unified description of Rayleigh-type surface waves, Lamb-type
waves in elastic, piezoelectric, piezomagnetic media and media with a magnetoelectric effect was obtained
[32-34].

Basic Equations and Relations

In this paper, we discuss the possibility of applying the matricant method to the study of wave propaga-
tion in multilayer heterostructures.

In the presence of layers that satisfy the condition 2 >>1. ( 4 is the wavelength, I, is the thickness of

the i-th layer), the construction of wave field solutions and their analysis can be significantly simplified. In
this case, the influence of thin layers is considered by special (non-classical) boundary conditions.

Considering the influence of thin layers by means of boundary conditions makes it possible to exclude
the construction of solutions to the equations of motion in these layers, which naturally significantly reduces
the number of calculations and facilitates the analysis of the obtained solutions.

For the first time, the boundary conditions of a non-rigid contact were proposed in the work of
Podyapolsky G.S. [35]. The main purpose of their introduction was to consider the contact conditions occu-
pying an intermediate position between hard contact:

- -
\Ni |z:0 :WZ | (1)
and free surface based on the introduction of thin viscoelastic layers. The substantiation of the introduction
of nonrigid contact conditions, as well as the derivation of these conditions, had a number of limitations.
Disadvantages were discussed in [36]. In this work, the application of the boundary conditions of non-rigid
contact received a deeper physical justification and content. In addition, in the same article, a general algo-
rithm for deriving the boundary conditions of a nonrigid contact was proposed, considering the rheological
properties of the interlayer and inertial effects following from the corresponding equations of motion. A wide
class of models of continuous media and motion was considered. A wide class of models of continuous me-
dia was considered and the boundary conditions of nonrigid contact were obtained, which describe the
boundary conditions of nonrigid contact, which describe the influence of the corresponding thin layers on
wave processes.

A generalization of the original version of the boundary conditions of a nonrigid contact was carried out
in [37]. Some applied issues of hard contact are given in [37]. Boundary conditions for non-rigid contact are
considered in the monograph by L.A. Molotkov [38].

In the works noted above and in other scientific publications, the application of the boundary conditions
of nonrigid contact was limited to various models of solid mechanics media. At the same time, the area of
constructive application of the boundary conditions of nonrigid contact is very extensive.

The derivation of boundary non-rigid contact for elastic anisotropic media with various physical and
mechanical phenomena is simple and understandable on the basis of the matricant method. In the case of a
piezoelectric elastic medium, the equations of motion:

doy o
ox; X

z=0

)

and Maxwell’s equations in differential form:
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rotE = -8
ot

rotri =22 ©)
ot

divB =0

divD=0

connected by defining relations:

Sij = Gijka®a ~ %l Bk

Di =Cijki®i * ik Bk (4)

B =hokijHj

where Cy, — elastic stiffness, p— medium density, ¢, =§(u,,k +U,,) — strain tensor, e,, — piezoelectric con-

stants relating the electric field to mechanical stresses; », — components of the permittivity tensor.

Construction of a system of differential equations of the 1st order. Analysis of coefficient matrices

Consider a rhombic system of class 222.

The rhombic system of class 222 is a system with three mutually perpendicular axes, which are double
axes of symmetry. Such a system must correspond to two class 2 monoclinic systems: one with a twofold
symmetry axis parallel to the Y axis and the other with a twofold symmetry axis parallel to the Z axis. The
material constants must be determined by both monoclinic systems. This condition leads to a decrease in the
number of constants. The coefficient matrices for the class 222 rhombic system are [39]:

c, ¢, ¢, 0 0 O 0 0 O
C, C, Cy 0O 0 O 0 0 O
G, ¢, ¢, 0O 0 O 0 0 0 w 00
Cija = v 16 = 195 = 0 9, O (5)
0O 0 0 c O O e, 0 O
0 0 oy
0 0 0 0 ¢, O 0 e O
0 0 0 0 0 c 0 0 e

Here we have 9 independent coefficients Cy, , 3 coefficients e; , and 3 coefficients 3;.

In abbreviated matrix notation, relations (4) are written as follows:
o,=T,=c¢,S,—¢,E,
=e,S,, + 9, E;
where i, k=1,2,3; p,g=1,2,3,4,5,6
S,=¢,i=]

26, =8 ,,i# ]

(6)

70 BecTHuk KaparaHguHckoro yHnsepcuteTta



On nonclassical boundary conditions...

We write the constitutive relations (4) in the matrix form:

T, ¢, ¢, ¢ 0 0 07 T[S 0 0 0
T, C, Gy C3; 0 0 O S, 0O 0 O 5
T, | _|en e ey 00 0 18| |0 0 o*Ei @
Ty |0 0 0 ey 0 0[S e, 0 0|
T, | |0 0 0 0 ¢ O] |S| |0 e, O 7
T, | [0 0 0 0 0 co [Se] [0 0 e
5]
S,
D | |0 0 0 ¢, 0 O 9, 0 0] |E
S
D2:0000e250*S3+O 5, 0 |* E, (8)
Dl {000 0 0 eg| | | |0 0 o, |E
SS
S
where
Il =01, =0,,1, =033, 1, = 0,3, 1, =03, T = 0,8, =€, =1y, S, =€y = Uy, )
Sy =85 =330, =28, =y 5 Uy, S5 =285 =y, 58 =28, = Uy, T
From relation (7) follow the expressions for the components of the stress tensor:
G._=c au"+c 8uy+c Ou,
xx 11 ax 12 13 aZ
G, =c aux-i—c auy+c ou, (10)
W 12 ox 11 8)/ 13 P
=c,—~+c aMy+c ou,
zz 13 » 13 ay 33 82
ou ou.
G, _0448_;+C44 Py ek,
ou ou
c._=cC ~+c *~ —e F
xz 44 44 oz 145y
U ou
G, :c665+c66_y_636Ez
From relation (8) follow the components of electric induction:
ou 0
Dx:el4_y+el4i+311Ex
0z oy
ou ou
D =e,—+e,—+93 E 11
» 14 o 14 P 11~y (11)
ou
D, = e36&+e36—y+333Ez
ox
Given that
of df o 0 0
A A . w2
0z dz oOx oy ot
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Fulfilling conditions (12), the expressions for the voltage components and electric induction (10) and
(12) will take the form:

ou
. . .
c, =—ikcu, — lkyclzuy +c,—
Oz
ou
. . .
G, =—ik.cu, —ik,cu, +c,—= (13)
ou
J— - h 4
G =—ik csu, —zkycnuy + ¢, _82
8uy " P
c_=c,———ikc,u —e
44 44 14
yZ 62 y z X
ou
— ; X
G, =—ik.cpu. +cy—-e,E,
oz
c, = —lkyc“ux —lkxcﬁéuy —eyE.

u
R
D =e, P ik e u. +9,E,

ou
j— o X
D, =—ik.eu, +e,—+2,E,
oz
D, =—ik esqu, —ik ey u, +95:E,

Since the inhomogeneity is assumed along the z axis, it is necessary to extract the derivatives with re-
spect to z.

Equations of motion (2), considering conditions (12), we rewrite in the following form:

oc
—ik o, —ik,c  + 6; =—po’u,
oG
—ik, o, —ik, o + azy =—po’u, (14)
. . 80zz 2
—ik . o —ik,c + P =—pwu,

Electromagnetic fields in anisotropic media in the absence of charges and currents are described by the
first pair of Maxwell’s equations (3). These equations in component-wise form are written as follows:

oE. OE,

£ — =—i, H
ay 82 /’IOILI x
oE oFE

~ ——==—iou,uH
oz ox Ho ki
OE, OE

e N [
ax ay ILJO#HZ

oH (15)

oH, %% =iwD,
oy Oz
oH OH

=~ ———=iwD
Oz Ox ”
OH

» OH, _ iwD
ox oy
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Considering the initial provisions stated above, the representation of wave fields is considered in the
form:

IE — IE((D, Z)eimtiikxxirikyy (16)
Using the representation of solutions for vectors E and H in the form (16), we obtain:
E(,F) = E(w,2)e" "

- s (17)
H (o, 1) = H (o, 2)e"

and substituting relations (13) and (17) into (15), as well as excluding the components that are not
included in the boundary conditions, we obtain a system of ten first-order differential equations relating the
components of stresses , strains and electric and magnetic fields:

i ik
du, :iGH +(IkXC13JUX+[ y%juy;
dz C33 C33 C33

%:—psz +ik,c,, +ik,c, ;
W, 1 viky, + =,
dz Css Css
. 2,2 k2e2? k. k.c
dez _ ik C13 s +( pm K2 2 - kx Cis n kjctss y€3s )U (kxkyclz _Lﬁcm_p kxkycee +
dz - Cs a3 Ca
k K, &% Koy ik ey, H s ik, K, €56 H -
933 ’ (0333 " (0333 g
du 1 .
Y =—o,+kU, & E,:
dz ¢, Cu4
do, ik, ke, k2 ik, €3
S 13 ——0, +(-po 21 k? <Ceo +k? yCa2 — 023 e36)U + (k. k yCos T Y30 +kxkyC12 -
dz Cys 33 933 33
~ kxky013C23)U ik’eZ, H, ikxkyese H -
Css ” 933 W33 '
dE, ik,k ik kye kik,e
v _ XyHy . M.+ yasuX+ xyseUy’
dz (034 W34 933 933
dE ik k k2 kk.e ke
e By (K h, - ey Ky
dz 045 0955 933 933
dH, ice &5 ik? Ik,K
s (105 vian, - N )E, + S E
dz Css Css W, Wy
dH i - ik2 ik Kk
y o 1y o, +(Hot —iw, +——)E,-——>E,.
dZ C44 C44 WL, O,
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This system of differential equations in matrix form has the form:

ddﬂ: BW,W :(UZ’GZZ’UX’O-XZ,
Z

where u,,0,, — displacement vector and stress tensor components; £ ,H ,H ,E - components of electric

U,,0,.E, H,H,E) (18)

yz?

and magnetic fields; k k, — respectively x and y are the components of the wave vector;

B= B[Cijkl (2),€,;(2),9;(2),k,, ky] — matrix of coefficients, the elements of this matrix contain the parame-
ters of the medium in which the electroelastic waves propagate.

A

The matrix B in the case of propagation of electroelastic waves along the Z axis has the following
structure:

0 b, 0 0 0 0 0 0 0 0 v
b, 0 0 0 0 0 0 0 0 0 .
0 0 0 b, b, 0 0 0 0 0 U,
0O 0 b, 0 0 0 0 0 0 0 o
L |0 0 0 0 0 b 0 0 0 0. _|E )
0 0 0 iwb, b, 0 0 0 0 0 H,
o 0 0 0 0 0 0 b, 0 b, Y,
0o 0 0 0 0 0 b, 0 0 0 i[
O 0 0 0 0 0 0 -iovh, O b, E
0o 0 0 0 0 0 0 0 =—b, O

Based on the structure of the matrix of coefficients, it follows that in this case in the piezocrystal there
is not one, but several types of waves, the interaction between which is determined by the coefficients

e e
bss =2 b710 =4

€55 and Caa . These coefficients reflect the relationship between the piezoelectric moduli and
the elastic constants of the medium in which the waves propagate. An elastic longitudinal wave, described by

the coefficients b,, and b,y propagates independently of other types of waves. The coefficient b5 determines
the interaction between the elastic transverse x-polarization wave and the electromagnetic TE-wave, and the

coefficient b710determines the interaction between the elastic transverse wave of the y-polarization and the
electromagnetic TM-wave.

The coefficients that determine the relationship between different types of waves provide a constant
transition of the energy of elastic waves into the energy of electromagnetic waves and vice versa.

Boundary conditions for non-rigid contact

If in an elastic dielectric medium there is a thin layer of thickness h and 4 >>h (A is the wavelength,
h is the inhomogeneity period), then the system of equations (18) can be represented in the finite difference
form:

— = =BW;AW =W, -W, (20)

W, =[E + BhW.. (21)
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Writing (21) in the form:

W, =GW,;G = E +Bh; (22)
we obtain the boundary conditions describing the effect of a thin layer with piezoelectric properties.

The condition A >>h makes it possible to exclude the construction of a wave field inside a thin layer, in
view of the quasi-static nature of the loaded state. Boundary conditions (22) are the desired conditions for
non-rigid contact. For h —, from (22) the hard contact condition (1) follows. The influence of the physical
and mechanical properties of a thin layer is taken into account by the elements of matrix B. Similarly to
condition (8), the influences of other thin layers can be taken into account. As follows from (21), for this it is
necessary and sufficient to know the matrix B (19) or the system of equations (18).

If in the domain z [0, H]the left boundary of the thin layer is at Z = Z,, then the layer matrix has the
form:
T(O,H)=T,GT; (23)
T,— layer matrix [0;z,], T, - layer matrix [z, H].
If there are N thin layers inside some layer, the matrix of the total layer is written as:

T=T,,G,T,Gy,--L,GT,. (24)

At present, the matricant method has been developed and equations of the type (18) have been obtained
for piezoelectric and piezomagnetic media, considering the magnetoelectric effect, elastic, thermoelastic,
liquid crystal media. Based on the boundary conditions in the system (18) for these media, it is possible to
design various artificial heterostructures by introducing thin layers with different physical and mechanical
properties.

An important aspect of the application of boundary conditions of the type (22) is considering the influ-
ence of deformation and distortion of crystalline media in contact with different lattice periods, as well as the
study of contact distortions and their influence on physical and mechanical parameters.

One of the design features of the matricant method is the possibility, within the framework of this

method, to investigate the & - shaped properties of the medium. These properties simulate the case of a sig-
nificant difference between the properties of a thin layer and the properties of the environment.
Mathematically, this is written as follows:

'h'L‘S Bh=G; Ihlggbijh =0;
Conclusions

In this article, based on the analytical method of the matricant, the regularities of the propagation of elec-
tro-elastic waves in piezo crystals of the rhombic syngony of class 222 are studied. The complete system of
Maxwell’s equations and equations of motion are obtained and solved. A generalization of non-classical con-
tact conditions for studying the effect of thin interlayers with different physical and mechanical properties on
wave processes is given. The derivation of these conditions for a thin layer with piezoelectric properties is giv-

en. The possibility of studying layers with & - shaped properties (- Dirac function) is proved.
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H.A. Ucnynos, A6ayn Kagsip, A.2K. XKyma6ekoB, A.A. Kypmanos, K.P. JlocymGexoB

AHHU30TPONTHI OPTAAA TOJKbIHAAPAbIH TAPAJIYbI Ke3iHae
(pusuKa-MexXaHUKAJBIK KacHeTTepi dPTYPJIi KYKa KadaTTapaAbIH
KJIACCHKAJIBIK eMeC HIeKapaJbIK 0aiyIaHbIC IIAPTTAPbI TYPAJIbI

TonkpHABIK TpouecTep (HU3MKAHBIH OPTYPIl cajanapblHAA KapKbIHIbI 3epTTENeli: 3JICKTPOAUHAMUKA,
wiasMa (QpHU3UKacel, paano(usnKa, aKyCTUKa, THAPOAMHAMUKA JKOHE T.0. DJIEKTPOMATHHUTTIK JKOHE CepIiMIi
TOJIKBIHABIK TIPOLECTEpi 3epTTEYMEH KaTap, e3apa TpaHchopmamus OoJFaH Ke3le OpTYpJi (H3HKAIBIK
CHIATTaFbI TOJIKBIHAAPABIH Tapally 3aHIbUIBIKTApBIH 3ePTTEY epeKIile o3¢eKTi 60bIn Tabbutanbl. baiinaHbickaH
epicTepzieri TOJKBIHABIK IPOIECTEp CEpIiMI, IEKTPOMAarHHUTTIK JKOHE JKBUIy OpICTepiHiH e3apa acepiH
KepceTeli. DICKTPOMArHUTTIK — epicTepaiH  Jedopmanus  epiciMeH  OaiijlaHBICBI  MBE303JEKTPIIIK,
MBE30MArHUTTIK OHE MAarHUTOCTPUKINMSIIBIK KacHEeTTepi Oap opTajaa Kypedi. Makaiaza MaTpHIAIBIK dJIiC
HETi3iHAC (PHU3HMKa-MEXaHUKAIBIK KACHETTEpi OpTYypii opTajapia OalaHBICKAH CepHiMIi  KOHE
9JIEKTPOMATHUTTIK TOJIKBIHAAPIBIH Tapailybl 3€pPTTENreH. ABTOpJiap TONKBIH IpOLECTEpiHE (HU3HKaA-
MEXaHHUKAJIBIK KacHeTTepl OpTYpii ’KyKa KabaTTapIblH OCEpiH 3epTTey YIIiH KIACCHKAJBIK eMec OaiaHbIic
JKaFIaiIapblH JKaNbUIayAbl YChIHFaH. 222 KIachIHIAFBI POMOTHIK JKYHEHIH aHHU30TPONTHI OpTajapbIHIA
SEKTPIIK CEPIIMII TOJNKBIHAAPABIH TapATyblH CHIIATTAWTHIH aifHBIMANBl Kod(duuuenTTepi Oap 1-mmi perti
T depeHITNATIIBIK TeHACYNIep XKyiteci Kypbuiabl. [1he3037eKTpIIiK KackeTTepi 6ap jkyka KabaT yIIiH KaTThl
emec GaiiTaHbIC KaFJalIapbIHBIH HOTHOKECI KenTipinreH. § — Topi3ai KacuerTepi 6ap xabarrapipl 3epTrey
MyMKiHAir gonengenai (§ — Jdupak GyHKIHACH).

Kinm ce30ep: MakcBeut TeHIEyIepi, aHU30TPOITHI OPTa, TOJIKBIHIAP, KATTHI eMec OaiiiaHbIC, MATPUIAHT JJIiCi.

H.A. Ucnynos, A6ayn Kagsip, A. K. XKymabekos, A.A. Kypmanos, K.P. [locymbexkoB

O HekJIacCHYEeCKHX IPAHMYHBIX YCJIOBHAX KOHTAKTA TOHKHMX MPOCJI0EK
C Pa3JIYHBIMHU (PU3MKO-MEXaHUYECKHMHU CBOMCTBAMHU IIPH
pacnpocTpaHeH!H BOJIH B AaHM30TPOIHBIX cpeaax

BonHoBBIE TpoOIlecCH! MHTEHCHBHO HM3YUYCHBI B PA3NMYHBIX OOIACTAX (DU3UKH: IEKTPOJMHAMUKE, (H3HKE
IJ1a3MBbl, paauou3nKe, aKyCTHKE, TUAPOJUHAMUKE U T.J. Hapsay ¢ n3ydeHneM 3J1eKTPOMAarHUTHBIX U YIIPY-
TUX BOJIHOBBIX IIPOIIECCOB OCOOYI0 aKTyaJIbHOCTh NPHOOPETAIOT HCCIIEJOBAHUS 3aKOHOMEPHOCTEH pacrpo-
CTpaHEeHUs] BOJH Da3NUuHOil (QU3MYECKON MPUPOIBI NMPH HAIMYUM B3aMMHOW TpaHcdopmanuu. BonHoBbe
IPOLIECCHI B CBS3aHHBIX MOJISIX OTPAXKArOT B3aUMOBJIMSAHUE YIPYIHX, 3JEKTPOMArHUTHBIX U TETIJIOBBIX MOJICH.
CBS13aHHOCTB NIEKTPOMATHUTHEIX MOJICH ¢ MojeM JedopMaruii IMEeT MECTO B CpeJie C IMbe303IeKTPHIECKH-
MH, ITbe30MarHATHBIMU ¥ MarHUTOCTPUKIIMOHHBIMHU CBOIicTBaMH. B cTaThe, HA OCHOBE MaTpUYHOTO METOA,
HCCIIEIOBAaHO PACIIPOCTPAHEHHE CBSI3aHHBIX YHPYTUX M JJIEKTPOMArHUTHBIX BOJH B CpeAax C Pa3IMIHBIMU
(hU3UKO-MEXaHMIECKIMHU CBOWCTBaMH. ABTOpaMH IPEIOKEHO 0000IIeHNe HEeKJIACCHYECKUX YCIOBHH KOH-
TaKTa JJIs UCCIICAOBAHMS BIMSHUS TOHKHX MPOCIOCK C Pa3lUYHBIMU (PU3MKO-MEXaHWYECKHMH CBOWCTBAMHU
Ha BOJIHOBBIE mporecchl. [loctpoeHa cucrtema auddepeHnanbHbIX ypaBHEHHH 1-ro mopsaka ¢ mepeMeHHbI-
MU KO3 HIMEHTaMH, ONUCHIBAIOIIMMI PAaCcPOCTPAHEHHE JIEKTPOYIPYTHX BOJH B aHH30TPOMHBIX Cperax
pomOuyeckoii cuctemsl kinacca 222. [IpuBeieH BBIBOA YCIOBHIT HEXKECTKOrO KOHTAKTa JUISl TOHKOTO CJIOSI C
MbE303JIEKTPHIECKIMH CBOIcTBaMH. JloKa3aHa BO3MOXKHOCTh HCCIICIOBAHNUS CIIOEB C -00pa3HBIMU CBOWMCTBa-
mu (§-pynkuus Jupaxa).
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Kniouesvie cnosa: ypaBHeHus MakcBenia, aHU30TPOIHAS CPEAa, BOJIHBI, HEXKECTKUH KOHTAKT, METOJ MaTpH-
LIaHTAa.
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Investigation of the characteristics of an indirect plasma torch

The main task of creating plasma technologies is to improve the operation parameters of its main element -
the plasma torch, which is achieved by designing and constructing its main nodes. The paper analyzes the
principles of designing a plasma torch and investigates the characteristics of an arc discharge plasma torch.
The possibilities of increasing the thermal stability of the anode structure are considered; the speed and
trajectory of powder particles are studied; the axial introduction of the powder through the cathode and the
thermal stability of the cathode are studied. Using the finite element method, the effect of the anode shape on
the service life of the plasma torch is studied by estimating the heat release power under the condition above
the melting temperature of copper (anode). The optimal anode geometry for effective cooling of the unit with
radial inlet and outlet of the coolant is determined. The influence of the thermal load on the cathode part of
the plasma torch is studied, the thermophysical characteristics of the cathode on the operational
characteristics of the plasma torch during the thermal load are taken. The dynamics of the particle by axial
injection of the powder through the cathode is calculated, and the dynamics of the heating of the powder
particle is determined. The output of the carrier gas is stabilized by a swirler and has great dynamics and is
located in the high-temperature part of the arc. The trajectory of the movement of a powder particle in the
nozzle area is calculated, which corresponds to the average value of the velocity ~450-500 m/s. It is found
that an increase in the cathode diameter from 3 to 5 mm reduces the thermal load by 50%.

Keywords: plasma treatment, plasma torch, axial powder injection, aerodynamics of particle motion,
thermophysical characteristics, 3D model.

Introduction

Plasma technologies occupy a worthy place in a wide range of processes that have great innovative po-
tential but require continuous modernization and constant scientific and technical research [1]. The main task
of creating plasma technologies is to improve the operating parameters of its main element - the plasma
torch, which is achieved by designing and constructing its main components [2, 3]. The principles of design-
ing a plasma torch are primarily related to the tasks of improving its functional characteristics: productivity,
guality, and reliability. However, information about the functioning of the plasma torch as a whole, the de-
sign of its elements, gas-dynamic, thermophysical and electrodynamic characteristics is difficult to access
[4-6].

When designing plasma torches, it is necessary, first of all, to rely on the system principle and examine
the interaction of all subsystems that ensure their operation. However, among the subsystems of the plasma
torch, the main functional role is played by the nozzle assembly, the design of which requires considering
gas-dynamic, electrical and thermal factors of arc formation. At present, the application of methods obtained
by semi-empirical methods of criterion-parametric relationships for the same type of plasma torches requires
adjustments that take into account new design solutions [7]. The low thermal stability of the plasma torch
units and, as a result, their short service life is an urgent problem that increases the cost of plasma technolo-
gies. Low heat resistance of the nodes also reduces the technological potential of the plasma torch, based on
its purpose - the melting of refractory materials. The purpose of this work is to optimize and study the tech-
nological process of arc plasmatron. Accordingly, the following tasks are solved in this research: to increase
the thermal stability of the anode design; to research the thermal stability of the cathode; to study the aerody-
namics and dynamics of particles in a plasmatron with a gas swirler.
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1. Research the influence of the geometry of the plasma torch
anode on its performance characteristics

An urgent problem is to increase the resource of the working units of the plasma torch — the anode and
cathode, which experience extreme thermal loads from the effects of low-temperature plasma of about 7000—
15000 °C. The low thermal stability of the plasma torch nodes and, as a result, their short service life is an ur-
gent problem that increases the cost of plasma technologies [8]. Figure 1 illustrates the general view of the
plasmatron. The modified plasmatron has a cooled anode (1) (copper) and a cathode (2) (the cathode is inserted
into a cooled cathode holder (3) interconnected through a ceramic interelectrode insert (4) [9].

2 i 3
Water —»
q l 18— <« Plasma-forming gas
4
A :
\4
Plasma

Figure 1. Plasmatron for spraying powder materials: 1 — anode, 2 — cathode,
3 — cooled cathode holder, 4 — ceramic interelectrode insert

On the program SolidWorks using the finite element method, the effect of the anode shape on the ser-
vice life of the plasma torch was investigated by estimating the heat release power under the condition above
the melting temperature of copper (anode). The boundary conditions for the cooled liquid in all studies for
the anode are the same: water temperature 21 °C; pressure 5 atm. Figure 2 represents the geometry of the
standard plasmatron anode.

A-A

©
000 interaction
00 v Y 3 surface of
el b = 6.4 mm, ' thermal energy
2 a=27.2 mm,
<b > c=3.5mm.

Figure 2. Anode of the plasmatron: a) scheme of the anode; b) 3D anode assembly

Figure 3 shows the graph of thermal conductivity of copper. The heat release power is a variable value.
Table 1 presents the initial data on the heat load and the calculation results. The variable controlled
parameter is the value — c and d, the dimensions a and b are related to the parameters of plasma formation.
To avoid an increase in the dimensions of the plasmatron, dimension d had a fixed value. Going through the
geometrical parameters, it is necessary to determine the maximum thermal stability of the anode depending
on the geometrical parameters at the same coolant flow rate for all variants.
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Figure 3. Graph of the thermal conductivity of copper

Table 1
Initial data on heat load and calculation results
Superheat above melting Design Design Design Design Design
point point 1 point 2 point 3 point 4 point 5
[F\',f/"i‘t dissipation capacity 5000 8750 12500 16250 20000
Overheating above the
melting point [°(] -738.214219 -509.755152 -255.8967 4.706168475 260.2031197

The calculated point 4 is located near the region of the anode melting temperature. The temperature of
4.7°C above the melting point of copper, at 16250 W, is taken as a benchmark against which the results are
compared when changing the anode geometry (Figure 4).
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Figure 4. Overheating of the anode above the melting point of copper

82 BecTHuk KaparaHguHckoro yHnBepcuTeTa



Investigation of the characteristics...

Figure 5 shows different anode designs that have vertical and horizontal plates. According to a similar
scheme, calculations are made for the design of the anode with a vertical plate (Figure 5a). The temperature
exceeding the melting point by 4.7 °C corresponds to a thermal power of 16402 W, which is a gain of 152 W
and corresponds to 1%. Further studies of this anode shape seem unpromising and the following option is
investigated (Figure 5b). Calculations show that an overheating temperature of 4.7 °C corresponds to power
of 16020 W, which amounted to a gain of 2770 W and corresponds to a 17% increase in the thermal
resistance of the anode.
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Figure 5. Anode design: a) with vertical plates; b) with horizontal plates

Figure 6 demonstrates the thermal load of 19000 W and the maximum anode temperature of 903 °C (on
the temperature distribution field). We can conclude that considering the safety factor of 5%, the reliable
operation of the anode will make it possible to utilize 18050 W of thermal energy without thermal
destruction. As noted above, this is 17% more efficient compared to the non-optimized anode geometry
(Figure 2).
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Figure 6. Anode thermal diagram

2. Research the influence of the geometry of the plasma
torch anode on its performance characteristics

The cathode is the most thermally loaded part of the plasmatron; it is made of refractory tungsten with a
high melting point, but low thermal conductivity relative to the copper anode. Regarding the fact that during
the formation of an arc, electrons move in the direction from the anode to the cathode and, when entering the
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cathode spot, cause additional heating of the cathode, the correct choice of the cathode geometry and factors
affecting cooling is the number one task to ensure the continuous operation of the plasmatron. To study this

problem, a 3D model of the plasma torch was created (Figure 7) and the factors affecting the operating tem-
perature of the plasma torch were investigated.

water

Figure 7. 3D model of the plasmatron

Figure 8 shows the dependence of the cathode temperature (at a thermal power on the cathode spot of 1
kW) on the gas pressure and cathode radius. It can be seen that with an increase in pressure from 3 to 8 atm.
the temperature at the cathode drops by 550 °C (Figure 8a). The temperature dependence on the cathode size
showed that an increase in the cathode radius leads to a decrease in the cathode temperature. According to

Fourier’s law, the rate of heat transfer through a material is proportional to the area through which heat flows
(through the cathode) [10].
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Figure 8. Dependence of the cathode temperature on gas pressure (a) and cathode radius (b)

Figure 9 shows the thermophysical characteristics (thermal conductivity, specific heat, and resistivity)
of a cathode with a cooling system according to Figure 7. The plasmatron cooling system ensures the long-
term operation of the cathode at a constant thermal load (Figure 10).
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Figure 10. Thermal characteristics of the cathode

Thus, the influence of thermal load on the cathode part of the plasma torch was studied; the
thermophysical characteristics of the cathode on the operational characteristics of the plasma torch during the
thermal load were taken. The most significant factor affecting the reliability of the cathode is its diameter.
Increasing the cathode diameter from 3 mm to 5 mm reduced the maximum temperature of the plasma torch
by 50%. The second factor of influence is the pressure of the working gas. Increasing the working gas pres-
sure by 1 atm gives a decrease in temperature by 120 °C. However, an increase in operating pressure can
lead to arc failure, which leads to the need to increase the voltage and, consequently, the power of the plasma
torch power source.

3. Study of the aerodynamics of particles in a plasma torch with a gas swirler

Using the finite element analysis method, the operation of a plasma torch with a gas swirler with the in-
troduction of powder simultaneously with the working gas is studied. Figure 11a shows the gas flow trajecto-
ries and the velocity distribution gradient at an operating pressure of 5 atm. The parametric dependence of
the average gas velocity on the working gas pressure at 1-8 atm is studied (Figure 11b). It can be seen that to
ensure sufficient gas dynamics, it is necessary to operate the plasma torch in the pressure range of 3-5 atm.
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Figure 11. Results of aerodynamic modeling of the carrier gas: a) velocity distribution gradient;
b) dependence of the average gas velocity on the operating gas pressure
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Then the dynamics and trajectories of the movement of powder particles are studied when it is intro-
duced into the swirler channel. The study is carried out without conditions of sticking and erosion. Titanium
nitrite fraction 5 um is chosen as the powder (conditional powder consumption 0.005 kg/s). The trajectory of
the movement of a powder particle to the nozzle area is calculated, which corresponds to an average velocity
of 220 m/s, as shown in Figure 12b. The length of the particle path in the plasma torch is up to 500 mm, in
the plasma zone (nozzle area) about 150 mm.

— e

Trajectory of
powder

400.0004

Figure 12. The results of the study of the speed of powder particles: a) the trajectory of the powder particle;
b) the speed of movement of a particle of titanium nitride in the plasma torch

A scheme with axial injection of powder through the cathode is investigated (Figure 13). The aerody-
namics of this scheme is calculated, the pressure of the working gas in the swirler is 5 atm, and in the cath-
ode axis is 5 atm. The carrier gas outlet is stabilized by the swirler and has high dynamics; it is located in the
high-temperature part of the arc (Figure 13b). The flow rate of the transporting gas in the anode area is 445—
500 m/s.

-
—
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a. Powder input \ b ’

g

Figure 13. 3D model with axial injection of powder through the cathode (a)
and the flow rate (b) of the transporting gas in the plasma torch

Figure 14 shows the velocity gradient and trajectory of the powder particles as the powder is axially in-
jected through the cathode. The study is carried out without conditions of sticking and erosion. Titanium ni-
tride with a fraction of 5 um was chosen as the powder, at a material consumption of 0.005 kg/s. The trajec-
tory of the movement of a powder particle to the nozzle area is calculated, which corresponds to an average
velocity of =450-500 m/s.
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Figure 14. Velocity gradient of powder particles in the plasma torch

The particle dynamics along the motion trajectory is calculated (Figure 15a) and the particle heating
dynamics is determined (Figure 15b). A domain in the form of a plasma arc with a temperature of 6000 °C is
installed in the plasma torch. It can be seen from the diagrams that the particles move in the axis of the arc
and the path length is equal to the length of the arc.
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Figure 15. Particle dynamics along the motion trajectory (a) and particle heating dynamics (b)

Conclusions

Analyzing the experimental results obtained in the work, we draw the following conclusions:

— The optimal anode geometry for efficient cooling of the unit with radial inlet and outlet of the coolant
was determined. The optimized anode design is 17% more efficient than the standard plasma torch anode
geometry. This will increase the anode resource, operating currents, and expand the technological potential
of the plasma torch;

— It was found that an increase in the cathode diameter from 3 to 5 mm reduces the thermal load by
50%. An increase in the working pressure of the gas by 1 atm gives a decrease in temperature by 120 °C.
However, an increase in operating pressure can lead to arc breakdown, which leads to the need to increase
the voltage and, consequently, the power of the plasma torch power source;

— The scheme with powder injection along the cathode axis makes it possible to effectively use the
efficiency of the plasma torch and ensures an uninterrupted plasma treatment process.
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Kanama dcep eTeTiH IVIa3MOTPOH CHNIATTAMACHIH 3epTTEY

[Ima3ManblK  TEXHONOTHSIAPABI KYPYABIH HETI3rl MIHAETI OHBIH HETI3Tl DJIeMEHTI — IUIa3MOTPOH
JKYMBICBIHBIH TIapaMeTpIIepiH JKakcapTy OONBIN TaOBUIAAbI, OFAH OHBIH HETi3Ti TYHiHAEpiH jkobamay >koHe
Kypay apKbUIBI KOJI JKeTKi3iremi. Makanaga miasMOTPOHIBI Ko0anay MpUHIOUNTEP] KOHE JNOFAJBIK paspsn
IUIa3MaTPOHBIHBIH CHIIATTaMalapbl TalJaHFaH. AHOJ KYPBUIBIMBIHBIH JKbLIy TYPaKTBUIBIFBIH apTTBIPY
MYMKIHZIIKTepi KapacThIPBUIFaH, YHTAK OOJIIEKTePiHiH KbUIIAMIBIFBl MEH TPAeKTOPHACH! 3ePTTEN/i, KaTOx
apKbUIBl YHTAKTBl OCBTIK €HTi3y, KaTOATBIH JKbUTy Keneprici 3eprrenreH. COHFBI DJIEMEHTTEp SiciMeH
MBICTBIH (QHOITHIH) OAJIKy TeMIepaTypachlHaH JKOFapbl OOJFaH jKarAaiia >KbUTy IIBIFapy KyaTblH Oaranay
GoiibiHIIA aHO (POPMACHIHBIH IUTa3MOTPOH XKYMBICBIHBIH pecypchiHa acepi TekcepiireH. CaaKbIHIATKBIITHI
panuanibl eHri3y JKoHe HIbIFapy Ke3iHAe TYHIHAI THIMI CaJKbIHAATY YIIiH aHOATHIH OHTAMIIBI T€OMETPHUSICH
aHBIKTANABL JKBUTYy JKYKTEMECiHIH IUTa3MaTpPOHHBIH KaTOATHI OeIiriHe ocepi 3epTTeNii, JKbUTy >KYKTeMeci
HPOLECIH/Ie KATOATHIH JKbUTY-(DM3MKAIBIK CHIATTaMalaphbl IUIa3MaTPOHHBIH IalilajlaHy CHUIaTTaMajlapblHa
anbIHABL. BeIIeKTiH THHAMHUKACHl KaTOJ| apKbUIBl YHTAKThl OCBTIK €HTi3y apKbLIbl €CeNTele/i )KOHe YHTAK
OeJLeriHiH  KBI3ABIPY JIMHAMMKAChl aHBIKTANAAbl. TachIMajjaymisl Ta3fblH MIBIFYbl TYpOYJIEHTTI
TYpaKTaHABIPaJbl JKSHE YJIKeH JMHAMUKara HWe JKOHE JIOFaHBIH JKOFapbl TeMIlepaTypaiblK Oeirinue
OpHalacKkaH. YHTaK OeJIUeriHiH canTamMa aliMarblHA KO3FaJbICBIHBIH TPAEKTOPHSCHl €CENTeNne/i, O
KBUIIAMIBIKTBIH OpTalia MoHiHe coiikec kenmemi ~450-500 m/c. Karon nuametpiHiH 3-TeH 5 MM-Te AeiiH
WIFAIObI KBLTY )KyKTeMeciH 50% TeMeHeTeTiHI aHBIKTaAbL.

Kinm ce3dep: mma3manbIK ©HIEY, IUIA3MaTpPOH, YHTAKTHI OCHTIK €HTi3y, OeMImeKTepHiH KO3FaIbICHIHBIH
a3pOIMHAMHUKACHI, TEPMODU3HKAIIBIK cCHIIaTTamManapsl, 3D Mozeri.

A.b. Kenecbexos, XK.b. Carnonnuna, /I.b. byiiTkeHos,
N.A Ouepenpko, C.A. Abnynuna, K. Topebex

HccaenoBanne XapaKTePUCTHKHU IJIA3MOTPOHA KOCBEHHOTI' 0 1eiCTBUS

OcHOBHOIT 3ajmadel coO3JaHUA IUIA3MEHHBIX TEXHOJOTHH SBISETCS YIydIIeHHE IapaMeTpoB paboThI
OCHOBHOTO €€ JJIeMeHTa — IUIa3MOTPOHA, YTO JOCTUTAETCS MyTeM NPOSKTHPOBAHUS M KOHCTPYHPOBAHHS €T0
OCHOBHBIX y3I1I0B. B cTaThe mpoaHanM3upOBaHbl IPHHIMIB TPOSKTHPOBAHMUS IUIA3MOTPOHA M UCCIIETOBAHEI
XapaKTepUCTHKN IUIa3MaTpOHa JYroBOTO paspsaa. bBeuM  paccMOTpeHBI BO3MOXKHOCTH — yBEIHMUECHUS
TEPMHUUECKON CTOMKOCTH KOHCTPYKLMH aHOJa, U3yU€Ha CKOPOCTh M TPAEKTOPHS YaCTHIl MOPOIIKA, OCEBBIM
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BBOJIOM IMOPOILIKA 4epe3 KaToJl, MCCIENOBaHa TEPMOCTOMKOCTh KaTolJa. METOJOM KOHEYHBIX 3JIEMEHTOB
UCCICZIOBaHO BiHMsAHME (GOPMBI aHOJA Ha pecypc paboThl IUIa3MOTPOHA II0 OLEHKE MOIIHOCTH
TETUIOBBIICTICHUS TIPH YCJIOBHM BBILIE TEMIIEpaTyphl IUIaBIeHUs Menu (aHozaa). OmnpeneneHa onTUMaibHas
TeoMeTpHs aHoja Ui S(GEKTUBHOTO OXJIKACHHS y37Ia IMPH paJHalbHOM BBOJE M BBIBOJE OXJIaXKAAromiei
JKUJKOCTH. BpUM HMcce[oBaHbl BIVSIHUS TEPMUYECKOI Harpy3Ky Ha KaTOJHBINA 4acTh IUIa3MOTPOHA, CHSTHI
TeIIO(QHU3NIECKHE XApaKTEPUCTHUKH KaToAa Ha OKCIUTyaTAI[OHHBIE XapaKTEepUCTHKH IUIa3MOTPOHA B
npolecce TePMUIECKOH Harpy3kH. Paccunrana TMHaAMMKa 9acTHIEI OCEBBIM BBOZOM MOPOIIKA Yepe3 KaTox 1
olpe/eneHa AMHAMHKA Pa3orpeBa YacTHIbI MOPOIIKA. BBIXOA TPaHCIOPTHPYIOIIEro ra3a CTaOWIN3HPOBaH
3aBUXPUTENIEM U UMECT OOJBIIYI0 IMHAMUKY M HAXOAUTCS B BEICOKOTEMIIEPATYPHON 4acTH Qyru. Berunciena
TPAEKTOPHS JIBIKCHUS YaCTHIBI MOPOIIKA B 00JaCTh COIUIA, KOTOPBIl COOTBETCTBYET CPEAHEMY 3HAUCHHIO
ckopoct ~450-500 m/c. BrisiBIIeHO, 4TO yBeTHYCHHE AUAaMETpa KaTtoAa ¢ 3 10 5 MM CHH)KaeT TePMHUUYECKYIO
Harpysky Ha 50 %.

Kniouesvie crosa: nnazmeHHas o6paboTKa, IIa3MOTPOH, OCEBOM BBOJ HOPOIIKA, adpPOJUHAMUKA JIBIDKCHHS
YacTHI], TeIUIO(GU3NIECKIE XapaKTepUCTHKH, 3D-Momemns.
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The article solves the problem of thermal injury of seeds of grain crops during drying, which are capillary-
porous bodies. It is hypothesized that the use of a vacuum in the drying chamber reduces the risk of thermal
stress. In this regard, the article studies the effect of a vacuum inside the drying chamber on the diffusion of
moisture inside the seeds. Seeds are complex materials in which moisture has different bonds with dry matter.
During the working process, the drying speed in the surface layers and inside the seeds occurs at different
speeds. As a result, drying stresses occur, which cause cracks on the surface of the seeds. Based on the solu-
tion to the differential diffusion equation with an absorbing screen as a boundary condition, the condition for
drying without thermal stresses is found. Experimental verification of theoretical studies is carried out on a
specially made experimental setup on the example of corn seeds. The effect of thermal stress on seed viability
is determined by laboratory germination. Experimental studies confirm the adequacy of theoretical state-
ments. Thus, when drying the seeds of grain crops, which are capillary-porous bodies, there is a limit value of
rarefaction, above which cracks appear on the surface of the seeds due to different drying rates on the surface
and inside. For drying seeds of grain crops without thermal stresses, it is necessary to consider not only the
heating temperature but also the rarefaction in the drying chamber, which should be close to the limit value.

Keywords: seeds, dilution, vacuum, drying, laboratory germination, exposure.

Introduction

One of the components of the success of obtaining a high yield of cereals is the use of quality seed.
Quality sowing material is determined not only by varietal characteristics, but also by homogeneity, content
of weed seeds, debris, injured seeds, and moisture.

When drying the seeds, the main attention is paid to the level of injury to the seeds by dryers, and fuel
consumption becomes a secondary issue.

In seed production and selection for drying seeds with high humidity, convective drying in a stationary,
sedentary and fluidized bed is usually used, which is realized in chamber, conveyor, bunker and mine dryers.

To intensify the moisture transfer in the seeds heating is used, which is provided by air flow with a
temperature not exceeding 65 °C. The upper value of the temperature is due to the fact that at a given tem-
perature level there is an intensive removal of moisture, but not yet denatured protein structures of the seed.
Mild temperatures have been developed for different crops [1-4], which must be maintained when drying the
seeds in different convective dryers to reduce the risk of thermal injury. Since convective drying uses mainly
hot air or a mixture of air with combustion products, and the seeds are dried in a layer with a given thickness,
when using adapted thermal regimes with minimal mechanical impact, areas of undried seeds are possible. In
addition, depending on the type of heat generator used, it is necessary to constantly maintain the required
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mode during the drying process, which is not always possible to withstand during the working season due to
the human factor. All this is especially important for selecting seed dryers, where each seed counts.

Despite the measures developed to reduce thermal injury to seeds during drying, dried seeds have lower
germination, growth strength, and germination friendliness compared to undried seeds. This is explained by
the difference in the properties of individual seeds and the nonlinear nature of the thermal conductivity of the
seed layer, which leads to overheating or underdrying of individual seeds. To improve the sowing properties
of seeds after drying, it is necessary to reduce their thermal injury by limiting or eliminating the influence of
the temperature field, as well as increasing the uniformity of drying of seeds. In [5-9], the positive effect of
vacuum on the drying process is shown. However, the effect of vacuum on the drying process of crop seeds
has been insufficiently explored, which makes this study relevant.

1. Theoretical part

The main parameters that affect the quality of dried seeds are the temperature of the seeds 8 and the
vacuum in the vacuum drying chamber P. To understand their effects, one needs to know the process of dry-
ing seeds. Since we did not consider the diffusion of moisture during drying, but only the evaporation of
moisture from the surface layers of the seed, then it is not possible to identify the causes of cracks in the
seeds. Therefore, seeds should be considered a heterogeneous material. Any seed consists of an embryo, en-
dosperm, or cotyledon and shell. For most crop seeds, the movement of moisture during drying is as follows

(Fig. 1).

f
L ]
N o F Steam

Border layer _
Evaporation zone

P — partial pressure of water vapor inside the seed; P, — partial pressure of water vapor inside the drying chamber.
Figure 1. The scheme of removal of moisture during drying of seeds

During vacuum drying, the substance of the seed is heated and part of the moisture located near its shell
evaporates. At the same time, a moisture gradient is created, due to which, under the action of diffusion,
moisture continuously moves from the inner parts of the seed, where the embryo is located, to the surface on
which it evaporates. Water vapor molecules diffuse through the boundary layer and saturate the volume of
the vacuum drying chamber. A necessary condition for evaporation is P> P, (Figure 1). It should be noted
that the evaporation of moisture does not occur from the surface, but from the evaporation zone, located in
the peripheral part of the seed (Fig. 1). As the moisture evaporates, this area moves deep into the seed.

The heterogeneity of the seed structure is the reason that moisture is removed from different parts in
different ways: from the outside - through evaporation, from the inside - due to diffusion. Because of differ-
ent methods of moisture removal, different parts of the seed are dried at different speeds, which means that
the drying of the seeds is uneven. This can be represented by the following scheme (Fig. 2).
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Figure 2. Scheme for determining the drying stresses in the seed

It is divided into two zones: a zone of external evaporation with a thickness of 4 and a zone of internal
evaporation with a thickness of r.-4. Drying stresses in the seed occur when the difference in deformation of
the seed areas Ad; — Ad, > 0. It is equal to the following value according to Fig. 2:

Ady — Ad, = do - By - (Ug — uy), (D

where Ad,, Ad,— deformations in the outer and inner zone of seed evaporation, respectively, m;

d, — the equivalent diameter of a completely dry seed, m;

B — coefficient of linear drying;

Uy, 4, — humidity in the outer and inner zone of seed evaporation [10-12], respectively, %.

We assume that the deformation occurs in the elastic region, then using the value of deformation (1),
the formula for the deformation of spherical shells and the Laplace equation for the sphere [13] we obtain the
expression for calculating the drying stresses in the seed:

do'BrE
o=y WU —u). )
where E — modulus of linear deformation, H/m?;

1 — Poisson’s ratio.

When a certain value of o exceeds the surface of the seed, cracks appear. Expression (2) shows that the
main factor influencing the appearance of cracks is the humidity gradient (u,; — u,.). Therefore, for safe
drying it is necessary that the drying rate on the surface was less than or equal to the diffusion rate:

duy du,

dt s dt’ (3)

du, . .
d—uT according to [14] is:

Al

du, _ Al . _ e
T R R @
where 41 — regime coefficient characterizing the thermophysical properties of seeds, Pa"?/s;

Uy, Ug — equilibrium and initial seed moisture, respectively,%;

P —vacuum in the drying chamber, Pa.
u

Drying speed inside the seed dd

TT, on the other hand, is described by the differential diffusion equation

with an absorbing screen, assuming that moisture is absorbed on the surface of the seed according to the law
(4), the diffusion flow is parallel to the equivalent seed radius, and that the rate of moisture diffusion from
the center of the equivalent seed ball in all directions and depends only on the distance r) [15-18] (Fig. 3):

ou, 0%u,

= B S )

where f,,, — moisture diffusion coefficient, m*/s;
r — distance from the absorption screen, m.
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: . . . d
The center of the equivalent seed ball retains moisture for the longest time (r = 7“’), therefore,

comparing the humidity at this point and on the surface of the equivalent sphere, we observe the largest
gradient(u, — u,).

To find the gradient (u, — u,) it is necessary to know the dynamics of humidity change inside the
seed u,. To do this, solve the differential equation (5) under the following boundary conditions:

Al
ur(0,7) = up(de, T) = (up —up) - P ' +u, (6).
Initial conditions:

u,(r,0) = ug . 7)

Absorption screen

AL

5 3 ; . - T
u(m)=(uy-u,)e " +u,

Diffusion flow

Figure 3. Scheme for determining the differential equation of diffusion inside the seed.

Final condition:
Up(r,00) = uy, . (3)

The differential equation in partial derivatives (5) is a differential equation in partial derivatives of the

second order of the parabolic type. They are solved by the Fourier method by introducing an additional

function. Then the drying rate inside the seed ddu

Tr is equal to:

our _ Al _ . —%'T_}_ _ VA1 - Oo i'[l— ‘n)] - sin(4, 1) X
== (up up) - e (uo up) — cos(m-n)] -sin(4, " r) X,

ot n=1T
2 Al
By Are P AT AL ~p T
X 5 ) ©
B An-P—A1

where 4,, = %n — own functions of the boundary value problem.

e

Equating % to ddu; and solving the algebraic equation with respect to P we obtain:
Al-d}
P = ﬁm_n“;. (10)

The moisture diffusion coefficient 3, depends on the heating temperature of the seeds 4 and slightly on
the humidity u according to the formula [14]:

Bm = Pm (2739+90)k’ (11)

where B2, — moisture diffusion coefficient at seed heating temperature 6, m?/s;

k — empirical coefficient depending on humidity.

Substituting the value (11) in the formula (10) we obtain the minimum value of pressure P for gentle
drying of seeds of cereals:

dZ
P>Al-—% (12)

[
ﬁ’%'(273+60) L
Dependence (12) shows that the value of the pressure inside the drying chamber P is directly propor-
tional to the mode coefficient Al and inversely proportional to the seed temperature 6. Dependence (12) also

Cepusa «dusmka». Ne 3(107)/2022 93



V.0O. Shvidia, S.P. Stepanenko et al.

shows that for gentle drying of seeds in the drying chamber the value of pressure must not decrease less than
the value of P. With a large value of dilution, damage to the seeds is possible. To verify the validity of this
statement, it is necessary to conduct experimental research.

2. Experimental part
2.1 Methods of experiments

To conduct experiment, we use a drum dryer, inside the drying chamber of which it is possible to create
a vacuum of up to 2 kPa (Fig. 4).

faqe s 13 2 4N 2 & 4 g 5 3 g f

Figure 4. Structural scheme of the drum dryer (a) and its general view (b):

1 —rack; 2 — technological chamber; 3 — drying chamber; 4 — flanges; 5 — heating cylinder with blades;
6 — cover; 7 — clamping mechanism; 8 — transmitter of signals from sensors; 9 — Bluetooth antenna; 10 — hollow axis;
11 — chain crown; 12 — sliding contacts; 13 — drive flange; 14 — cap; 15 — vacuum gauge;
16 — valve of the vacuum pump; 17 — capacitor; 18 — vacuum pump; 19 — arc with support rollers

The vacuum inside the drying chamber (3) is created by the vacuum pump (18). When the required
vacuum is reached, the readings are removed from the vacuum gauge (15), close the valve 16 and turn off the
vacuum pump (18). The seeds are loaded into the drying chamber (3) by opening the cover (6). A capacitive
humidity sensor and a digital temperature sensor DS18b20 are connected to the walls of the heating cylinder
with blades (5). During the drying process, the drying chamber (3) rotates around a hollow axis (10). Seed
heating in the drying chamber (3) took place through the cylindrical surface of the heating cylinder with
blades (5), on the outer cylindrical surface of which through the insulator is wound nichrome wire. The tem-
perature seeds were adjusted by changing the electric power supplied to the heater of the heating cylinder
with blades (5). When the humidity reaches the heater is turned off, then open the vacuum valve on the cover
(6), after reaching atmospheric pressure in the drying chamber (3) by means of a clamping mechanism (7)
open the cover (6) and pour dried seeds (3).

To verify the validity of condition (12), a sample of corn weighing 715 g with an equivalent diameter of
7 mm, with an initial humidity of 24% and a temperature of 15 °C was used. The drying exposure was de-
termined as the time during which the corn seeds reach a moisture content of 13%. In the experiments, the
temperature was changed from 25 °C to 37 °C in steps of 3 °C. For each step, the drying exposure and the
change in laboratory germination after drying at a dilution of 45 kPa, 60 kPa, and 75 kPa were determined.
Owing to laboratory germination the level of seed injury after drying was identified.

The change in laboratory germination after drying was defined as the difference between the laboratory
germination of the sample before drying and the laboratory germination after drying. Laboratory germination
of maize samples was determined according to DSTU 4138-2002 [19]. Based on the calculations of the de-
pendence (12) for the sample of corn, the limit value of the vacuum in the drying chamber is 52.4 kPa. This
dependence was tested by a series of experiments at a dilution of 45 kPa and 60 kPa. At the same time, a vis-
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ual inspection of corn seeds for cracks was performed with a magnifying glass. Also, the vacuum in the dry-
ing chamber changed from 42 kPa to 60 kPa in increments of 2 kPa, while calculating the percentage of
seeds with cracks to the total number of seeds received for drying.

3. Results and Discussion

Figure 5 demonstates the result of visual inspection of corn seeds after vacuum drying at a vacuum of
45 kPa and 60 kPa at a temperature of 30 °C.

Figure 5. Appearance of maize seed at a vacuum of 60 kPa (a) and a vacuum of 45 kPa (b)

This review confirmed the validity of condition (12). Due to the significant difference in the drying rate
inside the seed and in the surface layers, drying stresses occur, which result in cracks on the surface of the
seed, which reduces the sowing quality. Therefore, when choosing the mode of drying the seeds must take
into account condition (12).

Figure 6 shows a number of seeds with cracks as a percentage of the vacuum inside the drying chamber.

100

w \
\

B\

60 \ -
- \\

. \L
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The number of seeds with cracks, %

43 45 47 49 51 53 55 57 59

Rarefaction inside the drying chamber, kPa
Figure 6. A number of seeds with cracks

It can be seen from Figure 6 that the percentage of cracks increases exponentially when the vacuum
decreases above 45 kPa.The fact that cracked seeds begin to appear at different values of vacuum inside the
drying chamber (43-51 kPa) is explained by the scattering of the values of the coefficient of diffusion of
moisture inside the seeds of corn.

The effect of seed temperature and dilution inside the drying chamber on the change in laboratory
germination of corn seeds is presented in Figure 7.
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Fig. 7. Graphs of changes in laboratory germination of corn seeds
from its heating temperature: 1 - 75 kPa; 2 - 60 kPa; 3 - 45 kPa

According to Figure 7, it is seen that increasing the temperature of the seeds during drying reduces the
laboratory germination of seeds. When the value of the vacuum in the drying chamber exceeds the value cal-
culated under condition (12) - graph 3, the laboratory germination decreases sharply. When the vacuum in
the drying chamber is reduced to the limit value, the change in the laboratory germination of seeds decreases,
this is due to the fact that at a lower value of the vacuum, the part of heat that is spent directly on moisture
evaporation increases.

Conclusions

These results show that the thermal stresses in capillary porous bodies, which include in particular the
seeds of cereals, significantly depend on the value of the vacuum in the drying chamber. If the critical value
of the vacuum is exceeded, cracks appear on the surface of the seeds due to different drying rates on the sur-
face and inside. Therefore, to drying cereal seeds without thermal stresses, it is necessary to consider not on-
ly the heating temperature, but also the vacuum in the drying chamber, which must be close to the limit value.
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B.A. IBugs, C.I1. Crenanenko, b.1. Koros, A.B. Cniupun, B.1O. Kyuepyk

BakyyMHBIH TYKBIM ilIiHAeri bUIFAJIBIH TAPaJybIHA dCepi

Makanana KanWULIPIBI-KEyeKTi JeHenep OOJIBIN TaOBUIATBIH JOHAI JaKbUIAAP TYKBIMIAPHIH KENTipy
Ke3iHJeri TepMMSUIBIK 3aKbIMAaHy Moceneci meminreH. Kenripy kamepachlHIa BaKyyMABI KOJITAHY
TEpPMUSUIBIK KEpPHEY KaymiH asaitafgsl nereH Ooipkam Oap. OcblFaH OalIaHBICTHI aBTOpNAp KEHTipy
KaMepachIHbIH INTiHAET] BaKyyMHBIH TYKBIM IIIIHIET] BUIFAIIBIH TapalyblHa dCepiH 3epTTeyAl KapacThIpFaH.
TykpiMgap — OyJ1 BbUIFIIBIH KYpPFaK 3aTHEH OopTypii OaiimanbicTapel Oap Kypaemi Mmatepuan. JKymsic
NpoLeciH OpblHAay Ke3iHae OeTki KabaTTapAarbl JXKoHE TYKbIMAAPIBIH ILNIHAETT KENTipy >KbUIIAMJIBIFBI
OpTYpIi KbUIZaMablkTa Oomaael. HaTmkecinae kentipy kepHeynepi maiiga Gomaisl, Oy TYKbIMIAapIbIH
Oerinae >kapbikrap Tyabipansl. Llektik mapt peringe JkyTy dkpanel Gap aubdy3usbik  auddy3ust
TCHJIEYIHIH INemIiMi Heri3iHAe TepMHSUIBIK KepHeyJIepci3 KenTipy MmapTel TaObUIambl. TeopUsUIBIK
3epTTeyaepal TKIpHOeNik TeKcepy >Kyrepi TYKBIMBIHBIH MBICAIBIHIA apHAWbl JKacalFaH ToXipuOerik
KOHJBIPFBIIA XKYPTi3ingi. TYKbIMHBIH eMipIIeHIriHe TEPMUSIIBIK KEPHEYIIH ocepi 3epTXaHAIBIK OHY apKbLIbI
AHBIKTAJIBL. DKCIEPUMEHTTIK 3epTTeyiIep TEOPUSUIBIK TYXKBIPBIMIApIBIH COMKeCTIriH pacransl. COHBIMEH,
KalUIPIIbI-KEYyeKTi AeHe OOJIBbIN TaObUIaThIH AOHII AAKbULIAP/IbIH TYKbIMIAPBIH KENTIPy Ke3iHIe CHPETYIiH
IIEKTI MOHI 0Gap, ON achlll KeTKEH Ke3[e TYKbIM OeTiHzae KoHe ilIiHIe op TYpJi KenTipy >KbUIAaMIBIFbIHA
GaiiiaHbICThI JKapbIKTap naiaa Gonansl. JJoHAl KaKkblLIAapAbIH TYKBIMBIH TEPMUSIIBIK KEPHEYCi3 KeNTIipy YIIiH
KBI3/IBIPY TEMIIEpaTypachlH FaHA €MEC, COHBIMEH KaTap KeNTipy KaMepachbIHAAFbl CUPETYai e eCKepy Kepek,
OJI IEKT]I MOHTE JKaKbIH OOIYBI KepeK.

Kinm ce30ep: TYKBIMIApIBIH TEPMUSIIBIK 3aKbIMIAHYBI, acTBIK MAKBUILAPHI, JKBUIy TEeMIEpaTypackl,
KaNWULIPIIBI-KEYeKTi JeHeTep.

B.A. llIBunsg, C.II. Crenanenko, b.1. Kotos, A.B. Cnupun, B.}O. Kyuepyxk

Bausinne Bakyyma Ha 1udy3uro Bjiaru BHyTpH ceMsH

B crarse peniena npo6iemMa TepMUYECKOTO TPAaBMHUPOBAHHS CEMSIH 3€pPHOBBIX KyJIBTYp IIPH CYIIKE, KOTOPbIE
ABJAIOTCS KaMJUIIPHO-MOPUCTBIMU TeNlaMH. Bblia BBIIBUHYTa TUIIOTE3a O TOM, YTO IPUMEHEHHE BaKyyma B
CYLIWJIBHOM KaMepe M03BOJISIET CHU3UTh PUCK TEPMUUECKUX HAIPsDKEHUH. B 3TOH CBs3M aBTOpaMu paccMoT-
PEHO MCCIIeIOBaHKE BIMSHUS BaKyyMa BHYTPH CYLIMJIBHOW Kamepsl Ha auddy3uto Biaru BHyTpH cemsH. Ce-
MEHa ABJIAIOTCS CIIOXKHBIM 10 CTPYKTYPE MaTepHaoM, B KOTOPOM BJlara MMeeT pa3Hble CBA3U C CyXHUM Bellle-
crBoM. IIpu BEIMOIHEHNH pabovero mpouecca CKOPOCTh CYIIKHM B MOBEPXHOCTHBIX CIIOSIX W BHYTPH CEMSH
MIPOUCXOJUT C Pa3HOI CKOPOCTBIO. B pe3ynbraTe uero BOZHUKAIOT CYIIMIBHBIC HANIPSKEHUS, KOTOPBIC BBI3bI-
BaIOT TPEIIMHEI HA TIOBEPXHOCTH ceMsH. Ha ocHoBe pemenus nuddepeHnuansHoro ypaBHeHus auddysun ¢
TIOTJIOTUTEIIBHBIM 9KPaHOM B Ka4eCTBE TPAHHIHOTO YCIIOBHUS HAHJEHO YCIIOBHE JUISl CYIIKH 03 TePMHIECKIX
HampsHKeHUH. DKCIepUMEHTaIbHas TPOBEPKAa TEOPETUYECKUX HCCIEIOBAaHUH MPOBOAMIACH HAa CIELHMATBHO
U3TOTOBJIEHHOW SKCIIEPUMEHTAILHOM YCTAaHOBKE Ha IPUMEpPE CEMSIH KyKypy3bl. Bo3neiicTBue TepMudeckux
HAaIpsHKEHUH Ha XKHU3HECTIOCOOHOCTh CEMSH ONPENEIsIM U3-3a Ja00PaTOPHOM BCX0XKECTH. DKCIEPUMEHTAb-
HBIE MCCIIEJOBAHUS TOATBEPIUIN aeKBaTHOCTh TEOPETUUECKUX YTBEPkJIeHUH. Takum oO6pa3oM, MpH CyIIKe
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CEMSH 3€pHOBBIX KyJbTYp, SIBISIFOLIMXCS KaIMIIAPHO-MOPUCTBIM TEJIOM, CYIIECTBYET NpeaeIbHOE 3HAaUCHUE
pa3pexeHus, MPU MPEBIIIEHMH KOTOPOTO HA MOBEPXHOCTH CEMSIH MOSBIAIOTCS TPEIIUHBI U3-3a Pa3HOH CKO-
POCTHU CYIIKH Ha MOBEPXHOCTH U BHYTPU. JIJIs CYLIKH CEMSH 3€pHOBBIX KYNbTYp 0€3 TEpMUYECKHUX HampsKe-
HUll clefyeT yu4uThIBaTh HE TOJIBKO TEMIIEpaTypy HarpeBa, a Takke pa3pe:KeHUe B CyIIMIBbHON KaMepe, KOTo-
poe JOIKHO OBITH OJIM3KO K IPeeIbHOMY 3HAUCHHUIO.

Kniouesvie crosa: TepMudIeckoe TpaBMUPOBAHUE CEMsH, 3ePHOBBIC KYJIBTYpPEI, TEMIIEpaTypa HarpeBa, Kammi-
JISIPHO-TIIOPUCTOE TEIO.
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The use of a cluster-associate pattern for calculation of melt viscosity

The liquid state of the substance is the most complex for theoretical description. Modern ideas about the lig-
uid and its viscosity are reduced to the following: in the structure of the liquid, the spatial arrangement of at-
oms is not fixed, as in a crystal, and is not in a free state, as in a gas. Therefore, liquid may approach its prop-
erties to gas near the boiling point or the solid state near the melting point. Thus, the structure of the liquid is
characterized by the short-range order of the bond. The properties of liquid metals are obtained mainly from
experimental studies. This article provides mathematical justification for the cluster-associate pattern. The
purpose of the study is to show the possibility of applying a semi-empirical model to calculate the viscosity of
liquid metals. The proposed model is developed using the concept of chaotized particles, which is based on
the Boltzmann distribution. This model is developed based on the association degree of clusters of their crys-
tal-moving particles. For many years, the viscosity of liquid metals has been studied only by experimental
methods. The model enables to find melt viscosity values analytically. The calculated viscosity values of
some metals are compared to experimental values in this model. It is established that in all cases the obtained
values coincide with the experimental values. The correctness of the proposed model is confirmed by the cor-
relation coefficient. The application of the proposed model has been shown previously on some metals. In
this work, we also show the applicability of the cluster-associate pattern using the example of beryllium,
since it can be correlated with semimetals by many physicochemical properties. The degree of novelty of the
scientific results lies in the fact that the obtained high correlation coefficients for the analysed metals indicate
their functionality.

Keywords: kinematic viscosity, cluster of crystal-moving particles, metallurgy, boiling point, melting point,
melt, correlation coefficient, beryllium.

Introduction

Smelting and casting of metals and alloys are widely used in the national economy. Metallurgical pro-
cesses in general and in the field of non-ferrous and rare earth metals in particular have been and still remain
one of the most important factors affecting the development of the country’s economy. In addition to meet-
ing the needs of metallurgical production, liquid metals are used as fluids and heat carriers in heat engineer-
ing, nuclear and electronic technology, and other industries contributing to the development of new metal-
lurgical technologies. However, the insufficient use of mathematical methods for calculating and modeling
the state of complex polydisperse systems, for example, melts or liquid slags, and their manufacturing appli-
cation for prediction of flow and industrial processing control significantly hinder the development progress
of technologies in metallurgy. The most important direction in solving this problem is the improvement of
existing and the creation of new high-efficiency technological schemes and processes for the production of
import-substituting and export-oriented products.

The problem of developing theories and methods for modeling the processes of changing the physical
properties of metal melts, such as viscosity, melting, ductility is complex and interesting. Therefore, it has
been studied thoroughly by researchers all across the world. Despite the existence of numerous methods for
studying the processes of measuring the physical properties of metal melts, today there are no single theoret-
ical models for describing the viscosity of liquid metals.

The topological characteristics of the liquid phase are most clearly expressed in simple liquids, to which
melts of most pure metals can be attributed, initial information about which appeared indirectly through the
research results of the viscosity-temperature dependence, electrical conductivity, and other characteristics.
Due to the development of quantum-statistical methods, including computer modeling, there is a certain un-
derstanding of the melt structure. However, direct experimental evidence of short-range order existence with
non-crystalline coordination in metal melts was obtained using the neutron and X-ray scattering method,
which made it possible to identify clusters with different geometries in melts of iron, nickel, and zirconium
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in a wide temperature range from a value much higher than the melting point to a deeply supercooled state at
a temperature less than the melting point.

Experimental

Earlier, scientists of the Chemical and Metallurgical Institute named after Zh. Abishev put forward the
concept of chaotic particles based on the Boltzmann distribution for the study of the chemical properties of
melts [1]. According to this concept, in each state of aggregation of matter, crystal-moving, liquid-moving
and steam-moving particles are present. Depending on the state of the substance, the proportion of above
particles varies. The proportion of three kinds of particles affects melt properties such as meltability, ductility
and viscosity. Professors V.P. Malyshev and A.M. Turdukozhayeva (A.M. Mukasheva) proposed three mod-
els for calculating viscosity taking into account three types of particles. In particular, considering the propor-
tion of crystal-moving particles, the following formula is proposed

(1) =v T, /7. (1)

If the liquid fluidity, in addition to the inhibitory influence of the crystal-moving particles, is shown by
the contributing effect of the liquid-moving particles, then the viscosity equation for the fraction of these par-
ticles will take the following form

. vrTrJ_eXp(— T /Ty )—expl- To/Tr )
T [exp(— T IT)- exp(— T /T)J

Under the influence of all three kinds of particles, the temperature dependence of viscosity will be de-
scribed by the following formula

)

14

V(s):VfTrEXp(Tm_Tm]. @)

T T Ty

In these formulas, V — a kinematic viscosity, T,, — a melting point, T, — a boiling point, v _and T, -

kinematic viscosity and reference point temperature. As a reference point, we can take any reliably estab-
lished observed point. Nevertheless, for more accurate calculations, it is advisable to choose a reference
point near the melting point.

Kinematic viscosities for 28 metals were calculated from these formulas. However, not all formulas
showed consistency of calculated data with experimental [1]. After the calculations, it became necessary to
choose the most adequate model for a particular metal. Thus, the calculation procedure was complicated.
Therefore, it became necessary to create a single model for calculating the viscosity of liquid metals. As a
single model for calculating the kinematic viscosity of melts, we developed a semi-empirical model of vis-
cosity [2, 3]

V(4) =Vr (Tr IT )a_ (4)

In work [2], a formula was given by which the degree of cluster association is calculated. Obtained val-
ues of clusters association degree of analysed metals were tested for range uniformity on the Nalimov crite-
rion according to the following equations:

X = X
rma>< = i 1 - rcr’
min n—
S(X),[——
0"
S(x)= > (x —%) ,
n-1
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where X — the minimax value of the range, X — the average value, S(X) — the mean-root-square error,
min

and n — the volume of the range. Normative table values of Nalimov criterion for 5% of significance level are

approximated with accuracy up to 5% to equation [4]

r, =1,483f

where f =n—2 —the number of degrees of freedom of Nalimov criterion.

In this work, we will justify the proposed model using any melting energy barrier (RT,) and melting
heat (4H,).

The use of quantum-chemical models of viscosity, as well as models based on activation energy of the
process of transferring particles from one virtual cluster to another, will provide a reliable mathematical de-
scription of the temperature dependence of viscosity only for a narrow temperature range.

To extend a similar possibility is provided by the concept of chaotic particles, based on the application
of the Boltzmann distribution to a single mapping of three aggregate states of the substance, taking into ac-
count the proportions of sub-barrier and over-barrier particles with respect to melting and boiling heats. In
this case, the viscosity is compared with the proportion of sub-barrier melting heat particles called crystal-
moving, which results in the following model

Uzﬂr(Tr/r)a” ) (5)

where 7 — a dynamic viscosity; 7 — an absolute temperature; 7, and T, — the coordinates of reference point,
experimental or theoretically found; a, — clusters association degree of crystal-moving particles.
During the processing of experimental data on #; and T; according to converse equation (5)

a = In(7; /¢ )
YIn(T, /T)

it was found that this degree naturally decreases with increasing temperature, moreover the most adequate
description will be obtained when the form of dependence is constant (5) relative to a,, since the dynamics of
association splitting is similar to that of the clusters splitting themselves in accordance with the concept of
chaotic particles:

a, =a;(T; T)°, 6)

where b, for a given range a;, T; is a constant value that makes sense of the attenuation degree of the cluster
association. In view of a; > 0, the expression (6) guarantees the impossibility of obtaining absurd negative
values of the clusters association degree and an asymptotic approximation a,, — 0 with a distant extrapola-
tion T — oo. The degree of attenuation of cluster association (b) is found by using an additional reference

point a;, T; as
o nla; /ai)

In‘T,/I'J ’
by enumerating and averaging all options i, j or by selecting the most reliable points a;, T; and a;, T;.
Thus, to build an adequate temperature dependence of viscosity based on the Boltzmann distribution
and the concept of chaotic particles, only three experimental points are enough: 7, T,; a;, Ti; a;, T;. In the
most general form, this dependence, taking into account the formulae (5)-(7), will be expressed as

10l /e in(T. 1)
In(Tr/Tj )In(ni/nr)
In(iz )[Tij In(T, ;)
p=n (T T) T TLT

With the use of specific values of three reference points, this expression is simplified, reducing to the
following view

(7)

n=np (T MO
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Selection of reference points from the experimental data array is advisable for 7, T, — at the beginning
of temperature dependence, for a;, T; — in the middle and for g;, T; — at the end of it.

It is of interest to consider justification for derivation of temperature dependence of kinematic viscosity
with independent consideration of another individual characteristic of the substance, that is, to consider the

melting heat AH , as an energy barrier.
Considering the melting heat as an energy barrier, the fraction of crystalline particles will be expressed

P, =1-exp _AH, .
RT

The range of the relative change in kinematic viscosity from v, at a melting point T, tov =0 at a in-

finitely high temperature, where the liquid can exist in the supercritical range of temperature and pressure in
an indistinguishable state with the gas, will be as follows:

Y >o. (8)

Vi

1>

The fraction of crystal-moving particles according to the formula with account of the melting heat in the
same temperature range varies within the limits

AH AH
l1-exp| ——— |21-exp| —— |2 0. 9
Xp[ Rij Xp( RTJ )

Using algebraic transformations, the obtained inequality leads to the form
exp| — ﬂ <exp| — ﬁ <1
RT,) RT )

AH _ AH
_——2
RT, RT

After logarithmation we have

0.

From where the original inequality (9) will take the following form

12T—mZO

T
that fully coincides with limits of relative changes of kinematic viscosity (8).

Thus, regardless of the choice of substance individual characteristic as an energy barrier, we come to
the same equation of the basic formula (1).

Therefore, without changing the limits of changes in kinematic viscosity, it is possible to raise to any

12[1—”‘ >0.
T

Therefore, based on the concept of chaotic particles, an additional justification is obtained for derivation
of the basic model of kinematic viscosity with independent consideration of another individual characteristic
of the substance. It has been shown that the normalization of the equation for the fraction of crystalline parti-
cles by melting heat or any other energy characteristic leads to the same model of viscosity (4), which justi-
fies its base value.

power the part -;—m that is,

Results and Discussion

In works [2, 3], we showed the possibility of applying model (4) to calculation of viscosity of liquid
metals. We made calculations for many liquid metals. It was found that the proposed model most accurately
describes the dependence of viscosity on temperature. This pattern was revealed in the process of comparing
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experimental data [5, 6] and data calculated for model (4). As a result, we believe that this model can be used
to calculate viscosity without conducting an experiment.

Let us consider the application of model (4) on beryllium, which can be correlated with semimetals ac-
cording to physicochemical properties.

There are no data on kinematic viscosity of beryllium in work [5] and in reference book [6]. In refer-
ence book [6], melting points T,, = 1560 K and boiling point T, = 2723 K are indicated.

The work [5] gives the formula for the dynamic viscosity of beryllium

n=107T%  g/(sm-s)

where T=T, + AT.
After analyzing this formula, the author [1] revealed a sharp increase in viscosity with temperature rise.
Therefore, the author [1] proposes the following formula for calculating dynamic viscosity

n=10°AT°* | g/(sm-s) (10)

here AT — the degree of superheat of the melt over the crystallization point of pure beryllium, which is equal
to 1556 K. The kinematic viscosity of beryllium was estimated according to available data for the area 1560-
1670 K through a leveled relationship (10). Point T, = 1570 K and v; = 3,494-107 m%s is taken as a reference
point. Previously, in the work [1], it was found that the model (3) has an advantage in describing the rela-
tionship between viscosity and temperature. However, the results of the calculated viscosity values for four
models [2], which are listed in Table 1 and shown in Figure 1, prove the most adequate description of this
relationship with the help of the model (4).

Table 1
Comparison of data [1] with models calculated (1-4) on values of kinematic viscosity of beryllium, v-10’, m%s

216 7 v(leveled relationship)

T kg/m® mPa-s 10"-v=1n'lp’, m?ls v(1) V(@) v(3) a v(4)
T.=1556 | (1689,5) | (0,758) - 3,52 352 | 3,54 - 3,71
1570 1688,4 0,590 3,494 3,49 3,49 3,49 - 3,49
1590 1686,1 0,494 2,930 3,45 3,44 3,41 13,91 3,10
1610 1683,8 0,450 2,674 3,41 3,38 3,32 10,63 2,75
1630 1681,5 0,423 2,514 3,37 3,33 3,24 8,78 2,45
1650 1679,2 0,403 2,4 3,32 3,28 3,17 7,56 2,18
1670 1676,9 0,388 2,313 3,28 3,23 3,10 6,68 1,94
R - <0 <0 0,51 - 0,84

4 -

3 L

2 L

1 I L L L L J
1550 1580 1610 1640 1670 1700

v— kinematic viscosity, T — temperature.
Points - data [1], 1 — on model (1),
2 —on model (2), 3 —on model (3), 4 — on model (4)

Figure 1. Dependence of kinematic viscosity of beryllium on temperature
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The correlation coefficients for models (4) and (3) are equal to 0.84 and 0.51, respectively. Here there is
a great difference in the values of correlation coefficients: for model (4), the value is higher. Therefore, the
generalized model (4) is reasonable for describing the temperature dependence of viscosity.

The average value of @ = 9,51 indicates that beryllium has a great tendency to associate clusters of met-
al atoms. This is because a higher ionization potential makes beryllium less electropositive, and all its com-
pounds, at least partially, have covalent bonds. The tendency of beryllium to form a stronger metal bond due
to the transition to the electron conduction zone is reflected in the strength of associates in metal melts, the
destruction of which with an increase in temperature requires additional exposure to liquid- and vapor-
moving particles.

The homogeneity of the obtained range for a according to Nalimov criterion is observed: S(x) = 2,870;

i, =1102 <r, =1,821.
max
In this temperature range, considering the degree of cluster association, model (4) with reference point

near the melting point can be used as a generalized model of melt viscosity T, = 1570 K

v = (0,864-10%*/T%%%) +0,2, m’/s.

The activation energy is E, =85231J/mol, and for the proposed model, the activation energy is

E, =128017 J/mol.

However, as it is shown in Figure 1, the processing of experimental data should be carried out for two
areas: 1560-1610 K (low temperature) and 1630-1670 K (high temperature). For each of areas clusters asso-
ciation degrees a = 12,27 and a = 3,62 respectively were calculated.

Taking into account the obtained clusters association degrees for each of the areas, the temperature de-
pendence of melt viscosity can be expressed by the equations:
for low-temperature area

v =(569-10%/T*?*)+752-10°, m?/s, (11)
for high-temperature area
v =(1,08-10°/T3%2)+2,69-107°, m%s. (12)
5,9 6,1 6,3 4 6,5
1477 , , T
Inv
-14,9 A
1\
-15,1 A
[ )
2

-15,3 ~ N

v— kinematic viscosity, 7 — temperature.
Points - experimental data, crosses - for models (11) and (12), straight lines - according to the equation
Inv=InA'+E,/(RT) for low-temperature and high-temperature areas

Figure 2. Logarithm dependence of beryllium kinematic viscosity on reciprocal temperature
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The homogeneity of the obtained range for a according to Nalimov criterion in each area is observed:
for low-temperature area S(x) = 2,316; I_.. = 1,001< r, = 1,483, for high-temperature area S(x) = 0,260;

min
max
r... =0978<r, =1483.
max

Activation energy for each of areas is Ea/ =162181 J/mol and E,’ = 49670 J/mol respectively. The tran-

sition temperature from one area to another is 1605 K. The correlation coefficients for each area are equal to
each other and R; = R, = 0,999.

This model was tested on 28 metals. In all cases, the viscosity values calculated from the proposed
model were closest to the experimental data. Also, according to the proposed model, slag viscosity of the
synthetic mixture of the system CaO-SiO,-Al,03-MgO-Cr,03, obtained by members of the Chemical and
Metallurgical Institute named after Zh. Abishev, laboratory of ferroalloys and restorative processes was cal-
culated.

Conclusions

During the research, it was established that the given justification of the cluster-associate pattern
makes it possible to judge its veracity and possibility of application for calculation of kinematic viscosity of
melts from a mathematical point of view. The veracity of the results is also supported by the coincidence of
some results obtained independently from other researchers with data available in the world literature [5-9].
We also assume that this model will allow conducting physical and chemical justification of chemical and
metallurgical processes more reliably and will provide more reasonable requirements for their production
technology. With the help of the proposed model, it is possible to calculate melt viscosity values at different
temperature values, up to the highest values without conducting high-cost experiments. The model also pro-
vides prerequisites for calculation of viscosity of multicomponent systems.
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A.1l. Kaxxukenona, JI.b. Omibues, JK.M. TenrekOaena,
A.C. Cmaunosa, P.A. Opasbekosa, 1.C. KaysimOex

BaakbsiManapabIH TYTKBIPJBIFBIH €cenTey YUIiH
KJIACTEPJIiK-2CCOUMATUBTI MO/l KOJIIaHy

Benrini 6onranmaii, 3aTTHIH CYWBIK KYHIH TEOPUSUIBIK TYPFBIIAH CHNATTAay ©Te KUbIH. CYHBIKTHIK I€H OHBIH
TYTKBIPJIBIFBI Typajbl Ka3ipri 3aMaHayd YFeIMIap MbBIHAFaH Casbl: CYHBIKTBIK KYPBUIBIMBIHIA aTOMIAPIBIH
KEHICTIKTIK OpHaJacybl KpUCTaIJArblIail OCKITIIMETeH JKOHE Ta3JaFblnail epkiH Kyine emec. COHIBIKTAH
CYMBIKTBIK ©3iHIH KacueTTepi Oo#bIHIIA KaifHAy TemIlepaTypachlHa JKaKkbIH Ta3fa HeMece OalKy
TeMIlepaTypachlHa JKaKbIH KaTTbl JeHere jKaKplHIaybl MYMKiH. Ocbutaiiina, CYHBIKTBIKTBIH KYPBUIBIMBI
JKakpIH Oaifmanbic TopTiOiMeH cumarTaiansl. CyHBIK MeTangapAblH KacHeTTepl HETi3iHeH 3>KCIIEPUMEHTTIK
3epTTeyJepACH alblHagbl. Makanaga KJIacTepiliK-aCcCOLMATUBTI MOJENBJIIH MaTeMaTHUKAIBIK TYPFbIIAH
HeTi3geMeci KenTipiireH. 3epTTeydiH MakcaThl — CYHBIK MeTaJAaplblH TYTKBIPJIBIFBIH €CenTey YIIiH
JKapThUIail SMIMPHUKAIBIK MOJCHbI KOJNJAHy MYMKIHAINH KepceTy. ¥CBIHBUIFAaH MOJeNb BoJbIIMaHHBIH
TapaThUIyblHA HETi3ENIeH PEeTci3 OeIIeKTep TYKBIPIMIAMACchlH KOJIIaHa OTHIPBIN jkacaiFaH. byn Monensb
aCCOLMPIICHTeH KIIACTEeP/IH MOPEXKEeCiH ecKepe OTHIPBII kacaiaFaH. KemrereH sxeimmap OOWBI CYHBIK
MeTaJIapAbIH TYTKBIPIBIFEl TEK SKCIIEPHMEHTTIK SMICIeH 3epTTeii. ¥ ChIHBUIFaH MOJENb OaKpIMatapIbIH
TYTKBIPJIBIK MOHZAEPIH aHAJIMTHKAIBIK Typle TaOyra MyMKiHIIK Oepeni. Ocbl Mozenp OoiblHIIA KeitOip
METaJIapAbIH €CeNTEeNreH TYTKBIPIBIK MOHAEPi AIKCHEPHMEHTTIK MOHAEPMEH CaJbICTBIPBUIIBL. bBapibik
Karaaiiapaa aJblHFaH MOHICPIiH SKCHEPUMEHTANIbl MOHIEPMEH COMKECTIrl aHbBIKTalIbl. ¥ ChIHBUIFaH
MOJETBIIH TYPBICTHIFBl KOPpEsanus KodpUIMEHTIMEH pacTanaabl. ¥ CBIHBUIFAaH MOZETBIl KOJIaHy OYphIH
Keiibip Metanmapna kepcerinreH. COHBIMEH KaTap aBTopiap OepwiuiMii  MbICaJbIHIA —KJIACTEPIiK-
ACCOIMATHBTI MOJICTBIIH KOJIAHBUTYBIH KOPCETKEH, OUTKEHI OHBI KONTEereH (pU3NKa-XUMHSIBIK KacHeTTepi
GoMbIHIIA JKapTHl MeTajapMeH OaiiaHbIcThIpyFa 0onaasl. FruUIbIME HOTHKENIEpAiH KaHAIIBIIIBIK Jopexeci
YCBIHBUTFAaH MOJICNIBIH HETi3IeMeci OHBIH CCHIMIUIIMIH JONeNeiIi JKoHE 3epTTEIreH MeTaujap YIIiH
QJIBIHFaH JKOFapbl KOPPeIsIuus K03 GHUIMEeHTTepl OHBIH (DYHKIMOHAIBIFBIH KOPCETE .

Kinm ce30ep: KMHEeMaTHKAIBIK TYTKBIPIBIK, PETCi3enreH OeleKkTep, acCOLUPIICHTeH KIIacTepAiH Jopexeci,
KJIACTEePIIi-acCCOLMATUBTI MOJENi, CYHBIK MeTaljaap, KPHUCTAJUIKO3FAIbICTHl OOIIIEKTep, TYTKBIPIBIKTHIH
TeMIIepaTypara TOYeIAiri, OepruImii.

A.1I. Kaxxukenona, JI.b. Onioues, X)K.M. TenrekOaena,
A.C. Cmaunoga, P.A. Opazbexona, 1.C. KaybimOek

HpHMeHEHHe KﬂaCTepHO-aCCOHHaTHOﬁ MOJI€JIH IJIA pacueTa BA3KOCTH pacnjiaBoB

Kax n3BecTHO, JKHJIKOE COCTOSIHHE BEIECTBa SIBISIETCS Hanboee CIOXKHBIM JUIS TEOPETHYECKOTO OIMHMCAHUS.
CoBpeMeHHbIE MPEICTABICHNUS O KUIKOCTH M €€ BA3KOCTH CBOJSTCS K CIEAYIOMEMY: B CTPYKTYPe KHUAKOCTH
MPOCTPAHCTBEHHOE PACIHOJIOKEHHE aTOMOB HE 3aKpEIUIeHO, KaK B KPHCTAIe, OHH HE HAXOAATCSA B CBOOO-
HOM COCTOSTHHH, KaK B ra3e. [103TOMy *KHAKOCTb 10 CBOMM CBOMCTBAM MOKET NMPUOIMKATHCS K Ta3y BOJIM3H
TeMIepaTypbl KAMEHHS WM K TBEPAOMY TeIy BOJNHM3H TeMIIepaTyphbl IUIABICHUS. TeM caMbIM CTPYKType
JKHJKOCTH XapakTepeH ONVKHUN MOpsaoK cBsi3H. CBOMCTBA JKHIKHX METAJUIOB MOJY4YEHBl B OCHOBHOM M3
9KCHEPUMEHTAIBHBIX HCCIeA0BaHUH. B cTaThe npuBeeHO 000CHOBaHHE KJIACTEPHO-aCCOLMATHOW MOJEIH C
MaTeMaTu4eckoi Touku 3peHus. Llenb uccienoBanns — Moka3aTb BO3MOXKHOCTh IPUMEHEHHUS MOIY3IMITUPU-
4eCKOH MOJIeIM IJIs pacuera BA3KOCTH XKUIKUX MeTaioB. [Ipemiaraemas Mozness pa3paboTaHa ¢ IOMOILBIO
KOHIIETIIINY XaOTH3UPOBAHHBIX YAaCTHUII, B OCHOBE KOTOPOH JIXHT pacnpeneneHne bombnmana. Jlannas mo-
JIeTb pa3paboTaHa ¢ y4eTOM CTEIIeHH acCOIMAIMH KJIACTEPOB MX KPHCTAIIONOBIDKHBIX YacTHI. MHOTHE T0-
JI6I BS3KOCTh XKHUAKAX METAJJIOB MCCIEI0BATACh TONBKO 3KCHEPHUMEHTANBHBIM MeTonoM. [Ipenmaraemast mo-
JIeTb TI03BOJISICT aHAINTHYCCKHM HAWTH 3HAYCHUs BS3KOCTH PACIUIaBOB. PaccumTaHHBIE 3HAYEHUS BS3KOCTH
HEKOTOPBIX METAJUIOB IO JAHHON MOJenH ObLIM CpaBHEHBI C HKCIEPHUMEHTATbHBIMU 3HAU€HHUSMH, BO BCEX
cilydasix ObUIO BBISIBICHO MX COBIajeHHe. KOppekTHOCTh HpeyiaraeMoil MoieNi MoATBepskaAaeTcst Kodddu-
IIMEHTOM Koppessiuuu. IIpumeHeHne Takoif Mozesid ObUIO IIOKA3aHO paHee Ha HEKOTOpBIX MeTaitax. Kpome
TOr0, aBTOpPAaMH CTaThU IOKa3aHa MPUMEHHMOCTh KJIaCTEpHO-acCOLMATHOW MOJENH Ha mpumepe Oepuuins,
TaK Kak ero 10 MHOTHM (H3HKO-XUMHUYECKHM CBOICTBAM MOXKHO COOTHECTH K moyMerayuiaM. CTereHb HO-
BU3HBI HAYYHBIX PE3YIBTATOB COCTOUT B TOM, UTO IOJy9E€HHBIE BBHICOKHE KOA(P(UIMEHTH KOPPEAun UIs
HCCIIeIOBaHHBIX METAJUIOB YKa3bIBAIOT HA €€ (DyHKIIMOHAIBHOCTD.

Kniouesvie cnosa: kuHeMaTnuecKasi BI3KOCTh, KJIACTEP U3 KPUCTAIUIONOIBIKHBIX YaCTHI], CTEIIEHb aCCOINa-
LMY, TEMIIepaTypa KUIEHHs1, TeMIIepaTypa IUIaBIeHHUs, PaciulaB, KOdGGHUIMEHT KOPPesuy, Oepuiinii.
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Analysis of velocity and pressure vector distribution fields
in a three-dimensional plane around a wind power plant

To date, there has been an increase in demand for electric energy obtained from clean renewable energy
sources. One of them is wind power. Based on this, the development and research of new types of efficient
wind turbines that start working at low wind speeds is an urgent issue. Wind turbines operating based on the
Magnus effect have proven their effectiveness. However, the authors of this work, for the first time, to elimi-
nate the problem in the form of an electric drive for the promotion of cylindrical blades added a deflector el-
ement to the end of the cylinders. Before creating an experimental setup, it is necessary to numerically inves-
tigate the aerodynamics around the wind wheel. For this purpose, numerical simulation of wind wheel aero-
dynamics has been carried out using the highly efficient Ansys Fluent program. A three-dimensional geome-
try has been created in Design Modeler. A mathematical model grid with a grid number of 47329 consisting
of tetragonal cells is constructed. The Realizable k-¢ is chosen as the turbulence model. A thorough analysis
of the velocity vector distribution fields for flow and pressure velocities in the three-dimensional plane
around the wind wheel at air flow velocities of 5.10 and 15 m/s is carried out.

Keywords: wind power plant, Ansys Fluent, Magnus effect, deflector, mathematical model, numerical simula-
tion.

Introduction

Currently, many problems faced by engineers and researchers in the field of aerodynamics are not ame-
nable to experimental solutions or require huge material and human resources. An alternative solution in this
case is the use of numerical research based on computer programs.

Computational fluid dynamics (CFD) is a branch of science that solves the problem of modeling heat
and mass transfer in various technical and natural objects. The main task of CFD is the numerical solution to
the Navier Stokes equations describing fluid dynamics. These equations constitute a mathematical model of
heat and mass transfer [1, 2].

For aerodynamic practice, an important role is played by the data of air flow conditions of cylindrical
bodies of various configurations.

The number of papers devoted to CFD in the field of wind energy is growing every year. In [3], the au-
thors performed a high-resolution simulation of the flow around a wind power plant and its blades.

One of the representatives of wind turbines of installations showing their efficiency starting from 2-4
m/s is wind turbines operating based on the Magnus effect. Along with the obvious advantages over tradi-
tional blade wind turbines, to increase the performance indicators, it is necessary to improve the shape and
parameters of the working power elements - the blades of the installation. The authors of [4] conducted a 3D
numerical study of a Magnus-type wind turbine equipped with cylindrical blades with different aspect ratios.
The analysis of the influence of various shapes and lengths of blades on the performance of the Magnus wind
turbine is carried out.

However, existing wind turbines operating based on the Magnus effect have a disadvantage in the form
of an additional source of electric drive for the promotion of cylindrical blades [5]. Accrodingly, we add a
deflector to exclude the electric drive, as well as the disruption of the air flow from the ends of the cylinders.

The purpose of this work is to create a mathematical model of a wind turbine with two blades in the
form of rotating cylinders with a deflector.
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Mathematical model

The simulation was carried out using the Ansys Fluent software package. Structurally, the numerical
simulation is shown in Fig. 1.

Geometric model

Grid model

Boundary
ouncany Turbulence model

condition

Solution

ysis Correction
of results
Solution is Solution 13
unacceptable

acceptable

Adequate solution

Figure 1. Structure of execution, numerical simulation

The first stage in the numerical simulation process of a wind power plant is the construction of the
geometry of a wind power plant using the COMPASS 3D program. A three-dimensional solid-state model of
a wind power plant with 2 blades in the form of rotating cylinders with a deflector created using the
COMPASS 3D program is shown in Figure 2.

In this case, we consider the flow of air around a wind wheel consisting of two blades in the form of a
rotating cylinder with a deflector located in the XY plane at an angle of 180 ° to each other relative to the z-
axis of rotation of the wind wheel (Figure 3). The axes of rotation of the cylinders are in the XY plane. The
axis of rotation of the wind wheel coincides with the Z axis.

The entire working area was divided into three types of nested subdomains (Fig. 3): subdomains of the
1st type (cylinders), built around the working blades of the wind wheel and rotating at the speed of the
working cylinders (1); subdomain of the 2nd type (sphere), built around the wind wheel minus cylindrical
subdomains 1-type (2); type 3 subdomain (cube) surrounding type 2 subdomain minus (3).

The radius of the outer cubic subdomain (3) is assumed to be 0.2 m, spherical subdomain (2) has a
radius of 0.1 m, cylindrical subdomains (1) have a radius of 0.02 M.

The boundary conditions in the form of the incoming velocity of the incoming air flow are set on the
front wall, and the outlet pressure is set on the back wall of the cubic subdomain. The remaining walls are set
to the walls of symmetry (Figure 3).

The next step in the process of numerical modeling is to create a computational grid for this task in
Ansys Meshing with a minimum set of actions.
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Figure 3. Calculation area

A finite-volume grid constructed in subdomains of type 1, 2, 3 consists of tetragonal cells. Figure 4 rep-
resents the grid view in the z=0 plane. The grid is depicted in the XY plane, the cross section of the Z=0 area.

The total number of cells is 47329.

Figure 4. Finite-volume grid

The Realizable k- model was chosen as the turbulence model, which gives a general description of tur-
bulence using two transport equations. This model is a widely used model in the field of computational fluid
dynamics (CFD) and is used to model average flow characteristics for turbulent flow conditions.

Table 1 presents the boundary conditions specified in the numerical study.

Table 1

List of boundary conditions

Boundary conditions
At the entrance
1 2

View Speed at the entrance
Initial manometric pressure (Pa) 0
Air flow velocity, m/s 3,5,7,10,12,15
Turbulence intensity (%) 5
Coefficient of turbulent viscosity 10

At the exit
View | Outlet pressure
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Analysis of velocity and pressure...

1 2
Manometric pressure (Pa) 0
Return flow of turbulent intensity (%) 5
Return flow coefficient of turbulent intensity (%) 10
Blade surface
View Wall
Shift Condition No sliding

Results of mathematical modeling of a wind power plant with 2 blades

To calculate aerodynamic characteristics and mathematical modeling, a wind power plant with 2 blades
in the form of rotating cylinders with a deflector, created on the basis of the Magnus effect, is considered.

The COUPLED scheme was used to coordinate the pressure field and the velocity field. Time deriva-
tives were resolved with the second order of accuracy. Figure 5 presents the results obtained by numerical
investigation of the distribution field of the velocity vectors of the incoming air flow around the wind wheel
of a wind turbine with 2 blades at speeds of 5.10 and 15 m/s.

Figure 5. Velocity vector distribution fields in a three-dimensional plane around a wind wheel:
a)atv=5m/s; b) at v=10 m/s; ¢) at v= 15 m/s.
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As can be seen from Figure 5, there is a complex three-dimensional nature of the wind wheel flow. The
direction of rotation of the cylinder is set on the x-axis and the wind wheel on the z-axis.

The deformation of the velocity vector distribution field in the three-dimensional plane occurs because
of an increase in the air flow velocity on one side of the blade and a decrease in the flow velocity on the
other side caused by the rotation of cylinders with deflectors around their axes in the positive direction.

It can be seen that due to the unfavorable pressure gradient, the boundary layer around the surface of the
blades separates with an increase in the velocity of the incoming air flow.

It was also found that by adding a deflector to the end part of the cylinder, the aerodynamics around the
cylinder improved, the disruption of the airflow from the ends of the cylinders was eliminated.

Figure 6 illustrates the static pressure distributions (pct = p — ratm) in the vicinity of the wind wheel
(plane z= 0) obtained for different speeds of the incoming flow (wind).
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Figure 6. Pressure distribution fields in the three-dimensional plane around the wind wheel:
a) atv=5m/s; b) at v=10 m/s; c) at v= 15 m/s
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The rotation of the blades in the conditions of an incoming flow leads to the fact that on one side of the
cylinder with a deflector, the air velocity will be greater than on the other side. According to Bernoulli’s law,
in the area where the flow velocity is higher, the pressure becomes lower. Therefore, on one side of the blade
(in the figures shown left side), the pressure is lower than on the other, resulting in a force (lifting) acting on
each blade, which is directed perpendicular to the axis of the blade and the direction of the wind. Since all
cylinders rotate in the same direction (clockwise) relative to their own axes, the lifting forces will create a
moment of forces that causes the wind wheel to rotate clockwise relative to the z axis. The results obtained
do not contradict the results of the authors [6, 7].

At an incoming flow velocity of 5 m/s, the static pressure in the vicinity of the rotating wind wheel
varies from -59 Pa to 17 Pa. An increase in wind speed leads to an expansion of the range of pressure
changes. So for a wind speed of 10 m/s, this range is from — 231 Pa to 67 Pa, for 15 m/s — from -646 Pa to
146 Pa.

Conclusions

The authors found that by adding a deflector to the end zone of the cylinder, the aerodynamics around
the cylinder improved, the disruption of the air flow from the ends of the cylinders was eliminated.

In the course of performing a numerical study of aerodynamics around a rotating wind wheel of a wind
power plant with 2 blades in the form of rotating cylinders with a deflector:

—a three-dimensional geometry of a wind power plant with 2 blades created in the COMPASS 3D
program was created,

—a mathematical model grid with a grid number of 47329 consisting of tetragonal cells was
constructed:;

—selected as a Realizable k-¢ turbulence model, which improved characteristics compared to the
standard k-e model when applied to flows involving boundary layers with strong unfavorable pressure
gradients;

— velocity vector distribution fields were obtained for flow velocities of 5.10 and 15 m/s, during which
it was determined that due to an unfavorable pressure gradient, the boundary layer around the surface of the
blades separates with an increase in the velocity of the incoming air flow;

— pressure distribution fields were obtained in a three-dimensional plane around the wind wheel for
flow velocities of 5.10 and 15 m/s, at which it was determined that the rotation of the blades in the conditions
of an incoming flow leads to the fact that the air velocity on one side of the cylinder with a deflector will be
greater than on the other side.
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A.P. baxteioexoBa, H.K. Tanamesa, H.H. lllyrom6aega, JI.JI. MunskoB, H.K. bormaes

7Kes sHepreTuKaNbIK KOHAbIPFBICHIHBIH AMHAJACBIHAAFBI YII OJIIIeM/Ii
JKA3BIKTBIKTAFbI KbLIAAMABIK MeH KbICBIM BEKTOPJIAPBIHBIH Tapajy epicTepiHn Taaaay

Byrinri Tarma Taza jkaHAPTHUIATHIH SHEPTHUsl KO3EPIHCH ANBIHFAH 3JIEKTP YHEPTHSACHIHA CYPAHBICTBHIH OCYl
Oaiikamanpl. ComapaplH Oipi — Kenm dHepreTukachl. OcChIFaH Cy#HeHe OTBIPBIL, JKENAiH TOMEH
JKBUTIAMJIBIFBIMEH KYMBIC iCTEH OacTalThIH THIMAI e SHEPreTHKAIBIK KOHIBIPFBICHIHBIH (JKOK) sxaHa
TYpJIepiH 33ipjey *KoHe 3epTTey ©3eKTi macene Oonbin Tabbutaabl. Marnyc 3¢d¢exrici Herizinae »XyMbIC
icteditin JXKOK Ttuimai exeHin gonengeni, 6ipak Oyi1 >KYMBICTBIH aBTOPIAPHI SJIEKTP JKETeT1 TYPiHAE MICEJeH1
eIy YIIH anfaml peT IWIMHIP KalaKmalapblH alHaNAbIpy YIIH DHIHHAPICPIIH COHBIHA IediexTop
9JIEMEHTIH KOCTBL. DKCIEPHMEHTTIK KOHIBIPFBIHBI jkKacamac OYpBIH JKeJl JOHFaJaFbIHBIH aifHalachIHAAFEl
a’pOIMHAMUKAHBl CaHIBIK Typle 3eprrey Kaker. Ocbl Makcarra Ansys Fluent sxorapel TmiMmi
OarmapraMachlH  NaljanaHa OTBIPBIN, JKeJI JOHFAJAFBIHBIH adpOJUHAMUKACBIHA CAaHABIK MOJEIbICY
xyprizinai. Design Modeler-ne yur enmemai reomerpus skacaibl. TeTparoHalIbIbl YAIIBIKTAPIAH TYPATHIH
Top caHbl 47329 GonaTelH MaTeMAaTHKAJBIK MOJCNIBIIH TOPHI KYpacTHIpbUIABL TypOymeHTTimiK Mozmemni
peringe Realizable k-g tammanmel. Aya arbIHBIHBIH JKbUIIaMIBIFEL 5, 10 sxoHe 15 M/c GomaTeiH kel
JOHFAJIaFbIHBIH AfHaJIaChIHIAFbl YII OJIIIEMIl Ka3bIKTBIKTAFbl aFblH JKbULIAMBIFl MEH KBICHIMBI YIIiH
JKBUTIAMIBIK BEKTOPIAPBIHBIH Tapally opicTepiHe MYKHAT Tallay >Kypri3iiii.

Kinm ce30ep: >xen SHEpreTUKANBIK KOHABIPFBI, Ansys Fluent, Marnyc addekrici, nediuekTop,
MaTeMaTHKAJIBIK MOJIENb, CAH/IBIK MOJIEIIBICY.

A.P. baxteioekoBa, H.K. Tanamesa, H.H. lllyrom6aesa, JI.JI. MunskoB, H.K. bormaes

AHaJu3 moJieil pacnpeaejieHus BEKTOPOB CKOPOCTEil U JaBJIeHUsI
B TPeXMEPHO¥ MJI0CKOCTH BOKPYT BETPOIHEPreTHYECKOil YCTAHOBKH

K ceropnsmaeMy BpeMeHH HAONIOJAaeTCsl POCT CIPOCA B DIEKTPUUSCKOW DHEPIUH, MOMYISHHON M3 YHCTHIX
BO300HOBIISIEMBIX MCTOYHHKOB Hepruu. OHUM W3 HUX SIBISETCS BeTpodHepreTka. Vicxoas u3 storo, pas-
paboTKa M HCCICIOBaHUSI HOBBIX BHIOB 3()(EKTHBHBIX BETPOIHEPreTHUCCKHX ycTaHOBOK (BDY), koTopsie
HAa4YMHAIOT PabOTaTh NP MaJbIX CKOPOCTAX BETpa, SBJIAETCSA aKTyallbHBIM BolpocoM. BDY, paboraromye Ha
ocHoBe 3 dexra Marnyca, goka3aiu cBor 3()(HEeKTHBHOCTB, OJHAKO aBTOPAMH JTAHHOW PaOOTHI BIEPBHIC IS
yCTpaHeHHs IPOOJIeMBI B BHAE AJIEKTPHYECKOT0 MPHUBOAA JUIS PACKPYTKH LHIMHIPUYECKUX JIONACTEH Ha KO-
Hell JIMHPOB J100aBieH aneMeHT — neduiektop. Ilepen co3naHueM SKCIEPUMEHTAIBHONW YCTaHOBKH HE00-
XOMMO YHCIICHHBIM ITyTE€M HCCIIEI0BaTh a’dpOJMHAMHUKY BOKPYT BeTpokojeca. C 3TOil Ielblo MpoBeIeHO
YHCIICHHOE MOJICJIMPOBAHNE adPOJUHAMUKH BETPOKOJIECA, HCIOJB3Ys BBICOKOA(D(DEKTHBHYIO IporpaMmy
Ansys Fluent. Coznana TpexmepHas reomerpus B Design Modeler. IToctpoena cetka MaTeMaTH4ecKoi Mojie-
71 ¢ yncioM ceTku 47329, cocrosiieit U3 TeTparoHalbHbIX siueeK. B kauecTBe Mojienu TypOyJIeHTHOCTH BbI-
Opana Realizable k-¢. [IpoBeneH TmiatenpHBII aHANMHM3 MOJIEH pacTpeeNieHns] BEKTOPOB CKOPOCTEH IS CKO-
pocTeii OTOKa M JAaBICHHS B TPEXMEPHOH IJIOCKOCTH BOKPYT BETPOKOJIECA MPH CKOPOCTSX BO3IYIIHOTO Ha-
Oeraromiero moroka 5, 10 u 15 m/c.

Kniouesvie crosa: Berposneprerudeckas ycraHoBka, Ansys Fluent, agdexr Maruyca, neduexrop, mMarema-
THYECKasi MOJIelIb, YUCICHHOE MOJIETMPOBAHHUE.
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